Nota: A parte inicial sobre template matching está na apostila Convolução.
Template matching 
(casamento de máscara, ou casamento de modelo)
Template matching é uma técnica usada para achar as instâncias de uma máscara Q dentro de uma imagem a ser analisada A.

Template matching torna-se mais complexa ao exigir invariância a:

1) Mudança de brilho e contraste;

2) Rotação;

3) Mudança de escala;

4) Mudança de ponto de vista (transformação em perspectiva).

Template matching de imagens coloridas deve-se levar em conta que a cor de um objeto muda de acordo com as condições de iluminação. Neste caso, invariância a brilho e contraste torna-se invariância à iluminação.
1. Template matching baseado na diferença pixel-a-pixel.

O template matching mais simples consiste em calcular a média da diferença absoluta pixel-a-pixel entre Q e cada posição de A. 

#include <proeikon>

int main()

{ IMGGRY a; le(a,"a03.jpg");

  IMGGRY q; le(q,"q00.jpg");

  IMGGRY p(a.nl(),a.nc());

  int t1=centseg();

  int lc=q.nl()/2;

  int cc=q.nc()/2;

  for (int l=0; l<a.nl(); l++)

    for (int c=0; c<a.nc(); c++) {

      int soma=0;
      // Esta pulando de 3 em 3 para acelerar
      for (int l2=0; l2<q.nl(); l2=l2+3)

        for (int c2=0; c2<q.nc(); c2=c2+3)

          soma=soma+abs(a(l+l2-lc,c+c2-cc)-q(l2,c2));
      // Divisao por 9 pois pulou de 3 em 3
      p(l,c)=soma/(q.n()/9);

    }

  printf("Tempo gasto=%8.2f\n",double(centseg()-t1)/100);

  imp(p,"p00.tga");

  system("img threshg p00.tga p00b.bmp 20");

  system("img sobrmcg a03.jpg p00b.bmp p00c.tga");

}
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a03.jpg
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q00.jpg
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p00.tga
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p00b.bmp
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Template matching usando média do módulo da diferença
Nota1: As imagens de entrada estão em:

www.lps.usp.br/~hae/psi5796-05/ep1-2008/imagens
Nota2: O processamento demora aproximadamente 1 segundo em Intel Centrino 2GHz.

Nota3: Em vez de “média da diferença absoluta”, pode-se usar “média da diferença quadrática” ou “raiz da média da diferença quadrática”.
2. Template matching baseado no coeficiente de correlação.

Para obter invariância à mudança de brilho e contraste, costuma-se usar coeficiente de correlação em vez da média da diferença absoluta ou quadrática.
 O coeficiente de correlação também é conhecido como correlação cruzada normalizada (NCC – normalized cross correlation).
Seja x o vetor coluna obtido copiando os níveis de cinza dos pixels de Q e seja y o vetor coluna obtido copiando os níveis de cinza dos pixels da região de A a ser correlacionada com Q. O coeficiente de correlação entre x e y é:
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 é o vetor com correção de média e 
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 é a média de x. Definições similares podem ser aplicados ao y. 
Na implementação computacional de coeficiente de correlação, deve-se tomar cuidado para não efetuar divisão por zero. Isto ocorre quando Q ou região de A tiver nível de cinza constante. 

Propriedades:

· O coeficiente de correlação é invariante por mudança de brilho e contraste. 

· O coeficiente de correlação está limitado ao intervalo [-1,+1]. +1 indica que as duas regiões são iguais (sob invariância por brilho e contraste). -1 indica que as duas regiões estão negativamente correlacionadas (preto numa imagem corresponde a branco na outra imagem). 0 indica a ausência total de correlação
Exemplo numérico:

[a ser preenchido]
Nota: No sistema Proeikon, há programas:

img tempmatg

pv tmatch
pv ncc 

que fazem o template matching proposto.

// ncc.cpp – template matching usando coeficiente de correlação
#include <proeikon>

void DCReject(VETOR<double>& a)

{ double soma=0.0;

  for (int i=0; i<a.n(); i++) soma+=a(i);

  double media=soma/a.n();

  for (int i=0; i<a.n(); i++) a(i)-=media;

}

double CoefCorr(VETOR<double> X, VETOR<double> Y)

{ // Supoe-se que X.n() == Y.n()

  DCReject(X); DCReject(Y);
  // Pode-se testar aqui se o denominador e’ zero
  return (X*Y)/(comprimento(X)*comprimento(Y));

}

int main()

{ IMGFLT a; le(a,"a.tga");

  IMGFLT q; le(q,"q.tga");

  IMGFLT p(a.nl(),a.nc());

  int lc=q.nl()/2;

  int cc=q.nc()/2;

  VETOR<double> X(q.n()); // vetor com valores de q

  int i=0;

  for (int l2=0; l2<q.nl(); l2++)

    for (int c2=0; c2<q.nc(); c2++) {

      X(i)=q(l2,c2); i++;

    }

  VETOR<double> Y(q.n()); // vetor com valores da regiao de a

  for (int l=0; l<a.nl(); l++)

    for (int c=0; c<a.nc(); c++) {

      int i=0;

      for (int l2=0; l2<q.nl(); l2++)

        for (int c2=0; c2<q.nc(); c2++) {

          Y(i)=a(l+l2-lc,c+c2-cc); i++;

        }

      p(l,c)=abs(CoefCorr(X,Y));

    }

  imp(p,"p.tga");

  system("img threshg p.tga p2.bmp 230");

  system("img negatb p2.bmp p3.bmp");

  system("img sobrmcg a.tga p3.bmp p4.tga");

}
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Template matching usando coeficiente de correlação, para obter invariância à mudança de brilho e contraste.
SPOMF
[a ser preenchido]
Template Matching usando OpenCV

A função cvMatchTemplate do OpenCV é uma rotina de template matching altamente otimizada. A apostila de filtros lineares e convolução contém descrição de como acelerar template matching usando FFT.
Descrição extraída do manual de OpenCV:

Compares template against overlapped image regions

void matchTemplate(InputArray image, InputArray templ, OutputArray result, int method)
image

Image where the search is running. It should be 8-bit or 32-bit floating-point. 

templ

Searched template; must be not greater than the source image and the same data type as the image. 

result

A map of comparison results; single-channel 32-bit floating-point. If image is W×H and templ is w×h then result must be W-w+1×H-h+1. 

method

Specifies the way the template must be compared with image regions (see below). 

The function slides through image, compares the overlapped patches of size w×h against templ using the specified method and stores the comparison results in result . Here are the formulae for the available comparison methods (I denotes image, T template, R result ). The summation is done over template and/or the image patch: 
x′=0...w − 1, y′= 0...h − 1 
method=CV_TM_SQDIFF:
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method=CV_TM_SQDIFF_NORMED:
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method=CV_TM_CCORR:

R(x,y)=sumx',y'[T(x',y')•I(x+x',y+y')]

method=CV_TM_CCORR_NORMED:

R(x,y)=sumx',y'[T(x',y')•I(x+x',y+y')]/sqrt[sumx',y'T(x',y')2•sumx',y'I(x+x',y+y')2]

method=CV_TM_CCOEFF:

R(x,y)=sumx',y'[T'(x',y')•I'(x+x',y+y')],

where T'(x',y')=T(x',y') - 1/(w•h)•sumx",y"T(x",y")

      I'(x+x',y+y')=I(x+x',y+y') - 1/(w•h)•sumx",y"I(x+x",y+y")

method=CV_TM_CCOEFF_NORMED:

R(x,y)=sumx',y'[T'(x',y')•I'(x+x',y+y')]/sqrt[sumx',y'T'(x',y')2•sumx',y'I'(x+x',y+y')2]

After the function finishes the comparison, the best matches can be found as global minimums (when CV_TM_SQDIFF was used) or maximums (when CV_TM_CCORR or CV_TM_CCOEFF was used) using the minMaxLoc() function. In case of a color image, template summation in the numerator and each sum in the denominator is done over all of the channels and separate mean values are used for each channel. That is, the function can take a color template and a color image. The result will still be a single-channel image, which is easier to analyze.
Os métodos descritos no início desta apostila correspondem a:

method=CV_TM_SQDIFF: soma da diferença quadrática

method=CV_TM_CCOEFF_NORMED: coeficiente de correlação (normalizada)
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a03.jpg
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Template matching usando média do da diferença quadrática do OpenCV.

// ursinho.cpp pos-2011

#include <cekeikon.h>

int main()

{ Mat_<FLT> a; le(a,"a.tga");

  Mat_<FLT> q; le(q,"q.tga");

  //mostra(a); mostra(q);

  Mat_<FLT> r;

  matchTemplate(a,q,r,CV_TM_CCOEFF_NORMED);

  r=abs(r);

  for (int l=0; l<r.rows; l++)

    for (int c=0; c<r.cols; c++)

      if (r(l,c)>0.9) r(l,c)=0.0;

      else r(l,c)=1.0;

  mostra(r);

}
Nota: Quando usar NCC (ou matchTemplate com CV_TM_CCOEFF_NORMED) tem que tomar cuidado com possíveis divisões por zero. Isto ocorre nas regiões com nível de cinza constante.
Força Bruta para Obter Invariância à Escala
Veja vídeo em www.lps.usp.br/~hae/apostila/mmatch4.avi
Geração de multi-escala em progressão geométrica:
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Força Bruta para Obter Invariância à Rotação
É possível obter invariância à rotação, rotacionando Q em diferentes ângulos e procurando-os todos em A. 
A figura abaixo mostra a imagem-modelo Q rotacionada em 9 ângulos. Os pixels pretos não fazem parte da imagem-modelo (são pixels “don’t care”).
Pergunta: Como implementar template matching com pixels “don’t care”?
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Força bruta usando 18 ângulos. As duas ocorrências da figura procurada estão coloridas.

O programa:

pv ncc_r

faz o template invariante à rotação força bruta.

Granulometria baseada em correlação

A granulometria baseada em correlação para objetos granulares circulares é apresentada em: 

  [Ri10] Ricardo Hitoshi Maruta, Hae Yong Kim, Danilo Roque Huanca and Walter Jaimes Salcedo, “A New Correlation-Based Granulometry Algorithm with Application in Characterizing Porous Silicon Nanomaterials,” ECS Transactions, vol. 31, pp. 273-280, 2010.
A granulometria baseada em correlação para objetos granulares de qualquer formato é apresentada em:

  [Ri15] H. Y. Kim, R. H. Maruta, D. R. Huanca and W. J. Salcedo, “Correlation-Based Multi-Shape Granulometry with Application in Porous Silicon Nanomaterial Characterization,” Journal of Porous Materials, April 2013, Vol. 20, No. 2, pp 375-385.
Os programas estão disponíveis em:

http://www.lps.usp.br/hae/granul/index.html
Executando:

c:\diretorio>granul corrcirc poros.pgm poros.hol 9 5 6
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poros.pgm
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Corr=8 Sobrep=40
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Corr=4 Sobrep=40
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Corr=16 Sobrep=40
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Corr=4 Sobrep=75
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Corr=4 Sobrep=99


Ciratefi (circular, radial and template matching filter)
1. Introduction

Goal: Find a grayscale query image Q in another image to analyze A, invariant to RSTBC:

· Rotation

· Scaling

· Translation

· Brightness

· Contrast

The proposed solution: Ciratefi (Circular, Radial and Template matching Filter). It consists of three cascaded filters. Each filter excludes pixels that have no chance of matching the template.

Examples:
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2.1 Brightness/contrast-invariant template matching

We use the correlation coefficient rxy, because it is invariant to brightness and contrast. 

There is a matching if rxy > tB  (or |rxy| > tB, to allow matching negative template instances).

We assume that the correlation is zero if the brightness correction ( or the contrast correction ( is above some threshold. 

Brightness/contrast-aware correlation:
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2.2 Brute force RSTBC-invariant template matching

To achieve RSTBC-invariance, template Q must be rotated and scaled by all angles and factors and matched against all pixels of A. In practice, discrete sets of angles and scale factors are used. 

Problem: Brute force template matching is too slow.
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Some of the scaled and rotated

query images.
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RSTBC-invariant brute-force template matching takes 2 hours, while Ciratefi takes only 8 seconds.
3. Circular sampling filter (Cifi)

Ciratefi consists of 3 cascaded filters: Cifi, Rafi and Tefi.

Cifi uses the projections of A and Q on a set of rings to detect  the pixels that have chance of matching the template, named “first grade candidate pixels” and their scale factors.

Circular sampling Cis is the average grayscale of the pixels of an image B situated at distance r from pixel (x,y):
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CQ is a matrix of multi-scale, rotation-invariant features of Q:


[image: image77.wmf])

,

,

(

Cis

]

,

[

0

0

k

Q

Q

r

y

x

k

i

C

i

=

, 
[image: image78.wmf]l

k

n

i

<

£

<

£

0

  

and

  

0


	[image: image79.png]



	[image: image80.png]



	[image: image81.png]



	[image: image82.png]



	[image: image83.png]



	[image: image84.png]





The average grayscales on red circles form the matrix CQ.

Ex: 
[image: image85.wmf]ú

ú

ú

ú

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ê

ê

ê

ê

ë

é

-

-

-

-

-

-

-

-

-

-

-

-

-

-

=

80

100

120

140

160

180

200

200

200

200

200

200

200

200

70

200

1

200

1

200

1

1

1

1

1

120

140

160

180

200

200

200

200

200

1

1

1

1

1

1

1

140

160

180

200

200

200

200

]

,

[

k

i

C

Q


CA is multi-scale 3-D image with rotation-invariant features of A:
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Ex: 
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radius rk=0 pixels
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radius rk=6 pixels
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radius rk=12 pixels


CisCorr is the best correlation of circular samplings CQ and CA:
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A pixel (x,y) is a first grade candidate pixel if 
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Note: -1 is not taken into account.

Note: Instead of using a fixed threshold t1, it is better to consider a percentage of pixels (like 2%) as candidate pixels.
The probable scale CisPS is the scale of the best correlation:
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Ex: 
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The output of Cifi, with first grade candidate pixels in magenta. Each candidate pixel has an associated probable scale.
4. Radial sampling filter (Rafi)

Rafi uses the projections of A and Q on radial lines to upgrade some first grade pixels to the second grade. Radial sampling Ras is the average grayscale of the pixels of image B on a radial line:
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Vector RQ of radial samplings of Q is:
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Ex: 
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At each first grade pixel (x,y), A is radially sampled at its probable scale si:


[image: image101.wmf])

(

f_gr_cand

)

,

(

  

and

  

0

),

,

,

(

Ras

]

,

,

[

1

A

y

x

m

j

y

x

j

y

x

R

j

r

s

R

A

l

i

Î

<

£

a

=

-


Ex: 
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RasCorr is the largest correlation between the radial samplings RQ and RA:
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where cshiftj means circular shifting j positions.

A first grade pixel (x,y) is upgraded to the second grade if:
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Note: Instead of using a fixed threshold t2, it is better to consider a percentage of pixels (like 1%) as candidate pixels.
The probable rotation angle at (x,y) is the angle that yields the largest correlation:
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Ex: 
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Radial sampling lines
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The output of Rafi. Each second grade candidate pixel has an associated scale and angle.


5 Template matching filter (Tefi)
Tefi is the template matching applied at the second grade pixels, using the scales and angles determined by Cifi and Rafi. 

If the correlation of the template matching is above t3, Q is considered to be found.

Note: Instead of using a fixed threshold t3, it is better to consider a number of matchings (like 2) separated by a minimal distance (like 50 pixels).
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The output of Tefi.

6.1 Experiments
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700 instances of 5 template toys. All matchings were perfect, without any false negative or false positive.
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116 instances of McDonald’s symbols. 1 false positive and 2 false negatives.
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187 instances of buildings with a specific shape. 18 false positives and 16 false negatives

Preliminary comparison with SIFT:
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Query
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Ciratefi: No errors.
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Sift: 1 false positive and

2 false negatives.
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Query
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Ciratefi: No errors.
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Sift: 1 false positive and

1 false negative.


Accuracy computed as Hits/(Hits+FP+FN).

	
	Toy shapes
	McDonald
	Buildings
	Game A
	Game B
	Game C

	Ciratefi
	100%
	97%
	83%
	100%
	96%
	73%

	SIFT
	80%
	39%
	21%
	100%
	98%
	100%

	EasyMatch
	88%
	77%
	46%
	97%
	38%
	63%


Error rates of Ciratefi and SIFT searching for 300 image patches in Mikolajczyk image database. 

	
	41×41
	91×91

	
	Cirat.
	SIFT
	Cirat.
	SIFT

	Bark (zoom/rotation)
	18%
	69%
	16%
	16%

	Bikes (focus blur)
	23%
	76%
	10%
	44%

	Boat (zoom/rotation)
	26%
	54%
	20%
	27%

	Graf (viewpoint)
	50%
	81%
	44%
	51%

	Leuven (camera aperture)
	8%
	59%
	4%
	26%

	Trees (focus blur)
	38%
	77%
	54%
	44%

	UBC (compression)
	25%
	52%
	24%
	30%

	Wall (viewpoint)
	53%
	46%
	79%
	30%

	Average
	30%
	64%
	31%
	34%
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Bark #1
	[image: image127.emf]


Bark #6

zoom and rotation
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Bikes #1
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Bikes #6

focus blur
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Boat #1
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Boat #6

zoom and rotation
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Graf #1
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Graf #6

viewpoint
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Leuven #1
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Leuven #6

camera aperture
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UBC #1
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UBC #6

JPEG compression
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Trees #1
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Trees #6

focus blur
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Wall #1
	[image: image141.emf]


Wall #6

viewpoint


Fig. 5. We use Mikolajczyk database with 8 sets of natural images (each one with 6 progressively distorted images) to compare SIFT with Ciratefi. We took 50 square templates of the first image of each set and searched for them  in the 6 images. SIFT uses the whole square template, while Ciratefi uses only the circular template inscribed in the square. The depicted images are parts of the Ciratefi output images, each one containing 50 red circles with pointers indicating the 50 matching positions found by Ciratefi.
Melhorias:

1) Escolher limiares “automaticamente”.
2) Usar pirâmide para melhorar invariância à escala.

3) Usar SSIM em vez de coeficiente de correlação

Ciratefi colorida:

1) Usa CSSIM para avaliar diferença.

Error rates of each algorithm searching for 120 patches of Mikolajczyk database. * means that the experiment was not done.

	
	color

Cirat.
	gray Cirat.
	color SIFT
	gray SIFT
	color

EMat.

	Bark (zoom/rotation)
	0%
	0%
	1%
	0%
	*

	Bikes (focus blur)
	0%
	0%
	28%
	31%
	53%

	Graf (viewpoint)
	33%
	38%
	56%
	55%
	*

	Leuven (cam. apert.)
	13%
	3%
	47%
	23%
	55%

	Trees (focus blur)
	10%
	13%
	38%
	38%
	86%

	UBC (JPEG)
	2%
	3%
	54%
	13%
	49%

	Wall (viewpoint)
	30%
	30%
	27%
	33%
	*

	Average
	12%
	12%
	36%
	27%
	60%


Errors rates obtained searching for 80 objects in ALOI database. * means that the experiment was not done.

	
	color

Ciratefi
	gray

Ciratefi
	color

SIFT
	gray

SIFT
	color EMatch

	Color-A
	0%
	1%
	10%
	5%
	60%

	Color-B
	0%
	0%
	15%
	8%
	*

	Illum-A
	6%
	13%
	30%
	38%
	53%

	Illum-B
	15%
	26%
	35%
	48%
	*

	View-A
	21%
	29%
	39%
	53%
	65%

	View-B
	20%
	24%
	36%
	56%
	*

	Blur-A
	0%
	0%
	28%
	31%
	*

	Blur-B
	0%
	0%
	26%
	28%
	*

	Jpeg-A
	0%
	3%
	51%
	19%
	*

	Jpeg-B
	0%
	0%
	46%
	14%
	*

	Average
	6%
	9%
	32%
	30%
	59%


[image: image142.emf]
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Fig. 7. We took the images of 20 unrotated objects and searched for them in images of the objects rotated by 20, applying Ciratefi 20 times. The image at top depicts the result, with 1 error. We repeated the process to objects rotated by 40resulting in the image at bottom, with 4 errors. The red circles indicates the matchings of Q at scales {0.5, 0.57, 0.66, 0.76, 0.87}. Whenever Q matches a reduced A (in red in the right column), actually Q at a larger scale matches the original A (in green in the left column). 

Forapro (Fourier coefficients of Radial Projections)
A idéia é calcular rapidamente algumas caracteríscas invariantes à rotação, brilho e contraste para cada pixel. Essas características serão usadas para fazer template matching.
Circular projection
Choi and Kim [16] have proposed an interesting approach to accelerate circular projection-based rotation-invariant template matching. Their method computes circular projections for each pixel (x,y) in A (that is, the mean grayscales of the circular rings centered at (x,y)) forming a one-dimensional vector C(A(x,y)). The method computes the first low-frequency complex Fourier coefficients c1, c2, ... of C(A(x,y)), and uses them as rotation-invariant features. Actually, this technique computes the Fourier coefficients directly, without explicitly computing the circular projections, by convolving A with appropriate kernels via FFT. The features of Q are compared with the features of each pixel A(x,y) to select the pixels candidate for the matching. A secondary filter based on the rotation-invariant Zernike moments is used to further test the candidate pixels. Rotation-dependent features cannot be used in this test because circular projections do not discriminate the rotation angle.

Radial IDFT Coefficients

Given a grayscale image A, let us define the radial projection 
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In practice, a sum must replace the integral, because digital images are spatially discrete. The vector of M discrete radial projections at pixel A(x,y) with radius ( can be obtained by varying the angle (:
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Figures 1(b) and 2(a) depict M=36 radial projections at the central pixel of figure 1(a). 

Vector of radial projections 
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 characterizes the neighborhood of A(x,y) of radius (. If A rotates, then this vector shifts circularly. This property is illustrated in figure 2. The k-th Fourier coefficient of a vector of radial projections R is (we omit indices A(x,y) and ():
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The Fourier coefficients of a vector of radial projections can be computed directly convolving A with an appropriate kernel K, without explicitly calculating the radial projections. Figure 3(a) depicts the “sparse DFT kernel” K  (with M=8 angles) such that the convolution 
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 yields the first Fourier coefficient of the radial projections (where 
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 is the double reflection of K): 
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The sparse kernel in figure 3(a) does not take into account most of the outer pixels and consequently it does not yield accurate features. To overcome this problem, the “dense DFT kernel” depicted in figure 3(b) can be used instead. The non-zero elements of this kernel are defined as:
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where k is the order of the Fourier coefficient and ((.) is the angle of the complex number.

The linear filter using this kernel has no intuitive meaning. Using the inverse DFT, the result of the convolution acquires a meaning: it becomes analogous to the gradient. 
In order to make the kernel more “stable,” that is, to make the result of the convolution less sensitive to small perturbations like sub-pixel translation or rotation, we assign less weight to the pixels in the outer and central regions, resulting the weighted kernel depicted in figure 3(d). We tested empirically a number of weight distributions and chose the most stable one. The resulting radial kernel is:
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where 
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 and ( is the radius of the kernel. In order to make the weights sum to one, all weights may be divided by the sum of the weights. 

We will call the convolution of A(x,y) with the double reflection of the k-th radial kernel “k-th radial coefficient” and denote it 
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Canonical Orientation
The rotation-discriminating feature, or the “canonical orientation,” is the first radial angle (r1. The canonical orientation 
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 indicates the local direction of A(x,y) within a neighborhood of radius (. If A rotates, the first radial angle 
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 rotates by the same angle. Moreover, a brightness/contrast change does not alter the canonical orientation.

Rotation-Invariant “Vector of Radial Magnitudes”

Radial magnitudes are invariant to rotation because if A rotates, then the vector of radial projections 
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 shifts circularly, and a circular shifting does not change the magnitudes of the IDFT coefficients (it only changes their angles). 
Radial magnitudes 
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, k1, are also invariant to brightness because a brightness alteration only affects the DC coefficient r0. 
Finally, the ratios between radial magnitudes are invariant to contrast (besides being rotation- and brightness-invariant), because a contrast alteration multiplies by the same factor all the radial coefficients. 
In our implementation, we use the following vector of radial magnitudes vrm that takes into account the magnitudes of all radial coefficients up to degree K:
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where ( means L1-versor and consists on dividing each element of the vector by its L1-length 
[image: image161.wmf]|

|

|

|

|

|

2

1

K

r

r

r

+

+

+

K

. 

Rotation-Invariant “Vector of Radial Angles”

If A rotates ( radians, then the vector of radial projections 
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 shifts circularly ( radians and the k-th radial coefficient 
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. Moreover, a brightness or contrast change does not alter 
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 is rotation- and brightness/contrast-invariant. We call this feature “difference of radial angles” k and 1:
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This feature is computed modulo 2(, because it is an angle. In our implementation, we packed the dra’s up to order K in a structure that we named vector of radial angles vra:
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We define the distance ( between two vra’s as the weighted average of the angle differences:
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where 
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Rotation-Invariant “Vector of Circular Features”

We will use DFT coefficients of the circular projections, together with the radial features. The resulting circular kernel is:
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where 
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 and ( is the radius of the kernel. In order to make the weights sum to one, all weights must be divided by the sum of the weights. 

We will call the convolution of A(x,y) with the double reflection of the l-th circular kernel “l-th circular coefficient” and denote it 
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 or simply cl. In our implementation, we use the following “vector of circular features” that takes into account the real and imaginary components of all circular coefficients up to degree L:
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where ( means L1-versor, and “re” and “im” are respectively the real and imaginary parts of the complex number. 
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(a) Circular template image
	[image: image178.png]



(b) Radial projections
	[image: image179.png]



(c) Circular projections


Fig. 1: A radial (circular) projection is the mean grayscale on a radial line (circular ring). 
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(a) Vector of the 36 radial projections of figure 1(a).
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(b) Vector of radial projections of figure 1(a) rotated 60o


Fig. 2: Rotation of the image causes circular shifting in the vector of radial projections.
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(a) Sparse DFT kernel
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(b) Dense DFT kernel
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(c) IDFT kernel
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(d) 1st weighted IDFT kernel
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(e) 2nd weighted IDFT kernel
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(f) 3rd weighted IDFT kernel


Fig. 3: Radial kernels
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(a) Stable regions in white and unstable regions in black.
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(b) Canonical orientations of (ta=20o, tm=0.01)-stable pixels.


Fig. 4: Stability of the canonical orientation.
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(a) Truncated integer circular kernel.
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(b) Floating-point circular kernel.
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(c) Second-order circular kernel.


Fig. 5: Circular kernels.
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Fig. 6: Extraction of eight stable templates from a query image. The stable pixels are depicted in blue and the centers of the eight chosen templates are depicted in white. 
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(a) One of the eight images to be analyzed.
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(b) The output of our algothm.
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(c) A query image.
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(d) A stable sub-template.
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(e) An unstable sub-template.


Fig. 7: One of the images used to test Forapro, with the respective output.
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Fig. 8: Part of an image used to test the robustness to partial occlusions.
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(a) An image to be analyzed.
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(b) The output of our algorithm.


Fig. 9: A test to verify the robustness to scaling.
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Fig. 10: SIFT may fail to find simple shapes with constant grayscale, like the ones in this figure. SIFT made 6 errors (out of 52) while Forapro made no error. 
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(a) The 1st image of set Bark. This set tests robustness to rotation and zoom.
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(b) The 6th image of the set.
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(c) The 1st image of set Bikes. This set tests robustness to focus blur.
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(d) The 6th image of the set.
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(e) The 1st image of set Leuven. This set tests robustness to camera aperture.
	[image: image208.png]



(f) The 6th image of the set.


Fig. 11: Some of the images used to compare SIFT with Forapro. Both SIFT and Forapro localized correctly 300 queries in set Bark. SIFT made substantially more errors than Forapro when the local textures could not be easily extracted, like in sets Bikes and Leuven.
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(a) Forapro made 4 errors (out of 6).
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(b) Forapro made no error.
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(c) Forapro found no stable sub-template and made 6 errors.


Fig. 12: SIFT could find no key-point in these three query images and made 6 errors in each. Forapro found some stable sub-templates 
Searching for the Matching Candidates

Normalized Cross-Correlation

Hough Transform

Robustness to Scaling

Partial Occlusion

Tab. 9: Comparison between Forapro and SIFT. In each experiment, 50 query images were searched for in 6 images to analyze, resulting in 300 searchings. 

	Maximum number of

errors = 300
	Query images size nQ
	One-scale

Forapro

errors
	Forapro’s scale range
	Multiscale Forapro errors
	SIFT

errors

	Bark (zoom and rotation)
	211211
	-
	0.28-1.0
	0
	0

	Bikes (focus blur)
	9191
	1
	0.5-2.0
	6
	111

	Boat (zoom and rotation)
	211211
	-
	0.36-1.0
	9 
	6

	Graf (viewpoint)
	9191
	-
	0.5-1.0
	109
	110


	Leuven (camera aperture)
	9191
	3
	0.5-2.0
	5
	52

	Trees (focus blur)
	9191
	80
	0.5-2.0
	76
	134

	UBC (JPEG compression)
	9191
	35
	0.5-2.0
	35
	52

	Wall (viewpoint)
	9191
	-
	0.7-1.0
	90
	70

	ALOI (illumination)
	144192
	9
	0.5-2.0
	46
	52

	Average
	
	
	
	41.8
	65.2


Log-polar no domínio espacial
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s00
	[image: image213.emf]


l00 – observe o barco

	[image: image214.emf]


s01 – mudança de escala em torno do centro
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l01 – o barco não mudou de forma
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s03 – escala e rotação em torno do centro
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l03 – o barco não mudou de forma
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s05 – escala em torno do centro
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l05 – o barco não mudou de forma

	[image: image220.emf]


s06 – escala e rotação em torno do centro
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l06 – o barco não mudou de forma
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s02 – escala e deslocamento
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l02 – o barco mudou de forma
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s04 – escala, rotação e deslocamento
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l04 – o barco mudou de forma


Log-polar DFT

Registro de imagens usando log-polar DFT:
As idéias deste resumo estão na seção 2.2 do artigo

[Keller, 2005] Y. Keller, A. Averbuch, M. Israeli, “Pseudo-polar based estimation of large translations rotations and scalings in images,” IEEE Workshop on Motion and Video Compuyting, 2005.

[image: image226.emf]

[image: image227.png]or log-polar DFT, rotation and scaling are reduced to trans-
lations, which can be robustly recovered using the phase-
correlation procedure. Using Eq. 11 to estimate the rotation
angle 6 results in an ambiguity by a factor of 7 [11] in the
estimation of the rotation angle. This ambiguity can be re-
solved by applying both hypotheses 0 and 0 4 7 and recover
the translational motion (Ax, Ay) and the correlation peak
of each hypothesis. The rotation hypothesis and translation
values, which are related to the highest correlation peak, are
chosen as the result.




O problema é que o esquema acima só pode ser aplicado se as duas imagens estiverem quase inteiras, isto é, para registro. 

Não é possível usá-lo para procurar template T pequeno em imagem A grande. 

Só é possível usá-lo se T e A estiverem mais ou menos inteiros. T pode ter alguma parte de A ausente. Mas este pedaço deve estar coberto por zero (preto).
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s04 – escala, rotação e deslocamento


Consegue-se achar os parâmetros de rotação, escala e translação se fora da imagem estiver preto. Caso contrário, ruído diminuirá o pico da correlação.
� Nota: Dizemos que duas imagens A e B são equivalentes sob variação de brilho e contraste se existem fatores de correção de contraste (>0 e brilho ( tais que � EMBED Equation.3  ���, onde 1 é a matriz de 1’s.
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