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Lab Exercise 4Today afternoon

U Room ETH HG E 1.1 from 13:15 to 15:00

U Work description:Stereo vision: rectification, epipolar matching,
disparity,triangulation

3D point cloud 2



Course Topics

A Multi-view geometry

A Visual place recognition
A Eventbased Vision

A Dense reconstruction

A Visual inertial fusion



Multiple View Geometry




Multiple View Geometry

San Marco squaréy/enice
14,079 images, 4,515,157 points



Multiple View Geometry

A3D reconstruction from multiple views:
AAssumptionsK, T and R are known.
AGoat Recover the 3D structure from images

AStructure From Motion
A Assumptions none (K, T, and R are unknown).

AGoat Recover simultaneously 3D scene structure and camera poses (up to scale)
from multiple images




2-View Geometry

ADepth from stereo (i.e., stereo vision)
AAssumptionsK, T and R are known.
AGoat Recover the 3D structure from images

A2-view Structure From Motion
A Assumptions none (K, T, and R are unknown).

AGoat Recover simultaneously 3D scene structure, camera poses (up to acdle),
intrinsic parametersfrom two different views of the scene
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[A Stereo Vision

J

A Epipolar Geometry
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Depth from Stereo

AFrom a single camera, we can only computerdneon which each image point
lies

AWith a stereo camera (binocular), we csmive for the intersection of the rays
and recover the 3D structure

3D Obiject

Left Image

ﬁ\ Right Image

Left Right
Center of projection Center of projection
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¢CKS aKdzYlIyé O0AY 2

A Stereopsysthe brain allows us to see the left and right retinal images as a sin
3D image

A The images project on our retina 4gde-down but our brains lets us perceive
them as «straight». Radial distortion is also removed. This process is called
«rectification». What happens if you wear a pair of mirrors for a week?
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Image from the left eye Image from the right eye 12



¢CKS aKdzYlIyé O0AY 2

A Stereopsysthe brain allows us to see the left and right retinal images as a sin
3D image

A The images projeain our retina upside-down but our brainlets us perceive
them as «straight». Radial disotion is also removed. This process is called
«rectification»
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1 il Make a simple test:

1. Fix an object

2. Open and close alternatively the left and right eyes.
A The horizontal displacement is calldigparity

A The smaller the disparity, the farther the object
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¢CKS aKdzYlIyé O0AY 2

A Stereopsysthe brain allows us to see the left and right retinal images as a sin
3D image

A The images projean our retina upside-down but our brains lets us perceive
them as «straight». Radial disotion is also removed. This process is called
«rectification»
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Make a simple test:

1. Fix an object

2. Open and close alternatively the left and right eyes.
A The horizontal displacement is calldigparity

A The smaller the disparity, the farther the object
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Disparity

A The disparity between the left and right image allows us to perceive the deptt

These animated GIF images display intermittently the left and right image
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Applications: Stereograms

Exploit disparity as depth
cue using singlamage

Imagefrom magiceye.com 16



Applications Sereograms

Exploit disparity as depth
cue using singlemage

Imagefrom magiceye.com 17



Applications: Stereo photography and stereo viewe

Take two pictures of the same subject from taifferent viewpoints and
displaythem sothat each eye sees only one of the images.

Invented by Sir Charles Wheatstone, 1838
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Applications: Anaglyphs

The first method to produce anaglyph images was developed in 1852 by Wilhelm Rollm:
in Leipzig, Germany

i . '1' oft ~
© Copyright 2001 Johnson-Shaw Stereoscopic Museum



Stereo Vision

~

Triangulation

I Simplified case

i General case
A Correspondence problem

A Stereo rectification
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Stereo Vision: basic idea

Basic Principle: Triangulation
w Gives reconstruction as intersection of two rays
w Requires

¢ camera pose (calibration)
¢ point correspondence
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Stereo Vision: basic idea

Simplified case General case
(identical cameras and aligned) (non identical cameras and not aligned)
I:)W
P

PN DA
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Stereo Vision The simplified case

Both cameras ar@lentical (i.e., same focal length) and amégnedwith the xaxis

Z, R, :(XP’YP’ZP)

Find an expression for the dep#y, of point P,

—» —»\ T

/ Right Image
v -

Left Image

rd

CI‘L _C -
b
Baseline
distance between the optical centers of
the two cameras
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Stereo Vision The simplified case

Both cameras ar@enticaland arealignedwith the xaxis

zZ P,=(X:,Y5,2Zp)

From Similar Triangles:

f _u
Z, X, . Z,
f _ -u
Z, Db-X,;
Left Image == Right Image
L \
G LG Disparity
b difference in image location of the projection of a .
Baseline point on two image planes
distance between the optical centers of
the two cameras 1. 2 KIFG4Qa GKS YIE RAALINMRNGE 27

2. 2 KIFGdQa GKS RAALINRGE 2F | L
3. How does the uncertainty of depth depend on the disparity?
4. And on the depth estimate?

5. How do I increase the accuracy of a stereo system? 24



Choosing the Baseline

A2KIFIiQa U0UKS 2LIAYFET olFaStAySK
I Too small:
A Largedepth error
A Can you quantify the error as a function of the disparity?
I Too large:
A Minimum measurable distance increases
A Difficult searchproblem for close objects
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Stereo Visiorwrg the general case

A Twoidenticalcamerasdo not existin nature!
A Aligning both cameras on a horizontal axis is very kanthpossible, why?

(RT)

A In order to be able to use a stereo camera, we need the
I Extrinsic parametergrelative rotation and translation)
I Instrinsic parametergfocal length, optical center, radial distortion of each
camera)
a Use a calibration method (Tsai or Homographies, see Lectures 2, 3)
a How do we compute the relative pose?
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Stereo Visiorwrg the general case

A To estimate the 3D position &, we construct the system of equations of the le
and right cameras, and solveio lines always intersect in the 3D space?

P“.: (Xw’YWl Zw)

//Pj

C
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Leftcamera: = _, é. . U_, é, U
P —/|gV|u—K|éYwu

(R T) setthe worldframeto coincide > L > W L
with the left camera frame ely eZ.H
o X0
' L= u_ é, U
Rightcamera: p =/, g\/r 0= KrRéYW L}+T
ely ez,

A & ¢ N |y 3the problemzdf/détermining the 3D position of a point given a
set of corresponding image locations and known camera poses. 27



Triangulation: leassguares approximatiol

Left camera
el, @ eX ?

/ev“—K[l\o]C?WUY /.p, =M,

ey

E14 ¢ 'l

Right camera
éX ﬂ
eu, g

/&0 K[m]@w Y /,p,=M, P

2@"2] Wu
ely 13

o [} .
ﬁﬁ[’}‘ ] H , which cannot be invert
9

by solving for P, we arrive to a system of the ty
the pseudoinverse approximation:

(A is 3x2 matrix). However, can be solved usin

5 o“ aAandsoH ]:a 5 8 b
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Triangulation: geometric interpretation

w Given the projectionp, andp, of a 3D poinPin two or more images (with
known camera matrices R and T), find the coordinates of the 3D point

Py

Py




Triangulation: geometric interpretation

w We want to intersect the two visual rays correspondingi@ndp,, but becauseA
2F y2A4S YR YydzYSNAOFf SNNZPNBRX (GKS

—

Py

Py
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Triangulation: geometric interpretation

w Find shortest segment connecting the two viewing rays ané bet the midpoint
of that segment

P

— —

C, C,
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Triangulation: Nonlinear approach

A Find0 that minimizes theSum of Squared Reprojection Error
SSRE=d*(p,,p,(P)) +d*(p,,0,(P))

whered(p,,0,(P)) =||p, - p.(P)|is calledreprojectiorError.

A In practice, initializ® using linear approach and then minimize SSRE using-G:
Newtonor LevenbergMarquardt.
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Reprojected point \
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Stereo Vision

A Triangulation
I Simplified case
I General case

Al Correspondence problen
A Stereo rectification

33



Correspondence Problem

Giventhe pointr) in left image, wherés itscorresponding poinf] @ the right image?

Left image | Right image
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Correspondence Problem

Giventhe pointr) in left image, wherés itscorresponding poinf] @ the right image?

Left image | Right image
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Correspondence Problem

A Correspondence searclidentify image patches in the left & right images,
corresponding to the same scene structure.

A Similarity measures
i (Z)ZNCC
i (2)SSD
i (Z)SAD
I Census Transform




Correspondence Problem

A Exhaustivdmage search can be computationally very expensive!
A Can we make the correspondence search in 1D?
A Potentialmatches forshave to lie on the correspondirepipolarlinem &

A Theepipolar lineis the projection of the infinite ray 1 corresponding to
==iN the other camera image

A Theepipoleis the projection of the optical center on ttether camera image
A A stereo camera has two epipoles

m— €pipoles



The Epipolar Constraint

A The epipolar plane is uniquely defined by the two opteaitersd b andone
imagepointr

A Theepipolar constraintconstrains the locatiorin the secondsiew, of the
corresponding point to a given point in the first view.

A Whyis this useful?

w Reduces correspondence problemilib search alongonjugateepipolar lines

epipolar line : :
PIp % epipolar plane epipolar line

G
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Correspondence Problem: Epipolar Constrai

Thanks to the epipolar constraint, corresponding points can be searched for, along
epipolar lines:E computational cost reduced to 1 dimension!

Right image
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Example: converging cameras

A Remember all the epipolar lines intersect at the epipole
A As the positiorof the 3Dpoint variesthe epipolarf A Yy Sa4 aNR Gl 0S¢
baseline

Left image Right image 40



Example: identical and horizontalyigned cameras

Left image Right image
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Example: forward motionp@rallel to the opticaéxis)

A Epipolehasthe samecoordinatesin bothimages
At2Aayida Y20S +it2y3 tAySa NIYRAFOGAY3

R
/ \
e

Left image Right image
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Stereo Vision

A Stereo rectification

43



Stereo Rectification

A Even in commercial stereo cameras the left and right images are never
perfectly aligned.

A Inpractice, itis convenient if image scanlines aredgpmolarlines.

~

A{GSNBE2 NBOIUAFTAOFOAZ2Y 6 NLJA (GKS ST¥
Images, whose epipolar lines are aligned to the baseline.
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Stereo Rectification

A Reprojects image planes onto a common plane parallel to the

baseline
A It works by computing two homographies, one for each input
Imagereprojection

A As a result, the newpipolar linesare horizontaland the
scanlinesof the left and right imagare aligned

/
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Stereo Rectification

A The idea behind rectification te definetwo
new Perspective Projection Matricedbtained
by rotatingthe oldones around their optical
centers until focal planelsecomes coplanar
thereby containing the baseline.

A This ensures thatpipoles are at infinity,
hence epipolar lineare parallel

A Tohave horizontal epipolar lines, the baseline
must beparallel to the new X axis of both
cameras.

A Inaddition, to have a proper rectification,
corresponding pointsnusthave thesame
vertical coordinate. This is obtained by
requiring thatthe new cameras have the
same intrinsic parameters.

A Note that, being the focal length the same,
the new image planes are coplanar too

A PPMsare the same as the old cameras,
whereas the nevorientation the same for
both cameras) differs from theld onesby
suitable rotations; intrinsic parameters are the
same; forboth cameras.
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Stereo Rectification (1/5)

We have seen in Lecture 02 that the Perspective Equation for a pointthe world frame is

. ex, g
eug éYL‘J
I SY=K|RT|E v U
ely e, u

élu

where[YSYA & (GKS GNFYYATFT2NXIFGA2Y FNBY (KS TTFYSNYI 0
This can be rgvritten in a more convenient way by considerifggd] (or [2g#]) as the transformation
from the World to the Camera frame:
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