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▪ Western music is based on equal-temperament tuning 

▪ Each octave is divided into 12 semitones

▪ Human pitch perception is periodic

▪ 2 pitches one octave apart are perceived as similar

Fundamental Concepts
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▪ Pitch→ Chroma + Tone height 

▪ Chroma: C, C#, D, D#, …, B (12 classes)

▪ Tone height: Octave number

Fundamental Concepts
Chroma

Fig-M2-1
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▪ Intensity of pitch classes over time (similar to spectrogram)

▪ Applications

▪ Analyze and compare harmonic and melodic content in music

▪ Main audio representation for chord & key recognition

Chromagram

Own

Aud-A2-2
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▪ Basic processing pipeline

▪ Pitch features derived from STFT or CQT

▪ Summing up over pitch sub-bands across octaves to pitch class intensities

Chromagram

Fig-M2-2

Pitch Feature

Chromagram

librosa.feature.chroma_cqt

librosa.feature.chroma_stft
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▪ Chroma Energy Normalized Statistics 
(CENS) [Müller et al., 2005]

▪ Derived from Constant-Q 
chromagram

▪ Post-processing steps → 
invariance to timbre and 
dynamics

▪ L1 normalization per 
chroma vector

▪ Amplitude quantization

▪ Smoothing with sliding 
window & down-sampling

▪ ECP

Chromagram
Chromagram Variants

Fig-M2-1

librosa.feature.chroma_cens

Fig-M2-3
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▪ Deep Chroma [Korzeniowski & Widmer, 2016]

▪ Input: quarter-tone resolution

▪ MLP (3 hidden layers, 512 units)

Chromagram
Chromagram Variants

Fig-M2-4
madmom.features.chords

Fig-M2-5
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▪ Chroma Feature Representations → Chord classes

▪ Temporal Segmentation into short, overlapping frames to capture local chords / 
chord changes

Chord Recognition
Basic Principles

Fig-M2-5
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▪ Many chords share chord tones → ambiguities

▪ Chord inversions (C, C/E, C/G) → same pitch classes, different “pitch ordering” 

▪ Separate root note & bass note pitch class classification 

Chord Recognition
Challenges

Fig-M2-6
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▪ Chord tones → Binary templates 𝑇 ∈ ℝ12

▪ Brute-force comparison between chromagram frame and all chord templates

▪ Cross-correlation, cosine similarity …

Chord Recognition
Traditional Approach: Template Matching

FMP Notebooks

Fig-M2-7
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▪ [Nadar et al., 2019]

▪ STFT + log frequency axis (24 bins per octave)

▪ Spectrogram patches: 1.5 s duration

▪ 84 chord classes (7 chord type)

▪ Three-voiced chords (maj, min)

▪ Four-voiced chords (maj7, min7, dom7, 
m7b5) + “powerchord”: 1+5

▪ Give 1 example method

Chord Recognition
DL-based Method
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▪ Isolated chord recordings

Chord Recognition
Machine Learning Models

▪ Mixed chord recordings

https://machinelistening.github.io/casm


© Jakob Abeßer, 2024 https://machinelistening.github.io/casm

Programming session

Fig-A2-13
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