Detection of the Objects With Given Shape
on the Grey-Valued Pictures
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Abstract. The results of investigations of a problem of object detection on various backgrounds
are described. New methods for estimation of dissimilarity between pictures and new methods
of the pictures matching are developed as well as new procedures of picture pre-processing.
Methods of fast computation of dissimilarity criterion are proposed.

1. Introduction

The detection is formulated as a special case of classical best-matching problem.
Let e be a picture of some ideal object. The picture depends on its geometrical
parameters: scale u, displacements & and 77 and rotation ¢ , so that

e= e(f o1y Uy (p) . Let p be the picture under analysis. Let R( P, e) be a function

of dissimilarity that shows how well the real picture p can be matched with the ideal
picture e . The problem consists in finding such displacements & *,n" , scale u "

and rotation ¢ * of the ideal picture, that provide the best matching of real picture
with ideal one in accordance with R . The task consists in calculation of

(" n".u"p")=arg minR(p,e(f, n,u,rp)) (1)
N/ N7N

The problem of reasonable dissimilarity function has already a long history (see,
for example [1] and referred investigations). In this work the problem is considered in
connection with thresholding and noise removing on the thresholded picture.

It is well-known that the threshold for picture binarization can be rarely pre-
defined so, that a single value is suitable for every picture. Because of that a lot of
adaptive thresholding procedures were developed [2,3]. The new approach, presented
here, consists in that a threshold depends on both pictures, whose similarity is to be
calculated. It is also necessary to remove some noise in the binary pictures before
their similarity is calculated. The most popular methods of such noise removal are
based on the detecting of connected components or on the ideas of dilation-erosion
[4,5]. This operations must be fulfilled after binarization. As threshold’s value cannot
be pre-defined, such noise removal must be done for several values of threshold and



computational complexity becomes large enough. We propose such procedure that the
“noise removing” with subsequent thresholding gives the same result as a
thresholding with subsequent commonly used noise removing in the binary picture.
This equivalency holds for every threshold’s value.

The dissimilarity function is described in section 2. In section 3 the main ideas of
the solution of optimisation task are described and then discussed in sections 4,5,6.
2. The Function of Dissimilarity of Ideal and Real Pictures

Let T be a set of pixels (field of vision) and ¢ be a pixel. An ideal picture e is
meant as a pair of two subsets T, - a set of pixels which belong to the object, and T}

_a set of background pixels. A real picture p is a function ¢: T — {0,1,...,255} .

The dissimilarity function is defined on the base of some assumptions about pictures
properties using the following considerations.
2.1. The first step is based on the assumption, that a background is, as a rule,

darker than an object. In this case for every two pixels ¢’ and " , such that the
first one belongs to the background and the second - to the object, the inequality

Vi eTyve" e Ty (ple) < ple™)) )

would be valid This event could be surely interpreted that the object e = (T B TO) is
present on the picture. While the set T is finite, the event (2) is equivalent to
30(vi' e Ty (ple) < 0))& (Ve e o (ple) > 6)) . )
Event (3) means, that there exists such threshold € , that thresholding of the real

picture p with @ transforms it into the ideal picture e . It is clear that, firstly, the

event (3) gives a good reason for the decision that the object e is present on the
picture and, secondly, that this event occurs rather rarely. To weaken this criterion it
is assumed that one can neglect the small noisy distortions of the picture.

2.2. Let B( ol 49) be the result of thresholding of picture p with @ . Then the
event (3) may be represented as 36 (B( o) 6’) = e) @)

Let us define noise removal operation. Let p be a binary picture, 7, be the set
of pixels for which p(f)=0 and 7, be the set of pixels with p(t) =1 . The
connected subsets of small size from 7, and 7; are considered as noise. The
removing of noise consists in inverting of its brightness. The result of noise removing
will be denoted as S(@) . Matching criterion: 36 (S(B( P 9)) = e) (5)

is more weak, than (3). This criterion means that there exists such threshold 6 that
after thresholding of the picture p and subsequent noise removing the binary picture

is obtained, that is equal to the picture e . One can see, that if some picture satisfies
(4) then it satisfies (5). Of course, opposite statement is not valid and, consequently,
criterion (4) is stronger than (5). At the first sight the computational complexity of (5)
is much greater than complexity of (4). Really, for testing of (5) the real picture must
be thresholded with every possible value of threshold and then noisy spots must be
removed on every obtained binary picture. As for criterion (4), it requires only the



testing of simple inequality min p(¢) > max p(¢) . Nevertheless testing of (5) can

tely tely

be essentially accelerated due to the following statement. There exists such

transformation S’ , that for every p and 6 B(S ’(p),@) = S(B(p, 9)) (6)

is valid. By virtue, (5) can be represented as 360 (B(S ’( p), 9) = e) @)

Testing of (7) requires one-fold transformation of picture p into the picture

Py = S’(p) and subsequent testing of rtll%n ) (£)> r{lerlx o) (¢) ®)
Ty €Ty

The concrete transformation S’ that satisfies (6) is described in section 4.
2.3. The next step is based on the assumption that thin lines (“hairs™) can also be

considered as a noise. Let ¢ be a pixel for which p(t) =1 and there exists such pixel

t' ( p(t')=0), that the distance between ¢ and ¢’ is less then some predefined
value. Such pixel # will be referred to as a black border pixel. The dilation consists in
inverting of black border pixels. Similarly the erosion is defined. Removing of black
lines, whose thickness is not greater than & pixels, is defined as a sequence of &
erosions and & dilations. Removing of thin white lines is defined as a sequence
of & dilations and & erosions.

Let us denote by T the removing of thin distortions and weaken (5) with an
account that such distortions can be neglected. As a result the following criterion

36 (T(S(B( p.0))) = e) ©)
is obtained. For 7' the same statement is valid as the statement (6). Namely, there
exists such transformation 7' ,that T (B( 0, 9)) = B(T (p, 0)) (10)

holds for every threshold @ and every picture p . Due to (10) the criterion (9) can
be represented as 360 (B(T’(S’(p)), 9) = j (11)

Using (11) one can test the criterion computationally much more effectively. The
picture transformation 7' , that satisfies (10), is described in the section 5.

Binary criterion 30 (B( p.6)= e) , (12)
can be replaced by the integer-valued function that represents a natural fuzzy variant
of (12) and the dissimilarity function R(p, e) =min d(B(p, 9), e) , (13)
6

where d is a distance by Hemming between two binary pictures. It is evident that if
R(p, e):O then (12) holds. The value R(p, e) #0 is considered as a degree of
dismatching of p and e .

As a result, the following formulation of the problem of detection of pre-defined
ideal picture on the real picture is obtained. It is necessary to remove some distortions
on the real picture p . Then transformed picture p ; must be obtained and for real

picture such threshold @ * , such displacements & * and 7 * , scale £ * and

rotation ¢ * of ideal picture must be found, that the distance by Hemming between



thresholded picture B(p 1,0 *) and transformed ideal picture e(éf 0, y*,¢7*)

would be minimal. It means, that it is necessary to calculate

(¢ * 0 u" 0") —arg min min d(B(p1,0).el& . m.1.0)) (19)
ST
3. Methods for Acceleration of the Matching
3.1. Let us analyse the innermost part of (14). Number of operations for
calculation the distance d under fixed values of 6,&, 7,4, , is of order n -

number of pixels in the field of vision. To calculate min d(B(r l,q),e(x,h,m,j))
q

the distance d must be calculated for each threshold value. The amount of this
values will be denoted by @ . However the total amount of necessary operations is

not of order @ -7 , as one can suppose at the first glance, but is of order @ +n .

3.2. Computation of (14) requires that the value min d(B(p 1> 49), e(f, 1, U, go))
0

must be obtained for every four-tuple &, 7,4, . Let g be the amount of these
values. The total amount of computation is not of order g-(@ +n) , as it could be
suspected, but is of essentially less order g-(w +n') , where n' is the number of
pixels of ideal picture at the border of subsets 7, and T .

4. Noise Removing in the Grey-Valued Picture

The algorithm for noise removing consists of four steps: 1) sorting of pixels in
increasing order of their brightness; 2) "white" noise removing; 3) sorting of pixels in
decreasing order of their brightness; 4) "black" noise removing.

Ordering of pixels is fulfilled during two-fold scanning of the pixels using
additional array with the length equalled to the number of different brightness.

“White” noise removing is carried out during one-fold scanning of ordered pixels.
Let #i be a pixel having brightness v(#;). Processing of the pixel consists in checking
whether there exists "white" noise region G that contains this pixel. Initially the
region contains only #. Then the region grows so that. some pixel ¢’ is included into it
if: a). £’ is a neighbour of the region G; b). v(¢’) 2v(t;). The region grows until one of
the following two conditions are satisfied: /) the size of the obtained region G
exceeds the pre-defined size. In this case the region G is not considered as a noise and
the next pixel #+1 is processed; 2) no pixel can be included into G. In this case G is a
noise and the brightness of all its pixels are equalled to maximal brightness of the
neighbouring pixels.Removing of "black" noise is similar to "white" noise removing.
5. Removing of Thin Distortions on the Multilevel Pictures

Let p be a multilevel picture, B( P ,9) be a result of thresholding of p using &,
T (B( p,0 )) be a result of removing of “hairs” on B . It is necessary to construct such

transformation 7' that the equality B(T’(p ),6’) = T(B(p,é’)) (15)



is valid for every multilevel picture p and every threshold & . For the removal of
white “hairs” the pair "erosion-dilation" must be fulfilled. So it is necessary to find

out such transformation 7' that B(T'(p ), 9) = D(E(E(D(B(p ,0 )))D (16)

is valid for every p and every @ , where D and £ mean dilation and erosion. Let us
consider only D and find the transformation 7D , that satisfy the equality
B(TD(p).0) = D(B(p.0)) (17

Let T (t) be the d -neighbourhood of pixel ¢, p max be the maximal brightness of
pixel from 7 (t) Let us define the picture TD(p)such that the brightness of 7 is
p max. Then B(TD(p),0) iscqual 1 ifandonlyif @< p max. (18)

The brightness of picture D(B(p ,0 )) is equal 1 if and only if there exists a pixel
t'" in T (t) for which B( P ,«9) is equal 1. It is equivalent to the condition that there
exists a pixel ¢’ for which p(z)> @ and in its turn is equivalent to p max> 6. (19)

One can see, that the condition under which brightness B(T D( P ), 9) of the pixel

t equals 1 is the same as the condition, under which brightness D(B(p,@)) is 1.

Consequently, these brightness are always equal. So, transformation 7D satisfies
(17). Similarly, one can construct a transformation 7E such that:

B(TE(p).0)=E(B(p.0)) (20)
This transformation assigns for a pixel ¢ the brightness p min -minimal brightness of

picture p from T| (t) The properties (17) and (20) cause that the equality

s(ro(re(rs(ro(o ) 0) = b £(£(p(B(p. 9))))) holds also for every 6 . The

last expression defines explicitly the operator 7" that satisfies (16).
6. Fast Matching of Grey-Valued Pictures
6.1. Statement of the Problem
Let p:T—> {0,1,...255} be a picture under analysis; p (¢) be a brightness of pixel

t; © be a threshold; B(p, G)) be a result of thresholding p with ©®; e = (To s Tb) be
an ideal pattern, 7, be an object, 7, be a background, T, AT, =<; & n, 1, be
values of horizontal and vertical translations, scale and rotation respectively (this
four-tuple will be referred to as a variant); e(f, 1, ,u,go) be the ideal pattern under
translation £ and 77, scale ¢/ and rotation ¢ ; d(v,e),e = (TO,T,,) be a dissimilarity
function between v and e. Its value is defined as a total quantity of pixels for which
((v(t) =1)A(t eTb))v((v(t) = O)A(t eTO)). The problem is formulated as the

optimisation task: (5*,n*,y*,¢)*):arg min mind(B(p,@),e(§, iy,y,(p)).
Sphp O



6.2. The Problem Analysis and Elimination of Calculations
6.2.1. Let us consider dissimilarity minimisation under fixed variant, i.e. calculation

of F(p,&m 1.0)= r%in d(B(p, ®).e(&mu )) . It is fulfilled by three steps.
a. Two histograms must be calculated: G, (®) ( respectively G, (®) ) being an
amount of pixels, for which(r €7, ) A (p (1) = ®) (respectively (t eT, ) A (p (1) = G)) ).

0
b. Then the cumulative histograms G}(®)=>G,(i),0<®<®,,, and
i=0
© o
Gi(©)= > G,(i),0<©®<®,, mustbe calculated using recurrent expressions:
O+1

o > max
G} (O ax —1) = Gy (010 ). G4 (©) = G} (O +1) + G, (©+1),0 =0 ., —2,....1,0

G, (@) means the amount of pixels from subset 7, which would be black after

G,(0)=G,(0),G,(©)=G,(©-1)+G,(0),0=12,...,0,,,, —1;

thresholding of picture p with ® . The function G (®) has similar meaning.
c. F (p, En, 1, go) is being calculated. This value is equal Ir(lain(GD’ (®)+ G, (@)) .

The amount of operations that are necessary to obtain functions G, (G)), G, (®) , is of

order n - the amount of pixels in 7, U 7, . All other calculations are of order ® -

the amount of brightness values.
6.2.2. Let us consider now dissimilarity minimisation task under fixed scale and

rotation, i.e. calculation of F ’(p, ,u,(p) =min F (p, ¢, n, y,(p), which is necessary to
S

obtain the values of F (p, En, 1, go) for every £ and 77 . It requires to fulfil steps a, b
and c. For the first value of £ and 7 step « is fulfilled by the following algorithm.

Forevery ® G,(®)=G,(®)=0;Forevery t €T, G, (p (t)) =G, (p (t))+ L;
Forevery t €T, G, (p(t)) =G, (p (t))+ I;

Calculation time is proportional to the amount of pixels in 7, U 7,. However, the
processing time for all other values of & and 7 can be reduced essentially. Really, let
£y and 7y, &, and 7, be two different translations, e, = (TUO,TbO) and
e :(Toprl) be corresponding ideal patterns. Let us suppose that histograms
G,,(®) and G, (@) for the ideal pattern ¢, are already available. Then histograms
G,,(®) and G, (®) must be constructed by recalculation of histograms G,, and

G, using the following algorithm.

a. The four-tuple of difference sets
Too1 =Ty \T,0, Ty10 = Ty \ Ty, oy = Ty \ Ty, Tpyo = Ty \ T,y must be constructed.

b.YVO: { G,1(0)=G,0(0); Gy, (0) = Gb0(®);}



ViteT,, Gal(p (t)) = Gul(p (t))+1 ; ViteT,, Gol(p (t)) = Gol(p (t))—l ;

vVt €Ty, Gbl(P(t)):Gbl(P(t))+1§ Vtely, Gbl(p(t)):Gbl(p(t))_l-

As the lists of pixels from the difference sets can be constructed in advance, the
time of computations on the step » may be proportional to the volume of difference

sets. When the difference between the ideal patterns €, and e, is small, the volume
of difference sets is considerably less than the volume of 7, U 7},.The computation of
step a may be accelerated. Let the ideal pattern e; is obtained by the translation
(A i,A j) of the ideal pattern e,.Let the ideal pattern e, is obtained by the same
translation of the ideal pattern e, . It is obvious that the difference sets for e, and e,
can be obtained by the translation (A i,A j) of the difference sets for e; and e, . The

complexity of such recalculation is also proportional to the volume of difference sets.
Due to this the construction of difference sets is made only once for the first position
of ideal pattern. For every other position the difference sets are only recalculated.

7. Application

The developed best-matching method was implemented for searching of geometrical
objects in the pictures of shoeprints with the aim of subsequent search of the given
shoeprint in the database. Two examples of detecting some geometrical objects are
shown in Fig. 1.
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Fig. 1. Detecting of circles on shoeprint images.



