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Abstract. The optical character recognition (OCR) is the modern global trend in the digital world.
However, due to the errors in character recognition device, this could be almost impossible to obtain user
friendly and readable version of the obtained data. For this reason, in this article we present the algorithm
for effective text searching in extracted OCR thread. The novel technique is simply used based upon the
sliding algorithm with error corrections, which could be also applied to the dictionary data: here this
technique is based on the usage of window to search the matching and the Tesseract OCR is used as an
OCR engine. In this article we also show that this algorithm is applicable only when the change character
error is present. The overview of the past work is also given with respect to the classically known algorithms
like Knuth-Morris-Pratt (KMP) or Boyer-Moore (BM). We also show that our algorithm works efficiently
in linear polynomial time.

Keywords: Optical Character Recognition, Linear Algorithm, Mathematical Probability.

Introduction

The most known algorithms to the present time for pattern string matching, i.e. the problem
of finding the occurrences of pattern in the matching string, like Knuth-Morriss-Pratt [1] and
Boyer-Moore [2] were adapted for the digital patterns, when pattern can be taken from the scanned
image [3, 4]. We present the linear error-prune algorithm for OCR text matching.

The matching cost can be computed using variety of techniques, for example, Hamming
distance [5]. For experimental purpose as it was stated in the abstract Tesseract OCR [6] engine is
used. However, the Hamming distance is good for low-cost computing, while the approach
described in this paper can be used for large data. To handle the large data thread, we have used
the windowing technique, so by this method the necessary data for the pre-defined time interval
can be obtained as:

Window [1....t] = Data * Time[1..t] (2).

From the obtained data the penalty can be computed. This penalty is the measure of
equivalence between searching text and scrambled data, possibly by OCR engine. So that the
following holds true:

Penalty [Data [1...t]] == A ~B (2),

where:

‘A’ is the searching text and
‘B’ is scrambled data.

Now we would like to present a short introduction to the naive approach and, in overall,
saying, this paper is organized in such a way that after presenting a short introduction, we give the
Java code for this method. After which we present the scalable window approach, with its codes.
In the very next section, we present its application part, i.e the experimental results.

Naive Approach
The naive approach is nothing but to calculate the distance between two words. This method
has a good application when number of symbols (or the weight of word) in text to be searched is
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small. Obviously by this method we get the magnitude equal to the weight of text. To compute
this distance the bi-linear search is executed at every position in scrambled text. The cost here is,
thus, a cumulative sum of penalties at every step when symbols coincide. This can be written as:
Cost (A, B) = SUM {1.0/ Distance[X[1], X[2]]} (3),
where,
A, B are words and
X[1], X[2] are positions of two consecutive matchings.
It’s to be noted that the algorithm experimentally produces good results for low-cost pattern
(word A). Even the java code can be used for this purpose: so now we would like to present its
coding part in Java.

The java code for naive approach:

public static SearchResult query_exact (String text, String query_text, String text_0, String
query_text 0) {
float max_scal_match = 0.0f;
int best_match_start = -1;
int best_ match_end = -1;
int best_page_line = -1,
int best_page_offset = -1;
int best_page = -1,
int page_line = 0;
int page_offset = 0;
int page = 0;

for (inti = 0; i < text.length(); ++i) {
float scal_match = 0.0f;
int last_match_pos = -1;
for (int j = 0, k = i; j < query_text.length() && k < text.length(); ++j,
++k) {
if (text.charAt(k) =="\n") {
++page_line;
page_offset = 0;
} else if (((int)text.charAt(k)) == 12) {
++page;
page_line = page_offset = 0;

}

if (text.charAt(k) == query_text.charAt(j)) {
intgap = 1;
if (last_match_pos = -1)
gap =] - last_match_pos;

last_match_pos = j;
scal_match += 1.0f / ((float) gap);

if (scal_match > max_scal_match) {
max_scal_match = scal_match;
best_match_start = i;
best_match_end = k;
best_page line = page_line;
best page_offset = page_offset;
5
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best_page = page;
¥
}

++page_offset;

}

float ratio = max_scal_match / ((float) query_text.length());

if (ratio >= GOLDEN_RATIO) {
SearchResult result = new SearchResult ();
result.ratio = ratio;
result.offset = best_match_start;
result.length = best_match_end - best_match_start + 1;
result.text = text_0;
result.query_text = query_text 0;
result.page = best_page;
result.page_line = best_page_line;
result.page_offset = best_page_offset;
return result;

}

return null;

}

After successful presentation of the Java code, we would like to present the scalable window
approach and its code.

Scalable window approach

The scalable window approach opposite to the naive method uses flowing window event when
the mismatching occurs: in other words, it slowly checks for occurrences of match in the appearing
window, thus the possible result of excess symbols in scrambled text is reduced. The sub-algorithm
decides what symbol will be gap’s left border, while the right border lays on the mismatched
position [Y[1], Y[2]] (in pattern and scrambled text).

Example 1. Sample of scrambled text retrieved by Tesseract OCR
"mg  wm\n"
"V X racmpaa Y Mopasus memaekeritHE\n™
"IpIral Memiieker\n®
"mMemiekeTi\n"
"KeH TaparaH ciaBsiH Taumaiap B\n"
"blc xepiinae Kues Pycit arrpx\n”

This is to be better illustrated by the java code where the simple windowing algorithm is
realized (code is below).

Java code for Scalable window approach:

public static SearchResult query (String text, String query_text, int cur_page) {
if (text == null || query_text == null) return null;

String text_0 = text;



Algorithm for OCR text searching
Mirzakhmet Syzdykov, Santanu Kumar Patro

String query_text_0 = query_text;

text = convert (text);
query_text = removeSpaces (convert (query_text));

if (query_text.length() <= MIN_LETTERS) return query_exact (text,
query_text, text_0, query_text_0, cur_page);
if (true) return query_large (text, query_text, text 0, query_text 0, cur_page);

int pos_text = 0, pos_query = 0;
int matched = 0;

int last_match_pos = -1;

int last_match_pos2 = -1;

int max_matched = 0;

int cons_match = 0;

float scal_match = 0.0f;

float max_scal_match = 0.0f;

int start_match_pos = -1,
int end_match_pos = -1,

int best_pos_start = -1;
int best_pos_end =-1;

int last_pos_query = -1;

int best_page = -1,

int best_page_line = -1,
int best_page_offset = -1;
int page = 0;

int page_line = 0;

int page_offset = 0;

int match_gap = MATCH_GAP;

if (query_text.length() >= match_gap)
match_gap = query_text.length() + 2;

float max_ratio = 0;

for (; pos_text < text.length() && pos_query < query_text.length(); ) {

char c1 = text.charAt(pos_text);
char c2 = query_text.charAt(pos_query);

if ((scal_match > max_scal_match) && matched > 1)
{
max_scal_match = scal_match;
best_pos_start = start_match_pos;
best_pos_end = end_match_pos;
best_page = page;
7
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best_page_line = page_line;
best_page_offset = page_offset;
max_matched = matched,;

max_ratio = (scal_match/((float)matched));

if (c1==c2){
int max_gap = 1;
inta_gap = last_ match_pos ==-1? 0 : (pos_query - last_match_pos);
int b_gap = last_match_pos2 ==-1? 0 : (pos_text - last_match_pos2);
intc_gap=a_gap>b_gap ?a_gap:b_gap;

intp=0;

switch (cons_match) {
case 1. max_gap = 2; break;
case 2: max_gap = 3; break;
case 3: max_gap = 4; break;
default: if (cons_match > 3) max_gap = 5;

}

if (c_gap<=1)
++cons_match;

else

cons_match = 0;

if (c_gap==0)c _gap=1,;
if(cl==c2)p=1,

if ((last_match_pos ==-1 || a_gap <= max_gap)
&& (last_match_pos2 == -1 || b_gap <= max_gap)) {
last_match_pos = pos_query;
last_match_pos2 = pos_text;
scal_match += ((float) p) / ((float)c_gap);
matched += p;
end_match_pos = pos_text;

} else {

if ((scal_match > max_scal_match) && matched > 1)
{
max_scal_match = scal_match;
best_pos_start = start_match_pos;
best_pos_end = end_match_pos;
best_page = page;
best_page line = page_line;
best page_offset = page_offset;
max_matched = matched,;
max_ratio = (scal_match/((float)matched));
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matched = 1;
cons_match = 1;
scal_match = 1.0f;
last_match_pos = -1,
last_match_pos2 = -1;
pos_text = -1;

start_match_pos = -1;
end_match_pos = -1;

page = 0;
page_line = 0;
page_offset = 0;
cl="0%

¥

if (start_match_pos ==-1) {
start_match_pos = pos_text;
end_match_pos = pos_text;

}

if (cl=="n"){
page_line++;
page_offset = 0;
}else if (((int) c1) ==12) {
++page;
page_line = page_offset = 0;
} else
++page_offset;

++pos_text;
++pOS_query;

}else {

boolean matchedl = false;
for (int 1 = pos _query + 1; i < query_textlength() && (i < (pos_query +
match_gap)); ++i)
if (c1 == query_text.charAt(i)) {
pos_query =1i;
matchedl = true;
break;

}
if (!Imatchedl) {
int v_page = page;
int v_page_line = page_line;
int v_page_offset = page_offset;

for (inti=pos_text + 1; i < text.length() && (i < (pos_text + match_gap)); ++i)

{
if (c2 == text.charAt(i)) {

page = v_page,
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page_line =v_page_line;
page_offset = v_page_offset;

pos_text = i;
matchedl = true;
break;

}

if (text.charAt(i) =="\n") {

v_page_line++;
v_page_offset = 0;

} else if (((int) text.charAt(i)) == 12) {
++V_page;
v_page_line =v_page_offset = 0;

} else
++v_page_offset;

}

if (!Imatchedl) {
++pos_query;

¥
¥

it (pos_text == text.length()) {
last_pos_query = pos_query;
}else {
last_pos_query = -1;

}

if (text.length() == 0) return null;

if ((scal_match > max_scal_match) && matched > 1)

{

max_scal_match = scal_match;
best_pos_start = start_match_pos;
best_pos_end = end_match_pos;
best_page = page;
best_page_line = page_line;
best_page_offset = page_offset;
max_matched = matched,;
max_ratio = scal_match/((float)matched);

}

float retf = 0;

if (max_matched > 0)

retf = Math.max(retf, (max_scal_match / ((float) max_matched)));
else

retf = Math.max(retf, (max_scal_match / ((float)query_text.length())));
10
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Obviously, the algorithm uses input parameters for windowing algorithm. This set can
be extended according to the, for instance, textual model of the text. In this example the textual
model is a scrambled text with excess symbols produced by the engine which are incorrect and are
to be removed or replaced. Of course, the final reduction leads to the exact text extraction.

Now we are going for the application part, i.e the experimentation part. We have
presented an Android Program, which was developed by authors, lunched by Google Inc.

Experimentation

Actually, the method described in this article were realized in the application, published by
Google Inc. The program simply searches for extracted text in file system of the mobile device
(Android program). Two different views are given for reference.

TekcToBbIN CKaHep

( M.S.-Developers MHCTpyMeHTbI *hkhhk1 28

|

Text Scanner H €
O i

SCAN SEARCH sTOP

MporpamMmMa NoseonAeT ouMbPOBLIEaTE TEKCTOBY MHMOPMAaLIMIO M MCKaTb coBnateHus B dainax
Adobe Acrobat (PDF) u gpyrux TekcToBbix opmaTax.
MNofAepHUBASTCA TAKKE NONLI0OBATENbCKWA BEEOA CTPOKW NOWCKa M UCNONE30BaHUE OPYIUX

HacTpoeK NporpamMmeol.

Figure 1 — The experimental program on Google Play
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Text OCR Search

CamScanner
M.S.-Developers

INSTALL

Designed for phones Contains ads

> D00

Downloads Tools Similar

Program for scanning and searching textual information in files
PDF/TXT.

READ MORE

Figure 2 — A view of Android program on Google play store

Conclusion

So we have used the above algorithm for the extraction of text patterns. However the gap
penalties as well as OCR engines were well studied in the past, for example, the problem of
extracting the text pattern still remains open. This is mainly due to the complexity of the task when
we need the fast pattern extractor on the partially extracted set of string data. So we think this
paper gives a short development to this problem. And the interested researcher may put their focus
on these issues.
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Abstract. The recent work on implementing regular expression (RE) matching or membership problem
solution for extended operators (ERE) like intersection, complement and subtraction gave exponential
results on the size of input. As our previous result was focused on deterministic finite automata (DFA) for
extended regular expressions, we present the new linear algorithm for ERE matching on non-deterministic
finite automata (NFA) with the help of De Morgan’s law to re-write the expression in exceptional order so
that the conditional matching satisfies the correctness of the matching algorithm on NFA. We also prove
that the proposed methodology is correct within the extensions of NFA like logical states as it was done
before for DFA in the prior scientific work. We will also show how to implement these logical states in
NFA using typical constructions like Thompson’s. The proof of linear working time is also given which is
obvious due to the re-writing rules for correct implementation. The important role of concatenation operator
over extended constructions is also shown. The algorithm working time is O(m*n), where m is the size of
expression and n is the size of matching word.

Keywords: regular expression, membership problem, extended operators, linear algorithm

Introduction

Regular expressions denoted by R are the grammar rules which are used to express the
languages L(R). This is widely used and powerful tool for working with textual data and parsing.
It’s commonly used in such programming products like Java, Perl or C#, etc.

We will define the languages and regular expressions as follows with respect to the supported
operators:

L(R) ={a:ain A}, where A is the alphabet and a is a single symbol in it;

L(R1|R2) ={ L(R1) + L(R2) } - union of two languages;

L(R1* R2) = {L(R1) * L(R2) } - concatenation of two languages;

L(R*)={eps, L(R), L(R *R) ... L(R *R * ... * R) } - Kleene closure or star operator, where
“eps” stands for an empty word.

For the extended regular expressions we define the additional operators which give the
possibility to operate on regular languages as if they would be the sets:

L(R1 & R2) ={L(R1) & L(R2) } - intersection of two languages defined by the expressions;

L(R1-R2) = { L(R1) — L(R2) } - subtraction of two languages;

L(~R) = { ~L(R) } - complement operator which defines all the strings in dictionary which
aren’t matched by regular expression R.

For our purposes we use the re-writing for complement operator which can be defined by
subtraction operator as:

L(~R) = A*- L(R) 1)

In Combinatorics for logical and set operations there’s De Morgan’s law which is defined as

follows:
A|B=~(~A & ~B),
A&B=~(~A|~B). 2

The law (2) is true even for sets which can be defined by regular expressions and thus can be
applied for the purpose of re-writing gramatically the regular expressions. Further we will show
that it’s required in special cases when concatenation operator is used.
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In the next section the review of the previous work is given with respect to the actually presented
optimal results in this work.
Before we will define the membership problem for the word w and regular expression R as
follows:
win L(R) (3)

Past work

Rosu gives the exponential algorithm for extended operators — this is the best known result to
the present time [1]. Our algorithm differs from the prior version for DFA with the same
constructions [2]. Thompson constructions are linear to the size of regular expression and are used
in our algorithm [3], this mainly doesn’t limit the type of algorithm for NFA synthesis as we will
prove further. Rabin and Scott provide us with the subset construction algorithm of converting
NFA directly to DFA [4] —this is as stated before the previous result proposed by an author. Gelade
and Neven give the exponential estimation of the size, in our case, of the states for extended
operators [5]. The last work focuses on the state explosion during subset construction when we
were building DFA from the NFA[6] — this is the main fact why there is the reason of building the
linear NFA within the linear matching time for the membership problem.

The prior works [7, 8] were focused on the building of semantic rules for subset construction
of DFA supporting the extended operators — this is necessary to note that in our NFA the same
logical rules are applied.

The work [9] is important to use in the sense of past published work with respect to the extended
operators.

Hsieh gives the product algorithm for construction of certain types of operator extensions in
ERE [10] — it was shown that these product constructions are of exponential nature [7]. For
practical reasons of product construction algorithm on intersection, complement and subtraction
we use Mpoller’s software [11]: for certain types of expressions like “(0*1*... | ...) [&, &~]
(1*0*...]...)” it demonstrates the exponential explosion of the number of states and transitions as
well as DFA state explosion for expressions in form “(0[1)1(0[1)(0[1) ... (O[1)”.

The quadratic of the size of the word was recently developed [12], however, our algorithm
works in linear time of the size of expression and word.

Preliminaries
For the preliminary section we will define the NFA as a tuple:
<A, S,s0, T, F>, 4)
where A is an alphabet, S is a set of states, sO is a starting state, T stands for transitions and F
is a set of final states.
In the past work [2] we defined the special states by which we extended the definition of NFA
(4) with the intersection and subtraction operator constructions as follows:
<A S, s0, T, F, B(S)>, (5)
where B(S) is the set of logical conditions to be satisfied during the matching process or subset
construction.
We define the set B(S) for intersection and subtraction while the complement is given by re-
writing rule (1):
B(S)={(1]2): L(R1) & L(R2); (1 & ~2) : L(R1) - L(R2) }, (6)
where pair of number one and two stands for the flag conditions in the final implementation in
order to the state become active and, thus, is to be included further in the stack during the matching
process in general as opposed to the subset construction [2].
As we are finished with introduction, review of the past work and preliminary information it’s
time to present the algorithm with a proof.

Re-writing algorithm
Our algorithm for NFA construction is based upon the previous result [2], while the DFA
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construction is omitted as mainly DFA are exponentially large for the predefined set of expressions
due to the Kleene star closure. Thus, we use the same non-deterministic constructions.

Before the construction we have to give the notion to the re-writing rules which are used for
concatenation operator of two regular expressions with the different operators like union and
intersection: other operators like complement and subtraction are omitted because there is no need
to re-write the rules according to De Morgan’s law so that the matching process is correct within
the typical matching algorithm which is linearly defined by the upper bound:

O(NFA Matching) = O(N*M), (7)
where N is the size of the regular expression and M is the limit of input. We will show in proof
section of the algorithm that this is not required.

We state that in order of concatenation the following conditions are to be met in order to satisfy
the correctness of the construction of NFA for solving membership problem:

NFA((R1|R2) * (R3 & R4)) =
NFA(~(~R1 & ~R2) * (R3 & R4)) =
NFA((R1|R2) * ~(~R3 | ~R4)), (8)
where NFA(~R) is defined according to re-writing rule (1).
The same is true for subtraction and complement:
NFA((R1|R2) * (R3 — R4)) = NFA(~(~R1 & ~R2) * (R3 — R4)),
NFA((R1| R2) * ~R3) = NFA(~(~R1 & ~R2) * ~R3). (9)
And finally for the last combination like intersection:
NFA((R1 & R2) * (R3 — R4)) = NFA(~(~R1 | ~R2) * (R3 — R4)),
NFA((R1 & R2) * ~R3) = NFA(~(~R1 | ~R2) * ~R3). (10)

Thus, we use the re-writings in (8)-(10) according to De Morgan’s law — the linear size of
complement from regular expression here plays an important role and gives us the possibility to
safe the size of the built NFA which is linear to the size of regular expression. The NFA by itself
is constructed according to Thompson’s rules [3].

It’s necessary to note that the methodology as to the previous works [2, 7, 8] is also applicable
to the general case for NFA as the preliminary automaton to be converted to deterministic is of the
same modeling approach as it’s used in the typical matching algorithm for the solution of
membership problem.

In the next section we will prove the correctness of re-writing algorithm for certain types of
intersection operator conditions when the operators like union and intersection are put in the right
order.

Proof

In this section we will provide the reader with the proof of the correctness of the re-writing
rules for the concatenation of extended operator of intersection and union-operator which is far
more typical.

Let’s define the function T(R) as the degree of possibility of matching the regular expression R
in NFA — this function gives us the possibility to observe the number of situations during which
the concatenation matching is resumed.

Thus, T(R) is defined as follows for the specific case like concatenation of union and
intersection which, in turn, is the only special case to be considered:

T(R1|R2) =2,
T(R1&R2)=1. (12)

For the concatenation operator we define the correctness of the matching in membership
problem as the state when logical conditions are satisfied for union and intersection as well — this
can be written as:

T(R1*R2): T(R1) <= T(R2) (12)

As per our re-writing rules the necessary condition (12) is satisfied, thus the correctness of
algorithm is proved. In general we can use empty string function [9] to compute the next node in
abstract syntax tree when parsing regular expression, however, this can be omitted as we can
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simply rewrite the union operator according to De Morgan’s law.

Another proof is to be made for the logical states in NFA: as per non-deterministic case they
are remained without changes and are to be addressed for the static matching process without
closure evaluation [2].

Conclusion

Thus, we obtained the linear polynomial results by applying De Morgan’s law in re-writing
rules. This gives us opportunity to build NFA-based engines for extended regular expressions as
they work optimally and aren’t of perfect fit for other problems which are not omitted in the
presented algorithm — we gain all the power of NFA in membership problem by matching.

The author lefts not opened questions upon the effective linear matching of extended operators
in RE, however, there could be other open problems like implementation the specific features in
the same time.

For the practical purposes we have also developed the Java version of regular expression engine
based on the algorithm described in this article. This program can be obtained upon the request.
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Abstract. The paper examines a previously developed method for generating a dynamic
substitutionbox. This method allows generating substitution boxes (S-boxes) that change depending on the
values of some parameter obtained from the secret key of the algorithm. The generated S-boxes are resistant
to linear and differential cryptanalysis, since they are random, not known in advance, and depend on the
secret key. The obtained dynamic substitution boxes were examined for nonlinearity, and the results were
compared with S-boxes of well-known symmetric block algorithms such as AES, Kuznyechik, SM4, BelT,
and Kalyna.

Keywords: encryption algorithm, substitution box, dynamic S-box, nonlinear transformation.

Introduction

In the era of information technology development, symmetric block encryption algorithms are
the main cryptographic means of ensuring confidentiality when processing information in modern
information and telecommunication systems. Besides, block ciphers are used to ensure the integrity
of information, and also as a basic element in the construction of other cryptographic primitives [1],
such as pseudo-random sequence generators (PRNG), stream ciphers, and hash functions. The level
of strength and properties of the symmetric block encryption algorithm used in a system to a
significant extent determine the strength of the cryptographic protection of information, the security
of cryptographic protocols, and the security of the information and telecommunications system as a
whole.

What conditions must a strong block cipher satisfy? These conditions were formulated by C.
Shannon in a number of his fundamental works on the theory of encryption [2]. A strong cipher
must offerthe properties of diffusion and confusion:

1. Diffusion is a property of a cipher, when one character (bit) of the original text affects several
characters (bits) of the ciphertext, optimally — all characters within one block. If this condition is
met, then when encrypting two data blocks with minimal differences between them, completely
different ciphertext blocks should be obtained. Exactly the same result should take place for the
dependence of the ciphertext on the key — one character (bit) of the key must affect several characters
(bits) of the ciphertext. Diffusion hides the relationship between the ciphertext and the original text.

2. Confusion is a property of a cipher to hide dependencies between characters in the original
text and the ciphertext. If the cipher "mixes" the bits of the original text well enough, then the
corresponding ciphertext does not contain any statistical and, moreover, functional regularities —
again, for an outside observer with only limited computational resources. Confusion hides the
relationship between the ciphertext and the key.

To meet the requirements for block ciphers, modern encryption algorithms use various
transformations. This paper considers nonlinear transformations used in symmetric block encryption
algorithms.

Nonlinear transformation in symmetric block encryption algorithms

A nonlinear transformation is required for every modern encryption algorithm and has been

proven to be a strong cryptographic primitive against linear and differential cryptanalysis. Nonlinear
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transformations in modern symmetric block algorithms are implemented in the form of substitution
boxes (S-boxes) [3].

Considering that most modern block algorithms (Rijndael, Camellia, DES, etc.) use a single
linear operation (modulo 2 addition) to introduce round keys and combine inter-round values, S-
boxes are the only element that determines the nonlinearity of the encryption transformation and its
level. resistance to cryptanalytic attacks. The number of rounds required to ensure the resistance of
block ciphers to known types of cryptographic analysis is calculated based on the specified
properties of nonlinear substitution nodes [4].

Many stream algorithms, cryptographic hash functions, and pseudo-random sequence generators
are based on block ciphers or their structural elements. Thus, the cryptographic strength of most
modern symmetric block algorithms largely depends on the properties of the selected S-boxes.

Despite the multi-modulus addition, the main nonlinear elements of modern ciphers are
substitutions. Many different S-box criteria determine the strength of an encryption algorithm.
However, today there is no unambiguous opinion about the need for most of them. Regardless of
many existing solutions in the field of symmetric cryptography, the question of finding substitutions,
the use of which in encryption algorithms provides protection against existing and promising types
of attacks, remains relevant [4].

Substitutions used in cryptoalgorithmsshould meet the following criteria [5]:

a) Maximizingnonlinearity;

b) Theminimumdegreeis 3;

¢) Minimizing the maximum value of the table of differentials.

In this paper, the properties of the nonlinearity of well-known encryption algorithms such as
AES, Grasshopper, SM4, BelT, and others are considered, and the nonlinearity values of the S-
boxes of these algorithms are calculated using a computer program. The program is implemented in
Python 3.

Substitution boxes of known encryption algorithms

AES/Rijndael

Advanced Encryption Standard (AES), also known as a symmetric block cipher algorithm
adopted as an encryption standard by the US government through an AES competition.

AES [7] is an encryption algorithm for 128-bit data blocks with keys of 128, 192, and 256 bits.
AES is a simplified version of the Rijndael algorithm [8]. The original Rijndael algorithm differs in
that it supports a wider set of block lengths.

The AES algorithm is widely used in cryptographic applications. In the AES algorithm, the
SubBytes transformation is a nonlinear byte substitution performed independently with each byte
[9]. The S-box substitution boxes are a fixed 8x256 bit table (Table 1). The nonlinear substitution
operation is the main strength factor of this algorithm.

Table 1.

63, 7c, 77, 7b, f2, 6b, 6f, c5, 30, 01, 67, 2b, fe, d7, ab, 76, ca, 82, c9, 7d, fa, 59, 47, f0, ad,
d4, a2, af, 9c, a4, 72, c0, b7, fd, 93, 26, 36, 3f, f7, cc, 34, a5, eb, f1, 71, d8, 31, 15, 04, c7, 23,
c3, 18, 96, 05, 9a, 07, 12, 80, e2, eb, 27, b2, 75, 09, 83, 2c, 1a, 1b, 6¢, 53, a0, 52, 3b, d6, b3, 29
e3, 2f, 84, 53, d1, 00, ed, 20, fc, b1, 5b, 6a, cb, be, 39, 4a, 4c, 58, cf, d0, ef, aa, fb, 43, 4d, 33,
85, 45, 19, 02, 7f, 50, 3c, 9f, a8, 51, a3, 40, 8f, 92, 9d, 38, 5, bc, b6, da, 21, 10, ff, f3, d2, cd
Oc, 13, ec, 5f, 97, 44, 17, c4, a7, 7e, 3d, 64, 5d, 19, 73, 60, 81, 4f, dc, 22, 2a, 90, 88, 46, ee, b8,
17, de, 5e, Ob, db, €0, 32, 3a, 0a, 49, 06, 24, 5c, c2, d3, ac, 62, 91, 95, e4, 79, e7, c8, 37, 6d, 8d
d5, 4e, a9, 6¢, 56, f4, ea, 65, 7a, ae, 08, ba, 78, 25, 2e, 1c, ab, b4, c6, €8, dd, 74, 1f, 4b, bd, 8b,
8a, 70, 3e, b5, 66, 48, 03, f6, Oe, 61, 35, 57, b9, 86, c1, 1d, 9e, e1, 18, 98, 11, 69, d9, 8e, 94, 9b
le, 87, €9, ce, 55, 28, df, 8c, al, 89, 0d, bf, €6, 42, 68, 41, 99, 2d, Of, b0, 54, bb, 16

Kuznyechik
Kuznyechik is a symmetric block cipher with a block size of 128 bits and a key length of 256
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bits. The number of rounds is 10.

This cipher is approved as the standard GOST R 34.12-2015 RF [10]. The standard came into
effect on January 1, 2016. The code was developed by the Center for Information Protection and
Special Communications of the FSB of Russia with the participation of InfotecsOJSC.

The nonlinear transformation of the Kuznyechik algorithm is specified by the substitution S,
which is a one-dimensional array of 256 bytes.

SM4

In January 2006, the SMS4 block cipher algorithm, developed by Professor Shu-Wang Lu, was
declassified. This algorithm is used in China as the national standard for wireless local area
networks. After the release of the GM / T 0002-2012 SM4 Block Cipher Algorithm standard on
March 21, 2012, the algorithm was officially renamed SM4.

The block size of the SM4 encryption algorithm is 128 bits, the key size is also 128 bits. The
number of rounds is 32 [11].

The nonlinear transformation is implemented by substitution =, it is also specified in the form of
a table of 8x256 bits.

BelT

BelT is the state standard for symmetric encryption and integrity control of the Republic of
Belarus (STB 34.101.31-2007). Adopted as a preliminary standard in 2007. Introduced as the final
standard in 2011.

The cipher has the block length of 128 bits and the key length of 256 bits.

Encryption is performed by eight rounds of transformations applied to the input block [12].

The nonlinear transformation of this algorithm is carried out through the substitution S. The
substitution itself is specified in the form of a fixed table with the size of 8x256.

Kalyna

The Kalyna algorithm is a symmetric block cipher. It supports blocks of 128, 256, or 512 bits;
the key length is equal to or doubled the block size.

Kalyna was adopted as the national encryption standard of Ukraine in 2015 (standard DSTU
7624: 2014) after the All-Ukrainian competition of cryptographers. The algorithm design is based
on the Rijndael Algorithm (AES). The Kalyna algorithm retains all the basic operations of the
Rijndael algorithm. The main differences are in the use of different S-boxes (4 different S-boxes are
used), generated randomly, instead of identical S-boxes, and in the use of alternating addition with
cyclic subkeys modulo 2 and modulo 2% [13].

By means of a developed program, the values of the nonlinearity of the S-boxes of the above-
considered encryption algorithms were calculated and analyzed.

LetS = (fo, f1, -, fm—1)b€ SOMen X m substitution, wheref; is a Boolean function ofn variables.
We denote byg; the set of all linear combinations off;. ThenthenonlinearitySis equal to [6]:

NL(S) = min (NL(g;)),0 <j < 2™
Table 2 below shows the results of calculating the value of the nonlinearity of the S-boxes.

Table 2.
Algorithms Nonlinearityvalue
AES 112
Kuznyechik 116
SM4 112
BelT 110
Kalyna - S0 112
Kalyna—S1 110
Kalyna—S2 110
Kalyna—S3 112
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Dynamic S-boxes

Recently, various scientific journals have published works on the creation of dynamic S-blocks
of the encryption algorithm. In [3, 14, 15], methods of dynamic creation of S-boxes in various ways
are considered. In [3], dynamic S-boxes are created based on the S-box of the AES algorithm. In
[14], [15] S-boxes are generated dynamically using pseudo-random sequence generators.

In our work, we investigated one of the methods for creating dynamic S-boxes. Consider the
developed method for generating S-boxes based on known and proven S-boxes. The idea behind
this method is to generate dynamic S-boxes that modify with each change in the secret key. The
main advantage of this approach is that S-boxes are random, key-dependent, and unknown in
advance since both linear and differential cryptanalysis require known S-boxes.

The well-known S-box of the AES algorithm was chosen for the study. The values of this S-box
are presented in Table 1. From the encryption master key, using various transformations, we obtain
one byte, for example, by summing all the bytes of the master key modulo 2. The same byte will be
used as a constant in the next affine transformation:

Dol 1 0 0 0 1 1 1 19f%7 [Co
by 1100 0 1 1 1||jaa| [«
b, 1110 0 0 1 1llaz] |[e
b3_11110001a3+63
b, 1 1 1 1 1 0 0 0}]las Cq
bs 0 1.1 1 1 1 0 0}fl4 Cs
bl 10 0 1 1 1 1 1 oflas] ¢
p,l Lo o011 1 1 1lla] Loy

whereajarethebitsofthe S-boxbyte, ciare the constant bits (the byte obtained from the master key),
biare the bits of the new S-box byte

As a result of this affine transformation, we get a new S-box that differs from the original S-box.
The resulting S-block will be used in the process of nonlinear transformation of the encryption
algorithm

In the course of the study, it was revealed that after such a transformationpreserved the
nonlinearity properties of the S-boxes. The experimental results are shown in Table 3.

Table 3.
Algorithm Initialvalueofnonlinearity Non-
linearity value
after
transformation
AES 112 112
Kuznyechik 116 116
SM4 112 112
BelT 110 110
Kalyna-S0 112 112
Kalyna-S1 110 110
Kalyna-S2 110 110
Kalyna-S3 112 112

Also, various properties of dynamically generated S-boxes were investigated using special
programs developed in our laboratory.

Table 4 shows the results of the study of the dynamic S-box of the AES algorithm, obtained with
the value of C = 36, 109, and 221.

Next, we investigated various cryptographic properties of the created S-box. We consider a
nonlinear node effective if it provides resistance to currently known cryptographic analysis methods.
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In most of the well-known works in the field of analysis and synthesis of nonlinear substitution
nodes of modern symmetric block ciphers, the mathematical apparatus of cryptographic Boolean
functions is used [16]. Moreover, each S-box is represented by a set of component Boolean
functions, the properties of which characterize the efficiency of the nonlinear substitutionnode. The
following are used as the main criteria and performance indicators: balance and nonlinearity of
component Boolean functions; correlation immunity; propagation criterion; algebraic degree; the
value of the autocorrelation function.

Let us introduce the basic concepts and definitions used in what follows to assess the efficiency
of nonlinear substitution nodes [16].

A Boolean functionfofnvariables is a function that maps from the fieldGF(2") of all binary
vectorsx = (X1, ...,Xn) of lengthninto the fieldGF(2). Boolean functions are usually represented in
algebraic normal form. The field GF(2") consist of 2"vectorsa;:ao = (0,...,0,0), a1 =(0,...,0,1),..., a"-
1= (1,...,1,1),0i€Vn, whereVawhere V, is a vector space inGF(2").

The sequence of a function f isa(1,-1)sequencedefined
as((—l)f(“o), (=)@, ., (_1)f(a2n_1)).

The truth table of a function f is a (0,1)sequencedefined as(f (ay), f (@), ..., f (aan_1),).

The sequence of a functionfisbalancedifits (0,1)sequence((1,-1)sequence) contains the same
number of zeros and ones (ones and minus ones). A function fis balanced if its sequence is balanced.

Equivalent definition: A functionfoverGF(2") is balanced if its outputs are equiprobable:

[{x|f () = 0} = |{x|f(x) = 1}| = 2"~

An affine functionfis a function of the formf = aix1@® ... @anxn@c, Wherea;, ceGF(2),j =1, 2,...,
n. A functionfis called linearifc= 0.

The Hamming weight of the vectora, denotedasW(a), is the number of ones in the vector
(sequence). The Hamming distance d(f,g)between the sequences of two functionsfandgis the number
of positions in which the sequences of these functions are different.

The nonlinearity of transformation (Ns) is the minimum Hamming distance between the output
sequence S and all output sequences of affine functions over some field:

N, = min{d (S, j)}, where j is the set of affine functions.

Thenonlinearity of a function(Ns) is the minimum Hamming distanceNbetween the functionfand
all affine functions overGF(2n):

Ny = min{d(f,j)}, where j is the set of affine functions.

For an arbitrary functionfthe nonlinearityNqoverGF(2") can reach:
Ny < 2t — et
For a balanced functionfoverGF(2")(n> 3) the nonlinearityNscan reach:

L)
21— 2270 —2,n =2k
L
[2nt -2z n=2k =1
where||x|| is the maximum even integer less than or equal tox.
A functionfpossesses correlation immunity of orderkif the output sequence of the functiony €

Yis statistically independent of any subset ofkinput coordinates:
V{xy, .. x JP(y €Y /{xy, .. x, } EX) =P(y €Y).

Ny <

Table 4.
Properties S-box-1 S-box-2 S-box-3
ParameterCvalues 36 109 221
Hammingweight 128 128 128
Balance True True True
Hammingweight - Minimum 128 128 128
Hammingdistance 128 128 128
Nonlinearity(min) 112 112 112
Nonlinearity(max) 144 144 144
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Correlationvalue(min) -32 -32 -32
Correlationvalue(max) 32 32 32
|AC| min -32 -32 -32
|AC|max 32 32 32

| SSI |min 133120 133120 133120
| SSI Jmax 133120 133120 133120
SAC False False False
Propagationcriterion N/A N/A N/A
Cl N/A N/A N/A
t-stability N/A N/A N/A

The resulting S-box will be used for encryption. Each encryption process will have its own S-
box, the values of which are not known in advance. This property, in turn, complicates both
differential and linear cryptanalysis. The decryption uses the inverse substitution box. The inverse
S-box is also generated dynamically from the created main S-box. There is no need to store the
inverse S-box.

Conclusion

Work in this area continues and the results obtained in the study will be used in the development
of an encryption algorithm and research work that is being carried out at the Institute of
Information and Computational Technologies of the Committee of Science of the Ministry of
Education and Science of the Republic of Kazakhstan. Further, as a continuation of this work,
other cryptographic properties of dynamically generated S-boxes will be investigated.
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AnHotamusi: B pabore wuccieayercs paHee pa3paOOTaHHBI METON T€HEpalMd JUHAMHYCCKOW TaOJUIlbI
HO/ICTAaHOBOK. JIaHHBII METOA IMO3BOJIIET T'€HEPUPOBATH TAOIMIBI TMOACTAHOBOK (S-OJIOKM), M3MEHSIOLIMECS B
3aBUCHMOCTH OT 3HAYEHUI HEKOTOPOTO MapaMeTpa, oIy4aeMbIX U3 CEKPETHOTO Kifoua anroputMa. [ eHepupyembie
S-0J10KM yCTOHYMBBI K IMHEHHOMY U TU(QPEpeHIMATEHOMY KPHIITOAHAITU3Y, TaK KaK OHU SIBIISIIOTCS CIIy4YailHBIMH,
3apaHee He M3BECTHBI M 3aBUCAT OT CEKPETHOTO Kito4a. [losydeHHble TMHAMIYECKHE TaOIHIbI TOACTAaHOBOK OBLIN
WCCIICZIOBAHBI HA HEIMHEHHOCTh, a PE3yJIbTaThl CPABHUBAIHNCH C S-OJOKaMM M3BECTHBIX CHMMETPUYHBIX OJOYHBIX
anroputMoB, Takux kak AES, Kysueunk, SM4, BelT u Kanuna.
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ToCLl 3epTTeiHei. by Tocia Kynus KiITTeH ajbIHATBIH KaHaal qa Oip mapaMeTpiH MoHIHE OaiIaHBICThI ©3repill
OTBHIpaThIH AMHAMHKAJIBIK alMacThIpy KectenepiH (S-Ojokrap) xacayra MYMKiHAIK Oepeni. Kypacteippuiran S-
0JIOKTap CBI3BIKTHIK oHE Au(QepeHIIHaIBIK KPUITOTalayjlapra ToTen oepe anajpl, ceoeli, ajabliHFaH S-0JI0KTap
Ke3/IeHCOK, aJJIbIH ana Oenrici3 XKoHe ojlap KYIHs KUITTepre Toyesai 00iMMaK. AJBIHFAH TUHAMHUKAIBIK aMacThIpy
KeCTeNepiHiH ChI3BIKTEI eMec Oony KacueTi 3eprreniHin, HoTmkenepi AES, Kysneunk, SM4, BelT xone Kamuna
CHUSIKTHI TaHBIMaJ CHMMETPHSUIBI OJIOKTHIK AITOPUTMACPIIH S-OJOKTaphIMEH CATBICTHIPBUIBIN KAPaCTHIPHLIIHI.
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Abstract. [Torpe6GHOCTH B TIPOBEPKE JTUUHOCTH JIFOAEH C MOMOIILIO HASKHBIX METOIOB M MApaMeTPOB
OBICTPO BO3pacTaeT BO BCEM MUPE B 3Ty HHPOPMAIIOHHYIO STIOXY HU3-32 KeJaHHUs COOOIECTBa BBITIONHSTh
MIOBCEAHEBHBIE MIPOLIECCHI, TAKUE KaK MEPEBO ICHET WM 3allPOC YCIYTH C HCIIOJIb30BaHUEM YAAJICHHBIX
CHCTEM WM KOJUI-LIEHTPOB. TpaauIMOHHBIE METOAbl AyTCHTU()HUKALUHU, TAaKUEe KaK HCIIOJIb30BaHHUE
nmapojieil M TOKa3 YyJOCTOBEPECHUH JHWYHOCTH, TEMeph 3aMEHSAIOTCS HAIIUMH (U3NUECKUMH WM
MOBEJCHYECKUMH (YHKLUUSMH, KOTOpbIE HEJb3S 3aMEHMTh WIM HMHUTHPOBaTh. Vcmomp3ys Hamm
Oouomerpuueckue (YHKLUUH, METOAbl AyTEHTH(UKAMH Tenepb MOTYT BBIIOJHATECS TOJBKO C
UCIIOJIb30BaHUEM CMapTQOHOB, Kamep WIM TOIbKO MHKpodoHa. buomerpuueckne QyHKIUH
o0ecreyrBaloT pa3Hble YPOBHH IIKAIIBI JIOBEPUTEIHHOTO MHTEPBAJIA, Y KOXKOH U3 HUX €CTh CBOM ILTIOCHI U
MHUHYCBI, IIO3TOMY HX MOXXHO BBIOpaTh MO CIOCOOHOCTH OTBEYATh Ha 3alpOChl ayTEHTU(HUKAIHH,
TpeOyrolpe pa3HbIX YpoBHEH TOYHOCTH. [omocoBasi OMOMETpHSI WM TEXHOJOTHS PacliO3HABAHUS
ropopsiero odecrieurBaeT S(PQEKTUBHBIA W HAAEKHBIM CHOCO0 ayTeHTH(UKAMH 3asBUTENS 0Oe3
HEOOXOMMOCTH HAaXOAUTHCA B OJHOM U TOM e (PU3MUECKOM MecTe M 0€3 0COOBIX YCHIIMI TOBOPSIIETO,
Oosee TOro, 3T0 MOXKHO ClIeJIaTh OBICTPO BO BpeMs TelaeoHHOro 3BoHKa. IIpuHMMas BO BHUMaHHE POCT
YKciia MOIICHHUYECKUX aTakK B IOCIIeIHEEe BpeMsl U3 TO/Ia B TOJ M BOBMOXKHOCTH €r0 ayTCHTU(HUKAIINH, HE
CTaJIKUBASsICh JIMIIOM K JIMIYy C MCTLOM, HEYIAMBHUTEJIFHO, YTO HCIOJIb30BAHUE TEXHOJIOTHH T'OJIOCOBOM
ayTeHTH(UKAUK pacTeT B chepe OaHKOBCKUX YCIYT U LIEHTPOB 00pabOTKH BBI30BOB. DTO MCCIIEIOBAHUE
MIPEJICTABIISIET COOOM KpaTKuii 0030p OCHOBHBIX METOJIOB U MCCJICIOBAHHWMA B O0JIACTH OMOMETPHUHU JIJIS
JTUYHON MICHTU(DHUKAIINH.

KiroueBble cjioBa: OHOMETPUYECKHE TEXHOJOIHMH, TOJIOCOBas ayTeHTU(HKauus, H3BJICUCHUE
TOJIOCOBBIX XapaKTEPUCTHK, MOACTHUPOBAHUE TMHAMHUKOB.

BBenenue

B coBpemeHHOM Mupe Bce Oouibliie MPOSBISETCS MHTEPEC K TOJOCOBBIM TEXHOJOTHSAM, B
YaCTHOCTH, K WACHTU(DUKAIMKU JTUYHOCTH. DTO OOBACHAETCS, C OJHOM CTOPOHBI, MOSIBICHUEM
BBICOKOTIPOU3BOUTEIBHBIX BBIUMCIUTENBHBIX CHCTEM Ha 0a3e MepcoOHabHBIX KOMIIBIOTEPOB U
arapaTHbeIX CPEJCTB, MO3BOJLIIOIIMX MPOU3BOJINTH BBOJ CHTHajla B KOMIIBIOTED, &, C JAPYTOU
CTOPOHBI, BBICOKOH MOTPEOHOCTHIO CUCTEM ayTEHTH(PHKAIIUU B PAa3HBIX 00JACTAX.

Meroa ono3HaBaHUs JIUYHOCTH IO TOJIOCY CYIIECTBYET C TE€X IOpP, KAK YEJIOBEK HAy4dMJICS
roBopuTh. [103TOMY OCTOMHCTBA U HENOCTATKHU 3TOT0 METO/1Aa U3BECTHHI BceM. Kak He Bcerna no
0TBETY Ha Bonpoc «KTo Tam?» MbI MOKEM OIPEAEIINTD, YTO 32 IBEPHIO0 CTOUT 3HAKOMBIN YEIIOBEK,
U NPUXOJUTCS pa3BeHBaTb CBOUM COMHEHUs, 3arjsiHyB B JIBEPHOM IVIa30K, TAK U TEXHUYECKas
cucTeMa UICHTU()UKALUU MOXKET OIMOAThCs B CHIIy M3MEHEHHS r0JI0ca OTAEIbHOIO YeI0BeKa.

[TpuBneKaTenbHOCTh JAHHOTO METO/A - YJ00CTBO B IpUMEHEHUU. MeTo/ MpoBEepKHU rojoca
UMeEET JBa MOJIOKUTENIbHBIX OTJINYMS OT OCTAJIbHBIX OMOMETPUYECKUX METOI0B. Bo-TiepBBIX, 3TO
UICIbHbBIN CIOCO0 Uil TEJICeKOMMYHHMKALIMOHHBIX MPHUIOXKEHHH. Bo-BTOPHIX, OOJBIIMHCTBO
COBPEMEHHBIX KOMIIBIOTEPOB YK€ UMEIOT HE00X0AUMOE anmnapatHoe odecniedeHue. [IpoayKTsl ¢
IPOBEPKOI rojioca celyac mpeyiaraloT OaHKH U Apyrue KOMITaHUH.

OcHoBHas nipo0ieMa, CBA3aHHAas ¢ ’TUM I1OAX0JI0M, - TOYHOCTb MAeHTH(PUKanuu. OgHaKo 3TO
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HE SIBJIETCS CEPhE3HON MPOOIIEMOH ¢ TOTO MOMEHTA, KaK yCTPONCTBA MIACHTU(DHUKALINY PA3INYAIOT
XapaKTePUCTHKH YeloBeueckor peun. ['omoc popmupyercss n3 KOMOMHAUH (PU3HOIOTUIECKUX U
HOBEJCHUECKUX (PaKTOPOB.

Wnentudukamnys mo rojocy yaoOHBIH, HO B TOKE BpeMsl HE TaKOW HaJIeKHBIN, KaK Ipyrue
O6uomerpuueckue Meronpl. Hampumep, uesnoBek ¢ MNpOCTYJOW WIM JIADUHTUTOM MOXKET
UCIBITHIBATh TPYIHOCTH IIPU UCIIOJIB30BAHNHU AAHHBIX cUCTEM. CyILIECTBYET TaKKe BO3MOXKHOCTh
BOCIIPOM3BECHUS 3BYKO3aIIUCH.

Metoabl nccie10BaHUA

buomerpuueckass cuctema, IO CYyLIECTBY, pAaclO3HAeT WM U3BJIEKAET Ia0JIOHbI
OMMPCACIICHHBIX (I)I/I3I/IOJIOI‘I/I‘-IGCKI/IX NI NOBCACHYCCKUX XAPAKTCPUCTHK, KOTOPbIMU O6HaI[aCT
LIEJIEBOM YEJIOBEK, U MCIIOJIb3YET 3T IA0IOHBI 7Sl COMOCTABICHMS C 33JaHHBIMU J1aHHBIMHU.

K Hacrosimiemy MOMEHTY y Hac W 3a pyOekKOM pean30BaHbl CUCTEMBI aBTOMAaTUUYECKOU
UACHTU(PUKALMY [0 TOJI0CY, OONBIINHCTBO M3 KOTOPBIX CTPOSATCS MO €AMHOM KOHIENTyalbHOH
CXeMme:

MMPOU3BOAUTCA PETUCTPALUA ITOJB30BATCIIA U BBIYHUCIACTCA HIa6JIOH;

BBIOMPAIOTCS YUaCTKU PEYEBOTr0 MOTOKA JUIsl TalbHEHUILIEro aHalIn3a;

OCYILECTBIISICTCS IEpBUYHAs 00paboTKa CUTHANA,

BBIYUCIIAIOTCS ICPBUYHBIC ITAPpaMETPhI;

CTPOUTCS «OTIEUATOK» (11a0JI0H) roJIoca;

IPOM3BOJUTCS CPAaBHEHHME «OTIEYATKOB» TOJOCOB M (OPMHUPYETCs pelIeHHe 110
UJIEHTUYHOCTH TOJIOCOB WIIH «OJIM30CTHY T0JI0ca K TPyIIie TojocoB [1].

'unoretnyeckn OHOMETpUUYECKash CHUCTEMa COCTOMT U3 JBYX OCHOBHBIX MOJyJIeil:
peructpanuu 1 uaeHtupukanuu. CucremMa CKaHHPYET OCOOCHHOCTH WM, JPYTMMH CIIOBaMH,
OMOMETPHUECKUE XAPAKTEPUCTUKH YEIOBEKA C MOMOIIBI0O OMOMETPUUYECKOTO JaTYUKa, NOTydaeT
u(poBoe MpecTaBIeHUE 3TUX QYHKIMM U COXpaHSIET ero B KauecTBe 11abJIoHa B IEHTPaIbHON
0a3e JaHHBIX WIK HAa CMapT-KapTe Ha 3Tale perucTpanuy.
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PI/ICYHOK 1 — I'unoreTnyeckas 6I/IOMCTpI/I‘{CCKa$I CHUCTEMA

Monyne pacno3HaBaHHS CHOBa CKaHUPYET OMOMETPHUYECKHE XapaKTEPUCTUKH IIEJIEBOTO
4eJI0BEKa U MpeodpasyeT ux B LU(ppoBOi popmar, KOTOPHII UCIIONIB3YETCS Ha ITAle PErUCTPaIIH.
3aTeM cuCTeMa HCIOJB3YyeT 3TH MaHHBIC IS COIOCTABICHHS XapaKTEPHCTHK, YTO O3HAYaeT
CpaBHEHHE MOJYYCHHBIX JAHHBIX C [IA0JIOHAMU JJISl ONIPEeIICHHS IMYHOCTH YeIOBEKa.
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OOmiasi TpOM3BOAUTENIBHOCTh OMOMETPUYECKON CHUCTEMBI OLIEHUBAETCA IO €€ IOKa3aTelto
TOYHOCTH, CKOPOCTH M XpaHEHHUI0. bruomeTpruyecknue cuCTeMbl MOTYT IIPUHSTH MOIIEHHUKA Kak
JIeMCTBUTENILHOTO YEJIOBEKA, M 3TO HAa3bIBAETCS «JIOKHBIM COBIIAICHUEM» WIIH, HA000POT, CUCTEMA
MOJKET OTKa3aTh JI€HCTBUTEIBHOMY JIUILY, U 3TO Ha3bIBAECTCA JI0KHBIM HECOOTBETCTBHEM» [2].

O0paser rosoca — 3T0 UHAWBUYalIbHAs XapaKTEPUCTHKA, 1 HEBO3MOXHO HAlTH ABYX JItOI€H
C TOYHO Takoil ke cmekTporpammoil. CnekTporpamMma — 3TO BHU3yallbHasl 3alMCh peEyH,
IpOaHAJIM3UPOBAHHAS 10 YacTOTE, MPOJOKUTENLHOCTH U aMIuinTye. Ilockonbky rosnocoBoi
OTIEYaTOK YHUKAJIEH JJIsl CBOErOo BIAJAENblLA, €r0 MOXHO HCIOJIb30BaTh Ul YHUKAIbHON
UJICHTU(UKAITIH.

Heo6xonumoe 006opyaoBaHue AJisi TOJIOCOBOM ayTEHTHU(HUKAIMH — 3TO MPOCTO MUKPO(DOH,
IIO3TOMY €0 CTOMMOCTB HAaCTOJIBKO MaJjla, MM JIETKO I0JIb30BaThCs, M TEXHOJIOTUS pacliO3HaBaHUs
rojoca CeroHs NpUCyTCTBYET B HamuXx cMapTtdonax. Ho, koHEUHO, OH HE UACaIeH, KaK JIpyrue
O6uomeTpuuecKkue xapakTepucTuku. Camblii 00JIBIION HETOCTATOK T'0JIOCA B TOM, YTO OH MEHSIeTCs
B 3aBHCHMOCTHM OT BO3pacTa, U NpHU IEPexoJe OT JIETCTBA K IOJPOCTKOBOMY BO3PAaCTy MOTYT
IPOM30UTH pe3KHe H3MEHEeHMs. Takke Ha ToJIOC MOTyT HEraTMBHO IOBIUATH OOJIe3Hb U
MTHOBEHHBIE SMOIIMH, aKyCTHUKA MTOMEILEHUS U OKPY KAIOIIHM 1myM [3].

I'onocoBast ayTeHTH(UKALMS paccMaTpUBAETCsl Kak Mpobjema pacro3HaBaHUs 00pa3oB,
KOTOpas sIBJISIETCSA BETBbIO MAaIIMHHOIrO oO0ydyeHus. OCHOBHasl 3ajiauya Opu pa3paboTKe CUCTEMbI
rOJOCOBOM ayTeHTH(UKAIIMM - W3BIIEYCHHE pEUeBOro curHana. s wu3BIeUEeHUS pPEUYEBBIX
XapaKTepUCTUK W3 pPEYEeBOr0 CHUTHala JOCTYNHbI HEKOTOpble MeToJbl. Mojenu IMHaAaMHKOB
CO3JIAIOTCS ISl OTJCIIBHBIX JIUI] M COXPAHSIOTCS B BU/IE TOJIOCOBBIX 0a3 JaHHBIX MOCTIE H3BICUCHHUS
bynkuuit. 1 coznanus Mozenei JMHAMUKOB MOT'YT HCIIOJIb30BaThCsl METO/IbI MO/IEIMPOBAHUS,
BKJIrOUas BekTopHoe kBantoBanue (VQ), GMM (mozxenu rayccoBoii cmecu), HMM (ckpbiThie
MapKOBCKUE MOJAEIH) U T.1.

3asavya ayTeHTU(UKAIIMHU TOBOPSAIIETO COCTOUT U3 AIBYX KOMIIOHEHTOB: U3BJI€UEHUS (PYHKIMN
Y COIIOCTABJICHUs MX, KaK YIIOMUHAJIOCh paHee. [locne n3BiedeHns: yHUKaIbHBIX XapaKTEPUCTHK
U3 BXOJHOM peun (QyHKIMU CPaBHUBAIOTCSA € IAOJOHAMM BBICTYAIOIINX, KOTOPBIE CO3/IAIOTCS C
MIOMOUIBIO PA3JINYHBIX METOI0B MOJIEIMPOBAHUS U COXpaHAOTCS [4].

Metogel

Mpensapw - Cozpanus Pewenue o
BBogHas Tfnbﬂaﬂp “:ﬁg;:g:'“" Mogenen PacnozoBaHnu
Peub obpaboTka )Eapakrepumnk AVHaMHKOB loBopsilLero

U3Bnevenue xapaktepnuctuk CoOTBETCTBME XapaKTepUCTUK
PucyHnok 2 — Biiok-cxemMa cucTeMbl pacrio3HaBaHUs TOBOPSIIUX

Mertoap!l conocTaBiieHus (PYHKIIMA UCTIONB3YIOTCS KaK Ha dTare oOy4YeHus, TaK U Ha dTare
TecTHpoBaHus. UTOOBI MOCTPOUTH MOJENb TUHAMUKA, CUCTEMa 00ydaeTcs ¢ HMCIOJIb30BaHHEM
U3BJICYEHHBIX (DYHKUMH Ha 3Tame oOydyeHHs. DTa MOJeNb IMPOBEPSETCS CHUCTEMOH Ha JTare
TECTUPOBAHUS MOCPEACTBOM PaclO3HaBaHUs BBICTYAIOIIUX.

Haunbonee wacTo Mcmonb3yeMble METOABI TIOCTPOCHUST MOJENICH: BEKTOPHOE KBAHTOBAHUE
(VQ), ckpbrtast MmapkoBckas Mojiesib (HMM) u monens rayccoroii cmecu (GMM) [5].

BekropHoe kBanTOoBaHWe (VQ): BEKTOPHOE KBaHTOBaHHE, MOXaNyWd, CaMbIi MPOCTOM
QITOPUTM JIJIs1 COTIOCTABIICHHS MPU3HAKOB M CO3/IaHUS MOJIEJNEN C UCHOJIb30BAHUEM BEKTOPOB
npusHakoB. Tun VQ — 310 anroput™ oOyueHus 6e3 yuutens. OH co3qaeT KIacTephl, KOTOPHIS
NPECTABISIOT MOJICH 3aPETUCTPUPOBAHHBIX CITUKEPOB.

Bo-niepBbIx, mojgyyeHHbIE BEKTOpPHI MPU3HAKOB KIACCU(ULUPYIOTCA B pa3Hble KIACTEpHl.
Knacrepsl BKitoyaroT B ceOs BEKTOpPHI MPU3HAKOB CO CXOXKHUMH CBOMCTBAMH, U 3TU TOXO0XKHE
BEKTOPBI MOJICTUPYIOT aTpuOyThl roBopsux. CHavana mojly4aroTcs BEKTOPbI IPU3HAKOB, 3aTEM
OHHU CPaBHUBAIOTCS C HEHTPOUJAMH YK€ CYIIECTBYIOIIUX KJIAcTepoB. J{JIsl 3TOro MCHOIB3yeTcs
pacueT €BKJIHMIOBAa PACCTOSHMS. AJITOPUTM TOMEIIAeT BEKTOp MpPHU3HAKOB B KiacTep ¢
MUHHMAaJIbHBIM paccTosiHueM. llocie HazHaueHUs BEKTOpa KiacTepy LEHTPOMJ KiacTepa
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oOHoBsteTcs. J{pyroil TepMUH ISl LEHTPOUAOB — ITO «KOJIOBBIE CJIOBa», a TEPMUH «KOAOBas
KHHTa» UCIOJIb3YETCs sl Habopa KOJOBBIX CIIOB.

Ckpeitast mapkoBckass moaens (HMM): HMM MoxkeT MomeaupoBaTh CTaTHCTHYECKHE
BapHallMM XapaKTEPUCTHK, JaBaTh CTAaTHCTUYECKOE IIPEACTABICHHE O TOM, Kak JUHAMHK
BOCIIpou3BOAUT 3BYK [6]. CnenoBatenbHo, HMM sBnsieTcst 6osee 3G (HEKTUBHBIM aJITOPUTMOM
COIIOCTABJICHUS MTPU3HAKOB TI0 CPABHEHHIO C TPAAUIIMOHHON Moenbio VQ.

Mopnenn HMM — sTo craTucTHuecKkue MOJIENH, OCHOBAaHHBIE Ha Hjee, KOTopas SIBISETCS
«pacupeieicHueM BEPOSTHOCTEH COCTOSIHUS JUIsl BPDEMEHH X, YCIIOBHO HE3aBHCHMOTO OT BCEX
MPEIbIIYIIUX COCTOSIHUM, KOria cocTossHue BO Bpems X-1 3amano. Kpome Toro, Ml He MOKeM
HANPSIMYIO OMPEJICTUTh COCTOSIHUS, JUISI KOTOPBIX OHU HEBUAMMBI. UCTIOIB3YHTE WIH, APYTUMHU
CIIOBaMH, OHHU «CKPBITB», HO MBI MOXEM HCIOJIb30BaTh IapaMeTphl HAOMIOIEHUS IS
MIPOTHO3UPOBAHUS COCTOSHUH. Llenb cCOCTOUT B TOM, YTOOBI ONPEEIUTD 3T CKPHITHIC 3HAUYCHUS
COCTOSTHUSI C TIOMOIIBIO0 HA0JII01aeMbIX TapaMETPOB.

HMM - oauH W3 Jy4ymmx METOJIOB aHajlu3a TroJjioca, MOTOMY YTO OH HMEET YETKO
OTIpEICIEHHYI0 MaTeMaTU4YeCKyl0 CTPYKTYpy, HE TpeOyeT SKCHEepTHBIX 3HAaHUH O PEueBOM
CUTHAJIE, HEe HAKAIUTMBAIOTCS ONIMOKH B aHAIHM3E U HE TPpeOyeT OOIBIIIOT0 KOJINYeCTBA ITIa0JIOHOB.

Mopnens rayccoBoii cmecu (GMM): momens rayccoBoit cMmecu - oIuH H3 Haumbojee
paclpoCTpaHEHHBIX M YCIEUIHBIX METOJO0B MOJICIHPOBAHUS JIWHAMUKOB. PeueBbie aTpuOyThI
JIETKO MOTYT OBITH pactpenenensl mo ["ayccy, mostomy GMM - ouens 3¢ddexTuBHBI cr1OCOO
monenupoBanus [7]. [ImoTHOCTH rayccoBoi cMecu MpeAcTaBiseT co00i B3BelIeHHY0 cyMMy M
IUIOTHOCTEH KOMIIOHEHTOB, Iie M mpexacraBisier coboil koinmyecTBO rayccuaHoB. Kaxioro
TOBOPSIIET0 MOXHO 3(PPEKTUBHO CMOJEIUPOBATh U MPeACTaBUTh ¢ momoiibio GMM, u Ha Hero
CCBIJIACTCSI MOJICITh, CBSI3aHHAS C HUM / HEH.

BoiBoabI

buomerpuueckue — 3T0 00Ilee Ha3BaHHE IPOLIECCOB, UCIOIB3YEMBIX Ui NPOBEPKU U
UACHTU(DUKAIMK JIIOed MyTeM HU3MepeHUs UuX (U3HOJIOTMYECKUX U TOBEJEHUYECKHUX
XapakTepucTUK. buomeTpuieckre naeHTUGUKATOPHI O0sIee HaIeXKHBI [0 CPAaBHEHUIO C METOIaMH,
OCHOBaHHBIMM Ha 3HAHHUAX M TOKEHAaxX, IOCKOJbKY OHHU OO0JaJal0T TaKUMU CHIIbHBIMHU
XapaKTepUCTUKaMH, KaK YHUBEPCAIbHOCTb, YHUKAJIBHOCTD, TIOCTOSIHCTBO M BO3MOXKHOCTbH cOOpa.
HaubGonee uvacto ucnonb3yemble OMOMETPUYECKHE IMapaMEeTpbl — 3TO OTIEYATKU MalblIEB,
reoMeTpHs pyKH, paclio3HaBaHUE JIML, CETYATKa, paaykHas 000JI0uKa Iia3a, rojoc, U Kaxaas u3
HUX UMEET CBOU ILIKOCHI U MUHYCHI 110 CPAaBHEHHUIO C APYTUMHU.

I'onocoBast ayreHTH(UKALMSA MOXKET ObITh OOBSICHEHA KaK PAacClo3HaBaHHWE TOBOPSILETO C
UCIIOJIb30BaHUEM HMH(pOpMAIMK, YHHUKAIbHOM 1 4ejoBeka. CHCTeMbl pacro3HaBaHUS
IPOMKOTOBOPUTEJIEN CHayasla U3BJIEKAIOT U3 PEYEBOT0 CUTHAJIA OIPEEIIEHHBIE XapAKTEPUCTUKH,
a 3aTeM CO3/al0T MOJENU WIHM IAaOJIOHbl TPOMKOTOBOPUTENEH Ul XpAaHEHUS 3TUX (PYHKUIUM.
Hakonen, cucremMa CpaBHHBaeT TOJIOC, KOTOpBIH JOJDKEH OBITh ayTEHTH()ULIUpPOBaH, C
COXPAHEHHbIMHM II1a0JIOHAMU WJIM TOJIOCOBBIMU pacliedyaTKaMd U TMBITAeTCs ONpEeAeNuTh,
COBIMAJIAIOT JIM OHHU.

CucreMbl roJI0COBOM ayTeHTU(UKAIIMK BCE Yalle HCIOIb3yIOT METObl OMOMETPHH, IIOTOMY
4TO OHM HE TpeOyIT HHUKAaKoro oOOpyJIOBaHHUS, KpOME MHKpO(OHa, B3auMoOJeHcTBUE
MOJIb30BATENsl HE ABJISIETCS 0053aTENIbHBIM U pealn3yeTcs ¢ TOMOIIBIO METO/I0B, OCHOBAaHHBIX Ha
CHWJIBHOM MaTeMaTH4ecKod ocHoBe. CHCTEMBl pacro3HaBaHHUS rojioca, KOTOpble B HACTOsIEe
BpeMs UCTOJIb3YIOTCS B TAKUX 00JIACTAX, Kak cyieOHast SKCIepTH3a 1 0aHKOBCKOE JIEIIO.

baarogapHocTs

PaGora BbIMONTHEHa 3a CYET CPEACTB MPOTpamMMbl LIEIEBOro (PUHAHCUPOBAHMS HA OCHOBE
JIOTOBOpa IO OKa3aHWU ycnyr cyOmonpsina «Pa3paboTka HAIIMOHAIBHOTO 3JEKTPOHHOTO OaHKa
JIAHHBIX 110 HAYYHOU 300JI0THYEeCKOi Kosutekiuu Pecryommku Kazaxcran, oOecneunBaromero ux
3 PEeKTUBHOE HCIIOJIb30BAaHKE B HAYKE U 00pa30BaHUN.
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Annoramus. PaccmatpuBaercss 3amada pa3pabOTKH MaTeMaTHYECKHMX MOJeNeld  BOJIHOBOE
pacnpezeseHle ¢ OCHOBaHUEM I10]] BO3/IEUCTBUEM MOABUKHONM HArPYy3KH B CJI0€ MATKOTO IPyHTA.

I'pyHT MOmenmupyeTcsl MaeanbHON HENMHEHHO COKUMAEeMBIH W HEOOpPaTHMOW pasrpy3KOd Cpeloi, B
KOTOPOH 3aBUCHMOCTh MEXIY JaBICHHEM M 00beMHOH nAedopmanuell npu Harpy>KeHHH U B MpoOLEcce
pasrpy3Ku CPEIbl ABISCTCS TMHEHHON U HEOOPaTUMOM.

Harpyska mpumnoskeHa K BepXHel MOBEPXHOCTH CIIOSI U IBUXKETCS CO CBEPX CEHCMHUYECKOM CKOPOCTBIO.
PaccmatpuBaercs 3ama4a 0 BO3AEHCTBUN MOABM)KHOM Harpy3Kd Ha JIBYXCIOWHYIO Cpelly, COCTOSIIYIO U3
MATKOIO CJIOSI TPYHTA U yIPYTONOAATIMBOM NPOKIAJKH € Pa3HbIMU TOJIIIMHAMU U IUNIOTHOCTAMH. Penienue
3aJ]auydl MOCTPOCHO AHAJMTHYECKH KaK OOpaTHBIM, TaK MpSAMbIM criocobamu. B HacTosmeit 3amaue
CpeIMHHas INIOCKOCTh OTCYTCTBYET. [109TOMY B Ka4ecTBE HCKOMBIX BEIMYMH PACCMATPUBAETCS CMEIIECHUS
u JgedopMaliu TOYEK IUIOCKOCTH, KOTOpas HpU ONPEAETIEHHBIX YCIOBUSX NEPEXOIUT B CPEIUHHYIO
TUIOCKOCTH cJiosl. [Ipu uccneioBaHuM BOTHOBBIX MIPOIIECCOB B IEPOPMHUPYEMBIX CpelaX WU MPH PEHICHUH
3aj71a4 B3aUMOJICHCTBUS CIIOS ¢ IePOPMUPYEMBIM OCHOBAHHEM HCIIOJIB3YIOETCS METOB MaTeMaTHYECKOMI
(bu3uKH.

KaroueBble cjoBa: Martemaruyeckue MOJENH, pPACIpPOCTpPaHEHHE, IUIACTHYECKas  BOJIHA,
AHAIIUTUYCCKOC PCUICHUE, (I)pOHT BOJIHBI, nACaJIbHAsA KUAKOCTb, JIMHEWHAs C)KHUMAaEMOCThb, H606paTI/IMaH
pasrpy3Kka. ypaBHEHHE ABHKEHUE, HEPA3PBIBHOCTh, COCTOSHUS CPEMBI.

BBenenue

AHanmM3 COBPEMEHHOTO »JTama pPa3BUTHS MEXaHUKH BBISBICHBI, YTO B MHPE IITHPOKO
UCIIONB3YETCS MaTEeMaTUYECKUEe METOAbl Ui MPOBEACHHUS HAyYHBIX HCCIIEOBAaHUMN
OTHOCSIIUXCSA K Teme. [IpakTuka BBIIBHTaeT Ha TMEpPeAHUN TUTaH 3a7a4d MHOTOBAapHMAHTHBIX
WCCJIEIOBAHUI JBYMEPHBIX U TPEXMEPHBIX CHCTEM, aJEKBAaTHOE PEIIEHHE KOTOPhIX HHOTIA
BO3MOJKHO TOJIBKO ITyTE€M MaTeMaTHYeCKOro MoJAeNupoBaHusA. Kak mpaBuio, HANTH 3aMKHYTOE
AHATUTUYECKOE pelIeHHe JUIsi OONBIIMHCTBA MPOOJEM HE MPEACTABISETCS BO3MOXKHBIM, a
OKCIIEPUMEHTAJIbHBIE HUCCIICIOBAHMSI YacTO OKAa3bIBAIOTCSA TPYAOEMKHMMH ¥  OIACHBIMHU
npoueccamu [1].

Bo BTOpoit monoBune 20-T0 Beka, oTHOCsImHE K 1950-1990 roasr mmeeTcsi MHOXECTBO padoT,
MOCBSAIIEHHBIX Mpo0JieMe paclpocTpaHeHHs] BOJIH B cpele ¢ AehopMHpyeMOM OCHOBAHUEM.
AHanu3 MOKa3bIBa€T, BO-TIEPBBIX, YTO B OOJBIIMHCTBE ATHX PabOT UCCIIEOBAHUS POBOIUINCH
JUIs pacyeTa JMHEWHBIX 3a/lad Ha MPOYHOCTh CTPOUTEIBHBIX KOHCTPYKIUN C yHOpPYruMm
OCHOBaHHUEM; BO-BTOPBIX, B OOJIBIIMHCTBE PA0OT pacueT 3J€MEHTOB CTPOUTENbHBIX KOHCTPYKIIHUN
paccMmarpuBaics 06e3 BIHSHHS HCTIOIh30BaHUS YIIPYTO-TIACTHYECKOT0 OCHOBaHus. Ha ocHOBaHUM
aHaJM3a UCCIIEOBAaHHBIX PaOdOT BO3ZHUKAET MOTPEOHOCTH B pa3pabOTKE MaTeMaTUUECKHE MOJICTH
pacrpoCTpaHEHHE  BOJIHBI Ha CJOE€ TIPyHTa CO CBOMCTBOM HEJIMHEWHO — CKUMAEMBIA U
HeoOpaTUMOH pa3rpy3Koil Ha ypyroMm, ynpyro-miacTU4ecKOM U BSI3KOM OCHOBAaHUU C YYETOM
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BIMSIHUSL TEMIIEPATyphbl 3JIEMEHTOB KOHCTPYKIMHA M uX ocHoBaHus [2]. IlosTomy mpoOiema,
uccienyeMas B paboTe, YUYUTHIBAIOIIAs BbIIICIIEPEUNCIICHHBIE HEIOCTATKH, SIBISIETCS BaXKHOU U
aKTyaJIbHOM.

Jannast paboTa MOCBSIEeHA Ha TOCTAaHOBKE M pa3paboTKe MaTeMaTU4YecKOW Mojaenu
pacrpocTpaHeHHE BOJHBI B HEJIMHEHHO — COKUMAeMOM M HeoOpaTHMOIl pa3rpy3koi mosoce,
JeXalled Ha yrnpyronoJarjuBOd OCHOBaHMU. B KauecTBe MCKOMBIX BEJIMYMH pacCMaTpHUBAETCA
cMeleHHs 1 1eopMaliy TOYEK IIOCKOCTH, KOTOpasi MPU ONpPeACIEHHBIX YCIOBUAX NEPEXOAUT
B CPEIMHHYIO MIIOCKOCTH 104 [3]. IIpu uccnenoBanny BOIHOBBIX IIPOIECCOB B e(hOPMUPYEMBIX
cpedax WM TpH pEIIeHUH 3a]ad B3auMOJEHCTBHA ClOS ¢ AeGOpMUPYEMBIM OCHOBAHUEM
HCITOJIB3YIOCTCS METOIbI MaTeMaTUUECKOM pu3uku [4].

AHaJIM3 JIUTEPATYPHBIX JAHHBIX M IOCTAHOBKA NPO0/1eMbI

HccpenoBansl 1IMHAMUYECKUE HArpy3KH BO3ZHUKAIOIIKME B CIIydasX, KOIZla MMEKOT MECTO
coyJapeHus yacTei padoTaroluX MallliH WM UX YAapHOE JAeWCTBUE Ha OOBEKTHI IPOU3BOJICTBA
(HampuMep, yaap 6aTtaHa IO HUTU B TEKCTUJIbHBIX MAIIMHAX, YAAapbl IHEBMO-MOJIOTA [10 IPUPOJIE,
B aBHAllUM M PAKETHOM TEXHUKE HUMH SBJSIIOTCS HEPEryJISPHO-LUKIMYECKUE Harpy3KH,
0o0ycCJIOBJIEHHbIE JEMCTBUAMHU YJapHbIX BOJH U IIOPBIBOB BETpPa; B IPaXIAHCKOM,
IPOMBIIIJIEHHOM, THUJIPOTEXHUYECKOM CTPOMUTEIBCTBE — CEHMCMHUYECKHE U BCEBO3MOXKHbBIE
B3pBIBHBIE HATPY3KH; C MOCIETHUMHU YaCTO MPUXOIUTCS UMETH JI€J10 B TOPHBIX pa3paboTKax U T.J.
[5], [6].

AHanu3 ucciae10BaTenbcKiX padoT B JaHHOM HalpaBJIEHUS B 1albHEM U OJMIKHEM 3apyOekKbsi
3a mocneanee BpeMs no 2021 rojga mokasblBalOT, YTO PACCMOTPEHBI PACIPOCTPAHEHHUS BOJH B
ne(pOpMHUPYEMBIX CIIOMCTBIXCPEAAX IO JAEHCTBHEM HHTEHCHUBHBIX HAarpy3oK M IpPOBEIEHBI
UCCIICIOBaHUs B CIEAYIOMMX HampaBieHusx [7,9-30]: skcrnepuMeHTalbHOE HCCIIeIOBaHUE
ne(pOpMHUPYEMOCTH, PACHpPOCTPAHEHUS YJIbTPA3BYKOBBIX BOJH M aKyCTHYECKOH 3MUCCHH
KaMEHHOM COJMM TMpH TPEXOCHOM CXAaTHM; pPACIPOCTPAaHEHHE €CTECTBEHHBIX BOJH Ha
MHOTOCJIOfHOM ~ BSI3KOYNPYTOM  LMJIMHAPHUYECKOM  TE€J€, COAEpPXKAIIEM  IOBEPXHOCTh
0CJ1abJIEHHOT0 MEXaHUYECKOI0 KOHTAKTa; MOAEIMPOBAHUE PACIIPOCTPAHEHUSI YIIPYTHX BOJIH MPU
pa3BeloYHOM OYpEeHHHM Ha OCTPOBE MCKYCCTBEHHOTO JIbJla; BapHAallMOHHBI MPUHLMI U
pacIpoCTpaHEHHE IUIOCKUX BOJIH B TEPMOYIPYIOHM Cpelie C JBOMHOM IOPHUCTOCTBIO IO TEOPHH
Jloppa-lllynbmana; BIMsSHHE TEIUIOBBIX HAarpy30K Ha aHaJIM3 pacHpOCTPAaHEHUs BOJH
MHOTOMAacIITaOHBIX TMOPUIHBIX KOMIO3UTHBIX OalOK; YEIUHEHHbIE BOJHBI B AEQOPMUPYEMBIX
[0 CTENEeHSAX KaHalaX C JIaMMHApHBIM WM TYpPOYJIEHTHBIM IOTOKOM KHMJIKOCTH; aHaJIU3
pacnpocTpaHEeHHUs] BOJIH MHTEJUIEKTYaJbHBIX HAHOCTPYKTYp; HCCIEIOBAaHUE PACIPOCTPAHEHUS
MIOTIEPEYHBIX BOJIH 4Y€pe3 MapajljIeNIbHbIE CTBIKM T'OPHBIX IOPOJA IPU HANpSIKEHUM Ha MECTE;
BJIMSHUE MArHUTHOTO TIOJSi Ha TEPMHUYECKOE paCHpOCTpPAaHEHHE AaKyCTUYECKHUX BOJIH BO
BpAILAIOLIMXCsl JBYXJIYUYEBBIX CHCTEMAax; MaTeéMaTHUYECKOE MOJAEIUpoBaHuE BOJHBI CTOYHIN B
TPaHCBEPCATBHO-U30TPONTHOM TEPMOYNPYIOMl Cpele; pacHpoCTpPaHEHUE KOCOM MONEpPEeYHOM
BOJIHBI B KOHEYHO Je()OpMHUPYEMBIX CJIOUCTBIX KOMIIO3UTaxX; IapaMeTpHuecKas OLEeHKa
JUCIIEPCHBIX BSI3KOYNPYTUX CIOUCTBIX CpeJl MPUMEHUTENbHO K MOHUTOPUHTY COCTOSHUS
KOHCTPYKLHUH; IAacCUBHBIM KOHTPOJb PACIPOCTPAHEHUS TPEXMEPHBIX BOJH C IIOMOIIBIO
(YHKIMOHAJIBHO TPAJMEHTHOIO CIIOSI; TEOPETHUECKass MOJIeNIb PACIPOCTPAHEHUsI aKyCTUYECKOM
BOJIHBI HAa MEJKOBOJIbE; TPEXMEPHOE MOJEIMPOBAHUE BIUSHUS BBITYKJIOCTH Ha YIpaBlIEHUE
pacpoCTpaHEHUEM HEJIMHEWHBIX BOJH HANpPSDKEHUM, BBI3BAHHBIX B3PBIBHOM Harpy3Kou;
AHAJTUTHUYECKOE MCCIIEIOBAHNE PaclIpOCTpaHeHHs BOJIHBI JIfBa B (PyHKIIMOHAIBHO-IPaAUEHTHBIX
cpelax € DJEKTPOAHOW TpaHULEH W PE3KO YTOJIIEHHOM HECOBEPIUCHHOW IpaHULEH paslena;
MHUKPOCKOIIMYECKHE HEYCTOMYMBOCTM M PAacCHpPOCTPAHEHUE YNPYTUX BOJH B KOHEYHO
neGOpMHUPYEMBIX  CIOUCTBIX MaTepuallax €O CXHMAaEeMbIMU THUIEPYNpPYTUMH  (a3amu;
TEPMOMEXAHMYECKOE TMOBEICHHE MHOTOCIOWHBIX cpel Ha ocHoBe Mojaenu Jlopaa-lllynemana;
pacrpoCTpaHeHHE HAKJIOHHBIX I'PAaBUTAIIMOHHBIX BOJH BO BpPEMsl BHE3AIHBIX CTpaToc(hepHBIX
NOTEIUIEHUH; pacnipocTpaHeHre SH-BOJIH B IBYX aHU30TPOIHBIX CIIOSIX, CBA3AHHBIX C
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HU30TPOIHBIM MOJJYIIPOCTPAHCTBOM I10[J I[eﬁCTBHeM CHJIbI TSKCCTH; TPEXMCPHOC YHCJICHHOC
MOACIIMPOBAHUEC I'OPECHUA METAaHA U BO3yXa B MHCPTHEIX IMOPUCTHIX CPE€aax B macurrade Imop B
YCIIOBUAX PACHPOCTPAaHCHHUA BOJIHBI T'OPCHUSA B CPCAC BBCPX M BHHU3 110 MMOTOKY; MCXaHHU3MBbI
3apOKICHHS MUKPOTPEIIUH B HepkaBetomel ctanu 3 16LN npu cuHda3zHOM TepMOMEXaHUYECKOM
YCTAJIOCTHOM HArpyXCHHUH, BJIIMAHUC MCIIKHUX I[e(beKTOB Ha YCTAJOCTHYKO IPOYHOCTH
MAapTCHCUTHBIX HCPIKABCIOIINX CTaJIeN.

Bce ckazannoe mmo3BoiseT YTBCPXKAATh, YTO OBLIO HGHGCOO6pa3HBIM IIPOBECTU UCCIICAOBAHUA
110 pa3pa60TKe MAaTEMATUYCCKUEC MOICIIN HaHpH)KeHHO',Z[e(bOpMaHI/IOHHOFO COCTOSAHHUA MaTC€pHralia
¢ nepopmMupyeMbIM OCHOBAaHUEM TIPU JUHAMHUYECKON HArpy3Ke.

Leas 1 3a1a4M UCCIEIOBAHUS

Lenbto naHHOW paboOTHl SBJISETCS MCCIENOBAaHUE, pa3paboTKa MaTeMaTHYECKHX MOAenei
BO3JICUCTBUS TOJBM)XHOW HAarpy3Kd Ha CJIOM TIpyHTa KOHEYHOW TOJIILMHBI, JIeXKaleil Ha
TOPU30HTAIIBHOM yIPYTONOAATIIMBOM OCHOBAHUH.

I'pyHT MoOmenupyeTcs uealbHON HEIMHEWHO — CXKMMAaeMbli M HEoOpaTHUMOM pasrpy3Koi
cpenoi, B

KOTOPOH 3aBUCHUMOCTh MEXIY NaBICHHEM M OOBEMHOW aedopMaryeil mpu Harpy)XeHUu U B
MIPOLIECCE PA3TPY3KH Cpebl SABISETCS TUHEHHOM U HEOOpaTUMOIA.

B pamkax cpopMyarpoBaHHOM L€ CTABATCA U PELIAIOTCS CIEAYIOINE 3aJaun:

— pa3paboTka MaTeMaTH4eCKONH MOJIETIN PaCIPOCTPAHEHNE BOJIHBI B HETMHEITHO — CKUMaeMOoi
¥ HEOOpaTUMO# pas3rpy3Koi IMoJIoce, JIeKAIIeH Ha YIIPYToMmoAaTIMBONH OCHOBAHHH.

MarepuaJbl 1 METOAbI HCCJICIOBAHUM

Jlig pelieHus: uccnea0BaTelbCKUX 3a/1ad MPUMEHSIOTCS METObl MaTEMaTUUECKON (PU3UKU C
UCIIOJIb30BAaHNUEM 3aKOHBI COXPAHEHMS KOJIMYECTBA IBUKECHHUS, DHEPTUH, HEPA3PBIBHOCTH, MAaCCBhI,
HayaJbHbIE W TpPAHUYHbBIE YCIIOBHUS, pa3paboTKa MaTeMaTUYeCKOW MOJEIN  BO3JAEHCTBUS
MOABYKHOW HArpy3KM Ha CJIOW IPYHTa KOHEYHOHM TOJIIUHBI, JEXalle Ha TOPU30HTAIBHOM
YOPYronoJaTiiMBOW OCHOBAaHHMUM U pa3paboTKa MaTeMaTHUeCKOH MOJEIM paclpoCTpaHEHUE
BOJIHBI B HEJIMHEHHO — CKMMaeMOW M HeoOpaTUMOW pas3rpy3kod mojoce,  Jiexalled Ha
YIPYTOnoJaTiIMBON OCHOBAHUH

[Ipu pemeHNM BOJHOBBIX 3aday Ads Ae(GOPMUPYEMBIX Cpell, ONMMCHIBAEMBIX ypaBHEHHSIMHU
JBUKEHUS UIIM JUTSI BI3KOYTIPYTUX CPeJl, UM MPU PELICHUH 33]a4 YIPYTuXx (BI3KOYIPYTHX) TEJIO,
MOBEJICHUSI KOTOPBIX OMUCHIBAETCS YPABHEHUSIMH B YaCTHBIX TPOU3BOAHBIX YETBEPTOTO MK OoJee
BBICOKOT'O TIOPSAKA. TOCTPOSHUSI OOIIUX PELIeHUH ypaBHEHUHN IBUKEHUS MPEACTABISET TPYIHYIO
MaTeMaTHUYECKYIO 33/1a4y, IPUYEM 3Ta CI0KHOCTb YCYTyOJsieTcs pa3IndyHOro BU1a TPaHUYHBIMU
ycioBusiMU. Hamu mosrydeHs! perieHre 3ajaud Ha OCHOBE KJIACCUYECKOM MPUOIUKEHHON Teopun
BO3/ICUCTBUS MMOJBMKHOM Harpy3kd Ha CIOW I'pyHTa KOHEYHOM TOJNIIUHBI ¢ AeHOpMUPYEMBIM
OCHOBAaHHEM.

PesyabTarsl Hcciie10BaHU M

ITocTaHoBKa M pelIeHHe 321241 Pa3padoTKa MATEMATHYECKOI MO/1eJIM PaclIpOCTPAHEeHH e
BOJIHbI B HEJIMHEIHO — CXKHMaeMOil M HeoOpaTHMMOH pa3rpy3koil moJioce, Jexkamied Ha
YIPYIronoaaTJuBOi OCHOBaHMHM. PaccmaTpuBaeTcss IUIOCKas 3axada O paclHpOCTPAHEHHUH
IJIACTUYECKOM BOJHBI B ABYXCIOMHOW Cpelle ¢ IUIOCKOIAapaJUIeIbHOM I'paHULIEW pas3zena Ipu
BO3JICCTBMM WHTECHCUBHOW HAarpy3Kd CIajaromero npoduis, MepeMelIarneicss BIoIb e
BEPXHEHN I'PaHUIIBI C IOCTOSIHHON CBEPX CEHCMMUYECKON CKOPOCThO D.

JIByxcioifHasi cpefia COCTOHMT M3 MSTKOTO CJIOSI TPYHTa TOJIIMHOW N ¢ ymnpyro-monatiuBbIM
neGpopMHUpyEeMBbIM OCHOBaHUEM. [ pyHT MOAeHpyeTcsl HeYNpyroi naeaabHON Cpeoi ¢ IMHEHHOM
CKUMAEMOCTBI0O M JIMHEHHOW HeoOpaTuMou pa3rpyskoi. CremoBarelbHO, COMPOTHUBICHUEM
Cpezbl K CIIBUTOBBIM yCHUJIHSIM ITpeHeOperaeTcs.

CormnacHo JaHHOH MOCTaHOBKE MCCIIE0BAHO BIMSHUE Ae()OPMUPYEMOCTH OCHOBAHUS U
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npodwiiss Harpy3Kd Ha paclpesieieHue JAMHAMHYECKUX IapaMeTpoOB CJIOS M KOHTAaKTHOM
noBepxHOCTU. CpaBHUBAIOTCS PE3YJIBTAThl YUCIOBOIO pacdyera ¢ pe3ysibTaTaMu aKyCTHYECKOTO
CIOS M CJIOS JKECTKMM OCHOBaHWeM. Pemenue 3amayu mOCTPOEHO B pslax, AOKasaHa HX
CXOAMMOCT.

[lyctb mo BepXHel IpaHulie ClI0s ¢ yIPYTUM OCHOBAHUEM JBUXKETCS MOHOTOHHO YOBIBAOIAs
HOpMallbHasi Harpyska co ckopocTeio D, mpeBocxopsmias cKOpOCTb PacHpOCTpaHEHHs BOJIH.
Marepuan ciost o0nagaeT TakKiM CBOWCTBOM, YTO IPU HAarpy>XeHHU U Pasrpy3Ke CBsI3b MEKIY
naenenueM P u o6bemHoll nedopmanueiil £ nuHeiiHa 1 HeOOpaTHMa, YroJl HAKIOHA E, BetBn

pasrpy3ku auarpaMmel P ~ £ npeBblaer yron HakJIoHa El BETBM Harpyxenuu, 1.e. £ <E,.

[Ton neiicTBUEM BBILLIEYKa3aHHOM HArpy3KH B CJIO€ CHayajia pacpoCTPaHAETCs BOIHA CKATHS
2,, KOTOpas [OCTHTaeTCs KOHTaKTHOM JIMHMUH Cpex MOOYKIaeT B CJIO€ OTPAKCHHYIO

IUTACTHYECKYIO BOJIHY X, , @ BO BTOPOIl Cpelie CHCTEeMY YNpPYTHX (IPOOIbHON U IONEPedHOi)
Bone X, u 2, . Ilpu E <E, ckopocrs pacnpocrpanenus xapakrepuctuku A/ Gosnblue, 4eM
CKOPOCTb (DpOHTA 2., , CIEOBATENIBHO, KaK B PEABLAYIIEM pa3jelie, BO3HUKAOT o0nactu 2, 3, 4,

u 1.0. Ha cucreme X, u X, Marepual clos MTHOBEHHO Harpyxaercs, a 3ateM obnactsix 1, 2, 3,

cpcaa pa3rpyKacrces. y‘II/ITLIBaH, 4UTO PCHICHHEC 3aaa4Y1 B obnactax 1 u 2 6bUI0 MOJIYUYCHO, HUKC
npeaiaracTcda peuiCcHuc 3ajia4u TOJIbKO B obnacTax 3 caosa u a, b ynpyroﬁ TTOJIYTIJIOCKOCTH. I[J'IH

COBMECTHOM 3aaun obnactu 3, a, b MeeT MeCTO
o B na1 (I utger)
£, ((1"' Hge) hj __K S A G ypaBHEHUs IS TOTeHIMANoB nepemernenus O
tga LD =
Y ynpyroii nomyriockoctu[ 1-6]
o’°d  o*d s 4
/’llz ~e2 2 ’/’lzz ~ez 2! (1)
o&"  on o0& on
ﬂf=[2j—1, ﬂs:[bgj_l’ a2 =226 G
d o Po Po

u 1o popmyne [Janambepa ux pemieHus npeacTaBiIseTcs B BUIE

p(&n)=f,(E—un)+ T,(E+un), ©(&n)= Fs(é—ﬂm),.

2)
(&) =F,(& - 1)
rae Py, A, G —HavanbHas WIOTHOCTH U KOO (HuKeHTb! JlamMe yrpyroii cpessl.
I'panuyHbIe yCIOBUS JaHHOU 33a[ja4l CIEIyIOIIHE:
Ha (poHTe oTpaxeHHoi BomHkl npu 77 + Stgar = 2h
tga (% - 9)=u; —u;, ©)
Ha koHTakTe AE mByx cpennpu n7=h, &>—
tga
O’ oY) 0
ngzo’ + > :—¢’ P:—O'm?. (4)
ocon 05" ) Og

3neck Oy, O, — KOMIIOHCHTBI HANPSDKCHUs B ynpyroii cpeze. [Utd HaxoxaeHUs (QyHKIHH

f 4’ (t) u3 (3) u (4) ¢ yuerom (2) monyyaem GyHKIMOHATBHOE yYpaBHeHue[ 1,5-10]

n'(&)—m;(ﬂo&2uh)=—%61(5), ®
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G,(£)= 1) (£ ~2uh)+ Ay, (1€ +2uh)

A(z,e)_{z(”f -y +ze(@+%ﬂ,

244

2 2
A(2,G)+ PP (1+ H _1j

2 2 '
% A(2,G)— PP [1+ ”22_1j

Y7

Pemenne ypaBHeHUs (5) MOCTPOSHO METOIOM IOCIEIOBATESILHBIX MPUOIMKEHUH. B camom
nene, IpUHUMAs 3a HyJIeBOE MPUOIMKEHHE

(&)= —%Gl(é)-
JUI TIEPBOTO HpI/I6JII/I)K€HI/I$I uMeeM
f, [G E)+ 4Gy (A& +2uh) |.

Torma, npoJoIDKast MPOIECC UTEPALMH, TIOIYYHM PEKYPPEHTHYIO (GOPMYJTy BUIa
£1(&)=—22| G,( Zﬂl"e(zo&zm (o - )j ©
2 (1)
Uccnenosanue nokasaio, uro A, <<1, 4, <1 u Gl (é’ ) MOHOTOHHO YObIBatoIast QyHKITHSI.

CrenoarenbHo, 1o pu3HaKy Jlanam6epa psj (6) abCONMOTHO CXOANUTCS, U MOXKHO YCTaHOBHUTD
pamuyc ero cxoauMoctH. Toraa penienue 3aga4un ¢ yuetom (6) npumer Bup [2-5]

P(f,ﬁ)=—PoD‘st(§ﬂ7), (7
(&) =—1¥»(&m). ®)

rac

Gy(&—un+ Zuh)—%61(§+w7)+

¥au(6077) = +Z/%”G{ (&- ﬂ77+2ﬂh)+2/1h((ji:i))}_

n (ﬂ'(;] _1)
ZAG{ §+,L177)+2,uh(/10_1)}

34



Pacnipoctpanenue BoJIH 101 BO3ACHCTBUEM MOABUKHON HArpy3KH Ha CJI0€ TPYHTa C OCHOBAaHUEM
AtinocoB Amnaspoek, Aiinocos ["amsim AmnaspOexoBuy,
Hapbaega Canranat MypatOexoBHa

G,(&—pun+ Zuh)—%G1(§+w7)+

Wy (6077)= +Z%G{ (£- ﬂ77+2ﬂh)+2yh((i’::i))}+

LAY G{ 50 Us =D }
%éﬂi A (E+un)+2u D

B sTOM ciydae HOpMaNbHONM HaAIPSKEHUS O, YIIPYToii TIOMYIIIOCKOCTH B 06macTsax @ u D

onpezensercs GpopMysiaMu

o)

m = 2_q L113:0(9‘3777)"' 2_4 ‘1’31(5,77), C))
2D;{1+’%J D[1+/’12]
2 2
mpu & — 1, =0, n=h.
) Aij
> —1)| 1+ —+
44 )[ J

2_
ZDM(].—F ”Zzlj

\P32(§’77)’ (10)

n

mpu & — w20, w=h,
[ﬂ,(,uzz +1)+ZGyf]Gl[(ﬁ—,ufiy)+(,ul+,u)h]+

+ZAOG{ (f ;Ll77+(y1+y)h)+2yh$':—:£}’

\Pso(giﬂ)

Gl[(f—#zzﬂ)+(#z+ﬂ)h}+
‘P31(§v77):<+§ﬂ1n(31|:/1€((§—ﬂ277)+(y2+,u)h)-|—2 h((/;z i.)):| )
[ﬂ(,uf+1)+2G,uf:|Gl[(§—,LLl77)+(,ul+,u)h]+

LN PR e |

Ecu A —> 0, G —> o, 10 4, =—A,, uu3(2), (3) ans ciydas cinos ¢ aGCOMOTHO KECTKUM

lPsz(‘f:ﬂ):

OCHOBAaHHEM UMEEM

P(f,ﬂ)=—PoD‘P33(§,77), (11)
(&) =~1¥5,(&m). (12)

rac
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G, (& — un+2uh) =G, (& — ) +
¥, (&)= +i(—10)”61 /%”(5—#77+2/1h)+2uh—((i§:i)) + 5,
(=)

+§(—/10)” G,| A (& +un)+ 2ﬂh%—_1) +

G,[ (& — pm+2uh) =G, (& + um) |+

¥, (E7)= +i(_,10)”61 /15‘(5—/177+2/1h)+2/1h—((i£:i)) id

0 n

() G| 2 (& + pm) + 20 =D
n=1 (/10 - l)

B nanbHeiinem Ha ocHoBe popmyJibl (2) — (12) HEOOX0MMO TIPOBECTH HEKOTOPHIC pacyeThl HA
I1K u npoaHann3upoBaTh HUX.

OTMeTHM, YTO BBIIIEU3JIOKEHHAs METOJMKA IO3BOJISIET PEIIUTh 33aJadyy O BO3JEHCTBUU
HNOJBM)KHOM HArpy3kd Ha HEJIMHEHHO — C)KMMaeMylo II0JIocy, JIeKalled Ha yIpyrom
HOJIyIPOCTPAHCTBE.

JlaBienue P cBOEro MakCHMajbHOTO 3HAYEHHMS JTOCTUTACT IIpU 77 =/ Ha uHun AE sBIseTCs

Oonee mnM MeHee MHTEHCHBHOH. IIpm 3aTyxaHue AaBieHMs Ha INIyOWHE CIOS NPOUCXOAUT
6picTpee, ueM mpu ¥ =1. Kpome Toro, ¢ ycummeM >KeCTKOCTH OCHOBAHHS MPOHMCXOIHT
yBeNIMYEHUE (YMEHBIICHNUE) BEIMYMH JaBJICHUs (BEPTHKAJIbHOM COCTaBISIOLIEH CKOPOCTH) Ha
mueEn pasgena cpen. Msmenmennme P u Paxycrmueckoro crmos ma 77 =h mpomcxomur Ha
JMHEHHOMY 3aKOHY, U B JAaHHOM Clly4ae, 110 CPaBHEHHIO C MJIACTUYECKUM CII0EM, MaKCUMaJbHbIE

3HaueHMs cKopocTH ¢ W naBinenus P monyuwarorcs HamGombmmmu. OJHAKO HaMBBICIIEE
3HauEHHUE JaBlIEHUE MPUOOpEeTaeT B cClaydyae aKyCTHMUECKOTO CIIOS, JIeXKAIIero Ha >KECTKOM
ocHoBaHuU. Takum 00pa3om, ydeT AepOpPMATUBHOCTH OCHOBAHMSI CHM)XACT YPOBEHBb JABJICHUS,
KaK Ha KOHTaKTHOW MMOBEPXHOCTH, TaK U B cjioe. Takke 3aMeTUM, 4To 1pu 7] = h aKyCTUYECKUN

clIoll Ha yOopyromMm OCHOBAaHUH IIOJYYaCT HaI/IGOHBH_IyIO BCPTUKAJIBHYIO CKOPOCTD. Ha nunuun

2

n= gh napamerpsl P n 3 npu ¥ =1 npuobperaor cpaBHHTEIBHO GONbIINE 3HAYCHUS U B

3aBUCHUMOCTH OT 5 HMCIOT 3aTyX3.IDH.[Hﬁ XapaKkTep.

OO0cy:x1eHne pe3yJbTATOB MCCJIeJ0BaHUSl, IOCTAHOBKA U pellleHHe 3aJa4u pa3padoTka
MaTeMAaTH4YeCKOM MOAeIH PpAacCHpPOCTPAaHEeHHEe BOJIHBI B HEJIUHEHHO — CCKHMaeMOH M
HeoOpaTUMOI pa3rpy3Koi moJioce, Jiexkalueil Ha ynpyromnoaaTjiuBoid OCHOBAHMH.

B wuccnenoBaHum cienaHa  MOCTAHOKA — 3ajad, pa3paboTka MaTeMaTHYeCKOW MOJeH
BO3JICUCTBUS NOJBW)XKHOW HAarpy3kKd Ha CJIOM TIpyHTa KOHEYHOW TOJIIMHBI, JIeXKallel Ha
TOPU30HTAIILHOM YTIPYTOMOJATIMBOM OCHOBAaHMM M Pa3pabOTKa MaTeMaTUYECKOH MOAEIH
pactpocTpaHeHHe BOJHBI B HEJIWHEHWHO — CKMMaeMOW W HEOoOpaTHMOHW pa3rpy3Koil moJioce,
JeKalei Ha ymnpyromnoaaTivBoOil ocHOBaHUM.. TakuM oOpa3oM, TOYHas TpeXMEpHas 3ajava
JIBYDKEHUS BA3KOYNPYTOro CII0sl HEPEMEHHOH TOIIIUHBL, JIEXKAIEH Ha 1e(OpMUPYEMOM TOPUCTOM
BOJIOHACBHIILICHHOM TPYHTE, CBOJIUTCS K PEIICHUI0 HHTErpo-anddepeHInaNbHbIX ypaBHEHHN
JBWKEHHS B TOTeHImManax @, @, &, u ¥, ¥;, ¥,, Upu TPAHUUYHBIX YCIOBUSX, MPHU
c(OpPMYIMPOBAHHBIX OIPAaHUUYCHUSX U HYJICBBIX Ha4YaJIbHbBIX yCIOBHUSX.

PaccmarpuBaercs 3agada 0 pacpOCTpaHEHUU IUIACTUYECKOU BOJIHBI B IBYXCIIOWHOM Cpenie ¢
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IIJIOCKO NapaJIJICIbHOM ITpaHULIEH pa3/ielia Y BO3ACHCTBUY HHTEHCUBHOW HAIPy3KH CIIaJAIOIIEro
npoduIIsi, IEPEMEIIAIOIICHCS BIOJIb €€ BEPXHEH T'PaHUIIBI C IMMOCTOSSHHOW CBEPX CEHCMUYECKON
ckopoctbio D.

JIByXciioifHasi cpefia COCTOMT W3 MATKOrO CJIOS TPyHTa TOJIMMHOM h ¢ ympyrum
neGpopMHUpYEMBbIM OCHOBaHUEM. [ pyHT MOAETHpYyeTCsl HeyNpYyron uaeaabHON Cpeon ¢ TMHEHHOM
CKUMAEMOCThI0O M JIMHEHHOW HeoOpaTuMoM pa3rpyskoi. CremoBareibHO, COMPOTHUBICHUEM
cpedbl K CABUTOBBIM yCHJIHSIM IpeHeOperaercs. CoryiacHO JaHHOH MOCTaHOBKE HCCIIEIOBaHO
BIUSHUE J1e(hOPMUPYEMOCTH OCHOBAHUS U MPOGUIIsS Harpy3KH Ha paclipeieieHue TUHAMHUYEeCKUX
[IapaMeTPOB CJI0S U KOHTAaKTHOM ITOBEPXHOCTHU. lIycTh MO BepXHEH IpaHuLE €0 C YIPYTUM
OCHOBaHUEM JIBM)KETCS MOHOTOHHO YOBIBaoIllas HOpMajbHAas Harpyska co ckopoctbio D,
NPEBOCXOJIAIIAs CKOPOCTh PACHpPOCTPAHEHHUSI BOJIH HE MEHSETCS, a MaTepuai ciios obnamaer
TaKMM CBOMCTBOM, YTO HATPYKEHMH U pasrpy3Ke CBA3b MEXAy AaBieHueM P u oObeMHOl

nedopmanmeit £ nuHelHa W HeoOpaTHMa, Yroil HakioHa F, BeTBHM pasrpy3Kd JHarpamMbl
P ~ & npesbuuaer yron naknona E, Beru Harpyxenun, r.e. E, < E,

[To pe3ynpraram wHCCieIOBaHUS PACIPOCTPAHECHHS BOJH B MHOTOCIOMHOM, B YaCTHOCTH
HEOJTHOPOJHOM, IMOJYIPOCTPAHCTBE C Y4ETOM HEOOpAaTHUMBIX MPOIIECCOB B paMKax HJICATbHOMN
HEJIMHENHO-COKMMAEeMOW U JINHEMHO-YTIIPYTOM CPEABl MOKHO CIIENATh CIEIYIOIINE BHIBOIbI:

HccnepoBana 3agadya 0 paclpoOCTPAHEHUM IIJJACTUYECKOM BOJIHBI B JIBYXCIIOMHOHN cpele C
IJIOTHOCTAMH p;, p, AT Ciiydas Korja, auarpamma cocrtosHuss P =P(g) mnepoit cpenpr

(TpyHTa) ABIAETCA YAAPHOH U IpU HArpy:KeHHH umeeT BUA P (&) = aye + a,&” , a BTOpO#A cpenpl

(4yepHO¥ MOPOABI CKaJIbl MIIM MPOKJIA/IKH) - YIIPYTOH UIIH )KECTKOIMJIACTUYECKOH. 3a1aya peraercs
AHAIIUTUYCCKU KaK MMPSAMBIM, TaK 1 O6paTHI)IM MCTOOM C YUCTOM BOJIHOBBIX ITPOLIECCOB BO BTOpOﬁ
cpene U 0e3 UX ydeTa. AHAIM3 pe3yJbTaToB, YTO MPU O, > O, YYET yNpPYyro — IUIACTHYECKUX

CBOMCTB BTOpOM cpeanl (MPOKIAAKK), MOJECIUPYEMON MONYyHIPOCTPAHCTBOM, TNPUBOAUT, B
OCHOBHOM, K YMEHBIIICHUIO MAaKCUMATbHBIX 3HAYCHU I HAIIPSHKEHUH (JTaBJICHHUST) Ha KOHTAKTE IBYX
cpen. Ilpu p, < p, Ha KOHTAKTHOM NOBEPXHOCTH MOSBIACTCA KOHILCHTpALUs HANpPsSHKEHUN U

JlaBJIEHUE MoJyyaeT HauOoJblllee 3Hau€HHE B Cllyyae aKyCTMUYECKOro CJOs, JIeKallero Ha
JKECTKOM OCHOBaHMHU. KauecTBeHHas M KOJMYECTBEHHAs] KAPTUHA U3MEHEHUS BEJIMYUH JaBJICHUS
U KUHEMAaTUYECKUX MTapaMEeTPOB 3aBUCUT HE TOJIBKO OT KECTKOCTHBIX XapaKTEpUCTUK CPEll, HO U
OT OTHOLIECHUS UX INIOTHOCTEH.

I'pyHT MOaenupyeTcss HEYIIpyTron UIeaabHON CPENOoH C TMHENHON CKUMAaEMOCTBIO U JINHEWHON
HeoOpaTtuMoin pasrpyskoi. ClrieroBaTeIbHO, COMPOTHUBICHUEM CPEAbl K CABUTOBBIM YCHIIHSM
npenedperaerca. CoriacHO JTaHHOM IMOCTaHOBKE MCCIEIOBAHO BIMSHUE IePOPMHUPYEMOCTH
OCHOBaHUS M TNpoQWiIs HArpy3KH Ha pacrpeieseHue AMHAMUYECKHX [apaMeTpoB CIIOS U
KOHTaKTHOW IMOBepXHOCTH. CpaBHUBAIOTCA PE3YJIbTAThl YUCIOBOIO pacdyera ¢ pe3yJsibTaTaMu
AKyCTUYECKOIO CJIOSl M CJIOSl JKECTKMM OCHOBaHMEM. PeleHue 3agadyd MOCTPOEHO B psaax,
JI0Ka3aHa UX CXOAUMOCTb. PaccMOTpeHa 3a7a4a, KOria 10 BEpXHEN I'PaHHULIE CJIOs C OCHOBAHUEM
JBUKETCSI MOHOTOHHO YOBIBaroIlasi HOpMajbHasi Harpyska co ckopocTbio D, mpeBocxopsimas
CKOpPOCTh PaclpOCTPaHEHUS BOJIH HE MEHSETCs, a MaTepual cliost 00JalaeT TaKUM CBOWCTBOM,
4TO HATPY>KEHUH U Pasrpy3Ke CBA3b MeK/Iy napieHneM P 1 00beMHoi nedopmanueii £ muHeiina
¥ HeoOpaTUMa, yroJl HaklIoHa £, BeTBu pasrpysku quarpamMmmel P ~ & npeBbimaeT yros HakinoHa
E, BerBu Harpyxenuy, T.e. £ <E,

Taxum 00pa3om, BbIIIE TPOBEACHHBIEC UCCIETOBAHUS TI0 H3YUYSHHIO ABYMEPHOTO HANPSKEHHO-
nehOpMUPOBAHHOTO COCTOSIHUSI OJHOPOAHOW, HEOJHOPOJHOM W CIOMCTOM Cpeapl MpH
WHTCHCUBHOM  BO3JCHCTBUM  IOJBMJKHOM  HArpy3Kl Ha  TpaHULly MHOTOCJIOWHOIO
HOJYIPOCTPAHCTBA MOATBEPKIAIOT HEOOXOOUMOCTh M  BaXHOCTh Yy4eTa HEJIMHEHHBIX,
HEOOPaTHUMBIX, BOJTHOBBIX MPOLIECCOB.
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3akiir0oueHue

[TocTtpoeHO MareMaTHYECKHE MOJEIHM pPAaCHpPOCTPAHEHUE  BOJHBI IOJ BO3AECHCTBUEM
MOJABMKHBIA HArpy3KH Ha HEIMHEWHO — COKMMAEMbI M HEOOPAaTUMOM pa3Trpy3KOH CJIOW TPyHTa, ¢
OCHOBaHMEM. [lonydeHbl aHAUIUTUYECKOE PELIEHUE 3aJa4d O PaCIpPOCTPAHECHUH IUIACTUYECKOU
BOJIHBI B Clly4ae, KOTJa 3aBHCHUMOCTb MEXAY JaBlieHHEM U 00beMHOH nedopmanuei mnpu
Harpy>KeHUU U pasrpy3Ke SBISETCS JIMHEMHOW, HO pa3indHoi. Ha OCHOBE aHanu3a pe3yiabTaToB
pacdera MoKa3aHo, 4TO €CJIM JACUCTBYIOIIas Ha IPaHULIe OJBUKHAS HArpy3Ka UMEET MOHOTOHHO
- yOBIBarOIIMiA PO HITH, TO B 00JIaCTH BO3MYIIIEHUS POUCXOIUT pa3rpy3Ka CpeIbl M KOocasi BOJTHA
CKaTHA MOJIy4aeTcsl BOJIHOM Harpy3Ku- pasrpy3ku. [laBnenue cpeasl Ha (OHE 3TOM BOJIHBI B
3aBUCHUMOCTH OT TITyOHHBI CIa/IaeT MEJICHHO, YeM Ha CBOOOTHOM MOBEpXHOCTH. B ciyuae, korma
3aBUCUMOCTh MeXay P u o0bemHON nedopmanueil & NpHM HArPYKEHUH CPEIbl IPHMHUMAETCS
HEJIMHEHHONM W yJapHOM, 4TO COOTBETCTBYET PACHpPOCTPAHEHUIO B CpEeA€ YIAapHOW BOJHBL,
JABJICHHUE B 00JIACTH BO3MYIIICHHS, TIO CPABHEHUIO C TMHCHHBIM CITy9aeM, HECKOJILKO 3aBBIIIACTCA.

B kayectBe cioMCTOM Cpenbl NPUHUMAETCS MATKHM CIOH TpyHTa, MOIECIHPYEMBbIi
IJIACTUYECKOM MOJIOCOM M yIIPYroe MoJynpoCTPAHCTBA PA3IMYHBIX BapuaHTax. B nanHo# 3agaude
YIOPYTUM HOJYIPOCTPAHCTBOM MOTYT CIIY’KUTbh KaK FOPHbIE MOPOJIbl, TaK YIPYro — MOJATIUBbIE
WM KECTKOIUIACTUYECKHUE BJIEMEHTBI, MCIOJIb3YEMbIE B HH)KCHEPHOU MPAKTUKE B KAayECTBE
3alIUTHOIO KpaHa JJig CHUYKEHHUS YPOBHS JMHAMHYECKUX HArPYy30K Ha pa3jIMYHbIE IMOJ3EMHbIE
coopykeHus. B 1aHHOM 3aade OCHOBAHUE IUIACTUYECKOrO CJIOA SIBIISIETCA HE JKECTKHUM, a
nebopmupyeMbiM. Ha ocHOBaHMHM cepuu pacueToB I[IOKa3aHa IIeIeCOO0Pa3HOCTh U
3¢ (HEeKTHBHOCTH MCTIOIH30BAHMS BBIICYKA3aHHBIX 3aIIHTHBIX SKPAHOB.

['pyHT MOaennpyeTcss HEYyNpyrou ujieaabHON Cpeio C TMHEHHON CKUMAEMOCTBIO U IMHEHHOMN
HeoOpaTtuMoin paszrpyskoi. ClrieoBaTeIbHO, COMPOTHUBICHUEM CPEAbl K CABUTOBBIM YCHIUSM
npeneOperaercs. CoriacHO AaHHOM TOCTAHOBKE HCCIEOBAHO BIUSHUE Ae()OpPMHPYyEMOCTH
OCHOBaHUSI W TPOo(WIss HArpy3Kd Ha paclpeiesieHHe IMHAMHUYECKUX IapaMeTpoB CJIOS U
KOHTAaKTHOM MNOBEpXHOCTH. CpaBHUBAIOTCS PE3yJibTaThl YMCIOBOIO pacuera ¢ pe3yjibTaTaMu
aKyCTUYECKOrO0 CJIOSI M CJIOSl KECTKUM OCHOBaHMEM. PelleHue 3agayv MOCTPOEHO B psiaax,
JIOKa3aHa UX CXOIUMOCTh. PaccmoTpena 3azaya, KOrja 1o BEpXHEU IpaHULE €10 C OCHOBAaHUEM
JIBIDKETCS MOHOTOHHO YOBIBarolllass HOpMajibHasi Harpy3ka co ckopocThio D, mpeBocxopsiast
CKOPOCTh PacCHpOCTpaHEHHUsI BOJIH HE MEHSETCS, a MaTepual CJosl 001alaeT TaKUM CBOMCTBOM,
4TO HArpy)KEHUHU U Pa3rPy3Ke CBA3b MeXTy faBiaeHueM P u 06beMHoit nedopmariueii £ nuHeiina
¥ HeoOpaTHMa, yrol HakiIoHa £, BeTBU pasrpy3ku auarpaMMel P ~ £ mpesbliaer yros HakjioHa
E, BerBu Harpyxenuy, T.e. £, <FE,

Takoke pelieHa 3aj1aya BO3J€HCTBUY OABMKHOW HATPY3KU Ha MSTKUH CIIOM TPyHTA JIEXKAILETO
Ha TMOJYIPOCTPAHCTBE M3 0oJjee MOAATIMBOrO IJIACTUYECKOTO Marepuaia. ['pyHT U Marepuan
MOJIYyIIPOCTPAHCTBA MOJACIUPYETCS HACATbHBIMU HEYNPYTUMH cpeAcTBaMu. [Ipu 3ToM rpyHT B
mpouecCe HarpyXkeHHs HMMeeT yaapHylo jguarpamMmy P ~¢&, a  mudpopMuUpoBaHHeE
MOJIYIIPOCTPAHCTBA TOMUYMHAETCS cXeme [IpaHnaTis W IUIOTHOCTh €ro Marepuana p2< p1 —
IUIOTHOCTh TPYHTa. JTa 3a7ada 0000IMIaeT 3aqavy ¢ y4eTOM yIapHO-BOJIHOBOHM IMPOIIECCOB B
IJIACTUYECKOM MPOKIIAJKe NMPU BO3IACHCTBUM NMOABM)KHOW HArpy3KH Ha TPAaHUIY JABYXCIOWHON
CpeJBl.

[lo pesynbraraM HCCIE€OBAHUS PACIPOCTPAHEHHs JIBYMEPHBIX BOJIH B MHOTOCIIOIHOM, B
YaCTHOCTH HEOJAHOPOJHOM, MOIYMPOCTPAHCTBE C YYETOM HEOOPAaTHMBIX IMPOIIECCOB B paMKax
WJICaIbHOM HEJTMHEMHO-C)KMMAEeMON M JIMHEHMHO-YNPYroil Cpellbl MOKHO CHAENaTh CIEIYIOIINe
BBIBOJIBI:

Hccnenosana 3amadya 0 paCopoCTPAaHEHUH JIBYMEPHOM MIACTUYECKOW BOJIHBI B JIBYXCJIOMHOMN
cpeze ¢ IUIOTHOCTSMH p;, p, I ciydas Korma, amarpamma cocrosaus P =P(g) nepsoit

cpensl (TpyHTa) ABJIAeTCS yIapHOH U NpH HarpyKeHuH umeeT Bun P(g) = a,e +a,&”, a BTOpoOit

cpenbl (4epHOM MOPOabl CKaJIbl WIIM MPOKJIAAKN) - YIPYTOM HIIM KECTKOIUTACTHYECKOM. 3a1aua
pemacTCAa aHAJIMTUYCCKU KaK IPAMBIM, TaK U 06paTHbIM MCTOAOM C Y4CTOM BOJIHOBBIX ITPOLICCCOB
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BO BTOPOH cpejie U 0e3 ux yduera. AHaJIU3 pe3yJsIbTaToOB [T0Ka3bIBAET, UTO IPU O; > O, YUET yIpyro

— IUIACTUYECKUX CBOMCTB BTOPOHM cpeabl (MPOKIAIKK), MOAEIUPYEMOM IOJIyIPOCTPAHCTBOM,
IPUBOJIUT, B OCHOBHOM, K YMEHBLIEHUIO MAaKCUMaJIbHbIX 3HAUEHUH HaNpspKeHUl (1aBieHus) Ha
KOHTaKkTe AByX cpen. Ilpm p, < p, Ha KOHTAKTHOW ITOBEPXHOCTH IOSBISAETCS KOHUEHTpaLUsA

HaIpSOKEHUW M JIaBJICHHE TOJy4aeT HauOoJbIlee 3HAYEHHWE B CIIy4ae aKyCTUYECKOro CIIos,
JIeXkKAIIEro Ha >KECTKOM OCHOBaHMHU. KayecTBeHHas M KOJMYECTBEHHAs KapTUHA W3MEHEHMUS
BEJIMYMH JABJICHUS M KUHEMATHYECKHUX IMAPAMETPOB 3ABUCHUT HE TOJIBKO OT MKECTKOCTHBIX
XapaKTEPUCTUK CPeJl, HO U OT OTHOIICHUS UX IIJIOTHOCTEH.

Takum 00pa3oM, BBIIIE TPOBEICHHBIC UCCIICOBAHMS 10 U3YUCHHIO IBYMEPHOTO HAMPSKEHHO-
nehOpPMUPOBAHHOTO COCTOSIHUSI OJHOPOJHOM, HEOJHOPOJHOM U CIOMCTOM Cpeapl Ipu
WHTCHCUBHOM  BO3JCHCTBHM  MOJBW)XKHOM  HAarpy3kd Ha  TpaHULly  MHOTOCJIOHMHOIO
MOJYIPOCTPAHCTBA IOATBEPKAAIOT HEOOXOAMMOCTh M BaXXHOCTh Yy4eTa HEJIWHEWHBIX,
HEOOpaTUMBIX MPOIIECCOB B CPE/IE.
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AnaaTrna. MaremaTuKanblK MOJCTBACPIAl 93ipiaey Moceleci >KYMcaK TOIBIpaK KaOaThIHIAFbI
JKBIDKBIMAITBI )KYKTEMEHIH ocepiHeH HeTi31 6ap TONKBIHAAPABIH Tapalrybl KapacThIPHLIAIbL.

TonbIpak waean bl CHI3BIKTEI €MEC CHIFBUIATHIH KOHE KAWTHIMCBI3 TYCIPY OPTAaChIMEH MOJENbICHE],
OHJa JXKYKTeMe Ke3iHIE JXoHE TYCipy MNpoleciHAe KbICHIM MEH KelleMIiK aedopManusi apachlHAAFbI
0aiiJaHbIC CBHI3BIKTHIK JKOHE KaUTHIMChI3 0OJIa bl

JXykTeme KabaTTBIH KOFapFbl OCTiHE KOJIAHBLIA bl )KOHE CEHCMHUKAIIBIK KBULIAM/IBIKIICH KO3FaIabl.
JKpUKBIMaBI )KYKTEMEHIH jKYMCaK TOTBIPAK KadaTbl MEH SPTYPJIi KAIBIHIBIKTAFbI )KOHE THIFBI3IBIKTAFbI
cepriMii TOCEMHEH TYPaThIH €Ki Ka0aTThl OpTara ocepi KapacThIpbUiaabl. MacelieHi mienry Kepi jkoHe
TIKEJICH TOCIIEpPMEH aHAIUTHUKAIBIK TYpHe jkacaiambl. byn TancelpMaga MeIMaHANBIK Ka3bIKTHIK JKOK.
Conppikran Oenrini 6ip >karmaimapaa KabaTThIH OPTAHFBI KA3bIKTHIFBIHA OTETIH JKA3BIKTHIK HYKTEIEePiHIH
BIFBICYBl JKOHE JAedopManuschl KaXeTTi HIaMalap peTiHAe KapacTelpeuiafasl. JledhopmanusiiaHaThH
OpTaAarsl TONKBIHABIK MPOIECTEPAl 3epTTeyae Hemece AedopMalusiiaHaThIH HeTi3MeH KaOaTThIH e3apa
OpEeKeTTecy ecenTepiH MeNTyAe MaTeMaTHKAIBIK (U3UKa 9/1iCTEPi KONIAHBIIA Ib.

Tyiiin ce3mep: MaTeMaTHKAIBIK MOZAEIBICP, Tapaly, TUIACTHKAJIBIK TOJKBIH, aHATUTUKAIBIK IIEIIiM,
TOJIKBIHHBIH, Tapajybl, HCaIbl CYHBIKTBIK, CBHI3BIKTHIK CHIFBUTY, KAWTBIMCHI3 KEMY. KO3FaJbIC TEHJEYI,
Y3IIKCI3IIK, OPTaHBIH JKaF Iaibl.
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Abstract. The problem of developing mathematical models of wave propagation with a base under the
influence of a moving load in a layer of soft soil is considered.

The soil is modeled by an ideal nonlinearly compressible and irreversible unloading medium, in which
the relationship between pressure and volumetric deformation during loading and during unloading of the
medium is linear and irreversible.

The load is applied to the upper surface of the layer and moves at a super seismic speed. The problem
of the effect of a moving load on a two-layer medium consisting of a soft layer of soil and an elastic-yielding
gasket with different thicknesses and densities is considered. The solution of the problem is constructed
analytically in both inverse and direct ways. There is no median plane in the present problem. Therefore,
the displacement and deformation of the points of the plane, which under certain conditions passes into the
median plane of the layer, are considered as the desired values. Methods of mathematical physics are used
in the study of wave processes in deformable media or in solving problems of interaction of a layer with a
deformable base.

Keywords: mathematical models, propagation, plastic wave, analytical solution, wave front, ideal fluid,
linear compressibility, irreversible unloading. equation of motion, continuity, state of the medium.
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