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¢ An image is a discrete array of samples
representing a continucus 2D function

M

What is an image?!

" NAYNINN np'm;\ ol
'awono 2008

Continuous function Discrete samples 2 AN TRTT OINAFIZ ABRS TINTT MO Y D/B7UN DITANN OFUNT 7N 1
Aepo Juprs  afosas 280 NE
A ey ks plomi3s o .
LY ¥ ar ,
L2 LRI plop AND N
)) } (,d’ F{J’ Q;Q}a
Sampling and Reconstruction Converting to digital form
¥ Jpon « Convert continuous sensed data into
porton digital form
A o Y
* Sampling w3
o Yy
/’t mAaf3ra Y S
«];‘!}b"ﬁ
i ,\-wp.a .
. Quantizaion !
Reconstruction .
wirdd 2orv N AU L ‘
& T3 AR Sampling ’_ﬂ‘p - a
PTG ‘ K8 (5 o FEW, L2
AL YRS o K r
A Ol z3 , ponolt A 0@ [ n
mvile  brgsf n%’L Y TR T WO EC RPN b )
At
Sampling Theory Sampling and Reconstruction
» How many samples are required to representa
given signal without loss of information?
» What signals can be reconstructed without loss
for a given sampling rate?
Original fusction
Recopstructed function
/,
gu 19.9 FYDFH
©
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Spectral Analysis Aliasing
+ So our image {function {(x,y)) describes how + What happens when we use too few

the signal changes over “time” (x and y axes) samples?
* Aliasing occurs when we use too few samples » Aliasing

{what is enough?)

» The more an image changes, the more we need
to sample it.

» How do we measure how fast a signal changes?
<+ Frequencies

hRas sl 30 RS Ahooan ,,)?pj'..)(_’l'

. ?’}’.rfﬁa pr s YR L st /8l ) Figure 14.17 FWDFH

Fourier Spectral Analysis
* Joseph Fourier discovered in 1822 that = Spatial domain: + Frequency domain:
= Any periodic function can be expressed as the + Funciiom:fx) » Functiar:F{u)
= Filtering: corvolution = Filtering multiplication

sum of sines andfor cosines if different
frequencies (Fourier Series) f 1P|
= Even functions that are not periodic can be
expressed as the integral of sines andfor "
cosines (Fourier Tronsform) .fpcpah e
aans § g1 x u
= Initial application was in heat diffusion Jent

2onty g Any signal can be wiitten as a
¥ ) sumn of pariedic functions.
1 g
10 Wi A
Y3 b
,onh
Fourier Transform (1D) Fourier Transform (1D)

(7)) N

¢ Fourier transform:

F(u)= T f(x)ye ™ dx . W’ ‘jf 'M

s Inverse Fourier transform:

f(x)= TF(u)e”zmdu

LI S < R 4

Figure 2.6 Wolberg
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Image Processing

¢ Pixel operations
= Add random noise
s Add luminance

= Add contrast

+ Quantization
 Uniform Quantization
= Floyd-Steinberg dither

Sampling Theorem

+ A signal can be reconstructed from its samples,
if the original signal has no frequencies )
above |/2 the sampling frequency - Shannon

= Compute mean luminance L for all pixels
= luminance = 0.30%r + 0,.59*g + 0.11*b

« Scale deviation from L for each pixel component
° Must ¢lamp to range (eg.0to 1)

: Vb b
Original More Contrast

Original

Brighter

» Add saturation « Warping * The r-nini!-num sar:pling 'rate for; bandlimited
e o Scale function is called “Nyquist rate
* Filtering
° Rotate
o Blur
= Detect edges ° War?s_
= Sharpen * Combining " Aslgnal Is bandiimjiéd ifits
e Emboss = Composite highestfrequénéy s bigunded. =~
o Median > Morph ThelmquenQEScalledthehandwndm. -
Adjusting Contrast Adjusting Brightness

» Simply scale pixel components
o Must clamp to range (e.g.0to I)

AN i S (o (6 2 0né

Ak po prin 85 ~is ooy $%S
‘.\,f“-‘,,l)i ',\'\‘-\:\)QJ

Ayl apg 2Oan €83 o MUl )
Ao oot LE& of SB0 0 Sopis [» (6

[o4]  rIonIn>

Linear Filtering (Spatial Domain)

= Convolution

» Each output pixel is a linear combination of input pixefs in
neighborhood with weights prescribed by a filker

¢ Pixel operations
= Add random noise
o Add luminance
= Add contrast
= Add saturation
* Filtering
& Blur
o Detect edges
s Sharpen
o Emboss
o Median

Image Processing

+ Quantization
= Uniform Quantization
Flayd-Steinberg dither
* Warping
» Scale
°> Rotate
= Warps
& Combining
= Composite
= Morph

- s .
R0 3b 63 G pilpn 0N AL R A s
/n."!.’fﬁ,d;\ a}f”);’ ’&/

+

)
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More on blur (lowpass filters)

» We can either take a uniform KKx
kernel {mean filter) o 4 ﬁ l}j
»oon [ YN L
+ Or a Gaussian kernel ‘ [}(ﬁ 4}(& }l/ﬁjl
& Zl16 716
& 76 /6.

« A Gaussian kernel tends to provide
gentler smoothing and preserve

Adjust Blurriness
» Convolve with a filter whose entries sum to one
o Each pixel becomes a weighted average of its neighbors

edges better or
]: i Y Hs Ks
y ; Filer = | %1 s 2o
i RN TRl '\Q What o your think bappens In the frequency domain? 16 716 %6
2%
Jﬁiaﬂ‘\gf’ﬁ A»’"'*"'f:‘ ~nfl 9::4!@ Live & AL2AN \'?éb - ?”)G\lp"ﬂfa(y/w @,\/&: Elur 25
¢ 7 e b -
. é’b\ 'y , lo!’fcé’ '”s/cgv) Jofied nn Yo 2 ;; e > ;}Dh o fren _::p - f::;,t ’:eni
“pored o s AClop s A U S AT SR = B e T ~bon
{r'?'m -ss?blﬁm%,ff ?Q,a;: fone 6 »n'ae Gl Ay e gy Yot Ao/ ’m”f
Mo 7 ! 4 oi-h g B )
AR ST Wk G (o pshin e aGlien V20 ™ b ,: it 6p®
i’:&aﬁw AGNT wids PR D A YOt RIS
5afferf -f") Sharpen Edge Detection
. #1,3”1\

+ Sum detected edges with original image

Original Sharpened

-1 -1 -
Filter =| -1 +9 -1
-1 -1 1

22

+ Convolve with a filter that finds differences
between neighbor pixels

Original Detect edges
At 4 Gfane, Yy
iy Fpd mge on o fin

-1 -1 -
B Filter =| -1 +8 -1
(i H«:wumf Uy BMaas r {_1 ¥ ]

T

MM LS on Gann p sl M

Ao e Rlee 32

RS E

g * Any operation on a neighborhood around each phxel

Non-linear filtering

« For example; Selecting the median value of the neighborhood

s

24

Emboss

» Convolve with a filter that highlights gradients
in particular directions

Original Embossed

-1 -1 0
Filter= (-1 0 1
g 11

waed & (ten b

/'\J‘ Ay,
Mol

D R LI Y /S Y X P
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Image Warping

* Move pixels of image

Image Processing

+ Pixel operations
» Add random noise
° Add luminance

» Quantization
= Uniform Quantization
= Floyd-5teinberg dither

s Add contrast R . PR 3
» Add saturation Y:arlrmg By ] Al
« Filtering e o »lon
o Blur * Romate ~sbopn AN
o = Warps fc,()
Detect edges P T
Warp o Sharpen » Combining (&
= Emboss = Composite
. > Median o Marph
Source image Destination image
F‘,«Nf fome 6 &, miv A MU AN YRy
(s Lpon GLahd Bhmy Al s Baon
' i ' 5 ) e fe, e
Li's 8 2P vk o1, 2 7S ‘
Crasl S 2w UGS Vi b t‘-’c
e
Example Image Warping
¢ Image Scaling . |s=:e= . - ot ,
Vo — . = How do we speci erg overy pixet goes? {mapping]
° (Xy) = (9% syty); = How do we compute colors at destination pixels? (resampling)
= 1xy) =2 5
Source image Destination image
L]
R ool B afen/ p)lpna ok
™
Image Warping
* Image warping requires resampling of image
¢ BACKTO SAMPLING [ l
Resampling
[11emr
30 i)

)
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Spatial Aliasing

» Artifacts due to limited spatial resolution

Aliasing (again)

+ In general:

 Artifacts due to under-sampling or poor reconstruction
» Specifically,in graphics:

< Spatial alizgsing

= Temporal aliasing

Under-sampling Figure 14.17 FYDFH

3w bl R poen s J TR o)
2ok pl gaand
o
kN
Temporal Aliasing Spatial Aliasing
= Artifacts due to limited temporal resolution  Artifacts due to limited spatial resolution
+ Srobing : = -
= Flickering

“Jegges”

A l;‘asfﬂa
& Wi
Anifignd

\ae npGR

‘FU/\’{ LN

T(hh }P‘h e p AR ol /}‘)) [
. O"“fdﬂn }}J’Q.r’ A J Ay /..‘.75
01 {& sh ¥  nnl 2pun | X622 FIA

. . Aoans o N 2R
(oan (& 8 Sorn Y f;"/\—‘ 1 s

Image Processing

Real world

Discrete samples (pixels)

Display

Antialiasing

 Sample at higher rate
= Not always possible
= Doesn’t always solve problem
» Pre-filter to form bandlimited signal
= Form bandlimited function (low-pass filter)
= Trades aliasing for blurring

S ARl o M

sHiptla A
ol O

a T VAt A B
far
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Image Processing

Real world

Diserete sarmples (pixels)

Image Processing

Display

Transformed function Discrete Samples Transformed function Continuous Function
Bandlimited function Bandlimiced functon
Discrete snméiu {pixels) Discrete samples (pixels)
Display Display
Image Processing Image Processing
Real world
Discrete samples (pixels)
Reconstructed function
Transformed function Transformed Function Reconstructed Function

D) Al aNEE RAUL gt il (B
(A dpAN oA #1223

Diserete samples

Display

Image Processing

Real world

Bandlimited Functlon
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Image Processing

Real world

Ideal Bandlimiting Filter

¢ Frequency dolrmusla\in

ity H
oo

LA\ f”\ VAN .
Reconstructed function

» Spatial domain Display

sin
Sinc{x)= oz
2
Discrete samples {pixels)
Figure 4.5Wolberg Display

e
Triangle Filter ’ Practical Image Processing
. . . + Finite low-pass filters Real world
» Convolution with triangle filter » Point sampling (bad)
= Triangle filter Discrete samples (pixels)
» (Gaussian filter
Reconstructed function
| | “ | , l | ’ |l T%_I Transformed function
i (]
| input Output Bandlimited function
Discrete samples (pixels)
I Figure 2.4VWolberg Display
|
N e
AT _‘/N,-Dl'\-.‘\ FYAE E?f
a3 " / fla) .}
O-¢ro . A I B Mlrk Y phg BT o T
' iﬂb: JYNAFL e aag PR e P & Ny
& Jesd jaN g Alya 2 6> fosys sl me I ©
Y T

Gaussian Filter

+ Convolution with Gaussian filter

§ AND BACKTO
WARPING Q\

Input Output

Figure 2.4Wolberg
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Image Resampling

= Compute weighted sum of pixel neighborhood
= Qutput is weighted average

e i
/ N

(wy | w \

Kernel Function 7

dst{u,w)=0;
Lor {ix=u-w; ix<=u+w;|

d=diat betwagn
dst (u,v) +=

for {iy=v-w; iye=vigt iy+) \

fmage Resamplihg

» What if we are resampling a 2D image?

e el \\\
/ N

wy |

Triangle Filtering (width <= 1)

» Bilinearly interpolate four closest pixels
a a = |inear interpolation of src{u,.v,) and sre(u,,v,)
s b = linear interpolation of src{u),v) and src{uy v}
= dst{x,y) = linear interpglation of"a" and 'b”
(uy, %) o . (uzV)

(V) b {ugvy)

Image Resampling

» For isotropic Triangle and Gaussian filters,
k(ix.iy) is a function of d and w

/"_"“\\
AN 4 A
Triangle filter A
Kijy=1 - d'w \\ ﬁ

\ W)

]

e PP ppapa 3N ol Yo Viw sty

Y B, pat A0

Image Scale

o Scale (src, dst, sx, sy):

¥ = max{l/sx,1/8¥);
for (int ix = 0; ix < xmax; ix++4} {
for (int iy = 0; 1y < ymaxy iy++) {
float u = ix / ax;
£loat v = iy / sy}
dst {(ix,1y) = resaspls(src,u,v,k,¥);
}
}

Gaussian Filtering

» Kernel is a Guassian function

AT TN
/ N

(uy | w= 39‘_\

7
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NAIT

50% Nearest Nelghbor

50% Bilinear

How do we resample?

+ Point sampling (N.N)

> Simple but causes aliasing

retura syeliuivi,

¢ Triangle and Gaussian
o Algorithm as we saw earlier

]
e e

iz

Source imag Destination image

\
Image Warping (in General) NAIT
» Reverse Mapping
warplsra, asg) {
far {int ix = 07 1x < xmax; ix++) {
for (int iy = 0; iy < ymax; ly++) {
float w & 1 / acale{lx, 1y): i
float 4 - £ (i, iy)s 50% Nearest Nelghbor 0% Bilinear
floak v = £, (fx,iy);
det (ix,1y) = Repampla{src,u,v,w};
} ?
} {u ' :
o (%)
Snurce image Destination image
RIS r\'rf\.\"\
T T A N
A - T g
e ol ’5"92 ) 7 r(gw
bl

/\.I;)'a‘\;\ Falk'l)) p,;

¢ THE END

Image Warping (in General)

+ Alternative (forward)

Warp{sra, dat) {
for {int iv = 0; 1u < umax; io++) {
for {int iv = 0; iv < vmax; iv++) {
float x = £ {iu,iv};
fleat ¥ » £.01u,1v);
float w & 1 / acala{x, y}:

8gplat (src{iu,iv), x, y, w): welghting ?27

1 |
} (i iv)L

Lt

Source image Deslinativa image

L1

ML 4 ma M i D AL

)

10
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Poisson Image Editing

Exercise 1
Due date: 30.03.09

General Description

The purpose of this exercise is to-
understand and implement a Poisson
seamless cloning image editing tool. -

Part 1: Smooth image completion
Part 2: Polsson seamiess cloning

Input Images

sourca image target image

Simple Cloning Result

Poisson Seamless Cloning Result

Some More Results

y ) i glage o
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Some More Results - Some More Results

source images simplacloning Source images Polsson seamless cloning

)
J Image as a 2D Function
Part 1
Smooth Completion
ElaY

, Smooth Image Completion
Smooth Image Completion * (Cont)
What if there is a missing area ? Finding the minimum: | o ange
1* = the known imaga arg }'ﬂ]_n IL]VfI’ 54, flan = f'Ln ﬂ:>
E’C;lr:fy:&f:r\l’:’:gfrﬂm o f)f‘/L’l“-bAf =0over(2 st. fl,, = f'l
R e g - s
At 2 2 of
: . . M & o f 4 . _ N
argmin({[o st flo=7l, [ o | ar=FheTL gt hy | 4TG0
& a
Will complete the area as smoothly Y ﬁf’ e ‘f = fony— f” + foay {:‘“g;
as possible. " MOGH= g, — 2, + Fany + Py | A
Fom=2h eyt Frpa = (3157 rg Gon|
= iyt g+ fugn ¥ ya =5, =0 NGRS

RIS SRR TAL T I R £ 1o
.i‘(’-‘ Map At AR B

ale] b

N ey i) b-£

e EA b-2¢ e
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. . . Smooth Image Completion
Discrete Derivate in 1D S ? . P PUS R
(Solving) o 38
» Given a discrete function f(x;)=f; » Each 1, is an unknown variable x;, total of Il
N variables (covering the unknown pixels) L A
i ()= fu—F gt ey Moo e =0 =2 XX 4%k, X, =0 }V‘g
dx X=X N g
i+ i . . .‘»ﬂaﬁ
» Reduces to the sparse algebraic system: s
1 141 1 :; g Known values of i{) ‘\,’0;“' L]
1 141t 1 by | contribute 1o the laft side ...,%
b W
1 ‘ R 1 1 - o |tk dkar, = Hy+1 ‘
o 3 wrd
N by "
% i}
R ] N
Example
Part 2
Poisson Cloning
A0s
oty %
},Jlu/\f-‘
(AT
mhaT
input ground truth .\r‘(,:/,‘&(g
g*;a-,ﬂ! 5ﬁ
9’!,.:;/':3 (]
s Y

Poisson Cloning:
“Guiding” the completion

» We can guide the completion from part1 to
fill the hole using gradients from another
source image

» Reverse: Seek a function f whose

gradients are closest {o the gradients of
the source image

{igob
.J;f\f:a

]“ofab' D2 -\

e M

§

Poisson Cloning

G =Vsourceimage
{forward differance)

argmin [[ [or - s f,. =11,
' I
BAf = divG overQ st fl, =17,

div0=%+%; G (V-G (x-LN+G (x,7)-G,(x,y~1)

{backward differanca)
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Poisson Cloning
(Solving)

» Each f, is a variable x; as before, solving

byt Hey eyt ey, =0V G O0Y)
= X X~ Ky, ~dIVE(X,Y)

» As before this reduces to a sparse
algebraic system

28
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