Snimanie obrazu a jeho
vlastnosti

Sonka, Hlavac, Boyle: Image Processing, Analysis and Machine vision,
kapitola: The image, its representations and properties

Gonzales, Woods: Digital Image Processing
kapitola: Digital image fundamentals

Shapiro : Computer Vision



Kamera a snimanie obrazu
camera obscura (tmava komora)

* First photograph due to Niepce (1816)

» First on record - shown below (1822)

» Basic abstraction 1s the pinhole camera




Light is all around us!

film

m Ak dame film pred objekt nedostaneme
zmysluplny obraz



barrier filrm

m Bariéra ‘:)lokuje vacsinu svetla

m Redukuje blurring

Ken Kay, 1969 in “Light & Film”, TimeLife Publ.




Velkost’ strbiny a difrakcia svetla

01Smm D07 mm



m Sustreduju viac svetelnych lucov z kazdého bodu
sceny



——_“circle of
confusion”

m [ba objekty v spravnej vzdialenosti sa zobrazia na film
zaostrené (in focus)

m Iné objekty sa zobrazia do tzv. circle of confusion
nezaostreny bod

m /Zmenou tvaru Sosovky menime vzdialenost’ zaostrenia

(focus)



Proces snimania obrazu

OBJECT poini source of
surface element illumination

surface
normal

surface

refle¢tance
radiance CAMERA

irradiance

Z
—

optical axis
sensor element

Figure 2.1: Reflection of radiation received from a single source of illumination.




Zaklady projektivhej geometrie

m V projektivnej geometrii pracujeme s dvojrozmernym
obrazom trojrozmerného sveta.

m Udaje ktoré spracovavame su ziskane pomocou
kamery, ktora pouziva perspektivhu projekciu
(stredové premietanie).

m Pri premietani nie je jednoduché zistit’ presnu polohu
bodov, kedze viaceré body sa mozu premietnut’ do
toho istého bodu.



m Pozrime sa ktoré body to vlastne budu.

m Ak pociatok premietania je bod T a premietany bod je bod X
a premietame na rovinu R.

m Potom vsetky body na polpriamke TX sa premietnu do toho
ist¢ho bodu do roviny R.

= Formalny zapis:

® Majme (n+1)-rozmerny priestor R™*! ktory neobsahuje pociatok




m Paralelne ciary nezostanu paralelne v perspektivhom
obraze, napr. kol'ajnice

~ Horizont

Focal point __./'f - Vanishing point Optical axis

Base plane

Figure 9.2 Perspective srojection of parallel lnes.




Homogénne suradnice

m Nech P je projektivny priestor

® Body v projektivhom priestore su vyjadrené v
homogénnych suaradniciach

m One to one mapovanie je dané nasledovne




Geometria jednoduchej perspektivne;
kamery

mage affine
coordinate system

_ b U,
X, Principalpoint U =[0, 0, - J T
T
Image plane 1t Up =% % -]

Figure 9.3 The geometry of e linear perspective camera.




Pocas premietania

pracuje so 4 suradnicovymi

systémami a tymi su:

m svetovy euklidovsky stradnicovy systém

m suradnicovy eukl

idovsky systém kamery

m suradnicovy eukl
roviny

idovsky systém premietace]

® suradnicovy afinny systém premietacej roviny



Svetovy Euklidovsky suradnicovy
system

B Su v nom popisané body ktoré ideme premietat’
m teda X aj bod U su zapisane v jeho suradniciach.
m Ma pociatok v bode O (nejaky bod pr1estoru)

m [ndex w.




Suradnicovy euklidovsky systém
kamery:

/
SN, World Euclidean

P

m Ma pociatok v bode C = O_ —
ohniskovy bod

® jcho z-ova os je rovnobezna
s optikou osou,

han b e : _ ) T
Principal point Uo?[u' 0,-F

/ U =[u,wv,-f
/ Image plane 1t 03 (% % -

B X-Ova a y-ova os su na nu kolmé (ortogonalna baza)

m Existuje vzt'ah medzi kamerovym a svetovym systémom,

ktory sa da vyjadrit’ transformaciou zlozenou z posunutia
t a rotacte R.



Obrazovy euklidovsky suradnicovy
systém

m Ma rovnaké suradnicové ost ako kamerovy saradnicovy
systém, ale posunuté do bodu O,

m X aY, lezia v rovine obrazu optcalas |

“\"/\; Xw___é_,____

W
% ; o b
{j \\$cene point X ; ’ / \
\_~ \\ /t
¢ A . f’
i Z . / Camera Euclidean
Vs ; /
coordinate systea-n/ R

o\ i ¢ >

Image affine
coordinate system

/’ v
f/./// (;ix"‘“m
// £ Vu *
Y X, Prncipalpoint U =(0, 0, - J .
Uy, = (%> % -7] /

/Image plane



Obrazovy afinny suradnicovy systém

m Ma osi u, v, w a pociatok v pociatku euklidovske;
suradnicovej sustavy obrazu,

— ~ !
SN World Euclidean
ram) \-\ .
/ X w coordinate system

= v ma smer ako Y. a ) Kemopx |/
= w ma smer ako Z.

® avsak u nemusi mat’ smer ako X.

m Zavadza sa preto, lebo pixle nemusia byt vo
vseobecnosti kolmé a osi mozu byt’ skalované (ak by
sme premietali, obraz by bol skoseny a skalovany)



Z.akladny koncept

m Projektivna transtormacia vo vSeobecnom pripade moze
byt’ rozdelena na 3 jednoduchsie transformacie, ktoré
predstavuju prechody medzi jednotlivymi saradnicovymi
systémami.

m Projektivna rovnica nam hovori o tom, ako sa body

z 3-rozmerného projektivneho priestoru premietaji do
2-rozmerného projektivneho priestoru.

m Majme bod X v priestore a chceme ho vyjadrit’
v suradnicovom systéme kamery, urobime to
nasledovne:




Figure 9.4 Caleulation of the co-ordinates of the projected point.

X, je uz bod z novymi suradnicami, R je rotacia a t je posunutie
kamery voci svetovych suradnic. Bod X_ je premietnuty na

plochu IT ako bod U_

Parametre R a t sa nazyvaju vonkajsSie kalibracné parametre

kamery




World Euclidean
coovdinate system

Teraz si zoberme bod U, ktory sa
oznacuje ako stred premietacej

roviny, jeho suradnice oznacme
v afinnom suradnicovom systéme

(uO>VO>O) :

yooa . _ ) T
Principal point Uo? (0,0,-F

Uy, =% %, -/ !

jeho suradnice vieme l'ahko ziskat’

Image plane 1t

v suradnicovom systéme kamery budu (0,0,-f), potom vektor
posunutia z U, do pociatku afinnej saradnicovej sustavy je (-u,-v,0).

Ked'Ze pouzivame homogénne suradnice tak priemet bodu u =

[U,V,W]T do 2-rozmerného euklidovského priestoru bude:
u = [uv]" = [U/W], V/W]T.



= Afinné transformacie, ktoré nam hovoria o prechode zo
suradnicovej sustavy kamery do afinnej suradnicovej sustavy
obrazu mozeme zapisat’ do matice, potom bude projektivna
rovnica vyzerat’ nasledovne:

= Parametre a, b, c nam hovoria o skalovani a skoseni pozdii
suradnicovych osi

" —u,a—v, nam hovoria o prechode od saradnic kamery
k suradniciam premietania.

= Vsetky tieto parametre su kalibrané parametre a ziskavame

ich pri kalibracii kamery.




Aby sme odstranili parameter z_ tak nim vynasobime rovnicu,
dostaneme:

R {Km - t) =K R {Km - t]

Matica K bude kalibra¢na matica kamery.

V tejto rovnici mame dva druhy parametrov zavislych na kamere

a to vonkajSie parametre a vhutorné parametre, vonkajsie
parametre su pozicia kamery v svetovych suradniciach su to 3
rotacie R a 3 translacie t.



Uvazujme, ze suradnicovy systém kamery je totozny zo suradnicovym systémom
sveta, potom dostavame:

Ioge
Xy . +  Rsheoar
Xy

Tymto dostavame vnatorné parametre kamery a su nimi:
o, hovori o skalovani v smere u

Oy,eqr - DOVOLL O skoseni v smere v

o, : hovori o skalovani v smere v

Yo

Vo



Teraz s1 zoberme rovnicu 9.0,

{ —fo  —fb —uop

0 —fe —wm | R(Xu—t)=K R(X,—t)
0 0 1

pracujeme v homogénnych suradniciach tak saradnice bodu Xw
budu (x,y.,z.,1), potom vsetko vynasobime a dostaneme rovnicu:

_ [KR|- K Rf] [ R ] — M [ R ] - MX, (9.9

Matica M sa nazyva projekcéna matica.



Kalibracia kamery

Pr1 kalibracii kamery mézeme bud’ vychadzat’ zo zname;

scény alebo z neznamej scény.

Pri neznamej scéne ak pozname parametre pohybu kamery

tak tato operacie je jednoducha, zredukuje sa nam na
najdenie obrazu bodov vo viacerych obrazkoch.

Ak nepozname parametre kamery tak je toto komplikovana

uloha a nevieme scénu jednoznacne zrekonstruovat’
z jedného obrazku, potrebujeme aspon 3 pohl'ady na scénu.



Pri znamej scéne vieme parametre kamery ziskat’ priamo
z0 scény a kamera sa moze sama nakalibrovat’.

Bod sa premieta na rovinu nasledovne:

iy = M [ }iﬂ‘ ]

Rozpisme si projekénu rovnicu nasledovne:

et oy Moy Moy oy

4]

(13 {1 e Mqg  Mq4
g1 gy gy gy

%), g d + gl + gzl + o

il 1T + gl + Mgz + g
4] M3 T + Mgaly + Maz2 +— My

i) {".'fn-g 12 + Frigalf + mgge + '??1-34) =m1T + ol + Mg + 14
n {'?ﬂ-g 12 + Mgal + Mgz + '?13-34) = Ma1 2 + Maalf + Moz + May




mame 2 rovnice, kazda s 12 neznamymi (x, y, z, m-ka, u, v),
to je 24 neznamych pre kazdy jeden bod.

Ak je k dispozicii # takych bodov dostaneme maticu tvaru
272 x 12]

i1

0 —nr —uy —wz —w
1l —wx —wy —wz —v

4

g4

Matica M ma iba 11 neznamych parametrov
Na to aby sme teda vyriesili tento systém rovnic teda
potrebujeme aspon 6 korespondujiacich bodow.



Epipolar geometry



The epipolar geometry

epipolar plane TC .

C,C’.x,x’ and X are coplanar



The epipolar geometry

" - epipoly zéakladna Ciara -
U, u - obrazy bodu x pretina optické osi
_C" - epipolarna rovina v epipolach
y cez epipolu a u

epipolarna
priamka

zakladna

Ciara
left image right image

prevadza dvojrozmerné hl'adanie na jednorozmerné




Epipolar constraint

« Reduces correspondence problem to 1D search along an
epipolar line




Kanonickeé stereo

Kamery sa nachadzaja ,,vedla seba“

Priemetne lezia v jednej rovine

Ziakladna je rovnobezna s horizontalnou
suradnicovou osou suradnicovych systémov kamier
Rovnobezné optické osi

o 72

Epipoly sa nepretinaju

Figure 9.9 The canonical stereo configuration where the epipoler lines are par-
aliel in the immage, end epipoles move o infinity.




Pix.y.z)

x=0 X,=0

Figure 9.10 Elemeniary stereo geornetry in canonical configunation.

Pozname

2h —vzdialenost’ medzi kamerami, pozicia ohnisk
f — ohniskova vzdialenost’

PLPr - priemety bodu P

Chceme zistit’

z-ovu suradnicu bodu P



Kanonické stereo

Kamery: z=0
Vyuzijeme podobnost’ trojuholnikov




The epipolar geometry

The camera baseline intersects the image planes at the epipoles e and e’.
Any plane &t conatining the baseline is an epipolar plane. All points on
m projecton | and I’.



The epipolar geometry

baseline

Family of planes = and lines | and I
Intersection in epipoles e and e’



Example: converging cameras




Example: motion parallel with image plane

e at
_-—
infinity

4




Example: forward motion




left image , &

p right image

Figure 9.11 Stereo with nonparaellel azes.

[K'R|— K'Rt] [ Jf ] — K'(RX - Rt) = K'X’ (9.28)

Vieme, ze vektory X, X a t st koplanarne. ZapiSeme to rovnicou




Kamery

m Kazda bunka v poli je fotosenzitivna dioda, ktora
konvertuje fotony na elektrony
m Fotosenzitivna jednotka
m CCD charge-coupled device

® CMOS complementary metal oxide semiconductor

m Zachytavaju intenzitu svetla monochromatického
obrazu



[llumination (energy)
s source
N\

for A
f

/

P

Output (digitized) image

(Internal) image plane

Scene element

]E;c:de

FIGURE 2.15 Anexample of the digital image acquisition process. (a) Energy (“illumination”) source. (b) An el-
ement of a scene. (c) Imaging system. (d) Projection of the scene onto the image plane. (e) Digitized image.




CCD kamera Chimay of

5
E
, . —
Posuvny register 2
/ / 4 é
Zachytava elektrony pocas —
expozicného casu /B EEEEEEREER

, . RaEEEEEEEEEEN
elektrony transferuje postupne na okraj EEEREREEEERER
— vystupného zosilnovaca

, , , : ; Pixel Transfer
Konvertované z analégového signalu

Figure 1.22. A CCD Device.

na digitalny
Ma iba 1 vystup
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Close-up of a CCD Imaging Armray
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technology; rapidly changing

n

CCD cip

CCD replaces AgX film

arrays are VERY expensive

= Difficulty/cost of CCD manufacture; large
“Young

Based on silicon chip
Disadvantages vs. AgX:
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Problémy CCD &ipu

® Blooming
= anti-blooming technology
m Nie je mozné priamo pristupovat’ k jednotlivym
pixelom

m treba citanie cez posuvny register



Farebny obraz

® Jednocipové CCD :.:.:.:.:.:.:.:.

= Farebné filtre — Bayerova maska : :-:-:-:-:-' .

m Trojcipove CCD
® 3 CCD snimace — jemna optika — drahsie

m [Luc prechadza cez opticku sustavu, ktora lame svetlo
®

na jednotlivé spektra

N

'




CMOS kamery

® Vyhody oprott CCD
m vyssi rozsah zachytenych intenzit
m Vysoka rychlost’ citania
m Random pristup k pixelom

m Nevyhoda

= Vysoka aroven sumu



Foveon X3
CMOS obrazovy senzor pre digitalne kamery

Je schopny zaznamenat’ uplna farebnu informaciu pre kazdy
obrazovy bod.

Vyuziva vlastnost’, Ze rozne vinové dlzky svetla prenikaji do roznej
hibky kremikovych vrstiev

sklada sa z 3 vrstiev svetlocitlivych buniek kde kazda zachytava inu

farebnu zlozku svetla

Full spectrum from outside

- - Foveon X3 sensor stack (1 pixel)

~ 7um

1

Blue absorption Blue sensor

Green absorption Green sensor

Red absorption Red sensor

Silicon Wafer




Foveon X3 vs. Bayer
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CCD Array

Photosensitive detector: planar
silicon

CCD: mega pixel (1,000 x 1,000
array).

brightness range (at fixed

exposure time) - 10°, actually
encoded 107

uniform spatial distribution

colour images constructed from
mMosaiCc Sensors

CCD images have linear
sensitivity (= 100 levels) and
(Gaussian noise

I[(x,y) =i(x,y) fo

Human Eye

Photosensitive detector:
hemispherical retina

rods: 75- 150 million high sensitivity
monochromatic receptors

cones: 6-7 million low sensitivity
colour receptors (in fovea)

brightness range - 107, actually
encoded 10°

non-uniform spatial distribution

The human eye has sensitivity to
proportional differences ( = 100
levels), i.e.:

S<X) Y> — i<X1> Y1) B i<X2> YQ = YS<X> Y>



Vlastnosti obrazu

m Analogovy obraz je 2D obraz F(x,y) s nekonecnou
presnost’ou parametrov X a y a nekonecnu presnost’
intenzity v kazdom bode (x,y)

m Digitalny obraz je 2D obraz I[r,c|] reprezentovany
diskrétnym 2D pol'om vzoriek intenzit, kde kazda je
reprezentovany limitovanou presnost’ou



m Sedoténovy obraz (grey scale image) je
monochromaticky obraz I[r,c] s jednou hodnotou
intenzity pre kazdy pixel

m Multispektralny obraz je 2D obraz M[x,y] s vektorom
hodnot pre kazdy bod obrazu

(farebny obraz — 3 hodnoty)

m Binarny obraz je digitalny obraz s hodnotami v
pixeloch 0 alebo 1

¥ i

-
e TS . .
L N

B .

[ 9 .

Greyscale Binary



Obraz ako funkcia




Digitalizacia obrazu

m Digitalizacia obrazu je navzorkovanie (sampling)
spojitého obrazu do mriezky

m Mriezka je zvycajne pravidelného tvaru
Stvorcové a hexagonalne

m Dalsim aspektom vzorkovania je nastavenie
vzdialenosti medzi vzorkovanymi bodmi

m Cim mensia vzorkovacia vzdialenost’ tym vacsie
rozliSenie



Scene s ot
Gnid over scene Spatially sampled scene

When a continuous scene is imaged on the array
(grid) formed by a CCD , the continuous image is
divided into discrete elements.

The picture elements (pixels) thus captured represent
a spatially sampled version of the image.




Typy mriezky

m /68x576 PAL
m 640x480 N'TSC
m 1920x1080 HD

Figure 2.2: (a) Squarc grid. (b) Hexagonal grid.

m Raster je mriezka na ktorej su definované
susednosti



Susednost’ a spojitost’ pixlov

e 4-neighborhood
— For pixel (7, j)
{a-1,1), +1, 1), @, J-D, G, 7+ D}
« 8-neighborhood
— For pixel (7, j)
{G-1,1), a+1, ), (4, -D, @, j+ 1)
(i-1,3-1), G+1, )+1), 1, 3-1), -1, 3+ D)}

m Ak existuje cesta medzi 'ubovolnym 2 obrazovymi
bodmi, tieto nazyvame spojité

. [ ]4-neighbourhood of X

E 8-neighbourhood of X




Paradox pretinajucej Ciary

m Obr. a: ak uvazujeme 4-spojitost’ clary v I'avo nie
su spojite

m Obr. b: ak uvazujeme 8-spojitost’: ciara
nepretina kruh lebo nemaju spolocny bod



Kvantizacia

je prechod medzi spojitou hodnotou obrazovej funkcie
a je] digitalnym ekvivalentom
Kvantizacia na k rovnakych intervalov
k = 2", b je pocet bitov
Malé k — vznikaju neprave kontury
Riesenie :
= Aspon 100 urovni sede;
= Rozdelenie na k nepravidelnych intervalov

Clovek je schopny rozpoznat® asi 60 odtiefioy $ede;






Cua e alon

Sampling
a b
cd

AGURE 216 Generating a digital image. (a) Continuous image. (b) A scan line from A to B in the continuous image,
used to illustrate the concepts of sampling and quantuation. (c) Sampling and quantization. (d) Digital scan line.




ab

FIGURE 2.17 (a) Continuos image projected onto a sensor array. (b) Result of image

sampling and quantization.




Problém priestorovej kvantizacie

)00 000

(c) (d)

Figure 2.9: (a) 10 x 10 field of tiles of brightness } or 8 (b) Intensities recorded in a
ightness field at the left where each pivel senses th

d camera “onc tile
lues depend on both
e actual pixel si S TECOT
from the shified c




Euklidovska
City Block (Manhattan)
Chessboard

Original Euklidovska City block Chessboard



]
Metr iky N H.:

Euklidovska -

d([i, 1.0k 11) = (i —k)? + (j — | g

d=5

Manhattan
(City-block)

d([i, 11,1k, 1]) €]
d="7
Chessboard
d([1, )1, [k, 11) = mex(| 1 =k|,| j—1|
d=4




Distance Transform

Operator aplikovany na binarne obrazy

.b.mm—*DDCﬁi_u

o O |0 | 0 |jo|Q o
o |0 |0 |0 |0 |0 |0 |o
O 0 0|0 |=|N|w|s
- |k = [ (- R D |
NN N = NN N W

O | |jOojo O |||

Figure 2.8: Input binary inage. Gray pixels Figure 2.9: Result of the distance trans-
correspond to objects and white pixels to form when the distance Dy is considered in
background. calculations.




Distance Transform

(b) (c)

Figure 2.11: Tllustration of four distances used often in distance transform calculations. The
input image consists of three isolated ‘ones’. The output distance is visualized as the intensity,
lighter values denote higher distances. Contour plots are superimposed for better visualization.
(a) Euclidean distance Dg. (b) City block distance Ds4. (c¢) Chessboard distance Dg. (d) Quasi-
Euclidean distance DqE.




Distance Transform




Vnimanie obrazu - kontrast

Figure 2.17: Conditional contrast effect. Circles inside squares have the same brightness and are
perceived as having different brightness values.




Vnimanie obrazu — vizualne iluzie

Figure 2.19: Disrupted parallel diagonal lines. Figure 2.20: Horizontal lines are parallel, al-
though not perceived as such.




Histogram

22 DeriNiTioN The histogram h of gray-tone image I is defined by
him) = {(r,e) | Hr.c) =m}.

where m spans the gray-level values.

I

a) Image of a bruised cherry b) Histogram of the cherry image

sgram of the image of a bruised cherry displaying two modes, one repre
_ d portion and the other the nonbruised portion. (Courtesy of Patchrawat
Uthaisombut.)




Histogram

kazdej urovni jasu priradi zodpovedajucu pocetnost’ v
obraze

vyhladenie histogramu




Vlastnosti histogramu

m Jasovy histogram je globalny deskriptor




Low-contrast image

High-contrast image




Histogram stretching

f(x,y)-fmin + 2bpp

g(x,y) =

fmax— fmin

m The formula requires finding the minimum and
maximum pixel intensity multiply by levels of

oray. If the image 1s 8bpp, so levels ot gray are
250.



Histogram equalization

cdf [L-’f) — cd fmin
(M xN)—1

h(v) = round (

<(L-1))

m where cdf_._ is the minimum non-zero value of

the cdf,

m M X N gives the image's number of pixels (M is
width and N the height) and

m | is the number of grey levels used (in most

cases 250).



Corresponding histogram (red) and cumulative =

Before Histogram Equalization histogram (black)

{ s —.‘4‘3:% "ﬁﬁ,“". ;
. d 'r: S

'l
L)

s

After Histogram Equalization &) Corresponding histogram (red) and cumulative &)
histogram (black)




Prahovanie histogramu

prahova (hranicna) hodnota: p(i), i=0,..n
reprezentativna farba: £(1), i=1,..n - vol'ba

V body obrazu s intenzitou I(x,y)
Vi=1,..n

a2k p-1) <Ixy) <pl) tak I(xy) = )




Prahovanie

adaptivne — hl'adame lokalne minima




Vysledok




Prahovanie

pevny prah — pravidelné intervaly




Vysledok




Porovnanie

adaptivne vs. pevné

ucel pouzitia




Impulse Noise

e Data loss or saturation

e Definitions
Salt noise:
DN = maximum possible
Pepper noise:
DN = minimum possible
Salt and pepper noise:

mixture of salt and
pepper noise

Line drop:
part or all of a line lost

pepper noise (0.05% and 2%)

Line drop

LR
20000
s0e00
s000
® e



Structured Noise

» Periodic, stationary

Noise has fixed
amplitude, frequency and
phase

Commonly caused by
Interference between
electronic components

simulation example




