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This thesis describes a principled statistical approach to automatic chord estimation (ACE)
for music audio signals. The chord is an important mid-level representation of polyphonic music
that lies between the musical intentions of composers and the actual musical sounds. The ACE
task has thus been one of the fundamental research topics in the field of music information
retrieval (MIR).

There are two major approaches to ACE. The discriminative approach is based on a chord
classification model implemented by a deep neural network (DNN) that directly estimates a
chord sequence from a music signal. The performance of this approach is bounded by the amount
of annotated data used for supervised training. In contrast, the generative approach is based on
a probabilistic latent variable model that represents the generative process of a music signal from
a chord sequence. To make the inverse problem analytically solvable, only classical models such
as hidden Markov models (HMMs) have mainly been used.

To overcome these limitations, in this thesis two techniques are proposed for neural ACE.
First, a sufficient amount of external MIDI data are used for learning to extract chroma vectors
from music signals. Second, a unified generative and discriminative approach is taken for linking
a deep classification model to a deep generative model through a latent chord sequence following
a language model in a variational autoencoding manner. This enables semi-supervised training
of the classification model regularized by the generative and language models.

Chapter 2 reviews related work on ACE. Specifically, hand-crafted and data-driven feature
representation methods for ACE, generative and discriminative approaches to ACE, and multi-
task learning methods for joint estimation of multiple musical elements are introduced. The
evaluation metrics are also explained.

Chapter 3 proposes a DNN-based chroma vector extraction method that predicts the existence
of each of twelve pitch classes in higher (vocal), lower (bass), and wider (accompaniment)
frequency ranges. Specifically, a DNN is trained in a supervised manner by using a large amount
of pairs of MIDI-formatted musical scores and the corresponding synthesized music signals. It
has experimentally been shown that a chord classification model trained with the proposed
chroma vectors outperforms one trained with the hand-crafted chroma vectors.

Chapter 4 proposes a unified generative and discriminative approach to ACE based on
amortized variational inference (AVI). Specifically, a deep generative model that represents the
generative process of chroma vectors from discrete chord labels following a Markov language
model and continuous latent features following a Gaussian distribution is formulated. Given
chroma vectors as observed data, the posterior distributions of the latent labels and features are

predicted with deep classification and recognition models, respectively. These three models form




a variational autoencoder (VAE) and are trained jointly in a (semi-)supervised manner. It has
experimentally been shown that the performance of ACE can be improved even under a fully
supervised condition thanks to the regularization of the classification model based on the
language model of chord labels and the generative model of chroma vectors.

Chapter 5 applies the VAE-based regularized training to multi-task learning for joint chord
and key estimation. Specifically, key labels are introduced as additional latent variables and a
hierarchical generative model of keys, chords, and chroma vectors reflecting the typical process
of music composition is formulated. The separated, shared, and hierarchical architectures of the
chord and key classification models and the uniform, Markov, and autoregressive architectures
of the language model have comprehensively been investigated. Through the comparison of
different combinations, It has experimentally been shown that the VAE-based multi-task
learning improves chord estimation as well as key estimation.

Chapter 6 concludes this thesis and briefly discusses future work. The main remaining issues
of this study are the limited expression capability of chroma vectors and the limited performance
improvement obtained by the VAE-based semi-supervised training. Higher-dimensional feature
representation learning, sophisticated temporal modeling, language modeling at a beat or score

level, and latent variable disentanglement are discussed.
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