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This paper presents data on an additional operator-alphabetic informatic system for biological inheritance
in living organisms, which can provide inheritance of biological algorithms and functions and which exists
alongside the well-known nucleotide-alphabetic system of information inheritance. This operator-alphabetic
bioinformatics and its alphabet are linked to quantum mechanics, quantum logic, and quantum information
science, since genetic molecules belong to the microworld of quantum mechanics. In the search for and
justification of this operator bioinformatics and its alphabets, special attention is paid to unitary operators,
which underlie all calculations in quantum computers and which, in quantum mechanics, describe the
evolution of closed quantum systems. The quantum logic apparat being developed for this bioinformatics is
based on a genetic alphabet of four unitary Hadamard matrices, families of unitary matrices based on this
alphabet, and cyclic groups of unitary transformations. Some prospects of the proposed approach for the

development of quantum logic biology, artificial intelligence, and biotechnology are discussed.

Keywords: quantum logic, quantum bioinformatics, genetic automata, cycles, biorhythms, probability,

unitary matrices, tensor product, systolic processors, artificial intelligence, qubits.
1. Introduction

Information communication systems are built on the use of appropriate alphabets to form
information messages. For example, all computer programs rely on corresponding alphabets. The
amino acid sequences of proteins are genetically inherited using information messages in DNA and
RNA molecules based on an alphabet of four DNA and RNA nucleotides: adenine A, guanine G,
cytosine C, and thymine T (in RNA, uracil U replaces thymine T). Knowledge of this alphabet is
useful for understanding the structure of proteins and nucleic acids. However, as Nobel laureate in
chemistry T. Steitz emphasizes, all knowledge about the biochemical structure of proteins and
nucleic acids encoded in the genome will not tell us, for example, how a butterfly flies [23]. Nor
will it tell us how turtles, after hatching from an egg, immediately, without any training, begin to
crawl toward the water with coordinated movements of their limbs, which requires the logically
coordinated activity of millions of their nerve and muscle cells. Or how a newborn baby cries and
begins to suckle at its mother's breast, which also requires the logically coordinated activity of

billions of nerve and muscle cells. Knowledge of DNA/RNA nucleotide sequences also fails to
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explain the inheritance of the mathematical beauty of bioforms (mollusk shells, etc.), which are
repeated in bodies of very different biochemical compositions and are constructed through the
spatiotemporal ordering of trillions of different molecules. Thus, the modern science of biological
inheritance lacks knowledge of a bioinformation system capable of ensuring the inheritance of
"cooperative biomechanics" phenomena, that is, the logically coordinated (coherent) behavior of
body parts and the functions based on them.

The aforementioned inherited logical forms of collective behavior in biosystems require a search
for a corresponding operator bioinformatics system based on a suitable alphabet for their modeling.
One can believe, that, alongside nucleotide-alphabetic bioinformatics, an additional operator-
alphabetic bioinformatics operates in living things. This hidden operator bioinformatics and its
alphabet are apparently linked to quantum mechanics and quantum information, since genetic
molecules belong to the microworld of quantum mechanics, and many authors have long suspected
that living organisms are quantum-like entities. In search of an appropriate alphabet, special
attention should be paid to unitary operators, which play a role of logical gates to provide all
calculations in quantum computing [15] and which, in quantum mechanics, describe the evolution
of closed quantum systems.

This article is devoted to the author's discovery of a genetic alphabet of four Hadamard unitary
operators and the development of operator quantum-logical bioinformatics based on it for the
mathematical modeling of logical features of the structure and behavior of inherited
multicomponent body parts, including the properties of multiple, time-coordinated cyclic processes.
The article provides specific examples of modeling known biological phenomena from the
perspective of this emerging operator bioinformatics, which relies on the aforementioned alphabet
of unitary operators, its algebraic extensions, cyclic groups of unitary operators, quantum logic
formalisms, and Chargaff's second rule, well-known in genetics. These examples confirm the
adequacy of the emerging quantum-logical bioinformatics system, which offers new approaches to
modeling inherited, logically organized biological phenomena.

The founder of quantum information science, Yu. l. Manin
(https://en.wikipedia.org/wiki/Yuri_Manin), introduced the concept of a quantum computer in his
book [14, p. 15] precisely when analyzing the characteristics of high-speed processing of
information in chromosomal DNA by "genetic automata," prophetically pointing out the important
role of unitary operators and tensor products: "A quantum automaton must be abstract: its

mathematical model must use only the most general quantum principles, without prejudging



System Informatics (Cuctemnas undopmaruka), No. 30 (2026) 3

physical implementations. Then the evolution model is a unitary rotation in a finite-dimensional
Hilbert space, and the model of virtual separation into subsystems corresponds to the
decomposition of space into a tensor product. Somewhere in this picture, there must be a place for
interaction, traditionally described by Hermitian operators and probabilities." Thus, the very birth
of quantum information science, so promising for the development of artificial intelligence and

information science. The data in this article are consistent with this prophecy of Yu. I. Manin.

2. Genetic Matrices of DNA Nucleotide Alphabets and the Alphabet of
4 Unitary Hadamard Operators

Amino acid sequences of proteins are inherited through information messages on genetic
DNA molecules, written in an alphabet of 4 nucleotides: adenine A, cytosine C, guanine G, and
thymine T. This alphabet carries a system of binary-opposition indicators, which provides
distinguishing three types of binary sub-alphabets within it:

1) two of these nucleotides are purines (A and G), having two rings in their molecule, and the
other two (C and T) are pyrimidines, containing one ring. This yields a binary representation
(binary sub-alphabet) C=T=0, A=G=1;

2) two of these nucleotides are keto-molecules (T and G), and the other two (C and A) are
amino-molecules, yielding the binary representation C=A=0, T=G=1,

3) pairs of complementary nucleotides A-T and C-G are linked by 2 and 3 hydrogen bonds,

respectively (called weak and strong hydrogen bonds in genetics), yielding the binary representation

These molecular binary-oppositional traits of the nucleotide alphabet of DNAs (and RNAS)
of all living organisms are summarized in Table 1, which shows the distribution of traits within it.

Table 1. Binary distribution of molecular traits in the DNA nucleotide alphabet G, A, T, C.
The fourth row of the table represents with the symbol +1 the fact of the presence of benzene rings

in the molecules of all four nucleotides.

Molecular traits and their symbols G A|T C
pyrimididines +1, purines -1 -1 |-1 141 |+41
am__in_q-n:ucleotides +1, keTto-nucleotides - 1 -1 | +1]-1 | +1

complementarity with 3 or 2 hydrogen bonds: +1,-1 | +1 | -1 | -1 | +1
the presence of benzene rings +1 +1 | +1 | +1  +1

The right-hand side of this phenomenological Table 1 contains an appeared fourth-order
Hadamard matrix, whose quadrants are occupied by four types of second-order Hadamard matrices

(unitary when normalized). Hadamard matrices are fundamental building blocks of quantum
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computers, enabling qubit superposition and also a key element of quantum parallelism in the
quantum Fourier transform and other quantum algorithms.

This same set of four Hadamard matrices is revealed in the analysis of molecular genetic
informatics from other approaches. For example, in the construction of genetic (2"+2")-matrices, in
which the columns are numbered with binary digits of one of the aforementioned DNA sub-
alphabets, and the rows with digits of another. In this case, the same four matrices are derived from
the 1:3 oppositional relationships between the four members of the DNA nucleotide alphabet (for
example, only one nucleotide, thymine T, is phenomenologically replaced in the molecular genetic
system by uracil U during the transition from DNA to RNA). In another approach, taking into
account the well-known second Chargaff rule [5, 28] on the ratio of probabilities of 4 nucleotides in
all long single-stranded DNAs (length greater than 100 kbps) leads to a real Hermitian probability
matrix Wp = [0.5, 0.5; 0.5, 0.5]. This genetic Hermitian matrix Wp is doubly stochastic: the sum of
the elements in each row and each column of such a matrix is equal to one. But with respect to
doubly stochastic matrices, the following theorem is known [21]:

- If the matrix V = |jvij||" is unitary, then the matrix W = |\wij||", where wij = |vijl, is doubly
stochastic.

According to this theorem, the doubly stochastic genetic matrix Wp of probabilities corresponds
to four unitary Hadamard genetic matrices, denoted here as Hc, Ha, Ht, and Hg (Fig.
1): squaring all components of each of these unitary matrices generates the doubly stochastic matrix
WD. Note that these same four unitary matrices Hc, Ha, Ht, and Hg, but taken with a minus sign,

are treated as their banal analogue and are not considered separately.

1, -1 1, | 1,1 1,1
He=205|1, 1|; Hr=295[1,-1[; He=205[-1,1|; Ha=205] 1,1

Fig. 1 — Four unitary Hadamard matrices Hc, Ha, Ht, and Hg obtained from the doubly
stochastic Hermitian matrix Wo = [0.5, 0.5; 0.5, 0.5].

Identifying this connection between the statistical universals of genomic DNAs and these four
unitary Hadamard matrices is important due to the significance of unitary transformations (unitary
operators) for quantum mechanics, quantum computing, biosystems, signal processing engineering,
and other fields. Unitary transformations preserve vector lengths and scalar products (preserve the

metric), representing rotation and mirror reflection operators. Unitary matrices satisfy the criterion:
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the product of a unitary matrix with its transpose is equal to one. Unitary transformations with real
components are called orthogonal transformations, but in this article, we will use their more general
name, “unitary transformations,” by which they are better known in various fields of science. In
quantum mechanics, unitary transformations describe the time evolution of isolated quantum
systems, and in quantum mechanics (unlike classical mechanics), observable quantities are
represented not by numbers, but by operators. In quantum computers, all calculations are performed
on the basis of unitary operators, which act as logical gates, and any unitary operator can be used in
quantum computing as a gate [15].

We will call the four unitary operators Hc, Ha, Ht, and He-(Fig. 1) the genetic Hadamard gates.
These genetic gates are four versions of the Hadamard (2+2)-matrix with the weighting factor 2,
which is traditionally used in quantum computing to transform the Hadamard matrix into a unitary
operator. By definition, the Hadamard matrix Hp is a (nen)-matrix, composed of the numbers 1 and -
1, whose columns are orthogonal and the relation Hy,*H' = n*E, holds, where E, is the identity
matrix of order n. Among the properties of Hadamard matrices is the fact that permuting any rows
and columns of the Hadamard matrix always yields a new Hadamard matrix. In passing, we note
that in the general case, Hadamard matrices have many other remarkable properties and applications
(see, for example, [1]).

One of these four Hadamard genetic unitary operators (gates) — Hrt — has long been used in
qguantum computers for fundamental operations on qubits, serving as a key element in many
quantum algorithms, including the Deutsch-Jozsa algorithm and Shor's algorithm. This Hadamard
gate provides quantum algorithms with a superposition principle of quantum entanglement for
quantum superiority of quantum algorithms in comparison to known classical algorithms [15].

Of the four genetic Hadamard gates, two gates Ha and Hy are mirror reflection operators.
Raising them to integer powers generates the corresponding cyclic groups of unitary operators with
period 2. The other two wunitary matrices (Hc, Hg) are rotation operators
(Hc counterclockwise, He clockwise) and matrix representations of the complex number Z =
(1+i)+27%%, where i is the imaginary unit of the complex number (i? = -1). Repeated raising these
unitary matrices Hc and Hg to integer powers (positive and negative) generates cyclic (with period

8) groups of unitary operators, which are matrix representations of the complex numbers (1).
ch — ch+81 HGn — HGn+8, HAn — HAn+2' HTn — H_I_n+2 (1)
Moreover, any of the unitary matrices Hc and Hg can be represented as the product of k unitary

matrices, which are their kth roots. In other words, the action of a single unitary operator, for

example, Hc, can be represented as the action of a sequence of k more fractional unitary operators
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HcYk. Thus, with the matrix-vector approach, any large transformation in the system from the
action of such a large operator Hc can be represented as consisting of a sequence of arbitrarily
small transformations from the action of the corresponding sequence of unitary operators Hc** for
modeling quasi-continuous transformations in the simulated cyclic processes. We also note that
raising the genetic gate Hc or Hg to a power representing a cyclic function of time in its step-by-
step states allows modeling quasi-continuous cyclic bioprocesses as vector sequences of their step-
by-step functional states.

In quantum logic, projectors (projection operators) play an important role in quantum logic. In
light of this, we note that the unitary Hadamard matrices in the Hc and Hg operators are sums of
two sparse matrices representing projectors Ps satisfying the projector criterion Ps2 = Ps and shown
in parentheses in expression (2):

Hc=2%%+]1-1;11]=29%%«([1,0; 1,0] + [0, -1; 0, 1]),

He=2%%+[11;-11]1=2%+([1,0;-1,0] +[0, 1,0, 1]) 2)

Many genetically inherited biological structures in organisms are clearly linked to unitary
transformations of rotations and mirror images. For example, the kinematic schema of the human
body and its locomotion is based on unitary transformations of rotations at the joints (the human
body has approximately 300 joints) and mirror symmetry of the left and right halves of the body.
Human motor activity is reduced to the skillful control by the nervous system of ensembles of these
unitary transformations in body kinematics, which is associated with the genetically inherited
ability of the nervous system to operate unitary transformations. Moreover, a person's very concept
of their body schema is innate: people with limbs missing from birth and no personal experience
using them nevertheless perceive them as truly existing, with phantom pain in them [25, 26].

When studying human sensorimotor characteristics, it's important to consider that the genetically
inherited nervous system is structurally related to genetic structures. Humans see the world through
probabilities in statistical streams of signals from neurons in the retina (containing millions of
receptor cells) and other sensory organs. Norbert Wiener, the father of cybernetics, asserted:
"Genetic memory—the memory of our genes—is essentially determined by nucleic acid
complexes...there is reason to believe that the memory of the nervous system has a similar nature"
[22, 27].

Another example of the biological importance of unitary transformations is the construction of

complex three-dimensional protein shapes in the body, known as protein folding. These shapes are
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based on unitary transformations involving the rotation of protein molecule segments relative to each
other around relatively strong carbon-carbon bonds.

The author proposes to consider and use the family of 4 genetic unitary Hadamard operators Hc,
Ha, Ht, He (Fig. 1) as a basic genetic quantum-logical alphabet for the development on its basis of
the theory of a quantum-logical information system that allows modeling genetically inherited and
logically organized biological structures and phenomena.

Here, the distinctive features of quantum logic should be clarified [3, 24]. Quantum logic is an
algebraic system for describing, using quantum gates, how qubits operate and interact and how to
extract information from them. In quantum logic, "logic™ is not contained in reasoning, but in the
mathematical description of states and operations. Quantum logic can be formulated as a modified
version of propositional logic. For comparison, we recall that classical Boolean logic is a set of
logical rules (AND, OR, NOT, etc.) describing how bits (0 or 1) can be combined and transformed
according to the laws of Boolean algebra with its key principle of distributivity and the statements
"true" or "false.” Quantum logic considers not "true/false™ statements, but questions to a quantum
system. The answer to such a question is provided by the probability value obtained during
measurement. Logical operations are replaced by quantum gates (unitary operations): NOT
becomes an X gate, and completely new operations appear that have no analogues in classical logic,
for example, the Hadamard gate, which creates superposition. Quantum logic operates on qubits,
vectors, and matrices, not on sets. Its mathematical foundation is the theory of Hilbert spaces and
projective and unitary operators. The state space of a quantum system is described by vectors, and
rotations of these vectors serve as logical operations. Quantum logic lacks distributivity, which is
considered its key difference from Boolean logic. Quantum logic is a branch of logic necessary for
reasoning about propositions that take into account the principles of quantum theory. It was founded
by the work of G. Birchow and J. von Neumann [2], who sought to reconcile the inconsistencies of
classical logic with the facts about measurements in quantum mechanics and saw in quantum logic
a possible foundation for physics.

The unitary Hadamard matrices of the basic operator genetic alphabet Hc, Ha, Ht, Hg (Fig. 1)
and many types of their combinations into unitary matrices of higher orders form - when they are
repeatedly raised to powers - cyclic groups of operators with different periods and used to model
cyclic sequences of states of quantum-like systems. The resulting algebraic-geometric apparatus is
intended, first of all, for quantum-logical modeling of a set of genetically inherited cyclic and
hypercyclic biostructures in genetic biomechanics. It should be noted that the quantum-logical
approach to inherited cyclic and hypercyclic biostructures developed by the author, based on the

alphabet of Hadamard genetic gates and the mathematical apparatus of quantum-logical biology,
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differs fundamentally from the well-known biochemical concept of catalytic cycles and hypercycles
[4].

Global research in genetic informatics relies heavily on the fundamental fact that the DNA of all
organisms contains a molecular alphabet of 4 nucleotides: C, G, A, T, and its extensions into
nucleotide alphabets of 16 doublets, 64 triplets, and so on. In parallel with this molecular alphabet
of 4 nucleotides, bioinformatics and genetic biomechanics now allow and should work with an
operator alphabet of 4 genetic Hadamard gates, that is, a fundamentally new type of alphabet: a
quantum-logical operator alphabet of 4 unitary matrices - Hc, Ha, Ht, Hg -, which gives rise to
interconnected sets of higher-order unitary operators. These genetic unitary Hadamard matrices are
conjugated with corresponding complete orthogonal systems of Walsh functions. The latter are the
basis of a special spectral analysis of signals in digital informatics and are associated with cyclic
Gray codes, logical holography, Walsh antennas, and the fractal Hilbert curve, which is known to
correspond to the spatial packing of chromatin in the human genome [13]. The relationship of
Hadamard matrices with the listed areas is described in our works [16, 17, 20].

The mathematical properties of the alphabet of 4 genetic gates and the sets of unitary operators
constructed on their basis are subject to systematic study. For example, the question of the existence
in this set of non-commuting unitary operators whose commutators are non-zero is subject to study
(in guantum mechanics, the study of pairs of operators characterized by non-zero commutators led
to the formulation of the Heisenberg uncertainty principle). Already in the alphabet of 4 genetic
Hadamard gates, there are three pairs of non-commuting unitary operators characterized by non-
zero commutators (3); the values of these commutators are equal in two cases to Hadamard
matrices, and in the third case to the matrix representation of twice the imaginary unit i of a
complex number:

Ha*Hc - HeeHa =[1, 1; 1, -1],

HceHt - HreHc =1[-1, 1; 1, 1],

Ha*Ht - HreHa =0, -2; 2, 0] (3)

At this stage of research, the question of the genetic significance and possible interpretation of
these and other facts of non-zero commutators among genetic unitary operators remains open for
discussion (it is possible that when analyzed from the standpoint of quantum-logical bioinformatics,
it will turn out to be associated with the phenomenon of chirality in biological structures, taking into
account the known facts about the existence of chirality in the quantum physics of elementary

particles).
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The next section discusses the development of the mathematical apparatus of quantum-logical
bioinformatics, which includes a set of genetic unitary operators and their cyclic groups for

modeling genetically inherited cyclic biostructures and biorhythmic processes.
3. Expansion of the set of genetic unitary operators

The DNA alphabet of 4 nucleotides C, A, T, G is identical in number of elements to the quantum
logic alphabet of 4 genetic Hadamard gates Hc, Ha, Ht, and Hg proposed by the author (Fig. 1). In
matrix genetics, it is known that, based on the genetic (2¢2)-matrix of the 4-nucleotide alphabet, by
raising it to tensor powers, genetic (2"2")-matrices are formed with a strictly regular arrangement
of 16 duplets, 64 triplets, 256 tetraplets, etc. [16, 20]. Figure 2 shows examples of tensor-linked
genetic matrices of 4 nucleotides, 16 duplets, and 64 triplets from these books.

000 | 001 | 010 | 011 | 100 | 101 | 110 | 111

00 101 (10 111 000 [CCC| CCA | CAC | CAA J ACC | ACA | AAC | AAA

001 | CCT | CCG | CAT | CAG | ACT | ACG | AAT | AAG

01 0WJCC|CA|AC|AA 010 | CTC | CTA | CGC | CGA | ATC | ATA | AGC | AGA
0ICl| A 011CTI| CG| AT | AG 011 | CTT | CTG | CGT | CGG | ATT | ATG | AGT | AGG
. GC 100 | TCC | TCA | TAC | TAA | GCC | GCA | GAC | GAA

1T G)"|10JTC|TA GA 101 | TCT | TCG | TAT | TAG | GCT | GCG | GAT | GAG
11| TT | TG | GT | GG 110 | TTC | TTA | TGC | TGA | GTC | GTA | GGC | GGA

11| TIT | TTG | TGT | TGG | GIT | GTG | GGT | GGG

Fig. 2. Tensor family of genetic matrices of 4 nucleotides C, A, T, G, 16 nucleotide duplets, and
64 nucleotide triplets.

The tensor product is a critically important operation in the quantum mechanics of
multicomponent systems and quantum information science [15]. By analogy with the tensor family
of genetic matrices based on the alphabet of 4 nucleotides (Fig. 2), we construct a tensor family of
genetic matrices based on the alphabet of 4 Hadamard genetic gates Hc, Ha, Hr, and He (Fig. 1),
for example, by simply replacing the nucleotide symbols C, A, T, and G with similarly indexed

symbols of these gates and connecting adjacent gates in a bundle with the tensor multiplication sign
® (Fig. 3).

Hc®Hc| Hc@Ha HaQHc HaQHa

Hc| Ha Hc®Hr| Hc®He HAaQ Hr HaQHea

Hr| He H HTQHc HTQHa HeQHc HcQHa

HTrQHT HrQHe HeQHrT HcQHe
Hc@Hc®Hce | HEQHc@®HA | HIQHAQHe | HCQHAQHA | H\QHc®Hce | HA\QHc@Ha | HAQHAQH: | HAQHAQHA
Hc@Hc®Hr | HLQHc®He | H{QHA®HT | HEQHAQ®H: | HAQHcQ@HT | HA\QHc®H: | H\QHAQHT | HA\QHAQHG
Hc@QHr@Hc | HIQHT@Hx | HEQHc®Hce | HEQHc®HA | H\QH1®@Hc | HAQHQHA | H\QHc@He | HAQHcQHA
Hc@Hr@Hr | HEQHr@®He | HCQHc@Hr | HCQHc@H: | HAQHT@Hr | HAQHT®Hc | HA\QHcQ@Hr | HAQHc®He
Hi®@HcQHc | HIQHQHA | HIQHAQHc | HIQHAQHA | Ha@Hc®Hce | HiQHc®HA | HeQHAQHe | He@QHAQHA
Hi@Hc@Hr | HrQHc®@He | HIQHAQHT | HrQHAQH: | HeQHc@Ht | He@QHc®He | He@QHAQHT | He@QHAQHG
Hi@Hr@®@Hc | HIQHT@HA | HI®HcQ@Hce | HrQHcQ®HA | HeQHr@®@He | HeQHr@Hy | He®Hc@Hce | He@Hc@Ha
Hi@Hr@®@Hr | HrQH1®He | HI®QHcQ@Hr | HIQHc®H: | HeQH1@Hr | HeQHr@He | He®QHc®@Hr | He@Hc®@He
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Fig. 3 — Tensor family of matrices of 4 genetic gates Hc, Ha, HT, Hg, 16 duplets and 64 triplets
of these gates.

We emphasize that the tensor product of unitary Hadamard operators always yields a unitary
Hadamard operator of increased order, conjugate, as noted above, to the corresponding complete
orthogonal system of Walsh functions, cyclic Gray codes, the fractal Hilbert curve, logical
holography, Walsh antennas, etc. [15-17]. Accordingly, the content of each cell in the (2"2")-
matrices of the tensor family [Hc, Ha; Ht, Hc]™ represents a unitary Hadamard operator of the
corresponding order. Raising each of these Hadamard gates to an integer power generates a cyclic
group of unitary operators characterized by a certain period. It can be shown that the periods of all
cyclic groups of gates within each of the matrices of this tensor family are interconnected based on
multidimensional hypercomplex numbers. We demonstrate this using the example of the first two
matrices of the tensor family under consideration, located at the top of Fig. 3.

The cyclic groups based on raising the alphabetic gates Hc, Ha, Ht, Hc to integer powers have
periods of 8 and 2, as indicated above in expression (1). Figure 4 shows a representation of the
matrix [Hc, Ha; HT, Hg] from Figure 3 as a matrix D, which indicates the values of the periods of
the cyclic groups of each of these genetic gates. It is also shown that this matrix D is the sum of two
sparse matrices ro and r1 with weight coefficients of 8 and 2. But the set of these matrices ro and r;
is closed with respect to multiplication and determines a table of their multiplication (Fig. 4 below),
which is known in mathematics as the multiplication table of basic elements of the algebra of 2-
dimensional hyperbolic numbers [8, 16]. This means that the period matrix D is a matrix
representation of the 2-dimensional hyperbolic number 8+2j, where j is the imaginary unit of the

hyperbolic number.

H H 1, 0,
C A 0 1
H H ->D = o, + 1, = 8ro +
T G |= 8 1 ]2 0 |12
o ri ri
0 1
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Fig. 4 — Representation of the matrix of four gates Hc, Ha, HT, Hc from Fig. 3 in the form of a
matrix D of periods 8 and 2 corresponding cyclic groups based on raising these gates to integer
powers n: Hc", HA", HT", Hc".-Also shown are the decomposition of this matrix D into the sum of
two sparse matrices 8ro and 2r1 and the multiplication table of the matrices ro and ri, which
coincides with the multiplication table of the algebra of 2-dimensional hyperbolic numbers.

Let us now turn to the matrix of 16 gate tensor doublets from Fig. 3. The cyclic groups based on
raising the terms of this matrix to integer powers have periods of 2, 4, and 8. Fig. 5 shows the (4+4)-
matrix D2, representing this matrix of unitary operators as a matrix of periods of the corresponding
cyclic groups of its 16 terms. This matrix D> is a bisymmetric Hermitian real matrix. The sums of
the components in each of its rows and columns are the same (with appropriate normalization, it
becomes a doubly stochastic matrix). As shown in Fig. 5, the matrix D is the sum of 4 sparse
matrices So, S1, S2, S3 (the numbering corresponds to the order of their sequence in Fig. 5 from left to
right) with weight coefficients 4, 8, 8, 2. The set of these 4 sparse matrices is closed under
multiplication and determines their multiplication table, known in mathematics as the multiplication
table of basis elements of the algebra of 4-dimensional hyperbolic numbers [8, 16]. This means that
the period matrix of the considered cyclic groups of unitary operators D2 is a matrix representation
of the 4-dimensional hyperbolic number 4so+8s1+8s2 +2s3, where So is the identity matrix, and Si,

S2, S3 are matrix representations of imaginary units of 4-dimensional hyperbolic numbers.

48872 1[oToTo o[1]o0]o olof1]o0 oJoJo1

D:=[8[4]2]8|=afo[1]ofo]+8[1]ofoo|+s8[ofofo1]+2]0o]0o]1]0

8[2]48 olol1]0 ofofol1 1{ofo]o 0/1]0]0

2884 ojolol1 olof1]0 o[1]o]o 1/ofo]o
3

S0 | S0 | S1 |82 (83
S1 |81 | S0 |83 |82
S2 |82 83|80 | S
S3 1838|8180

Fig. 5 — The matrix of periods of 16 cyclic groups, representing the matrix of 16 tensor duplets
in Fig. 3 and being the sum of the four shown sparse matrices So, S1, S2, S3 with their weight

coefficients. The multiplication table of these sparse matrices is shown below.
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In general, such a tensor family of (2"+2") matrices [Hc, Ha; Hr, Hc]™, obtained by raising the
original alphabetic matrix of 4 genetic Hadamard gates to the tensor power (n), contains 4" unitary
operators, each of which, when raised to an integer power, generates its own cyclic group of unitary
operators with a certain period. A detailed analysis of the set of these tensor-generated Hadamard
unitary operators remains to be conducted in the future, including the study of their transformations
under cyclic permutations of their columns and rows, as well as the study of commutators between
individual operators, etc. A living organism represents a huge genetically inherited ensemble of
coordinated cyclic processes occurring at all levels of biological organization: molecular,
subcellular, cellular, supracellular, and organismal [17, 18]. Therefore, cyclic groups of unitary
operators associated with the structural features of genetic informatics are needed for quantum-
logical modeling of these ensembles of cyclic bioprocesses.

In addition to the described tensor generation of new unitary operators based on the genetic
alphabet of 4 Hadamard gates, there is also another approach to their formation. It consists of
constructing multi-block matrices, the blocks of which are the alphabetic Hadamard gates Hc, Ha,
HT, He. In this way, unitary matrices are formed, which are, in particular, matrix representations of
Hamiltonian quaternions and biquaternions, which are closely related to physics, robotics, artificial
intelligence, etc. Thus, thousands of papers in the 20th century alone have been devoted to
quaternions and biquaternions in physics [6]. This attention to them is due to the fact that
quaternions are closely related to Pauli matrices, the theory of the electromagnetic field, the
quantum-mechanical theory of chemical valence, the theory of spins, the rotation of bodies in three-
dimensional space, etc. Fig. 6 shows one example of such a construction, in which a unitary

Hadamard matrix Q arises, which is a matrix representation of the Hamiltonian quaternion.

Hc | Ha 1] 1]-1]1
Q=2"|-Ha| Hc|=05]-1| 1] 1]1
1
1

-1l 1
NRERE] S|

Fig. 6 - Unitary matrix representation Q of the Hamiltonian quaternion.

Indeed, as shown in Fig. 7, this matrix Q is the sum of four sparse matrices Vo, Vi, V2, Vs:
Q =0.5(vo + v1 + v2 + v3), where Vo is the identity matrix. The set of these sparse matrices is closed
under multiplication and defines a multiplication table for them, which coincides with the well-
known multiplication table of the basis elements of the Hamiltonian quaternion algebra [8]. This

means that the matrix Q is a unitary matrix representation of a quaternion, where Vi, V2, Vs represent



System Informatics (Cuctemnas undopmaruka), No. 30 (2026) 13

the imaginary units of the quaternion. Quaternions that have unitary matrix representations will be

called "unitary quaternions” for brevity.

T 111 10,00 0.1, 0,0 0,0,-1,0 0, 0,0.1
05|11 11 [=05[0100]+05]-10,00]+05]0,0,01[+05]0. 010

L1 0.0.1.0 0.0, 0.1 1.0,0.0 0.-1.0.0

IR 0,0,0.1 0.0,-1,0 0.-1,0,0 -1,0,0,0
=0.5(vo + v1 + v2 + v3). s |vo|vi|va|wvs

VojVvo| Vi | V2 | V3

VijVvi|-Vo| V3 |[-V2

V2QV2|-V3|=Vo| Vi

V3]V3| V2 |=V1 |-V

Fig. 7 — The unitary Hadamard matrix Q = 0.5(vo + v1 + v2 + v3) as a sum of four sparse
matrices. The multiplication table of this set of sparse matrices, closed under multiplication and
corresponding to the multiplication table of the Hamiltonian quaternion algebra, is shown.

Raising this unitary quaternion to integer powers Q" generates a cyclic group of unitary
operators with a period of 6. This cyclic group models a number of genetically inherited biological
structures. For example, the regular features of human color perception, represented in Newton's 6-
sector color circle for the three primary and three complementary colors (Fig. 8), correspond to the
cyclic group of the unitary quaternion Q"; its period contains 6 terms, the algebraic relationships of
which correspond to the relationships of these colors in human color perception:

- 1) colors opposite on the circle cancel each other out when superimposed (just like unitary
quaternion matrices opposite on the circle, whose addition yields the zero matrix);

- 2) each color on the circle is the sum of the two colors on its sides (the same is true for the
corresponding unitary quaternions);

- 3) the three primary colors, like the three complementary colors at the vertices of the two
triangles of the "Star of David," cancel each other out when superimposed (similarly, the sum of the

unitary quaternions at the vertices of each of the two triangles of the "Star of David" is zero).
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Fig. 8 - Newton's color circle from the psychophysics of color perception and the
correspondence to it of the members of the matrix cyclic group of the unitary Hamilton quaternion
Q", the period of which is equal to 6. In each shown matrix, the black cells contain the numbers
"+0.5", and the white ones - "-0.5" (the image is taken from the author's book [20]).

In psychophysics, it is well known that color is not a physical property of an object, but an
inherited psychophysical response of a person to the light stimuli coming from the object. In
modern literature, the characteristics of color perception, like other characteristics of sensory
experience, are referred to as "qualia.” The topic of qualia is one of the most pressing and widely
discussed in modern philosophy, which sees it as the key to understanding the nature of
consciousness. In light of this, it seems significant that the described quantum-logical
bioinformation system, based on the genetic alphabet of Hadamard unitary operators, enables
algebraic modeling of the properties of human color perception. The author believes that mastering
quantum-logical knowledge of "qualia structures"—the inherited structural regularities of sensory
experience—allows one to conceptualize and develop qualia technologies for medical,
biotechnological, and agricultural purposes.

The limited space of this article does not allow for the presentation of numerous other results and
examples of quantum-logical modeling of genetically inherited biostructures based on the alphabet

of genetic gates Hc, Ha, Ht, He. These will be covered by the author later in a larger publication.
Some concluding remarks

In a quantum-logical approach to bioinformatics, taking into account the cyclical (or pulsating)
properties of living bodies, the author relies on a model of biomechanical environments consisting
of interconnected pulsating structures that change in a coordinated manner over time. The theory of
such model software environments can be used in the development of artificial intelligence,

including in connection with systolic processors and pulsating information lattice (pulser)
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architectures known in computer technology [7, 10]. The name "pulsating"” reflects the essence of
this architecture, traditionally compared to a heartbeat or pulse. The pulsation appears as a wave of
data, and the computational process appears as the propagation of waves of activity. Data received
at the lattice inputs begins to "pulsate™ through it, being transformed at each step. The lattice can be
configured so that different data streams collide and interact in specific cells at strictly defined
intervals, generating a new "pulse” of results.

This architecture is fundamentally different from the von Neumann architecture of conventional
processors because it has no central control unit; all cells operate simultaneously and
synchronously; data is not written in the classical sense, but continuously "pulses” through the
processor structure, like the flow of blood through capillaries. The operation of such a pulsating
information grid is compared to the work of the heart: the grid is compared to the muscle tissue of
the myocardium; the processing elements are compared to individual muscle cells of the heart
(cardiomyocytes); the heartbeat is compared to the electrical impulse from the sinoatrial node;
computation is compared to the coordinated contraction of the heart pumping blood; information
data is compared to the pumped blood. Moreover, “computation™ (pumping blood) is an emergent
property of the entire organ, pulsating in a coordinated rhythm; no individual cell is responsible for
it, but all cells follow the general rhythm and local interactions. Significant challenges in
programming and hardware have prevented pulsating information grids from becoming widespread.
The most famous example of the pulsir concept is the Connection Machine, developed by Thinking
Machines Corporation in the 1980s. The pulsir concept is also closely related to a number of
modern architectural concepts, such as the concept of systolic arrays, named for their pulse-like
behavior similar to cardiac systole [11, 12]. Bio-inspired systolic arrays are extremely effective in
artificial intelligence, image processing, pattern recognition, computer vision, and other tasks. An
example is Google's Tensor Processing Unit (TPU), which uses a large two-dimensional systolic
array to perform the extensive matrix multiplications required by neural networks with high
efficiency.

Quantum logic in the theory of Hilbert spaces deals not only with unitary operators but also with
projection operators, which serve as measurement tools and which are also represented in the
inherited functions of living things. An example is the structure of vision based on the projection of
light rays onto the retina. One should note that a set of projection matrices P, which satisfy the
projectors criterion P = P2, is associated with the genetic alphabet of unitary Hadamard matrices for
example: P = 29%[Hc, -Ha; -Ha, Hc] = 2%1,-1,1,-1; 1, 1,-1,-1; 1,-1,1,-1; -1,-1,1,1].

The quantum-logical bioinformatics system presented in this article, based on alphabets of

unitary operators, is useful for explaining why complex organisms evolved so rapidly: complex
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organs and tissues are formed not so much by the emergence of new genes, but by changes in the

ways existing genes are used under the influence of quantum-logical operators. The author calls it

as "operator quantum-logical Darwinism," according to which natural selection and the inheritance

of the most useful ensembles of quantum-logical operators play an important role in biological

evolution.

This quantum-logical bioinformatics appears to be useful for the analysis of gene networks and

related problems [9]. An important component of the formalisms of this quantum-logical

informatics are tensor-unitary transformations, which provide an increase in the dimensionality of

configurational vector Hilbert spaces in quantum-logical models of growing biosystems [19].
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Development of software that applies artificial intelligence
methods to model and analyze vibrations and resonance

effects in mechanical systems with changing boundaries

Litvinov V.L. (Samara State Technical University),
Tarakanov A.V. (Samara State Technical University)

Litvinova K.V. (Lomonosov Moscow State University)

This article presents the TB-ANALYSIS software package developed for intelligent analysis
and control of resonance dynamics in one-dimensional systems with moving boundaries.
Implemented in the MATLAB environment, the package combines classical methods for
solving boundary value problems (analytical, asymptotic, and approximate) with artificial
intelligence (Al) technologies to predict and prevent resonance phenomena. A key feature of the
development is its hybrid architecture, which, along with numerical modeling and factor
analysis modules, implements an intelligent module based on deep neural networks (DNNS).
This module automatically predicts resonant frequencies based on model parameters and
determines optimal values for damping, viscoelasticity, and stiffness coefficients to suppress
resonance. Neural networks are trained using synthetic data generated by the package itself. The

effectiveness and accuracy of the package have been confirmed by testing on model problems.

Key words: resonance, moving boundaries, boundary value problems, mathematical
modeling, numerical methods, MATLAB, artificial intelligence, neural networks, parameter

optimization.
1. Introduction

Systems with moving boundaries find wide technical application in areas such as hoisting cables
[1-5,7,8], flexible power transmission lines [6], and others. The mobility of the boundaries
significantly complicates their mathematical description. Exact solution methods are generally
limited to the wave equation and relatively simple boundary conditions [9]. Among approximate
approaches, the most effective are the method based on constructing solutions of integro-differential
equations [7,11,21-25], as well as the Kantorovich—-Galerkin method [8-10,14]. This latter method

has been extended to a broader class of model boundary value problems, which takes into account
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the bending rigidity of the object, the resistance of the external environment, and the rigidity of the
foundation. The solution to the problems is implemented in dimensionless variables using the TB-
ANALYSIS software package, developed in the MATLAB environment. This implementation
allows the obtained results to be applied to calculations of a wide range of technical objects.

This paper presents a specialized software package, TB-ANALYSIS for intelligent modeling and
analysis of the resonant dynamics of objects with moving boundaries. Developed in MATLAB, the
package addresses the pressing problem of predicting and preventing destructive resonant
phenomena in variable-length systems by combining classical numerical methods with artificial
intelligence (Al) approaches. The primary goal of this work is to create a universal tool for studying
the dynamics of variable-length systems, analyzing their resonant properties, and determining
conditions for preventing resonant phenomena that pose a danger to structures.

The package features a modular architecture and includes functionality for: numerical solution of
boundary value problems using intelligent method selection (analytical variable substitution,
asymptotic method, and approximate analytical method); factor analysis of the influence of model
parameters (drag coefficients, viscoelasticity, stiffness) on resonant modes; and parameter
optimization to suppress resonance. Particular attention is paid to the built-in procedure for
estimating and monitoring computational errors. The effectiveness and correctness of the package
are confirmed by testing results on model problems. A practical application example is a study of
transverse vibrations of a viscoelastic rope of variable length on an elastic foundation, with the
amplitude dependences on time and the boundary velocity visualized. It is established that the
amplitude at zero damping coefficients serves as an upper bound for other cases.

The key advantages of the package include its versatility, automated selection of solution
methods, a user-friendly interface, and accuracy assessment tools. Future development prospects lie
in expanding the class of problems solved, optimizing algorithms, and, most importantly,
integrating artificial intelligence and machine learning methods. In particular, the use of deep neural
networks trained on model data enables automated prediction of resonant frequencies and
determination of optimal system parameters to prevent resonance. The use of deep neural networks
(DNNs), Monte Carlo methods, and adaptive control significantly improves the accuracy of
predictions and the efficiency of system control. The neural network is trained using data on system
behavior at various frequencies and parameters. The network predicts resonant frequencies and
suggests optimal parameters. The Al's results were validated using a mathematical model.
Calculations confirmed that the parameters suggested by the artificial intelligence not only prevent

resonance but also significantly reduce computation time.
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2. Working with the software package

The TB-ANALYSIS software suite features a user interface built around four logically
interconnected windows. The initial point of interaction with the environment is the start window,
which serves as the central navigation hub. From here, the user can directly navigate to other
functional blocks and use a universal menu system accessible in any open interface window. This
approach ensures consistency across the various sections of the program.

Control of the system's main features is organized through a graphical main menu, featuring
three buttons with intuitive icons. These correspond to the basic modules: "Study of Solutions to
Model Boundary Value Problems,” "Analysis of Resonance Properties of Models,” and
"Management of Resonance Phenomena.” For increased convenience, all options accessible via
these buttons are duplicated in the traditional menu bar, which is present in all working windows
except the start window.

The menu bar consists of two main sections. The "File™ section contains data management
operations: loading initial model settings, saving results in various formats, and terminating a
session. When saving, the user can choose to export numerical data in TXT or Excel spreadsheet
formats for further processing, or save the generated graphs and visualizations as EPS or PNG files.
The "Select Research Direction™ section provides quick access to the same three key modules as the
graphics menu.

The "Study of Solutions to Model Boundary Value Problems™ module focuses on constructing
solutions using asymptotic and approximate analytical approaches. It also allows for a comparative
evaluation of the effectiveness of these methods and an analysis of the computational error for each.
The "Analysis of Resonance Properties of Models" module is designed for factor analysis, which
examines the influence of various parameters—such as boundary conditions, vibrational mode
number, resonant velocity, damping characteristics, viscoelastic properties, and system stiffness
parameters—on the amplitude of the resulting vibrations. The practical module "Resonance
Phenomena Management” addresses engineering challenges in identifying zones of resonant
instability and enables the identification of combinations of system parameters that reliably prevent

the occurrence of dangerous resonant modes.
3. Study of solutions of model boundary value problems using

software tools

Clicking the top button in this window takes you to a specialized interface for exploring

solutions to boundary value problems, shown in Figure 1.
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Fig. 1. Window for studying solutions of model boundary value problems

This interface retains the standard "File” and "Research Areas™ menu items, making the program
easy to use. Basic operations are available through the "File" section: "Import/Load” for batch
loading source parameters from .xls/.xIsx and *.txt files, eliminating manual entry; "Export/Save"
allows you to save numerical arrays in .xls/.xlsx and *.txt formats via the "Data" sub-item and
export graphical results in *.eps and *.png formats via the "Graph™ sub-item; and the "EXxit"
command allows you to completely terminate the application.

The "Research Areas™ menu item contains a list of available program modules, including the
subitems "Study of Solutions to Model Boundary Value Problems,” "Analysis of Resonance
Properties of Models,” and "Comparison of Solution Methods.” Each menu item corresponds to a
separate functional block and is used to activate the corresponding software module.

Furthermore, the form contains two panels with radio buttons for "Study Object” and
"Oscillation Type," an active "Calculate” button, and groups of windows for manual data entry:
"Initial Model Parameters™ (with the windows "Material Elastic Modulus (E),” "Initial Longitudinal
Strain (epsilon0)," "Axial Moment of Inertia (1)," "Total Length of Undeformed Object (LO),"
"Linear Density (r)," and "Cross-Sectional Area (S)"), "Initial Environmental Parameters"” (with the
"Environmental Drag Force (lambda)" window), and "Boundary Motion Parameters
BsinW0(omega0t)." (with the windows “B=", “W0=", “omega0=", “Linear velocity of movement
(nu0)”), “Interval of change of coordinate (x)” (with the windows “start (x0)”, “step”, “end (xn)”),

“Interval of change of time (t)” (with the windows “Start (t0)”, “Step” and “End (tn)”) and
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“Calculation parameters” (with the windows “Accuracy of integral calculation” and “Number of
terms of the solution function series”).

The software interface panel includes several key controls: the "Study Object” radio button
allows you to select between two model objects—a rope and a beam—while the adjacent
"Oscillation Type" panel allows you to specify the vibration type (longitudinal or transverse). The
latter option is available exclusively for the "rope” object due to the physical properties of the
model. The central control element is the "Calculate™ button, which, when activated, initiates
computational procedures and visualizes the results as graphical dependencies. A group of manual
input fields is provided for setting the initial system parameters, where the names of each parameter
clearly correspond to the text labels located to the left of the corresponding input elements.

The software implements three main methods for solving boundary value problems: an analytical
method based on the substitution of variables in systems of differential-difference equations; an
asymptotic approach for constructing solutions to homogeneous integro-differential equations and
systems of ordinary differential equations modeling the dynamics of objects of variable length; As
well as an approximate analytical method for solving integro-differential equations describing the
motion of mechanical systems with moving boundaries.

The software package automatically selects a computational algorithm based on an analysis of
the mathematical model type, the class of integro-differential equation, and the specified boundary
conditions. For systems described by the wave equation, an analytical method with a change of
variables in differential-difference equations is used; for models based on homogeneous integro-
differential equations, an asymptotic method is applied; and for the analysis of complex non-
homogeneous integro-differential equations, an approximate analytical method for constructing
solutions is used. The algorithmic implementation of the computational methods is organized
through a system of internal functions: the analytical method for solving boundary value problems
is implemented in the "TBNumAnal" function, the asymptotic method is implemented in the
"TBAsym" function, while the approximate analytical method for integro-differential equations is
performed by the "TBNum" function. A visualization of the operation of this module is presented in

Figure 2, which demonstrates typical calculation results.
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Fig. 2. Graph of the solution function of the boundary value problem for transverse vibrations of the rope

4. Analysis of resonance characteristics of models using a software
package

Activating the "Analysis of Resonance Properties of Models" button in the start window takes
the user to a specialized interface, the menu structure of which is identical to that of the module for
studying boundary value problem solutions.

The resonance analysis module interface includes control panels for configuring study
parameters. The "Study Object" radio button allows you to choose between rope and beam models,
while the "Dependency Analysis™ panel allows you to select the type of study: amplitude-time
analysis or maximum amplitude-velocity analysis. Computational procedures are implemented
through a system of built-in functions: the "met_ampl™ function for calculating amplitude-time
characteristics and the "met_ampl_max™ function for analyzing the maximum amplitude-velocity
dependence, which uses the first function as a subroutine.

This block also provides the ability to modify key model parameters, such as the mode number,
damping coefficients, object stiffness, viscoelastic properties, and substrate stiffness, through the
corresponding input fields. The interactive "Calculate™ button is used to launch calculation
procedures and subsequently display the resulting dependencies as graphs.

The dependence of maximum amplitude on speed is determined using an original method

developed as part of this study. The method is based on an analytical expression for the oscillation
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amplitude, which is derived from the solution of integro-differential equations, taking into account
the resonant characteristics of the modeled mechanical systems.

A(D) = EX() ﬁa(;)cmmd;} {]Fn(c)sincbn(:)d;} . @

The algorithm for numerically studying steady-state resonance and the phenomenon of passing
through resonance is implemented in the "met_ampl_max" function. Figure 3 shows a graph of the
dependence of the maximum amplitude of rope oscillations when passing through resonance on the
boundary velocity for various values of the medium resistance coefficient (from top to
bottom: 1=0;1=0,0%; 2=0,02) with the following model parameters: mode number 1; object

stiffness coefficient 0.01; viscoelasticity coefficient 0.01; substrate stiffness coefficient 0.02.

I i i
0 0.02 0.04 0.06 0.08 0.1
Speed (g)

Fig. 3. Graph of the dependence of the maximum amplitude on the velocity of boundary

movement for different values of the medium resistance coefficient

The calculation of the time dependence of the oscillation amplitude according to formula (1) is
implemented in the internal function "met_ampl”, which is used as a subroutine in the function
"met_ampl_max". Figure 4 presents the results of test calculations demonstrating the change in the
amplitude of transverse oscillations of a variable-length rope when passing through resonance in the

first dynamic mode for a specific set of initial model parameters.
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Fig. 4. Graph of amplitude versus time

5. Application of artificial intelligence to the example of vibrations

of a variable-length rope

In addition to their direct functional role, the graphical dependencies shown in Figure 4 clearly
demonstrate the characteristic features of the behavior of the oscillation amplitude, which form the
basis of the method for determining the maximum amplitude.

Consider an example of using a neural network to predict resonant frequencies. Let the initial
parameters of the system be given in dimensionless form:
-Rope stiffness: k, =100,

-Damping: ¢=0.05,

-Boundary velocity: v, =0.1.

The neural network predicts a resonant frequency @, =5 and an amplitude A, =0.2. The
allowable amplitude is A, =0.1.

1. Calculate the loss function:

L., =(0.2-0.1)" =0.01.

2. Calculate the gradient:

oA,
V.L. =2(02-01 .
p —res ( ) ap

3. Update the parameters:
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Prew = Poa =17V p Lres:

After several iterations, the system parameters are optimized, and the oscillation amplitude is
reduced to the allowable level.

The developed software package TB-ANALYSIS is designed to solve a specific class of one-
dimensional boundary value problems with moving boundaries, as well as for mathematical
modeling and analysis of resonance properties of objects whose states are described by these
boundary value problems. The package also enables the optimization of model parameters to
prevent resonance phenomena using artificial intelligence (Al). The complex was developed in
MATLAB as a standalone application. The results of this study have been incorporated into the
package.

6. Conclusions

The TB-ANALYSIS software suite has proven itself as a versatile and reliable tool for
mathematical modeling and analysis of the resonance characteristics of mechanical systems with
moving boundaries. Testing has confirmed its high effectiveness in solving a wide range of
boundary value problems.

Working with the suite is easy thanks to its intuitive interface, equipped with an intelligent
system for selecting solution methods. The reliability of the obtained results is ensured by a built-in
computational error assessment system. In this study, using the TB-ANALYSIS suite, enhanced
with artificial intelligence technologies, we successfully determined the resonant frequencies of the
system and developed conditions for resonance prevention. The initial system parameters were
optimized to minimize the likelihood of resonance occurrence.

The study relied on collecting the system's amplitude-frequency characteristics, which allowed
the identification of key parameters that have the greatest impact on resonance phenomena. A
neural network capable of predicting resonant frequencies and suggesting optimal system settings
was trained using this data. To address data limitations, the Monte Carlo method was extensively
utilized. Machine learning methods were employed for an in-depth analysis of the parameters that
contribute most to resonance.

All recommendations generated by artificial intelligence were thoroughly tested using a
mathematical model. The calculations convincingly confirmed the high effectiveness of the
proposed parameters in preventing resonance. Future development of TB-ANALYSIS lies in
expanding its functionality and adapting it to solve more complex classes of problems, opening new
horizons for research in the field of mechanical system dynamics. The approach presented in this

paper, based on the integration of artificial intelligence and machine learning methods, not only
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improves calculation accuracy but also significantly reduces the time required to determine the

optimal parameters for complex dynamic systems.
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VJIK 004

Visual Graph Library: apxutekrypa u BO3MOKHOCTH

Java-Ououorexku 1 BUsyajausanuu rpagos

3onomyxun T.A. (Mucmumym cucmem ungpopmamuru um. A.I1. Epuwosa CO PAH)

B crarse onuceiBaeTcs apxuTektypa u BosMoxkHocTH Visual Graph Library — OubnnoTtexu
JUIL XpaHEHUs, YKIAIKd W BU3yalH3aldd HEepapXUUYECKUX aTpHUOyTHPOBaHHBIX TpadoB ¢
nopTaMu. PaccmarpuBaroTcsi KitoueBble MOAYIIM CHCTEMBI M MHTErpalus ¢ miaTgopmoit Java.

[IpuBogUTCS aHANMH3 CYIIECTBYIOIMUX OMOMMOTEK U MPUIIOKESHHIA A1 pabOTHI ¢ Tpadamu.

Knwouesvie cnosa: uepapxuueckue ampubymuposanusie epaguvl ¢ nopmamu, pagosvie

npedcmaeﬂenu}z NOMOKOBblLX NPpOcpaAMM, 6U3YATUIAYUUA 2p€l(j)06, cucmembvl susyaiusayuu

epagos.
1. BBenenue

Busyamuzanust rpadoB sBisercs (QyHIAMEHTAIBHBIM HMHCTPYMEHTOM aHajHM3a CIIOKHBIX
IIPOrpaMMHBIX U TEXHUYECKUX cucTeM. IIpeacraBieHne CHHTaKCUUECKUX JEPEBbEB, YIPABIISIOLINX
rpadoB U CTPYKTYpP BBI30BOB B HarsiIHOM (GopMe KPUTHYECKM Ba)KHO MJI BEpU(PHKALMH,
ONTHUMH3AIMK U IPOEKTHpOoBanus coBpementoro 110 [1, 3, 7].

OpHako MHCTPYMEHTHI OOIIETO Ha3HAYEHHUS UMEIOT apXUTEKTYPHbIE OTpaHUYEHUS IpU paboTe co
cnenu(UIeCKUMU  CTPYKTypaMH — HepapXu4eCKHMHM AaTPpUOYTHPOBAHHBIMH rpadamu,
cojiep:kaliuMu MOpThI. ba3oBbIii pyHKIMOHAT TAKMX OUOIMOTEK PEIKO MO3BOJISET 33/1aTh KECTKYIO
NPUBSI3KY YT K KOHKPETHBIM TOYKaM Ha TpaHMIE BEpUIMH, a TaKXkKe KOPPEeKTHO o0paboTaTh UX
MHOTOYPOBHEBYIO BJIOXEHHOCTb. AJIanTanus MoJOOHBIX pEIIeHUH 1Mo TpeOOBaHUS MH)KEHEPHOTO
[1O Hem30eXKHO BEAET K YCIOKHEHHIO apXUTEKTYPHI NMPHJIOKEHHS W pean3alid H30BITOYHBIX
IpOrpaMMHBIX HajacTpoek. Kpome Toro, OOJBIIMHCTBO CYLIECTBYIOIIMX HMHCTPYMEHTOB HE
MPEOCTaBIIAET TMOKUX CPEAICTB MIPOrPaMMHOTIO YIIPABJIEHUS CIOXXHBIMU Ipa)OBBIMU CTPYKTYpaMu
HampsIMyIo B paMKax Java-3KOCHCTEMBI.

bubnunoteka Visual Graph Library (VGL) co3aana Ha OCHOBE apXHTEKTYPHOTO SIIpa CHCTEMbI
«Visual Graphy», pa3paboTaHHOM B paMKax HCCIIEOBAaHUS METOAOB YKJIAQJKU M HaBUTallMd B
HepapXu4ecKux arpuOyTUpoBaHHBIX rpadax [4, 26]. B xoxe pa3BUTHS MPOEKTa apXUTEKTYypPHBIE
pelieHrs ObUTH MEpPeoCMBICIEHBl U YHU(ULUPOBAHbI, a TpadUyecKoe sIAPO — HU30JIMPOBAHO OT

MPUKJIAHON JIOTUKH. DTO MO3BOJIMIO TPAaHC(HOPMHUPOBATH CHEHATIN3UPOBAHHBIA HHCTPYMEHTapUi
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B YHUBEpPCaIbHYI OMOIMOTEKY Ui Java-3KOCHUCTEMBI, MPEAararoulyl0 OTKPBITYI0 MOIYJIbHYIO
ApPXUTEKTYPY JUIsl CBOOOIHOTO UCIIOJIb30BAHMUS.

Llens Hacrosiiel cratbu — NpeACTaBUTh apxutekrypy VGL, ommcate Monenb XpaHEHUs
rpadOBbIX CTPYKTYpP, PEAIM30BAHHBIE AITOPUTMbI YKJIAJKH U CpPEeICTBA BU3yanu3aluu. Taxke B
paboTe MpPOBOAUTCS 0030p CYLIECTBYIOIIMX AaHAJIOrOB M OOOCHOBBIBACTCA HEOOXOAMMOCTH

pa3pabotku 6ubnmorexku VGL.
2. ApxuTeKTypa 0M0JIM0OTeKH

Apxutektypa OMONIMOTEKM IIOCTpOE€HAa Ha MPUHLUUIAX MOJYJIBHOCTM U  pPa3JeleHus
OTBETCTBEHHOCTH. B ocHOBy cucremsr monoxen marrepa MVC (Model-View-Controller) [17],
MO3BOJISIST M30JIMPOBATh JIAaHHBIE OT MEXaHHW3MOB HMX 00paboTku u oToOpaxkeHus. CTPyKTypHO
OMOIMOTEKY MOXKHO pa3JeNuTh Ha CICAYIOIINE MOTYJIIH:

e Mopaynb xpaHeHus rpadoB sABISETCA 0053aTENbHBIM SIPOM cucTeMbl. OHO MHKANCYJIUpyeT

BCIO JIOTHKY paboThl ¢ rpadoBBIMU CTPYKTYypaMH, UX TOIOJIOTUEH, nuepapxue, arpudyramu
u noptamu. Jlto0oe B3amMoeiicTBHE ¢ OMOIMOTEKONH HAUYMHACTCS C CO3JAHMS K3EMILISpa
XpaHWIMILA, TaK KaK BCE OCTAJIbHbIE MOJYJIHM HCIOJb3YIOT €r0 B KaY€CTBE €IMHCTBEHHOTO
HCTOYHUKA JJAaHHBIX.

e Mopayns uMIopTa u 3KcopTa rpadoB obecreunBaeT npeodpazoBaHue BHEIIHUX (HOPMATOB
BO BHYTpEHHHE O0OBEKTHI MOAYJIS XpaHEHUs U 00paTHO.

e Mopayns yknanku TpagoB NPEIOCTaBIseT HAOOpP aJIrOpUTMOB JiI aBTOMATHYECKOIO
BBIUHCIICHUS] TPOCTPAHCTBEHHBIX XapaKTEpUCTHK Tpada. YKIaJUUKH MOAUPHUIUPYIOT
UCKJIFOUUTENIbHO TeOMETpUUYECKHe aTpuOyThl 3JIEMEHTOB B XPAaHWIMILE, HE 3aTparuBas UX
CEMAaHTHUKY WJIH TOIOJIOTHIO.

e Moaynps BU3yaln3allud OTBEYAET 3a IrpaHUuUecKyl0 MHTEPIpETaluio rpadoBbIX CTPYKTYD,
HaXOJAIIMXCS B MOAYJM XpaHEHUs IrpadoB, a Takke o0pabOTKy AEMCTBHI IMOJIb30BATENS
(MacmTabupoBaHue, HABUTALIUS, BBIJICICHUE YJIEMEHTOB).

ITooOHas JeKOMIO3HIIKS TO3BOJIET UCIOIb30BATh OMOIMOTEKY KaK «KOHCTPYKTOPY», aJalTUPYS
e€ 1oJ; KOHKpETHBIE 3a/jaui 0e3 U30BITOUHOCTH KoJa. Takol MOoJaX0J MUHUMHU3HUPYET CBA3aHHOCTh
KOMIIOHEHTOB M YIIPOLIAeT BHEApPEeHHWE OMOIMOTEKH B CYIIECTBYIOIIUME CTOPOHHHUE MPOEKTHI.
JletanbHbIi 0030p KaXXI0TO MOAYJIE M OCOOCHHOCTM HUX MpPOrpaMMHOM peanuzanuu OyIyT

MPUBCACHLI B IOCJICAYIOIHUX I'JIaBax.
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3. XpaHenue rpagos

D¢ dexTuBHAS OpraHM3anUs XpaHEHHs TpadoOBBIX CTPYKTYp SBIsCTCS (YHIAMEHTOM IS UX

nanpHemer o0paboTku W Buzyanuzanuu. [IpocTeix rpadoBBIX CTPYKTYp, T/A€ BEPIIUHBI

I/I306pa)KaIOTC${ TOYKaMH, a OyIr'd IpsAMbIMHU, 3a4aCTYIO HC XBaTacT AJIA MPHUKIAAHBIX WHXCHCPHBIX

3aJ1a4, TJI€ AIEeMEHThI 00J1a/1al0T CJI0KHOM CEMaHTUKOM U HepapXuuecKoil CTpyKTypoi. s perenus

TakuXx 33124 B VGL ObUI0 pemeHo nuenoiabp30BaTh Hepapxuyeckue aTpu0yTHpOBaHHbIe rpadbl ¢

nopramu. OnpeneneHne Takoi CTPYKTYPBl CTPOUTCS Ha OOBEAMHEHHM TPeX MOHATUN U3 TEOpUHU

rpados:

Hepapxuueckuii rpad ompenensercs kak koprex (G,T), B kotopom G — 310 Tpad
IIPOM3BOJIBHOIO THIIA, @ T — JEepeBO BIIO)KEHHOCTH, BEPILIMHBI KOTOPOTO COOTBETCTBYIOT
JJIEMEHTaM HEKOTOpoM wuepapxuu B G, JIyrn >K€ OTpakaroT OTHOLIEHHE HUX
HETOCPECTBEHHOM BIOXeHHOCTH [3].

I'pad ¢ mopramu onpenensiercs kak koprex (V, E, P, m), B kotopoMm QyHkuus w: P — V,
COIIOCTABJIAET KaXJAOMY IOPTY €IMHCTBEHHYIO BEpIIMHY, KOTOPOM OH MPHUHAJICHKUT.
MmuoxectBo ayr E ompepensercs Kak IOJMHOXKECTBO OOBEIWHEHHUS TPEX THUIIOB
nekapToBbix npousseaenuii: E € (VX V)U (P x V) U (V X P).

ATpuOyTHpPOBAHHBIH rpa¢ c nopramMmu ompeAessieTca  Kak  KOPTExX
(V,E,P,A,t,ay,ag,ap), B KoropoM ¢yukuuu ay:V — A,a5:E > A,ap:P - A
pacImpsIoT CTPYKTYpHYI0 Mojnenb rpada ¢ mopramu G = (V,E,P,m). Ot dyHKINN
COTIOCTABJIAIOT BEPIIMHAM, AyraM U IOopTaM KOHEYHbIE HA0Ophl aTpOyTOB U3 MHOXKECTBA
A. DnemeHTaMH MHOXKECTBa A SBISIOTCS mapbl Buaa (name, value), rae name — ums

aTpudyTa, a value — ero 3HaYeHHE.

JUia peanu3alMy  ONMKUCAHHOM BBINLIE TEOPETUUYECKOM KOHLENMIMH Oblla CHPOEKTHPOBAHA

MIpOrpaMMHasi MOJIENb IaHHBIX, OCHOBY KOTOPOIl COCTaBIISIIOT CIEAYIOLIUE CYITHOCTH:

ATpuOyT — THMM3UPOBAHHAS 3aMHCh BUA «KJIIOY — 3HAUEHUE», PACITHPAIONIAsS CEMAaHTUKY
mo0oro anemenTta rpada. B Oubnmoreke arpulyThl pa3AensaiOTCsl Ha MOJIb30BaTEIbCKHE,
OTMCHIBAIONINE JaHHBIC UCXOAHOM 3aa4u, U CUCTEMHBIE, CO37aBaeMble OMOIHOTEKOM [Tt
yIpaBIeHUS BU3YaIU3aIllel U COCTOSHUEM (HampuMep, mapameTpsl mpudTa, TOMIIHHA
rpaHuI] win (iar BelIeIEHUS deMeHTa). [[1s 3HaueHn! TOIepKUBAIOTCS CIIEIYIONINE
TUIBI JAHHBIX: CTPOKOBBIMA, YUCIIOBOM (1ieJible M BEUIECTBEHHbIE YHCIIA), JIOTMUECKUH,
YHUKaTbHBIE HJEHTU(PUKATOPHI, a TaKKe CIOXHBIE CTPYKTYphl B ¢opmate JSON.
ATpuOyThl TMO3BOJISIFOT THOKO HACTpaWBaTh KakK BU3YyalbHOE MPEJCTaBICHUE, TaK U

MPUKJIAJHYI0 JIOTMKY Oe3 BHECEHHS W3MEHEHHMH B MNPOTPaMMHYIO MOJENb JaHHBIX.
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HecmoTpst Ha TO uTO aTpuOYT SABISAETCA IEMEHTOM Ipada, OH SABJISETCS UCKIIOUYEHUEM U
HE MOXXET OBITh PACHIMPEH 3a CUET APYTHX aTpHOyTOB.

e ['padoBas Momenp — JOTMYECKUN KOHTEWHEp W KOpHEBOW uaeHTu¢ukatop. B pamkax
($U3NYEeCKOT0 XpaHeHHs, HICHTU()UKATOP MOJIEIH SABISETCS 00S3aTEIbHBIM KIIOYOM JUIS
nocTyna K jmobomy snemeHty. ['padoBas Monenpb sBIsSETCS JIEMEHTOM rpada u MoxKer
ObITh pacmIMpeHa aTpuOyTaMH, KOTOpble XpaHAT HEKOTOPbIH HAOOp METaJaHHBIX Ui
00MEHa COCTOSIHUEM MEXAY MOAYJISIMUA CUCTEMBI.

e BepmuHa — s1eMeHTapHas €IMHULA TOMOJOTUH M OCHOBHOM OOBEKT JJIsl aJlTOPUTMOB
00paboTKH, ABISETCA JIEMEHTOM, a 3HAUYUT 00JajaeT HAboOpoM aTpuOyTOB, KOTOpHIE
MOTYT XpaHUTh HAIPUMEP €r0 I'€OMETPUUYECKUE MapaMETPhl, TAKUE KaK KOOPJIMHATHI U
pa3Mepsl.

e @parMeHT — BEpUIMHA, COAepKAalasi BIOKEHHBIN rpad. ITo MporpaMMHas peaau3arys,
MIO3BOJISIET paccMaTpUBaTh (PAarMEHT KaK «UEPHBIM SLIMK» JUIS BBILIECTOSIIETO YPOBHS
UEPAPXHH.

e [lopr — cneuunanu3upoBaHHas BEpILKHA, TOMEUYEHHAs] COOTBETCTBYIOIIUM aTpUOyTOM.
Takast yHu}UKanMs MO3BOJSET HCHOIB30BATh I IOPTOB CTAHJAPTHBIE MEXaHU3MbI
MOMCKA ¥ HABUTALIWH, IPHHSITHIC /U1 OOBIYHBIX BEPIIMH.

e OQUKTUBHBIM IIOPT — BCIIOMOTAaTENIbHBIA IIOPT, IIOMEYEHHBII COOTBETCTBYIOLIUM
atpuOyToMm. JlaHHBIN SJ€MEHT co3maercs OMOJIMOTEKOW aBTOMATHYECKH, KOTJa ayra
JIOJKHA CBSA3aTh BEPUIMHBI, HAXOIAIIUECS B pa3HbIX (pparMeHTax.

e Bepumuna ¢ nopramMu — crienuduyueckuil BU pparMeHTa, KOTOpbId HE COAEPKUT APYTUX
3JIEMEHTOB, KPOME MOPTOB.

e Jlyra — 3JIeMEHT, CBS3BIBAIOUIMH JIB€ BEPLIMHBI, HAXOJAIIMECS B OJHOM (parMeHTe.
Wudopmanus o TOM, K KakKMM KOHKPETHO IMOpTaM IpHUBsA3aHa Jyra, XpaHUTCS B €€
aTpuOyTax. DTO MO3BOJsIET OMOIMOTEKE, JENEerMpoBaTh pacyeTbl KOHKPETHBIX TOUYEK
BX0/1a/BbIX0/1a JITOPUTMaM YKJIaJIKU U OTPUCOBKH.

e [Ilemouka — normyeckass abcTpakius, MpeacTaBisionias co0Oil MOoCIe10BaTENIbHOCTh
CEerMEHTUPOBAHHBIX OYT U (UKTUBHBIX MOPTOB. OHA OMUCHIBAET CKBO3HOW MyTh MEXKIY
BEpIIMHAMHU, KOTOpbIE HAxoJATCs B pa3HbIX (parmeHTtax. brmaromaps nekoMmo3unuu
CBSI3W Ha JIOKAJbHBIE CErMEHTHI, AITOPUTMbI 00pabOTKM (HAampUMep, YKIaaKka) MOTYT
paboTaTh ¢ KaXKABIM NMOArpadoM U30JIMPOBAHHO, HE HAPYIIAs TPAHUI] HHKATICYJISIIUH.

[leHTpanbHBIM KOMIIOHEHTOM MOJYJSl XpaHEHUs SBIAETCA XpaHWJIUIIE TpadoBBIX MOJENIEH.

JlaHHBIN KOMIIOHEHT MHKAICYJIUPYET JIOTUKY PaOOTHI C 3JIEMEHTAMU U MOKET pacCMaTpUBAThCsI KakK
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MOJIeTIb B KOHTEKCTe Kilaccuueckoro narrepua MVC. Xpanunuiie c1yUT eTUHON TOUKON JOCTyTa
JUIE BCEX MOTpeOMTENeil — OT aNrOpuTMOB YKIAJIKU J0 MOZYJS BH3yalM3allUd — U MOXET
nepeaaBaThcsi MEXKAY HUMH KaK CaMOCTOATENbHAs €AMHUIA. TeXHUYecKas peaan3aius Mo3BOJIseT
WCIIOJIb30BAaTh IS XpPaHEHUs AJIEMEHTOB KaK ONEPaTUBHYIO MaMsTh, TaK U IMCKOBOE MPOCTPAHCTBO,
B 3aBHCHMOCTH OT 3aJ1a4 moJib3oBaressi. OCHOBHbIE BO3MOKHOCTH JIaHHOTO KOMITOHEHTA!

e OpauH 3K3eMIUIIP XPaHWIUIIA MOXET YNPaBIATh MHOXECTBOM HE3aBUCHMBIX TpadoBbIX
Mozeneil. Pa3nenenue qaHHBIX TPOUCXOAUT MO YHUKAIBHOMY UACHTU(PUKATOPY MOJIEIH, YTO
MO3BOJISIET paboTaTh ¢ HUMH MapaJlIeIbHO, COXPAHSS MOJHYIO U30JIALUI0 JaHHBIX B paMKax
OJIHOTO OOBEKTA.

e baszoBeiii HaGop omepamuii [isi co3gaHMs, TMOUCKA W MOAM(UKALUU 3JIEMEHTOB rpada
JIOTIONIHEH BHYTPEHHEW JOrMKOM KOHTPOJIS WEIOCTHOCTH. OJTO TapaHTUPYET, 4YTO BCE
W3MEHEHUS CTPYKTYpPhl HPOXOISAT C COXpPAaHEHHEM KOPPEKTHOTO COCTOSIHHUS CBs3eM U
aTpuOyTOB B JII000I MOMEHT BPEMEHHU.

e Bcerpoennblii Mexanm3Mm 00xoma rpadoBoil  Momenu B TIIyOMHY € MOAJCPKKOU
HACTpamBaeMbIX OOpaOOTYMKOB MO3BOJISIET BHEUIHMM alrOpUTMaM paboTaTh ¢ Mepapxuei
JJIEMEHTOB W KOHIIGHTPUPOBATHCS HA JIOTHMKE OOpaOOTKM JaHHBIX, HE AyOIUpys KOX
PEKYPCHUBHOTO 00X0/1a B KaXKI0M MOJYJIE.

e Bcrpoennble cpencTBa KOMUPOBAHUS JaHHBIX 00€CIIEUHBAIOT MUTPALIUIO TPadOBBIX MOAEEH
WIK UX (QParMeHTOB MEXIy pa3IMYHbIMH SK3EMIULIpaMU XpaHWIUN] (HAIpuMmep, Hu3
ONEpPaTUBHOW NaMsiATH B JUCKOBOE MpocTpaHCTBO). Ilpomecc rapaHTupyeT MoJHOE
COXpaHEeHHE CTPYKTYPHOH LEITOCTHOCTH U aTPHOYTUBHOW CEMAaHTHKH TIEPEHOCUMBIX TaHHBIX.

Takum o006pa3om, pa3paOOTaHHBIN MOIYJb OMNpeAesseT HaOop CYHIHOCTEH C paciupsieMoi
CEeMaHTHKOM 1 MEXaHU3M XpaHEHUs, OTJCIISAIONINH TaHHBIE OT JIOTUKU UX 00pabOTKU. DTO MO3BOJISET
QITOpUTMaM YKJIQJKH, HABUTALIUA M OTPUCOBKU B3aMMOJEWCTBOBATH ¢ TpadOBBIMU CTPYKTypaMu

yepe3 eAnHbIA nHTepdeiic, abCTparupoBaHHBIN OT crioco0a UX PU3NIECKOT0 pa3MEIICHHUS.
4. Buzyajmszauus rpagos

Ecnu Moaynb XpaHeHus: onpezenseT NporpaMMHYI0 MOJIEb JAHHBIX M CLIOCOOBI YITPaBISHUS IS
rpadoBBIX CTPYKTYp, TO MOAYJb BU3yaJIM3allMM OTBEYAET 3a MX rpaduyeckyro MHTEeprnperanuio. B
pamkax apxutekTypbl VGL Busyanmzammsi paccMaTpuBaeTcs HE KaK KECTKO JI€TEPMUHUPOBAHHBIN
MPOLIECC OTPHUCOBKHM 3JEMEHTOB, a Kak JAWHAMUYeckoe IpeoOpa3oBaHHe Habopa aTpuOyTOB,
3aKpCIUICHHBIX 3a 3JICMCHTAMH, B BU3YaJIbHBIC ITIPUMUTUBEIL. Taxoit I10AXO0/J IIO3BOJIACT ITOJTHOCTBHIO
OTIENUTh JIOTUKY MPEJACTaBICHHUS OT CTPYKTYPHBIX JAaHHBIX: MOJYJb BHU3yalU3alliM BBICTYIAET

BHCIIIHUM HOTpC6I/ITCJ'IeM XpaHWJiga Fpa(I)OBBIX MOHGHCﬁ, BOCCTaHaBJIMBas BI/13yaJ'IBHBII71 00JIMK BCcel
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MOJEeNu WU €€ OTACIbHBIX YacTel Ha OCHOBE CHCTEMHBIX U IIOJIB30BaTCIbCKHX anI/I6YTOB

3JIEMCHTOB, BXOJAIIINX B HUX.

[Iporiecc OTPUCOBKM OMUpAETCS Ha HepapXUYecKkuii 00xoa rpadoBOW MOJIENH, ONMHMCAHHBINA B

npeAbIayIIel riaase. Moayiib BU3yaIu3alliy MOCIEA0BATEIbHO aHATTM3UPYET KK IbIH MOTyYCHHBINA

9JIEMEHT M TPaHCIUMPYET CEeMAaHTHUKY €ro arpuOyTOB B IapameTphbl IpaduyuecKkoro KOHTEKCTa,

dhopMuUpysT 0OJTUK KOHKPETHBIX 3JICMEHTOB:

Busyanuzanus BeplmIMHBI HayMHAETCd C pacyera €€ TEeOMETPUYECKHUX PA3MEPOB,
JMHAMUYECKHA ONpeAesieMbIX Ha OCHOBE CIIMCKAa BBIOPAHHBIX I0JIb30BATEIBCKUX
aTpuOyToB. Mcmonb30BaHNe MOHOUIMPHUHHOTO MIpH(Ta MO3BOJISAET TOYHO BBIYUCIUTH
LIMPHUHY U BBICOTY TEKCTOBON 00JIaCTH 110 KOJIMYECTBY 3HAKOB U pazmepy Keris. C yueTom
BHYTPEHHUX OTCTYIOB M TOJIIMHBI IPAHUIL] OJIYYEHHBIH TEKCTOBBINA OJIOK BIIUCHIBAETCS B
BBIODAaHHYIO TEOMETPUYECKYI0 (GopMmy (IPSMOYTOJIBHHK, JIUIMIC WJIX POMO), 4TO U
OTIpeNIeNIIeT WTOTOBBIE TrabapuThl BEpIIMHBI. Pe3ynbraTel pacuera (UKCHUPYIOTCS B
CHCTEMHBIX aTpHOyTax, MO3BOJISISL JINOO cpa3y BBIIOIHUTH OTPUCOBKY B KOOPAMHATAX IO
YMOJIYaHHUIO, JINOO UCIOIB30BATh 3TU JaHHbIE B MOJyJIE YKJIAaIKU JUIs pacyeTa (puHaNbHOM
MO3ULUH C MTOCIIEAYIOIIUM COXPAHEHUEM KOOpPJMHAT B COOTBETCTBYIOIIMX aTpUOyTax.
Busyanuzanus nopra TEXHUYECKH pPEATU3yeTCsl aHAJIOTMYHO BEpLUMHE, IPU 3TOM
QIrOpUTMaM YKJIQJIKU PEKOMEHJYyeTCs pacrojaraTb UX Ha IpaHULAX 3JIEMEHTOB, K
KOTOPBIM OHU OTHOCATCA. PUKTHUBHBIE NOPTHI 0TOOPaKat0TCs B BUJE MAJIbIX OKPYKHOCTEHN
ceporo 1BeTa. PeanbHblii MOpPT rpaduyecku IMOJHOCTBIO HAEHTHYEH BEpIIMHE, YTO
MIO3BOJISIET Yepe3 ero aTpuoOyTHl 3a1aBaTh J1I00yI0 GOpMy, IIBET U COCTaB 0TOOpaKaeMbIX
I10JIb30BATEIbCKUX aTPUOYTOB.

Busyanuzanuss ayru  npeictaBiseT coOOM  OTPUCOBKY JIMHMM, CTHJIb KOTOPOM
(TyHKTUpPHBIA WM  CIUIONIHOM), LBET ¥ TONIIMHA 3ajatorcs aTtpulyramu. J[is
HampaBJICHHBIX CBA3€H (Jyr) Ha LElIeBOM KOHIE (hopMupyeTCs HAaKOHEUHHK-CTPENKa,
OTCYTCTBYIOIIMI Y HEHANpPABJICHHBIX. Jlyra MOKeT BKIIOYaTh TEKCTOBYIO METKY, pacyeT
pa3MepoB KOTOPOM aHAJIOIMYEH JIOTUKE BepIIMHBL. KoopauHaTel TOUEK MaplIpyTU3aluu
(M3JI0MOB) 3aJal0TCS MOJYJEM YKIAIKU; 110 yYMOJYaHHUIO COEAMHEHUE CTPOMUTCS II0
KpaTdyailieMy MyTH MEXAY TeOMETPHYECKHMMH IEeHTpaMu (Uryp ¢ aBTOMaTHYECKUM
pacueToM TOYEK NPUBA3KUM Ha MX rpaHunax. llpu oTpucoBke Lemouyek, COCTOSIMMX M3
CeTMEHTOB B pa3HbIX (parMeHTax, oOecrieuyuBaeTcs MX OECIIOBHAs CTBHIKOBKA JUIs
co3anus 3¢ dexra HermpephIBHON JIMHUU CBSA3H CKBO3b BCE YPOBHH HEpPapXUH.
Busyanuzanus ¢parmMeHTa NPUHIUNHAIBHO OTIMYAETCS OT BEPIIMHBI TEM, YTO €ro

HUTOTOBBIC pa3sMEpPhbl HAITPAMYIO 3aBHUCAT OT PasMEPOB U PACIIOJIOKECHUA BCEX BXOJAAIINX B
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HEro 3JEMEHTOB, YTO JENIaeT HUX IMPOU3BOJHBIMH OT COJEPKUMOTO HIKHUX YpPOBHEH
uepapxuu. Pacuer TekcToBoW 00JacTH 3arojioBka ()parMeHTa BBIMOIHSAETCS MO TEM XKe
MPUHIUIIAM, YTO W JJs BEPILIMHBI, OJHAKO MO3UIIMOHUPOBAHUE JIAHHOM 00JacTu
nenerupyercss Moaynro ykiankud. Haubonee mpoctoit dopmoil (parmenta sBisieTcs
MPSIMOYTOJIbHUK, XOTS JOITYCTUMBI M IPYT'He BAPUAHTHI B 3aBUCHMOCTH OT BO3MOXKHOCTEH
KOHKPETHOTO aJropuTMa YKIaaku. BakHOW OCOOEHHOCTBIO SIBIISICTCS TO, YTO BHEITHHE
CBSA3U C BHYTPCHHUMH 3JIEMEHTAMHU JIOJDKHBI MPOXOJUTHh Yepe3 CIEHHUATU3HUPOBAHHbBIC
MopThl (peanbHble WM (UKTUBHBIE), pacliojiaraeMble Ha rpaHuile (parmenra. ITo
o0ecreunBaeT BU3YAIbHYIO YIOPSAOYEHHOCTh HEPApXUUYECKUX IEePEeX0JI0B, MO3BOJISS

paccMmarpuBaTh (parMeHT Kak EI0CTHBIA (YHKIIMOHAIBHBIN OJIOK.

ITocne onpeneneHust MpaBWI OTPUCOBKU 3JIEMEHTOB M 00miel ¢umocoduu UX pacroIoKeHHs

HE0OXOUMO PACCMOTPETh MPOTPAMMHBIA HHCTPYMEHTApUH, pPEalM3YIOUUN STH MPUHLIMILL. B

cucreme VGL pa3paboran HaOOp KOMIIOHEHTOB, TO3BOJISIONINI UCIOIB30BaTh OMOINOTEKY KaK st

aBTOHOMHOM reHepanuu U300pakeHui Ha cepBepax, Tak U B COCTABE MHTEPAKTUBHBIX IPUIIOKEHUH.

B sTtoM Habope Kaablil MOCIEAYIONMHA KOMIIOHEHT pACIIUpPSET BO3MOXHOCTH IPEIBITYIIETO H

MOJKET OBITH PACCMOTPCH KaK IMPCACTABJICHUC B KOHTCKCTC KIIACCUYCCKOI'O MMAaTTCPHA. Bcero ux TpH.

CraTuyeckuii KOMIOHEHT — HHU3KOYPOBHEBOE SPO OTPUCOBKH, OTBEUAIOIIEE
UCKITIOYUTENIHHO 32 TPAHCISIUIO 3JIEMEHTOB B TpaduyecKkre MPUMUTUBLI, HE COIACPKUT
JIOTUKU 0OpabOTKH COOBITMHHOW MOACIH TIpaduvecKkoro MHTepdeiica, 4TO TO3BOJSCT
WCIIOJIB30BATh €T0 JUIS TeHEepalli OTYETOB Ha cepBepe. Pe3ynmbraToM paboThI SBISETCS
rpaduueckoe u300pakeHue, KOTOPOe MOKET ObITh COXPAHEHO B (ailsl, epeiaHo Mo CETH
WINM BbIBEJIEHO Ha INevaTb. BakHON OCOOEHHOCTBIO KOMIIOHEHTA SIBJSETCS MOJIEpIKKa
BBIOOPOYHON OTPHCOBKU OOJIACTH: BMECTO (HOPMUPOBAHHS BCETO M300pakeHUs LIETHKOM,
KOMIIOHEHT MOXKET OTPHUCOBATh TOJBKO 33aJaHHYIO TPSIMOYTOJIBHYIO O00JIacTh. ITO
MO3BOJISIET CYIIECTBEHHO PKOHOMHTH PECYPCHI TAMSATH W TPOIECCOpPa, & TAKKE CITYKUT
dbyHmaMeHTOM TSl pabOThl MEXaHU3MOB ONTUMU3AIMHU B TIOCTEAYIONINX KOMIIOHEHTAX.

Kommmpyommii KOMIOHEHT — CJIOM ONTHMU3ALNU, BBICTYMAOIIUNA AEKOPATOPOM JIJIs
CTaTU4YECKOTro KOMITOHEeHTa. Ero ucnosnb3oBanne HE0OXOAUMO MpHU paboTe ¢ OONbIIUMHU
N300paKeHUSIMH, COJEPKALIMMH OOJIbIIOE KOJIUYECTBO AJIEMEHTOB, TaK Kak 0€3 3TOro
KOMITIOHEHTa HEBO3MOXKHO JOOMTHCS TUIABHOCTH IPH MEPEMEIICHUH BHIUMON OO0JIACTH
WM MacmTabupoBanuu n300paxkeHus. CoriacHo wuccienaoBaHusM [12], kputuyeckue
3aJIep’KKH TIPH OTPUCOBKHU 3HAUUTENBHO 3aTPYAHSIOT KOTHUTHUBHBIN aHAIHU3 CTPYKTYPBI
naHHBIX. /{7181 penienus 3Toii mpoOiIeMbl pealTn30BaH MEXaHU3M, KOTOPBIH 3alpaiinBacT y

CTaTMYECKOTO KOMITIOHEHTa OTPHUCOBKY 00JIaCTH, pa3Mep KOTOPOIl MpeBBIIAET TEKYIIUE
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TpaHUIbl BUAMMOCTH, M COXpaHSAET pe3yslbTaT B maMaATd. [Ipu cMemieHun BUAUMOMN
o0yacTu B TpaHUIaX K31Ia u3o0pakeHnue GopMupyeTcss MTHOBEHHO IyTEM KOMTUPOBAHUS
3 mamstu. [lepepucoBka 3ampammBaeTcs TOJNBKO B TeX CiydasX, Korja TpeOyemas
o0JacTh OKa3bIBa€TCA 3a TpaHUIAMHU KAUIMPOBaHHOro pervoHa. OOHOBIEHHE KdIIa
BBIHECEHO B (DOHOBBINA MOTOK, YTO COXPAHSET OT3BIBUYMBOCTH HMHTEpdeiica U CBOAUT K
MUHUMYMY CIE€HapUU, B KOTOPBIX TOJH30BATEII0 MPUXOJUTCS OXHUAATh 3aBEPIICHHUS
OTPUCOBKH.

e UHTepakTHUBHBIIi KOMIOHEHT — TpapUUYECKUd KOMIIOHEHT, OTBEYAIOIIUH 3a
yrnpaBieHUEe OOJACThl0 BHAMMOCTH H300paKeHUs, a Takke o00paboTKy edcTBUil
MOJIb30BATENsl, TAKUX KaK CHUTHAJIbBI OT MbIIM M Ki1aBHarypbl. OH HCIOJIB3YyeT
K3ILIUPYIOLINI KOMIIOHEHT, U B LEJSIX ONTUMHU3AI[MU B HEM peajn30BaHa CUCTEMa CIIOEB,
KOTOPBIE HAKJIaIBIBAIOTCA APYT HA Apyra: H300pakeHUe Co CTPYKTYpO# rpada HaxoauTcs
Ha CaMOM HUKHEM ypOBHE, TOTJIa KaK JUHAMUYECKUE OOBEKThI, TAKHE KaK paMKa BbIOOpa
WIH TOACBETKA 3JIEMEHTOB, OTPUCOBBIBAIOTCS MOBEPX HA MPO3PAUHBIX IIOCKOCTIX. ITO
MO3BOJISIET YCKOPUTH OTKJIMK MHTepdelica, He 3aTparuBasi OCHOBHOE M300pakeHHEe U HE
3a/ICUCTBYSI BBIYMCIUTEIBHBIE PECYPCHI HIDKECTOSAIIUX KOMITIOHEHTOB.

Taxum 06pazom, pa3paboTaHHBII MOIYIb ONIPEIENIACT MPaBHiIa OTPHCOBKHA HA OCHOBE CEMaHTHKHU
aTpuOyTOB, YTO MO3BOJSIET TUHAMUYECKH HMHTEPIPETUPOBATH AJIeMEHTHl rpada B rpaduueckue
npumuTuBbL. [Ipu 3ToM oOmas ¢uiocodus MOZUIMOHUPOBAHUS AJIEMEHTOB CO3AaeT 0aszy ais
paboThl AJITOPUTMOB YKJIAJIKH JJIS JOCTH)KCHHS ONTHUMAJIBHOTO BHU3YaJIbHOTO pe3yJibTara.
Pa3znenenue mporpaMMHOTO HHCTPYMEHTApHsI HAa CTATUYCCKUH, KAIUPYIOMUNH W WHTEPAKTHBHBIN
KOMITOHEHTHI TO3BOJISET MOJHOCTHIO H30JUPOBATH MPOIECC OTPUCOBKU OT JIOTMKH YIPaBICHUS
untepdeiicom. [lpuMeHeHne MexaHW3MOB BBIOOPOYHOW OTPUCOBKM 0OJACTH, KIUIUPOBAHUS U
CHUCTEMBI HAJIOKEHHBIX CJIOEB O0ECreYrBaeT IUIABHYIO HABUTAIIMIO TIO0 M300pakeHUsM TpadoB c
OOJIBIITUM KOJIMYECTBOM DJIEMEHTOB, COXPaHsSS BO3MOKHOCTh HCIIOJIb30BAaHUS OHOIMOTEKU IS

reHepann OTYETOB Ha CEPBEPC.
5. Ykaaaka rpagos

PazButue anropuTMOB AaBTOMATHMYECKOM YKJIaJKM MPOILIO MyTh OT  YNPOIIEHHBIX
MaTeMaTHYeCKUX MOJeNeld 10 CIOXKHBIX CHCTEM BHU3yalIM3allMM WHXEHEPHBIX JaHHbIX. B aTOM
PETPOCTIEKTUBE MOYKHO BBIACIUTH TPU KIIOUYEBBIX CTAIUU!

e lcropuuecku nepBoi craauel Obula BU3yanu3aius rpagda Kak CUCTeMbI 0e3pa3MepHBIX
TOYEK, COEIMHEHHBIX NpSAMbIMU JHMHHUAMHU. OCHOBHOM 3ajadell 311eCh SBJISUIOCH

JOCTHKEHHE ACTETHYSCKOM CUMMCTPUHU U PABHOMCPHOI'O pacClpCACIICHUs BCPIIWH, YTO
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pelanoch MNPEUMYIIECTBEHHO CHUJIOBBIMU alTrOpUTMaMU. OTHU TMOAXOIbI JETalbHO
CHCTEeMaTH3MpPOBaHbl B NPOQMIBHBIX (yHAaMEHTAIBHBIX pabortax [3, 7]. Omnako
OTCYTCTBHUE yueTa (PU3NYECKHX Pa3MEpOB BEPIIMH M TEKCTOBBIX MOMETOK Yy AYT, JAEalio
WX MaJIOTIPUTOIHBIMU JJIsl IPOEKTUPOBAHUS COBPEMEHHBIX CUCTEM.

e C passutuem CASE-cpencte u s3eikoB  MoxeiaupoBanus (UML)  BosHukia
HEOOXOUMOCTh OTOOpakaTh BEPIIMHBI KaK MPSIMOYTOJIbHbIE OJOKM C TEKCTOM.
CnoxHOCTh TaHHOM 3a7auy 3aKJII0Yaiach B TOM, YTOOBI BEPIIMHBI HE MEPEKPHIBAIN JPYT
Ipyra, a Qyrd He MPOXOIIN MmoBepx BepimH. Hanbomnee 3pPeKTUBHBIME KaK ¢ TOYKH
3peHHs TMPOU3BOJMTEIBHOCTH, TAK U C TOYKH 3PEHUS BH3YAIBHOTO pe3yJibTaTa CTalld
aJITOPUTMBI, OCHOBAaHHBIE Ha MIOYPOBHEBOM yKimaake rpada [9, 20].

e JlanbHelilee YCIOXHEHHE CTPYKTYp MPHBEIO K TOMY, YTO «IJIOCKOE» BHU3YyaJIbHOE
IpeicTaBjiIeHue rpada CTAHOBUIIOCH MEPEHACHIIIICHHBIM U MaJIONPUTOAHBIM JJIsl aHATH3a.
Pemennem cranma KoHUENIMS HEpapXW4YecKuX TpadoB, OCHOBAHHAS Ha MPHUHIUIIE
JEKOMITO3UIIMHU: YacTH rpada rpyniupyoTcs BO BIOKEHHBIE TOArpadsl ((parMeHTs), 9To
CYIIECTBEHHO CHMXAe€T KOTHHTHUBHYIO HAarpy3Ky Ha TIIOJb30BaTellsd. OJTOT ATall
O3HAMEHOBAJ MPHUHIMIUAIBHBIA CIBUT B Teopuu Yykiankd. Eciam kiaccuueckue
QJIITOPUTMBI ONIEPUPOBAIU (PUKCUPOBAHHBIMU METPUKAMU SJIEMEHTOB, TO B UEPAPXUUECKUX
MOJIEJIIX TPOIECC CTAHOBUTCA PEKYPCUBHBIM: BHYTPEHHSSI TEOMETpPHUS DJIEMEHTOB
(dparmMeHTa onpeaessieT ero rabapyuThl, 4TO, B CBOKO OYEpPEb, HAMPSIMYIO BIUSET Ha BCIO
TOMOJIOTHIO ypoBHS Bhite [1, 3, 7, 19].

ITonxon, peanusoBaHHbBli B OuOmmuoreke VGL, norumuecku npojoikKaeT 3Ty 3BOMIOLMIO,
O00BEMHSST UEPAPXUUECKYIO0 JIEKOMIIO3UIMIO C JIeTalbHONW MapuipyTuzanuen cpsszeil. KiroueBbim
OTJIIMYUEM SIBIISIETCSI TIEPEHOC TOYEK COEJAWHEHHS C TPAaHWIl BEPIIUH Ha CIEIHATU3UPOBAHHBIC
uHTepQeicHbIE PTIeMEeHThl — MOPTHL. B paMkax JaHHOI MOJAENH MOPT BHICTyNaeT He aOCTpaKTHOU
TOYKOH TMpHUBSI3KM, a CaMOCTOSITEIbHBIM TI'€OMETPUYECKUM OOBEKTOM ¢ (UKCUPOBAHHBIMU
paszmMepamu. JTO HAKJIAABIBACT IOTIOTHUTEIBHBIC OTPAHMYCHHS Ha AJITOPUTMBI YKJIAIKH: TPACKTOPHU
JIOJDKHBI PACCUUTBIBATHCS C YUETOM HE TOJBKO BIOXKEHHOCTH CTPYKTYp, HO M rabapHTOB CaMHUX
MOPTOB AJIsl 00ecreYeHusl KOPPEKTHBIX YIJIOB MPUMbIKAHHSL.

Monyne ykmanku TpadoB peann3oBaH KaK COBOKYIMTHOCTh ABTOHOMHBIX BBIUHCIHTEIBHBIX
KOMIIOHEHTOB, JIOTUKA KOTOPBIX IMOJHOCTHIO H30JIMPOBaHA OT JPYTUX MOAYJIEH. APXUTEKTYPHO ITH
KOMITIOHEHTHI BBICTYTAIOT (YHKIIMOHAJIHFHBIMH aHAJOTaMH METOJIOB KOHTpOJIJIepa B IapagurMe
MVC. Kaxnaplii KOMIOHEHT WHKAINCYJIUPYeT KOHKPETHBIH aliropuT™M  pa3MelieHHus |
B3aMMO/ICHCTBYET HAIPSAMYIO C XpaHWIHIIEM TpadoBBIX MOJENEH, MPUHUMAs BHEIIIHUE TapaMeTPhI

JUISL HACTPOWKH aJIFOPUTMa M OTNpeeSIeHUs] TPaHUIl BBIYUCICHUN — OT 00paboTKM Bcelt MOJETH 10
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YKJIaJIKU KOHKpeTHOro (gparmenta. HecMoTps Ha cBOoOOAY peanu3aluy BHYTPEHHHUX alrOPUTMOB,

BCE OHU 00BeAMHEHBI 001IeH procopueii, KoTopas 6a3upyeTcs Ha CIEAYIOMUX MTPUHIUIAX:

ANTOPUTM YKJIQJIKU JIOJDKEH CTPOTO CIIEJOBATh MpaBUIaM MHTEPIPETAINN aTpUOYTOB B
TeOMETPUUYECKHE MPUMHUTHBBI U UX MPOCTPAHCTBEHHOE PACIONIOKEHUE (B YACTHOCTH —
st (parMeHTOB, TIOPTOB M MAPIIPYTOB JYT), M3IIOKCHHBIM B TiaBe «Busyamm3arms
rpadoBy».

OOnacth  OTBETCTBEHHOCTH OTPAaHUYMBACTCS  BBIYHCICHUEM MPOCTPAHCTBEHHOTO
pacIIOJIOKEHHUST 3JIEMEHTOB, MapIIpyTH3allMed Jyr H pacuyeToM TradapuToB JUIs
(dbparMeHTOB. AJITOPUTM HE JIOJDKEH H3MEHSTh MTApaMeTPhl BU3yalbHOTO CTHIIS, TAKUE KaK
pa3Mepbl  TEKCTOBBIX  TIOJEH, XapaKTepUCTHKU MIPU(TOB, IIBETOBHIE  CXEMBI,
reoMeTpruecKkue GOpMbI 3JICMEHTOB U T.1I.

AJNTOPUTM YKJIAJKU JIOJDKCH KOPPEKTHO 00padaThiBaTh BJIOXKCHHBIC CTPYKTYpbL. Jlis
ATOTO MOXKET OBITh MCII0JIb30BaH UEPAPXUIECKUN 00X0.1 rpadoBOii MOJICITH, OTIMCAHHBIHN B
riaBe «XpaHeHue rpadoBy.

[To 3aBepmieHUU pPabOTHI AITOPUTM YKIAAKH (UKCHPYET Pe3yJbTaThl BHIYMCICHHUHA B
XpaHWInIie TrpadoBbIX MOJEJICH, OOHOBJISS KOOPAMHATHI BEPIIMH, MApIIPYyThl JAyT, a
TaKKe PACIIOJIOKCHHUE U pa3Mepbl PparMeHTOB B COOTBETCTBYIOIINX aTPUOYTaX.
AJNTOPUTM YKJIAJIKH JOJDKEH oOecredynBaTh KOPPEKTHYI0 padoTy ¢ mopramu. Ilopsook
MOPTOB M WX KOOPAHMHATHI JOJDKHBI YUUTBIBATHCS KaK 00S3aTENIbHBIC MapaMeTphl MPH

pacuere pacIoyioKEeHUs AIEMEHTOB U MapIIPyTU3AIUH JIYT.

B oOubnmuoreke VGL peanns3oBaHbl cleayroliyde ajlrOpUTMbl YKIAJKH, KOTOpPbIE MO3BOJISIOT

3G (GEeKTUBHO BHU3YyaIM3UpPOBaTh TIpadoBble CTPYKTYpbl pa3nuuHbIX TunoB. Kaxngas ykmagka

aJlanTUpoBaHa /i paboThl ¢ HEpapXUUECKUMU aTpUOYTHPOBAHHBIMH rpaamMu ¢ MopTaMu:

Hepapxuueckasi ykaaaka Ha 6a3e merona Cyrusmer [8, 20] peanu3yeT peKypCHUBHBIH
00XO0J1 CTPYKTYpbl, HAaUMHas ¢ HauboJee BI0OXKEHHBIX (hparMeHTOB. BHeApeHue KoHIenIu
LIENOYeK Ha ypOBHE XpaHEHHs rpadoB MO3BOJISIET OTOMTH OT 0OpabOTKM CBSA3EH MEXTY
JIEeMEHTaMU U3 pa3HbIX (parmeHToB. Bech rpad paccmaTpuBaercs Kak Habop
HE3aBHCHUMBIX ()parMEHTOB, YTO CYIIECTBEHHO YIIPOIIAET U YCKOPSIET alropuTM. B pamkax
JAHHOW YKJIAJIKW BCE MOPTHI pa3delisiioTcs Ha BXOJHBbIE (pacroJiararoTcsi Ha BepXHEH
rpanuie (parMeHTa WIM BEpIIMHBI) M BBIXOJHBIE (Ha HIDKHEW). Ilpu sToM peanbHble
MIOPTHI UMEIOT ONPEIEIIEHHBIN NOPAIOK, KOTOPBIN BBICTYIIAET KECTKUM OIPaHUYEHHEM U
HE MOJKET HapylaTbcs alrOpUTMOM, B TO BpeMs KakK (PUKTHBHBIE MOPTHI JIMIIECHBI

(UKCUPOBAHHOIO MOPSAKA, YTO JIA€T aJrOPUTMY HEOOXOJHUMYIO CTENEeHb CBOOOJBI JUIs
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ONTUMM3ALMK TEPECEYCHN U BBIPABHUBAHMS JIMHUHN «Ha JeTy». Takas reomeTrpust B
COUYETAaHMM C BHIPAaBHUBAHUEM BEPIIUH 110 BEPTUKAIBHBIM OCSIM MUHUMU3HUPYET U3JIOMBbI
IyT, 4TO JAeJaeT u300pakeHue Oojiee YMTAeMbIM. 3aBepIIarouias CTaausi ONpeAesseT
CTUJb JIMHUH: TMpsIMble JyTM OTPUCOBBIBAIOTCS CIUIOLIHBIMH, a OOpaTHblE —
NYHKTUpHbIMH. [Ipu 3TOM 111 0OpaTHBIX Iyr coOmrojaeTcs OOIMMH MPUHLMI OHH
BBIXOAST M3 HMKHEH TIpaHUIBl 3JEMEHTa M BXOIAT B BEPXHIOW, UYTO IIOJHOCTBHIO
COIJIACYETCsl C IPUHATON KOHLENIMEN PaCIIONOKEHHS IIOPTOB.

e KpyroBas ykuagka [16] pa3memiaer BepIIMHBI 10 HEPUMETPY KOHICHTPHUYECKUX
OKpyXHOCTEeH, 4To HambOomnee 3(dexkTuBHO A aHaIM3a CETEBBIX CTPYKTyp 0e3
BBIPQ)KEHHOI'O HAIPaBICHMs MOTOKA JaHHbIX. Peanusanus aiaroputma omupaercs Ha
1ocse/10BaTeNbHbIE IPOXOIbl «BBEPX» M «BHU3» IO YPOBHSAM HEPAPXUU: HA BOCXOJASIIEM
JTane BBIYMCIAIOTCS Ta0apUTHl BIOXKEHHBIX (PAarMEeHTOB, a Ha HHUCXOIIIIEM —
YTOUHSAIOTCS WX (UHAIbHBIE KOOPAWHATHI M YIJIBI MOBOpOTa. Mcmomb3oBaHue IBYX
IIPOXO0/I0B HECKOJIBKO CHUKAET MTPOU3BOAUTEIILHOCTD 110 CPABHEHHIO C OJTHOIIPOXOAHBIMU
METOAAMHU, OJHAKO 3TO TO3BOJISIET JAOCTHYL O0Jiee 3CTETMYHOIO pe3yibTaTa 3a CYer
UTEPALMOHHOTO YTOYHEHMsI MO3ULMI 3J€MEHTOB. B paMkax AaHHON YKIAAKU MHOPTHI
pacnpenensoTcs o rpaHuliaM OKpPY>KHOCTEW, IPU ATOM pEalibHbIE MOPTHI COXPAHSIOT
CBOM KECTKUH MOPAIOK, a (GUKTUBHBIE CIyXkaT CBOOOJAHBIMU TOUKAMU JJIsi ONITUMHU3ALIUH
MEXYpPOBHEBBIX CBs3ed. MUHUMU3AIMS [1€PECeYEHUN BHYTPU OKPYXHOCTH JJOCTUTAeTCs
3a CUeT HBPUCTUK TPYNINHUPOBKHM HaMOOJee CBA3AHHBIX DJIEMEHTOB M IMKIMYECKOMN
MIEPECTaHOBKY CMEKHBIX 3JIEMEHTOB. 3aBepILaoNasi CTausl MaplIpyTU3aIMH UCTIOTIb3YET
«CKpYTJICHHBbIE BCTaBKH», KOTOpbIE TO3BOJSIIOT JyraM oOOTeKaTb HEWHIIUJICHTHbIE
BEPILMHBI 10 paJuycy. JTO NPEJOTBPAIIAET BU3yaJbHOE HAJIOKEHUE IyT HA DJIEMEHTHI U
COXpPAaHSET YHUCTOTY MEpPapXUYECKHX MEepPEeXO0B Ja)Ke MPHU BBICOKOW IIOTHOCTU rpada.
[Tomarosas joruka padoThl aNropuTMa, aJallTUPOBAHHOTO MOJ ClieUU(DUKY UepapXuu U
noptoB VGL, mpecTaBieHa HUKE B BUJIE TPEX OCHOBHBIX 3TAIOB!

1. Pacuer pasmepoB ¢QparmenToB. Hcmonb3yem Bocxonmdmmii o0xox jaepeBa
BJIO)KEHHOCTU T — 3TO TapaHTUPYET, UTO MPU 00pabOTKe TeKyIIero (parMeHTa yxe
U3BECTHBI FEOMETPUUECKHE Pa3MEPBl BCEX €r0 COCTABIAIOIIMX A1eMeHTOB. Ha nx
OCHOBE BBIUUCIISIETCS paanyCc R sl MO3UIIMOHUPOBAHUS BHYTPEHHUX BEPIIMH U
(bparMeHTOB, a TaK)Ke ONpENENsIeTCs T KaK MaKCUMaJIbHBIA pa3Mep OIHOIr0 U3
noptoB. HMTtoroBeii pasmep ¢parmeHnta ompexaensercs dopmynorn 2R + 1 +
C,TZle C — KOHCTaHTa. JlaHHOe 3HaueHue OCTAeTCs HEU3MEHHBIM Ha MPOTSKEHUU

BCCTO aJIrOpUTMaA.
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2. Pacuer mo3umuii smeMeHTOB. lcmosib3yem  HHCXOISIIMI  00X0J JiepeBa
BioxeHHoctu T. Ilpouecc mo3UIIMOHNPOBaHUS BHYTPU (PparMeHTa BBITOIHIETCS
B cTporoii mnocnenoBareiabHocTd. CHayana IOJY4YEHHBIE OT POJIUTENBCKUX
CTPYKTYpP KOOPJIMHATHI YaCTH MOPTOB KOHBEPTUPYIOTCS B 0a30BBIN MOPSIOK, HA
KOTOpBIM HAaKJIaIbIBacTCA >KECTKO 3aJaHHBbIM IOPSAOK pealbHBIX HOPTOB. B
pe3yiabTare GopMHUpyeTCst HAOOp MOPTOB ¢ TOUHBIMU WJIH alIIIPOKCUMHUPOBAHHBIMU
MO3UIHMAMH, a TAKKE MHOXKECTBO MOJIHOCTHIO CBOOOTHBIX MOpPTOB. Onupasch Ha
3ahuKCUpOBaHHBIC TO3UIMHM, BBICTPAMBACTCS HayallbHAsl IOCIEA0BATEILHOCTh
BHYTPEHHUX DJIEMEHTOB, KOTOpas 3aTéM ONTHUMHU3UPYETCS 3BPUCTUYECKOU
COPTUPOBKOM [UI TOJy4eHUs HX (UHAIBHOIO TOIMOJIOIMYECKOIO IOpsAIKa.
OTcopTHpOBaHHBIE 3JIEMEHTBI PACCTABIISIIOTCS HAa HECyIIell okpy>kKHocTu. [lanee
BBITTOJIHSACTCSI BBIYMCIICHUE ONTHMAIBHOTO yTIJa MOBOPOTa CHOPMUPOBAHHOTO
KOJIbIIa 3JIEMEHTOB C LEIbI0 MUHUMM3ALUK JUIMHBI CBS3YIOIIMX AyT 1O IOPTOB C
U3BECTHBIMU Mo3uiusaMH. Ha 3aBepiiaromiem Imare Mpou3BOAUTCS (UHAIBHOE
pacripesieieHue arnpoKCUMUPOBAHHBIX M CBOOOJIHBIX IOPTOB IO INEPUMETPY
¢bparmenra.

3. Mapmpytuzanust ayr. Ha 3aBepmiarormiemM STare BBITONHSETCS MapIIPyTH3AIUS
nyr. bnaronaps NpUMEHEHUIO KOHLENLUHU «LENOYeK», 3aJadya MaplIpyTH3alHH
CTPOro JIOKAJIM30BaHA: aJIrOpUTM 0O0paldaThIBACT HCKIHOYUTEIBHO CErMEHTBI,
COEJIUHSIOLINE AIEMEHThI BHYTPU TPaHUI] OTHOTO (pparMeHTa (Bce MeXypOBHEBBIE
CBSI3M TPEJBAPUTEIBHO JIE€KOMIIO3UPOBaHbI). [l KaXa0ro Takoro JIOKalabHOIO
COEMHEHMS BBIYMCIIAIOTCA TOUHBIE KOOPAMHATHI TOYEK BXOJA U BBIXO/AA: TO3ULINS
OIIpEeEIAETCS KaK TOYKa MEpPECEUEHUs JIyda, UCXOIALIET0 U3 FE€OMETPUUECKOTO
LEHTpa HWHIUACHTHOTO D3JEMEHTa, C ero (hakTHUecKod rpaHuued. Mexay
BBIUMCIICHHBIMU TOYKAMU CTPOMTCS ©0a3oBas MpsiMOJIMHEIHas Tpaekropusa. B
cllyua€ BO3HUKHOBEHMs  KOJUIM3MM  (eciu mpsiMas  MepecekaeT  Telo
HEMHLUJEHTHOTO 3JIEMEHTA) MPUMEHSETCs aJrOpuUTM OOTEKaHWs MPENsTCTBUI:
0azoBass TpaekTopus MOAUMUIMPYETCS TakK, 4YTOOBl Jyra TIUIaBHO orudana
MPEMSTCTBHUE [0 KOHTYPY BCIIOMOTaTEIbHONU OKPYKHOCTH.

B pamkax mpejicTaBieHHBIX JITOPUTMOB OCHOBHOE BHUMaHME OBIJIO COCPEOTOYSHO Ha 3ajadax
BBIUUCIIEHUS] Ta0apUTOB W TOYHOIO MO3MIIMOHHMPOBAHUS 3JIEMEHTOB. MapipyTuzanus CcBszel
peain30BbIBaach MO OCTATOYHOMY MPUHIMUIY C HCIOJIb30BAaHUEM JOCTATOYHO CTAaHJAPTHBIX
MOX0J10B (IPSIMOJIMHENHbIE coequHEeHUs U 0a3oBoe oOTekaHue npensTcTBuil). Tem He MeHee, pu

aHaJlIn3¢C l"pa(bOB C BBICOKOM MJIOTHOCTBIO ayr TaKol IMOAX0d MOXKET IMPpUBOAUTH K I/136I>ITOLIHOMy
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BHU3YaJIbHOMY LIIyMY U 3aCOPEHUIO UTOrOBOM cxeMbl. [[iist pemeHus 3Toil mpo6ieMbl NepCreKTUBHBIM

BEKTOPOM DAa3BUTHS BBITJISIIUT NPUMEHEHHUE METOJOB KryToBaHusi Ayr [5]. JlaHHas TexHuKa

I103BOJIKIA OBl CTATUBATh 6JII/I3JIC)KaH_[I/Ie AYTU B CIUHBIC ITYYKH, CYIICCTBCHHO IMOBLIIIAA YUTACMOCTb.

6. UMmopT u 3xkcnopr rpagos

Moy uMIopTa U 3Kcropra rpadoB NpeacTaBisieT co0oi Habop HE3aBUCUMBIX KOMIIOHEHTOB,

JIOTUKa KOTOPBIX IOJIHOCTBKO H30JIMpOBaHa OT 3adad BHU3YAJIHM3AllUM W XPAHCHUSA JaHHBIX.

APXUTEKTYPHO 3T KOMIIOHEHTHI BBICTYTAIOT ()yHKIIMOHAJTLHBIMHU aHAJIOTAaMH METOJIOB KOHTPOJIIEpa

B nmapaaurme MVC: ux pounb 3akitoyaercsi B IpeoOpa3oBaHUK BHEIIHUX (JOPMATOB BO BHYTPEHHUE

00BbeKThl OMOIMOTeKH M 00paTHO. KOMIOHEHTHI B3aMMOAEHMCTBYIOT HANpPSIMYIO C XpaHUIHILEM

rpadoBBIX MOjIeIIeH, 0OecTieunBasi MHTEPIPETALMIO TOTIOJIOTUN U METAJJaHHBIX HE3aBUCUMO OT THIIA

MCTOYHHKA JTaHHBIX — Oy/Ab TO JIOKAJBHBIHN (hails, CeTeBO MOTOK MM 00yacTh maMatu. HecMoTps

Ha pa3Hoo6pa3He MOAACPKNBACMBIX q)OpMaTOB, BCC KOMIIOHCHTBI JaHHOI'O0 MOIYJIA O6T>€,I[I/IHGHBI

obuieit punocodueit, 6azupyromieiica Ha YeThIpeX MPUHIUNAX:

JIro6oii nporiecc 0OMeHa JaHHBIMU (MMIIOPT WJIM 3KCIOPT) JOJKEH OBITh a0CTparupoBaH
oT (¢usnyeckoro HocuTens. Vcrmonb30BaHHE MPHHIMIIOB ITOTOKOBOH 00pabOTKU
MO3BOJISIET M30JUPOBATH JIOTHKY pa3dopa ¢gopmara or crienuduku padoThl ¢ PailIoBOM
CHCTEMOI WJIM CETEBBIMH IIPOTOKOJIAMH.

[Iporecc ummopra 00s13aH 0OeCIeUnBaTh CTPOTYIO BAIMAALIMIO BXOAHBIX JaHHBIX. JIF0Ooe
HapyIlIeHHe CHHTAKCHCA WM JIOTHYECKOH IENIOCTHOCTH rpada JTOIHKHO COMPOBOXKIATHCS
JeTaIbHBIM OIMCAaHHEM ONIMOKM C yKa3aHWEeM KOHTEKCTa (HOMEp CTPOKH, HEKOPPEKTHBIH
(bparMenT), HEOOXOJMMOTO ISl OTIEPATUBHOMN OTJIaIKM BHEIIHUX (DaiisIoB.

[Ipomecc axcmopra JOKEH OoOecreuynBaTh COXpPAHEHHE HE TOJIBKO TOIOJOTHH, HO H
MIOJTHOTO BH3YQJILHOTO COCTOSIHHSA rpada. DTo MoApa3yMeBaeT 00s3aTeNbHYI0 (HKCAIHIO
KOOPJIMHAT, rabapuTOB 3JIEMEHTOB, MapUIPyTOB Iyr M MPUMEHEHHBIX CTHJICH, YTO
rapaHTHPYET UACHTHYHOCTh MOJICIIH NP €€ TIOBTOPHOM 3arpy3Ke.

Peanuzanmss momkHa OBITH YHUBEPCAJbHOH IO OTHOWICHUIO K HEPAPXUYECKUM
cTpykTypaM. He3aBucuMO OT orpaHryeHnit KOHKPETHOTO (hopMarta, IpoIece MMITOpTa HITH
IKCTIOpTa JIOJDKEH KOPPEKTHO BOCCTAHABIMBATH MM COXPAHSATH  BIOXEHHOCTb
(bparMeHTOB, TUITM3UPOBAHHBIC aTPUOYTHI U METAIaHHbBIC, ONTMCAHHBIC B TJIaBe « XpaHEHHE

rpadoBy.

Jlig mpakTHYecKOoN peanu3alii OMMCAHHBIX BbIIIE MPUHLUIIOB B Oubmmoreky VGL BxiroueH

Ha6op KOMITOHCHTOB, aJalITUPOBAHHBIX IO cneunq)mcy HWHKCHCPHBIX JAHHBIX U UCPAPXUYCCKUX

aTpUOYyTHPOBAHHBIX IPaOB C MOPTaAMHU:
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e KommnoHeHTHI A1 UMIIOPTA U 3KcnopTa rpados B popmare GraphML [22] na 6aze
XML. ®opmar GraphML BricTymaeT B KaueCTBE OCHOBHOI'O CIT0OCO0a XpaHEeHUs 1 0OOMEHa
naHHbIMU U1 Oubnroreku VGL, T.K. OH o0ecreynBaeT MoJHYy MOIIEPKKY 00bEKTHOM
MOJICIM ONHMCAaHHOW B riaBe ‘“XpaHeHue rpadoB”, a HWMEHHO BIOXKEHHBIC Tpadsl,
TUMIU3UPOBAHHBIE aTpUOYThl U MOPTHL. CTOWT Tak K€ OTMETUTh YTO MPH IKCIOPTE, B
UTOTOBBIN (pailll, 3aMKUCHIBAIOTCS HE TOJILKO TOMOJIOTHUS, HO ¥ PEe3yJIbTaThl pabOThI MOYJIEH
BU3YyaJM3allUd M YKIAIKUA: KOOPAMHATHI AJIEMEHTOB, MapUIpyThl AYr U rabapuThl
¢parMeHTOB. DTO TMO3BOJIIET BOCCTAHOBUTH PE3yJbTaThl pabOTHl MPU MOCIEAYIOLIEM
HUMIIOpTE.

e KomnonenT aiast umnopta rpagos B popmate DOT [21] obecrieunBaeT COBMECTHMOCTb
¢ skocuctemor MHCTpymMeHTOB Graphviz. [loanmepikka nanHoro ¢opmarta MO3BOJISET
UCIOJIb30BaTh OMOJIMOTEKY KaK CPEACTBO BU3yallM3allud U MHTEPAKTUBHOTO aHall3a JAJs
rpadoB, CreHEpUPOBAHHBIX CTOPOHHUMH WHXKEHEPHBIMH W JIHaTHOCTHYCCKUMU
YTHIATAMHU.

e KomnonenT nis nmnopra rpagos B popmate GML [13] siBnsiercst BOCTpeOOBaHHBIM B
3aJjauax CETEeBOI0 aHAIM3a U aKaJeMHYECKHIX MCCIICAOBAHMIX OJlarogapsi CBOEH BBICOKOM
yutaemMocT. HecMoTpss Ha TO uro odunmanpHas cneunduxanuss GML onuceiBaet
UCKITIOYUTENIBHO «IIJIOCKHE» CTPYKTYPhI M HE MOJICPKUBAET Uepapxuto u moptel, B VGL
peann30BaH MEXaHW3M BOCCTAHOBIJICHHUS BJIOKCHHOCTH M TIOPTOB Yepe3 MCIOJIb30BAHUE
CTeMANBHBIX aTpuOyTOB. Takum 00pa3om, TIocKas CTpyKTypa opmara mpeodpazyercs
B MTOJIHOIICHHYIO HEPAPXUUECKYIO MOJIENb C TOPTAMHU.

Texymuii HabOp KOMIOHEHTOB 0OECTIEYMBAET PEIICHNE OCHOBHBIX 33/1a4 MO OOMEHY JaHHBIMH,
MTOTOKOBOH 3arpy3Ke M COXPaHEHUIO BU3YaJbHOTO COCTOSIHHUS Mozeneil. CIUCOK MoaIepKUBaeMbIX
dbopmaTtoB Oyner pacmmpsTbCs IO Mepe pa3BuTHs Oubimoreku. brmaromaps OTKpBITOCTH
ApPXUTEKTYpPbl CTOPOHHUE Pa3pabOTUYUKHU MOTYT PEeali30BbIBATH COOCTBEHHBIE MOIYJIU UMIIOpTa U
JKCIIOpTa MO crenuuIecKre HYKIbl, HE JOXKHUAAICh BbIXO/a HOBBIX BepcHil OMOIMOTEKH U HE

BHOCSI U3MEHEHHUU B €€ OCHOBHOM KO/I.

7. AHAJIU3 CyIIeCTBYHOIIMX OMOJMOTEK U MPUJIOKEHUN 1151

padoThI ¢ rpadamu

Br160p MHCTpYyMEHTA U1 BU3YaIU3alluH CI0KHBIX HHKEHEPHBIX CUCTEM TpeOyeT OajlaHca MEeKIY
AITOPUTMUYECKON MOITHOCTBIO, POU3BOIUTEIBHOCTIO TpaHUECcCKO MOACUCTEMBI U THOKOCTHIO

MPOTPpaMMHOTO yIIpaBieHUs. B 1maHHOW TraBe mpoBefAeH 0030p TpadoBBIX PEIICHHWH: OT
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HU3KOYPOBHEBBIX aITOPUTMUUYECKIX OMOIMOTEK A0 pa3BUTHIX CUCTEM BU3yanuzauuu. Llens ananmza
— OIpEeNeNUTh MECTO pa3pabaTeiBaeMoil OMONIMOTEKH Cpeau CYMIECTBYIOIIMX HHCTPYMEHTOB,
BBISIBUTH UX CHJIBHBIC U cJIa0ble CTOPOHBI, a TAK)Ke 0003HAUYNUTH CLIEHAPUHU HX IIPUMEHEHUSI.

Texymuii peiHOK TpadoBoro IIO mpencraBieH IMIHUPOKUM  CIHEKTPOM HHCTPYMEHTOB,
pasIMyarIIuXcs 0 apXUTEKType, A3bIKaM peanu3anuu ¥ HasHadeHuro: yFiles [25], Gephi Toolkit
[10], Tulip Library [23], Cytoscape.js [6], Graphviz [11], Higres [18], JGraphT [15], igraph [14],
OGDF [24], NetworkX, Boost Graph Library, JGraphX, GraphStream, Prefuse, Sigma.js, G6.js,
D3.js, Vis.js, Graph-tool, JUNG, Piccolo2D, GoJS, KeyLines, NetBeans Visual Library, Zest.
[TonpoOubIif pazdop KakKAOro U3 HUX M30BITOYEH U MPHUBEAET K moTepe (pokyca HCCleOBAHHUS.
UTo0Bl COXpaHUTh CUCTEMHOCTb M3JI0XKEHHS, Mbl OTPaHUYMM 00JIACTh aHAJIN3a, [10CJIE0BATEIbHO
[IPOCEUBasi UHCTPYMEHTHI 110 KIIFOUEBBIM KPUTEPUSIM.

Haunem mporiecc mpocenBaHusi ¢ UCKIIIOUEHUSI HMHCTPYMEHTOB, HE UMEIOIIUX aKTUBHOTO IIMKJIA
nognepskku: Prefuse, JUNG, Piccolo2D, JGraphX (mxGraph), GraphStream, Higres, Zest u
NetBeans Visual Library. OtcyrcTBre OOHOBIICHHI B TE€UYEHHUE IJTUTEIBLHOIO BPEMEHHU JIEIacT UX
UHTErpalyil0 B COBPEMEHHBIE CUCTEMBI HELIEIECO00pa3HON H3-3a PUCKOB HECOBMECTHUMOCTH C
aKTyaJlbHBIMH IIPOTPAMMHBIMU CPEIAMU U HEOIIPABJAAHHOTO POCTA 3aTPaT Ha COMPOBOKICHNE TAKOTO
KoJa.

Janee crout wuckmounth rpadossie CYBJ] (Neodj, JanusGraph), npenHasHaueHHbIC IS
MEPCUCTEHTHOTO XpaHEHUsI U 00pabOTKH 3alpOCOB K CBA3aHHBIM JaHHBIM. [10/100HEIE cHCTEMBI HE
coJiepKaT MEXaHW3MOB aBTOMaTU3UPOBAHHOM YKIIQAKU U MHTEPAKTUBHOHN BU3yaln3anuu. B pamkax
pa3pabotku rpadpudeckoit noacuctemsl CYBJ[ paccMaTpuBatoTCsl HCKIIIOYUTEIBHO KaK BO3MOKHBIE
BHEIUIHNE UCTOYHUKH JJAHHBIX, HO HE KaK MHCTPYMEHTHI IOCTPOEHUSI HHTEPAKTUBHBIX CXEM.

Takxke CTOMT MCKIIOYMTH MHCTPYMEHTHI, Oasupyromrecs Ha BeO-okpykenuu:. D3.js, Sigma.js,
Cytoscape.js, G6.js, Vis.js, GoJS u KeyLines. HecMoTpss Ha pa3BuUThIH (DYHKIIMOHAT JaHHBIX
O6ubnMoTeK, WX HCIONb30BaHME B HaTUBHOM Java-IIO TpeGyer BcTpauBaHMs KOMIIOHEHTOB
WebView. [TogoOHbI#i MOAX0A CO3a€T 3HAYUTEIBHYIO apXUTEKTYPHYIO H30BITOYHOCTD, YCIOKHSET
IpsIMOM JTOCTYH K CTPYKTypaMm JaHHbBIX B nmaMath JVM M OrpaHM4YMBaeT NMPOW3BOAUTEIBHOCTH
untepdeiica. [Ipu Busyanuzanuum rpadoB pasmepHocTbio Oosnee 10 000 snemMeHTOB Haauuue
MIPOCIIONKH MeX Ty rpaduyecKrM JBHKKOM Opay3epa U OCHOBHBIM KOJIOM IMPUJIOKEHHUSI CTAHOBUTCS
KPUTHYECKUM Y3KHUM MECTOM.

3HAaYMMBIM KPUTEPHUEM SIBJISIETCS TEXHOJOTMYECKAs COBMECTUMOCTBH C ILIEJIEBOUW cpefou. OTo
orpanuveHue ooycnapnuBaet otkas or NetworkX BcienctBre HI3KOM pou3BoauTebHOCTH Python-
UHTEpIpeTaTopa Ha MaccuBHBIX rpadax wu Graph-tool wu3-3a ero jkecTkod TpPUBSA3KU K

KOHTelHepu3upoBanHoi uHOpacTpykType (Docker), HempuemneMoil s KpoccriarhopMeHHOTo
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neckromnroro ITO. Bue ¢okyca ucciaemoBanus ocraercss u Boost Graph Library: npu Bceit cBoeit
AITOPUTMUYECKON TOJHOTE OHA JMIIEHAa rpaduyeckoro fapa, a crenuduka e€ peanlu3aludu Ha
mabnonax C++ nenaer co3nanue JNI-00epTOk U30BITOUHO TPYAOEMKHUM.

Ilocne mepBUYHOrO OTCEBA MHCTPYMEHTOB, HE COOTBETCTBYIOIIMX 0a30BbIM TPeOOBAaHUSAM IO
HOJICPIKKE U apXUTEKTYpe, OCTAaBILAsCS rPpyMa TpeOyeT JeTanbHoro pazoopa. OueHka npoBOAUTCS
[0 BEKTOPY «OT MOJENHU K pealu3alun»: OT (yHIAMEHTAIbHBIX BO3MOXXHOCTEH 10 MPHKIIATHBIX
acrmekToB BCcTpauBaHud B uHeHepHoe [IO. B wuToroBblii mnepeueHb Mg J€TaJIBHOIO
(GYHKIIMOHAIBLHOTO COIOCTABJICHUS BOIUIM HaTtuBHBIE Java-OmOnmorexku (YFiles, Gephi Toolkit,
JGraphT) u rpynna muskoypoBHeBbIx pemenwuii (igraph, OGDF, Tulip, Graphviz). HecmoTps Ha
CJIO)KHOCTh MHTETPAIlMM BHEIIHETO KOJa M OPHUEHTHPOBAHHOCTh HEKOTOPHIX HWHCTPYMEHTOB Ha
TCHEPALMI0 CTAaTHYECKMX CXEM, CTAaTyC JaHHBIX peIIeHUH KaK WHAYCTPHAIBHBIX CTAaHIapTOB
00OCHOBBIBACT UX COXpaHEHHE B BbIOOpKe. VX aHanu3 MO3BOJIUT ONPEAETUTbh TEXHOJIOTHYECKUH
npejes CyLECTBYIOIIMX CHCTEM U chOpPMHpOBATh IEpeyeHb TpeOOoBaHMM K pa3pabaTbiBaeMoi
OoubnroTeKe, MOATBEPANB HEOOXOIUMOCTh €€ CO3/IaHus B TEKYIIEM TEXHOJIOTHYECKOM JIaHAmagTe.

D¢ dextuBHOCT, TpUMeHeHHsT paccMaTpuBaembix OmoOnmuorek (yFiles, JGraphT, Gephi, Tulip,
igraph, OGDF, Graphviz) B MHXEHEpHBIX 3a7auyax 3a4acTyl0 OrpaHUYECHAa APXUTEKTYpoOl HX
BHYTPEHHUX Mojeneil naHHbiX. B OonpmuHcTBe pemenuit (JGraphT, igraph, Gephi) monnepxka
BJIOXKCHHBIX Tpa(OB HOCUT IEKIAPATUBHBIA XapakTep: aTOPUTMBI aBTOMAaTHYECKOTO Pa3MEUICHHUS
ONEPUPYIOT IIJIOCKOM TOIOJIOTHMEH W HE YYUTHIBAIOT I'PAHMIBI KOHTEMHEPOB. B MHCTpymeHTax c
HaTuBHON mepapxueil (yFiles, Graphviz) paGora co CIOXHBIMH CTPYKTYpPaMu OCJIOKHEHa JTMOO
TPYAOEMKOCTBIO IPOrPaMMHOM HACTPONKH, JIMOO CTATHUECKON MPUPOAOH KJIaCTepOB. AHAJIOTHUHOE
HECOOTBETCTBUE Ha0IIt01aeTcs B peann3annuu noptos: eciu B yFiles u Graphviz oHu sSBASIOTCS TUIIb
moruueckumMu Toukamu npuBszkd, To B OGDF wiu JGraphT cnenmanu3upoBanHbiii uHTEpdEnc 1
HUX OTCYTCTBYET. DTO MPUBOJUT K TPACCUPOBKE pedep B TeOMETPUUYESCKHMA IIEHTP y3J1a ¥ 3aTPYAHSET
MIOCTPOEHHE CXEM C OpPTOTOHAJIBHOM YKJIaIKOH Oe3 co3/aHus 3HAUYUTENbHBIX HAACTPOEK Haj
rpadudeckuM saApoM. JloNoTHUTENbHBIM 0apbepoM BBICTYNAET U3OJSALMS aTpHOyTOB JaHHBIX OT UX
BusyaibHoro BomutomeHusa. B yFiles wnum Tulip m1s otoOpaskeHuss MeTajaHHBIX TpedyeTcs
pa3paboTka cOOCTBEHHBIX KOMIIOHEHTOB OTPHCOBKH, & OTCYTCTBHE MEXaHHW3MOB aBTOMAaTHYECKOM
CUHXPOHM3AIMU BBIHY)XKJAeT pa3pabOoTUynKa BPYUHYIO OOHOBIATH Ipaduueckuidl cioil mpu cMeHe
BHYTPEHHETO COCTOSIHHS OOBEKTOB. JlaHHBIE CTPYKTypHBIE OrpaHHUYEHHs] MPEIONpPEesioT
CIIO)KHOCTH HE TOJBKO TIPW YIIPABICHUH TpagoM B MaMSITH, HO M MPH MOIMBITKaX €ro KOPPEKTHOTO
COXpaHEeHHS WIIH Tiepe/Iadn dyepe3 BHEeIHNe (hopMaThl.

IMonnepxka cranmaproB (GraphML, DOT, GML) B paccmarpuBaeMbIX OMOIMOTEKaX HOCHT

(bpar MCHTapHBIﬁ XapaKkTep, YTO OrpaHUYUBACT HUX HUCHOJB30BAHUC B CIAWHBIX HWHXKCHCPHBIX
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nporeccax. Pemenuss obmiero HasHauenus (JGraphT, igraph, Gephi) momnepxkuator DOT u
GraphML, ofHako orpaHU4MBaIOTCS NEpeaadeii TOMOJOTHH, UTHOPUPYS BU3YaJIbHBIEC TApaMETPhI U
uepapxuto. Cpena yFiles, HanpoTtus, coxpanser rpadpudeckue arpulyThl B pacmupenHoMm GraphML,
HO JinieHa HaTuBHOM nogaepkku DOT, uto uckimrodaer npsiMoe B3anMOJEHCTBUE C 3KOCHUCTEMOU
Graphviz. bubnuoreku, u3HadasibHo paspadorannsie Ha C++ (Tulip, OGDF), otnaroT mpuopurer
cooctBenubiM (TLP) mmm ynpomennsiM (GML) ¢opmaram, 4To 3aTpyAHSET TPAHCIALUIO HX
cneun(UYecKuX MaHHBIX B Java-npuioxkeHus Oe3 HamucaHWsl BHEIIHUX ajgantepoB. OOmiei
po0OIeMo AJis BceX HHCTPYMEHTOB OCTAETCsl HECOBMECTUMOCTh CXEM META/IaHHBIX: MIPH Mepeaaye
rpadga WHXKEHEpHBIC aTpUOYTHl (TOPTHI, (QHU3WYECKHE TMMapaMeTphbl, BJIOKEHHOCTh) JIMOO
UTHOPUPYIOTCS, MO0 COXpPaHSIOTCS B HETHIIM3MPOBAHHOM BuUAE. B pesynbraTe CcTaHmapTHbIC
(dbopmaThl mpeBpamaTcs B CPEICTBO MEPEIAYH JIUIIb «TOJIOKW» TOMOJOTHH, a 33/1a4a KOPPEKTHOTO
BOCCTAHOBJICHHS MTOJIHOM MHKEHEPHOM MOJIENH TIepeKIIabIBaeTCs Ha pa3pad0TUNKa, BEIHYKICHHOTO
CO3/1aBaTh WHIUBUAYaTbHBIC TAPCEPHI A Kax a0 OHMOIMOTEKH.

AHanmm3 aJrOpUTMOB YKJIAJIKHA BBISABISET HECOOTBETCTBHE MEXIY METOAAMHU BU3yaTH3aIHH
o0mux cereii M TpPeOOBAaHMAMU WHIXEHEPHOTO TMPOCKTUPOBAHMs. BONBIIMHCTBO OTKPBITHIX
oubmmorex (JGraphT, igraph, Gephi, Tulip) opueHTHpOBaHBI Ha CHIIOBBIE aJTOPUTMBI, KOTOPHIE
3¢ (deKTUBHBI AJI1 aHANIM3a CBS3ed, HO HE TAPAHTHPYIOT COXPAHEHUs CTPYKTYpHOH HepapXuu. ITo
MPHUBOAMT K MOTEPE LEITOCTHOCTU COCTABHBIX IPa)OB: aITOPUTMBI 3a4aCTyI0 UTHOPUPYIOT TPAHUIIBI
KOHTEMHEpPOB, pa3Melas JJOYEpHHE Yy3Jbl BHE poaMTeNbckux obnactedt. KaudecTBeHHBIE
uepapxuueckue Meroabl (anroputM CyrusiMbl), MUHUMHU3HPYIOIIHE TEPECeUYeHUs, MOTHOIEHHO
npencrasieHsl numib B yFiles u Graphviz, ogHako oHM (yHKIIMOHHPYIOT KaK «4EpHBIC SIIUKI,
3aTpy/IHSAS KECTKYI0 IPUBSI3KY pedep K KoHKpeTHbIM nopraM. J{ins 6udauoreku OGDF xapaktepHo
HaJU4Me CIOKHOW MaTeMaTU4ecKoW 0a3bl OPTOTOHAIIBHOW TPACCUPOBKH, HO €€ ajanTarus B Java-
sKOCHCTEME TpeOyeT 3HAUUTENbHBIX YCHIINN TT0 HACTPOMKE mapaMeTpoB 00X0/1a TeJI KOMIIOHEHTOB.
B orcyrcTBHe HATHBHOW TMOAJEPKKH TOPTOB OOJBIIMHCTBO pPAaCcCMATPUBAEMBIX pEIICHUN
WCIONIB3YIOT MapIIPYTHU3AlMI0 AYT OT IEHTpa K LEHTPY, YTO KPUTHUECKH CHIIKAET YUTAEMOCTHb
WH)KCHEPHBIX cXeM. TakuMm o00pa3oM, PBIHOK IMpeiaraeT BBHIOOP MEXAY JOPOTOCTOSIIMMU
3aKpBITBIMA TPOAYKTAMH W TPYJOEMKOH pa3pabOTKOH COOCTBEHHBIX MEXaHHU3MOB KOHTPOJIS
reoMeTpun Ha 0aze WHCTPYMEHTOB, M3HAYaJbHO HE PACCUMTAHHBIX Ha paboTy ¢ TMOpPTaMH H
BJIOKEHHOCTBIO.

3aBepIalonMM KpHUTEpPHEM aHaiu3a SBJSETCS IPOCTOTAa HHTErpanmuyd OuOmmoTek B Java-
HKOCHUCTEMY H MIX CITOCOOHOCTH 00eCIIeYnBaTh HHTEPAKTUBHOE B3aNMOelcTBHE. JInaepoM cerMenTa
ocrtaetcs yFiles, npeanararomuii HATUBHBIE BEICOKOYPOBHEBbIE KOMIIOHEHTHI a7si Swing u JavaFX.

bubnuoreka NoAACPKUBACT BBICOKYIO ITPOU3BOAUTCIIBHOCTD 3a CUCT MCXAaHNU3MOB BUPTYyaJIU3allUN U
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MHOTOYPOBHEBOM  J€TaaM3alluMd, 4YTO I[O3BOJSET COXpaHATh IUIABHOCTh HABUTALUMU IIpU
MacIITaOUPOBaHUU CXEeM. B MPOTUBOIOIOKHOCTH 3TOMY, Graphviz OpUeHTUPOBAH HA CTATHYECKYIO
TeHEPaLMIO: €T0 MCIIOJIb30BaHMe B Java-uHTepdeiicax orpaHuueHo 0TOOPaKEHUEM IOTOBBIX (aifiioB,
YTO MCKJIIOYAaeT JAMHAMUYECKOe MaHUMylIupoBaHue ysnamu. Takue miardopmel kak Gephi,
00J1ajaloT MOIIHBIMU CPEJICTBAMU HABUTALMU M OOpaOOTKM JAHHBIX, HO HECMOTPS Ha HaJIM4Yue
NPOrpaMMHBIX HWHTEp(EHCOB Ui yNpaBieHUs JOTMKOH, HMX TrpaduyecKkue IBMKKH TECHO
MHTETPUPOBAHBI ¢ poauTenbckuMu miatpopmamu (NetBeans, OSGi), uto 3aTpynHseT BCTpauBaHue
MHTEPaKTUBHOI'O KOMIIOHEHTA B cTopoHHee [10 B kauecTBe M301MpOBaHHOIO BUKeTa. bubnuorexkn
ob1iero Ha3HaueHus, Takue Kak JGraphT, oO6nanaroT pa3BUTHIM MaTEMaTHUECKUM aIllapaToM, HO UX
BU3yaJIM3alUsl YacTO BBIHECEHA B OT/JeNbHBbIE MoAyH (Hampumep, JGraphX), uro Tpedyer pydHon
CHHXPOHH3AIMU 00BEKTHOH Mozenu U rpaduyeckoro npeacrasienus. MacrpymenTsl ¢ C++ sapom
(igraph, OGDF, Tulip) mpu BctpanBanuu uepe3 JNI MexaHU3MbI CO3AI0T PUCKHA HECTAOUIBHOCTH U
YCIOXKHSIOT KpoccaropMeHHOe pa3BepTbiBaHHe. OTCYTCTBHE MOJAECPKKH KOHCOJIBHOTIO PeXUMa
BO MHOTMX MHCTPYMEHTaX, OINMCAHHBIX BBIIIE, OTPAaHUYMBAET WX INPUMEHEHHE Ha CEpBEpaX:
aBTOMATHUYeCKasi I'eHepalusi OTYETOB CTAHOBUTCS HEBO3MOXKHOM 0€3 HacTpOMKH BHUPTYaJbHOTO

rpadUyecKOro OKpyKeHUs.
8. 3akJ/oueHue

B cratbe mpeacraBmeHa apxutektypa u  Bo3moxknoctu Visual Graph Library —
CHEeIMATM3UPOBAHHOIO  OMOJMOTEYHOro  peuieHust s paboThl € HepapXUYECKUMHU
aTpuOyTHpOBaHHBIMU Tpadamu ¢ nopramu. Llenpio naHHON OMOIMOTEKH SIBISETCS yCTpaHEHHE
TEXHOJIOTUYECKOTO pa3pblBa MEXJy HHM3KOYPOBHEBBIMU AITOPUTMUYECKHMMU OHOIMOTEKAaMH H
3aKpBITBIMU TPapUUECKUMH CUCTEMAaMH, Yb€ MCII0JIb30BaHUE 3aTPYAHEHO B OTKPBITHIX HHKEHEPHBIX
npoektax. [IpoBeneHHbIN aHaIM3 MMOKa3ajl, YTO CYLIECTBYIOIINME PEIICHUs 3a4acTyl0 HUTHOPUPYIOT
CHelU(pUKY HHKEHEPHBIX 3a/ay, CBA3aHHBIX C BJOKEHHBIMU TpadaMu W/WUIM TOPTAaMU WU
HaKJIaJbIBa€T KPUTHYECKHE OrpaHWYEeHMs] Ha CTaOWIBHOCTh M pPa3BepThIBAHUE B paMmkax Java-
9KOCHUCTEMBI.

Visual Graph Library peannsyer cucTeMHBIH MOAXO0[, OOBEHUHSIOMINA MOJEIb XPaHCHHS
CIIOKHBIX TPaOBBIX CTPYKTYP, AITOPUTMbI aBTOMATUYECKOM YKIIAJIKU U MOJICUCTEMY OTPUCOBKHU B
paMKax eMHOW MOYJIbHON apXUTEKTyphl. KiltoueBoi 0COOEHHOCTHIO JaHHOW CHCTEMBI SIBIISIETCS €€
OPUEHTUPOBAHHOCTH Ha MPHUKJIAHbIE HH)XKEHEPHBIE 33/1a4H, TPEOyIOoIIe pabOoThl C BIOXKEHHOCTBIO U
CEeMaHTHKOW MOpToB B cpene Java. PazpaGoranHble MOIXOABI MPUMEHHMMBI JUIS BHU3YyalM3alluu
BHYTPEHHUX NPEJCTaBIeHUN MporpaMM B Komnuisitopax (Hampumep, GCC), cpeaax MCHOTHEHUS

(marmpumep, Python), a Taxke cnenmaaM3upoBaHHBIX cucTemax, Takux kak Cloud Sisal [2].
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BusyanpHplii aHaIW3 TakUX CTPYKTYp HCIOJB3YeTCs MJs OTJIaJKu TpaHchopmanmii koma u

Bepu(UKaIuM aNropuTMOB onTUMu3auuu. llogmepkka wHepapXuu TO3BOJISIET KOPPEKTHO

IpyNIMpPOBaTh UHCTPYKIMH B Oa30BbIe OJIOKH, a CTPOTrasi CEMaHTHKA MOPTOB — TOYHO OTCIICKHUBATH

3aBUCMMOCTH 110 JAaHHBIM. OT0 o00ecmeynuBaeT IMOCTPOCHUE YHNTACMBIX CXEM, 06nerqa}omnx

p33pa60T‘lI/IKaM aHaJIn3 BHYTPCHHCTO COCTOAHUA TPAHCIIATOPA.

OcHOBHBIE pe3yJbTaThI:

Peanmn3oBan MexaHW3M THOPHIHOW CXEMBl XpaHEHHs Ha JHCKE W B IaMSATH,
MOJICP)KUBAIOLINIA BJIOKEHHBIE Tpadpbl, MOPTHI M THUIW3UPOBAHHBIE ATPUOYTHI, UYTO
MO3BOJISIET KOPPEKTHO MOAETMPOBATH MOTOKH JTAHHBIX U YIPABJISIOIINE Tpadbl.
PeanuzoBan Habop crHenMaTU3WpPOBAHHBIX KOMIIOHEHTOB, B MOJyJie BHU3YyalH3alluu
rpacdoB, obecrieynBaroUil CTaOMIbHYIO pa0OTy KaKk B MHTEPaKTUBHBIX HHTEpdeiicax, Tak
U B CEPBEPHBIX CIICHAPUAX 0€3 HKECTKOM 3aBUCUMOCTH OT rpaduyeckoro okpysxkenus OC.
Peanm3oBana moaziepkka MOPTOB U BIOXKEHHOCTH B anroputMmax CyrusiMbl U KPYTOBOM
YKJIaJIKH, YTO TO3BOJISIET aBTOMAaTU3HPOBATh MPOIECC MOCTPOCHUS YUTAEMBIX CXEM JUIS
CIIO’KHBIX HHXCHEPHBIX 3aj1ad.

Pazpaboran Momynp HWMIOpPTa ©  OKCIOPTA, MNOJACPKUBAIOUINA  CEPHATH3AIHIO
UepapxuvecKux aTpuOyTUPOBaHHBIX rpadoB ¢ moptamu B popmat GraphML, a Takxke ux

necepuanm3anuio u3 popmaros GraphML, DOT u GML.

Hanpasnenus ganpHeHIMX UCCIEAOBAHUN U Pa3padOTKH:

Pazpabotka rpaduyeckoro KOMIIOHEHTa JUIsl MEpapXHUYecKoro orodpaxxeHus rpada c
MOJIIEP>KKON OTI0KEHHON 3arpy3KU BIOKEHHBIX rpagoB.

PazButue 6ubnmoreku i pemeHus npodieM MaciTabupyeMocTi 1 00paboTku rpados
cBepxOospIIoro pasmepa. OnTUMH3ALKs AJTOPUTMOB KAIIMPOBAHHMS U WHAEKCALHUU B
paMKax THOpUIHON MOJENH XpaHEHUs JJIsi MHHUMHU3AIUH 3a/IepKeK pu oOpameHnd K
IMCKY Ha rpadax ¢ MIJUIMOHAMH Yy3JI0B.

OntuMuzanus NpoU3BOAUTENBHOCTH AITOPUTMOB YKJIAAKHU Uil IpadoB CBEPXBBICOKON
TUTOTHOCTH ITyTE€M BHEJIPEHUS TTapaJUICTILHBIX BEIYUCIICHHH.

BHenpenne  anropuTMa  OKTYTOBaHHMS B KauecTBE  OMNIMOHAJIBHOIO  PEXHMa
MapuIpyTH3alnu, HeOOXOAMMOTO TS TTPEIBAPUTEIFHOTO BU3YAIIbHOTO aHajmi3a rpados ¢

BBICOKOH IIOTHOCTBIO AYT.

bubnunoreka PacpoCTpPaHACTCA C OTKPBITBIM UCXOAHBIM KOJAOM, YTO IMO3BOJIACT UCIIOJIb30BATh eé

KakKk 633}’ I CO3aaHHuA COOCTBEHHBIX CHCTEM IJid  BU3yallnM3allMid MW aHaliu3a CJIO0XHO

CTPYKTYpPHUPOBaHHOM MHPOpMaIUK 00JIBIIOTO 00beMa Ha OCHOBE Tpad)OBBIX MOJIEIICH.
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Machine learning augmented Tikhonov regularization with

iterative approach for stable neutron spectrum unfolding

Chizhov K.A. (Joint Institute for Nuclear Research, Dubna State University)
Shirkov S.G. (Joint Institute for Nuclear Research)
Chizhov A.V. (Joint Institute for Nuclear Research)

A hybrid multi-stage algorithm is developed for solving the ill-posed inverse problem of
unfolding the neutron energy spectrum from multi-sphere Bonner spectrometer measure-
ments. Traditional approaches, such as Tikhonov regularization and iterative methods,
have significant limitations due to the subjective choice of the regularization parameter
or initial approximation, which compromises the solution’s stability and accuracy. In the
proposed method, the first stage automated machine learning (autoML) is used to find the
optimal model to predict the global spectral shape. The second stage applies Tikhonov
regularization, where regularization parameter is objectively optimized based on a simi-
larity metric relative to the autoML prediction. The smoothing functional is minimized
using convex optimization techniques. The third stage utilizes the obtained solution as
the initial guess for an iterative refinement procedure. Physical prior knowledge is in-
corporated both through a parametrically generated training dataset (weighted sums of
fission, evaporation, Gaussian, and high-energy spectral components). The hybrid ap-
proach demonstrates superior robustness to noisy input data compared to methods using
solely Tikhonov regularization or machine learning. The developed methodology is appli-
cable to neutron dosimetry at high-energy nuclear facilities and for solving a broad class
of inverse problems described by Fredholm integral equations of the first kind.

Keywords: neutron spectrum unfolding, Tikhonov regularization, machine learning,

autoML, iterative methods, Bonner sphere spectrometer, inverse problems.

1. Introduction

1.1. Problem Relevance

Accurate characterization of a wide range neutron energy spectra from eV to hundreds
of MeV is necessary for radiation protection, shielding design and dosimetry for personnel of
particle accelerators. Neutrons (as uncharged particles) require indirect detection methods. The

Bonner Sphere Spectrometer (BSS) as a thermal neutron detector surrounded by polyethylene
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moderators of varying diameters, is the most widely used instrument for neutron spectrometry
|1]. However, calculating the neutron energy spectrum ¢(E) from the set of BSS readings
constitutes an ill-posed inverse problem, described by a system of Fredholm integral equation
of the first kind. This ill-posedness, characterized by non-uniqueness and high sensitivity to

measurement noise, necessitates specialized unfolding techniques.

1.2. Problem Statement

The relationship between the neutron spectrum ¢ and the BSS readings for M spheres is
given by:
Emax
Qj:/ﬂ R,(E)¢p(E)dE, j=1,...,M, (1)
where R;(E) is the response function of the j-th sphere [2]. Q; is the Bonner spectrometer
reading including measurement error €, £/ — energy.

Since the unfolding of the neutron spectrum is assumed to be a fairly wide energy range that
exceeds 11 orders of magnitude, to reduce the error of numerical integration it is convenient to
convert it to a new variable called lethargy u(FE) = lg(E/Emn):

lg

In10 x Ki(u)p(u) E(u)du=Q;, j=1,..., M, (2)

0
where g = 1g(Emax/ Emin)-

The integrand form suggests finding ¢(u) = ¢(u) - E(u), which we continue to call the
neutron spectrum.

Discretizing the energy into N bins (V > M) transforms (2) into a system of linear equa-

tions:
Ap =q, (3)

where A € RM*Y is the response matrix, ¢ € R is the discretized fluence spectrum, and
q € RM is the vector of measured counts. The system is underdetermined and ill-conditioned.

This inverse problem can be reformulated as a machine learning regression task. The input
features are the M normalized BSS readings ¢; = g;/k;, where k; = Zi‘il ¢i- The target output
is the discretized spectrum vector ¢. The ML model F learns the mapping:

(Abpred = k‘F(Q) (4)

1.3. Existing Approaches and Related Work
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Neutron spectra unfolding methods include iterative algorithms (e.g., MLEM [3], Landweber
|4]), maximum entropy deconvolution (MAXED) [5], Tikhonov regularization |6], TSVD [4],
stochastic methods like genetic algorithms [8], parametric [9, 10] and other methods [11]. How-
ever, the results of application of a method depends on the chosen parameters. For iterative
methods, the initial approximation and the choice of the number of iterations are important.
For regularization methods, the choice of the regularization parameter can over smooth the so-
lution or create nonphysical ripples in the spectrum if the parameter is too small. In unfolding
process it is necessary to consider the physical correctness of the spectrum: smoothness and
non-negativity. Conditional stability of the solution is needed, other war small errors in BSS

readings may produce large uncertainty in spectra.

Machine learning [13] and neural networks (NN) |7, 14] of different types and architecture has
been increasingly applied to this problem, including deep learning frameworks with input feature
transformations [15], Kolmogorov-Arnold networks [16], radial basis function [17], convolutional
[18], generalized regression [19] and Bayesian NN [20]. For interpretation of the neural network
spectrum prediction, explainable artificial intelligence (XAI) methods such as SHAP [13|, LIME
|21], ANFIS-based |22] were applied.

ML models are typically trained on synthetic datasets generated via Monte Carlo codes [18§]
or parametric models [23]. A set of real spectra may also be incorporated into the dataset [13]
with assumption that these spectra have been accurately unfolded via the methods employed

by the authors. These datasets pair a neutron spectra with their corresponding BSS responses.

Finding the optimal model requires iterating over both the algorithms themselves and the
model’s hyperparameters, as well as consuming a significant amount of computational time.
automatic ML AutoML frameworks [24], which include algorithms for efficiently finding hyper-

parameters within a given time, help with this.

However, data-driven ML approaches can struggle with generalization to spectra outside the
training distribution and may lack physical consistency, for example producing negative fluence
values or being overly sensitive to input noise. Therefore, the authors proposed in this work a
synergistic approach: an ML model provides a rapid, data-driven initial guess, which is then
refined and regularized by well-established iterative physical models, combining the speed of
ML with the stability and physical grounding of traditional methods, as it was made in [25] for

the dataset of 201 neutron energy spectra and the corresponding measured responses from [2] .

In this paper we propose a method with combination of algorithms, where on the first
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stage autoML trained on a large synthetic dataset is used to find the optimal model to predict
the global spectral shape. This shape was the init spectra for next method. For Tikhonov
regularization unfolding, regularization parameter is objectively optimized based on a similarity
metric relative to the autoML prediction. The smoothing functional is minimized using convex
optimization techniques. For iterative methods, the unfolded by other method spectra was
the initial guess. The uncertainty in spectrum unfolding was estimated using a Monte Carlo
simulation for a set of random samples and a normally distributed error. Combining the

methods yielded a robust solution for the error in the initial data.

2. Materials and Methods

2.1. Synthetic Dataset Generation

A dataset of 5 x 10° neutron spectra was generated. Each spectrum ¢(F) is modeled as a

linear combination of four parametric functions [26]:
P(E) = Pinpin(E) + Pepe(E) + Preoe(E) + Paigni(E), (5)

representing thermal, epithermal, fast, and high-energy components, respectively, with weights
summing to unity. The energy range was 107° MeV to 6.31 MeV, discretized into N = 60
logarithmic bins.

For each spectrum, the readings q for a 10 sphere BSS GSF [2]| (with diameters: 0, 2, 3, 5,
6, 8, 10, 12, 15, 18 inches) were calculated by convolving the spectrum with response functions

A. The dataset was split into training (70%) and testing (30%) sets.
2.2. Machine Learning Model and Feature Processing

In this work we used H20 — an ML framework for algorithm selection, feature generation,
hyperparameter tuning, iterative modeling and model assessment. The H20 AutoML uses a
combination of fast random search and stacked ensembles to achieve the best model metrics.
H20 AutoML includes XGBoost Gradient Boosting Machines (GBM), Random Forests, Deep
Neural Networks and Generalized Linear Models (GLM).

We trained N = 60 independent models for each energy bin. Each was trained to predict the
normalized spectrum ¢ from the normalized BSS readings q. Model performance was evaluated

using the coefficient of determination R? and RMSE. A post-processing step sets all negative
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values in ¢y, to zero to ensure physical correctness before it is used as an initial guess for

iterative methods.

2.3. Refinement Algorithms
2.3.1. Tikhonov Regularization

The solution is found by minimizing the regularized functional (6):

p* :argr;lgrol{HA(P—q’|§+/\2||L90||§}’ (6)

where L is the identity matrix (zeroth-order Tikhonov) and A > 0 is the regularization pa-
rameter. The parameter X is chosen to maximize the similarity metric between the Tikhonov
solution and the ML estimate ;. In this work a cosine similarity |27| was chosen as the
metric (7). It is a measure of similarity between two non-zero vectors in n-dimensional space.
For spectra the values of the vector cannot be negative, so for our task the value of cosine
similarity is bounded in [0,1]. Two proportional vectors (spectra) have a cosine similarity of 1,
two orthogonal vectors have a similarity of 0.

The algorithm was developed as a python code with CVXPY |28| package and ECOS [29]

convex solver.
((N), ) .
[=IeN1 vl

2.3.2. Maximum Likelihood Expectation Maximization

A" = arg max
A

Maximum Likelihood Expectation Maximization is an iterative process that maximizes the
likelihood of obtaining the measured data when convergence is achieved, providing an accurate
neutron spectrum [30]. The MLEM algorithm iteratively updates the spectrum estimate for k
steps:

(k+1) %(k) - qj'Aji

©; = M Z N L)’ 2.21,...7]\[7 (8)
Zj:l Aji j=1 dim1 Ajl‘Pl( :

starting from the ML estimate ¢ = ¢y .

The algorithm was developed as a python code with ODL [3] package.

2.3.3. Landweber Iteration

The Landweber iteration is a gradient descent method for solving Ay = q:

et = "+ aAT(q - Ap™), 9)
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with relaxation parameter o chosen as o = 1/||ATA||y, and initialized with ¢© = ¢, , for
chosen £ steps.

These unfolding methods were implemented to the python package bssunfold |31].
2.4. Robustness Evaluation

To assess stability against measurement uncertainties, random Gaussian noise with a relative
standard deviation of (g = 1% was added to the simulated detector readings q. For N,andom =

500 random samples of readings spectra were unfolded by methods and by mixture of methods.
2.5. Effective dose rate assessment

In accordance with radiation safety standards [32], personnel exposure to neutrons should
be below certain levels. Therefore, the effective dose rate for the isotropic irradiation was used

as one of metrics for comparison of the quality of unfolding, eq. (10).

b= /Em 6(E) - h(E)dE, (10)

min

where H is the effective dose rate, h(E) is the corresponding dose conversion coefficient
[33], for monoenergetic particles in a certain irradiation geometry (ISO) |2]. For each unfolded

spectrum the H was calculated.
2.6. Spectra similarity metrics

To assess the quality of spectrum unfolding, we used metrics such as MAE, MSE, Wasserstein
distance, cosine similarity and the effective dose rate [24]. This set of metrics allows us to
evaluate the unfolding quality for both individual energy bins and the spectrum shape as a

whole.

3. Results

3.1. ML Model Performance

Models were trained on the HybriLIT platform. It achieved an accuracy comparable to the
values we had previously obtained using other ML algorithms [13, 15|, mean R? on training set
is 0.92 and mean R? on test set — 0.86. H20 autoML framework found XGBoost and GBM as

the best models with individual hyperparameters for each model.
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3.2. Results for 2C'f spectra

The ML models were validated using reference spectra ?°>C'f for GSF BSS [2]. This spectrum
is good for validation; it can be measured experimentally using other methods or calculated
using Monte Carlo programs. It has one peak, and the rest of the neutron energy range is zero.
Accordingly, if the unfolding method produces oscillations near zero or negative values, this will
be visible on the spectrum. The ML model reconstructed the spectrum quite well, correctly
identifying the peak, although slightly undershooting it. There are some minor artifacts on the
right side of the spectrum. Effective BSS readings were calculated by eq. (3) and are close to

real measurements, Fig. 1.

Unfolded spectra Cf252, CVXPY a = 4.64e-03, cos sim = 0.99
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Figure 1. (a) — reference and unfolded by H20 autoML spectra for **2C'f and effective BSS readings, (b) — Tikhonov

reqularization with parameter selected according to the best cosine similarity with H20 spectrum.

MLEM and Lanweber iterative algorithms with an uniform spectrum as the initial approxi-
mation yield better results than the ML, with slightly lower peak heights. With the correct se-
lection of the regularization parameter, Tikhonov’s method gives the best result, a near-perfect
match, Fig. 2. But if we use use a combination of methods, then the initial approximation
from ML allows both the iterative and regularization methods to obtain excellent agreement

with reference spectra, Fig. 1,2.

3.3. Results for GRENF, position C spectra



60  Chizhov K.A., Shirkov S.G., Chizhov A.V. Machine learning augmented Tikhonov regularization with iterative ...

Unfolded spectra Cf252

Effective readings

0.5 J*+++ reference
—_ h2o
0
. cvxpy
t —= landweber 0.20
5 —— mlem
T 0.4 h2o->cvxpy
g ~= h2o->mlem
5 h20->mlem->cvxpy
g —— h2o->landweber 0.15 4
ui 0.3 -~ h20->cvxpy->landweber
o —— h2o->mlem->cvxpy->landweber S
= 2
-4
£02 0.10
K
=
=
5
do1 0.05 {
@
I+
2
53
E}
T
0.0
T T T T T T 0.00
10-8 107° 1074 1072 10° 102
Energy, MeV

0Oin 2in 3in 5in 6in 8in 10in
Moderator sphere

Figure 2. Comparison of reference and unfolded spectra and readings for 2°2C'f.
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The ML models was validated also on the Monte-Carlo calculated spectra from GSF realistic

neutron field facility (GRENF), for position C that corresponds to a specific physical placement

of the dosimeter relative to the plutonium source with significant scattering from surrounding

materials [2]. This spectra has a wide neutron energy and it has a sharp peak, that is difficult

to unfold.

Although the algorithms selected spectra with almost ideal values of effective readings, the

shape of the spectra themselves is different, Fig. 3.
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Figure 8. Reference and unfolded by separate and combinations of algorithms spectra for GRENF, position C.

For precise measurements, the CVXPY method shows the best result, table 1. However,

the spectrum unfolding results for other methods we used are also quite good, with AH < 1%.

Additional information from H20 improves the spectrum unfolding quality of the iterative

algorithms.

3.4. Stability Analysis
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method R? CS MSE

H20 0.79 0.95 2.7 x 1074
CVXPY 0.89 0.97 1.4 x107*
landweber 0.76 094 3.1x1071
mlem 0.79 0.95 2.8 x 1074
H20-cvxpy 0.83 0.96 2.2 x 1074
H20-mlem 0.79 0.95 2.7 x 1074
H20-mlem-cvxpy 0.86 0.97 1.9 x 107
H20-landweber 0.80 0.95 2.6 x 1074
H20-cvxpy-landweber 0.84 0.96 2.1x10™*
H20-mlem-cvxpy-landweber 0.86 097 1.9x1071
H20-cvxpy-mlem 0.83 0.96 2.2 x 1074
method WD AH, % Aq

H20 3.8x 107t 0.7% 3.0x107*
CVXpY 3.6 x 1071 04% 82x1071
landweber 3.8x 107t 02% 7.6x107?
mlem 45 %1071 0.8% 4.8 x 1074
H20-cvxpy 3.1x107  0.6% 3.1x1074
H20-mlem 3.8x 107 0.7% 3.0 x 1074
H20-mlem-cvxpy 28 x 107t 0.3%  1.6x107?
H20-landweber 43x107Y  05% 2.8x107*
H20-cvxpy-landweber 28 x 107 0.3%  3.0x 1074
H20-mlem-cvxpy-landweber 2.9 x 107! 04% 1.4 x 1074
H20-cvxpy-mlem 3.1x107Y  0.6% 3.1x107?

61

Table 1

GRENF(C). Metrics for assessing the similarity of a spectrum to a reference one for various unfolding methods.
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Measurement results always contain errors. In ill-posed problems, small errors in the input
data can lead to large errors in the solution. Therefore, we proposed combination of methods
to stabilize the solution. Spectra were unfolded for input noise level (o and N,qndom samples.

For evaluation metrics from 2.6 we obtained results presented in table 2.

Table 2

GRENF(C). Average metrics with standard deviation for assessing the similarity of a spectrum to a reference one for various

method R? CS MSE

H20 0.69+0.09 0934002 (4+£1.2)x10™*
CVXPY —5.03+4.15 0.554+0.16 (7.9+5.4)x 1073
landweber 0.754+0.02 0.94+0.01 (3.3+£0.3) x 107
mlem 0.76 £0.03 0.94+0.01 (3.14+04)x 1074
H20-cvxpy 0.76 £0.04 0.94+0.01 (3.140.5)x 1074
H20-mlem 0.69+£0.09 093+£0.02 (4+£1.2)x107*
H20-mlem-cvxpy 0.73+0.08 094+0.02 (3.5+1.1)x 1074
H20-landweber 0.69+0.09 0934002 (4+£1.2)x10™*
H20-cvxpy-landweber 0.73+£0.09 0944002 (3.54+1.2)x 1074
H20-mlem-cvxpy-landweber  0.694+0.13  0.93+0.03 (4+1.7) x 107*
method WD AH, % Aq

H20 0.63 +0.2 1.16 2.7 %1073
CVXPY 2.33+0.75 3.8 3.4x1073
landweber 0.48 £0.15 1.2 2.8 x 1073
mlem 0.52+0.12 0.97 2.6 x 1073
H20-cvxpy 0.52 +0.16 1.18 2.8 x 1073
H20-mlem 0.63 £ 0.2 1.16 2.7 x 1073
H20-mlem-cvxpy 0.68 +0.24 1.41 2.9 x 1073
H20-landweber 0.74 +0.25 1.49 2.9 x 1073
H20-cvxpy-landweber 0.7£0.27 1.53 2.9 x 1073
H20-mlem-cvxpy-landweber  0.81 4 0.32 1.63 3x 1073

For the GRENF(C) spectrum Figure 4 shows that the spectrum shape changes with errors in

the source data: the range of possible spectra is shown in the semi-transparent area. Iterative
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algorithms, which converge to a spectrum similar to the true one despite the error, prove to be
the most stable. Tikhonov’s method with convex optimization (CVXPY) produces excellent
results with accurate data, but small errors significantly alter the spectrum shape. To achieve
conditional stability of the solution, we propose using iterative methods. This yields a more
accurate solution and reduces the uncertainty range. A combination of methods allows for
the highest accuracy with an acceptable error. Selecting a regularization parameter based
on the spectrum shape of the reconstructed ML yields significantly better results than using
Tikhonov’s method alone; the best result is 2 = 0.76 for both the MSE = 3.1 x 10~* and the
MLEM method.

Unfolded spectra with uncertainty range
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Figure 4. GRENF(C). Average unfolded spectra for developed unfolding algorithms, semi-transparent area shows the

uncertainty of unfolding

4. Discussion

The results demonstrate that the proposed hybrid framework successfully leverages the com-
plementary strengths of ML and analytical methods. The ML model provides a physically
reasonable starting point that is already close to the true solution, effectively narrowing the

solution space. This prior information is used in regularization and iterative algorithms and it
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gives better results for MLEM and Landweber algorithms, if spectra has a complex form with

sharp peaks.

The strategy of selecting the Tikhonov parameter A\ by maximizing cosine similarity with the
ML prior is a data-driven alternative to classical methods like the L-curve [34]. Tt automates
parameter tuning and adapts it to the specific spectral shape suggested by the measurements,
leading to more consistent performance. Of course, the result depends heavily on the trained
model. It may fail to capture sharp peaks, which can be identified and unfolded more accurately
with manual parameter selection (in accordance with the expert knowledge of spectra shape)
and another solver such as Gurobi, Express [12, 28|. But if we don’t know the shape, autoML

selection can significantly improve the unfolding.

The primary limitation remains the dependence of the ML. model on the quality and rep-
resentativeness of the training data. Spectra very far from the FRUIT-generated distribution
[9] may lead to poor initial guesses. The model metrics can be improved by incorporating a
broader set of spectra from experimental and particle transport simulation software into the
training dataset. Using combination of other types of ML algorithms and NN architectures

with specific tabular data transformation [15, 35] can also yield better results.

Addition in the unfolding chain methods, such as variations of the conjugate gradient and
quasi-Newton methods (e.g. L-BFGS-B |28, 36]) could also improve the unfolding results since

they can give more accurate results than the methods used in this work [12].

The selection of the optimal set of moderator spheres is important for spectrum unfolding
accuracy.It is necessary to ensure complete coverage of the neutron energy range. It is advisable
to use spheres with the most diverse response functions. In practice, this means avoiding the
use of multiple spheres of similar diameters. This reduces the correlation between the rows of

the response matrix and lowers matrix’s condition number [37, 38].

The most time is spent on training the model, since it needs to be trained for each set of
moderator spheres and for each BSS. The method works quickly even for a trained model,
allowing for the neutron spectra unfolding and assessment of doses to personnel. The method
is implemented as a python code for cross-platform and convenient use by radiation safety

specialists.

5. Conclusions
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A hybrid multi-stage algorithm for neutron spectrum unfolding has been developed, combin-
ing a machine-learned prior with Tikhonov regularization and iterative algorithms (Landwe-
ber, MLEM). The algorithm uses an set of automatically fitted in H20 framework models
(XGboost, GBM) trained on a large synthetic dataset to generate an initial spectrum esti-
mate. This estimate is post-processed for physical consistency and then used to initialize the
Tikhonov regularization process with the regularization parameter selected via optimization of

cosine similarity.

The proposed approach was validated on a test set of spectra derived from Monte Carlo sim-
ulations: spectra for #2C f and realistic neutron field facility (GRENF). The stability against
measurement noise compared to standalone ML or traditional unfolding algorithms was ac-

cessed.

It has been shown that the combination of a machine learning algorithm with a regularization
method and the iteration algorithm provides high spectrum unfolding accuracy while reducing
uncertainty caused by measurement errors. For example, with a measurement error of 1%,
the error in estimation of the effective dose rate from the spectrum is 1.5%. In terms of the
residual norm, the method yields effective reading values for BSS very close to the actual
measurement data. The machine learning model has R? = 0.69, while the combined algorithm

gives R?* = (0.76.

This work establishes a practical and effective pipeline for spectra unfolding with machine
learning and inverse problem solvers. The proposed method could be used for improving radi-

ation protection in high-energy neutron fields.
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Ha nytn K meaykTuBHOII BepuduKaium peaim3aliiii
YMHOXKEHIS MATPHIl C HAIIPABJIEHHBIMI Ha ITOBBIIIIEHIE
3¢ PEeKTUBHOCTHN UCIIOJIHL30BaHUS KIIMN-TIAMATHI

OITUMU3ANUAMUI "

Azubanos M.C. (Hosocubupcruti 2ocydapecmeennviti ynusepcumem,)

Kondpamwes J[.A. (Unemumym cucmem ungopmamury um. A. 1l Epwosa

CO PAH)

Sa/1ada MOBBIMIECHUST TPOU3BOSUTEIHHOCTH YMHOKEHNSA MaTPHI] ABJISIETCS aKTyaJbHOM
3aJ1a4eil COBpeMEeHHOI0 IIporpaMMupoBanus. [1pu pelteHnn tagHOR 38891 B IPOIPAMMHOM
KoJz1e yl\/IHO}KeHI/IH MaTpHIL pea,.HI/I3yIOT OIITUMM3AINN, ITO 3anyILHHeT AHAJIN3 HO.HyLIeHHbIX
peanu3amuii 1 MOKET IIPUBOIUTHL K IOSBJIEHHIO B HUX OIMIMOOK. ['apaHTHpOBaTh KOPPEKT-
HOCTBH IIPOrPAMMHOIO KOJa OTHOCHUTEILHO ClienudUKAIUi, OMUCHLIBAIOIINX PE3YILTAT pPa-
OOTBI IIPOTPAMMBI B 3aBHCHMOCTH OT €€ BXOIHBIX JAHHBIX, MOXKET TOJbKO JIeIyKTHBHAS
pepudukanusi. Vtoro, 3agada AeJlyKTUBHON BepUMpPUKAIINN PeaM3aIuil YMHOXKEHNUsT MaT-
PHI[ C HAIIPABJEHHBIMU Ha IOBBIIIEHNE ITPOU3BOAUTEILHOCTH ONTUMUIAIUSIMU ABJISIETCS
akTyajbHOM. B maHHOI cTaThbe IIpecTaB/IeH ITEPBOHAYAIBHBIN 9TAll UCCAEJOBAHUS, HaIle-
JIGHHBIH Ha JAEAYKTUBHYIO BePUMPUKAIIUIO PEATUIAIUN KIACCUIECKOTO YMHOXKEHUS MaTPHUIL
C HAIIPABJEHHBIMHU Ha IOBBIIMICHUE 3(DPEKTUBHOCTH MUCIIOIb30BAHNA KIII-TIAMSITH OITHMIU-
BALMSMU.

Karuesvie caosa: nenyKTuBHasi BepudpuKalns, yMHOXKeHne MarTpull, Frama-C, WP,

Coq, Rocq, ksmr-nmamMsarnb

1. BBenenne

3ajiaua MOBBINIEHUs] [IPOU3BO/IUTEILHOCTH YMHOYKEHUS MAaTPUIL SIBJISETCA aKTYaJIbHON 3a/1a-
Yeil COBPEMEHHOro MporpaMMupoBaHust. Perienne JaHHON 3a/1a41 0COOEHHO BarXKHO Jijisi pabo-
Thl C IIUPOKO PACIPOCTPAHEHHBIMHU B HACTOsIIEe BPEMSI CBEPTOYHBIMU HEWPOHHBIMU CETSIMU,
OCHOBaHHBIMY Ha YMHOYKEHUH TeH30DPOB. [Ipu pemennn 3a7a4n O6ICTPOro yMHOYKEHIS MaTPHIL
[I0JIE3HO OIIPEJIETUTH 0COOYIO PEAJIU3AINI0, ¢ KOTOPOl MOYXKHO CPABHUBATH JPYTHE IMOIXOJIbI U

KOTOPasi IIPU 3TOM OTHOCUTETHHO 3 dekTuBHA. Takoit mpuMeHseMoii Tpu paboTe CO CBEPTOYHDI-

TIpoekT nognepxxan JlaGoparopueit YADRO HI'Y
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MM HeﬁpOHHI)IMI/I ceTdMM 1 BO MHOI'OM OpI/IeHTI/IpOBaHHOﬂ Ha CpaBHEHHE peaHHBaHHeﬁ ABJIACTCA

minigemm [11, 86|, paspaboranuas B kKommanun YADRO.

[Ipu 3a/1a4m MOBBINIEHNsT TPOU3BOAUTETLHOCTH YMHOXKEHUST MATPUI] B IPOTPAMMHOM KOJIe
YMHOKEHUS MaTPHUIL PEAJM3YIOT ONTUMUBAINK, UTO 3ATPYIHSIET aHAJIM3 MOJIYUEHHBIX DPeaJir-
3aIiif 1 MOYKET HPUBOJUTH K IMOABJICHUIO B HUX OMMUOOK OOBITHO KOPPEKTHOCTH MPOTPaMM
MIPOBEPSETCS] TECTUPOBAHWEM, W TECTUPOBAaHWE MMeeT IeJb — HAWTH OMMOKN B IporpaMMax,
0JIHAKO OHO He MOYKeT IapaHTUPOBAThH OTCYTCTBUE OIMUOOK. ['apaHTupoBaTh KOPPEKTHOCTH MIPO-
rpaMM MOZKeT TOJIbKO opmasibHas Bepudukaiws (3, 4, 6, 13, 31|. [lus npoBepki KOPPEKTHOCTH
HCXO/THOTO KOJ@ MPOrpaMM OTHOCUTEJILHO CIEU(PUKAINil, OMUCHIBAIONINX PE3Y/IbTaT PadOThHI
IpOrpaMMBbl B 3aBUCHMOCTH OT €€ BXOJHBIX JIAHHBIX, IMPUMEHIETCs TaKOH BUJ (POPMAJIHHON
BepuduKanuy, Kak jejyKkrusnas sepudukanusa [10, 14, 16, 19, 20, 43, 46, 49, 51].

B ciygae ymHOXKeHUIT MaTPHIL ¢ ONTUMHU3AIUAMI BaXKHO BEePUMPUITUIPOBATH TaKOe CBOICTBO,
YTO Pe3yJIbTaT TAKOTO YMHOXKEHUs COBIAJAeT ¢ Pe3yJIbTaTOM KJIACCHYECKOTO YMHOXKEHUS MaT-
putt. B TakoMm cityuae B hopMasibHBIX crieluduKaIusaX BepuduinpyemMoi peaasn3aiun OnTUMI-
3UPOBAHHOTO YMHOXKEHUA MATPUIL OYIET OIMMCAHO, YTO PE3Y/IbTaT ONTUMU3UPOBAHHOTO Y MHOXKE-
Hus Oy/eT paBeH pe3yIbTaTy KJIACCHYECKOro YMHOXKeHUsl MaTpull. Takum obpas3oM J1elyKTHB-
Hasg BepuUdUKAIUs [M03BOJIAET IPOBEPUTH (DYHKIIMOHAJIHHYIO SKBUBAJICHTHOCTH HEI(PDEKTUB-
HOI1, HO 9TAJIOHHON KJIACCUYECKON peasn3aluu yMHOXKEHUT MaTpuIll U 3pMOEeKTUBHON, HO M3-3a
CJIOKHOCTH TPEOYIOIIEH TIIATETLHOIO aHAIN3a peau3aui ONTUMU3UPOBAHHOIO YMHOXKEHUS
MaTPHIL.

Nroro, 3a1a1a MpoBEPKU € MOMOIIIBIO JIeIyKTUBHOW BepuduKaluu (PyHKIIMOHATLHON SKBU-
BaJIEHTHOCTH PeaJIn3alliy minigemm 1 KJIaCCHYeCKOT0 YMHOYKEHUsT MaTPHUIL ABJISIETCA aKTyallb-
noii. [Tosromy, B Jlaboparopun YADRO HI'Y 6bu1 3amymien npoekt "Merosbl u cpejcTBa Jie-
JIYKTUBHOU BepUMUKAIIUNA peau3auii YMHOXKEHU MATPUIL ¢ HAIIPABJIECHHBIMU Ha, TOBBIIIICHUE
MTPOM3BOIUTE/TBHOCTH ONTUMU3ANUASAMI" | TIeJIBI0 KOTOPOTO SIBJISIETCS JIeIyKTUBHAsT BepUpUKaA-
Ius peajgusaruu minigemm. /[aHHBII TPOEKT BBIOIHSIIOT aBTOPBI JIAHHON CTATbH, & UMEHHO
cryneat HI'Y Arubanos Marseit CepreeBut 1o/1 pyKOBOJACTBOM K.(.-M.H., HAYIHOTO COTPY/THH-

ka ICU1 CO PAH wu crapmero npenogasatesns HI'Y Konaparsesa Ivmurpus ArekcanipoBuda.

OnHako Jie/lyKTUBHasT BepupuKaIis peaan3alud minigemm oOC/JIOXKHEHa M3-3a HAJUYIUs B
minigemm pa3HOOOPA3HBIX MOAUMUKAIINN OTHOCUTETHLHO KJIACCHYECKOIO YMHOKEHUS MAaTPHII,
BEINEeCTBEHHON apu(PMETUKH, TPAIUIINOHHO ITPEICTABJISIONIEN CIOXKHOCTH JIJId ey KTUBHO Be-

puduKaIym, 1 acceMOJIEPHBIX BCTABOK, HE TO3BOJIAIONIUMU BEPUMUIIMPOBATE BCIO PEAT3AIIAIO
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TOJIBKO KaK KO/ Ha A3BbIKE C. Yrobnl IIPEO00JIETL JaHHbI€ CJIO2KHOCTH, OBLIIO IIPUHATO penieHue
BBIIIOJIHATD ,Z[aHHbIﬁ IIPOEKT B UTEPATUBHOM IIOPAIKE TaK, 9TOOBI HA, K&)K,ZLOIZ urepanuu IrpoeKTa

HaKallJIMBAJICA OIIBLIT WU CO3JaBaJICd 3a/eJl JIJId ITOCJIEYIOIMNX HTepaHI/Iﬁ.

[TepBoit urepanuit JanuOrO MpoeKTa crasia pabora Ha 3umaem Cucremuom ByTtkewmie jrabo-
paropun YADRO HI'Y. IlepBoouepe tHoit 3a/1ateit JAHHOTO TPOEKTa OBLIO 00y IeHne YyIaCTHUKA
MIPOEKTa, MO3TOMY B XOJe JAHHOTO MPOEKTa ObLIa HAadaTa Jie/IyKTUBHAs Bepudukaus cradbo-
CBABAHHON ¢ minigemm, HO 3aTO OTHOCHTEIHLHO IPOCTOMN i TTOHUMAHUS OJIOYHOTO yMHOYKEe-
HUs MaTpull peaau3armn aaropurMa [ltpaccena [83]. YMHOXKeHMsT MATPHIL ¢ OMTHMA3AIISMIE
OOBIYHO B IEJISIX ITPOU3BOIUTETHLHOCTH PeaTn3yioT Ha OCHOBAHHOM Ha YKa3aTeJsX s3bIKe MPO-
rpammupoBanus C, MOITOMY Ha JIAHHOM 3Talle MPOEKTa IMPUMEHSIACh OPUEHTUPOBAHHAS HA
HOJJIEPKY PAbOTHI € yKa3aTeIsAMU C HOMOIIBIO CelapaImoHHoil joruku [52, 72, 73, 77, 78] cu-
crema jienyKruBHOi Bepudukarnun VST [17, 18, 32|. Cucrema VST ocHoBaHa Ha cucteMe JOKa-
sarennerBa Coq |25, 76|, HeaBHo nepenmennoBantoii B Rocq. HeraTuBHBIM OIIBITOM O UTOraM
[IEPBOil UTEepaIuu MpoeKTa CTAJI0 MOHUMAHNE, ITO IPOBOJIUTH JCIYKTUBHYIO BEPUMPUKAINIO B
cucreme VST C/I02KHO M3-3a TOTO, 9TO B JJaHHOI cHCTEeMe HEeT BO3MOXKHOCTH IIPH PaboTe ¢ Bele-
CTBEHHOI aprudMeTHKOIl HCIOIB30BATh ee UlealbHOe (MaTeMaTHIeCcKoe) MpeJICTaB/Ie e, a eCTh
TOJILKO paboTa ¢ MaIIMHHON BerlecTBeHHON apudmernkoil o crangapry [EEE 754, aro npu-
BOJIUT K IPE3MEPHOMY YCJIOKHEHUIO HAYAJBLHOIO Tara MpoeKkTa. TakyKe HeraTHBHBIM OIBITOM
CTAJIO TIOHUMAaHWe, IYTO paboTaTh B cucreMe joka3arebeTBa VST OTHOCHTENBHO CIOKHO U3-3a
npuMensieMoro B cucreMe VST ocHOBAHHOTO Ha MPSIMOM MPOCJIEZKUBAHUU TPOTPAMMBI UCIUCTIE-
HUsI CUJIBHETIIEro mocTycjaoBus [41, 48|, npuBoisIero K CJa0KHOCTSM [IPU PSIMOM ITPOCIEZKH-
BaHWU TPOIPAMMbI 3a/IaBaTh WHBAPUAHT IHUKJIA ITyTeM Moandukanuu mocryciaous [47]. [pu
9TOM TIO UTOraM IEPBOIl UTepalny MPOEKTa ObLIN MOJIyUeH BaXKHBIM W MPUTOIUBIIAIICS TTOTOM
ombIT paboTel B cucreme Coq, a UMEHHO yJIa10Ch 3a7aTh B COQ-TIPEJICTABICHIN CIeIM(UKAIINN
peasmzarmu ajaropurma [llrpaccena u jokazars B cucteme Coq CBOHCTBO, UTO €C/IM pasMep
MaTPHUIBI He Toxoswit st aaropurma IllTpaccena (He KpaTeH cTemeHn JBOWKM), TO BMe-
CTO HEro MpUMeHSeTCs KJIACCUIecKoe yMHOKenne Martpurl. Harpakenne mo nroram 3UMHETO

Cucremuoro Byrkemna jmaboparopurn YADRO HI'Y npuseseno wa pucynke 1.

Iroro, mo uroraM mepBoro rana npoeKkTa ObLIO IPUHSTO PEIleHne HepeiiTu OT MCIOIb30BAHUS
cucrembl VST K wmcnosbzoBanuio cucrembl Frama-C [21] ¢ mrarumom WP 35, 36|, e ectsb
HOJJIEPKKA UJIeAIbHOI MAIIMHHON apudMEeTUKN 1 OCHOBAHHOI'O HA OOPATHOM IIPOC/IEZKUBAHUY

IporpaMMbl HCYHCIIeHUsT cirabeiinero npeayciaosus |23, 40, 45, 62|, ynpornaiomniero npuMeHeHne
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Puc. 1. Harpaxnenue no uroram 3umuero Cucremuoro Byrkemna jaboparopun YADRO HI'Y

1IpU 3aJaHN MHBAPpUAaHTOB IMUKJIOB METOda MO,ILH(I)HK&HI/II/I IIOCTYCJIOBUI.

Takzke 10 WTOraM MEPBOTO dTAla MPOEKTa C IO YIIPOIIEHU UTEPAIil ObLIO IIPUHATO
pellieHne cHadasa MPOBOJUTH JIEAYKTUBHYIO BEPH(MUKAIMIO B HJICAJbHON (MaTeMaTuIecKoil )
BEIIECTBEHHOI apudMeTnKe, 1 TOIBKO ITOTOM IePEXOIUTh K BepUMUKAIINY B MAITUTHHON apud-

meruke [50].

Kpome Toro, mo uroram mepBoro srtara mpoeKkTa ObLIO TPUHATO pPelleHne OTKA3aThCA OT
[IPOJIOJIZKeHUs JIelyKTuBHON Bepudukarmu aaropurma [Ilrpaccena u nepeiitu K jie/1yKTHBHOM
BepuUKAIINY [TOCJIeI0BATEIHHOCTH Pean3alliii yMHOKEHIH MaTPUI] U3 cTarTbu 5|, rie orm-
coiBaeTcd 3pdeKTUBHAS peaTr3alis YMHOXKEHNS MaTpPHIL mar 3a maroM. /lanHas mociemoBa-
TEJILHOCTh peasin3aliuii Obl1a BbIOpaHa MMOTOMY, UTO OHA, CTAPTYs C KJIACCHYECKOTO YMHOMKEHUS
MaTPUIL, IPUBOJUT K PEAJTU3AINH, TPUOJIMZKAIONIENCs 10 CTPYKTYype K minigemm. Havaom Ta-
KOI1 IIOCJIeJIOBATEIBHOCTU CJIyZKaT PeasIu3allid, IJie IPUMEHAI0TCH HallpaBJIeHHble Ha ITOBBIIIIe-

Hue S(b(i)eKTI/IBHOCTI/I HCIIOJIb30BaHUA KIII-ITaMATHA OIITUMU3AIMN, & KMEHHO U3MEHEHUA TTOPAI-
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K& BJIOZKEHHOCTH ITUKJIOB JIJIsi IIOCTPOYHOIO 00XO/a PE3yJIbTUPYIONIEH MATPUIILI U YMHOXKAEMO
matpurpl [12, 84]. Tlostomy, 1esbio paboThl Ha TEKYIEM JTale MPOeKTa SBJIsIeTCs pa3paboTKa
KOMILJIEKCHOT'O TIOJIXOJIa K JICYKTUBHON BepUPUKAIINN pPeaTU3alNi YMHOKEHUST MaTPUI] HaJT
MaTeMaTHIeCKIMU BEIIECTBEHHBIMU YHCJIaMU C HAITPABJIEHHBIMU Ha MOBBIIIeHnEe 3(PPEKTUBHO-
CTH MCIOJIb30BAHUS KII-ITAaMATH ONTUMU3ANUAME. /{15 TOCTHXKEHN JTAHHOW I11eJTM TTOCTaBJIEHbBI
CJIeIYIOIIUE 38/1a4U:

1. Bayanue crieruduKaImii 1y peajsn3annuii KJIaCCHIeCKOro YMHOYKEHUsT MaTPUIT HAJT MaTe-
MaTHYECKUMH BEIIECTBEHHBIMHU YUCJIaMU C ONTHMU3AIMAMU B BUJEe U3MEHEHUA IOPAJIKA
BJIOYKEHHOCTH ITUKJIOB JIJIsI TIOCTPOYHOTO 00X0/1a PE3YILTUPYIONIEHl MATPUIIBI U yMHOZKae-
MOW MaTPUILBI.

2. 3ajianre TeOpUH TPEIMETHON 00JacTH Jid BepudUKAINN Peau3alui KJIaCCHIeCKOro
YMHOXKEHHsI MaTPUIL HaJ] MaTeMaTUIeCKMMU BEIIeCTBEHHBIMU YUCIaMU C ONITAMUA3AIUAMUA
B BHJIC U3MEHEHUS MOPSIKA BJIOXKEHHOCTH IUKJIOB JIJIsI TIOCTPOYHOI0 00X0/1a PE3YIbTUPY-
IOIIEe MaTPUIbl U YMHOXKAEMOM MaTPUILBI.

3. PazpaboTka crpareruii JJoKka3aTe/bCTBa yCJIOBUN KOPPEKTHOCTHU IIPH JI€lyKTUBHON BEpU-
dukanmuu peajgu3anuy KJIaCCHIEeCKOro YMHOXKEHUS MaTPUIL HaJlT MATEMATUIECKIMU BEITe-
CTBEHHBIMH YUCJIAMU C ONITUMUBAIUSIMEI B BUJIEe U3MEHEHUSI ITOPSIJIKA BJIO?KEHHOCTU ITUKJIOB
JUUTsl TIOCTPOYHOrO 00X0/1a Pe3YIbTUPYIONIEN MATPUITHI U YMHOKAEMOW MaTPHUIIHI.

4. ITpoBejienne ¢ MOMOIIBIO pa3padOTAHHOIO KOMIIJIEKCHOTO IO/IX0/1a SKCIIEPUMEHTOB TIO0 JIe-
JIYKTUBHOI BepuMUKAIUNA Peau3alii KJIaCCUIeCKOT0 YMHOXKEHUsT MaTPHIL HaJl MaTeMa-
THYCCKUMHU BEICCTBCHHBIMA YNCJIAMU C ONNTUMU3AINAMA B BAJIC U3MCHCHUA IOPAIKA BJIO-
JKEHHOCTH IUKJIOB JIJIsi TIOCTPOYHOrO 00X0/1a Pe3yJIbTUPYIONIeil MaTPUIIbl U Y MHOYKAEMOi
MaTPHUIIBL.

B namnoit crarbe MbI IIPE3eHTYEM TEKYINUE pe3y/abTaThl Halleil paboThl, 00IIEeI0OCTyITHbIE B

penozutopun npoekta [1].

O630p poacTBeHHBIX paboTr B KadecTBe OCHOBHOI pOICTBEHHONI pabOTBI OTMETHM CTa-
Thi0 [85] mpo peanuszarnuio B kommuisitope CompCert onTumusanuy B BUje M3MEHEHHsI [0
PsIKa BJIOYKEHHOCTH IIUKJIOB JIJIsI ITOCTPOYHOIO 00X0/1a Pe3yIbTUPYIONEeil MATPUIILI U YMHO-
Kaemoit Marpuibl. OramauresnbHoil ocoberHocTbio KommmsaTopa CompCert |28, 29, 63, 64]
siBJsieTcsd (bopMaJsibHasi Bepu@UKAIUs ero Koja, U paccMaTpuBaeMasl OIITUMU3AINs TaK»Ke Obl-

Jia, popmaabHo BepuduimpoBana. B xome dhopmasibHOil BepuduKaium JaHHON ONTUMUBAIIAN
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OBLIO TPOBEPEHO CBOMCTBO, UTO €e IPUMEHeHne He HapyIllaeT KOPPEKTHOCTb ONTUMHU3IUDPYEMO
nporpamMMbl. OTMeTHM, 9TO Takas (popmasibHast BepudUKaIus JJOBOJIbHA CX0XkKa C 33 1adaMi Te-
KYIIEro dTala Halrero npoekra. Takxke Bepudukaiius oCymecTBIIIach B CUCTEME JTIOKA3ATE b
crBa Co(, KaK B MHOI'OM ITPOUCXOUT U B HareM poekTe. OHaKO, B ciiydae BePUMUITTPYEMOTIO
KOMITHJIATOPA TIPU BepUUKAIINU OCYIIECTBIILIach paboTa ¢ IIPOMEKYTOTHBIMU MTPEJICTABICHI-
simu C-TIpOrpaMMbl, TOTJIA KAK B HAIIIEM [TPOEKTE BEPUPUITUPYETCS HEITOCPEICTBEHHO UCXOIHBIIM
koj1. Kpome Toro, ormmaarores riobasbible et mpoekToB: B poekte CompCert rimobasbmoi
HEJIBIO SBJIAETCS PACIHIMPEeHre KOMIUIATOPA KAK MOYXKHO OOJIBIIIMM YUCJIOM BEPUMPUIUPYEMBIX
ONITUMUBAIINI, TOTJIA KAK B HAIIEM IIPOEKTE TJIOOAILHOM TIEJIBIO SIBJISIETCS CO3/IAHIE TTOXO0/I0B K
JIeTyKTUBHON BepU(UKAIINN PeAJTH3aIuil YMHOXKEHNsT MaTPHIL ¢ onTuMmusarusamu. CrpemiieHue
pacmuputh KoMmmmaTop CompCert pas/jnyHbIMA ONTUMHU3AIUAMEI JIEMOHCTPUPYETCS UCCTIe-
JosarueM [55], te npearaores hopMaibHO BeprubUIIMPOBAHHBIE OIITUMU3AIMA JIJIS [UKJIOB.
O/ 1HaKo, IpeJIoYKEeHHbBIE B JIAHHOM UCCJICOBAHNN OIITUMUBAINN MAJIO IOXOYKU HA BCTPEUIAEMbIe

B HallleM IIPpOEKTeE.

OT/Ie/IbHBIM KJIACCOM POJICTBEHHBIX paboT sIBJISIIOTCA uccyenoBanus [33, 39, 74| mo jaeayk-
tuBHOI Bepudukaruu ajropurma Illtpaccena. Jlanabie ncciegoBanns IpUBEIN K pa3paboTKe
nosiesHbix 6ubsmorek [39, 74| ¢ Teopemamu o mMarpuiax Jid cucreM jokasaresnberBa Coq u
ACL2 [69]. Oqnako, B JAHHBIX MCCJIEIOBAHUSIX JOKA3BIBAINCH CBOHCTBA IPOrpaMM Ha (byHKIH-
OHAJILHBIX si3bIKaxX HporpammupoBannsg WhyML (mpomexkyTodnblii si3bIK BepuUKAIMNA B CH-
creme Frama-C) [30, 44, 60|, Gallina (Bxoamoit #3bIK cucTeMsl Jgokasareascrsa Coq) [25, 76| u
Applicative Common Lisp (BxosHoii 51361k cucrembl nokasarenbersa ACL2) [54], aro, B oinane
OT HAIIEro MPOEKTa, YIIPOCTUIO BePUPHUKAIINIO U3-38 OTCYTCTBHUS HEOOXOIUMOCTH PabOTATh C
Mozeabio namsatu sa3bika C. Takzke anropurm [ITpaccera yaaBaioch CHHTE3UPOBAThH 110 CIIEIH-
dbukaruu [79], aro 61M3K0 K MeToaM JIe/lyKTUBHON Bepr(DUKAIINN, OJTHAKO JAJIEKO OT MPOOJIeM

JIEJIYKTUBHON BepU@UKAIUU IPOrPaMM B MOJE/H maMATh s3bika C.

Tax>ke B KadecTBe POJACTBEHHOI'O UCCAEIOBAHUS PACCMOTPUM JIEIYKTUBHYIO BepUMUKAIIAN
JacTell OMepaIioOnHOl CHCTeMbI B cHcTeMe e IyKTiBHOM Bepudukau AstraVer |7, 42, 65, 67,
87]. Ho ucnosibsyembie B cucreme AstraVer Jjisi JoKa3aTebCTBa YCJIOBHNA KOPPEKTHOCTH TaKue
aBTOMaTHIeCcKue cucrtembl, Kak SMT-permarenn, MOTYyT He CIHPABISTHCS C MOJEIUPOBAHUEM

paboTs! ¢ mamaTbio B C-iporpammax [66].

KpOMe TOro, B Ka4deCTBe POIACTBEHHOI'O HCCJICOAOBaHHA PaCCMOTPUM HCCJ/IIE€JOBaHUE IIO pa3-

paboTKe MeTOJIOB aBTOMaTHU3allud JIeYKTUBHON BepupUKAIUU ITPOrpaMM Ha IOJIMHOYKECTBE
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s3pika iporpaMmmuposanus C |70, 71| u peanuzanuu Takux metonos B cucreme C-lightVer [58,
59, 68|. lanHas cucrema MO3BOJISIET YIPOCTHTD JOKA3ATEIHCTBO C TIOMOIIBIO TEHEPAITHH BCIIO-
MOTATEeJIbHBIX JIEMM 110 OlpejiesleHHbIM mabaonaM [56, 57]. OrMernM, 9T0 HEKOTOpBIE CTpaTe-
run cuctembl C-lightVer, a numenno crparerus g (GUHUTHBIX UTEpaIUil HAJ U3MEHSIEMbIMH
maccuBamu [58|, erparerus jijig nporpaMM ¢ (DUHUTHBIMU UTEpAIUsIMU HaJl MaccuBamu [58| u
cTpaTerusd Jijisd MPOrpaMM, CIEIMMUKAIIIN KOTOPBIX COJIEPKAT (DYHKIIMH CO CBOMCTBOM KOHKA-
reHaryu |58|, 6;M3KM K TOJIyYeHHBIM B X0Jie HAIero npoekTa crparerusM. OIHAKO TpUrTepamMu
Juts cpabarbiBanud madaonoB B cucreme C-lightVer ciryzkar dparmMenTsl TporpaMMHOTO KOJIa,

a He pparMeHTHI JiepeBa JI0Ka3aTe/IbCTBa, KaK B HAIIEM IIPOEKTe.

PoncrBennbiM HarreMy TPOEKTY MEPOMPUSTHEM SBJISETCS CEPUsS POCCUMCKIX COPEBHOBAHUN
o hopmasibaoit Bepudukaruu rnporpamm VeHa. B pamkax jgannoit cepun Ha TEKyIuit MOMEHT
cocrosiuch Tpu copesrosamnust, VeHa-2023 [15], VeHa-2024 [9] u VeHa-2025 [80]. Ha namnbix
COPEBHOBAHMUAX KOMAH/IbI MICCJIEIOBATENEH TaKyKe PEMIAloT CJIOXKHBIE 7 (popMaIbHON Bepudu-
kanuu 3aja4du. Ho ma marmem mpoekrte, B oTyimdue orT copeBnoBanuii cepun VeHa, Bpemenmbre
paMKu HaMHOTO OoJiee MArKKe (IIPOEKT IPOJI0JIZKAETCS Y2Ke CeMeCTp BMecTo Tpex jHeit). [Ipy-
UM POJICTBEHHBIM MEpOIpUATUEM sABJIsieTcs mpoekT bosbimoit MaremaTudeckoit Macrepcekoii
2025 rozma mo dopmabhoil Bepudukannu xam-dyukimn «Crpubors [8]. Oxnako, Ha Harem
[POEKTe, B oT/im4dne oT npoekta Ha Bosbmoit Maremaruueckoit Macrepckoit 2025 roja, mo-

CTaBJICHBI APYyTHUe IeJIu.

CrpyKrypa cratbu /[lannas craTbsd UMeET CJIEIYIONIYIO CTPYKTYPY: B pasjese 2 ONUCAHbI
OCHOBBI JIeJIyKTHBHOI Bepudukamnuu mporpamm B cucreme Frama-C/WP, B pasuene 3 onucana
IIpoBeACHHAd HaMU JEAYKTHUBHAasA BepI/ICbI/IKaHI/IH peam/l3am/n71 KJIaCCUYIECKOI'0 YMHO2KCHUA MaT-
PUI] U YMHOXKEHUsI MATPUIL C HAIIPABJICHHBIMU Ha, MTOBBIIEHIE 3(D(MEKTUBHOCTH UCIIOTH30BAHIA
KSII-ITAMSTU ONITUMUBAIUAMY, B 3aKII0UEHUN TTPUBEJIEH CITMCOK HAIUX PE3y/IbTaTOB U OIUCAHBI
HAINN IIJIaHb Ha Oy/yiiee, B [Ipuokennn A nmpuBesieH mpuMep OHOTO U3 JOKA3AHHBIX yCJIOBUM

KOPPEKTHOCTHU BMeCTeE C JOKa3aTCJILCTBOM.

Biaromapuoct  ABTopbl craTbhu BhIpazkaioT Osarogapuocts kommanuu YADRO u Jlabo-
paropun YADRO HI'Y, a rakxke quano BiacoBy Asekcannpy Asekcangposudy u Jlarkumay

Esrenmio MBanoBudy 3a opranmsalifio U aHaJIN3 MPOEKTa.
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2. OcHoBbl geaykTuBHOM Bepudukaiun B cucreme Frama-C/WP

[Tpomece memaykruBHOi Bepudukarmu nporpamm B cucreme Frama-C /WP maunnaercs ¢ 3a-
Janust popMaIbHBIX crienudukaluit Bepudunupyemoit mporpammbr Ha sa3bike ACSL, a numenno
pejiycaoBust (OrpaHUYeHne Ha BXOJHbIE JIaHHbBIE), TIOCTYCJIOBUS (CBI3b BXOJHBIX U BBIXOJIHBIX
JIAHHBIX) U WHBAPUAHTOB IUKJIOB (MCTHUHHBI HA BXOJE B IUKJI, HCTUHHBI Ha UTEPAIUsIX 1K~
Ja 1 obecreunBaoT BbIxoj u3 Iukia). Crenudukarum 3agaorcsad BHYyTpr C-KOMMEHTapUes,
r7ie MOXKHO (pOPMHUPOBATH TEOPUIO ITpeMeTHO obiactu. s Bepudukanmu GyHKITMOHATILHOM
SKBUBAJIEHTHOCTHU ITOJIE3HO PA3MECTUTh B TEOPHUH IIPEIMETHOI 00JIaCTH MPEINKATHI, OMUCHIBA-
IOII[Ue Ha JIOTUYECKOM yPOBHE PEKYPCHUBHBLIE OIpPEJIEIeHUs, ¢ KOTOPBLIMU OYIeT COOTHOCUTHCH
Bepuduimpyemas nporpamma. [lag 3ajanng Takux MpeIMKATOB YI00HO MCIIOJIL30BATH MeXa-
HU3M WHYKTUBHBIX IIPEJINKATOB U UX CBOicTB. OT™MeTHM, 910 (POPMAIBHO UHYKTUBHBIE TIPe-
JINKATHI HE 33JIaI0T BBIYUCIUMOE OIpeJIe/IeHIe, OJTHAKO B UX CBOMCTBAX MOYKHO U IOJIE3HO (haK-
THYECKU 3aJIaTh TaKoe omnpejiesienne. Takue CBOMCTBa MOTYT 3aBUCETH OT METOK ITPOTrPaMMBbI,
KOTOPBIE TIO3BOJIAIOT C TIOMOIIBIO KOHCTPYKIINHU at yKa3bIBaTh, B KAKOM COCTOSHUU ITPOTPAMMBbI
OpaTh 3HAUYEHUs] TeX WM WHBIX IePEMEHHBIX. TakKyKe ellle OJIHOI BayKHOU KOHCTPYKITHEHN T
3aJIaHus Ccreru@UKAIil sBJIsgeTcs KOHCTPYKIMS separated, KoTopas IO3BOJISIET yKa3aThb Ha
pacIoJIOXKEHNE B pa3HbIX 00JIacTdaX maMATu. Kpome Toro, erie oJiHON BaKHO#M KOHCTPYKIIHE
JUIS 3aJIaHUs CHeIuUKaInil dBJIAeTCd KOHCTPYKINs assert, HAK/Ia IbIBAIOIIas OIpaHuYCHUE
B ONPEJEJIEHHOl TOYKe MPOrpaMMbl, YTOOBI JaJIbIlle MO XOJy HMCIIOJTHEHHUS MPOIPAMMbBI MOXK-
HO OBLIIO TOJIAraThCsd Ha TaKoe orpanuyeHue. Beejienne KOHCTPYKIHiT assert mMO3BOJISIET YIIPO-
CTHUTD JICJIYKTUBHYIO BEPU(PUKAIIIIO ITPOTPAMM 38 CUYET JIOKA3ATETHCTBA TAKUX ITPOMEXKY TOUHBIX
yTBep:Kienuii |23, 45, 62|.

Jlormueckoit ocnosoii mnarnaa WP s cucremsr Frama-C ssiistercs ncaunciienue ciabdeiine-
'O IPEJLyCIOBHS, KOTOPOE TO3BOJISIET JIJIs IPOI'PAMMBI U ee crielinuKaIuii reHepupoBaTh yCJIo-
BUS KOPPEKTHOCTH, UCTUHHOCTH KOTOPBLIX O3HAYAET KOPPEKTHOCTH ITPOTPAMMbBI OTHOCUTEIHHO
ee crienuukarmii. Tak Kak Bepudunupyorcs mporpaMMbl Ha s3bike C, To Hen30€KHO BCTAET
BOIIpoC 0 paboTe Ha JIAHHOM dTalle ¢ yKa3aTeJsdMH. BMecTo MMUpOKO TpUMeHSeMON [T TaKIX
neJieii cermapanmonnoit joruku, B cucreme Frama-C/WP ucrnosb3yercst Mojienb naMsaTu, moji-
JIEpKHUBAIOINTAasl OTOOpazKeHnsl U3 aJipecoB B 3Hadenusd. [Ipm pabore ¢ Takoil MOJIE/IBIO ITaMATH
[IpUMEHSEeTCd KOHCTPYKIUA havoc, KOTOPBIN TO3BOJIAET CPABHUBATDH, U3MEHUIACH JTU 00JIACTD

MaMATH TOCJIe onepaliii Haj naMaTbio. [losTomy, moKaszaTenbcTBa YCJIOBUT KOPPEKTHOCTH Ce-
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PBE3HO 3aBUCAT OT pa6OTI)I C IIpeJuKaTOM havoc.

JokaseiBaTh ycaoBusi KoppekTHocTH B cucreMe Frama-C/WP MoxkHO M aBTOMaTHYIECKH C
momorpio SMT-pemraresieit u crucreM aBTOMaTHIECKOrO JI0KA3aTE/ILCTBA TEOPEM, a TaK:Ke MH-
TepakTUBHO ¢ momoIbio cucteMbl Coq. Takne SMT-pemmaren u cucreMbl aBTOMATHIECCKOTO
JIOKa3aTebCTBa TeopeM, Kak Z3 [26, 38|, CVC4 [24], CVC5 [22], Vampire [61], Alt-Ergo [34] u
E Prover [81] mo3Bosisitor JOKa3bIBATH MHOIHE OTHOCUTEJIBHO TIPOCThIE YCJIOBUS KOPPEKTHOCTH B
aBTOMaTUIECKOM pexkuMe. TakuM o0pa3oM, IM0JIb30BaTEI0 JIJIsi THTEPAKTUBHOIO JI0KA3aTe /b

CTBa B CHUCTEMeE COq B OCHOBHOM OCTalOTCdA CaMbI€ CJIO2KHBIE YCJIOBUA KOPPEKTHOCTU.

Pacemorpum Bompoc aBromaTusanyu e lyKTuBHoi Bepudukanuu B cucreme Frama-C/WP.
Ha pazubIx cragusx JeJlyKTUBHON BepudUKAINK s TaKOW aBTOMATH3AINN MOYKHO UCIIOJIb30-

BaTh CJIEYIONINE TOJIXO/THI:

1. ITbITaThes IEPEnCIIoNB30BAThH B PA3HBIX MPOEKTAX M0 BEPUMUKAIINNA OJTHU U Te YKe MHIYK-
TUBHBIE [IPEIUKATHI U3 TEOPUU IIPEIMETHON 00JIACTH.

2. Eciim mocTycyioBue 3a1aHO Kak mapaMeTp WHJIYKTUBHOI'O IPEJINKATA, TO MOYKHO UCIOJIb-
30BaTh METO/T MOJINMUKAIIIY MTOCTYCIOBUS, YTOOBI 33/I[aBATh MHBAPUAHTHI ITMKJIa KaK WH-
JIyKTUBHBIE MIPEJINKATHI U3 IMOCTYCJIOBUs, HO C IAPAMETPOM OT CUETUUKA IUKJIA.

3. BBo/iuTh m1poMekyTOUYHbIE YTBEPXKICHUS C IIOMOIIHIO assert.

4. ITpumensars SMT-perraresn it aBTOMaTHIECKOTO JIOKA3aTEIHCTBA YCJIOBUNH KOPPEKTHO-
CTH.

5. [Ipu nokazaresibeTBe yeaoBuilt KoppeKTHOCTH B cucteMe Coq UCIOIb30BATD IIJIATUH
QuickChick [75] st morcka BOBMOXKHBIX KOHTPIIPAMEDPOB K YCIOBHIM KOPPEKTHOCTH.

6. [Ipu jmokazaresbeTBe yeaoBuit KOppeKTHOCTH B cucteme Coq MCIOIBb30BATH ILJIATUH
CoqHammer [37], KOTOpbIii O3BOJISIET ¢ MOMOIILIO TAKTUKY hammer ucrosb3oBaTh SMT-
peraTesn Jjist JOKa3aTeIbCTBa YCIOBUN KOPPEKTHOCTH.

7. Ilpu mokazaresibcTBe ycJIOBHT KOppeKTHOCTH B cucteme Coq MCIOIB30BATE JIJTsT TeHepa-
MU JIOKA3aTeIbLCTB METOIbI MAIIMHHOTO 00y YeHusl ¢ oMOIIbio miaruda Tactician [27].
8. IIpu mokazaresbcTBe ycaoBuit KoppekTHOCTH B cucteme Coq HCIOIB30BATH JIJIs TeHepa-

u JoKaszareabcrBa Bosbime f3bikobie Mogenn (LLM).

9. Ilpm jokazaTeIHLCTBE YCA0BUN KOPPEKTHOCTH B cucteme Co( 3a/1aBaTh U IIPUMEHSITH CTPa-

TEruu JIOKA3aTeJILCTBA B BUJIE IMAOJOHOB, OMUCHIBAIOININX CHUTYAIUIO I TPUMEHEHUS

CTPATErnu U CXEMY JIOKa3aTe/IbCTBa, KOTOPOE HY?KHO I'€HEPUPOBATh B JITAHHBIX CUTYAIIAAX.

B nmamem mpoekTe MbI aKTUBHO MCITOJIH30BAJIN U3 JAHHOTO CIUCKa MOaxob! 1, 2, 3,4, 6, 8 u
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3. /lemykTuBHasg BepudUKAIsI PeaTN3aNNil KJIACCUIECKOTO
YMHOX>KEHUSI MaTPUIl 1 YMHO>KEHUsI MaTPUIl C HallpaBJIEHHbIMUA Ha
noBbIlIeHne 3(pHEeKTUBHOCTH MCHOJIb30BAHNUA KIIM-ITaMATHA

OIITMMN3alINAMMN

B nmannoM pa3ziesie Mbl pejicTaB/IsieM KaK HaIlld TPAKTUYEeCKHe Pe3YJIbTAThl B BUJE YCIIEI-
HOIl BepupUKAIUU pean3aiuii yMHOXKEHUT MATPUIL C ONTUMUBAIUIMEA, TAK U TEOPETUIECKHE
PE3yJIbTATHl B BAJIC METOJOB aBTOMATU3AINN N0KA3aTC/IbCTBa YCJAOBUI KOPPEKTHOCTU JJId Ta-

KX MaTpull Ha OCHOBE BBEJICHHbLIX HaMH CTpaTeFHﬁ.

3.1. 3ananme cnemmuKanmii KJIACCUIECKOTO aJITOPUTMa yMHOXKEHU S

MAaTPHUIL

CxeMa KJIacCHIECKOro aJrOPUTMa YMHOKEHUs MaTpuIl |2, 82| npusejena npuBeIeHo Ha PU-

CYHKe 2.

h..b .. b
aﬁa12 aﬂ(1 T Q1 bs'" sz 011012 C1N91N
b..b..b, = e Cog ...
'aﬂaT2 aTK_1aTK * 3 L RN rs
CC ..C
A,y -e- %K?MK . bK—‘IN il MN-1 M

M x K KxN MxN

Puc. 2. Cxema KJIaCCHYECKOTO aJTOPUTMA, YMHOKEHUS] MATPHIT

JlaHHOI cXeMe COOTBETCTBYET peasiu3alius B BUJIE TPEX IUKJIOB, C KOTOPOH HAYMHAETCS CTa-

T [5]:
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void gemm_vO(int M, int N, int K, const float * A, const float * B, float *C)

{

for (int i = 0; i < M; ++i)

{
for (int j = 0; j < N; ++j)
{
C[i*N + j] = 0.0;
float sum = 0.0;
for (int k = 0; k < K; ++k)
{
sum += A[ixK + k] * B[kxN + j];
}
C[i*N + j] = sum;
}
}

Jnsa saganus crenuduKanuii Takoi peajnsanund ObLIN 3a/aHbl WHYKTUBHBIE MTPETHKATHI.
NuykTuBHblil mpejiukaT DotProduction omnpe/iessieT, 9To ero Mmoc/jie THuil apryMeHT paBeH CKa-

JIIPHOMY TIPOU3BEJIEHUIO CTPOKHU Ha CTOJIOEIT:

inductive DotProduction{L1}(float* A, float* B, integer to,
integer i, integer K, integer j, integer N,

real res)

case dotproduction_empty_range{L1}:
\forall float* A, floatx B, integer to, integer i, integer K, integer j,
integer N;

0 >= to ==> DotProduction{L1}(A, B, to, i, K, j, N, 0.0);

case dotproduction_positive_range{L1}:
\forall float* A, float* B, integer to, integer i,

integer K, integer j, integer N, real res;
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(0 < to) &&

DotProduction{L1}(A, B, to-1, i, K, j, N, res) ==>

DotProduction{L1}(A, B, to, i, K, j, N,

res + \at(A[i*K + (to-1)], L1) * \at(B[(to-1)*N + jl, L1));
}

ﬂaHHbeI IpeauKaT COOTBETCTBYET BHYTPEHHEMY HUKJIY PeEaIn3alluu.

NunykTuBnblii mpegukaT RowResult orpesensgeTr, 9To Bce JIEMEHTHI CTPOKH Pe3Y/IbTUPYIO-
el MaTPUITHI 3aII0JTHEHBI CKAJIIPHBIMU ITPOU3BEJICHUAMU CTPOK Ha CTOJIOIHI:

inductive RowResult{L1l, L2}(float* A, float* B, float* C, integer to,

integer i, integer K, integer N)

case rowresult_empty{L1l, L2}:
\forall float* A, float* B, float* C, integer to, integer i,
integer K, integer N;

0 >= to ==> RowResult{L1l, L2}(A, B, C, to, i, K, N);

case rowresult_step{L1l, L2}:
\forall float* A, float* B, float* C, integer to, integer i,
integer K, integer N;
0 < to &&
RowResult{L1, L2}(A, B, C, to-1, i, K, N) &&
DotProduction{L1}(A, B, K, i, K, (to-1), N, \at(C[i*N + (to-1)], L2))
==> RowResult{L1, L2}(A, B, C, to, i, K, N);
}
Takum obpasom npenukaT RowResult ompejienien ¢ nomorbio DotProduction. I[losryuennbrit
IpeIuKaT COOTBETCTBYET CPEJHEMY IO BJIOKEHHOCTHU ITAKJIY PEATU3AIUN.
MunykTuBHblil mpeankaT MatrixResult onpejessier, YTo BCe CTPOKH PE3Y/IbTUPYIONIEH MaT-
PHUIIBI 3aII0JTHEHBI CKAJISIPHBIMU IIPOU3BEJIEHUSIMI CTPOK Ha CTOJIOIIBI:
inductive MatrixResult{L1l, L2}(float* A, float* B, float* C, integer to,

integer K, integer N, integer M)

case matrixresult_empty{L1l, L2}:
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\forall float* A, float* B, float* C, integer to, integer K, integer N
integer M;

0 >= to ==> MatrixResult{L1l, L2}(A, B, C, to, K, N, M);

case matrixresult_step{L1l, L2}:
\forall float* A, float* B, float* C, integer to, integer K,
integer N, integer M;
0 < to &&
MatrixResult{L1, L2}(A, B, C, to-1, K, N, M) &&
RowResult{L1, L2}(A, B, C, N, to-1, K, N)
==> MatrixResult{L1, L2}(A, B, C, to, K, N, M);

}

Takum obpazom mpejukar MatrixResult onpegener ¢ mnomorbio RowResult. [losryuennbrii
[IPEJIMKAT COOTBETCTBYET BHEIIHEMY ITUKJLY DPean3allii.

[IpeaycnoBre 3a/1aHO CJIEIYIONIM 00pa30M:

requires \valid_read(A + (0 .. MxK-1));

requires \valid_read(B + (0 .. K*N-1));

requires \valid(C + (0 .. MxN-1));

requires \separated(A + (0 .. MxK-1), B+ (0O .. K¥N-1), C + (0 .. MxN-1));

requires M > 0 & N > 0 && K > 0;
[Ipenukar valid_read u3 mpejycjioBUs OIpPEJEISeT, YTO U3 TaKOi O0JACTH MaMATH MOXKHO
yntarh. [peaukar valid u3 mperycioBud OnpeiesisieT, YTO MOXKHO U IMICATh B TaKyI0 00JIaCTb
NaMsATH ¥ 9UTATh U3 TAKON 00JIaCTU TaMSITH.

[TocTyctoBre 3a7aHO CIEIYIOIIIM 0Opa30M:
ensures MatrixResult{Pre, Post}(A, B, C, M, K, N, M);

DaKTHIECKN TaKOe IOCTYCJIOBHUE O3HAYAET, YTO PE3YIbTAThl PEAU3AIIH OIICHIBAIOTCS IIPUMe-
HenueM MatrixResult.
VHBapuaHT BHYTPEHHErO IMKJIA 3a/IaH CJIEIYIOIINM 00pa3oM:
loop invariant 0 <= 1i < M;
loop invariant 0 <= k <= K;

loop invariant 0 <= j < N;
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loop invariant DotProduction{Here}(A, B, k, i, K, j, N, sum);

loop invariant \separated(A + (0 .. MxK-1), B + (0 .. K*N-1),
C+ (0 .. M¥N-1));
loop assigns sum, k;
loop variant K-k;
Takoit ”HBapUAHT OMUCHIBAET, YTO PE3YJILTATHI BHYTPEHHETO IMUKJIA TIOC/e K UTeparuii Omuch-
BaroTca npuMenenneM DotProduction ot napamerpa k.
MuBapuanT cpeHero mo BIOXKEHHOCTH IHUKJIA 3aJIaH CJASTYIONIM 00pa30M:
loop invariant 0 <= 1i < M;
loop invariant 0 <= j <= N;

loop invariant RowResult{Pre, Here}(A, B, C, j, i, K, N);

loop invariant \separated(A + (0 .. MxK-1), B + (0 .. K*N-1),
C+ (0 .. M¥N-1));
loop assigns C[i*N .. i*N+N-1], j;
loop variant N-j;
Takoit ”HBaAPUAHT OIMCHIBAET, UTO PE3YJIbTAThl CPEJIHErO IO BJIOXKEHHOCTH IUKJIA ITOCJIE j UTe-
panuii onucbiBalorcd npuMenHenueM RowResult ot nmapamerpa j.
MuBapuanT BHENIHErO MUKJIA 3a/aH CJIEIYIONUM 00pa30M:
loop invariant 0 <= i <= M;

loop invariant MatrixResult{Pre, Here}(A, B, C, i, K, N, M);

loop invariant \separated(A + (0 .. M*K-1), B + (0 .. KxN-1),

C+ (0 .. M¥N-1));

loop assigns C[0 .. M*N-1], 1i;

loop variant M - 1i;
JlaHHbIl MHBAPUAHT ITOJIYYEeH METOI0M MO/IM(DUKAIINN [TOCTYC/IOBUS B BU/JI€ 3aMEHbBI IIapaMeTpa
MatrixResult u3 mocrtycjoBust Ha IapameTp Iukja i. [losyumnoch, 9To Takoit MHBapUaHT
OIIMCBIBACT, YTO PE3YyJIbTaThl BHEIIHEero IUKJIa I0oC/Ie 1 uTepaldil OMuChIBaloTCA IIPUMEHEHUEM

MatrixResult or mapamerpa 1i.

s yrporenns: BepudpuKaiun BO BHyTPEHHEM IUKJ/Ie Oblla 3a/iaHa CJIe/IyIonas KOHCTPYK-
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g assert:
assert step: DotProduction{Here}(A, B, k+1, i, K, j, N,
sum + A[i*K+k] * B[k*xN+j]);
Brejienne Takoro mpomMekyTOYHOIO YTBEPKJICHHUS TO3BOJINIO YIPOCTUTD JIOKA3aTEIbCTBO CO-
XpaHeHUsI Ha UTepalisaX NHBAPUAHTA BHYTPEHHErO ITHUKJIA.
st ynipotenust BepuduKaIuu B CpeIHeM 110 BJIOXKEHHOCTH IUKJIe ObLIa 3a/1aHa CJIeyoTast
KOHCTPYKIIs assert:
assert row_step: RowResult{Pre, Here}(A, B, C, j+1, i, K, N);
Beesenne Takoro mpoMeKyTOYHOTO YTBEPXKIEHUS TO3BOJIUIO YIIPOCTUTH JIOKA3ATEIBCTBO CO-
XpaHeHUsI Ha UTepalsgX HWHBAPUAHTA CPEIHErO 10 BJIOYKEHHOCTHU IIHUKJIA.
Jlns yrporenns: BeprupuKaIun BO BHEITHEM IIHKJIe ObLIa 3a/1aHa CIeIyIonas KOHCTPY KIS
assert:
assert mat_step: MatrixResult{Pre, Here}(A, B, C, i+1, K, N, M);
Bsesenne Takoro mpomMekyTOYHOIO YTBEPKICHHSI TO3BOJINIO YIPOCTUTDH JOKA3aTeIbCTBO CO-

XpaHeHUd Ha UTEpalludX MHBapHaHTa BHEHIHETI'O ITHUKJIA.

3.2. 3aganue cnemuduKanmnii yMHOXKEHUS MATPHUI] C OIITUMU3AINSIMU
B BUJi€e U3MEHEHUH IOPs/IKa BJIO>XKEHHOCTHU IUKJIOB JJIs
IMMOCTPOYHOTIO 00X0/1a Pe3yJIbTUPYIONIEil MAaTPUIbl 1 YMHOXKaeMOit

MAaTPUIlbI

Peaymmzanusa yMHOXKEHUST MaTPUIL ¢ ONTUMHU3AIUSIMA B BUJIE MW3MEHEHUs OPSIIKA BJIOYKEH-
HOCTHU IIMKJIOB JJIsI TIOCTPOYIHOIO 00X0/Ia PEe3yILTUPYIOIIeil MATPUIIBI 1 YMHOXKAEMON MaTPHIIHI
OblIa 3a/aHa HA OCHOBE CTaThH [5|:
void gemm_v1(int M, int N, int K, const float * A, const float * B, float * C)

for (int i = 0; i < M; ++i)

float * ¢ = C + i *x N;

for (int j = 0; j < N; ++j)
{
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cljl = 0;

for (int k = 0; k < K; ++k)

{
const float * b = B + k * N;
float a = A[i*K + k];
for (dnt t = 0; t < N; ++t)
{
clt] += a * b[t];
}
}

}

OTMernM, 9TO B TaKOH peau3allii MOsIBUJICS BHYTPEHHUN IIUKJI IS 3all0JHEHUSA CTPOKH Pe-
3YJIbTUPYIONIEN MATPUIIBI HYJISIMH.

Jlnsa 3amanus creruduKannii JaHHON peajn3aiuu Obla IePencIob30BaHa TeOPHUs IPe/I-
METHOI 00JIacTH pean3alii KJIACCHIeCKOr0 YMHOMKEHUsT MATPHUIL. DTO MO3BOJIMIO 3a1aTh JIJIs
paccMaTprUBaeMoOi pean3alii TO YKe caMoe IIPeyCJIOBUE, TO YKe caMOe ITOCTYCJIOBUE W TOT 2Ke
caMbIif MTHBAPUAHT BHEITHETO IUKJIA, & TaKKe NCI0JIL30BaTh IIpejinkaT DotProduction s 3a-
JIaHWSI THBAPUAHTOB BHYTPEHHUX IHUKJIOB. TakuM 0O6pa3oM, (paKTUIECKH C TTOMOIIBIO JIe/IyKTUB-
HOIl BepudUKaIuu TPOU3BOIUTCS TPOBEPKA SKBUBAJCHTHOCTH 38/IaHHON B TEOPUU TTPEIMETHOI
00J1acTH KJIACCHYIECKOI0 YMHOXKEHHUSI MaTPHUIL U PACCMaTPUBaeMOil peasin3alium.

Jlnst 3a/1aHns MHBapUaHTa BHYTPEHHErO IHMKJIa TeopHsl IpeaMeTHO obacTu Obliia paciin-

PeHa MHAYKTUBHBIM IIPpEIUKATOM zeroed:

inductive zeroed{L}(float* a, integer b, integer e){
case zeroed_empty{L}:

\forall float* a, integer b, e; b >= e ==> zeroed{L}(a, b, e);
case zeroed_range{L}:

\forall float* a, integer b, e; b < e ==

zeroed{L}(a, b, e-1) && ale-1] == 0 ==> zeroed{L}(a,b,e);
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JlaHHBI TTPeINKAT ONUCHIBAET 3alI0JHEHHOCTh 00JIACTH MAaCCUBA HYJISIMH.
PaccmorpruM HOBBIE OTHOCHTENIBHO pPeau3aliiyl KJIACCUYECKOI0 YMHOXKEHUS MaTPUIL CIIEI-

dbukarnuu. VnBapuanT muksIa Jjis 3al0JHEHIA CTPOKU PE3YJILTUPYIOIIEH MaTPUIIBI HYJISIMU 3a-
JIaH CJIELYIONIM 00pa30M:

loop invariant 0 <= j <= N;

loop invariant 0 <= 1i < M;

loop invariant \separated(A + (0 .. M*K-1), B + (0 .. KxN-1),

C+ (0 .. M¥N-1));

loop invariant zeroed{Here}(C, i*N, i*N + j);

loop assigns j, C[i*N .. i*N + N - 1];
loop variant N-j;
Takoit ”HBapUAHT ONMUCHIBAET, YTO PEIY/ILTATHI IUKJIA JIJIS 3AI0JTHEHNST CTPOKHA PE3YIbTUPYIO-
el MaTpUIbl HYJIAMU [IOCJIe j UTepalldil OIUCBhIBAIOTCA IIPpUMeHeHueM zeroed OT lapaMerpa
Jj
WNuBapuanT cpejHero 1mo BAOXKEHHOCTH IUKJIa ¢ TTapaMeTpoM K 3ajaH CJIeIYIONUM 00Pa30oM:
loop invariant 0 <= k <= K;
loop invariant 0 <= i < M;
loop invariant \separated(A + (0 .. MxK-1), B + (0 .. K*N-1),
C+ (0 .. MxN-1));
loop invariant \forall integer 1; 0<=1<N ==
DotProduction(A, B, k, i, K, 1, N, c[1]);
loop assigns k, C[i*N .. i*N + N - 1];
loop variant K-k;
OT1meTnM, 9TO pe3y/IbTAThl CPETHETO M0 BJIOKEHHOCTH IUKJIA C TTApAMEeTPOM K MOXKHO OIHUCATH
¢ romompbio DotProduction.
NuBapuanT BHyTpEeHHErO MUK ¢ ITapaMeTpoM t 3aJiaH CJIeIYIONUM 00pa30M:
loop invariant 0 <= t <= N;
loop invariant 0 <= k < K;
loop invariant 0 <= 1i < M;
loop invariant \separated(A + (0O .. MxK-1), B + (0 .. KxN-1),
C+ (0 .. M¥N-1));
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loop invariant \forall integer q; 0<=q<t ==
DotProduction(A, B, k+1, i, K, q, N, clql);
loop invariant \forall integer q; t <= q < N ==>
DotProduction(A, B, k, i, K, q, N, clql);
loop assigns t, C[i*N .. i*N + N - 1];
loop variant N-t;
OTMernM, 9TO pe3y/IbTATHl BHY TPEHHETO IUKJIa ¢ TAPAMETPOM t MOYKHO OIUCATH C TIOMOIIHIO
DotProduction.
g yuporenus BepuduKauu BO BHYTPEHHEM ITUKJIE ¢ TapaMeTpoM t OblLiia 3ajaHa, CJie/Ly-

0ITasi KOHCTPYKITNSI assert:
assert step: DotProduction(A, B, k+1, i, K, t, N, c[tl+axb[t]);

Brejienne Takoro mpomMeKyTOYHOTO YTBEPKJICHUS MTO3BOJIUIO YIPOCTUTDH JTOKA3aTEIbCTBO CO-
XpaHeHUsd Ha UTepalidX MHBApUaHTa BHYTPEHHErO IUKJIA.
Jlnst yuporennsa BepudUKaIlul B CpeIHEM 110 BJIOXKEHHOCTH IHKJIE C ITapaMeTpoM K ObLia

3a/laHa CJIeIyIoNas KOHCTPYKIUs assert:

assert dot_done: \forall integer 1; 0<=1<N ==

DotProduction(A, B, k+1, i, K, 1, N, c[1]);

Bsejenne Takoro mpomMe:KyTOYHOI'O yYTBEPKJAEHUS MO3BOJIMIO YIPOCTUTH JTOKA3aTEIbCTBO CO-
XpaHeHWs Ha UTepalisax WHBAPUAHTA CPEJIHETO 110 BJIOXKEHHOCTH IMUKJa ¢ apaMeTpoM K.
s yrportienusi BepuUKaIMU B IAKJIE JIJI 3aII0JIHEHISA CTPOKH PE3YJILTUPYIONIEH MaTPUIIBI

HyJIgMU OblLiTa 3aJlaHa CJIeJIyIonias KOHCTPYKIUSA assert:
assert zeroed{Herel}(C, i*N, i*N + j + 1);

BBejenne Takoro mpomMe:KyTOYHOI'O yTBEPKJAEHUs IMO3BOJIMIO YIPOCTUTH JTOKA3aTEIbCTBO CO-
XpaHeHUd Ha UTepaludx WHBapUaHTa IUKJIA JJId 3all0JHEHUS CTPOKHU Pe3yJIbTUpyIoleit MaT-
PUTIBI HYJISAMUA.

s yuporinenns BepudUKaI MEXK/Ly ITHKJIOM JIJI 3all0JTHEHUsT CTPOKU Pe3yJILTUPYIOIIei
MAaTPUITLI HYJISIMU ¥ CPEJTHUM I10 BJIOYKEHHOCTH ITUKJIOM C TTapaMeTpoM K Obljia 3ajaHa CJIeJ1yIo-

miasl KOHCTPYKINA assert:
assert zeroed{Here}(C, i*N, i*N + N);

BBG,ZLGHI/IG TaKOI'O IIPOME2KYTOIHOT'O YTBEP2KJ/IEHN A ITI03BOJINJIO YIIPDOCTUTDh JOKa3aTEJILCTBO YCJIO-

Bud BBIIIOJIHEHMYA MHBapHaHTa Ha BXOJE B Cpe,ILHI/Iﬁ 110 BJIO2KEHHOCTHU ITUKJI C ITIapaMeTpOM k.
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,HJIH YIpomeHuA BepI/ICbI/IKaHI/II/I 11ocjie CpeaHero 110 BJIOZKEHHOCTHU HUKJIa C IIapaMeTpOM k

OblIa 3aJaHa CJIeIyolasl KOHCTPYKIUS assert:
assert row_done: RowResult{Here}(A, B, C, N, i, K, N);

Brejienne Takoro mpoMerKyTOIHOrO yTBEPXKJIEHUs TO3BOJIMIO JIOKA3aTh, YTO PE3yJIbTaT CPejl-
HEro 10 BJIOXKEHHOCTH ITUKJIa C TTapaMeTpoM k omnmchbiBaeTcd npuMenenueM RowResult.
g yruporenns: BeprupuKaIuym BO BHEITHEM ITUKJIe ObLIa 3a/IaHa CIeyIonas KOHCTPYKITHS

assert:
assert mat_step: MatrixResult{Here}(A, B, C, i+1, K, N, M);

BBQ,ZLQHI/IG TaKOI'O IIPOMEZKYTOYIHOI'O YTBECP2KACHUA ITO3BOJINJIO YIIPOCTUTDL JOKa3aTE/JILCTBO CO-

XpaHeHud Ha UTepallludX NWHBapHaHTa BHEHIHEI'O ITHUKJIA.

3.3. loka3aTesbCTBO YCJOBUiI KOPPETHOCTHU

N B ciiydae Bepudukamm peajimsanun 00enx peajinsaluii adcoII0THOE OOJTBITUHCTBO YCJIO-
BUiT KOppeKTHOCTH ObLn goka3anbl SMT-pemarensvu. [Ipr sroMm 0cobbIit mHTEpEC TIpeICcTaB-
JISIIOT CJIyYan, KOTJIa YCJIOBUS KOPPEKTHOCTH MPUIILIOCH JIOKA3bIBATH B MHTEPAKTUBHON CHCTe-
Me jokazaresberBa Coq. s apromMaTuzamnyiy Takoro J0Ka3aTeIbCTBa ObLIN aKTUBHO UCIIO/Ib-
3oBanbl Bo3Mmoxknoctu SMT-pemmareseit s JoKa3aTe/beTBa HOIEIEH ¢ TOMOIIBIO IIJIArTHA
CoqHammer, a Tak»ke TeHeparus J0KA3aTeJbCTB C MTOMOIIBIO OOJIBIION S3BIKOBOI MOJIEIN
Gemini [53]. OTmernm, 9T0 HAME JIJIT ABTOMATH3AIMN JIOKA3ATEIbCTBA ObLIN BbIIEJIEHBI U [IPU-
MEHEHBI CTPATEIMH JOKA3ATEILCTBA B BU/IE MTAOIOHOB, OIMUCHIBAIOIINX CUTYAIINIO I ITPUMEHe-
HUsI CTPATErNN U CXEMY JIOKA3aTeIbCTBa, KOTOPOe HYKHO TeHepUPOBATh B JAHHBIX CUTYAIHIX.
PaccmoTrpuMm Takme crparernn nojpoduee. [Ipumep ycioBus KOPPEKTHOCTH U €r0 JIOKa3aTe  b-
CTBa, TJie TPUMEHSIOTCS BCE BBEJIEHHBIE HAMU CTPATEIMH JIOKA3aTE/IHLCTBA, MOYKHO ITOCMOTPETh

B IpUIOKeHUU A.

3.3.1. Crparerusi JokKa3aTeJIbCTBa TOr0, YTO pa3deJjieHbl 00JIacTH IIaMATU, B

KOTOpPbIE€ OCYHIECTBJIAETCHA 3allUMCh U M3 KOTOPbLIX OCYHIECTBJIAETCA YTEeHHue

JlanHas cTpaTerns mIpuMeHseTcs B TAaKUX CIydadx, KOIia Hy’KHO JOKa3aTh, YTO Pa3/eIeHbI
00JIaCTH TIAMSATU B KOTOPBIE OCYIIECTBJISIETCS 3aIllUCh U U3 KOTOPBIX OCYIIECTBJISAETCH UTEHHE.
OTrmeTuM, 9TO Takue CJIydad BCTPEUAIOTCS B YCJIOBUAX KOPPEKTHOCTU ODOEUX Peasn3alluii, ITo
yKa3bIBAET Ha BOCTPEOOBAHHOCTH BBEeJEHUS Takoil crparerun. OCOOEHHO OTMETHM, UTO JTaHHA

CTpaTerud npuMeHdaeTcd BHYTPU OHpG,ZLGJIGHHOfI JaJiee CTpaTerum JoKa3aTeJbCTBa TOI'0, 9TO
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[IPpU 3AIUCU B OJIHY O0JIACTH ITaMsTH 3HAYEHUsI B JIPYTroil 00/IacTH ITaMATH He U3MEHSIOTCS.
Tak kak pasjenenue obsacreil namstu B cucreme Frama-C/WP onpenensiercst ¢ momMormisio

IpeJuKaTa separated, To IpuBeJeM Olpe/ieseHe TaKOTO IIPpeIuKaTa:

Definition separated (p:addr) (a:Numbers.BinNums.Z) (q:addr)
(b:Numbers.BinNums.Z) : Prop :=
(a <= 0%Z)hZ \/
(b <= 0KZY%Z \/
((base p) = (base q)) \/
(((offset q) + bI%Z <= (offset p))I%Z \/
(((offset p) + a)%Z <= (offset q))%Z.

ﬂaHHaﬂ CTpaTerud IIpuMeHsdaeTCd TOr'Zla, KOr'Jla €CTbhb I'MIIoTe3a Hxx B KOTOpOI'?'I T'OBOPpUTCHA O
TOM, 4YTO ITaMATL pa3/deJIeHa.
OTMGTI/IM, 9TO JaHHasd CTpaTerusd pa36I/IBa€TCH Ha JiBa CJiy4dad, OTIMYaIOIUXCA TEeM, KOIr'/Ja

NMEHHO BO3HUKaAET H€O6XOILI/H\IOCTB B IPUMCHEHNN ,ZL&HHOIZ CTpaTerun.

Ciryyaii 3anucu B OJHy 0O0JIACTh MaMATU M YTE€HUs U3 JAPYyroi odsactm mamsatu B
JaHHOM CJiydae CTpaTerusd 3aBUCUT OT CJIEIYIOIIUX MeTallepeMeHHBbIX:

e R — MacCuB U3 KOTOPOI'O YUTAECM;

e W — MacCuB B KOTODBII HUIIEM;

e base_R, base_W — ajipeca MacCuBOB;

e offset_R, offset_W — cmemenuda BHYTpU MaCcCUBOB;

e size_R, size_W — pa3Mepbl MaCCHUBOB;

e idx — MHJEKC dYeliKM KOTOpyIo unutaeM n3 R;

e idx_write — MHJIEKC g4eiiku B KOTOPYIO muiiem B W.

PaCCMOTpI/IM CXeEMY JOKa3aTe/IbCTBa, IIOPO2KIaCMYIO CTpaTeFI/Ieﬁ B JaHHOM CJIy4dae:

(* llepen HavasoM [esaeM:
destruct R, W.
unfold base, offset, shift, separated in *.
injection Heq as HegBase HeqOff.

*)

H_SEP: separated R size_R W size_W
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destruct H_SEP as [Hbl | [Hb2 | [Hb3 | [Hb4 | Hb5]]11].

(*

(* BETKA 1: PasMep maccuBa UYTEHUS <= 0 x)

(*
(*
[(HEOBXOIVMHE TUIIOTE3H B KOHTEKCTE] :
H_diml : (0 < M)%Z (BeicoTa mMaTpuums R > 0)
H_dim2 : (0 < N)%Z (llupwza maTpums R > 0)
H_sizel : size_ R = (M * N)JZ
Hb1 : (size_R <= 0)%Z
%)

- nia.

(*

(* BETKA 2: Pasmep maccuBa 3AIUCH <= 0 *)

(*
[HEOBXOJVMHE TUIIOTE3H B KOHTEKCTE] :
H_diml : (0 < M2)%Z (BricoTra MaTpuus W > 0)
H_dim2 : (0 < N2)%Z (llupura maTpuus W > 0)
H_sizel : size W = (M2 * N2)%Z

Hb2 : (size_W <= 0)%Z
*)
- nia.
(%
(*x BETKA 3: azmpeca pa3Hbe *)
(*
(*

[(HEOBXOJVMHE TUIIOTE3H B KOHTEKCTE] :

HeqBase : base_R = base_W

*)

91
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Hb3 : base_R <> base_ W

- right. right. left. exact Hb3.

(*

(*
(*
(*

*)

(*

(x WU mpocTo ‘congruence.‘ *)

BETKA 4: Maccus 3AIIMCU (W) mexuT mesmroM JI0 mMaccusa YTEHUS (R) *)

(Bamucey <= Komen_W <= Hawano_R <= Yrenue) *)

[HEOBXOJVMHE TUIIOTE3H B KOHTEKCTE] :

Hb4 : (offset_W + size_W <= offset_R)%Z

HeqOff : (offset_W + idx_write = offset_R + idx)%Z

H_read_min : (0 <= idx)%Z

H_write_outer: (i < M)%Z (Texymas cTpoka 3amucu < BeicoTh MaTpuip W)
H_write_inner: (j < N)%Z (Terymumit cTonbern samucu < llupuus MaTpuip W)

H_ idx_w : (idx_write < size_W)%Z

right. right. right. left.
(* TMoxmckaska 1: Ampec YTeHWs He YXOIWUT JleBee Hadajla MaccubBa R *)

assert (HintR: (offset_R <= offset_R + idx)%Z) by nia.

(xoffset_W + size_w <= offset_W + idx_write)

(* Tlomckaska 2: Azpec 3amucu He IpeBhHmNIAeT KOHEI] MaccuBa W. *)
assert (HintW:

(offset_W + idx_write + 1 <= offset_W + size_W)%Z) by nia.

(*x TpoTuBOpeume *)

nia.

(x BETKA 5: Maccus YTEHMA (R) nexut nmenukoM JO Maccumsa 3AIMCHA (W) *)
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(*
(*
(*

*)

(Yrenme < Komern_R <= Hawamo_W <= 3ammcp) *)

*)

[HEOBXOJIVMHE TUIIOTE3H B KOHTEKCTE] :

Hbb5 : (offset_R + size_R <= offset_W))Z

HeqOff : (offset_R + idx = offset_W + idx_write)%Z
H_read_max : (idx < size_R)%Z

H_write_outer_min : (0 <= 1)%Z (Texymas cTpoka 3samucu >= 0)
H_write_inner_min : (0 <= j)%Z (Texymmii cToxnber 3amucu >= 0)

H_idx_wr : (idx_write >= 0)%Z

right. right. right. right.
(x Tlomckaska 1: Anmpec 4YTeHWs CTpPOTO MeHblle KOHIIA MaccuBa R *)

assert (HintR: (offset_R + idx + 1 <= offset_R + size_R)%Z) by nia.

(*offset_W + idx_write + 1<= offset_R + size_R <= offset Wx)

(* Tlomckaska 2: Azpec 3amucu He YXOAUT JieBee Hadasna MaccuBa W. *)
assert (HintW: (offset_W <= offset_W + idx_write)’)Z) by nia.
(x NlpoTuBOpeume *)

nia.

OTMGTI/IM7 9TO TaKasd CXeMa JOKa3aTeJIbCTBa pa36I/IBaeTCH Ha 5 BeTBefI, TaK KaK OIIpeae/IeHne

separated pasbuBaercs Ha 5 jiormdeckux "wman".

Ciyuaii mpuMeHeHust havoc K OJIOKY maMaTu B JaHHOM ciiydae cTpaTerus 3aBUCHT OT

CJIEAYIOIINX METAIICPEMEHHDBIX:

e R — MacCuB U3 KOTOPOTO MBI YATACM;

e W — MaccuB, B KOTOPBII MbI IUCAJIA U TJie NpUMEHEH havoc;
e base_R, base_W — aagpeca MacCuBos;

e off R, off_W — cmemenua BHyTpH MaCCUBOB;

e size_R, size_W — pa3mepbl MaCCHUBOB;

e idx — MHJIEKC A4YelKNU, KOTOPYIO Mbl YuTaeM U3 R;
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e idx_write_start — mHjieKC Havdaja 0JI0Ka, KOTOPBIH MbI MeHsieM B W.

e size_W_havoc — pasmep OJ10Ka B W.

PaCCMOTpI/IM CXEMY JOKa3aTe/IbCTBa, ITIOPO2KIACMYIO CTpaTeI‘I/Iﬁ B JTaHHOM CJIy4dae:

(* llepen HavamoM [enaeM:
destruct R as [base_R off_R].
destruct W as [base_W off_W].
unfold separated, shift, base, offset,
<[IEPEMEHHHE_AJIPECOB_THUIIA_x1_x2_a4_ab> in *.
simpl in *.

*)

H_SEP: separated R size_R W size_W

destruct H_SEP as [Hbl | [Hb2 | [Hb3 | [Hb4 | Hb5]111].

( *)
(* BETKA 1: PasmMep maccuBa UTEHUA <= 0 x)

(x *)
(*

[HEOBXOJVMHE THUIIOTE3R B KOHTEKCTE] :

H_diml : (0 < M)%Z (BeicoTa MaTpums R > 0)
H_dim2 : (0 < N)%Z (llupuza maTpums R > 0)
H_sizel : size_R = (M * N)%Z

Hb1 : (size_R <= 0)%Z
*)
- nia.
(x *)
(* BETKA 2: Pasmep maccuBa 3AIMCU <= 0 x)
( *)
(%

[(HEOBXOIVMHE TWIOTE3H B KOHTEKCTE] :
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(*
(*
(%
(*

*)

(*
(*
(*
(%

*)

H_diml : (0 < M2)%Z (Bricora mMaTpuus W > 0)
H_dim2 : (0 < N2)%Z (lmpura maTpuus W > 0)
H_sizel : size_W = (M2 * N2)JZ

Hb2 : (size W <= 0)%Z

nia.

BETKA 3: azmpeca pasHbe *)

[HEOBXOJVMHE THWIIOTE3H B KOHTEKCTE] :
Hb3 : base_R <> base_W

Hxx : base_R = base_ W

(* BhlbupaeM 3-e ycioBume B Hamell Tekymell Ienu separated *)
right. right. left.

exact HDb3.

BETKA 4: Maccus zamnucu (W) mexuT HmenukoM mo Maccusa uTenusa (R) *)

(Bnok zamumcu <= Komen_W <= Hawamo_R <= WHmerkc uTeHus) *)

*)

[HEOBXOJVMHE TUIIOTE3H B KOHTEKCTE] :

Hb4 : (off_W + size_W <= off_R)%Z
Hidx_min : (0 <= idx)%Z (Yuraemuit unmerc >= 0)
H_write_dims : TumoTess o0 I'paHUIlaX LUKJIOB,

yTobH HmOKaz3aTh, 4YTO 670K havoc He BmIJIEe3 3a MaccuB W.

(* BolbupaeM 4-e ycioBume B Hamell TeKymeil Ilenu separated *)

right. right. right. left.

95
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(* Tlomckaska 1: V3MeHseMull 670K He BHXOIUT 3a KOHEIl BCero Maccusa W *)

assert (HintW: (idx_write_start + size_W_havoc <= size_W)%Z) by nia.

(* Moxckaska 2 (me Bcerza obssaTenbHa, HO HaLexHa): Anpec YTeHUS
HE YXOZUT B MHUHYC *)

assert (HintR: (off_R <= off_R + idx)%Z) by nia.

(* nia BmcTpaumBaeT memouky: Komer_Bioka_W <=

Komen_W (HintW) <= Hawano_R (Hb4) <= Wumexc_Utemus_R (HintR) *)

nia.

*)
BETKA 5: Maccus uternus (R) nexuT HmenukoM mo Maccusa zamucu (W) *)
(Mrmerc utenua < Komer_ R <= Hawano_W <= Bnok 3ammcu) *)

*)
[HEOBXOJVMHE THWIIOTE3N B KOHTEKCTE] :
Hb5 : (off_R + size_R <= off_W)%Z
Hidx_max : (idx < size_R)%Z (YuTaeMsit MHZEKC CTpPOTO BHYTPHU

mMaccuBa R)
H_write_dims : TumoTesm o ToM, U¥TO 6JOK 3aluCy He YXOIUT B MUHYC

(idx_write_start >= 0)

(* BolbupaeM 5-e ycnoBme B Hamel Tekymeil lenu separated *)

right. right. right. right.

(* TNomckaska 1: YuTaemas sgueiika (idx) cTporo MeHblle KOHIIA BCETrO
MaccuBa R *)

(* (Ma mobaBmsieMm +1, Tak Kak pasMep gdeliku paBeH 1) *)

assert (HintR:

(off_R + idx + 1 <= off_R + size_R)%Z) by nia.
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(* Moxckaska 2: Biox 3amucu He yXOOUT JleBee Hadajga MaccuBa W *)
(* (06BYHO 3TO OYEBUIHO, TAaK KaK MHIEKCH IWKIOB i, j >= 0) *)
assert (HintW:

(off_W <= off_W + idx_write_start)%Z) by nia.

(* nia BhcTpaumBaeT nemouky: Komen_fuefikm_R (HintR) <= Komen_R
<= Hauganmo_W (Hb5) <= Hauano_Bmorxa_W (HintW) *)

nia.

OTMGTI/IM7 9TO TaKasd CXeMa JOKa3aTe/JIbCTBa TOXKE pa36I/IBaeTCH Ha 5 BeTBeﬁ, TaK KaK OIIpe-

nestenne separated pasbuBaercs Ha 5 jormdeckux 'wan'.

3.3.2. Crparerus Joka3aTeJibCTBA TOrO, YTO NPU 3aIMCHU B OJHY 00JIaCTb NaMSITHU

3HAYEeHUs B JIPYToii 00/1acTy MaMATU HE U3MEHSIOTCS

Jlannas crparerus MPUMEHSETCs B TAKUX CJIydasdX, KOTJia Hy»KHO JIOKa3aTh, YTO JIjId pas/ie-
JIEHHBIX C ITOMOIIBIO separated obsacTeil maMATH ITPU 3aIlUCU B OJIHY O0JIACTb TAMATH 3HAYCHUS
B JIPYTOi 00JIaCTH TTAMATU He U3MeHAI0TCst. HeoOXoIMMOoCTh B JJAHHOW CTPATErUN BOBHUKAET U3-
3a cieyioniei ocobennoctn Frama-C/WP: y Frama-C/WP enunas namsarh 1 mocje Toro, Kax
IPOUCXOJIUT 3aIUCh B MaccuB C, TMIOTE3bl O TOM, UTO MaTPUIbI A U B HEe MEHSIOTCH, BEPHBI
JIJISI CTapoil MaMsITH, HO y HAC y»Ke IOsIBJIsIeTCsI HOBasd IaMsITh, U B HeW NPUXOIUTCI 3TO JI0-
Ka3blBaTh. JlamHas cTpaTerus HyKHa 4TOOBI JIOKa3aTh YTO MaTPUILl A U B B HOBOIT U cTapoii
naMsiTH coBIagaoT. OTMETHM, 9TO TaKHe CIydanl BCTPEYAIOTCS B YCJIOBUAX KOPPEKTHOCTU 0be-
X peasin3aliiii, YTO yKa3bIBaeT Ha BOCTPEOOBAHHOCTH BBEJIEHHSI TAKOW CTPATErnH.

Tak Kak pesyabrar n3MeHenus namst B cucreme Frama-C/WP omnpesessiercs ¢ momomnibio

KOHCTPYKIIMN havoc, TO IpUBEAEM OIUCHIBAIONIYIO JIAHHYIO KOHCTPYKITUIO AKCAOMY:

Axiom havoc_access
forall {a:Type} {a_WT:WhyType al,
forall (m0:addr -> a) (ml:addr -> a), forall (q:addr) (p:addr),
forall (al:Numbers.BinNums.Z),
(separated q 1%Z p al -> ((havoc m0 ml p al q) = (ml q))) /\
(” separated q 1%Z p al -> ((havoc mO ml p al q) = (m0 g))).

OrmernM, 9TO JaHHasi cTpaTerus pa3dUBaeTcs Ha JBa CIydas, OTJIMIAIONIXCI TeM, KOra
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MMEHHO BO3HHMKaECT H€O6XO,ILI/IMOCTI) B IIpUMEHEHNU ,H‘aHHOﬂ CTpaTeruu.

Cayuail 1oka3aTe/IbCTBa HEM3MEHHOCTU 3HAYEeHW IpU npuMeHeHuUm havoc B jan-
HOM CJIy4ae CTPATErusd NPUMEHACTCA, KOIJa FAI0TE3a B JOKA3ATE/ILCTBE YIOBACTBOPACT CIICLY-
IOITeMY ITa0JIOHY:
(*

[OBIIME HEOBXOIWMHE TUINOTE3H B KOHTEKCTE] :

<TUINOTEBA_SEP> : separated ... ([mobambHOe paszeneHue

MACCVBA_YTEHUA u MACCHBA_B3AIVCH)
*)

a IeJIb JIOKa3aTeIbCTBA YAOBJIETBOPSET CJEJIYIONeMy a0 /IoOHY:

assert (Eq_Memory: forall idx, (0 <= idx)%Z -> (idx <
<PA3MEP_MACCUBA_UTEHUA>) %Z ->
<HOBAA_IAMATL> (shift <MACCUB_YTEHUS> idx) = <CTAPAA_IAMATH>
(shift <MACCHB_YTEHMA> idx)) .

PaCCMOTpI/IM CXeMy JOoKa3aTeJIbCTBa, IIOPOXK/IaeMYIO CTpaTeFI/Ieﬁ JJIA TaKOM neJim:

assert (Eq_Memory: forall idx, (0 <= idx)%Z -> (idx <
<PA3MEP_MACCUBA_UTEHUA>) %Z ->
<HOBAA_IAMATL> (shift <MACCUB_YTEHUS> idx) = <CTAPAA_IAMATH>
(shift <MACCHB_YTEHMA> idx)).

intros idx Hidx_min Hidx_max.

(* PackpoBaeM mepeMeHHble mamaTu(ab, a8, x2, x3 m T.;.) *)

unfold <HOBAA_IAMATE>, <shift_X1_X2>.

(* Hcmomp3yeM akCHOMy HOCTyNa [IJd HAWleTO0 KOHKPETHOTO YMTAEMOTO azpeca.
APTYMEHTH TII0 TIOPAIKY :
1. tX (oTobpaxenue addr->real)
2. CTAPAA_TNIAMATH (manmpumep M£32, t1)
3. AJIPEC_HAYAJIA_3ANUCKA (shift <MACCUB_3AIUCK> <CMELEHUE_3AIVCU>)
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4. PA3SMEP_MACCHBA
5. YWATAEMBH_AJPEC (shift <MACCUB_YTEHKS> idx) *)

destruct (havoc_access <tX> <CTAPAS_IIAMSTE>
(shift <MACCUB_3AIUCU> <CMEIEHUE_3AIWCU>)
<PA3MEP_MACCVBA>
(shift <MACCUMB_YTEHUA> idx)) as [Hacc _].

(* TpuMeHsieM JeByO Y9acTb aKCuOMH (yCIOBHe, YTO ampeca pas3esieHs) *)

rewrite Hacc; [reflexivity |[].

(* PazbuBaeM abcTpakuuu Coq IO YUCTHX YUCEN *)

(*x Ampec B MaccuBe - 3TO IIapa HAYaj0o MAacCHBA U CHBUT *)
destruct <MACCUB_YTEHUS> as [base_R off_R].

destruct <MACCUB_BAIUCU> as [base_W off_W].

(* PackphBaeM OIpellelleHUs IO INOJIYYEeHUS HEPaBEHCTB HAl
yucnaMy, yYOOOHEIX IJsi TAKTUKM Nia. *)

unfold separated, shift, base, offset,
<[IEPEMEHHHE_AJIPECOB_a3_a4_ab> in *.

simpl in *. (x UsbaBnsgeMcCa OT KOHCTpyKUui match *)

(* IlpuMeHsSeM CTpaTeruo LOKa3aTeJIbCTBA TOTO, YTO pa3ZeJIeHsH
obnacTu maMATHA, B KOTOpHE OCYILEeCTBJIAETCS 3allUChb U U3 KOTOPHX
OCYWeCTBNAETCA YTEHHUE *)

destruct <TUIOTE3A_SEP> as [Hbl | [Hb2 | [Hb3 | [Hb4 | Hb5]]1]].

OrmernM, 9TO paccMaTpuBaeMasi CTPATErnsi MPUMEHSIET PACCMOTPEHHYIO PaHee CTPATEruio
JIOKa3aTeJbCTBa TOTO, YTO pa3J/iesIeHbl O0JACTH MMaMATH, B KOTOPbIE OCYIIECTBIISAETCS 3aINCh 1

3 KOTOPLIX OCYIIECTBJIAETCA dTEeHUE.
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Ciryuaii Joka3aTeJIbCTBa HEM3MEHHOCTH 3HavYeHuii nmpu npumenenuu MAP.SET B nan-
HOM CJIy4ae cTpaTerus IpUMeHseTcs, KOT/[a TUII0Te3a B JIOKa3aTeIbCTBE YI0BJIETBOPSIET CJIeTy-
IOIEeMY ITa0JIOHY:
(*
[OBIVE HEOBXOIUMBE TWIIOTESH B KOHTEKCTE] :
<TUINOTEBA_SEP> : separated ... ([mobambHOe paszeneHue
MACCUBA_UTEHUSA u MACCVBA_3AIIACH)
*)
a IeJIb JI0KA3aTe/IbCTBA YJIOBJIETBOPSIET CJIEIYIONEMY ITa0JIOHY
assert (Eq_Memory: forall idx, (0 <= idx)%Z -> (idx <
<PA3MEP_MACCUBA_UTEHUA>) %Z ->
<HOBASI_TMIAMATE> (shift <MACCUB_YTEHUS> idx) = <CTAPAS_IIAMSATH>
(shift <MACCUB_YTEHUS> idx)).

PaCCMOTpI/IM CXeMy JOoKa3aTeJIbCTBa, IIOPOXKIaeMYIO CTpaTeFI/IefI JJIA TaKOM neJim:

assert (Eq_Memory: forall idx, (0 <= idx)%Z -> (idx <
<PABMEP_MACCUBA_UTEHUSA>)%Z ->
<HOBAA_MNAMATE> (shift <MACCUB_YTEHUS> idx) = <CTAPAA_IAMATH>
(shift <MACCUB_UTEHUA> idx)) .

intros idx Hidx_min Hidx_max.

(* PackpsBaeM HOBYIO IaMATb U afpec 3alUCH *)

unfold <HOBASA_INAMATE>, <MAKPOC_AJIPECA_BAIMUCU_A8>, Map.set.

(* PasbuBaeM nens Ha 2 BeTku: azpeca cosmanu (Heq) mnum

pasmsie (Hneq) *)

destruct (why_decidable_eq (shift <MACCUB_3AMNCKU> <UHIEKC_3AIUCK>)
(shift <MACCUB_YTEHMA> idx)) as [Heq | Hneq].

- (x AIPECA COBIIAJIM. [loka3nBaeM, 4YTO ®TO HEBO3MOXHO *)

(* Ampec B MaccuBe - 3TO Iapa HAYAJO MAacCCHUBA U CHBUT *)
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destruct <MACCUB_UTEHUA> as [base_R off_R].
destruct <MACCUB_3AIUCU> as [base_W off_W].

(* PackphBaeM OIpeeNeHUA AJd IOJNyUYeHNS HEPABEHCTB HAJ YHUCIIAMU
9YTO6H [IOTOM NPUMEHWTH injectionk)

unfold separated, shift, base, offset,

<[IEPEMEHHHE_AJIPECOB_a3_a4_ab5> in *.

simpl in *.

(* U3BnekaeM ypaBHeHHe 6a3 M CMelleHUN U3 GaKTa COBIALEHUS ALPECOB *)

injection Heq as HeqBase HeqOff.

(* TlpuMeHsieM CTpaTeruo LOKa3aTeJNbCTBA TOTO, YTO pa3lelleHH
obnacTy maMATH, B KOTOPHE
OCYWEeCTBISAETCS 3aNUCh ¥ U3 KOTOPHX OCYLECTBISAETCS YTEHUE *)

destruct <TUIOTE3A_SEP> as [Hbl | [Hb2 | [Hb3 | [Hb4 | Hb5]11].

- (* AIPECA PABHHE x*)

reflexivity.

OTMeTuM, 9TO U B JJAHHOM CJIydae paccMaTpuBaeMas CTpaTerus IpuMeHseT PacCMOTPEHHYIO
paHee CTpaTeruio JI0Ka3aTe/IbCTBa TOro, 9TO pa3IeaeHbl 00IaCTH IaMsITH, B KOTOPbIE OCYIIIECTB-

JIACTCHA 3alliChb U M3 KOTOPbIX OCYIIECTBJIACTCA IYTCHHC.

3.3.3. Crparerus qoka3aTeJbCTBAa TOrO, YTO IIPU 3aMKUCU B OJIHy O0OJIACTH MaMSITHU
3HAYEHNs WHIYKTUBHOIO MpeanKaTa Ha JPYroi obJiacTu maMsaTH OCTAIOTCS

IIpexKHnuMun

,HaHHaH CTpaTerud IIPpUMEHAEeTCA B TAaKUX CJIy4dadX, KOrlJla Hy2KHO JOKa3aTb, YTO IIPXA 3allUCH
B O/IHY 00J1aCTD TTaMSITH 3HAYCHUST NHAYKTHUBHOI'O IIpEeAUKaTa Ha IprFOfI obJIacTH MaMATH OCTa-
I0OTCA IIPEeKHUMU. OTMeTI/IM, 9TO TaKue CJydau BCTPedaloTCd B YCJIOBUAX KOPPEKTHOCTU obenx

peaHHBaHHﬁ, 9TO YKa3bIBa€T Ha BOCTpe6OBaHHOCTb BBeJICHUA TaKO CTpaTeruu.

Tak kak JdaHHad CTpaTeru 3aBUCUT OT UHAYKTHUBHOI'O IIpEeAUKaTa, TO IIpUuBeIeM IIPpUMEHAC-
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MO€ B rILaHHOIL/'I CTparerun rabJIOHHOE olpejiejienue NHAYKTUBHOI'O IIPpE/IuKaTa:

(* llabnoH ompefeneHUs MHAYKTUBHOTO IPHKATA *)

Inductive <UMA_IIPEIVKATA>:
(addr -> <TUII_3HAYEHUS>) -> (x 1. CocTosume mamatu (Mem) *)
addr -> ... -> (* 2. Ampeca 4YmTaeMsx
MaccusoB (Ptrl, Ptr2...) *)
Numbers.BinNums.Z -> (* 3. lapaMeTpsl, OTpaHUYUBADIIIE
obpabaTrBaemMyn wacTb MaccuBa (from / to) *)
Numbers.BinNums.Z -> ... -> (* 4. KoHCTaHTHHe IapaMeTphH
(PasMepsl, MHIOEKCH CTPOK/CTOJOIIOB) *)

<TUII_3HAYEHUA> -> Prop := (* 5. HAKOIMJIEHHHA PE3YJBTAT (res) *)

| <KOHCTPYKTOP_BA30BOTO_CIIYYAS> :
forall (Mem: addr -> <TWUII_3HAYEHWI>)
(Ptrl...: addr)
(to: Numbers.BinNums.Z)

(Ctx1...: Numbers.BinNums.Z),

(x YcnoBue: [nmHa <= 0 *)

(to <= 0WZ)HKZ ->

<UMA_NIPEIVKATA> Mem Ptrl... to Ctxl...

<HauanbHOe_3HaueHue_pesynbraralres)>

| <KOHCTPYKTOP_WATA_VHIVKIMA> :
forall (Mem: addr -> <TWUII_3HAYEHUSI>)
(Ptrl...: addr)
(to: Numbers.BinNums.Z)
(Ctx1l...: Numbers.BinNums.Z)

(01dRes: <TUII_3HAYEHUI>),

(* CospmaHue IepeMeHHON NN HIPEeNbAYmEero mara *)
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let prev_to := ((-1%Z)%Z + to)%Z in

(* YcnoBue IpPOINONKEHUS U PEKYPCHUBHBIE BEH3O0B I

CTaporo pe3ynbTaTa *)

(0%Z < to)hZ ->

<VMA_TNIPEIVKATA> Mem Ptrl... prev_to Ctxl... OldRes ->

(<®YHKLVA_OBPABOTKU _prev_to> Mem shift (Ptrl ...)

prev_to Ctxl) ->

(* Bakmouenue: [lpenukaT ANS TeKymel AJNUHH paBeH KOMOMHAIUK
CTaporo pe3yJbTaTa U YTEHUS U3 IaAMATH *)

<VMA_TIPEOVKATA> Mem Ptrl... to Ctxl...

OrMmernM, 9TO JaHHOMY IHAOJOHY COOTBETCTBYIOT 3aJaHHBbIE HAMH B TEOPUU IIPEIMETHOM
obJtacTi MHJIYKTUBHBIE TpeaukaTbl DotProduction, RowResult um MatrixResult, rie Takxke
BbIJIeJIEHBI OT/Ie/IbHbIE CBOMCTBA JJIsi 6a3bl MHIYKIIUU U II1ara WHJLyKIIAH.

Crparerus nmpuMeHsieTcs, KOrJa TMIIOTe3a B JOKA3aTe/IbCTBE YIOBIETBOPIET CJIEIYIONEMY
m1abJIoOHY
(*

[HEOBXOJVMHE TUIIOTE3H B KOHTEKCTE] :

EqA : forall idx, ... -> <HOBAA_IIAMATH> ... <CTAPAY_TIAMATE> (...)
EgB : forall idx, ... -> <HOBASI_NIAMITH> (...)
*)

a [IeJib JOKa3aTeJIbCTBa Y/AO0BJIETBOPAET CJICAYIOIIEMY H_Ia6.HOHy3

<CTAPAA_NAMATB> (...)

assert (Hframe_pred: forall <IAPAMETPH_WHIVKLU> <PE3YJIBTAT>,
<TPAHUIN_IJIA_TTAPAMETPOB> ->
<IIPEIUKAT> <CTAPAA_IIAMATE> <MATPUIE> <UHIEKCH> <PE3VJIBTAT> ->
<[IPEOVIKAT> <HOBASA_INAMATH> <MATPUIH> <UHIOEKCH> <PE3YJIBTAT>) .
Paccmorpum cxemy J1oKazaTebcTBa, MOPOXKIAEMYIO CTpaTerueil Jid TaKoi 1e/In:
assert (Hframe_pred: forall <IAPAMETPH_WHIVKLUUN> <PE3YJIBTAT>,
<TPAHUIH_IJIA_TTAPAMETPOB> ->

<[IPEIVKAT> <CTAPAA_ITAMATE> <MATPUIB> <UHIEKCH> <PE3VJIBTAT> ->
<[IPEIVIKAT> <HOBAA_IAMATH> <MATPUIH> <UHIOEKCH> <PE3YJIBTAT>) .
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(x WAT 1: BBomuM mepeMeHHbHE ¥ THUIOTE3y IpeAuKaTa *)

intros <IIAPAMETPH_VHAYKIWA> <PE3YJIIBTAT> H_bounds H_pred_old.

(* AT 2: COXPAHEHME IIPEXHUX IEPEMEHHBIX *)

(* Ecam B <UHIEKCH> ecThp cioxHbe MaTeMaTHIeCKUE GOpPMyJIIb
(manpumep, -1 + to), mpu mHOyRuuum B CoQq OHM MOTYT OHTH IIOTEPSHH .
BanumeM X B He yYacCTByONUE B KMHAYKIUKM II€PEMEHHHE: *)

remember <CJIOXHAA_®OPMYJIA_1> as idx_1 eqn:Heq_idx1.

remember <CJIOXHAA_®OPMYJIA_2> as i1dx_2 eqn:Heq_idx2.

(* Takxe NONE3HO 3ANOMHUTH CTApPYyl IAMATL, YTOOH HEe BO3HUKIA
IyTaHUIa C HOBOH *)

remember <CTAPASA_IIAMATH> as mem_old.

(x WAT 3: 3amyckaeM HMHAYKIWDO IO IPeIUKATy B ClIydYae CTApOH IaMaTw*)

induction H_pred_old.

- (x BETKA 1: BazoBmii cnywa# (Hanpumep, nnuHa = 0) *)
(* BosBpamaeM 3amoOMHEHHbHE [epeMeHHbe u3 ’remember’ obpaTHoO,
€CIU HYXHO *)
subst.
apply <KOHCTPYKTOP_EMPTY_RANGE>.

lia.

- (x BETKA 2: llar manykuuu (mobaBiieHMe HOBOTO 3JIEMEHTA) *)
(* BosBpamaeM 3amnoOMHEHHbHE [epeMeHHbe u3 ’remember’ obpaTHO,
eCIu HYXHO *)

subst.

(* WAT 4: llepemnuchBaeM IaMaATh B Tekyme# memu (c HOBOM Ha cTapywo) .

Vcnonp3yem mamm seMMbl EqA/EQB, mokasaHHbHe paHee.

KBazmpaTHie CKOOKM aBTOMATHYECKH LOKA3HBAWT WMHIEKCH myis EqA/EqQB.

rewrite <- EqA; [ | lia | nia ].
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rewrite <- EqB; [ | lia | nia ].

(* rewrite EqC. -- (ecim ecTb paBeHCTBO Ius MaTpuipl C) *)

(* Temepp maMaTh B QopMyNax CyMMsl/pe3yibTaTa COBIAZAET

co CTAPOM mamsiTeio *)

(* WAT 5: [lpuMeHseM KOHCTPYKTOpP MHAYKTUBHOTO Wara *)

apply <KOHCTPYKTOP_POSITIVE_RANGE>.

+ (* Mommens 5.1: JokaszaTh, u9To giumHa > 0 *)

lia.

+ (% lomuens 5.2: [loka3aTh WHIAYKIMOHHHN IIepexom *)
(* llpuMeHsleM T'HUIOTe3y HWHIYKIUM, KOTOpYyl creHepupoBain Coq
(IHH_pred_old) m fmoxasrBaeM €& *)

apply IHH_pred_old; try assumption; try nia; try lia; try reflexivity.

OrMmeruM, 9TO HEOOXOAUMOCTh B JIAHHOI CTpaTernyu BOSHUKAET, HAIPUMED, IIPU TaKUX Pac-
IIPOCTPAHEHHBIX IIPH paboOTe ¢ MAacCUBaAMU CJIydadX, KOTJa HY»KHO JIOKa3aTh, YTO IPHU 3aIlUCH
B A4YefKy MacChBa 3HaYEHWE WHIYKTUBHOI'O NpeanKaTa Ha MPEAbIAYININX d9eiiKkaXx MacCuBa HE

N3MEHAECTCH.
4. 3akJirouyeHue

B nannoit ctaTbe MOTydYeHbI CJIeIYIONINE Pe3yIbTaThI:

1. Baytanbl crieruduKaIum JJid peagu3aliil KJIacCuIecKoro YMHOYKEHUsT MaTPHI] HaJl MaTe-
MATUYECKUMU BEIIECTBEHHbIMU YUCJAMU C OUTUMU3AIUAMA B BUJE U3MEHEHUd IOPAIKA
BJIOZKEHHOCTHU IHKJIOB JIJISI TIOCTPOUHOIO 00X0/1a Pe3yIbTUPYIONeil MATPHUIIbl U yMHOMKae-
MOW MaTpPHIIbI.

2. 3ajiaHa Teopus MMpeIMETHON 00/IacTH JJIsl JIe/IlyKTUBHON BepuMUKAIINA Pean3aliunl Kiac-
CUYECKOT'0 YMHOXKEHUS MaTPHUIL HaJl MATEMaTUIYECKUMU BEIECTBEHHBIMU YUCJIAMU C OIITH-
MU3AIUSIMHI B BUJIe M3MEHEHUsI MTOPSIJIKA BJIOYKEHHOCTHU IHUKJIOB JIJIsI ITIOCTPOTHOIO 00X0/1a

PE3YJILTUPYIONIEN MaTPUITHI 1 YMHOXKAEMONU MaTPHUIIHI.
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3. Pazpaboranbl cTparernu JI0Ka3aTe/1bCTBa YCI0BUM KOPPEKTHOCTH IIPU Iy KTHBHON Bepu-
dukanuu peajan3anuy KJIaCCUHIECKOr0 YMHOXKEHUS MaTPUI] HaJlT MATEMATUIECKIMU BeIe-
CTBEHHBIMH YUCJIAMU C ONTUMUBAIMSIMEA B BUIe U3MEHEHUS ITOPSIIKa BJIOYXKEHHOCTH ITUKJIOB
JUI TIOCTPOYHOr0 00X0J1a Pe3y/IbTUPYIONIEeH MaTPUITLI U YMHOXKaeMoil MaTpunibl. Paspa-
OOTaHbI CJIeIYIOIIIEe CTPATEIUN:

(a) CTparerusi 10Ka3aTEIbCTBA TOTO, 9TO Pa3jeieHbl 0OJIACTH MaMATH, B KOTOPBIE OCY-
IIIECTBJISIETCS 3aIMCh U U3 KOTOPBIX OCYIIECTBJISIETCS YTEHUE.

(b) Crparerus JoKazaTe/bCTBa TOTO, YTO TP 3AIMCH B OJ[HY O0JIACTD TAMSITH 3HAYEHU
B JIPYToil 001aCTU TAMATU HE U3MEHSIOTCH.

(c) Crparerust JoKa3aTeJbLCTBA TOTO, YTO TP 3AIMCH B OJHY O0JIACTH TAMSTH 3HAYEHS
MH/IYKTUBHOI'O IIpeJKaTa Ha JPyroi 0bJIacTi MaMsTH OCTAIOTCS ITPEKHUMHU.

4. ITpoBejieHbl SKCIEPUMEHTHI 110 JAeyKTUBHON BepuUKAINE PeaTu3alii KJIaCCUIeCKOTO
YMHOYXKEHHST MaTPUIL HaJ MaTeMaTHIeCKIMU BEIECTBEHHBIMUI YUCIaMU ¢ ONITUMUA3AIUSAMUI
B BHJIE U3MEHEHUS MOPSIKA BIOXKEHHOCTH IUKJIOB JIJIsi TIOCTPOYHOIO 00X0/1a PE3YIbTUPY-

I01leil MaTPUIbl U YMHOXKAEMOIl MaTPUIIBL..

OrmernM, YTO JIAHHBIE PE3YILTATHI MOTYT CJIY?KHTH IIPOTOTHIIOM KOMILIEKCHOTO IIO/IXO/a K
JIEJIyKTUBHOI BepuUKAIUA peau3aluil YMHOXKEHUS MaTpUIl HaJ[ MaTeMATUIECKUMU Belle-
CTBEHHBIME YUC/IAMU C HAIPABIECHHBIMU Ha, TOBBIIICHNE (P HEKTUBHOCTU UCIOIb30BAHMIS KIIII-
MaMATA ONTUMU3AIUSIMHA.

MprI mranupyeM J1ajblie cJie/IoBaTh IJIaHAM HAIIEero MPOeKTa IO JIelyKTUBHON BepudUKaIun
Bce Gosiee 1 6oJIee ONTUMU3UPOBAHHBIX PEAM3AIUil YMHOKEHHUsT MATPUI] U3 cTaThu [5], 4ToObI

JIOCTHUTD TI€JIM B BUJIE JIeIyKTUBHON BepuDUKAIIMY pean3aluy minigemm.
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A. VYciaosmue KOPPEKTHOCTHN 1N €TI0 JOoKa3aTeJIbCTBO, I'1J€ IIPUMEHAIOTCA

BCe BBe€JCHHbIC HaMM CTpPpaTEernmm AJoKa3aTeJIbCTBa

PaCCMOTpI/IM OIIHO U3 yCJ’IOBI/Iﬁ KOPPEKTHOCTU peaJn3alun YMHOXKEHNA MaTpull Hal MaTeMa-

TUYEeCKHMU BCIIECTBEHHBIMU YUCJ/IaMK C OIITUMU3aAIUAMU B BUJAE USMCHCHUA ITOPAIKA BJIO2KECH-

HOCTH IIUKJIOB JIJIsI TIOCTPOYHOIO 00X0/1a PE3YIBTUPYIONIEN MATPUIIBI U YMHOXKAEMOW MaTPHIIHI,

a TaK2Ke JOKa3aTeJIbCTBO TaKOI'O YCJI0BUA KOPPEKTHOCTH:

int
as
(i
{

ros.
sert (EgA: forall idx, (0 <= idx)%Z ->
dx < i * 11)%Z -> al3 (shift a idx) = a9 (shift a idx)).

intros idx Hidx_min Hidx_max. unfold al3, all, Map.set.
destruct (why_decidable_eq (shift a2 (i7 + x3)%Z)
(shift a idx)) as [Heq | Hneq].
- (* PackpsBaeM 6as3y U CMELEHUE (HeqOff)! *)
unfold shift, base, offset, a4, ab, x1, x2 in *.
injection Heq as HegBase HeqOff.
(* PazbupaeM rumoTesy H25 (A u C pasgmereHs) *)
destruct H25 as[Hbl| [Hb2| [Hb3| [Hb4|Hb5]]1]].

* nia.



System Informatics (Cucremuas nadopmaruka), No. 30 (2026) 113

}

* nia.

* unfold base, shift in Hb3.
unfold base in Hb3.
congruence.

* (x [lomckaska: KoHeI u3MeHseMON CcTpoku C

He BHXOIWT 32 Hpeneisl MaTpuus C *)
assert (Step: (i7 + i2 % i3 < il * i2)%Z) by nia.
destruct a2 as[b_a2 o_a2]. destruct a as [b_a o_a].
unfold shift, offset, base in *. simpl in *.

nia.

* destruct a2 as [b_a2 o_a2]. destruct a as [b_a o_a].
unfold shift, offset, base in *. simpl in *.
nia.

- reflexivity.

assert (EqB: forall idx, (0 <= idx)%Z ->

(idx < i * i2)%Z -> al3 (shift al idx) = a9 (shift al idx)).

{

intros idx Hidx_min Hidx_max.
unfold al3, all, Map.set.
destruct (why_decidable_eq (shift a2 (i7 + x3)%Z)
(shift al idx)) as[Heq | Hneq].
unfold shift, base, offset, a3, ab, x, x2, x3 in *.

injection Heq as HegBase HeqOff.

(* PasbupaeM runotezy H24 (B u C paszemnen:) *)
destruct H24 as [Hbl|[Hb2]| [Hb3| [Hb4|HbS]]]1].

* nia.

* nia.

*x assert (Step: (i7 + i2 * i3 < il x i2)%Z) by nia.
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destruct a2 as[b_a2 o_a2]. destruct al as [b_a o_a].

unfold shift, offset, base, x3 in *. simpl in *. nia.

* (% Berka 4: C JI0 B *)
assert (Step: (i7 + i2 % i3 < il * i2)%Z) by nia.
destruct a2 as [b_a2 o_a2]. destruct al as [b_al o_al].
simpl in *.
(* Temepp nia BuamT Hidx_min (0 <= idx), HeqOff m Step.
9TO TOXe yCIemHOEe OKAa3aTelIbCTBO! *)
nia.

* (% Berka 5: B JI0 C *)
destruct a2 as [b_a2 o_a2]. destruct al as [b_al o_al].
simpl in *.
(* Temepp nia BuaumT Hidx_max (idx < i * i2) u HeqOff.
9TO TOXe YyCIemHOEe OKA3aTelbCTBO! *)
nia.

- reflexivity.
}
assert (Hframe_dot: forall k_dot col res_,
(k_dot <= 1)%Z -> (col < i2)%Z -> (0 <= col)%Z ->
P_DotProduction a9 a al k_dot i3 i col i2 res_ ->

P_DotProduction al3 a al k_dot i3 i col i2 res_).

intros k_dot col res_ Hk_max Hcol_min Hcol_max Hdot_k.

(* enaeM mupyknuio. [lepeMeHHas ’to’ 6ymeT o3HAYaTh TEKYWYl LIUHY *)
induction Hdot_k as [to_empty Hempty | to_pos Hpos Hdot_prev IH].
- apply Q_dotproduction_empty_range. lia.
- (* BaMeHseM HOBYW IaMATb Ha CTapyo.
nia BumuT Hcol_max (col < i2) m Hk_max (to_pos <= i) m
JIeTKO JOKaXeT TpaHus! *)
rewrite <- EqA; [ | 1lia | nia ].

rewrite <- EgB.
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apply Q_dotproduction_positive_range.
+ lia.
+ apply IHHdot_k; try assumption. nia.

+ nia. +nia.

assert (H_cases: (i4 < i7 \/ i4 = i7)%Z) by lia.

destruct H_cases as [H_1t | H_eq].

assert (EqC: al3 (shift a2 (i4 + x3)%Z) = a9 (shift a2 (i4 + x3)%Z)).
{
unfold al3, all, Map.set.
destruct (why_decidable_eq (shift a2 (i7 + x3)%Z)
(shift a2 (i4 + x3)%Z)) as[Heq | Hneq].
* unfold shift, offset in Heq. injection Heq.
lia. (* nia moHmMaeT, 4TO i7 He MOXeT OHTb paBHO i4 *)
* reflexivity.
}
rewrite EqC.
apply Hframe_dot.
lia. nia. nia.
apply H36.
nia. nia.
-rewrite H_eq.
assert (EqC_new: al3 (shift a2 (i7 + x3)%Z) = al2).
{
unfold al3, all, Map.set.
destruct (why_decidable_eq (shift a2 (i7 + x3)%Z)
(shift a2 (i7 + x3)%Z)) as[Heq | Hneq].
* reflexivity.

* congruence. (* AB6CypZ, ampec Bcerfa paBeH caMoMy cebe *)
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+
rewrite EqC_new.
replace i7 with i4 by H_eq.
apply Hframe_dot.
lia.
rewrite H_eq. nia. nia.
replace i4 with i7 by H_eq.
exact H32.
B nanHOM /OKa3aTeIbCTBe IPUMEHSIOTCS BCe 3a/[aHHble HAMH CTPATETn! JJOKa3aTe/IbCTBa YCIIOo-

BHUIt KODPEKTHOCTH.



