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This study aims to develop highly efficient digital components for cyber-physical systems capable of self-recovery, high-
speed data processing, and reliable operation in real-time environments. The paper proposes new approaches to information
encoding, particularly for RGB color image representation, and the modeling of neuro-like structures using the code systems of
Krestenson, Rademacher, and Haar. The methodology is based on the mathematical foundations of the residue number system
(RNS), modular arithmetic, and structural analysis of digital components. Hybrid models of formal neurons, perceptrons with delay
lines, and wavelet neurons are employed to solve signal classification tasks. A model of signal self-recovery in a neural bundle is
developed, taking into account failures of individual elements and inhibitory effects. As a result, a fault-tolerant mechanism for
information transmission in bioneural structures is implemented, along with algorithms for encoding RGB pixels in the R-C and H-C
code systems. These methods ensure unambiguous decoding and allow adaptive encoding in the presence of data loss or
corruption. The scientific novelty lies in the integration of biological fault-tolerance principles with digital encoding methods based
on RNS, providing adaptive signal recovery without the need for complete decoding. The practical significance of the research is in
the potential application of the results to digital vision devices, sensor platforms, embedded systems, and high-performance
processors for intelligent computing in cyber-physical environments.
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NEPCIIEKTUBHI METOAU 3ACTOCYBAHHA KOJJOBUX CUCTEM I1PHU
IMPOEKTYBAHHI HU®POBUX KOMIIOHEHTIB KIBEP®IBUYHUX CUCTEM

MeTor JoCimKeHHS € PO3POBKa BUCOKOEPEKTUBHUX LNPPOBUX KOMITOHEHTIB AJIS1 KIGEPDIZNYHNX CUCTEM, 34ATHUX A0
CaMOB|HOB/IEHHS], LIBMAKOI OBPOBKU AaHNX Ta HAAIMHOro QyHKLIOHYBAHHS B YMOBAX PEa/lbHOro 4acy. Y poboTi 3ariporioHOBaHO
HOBI r1iAxoau 40 KoZyBaHHS iHGOpMaLlii, 30KpeMa KO/IbOPOBUX 306paxeHb y @opmati RGB, Ta MOJEMOBAHHS HEVPOrORIGHUX
CTPYKTYP 3 BUKOPUCTAHHSM TEOPETUKO-YNCIIoBUX basucis KpecreHcoHa, Pagemaxepa 1a Xaapa. Meroguka rpyHTYETbCS HA
MaTeMaTMYHNX 3acagax cuctemu 3anmukosux knacis (C3K), mMoagysibHOI apu@meTkmn Ta CTPYKTYDHOMY aHasisi ungposux
KOMITOHEHTIB. 3arnpOroHOBaHO BUKOPUCTAHHS TOPUAHNX MOJENEN (DOPMarbHMX HEMPOHIB, MEPLENTPOHIB I3 3aTpUMKaMU Ta
BEeVB/IET-HEVPOHIB A/15 peasi3allii 3a4ay Kiacuikauii curHasis. Po3po6/ieHO MOAE/b CAMOBIAHOB/IEHHS CUMHA/IB Y HEVPOHHOMY
MY4KY 3 yPaxyBaHHSIM BIAMOB OKDEMUX E€/IEMEHTIB Ta E€QEKTIB ra/lbMyBaKHHs. Y pe3y/ibTati peasti30BaHO MEXaHI3M BiAMOBOCTIVIKOro
nepegasarHs iHGOPMALIi B GIOHEVPOHHNX CTPYKTypax, CQHOPMOBAHO a&/IropUTMU KOZYBAHHS [TIKCE/IB Y TEOPETUKO-YUC/IOBUX
b6azncax Pagemaxepa-KpecreHcoHa 1a Xaapa-KpecTeHCOHa 3 OfHO3HAYHUM AEKOAYBaHHSIM, LO AaE 3MOry aAantyBatv KOAYBaHHS
[0 YMOB BTparu abo MOLKOMKEHHS AaHnX. HaykoBa HOBU3HA MOISra€ y NOEAHAHHI MpUHUMIB 6io/1orYHOI BIAMOBOCTIMKOCTI 3
MeTofamn UN@GPOBOro KofyBarHs Ha OCHoBi (3K, o 3abe3nedyye a3AanTvBHE BIAHOBJ/IEHHS CUIHaaB 6e3 rnoTpebu B roBHOMY
AeKogyBarHi. [IpaKTMyHa 3HaYNMICTL AOCITIMKEHHS 0/ISIaE€ B MOXJ/IMBOCTI BIPOBAAKEHHS PE3Y/ILTATIB ¥ MPUCTPOI UngpoBoro
30py, CEHCOpHI Nnatgopmy, €/1eMeHTH BOYAOBAHUX CHUCTEM Ta BUCOKOIMPORYKTUBHI MPOLECcopu /15 IHTE/IEKTYalbHUX OBYUCTIEHDL Y
KIOEPQDIBNYHOMY CEPEAOBULLI
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Introduction
Modern computer systems operate in close interaction with the physical environment, forming multilayer
platforms of cyber-physical systems (CPS) that require high performance, reliability, and the ability to adapt in real

64 MDKHAPOJIHHIN HAYKOBUI XXYPHAJT

«COMPUTER SYSTEMS AND INFORMATION TECHNOLOGIES», 2025, Ne 3


https://doi.org/10.31891/csit-2025-3-7
https://lpnu.ua/en/education/information-package
https://pnu.edu.ua/

INTERNATIONAL SCIENTIFIC JOURNAL ISSN 2710-0766
«COMPUTER SYSTEMS AND INFORMATION TECHNOLOGIES»

time. A pressing issue in this field is the effective integration of computing and telecommunication technologies to
provide users with reliable, intelligently processed information. Particular attention is paid to the enhancement of
components for physical process monitoring, sensor interfaces, pattern recognition systems, and audio-video
support, which play a key role in CPS decision-making.

The current development of CPS intended for organizing measurement processes opens up opportunities
for implementing computation, reliable and secure data transmission, storage, and shared use of measuring
equipment and service information in the context of physical process control. In particular, the informational and
functional compatibility of such components significantly increases the efficiency of human interaction with the
physical environment.

The design of CPS is of special importance due to the rapid advancement of measurement theory, data
encoding, processing and transmission methods, and the growing capabilities of micro- and nanotechnologies in
creating high-performance software and hardware tools for computation and communication. In CPS design, the
need for fault-tolerant, high-speed, and fully functional digital components highlights the relevance of using coding
systems, including residue number systems (RNS), Crestenson and Rademacher systems, and neuroprocessor
architectures. This work is based on the scientific school of Ya.M.Nikolaychuk [1-4], which studies models of
digital structures with optimally minimal-maximal system characteristics, including specialized processors for
monitoring, forecasting, and control tasks. The formalization of complexity criteria for digital components, such as
hardware, time, structural, and informational complexity, enables comparative analysis of system parameters in the
design of computing tools.

The properties of approximation and real-time operation of neural structures in digital signal identification
processors, including models of threshold neurons, perceptrons with delay lines, and wavelet neuro-architectures,
make it possible to effectively implement classification and recognition tasks in digital systems.

This paper presents the feasibility of constructing a mathematical model for signal self-recovery based on
the Krestenson system. The model accounts for damage or failure of individual neurons and demonstrates how the
system can adaptively reorganize while preserving the integrity of transmitted information. These principles are
inspired by the structure of the bionic axon and are implemented through digital encoding with redundant moduli
and inhibitory interactions in the neural bundle. Part of the paper is devoted to methods for encoding color images in
the RGB format based on the Rademacher—Krestenson and Haar—Krestenson systems. An approach is proposed for
representing pixels in the RNS using pairwise coprime moduli, ensuring high accuracy, unambiguous decoding, and
self-recovery in the event of partial data loss.

Thus, the development of efficient digital components and next-generation processors capable of high-
speed data processing, self-recovery, and robust performance under intensive informational loads in CPS remains a
highly relevant and promising area of research.

Related works

One of the key challenges in the development of multi-level architectures of CPS is the effective integration
of modern advances in computer and telecommunication technologies [5—7]. The wide variety of component types
that form such systems necessitates the use of high-speed measurement and computation tools to ensure the required
quality of operation [1-4, 6, 7].

Equally important is the task of delivering timely and high-quality information to the user, processed using
intelligent and expert technologies. In this context, special attention must be paid to the modernization of
components responsible for monitoring physical processes, as well as the development of tools for communication
interaction [8—10]. This contributes to enabling users to make well-grounded decisions in real-time.

Moreover, personalized services create the conditions for predicting user behavior and adapting the
interface interaction with CPS elements accordingly.

System characteristic criteria for digital components of cyber-physical systems
The theory of multifunctional data structuring is founded on the evaluation of system characteristics of
digital components in computing systems, including the following criteria [11]:
- Complexity Evaluation Based on Quine’s Method. The Quine method defines complexity by calculating
the total number of inputs and outputs of a microelectronic component:
n
Sk = Z X + z;n_le, where: X;- input, i € 1,n; - output, j € 1,m; n- the number of inputs to the
i=1 -
structure, m- the number of outputs to the structure.
- Hardware Complexity. Hardware complexity is determined by counting the number of logic elements and
gates that make up the device, taking into account the number of hierarchical levels and the types of components
used:
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where: A4, A,, A;- total hardware complexity at level, i, j, k- type of structure or device component at level, m,n, [-
number of structures or component types used in the system.

- Temporal Complexity. Temporal complexity is estimated by determining the total signal delay through
the longest chain of sequentially connected logic or functional elements between device inputs and outputs:

T = Z;":I 7j, Where: m- number of sequentially connected elements; z;- signal delay in the j-th element.

- Structural Complexity. Structural complexity is applied to digital components and hardware—software
tools of computing equipment, including graphical structures and multifunctional data:

k. =Y~ a;P;, where: P, € (,P,x,d,r,h,z,b,c,i,n,a, f)- quantitative estimates of structure elements
(e.g., line, turn, intersection, touch, branching, fill, link, letter, digit, index, symbol, sign), a;- weighting coefficients
based on expert evaluations of the structural complexity of the structured data component.

- Structural Efficiency. Structure efficiency is defined as the ratio of informational complexity to structural
complexity:

k.=K- % = max, where: K— level indicator; F,- information complexity of the device.

These criteria enable analytical estimation and comparative evaluation of system parameters for digital
components in various types of computer systems, including: analog-to-digital converters (ADCs); pattern
recognition and signal processing units; signal encoding and digital signal processing modules; communication
protocols between functional levels of computer systems; specialized processor modules; monitoring tools for
technological processes and operator interaction interfaces.

Neural-Based Signal Identification Processors
A review of scientific publications in the fields of neural networks and neurocybernetics demonstrates
significant progress in the modeling and theoretical justification of the functioning of the perceptron, neuron, and
neural networks [12—15]. The structure of the threshold model of a formal neuron is shown in Fig. 1 [16].

Xi M Q;
Al
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Fig 1. Structure of the threshold model of a formal neuron

The response of a formal neuron is described as follows:

Z = f(net) = {(1) Zzi Z g where: net =Y, x; - a;, —1<a; <+1, 0O-activation threshold.

To solve a wide range of problems in the field of intelligent data processing, hybrid neuro-fuzzy systems
and wavelet-neuro-fuzzy architectures are increasingly being used. These systems combine the advantages of
individual approaches and are characterized by improved approximation capabilities while maintaining the ability to
operate in real time.

A wavelet neuron, in terms of its structure, is similar to a classical formal neuron with nn inputs. However,
instead of traditional synaptic connections with weight coefficients, it uses wavelet synapses WS;, i = 1,2,...,n. In
such synapses, not only the weights wj; are subject to adjustment, but also the scaling and translation parameters of
the wavelet functions ¢ji(xi(k)).

The analysis of signal identification processors based on threshold circuits of formal neurons demonstrates
their high versatility and effectiveness when applied to a wide range of identification tasks. Adapting such
architectures to the specifics of certain signal types, such as harmonic signals, enables simplification of algorithmic
implementation and improvement of practical performance.

In the process of solving tasks related to prediction and recognition of components of the information
description vector of an object over a given time interval T(T = {t,,t,,...,ts}), Where t - represents discrete time
points at which the corresponding vector is formed, clustering and identification of the characteristic features of the
studied object are carried out.
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Provided that the changes in the elements of the information description vector have a deterministic nature
driven by inter-parameter relationships within the cyber-physical system (CPS), it becomes possible to predict the
future values of the vector. This is due to the presence of a functional dependency between previous and current
parameter  values, which a  corresponding  analytical  expression can  describe: X (‘*’ti) =

fF(X (@) X (@, )5 X (@,)).

The dynamic variations of individual features that constitute the information description vector can be
represented as a system of partial differential equations. However, due to the absence of an explicitly known
functional dependence f(°), obtaining an analytical solution to such a system is not feasible.

To overcome this complexity, the study [17] explores the possibility of using elements of artificial neural
networks based on two modifications of the multilayer perceptron:

- with feedforward signal transmission;

- with feedforward signal transmission and delay lines (dynamic component of the neuron) (Fig.2).

It is evident that in the presence of simple pattern types, such as binary vectors without the use of weighting
coefficients, this structure implements a threshold response of the neuron to the moving average of the input signals.
When weighting coefficients are added, the neuron performs the calculation of the threshold function of the moving
weighted mathematical expectation, which is functionally equivalent to the operation of digital convolution
processors, as well as devices for correlation and spectral signal analysis.

Based on this class of structures, a model of a dynamic recurrent neuron oriented towards the recognition of
harmonic signals was developed [18] (Fig.3).
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Fig. 2. Structure of a feedforward perceptron with delay Fig. 3. Structure of a dynamic neuron for recognizing harmonic signals

lines

The presented neuron structure includes a converter of harmonic signals into binary pattern vectors, where
X(t) is the input signal; X1, X2, ... are time-delayed pattern vectors; a1, a, ... are weighting coefficients; and Z(t) is
the output signal. The model also employs threshold element circuits and a summation block.

Further research on the recurrent bioneuron, focused on pattern recognition in Hamming space, requires
refinement of its structural model and formalization of functional characteristics. This defines the primary task in
designing neuroprocessors for pattern recognition applications.

Data transmission method in the Krestenson residual class system in the presence of failures of
individual neurons

During the study of biological objects, a distinctive feature of signal transmission in neural bundles was
discovered. This phenomenon represents an effect of self-recovery and self-correction in the event of damage or
death of individual groups of neurons. One of the important mathematical tasks is the development of a number-
theoretic model of a self-recovering signal transmission system in bioneural fibers using the Krestenson (C) system.

It is known that neural structures can experience significant "die-off" of a large number of neurons without
noticeable deterioration in the overall functional capabilities of the neural system. Similarly, when sensory
information is transmitted through neural bundles, damage or failure of a substantial number of neurons practically
does not affect the amplitude coding range or the dynamics of the transmitted signals. These phenomena of self-
protection and self-recovery of signal transmission functions in neural bundles have prompted the development of
new ideas for constructing an appropriate model of the neural bundle and theoretical justification of this
phenomenon.

The creation of a mathematical model of signal self-recovery in neural fibers can be effectively applied in
modern information systems to ensure reliable data transmission under conditions of intense industrial interference,
signal attenuation in communication channels, or targeted unauthorized damage to transmission line components.

A unique property of the Krestenson system (CS) is the unambiguous invertibility of the forward and
inverse spectral transforms while preserving phase information, which is absent in the widely used Fourier system
(FS) based on harmonic functions. In the FS, phase information of the transformed signals is lost, making it
impossible to fully reconstruct the signal solely using statistical and correlation characteristics after spectral
analysis.
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Therefore, the theoretical solution to the problem of self-recovering signal transmission in neural bundles
should be based on the application of the CS. This is especially relevant considering that biological studies have
unequivocally confirmed the following: in neural systems, harmonic (sinusoidal) signals are transformed into
numerical pulses with variable frequency, amplitude, and periodicity. Accordingly, an adequate theoretical modeling
of this problem should be carried out in the discrete form of the CS.

The solution to the problem of signal transmission in a neural bundle with a self-recovery effect is
implemented as follows. Let each neuron H,+H, generate an output pulse signal according to thresholds P, P, ...
Py. The input signal x(t), identified in the receptor and converted into a pulse number signal [x;], is simultaneously

fed to the @ -inputs of all neurons Hy+Hj,.
Within each neuron (H;), a threshold operation is performed, described by the formula:

k
[h;1=res) [®x](modP,)
i=1
where [hj] is a pulse signal whose number of pulses corresponds to the smallest non-negative remainder of
the threshold operation modulo Pj, and res is the threshold function modulo P;.
According to the functional structure of the neural bundle, the pulses [hj]] of the j-th neuron are

simultaneously fed to the inhibitory = -inputs of all other neurons Hi;. Each neuron thus implements the threshold
function in the form:

[h;]zreszk:aj -[h;]

where ¢ are the weighting coefficients of the respective neuron model.
As a result, along each fiber of the neural bundle, pulse packets [h;j] are transmitted, which in the receiving
neuron Ho are again converted into the signal [Zi] according to the expression:

(2,1 =resy. f,-[n, I(mod By,

where f; and Py are the weighting coefficients and threshold modulus of the receiving neuron Ho,
respectively.

It is evident that upon the death of an individual neuron H; at the input of its axon no longer form, which
removes the corresponding inhibitions h* at the inputs of other neurons. This, in turn, leads to a proportional
change, in particular, an increase in their activation thresholds: P*; > P;.

Here is an example of solving the problem based on the CS, (the number theory theorem based on
remainders or the chinese remainder theorem), with consideration of neural interpretation:

Let the number of neurons be k=3.

The system of pairwise coprime moduli: P1=9, P,=10, P;=11.

Calculate the quantization range of the input signals P=P1-P»-P3 (P=9-10-11=990).

Choose the neuron activation threshold Py=13.

The idea of the CS in the context of the neural model is as follows:

- each neuron responds to a signal equal to the remainder of dividing the input value by the corresponding
modulus Pi;

- a neuron activates if its remainder matches a predetermined value;

- inhibition is the mutual influence among neurons where activation of one suppresses others by changing
their activation thresholds or inhibiting their activity.

Let us construct the inhibition influence table (Table 1).

Table 1
Inhibition influence of each neuron on other neurons
Neuron Inhibitory neuron Inhibitory effect designation
H, H., Hs hy*—Ha,Hs
H> Hi, Hs hz*—)Hl,H3
Hs Hl, H> h3*—>H1,H2

This corresponds to a fully connected graph with three vertices, where each neuron inhibits the other two
(Fig.4).
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Fig.4. Graph of inhibitory influences in a neural bundle

If individual neurons fail, we get:
P1=0, P=10+1=11, P3=11+1=12;
P=0, P1=9+2=11, P3=11+1=12; @)
P3=0, P1=9+2=11, P»=10+2=12.

As a result of failures of individual neurons, the corresponding moduli disappear from the initial residue
number system (RNS), and the threshold characteristics of the remaining neurons change - usually increasing due to
the removal of inhibitory influences. This leads to a restructuring of the entire system, resulting in a new RNS with a
reduced number of moduli corresponding to the active neurons:

p,=11, P,=12;
P =P =11 P,=12
P=11, P,=12.

As a result of signal self-recovery during transmission through such a neural fiber, the signal will be
unambiguous within the input signal range: 0 < x; < 131.
Let us consider an example for a specific input signal value.
Let xi=100; P1=9; P»,=10; P3=11; P¢=990.
We convert the number x; into a set of remainders b; in the system of pairwise coprime moduli P;. That is:
/ restoO(mod9)=1; b =1,
X, = 100<:re3100(mod 10)=0; b, =0;
restOO(mod11)=1; b, =1.
The inverse transform of the RNS based on the CS is performed according to the expression:

Kk
N, =res) bB,(mod PR, ), 3]
i=1
Where: b; are the smallest non-negative remainders of the number Nx modulo P; (0<bi<Pi-1);

P
- Bi are the orthogonal basis numbers of the RNS (B, = FO m. =1(mod P, ), where m; are the
i
normalizing phase coefficients of the imperfect residue transform (0<m;<pP;-1)).
Thus, the value x; represented in the RNS code is: Xi=100¢10)=(01, b2, b3)(9,10,11)=(101)(9,10,11).
Calculation of the basis numbers:

B, =990/9-m, =1(mod9) =110m, =1(mod9); m, =5, B, =550;
B, =990/10 - m, =1(mod10) = 99m, =1(mod10); m, =9, B, =891, ®3)
B, =990/11-m, =1(mod11) = 90m, = 1(mod11); m, =6, B, =540.

Using (2) and (3), the inverse RNS transform is performed:
x. = (b,B, +b,B, +b,B,)(M0d 990) = (1-550 + 0-891 +1-540)(mod 990) =1090 (mod 990) =100.

Suppose neuron H; with modulus P=9 fails, i.e., P1=0. Then, according to (1) and Fig.4, we obtain a new
RNS: P,=11, P3=12, a Py"=132.

As a result of the changes in the threshold values of neurons H, and Hs, the information transmission
according to the model will occur in the new RNS with moduli P,=11 and P3=12, with basis numbers calculated
similarly:
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_w reslO0(mod1l) =1; b, =1;
restO0(mod12) =4. b, =4.
Xi=100(10)=(b1, b2)(11,12=(14)(11,12);

B, - %ml — (mod11) = 12m, =I(mod11); m, ~1 B, —12;
132 :
B, = Emz =1(mod12) =11m, =1(mod12); m; =11; B; =121.

Correspondingly, the inverse transform of the new RNS is performed as:
X, =(1-12 +4-121)(mod 132 ) == 496(mod 132 ) =100.
Similar calculations are performed in the event of failures of H,and Hs.

Methods for encoding pixels of color images using theoretical and numerical representations in extended
Galois fields

1. RGB pixel encoding method in Rademacher (R) and Krestenson (C) systems.

The encoding of color pixels in the Hamming space of a screen, defined in a Cartesian coordinate system,
can be uniquely represented in the RNS according to the CS. This representation is achieved by selecting three
pairwise coprime moduli, which enable unambiguous encoding of each pixel in the RGB system in binary form
according to the RS, by performing a direct integer transformation within the RNS (2).

Unambiguous encoding of RGB pixels in the R-CS is performed by selecting appropriate residue coding

range values D; within the RS [19]:

b, = bg; 0<h, <255; (00000000 +11111111 );
b, =bg 0<hg <255 (00000000 11111111 );
b, = by ; 0<bj < 255; (00000000 +11111111 ).

Taking into account the coefficients m=1.0, n=4.5907 , p =0.0601, the permissible value range
for the most saturated shade of green can be defined within the interval 0 < b, < 254 , which ensures the pairwise
coprimality of the moduli P, =256, P, =255, P, =257 .

Let us verify that the selected system of moduli satisfies the mutual coprimality condition by factoring
them: 256 =28 255 =5*51 257 isa prime number.

Thatis, P, =16776960 , where P, < 2** =16777216 .

Thus, the condition for forming a 24-bit pixel code in the R-CS is fulfilled.

In the binary number system, the RS codes of the moduli are represented as:

P, = 100000000 ;);P, = 11111111 ,);P; = 100000001 ).

Therefore: Py = 111111111111111100000001 (5,

Since the set of moduli P,,P,,P; includes the modulusP; = 28, the residue of a number Nk
(corresponding to the green color component, G) according to the inverse transformation in the RNS can be obtained
without the need for decoding - it is directly represented as the 8 least significant bits of the number N, , expressed
in the RS.

By solving equation (3), we obtain the values of the multiplicative inverses M, and the basis numbers B, :

m, =255, B, =16711425 ;
m, =128, B, = 8421376 ;
m, =129, B, = 8421120 .
Let us verify the accuracy of the calculations:
N, = (bs -B, +bg -B, +b, -B,)-(modP,) =1 at by =1, b; =1, by =1.
Thatis N, = (1-16711425 +1-8421376 +1-8421120)-(modR,) =1.
Let, for example: R =10, G =200, B=100.
Thatis N, = (10-16711425 +200 -8421376 +100 -8421120 ) - (mod16776960 ) = 9187850 .
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The obtained value corresponds to the binary representation of an RGB pixel in the CS
(100011000011001000001010,).
The result of decoding such a representation of an RGB pixel is:

I, =resN,(modP); g; =resN, (modP,); b, =resN, (modP,).

2. Method of encoding RGB standard pixels in the Rademacher—Krestenson (R-C) and Haar—
Krestenson (H-C) systems.

The encoding of color image pixels in the RGB format is performed using a 24-bit binary representation, in
which the intensities of the red, green, and blue channels are specified separately as 8-bit binary codes formed in the
RS.

r8—1 gB—l b8—l
Iy do by
0<r<255; 0<0g,<255; 0<h <255.

The encoding of RGB pixels of color images in the R-C or H-C systems is carried out by selecting a set of
pairwise coprime moduli (P, P,, P,), whose product exceeds the full quantization range of brightness (I;, 9;, bi ).
This requirement can be satisfied using various combinations of moduli within the framework of the discrete RNS
transformation. For example, a set of moduli P, =5,P, =7,P, =8 enables unambiguous encoding of the

brightness components I;, g; and b, within the range P, =5*7*8 =280 > 255.

As a result, a corresponding code structure is formed in the R-CS, providing an unambiguous
representation of each RGB pixel as a residue code:

aZ CZ d2
RvGvBia, ; C ; d ;
Eh Co d

P =5; P,=7; P, =8,

where: @ €01; ¢, €01; d, €01;ie0,2.
The code structure of an RGB pixel in the R-C system with the selected set of moduli
P, =5,P, =7,P, =8 will have the form shown in Table 2/

Table 2
Code structure of an RGB pixel in the Rademacher—Krestenson system

Color component Value The remainder of The remainder of The remainder of Presentation in
(0-255) P,=5 pP2=7 P3=8 R-C system
r (Red) R r=R mod 5 =R mod 7 r;=R mod 8 (ry, I, 13)
g (Green) G 9:=G mod 5 9,=G mod 7 9:=G mod 8 (91, 92, 93)
b (Ber) B b1:B mod 5 b2:B mod 7 b3:B mod 8 (bl, bz, b3)

The values a.,C.

d, =res(b. modR,) .

Based on the solution of the Diophantine equations (3), we obtain the multiplicative inverses m; and the

basis numbers B, for the given set of moduli:

d;, are calculated as remainders: & =res(r,modP), c =res(g,modP,),

m =1; B, =5; m,=3; B,=120; m; =3; B, =105. 4)
Let us verify the correctness of the obtained values M, and B, according to expression (2):
N, =(1-56 +1-120 +1-105) mod 280 =1
For example, let the intensity values of the RGB pixel be given as: I, =10; g, =100 ; b, =37

We then obtain the RGB pixel codes as follows:
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L. Inthe RS: 1, =00001010 ,; g; = 01100100 , ; b, =00100101 ,, .
Pl PZ P3 Pl PZ P3 Pl PZ P3
—— —— —— —— ——
2. Inthe R-CS: I, = (000011101) 5,4, 0; = (000010010) 5, ; b, = (010010101) 5 , 5.
The representation of RGB pixel codes in the H-C system for each intensity value I,, @, and b is

performed as follows:

ap_y Cp1 d Py-1
RvGvBia (P d
a0 CO dO
P =5; P,=7; P,=8,where i€0,P, -1.

For the given intensity values of the RGB pixel: I, =10; g, =100; b, =37 we obtain the

corresponding code structure in the H-CS as follows:
r, = (10000 ..0001000 ..00100000 ) ;

g; = (10000 ..0010000 ..00100000 ) ;
b, = (00100 ..0010000 ..00000100 ).

The representation of the digital values I;, g, and b;in different code systems results in different bit-
lengths of the corresponding code structures:
L.IntheRS: K, =log, 2° =8 bit.

3 ~
2.Inthe R-CS: K o =Y [E(log, P, —=1)]=3+3+3=9 bit.

i-1 I
3.Inthe H-CS: Ky, =Y P, =5+7+8=20 bit.
i=1

The method of encoding RGB pixels in the Krestenson system makes it possible to replace the individual
vectors B, P,, P, with a single vector P, , whose bit length is 24 bits, equal to the bit depth of RGB system codes.

This allows RGB pixels to be represented in Hamming space. The representation of digital data in the Rademacher—
Krestenson and especially the Haar—Krestenson systems, which are based on the mathematical principles of modular
arithmetic and residue number systems, enables a 2—-3 order of magnitude increase in algorithm execution speed,
regardless of the bit-width of the numbers.

These operations are performed during transformations for various standards of color formation, digital
television, display printing, display types, modems, printers, and other devices.

Conclusions

The article examines theoretical and applied aspects of designing digital components of computer systems
aimed at high-speed information processing, self-recovery, and operation within a cyber-physical environment. The
proposed models and methods are based on the mathematical foundations of the RNS, particularly the Krestenson
system, which ensures reliable data transmission and structural resilience of digital systems against the failure of
individual elements.

Criteria for structural complexity of digital components are substantiated, allowing for the formalized
comparative analysis of architectures of specialized computing devices. The effectiveness of neuron-like structures
for signal recognition is demonstrated, based on perceptron and wavelet-neuron models, along with their
adaptability to real-time processing.

Special attention is given to a model of signal self-recovery in a neural fiber, where redundancy of moduli
and inhibitory interactions enable the implementation of biologically inspired fault tolerance. This model makes it
possible to design fault-tolerant neuroprocessors for classification and control tasks in conditions of damage or
partial loss of computational elements.

Efficient methods for encoding RGB pixels in the Rademacher—Krestenson and Haar—Krestenson systems
ensure compact representation, high computation speed, and preservation of data integrity in discrete
transformations.
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The obtained results establish a scientific foundation for the development of intelligent digital components
and special-purpose processors within computer systems and elements of cyber-physical platforms focused on
sensors, embedded systems, wireless communication, and interference-resistant data encoding.

Thus, the integration of code system properties, neuron-like architectures, and RNS encoding opens new
prospects for designing high-performance, adaptive, and reliable components of computer systems.
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