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Introduction

A visual representation of  sound through alternating compressions and rarefactions
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Introduction

A linear combination of  sines and cosines!
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Introduction

𝑦 = 𝐴 sin 2𝜋𝑓𝑡 + 𝜙0

Amplitude

Frequency
Initial Phase

= 1.0

= 1 Hz
= 0 rad
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Amplitude

𝑦 = 𝐴 sin 2𝜋𝑓𝑡 + 𝜙0

Amplitude

= 1.0
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Amplitude

𝑦 = 𝐴 sin 2𝜋𝑓𝑡 + 𝜙0

Amplitude

= 0.5
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Amplitude

𝑦 = 𝐴 sin 2𝜋𝑓𝑡 + 𝜙0

Amplitude

= 0.75
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Frequency

𝑦 = 𝐴 sin 2𝜋𝑓𝑡 + 𝜙0

Frequency

= 1 Hz
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Frequency

𝑦 = 𝐴 sin 2𝜋𝑓𝑡 + 𝜙0

Frequency

= 3 Hz
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Frequency

𝑦 = 𝐴 sin 2𝜋𝑓𝑡 + 𝜙0

Frequency

= 2 Hz
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Phase

𝑦 = 𝐴 sin 2𝜋𝑓𝑡 + 𝜙0

Initial Phase

= 0 rad
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Phase

𝑦 = 𝐴 sin 2𝜋𝑓𝑡 + 𝜙0

Initial Phase

= 𝜋/2 rad
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Phase

𝑦 = 𝐴 sin 2𝜋𝑓𝑡 + 𝜙0

Initial Phase

= 𝜋 rad
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Sampling

Real signals are continuous Digital equipment requires discrete!
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Sampling

The number of  times a signal is sampled per second: Sampling Rate
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Sampling

Sampling Rate = ?
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Sampling

Sampling Rate = 20 Hz
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Sampling

Sampling Rate = 40 Hz
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Sampling

Sampling Rate = 200 Hz
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Quantization: Bit Depth

Digital equipment requires discrete!

Sampling

Time

Quantization

Amplitude
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Quantization: Bit Depth

Bit Depth: 2 bits
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Quantization: Bit Depth

Bit Depth: 2 bits
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Quantization: Bit Depth

array([ 0. , 0.5, 0.5, 0.5, 0.5, 0. , -0.5, -1. , -1. , -1.5, -1. , -1. , -

0.5, 0. , 0.5, 0.5, 0.5, 0.5, 0. , -0.5, -0.5, -1. , -1. , -1. , -1. , -0.5, 

0. , 0.5, 0.5, 0.5, 0.5, 0.5, 0. , -0.5, -1. , -1. , -1. , -1. , -0.5])
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Quantization: Bit Depth

Bit Depth: 4 bits
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Quantization: Bit Depth

Bit Depth: 4 bits
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Quantization: Bit Depth

Bit Depth: 8 bits Sample Rate: 100 Hz
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Quantization: Bit Depth

Sample Rate: 1000 HzBit Depth: 8 bits
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Quantization: Bit Depth

Sample Rate: 44100 HzBit Depth: 16 bits
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Quantization: Bit Depth

16-bit int

216 values

24-bit int

224 values

32-bit float

232 values

44100 Hz

48000 Hz

96000 Hz

192000 Hz

Typical Bit Depths

Typical Sampling Rates



SAMPLING THEORY

15-10-2026ECE 477 - Computer Audition 31

Nyquist-Shannon Theorem

Highest Frequency ≤ Sampling Rate / 2

Frequency: 15 Hz Sample Rate: 120 Hz
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Nyquist-Shannon Theorem

Highest Frequency ≤ Sampling Rate / 2

Frequency: 15 Hz Sample Rate: 60 Hz
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Nyquist-Shannon Theorem

Highest Frequency ≤ Sampling Rate / 2

Frequency: 15 Hz Sample Rate: 30 Hz
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Nyquist-Shannon Theorem

Highest Frequency ≤ Sampling Rate / 2

Frequency: 15 Hz Sample Rate: 25 Hz
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Nyquist-Shannon Theorem

Highest Frequency ≤ Sampling Rate / 2

Frequency: 15 Hz Sample Rate: 20 Hz
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Nyquist-Shannon Theorem

Highest Frequency ≤ Sampling Rate / 2

Frequency: 15 Hz Sample Rate: 15 Hz
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Nyquist-Shannon Theorem

Highest Frequency ≤ Sampling Rate / 2

Frequency: 15 Hz Sample Rate: 15 Hz

Aliasing!
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Introduction

Decomposition of audio to its constituent frequencies

Consider the signal
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Introduction

Decomposition of audio to its constituent frequencies

+

+

Decomposed to sines



𝟎. 𝟑 cos 2𝜋𝑓3𝑡 − 𝝅𝟎. 𝟑 cos 2𝜋𝑓3𝑡 − 𝝅

𝟎. 𝟓 cos 2𝜋𝑓2𝑡 +
𝝅

𝟒
𝟎. 𝟓 cos 2𝜋𝑓2𝑡 +

𝝅

𝟒

𝟎. 𝟐 cos 2𝜋𝑓1𝑡 +
𝝅

𝟐
𝟎. 𝟐 cos 2𝜋𝑓1𝑡 +

𝝅

𝟐

FOURIER TRANSFORM
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Introduction

Decomposition of audio to its constituent frequencies

+

+

Decomposed to sines

𝑓1 = 5 Hz

𝑓2 = 2 Hz

𝑓3 = 1 Hz
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Introduction

Decomposition of audio to its constituent frequencies

𝟎. 𝟐 cos 2𝜋𝑓1𝑡 +
𝝅

𝟐

𝟎. 𝟓 cos 2𝜋𝑓2𝑡 +
𝝅

𝟒

𝟎. 𝟑 cos 2𝜋𝑓3𝑡 − 𝝅

Magnitude Response Phase Response
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Applications

Decomposition of audio to its constituent frequencies

Applications

Filtering Spectral Analysis

Fast Convolution Audio Effects
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Librosa

pip install librosaInstallation

Common Use Cases

and many more…

https://librosa.org/doc/latest/api/index.html*

*

Audio Content Analysis

Audio EffectsFeature Extraction

Audio Visualization

https://librosa.org/doc/latest/api/index.html
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Librosa: Features

Audio

Loading

Audio

Processing
Visualization

Feature

Extraction

Rhythm

Analysis

Spectral

Analysis

Common Features

Notational

Analysis
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Librosa: Features

librosa.load

audio, sr = librosa.load("audio.wav", sr=22050, mono=True)

Example

path = ”_.wav"

File path to the 

input file

sr = 22050

Sampling Rate (SR)

None uses native SR

mono = True

Converts signal to 

mono if  set to True

Audio

Loading
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Librosa: Features

Audio

Processing
Visualization

Feature

Extraction

Rhythm

Analysis

Spectral

Analysis

Common Features

Notational

Analysis
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Librosa: Features

Changes sampling rateresample

Converts to single-channel audioto_mono

Converts to stereo-channel audio

Converts amplitudes to decibels

to_stereo

Converts decibels to amplitude

amplitude_to_db

db_to_amplitude

And many more…

Audio

Processing
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Librosa: Features

Visualization
Feature

Extraction

Rhythm

Analysis

Spectral

Analysis

Common Features

Notational

Analysis
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Librosa: Features

Displays a mono waveformdisplay.waveshow

display.specshow

Displays a multi-channel 

waveform or spectrograms
display.multiplot

Displays a 

spectrogram/chromagram/CQT
Visualization
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Librosa: Features

Feature

Extraction

Rhythm

Analysis

Spectral

Analysis

Common Features

Notational

Analysis
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Librosa: Features

feature.chroma_cqt

feature.melspectrogram

feature.mfcc

feature.rms

feature.spectral_centroid

Constant Q-Chromagram

Computes Mel-scale Spectrogram

Mel-Frequency Cepstral Coefficients

Frame-wise root mean squared

Frame-wise spectral centroid

https://librosa.org/doc/latest/api/feature.html

And many more…

Feature

Extraction

https://librosa.org/doc/latest/api/feature.html
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Librosa: Features

Rhythm

Analysis

Spectral

Analysis

Common Features

Notational

Analysis
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Librosa: Features

Rhythm

Analysis

Spectral

Analysis

Notational

Analysis

stft

Short-time Fourier Transform

cqt

Constant Q-transform

vqt

Variable Q-transform

feature.tempo

Tempo detection

onset.onset_detect

Onset detection

beat.beat_track

Beat tracking

key_to_notes

Lists the 12 chromatic notes

key_to_degrees

Constructs the diatonic scale 

degrees for a certain key

and many more…

https://librosa.org/doc/latest/api/spectral.html
https://librosa.org/doc/latest/api/spectral.html
https://librosa.org/doc/latest/api/notation.html
https://librosa.org/doc/latest/api/notation.html
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Other Libraries

SciPy NumPy Matplotlib
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Other Libraries

SciPy

SciPy NumPy Matplotlib

Signal Processing tools

Fourier Transform tools
scipy.fft

Filter Design Tools

And many more…

Numerical computations

Broadcasting and 

Vectorization

Multi-array operations

And many more…

Audio Visualization and 

Plotting

Feature Visualization

Publication-quality figures

Check seaborn for more 

sophisticated plotting

https://scipy.org/
https://numpy.org/
https://matplotlib.org/
https://seaborn.pydata.org/
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AUDIO CODECS
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Consumer use

Professional use

Lossy

Lossless

AUDIO CODECS
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Introduction

A program that encodes and decodes audio to reduce file size while maintaining quality 

Compression 

Types

Format Type Quality Size

WAV Lossless Perfect Large

FLAC Lossless Perfect Medium

MP3 Lossy Good Small

AAC Lossy Better Smaller

Small file size

Large file size
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Libraries

Sound eXchange (SoX) FFmpeg

brew install sox brew install ffmpeg

Installation
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Libraries

Sound eXchange (SoX) FFmpeg

Command-line audio processing

Format conversion

Audio effects

Resampling

and many more…

Audio-video encoding and 

decoding

Format conversion and 

transcoding

Filtering

Metadata manipulation

https://digital.eca.ed.ac.uk/sounddesignmedia/2018/10/01/03-using-the-commandline-to-process-audio/
https://digital.eca.ed.ac.uk/sounddesignmedia/2018/10/01/03-using-the-commandline-to-process-audio/
https://digital.eca.ed.ac.uk/sounddesignmedia/2018/10/01/03-using-the-commandline-to-process-audio/
https://digital.eca.ed.ac.uk/sounddesignmedia/2018/10/01/03-using-the-commandline-to-process-audio/
https://digital.eca.ed.ac.uk/sounddesignmedia/2018/10/01/03-using-the-commandline-to-process-audio/
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Libraries: Python Integration

Sound eXchange (SoX) FFmpeg

Provides python integration 

with command-line tools 

subprocess.run()

https://digital.eca.ed.ac.uk/sounddesignmedia/2018/10/01/03-using-the-commandline-to-process-audio/
https://digital.eca.ed.ac.uk/sounddesignmedia/2018/10/01/03-using-the-commandline-to-process-audio/
https://digital.eca.ed.ac.uk/sounddesignmedia/2018/10/01/03-using-the-commandline-to-process-audio/
https://digital.eca.ed.ac.uk/sounddesignmedia/2018/10/01/03-using-the-commandline-to-process-audio/
https://digital.eca.ed.ac.uk/sounddesignmedia/2018/10/01/03-using-the-commandline-to-process-audio/
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Audio Fundamentals Python Programming for Audio Audio Codecs

Digital Signals

Sampling Theory

Fourier Transform

Quantization

Librosa

SciPy

NumPy

Matplotlib

Introduced Codecs

SoX and FFmpeg

Python subprocess
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python -c "import librosa; print('Happy audio processing!')"
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Questions?

ECE 477: Computer Audition 

University of Rochester - ECE Department
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  y = A   sin ⁡   (  2 𝜋 f t +  𝜙 0 )


  𝜋 / 2


  y = A   sin ⁡   (  2 𝜋 f t +  𝜙 0 )


  𝜋


   2  16


   2  24


   2  32


  𝟎 . 𝟑   cos ⁡   (  2 𝜋  f 3 t − 𝝅 )
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  𝟎 . 𝟓   cos ⁡   (  2 𝜋  f 2 t +  𝝅 𝟒 )


  𝟎 . 𝟓   cos ⁡   (  2 𝜋  f 2 t +  𝝅 𝟒 )


  𝟎 . 𝟐   cos ⁡   (  2 𝜋  f 1 t +  𝝅 𝟐 )


  𝟎 . 𝟐   cos ⁡   (  2 𝜋  f 1 t +  𝝅 𝟐 )


   f 1 = 5


   f 2 = 2


   f 3 = 1


  𝟎 . 𝟐   cos ⁡   (  2 𝜋  f 1 t +  𝝅 𝟐 )


  𝟎 . 𝟓   cos ⁡   (  2 𝜋  f 2 t +  𝝅 𝟒 )


  𝟎 . 𝟑   cos ⁡   (  2 𝜋  f 3 t − 𝝅 )

