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This course is presently offered only as a self-paced independent study at CCRMA
(sign up for Music 320E).

1 Reading

The text for this course is Spectral Audio Signal Processing1 by JOS. It is available online
in HTML format, and the printed book2 can be ordered if desired. All reading assignments
will be specified in the course schedule and outline §2.

2 Schedule

Below is our master schedule, with pointers to all reading assignments, lecture overheads,3

and homework/lab assignments for the course.

Please bookmark this Web page4 (reachable from the class home page5)
and consult it each week for assignment specifications and all other class
materials.

1https://ccrma.stanford.edu/~jos/sasp/
2https://www.createspace.com/3751411
3Lecture overheads are linked to the corresponding lecture title in the Web version of this document. The

text was written based on these overheads as of that time, and they have been updated since.
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• Schedule Summary by Week:

1. Intro/Overview, Research History

2. Fourier Theorem Review

3. Spectrum Analysis Windows: Optimality, Choice, and Design

4. FIR Filter Design by the Window Method

5. Tonal Spectrum Analysis

6. Noise Spectrum Analysis

7. Time-Frequency Display

8. FFT Convolution via Overlap-Add (OLA) and Filter-Bank-Summation (FBS)

9. Sinusoidal Modeling, Phase Vocoder, Applications

10. Class Project Presentations, TA Research, Applications, Review, Worked Prob-
lems, Etc.

• Week 1 - Course Intro

– Reading

∗ Music 421 Overview (this document)

∗ Verify that you have had adequate prior exposure to elementary spectrum
analysis,6 and digital filter analysis.7

∗ First 25 pages of Chapter 5 of Spectral Audio Signal Processing (SASP)8

entitled “Spectrum Analysis of Sinusoids.”9 (up to but not including “Opti-
mal Peak-Finding in the Spectrum,” which we will return to later)

– Demos (Supplementary): Historical Overview of Audio Spectral Mod-
eling

∗ Human Hearing Description and Animation10

∗ Demos11

– 2016 Lecture Videos (Total Viewing Time ≈ 1.5 Hours)

• Audio Applications of the Fast Fourier Transform12 [10:56]
• Notation: Time and Frequency Signal Processing13 [2:10]
• Audio Spectrum Analysis Intro14 [3:12]

6http://ccrma.stanford.edu/~jos/mdft/
7http://ccrma.stanford.edu/~jos/filters/
8http://ccrma.stanford.edu/~jos/sasp/
9http://ccrma.stanford.edu/~jos/sasp/Spectrum_Analysis_Sinusoids.html

10https://www.hearinglink.org/your-hearing/about-hearing/how-the-ear-works/
11http://ccrma.stanford.edu/~jos/pdf/SMS-remote.pdf
12https://www.youtube.com/watch?v=YZ2X6KzyyXo
13https://www.youtube.com/watch?v=onZ5BNdjxt0
14https://www.youtube.com/watch?v=h-h_prMu4Og
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• Spectrum Analysis Windows, Zero-Centered and Causal, Real and Even Sig-
nals15 [2:31]

• Sinusoidal Spectrum Analysis Preview16 [33:37]
• Summary: Time Windowing = Spectral Smoothing17 [5:04]
• Rectangular Window and its Fourier Transform, Geometric-Series Closed-
Form Sum, Sinc Function, Aliased Sinc Function, Decibel Scale, Convolution
Theorem, Triangular Window, Main Lobe, Side Lobes, Side-Lobe Roll-Off
Rate18 [24:12]

• Frequency Resolution Introduction and Examples19 [3:49]

– HW#120

• Week 2 - Fourier Review, Spectrum Analysis Windows

– Reading

∗ (Supplementary) The acoustic origins of harmonic analysis by Olivier Dar-
rigol21

∗ (Supplementary) A History of Spectral Audio Signal Processing22

∗ First three sections of Chapter 2 of SASP entitled “Fourier Transforms and
Theorems”23

– Demos (Supplementary)

∗ Historical Overview of Audio Spectral Modeling24

∗ DFT Visualizations25 (be sure to check out the spectrum analyzer on Page
39 — built up starting on page 28)

– 2020 Lecture Videos (Total Viewing Time ≈ 2.5 Hours)

• https://ccrma.stanford.edu/~jos/Music421A-2020/Music421A-2020-04-14.mp4

• https://ccrma.stanford.edu/~jos/Music421A-2020/Music421A-2020-04-16.mp4

– 2016 Lecture Videos (Total Viewing Time ≈ 1.5 Hours)

• Frequency Resolution, Rectangular Window Resolving Power, Generalized
Hamming Window Family, Mu-Law, Telephone Bandwidth, Audibility of
Noise, How Many Digital Bits are Enough?, Hearing Threshold, Auditory
Masking, Noise Shaping26 [18:44]

15https://www.youtube.com/watch?v=spcxPLvVOpE
16https://www.youtube.com/watch?v=jQJe1id0ujY
17https://www.youtube.com/watch?v=ae26i-USqfs
18https://www.youtube.com/watch?v=RGgxz_bSmGg
19https://www.youtube.com/watch?v=C6OhkQMBD0o
20http://ccrma.stanford.edu/~jos/hw421/
21http://www.edu.upmc.fr/maths/prive/guilbaud/Master_Enseignement/M2/Dossiers/Fonctions_trigonometriques_Darrigol_2007.pdf
22https://ccrma.stanford.edu/~jos/sasp/History_Spectral_Audio_Signal.html
23http://ccrma.stanford.edu/~jos/sasp/Fourier_Transforms_Continuous_Discrete_Time_Frequency.html
24http://ccrma.stanford.edu/~jos/pdf/SMS-remote.pdf
25https://acko.net/files/gltalks/toolsforthought/
26https://www.youtube.com/watch?v=VK0q7zwYPmk
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• Fourier Review: DFT, IDFT, DTFT, IDTFT, Continuous versus Sampled
Frequency27 [8:57]

• Fourier Review, Continued, Spectrum of a Sinusoid, Spectrum of a Windowed
Sinusoid, Main Lobe, Side Lobes, Rectangular Window and Transform Re-
view, Roll-Off Review, Resolution Example Review, Four Cases of Contin-
uous/Sampled Time/Frequency: Fourier Transform, Fourier Series, DTFT,
DFT 28 [19:43]

• Rectangular Window Transform Review29 [15:41]
• Fourier Review Continued: Linearity, Fourier Symmetries, Shift Theorem,
Linear Phase Term, Convolution Theorem, Graphical Convolution, FFT Con-
volution, Cyclic and Acyclic Convolution, Convolutional Spreading, Time
Aliasing, Matlab Example of FFT Convolution, Zero Padding to Next Power
of 2, Correlation30 [19:48]

• (Supplementary) JC on Phoné: Early History of Computer Music31 [57:20]
• (Supplementary) Rectangular Window Transform Live Coded (Flipped Class-
room Lecture 2016-04-13)32 [1:24:18]

– HW#233

• Week 3 - Spectrum Analysis Windows, Optimal Window Design by Linear Programming

– Reading

∗ Chapter 3 of SASP entitled “Spectrum Analysis Windows”

∗ First section of Appendix G of SASP entitled “Examples in Matlab and Octave”

– 2020 Lecture Video (Total Viewing Time ≈ 1.4 Hours)

• https://ccrma.stanford.edu/~jos/Music421A-2020/Music421A-2020-04-23.mp4

– 2016 Lecture Videos on FFT Windows (Total Viewing Time ≈ 3 Hours)

• Spectral Interpolation, Bandlimited Interpolation, Sinc Interpolation, Asinc
Interpolation34 [21:00]

• Fourier Review Continued: Ideal Spectral Interpolation, Zero Padding, Ham-
ming Window, Matlab Examples, Zero-Centered Zero Padding, Matlab’s fft-
shift35 [20:58]

• Windows, Rectangular Window Properties Review, Asinc Review, General-
ized Hamming Window Family, Hann Window, Hamming Window, Dolph

27https://www.youtube.com/watch?v=hibBhIYhgfA
28https://www.youtube.com/watch?v=Pc3EOfH51AU
29https://www.youtube.com/watch?v=54bR7mJYKys
30https://www.youtube.com/watch?v=bYcztB4Jt_4
31https://www.youtube.com/watch?v=j6GMJ_DWKGQ
32https://www.youtube.com/watch?v=NCc8XLka2Fo
33http://ccrma.stanford.edu/~jos/hw421/
34https://www.youtube.com/watch?v=MrJccNq-QW8
35https://www.youtube.com/watch?v=_7RIPtlWSv0
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Chebyshev Window and Transform, Chebyshev Polynomials, Optimal Win-
dows 36 [28:48]

• Windows Continued, Review of Previous Windows and Results37 [2:15]
• MLT Sine Window38 [5:25]
• Blackman-Harris Window Family, Frequency-Domain Convolution Implemen-
tation, Blackman Window, Three-Term Blackman-Harris Window 39 [9:00]

• Power-Of-Cosine Windows40 [2:33]
• Bartlett Window41 [2:28]
• Poisson or Exponential Window, System Identification42 [5:46]
• Hann-Poisson Window, Eliminating Sidelobes, Convex Optimization, Gradi-
ent Ascent/Descent 43 [9:49]

• Digital Prolate Spheroidal Sequence (DPSS) or Slepian Window, Kaiser Win-
dow, Matlab Implementation of DPSS 44 [6:14]

• Kaiser and DPSS Windows Compared, Kaiser Window Transform, Time-
Bandwidth Product, Beta and Alpha Parameters for Kaiser Window, Matlab
Examples 45 [9:40]

• Dolph-Chebyshev Window, Relation to Hamming, Impulsive Endpoints, Rip-
ple46 [9:06]

• Optimal Window Design by Linear Programming, Chebyshev Window Re-
visited47 [2:31]

• Linear Programming Formulation, Matlab’s linprog, Using cvx in place of
linprog48 [5:26]

• Chebyshev Window Formulated as a Linear Programming Problem49 [15:06]
• Remez Multiple Exchange Algorithm50 [2:32]
• Remez Exchange Algorithm Continued, Matlab’s firpm, Convergence Guar-
antee, FIR Filter Design 51 [14:30]

• Constrained Chebyshev Windows Using Linear Programming52 [13:30]

– HW#3

36https://www.youtube.com/watch?v=WXJkx0sdDpY
37https://www.youtube.com/watch?v=6o7vaC0scxI
38https://www.youtube.com/watch?v=3-igQrY8BgE
39https://www.youtube.com/watch?v=ZKGX5pfKM24
40https://www.youtube.com/watch?v=-FtPWmCOUrE
41https://www.youtube.com/watch?v=i-3g5Tq50AI
42https://www.youtube.com/watch?v=YTpF1X0JIaI
43https://www.youtube.com/watch?v=VNn3XPjJd0s
44https://www.youtube.com/watch?v=9xPCyIXzE-w
45https://www.youtube.com/watch?v=u9YGaXG6eS4
46https://www.youtube.com/watch?v=4o9ormb_oQs
47https://www.youtube.com/watch?v=mFWSVA0iqdU
48https://www.youtube.com/watch?v=-vmtI-jiPQA
49https://www.youtube.com/watch?v=Om5Pv27XdVw
50https://www.youtube.com/watch?v=yl5HWAdXrds
51https://www.youtube.com/watch?v=diDOV7dbehA
52https://www.youtube.com/watch?v=91aiXs5a_ao
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• Week 4 - FIR Digital Filter Design

– Reading

∗ Chapter 4 of SASP entitled “FIR Digital Filter Design”

– Demo: PaintFIR (iOS)

– 2020 Lecture Videos (Total Viewing Time ≈ 2.5 Hours)

• https://ccrma.stanford.edu/~jos/Music421A-2020/Music421A-2020-04-28.mp4

• https://ccrma.stanford.edu/~jos/Music421A-2020/Music421A-2020-04-28b.mp4

– 2016 Lecture Videos on FIR Filter Design (Total Viewing Time ≈ 2
Hours):

• Supplementary: What We Are Covering and Why53 [44:05]
• FIR Digital Filter Design, Lowpass Filter, Optimal Least Squares, Window
Method, Hilbert Transform54 [16:33]

• Lowpass Filter Design Review, Frequency-Domain View of Window Method55

[5:38]
• Window Method Filter Design Continued, FIR Paint, Frequency-Sampling
Method56 [4:02]

• Review of Theory for Window Method for FIR Filter Design57 [2:51]
• FIR Filter Design Examples Using Different Windows, Optimal Chebyshev
FIR LPF Design, Highpass and Bandpass FIR Design from LPF, Matlab’s
fir1 and fir2, Window Method Summary 58 [28:25]

• Hilbert Transform FIR Filter Design Example59 [6:03]
• Hilbert Transform Example Intro60 [0:28]
• Hilbert Transform Theory Review61 [4:43]
• Single-Sideband Filter from Hilbert Transform, Sampling the Hilbert Trans-
form62 [10:26]

• Hilbert Transform Theory Summary, Kaiser Window, OversimplifiedWindow-
Method Design in Matlab 63 [9:16]

• Oversimplified Hilbert Design byWindow-Method Continued, Transition Band
Mistuning 64 [7:56]

53https://www.youtube.com/watch?v=acUeeovPCxU
54https://www.youtube.com/watch?v=h9fsv3Wa0vg
55https://www.youtube.com/watch?v=0D64ygQ9vcQ
56https://www.youtube.com/watch?v=mWLJxsCZfmc
57https://www.youtube.com/watch?v=RGvR7CAVDDg
58https://www.youtube.com/watch?v=2odnghV9Bvg
59https://www.youtube.com/watch?v=t-Vf2lnrnTk
60https://www.youtube.com/watch?v=yKyEv2bb14w
61https://www.youtube.com/watch?v=x2SO-BRs2vU
62https://www.youtube.com/watch?v=k6m_xOS_dDM
63https://www.youtube.com/watch?v=La2aCAkbu_k
64https://www.youtube.com/watch?v=jmC4bOZIBmE
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• Improving the Window-Method Hilbert Design by Reformulating the Desired
Frequency Response 65 [15:32]

• Comparison of Window Method to Remez Exchange for Hilbert Design66

[1:35]
• Trick for Converting a Real Lowpass Filter to a Complex Single-Sideband
Filter67 [2:20]

• Remez Exchange Usage Continued: firpm Parameters for Single-Sideband
Filter Design, Results 68 [6:18]

• Summary of window method versus optimal methods for digital filter design69

[5:10]
• More about optimal filter-design methods beyond remez exchange and linprog
— cvx, firpm, cfirpm, references, More explication of the manual hilbert-
transform design (two questions from Bjoern) 70 [5:53]

– HW#4

• Week 5 - FIR Digital Filter Design, Sinusoidal Spectrum Analysis,
Supplementary: Gaussian Windows, Transforms, and Chirplets

– Reading

∗ Finish Chapter 5 of Spectral Audio Signal Processing (SASP)71 entitled
“Spectrum Analysis of Sinusoids.”

– 2020 Lecture Video (Viewing Time ≈ 1.25 Hours)

• https://ccrma.stanford.edu/~jos/Music421A-2020/Music421A-2020-04-30.mp4

– 2016 Lecture Videos:

• Lecture 4B, Audio Spectrum Analysis begins, Introductory remarks: Overview,
Outline 72 [1:00]

• Resolving spectral peaks, Blackman-Harris window family and frequency res-
olution 73 [1:42]

• Blackman-Harris window family and frequency resolution, continued 74 [2:20]
• Examples of Sufficient Resolution: Rectangular, Hamming, and Blackman
windows, Effective length of Hamming and Blackman windows 75 [1:40]

• Oboe spectrum analysis example under Rectangular window 76 [2:20]

65https://www.youtube.com/watch?v=eh1E_cROImo
66https://www.youtube.com/watch?v=2PXRgWkViKQ
67https://www.youtube.com/watch?v=4cwVXcO7MFY
68https://www.youtube.com/watch?v=AYgsvgLSG_w
69https://www.youtube.com/watch?v=L-KSxCvsGzQ
70https://www.youtube.com/watch?v=Uqs20hH45Xw
71http://ccrma.stanford.edu/~jos/sasp/
72https://www.youtube.com/watch?v=jxiTeG-eDuA
73https://www.youtube.com/watch?v=REZ4j5UxMU4
74https://www.youtube.com/watch?v=WnwWmxrPajo
75https://www.youtube.com/watch?v=wKb7p8la2Qg
76https://www.youtube.com/watch?v=dzVJkh3573k
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• Oboe spectrum analysis example under Hamming window 77 [0:55]
• Oboe spectrum analysis example under Blackman window 78 [2:14]
• Conclusions regarding Oboe spectrum analysis under various windows, Pre-
emphasis typically used for voice (first-order) 79 [2:36]

• Spectral Interpolation: Ideal and Quadratic 80 [1:44]
• Quadratic Interpolation Formulation 81 [1:50]
• Quadratic Interpolation Solution, Why dB magnitudes interpolate better 82

[1:20]
• Matlab for Quadratic Interpolation 83 [0:39]
• Spectral Phase Interpolation, Phase Unwrapping 84 [2:24]
• Quadratically Interpolated FFT (QIFFT), Zero Padding, Quadratic Interpo-
lation of DB Magnitude, QIFFT Bias 85 [2:24]

• Parabolic Interpolation is a Second-Order Taylor Series Approximation which
is Exact for Gaussian Windows 86 [0:52]

• Performance Evaluation of QIFFT Spectral Interpolation, Bias versus SNR
87 [3:19]

• Example Minimum Zero-Padding Factors for Perceptually Accurate Peak
Frequencies Rectangular, Hamming, Blackman Rule of Thumb for Sufficient
Zero-Padding 88 [2:05]

• Optimal Estimation of Peak Frequencies, Intro 89 [0:34]
• Least-Squares Sinusoidal Parameter Estimation, Problem Statement 90 [1:57]
• Least-Squares Sinusoidal Parameter Estimation, Formulation 91 [1:50]
• Error Linear in the Parameters 92 [0:56]
• Sinusoidal Amplitude Estimation by Least Squares 93 [1:05]
• Sinusoidal Amplitude Estimation by Least Squares: One Step of Newton’s
Method 94 [1:36]

• Sinusoidal Amplitude Estimation by Least Squares: Differentiating and Equat-

77https://www.youtube.com/watch?v=hA2hotFyBHU
78https://www.youtube.com/watch?v=n8FMqhd-HWM
79https://www.youtube.com/watch?v=CNdsAY0nlxA
80https://www.youtube.com/watch?v=ak4oXS0jrFI
81https://www.youtube.com/watch?v=WfP0P9Zk8B4
82https://www.youtube.com/watch?v=DutLZjAtbg8
83https://www.youtube.com/watch?v=5_Eq0Urzom0
84https://www.youtube.com/watch?v=QTUeSXjxlRM
85https://www.youtube.com/watch?v=GZ4yjk1F_fU
86https://www.youtube.com/watch?v=ma_FvgR-TeY
87https://www.youtube.com/watch?v=BsEOPb0Irgc
88https://www.youtube.com/watch?v=vlXi2coJBWo
89https://www.youtube.com/watch?v=ZqRWU8yDui8
90https://www.youtube.com/watch?v=AymSB53G5Yk
91https://www.youtube.com/watch?v=qBZ-9qS92WY
92https://www.youtube.com/watch?v=Yz8bOcDbYeg
93https://www.youtube.com/watch?v=LhYOGKhD0Lg
94https://www.youtube.com/watch?v=3aQoCH8HCI0
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ing to Zero 95 [1:00]
• Sinusoidal Amplitude Estimation by Least Squares: Extension to Complex
Amplitude 96 [0:48]

• Sinusoidal Complex-Amplitude Estimation by Least Squares Using the Or-
thogonality Principle, Projection Error Orthogonal to the Model 97 [6:10]

• Sinusoidal Frequency Estimation by Least Squares: Maximize DTFT Peak
Magnitude, Maximum Likelihood Estimates 98 [1:15]

• Sinusoidal Frequency Estimation by Least Squares: Summary 99 [0:32]
• QIFFT Summary 100 [1:25]

– HW#5

– Supplementary: Appendix C of SASP entitled “Statistical Signal Processing”

• Week 6 - Noise Spectrum Analysis, Pages 31–47 of Intro Demos101

– Reading

∗ Chapter 6 of SASP entitled “Spectrum Analysis of Noise”

– 2020 Lecture Videos (Total Viewing Time ≈ 2.5 Hours)

• https://ccrma.stanford.edu/~jos/Music421A-2020/Music421A-2020-05-05.mp4

• https://ccrma.stanford.edu/~jos/Music421A-2020/Music421A-2020-05-07.mp4

– 2016 Lecture Videos:

• What is Noise? What is Randomness? White Noise, Linear Congruential
Pseudo-Random Number Generation, Shift Register, Sequences, Dither102

[15:38]
• Power Spectral Density = DTFT of Autocorrelation103 [2:38]
• Filtered White Noise104 [2:46]
• Noise Synthesis in Matlab105 [0:32]
• Noise Synthesis in Matlab, continued; Synthesizing Gaussian Noise; Central
Limit Theorem106 [2:01]

• Faust White Noise Implementation, Linear Congruential Pseudo-Random
Number Generator107 [11:16]

95https://www.youtube.com/watch?v=vdC2zoBIfp8
96https://www.youtube.com/watch?v=KonDyMQQtdI
97https://www.youtube.com/watch?v=5IBhRj6QUOw
98https://www.youtube.com/watch?v=oChGjVFYVNA
99https://www.youtube.com/watch?v=VrJ_lZ46g0s

100https://www.youtube.com/watch?v=EmS2iDN8p04
101http://ccrma.stanford.edu/~jos/pdf/SMS-remote.pdf
102https://www.youtube.com/watch?v=W410TGwudSs
103https://www.youtube.com/watch?v=QgRG8SfTsiU
104https://www.youtube.com/watch?v=_7Ye6eYDxQs
105https://www.youtube.com/watch?v=fq00spcPihE
106https://www.youtube.com/watch?v=gWuHLinmgng
107https://www.youtube.com/watch?v=9vXe4WOq_Ls
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• Stationary Noise as Filtered White Noise108 [1:17]
• Correlation, Autocorrelation, Cyclic/Acyclic Correlation, Sample Statistics,
Expected Value109 [10:46]

• Autocorrelation, Sample Autocorrelation, Stationary, Stochastic, Ergodic110

[2:55]
• White Noise Definition111 [1:49]
• Sample Variance, Nonzero Mean is a Deterministic Component112 [3:17]
• Example: Sample Autocorrelations and and Power Spectral Densities for
White Noise113 [3:15]

• Sample Power Spectral Density114 [2:01]
• Autocorrelation and PSD are Real and Even115 [0:32]
• PSD Integral is the Total Variance116 [1:04]
• Noise Review Noise drawn from a normal distribution, What makes white
noise uncorrelated and stationary?117 [5:47]

• Definition of mean estimator of white noise, Expected value of stationary and
ergotic functions, Definition of variance of mean estimators118 [9:09]

• Definition of variance of mean estimators continued119 [6:26]
• Variance of Filtered White Noise, Correlation and Convolution Theorems,
Correlation of Filtered White Noise with White Noise, Granular Synthesis120

[8:55]
• Problem with Cyclic Correlation for Colored Noise121 [2:02]
• Zero Pad to Avoid Cyclic Correlation, Increasing Variance at High Lags122

[2:48]
• Fast FFT Cross-Correlation, Dividing Out Bias, Smoothing Power Spectral
Density123 [6:01]

• Noise Spectrum Analyis Review124 [2:42]
• Sample Variance and Sample Mean Review125 [0:31]

108https://www.youtube.com/watch?v=se5aJblW25k
109https://www.youtube.com/watch?v=djQb-ijj6L8
110https://www.youtube.com/watch?v=aWyQn6HuCCs
111https://www.youtube.com/watch?v=5s0CRHwXZvY
112https://www.youtube.com/watch?v=YdmvD9tqXQI
113https://www.youtube.com/watch?v=nnuHv9x_RsY
114https://www.youtube.com/watch?v=hqc6W8ULa90
115https://www.youtube.com/watch?v=QRbHLhCIxKE
116https://www.youtube.com/watch?v=UVaRK0_a36I
117https://www.youtube.com/watch?v=SCCkO_m2UzE
118https://www.youtube.com/watch?v=OEN5ab0jn_8
119https://www.youtube.com/watch?v=JqmRr4M6qow
120https://www.youtube.com/watch?v=E-MNCUBk4hA
121https://www.youtube.com/watch?v=Qyfd1Ei5Vag
122https://www.youtube.com/watch?v=h5exZpL6Eu4
123https://www.youtube.com/watch?v=O57cyH0z69o
124https://www.youtube.com/watch?v=duknt7WQuTk
125https://www.youtube.com/watch?v=2R7FrNt2l5A
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• Sample Power Spectral Density Review126 [1:59]
• PSD Area equals Variance Review127 [1:25]
• Biased Sample Autocorrelation Review128 [1:50]
• Practical Autocorrelation Computation, Use in Linear Predicion129 [5:25]
• Summary Notes - Restricting Maximum Lag130 [1:43]
• Periodogram Introduction, Periodogram Expected Value and Variance, Welch’s
Method 131 [5:20]

• Welch’s Method in the Frequency Domain132 [0:55]
• Filtered White Noise, 1/F Noise, Examples in Nature, Matlab and Peri-
odograms for 1/F Noise133 [7:14]

• Gaussian Noise, Uncorrelated Noises Sum on Power Basis, Variance of Sum
of Two, Normally Distributed Random Variables134 [6:11]

• Processing Gain135 [9:22]
• Stereo Panning136 [4:25]
• Stereo Panning Wrap-Up137 [1:58]

– HW#6

• Week 7 - Time-Frequency Displays, Supplementary: Pages 48–56 of Intro Demos138

– Demo: Drawing “minimum” in a spectrogram using various vocalizations139

[5:21]

– Reading

∗ Chapter 7 of SASP entitled “Time-Frequency Displays”

∗ Chapter 8 of SASP entitled “Overlap-Add (OLA) STFT Processing”

∗ Supplementary:140 “A Task-Optimized Neural Network Replicates Human
Auditory Behavior, Predicts Brain Responses, and Reveals a Cortical Pro-
cessing Hierarchy (May 2018)”

– 2020 Lecture Videos (Total Viewing Time ≈ 2.5 Hours)

126https://www.youtube.com/watch?v=e-AM1lD69yg
127https://www.youtube.com/watch?v=KSTD9AfyvQ8
128https://www.youtube.com/watch?v=tjmV1K1Wj1c
129https://www.youtube.com/watch?v=IAN7j4JgYqk
130https://www.youtube.com/watch?v=_MGJRCyOvnM
131https://www.youtube.com/watch?v=r-pf3NB5lns
132https://www.youtube.com/watch?v=_hNhRfDCrq0
133https://www.youtube.com/watch?v=9MQzwRFCn4U
134https://www.youtube.com/watch?v=gIhWg77-Jh4
135https://www.youtube.com/watch?v=Ud1uCoLKaeI
136https://www.youtube.com/watch?v=AQAdwCAV9Qk
137https://www.youtube.com/watch?v=YiCvsRsjHS0
138http://ccrma.stanford.edu/~jos/pdf/SMS-remote.pdf
139https://www.youtube.com/watch?v=PHIGke6Yzh8
140http://mcdermottlab.mit.edu/papers/Kell_etal_2018_DNN_auditory_cortex.pdf
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• https://ccrma.stanford.edu/~jos/Music421A-2020/Music421A-2020-05-12.mp4

• https://ccrma.stanford.edu/~jos/Music421A-2020/Music421A-2020-05-14.mp4

– 2016 Lecture Videos:

• STFT Introduction141 [1:27]
• STFT Continued, Inverse STFT, Constant Overlap Add142 [3:05]
• COLA Examples, Sliding FFTs143 [4:17]
• Sampled STFT144 [2:40]
• Matlab for STFT145 [3:28]
• Classic Speech Spectrogram, Formant Resonances146 [5:10]
• Spectrogram of Vowel Sequence ”Beet, Bit, Bet, Bot, Boat, Boot”147 [2:58]
• Spectrogram Parameters148 [1:35]
• Hop Size R149 [2:09]
• Speech Spectrogram Matlab and Parameter Choice, Frequency/Formant Res-
olution Trade-Off, Preview of Time-requency Reassignment150 [6:36]

• Reassigned Time-Frequency Spectrogram151 [3:59]
• Examples of Reassigned Spectrograms, Matlab’s crossspecgram152 [2:54]
• Reassigned Spectrogram Examples: Two Beating Chirps and White Noise153

[3:07]
• Perceptual Significance of Time-Frequency Reassignment, Similarity to Phase
Vocoder 154 [2:26]

• Reassigned Spectrogram References155 [0:58]
• Reassigned Spectrogram Examples Revised to Include Blanking in the Mid-
dle156 [3:50]

• Matching Audio Spectrograms to Perception, Shortcoming of Classical Spec-
trograms, Uniform/Non-Uniform Fiter Banks157 [2:01]

• Auditory Filter Banks158 [3:32]

141https://www.youtube.com/watch?v=ng588hy1rbw
142https://www.youtube.com/watch?v=UJiPBwZNuRk
143https://www.youtube.com/watch?v=lCjifec-WX8
144https://www.youtube.com/watch?v=OMuVNbf5OVU
145https://www.youtube.com/watch?v=SGDcKbkRK8M
146https://www.youtube.com/watch?v=d2yME6M9WVM
147https://www.youtube.com/watch?v=9MQzwRFCn4U
148https://www.youtube.com/watch?v=Nk35vf7rBek
149https://www.youtube.com/watch?v=Qv04AjUBMsI
150https://www.youtube.com/watch?v=rrcZSR5OhZk
151https://www.youtube.com/watch?v=YAqorWIobBU
152https://www.youtube.com/watch?v=PgPGeUcIDIg
153https://www.youtube.com/watch?v=6IAZi8N5Yho
154https://www.youtube.com/watch?v=exf7lXAyA8U
155https://www.youtube.com/watch?v=UPdd8lODp6I
156https://www.youtube.com/watch?v=HnxMW_JF6R8
157https://www.youtube.com/watch?v=cfCsHv0Kvp4
158https://www.youtube.com/watch?v=52v88sv1euk
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• Auditory Toolbox159 [1:16]
• Loudness Spectrogram, Loudness Curves, Multiresolution STFT, Bark/ERB160

[4:01]
• Specific Loudness and its Conversion to Instantaneous, Short-Term, and
Long-Term Loudness161 [:43]

• Multiresolution STFT Example, Pitch Pulse162 [3:44]
• Excitation Pattern Spectrogram163 [1:07]
• Auditory Filter Shapes164 [2:49]
• Specific Loudness Spectrogram165 [2:03]
• Classic and Specific Loudness Spectrograms Compared166 [3:13]
• Instantaneous, Short-Term, and Long-Term Loudness Compared167 [1:46]
• Sones and Phons168 [1:52]
• Equal Loudness Curves169 [1:05]

– HW#7

• Week 8 - Overlap-Add FFT Processors, Cross-Synthesis and Spectral Envelopes, Filter-Bank Summation

– Reading

∗ First 4 sections of Chapter 10 (“Applications of the STFT”) on STFT spect-
ral modeling

∗ Start Chapter 9 of SASP entitled “Filter Bank View of the STFT”

– 2016 Lecture Videos:

• Music 421A Course Outline, First Half170 [2:47]
• Graphical Depiction of FFT Convolution Buffers, Overlap-Add of Filtered
FFT Frames171 [3:44]

• FFT Convolution Example: FIR Lowpass Filtering of Sum of Sinusoids172

[6:54]
• Example 2: Time-Domain Aliasing, Insufficient Zero-Padding173 [1:58]
• Example of Overlap-Add Decomposition174 [1:11]

159https://www.youtube.com/watch?v=n7RzFSd8XpY
160https://www.youtube.com/watch?v=FDjnpopPPhg
161https://www.youtube.com/watch?v=EpMzJ43RZ0w
162https://www.youtube.com/watch?v=S4fJRm3rpas
163https://www.youtube.com/watch?v=EVH_C0HetMc
164https://www.youtube.com/watch?v=uCKq-srd2mo
165https://www.youtube.com/watch?v=UZ9J1CjWSbI
166https://www.youtube.com/watch?v=aPjQnm0epvc
167https://www.youtube.com/watch?v=KbzvER9Nv4U
168https://www.youtube.com/watch?v=8SvzzWGIfWw
169https://www.youtube.com/watch?v=bIsDIrAwBcU
170https://www.youtube.com/watch?v=QmUeeWZpBVA
171https://www.youtube.com/watch?v=erS5lNcH2As
172https://www.youtube.com/watch?v=4K0R62trWiw
173https://www.youtube.com/watch?v=eaivQyl4Utk
174https://www.youtube.com/watch?v=4uP2dA8hKRQ
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• COLA Constraint Review175 [0:27]
• Modified-Hamming Overlap-Add Example176 [1:49]
• Hamming Window Overlap-Add177 [2:40]
• Oversampled Perfect Reconstruction Filter Banks178 [2:59]
• Overlap-Add FFT Convolution Summary179 [2:26]
• Avoiding Time Aliasing in Overlap-Add FFT Convolution, COLA Condi-
tion180 [0:35]

• Zero-Padding Summary181 [2:51]
• Alternative Coverage of OverLap-Save (OLS) FFT Convolution (Different
Notation but Nicer Drawings)182 [3:39]

• Overlap Save FFT Convolution183 [5:52]
• OLS Q&A and Discussion of First Frame and its Aliasing for Zero-Phase FIR
Filtering184 [2:13]

• OLS, Second Frame185 [4:13]
• OLS, Continued186 [5:20]
• OLS, Wrap Up187 [2:14]
• FFT Convolution with Time-Varying Modifications (New FIR Filter every
Frame)188 [5:56]

• Diagram of FFT Convolution with Time-Varying Modifications189 [3:10]
• Weighted Overlap-Add (WOLA)190 [1:11]
• When to Use FFT Synthesis Windows (aka Post-Windows)191 [1:25]
• WOLA Applications192 [3:07]
• WOLA Conclusion, Poisson Summation Formula (PSF) Intro193 [0:40]
• Poisson Summation Formula (PSF) Derivation194 [6:41]

175https://www.youtube.com/watch?v=HGCdKymYAsg
176https://www.youtube.com/watch?v=t9hsrIo_1RQ
177https://www.youtube.com/watch?v=Ql8S66JCO-E
178https://www.youtube.com/watch?v=DYtQk6SW1sg
179https://www.youtube.com/watch?v=WG6nIy9i71I
180https://www.youtube.com/watch?v=YFMz5hj1NvU
181https://www.youtube.com/watch?v=gOwb9s7W7-4
182https://www.youtube.com/watch?v=gulQfZPcnw8
183https://www.youtube.com/watch?v=6L_7reo0nBY
184https://www.youtube.com/watch?v=85iTwf7qOWg
185https://www.youtube.com/watch?v=qLGSAp5uAAk
186https://www.youtube.com/watch?v=g_9xyQJj3Ag
187https://www.youtube.com/watch?v=pUJm7psh058
188https://www.youtube.com/watch?v=SQLMyyms9IY
189https://www.youtube.com/watch?v=11laFj8wLwo
190https://www.youtube.com/watch?v=89wPOYHVA8w
191https://www.youtube.com/watch?v=j6oDUnIn4Nk
192https://www.youtube.com/watch?v=C_2ufMo49tE
193https://www.youtube.com/watch?v=4t9rL4Ux5Y8
194https://www.youtube.com/watch?v=3M_9NAeBzTY
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• Poisson Summation Formula as the Sampling Theorem195 [3:22]
• PSF Q&A and Discussion to 2:19 (can skip), COLA Corresponds to Zeros at
Harmonics of Frame Rate196 [3:36]

• Overlap-Add Value Equals Window DC Gain Over R197 [0:44]
• Strong and Weak COLA198 [2:30]
• PSF Dual and Graphic Equalizers199 [2:25]
• Typical Windows are Trivially COLA in the Frequency Domain200 [1:27]
• Short Time Fourier Transform (STFT), Overlap-Add (OLA) and Filter-Bank
Summation (FBS) Interpretations Intro201 [1:05]

• Mathematical View of STFT OLA and FBS Interpretations202 [1:47]
• Filter Bank View of STFT, Continued203 [1:36]
• STFT Filter Bank for the Rectangular Window Case (Running Sum Low-
pass)204 [1:36]

• Running Sum Filter Bank, Continued 205 [1:37]

– HW#8

• Week 9 - Filter-Bank Summation (FBS), Perfect Reconstruction Filter Banks (pp. 39–52),
Vocoders and Sinusoidal Modeling, Historical Review (from Intro)206

– Reading

∗ Finish Chapter 9 of SASP entitled “Filter Bank View of the STFT”

∗ Chapter 10 of SASP entitled “Applications of the STFT”

– 2020 Lecture Videos (Total Viewing Time ≈ 2.5 Hours)

• https://ccrma.stanford.edu/~jos/mp4/GMT20200602-215940_Time-Frequ_2048x1152_T

• GMT20200604-215636_Time-Frequ_2048x1152_TRIMMED.mp4

– 2016 Lecture Videos:

• STFT Using Rectangular Window with No Overlap Relies on Aliasing Can-
cellation207 [6:05]

• Filter Bank Summation (FBS) View of the STFT208 [4:23]

195https://www.youtube.com/watch?v=_9juyob9aQI
196https://www.youtube.com/watch?v=2sCCu45LViA
197https://www.youtube.com/watch?v=wZpbwVNEh-M
198https://www.youtube.com/watch?v=tpX0CvLQTfI
199https://www.youtube.com/watch?v=5_RSXID2pIk
200https://www.youtube.com/watch?v=5qVB851aDsg
201https://www.youtube.com/watch?v=ozFfcWQobNU
202https://www.youtube.com/watch?v=YUnbPZKhE30
203https://www.youtube.com/watch?v=brJDaEIXmdI
204https://www.youtube.com/watch?v=U2Y6zA9H9g8
205https://www.youtube.com/watch?v=GWWPbku_ISg
206http://ccrma.stanford.edu/~jos/pdf/SMS-remote.pdf
207https://www.youtube.com/watch?v=Id4utTFks34
208https://www.youtube.com/watch?v=Gxs2ZFULVSM
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• Running-Sum Lowpass Filter209 [1:52]
• Frequency Response of the Running-Sum Lowpass Filter, Making a Bandpass
from a Lowpass by Heterodyning210 [4:05]

• Question: You Can Change the Frequency Every Sample211 [2:08]
• Running Sum Filter Bank212 [2:33]
• One Channel of the Running Sum Filter Bank213 [4:41]
• Running Sum Filter Bank Computes a DFT Every N Samples214 [0:33]
• Computational Example of the Running-Sum Filter Bank215 [3:40]
• Modulus of Running Sum Filter Bank Output216 [0:58]
• Beating Between Positive and Negative Frequencies, Complex Chirp Re-
sponse217 [2:26]

• Running Sum Filter Bank Output Modulus for Complex Chirp Input218 [2:56]
• Generalizing Running Sum Filter Bank to Any Window and Downsampling
Factor (STFT)219 [1:07]

• One Channel of STFT Filter Bank for R=1220 [2:23]
• STFT Filter Bank with Downsampling by R221 [2:17]
• STFT Filter Bank Output Modulus for Hamming Window and Real Chirp
Input222 [1:49]

• STFT Filter Bank Output Modulus for Hamming Window and Complex
Chirp Input223 [1:26]

• Overlap-Add Constraints in the Frequency Domain224 [6:09]
• Nyq(N) Windows Give Perfect Frequency-Domain OLA, Portnoff Windows,
Comparison of Hamming and Portnoff225 [1:37]

• Portnoff Window Examples226 [2:53]
• Review of COLA/Nyquist OLA/FBS Duality227 [2:01]

209https://www.youtube.com/watch?v=Jdlj85_nADA
210https://www.youtube.com/watch?v=3QZJSPN9wYI
211https://www.youtube.com/watch?v=Pi44EwQgfiQ
212https://www.youtube.com/watch?v=msXwkFtswTc
213https://www.youtube.com/watch?v=N3-VPjC-82o
214https://www.youtube.com/watch?v=GYsHMIySAaQ
215https://www.youtube.com/watch?v=3jGJrW5kspA
216https://www.youtube.com/watch?v=2s01pmCEYMM
217https://www.youtube.com/watch?v=Cim0mUMTy7Q
218https://www.youtube.com/watch?v=cA6UIWu6VbY
219https://www.youtube.com/watch?v=YVkPAKzM7Ss
220https://www.youtube.com/watch?v=Du_7GAD7BGc
221https://www.youtube.com/watch?v=9FG4ptwo-9k
222https://www.youtube.com/watch?v=XnBCbGkcstw
223https://www.youtube.com/watch?v=ZqsqTjPPH6M
224https://www.youtube.com/watch?v=TF6yo9BZ-dU
225https://www.youtube.com/watch?v=HTiABRZmK08
226https://www.youtube.com/watch?v=rtMLep45qRU
227https://www.youtube.com/watch?v=a8nNKd3pi2k

16

https://www.youtube.com/watch?v=Jdlj85_nADA
https://www.youtube.com/watch?v=3QZJSPN9wYI
https://www.youtube.com/watch?v=Pi44EwQgfiQ
https://www.youtube.com/watch?v=msXwkFtswTc
https://www.youtube.com/watch?v=N3-VPjC-82o
https://www.youtube.com/watch?v=GYsHMIySAaQ
https://www.youtube.com/watch?v=3jGJrW5kspA
https://www.youtube.com/watch?v=2s01pmCEYMM
https://www.youtube.com/watch?v=Cim0mUMTy7Q
https://www.youtube.com/watch?v=cA6UIWu6VbY
https://www.youtube.com/watch?v=YVkPAKzM7Ss
https://www.youtube.com/watch?v=Du_7GAD7BGc
https://www.youtube.com/watch?v=9FG4ptwo-9k
https://www.youtube.com/watch?v=XnBCbGkcstw
https://www.youtube.com/watch?v=ZqsqTjPPH6M
https://www.youtube.com/watch?v=TF6yo9BZ-dU
https://www.youtube.com/watch?v=HTiABRZmK08
https://www.youtube.com/watch?v=rtMLep45qRU
https://www.youtube.com/watch?v=a8nNKd3pi2k


• STFT Filter Bank Maximum Hop Size for Different Windows228 [5:16]
• STFT Filter Bank Interpretation Review229 [3:24]
• STFT Filter Bank, Hamming Window Case Reviewed230 [1:33]
• FBS Window Constraints for R=1231 [3:45]
• Portnoff Windows232 [0:45]
• COLA/Nyquist OLA/FBS Duality233 [3:04]
• Hamming Window Transform and Frame Rate, FBS View, Filter Bank Re-
construction234 [6:50]

• Downsampled Filter-Bank Channel in STFT Filter Bank235 [2:38]
• Modified-Hamming Overlap-Add Example, Kaiser Window Overlap-Add236

[3:06]
• Q&A Regarding Kaiser Window OLA237 [1:30]
• FBS Fixed Modifications238 [6:38]
• FBS Time-Varying Modifications239 [1:28]
• STFT Summary and Conclusions240 [2:42]

• Week 10 - Orchi’s research update, Gaussian Chirplets, Nonuniform FFT Filter Banks,
History of Spectral Modeling since the Phase Vocoder (from p. 7)241

Spectral Envelopes, STFT Spectral Modeling Time-Scale Modification (TSM) and Fre-
quency Scaling

• Supplementary: AI Signal Processing Primer

228https://www.youtube.com/watch?v=865lUTYhgc0
229https://www.youtube.com/watch?v=O6lOHeI3Y1k
230https://www.youtube.com/watch?v=Q8RA36ytj50
231https://www.youtube.com/watch?v=9UYQSiSleR8
232https://www.youtube.com/watch?v=q-0rNpM0N88
233https://www.youtube.com/watch?v=k-jICMP82Jk
234https://www.youtube.com/watch?v=YAMzq3vxpz4
235https://www.youtube.com/watch?v=vkT1THsCguM
236https://www.youtube.com/watch?v=vLgbdbKbYbo
237https://www.youtube.com/watch?v=1hqyticuezM
238https://www.youtube.com/watch?v=jocL6tAIYLg
239https://www.youtube.com/watch?v=LkM3dlia-ks
240https://www.youtube.com/watch?v=6A-EBefK4T4
241http://ccrma.stanford.edu/~jos/pdf/SMS-remote.pdf
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