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TU 1 Outline

WIEN u

e Introduction
 Principles of Stereo Processing
« 3D Displays
« Research Topics (Selection)
— Stereo matching

— Image matting
— Novel view generation and inpainting
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Introduction
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3D Cinema

« Development in recent years

— 3D movies starting in the year 2009:
,lce Age 3“, ,Avatar”, ...

die Zu wer e Brillen Kirr iches Sebwen nulsetr
tredzdem nicht blaudugig in die Zukunit. Denndie 3-0-Techaik,

— Tests with 3D TV started in Korea,
Japan, ...

Japan hat drei Dimensionen auf dem Sehirm
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TU 1 What is 3D Film/Video?

WIEN u

« Knowledge of the 3D scene structure is the basis for

— Novel view generation
 Virtual camera view points

* Interactive navigation through 3D scenes

— ,Mixed Reality” applications
» Combination of real and artificial scene content/video objects

e Correct treatment of
— Perspective distortions
— lllumination and shadows

— Occlusions
— 3D displays

» Available 3D content needs to be adapted to different types of
displays and viewing environments.
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3D Video: Examples

novel
background

novel
viewpoint

The original stereo pair (upper row) needs to be processed to generate
novel views (bottom row).

VO Video Analysis (188.329) WS 2016/17



Principles of Stereo Processing
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Human 3D Vision

Human-Eye
Separatlon(~6 5cm)

AR

Left 2D Image Right 2D Image 3D View
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Computer Stereo Vision

Replace human eyes with a pair of slightly
displaced cameras.
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Computer Stereo Vision

Displacement
(Stereo Baseline)

Replace human eyes with a pair of slightly
displaced cameras.
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Computer Stereo Vision

Displacement
(Stereo Baseline)
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Computer Stereo Vision

Displaceme_nt Computer
(Stereo Baseline)

3D View
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Computer Stereo Vision

Displaceme_nt Computer
(Stereo Baseline)

\‘t\\\\\\ \\\\ \\\\
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Left2D Image _ Right 2D Image | 3D View
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TU 1 Stereo Analysis (1)

WIEN u

o Stereo disparity

— The stereo impression perceived by humans relies on the fact
that the 2 images captured by the two eyes are not

completely identical. The two images show certain geometric
differences (stereo disparities).

— Further processing of these disparities provides information
about the depth of a scene point, i.e., its distance from the
eye (or the camera).

Stereo disparity
Left and right image of a stereo :
pair with disparity vectors
(Source: Yao Wang, Video
Processing and
Communications)
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Stereo Analysis (2)

« Research area: stereo
matching

— Automated identification of
corresponding points in the
left and right image.

 Results
— Depth map (~ disparity map)

— Further processing -> novel
Views
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TU ] Basic Matching - Image Correlation (1)

WIEN u

e Task

— ldentification of corresponding points in consecutive frames of
a video sequence or a stereo image pair.

Target frame

Anchor ﬁame e

- gl A
Source: Y. Wang, J. Ostermann, Y=-Q. Zhang: Video Processing Current block
and Communications, Prentice Hall, 2002. "~ --

Searcil 1‘6Fiou

VO Video Analysis (188.329) WS 2016/17 Slide-16



TU ] Basic Matching - Image Correlation (2)

WIEN u

e Basic technique

— The image content in the regarded section of the master
image should coincide as far as possible with the image
content at the corresponding position in the search image.

— The differences between gray values —e.g., sum of absolute
values — should be a minimum.

L /
P
P1 | P2 | P3
P4 IIII Ps
P7 | Pg | Po — |

k()= |p(0) - g()] > min
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e« Stereo geometry

X
O

Stereo Analysis (3)

Cf.\( Xr T Zr
< X | x—B2
R
X

X x—g, Y_Y_Y Z-7-7
X-B/2 Y
Z Z
1) Disparity is inversely proportional to Z

i) Range of disparity increases with B
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TU 1 Stereo Analysis (4)

WIEN u

« Some notations on the previous slide:
— B ... base line (distance between the 2 cameras)
— F ... focal length
— Z ... depth (3@ dimension)

— d ... disparity (also called stereo parallax):
Specifies the shift (difference in position) between corresponding
points in the left and right image.

— Capital letters refer to the 3D coordinate systems, lower case letters
to the image coordinate system.

— Indices I, r and w refer to the left and right camera (or image) and the
world coordinate system, respectively.
« The lowermost formula is important: It shows the relation
between the disparity d and the depth Z.
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Stereo Analysis (5)

« The relationship between the disparity d and the depth Z is
Inversely proportional. The base line B and the focal length
F act as scaling factors.

« The (automatic) determination of the disparity d for the
Individual pixels of the image pair is a central task of
stereo processing called stereo matching.

* If the stereo matching problem is solved and if the
positions and other parameters of the cameras (e.g. lens
distortion) are known, the depth Z and, consequently, the
3D position of the imaged scene points can be determined
using the given formulae.
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Stereo Analysis (6)

 Epipolar geometry

— If the camera position and other camera parameters are known, the
stereo image pair can be transformed into epipolar geometry. In
epipolar geometry, corresponding points are located along
corresponding horizontal lines. The determination of the disparity is
thus reduced from a 2D to a 1D search problem (all disparity vectors
are horizontal), which facilitates the matching task significantly.

£y

Figure 12.8  Epipolar geometry for a

\ parallel camera contiguration: epipoles
<ﬁ
C

are at infinity, and epipolar lines are
€. parallel. Adapted from O. Favngeras,
Three-Dimensional Computer Vision—A
Creometric Viewpoint, Cambridge, MA:
MIT Press, 1993, Copyright 1993 MIT
’ Press.

==
\
\
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Stereo Analysis (7)

e Camera calibration

— A defined reference pattern is used to calibrate the cameras
(see chessboard on the next slide).

— The reference pattern must be visible for every camerain the
system to be calibrated.

— For arobust calibration, a variety of different positions of the
calibration pattern must be recorded.

— Corresponding points are identified in the set of images
(preferably automatically). The positions and intrinsic
parameters of the individual cameras can be calculated from
these correspondences.
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Stereo Analysis (8)

e Result of the calibration

— The position of the cameras (also relative to each other) as
well as individual (“intrinsic”) parameters of the involved
cameras (lens distortion, etc.) are determined.
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Stereo Analysis (9)

 Usage of the calibration

— The absolute position of the imaged scene points in 3D space
can be calculated from the disparity vectors measured in the
Image and the calibration parameters.

— Also, the calibration information allows the projection of the
original images into epipolar geometry. This facilitates the
computation of the disparity vectors (see before).
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Y, | Stereo Capture

WIEN

e Stereo cameras
— Lab equipment: synchronized |nd|V|duaI cameras (below)

— Mobile systems (right)

— Cameras: Pointgrey, Fuji
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TU 1 Stereo Display

WIEN u

* Principle

— The left and the right eye must perceive the left and the right
Image separately.

e Separation mechanisms with standard stereo displays
(with glasses!)

— Color filter (only for grey scale images — not suitable for
display of color stereo images)

— Polarization filter (polarization glasses)

— The left and right image are displayed alternatively, with
respective synchronization of the glasses (shutter glasses).

 Autostereoscopic displays (no glasses necessary!)

— The screen displays 2 (or more) views simultaneously.

— The user may see different views depending on the viewing
direction -> multi-view displays.
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TU 1 Stereo Displays — Historic Techniques (1)

WIEN u

 Mirror Stereoscope (Charles Wheatstone, 19th century)

| . —
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TU 1 Stereo Displays — Historic Techniques (2)

WIEN u

« Lenticular (left) and portable (right) stereoscope
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TU I Stereo Displays — Current Techniques (1)

WIEN u

 Displays with glasses
based on different
techniques

— Red/green

— Shutter glasses

— Polarization glasses
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TU 1 Stereo Displays — Current Techniques (2)

WIEN u

* Polarization principle
— Vertical/horizontal polarization (left)

— Circular polarization (right)

Source: http://www.visionnew.net/
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TU 1 Stereo Displays — Current Techniques (3)

WIEN u

* Principle of shutter glasses

Source: http://www.visionnew.net/
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TU 1 Stereo Displays — Current Techniques (4)

WIEN u

o Autostereoscopic displays
— 3D impression without additional aids.
— examples: Philips WOWVvx (left), Tridelity MV4200 (right)

1
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TU | Principle of Autostereoscopic Displays (1)

WIEN u

 Lenticular technique

— The columns of the individual
Images are displayed in an
alternative order.

Lenticular Lenslets

— The lenslets direct the
columns that belong to the left
Image to the left eye, and the
columns that belong to the .:> Left
right image to the right eye.

Right

Right
— The use of multiple images

allows to generate multiple Pixels
views (, multiview display*)
with multiple , sweet spots®.

Left
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TU | Principle of Autostereoscopic Displays (2)

WIEN u

o Parallax barrier (another technique)

Parallax Barrier

Right

Left

Right

Left

Pixels

Wwwisdforumsicom
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Format: Video (2D) + Depth

« The calculated depth map can be used for
— Multi-user autostereoscopic displays

— Adaptation of the original film/video material to different types
of displays and viewing environments.

« The depth map allows the creation of novel virtual views.

— Format: 2D + Depth (see below).

VO Video Analysis (188.329) WS 2016/17



TU | Temporal Smoothing of Depth Videos

WIEN u

 Automatic generation of depth videos from stereo videos
(input)
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TU | Temporal Smoothing of Depth Videos

WIEN u

 Automatic generation of depth videos from stereo videos
(output) —result before and after smoothing

VO Video Analysis (188.329) WS 2016/17



Stereo Research
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TU 1 Local Stereo Matching

WIEN u

* Principle: window-based correlation

J1192|9s
| g, |95 95| match window
P P2 | Py 97| 9s | 9o
p4.p6
P7 | Ps | Po — ] 9
k(5)=21:\p(i)—g(i)\—>min

« A major challenge of local stereo methods is to find a
suitable size (and shape) of the match window.

 Contradictory requirements: large enough to capture
sufficient texture, but small enough not to overlap object
boundaries -> adaptive support weight approaches.
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TU 1 Local Stereo Matching Algorithms

WIEN u

« ,Local Stereo Matching Using Geodesic Support Weights®
(ICIP 2009)

— The main ideais to use geodesic distances to compute the
local window size, shape and support weights.

— We include only those pixels in the support window that can
be connected to the center pixel through a path along which
the color does not vary significantly.

» The geodesic distance D(p,c) between a pixel p of the support window and the
window’s center ¢ is the shortest path that connects p with ¢ in the color
volume:

D(p,¢)=min 4(P)
PeP, .
P, . represents the set of all paths between pixels p and c.
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TU 1 Local Stereo Matching Algorithms

WIEN u

« ,Local Stereo Matching Using Geodesic Support Weights®
(ICIP 2009)

> A path P = <p1,..,pn> is a sequence of spatially neighboring points in 8-
connectivity. The costs d(P) are computed by:

d(P):idc-(pfspf_l)

where d () determines the color difference between two pixels.
» Support weights are inversely proportional to the geodesic distance:

D(p, c)]
Y
vy is a parameter defining the strength of segmentation (the only parameter).

w(p,c) = exp (—
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TU 1 Local Stereo Matching Algorithms

WIEN u

 Advantage of geodesic support weights

Image crops

e N * § -"'+
o el

Color-based support weights (earlier approach)

=3 0

Geodesic support weights (our approach)
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TU 1 Local Stereo Matching Algorithms

WIEN u

e Results

— At the time of submission, our approach (GeoSup) was the
best-performing local method in the Middlebury stereo
evaluation benchmark (http://vision.middlebury.edu/stereo).

, ( Avg. Error non-occluded pixels [9c]
Algorithm Rank Error [%] || Tsukuba | Venus | Teddy | Cones
GeoSup 10 5.80 1.45 0.14 6.88 2.94
AdaptDispCalib 13 6.10 1.19 0.23 7.80 3.62
DistinctSM 18 6.14 1.21 0.35 7.45 3.91
CostAgerOcc 22 6.20 1.38 0.44 6.80 3.60
SegmentSup 24 6.44 1.25 0.25 8.43 3.717
AdaptWeight 29 6.67 1.38 0.71 7.88 3.97
SSD+ME 70 15.7 5.23 3.74 16.5 10.6
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TU 1 Local Stereo Matching Algorithms

WIEN u

« ,Near Real-time Stereo with Adaptive Support Weight
Approaches” (3DPVT 2010)

— Modification of the GeoSup Algorithm to achieve significant
reduction in computation time.

— Approximation of the original algorithm allows efficient
computation by application of a ,,sliding window* technique.

: Time(sec.)
Image Resolution GeoSup Our Algorithm
Tsukuba || 384 x 288 10.874 0.176
Venus 434 x 383 15.97 0.406
Teddy 450 x 375 18.532 0.704
Cones 450 x 375 18.56 0.688

Performance on video stream: 10 frames/sec (320 x 240 resolution,
disparity range of 26 pixels).

VO Video Analysis (188.329) WS 2016/17



Recent Results

« Hosni, A., C. Rhemann, M. Bleyer, C. Rother, and M.
Gelautz, Fast Cost-Volume Filtering for Visual
Correspondence and Beyond, IEEE Transactions on
Pattern Analysis and Machine Intelligence, 2013

Some results ... 2
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TU 1 Stereo Results

WIEN u

Results of “Temporal Our spatio-temporal
DCBGrid” results

Left input frames

Visual comparison to “Temporal DCBGrid”
1strow: Sample result from “Avatar” movie. Our temporal regularization could remove artifacts
better than the temporal approach of “DCBGrid”.
2nd row: Sample result from “ Skydiving” movie. Our spatio-temporal method can preserve some
object outlines better than the temporal approach of “DCBGrid”. Red boxes mark major
differences.
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TU 1 Stereo Results

WIEN u

We compare our algorithm against [Richardt et al., ECCV2010] using

artificial ground truth sequences.
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3D Content Generation:

Novel Views & Inpainting
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iU 1 3D Content Generation

WIEN u

A processing chain for generating stereo content

video shot user input left view right view
A a— D P
il \ il | (GOnEl
2D-t0-3D Y ¥ stereo vision
conversion + +
2D + depth

Patiing
novel view:
warping, inpainting
B
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Stereo Format: 2D + Depth

o Stereo content can be transmitted in different formats,
including
— 2D + Depth
« 2D image (left)

* Depth image (right) - brighter pixels are closer to the
cameralviewer than darker pixels.
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LY, ! Stereo Images — Novel View Generation
WIEN

« The proper handling of occlusions poses special
challenges for novel view generation.

occlusion occlusion

novel view 1 novel view 2
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TU 1 Image Inpainting

WIEN u

Left image Right image

Novel view (without
Inpainting)

Depth map Inpainting result
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2D-t0-3D Conversion

Last frame

e -

far Copyright of original video: Warner Bros.
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Image Matting
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TU 1 Image Matting and Compositing

WIEN u

 Precise extraction of foreground object (matting).

 Object is pasted onto new background (compositing).
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TU 1 Image Matting and Compositing

WIEN u

« The alpha matte includes semi-transparent pixels.
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TU 1 Compositing Equation

WIEN u

o Splitting up a natural image

Fio+-0)

Matting = inverse process of compositing:

Determine: F(oreground), B(ackground), a (matte)
Given: C(omposite image)
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TU I Compositing Equation

WIEN

e The problem is ill-posed

= +(1l-a) B
+(1-0a) B

Q)
I
=
[
Tl

@ * F° +(1-0)+ B°

OCT
1

7/ unknown variables in only 3 equations -> no unique solution!
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Image Matting Steps

Alpha matte — result
of our matting
algorithm (BMVCO08)
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TU 1 Image Matting Algorithm - Detalil

WIEN u

« The goal is to estimate the (mixed) colors in the unknown
Image regions from the colors in the known fore- and
background regions.

Foreground

color (true) .

Foreground
color (assumed)
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TU 1 Image Matting Algorithm - Detail

WIEN u

« The goal is to estimate the (mixed) colors in the unknown
Image regions from the colors in the known fore- and
background regions.
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TU 1 Image Matting Algorithm - Detail

WIEN u

« We improve the results significantly by incorporating
geodesic distances (exploiting the spatial connectivity of
the foreground object).

Foreground

color (true) .

Foreground
color (assumed)
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TU 1 Image Matting Algorithm - Detail

WIEN u

« We improve the results significantly by incorporating
geodesic distances (exploiting the spatial connectivity of
the foreground object).
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LI Evaluation of Image Matting Algorithms

WIEN u

e Ground truth dataset
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Y, | Benchmark for Image Matting

WIEN

 Online evaluation: www.alphamatting.com (CVPR 2009)

Image matting evaluation results Competition: Low resolution High resolution
Errortype: SAD MSE Gradient Conneclivity

Troll Dol Donkey Elephant Plant Pineapple Plastic bag et
Sum of Absolute Differences avg. | avg. | avg. | (Strongly (Serengly (Mem (Madnm (Late (Lave (Highty (Highly Transparent)
cvarall | small | lage | user Input Ingut Inpyt Ingut Ingut Input Inout Input
rank | rank | rank | rank | gmall lpge  yser | amall lppe g |mall lege  upser | amall laroe  wpee | amall lpme  gsar [amall lproe  pper | mall lpege e | gmall  legs e
Closed-Form Matting 13 | 14 | 1.5 (12427, 2192 172+ | 59+ 28+ 86+ |47+ B+ 43+ |22+ 46+ 33+ | 23z 124+ 1932 §3: 149: 1248:|342: 3242 274 | 2651 2571 274+
Robust Matting 19 | 18 | 21 |19 1732 284> 2113 |10.1: 1893 114:|48: &85: S5: | 28: 7.3y 44z |73+ 18: 184+ 68+ 146 10.6+ 227+ 264+ ;z_——géa 32 ig__
Random Walk Matting 3.3 5 3 |35 |17.9: 2034 1942 113> 156z 118> | 583 73 83« | 243 07z 483 (1314 2214 2745|123 18 16TFe (441 536s 41 | TH1s §1.8s 723
Easy Matting 4 :7 7:1 4 | 228: ;}_g. 204 |171¢ 218: 1983 | 903 T85: S8y | 47: 105: 58 12_1:1&: 2293|1135 173 1583 |495s 598+ 40.3¢| 77.8s 10884 1093+
Bayesian Matting a5 | 45 | 48 | 45| 303s 4245 3345|1925 258+ 18.4.|108s 1245 108+ 0.8s 185¢ 625 |142s 298s 3325|1545 3085 197 | 2883 408> 398: | 4535 7881 438

Poisson Matting 5.9 L] 58 |59 |518¢ 583« B3¢ [283¢ 438¢ 30Te [121s 1376 $3s |11.7¢ 1845 1134|323 4¢ 308« 555e (2166 3236 227 | 5306 729¢ 5841 « B48s 1357«

Joint work with
Microsoft Research
Cambridge

Zoom in
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