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Abstract

Digital methods are increasingly applied to store, structure and analyze vast amounts of musical data. In this context, visual-
ization plays a crucial role, as it assists musicologists and non-expert users in data analysis and in gaining new knowledge.
This survey focuses on this unique link between musicology and visualization. We classify 129 related works according to the
visualized data types, and we analyze which visualization techniques were applied for certain research inquiries and to fulfill
specific tasks. Next to scientific references, we take commercial music software and public websites into account, that contribute
novel concepts of visualizing musicological data. We encounter different aspects of uncertainty as major problems when dealing
with musicological data and show how occurring inconsistencies are processed and visually communicated. Drawing from our
overview in the field, we identify open challenges for research on the interface of musicology and visualization to be tackled in

the future.

1. Introduction

Probably anyone has personal experiences with music, a medium
that has the unique feature to unite people. This socio-cultural
aspect of music is one of the main driving forces for music
research [Lam12]. Merriam-Webster defines musicology as "the
study of music as a branch of knowledge or field of research as
distinct from composition or performance" [MW18]. This encloses
all information related to music, e.g., sound patterns, scores, bio-
graphical information about artists, music genres and their depen-
dencies, etc. Similar to other subdomains of the humanities, in re-
cent years digital methods became increasingly important in mu-
sicology to store, structure and analyze vast amounts of digitally
available musicological data [Urb17]. To achieve these tasks, visu-
alization is a key element in this context, as it enables easier ac-
cess to the data and has the capability to highlight relationships
between structural elements of music [Lam12]. As the data to be
observed is manifold, visualization designs offered to analyze data
occur in many different forms. Our survey focuses on this unique
interface between musicology and visualization research. State-of-
the-art reports in related fields have already been conducted. Most
are domain-specific, such as the survey by Chan et al. [CQO7] re-
viewing visualizations of structural features of music. It focuses
on scores without discussing other entities related to musicology.
Casey et al. [CVG™*08] focus on the retrieval of content-based in-
formation and give an overview of existing projects and future chal-
lenges in this context. While they primarily discuss analysis, clas-
sification and retrieval methods, visualization solely plays a sec-
ondary role. However, the listed related applications will also be
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covered by our survey. Related surveys situated in our field concern
visual text analysis methods in digital humanities [JFCS17], focus-
ing on textual data rather than musicological data. Cultural heritage
collections [WFS* 18], that explicitly excludes musical collections
and persons from the analysis, were found as well. Here, the clear
need for a survey considering visualizations for musicology arises.

In our survey, we shed light on applied visualization techniques
depending on the underlying data, i.e. musical entities—like musi-
cal instruments or musicians,—and relationships among those enti-
ties, and typical tasks (exploring, presenting, comparing, etc.) mu-
sicologists perform with the given visualizations. On the one hand,
it is complementary to related survey papers as it focuses on a dif-
ferent subdomain of the digital humanities. According to McNabb
et al.’s three-dimensional hierarchical classification of visualization
surveys [ML17], we will offer a new category in real-world & ap-
plications, thus, extending the current spectrum. On the other hand,
our STAR aims to introduce well-established visualization scenar-
ios for typical tasks in musicology to the visualization community.
Furthermore, in contrast to related publications from our commu-
nity, our STAR will include visualization techniques published in
musicology and digital humanities-related realms. In addition, we
will include online available visual analysis tools, primarily devel-
oped for users interested in music and commercial software dealing
with music.

Hence, our STAR provides a useful resource for future develop-
ments in visualization on the basis of musicological data. First, we
provide an overview of already existing techniques alongside sup-
ported typical user tasks. Second, we discuss arising challenges due
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to the nature of humanities data. These challenges are (1) vastness
in the size of the data emerging through the long history of musicol-
ogy, (2) inhomogeneity through fragmented data and an imbalanced
state of research in parts of musicology, (3) imprecision because of
undocumented but necessary information on historical entities, and
(4) incompleteness being a typical issue of cultural heritage data.

Third, we list future challenges and summarize unsolved prob-
lems as well as topics that have not yet been sufficiently addressed.

2. Scope

Means of visualization to communicate musical information can
be found in diverse realms. Our main priority when surveying re-
lated works was reflecting this diversity. Therefore, we decided to
take innovative, but for the visualization community rather atypi-
cal visualization design approaches into consideration. The result
is a collection of 129 works that distribute over different areas, as
shown in Table 1.

Consequently, our survey is situated on the intersection of visu-
alization and musicology. While visualization has rather seldomly
been applied in the realm of Musicology (4) like the Violin Society
of America, the most common source of included works fall under
the visualization of musicological data, published in diverse M
alization (22) realms. In addition, the area of Human Computer In-
teraction (18) provides a suitable platform for presenting visual in-
terfaces to analyze digital audio and computer music. This includes
publications at global conferences like the Conference on Human
Factors in Computing Systems (CHI) and conferences specifically
directed towards applications in musicology like The International
Conference on New Interfaces for Musical Expression (NIME). In
Digital Humanities, an interdisciplinary community that brings to-
gether people with humanities and computer science backgrounds,
musicology is still considered a niche. Nevertheless, eight related
works have been collected and included in this survey. Visualiza-
tion plays an important role in Music Information Retrieval ap-
plications (18) to support the analysis of retrieved data sets. One
of the major journals that yield a large number of related works
are The Proceedings of the International Society for Music Infor-
mation Retrieval (ISMIR), which mainly focuses on the similar-
ity of music. Multimedia experts and practitioners apply visual-
izations for a diversity of analysis tasks on scores, performances,
and emotions of music (14). Notable realms are the ACM Interna-
tional Conference on Multimedia and IEEE Transactions on Mul-
timedia. Computer music research is cumulated under the tag Dig-
ital Audio (13)—with The International Computer Music Confer-
ence (ICMC) as a representative realm—, providing related works
using interactive visual exploration tools for sound analysis. The
group of Miscellaneous related works (9) includes further origins,
four related master and doctoral theses that we took into considera-
tion. In addition to scientific publications, we considered interactive
visualization approaches offered on Websites (15) or as Commer-
cial Software (8). This first category lists a series of visualizations
inviting website visitors to browse and to interact with musicolog-
ical data. The second category specifically includes game software
providing atypical, keyboardless means of interaction and visual
design approaches that support the playful acquisition of musical
knowledge—both aspects are valuable to be highlighted as they

Publication Realms Count
Visualization 22
Human Computer Interaction 18
Music Information Retrieval 18
Websites 15
Multimedia 14
Digital Audio 13
Digital Humanities 8
Commercial Software 8
Musicology 4
Miscellaneous 9
Total 129

Table 1: Publication realms of considered related works.

offer future prospects for visualization research and can be found
using search interfaces and typical keywords like "music" or "visu-
alization".

2.1. Considered Research Papers

To limit the large body of related works on the intersection of visu-
alization and musicology, a reference needed to fulfill two require-
ments in order to be considered for our survey.

First, the visualization needs to support a domain-specific task or
helps to investigate a research question concerning data related
to musicology. This includes visualizations for individual musical
works, entire musical collections, musicians and instruments. We
likewise considered visualizations on the basis of metadata as well
as musical contents. In contrast, we excluded works using visual
input to generate music [LLO5, PIE* 11, MKSM16, Cho18, CW18]
from our survey. In interdisciplinary settings, the word visual-
ization is frequently used to refer to traditional charts. Although
meaningful information can be extracted from these representa-
tions, we excluded such works from our survey, e.g., Cano et al.’s
work [CKGBO2] offering a scatterplot to analyze the similarity
among audios of musical works or Plewa [PK15] positioning the
numbers of songs on a regular grid.

Our second criterion is based on the information visualization
definitions given by Card [CMS99] and the UIUC DLI Glos-
sary [0l98]. Here, we only considered papers that provided
computer-supported, non-traditional visual representations of ab-
stract data. As musicologists also gain valuable insights using non-
interactive visualizations, interactivity was not a necessity. Thus,
we also included sophisticated static visual representations of mu-
sicological data, such as Heller’s heat map [Hell7] plots illustrating
wood thickness of instruments. At last, a variety of works includ-
ing visual representations of music can be found in proceedings
of other conferences like The International Conference on Tech-
nologies for Music Notation and Representation (TENOR). How-
ever, those works are often focused primarily on the notations part,
therefore we did not consider them in this survey.
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3. Methodology

Most of the surveyed visualizations have been designed to commu-
nicate features of musicological data to certain user groups. On the
one hand, tools are developed for domain experts with a musicol-
ogy background [MFHO04, Hel17, KSKE17, KIKF19], on the other
hand, easy-to-understand visualizations are designed for the broad
public [Har07a,Dan14,Spo18]—including a category of papers ad-
dressing hearing impaired persons [YLL*07,FF09]. In all cases, the
application domain specifies the tasks to be supported, and, con-
sequently, the complexity of the visualization design. Therefore,
we structure the related works on the basis of Munzner’s nested
model for the visualization design [Mun(09], but focus on the level
of data—rather than task—abstraction that builds the bridge be-
tween domain situation and visual encoding. The classification of
the works, depending on the type of data for which the visualization
has been designed for, includes four main data categories: musical
works, musical collections, musicians and musical instruments.

We decided to split our first category on musical works into the
subcategories musical scores and musical sound to better structure
the large variety of proposed methods for this data type. Whereas
score is the composed blueprint to reproduce a musical piece, sound
is the actual interpretation, e.g., a recorded song or performed oper-
atic aria. These human interpretations are marked by variance from
the blueprint like not monotone and unvarying tempo or improvis-
ing and replacing noted features on the fly. As special case, ex-
amples of note sheets exists that contain so-called paranotations,
added notes on the blueprint to describe planned changes to the
notation in a non-standardized form. Such deviations lead to spe-
cial visualization challenges and approaches. While the first cate-
gory offers detailed views on music, diverse distant overviews for
musical collections—including large numbers of musical pieces—
have been designed. Depending on the actual user task, the musical
piece can be compared in regards to specific features or be trans-
formed to allow for easier browsing. The last two categories are
closely related to musicology that does not only focus on the result
of the musical process (notes and performances), but also on musi-
cians (composers, performers, instrument makers, ...)—related vi-

Musical Works

S

Musical Collections

sualization techniques are surveyed in the musicians section 4.3—
or instruments that have been used (see Section 4.4). Due to the
difference of features related to these categories, the means of vi-
sualization offered to observe and to interact with the data vary.
For better guidance through the collection, we grouped the related
works of each data category dependent on the general use of the vi-
sualization. The classification according to data types is discussed
in Section 4.

Next to structuring the related works according to data char-
acteristics, we skimmed through the papers of the collection and
analyzed what abstract [BM13] and domain-specific visualization
tasks are supported. Considering the large amounts of works in
some categories, we divided them into related subtasks. We in-
cluded information about typical tasks for each data type within the
data classification. The survey is complemented with an overview
of how and if visualizations cater for communicating occurring un-
certainties (see Section 5). This includes issues arising due to the
vastness of musicological data sets, the imprecision of data fea-
tures, the incompleteness of data, and the inhomogeneity through-
out and beyond the collected data. Finally, we marked open chal-
lenges on the intersection of visualization and musicology reported
in Section 6.

3.1. Domain-related Terminology

As our survey puts the spotlight on musicology, a humanities re-
search domain having its own terminology, we briefly explain a
few terms that will repeatedly occur in the following sections.

The pitch is quantified by a frequency, describing the physical
phenomenon of oscillation of sound waves. It gains a musical di-
mension through the relation to other frequencies in a complete
range of sounds. Thus it is the feature that defines the height po-
sition in a musical score notation. Examination of it is interest-
ing, especially for comparison between today’s and music of the
past, as the concert pitches of instruments have changed through-
out the centuries.

A musical note is a symbolization of a musical sound encoding

Musicians Instruments

Chart Graph Heat Map Map

Piano Roll View Timeline 3D Rendering Misc

Figure 1: Overview of all used visualization techniques for each class of data.
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pitch and duration of it. In order to define the position of a mu-
sical note in a score, we refer to scientific pitch notation which
is a method for the explicit description of a pitch using its note
name and octave number.

The musical score is the notated version of a musical piece. It
consists of multiple notes, varying according to its system and
media, like written sheet music or digital MIDI. It encodes the
musical features for storage, exchange or replay. One example
of a classical sheet notation is visible in Figure 2 (top), where
the notes are complemented by additional information such as
tempo or repetition for its performance.

The key of a musical piece is the root (fonic note) in which it
is composed. This note and its corresponding chords form the
tonality of the piece.

The dynamic describes the variability of loudness within a mu-
sical piece.

Timbre is the perceived sound quality of a sound arising from
the mixture of different frequencies by overlapping of the fun-
damental tone and partial tones. It describes the fone color of
individual instruments or voices even if they are equally tuned.
Music is described by its features that can be divided into low
level features, physical attributes like pitch, tempo or loudness,
perceived high level features e.g. timbre and structural features
such as dynamics and repeating motifs.

4. Classification

Musicology as an application area for visualization is a domain that
requires user-centered design approaches [AMKPO04] to lower bar-
riers and to enable intuitive interpretation and to foster engagement
with the visualized data for musicologists and non-expert users.
During our extended research, we encountered a large variety of
data types for which visualizations have been designed to support
various user tasks in a musical or musicological context. These data
types cluster the surveyed visualization techniques the best. Ta-
ble 2 gives an overview of the classification having musical works,
musical collections, musicians and instruments as main categories.
The references for each category are further subdivided depend-
ing on domain-specific tasks. Figure 1 provides an overview of the
visualization techniques used for communicating features of the
main data categories visually. Different visualization approaches
are grouped together under abstract names. For example, charts in-
clude a multitude of rather basic visualizations like scatterplots, bar
charts, pie charts, or boxplots. The group of piano roll views is de-
fined by the digital representation of a piano roll and plain score
sheets. Both holding all information a traditional and analog score
sheet offers, and were defined from us as special forms of timelines.
Also, the three-dimensional rendering group is an aggregation of
different principles. Next to the expected renderings like volume
and surface rendering, also renderings of avatars are included. The
miscellaneous group consists mainly of glyph visualizations that
are too abstract to be categorized into other groups or would lead
to groups of three elements or less. While charts are the only visu-
alization used for all four data types, they are rather seldomly used
in general. Especially noticeable is the high amount of map visual-
izations used for musical collections. As collections dealing with a
multitude of different songs that are to be put into an easily accessi-
ble way, this is not surprising. Often, the maps are used with a self-

Fur Elise
Clavierstuck in A Minor - WoO 598
Ludwig Van Beethoven
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Figure 2: The first notes of Ludwig van Beethoven’s "Fiir Elise’
in classical sheet notation (top) and Wattenberg’s Arc Diagram
Visualization of structural repetition for the whole piece (bot-
tom) [Wat02].

organizing approach (SOM) or clustering for positioning, result-
ing in the song’s proximity representing similarity. Musical works,
which reserve the major space of our survey, are visualized with
very different and special visualization means, including 16 mis-
cellaneous visualizations that appear too rarely to be grouped ex-
plicitly. A further anomaly is the piano roll view only being used for
musical pieces. As this being a digital adaptation of score sheets,
the high amount of musical pieces is less striking and the missing
other types are caused by this visualization approach being very
specialized for notes in a temporal context. Instruments are mainly
visualized by three-dimensional renderings. Mostly, available data
for this type is given as computed tomography data, predefining it
for these renderings. Metadata visualizations of instruments (charts
and heatmaps) are the exception. The musicians are represented in
different visualization strategies. A lot of works deal with network
visualization, calling for typical graphs, while temporal data like
living or working spans are compatible with timelines. With this
chart, we offer a quick overview of typical approaches used to vi-
sualize the different data types, indicating what to expect in the
next sections and which combinations may be of interest for future
visualization research in musicology.

accepted by COMPUTER GRAPHICS Forum (2/2020).



R. Khulusi, J. Kusnick, C. Meinecke, C. Gillmann, J. Focht & S. Janicke / A Survey on Visualizations for Musical Data 5

?;;: Category] Use References
: [SW97, WHFO03, MCO07, WBKO09, CKS10, Gud11, MT11, HallB,
. Overview CNP16]
g"cujr'gg' Structure Analysis [Sap01, Wat01, Wat02, MFHO04, BKHO7, COMO09, MPZZ15, GC16]
g Instrument Performance Analys [SWK95, Son04, Har07a, HarQ7b, Fit08, Col09, Ubi11l, TTT12, Red13,
g LYH14,WRR 13,XAWI13,YE13, XTI14]
5 Single Performance Analysis: [SMIL6, Huy17, WZBKB17,LK18]
2 Performance Analysis Structural Analysis: [DGWO02, LG03, PGWO03, SH05, Got06]
§ Musical Feedback: [HWF02, Isa03, MWO03, YLID7]
Sound Manipulation: [Dix01, YGK 07]
Emotion Analysis [CWJCO08, FF09, Got96, HLZ04, HXAO0, LL04, SY09, ZHJ10]
Similarity Analysis [Foo99]
General: [BCD04, CB09, CRWS6, Liib05, MLR06, NM02, PG06
Sch08, SPKWO06, TC00]
@ Genre: [CC18,KSPW06,McD18, MUNSO05, PDW04,PRM02,RPM0Q3,
5 THA04]
‘g Explorative Analysis Mood: [APO16, GG05,HG13, HHKBO06, vGVvdW04, VGV05]
3 Sound Features: [BF03, BFTC02, KPL06, LEO7, LTO7, PER
O MPM10, TC01, TECO01]
3 Popularity: [Don07, SWTO08]
(2]
§ Listening Statistics Analysis [BB09,BSSB10,BW08,ZL17]
Music Alignment [DPLM 16,GAG 15,0CF 15]
o Explorative Analysis [AWR 07,Dan14,Doil7,Jan18, KJ16]
Z§ Social Network Analysis [AGC 17,GDO03,JF17,KIJKF19, MWP12, YSB09]
§ Similarity Analysis [CKO04,Gib11,GZL05,JFS16,LA18, SKWO05, Spol8, Vavl7]
0 . [BS09,dBLD 17,EKK 17,Hel17,Hop18,KBF16,KSKE17,Kus18,
= Structure Analysis Schig]
(]
S
= Functioning Analysis [BGW08,BMSH13, MPLKTO05, SEK16]
=

Table 2: Classi cation of visualization references by rstly their data type and secondly their main use.

In the following, we give a detailed overview of each data cat- musical works, which focus on other aspects and support other user
egory and the typical user tasks when dealing with such data. Wetasks, are discussed in Section 4.2.
report on the necessity of designing visualizations for musicology, The data formats for digital musical works are manifold. While
and we likewise outline the relevance of dealing with such data and musicXML [G 01] is a standard for sharing musical scores, mu-
applications for the visualization community. sical sounds are stored in various audio le formats [DRO6] like
MP3 or WAV. Both, musical sounds and musical scores can also
be stored as MIDI les. MIDI is a standardized format developed
4.1. Visualization of Musical Works for exchanging information of events and music data like pitch, ve-
| locity (volume), vibrato, panning to the right or left of stereo, and
tempo [MID19] and encodes them into control signals for elec-
tronically instruments. MIDI les can be generated automatically
by an electrical instrument playing (where all information are en-
coded and saved) [Swi97] or composed digitally with the help of
| (commercial) composing software [OTG19]. Thus, MIDI les dif-
fer from other les for storing musical information as they do not

The majority of visualizations have been designed for musical
works that represent different products of music. Those appear ei-
ther in written form asMusical Scoreghat are composed manu-
als for musicians to reproduce the music, or in the form of pro-
ducedMusical Soundwearing the ngerprint of the performer
and showing (minor) discrepancies to the blueprint of musica
scores [DRO6]. As the data of those products are different, we di- ’ ) >
vided the references on visualizations for musical works into those CONtain records of sounds that are simply saved digitally and later

two categories. Further, this section focuses on works that visualize € Played again. Instead, they save information as instructions that
aspects of a single musical work, thus, providing a detailed view of are redirected to an electrical instrument and then used to "reinter-

a single musical work. Visualizations made for entire collections of Pret’ [Swi97], recreating an original sound. Hence, MIDI can store
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Figure 3: Commercial software like Liquid Notes [OTG19] (left) can be used to help the user in composing music. The piano roll view (A)
enables an overview of the compositions. Instruments or sound pitches were encoded along the y-axis, position and length of notes wer
drawn along the x-axis. Additional controllers adjust a single sound or the whole song. Ciuha et al. [CKS10] (right) visualize note sheets
and piano rolls. The color represents the different keys or the harmonic relations between tones using excerpts (from top to bottom) from
Pachelbel's "Canon in D major" and Debussy's "Clair de Lune".

both kinds of musical works, depending on how the leis generated Relevance for Musicology.The prior advantage of visualizing

(recorded input and transformed back into a midi notation format, scores is the ability to turn a complex traditional score notation into
or composed input). In some cases, the authors do not explicitly an easily understandable visual form, thus, enabling less-skilled
report on the data format being used, but we can assume that theusers quick access to the data. In addition, musicologists pro t from

MIDI le format was the most often used one. visualizing scores because a reinterpretation of a musical piece al-
ways comprises a unique ngerprint of the corresponding musician.
4.1.1. Musical Scores Further engagement of visualization scholars could help to contrast

different interpretations of the same score or even adaptations of
such ngerprints left on the score notations through paranotations
(handwritten notes and instructions added to a note sheet).

Throughout time, scores have been the main way of transferring,
documenting and teaching musical pieces [Ben19]. Figure 2 (top)
shows a part of the classical score representation of Beethoven's

"Fur Elise”. The sheet includes notes for two parts that are played g group the surveyed works according to three main user tasks.
simultaneously. Each part offers different information in atemporal it yisyalizations are tailored to give an overview of the score.

context [HB82, Ben19] like key (violin on top and bass on bottom),  gecong, such representations can be enhanced exposing structural
beat (three-eighth time), dynamics (starting with pp—pianisSimo— gqqre features. Third, scores are visualized to analyze instrument
for "very soft"), tempo (Poco moto meaning "little motion") and performances.

a list of notes and breaks. With the information contained in the

music sheet and the knowledge of how to read it and how to play  Task: Score Overview.Giving an overview of the whole score
an instrument, musicians are capable of re-interpreting a musicalis yseful for both, experts trying to analyze a musical piece and
piece. Although such a traditional score of a musical piece itself |ess-skilled users that aim to comprehend music scores. Miller et
is already a type of visualization [SW97], a variety of alternative a|. [MHK 18] offer a pipeline for designing and visualizing music
score representations, discussed in this section, exist. notation overviews to assist in performing musicology tasks utiliz-
ing information visualization principles. To differentiate from the
that is unique to be used as a basis for visualization. Musicology classical score notation, typical scores are visualiz_ed i_n their tem-
has found its own principles to present scores effectively in a visual POral context and are augmented through a combination of color,
form. It is used by a large community including musicologists and Shape, and placement or even complex glyphs. Some works en-
non-expert users. Visualization research can further enhance thosd'@nce traditional score notations with other visuals, e.g., a colored
representations by applying generic visual design and interaction Similarity matrix showing recurring passages and similarities be-
principles. Most of the visualizations are used to teach scores and™een multiple tracks [WBKO9)], contextual information and an-
only a few case studies exist, which examines how visualization can N°tations shown on demand in a sh-eye view [WHFO03], or fur-
be used for teaching [YV15, RRIH18, FIB9]. Thus, visualization ~ ther visualizations like box plots and heat maps [CNP16]. Typi-
researchers can learn strategies from the presented visualization§2!ly; traditional score notations are transformed into a so-called

on how to design in a way that the data is easily understood by the Piano roll notation” [CKS10, MT11, CNP16]. Each note's pitch,
observer. temporal placement, and length is mapped to y-axis position, x-

axis position, and length, respectively [CNP16]. Additionally, in-
formation may be encoded using color. Figure 3 (left) shows a typ-

Relevance for VIS.Musical scores are given in a data format

accepted by COMPUTER GRAPHIG®rum (2/2020).



R. Khulusi, J. Kusnick, C. Meinecke, C. Gillmann, J. Focht & S. Janicke / A Survey on Visualizations for Musical Data

Figure 4: Visualizations of the note sheets of Johann Sebastian
Bach's "Prelude in C Major" (top) and Scott Joplin's "The Enter-
tainer" (bottom) [Hal13].

ical composition software [OTG19] using a plain implementation
of the piano roll, whereas Figure 3 (right) demonstrates the work of
Ciuha et al. [CKS10] that visualizes the musicological aspects of

consonance and dissonance in harmonies by color and saturation;
Instead of visualizing single notes, other approaches concentrate

7

Task: Structure Analysis. Besides the visualization of the pure
score, researchers provide deeper insight into the structure of mu-
sical pieces and highlight the underlying characteristic patterns,
repetitions, dynamics, keys, and harmonies. Therefore, a harmonic
analysis yields the harmonic structure of musical compositions,
and relationships between key regions can be extracted. While
a couple of works show static representations of a song [Sap01,
Wat01, Wat02, MFH04, CQM09, MPZZ15], others offer anima-
tions progressing throughout the song [BKH07,GC16]. Malandrino
et al. [MPZZz15] highlight structural features of musical compo-
sitions by mapping similar tonalities to similar colors. Chan et
al. [CQMO09] communicate the structure of classical music works.
First, they illustrate the interaction among instruments, e.g., if they
are played dominantly or if they are played in an ensemble, in
a timeline. Second, played themes and their variations are illus-
trated as glyphs and the connections between them show repe-
titions. Sapp [Sap01] did not focus on the musical composition
itself but on the evaluation of key- nding algorithms applied to
the composition. This enables the user to inspect the (key) struc-
ture of a piece, as the different window-sizes and algorithmic out-
puts show the development of keys within a piece. Goss and Car-
5on [GC16] visualize the leitmotivs, harmonies, phrases, and or-
chestration of Richard Wagner's "Goétterdammerung"” (Act Il Scene

on showing the distribution of pitches throughout different time
steps [MCO07,Hal13]. While Mardirossian and Chew [MCQ7] depict
only the currently played keys and tones without further context in-
formation, Hall et al. [Hal13] provide an illustration of the whole
musical piece. Figure 4 shows the visualization for Johann Sebas-
tian Bach's Prelude in C Major. The y-coordinate's zero position is
a C Major pitch and higher pitches are placed on top in a color map
ranging from red to yellow and lower pitches on the bottom us-

I) using an animated, four-segment polar area chart. The size of

a segment stands for the "energy and direction of the music us-

ing an expanding and contracting motion". Other approaches de-

termine the "shape" of a song [Wat01, Wat02, BKHO7]. Watten-

berg [Wat01] used this term to question how music looks like, try-

ing to map relevant musical to visual features while focusing on

the repetition of structural elements [SS69]. Wattenberg offers arc

. ) diagrams [Wat02] that group notes into sequences, recurring se-

ing colors ranging fror_n blue to yellow. Longer played notes he}ve quegnces a[r\tlavlinke]d using widpespread arcs. lgigure 2 (bottom) s%ows

a greater width and simultaneous tones overlap. Score overviews he visualization of Beethoven's "Eiir Elise". and repeated sections

can further assist users in learning or teaching musical composi-t € V|s_ua . o] p_ .

tions [SW97, Gud11]. Using score rather than performance data are selzable: Are dlggrams can be additionally applied for prowgl-
- ) : . - . ing an overview of different works and compare them as shown in

facilitates improving the understanding of music and not directly

improving the performances. Therefore, different score views—for

a casual user normally not achievable through score notation— are

offered. This includes three-dimensional colored spheres indicating

low-level features of the scores [SW97]. Biophillia [Gud11] uses

physical processes in nature as a visual metaphor to teach music-

theoretical concepts like rhythm or dynamics with its artistic illus-

trations.

Figure 6: An extract of Comp-I's timeline (top) and structure view
Figure 5: Comparison of Arc Diagrams for different musical (bottom), where each note is represented as a cylinder on the time-
pieces [Wat01]. Each song generates a unique "shape" symbolizingline and the different subsequences of the song are drawn in a cir-
their repeated passages or themes. cular layout [MFHO04].
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Figure 7: Music games utilizing visualization as enhancing enjoyment. Audiosurf [Fit08] (left), which visualize notes as obstacles in different
colors and Rock Band (right) [Har07b] where scores are represented as colored tiles.

Figure 5. Bergstrom et al. [BKHO7] introduce Isochords to shape a tions [Son04,Har07a, Har07b, Ubill, Real3] or map score features
musical piece. to game objects like space ships [Fit08,Col09]. Miller [Mil13] gave
insight into pedagogic aspects of different video games using visu-

The structure is laid out on a two-dimensional, tri-angular iso- gjization to link the user's desire to enjoy music and enhance the ex-
metric coordinate grid. Distance in the grid indicates the conso- perience through gameplay elements. The data used by these games
nance and dissonance of tones, providing a quick look into the are ejther pre-included music les [Son04, Har07a, Har07b, Real3]
structural features. The sight of structures in musical pieces can gy |ocal music les from the user [Fit08, Col09]. The visualiza-
support composing new or editing existing music. Using different tjons offered by GuitarHero [Har07a], Rock Band [Har07b] (Fig-
MIDI channels of an input le, which can be seen in the upper part e 7 right), and Band Fuse [Real3] are similar to those of Rock-
of Figure 6, Miyazaki et al. [MFHO4] enhance a score structure gsmith [Ubi11]. In these games, users are presented with a rotated pi-
visualization by a three-dimensional circular representation using ang roll notation, moving towards the screen. Single notes are mov-
cone-trees, representing subsequences of the musical piece and ehhg towards the player and they have to be played at the time they
coding sound features in a circular piano roll. reach the viewport. SingStar [Son04] follows a similar paradigm
but uses a horizontal piano roll to show the notes that have to be
sung. In comparison to the above-mentioned works, other games
do not require users to play or sing a note as gameplay, but to in-
teract differently on the notes. Audiosurf [Fit08] (Figure 7 left) and
Beat Hazard [Col09] both offer to playback private audio les, from
which musical score features are analyzed and used to generate a
"race track".

Task: Instrument Performance Analysis. One of the main
functions of scores is enabling instrumentalists to (re-)interpret mu-
sical pieces. Multiple visualizations support musicians in their per-
formances. This includes deepening the understanding of a mu-
sical piece on chord progression or composition details in actual
performances [SWK95, Ubill, TTT12, WRR3, XAWI13, YE13,
LYH14, XT114] using a combination of MIDI les, recorded au-
dios or videos of instrument performances. A theoretical exam-
ple is given by Chorlody [LYH14] that teaches about the rela- 4.1.2. Musical Sound
tion between triad or chords using representations of the chro-
matic scale. More practically related tools offer extensions of a
real MIDI keyboard, showing chord progression and upcoming
notes [SWK95, Ubill, TTT12, WRRL3, XAWI13, YE13, XTI14].
Those are implemented as gures, appearing to walk over the
keys to be pressed [XTI14], a streamed second player accom-
panying the user [XAWI13], a rotated piano roll notation mov-
ing towards the player [WRRL3, YE13], or visualizations con-
veying rhythm using colors to indicate how long a note has to
be played [TTT12]. In comparison to hinting of what should be
played, Smoliar et al. [SWK95] and the game Rocksmith [Ubil1]
offer means of validation by indicating the discrepancy of actu-  Relevance for VIS.Sound and visualization both aid at commu-
ally pressed keys to the composed notes. The former offers annicating information to humans. While visualization uses the hu-
enhanced note sheet while the latter one uses a piano roll no-man eye for transmitting expression, emotion or meaning, the ear is
tation. The gaming industry also brought forth games where the the organ to experience auditory impressions. Both sensory organs
player performs musical pieces. Most of those games let the playerdetect signals, and the transmitted information carries meaning or
immerse into the song through simplied piano roll visualiza- emotion [Co059]. For hearing impaired persons, related approaches

In contrast to musical scores, this section focuses on visualizing
sound data. Audio features extracted from music performances like
pitch, loudness, tempo, and timing are the basis for related visual-
izations. Some works use a combination of audio features and score
data [HWF02, I1sa03]. For the works considered in this section,
score data plays a secondary role. Typically, the data is received
from audio les, recorded sound information via microphone or
MIDI interfaces—either real-time performed or pre-recorded. We
further consider music videos as a visual enhanced form of audio
art.
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Huyl7, WZBKB17, LK18] or explicitly through structural fea-
tures [PGWO03, SHO5]. Second, a teaching perspective gives feed-
back to users helping to improve their performances [HWF02,
Isa03, MWO03, YLL 07]. Third, performance sound can be edited
or manipulated [Dix01, YGKO7].

Subtask: Single Performance Analysin in-depth analysis
of a single performance is subject to many related works. Sin-
gle performances can be analyzed in real-time using web ser-
vices [TED85, Huy17]. They offer means to record performances
and the corresponding sound is represented in piano roll notation.
Other works focus on different dynamic roles of instruments in
ensembles [SML16, WZBKB17]. Sched! et al. [SMLL6] show
the current position and involved instruments in an orchestra score
Figure 8: The stacked timelines represent differentinstrument play- with additional structural elements of the performance. Wu et al.
ers' performances. On the left different audience votes for prede- [WZBKB17] visualize similar aspects, but for the distinct instru-
ned modes are shown. These modes de ne if and how the instru- ments in jazz group's performances as shown in Figure 8. It shows
mentalist shall perform and play notes [WZBKB17]. a sample session where every live played instrument is symbolized
by a colored line. In addition, the audience members are enabled
to interact in the development or improvement of the performance
through a voting mechanism, adjusting if and what the musicians
try to compensate for the loss of the hearing sensation (the loss ofplay. Lupi and King [LK18] focus on the detailed nuances of King's

the audio signal) and still allow the transfer of emotions and in- playing characteristics, by visualizing the different hands and sec-
formation of music through visual means [YLQ7, FF09]. In this tions of the song.

context, visualization scholars can learn how to design barrier-free
representations of data—a research direction that is hitherto un-
touched in visualization.

Subtask: Structural Analysidany abstract performance views
enable structural analysis and comparison tasks. The former is
achieved by including a temporal dimension to the visualizations,

Relevance for Musicology.The visualization of sound is rel-  e.g., scatterplots map time progression to saturation [DGWO02,
evant for diverse purposes. While visualizing performances gives LG03], thereby illustrating the dynamic-tempo relation through-
valuable feedback in learning sessions [MWO03, YDIZ], charac- out the performance's progression. For visualizations that already
teristic patterns in interpretation strategies of musicians get easily contain a temporal dimension, like the piano roll notation, spe-
explorable [PDW04, SHO5]. In addition, visualizations enhance the ci ¢ structural features are highlighted to allow quick navigation
listening experience when offering interaction mechanism with the and overview of the distribution of such features [Got06]. Visual-
sound [Dix01, LLO4, YGK O7]. A further bene t could be drawn  izations can also aid to compare playing characteristics of musi-
from adapting sequence alignment algorithms and visualizations to cians. Either concentrating on Jazz musicians [SHO5] or classical
support comparing different interpretations (sounds) of the same music pianists [PGWO03], tendencies in improvisations during per-
score. formances are visualized using contour maps [SHO5] or smoothed

We group visualizations based on three main tasks for sound data histograms [PGWO3].

data. We rst give an overview of visualizations that support ana-  Subtask: FeedbackGiving feedback during live or recorded
lyzing actual performances. While the traditional sheet notation of performances helps performers in improving their skills. Next to
scores exists for centuries, sound features that prepare the groundound data, two works [HWF02, Isa03] make use of score in-
for the visualizations discussed in this section are more experi- formation that is used (secondarily) to highlight discrepancies to
mental and less standardized. This is due to the rather subjectivethe actually played tones. This is especially important for eval-
nature of sound perception. Many visualizations support analyz- uating the correctness of performances [HWF02]. Using Cher-
ing the mood of a song, which we summarize in the second para- noff Faces [Che73], differences in pitch, ow, harmony, volume,
graph. The last paragraph is dedicated to differences and similari-and keys can be shown. Alternatively, tools may help in deep-
ties among different reproductions of music due to the subjective ening the understanding of the user's own performance, by visu-
nature of music perception but also due to the human-typical devi- alizing different structural features and similarities in the perfor-

ation in performing music.

Task: Performance AnalysisPerformance data can be streamed
with a microphone or with cartridges, transformed and shown
on a display, while performing, to enable quick feedback loops.
The corresponding scores can be loaded as MIDI les. Appli-

cations supporting performance analysis serve different purposes.

First, (real-time) visualizations of (live) performances can help
in classifying and describing performance styles of musicians—
either generally [TED85, DGWO02, LG03, SH05, Got06, SMb,
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mance [Isa03]. McLeod et al. [MWO03] and Yang et al. [YLQ7]
communicate low-level musical features like frequencies during
live performances using rather simple visualizations. While the for-
mer target beginners, the latter try to enable the group of hearing-
impaired people to learn to perform a musical instrument.

Subtask: ManipulationLastly, visualizations can support ma-
nipulating performance data. Such signal editing tasks are ei-
ther applied to live performance data [YGB7] or to audio
les [Dix01, YGK 07]. For this purpose, an interactive graphical
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Figure 9: An excerpt of the Drumix tool, which shows the distribu-
tion of the drum patterns through a geographical metaphor based
on a SOM [YGKO07]. The drums (snare vs. bass drum) are listed
in their temporal progression and can be rearranged.

Figure 10: Goto's virtual dancers whose motions and positions

) ) ) ) ~ change to musical beats in real-time [Got96].
representation of sound signals is offered, allowing a user to in-

teractively add or delete specic sound patterns. Both works use

drum and rhythm patterns for manipulation and represent the result

visually and acoustically. For example, Yoshii et al. [YGK] vi- tral content, and autocorrelation data. The resulting visualizations,

sualize a self-organizing map that shows the distribution of the dif- Which are described as "consensual hallucination”, are presented in
ferent drum patterns throughout the song (see Figure 9). For druman augmented reality environment, accessible for multiple users at
manipulation, the tool offers three methods. The rst method allows ©Nce.

for timbre manipulation by selecting different kinds of timbre. The To help hearing-impaired persons to develop a feeling for the
second method comes with a slider to change the volume for eachpsic Fourney et al. [FF09] offer a Music Animation Machine that
drum separately. Lastly, a graphical editor (Figure 9) allows the jncjydes a piano roll view (see Figure 11 (left)) and a mood view
user to rearrange the drum notes with click and drag interactions. (see Figure 11 (right)). The latter one displays notes as circles and
Task: Emotion Analysis of Sound.Fundamental for the per-  €ncodes note length by circle size. When playing back sound, the
ceived sound of music is the resonating mood and the communi- core of a circle moves to the next notes and disappears after some
cated emotions [C0059]. This is an important task, as music is per- time to communicate a feeling for the music e.g. speed or fading of
ceived by humans and can trigger different moods or emotions anda tone.
researchers are not only interested in why but also in how music can  155k: Sound Similarity Analysis. Repetitions are key elements
achieve this. For instance, emotion can be transmitted with images;, musical compositions that are often found within the struc-
that appropriately re ect the mood of sound [HLZ04, CWJCO8]. {16 of sound. The development of methods to measure similari-
Sound snippets as well as images are tagged with related emOyjeg plays a central role in the eld of music information retrieval
tion _adjectlves, and, during playback, images re ect the current (MIR) [AP 02]. Foote [Foo99] used a two-dimensional matrix vi-
music mood [CWJCO8]. Zhang et al. [ZHID] created & sys-  gyajization to show acoustic similarities in the same piece of music,
tem to derive the mood of music from its music video content 4jiowing to investigate structural and rhythmic characteristics. This
through image analysis. They align music videos with extracted 445 to repeated or modi ed themes being recognizable. The re-

moods in a two-dimensional "affective space”. Next to images g iant visual ngerprints of sound structure can be used to derive
and videos, features of sound can be communicated turning theknowledge on how similar other musical pieces are.

"shape of music" into visual shapes transmitting the emotion of
music [Got96, LL04, SY09, HXF10]. While Sauer et al. [SY09]
use avatars, performing a Celtic dance (no arm movement), Goto4.2. Visualization of Musical Collections

et al. [Got96] showed more abstract human-like dancers. Both map g, far, we focused on the analysis of a single or very few music
tempo, beat position, or dynamic to movements, and users can se-

pieces. Collections, in comparison, can be a whole music album, a
lect dance performance parts to create a whole choreography. Apjayiist, or the music archive. General issues when working with

screenshot of such a performance is shown in Figure 10. In €on- 396 musical collections are classi cation, recognition, annotation
trast, Haro et al. [HXF10] do not show the shape of a song, butthe 54 the retrieval of music due to the increased required technology
shape of a user's musical taste. Therefore, around 60 audio feature%apacity, large amounts of available music data, and acoustic in-
are used_to generate a (static) avatar, depicting tastes stereotypic%rmaﬂon of sound that needs to be processed [OMGFLTZ11].

by mapping to background, head (eyes, mouth, hair, hat), suit or \jg,ajizations of large music collections are based on diverse fea-
instrument. Levin et al. [LLO4] mainly focus on the question "If  ,re of musical data, and they are of interest for users who desire

we could see our speech, how might it look like?" They take in- hey nerspectives on their musical archive that are different from
put from live performances (speech, sound, and song) and generat%|ain e lists.

real-time visualizations, inspecting features including pitch, spec-
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