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THE CONCEPT OF BUILDING HIGH-PERFORMANCE REAL-TIME SYSTEMS USING
THE RESIDUE NUMBER SYSTEM

Abstract. The article examines the concept of building high-performance real-time information processing systems using
the Residue Number System (RNS).

The aim of the research is to improve the performance and fault tolerance of modern computing systems through the
application of a non-positional number system, which enables parallel data processing, dynamic error correction, and adaptive
regulation of accuracy and computational speed. The work emphasizes the key properties of RNS - independence of residues,
equality of residues, and small digit length — and their impact on the performance and reliability of real-time systems.

The research methodology is based on the principles of systems analysis, number theory, computational process theory, and
systems modeling, as well as the simulation of modular arithmetic operations and error correction mechanisms. The study analyzes
mathematical models of distributing informational and control residues to optimize the balance between speed, accuracy, and re-
liability of computations. The implementation methods of modular arithmetic are considered, including adder-based, table-based,
logical, and circular-shift principles, which improve processing speed and allow single-cycle execution of computations in real time.

The scientific novelty of the work lies in the proposed methodology of dynamic redistribution of informational and con-
trol residues in RNS to ensure high fault tolerance and adaptability of the system. The study proposes the use of control residues
to maintain operability even in the case of multiple computational path failures, as well as the application of small-digit mod-
ular arithmetic to enhance speed and reduce hardware complexity. It is shown that such a structure enables the simultaneous
realization of three types of redundancy - structural, informational, and functional - which is critical for real-time systems.

The conclusions of the study demonstrate that systems based on RNS provide significant acceleration of computations
through parallel execution on independent computational paths and operand decomposition, increase reliability due to error
localization, and enable dynamic regulation of accuracy and computational speed. The implementation of such systems makes
them effective for processing large data sets, digital signal and image processing, cryptography, neurocomputing, and stream-
ing computation tasks, ensuring continuous operation even in the case of partial component failures.

Key words: Residue Number System, high-performance computing, real-time systems, fault tolerance, modular arithmetic,
parallel computing.

Amurpo KOBAJIBYYK. KOHIENIIA IOBYA0BU BUCOKOITPOAYKTUBHHUX CUCTEM PEAJIBHOI'O YACY
3 BUKOPUCTAHHAM CUCTEMMH 3A/IMIIIKOBUX KJIACIB

AHnomayis. Y cmammi po3aasHymo koHyenyito no6ydosu 8ucokonpodykmugHUX cucmem o6po6ku iHgpopmayii 8 pesxcumi
peas1bHO20 Yacy 3 BUKOPUCMAHHAM cucmemu 3aauwkosux kaacis (C3K).

Memoio po6omu € nidguujeHHs1 npodykmugHocmi ma 8idmMo8ocmilikocmi cyvyacHux 064ucaA08aAbHUX CUCMEM WLASIXOM
3acmocy8aHHs Heno3uyitiHoi cucmemu 4uc/AeHHs, sIKa 00380/1€ peajizysamu napa/esbHy 06po6Ky daHuX, JUHAMIYHY
KOpekyilo nomu/sok ma adanmueHe pezynio8aHHs1 MoOvYHocmi ma weudkodii o64ucaeHsb. Y pobomi 3pobieHo akyeHm
Ha eaacmusocmsix C3K - He3zasezxcHocmi 3anuwkie, pieHonpasHocmi ma Masnopo3psioHocmi - ma iXHbOMy 6naugi Ha
npodykmusHicmbs i HadiliHicmb cucmem peabHO20 Hacy.

Memodoo2isnn docaidxceHHsA 6a3yembCsl HA NPUHYUNAX CUCIMEMHO020 aHA/i3y, meopii yuces, meopii 064UCA08AIbLHUX
npoyecie i cucmem, a makox Ha Mo0es18AHHI MOAY/AbHUX ApUPBMemu4yHUX onepayili ma MexaHiamie Kopekyii noOMu/oK.
Y po6omi ananizyrombcsi Mamemamuyni modeai po3nodiny iHgpopmayiliHux ma KOHMPOAbHUX 3aAUWKIE 045 onmumizayii
cniggidHoweHHs Midic weudkodielo, mouHicmio ma Hadilinicmio o6uucaeHb. Poszasdarombses cnocobu peasizayii ModynbHoi
apugmemuxu 3a donomMo200 CyMAmMopHo20, MabAU4HO20, 102[YH020 MA KiAbyeso20 npuHyunis, wo 0o3eo/s€ nidsuwjumu
weudkodiro ma 3abesnevumu 00HOMAKMHEe BUKOHAHHS 06YUC/EHb Y PeaNbHOMY YACI.

Haykosa Hosu3Ha po6omu no/si2ae y 3anponoHosaHill memodoiozii duHamiuHo20 nepepo3nodiny iHgopmayiliHux i
KoHmpobHux 3aauwkie y C3K 0151 3a6e3nevenHs sucokoi eidmosocmitikocmi ma adanmugHocmi cucmemu. 3anponoHo8aHo
BUKOPUCMAHHS KOHMPOJbHUX 3AAUWKI8 015 nidmpuMKu npaye30amHocmi Hag8imv npu 8i0M08ax 0eKibKOX 064UCAHBANbHUX
mpakmie, a Makoxc 3acmMocy8aHHs MA/A0p03ps0HOI MOJyabHOI apupmemuKku 0451 nid8uujeHHs WEUIKOOII ma 3HUMCEHHS
anapamuoi ckaadnocmi. [lokazaHo, wo maka cmpykmypa 00380/5€ peaaizysamu 00HOYACHO MPU MUNU pe3epe8y8aHHs:
cmpykmypHe, iHgpopmayitive ma QyHKYIOHAAbHE, WO KPUMUYHO 0151 CUCMEM PEaNIbHO20 Hacy.

BucHosKu docaidxceHHs demoHcmpyoms, wjo cucmemu Ha ocHosi C3K 3a6e3neuytomb 3Ha4He NPUCKOPEeHHs 064UC/eHb 3d
PAXYHOK Napa/esabH020 BUKOHAHHS HA HE3A/1eXCHUX 06YUCAI08AIbHUX Mpakmax ma dekomno3uyii onepaxdis, nidsuwjyroms
HadiliHicmb 3a80sKuU JA0Kaai3ayii noMuaoK i 3a6e3nevyroms MoxcAU8ICMb OUHAMIYHO20 pe2yno8aHHS MO4YHOCMI ma
weudkodii o6uucaeHs. Peasizayiss makux cucmem pobums ix egpekmugHuUMuU 0151 06pOOKU 8EAUKUX MACUBI8 aHUX, YUuPposoi
06po6Ku cuzHaie i 306paxceHb, kpunmoepagii, Hetipokomn tomepHoi 06po6KU ma 3a0a4 NOMOKO8UX 064UC/eHb, 2apaHmMy4u
6e3nepepsHy po6omy Hagimb y pasi 4acmkosux 8idMo8 KOMNoHeHmis.

Kawuosi cnosa: cucmema 3a4uwkogux K/aacie, 8uUCOKONPOOYKMUBHI 064UC/AEHHS, CUCMeMU peaabHo20 4dcy,
gidmosocmilikicmb, MOOyAbHA apugMemuka, napaienbHi 064UCAeHHSL.

© D. Kovalchuk, 2025

CTaTTa NOIMPIOETLCA HAa yMoBax JineHsii CC BY 4.0

ISSN 2786-5460 (Print), ISSN 2786-5479 (Online) 77



Inghopmayiini mexnonoeii ma cycninecmeo. Bunyck 3 (18). 2025

Introduction. The rapid development of digital technologies and the growing volumes of data to be
processed impose new requirements on the architecture and performance of computing systems. In the
period of 2020-2025, a key trend in computing has been the integration of artificial intelligence methods,
Internet of Things (IoT) systems, and real-time stream data processing. Such systems must ensure high
performance, scalability, and fault tolerance, since delays or errors in information processing can lead to
critical consequences - from failures in industrial complexes to risks for the security of cyber-physical
systems [10].

Traditional approaches to performance improvement rely on parallel and pipeline architectures, multicore
processors, and algorithm optimization. However, they do not always allow effective problem-solving under
the constraints of real time and increased reliability requirements [3]. This issue becomes particularly acute
in areas where failure or error is unacceptable: in transportation systems, energy, defense, financial technolo-
gies, and healthcare [4].

One of the promising directions for building high-performance systems is the use of the Residue Number
System (RNS) as the basis for arithmetic computations. The non-positional nature of RNS provides natural
parallelism in executing operations, reduces the risk of error accumulation, and enables the development
of fault-tolerant algorithms for digital information processing. In addition, the application of RNS makes it
possible to optimize addition, multiplication, and comparison operations, which is especially important in
real-time applications.

The relevance of the study lies in the need to develop new conceptual approaches to building high-perfor-
mance real-time computing systems that combine speed, scalability, and fault tolerance. The use of RNS in this
context opens opportunities for creating next-generation architectures oriented toward working with large
streams of digital data and mission-critical computations.

The purpose of the article is to substantiate and develop the concept of building high-performance re-
al-time systems using the Residue Number System, which will improve the efficiency of digital information
processing and ensure a specified level of reliability and fault tolerance under modern challenges [1; 6; 7; 8].

Problem statement of the research. Modern information technologies are characterized by the rapid
growth of data volumes that must be processed in real time. This concerns a wide range of domains - from in-
dustrial automation systems and traffic management to high-frequency financial transactions, cybersecurity,
medical monitoring systems, and intelligent [oT devices. Under such conditions, the primary requirements for
computing systems become high performance, scalability, and fault tolerance [1; 5].

Traditional methods of improving performance, such as expanding hardware resources, using multicore
processors, pipeline architectures, or distributed computing, have largely exhausted their potential. Moreover,
their application is often complicated by high energy consumption, increased hardware costs, and synchro-
nization constraints of parallel data streams. For real-time systems, where even millisecond delays can have
critical consequences, these drawbacks become decisive [2; 4; 5].

Another significant challenge is ensuring the reliability of computations. In cases where data processing
is performed with minimal latency, even a minor error or failure can cause the entire system to malfunction.
Traditional approaches to error control (such as computation duplication, error-correcting codes, or hard-
ware redundancy) increase the complexity of the architecture and resource consumption, which negatively
affects efficiency [2; 3].

In this context, the RNS offers an alternative approach to organizing arithmetic computations. Due to its
non-positional nature, RNS enables natural parallelism: operations on numbers in different moduli are per-
formed independently, which significantly increases performance. At the same time, this approach prevents
intermediate result overflow and reduces the likelihood of error accumulation [4].

Accordingly, the research problem lies in creating a conceptual model and architecture of high-perfor-
mance real-time systems based on RNS that will provide:

- increased speed of digital information processing through natural parallelism [4];

- guaranteed reliability and fault tolerance of computations;

- scalability for working with large data streams;

- integration with modern hardware and software platforms.

Solving this problem has important theoretical and practical significance for the development of next-gen-
eration computing systems capable of operating under the challenges of the digital economy and global digital
infrastructure.

Literature Review. The literature review indicates that RNS are considered one of the most promising ap-
proaches for building high-performance and fault-tolerant computing architectures. Contemporary research
primarily focuses on three key aspects: computational performance, reliability and redundancy, and issues re-
lated to integration with real-time systems [1-3; 6; 7].
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The enhancement of performance and optimization of hardware resources in RNS has been actively stud-
ied in recent years. Works [2; 3] dedicated to the hardware implementation of the reverse transformation
from RNS to positional number systems demonstrate that the use of specialized sets of modules, in combina-
tion with the Chinese Remainder Theorem or mixed radix methods, can significantly reduce latency and hard-
ware costs [9]. Furthermore, research on methods for constructing module sets, such as the use of diagonal
functions, shows that appropriate module selection can substantially improve computational efficiency. No-
tably, experiments on the application of RNS in highly parallel environments, particularly on GPUs [8], reveal
that the large number of independent operations allows for significant acceleration in tasks involving large
data sets [4].

Another important research direction concerns the reliability and fault tolerance of RNS [8].
Works [7; 9; 10] in this area emphasize that the inherent redundancy of the residue number system can be
leveraged to build fault-tolerant architectures. Special attention is given to the concept of dynamic redundan-
cy, which allows the level of fault tolerance to be adjusted depending on system operating conditions, thereby
balancing resource consumption and reliability. Comparisons of reliability models for RNS and traditional bi-
nary systems show that, in certain scenarios, RNS can provide a higher probability of fault-free operation with
lower hardware costs. This is particularly relevant for critical real-time systems.

At the same time, the literature notes several challenges that hinder the widespread adoption of RNS.
Among the most complex tasks are magnitude comparison, sign determination, division, and reconstruction
of numbers from residues [10; 11].

A separate line of research focuses on integrating RNS into high-performance real-time systems [3; 6; 12].
The use of FPGA [3], GPU [9; 10], and ASIC [11] technologies is considered a means to practically realize the
potential of residue number systems in tasks such as digital signal processing, streaming data processing, and
machine learning components. Interest is also growing in adaptive systems capable of dynamically modify-
ing redundancy or reservation parameters depending on current operating conditions. This approach allows
achieving the necessary balance between performance, energy efficiency, and fault tolerance [8; 9].

Thus, the literature highlights the significant potential of residue number systems in building high-per-
formance and fault-tolerant real-time systems. At the same time, several fundamental and applied challenges
remain, the resolution of which will pave the way for their widespread adoption in critical domains where
speed, accuracy, and operational stability are crucial.

Methods of Research. The research methods are based on the principles of systems analysis, number the-
ory, and the theory of computational processes and systems. To analyze the performance and fault tolerance
of high-performance real-time systems, the foundations of computer architecture design and the principles of
hardware component organization were applied. For the formalization and analysis of parallel data process-
ing, approaches from the theory of computational processes were employed, allowing the evaluation of the
temporal characteristics of arithmetic operations and the provision of guaranteed performance bounds [1; 6].

Presentation of the Main Research Material. High-performance real-time information processing sys-
tems are critically important in modern computing environments, where delays and failures can have irre-
versible consequences for control systems, telecommunications, medical equipment, and autonomous com-
puting platforms. Achieving high performance while simultaneously ensuring reliability and fault tolerance
requires a specialized numeric representation in the form of a RNS. In this system, a number 4 is represented

n+k,

as a set of residues over a modular set {m,};";"
A=(a,a,...,q,...,a,,)(modm,),i=1,...,n+k,

where n is the number of information modules carrying the main computational data, and k is the number of
check modules that provide redundancy and error correction. This structure defines the key properties of the
RNS: residue independence, residue equivalence, and low-digit residues, each of which confers specific advan-
tages in high-performance real-time systems [7].

Residue independence allows computational pipelines to be built as modular, autonomous subsystems that
can operate in parallel without mutual interference. This ensures a high degree of parallelism in computations,
which, in real-time systems, reduces latency and increases the throughput of the computing system [8]. The ex-
ecution time of operations in such a system is determined by the largest modulus among the selected set:

T0p~ max_(mi)'
1
where TDP is the execution time of the arithmetic operation defining the performance of the specific computa-

tional pipeline. Localizing errors within a single pipeline eliminates the “error propagation” effect characteris-
tic of classical positional number systems, thus enhancing computational reliability [8].

ISSN 2786-5460 (Print), ISSN 2786-5479 (Online) 79



Inghopmayiini mexnonoeii ma cycninecmeo. Bunyck 3 (18). 2025

Residue equivalence allows for the dynamic replacement of a non-functioning pipeline operating with
modulus m;, with another pipeline using modulus m; (i # j) without stopping computations. This property
implements the principle of graceful degradation: if several computational pipelines fail, the system continues
calculations with reduced precision while maintaining operational capability. Mathematically, this can be ex-
pressed through a new distribution of modules:

n'+k'=n+k=const,n'<n, k' >k,

where n’ and k' are the new numbers of information and check modules, respectively. Reducing the number
of information modules n' increases computational speed, while increasing the number of check modules k'
enhances reliability. To improve accuracy, the redistribution is performed conversely:

n"'+k"=n+k=const,n" >n,k'" <k,

which increases result accuracy by reducing redundancy, slightly decreasing execution speed but providing
more precise outcomes. Such dynamic adaptation allows the system to adjust to specific real-time task re-
quirements, balancing speed, accuracy, and fault tolerance [8; 9].

Low-digit residues are another important characteristic of the RNS. They allow a reduction in the hard-
ware resources of computational pipelines and increase their reliability. Additionally, they enable arithmetic
operations to be implemented using table-based arithmetic, where the result of a modular operation can be
obtained practically in a single clock cycle. Formally, addition and multiplication operations in RNS can be rep-
resented as:

C=(AxB)modm,i=1,...,n+k,

D=(A;B)modm,i=1,...,n+k,

where A, B,,C,, D; are the residues of the respective numbers. The inverse transformation from RNS to a posi-
tional number system is performed using the Chinese Remainder Theorem:

A= [Zn:aiMiMilJ modM, M = f[m,.,

i=1 i=1

where M, = % , and MI.’1 is the multiplicative inverse of m, modulo. Thanks to parallel processing of resi-

dues, the execution time of operations is reduced to the maximum of the execution times for individual mod-
ules, which significantly enhances performance compared to the classical binary system.

The combination of residue independence, equivalence, and low-digit representation in RNS enables the
implementation of high-performance systems with the following advantages [7; 9]:

- parallelization of computations at the operand decomposition level;

- spatial separation of data elements with the possibility of asynchronous processing;

- single-cycle execution of modular operations in the table-based variant;

- efficient detection and correction of errors during computations;

- dynamic addition of small redundant blocks to increase fault tolerance;

- rapid reconfiguration of computational structures;

- reduced computational complexity for specific classes of tasks;

- elimination of the error propagation effect in modular pipelines;

- adaptability for real-time diagnostics of blocks and nodes.

The use of RNS is particularly effective for classes of tasks that are traditionally resource-intensive in
positional number systems, such as cryptography and modular transformations, digital signal and image
processing, high-bit integer data processing in real time, vector and matrix processing of large data arrays,
neurocomputing, optoelectronic table-based processing, fast Fourier transform algorithms, and other
parallel computational tasks. For such tasks, the execution time of modular operations is determined by the
number of information modules n, while reliability is determined by the number of check modules k, enabling
adaptive management of the balance between accuracy and fault tolerance.

Special attention is given to the dynamic reconfiguration of information and check modules during
computations. When higher speed is required, the system can reduce the number of information modules n
and increase the number of check modules k, thereby maintaining fault tolerance. Conversely, when higher
accuracy is needed, n can be increased while k is reduced. This adaptation implements the principle of
hardware-software flexibility, allowing the system to remain effective in real-time conditions despite changing
workload characteristics or computational requirements.
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Mathematically, the minimum code distance d__, which characterizes the error-correcting capability of the
code, is defined as:
n+k

> (a-b)MM,™

1=1

d_,.=min modM,

i#]j

where a, b, are the residues of two distinct numbers. Increasing the number of check modules or adding
new modules with larger moduli m, increases d__ , directly enhancing error correction capabilities and im-
proving system fault tolerance. In real-time conditions, this allows “on-the-fly” error correction without inter-
rupting computations, which is critical for control systems and streaming data processing.

Furthermore, RNS enables efficient implementation of modular arithmetic through various methods: the
adder-based method (for low-digit modules), table-based method (using precomputed ROM tables), direct
logic method at the level of Boolean functions, and circular shift method for registers. This provides a wide
range of architectural solutions depending on requirements for speed, power consumption, and hardware
complexity [2; 9].

Overall, the application of RNS in high-performance real-time systems allows the creation of computation-
al structures that combine parallelism, adaptability, high reliability, and dynamic error correction capability.
Such an architecture enables efficient processing of large volumes of data at high speed and guarantees con-
tinuous operation even in the event of partial component failures. This makes RNS a promising tool for build-
ing modern real-time computing systems capable of solving complex tasks in digital information processing,
cryptography, neurocomputing, and streaming computations.

Conclusions. The conducted research has shown that the use of the RNS is an effective approach for build-
ing high-performance real-time information processing systems. The main advantages of this approach are
determined by the properties of RNS: independence, uniformity, and low-digit residues. Independence of res-
idues allows parallel data processing at the level of modular computational units, significantly increasing the
system'’s speed and throughput. Uniformity of residues provides the ability to dynamically replace failed units
without stopping computations, implementing the principle of graceful system degradation, which is critical
for real-time systems. Low-digit residues reduce the hardware complexity of units, enhance the speed of oper-
ations, and enable efficient error correction during computations.

Analysis of arithmetic operations in RNS has shown that execution time is determined by the largest
modulus among the chosen set, while system accuracy and reliability can be dynamically adjusted through
redistribution of information and check modules. This approach allows adaptive balancing between speed,
accuracy, and fault tolerance depending on the specific task requirements, which is a key factor for real-time
systems.

Moreover, RNS enables single-cycle execution of modular operations using table-based arithmetic, ad-
der-based, logic-based, or circular-shift implementation principles, making these systems versatile for various
architectural solutions. Due to these properties, RNS is effectively applied for processing large data arrays,
digital signal and image processing, cryptographic computations, neurocomputing, and other tasks requiring
high performance and fault tolerance.

Thus, the concept of building high-performance real-time systems based on RNS allows combining paral-
lelism, adaptability, high reliability, and dynamic error correction capability. Implementing such systems en-
sures continuous computations even in the event of partial component failures, increases system performance
and flexibility, making this approach promising for modern real-time computing platforms across various
fields of science and engineering.
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