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METHODS FOR DECOMPOSITION OF CONJUNCTIVE FORMULAS
IN FINITE PREDICATE ALGEBRA

In this paper the subject matter is the methods of decomposing conjunctive formulas in the algebra of finite predicates and
the possibility of using dependency structures of relational data to build compact logical networks. The work examines the
interrelation between operations of relational algebra and predicate algebra, which makes it possible to form a mathematical
framework for the rational representation of complex predicate models. The relevance of the study is determined by the need to
create high-performance solutions for linguistic information processing and to optimize parallel computational structures. The goal
of the work is to develop an effective method of binary predicate decomposition that reduces the number of auxiliary variable values
and ensures the transformation of multidimensional predicate formulas into a compact system of binary relations suitable for
hardware implementation in the form of logical networks. This approach improves model performance and reduces hardware
complexity. To achieve this goal, the following tasks were carried out: analysis of functional, multivalued, and connection
dependencies; determination of the conditions for the existence of quantifier-conjunctive decomposition, and investigation of cases
in which a predicate can be represented as a system of binary formulas. The limitations of Cartesian decomposition were identified,
and it was shown how dependency structures eliminate these drawbacks, forming more compact and structurally justified models.
The research methods include the apparatus of finite predicate algebra, the theory of relational dependencies, techniques for
constructing auxiliary predicates, variable elimination using existential quantifiers, and modeling processes in the form of logical
networks. Special attention is paid to analyzing the structural properties of formulas that influence decomposition efficiency. The
results of the research show that the proposed method allows obtaining more compact binary models in comparison to the Cartesian
approach. Predicate decomposition applied to a morphological inflection model has confirmed a significant increase in efficiency
during hardware implementation of the logical network and improved performance indicators. In the conclusions, it is emphasized
that the use of dependency structures is an effective tool for optimizing formal models and opens opportunities for further automation
of predicate-structure construction in tasks of logical analysis and knowledge processing.
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IIAIIMPO OJIEKCIM, TOLYJISIK KATEPUHA

XapkiBChKNIA HaI[iOHATBHUI YHIBEPCHTET PaJioeNIeKTPOHIKI

METO/IH JJEKOMITIO3UIIi KOH’FOHKTUBHUX ®OPMY.JI
B AJITEBPI CKIHYEHHUX IMPEJUKATIB

YV oauiti cmammi npedmemom docriodncenns € memoou 0eKoMno3uyii KOH 10HKMUSHUX Gopmyn 8 aneebpi cKinueHHux npeouxamie ma
MOJNCTUBICIb  BUKOPUCIAHHA CIPYKMYD  3A1€)CHOCHel penayiiHux 6iOHOWeHb Ons NnoOyoo8u KOMNAKMHUX JN02IiuHUX Mepedc. Y pobomi
PO32TA0ACMbCS 63ACMO38 SI30K  Onepayitl pensyiiunoi ma npeoukamuoi aneebp, wo 003601A¢ chopmysamu MamemMamuynui anapam ons
PayionanvHo2o nOOAKHs CKIAOHUX NPeOUKamuux mooenei. AKmyansHicms 00CHiONCeH s 3yMOGIeHA NOMPeDOoIo CIMEOP eHHsL GUCOKONPOOYKIMUGHUX
piwens 013 0bpobxu ninegicmuunoi ingopmayii ma onmumizayii napanenvhux obyucIO8anbHUX cmpykmyp. Memoto pobomu € pospobdrenns
epexmusrno2o Memody GiHaApHOI 0eKOMNO3UYIL NPeOUKamis, o 3MEHULYE KILbKICMb 3HAYeHb OONOMINCHUX 3MIHHUX MA 3a6e3Nne4yc nepemeopens
bazamosuMipHux npeouKamuux Gopmyn y KOMRAKmuy cucmemy OIHAPHUX GIOHOWEHb, NPUOAMHUX 00 anapamuoi peanizayii y eueasoi 102iyHux
mepeonc. Takuil nioxio 0o3eonsc niosuwumu weuoKoodilo Mooenetl ma 3MeHwumy ix anapammy ckaaouicmy. /s docaenenns memu GUKOHAHO MAKi
3A80AHHA: AHANI3 (QYHKYIOHATGHUX, OA2AMOZHAYHUX | 36 A3KOBUX 3ANEHCHOCMEl, SUSHAYEHO YMOBU ICHYBAHHS KBAHMOPHO-KOH IOHKMUSHOI
OexomMno3uyii. ma OocCniONCeHo BUNAOKU, KOMU Npeduxam Modce Oymu nooanuti sk cucmema Oinapnux ¢gopmyn. Busaeneno obmeosicenms
KapmesiancoKkoi 0eKoMno3uyii ma nokasamo, ik CMpyKmypu 3aielcHocmeli 00360510My YCYHYmMU yi HeOOaiKu, Gopmylouu 6iibul KOMRAKMHI ma
CIMPYKMYPHO 00IpYHMOBani moodeni. Memoou O0CHiONCeHHs BKIUAIOMb anapam aneebpu CKIHYeHHUX npeouxamie, meopiio 3aiexiCHocmell
penayiinux giOHoueHb, MEmoou nooyoosu OONOMINCHUX NPEOUKAINIS, eNIMIHAYII0 3MIHHUX A MOOETIOBAHHS NPOYECI8 y 6ULTIAOL TOSTUHUX MEPeC.
Ocobnusa ysaea npuoinsiemvcs auanizy CMpyKmypHux e1acmueocmeii Gopmyn, wo enauearoms Ha egexmugHicms 0ekomnosuyii. Pesyromamu
QOCHIONHCEHHST NOKA3YIOMb, WO 3aNPONOHOBAHUL MemoO 00380JIA€ OMpUMamu KOMHAKMHIWLY CMpYKmypy OIHApHUX Mooeieti NOPIHAHO 3
Kapmesiancokum nioxo0oM. Jexomnosuyis npeouxamie y mooeni Cro8o3miny niomeepouna 3nHaune niosuwjeHHs eqpeKkmueHocmi npu anapammuiil
peanizayii 102iunoi Mepesici ma noKpawents NOKA3HUKI@ npooyKmugHocmi. Y 6uCHo8Kkax nioKpecieno, wjo GUKOPUCMANHS CIPYKIMYD 3a1eHCHOCHel
€ 0ieBUM THCIPYMEHMOM ONMUMI3AYIT hopManbHUX MOOeell ma BIOKPUBAE MOHCIUBOCTI 0TI NOOANLULOL agmoMamu3ayii nooy0oeu npeouKamHux
CMPYKMyp y 3a0auax 102141020 ananizy ma 0bpooKu 3Hams.

Kniwouogi cnosa: ancebpa npeouxamis; nociuni mepeoici, binapna oexomnosuyis; JJekapmosa 0eKomMno3uyis.
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Introduction and problem statement
Among the many formalisms applicable to one degree or another to the tasks of processing informal
information, the most appropriate is the use of predicate algebra, systems of equations which are technically
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implemented in the form of a logical network. One of the advantages of this approach is its direct applicability to all the
following types of problems, which is provided by the declaratives of the logical network as a method of solving systems
of predicate equations. The notation of the predicate equations itself becomes possible due to the algebra of predicates [1].

Another advantage of logical networks is the wide parallelization of calculations, which, provided the correct
construction of the task model guarantees high efficiency.

On the example of processing test information by artificial intelligence, we can consider the general
classification of tasks that arise in the process of working with primary informal information [2]:

e analysis (for example, recognition - obtaining from informal information specific parameters necessary for
the application of some formalism);

¢ normalization - bringing information to some reference form, which is relevant in the search for information;

e synthesis - the expression of the internal representation of information stored in accordance with the formal
requirements in a form adapted for human perception;

e mixed tasks.

In addition, the brain-like computer, based on the technology of logical networks, is close in structure to the
structure of the human brain, which gives reason to hope for the creation of information technology-based systems
based on the capabilities of human.

Despite the availability of formal means for the description of relations within predicate algebra, there are no
methods that guarantee a compact and lossless decomposition of predicates into binary components without inflating
auxiliary variables. In practice, widely used Cartesian decompositions introduce auxiliary predicates with large
domains, making hardware/low-level implementations of logical networks resource-intensive and slow. Nor is there an
agreed-upon criterion for when a task’s dependency structure ensures a direct binary decomposition without further loss
of interpretability. Consequently, an approach is needed that, in declarative terms (predicate algebra), formulates the
conditions for correct decomposition and yields an operational scheme (a logical network) that minimizes auxiliary
resources.

Analysis of research and publications

The study of categories quickly became an independent abstract discipline and is now an important branch of
pure mathematics. In addition, it influenced the conceptual foundations of mathematics and the language of
mathematical practice. It offers elegant and powerful tools for expressing connections between major branches of
mathematics and provides mathematicians with tools for mathematical research that occupy more and more space in the
arsenal of mathematics [3].

However, to date, the theory of categories still does little to solve problems such as the description of the
mechanisms of human intelligence, such as the development of artificial intelligence, the creation of parallel computers,
intelligent radar systems, and so on.

Therefore, it is necessary to establish a connection between the theory of categories and modeling of systems
based on artificial intelligence using an intermediate field of knowledge - the algebra of finite predicates, by which a
predicate interpretation of the category can be built. Based on this interpretation, elements of the theory of the modified
category for the processes of modeling the functions of artificial intelligence are developed.

A distinctive feature of artificial intelligence tasks is that they are difficult to formalize, necessary to enable
the automation of their solutions. Thus, it is expedient to study the universal tool of informal information processing —
the human brain and to model some of its functions related to the tasks based on modern technologies. The essence of
the approach is that human intelligence is seen as logic in action, as some material embodiment of the mechanism of
logic. Works on logic algebraization were performed [4].

Schematic implementation of formulas describing algebraic-logical structures leads to characteristic
engineering networks that have not been used before, and which are called logical networks. When comparing these
networks with the main types of neural structures, a deep similarity in the structure of technical and biological structures
is revealed. Based on this similarity, we can determine the functions of different types of neural structures and describe
in exact mathematical and technical terms the principles of brain function [5].

The main thing in this method is the movement from top to bottom: from general system considerations to
algebraic-logical structures, and from them to logical networks, which are then identified with biological neural
structures.

Unlike the traditional information technology algorithmic approach, the declarative task model is not an
algorithm. The task model presented in a declarative form is usually a set of facts, knowledge of facts and rules,
according to which actions are taken on facts that allow to obtain new knowledge based on old ones [6].

A logical network is a method for solving systems of predicate equations and has descriptive capabilities of
predicate algebra. The property of a logical network is the parallel execution of all elementary logical operations — that
is, the maximum possible at the logical level of parallel calculations. This approach guarantees high efficiency in solving
problems that are reduced to a logical conclusion or to the solution of logical equations.

To formalize the tasks of processing informal information using logical networks, it is necessary to explore the
possibilities of rational application of the algebra of finite predicates. To this end, it is necessary to model the most
common tasks from different areas of the subject area. Examples include areas such as the task of modeling the
intelligent recognition mechanisms of inconspicuous radar objects [7].

The mathematical tools developed for the decomposition of relations and predicates are designed primarily to
create logical networks, which, in turn, are the basis for building a parallel-action computer. The mathematical results
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of the work can be used in automatic language processing systems, computer-aided design systems for information
systems. Logical networks can be effective in creating specialized parallel-action devices designed to simulate complex
computing systems, for example, a system of complete adequate morphological analysis of natural language texts.

Mathematical model suitable for implementation in the form of a logical network should be represented by a
system of binary equations, i.e., each equation of such a system should have two variables. This form of presentation is
a logical network model. In this case, the system of binary equations should be as compact as possible in order to save
hardware resources when implementing the model.

Converting a model into a compact binary form requires conjunctive decomposition of predicates. In the area
of the decomposition apparatus, a shortage of justified methods, that does not require checking the equivalence of the
obtained result to the original predicate, and at the same time rational methods that allow obtaining a compact binary
representation for a given formal model. When developing models of logical networks for processing linguistic
information, developers mostly used their own intuitive methods, rather than strict, justified methods [8]. The logical
network models obtained in this way need experimental verification of their adequacy to the described object.

Almost all available formal means of decomposition of predicates in these works do not consider the
relationship between variables. Taking these features into account in the structure of a predicate allows one to
decompose it in a more rational way. Meanwhile, the theory of relational databases offers a means of decomposing
relations in the form of statements about the dependencies between attributes (in the section on normalizing relations).
Given the deep connection between relations and predicates, the means of decomposition of relations can be applied to
solve the problem of decomposition of predicates. As an analysis of the literature has shown that such tools are currently
not available in the apparatus of predicate algebra.

Formulation of the goals of the article

The goal of the work is to develop an effective method of binary predicate decomposition that will reduce the
number of auxiliary variable values and ensure the transformation of multidimensional predicate formulas into a
compact system of binary relations suitable for hardware implementation in the form of logical networks. This approach
should improve model performance and reduces hardware complexity.

To achieve this goal, the following tasks must be completed: analysis of functional, multivalued, and
connection dependencies; determination of the conditions for the existence of quantifier-conjunctive decomposition;
and investigation of cases in which a predicate can be represented as a system of binary formulas.

Exposition of the main material

The only difference between category theory and predicate algebra is that the former moves from top to bottom,
aims to learn higher logical mechanisms and therefore uses as starting points the concept of a record level of
commonality. The second, starting from the needs of informatization, moves in the study of the same logic of thinking
from the bottom up. If it were possible to give a convincing interpretation of the concepts formed by the theory of
categories and the methods developed by it in terms of predicate algebra, i.e., concretizing, to bring them closer to
informatization, it would significantly enrich the tools of predicate algebra. It is the algebra of predicates that we are
going to use as such an intermediate field of knowledge.

A logical network copies a person's actions, but with the only difference that a person acts sequentially and a
network acts in parallel. The network works in cycles. In the first half-bar of the i-th bar, the network for each of its
equations of the form K (x,y) = 1 (K is the relation given by such equation) finds:

1. According to the known knowledge of P;(x) about the value of the variable x at the beginning of i- th bar
knowledge Q';(v) about the value of the variable at the end of the i-th bar;

2. According to the known knowledge of Q;(y) about the value of the variable b at the beginning of the i-th
bar, knowledge of P'; (x) about the value of the variable x at the end of the i-th bar.

Mathematically, these two operations are expressed by formulas (1, 2):

x € A(K(x,y)P;(x)) = Q';(»), M
x € B(K(x,)Q:(») = P'i(x), @

where A and B are the variable areas of x, y.

In the second half of each bar, the network finds the common part P;, ,(x) of all knowledge
P;; (%), P (x), ..., P;; () about the value of each of its objective variables x parties, which come through the branches
of the network from all to the pole x. This operation is expressed as follows (3):

xPig (x) AP (x) A oo A Py (x) = Piyq (%), (3)

The obtained knowledge P;,,(x) is then used as the state of the pole x at the initial moment of the i 4+ 1st
cycle. The symbol | denotes the number of branches approaching the pole x. Before the beginning of the i + 1st bar,
knowledge of the set P;,, (x) is formed in each pole, which is always included in the knowledge of the set Pi(x), which
was kept in the same pole at the beginning of the i-th bar. Thus, the only result of the logical network is the refinement
of the knowledge contained in all its poles in accordance with the original data.

With the introduction of the theory of categories, along with the usual concept of category, there was a more
general concept of objectless category.

Let M be some set. Its elements, denoted by the symbols f, g, h, ..., are called morphisms. Suppose, moreover,
that some, in the general case, partial operation fg = h is given, which acts with M X M in M. It is called the
multiplication of the morphisms f and g. The morphism h is called the product of the morphisms f and g. Any
morphism e € M is called singular or identical if it satisfies the following conditions:
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e for any f € M for which there is a product fe € M, the equality fe = f;

o for any f € M for which there is a product ef € M, the equality ef = f holds.

This definition tacitly allows the existence in the category of many units. It is the presence of many units (and
only this) that distinguishes a category from other known algebraic structures. The singular morphisms ef and e'f are
named according to the right and left for the morphism f € M, if fef = f and fe'f = f. For any morphism f € M
there are a single right and a single left morphisms. This statement is called the law of identity. Thus, for each f € M
there is a single right unit ef and a single left unit e'f, such that fef = fe'f = f.

Multiplication of morphisms is associative: (fg)h = f(gh) for any f, g, h € M for which there are products:
(fg)h and f(gh). The set M, which contains at least single morphisms, and on which the operation of multiplication
of morphisms with the above properties is called an object-free classical category K. Write M = Mork,f € M,f €
Mork. Mork is the set of all morphisms of category K. If f € Mork, then we say that the morphism f is a K -
Morphism.

Next, we will talk about the development of new predicate decomposition tools based on statements about
dependencies from the normalization of relational relations. At the beginning, an exact definition of the decomposition
procedure with respect to relational relations and predicates is given; statements about dependencies that allow
decomposition of relational relations are considered; their generalizations are proposed. Based on the relations between
relational algebra and predicate algebra, dependency statements are transformed into new predicate decomposition tools.

A predicate in the basis of a disjunctive conjunctive predicate algebra (DCPA) is usually regarded as an analytic
notation of a relation. Therefore, a predicate decomposition is a decomposition of a relation at the analytical level (simply
manipulating formulas), when not the relations themselves are processed, but the corresponding predicate formulas.

We clarify the concept of decomposition, as it is understood in relational databases. To do this, we give the
concept of the dependence of the compound, which is used in the theory of dependencies.

LetT = {X;, ..., X,} be a subset family of sets H. If H = U!_, X; , then T"is called overlapping of set H. An
overlapping I is called a partition of a set H if the sets X;, ..., X; are pairwise disjoint.

Let R be some relation, and the family of sets {X, ..., X;} forms the covering of the set at (R). The relationship
R satisfies the connection [Xj, ..., X;] dependencies if

R = R[X,] o R[X,] o ...o RX,], @)

Expression (4) is the so-called algebraic restriction of integrity.

Other types of dependencies that are used in the theory of dependencies — functional and multi-valued
dependencies — are special cases of the connection dependency. Therefore, any dependence made R € Re(T) in allows
us to represent R in the form of a natural connection of their projections (4). In the theory of relational databases, it is
usually this procedure that is called decomposition of R. Based on the expression (4), decomposition itself is carried out
by designing the initial relation for different groups of its attributes. This suggests that the projection operator is the
decomposition operator, while the composition (reassembly) operator is a natural join.

However, splitting a relation can be carried out in different ways: along with projection, for example, sampling
can be used as a decomposition operator. Then the composition operator will no longer be a natural join, but a join
operation. When in database theory we are talking about the decomposition of relations, then almost always we mean a
decomposition of the form (4). Other types are practically not used. Nevertheless, for accuracy, the decomposition of
relations in the form (4) will sometimes be called projection-connective decomposition.

A predicate decomposition of P is the derivation of some predicates Py, P,, ..., P, based on a predicate P with
the possibility of its reverse recovery from these predicates, which is called the predicate composition of P. An important
particular case of decomposition is the so-called binary predicate decomposition of P, characterized in that each of the
predicates Py, P,, ..., P; resulting from the decomposition of the predicate P has exactly two significant arguments. If the
conjunction serves as the composition (restoration) operator, then decomposition is called conjunctive.

The predicate analogues of relational projection operations are existence quantifiers. Then the predicate
analogue of the projection-connective decomposition will be the quantifier-conjunctive form of decomposition.

Let T € V X U be a spanning tree with a finite set of variable names V = {x4, x5, ..., x,}, S = Dom x; X Dom
X, X ... X Dom x,, Let P be some predicate from Pre(S), and the family of sets {X;, X5, ..., X;} form a covering of the
set V. We say that a predicate P satisfies conjunction dependences N {Xy,X,, ..., X} if

AV, (P) AV, (P) A ...ATY(P) =P, (5)
where ¥V, = V\X;,i=1,..,L

Representation of the predicate P in the form of (5) will be called a quantifier-conjunctive decomposition.

Some methods for decomposing predicates boil down to replacing the original predicate P with some auxiliary
predicate P’, which is built based on the original predicate P by introducing one or more auxiliary variables
Y1, V2, +--, Yk- The idea of these methods is that the auxiliary predicate P’ is constructed in advance so that it satisfies
some required quantifier-conjunctive dependence. Then, using the existential quantifiers, the predicate P’ is
decomposed directly. This predicate is related to the original predicate P by equality

P =3y,3y,... 3y, (P), (6)

Although in fact a quantifier-conjunctive decomposition of the auxiliary predicate P’ is performed, the original
predicate P is restored using equality (3). Therefore, they say that the predicate is decomposed.

Thus, the predicate decomposition can be performed either without the help of auxiliary variables, or with the
help of them. In the first case, decomposition is called equivalent, in the second — nonequivalent. So, the decomposition
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of the mentioned predicate P’ is equivalent, and the decomposition of the original P is nonequivalent. Quantifier
conjunctive decomposition is equivalent.

Let us consider the concepts of dependencies and some statements regarding them. The latter allow for a given
relationship to resolve the question of the admissibility of a projection-connective decomposition. Consider special
cases: functional and multi-valued dependencies.

Let a relation R € Re(T) be given and X, Y be arbitrary subsets of the set at(R). It is said that Y depends
functionally on X if for any two functional data f;, f, € R from equality f;[X] = f,[X] follows the equality f;[Y] =
f2[Y]. If Y depends functionally on X, itis written X — Y and said that the relation R satisfies the functional dependence
X — Y or that the functional dependence X — Y is fulfilled in the relation R

It follows directly from the definition that if the dependence X — Y is satisfied in R, then it is executed in any
of its projections containing many attributes X U Y.

If R € Re(T) is an arbitrary relation, then the set of pairs (X, Y) such that X — Y in R is denoted by FD(R). It
is called the structure of the functional dependencies of the relationship R.

Let be an arbitrary relation R. It is proved that the structure of functional dependencies FD(R) has the
following properties (X,Y,Z, W is a subset of a set at(R)).

IfX2Y,thenX - Y. (7
IfX->YandYUZ > W,thenXUZ > W. (8)

For a deductive system defined by rules (7) - (8), the problem of derivability or logical sequence is
algorithmically solvable, which means that the analysis of the structures of functional dependencies can be carried out
automatically. There are algorithms that allow for a given set of functional dependencies X to find the set of all
dependencies ¢p(2) that logically follow from the set according to the rules (7) - (8). In addition, there is an algorithm
to determine whether some functional dependence o is a consequence of many dependencies X or not. To analyze
relationships with functional dependencies, all these algorithms are based on the apparatus of Boolean functions.

Statement 1. Haag's theorem. Let R be some relation from Re(T), and the family of sets {X,Y,Z} forms a
partition of the set a#(R). If X = Y in R, then

R =R[XUY]oR[XUZ], ©)]

In other words, Haag's theorem says that functional dependence X — Y in relation R{X,Y,Z} implies
connection dependence for it.

Let us consider the concept of multi-valued dependence. Let a relation R € Re(T) be given and let X and Y
be arbitrary subsets of the set at(R). It is said that X ambiguously determines Y if R = R[X U Y] o R[X U Z], where Z =
at(R)\(X UY). If X defines Y ambiguously, it is written X - Y and said that the relation R satisfies the ambiguous
dependence X — Y or that the ambiguous dependence X — Y is fulfilled in the relation R.

The above definition shows that a multi-valued dependence is a special case of a connection dependence and
is also determined through an algebraic integrity constraint.

If R € Re(T) is an arbitrary relation, then the set of pairs (X,Y) such that X - Y in R is denoted by MVD(R).
It is called the structure of multi-valued relationship dependencies R.

Let R be an arbitrary relation. It is proved that the structure of multivalued dependencies MVD(R) has the
following properties (X,Y,Z,W - subsets of a set at(R)).

IfX2Y,thenX » Y, (10)
IfX»YandYUZ -» W, then X UZ -» W\(Y U Z), (11)
IfX »YandX » Z,thenX » Y U Z, (12)

IfX - Y, then X - at(R)\(X UY), (13)

Property (13) suggests that multi-valued dependencies always form connected pairs; therefore, the notation is
used X - Y|Z to relate R to at(R) = {X,Y,Z} and the dependence X - Y. As for functional dependencies, for the
deductive system defined by rules (10) - (13), the derivability problem is algorithmically solvable, therefore, the analysis
of the structures of multi-valued dependencies can also be carried out automatically using Boolean functions.

Statement 2. Let R € Re(T) be an arbitrary relation, and X and Y be arbitrary subsets at(R) of the set Z =
at(R)\(X U Y). The relation R satisfies the dependence X - Y if and only if

Ox=mnz=c)(R)[Y] = ax=a(R)[Y], (14)
for every {X: A} € R[X] and every {Z: C} € ox-4(R)[Z].

Equality (14) shows, that for every {X: A} from R[X] set 0(x=a)nz=c)(R)[Y] does not depend on {Z:C} €
0x=4(R)[Z]. It means that multivalued dependency X — Y in R defines the displaying of {X: A} = 0(x=ayrz=c)(R)[Y]
from R[X] to Boolean P(R[Y]) that can be related as multivalued function from R[X] in R[Y].

This statement in less formal form is chosen as a definition to multivalued dependency by Date. Except for the
notation, this definition is as follows.

Let there be some relation R € Re(T), X,Y,Z S at(R) and X UY U Z = at(R), and the sets X,Y,Z do not
intersect in pairs. Y multivalued depends on X if and only if the set of values Y corresponding to a given pair (value X
and value Z) of the ratio R depends only on X but does not depend on Z.

At the same time, Date cites the definition of multivalued dependence adopted in this paper as Feigin's theorem,
which is formulated in terms of “if and only if”.

Statement 3. Let R € Re(T) be an arbitrary relation, and X and Y be arbitrary subsets of the set at(R), Z =
at(R)\(X U Y). The relation R satisfies the dependence X = Y if and only if
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ax=a(R)[Y U Z] = a4 (R)[Y] o ox=a (R)[Z], (15)

for every {X: A} € R[X].

Note that the natural combination of two relations that have no common attributes can be viewed as an extended
version of the Cartesian product. Equality (15) expresses just such a case. In fact, Statement 3 expresses another way
that multivalued dependency can be defined.

According to Statement 3, the presence of a multivalued relationship X = Y in arelation R{X,Y, Z} means that
its attributes Y and Z are mutually independent: the set of values of each of them depends only on the value of the
attribute X. In other words, multivalued dependencies X - Y|Z appear when, for a meaningful group of characteristics
X, the set of values of characteristics from groups Y and Z must occur in any combinations with a fixed value of the X-
component.

Each functional dependence is a multivalued dependence, i.e. if X —» Y at R, then X - Y at R. Therefore
FD(R) € MVD(R). Thus, multivalued dependencies are a generalization of functional dependencies.

However, there is a significant difference between functional and multivalued dependencies. According to (13)
dependences X - Y and X - at(R)\(X U Y) always form connected pairs, which is denoted as X - Y|Z, where Z =
at(R)\(X U'Y). Property (13) has no analogue for functional dependencies, therefore, in the general case, they do not
form connected pairs.

The following statement generalizes Statement 2, and this time uses the notion of connection dependency.

Statement 4. Let R be some relation from Re(T), and the family of sets {X, Z;, Z,, ..., Z,,} forms a partition of
the set at(R). The relation R satisfies the connection [X U Z;,X U Z,, ..., X U Z,,,] dependence if and only if

Ox=a(R)[Z1 U Z; ..U Zp] = 0x=a(R)[Z1] © 0x=a(R)[Z2] © ... 0 Ox=a(R)[Z1n], (16)

for each {X: A} € R[X].

Statement 5. Generalization of Feigin's theorem. Let R be some relation from Re(T), and the family of sets
{X,2,,Z,, ..., Z,} forms a partition of the set at(R). A relation R satisfies the connection dependency [X U Z;,X U
Zy, ..., X U Z,] if and only if it simultaneously satisfies multivalued dependencies X - Z;, X - Z,, ..., X - Z,,.

According to Statement 3, the multivalued dependence X - Y|Z performed in relation to R with at(R) = X U
Y U Z expresses the mutual independence of attributes Y and Z in relation to R considering that the set of values of each
of them is determined by the value of the attribute X. In the same way, Statement 3 allows us to consider the dependence
X » Z,|Z,| ... |Z;y, performed in R, at(R) = XU Z; U ..UZ,: it expresses the mutual independence of attributes
Z1,Zy, ..., Zy, from each other, given that the set of values of each of them is determined by the value of the attribute X.

According to Haag's theorem, functional dependence acts as a sufficient condition for decomposition of a given
relation into two of its projections. Statements 2 and 3 can be considered as criteria for the presence of a certain
multivalued dependence in a given relation. Statement 4 is a criterion for the presence of a connection dependence of a
certain type, and Statement 5 establishes the equivalence of such a dependence to a group of multivalued dependencies
with the same determinant. Due to this, Statement 4 can be viewed as a generalization of Statement 3 to the case of a
group of multivalued dependencies.

The functional dependence of the argument x,, on the arguments Xy, ..., X,_; in the predicate P(x4, ..., X,) is
expressed by the following formula:

VX1 VXg e VR VX0 (P (X, ooy Xy 1y X)) AP (X4, ooy Xp1, Xg) = X = X5), (17)

Any functional dependence of one group of predicate variables P (x4, ..., X;;) on another group can be specified
either by several formulas of the form (17), or by one such formula in which, after implication, there will be a
conjunction of several equality predicates. If X and Y are subsets of predicate variables P (x4, ..., x,,) and Y functionally
depends on X, then we the predicate P(xy, ..., X,,) satisfies the functional dependence X = Y.

The multi-valued dependence for predicates can be expressed in terms of the conjunction dependence. We say
that a predicate P € Pre(S) satisfies a multi-valued dependence X — Y if it satisfies the dependency of the conjunction
A{XUY,XUZ}, where Z = V\(X UY). In this case the dependence X - Z will also be fulfilled, which together can
be denoted as X - Y|Z.

As with relational relationships, dependency structures can also be defined for predicates. Let be P € Pre(S),
X,Y € V . Then the set of pairs (X,Y) such that X - Y in P, is denoted by MVD(P) and will be called the structure of
the functional dependences of the predicate. Similarly, the set of pairs such that in, is denoted by and will be called the
structure of multivalued dependencies of the predicate.

Apparently, sets FD(P) and MVD(P) will have the same properties as dependency structures for relationships.
But to verify this assumption, additional research is required, which is beyond the scope of this paper.

Connection dependency properties are derived from the properties of a natural join operation. An analogue of
the natural connection of relations is the conjunction of predicates, which, like the natural connection, is idempotent,
commutative, and associative. Two other properties of the natural compound are easily extended to the conjunction
operation. If we show the fulfillment of the latter for the conjunction, then it can be argued that the dependencies of the
conjunction have the same properties as the dependencies of the connection.

The only justified binary predicate decomposition method that guarantees the correctness of the result is the
Cartesian decomposition, which allows decomposition of any finite predicates, not just functional ones. Although the
disadvantages of this method were discussed earlier, we will consider the Cartesian decomposition as a starting point
for finding a more rational method in the sense of saving hardware resources.
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To perform the Cartesian decomposition of a predicate P € Pre(S), it is necessary to explicitly represent its
region of truth. You can use the PDNF for predicate P. Let P be the region of truth of the predicate P, P € S. Then
i=1
r . . . . . .
P(X,Z) = o o e X102 X2y 2R Lzt == Vo a2 xR g, (18)

where 7 is the number of tuples of the relation P (which will be due to the finiteness of the predicate P).

According to the Cartesian decomposition method, an auxiliary variable is introduced with values B =
{b1, by, ..., b, } that are interpreted as unique names of relationship tuples.

Cartesian decomposition P(X,Z) is performed by constructing an auxiliary predicate Py(X,Z,y) and
subsequent binary decomposition Py (X, Z, y) using existential quantifiers.

As noted above, the disadvantage of this decomposition is that the variable y takes as many values within the
predicate Py and its projections as the number of tuples contains the region of truth of the predicate P. We assume that
this is the maximum number of values of the auxiliary variable that is required for binary decomposition of the predicate,
since such a quantity is always sufficient. In real language models, this number is usually large. It was previously
explained that this complicates the circuitry implementation of such models on a microcircuit. In addition, during
Cartesian decomposition, no structural features of the predicate are considered in order to reduce the number of values
of the auxiliary variable.

The task is to use a binary function (and other dependencies if they exist in the predicate) to perform binary
decomposition either directly using existence quantifiers or with the preliminary introduction of one auxiliary variable
with a minimum number of values.

The principle of the proposed method of binary decomposition consists in the methods of constructing auxiliary
predicates, based on which with the help of existential quantifiers (by eliminating variables) many binary predicates are
formed. The latter are the result of binary decomposition of the original predicate. The construction of auxiliary
predicates can be performed in different ways, or it may not be necessary at all. From the point of view of the structure
of the initial functional predicate, three different situations are possible that determine the sequence of actions to achieve
binary decomposition at a minimum price.

When binary decomposition of a functional predicate P(X, Z) is necessary, firstly, it is necessary to check
whether the arguments {x,X,,..., x,,} of the described function p: A — C are independent of each other. Mutual
independence of variables x;, x,,...,%,, in a predicate P(X,Z) means that the dependency Z - x;|x;]| ... |, is
fulfilled. To strictly check the predicate P(X,Z) for a dependency Z - x,|x;]| ... |X;,,, it is necessary to perform a
disjunctive expansion of the predicate P (X, Z) by variables Z. After that, the form of this decomposition will allow us
to establish exactly whether the dependence Z - x;|x,]| ... |x,, in the predicate P (X, Z) is fulfilled or not.

If the predicate P(X,Z) satisfies the dependencies Z = x;|x;| ... | X, then binary decomposition is quite
simple. There are two possible situations.

The first situation occurs when a group of variables Z consists of one variable — z. Then an auxiliary variable
is not required: binary decomposition P(X,z) is performed using existence quantifiers directly based on a given
conjunction dependence, which can be represented as A {{x;, z}, {x;, z},....{x;, z}}. This is the simplest case. A slightly
more complicated case is when a group Z consists of two or more variables; then the second situation takes place.

In the second situation, it is necessary to replace the group Z of variables with one auxiliary variable y, and
then make the transition to two auxiliary predicates — P; (X,y) and P,(y,Z), which are the result of intermediate
decomposition of the predicate P(X, Z). The binary decomposition of predicates P; (X,y) and P,(y, Z) is carried out
using existence quantifiers based on conjunction dependencies {{y,x;},{y,x,}, ..., {¥,xm}} and
{y, 2.}, {y, z2}.....{y, z,}} respectively, which, as will be shown below, are performed by virtue of the construction of
these predicates.

When P (X, Z) does not satisfy the dependency Z - x;|x,| ... | x,,, then the most difficult situation of the three
possibly takes place. Here, the transition to auxiliary predicates P; (X, y) and P, (y, Z) also follows, followed by binary
decomposition of the latter. However, the method of generating these auxiliary predicates in this case is much more
complicated.

The last and most difficult situation from the point of view of binary decomposition of a functional predicate
P(X,Z) occurs when the dependence Z - xq|x,] ... |x;, is not satisfied. In this case, an auxiliary variable is also
required. It will be introduced after the system of special subsets of the set A is formed. The values of the auxiliary
variable in this case will act as the names of these subsets. With this approach, on the one hand, dependencies will be
built in auxiliary predicates that will allow their binary decomposition to be performed. On the other hand, the minimum
required number of the indicated subsets will be formed, which will minimize the number of values of the auxiliary
variable.

As with Cartesian decomposition, the advantage of this algorithm for executing the binary decomposition of
functional predicates is the ability to process the formula or relation not in whole but in parts: for each complete inverse
image, its minimum parallelepiped coverage is selected separately.

All available methods of nonequivalent decomposition, i.e., decompositions involving auxiliary variables
oriented to static predicates or relations. The described method is no exception. Meanwhile, relationships in databases
are dynamic objects that are constantly updated. Therefore, nonequivalent decomposition methods are not suitable for
use in databases. However, they are good at describing natural language grammar, which (in comparison with industrial
or commercial databases) can be considered a static object.
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Research results and their discussion

On the way to creating a logical network that simulates a significant part of the natural language, there are
several goals that can be described as follows. The first goal is to present the entire model of inflection by the logical
network, and not just the individual parts of speech. The next goal is to provide a logical model of a word; this model
should accurately express the entire morphology of the language, so the size of such a network seems quite impressive.
The main goal is to provide the logical network with a general model of semantic-syntactic processing of phrases, which
should cover most of the language.

In order to consistently move towards achieving your goals, you need to start with a model of inflection. So,
to date, models of logical networks for the inflectional processing of some nominal parts of the speech of the language
are already available: a model of inflections (end declension mechanism) of full non-possessive adjectives, a model of
inflections of nouns of substantive declension. Other parts of speech, from existing models of inflectional processing,
are not yet presented in the form of a logical network.

All formulas are presented in the basis of the disjunctive conjunctive predicate algebra (DCPA); therefore, the
size or length of the formula is determined by the number of predicates of recognition of the subject contained in it. The
binary predicate formulas obtained by decomposing Xi, Eta and Phi are written in compact form, which we will call
the disjunctive-bracket form. It is in this form that the DCPA binary formulas form the basis of the circuitry
implementation. The amount of hardware resources for the implementation of a model presented in the DCPA language
is proportional to the number of recognition predicates in it. Therefore, the number of recognition predicates in the
formulas of a certain model makes it possible to approximately estimate the amount of hardware resources that will be
spent on its implementation.

Predicates serve as a means of describing finite discrete relations; therefore, one can also evaluate the result of
decomposition by the size of relations corresponding to the obtained formulas. The size of a finite relationship is
determined, like the size of any finite set, by the number of its elements. The dimension of relations (the number of
attributes) can be ignored, since only binary relations are to be compared. Therefore, it is proposed for each method to
calculate the total number of binary tuples in the obtained relations and, thereby, compare these methods with each
other.

Such a calculation will be carried out by calculating the constituent units in the formulas, since the number of
these constituents in the PDNF predicate coincides with the number of tuples of the corresponding relation. To move
from the disjunctive-bracket form of a formula to its PDNF, you just need to open all the brackets in this formula.
Therefore, to determine the number of constituents in the PDNF of a certain formula, it is necessary to calculate how
many terms will be contained in the formula after the brackets are opened.

Based on the obtained binary formulas, one can calculate the length of each of them and the number of tuples
in the corresponding relation. Cartesian decomposition of predicates Xi, Eta and Phi was not carried out, but the above
parameters can be accurately calculated by determining the number of tuples in the relations corresponding to these
predicates.

Cartesian decomposition is a rather trivial way to decompose, so the structure of the resulting binary predicates
is very simple. Each such predicate is everywhere defined, surjective, and contains an auxiliary variable that uniquely
determines the value of another variable. The length of the formula of such a predicate in the minimum disjunctive-
bracket form is determined as the sum of the areas of variation of its variables.

Conclusion and perspectives of further development

In this research, the relationship between operations in relational and predicate algebras was examined,
enabling a mathematical apparatus for the rational representation of complex predicate models. The objective of the
work was achieved: an efficient method for the binary decomposition of predicates was developed, which reduces the
domain cardinality of auxiliary variables and transforms multidimensional predicate formulas into a compact system of
binary relations suitable for hardware implementation as logical networks. Model throughput was increased and
hardware complexity reduced. The analysis encompassed functional, multivalued, and join dependencies; conditions
for the existence of a quantifier—conjunctive decomposition were established; and cases were identified in which a
predicate can be represented as a system of binary formulas. The limitations of Cartesian decomposition were
determined, and it was shown that dependency structures can eliminate these drawbacks, yielding more compact and
structurally justified models. Special attention was devoted to structural properties of formulas that govern the efficiency
of the decomposition.

The results demonstrate that the proposed method produces a more compact structure of binary models
compared with the Cartesian approach. Application to a morphological inflection model confirmed a substantial
efficiency gain in the hardware implementation of a logical network and improvements in performance metrics.

The use of dependency structures constitutes an effective instrument for optimizing formal models and opens
opportunities for further automation of constructing predicate structures in tasks of logical analysis and knowledge
processing.
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