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Second Moment Matrix odarris Matrix
M A 1@kl
N Zalel 18k LH

2 X 2 matrix of image derivatives smoothed by
Gaussian weights.

Notation:lxu —

A First compute ] |, and | I, 1,1, Ll then apply Gaussian to each.
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- Weighted sum of gradient information

U |Wl|x(|)|x0 A l1M/|IX(I)Iy(I) |1 5 & P - )
b Wl (@Lo A Gl (L) |1 SQftt Sttt ez2dz K2g

- Use Gaussian weighting
- Eigen vectors/values of this matrix summarize the distribution
the gradients nearby

- < I Y Rare<eigenvalues
< I Y Rboth small: no gradient
<, b b,: gradient in one direction
< Iy Rsimidlar: multiple gradient directions, corner



EstimatinoResponse

H = {gg] )\i:%((a%—d)i\/élbc—k(a—d)?)
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Harris Corner Detector
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— 1)/
Sy =20*isg
Scale
' _ (first
Si=2'/SSO octave)

. $+3 s+2
82:22/580 |mages P dlffel‘-
—n1/ ' ' e == Difference of ence
S1=2So  Including == Gaussian (DOG)  images

So original 9

The paradmeetteerrmi nes t he number of
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s+2 difference images.
top and bottom ignored.
s planes searched.
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Important Point
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Descriptors
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interest point neighborhood around normalized neighborhood
interest point around interest point
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Rotation invariance

A Rotate patch according to its dominant gradient
orientation
A This puts the patches into a canonical orientation.

| mage from Ma



Ori1 entati on Nor mal 1 2z

ACompute orientation histogr
ASel ect dominant ori éhtvatli®8%
ANormalize: rotate to fixed
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Full version { L C ¢ R é é Cv) N\y\ I-

A Divide the 16x16 window into a 4x4 grid of cells (2x2 case shown below)
A Compute an orientation histogram for each cell
A 16 cells * 8 orientations = 128 dimensional descriptor

a0
K

k-

Image gradients Keypoint descriptor

Adapted from slide by David Lowe 19



Full version { L C ¢ R é é Cv) N\y\

A Divide the 16x16 window into a 4x4 grid of cells
A Compute an orientation histogram for each cell
A 16 cells * 8 orientations = 128 dimensional descriptor

H N



Numeric Example
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Orientations in each of
the 16 pixels of the cell
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AStart 181 6vi nal@wpi xel s)
ADivi de&ltéhiend ow 4x4mtr 0 da df 6c e & |-k
A Computer iaemnt at i ofnorhiesa cohy r caert
Alecel 8Bari*ent dt2iBomensi onal descript
AThreshold normalize the descripto

Z d? — 1 suchthat: d; < 0.2

0.2

Adapted from slide by David Lowe "o



Properties of SIFT
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http://www.cs.ubc.ca/~lowe/keypoints/

Example
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How do you find correspondences’

A Put the descriptors from each image into
vectors and match them

A How do you compare two descriptors?

A Vector distance
I L1-Distance(A,B) F |a; - bj]
i L2Distance(A,B) g sqrt( a2 ¢b?)
i cosine distance (angle between 2 vectors)
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CAYVR 0UKS 060Sai

A For each descriptor a in A, find its best match b
B

A B M

A And store it in a vector of matches
A Note: this is abstract: see code for details.



atching with Features

Vd Pal
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http://robots.stanford.edu/cs223b07/notes/CS223B-L11-Panoramas.ppt

How to do It?

A Basic Procedure

1. Take asequence of Iimagesom the same
position
(Rotate the camera about its optical center)

2. Computetransformationbetween second image
and first

3. Shift the second image® overlap with the first
Blendthe two together to create a mosaic
5. If there are more images, repeat

s



1. Take a sequence of images from the same
position

Aw2 0 0S U0KS OFYSNI | 62dzu 7

" SRR
. ‘ v‘-‘..!' u\
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2. Compute transformatio

A Extract interest points
A Find Matches
A Compute transformation?

34



3. Shift the I mages t

35



4, Bl end the two togethe
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How to do It?

A Basic Procedure

n 1. Take a sequence of images from the same
] position
Rotate the camera about its optical center

2. Compute transformation between second image
and first

3. Shift the second image to overlap with the first
Blend the two together to create a mosaic
5. If there are more images, repeat

s
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Interest points




Image reprojection

\\\\mosai c PP

AtCKS Y2al AO
i¢KS AYlI 3Sa
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Camera Center
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Image reprojection
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Projective transformations

A (akahomograp
abel [x
de f| 1Y
ghl] [ 1

niey

v =u/w

Yy =v/w

44
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A Examples of parametric warps:

“‘& g -~ "“““"!"-:‘-;;-' - - -“ T TN o
S : - 2 e

GN} yatl GAzy NBOL

perspective

45



V4

H5 O22NRAVYI OGS 0

Atranslation: E €x +t X =(X,Y)
Arotation: E R x +1t

Asimilarity: E &SR x+t

A affine: E A X+t

A perspective: xQ@Hx  x=(xy,1)
(X Is ahomogeneousgoordinate)
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LYODSNBERS 2 I NL

A Get each pixet

(E)®rom its corresponding

locationE ©h(x) inf(x)

AWhat | f

Pl X gdetcwehears pPr B




Inverse Warping

A Get each pixe(E)®rom its corresponding
locationE €h(x) inf(x)

AWhat if pixel comes fro

AAnswer: We alreadgmpBhew
col or wvalnuee rfpsood vartceed |1 ma

F™ O

E

f(X) IED



Interpolation

A Possible interpolation filters:
I nearest neighbor
I bilinear
I bicubic(interpolating)




Motion models

Q e U

Trans!|l ati oAf fine Perspective

2unknown sgunknowns 8 unknowns

Jl‘ /
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Finding the transformation

ACNI VAT BREFINEB S 2F  FN
A{AYATT NBRSIENB Sa 2F TNB
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Al 2 Y2 3aNF yREINBSa 2F TN
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How do we solve for
(Xta yt) ?

54



Simple case: translations

/

(Xllayl)

5AaLx | OS Yé)\y‘t(xfg* X{J)ﬂ;m‘( Yi)

1 — 1 —
(Xt,yt) = (EZX;}X?I:EZY;:YQZ)
1=1 1=1

PP



[AYLX S Ol aSsSy

|
.

Yi T Yt
A System of linear equations

T What are the knowns? Unknowns?

I How many unknowns? How many equations (per match)?
56
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Simple case: translations

|
.

Y T Yt

At NPOfSYY Y2NXB SljdzZ dA2ya GKI-
i hPSNRSO SNAGYSSR 2 F Sljdzr G A2y a
i 2SS gAfff FIAYR a2 KdERINGREY
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[ SFad alidz- NB &

AC2NJ S| (x;,y;)2 Ay

/

X; +Xt = X,

Yi+ty:s = Yy,

A6S RSTWHSAREISE &
(%) = (% X) — X

Iy, (y:) = (Yi+y:)— Y;;




Least squares formulation

A Goal:minimize sum of squared residuals

mn

C(Xt,yt) = Z (Tx@- (%)

1=1

A Least squaressolution

Iy, (yt)Q)

A For translations, is equal to mean displaceme

P&



Solving for translations

AUsing | east squares
1 0] xh — 1y
0 1 Y1 — Y1
1 0 ThH — To
0 1 [xt]: yh — v
: Yt :
1 0 T — Ty
01 L Yn —Un _




Least squares

At =D
ACAWIRKEF 0 YAYAYAI Sa
|At —b|?
At 2 &2ft 0Ss2 ND2INDY SiliKdgl O A
A"At=A"b

t=(ATA) ATb
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+

AHow many

e

Xz
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1

t r ans-

unknowns?
equations
(Ey

mat c hes

6 & g+H

y
do

P €

V



Affine transformations

A Residuals:
re (a0, cde, f) = (axi +by; +c) — 2]
Ty@: (CL, ba C, da €, f) — (dJZ'@ T €Y; T f) — yi

A Cost function:
C(a,b,c,d,e, f) =

T

1=1



A f

A Matrix form

fo

S =

X1

-

Lo

2N X 6

N

Y1

0
Y2

Yn
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Solving for homographies

x - hoo hoi hoz | | @
Y hio hi1 hio Y;
1 _hzohzl@__l_

D, e, e

2 K& Aad U0KAA Y26 WK OFENRAIFIOofS |
A Ahomographyis a projective object, in that it has no scale.

It is represented by the above matrix, up to scale.

A One way of fixing the scale is to set one of the coordinates to
though that choice is arbitrary.

A.dzii OKIFGQa 6KIG Yzailh LIS2LI S



Solving for ho

K - hoo hoi hoz | | % ]
y: | = | hig h11 hio Y;
1 | hog ho1 hoo || 1]
1 — _Too®i + ho1yi + hoo
L =
hoox; + ho1y; + hoo
y = h1o%; + h11y; + hio
L=

hoox; + ho1y; + hoo
2 K& UKS RAOAAAZ2YK

hoox; + ho1y; + hoo

z;(hoow; + ho1y; + hoo)
yi(hoow; + ho1y; + hoo) = hiox; + h11y; + hio




Solving for homographies

- hoo

z;(hoow; + ho1y; + hoo) = hoox; + ho1y; -
yi(hoom; + ho1y; + hoo) = hiox; + h119; A
hon
ho1
hoo
z, yi 1 0 0 0 —a2la; —aly _x;] Zlo
11
0 0 0 z; vy 1 —ym; —vy; —v his
hoo
ho1
This Is just for one pair of points. | ha2 |

- hio



DI rect L1 near Tr a

- hoo
_ | ho1 o
rx1 y1 1 0 O O —:13:1331 —ac:lyl _le hoo 0
O 0 0z y»1 1 —yiz1 —yi¥1 —Y31 hi1o 0
: hll = :
Tn yn 1 0 0 O —aban —alyn —2 hio 0
0 0 O @n yn 1 —ypon —Ypyn —Yn | | h2o 0 |
h21
| hoo
2n 9 o] 2n
Defines a least squares problem: minimize ||Ah — 0||2
w{ AyhS Ad 2ytfeé RSThYSR dz
w{2f dzhA2yY ATA ¢ NG kS A8y SHI R NS

w2 2N anBNIOGK2 NBE LI AY (A
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Direct Linear Transforms
A2 Ké O2dzZ R 6S K2W2 AR
Ay SEIFOGfe GKS &l yY$S
0 NJ y aA¥eR2 NJIY =

t=(ATA) ATb



l VA G SNIFFNRSYNI | T |
OSSN w2YS AY

A C2 NJ Tf/)\)fé I N@ S/ aRFI2ZANS S |j dzlltﬂ:’\zof
res azfogrotsS o0& fAYSEN NBSINB

ACENJK@IYSEI&L] K& Sljdzr GA2Yy Aa 2
OK2Y23SyS2dza O22NRAYLI
AuszfRa 2yt e dzLd 0

Colosseum: 2,097 images, 819,242 points Trevi Fountain: 1,935 images, 1,055,153 points



Matching features

|l 6 2 dzii
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RAdom SAnple Consensus
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Least squares fit (from inliers)

nEdl W
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Pa

w! b{!/ FT2NJ SAa0GAYL (

Aw! b { !/ f 22LJY
cpétéc“)(] F2dzNJ FSI (dzNB
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Simple example: fit a line

Awl 0 KSNJ 0Ky yi/212720 B5NNIE LuF
FAO @HYldE 1o & Nd& H5l 3JF oOAONAD

O 0O O
o O O
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{AYLE S SEI YLI ¢

At ALP2 A Y G &
ACAG tAYS
Al 2dzy i Ayt A SNA

3 inliers o O

O O
0 O
O
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{AYLE S SEI YLI ¢

A Pick 2 points
A Fit line
A Count inliers

na y f )\5@
—_ -

o © O
O
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Simple example: fit a line

A Pick 2 points
A Fit line
A Count inliers

PA Yy E A SN

80




{AYLE S SEI YLI ¢

At ALP2 A Y G &
ACAG tAYS
Al 2dzy i Ayt A SNA

8 inliers
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Simple example: fit a line

Al'aS oA3I3ASad asio 2F A\
A5 2 Sl &ZlGNB  F A

82
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Panorama algorithm:

Find corners in both images

Calculate descriptors

Match descriptors

RANSAC to find homography

Stitch together images with homography



Stitching panoramas:

- We know homography is right choice under certain assumptior
Assume we are taking multiple images of planar object

3D

Object Plane

K2 Y23dNJ LIKe





















2 KIAORK | LILISY AA T K




2 KI G Qa KI-\LJLJéy)\ ViE

\ \




2 K10 KI LIMISY A y 3K



2 K10 KI LIWISY Ay 3K

N

(]




2 KIAORK | LILISY AA T K

T~




2 KI 0Qa KI LIWISY Ay 3

AN

~—_

-



2 KI 0Qa KI LIWISY Ay 3

T~ —

N\




2 Kl 0'Qa KI LILIZY Ay 3




2 K10 KI LIWISY Ay 3K

T~ —




Very bad for big panoramas!
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How do we fix it? Cylinders!
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How do we fix- mders!
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How do we fix+=-=4dinders!







A

| 2¢6 R2 ¢S TAE A

Calculate angle and height: v 2
0= (x-xc)/f *
h=(y-yc)/#

Find unit cylindrical coords:

X’ =sin(0)

Y =h

Z' = cos(0)

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

(xc,yQ = center of projection and f = focal length of camera



Dependant on focal length!

e




f =300 f =500










F min>Znnn




F min>Znnn







Does it work?



