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ABSTRACT
Context. Providing high-speed computation by computer systems of factorization of number into prime factors requires the de-
velopment of effective algorithmic methods using computational technologies. Fast computation of factorization of numbers is used
in such applications as, protection of information data, in algorithms of discrete transforms for transition from one to multidimen-

sional computations and others.

Objective. The purpose of the work is to analyze the implementation of technologies of multithreaded computation of factoriza-
tion of integer value by the binary algorithm of the method of trial divisions using computer systems with multi-core processors and

graphics accelerators.

Method. A binary algorithm of trial divisions that uses the remainders of each digit of the binary representation of a number to
perform a divisibility check on prime factors of the canonical factorization of number in parallel.

Results. The analysis and comparison of multithreaded computations of software implementations of factorization of number by
binary algorithm using hyper-threading, AMP C++, CUDA technologies in computer systems with multi-core processors and graph-
ics accelerators. The results of the process of number factorization for multithreaded computing technologies using the same parallel

core function are analyzed.

Conclusions. In the study of realizations of number factorization by the binary algorithm in the multithreaded mode, the technol-
ogy of hyper-threading calculations using multicore processors is most effectively performed. Heterogeneous computing using AMP
C++ or CUDA technologies on computer systems and graphics accelerators requires consideration of GPU microarchitecture features

for parallel computing core functions.

KEYWORDS: factorization, prime factors, multithreading, heterogeneous computation, parallel computation, remainder.

ABBREVIATIONS
AMP is an accelerated massive parallelism;
CPU is a central processing unit;
CMT is a chip multi-threading;
CS is a computer systems;
CUDA is a compute unified device architecture;
CTPL is a C++ thread pool library;
FN is a factorization of number;
HT is a hyper-threading;
GPU is a graphics processing unit;
GPGPU is a general-purpose computing on GPU;
IDE is an integrated development environment;
TD is a trial divisions.

NOMECLATURE
i is the number of binary digit (i = 0,1,... k-1);
k is the bit size of a number of factorization;
M, is a remainder;
N is an integer number of factorization;
n; is a binary digit of the number of factorization;
p is a prime number;
piis a prime factor;
T is the periodicity of remainders;
Sk is a degree of a prime factor;
t is the number of the vertical ruler of M;.

INTRODUCTION
The fast execution of factorization, as a process of de-

composition of an integer number into prime factors, has
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demand in many applications. FN is used to move from
one-dimensional to multidimensional representation of
sequences of the discrete transforms, which is widely
used in multidimensional data processing tools [1]. In the
Good-Thomas algorithm of calculating the discrete Fou-
rier transform of a composite size N, which uses the Chi-
nese remainder theorem for integers, it is not necessary to
perform products on return factors if the size N the se-
quence of the transform is decomposed into relatively
prime factors. The Agarwal-Cooley method converts the
calculation of a one-dimensional N-point convolution into
a multidimensional one, provided that the size is decom-
posed into relatively prime factors [2]. FN is used to find
one of the parameters of cryptosystems in asymmetric
algorithms for encrypting information data [3].

Since the emergence of new approaches in encryption
algorithms in the late 70’s, a number of FN algorithms
have been developed. These include p — method, (p—1) —
Pollard’s method, elliptic curve method, square sieve
method, numerical field sieve method and others [4].
Based on these methods, software modules and modifica-
tions of classical algorithms for solving various applied
problems are developed [5].

The object of study is the process of developing algo-
rithmic and software for FN into prime factors using the
technologies of parallel computations.

The subject of the study is multi-threading computa-
tions the binary algorithm of the method of TD, which
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performs a check for divisibility by a prime number and
its degree using the remainders of each bit of the number.

The purpose of the work is to parallelize the compu-
tations of FN according to the binary algorithm of the
method of TD using CS with multi-core processors and
graphics accelerators for efficient determination the val-
ues of prime factors.

1 PROBLEM STATEMENT
Suppose an integer N is given, which we factorize into
prime factors in the form

N = plsl pzsz--- P, )

where pj < pis1, =1, 2,...N.

The simplest solution for factorization is the method
of TD. The method is well parallelized using division
tests without the remainder of the number N on a set of
divisors from the set of prime numbers p;= {2, 3, 5, 7, 9,
11,...}, 1 =1, 2,.... However, the sequential execution of
division operations to check for multiplicity in modern
universal CS is performed using a division firmware that
has the highest weight among arithmetic operations [6].
The problem of increasing the speed of calculation FN is
solved in the direction of replacing the test division opera-
tion with a set of parallel computations with operations of
adding numbers less than p; and comparing the obtained
sum with the corresponding prime number.

To quickly determine the values of simple decomposi-
tion factors, the possibility of parallelization of FN by the
binary algorithm of the TD method using HT technologies
in CS with multi-core processors and graphics accelera-
tors is used.

2 REVIEW OF THE LITERATURE

Algorithmic means of IF, which characterized by
regularity, modularity, simplicity and information inde-
pendence of their components, are effectively imple-
mented by computing means in combination with com-
puting information technologies. The software implemen-
tation of algorithms of FN in modern CS is analyzed from
the standpoint of the possibility of parallel execution us-
ing multithreaded organization [7, 8, 9].

Factorization algorithms based on p and (p — 1) meth-
ods of Pollard [10], Sherman-Lehman method [11],
Shanks method [12], Lenstra elliptic curves method [13]
are investigated in the direction of the possibility of paral-
lelization. The main idea of these methods is to choose a
random value of a number for a single parallel process,
which is close to the element of the factorization. How-
ever, the execution of the algorithm by several simultane-
ous significant flows to find the factors of the number of
the factorization does not always give the expected result.

In the known Fermat method, the main idea of the
number N = p; p, is to find such pairs of natural numbers
that satisfy a certain condition. However, in the case when
the factors p; and p, are close in value to 1 and N, the
algorithm will perform worse than the method of TD [14].
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In the work [15] the improvement of computations of
FN according to the binary algorithm of the TD method
due to parallel computations and efficient use of CS com-
puting resources is considered.

Comparative analysis of FN using CMT and CS with
graphics accelerators is relevant to improve the software
implementation of integer factorization algorithms.

3 MATERIALS AND METHODS

The well-known factorization algorithm is TD, which
consists in checking the divisibility of the number N for a
sequence of prime numbers, to a value less than or equal
to the square root of the number N.

The work [16] describes a binary algorithm of the
method of TD, in which the representation of the integer
value of the number of the factorization in the binary
number system is used to determine the divisibility of a
decimal number on a prime number.

N= (i 2+ nip 2+ 40 2+ ng2%). )
The values of the digits n; (i = 0,1,... k-1) are equal to 0
or 1.

As a result, the check for the divisibility of N by a
prime number p is reduced to the determination modulo p
of each weighting factor 2' (i = 0,1,..., k—1) of the number
N, which has the form

N mod p =(n; 2+ ni 1 22+ ...+ ny2%)mod p=
=N (2k71 mod p) + N (2k72 mod p) + ...
+n; (2" mod p) + ny (2° mod p) .

A3)

After accumulating the values of the remainders on
the selected weights (2'mod p) (i = 0,1,... k-1) for n; (i =
0,1,..., k=1), equal to 1, compare the accumulated amount
with a prime number p. In the case when the accumulated
value of remainders is greater than p — again from the
previously obtained accumulated value is carried out ac-
cording to formula (3) the accumulation of remainders. In
the case when the accumulated value of the residuals is
equal to the number p — the decomposition element p is
output and the transition to rechecking the divisibility of
the power of this prime number is performed. In the case
of comparison, when the accumulated value of the residu-
als is less than p, we move on to the next value from the
sequence of prime numbers. Therefore, we obtain a set of
prime factors of the factorization (1) of the number N.

To analyze the parallel organization, consider the
work of the binary algorithm of FN using a block diagram
(Fig. 1). The structure chart of FN into prime factors Pi
consists the following functional blocks: 1 — the multi-
plexer, 2 — the block of lines of memory of the remain-
ders, 3 — the multi-input adder, 4 — the first comparison
unit, 5 — the control unit, 6 — the memory block of prime
factors, 7 — the shift register, 8 — the second block of
comparison.

The memory block 2 of the periods of the remainders
of prime numbers and their powers contains T values of
the remainders M (t = 0,1,..., T-1) for each of p; which
are partially shown in Table 1.
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Figure 1 — The structure chart of the FN into factors p;

Table 1 — Table of the remainders

i J Mt M9 Mg M7 M6 M5 M4 M3 Mz M1 Mo mod pi] T
11 2 1 mod 3' 2
12 5 7 8 4 2 1 mod 3° 6
13 25 26 13 20 10 5 16 8 4 2 1 mod 3° 18
21 3 4 2 1 mod 5' 4
22 24 12 3 14 7 16 4 2 1 mod 5° 20
23 24 12 3 64 32 16 4 2 1 mod 5° 100
31 4 2 1 mod 7' 3
32 44 22 11 30 15 32 16 8 4 2 1 mod 7° 21
33 338 169 256 128 64 32 16 8 4 2 1 mod 73 147
41 6 3 7 9 10 5 8 4 2 1 mod 11" 10
42 56 28 14 7 64 32 16 8 4 2 1 mod 112 110
51 10 5 9 11 12 6 3 8 4 2 1 mod 13’ 12

If there is a value for the n; binary digit (2) of the
number N equal 1 from the memory block 2 of periods of
remainders of prime numbers and their powers, the values
of the remainder M, by ij — sequence number of prime
numbers and their powers and number Kk are read in paral-
lel for each bit. For example, determining the value of the
remainders for the number of binary digit i 28
(i=0,1,... k-1) of the number of the FN, when checking
for redivisibility by p = 5, that is mod p;’ = mod 5°. Ac-
cording to Table 1, this corresponds to the horizontal ruler
ij =22 (with the periodicity of remainders T = 20) and the
vertical ruler Mg, where t = (28 mod 20) = &, at the inter-
section of ruler is the value of the remainder Mg = 6.

The maximum value of the repetition period T of the
remainders is equal Tpe = (pi’ —1). The horizontal rulers
for p;’ = (2! 1), which are prime Mersenne numbers, have
a minimum value of T, = j. Thus, due to the periodic
repetition of the remainders, with increasing bit size of the
decomposition number N, the number t of the vertical
ruler My, 1 =0,1,2,...T—1, is determined by the formula

t=imodT,(i=0,1,..k-1). (@)
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The organization of the memory block 2 of the periods
of the remainders of prime numbers and their powers al-
lows you to read in parallel the remainders for each of the
bits (Ng_; Nk_z... Ng) of the number.

If there are two values of bits equal to 1 in the number
N, which are control inputs for the initial multi-input ad-
ders 3 of remainders, the value of the sum of remainders
(Mg + My.;) will be set at the output of the adders of re-
mainders. If at the control inputs for the initial multi-input
adders 3 one of the two values of the bits of the number N
is 0 another 1, then at output of initial multi-input adders
the value of the remainders will be set, which will corre-
spond to the remainders Mk for the 1 bit of the number N.
For the case when at the control inputs for the initial
multi-input adders two values of the bits of the number N
are equal to 0, then the output of the initial adder will be
set the value of remainder equal to zero. Similarly, with
the help of logical operations OR, in the second stage of
accumulation of remainders, depending on the values of
the result of the operation OR, the corresponding value of
the remainder will be set. The largest delay in the parallel
accumulation of remainders will be in the case when all
binary bits (2) will be equal to 1.
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The multi-input adder 3, in parallel by adding the
value of the remainders, from the outputs pass result in
first comparison unit 4 for comparison with the value p;.
According to the specifier at the output of first compari-
son unit 4, if the value is “less” — the prime number p; or
its power is not an element of the canonical factorization
and there is a transition to the next ruler ij. According to
the specifier at the output of unit 4, if the value is
“greater” and “equal”, one of the two directions of calcu-
lations is selected. In the case of “greater”, the multi-
plexer 1 is switched to the output value of the multi-input
adder 3, in the case of “equal” — the p; element of the fac-
torization is memorized and the transition to determining
the its degree j takes place. For the specifier “equal” at the
output of first comparison unit 4 in the shift register 7
provides a shift by one digit to the left of the binary value
of the initial number N, thereby reducing the allowable
value of the prime number or its power in the analysis of
the factorization. The allowable value is compared with a
prime number or its power in the second comparison
block 8 and in the case of comparison greater than or
equal to its output is a sign of completion of the canonical
factorization.

The binary algorithm of TD can perform a divisibility
check in parallel for each of the prime numbers. In this
case, the memory unit 2 contains the values of the re-
mainders only for each of the prime numbers and their
powers. Otherwise, it is possible to divide the memory
unit 2 into parts for groups of prime numbers and their
powers, which corresponds to coarse-grained parallelism.

4 EXPERIMENTS

The computation of FN on prime factors p; based on
binary algorithm of TD is implemented in the IDE Visual
C ++ 2019 using technologies HT (Intel) and AMP C ++
(MS), CUDA (NVIDIA) of GPGPU.

Software implementation of parallel computation of
FN using multi-threading technology CMT is achieved by
creating threads and proportional distribution of their per-
formance between the cores of the microprocessor in the
CS. For efficient use of computing resources, a pool of
threads is used and the organization of interaction be-
tween them is entrusted to the function of the CTPL li-
brary [17], which is an add-on to the standard STL library
and has the ability to work with system threads.

Software implementations of parallel computation of
FN using AMP C ++, CUDA technologies perform a
similar algorithm in the kernel function as in CMT tech-
nology.

The developed programs are implemented to perform
the following actions:

1. Enter the number N of factorization.

2. Construction of a sequence of remainders on the
prime numbers p; by the number T.

3. Analysis for the divisibility of the number N prime
number p;.

4. Output to the file of the factors p; for number N.

5. Go to the next prime pj 4+ ; with the constraint of the
search set of prime numbers.
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The configuration of the test system is as follows:
CPU: Intel Core 15-9300H (4 cores/8 threads) @2,4 GHz;
GPU: NVIDIA GeForce GTX 1650, 4.0 GB, 896 32-bit
core CUDA @1,45GHz;

Memory: 8.0 GB, DDR4-2667 MHz.

The chosen evaluation method involves determining
the time spent on computing of FN. The whole process of
parallel FN includes both the main part of multithreaded
computations, and other actions performed by the pro-
gram to allocate and free memory, output.

5 RESULTS

Testing the effectiveness of technologies to FN is de-
termined by the computation time. To compare and ana-
lyze the efficiency of the use of technologies for comput-
ing the FN by the binary algorithm of the method of TD, a
number of tests were performed. The time of execution of
factoring computations for the developed programs
threadsSplitNumber and two programs ampSplitNumber
and cudaSplitNumber was determined using GPGPU.

The test results are presented in Table 2, which con-
tains data on the average time (microseconds) of FN in
32-bit mode, which is computed 5000 times.

Table 2— The average time of FN

Average time (us)
N Threads Cuda Amp
SplitNumber | SplitNumber | SplitNumber
15361*14537 =
223302857 126 132 212
15107*18959 =
286413613 8 125 226
30829%22433 =
691586957 & 122 200
29717*52433 =
1558151461 138 129 219

The values of number N to FN are chosen to be equal
to the product of two prime numbers. Created threads for
analysis for divisibility are implemented by computing
cores in 32-bit mode. Table 1 shows the time relationship
(usec) for the number of threads 10 in the program
threadsSplitNumber [15].

6 DISCUSSION

Almost all modern operating systems support of
threads control. The application program implements
threads control with the help of special libraries that allow
to achieve hardware acceleration of the canonical FN.

Comparison of the results of Table 2 shows the in-
crease in execution time in the binary algorithm of TD in
the order of threadsSplitNumber, cudaSplitNumber,
ampSplitNumber.

In the program threadsSplitNumber with the optimal
number of threads 10 we have the shortest execution time.
The threads will be divided equally to process the Table
of the remainders (Table 1). Each thread processes the
table of the remainders and the binary form of the number
N to decide on the divisibility of the corresponding prime
number and its power. To organize the use of the pool of
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threads and the interaction between them, the function of
the CTPL library is used [17], which is an add-on to the
standard STL library, which has the ability to work with
system threads.

CudaSplitNumber uses NVIDIA’s CUDA technology
[18]. This technology ushered a new era of improved per-
formance for many applications as programming GPUs
became simpler: archaic terms such as texels, fragments,
and pixels were superseded with threads, vector process-
ing, data caches and shared memory. Accordance
GCGPU, every problem that can be parallelized on GPU
always passes the following phases:

1. Transferring data from CPU to GPU.

2. Calling kernel for each thread.

3. Transferring data from GPU to CPU.

Time execution of parallel FN (Table 2) includes 2
and 3 phases. Therefore, the main part of multithreaded
computing is the actions performed by the program to
select, free of memory and transferring data.

The ampSplitNumber program uses technology for
GPGPU called C++ AMP. It accelerates the execution of
C ++ code by taking advantage of the GPUs present on
video cards with DirectX11 support. But unlike CUDA,
that are more oriented in C code, C++ AMP looks like
STL library. Both languages extend C ++ with special
keywords. For CUDA the syntax is “<<< >>>” and C++
AMP is using the keyword restrict (amp) to run kernels. It
is obvious that code written on C++ AMP is less cluttered
and hence easier to read than on CUDA. However, the
results of running cudaSplitNumber are better than
ampSplitNumber (Table 2). This is because the time to
phase call a C++ AMP kernel is much longer than CUDA
and a C++ AMP technology has some performance lags
compare to 5-years old CUDA technology.

Time execution of parallel FN (Table 2) using
GPGPU includes 2 and 3 phases. Therefore, the main part
of multithreaded computing is the actions performed by
the program to select, free of memory and transferring
data.

CONCLUSIONS

Virtually any modern software code execution plat-
form, whether a full-fledged operating system or a virtual
machine, contains a set of APIs designed to manage
threads and create parallel programs. The FN of binary
algorithm of TD with use of parallel technologies of mul-
tithreaded computations is considered in the work. The
software solution is implemented in the IDE Visual C ++
2019 with the help of special libraries that allow you to
perform parallelization using CS with multi-core proces-
sors and graphics accelerators.

The scientific novelty lies in the study of the use of
parallel technologies for the binary algorithm of TD,
which allows to take into account the peculiarities of the
organization of multithreaded computations in problems
with an average level of parallelism.

The practical significance of the application of the
developed software code of FN in CS with multicore
processors and graphics accelerators has shown that the
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efficiency of computations depends not only on hardware
resources, but also on the selected technologies of paral-
lelisation. The obtained results are important for improv-
ing the organization of efficient computation of FN for
information data protection systems, discrete transforms
and other applications.

The direction of further research will be the develop-
ment of software with the expansion of the bits number of
binary representation N, which will use the microarchitec-
tural features of specific types of GPU memory, the use of
atomic operations and other innovations.
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AHAJII3 3ACTOCYBAHHSI TEXHOJIOI'T BATATOIIOTOKOBUX OBYHUCJEHD /151 ®AKTOPU3ALIL UMCEJT
3A BIHAPHUM AJITOPUTMOM

ITpousko I. O. — 1-p TexH. HayK, JOLEHT KadeApd aBTOMATH30BAHMX CHUCTEM yHpaBiiHHSA HaluioHanbHOro yHiBepcuTeTry
«JIpBiBCBKa MoOMNiTeXHIKaY, JIbBIB, YKpaiHa.
Pukmac P. B. — po3po6uuk, T30B «Uniservice», JIbBiB, YkpaiHa.

AHOTANIA

AKTyanbHicTh. 3a0e3nedeHHs BHCOKOI MBHIKOAII 0OYMCIEHHS KOMIT IOTEPHUMH CHCTEMaMM PO3KIAay IIJIOYHCEIFHOTO 3HA-
YeHHS Ha IPOCTI MHOKHUKH BUMarae po3poOKd e(heKTUBHIX aJITOPUTMIYHIX METOJIB 3 BHKOPHCTAHHSIM OOYHCIIOBATBHIX TEXHOJIO-
riif. [lIBuake oGuucieHHs GakTopu3aLil Yuce]l BUKOPUCTOBYETHCS B TAKHX 3aCTOCYBAHHSX, K 3aXUCT iHPOPMALIHUX NaHHX, B all-
TOPUTMaXxX JIUCKPETHUX IEPETBOPEHbB JUIS IIEPEXO/1y Bijl OAHOTO O 6araTOBUMIPHUX OOYMCIICHB Ta iHIIMX.

MeTo10 po60oTH € aHaIi3 BIPOBAKEHHS TEXHOJOTIH 0araTornoToKoBOro o0uucieHHs GpakTopu3anii HiTOYHCeIbBHOTO 3HAYCHHS
3a GiHApHUM AITOPUTMOM METOAY NMPOOHUX IiIeHb 3 BUKOPUCTAHHSIM KOMII'IOTEPHUX CHCTEM 3 0araTosIepHUMM IPOLECOpaMH Ta
rpadiYHIMH TPUCKOPIOBAYAMHU.

Mertopa. binapunii anroputM npoOHUX iIEHB, [0 BUKOPHCTOBYE 3AJIHIIKH KOXKHOTO PO3PsAy ABIIKOBOTO MOAAHHS 4HCIIA, A
3[iHCHEHHS TapaesIbHOI epeBIPKY ITOIUIFHOCTI Ha MIPOCTI MHOKHUKY JJIsI KAHOHIYHOTO PO3KIIaIaHHs YHCIIa.

PesyasTaTn. [IpoBeneHo aHami3 Ta MOPIBHSHHS IIPOrPaMHUX peaji3aliil 6araTomoToKoBHX OOYHCIeHb (hakTopH3allii 4ncia 3a
JBIMKOBHM aJTOPUTMOM i3 BUKOPUCTaHHIM TexHOJOTi# rineprnorouynocti, AMP C++, CUDA B KoMII'10TepHHUX cucTtemax 3 6araro-
SIICPHUMH TIPOIiecopaMu Ta rpadidyHIMU pHCcKoproBadyaMu. [IpoaHasizoBaHo pe3yibTaTy mpolecy (Gaxkropu3salii ynucer s dararo-
MOTOYHUX OOYMCITIOBAILHUX TEXHOJIOTIH, 1[0 BUKOPHCTOBYIOTh OZHOTHIIOBHI JITOPUTM U1t QYHKLIT TapanenbHoro sapa.

BucnoBku. [Ipu nociimkenHi peanizamii po3kiafaHHs drcel 3a OiHapHUM alrOpUTMOM y 6araTornoTOKOBOMY PEXUMI HaHOLIbII
e(EeKTHBHO BUKOHYETHCS TEXHOJIOTA TIIEPIOTOYHUX OOYNMCIICHB 13 BUKOPUCTAHHAM OaraTosepHUX mporecopiB. ['ereporenni 064un-
cieHHs 3a pornoMoror TexHonorii AMP C++ a6o CUDA Ha KOMI'IOTEpHHX CHCTEMax Ta rpadidHuX MPHCKOPIOBAYaX BUMAararmTh
BpaxyBaHHS 0COOIHMBOCTEN MIKPOApXiTEKTypH IpadidHOTo Mporiecopa Ul MapaieIbHOr0 BUKOHAHHS (QyHKITIH spa.

KJIIOYOBI CJIOBA: po3kianaHHs Ha MHOXKHHKH, IPOCTI MHO)KHHKH, 0araTornoTOKOBICTh, TETEPOTeHHI OOUYHCIEHHS, ITapae-
JIbHI OOYMCIIEHHS, 3aJIUILIOK.
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AHAJIN3 MPUMEHEHMSA TEXHOJOTIMii MHOTOMMOTOYHBIX BEIYUCJIEHUM
JJIS ®AKTOPU3ALIMHU YHUCEJI 3A BUHAPHBIM AJITOPUTMOM

ITpousko U. E. — 1-p TexH. HayK, TOLEHT KadeaApbl aBTOMATH3UPOBAHHBIX CHCTEM YIpaBlieH!s HalnoHaIbHOTO YHHBEpCUTET
«JIbBOBCKAs MONUTEXHHUKAY, YKpanHa.
Prixkmac P. B. — pazpaborunk, T30B «Uniservicey, JIbBoB, Ykpauna.

AHHOTADNUSA
AKTyalIbHOCTB. ObecnieyeHrne BBICOKOTO OBICTPOJCHCTBHS BBIYHUCICHHUS KOMIIBIOTEPHBIMU CUCTEMaMM Pa3OoKEHMs LEI0YnC-
JICHHOTO 3HAYEHUS Ha NPOCThIC MHOXUTENH TpeOyeT pa3paboTKu 3()(GEKTHBHBIX aIrOPUTMUYECKHX METOJOB C HCIIONB30BAHHEM
BBIYMCIIUTENILHBIX TEXHOJIOTUH. BrIcTpoe BbIUKCICHHE (AaKTOPU3ALMH YHUCEN UCIIONB3YEeTCS B TAKUX NPHIIOKEHUAX, KaK 3allUTa MH-
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(hOpMaIIMOHHBIX JaHHBIX, B AITOPATMAX JUCKPETHBIX MPEOOpa30BaHU i MEepexoda OT OJHOI0 K MHOTOMEPHBIM BBIYUCICHUN U
JPYTHX.

Leabr paGoThI SBISCTCSA aHATH3 BHEIPCHHS TEXHOJOTHH MHOTOMOTOYHOTO BHIYUCIICHHS (PAKTOPH3ANNH [EIOYHCICHHOTO 3Ha-
YyeHus 3a OMHApPHBIM AITOPUTMOM METOAA MPOOHBIX AETIEHUH C MCIIOIb30BAaHHEM KOMIIBIOTEPHBIX CHCTEM C MHOTOSAEPHBIMU IPO-
eccopamu 1 rpa)MueCKUMU YCKOPUTEISIMH.

MeTton. buHapHbIiA anropuT™ NPOOHBIX AEJICHUH, YTO HCIOIB3YET OCTATKU KAXKIOTO paspsiia ABOMYHOTO MPEICTABICHUS YUCTa,
IUTSL OCYLIECTBIICHHS TapaUIeTbHON POBEPKH ACTUMOCTH Ha MIPOCTHIE MHOXKUTEIH JJIs1 KAHOHUYECKOTO Pa3IoKEeHHS YHCIa.

PesyabTathl. [IpoBesieH aHAIN3 M CpaBHEHHE MPOTPAMMHBIX PEalH3alliii MHOTOIIOTOYHBIX BBEIYUCICHUN (pakTopH3aluy yrcia
3a JBOMYHBIM JITOPUTMOM C HCIOJB30BaHHEM TexHoJoruil runeprnotroyHoctd, AMP C++, CUDA B KOMIBIOTEPHBIX CUCTEMax C
MHOTOSICPHBIMHU TIPOLIECCOPAMHU U TpapuIecKuMu yeckopuTessiMu. [IpoaHann3npoBaHbl pe3ysibTaThl mpolecca haKkTOpU3aIiy IHCElT
JUTSL MHOTOTTOTOYHBIX BBIYMCITUTEILHBIX TEXHOJIOTHIA, HCIIOIB3YIOIIUX OTHOTHITHBIC aJITOPUTM JUIs (DYHKITUH MapaUIeIbHOTO Spa.

BriBoabl. [Ipu uccinenoBanny peanusaniy pa3ioKeHUs Yucell 32 OMHApHBIM aJITOPUTMOM B MHOT'OIIOTOYHOM peXKUME Haubosee
3¢ EeKTHBHO BBINONHSIETCS TEXHOJIOT WS TUIIEPIIOTOYHHUX BBHIYMCICHHH C HCIOJIB30BAaHHEM MHOTOSACPHBIX IMpoleccopoB. ['eTeporen-
HBIE BBIUUCIICHUS ¢ moMomIbio TexHonoruit AMP C++ mmu CUDA Ha KOMIBIOTEPHBIX CHCTEMaX M TpadUUIecKuX YCKOPHTEIAX Tpe-
OyIOT y4eTa 0COOEHHOCTEH MHKpPOAPXUTEKTYPHI Tpad)UdecKoro mpoueccopa A BHIIOIHEHHS MapalIeIbHBIX BEIYUCICHUN (yHKINI
sapa.

KJIIOYEBBIE CJIOBA: pa3znoxeHue Ha MHOXHUTEIH, IPOCTbIe MHOXKUTENIM, MHOI'OIIOTOYHOCTb, T'€TE€POr€HHbIE BHIYHUCIICHUS,
napasuiebHbIE BBIYUCICHUS, OCTATOK.
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