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Esempi di elaborazione di immagini

L Intreduzione

lo, modestamente, puo!

Ho visto cose che voi umani. ..

anche i ricercatori sognano pecore éelettriche?




Esempi di elaborazione di immagini

l—l.'ltrodu..'lc'le

Where is Bart?
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Esampi di elaboraziona d

L Intreduzione

Puo essere facile per un computer. ..
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B so esattamente cosa cercare
m (so anche come cercarlo)
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ROBOTS

ita un nome...

Helping robots see the big picture

A computational approach called deep learning has transformed machine vision

By John Bohannon,
in San Franciseo, California

f you want to see the state of the art in
machine vision, says artificial intelli-
gence researcher D, Scott Phoenix, “you
should watch the YouTube video of the
robot making a sandwich.” The robot in
question is a boxy humanoid called PR2.
Ttwas built less than an hour away at Willow
Garage in Menlo Park, California, one of the

venture out “in the wild," as roboticists call
the everyday human environment beyond
the lab, machines flounder.

Two years ago, a powerful new computa-
tional technique, called deep learning, took
the field of machine vision by storm. Inspired
by how the brain processes visual informa-
tion, a computer first learns the difference be-
tween everyday objects by creating a recipe of
visual features for each. Those visual recipes
are now incorporated into smart phone apps,

most i robotics in the

stationar and robots including

and Torsten Wiesel, who shared a Nobel
Prize in 1981 for research on biological vi-
sion. Working mostly with anesthetized cats
in the 1960s and 1970s, Hubel and Wiesel
discovered a hierarchical system of neurons
in the brain that creates representations of
images, starting with simple elements like
edges and building up to complex features
such as individual human faces, Computer
scientists set about trying to capture the
essence of this biological system. After all,
LeCun says. “the brain was the only fully
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L Intreduzione

Domanda

Un algoritmo per il riconoscimento di forme viene impiegato in una
catena di montaggio di cerchioni per auto. Lalgoritmo guida un
braccio robotico riconoscendo la forma del cerchione e
individuandone la posizione sul nastro trasportatore. Tutto funziona
alla perfezione da Ottobre a Marzo, quando improvvisamente
I'algoritmo non riconose piu la forma. Cosa é successo?




Esempi di elaborazione di immagini

I— Introduzione

SW & HW

I ——
Fatevi aiutare dall’hardware!

Spesso gli algoritmi di visione sfruttano conoscenze pregresse:
forme, ambiente di lavoro, etc... Questo & ovviamente un limite
per la generalita, ed e il problema dell’algoritmo dei cerchioni
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Sommario delle lezioni

m Introduzione:

Immagini digitali; operatori; istogrammi;
m Elaborazione di immagini:
Denoising; segmentazione; sogliatura automatica

(Otsu); individuazione di bordi: Hough; basata sul
gradiente; rappresentazione di bordi; erosione

m Ricostruzione tridimensionale

Principi di base; Direct Linear Transformation; Flusso
ottico; controllo di volo ispirato dalle api;

m Argomenti avanzati

Valutazione della sfocatura e auto-focus;
m Esempi finali: Justin, Circle detection per diagnosi
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VISIONE per

Ricostruzione di posizione e posa Controllo del robot




The 3D positions of the centre of mass of the robot over time is
extracted to analyze the robot dynamics.
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The overall example

caml
<

cam?2
2l

Image Denoising Segmentation
acquisition
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The overall example

caml
<
(XpYD1  (XpYi)2 (Xl’yl’zl)
cam?2 (X2¥2)1  (X2,¥2), (X2iy2vz2)

<] © (X”.’.y”)l (Xn&n)z ot
(X0 YniZn)

Shape Marker 3D
recognition positions reconstruction
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Image function

m f(X,y) € RXR
m (X,y): spatial coordinates
m f(X,y): value of light intensity in a point
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Image function and digital images

m f(X,y) € RN
m (X,y): spatial coordinates
m f(X,y): value of light intensity in a point

m IMAGE SAMPLING: digitalizing spatial
coordinates

m LIGHT INTENSITY (OR GREY LEVEL)
QUANTIZATION: digitalizing in amplitude

m PIXEL: basic element of a digital image
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Example of digital image

e 44

Picture frame

Pixel

Gray scale

Black

).

White

Values (8 bit)
255

1

- 128

0

Figure 6-12 A picture frame is divided into picture elements, called pixels, for

conversion 1o 2 gray-scale value.

ojo|oj0o|0O|j0j0|[0j0|0O|0]|O
0{0]|0|so|12e{2¢0{288{180|{ 0| O[O | O
0| 0| O |200{128 0 |1z=(1zs{ 0|0 |0
010|020 (0] (0|00
0/0|0|{0|0|s|s0|200{2250| 0|0
0|0 |0 |2s|200|z25{178{128|0 |0 (0|0
0|0|{0O|xofss|0}{0j0({0|O0|0|0
o(0|0O|=s{0}j0O|0Q|0j0|0j0O]|O
ofofo]=s{0]ofolo]ofo]a]0
0| 0| O |zss{z86{286{2s8(288(7sa| O | O | O
g/lojojojojOjOfO|O|0OjO]|O
o|ojo|o|a|o}0]0}j0|0|0}O
{b)

Figure 6-13 (a)a 12 X 12 pixel grid and
(b) matrix for the number 2 (Example
6-1).



Space resolution
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Color depth
mBinary — 1 bit

m Grey levels — 8 bit

m True color — 24 bit
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Main classes of image processing
technigues

EARLY PROCESSING SEGMENTATION

m Processing of pixel m Detection of the parts
values, at a pixel/local that constitute a scene

level m BOUNDARIES: elements
e.g.: of a segmented image
2 FILTERING based on discontinuity

m REGIONS: elements of a
segmented image based
on uniformity

m EDGE DETECTION
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Where we are

caml
<
camz2
<
Image Denoising Segmentation
acquisition

1
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Digital image operators

m Pixel operators

the output value of pixel (i,))
depends on the input value of
pixel (i,]), only

m Local operators
the output value of pixel (i,))

depends on the input value of a
neighborhood of pixel (i,j), only

m Global operators

the output value of pixel (i,))
depends on the input value of all
the image pixels




Local operators

‘ gENENEENEEF EEEEE
H-1 I

gt Liseaoe putput Lage

4]

0

Filtering techniques:
 smoothing
e mean, median, gaussian



Convoluzione

E’ una delle operazioni piu utilizzate:

(f*g)l Eff—'r (T)dT

f . | f(t-2)

J 9(z)

f*q 90

Bidimensionale




Convoluzione
E’ una delle operazioni piu utilizzate:
a b
gx.y)=> Y flx+sy+t)-Mu+s v+t
S=—at==5h

: .':_l"r._l|.,l| Al I'I'I'-.l_'.-.'-".'..'|I|-.|".-J'.I
¥ r | FHI

. |;r|.,l.'_| [+ 4 " [ LAY
Wi | Wy | W3
W4 W5 W6
I g
| W7 | Wg | Wq |

Convolution mask
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Smoothing

g(x,y) = /P 2. f(n,m)

n,meS

S: neighborhood of (x,y)
P: number of pixels in S

1/9

1/9

1/9

1/9

1/9

1/9

1/9

1/9

1/9
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Example: Blurrmg




" S
Example Blurrlng




Example of noise cleaning

m iImpulsive noise
(salt & pepper):
characterized by the
ratio of image modified
by noise (in %)

m white gaussian

noise: characterized
by the average and
variance




Impulsive noise and smoothing

Original noisy image Smoothing 3x3

)

saltapepper 10% o lsalt&pepper 20% . - |l saitapepper 10% Uiokeh salt&pepper 20% -




Gaussian filter

v {pixels)

80 100 150 200 250 300 350 400
a u (pixels)

450 500

v {pixels)

100 150
C u (pixels)

200 250 300 350 400

v (pixels)

100

150

200 250 300 400

u (pixels) /F
1/9 1/9 1/9
1/9 1/9 1/9
1/9 1/9 1/9
ut ey
: £ 2t

RET

It induces ringing
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Some common kernel
Gaussian

Derivative of

‘ R
10 X -
-~ et
a9 3 e g s
b Gaussan 10 3 5
15
] 1 A o T
U pieeis)
Gaussian (DOG)
i -:," S /
) N
B
s ) :; ¥
2 X
) o =

Laplacian of
Gaussian (LoG)
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Median filter

g(x,y) = median of (x,y)

Median M of a set of values:

the value by which half values of the set are
lower than M and half values are higher

7 |10 ] 12 667910 11 11 12 38

6 |38 11 ﬂ

_ 9 1111 6 valore
mediano

m Example:




Example of application of a
Median filter

Original noisy image Original noisy image
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Template matching

We will consider that the kernel is an image or a part of an image
and such a kernel is referred to as a template. In template matching
we wish to find which parts of the input image are most similar to

the template.

i

D
u—h  uth
0 ¥ U § N-1 (SO 0 u N-1
0 0]
v—h
j v b (4 L
YAD ]
vth ¥ >
I T
T N
M—1 4 A I
baput tmage oubput timage

The Z-prefix indicates that the measure
accounts for zero-offset or the
difference in mean of the two images

Sum of absolute differences

SAD s = By e [Hlu V1 = [u,v]|

ZSAD 5= |hluv]— 1) = (hlu,v] - 1)
Sum of squared differences

SSD s = Ty et (1, v] — blu, v

75D 5= a(huvl— 1) — luvi - 1))

Cross correlation

}_:.'Ill"ll: [} U, ¥l ".- u, v
NCC § = v )El [ ] __[ ]

= 2 < F]
o Dy nerh U V] Eyy gl [, V]

INCC - E[u_u]u’_i“l[ul V] - f]] : “2[“, 'u-‘] - ?z:l

\.'I'-’—:[u_w:-—:r[-ﬁ[uu VI=hY - Sy perlblu v - LY
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Template matching: example

m Similarity measure for images, to compare
an image function f(x) with a template t(x)

Ra(y) = Z0()t(x-y)

Template Image Correlation
11111 111{0|0]|0 71412 |X|X
1111 11 010 S(3|2|X|X
111]1 1/0(12,00 21119 x]|X
(corner evaluated) 0/0/0/0]0 X x| x| %X
0/0(0|0)|8 X | X | X]|X]|X




Correlation matching

Invariant features!

IA.

Scale-invariant feature transform

SIFT features are located at scale-space maxima/minima of a
Difference of Gaussian function.
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Where we are

caml
<
camz2
<
Image Denoising Segmentation
acquisition

1



Pixel operators (Monodic)
g =TI, Y)]

0
' (0,0

— —{xy)

B : . i
P,

S Tfy)]
H""-.

H-1 '() Sixyl e
: X
i A

H-1

£ [

2(x,y)

Defining r = (X, y) as the value of the (X, y) pixel for the image
f(x,y), and s = g(Xx, y) as the value of the (X, y) pixel for the image
g(x,y). Thus is possible to write a transformation as:

s =TI[r]
with L grey levels (values that the pixels can assume).
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Diadic Operations

0 U W—1 0 it W—1 0 u W-1
0 0 L

v | = . v .\ u
-

T
H-1[41 H—1]M&

Lt bwuase

Linput Lweaae

putput Leane

)
T
E
5400
=

Number of pixeds [x 10%

if (OBJ_img==green)
copy(BG_img)

400 500 600 700 800 900 1000
u (pixels) b

else
copy(OBJ_img)

100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
u (pixels) d u (pixels)
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Example of pixel operator:
grey level inversion

g(x,y) = 255 - f(x,y)

Provides the “negative” image
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Example of pixel operator:
contrast enhancement

Image enhancement is application driven.

Common transformations

m Log transformation

m Sigmoid function
transformation

m Piecewise linear
transformation function




7 r L1

(b) Piecewise

(a) Power law

Figure: Transformations

Power law lighten or darken
Piecewise flexible
Sigmoid enhance the contrast

L

f

r

(c) Sigmoid

L-d
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Examples
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s(r)

s(r)=c-r"

0 <r<rmn
rmin{_:r‘:rmax
Fmax < < L—1

1+e

m power law
B piecewise
m sigmoid

Each function requires
parameters definition
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So consider this code

\¥Power-Law Transformatiocon: apply the power-law transform for
\$gamma = 0.05,0.2,0.67,1.5,2,5 and comment your results

f = imread('pout.tif’});
[m nl=size(f);

c = 1;

y=input (' Gamma value:’);
for i=1l:m

for 9=1:n
s{i,J)=c+(£(1,3)"y);
end

end

figure,imshow (f),title('Criginal Image’);
figure, imshow(s),title (' After Power-Law Transformation’);



L = 21

c = 1

vy = 2
s(r) = c-r’

277

We have only 21 levels, but:

s(5) = 52 = 25

42 =16
52 = 25

20° = 400
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We need to remap the output between [0, L — 1]:
s 20

s 400

20 Lo
400 (L—1)

S!=(L—1)1_TS=C-5=5.;”T

=(L-1)"

Thus cis related to L and ~.

Image enhancement is often a preliminary step to another pixel
operator:
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Example of pixel operator:
thresholding

Transformation of the image in a binary image,
through comparison with a threshold T:

255if f(x,y)>T

9(x.y) ={ 0if fFx,y) <T

m T can be constant or variable with respect to x, v,
f(x,y) or other local properties

m T can be found empirically or with statistical
techniques



s(r) = 0 0 < r < Ihreshold
255 lhreshold = I' < L—-1

Threshold with and without contrast enhancement
Detect the key features

« contrast enhancement "increase the distance" among objects of
Interest from the background

« threshold identifies the objects and the background
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Examples




Original image

(a) Threshold (b) Contrast—threshold

The problem is: how is possible to select the correct threshold?
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Image histogram

m Distribution of gray level

m For each grey level, the histogram gives the
number of pixels with that grey level.

m For an image I[m,n]:
H(k)= number of pixels with value k
m The sum of all H is exactly mxn

q

Mean: 157 .92 Level:
Std Dev: 7221 Count:
Median: 168 Percentile:

Pixels: 162400 Cache Level: 1
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Examples of istogram

— Channel: Gray
I
Mean: 20564 Level:
Std Dey: 59.69 Count:
Median: 233 Percentile:

Pixels: 162400 Cache Level: 1

Channel: Gray

Mean: 103.98 Level:
Std Dey: 87.72 Count:
Median: 84 Percentile:

Pixels: 162400 Cache Level: 1




"
A limitation of the histogram

m Does not take into account the spatial distribution
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Istogram transformation
(equalization)

Mapping of grey levels p in grey levels g with uniform
distribution

h(p) = number of pixels with value p (0<p<n)

9(q) dg = h(p) dp
9(q) = N*/M
N2: number of pixels, M: number of grey levels

g(p) = MIN2 ] IR(s) ds
0



" N
Example of histogram equalization

1600}
1600

1400}
1400

1200}
1200

1000}
1000

a0 |
800

g00 |
600
a0}t a0
200} 00
u 0

0 a0 100 150 200 250 0 0 100 150 =00 250
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Thresholding

Transformation of the image in a binary image,
through comparison with a threshold T:

Lif fx,y) >T

9(xy) = {0 if fx,y) <T

m T can be constant or variable with respect to x, v,
f(x,y) or other local properties

m T can be found empirically or with statistical
techniques



Threshold found from the image histogram
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Background and object can be described as classes of the
Image histogram

Otsu thresholding method maximise the variance between
classes.

10000

9000

8000

7000

6000

5000

4000

3000

1000




One implementation can be defined as follow:

1. Obtaining the image histogram

2. For each threshold value, t =0, ..., L — 1 the following
variables should be derived

3. Compute:

; i ok (i) -
#8
L IEL#)-
Ha o
S5

#5+ #F0
w, = —%

#5+ #0
fTJE:- = Wswl:"[nllsll _J“r-ll:|E

Is

w_l.: —

4. Maximum o2, (t) defines the correct threshold t.



Per t = 0:
8
9
| We = — =0.22
s ’ 36
8-0
; pe = g =0
4
3 7+2+6+9+4 28
W, = == =07
2 ¢ 36 36 - 70
L o = ?-1+2r2+5-3+9~4+4-5:3ﬂ4
28
o = 0.22.0.78(3.04 — 0)* = 1.59

" Threshold  t=0  t=1 =2  t=3 t=4
Variance 1.9 2586 263 214 0.87




How to retrieve (automatically) all the objects?
= |t is possible to iterate Otsu on the histogram subset
= |t is needed local threshold strategies
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Background subtraction

The technique of background subtraction
removes the slight variations of the background
grey levels, by approximating them by a
function and by subtracting such function from
the image function

fa(xy) = f(x,y) - fo(x.y)
f,(X,y) = ¢ (constant) or
f,(X,y)=mx+m,y+c (linear)
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The overall example

caml
<
(XpYD1  (XpYi)2 (Xl’yl’zl)
cam?2 (X2¥2)1  (X2,¥2), (XZ’yZvZZ)

<] © (X”.’.y”)l (Xn&n)z ot
(X0 YniZn)

Shape Marker 3D
recognition positions reconstruction

1
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Once the objects were separated from the background, the
shape can be identified:

dHough transformation
Gradient

Erosion

Q...
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Early processing:
EDGE DETECTION techniques

EDGE: area where grey levels vary significantly

EDGE OPERATOR: mathematical operator that
can detect an edge
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Gradient-based operators

GRADIENT: measure of discontinuity in an image point

GRADIENT DIRECTION (¢(x,y)): direction of maximum variation of grey
levels

GRADIENT INTENSITY (s(x,y)): intensity of the variation of grey levels
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Gradient-based edge detection

of

A
0 1
GIfI =| 27| = |

S_y 2

S(x,y) = (A2 + A,2)Y2 GRADIENT INTENSITY
o(X,y) = tan’}(A,/A,) GRADIENT DIRECTION
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Approximation of first derivative
(difference)

T = flx+1)- f(x.0) D = fey+D-f(x0)
ox By

000 000

0 [-1]0 0 |-1]+1

0 |+1] 0 0|00




" JdE _
Gradient-based edge detection
and thresholding

m g(X,y)=Gl[i(x.y)]

1 if g[f(x,y)]>T
B g(X,y)= T _
0 if g[f(x,y)] <=T

T: threshold
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Gradient-based edge detection

and thresholding

DIFFERENCE OPERATOR:
Alz f(X+a’y) - f(X,y)

A= f(x,y+a) - f(X,y) lia
2 2
Sij = \/Al + A | |
ij  lij+a
A= liag-1i;
Ay = lijra- i, S, = A2+ A

0 ifsS, <threshold  _JO0 ifS;;<threshold
.. = ' i i )
471 if S, > threshold ' |1 if §;; >threshold
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Gradient-based edge detection

ROBERTS' CROSS OPERATOR:
Alz f(X’y+a) - f(X+a’y) A2: f(X1y) - f(X+a1y+a)

A1 -01 cl) A2 : -1
PREWITT'S OPERATOR:
A= f(x-1,y+1) + f(x,y+1) + f(x+1,y+1)
- f(x-1,y-1) - f(x,y-1) - f(x+1,y-1)
A= f(x-1,y-1) + f(x-1,y) + f(x-1, y+1)
- f(x+1,y-1) - f(x+1)y) - f(x+1,y+1)
1|0
Ay |0]0 |0 A, |1]0]-
1111 1]0]-
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Gradient-based edge detection

SOBEL'S OPERATOR:

A= f(x-1,y+1) + 2f(x,y+1) + f(x+1,y+1)
- f(x-1,y-1) - 2f(x,y-1) - f(x+1,y-1)
A= f(x-1,y-1) + 2f(x-1,y) + f(x-1, y+1)
- f(x+1,y-1) - 2f(x+1)y) - f(x+1,y+1)




Comparison among masks

Gradient
. Sobel implementation (or
f ’Gx] B r}i others: Prewit, Robert, ...)
= = |

Gy By 1101
Ges-2(0]|2

The magnitude is: NERTEE
— A2
G=\G+G G 0[0]0
1121

Laplacian (by convolution of kernel)

Analytic Discreet (one possible)
0(-1|0
g2 &f o°f A4 [
ix=  dy® 01-1]0




Example

Image window:

D00

flx,¥) = 0100
D010

0 -1 0

Ve - 11 4 | -1
0 -1 0

-1 1011

Gy = -2 10| 2
11011

Products are:
Viafix,y) = 0

Il
=

Gy & flx, ¥)



Example

Image window:
1 1 1
flx,¥) = 1 (1] 1
111711
0o | -1 0
Ve - 1| 4 | 1
0| -1 0
1[0 1
Gy = 0
-1 10| 1
Products are:
Viafix,y) = 0
Gy @ flx,y) = 0
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Example

Image window:
01 1] 1
flx, ¥) = 0 1 1
01 1] 1
0 | -1 0
Ve - 1 4 | 1
0 | -1 0
1 (0] 1
G, = 2 10| 2
1 (0] 1
Products are:
Ve flx,y) =

Gy & f[.l’j-"}

Il
Ju
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Example

Image window:
00| 1
flx,¥) = 0 1 1
1] 1 1
0 -1 0
ve - 1 4 |
0 -1 0
1101
Gy = 20| 2
1101
Products are:
Ve flx,y) = 2
Geafix,y) = 3



Example
Image window:
1 110
fix,¥) = 1 (110
1 110
0 -1 0
Ve = 1] 471
0 1
-1 101
Gy = -2 10| 2
-1 1011
Products are:
Viaflx.y) = 1

Gx @ fix, y)

I
|
%
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Hough's method

It can detect any boundary that can be
described by a parametric curve.

It compares the edge image with all the
curves obtained by varying the parameter

values




Hough In a nutshell

It transforms the original image in an accumulation matrix in the
parameters plane.

Every points that belong to the researched function (line,
circle,. . . ) increase the accumulation value.

Few disadvantages

m high computational cost
m requires perfect shapes or produces several wrong
detections




y=a'x+tb—-b=—x-a+y,
The linear function b = —x; - a + y; In the parameters plane
represents all the linear functions that belong to the generic

point (X; , ;).

> >
(xl, V) A b=-xaty; b
| (a’, b')

/
.
N\ (x5 v,
.
- S\ Y ’],
//"" '“"_\__'“-__
- j" ~

Yy yd

b=-x,a+ty;

Each point of the same function increase the accumulation (a’, b°).



" S
Polar parametrization

m The line shown can be
described by the function

’1.0- y=ax+b

and identified by the couple
of parameters:

i ) (a,b)=(-0.5,0.5)
) m Or by the function
0 0.5 10, 0 =X cosd +y sin 9

m and identified by the couple:
(p,9)=(0.447,1.107)
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Transformation of the plane

//\

k3
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Transformation of a point

m In the image plane, one
point is identified by the y

Intersection of lines. ) s 2/
4 0
o 7
m Each point P 6 5
corresponds, in the Q:5 :
parameter plane, to the o 2
curve given by the SH A
2
Image points of the lines O —Fpe

passing through P
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Transformation of a point

S



" S
Detection of a lines on the
transformed plane

A tY
- |
Py = XCOSH, + ySIY, _—C
| g
‘*1 h-x E ~___v‘_,
) A
*. s | -\\"-\.
|I ML-H‘
“'H. -‘I__'p’ )
‘C "‘“x__ f_ - ,P-“’f .
(00-%)



" J
Hough's method with the polar

representation of the line
P=XCosO+ysino

+

|
llllllll




" J
Hough's algorithm

1. Quantize the parameter space between appropriate
minimum and maximum values

2.Create an accumulation array with size equal to the
number of parameters, initialized to O

3. For each edge in the image, increment of the
element of the accumulation array corresponding to
the parameter values of the curves on which the
edge lays

4. The local maxima in the accumulation array
represent the parameter values of the curves that
better approximate the boundary



" J
Example of accumulation matrix




" J
Example of the Hough’'s method
to a rectangle







"
The problem of selecting the
right’ curves

Soglia: 101 Soglia: 140 Soglia: 160
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Square and lines

m depending on the length of
the line, the accumulation has
different values (lower or
higher)

m a threshold should be
selected to separate the key
features from the other

A socumulazicn elements

In this case, it is possible to lower the threshold and each lines will be
detected.




Ellipsis and circles

m same procedure can be
used to detect circles

m in this case is difficult to
identify the right threshold
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Gradient-based accumulation

Gradient can be used to detect edges.
It provides also other information:

L magnitude
 direction

It Is possible to state that the gradient can characterise a shape
and the speed of the grey level variation



By applying again the accumulation:

-
.‘-——
-y
-
-

YVYY

4hits

[TTTT]

L[]

YYY

T AAAAA AT

AAAA
|1

—b

We accumulate points in the gradient direction, by drawing
lines from the edges.

Implementation
By evaluating in the edge (x,y)

}’=5-H+b g=—



d = E
b = (X, o)

nG‘x:B,GJ.rZB,a:-I,
Gy=-3;Gy,=3;a=—1;
GI=U;GF=4IE!’= "'{



It is possible to detect

m Circles
m Ellipses
m Droplet shapes

They are common deformation
when the subject Is fast and the
image capturing is slow
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Boundary representation

m Chain codes

m Characteristic shapes



Chain code and shape

numbers 'wl' B
1 i
| EE s
2 — —/™)™ 0

o - —= .

-

w _
<
- L=
z
o
}
-l s >t
=
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Chain code and shape numbers

Normalization with respect to rotation:
use the difference of the chain code by
counting counterclockwise the number of
directions which separate two neighboring
elements

Es: 10103322
3133030
33133030



"
Chain code and shape numbers

Ordine 4 Ordine 6
@~ = I
Codice catena: 13121 nioi2z|
Differenza: 3131 VOI303
Numero delle forme: 16 0 B 330313
Ordine 3

vy *—

A A
T v

-
-
12
e

- . ’ 39 -~ . an T3 ND
Codice catena: DU ' 2211 0 OnO3222

Differenza: 30303020 3133030 TUOi3a03

Numera di forma: Gl i it A3 33 GOSA0G3A



Area computation with chain

codes

1. Area=0;
2. y=0;
3. For each element of
the chain code
case direction:
O: area+=y;,
1: y++;
2. area-=y,
31y

oo<—1—> =
1
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Characteristic shapes

i)
A - }. -A—a
ri¥) rifh
A
i /\/\M
A A

L 2o LAl ] WS LS ____l_]l Jasibs Sl I

X X 'y T 3 " . ) ¥ ix 5 5a T X A

G AR R S f Vg Rt S

f o

Figura 8.29 Due semplici forme di contorno ¢ le rispettive forme caratteristi-
che con la distanza in funzione dell’angolo. In (&), #{#) & costante,

mentre in (b), r{#) = A sec .
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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.



Notation

Let consider A as a set in Z?2

Definition a=(a,a,) belongsto A

We write:

ac A

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

We write;
agA



" J
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:

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 A is
a subset of B.

ACB



" S

The translation of a set A by an element z, is represented as
(A), and is defined by:

(A); = {clc=a+ 2z, perac A}

Example
|
|
I 1

I A

LA,




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.




It’s simple to see that graphically:

Example

b 1H), 4 (Blepa

Y Y o LN

B} | dueinsiemi Ae B.
B B.cA?No  Z=0
B (8.cA?s Z=h2
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In this case the erosed set will be:

Ar.ﬂ:[?:a—g:;a_

2

b
5]

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



Example

By A (2) (3)

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



Pros:
* |t does not need edge detection
= [t removes small noise artifacts (relaxing the denoising phase)

Cons:

= The object of interest should be bigger than the noise artifcats

= The erosion mask (shape and dimension) should be carefully
evaluated



Esempi di elaborazione di immagini

I— Hicostruzione tridimensionale

'—Estrazlc:ne dei marker

A che punto siamo:
m Abbiamo contrastato 'immagine
m Abbiamo binarizzato 'immagine
m Abbiamo individuato le coordinate di interesse
m Dobbiamo trasformare i punti 2d p=(x,y) nei punti 3d
p=(X.yZ)




Esempi di elaborazione di immagini

I— Hicostruziona tridimensionale

'—Estrazlc:ne dei marker

Ma prima...

Un altro po’ di esempi...



Esempi di elaborazione di immagini

I— Hicostruzione tridimensionale

'—Estrazlc:ne dei marker

Quale trasformazione e stata usata?

Per la pubblicazione, la lettura dellimmagine € lo scopo
principale del processo di miglioramento.

Quale trasformazione?

m trasformazioni di potenza
m >
=1
W < 1

m trasformazioni sigmoidee

m trasformazioni lineari a
tratti




Esempi di elaborazione di immagini

L Ricostruzione tridimensionale

A quale immagine si associano gli istogrammi

(1) (2) (2)

Immagine originale
Immagine scurita
Immagine con contrasto aumentato




Esempi di elaborazione di immagini

L Ricostruzione tridimensionale

Estrazione dei marker

Quale istogramma e impossibile?

— D L e L O ] 00

(1) (2)

Istogramma originale
Istogramma numero 2
Istogramma numero 3




Esempi di elaborazione di immagini

I— Hicostruziona tridimensionale

LEsh'azlnne dei marker

Piu oggetti di interesse

Come separo (automaticamente) tutti gli elementi?

m Reitero Otsu da 0 al livello soglia, e dal livello soglia al livello massimo!

-

m Opero la sogliatura localmente!



Esempi di elaborazione di immagini

L Ricostruzione tridimensionale

Marker con aloni

Example
Quale procedura?

m Hough
m Gradiente
m Erosione




Esempi di elaborazione di immagini

L Ricostruzione tridimensionale

Regioni di interesse (ROI)

Abbiamo detto che immagini con grossi artefatti non sono
adatte per essere l'erosione...

——r

Come si puo usare l'erosione su questa immagine?

Se sono sicuro che l'artefatto e fuori della mia regione di
Interesse (spazio dove si muove il robot, struttura anatomica in
cui non ho una certa malattia,. . .) allora posso restringere il
campo di applicazione g



Direct Linear Transformation

It is a simple transformation used for 3D reconstruction, which
hypothesize the linearity between the object and its projection on
the acquisition plane.

It requires more views of the scene and control points in the
working space



"
Let’s consider the object O which is mapped directly on the
projected image I.

Y Pilamo
. dedl'immagine o Y]
----"--__ A .
o
o -...__]m"'.l e e
; T X ¥
NIXer¥ar2a) ""--.-._ Spawie
= dell'cggetio
O object
N projection centre

I Image pojected
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Y Piamo
. dedl'immagine o DEy.2)
'—.___---- lﬂl :
ﬂ o
o -...__]m'ﬂ . o
HI:':IrF-Ilil-I:I --'-. * ﬁr'.l.n':iu. !
T dell'mggetin
In the object space:
N = (xp. ¥o. 20)

And the vector A from the object to the projection centre Is:

A= (x—X.¥—Vo.2—2)



It is also possible to write N with respect to the image plane
reference frame.

w o = _I:IF[u,,.';,.j]:l

Mg vi.d) T

P is called principal point and d principal distance

The line NP is parallel to the w axis and orthogonal to the uv
plane



[, [-5}"-
B o
W Plug.vy.0)
o p— o

iy, vy.d) T

"-\.\__\.

The vector B Is thus:
B-=(u—uyv— v —d)

And for the co-linearity hypothesis:
B=CcA

Where c Is a scalar.
It iIs worth noticing that B Is expressed in the image reference
frame, while A Is expressed in the object reference frame.



We can express A with respect to the image reference frame:

M1 he N3
A' =T, A" = |rey rez rz| A° (1)
[fan Mg Maz

Where Al is A expressed with respect to the image reference

frame, while A° is expressed with respect to the object space.
T, Is the transformation from the object-to-image reference

frame. We do not know T, a priori.
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We put in (1) the expression of B and A°:

The product Is:

U— Uy = clr(x —xg) + naly — ¥o) + nalz — zg)]
v — g = Clra1(Xx — Xg) + rea(¥ — Yo) + real(2 — Zp)]
—d = ¢[r1(x — Xp) + rz2(y — Vo) + ra3(2 — 2p))]

o Uﬂ-
¥V — ¥
— _ﬂ -

M1

e}

| M3

Nz N3

foo  Fog

fzz I3z

X — Xg
)
£ — &y

(2)

(3)
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By solving (3) with respect to c:

—d

 ray(x — X)) + r2(y — Yo) + m3(z — 2p)

and substituting (4) in (3):

Yo) + nalz — 2p

Yo) + rea(Zz — 2

ri(x — xp) + ria(y —
u— Uy~ —d
“0 r31(X — xp) + raa(y —
v — _grlX — Xo) + roa(y —
! faq(Xx — xp) + raa(y —

) )
Vo) + faa(Z — Zp)
) + )
) )

Yo) + ra(z — 2p

(4)

(5)



Standard DLT equations:

Solving (5) for the image coordinates:

L1I+LEF+L33—'—L;|
=

Lox + Ligy + Ly1Z + 1

B .Ir_5.?¢'+lr_5j"+f_;.r2--.lr_3

Lox + Lip¥ + Lz + 1

Where L, ... Ly, are called DLT parameters.

(6)



 Lyx+ Loy + Laz + Ly

U
i Lox + Ligy + Ly1Z2 + 1
¥ pian - Lsx+ Lgy+ Lz + Ly
___l_]l_.‘_ll'i|'|'||1'|:|g|r||.' g DHx.¥.2) Lox + Ligy + Lz +1
--"'-.__ A . ‘
& v
li N ",
o - L, ¥ e 5 _
M %, V2 o x . X P
fratiet g Sty THTRTA 1) B
U dell'mggetin B o
wo Plug.vy.0)
= n, -.q__"'j
Equazione DLT standard Mi{ug,vi.d) T
e
®m U e v sono le coordinate nel piano-immagine del punto da
ricostruire l’
m x,y e Z sono le coordinate nello spazio oggetto del punto
da ricostruire B =
1 he N3
A =T ,A" = |ray rm rz| A°
m Ly---Lyy sono parametri che dipendono dal sistema di
acquisizione, e rimangono fissi una volta derivati .'rE” k. 1"33_

m la derivazione di questi parametri si chiama calibrazione



Calibration

For calibration we need to rearrange (6)*:

lﬁu = lH(L1x+ Lay + LaZ + Ly — Laux — Lyguy — Lyyu2)

1 1
ﬁ” = ﬁ(f_1x Loy 4+ LaZ + Ly — Lavx — Ligvy — Ly1vZ)

dove A = Lgx + Ligy + Lysz + 1. In vectorial form:

L
Tful t|xy 2z 10000 —ux —u -—uz _1
H'l'lf‘] R0 0O 00 x y z 1 —vx —w —v L:
| =11
Thus:
Y=X L

The aim of the calibration is to find the vector L, thus is required to
know the matrixes X and Y.



*Note (example of rearrangement for u):

u= II__:))((:LLinyrJrLIS_lZ :Jlr'i with R=Lx+Lyy+L,z+1
0 1

yoLx+ly+lz+l,, R, bix+Ly+ L32+L4;
R ’ R R

Loxu+Lyyu+L,zu+u  Lx+Ly+Lz+L, .
R R ’

R R

u Lx+Ly+Lz+L,-Lxu-Lyyu—-L;,zu

Same goes for v.



E '
A ¥y F
A= (%, .2 ]
. | Yo A [ Xa ¥ s
. .
I| ™
ul-ll_l:l T ':":h-:l'.h-:'-ll
3 -~ - o .
(L,
(v, ™ o V)]
. s B RTHR
- Y=
.
sy I, v,
.

We can consider n points in the space reference frame with
known 3d coordinates X, then we measure the 2d coordinates Y

In the iImage reference frame of the same points. These known
positions are called control points.



Keep in mind that:

"R depends on L9 ... L11, thus we need to hypothesize some
Initial values and then proceed In iterative way

» The system can be solved with the Least Square Method,
however for this method it is required to have a number of

control points greater than the parameters to be derived

Calibration equations for n control points:

IEE R
o0 0 0 &

bl |

R

0 0 0 o

L'y iy Ly ¥ I

Hy A, Hy
Wy My ¥ ¥y ok
H [} H

Lip I Ll ' L dn
=2 el
W iy K ln e
i Hin Fiy

P25 -




o s
o I
o
o 3

We have 11 parameters, and since each control point provides 2
equations, they are required at least 6 control points.
L is derived as follows:

X L Y
(XEx)-L = Xy
(XE ) (X X)L = (X)L (XY
L = (X' X" (x'v)
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Reconstruction

Once the calibration parameters L were derived, we should rearrange
(6) to solve the equations with respect to the 3d coordinates:

I |.r'|'_:'.1—|'_: u'L:ul-L;. u'l'_:r:.—.'_; ] Mk
M o I . -

VI —L] VL L WL, — L 'l .
H'| .q:ll E- Hl 3 ELIIII-
u_.'.'.ILIE:I II_:" -:-'I"J-f;_'l II_.:-:!I |.I"||'.';'.'i Il-gl }lr — I! :Ilq lr.m
=11 =4 = £ I.ﬂq-.:: ~
mrim m .. .Myim m ..Mifm m - = L i

v Lﬁm LY v LJ':Fm L LT LT | e |

Notice that, in analogy with the calibration, also in the
reconstruction we have 3 variables and only 2 equations each point:
In this case It IS necessary to have more views of the scene, thus the

number of cameras required are m equal or greater than 2.



Final remarks
= Each camera should be calibrated, thus it should be
performed at least 2 times
= Camera principal axis should not be collinear, thus the
cameras should not face each other
= Control points should not belong to the same plane,
thus they should define a volume
* The objects to be reconstructed should belong to the
calibration space
= Increasing the number of control points increase the
accuracy of the reconstrcution
= Increasing the number of cameras increase the quality
of the reconstruction and also avoids occlusions
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Accuracy considerations

. ’E- _'—'F"
5 0 ok 17
Ldal
!
o
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Optic flow

The motion is a significant part of our visual process, and it is
used for several purposes:

= {0 recognize tridimensional shapes

= to control the body by the oculomotor control

= {0 organize perception

= {0 recognize object

= to predict actions
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Optic flow

A surface or object moving in the space projects in the image plane
a bidimensional path of speeds, dx/dt and dy/dt that is often
referred to as bidimensional motor field.

The aim of the optic flow Is to approximate the variation over time
of the intensity levels of the image.




We consider that the intensity I of a pixel (x, y) at the instant t,
moves to a neighbor pixel in the instant t+dt, thus:

(x.y. 1) = lx+dx.y+ dy.t+ dt) (7)

Expanding in Taylor serie:

ol il o
(x+dx.y+dy t4+df)=1{xy.t)+ de + @ﬂ'y + mdr

and taking as a reference (7) :
al Il al



This is the gradient constraint equation :

That can be rewritten as:

4wl 9
'~?..f1.f’+r:;Ir 0

with V=(k, V)

Since the gradient constraint equation has two variables, it
cannot be solved directly. This is called the aperture problem.



"
_ucas-Kanade hypothesis

To solve the aperture problem, they hypothesize:
= the motion of the intensity of pixel among two subsequent
frames 1s small

= the motion in a small local neighbor of the pixel is constant

This is equivalent to say that the optical flow is constant for each
pixel centered in p, thus:

Lgx + h(gly = —hiq)
g+ hig)y = —hia)

L(dlx+ Lig)y = —hlg)

Where q,, ..., g, are pixel of the window centered in p and |

x,y,t
are the derivative with respect to x,y,t
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By writing the equations in vectorial form A-v = b where:

_I-:xffiﬁ]' :y'[fiﬁr |
I{?ﬂ r{?’ﬂ ,v=[’f],b=

1(Gn) 1y(Gn).

—h(g)
— I gz)

_—I".!'i*?r-]'_

This system can be solved with the least square method:

v = (ATA) AT



Bee-inspired nawgatlon control

B L€ e____ & _ _  Theoptic flow
§ . % i § rrok T === provides information
e m e for wall following and
N S —— Lt —_  Jlandin
AR —— J
T - .o “s—___ Thedifference is inversely
== ; proportional to the distance
from an obstacle
NS E
The absolute difference defines
</ i the turning behaviour
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Focus and blur

The image is projected by the lens onto the focal plane




" N
When the convergence of the ray is not exactly on the sensor

plane, the edges of the image are fuzzy, and the image is called
blurred

This mean that a point is no more projected as a point but as a
small disk, called circle of confusion, which size defines the blur
intensity.

=



"

Depth of field

Also the elements before and after the fixation plane are
blurred: the portion of space where an image is considered in
focus, is called depth of field

depth of
field



Depth of field

H = ﬂ-l-f
_ S(H-1)

O = His o
~ Ss(H—T)

Dro= s

DoF increase:

Bl when f-number increase, N
when the subject is distant, s
when the focal distance of the objective decrease, f
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Perception of the distance

Studies on blurred images demonstrate that blur intensity
Influences the distance perception.

Focussed images are perceived as closer with respect to blurred
Images, but a precise evaluation of the distance is not provided
by this clue.
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Accommodation and retinal blur

Depth perception is mainly monocular over 30 meters, while it is
mainly binocular under this threshold.

Several clues are used to perceive and evaluate the depth:

1. Dimension I‘.
2. Parallaxes 5
3. . NG
4. Accommodation -
5. Retinal blur POINT

Some divergence among clues “deform” the depth evaluation, or
produce an “unreality” perception.




Videogames often provide contrasting clues: the accommodation is
provided for the actual distance of the screen, but images (blur
prospective, etc...) provide information about other distances.

Totally Progressive
Sharp blur



How is it possible to evaluate the blur?

The blur can be evaluated by:

direct means: measuring the distance from the
subject, and moving the focusing system

indirect means: several images of the same scene
are captured, then a metric defines which one is
focussed (or blurred).



"
Marziliano et al, (2008), introduced a simple metric based on

the edges: the concept is that a blurred edge is wider than a
sharp one.

Their metric is independent from the blur source:

m movement
m optical

m aberration
n .

Both vertical or horizontal edges can be used. Practically,
vertical edges obtained with a Sobel mask are used.

Alg
Bl Find the edges

Evaluate the width of the local edge
Calculate the average of the edge’s width



" A

Focussed image Light blurred image

Tourist -
Tourlst

information —
¢ | information
B caste ‘ i

Castle

e

E] % ol ] 1000 1200 37 sTe am a6 L 30 sHe

It should be noted that also the spikes of the images are
cancelled
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Blur measure
The first graph identifies the blur measured with the metric, and
the second plot the effective blur.

.

R S
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Example




Esempio: Justin

3-D Trajectory predictions

2-D Circle predictions

Inertial Data 6-D Pose
MU Pose
Estimator 0y

Left Camera Image Circle 2D Circles Mult1p1§

Camera s Detector Hypothesis
" Tracker

nght Camera lmage Circle 2-D Circles

Camera L3 Detector UKF

;I—/
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Esempio: Macchina per diagnhosi

Immagine ottimale

Immagine rumorosa
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Additional topic: cloud of points

Environment and objects can be described with other means.

Laser scanner: the laser derives the distance, with respect to the emitter, of a
reflective obstacle.

By this mean representations of objects, or environment, can be obtained by
clouds of points.

Several methods can be applied to
extract edges from clouds of point:
here 2 are illustrated that are used to
obtain image registration.




"

Image registration

Image registration aims to:
m overlaps two or more views of the same object

Optimisation

By reducing the size of the elements that should be aligned the
procedure is optimised.

‘S




For a given image /s € R® called scene, made of

Is = {p1,po.....ps}, and the image I, € R® called model, made
of In={p1.P=,....Pm}, and such that their intersection is not
null, the aim of the registration is to build a third image made of
both scene and model, properly aligned.

It is similar to compose a puzzle



Since the clouds of points can be made of several million of
points, it is required to extract the key feature:

f:; = {p‘l!p?r*“:p;}
Im = {P1.P2.....Pm}

with s’ < sand m' < msuch as I; N [}, # ().



A forensic example

Example

Anatomical key features:

Bordo
sllarcmn
i Zigematia

Y

Bordi dedie Cavith oculari

caaith namnle

m Density bubbles m Smoothing extraction .



Density bubble
2D analogy

A

__d

a point g = (gx. gy. gz) belongs to the bubble B of radius r
centred in p, g € Bp, if:

f

‘h,,“px —Qx)2+(Px — Q)2+ (Px — Q)2 < r



"
The number of points that belong to each bubble define the
bubble density.

d=) q.vg €By
-

By mean of an heuristic selection a cut-off density is selected:
a-d’ < di

with o e ~ heuristic parameters.




Interesting features are:
m Edges (already extracted with the bubbles)
m Valleys and ridges
m Corners




Attraction criterion

Based on attraction between close points and points
displacement
The points g; € B attract p.




S

The resulting displacement is defined by:

and the final position of the point is:

(P Py P5) = Y _(Box — Gx), BBy — Gy,). B(Pz — Gz))

B



"

The separation criterion is based on the displacement
magnitude:

si = \/(Bk — P2 + (B — py)2 + (P, — p2)?

Aumento della grandezza
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