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Today'’s topics

« 3D point from matched point pair

- Epipolar geometry
« E and F matrices
« 8-point algorithm

« Other techniques
« Multi-view (Stereo, EPI, Space curving)
« Active illumination (SL,ToF)



3D scene recovery

« Can you compute 3D scene
from an image?




Geometry of stereo views

« A single image does not have direct depth

information. I

« With at least two images, depth can be
measured through triangulation. N
— The most animals have at least two eyes.

— A stereo vision system is equipped on an
e r.
autonomous robot as eyes. L
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2-view geometry

« Image pixel corresponds to a ray in 3D space.
« Additional view gives the depth information.

int is the real?

C

Camera center



Triangulation (=&/HI=)

Structure Motion

Measurements
(scene geometry) | (camera geometry)

. . . 3D to 2D
Pose Estimation known estimate correspondences
. . . 2D to 2D

Triangulation estimate known correspondences
. ; . 2D to 2D
Reconstruction estimate estimate 0

correspondences




TwWO Vviews

Tsukuba Stereo

mini-reportl: What is the difference?



Toy example

Disparity (fi7):
near object moves larger

If two cameras are parallel
and have the same focal length,

o disparities
mini-report ]
2
.\ disparity d
image plane ——8—— ‘o—o—
f “\ i |focal length f
@ @

C baseline b c’



(General) Triangulation Problem

Given a matched points Best fit 3D point
Estimate

/
X, X —> X

And camera projection matrices

M, M
N

Image 1 Image 2
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Recall: camera projection

image
Ay plane
X
:I: /
m/
camera princ_u:fal
center = axis

xX=MX

3D points to 2D image points



Recall: Cross Product

Vector (cross) product

takes two vectors and returns a vector perpendicular to both

c=aXxb
aXxb=

@253 — @352

ﬁgbl — @163
a1by — azb;

cross product of two vectors

In the same direction is zero

axa=»~_0

remember this!!!

|
-

c-a=1(0 c-b



Solve for X

« Start from camera projection

« Expand the rig

MX =

knovﬁ :knolvtnqﬁknown
Nt hand side
- m-{ T
-my; —|X=
—m] —

_m-ll_X_

m, X

m3X.

« Same direction? = cross product is zero

y

X

1)

X

_mIX_
m, X

miX|

Cym3X —my X ]
m;X —xm3X
xmy X —ymi X

0"

0

0.

Number of unknown is 3 and equation is 2.

(Linear combination)

redundant



Solve for X

« Same for the other camera
And superpose

came from ym?’X m X _O_
st
1t camera 1X _ xm3X 0
~ I IT T T
came from ymBX_mZX 0
2nd camera
m'Tx - xm'Ix] 10

Number of unknown is 3 and equation is 4.

AX =0
« How to solve? - SVD!



How to obtain the matched pair?




Naive method: Template matching

For each point of the left image, find the best similar point from
the right hand image.

How many evaluation is required?

Width * height * width * height * [cost of template comparison]
Example) 1000 * 1000 * 1000 * 1000 = 10*'? times template comparison.
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Today's topics

« 3D point from matched point pair

- Epipolar geometry
 E and F matrices
- 8-point algorithm

« Other techniques
Multi-view (Stereo, EPI, Space curving)
« Active illumination (SL, ToF)
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Another camera

« One camera looks at this scene.
« How does another camera look?

Another camera
Epipole
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Epipolar geometry

 Where is the corresponding point?
« Search on the epipolar line.

»

1Dse517hv

I I C’
mage mage
Camera center J J 20




Epipolar geometry

Epipolar line
(intersection of Epipolar plane
and image plane) ™

Epipolar plane

‘Baseline €

\ Epipole

(projection of o’ on the

Image plane image plane)



Epipolar constraint

Potential matches for x lie on the epipolar line



Examples

Converging (EIMLYEDJZ) camera

epipole
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Calibrated case

« The intrinsic parameters of each camera are known.
- Essential matrix (EX1751): E (3x3 matrix)

— Epipolar line /
Ex =1
— Relationship between two corresponding points
A
x Ex =0
X




Parameters in essential matrix

« Parameterized by

— the three DOF of the rotation matrix

— the two DOF of the direction of the translation
vector (defined up to scale)

« Include onlyindependent parameters.
 The E can be decomposed into R and t.

E = R[t,]

LIS

Memo

Cross product can be expressed by

inner product using skew-symmetric

matrix (FExt #3171 such that
xxy=[x]y
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Derivation of E

. coplanarity (x—8)'(txx) =0
* rigid motion x" =R(x —t)

x'=R(x—1t)
X xT=(x—t)'R

Three vectors (x,t, x") are coplanar. /' X R=((x-1)T
x''R(t X x) =0

x’TR([tX]x) =0

x"'(R[t,))x = 0

x''Ex = 0 7
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properties of the E matrix

Longuet-Higgins equation ;BITE;I} — ()
. . x'l=0 ' 'l =0
Epipolar lines
! = Ex |=E'x
Epipoles BITE — 0 EFEe =0

(points in normalized camera coordinates)



Uncalibrated case

« The intrinsic parameters K of each camera are
unknown.

« The physical coordinates x are unknown.
Only the image coordinates p are known.

- Fundamental matrix(E#17%): F (3 x 3 matrix)

p =Kx

p"'Fp =0

The Fundamental matrix is a generalization of the Essential matrix,
where the assumption of calibrated cameras is removed.




Fundamental Matrix

Recall: Intrinsic parameters K

p = Kx x=K1p
Recall: Essential matrix E
-
x Ex=0
Substitute .
p' K"TEK 'p =
Properties

Potential matches for P lie on the epipolar line Fp

F is defined up to scale, and rank(F) = 2.



Weak calibration

The simple problem of estimating the epipolar
geometry from point correspondences between
two images with unknown intrinsic parameters.

Corresponding pixel pairs

rm = X" Ym), Pm= (X, Ym)}

Unknown 3x3 fundamental matrix

h f2 J3
fa fs Je
f7 fs Jo



One equation from one correspondence

 One correspondence
« Epipolar constralnt

P inFpom =0
f1 fo f3 -$m-
Lz, oy 1| fa fs fe Ym | =0
fr fs fo |l | 1 |

« One equation
TmTo f1 + TmYr fo + T f3+
YT fa + YmYm [5 + Ym fe+
. fr4+y fas+ fo=0




Eight-point algorithm

Fis 3x3 matrix (9 parameters)

Since F is defined up to scale, we can set f,=1.

8 unknowns
We need at Ieastpoints

! !

B ! ! ! ! T
T1T7 T1Y; T1 Y12 Yy, Y1 orp  y; 1

! ! ! ! ! !
| TMThy TMYpy TM O YMTy YMYpy YM Ty Yum 1_

How to solve Ax = 0?7 - SVD!

h
f2
/3
fa
I
fe
fz
/8

| Jo



Example




- —0.00310695 —0.0025646  2.96584
F = —0.028094 —0.00771621 56.3813
- 13.1905 —29.2007  —9999.79 |
[ 343.53 |
r = | 221.70
10
! = Fx
- 0.0295
— 0.9996

| —265.1531




! = Fx

0.0295
= | 0.9996
| —265.1531

line: 0.0295x + 0.9996y — 265.1531 =0




Where is the epipole?

How would you compute it?



=

©
Il
= ]

“ ,, 2‘
B 'ﬂ‘*:——*—-— gﬁku%—»l :

Fe=0

The epipole is in the right null space of F

SVD!



Today's topics

What is 3D points recovery problem?
3D point from matched point pair

Epipolar geometry
« E and F matrices
« 8-point algorithm

Other techniques

Multi-view (Stereo, EPI, Space curving)
« Active illumination (SL, ToF)
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Image rectification

 The two image planes are reprojected onto
a common plane parallel to the base line.

« The rectified epipolar lines are scanlines of
the new images, and they are also parallel
to the base line.




Ambiguity (EEBR4)

« When a single image feature is observed,
there is no ambiguity.

« In the more usual case, wrong
correspondences yield incorrect
reconstructions.




Three cameras (trinocular stereo)

Adding a third camera eliminates the ambiguity
The third image can be used to check hypothetical

matches between the first two pictures.
— Colinear alignment: robust to occlusion

— Perpendicular alignment: robust for all directional edges

]
ol d

Colinear alignment

I

’ﬁ

Perpendicular alignment
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Multiple cameras

« Matches are found using all pictures

« Picking the first image as a reference, sums
of squared differences associated with all
other cameras are added into a global
evaluation function.

« Robust to repetitive pattern

combination of all cameras

5 40000
=
35000 g
3 . B=b,2b,....8b
§ soooo| - -
? E )
0 s
20000}
: e g BbEbED
15000 |- s p N g p 2
100005\ _ [ " e ,
5000 5 : Y Pa: ) . 8 ~ " 7 =8b
[ ] E/ ) {:‘ /4 ‘ - 9 T \ ‘ )
I / o T 20
o
only one pair Inverse depth

Combining multiple baseline stereo pairs71



Epipolar plane image (EPI)

(b) Space time volume (c) Epipolar plane image

Slope level of edge depends on the depth of the object.
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Space carving ({RIAIERZZEE)

Make voxel space and put initial voxels

Select one of surface voxel

Check the photo-consistency with considering occlusions
Remove voxel if photo-consistency is lower than thresholc
Repeat 2 to 5 until any voxel is not removed

nrh=

*image of voxel from wiki

*Kiriakos N. Kutulakos , Steven M. Seitz, A Theory of Shape by Space Carving, ICCV99
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Structured light

« Substitute a projector to a camera.
— Easy to obtain the correspondence.

Real-time structured light profilometry: a review

« What pattern is used?

— Gray code, XOR, phase shifting, micro PS,
etc.



Time-of-Flight

« Measures the delay of returning light.

—

¢

cop c: speed of light
47Tf f: frequency of modulation

https://blogs.msdn.microsoft.com/uk_faculty_connection/2017/05/15/image-based-motion-analysis-with-kinect-v2-and-opencv/
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Final mini report

0 obtain accurate 3d points by stereo,
should the baseline be wide or narrow?

— How fine depth can be described by 1 pixel
disparity?

— Are all pixels visible from both cameras?
(occlusion problem: BRENRIRE)

— How about the difficulty of correspondence
search? \

N\,
N
J <,

T x’
H e e
baseline 0 0

baseline




wide baseline
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