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* Basic feature descriptor and matching
* Histogram of Oriented Gradients

e SIFT

* Image transformations

e Estimate transformations
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Today’s Agenda

* Linear least-squares
* RANSAC
* Panorama Stitching
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Today’s Agenda

* Linear least-squares
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MAI4CAREU

Linear least squares

Want to solve overdetermined linear system:
- Ma=b

Want to minimize squared error:

[l b-Ma[[*=

R Co-financed by the European Union
B Connecting Europe Facility
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MAI4CAREU

Linear least squares

Want to solve overdetermined linear system:

- Ma=b
Want to minimize squared error:
|| b-Ma||?=

(b-Ma)'(b-M a)
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Linear least squares
Want to solve overdetermined linear system:
- Ma=b
Want to minimize squared error:
[|b-Ma||*=
(b-Ma)l(b-Ma)=
b'b-a'M'b-b'™Ma +a'M'Ma

This Master is run under the context of Action

I Co-financed by the European Union ;
@ Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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MAI4CAREU

Linear least squares

Want to solve overdetermined linear system:
- Ma=b

Want to minimize squared error:

[|b-Ma||*=

(b-Ma)l(b-Ma)=

b'b-a'M'b-b'Ma +a'M'Ma =

b'b - 2a'M'b + a'M™Ma

B Co-financed by the European Union 8 This Master is run under the context of Action
@ Connecting Europe Facility

under GA nr. INEA/CEF/ICT/A2020/2267423




Master programmes in Atrtificial Visual @
MAIA CAREU Intelligence 4 Careers in Europe @ g%‘ag““”g !%

Linear least squares
Want to minimize squared error: || b-Ma | |2 =
b'™b - 2a'M'b + a"M™Ma

This is convex and minimized when gradient = 0. So we take the
derivative wrt a and set = 0.

-M'b+ (M™™M)a =0
(M™M)a = MTh

a = (MTM)IMTh

B Co-financed by the European Union 9 This Master is run under the context of Action

e B No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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So what does linear least squares do?
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So what does linear least squares do?

Error based on squared residual :

Very scared of being wrong, even 4t 1
for just one point

Very bad at handling outliers in ol / ]
data o *

-10F -

_‘Iq. | | | | | ] | | | |
-14 -12 -10 - - -4 -2 0 2 4 i

This Master is run under the context of Action Rt
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Not a problem for us, our data is perfect...
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Not really ...
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Today’s Agenda

* RANSAC

B Co-financed by the European Union 13 This Master is run under the context of Action
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RANSAC: RANdom SAmple Consensus

How can we fit model to inliers but ignore outliers?
Try a bunch of models, see which ones are best!
Inliers will all agree on a model

Outliers are basically random, will not agree

B Co-financed by the European Union 14 This Master is run under the context of Action
. No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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RANSAC: RANdom SA
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RANSAC: RANdom SA

Inliers: 4

D Co-financed by the European Union
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RANSAC: RANdom SAmple Consensus
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RANSAC:

Inliers: 11

Connecting Europe Facility

Co-financed by the European Union
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RANSAC: RANdom SAmple Consensus

Inliers: 5

™ Co-financed b\[ the European Union 20 This Master is run under the context of Action
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RANSAC: RANdom SAmple Consensus

Inliers: 7 O @
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RANSAC: RMldom SAmple Consensus
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RANSAC: RANdom SAmple Consensus

- Parameters: data, model, n points to fit model|,
k iterations, t threshold, d “good” fit cutoft

bestmodel = None
bestfit = -INF
While i < k:
sample = draw n random points from data
Fit model to sample
inliers = data within t of model
if inliers > bestfit:
Fit model to all inliers
bestfit = fit
bestmodel = model
if inliers > d:
return model
return bestmodel

Co-financed by the European Union 23 This Master is run under the context of Action

T, . No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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RANSAC: RANdom SAmple Consensus

- Works well even with extreme noise.

Co-financed by the European Union 94 This Master is run under the context of Action S
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RANSAC: RANdom SAmple Consensus

- Works well even with extreme noise.

Co-financed by the European Union 55 This Master is run under the context of Action S
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RANSAC: RANdom SAmple Consensus

- Parameters: data, model, n points to fit model|,

< iterations, t threshold, d “good” fit cutoft

- Lots of tunable parameters

Want high probability of recovering “right” model
t: often quite small, assume “good” inliers

n: should be just enough to fit model, no extra

k: can be very high

d: should be >>n

B Co-financed by the European Union 26 This Master is run under the context of Action
. No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facilit under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial

We can estimate affine..

Intelligence 4 Careers in Europe

@ Visual
Group

Computing

How many knowns do we get with one match?

— * *
- Ny=3agy My +3ag

— * *
- Solve linear system of equations Ma=Db

*
m, + aoz*l
m, +3a;;" 1

- MiIMa=Mlb=>a=M1b

- But Ml does not exist in general - Why?

- Still works if overdetermined

. Why???

- Pseudoinverse —

- M'Ma=M"b
. (MTM)?

least squares solution

(MTM)a=(MTM)TM"b

- =>a=(M"M)TM"b

Co-financed by the European Union
Connectmg Europe FaC|l|ty

27

©3 ©3 O3

x X
N —

X
w

O3 O3 O3

~ ~
N —
O .0 .0 .

~
w

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423

<

S o3 o3 O

X,

X
N

X
w

3 ©30©3 0

~ <
) -
—_ OO -0 -0

~
w

0 O 0 0 O Q0
- = O o o
- o N = o

N




Master programmes in Atrtificial Visual
Intelligence 4 Careers in Europe @ g?gagutmg

We want projective (homography)

- What are our equations now?
N = (hgo*My + hg *my +hg*my) / (hye*my +hy *my + hy,*my)
ny = (th*mx t hll*my t hlz*mw) / (hZO*mx T h21*my T hZZ*rnW)

00 01 02
10 "11 12
\u4 20 21 22

J

|
= s e
o O I
0 I I

B Co-financed by the European Union )3 This Master is run under the context of Action
P ’ S B —— No 2020-EU-IA-0087, co-financed by the EU CEF Telecol
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MAISCAREU | e,
We want projective (homography)
i What are our equations now?
- = (hgo* My + hg *my, +hg*my,) / (hyg*my + hy *my +hy,*m)
- = (hyo*m, + h11*m +h,*my) /(hyg*my + hyy*m + hyy*my)
- Assume h, 2 and m, are 1, now 8 DOF
- = (hg mx +ho *my +hgy) / (hyg*my + hy*m + 1)
- = (hy*m+hp*my +hp,) / (hy*my +hy *my + 1)
~' ~
X EOO 201 202 X
~" _ ”~
y - 10 11 ""12 y
w/|  [hyo hyy by || W
I Co-financed by the European Union 59 This Master is run under the context of Action

@ No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
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We want projective (homography)

- What are our equations now?
- ne=(hge*m+hg *my +hg,*my) / (hye*my + hy *my +hy,*my)
B ny = (th*mx t hll*my t hlz*mw) / (hZO*mx T h21*rny T hZZ*rnW)
- Assume h,, and m  are 1, now 8 DOF
- ne=(hge* M+ hg *my +hg,) / (hy*my + hy*my + 1)
- ny = (hy*me+hp*my +hp,) /(hy*my +hy*my + 1)
- More algebra on n,
- n,*(hyy*™m, + h21"‘my +1) = (hg™m, + hm*my +hyy)
- N Fhye™ My + 0 hy Fmy 40 =hge*my +hg *my + hg,

— k k k k k k
- ne=hg*m, +hg *m +hgy - nFhyp™my - n, % hy *my
- Similar for n,
Co_—ﬁ_nanced_ by the Eur_p__pe__a_n L__Jn_iqn 30 This Master is run under the context of Action

x e B No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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We want projective (homography)

- What are our equations now?

— k k k k k k
- N, =hge*m, + hg ™ my + hg, - n,*hoe*m, - n *hy *my

— * * * * * *
- n,=h*m, +hy*my+hy, - n ¥hyg™my - nthy *m

X X y
- New matrix equations:

M a b
m,, my]] 00 O - x1"'x1 'my1nx1 I"oo N,
O 0 0 m, m,1 -m.,n, -mn, h,, n,
m., my2] 00 O RALLLW) 'myznxz hoz — N,
O 0 O m, m,1 -m,n, -mn, h., n,
mx3 myS.I O O 0 -mx3nx3 -my3nx3 hH nx3
O 0 0 m, m,1 -mg.n  -m.n, h,, n
mxd myA] O O O -mxdnxd, -m)uinxd h20 nx4
O 0 0 m, my41 -mn, -mn, h,, n,

Co_—ﬁ_nanced_ by the European Union 31 This Master is run under the context of Action e

e e No 2020-EU-1A-0087, co-financed by the EU CEF Telecom : 1
under GA nr. INEA/CEF/ICT/A2020/2267423 * oy
Connecting Europe Facilit i
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We want projective (homography)

- New matrix equations:

M a b
m,, my'l 100 O x1M1 'my1nx1 I"oo Ny
O 0O0m,m,1 -m,n, -mn. ho] n
X Y Xy Yyt y Y
m., my2] 00 O RALLLW) 'myznxz hoz — N,
O 0 O m, my21 “m,Nn, -mn, h]0 n,
mx3 myS.I O O 0 -mx3nx3 -my3nx3 hH nx3
O 0 0 m, my31 ‘MmN, -m.n h,, n
mxd myA ] O O O -mxdnxd, -m)uinxd h20 nx4
O 0 0 m, my41 -mn, -mn, h?_] n,
- Same procedure, Solve Ma=Db
- Exactif #rows of M = 8
- Least squares if #rows of M > 8
Co_—ﬁ_nanced_ by the Eur_p__pe__a_n L__Jn_iqn 32 This Master is run under the context of Action o

e B No 2020-EU-IA-0087, co-financed by the EU CEF Telecom o
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423

*
*yk



Master programmes in Artificial
Intelligence 4 Careers in Europe

Are there any problems with this??

- New matrix equations:

M

[m,_, m. 100 0 -mn,
O 0 0 m, m, 1 -m_.n ,
m_, my21 0 0 0 -m_n,
O 0 0Om,m,1 -m_n,
X y x2 'y

m . mysl O 0 O -m N ,
O 0 Om,m,1 -m.n_
X Y X9y

m_, my41 0O 0 0 -my,n,
_O 0 0 m, my41 -mn_,
- Same procedure, Solve Ma=Db

- Exactif #rows of M =8
- Least squares if #frows of M > 8

Co-financed by the European Union
Connecting Europe Facility

33

-my] nx]

-Mm .N
yl 'yl
-my2nx2

“m_,n,
-my3nx3
-m_;n,,
MmN,

= s Rl e e B - D

y4ny4

a b
00 N
o1 N,
02| =| M
10 ny2
1 N
12 n,s
20 N4
21 N4

This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom
under GA nr. INEA/CEF/ICT/A2020/2267423
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Master programmes in Artificial
Intelligence 4 Careers in Europe

Today’s Agenda

* Panorama Stitching

Co-financed by the European Union
Connecting Europe Facility

34
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Intelligence 4 Careers in Europe g%EFF))UUﬂQ b‘yv

MAI4CAREU

Panorama algorithm

Find corners in both images

Calculate descriptors

Match descriptors

RANSAC to find homography

Stitch together images with homography

B Co-financed by the European Union 35 This Master is run under the context of Action
Connecting Europe Facility

under GA nr. INEA/CEF/ICT/A2020/2267423
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Stitching panoramas

- We know homography is right choice under certain assumption:

- Assume we are taking multiple images of planar object

Object Plane
H1 . A H, Pinhole camera
perspectivity
Pinm Pinhole
Image 1 p Image 2

;/ C,
Affine transformation

- caused by linear lens
distortion of real camera

Image 1 Image 2

This Master is run under the context of Action Rt

Co-financed by the European Union 36
Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 S
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In practice

Master programmes in Artificial

Intelligence 4 Careers in Europe

®

DY Co-financed by the European Union

* *

R Connecting Europe Facility
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In practice

B Co-financed by the European Union 18 This Master is run under the context of Action whs,
2 Connecting Europe Facilit under GA nr. INEA/CEF/ICT/A2020/2267423 A
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In practi

Master programmes in Artificial

Intelligence 4 Careers in Europe
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What’s happeRing?

B Co-financed by the European Union 43 This Master is run under the context of Action
s Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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What’s happening?

B Co-financed by the European Union 44 This Master is run under the context of Action
s Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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What’s happening?

B Co-financed by the European Union 45 This Master is run under the context of Action
s Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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What’s happening?

B Co-financed by the European Union 46 This Master is run under the context of Action
s Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423
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What’s happeRing?

\ L7F |

<

Co-financed by the European Union 50
Connecting Europe Facility
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What’s happening?

-~ 0000000000000~

Il Co-financed by the European Union c1 This Master is run under the context of Action S
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Fails

Co-financed by the European Union cc This Master is run under the context of Action
No 2020-EU-IA-0087, co-financed by the EU CEF Telecom

*
*
*

Connectlng Europe FaCIllty under GA nr. INEA/CEF/ICT/A2020/2267423 L



Master programmes in Artificial
Intelligence 4 Careers in Europe
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How do we fix it? Cylinders!

Calculate angle and height:

0= (x-xc)/f
h=(y-yc)/t

Find unit cylindrical coords:
X’ = sin(0)

Y =h

Z' = cos(0)

Project to image plane:
x'=tX'/Z' + xc
y' =tY'/Z' + yc

R Co-financed by the European Union
B Connecting Europe Facility

62

00<
o%g
ST 2

X, Y, 7
XY Z)

N
B




Master programmes in Artificial Visual
Intelligence 4 Careers in Europe g%‘ﬁgutmg

Dependant on focal length!
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f =300

BRY Co-financed by the European Union

* *
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f=1400
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f=10,000
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f=10,000
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Does it work?

R Co-financed by the European Union
B Connecting Europe Facility
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Does it work?

i Co-financed by the European Union
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Does it work?
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Does it work?

B Co-financed by the European Union 73 This Master is run under the context of Action whs,
: : L No 2020-EU-|A-0087, co-financed by the EU CEF Telecom : +
s Connecting Europe Facility under GA nr. INEA/CEF/ICT/A2020/2267423 S



) 4

Master programmes in Artificial Visual i 3% %

. Prog : Computing b& Ngpa
Intelligence 4 Careers in Europe Group XA

Yes! Assuming camera is level and rotating around its vertical axis
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Thank you.
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