
Understanding Data
Digital Audio Processing with Python

Part 1: Audio Basics



Sound

Figure taken from [Meinard Müller, 
Fundamentals of Music Processing, 
Figure 1.17, Springer 2015]



Analog to Digital Audio Sampling the 
analog signal s(t)

The microphone 
converts acoustic 
energy to electrical 
energy.

The array of sampled 
values from the 
electrical signal is 
digital audio.

Electrical analog signal is 
sampled and convert to an 
array of numbers via 
ADC(Analog to Digital 
Converter).



Sampling rate = 44,100 samples per second (CD quality)

Analog to Digital Audio

array of 16-bit values(bit depth)
(1 bit for sign, 15 bits for value)

analog signal s(t) digital signal 
{y0, y1, y2,…,yn}

This allows for easy recording 
(just stores a list of numbers) of 
audio!



It is amazing that a digital sound file is 
simply an array or list of numbers!

The "file.txt" file on the right is a list 
of numbers sampled from an audio 
recording at the rate of 44,100 
samples per second.

Let's load them using Python. Then 
send them to the speakers!

Play A List of Numbers as Audio



from IPython.display import Audio

import numpy as np

import matplotlib.pyplot as plt

ys = np.loadtxt("file.txt")

print(ys)

array([ 37., 36., 34., ..., 246., 262., 275.])

Audio(ys, rate = 44100)

See the Jupter Notebook Lab for this lecture to play the above 
audio.

Play A List of Numbers as Audio

The following code is 
best run in a Jupyter
notebook. 



Physics behind the following explanation
is beyond the scope of this course.

The numbers here are proportional to the 
instantaneous velocities of the speaker cone. 
(Smith) 

This means that your speaker has to move 44,100 
times a second to faithfully reproduce this 
piano note sound!

Play A List of Numbers as Audio



Period, Amplitude and Frequency
A signal that exhibits the same repeated pattern(cycle) is periodic. 

period =
1

frequency
<latexit sha1_base64="cGdP2I7hQzAVkeFpgAMrfA6smrQ=">AAACFHicbVC7SgNBFJ2NrxhfUUubwSAIQtgVQRshYGMZwTwgCWF29m4yZPbhzF0xLPsRNv6KjYUithZ2/o2TZAtNPDBwOOde7pzjxlJotO1vq7C0vLK6VlwvbWxube+Ud/eaOkoUhwaPZKTaLtMgRQgNFCihHStggSuh5Y6uJn7rHpQWUXiL4xh6ARuEwhecoZH65ZMuwgOmMSgReRm9pF3PV4ynTpbOHF/BXQIhH2dZv1yxq/YUdJE4OamQHPV++avrRTwJIEQumdYdx46xlzKFgkvISt1EQ8z4iA2gY2jIAtC9dBoqo0dG8agfKfNCpFP190bKAq3HgWsmA4ZDPe9NxP+8ToL+RS8VYZygyTU75CeSYkQnDVFPKOAox4YwroT5K+VDZkpB02PJlODMR14kzdOqY/jNWaVWy+sokgNySI6JQ85JjVyTOmkQTh7JM3klb9aT9WK9Wx+z0YKV7+yTP7A+fwCvfZ/Y</latexit><latexit sha1_base64="cGdP2I7hQzAVkeFpgAMrfA6smrQ=">AAACFHicbVC7SgNBFJ2NrxhfUUubwSAIQtgVQRshYGMZwTwgCWF29m4yZPbhzF0xLPsRNv6KjYUithZ2/o2TZAtNPDBwOOde7pzjxlJotO1vq7C0vLK6VlwvbWxube+Ud/eaOkoUhwaPZKTaLtMgRQgNFCihHStggSuh5Y6uJn7rHpQWUXiL4xh6ARuEwhecoZH65ZMuwgOmMSgReRm9pF3PV4ynTpbOHF/BXQIhH2dZv1yxq/YUdJE4OamQHPV++avrRTwJIEQumdYdx46xlzKFgkvISt1EQ8z4iA2gY2jIAtC9dBoqo0dG8agfKfNCpFP190bKAq3HgWsmA4ZDPe9NxP+8ToL+RS8VYZygyTU75CeSYkQnDVFPKOAox4YwroT5K+VDZkpB02PJlODMR14kzdOqY/jNWaVWy+sokgNySI6JQ85JjVyTOmkQTh7JM3klb9aT9WK9Wx+z0YKV7+yTP7A+fwCvfZ/Y</latexit><latexit sha1_base64="cGdP2I7hQzAVkeFpgAMrfA6smrQ=">AAACFHicbVC7SgNBFJ2NrxhfUUubwSAIQtgVQRshYGMZwTwgCWF29m4yZPbhzF0xLPsRNv6KjYUithZ2/o2TZAtNPDBwOOde7pzjxlJotO1vq7C0vLK6VlwvbWxube+Ud/eaOkoUhwaPZKTaLtMgRQgNFCihHStggSuh5Y6uJn7rHpQWUXiL4xh6ARuEwhecoZH65ZMuwgOmMSgReRm9pF3PV4ynTpbOHF/BXQIhH2dZv1yxq/YUdJE4OamQHPV++avrRTwJIEQumdYdx46xlzKFgkvISt1EQ8z4iA2gY2jIAtC9dBoqo0dG8agfKfNCpFP190bKAq3HgWsmA4ZDPe9NxP+8ToL+RS8VYZygyTU75CeSYkQnDVFPKOAox4YwroT5K+VDZkpB02PJlODMR14kzdOqY/jNWaVWy+sokgNySI6JQ85JjVyTOmkQTh7JM3klb9aT9WK9Wx+z0YKV7+yTP7A+fwCvfZ/Y</latexit><latexit sha1_base64="cGdP2I7hQzAVkeFpgAMrfA6smrQ=">AAACFHicbVC7SgNBFJ2NrxhfUUubwSAIQtgVQRshYGMZwTwgCWF29m4yZPbhzF0xLPsRNv6KjYUithZ2/o2TZAtNPDBwOOde7pzjxlJotO1vq7C0vLK6VlwvbWxube+Ud/eaOkoUhwaPZKTaLtMgRQgNFCihHStggSuh5Y6uJn7rHpQWUXiL4xh6ARuEwhecoZH65ZMuwgOmMSgReRm9pF3PV4ynTpbOHF/BXQIhH2dZv1yxq/YUdJE4OamQHPV++avrRTwJIEQumdYdx46xlzKFgkvISt1EQ8z4iA2gY2jIAtC9dBoqo0dG8agfKfNCpFP190bKAq3HgWsmA4ZDPe9NxP+8ToL+RS8VYZygyTU75CeSYkQnDVFPKOAox4YwroT5K+VDZkpB02PJlODMR14kzdOqY/jNWaVWy+sokgNySI6JQ85JjVyTOmkQTh7JM3klb9aT9WK9Wx+z0YKV7+yTP7A+fwCvfZ/Y</latexit>



An Example
Period = 1/3 sec per cycle Frequency = 3 cycles per second



Sine and Cosine Wave

y = sin(t).
<latexit sha1_base64="b36ljcB0VHfSvjtiPUacitqjYMI=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKAXoeDFYwX7gW0om+2mXbrZhN2JEEr/hRcPinj133jz37htc9DWFxYe3plhZ94gkcKg6347hbX1jc2t4nZpZ3dv/6B8eNQycaoZb7JYxroTUMOlULyJAiXvJJrTKJC8HYxvZ/X2E9dGxOoBs4T7ER0qEQpG0VqP2U3PCFXF81q/XHFr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QnVKNgkk9LvdTwhLIxHfKuRUUjbvzJfOMpObPOgISxtk8hmbu/JyY0MiaLAtsZURyZ5drM/K/WTTG89idCJSlyxRYfhakkGJPZ+WQgNGcoMwuUaWF3JWxENWVoQyrZELzlk1ehdVHzLN9fVur1PI4inMApVMGDK6jDHTSgCQwUPMMrvDnGeXHenY9Fa8HJZ47hj5zPH5DQkCs=</latexit><latexit sha1_base64="b36ljcB0VHfSvjtiPUacitqjYMI=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKAXoeDFYwX7gW0om+2mXbrZhN2JEEr/hRcPinj133jz37htc9DWFxYe3plhZ94gkcKg6347hbX1jc2t4nZpZ3dv/6B8eNQycaoZb7JYxroTUMOlULyJAiXvJJrTKJC8HYxvZ/X2E9dGxOoBs4T7ER0qEQpG0VqP2U3PCFXF81q/XHFr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QnVKNgkk9LvdTwhLIxHfKuRUUjbvzJfOMpObPOgISxtk8hmbu/JyY0MiaLAtsZURyZ5drM/K/WTTG89idCJSlyxRYfhakkGJPZ+WQgNGcoMwuUaWF3JWxENWVoQyrZELzlk1ehdVHzLN9fVur1PI4inMApVMGDK6jDHTSgCQwUPMMrvDnGeXHenY9Fa8HJZ47hj5zPH5DQkCs=</latexit><latexit sha1_base64="b36ljcB0VHfSvjtiPUacitqjYMI=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKAXoeDFYwX7gW0om+2mXbrZhN2JEEr/hRcPinj133jz37htc9DWFxYe3plhZ94gkcKg6347hbX1jc2t4nZpZ3dv/6B8eNQycaoZb7JYxroTUMOlULyJAiXvJJrTKJC8HYxvZ/X2E9dGxOoBs4T7ER0qEQpG0VqP2U3PCFXF81q/XHFr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QnVKNgkk9LvdTwhLIxHfKuRUUjbvzJfOMpObPOgISxtk8hmbu/JyY0MiaLAtsZURyZ5drM/K/WTTG89idCJSlyxRYfhakkGJPZ+WQgNGcoMwuUaWF3JWxENWVoQyrZELzlk1ehdVHzLN9fVur1PI4inMApVMGDK6jDHTSgCQwUPMMrvDnGeXHenY9Fa8HJZ47hj5zPH5DQkCs=</latexit><latexit sha1_base64="b36ljcB0VHfSvjtiPUacitqjYMI=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKAXoeDFYwX7gW0om+2mXbrZhN2JEEr/hRcPinj133jz37htc9DWFxYe3plhZ94gkcKg6347hbX1jc2t4nZpZ3dv/6B8eNQycaoZb7JYxroTUMOlULyJAiXvJJrTKJC8HYxvZ/X2E9dGxOoBs4T7ER0qEQpG0VqP2U3PCFXF81q/XHFr7lxkFbwcKpCr0S9/9QYxSyOukElqTNdzE/QnVKNgkk9LvdTwhLIxHfKuRUUjbvzJfOMpObPOgISxtk8hmbu/JyY0MiaLAtsZURyZ5drM/K/WTTG89idCJSlyxRYfhakkGJPZ+WQgNGcoMwuUaWF3JWxENWVoQyrZELzlk1ehdVHzLN9fVur1PI4inMApVMGDK6jDHTSgCQwUPMMrvDnGeXHenY9Fa8HJZ47hj5zPH5DQkCs=</latexit>

y = cos(t).
<latexit sha1_base64="eUfH150xD/s5w/L7xCGAOQqRMHY=">AAAB8XicbZBNS8NAEIYnftb6VfXoJViEeimJCHpRCl48VrAf2Iay2W7apZvdsDsRSui/8OJBEa/+G2/+G7dtDtr6wsLDOzPszBsmghv0vG9nZXVtfWOzsFXc3tnd2y8dHDaNSjVlDaqE0u2QGCa4ZA3kKFg70YzEoWCtcHQ7rbeemDZcyQccJyyIyUDyiFOC1nocX3epMhU8q/ZKZa/qzeQug59DGXLVe6Wvbl/RNGYSqSDGdHwvwSAjGjkVbFLspoYlhI7IgHUsShIzE2SzjSfuqXX6bqS0fRLdmft7IiOxMeM4tJ0xwaFZrE3N/2qdFKOrIOMySZFJOv8oSoWLyp2e7/a5ZhTF2AKhmttdXTokmlC0IRVtCP7iycvQPK/6lu8vyrWbPI4CHMMJVMCHS6jBHdShARQkPMMrvDnGeXHenY9564qTzxzBHzmfP4h0kCQ=</latexit><latexit sha1_base64="eUfH150xD/s5w/L7xCGAOQqRMHY=">AAAB8XicbZBNS8NAEIYnftb6VfXoJViEeimJCHpRCl48VrAf2Iay2W7apZvdsDsRSui/8OJBEa/+G2/+G7dtDtr6wsLDOzPszBsmghv0vG9nZXVtfWOzsFXc3tnd2y8dHDaNSjVlDaqE0u2QGCa4ZA3kKFg70YzEoWCtcHQ7rbeemDZcyQccJyyIyUDyiFOC1nocX3epMhU8q/ZKZa/qzeQug59DGXLVe6Wvbl/RNGYSqSDGdHwvwSAjGjkVbFLspoYlhI7IgHUsShIzE2SzjSfuqXX6bqS0fRLdmft7IiOxMeM4tJ0xwaFZrE3N/2qdFKOrIOMySZFJOv8oSoWLyp2e7/a5ZhTF2AKhmttdXTokmlC0IRVtCP7iycvQPK/6lu8vyrWbPI4CHMMJVMCHS6jBHdShARQkPMMrvDnGeXHenY9564qTzxzBHzmfP4h0kCQ=</latexit><latexit sha1_base64="eUfH150xD/s5w/L7xCGAOQqRMHY=">AAAB8XicbZBNS8NAEIYnftb6VfXoJViEeimJCHpRCl48VrAf2Iay2W7apZvdsDsRSui/8OJBEa/+G2/+G7dtDtr6wsLDOzPszBsmghv0vG9nZXVtfWOzsFXc3tnd2y8dHDaNSjVlDaqE0u2QGCa4ZA3kKFg70YzEoWCtcHQ7rbeemDZcyQccJyyIyUDyiFOC1nocX3epMhU8q/ZKZa/qzeQug59DGXLVe6Wvbl/RNGYSqSDGdHwvwSAjGjkVbFLspoYlhI7IgHUsShIzE2SzjSfuqXX6bqS0fRLdmft7IiOxMeM4tJ0xwaFZrE3N/2qdFKOrIOMySZFJOv8oSoWLyp2e7/a5ZhTF2AKhmttdXTokmlC0IRVtCP7iycvQPK/6lu8vyrWbPI4CHMMJVMCHS6jBHdShARQkPMMrvDnGeXHenY9564qTzxzBHzmfP4h0kCQ=</latexit><latexit sha1_base64="eUfH150xD/s5w/L7xCGAOQqRMHY=">AAAB8XicbZBNS8NAEIYnftb6VfXoJViEeimJCHpRCl48VrAf2Iay2W7apZvdsDsRSui/8OJBEa/+G2/+G7dtDtr6wsLDOzPszBsmghv0vG9nZXVtfWOzsFXc3tnd2y8dHDaNSjVlDaqE0u2QGCa4ZA3kKFg70YzEoWCtcHQ7rbeemDZcyQccJyyIyUDyiFOC1nocX3epMhU8q/ZKZa/qzeQug59DGXLVe6Wvbl/RNGYSqSDGdHwvwSAjGjkVbFLspoYlhI7IgHUsShIzE2SzjSfuqXX6bqS0fRLdmft7IiOxMeM4tJ0xwaFZrE3N/2qdFKOrIOMySZFJOv8oSoWLyp2e7/a5ZhTF2AKhmttdXTokmlC0IRVtCP7iycvQPK/6lu8vyrWbPI4CHMMJVMCHS6jBHdShARQkPMMrvDnGeXHenY9564qTzxzBHzmfP4h0kCQ=</latexit>



Sinusoids
Both the and completes one cycle in      
seconds: 

y = sin(t)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

y = cos(t)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

2⇡
<latexit sha1_base64="/V7qpjerbIKlgAMJL5/OrR7i48Q=">AAAB63icbZDLSgMxFIZP6q3WW9Wlm2ARXJWZIthlwY3LCvYC7VAyaaYNTTJDkhHK0Fdw40IRt76QO9/GTDsLbf0h8PGfc8g5f5gIbqznfaPS1vbO7l55v3JweHR8Uj0965o41ZR1aCxi3Q+JYYIr1rHcCtZPNCMyFKwXzu7yeu+JacNj9WjnCQskmSgecUpsbjWGCR9Va17dWwpvgl9ADQq1R9Wv4TimqWTKUkGMGfheYoOMaMupYIvKMDUsIXRGJmzgUBHJTJAtd13gK+eMcRRr95TFS/f3REakMXMZuk5J7NSs13Lzv9ogtVEzyLhKUssUXX0UpQLbGOeH4zHXjFoxd0Co5m5XTKdEE2pdPBUXgr9+8iZ0G3Xf8cNNrdUs4ijDBVzCNfhwCy24hzZ0gMIUnuEV3pBEL+gdfaxaS6iYOYc/Qp8/vgON/w==</latexit><latexit sha1_base64="/V7qpjerbIKlgAMJL5/OrR7i48Q=">AAAB63icbZDLSgMxFIZP6q3WW9Wlm2ARXJWZIthlwY3LCvYC7VAyaaYNTTJDkhHK0Fdw40IRt76QO9/GTDsLbf0h8PGfc8g5f5gIbqznfaPS1vbO7l55v3JweHR8Uj0965o41ZR1aCxi3Q+JYYIr1rHcCtZPNCMyFKwXzu7yeu+JacNj9WjnCQskmSgecUpsbjWGCR9Va17dWwpvgl9ADQq1R9Wv4TimqWTKUkGMGfheYoOMaMupYIvKMDUsIXRGJmzgUBHJTJAtd13gK+eMcRRr95TFS/f3REakMXMZuk5J7NSs13Lzv9ogtVEzyLhKUssUXX0UpQLbGOeH4zHXjFoxd0Co5m5XTKdEE2pdPBUXgr9+8iZ0G3Xf8cNNrdUs4ijDBVzCNfhwCy24hzZ0gMIUnuEV3pBEL+gdfaxaS6iYOYc/Qp8/vgON/w==</latexit><latexit sha1_base64="/V7qpjerbIKlgAMJL5/OrR7i48Q=">AAAB63icbZDLSgMxFIZP6q3WW9Wlm2ARXJWZIthlwY3LCvYC7VAyaaYNTTJDkhHK0Fdw40IRt76QO9/GTDsLbf0h8PGfc8g5f5gIbqznfaPS1vbO7l55v3JweHR8Uj0965o41ZR1aCxi3Q+JYYIr1rHcCtZPNCMyFKwXzu7yeu+JacNj9WjnCQskmSgecUpsbjWGCR9Va17dWwpvgl9ADQq1R9Wv4TimqWTKUkGMGfheYoOMaMupYIvKMDUsIXRGJmzgUBHJTJAtd13gK+eMcRRr95TFS/f3REakMXMZuk5J7NSs13Lzv9ogtVEzyLhKUssUXX0UpQLbGOeH4zHXjFoxd0Co5m5XTKdEE2pdPBUXgr9+8iZ0G3Xf8cNNrdUs4ijDBVzCNfhwCy24hzZ0gMIUnuEV3pBEL+gdfaxaS6iYOYc/Qp8/vgON/w==</latexit><latexit sha1_base64="/V7qpjerbIKlgAMJL5/OrR7i48Q=">AAAB63icbZDLSgMxFIZP6q3WW9Wlm2ARXJWZIthlwY3LCvYC7VAyaaYNTTJDkhHK0Fdw40IRt76QO9/GTDsLbf0h8PGfc8g5f5gIbqznfaPS1vbO7l55v3JweHR8Uj0965o41ZR1aCxi3Q+JYYIr1rHcCtZPNCMyFKwXzu7yeu+JacNj9WjnCQskmSgecUpsbjWGCR9Va17dWwpvgl9ADQq1R9Wv4TimqWTKUkGMGfheYoOMaMupYIvKMDUsIXRGJmzgUBHJTJAtd13gK+eMcRRr95TFS/f3REakMXMZuk5J7NSs13Lzv9ogtVEzyLhKUssUXX0UpQLbGOeH4zHXjFoxd0Co5m5XTKdEE2pdPBUXgr9+8iZ0G3Xf8cNNrdUs4ijDBVzCNfhwCy24hzZ0gMIUnuEV3pBEL+gdfaxaS6iYOYc/Qp8/vgON/w==</latexit>

y = sin(2⇡t), t 2 [0, 1] (one cycle in 1 second = 1 Hz)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

y = sin(t), t 2 [0, 2⇡] (one cycle in 2⇡ seconds)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

y = sin(2⇡ft), t 2 [0, 1] (f cycles in 1 second = f Hz)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



In general, the sinusoids and  

has

Note: For simplicity, we'll ignore the phase of the sinusoids although 
the phase is an important attribute in digital audio/signal processing.  
Here's the full sinusoid with phase "phi":

Real Sinusoids

period =
1

f
in seconds,

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

amplitude = a,
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

frequency = f in Hz,
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

y = a sin(2⇡ft)

<latexit sha1_base64="A97ZEzKK9c9UiBhzAPnMOhTBXLo=">AAAB+3icbVBNS8NAEJ3Ur1q/aj16WSxCvZSkFPQiFL14rGA/oAlls920SzebsLsRQ+hf8eJBEa/+EW/+G7dtDtr6YODx3gwz8/yYM6Vt+9sqbGxube8Ud0t7+weHR+XjSldFiSS0QyIeyb6PFeVM0I5mmtN+LCkOfU57/vR27vceqVQsEg86jakX4rFgASNYG2lYrqToGmFXMVFruDFDgb4Ylqt23V4ArRMnJ1XI0R6Wv9xRRJKQCk04Vmrg2LH2Miw1I5zOSm6iaIzJFI/pwFCBQ6q8bHH7DJ0bZYSCSJoSGi3U3xMZDpVKQ990hlhP1Ko3F//zBokOrryMiTjRVJDloiDhSEdoHgQaMUmJ5qkhmEhmbkVkgiUm2sRVMiE4qy+vk26j7jTrzftmtXWTx1GEUziDGjhwCS24gzZ0gMATPMMrvFkz68V6tz6WrQUrnzmBP7A+fwDsgpMV</latexit>

y = a cos(2⇡ft)

<latexit sha1_base64="XRnPsHkN8ILljXPs7oEqARAkojs=">AAAB+3icbVBNS8NAEJ3Ur1q/aj16WSxCvZSkFPQiFL14rGA/oAlls920SzebsLsRQ+hf8eJBEa/+EW/+G7dtDtr6YODx3gwz8/yYM6Vt+9sqbGxube8Ud0t7+weHR+XjSldFiSS0QyIeyb6PFeVM0I5mmtN+LCkOfU57/vR27vceqVQsEg86jakX4rFgASNYG2lYrqToGmGXRKrWcGOGAn0xLFftur0AWidOTqqQoz0sf7mjiCQhFZpwrNTAsWPtZVhqRjidldxE0RiTKR7TgaECh1R52eL2GTo3yggFkTQlNFqovycyHCqVhr7pDLGeqFVvLv7nDRIdXHkZE3GiqSDLRUHCkY7QPAg0YpISzVNDMJHM3IrIBEtMtImrZEJwVl9eJ91G3WnWm/fNausmj6MIp3AGNXDgElpwB23oAIEneIZXeLNm1ov1bn0sWwtWPnMCf2B9/gDkp5MQ</latexit>

y = a sin(2⇡ft+ �)
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An Example 

Suppose you have the signal .

Find the amplitude, frequency and period. 

amplitude = 3
frequency = 4 Hz
period = 1/4 sec

y = 3 sin(2⇡4t)
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Plotting Functions
In the previous lectures, we used the Python and the matplotlib library 
to plot images. Now we will use it to plot functions. 
Let's plot . 
import matplotlib.pyplot as plt

# generate 5 equal-spaced

# samples in interval [0, 2*pi]

# more samples = better graph

ts = np.linspace(0, 2*np.pi, 5)

# apply the sin function to samples

ys = np.sin(ts)

# plot it

fig, ax = plt.subplots()

ax.plot(ts, ys)

The five points include 
the two endpoints.



More Samples

Increasing the number of samples generate a smoother graph. Below 
uses 50 equally-spaced samples. 

import matplotlib.pyplot as plt

ts = np.linspace(0, 2*np.pi, 50)

ys = np.sin(ts)

fig, ax = plt.subplots()

ax.plot(ts, ys)



Middle C (or C4) has the frequency 261.6 Hz. 

We'll simulate the above sound using Python in the lab for this lecture 
and will hear that it simulates the sound generated by a tuning fork.

Middle C

y(t) = sin(2⇡ · 261.6 · t), t 2 [0, 2].
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The C major chord C-E-G has frequencies 261.6 Hz, 329.6 Hz, 392 Hz. 

The analog signal for this chord is 

Let's simulate these pure tones in Python.

C Major

y(t) = sin(2⇡ · 261.6 · t) + sin(2⇡ · 329.6 · t) + sin(2⇡ · 392 · t).
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Middle C
Let's generate a 2 seconds interval of the pure Middle C tone(261.6 
Hz) sampled at the frequency rate of 44100 Hz.  
import matplotlib.pyplot as plt

fs = 44100

L = 2   # in seconds

N = fs * L    # total samples

ts = np.linspace(0, L, N, endpoint=False)

ys = np.sin(2 * np.pi * 261.6 * ts)

# create Audio

Audio(ys, rate=fs)

# plot it

fig, ax = plt.subplots()

ax.plot(ts, ys)



Loudness vs Pitch
Loudness is our brain’s perception of amplitude.

Pitch is our brain’s perception of frequency. 
•Our perception of pitch is based on the logarithm of frequency.
• The interval between two notes is the perceived difference 

between the two pitches.
• As a result, the interval we hear from two notes depends on the 

ratio of their frequencies, not the difference. 



Fundamental Frequency and Overtones
pure tone = one frequency 

Most sounds are more complex. 

E4 piano note = supposition of many frequencies: 330 Hz, 660 Hz, 990 
Hz, 1320 Hz and 1650 Hz. 

Fundamental frequency = 330 Hz.
Overtones or Harmonics = 660 Hz, 990 Hz, 1320 Hz, 1650 Hz.



In the time domain, the voltage/current signal is a function of time. 

In the frequency domain, the signal is represented as a function of 
frequencies that are present in the signal.

.

Time vs Frequency Domains



The signal in the time domain is very difficult to analyze. It is hard to 
know what sound is generated by the plot below. 

The right plot is the zoomed in version of the left.

Time Domain



Converting the signal into
its frequency domain allows
us to understand its frequency
content.

What chord is this?
440 Hz = A4, 880 Hz = A5, 
1320 Hz = E6, 1760 Hz = A6,
2200 Hz = C#7
The set of frequencies in a signal and their magnitudes is called the 
spectrum of the signal.

Frequency Domain



The Discrete Fourier Transform is an equation that converts the 
time domain signal into its frequency domain equivalence. The 
Inverse Discrete Fourier Transform is its inverse. 

Discrete Fourier Transform (DFT)

DFT

IDFT

Time Domain Frequency Domain



Spectrum Analyzers



1) Digital audio is simply sampling from a continuous, analog function 
at some sampling rate producing an array or list of numbers.
2) Sinusoids take on the form .
3) Pitch is our brain’s perception of frequency. (logarithm scale)
• fundamental frequency vs harmonics

4) Time and Frequency domains are two equivalent representations of 
a signal. 
5) The Discrete Fourier Transform and the Inverse Discrete Fourier 
Transform allows us to go back and forth between representations.

Important Take Aways

y = a sin(2⇡ft+ �)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



Download the Jupyter Notebook from my website and work through 
the problems. 

Labs
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