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Overall computer vision process and scope of the lessons
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Image processing

Transform one or more input images into an output image.

To enhance the image

Computer aided diagnosis Objects recogniton
Metin Gurcan, Ph.D — Ohio State HERB robot butler — Carnegie Mellon




What’s a digital image? % l\ﬂ
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Colour images o oot o 5 (80, 05,4 )
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Colour images have three channels: the most common triplet is the I§ -G-
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There are other very useful common space:
HSV, XYZ, CIE, YUY, ...




Colour images
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Monadic operations (pixel operators)
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Lightening and darkening
b

O|u,v] = I[u,v] + 50
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Simple monadic operation (more channel):

Gray-scale conversion with International
Telecommunication Unit (ITU) recommendation 709

Y=0,212R+
0,7152G+0
,0722B
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—Histogram —
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Histograms and monadic operations
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Common operations

s(r)=c-r"

— MW power law

— W piecewise

ci-r 0<r<rmm __, m sigmoid
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Common operatic T 9EX = 0w ] 2 T ()

/I.n‘ ' &«
R— |

L=

QU T POt

ey [\

j‘/ medT v L " DORK , ¢ L-1 o r L-1
(a) Power law (b) Piecewise (c) Sigmoid

L-4 Figure: Transformations
0§ -

o-% LA

Power law lighten or darken
Piecewise flexible
Sigmoid enhance the contrast

S 9
k) vant Anna
? Festd Scuola Universitaria Superiore Pisa




Contrast enhancement
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Pay attention

L = 21 3(1) = 1
c = 1 s(2) = 2°=
vy = 2 s(3) = 3=
s(r)y = c-r" s(4) = 4°=16
g s(5) = 5°=25
T(rw) 150 — 30° e Latss) cee |
- 157
" s(20) = 202 = 400
2?7
We have only 21 levels, but:
s(5) =5° =25
[ _
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Monadic operations

Code sample >

[©)

% lightening/darkening
xwing light=xwing grey+50;
idisp (xwing light);

xwing dark=xwing grey-50;
idisp (xwing dark) ;

[©)

% select areas by levels

leveld8 = (xwing grey>=40) & (xwing grey<=50) ;
idisp (leveld8) ;
level225 = (xwing grey>=225) &

(xwing grey<=255) ;
idisp(level225);

% contrast enanch

xwing contrast=zeros(r,c);

for i=1:r

for j=1l:c
xwing contrast (i, j)=256./(1+1.05."—(
double (xwing grey(i,j))-150)); % Sigmoid
end
end

idisp (xwing contrast)
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Pay attention

We need to remap the output between [0, L — 1]:
s 20

s 400
20 L1
400 (L—1)

f

s=(L-1)""s=c-s=c-r

=(L-1)"

Thus c is related to L and ~.




Histogram equalization
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Histogram equalization
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Histogram equalization
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Code sample >

thist equalization
[n,v]=ihist (xwing grey);
plot (v, n)
cd=zeros (length(v), 1),
cd(1l)=v(1l)/(r*c);
for 1=2:1length (v)
cd(l)=cd(1l-1)+1/(r*c)*n(l); % cumulative distribution
end
xwing equalized=zeros(r,c);
for i=1:r
for j=1l:c
xwing equalized (i, J)=255*cd(xwing grey(i,J)+1);
end
end

idisp (xwing equalized)

O

% Equalization
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Diadic operations

Olw,v] = F(,[uv] Llwv]),  v(wv) €l
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Green screen

FORE GROUWD  |amA (€ RA GROUND  (ma(E
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Lfuv] ™ Liuv]
N~ - t

)? Cr'] —_ E 4 > 7 = :I

; //—>I-'S\/—0 [t.(l-;<t-,' ‘\/—’_.)

If I, [u, v] isGreen
Olu,v] = I,[u,v]
Else
Olu,v] = I,[u,v]
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Background subtraction

Another important diadic operation is the background subtraction to find novel elements
(foreground) of a scene.

o|lu,v] =I|[u,v] — I,|u,v] = I,|[u,v] — Blu, v]
L e~ e

CuRRENT REF. 4 N background
| MAGE IMA (|
We can take a
How we estimate shoot when we
the background ——> know that only
Blu,v]? background is
visible
o —
—» 'http://wc2.dartmouth.edu’, 05:19 p.m., «—
Rome time
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Background subtraction
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Background subtraction

'http://wc2.dartmouth.edu’, 07:48 p.m., Rome time
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Background subtraction

'http://wc2.dartmouth.edu’, 10:55 p.m., Rome time Eeeee—
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Background estimation

We require a progressive adaptation to small, persistent changes in the background.

Rather than take a static image as background, we estimated it as follow:

B(k + 1) — B(k) + C(I(k) w T<D -R<KkYy > T
II<»A—- 6<h)"

—s 0, ‘x>0
c(x) = X, —0<x<o0
0, X<-—0 T ey = BekY < -
—

— b AR = By — T

(pixels)
g

1
:‘:"?’ ‘#

200 250 300 350 50 50 200 250 300 350 50 100 150 200 250 300 350
u (pixels) u (pixels) u (pixels)
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Background subtraction

C=0.04 Fps =15 s sl cbuvwﬂAJ
C =1 frs = 15— Gaan Chengs

% backgorunijestimation
sigma=0.01;
vid = videoinput ('winvideo', 1);
bg=getsnapshot (vid) ;
bg small=idouble (imono (bg)) ;
while 1
img=getsnapshot (vid) ;
img small=idouble (imono (img)) ;
if isempty(img), break; end
d=img small-bg small;
d=max (min (d, sigma), -sigma) ;
bg small=bg small+d;
idisp(bg small); drawnow

Code sample >

end
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- Spatial operation (local operators) —

Olu,v]=fllu+iv+j]), V(@Ej)eW,V(uv)el
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1D Convolution

One important local operator is the convolution:
J, _,_//_\

(f*g)(t):= . f(t—T7)g(7)dr

——

! f(t-7)

Vv

g(t)

/ T

frg () /\(f*g)(t) t

4le-1)

T T T T T T T T T
1 S ERRERRRERE .......... .......... H — I:l"gﬂea under f(uait-o)
(T SO e O P A fz) H
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2D Convolution

v] = z@]l[u—i,v—j], V(u,v) €l

[,JEK K. 1@_(4,_-4,,{7(,.;-_4))
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ey peres
—_— { |
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2D Convolution

kernel

///,£> 1+ 1+ 1+

1+ 1+ 1+

O 1+ [ ALt 1
\/Inputlimage/ Output image
0 1 2 I 0 12 5 0 1
5 Ts 16 o 0 1 1 1 21
5§ 0 0 4 5 6 1 0

12 25 0 24 56 8 2 3
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Convolution

%_l - 1 bm,dbﬂx
1x3 2
|
I
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Boundary effect
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_ —
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Edge detection

Jdulkl | Horizontal profile of
: the image at v=360
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Gradient computation T[wwy = 2L m

Common convolution kernel: Sobel, Prewitt, Roberts, ...

11 B e Q\J NEEE
an -1 -2 -1 —1
Sobel D,=]|0 0 0 - D,=|-2
o 1

- 1 2 1 oo —
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Direction and magnitude
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Noise amplification ., . _.). «.cpo oo

Derivative amplifies high-frequency noise. So, firstly we can smooth the image,

after that we can take the derivative: MLL

™
I,=D, (G KRI) T

Associative property:

/—\_/\_/_‘

I,=D, ®6) Q1

Derivative of Gaussian
— (DoG)

2 2
u _u+tv D .
e 202 Derivative of Gaussian

2702 (DoG)

G, =

<<DoG acts as a bandpass filter!>>
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Canny edge detection

The algorithm is based on a few steps:

1. Gaussian filtering «—

2. Gradient intensity and direction ¢

3. non-maxima suppression (edge thinning)
4. hysteresis threshold

A
S 9
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Mz lad /  Scuola Universitaria Superiore Pisa




Canny edge detection

3. Non local maxima suppression

Evaluation along gradient direction

Maxima detection
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Canny edge detection

4. hysteresis threshold

Strong
edges

High threshold

Weak
edges

Low threshold

No edges

\%
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Edge detection

D o L Tl
D~

High Local

maxima

gradient

Alternative approach is to use second derivative and to find where there
is a zero

Laplacian operator
021 N 021
ouz  ov?

VI? = I,+1,=LQI

0 -1 0 :
L=|-1 4 -1l — [©O-
0 -1 0 -

An

\
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Noise sensitivity

Again, derivative amplifies high-frequency noise. So firstly we can smooth the
image, after that we take the derivative:

LYGIN=(L X6 QI

Laplacian of Gaussian

(LoG) -
1 uz + vz _u2+v2 il
= — 2
LOG(u; v) - 7.[0_4. 20_2 1 e 20 Laplacian Of GaUSSian
| (LoG)

Marr-Hildreth operator or the Mexican hat kernel
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Edge detection
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Gradient and Laplacian

Image window:

0|10 |0
fix,y) = 01010
0|10 |0
(ENT ~0d 0 1 0
Ve = 1] 4 | 1
0 -1 0
D. -1 1011
Gy = -2 | 0| 2
11011
Products are:
Vi flx,y} = 0
Gr & ﬂ:Jl.’ }"} = 0

/ :;’ﬂ;j E .\\“\ 9
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Gradient and Laplacian

Example

Image window:
1[17]1
fix,¥) = 1 [ 1] 1
111
0| -1
ve = [ ] 4]
0[-1]0
1] 01
Gy = 2 | 0
-1 [0 ]1

Products are:

ViR flx,y) = O o
Gr:?‘tf[l’}"}

/ /T\\\ 9
(s3%) Sant’Anna
\ B ’/ Scuola Universitaria Superiore Pisa

Il
=




Gradient and Laplacian

Example

Image window:

0|11
fix,¥) = 011 ]1
0|11
01-1]0
vi = [ 4]
01110
1101
Gy = 2| 0| 2
-1 {01

Products are:

Ve @ fx,y)
—_ Gf::“tf[x.}"}

/ / -\\ 7
(&%) Sant’Anna
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Gradient and Laplacian

Example

Image window:
00| 1
fix,¥y) = 011 (1
1|1 1
0 -1 0
e - -1 4 | -1
0 -1 0
1101
Gy = 2|1 0] 2
1101
Products are:
VEaflx,y) = 2
Gr & f[.l’ }"} = 3

/ /T\\\ 9
(s3%) Sant’Anna
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Gradient and Laplacian

Example

Image window:

1 0
fix,y) = 1 0
1 0
0 | -1 0
Ve = 1] 4 | -1
0 1
1101
Gy - 2|1 0|2
11001
Products are
o
T— v2g flx.y) =

D Gx ilr{X Jr"]

0o

) Sant’Anna
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Code sample >

Sant’Anna

Scuola Universitaria Superiore Pisa

% denoising/edge detection
dx=[-101;-201;-101];
dy=[-1-2-1;000;1 2 1];

K=kgauss(3);
K1=ones(19,19).*¥1/(19*19);
xwingDenoisMean=iconv(K1,xwing_grey);
idisp(xwingDenoisMean)
xwingDenoisGaus=iconv(K,xwing_grey);
idisp(xwingDenois)
xwinglx=iconv(dx,xwing_grey);
idisp(xwinglx)
xwingly=iconv(dy,xwing_grey);
idisp(xwingly)
magnGrad=sqgrt(xwingIx.A2+xwingly."2);
idisp(magnGrad)
edgeGrad=magnGrad>250;

edgelapl=iconv(klog(2),xwing_grey);
idisp(iint(edgeLapl)>250);

edgelapl=iconv(klog(1),xwing_grey);
idisp(iint(edgeLapl)>250);

edgelapl=iconv(klog(3),xwing_grey);
idisp(iint(edgeLapl)>250




Template matching

b
Olu,v] =s(T,W), V(u,v) €l

—h
0 1"’ u %Jf N—1 T 0 u N—1
0 0
w—h
il o ms n
wv+h =
=

I

M—1 4 M-1 G)

Ewput Lmange oLkpLt i e




Template match

Similarity measures

Sum of absolute differences
SAD S =Z |1 [u,v] — I;[u, v]|
(u,v)el
Z5AD s=> |l - 1) = (ol v] - 1)
(uv)el
Sum of squared differences / l
L [P 5= (Lfuv] - Ly, v)?
(w,v)el
_ TN A
L‘? il s = Z(u,v)el((ll [w,v] — I,) — (I3[u,v] — 12))
Cross correlation f
L_'> NCC <= z:(u,v)elll[u' v] - I, [u, v]
J 2 wwerl?lu,v] - 2 g pyerlslu, v
l ZNCC <= 2 wwer1[u,v] — n) - (Iuv] - L)
\/Z (u,v)el(ll [ur 17] - 1_1)2 X (u,v)EI(Iz [ur v] 7 1_2)2

Sant’Anna
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Non-parametric similarity measures

Census

1,if x >R
0, otherwise

s(x) = {

1 01 01 1 th S Census representation

Hamming distance

Y
Rank transform =5

k&¥/ Scuola Universitaria Superi




Non-parametric similarity measures

Rank transform is more compact but does not encode position information

50 10 | 205

Census: 01110101 S

1 25 2
Rank: 5
102 250 | 240 —_— Vv
Hamming distance: 6!
101 26 | 2 Census: 10111010 —
101 25 202
Rank: 5
1 250 214

2k ) vant Anna
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Non-linear operators

e Variance measure (on windows): Edge detection

e Median filter: noise removal j

* Rank transform: non-local maxima suppression

A
S 9
2% ) Sant’Anna
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Mathematical morphology ;.. .., T) | 1

Oluvl=fdlu+iv+j]), VGJ)ESVuv)EI

_i-.
u—h uth
0 fou i W—1 0 U W—1
0 0
v—h
J
| . | /.
v+h
L
T
H-141 H—1 'E)
Linput Lrehoe putpuct ineags

9% ) vant’/Anna
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Erosion |

Erosion is a specific procedure of the more general Morphological Image
Processing techniques.

It belongs to the concept of mathematical morphology and it is strictly related
to the set theory.

Here the concept is roughly introduced to understand the basis of erosion.

Gi

&
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Notation

Let consider A as a set in Z2

Definition a=(a,a,) belongs to A

We write:

ac A
Sl

Definition  a=(a,,a,) does not belong to A

We write:

ag A

o= 9

[ — \

=% ) Sant’Anna
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A set is represented by the parenthesis{-}.

In our case, the elements of a set are the pixels belonging to a certain area or object of an
image. When we write:

L
C={wlw=—d, perdec D}

This means that C is composed by all the elements w which are obtained by scalar product
of the elements of D and the value -1.

When all elements of A are also elements of B, we say that Ais
a subset of B.

ACB

M

‘ An
(s5%) Sant’Anna
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Definition
The translation of a set A by an element z, is represented as (A), and is

defined by:

(A); = {clc=a+ z, perac A}

LAl

. F% Sant’Anna
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Now we can write the morphological operation which interest us, thus:

Ac B = {z|(B); C A}

This definition represents an:
erosion

The verbose definition is: the erosion of A through B is the set of all the points z
whom the translation of B by z is a subset of A.

(#75) Sant’Anna
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It’s simple to see that graphically:

Example
3 - [J7= e
I
i AL ] I
Y m v (2) LREY

B} | dueinsiemi Ae B
H (BjsC A?No z=0
(Bl A? 51 z=b/2

2k ) vant Anna
s\ Scuola Universitaria Superiore Pisa




In this case the eroded set wiII be;

Ac B =

b
5]

bbb
33334

We can figure the erosion as a “shape-cutting” of the most external part of the set.

Dilation is the «opposite» operation, but formally they are related by:

ADB=AOB

Which means that eroding the white pixels is the same as dilating the dark pixels,
and vice versa.

2k ) vant Anna
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1) Original image
2) Erosion by the element B
3) Dilatation (the opposite procedure of the Erosion)




Example: opening

0=10S 0=I18¢S




Example: closing

D I\A -0 STeuT

77%) Sant’Anna
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Noise removal & boundary detection

150 -

200F. "

v (pixels)

300 |-
350

4000

i . .
100 200 300
u (pixels)

L
400

JRT
500

|
600

50+

150 |

200 -

250 -

v (pixels)

350

400

450

100 200 300
u (pixels)
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400

500

600

v (pixels)

v (pixels)

50

100

150

200

250

300

400

450

50

100

150

200

250

300

350

400

450

asof

h
100

.
300
u (pixels)

L
400

JRT
500

A

100

200

300
u (pixels)

400

500

600

0=10S

0,=1-0

Matlab sample of
buondary
detection




Example DLR

Inertial Data 6-D Pose
IMU y  FPose
Estimator S C—
e .
Left Camera Image Circle ) 2.D Circles MUIUPI‘?
X »  Hypothesis . .
Camera — 5 Detector Tracker 3-D Trajectory predictions
Right Camera Image | (" Cicle 2-D Circles '
Camera 5 Detector UKF
2-D Circle predictions —

Oliver Birbach, Udo Frese and Berthold Bauml, (2011) ‘Realtime Perception for Catching a Flying Ball with a Mobile Humanoid’
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Example DLR

b ERANE Yy
AL RGPy ¥
vak Sy g ®
Ay NNV
-v*)ssns\)%p(w
O [ \; e e S A ST
! .:_tf»'-‘?;‘a—»»\,*,(ee ‘
|| m Bl &2 =t Y AP = ~
[ =l ] .’;;_ﬁ))‘?‘?’(& K
O I ECID Tl L eeeeE 11
'ﬁﬁg_ll« £ i Bl o] mil—’ |£0 £§&¢'&ﬁ$$ 158
11 1B I | = e R A
WY G 77 I . ,.‘,%?3‘\, :
/_,.A_/—ﬁ /*M——\
F1O =147 41 2741 r
ﬂ((—z 0 —2)*!. ( 00 0 )H)
C— <10 -1 | -2 —1
f / 121 , 121 z
i Iﬁ(:d.:ﬂ)zxﬁ— ((241) H) + E-
l|,' 121 121
ol
| 2
CR(x;. ve 1) = — Rix.+rcosa, v, +rsing, o)do
2% Ja—o
N
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Example DLR

VR

IS ESNIRRERS

: T EA S A AT

R vy [ PR T

AV NN Y vE 3

: S BRI S 3 3K i AR

L HE SIS --»""ccadl

L kECE v

m L aa—?a)'*&f\&ﬁ ~

| g.)ﬂ)l)!?“)"(&&&&&

] HEN Esand 7’ T A snSS

r E El i ' ;Mﬁg'l: 0 ;E"-‘{;K 1‘%3@4&#::“”‘,
' : ‘ e NN e
L = ﬁ“ “'Fahl?j'\\.s\&././

Filtraggio con Sobel
(4D (41)1)
%) -H’) + g2

Jio(i28) -

Normalizzazione rispetto alla varianza locale

(=

I s [
[ o= e

=
R(x, +reosa., v, +rsina, o)do

R
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