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Abstract: The methods of rapid information processing aimed to reduce the time of realization of cryptographic RSA
transformations are propounded in the paper. These methods are based on application of the principle of ring shift
(PRS) in the module number system (MNS). MNS application, from point of view of increasing the speed of realiza-
tion of cryptographic transformations with the open key, proves to be effective in organizing the process of realiza-
tion of module integer arithmetic operations.

Keywords: specialized digital devices and systems, base of non-position number system, modular number system,
cryptographic transformations.

1 Introduction

Currently modern cryptotransformations with the open key are based on transformations of alge-
braic curves (elliptic curves (EC), hyper elliptic curves (HEC), Picard curves (PC) and superelliptic
curves (SEC)) as well as on RSA systems [1-3]. The existing trend of development of cryptographic
methods of information processing is aimed to increase the keys length that, in turn, results in de-
creasing the speed of cryptographic transformations with the open key. It is especially crucial for
providing the set level of resistance during realization of cryptotransformations on EC in the special
systems and devices with existing limitations in memory size and mass sizes, i.e. in those cases,
where it is impossible to utilize powerful computers with many digits. This status determines the
importance and actuality of development of methods of efficiency increasing, reliability and validi-
ty of cryptotransformations [4-5].

2 Sources of authors’ research

The analysis of methods of increasing of efficiency of SC in Jacobean of HEC allows to ground
theoretically and practically the dependence of efficiency of realization of operations of SC in Jaco-
bean of HEC on the bulk of the following basic characteristics: the type of realization of crypto-
transformations (software, hardware or software and hardware); the type of algorithm of SEC divi-
sors; the set base field upon which this curve is set above; the type of curve; values of curve coeffi-
cients; the selected system of coordinates, in which divisors of Jacobean of HEC (affinor, projec-
tive, weighted and mixed) are presented; the accepted method of arithmetic transformations in Jac-
obean etc. The known methods of realization of algorithms of SEC (Kantor method of divisors ad-
dition, Koblits method, methods of arithmetic transformations of divisors in Jacobean of HEC of
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the second, third and fourth type, methods of addition of divisors of different weight, Karatsuba
method for modular multiplication and reduction in the field of polynominal functions, (the method
based on some results of the "Chinese Theorem of Remainders" etc.) do not always meet the re-
quirements of efficiency of cryptotransformations. Meantime, efficiency of application of codes of
modular arithmetic, i.e. the modular number system (MNS), is highly appreciated in literature [6-7]
for solving certain tasks of rapid digital information processing (tasks solving of digital filtration,
tasks of realization FFT, DPF etc.).

3 Actual state of the problem and objectives of research

Mentioned above confirms the importance and actuality of development of methods and means
for increasing the efficiency, especially of RSA cryptotransformations on the basis of application of
MNS. It is connected with the fact that RSA system offered in 1977 is considered to be the most
widely used cryptosystem with the open key at present [5,8].

The objective of the paper is to develop the method of rapid realization of cryptographic trans-
formations with the open key, as well as the structural diagram of operating device (OD) of the spe-
cial processor of cryptographic information processing (SPCIP) on the basis of MNS application.

According to [7], the influence of basic properties (independence, equality, and low digits exist-
ence of remainders presenting an operand) of MNS upon the structure and principles of functioning
of SPCIP in MNS is examined. It is emphasized that low digits existence of remainders in presenta-
tion of digits in modular arithmetic enables a great choice of variants of system and technical solu-
tions during realization of integer modular arithmetic operations.

It is known that there are four principles of realization of arithmetic operations in MNS: the prin-
ciple of summation (on the basis of low digits of binary adders in modulus m. of MNS); tabular

principle (on the basis of the use of ROM); direct logical principle of realization of arithmetic oper-
ations based on description and realization of module operations at the level of the systems of
switch functions, due to which the values of results of module operations are formed (it is better to
utilize systole and programmable logical matrices as an element base for technical realization of this
principle, as well as PLD); principle of ring shift (PRS) based on the application of ring shift regis-
ters (RSR).

The lack of process of transfer between digit remainders presented in MNS (inside the very re-
mainder in modulus m, between binary digits transfers exist) in the operands processed in SPCIP in

the process of cryptotransformations (during realization of module operations) on the basis of PCC
is one of main and the most attractive features of MNS.

4 Applied method of problem solving

In positional number system (PNS), implementation of arithmetic operation needs the sequential
processing of digits of operands due to the rules determined by the content of this operation, and it
can not be completed until the values of all of intermediate results, with taking into account of all
connections between digits, are subsequently determined.

Thus PNS, in which information is obtained and processed in modern SPCIP, has the substantial
gap — it has interdigital connections which affect the methods of realization of arithmetic opera-
tions, it needs complicated equipment, reduces validity of calculations, and restrict the speed of re-
alization of cryptographic transformations. Therefore, the development of arithmetic which could
be characterized by the lack of connections between digits is required. In this case MNS appears to
be attractive. The given non-position number system possesses the significant property of inde-
pendence of remainders from each other according to the accepted system of base. This independ-
ence offers wide opportunities in the construction of not only new machine arithmetic but also the
principally new scheme of SPCIP realization, which in turn, extends increasingly the application of
machine arithmetic.

According to many literary sources, the introduction of non-traditional methods of information
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presenting and processing in digital systems with parallel structure is considered to be one of the
means in increasing the efficiency of computer use, particularly, in so-called modular number sys-
tems which has maximum level of internal parallelism in the process organization of information
processing. The MNS is referred to these systems.

5 General approach to task solving

We will consider the existing pre-conditions of the effective application of modular number sys-
tem as the SPCIP system. They are as follows: - in SPCIP, digit information processing, like in
MNS, is done only with integer numbers; - in SPCIP realization only of module arithmetic opera-
tions is performed; - realization of integer module arithmetic operations in SPCIP is performed in a
positive numerical range; - basic operations during realization of RSA cryptosystem (more than
95%) are the operations of module multiplication and the operation of numbers squaring in modulus
m; is the most effective (from the point of view of performance speed of module arithmetic opera-
tions) realized in MNS; - due to increasing the length of one computer word | (the number of com-
puter digits, (embedded processor, processor node) of cryptosystem), which is a special feature of
modern development trend of SPCIP of RSA system, efficiency of application of MNS rises; - wide
use of RSR in SPCIP during realization of RSA cryptotransformations; - the gap of the problem
solving in PNS of essential increase of efficiency and reliability of SPCIP; - positive preliminary
results of MNS efficient application for increasing the use efficiency and SPCIP reliability of the
real time.

According to findings [9], the principle of realization of integer arithmetic operations is formu-
lated in MINS, i.e. the PRS, which is characterized by a special feature — the result of arithmetic op-

eration (a +b)modm, with any in modulus m; of MNS by determined set of base {m;} (j=1n),

is determined without the calculation of values of sizes of partial sums S, and values C, of transfers

of binary address in PNS, but only whereby the cycle shifts of the set digital structure. Indeed, the
famous Cayley theorem establishes isomorphism between the elements of eventual abelian group
and the elements of the group of transpositions.

It is deduced from Cayley theorem that the influence of elements of abelian group upon the
group of all integer numbers is homomorphous. This case allows to organize the process of deter-
mination of the result of arithmetic operations in MNS by means of the application of PRS. So, an

operand in MNS appears to be a set of n remainders {ai} formed by the successive division of ini-

tial number A to n of prime in pairs numbers {mi}, for (i =1,_n). In this case the aggregate of re-

mainders {m;} is directly equates with the sum n of Galois simple fields of this kind > GF(m,).
i=1

Due to the method of realization of arithmetic operations in MNS it is convenient and sufficient
to consider a variant for the arbitrary eventual Galois field GF(m,) when i=const, i.e. for the con-
crete defined system of residues mod m,. Application of mentioned above properties allows to real-
ize the operations of module addition and subtraction in MNS whereby PRS by means of n ring
M =m([log,(m —1)]+1), i.e. by bit shift registers.

The arbitrary algebraic system can be presented in the kind of S :(G,®) —where G —isnot an

empty set; @ — is the type of operation, defined for any of two elements a,, b € G. Operation &
of addition in the set of classes of subtraction R, caused by the ideal J, forms a new ring called the
ring of classes of subtraction R/J . It can be presented in the kind of Z/m,, where Z — is a great
number of integers 0, +1, £2,.... (if the base m.of MNS is a simple number, then Z/m, is a field).

This case determines the possibility of realization of arithmetic operation of addition in MNS with-
out transfers between digits by means of the ring shift of the content of digits.
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6 Methods of realization of cryptographic transformations

On the basis of PRS offered in the paper the method of realization of arithmetic operations in
MNS is propounded, i.e. the method of binary presentation of remainders (MBPR). Due to this
method, the initial digital structure for every modulus (base) m, of MNS appears to be as the con-
tent of the first line (column) of Cayley Table of module addition (subtraction) (a +b)modm of
the kind presented in Fig. 1.

3

Kz; = [log=(m; — 1) + 1]

O b, BT,

Fig. 1 — Adder in modulus m, in MNS

Initial digital structure of content of RSR for every in modulus m, can be presented in the kind
of (1),

P™ = Ry(a) Il (@) Il 11 Py s (@ o) Il (1)
where || — is the operation of concatenation (joining, agglutination); P,(a,) — k-digital binary code
which equals the a, remainder of (a, :(W—l) number in modulus m,; k =[Iog2(mi —1)+1].

For the set concrete modulus m, =5, the initial digital structure of content of RSD looks like:
P =[000]/001//010]011]|100].
Thus, by means of used ring shift registers in PNS it is easily to realize arithmetic operations in
MNS. So degrees of cyclic transpositions due to (1) are determined by the following formulae:

[P @) 1P [l Py s (et ) = Pul@) I Pt ) e B (@) 1 M1 Py s ) . @)

[R(@) IR(@) . F>mi_1(ozmi_1)]‘Z =[P (@ I 1Py () I
1l By (@) I B 1 Dl By (0 0) -

It should be mentioned that | P () Il Pi(e) I .. Pmi_l(ami_l)]mi =g, Qe if z=m then all ele-

@)

ments of well-organized set {Pj (ai)} (] =0,m.—1) remain on its initial position.
During technical realization of this method, the first operand a determines the number a, digit
of P, (a,), with the content of the result of module operation in the modulus m;, and the second

operand b; determines the number of digits of RSR (bk - binary digits), which displays how many

digits of the RSR content should be shifted (1). Fig. 2 present the chart of possible SPCIP operation
device (OD) in MNS.

It is known that time of additional of two remainders (a; +b)modm, in MNS will be determined
by the following mathematical expression:
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)
MNS Ky - Kai - L 4)

where: K;; — is a value of the second b, element in the sum (&, +b,)modm, (the amount of digits of
RSR which is subjected in positive (anticlockwise) direction to initial content shift of RSR), i.e
K,=0,m —1; K, — is amount of binary digits in one RSR digit on modulus m,, i.c
K, = [Iog(mi —1)]+1; K, - K, — is the amount of shifted binary digits in positive direction of bina-
ry digits of RSR; ty;, =3-7,, — is the time of shift of one binary digit; z,, — is the time of switch of
one logical element (element And, OR).

dn

&
el

CP,

A

B

I
O_)j

]

L%
O—)j

]

L Tg

-____5:)_:;________

Fig. 2 — Chart of operation device of SPCIP for arbitrary MNS

Thus, for the arbitrary modulus m; of MNS time of addition of two remainders a; and b; in modu-
lus equals

W =3.K, {[log,(m -] +1} - 7. (5)

In this case maximally possible value T ms for the arbitrary module m. of MNS is equal to

(“;m;s =3-(m ~1)-{[log,(m ~1)]+1}- 7, ©)
but for the given MNS mm;xximal time of addition of two numbers A=(a,a,, --- ,a,) and
B=(b,b,, --- ,b) equals

;ﬂ;s =3-(m, -1)-{[log,(m, ~1)]+1} -7, -

In general, the time of aaatxjition of two numbers A=(a,,a,, --- ,a,) and B=(b,b,, --- , b))

in MNS is determined by the time Tms of realization of module operation (& +b)modm, in

computer path (CPR), i.e. in CIP, for which the case of K,-K, =max is done from all
CP(j=1mi#]).

Examples of concrete implementation of operation of addition of two numbers in MNS for one
byte (I =1) processor are propounded. For 1 =1 MNS base can be as follows: m =3, m,=4,
m, =5 and m, =7. The simplified chart of operation device is presented for one byte (I =1) pro-
cessor in MNS in Fig. 3.

Example 1. If the second operand is equal to B =(10,10,100,001).
Then:
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—for CR(m, =3) we have b =10, K, =2, K, =[log(m —1)]+1=2, and K ,-K, =2-2=4;

—for CT,(m, =4) we have b, =10, K, =2, K,,=2, and K, -K,,=2-2=4;

—for CR,(m, =4) — b, =100, K,=4, K,,=3and K,-K,, =4-3=12;

—for CR,(m,=7) — b, =001, K, =1, K,,=3-and K,-K,,=1-3=3.

It is apparent that the greatest number of shifted binary digits — 12 is occurred in the third com-
puter path (CPS).Thus, the time of realization of two numbers A and B determined in MNS on the
basis of the principle of ring shift, can be defined by the value of the second element B, and equals
) _K,-Ky-3-7,=12-3-7,=36-7,.

MNS

Example 2. If B =(10,11,001,001). Then we have:

—for CR(m, =3), b, =2(10), K, =2, K, =2 and K,-K, =2-2=4;

—for CR,(m, =4), b,=3(11), K, =3 K,,=2 and K, -K,, =3-2=6;

—for CR,(m; =5), b, =1(001), K, =1, K, =3 and K, K, =1-3=3,

—for CR,(m, =7), b, =1(001), K, =1, K,, =3 and K, -K,, =1-3=3.

Thus, the time of addition of numbers A and B is determined by the time of realization of opera-
tion (a, +b,)mod m, in the second expression CP; and equals

ms =Ky Ky 3-7,=3-2-3-7, =187,

m

The comparative analysis of time of realization of operation of addition of two numbers A and B
in PNS and in MNS is presented. The time T SN)S of numbers addition A and B in PNS equals

(+)
) —(2-p-1)t, =(16-1-1)-3-7,, (8)
A=(a,,a;a;0a,)
| ap I az I as l as I
: 1 2 | 0 1 2 3001 0 1 2 3 4 [ ) 1 5 |
| A A L A A A AL A A A A oAl A A A |
: EB: @l aa: ®
lrﬂ}ﬂ}mjl | | |
' : : : :
| BT, 13 BT; 13 BT: L [
| & | & | Bs | Bs |
| =3 k=2 | my=d =2 ! my=3 k=3 ! me=7 k=3 !
= (b, bz, b3, b,)

Fig. 3 — Simplified chart of operation device in MNS for one byte (I=1) SPCIP

where: p=8-1 — | machine word (number digits of SPCIP for 1=1,4,8); t,=3-7, — time of
summation in (i+1) binary digit of position adder of values a,,, +b., +¢;, i.e the time of determi-

1+1
nation of values C,,, and S,,;.

We take into account that due to existing method of two times reduction of maximum time of
operation realization of module addition in MNS, we have for PRS

) +)
s = T s/ 2 ©)
We will introduce the coefficient « of relation of time of realization of operation of addition in
PNS and in MNS, i.e.

+) " (16-1-1)-3-7,,-2 B 2-(16-1-1)

*=Tons ! T s = (m, —1)- {{log,(m, ~1)]+1}-3-7, (M, =1)-{[log,(m, —D)]+1}

Calculation and comparative analysis of time of implementation of arithmetic operations at cryp-

(10)

10
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tographic transformations proved high efficiency of application of MBPR which is based on appli-
cation of PCC, as compared to a method, applied in PNS (Table 1).

Table 1 — Data of comparative analysis of time of addition operation

| PNS MNS
+) VEY %
(p) T HCC/ 3 s | My | K Mcc 4:
(é) 15 7| 3 9 40
(126) 31 13 | 4 24 22

These data are obtained without additional application of existing algorithms, application of
which allows to reduce the time of realization of module arithmetic operations. Obtained analytical
expressions (4), (5), (6), (7), (9), (10), (13) and the results of time of realization of arithmetic opera-
tions in MNS can be used for estimation and comparative analysis of calculable complication of
algorithms of RSA of cryptotransformations.

7 Conclusions of research and perspectives

In this paper new methods of speed increasing of realization of cryptographic transformations in
Galois fields are studied, in particular, particularly, the increase of efficiency of RSA of crypto-
transformations with the open key. These methods are based on the application of PRS in MNS.
The application of fundamental theoretical properties of MNS allows to organize effectively the
process of realization of module operations in cryptographic tasks. The method of realization of
arithmetic operations in MNS based on PRS, i.e. the method of binary presentation of remainders, is
propounded for practical use. The analysis of efficiency of application of these methods and exam-
ples of concrete technical realization of module arithmetic operations proves their practicability.
Given method of information processing is recommended to be practically used in SPCIP of the real
time. Results of the research can be successfully applied in the systems and devices for processing
enormous digital information of the real time.
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Abstract. We develop a new class of positional numeral systems, namely the binomial ones, which form a subclass of
generalized positional numeral systems (GPNS). The binomial systems have wide range of applications in the infor-
mation transmission, processing, and storage due to their error-detection capabilities. In this paper, the binomial
numeral systems are well-defined, their prefix and compactness properties are established. Algorithms of generating
binomial coding words (non-uniform and uniform) are presented, as well as an enhanced procedure of construction
of constant weight Boolean combinations based upon the non-uniform binomial coding words. The correctness of this
procedure is established.

Keywords: generalized positional numeral systems, binomial numeral systems, constant weight codes.
1 Introduction

Positional numeral systems are widely used in computing. More complicated numeral systems,
in which the register's weight need not be equal to the power of the system's base (like, for example,
in the binary or decimal system), have not been thoroughly studied as yet. Such generalized posi-
tional numeral systems (GPNS) may have quite useful properties, like being noise-proof, easy in
generating permutations, etc. (see [1-3]). These properties allow one to exploit the GPNS to develop
specialized digital de-vices with high computational speed, reliability, and very low size and weight
parameters. Moreover, the GPNS may serve as a base for:

a) generation of codes and construction of coding devices for the thorough error-control when

processing, transmitting, and storing information;

b) development of algorithms and devices used when information is compressed and/or coded;

c) efficient solution of combinatorial optimization problems.

When combinatorial objects are generated and numerated, researchers use to develop special
methods for each individual problem, which can be characterized as a principal drawback of such
an approach [4,5]. Therefore, a universal algorithm solving these problems at both the theoretical
and practical levels would be very helpful. We propose a possible solution method based upon the
GPNS. In particular, in this paper, a binomial numeral system is considered, which generates com-
binatorial objects making use of constant weight codes [6]. The total number of coding words in
such codes is determined by binomial coefficients [7].

The generalized positional numeral systems (GPNS) allow one to develop efficient algorithms
and specialized digital devices (based upon these algorithms) due to the similarity of their struc-
tures. Thus the device cost is saved, and the high computational speed is attained (due to the hard-
ware implementation, up to ten times higher compared to the universal computers). Moreover, as
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the GPNS are noise-proof, their digital devices use to be much more reliable and easy in trouble-
shooting.

It is worthwhile to develop digital devices using a GPNS and completing mainly logical and the
simplest arithmetical operations with integer numbers, because these operations are realized by the
GPNS in the most efficient way.

Certain parts of such specialized devices, e.g. noise-proof counters, registers, etc., are of interest
for the universal computers as well [8,9].

To cope with the problem of noise-proof storage and transmission of information, a lot of vari-
ous codes, both error-detecting and error-correcting, have been developed. Among those codes, it is
worthy to distinguish the codes that detect errors not only during the information transmission and
storage but also while it is processed. This class also includes the codes based upon the GPNS,
whose strong sides are: (i) the simplicity of algorithms and devices for detecting errors, (ii) the
structural regularity, (iii) the possibility to regulate the code's redundancy and hence its error-
detecting capability depending upon the channel's adaptability. Such codes are quite applicable in
specialized automatic controlling systems, as the information's downloading, processing, transmis-
sion, and development of controlling actions are all based upon the same GPNS code.

One of the important problems arising while storing and transmitting information is its com-
pression, like for example by the optimal coding based on the Shannon-Fano and Huffman
codes [10,11]. Nowadays, the coding theory can boast with a quite wide arsenal of other ways to
compress information, which however cannot exclude the development of new methods and/or im-
provement of the existing ones. One of those is the numeration of messages, which has the follow-
ing advantages: (a) an algorithmic coding structure allowing an easy implementation, and (b) no
need in a dictionary.

Application of a GPNS permits one to expand the class of numerated messages and thus improve
and simplify the algorithmic and technical realization of the information compression.

Both the numeration and de-numeration processes based upon the GPNS can be efficiently used
to code the information. Thus we can obtain noise proof codes of high stability and with simple
keys used for the information security.

Finally, problems of combinatorial optimization are of special importance. In the most general
form, these problems may even not have an objective function but stated in some preference terms.
Such problems are usually solved by an exhaustive search, or when it is impossible, by random
search procedures [2]. In both cases, the GPNS can provide many efficient ways of generating the
combinatorial objects in order to find a path to an optimal solution.

Therefore, the generalized positional numeral systems (GPNS) propose a unified approach al-
lowing one to solve efficiently a series of practical problems of various natures. As an example of
such a GPNS, our paper presents a binary binomial numeral system. The latter is characterized with
the use of binomial coefficients as weights of the binary digits [12-14].

The rest of the paper is arranged as follows. In Section 2, we define the principal structure of the
binomial calculus system. Section 3 presents the mains results establishing the key properties of the
binomial systems, namely, the prefix and the compactness properties. Finally, Section 4 deals with
the algorithms to generate and numerate binomial combinations of various lengths (non-uniform
codes), the constant length (uniform codes), and the constant weight combinations. Conclusion,
acknowledgement and the reference list complete the paper.

2 Binomial Systems

Now we describe one of the GPNS, namely the binomial system with the binomial weights and
the binary alphabet {0,1} [12-14].

In a k-binomial system with n registers (k < n), the quantitative equivalent QAi of a code combi-
nation Ai = (aj.1, &2, ..., ao), i = 0,1,..., P-1, with p=c’, where j = j(i) is the combination's length,
is defined as follows:

QA =a, Cif' +..+aC il +..+a,C (1)

n—-j
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where the following conditions must hold: either

qo:kv
j<nm )
a,=1,
or
n-k= j_qo,
Go <k; @)
a, =0,

Here qo is the quantity of units (ones) in the binomial number, P is the range of the system, j is
the quantity of registers (positions) in the binomial number (or, its length), ¢ = 0,1,..., j-1 is the reg-
ister's ordinal number, g, is the sum of the digits occupying the registers (j-1) through ¢, inclusively,
ie.

j-1
q, = Zai ' (3)
i=0
with g; = 0.

A positional numeral system must be finite, effective, and well-defined.

However, it is not enough for a generalized positional system. In addition, it has to be a prefix code
system, i.e. with the "prefix property": there is no valid code word in the system that is a prefix
(start) of any other valid code word in the set. With a prefix code, a receiver can identify each word
without requiring a special marker between words. The generalized positional numeral system
should be also continuous, which means that for any number s from the system's range (except for
the maximal number), there exists a combination, whose quantitative equivalent is equal to (s + 1).
All these properties of the binomial numeral systems will be established in the next section.

3 The Binomial System is Finite, Effective, Prefix, and Well-Defined

Formula (1) shows that the binomial numeral system is finite and effective, because there exists a
numeration algorithm, which, after a finite of number of steps, converts the coding combination Ai
into its quantitative equivalent QAi. Now the following theorem establishes the prefix property of
the binomial numeral system. Although its proof was first given in [12], we repeat it here to make
the paper self-contained.

Theorem 3.1. [12]. The k-binomial numeral system with n registers (where k < n) is a prefix
code system.

Proof. Let a coding combination Ai satisfy conditions (2), i.e., let it contain exactly k units
(ones). As the condition j <n in constraint (2) implies that the length of such combinations can-
not exceed (n-1), then we conclude that the length j of Ai lies between kand n-1, that is,
k<j<n-1.

Therefore, the number of zeros z in Aican be equal to z = 0,1,..., n-k-1, while the combinations
length equals j = k+z. The total number of distinct combinations of the same length containing k
ones and z zeros coincides with the number of combinations of z (zeros) among the total quantity of
(J - 1) elements, namely, P=c;,,, . The distinct combinations cannot evidently be prefixes of the

others having the same length, hence in this case, the desired property holds. As for the combina-
tions of different lengths, their values of z are also different. However, as the combinations in ques-
tion always have 1 at the extreme right position (i.e., a, = 1), and the total number of 1's is equal to
the same number Kk, it is clear that the longer combination, in its prefix part of the length equal to
the total length of the shorter combination, contains at least one 1 (unit) less than the shorter combi-
nation. Therefore, the prefix property is valid for all coding combinations satisfying conditions (2).
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Now consider the coding combinations satisfying (3). As the constraint n-k=j-q, clearly implies
that the total number of zeros in these combinations is constant and equal to n-k, then the combina-
tion's generation process stops when the last, the (n-k) -th zero appears at the right end position (i.e.,
a, = 0). The number of zeros (n-k) summed with the number ¢, = 0,1, ...,k-1 of 1's defines the com-
bination's total length as j=n-k+q,. Therefore, the number of distinct combinations with qo units and
(n-k) zeros (including the zero in the right end position) coincides with the number of all possible

combinations of o elements among the total of (j-1) positions, thatis, P=C, ., , . Again, the pre-

fix property for the combinations of the same length is evident. As for the combinations of the con-
sidered subclass having different length values, they also have different numbers of 0's. Consider
two such coding combinations of length values equal to p and g, respectively, with, say, p < g. The
shorter combination with the length p, which could be a prefix of the longer one, contains exactly
(n-k) zeros, the same as the longer combination has. However, the right end position of the longer
combination is occupied by zero, hence the number of zeros in the longer combination's prefix of
length p cannot exceed (n-k-1), which clearly excludes the possibility for the shorter coding combi-
nation to be the prefix of the longer one.

Finally, it is straightforward that no coding combination satisfying (2) can be the prefix of a
combination satisfying (3), and vice versa. This is due to the fact that the maximum number of 1's
in any combination of the latter class is strictly less than that in every combination of the former
class. Therefore, no combination of class (2) can be a prefix of a combination of class (3). In an
analogous manner, it is easy to see that the maximum possible number of zeros in an arbitrary cod-
ing combination of subset (2) is strictly less than that in any combination of class (3), hence, no
combination of subclass (3) can form a prefix of a combination from (2). Therefore, the prefix
property is evidently valid for the whole set of combinations satisfying (2) or (3), which completes
the proof of the theorem.

To show that the binomial system is well-defined, that is, two distinct coding combinations can-
not be equivalent to the same numerical value, we prove the following result (again, see [12]).

Theorem 3.2. [12] The k-binomial system with n registers (where k < n) is well-defined.

Proof. The previous result (Theorem 3.1 with the prefix property) implies that any two distinct
coding combinations have different digits (0 and 1) at least in one of the registers (counted from left
to right). The digits in the registers (if any) preceding the first such register are common for both
combinations, whereas the remaining (succeeding) part is called the proper part of each combina-
tion in this pair. If we prove that the proper parts of these two coding combinations cannot represent
the same number, the binomial system is well-defined. Consider the proper parts of two coding
combinations (without affecting generality, assume that the combinations have no coinciding pre-
ceding parts):

Aw = (@, ..., ag) and As = (bg, ..., bo);
where
a,=0;bs=1; 0<a,<n-1;0 <w;s <P-1;and w#s.

It is not difficult to demonstrate (see the decription of the algorithm generating non-uniform bino-
mial numbers in Section 4) that if in the coding combination A, all the digits to the right from a_
were 1's (i.e., an =1 form =0, 1, ..., a -1), whereas in A, vice versa, all the entries to the right
from by were zero, that is, by =0 fort =0, 1;... , p-1, then the distance

between the numbers QA,, and QA represented by the combinations A,, and As, respectively, would
be the minimum possible one. Now we establish that this minimum distance is not zero. Indeed, by
definition (1) and by the above assumptions, one has:

QA,=0-Cory, +1-Corly, y +1-Crftly oo 1 oGl 00,

and

_ k=0 k=011 k=011 kK=Qp.q 1
QA =L Gy +0-CL +0-CL i 40 CL
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Now since
a
k- a+l ™ i — k— a+
QAm = Z(:n—qu:ij+I - Cn—i:a -1
i=1
and hence
_ k_q -+ _ k_qa+ —
QA =C, )\ =Co i, =QA, +1,

the latter relationships make it possible to conclude that QA,, # OA4s and thus the minimum distance
between them is 1, which completes the proof.

Theorems 3.1 and 3.2 have the following important corollary, which proves the compactness of
the binomial numeral systems.

Corollary 3.1. The k-binomial system with n registers (k < n) is compact, that is, its range is
complete and covers all the integers between 0 and (C* —1).

Proof. According to formula (1), the maximal number represented in the k-binomial system with
n registers is as follows:

QA =1.C,V +1.Co ' +---+1.Cm =Cf - 1.
The minimal represented value is zero, hence the total number of the integers between the lower
and upper bounds of the range is C*. Meanwhile, it is not difficult to establish that the total number
of coding combinations constructed by formula (1) and ending with 1 (i.e. satisfying (2)) is equal to

n—k-1 .
N, = ZC:—_;—_il_l = C:—_lk_l = C:—1 .
i=0
Similarly, it can be proved that the total number of combinations generated by (1) and ending

with 0, i.e. with condition (3), is:
k-1 )
N,=>Ci3i=C7.
i=0
Therefore, the total number of distinct coding combinations in the k-binomial system equals

N=N,+N,=C* +C=CFK.

By Theorem 3.2, the correspondence between the coding combinations and the represented inte-
gers is one-to-one, and the compactness of the k-binomial system with n registers is proved.
Remark 3.1. It is straightforward that for the k-binomial calculus system with n registers, the

range parameter P is equal to C¥.

4 Algorithms Generating Binomial Combinations

Table 4.1 contains the binomial combinations and their quantitative equivalents for the
k-binomial system with n registers, where n = 6 and k = 4.

They are generated by the following algorithm:

Step 1. An initial combination Ag consisting of (n-k) zeros is composed and referred to as a key-
word.

Step 2. The digit 1 is put into the right end register, and zero is added to the right side of it.

Step 3. Step 2 is repeated while the number of 1's in the coding word is less than k-1. If the
number of 1's is equal to k-1, then go to Step 4.

Step 4. If the right end position contains zero, we replace it with 1. Go to Step 5.

Step 5. Check the number of 1's in the coding combination: if it equals k but the 1's do not occu-
py the first k registers counted from left to right, go to Step 6. Otherwise, i.e. if the 1's occupy the
first k registers counted from left to right, then STOP: all the combination have been generated.
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Table 4.1 Binomial coding combinations of non-constant length (non-uniform code)

Bivr\llc(;rrrgal Its quantitative equivalent
00 0C! +0C; =0

010 0C; +1C; +0C; =1

0110 0C! +1C; +1CJ +0C} =2

01110 0C! +1C; +1C} +1C2 +0C; =3
01111 0C! +1C; +1CJ +1C2 +1C, =4
100 1C? +1C; +0C? =5

1010 1C; +0C; +1C? +0C; =6

10110 1C! +0C; +1C3J +1C2 +0C| =7
10111 1C? +0C; +1CJ +1C> +1C; =8
1100 1C; +1C; +0CZ +0C; =9

11010 1C¢ +1C2 +0CZ +1C? +0C; =10
11011 1C¢ +1C; +0CZ +1C2 +1C; =11
11100 1C +1C? +1CZ +0C; +0C; =12
11101 1C? +1C} +1C2 +0C; +1C; =13
1111 1C¢ +1C; +1C2 +1C; =14

Step 6. Update the keyword Ag by putting 1 as a prefix before the beginning of the keyword (i.e.,

its left end). If the total number of 1's in the keyword is less than k, go to Step 2.

The binomial systems find various important applications, in which the following useful features
are exploited: (i) the binomial systems are noise-proof in the information transmission, processing,
and storage; (ii) they are able to search, generate and numerate coding combinations with a constant
weight; (iii) they can be used to construct noise-proof digital devices. To detect errors with the aid
of binomial coding combinations, they should be completed with zeros to obtain uniform (n - 1)-
digital binomial coding words given in Table 4.2.

Table 4.2 Binomial coding combinations of a constant length (uniform code)

NN Binomial word Binomial uniform word
0 00 00000
1 010 01000
2 0110 01100
3 01110 01110
4 01111 01111
5 100 10000
6 1010 10100
7 10110 10110
8 10111 10111
9 1100 11000
10 11010 11010
11 11011 11011
12 11100 11100
13 11101 11101
14 1111 11110
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The main tokens of errors in a binomial coding combination are either the number of 1's being
greater than k, or the number of zeros exceeding (n-k). The principal feature of the binomial noise-
proof code is its ability to detect errors while processing information. This feature allows one to ar-
range the throughout control in the information processing channels involving the digital devices.

4.1. Generation of binomial coding combinations with a constant weight

Next, Table 4.3 shows a transformation of binomial coding combinations to coding words with a
constant weight: this is done by adding (to the right end) either 1's if the binomial combination con-
tains (n-k) zeros, or adding zeros if the combination comprises k digits 1, until the combination's
length reaches n.

Table 4.3 Binomial coding combinations of a constant weight

NN Binomial word Binorr_lial constant
weight word
0 00 001111
1 010 010111
2 0110 011011
3 01110 011101
4 01111 011110
5 100 100111
6 1010 101011
7 10110 101101
8 10111 101110
9 1100 110011
10 11010 110101
11 11011 110110
12 11100 111001
13 11101 111010
14 1111 111100

Each binomial combination (column 2 of Table 4.3) has the corresponding combination with the
constant weight (column 3 of Table 4.3), hence the former is a compressed image of the latter. If
one needs to label a combination with the constant weight by some traditional numeral system
number (e.g., decimals of column 1 in Table 4.3), formula (1) has to be used. In the latter case, a
compression of binomial numbers is completed.

Algorithms of search and generation of binomial combinations and those with constant weights
can be also found in [14]. Now we describe one of modifications of such algorithms and prove its
efficiency as follows. This method is based upon the fact that the range of binomial numbers of
length n and with parameter k (k < n) coincides with the range of the constant weight coding com-
binations with k units among n registers. Therefore, the formal description of the algorithm is as
follows:

Step 1. Select an arbitrary non-uniform binomial coding combination.

Step 2. If the coding combination ends with the digit 1, then put zeros into all registers up to the
right end (register n), which is considered as auxiliary. The thus obtained combination ending with
0 will be the combination with the constant weight.

Step 3. If the coding combination ends with the digit 0, then set units (ones) into all registers up
to the right end (register n, or the auxiliary register). The thus created combination ending with 1
will be the combination with the constant weight.

Step 4. Verify that the thus obtained combination is indeed with the constant weight by counting
the total number of ones (units). If this number is k then the combination is indeed a desired one.
Select another non-uniform binomial coding combination and go to Step 2. If all the non-uniform
binomial coding combinations have been already selected, then STOP: all the constant weight
combinations of this range have been generated.
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The above algorithm generates the complete range of the corresponding combinations of the
constant weight, which is confirmed by the following theorem.

Theorem 4.1. With the aid of the above algorithm, for every non-uniform binomial combination
of length n with parameter k (k < n), one obtains the unique corresponding coding combination
with (the constant) weight k and length n.

Proof. First, consider the case when the selected non-uniform binomial coding combination ends
with the unit (i.e., with digit 1). According to the definition of the non-uniform binomial coding
words, it implies that this combination has already had k units (digits 1). Making use of the above-
described algorithm (Step 2), we need only to add several zeros into the registers to the right from
the rightest 1 till the auxiliary register is filled, thus having obtained the combination with (the con-
stant) weight k. It is clear that two different non-uniform binomial coding words cannot generate
(with the aid of the above algorithm) the same constant weight combination: indeed, if otherwise, it
would imply that one (the shorter) of these non-uniform binomial coding words is the prefix of the
second (the longer) one, which would contradict Theorem 3.1.

Next, if the selected non-unifom binomial coding combination ends with 0, then, due to the de-
scription of the verified algorithm (see Step 3), we will insert 1's into all the registers to the right
from the rightest zero, including the auxiliary register. According to the definition of the non-
uniform binomial combination ending with zero, the total number of zeros in it is equal to (n-k);
therefore, the constructed new combination will contain n-(n-k)=k digits 1, i.e. it will have the
(constant) weight k. Repeating exactly the proof for the first case (Step 2) given above, we conclude
that different non-uniform binomial combinations ending with 0 will produce different combina-
tions of (the constant) weight k. Finally, two constant weight combinations produced by different
steps (Step 2 and Step 3) of the above algorithms cannot coincide due to the different digits in their
auxiliary registers (0 for Step 2 and 1 for Step 3). The proof is complete.

5 Conclusion

In this paper, we have described the error-detecting binomial numeral systems capable of trans-
mitting, processing and storing information. The systems can also generate and numerate combina-
torial configurations, like, for example, coding words with a constant weight, as well as composi-
tions, combinations with repetitions, etc. Moreover, the binomial systems can be applied to produce
efficient information compression and defense. The latter is the goal of our further research.
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Iocrynuna B pesparne 2016

Annomayusn. Paccmompena moodens 2enepamopa nceOOCHVHAHOU NOCIeA08AMENHOCU HA OCHO8E PESUCmPO8
c08uU2a ¢ HETUHEUHOU 0OPamHol C8:3b10 6MopPo20 nopsoxa. Chopmyruposarsl OOROIHUMETbHbLE MPEeDOBAHUSL K GUOY
NOIUHOMA, 02PAHUYUBAIOWEe MHONCECEO NOIUHOMOS NPU 8bIOOPE 2EHEPUPYIOWE20 NOCAE008AMENbHOCHIb ¢ MAKCU-
MansHeim nepuodom. Ilpusedeno svipasicenue 0N ONPeOCieHUs KOIUYECMBA NOIUHOMOS, He YOOBIeMBEOPIIOUUX
chopmynuposannbim mpebosanusm. Jana KOIUYUECMEEHHA OYEHKA BIUAHUS KAXHCO020 MPeDOBAHUS HA OMCEKAeMOe
MHOCECmB0 NOAUHOMO8. CHOPMYIUPOBAHBL PEKOMEHOAYUU HO NPUMECHEHUIO YKA3AHHBIX MPebosanuil.

Knrouesnie cnosa: nomounsie wiughpoi, pecucmpuvl coguea, HeluHeliHble CUCmembl.

1 BBenenue

B Hacrosiee BpeMsi MHOTHE CTPYKTYPbI TeHEpaTOpOB MOTOYHBIX mHppoB (prc.l) ocHOBaHbBI Ha
Ujiee CUHXPOHHOIO, KJIACCHYECKOT0 CYMMUPYIOIIET0 FeHepaTopa U MPUHAIEKAT K KIacCcy CXeM ¢
paBHOMEPHBIM JIBHXeHHeM peructpa. K takum ctpykrypam otHocsaTces: SNOW, SOBER (t16, t32,
128), TURING. OCHOBHBIMH 3JIeMEHTaMH TaKUX CTPYKTYpP, KaK MPaBUJIO, SBISETCS PETUCTP CABUTa
¢ nuHeiHoi obpaTHO# cBs3bi0 (PCJIOC) u cxema ycnoKHEHUS.

HaznexxHble KpUnTOAIrOpUTMbI OCHOBBIBAIOTCSI HA MPUHIUIIE, B COOTBETCTBUU C KOTOPBIM, CHUJIO-
Bas ataka (m.e. amaka, 8 0CHO8Y KOMOPOU NON0HCEH NONHbIU Nepedop 6Cex 803MONCHLIX KOMOUHA-
yuti karo4a) AoiKHA ObITh Hanbosee P GeKTUBHA IO CPABHEHUIO C OCTAJIBHBIMH TPEIaracMbIMH
BUJIAMU aTaK (AHATUMUYeCKUMY WU CMAMUCTMUYECKUMUL).

Xz,i Hexotopas OyneBa
i 2
f(Xl,i’XZ,i""7Xm,i)
Xm i
’

Puc. 1 — O0mias MoJiesib CTPYKTYpPbI T€HEpaTOpPOB MOTOYHBIX HIH(POB

JUist yCIOXKHEHUS BBIXOIHOM MOCIIEI0BATEILHOCTH B CTPYKTYPY T'€HepaTopa MOTOYHBIX MU(PPOB
BBOJUTCS HenuHeHocTh. CylllecTBYIOT pa3linyHble MyTH BBeleHUs HenuHerHocTu [1]. B 60b-
IIIMHCTBE COBPEMEHHBIX MOTOYHBIX IU(PPOB HEMUHEWHAs (PYHKIUS BBOJUTHCS HA BBIXOJE T'€HEpa-
TOpa JJI YCIOKHEHUS BBIXOJHOHM IOCIEIOBATEIBHOCTH OJHOTIO WM HECKOJIBKMX JIMHEHWHBIX pe-
KYPPEHTHBIX PETUCTPOB CIBUIA.
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Hapsny ¢ pasHooOpa3HbIMH moaxofamu [2-4], oTHUM K3 BO3MOXHBIX CIOCOOOB YCIIOXHEHHUS
SIBJISIETCS] BHECEHHE HEJIMHEWHOCTH B CaMy PEKYPPEHTHYIO IOCIEN0BATEIBHOCTh, IyTEM BBEJICHUS
HEJIMHEWHOCTH B OOpaTHYIO CBSA3b PErUCTPOB ciBura. Kpome Toro, B HacTosiiee BpeMs BaKHYIO
pOJIb UTPAKOT CUCTEMBI F'€HEpalMU CIy4YalHbIX YHCEJ, OCHOBAHHBIE HA PETUCTPAaX CIBHUra C HEJH-
HeiiHol oOpatHoil cBs3pto (PCHOC) [5]. IIpenmyIecTBO TaKMX CHCTEM 3aKIIOYaeTCs B CICAYIO-
iem:

—  BBIXOJHAs MOCJIEI0BATEIBHOCTh UMEET TE€ XKE XAPAKTEPUCTUKU, YTO U XOPOLIO U3yUYEHHBIE
PCJIOC (npoxooicoenue mecmos na ciydatinocmes 2eHepupyemott noCie008ameibHOCIIL);

—  cTpyKTypa (00BEeM MaMATH, KOJIMYECTBO ONEpaluii Ha OAMH BBIXOAHOH OWT, apXUTEKTypa
pou3BOICTBA) MpakTuiecku uaeHTuaHo PCJIIOC;

—  HEJTMHEWHOCTH YK€ BBEICHA B PErHCTp, YTO HE TPeOyeT IOMOIHUTEIBHOTO YCIOXKHEHUS (a
KaK CJIEJICTBUS, JOIMOJHUTEIBHOIO 00beMa ONEepaTUBHOW MaMATH U JOMOJHUTEIbHBIX BBIYUCIIH-
TEJIBHBIX OIEpaIii), T.€. COOTHOLICHUS BpeMs/mamsaTh ananoruyno PCJIOC;

—  OTCYTCTBHE MPOCTBIX aJITOPUTMOB 117151 BoccTaHoBeHus cTpykrypsl PCHOC no renepupye-
MO} UMU TOCJIEIOBATEILHOCTH, TAKMX KakK, Harpumep anroput™ bepiexamma-Maccu mist PCJIOC;

—  IPOCTOTA B IPOrPaMMHOM W anmnapaTHOU peanu3aluu;

—  3HAUUTENFHO OOJbIlIEe KOJMYECTBO KOMOWHAIMA 0OpaTHOW CBS3H NMPH OJAWHAKOBOW JJTMHE
peructpa. Ecnu y PCJIOC anunbl L konuuecTBO BCceX BO3MOKHBIX KOMOWHAIMIT 0OpaTHBIX CBSA3EH

4L
omnpeaesieTcs Kak 2", to y PCHOC T0i1 %€ [uinHbI uX Oyaer 2 2

K nenocrarkam npumenenuss PCHOC crienyetr OTHECTH TO, YTO Ha CErOAHSIIHUN JIeHb Jake Ta-
KYIO IPOCTYIO XapaKTepUCTUKY, kak nepuoa popmupyemoit PCHOC ramMMmbl, TpyIHO OMIPEIEIHTD.

Ha sTane npoexTtupoBaHus U CO3/1aHUs T'€HEPATOpa CIy4yalHBIX YUCEJl OCHOBOIOIATAIOLUIUM MO-
MEHTOM siBJIsieTcs BbIOOp oOpasyromiero noiuHoMa PCHOC, koTopsiii Oyner reHepupoBarh mocle-
JI0BAaTEJIbHOCTh C MAKCUMAaJIbHO BO3MOKHBIM IepuoioM. B nanbHeiiem, nociaea0BaTenbHOCTh, KO-
TOpasi UMeeT MaKCUMaJIbHO BO3MOXKHYIO JUIMHY, Oy/leM Ha3biBaTh M-TOCIIE0BaTEIbHOCTBIO, a 00-
pasytomue normHoMbl PCHOC, koTophie reHepupyoT M-1ociie10BaTeIbHOCTH — M-TTOJTMHOMaMH.

Opnako, yTBEpKaTh, UTO CAy4ailHBIM 00pa30M B3STHIM MOIMHOM sIBiIsieTcs M-TOJMHOMOM, He
MIPOBEJIl COOTBETCTBYIOLIYIO NPOBEPKY T'€HEPUPYEMON MOCIEI0BATEIbHOCTH, HEBO3MOXHO. Jlid
JOCTaTO4YHO OOJIBIION CTENEHM TAKOrO POjAa MOJUHOMOB NMPOBECTH BBIYMCIUTEIBHYIO HPOBEPKY
OJTHO TIOCIIeIOBATEILHOCTH (C LIENIBIO OTPEIeNICHHs €€ MePUo/a), SBISIETCS JOCTATOYHO TPYIAOSM-
KoM 3amaueil. [IpuueM, npoueHT M-IONMHOMOB OT BCEX BO3MOXKHBIX, YMEHBIIAETCS 110 CTENEHHON
3aBUCHMOCTH C YBEJIWYEHUEM CTENEHU IIOJIMHOMOB U, CIIE€JA0BATEIbHO, IOUCK XOTA OBl OJTHOTO
M-noniuHOMa (U151 BBICOKOW CTETIEHH) MPE/CTABISIET OTHOCUTENIBHO CIO0KHYIO 33/1a4y.

B kxauectBe mpumepa MoxHO npuBectd cienyromue onenku. Jns PCHOC mmunoit L=128 non-
HOE KOIHIecTBO Bo3MoxHbIX PCHOC cocrapmsier 287°°, [Tpu 3TOM, MOJB3YSICH OLIEHOYHOH (hopMy-
J0¥ U3 [6], 4acTh MOJUHOMOB, KOTOpPhIE MOTYT T€HEpUpPOBaTh M-MOCIen0BaTeIbHOCT, OYIET CO-
craBiaTh Meree 3-1077 0T 06IIero KoMMUIECTBa BOIMOKHEIX.

HenstmMu TaHHOW CTaThU ABISAIOTCS BBIPaOOTKAa PEKOMEHALUN, KAacaloIINXCs METOAUKH BbIOOpa
M-nonunoma s PCHOC u o6ocHOBaHHME TOYHON KOJMYECTBEHHOW OIICHKU BEPXHEH TpaHUIIBI
gucia M-mmoauHoOMOB B 3aBucuMocTH ot UInHEl PCHOC.

2 Oomas moaesas PCHOC BToporo nopsiika

PaccmoTpuM cucteMy reHepanuu NCceBIoCaydaiiHON TBOMYHON MOCIeI0BaTEIbHOCTH OCHOBAH-
ot Ha PCHOC. B xauecTBe 00paTHOM CBsI3HM OyIeM MCIIOIH30BaTh MOOUTOBOE ClIokeHue (0003Ha-
YEHHOE 3HAKOM — @) U HeNMHEeHHY0 QyHKIMIO — yMHOXKeHHs (0003HaueHHOe 3HaKoM — ). Uepes
L o6o3HauMM KOJIMYECTBO siU€eK B perucrpe casura Ha puc. 2 mpeacraBieH npuMep H3ydaeMoit
mozenun PCHOC npu L=4.

B nanHOM cityuae 670K yMHOXEHUS ONpeesieT Hanuuue oOpatHoil cs3u. Tak, npu a;;=1 co-
OTBETCTBYET HAJIMYMIO CBAA3H, a NIpH @;;=0 - OTCYTCTBHIO TakoM CBs3U. B o0mieM cirydae oOpaTHyIo
CBSI3b JJISl TAKOW CHCTEMBI MOKHO 33/1aTh B CJIEIYIOIIEM BHJIE:
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_ZL:ZL;aijqi (t)qj' (t), )

i=l j=

o (t+1)

I Mbl YUHTBIBAaeM, 4T0 (-0, =0 (T.c. YMHOXKCHUE 3HAYCHUS PETUCTPa CaMoro Ha ce0si He JaeT

HUKaKOro u3MeHenus). Kak ciencrsue, Ha puc. 2 3HaK ® MKy i ¥ 1 PErHCTPOM OITYIICH.
[Ipu paccmoTpeHuHn puc.2 cienyeT YYHUTHIBATh CIEAYIOIIKME MAONYIIEHUS W COKpAalleHUS:
a; € {0,1} - 010K yMHOeHHS; (; (t)e {O,l} - 3HaYCHHE I-Or0 PEerucTpa B MOMEHT BpeMeHu t; @ —

3HAK CyMMbI; ® — 3HaK yMHOXeHUs; Q — reHepupyemasi mocienoBaresibHoCTh (0ut). Kpome Toro,

K03 HUIMEHTHI ajj OyaeM CUMTATh JUHEUHbIMU KOIpPuyuenmamu, v | = j U, COOTBETCTBEHHO,
HeIUHEeUHbIMU KO3 duyu-
enmamu — €Ciu i # J.

Henuneiinas ¢yakims (1) . @
00paTHOW CBSI3U COCTOHT W3 D — (2, ®
CYMMBI MPOU3BEICHUN BYX

D—) ®
peructpoB. Hazoeem Takyro NG
HEIIMHCHHOCTh — HEIIMHEH- P —aw ®
HOCTBIO BTOPOT'O TIOPSIJIKA. N\
a

3aMeTHM, YTO €CIH BCE P NG &
kodbdunmentsl B OlOKe ﬁ—) a3 @
ymHoxenus &; =0 s Beex d_) @
i #UJ, TO TaKOH YacTHbI ciy- P—(aw, @
Yaii paccMaTpUBaeMOM MO- )
neny, OymeT TpeacTaBisTh Q) \32)
coboit PCJIOC. & @

Q

O6o3Haunm  4yepe3 N
MOJTHOE€ KOJMYECTBO KO-
¢unueHToB B 0JIOKE YMHO-
KEHHs, T.e. MaKCHUMalbHO
BO3MOXKHOE KOJIYECTBO

8; #0. Torna nns PCHOC

2-T0 mopsiiKa N, OMpeAessieTcsl OTHO3HAYHO IS 33JaHHOTO L clieayromum BhIpaskeHHEM:

L-(L+1)
L= 5
2
O0o03HaunM vepe3 A, MOJIHOE MHOKECTBO BCEX KOMOMHALMI 3Ha4Y€HU, KOTOpPbIE MOTYT IpH-

Q) = G0 o () P B —

Puc. 2 — O6mmii Buza reneparopa IICII nva PCHOC npu L=4

HUMaTh K0d(dunneHTsr 06paTHbIX cBsseii aj B8 PCHOC BToporo nopsika [6]:
—_ 2N
Ay=2".
3ametuM, yTo npu ucnonb3oBaHnuu PCJIIOC konuuecTBO 0OpaTHBIX CBsI3€H, KOTOPHIMU MOXKHO
BapbUpOBaTh, paBHo L (T.e. N =L)u A, =2".

3 TpeboBanus k Buay PCHOC BToporo nopsiaka ajst popMupoOBaHuUs
M0CJ1e10BaTeIbHOCTH C MAKCHMAJIBHBIM NEPHOA0M

B pabote [6] 6bu1M chopMyupoBaHbl TpeOOBaHUS, KOTOPHIM JIOJDKEH OTBEYATh MOJUHOM I'eHe-
pupyromuii M-nocinenosarensHocTh. [IpuBenem ux:

Tpe6oBanme 1. /Iy obecriedeHnss MAKCUMAIbHOTO MEPUOJA JIMHEHHBIN KodpduuueHT odpat-
HOH CBSI3M OT TTOCIIETHETO PErucTpa JODKeH NPUCYTCTBOBATh BCerna, T.e.: a,, =1.
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TpeboBanue 2. Cymma Bcex HEHYNEBBIX KOX(QOUUMEHTOB OOPaTHON CBA3M @; MOJDKHA OBITh
L
YETHBIM YHCIIOM, T.€.. ), a; - YETHOE YUCIIO.
i,j=1

TpedoBanue 3. He 10/kHO OBITh HEIMHEHHOW OOpAaTHON CBSI3U, MOJYYEHHON OT BBIXOAHOTO pe-
TUCTpPa ¥ JIF000r0 APYroro perucrpa, T.e.: va, =0,i=11L—1j.

Tpedosanne 4. O6pazyromuii momaoM PCHOC BTOporo mopsjka, KOTOpbId TreHepupyer M-
TIOCJIEI0BATENBHOCTD, HE OJDKEH ObITh CHMMETPUYHBIM CaM K ce0€, T.€.0 & # 8,y -

Onpenenenune: /[Ba moimHoMa ¢ MaKCUMalbHOW CTENEeHbIO L Oyaem Ha3bIBaTh cummempuyHboi-
mu noaunomamu, ecii PCHOC Ha ux ocHOBe OyAyT MOPOXKIaTh CHMMETPUYHBIC TMOCIEI0BATEIIb-
HocTH. TO €CTb, eCiiu JBa MOJMHOMA BbIPAOAaTHIBAIOT IBE pa3jIMYHbIE MOCIEAOBATENbHOCTH Q, H
Q, c nepuonom T, To st JIF0O0I TOUKU OTCYETa B MOCIENOBATENbHOCTH Q HaiijeTcs To4ka OT-
cuera B IociefoBaTenbHocTd Q,, Takas, 4To IPU YTEHHM CIPaBa HAJEBO (ClIeBa HANPABO) Ul MO-
cienoBarebHOCTH Q; OHa OyAeT MOJIHOCTBIO MAEHTHYHA IOCIeNoBaTeNbHOCTH Q, IpU YTEHHH

CJIeBa HampaBo (CIpaBa HAJIEBO) Ha BCEM mepuoe 1.
Kpome Toro B pabote [6] mpencraBieHbl BhIpaKeHHsI 00CCIICUMBAIONINE TTOACYET KOJIMYECTBA

12,34
MIOJIMHOMOB, HE yJOBJIETBOPSIOIINX YKa3aHHBIM BbIIe TpeOoBanusaM. Tak, eciau yepes A" 00o-
3HAYUTh KOJMYECTBO IOJIMHOMOB, HE YJOBJIECTBOPSIOIIUX BBILIE EPEUUCIEHHBIM TPEOOBaHUAM, a

uepe3 A" 0003HAYMM KOJIMYECTBO MOJMHOMOB, HE YIOBICTBOPSIOMINX M -My TPeOOBAHHIO, TO 3TO
MHOYECTBO OyJIeT ONpPEeAeTATHCS CIeTYIONMMH (HOpMYTaMH:

A= A% = 2[n|_—1] ’ A% = Z[an(Lfl)] .(Z[Lfl] _1) ’

12—k

A = 2{ 4 +L} AL oln.] -(l— 27[|_+1])+ Z{Lzzl_k}

rae K =0 — miguernpix L; Kk =1 — qig HeuetHsix L.

[TpogomkuM U3ydeHre MOJTMHOMOB M TEHEPUPYEMBIX Ha WX OCHOBE IMOCIeIoBaTeIbHOCTEH. JIiist
ATOTO PACCMOTPUM psiJi MOJTMHOMOB, Y KOTOPBIX M3 BCEX CIaraeMbIX MPUCYTCTBYET TOJIBKO OIHO
JTUHEWHoe ciaraeMoe (MCxoas u3 TpeOoBaHus 1, 3TO JOHKHO OBITH ClaraéMoe HauBBICIIETO TIOPSI-
Ka, T.e. 4, =1) n moboe KOINYECTBO HEIUHEHWHBIX craraembIX. s mpumepa BoseMeM L=4, u

pPaccMOTPHUM MOJMHOMBI BUJIA!

XKL XK L K HK+L XXX+ K + XXt +1 ¢ Tak manee.

Eciu m3yduTh MOCIIeI0BaTeIbHOCTH, KOTOPBIE TCHEPUPYIOT TaKUE MOJIMHOMBI MPU Pa3TUIHBIX
HAYallbHBIX COCTOSIHUAX, TO MOXHO YBHUJIETh, YTO U3 BCETO MHOXKECTBA KOJIEI[ COCTOSIHUN, KOTOphIE
OyayT MPUHUMATh PETUCTPHI (M U3 BCEX BO3MOXHBIX MEPUOIOB T), BO BCEX Cilydasx OyaeT UMETh
MECTO OJTHO W TOXe KoJiblo coctosinuid peructpa (1000 — 0100 — 0010 — 0001 — 1000 ) ¢ mepu-
onoM paBHbIM anuae PCHOC.

[TepeMHOXEHHE IBYX JIFOOBIX SYEEK TAKOTO PETHUCTPA, MPU HAYAJTHLHOM 3aIOJTHEHUH STYCCK PETH-
CTpa OJHOW eIMHHIICH U BCEMH HYIISIMHU, AaeT B pe3yabTaTe Bceraa Hollb. CienoBaTeNbHO, 000
PCHOC npu paccMOTpEHHOM HayaJbHOM 3allOJHEHUHM OyJeT 3KBUBAJIEHTEH (nopooxcoams uoen-

L
MUYHYI0 NOCNe008amenbHOCMb) MOIMHOMY BUa — X +1. Ha ocHoBe BbIIIen3n0xeHHOTO, chop-
MyJIIpYEM ouepeHOe TpeOOBaHUE.

TpedoBanue 5. Y nonmunoma Ha ocHoBe PCHOC BTOpOro nopsiika, KOTOpbIii MOKET T€HEPUPO-
BaTh IIOCJIEIOBATEIbHOCTh MaKCHMAJIbHOTO MEPUOAA, JOJDKHO ObITh Oonbine oxHoro (a, =1 u3
TpeboBaHus 1) nmuHeliHoOro ko3 duirienta oOpaTHBIX CBS3€El, T.€.:

L-1
>a. >1
i=1
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[Monmyunm onenky konndectBa PCHOC, koTopbie HE yIOBIETBOPSIOT TPEOOBAHMIO 5 U, Ce10Ba-
TEJIbHO, MOTYT OBbITh MCKJIFOYEHBI U3 PACCMOTPEHUS MPU MOUCKE M-IIOJMHOMA TOJIBKO M3 aHajIu3a
00pa3yroIIero MOJIMHOMA.

O603naunM gepe3 A’ momnoe konudectBo PCHOC mmuHBl L, KOTOphle HE YIOBIETBOPSIOT

TpeboBanuio 5. Pacnonoxxum ko3¢ duiimeHTsl 00paTHBIX CBSI3€H B BII€ MaTPULIbI

& 8, &3 ... 8

Ay, 8y ... 8y
833 ... QA . (2
aLL

Torma A° GyzmeT cOOTBETCTBOBATh MHOKECTBY BO3MOKHBIX KOMOMHAIM 3HAueHHH K0dQHImeH-
TOB djj, UCKIIIOYas INIABHYIO JUArOHANb (MaKk Kak Ha Hel pacnoiodicenbl KoIghduyuenmol moabKo
aunetinoti obpamnoii cészu) U kodpduimenta a,, . Yucno Takux komMOMHanmii coctasiser 2,
rie: t — KomuuecTBO Kod(Q(HUIMEHTOB HETHMHEHHBIX 0OpaTHBIX CBS3el; 2° — unMcio Baphaluii ¢ Ko-
spdunuentom a,, . 3HaueHHe t MOXKHO ONIPEJETINTh U3 pacCMaTPUBAEMOI0 TPEYToJIbHUKA (2)
L-(L-1)
> :

Takum oOpazom, nonnoe konudecTBO PCHOC mnmunbl L, HE yIOBASTBOPAIONINX TPEOOBAHUIO 5,
OyZeT paBHO:

L(L-D) ,
AN =2 2
L-(L+1 L-(L-1
VYuuteBasg, uro N, —L= (2 ) -L= (2 ) , BBIIIEIPUBECHHOE PABEHCTBO MOXHO
MPEICTaBUTh KaK:
AS = on (LD

Cnez[yeT MNOAYCPKHYTHb, YTO MHOXCCTBO ITOJMHOMOB, KOTOPBIC HE COOTBETCTBYIOT Tp€6OBaHI/IIO
5, mepecekaeTcs ¢ MHOYKECTBOM MOJIMHOMOB, KOTOpPbIE OTCEKaloTCsl TpeOoBaHusIME 1-4.

[Tycte A — 00II€€ KOTMYECTBO JOMYCTUMBIX TTOJMHOMOB, KoTOphie 00pa3ytor PCHOC BToporo
MOpAIKa, T.€. TAKUX, KOTOPHIE U3 MOJHOIO MHOXKECTBAa BCEX BO3MOXHBIX MOJUHOMOB YAOBJIETBO-
pAOT TOPCABABIACMBIM K HUM Tp€6OBaHI/I${M H, CJICA0BATCJIbHO, MOI'yT TI'CHCPHUPOBATH M-
MOCIIEI0BATEIHLHOCTH.

C yueToM BBIABUHYTHIX MSATH TpeOoBaHU A OyIeT ompenensiThes no Gopmyse:

L(L-D) ,

Aol E (1-2%Y)- Z[L:k_l} [1_o%]

rae K =0 — g yetubix L; K =1 — mig veyetusix L.

OctaBmmecs PCHOC ¢ L =4, oreuatomue TpeboBaHusIM 1+5, HO He reHepupyroume M-
MOCJIEI0BATENbHOCTh, Oy YT reHeprpoBaTh kojbia Buaa (1010) — (0101) — (1010). dopmuposa-
HHUE KOJICIl TAaKOT'0 BHJA MPOMCXOINUT MPH YCIOBHH, YTO MPUCYTCTBYIOIIME JTMHEHHbBIC M HEIUHEH-
Hble KOA(Q(UIMEHTH! &jj, B YKa3aHHBIX COCTOSHUSX, OymayT Ipyr Apyra KoMIeHcupoBaTh. Hampu-
mep,  kodpduumenter  Buma: 1010010001 110000001 wm  cuMMeTpHYHBIE UM

0110000101, 0010010101 (3nech u nanee mpu Takoi 3amucu KOI(QOUIHMEHTHI &jj U3 BBIPAKEHUS
(1) 6ynyT npencrasieHsl B TMHEHHOH QopMme, T.e. — 8y,8,,8, 38y, Ayy8y58,, 85585, 8,,). [logUepKHY-
ThIe KOMOMHAIINH, B YKa3aHHBIX COCTOSHHSAX PErucTpa, KOMIICHCHPYIOT Apyr apyra. Ilpudem, He

Ba)XXKHO, KaKue eIie OyayT HelUHEeHbIe KOMOUHAIINY, UX CYMMa BCerna (6 YKA3AHHbIX COCMOSHUSIX)
JIaCT HOJIb.
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To e camoe OyneT U pu B3aMMHOM OTCYTCTBHH MOAYEPKHYTHIX claraeMbix. KomreHcupoBarth
JUHEWHBIE  OOpaTHBIE  CBS3M  MOTYT W JUHCHHBIE  KOMOWHAIMK, KaK  TpUMep:
1100000101 1000010101.

JIsisi IPUHATHS PErHCTPAMU UCXOIHOTO COCTOSIHHMS HEO0OXOAMMO, 4TOOBI B pe3yJbTaTe BTOPOTO
TaKTa Ha BXOJ{ [10J]aBAJIaCh €JUHUIIA. DTOT0 MOXKHO JOOUTHCS, €CIU TOIBKO &, #1 U a,, #1 umm
xe a,, =4a,, =1, npu yciosuu, yto a,, =1 umm xe a,, =1 nim a,, =1, npu yciaosuu, uro a,, #1.

Paccmotpum Bapmant ¢ L=5. B manHOM ciyyae Takxke OyAeT HMPUCYTCTBOBATH KOJBIIO BHJA!
(10101) — (01010) — (10101). Ho, B omMume OT MPEObIIYHICTo CIydasi, JJIsl MOJIYYSHHs TaKOTO
KOJIbIIa, HEOOXOMMO, YTOOBI OOpATHBIE CBSI3H B IIEPBOM TaKTE HE KOMIICHCUPOBAIH APYT IPYTa.

Ha BrOopom TakTe, HEOOXOMUMBIM ycioBHeM sl moBTopeHus cocrosiHus PCHOC smisiercs
Hanuyue a,, =1 um a,, =1, unu xe HenuHeiiHOro KoddduirenTa a,, =1, a TaKKe NOCIEAHASL U3
BO3MOXKHBIX KOMOMHALUIA, Korja Bce a,, =a,, = a,, =1.

[Tomy4yeHHBIH pe3yabTaT MOKHO pacpOCTPaHUTh U AJisi Oosee BhICOKMX 3HaueHui L . Ha puc. 3
npeacraBiacHbl Kod(GduuueHtsl aas yetHoro (L=6) u neuernoro (L=7) KojMuYecTBa PETUCTPOB, a
TaK)Xe aHaJOTMYHBIC KOJIbLIA C IeproaoM 1 =2. B kpyrisie CKOOKH B3ATHI T€ KO PUIIHMEHTHI, KO-
TOpbIE MOTYT U3MEHHUTh T€HEPUPYEMOE 3HaYCHHE Ha TIEPBOM TakTe paboThl, a B KBaJApaTHbIC — BIIU-
SAIOIIUE HAa BBIXOJHOE 3HAUCHUE, TOJIBLKO Ha BTOPOM TakTe. OcTalibHble KOI(Q(UIMEHTHI 8jj MOKHO
OIYCTHUTh U3 PACCMOTPEHUS, TaK KaK Ha JII0OOM TaKTe OHH OyIyT JaBaTh HOJIb.

(@) a, () a, () 2 (@) &, (@) a, (@) & (&)
[a22] a23 [a24] a'?_5 [a26] [a22] a23 [a24] a25 [aZG] a27

(a33) a‘34 (a35) a36 (a33) a34 (aSS) aSG (a37)
[a44] a45 [a'46] [a'44] a45 [a46] a47
(a55) a56 (a55) a56 (a‘57)
[a66] [a66] a67
(a;7)
a) 0)
(101010) — (010101) — (101010) (1010101) — (0101010) — (1010101)
B) 2)

Puc. 3 — Koahdurmentsr oo6patHbIx cBsizeit a1 L=6 (a), L=7 (0) u mocienoBarebHOCTH,
TeHEpUPYIOIIHe Takue cucteMbl 11t L=6 (B) u L=7 (2)

Cnenyer oOpaTuTb BHUMAaHUE, YTO B KPYIJIbIE CKOOKH B3AThI KOA(P(UIIHEHTHI @jj y KOTOPBIX UH-
JICKCBI | ¥ | SIBJISIOTCS HEYCTHBIMH YHMCIIAMH, & B KBaJPATHBIX TOJIBKO T€ KOODPUIMEHTHI & Y KO-
TOPBIX MHIEKCHI | H | SBJSFOTCS YETHBIMU uuciaMu. Takum oO0pa3oM, Ha OCHOBAHHMHU BBIIIE H3JI0-
’KEHHOT'0, MOYKHO C(OPMYJIMPOBATH CIEAYIOIIEE YTBEPHKICHHUE.

Tpe6oBanune 6. HeobxomumbiM ycinoBueMm obpaszyromero M-nonmusnoma PCHOC Broporo mo-
pAlIKa SBJISIETCSA OJHOBPEMEHHOE HEBBITIOJIHEHHE CIICIYIONICH Maphl YCIOBHM:

- YETHOCTb KOJIMYECTBA KOOQPUIMEHTOB &; =1, HHIEKCHI | M | KOTOPBIX ABJIAIOTCSA HEYETHDI-

MU ynciaamu (Ha puc. 2 K03 OULIHUEHTHI B KPYTJIbIX CKOOKAX);
- HEYETHOCTh KOJMYECTBA KOOPOUIMEHTOB &; =1, MHAEKCHI | U | KOTOPBIX SBJISKOTCS YETHBI-

MU 4yHciIaMu (Ha puc. 2 KodQHUIHMEHTH B KBaJpaTHBIX CKOOKax), MM TO e camoe B Gop-
MYJIBHOM BBIPAKECHUH:

> 3

iGen HEYETHOE YHCIO, TAe A BCE MHOXKECTBO YETHBIX uncesl oT 1 go L.

YeTHOE YUCJIo, TAe A BCe MHOXKECTBO HEUETHBIX yncen oT 1 mo L ;
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KonnyecTBo MOJMHOMOB, YIOBJIETBOPSIOUIMX TPEOOBAHUIO 6 MOKHO MOJYYHTh, pACCMOTPEB 3a-
nuch KodduirenTos a;; B MarpuuHoM Buze (puc. 3 (a) u (6)). Koaddumuentsr, B3sTHIC B KpyT-
JIbIC U KBaJApPATHBIC CKOGKI/I, €CJIM UX B34Tbh IIO OTACIIBbHOCTH, O6pa3y10T TPCYIrOJIbHUK, SKBUBAJICHT-
HBI HCXOJHOMY TPEYTOJILHHKY, HO CO CTOPOHAMH B J[Ba Pa3a MEHBIIMMH. DTO MO3BOJISIET IOJY-
YUTh METOJUKY JIJIS TOJICUETa KOJMYECTBA BOZMOXKHBIX KOMOWHAINI U3 YKa3aHHBIX KO3 PUITNCH-

T0B. OG03HauMM uepe3 A° KOIM4ECTBO KOMOMHAIMH &jj, KOTOPBIE HE Y/IOBIETBOPSIOT TPEGOBAHMUIO
Ne 6. Torma A® ompenensercs Kak:

AS = Z{L(I;l)z}

Hckmrovas mepecekaeMoe MHOXKECTBO ITOJIMHOMOB OJHOBPEMEHHO HE YJIOBJICTBOPSIOIICE HE-
CKOJIBKUM W3 BBIIICTIPUBEACHHBIX TPEOOBAHMIA, TOJYIUM BBIPAXKEHUE ISl TOYHOTO TOJICYeTa KOJIH-
YeCTBa MOJIMHOMOB, HE yJIOBJIETBOPSIIONTUX TpeOoBaHusM ¢ 1 1o 6, st L>4:

1 1 1 [ ka

A1,2,3,4,5,6 — 2n,_—1 +=. 2n|_—1 += 2n,_—(L—l) . (2Lfl —l) + — . ZT + 2n,_—(L—1) +
2 27

®)
2 2 2
2k Lk L2k Lok Lk,

n -2 2 " 2 T2 n -L-1 4 2
+2"—| 2 +k-2-2 +2 —k-2-2 ,

rae k=0, npu L —uernom; kK =1, mpu L — HeyeTHOM.

Beipaxkenue (3) mo3BoJisi€T ONpeAeauTh TOYHOE KOJIMYECTBEHHOE 3HAUYEHUE YMCIIa IOJUHOMOB,
HE OTBEYAIOLIUX MPEIbSIBICHHBIM K HUM TpeOOBaHUSAM U, CIIE€JJOBATEIIbHO, HE CIOCOOHBIX CreHEepH-
pOBaTh MOCIIEOBATEILHOCTD C MAaKCUMAIbHBIM IIEPUOOM.

4 KoauuyecTBeHHAS OlICHKA MOJYYCHHBIX pE3yJibTaTOB

Takum oOpaszoM, chopmynupoBansl eme 1Ba TpedoBanus (5 U 6) K BUIY MOJIMHOMOB, KOTOpBIE
JOTIOJTHUTEIBHO MCKIIIOYAIOT MOJIMHOMBI, He siBistonecs M-monmnHomMaMu. PaccMoTpuM BIustHHE
KaX/10r0 TpeOOBaHUs Ha alrOPUTM MOMCKa M-TTOJIMHOMOB.

Jist yCKOpEeHHsI pacueTOB MMEET CMBICI OLIEHUTh KaKyI0 9acTh U3 BCETO MHOXKECTBA MOYKHO HIC-
KIIIOUMTh, TIPOBeIs aHau3 BUJa oOpasytomiero noimuHoMa PCHOC ¢ Touku 3peHHs npeabsBiIeH-
HBIX TPEOOBaHMIA, a TAKXKe — B KAKOW ITOCIIEA0BATEILHOCTH KeJaTeIbHO MTPOBOIUTH TECTUPOBAHHE,
YTOOBI MOBBICUTH BEPOATHOCTh OTCEUKHU HE M-TIOJJMHOMOB Ha Ha4aJIbHOM 3Tare MPOBEPKH.

Ha puc. 4 nmpuBeneHsl pacdeTHbIC 3HAYSHHS TIOJIMHOMOB: - TTOJTHOE MHOYKECTBO BO3MOXHBIX I10-

JIJMHOMOB (AO) JJIA 3aJaHHOI'O L, - KOJIMYCCTBO MMOJIMHOMOB, KOTOPBIC YIOBJIICTBOPAIOT Tpe6OBaHI/I—

am 1+6 (T.e. Ay —A">>*>®) u MoryT noTeHIMaNTLHO TeHEPUPOBATh M-MOCIIE0BATENBHOCTD; - KO-

JUYECTBO MOJMHOMOB KOTOPBIE TEHEPHPYIOT MOCIEI0BATEIbHOCTh MAaKCUMAIBHON JUIHHBI (ycma-
HOBJIIEHHOE BbIYUCIUMENbHBIM NYMeM); - TIOJTHOE MHOXECTBO BO3MOXHBIX TOaHHOMOB st PCJIOC
(smo wacmmnuuit cnyyaii PCHOC npu komopom 6éce Henunelnvle KO3 uyuenmsl 00pamHulx cészell
PAasHbL HYIIO).

[IpencraBieHHble Ha puc. 4 TaHHBIE TTO3BOJISIOT KAYECTBEHHO OIICHUTHh MHOXKECTBO TTOJTUHOMOB,
KOTOpBIE MOYKHO HWCIIOJB30BaTh B T€HEpaTOpax IMOTOYHBIX IMH(POB, a TakKe 00ECIICYNBAIOT BO3-
MOKHOCTh OIICHHUTh TEHACHIIMIO X YBEIMUYeHUs ¢ pocToMm L. B 3Toif cBsi3M BaKHO MOTYEPKHYTH,
YTO IPU MPOEKTUPOBAHUU MOTOYHBIX MHpoB HA ocHOBe PCHOC konmuecTBO BO3MOXKHBIX Bapu-
aHTOB 00pa3zyromux M-TIOJTHHOMOB MHOTOKPATHO MPEBOCXOAUT KOTUYECTBO BOZMOXKHBIX CXEM ISt
PCJIOC (sratouarowux 6 cebs oasxce ne M-nocnedosamenvrHocmu) pyu OJUHAKOBBIX L.

[MpuBenem uncno obpasyronux nonuHoMoB PCHOC He ymoBIETBOPSIONIUX BCEM BHINIETIEpE-
YHUCIICHHBIM TpeOOBaHUSIM. [[JIsl KOJIMYECTBEHHON OI[EHKH BOCIOJIE3YEeMCS HOPMHUPOBAHHBIMH BEJTH-
uyHamu. TlonydeHHsle anHble cBeneHbl B Tabnumy 1 (20e A™ - muoscecmeo nonunomos, ne yoo-
811€MEOPAIOWUX OOHOMY U3 Wecmu CHOPpMYIUPo8aHusvix mpebosanull; M - Homep mpebosaHus
NPeovABIAEMO20 K 6U0Y NOJUHOMY).
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1,0E+18
10E+16 A | _e A,
1,0E+14
1,0E+12 _ AL23456
/ / —A— AO A
1,0E+10 /
1,0E+08 . KOJIMYECTBO
e g * M
1,0E+06 / / TIOJIMHOMOB
1,0E+04
—&— A, wi PCJIOC
1,0E+02
1,0E+00 T T T T T T T T

2 3 4 5 6 L 7 8 9 10

Puc. 4 — KonmmuecTBO OIMHOMOB B 3aBucuMOCTH OT LiiruHbl PCHOC

AHanu3 JaHHBIX TaOJMIBI MO3BOJSIET YTBEPXKIATh, YTO MPU MPEAbABICHHUH K BUAY TMOJIHHOMA
TpeboBanuii 1+6, yxxe mpu L=10 orcekaercs mopsaka 99,9% oT Bcero MHOXeCTBa IMOJIMHOMOB,
puveM ¢ poctoM 3HaueHus L (ciedyem u3z (3)) 3TOT MPOICHT pacTeT MO CTEIICHHOW 3aBUCHMOCTH.

Ta6n1/1ua 1 — OTHOCHTENBHOE KOJIHYECTBO IIOJINHOMOB, HC YIOBJICTBOPAIOIINX Tpe6OBaHI/I$IM 1+6

L A Al AZ A3 A4 A5 A6 Al,2,3,4,5,6
’ A0 A0 A0 A0 AO AO AO
2 8 0,5 0,5 0,5 1 0,5 0,25 1,000000
3 64 0,5 0,5 0,75 0,5 0,25 0,25 0,968750
4 1024 0,5 0,5 0,875 0,25 0,125 0,25 0,984375
5 32768 0,5 0,5 0,9375 0,0625 0,0625 0,25 0,989380
6 2097152 0,5 0,5 0,96875 | 0,015625 | 0,03125 0,25 0,994431
7 2,7-108 0,5 0,5 0,984375 | 0,001953 | 0,015625 0,25 0,997119
8 6,9-10% 0,5 0,5 0,992188 | 0,000244 | 0,007813 0,25 0,998547
9 3,5-10% 0,5 0,5 0,996094 | 1,5-10° | 0,003906 0,25 0,999270
10 3,610 0,5 0,5 0,998047 | 9,5-107 | 0,001953 0,25 0,999635
11 7,410 0,5 0,5 0,999023 | 3,0-10° | 0,000977 0,25 0,999817
12 3,0-10% 0,5 0,5 0,999512 | 9,3-10™ | 0,000488 0,25 0,999908
13 2,5-107 0,5 0,5 0,999756 | 1,5-10™ | 0,000244 0,25 0,999954
14 4,1-10% 0,5 0,5 0,999878 | 2,3-10 | 0,000122 0,25 0,999977

Kpowme toro u3 tabmue! 1 crieayer, 4To MakKCUMalbHBIM BKJIaJ B OTCEYEHUH MOJIMHOMOB, HE Te-
Hepupyromux M-1ocieaoBaTenbHOCTh, JaeT TpeboBanue Ne 3. TakuM 0O6pazom, Ipu OCYIIECTBIIe-
HUU TOMCKa M-TIOJMHOMOB W3 BCETO MHOKECTBAa BO3MOXKHBIX, JJIs 3aJaHHOro L, HeoOxonumo B
MEPBYIO OYepe/ib IPOBEPATH €ro Ha COOTBETCTBHE TpeboBaHuto Ne 3, a 3aTeM TpeboBaHusM 1, 2 1 6.
[Tocne aTorO OCYIIECTBIAECTCS MPOBEPKA TPEOOBAHUIO S5 M B TIOCIEIHIOK OoYepeib TpeOoBaHuIO 4.

B nonp3y yka3zaHHOro anropuTMa BbIOOpa MOJIMHOMOB TOBOPHUT TOT (DAaKT, YTO MPOBEPKY Ha CO-
otBeTcTBUA TpeOoBanusiM Ne 3 u Ne 1 jierko peann3oBaTh MPOrPaMMHBIM CITOCOOOM, TIPH ATOM 3a-
TpayMBaeMoe MALIMHHOE BpeMs — MEHbIIIE, YeM IPH MPOBEPKE Ha COOTBETCTBHE TpeOoBaHUAM NoNe
2,4mu6.

[TonBoas UTOr BBILIECKA3aHHOMY, CIENYET OTMETUTH CIIEAYIOLIEE: - HECMOTPSI Ha Majoe KOJIH-
Y4eCTBO MOJMHOMOB, OTCEKaeMbIX TpeboBanuem Ne 4 (no cpasnenuio ¢ mpebosanuem 3), UM BCE Ke
Helnb3s mpeHedperaTh. Tak, Hanpumep, npu OoNbIIMX 3HaYeHUsAX L TpeboBanue 4 Bce paBHO OTCe-
KaeT JI0CTaTOYHO O0JbIlIoe MHOXKECTBO He M-moanHOMOB. [lpu 3TOM CIOXKHOCTH MpU MPOBEPKE C
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MOMOIIBIO0 aHAIM3a TEHEPUPYEMOU IMOCIIEeOBATEILHOCTH WM JIPYTHMH HW3BECTHBIMU CIIOCOOaMU,
HAMHOTO BBIIIE, YeM aHaJN3 BUIa TIOJHHOMA.

B kauectBe mpumepa mpuBeneM CIEAYIOUIHe pacueThl: At L =9 4Yuciio BO3MOXKHBIX MOJHHO-
MoB A, =35 184 372 088 832 (Bo3pmeM 3a 100%); TpeboBanueM 3 otcekaercs 35 046 933 135 360

nojuHoMOB (uto coctaisier 99,6%); ocratok 137 438 953 472 noauuromoB (0,39%). Ilpu npens-
SBJICHUH K BUAY NOJMHOMOB TpeboBanuii ¢ 1 mo 6 ocraercs 25 668 894 720 momunomos (0,073%),
4To B 5,4 pa3a MeHbIlle, YeM Ipeaplyniee yucio. [Ipu 3ToM kommuecTBo M-NIOIMHOMOB, MOTY4eH-
HBIX 3KCIIEPUMEHTANBHBIM ITyTeM, OyzaeT Bcero 519 239 794, yto cocrasnser 0,0015% ot obmiero
MHO>KECTBA WJIH ke 2% OT MHO)KECTBA IIOJIMHOMOB COOTBETCTBYIOLINX TpeOOBaHMIM 1+6.
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Abstract. The Publishing House “World Scientific” recently published two fundamental books: Alexey Stakhov “The
Mathematics of Harmony” (2009) and Alexey Stakhov and Samuil Aranson “The “Golden” Non-Euclidean
Geometry” (2016). In the given article the author develops the Mathematics of Harmony and “Golden” Non-
Euclidean Geometry as a new interdisciplinary direction of modern science based on the golden section, Fibonacci
numbers and their generalizations. The newest discoveries in different fields of modern science based on the
Mathematics of Harmony, namely, mathematics (a general theory of hyperbolic functions and a solution to
Hilbert’s Fourth Problem, algorithmic measurement theory and “golden” number theory), computer science
(the “golden” information technology), crystallography (quasi-crystals), chemistry (fullerenes), theoretical physics
and cosmology (Fibonacci-Lorentz transformations, the “golden” interpretation of special theory of relativity and
“golden” interpretation of the Universe evolution), botany (new geometric theory of phyllotaxis), genetics (“golden”
genomatrices) and so on, creats a general picture of the “Golden” Scientific Revolution, which can influence
fundamentally on the development of modern science and education.

Keywords: golden section, mathematics of harmony, binomial coefficients, Pascal’s triangle, Fibonacci and Lucas
hyperbolic functions, Hilbert’s Fourth Problem, Fibonacci matrices, “golden” matrices.

The article is dedicated to the blessed memory of my father Pe-
ter Stakhov, student of historical faculty of Kharkov University
and soldier of the famous Kharkov studbat, who died heroically
in October 1941, near Moscow.

Alexey Stakhov

Preface

Differentiation of modern science and its division into separate branches do not allow often see-
ing the overall picture of science and the main trends of scientific development. However, in sci-
ence there are research objects, which unite disparate scientific facts into a single picture. The gold-
en section is one of these scientific objects. The ancient Greeks raised the golden section at the level
of “aesthetic canon” and “major ratio” of the Universe. For centuries or even millennia, starting
from Pythagoras, Plato, Euclid, this ratio was the subject of admiration and worship of eminent
minds of humanity - in the Renaissance, Leonardo da Vinci, Luca Pacioli, Johannes Kepler, in
the 19 century - Zeizing, Lucas, Binet. In the 20 century, the interest in this unique irrational num-
ber increased in the mathematical community, due to the works of Russian mathematician Nikolay
Vorobyov and the American mathematician Verner Hoggatt.

We are developing in this article a new approach to Euclid’s Elements (Proclus hypothesis) with
purpose to find there the sources of new mathematical theory — the Mathematics of Harmony, based
on the golden section and Platonic solids, and then basing on this approach to predict the most im-
portant trends and directions of modern science, which can lead to global processes in modern sci-
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ence called “Golden” Scientific Revolution. The present article is a result of author’s research in the
field of the golden section, Fibonacci numbers and their applications in modern science [1-37].

In 1996 the lecture The Golden Section and Modern Harmony Mathematics (The Seventh Inter-
national Conference on Fibonacci Numbers and Their Applications. Graz, Austria, July 15-19,
1996) [14] Alexey Stakhov put forward the concept of the Mathematics of Harmony as a new inter-
disciplinary direction of modern science. It plays an important integrating role for modern science
and allows bringing together all scientific disciplines from the general point of view - the golden
section. The ideas of the article [14] have been continued and generalized in two fundamental books
published by World Scientific: Alexey Stakhov “The Mathematics of Harmony. From Euclid to
Contemporary Mathematics and Computer Science” (2009) [11] and Alexey Stakhov and Samuil
Aranson “The “Golden” Non-Euclidean Geometry” (2016) [83].

The main objective of this article is to consider modern science from this point of view. By
means of collection and generalization of all the scientific facts and theories related to the golden
section, the author have suddenly opened for himself the global picture of the Universe based on the
golden section, and saw the main trend of modern science - the resurgence of the interest in the ide-
as of Pythagoras, Plato and Euclid on the numerical harmony of the Universe and the golden sec-
tion what may result in the “Golden” Scientific Revolution. This revolution shows itself, first of all,
in modern mathematics ("Golden™ Fibonacci Goniometry and Hilbert's Fourth Problem), theoreti-
cal physics (Fibonacci-Lorentz transformations and "golden™ interpretation of the Universe evolu-
tion), and computer science («Golden» Information Technology) and could become the basis for the
mathematical education reform based on the ideas of harmony and the golden section.

1 Introduction

1.1. Mathematics. The Loss of Certainty. What is mathematics? What are its origins and
history? What distinguishes mathematics from other sciences? What is the subject of mathematical
research today? How does mathematics influence on the development of modern scientific revolu-
tion? What is a connection of mathematics and its history with mathematical education? All these
questions always were interesting for both mathematicians, and representatives of other sciences.
Mathematics was always a sample of scientific strictness. It is often named “Tsarina of Sciences,”
what is reflection of its special status in science and technology. For this reason, the occurrence of
the book Mathematics. The Loss of Certainty [39], written by Morris Kline (1908-1992), Professor
Emeritus of Mathematics Courant Institute of Mathematical Sciences (New York University), be-
came a true shock for mathematicians. The book is devoted to the analysis of the crisis, in which
mathematics found itself in the 20-th century as a result of its “illogical development.”

Morris Kline’s view on the deep connection of mathematics to theoretical natural sciences is ex-
pressed in the following words:

“Science had been the life blood and sustenance of mathematics. Mathematicians were willing
partners with physicists, astronomers, chemists, and engineers in the scientific enterprise. In fact,
during the 17th and 18th centuries and most of the 19th, the distinction between mathematics and
theoretical science was rarely noted. And many of the leading mathematicians did far greater work
in astronomy, mechanics, hydrodynamics, electricity, magnetism, and elasticity than they did in
mathematics proper. Mathematics was simultaneously the queen and the handmaiden of the scienc-

i3

es.

However, according to the opinion of famous mathematicians Felix Klein, Richard Courant
and many others, starting from 20-th century mathematics began to lose its deep connections with
theoretical natural sciences and to concentrate its attention on its inner “pure” problems.

Thus, by following to Felix Klein, Richard Courant and other famous mathematicians, Morris
Kline asserts that the main reason of the contemporary crisis of mathematics is the severance
of the relationship between mathematics and theoretical natural sciences, what is the greatest
“strategic mistake” for the 20th century mathematics.
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1.2. Dirac’s Principle of Mathematical Beauty. By discussing the fact why mathematics needs
in theoretical natural sciences, we should address to Dirac’s Principle of Mathematical Beauty. On
May 13, 2006, the eminent Russian mathematician and academician Vladimir Arnold presented a
public lecture: “The complexity of finite sequences of zeros and units, and the geometry of finite
functional spaces” [40] at the Moscow Mathematical Society. Let us consider some of its general
ideas. Arnold notes:

1. In my opinion, mathematics is simply a part of physics, that is, it is an experimental science,
which discovers for mankind the most important and simple laws of nature.

2. We must begin with a beautiful mathematical theory. Dirac claims: “If this theory is really
beautiful, then it necessarily appears as a perfect model of important physical phenomena. It is
necessary to search for these phenomena to develop applications of the beautiful mathematical the-
ory and to interpret them as predictions of new laws of physics.” Thus, according to Dirac, all new
branches of physics, including relativistic and quantum, are developing in this way.

At Moscow University there is a tradition that the
distinguished visiting-scientists are requested to write on
a blackboard a self-chosen inscription. When Dirac vis-
ited Moscow in 1956, he wrote "A physical law must
possess mathematical beauty.” This inscription is the
famous Principle of Mathematical Beauty that Dirac de-
veloped during his scientific life. No other modern phys-
icist has been preoccupied with the concept of beauty
more than Dirac.

Thus, according to Dirac, the Principle of Mathemat-
ical Beauty is the primary criterion for a mathematical
theory to be used as a model of physical phenomena. Of
course, there is an element of subjectivity in the defini- Paul Adrien Maurice Dirac
tion of the “beauty" of mathematics, but the majority of (1902-1984)
mathematicians agrees that "beauty" in mathematical
objects and theories nevertheless exist.

Let's examine some of "beautiful” mathematical objects, which have a direct relation to the
theme of this article.

1.3. Platonic Solids. We can find the beautiful mathematical objects in Euclid’s Elements. As is
well known, in Book XII11 of his Elements Euclid presented a theory of 5 regular polyhedrons called
Platonic Solids (Fig.1). Really, these remarkable geometrical figures got very wide applications in
theoretical natural sciences; in particular, in crystallography (quasi-crystals), chemistry (fullerenes),
biology and so on what is brilliant confirmation of Dirac’s Principle of Mathematical Beauty.

=
N
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S

Fig. 1 - Platonic Solids: tetrahedron, octahedron, cube, icosahedron, dodecahedron
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1.4. Binomial coefficients, the binomial formula, and Pascal’s triangle.

For the given non-negative integers n and k, there is the following beautiful formula that sets the
binomial coefficients:
n!

k_ H
Gy ~Kitn—K)1" (1)

where n!=1x2x3x...xn is a factorial of n.
One of the most beautiful mathematical formulas, the binomial formula, is based upon the bino-
mial coefficients:

(a + b)n =a"+Cla"p+C2a"2b2 +...+Ckan*pk +...+Chlab"1+pn. (2

There is a very simple recurrence method for the calculation of the binomial coefficients based
on their following graceful properties called Pascal’s rule:

Cha=Cl+Cx. (3)

By using the recurrence relation (3) and taking into consideration that Cr? =Cfl =1 and

CK =CM™*, we can construct the following beautiful table of binomial coefficients called Pascal’s
triangle (see Table 1).

Table 1 - Pascal’s triangle

1
1 1
1 2 1
1 3 3 1
1 4 6 4 1
1 5 10 10 5 1
1 6 15 20 15 6 1
1 7 21 35 35 21 7 1
1 8 28 56 70 56 28 8 1
1 9 36 84 126 126 84 36 9 1

1.4. Fibonacci and Lucas numbers. Let us consider the simplest recurrence relation:
Fo=F.+F_, 4)

where n=0,+1,+2,+3,... . This recurrence relation was introduced for the first time by the famous
Italian mathematician Leonardo of Pisa (nicknamed Fibonacci).
For the seeds

F,=0and F =1, (5)

the recurrence relation (4) generates a numerical sequence called Fibonacci numbers (see Table 2).
In the 19th century the French mathematician Francois Edouard Anatole Lucas (1842-1891)
introduced the so-called Lucas numbers (see Table 2) given by the recurrence relation

Lh=Lia+ls ©)

with the seeds

L,b=2and L =1 (7
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Table 2 shows the so-called “extended” Fibonacci and Lucas numbers, which are considered for
positive and negative values of the index n. It follows from Table 2 that the “extended” Fibonacci
and Lucas numbers build up two infinite numerical sequences, each possessing graceful mathemati-
cal properties.

Table 2 - The “extended” Fibonacci and Lucas numbers

n 0 1 2 3 4 5 6 7 8 9 10
Fn 0 1 1 2 3 5 8 13 21 34 55
Fn 0 1 -1 2 -3 5 -8 13 -21 34 -55
Ln 2 1 3 4 7 11 18 29 47 76 123
L.n 2 -1 3 -4 7 -11 18 -29 47 -76 123

As can be seen from Table 2, for the odd indices n=2k +1 the elements F, and F_, of the
Fibonacci sequence coincide, that is, F,,,; =F 5, and for the even indices n=2k they are op-
posite in sign, that is, F, =—F , . For the Lucas numbers L, all is vice versa, that is,

Loy = Lo Ly = —Loa -
1.5. Cassini’ formula. In the 17th century the famous astronomer Giovanni Domenico Cassini

(1625-1712) deduced the following beautiful formula, which connects three adjacent “extended”
Fibonacci numbers in the Fibonacci sequence:

F2-F ,F

n+1

=)™ (8)
This wonderful formula evokes a reverent thrill, if we imagine that this formula is valid for any
value of n (n can be any integer within the limits of —oto+o0). The alternation of +1 and -1 in the

formula (8) within the sequential passage of all “extended” Fibonacci sequence leads to genuine
aesthetic enjoyment by its rhythm and beauty.

1.6. The Golden Section. If we take the ratio of two adjacent Fibonacci numbers F,/F,_; and
direct this ratio towards infinity, we come at the following unexpected result:

lim o - =1+35, (9)
nN—o0 Fn—l 2

where @ is the famous irrational number, which is the positive root of the algebraic equation:
X% =x+1. (10)

The number ® has many beautiful names — the golden section, golden number, golden mean,
golden proportion, and the divine proportion (see Scott Olsen, page 2 [40]).

The golden section or division of a line segment in extreme and mean ratio descended to us from
Euclid’s Elements [42]. Over the many centuries the golden section has been the subject of enthusi-
astic worship by outstanding scientists and thinkers including Pythagoras, Plato, Leonardo da
Vinci, Luca Pacioli, Johannes Kepler and several others.

Note that formula (9) is sometimes called Kepler’s formula after Johannes Kepler (1571-1630)
who deduced it for the first time. Many outstanding mathematicians of the past century have proved
the uniqueness of the golden ratio among other real numbers. In this connection, we should like to
draw attention to the brochures of the Russian mathematicians Alexander Khinchin (1894-1959)
[43] and Nikolay Vorobyov (1925-1995) [44]. As it is shown in these works, the unique feature of
the golden ratio for number theory is the fact that among all irrational numbers the golden ratio is
most slowly approximated by rational fractions. That is, we are talking about the representation
of golden ratio in the form of a continued fraction as follows:
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@ =1+;1 (11)
1+7l
1+~

1+...

If now we will be approximating the golden ratio (11) by rational fractions m/n, which are
convergent for @, then we come to the numerical sequence consisting of the ratios of the neighbor-
ing Fibonacci numbers:

123581321 _1+5
1!11§7§1§!§!E1"'%®_ 2

But these ratios represent the famous botanic Law of phyllotaxis [45], according to which pine
cones, cacti, pineapples, sunflower heads, etc are formed. In other words, Nature uses the unique
mathematical feature of the golden ratio in its remarkable constructions! This means that the golden
ratio is not “mathematical fiction” because this unique irrational number exists in Nature! That is,

the Fibonacci numbers are a brilliant embodiment of Dirac’s Principle of Mathematical Beauty.

1.7. Binet’s formulas. In the 19th century, French mathematician Jacques Philippe Marie Bi-

net (1786-1856) deduced the two magnificent Binet’s formulas:
O"—(-)"d™" _

F,= ; Ly =0"+(-D)"D™". 12

n N3 Ly () (12)

The analysis of Binet’s formulas (12) gives us a possibility to feel "aesthetic pleasure" and once

again to be convinced in the power of human intellect! Really, we know that the Fibonacci and Lu-

cas numbers F,and L, always are integers. On the other hand, any power of the golden ratio is

irrational number. It follows from Binet’s formulas (12) that the integer numbers F

and L, can be

represented as the difference or the sum of irrational numbers, the powers of the golden ratio!

1.8. How the golden mean is reflected in modern mathematics and mathematical education? 1t
is well known the following Kepler’s quote, concerning the golden ratio:

“Geometry has two great treasures: one is the Theorem of Pythagoras, the other, the division of
a line into extreme and mean ratio. The first, we may compare to a measure of gold; the second we
may name a precious stone.”’

Johannes Kepler (1571-1630)

The above Kepler's statement raises the significance of the golden ratio on the level of Pythago-
rean Theorem, one of the most famous theorems of geometry. As a result of the unilateral approach
to mathematical education each schoolboy knows Pythagorean Theorem, but he has rather vague
idea about the golden ratio, the second “treasure of geometry.” The majority of school textbooks on
geometry originate to Euclid’s Elements. But then we can ask the question: why in the majority of
them there is very small description of Euclidean golden ratio? There is an impression that “the ma-
terialistic pedagogics” has thrown out the golden ratio from mathematical education on the dump of
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the "doubtful scientific concepts” together with astrology and others esoteric sciences where the
golden ratio is widely used. We can consider this sad fact as one of the “strategic mistakes” of
modern mathematical education [32,33].

Alexey Losev (1893 - 1988), the Russian prominent philosopher and researcher for the aesthetics
of Ancient Greece and Renaissance, expressed his relation to the golden ratio and Plato’s cosmolo-
gy in the following words (cited from [46]):

“From Plato’s point of view, and generally from the point of view of all antique cosmology, the
Universe is a certain proportional whole that is subordinated to the law of harmonious division, the
golden ratio... Greek system of cosmic proportions is considered sometimes in literature as curious
result of unrestrained and preposterous fantasy. Full anti-scientific helplessness sounds in the ex-
planations of those who declare this. However, we can understand the given historical and aesthet-
ical phenomenon only in the connection with integral comprehension of history, that is, by using
dialectical-materialistic idea of culture and by searching the answer in peculiarities of the ancient
Social existence.”

We can ask the question: how the golden ratio is reflected in contemporary mathematics? Unfor-
tunately, the answer is the following: only in the most impoverished manner. In mathematics, Py-
thagoras and Plato’s ideas are considered sometimes as a “curious result of unrestrained and prepos-
terous fantasy.” Therefore, the majority of mathematicians consider the study of the golden ratio
and its applications as an empty pastime, which is unworthy for serious mathematicians.

Unfortunately, we can also find neglectful relation to the golden ratio in contemporary theoreti-
cal physics. In 2006 “BINOM” publishing house (Moscow) published the interesting scientific book
Metaphysics: Century XXI [47]. In the Preface to the book, its compiler and editor Professor
Vladimirov (Moscow University) wrote:

“The third part of this book is devoted to a discussion of numerous examples of the manifestation
of the golden ratio in art, biology and our surrounding reality. However, paradoxically, the golden
ratio is not reflected enough in contemporary theoretical physics. In order to be convinced of this
fact, it is enough to merely browse 10 volumes of Theoretical Physics by Landau and Lifshitz. The
time has come to fill this gap in physics, all the more given that the golden ratio is closely connect-
ed with metaphysics and ‘trinitarity’ [the ‘triune’ nature of things].”

Thus, the neglect of the golden ratio and its scanty reflection in modern mathematics,
mathematical education and theoretical physics is one more “strategic mistake” of modern
mathematics, mathematical education and theoretical physics [32,33].

2. Proclus hypothesis: revolutionary idea in the mathematics history

As is known, the first mathematical knowledge originated in the ancient civilizations (Babylon,
Egypt and other countries) and they were used for the solution of two important practical problems:
counting of things and measurement of time and distances [48]. Ultimately, the problem of count-
ing led to the first fundamental mathematical notion — natural numbers. The problem of measure-
ment underlies geometry origin and then, after the discovery of incommensurable line segments, led
to the second fundamental mathematical notion — irrational numbers. Natural and irrational num-
bers are the basic notions of the Classical Mathematics, which had originated in the ancient Greek
science. When we study the ancient Greek science, we should point out on one more important
problem, which had influenced fundamentally on the development of the Greek science, including
mathematics. We are talking on the harmony problem, which was formulated for the first time by
Pythagoras, Plato and other ancient thinkers. The harmony problem was connected closely with the
golden ratio, which was raised in the ancient Greece to the level of aesthetic canon and main math-
ematical constant of the Universe.

There is very interesting point of view on Euclid’s Elements suggested by Proclus Diadochus
(412-485), the best commentator on Euclid’s Elements [49]. As it is well-known, the concluding
book of Euclid’s Elements, Book XIlII, is devoted to the description of the theory of the five regular
polyhedra (Fig. 1), which played a predominate role in Plato’s cosmology. They are well known in
modern science under the name Platonic Solids.
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Proclus had paid special attention to this fact. Usually, the most important data are presented in
the final part of a scientific work. Based on this fact, Proclus put forward hypothesis that Euclid
created his Elements primarily not for the description of the axiomatic approach to geometry (alt-
hough this is very important), but in order to give a systematic theory of the construction of the 5
Platonic Solids, in passing throwing light on some of the most important achievements of the an-
cient Greek mathematics. Thus, Proclus’ hypothesis allows one to suppose that it was well-known
in ancient science that the Pythagorean Doctrine on the Numerical Harmony of the Cosmos and
Plato’s Cosmology, based on the regular polyhedra, were embodied in Euclid’s Elements, the great-
est Greek work of mathematics. From this point of view, we can interpret Euclid’s Elements as
the first attempt to create a Mathematical Theory of Harmony what was the primary idea of
the ancient Greek science. This historical information is primary data for the development of new
approach to the history of mathematics, described in [29,33,35,36].

A new approach to the mathematics origins is presented in Fig. 2. We can see that three “key”
problems - counting problem, measurement problem, and harmony problem - underlie mathematics
origin. The first two “key” problems resulted in the origin of two fundamental mathematics notions
- natural numbers and irrational numbers that underlie the Classical Mathematics. The harmony
problem, connected with the division in the extreme and mean ratio (Proposition II.11 of Euclid’s
Elements), resulted in the origin of the Harmony Mathematics - a new interdisciplinary direction of
contemporary science, which has relation to contemporary mathematics, mathematical education,
theoretical physics, and computer science. Such approach had resulted in the conclusion, which is
unexpected for many mathematicians.

The “key” problems of the ancient mathematics

S S ——

Counting i Measurement i Harmony
: problem P problem ; problem
: Positional E Incommensurable Division
principle of number & line ; in extreme and
i representation P segments i mean ratio
: Number : Measurement ; Theory of Fibonacci
theory and natural i1 theoryand irrational and Lucas numbers and
: numbers P numbers i the Golden Section
: Classical mathematics ; Harmony mathematics
Theoretical physics . “Golden” theoretical physics
Computer science E “Golden” Computer science

Fig. 2 - Three “key” problems of the ancient mathematics

Prove to be, in parallel with the Classical Mathematics one more mathematical direction - the
Harmony Mathematics - was developing in ancient science. Similarly to the Classical Mathematics,
the Harmony Mathematics takes its origin in Euclid’s Elements. However, the Classical Mathemat-
ics accents its attention on “axiomatic approach,” while the Harmony Mathematics is based on the
golden section (Theorem II.11) and Platonic Solids described in the Book XIII of Euclid’s
Elements. Thus, Euclid's Elements is a source of two independent directions in the mathematics de-
velopment - Classical Mathematics and Harmony Mathematics.
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We affirm that the three greatest mathematical discoveries of the ancient mathematics — posi-
tional principle of number representation, incommensurable line segments, and division in extreme
and mean ratio (the golden section) — were those mathematical discoveries, which influenced fun-
damentally on the mathematics at the stage of its origin. The positional principle of number repre-
sentation (Babylon) became the “key” principle for the development of the concept of natural num-
bers and number theory. The incommensurable line segments led to the development of the concept
of irrational numbers. The concepts of natural numbers and irrational numbers are two great math-
ematical concepts, which underlie the Classical Mathematics. The division in extreme and mean
ratio, named later the golden section, is the third fundamental mathematical discovery, which un-
derlies the Mathematics of Harmony.

During many centuries the main forces of mathematicians were directed on the creation of the
Classical Mathematics, which became Czarina of Natural Sciences. However, the forces of many
prominent mathematicians - since Pythagoras, Plato and Euclid, Pacioli, Kepler up to Lucas, Bi-
net, Vorobyov, Hoggatt and so on - were directed on the development of the basic concepts and
applications of the Harmony Mathematics. Unfortunately, these important mathematical directions
developed separately one from other. A time came to unite the Classical Mathematics and the Har-
mony Mathematics. This unusual union can result in new scientific discoveries in mathematics and
natural sciences. The newest discoveries in natural sciences, in particular, Shechtman’s quasi-
crystals based on Plato’s icosahedron (Nobel Prize of 2011) and fullerenes based on the Archime-
dean truncated icosahedron (Nobel Prize of 1996) do demand this union. All mathematical theories
and directions should be united for one unique purpose to discover and explain Nature's Laws.

A new approach to the mathematics history (see Fig. 2) is very important for school mathemati-
cal education. This approach introduces in natural manner the idea of harmony and the golden sec-
tion into school mathematical education. This allows to give pupils access to ancient science and to
its main achievement — the harmony idea — and to tell them on the most important architectural and
sculptor works of the ancient arts, based on the golden section (Cheops pyramid, Nefertity, Parthe-
non, Doriphor, Venus and so on).

3 The Mathematics of Harmony as a “beautiful” mathematical theory

The Mathematics of Harmony is described in [1-37]. The Mathematics of Harmony suggests
new recurrence relations, which generates new numerical sequences and new numerical constants,
which can be used for modeling different processes and phenomena of Nature. The most important
of them are the following:

3.1. Generalized Fibonacci p-numbers. For a given p=0, 1, 2, 3, ... they are given by the follow-
ing general recurrence relation [1]:

Fo(n)=Fy(n-1)+F,(n—p-1); Fy(0)=0,F,(1)=F,(2)=...=F,(p)=1. (13)
Note that the recurrence formula (13) generates an infinite number of different recurrence se-
guences because every p generates its own recurrence sequences, in particular, the binary sequence

1,2,4,8, 16, ... for the case p=0 and classical Fibonacci numbers 1, 1, 2, 3, 5, 8, 13, ... for the case
p=1.

3.2. Generalized Lucas p-numbers are given by the following general recurrence relation:
Lo(n)=Lp(n-1)+L,(n-p-1); L,(0)=p+LL,(1)=Ly(2)=...=Lp(p)=1, (14)
where p=0, 1, 2, 3, ... is a given non-negative integer.

Note that the recurrence formula (14) generates an infinite number of different recurrence se-
guences because every p generates its own recurrence sequences, in particular, the binary sequence
1,2,4,8, 16, ... for the case p=0 and classical Lucas numbers 2, 1, 3, 4, 7, 11, 18, ... for the case
p=1.
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3.3. The golden p-proportions. 1t is easy to prove [1] that the ratio of the adjacent Fibonacci and
Lucas p-numbers aims in limit (n—o0) for some constant, that is,

lim Fo(n) _ Lp(n) —®

e F(0-1) =) "
where @, is a positive root of the following algebraic equation:

X = )P+ 1, (16)
which for p=1 is reduced to the algebraic equation (10).
Note that the result (15) is a generalization of Kepler’s formula (9) for the classical Fibonacci
and Lucas numbers (p=1).
The positive root of Eq. (16) was named golden p-proportion [1]. It is easy to prove [1] that the
powers of the golden p-proportions are connected between themselves by the following identity:

O =Dyt +Dp P =D x Dy, (17)

where n=0,+1,42,43,.... It follows from (17) that each power of the “golden p-proportion” is con-

(15)

nected with the preceding powers by the “additive” correlation QDB =®B_1+®B_p_1and by the

“multiplicative” correlation @ =®, x (I)B_l (similarly to the classical “golden mean”).

3.4. Generalized Fibonacci A—numbers. Let A >0 is a given positive real number. Then we
can consider the following recurrence relation [48-50]:

F.(n)=AF, (n-1)+F,(n-2); F,(0)=0,F, (1)=1. (18)

First of all, we note that for the case A =1 the recurrence relation (18) is reduced to the recur-
rence relation (4), which for the seeds (5) generates the classical Fibonacci numbers: 0,1, 1, 2, 3, 5,
8, 13, .... For other values of A the recurrence relation (18) generates infinite number of new recur-
rence numerical sequences. In particular, for the case A =2 the recurrence relation (18) generates
the so-called Pell numbers: 0, 1, 2, 5, 12, 29, 70, ... .

Table 3 shows the four “extended” Fibonacci A-sequences, corresponding to the cases of
r=1234.

Table 3 - The “extended” Fibonacci A-numbers (A =1,2,3,4)

n o[1[ 2 |3| 4 5 6 7 8
F(n) |[0f1]1]|2] 3 5 8 13 21
F(-n)|of1|-1|2| 3| 5 -8 13 21
F,(n) (0|12 |5 | 12 | 29 70 169 408
F,(—n)|0|1|-2|5|-12| 29 | —70 | 169 | —408
F,(n) {[0|1] 3 |10 | 33 [109 | 360 |1189 | 3927
F,(-n) [0 |1|-3[10|-33|109 | —360 |1199 | —3927
F,(n) |0|1| 4 |17 | 72 | 305 | 1292 | 5473 | 23184
F,(—n) [0 |1| -4 |17 | =72 | 305 | —1292 | 5473 | —23184

3.5. Generalized Cassini’s formula: a unique property of the Fibonacci A-numbers. Cassini’s
formula (8) is one of the most remarkable identities for the classical Fibonacci numbers.

By studying the Fibonacci A-numbers, Alexey Stakhov found in [38] the following unique
mathematical property of the Fibonacci A - numbers, which is true for all 1=1,2,3,...:

n+1

F2(n)-F (n-DF (n+)=(-D"". (19)
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As for the case A=1 the formula (19) is reduced to the well-known Cassini’s formula (8), the
formula (19) was named in [38] generalized Cassini’s formula, which sounds as follows.

For the given A=1,2,3,... the quadrate of any Fibonacci A-number F, (n) are always different
from the product of the two adjacent Fibonacci A-numbers F, (n-1) and F, (n+1), which sur-

round the initial Fibonacci A-number F, (n), by the number 1; herewith the sign of the difference of
1 depends on the parity of n: if n is even, then the difference of 1 is taken with the sign “minus”,
otherwise, with the sign “plus”.

Until now, we have assumed that only the classic Fibonacci numbers have this unusual property,
given by Cassini’s formula (8). However, as is shown in [38], a number of such numerical sequenc-
es are infinite. All the Fibonacci A-numbers, generated by the recurrence relation (18) have similar
property, given by the generalized Cassini’s formula (19)!

As is well known, a study of integer sequences is the area of number theory. The Fibonacci
A-number are integers for the cases 1=1,2,3,... . Therefore, for many mathematicians in the field of
number theory, the existence of the infinite number of the integer sequences, which are given by
(18) and satisfy to the generalized Cassini’s formula (19), may be a great surprise!

3.6. Metallic means. It follows from (18) the following algebraic equation:
X2 —Ax—1=0, (20)

which for the case A =1 is reduced to (10). A positive root of Eq. (20) produces infinite number of
new “harmonic” constants — the golden A-proportions, which are expressed by the following

general formula:
[ 2
D, :#, (1)
According to Vera W. Spinadel [50], the golden A-proportions (21) are called also metallic
means by analogy to the classical golden mean.

If we take A=1,2,3,4 in (21), then we get the following mathematical constants having, accord-
ing to Vera W. Spinadel, special titles:

®, = 1+2‘E (the golden mean, % =1); @, =1++/2 (the silver mean, = 2);
(22)

3“2/1_3 (the bronze mean, A =3); ®, =2++/5(the cooper mean, A =4).

Other metallic means (A >5) do not have special names:

@, =

@5:5+%/E; @, =3+210; ®7=%; D, =4+17.

The metallic means (21) possess two remarkable properties [49]:

@xz\/um/nwl%ﬁ; cpx:;ﬁ;l. (23)
7\+7}L+ 1
At

which are generalizations of similar properties for the classical golden mean (A =1):

D= \/1+ «/1+ U+ @ :1+l;1. (24)
+
1

1Jr1+...
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4 Introduction into new theory on hyperbolic functions

4.1. A history of hyperbolic functions and hyperbolic geometry. Although Johann Heinrich
Lambert (/728-1777), a French mathematician, is often credited with introducing hyperbolic func-
tions, hyperbolic sine and cosine

sh(x) :?; () =+, (25)

it was actually Vincenzo Riccati (/707-1775), Italian mathematician, who did this in the middle
of the 18th century. Riccati found the standard addition formulas, similar to trigonometric identi-
ties, for hyperbolic functions as well as their derivatives. He revealed the relationship between the
hyperbolic functions and the exponential function. For the first time, Riccati used the symbols s/
and ch for the hyperbolic sine and cosine.

In 1826, the Russian mathematician Nikolay Lobachevski (1792-1856) made revolutionary
mathematical discovery. We are talking on the non-Euclidean geometry. This Lobachevski’s ge-
ometry is also named hyperbolic geometry because all mathematical relations of Lobachevski’s ge-
ometry are based on the hyperbolic functions (25). The first published work on non-Euclidean ge-
ometry, Lobachevski’s article About the Geometry Beginnings, was published in 1829 in The Kazan
Bulletin. Three years later Hungarian mathematician Janosh Bolyai (1802-1860) published the arti-
cle on non-Euclidean geometry, called the Appendix. After Gauss’ death it was clear that he also
had developed geometry similar to those of Lobachevski and Bolyai. A revolutionary significance
of hyperbolic geometry consists of the fact that this geometry is beginning of hyperbolic ideas in
theoretical natural sciences. We recall two remarkable properties of classical hyperbolic functions
(25):

Parity property : sh(-x)=-sh(x); ch(-x)=ch(x). (26)

Analog of Phythagoras theorem: ch’x—sh*x =1. (27)

4.2. Hyperbolic Fibonacci and Lucas functions. In 1984 Alexey Stakhov published the book
Codes of the Golden Proportion [3]. In this book Binet’s formulas (12) were represented in the form
not used in earlier mathematical literature:

Q" +P"
222 n=2k+1
N - L_{(D”+CD‘”,n:2k

S I L

N3

(28)
,n=2k

where k=0,£1,+2,%3,... .

The similarity of Binet’s formulas (28) to the classical hyperbolic functions (25) is so striking
that the formulas (28) can be considered to be a prototype of a new class of hyperbolic functions,
based on the golden ratio. That is to say, Alexey Stakhov in 1984 [3] predicted the appearance of a
new class of hyperbolic functions, hyperbolic Fibonacci and Lucas functions. The first article on
hyperbolic Fibonacci and Lucas functions was published by the Ukrainian mathematicians Alexey
Stakhov and Ivan Tkachenko in 1993 [13] (by recommendation of academician Yuri Mitropol-
ski). More recently, early of 21-th century, Alexey Stakhov and Boris Rosin have developed this
idea further and introduced in [18] the so-called symmetrical hyperbolic Fibonacci and Lucas func-
tions.

Symmetrical hyperbolic Fibonacci sine and cosine

(OB O3 O+ D
——; cF(X)=———"—
5 FN=—F

sF(x) = (29)
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Symmetrical hyperbolic Lucas sine and cosine
sL(X)=p*—d %, cL(X)=p*+p % (30)

4.3. Hyperbolic and recursive properties of the symmetrical hyperbolic Fibonacci and Lucas
functions. Note that the symmetrical hyperbolic functions (29), (30), on the one hand, are similar to
the classical hyperbolic functions (25), on the other hand, they are generated by Binet’s formulas
(28), given the extended” Fibonacci and Lucas sequences. This leads to the following features of
the functions (29), (30), which we call hyperbolic and recursive properties of the functions (29),
(30).

Hyperbolic properties

It is proved in [18], that the symmetrical hyperbolic Fibonacci and Lucas functions (29), (30)
retain all the known properties of the classical hyperbolic functions (25). In this case, for example,
the properties (26), (27) look as follows:

Parity property :
SF(—x)=-sF(x); cF(-x)=cF(x) (31)
sL(—x)=-sL(x); cL(-x)=cL(x)

Analogs of Pythagoras theorem:

[eF (0] ~[sF (0] = gi[eL (0T ~[sL ()] =4

(32)

Recursive properties

On the other hand, as it follows from a comparison of Binet’s formulas (28) with the symmetrical
functions (29), (30), the following unique properties connects the “extended" Fibonacci and Lucas
sequences (28) with the symmetrical hyperbolical Fibonacci and Lucas functions (29), (30):

sF(n) for n=2k

F = ; (33)
cF(n)forn=2k +1
sL(n) for n=2k +1

- 34

& { cL(n) for n =2k (34)

where k =0,+1,+2,43,... .
Note that the property, given by the formulas (33), (34), is unique because the classical hy-
perbolic functions (25) do not possess such property.

The properties (33), (34) gives us the right to name the functions (29), (30) the recursive hyper-
bolic functions.

Let us consider the examples of the recursive property of the functions (29), (30) [18].
Theorem 1. The following relations, which are similar to the recursive relations for the Fibo-
nacci and Lucas numbers F ,=F +F and L ,=L,,+L,,arevalid for the recursive hyperbol-

n+1
ic Fibonacci and Lucas functions:
Recursive relation for the Fibonacci hyperbolic functions:

SF (x+2)=cF (x+1)+sF(x)

CF(x+2)=sF (x+1)+cF(x)

Recursive relation for the Lucas hyperbolic functions :
sL(x+2)=cL(x+1)+sL(x)
cL(x+2)=sL(x+1)+cL(x)

(35)
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Theorem 2 (a generalization of Cassini’s formula for continues domain). The following rela-
tions, which are similar to Cassini’s formula F? —F .F _ = (—1)n+l, are valid for the recursive hy-

n n+l' n-1 —
perbolic Fibonacci functions:
Cassini's formula:

[sF(x)T—cF(x+1)cF(x—1):—l (36)

[cF (x)] —SF (x+1)sF (x—1)=1

4.4, Fibonacci and “golden” matrices: a unique class of square matrices

Fibonacci Q-matrices

It is known that a square matrix A is called non-singular, if its determinant is not equal to zero,
that is

detA=0. (37)
In linear algebra, the non-singular square (nxn)-matrix is called invertible because every non-

singular matrix A has inverse matrix A1, which is connected with the initial square matrix A by the
following correlation:

AAT=1, (38)
where I, is the identity (nxn)-matrix.
The Fibonacci Q-matrix
Q-[1 2 (39)
o)

introduced in [53] is a partial case of the non-singular matrix.
If we raise the Q-matrix (39) to the n-th power, we obtain:

F.. F

n_| " n+ ni. (40)
Q [ I:n I:nlJ

It follows from Cassini formula (8), that the determinant of the Q-matrix (40) is equal:

detQ" =(-1)" (41)

Fibonacci G,-matrices
Alexey Stakhov introduced in [30] the so-called Fibonacci G, — matrix:
Al
G, = , 42
() @

where 4 >0 is a given positive real number. It is clear that for the case A=1 the Fibonacci G, — ma-
trix (42) is reduced to the Fibonacci Q-matrix (39).
The Fibonacci G, — matrix (42) is generating matrix for the Fibonacci A - numbers (18) and has

the following properties [30]:
n_[F.(n+1)  F(n)
G _( F.(n) FE./(n —1)} (43)

detG! = (—1)n . (44)

The “golden’ matrices

Alexey Stakhov has introduced in [26] a special class of the square matrices called “golden”
matrices. Their peculiarity consists of the fact that the hyperbolic Fibonacci functions (29) are ele-
ments of these matrices. Let us consider the simplest of them [26]:
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cFs(2x +1) st(2x)] [SFS(2X+2) ch(2x+1)J (45)

Qo (x) :( sFs(2x)  cFs(2x—1) P QX)= cFs(2x+1)  sFs(2x)
If we calculate the determinants of the matrices (45), we obtain the following unusual results:

det Q, (x)=1; detQ (x)=-1. (46)

4.5. Theory of Fibonacci Numbers as a “Degenerate” Case of the Theory of the Recursive
Hyperbolic Fibonacci and Lucas Functions. As follows from Theorems 1 and 2, the two "continu-
ous™ identities (35), (36) for the recursive hyperbolic Fibonacci and Lucas functions always corre-
spond to one "discrete™ identity for the “extended” Fibonacci and Lucas numbers. Conversely, we
can obtain the "discrete” identity for the “extended” Fibonacci and Lucas numbers by using two
corresponding “continuous” identities for the recursive hyperbolic Fibonacci and Lucas functions
(29), (30). As the “extended” Fibonacci and Lucas numbers, according to (33), (34), are the "dis-
crete” cases of the recursive hyperbolic Fibonacci and Lucas functions (29), (30), this means that
due the introduction of the recursive hyperbolic Fibonacci and Lucas functions (29), (30) [18], the
classical “theory of Fibonacci numbers"” [44] as if "degenerates,” because this theory is a partial
("discrete™) case of the more general ("continuous) theory of the recursive hyperbolic Fibonacci
and Lucas functions (29), (30). This conclusion is another unexpected result, which follows from
the theory of the recursive hyperbolic Fibonacci and Lucas functions [18]. Such approach requires a
revision of the existed “theory of Fibonacci numbers” [44] from the point of view of the more gen-
eral (continues) theory of the recursive hyperbolic Fibonacci and Lucas functions (29), (30).

5. General theory of the recursive hyperbolic functions

5.1. Gazale’s formulas for Fibonacci and Lucas ) —numbers as analog of Binet’s formulas.
Based on the metallic means (21), Midchat Gazale deduced in [51] the following remarkable for-
mula, which allows representing the Fibonacci A - numbers by the metallic means (21):

o1y
V4 +22

The formula (47) was named in [30] Gazale'’s formula for the Fibonacci A - numbers after Mid-
chat Gazale [51].
Alexey Stakhov deduced in [30] Gazale’s formula for the Lucas A - numbers:

L (n) = + (1) ;" (49)

Note that for the case A = 1 the formulas (47) and (48) are reduced to Binet’s formulas (12). The
formula (48) is analytical representation of new recurrence sequence, Lucas A —numbers, which are
given by the recurrence formula:

L, (n)=AL, (n-1)+L, (n-2); L, (0)=2,F, (1)=2. (49)

It is easy to prove [30] that Gazale'’s formulas can be represented in the following form:

Fx (n) = (47)

P -

Sk for n=2k
F(n)= VA (50)
P, + D, for n=2k+1

Ja+)02

@) -o," for n=2k+1

- (51)
@} +@," for n=2k

()=

Note that for the case p=1 Gazale'’s formulas (50), (51) are reduced to Binet’s formulas (28). But
Binet’s formulas (12), (28) are well known in mathematics and belong to the category of outstand-
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ing mathematical formulas, like Euler's formula and other formulas, which underlie the basis of
mathematics. But Gazale’s formulas (47), (48), (50), (51) are a generalization of Binet’s formulas
(12), (28) and therefore rightfully Gazale’s formulas (47), (48), (50), (51) can be attributed to the
category of outstanding mathematical formulas.

5.2. Self-similarity and recursion: Gazale’s hypothesis. In mathematics, a self-similar object is
exactly or approximately similar to a part of itself (i.e. the whole has the same shape as one or more
of the parts). Many objects in the real world, such as coastlines, are statistically self-similar: parts of
them show the same statistical properties at many scales. Self-similarity is a typical property
of fractals and underlies botanic phenomenon of phyllotaxis. Recursion is the process of repeating
items in a self-similar way and is brilliant example of reflection of self-similarity principle in math-
ematics. All the recurrent relations (4), (6), (13), (14), (18), (49) are based on the self-similarity
principle.

Gazale’s book Gnomon. From Pharaohs to Fractals [51] is devoted to mathematical justifica-
tion of the principle of self-similarity. In this book, Midhat Gazale put forward the following
hypothesis.

Gazale’s hypothesis: "A key role in the study of self-similarity play a numerical sequences,
which I call here the Fibonacci sequence of the order m, where

F = Fm,n +mFm,n+1-” (52)

m,n+2

If we compare the recurrence relation for the Fibonacci sequences of the order m, given by (52),
to the introduced above Fibonacci A-numbers, given by the recurrence relation (18), we come to the
unexpected conclusion that the recurrence relations (18) and (52) coincide if we take: m=A. This
means that the Fibonacci A-numbers play a key role in the study of the principle of self-
similarity.

5.3. Recursive hyperbolic Fibonacci and Lucas A-functions. In 2006 Alexey Stakhov has de-
veloped in [30] the so-called hyperbolic Fibonacci and Lucas A-functions, which are a generaliza-
tion of the symmetrical hyperbolic Fibonacci and Lucas functions (29), (30):

Hyperbolic Fibonacci A-sine

R LA [x+\/4+x2J_[x+\/4+x2] )

Ja:22 4422 2 2

Hyperbolic Fibonacci A-cosine

ch(x):q)”XJrq)’?X— 1 [k+\/4+k2J +[k+\/4+k2J (54)

Ja422 412 2 2

Hyperbolic Lucas A-sine

SLK(X):(D{_(D—X_ 1 L}\’_'_ J4+7\'2J _{M— MJ (55)

LT lanE|| 2 2

Hyperbolic Lucas A-cosine

> X > —X
oL, =0 0= L {Mg”» } [k_ a5, J )
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The formulas (53)-(56) give an infinite number of hyperbolic functions because every real num-
ber A >0 generates its own class of the hyperbolic functions (53)-(56). In particular, for the case
A =1 the hyperbolic functions (53)-(56) are reduced to the symmetrical hyperbolic Fibonacci and
Lucas functions (29), (30).

By comparing the “extended” Fibonacci and Lucas )\ —numbers, represented by Gazale’s for-
mulas (50), (51) to the functions (53)-(56), it is easy to establish the following simple relationship
between them:

sk, n, n=2k cL n, n=2k

Lon = (57)
ck n, n:2k+1L” s, n, n=2k+1.

F.n=

For the case p=1 the formulas (57) are reduced to the relationships (33), (34).

5.4. Hyperbolic and recursive properties of hyperbolic Fibonacci and Lucas A-functions. Let
us study the properties of the hyperbolic Fibonacci and Lucas A-functions (53) — (56).

Hyperbolic properties (example)

As example of hyperbolic properties for the functions (53) — (56) we consider the formulas for
analogs of Pythagoras Theorem:
4
[cF, 0T —[sF, (0T = ook (0] =[sL, (0] =4 (58)

+A2
Note that for the case A=1 the formulas (58) are reduced to the formulas (32).

Recursive properties (examples)

sF, (x+2)=AcF, (x+1)+SsF, (x)
F (n+2)=AF (n+1)+F ; h 2
, (n+2)=2F, (n+1)+ k(n)_){ch(x+2):XSFX(X+1)+CFX(X) (59)
, . {[sF. 00T =cF, (x+DcF, (x-D =1
F2(n)-F,(n-1)F, (n+1) = (-1)™ - (60)

[cF, ()] —sF, (x+1)sF, (x-1) =1

6 Hilbert’s Fourth Problem and “Golden” Hyperbolic Geometry: revolution in hyperbolic
geometry

6.1. Hilbert’s Fourth Problem. In the lecture Mathematical Problems presented at the Second
International Congress of Mathematicians (Paris, 1900), David Hilbert (1862 — 1943) had formu-
lated his famous 23 mathematical problems. These problems determined considerably the develop-
ment of the 20th century mathematics. This lecture is a unique phenomenon in the mathematics his-
tory and in mathematical literature. The Russian translation of Hilbert’s lecture and its comments
are given in the work [54]. In particular, Hilbert’s Fourth Problem is formulated in [54] as follows:

“Whether is possible from the other fruitful point of view to construct geometries, which with the
same right can be considered the nearest geometries to the traditional Euclidean geomerry ”.

In particular, Hilbert considered that Lobachevski’s geometry and Riemannian geometry are
nearest to the Euclidean geometry. In mathematical literature Hilbert’s Fourth Problem is some-
times considered as formulated very vague what makes difficult its final solution. As it is noted in
Wikipedia [55], “the original statement of Hilbert, however, has also been judged too vague to ad-
mit a definitive answer.”

In spite of critical attitude of mathematicians to Hilbert's Fourth Problem, we should empha-
size great importance of this problem for mathematics, particularly for geometry. Without doubts,
Hilbert's intuition led him to the conclusion that Lobachevski's geometry and Riemannian geometry
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do not exhaust all possible variants of non-Euclidean geometries. Hilbert’s Fourth Problem directs
attention of mathematicians at finding new non-Euclidean geometries, which are the nearest geome-
tries to the traditional Euclidean geometry.

6.2. A solution to Hilbert’s Fourth Problem based on the Mathematics of Harmony. As is
known, the classical model of Lobachevski’s plane in pseudo-spherical coordinates
(U,V), 0 < U< 400, —00< V< +00 with the Gaussian curvature K= -1 (Beltrami’s interpretation of hy-
perbolic geometry on pseudo-sphere) has the following form:

(ds)” =(du)’ +sh?(u)(dv)’, (61)

where ds is an element of length and sh(u) is hyperbolic sine.
In connection with Hilbert’s Fourth Problem, Alexey Stakhov and Samuil Aranson suggested
in [83] an infinite set of models (in dependence on real parameter A >0) of Lobachevski’s plane at

the coordinates (u,v), O<u<+o0, —o<V<+4oo 0of the Gaussian curvature K= -1, such that the met-
ric form looks as follows:

(ds)” =In?(®, )(du)” + 4+47‘2 [sF, (u)]2 (dv)”, (62)

, 2
where @, :# is the metallic mean and SF, (u) is hyperbolic Fibonacci A-sine.

The partial cases of the metric A-forms of Lobachevski’s plane (golden, silver, bronze, cooper),
corresponding to different values of the parameter A=1,2,3,4, are given in Table 4.

Table 4 — Metric A-forms of Lobachevski’s plane

Title A D, Analitical formula
General form A>0 ®, :@ (ds)® =In? (@, )(du)’ + 4+4ﬁ [sF, (u)]2 (dv)’
"Golden"form | A=1 | @ :“f <161803 | (ds)" =In?(@,)(cu)’ +- sFs(u)] (e
“Silver" form A=2 @, =1++2~2.1421 (ds)> =In? (@,)(du)’ +2[ sF, (u) ]’ (dv)’
“Bronze" form A=3 , = 3+£/1_3 ~3.30278 | (ds)* =In?(d,)(du)’ +§[5F3 (u)]2 (dv)*
“Cooper" form A=4 @, =2+5~4.23607 | (ds)’ =In?(@,)(du)’ +5[sF, (u)]" (dv)’
Classical form | A, ~ 2.350402 O, =e~27182 (ds) = (du)” +sh? (u)(dv)’

Thus, these considerations result in the conclusion that the X\ -models of Lobachevski’s plane
(62), based on the recursive Fibonacci hyperbolic functions (53), (54), result in an infinite number
of new hyperbolic geometries, having general title “Golden” Hyperbolic Geometry, which together
with the classical Lobachevski geometry, Riemannian geometry and Minkovski geometry “can be
considered the nearest geometries to the traditional Euclidean geometry” (David Hilbert).

A new solution to Hilbert’s Fourth Problem is brilliant confirmation of effective application of
the Mathematics of Harmony to the solution of complicated mathematical problems.

7 New scientific principles based on the Golden Section

7.1. Generalized principle of the golden section. There are some general principles of the divi-
sion of the whole (the “Unit”) into two parts. The most known from them are dichotomy principle,
which is based on the trivial identity

1=20=2"14271, (63)
and golden section principle based on the identity:
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1= =01+ P2, (64)
where © = (1+ \/5)/2 is the golden mean.
It follows from the identity (17) more general principle
1=0) =D, + 0, P, (65)

which is called in [23] the Generalized Principle of the Golden Section.
Consider the examples of the use of the Generalized Principle of the Golden Section (65) in some
natural phenomena.

7.2. Mathematical theory of biological populations. As is known, Fibonacci numbers are a re-
sult of the solution to Fibonacci’s problem of “rabbit” reproduction. Let us recall that the Law of
“rabbit” reproduction boils down to the following rule. Each mature rabbit's pair 4 gives birth to a
newborn rabbit pair B during one month. The newborn rabbit's pair becomes mature during one
month and then in the following month said pair starts to give birth to one rabbit pair each month.
Thus, the maturing of the newborn rabbits, that is, their transformation into a mature pair is per-
formed in 1 month. We can model the process of “rabbit reproduction” by using two transitions:

A— AB (66)

B—A (67)

Note that the transition (66) simulates the process of the newborn rabbit pair B birth and the tran-
sition (66) simulates the process of the maturing of the newborn rabbit pair B. The transition (66)
reflects an asymmetry of rabbit reproduction because the mature rabbit pair 4 is transformed into
two non-identical pairs, the mature rabbit pair 4 and the newborn rabbit pair B.

Note that we should treat “rabbits” in Fibonacci’s problem of “rabbit” reproduction as some bi-
ological objects. For example, as is shown in [11], family tree of honeybees is based strictly on Fib-
onacci numbers.

Note that Fibonacci’s problem of “rabbit” reproduction is a primary problem of the mathemati-
cal theory of biological populations [56].

By using the model of “rabbit reproduction,” which is described by the transitions (66) and (67),
we can generalize the problem of “rabbit” reproduction in the following manner. Let us give a
non-negative integer p>0 and formulate the “generalized Fibonacci’s problem of “rabbit” repro-
duction” for the condition when the transition of newborn rabbits into mature state is realized for p
month, where p=0, 1, 2, 3, ... .

It is clear that for the case p=1 the generalized variant of the “rabbit reproduction” problem coin-
cides with the classical “rabbit reproduction” problem formulated by Fibonacci in 13th century.

Note that the case p=0 corresponds to the “idealized situation,” when the rabbits become mature
at once after birth. One may model this case by using the transition:

A — AA. (68)

It is clear that that the transition (68) reflects symmetry of “rabbit reproduction” when the mature
rabbit pair 4 turns into two identical mature rabbit pairs A4. It is easy to show that for this case the
rabbits are reproduced according to the above dichotomy principle (63), that is, the amount of rab-
bits doubles each month: 1, 2, 4, 8, 16, 32, ... .

It is easy to prove that for the general case p >0 a process of the “rabbit reproduction” is mod-

elled by the recurrence relation (18) generating the generalized Fibonacci p-numbers. This means
that the generalized Fibonacci p-numbers model some general principle of “rabbit reproduction”
called the generalized asymmetry principle of organic nature.

7.3. Fibonacci’s division of biological cells. At first appearance the above formulation of the
generalized problem of “rabbit reproduction” appears to have no real physical sense. However, we
should not hurry to such a conclusion! The article [57] is devoted to the application of the general-
ized Fibonacci p-numbers for the simulation of biological cell growth. The article affirms that “in
kinetic analysis of cell growth, the assumption is usually made that cell division yields two daughter
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cells symmetrically. The essence of the semi-conservative replication of chromosomal DNA implies
complete identity between daughter cells. Nonetheless, in bacteria, insects, nematodes, and plants,
cell division is regularly asymmetric, with spatial and functional differences between the two prod-
ucts of division.... Mechanism of asymmetric division includes cytoplasmic and membrane locali-
zation of specific proteins or of messenger RNA, differential methylation of the two strands of DNA
in a chromosome, asymmetric segregation of centrioles and mitochondria, and bipolar differences
in the spindle apparatus in mitosis.” In the models of cell growth based on the Fibonacci 2- and 3-
numbers are analyzed [57].

The authors of [57] made the following important conclusion: “Binary cell division is regularly
asymmetric in most species. Growth by asymmetric binary division may be represented by the gen-
eralized Fibonacci equation .... Our models, for the first time at the single cell level, provide ra-
tional bases for the occurrence of Fibonacci and other recursive phyllotaxis and patterning in biol-
0gy, founded on the occurrence of regular asymmetry of binary division.”

8 The Mathematics of Harmony: a renaissance of the oldest mathematical theories

8.1. Algorithmic measurement theory. The first crisis in the foundations of mathematics was
connected with a discovery of incommensurable line segments. This discovery turned back mathe-
matics and caused the appearance of irrational numbers.

In 19-th century, Dedekind and then Cantor made an attempt to create a general measurement
theory. For this purpose, they introduced the additional axioms into the group of the continuity axi-
oms. For instance, let us consider Cantor’s axiom.

Cantor’s continuity axiom (Cantor's principle of nested segments). [f an infinite sequence of
segments is given on a straight line AgBo, A1B1, AsB,, ..., AnBy, ..., such that each next segment is
nested within the preceding one, and the length of the segments tends to zero, then there exists a
unique point, which belongs to all the segments.

The main result of the mathematical measurement theory that is based on the continuity axi-
oms is a proof of the existence and uniqueness of the solution q of the basic measurement equality:
Q=qV, (69)
where V is a measurement unit, Q is a measurable segment, and g is any real number named a result
of measurement.

However, the Cantor’s axiom raises the most doubts. According to this axiom, a measurement is
a process, which is completed during infinite time. Such idea is a brilliant example of the Cantorian
style of mathematical thinking based on the concept of actual infinity. However, this concept was
subjected to sharp criticism from the side of the representatives of constructive mathematics. The
famous Russian mathematician A.A. Markov (1903-1979) wrote [58]: "We cannot imagine an end-
less, that is, never finished process as complete process without rough violence over intellect, which
rejects such contradictory fantasies.”

As the concept of actual infinity is an internally contradictory notion (“the completed infinity”),
this concept cannot be a reasonable basis for the creation of constructive mathematical measure-
ment theory. If we reject Cantor’s axiom, we can try to construct mathematical measurement theory
on the basis of the idea of potential infinity, which underlies the Eudoxus-Archimedes’ axiom. The
constructive approach to measurement theory led to the creation of the so-called algorithmic meas-
urement theory [1].

Algorithmic measurement theory led to new, “optimal” measurement algorithms based of the
generalized Fibonacci p-numbers. The main outcome of the algorithmic measurement theory [1] is
that every “optimal” measurement algorithm generates a new positional numeral system. It is
proved in [1] that all the known positional numeral systems (binary, decimal, ternary, duodecimal
and so on) are generated by the corresponding “optimal” measurement algorithms, which are partial
cases of some very general class of the “optimal” measurement algorithms, which generate very
unusual positional numeral systems. From these general reasoning’s, we can conclude that the

50



ISSN 2519-2310 CS&CS, Issue 2(2) 2016

algorithmic measurement theory [1] resulted in general theory of positional numeral systems, that
is, in new mathematical theory, which is not existed before in mathematics.
The so-called Fibonacci’s measurement algorithm generates the so-called Fibonacci p-code:

N = ayFp(n) + an1Fp(n-1) + ... + aiFp(i) + ... + aiFp(1), (70)

where N is natural number, aje{0, 1} is a binary numeral of the i-th digit of the code (70); n is the
digit number of the code (70); Fy(i) is the i-th digit weight calculated in accordance with the recur-
rence relation (18). The abridged notation of the sum (70) has the following form:

N=apan1..a.. a. (71)

Note that the notion of the Fibonacci p-code (70) includes an infinite number of different posi-
tional “binary” representations of natural numbers because every p produces its own Fibonacci p-
code (p=0,1,2,3,...). In particular, for the case p=0 the Fibonacci p-code (70) is reduced to the clas-
sical binary code:

N=a,2" +a,12"%+... +ai2  +... +a,2° (72)

For the case p=1 the Fibonacci p-code (70) is reduced to the following sum:

Note that Fibonacci’s representation (73) in the “Fibonacci numbers theory” [53] is called Ze-
kendorf’s sum after Belgian researcher Eduardo Zekendorf (1901-1983). For the case p=co all

Fibonacci p-numbers in (70) are equal to 1 identically and then the Fibonacci p-code (70) is re-
duced to the sum

N=1+1+.+1 (74)

N

which is known in number theory as Euclidean definition of natural number.
Thus, the Fibonacci p-code (70) is a wide generalization of the classical binary code (72),
Zekendorf’s sum (73) and Euclidean definition of natural numbers (74).

8.2. The “golden” number theory. As is known, the first definition of a number was made in
the Greek mathematics. We are talking about the Euclidean definition of natural numbers (74). In
spite of utmost simplicity of the Euclidean definition (74), we should note that all number theory
begins from the definition (74). This definition underlies many important mathematical concepts,
for example, the concept of the prime and composed numbers, and also the concept of divisibility
that is one of the major concepts of number theory. Here we would like to note that in mathematics
only natural numbers have a strong definition (74); all other real numbers do not have such a strong
definition.

Within many centuries, mathematicians developed and defined more exactly a concept of num-
ber. In 17-th century, that is, in period of the creation of new science, in particular, new mathemat-
ics, different methods of the “continuous” processes study was developed and the concept of a real
number again goes out on the foreground. Most clearly, a new definition of this concept is given by
Isaac Newton (1643 —1727), one of the founders of mathematical analysis, in his Arithmetica
Universalis (1707):

“We understand a number not as the set of units, however, as the abstract ratio of one magni-
tude to another magnitude of the same kind taken for the unit.

This formulation gives us a general definition of numbers, rational and irrational. For example,

the binary system
A=>a2 (75)

is the example of Newton'’s definition, when we chose the number 2 for the unit and represent a
number as the sum of the number 2 powers.
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Bergman’s numeral system

In 1957 the American mathematician George Bergman published the article A number system
with an irrational base [59]. In this article Bergman developed very unusual extension of the notion

of the binary positional numeral system. He suggested using the “golden mean” @ = (1+ 5 ) /2 asa

base of a special positional numeral system. If we use the sequences @' {i=0, =1, +2, +3, ...} as
“digit weights” of the “binary” numeral system, we get the “binary” numeral system with irrational
base @:

A= Za@i (76)

where 4 is real number, a; are binary numerals O or 1,i =0, + 1, £ 2, £3 ..., @' is the weight of the
i-th digit, @ is the base or radix of the number system (76).

Unfortunately, Bergman’s article [59] did not be noticed in that period by mathematicians. Only
journalists were surprised by the fact that George Bergman made his mathematical discovery in the
age of 12 years! In this connection, the Magazine TIMES had published the article about mathemat-
ical wunderkind of America.

Codes of the Golden p-proportions

Bergman’s system (76) allows the following generalization [3]. Consider the set of the following
standard line segments:

S, ={CDI‘D}, i=0,41,42,43,... (77)

where p =0 is a given integer, @, is the golden p-proportion, a real root of the characteristic equa-
tion (20). Remind that the powers of the golden p-proportions d),iJ are connected between them-

selves with the mathematical identity (17).
By using the set (77), we can “construct” the following positional representation of real numbers:

A=Y ad}, (78)

Where a;je{0, 1} is a binary numeral of the i-th digit of the positional representation (78), i =0, +1,
12, +3, ..., @, is a radix of the numeral system (78). We shall name the sums (78) codes of the

golden p-proportion. Note, that a theory of these codes is described in Stakhov’s 1984 book [3].
The formula (78) “generates” an infinite number of different positional numeral systems because

every p (p=0, 1, 2, 3, ...) leads to its own numeral system of the kind (78). Note, that for p=0 the

radix ®, =@, =2 and the numeral system (78) is reduced to the classical binary system, the base

of modern computers. For the case p=1 the golden mean o =(1+ Jg)/z is the radix of numeral sys-

tem (78) and, therefore, the numeral system (78) is reduced to Bergman's system (76).
Note that for the case p>0 all the radices @, of numeral system (78) are irrationals. This

means that the numeral system (78) set a general class of numeral systems with irrational radices.
However, for the case p =0 we have the only exception, because for this case the numeral system
(78) is reduced to the classical binary system.

The main conclusion from this study is the following. The researchers by George Bergman [59]
and Alexey Stakhov [3] resulted in the discovery of new class of positional numeral systems — nu-
meral systems with irrational radices, which can become a basis for new information technology —
“Golden” Information Technology.

New properties of natural numbers

Let us study the formulas (76) and (78) from number-theoretical point of view. First of all, let us
say that the expressions (76) and (78) can be seen as a new (constructive) definition of real num-
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bers. It is clear that the sum of (78) specifies an infinite number of such representations because
every integer p>0 gives its own positional representation in the form (78). Every positional
presentation (78) divides all real numbers into two groups, constructive numbers, which may be
represented as the finite sum of the golden p-proportions in the form of (78), and non-constructive
numbers, which can not be represented in the form of the finite sum (78).

Thus, the definitions (76) and (78) are sources for the new number theory — the “golden” num-
ber theory. This theory is described for the first time in Stakhov’s article [17] (the article [17] was
published by recommendation of academician Yuri Mitropolski) and then in the article [79]. Based
on this approach, Alexey Stakhov has discovered in [17, 79] new properties of natural numbers. Let
us consider them for the case of Bergman’s system (76), which is partial cases of the codes of the
golden p-proportions (78) for the case p=1. Let us represent some natural number N in Bergman'’s
system:

It is proved in [17,79] that for arbitrary natural number N the sum (79) consists of the finite
number of terms, that is, arbitrary natural number N is constructive number in the system (79). In
further we will name the sum (79) @ -code of natural number N. It is proved in [17,79] that this
property is valid for all codes of the golden p-proportions (78).

The Z-property of natural numbers is based on the following simple reasoning. Let us consider
the ®-code of natural number N given by the sum (79). It is known [11] the following formula,
which connects the golden mean powers @' (i=0,£1,+2,43,...) with the Fibonacci and Lucas num-

bers:
CDi — I—| + IZI«/g
-

If we substitute @', given by (80), in the formula (79), then after simple transformation we can
write the expression (79) as follows:

(80)

2N =A+B\5, (81)
where

A= Zai L. (82)

B= Zai F. (83)

By studying the “strange” expression (81), we can conclude that the identity (81) can be valid for
the arbitrary natural number N only if the sum (83) is equal to 0 (“zero”), and the sum (82) is double

of N, that is,
i

A=) al;=2N. (85)

Let us compare now the sums (84) and (79). Since the binary numerals @; in these sums coin-
cide, it follows that the expression (84) can be obtained from the expression (79) by simple substitu-
tion of every power of the golden mean @' instead the Fibonacci number F., where the discrete
variable i takes its values from the set {0,+1,£2,43,...}. However, according to (84) the sum (83)
is equal to 0 independently of the initial natural number N in the expression (79). Thus, we have
discovered a new fundamental property of natural numbers, which can be formulated through the
following theorem.

Theorem 3 (Z-property of natural numbers). If we represent an arbitrary natural number N in
Bergman'’s system (79) and then substitute the Fibonacci number F, instead the power of the gold-
en mean @' in the expression (79), where the discrete variable i takes its values from the set
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{0,#1,#2,#3,...}, then the sum that appear as a result of such a substitution is equal to 0 inde-
pendently on the initial natural number N, that is, we get the identity (84).
The expression (85) can be formulated as the following theorem.

Theorem 4 (D-property). If we represent an arbitrary natural number N in Bergman’s system
(79) and then substitute the Lucas number L; instead the power of the golden mean @' in the ex-

pression (79), where the discrete variable i takes its values from the set {0,#1,#2,#3,...}, then the
sum that appears as a result of such a substitution is equal to 2N independently of the initial natural
number N, that is, we get the identity (85).

Thus, Theorems 3 and 4 provide new fundamental properties of natural numbers [17,79]. It is
surprising for many mathematicians to find that the new mathematical properties of natural numbers
were only discovered at the end of the 20th century, that is, 2% millennia after the beginning of
their theoretical study. The golden mean and the Fibonacci and Lucas numbers play a fundamental
role in this discovery. This discovery connects together two outstanding mathematical concepts of
Greek mathematics - natural numbers and the golden section. This discovery is the next confirma-
tion of the fruitfulness of the constructive approach to the number theory based upon Bergman’s
system (79) and codes of the golden p-proportions (78).

9. The “Golden” information technology: a revolution in computer science

9.1. Fibonacci computers. The introduced above new positional representations — Fibonacci p-
codes (70), Bergman system (76) and codes of the golden p-proportions (78) can be the sources of
new computer projects — Fibonacci computers. This concept, first described in Stakhov’s book [1],
is one of the important ideas of modern computer science. The essence of the concept consists of
the following. Modern computers are based on the binary system (75), which represents all numbers
as the sums of the binary numbers with binary coefficients, 0 and 1. However, the binary system
(75) is non-redundant numeral system what does not allow detecting errors, which could appear in
computer in the process of its exploitation. In order to eliminate this shortcoming, Alexey Stakhov
suggested in [1,3] to use the Fibonacci p-codes and codes of the golden p-proportions.

International recognition of the Fibonacci Computer concept began after Stakhov’s lecture in
Vienna on the joint meeting of the Austrian Computer and Cybernetic Societies in 1976. The very
positive reaction to Stakhov’s lecture by the Austrian scientists, including Professor Aigner, Direc-
tor of the Mathematics Institute of the Graz Technical University, Professor Trappel, President of
the Austrian Cybernetic society, Professor Eier, Director of the Institute of Data Processing of the
Vienna Technical University, and also Professor Adam the representative of the Faculty of Statis-
tics and Computer Science of Johannes Kepler Linz University, caused the decision of the Soviet
Government to patent Stakhov’s inventions in the Fibonacci computer field abroad. The general
outcome of the Fibonacci invention patenting surpassed all expectations. 65 foreign patents on vari-
ous devices for the Fibonacci computer were given by the State Patent Offices of the U.S., Japan,
England, France, Germany, Canada, Poland and GDR. These patents testify to the fact that the
Fibonacci computer was a world class innovation, because the Western experts could not challenge
the Soviet Fibonacci computer inventions. This means, as a result, the Fibonacci patents are the of-
ficial legal documents, which confirm Soviet priority in this computer direction.

Any expert, who is interested in the Fibonacci computer project, will ask the question: what Fib-
onacci computer research is done in other countries? Some publications of American scientists on
the Fibonacci arithmetic and applications in the Fibonacci computer field are presented in [60-63].

It is important to note the recent applications of the Fibonacci p-codes (70) to digital signal pro-
cessing [64,65]. In the Russian science the idea of the use of Fibonacci p-numbers for the design of
super-fast algorithms for digital signal processing were actively developed by the Professor Vladi-
mir Chernov, Doctor in Physics and Mathematics at Samara the Images Processing Institute of the
Russian Academy of Science [64]. Also Fibonacci p-numbers for the development of super-fast al-
gorithms for digital signal processing are widely used by the research group from the Tampere

54



ISSN 2519-2310 CS&CS, Issue 2(2) 2016

International Center for Signal Processing (Finland). As is shown in the book [65], the super fast
algorithms for digital signal processing requires a processing of numerical data represented in the
Fibonacci p-codes (70). This means that for the realization of such super-fast transformations re-
quires for the specialized Fibonacci signal processors! This is why the problem of Fibonacci pro-
cessor development is of vital concern today!

9.2. The “golden” ternary mirror-symmetrical arithmetic. In 1958 the ternary Setun computer
was designed in Moscow University under supervision of Nikolay Brousentsov. Its peculiarity was
the use of ternary numeral system:

A=>¢c3, (86)
where ¢, e {1,o,i} is a ternary numeral of the i-th digit, 3' is the weight of the i-th digit.

Many modern computer experts have come to the conclusion that the ternary computer design
principle may bec ome an alternative in the future of computer progress. In this connection, it is im-
portant to recall the opinion of well-known Russian scientist, Prof. Dmitry Pospelov, on the ter-
nary-symmetrical numeral system (86). In his book [66] he wrote: “The barriers, which stand in the
way of application of ternary-symmetric number systems in computers, are of a technical character.
Until now, economical and effective elements with three stable states have not been developed. As
soon as such elements will be designed, a majority of computers of the universal kind and many
special computers will most likely be re-designed so that they will operate on the ternary-symmetric
number system.” Also, American scientist Donald Knuth expressed the opinion [67] that one day
the replacement of “flip-flop” by “flip-flap-flop” will occur.

Alexey Stakhov in [16] has developed a new ternary arithmetic, which is original synthesis of
the ternary number system (86), used by Nikolay Brousentsov (Fig. 3) in the Setun computer, and
Bergman’s system (76). With purpose to explain new ternary representation of numbers, based on
the golden mean, let us consider infinite sequence of the even powers of the golden mean:

{CDZ‘}, i=0,+1,+2,43,..., (87)
where cD:(1+\E)/2 is the golden mean.

It is proved in [16] that we can represent all integers (positive and negative) as the following
sum called ternary @-code of integer N:

N =_+Zw“ C (cpz)i, (88)

|=—00

where c, e{l,o,i} is a ternary numeral of the i-th digit, (@' is the weight of the i-th digit of the
positional representation (88), and 2 :(3+\/§) /2~2.618 is a radix of numeral system (88).

Fig. 3 - Donald Knuth (born 1938) and Nikolay Brousentsov (1925-2014)
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The article Brousentsov’s Ternary Principle, Bergman’s Number System and Ternary Mirror-
Symmetrical Arithmetic [16] published in The Computer Journal (England) got a high approval of
the two outstanding computer specialists - Donald Knuth (Fig. 3), Professor-Emeritus of Stanford
University and the author of the famous book The Art of Computer Programming [67], and Nikolay
Brousentsov, Professor of Moscow University, a principal designer of the fist ternary Setun com-
puter. And this fact gives a hope that the ternary mirror-symmetrical arithmetic [16] can become a
source of new computer projects in the nearest time.

10 The important “golden” discoveries in botany, biology and genetics

10.1. Bodnar’s geometry. The phyllotaxis phenomenon shows itself in inflorescences and
densely packed botanical structures, such as, pinecones, pineapples, cacti, sunflowers, cauliflowers
and many other structures. As is well known, according to phyllotaxis law the numbers of the left-
hand and right-hand spirals on the surface of phyllotaxis objects (Fig. 4) are always the adjacent
Fibonacci numbers: 1,1, 2, 3,5, 8, 13, 21, 34, ... . Their ratios

1235813 21 )

are called a symmetry order of phyllotaxis objects. The phyllotaxis phenomenon is exciting the best
minds of humanity during many centuries (Johannes Kepler, André Weil, Allan Turing and oth-
ers).

Fig. 4 - Pyllotaxis structures: - pine cone (a); - pineapple (b); - Romanesque cauliflower (c)

The puzzle of phyllotaxis consists of the fact that a majority of bio-forms changes their phyllo-
taxis orders (95) during their growth. It is known, for example, that sunflower disks that are located
on the different levels of the same stalk have different phyllotaxis orders; moreover, the more the
age of the disk, the more its phyllotaxis order. This means that during the growth of the phyllotaxis
object, a natural modification (an increase) of symmetry happens and this modification of symmetry
obeys the law:

2 3 5 8 13 21

- DD — > — ...
1 2 3 5 8 13

The law (90) is called dynamic symmetry.

Note that the change of orders of phyllotaxis (90) carried out in strict accordance with the Prin-
ciple of self-similarity, that is, all phyllotaxis structures are self-similar structures.

Recently the Ukrainian researcher Oleg Bodnar had developed very interesting geometric theory
of phyllotaxis [45]. He proved that phyllotaxis geometry is a special kind of hyperbolic geometry
based on the “golden’ hyperbolic functions similar to the recursive hyperbolic Fibonacci and Lucas
functions (29). Such approach allows explaining geometrically how the “Fibonacci spirals” appear

(90)
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on the surface of phyllotaxis objects in process of their growth. Bodnar’s geometry [45] is of fun-
damental importance because it touches on fundamentals of theoretical natural sciences, in
particular, this discovery gives a strict geometrical explanation of the phyllotaxis law and dy-
namic symmetry based on Fibonacci numbers.

10.2. The Golden Section and a heart. During many years the Russian biologist VIadimir
Tsvetkov had fulfilled fundamental scientific researches on the theme The Golden Section and a
Heart [68,69]. This led to the following conclusions. The golden mean is displayed very widely in
the work of the heart and all its systems. The main purpose of this work is a creation of stable and
energy-optimal system. The mode of the golden section brings to maximum economy of energy
and building material. The golden harmony of the heart activity corresponds to physiological calm
of human body. In this state the heart works in economic, “golden” mode. After stopping any phys-
ical load, a blood circulation of the body and heart after some time returns back to the “golden”
mode as the most economical one. The state of calm is prevailing over the life for even a very active
animal. Therefore we can say that the heart and body aim for the golden harmony of “opposites”!
The availability of the golden mean in a wide variety of different heart systems confirms the univer-
sality of the golden mean for the heart work. The golden harmony is a “sign of quality” of a car-
diac system and the heart in the whole.

10.3. Fibonacci’s resonances of genetic code. Among the biological concepts [70] that are well
formalized and have a level of general scientific significance, the genetic code takes special prec-
edence. Discovery of the striking simplicity of the basic principles of the genetic code places it
amongst the major modern discoveries of mankind. This simplicity consists of the fact that inher-
itable information is encoded in the texts from three-lettered words - triplets or codonums com-
pounded on the basis of the alphabet that consists of the four characters or nitrogen bases: A
(adenine), C (cytosine), G (guanine), T (thiamine). The given system of the genetic information
represents a unique and boundless set of diverse living organisms and is called genetic code.

In 1990 Jean-Claude Perez, an employee of IBM, made a rather unexpected discovery in the
field of the genetic code. He discovered the mathematical law that controls the self-organization of
bases A, C, G and T inside of the DNA. He found that the consecutive sets of the DNA nucleotides
are organized in frames of remote order called RESONANCES. Here, the resonance means a special
proportion that divides the DNA sequence according to Fibonacci numbers (1, 2, 3, 5, 8, 13, 21, 34,
55, 89, 144 ...).

The key idea of Perez’s discovery, called the DNA SUPRA-code, consists of the following. Let
us consider some fragment of the genetic code that consists of the 4, C, G and T bases. Suppose that
the length of this fragment is equal to some Fibonacci number, for example, 144. If a number of the
T-bases in the DNA fragment is equal to 55 (Fibonacci number), and a total number of the C, 4 and
G bases is equal to 89 (Fibonacci number), then this fragment of the genetic code forms is a RESO-
NANCE, that is, a proportion between three adjacent Fibonacci numbers (55:89:144). Here it is
permissible to consider any combinations of the bases, that is, C against AGT, A against TCG, or G
against 7CA. The discovery consists of the fact that the arbitrary DNA-chain forms some set of the
RESONANCES. As a rule, the fragments of the genetic code of the length equal to the Fibonacci
number F), are divided into the subset of the 7-bases, and the subset of the remaining 4, C, G bases;
here the number of 7-bases is equal to the Fibonacci number F),., and the total number of the re-
maining 4,C, G bases is equal to the Fibonacci number F),., where F,=F, ;+F,. If we make a sys-
tematic study of all the Fibonacci fragments of the genetic code, we can obtain a set of the reso-
nances that is called the SUPRA-code of DNA.

10.4. “Golden” genomatrices. Recently the Russian researcher Sergey Petoukhov made an
original discovery in genetics [70]. Petoukhov’s discovery [70] shows a fundamental role of the
golden mean in genetic code. This discovery gives further evidence that the golden mean underlies
all Organic Nature! It is difficult to estimate the full impact of Petoukhov’s discovery for the de-
velopment of modern science. It is clear that this scientific discovery is of revolutionary discovery
in this field.
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11 The revolutionary “golden” discoveries in crystallography, chemistry, theoretical
physics and cosmology

11.1. Quasi-crystals: revolutionary discovery in crystallography. According to the main law of
crystallography, there are strict restrictions imposed on the structure of a crystal. According to
classical ideas, the crystal is constructed from one single cell. The identical cells should cover a
plane densely without any gaps. As we know, the dense filling of a plane can be carried out by
means of equilateral triangles, squares and hexagons. A dense filling of the plane by means of pen-
tagons 1s impossible, that is, according to the main law of crystallography pentagonal symmetry is
prohibited for mineral world.

On November 12, 1984 in a small article, published in the authoritative journal Physical Review
Letters, the experimental proof of the existence of a metal alloy with exclusive physical properties
was presented. The Israeli physicist Dan Shechtman was one of the authors of this article. A spe-
cial alloy, discovered by Professor Shechtman in 1982 and called quasi-crystal, is the focus of his
research. By using methods of electronic diffraction, Shechtman found new metallic alloys having
all the symptoms of crystals. Their diffraction pictures were composed from the bright and regularly
located points similar to crystals. However, this picture is characterized by the so-called icosahe-
dral or pentagonal symmetry, strictly prohibited according to geometric reasons. Such unusual al-
loys are called quasi-crystals.

Quasi-crystals are revolutionary discovery in crystallography. The concept of quasi-crystals gen-
eralizes and completes the definition of a crystal. Gratia wrote in the article [71]: “A concept of the
quasi-crystals is of fundamental interest, because it extends and completes the definition of the crys-
tal. A theory, based on this concept, replaces the traditional idea about the ‘structural unit,’ repeat-
ed periodically, with the key concept of the distant order. This concept resulted in a widening of
crystallography and we are only beginning to study the newly uncovered wealth. lIts significance in
the world of crystals can be put at the same level with the introduction of the irrational numbers to
the rational numbers in mathematics.”

What is the practical significance of the discovery of quasi-crystals? Gratia writes in [71] that
“the mechanical strength of the quasi-crystals increased sharply; here the absence of periodicity
resulted in slowing down the distribution of dislocations in comparison to the traditional metals.
This property is of great practical significance: the use of the “icosahedral” phase allows for light
and very stable alloys by means of the inclusion of small-sized fragments of quasi-crystals into the
aluminum matrix.”

Note that Dan Shechtman published his first article on the quasi-crystals in 1984, that is, exactly
100 years after the publication of Felix Klein’s Lectures on the Icosahedron in 1884 [72]. This
means that this discovery is a worthy gift to the centennial anniversary of Klein’s book, in which
the famous German mathematician predicted an outstanding role for the icosahedron in future sci-
entific development.

In 2011 Dan Shechtman won the Nobel Prize in chemistry for this discovery.

11.2. Fullerenes: revolutionary discovery in chemistry. Fullerenes are an important modern
discovery in chemistry. This discovery was made in 1985, several years after the quasi-crystal dis-
covery. The “fullerene” is named after Buckminster Fuller (/895 -1983), the American designer,
architect, poet, and inventor. Fuller created a large number of inventions, primarily in the fields of
design and architecture.

The title of fullerenes refers to the carbon molecules Cgy, C79, C76, and Cgs. We start from a brief
description of the Cgp molecule. This molecule plays a special role among the fullerenes. 1t is char-
acterized by the greatest symmetry and as a consequence is highly stable. By its shape, the mole-
cule Cq (Fig. 4, on the right) has the structure of Archimedean truncated regular icosahedron
(Fig. 4, on the left).

The atoms of carbon in the molecule Cgp are located on the spherical surface at the vertices of 20
regular hexagons and 12 regular pentagons; here each hexagon is surrounded by three hexagons and
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three pentagons, and each pentagon is surrounded by five hexagons. The most striking property of
the Ceo molecule is its high degree of symmetry. There are 120 symmetry operations that convert
the molecule into itself making it the most symmetric molecule.

Fig.4 - Archimedean truncated icosahedron (a)
and the molecule Cqg (b)

It is not surprising that the shape of the Cg molecule has attracted the attention of many artists
and mathematicians over the centuries. As mentioned earlier, the truncated icosahedron was al-
ready known to Archimedes. The oldest known image of the truncated icosahedron was found in
the Vatican library. This picture was from a book by the painter and mathematician Piero della
Francesca. We can find the truncated icosahedron in Luca Pacioli’s Divina Proportione (1509).
Also Johannes Kepler studied the Platonic and Archimedean Solids actually introducing the name
truncated icosahedron for this shape.

The fullerenes, in essence, are "man-made" structures following from fundamental physical re-
search. They were discovered in 1985 by Robert F. Curl, Harold W. Kroto and Richard E.
Smalley. The researchers named the newly-discovered chemical structure of carbon Cgo the buck-
minsterfullerene in honor of Buckminster Fuller. In 1996 they won the Nobel Prize in chemistry
for this discovery.

Fullerenes possess unusual chemical and physical properties. At high pressure the carbon Cg
becomes firm, like diamond. Its molecules form a crystal structure as though consisting of ideally
smooth spheres, freely rotating in a cubic lattice. Owing to this property, Cgo can be used as firm
greasing (dry lubricant). The fullerenes also possess unique magnetic and superconducting proper-
ties.

11.3. Fibonacci’s interpretation of Mendeleev’s Periodical Table. Recently the Russian re-
searchers Shilo and Dinkov have suggested in the work [73] very interesting interpretation of Men-
deleev’s Periodical Law of chemical elements. The essence of this suggestion consists of the follow-
ing. The Great Russian scientist Dmitry Mendeleev suggested the Periodical Law 137 years ago.
During this time, Mendeleev’s Periodical Law played a huge role in the development of not only
chemistry, but also of physics, biology, geochemistry, mineralogy, petrology, crystallography, and
other sciences. In other words, it has stimulated scientific progress in all areas, where chemical ele-
ments are the basis of natural or artificial processes. But during this time scientists of different spe-
cialties in one or another form expressed dissatisfaction concerning Mendeleev’s Periodical Law,
despite the acclaim of its brilliant fundamental properties.

As it is emphasized in [73], Dmitry Mendeleev suggested a spiral form of the Periodical System
yet in his first article on this topic. This was his brilliant prediction. Later in his total article Period-
ical regularity of chemical elements Mendeleev wrote: «In fact, all the distribution of elements is
uninterrupted and corresponds, in some degree, to spiral functiony. It is asserted in [73] that, in the
first days of the Periodical Law discovery, Mendeleev had used a dual form of the Periodic Law.
Now it is clear that all Mendeleev’s intuitive and prophetic ideas can be combined in the spatial
helical form of the Periodic Law.
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By studying Mendleev’s Peridical System from this point of view, Shilo and Dinkov came in
[73] to the important conclusion: "Thus, the spatial curve (spiral), where chemical elements are
placed, are located inside the cone or Lobachevski’s pseudo-sphere. The chemical elements are
presented of this spiral in discrete points (or «balls»). Projection of the elements on the horizontal
plane, that is, on the cone base, presents Fibonacci’s spiral, that is, such a spiral, where difference
between atomic numbers of any two consecutive chemical elements is equal to Fibonacci num-
bers.”

Shilo and Dinkov pointed in [73] different relations, which determine a connection of the Peri-
odical System with the golden mean and Fibonacci numbers:

1. A ratio of the number of the even mass nuclides of to the number of the even mass nuclides is
equal to 2x89 / 2x55 ~ ®, where @ is the golden mean.

2. A ratio the number of the even charge nuclides to the number of the odd charge nuclides is
equal to 220/68 ~ @, where @ is the golden mean.

3. If we arrange in the increase order the 165 even-even nuclides, we get that the well-known
“magic” neutron numbers 2, 8, 14, 20, 28, 50, 82, 126 correspond to the following nuclide numbers
of our arrangement: 1, 3, 8. 13, 21, 55, 110=2x55, 165=3x55.

It seems that Shilo and Dinkin’s distribution of the chemical elements, based on Fibonacci num-
bers, offers great opportunities to predict new properties of chemical elements what plays some-
times a decisive role in their use. And we can agree with the following Shilo and Dinkin’s asser-
tion: “If we move in this way, we inevitably will come to a completely new understanding of many
processes and phenomena, perhaps, we even will change our ideas on the Universe.”

11.4. El Nashie’s E-infinity theory. Prominent theoretical physicist and engineering scientist
Mohammed S. El Nashie is a world leader in the field of the golden mean applications to theoreti-
cal physics, in particular, quantum physics [74—76]. El Nashie’s discovery of the golden mean in
the famous physical two-slit experiment-which underlies quantum physics—became a source for
many important discoveries in this area, in particular, the E-infinity theory. It is also necessary to
note the contribution of Slavic researchers to this important area. The book [77], written by the
Byelorussian physicist Vasyl Pertrunenko, is devoted to the applications of the golden mean in
quantum physics and astronomy.

11.5. Fibonacci-Lorentz transformations and the “golden” cosmological interpretation of the
Universe evolution. As is known, Lorentz’s transformations used in special relativity theory (SRT)
are the transformations of the coordinates of the events (x, y, z, t) at the transition from one inertial
coordinate system (ICS) K to another ICS K’ , which is moving relatively to ICS K with a constant
velocity V.

The transformations were named in honor of Dutch physicist Hendrik Antoon Lorentz (1853-
1928), who introduced them in order to eliminate the contradictions between Maxwell’s electrody-
namics and Newton's mechanics. Lorentz’s transformations were first published in 1904, but at that
time their form was not perfect. The French mathematician Jules Henri Poincaré (1854-1912)
brought them to modern form.

In 1908, that is, three years after the promulgation of SRT, the German mathematician Hermann
Minkowski (1864-1909) gave the original geometrical interpretation of Lorentz’s transformations.
In Minkowski’s space, a geometrical link between two ICS K and K’ are established with the help
of hyperbolic rotation, a motion similar to a normal turn of the Cartesian system in Euclidean
space. However, the coordinates of x”and t”in the ICS K”are connected with the coordinates of x
and t of the ICS K by using classical hyperbolic functions. Thus, Lorensz’s transformations in
Minkowski’s geometry are nothing as the relations of hyperbolic trigonometry expressed in physics
terms. This means that Minkowski’s geometry is hyperbolic interpretation of SRT and therefore it is
a revolutionary breakthrough in geometric representations of physics, a way out on a qualitatively
new level of relations between physics and geometry.

Alexey Stakhov and Samuil Aranson put forward in [37] the following hypotheses concerning
the “golden” SRT:
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1. The first hypothesis concerns the light velocity in vacuum. As is well known, the main dispute
concerning the SRT, basically, is about the principle of the constancy of the light velocity in vacu-
um. In recent years a lot of scientists in the field of cosmology put forward a hypothesis, which puts
doubt the permanence of the light velocity in vacuum - a fundamental physical constant, on which
the basic laws of modern physics are based. Thus, the first hypothesis is that the light velocity in
vacuum was changed in process of the Universe evolution.

2. Another fundamental idea involves with the factor of the Universe self-organization in the
process of its evolution. According to modern view [82], a few stages of self-organization and deg-
radation can be identified in process of the Universe development: initial vacuum, the emergence of
superstrings, the birth of particles, the separation of matter and radiation, the birth of the Sun,
stars, and galaxies, the emergence of civilization, the death of Sun, the death of the Universe. The
main idea of the article [37] is to unite the fact of the light velocity change during the Universe evo-
lution with the factor of its self-organization, that is, to introduce a dependence of the light velocity
in vacuum from some self-organization parameter y, which does not have dimension and is chang-

ing within: (—oo<\|j<+oo). The light velocity in vacuum c is depending on the “self-organization”
parameter y (—o <y <+o0) and this dependence has the following form:

c=c(y)=c(y)c,- (91)

As follows from (91), the light velocity in vacuum is a product of the two parameters: ¢, and
c(y) . The parameter ¢, = const, having dimension [m.sec™], is called normalizing factor. It is as-

sumed in [37] that the constant parameter co is equal to FEinstein’s light velocity in vacuum
(2.998x10° msec™) divided by the golden mean @ :(1+ \/5)/2 ~1,61803. The dimensionless parame-

ter c(y) is called non-singular normalized Fibonacci velocity of light in vacuum.

3. The “golden” Fibonacci goniometry is used for the introduction of the Fibonacci-Lorentz
transformations, which are a generalization of the classical Lorentz transformations. We are talking
about the matrix

_(cFs(y—-1) sFs(y—2)
Q("’)_( sFs(y) cFs(y-1) ) (92)

whose elements are symmetric hyperbolic Fibonacci functions (29). The matrix Q(y) of the kind
(92) is called non-singular two-dimensional Fibonacci-Lorentz matrix and the transformation

[aJ_(ch(w—l) SFS(W_Z))@ ©3)
X )\ sFs(y)  cFs(y—1) | %
is called non-singular two-dimensional Fibonacci-Lorentz transformations. The above approach to
the SRT led to the new (“golden”) cosmological interpretation of the Universe evolution and to the
change of the light velocity before, inthe moment, and after the bifurcation, called Big Bang.
Based on this approach, Alexey Stakhov and Samuil Aranson have obtained in [37] new cos-
mological results in the Universe evolution, beginning with the «Big Bangy. In particular, they put
forward a hypothesis that there are two “bifurcation points” in the Universe evolution. The first one
corresponds to the “Big Bang”, and the second one corresponds to the transition of the Universe
from the Dark Ages to the Shining Period, where light and first stars have arisen. The speed of light
immediately after the second “Bifurcation point” is very high, but as far as the evolution of the Uni-

verse the speed of light starts to drop and reaches the limit value C~300000 km/sec™.

12 The latest results and publications in the field of Mathematics of Harmony

The ancient Greeks raised the golden section at the level of “aesthetic canon” and “major ratio”
of the Universe. For centuries or even millennia, starting from Pythagoras, Plato, Euclid, this ge-
ometric discovery has been the subject of admiration and worship of eminent minds of humanity -
in the Renaissance, Leonardo da Vinci, Luca Pacioli, Johannes Kepler, in the 19 century -
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Zeizing, Lucas, Binet. In 20-th century, the interest in this unique irrational number increased in
mathematics, thanks to the works of Russian mathematician Nikolay Vorobyov and American
mathematician Verner Hoggatt. The development of this direction led to the appearance of the
Mathematics of Harmony [36] as a new interdisciplinary theory of modern science.

The Mathematics of Harmony is now the actively developing mathematical discipline, which ex-
pands the scope of its applications and already goes out to the level of mathematical and physical
MILLENIUM PROBLEMS [80,81,83]. Let us consider new mathematical results, obtained in the
works [49,79,80,81,83]:

1. The article [49] is very important article for the mathematics history. It turns over our ideas
about Euclid’s Elements and the history of mathematics, starting from Euclid. This article is espe-
cially important for mathematical education because it brings nearer mathematics to Nature and fine
arts and makes mathematics more interesting discipline for learning. Introduction of the course
""Mathematics of Harmony" into the educational programs of schools, colleges and universi-
ties can be a revolutionary idea in modern education.

2. The article [79] is developing the concept of the "golden" number theory, described above. A
discovery of new and unusual properties of natural numbers is a basic mathematical result of
the article [79].

3. The article [80] is devoted to original solution of the most complicated mathematical problem
of 20" century, the Hilbert Fourth Problem. The metallic means by Vera Spinadel [50] and follow-
ing from them hyperbolic A-Fibonacci and Lucas functions underlie this solution. This solution puts
forward a new challenge for theoretical natural sciences, a search of new hyperbolic worlds of Na-
ture similar to “Bodnar’s geometry” [45], based on the golden ratio. The basic idea of the article
[80] is the fact that Hilbert Fourth Problem is MILLENNIUM PROBLEM in Geometry that
is still not be understood by modern mathematicians.

4. The article [81] is very interesting article from the point of view of theoretical physics. The ar-
ticle gives original solution of one of the important physics MILLENNIUM PROBLEMS, the
problem of FINE-STRUCTURE CONSTANT, formulated in 2000 by the prominent American
physicist David Gross. The solution is based on the non-traditional version of the special theory of
relativity, which follows from the Fibonacci-Lorentz transformations [37] arising from the theory of
the "golden" matrices [26]. On the basis of this approach in the article [81] it is studied changing the
FINE-STRUCTURE CONSTANT, depending on the age of the Universe since the Big Bang. It is
shown that the FINE-STRUCTURE CONSTANT in fact is not a physical constant, but is
physical dimensionless quantity whose value is dependent on the age of the Universe.

5. The article [82] is a development of the well-known Stakhov’s work on Fibonacci p-codes and
codes of the golden p-proportions [1-5] as new arithmetical and informational foundations of com-
puter science and digital metrology for mission-critical applications. Designing Fibonacci and
"golden" computer and measurement systems for mission-critical applications can be revolu-
tionary idea for future informational technology.

6. The book “The “Golden” Non-Euclidean Geometry” [83] summarizes the results of the latest
applications of the “Mathematics of Harmony”, set out in the articles [49,79,80,81,83]. The book
[83] is a further development of the book “The Mathematics of Harmony” [11]. The main goal of
the book [83] is to show that the "Mathematics of Harmony" [11] is an actively developing direc-
tion of contemporary science and that the "Mathematics of Harmony" [11] is indeed a source for
new and original scientific ideas and concepts.

Instead Conclusion:
New Challenge for Theoretical Natural Sciences
Based on the Mathematics of Harmony and “Golden” Hyperbolic Geometry

Although the "Mathematics of Harmony" contains in itself a large number of new scientific find-
ings concerning mathematics (Proclus hypothesis, “golden” number theory and new properties of
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natural numbers, Hilbert’s Fourth Problem), computer science (numeral systems with irrational
radices, conception of Fibonacci computers and ternary mirror-symmetrical arithmetic) and theo-
retical physics (Fibonacci-Lorenz transformations and Fibonacci special theory of relativity), how-
ever the main scientific result of the research, described in [80,83], is a proof of the existence of
an infinite number of new hyperbolic functions, Fibonacci hyperbolic A-functions, based
on the "metallic proportions”. For the given A=1,2,3,.. each class of the Fibonacci hyper-
bolic A-functions, "generates” new hyperbolic geometry, which leads to the appearance in the
"physical world" specific hyperbolic geometries with mathematical properties, based on the "metal-
lic proportions.” The main peculiarity of these new hyperbolic functions, based on “metallic
proportions” and Gazale’s formulas, is a recursive character of these hyperbolic functions.
This means that the “golden” hyperbolic geometries are also recursive, and they embody in them-
selves the Principle of Self-similarity, which is the basis of self-organizing systems of Nature.
This is the main difference between the "golden™ hyperbolic geometries and classical hyperbolic
geometry created by Lobachevski.

The new geometric theory of phyllotaxis, created by Oleg Bodnar [45], is brilliant example of
real existing of the “golden” geometry in Nature. Bodnar proved that "the world of phyllotaxis" is a
specific "golden hyperbolic world," in which “hyperbolicity" manifests itself in the "Fibonacci spi-
rals" on the surface of "phyllotaxis objects."

Recall that "Bodnar's geometry" [45] is based on the recursive Fibonacci hyperbolic functions:

(Dx _ (D—x
sFs(x) =
N3
94
D+ D &9
cFs(x) = T

which are connected with the “extended” Fibonacci numbers, given by Binet’s formulas (28), by the
formulas (33):
(95)

n

| sF(n) for n=2k
“|cF(n)forn=2k +1°

The property (95) defines a recursive character of the hyperbolic functions (94) and following
from them “golden” hyperbolic geometry. Unfortunately, this fundamental property of the new hy-
perbolic functions, based on the metallic proportions @,, in comparison with the classical hyperbol-
ic functions, based on Euler’s number e still not understood by many modern mathematicians, ex-
cepting mathematicians-thinkers such as Academician Yuri Mitropolsky, head of the Ukrainian
School of Mathematics, Russian Professor Samuil Aranson, one of the leading mathematicians of
Russia in the field of topology and geometry, awarded in 2016 by the GOLD MEDAL of Euro
Chamber for outstanding achievements in the field of science, and also Canadian Professor
M. W. Wong (York University), Editor-in-Chief of the Series on Analysis, Applications and Com-
putation (World Scientific), who recommended the book “The “Golden” Non-Euclidean Geometry”
for publication in the World Scientific. Also some philosophers-thinkers such as American Prof.
Scott Olsen, Russian Prof. Sergey Abachiev, and Belarusian philosopher Eduard Soroko
praised the scientific direction of Alexey Stakhov. We present some excerpts from reviews of
famous scientists.

Academician Yuri Mitropolsky [84]:

“One may wonder what place in the general theory of mathematics this work may have. It seems
to me-that in the last few centuries-as Nikolay Lobachevsky said, “Mathematicians have turned all
their attention to the advanced parts of analytics, and have neglected the origins of Mathematics
and are not willing to dig the field that has already been harvested by them and left behind.” As a
result, this has created a gap between “Elementary Mathematics” - the basis of modern mathemati-
cal education - and “Advanced Mathematics.” In my opinion, the Mathematics of Harmony devel-
oped by Professor Stakhov fills that gap. The Mathematics of Harmony is a huge theoretical contri-
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bution to the development of “Elementary Mathematics,” and as such should be considered of great
importance for mathematical education”.

Professor Scott Olsen [85]: “Now for the past two years I have worked very closely with Prof.
Stakhov, editing his book, The Mathematics of Harmony: from Euclid to Contemporary Mathemat-
ics and Computer Science, scheduled for publication by World Scientific later this summer in 2009.
Some of us are convinced that his insights in this work are so remarkable, that it may well change
not only the way we view the history of mathematics, but the future development of mathematics
in its applications to the natural sciences. In particular, I have found that Professor Stakhov’s
knowledge of the Golden Section in both its intricacies and ramifications for the natural sciences is
the actual state of the art in academia. | know this because | have researched the subject for over
35 years, and in 2006 published the award winning book, The Golden Section: Nature’s Greatest
Secret”.

A conception of the “Golden” Non-Euclidean Geometries greatly expands the number of possi-
ble hyperbolic functions with recursive properties. It is proved in [83] that a number of the recursive
hyperbolic geometries is equal infinity, because every 1=1,2,3,... “generates” its own “golden” re-
cursive hyperbolic geometry.

In the book [83], the notion of the normalized distance between classical Lobachevski’s geome-
try with the base e (Euler number) and the “golden” hyperbolic geometries with the bases @, (me-
tallic proportions) has been introduced.

1+\/E_>

2
functions (94). The normalized distance between Bodnar’s geometry and Lobachevski’s geometry is
equal p12~0.7336.

For the first time, the simplest example of the recursive hyperbolic functions has been described
in Stakhov & Rozin’s 2004 article [18] and later Alexey Stakhov generalized the result of the
article [18] in Stakhov’s 2006 article [30]. A detailed study of the recursive Fibonacci hyperbolic A-
functions was done in Stakhov & Aranson’s 2016 article [80] and 2016 book [83]. Basing on the
success of Bodnar’s geometry [45], one can put forward in front to theoretical physics, chemistry,
crystallography, botany, biology, and other branches of theoretical natural sciences the challenge to
search new (“harmonic”) hyperbolic worlds of Nature, based on other classes of the Fibonacci
hyperbolic A-functions (53), (54).

However, the “golden” hyperbolic functions (94), which underlie the hyperbolic phyllotaxis
world, are a special case of the hyperbolic Fibonacci A-functions (1=1). In this regard, there is eve-
ry reason to suppose that other types of hyperbolic functions, the Fibonacci hyperbolic A-functions,
can be the basis for modeling of new "hyperbolic worlds," which possibly can really exist in Na-
ture. Modern science did not find these special “hyperbolic worlds” until now, because the recursive
hyperbolic Fibonacci functions were unknown until early 21th century [18,30]. In this case, per-
haps, the next candidate for the new "hyperbolic world” of Nature may be, for example, “silver”
hyperbolic functions:

The famous irrational number @ = ~1.618 (the golden ratio) is the base of the hyperbolic

SEUﬁJEJ§;=Zj§“hwEY—@+Jax}

oF,00 =P 0 =T (1e42) +(1442)

which are connected with Pell numbers and are based on the "silver mean" @, =1+2~241,
called also Leonardo da Vinci’s constant.

In this regard, we should draw a special attention to the fact that the new hyperbolic geometry,
based on the "silver" hyperbolic functions (96), is the closest to Lobachevski’s geometry, based of
the classical hyperbolic functions with the base e ~2.71. Its normalized distance to Lobachevski’s
geometry is equal p;2~0.1677 what is the smallest among all the distances between “golden”
hyperbolic A-forms (62) and Lobachevski’s metric form (61). It allows from here the assump-

: (96)
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tion that the "silver" hyperbolic functions (96) and the generated by them "silver" hyperbolic
geometry can be soon be found in Nature after Bodnar’s geometry, based on the "golden™
hyperbolic functions (94).

Taking into consideration the above reasoning’s, we can conclude that the recursive hyper-
bolic geometries, based on the Principle of Self-similarity, is the new direction in the develop-
ment of Lobachevski’s hyperbolic geometry and therefore searching new hyperbolic worlds of
Nature, based on recursive hyperbolic geometries, may lead to new scientific discoveries.
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Abstract. We investigate combinatorial properties of the block symmetric ciphers key schedule in the assumption
that the cyclic (round) keys are generated randomly, with equal probability and independently of each other.
The model of random homogeneous substitution is used for an abstract description of this formation. Analytical
expressions allow us to estimate the power of implemented encryption-decryption maps set, obtain estimates of the
probability properties of round keys sequences and ratios of the average number of different key sequences to power
of different master keys set. The simulation results confirm the accuracy and validity of these analytical expressions.
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1 Problem statement and analysis of the literature

Ciphering is widely used in modern information and telecommunication systems for information
protection and security. Ciphering is a reversible cryptographic transformation of open data to hide
its semantic content from unauthorized user (attacker). Bijective processes of encryption and de-
cryption of plaintext blocks and ciphertext blocks are parameterized by key data, which is the same
for symmetric cryptographic transformation [1].

Most of block symmetric ciphers (BSC) are iterative [1], so the encryption is realized by cycli-
cally repeating reversible round function (Fig. 1). The round (cyclic) keys K® K, .., K® are
used for parameterization of round transformations at each iteration of BSC. These keys are formed
by extending (key scheduling) the master key K [1].

Encryption key

\ 4

= Round (cyclic) keys formation scheme
(master key) K"

Round key Round key Ro(u)nd key
(x) () X
1 K, K
\ 4 A 4 \ 4
Plaintext Iteration 1 Iteration 2 Iteration t Ciphertext
> of the > of the — .. — of the —»
(before encryption) encryption encryption encryption (after encryption)

Fig. 1 - Block diagram of an iterative block cipher

© Kuznetsov A., Gorbenko Y., Kolovanova le., 2016 69


mailto:YuGorbenko@iit.kharkov.ua

ISSN 2519-2310 CS&CS, Issue 2(2) 2016

The structure of iterative BSC key schedule and simplicity of round keys formation and/or inter-
dependence are used in the known attacks on the key schedule construction, especially slide attack
[2-4], related-key attack [5-7], etc [1].

In the simplest case the key schedule construction can consist of master key repetition for each
round. A similar approach was used in the formation of cyclic keys in the Soviet symmetric algo-
rithm of cryptographic transformation GOST (State Standard) 28147-89, which is now also the en-
cryption standard of Ukraine DSTU (State Standards of Ukraine) GOST 28147: 2009 [1]. Howev-
er, in the case where to the input of each round function (see. Fig. 1) a certain key is fed, and this
key is the same for all rounds, the cipher becomes vulnerable to slide attack [2,3]. The option when
deployment function involves cyclic repetition of a certain set of round keys (round self-similarity
ciphers) can also be easily reduced to this case [4].

To confront the key schedule cryptanalytic attacks modern BSC use the complicated round keys
schedule construction implemented using conversion cipher transformations. One of these BSC is
the US national standard FIPS -197 (AES) [8,9], adopted in 2001. It is an international algorithm,
which is the most prevalent in today's security protocols. The key schedule of BSC AES is a linear
array of 4-byte words. The first elements of the array contain master encryption key, the rest are
determined recursively by modulo summation of two previous items. For certain positions of the
array additional cipher transformation is also applied, in particular, the nonlinear permutation data

block, and cyclic shift and etc. [8,9]. As a result, a sequence of round key K™ K& . K& is

formed which non-linearly dependent’s on the original master key K™, and this additional non-
linearity can effectively resist slide attacks on key schedule [1].

Related-key attacks were first proposed in [5] and further developed in [6,7]. In particular, the
first cryptanalytic attack on the basis of related keys on a full-cipher AES-192 and AES-256 (vari-
ants of FIPS-197 with key lengths 192 and 256 bits) was described in [7]. It should be noted that the
attacks in [7] are more effective than the full search of master keys, i.e. we can talk with certainty
about the actual decrease of standardized cryptographic algorithm resistance.

Thus, the attacks on the key schedule are continuously improved and their possible use repre-
sents a real security threat to modern information systems and technologies [1-7]. Efficient BSC
must effectively resist to the key schedule attacks and the key schedule construction must not con-
tain any vulnerabilities caused by the simplicity of formation and the mutual dependence of cyclic
keys [11]. In fact, we are talking about "ideal" round keys deployment, when each element of the

sequence KX, K ...,K™ are generated randomly, with equal probability, and independently of

the other cyclic keys. Only in this case we can talk with certainty about the futility of the key
schedule attacks because each round BSC is parameterized by randomly chosen value and would
operate independently from other iterations of the encryption scheme (see. Fig. 1).

As an example of the key schedule schemes development we can use the algorithm "Kalyna",
adopted as a national standard of BSC in Ukraine [12]. It has enhanced the cyclic key schedule con-
struction, due to the use of special one-way functions. The cyclic keys of BSC "Kalyna" are formed
as a result of several rounds of encryption, parameterized by auxiliary key. The auxiliary key, in its
turn, is also formed as a result of multiple rounds encryption parameterized by master key. In other

words, the separate elements of the cyclic keys sequence K™, K ...,K® are generated by inde-

pendent encrypting of various input data blocks on different keys. Assuming that applied encryption
implements are a random substitution (permutation) of data blocks [13-14], then the resulting round
keys are generated randomly, with equal probability and independently of each other [11,15]. In
particular, in [15] the properties of the key schedule of BSC "Kalyna™ are investigated to confirm
the resilience of the cipher to related-key attacks and attacks on implementation.

It should be noted that, even under random, equiprobable and independent formation of the
round key the corresponding sequence can be the same, what is equivalent to reduction the power of
encryption-decryption implemented maps set.

70



ISSN 2519-2310 CS&CS, Issue 2(2) 2016

The aim of this work is to analyses combinatorial properties of BSC key schedules, provided that
cyclic keys are generated randomly, with equal probability and independently of each other. The
model of random homogeneous substitution is used for an abstract description of this formation.
The practical benefit of this research results consists in providing its interpretation in order to assess
the properties of the key schedule in recently adopted national standard BSC of Ukraine.

2 Random substitution as a model for the cyclic keys formation

Let us consider the definition and basic properties of a random substitution (permutation)
[13,14], that will be used further to assess the probability properties of round key sequences.
In combinatorics, a permutation is an ordered set of numbers 1,2,...,n, that is a bijection on the

set {1, 2,..., n} , Which puts the i-th elements of the set in correspondence to the i number. The num-

ber n in this case is called the order (degree) of permutation [13,14].
The substitution s of arbitrary set Y ={y,,V,,..., ¥, } is a rule that each element y, of set Y puts

in correspondence some other element s(y,) [13,14]:

S:[yl Yo o yn)
s(y) s(¥z) - s(¥n)

In group theory the substitution is a bijection of this set into itself, i.e. substitution s degrees n
is considered as a permutation of the elements of the set Y ={y,,¥,,...,y,} and forall i=1,2,...,n
corresponding s(y;,) €Y .

The function s(y;) value for a specific element y, €Y will be called the implementation of sub-

stitution s in i-th point.
The composition of substitutions s, and s, degree n is defined as the consistent fulfillment of
the set Y elements permutation [13,14]:

Sos:( Yy Y e Y
S s s (Y2)) e su(Su(YR))

Concerning operations of sequential substitutions execution the set of all n! permutations degree
n forms a group, called the symmetric group and denoted as S, ={S,,S,,...,S,.} -

By definition [13,14], random substitution (permutation) s, is the random vector
s, (V), S, (V,),--, S, (Y,)}, where all elements take values from the Y set and the probability of a
match of any two elements is equal to 0. In other words, a random substitution is randomly chosen
permutation from the set S,

:[ Y, Y, A

j, S, (Su(¥)) €Y .

S, (V) s (Y2) o si(Ya)

defined by a set (vector) of random values {s, (Y,),S,(Y,),---,S,(Y,)}, that match probabilities satisfy
the following condition:

J, s, €S, xe{l,2,..,n!},

Viz je{l2,..,n}:P(s, () =s,(y;))=0.

Thus, under the implementation of a random substitution s, we mean the specific implementa-
tion of random vector {s, (y,),S,(Y,),---.S,(Y,)} and the corresponding value of the s, (y,) function
we will call the implementation of a random substitution s, in the i -th point.

Independent random substitution is called such a random permutation {s, (;),S,(Y,),---» S, (Y,)},
for which is true
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p(s,) = PEODPE.PE.()

z:‘ip(su(yl))P(su(yz))P(Su(yn))
If Vi,uefl,2,..,n}:P(s,(y,))=n"then
P, (Y)IP(S,(¥,)) - P(s,(¥,)) _ n" 1

P(Sx) T ] = al
2 P, (P () - PGS, (y)) - 20

and s, is called the random, equiprobable and independent (or, in abbreviated form, homogeneous)
random substitution.

Thus, the concept of a random homogeneous substitution corresponds to a uniform probabilistic
distribution on the set S, ={s,,s,,..., S} With the independent implementation of random vectors

{5 (Y1), 8, (¥2), -0 8, (¥} ()
s, €S,, Vxe{l,2,...,n1}:P(s,) =(n) .

Modern BSC are commonly described by the random homogeneous substitution model [1,11],
i.e. it is a standard assumption that probabilistic properties of a processed data blocks bijection im-
plemented by encryption function, satisfies the characteristics of a random substitution.

Indeed, if random, equiprobable and independent selection of the master key K is associated
with the choice of substitution s, €S,, then the resulting ciphering transformation will match a
random, equiprobable and independent comparison of ciphertext blocks to plaintext blocks on all
possible options of bijective mapping, parameterized by key. For instance, for |-bit cipher with a k
bit master key the model of random substitution will consist of subset

Sy ={s"8"% .5 =S, ={s,,8,,.... 8, }

with random, equiprobable and independent 2% substitutions degree n=2' (acting on the set
Y ={Y,, Yyeers yzl} of binary data blocks). At that the choice of substitution s', €S', S, (imple-

1)

mentation of random vector {sx(yl),sx(yz),...,sx(y2I )}) is set randomly, with equal probability and

independently of selected k -bit master key K™ value.

We use the properties of random homogeneous substitution for the analysis of round key se-
quences probability characteristics. For this purpose, on the set S’ we define the uniform probabil-
istic distribution:

Viefl,2,...2hVuefl,2,., 2 P(s,(y)=2",

i.e. all probabilities of comparison of i-th block from y, and u-th block from s (y,) are equal to
each other and do not depend on i or .u.. Therefore, the probability of a random selection of sub-
stitution s', €S’ < S, (and the corresponding encryption master key) does not depend on the type

of substitution, and defined as the inverse value of the power of the master keys set. Using (1) we
get the next form:

P(s’ P(s' .. P(s’ -l
P = SONPELOL) - P _ 2
ZlP(S‘u(yl))P(S w(Y2)) - P(sy(Y,) 212‘”'

Applying the considered model of random homogeneous substitution to analyse the probability
properties of the key schedule elements we can estimate probabilities of coincidence of individual
cyclic keys and their sequences, assuming that the round keys are generated randomly, equiprobable
and independent from each other.

=2, (3)
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3 Probabilistic Properties of cycle keys

Let us introduce the following notations. Let randomly, equiprobably (probability is equal to

27%) and independently generated master key K™ with length k bit be the input of key schedule
construction  (fig. 1). Then we note the sequence of t formed round Kkeys as

K ={K®, KP,..., KX}, where every K is the i-th cyclic key with length I -bit.

Let us assume that the cyclic keys K® are independent implementations of a random homoge-
neous substitution in the i-th point:
Viefl,2,..,t3:K® =s' (y.),
i.e. they are generated randomly, equiprobably and independently from each other, and for every
K™ the specific implementation of a random substitution s', €S' <S. (implementation of the

vector {s', (¥,),S"(¥,),....s",(¥,)}) is independent of i €{L,2,...,t}.
Consider the probabilistic properties of randomly generated round key K® values for some

fixed i. We estimate the average number of different values of cyclic key can be formed using all
2% values of master keys K.

Lemma. The average number of different |-bit cyclic keys K formed by 2 implementations
of the random homogeneous substitution is defined by expression:

Nk ) =2'(1-(1-2"))~ 2 [1(%) J ~2 (1—(0,37)2“ ) )

Proof. If the formation scheme of every cyclic key from the sequence Kl(,ﬁ) is described by the
model of a random homogeneous substitution with probability (1) of selection s', €S’ S, (by
the entered master key K*), then, by definition, for any fixed i e{l,2,...,t} the probability of K®
does not depend on y, €Y ={y,, ¥,, ..., y2|} or K® and it is defined as the inverse of the power of
the set Y, i.e. it is equal to P(s' (y,)=K®)=2". Master keys K™ are selected independently
from each other and corresponding events s' (y,) = K® are independent. Therefore, we can use the
formula for finding the probability of target event M times in N tests (Bernoulli formula):

P(N,M)=CY (1-P(s',(y;) = KON ™M (P(s",(y;) = KOP™ =C @-27")" ™M (2"

The value P(N,M) specifies the probability that at N independent implementations of random
homogeneous substitution in i-th point a specific round key K® =s' (y,) appears exactly M
times. The value

P(2,0)=(1-2")"
specifies probability that at N =2 independent implementations of random substitution in i-th
point (in full set of master keys K™ values) the round key K® =s" (y,) will not appear a single

time.
Inverse value

P(2¢,>0)=1-P(2*,0) = _szc;k @-2Y" 2"y =1-1-2"* (5)

specifies probability of an event when at 2“ independent tests the round I - bit length key K® will
be formed at least once.

Power of different ¢-bit values set is equal to 2° where each of these values in 2% independent im-
plementations of the vector (2) appears at least once in i-th point of random substitution with prob-
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ability (5). l.e. for 2% different master keys K™® defining vector (2) implementation by the key
schedule construction it will be formed in average

N(k,1)=2'P(2",>0)=2'(1-(1-2")%)
different round keys K. Using substitution (1—2")2I ~e " gives us a simplified formula in the

right side of the expression (3), and, thus, completes the proof.
For the most simple case k =1 (equality of ciphertext block length to key length) the probability
(5) gets the form

P(2',>0)= ic;, 1-2")77(@2") =1-P(2,0)=1-(1-2")" ~1-e*~0,63

and the ratio of the average number N(k,1) of different round keys K™ to the number of 2* dif-

ferent master keys K™ under k =1 is determined as

N(k,1) 2'(1-P(2",0))
2k 2F

what corresponds to the formula (27) in [15].

Under k =1 formula (6), as well as formula (27) in [15], is not satisfied, and we need to estimate
the ratio &(k,l) according to the general formula

Sk, 1) = w =2 (L (127" ) = 2 [1[3 J ~ 21K (1—(0,37)2“ ) . @)

Let us consider an example of using these relations.

Fig. 2 and 3 show dependency of the probabilities (5) and the relationships (7) for the blocks of
length 0<1<16 and keys 0<k <16. It is obvious that even for such small lengths | and k which
do not exceed 16 bits, there is a sharp transition from very small values (almost equal to zero values

P(2¢,>0) and S5(k,1)), to very large values (close to unity). This is true for the dependency
P(2%,>0), and the multiplier 2™ in (7) smoothes the final function (7), inverting the high-quality
form of the dependency (5).

ok, 1) = =P2',>0)~1-e'~0,63 (6)

LI v

O

=--il-
R

S

Fig. 2 - Dependence P(2,>0), if 0<1<16 Fig. 3 - Dependence 5(k,1), if 0<1<16
and 0<k <16 and 0<k<16
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Table 1 summarizes the values of the ratio of the different cyclic keys K™ average number
N(k,l) to the number 2* of different master keys K™ for the most common values | and k in

modern BSC and their scale models.
Data presented in Table 1 is calculated by the simplified formula on the right hand side of formu-
la (7) using the Wolfram Alpha system computing algorithms [1,7]. These calculated values show

efficiency of obtained analytical formulas for the round keys probability characteristics estimation.

Table 1 - The ratio of the average number of different I -bit cyclic keys K™ formed by 2
implementation of the random homogeneous substitution
to the power of different master keys K™ set

k =16 k =32 k =64 k =128 k =256 k =512
=16 0,63 1,52:107 3,55-10™% 1,93-10% 5,66:107 4,89-10™°
=32 1-7,6310° 0,63 2,33-10%° 1,26:10%° 3,71-10% 3,20-10™%
=64 | 1-1,78:10" | 1-1,16:10™ 0,63 5,42:10% 1,59-10° 1,38:107
=128 | 1-9,63-10% | 1-631-10% | 1-2,71-10% 0,63 2,94:10°% 2,54:10™°
|=256 | 1-2.8310" | 1-1,8510%® | 1-79710% | 1-1,47-10% 0,63 8,64:107®
=512 | 1-2,4410™ | 1-1,6010™ | 1-6,89-10™° | 1-1,27-10™° | 1-432:107° 0,63

To estimate probabilistic properties of cyclic keys K ;2) sequences we summarize the positions of
the lemma proved above for random, equiprobable and independent values K, K{”,...,K® . Let
us estimate the average number of different sequences K;ﬁ’ that is generated using all 2* values of
master keys K™ . The following theorem is true.

Theorem. The average number of different cyclic keys sequences K® ={K™ K{, ..., K"},

that is formed by 2% independent implementations of random homogeneous substitution in i-th
point, i e{L,2,...,t}, is defined by:
| 1y2k | 1 a | 2
Nk, ILt)=2'A-@1-2")" )= 2 1—(—) ~2' (1—(0,37) ) : (8)
e
Proof is a generalization of the lemma’s results in the case of K% ={K® K{’ .. K™} se-

quences formation. Indeed, in accordance with the assumption of K™ cyclic keys generating by the
independent implementations of random homogeneous substitution in i-th point, for each
i e{L 2,...,t} the probability of K does not depend on y; Y ={y,,,,....y,} or K. This prob-
ability is equal to P(s' (y,) =K®)=2". The joint probability of independent events is the product
of the probabilities of these events, i.e.:

t
P(K;i(c) :{K]FX)1 K§X),--., Kt(X)}) = H P(S'X(yl) — KI(X)) — 27t|.
i=1

Master keys K™ are selected independently from each other and the corresponding events
K ={K,K,..., KM} are independent too. Therefore, using the Bernoulli formula just as in the

lemma proof, we obtain the expression
P(N,M,t)=Cy (1-2"")N" 2",
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which specifies the probability of the case that in N independent implementations the sequence
K would appear exactly M times. The value

P(2“,>0,t) = _zzkc;k @-2"7 (2" =1-P(2*,0,t) =1-(1—-2"")* (9)

gives the probability of the case when in 2° independent tests the specific sequence K}ﬂ? is formed
at least once.

The power of different t-sequences sets of |-bit values is equal to 2", and each of these se-
quences with the probability (9) appear at the output of the round key schedule construction at least

once. I. e. for 2% different master keys K™ that specify the implementations of random homogene-
ous substitution the cyclic key schedule construction it will be formed in average

N(k,1,t)=2"[1-P(2*,0,t))
different K& ={K®, K ,..., K} sequences, what under 1—2")? ~e™ simplification gives the
target formula (8). This theorem allows us to obtain expression to estimate the ratio of different
K sequences average number to the power of different K® master keys set:

— otli-k (1_ (1_ 2—t|)2k) ~ 2tk {1(%J ] ~ Dtk (1_(0, 37)2k—t| ) (10)

For convenience of &(k,1,t) relations calculations we can write formula (10) in a different way.

In the majority of practically important cases of block cipher (for instance, in estimating the proper-
ties of the BSC "Kalyna" key schedule) the master key length k is a multiple of the block length I,
i.e. the ratio k =ml is true, what after substitution in (10) it gives

S(m-1)
S(ml,1t) = 2™ (11— 21)2") & 1™ [1[%) } ~ 2 (1—(0, 37 ) RGEN

s(k, 1.ty =NKLY (';’k"t)

Formula (11) shows that increasing of the multiplicity m is equivalent, in a probabilistic sense,
to the corresponding decreasing of the sequence K% ={K K, ..,K"} length t. And converse-
ly, the increasing of round keys sequence length t decreases the probability (9) as well master key

length. A typical demonstration of this effect would be symmetry of function graphs relative to val-
ues | and k (Fig. 2,3). In this sense, the calculated values &(ml,I,t) for the case | €{16,32} and

m,t €{L,2,4,8,16} can be obtained from the data in Table 1 when selecting column with symbols
ml and rows with symbols tl. As an example, table 2 shows the calculated valuesl &(ml,I,t) for
| =32, which fully comply to the data presented in Table 1.

Table 2 - The ratio of the average number of different cyclic keys sequences to the power
of set of different master keys length of |1 =32

m=1 m=2 m=4 m=28 m =16
t=1 0,63 2,33-10™ 1,26:107% 3,71-10% 3,20-10™%
t=2 1-1,16:10™° 0,63 5,42:10% 1,59-10™° 1,38-10™%
t=4 1-6,31-10% 1-2,71-10% 0,63 2,94:10°% 2,54-101
t=8 1-1,8510° 1-7,97-10% 1-1,47-10% 0,63 8,64107
t=16 | 1-1,60-10™* 1-6,89:10"% 1-1,27-10™"° 1-432:107 0,63

_ _olm-0)
values (ml, 1,t) in tables 2-4 are calculated using simplified formula e S(ml, 1,t) = 2'“™ (1—e 2 )
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The calculated values S(ml,1,t) for cases | €{64,128,256}, me{1,2,4,8} and te{1,2,4,816}

are shown in Table 3.

The calculated values in Table 3 improve data on d(k,l,t) estimation in [15]. The conclusion
about virtually identical of the round keys sequences powers and encryption master keys in [15] is
true. Data in the Table 3 clearly confirms this pattern. For all considered and practically significant
relationships | and k, when t>m is true, the ratio of the average number of different round keys
sequences to the power of the different master keys set only slightly differs from unity. With further
increasing of the round key sequence t length this difference rapidly decreases.

Table 3 - The ratio of the average number of different round keys sequences to the power
of different master keys set

m=1 m=2 m=4 m=28
| = 64
t=1 0,63 1,52:107° 5,66:107 4,89-10™°
t=2 1-7,62:10° 0,63 3,71-10°% 3,20-10™%
t=4 1-1,78-10" 1-1,1610™ 0,63 8,64-10"
t=8 1-2,44-10™° 1-1,60-10™ 1-1,27-10™° 0,63
t=16 | 1-5,13-10%° 1-9,46-10%" 1-3,22:10% 1-3,7310™°
| =128
t=1 0,63 2,94-10°% 2,54-10° 1,89-10%°
t=2 1-1,47-10% 0,63 8,64:107® 6,44-10%
t=4 1-1,27-10™° 1-432:107 0,63 7,45:10™°
t=8 1-9,46:10°" 1-3,22:10%% 1-3,74-10™ 0,63
t=16 | 1-526:10°"° 1-1,79-10°° 1-2,07-10"% 1-2,78-10°%
| =256
t=1 0,63 8,64:107 6,44-107%% 3,58:10°%
t=2 1-432:107 0,63 7,45-10™° 4,15:10™
t=4 1-3,22:10%% 1-3,73:10™° 0,63 5,56-10°%
t=8 1-1,79:10°° 1-2,08:10% 1-2,78:10°%" 0,63
t=16 | 1-55410™ 1-6,42:10"%° 1-8,61:10%° 1-1,55-10°
| =512
t=1 0,63 7,46:10™° 4,15-10™% 1,28:1071°7
t=2 1-3,73:10™° 0,63 5,56-10°% 1,72:10%%”
t=4 1-2,08:10"% 1-2,78-10°% 0,63 3,09-10°
t=8 1-6,42:10"%° 1-8,60-10°% 1-1,55-10°% 0,63
t=16 ~1 ~1 ~1 1-4,79-10"%

To confirm the adequacy and accuracy of the obtained results and our conclusions driven by
these results the numerical experiment was executed. The experiment essence is counting the ratios
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of the average number of different round keys sequences to power 2% of the set of different master
keys. To simulate the random substitution a simple function of random number generation, integrat-
ed into the environment of rapid applications development Embarcadero RAD Studio for Microsoft
Windows from Embarcadero Technologies company, was used [18]. Each observation included
estimation of sample mean (empirical average) of 100 model implementations. Each model imple-
mentation included calculation of the ratio of the average number of different round keys sequences
to power 2 of the set of different master keys.

In the experiment, we estimated both the sample means J*(m/,/¢) and sample variance D when
the sample size of 100 elements. The results are summarized in Table 4. The last column of this
table shows the accuracy values & of the estimated characteristics for a given level of sig-
nificance o = 0,05.

Table 4 - Results of experimental researches and their comparison with theoretical calculations

o(ml, L) o*(ml,L1) D £
=4, m=1
t=1 0,632121 0,6453125 | 0,005716 | 0,014818
t=2 0,969391 0,969125 | 0,001758 | 0,008218
t=3 0,998049 0,9983125 | 0,000110 | 0,002056
t=4 0,999878 0,999875 | 0,000008 | 0,000554
=4, m=2
t=1 0,062500 0,062500 0 0
t=2 0,632121 0,633074 | 0,000372 | 0,003780
t=3 0,969391 0,969675 | 0,000103 | 0,001989
t=4 0,998049 0,997934 | 0,000008 | 0,000554
=4, m=3
t=1 0,003906 0,003906 0 0
t=2 0,062500 0,062500 0 0
t=3 0,632121 0,632152 | 0,000023 | 0,000940
t=4 0,969391 0,969492 | 0,000007 | 0,000519
=8, m=1
t=1 0,632121 0,632836 | 0,000360 | 0,003719
t=2 0,998049 0,998051 | 0,000007 | 0,000519
t=3 0,999992 0,999961 | 0,000002 | 0,000277
=8, m=2
t=1 0,003906 0,003906 0 0
t=2 0,632121 0,632176 | 0,000002 | 0,000277
t=3 0,998049 0,998063 2,98:10° | 3,38:10°

As can be seen from the values in Table 4, results of experimental research fully confirm the va-
lidity of theoretical assumptions. In all cases the calculated values d(m/,[,z) and obtained empirical
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data o*(ml, 1,¢) differ on not more than ¢ (the absolute value of the error), and the probability with
which the specified accuracy is achieved (the accuracy estimation) is 0,95. Since the accuracy char-
acterizes the repeatability and stability of experiments [19], it can be argued that in 95% of the cases
the value 6*(ml 1,¢) will differ from d(ml,[,¢) less than &.

4 Conclusions and prospects for further researches

Our research of BSC round keys probabilistic properties have shown that even under random,
equiprobable and independent formations the used key sequences can be the same, what inevitably
reduces the power of implemented encryption-decryption mapping sets.

To describe the round keys schedule construction an abstract model of random substitution pa-
rameterized by encryption master key value was used. The obtained analytical relations allow us to
estimate the probability properties of BSC cycle keys. In particular, the probability of multiple
matching of round keys for a given number of the random homogeneous substitution implementa-
tions (a given number of master keys) is defined by Bernoulli formula. This ratio gives us an esti-
mate of the probability of events when the specific round key will be generated at least once on the
all set of master keys, i.e., it allows us to estimate the average number of different round keys on the
output of formation scheme. The final result is also generalized on sequences of arbitrary length
round keys, i.e., we can get numerical estimates of the probability properties of all BSC key sched-
ule elements using the defined model.

Calculated values of ratios of the average number of different round keys sequences to power of
different master keys sets provided in Tables 2,3, give an idea about ciphering of all admissible en-
cryption-decryption mappings set. In particular, the given calculated values for the most important
practical cases when the lengths of data blocks | and the keys k =ml indicate that the number of
rounds t <m, with probability close to unity, the specific round keys sequence will not be formed
on the all set of master keys. This is equivalent to the fact, that average number of different round
keys sequences will be negligible compared to the power of the of different master keys, i.e., the
large number of mappings "plaintext - ciphertext" from the all set 2 of maps would not be realized.
And conversely, for the case t >m the ratio of the average number of different round key sequences
to the power of the master keys set almost does not differ from unity. With a further increase of t
this difference decreases rapidly and it must be assumed that in such key schedule all valid map-
pings "plaintext - ciphertext" from a complete set 2¢ of maps will be implemented. The conducted
simulation modeling of the "ideal™ key schedule construction allowed to obtain empirical estimates
that coincide with theoretical calculations by formulas (9) - (11), what confirms the reliability and
validity of research results. In particular, for all investigated cases the calculated values and ob-
tained empirical data do not differ significantly (the relative error value < 3% ), and the probability
that the specified accuracy is achieved (the estimation accuracy) is 0,95. Therefore, we can argue
that in 95% of the cases the calculated values and empirical data differ by less than error value.

It should be noted that the obtained analytical expressions and shown calculated values corre-
spond to the hypothetical case of random, equiprobable and independent formation of round keys,
i.e. to the "ideal” key schedule in the probabilistic aspect. The actual key schedule constructions are
based on deterministic algorithms, parameterized by value of the encryption master key. Therefore,
the obtained estimates on a random homogeneous substitution should be used as the upper limits
for the probabilistic properties of round key sequences: the key schedule of real BSC can only ap-
proach in its characteristics to this "ideal” case and it does not improve the given calculated values.

The practical impact of these results lies in their immediate interpretation to estimate the proba-
bility properties of key schedule elements in the new national standard of BSC of Ukraine [12]. If
the assumption that the cyclic keys of BSC "Kalyna" are independent implementations of random
homogeneous substitution (i.e. it is formed random, equiprobability and independently of each oth-
er) is true, then the conclusion about virtually identical the powers of round keys sequences and en-
cryption master keys is theoretically proven and the calculated values shown in Table 3 clearly con-
firm this regularity. Using in the new standard the “ideal” key schedules in addition to providing
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resistance of cipher to the related keys attacks and to the attacks on implementation [15] allows to
fully implement the key space of master keys and a corresponding set of maps "plaintext - cipher-
text".

As perspective directions for further research one can mention the search or, at least, estimation
the probability properties of subsets of the so-called BSC equivalent keys, when several different by
value master keys lead to the formation of identical cyclic keys sequences, giving the identical bi-
jective encryption-decryption mappings. In other words, the existence of the equivalent keys subsets
reduces the power of the "plaintext - ciphertext" maps set, and the number of the key information
that is numerically equal to the certainty measure of secret encryption parameters is also reduced. In
addition, the existence of several master keys which are different by value, but equivalent by en-
cryption function can be used by an attacker to implement cryptanalytic attacks, for instance, based
on the substitution of protected information by false data in the case using of BSC in generation of
message authentification code mode.
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