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Figure 1: Web-based interface for exploring classical music with score-aligned performances.

ABSTRACT

Music scholars and enthusiasts have long been engaged with both
performance recordings and musical scores, but inconveniently,
these two closely connected mediums are usually stored separately.
Currently, digital music libraries tend to have fairly traditional user
interfaces for browsing music recordings, and more importantly,
performance recordings are organized separately from their musical
scores. In recent years, however, the same technological advances
that have made vast troves of sound recordings and musical scores
more widely available have also created tremendous potential for
innovative new interfaces that can facilitate enhanced engagement
with the music. In this paper, we present a web-based prototype tool
that allows users to navigate classical piano recordings interactively
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in conjunction with their scores. We describe the technologies
involved, and provide access to the actual website. Our pilot testing
results are very positive, confirming the usefulness and potential of
such a tool, especially in the areas of music education and scholarly
research. We also discuss future development of this prototype.
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1 INTRODUCTION

Music scholars and enthusiasts have long been engaged with both
performance recordings and musical scores, but inconveniently,
these two closely connected mediums are usually stored separately.
In the digital era, however, vast troves of both sound recordings and
musical scores have become widely available, presenting a great
need (and corresponding opportunity) to create a coordinated digi-
tal music infrastructure that enriches the experience of engaging
with music. (One recent effort along these lines is the TROMPA
project [10], which deploys multiple web and music technologies
for better access to musical content from selected repositories.)
Currently, digital music libraries (e.g., the British Library’s classi-
cal music sound archive [20] and the Vienna Symphonic Library
[21]) have a fairly traditional user interface for listening to music
recordings: users can only start, pause, or jump to a new starting
point of the playback. More importantly, performance recordings
are organized separately from their musical scores. The goal of our
project, therefore, is to explore the potential of an interactive tool
that allows users to navigate recordings interactively in conjunc-
tion with their scores. This kind of interactive interface could offer
benefits not only to archivists, but also music educators, the public,
and anyone interested in the nuances of musical performances.

Various innovative interfaces have been developed for searching,
analyzing, or visualizing music data. For instance, [12] describes
a system where users can search for music by content instead
of by metadata (per tradition); [22] proposes a new interface for
visualizing and browsing scores. Sonic Visualiser [1] is a mature
software tool for analyzing and visualizing acoustic features of
sound recordings (including music recordings), and Sonic Lineup
[19] is a related tool for comparing different recordings of the
same composition. [4] and [8] are examples of visualizing music
performances, and [9] is a recent survey of music visualization
techniques. However, none of these interfaces explicitly shows the
connection between performances and scores.

Connecting performances and scores at the technical level is a
familiar topic in Music Information Research (MIR), and the most
relevant challenge is known as audio-to-score alignment, whereby
performance recordings are aligned to their scores, associating each
note in the score with an onset timestamp in the audio. Numer-
ous approaches have been proposed within this topic, including
[13][18][2]. In response to this challenge, various open datasets of
score-aligned performances have been created, such as the data
in [6] and [25]. Some open datasets don’t contain alignments at
the note level, but annotations of beat, harmony, phrases, or other
score-related features [5][7]. In our project, the score-aligned per-
formances come from [25].

There are currently two commonly used open-source tools for
representing and rendering musical scores on the web: OpenSheet-
MusicDisplay (OSMD) [15], which facilitates rendering of sheet
music from the MusicXML score format, and Verovio [17], which
renders sheet music from the MEI score format. For our project
we employ the former, as the MusicXML format is presently more
widely used than MEI Two demo projects closely related to ours,
[16] and [24], also have interfaces that allow users to interactively
navigate professional recordings while automatically scrolling ren-
dered sheeting music, but both use Verovio with MEL The first
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Table 1: Piano Music in Our System.

Composer # of Scores  # of Performances
Claude Debussy 5 15
Franz Liszt 2 4
Franz Schubert 3 6
Frédéric Chopin 5 14
Johann Sebastian Bach 6 7
Ludwig van Beethoven 3 5
Wolfgang Amadeus Mozart 1 3

of these is designed for easy comparison among different perfor-
mances of the same composition, and the second for easy switching
among audio tracks during choir rehearsals. Both demos use only
a fairly small repertoire (three and five scores respectively), and
neither provides any user evaluations.

Another category of related work is educational software for
instrument learning, such as SmartMusic [11], where notes played
by the user are compared to an interactive score. Besides differences
in purpose, however, the sound synchronized to the score in such
applications is either synthesized or provided by the user, whereas
ours uses professional recordings.

2 METHOD

In this section, we describe the interaction design of the tool, our
data preparation procedure, and the technical details involved in
building this prototype.

2.1 Interaction Design

Figure 1 shows a screenshot of our web-based prototype tool allow-
ing users to explore piano classical music interactively. The three
drop-down menus at the top allow the user to select a composer, a
score, and a performance of the score (by performer’s name). Ta-
ble 1 summarizes the music data in our system so far. Once a score
is selected, its sheet music is rendered on the screen; once a perfor-
mance is selected, an audio waveform of the recording displays at
the bottom of the screen, along with a time scale indicating minutes
and seconds into the recording. During playback, a green cursor
will move along on the sheet music, identifying the current note(s)
being played. The sheet music will scroll automatically, centering
the staves currently being played. The audio waveform spans only
about 70 seconds on the screen (the exact length depends on the
screen size); the waveform and the time scale underneath will also
automatically scroll as the music plays.

To allow users to customize their experience, we have imple-
mented a cluster of options at the top of the screen. Besides toggling
between “Play” and “Pause”, the user can choose to “Show” or “Hide”
the green cursor, and to zoom the sheet music in or out in order to
fit fewer or more measures on the screen. By specifying a measure
number in the “Measure” text box, the user can jump to a new
playback position starting from the first beat in that measure. For
example, if the user specifies “5” in the example in Figure 1, the
cursor would jump to the first C on the bass clef in Measure #5, and
start the playback from there. If the user wants to start from a beat
other than the first beat in a measure, he or she can additionally
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click on the “Back” or “Next” buttons to move the cursor backward
or forward note by note.

The waveform at the bottom is also interactive. If the user wants
to jump to a specific starting time in the recording, he or she just
needs to click on the target timestamp on the waveform. If the
target timestamp is beyond the region shown on the screen, the
user can manually scroll the waveform to the left or right to find
the target timestamp.

This prototype tool can be accessed through the link
https://facultystaff.richmond.edu/~yjiang3/papers/am23/.

2.2 Score-Aligned Performances

Our system currently contains 54 performances played by 20 world-
renowned pianists; the compositions come from 25 scores by seven
famous piano composers, as listed in Table 1. Typically, a score
has two or three performance interpretations. Each performance
recording is preprocessed to align to its score, and this alignment is
represented in an alignment file by a sequence of <score time, audio
time> pairs indicating when each score time occurs in the audio.
For example, the alignment for the highlighted C note in Figure 1
is represented as <5+3/8, 8.935>, meaning the seventh sixteenth
note (calculated as (7-1)/16) in Measure 5 has an onset time at
8.935 seconds in the audio. Notes in a chord share one alignment
pair. Below, we describe the preprocessing steps for generating the
alignment files.

Both the digital scores and the performances come from (a small
portion of) the ATTEP dataset [25]; the scores are in the MusicXML
format, and we downloaded the audio performances in the WAV
format through the YouTube links provided by ATTEP. Addition-
ally and importantly, ATTEP provides a music transcription file for
each performance, in the MIDI format, indicating what pitches are
being played and when. The transcriptions, however, do not con-
tain information about how played pitches (and their timestamps)
are associated with notes in the scores. To derive this information,
we used the MIDI-to-score alignment tool from [14], which takes
a performance MIDI file (aka the transcription) and a MusicXML
score and generates a matching file for them. A matching file not
only contains the onsets of each note played correctly according to
the score, but also information about incorrect, extra, and missing
notes in the performance. When determining the audio time for
each score time in the alignment file described above, we discard
onsets of extra notes, average onsets of notes from the same chord,
and estimate onsets for missing notes according to their predeces-
sors and successors. It is worth mentioning that the matching file
uses a score time format different from the one in the alignment
file. The latter adopts a common format (i.e., the same as in OSMD,
described in Section 2.3), and one can easily extract all such score
times in a MusicXML score using a popular score-processing Python
tool called music21 [3]. We nevertheless were able to translate the
format used in the matching file to the latter format reliably.

2.3 Implementation Details

For representing and rendering sheet music on the web from Mu-
sicXML files, we use the open-source JavaScript library OSMD [15],
as mentioned in the Introduction. OSMD maintains the general
hierarchical structure of a MusicXML score, consisting of systems,
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measures, notes, and other score elements. This library provides
convenient functions for controlling visual effects in a rendered
score, including drawing/moving the green cursor and scrolling
the score.

The interactive audio waveform at the bottom of our interface is
powered by wavesurfer.js [23], an open-source JavaScript library
that helps generate customizable waveform visualizations of audio
files. One of the main features of wavesurfer.js is its ability to create
highly interactive visualizations of audio waveforms, allowing users
to easily visualize and navigate through audio files. For example,
we customize the height and color of the waveform, display a time
scale that moves together with the waveform, create regions within
the audio for individual notes, and allow users to fast-forward or
rewind by clicking on any desired portion of the waveform.

Based on the information in the alignment file described in Sec-
tion 2.2, we create a cause-and-effect loop between the cursor posi-
tion in the sheet music and the playback timestamp in the audio.
Whenever the user moves the cursor (either by entering a mea-
sure number or by clicking on the “Back” or “Next” buttons), our
program searches for that score time and sets its onset as the new
playback time. Likewise, whenever the user clicks on a timestamp
in the waveform, our program searches for the corresponding score
time (i.e., the latest score time with an onset earlier than the selected
timestamp) and moves the cursor to that score time.

3 USER EVALUATION

We conducted a pilot test to evaluate our user interaction design
and to gather feedback for future development. We recruited seven
participants whose backgrounds broadly indicated they might be
potential users of our tool—people who enjoy listening to classical
piano music and who can also read sheet music. We started each
interview session with a set of warm-up questions about the partic-
ipant’s musical background, what they like the most about classical
music, their music listening habits, and some basic demographic
information. The ages of the participants ranged from 20 to 60 (four
are college students around 21), and only one participant was male.
All participants had played one or more instruments (typically pi-
ano) for at least a decade, and two had music degrees. After the
warm-up questions, we briefly demonstrated the functions of the
interface before letting the participant explore the interface freely.
To ensure privacy and minimize distractions, the participant was
left alone in a quiet room, with instructions to try each functionality
at least once, and also at least once to compare the experience of
looking at the interface vs. not looking. We gave each participant
at least 15 minutes to explore the interface thoroughly, more if
requested. Afterward, we conducted semi-structured interviews
with a set of follow-up questions regarding the users’ experiences.

Six of the seven participants expressed that they enjoyed the
experience or would use such a tool. Four of them mentioned that
they appreciated being able to read along with the music and keep
track of places in the score (especially helpful for fast pieces). The
other two shared that they wouldn’t use this interface for recre-
ational listening, but would use it for intellectual engagement, such
as teaching or learning a piece. The remaining participant found
the listening experience stressful, mainly because of the cursor’s
motion: she would have preferred the cursor to move continuously
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rather than “jumping” from beat to beat. When asked to compare
the experience of looking vs. not looking at the interface, most
participants pointed out that when looking at the interface, they
paid more attention to the musical elements in the score or thought
more about the composer’s intentions.

We also asked the participants whether such an interface would
be useful for comparing different interpretations of a piano piece.
All but one participant answered yes, and a few also described
it as a great tool for learning to play a piece as it would make it
easy to compare different interpretations of a score. The participant
who answered no is a more specialized user with a background
in musicology; she said she would prefer simultaneous represen-
tations of multiple performances instead of one performance at a
time—for example, visualizing and comparing the volume changes
of multiple performances simultaneously. Two other participants
also suggested lining up multiple performances in some way for
easier comparison.

From these interviews we learned that our current interface of-
fers features and functions that serve distinct purposes appreciated
by users. All the buttons, as well as the text box (for jumping to a
measure), were valued by at least one participant. We also asked
users about any additional functionalities or improvements that
might be desirable; most suggested additions would be easy to im-
plement (for example, being able to scroll ahead while the music is
playing). Three suggested they would like to be able to click on the
sheet music to jump to a measure, which would require more effort
to implement. Three users noticed occasional errors in the score
or in the alignments, and expressed that they would appreciate
higher-quality music data.

4 DISCUSSIONS AND CONCLUSIONS

The overall pilot test results are positive: almost all participants
found the tool valuable. Their responses confirm strong potential
for applications that synchronize performances with scores, an
underexplored area of music applications. One prospective use
mentioned often by the participants would be education (e.g., for
learning how to play a piece). Another, implicitly described by
the musicology participant, would be scholarly research. For both
cases, participants expressed interest in comparing multiple inter-
pretations of the same composition; although almost all confirmed
our interface would be useful for such purposes, some suggested
additional features to facilitate easier comparisons.

Our next steps include three aspects. First, we plan to improve
the current interface design based on the evaluation feedback: e.g.,
allowing users to choose the motion of the cursor. Second, we want
to explore new ways to compare different interpretations of a com-
position: e.g., by visualizing multiple performances simultaneously
and offering seamless switching among recordings. Finally, we want
to expand the repertoire for our tool, and improve both the score
quality and the alignment accuracy.

In conclusion, this paper presents an innovative tool with an
interface that allows users to explore score-aligned performances.
Positive user evaluations suggest that such a tool has great poten-
tial in music education and scholarly research. We anticipate that
further development and testing will refine this tool’s ability to
meet the needs of a wide range of users.
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