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ABSTRACT

Context. The problem of generating pseudo-random sequences of bits using the rules of fuzzy logic and two-dimensional chaotic
systems is considered.

Objective. Pseudo-random sequences generators built using two-dimensional chaotic systems and fuzzy logic. The purpose of
the work is to develop and implement pseudo-random bit sequences generators based on the rules of fuzzy logic and two-dimensional
chaotic systems and to evaluate the statistical characteristics of the generated sequences using statistical tests of National Institute of
Standards and Technology.

Method. A method for generating pseudo-random bit sequences is proposed, which allows form bit sequences with characteris-
tics that meet the requirements of secure communication systems and cryptographic protection of information based on the rules of
fuzzy logic and two-dimensional chaotic systems. In the process of studying the operation of generators, histograms of the distribu-
tion of output values were constructed, which allows to clearly determine whether the entire range of output values of the two-
dimensional system could be used to generate pseudo-random bit sequence or only part of it. A study of the statistical characteristics
of the generated sequences using a set of statistical tests was also performed.

Results. Bit sequences formed using fuzzy logic rules and two-dimensional chaotic systems can be used to transmit information
in secure communication systems.

Results. The proposed generators were implemented in software, histogram analysis and evaluation of compliance with the crite-
ria for a set of statistical tests of National Institute of Standards and Technology.

Conclusions. The experiments confirmed the ability of the proposed generators to generate bit sequences with good statistical
characteristics, which allows them to be recommended for use in practice in solving problems of cryptographic protection of infor-
mation and secure transmission of information over open communication channels. Prospects for further research may be to create
cryptographic methods of information protection based on the proposed pseudo-random bit sequences generators, the implementation

of secure communication systems.
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ABBREVIATIONS

FFT is a fast Fourier transform;

NIST is a statistical tests suite of National Institute of
Standards and Technology;

PFMM-CLM is a parallel fuzzy multimodule chaotic
logistic mapping;

PRB is a pseudo-random bits;

PRS is a pseudo-random sequence.

NOMENCLATURE

Xp 1s an initial condition of the two-dimensional Hé-
non system;

Yo 1s an initial condition of the two-dimensional Hé-
non system;

X,,1 1s an output value of the two-dimensional Hénon
system;

Yn41 18 an output value of the two-dimensional Hénon
system;

a is a control parameter of the two-dimensional Hé-
non system;
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b is a control parameter of the two-dimensional Hé-
non system;

¢ 1s an initial condition of the two-dimensional Lozi
system,

d is an initial condition of the two-dimensional Lozi
system,

¢,41 18 an output value of the two-dimensional Lozi
system,

d,41 1s an output value of the two-dimensional Lozi
system,

o, is a control parameter of the two-dimensional Lozi
system,;

B is a control parameter of the two-dimensional Lozi
system,

po 1s an initial condition of the two-dimensional
cross-chaotic system;

1p 1is an initial condition of the two-dimensional
cross-chaotic system;

Pn+1 18 an output value of the two-dimensional cross-

chaotic system;
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7,41 1s an output value of the two-dimensional cross-

chaotic system;
W is a control parameter of the two-dimensional

cross-chaotic system;

k 1is a control parameter of the two-dimensional
cross-chaotic system;

n is a number of iterations of chaotic system;

Xmin 1S @ minimum of range of output values of the

two-dimensional Hénon system;

Xmax 1S @ maximum of range of output values of the

two-dimensional Hénon system;

P,uue 1s a criterion for passing the statistical test

NIST.

INTRODUCTION

A method of generating pseudo-random sequence
(PRS) bits using multidimensional chaotic systems and
fuzzy logic rules for the formation of pseudo-random bit
sequences with their further verification for compliance
with the criteria of statistical tests suite of National Insti-
tute of Standards and Technology (NIST) is suggested in
this article [1-8]. A number of multidimensional chaotic
systems, such as two-dimensional Hénon, Lozi maps, and
cross-chaotic maps, are used as mathematical functions
for the formation of initial values.

Fuzzy logic in the sense of deterministic chaos is a
section of mathematical logic designed to solve the prob-
lem of fuzzy decision making by assigning a certain bit
value to a fuzzy range of initial values of a chaotic system
to obtain the most accurate result possible [9—14]. Fuzzy
logic is designed to solve the problem of generating bits
by considering all available information and making the
best possible decision from the generated initial value of
the chaotic system. To verify the effectiveness of this
method of generating PRS, the latter should be tested for
compliance with the criteria of NIST statistical tests,
which will confirm the effectiveness of encoders and
cryptographic methods based on such generators for proc-
essing, transmitting or storing confidential information
[15-19].

A large number of different PRS bit generators are
known from the literature that both use threshold methods
to generate bit sequences and generate sequences by con-
verting a decimal value into a bit representation [6—8]. We
suggest to use the rules of fuzzy logic to form pseudo-
random bit sequences.

The object of study is the process of pseudo-random
bit sequence generation using two-dimensional chaotic
systems and fuzzy logic.

The subject of study is the combination of chaos the-
ory and fuzzy logic rules to form a new approach to creat-
ing secure data transmission systems.

The purpose of the work is to develop and imple-
ment PRS bit generators based on the rules of fuzzy logic
in two-dimensional chaotic systems and to evaluate the
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statistical characteristics of the generated sequences using
statistical tests NIST.

1 PROBLEM STATEMENT
To generate PRS bits, we selected three two-
dimensional chaotic mappings using fuzzy logic, namely
the Hénon (1), Lozi (2) maps, and cross-chaotic (3) maps
[1,3].

_ 2
Xn+l = Vpl — Xy

2
Y1 = bxn >

M

where xp e (-1;1) and yye (-0.4;0.4) are the initial

states of Hénon chaotic systems, ae€ (0;2] ,
be (—0.5;0.5] are control parameters.
cn+1=1—(x|cn|+dn, @

dyy1 = Bcn >

where ¢y € (—2;2) and dpy € (—2;2) are the initial states
of chaotic systems, a€ (1.3;1.8) and be(03;0.6) are

control parameters.

DPns1 =1 _Mrnz’
(3)

Fyel = cos(kcos_1 P ),

where pye (-1;1) and yye (-1;1) — are the initial
states of chaotic systems, L€ (1,4;2] and ke (0,3) are

control parameters.

Depending on how the control parameter of the cha-
otic system is selected a different range of initial values is
obtained, and the formation of bit sequences will be done
in a different way. Therefore, in order to be able to form a
bit sequence, it is necessary to adapt the rules of fuzzy
logic to make them suitable for a bit sequence formation.

Histograms of distribution of initial values of two-
dimensional chaotic systems, as well as results of the
NIST statistical tests will serve as the criteria of the
formed sequences estimation.

2 REVIEW OF THE LITERATURE

Chaos theory is used in numerous applications, name-
ly in cryptography, secure communications, technology,
physics, economics, robotics, control and many others [1,
3, 5, 12]. Chaotic systems are deterministic ones with
high sensitivity to initial conditions and changes in con-
trol parameters and are therefore constitute an excellent
basis for effective modeling of complex natural phenom-
ena. These features allow using the chaotic systems to
build secure communication systems.

Due to the above characteristics of chaotic systems,
there is a constant demand for the introducing new appli-
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cations of chaotic systems in secure communication sys-
tems. Usually new applications are implemented by either
modifying the existing chaotic system, or by slightly
changing the equations describing chaotic systems, or
adding another equation to the system and increasing its
dimension, or proposing a new application of an already
well-studied chaotic system.

Logistic map [7] is one of the most well-known one-
dimensional discrete time chaotic systems and one of the
most heavily modified chaotic systems [7, 8, 12, 15]. The
map has only one parameter and a simple structure, which
makes it suitable for many applications. Many modifica-
tions of the classical logistic map have been proposed in
the literature. One of such modifications is the use of a
fuzzy triangular number to change the behavior of the
logistic map. The idea of passing the logistic map values
through a fuzzy number is mathematically simple, but it
leads to a significant improvement in the behavior of cha-
otic map.

Fuzzy logic and a fuzzy sets themselves are a large
field of research and have found their application in tech-
nology. Specifically, in dynamical systems fuzzy sets are
combined with chaotic systems and form the so-called
fuzzy dynamical systems [9-14]. In one of the proposed
modifications of the logistic map, its values at each itera-
tion are passed through a triangular fuzzy number, which
is a simple linear function that takes values in the interval
[0, 1]. The resulting map demonstrates a more unpredict-
able behavior associated with chaos compared to the clas-
sical map, and reaches a higher value for its Lyapunov
exponent. In addition, to demonstrate the applicability of
the map in chaos-related software applications, the prob-
lems of generating pseudo-random values are described in
[17-19], and the process of image encryption based on
such systems is presented in [19]. It can be seen that a
sequence of bits formed from a modified mapping using a
simple rule passes all 15 tests of the NIST statistical test
suite [15,18]. Further, the generated bit sequence is used
to implement the image encryption process, and the re-
sulting encrypted image is analyzed for security using
methods such as histogram analysis, correlation and in-
formation entropy.

It should be noted that the approach of combining
fuzzy logic and chaotic systems can be easily applied to
any chaotic system and further modified by considering
different types of fuzzy numbers, such as trapezoidal,
Gaussian, quadratic, exponential ones or combinations
thereof. Thus, the combination of fuzzy logic and chaos is
quite promising for the development of new PRS bit gen-
erators and their application in cryptography and secure
communication systems.

3 MATERIALS AND METHODS
To implement the PRS bit generator, we used the fol-
lowing fuzzy logic rule:
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1. First, we divide the range of initial values of each of
the chaotic systems into 10 intervals.

2. Each of these intervals is divisible by 25 sub-
intervals except the last one; it is divisible by 30.

3. The size of each of the intervals is determined de-
pending on the selected values of the control parameters
of chaotic systems, and they will differ from each other
for both systems.

First, we selected four two-dimensional chaotic maps,
such as Hénon (1), Lozi (2), and a cross-chaotic map (3)
to test the efficiency of such generators.

Fuzzy logic rule for a two-dimensional Hénon map
with the values of the control parameter a = 1.40 and b =
0.3035 and the range of change of output values [-1.297;
1.276] is as follows:

If the input = —1.297 — —1.0397, the output = 0-25

If the input = —1.0397—-0.7824, the output = 2650

If the input = —0.7824 — —0.5251, the output = 51-75

If the input = —0.5251--0.2678, the output = 76—-100

If the input =—-0.2678 — —0.0105, the output =101-125

If the input =—-0.0105 — 0.2468, the output = 126-150

If the input = 0.2468 — 0.5041, the output = 151-175

If the input = 0.5041 — 0.7614, the output = 176-200

If the input = 0.7614 — 1.0187, the output = 201-225

If the input = 1.0187 — 1.276, the output = 226-255.

Similarly, the original ranges of Lozi maps and the
cross-chaotic map are broken and PRS bits are formed.
Fig. 1 shows a block diagram of a PRS bit generator using
fuzzy logic and two-dimensional chaotic systems.

4 EXPERIMENTS

In the process of studying the statistical characteristics
of bit sequences, PRS bits were formed separately for
each two-dimensional map with different initial condi-
tions and control parameters. Their initial conditions and
control parameters, under which the best results of statis-
tical tests were obtained, are presented in Table 1. In addi-
tion, since the system is very sensitive to the values of
initial conditions and control parameters, it is necessary to
choose the values of control parameters so that the range
of initial values of chaotic systems is fully completed.

5 RESULTS

To check whether the whole range of initial values is
really completed, it is necessary to build a histogram of
the initial values distribution. Since the fuzzy logic rule
used for generating bit sequences is divided into 256 in-
tervals, the volume of the histogram will also be confined
to 256 intervals. Fig. 2 presents a histogram of the initial
values distribution of the Hénon map. The range of output
values was from x;, =—0.3722 to X, =6.3699,

which was divided into 256 intervals. Here, the abscissa
axis shows the division of the range of the initial values
into 256 intervals, and the ordinate axis — the number of
values that fall into the corresponding interval.

min
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for chaotic systems

Generation of PRB

> by chaotic systems

Figure 1 — Block diagram of the PRS bit generator using fuzzy logic and two-dimensional chaotic system

Table 1 — Values of initial conditions and control parameters of two-dimensional chaotic systems

Two-
dimensional Henon Lozi cChr;oStSi-c
chaotic map
Initial condi- X, =0.254 C,=0.173 P, =0.324
tions
Y, =0.321 do =0.255 I, =0.651
Control a=0.0413 a=1.6113 n=2.81
parameters
b=0.99991 B =0.5202 k=773
1200 1
1100
1000 5
200
500
o0 =
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Figure 2 — Histogram of the distribution of the output values of the Henon mapping for 65,000 iterations

It can be seen from the obtained histogram that two
areas predominate in the number of values that fall there.
The greater number of values falling in a certain area in
terms of statistical research or application in cryptography
is rather considered a disadvantage. Therefore, to generate
PRS bits, it is advisable to use not the entire range of ini-
tial values, but only a part of it with uniform distribution
of the number of values falling into it.

Fig. 3 presents a histogram of the initial values distri-
bution of the Lozi map. The range of output values was
from X, =—1.2236 to X,,x =1.38 and was also di-
vided into 256 intervals. It follows from the obtained his-
togram that the distribution of the initial values is almost
uniform, and this enables to generate PRS bits. Uniform-
ity of distribution also determines the use of PRS bit gen-
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erator based on fuzzy logic in cryptographic and secure
communication systems.

The histogram of the initial values distribution for
two-dimensional the cross-chaotic map is presented in
Fig. 4. The range of output values was from X;, =—1.1

t0 Xpax =0.96 and was divided into 256 intervals.

It can be seen from the obtained histogram that, simi-
larly to the case of the Hénon map, there are two areas
predominating in the number of values that fall there.
Therefore, to generate PRS bits, it is advisable to use not
the entire range of the initial values, but only a part of it
with the best uniform distribution.

The results of studying the PRS bits for compliance
with the criteria of statistical tests formed by the Hénon,
Lozi and cross-chaotic maps are presented in Tables 2, 3
and 4.
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Figure 3 — Histogram of the distribution of the output values of the Lozi mapping
for 65,000 iterations
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Figure 4 — Histogram of the distribution of the output values of two-dimensional cross-chaotic mapping for 65,000 iterations
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Table 2 — Test results of the generated sequence formed by the Henon mapping

Statistical test type The obtained Pmlue Proportion
Frequency 0.991 0.980
Block Frequency 0.992 1,0
Runs 0.872 0.962
Longest Run 0.895 0.941
Rank 0.992 0.854
FFT 0.990 0.268
Non-Overlapping Template 0,383827 0.980
Overlapping Template 0.987 0.252
Universal 0.963 0.106
Linear Complexity 0.971 1.0
Serial 0.987 0.670
Approximate Entropy 0.989 0.959
Cumulative Sums 0.108791 1.0
Random Excursions 0.203 0.643
Random Excursions Variant 0.213 1.0
Table 3 — Test results of the generated sequence formed by the Lozzi mappin,
Statistical test type The obtained Pvazue Proportion
Frequency 0.258 1.0
Block Frequency 0.687 1.0
Runs 0.697 0.960
Longest Run 0.253 0.960
Rank 0.799 0.66
FFT 0.547 0.91
Non-Overlapping Template 0.350 1.0
Overlapping Template 0.358 0.180
Universal 0.451 0.960
Linear Complexity 0.366 0.970
Serial 0.783 1.0
Approximate Entropy 0.687 0.980
Cumulative Sums 0.316 1.0
Random Excursions 0.857 0.960
Random Excursions Variant 0.751 0.857
Table 4 — Test results of the generated sequence formed by cross-chaotic mapping
Statistical test type The obtained szue Proportion
Frequency 0.138 0.980
Block Frequency 0.113 0.970
Runs 0.380 1.0
Longest Run 0.575 0.960
Rank 0.789 0.990
FFT 0.474 1.0
Non-Overlapping Template 0.321 0.980
Overlapping Template 0.574 0.990
Universal 0.525 0.960
Linear Complexity 0.883 1.0
Serial 0.116 0.960
Approximate Entropy 0.233 0.980
Cumulative Sums 0.178 0.83
Random Excursions 0.037 1.0
Random Excursions Variant 0.745 0.980

6 DISCUSSION

We also compared the results with the results of other
studies. In [20], a method for generating PRB sequences
using fuzzy logic rules and based on chaotic one-
dimensional mappings is proposed. The three most well-
known one-dimensional mappings were used in the study,
namely logistic, square and cubic. As a result of the in-
spection, it was found that the PRB generated by such
mappings meet the conditions of the tests from the NIST
set in part. Therefore, it is not desirable to use only one
one-dimensional chaotic mapping to form bit sequences
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using fuzzy logic rules. To solve this problem, in the same
work [20], it was proposed to implement a PVP bit gen-
erator using two one-dimensional chaotic systems,
namely logistic and cubic mappings. As a result, much
better results were obtained, namely, the generated se-
quences correspond to most of the tests from the NIST
set.

In [21], one-dimensional logistic mapping was modi-
fied using fuzzy triangular numbers. The result is a new
modified logistics mapping. Then this mapping was used
to generate pseudo-random bits, which gave high positive
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results. Pseudo-random bits were created by comparing
the obtained number with the threshold value selected at
0.5. The value of bit 1 was generated if the number is
greater than or equal to the threshold, and the value of bit
0 was obtained otherwise.

A set of statistical tests from the National Institute of
Standards and Technology NIST 800-22 was also used to
verify that the generated sequence was pseudorandom.
The obtained results showed that the sequence generated
by the modified logistic mapping passes all tests.

In addition, a new parallel fuzzy multimodule chaotic
logistic mapping (PFMM-CLM) was proposed in [22]. In
the process of research, logistic mapping was used several
times with changed control parameters. In this case, fuzzy
set theory is used as a fuzzy logic selector to generate
pseudo-random bit sequences. As a result of modeling
and performance analysis of the proposed pseudo-random
bit generator based on PFMM-CLM, high chaotic proper-
ties were obtained, such as a reliable bifurcation diagram
and a high value of the Lyapunov exponent. Checking the
compliance of statistical tests showed that the sequences
generated by such a generator are completely satisfactory
to all tests.

As a result of analysis and comparison of all consid-
ered results it was found that our proposed pseudo-
random bit generator has improved statistical properties in
comparison with PVP bit generators based on one-
dimensional chaotic systems. In addition, it also has a
number of advantages, namely:

— the use of two-dimensional display increases the
number of initial conditions and control parameters, and,
as a consequence, improves the security of information
transmission systems;

— does not require additional modifications;

— does not require multiple use of the same display
with different values of control parameters and, as a re-
sult, our proposed generator will be fast enough.

CONCLUSIONS

The scientific novelty. The method for generating
PRS bit sequences using fuzzy logic rules and based on
two-dimensional chaotic maps is proposed in this article.
Since two-dimensional maps are very sensitive to the val-
ues of control parameters, it was first checked whether all
the intervals formed by the rules of fuzzy logic are at-
tended by the initial values of chaotic systems. To check
that, the histograms of the initial values distribution were
built, and the parts with the most uniform distribution
were selected from them to form the PRS bits. After ob-
taining the best histograms, the pseudo-random bit se-
quences were generated and further verified for compli-
ance with the NIST test criteria.

The practical significance. The sequences verifica-
tion was performed both for each of the equations of two-
dimensional systems separately and after superimposing
the initial values using the XOR operation. Due to verifi-
cation it was found that, when generating sequences by
the Hénon map, the sequence formed by the variable y
corresponded better to the conditions of the statistical
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tests. For the sequence formed by the Lozi map, it was the
sequence formed by the first equation of the system, and
for the cross-chaotic map the first equation shows the best
results. PRSs formed in this way satisfy the conditions of
the tests from the NIST suite.

Prospects for further research. PRS bits generated
using fuzzy logic rules and two-dimensional chaotic sys-
tems can be used to develop methods for encrypting in-
formation based on them and to create secure telecommu-
nications systems.
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AHOTALIA

AKTyanbHicTh. Po3riaaHyTO 3a1a4y TeHepyBaHHS IICEBIOBUIAAKOBHX TocaifnoBHocTed ([IBIT) 6iTiB i3 3acTOCYBaHHAM HMPaBII HEWITKOL
JIOTIKH Ta JIBOBUMIPHHX XaOoTHYHUX cucTeM. O0’€KTOM JOCTIKEHHS € TeHepaToOpH MCEBIOBUITAIKOBUX OITOBUX MOCIIIOBHOCTEH M00OY10Ba-
Hi i3 3aCTOCYBaHHSM JBOBHMIPHUX XaOTHYHHUX cHcTeM. Merta po6oTH — po3pobiieHHs Ta peanizaiis renepatopis [IBII 0iTiB Ha ocHOBI mpa-
BWJI HEYITKOI JIOTIKM Ta ABOBUMIPHUX XaOTHYHHX CHCTEM Ta OL[IHKA CTATHCTHYHHX XapaKTEPUCTHK CHOPMOBAHUX IOCIIJOBHOCTEH 3a JOTO-
MOroro craTuctuyHux tectiB NIST.

Mertoj. 3anmponoHOBaHO CIIOCiO reHepyBaHHS MICEBOBUITAIKOBUX TOCIITIOBHOCTEH OiTiB, 1110 103BOJIsI€ chopMyBaTH OITOBI MOCIIIOBHO-
CTi 13 XapaKTepUCTUKAMH, IO 33J0BOJBHSAIOTh BUMOTaM 3aXHMIIEHUX CHCTEM 3B’SI3KYy Ta KpUNTOrpadiuHOro 3axucTy iH(popMallii Ha OCHOBI
TIPaBWJI HEYITKOT JIOTIKHM Ta JBOBHMIPHUX XaOTHYHHX CHCTEM. B mporieci gociikeHHst poOOTH reHepaTopiB o0y 10BaHO TiCTOIPaMH pO3IIo-
Iy BUXiTHHUX 3HAYCHb, LIO JO3BOJISE YITKO BCTAHOBHUTH, UM BECh Jiana3oH BUXIIHUX 3HAYCHb IBOBHMIPHOI CHCTEMH MOXE OyTH BUKOPHC-
TaHui i reHepyBanHs [IBIT 6iTiB uu Tijbku Horo yactiHa. TakoXK MPOBEACHO JOCIIIKEHHS CTATUCTHYHHUX XapaKTePUCTHK IeHepOBaHUX
TOCJTITOBHOCTEH 3a JONOMOT'0I0 Ha0OpY CTaTUCTHUYHUX TECTIB.

PesyabTaTn. [TocninoBHoCTI 6iTiB chopMOBaHi i3 3aCTOCYBaHHSAM HPABHII HEUITKOI JIOTIKH Ta JBOBUMIPHHX XaOTHYHHX CHCTEM MOXYTh
OyTH BUKOPHUCTaHI [UIs miepeaadi iHpopMallii B 3aXUILEHUX CHCTEMaX 3B’ 3KY.

BucHoBku. [IpoBe/ieHi eKCIIEpUMEHTH MiTBEPIUIN 3JaTHICTh 3alPONIOHOBAHUX T'€HEPaTOpiB reHepyBaTH OITOBI MOCIIIOBHOCTI i3 XO-
POIINMH CTATHCTUYHUMH XapaKTEPUCTHKAMH, IO i J03BOJISIE IX pEKOMEHIYBATH JIsl BAKOPUCTAHHS Ha MPAKTHII PU BUPIIICHHI 33124 KpH-
nrorpadigHoro 3axucty iHpopmamii Ta 3axuuieHol nepenadi indopmanii o BifkpUTHX KaHAIax 3B s43Ky. [lepCreKTHBY MOAAIBIINX JOCII-
JDKEHb MOXKYTb IIOJISITATH B CTBOPEHHI KpunrorpadiuHux MeToiB 3axucTy iHdopmalii Ha OCHOBI 3anponoHoBanux reseparopis [1BI1 6itis,
peaiizaiii 3aXUIIEHUX CHCTEM 3B SI3KY.

KJIFOUYOBI CJIOBA: renepatop, xaoc, OaraToBMMipHa CHUCTEMa, IICEBJIOBUIIAJIKOBA ITOCIIIOBHICTh, HEYiTKa JIOTIKA, CTATUCTUYHHNA
TECT.
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AHHOTALUA

AKTyaJIbHOCTb. PaccMoTpeHa 3a/1aua TeHeprpoOBaHus NICeBA0CTyYaiiHbIX nocienoBarensHocteit outos (IICIT) ¢ mpumenennem npaBut
HEUYETKOH JIOTUKH U JIBYMEPHBIX Xa0THYECKHX chcTeM. OObEKTOM HCCIEeOBAHMS SBISIIOTCS TeHEPATOPhI NICEBAOCITyYaiHbIX OMTOBBIX MOCIIE-
JIOBaTEIBHOCTEH IMOCTPOCHHBIX C MPUMEHEHHEM JIBYMEPHBIX XaOTHYECKHX cHcTeM. Llenb paboTel — pa3paboTka M peann3aiys TeHepaTopoB
TICIT 6uT Ha OCHOBE TPAaBUJI HEUSTKON JIOTUKH U JBYMEPHBIX XaOTHYECKHX CHCTEM M OLCHKa COPMUPOBAHHBIX ITOCIEIOBATEIBHOCTEH C
HOMOIIBIO cTaTUCTHYECKUX TecToB NIST.

Merton. [Ipemioxken crnocod reHepUpoBaHHs MCEBIOCTyYaliHbIX MOCIEA0BATEILHOCTEH OUTOB, MO3BOIISET CHOPMUPOBATH OUTHBIC TIO-
CJIEZIOBATEEHOCTH C XapaKTEPUCTUKAMH, YIOBJICTBOPSIOMINMH TPEOOBAHUSIM 3AIIMINEHHBIX CHCTEM CBSI3HM M KPUNTOTPaUUECKOM 3aluThI
nH(OpMaUK Ha OCHOBE MPAaBUJI HEYETKOW JIOTMKU M JBYMEPHBIX XaOTHYECKHX CHCTeM. B mpolecce mccienoBaHust paboThl reHEpaTOpOB
MOCTPOEHBI THCTOTPAMMBI PACTIPE/ICNICHUS BBIXOJHBIX 3HAYEHMII, MO3BOJISIET YETKO YCTAaHOBUTb, BECh JMAIa30H BBIXOJHBIX 3HAUYCHHMIl 1BY-
MEpPHON CHCTEMBI MOXET OBITH HCIIONB30BaH /It reHepuposanust [ICI1 6uToB mim TONBKO €ro 4acTh. TakikKe MPOBE/ICHO MCCIIEA0BaHUE CTa-
THUCTHYECKHX XapaKTEPHCTHK MeHEPHPYEMBIX ITOCIIE0BATEIBHOCTEH C ITOMOIIBIO HA00pa CTATh-CONMPUKACAIOIINXCS TECTOB.

PesyabTatbl. [locnenoBatensHocTd GUTOB cPOPMHUPOBAHBI C IPUMEHEHUEM NPABUII HEUETKOM JIOTHKU U IBYMEPHBIX XaOTHYECKUX CHUC-
TeM MOTYT OBbITh UCIIOJIB30BaHA VIS epeaauyn HH(GOpMalnK B 3aIMIIEHHBIX CUCTEMAaX CBS3H.

BreiBoabl. [IpoBesieHHBIE SKCIIEPUMEHTHI OATBEPAMIN CIIOCOOHOCTH IMPEAJIOKEHHBIX T€HEPaTOPOB T'€HEPHPOBATh OUTHEIE MOCIIEA0BA-
TEIBHOCTH C XOPOLIMMH CTATHCTUYECKUMH XapaKTEPUCTHKAMHM, YTO U TO3BOJISIET UX PEKOMEH/IOBATh ISl MCIIOIb30BAHUS HA MPAKTHKE TIPH
pelIeHnH 3a1a4 KpUnTorpaduyeckoi 3amuTel MHOPMAMU U 3aIMIIEHHON Nepesayn MHGOPMAIMU 10 OTKPBITHIM KaHanmaMm cBssu. [lep-
CIIEKTHBBI JAIbHEHIIMX MCCIEAOBAaHUI MOTYT 3aKIIOYaThCs B CO3JAHMU KPUNTOrpadMYeCKUX METOJOB 3alllUThl HH(OpPMALUM HAa OCHOBE
npeaioxkeHHbIx reHeparopoB [1CIT 6uToB, peam3anny 3alIMIIEHHBIX CUCTEM CBSI3H.

KJIFOYEBBIE CJIOBA: reseparop, Xxaoc, MHOTOMEpHasl CHCTEMa, IICEBOCTyYaiHas OCIE0BATEIIbHOCTh, HEUETKAsl JIOTHKA, CTaTH-
CTHYECKHH TECT.
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