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Perception of Sound

e Amplitude

e Frequency e Loudness

e Envelope —> * Pitch

e Timbre

e Duration

e Spectrum
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Traditional Audio Features in “Machine Hearing”

e Loudness
o RMS
o Spectrogram

e Pitch
o Fundamental frequency (FO) = handled in the “pitch estimation” topic
o Chroma

e Timbre

o Spectral statistics
o MFCC



Root-Mean-Square (RMS)

. . w([n]: window
e Frame-level sound intensity N: window size

o Time-domain (power): RMS(l) = \/%Z%;lo(x(m —1-R)w(n])? R: hop size

o Frequency-domain (power spectrogram): RMS(l)=\/% N oo |1X(k,D|?

o Produce an amplitude envelope

Waveform: Piano Waveform: Flute
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Loudness Perception

e Subijective perception of sound intensity (the squared amplitude)

e Weberslaw: Al « [
o Just Noticeable Difference (JND) of intensity (AI) is proportional to the
intensity (I) at the moment
o An exponential function satisfies this rule - log(l) becomes linear

A

Loudness

»

log(I) sound intensity

https://en.wikipedia.org/wiki/\WWeber-Fechner_law
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Loudness Perception

e Sound Pressure Level (SPL)

o Physically measured sound intensity
o Decibel scale (dBSPL)

m 20logyo(P/Py) = 10log,o(1/1p)
m The softest audible level: P, = 2 x 107> N/m?

SOUND PRESSURE SOUND PRESSURE LEVEL
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Loudness in Digital Audio

e dBFS (Full Scale)
o 20log,o,(RMS)
o 0dB is the maximum - digital level meter
o The minimum level is set above the quantization noise
level: -80dB or -60dB is commonly used

M

Stereo QOut

Apple Logic Pro



Equal-Loudness Curves

e Loudness depends on frequency 1
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Do your own test: http://newt.phys.unsw.edu.au/jw/hearing.html
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Perceptual Weighting

e Weighting spectrum based on perceptual sensitivity of loudness
o Inverse of the equal-loudness curve

o The choice of weighting depends on the loudness level and the application
o A-weighting is most commonly used
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Magnitude Scaling in LibROSA

Magnitude scaling

amplitude_to_db (S, *[, ref, amin, top_db])
db_to_amplitude (S_db, *[, ref])

power_to_db (S, *[, ref, amin, top_db])
db_to_power (S_db, *[, ref])
perceptual_weighting (S, frequencies, *[, kind])
frequency_weighting (frequencies, *[, kind])
multi_frequency weighting (frequencies, *[, ...])
A_weighting (frequencies, *[, min_db])
B_weighting (frequencies, *[, min_db])
C_weighting (frequencies, *[, min_db])
D_weighting (frequencies, *[, min_db])

pcen (S, *[, sr, hop_length, gain, bias, ...])

Convert an amplitude spectrogram to dB-scaled spectrogram.
Convert a dB-scaled spectrogram to an amplitude spectrogram.
Convert a power spectrogram (amplitude squared) to decibel (dB) units
Convert dB-scale values to a power values.

Perceptual weighting of a power spectrogram.

Compute the weighting of a set of frequencies.

Compute multiple weightings of a set of frequencies.

Compute the A-weighting of a set of frequencies.

Compute the B-weighting of a set of frequencies.

Compute the C-weighting of a set of frequencies.

Compute the D-weighting of a set of frequencies.

Per-channel energy normalization (PCEN)

https://librosa.org/doc/latest/core.html#magnitude-scaling
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e Musical notes are denoted with a pitch class and an octave number
o Pitchclass: C, C#,D, D#,E, F, F#, G, G#, A, A#, B
o Octave number: 0,1, 2, 3,4,5, ..

! A E
o Example: C4 (middle C), E3, G5 c&
e The octave difference is the most consonant pitch interval ——
i

o Therefore, they belong to the same pitch class :
e This can be represented with “pitch helix” ;Cc |

o Chroma: inherent circularity of pitch organization oy o

o Height: naturally increase and have one octave above S e

for one rotation

Pitch Helix and Chroma
(Shepard, 2001)



e Compute the energy distribution of an audio frame on 12 pitch classes

o Convert the frequency to a musical note (=12log, ( ) + 69) and take the

pitch class from the musical note (e.g. 69> A4 > A)

o Extract tonal characteristics, ideally removing timbre information

e Computation Steps

o Projecting DFT, CQT, or constant-Q filterbanks onto 12 pitch classes
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Spectrogram
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Applications of Chroma

e Score-Audio Alignment
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Applications of Chroma

e Chord recognition

Score

Audio

Chroma

Chord Cc G Am F C G F o

Beatles “Let it be” [FMP book]



Applications of Chroma

e Music structure analysis
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Applications of Chroma

e Melody conditioning in music generation models
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Music ControlNet: Multiple Time-varying Controls for Music Generation, Shih-Lun Wu et al., IEEE TASLP, 2024



e Classify the musical instrument samples into one of the categories
o 1) organ, 2) guitar, 3) brass



Timbre

e Classify the musical instrument samples into one of the categories
o 1) organ, 2) guitar, 3) brass

Waveform Waveform Waveform
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e Classify the musical instrument samples into one of the categories
o 1) organ, 2) guitar, 3) brass

Mel-frequency spectrogram Mel-frequency spectrogram

Mel-frequency spectrogram
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Audio Features that Determine “Timbre”

e Time envelope: ADSR

e Spectral envelope and its temporal change

e Theratio between tonal and noise-like character

e Changes of fundamental frequency: expressions such as vibrato

e Inharmonicity: the amount of non-integer partials (e.g., bell, marimba)
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Spectral Statistics

e Summarize a frame of spectrogram (spectrum) into a single value

B T T T . = Spectral Centroid
20bo L] AW .......... ........... ......... ........ ........ | ] Spectra| bandwidth
= Spectral Roll-off

=  Spectral Skewness

Magnitude [dB
2

| I | L | L |
500 1000 1500 2000 2500 3000 3500 3000
Frequency [Hz]

See the “Audio Content Analysis” book for more spectral statistics!



Spectral Centroid

e “Center of mass” of the spectrum
o Associated with the brightness of sounds

Yk=o fi - 1X(k, D)

e =T 3k, D)

Classical: Beethoven String Quartet
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Spectral Bandwidth

e A measure of the bandwidth of the spectrum

Yh=a (f = SC(D)2- |1X(k, D]

SBU) = SVT1X(k, D)
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Spectral Flatness

e A measure of the noisiness (or tonality) of the spectrum
o The ratio between the geometric and arithmetic means

J =2 Xk, D)

2o 1X(k, D]

Close to 1 for white noise

SF(D = (maximum flatness)

Classical: Beethoven String Quartet Jazz: Coffee House
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Mel-Frequency Cepstral Coefficient (MFCC)

e Most popularly used audio feature to extract “timbre”
o Pitch-invariant: extract the spectrum envelop from an audio frame

o Standard audio feature in the legacy speech/speaker recognition systems:
captures phonetic information and speaker information

o Low-dimensional: typically 13 to 20-dim vectors

Magnitude [dB
N

| I I I I 1 1
S00 1000 1500 2000 2500 3000 3500
Frequency [Hz]

4000



Mel-Frequency Cepstral Coefficient (MFCC)

e Computation steps

o Mel-spectrum: reduce the dimensionality (40 - 128 bins)
o Log compression
o Discrete Cosine Transform (DCT):
m A small set of cosine kernels with low frequencies to reduce the dimensionality
again (typically, 13 — 20 bins)
m Captures a slowly varying trend of mel-spectrum over frequency which
corresponds to the spectrum envelope

‘ abs Mel log
M DFT (magnitude) 7'.‘ Filterbank — compression 7? DCT > MFCC

Magnitude Spectrum Mel-spectrum




Mel-Frequency Cepstral Coefficient (MFCC)
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Mel-Frequency Cepstral Coefficient (MFCC)

Spectrogram
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