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Abstract—The paper describes new results of investigations into devel oping mathematical tools for the anal-
ysis and estimation of information represented in the form of images. It is a continuation of the study of a new
class of image algebras, descriptive image algebras (DIA). The use of DIA in image analysis applications
requires examination of agreat many operations, which may lead (or may not) to the construction of DIA with
or without physical meaning. The questions about the kinds of operations which can be used for DIA construc-
tion and about the dependence of this process on the physical interpretability of these operations remain open.
In general, the problem consists in formulating conditions for the set of operations which ensure the DIA con-
struction. The ways of constructing the P-, G-, T-, and I-models by using one-ring DIA of a specia type are
described. The possibility of formalization of different image representation (models) will help to use the prin-

ciples of algebraic recognition for image handling.

1. INTRODUCTION

The paper describes new results from investigations
into developing mathematical tools for the analysis and
estimation of information represented by images. These
investigations have been carried out for several yearsin
the Computer Science Laboratory of the Scientific
Council on Cybernetics of the Russian Academy of Sci-
ences, wherethe descriptive approach toimage analysis
and recognition is being developed and implemented
[5, 6]. The fundamental purpose of these investigations
isto create a general theory that would encompass var-
ious approaches and operations used in image process-
ing. A new image algebra (IA), a descriptive image
algebra (DIA), is being developed as such a theory [7,
8, 10, 11]. Its main distinction from the standard IA is
that it considers both algorithms and descriptions of
input information as algebraic objects. DIA generalizes
astandard 1A and makes it possible to use basic image
models and operations over images (or both) as ring
elements. The new algebra tools can be used for auto-
mation of development, testing, and evaluation of the
quality of algorithms of image processing and analysis.
They can also serve as a basis for designing new com-
putational architectures specialized for image process-
ing and analysis. By applying anew algebra, anew lan-
guage is obtained for comparison and standardization
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of different algorithms for image analysis, recognition,
and processing.

The results presented below are obtained in the
framework of general research into structuring the con-
ceptsof DIA and augmenting the set of basic operations
of DIA with respect to known image agebras. Main
efforts were focused on the construction and study of
the basic examples of DIA and on defining the condi-
tionsfor a set of operations ensuring DIA construction.

To this end, the following tasks should be first car-
ried out:

(1) The necessary and sufficient conditions for a set
of operations applied to ring elements and generating
one-ring DIA should be established.

(2) The possibility of generating special image mod-
elswith the help of DIA and of using them as operands
in DIA should be investigated.

Our theoretical research consists of the following
stages:

At thefirst stage, examples of sets of operations are
constructed, which may have (or have not) physica
meaning and may lead (or may not) to the construction
of one-ring DIA. The standard algebraic operations, as
well as specialized operations of image processing and
analysis represented in algebraic form, can be used as
operations. |mages and operations over images are used
asring elements.

In this paper, we provide the following five exam-
ples: (i) three examples of basic one-ring DIA with dif-
ferent elements and operations having a certain physi-
cal meaning: in Examples 1 and 2, the images are ring
elements, and, in Example 3, binary operations over
images are ring elements; (ii) Example 4, where the
constructed set with the introduced operations forms a
group over addition; and (iii) Example 5, where the
operations which form groups neither over addition nor
over multiplication are shown.
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At the second stage, the results of applying one-ring
DIA operations to various sets of elements are col-
lected. The specificity of pattern recognition makes it
possible to successfully recognize a new object from
incomplete information about it. Thus, we can use
image models which contain information on the initial
image. In this case, we cannot restore an image fromits
model; however, its correct classification is possible.
Thefollowing four classes of modelsare presented here
as image models. P-model (parametric model),
G-model (procedural model), T-model (generative
model), and image | in its natural form [7]. In the sec-
ond part of the paper, different ways of constructing
image models using DIA are demonstrated.

At the third stage, the conditions for the set of oper-
ations which ensure the one-ring DIA construction are
formulated. At this stage, the standard |A operations
introduced by G. Ritter [14] were studied. By applying
these operations to a variety of images, a set of opera-
tionswas obtained leading to the DIA construction. The
necessary and sufficient conditions for a set of opera-
tions generating one-ring DIA are determined.

2. DESCRIPTIVE IMAGE ALGEBRAS:
DEFINITIONS AND EXAMPLES

2.1. The Purposes and Fundamental Works

The stimulus for DIA construction was one of the
classical praoblems in image analysis: an efficient con-
struction of a sequence of operations for transforming
the given image into a desired one and vice versa. It
turned out that the general solution of this problem
requires a formal system for image representation and
transformation. This system should meet the following
conditions: (i) every object of transformation should be
ahierarchical structure built from the primitive objects
by using |A operations; (ii) points, sets, models, opera-
tions, and morphisms can be used as objects; and (iii)
every transformation is a hierarchical structure built
from the set of basic transformations by using |A oper-
ations.

An algebraic formalism should provide the follow-
ing possibilities[10]:

—construction of algebraic structures which allow
one to use the methods borrowed from other branches
of mathematicsfor image processing, analysis, and rec-
ognition;

—econstruction of correct and compact image
descriptions convenient both for procedure interpreta-
tions and for the design of new methods;

—econstruction of a language to describe image
transformations and operations over images as compact
sets of simple transformations;

—construction of machine-independent, as well as
architecture-dependent, descriptions of image transfor-
mations,
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—enhancement of software implementation by the
matching of algebraic expressions to the program
blocks;

—establishment of the correlation between the
available programming languages and known ago-
rithms of image processing, analysis, and recognition,
or, in other words, selection of the most effective pro-
gramming languages for the resulting algebraic struc-
tures.

An essential drawback of the general theory of alge-
bras is that the character of the problem at hand is
neglected when the algebraic methods are applied to
information represented by images. In addition, a sim-
ple interpretation of the results of application of athe-
ory is not always possible. There are a lot of natura
image transformationsthat are easily understood by the
user (e.g., rotation, compression, dilation, color inver-
sion, etc.) which are resistant to standard algebraic
operations. Therefore, the | A tools should be combined
with a set of natural image transformations. Thus, this
new class of 1A should cover not only the basic models
of images as objects of analysis and recognition but
also the basic models of transformations, which lead to
effective synthesis and implementation of the basic
procedures of image formal description, processing,
analysis, and recognition.

The idea of creating a genera theory enveloping
various approaches and operations for image and signal
processing hasalong history. It starts with the works of
von Neumann and continues with the works of
S. Anger, M. Duff, G. Materon, J. Serra, G. Ritter, and
others.

The mathematical morphology developed by
Materon and Serra [15] became a starting point for a
new mathematical trend in image processing and anal-
ysis. J. Serraand S. Stenberg [16] were the first to suc-
ceed in developing an algebraic theory of image pro-
cessing and analysis on the basis of mathematical mor-
phology. S. Stenberg was supposedly the first to
introduce the modern conception of image algebra:
“Image algebrais a representation of the algorithms of
the cell computer for image processing in the form of
algebraic expressionswherein images are variables and
logical or geometric combinations of images are oper-
ations” [16]. It should be noted that U. Grenander used
the concept of image algebra as early asin 1970; how-
ever, a different algebraic construction was meant [3].
A great number of works appeared in the framework of
this study concerned with the development of special
algebraic constructions that use or reject mathematical
morphology.

The following investigations of the 1970s-1980s
brought about the devel opment of DIA:

—Zhuravlev algebra (also known as algebra of
algorithms). The algebraic methods in the theory of
algorithms are directed at the construction of efficient
procedures for solving problems with poorly formal-
ized and sometimes contradictory information and
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problems of discrete optimization which can only be
solved by an exhaustive search unrealizable in prac-
tice[2].

—Descriptive approach to image anadysis and
understanding as a specidization of the general alge-
braic approach to the problems of recognition, classifi-
cation, and forecasting where the initial data are
resented by images (transforming images to a form
convenient for recognition, standardization of the syn-
thesis of formal image description, classes of image
models) [5, 6].

—General pattern theory of U. Grenander (descrip-
tion of analyzed objects) [3, 4]. The works of
Grenander are a basis for creating the most genera
tools for dealing with patterns of arbitrary nature and
representing them as algebraic structures. An essential
contribution made by Grenander is the unification of
algebraic tools with the concept of Markov random
processes by setting probabilistic measures on arbitrary
algebraic structures. The fundamental idea of the
Grenander theory consistsin the possibility of express-
ing knowledge on patterns in terms of regular struc-
tures.

—Extended (standard) IA of G. Ritter [14] has a
narrower application purpose: it is aimed at the gener-
alization of known loca methods of image analysis,
e.g., mathematical morphology, for augmenting their
possibilities and eliminating the bottlenecks. Since I1A
not only generalizes mathematical morphology and lin-
ear algebra but also is the most wide and convenient
structure, the 1A language alows one both to imple-
ment known algorithms and to create new ones. The |A
can serve asabasisfor creating a higher level language
for image analysis that uses operations and operands of
astandard IA. Also, it is possible to extend the structure
of 1A by introducing new operations, which is helpful
in the cases when morphology and linear algebra do not
yield a satisfactory result.

2.2. Algebra Definitions

Definition 2.2.1. [17] A nonempty set G of elements
of arbitrary nature (e.g., numbers, mappings, transfor-
mations) is called a group if the following four condi-
tions are satisfied:

(1) A composition law isgiven which putsevery pair
of elements a and b from G in correspondence with the
third element from G, which isusually called acompo-
sition of the elements a and b and is denoted as ab.

(2) An association law. For any three elements a, b,
and c from G, the equality

(ab)c = a(bc)
holds.

(3) There is a (Ieft) unity ein G, i.e., an element e
with the following property:

ea=afor al afromG.
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(4) For every element a from G, there is (at least)
one (left) inverse element atin G defined by the rela-
tion

aal=e

If the addition is used instead of multiplication, the
group is called additive.

If the law of commutativity is also fulfilled, i.e.,
ab = ba, then the group is called an Abelian group.

Definition 2.2.2. [17] A system with double compo-
sition is an arbitrary set of elements a, b,..., wherein,
for any pair of elementsa and b, the sum a + b and the
product ab are uniquely determined and belong to the
same set. A system with double compositioniscalled a
ring if the operations over el ements of this system obey
the following laws:

(1) Laws of addition:

(a) Associativelaw: a+ (b+c)=(a+hb) +c.

(b) Law of commutation: a+b=b+a.

(c) Solvability of equationa+ x=Dbfor al a, b.

(2) Law of multiplication:

(a) Associative law: a(bc) = (ab)c.

(3) Distributive laws:

@a+(b+c)=ab+ac.

(b) (b + c)a=ba+ ca.

If the multiplication obeys the law of commutation
(2b): ab = ba, then thering is called commutative.

Definition 2.2.3. [17] A ring iscalled a body if

(a) it contains at least one nonzero element; and

. = b,0
(b) equations ax O are unsolvable for a = 0.
ya=b

If, in addition, a ring is commutative, it is called a
field or rational ring.

Definition 2.2.4. [17] Let us consider thefollowing:
(i) abody K whose elements a, b, ... are called coeffi-
cients or scaars; (ii) an additive Abelian group M
whoseelementsx, y, ... arecalled vectors; and (iii) mul-
tiplication of the vectors by scalars xa, which meetsthe
following demands:

(1) xaisin M;

(2 (x+yla=xa+ya

(3) x(a + b) =xa + xb;

(4) x(ab) = (xa)b;

(5) X, =X.

If all these demands are satisfied, M is called a vec-
tor space over K or, more precisaly, a right K-vector
space, since the coefficients are placed to the right of
vectors. The left K-vector space is defined similarly. If
the body K is commutative, these notions coincide.

Definition 2.2.5. [17] A ring U which is a finite-

dimensional vector space over somefield P iscalled an
algebra. If, in addition, the relation (au)v = u(av) =
13
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a(uv) isvaidfor a O Pand u, v I U, then the agebra
is called associative.

Properties of the algebra:

—Properties of the field P(a, B, y O P):

Q@ ,pO0PRO(a+p)OP:

@a+PB+y)=(a+p)+y

(b)a+B=p+a;

(cocMOP @G OPRPa+0=aq;

(d) OP O-),a+ (-a)=0.

2@ ,pOPRO (aB) OP:

(@ a(By) = (aB)y;

(b) ap = Ba;

cMOP @ OPR la=a.

3 a(+y)=ap +ay.

—DProperties of thering U(a, b, c O U):

() Oa,blOu, O (@+b)0U:

@a+t(b+c)=(a+b)+c

(bya+tb=b+a;

(ccmOU,0abU,a+0=g3;

(dyDabOUO—-a),a+ (—a) =0.

(2) Oa, b0 U, O(ab) O U:

(a) a(bc) = (ab)c.

(3) (aa+ Bb)c=aac + Bbc.

—Properties of the vector space (a O P, ad U:
aa E U):

(1) a(Ba) = (ap)a.

(2) (a +Ba=aa+ Pa.

(3 a(a+b)=o0a+ah.

Definition 2.2.6. An algebra over the field A is
called an image algebra (IA) if the images (sets of
points) with their values and characteristics are the ele-
ments of itsring [14].

Definition 2.2.7. An algebra over the field A is
called a descriptive image agebra (DIA) if either the
image models or operations with images (or both) are
the elements of itsring. As amodel, the image itself or
the set of corresponding values and characteristics can
be chosen [7, §].

Definition 2.2.8. DIA is called a basic DIA if its
ring consists of either image models or operations over
images [7, 8].

2.3. Images According to G. Ritter

For the sake of generality, during the construction of
examples we use the definition of image (see Definition
2.3.1) and operations over images introduced by Ritter
in standard image algebra[14].

Definition 2.3.1. (Images According to Ritter
[14]) Let F be aset of valuesand X be aset of points. A
mapping of the set X into set F (the element of the set
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F9: 1 ={(x, a(x)), x O X, a(x) 0 F} iscaled an image
that takes values from F in the set F.

Letl, ={(x a(x), xOX} and I, ={(x, b(x)),x O X}.

Operations over images according to Ritter ([14]).

L et the following operations be determined over F:
addition, multiplication, maximization, and inverse
operations, such as subtraction, division, minimization,
and exponential operation (Ha(x), b(x) O F) Oa(x) +
b(x), Da(x)b(x), a(x) Ob(x), da(x) —b(x), for b(x) # 0
Oa(x)/b(x), for a(x) > 0 Ta(x)>X,

The main operations over images from F* are point-
wise addition, multiplication, and maximization:

I+ 1= {(X c(x)), c(¥) = a(x) +b(x), x O X},

41, = {(x, c(x)), c(x) = a(x)b(x), x 1 X},
I, OL,={(x c(X), c(X) =a(x) Ob(x), x O X}.
Operations of subtraction, division, and minimiza-
tion are introduced as inverse operations:
I =12 ={(x, c(x)), c(x) = a(x) —b(x), x 1 X},

:_: ={(x c(x)), c(x) = Z‘—%, b(x) %0, ¢(x) = 0, b(x) 0 0},
I, O, ={(x, c(x)), c(x) = a(x) Ob(x), x O X}.

Similarly, we can introduce other operations over
images, such as

17 = {(x c(x)), c(x) = a(x)*™, if a(x) >0,
otherwise c(x) = 0, x 0 X}.

We can introduce unary operations like multiplication
by the element of the real number field (o O R:

al; = {(x c(x)),c(x) =aa(x),xOX}.

2.4. Compliance with Requirements
for Being a Member of DIA

2.4.1. Examples of a set of algebra-generating
operations. Here, we define the types of sets, opera-
tions, and their physical interpretation that we usein the
examples given below. Let us consider different sets U
with operations of addition, multiplication, and multi-
plication by the real number defined on them.

(1) Elements of the set U:

(1.1) Images defined on the set X which has an arbi-
trary range of values F with dimensionality coincident
with the dimensionality of aset X, i.e, X, F O R,

(1.2) Images defined on the set X which has arange
of values X, X O R";

(1.3) Standard binary operations over images [14].

(2) Operations over set elements:

(2.1) Addition;

(2.2) Multiplication;

(2.3) Multiplication by the field element.

(3) Physical meaning of operations:
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(3.1) addition (getting the summary brightness of
two images), multiplication (pointwise filter), multipli-
cation by the element of the field of real numbers (pro-
portional increase or decrease in image brightness).

(3.2) addition (getting the summary brightness of
two images); multiplication (global, nonpointwise, fil-
ter and definition of an image in a set defined by
another image); multiplication by the element of the
field of real numbers (proportional increase or decrease
in image brightness).

(3.3) addition (global filter: first, two operations are
applied to both images, then, the resulting images are
added); multiplication (global filter: the second opera-
tion is applied to both images and the resulting image
serves asthefirst and second operands of thefirst oper-
ation); multiplication of the operation by the element of
the field of real numbers (image multiplication by a
field element, i.e., unary operation over images. stan-
dard operation of image multiplication by the element
of the field of real numbers[7]).

In what follows we describe the examples of DIA
generated by the sets U with defined characteristics (in
parentheses, we indicate the type of set elements, oper-
ations, and their physical interpretations according to
thelist).

24.1.1. Example1 (1.1, 2.1, 3.1).

Let the family of functions { F} | be given.

—An operation of addition of two elementsfrom F;,
F:i,j=1,2,...,isintroduced as Da(x) O F;, b(x) O F;:
Oa(x) + b(x) O F, k=1, 2, ..., F, O R", with the fol-
lowing properties:

(Da(x) OF;, b(x) OF;,c(x) 0F,i,j,y=1,2,...)

(1.1) a(x) + (b(x) + c(x)) = (a(x) +b(x)) + c(x);
(1.2) a(x) + b(x) = b(x) + a(x);

(1.3) Ui: Ha(x) O F;, D OF;: a(x) + 0=a(x);

(1.4) Oi: Da(x) O F;, —a) O F;: ax) + (-a(x)) =0.
In the simplest case (all F;, = F), this operation can

be introduced as a pointwise addition of two set ele-
ments.

—An operation of multiplication of two elements
fromF, Fjri,j =1, 2, ..., isintroduced as a(x) U F;,
b(x) O F: dax)b(x) O F,, k=1,2, ..., F, R, with
the following properties:

(Da(x) O Fi, b(x) OF,cx) OF,i,j,y=1,2,...):

(1.5) a(x)(b(x)c(x)) = (a(x)b(x))c(x).

—An operation of multiplication by the element of
the field of real numbers R is introduced over a set F:
OR ax) OF: daa(x) O F, with the following
properties:

(Oa(x) O Fj, b(x) OF, c(x) OF,,
ihj,y=12,...,0ab0OR);

(1.6) (aa(x) + Bb(x))c(x) = aa(x)e(x) + Bb(X)c(X);
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(1.7) a(Ba(x)) = aa(x);

(1.8) (a + Bla(x) = aa(x) + Ba(x);

(2.9) a(a(x) + b(x)) = aa(x) + ab(x).

Statement 2.4.1.1.

Suppose that

—Risafield of rea numbers;

—I ={(x f(X),xOXfX)OF} X, FOR,nON,
FO{F} 7}, whereF isaset of valuestaken by image
| over set X) are elements of the set U;

—I; ={(x, a(x)), x O X, a(X) O F}, I, ={(x, b(x)), X
OX,b(x)OF}, XK F,F,b OR,NON, Fy, F, O
{FFD).

We introduce

—the operation of addition of two images |, and I,
as

I+ 1= {(x, a(x) + b(x)), x O X}

—the operation of multiplication of two images I,

and |, as
[0, ={(x, a(X)b(x)), x O X}; and

—the operation of multiplication of image | by the
element of thefield of real numbersa O Ras

al = {(x,af(x)),xOX}.

Then, a set U with operations of addition, multiplica-
tion, and multiplication by the element of the field of
real numbers introduced over it is an algebra over the
field of real numbers.

Proof.

The proof is based on the validation of the alge-
bra’s properties (see Definition 2.2.5) of the set U
with operations of addition, multiplication, and mul-
tiplication by the element of the field of real numbers
introduced over it.

Properties of algebra:

—Risafield of real numbers;

—DProperties of aring U(l4, I, I3 0 U), where

[, ={(x a(x),x 0 X, a(x) O F4},

I, ={(x, b(x), x O X, b(x) OF,},

I3={(x c(x), xOX, c(x) O F3},
arethe following:

@ dy,lL,oOu,00,+1,)0U

@15+ (I2+13) =13 +{(x, (b(x) + (X)), x O X} ={(x,
a(x) + (b(x) +c(x))), x O X}

(I + 1) +13={(x, a(x) + b(x)), x I X} +13={(x,
(a(x) + b(x)) + c(x)), x O X)} = {according to Property
1.1} ={(x, a(x) + (b(x) + c(x))), x 1 X}

L+t =(+1p) +15

(b) 11+ 1= {(x, a(x) + b(x)), x O X}

No. 4 2003



584

I, +1; = {(x, b(x) + a(x)), x O X} = {according to
Property 1.2} ={(x, a(x) + b(x)), x O X}

L+, =1L+1
(©) O={(x, 0), x O'X}
I, +0O={(x a(x) +0),x X} ={according to Prop-
ety 1.3} ={(x, a(x)),xO X} =1,
oou,0,0U,1;+0=1,

(d) (1) ={(x, —a(x)), x I X}

I+ (1) ={(x a(X) —a(x)), x O X} ={according to
Property 1.4} ={(x,0),xO0 X} =O

OL0U,OHY, 1, +(-)=0

(2 dy, 1, 0U,030,,) 00U

@ li(lalg) = L({(x b)), x O X}p) = {(x,
a(x)(b(x)c(x))), x 0 X}

(s = ({(x, a()b(¥), x O Xz = {(x,
(@()b(x))c(x)), x O X} ={according to Property 1.5} =
{(x, a(x)(b(x)c(x))), x O X)}

l1(1215) = (I12)15

3 a,pOR

(aly + Bl = ({ (x, aalx) + Bb(x)), x O X}l ={(x,
(aa(x) + Bb(x))c(x)), x O X} ={according to Property
1.6} ={(x, aa(x)c(x) + Bb(x)c(x)), x L X} }

alyls + Blols = {(x, aa(x)c(x)), x O X} + {(x,
Bb(x)c(x)), x 1 X} = {(x, aa(x)c(x) + Bb(x)c(x)), x 1 X}

(aly + Bl =alyl; + Bl

—The properties of avector space (@ OP, 1 0OU:

al OU) are:

(1) a(Bl) = a{(x, Bf(x)), x I X} ={(x, a(Bf(x))), x O
X} ={according to Property 1.7} ={(x, apf(x)), x O X}

(@B ={(x, aBf(x)), x O X}

a(Bl) = (aB)!

(2) (a +B)I ={(x, (a + B)f(x), x O X} ={according
to Property 1.8} = {(x, af(x) + Bf(x)), x O X}

al + Bl ={(x, af(x)), x T X} +{(x, Bf(x)), x I X} =
{(x, af(x) + Bf(x)), x O X)}

(a+B)=al+pl
(3) a(ly +15) = af(x, a(x) + b(x)), x O X} = {(x,
a(a(x) + b(x))), x d X} ={according to Property 1.9} =
{(x, aa(x) + ab(x)), x 0 X}
aly +al, ={(x, aa(x)), x O X} +{(x, ab(x)),xO X} =
{(x, aa(x) + ab(x)), x 0 X}

a(l, +1,) =al, +al,.

All properties of a ring, field, and vector space are
valid. The set U with operations of addition, multiplica-
tion, and multiplication by the element of the field of
real numbers introduced over it is the algebra over the
field of real numbers. Q.E.D.
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2.4.1.2. Example 2 (1.2, 2.2, 3.2).

Let the set X be given:

—The operation of addition of two elementsfrom X
Oa(x), b(x) O X: O a(x) + b(x) O X isintroduced which
is characterized by the following properties (Ca(x),
b(x), c(x) O X):

(2.1) a(x) + (b(x) + c(x)) = (a(x) + b(x)) + c(x);

(2.2) a(x) + b(X) = b(x) + a(x);

(2.3) Da(x) O X, MO X: a(x) + 0 =a(x);

(2.4) Da(x) O X, O—a(x)) O : a(x) + (—a(x)) = 0.

—The operation of superposition of two elements
from Xisintroduced: Oa(x), b(x) O X: Oa(b(x)) O X.

—The operation of multiplication by the element of
the field of real numbers R is introduced over set X
which is characterized by the following properties
(Da(x), b(x),cx) O X, @ ,BUR):

(2.5) (aa(x) + Bb(x))c(x) = aa(c(x)) + Bb(c(x));

(2.6) a(Ba(x) = apa(x);

(2.7) (a + B)a(x) = aa(x) + Ba(x);

(2.8) a(a(x) + b(x)) = aa(x) + ab(x).

Statement 2.4.1.2.

Suppose that

—Risafield of real numbers;

—I ={(x f(x),xO X f(x) O X} (XOR,nON) are
the elements of the set U; and

—I, ={(x, a(x), x O X, a(x) O X}, I, ={(x, b(x)), x
O X, b(x) O X}.

We introduce

—the operation of addition of two images |, and I,
as

li+1, = {(x a(x) +b(x)), x T X ;

—the operation of multiplication of two images |,
andl, as

Il = {(x a(b(x))), x U X}
(thus, we stay within the set); and

—the operation of multiplication of image | by the
element of thefield of real numbersa [0 Ras

al = {(x,af(x)),xOX}.

(Conditions (2.1)—«2.4), (2.7), and (2.8) imply that the
set X isavector field over field R)

Then, a set U with operations of addition, multipli-
cation, and multiplication by the element of thefield of
real numbers introduced over it is an algebra over the
field of real numbers.

Proof.

The proof is based on the validation of the algebra’s
properties (see Definition 2.2.5) of the set U with
operations of addition, multiplication, and multipli-
cation by the element of the field of real numbers
introduced over it.
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Properties of the algebra:

—Risafield of real numbers;

—Properties of aring U(l4, 1, I3 0 U), where

I, ={(x a(x),x0X a(x) O X},

I, ={(x, b(X)), x O X, b(x) O X},

l3={(x c(x), x O X, c(x) O X},
are the following:

@ dy,lL,ou,00,+1,)0U

@11+ (I2+13) =13 +{(x, b(x) + c(x), x I X} ={(x,
a(x) + (b(x) +c(x))), x O X}

(I + 1) +13={(x, ax) + b(x)), x U X} +13={(x,
(@a(x) + b(x)) + c(x)), x O X} ={according to Property
2.1} ={(x, a(x) + (b(x) + c(x))), x O X}

I+ (a4 1g) =(1+ 1) +13

(b) 11+ 1= {(x, a(x) + b(x)), x [ X}

I, + 1, = {(x, b(x) + a(x)), x O X} = {according to
Property 2.2} ={(x, a(x) + b(x)), x O X}

i+ 1=1+1

(©) O={(x,0), xO X}

I, +O={(x a(x) +0), x X} ={according to Prop-
erty 2.3} ={(x, a(x)),xO X} =1,

oou,0,0U,1;+0=1,

(d) (1) ={(x, —a(x)), x I X}
I, + (1) ={(x a(X) —a(x)), x d X} ={according to
Property 2.4} ={(x,0),xO X} =0
OL0OU, OH), I +(H)=0
20, 1,0U,00dy)0UuU
@ li(lly) = L{(x bc()), x O X}p) = {(x,
a(b(c(x)))), x I X}
(1113 = ({ (%, a(b(x))), x O X})ls = {(x, a(b(c(x)))),
x O X}
[1(1213) = (I1))15
3 a,BOR
(aly + Bl = ({ (x, aa(x) + Bb(x)), x U X}l ={(x,
(aa(c(x)) + Bb(c(x)))), x U X}
alyls + Blols = {(x, aa(c(x))), x O X} + {(x,
Bb(c(x))), x O X} = {(x, (aa(c(x)) + Bb(c(x)))), x O X}
(aly + Bllz=alyls + Bl

—Properties of a vector space (la 0O P, | O U:
ol OU):

(D) a(p) = a{(x, Bf(x)), x 0 X} = {(x, a(Bf(x))), x U
X} ={according to Property 2.6} ={(x, apf(x)), x O X}

(@) ={(x, aBf(x)), x 0 X}
a(Bl) = (ap)!
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(2) (a +B)I ={(x, (a + B)f(x), x O X} ={according
to Property 2.7} ={(x, af(x) + Bf(x)), x O X}

al + Bl ={(x, af(x)), x O X} +{(x, Bf(x)), x O X} =
{(x, af(x) + Bf(x)), x U X}
(a+B)=al +pl

(3) a(ly + 1) = a{(x, a(x) + b(x)), x O X} = {(x,
a(a(x) + b(x))), x 0 X} ={according to Property 2.8} =
{(x, aa(x) + ab(x)), x 0 X}

al, +al, ={(x, aa(x), x O X} +{(x, ab(x)), x O X} =
{(x, aa(x) + ab(x)), x O X}

a(l, +1,) =al; +al,.
All properties of a ring, field, and vector space are
valid. The set U with operations of addition, multiplica-
tion, and multiplication by the element of the field of

real numbers introduced over it is the algebra over the
field of real numbers. Q.E.D.

2.4.1.3. Example 3 (1.3, 2.3, 3.3).
Let
—A, B, C,... beimages acting from X to X, X 0 R";

—The following operations over images are intro-
duced [14]:

() A+B={(xc(X): c(x) =a(x) + b(x), x O X};
(2) AB ={(x, c(x)): c(x) = a(x)b(x), x I X};

B)ADOB={(x,c(X): c(x) =a(X) Ob(x), x O X};
@ ADOB={(x, c(X)): c(x) =a(x) b(x), x O X};

®) g = {(x c(¥)): c(x) = 2

b(x)’
c(X) =0; x O X};
(6) AB = { (X, c(X)): c(X) = a(x)*™, if a(x) > 0, other-
wisec(x) =0; x O X};
(7) A—B={(x, c(X): c(X) = a(X) —b(x), x O X}.

When the operations of addition and multiplication
are thus defined, the set of images A, B, C,... forms a
ring (see Example 1 (2.4.1.1)).

—r, Iy . O{+, %, 0,0\, A8, i.e, ry, r,arethe
operations over two images;

—r (A, B) istheresulting image after applying oper-
ation r to images A and B.

Statement 2.4.1.3.

Suppose that

—Risafield of real numbers;

—Tq, Ty ... O{+, %, 00—\ AB} are the elements
of theset U, i.e, ry and r, are the operations over two
images [14].

We introduce

—the operation of addition of two operationsr, and
r,as

if b(x) # 0, otherwise

(rOry)(A B) = ry(A B) +r1,(A B);
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—the operation of multiplication of two operations
r,andr,as

(rdry) (A, B) = ry(ro(A B), ry(A B)); and
—the operation of multiplication of operation r by

the element of the field of real numbersa 0 Ras

(ar)(A, B) = ar(A, B) (the right part denotes multi-
plication of the image by the element of the field).

Then, a set U with operations of addition, multipli-
cation, and multiplication by the element of thefield of
real numbers introduced over it is an algebra over the
field of real numbers.

Pr oof.

The proof is based on the validation of the algebra’s
properties (see Definition 2.2.5) of the set U with oper-
ations of addition, multiplication, and multiplication by
the element of thefield of real numbersintroduced over
it.

Properties of the algebra:

—Risafield of real numbers;

—Properties of aring U(l4, 1, I3 0 U), where
r, — ry(A B),
r, — ry(A, B),
r; — rs(A, B),
are the following:

Q) Ory,r, 00U, O, +ry) DU

(@) (ro O (ro T 1)) (A, B) =r3(A, B) + (ro(A B) +r35(A,
B)) = {which is the property of associativity of image
addition (Statement 2.4.1.1)} = (r,(A, B) + ry(A, B)) +
r(A, B)

((re Orp) T r)(A, B) = (ry(A, B) +15(A, B)) +15(A, B)

(ry O (ra O rg))(A B) =((ry U rp) O ry)(A, B);

(b) ((ry D r)(A, B) =r4(A B) +15(A, B)

(ro O r)(A, B) =r,(A B) +ry(A B) ={whichisProp-
ety 1b of the ring (Statement 24.1.1)} = ry(A, B) +
r,(A, B)

(ri O r)(A B) = (ro O ry)(A B);
(c) O(A, B) where |, is a zero element of the image

ring {which is Property 1c of the ring (Statement
24.1.1)};

(r: O O)(A, B) =r4(A, B) + O(A, B) =r4(A, B)
O0du,dr,0U,(r,00)A,B)=ryA, B)

(d) (A, B) = —4(A, B) where —r,(A, B) is an
inverse element of the ring element r,(A, B)

(ry O (=))A, B) =r4(A B) + (—4(A, B)) ={which
is) Property 1d of the ring (Statement 2.4.1.1)} = O(A,
B);

Or, DU Oy, (r, O (—r))(A, B) = O(A, B)
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(2 Orq, r, 00U, O, Or,) OU
(@ (ry O (rp O rg))(A, B) = (ry O ry(ra(A, B), rg(A,
g;;;)(A’ B) = ry(ro(rs(A, B), r5(A, B)), ry(rs(A, B), ra(A,

((ry O 1) O rg)(A, B) = ((ra(ro(A, B), r5(A, B))) O
rB?’)))()A B) = ri(ra(rs(A, B), r3(A, B)), ra(rs(A, B), r(A,
(ry O (r O rg))(A B) =((ry U rp) U rg)(A, B)

3 a,BOR
((ary O Bry) O r)(A, B) = ((ary(A, B) + Bry(A, B)) U
ra)(A, B) = ar(ry(A, B), r3(A, B)) + Pry(rs(A, B), rs(A B))

((ary O rg) O (Bry O ra))(A, B)) = ((ary(rs(A, B),
r3(A, B))) O ((Bra(ra(A, B), ra(A, B))(A, B) = ary(rs(A,
B)., rs(A, B)) + Bra(rs(A, B), r3(A, B)

—Properties of a vector space (@ 0O P, r O U:
aor duU):

(D) (a(Br)(A, B) = (a(Br(A, B)))(A, B) = afr(A, B);

((@B)r)(A, B) = (aB)r(A, B) = aBr(A, B)

(@(Br))(A, B) = ((aB)r)(A, B)

(2) ((a + P)r)(A B) = (a + B)r(A, B) = ar(A B) +
Br(A, B)

(ar O Br)(A, B) =ar(A, B) + Br(A, B)

((a+B)r)(A, B) = (ar O Br)(A, B);

(3) (a(ry O ra)(A, B) = a(ry(A B) + ry(A B)) =
ary(A, B) + ary(A, B)

(a(r, O ry))(A, B) = (ar, O ary)(A, B).

All properties of a ring, field, and vector space are
valid. The set U with operations of addition, multiplica-
tion, and multiplication by the element of the field of
real numbers introduced over it is the algebra over the
field of real numbers. Q.E.D.

2.4.2. Examples of sets of operationsthat do not
generate algebra. Here, like in Section 2.4.1, we con-
sider different sets U with operations of addition, mul-
tiplication, and multiplication by the rea number
defined on them.

(1) Elements of the set U:

(1.4) Images defined on the set X having an arbitrary
range of values F with dimensionality coincident with
that of aset X, i.e, X, FORY

(1.5) Images defined on any set X; having an arbi-
trary range of values F; with dimensionality coincident
withthat of aset X, i.e., X, F, O R".

(2) Operations over set elements (2.4, 2.5): addition,
multiplication, and multiplication by the field element.

(3) Physical meaning of operations.

(3.4) Addition (getting the summary brightness of
two images), multiplication (global nonpointwise filter
and defining of oneimage in the set defined by another
one; if thisoperation is not defined (i.e., F O X) the sec-
ond operand is considered as the resulting image), mul-
tiplication by the real number (proportional increase or
decrease in image brightness);
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(3.5) Addition (getting the summary brightness of
two images at the intersection of the sets wherein the
images are given; in the points of a set X wherein only
one image is defined, this image is considered to be
resulting); multiplication (global, nonpointwise filter;
in the points of an image X wherein only oneimage is
defined (the first or second operands), the image itself
(the first or second operands, respectively) is consid-
ered to be the result of operation of multiplication);
multiplication by the element of the field of real num-
bers, i.e., proportional increase or decrease in image
brightness.

In what follows, we describe the examples of con-
structions generated by the sets U with described char-
acteristics (in parentheses, we indicate the types of set
elements, operations, and their physical interpretation,
according to the above-mentioned list) which are not
algebras.

2.4.2.1. Example 4 (1.4, 2.4, 3.4).

Let the family of functions { F} ; be given.

—An operation of addition of two elementsfrom F;,
F:i,j=1,2,...,isintroduced as Ua(x) 0 F;, b(x) O F;:
Oa(x) +b(x) O F,,k=1,2, ..., F, 0 R"with thefollow-
ing properties:

(Ha(x) OF;,b(x) OF,c(x) OF,k=1,2,...,y=1,
2,...);

(4.1) a(x) + (b(X) + c(x)) = (a(x) +b(x)) + c(x);

(4.2) a(x) + b(x) = b(x) + a(x);

(4.3) Ui: Da(x) O F;, M OF;: a(x) + 0=a(x);

(4.4 Oi: Dax) O F;, O-a) O F;: ax) + (-a(x)) =0.

In the simplest case (all F;, = F), this operation can

be introduced as a pointwise addition of two set ele-
ments.

—An operation of superposition of two elements
fromF;, F:i,j = 1,2,..., isintroduced as Oa(x) O F;,
b(x) O F;, in the points where b(x) [ X: Ca(b(x)) O F;.

—An operation of multiplication by the elements of
field R UOR a(x) OF: Jaa(x) O F, is introduced
with the following characteristics: (Oa(x) O F;, b(x) O
F,c®OF,i,j,y=12,...[d ,OR):

(4.5) (aa(x) + Bh(x))c(x) = aa(x)c(x) + Pb(x)c(X);

(4.6) a(Ba(x)) = apa(x);

(4.7) (a + Bla(x) = aa(x) + Ba(x);

(4.8) a(a(x) + b(x)) = aa(x) + ab(x).

Statement 2.4.2.1.

Suppose that

—Risafield of real numbers;

—I ={(x (X)), xOX, fX) OF}, X, FOR,nON,
FO{F},Fisasetof vauesof imagel onthe set X)
are the elements of the set U; and
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—li={(x,a(¥), xO X, a(x) O F4}, 1, ={(x, b(x)), X
OX bx)OF}, X, F, R, ORYNON, Fy, F, O
{F}7).

We introduce

—the operation of addition of two images |, and I,
as

I+ 1, ={(x, a(x) + b(x)), x O X}

—the operation of multiplication of two images I,

and |, as

_ %(X, a(b(x))), b(x) O X  and
(%, b(x)), b(x) O X

12

—the operation of multiplication of image | by the
element of the field of real numbersa O Ras

al = {(x,af(x)),xOX}.
Then, the construction obtained is not an algebra but
an additive group.
Proof.

The proof is based on the validation of the algebra’s
properties (see Definition 2.2.5) of the set U with oper-
ations of addition, multiplication, and multiplication by
the element of thefield of real numbersintroduced over
it and also on testing the properties of the group of sets
U with the operation of addition (see Definition 2.2.1).

Properties of the algebra:

—Risafield of real numbers;

—The properties of aring U(l4, |5, 15 O U), where

I, ={(x, a(x)), x O X, a(x) O F},

I, ={(x, b(xX)), x O X, b(x) OF,},

I3 ={(x, c(xX)), x O X, c(x) O Fg},
are the following:

@oOygLou,au+l,)ydu

@11+ (I2+13) =13 +{(x, b(x) + c(x), x I X} ={(x,
a(x) + (b(x) +c(x))), x O X}

(I + 1) +13={(x, a(x) + b(x)), x I X} + 13 ={(x,
(a(x) + b(x)) + c(x)), x O X} = {according to Property
4.1} ={(x, a(x) + (b(x) + c(x))), x O X}

I+ (I +1g) =(11+ 1) + 13

(b) 15+ 1, ={(x a(x) + b(x)), x 1 X}

I, +1; ={(x, b(X) + a(x)), x O X} ={according to
Property 4.2} ={(x, a(x) + b(x)), x O X}

L+, =1L+1

(© O={(x,0),x0X}

I, +0={(x, a(x) +0),x 0 X} ={according to Prop-
erty 4.3} ={(x,a(x)), xd X} =1,

oou,d,o0u,l;+0=1,

No. 4 2003



588

(d) (1) = {(x, —a(x)), x [I X}
I+ () ={(x a(x) —a(x)), x 0 X} ={according to
Property 4.4} ={(x,0),xO0 X} =0

OL0U, Oy, I, +(H)=0
(2) O, 1, 0U, 3140, OU
(%, b(c(x))), c(x) O XU
1%@ c(x)), c(x) O X E -
%X, a(b(c(x)))), b(c(x)) O X
%E(x, b(c(x))), b(c(x)) O X =
L(x, c(x)), c(x) O X

L(x, a(b(c(x)))), b(c(x)) O X, c(x) O X
O, b(c(x))), b(c(x)) O X, ¢c(x) O X
E(x, c(x)), c(x) O X

@ 1a(l2l3)

_ HXx a(b(x))), b(x) O X _
Gl = by beoox 8° 7
X, a(b(c(x)))), b(c(x)) O X,c(x) O X
X, b(c(x))), b(c(x)) O X, c(x) O X b(x)OX
X, ¢(X)), c(x) O X
O

X, b(c(x))), c(x) O X

X, ¢(X)), c(x) O X
Etx, a(b(c(x)))), b(x) O X, b(c(x)) O X, c(x) O X
(%, b(c(x))), b(c(x)) O X, c(x) O X, b(x) O X,

Hor ¢(x) 0 X, b(x) 0 X
%x, c(x)), c(x) O X.

b(x) O X

Let us consider the point x O X such that b(x) O X,
b(c(x)) O X, c(x) LI X:

(D) 1i(l2l3) = {(x, a(b(c(x)))},

(2) (115 = {(x, b(c(x)))},

where |,(I5l3) # (111515

Not every property of aring isvalid for elements of
the set U. For the operation of addition, all properties of
agroup arevalid. In view of the given definitions of the
operations of addition and multiplication, the only

group constructed without additional restrictions was
the group over addition. Q.E.D.

2.4.2.2. Example5 (15, 2.5, 3.5).
Let the families of functions { F} T and { X} | b
given:
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—An operation of addition of two elementsfrom F;,
F OR™ i,j=1,2,...,isintroduced as Oa(x) O F; for
xO X, b(x) O F; for x O X, for x O X n X a(x) +
b(x) OF,,k=1,2,...,F, R with thefollowing prop-
erties(Ha(x) O F, b(x) OF,c(x) OF,i,j,y=1,2, ...
in the general set of definitions X):

(5.1) a(x) + (b(x) + c(x)) = (a(x) +b(x)) + c(x);

(5.2) a(x) + b(x) = b(x) + a(x);

(5.3) Ui: Ha(x) O F;, D OF;: a(x) + 0= a(x);

(5.4) Oi: Da(x) O F;, O-a() O F;: a(x) + (—ax)) = 0.

—An operation of multiplication of two elements
fromF;, i i,j=1,2,...,isintroduced as Ua(x) O F;,
for x 00 X, b(x) O F; for x 0 X, for x 0 X, for x 0 X n
X Ha(x) xb(x) O F, k=1,2, ..., F, IR with thefol-
lowing properties (Da(x) O F;, b(x) O F;, c(x) OF
y=1,2, ... inthegenera set of definitions X):

(5.5) a(x)(b(x)c(x) = (a(x)b(x))c(x).

—An operation of multiplication by the element of
the field of real numbers R is introduced over a set F:
OR, a(x) OF: Qaa(x) OF with thefollowing prop-
erties (Ha(x) O F;, for x O X;, b(x) O F; for x O X;,
c(x) O FyforxDXy,forxDXi nxn Xyi,j,yzl, 2,

L@, BORY:

(5.6) (aa(x) + Bh(x))c(x) = aa(x)c(x) + Pb(x)c(X);

(5.7) a(Ba(x) = aBa(x);

(5.8) (a + B)a(x) = aa(x) + Pa(x);

(5.9) a(a(x) + b(x)) = aa(x) + ab(x).

Statement 2.4.2.5.

Suppose that

—Risafield of real numbers;

—I ={(x f(x),x EX,fX) OF} X, FOR,nON,
FO{F} T, XO{X} |, whereFisaset of valuestaken
by image | over set X) are the elements of the set U; and

—l1={(x, a(x)), x O Xy, a(x) O F4}, 1, = {(x; b(x)),
x 0 X, b(x) OF5}, (Xq, X, F, F, OR, F, F O{F} T
Xy, Xo O {X} 7).

We introduce

—the operation of addition of twoimages|, and |, as

y!!1

(% a(x) +b(x)), xO X; n X,
I, +1,= E(x, a(x)), x O X;\ X, X
Hx, b(x)), x 0 X\X,
—the operation of multiplication of two images I,
and |, as
(%, a(x) xb(x)), xO X; n X,
I, = E(x, a(x)), x 0 X;\X,
Hix, b(x)), x 0 X\X,

:and
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—the operation of multiplication of image | by the
element of thefield of real numbersa O Ras

al = {(x,af(x)),x0X}.

Then, a set U with operations introduced over it is
neither an algebra nor a group for any of the thus-
defined operations.

Proof.

The proof is based on the validation of the algebra's
properties (see Definition 2.2.5) of the set U with oper-
ations of addition, multiplication, and multiplication by
the element of thefield of real numbersintroduced over
it and also on testing the properties of the group of a set
U with addition (see Definition 2.2.1).

Properties of the algebra:
—Risafield of real numbers;
—Properties of aring U(l4, 1, I3 0 U), where
I, ={(x, a(x)), x O X, a(x) O X},
I, ={(x, b(x)), x O X, b(x) O X},
I3 ={(X, c(X), xOX, c(x) O X},
are the following:
@ dy,lL,oOu,00,+1,)0U
@I+ +lg) =1+
O(x, b(x) + c(x)), xO X, n Xg
E(x, b(x)), x O X\ X, =
E(x, c(x)), x O X3\ X,

Etx, a(x) +b(x) +c(x)), xO X, n X,n Xg

E{x, a(x)), xO X, \{ X, n X3

%(x, b(x) +c(x)), xO{ X, n X3 \X;

(%, a(x) + b(x)), x O X,\{ X,\Xg

E(x, a(x)), xO Xy n { X,\Xg =
Hx, b(x)), x 0 { X,\Xg \X,

Hx, a(x) +c(x)), X0 Xy 01 { X\ X

Hx, a(x)), x 0 X,\{ X\ X}

Etx, c(x)), X O{ X\ X3} \X,

%(x, a(x) +b(x) +c(x)), x O X, n X, n Xg
%(x, a(x) +b(x)), x O Xy n { X\ X3

(%, b(x) + c(x)), x O{ X, n X3 \X;

E(x, a(x) +c(x)), xO Xy n { X\ X}

E(x, a(x)), x X,

Hx, b)), x O { X\X3 \X,

Hx, c(x)), x O { X\ X3 \X,
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(% a(x) +b(x)),xO X; n X,
I+ 1) +13= E(x, a(x)), x 0 X;\X,
Hx, b(x)), x 0 X\X,

+|3=

%Kx, a(x) +b(x) +c(x)), xO X, n X, N Xg
%(x, a(x) +b(x)), x O{ X; n X} \X;5}

%x, c(x)), x O X\{ X; n X3

O a(x) + c(x)), x O{ X,\Xz3 n X

%x, a(x)), x O { X;\ Xz \ X5 =
Hx, c(X)), X O X\ X\ X}

(%, () +c()), X O{ XX} 1 Xq

H(x, b(X)), X O { X\X \Xs

%kx, (X)), X O Xa\{ X\ X}

E(x, a(x) +b(x) +c(x)), xO X, n X, n X
0%, a(x) + b(x)), x O{ X, n X} \X;

(%, b(x) + ¢c(x)), x O{ X, \X} n X3

E(x, a(x) + c(x)), x O { X;\ X3} \ X5

Hx, a(x)), x O { X\ X} \ X

Hx, b)), X O { XAX \X

S(x, c(x)), x O Xs.

It is obvious that, for the identity
i+ (41 =+ 1) +13
to be fulfilled, the following condition is required:
Xin Xo=X,n Xg3=X3n X, = 0.

This contradicts the definition of the sum, sinceitis
defined on the union of sets of summands and multipli-
ers. Similarly, the multiplication operation contradicts
the property of associativity. The set is not a group for
any defined operation. Q.E.D.

3. APPLICATION OF ONE-RING DIA
TO ELEMENTS OF VARIOUS NATURES

3.1. Definition of Image: Image Models

Definition 3.1.1. Image | isinformation in the form
of asquare numerical matrix written on some computer
carrier and reproducing the properties of the imaged
object (scene) and deformations caused by the method
and process of image acquisition [13].

Definition 3.1.2. Models are different image repre-
sentations. The models of the following four classes
were introduced by |. Gurevich: (i) parametric model
(P-model), (ii) procedural model (G-model), (iii) gen-
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erative model (T-model), and (iv) image in its natural
form (I-model).

Definition 3.1.3. The class of I-models consists of
images proper; e.g., thedigital image can be considered
as a model image of an analog image, i.e., digita
matrix-model of an image.

Definition 3.1.4. P-model is an abject description
by some numerical characteritics, e.g., image representa
tion in theform of anumerical feature vector. (Numerical
features are defined below, see Definition 3.2.1.2).

Definition 3.1.5. G-model is an abstract image rep-
resentation, such as

—vector graphics (images are not stored pixel-by-
pixel but are described by equations of curves);

—description of image by indicating the arrange-
ment of basic primitives and relations between them;

—various types of coding by using an aphabet of
code symbols (codebook), e.g., coding by neural nets;
and

—image representation in the form of Boolean
functions, particularly, in disunctive normal form.

Definition 3.1.6. T-model represents images as a
sequence of transformations of one or severa initia
images.

It should be noted that the original image could be
transformed into a model of any type; however, the
transition from one model to another is sometimes very
difficult and yields ambiguous results. For instance, in
order to restore a digital image from its P-model, the
feature vector must have a sufficient number of coordi-
nates. It ispossibleto completely restore animageif the
number of coordinates coincides with the number of
pixels; however, in this case, the P-modedl is not
required.

3.2. DIAwith a Ring of Numerical Features
and Standard Algebraic Operations

3.2.1. Definitions.

Definition 3.2.1.1. A mathematical object used for
producing formal image description is called a feature.
Most often, the numerical features are used.

Definition 3.2.1.2. A numerical image feature is a
variable representing numerical characteristics of the
spatial image properties.

Definition 3.2.1.3. A formal image description by
featuresisaset of mathematical objects (e.g., numbers,
vectors, matrices) that contain some information on an
image and are alowed by the recognition agorithm
used for problem solving.

Definition 3.2.1.4. An operation of calculation of
the feature vector isamapping f(1) of image | into a set
of numerical features. (The mapping can be into the
number, vector, or matrix, whose elements can be inte-
ger, real-number, and binary values.)

There are different classifications of image features.
According to [9], all image features can be condition-
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aly divided into three groups. statistical features,
shape-based features, and spectral features.

Satistical features are widely used in different
image recognition problems. They are calculated on the
basis of the assumption that the analyzed image is a
realization of somefield of random numbers. The phys-
ical meaning of statistical features is the frequency of
occurrence of different image subsets or the values of
functions defined on these subsets. The most frequently
used statistical features are histograms, cooccurence
matrices, entropy-based features, and calcul ated fractal
dimensions.

Shape-based features are the sets of primitives with
corresponding relations and properties. The types of
primitives depend on the class of images. For instance,
in analysis and synthesis of artificial scenes, the primi-
tives are standard geometrical figures, such as circles,
angles, straight lines, etc. Usually, they are detected in
images by matching the image with patterns. This
group of features also contains topological features,
different moments, coefficients of curve polynomial
approximation with the given precision, etc.

When spectral features are calculated, the image is
regarded as a quantized discrete signal. For image
enhancing, e.g., for image filtering, the Fourier trans-
form is often used. Also, this group of features contains
an image spectrum, its elements, and different func-
tions based on gradient calculation.

There are other classifications, and the most inter-
esting among them are based on

(1) function (generative, parametric, symbols, spe-
cific objects, and procedures for feature extraction);

(2) informational nature (global and local);

(3) way of definition (computable, measurable,
extractable, and simulated);

(4) mathematical apparatus (algebraic or structural,
combinatorial, logical, arithmetical, statistic, spectral,
topological or geometric, and matrix-type);

(5) type of images (binary, grayscale, and texture);

(6) nature of an object that supports feature extrac-
tion (contour, segment, skeleton, and point).

3.2.2. Conditions of generation of P-models of
images.

Theorem 3.2.2.1. Let aset U consist of operations
for calculating numerical features, i.e., mappings of the
form f,(1), f5(1),..., where | is an image. Let aso the
standard algebraic operations of addition, multiplica-
tion, and multiplication by the element of some field P
of elements of the set U be introduced, so that U and
operations introduced on it are an algebra. Then, for a
vector of numerical featuresto bethe P-model of image
I, it is necessary and sufficient that each element of the
vector belong to algebra U.
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Proof.

Remark 1. Numerical features can be represented
asinteger, rea-valued, and binary vectors and matrices
of various dimensions. According to the conditions of
the theorem, the following operations are introduced on
the elements of the set U: addition, multiplication, and
multiplication by the element of somefield. For correct
introduction of these operations, one of the two follow-
ing conditions should hold:

(a) Elements of the set U should be brought to uni-
formity. Introduction of operations of addition and mul-
tiplication of numerical features of different natures
(e.g., binary feature of a triangle being present in the
image or statistical feature of a cooccurrence matrix)
has no physical meaning; therefore, this condition for
correctness will not be used in the theorem.

(b) Elements of the set U must be of the same nature;
i.e., they must belong to some subset of a set of opera
tions for calculating numerical features. Therefore,
next we consider different variants of the set U.

Sufficiency.

(1) Let

—the set U be al numerical features represented as
real-valued vectors of dimension n. A set of vectors of

integer values belongs to a set of vectors of real values,
and, thus, is not considered separately;

—with no loss of generality, R be the field of real
numbers; and

—for the elements of the set U (fy(1), f5(1) O U), the
following operations be introduced:

(a) addition of two operations of calculation of
numerical features f;(1), fx(1):

() +f,() OU

(addition is a standard algebraic operation of addition
of two vectors having the same dimension; addition of
two vector elementsis astandard algebraic operation of
addition of two real numbers);

(b) multiplication of two operations of calculation
of numerical featuresf, (1), f5(1):

()R OU

(multiplication is a standard algebraic operation of
termwise multiplication of two vectors of the same
dimension; multiplication of two vector elements is a
standard algebraic operation of multiplication of two
real numbers);

(c) operation of multiplication of an operation of
numerical feature calculation f(1) by the element of the
field of real numbersa O R:

af(l) JU

(the operation of multiplication by the element of the
field corresponds to the standard algebraic operation of
multiplication of the vector and scalar; multiplication
of every vector element by the element of the real-val-
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ued field is a standard algebraic operation of multipli-
cation of two real numbers).

The set U with the operationsintroduced over itisan
algebra. By applying the introduced operations to the
set U, we obtain all possible numerical features repre-
sented as real-valued vectors of one dimensionality.
Each of the obtained features describesimagel, i.e, is
apart of aP-model of theimagel.

(2) Let

—numerical features represented as binary vectors
of dimension n be the elements of set U;

—Z* bethefield of natura values and zero; and

—for the elements of the set U (fy(1), f5(1) O U), the
following operations be introduced:

() addition of two operations of calculation of
numerical featuresfy(l), f,(1):

f,() + (1) DU

(addition is a standard algebraic operation of addi-
tion of two vectors of the same dimension; addition of
two vector elements is an operation over elements of a
Boolean set, e.g., addition modul o two);

(b) multiplication of two operations of calculation
of numerical featuresf,(l), f,(I):

(N OV

(multiplication is a standard algebraic operation of
termwise multiplication of two vectors of the same
dimension; multiplication of two vector elementsis an
operation over elements of Boolean set, e.g., conjunc-
tion);

(c) operation of multiplication of an operation of
calculation of numerical feature f(1) by the element of
thefielda O Z*:

af(l) OU

(operation of multiplication by the element of the field
correspondsto the standard al gebraic operation of mul-
tiplication of the vector and scalar; multiplication of a
vector element by the element of the field of nonnega-
tiveintegers correspondsto, e.g., a-multiple addition of
avector element with itself modulo two).

The set U with the operationsintroduced over itisan
algebra. By applying the introduced operations to the
set U, we obtain all possible numerical features repre-
sented as binary vectors of the same dimension. Each of
the obtained features describesimagel, i.e., isapart of
aP-model of imagel.

(3) Let
—numerical features represented as square matrices

of rea-valued elements with dimensions n x n be the
elements of set U;

—R be thefield of natural values; and
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—for the elements of the set U (fi(1), f5(1) O U), the
following operations be introduced:

() addition of two operations of calculation of
numerical features f;(1), fx(1):

f,(1) + (1) DU

(addition is a standard algebraic operation of addition
of two matrices of the same dimension; addition of two
matrix elements is a standard algebraic operation of
two real numbers);

(b) multiplication of two operations of calculation
of numerical featuresf,(l), f,(I):

f,()5,(1) O U

(multiplication is a standard algebraic operation of
multiplication of two sguare matrices of the same
dimension; multiplication of two matrix elementsis a
standard algebraic operation of multiplication of two
real numbers);

(c) multiplication of an operation of calculation of
numerical featuref(l) by the element of thefielda O Z*:

af(l) O U

(operation of multiplication by the element of the field
corresponds to the standard al gebraic operation of mul-
tiplication of the matrix and scalar; multiplication of a
matrix element by the element of the field of real num-
bers corresponds to standard algebraic operation of
multiplication of two real numbers).

The set U with the operationsintroduced over itisan
algebra. By applying the introduced operations to the
set U, we obtain all possible numerical features repre-
sented as square matrices of the same dimension. Each
of the obtained numerical features describes the image
[,i.e,isapart of aP-model of theimagel.

(4) Let

—numerical features of the type not considered in
(D—(3) be the elements of set U;

—P be an arbitrary field; and

—for the elements of the set U (fi(1), f5(1) O U), the
following operations be introduced:

() addition of two operations of calculation of
numerical features f;(1), fx(1):
f.(1) + (1) O U;
(b) multiplication of two operations of calculation
of numerical featuresf, (1), fy(1):
fi(DfA(1) O U;

(c) multiplication of an operation of calculation of
numerical featuref(l) by the element of thefield a O P:

af(l) O U.

The set U with the operationsintroduced over itisan
algebra. By applying the introduced operations to the
set U, we obtain all possible numerical features repre-
sented as (4).

PATTERN RECOGNITION AND IMAGE ANALYSIS Vol. 13

GUREVICH, YASHINA

Necessity.

By definition, P-model is an image described by
numerical characteristics. Since the considered type of
DIA alows usto obtain any kind of numerical features
for the given image, for the vector of numerical charac-
teristics to be P-model, it is necessary that each of its
elements belong to some agebra U constructed over
the operations of calculation of numerical characteris-
tics of the givenimage |. Q.E.D.

3.3. DIAwith a Ring of Images
and Standard Algebraic Operations

3.3.1. Definitions.

By Definition 3.1.1, image | is information pre-
sented in the form of a square numerical matrix written
on some computer carrier and reproducing the proper-
ties of the imaged object (scene) and deformations
caused by the method and process of image acquisition.

We distinguish two types of images:

(1) images in the form of a matrix whose rank is
equal to the number of rows (columns) of the matrix
and

(2) imagesin theform of amatrix whoserank isless
than the number of rows (columns) of the matrix.

Definition 3.3.1.1. Images in the form of a matrix
whose rank is less than the number of rows (columns)
of the matrix are called image fragments.

3.3.2. Conditions of generation of type-1 images.

Theorem 3.3.2.1. Let the type-1 images be the ele-
ments of the set U. Let also the standard algebraic oper-
ations over elements of the set U be introduced so that
the constructed set U along with operations introduced
on it isan algebra. Then, the elements of algebraU are
type-1 images and not type-2 images (i.e., image frag-
ments; see Definition 3.3.1).

Proof.

By introducing standard algebraic operations over
images in such a way that the set U and the operations
introduced in it would be algebra, we again obtain
images by definition.

Obviously, by applying standard algebraic opera-
tions to type-2 images, we can obtain both images of
type 2 and type 1. Let us prove that, by using standard
algebraic operations, it is impossible to obtain type-2
image (i.e., image fragments) from two type-1 images.

There are four standard algebraic operations: addi-
tion, multiplication, division, and subtraction.

() By definition of algebra, the operation of addi-
tion in the ring U should have the following properties:

Properties of the algebra:

Properties of thering U(a, b, c O U):

(1) Oa,b0U, O(a+b) O U:

@a+(btc)=(a+tb)+c

(p)a+b=b+aq;

(omOU,0a0U,a+0=g;
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(dyDaO U, O-a),a+ (-a)=0.

These properties are satisfied by standard operations
of addition and multiplication and are not satisfied by
standard algebraic operations of subtraction and divi-
sion, since they are not associative.

(1) By definition of algebra, the operation of multi-
plication in the ring U should have the following prop-
erties.

(2) Oa,b0U, O(ab) DU

(&) a(bc) = (ab)c;

(3) (aa + Bb)c = aac + Bbc.

These properties are satisfied by standard operations
of addition and multiplication and are not satisfied by

standard algebraic operations of subtraction and divi-
sion, since they are not associative.

Standard operations of addition and multiplication
applied to type-1 images yield only type-1 images.
Q.ED.

3.4. DIAwith a Ring of Operations over Images
and Standard Algebraic Operations

Let us formulate and prove the theorem of generat-
ing G- and T-models of images and fragments of
images.

Theorem 3.4.1. Let the following operations of
image algebra be the elements of the set U:

(2) ry, r, are unary operations,
(2) rq, r, are binary operations

(such operations can be operations over images
introduced by Ritter [14], standard operations over
images like rotation, compression, superposition of two
images, etc.).

Let also standard algebraic operations of addition,
multiplication, and multiplication by the element of the
field P beintroduced so that the constructed set U along
with the operations introduced on it is an algebra. To
construct G- and T-models of images or images and
fragments of images, it is sufficient to apply operations
of algebra U to the elements of the algebra.

Proof.

To prove the theorem, it is required (I) to construct
G- and T-models of image, images, or image fragments
and (Il to prove that, by applying operations of this
algebra to the elements of the algebra, it isimpossible
to abtain constructions that differ from G- and T-mod-
els of image, images, or image fragments.

Let the operations of addition, multiplication, and
multiplication by the element of the field satisfying the
properties of algebra be described so that r; O r, O U,
rrdr,0U,ar OU (a OP).

() Construction of G- and T-models of image,
images, or image fragments.

(A) Generation of the G-model.
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(1) Generation of theimagein theform of equations
describing image-constituent curves.

Let operationsry, r,, ... beunary operationsthat cal-
culate the presence of curves of types 1 and 2 in the
image and obtain their equations in the presence of
curves. Then, the elements of the constructed algebraU
are all possible unary operations of abtaining equations
describing the curves constituting imagel; i.e., atype 1
G-model of image | is constructed.

(2) Image description by indicating the arrangement
of the basic primitives and relations between them.

Let operationsry, r,, ... be unary operations of cal-
culating the presence of the primitives of types 1 and 2
in the image and of determining the position of aprim-
itive if it is present. Then, the elements of the con-
structed algebra U are all possible unary operations of
obtai ning the arrangement of various elementsand rela-
tions between them in the image I; i.e, a type 2
G-model of image | is constructed.

(3) Various types of encoding with the alphabet of
the code symbols.

Let operations ry, r,, ... be unary operations of
obtaining the code from the image. Then, the elements
of the constructed algebra U are all possible operations
of obtaining the code from the image I; i.e., a type 3
G-model of image | is constructed.

(4) Image representation in the form of Boolean
functions, particularly, in digunctive norma form
(DNF).

Let operationsry, r,, ... be unary operations of cal-
culating the presence of the primitives of types 1 and 2
from the image. Then, the elements of the constructed
algebraU are all possible combinations of the presence
of the primitives in the image |. If we use digunction
and conjunction as such operations, it is easy to con-
struct aDNF of theinitial image, i.e., atype 4 G-model
of imagel.

Let operationsry, 15, ... be

(1) standard unary operations over images (rotation,
scaling, noise addition, etc.);

(2) standard binary operations over images (super-
imposing, image subtraction, etc.).

(B) Obtaining the T-model.

By applying standard algebraic operations of addi-
tion, multiplication, and multiplication by the field ele-
ment to the set U, we obtain various sequences of trans-
formations of one (for unary operations) or several (for
binary operations) image into another, i.e., a T-model
(under the condition that these operations meet the con-
ditions of an algebra).

(C) Obtaining images and image fragments.

By applying standard algebraic operations of addi-
tion, multiplication, and multiplication by the field ele-
ment to the set U, we obtain various sequences of trans-
formations of one (for unary operations) or several (for
binary operations) images into another (under the con-
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dition that these operations meet the conditions of an
algebra). If we apply the available operations that have
physical meaning to the particular input images, we
shall obtainimagesintheir explicit form. We can obtain
images of two types: (i) primeimage and (ii) fragments
of images.

As opposed to Theorem 2, we can obtain fragments
of images if one or severa operationsry, ry, ... yield
image fragments from theinitial image (or images) (see
Definition 3.3.1).

(I1) Impossiblity to obtain constructions that differ
from G- and T-model s of images, images and fragments
of images.

By definition of algebra, one cannot obtain objects
which fall outside the limits of a set by using an opera-
tion of algebra. The operations themselves do not
lead outside the image set. Therefore, by applying
operations of algebra, we can obtain either a descrip-
tion of image generation, i.e., a G-model or T-model,
or theimage itself in the explicit form (images of types
1and 2). Q.E.D.

3.5. DIAwith a Ring of Sandard Algebraic Operations
with a Parameter and Operations of Image Algebra

3.5.1. Definitions.

Definition 3.5.1.1. The similarly described opera-
tions over images with parameters which change oper-
ation while changing themselves are standard alge-
braic operations with a parameter.

For instance, r; = (a;) isrotation by angle a; or the
more complex operationr; = (a;, X, t;) isrotation by a;,
shift by x;, and scaling by t;.

3.5.2. Conditions of generation of G- and T-mod-
els of image, images, and fragments of images.

Theorem 3.5.2.1. Let algebraic operations with
parametersrq, r,, ... be the elements of set U and let
operations of image algebra over elements of set U be
introduced so that the constructed set U together with
the operations introduced over it is an algebra. To con-
struct G- and T-models of image, images, or image
fragments, it is sufficient to apply operations of algebra
U to the elements of the algebra.

Proof.

To prove the theorem, it is necessary (i) to construct
G- and T-models of image, images, or image fragments
and (ii) to prove that, by applying operations of this
algebra to the algebra elements, it is impossible to
obtain constructions other than G- and T-models of an
image, images, or image fragments.

Let the operations of addition, multiplication, and
multiplication by the field element be described such
that they satisfy the algebra’s properties: r, O r, O U,
r,dr,0U,ar OU.
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The possihility of constructing G- and T-models of
an image, images, or image fragments is proved simi-
larly to the previous theorem.

By definition of algebra, one cannot obtain objects
which fall outside the limits of a set by using an opera-
tion of algebra. The operations with parameters them-
selves do not lead outside the image set. Therefore, by
applying operations of algebra, we can obtain either
description of image generation, i.e,, a G-model or
T-model, or the image itself in the explicit form
(images of types 1 and 2). Q.E.D.

3.6. DIAwith a Ring of Images and Image
Representations and Operations of Image Algebra

Let usformulate and prove the following theorem of
generation of the P-, G-, and T-models, images, and
image fragments.

Theorem 3.6.1. Let the images and image represen-
tations (models) be the elements of the set U and the
operations of image algebra be introduced such that the
constructed set U together with operations introduced
over it is an agebra. Then, P-, G-, and T-models,
images, and image fragments are the elements of the
given algebra.

Proof.

By definition of algebra, the operations of addition,
multiplication, and multiplication by the field element
do not lead outside the set U. {the P-, G-, and T-models,
images and image fragments} 0 U. Q.E.D.

3.7. Resulting Table

Theorem 3.7.1. By using different types of DIA,
one can obtain any image model.

Coroallary. By using two DIAs (of types 1 and 3 or
of types 1 and 4), one can obtain the P-, G-, and T-mod-
els, images, and image fragments.

The considered agebras which lead to the construc-
tion of image models are tabulated in Table 1.

4. ONE-RING DIA: BASIC VARIANTS

Let uslook more closely at Definition 2.2.7. Algebra
over field A is called descriptive image algebra if the
elements of itsring are either image models (including
the image itself or the set of image values and charac-
teristics), operations over images, or both simulta-
neously.

Below, the elements of the ring of DIA are listed.

(1) Operations of calculation of numerical features
(Definition 3.2.1.4);

[(2)] g)perati ons of image algebra (described by Ritter
in[14]);

(3) Standard algebraic operations with parameters
(Definition 3.5.1.1);

(4) Images (Definitions 2.3.1 and 3.1.1);
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Table 1. Generation of image models by DIA
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Types of models Ring elements Ring operations Result
1 Operations of calculation of Standard algebraic operations P-models
numerical features
2 Images Standard algebraic operations Images
3 Operations of image algebra Standard algebraic operations G- and T-models, images,
fragments
4 Standard algebraic operations Operations of image algebra G- and T-models, images,
with a parameter fragments
5 Images and image representations| Operations of image algebra P- G-, and T-models, images,
fragments

(5) Image models (Definition 3.1.2).

Ring operations:

(1) Standard algebraic operations (+ and x; division
and subtraction are unsuitable, since they are not asso-
ciative);

(2) Standard operations of image algebra; for exam-
ple, operations over images introduced by Ritter. On
the other hand, one can consider standard operations
over images, such as rotation, compression, superim-
posing of two images, etc.

(3) Complex algebraic operations (combinations of
algebraic operations, threshold functions, filters).

Let us consider DIA that can be constructed.

Let P be somefield (@ , B, yOP, O(@+b) 0P,
O(ap) O P satisfying the properties of the field).

(1) Elements of thering are images .

Operations introduced on the ring:

(A) Standard algebraic operations.

L et us consider two definitions of image:

—An imageisinformation organized in the form of
anumerical matrix (Definition 3.1.1). Standard opera-
tions of addition and multiplication of square matrices
are used as ring operations. If P isafield of real num-
bers, then the multiplication by the field element corre-
sponds to the multiplication of the matrix and scalar.

—Image |l ={(x, a(x)), x O X, a(x) O F} (Definition
2.3.1).The operations of addition and multiplication of
two images are introduced in [14]. These operations are
part of the operations of image algebra.

(B) Operations of image algebra. The most compre-
hensive description of all possible algebraic operations
over images can befoundin[14]. Here, DIA isstandard
image algebra (the operations introduced on the set of
images must satisfy the properties of algebra).

(C) Complex algebraic operations.

Let us consider two definitions of an image:

—An image isinformation organized in the form of
anumerical matrix (Definition 3.1.1). Standard opera-
tions over square matrices can be used as ring opera-
tions. If Pisafield of real numbers, then multiplication
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by the field element corresponds to multiplication of
the matrix and scalar.

—Image |l ={(x, a(x)), x O X, a(x) O F} (Definition
2.3.1).The operations of image algebra and their com-
binations, threshold functions, introduced in [14] can
be used as ring operations. These operations are
selected according to the definition of an algebra

The way of testing using examples was shown
above.

(2) Elements of the ring are image models I, P, G,
and T.

According to the definition of an algebra, special
operations for particular models are introduced on the
elements of thistype.

(3) Elements of the ring are operations of image
algebra.

Operation introduced on the ring:

(A) Standard algebraic operations (+, X);

(B) Operations of image algebra can be used only if

after their application one also obtains images. Opera-
tions are selected according to the algebra definition.

(C) Complex algebraic operations. Operations are
selected according to the algebra definition.

(4) Elements of the ring are standard algebraic oper-
ations with a parameter.

According to the definition of the standard algebraic
operation (Definition 3.5.1.1), its application leads to
theimage; i.e., al operations for images are possible.

(5) Elements are the operations of calculation of
numerical features, i.e., mapping f(I) which can be a
scalar, avector, or amatrix.

Operationswhich can beintroduced on the elements
of this nature are the operations with numbers, vectors,
and matrices; i.e., the following operations are possi-
ble: standard algebraic operations (+, x) and complex
algebraic operations under the condition that the prop-
erties of the algebra are satisfied.

Theorem 4.1. Let P beafield of arbitrary nature and
U beaset of elements of thefollowing natures: (i) oper-
ations of calculation of numerical features, (ii) opera-
tions of image algebra, (iii) standard algebraic opera-
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tionswith a parameter, (iv) images, and (v) image mod-
els. Let also © be a set of operations (addition,
multiplication, and multiplication by the field element)
out of the set of operations: (i) standard algebraic oper-
ations, (ii) operations of image algebra, and (iii) com-
plex algebraic operations. Then, a mathematical con-
struction (P, U, ©) isone-ring DIA under the condition
that al elements of U, along with the set of operations
O introduced over it and the field P, satisfy the condi-
tions of the algebra (Definition 2.2.5).

Theorem 4.2. Let F be afield. Let also images (in
accordance with Ritter’s definition) be the elements of
thering U; i.e, | = {(x, a(x)), x 0 X, a(x) O F}, where
F isaset of values and X is a set of points. The opera
tions [J, J, and multiplication by the field element are
introduced. These operations are from the set of stan-
dard image algebra operations. Then, the following
conditions are necessary and sufficient for obtaining
DIA:

(1) 1 0 R) orl O(RYX, then

—operation U is addition of two images;

—operation I is multiplication of two images, and

—multiplication by the field element is a scalar
multiplication of the element of the set F and theimage.

(2) 1 O (27), then

—operation [0 is the operation of union and opera-
tion of intersection of two images, and

—multiplication by the field element is a scalar
multiplication of the element of the set F and theimage.

(3) I O (R?)%, then, besides (1),
—operation [ is addition of two images;
—operation O is the following operation:

Let y; and y, be binary operations R> x R> — R
defined as

(X1 X2)Y1(Y1, Y2) = X1Y1—X2Y7,
(X1, X2) Y2 Y1s Y2) = X1Yo + XoY1;

then, if 1, I, O (R?)X are two complex-valued images,
the product 1; = I,yl, isa complex product

3= {(x c()), c(x) = (a(x)by(X) —@x(X)b(X), ay(x)D(x)
+ 2, (X)by(X), x O X}

—multiplication by the field element is a scalar
multiplication of the element of the set F and theimage.

Remark. All operations described by Ritter [14,
pp. 20, 22] were considered as operations of standard
image algebra.

Proof.

The proof is based on the validation of the algebra's
properties (see Definition 2.2.5) of operations of stan-
dard image algebraand their combinations. As an oper-
ation of multiplication by the element of the field, we
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consider two operations induced by operationsin alge-
braic system F:

Fork OFandaOFX
kya = {(x, c(x)): c(x) = kya(x), x I X)},
ayk = {(x, c(x)): c(x) = a(x)yk, x L X)}.
Binary operations over images are also induced by
operations introduced in algebraic system F. For

instance, if y is a binary operation over the set F and
a, b O FX then

ayb = {(x, c(x)): c(x) = a(x)yb(x), x I X)}.
For this operation to be an addition operationin thering
U, it must satisfy Property 1 of the ring and operations
of multiplication and multiplication by the element of
the field must satisfy Property 3 of the ring and proper-
ties of the vector space.

Let us check the fulfilment of Properties 1 and 2 of
thering U for all operations described in [14]:

—Let 1y, 1, O (R).

Replacing y by the particular operations +, x, [,
(operation of maximization), and [ (operation of mini-
mization), we obtain for the real-valued images

I+ 1, ={(x c(x)): c(x) = a(x) + b(x), x I X)}
(Operation of addition satisfies Properties 1 and 2 of the
ring);

112 ={(x, ¢(x): c(x) = a(x)b(x), x T X)}
(Operation of multiplication satisfies Properties 1 and 2
of thering);

I, O, ={(x c(X): c(x) = a(x) Ob(x), x 0 X)}
(Operation of maximization satisfies Property 2 and
does not satisfy Properties 1c and 1d of the ring);

I, O, ={(x c(X)): c(x) = a(x) Ob(x), x O X)}
(Operation of minimization satisfies Property 2 and
does not satisfy Properties 1c and 1d of the ring).

—Letly, I, O(2F)%

Let 2X be apower set, i.e., aset of all subsets of the

set X. Let alsotheimage | bel: X — 2F. In this case,
the following binary operations are possible:

I, O 1, ={(X c(X): c(X) =a(x) O b(x), x O X)}

(Operation of union satisfies Property 2 and does not
satisfy Properties 1c and 1d of thering);

I, n L ={(X c(X): c(X) =a(X) n b(x), x O X)}

(Operation of intersection satisfies Property 2 and does
not satisfy Properties 1c and 1d of thering);

—Let Il! |2 0 (RZO)X,

17 = {(x c(x)): ¢(x) = a(x)*™, x 0 %

(Operation of exponential doesnot satisfy Properties 1a
and 2 of associativity).

—Letly, 1, O (RY)X
logi, I, = {(x c(x)): c(x) = logpxalx), x O X}
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(Operation of taking the logarithm does not satisfy
Properties 1aand 2 of associativity).

—Let 1, O(F)% 1,0 (F)Y, where X, Y are the subsets
of topological space.

The expansion of imagea O FXby imageb O FY on
the set Y, where X and Y are the subsets of atopological
space, is denoted by al° and defined as

|b _ Oa(x)if xOX
(x) if xOY\X'

The operations of concatenation of image series are
also introduced as

ZXZy

andb 0 F*%:
(alb) =ap*©v.

Similarly, a concatenation on the column is intro-
duced by using the notion of matrix transposition:

all F

£ = (ab)

(Operations of concatenation do not satisfy the associa-
tivity and commutativity properties);

—Let 1, 120 (R)X
I+ 1= (17415, ., 1T+ 15)

(Operation of addition satisfies Properties 1 and 2 of the
ring);

_ 1,1 n;n
|1|2_ (IlIZl ey Il|2)

(Operation of multiplication satisfies Properties 1 and 2
of thering);

LOL= ;015 ..., 15013

(Operation of maximization satisfies Property 2 and
does not satisfy Properties 1c and 1d of the ring).

LOL= ;015 ..., 157013
(Operation of minimization satisfies Property 2 and
does not satisfy Properties 1c and 1d of the ring).

Let the binary operation y be such that y,: R" x
R" — R,wherej =1, ..., n, defined as

BV P (71 P P\ PY B

For instance, if y;: R" x R" — Rare define(_i su_ch
that (Xq, ..., XYY, .., Yn) = max{x Oy;: 1 <i <},
then, for 1, 1, O (R)* and I3 = Iyl,, the components
c(X) = (¢1(X), ..., cy(X)) have the values

G(X) = a(X)y;b(x) = max{a(x) Da(x): 1 <i < j},
wherej=1,...,n

(Operation does not satisfy the associativity Proper-
tieslaand 2).

PATTERN RECOGNITION AND IMAGE ANALYSIS  Val.

597

Table 2. Basic DIA variants

Ring elements Ring operations

1. Operations of calcula-
tion of numerica features

1) Standard algebraic operations
2) Complex algebraic operations
1) Standard algebraic operations

2) Operations of image algebra
on the subset of operations

3) Complex algebraic operations
1) Standard agebraic operations
2) Operations of image algebra
3) Complex algebraic operations
1) Standard algebraic operations
2) Operations of image algebra
3) Complex algebraic operations
Complex algebraic operations

2. Operations
of image algebra

3. Standard
algebraic operations
with a parameter

4. Images

5. Images and image
representations

Let us cite another example: suppose that y; and vy,
are binary operations R?> x R?> —» R defined as

(X0 X)Y1 (Y1, Y2) = X1Y1 — XoYa,
(X1, X)Yo(Y1r Y2) = XaYa + X1

then, if 1,, I, O (R?)X are two complex-valued images,
the product 1; = I,yl, isacomplex product

c(X) = (au(X)b1(X) — 3y(X)b(x), @1 (X)ba(X) + ay(X)by(X))
(Operation satisfies Properties 1 and 2 of the ring).
Let us consider other examples of operations (I,

1, O (R)Y):

11001, = {(x, c(X): c(x) = a(x) if a(x) = b;(X)
otherwise c(x) = b(x)}
(Operation of maximization satisfies Property 2 and
does not satisfy Properties 1c and 1d of the ring);
I []]J-I2 ={(x c(X): c(X) = a(x) if a,-(xs bj(x)
otherwise c(x) = b(x)}

(Operation of maximization satisfies Property 2 and

does not satisfy Properties 1¢c and 1d of the ring).

For better presentation of the operations that satisfy
Properties 1 and 2, we tabulated them (see Table 3).

Anaysis of different combinations of operations
shows that only operations listed in the corollary corre-
spond to Property 3 of the ring U and to properties of
the vector space over field F. Q.E.D.

Conditionsfor propertiesof an algebra:
Let U beagiven set and P be agiven field.

(1) © isaset of operations (addition U, multiplica-
tion O, and multiplication by the element of a field)
from the set of following operations:

13
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Table 3. Implementation of the ring properties

Operations Ring property 1 | Ring property 2
I3, 1, O (RY) I+ 1, ={(x c(X)): c(x) = a(x) + b(x), x O X} + +
-1 ={(X c(X)): c(¥) =a(X) - b(x), x O X} + +
I, O, ={(x c(x)): c(x) =a(x) Ob(x), x O X} - +
I Ol ={(x c(X): c(x) = a(x) Ob(x), x O X} - +
I, 15, 0% | 1,01, ={(x, c(X): c(x) =aX) O b(x), x O X} - +
1 n I ={(x c(X): c(xX) =ax) n b(x), x O X} - +
b DR | =t w1k, 10+ * *
- l=(7 15, 152 1) * *
L OL=(1; 013, ..., 15 013) - *
L OlL,=(1; 013, ..., 15 013) - *
I, 15, O (R)* | Complex product + +
I, 15, O (RM)X [ Of 1= {(x c(x)): c(x) = a(x), if g(x) = b;(x), otherwise c(x) = b(x) -
[ OJ 1= {(x c(¥)): c(x) = a(x), if g(x) < b;(x), otherwise c(x) = b(x) - +

(1) standard algebraic operations of addition, multi-
plication, and standard multiplication by the element of
afield;

(2) operations of image algebra:

@1 OFRorl O(RMY then

—operation O is an operation of addition of two
images;

—operation [ is an operation of multiplication of
two images; and

—scalar multiplication of element from the set F
and image is multiplication by the field element;

(b) I O (2F)%, then

—operation [0 is an operation of union of two

images and an operation of intersection of two images,
and

—scalar multiplication of an element from the set F
and an image is multiplication by the field element;

(c) I O (R?)*, then, in addition to case (a)
~ —operation [J is an operation of addition of two
images,

—operation O is complex multiplication; and

—scalar multiplication of element from the set F
and image is multiplication by the field element.

Remark. All operations described by Ritter [14,
pp. 20, 22] were considered as operations of standard
image algebra.

(3) Complex algebraic operations.

(1) The following properties are fulfilled:

—tring properties U(a, b, ¢ 0 U)

(1) Oa,b0U,0@Ob)OU

@aldMmOc=(@0Ob)0c¢;

(b)alb=b0a

(omOU,0a0U,al0=g;
(d0DabuU,d-a),ald(-a) =0.
(2)0a,b0U,0(@Ob)OU
@aldMmOc=(@0Ob)0c.

(A (caldpPp)0c=0calcOpbOc.

—vector space properties (d O P,alU: aaldU)

(1) a(Ba) = (aB)a.

(2) (o +B)a=aal Ba.

(A a(@db)y=0al ab.

Corollary. Let P beafield of arbitrary nature and U
be a set of the following elements: (i) operations of cal-
culation of numerical features, (ii) image algebra oper-
ations, (iii) standard algebraic operations with parame-
ter, (iv) images, and (v) image models. © is a set of
operations (addition, multiplication, and multiplication
by the element of thefield P of the set U). Mathematical
construction (P, U, ©®) is descriptive image algebra if
and only if the set of operations © satisfies the condi-
tions of fulfillment of the algebra’s properties.

CONCLUSIONS

In the first part of this paper, examples of sets with
different elements and operations introduced on them
are considered. They can both belong and not belong to
algebras. To construct examples, the standard image
operations are used in order to verify that DIA covers
mathematical constructions of standard | A that satisfies
the algebra’s properties. These examples are the first
step in systematizing operationsintroduced on different
sets both generating DIA and not.
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Animage has no natural way of being represented asa
set of features used in classica image recognition prob-
lems. The possibility of formalizing different imagerepre-
sentations (models) will help to extend the algebraic con-
cept of recognition on images. The second part of the
paper describes the ways of constructing P-, G-, T-, and
I-models by the use of one-ring DIA of specid type.

The method for formulating and verifying the con-
ditionsfor aset of operationsthat ensure DIA construc-
tion isabasis for obtaining a mathematically valid cri-
terion for choosing operationsin order to generate effi-
cient algorithms for image analysis and recognition.
The third part of the paper presents necessary and suf-
ficient conditions imposed on the set of operations that
ensure one-ring DIA construction.

We plan to proceed with the study of the one-ring
DIA and construct new examples of DIA by using
image-processing operations both realizable and unre-
alizable physically. DIA with operations that have no
physical interpretation are interesting because of the
fine mathematical constructions they produce. We plan
to study examples of DIA with image models as ring
elements. Further research will be concentrated on study-
ing DIA with severa rings. The experimenta part of our
research concerns the construction, investigation, and
implementation of algebraic schemes intended for smu-
lated and applied problems of analysis and estimation of
information represented by images.

REFERENCES

1. Zhuravlev, Yu.l., Izbrannye nauchnye trudy (Selected
Scientific Works), Moscow: Magistr, 1998.

2. Zhuravlev, Yu.l., An Algebraic Approach to Recognition
or Classification Problems, Pattern Recognit. Image
Anal., 1998, val. 8, no. 1, pp. 59-100.

3. Grenander, U., Lectures in Pattern Theory, vols. 1-3,
New York: Springer, 1979-1981.

4. Grenander, U., General Pattern Theory: AMathematical
Sudy of Regular Sructures, Oxford: Clarendon, 1993.

5. Gurevich, 1.B., The Descriptive Framework for an Image
Recognition Problem, Proc. 6th Scandinavian Conf. on
Image Analysis, Oulu, Finland, 1989, pp. 220-227.

6. Gurevich, 1.B., Descriptive Technique for Image
Description, Representation, and Recognition, Pattern
Recognit. Image Anal., 1991, vol. 1, no. 1, pp. 50-53.

7. Gurevich, I.B. and Zhuravlev, Yu.l., An Image Algebra

Accepting Image Models and Image Transforms. Proc.
7th Int. Workshop on Vision, Modeling, and Visualiza-

PATTERN RECOGNITION AND IMAGE ANALYSIS Val. 13

599

tion, Erlangen, Germany, 2002, Greiner, G., Nie-
mann, H., Ertl, T., Girod, B., and Seidel, H.-P, Eds,,
Amsterdam: Infix, Berlin: Akademische Verlagsgesell-
shaft, 2002, pp. 21-26.

8. Gurevich, 1.B., Koryabkina, 1.V., and Zhuravlev, Yu.l.,
On a Generalized Version of the Standard Image Alge-
bra, Proc. IASTED Int. Conf., Novosibirsk, 2002,
pp. 555-559.

9. Gurevich, |.B., Paolikarpova, N.S., and Zhuravlev, Yu.l., On
Image Features in a Recognition Environment, Pattern
Recognit. Image Anal., 1995, val. 5, no. 2, pp. 204-215.

10. Gurevich, 1.B., Smetanin, Yu.G., and Zhuravlev, Yu.l.,
Image Algebras. Research and Applied Problems, Proc.
5th Open German—Russian Workshop on Pattern Recog-
nit. and Image Understanding, Radig, B., Ed., Sankt
Augustin: Infix, 1999, pp. 100-107.

11. Gurevich, 1.B., Smetanin, Yu.G., and Zhuravlev, Yu.l.,
On the Development of an Algebra of Images and Image
Analysis Algorithms, Proc. 11th Scandinavian Conf. on
Image Analysis, Kangerlussuag, Greenland, 1999, val. 1,
pp. 479-485.

12. Gurevich, 1.B., Smetanin, Yu.G., and Zhuravlev, Yu.l.,
Descriptive Image Algebras: Determination of the Base
Structures, Pattern Recognit. Image Anal., 1999, vol. 9,
no. 4, pp. 635-647.

13. Pavlidis, T., Algorithms for Graphics and Image Pro-
cessing, Comput. Sci. Press, 1982.

14. Ritter, G.X. and Wilson, J.N., Handbook of Computer
Vision Algorithms in Image Algebra, Boca Raton: CRC
Press, 1996.

15. Serra, J., Image Analysis and Mathematical Morphol-
ogy, London: Academic, 1982.

16. Stenberg, S.R., Language and Architecture for Parallel
Image Processing, Proc. Conf. on Pattern Recognitionin
Practice, Amsterdam, 1980.

17. Van Der Waerden, B.L., Algebra |, I, Berlin: Springer,
1967.

Vera V. Yashina. Born 1980.
Graduated from the Faculty of Com-
putational Mathematics and Cybernet- |
ics of Moscow State University. Post- |
graduate  student and  Junior
Researcher of the Scientific Council
on Cybernetics of the Russian Acad-
emy of Sciences. Scientific interests:
theoretical foundations of analysisand
estimation of information represented
in the form of images.

Igor B. Gurevich. (See p. 568).

No. 4 2003



