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Abstract:



The genetic code of amino acid sequences in proteins does not allow understanding and modeling of inherited processes such as inborn coordinated motions of living bodies, innate principles of sensory information processing, quasi-holographic properties, etc. To be able to model these phenomena, the concept of geno-logical coding, which is connected with logical functions and Boolean algebra, is put forward. The article describes basic pieces of evidence in favor of the existence of the geno-logical code, which exists in parallel with the known genetic code of amino acid sequences but which serves for transferring inherited processes along chains of generations. These pieces of evidence have been received due to the analysis of symmetries in structures of molecular-genetic systems. The analysis has revealed a close connection of the genetic system with dyadic groups of binary numbers and with other mathematical objects, which are related with dyadic groups: Walsh functions (which are algebraic characters of dyadic groups), bit-reversal permutations, logical holography, etc. These results provide a new approach for mathematical modeling of genetic structures, which uses known mathematical formalisms from technological fields of noise-immunity coding of information, binary analysis, logical holography, and digital devices of artificial intellect. Some opportunities for a development of algebraic-logical biology are opened.
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1. Introduction


Modern science recognizes a key meaning of information principles for inherited self-organization of living matter. In view of this, the following statement can be cited: “Notions of information” or “valuable information” are not utilized in physics of non-biological nature because they are not needed there. On the contrary, in biology notions “information” and especially “valuable information” are main ones; understanding and description of phenomena in biological nature are impossible without these notions. A specificity of “living substance” lies in these notions” [1]. Here one should add that modern informatics is an independent branch of science, which possesses its own mathematical language and exists together with physics, chemistry, and other scientific branches. The problem of information evolution of living matter was investigated intensively in the last decades in addition to studies of the classical problem of biochemical evolution.



One of the effective methods of cognition of a complex natural system, including the genetic coding system, is the investigation of symmetries. Modern science knows that deep knowledge about phenomenological relations of symmetry among separate parts of a complex natural system can tell many important things about the evolution and mechanisms of these systems. Not only physics and chemistry deal with principles and methods of symmetry, but also informatics and digital signal processing pay great attention to them. How is theory of signal processing connected to geometry and geometrical symmetries? Signals are represented there in the form of a sequence of the numeric values of their amplitude in reference points. The theory of signal processing is based on an interpretation of discrete signals as a form of vectors of multi-dimensional spaces. In each tact time, a signal value is interpreted as the corresponding value of one coordinate of a multi-dimensional vector in a space of signals. In this way, the theory of discrete signals turns out to be the science of geometries of multi-dimensional spaces, where mathematics of matrices works effectively. On this geometrical basis, many methods and algorithms of recognition of signals and images, coding information, detections and corrections of information mistakes, artificial intellect, and training of robots are constructed. One can add here the importance of symmetries in permutations of components for coding signals, in spectral analysis of signals, in orthogonal transformations of signals, and so on.



An investigation of symmetrical and structural analogies between computer informatics and genetic informatics is one of the important tasks of modern science in connection with the creation of DNA-computers, DNA-robotics, and the development of bioinformatics [2,3]. This article is devoted to using structural symmetries of molecular-genetic systems for the development of new mathematical approaches to genetic phenomenology on the basis of known methods of discrete signal processing, of computer informatics, and of noise-immune coding in digital communication. Our results reveal structural connections of the genetic systems with dyadic groups of binary numbers, Walsh functions, Hadamard matrices, logical holography, and spectral analysis of systems of Boolean functions. The importance of searching for effective mathematical approaches to genetic systems is reflected in the brief statement: “life is a partnership between genes and mathematics” [4].




2. Results of Analysis of Symmetries in Genetic Alphabets


All living organisms are identical from the point of view of the molecular foundations of genetic coding of sequences of amino acids in proteins. This coding is based on molecules of DNA and RNA. In DNA, the genetic information is recorded using different sequences of four nitrogenous bases, which play the role of letters of the alphabet: adenine A, guanine G, cytosine C, and thymine T (uracil U is used in RNA instead of thymine T) (Figure 1).


Figure 1. The four nitrogenous bases of DNA: adenine A, guanine G, cytosine C, and thymine T. Right: three binary sub-alphabets of the genetic alphabet on the basis of three pairs of binary-oppositional traits.
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Science does not know why the genetic alphabet of DNA has been created by nature from just four letters, and why just these very simple molecules were chosen for the DNA-alphabet (out of millions of possible molecules). But science knows [2,3,5,6] that these four molecules are interrelated by means of their symmetrical peculiarities into the united molecular ensemble with its three pairs of binary-oppositional traits (Table 1):

	(1)

	
Two letters are purines (A and G), and the other two are pyrimidines (C and T). From the standpoint of these binary-oppositional traits one can denote C = T = 0, A = G = 1. From the standpoint of these traits, any of the DNA-sequences are represented by a corresponding binary sequence. For example, GCATGAAGT is represented by 101011110;




	(2)

	
Two letters are amino-molecules (A and C) and the other two are keto-molecules (G and T). From the standpoint of these traits one can designate A = C = 0, G = T = 1. Correspondingly, the same sequence, GCATGAAGT, is represented by another binary sequence, 100110011;




	(3)

	
The pairs of complementary letters, A-T and C-G, are linked by 2 and 3 hydrogen bonds, respectively. From the standpoint of these binary traits, one can designate C = G = 0, A = T = 1. Correspondingly, the same sequence, GCATGAAGT, is read as 001101101.









Table 1. Three binary sub-alphabets of the genetic alphabet on the basis of three pairs of binary-oppositional traits.







	
№

	
Binary Symbols

	
C

	
A

	
G

	
T/U






	
1

	
01 — pyrimidines

11 — purines

	
01

	
11

	
11

	
01




	
2

	
02 — amino

12 — keto

	
02

	
02

	
12

	
12




	
3

	
03 — three hydrogen bonds;

13 — two hydrogen bonds

	
03

	
13

	
03

	
13










Accordingly, each of the DNA-sequences of nucleotides is the carrier of three parallel messages on three different binary languages. At the same time, these three types of binary representations form a common logical set on the basis of logical operation of modulo-2 addition: modulo-2 addition of any two such binary representations of the DNA-sequence coincides with the third binary representation of the same DNA-sequence. One can be reminded here of the rules of the bitwise modulo-2 addition (denoted by the symbol, [image: there is no content]): 0 [image: there is no content] 0 = 0; 0 [image: there is no content] 1 = 1; 1 [image: there is no content] 0 = 1; 1 [image: there is no content] 1 = 0. The mentioned three representations of the sequence GCATGAAGT form a common logical set: for example, 101011110 [image: there is no content] 100110011 = 001101101.



This fact is the initial evidence in favor that the system of genetic coding uses Boolean algebra of logic with its binary tuples and logical operations, such as modulo-2 addition. Correspondingly, one can think that there is a profound analogy between genetic organization of living bodies and computers, which are based on Boolean algebra.



Modulo-2 addition is utilized broadly in the theory of discrete signal processing as a fundamental operation for binary variables and for dyadic groups of binary numbers [7]. This logic operation serves as the group operation in symmetric dyadic groups of n-bit binary numbers (n = 2, 3, 4, …) [8]. Each of such symmetric groups contains 2n members. The distance in these groups is known as the Hamming distance. Since the Hamming distance satisfies the conditions of a metric group, any dyadic group is a metric group. The expression (1) shows an example of the dyadic group of 3-bit binary numbers:


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



(1)







The modulo-2 addition of any two binary numbers from (1) always results in a new number from the same series. For example, modulo-2 addition of two binary numbers, 110 and 101, which are equal to 6 and 5, respectively, in decimal notation, gives the result 110 [image: there is no content] 101 = 011, which is equal to 3 in decimal notation. The number 000 serves as the unit element of this group: for example, 010 [image: there is no content] 000 = 010. The reverse element for any number in this group is the number itself: for example, 010 [image: there is no content] 010 = 000. The series (1) is transformed by modulo-2 addition of all its members with the binary number 001 into a new series of the same numbers: 001, 000, 011, 010, 101, 100, 111, 110. Such changes in the initial binary sequence, produced by modulo-2 addition of its members with any of binary numbers from (1), are termed dyadic shifts [7,8]. If any system of elements demonstrates its connection with dyadic shifts, it indicates that the structural organization of the system is connected with the logic modulo-2 addition. Works [2,3,9] show additionally that the structural organization of the molecular-genetic system is connected with dyadic shifts and correspondingly with modulo-2 addition. Below dyadic shifts also participate in analysis of molecular-genetic ensembles.



Information from the micro-world of genetic molecules dictates constructions in the macro-world of living bodies under conditions of strong noise and interference. This dictation is realized by means of unknown algorithms of multi-channel noise-immunity coding. For example, in accordance with Mendel’s laws of independent inheritance of traits, colors of human skin, eye, and hairs are genetically defined independently. So, each living organism is an algorithmic machine of multi-channel noise-immune coding. To understand this machine one should use the theory of noise-immune coding, which is based on matrix representations of digital information. This theory was developed by mathematicians for digital communication, where similar problems of noise-immune transfer of information exist, for example, when we need to transmit photos of the Martian surface to Earth via electromagnetic signals traveling through millions of kilometers of interference. Below, we borrow some formalisms of this mathematics to study genetic structures.



In noise-immune coding and also in quantum mechanics, Hadamard matrices play significant roles. By definition, a Hadamard matrix is a square matrix, H, with entries ±1, which satisfies H*HT = n*E, where HT—transposed matrix, E—identity matrix. Tensor (or Kronecker) exponentiation of Hadamard (2*2)-matrix H generates a tensor family of Hadamard (2n*2n)-matrices H(n) (Figure 2), rows and columns of which are Walsh functions [7].


Figure 2. The first members of the tensor (or Kronecker) family of Hadamard matrices H(n), where (n) means a tensor power. Black cells correspond to components “+1”, white cells correspond to “−1”.
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Hadamard (2n*2n)-matrices in Figure 2 consist of 4, 16, and 64 entries. The DNA-alphabets also consist of 4 nitrogenous bases, 16 doublets and 64 triplets. By analogy, we represent the system of these alphabets in a form of the tensor family of square genetic matrices [C, A; T, G](n) in Figure 3, with additional binary numerations of their rows and columns on the basis of the following principle [2]. Entries of each column are numerated in accordance with the first sub-alphabet in Figure 1 (for example, the triplet CAG and all other triplets in its column are the combinations, “pyrimidine-purin-purin”, and so this column is correspondingly numerated 011). By contrast, entries of each row are numerated in accordance with the second sub-alphabet (for example, the same triplet CAG and all other triplets in its row are the combinations, “amino-amino-keto”, and so this row is correspondingly numerated 001).


Figure 3. The tensor family of genetic matrices [C, A; T, G](n) (n = 1, 2, 3). Columns and rows of these matrices have binary numerations (see the explanation in text). Black cells of the matrices contain 32 triplets with strong roots and also 8 doublets, which play the role of those strong roots.
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Black and white cells of genetic matrices [C, A; T, G](2) and [C, A; T, G](3) in Figure 3 reflect the known phenomenon of segregation of the set of 64 triplets into two equal sub-sets on the basis of strong and weak roots, i.e., the first two positions in triplets [10]: (a) black cells contain 32 triplets with strong roots, i.e., with 8 “strong” doublets AC, CC, CG, CT, GC, GG, GT, TC; (b) white cells contain 32 triplets with weak roots, i.e., with 8 “weak” doublets AA, AG, AT, GA, TA, TG, TT. Code meanings of triplets with strong roots do not depend on the letters in their third position; code meanings of triplets with weak roots depend on their third letter (see details in [11]).



Figure 3 shows the unexpected phenomenological fact of a symmetrical disposition of black and white triplets in the genetic matrix [C, T; A, G](3), which was constructed formally without any mention about strong and weak roots, amino acids, and the degeneracy of the genetic code:

	(1)

	
The left and right halves of the matrix mosaic are mirror-anti-symmetric each to the other in its colors: any pair of cells, disposed by a mirror-symmetrical manner in the halves, possesses the opposite colors;




	(2)

	
Both quadrants along each diagonal are identical from the standpoint of their mosaic;




	(3)

	
The mosaics of all rows have meander configurations (each row has black and white fragments of equal lengths) and they are identical to mosaics of some Walsh functions, which coincide with Rademacher functions as the particular cases of Walsh functions;




	(4)

	
Each pair of adjacent rows of decimal numeration 0–1, 2–3, 4–5, 6–7 has an identical mosaic (the realization of the principle “even-odd”).









It should be noted that a huge quantity, 64! ≈ 1089, of variants exists for locations of 64 triplets in a separate (8*8)-matrix. For comparison, modern physics estimates time of existence of the Universe in 1017 s. It is obvious that an accidental disposition of black and white triplets (and corresponding amino acids) in an (8*8)-matrix will almost never give symmetries. However, in our approach, this matrix of 64 triplets (Figure 3) is not a separate matrix, but is one of members of the tensor family of matrices of genetic alphabets, and, in this case, wonderful symmetries are revealed in the location of black and white triplets. These symmetries testify that the location of black and white triplets in the set of 64 triplets is not accidental. Below, additional facts of symmetries also indicate that this is a regular distribution.



In digital signal processing, bit-reversal permutations play an important role; they are connected, in particularly, with quasi-holographic models, noise-immunity coding, and with algorithms of fast Fourier transform [12,13,14,15,16]. The bit-reversal permutation is a permutation of a sequence of n items, where n = 2k, k—positive integer. It is defined by decimal indexing the elements of the sequence by the numbers from 0 to n − 1 and then reversing the binary representation of each of these decimal numbers (each of these binary numbers has a length of exactly k). Each item is then mapped to the new position given by this reversed value. For example, consider the sequence of eight letters, abcdefgh. Their indexes are the binary numbers, 000, 001, 010, 011, 100, 101, 110, and 111 (in decimal notation, 0, 1, …, 7), which when bit-reversed become 000, 100, 010, 110, 001, 101, 011, and 111 (in decimal notation, 0, 4, 2, 6, 1, 5, 3, 7, where the first half of the series contains even numbers and the second half contains odd numbers). This permutation of indexes transforms the initial sequence, abcdefgh, into the new sequence, aecgbfdh. Repeating the same permutation on this new sequence returns to the starting sequence. In particular, bit-reverse permutations are applied to (2n*2n)-matrices, which represent visual images in tasks of noise-immunity coding these images. In these cases, bit-reverse permutations are applied to binary numerations of columns and rows of such matrices. Illustrations of results of bit-reverse permutations in such tasks are given in [15,16].



By analogy, bit-reverse permutations can be applied to binary numerations of columns and rows of the genetic matrices, [C, A; T, G](2) and [C, A; T, G](3), in Figure 3. This action leads to new matrices of 16 doublets and 64 triplets, whose mosaics are interrelated (Figure 4).


Figure 4. Matrices of 16 doublets (left) and 64 triplets (right) as the result of bit-reverse permutations of binary numerations of columns and rows of the genetic matrices, [C, A; T, G](2) and [C, A; T, G](3), in Figure 3. Black-and-white mosaics mean the same as in Figure 3.
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These matrices, which can be conditionally termed “bit-reversed matrices” (BR-matrices), have the following symmetric features of their mosaics (Figure 4):

	
Mosaics of all 4 quadrants of the (8*8)-matrix of 64 triplets are identical;



	
The mosaic of each of the (4*4)-quadrants of the (8*8)-matrix of 64 triplets is identical to the mosaic of the (4*4)-matrix of 16 doublets. From the point of view of the black-and-white mosaics, the (8*8)-matrix of 64 triplets can be considered as a tetra-reproduction of the (4*4)-matrix of 16 doublets. This phenomenological relation between the molecular alphabets reminds one of the tetra-reproduction of biological cells in meiosis, that is, at the molecular genetic level, there is a structural analog of reproduction at the cellular level;



	
The mosaics of all rows have, again, meander configurations and they are identical to meander mosaics of some Walsh functions;



	
The mosaics of the left and right halves of the matrices are mirror-antisymmetric.








In relation to their mosaics, the matrices of 64 triplets (Figure 3 and Figure 4) possess a quasi-holographic property. If all entries of the lower half of the (8*8)-matrix in Figure 4 are deleted (that is, these cells become empty), the bit-reverse permutations of the binary numeration of columns and rows of this matrix will lead to the changed variant of the (8*8)-matrix in Figure 3, where all rows with odd numeration 1, 3, 5, 7 will be empty. However, in accordance with the abovementioned symmetric properties of the matrix in Figure 3, the mosaics of these odd rows should be identical to the mosaics of adjacent even rows 0, 2, 4, 6, and so, they can be restored.



The double helix of DNA has the following correspondence to the bit-reverse permutations. As known, nucleotide sequences of two complementary filaments of DNA are read in opposite directions. If each of these complementary sequences is represented from the standpoint of the third binary sub-alphabet (Figure 1), where A = T = 1, C = G = 0, then the binary representations of the sequences are the bit-reverse analogues to each other. For example, if one DNA-filament contains the sequence, ATGGCATTC, then the complementary filament contains the sequence, ТАССGTAAG, which is read in the opposite direction as GAATGCCAT. From the standpoint of the sub-alphabet A = T = 1, C = G = 0, the sequences ATGGCATTC and GAATGCCAT are represented by binary numbers 110001110 and 011100011, correspondingly, which are the bit-reverse analogues to each other.



We use the method of bit-reverse permutations to analyze the degeneracy of the genetic code in its different dialects and also to analyze nucleotide sequences of DNA in their binary representations, but these materials are beyond the scope of this article and they should be published separately.



From Figure 3 and Figure 4 one can see that entries of matrices in Figure 3 are replaced in their cells by entries with the reverse order of positions of their letters. For example, all triplets, which have the order of positions 1-2-3 in Figure 3, are replaced by their reversed analogues with the order of positions 3-2-1 (the triplet CGA is replaced by the triplet AGC, etc.). In studies of genetic coding, special attention is paid to cyclic codes connected with cyclic shifts [17,18,19,20,21,22]. Let us analyze transformations of genetic matrices of 64 triplets in Figure 3 and Figure 4 in cases of simultaneous cyclic permutations of 3 positions in each of the triplets. For the matrix in Figure 3, cyclic shifts define three possible orders of positions in triplets: 1-2-3, 2-3-1, 3-1-2. For the bit-reverse matrix in Figure 4, cyclic shifts define three reverse orders of positions in triplets: 3-2-1, 1-3-2, 2-1-3. Each of the corresponding 6 matrices of 64 triplets has an individual black-and-white mosaic of its location of triplets, with strong and weak roots. Figure 5 shows the mosaics of the set of these 6 genetic matrices in a visual form of the six-vertex star (the Star of David), where vertices of one triangle correspond to the cases of the direct orders 1-2-3, 2-3-1, 3-1-2 and vertices of the second triangle correspond to the cases of the reverse orders 3-2-1, 1-3-2, 2-1-3 of positions in the triplets.


Figure 5. The mosaics of 6 matrices of 64 triplets on the base of the matrix [C, A; T, G](3) (Figure 3) in cases of different orders of positions in triplets: 1-2-3, 2-3-1, 3-1-2, 3-2-1, 1-3-2, 2-1-3. Numbers over each matrix show a relevant order of positions. Black (white) cells correspond to triplets with strong (weak) roots.
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In each of these six matrices, each row has again a meander configuration, which corresponds to one of Walsh functions for eight-dimensional space. Let us show now that each of these six matrices is formally connected with one of kinds of eight-dimensional hypercomplex numbers.




3. Mosaics of Genetic Matrices and Hypercomplex Numbers


This section shows that the mosaics of the genetic matrices in Figure 3, Figure 4 and Figure 5 are connected not only with Walsh functions but also with one of known kinds of hypercomplex numbers. Since Walsh functions contain only components “+1” and “−1” [7], one can numerically represent these matrices in a form of matrices, which contain “+1” in their black cells and “−1” in their white cells (so called the “Walsh-representation”). Figure 6 shows such Walsh-representations, R2 and R3, of the matrices [C, A; T, G](2) and [C, A; T, G](3) from Figure 3.


Figure 6. Walsh-representations R2 and R3 of the mosaic matrices [C, A; T, G](2) and [C, A; T, G](3) from Figure 3, where each row is one of Walsh functions.



[image: Information 08 00002 g006]






Figure 7 shows that the matrix R2 from Figure 6 is a sum of 4 sparse matrices: R2 = r0 + r1+ r2 + r3. The set of these matrices, r0, r1, r2, r3, is closed in relation to multiplication, unexpectedly: multiplication of any two matrices from this set gives a matrix from the same set. The corresponding multiplication table of these 4 matrices (Figure 7, right) is identical to the multiplication table of the algebra of 4-dimensional hypercomplex numbers that are termed split-quaternions of James Cockle and are well known in mathematics and physics [23]. From this point of view, the matrix R2 is split-quaternion with unit coordinates. One can additionally note that such kinds of decomposition of matrices are called dyadic-shift decompositions [6,8]. The discovery of communications of genetic matrices with basic elements of hypercomplex numbers—via the dyadic-shift decompositions of matrices—gives additional evidence of the useful role of modulo-2 addition for modeling of molecular-genetic systems.


Figure 7. Above: the matrix R2 from Figure 6 is a sum of 4 sparse matrices, r0, r1, r2, r3. Bottom: the multiplication table of the matrices r0, r1, r2, r3, where r0 is the identity matrix.
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Figure 8 shows the similar Walsh-representation of the (4*4)-matrix of 16 doublets with the reverse order 2-1 of positions in them (Figure 4), which is also a sum of 4 new sparse matrices received by means of the same dyadic-shift decomposition. The set of these matrices is also closed in relation to multiplication and it defines the same multiplication table of split-quaternions of James Cockle (Figure 7, bottom). So, in this case, we have simply the new form of the matrix representation of a split-quaternion with unit coordinates.


Figure 8. The Walsh-representation of the matrix of 16 doublets from Figure 4 is the sum of 4 sparse matrices, the multiplication table of which coincides with the multiplication table of spit-quaternions in Figure 7, bottom.
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Figure 9 shows that the Walsh-representation R3 of the mosaic matrix of 64 triplets from Figure 6 is a sum of 8 sparse matrices, which appear via the dyadic-shift decomposition of R3: R3 = v0 + v1 + v2 + v3 + v4 + v5 + v6 + v7, where v0 is the identity matrix. The set of matrices, v0, v1, v2, v3, v4, v5, v6, v7, is closed in relation to multiplication and it defines the multiplication table (Figure 9, bottom), which is identical to the multiplication table of bi-split-quaternions of James Cockle.


Figure 9. Upper rows: the decomposition of the matrix R3 (from Figure 6) as sum of 8 matrices: R3 = v0 + v1 + v2 + v3 + v4 + v5 + v6 + v7, where v0 is the identity matrix. Bottom row: the multiplication table of these 8 matrices, which is identical to the multiplication table of bi-split-quaternions by James Cockle. The symbol “*” means multiplication.
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And what about similar decompositions of Walsh-representations of other five (8*8)-matrices with different orders of positions in triplets (Figure 4 and Figure 5)? Each of these 5 matrices is the sum of its own set of 8 sparse matrices, which appear via dyadic-shift decompositions. However, each of these sets of sparse matrices is also closed in relation to multiplication and corresponds to the same multiplication table of bi-split-quaternions of James Cockle in Figure 9, bottom.



Why are genetic alphabets in their matrix representations connected with split-quaternions of James Cockle? It is an open question now. However, one can note the interesting fact about a connection of split-quaternions with the non-Euclidean geometry of the space of visual perception. The split-quaternions are connected with Poincare’s disk model (or conformal model) of hyperbolic (or Lobachevsky) geometry [24]. In accordance with the pioneer work of R. Luneburg [25], the space of binocular visual perception is described by hyperbolic geometry. These findings were followed by many papers in various countries, where the idea of a non-Euclidean space of visual perception was extended and refined. The Luneburg approach was thoroughly tested by G. Kienle [26]. In the main series of his experiments, where about 200 observers were involved, Kienle obtained about 1300 visual patterns of various kinds. The experiments confirmed not only that the space of visual perception is described by hyperbolic geometry but also that the Poincare disk (or conformal) model was an adequate model of that geometry. He concluded his paper by writing: “Poincare’s model of hyperbolic space, applied for the first time for a mapping of the visual space, shows a reasonably good agreement with experimental results” [26] (p. 399).



Let us turn now to data about connections of the genetic alphabets with Hadamard matrices and complete orthogonal systems of Walsh functions in their rows.




4. About Hadamard Matrices, Genetic Alphabets, and Logical Holography


Inside the DNA-alphabet A, C, G, and T, thymine T has a unique status and differs from the other three letters:

	
Only thymine T is replaced by another molecule, U (uracil), in transferring from DNA to RNA;



	
Only thymine T does not have the functionally important amino group NH2.








This binary opposition can be expressed as: A = C = G = +1, T = −1. Correspondingly, in each of the triplets, its letters can be replaced by these numbers to represent numerically the triplet as the product of these numbers (for example, the triplet CTA is represented by number 1*(−1)*1 = −1). In this case, the symbolic matrices, [C, A; T, G](2) and [C, A; T, G](3), in Figure 3 become Hadamard matrices, H(2) and H(3), in Figure 2, which represent matrices of 16 doublets and 64 triplets from the tensor family of genetic matrices. The sets of rows in H(2) and H(3) contain complete orthogonal systems of Walsh function for 4-dimensional and 8-dimensional spaces correspondingly. The term “complete” means here that any numeric vector of 4-dimensional or 8-dimensional spaces can be represented in a form of a superposition of these Walsh functions.



Hadamard matrices and their systems of Walsh functions are widely used in noise-immunity coding of information and in many other tasks of digital signals processing [7,27]. For example, they are employed on the spacecrafts “Mariner” and “Voyager” for the noise-immune transfer of photos of Mars, Jupiter, Saturn, Uranus, and Neptune to Earth. Hadamard matrices are also used in quantum computers (“Hadamard gates”), and in quantum mechanics as unitary operators. Complete systems of Walsh functions serve as a basis of the “sequency theory” [8,28], which has led to effective decisions in radio-engineering, acoustics, optics, etc. In particular, the problem of absorption of radio waves and acoustic waves, which is important for biological systems, is bypassed by means of “sequency analysis”. Hadamard matrices are employed in logical holography [29] and in the spectral analysis of systems of Boolean functions [30]. Let us say more about the logical holography.



Living organisms possess properties, which seem to be analogical to properties of holography with its non-local record of information. For example, in his experiments, German embryologist Hans Driesch separated from each other two or four blastomeres of sea urchin eggs. The main result of Driesch’s experiments was that fairly normal (although proportionally diminished) larvae with all of their organs properly arranged could be obtained from a single embryonic cell (blastomere) containing no more than 1⁄2 (if the two first blastomeres were separated), or even 1⁄4 (in the case of four blastomeres separation) of the entire egg’s material. Rather soon, these effects (defined by Driesch as “embryonic regulations”) were numerously confirmed and extended to the species belonging to almost all taxonomic groups of metazoans, from sponges to mammalians [31,32]. In 1901, Hans Spemann conducted an experiment on the separation of the amphibian embryo into individual cells, from which quite normal tadpoles grew (in 1935 he won the Nobel Prize for the discovery of organizing effects in embryonic development) [31]. These experimental results testify that complete sets of “causes” required for further development are contained not only within whole eggs/embryos but also in their halves, quarters, etc. Similar properties exist in holograms, where one can restore a whole holographic image of a material object from a part of the hologram. A hologram has such a property since each part of the hologram possesses information about all parts of the object (in contrast to ordinary photos).



One can mention also, the known hypothesis about possible connections of holography with brain functions, including associative memory, physiological processing, visual information, etc. (see, for example, [33,34]). Yet the brain and the nervous system have appeared at a relatively late stage of biological evolution. A great number of species of organisms lived perfectly up to this, and are now living without neuronal networks. It is clear that the origins of the similarity between holography and nonlocal informatics of living organisms should be searched at the level of the genetic system.



Physical holography, which possesses the highest properties of noise-immunity, is based on a record of standing waves from two coherent physical waves of the object beam and of the reference beam [35]. However, physical waves can be modeled digitally. Correspondingly, noise-immunity and other properties of optical and acoustical holography can be modeled digitally, in particular, using Walsh functions and logic operations concerning dyadic groups of binary numbers, because Walsh transforms are Fourier transforms on the dyadic groups. This can be done on the basis of discrete electrical or other signals without any application of physical waves. The pioneer work about “holography by Walsh waves” was [29]. The work was devoted to Walsh waves (or Walsh functions), which propagate through electronic circuits—composed of logical and analog elements—by analogy with the optical Fourier transform holography. In this digital Walsh-holography, objects, whose digital holograms could be made, are represented in forms of 2n-dimensional vectors. Each component of these vectors corresponds to one of 2n input channels of appropriate electric circuits; the same is true for 2n output channels, which are related with components of resulting vectors. Examples of electrical circuits for th logic holography are shown in the works [29,36]. Due to application of Walsh transformation, information about such vector is written in each component of the appropriate hologram, which is also a 2n-dimensional vector, to provide nonlocal character of storing information.



One should specially note that Walsh functions are closely related with dyadic groups, since Walsh functions are algebraic characters of dyadic groups [37]. Therefore, the Fourier analysis on dyadic groups is defined in terms of Walsh functions. In the same way, the discrete Walsh functions are algebraic characters of the finite dyadic groups, on which the switching functions are defined. Therefore, the Fourier analysis for switching functions, considered as a subset of complex valued functions, is formulated in terms of the Walsh functions [30].



This digital Walsh-holography under the title “logical holography” was also considered later in [36,38,39]. All these and other works about logical Walsh-holography considered possibilities of its application in engineering technologies without any supposition of its application in biology, in particular, in genetics. On the basis of our results about connections of the genetic code system with Walsh functions, Hadamard matrices, dyadic groups, bit-reversal permutations, and logical modulo-2 addition, we put forward the hypothesis that principles of logical holography are appropriate for mathematical modeling properties of the genetic system [9,40]. This hypothesis leads to a new class of mathematical models of genetic structures and phenomena on the basis of logical holography and appropriate logical operations. Correspondingly, we develop the theory of “genetic logical holography”, where mathematics of the logical holography and logical operations is used for modeling genetic phenomena. The mathematical basis of this modeling approach is lattice functions, logical operations with them, dyadic spaces, dyadic groups of binary numbers, logic modulo-2 addition, dyadic convolution, and dyadic derivatives of J. Gibbs, in close relation with peculiarities of molecular-genetic systems. In our opinion, a realization of the mechanisms of logical holography in biological organisms is provided by Nature on the basis of binary bio-computers on resonances [10]. The new kind of mathematics in modeling genetic phenomena gives possibilities of new heuristic associations and new understanding of natural phenomena. Initial examples of models from this new field of the genetic logical holography are the following: (1) models of different kinds of repetitions of fragments in nucleotide sequences (complementary palindromes, simple palindromes, etc.) on the basis of the dyadic convolution of vector-signals; (2) the model of the zipper reproduction of DNA molecules [9] (pp. 78–88).



Mathematical formalisms of logical holography and the theory of logic functions, including the dyadic convolutions and the dyadic derivatives of J. Gibbs, can be applied for comparative studying of nucleotide sequences and also other biological string-like patterns and repetitions in them, which are under influence of genetic templates [9] (pp. 83–86). For example, the dyadic derivatives can be used in medical diagnosis for comparative analysis of bio-rhythms, including cardiac arrhythmias. In the last case, components of each vector for calculation of its dyadic derivative coincide with values of time intervals in cardiac pulsations. Returning to the Mendel’s laws of independent inheritance of traits (for example, colors of human skin, eye, and hairs are inherited independently), it seems to be interesting to develop models of a multiplex-logical holography, where each of the inherited traits is represented by its own logical hologram. In such an approach, a living body is a set of individual logical holograms of inherited traits.



As known, holographic methods in engineering allow quickly detecting individual elements in a huge image. The theory of genetic logical holography allows assuming that one of the secrets of noise-immunity of genetic informatics is based on the similar possibilities of genetic logical holography. In an appropriate modeling approach, if one of the DNA molecules mutates, the genetic logical holography—by analogy with classic physical holography—allows quickly detecting the mutated DNA in the whole logical hologram of a set of DNA molecules. As a result, the genetic information of this individual DNA molecule could automatically be found to be incorrect for further using in an organism.




5. The Concept of Geno-Logical Coding


The epoch-making discovery of the genetic code of the amino acid sequences in proteins has revealed the molecular genetic commonality in the diversity of species of living organisms. Some authors supposed that other kinds of genetic coding could also exist. For example, a supposition about the histone code is well known [41]. The histone code is a hypothesis that the transcription of genetic information encoded in DNA is in part regulated by chemical modifications to histone proteins, primarily on their unstructured ends. Together with similar modifications, such as DNA methylation, it is part of the epigenetic code (see for example [42]). No mathematical approaches have been proposed to model such additional kinds of the genetic code.



It is obvious that the knowledge of the regularities of the genetic encode of structures of amino acid sequences is not enough for understanding and explaining the enormous class of inherited processes and principles of an algorithmic character: congenital coordinated motions of living bodies, innate principles of sensory information processing (including the psychophysical law of Weber-Fechner), congenital instincts and spatial representations, and so forth. We postulate that another kind of biological code exists in parallel with the genetic code of amino acid sequences. We name conditionally this second code “the geno-logical code”, since—on the basis of our researches—we believe that this biological code is connected with logical operations and logical functions, dyadic groups of binary numbers, Walsh functions, logical holography, and the spectral logic of systems of Boolean functions. We believe that molecules, DNA and RNA, are not only the carriers of the genetic code of amino acid sequences but also they are participants of the geno-logic code, which encodes logical functions and which is connected with epigenetic mechanisms. DNA is an important part of this integrated coding system, peculiarities of which are reflected in structures of DNA-alphabets and in features of the degeneracy of the genetic code of amino acids. The integrated coding system contains not only the code of amino acid sequences but also the code of sets of logic functions. We are developing a relevant mathematical doctrine about this biological code. Below, we describe our approaches to this theme.



As known, newborn turtles and crocodiles, when they hatched from eggs, crawl with quite coordinated movements to water without any training from anybody. Celled organisms, which have no nervous systems and muscles, move themselves by means of perfectly coordinated motions of cilia on their surfaces (the genetically inherited “dances of cilia”). In these inherited motions, a huge number of muscle fibers, nerve cells, contractile proteins, enzymes, and so forth are acting in concert, by analogy with the coordinated work of a plurality of parts of computers.



Computers work on the basis of networks of two-positional switches (triggers), each of which can be in one of two states: “yes” or “no”. Also in physiology, a similar law “all-or-none” [43] for excitable tissues exists: a nerve cell or a muscle fiber give only their answers “yes” or “no” under action of a different stimulus by analogy with Boolean variables. If a stimulus is above a certain threshold, a nerve or muscle fiber will fire with full response. Essentially, there will either be a full response or there will be no response [44,45]. A separate muscle, which contains many muscle fibers, can reduce its length to a different degree due to the combined work of the plurality of its muscle fibers. The nervous system also can react differently to stimulus of a different force by means of combined excitations of its many nerve fibers (and also due to the ability to change the frequency of the generation of nerve impulses at their fixed amplitude).



R. Penrose [46]—in his thoughts about biological quantum computers—appeals to the known fact that tubulin proteins exist in two different configurations, and they can switch between these configurations like triggers to provide bio-computer functions.



Taking these known facts into account, we propose to consider a living organism as a genetically inherited huge network of triggers of different types and different biological levels, including trigger subnets of tubulin proteins, muscle fibers, neurons, etc. From this perspective, biological evolution can be represented as a process of self-organization and self-development of systems of biological trigger networks. Correspondingly, the Darwinian principle of natural selection can be interpreted in a certain degree as natural selection of biological networks of triggers, together with appropriate systems of Boolean functions for coordinated work of these networks. In light of this, it is not so surprising that the genetic system, which provides transmission of corresponding logic networks along the chain of generations, is also built on the principles of dyadic groups and operations of Boolean algebra of logic.



Digital computers work on the basis of binary numbers and Boolean algebra. Hypotheses about analogies between the functioning of living organisms and computers existed long ago (see, for example, [46,47,48,49,50,51]). Our results of studying molecular-genetic systems led to the pieces of evidence that genetic systems work on the base of logical operations of Boolean algebra and dyadic groups of binary numbers; it is important, since the level of the molecular-genetic system is a deeper level than secondary levels of the inherited nervous system, or separate kinds of proteins such as the abovementioned tubulin. According to our concept of the systemic-resonant genetics [10], binary-oppositional kinds of molecular resonances of oscillatory systems with many degrees of freedom can be the natural basis of binary bio-computers working with genetic systems of dyadic groups and Boolean functions.



As known, for the creation of a computer, the usage of material substances for its hardware is not enough, but logical operations should also be included for the working of the computer. These logical operations can successfully work with different kinds of hardware made from very different materials. The same situation is true for living bodies, where genetical systems should provide genetic information not only about material substances (proteins) but also about the logic of interrelated operations in biological processes. One can be reminded that informatics is a scientific branch, which exists independent of physics or chemistry. For example, a physicist, who knows all the physical laws but does not know the informatics, cannot understand the working of computers. We think that the known genetic code of amino acid sequences defines material aspects of biological bodies and the geno-logic code defines logic rules and functions of their operating work. In the proposed new modeling approach about the geno-logic code, molecular-genetic elements (nitrogenous bases, doublets, triplets, etc.) and their ensembles are represented as Boolean functions or systems of these functions [9,40].



Genetics can be additionally developed as a science about genetic systems of logic functions. Results of this development can be used not only for deeper understanding living matter but also for progress in the fields of artificial intellect and artificial life (A-life), where mathematical logic plays a key role. In this case, computer systems and theoretical models should be developed, which are based on the special set of logic functions related with genetic systems. As known, artificial intellect, which possesses an ability of reproducing features of biological intellect, cannot be constructed without usage of mathematical logic [52], and so the idea of geno-logical coding is very natural.




6. Geno-Logical Coding and Questions of Modern Genetics


Our postulate on geno-logical coding allows, in particular, explanations of some difficult questions of contemporary genetics, including the following four questions.



The first question concerns the degeneracy of the genetic code of amino acids, where 64 triplets encode 20 amino acids and stop-signals of protein synthesis, and where several triplets encode each of the amino acids. By this reason, any fragment of amino acid sequences in proteins has many different variants of its encoding by different triplets. For example, let us consider the short sequence of 3 amino acids: Ser-Pro-Leu. In the Standard genetic code, the amino acid, Ser, is encoded by 6 triplets (TCC, TCT, TCA, TCG, AGC, AGT), the amino acid, Pro—by 4 triplets (CCC, CCT, CCA, CCG), and the amino acid Leu—by 6 triplets (CTC, CTT, CTA, CTG, TTA, TTG). Due to this, the short sequence, Ser-Pro-Leu, can be encoded by means of 144 (=6*4*6) different variants of a sequence of 3 triplets: TCC-CCC-CTC, TCT-CCT-CTG, AGT-CCT-TTG, etc. If more and more long sequences of amino acids are taken into consideration (some proteins have sequences with many thousands of amino acids in them), the number of variants of their encoding increases rapidly to astronomic quantities. Why does living matter need such a tremendously excessive number of encoding variants, which can greatly complicate the work of a reliable coding system? This is a difficult question without a satisfactory explanation in modern science.



The standpoint of the geno-logical code gives the following answer on the question. DNA (RNA) molecules are carriers of at least two different genetic codes: in one of them triplets encode amino acids, and in the second code the same triplets (or n-plets in a general case) encode genetic systems of Boolean functions. In this case, the existence of many different variants of sequences of triplets, which encode the same amino acid sequence, has a sense, because any two different sequences of triplets, which encode the same amino acid sequence, simultaneously encode different systems of Boolean functions. One can suppose that the amino acid sequence, encoded by the first set of triplets, is designed to work in cooperation with one of the genetic systems of Boolean functions; by contrast, the same amino acid sequence, encoded by another set of triplets, is designed to work in cooperation with another genetic system of Boolean functions. This implies that, in living bodies, each of proteins is intended for use in different encoded systems of Boolean functions, if this protein can be encoded by different sequences of triplets. In other words, each protein is potentially connected with many variants of encoded genetic Boolean functions. Correspondingly, the fate of the protein in a living body depends on its connection with one of the encoded genetic systems of Boolean functions, which is possible for it. It correlates with the known phenomenon that the same kinds of proteins can be used in constructions of very different organs, each of which is built by means of its own algorithmic-logical processes. One can also note that the same kind of organs in different biological species can be built from very different proteins even though they provide the same function and frequently they are similar to each other in their morphology (for example, eyes as organs of vision in different species). These facts give additional pieces of evidence about the biological importance of encoded algorithmic processes founded on genetic logical programs of geno-logical coding.



The second question concerns the existence of introns, which do not encode proteins (by contrast to exons in nucleotide sequences). From the standpoint of the geno-logical code, introns participate in the definition of genetic systems of Boolean functions, which are needed for inherited algorithmic processes. They do this in cooperation with exons.



The third question concerns the problem of jumping genes [53], which also can be related with the existence of the geno-logical code, together with the genetic code of amino acid sequences: jumping of DNA fragments is needed for changing of the encoded systems of Boolean functions without changing the amino acid sequence in the encoded protein.



The fourth question: why the alphabets of DNA and RNA—together with the numeric characteristics of the degeneracy of the genetic code—are related with dyadic groups of binary numbers and with Walsh functions? From the standpoint of the geno-logic code, this relationship plays a key role in inheritance of algebra-logical processes, since dyadic groups are closely related, not only with Boolean algebra of logic but also with Walsh functions, which are algebraic characters of dyadic groups. The dyadic-group structure of the DNA- and RNA-alphabets connects genetics with Boolean algebra of logic for inheritance of algorithmic processes and for combining individual elements into a whole organism with its quasi-holographic properties, work abilities, etc.



For developing the theory of the geno-logical code, one needs to study possible variants of natural relations of molecular-genetic ensembles with systems of Boolean functions and their methods of analysis developed in mathematics, including spectral logic using Walsh functions and the tensor (or Kronecker) product of matrices [29,54,55]. These known mathematical methods pay special attention to the Walsh-Hadamard spectra and dyadic autocorrelation characteristics of systems of Boolean functions. Different classes of Boolean functions exist: linear, self-dual, anti-self-dual, threshold, and others. Knowledge of a class of Boolean functions is important for the synthesis of devices that implement complex logic functions or their systems, since specific synthesis methods are known for each of such classes. To get this knowledge, dyadic autocorrelation characteristics are traditionally used, which coincide with dyadic convolutions [6]. The paper [9] (pp. 91–99) is the first work where initial models of molecular-genetic ensembles as systems of Boolean functions and elements of algebra of logic are described in connection with the concept of geno-logical coding. From the point of view of the geno-logical approach, the genetic system is a part of such an intellectual substance, which is a living organism. One can think that the genetic system also is an intellectual substance, which communicates with other intellectual parts of the living body to provide coordinated mutual functions. The point of view about intellectual abilities of parts of a living body has associations with works about the Double Homunculus model [56], and an emergence of formal logic induced by an internal agent [57]. Of course, the described representations should be considered as initial material for further research of genetic systems and biological organisms from the standpoint of Boolean algebra of logic and spectral logic, for deeper understanding of living matter and for developing “algebraic-logical biology”. In particular, the development of algebraic-logical biology should include a new theory of morphogenesis and of inherited phenomena of resemblances with the surroundings (biological camouflage, or mimicry in a wide sense); in our opinion, geno-logical coding plays an important role in these phenomena.



E. Schrödinger noted [58]: “from all we have learnt about the structure of living matter, we must be prepared to find it working in a manner that cannot be reduced to the ordinary laws of physics… because the construction is different from an anything we have yet tested in the physical laboratory”. For comparison, the enzymes in the biological organism work a million times more effectively than catalysts in the laboratory. Biological enzymes can accelerate receiving of results of chemical reactions 1010–1014 times [59] (p. 5). We believe that such ultra-efficiency of enzymes in biological bodies is defined not only by laws of physics, but also by algebra-logical algorithms of geno-logic coding, and therefore—in accordance with Schrödinger—this ultra-efficiency cannot be reduced to the ordinary laws of physics. Concerning enzymes, one should note that reading of genetic information of DNA is closely related with biological catalysis; encoding of the protein by the polynucleotide can be interpreted as catalysis of the protein by the polynucleotide [1].



The American journal, Time, in 2008, announced “personalized genetics” from the company, 23andMe, as the best innovation of the year [60]. This innovation was recognized to be much more important than many others, including the Large Hadron Collider from the field of nuclear physics. The company, 23andMe, proposes information about genetic peculiarities of persons at a low price. Now possibilities of personalized genetics are developed intensively in many countries, with huge financial support. Yet this initial kind of “personalized genetics”, which has limited possibilities, uses knowledge about the genetic code of protein sequences of amino acids without knowledge about the geno-logic code. It is natural to think that the cause of the body‘s genetic predisposition to various diseases is not only violations in amino acid sequences of proteins, but that geno-logical disorders in inheritance of various processes also play an important role. We believe that development of knowledge about geno-logic coding will lead to “geno-logical personalized genetics” as a next step in human progress.



George Boole created his mathematics of logic to describe the laws of thought: his book in 1854 was titled, An Investigation of the Laws of Thoughts [61]. Our reasoned statement about the existence of geno-logical coding shows that our genetically encoded body is created on the basis of the same laws of logic on which our thoughts are constructed (the unity of the laws of thoughts and body). It gives new material for a discussion about the old problem: what is primary—thoughts or matter?



Materials about the geno-logical coding and about living matter as a territory of systems of Boolean functions gives rise to many new questions, including the question on non-Euclidean bio-symmetries and generalized crystallography [62,63,64,65]. One of them is the question concerning the role of water in living bodies. As known, jellyfishes consist of 99% water, but despite this they live perfectly. If such living bodies are genetically organized on the base of logical functions, then one can assume that structural water in living bodies is also related with logical functions in it, which can be provided by systems of its molecular resonances. We think that structural water can also be a carrier of logical functions and logical operations. It seems to be a new aspect of the study of water, which is usually analyzed only from a physico-chemical standpoint without the idea of a participation of laws of algebra of logic in water properties.







Acknowledgments


Some results of this paper have been possible due to the Russian State scientific contract P377 from 30 July 2009, and also due to a long-term cooperation between Russian and Hungarian Academies of Sciences in the theme “Non-linear models and symmetrologic analysis in biomechanics, bioinformatics, and the theory of self-organizing systems”, where Sergey V. Petoukhov was a scientific chief from the Russian Academy of Sciences. The authors are grateful to Gyorgy Darvas, Ivan Stepanyan, Vitaliy Svirin for their collaboration.




Author Contributions


Sergey V. Petoukhov is the author of the concept of the geno-logical code and its argumentation; Elena S. Petukhova helps in computer analysis of the genetic data and in the preparation of the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Chernavskiy, D.S. The problem of origin of life and thought from the viewpoint of the modern physics. Usp. Phizicheskih Nauk 2000, 170, 157–183. (In Russian) [Google Scholar] [CrossRef]

	2. 
Petoukhov, S.V. Matrix Genetics, Algebras of the Genetic Code, Noise-Immunity; Regular and Chaotic Dynamics: Moscow, Russia, 2008. (In Russian) [Google Scholar]

	3. 
Petoukhov, S. Symmetrical Analysis Techniques for Genetic Systems and Bioinformatics: Advanced Patterns and Applications; IGI Global: Hershey, PA, USA, 2009. [Google Scholar]

	4. 
Stewart, I. Life’s Other Secret: The New Mathematics of the Living World; Penguin: New York, NY, USA, 1999. [Google Scholar]

	5. 
Stambuk, N. Circular coding properties of gene and protein sequences. Croat. Chem. Acta 1999, 72, 999–1008. [Google Scholar]

	6. 
Fimmel, E.; Danielli, A.; Strüngmann, L. On dichotomic classes and bijections of the genetic code. J. Theor. Biol. 2013, 336, 221–230. [Google Scholar] [CrossRef] [PubMed]

	7. 
Ahmed, N.U.; Rao, K.R. Orthogonal Transforms for Digital Signal Processing; Springer: New York, NY, USA, 1975. [Google Scholar]

	8. 
Harmuth, H.F. Information Theory Applied to Space-Time Physics; The Catholic University of America: Washington, DC, USA, 1989. [Google Scholar]

	9. 
Petoukhov, S.V. The Genetic Code, 8-Dimensional Hypercomplex Numbers and Dyadic Shifts. 11th Version of the Article. Available online: http://arxiv.org/abs/1102.3596 (accessed on 15 July 2016).

	10. 
Rumer, I.B. Codon systematization in the genetic code. Dokl. Akad. Nauk SSSR 1968, 183, 225–226. [Google Scholar] [PubMed]

	11. 
Petoukhov, S.V. The system-resonance approach in modeling genetic structures. Biosystems 2016, 139, 1–11. [Google Scholar] [CrossRef] [PubMed]

	12. 
Yang, Q.; Ellis, J.; Mamakani, K.; Ruskey, F. In-place permuting and perfect shuffling using involutions. Inf. Process. Lett. 2013, 113, 386–391. [Google Scholar] [CrossRef]

	13. 
Gold, B.; Rader, C.M. Digital Processing of Signals; McGraw-Hill: New York, NY, USA, 1969. [Google Scholar]

	14. 
Karp, A.H. Bit reversal on uniprocessors. SIAM Rev. 1996, 38, 1–26. [Google Scholar] [CrossRef]

	15. 
Shiman, D.V.; Patsei, N.V. Application of Methods of Interleaving for Handling Graphic Information; Physics-Mathematical Science and Informatics; Belarusian State Technological University: Minsk, Belarus, 2013; pp. 108–110. (In Russian) [Google Scholar]

	16. 
Shishmintsev, S. Holographic Properties of a Bit-Reversal Permutation. Available online: https://habrahabr.ru/post/155471/ (accessed on 22 October 2012). (In Russian)

	17. 
Arquès, D.G.; Michel, C.J. A complementary circular code in the protein coding genes. J. Theor. Biol. 1996, 182, 45–58. [Google Scholar] [CrossRef] [PubMed]

	18. 
Michel, C.J. Circular code motifs in transfer and 16S ribosomal RNAs: A possible translation code in genes. Comput. Biol. Chem. 2012, 37, 24–37. [Google Scholar] [CrossRef] [PubMed]

	19. 
Fimmel, E.; Giannerini, S.; Gonzalez, D.; Strüngmann, L. Circular codes, symmetries and transformations. J. Math. Biol. 2014, 70, 1623–1644. [Google Scholar] [CrossRef] [PubMed]

	20. 
Fimmel, E.; Giannerini, S.; Gonzalez, D.; Strüngmann, L. Dinucleotide circular codes and bijective transformations. J. Theor. Biol. 2015, 386, 159–165. [Google Scholar] [CrossRef] [PubMed]

	21. 
Fimmel, E.; Strüngmann, L. On the hierarchy of trinucleotide n-circular codes and their corresponding amino acids. J. Theor. Biol. 2015, 364, 113–120. [Google Scholar] [CrossRef] [PubMed]

	22. 
Fimmel, E.; Michel, C.J.; Strüngmann, L. n-Nucleotide circular codes in graph theory. Phil. Trans. R. Soc. A 2016, 374, 20150058. [Google Scholar] [CrossRef] [PubMed]

	23. 
Cockle, J. Split-Quaternion. Available online: https://en.wikipedia.org/wiki/Split-quaternion (accessed on 9 July 2016).

	24. 
Poincare Disk Model. Available online: https://en.wikipedia.org/wiki/Poincar%C3%A9_disk_model (accessed on 15 September 2016).

	25. 
Luneburg, R. The metric of binocular visual space. J. Opt. Soc. Am. 1950, 40, 627–642. [Google Scholar] [CrossRef]

	26. 
Kienle, G. Experiments concerning the non-Euclidean structure of visual space. In Bioastronautics; Pergamon Pree: New York, NY, USA, 1964; pp. 386–400. [Google Scholar]

	27. 
Seberry, J.; Wysocki, B.J.; Wysocki, T.A. On some applications of Hadamard matrices. Metrica 2005, 62, 221–239. [Google Scholar] [CrossRef]

	28. 
Harmuth, H.F. Sequency Theory. Foundations and Applications; Academic Press: New York, NY, USA, 1977. [Google Scholar]

	29. 
Morita, Y.; Sakurai, Y. Holography by Walsh Waves. In Proceedings of the IV Symposium “Applications of Walsh functions”, Catholic University of America, Washington, DC, USA, 16–18 April 1973; pp. 122–126.

	30. 
Karpovsky, M.G.; Stankovic, R.S.; Astola, J.T. Spectral Logic and Its Applications for the Design of Digital Devices; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2008. [Google Scholar]

	31. 
Belousov, L. Morphomechanics of Development; Springer: New York, NY, USA, 2015. [Google Scholar]

	32. 
Driesch, H. Philosophie des Organischen; Engelmann: Leipzig, Germany, 1921. [Google Scholar]

	33. 
Greguss, P. Bioholography: A new model of information processing. Nature 1968, 219, 482. [Google Scholar] [CrossRef] [PubMed]

	34. 
Pribram, K. Languages of the Brain; Experimental Paradoxes and Principles in Neuropsychology; Prentice-Hall: Englewood Cliffs, NJ, USA, 1971. [Google Scholar]

	35. 
Soroko, L.M. Holography and Coherent Optics; Plenum Press: New York, NY, USA, 1980. [Google Scholar]

	36. 
Soroko, L.M. “Experience” of Young-Walsh and Logical Holography. In Proceedings of the 6th National Conference on Holography, Yerevan, Armenia, 11–17 February 1974; Leningrad Institute of Nuclear Physics: Leningrad, Russia, 1974. (In Russian)[Google Scholar]

	37. 
Fine, N.J. On the Walsh functions. Trans. Am. Soc. 1949, 3, 372–414. [Google Scholar] [CrossRef]

	38. 
Derzhypolskyy, A.; Melenevskyy, D.; Gnatovskyy, A. A Comparative Analysis of Associative Properties of Fourier versus Walsh Digital Holograms. Acta Phys. Pol. A 2007, 112, 1101–1106. [Google Scholar] [CrossRef]

	39. 
Golubov, B.I.; Efimov, A.V.; Skvortsov, V.A. Series and Fourier Transforms; Nauka: Moscow, Russia, 1987. (In Russian) [Google Scholar]

	40. 
Petoukhov, S.V. Symmetries of the genetic code, Walsh functions and the theory of genetic logical holography. Symmetry Cult. Sci. 2016, 27, 95–98. [Google Scholar]

	41. 
Histone Code. Available online: https://en.wikipedia.org/wiki/Histone_code#cite_note-Jenuwein-1 (accessed on 14 November 2016).

	42. 
Jenuwein, T.; Allis, C.D. Translating the histone code. Science 2001, 293, 1074–1080. [Google Scholar] [CrossRef] [PubMed]

	43. 
All-or-None Law. Available online: https://en.wikipedia.org/wiki/All-or-none_law (accessed on 30 September 2016).

	44. 
Kaczmarek, L.K.; Levitan, I.B. Neuromodulation: The Biochemical Control of Neuronal Excitability; Oxford University Press: New York, NY, USA, 1987. [Google Scholar]

	45. 
Martini, F.H. Anatomy and Physiology; Prentice Hall: New York, NY, USA, 2005. [Google Scholar]

	46. 
Penrose, R. Shadows of the Mind: A Search for the Missing Science of Consciousness; Oxford University Press: Oxford, UK, 1996. [Google Scholar]

	47. 
Liberman, E.A. Cell as a molecular computer. Biofizika 1972, 17, 932–943. [Google Scholar] [PubMed]

	48. 
Hameroff, S.R.; Penrose, R. Conscious events as orchestrated spacetime selections. J. Conscious. Stud. 1996, 3, 36–53. [Google Scholar]

	49. 
Hameroff, S.; Penrose, R. Consciousness in the universe: A review of the “Orch OR” theory. Phys. Life Rev. 2014, 11, 39–78. [Google Scholar] [CrossRef] [PubMed]

	50. 
Igamberdiev, A.U.; Shklovskiy-Kordi, N.E. Computational power and generative capacity of genetic systems. Biosystems 2016, 142–143, 1–8. [Google Scholar] [CrossRef] [PubMed]

	51. 
Ji, S. Molecular Theory of the Living Cell: Concepts, Molecular Mechanisms, and Biomedical Applications; Springer: New York, NY, USA, 2012. [Google Scholar]

	52. 
Yaglom, I.M. The Boolean Structure and Its Models; Sovetskoye Radio: Moscow, Russia, 1980. (In Russian) [Google Scholar]

	53. 
McClintock, B. The origin and behavior of mutable loci in maize. Proc. Natl. Acad. Sci. USA 1950, 36, 344–355. [Google Scholar] [CrossRef] [PubMed]

	54. 
Stankovic, R.; Astola, J. Spectral Interpretation of Decision Diagrams; Springer: New York, NY, USA, 2003. [Google Scholar]

	55. 
Zalmanzon, L.A. Transforms of Fourier, Walsh, Haar and Their Application in Management, Communications and Other Fields; Nauka, PhysMatLit: Moscow, Russia, 1989. (In Russian) [Google Scholar]

	56. 
Sawa, K.; Igamberdiev, A. The Double Homunculus model of self-reflective systems. Biosystems 2016, 144, 1–7. [Google Scholar] [CrossRef] [PubMed]

	57. 
Sawa, K.; Gunji, Y.-P. An emergence of formal logic induced by an internal agent. Biosystems 2014, 124, 39–45. [Google Scholar] [CrossRef] [PubMed]

	58. 
Schrödinger, E. What Is Life? The Physical Aspect of the Living Cell; University Press: Cambridge, UK, 1955. [Google Scholar]

	59. 
Varfolomeev, S.D. Chemical Enzymology; Akademia: Moscow, Russia, 2005. (In Russian) [Google Scholar]

	60. 
Hamilton, A. Invention of the year. The retail DNA test. Time, 29 October; 2008.

	61. 
Boole, G. An Investigation of the Laws of Thought; Macmillan. Reprinted with Corrections; Dover Publications: New York, NY, USA, 1958; (reissued by Cambridge University Press, 2009). [Google Scholar]

	62. 
Petukhov, S.V. Non-Euclidean geometries and algorithms of living bodies. Comput. Math. Appl. 1989, 17, 505–534. [Google Scholar] [CrossRef]

	63. 
Petoukhov, S.V. Biomechanics, Bionica and Symmetry; Nauka: Moscow, Russia, 1981. (In Russian) [Google Scholar]

	64. 
Petoukhov, S.V. Symmetries of the genetic code, hypercomplex numbers and genetic matrices with internal complementarities. Symmetry Cult. Sci. 2012, 23, 275–301. [Google Scholar]

	65. 
Hu, Z.B.; Petoukhov, S.V. Generalized crystallography, the genetic system and biochemical aesthetics. Struct. Chem. 2017. [Google Scholar] [CrossRef]



























© 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).







media/file8.jpg
1-2-3






media/file18.png
R3






media/file13.png
4

-1

I3

I3

—12

—T1

ro

| i

| i

I3

ro

Il

Il

Il

—T0

—TI3

| i

ro

ro

Il

| i

I3

ro

Il

| i

I3

o o O
— O O O
™
o o o |
o o - O
+
™
I © O O
™
o | O O
™
o o | O
™
o o o |
+
™
o o | O
o O O v
™
I © O O
o — O O
+
o O O v
o o - O
o — O O
— O O O






media/file12.jpg
00 10

00 0-1

1000
0-100

-

000

-10

-10 0

0

0

0

-10

5

n

0-100

1510

00

n

1

1000

0001






media/file9.png





media/file14.jpg
1fl1]afa 1000 01 00 00 0-1 00-10

11|11 =]0t00|+| 1000 |+]| 00 -10 |+ 000-1

1] 0010 00 0-1 0-100 1000

1la]a 0001 00 -10 -10 0 0 0100






media/file5.png
0 | o1 | 10 | 11
0l 1 wlcc| calac| aa
[
CclA orlcr | cc | AT | AG
. . (2) =
[CA; T G]= T|cgl: I[CATG] wltc| A lce | ga
I
1nltr| tcler | Gc
000 001 010 011 100 101 110 111
000 g CCC CCA CAC CAA ACC ACA AAC AAA
001 CCT CCG CAT CAG ACT ACG AAT AAG
010 CTC CTA CGC CGA ATC ATA AGC AGA
011 CTT CTG CGT CGG ATT ATG AGT AGG
[CA; T G]® = 100 § TCC TCA TAC TAA GCC GCA GAC GAA
101 TCT TCG TAT TAG GCT GCG GAT GAG
110 TTC TTA TGC TGA GTC GTA GGC GGA
111 TTT TTG TGT TGG GTT GTG GGT GGG






media/file15.png
1000
0100
0010

0001

01
10
00
00

0-1

-10

00 0-1
00 -10
0-1 00
-10 0 0

+

00-10
000-1
1000

0100






media/file19.png
O 0 0 0 0 0 -10 O 0 0 0 0 0 o0 -1
O 0 0 0 0 0 o0 -1 O 0 0 0 0 0 -10
O 0 0 0 -10 0 o O 0 0 0 0 -10 o0
O 0 0 0 0 -10 o0 O 0 0 0 -10 0 o
O 0 -10 O O 0 o O 0 0 -10 O 0 o
O 0 0 -10 O 0 o O 0 -10 O O 0 o
-10 0 0 O O 0 O O -10 0 O O 0 o0
O -10 0 0 O 0 O -10 0 O O 0 0 O
*lvolvi| v2 | va | va | vs |Ve]|Vy
vollvolvi| v2 | v3 | va | vs |ve]| vy
vilvi|vol va | v2 | vs | va |v7| Vs
v2ive|vs|—vol|—-vi|—vel|—vr|val|wvs
valvs|ve|—=vi|—-vo|—vr|—ve]|Vs|Vva
vallvalvs| ve | v7 | vo | vi |v2]| Vs
vslvs|val vi | ve | vi | vo |v3|wv2
vellvel|vz|—val|—-vs|—v2|—v3]|Vvo| Wi
vilvz|lve|l—=vs|—val|—v3|—v2]|vi]| Vo






media/file2.jpg
i

Ho

1

-1

He

il

-1






nav.xhtml


  information-08-00002


  
    		
      information-08-00002
    


  




  





media/file11.png
-1
-1

-1
-1

-1
-1

-1

-1
-1

-1
-1

-1
-1

1
1

-1
-1

1
1

-1
-1

1
1

-1
-1

-1
-1

-1

-1
-1

-1
-1

-1
-1

-1
-1

Rs =

-1

R2 =






media/file6.jpg
o0

o000 | 100

o

a0 | oo a0 | ouf

00

o0

10

o0

0

on

m






media/file1.png





media/file20.png





media/file10.jpg





media/file7.png
00

10

01

11

000

100

010

110

001

101

011

111

0 fCC | AC | cAa | AA 000 | CCC | ACC | CAC | AAC J CCA | ACA | CAA | AAA
10§ TC | GC | TA | GA 100 | TCC | GCC | TAC | GAC | TCA | GCA | TAA | GAA
oilct | AT | cc | Ac 010 | CTC | ATC | CGC | AGC | CTA | ATA | CGA | AGA
1nltrlarl e | cc 110 | TTC | GIC | TGC | GGC | TTA | GTA | TGA | GGA
001 | CCT | ACT | CAT | AAT | CCG | ACG | CAG | AAG
101 | TCT | GCT | TAT | GAT | TCG | GCG | TAG | GAG
011 | CIT | ATT | CGT | AGT | CIG | ATG | CGG | AGG
111 | TIT | GIT | TGT | GGT | TTG | GIG | TGG | GGG






media/file16.jpg
10000000 01000000 001000
01000000 10000000 000 100
00100000 00010000 1o0 000
00010000 00100000 010000
00001000 00000100 000000
00000100 00001000 000000
0oo0o00 10 00000001 0000 1000
00000001 00000010 000 00100
0o 000 voo 01000 000 00100
0000000 voo 00100 000 0 1000
Cro 00000 00000010 000 0 000
1o000000 0000000 000 0 0010
0000000 tooo0o000 0 010 00000
000000 1o v100000 0 100 00000
00000100 0o 0000 000 o000
0000 1000 000 10000 00 10 000 0






media/file3.png





media/file4.jpg
CATGH

000

[CATGI=

000

010

o1

100

101

0 | m

01

10

on

100

101

10

m






media/file0.jpg





media/file17.jpg





