Finding lines in an image

w=Xxcos(@)+ ysin(¢)

=0




Hough transform algorithm
Basic Hough transform algorithm
1. Initialize H[d, 6]=0

2. for each edge point I[x,y] in the 1image

for0=0to 180
H[d, 0] +=1

3. Find the value(s) of (d, 6) where H[d, 0] 1s
maximum

4. The detected line in the 1image 1s given by

d = xcosf + ysinb



A simple example
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Registrace dat




4 zakladni kroky registrace

1. Volba fidicich bodu

2. Korespondence

3. Designh mapovaci funkce

4. Resampling a transformace



FEATURE DETECTION

Area-based methods - windows

Feature-based methods (higher level info)

- distinctive points

- corners

- lines

- closed-boundary regions
- invariant regions




FEATURE DETECTION POINTS AND CORNERS

CPD




Kros-korelace a podobné metody

(k,m)

Z (Ik,m - mean ( Ik,m)) . (W - mean(W))

\/Z (Ik,m -mean(lk,m)) 2\/Z (W - mean (W)) 2

9

C(k,m) =




FEATURE MATCHING PYRAMIDAL REPRESENTATION

processing from coarse to fine level

wavelet transform
10




FEATURE MATCHING PHASE CORRELATION

Fourier shift theorem

if 7(x)is shifted by ato f(x-a)
- FT magnitude stays constant
- phase is shifted by -2maw

shift parameter — spectral comparison of images

11




FEATURE MATCHING PHASE CORRELATION

SPOMF symmetric phase - only matched filter

imagef windoww

W. F*

= e -2 71T (O.)a +£b)

|W. F|

12




Log-polarni transformace

log-polar transform

polar
r=[(x-x)? + (y-y)?]'/2
6 = tan’'((y-y,) / (x-x,))

log
(n-Dlog(r/r;:,)

Iog(rmax/rmin)

R =

W=n,0/ (2n)




RTS registration

Folf(x — x0)|(K) = e 2%*=0 F (k).
F(R(f)) = R(F(f)) "
Flfao)) = o F (£)).

(L

FT — | | — log-polar — FT — phase correlation

© - periodicity of amplitude - > 2 angles
log(abs(FT)+1)

discrete problems



Mutual information method

Statistical measure of the

W

a dependence between

| two images

MI(f,g) = H(f) + H(g) - H(f,g)




MUTUAL INFORMATION

Entropy HX) = - 2 p(x)log p(x)

X

Mutual infomation




FEATURE MATCHING FEATURE-BASED METHODS

Combinatorial matching

no feature description, global information

graph matching
parameter clustering
ICP (3D)

Matching in the feature space
pattern classification, local information

invariance
feature descriptors

Hybrid matching combination, higher robustness




FEATURE MATCHING COMBINATORIAL - CLUSTER

’ [R1, S1, T1]

/ )
( ]
[ ]
’ [R2, S2, T2] °
T
( ]
[ ]
S
T1 °
® :
S1 .
R1




FEATURE MATCHING FEATURE SPACE MATCHING
Detected features - points, lines, regions

Invariants description

- intensity of close neighborhood

- geometrical descriptors (MBR, etc.)
- spatial distribution of other features
- angles of intersecting lines

- shape vectors

- moment invariants

Combination of descriptors




FEATURE MATCHING FEATURE SPACE MATCHING

min distance((vi,, v2,, v3,, ...
k,m

), (vl,, v2,, v3,, ..

))

20




FEATURE MATCHING

FEATURE SPACE MATCHING

maximum likelihood coefficients

W1 (W2 |W3 |W4
V1 |Dist
V2
V3

V4

21




TRANSFORM MODEL ESTIMATION

X' = fix,y)
Yy = 9(xy)

incorporation of a priory known information

removal of differences

22




transformations represented with a 2x2 matrix

2D Scaling - o
x': S * X x' Sx 0 X F: H
"l 10 s o A
':S * _y_ | y__y_ ] <=R*cosd
y y J ' |

2D Rotate around (0,0)

x'=cos®@*x—sin®@*y x' B cos® —smO || x
y'=smn®*x+cos@®*y sin®  cos® | y

2D Shear :; : E

X'=x+sh_ *y X 1 sh_| x

y'=sh *x+y ' sh 1 |y

E A y | ]

Source: Alyosha Efros



transformations represented with a 2x2 matrix

2D Mirror about Y axis

2D Translation?
xX'=x+t
o NO!
y'= y+ty 24

Source: Alyosha Efros



All 2D Linear Transformations
Properties of linear transformations:
Origin maps to origin
Lines map to lines
Parallel lines remain parallel
Ratios are preserved

Closed under composition

HEE M



TRANSFORM MODEL ESTIMATION

Podobnostni (similarity) transformace

X =sxcos(0)—sysm(0)+h
Y =s5xsm(0)+sycos(0)+k

Rigid body transform

I
=

S

26




Affine Transformations

Affine transformations are combinations of ...
Linear transformations, and

Translations

Properties of affine transformations:
Origin does not necessarily map to origin
Lines map to lines
Parallel lines remain parallel
Ratios are preserved X' = Ay + QX + Y
Closed under composition

Models change of basis y’ =bo+bsx+byy

27



Projective Transformations

Projective transformations ...
Affine transformations, and

Projective warps

Properties of projective transformations:
Origin does not necessarily map to origin
Lines map to lines
Parallel lines do not necessarily remain parallel
Ratios are not preserved
Closed under composition

Models change of basis X =(agt+a;x+ayy)/(1+cx+cy)

y' =(bo+bx+byy) /(1+cx+c,y)



Name Matrix #D.O.F. | Preserves: Icon

translation [ 1 ‘ t ]2 ; 2 orientation + - - -
o

rigid (Euclidean) [ R ‘ t ]2 ; 3 lengths + - - - O
oy

similarity [ sR ‘ t ]2 \ 4 angles + - - - Q
5y

affine [ A ]ng 6 parallelism + - - - E

projective [ H ]‘3 ; 8 straight lines Ij

O K




TRANSFORM MODEL ESTIMATION - SIMILARITY TRANSFORM

translation [4x, 4y] rotation ¢ uniform scaling s
x" = s(x*cos@-y*sinp )+Ax
y’ = s(x*sinp+ y*cosp )+A4y

scosp=a, ssinp=b

min (X ._, {[ x/— (ax; - by;) - Ax +[ y/ - (bx; +ay;) - Ay 1?})

2(x2+ y?) 0 Zx. Xy, a 2(xx;-y.'y:)

0 2(x?+ y?) 2y, Zx; J P 2y x-x;y;)
ZX; -2y, N 0 Ax |= Zx;
2y; Zx; 0 N Ay 2y,




Outliers

Outliers can hurt the quality of parameter estimates

an erroneous pair of matching points from two images

Kristen Grauman



Outhiers affect least squares fit
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Outliers affect least squares fit

i

4

2

0
2L
-4
-G
-

-10k

12+

_'Iq. 1 1 1 1 1 1 1 1 1 1
-14 -12 -10 - -G -4 -2 0 2 4 i




cature-based alignment outline




Extract features



Extract features
Compute putative matches



Extract features
Compute putative matches

Loop:
Hypothesize transformation T



Extract features
Compute putative matches

Loop:
Hypothesize transformation T

Verify transformation (search for other matches
consistent with 7)



Extract features
Compute putative matches
Loop:

Hypothesize transformation T

Verify transformation (search for other matches
consistent with 7) 39



[terative Closest Points (ICP)
Algorithm

Goal: estimate transform between two dense sets of
points

1. Assign each point in {Set 1} to its nearest
neighbor in {Set 2}

2. Estimate transformation parameters
¢.g., least squares or robust least squares

3. Transform the points in {Set 1} using estimated
parameters

4. Repeat steps 1-3 until change is very small

Slide from Derek Hoiem






RANSAC
random sample consensus

Task:
Estimate best line



RANSAC

RANdom Sample Consensus

Approach: we want to avoid the impact of
outliers, so let’s look for “inliers”, and use
those only.

Intuition: if an outlier is chosen to compute the
current fit, then the resulting line won’t have
much support from rest of the points.



RANSAC: General form

RANSAC loop:

1. Randomly select a seed group of points on which
to base transformation estimate (e.g., a group of
matches)

2. Compute transformation from seed group
Find inliers to this transformation

4. If the number of inliers is sufficiently large, re-
compute estimate of transformation on all of the
inliers

Keep the transformation with the largest number of
inliers



RANSAC line fitting example

Sample two points



RANSAC line fitting example

Fit Line



RANSAC line fitting example

Total number of points
within a threshold of line.



RANSAC line fitting example

Repeat, until get a good
result



RANSAC line fitting example

Repeat, until get a good
result



RANSAC line fitting example

Repeat, until get a good
result



RANSAC for line fitting

Repeat N times:
Draw s points uniformly at random
Fit line to these s points

Find inliers to this line among the remaining points
(i.e., points whose distance from the line is less
than t)

If there are d or more inliers, accept the line and
refit using all inliers

Lana Lazebnik



RANSAC algorithm

Ru How many times?

(1) draw@amp@‘randomw How big?

_ _ Smaller is better
(2) fit parameters ® with these n samples

(3) for each of other N-n points, calculate
their distance to the fitted model, count the
number of inlier points)c

Output © with the largest ¢

How to define?
Depends on the problem.



How to determine n ?

 Minimum n value depends on Model.

1 0 7, |
Translation | o |, n=1
2dof g
00 1
_?A11 "> r.\'_
Rigid o _
3dof By Ty I n=
0 0 1

Af a, ay I,

ine _

6dof An dp 1, [::} n=3
0 1

h, h, h;

Projective h, h. h, n=
8dof 2T

_hﬂ hyy, Dy |

CTJljD




How to determine k

« p: probability of real inliers
» P: probability of success after k trials

le_(l_pn)k

- log(l - P)

~log(1-p")

\_Y_’

L -

v

a failure

-

Y

failure after k trials

for P=0.99

n samples are all inliers

n| p K

3] 0.5] 35
6| 0.6| 97
6| 0.5]| 293




Pros

RANSAC pros and cons

Simple and general
Applicable to many different problems

Often works well 1n practice

Lots of parameters to tune

Doesn’t work well for low

inlier ratios (too many

iterations, or can fail completely)

Can’t always get a good 1nitialization
of the model based on the minimum
number of samples

Lana Lazebnik



TRANSFORM MODEL ESTIMATION - PIECEWISE TRANSFORM

IS




Local mapping functions

e Piecewise affine or cubic

« Thin-Plate Splines (TPS)

N
oy +opz +ogy + Y aigillle — zi v —will),

=1

g;(t) = # lﬂgt..



Piecewise affine mapping




Mapping functions — a comparison

TPS




Mapping functions — a comparison

> ‘\ Ho l
REQMT R‘j‘rHS SEOHT E‘;‘,HS '
TE? TE:. Affine
GE FOR ; R
‘rgﬁq nggli’f;’;ﬁﬂm F:‘FE;;M TRE.SJI ;;.’Sﬁﬂ 0N
oo -
SEnTRANS |GEOMTRANS
Quadratic TES TEST Cubic
SE Fpr i
ht TES ;:;”:ﬁ?lm';b T;%MTERE-;I ;:.ﬁ:;; ;;3

d



Mapplng functions — a comparlson

e L L “ e T L B e R Y

Piecewise
projective




TRANSFORM MODEL ESTIMATION - PIECEWISE TRANSFORM

reference sensed (simulation)

From D. N. Fogel et al., UCSB




TRANSFORM MODEL ESTIMATION - PIECEWISE TRANSFORM

affine mapping




TRANSFORM MODEL ESTIMATION - PIECEWISE TRANSFORM

cubic mapping




TRANSFORM MODEL ESTIMATION - PIECEWISE TRANSFORM

piecewise affine




TRANSFORM MODEL ESTIMATION - PIECEWISE TRANSFORM

multiquadrics




TRANSFORM MODEL ESTIMATION - PIECEWISE TRANSFORM
TPS




TRANSFORM MODEL ESTIMATION UNIFIED APPROACH

Pure interpolation —ill posed

Regularized approximation —well posed

E(f) error term
R(f) regularization term
ab weights




TRANSFORM MODEL ESTIMATION UNIFIED APPROACH

Choices for  min J(f) = a E(f) + b R(f)
E(f) = Z(x,-’—f(x,-,y,-))z

R(f) >=0
[IL(AI]

a << b least-square fit,
f from the null-space of L

a>>b “smooth” interpolation







_
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........ |






TRANSFORM MODEL ESTIMATION UNIFIED APPROACH

Choices for  min J(f) = a E(f) + b R(f)

_ 0/ 0% 1\
w1 /f (ﬂﬂ:ﬂm) (32:311) ! (3y3y) oy
N
flx y)= o1t+oaz+agy+ ) agille—zi,y—ul)

=1

TPS q;(t) = # logt

another choice  G-RBF gilt) = exp (;r)




25

15

o(r) = 1+ (e1)?

150

200

250

300 350

400

TPS
G-RBF
multiquadrics

Inverse
multiquadrics
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Registrace s TPS

1. N dvojic bodu (x,y) = (x’,y’)
2. Nalézt 6 + 2N koeficientu

Gy, ay,0y,b,0,,b,, F, G,
N

r 2 2

X' =a, +a1x+a2y+ZFl.ri Inr,
=1

V' =b,+bx+b,y+ ZGirf In7’
=1



Registrace s TPS

ey N
... jesSté téchto 6 Z
rovnic F 0 ZG,- =0
i=1

ixl =0 Zx,

i=l i=1

N N
Zyl =0 Zini:O

=1 i=1

Urcete ostatni body obrazku



Jak to, ze to funguje?

l

N
X=>pry¢ od N bodil vyraz Z F ;;,2 In 72
i=1
mizi, suma jde k 0, totez pro y, tedy se obje-
vuje vztah

/
x'—>a,+ax+a,y
y' > b,+bx+b,y



Jak to, ze to funguje?

Vhodne pro situace s malou transformaci
Body uniformne
Dostatek bodu a rovhomérné



TRANSFORM MODEL ESTIMATION THIN-PLATE SPLINES

original




TRANSFORM MODEL ESTIMATION THIN-PLATE SPLINES

TPS, a >> b, “smooth” interpolation




TRANSFORM MODEL ESTIMATION THIN-PLATE SPLINES

TPS,a>b




TRANSFORM MODEL ESTIMATION THIN-PLATE SPLINES

TPS,a<b




TRANSFORM MODEL ESTIMATION THIN-PLATE SPLINES

TPS, a << b, least-square fit




TRANSFORM MODEL ESTIMATION THIN-PLATE SPLINES

original




TRANSFORM MODEL ESTIMATION TPS x G-RBF




TRANSFORM MODEL ESTIMATION RIGIDITY




IMAGE RESAMPLING AND TRANSFORMATION

trade-off between accuracy and computational complexity




IMAGE RESAMPLING AND TRANSFORMATION

input /ﬁl;bgt

forward - LW

method
\N

backward e

method




IMAGE RESAMPLING AND TRANSFORMATION

forward Blu(x, y), v(x, y)] = Alx, y]

method Nemapuje se vzdy na pozice pixell ->

INTERPOLACE
Muze produkovat diry

backward Blu, v] = A[x(u, v), y(u, V)]
method
Nemapuje se vzdy z pozice pixelu

INTERPOLACE

Muze nepostihnout v8echny vstupni
pixely




IMAGE RESAMPLING AND TRANSFORMATION

nearest
original i _

neighbor
bilinear bicubic




IMAGE RESAMPLING AND TRANSFORMATION

Interpolation nearest neighbor




IMAGE RESAMPLING AND TRANSFORMATION

Interpolation

nearest neighbor

bilinear

Interp

late horizpntally




IMAGE RESAMPLING AND TRANSFORMATION

Interpolation nearest neighbor
bilinear
bicubic

Implementation 1-D convolution

ideal ¢(x) = k.sinc(kx)




IMAGE RESAMPLING AND TRANSFORMATION

Interpolation mask c(x)

closest neighbour

0.5

linear

smooth cubic /




Kq(t) K, (t)
— Sinc Sinc
— MNearest Lanczos 2
— Bilinear
— Bicubic

Lanczos 3
Lanczos 4

AN
L

”\,//\v v/\\/

—3

o -
b

2 =3 0

t t

catrom gaussian bessel mitchell sinc lanczos

&

d




Interpolation Kemel

Order Zero




Interpolation Kemel

Convolution




Interpolation Kemel




Interpolation Kernel

Order Two




Interpolation Kernel

Order Three




Interpolation

Zero Order
Nearest Neighbor



Interpolation

Zero Order
Nearest Neighbor



Interpolation



Interpolation

First Order

Linear



Interpolation



Interpolation

A\



Interpolation




Interpolation

Second Order

Quadratic



Interpolation



Interpolation



Interpolation



Interpolation

Third Order
Cubic



Interpolation



Interpolation

AN



Interpolation



Type of Resampling

Computational Complexity

Nearest-Neighbor O(n?)
Bilinear Interpolation O(n?)
Cubic Convolution O(n?)
Cubic Spline, Direct Computation O(n?)
Cubic Spline, Using FFT O(n?logn)
Radial Functions with Local Support O(n?)

Gaussian, Using FFT

O(n3logn)




ACCURACY EVALUATION

Localization error - displacement of features
- due to detection method

Matching error - false matches
- ensured by robust matching (hybrid)
- consistency check, cross-validation

Alignment error - difference between model and reality
- mean square error
- test point error (excluded points)
- comparison (“gold standard”)




TRENDS AND FUTURE

complex local transforms
multimodal data, 3D data sets
brute force approaches

CNN

expert systems




Analysis of the Arnolfini Portrait

(Jan van Eyck)

From Criminisi e al., Microsoft Research






APPLICATIONS DIFFERENT TIMES
Medieval mosaic conservation, Prague
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Image warping




Human to animal warping by TPS




Realistic warping




Morphing = warping + blending










SIFT — scale invariant feature transform

Distinctive image features from scale-invariant keypoints.
David G. Lowe, International Journal of Computer Vision,
60, 2 (2004), pp. 91-110

Hodné pfiznaku
Opakovatelné
Reprezentativni (orientace, méritko)

Rychly vypocCet




SIFT — scale invariant feature transform

1. Nalezt extremy
2. Vylepsit poCet a polohu
3. Odstranit vliv otoCeni a zmény méritka

4. Popsat




SIFT — scale invariant feature transform

1. Nalezt extremy

PFiznaky ruzné v riznych rozliSenich - scale




SIFT — scale invariant feature transform

1. Nalézt extrémy A K '
scale o

LoG

H2 52
V2 =55+54

DoG - difference of Gaussians

D\o)=(Glko)-Glo))* I




SIFT — v jedné oktave 3 skaly (Lowe)

e — >

— | — ———

octave) = "ﬁ
Aﬁﬁ

Scale
(first
octave)

Difference of
Gaussian Gaussian (DOG)

Vsechny lokalni extrémy na 3x3x3 okoli

Non-maximum suppression
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Scale space 1mages




Difference-of-Gaussian images




SIFT — scale invariant feature transform

True Extrema

Detected Extrema

interpolace

Sampling




SIFT — scale invariant feature transform

Fit Cure
XK Data points
x Actual Minimum
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SIFT — scale invariant feature transform
didatu - nizky-kontrast
(nizka kfrivost)

832 -> 729 -> 536




SIFT — scale invariant feature transform

Deskriptory — invariance k affinni, Sum, osvétleni
- rychlé, distinktivni
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Normalizace Skala a rotace

odhad velikosti gradientu a sméru ->

pro nejvyznamnéjsSi peak - histogram gradientt (36 binu)
pokud hodne podobne maximu -> dalsi feature







SIFT — scale invariant feature transform

0 27

angle histogram

Image gradients




Numeric Example

0.97 0.98
0.79 0.97
0.73 0.91
0.90 0.98

by Yao Lu



L(x+1,y-1) 0.98

(Y —097— - -
0(x,y)

M) 0.91

075 | 0.90 o%

magnitude(x,y)=J(L(x +1,y) — L(x — 1,y))2 + (L(x,y+1) = L(x,y — 1))2

~ L(x,y+1)-L(xy—1)
G(X,y)‘amn((um 1,y)—L(X—1»Y))

by Yao Lu



~ >
— -
2 Ve

Orientations in each of
the 16 pixels of the cell

The orientations all
ended up in two bins:
11 in one bin, 5 in the
other. (rough count)

511000000




SIFT — scale invariant feature transform
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Image gradients Keypoint descriptor

urci orientaci a velikost v nejblizSim scale pro max peak

mx.v)= J(L(x+ 1.v)—Lix = 1, v)? +(Lix.v+ 1) = Lix,v— 1))
Bix.v)=tan " (Lx, v+ )= Lix,vy— IN/(Lx+1,v) = L(x — 1.v)))

Histogram orientaci
16x16 - 4x4 okna, 8 sméru -> 128 vektor pfiznakl






Image Fusion

Input: Several images of the same scene

Output: One image of higher quality

The definition of “quality” depends on
the particular application area



Basic fusion strategy

Acquisition of different images
Image-to-image registration




Fusion categories

Multiview fusion
Multitemporal fusion
Multimodal fusion

Fusion for image restoration



Multisetting Fusion

Images taken by the same sensor with
different settings

— ” focus
— 1
| exposure

Goal: To combine complementary
information by image
compositing




Multifocus fusion




Multifocus fusion

The original image can be divided into regions

such that every region is in focus in at least
one

channel

Goal:Image everywhere in focus

Idea: Identify the regions in focus (by maximizing
proper focus measure) and combine them together



Artificial example

Images with different areas in focus




Fused image




Multiexposure fusion

high dynamic

range images

| foreground

|

background

Courtesy of Image Fusion Systems
Research






Fusion categories

Multisetting fusion

Multitemporal fusion
Multimodal fusion

Fusion for image restoration



Multiview Fusion

Images of the same modality, taken at the
same time but from different places or
under different conditions

Goal: to supply complementary
information from different views



Multiview fusion - stereo

Courtesy of CMP, CVUT, Prague



Fusion categories

Multisetting fusion

Multiview fusion

Multimodal fusion

Fusion for image restoration



Multitemporal Fusion

Images of the same scene taken at different times
(usually of the same modality)

— 10:00
11:00
N 12:00
i 13:00

Goal: Change detection, noise suppression,
image synthesis

Methods: Subtraction, false color synthesis, time
averaging, image blending



Synthesis of artificial images




Fusion categories

Multisetting fusion

Multiview fusion

Multitemporal fusion

Fusion for image restoration



Multimodal Fusion

Images of different modalities: PET, CT,
MRI, visible, infrared, ultraviolet, etc.

— uv

visible
R — : IR
\_L radar

Goal: To emphasize band-specific

information



Multimodal Fusion

Pixel-wise fusion
Fusion in transform domains

Object-level fusion



Pixel-wise fusion

alpha

blending

PET



Transform domain

Mixing rules +

Consistency check




Object-level

Pixel-wise
or

Transform-Domain
Fusion

without
segmentation




Multimodal Fusion
object level fusion

multimodal fusion for quality
enhancement

Jaszczak SPECT
Phantom

MAP restoration




Multimodal Fusion

art conservation applications

caeson

ultraviolet ultraviolet
wide band narrow band
- o. _

visible light




Multimodal Fusion
art conservation applications

- PCA -based
. = fusion




Multimodal Fusion
art conservation applications

fusion for change detection




Multimodal fusion of images
with different resolution

One image with high spatial resolution, the other one with
low spatial but high spectral resolution.

Goal: An image with high spatial and spectral resolution






Multimodal fusion of images
with different resolution

Goal: An image with high spatial and spectral resolution

Methods: Replacing intensity in IHS

Replacing intensity in PCA
Replacing high frequencies
Replacing bands in WT



IHS transformation

RGB image -> HIS

Hue,Saturation,
Intensity

| -> PAN

HIS -> RGB

Imags 1
[lowy resolution)

zaturafion

Iiane 2
(high resalution)

Image 3 J

fimproved resolution)
o :



vectral

Fused image




PANCHROMATIC

FUSED PRODUCT




Original HRPI Original LRMIs (RGB)
(resampled at 1-m pixel

(panchromatic band) size).




'\-q '
ta \r;u x ,

Result of the HPF
method




Wavelety







Morfologie

- Predzpracovani — odsSumovani, skeletonizace,
konvexni obal

- Segmentace

- Rozpoznavani — plocha, hranice



Morfologie

Strukturni element
- adekvatni studovanému objektu

oo = 0O |0

O = = = O

O = =2 O

oo = 0O |0




Morfologie
Zakladni operace

Dilatace

drii tvar,

lehce vyhlazeny
vzhledem k

Eroze _—
T
Kombinace — .
otevreni objektu ]

uzavieni “pozadi




Morfologie - dilatace a eroze
Fit & Hit & Miss




Morfologie - dilatace a eroze

’ .. Eroze

fos g(x,y) =+

1jestlize s FIT f

0 jinak

.

r

+




Morfologie - dilatace a eroze
Eroze

E =17
Ae B ={z € E|B, C A}
B.,=1{b+z|be B}

A A A



Morfologie - dilatace a eroze

. . Dilatace
fds

1jestlize s HIT f

x? — < oo
8(x.7) 0 jinak

.

+




Morfologie - dilatace a eroze
Dilatace

A B={z€ E|(B),NnA# &}

A A




Morfologie - dilatace a eroze
vlastnosti

A B=BPp A
(AGB)dC =A% (B¢ C))

eroze - neplati komutativita, asociativita
Eroze - odstranéni struktur daneho tvaru

Dilatace - zaplnéni dér daného tvaru



Morfologie - sloziené operace




Morfologie - sloziené operace

-opakovani zakladnich operaci EROZE a DILATACE,
stejny SE

- OTEVRENI = EROZE -> DILATACE

- UZAVRENI| = DILATACE -> EROZE m



Morfologie - OTEVRENI

fos= (f eS) DS
vyhlazuje hranice, rozdeluje tenka spojeni,
odstranuje malé objekty, ale zachovava tvar

e |

s 4 ]

AS B _
A A-B={(ASB)& B

Ao B=U{(B). |(B). c 4}

sjednoceni vSech posunu B, které pasuji do A



Morfologie - OTEVRENI

A+ B = U[(B)(B):c A)
B

"y

Transhules of B m A

-idempotentni

(Ao B)oB= AoB.



Morfologie - OTEVRENI




Morfologie - UZAVRENI

fes=(fos)os

vyhlazuje hranice, odstranuje male diry,

zaplnuje malé predely, ale zachovava tvar

. c

e

—

-

A A*B= (A€ B)SB

AL B
Doplnék sjednoceni vsech posunu B,
ktere se neprekryvaji s A



Morfologie - UZAVRENI

-idempotentni (AeB)eB=AeB



Morfologie - UZAVRENI




Morfologie - vlastnhosti

Otevieni  A°B je podmnozina A

jestlize C je podmnozina D,
pak C °B je podmnozina D °B

Uzavreni A je podmnozina AeB

jestlize C je podmnozina D,
pak C eB je podmnozina D «B

Otevreni a uzavreni jsou dualni vzhledem k doplnku a zrcadleni

(A® B)° = (A0 B)



A

ASB

B)®& B

(AS

A-B=

|||||

|||||

A ———— e ———

P
e B

(AE B]I

- B =

A

IIIII

e ——

IIIII

1
1
1
J

S
=
[
[
'

e

|||||||||||||



opening of A closing of A
—removal of small protrusions, thin = removal of holes

connections, ..



RPN
. o _‘ Y Y nl. -
NN ‘)(A%B}HTBA._B
N\ (A-B)® B [(A-B)$&B|©B=(A"B)-B

/




Porovnani operaci

+ i
* i & ;
eroze zavreni

original "
dilatace otevreni



Morfologie - Hit or Miss

®

Detekce pozadovaného tvaru "template matching

= o T EE

Strukturalni element — objekt (B1) a pozadi (B2)

Pasuje B1 do objektu a soucasné B2 nepasuje do
objektu, tedy pasuje do pozadi ?



Morfologie - Hit or Miss

A, okno W a pozadi (W-X) = o
doplnek A, eroze As X U*” \;

eroze dopliiku A s (W-X) -

prinik s pozici X o U—

A®B = (AQX) A[A O — XY | =1




Morfologie - detekce hranice

—Origin

B(A)=A-(AcB)

B

AlA)






B(A)

L 2208 AH

L 2208 AH




Morfologie - zaplinovani mezer

X, =(X, ®B)nA k=123..

iterativne



1 o e o

5 8 S
i i

Xg X XU A

X, =(X, ®B)nA k=123...






Morfologie - vyhlazovani

otevreni

dilatace uzavreni




Morfologie - konvexni obal

=X, ®B)Yu4 i=1234 andk =1,2,3,...

A je konvexni, jestlize kazda prima spOJnlce dvou bodl

zAjeVvA.

4 .
C(A) = g_JlDl

B.’-

B

C(A)



AXB

Morfologie - thinning

A—(A®B)

AN (A®B)" o

bcd

LT
e I &

dl

,I_()rigi n
l|I b4 = = s X s
w y w0 o =

" g W x x x

B! B B? B* B B° B’ B

§
A A® B A® B

A2 B3 A® B A® B?
A® B A@ B A® B3

A& 34.5.{\.?.3, 1.2,3

FIGURE 9.21 (a) Sequence of rotated structuring elements used for thinning. (b) Set A.
{c) Result of thinning with the first element. (d)—(i) Results of thinning with the next
seven elements (there was no change between the seventh and eighth elements). (j) Re-
sult of using the first element again (there were no changes for the next two elements).
(k) Result after convergence. (1) Conversion to m-connectivity.
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Morfologie - dilatace a eroze

Sedoténova

DILATACE - v kazdé poloze se sectou po prvcich hodnoty
strukt. elementu a odpovidajici ¢asti obrazu a nalezne se
MAX

EROZE- v kazdeé poloze se odectou po prvcich hodnoty
strukt. elementu od odpovidajici Casti obrazu a nalezne
se MIN






Morfologie - otevfieni a uzavreni

Sedotdonové




Morfologie - otevieni a uzavireni
Sedotéonové




Morfologie - vyhlazovani
Sedotonové

OTEVRENI pak UZAVRENI



Morfologie - gradient
Sedotonové

(A® B) —(A© B)



Morfologie

Erosion Dilatation
[Q]= I©B
Closing I-B Opening loB
= (IoB)GB = (leB)®B

Images courtesy of OpenCV tutorial at CVPR-2001
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