Piano Music Transcription Based on Computer Vision

by

Robert McCaffrey B.A. (Mod.)

Dissertation
Presented to the
University of Dublin, Trinity College
in fulfilment
of the requirements

for the Degree of

Master of Computer Science

University of Dublin, Trinity College

Supervisor: Dr. Kenneth Dawson-Howe

May 2017



Declaration of Authorship

I, Robert McCaffrey, declare that the following dissertation, except where otherwise
stated, is entirely my own work; that it has not previously been submitted as an exercise for
a degree, either in Trinity College Dublin, or in any other University; and that the library

may lend or copy it or any part thereof on request.

Robert McCalffrey

May 17, 2017



Summary

This dissertation explores a solution for automating piano transcription through computer
vision in OpenCV. Transcription of music is here defined as the process of analysing a video
feed so as to write down the musical parameters of the sounds that occur in it* The com-
position performed on a piano shall be transcribed to sheet music using computer vision.
The video will be captured by mounting a device with video capability at an angle overhead,
while a pianist performs on the piano below. Computer vision estimation based models are
then used to create an automated piano transcription software. Through computer vision,
the objective of this dissertation is to explore the process of transcription via a different
methodology, thus avoiding the difficulties associated with audio signal processing (where

most contemporary research in transcription is focusing on).

At the beginning of this project, the goal of this dissertation was to design and implement a
prototype automated piano transcription software that could correctly transcribe a piece of
music played on the piano to sheet music from only a video feed. The approach for solving
this goal was achieved through the use of computer vision algorithms on the captured video
feed of the pianist, by placing a stationary camera at an angle from the side of the piano
during their performance. This was a challenging task as at the beginning of the project

there was only one piece of published literature available on the problem, due to most pub-
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licly available research concentrating on audio signal processing for piano transcription. A
number of components were developed to achieve the scope of this application. These com-
ponents included location of the keyboard in a scene, identification of the individual keys and
the key values on the piano, a digital reference to the beat of the performance, identifying
the key change events in real-time, and transforming this into a digital representation that

could be rendered into music notation (commonly known as sheet music, or a score).

The lack of research meant no publicly available third party test data-set existed. Hence
the test data-set used had to be recorded and developed from scratch. The testing portion
of the application has been achieved through the creation of an interface. This enabled a
more efficient method of obtaining the ground truth from the videos, rather than visually
writing out each key change event by hand. To get an extensive evaluation of how well the
algorithms perform, this dissertation used the grading system of the Associated Board of
the Royal Schools of Music (ABRSM). The ABRSM grading system provides a structured
framework for progression from beginner to advanced pieces. Using this system, I hypothe-
sised an algorithm which performs well in grade 1 pieces, and steadily decreases as it moves
up the grades to more advanced pieces. However, no clear relationship was identified of the
complexity of the piece to the performance of the application. But, the performance of the
system worked best on an acoustic piano, and when the rhythm of the piece was fast. The av-
erage precision and recall was 78.72% and 93.57% respectively, with two outliers dramatically

affecting precision.
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Current research in the area of automated transcription technology focuses primarily on
audio signal processing. The precision of audio signal processing is significantly below that
of a human expert due to the presence of polyphonic tones (several sounds occurring simul-
taneously), and the difficulties of successfully parsing such signals given current algorithms.
The aim of this paper is to investigate the application of computer vision to piano transcrip-
tion. Transcription of music is here defined as creating a piece of music notation, in this
case by analysing a video feed, so as to extract the musical parameters of the sounds that
occur within the performance The video feed to be analysed shall be captured through a
stationary mounted device that is angled at the side of the piano, while a pianist performs
on the piano below. The transcription shall be accomplished purely through computer vision
techniques, which shall examine key changes at each piano key in real-time. The results
of the computer vision application create an industry standard digital representation of an
instrument’s performance known as a MIDI (Musical Instrument Digital Interface) file. The
MIDI file can then be rendered to written music notation known as sheet music, through
freely available external software. The performance of the system worked best on an acoustic
piano, and when the rhythm of the piece was fast. The average precision and recall were



78.72% and 93.57% respectively, with two outliers dramatically affecting precision.
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CHAPTERL

Introduction

1.1 Motivation

A trained musician or other music professional tasked with creating sheet music from a
recording transcribes the notes that make up a piece of music to music notation using either
their sense of relative or absolute pitch. With advanced musical training, an individual can
transcribe a piece of music note-for-note purely by ear; some after they have heard the music
only a few times. Mozart, who was known to be a child prodigy, demonstrated this ability
by recreating note for note Miserere after hearing it only once (this was secret sheet music
written by Allegri for Pope Urban VIII for exclusive Tenebrae service in the Sistine Chapel).
Musicians study for years to truly master this ability. What if technology could share this
ability with an amateur musician?

Current research in automating this process through audio signal processing has not yet
reached the necessary precision. The limitations of this process are due to the presence of
polyphony, noise, variations of pitch, and variations of note duration. Consequently, to record

a performance into a computer, currently the most e ective technology is to use an electronic
instrument with MIDI (Musical Instrument Digital Interface) capability, or an acoustic in-
strument tted with infra-red, or other sensors; both have their limitations and weaknesses.
Electronic instruments lack the rich timbre and depth of touch of an acoustic instrument,
and are therefore not preferred by experienced musicians (other than for convenience or for
novel e ects and timbres). Infra-red sensors that monitor individual strings at a time are
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expensive and cumbersome to install. However, even with the availability of both of these
technologies they still require some computer device to look after the processing. Hence,
a proposed application that uses only the capabilities of a modern portable device (laptop,
mobile, tablet) gives us an easily accessible solution.

This dissertation explores a solution for automating piano transcription through computer
vision in OpenCV. Transcription of music is here de ned as the process of analysing a video
feed so as to write down the musical parameters of the sounds that occur in ft. The compo-
sition performed on a piano shall be transcribed to sheet music using computer vision. The
video will be captured by mounting a device with video capability at an angle overhead, while
a pianist performs on the piano below. Computer vision estimation based models are used to
create an automated piano transcription software. Through computer vision, the objective
of this dissertation is to explore the process of transcription via a di erent methodology, thus
avoiding the di culties associated with audio signal processing, where most current research
focuses on. The ambition is to extend this application to other instruments, giving a variety
of suitable musicians access to sheet music transcription with their portable device. To get an
extensive evaluation of how well the algorithms perform this paper will use the grading sys-
tem in the Associated Board of the Royal Schools of Music (ABRSM). The ABRSM grading
system provides a structured framework for progression from beginner to advanced pieces.
Using this system, | expect an algorithm which performs well in grade 1 pieces, and steadily
decreases as it moves up the grades to more advanced pieces.

During research, there is a need to review the ontology of the eld. Through understanding
the various domains relationships to one another, | can better answer the questions | seek and
better question the answers | obtain. The multimedia ontology provides a knowledge infras-
tructure for the computer vision domain, while the musical ontology provides a knowledge
infrastructure for music theory. The domain speci ¢ parts support content layer analysis of
the video material. In the video domain, the signal layer is necessary for the representation of
data, before using the music theory domain to model the conversion algorithms to MIDI and
sheet music. These conversion algorithms will be explored in the method of this dissertation.

1.2 Goals

The goal of this dissertation was to design and implement a prototype automated piano
transcription software, to correctly transcribe a piece of music played on the piano captured
only through video. A composition performed on a piano is thus transcribed to sheet music
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using computer vision. The video is captured such as in Figure 1.1 by mounting a device with
video capability at an angle from the side of the piano; a pianist then performs on the piano
below. Computer vision based models are used to create an automated piano transcription
software. Through computer vision the objective is to locate the piano's keyboard in the
scene, identify the keys that are pressed along with the duration they are held, and render a
piece of sheet music in PDF format. The performer will be able to use this sheet music to
recount what they have played and distribute to other performers. However, while this is the
primary goal, there are endless possibilities for music education and professional composition
for such a technology, which | will shall discuss at the end of this dissertation in my future
works.

Figure 1.1: Capturing the video through a webcam mounted on a stand using a computer
device
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1.3 Dissertation Overview

In Chapter 2, | outline the properties of the piano such as a description of a keyboard in
Section 2.1, techniques that have evolved to play the instrument in Section 2.2, and how the
action of striking keys can produce a collection of tones that make the piano such a diverse
instrument in Section 2.4. Through understanding the ontology of the piano, | have modelled
the computer vision algorithms. For the reader to understand how these ontologies were used
for modelling my algorithm, Chapter 2 gives a broad background on the piano in Section
2.1, music theory in Section 2.3 | 2.4, and a standard for representing musical instruments
digitally within a computer in Section 2.8. To understand the complexity of this research in
audio signal processing, Section 2.9.1 gives a brief overview of how processes within this do-
main are modelled and why multiple concurrent tones negatively a ect the algorithms within
this eld. Chapter 2 also outlines what research has been carried out in the video domain,
and the faults | have discovered and intend to improve upon within Section 2.9.2.

Given the goal outlined above, a webcam was mounted at an angle from the side of the
piano, to capture the video feed of a pianist while they performed on a piano. For the com-
puter vision to work, the application required the location of the keyboard in the scene so
that it can identify what keys in each frame the pianist has struck. Therefore, the keyboard
of the piano had to be located, this task was achieved using algorithms described in Chapter
4.1. The result is an estimation of where the keyboard lies in the scene, Figure 1.2 outlines
the results of the algorithms in Chapter 4.1; performing the estimation on a captured video
feed.

Figure 1.2: Blue box illustrating the four sides of the piano found using the " nd keyboard"
algorithm.
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Figure 1.3: The geometric transformation of the keyboard using the perspective
transformation matrix found in the " nd keyboard" algorithm

The estimation is used to transform the view of the keyboard into a perspective where
the keyboard is returned to its original rectangular shape with the keys vertically aligned;
Figure 1.3 illustrates the result of this operation known as geometric transformation outlined
in Chapter 4.1. With the keyboard in this perspective, it was analysed to retrieve information
on what sound each key on the piano in the scene represented, so that it could be ported into
a standard that a computer could understand. Section 4.2 describes in full the algorithms
that were used to perform this task. The result of these algorithms extracting the black keys
as features within the image is illustrated as purple blobs within Figure 1.4. The white keys
inferred from these features are illustrated in Figure 6.8 as green lines.

Figure 1.4: Purple 'blobs' illustrate the result of nding the black keys using the feature
detection algorithm.

Figure 1.5: Result of inferring the line (in green) that segregates two white notes. Only the
top of the white key is required to be explained in Section 4.2

With the keyboard and the location and values of the keys found, the next stage is prepar-
ing for identifying key changes. A potential solution could have been using pose estimation
of the hands and ngers to identify key changes. However, pose estimation is di cult unless
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multiple camera angles or an infra-red camera such as Microsoft Kinect is applied. Moreover,
| wanted a readily available application that can be used on any conventional video camera.
In response to this, | decided to ignore the hands completely and focus only on the key move-
ments on the keyboard. Consequentially, the transcription software completely ignores the
section of the keys where the pianist's hands are present, Section 5.2 outlines the algorithms
that were used to nd the hands within the scene. Figure 1.6 show the hands illustrated in
red to signify the result of the skin detection algorithm used to nd the hands.

Figure 1.6: A visual representation of the hands been found labelled in red.

Figure 1.7: A visual representation of the key changes being found labelled in blue.

Given that every key's location has been identi ed and the hands have been removed
from the frame, key changes can now be detected using the algorithm outlined in Section
5.3. Figure 1.7 shows an example of the key changes on a frame: the keys coloured in blue
illustrate the result of the key detection algorithm on this particular frame.

The results of the key detection algorithm are passed to an interface presented in Section 5.4
which communicates with an external MIDI library. The interface handles the creation of a
MIDI le that stores a digital representation of the pianist's performance. This MIDI le is
then used to create sheet music in Section 5.5, at the end of the execution of the program.
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After the application is executed it is worth nothing that the MIDI le created throughout
the run-time is a playable recording of the pianist's performance, found purely through com-
puter vision.

Evaluations and tests were performed on the results of this transcription system. The feasi-
bility and the functionality of the proposed evaluation frameworks are analysed in Chapter
6.1. The proposed evaluation framework o ers two performance metrics: precision and re-
call. These metrics are applied and analysed in Chapter 6.2 where an in-depth review of the
advantages and the limitations of the proposed framework (as well as of the successes of the
project) is presented.
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