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ADVANCED METHODS OF APPLYING CODING SYSTEMS IN THE DESIGN OF 

DIGITAL COMPONENTS FOR CYBER-PHYSICAL SYSTEMS 
 
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. 

Key words: cyber-physical systems, structured data, code systems, digital components, signal processing, neuron, 
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ПЕРСПЕКТИВНІ МЕТОДИ ЗАСТОСУВАННЯ КОДОВИХ СИСТЕМ ПРИ 

ПРОЄКТУВАННІ ЦИФРОВИХ КОМПОНЕНТІВ КІБЕРФІЗИЧНИХ СИСТЕМ 
 

Метою дослідження є розробка високоефективних цифрових компонентів для кіберфізичних систем, здатних до 
самовідновлення, швидкої обробки даних та надійного функціонування в умовах реального часу. У роботі запропоновано 
нові підходи до кодування інформації, зокрема кольорових зображень у форматі RGB, та моделювання нейроподібних 
структур з використанням теоретико-числових базисів Крестенсона, Радемахера та Хаара. Методика ґрунтується на 
математичних засадах системи залишкових класів (СЗК), модульної арифметики та структурному аналізі цифрових 
компонентів. Запропоновано використання гібридних моделей формальних нейронів, перцептронів із затримками та 
вейвлет-нейронів для реалізації задач класифікації сигналів. Розроблено модель самовідновлення сигналів у нейронному 
пучку з урахуванням відмов окремих елементів та ефектів гальмування. У результаті реалізовано механізм відмовостійкого 
передавання інформації в біонейронних структурах, сформовано алгоритми кодування пікселів у теоретико-числових 
базисах Радемахера-Крестенсона та Хаара-Крестенсона з однозначним декодуванням, що дає змогу адаптувати кодування 
до умов втрати або пошкодження даних. Наукова новизна полягає у поєднанні принципів біологічної відмовостійкості з 
методами цифрового кодування на основі СЗК, що забезпечує адаптивне відновлення сигналів без потреби в повному 
декодуванні. Практична значимість дослідження полягає в можливості впровадження результатів у пристрої цифрового 
зору, сенсорні платформи, елементи вбудованих систем та високопродуктивні процесори для інтелектуальних обчислень у 
кіберфізичному середовищі 

Ключові слова: кіберфізичні системи, структуризовані дані, кодові системи, цифрові компоненти, опрацювання 
сигналів, нейрон, перцептрон, піксель. 
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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 
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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: 

𝑆𝐾 = ∑ 𝑋𝑖 + ∑ 𝑌𝑗
𝑚

𝑗=1

𝑛

𝑖=1
, where: 𝑋𝑖- input, 𝑖 ∈ 1, 𝑛; - output, 𝑗 ∈ 1, 𝑚; 𝑛- the number of inputs to the 

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: 



INTERNATIONAL SCIENTIFIC JOURNAL  ISSN 2710-0766 

«COMPUTER SYSTEMS AND INFORMATION TECHNOLOGIES» 
 

МІЖНАРОДНИЙ НАУКОВИЙ ЖУРНАЛ  

«COMPUTER SYSTEMS AND INFORMATION TECHNOLOGIES», 2025, № 3 
66 

one level -𝐴1 = ∑ А𝑖
𝑛
𝑖=1 ; two levels -𝐴2 = ∑ ∑ А𝑖𝑗

𝑛

𝑖=1

𝑚

j=1
, three levels -𝐴3 = ∑ ∑ ∑ А𝑖𝑗𝑘

𝑙

k=1

𝑛

𝑖=1

𝑚

j=1

, 

where: 𝐴1, 𝐴2, 𝐴3- total hardware complexity at level, 𝑖, 𝑗, 𝑘- type of structure or device component at level, 𝑚, 𝑛, 𝑙- 
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: 

𝜏 = ∑ 𝜏𝑗
𝑚

𝑗=1
, where: 𝑚- number of sequentially connected elements; 𝜏𝑗- 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: 

𝑘𝑐 = ∑ 𝛼𝑖𝑃𝑖
𝑛
𝑖=1 , where: 𝑃𝑖 ∈ (𝑙, 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), 𝛼𝑖- 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:  

𝑘𝑒 = 𝐾 ⋅
𝐹𝐶

𝑘𝑐
⇒ max, where: 𝐾– level indicator; 𝐹𝐶- 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]. 

 
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, 𝑛𝑒𝑡 > 𝛩
0, 𝑛𝑒𝑡 ≤ 𝛩

, where: 𝑛𝑒𝑡 = ∑ 𝑥𝑖 ⋅ 𝛼𝑖
𝑛
𝑖=1 , −1 ≤ 𝛼𝑖 ≤ +1, 𝛩- 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 WSi, i = 1,2,…,n. In 

such synapses, not only the weights wji 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 = {𝑡1, 𝑡2, . . . , 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(𝜔𝑡𝑖
) =

𝑓(𝑋(𝜔𝑡𝑖−1
), 𝑋(𝜔𝑡𝑖−2

), . . . , 𝑋(𝜔𝑡0
)). 

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). 
 

 
 

 
Fig. 2. Structure of a feedforward perceptron with delay 

lines 

Fig. 3. Structure of a dynamic neuron for recognizing harmonic signals 

 

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; α1, α2, … 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 (С) 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 (СS) 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 𝐻0÷𝐻𝑘 generate an output pulse signal according to thresholds Р1, Р2, … 

Рk. The input signal x(t), identified in the receptor and converted into a pulse number signal [xi], is simultaneously 

fed to the -inputs of all neurons 𝐻0÷𝐻𝑘. 

Within each neuron (Hj), a threshold operation is performed, described by the formula: 





k

i
jij Pxresh

1

)](mod[][

, 

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 Pj. 

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≠j. Each neuron thus implements the threshold 

function in the form: 





k

i
jjj hresh

1

* ][][ 
, 

where j are the weighting coefficients of the respective neuron model. 

As a result, along each fiber of the neural bundle, pulse packets [hj] are transmitted, which in the receiving 

neuron H0 are again converted into the signal [Zi]  according to the expression: 





k

j
jji PhresZ

1
0 )](mod[][  , 

where j and P0 are the weighting coefficients and threshold modulus of the receiving neuron H0, 

respectively. 

It is evident that upon the death of an individual neuron Hj at the input of its axon no longer form, which 

removes the corresponding inhibitions h*
j at the inputs of other neurons. This, in turn, leads to a proportional 

change, in particular, an increase in their activation thresholds: P*
j > Pj. 

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, P2=10, P3=11. 

Calculate the quantization range of the input signals Р=Р1∙Р2∙Р3 (Р=9∙10∙11=990). 

Choose the neuron activation threshold Р0=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 

H₁ H₂, H₃ h1
∗→H2,H3 

H₂ H₁, H₃ h2
∗→H1,H3 

H₃ H₁, H₂ 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: 

Р1=0,         Р2=10+1=11,       Р3=11+1=12; 

Р2=0,         Р1=9+2=11,         Р3=11+1=12;     (1) 

Р3=0,         Р1=9+2=11,         Р2=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: 

















.12,11

;12,11

;12,11

21

31

32

*

PP

PP

PP

Pi  

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 ≤ xi ≤ 131. 

Let us consider an example for a specific input signal value. 

Let xi=100; P1=9; P2=10; P3=11; P0=990. 

We convert the number xi into a set of remainders bi in the system of pairwise coprime moduli Pi. That is: 

.b;)(modres

;b;)(modres

;b;)(modres

xi

1111100

0010100

119100

100

3

2

1







  

The inverse transform of the RNS based on the CS is performed according to the expression: 

,)P(modBbresN
k

i

iik 



1

0
     (2) 

Where: bi are the smallest non-negative remainders of the number Nk modulo Pi (0≤bi≤Pi-1); 

- Bi are the orthogonal basis numbers of the RNS ( )P(modm
P

P
B ii

i

i 10  , where mi are the 

normalizing phase coefficients of the imperfect residue transform (0<mi≤Pi-1)). 

Thus, the value xi represented in the RNS code is: xi=100(10)=(b1, b2, b3)(9,10,11)=(101)(9,10,11). 

Calculation of the basis numbers: 

 

);9(mod1110)9(mod19990 111  mmB        ,m 51  ;B 5501   

);10(mod199)10(mod110990 222  mmB     ,m 92   ;B 8912    (3) 

);11(mod190)11(mod111990 333  mmB       ,m 63   .B 5403   

 

Using (2) and (3), the inverse RNS transform is performed: 

.100)990(mod1090)990)(mod540189105501()990)(mod( 332211  BbBbBbxi

 Suppose neuron H1 with modulus P=9 fails, i.e., P1=0. Then, according to (1) and Fig.4, we obtain a new 

RNS: P2=11, P3=12, а P0
*=132. 

As a result of the changes in the threshold values of neurons H2 and Н3, the information transmission 

according to the model will occur in the new RNS with moduli P2=11 and P3=12, with basis numbers calculated 

similarly: 
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.4.4)12(mod100

;1;1)11(mod100
100

2

1






bres

bres
xi  

xi=100(10)=(b1, b2)(11,12)=(14)( 11,12); 

);(modm)(modmB 11112111
11

132
111   ;11 m  ;121 B  

);12(mod111)12(mod1
12

132
222  mmB  ;111 m  .1211 B  

Correspondingly, the inverse transform of the new RNS is performed as: 

.)(mod))(mod(xi 1001324961321214121   

Similar calculations are performed in the event of failures of H2 and H3. 

 

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 ib  within the RS [19]: 

Rbb 1 ;  2550  Rb ; ( 1111111100000000  ); 

Gbb 2 ;  2550  Gb ; ( 1111111100000000  ); 

Bbb 3 ;  2550  Bb ; ( 1111111100000000  ). 

Taking into account the coefficients 0.1m , 5907.4n , 0601.0p , the permissible value range 

for the most saturated shade of green can be defined within the interval 2540  Gb , which ensures the pairwise 

coprimality of the moduli 2561 P , 2552 P , 2573 P . 

Let us verify that the selected system of moduli satisfies the mutual coprimality condition by factoring 

them: 
82256  , 51*5255  , 257  is a prime number.  

That is, 167769600 P , where 16777216224

0 P . 

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:  

𝑃1 = 100000000(2);𝑃2 = 11111111(2);𝑃3 = 100000001(2). 

Therefore: 𝑃0 = 111111111111111100000001(2) 

Since the set of moduli 𝑃1, 𝑃2, 𝑃3 includes the modulus𝑃1 = 28, the residue of a number kN  

(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 kN , expressed 

in the RS. 

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

2551 m , 167114251 B ; 

1282 m , 84213762 B ; 

1293 m , 84211203 B . 

Let us verify the accuracy of the calculations: 

1)(mod)( 0321  PBbBbBbN BGRk  at 1Rb , 1Gb , 1Bb . 

That is 1)(mod)8421120184213761167114251( 0  PN k . 

Let, for example: 10R , 200G , 100B . 

That is 9187850)16776960(mod)842112010084213762001671142510( kN . 
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The obtained value corresponds to the binary representation of an RGB pixel in the CS 

(1000110000110010000010102). 

The result of decoding such a representation of an RGB pixel is:  

)(mod 1PresNr ki  ; )(mod 2PresNg ki  ; )(mod 3PresNb ki  . 

 

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. 













 

0

18

...

...

r

r

r

R i ;     













 

0

18

...

...

g

g

g

G i ;    













 

0

18

...

...

b

b

b

B i ; 

2550  ir ;  2550  ig ;   2550  ib . 

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 ( 321 ,, PPP ), whose product exceeds the full quantization range of brightness ( iii bgr ,, ). 

This requirement can be satisfied using various combinations of moduli within the framework of the discrete RNS 

transformation. For example, a set of moduli 8,7,5 321  PPP  enables unambiguous encoding of the 

brightness components ir , ig  and ib  within the range 2552808*7*50 P . 

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: 











0

1

2

a

a

a

BGR ;    









0

1

2

c

c

c

;   









0

1

2

d

d

d

; 

51 P ;   72 P ;  83 P , 

where: 1,0ia ; 1,0ic ; 1,0id ; 2,0i . 

The code structure of an RGB pixel in the R-C system with the selected set of moduli 

8,7,5 321  PPP  will have the form shown in Table 2/ 

 

Table 2 

Code structure of an RGB pixel in the Rademacher–Krestenson system 

Color component 
Value 

(0–255) 

The remainder of 

P1=5 

The remainder of 

P2=7 

The remainder of 

P3=8 

Presentation in 

R–C system 

r (Red) R r1=R mod 5 r2=R mod 7 r3=R mod 8 (r1, r2, r3) 

g (Green) G g1=G mod 5 g2=G mod 7 g3=G mod 8 (g1, g2, g3) 

b (Blue) B b1=B mod 5 b2=B mod 7   b3=B mod 8 (b1, b2, b3) 

 

The values iii dca ,,  are calculated as remainders: )mod( 1Prresa ii  , )mod( 2Pgresc ii  , 

)mod( 3Pbresd ii  . 

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

basis numbers iB  for the given set of moduli: 

11 m ; 561 B ; 32 m ; 1202 B ; 33 m ; 1053 B .  (4) 

Let us verify the correctness of the obtained values im  and iB  according to expression (2): 

1280mod)10511201561(1 N  

For example, let the intensity values of the RGB pixel be given as: 10ir ; 100ig ; 37ib  

We then obtain the RGB pixel codes as follows: 
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1. In the RS: )2(00001010ir ; )2(01100100ig ; )2(00100101ib . 

2. In the R-CS: 


)8,7,5()101011000(

321 PPP

ir  ; 


)8,7,5()010010000(

321 PPP

ig  ; 


)8,7,5()101010010(

321 PPP

ib  . 

The representation of RGB pixel codes in the H-C system for each intensity value ir , ig  and ib is 

performed as follows: 




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1
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2

c

c
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P
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











 

0

1

...

...

3

d

d

d

i

P

; 

51 P ;   72 P ;  83 P , where 1,0  iPi . 

For the given intensity values of the RGB pixel: 10ir ; 100ig ; 37ib we obtain the 

corresponding code structure in the H–CS as follows: 

)00100000..0001000..10000(ir ; 

)00100000..0010000..10000(ig ; 

)00000100..0010000..00100(ib . 

The representation of the digital values ir , ig  and ib in different code systems results in different bit-

lengths of the corresponding code structures: 

1. In the RS:  82log 8

2 RK  bit. 

2. In the R-CS: 9333)]1(logˆ[
3

1
2 




i
iCR PEK  bit. 

3. In the H-CS: 


 
n

i
iCH PK

1

20875  bit. 

The method of encoding RGB pixels in the Krestenson system makes it possible to replace the individual 

vectors 321 ,, PPP  with a single vector 
0P , 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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