Processing



Last time ...

 Introduction to Multimedia Systems
 Bridge between user and sensory data

* Human perception
 Reality is subjective

» Focus on sight and hearing

* Multiple ways of representing data
« Different abstractions



What is a signal?

* Function that conveys information
 Audio, video, speech, image, sonar, radar
» Information content (entropy)

* Universal concept in multimedia

» Representation of observable pheonomena
e Transmission, storage



Functions

* Mathematical representation
» One/more input variables (domain)
e Qutput variables (codomain)
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Analog Signal

 Signals in nature are analog
» Electrical, hydraulic, pneumatic, mechanical
» Continious input and/or output

* Digital devices require digital signal
» Sampling (input)
» Quantization (output)



Continious and Discrete Signals

* Sampling: measure at regular intervals

 Resolution trade-off
» Finer sampling/quantization = better quality, larger data
» Nyquist theorem (aliasing)
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Approximating Values

* Quantization: round to a finite set of values
 Available range
e Resolution

* Introduces noise
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Image as a Function

* Brightness or color signal f:R* = R(R?)
A function of a 2D location

» Defined over a region (rectangle) ¢ c [0, W],y € [0, H]
 Has a finite (limited) output range f(z,y) € [0, N]

* Analog / digital image




Audio as a Function

* Pressure/voltage changes over time
* Only change is meanigful
* Multiple measurements - spatial context
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Video as a Function

* Sequence of mutiple images
e Extension to time domain
e Frame rate

* Temporal correlation
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Signal Arithmetic

e Addition

Original Signals, s1(x) and s2(x)

 Superposition N
« Mixing of sources o]
() Scaling o | | | Add‘ition ofSigni;Is_sl(x)+sI2(x)
» Amplification/attenuation o]
 Gain control in audio | | .
. . . , Scaling a Signal, 2-s1(x)
 Brightness/contrast in images N
* Multiplication
PY Modulation 050 - | | | Multip‘licationofsilgna\s.sl[x)-lsztx)
« Applying masks/windows oo
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Filters

* Memoryless Filters
e Output attime T depends only on the inputat T
» Image processing: point (or pixel-wise)

* Memory Filters

» Use context (other data points)
e Convolution



Time and Frequency Domains

* Time/space domain
« How values change directly

* Frequency domain
» What kinds of oscillations are present
» Low frequencies = smooth variations
» High frequencies = rapid changes



Frequency spectrum

 Linear combination of basis functions

 Sinusoidal (sine and cosine) - repeatability
» Coefficients - presence of individual basis functions

Input Image : Magnitude Spectrum of the Image
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Fourier analysis
* General functions represented/approximated by sums of
simpler trigonometric functions

* Decomposing signal into base sine waves
» Frequency distribution

e Fourier transform
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Amplitude

Amplitude

Discrete Fourier Transform

* N point signal described with N coefficients

{zo,21,...,2n-1} = {Xo, X1,.

X1}

N-1

X =Y @ -[cos(2mkn/N) —i - sin(2rkn/N))]

n=0

e Fast implementation (FFT) 0(?) — O(nlogn)
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Image Processing



About Image Processing

* Broad field that includes low-level operations as well
as complex high-level algorithms

e Low-level image processing
o Computer vision

« Computational photography

 Several procedures and concepts of that are
frequently used in the context of multimedia systems

* Can also be applies to videos (frame by frame)



Image operations

* Pixel-wise transformations
« Color spaces
e Linear Filters
» Non-linear Filters

* Geometric transformations
 Linear
e Non-linear

» Complex operations
» Context-aware resizing

« Compositing



Image as a matrix

2D array (width x height)

 Channels
e RGB =3 channels
» Sampling resolution

e Dimension ordering
o HXWxC
o WxHxC
o CxHxW




Other color spaces

* Colors can be represented in different ways
» RGB - hardware, reproduction
o CIE Lab - perceptually uniform
* YCbCr - compression
e HSV - human intuition, HCI




Chromatic Separation

e Matches the characteristics of human vision

» Compression efficiency - reduce the resolution of
chromatic channels

» Image processing - avoid unnatural color shifts
(contrast adjustment, histogram equalization,
filtering)

» Device/medium independence - perceptually
uniform colorspaces



Conversion to grayscale

* From RGB: (weighted) averaging of channels

| V=(R+G+B)/3
8 \V=0.299R+0.587G+0.144 B




Conversion from grayscale

* How is gray represented in RGB color space?




Brightness and Contrast

* Brightness - absolute
value of all pixels f(x)

axr + O

 Contrast - difference f(x) = a(r —128) + 128 + 3
between minimum and
maximum pixel




Nonlinear Intensity Transformations

* Parametric function that P
maps source values r to
destination values s.

nnnnnnnnnnnnnnnn

» Exponential function family
* Parameter c is usually 1
e Parameterrisin [0, 1]




Negation

8-bit intensities are defined on interval from 0 to 255

Image negation of image A is B = (255 - A)

A B




Image Threshold

Pixel values higher than value T are set to 1 (max), others to 0

/ [>10 [>100 1>200

Object segmentation: determining a suitable threshold is not trivial



Distribution of values in images

* How to adjust values based on the image?
* Use image-specific statistics - histograms

Count: 1920000 Min:
Mean: 118 848 Max: 251
Pl

8]

StdDewv: 59.179 dez: 184 (2051 3)




Histogram

° NOt 3 fllter but 3 deSCI’iptOI’ h(i) + 10 pixels with the intensity value = 2
: . 10 "
* Frequency of different pixel values
« How often they occur in image T H ””””” } ***************************
» Sub-sampling into cells/buckets 0123456789100 12131415
* Robust description h(i) [0]2Ti0[0[0T0]5]7]3]9]1]6]3]6]3]2]
.Rotat|0n ¢ 01 2 3 45 6 7 8 9101112131415

e Translation
e Scale




Histogram and Thresholds

* Analyze histogram to
find good threshold

* Bi-modal histogram

e Otsu method

e Minimize variance of
foreground and
background




Histogram and image quality

* Increase/reduce
brightness:

 Histogram shifts left/right

* Increase/reduce
contrast:

e Histogram is
shrinking/stretching




Histogram Stretching

input histogram

o Thigh
............ a
___________ Alow Qhigh
@ o
histogram
o x 10"
Omin Armax

Operation performed on each pixel individually.




Histogram Equalization

* Cumulative histogram - value dynamics
» Desired dynamics is uniform — #o-{i . o2l

* Transform image values so that the cumulative
histogram is diagonal.




Equalization Algorithm

* Compute 256-bin histogram F
of image I (h).

e Compute cumulative
histogram (hc).

 Normalize (hc) with
maximum value, multiply by
255 (hno) I

e Use (hnc) as a lookup table to
transform individual pixels.




Histogram Equalization in Color Images

Because each channel
is transformed
independently, the
resulting color changes

as well.
Original
Transform to color
space with separate
luminance channel,
equalize only intensity
Original Luminance Equahzatlon

This technique can be used in many operations



Color Histogram

3 histograms
« Each component separate
» No correlation
e Less space

* 3D histogram
» Image color is a 3D index
» More specific
« More space




Neighborhood Filtering

 Resulting value dependent on the neighborhood

* Linear filters —
» Convolution / correlation 55 |
« Kernel function (parameters) —

» Associativity, separability w

 Nonlinear filters

« Arbitrary (local) operation
e Max, min

e Median N\



Simple, yet complex

* Single linear filter
 Blur, directional blur
 Edges, blobs

* Multiple linear filters that are learned
« Extract specific properties
» Data-driven
» Convolutional neural networks



Linear filters

kernel result



In a nutshell

* How to compute filter response in individual pixel?
» Transpose kernel (convolution) and align its center with the pixel
« Multiply corresponding elements and sum together

G[Xv Y] — Zi,j F[x +Zay7+j]g[zaj]

7, y]



What to do with borders?

* Image is a finite signal
® F||ter|ng constant

 Data out of border has to . ‘

ne fabricated _— -

 Interpolation

* Different techniques
e Based on use-case




Weighted sum

255

255

255

255 255

0 255

255 255

O | =

y

what do to with the border?




Identity filter




Shift filter




Gaussian Kernel

Z axis

7 x7,sum=1

G(z,y;0) = 5—5€ 2o

Constant before the exponential function ensures that the sum of the elements is always 1 (in continuous space).



Detecting edges

* Goal: find sudden changes
in illumination in the
Image

* Ideal: line drawing by an
artist (semantic
knowledge)

* Derivatives: high pass
filtering




Using convolution
* Kernel can represent approximation of image
derivation

* We use separate kernels for vertical and horizontal
derivation

Prewitt Sobel Roberts
1011 1111 101 11211 01 1
0 0 1
1({0(1 -1(-1(-1 101 -1(-21-1




Derivative magnitude




Sharpening by blurring

Difference between low-pass filter and original is high-pass filter.

(L= AF+AF — (F*g])




Non-Linear Filters

* Median: middle element by
value

* Bilateral filter
» Weights based on neighborhood
 Preserves edges

* Morphological operations

» Max: highest element in
neighborhood

e Min: lowest element in
neighborhood




Gaussian noise removal

Original image Original image (Gauss) Original image (median) Original image (bilateral)

100

00

300




Salt&pepper noise removal

Original image Original image (Gauss) Original image (median)

Original image (bilateral)

100

200

300

400

500




Fourier transform

* Description of image with complex basis
functions

» Energy of spectrum: |[F(u,v)|
o If Iis WxH, then F is WxH

F(u,v)

Low frequencies

F(u,v) = 2dFFTII(x,y)]

»

log(abs(F(u,v))+1)




Examples




Manipulation in Frequency Space




Summary

* Image is a matrix of pixels, but also a signal
» Signal processing toolbox
» Filtering and convolution

 Basic representation abstractions
e Histogram
e Frequency space



Geometry vs. Intensity

* Image filtering is an intensity transformation
9() = T((x))

—»T—>

c“ s | . : et

* Geometry transformation changes geometry of

the image
9(x) = f(T(x))

—»T—>




Parametric transformations

—>

T

—»

ST ey

e Linear transformation
e Non-linear transformation

p=(xy) p'=T(p) pP=&
e Transformation T changes coordinates of pixel p



Linear transformations

e Rotation: r' =cosOx —sinOy |2'|  |cos® —sin®| |x
y' = sin Ox + cos Oy A

Y sin®  cosP Y
. ' =x+ oy x| 1 a, €T
* Shear: Y — cvya +y {y,}—[% ) Hy]

* Mirroring: Z}:; {z:}:[_ol OlHi]



Scaling

* Multiply coordinates with a scalar
» Uniform - same scalar for all axes

/
. . T = ax
 Non-uniform - different scalar

y' = By ﬂ B [(g 2] [i]




Translation

e Translation is not homogeneous in 2D space

$,:.’L‘—|—t$
v =y +t,

M —

o O =

o = O

’(‘I--PC""~

.




Homogeneous coordinates
e 2D space: transformation matrix of size 3x3

x’ 1 a, O T
y | = a 1 0 Y
1 0 0 1] |1

* General projective transform

b ¢ T
e f Y
h 1 1

1
— 8
I —
|
>
I
@ Qe



Common transformations

* Translation

e Euclidean transform (translation, rotation)

* Similarity transform (translation, rotation, scaling)

* Affine transform (maintains parallelism of straight lines)

* Projective transform
translation

> ’
Aﬁ

.

projective

-~

\_/// xh

Euclidean




Warping

Given transform [x'y'] = T(x,y) and f(x,y), how to compute g(x"y’) =
f(T(x.y)) ?




Naive approach

* For each pixel f with coordinates (x,y)
» Compute transformed coordinates [X'y'1=T(x,y).
» Copy color of f(x,y) to new image at coordinates
g(x,y’)
* Why is it naive?
» We visit all pixels in f(x,y)
e Do we visit all pixels of g(x,y)?



Example

100

200

300
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Asymmetry of Discretization

* Asingle pixel of F is mapped 4
to more pixels in G.

0000
00000
0000 Of

* Pixel in F is not mapped to
any pixel in G.

e Visit all pixelsin G




Transform as Resampling

 For each pixel in g with coordinates (x'y’)
« Compute old coordinates using inverse transform [x,y]=T-1(x",y")
« We copy pixel color of f(x,y) to g(x"y’)

* We visit all pixelsin g
* Pixel from g can transform to more than one pixel in f




Resizing the Image

 Adjusting resolution in image - changing sampling rate
e Two general cases:

« Reduction / decimation / down-sampling - shrinking image
« Interpolation / up-sampling - enlarging image




Decimation approaches

* Sampling values
« Shannon sampling theorem fS > Qfma,gj

« Remove high frequencies
* Anti-aliasing
« First remove high frequencies

« Then subsample with appropriate frequency

* Filters used
e Gaussian

e Lanczos kernel

Good sampling

Bad sampling



Decimation examples

Original Aliasing (40%)

0 0
20 20
40 40
80 80

100 100

0 5 50 [E] 100 125 150 175 200 0
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3 w0 15
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150

175

200




Up-sampling - guessing the values

* Nearest neighbor
 Take value of the closest sample ﬂﬁ . T

* Linear interpolation
e Use two values
 Fit linear function

* Cubic interpolation

« Use four values | l | { i
« Fit third-degree polynomial N | ‘ I



Interpolation in Images

* Nearest neighbor

 Take pixel closest to desired coordinates
e Bi-linear

» Use four closest pixels

 Estimating a plane
* Bi-cubic

» Use 16 closest pixels

 Estimating a polynomial surface
* Slower

Bilinear



Interpolation examples

Interpolation order = 0 Interpolation order = 1 Interpolation order = 2

100 100 100

200 200 200

300 300 300

400 400 400

500 500 500

€00 €00 €00

0 100 200 300 400 500 €00 700 8OO 0 100 200 300 400 500 €00 700 8OO 0 100 200 300 400 500 €00 700 8OO



Non-Linear Transforms

* Transform can be a general 2D to 2D function
» If the value is between pixels, we interpolate

* Parametric: swirl, wave, ripple
* Free-form: splines, mesh
* Nonparametric: vector field



Vector Field
* 2D Matrix: V[i, j1 = (u, v)

* Apply: Ivli, j1 = II(i, j) + VIi, jl]
* Visualization

e Field of arrows
» Color coding (HSV)

F'-t ErrER
rrrrrrr rr




Parametric non-linear transforms

Original Image Transformed Image

-
-
-
-
-
-
-

»




Practical Applications

* Camera rectification
e Counter lens distortions
e Camera calibration model

 Locally-linear transformation
 Local regions are transformed locally
» Control points

» Morphing effects



Content-aware resizing

* Change size, aspect
* Automatically preserve important structures




Important vs. unimportant content

“less important”
content




Content-aware resizing

* General ideas
» Adhere geometric constraints (size)
e Preserve important structures
e Reduce image artifacts

* Weakly conditioned problem
« What is important? / Universal importance measure?
» Would more people agree on the process?
 Aesthetic rating (composition, ...)?



What is important in images?

* What do people consider important?

* Fast approximation - edges

Judd et al. Learning to predict where people look. ICCV 2009



How to remove?

Columns with least energy

Pixels with least energy in row

slide credit: Michael Rubinstein



Image seam

* Connected path of pixels from the top to
bottom




Seam carving

* We want to shrink image in one direction
 Basic idea: remove unimportant pixels
* Unimportant = little energy = little change = little edge

* Intuition
 Preserve strong contours
« Human perception is more sensitive to local changes

* Simple but achieves good performance



Determining optimal seam

* Optimal connected path of pixels from the top
to the bottom that minimizes energy

e Dynamic programming

. 5 |8 |123
e Cumulative cost Ny
. 9 M43 |9
» Backtracking
7 |3 |4 |2
4 |5 |7 |8

M(i,j) = E(i,5) + min(M(i — 1,5 — 1), M(i —1,§), M(i — 1,7 + 1)



Removing a seam

Compute edge energy
Compute cumulative energy
Determine optimal seam

Remove seam




Examples - reducing width




Examples - reducing height




Examples - scaling down

Interactive demo: https://www.aryan.app/seam-carving/


https://www.aryan.app/seam-carving/

Image compositing

Combine images by taking pixels from appropriate images




Naive combination — binary mask




Smooth alpha channel

*




Example

e Sharp transition - unreal image




Smoothing influence

Sharp transition - cutoff



Frequency-aware blending

e Simple alpha mask blending

B

* More natural effect if we blend
images by frequency bands




Image pyramids

* Multi-scale signal representation
» Sequence of images

» Each image only includes lower
frequencies

* Gaussian pyramid

level k-1

« Smooth with Gaussian filter

. !
» Reduce resolution by half VY . G

» Repeat

level O (= original image)




Gaussian pyramid

 Kernel size fixed

 Discard every second pixel

* Each layer removes frequency
band




Laplacian pyramid

High frequencies Medium frequencies Low frequencies



Collapsing the pyramid

L=1.-1, L,=1-I,

Reconstruction by collapsing pyramid

Lo+ Ly ~+ Lo+ Ly = Iog— 1)+ (I1 — Io) + (Is — I3) + I = I,



Laplacian blending algorithm

* Generate Laplacian pyramids LA and LB for
images A and B

* Generate Gaussian pyramid GR for the alpha
mask R

* Combine new Laplacian pyramid LS by
combining corresponding layers from LA and
LB using weights from the corresponding
layer in GR:

* Collapse pyramid LS into the resulting image S




Layer 4

Layer 2

Layer O

(i)

combined layer




erging examples




Compositing using approximate masks

e Mask not following borders
e User input
» Low-resolution / speed
e Improve result using a deep model
» Train using degraded masks as input
« Compare to reference composite




Examples




Merging examples - Autostitch

e Stitching panorama from multiple images
» Two-layer blending - high and low frequencies

* Only blend low frequencies, keep high
frequencies intact

__.:atlc panoramic |mage S using invariant features,”



Hybrid images

» Static images with two interpretations
» Low frequencies - far away
 High frequencies - nearby

A. Oliva, A. Torralba, P.G. Schyns, “Hybrid Images,” SIGGRAPH 2006



Hybrid images - examples

A. Oliva, A. Torralba, P.G. Schyns, “Hybrid Images,” SIGGRAPH 2006
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Video Processing



Video Perception

* Human vision integrates over time (~10-20 ms
windows)




Processing Video

* Video = sequence of images
» Frames per second
« Locality of motion

* Animate image processing
» Process every frame individually
» Change parameters over time

* Analyze motion (work with multiple frames)
* Detect transitions



Motion Analysis

Optical Flow Object Tracking Action Recognition

Pixel-level, Local Entire video, Entire objects Actions, Understanding



Motion Estimation in Multimedia

* Estimate movement in video
e Scene movement
e Object movement
 Camera movement

 Building block of many applications
« Video stabilization
 Video compression
» 3D reconstruction
» Augmented reality



Optical Flow

* Perceived motion in pixel (x,y) at time t

* Basic building block
 Video compression
« Stabilization
» Object tracking
e Scene understanding

https://www.bi.mpg.de/opticflow



Problem Definition

* Assumptions
» Constant brightness
» Small displacements

* Calculate displacements over pair of frames

I(x,y,t)—I(x +u,y+v,t+1)=0

Lu+ITou+1,=0



Challenges

* Projection of 3D motion to image
* Aperture problem

A B

A

&) @ -F

B 7%

=




Optical Flow Approaches

* Lucas & Kanade - fast
« Assumes constant velocity in a local patch
» Considers nearby pixels (least squares)

* Horn & Schunk - slow
» Optimizes entire flow field
* Slower

* RAFT
» Deep learning

 Synthetic data



Feature Tracking

* Only look for regions in image that can be
reliably positioned in frames

e Corners
e Blobs

e Features have to be visible all the time

* Use difference in position to determine
transformation



Normalized Cross Correlation

¥(A) ... reshape pixels in A in a vector.

F;; ... sub-image from F centered at (i,j).

h = +(H)
fi; = (Fy)

~

h ... average brightness of H

fij ... average brightness of F;

Search image, F
Normalized cross correlation:

B Model, H i, §) = (hT —h)(f:;—f)

VhTh,/fLf;;




Simple Feature Tracking

 Input: initial position Py, frame #1
 Cut patch of size NxN around P, from frame #1

* ForfamesT=2...N
» Cut search region of size MxM around P from frame #T
» NCC between patch and search region

» Py = Best match location (adjusted for search region
offset)



Camera Stabilization

Change positions of image frames through time to remove rapid motion (e.g. hand-held
camera, external shaking)

Original Stabilized




Camera Stabilization Approaches

* Mechanic
» Move sensor or lenses
« Stabilize image before it is digitized

» Lenses (Nikon - 1994, Canon - 1995): detect vibrations and move lens with magnetic
field

 Sensor: move sensor with motors (supports lens changes)
 External: Steadicam, tripod, dolly
* Digital
» Post processing
« Move images, apply geometrical transformations
« Digital filters in case of blurring



Simple Digital Stabilization

* Input: {I, ... In}

* Output {O; ... On}

* A :=Identity matrix

* For image pair I;, I+
 Ai ;= Estimate movement from I; to I
e A:=A*AI
e Oi ;= transform using A



Transformation Chain

Xi—o = AoXy—3 [~ X=1 = A1A2A3x—4

Xt=3 = A3Xi—4 J Ay =A1A5A;




Number of Features

* One feature - translation
 Two features - translation + rotation or scale

* Three features - affine transformation
» Only planar motion

* Four features - perspective transform
« Assumes planar scene
» Can lead to destroyed illusion of depth



Optical Flow Stabilization

 Use optical flow instead of I
ke ; d L
ypoints, more dense Q@#"
- . . /:’ 4;/4_ #
* For each pixel compute its — Fwwsseimis
most likely translationinthe t

next image

» Fit global transformation to ,
multiple optical flow vectors =

,,,,,
,,,,,,,,
86000007,



Soft Stabilization

* Feature trajectory as a signal
» High frequencties = shaking, noise
e Low frequencies = intentional

* Use low-pass filter
» Filter out noise, keep intentional movement

« Mind the boundaries (start, end)



2D stabilization result

Raw video 2D stabilization



Stabilization in space

* Reconstruct 3D geometry using
Structure from Motion

» Reconstruction also gives us camera
location and translation

* Filter camera path to get smooth
path

* Compute warps for modified camera
positions and apply them to frames




Camera motion types

2D stabilization is only removing image motion
* 3D camera path can be used to fit a parametric

behaviour




Content-preserving warps

* Non-linear transform
3D points from SFM algorithm
» Transformation quad-mesh

* Fake small content shifts
» Small displacements

 Preserves illusion of depth




3D Stabilization Result




Compositing in video

» Replace background
* Movies
* Live shows

* Techniques
e Rotoscoping
» Background subtraction
e Chroma key
e Semantic matting




Background subtraction

* Known background * Simple implementation
« Model per-pixel statistics » Noisy output
e One or more warm-up frames » Static scene

« Compute distance « Video surveillance




Chroma key

* Monotonous background color
e Green screen
e Blue screen

 Reference color distance
e Threshold
e Postprocessing




Chroma key algorithm

* Input: {I ... In}, reference color, threshold,
background image (B)
* Fori:=1...N
» D :=distance of all pixels in I to reference color
e M :=D <threshold
» Ii{M] = B[M]



Chroma key issues

* Limits foreground
o Wardrobe issues
o Reflective surfaces

 Color bleed/spill




Virtual sets

* Projected backgrounds
 Pre-recorded video

* LED screens
« Camera tracking

 Real-time rendering




Data-driven segmentation

* Use deep learning to predict mask
» Foreground separation
» Matting

Ry
* Training iﬁ ’ﬁ" “‘é»é
« Green-screen videos b
mnnn

Shanchuan Lin et al., Real-Time High-Resolution Background Matting, CVPR 2021




Video as sequence of shots

 Shots are useful start to detect scenes
» Grouping shots into semantic units
» Enable semantic retrieval in video
 Easier navigation, understanding

* Manual segmentation of video into shots is slow
« About 10 hours per 1 hour of video (for a movie)
o Easier if edit decision list is available (unreliable)

* Automatic detection of shots
 Detecting boundaries - transitions



Video structure

Video/movie - sequence of scenes

i

Scene - sequence of shots that form a semantic unit

o

Shot - sequence of frames from begining to the end of camera recording

—

Frame - single image



Transition types

* Cut
» Sharp transitions between shots Cut

» Sudden change of all pixels in the frame  [JENIENIENIEN IEN B0 B0

* Fade Fade

» Fade-out - gradual transition to color -------

» Fade-in - gradual transition from color  Dissolve

» Dissolve - gradual transition between -------

shots Wipe

» Wipe - gradual erase -------




Detecting transitions

* Describe frame content
 Features: color, texture, edges, etc.

* Measure difference
e Two frames
« Multiple frames

* Difference large enough
» Threshold

» Adaptive measures



Detecting cuts

* Assumptions
» Almost stationary
« AlImost constant scene

» Constant illumination s

* Representations ; +
» Gaussian model I

» Histograms
e Deep-learning | |




Setting a threshold

* Distance between consecutive frames
* How to set cut detection threshold?

e Global methods |
- Adaptive methods it -




Detecting cuts with MSE

MSE = — i(xq; —Yi)?
N i=1 -
N M M\«J\MM
0- v

T T T T
0 200 400 600 800



Detecting cuts with histograms

70000 -

60000

50000 -
X2 — lz (le — yi)2 40000 -
2 (337, + yz) 30000 -

20000

10000 -

T T T T
0 200 400 600 800



Adaptive threshold

* Cut changes result in sharp peaks

* Frame tis a cut frameif p,
o is the largest in interval [t — M, t + m]

« is larger than the maximum of scaled variance based on
interval |

D; > max(uy, + aor, ug + @og)




Temporal averaging

* Not enough or too much change between two
frames

* Average several consecutive descriptors

i ———————"e

| }

------
-----
-------
-----
A




Partial changes

* Global descriptors do not consider locality of changes

* Compute distances between frames for blocks
« Ignore change if less than N blocks change
« Compute overall distance

Y




Detecting fades

* Not a lot of change between two frames

* Two stage threshold
» Low threshold - potential fade start
e Comparing to the start frame
« Measure difference until it is

Increasing

« Compare to the high threshold

cumulative differences



Image morphing

How to deform image A to image B?



Control points

Control points mark matching pixels in both images




Image morphing

* How to compute
intermediate image C

* Naive approach -
weighted sum of pixels

Ci; :letA—l—(].—Odt)B
OSCHS].

* Not realistic - not
combining semantic parts




Deformation field approximation

* Determining entire field is time-consuming
e Locally linear transformation

* Correspondences - control points

* Delaunay triangulation, interpolation

o o
Z N / S
NP




Image morphing overview

* For each image Ct compute ...

- A
« Interpolated position of control points Xy = apx{ + (1 — au)x/

» Two transformations: dA=A-Ct anddB=B- Ct

« Blend colors of interpolated images Ct =adA+(1—oy)dB

Correct




Morphing example

Control points




One more morphing example




)

Audio Processing



Digital audio

* Digital processing and storage
* Source is an analog signal

e Sampling - observe pressure at
fixed intervals

« Aliasing - artifacts due to low
sampling

* Quantization - encode values with
fixed interval of integers

e Quantization noise - loss due to
rounding

| L A A |
O~NOOPR,WNEFPORPNWROON




Signal sampling

* Uniform sampling (Dirac comb) /\/\/\/\/\/ b=

* Nyquist-Shannon theorem

— 1.1560
Avoid aliasing W ¢ =115

Band-limited signal

Sample rate twice the maximum

frequency

Low pass filter (< f/2) + Sampling /\/\/\/\/\/ ¢ =20

with frequency f

f ... signal frequency
¢ ... sampling frequency



Signal-to-noise (SNR)

* Random fluctuations in signal (noise)
 Ratio between power of signal and noise (voltage)

» Measured with decibels (tenth of a bel)  SNR = 20log,o~2""

Vnoz’se
* Everyday usage

« Comparison to just-audible sound of 1kHz
» Conversation: 60 dB

 Train: 90 dB

 Pain: 140 dB




Signal quantization

 Assign integer values to measured ones
o [-V..V]=[0...N]
» Quantization error (rounding)
* Signal-to-quantization noise (SQNR)
» Higher is better (more signal vs. noise)
- Worst case (peak signal) SQNR = 20log,,2% = 6.02 x Q(dB)
» Statistical independence  SQNR = 6.02 x @ + 1.76(dB)
* 12 bit fine for adequate reproduction
* Dithering
» Small amount of noise added to the signal
e Quantization errors are more random and less noticeable



Pulse-code modulation

Formal term for sampling + quantization

Linear quantization

e Uniform levels

Non-linear quantization
» Better signal-to-noise ratio for low-amplitude signals
o A-law, p-law algorithm

(Adaptive) Differential Pulse Code Modulation
» Encode difference to previous value

« Encode difference to predicted value

quantization levels

linear

signal amplitude

.....




Frequency spectrum

 Linear combination of basis
functions

e Sinusoidal (sine and cosine) -
repeatability

» Coefficients - presence of
individual basis functions

Energy




Short-term Fourier Transform

e Computed for a time window
o FT - captures overall signal properties
» STFT - Captures changes in the signal

* Windowing function

« Type, size, hop ¥

* Visualization .
e Spectrogram
» Log-scale, colormap

'l
LU L
(2]

B U
; " s M
e e "M"! s W
- -~ [ -

-



Analog vs. digital audio processing

* Analog processing
« Continuous signal - electrical current or voltage
» Processing done via electronic components

* Digital processing
e Sampled signal
» Processing done on general purpose computers
» More powerful and efficient



Common digital sound parameters

Use case Sampling Bits per | Frequency band (Hz)
rate sample

Telephony (GSM) 8.000 Hz 8 200-3400
G.722 (voice over IP) 16.000 Hz 14 50-7000
Audio CD 44,100 Hz 16 5-20k
Digital Audio Tape, Dolby AC-3 48.000 Hz 16 5-20k
High-quality acquisition and reproduction. 96.000 24 (max) 0-96k (max)
Supported in DVD-Audio , Dolby TrueHD, DTS- 192.000 Hz

HD ...



Audio filter

* Analog audio filter
« Medium that transmits and modifies audio signal
« Electronic components
» Speakers - cannot cover entire spectrum
« Mouth cavity - changing shape

* Digital audio filter
 Algorithm that operates on digital signals
» Approximation of analog filters
» Better SNR




Filter taxonomy

e Linear filters / Non-linear filters
» Is the output result of a linear difference equation?

» Non-linear filters create additional frequency components,
not present in the original signal

e Causal / Non-causal
» Is the output result only of past values?

* Time-invariant / Time-variant
» Is the output the same if we send it to the filter a bit later?



Linear filters

y(n) = box(n) +biz(n —1) +byx(n —2) +--- —ary(n — 1) — asy(n —2) — - - -

Output Input Past output

 Non-recursive filters (FIR):
» Finite response an = 0;Vn > 1

* Recursive filters (IIR)
 Potentially infinite response
» Implementations more compact



Frequency-response analysis

» Compare input and output frequency spectrum

* Only possible for LTI filters
 Retain sinusoidal signal
» Observe parametric properties of elementary inputs



Low-pass filter

* Ideal low-pass filter
» Requires infinite signal

* Simple low-pass filter
e CutoffisFs/2
 Transition is very gradual

* Low-pass filter design

 Delay (see into the future)
« Computational complexity

—  gain

= gain

cutoff frequency

Fc frequency
y(n) = z(z) +x(n —1)

cutoff frequency

0

frequency




Low-pass filter implementations

* Butterworth
* Chebyshev

* Elliptic

fe] Butterworth

0.0 0.5 1.0 1.5 20
f"lfu

G Chebyshev type 2

e Chebyshev type 1

0.0 0.5 1.0 1.5 2.0
fify

G Elliptic

0.0 05 1.0 f, 1.5 2.0

Source: Wikipedia (Geek3)



Frequency filtering

* Combinations of prototype low-pass filter

* Pass only frequencies in passband
e Low-pass

- \ £
low-pass : band-pass

» High-pass

» Band-pass

. 1 k .
- high-pass - band-stop

» Band-stop




Splitting frequency bands

04

0.2

-0.2

-0.4

Original signal

0 500

1000

1500

2000
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4000
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Audio equalization

* Multi-band signal can be combined back
o Split signal into multiple bands
» Weight individual bands
« Combine signal again

e Qutput signal

)




Comb filter

* Basic building block of many effects
y(n) = z(n) + crz(n —t1) + asy(n — t2)

* Constructive, destructive interference

* Feedforward (FIR)

* Feedback (IIR)

dié Amplitude (re Direct)

S
-

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Frequency - Linear (Hz)



Delay =)

* A time-shifted signal is added to the original

e Delay below 50-100ms is not perceived as
delay

Input signal /TN Output signal
O/

| nsamples
buffer




Echo

* Echo filter - simulate acoustics of a room
» Multiple decaying delays - early reflections

e Subsequent reverberation - random signal

In(n)| 1

Direct Signal

Early Reflections

‘ ‘ H” | Subsequent Reverberation




Flanger and phaser

* Delay varies with low frequency

* Feedback loop
 Time-variant filter

Input signal

TN Output signal

AYAVAY

| Offset

n samples
buffer

o




Chorus

* Sounds with almost same time and similar
pitch

* Naturally: choir, string orchestra

» Similar to flanger
« Longer delay times EJ\
« Different combing effect -




Non-linear filters

* Not describable by a LDE

* New frequencies in the signal

* Noise removal
e Median filter

* Dynamic range compression
« Companding - handling dynamic range
e Clipping - amplitude clipping
e Distortion - non-linear amplitude modificaton



Distortion =)

* Overdriven guitar effect
* Clipping of high energy frequencies
« Soft clipping
 Hard clipping % M

(1 + k)z(n) f
y(n) = 1++ klz(n)] zz“ﬂ W(

||||||
0000000000000000000000000000000



Spectrum Analysis

* Process signal in small segments
» Simulates human perception (10-20ms segments)
« Computationally efficient (STFT)
« Transient events (e.g. percussion)
e Resource efficient, near real-time

[T ORI

M FFT msnpd?%r#crign TFFT M




Extracting a segment

* Window function | Rectanguiar
« Filters out a short segment of signal

e Zero outside the interval :

0 N time

« Symmetric (typically)

» Spectral leakage 1 /\
« New frequency components .

. . . . . 0 N time
e Time-variant functions (windows, Dirac)

» Side-lobes, cross-talk ' |
« Windows distribute leakage differently |

0 N time

Triangular

Hann




Distributing leakage

* Preserve amlitude envelope

hann, hop=1.00xN hann, hop=0.75xN hann, hop=0.50xN hann, hop=0.25xN

VAVAVANEIVAA A |

I~
—

hamming, hop=1.00xN hamming, hop=0.75xN hamming, hop=0.50xN hamming, hop=0.25xN

~
—

AVAVANEIAS A AW /AEER NI)

blackman, hop=1.00xN blackman, hop=0.75xN blackman, hop=0.50xN blackman, hop=0.25xN

AVAVAVANRIVAVAVAVA\RIER TAGOANANIR|

T T T T T T T T T T T T T T T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000

~—
—




Overlap-Add

* Combine frames back to a signal
* Constant Overlap-Add

 Hop size . .
*H E— — |
e Overlap size » =N
IS
SR
() Pz ]

__________________________________________________________________________________________________



Convolution with Overlap-Add

» Efficient convolution implementation
e Interval size L

» Filter size M N — |
» Convolution is  #——===

multiplication in =
Fourier domain N

Yr—1(t) [

Y /¥ S Ry /T Y ( V) /i Ry 5 A A ¥



Filter banks

* Set of filters that decomposes signal into
components

o Efficiently implemented using STFT
» Shared computation

* Vocoders
* Compression (MPEG)



Changing playback speed/pitch

* Sample rate conversion

e Timing is changed

e Transposed pitch (chipmunk effect)
* Overlap-Add

* Process windows (STFT)




Time stretch

* Short, smoothly windowed block of samples

* Select wing
larger/sma

e Combine b

ows that can be combined with
ler overlap

ocks (overlap-add)

)




Pitch shift

* Preserve time, shift pitch (frequencies)

* Using time stretching
e Stretch time
e Re-sample to original length

)




Transformation Comparison

Audio Image




Ssummary

* Sensory data is represented as a signal
» Shared underlying concepts
» Data with respect to space and/or time

* Take into account human perception
» Some changes are more noticeable, pleasing ...

* Next time: Compression in Multimedia
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