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THE IMPACT OF NEWS SENTIMENT ON THE QUAL ITY
OF PREDICTIVE ANALYT ICS USING A LONG-SHORT TERM
MEMORY (LSTM) MODEL

E.A. Kubrakova
Moscow Institute of Physics and Technology

This study investigates the impact of integrating news sentiment analysis into predictive
models for stock price forecasting on the Russian market, a domain significantly under
researched compared ite foreign counterparts. While the influence of investor sentiment

is well-documented for developed markets, its efficacy in the context of thevbligtility
Russian environment remains an open question. We address this gap by proposing a hybrid
modelng approach that augments traditional technical indicators (TA) with aggregated
news sentiment scores (SA). Our methodology employs advanced neural network architec-
tures, specifically LSTM and a hybrid LSTM/GRU model, to process sequential data and
capturecomplex, nodinear relationships. The models were rigorously tested on a portfolio
of six liquid stocks from the IMOEX index during a period of extreme market turbulence
(FebruaryMarch 2022), providing a robust stretest for predictive accuracy. Thenpiri-

cal results demonstrate a statistically significant enhancement in forecasting performance
when sentiment features are included. Across all evaluated metrics (RMSE, MAE, MAPE),
models utilizing the hybrid TA+SA approach consistently outperformed thased solely

on technical analysis. For instance, the LSTM model for AFLT showed a 60% reduction in
RMSE (from 3.90 to 1.56), while the hybrid LSTM/GRU model for SBER achieved a

lower error (RMSE 9.10 vs. 10.16). The improvement was most pronouncegddks sen-

sitive to macroeconomic and public sentiment shifts, such as in the financial and transporta-
tion sectors. The findings compellingly indicate that news sentiment is a critical and eco-
nomically meaningful feature that significantly improves the eaxy of nextday price
predictions for Russian stocks, with hybrid architectures proving particularly effective in
synthesizing quantitative and qualitative data. This research confirms the vital role of inves-
tor sentiment in Russian market dynamics amvipes a validated framework for its appli-
cation in predictive modeling.

Keywords Investor SentimentNews Sentiment AnalysifRussian Stock MarkeRredic-
tive Modeling, Neural Networkd,echnical AnalysisMachine Learning in Finance.

1. Introduction

A significant number of studies demonstrate the substantial impact of investor sentiment on the
stock market [#9]. The assessment of investors' emotional behavior is an important aspect of stock
trading. Investment sentiment influences not only the sefeofigtock assets but also the dynamics of
investment decisiomaking, trading volume, and risk appetite. According to studies, the prevailing
daily sentiment in financial news affects buying and selling in the stock mark&8[1thus, it makes
sense tassess the emotional tone not only of individual news items about issuers but also of an ag-
gregated measure for the day. Several studies have shown that if financial news is collected and ana-
lyzed as part of an investment strategy, it can lead to phafitsin the short term and long term {12
13]. J.G. Vivek et al. [14] demonstrated that stock prices predicted based on historical data and senti-
ment significantly correlate with actual stock prices of specific companies. K. Bozic and D. Seese [15]
proposeda system for quantitatively assessing textual sentiment based on predictors using neural net-
works and proved a statistically significant relationship between the textual sentiment of published
news and future daily returns. A high degree of correlatitwd®n investor sentiment and stock pric-
es was also demonstrated in a study by V. Sehgal and C. Song [16] as well as in the work of X. Liang
[17], an aggregated measure (the volume of published news about the stock market) was used, without
classifying seniment by issuers, to train a neural network and predict stock price changes, resulting in
a statistically significant relationship between the indicafdisst studies on the relationship between



sentiment and price fluctuations in stock market quotatiegistioned above have focused exclusively

on foreign markets, while such research is practically absent for the Russian market. One of the pio-
neering studies in this aré&athe work ofresearchersom HSE [18], which examines the influence of
investor setiment in social networks on the stock market characteristics of the Russian market,
demonstrating nonlinear effects, and proposes an original HYPE sentiment indicator that is compared
in terms of explanatory power for stock market characteristics witida range of proxy variables.
However, this area of research requires more detailed and comprehensive analysis, both in assessing
the impact of sentiment on market dynamics as a whole and in the possibility of using news sentiment
as a feature in trainingredictive models for the Russian stock market.

The aim of this report is to provide information on the main indicators of investment sentiment
under conditions of extreme financial market volatility and information restriction in order to improve
forecasts accuracy as for trends and price dynamics in the Russian stock market and to demonstrate the
advantage of hybrid approach using aggregated news sentiment as one of the significant features.

The main indicators of financial sentiment in foreign finahoiarkets are:

1 Macroeconomic indices (e.g. Consumer Sentiment Index, Business Confidence Index, etc.),

reflecting confidence in the economic situation and readiness to take investment decisions;

1 Trader sentiment indicators (e.g. Fear and Greed Indebatility Index (VIX), the Bull-

ish/Bearish sentiment surveys, BBlkkar ratio, Commitment of Traders (COT), ratios of long
and short positions, open interest indicators, trading volume etc.;

1 Media analysis using data from social media, press releaseseascheadlines to assess the

overall sentiment toward specific assets or markets.

These indicators are widely recognized factors influencing the financial, and particularly the stock
market. They help traders and analysts assess the overall market iseatichenake more informed
investment decisions. However, each of these indicators has its strengths and weaknesses. For exam-
ple, the VIX shows a significant negative correlation with the S&P 500 index, making it a good pre-
dictor of trends in the short terfor stocks within this index; however, the degree of influence on oth-
er assets is less obvious.

The use of technical indicators, such as moving averages or the stochastic oscillator, can be
adapted to any period and is suitable for botht@mm and sharterm traders (moving averages help
in decomposing price charts). On the other hand, these technical indicators are calculated using only
historical price data. Chart indicators, like any other technical analysis tools, ignore changes in funda-
mental varidles that can affect the future value of a security, such as new competitors, increases or
decreases in demand for goods in the industry, and changes in the company's management structure.
Moreover, there are no universal rules applicable to all marletach asset has its unique price his-
tory and volatility levels that are critical for model training. Finally, moving averages do not necessari-
ly reflect the cyclical nature of stock activity. During periods of high market volatility, moving aver-
ages arenlikely to detect any significant trends.

2. Methodology

Preliminary analysis of the mentioned above indicators for parameterization in machine learning
models reveals several aspects that may affect model effectiveness.

1. Some indicators (such as thensamer sentiment index, business activity index, fear and greed
index etc.) are aggregated metrics and require decomposition for use as features in machine learning
models.

2. Not all indicators can be directly parameterized in machine learning mod#isress a strong
correlation between them. E.g., in case of suct
relation necessitates dimensionality reduction to eliminate "noise" in the data and enhance model effi-
ciency or trader sentiment imditors (bullish or bearish), which are assessed based on both open in-
terest and trading volumes, leading to a strong correlation between these features and posing the ques-
tion of whether to prioritize one of the two indicators (see fig.1), especially iace may be a time
lag between them that affects the model's forecast.

3.In Russian practice, information is sometimes provided by the exchange and the regulator in a
form that differs from that accepted abroad. For instance, there is no direct aguivdalee Commit-



ment of Traders (COT) report in the Russian market, but a somewhat comparable source can be con-
sidered the data on trader positions published by the Moscow Exchange (MOEX), as well as infor-
mation on margin requirements and analytical resiesports from financial companies and brokers,
which may include data on market sentiment and the positions of large players.

4. Fundamental indicators of a company and macroeconomic indicators are more significant fea-
tures in longterm investment analysi while in the short term, they are not statistically significant.
Hence, this information can be extracted from
ment score.

5. In addition to technical indicators, textual information from press sekeanews headlines, so-
cial media, and analytical reviews has a significant emotional impact on investors. The degree of this
influence depends on the type of sentiment, the industry in question, the type of investor (retail inves-
tors are more susceptibie strong emotional reactions), and the duration of this influence (the cumu-
lative effect or the "snowball" effect).

We apply filtering methods (correlation assessment, significance assessment), regularization and
principal component analysis (PCA) to reduthe dimensionality of feature space along with using

aggregated news sentiment to enhance model sé for

The dataset is split into training and test sets in a 70/30 ratio. The split boundary was set at Sep-
tember 1, 2021, so that the avated metrics (RMSE, MAE, MAPE) would be calculated on the test
set during the period of highest market turbul
prediction is made for the portfolio of 6 common stocks from IMOEX index for thedagxThe ex-
periment was conducted on LSTM and LSTM wvatlditional GRU layers.

3.Model 6s architechture

The architecture of the best model uses recurrent layers to process time series and sequential data.

It contains:

1. Input Layerm which acceptbreedimensional data typical for sequences (batches, timesteps,
features).

2. Stack of LSTM layers that process the input sequence. These layers are configured to return the
full sequence of outputs for each timestep to be passed on to the next réayerent

3. Following the LSTM stack is a GRU (Gated Recurrent Unit) layer. This layer returns the full
output sequence (Toutput_shape: (None, 5, 128)"), meaning it produces an output for each of the 5
timesteps, and has 128 hidden units. Number of tranadlameters: 53,760.

4.The next GRU layer returns only the output vector from the last timestep (‘output_shape:
(None, 64)"), which contains compressed information from the entire processed sequence. It has 64
hidden units. Number of trainable paramete87,248.

5. The resulting vector is fed into a fulbonnected (Dense) hidden layer with 32 neurons for fur-
ther feature transformation. Number of parameters: 2,080.

The final fully-connected layer has 1 neuron, which is typical for regression taskictimg a
single numerical value). Number of parameters: 33.

For forecasting the closing priceequentiatclass neural networksithout hidden layerswere
used to ensure the modaelsmplete interpretability. The LSTM model consisted tfree deep lay-
ers, with thereturn_sequences parameter set to Truelhe following hyperparameters were applied:

LR (Learning Rate) = 0.001

BATCH_SIZE =128

N_EPOCH (Number of Epochs)= 50

4. Results

Tablel presents the metric results for the main instruments of the IMOEX index based on predic-
tions made during the market crash (Febristgrch 2022) and subsequent recovery. This period
marks the peak of market volatility in the Russian stock market fromt2(26R4.

en



Table 1.Comparison of metrics for neural network algorithms LSTM and LSTM/GRU on the test seirigclu
2022 (nextday prediction)

Ticker Algorithm RMSE on test setf MAE (RUR) on MAPE (%) on
test set test set
SBER LSTM based orsA* 14.48 10.28 5.73
LSTM (TA + SA)** 9.98 5.10 2.39
LSTM/GRU based oo A 10.16 5.36 2.38
LSTM/GRU (TA + SA) 9.10 4.59 2.19
LKOH LSTM based oA 183.89 91.39 1.64
LSTM (TA + SA) 153.53 76.94 1.36
LSTM/GRU based oA 202.71 126.69 2.16
LSTM/GRU (TA + SA) 178.85 105.89 1.83
MOEX LSTM based oA 4.89 3.15 2.15
LSTM (TA + SA) 4.54 2.82 1.90
LSTM/GRU based oA 3.61 2.37 1.74
LSTM/GRU (TA + SA) 4.44 2.84 1.97
GMKN LSTM based omsA 5.02 3.69 2.33
LSTM (TA + SA) 4.84 3.22 1.98
LSTM/GRU based on TA 4.42 2.90 181
LSTM/GRU (TA + SA) 4.18 2.83 1.74
MTSS LSTM based omsA 6.89 3.82 1.48
LSTM (TA + SA) 5.92 2.66 1.03
LSTM/GRU based oo A 8.19 4.68 1.80
LSTM/GRU (TA + SA) 7.09 3.70 1.42
AFLT LSTM based omsA 3.90 2.99 8.01
LSTM (TA + SA) . 1.56 1.00 2.49
LSTM/GRU based insA 3.66 2.92 7.85
LSTM/GRU (TA + SA) 1.98 1.03 2.54

*TA stands for prediction based on technical analysis
*TA + SA stands for predition based on hybrid approach (technical indicators + sentiment analy-

sis)

As the results show, adding sentiment to features based on technical indicators reduces the mod-

el 6s

prediction

error

for

for instruments with high liquidity and market volume8ER).
The empirical analysis conducted in this study yields statistically significant conclusions regard-
ing the efficacy of integrating sentiment analysis (SA) with technical indicators (TA) for stock price
forecasting on the Russian marKete key findngs are as follows:
1. The incorporation of news sentiment data consistently resulted in a material improvethent in
forecasting performance of both LSTM and hybrid LSTM/GRU models across all evaluated error met-
rics (RMSE, MAE, MAPE). For instance, thesLM model forAFLT demonstrated a drastic reduc-

tion in

error

upon the inclusion

of SA, with RMSE decreasing {8020

the next

day,

regardl e

to

1.56(a60% improvement) and MAE fror2.99 to 1.00 This pattern is unequivocal for pure LSTM
architectures and is prevalent in hybmiddels, underscoring sentiment as a critical predictive factor.

2. The magnitude of improvement was observed to be contingent on the specific ticker, suggest-
ing a sectodependent sensitivity to news sentiment. The most pronounced gains were noted for
stoks inherently exposed to macroeconomic and public sentiment shifts, such as the financial sector
(SBER) and transportationAFLT ). ForSBER, the hybrid LSTM/GRU (TA+SA) model achieved an
RMSE 0f9.10 compared td0.16for its TA-only counterpart. Converse for commoditiesdriven
companiesl(KOH , GMKN ), while absolute error reduction was substantial (e.g., LSTMK@H :

RMSE improved froni83.89 to 153.58 the percentage gain was more moderate, indicating that sen-
timent acts as a powerful complementtagtor rather than the primary driver.

3. Superiority of Hybrid Architectures with Sentiment: The hybrid LSTM/GRU model lever-
aging combined TA+SA features frequently delivered superior or among the best results, minimizing
error metrics across the boararExample, foGMKN , the LSTM/GRU (TA+SA) model yielded the
lowest RMSE 4.18 and MAPE (..74%) of all tested configurations for that asset. This suggests that



the architectural synergy of LSTM and GRU is particularly adept at capturing the compldigaasn
interactions between quantitative technical data and qualitative sentiment signals.

4. The reduction in error is consistent across all three metrics, confirming not only a lower abso-
lute deviation (MAE) but also a improved overall error magnitude $EMand relative forecasting
precision (MAPE). The reduction in MAPE is particularly noteworthy; for i8&M model on
SBER, the error fell fronb.73% to 2.39% effectively halving the average percentage forecast error
and enhancing the modelpracticautility for financial decisioamaking.

5. Conclusion

In summary, this research provides compelling evidence that investor sentiment, quantified
through news headline analysis, is a statistically significant and economically meaningful feature for
equity price forecasting on the Russian market. The integration of sentiment data with traditional tech-
nical indicators leads to a robust and significant enhancement in model accuracy, with hybrid deep
learning architectures (LSTM/GRU) processing these combia¢alséts achieving optimal perfor-
mance. These findings confirm the hypothesis that investor sentiment, translated into market behavior,
is a critical determinant of stock price dynamics in the Russian context, thereby filling a identified gap
in the literatire.

In addition to the careful selection of features for the machine learning model based on principal
component analysis and factor analysis aimed at reducing the dimensionality of the feature matrix,
lowering degrees of freedom to stabilize the modedi ather optimization factors, we use a hybrid
approach based not only on technical indicators but also on sentiment analysis of news in the Russian
stock market, including fundamental information about companies, since it is an important factor in
enhanang the predictive accuracy of the model while maintaining an optimal number of features due
to the possibility to extract significant financial information from textual data, either explicitly or im-
plicitly, without the need to increase the number of arwdyfeatures.
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"dJEeE®st §teddp dijtegdry Y j te O ydasORdats 21 i GndstpEy H drtP s dzj
stsH, Mtsod3j " Ot h d2 o-Nfgjs Rkt cugseliddnh t empor al
resolution g © ddSR), o Mistetsj dzdzts?2 o dneetdamgine? Ho d X B¢

I "tHj ®©OL®©BOBKISC & BdOtlz)y ddd, Ukt dd sSHdd d
W fislstej BdetsMmis! o toj ifjsladlsits gD h g 2dz L iPHIOM@dz deso9'ts?- H Ols C
dzv jIs tsBbkydls! dzj Qtetsdedzlze Mmjls! dMftcOodzvils! " OLOSCIS] toc
dzj ZBSR O IsOCYJ or fsdzdedls! MtcOodzj dzdi dLtsBtOY j dz2d?2 H

vOCddy sBtOL tsd3, dF (toj HMIsOo dzv j d3:

0 EdzdC Odzt dzr 2 HOILOMjIs HAWTSBJ N jddw fttsBdzj &3 d3j ISBH

0 ¢ st @LY-Netf sHtsBdzlz®s dBtsH j dz' tcOBtslsOs h s 9o toj Odz

ttOL OB tSlsOdzdzz Hdzw EMistcOdz] TBRY dzj HEMISOISEC 89 d O
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3 cdBtedHdy 2 YGHABH, Moodjh ONeY2 ( BH g deli ¢ C dzisy Pk
Isos hzs o € tsBBRAHMODY dafj din | to d dzdc@ O elz¢] Hzfs tRp® tanjteef jHdzd
s j 6Oy s dzdztacO8) d M ls j dsr

2{fdmMOded§ d3d sBSHO
2.1. o¢tendlsj CSskztcO® dBsH j dzd
U—Nettjts_HtSB dzOvw  dzj ? tc eifRifidgtodds JigtsHIjdAE sH j 6O, bottl enec

LB Odzd nzWs ilp Hdzw MsmteOdzy dzedW H J IsOdzjfiPts B 5127 tsHLAE Bjte QY
dzdw 1920-1080 wGlstc] difitptey feddRE" MO ESlEEdENM 52 o tof 3 d d3d
dL B Oy j dzd W tcOL i3 esd3 1920~-1080, f sdzz yd ot tsf j iy w o
1920R10BO0t] yddsy tBlzyj ded s BHzke Uz tgf s tc jf dedsiy P figfizO - 5B 2 1
dLBBOY jdd?2 o' tejLOjlsfpw EyOMmlstsS, or BtcOdadzr 2 Mmdzkz yO!
ZzdHOoydd dmftsd LizjlsmY dLB®OYJdd] yYjddsd.

CdSsHjtc MBHjteydls Isted EkZtesedzw. 1 jtear 2 Ektetse jdz@ 1t
ZOzOBd ( RGB) d C O6z0 O g xidlss¢ Msmissdls dL He kA
Moy telsts¢ M wHtsds 3 x 3, Htsf sdzdzj deder = OCIsde Oydj?2 Rel
dzdw Hdzv EMmddzj dedw dgj dzd dzgj 2 desfplsd, d paddi ng=1, HtSB!
ntcOded Is ¢ tcOL d&3j 6 dL 5B 0@ ddftso des MaiA i tkdzh i flg s s d3SH k2 dz
FojddudeOjls Ctsdzdyj Mlsets ¢ OdzOdzts &,0 daPffAfste izd |j B M is & p dzdzts
Edzjdz "Ojls dqLBBtOyjdzd © 2 ©OLO 5 hdteddai d Hdzd dz
f &z dzd dze BJtokh d2 Mm@gfa &j p isd@alj &R .1 d<¢Mm

Bottleneck ftoddgjdwjls BdsE Moy telss¢ M 384 ortsHdAz
90VY chdzzeBtsC k¥ tsBttOBtSISCEZ ftodL dzOS ts9 .

4 SsHjte MtsMmistsdls dL Istey 7 ktetsodzj 2, dMmftsd Lkzshdn
dzj 2dzr 2 upsamplin§O)EzQdifuefPaldfjfted 2o 2 tOL O, t5BI j H(
Mo jlsMisobkzs h dd3 ktetso dzgj 3 MalispY LOS f BIBI§ HdBY EB S R
d HJSBHJtO) d ftod d3j day g g zBos®OE/Is6C8z+, 3 8B BB &4 OW3 84 +1 9
192+96Y96). AddzOdz dEded3diemy jtdds C"Q4 j(d@ 6BIsiB"), W skstcOW H s
dLtsBKOY jdeds, M BeteOdedyj dedj s L dzOyJ dzef 2 - 8H @ Of OL tsdzj
2.2. [Blujdedi

2.2.1 AkdSydw (sl

ANzdzS ydj?2 ftslsjte! WalEMSISSIYTW s@ROdaizdJdw ™ Btste tsfydatse *
MisOBwqod Ht. [ 19] dimatHY dL € sttt 2MSSHMifHsd o wHsdsls M ts
C dzOdetsdz h j Bz twsMmisk ttOMMd@IOIstcd o FBNRZSSIM, 9 C s Bl j 39
dzv s Isfpw  dzOdBBdzjJ YOMilsts o MEDOBisUSERN.  dgddgw Hots off ©§ Hj Ea(dEr -
sBkyjddwy d EdEzyh jddv odLEZOd dtsects COyjfMlsea® otsmmls
a3 dmMfsdz LEjd3 tjekzdvtedL Oyds dO tshmdsej Tot al Va
WlzdeCydd ¢isgte! . 14 Mds e dzOdp@s Visiglz, s lsizz YT \O § dzj  uaffingday vz
yd Mo 0, Jvy wshdseodatsy ftoj Ji3zh jMlsets L OC dzt yO  Isfmw o
Yylsts mMsmtseMmiseolzjls fsdzzyjdds BBdzjj cdzOHSIdnm d JMmisjh
ftosH | BcdzMisted eB@dOda td. , d@8OFIs TV f tedd3j dgv j sfqw Mmtse d3j Misc
COYyj Mo ©® dqLBBWKCOY jdzd?2 ©® LOHOYJ f¢woerh jddw odL EZOdz c
Mo tsC k2 dzOwW Wk ydw fslsjte! MtsydlsOjLisl Isiteefr slsLsCufdesEHSE]
wetsodzy  d&SnGldy Mistevd® dzj dzedv MistezCIsktedzr 7 ~OtOCIsj tod fi
desfpls’ ) d Total Variation (TV) H&' {sHOodzj ddw d3j
Mdzj HEZE h dd3 tsBt.OL 53:

stotalOL1Z0p OmsssimpP O7Y YYOO UOrvZ'Yw (1)
G HUJL 1= 1, 0MSSS| Tmo,50Tv: 0,001.
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2.2.2 [ OkOMmjls

l fMewirLd M bkjd, vyt d2O IjSkhd2 dBsdikj dls sGlshkzlsmhise
dzdv Otclsj WOCITERo f g fi 1 & § © tcdwemlEngirer ® dy) HO oz tctso Odz |
Codzr dzr 2 MmMddelsjilsduyudi MSd2 HOLOMjlIls, oCds yoOshdg2 463
COHtcsO . SOYHOWY fOtt® MmMtsmistsdls dL dzOldo dzsets dL BB t6
dLtsBKGOY j ddv, ®Glstej dzH jto] dzgdzsets ) t@OWBOp" J dHAE™ 5 4f0pj H
dzvsls Msets?2 dettseo kzs fyyjadkie,d figdpojitdy @addis, ripdpy sz § sH

2.2.3 100&Gjster BLEYj dd ™

r dzvw tsekyjdzdv dL dLtsBteOy jddw dO COYHB2 Lftsaj o
dqLsBtWOY j ded W Isj Mistsortsds tsf ddzkOp@sAal@ , d3 ots BBdcCELAEDZY, -~ 26 @ L o3 j talz t
o0dzdHOYdd dMmftsd LEjlsmw ftoddtsy dJLtBttOY jdd), daj df
ftesf steydd 80/ 10/ 10 (tsBEyoOshd2/ aO0dzduOydtsdadzr 2/ Isj Mls

[BHjd BBBEYOjIkMw M dhMf sd L s©OEApd3R i G (Z3Y 6 BJs dzis €

o Hi@Hsljts. [ 11], f dz20yodz dzs2 dmMe el er sSk gp dzR

hjets antststsfletsOB@lzqumlze[W4920 Lftsn HAW Itsydzs?2 M- S
do Os Isfpw dttediss?2 1. 0 Hdv @GO Y kb @ls' | slsydzj w30 o E
Oydsdzdzts s dzOB tst6 Hdzw tsyj dz€ d FSHR S, NRIQA 2 Mmdzj H E
OL gPyY®, CBRZJUJjHBOt | f 5A

3. {jLkd Ol

[ dzv  tsyd dz€ d 1Vw:1W.Jg
d

dodesfmisd fto Hdztsy J dzdetsets d3j IstsH O
zOB tstcj, MMmlstsw L

d3 46 Ot dqLBBtOY jdad?2 tcOLtjhJ
(ground trut®) dzudj ", I dhyftsd LseO®dzdjdEz Unrea
Resd uti on (TSR) @8 Ndd&j 50% (540p, Of MSCApPlezj dedz j§
MacBookAir M1 (16GB 7-coreGPU) dmf sdz? L zw Met al Performance S
ttOydtsdzdzts?2 MdMmlsj &3 macOS d L Odgw dzs € tsdzts ' H dnz A Mp dzj 2
fsdz LtsoaOdzedj i3 IsteOH d yd tsdzdz” = s Isftg d Sz SR, A1 M, j BH
kls i MEBil jCIsdoader &3 COyYyjMmMsoatsdy, otMmfteddedBOJ di3gF &3 yd dz
BOodzj dzO BJjLtcj W J toj-ldHAROVY dz@3] sSigdE ®©] ( BH j dzd MAINI QA,
Yang d HijH@EBR] dzdz" 2 3 ssH MtcOo dzdo Odzmfw ) BOL ST
sBtcOBtslIsCd) d dOIsdedz d@zsd dL tsBtOy jddWv i (1 lsOdzsdz § O
tdLikde O IsjMmisdese Oded W -2 tc j) Hej Is1 @ity jj ddzdz” € s Bsdsdiy (
tekzjls L dzOydlsj di dgQjy jiAeo @ jdsf MtcOo dzj dzds f BOLtO " dg T
Hdzw dzOhM jes dBBjIstsHO MsMmlsQoadzv jIs 39.18 HI, 7yt dzO 3.
90jls dzO0 i3jdg' Pz dCfjdz dzks ShdBSE d BtdZij or MsCE
Ud dedjy SSI jMs HOs.ids&4660, ylss dzO0 0. 0082 orhj, yjds 2z T:
dzedj MtckSlskztcdztse s MrHMIsa O, o ¢ dzt¢ yow vl siPh: , ¢ dz
Hdzw MmMtsmMisOodzw jls 0. 4705, ybkt dzO0 0.0136 orhj, yjd
BOj dfsq@ujMlsets dLsBWOY jddWw B QA jHWZ tc jddO] o dff H dzOf LSS |
(0. 4796) dgj BBdetsects o h j, wadkks sy HOI BRts dzis@C ¢ © QF i s oz

OB d&zdy®Oo dzj dzd j Bj s PBNRSHIM &) sted S O

Is
q
6§ Ggezls
©d

[ jIstsH PSNR @ 1 ) SSIM
1 Oh 3§ IstsH 39,18 0,9846
Unreal TSR (50%) 36,00 0,9764
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sOB ZQUBOo dzj dzd ] 3) SENRBQA 5 o3j lsted S §

[ jstsH NR-IQA
1 O d3j IstsH 0,4705
Unreal TSR (50%) 0,4569
1 Osdodetsy dL tsBteOy J0,4796

HtejHdzj j otj W ddz¥ jtoj &gO MsmMsOoadvjls 6, 48 iy dzO
dls oL @3ty detsmis: Htedd3d dzaj dedvw di3sH J dzd Hdzv OB SIST 9o 6
Air M1. Jltjdw dd¥jtej &zhO o Ote: qekj sy ls 8ygd4 o
dr, ylst fsHlso jyHOjls W% jCldodsmls! Codf OSIsdats? €
kjd dr & LOk©OOR. 1 jtar2 COHt (ECOLO@ @deayd@@datts
LOYMRE ybsts dmEdzs yjdes dr tOmMyy IsO MtejHdzj 65 o tcj oz ded

1OL 89" 2 TSR (BBl &) siigddnstediez] s LO%JB%f
YOJjIsmw o Btsdzjj dedL Sdm L dzOyjddwes PSNR (36.00 HU
EilteOdz jls tIsd OtlsjWoClkr, ftdeddyOv COyjMmlsets ¢ d
e fMzdS § 1.

Mertpuka Unreal TSR Ours
PSNR 35,57 -
SSIM 0,9750 -
NR-IQA 0,537 0,549

t d.fhu tcOo dgjOdrd jils® © dL sBte Oy j dad W
4. 1 0C dz¥ yg dad j
1 tod Hdztsy J dzdz” 2 d3j IstsH dzj 2tetsmjlsjots? fcsMissBtcOB IS < ¢

Temporal SupeRe s ol uti on (TSR) © Unreal Engine, wBjMmMfjy
cts COyYyijMmMlsoO s MiOoadzj dzed M WOl TOR. swidgkz Yk d o

tdCOdkd (PSNR, SSIM), O0¢ d BjL DR o] telhded? 4 iBtke
Mstedelzjls or MsCke MCstesmis: ddWjtej dzMO, ylsts Hj &zOj Is
Vdzj et WW jClsdedy B ks ofs® flsde®F | dzdzrOX d s Hsrb tierO L fig ety j Is €
Y Msets o CsdmistezCydd M dedL Cdd orf ydmdzdIlsj dz' dg' d3d

fh jMlsoks hdj cwOWdujmSd) Sdoj2jter

[ dlsj tOkiEO

1. Polychronakis A., Koulieris G. A., Mania K. Emulating foveated path tracing /#edogs of the
14th ACM SIGGRAPH Conference on Motion, Interaction and Gam2821.i & . -9.1

2. Ritschel T. et al. The state of the art in interactive global illumination /Computer graphics forum.
i Oxford, UK : Blackwell Publishing Ltd, 2012.5 . i3 1. 1&k. -188.0

3. | BdOryvdz, J.R. OHOfISdo dzOY MmMlsOIsjedw tj dzH j ted dzG O
sOydw ... GCOdZHJHOBO Isjrddyd MS&dnm dOEZE : 05.13.:
hdlsr: AgQ1uUy RdMlsdlskzls Mmdmls] didzts @ © dafiad € dste @d3dz dstinta] Q ¢
OCOHj B {f 8L, 123021MH.
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ARS[IV1 30 e#JuvJCHROCM LIRI[1URYLIM
JoAR[Jcuft L] RO dlfc 3ezr] [ff1¢{

[ .rR. 1 Bddste. ‘v ddicftsy[lzdv(jpdfrs.ol .2 1 j dzr A

L dyjetHMSd2 cfbnOkmise jddz 2 bkdzdo jtehmdlsjls
Vded o jtedlsjls hlsOO [ ytsteHydw, wZ0

IBr ydets dzj sH destetsH dats iy Is ¢ tOL k"N Ojls Mddertesdadz | tod ) d
Sstetso . ]l HOdzdets?2 tcOBBIs] 3" f s ddzy vtotg sy , yds®Yy teldg ls/dig) ,dzl
Bsyjls MsOBddzdL qtetseo Ols! Mz deyd ¢ fiplstt zC fzgfr € e g t6 tedzd
dzr § Mmohlsdsviyles2 yder j o MmdMmlsj 30r dHJ dalsdude =+ dzj d3d d
widgv jIsfqw ) §f sdgsh 8 BdLsMEsfdyi Mitsets fSHASHO, R
dzj ts HAESSHIS ¢ Mikd M ®BOCtsMEisfdyd MEs?2 EMsts2ydetsmis:

B rOdzdL B3O ftsHIse jtey HOjIsw jets tj OdzdL Oyd g 2 9 B ( 5 dzts
dZ" = d@BsHjdvs vddf @dH Oz , a6 sylOEls®IsCtcr 9 OjIs f jtemf jSCisdor
Mdztsy dets2 S sdzdzj € Isd o dztwids teHsSAHAED B Mg AIs weh . dzj

sdzs yjoryj mizgd OtcWw HSC, dzd dH J delsdyder j 4 dzj o3d dzlsr WoLts
sktcOmslsts, MlsOwh dj oBsHT, ydedtsfd 2 tjydd, ¢ &zOMmlsjter

1. JlojHjda]

[ BHjdz2 siBOOBRElEEd obttttets §fsteWHCO Mt fpvQdz-s s
HOtlsdets?2 BtsH jdzr 8 Hdzw dMfdzj Hiseo OdedWw fdztsy dz" 7 toj Y d diBs e
MsMisswdzd2. | Odedzr 2 tiddz ftcjHMsOoadzw jIs MsB B2 Msmizh
SHdtsets kjHddz] dzdetse s tsfyyd dzdzw stste© [ 1, |0y disEdducdz j M
9 0tedOdals’ yYdCdsyfd n MemMissvdd2, ¢O0¢ ftOoddts, dzjlzf
dzj SH desStetsH desisd MtseMise j dzdz" = YOMistsls sB I M J ydoa Ojls d

2. [idmOdedJ dBsHJ dzd

t OMMdBBOIstcd o ONIsfirtsB Pizls tets Mo W L Odzdz” - VW Kb B g dzlS f ig R Is
d40C0Oclkyd oltstesets §ftsticWHCO:

a— — 1 £ - O0Ef— — | & (1)
GH4ITWOLIQ,f OtcOdfjids tsy didntse Mis o J dzdzOW| i @iy e[,z H O W OL
MHorge e OtcdEtsdzed S d o WEkdzCSydd MmeweL d.

I Az y @ glzls  ydz' »~ tsTukd dzdzy i@ ® dz{ dets ) da3fisy detsstff datsigts |
Ml Wy j smw dzj ednfsisP dzadffp ™ dgj SH dzstsH desiplsd YoMl (
tcOMf toj Hj drj didfigs j B Odzjf toj ot Oh OjIs 1 Ists dzj Emlss2ydotsj f
OslstcOCIstste. [ jrOdedL &3 MlsOBddzdL Oydd tsBEMmdztse dzj dz B3O dzr
Lo Odzdzr &3 dzj sSH detstetsH detsfipls & . Clsd 90ttdOydd MtsL HOE s !
v jIs MtejHdzgj 2 WOL] CdkzOMlsjtcO® EkHBodzjlseotstedls! Ekfmdztse d
sMmyddzdzyisstez. 1 Oy dats, yYlsts HOdzdgr 2 1 WW jCIls dzOBdzs HOJ Isf
d dzgj btejBlkjl Isdfts? dOMsis2¢d fO0OR] steso .

[ dzv Bl Widgj dedWw 1 Istsets WodzjdedW fstesdlsmw di3j L sMEC s
LOY Hd&zv WOL" tldtsihdls] didzdds(sg O dzd)ictso Odzdzse 5 tsfyd

Yt OBtslsO o ftsdzdzj dzO ftod HtsHHjYC)] t SHBPHS Scs dzOkzydzsa ts
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HdzW sy ddzdy s siiqise ph) ,¢ GoHfjdgiiteijdey v ¥ OL D sY s PG W O-
Lsor 2 Higj2W odizbttd X zP@BHEBOE2 OO0 yOmkssis.

4 foBsh! s fosjCydodbdgses o&jlssHO | Od ©Sddd o M
BICO MotsHdmw ¢ otsf: ddj tedes? Mgl @i Bhdshdlsj d d

ar [ ) | z p LY Q
. . 3
Y 9 0 .
Y Q 1 Q p h
a p . ) | : p LY Q 0Y Q 0

(4)

CHYTLOL Bj e QkOMWj60d i1 Iss, Mo jsflso j dadas, Mt H day

Mstes2C O YOMmlsr , A-2fY0 teeOlslfyustind €S df jOdzlss,o ¥ 7 rfsdolLdatgdzj dzd 2
hjdedz” 2 5 YOfststiswjn YA O3] Is to

3. tjLkd KOst

dlsOydtsdzOtedz” j tojh jdzdw tojHEY]cBo Odzdets 2¢ Ofg d fig lOj dg* fr
fMkh jfsotseo Odedj d EMlss2ydesmis! ydSdasfd 7 fehlsswY dd
L dzOyj dzd?2 ©jHEydtts @dedzs] dwsisdanb ickiclz { B) € sdzd g fMlse j dzdzt
sOdd ydmdj dedescts BsH | zdetse OdzdY dMAsHAGE2 mdmisi & (

VM Odzts o dzj dzts oz dads'ts? o WR Odzd L 8 MlsOB ddzdL Oydd, ddzH bz
fls: s, ddijjls kdde,jtwmOd dF 2 "Ow©OCkjtt d IOCYJ dzOBC
dlst Ofc®@H Oz.

vOCdd3 SBtOLBA, orwWeodzg dz CtsdzlstcddzlskzdIsdodzm 2 d3d -~ Odac
CsHdshs! dubhéskjls bhmss2yder j ydSdasfd j Mshlstw dq
Csdzdzj Slsdoder 7 CtteHddzOls SBEOLEs IS +WWH jSlgodsy 2 dgjLt
LT 90k BICtesMSsfdujMSke dzj sHdstesH dzsfis!  OttOd3] Iste
Mizsy d & ¢ @6 jstkd ® MEswh ©OL ddyds?2 f§odtsH’ .

[ dlsj tOk©O

1. Munyayev V.O., Bolotov M.l.,, Smirnov L.A., Osipov G.V., Belykh |. Cyclops States in
Repulsive Kuramoto Networks: The Role of Higi@nrder Coupling // Physical Review Letters.
2023. Vol. 130, No. 10. P. 1072000OI: 10.1103/PhysRevLett.130.107201.

2. Bolotov M.l.,, Munyayev V.O., Smirnov L.A., Osipov G.V., Belykh I. Breathing and switching
cyclops states in Kuramoto networks with higheyde coupling // Physical Review E. 2024. Vol.
109, No. 5. P. 054202. DOI011103/PhysRevE.109.054202.
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0. 0. ItHjdzijoO, 1.r1. I tdsSs6QdsssL dddss, 0 cdewr.fish
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WdyjetstesHmMCd?2 cEtsmizuOtMmise jdedz 2 kdedo jtemdlsjls d
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pdzgzlsted COfdzd. RMYBd Ltso Odedy dMCdzs ydlsy dz des BOS fq
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yj mMmr . Clkts fsLodzdls Btsdzjj btyds tsfdmr a0Ols: WdL d¢E
dzr | dBsHjdzd HdzY ft0CkdyjmMSédrn ftoddztsy j ded 2 .

[ dlsj tOk©O

1. Yarin, A. L. Drop impact dynamics: Splashing,
of Fluid Mechanics2006, vol. 38, pp. 15992.

2. Snoeijer, J. H., Andreotti, B. Moving contact lines: Scales, regimes, and dynamical transitions.
Annual Review of Fluid Mechanics. 2013, vol. 45, pp.i1Z862.

3. Adrian, R. J., Westerweel, J. Particle image velocimetry. Cidgds Cambridge University
Press, 2011.

4. Ashikhmin, A., Khomutov, N., Volkov, R., Piskunov, M., Strizhak, P. Effect of Monodisperse
Coal Particles on the Maximum Drop Spreading after Impact on a Solid Wall. Energies. 2023,
vol. 16, no. 14, p. 5291.

5. Hirt, C. W., Nichols, B. D. Volume of fluid (VOF) method for the dynamics of free boundaries.
Journal of Computational Physics. 1981, vol. 39, no. 1, pp.2ZZEL

6. Anderson, D., Tannehill, J. C., Pletcher, R. H., Munipalli, R., Shankar, V. Computatioichl F
Mechanics and Heat Transfer. Boca Raton: CRC Press, 2020.

7. Patankar, S. V. Numerical Heat Transfer and Fluid Flow. New York: Hemisphere Publishing
Corp., 1980.

8. Wilson, B. M., Smith, B. L. Uncertainty on PIV mean and fluctuating velocity duea® 4md
random errors. Measurement Science and Technology. 2013, vol. 24, no. 3, p. 035302.

9. Hart, D. P. PIV error correction. Experiments in Fluids. 2000, vol. 29, no. 1, pp213

10. Mohammad Karim A. A review of physics of moving contact line dynamiodels and its appli-
cations in interfacial science //Journal of Applied Physi&022.i u . 132.8.

11. Youngs D. L. Timedependent mukimaterial flow with large fluid distortion //Numerical meth-
ods for fluid dynamicsi. 1982.

35



1 0L JtrRUS SO [IRMef 10/ 21 J L JufRlRS
rfc Jrid1d st tlaefd St 3m
Iliuﬁ‘savtrlw?qum
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| wsGsgj ©OMMd&Ostd
LCibtej 5O dz dafs 2

MY LOHOYO YtsdmME O ¢ dzse Odz detse s

W d, ftddddiOsh j?2 dj sktedyOlsj dz' dz
sBd&zOMIsd tsftcjHj dzj dzz dzj o sets L dzOyd dedvw. 1t Mmikisd,
Cdy dezdzv dBdets G 5y b ez d PHOY IsOyYydwy OdzestedIlsdizZO
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sdzt yjor je dguBs®dd®: dzOY wsfflsddizdL Oydvw, f§dmé¢ dkzdvy WEdSy
ydd, IjMmksser j L OHOYJ.

1. JlojHjda

1 OfMlsswh OW tcOBKSISO, WwWodzws hOwMmw ftotsHBsdzy jdedj d&3 tcOBt
tedlsBBO fsdMC O dkdv dzgj slstedyOlsj dz dets?2 WkdeSrRditcd o1 )
otsHWISMW wjLkdz SOIsT ydmdzj dedz" = + Sy jted d3j delstse  HdzW H

2. 1 BMlsOdztsa €O L OHOY(d

s ZOMmMmdyj M ow L OHOYO fi5dMms O d&dded B3z 30 dsdets 6 5 d3] to dat
GHO"'Y &€ po -Bjtedsds ¢ O PEYRBE » OJ s den jfydzj Hizs N jd3 o

e  aQ2 whov'OFO wVYRY o dfiQ pMB R (1)

[ S sdzdedlsj dz' dets Y istejBhafpeBiso gftsp StoW @S Pz Hze M dds
1) « @ mhoN O(dzj s te d y O I8t jlzddzC dyts(figfl9 ;

2) ubkzh jmsokz jubshn @ jJ C8Sth &, * Ti( Mkh jMisotseo Oded j dzkzdzw W Iz dz€
) AdzS ydw EkHBo dzjslso tsteW jIs Efmdztse d

W s W odgwhovonm 0 M,
GHJ LdOVqgded OHOdzts (dzdfhdyjetsmls: WER ydd) .

ANzdzC ywdu¥, BEZHtodzj lseotstews hzs s dMOdzdzr &5 o B Bgztse d
ovY & p. JujodHds, Yl HdzV QPO I3 WOHeOAOH HAs WL dek
BOdz dzsets dB3ddzd Bz dzO© + Codo Odzj dzlsdzO L OHOyYd §tsdmMEc O dzlzd

lOydes LOBBIIsdls!, ybt f ttsMissd ttOL &3j tcdesisd L OH O
tOMls Ofstsdzj &I Odz' des. 165 L lstsets {WWjClkO dsydes LB YC
Bzt sd3j tedzgz® L OHOYk Hts BSHdzsd3d tedets?2 . | HOdzdzets? OB S
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hjfMlse j dzgdets?2 iDd WOC s da0ENtsOL sd3 d M SH 2OV d3dzets 6 5 d3j to daC
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el aOE @ v Tip @)
Az dzS ydo ZHBo dzjlsotsteW jIs fMdzj HEzs h 5 Ehmdse dw ds:

'{ OBtskO o' fdzdzj O fted §SHHj©EYS | -2026008E 6dzOLSd (A (ftsys
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5) 1 oS0 jHY a3 BSYJ 6] H dats o qmqrbo@q; o syt j
a BT ©

6) } 650 qu@ bfises ) GfkOdssCd Odkdstdlsdo:

a) vydmdzts d&y s@lsda dts O diOfufij wigdtef Odzd j o ydmdzdlsj dz' dats@
b) 1" dzs HEflsdcdlsts L dzOyj dzd j

- aqQf oo gt Q Q (8)
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4. lrudmdzdlsy d d' § ¢y jtedd3i dzls’

[dzv ket vylsss' kejHdlk! MW o CottejClhdisfisd ©OB sl
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lGjHdzsy j dzde 2 Odetstedlsds § 5COL Ok kM jh dks tOBBE
e O dzdv dj sktedyOlsj &z dash j ezezl 5j w5 g | t ¢ dgf dpd f . 2D &
stedteks s, vyt §shdjHse Olsj d dsfmls! ksyj S dmir lsOded?
Eslbds? o sCtjMmlsdsmisd ¢ dzse Odz dzgse s d3q dzd sz 50 .

d
Ly
]
[ disjttOlsktc®

1. wlstesdzeddz t. 4. vdMmdzjdede | dBjIssH" o RBdshHtsOGHistc ] d3
Msdud MSdA [ sHAOEX O, 1978, 240 Mmiste.

slstetsdzeddz t. 4. 1tdMms i dzse QdzOdaigts P0G Bz 30.

Barkalov K.A., Strongin R.G., Bevzyuk S.A. Acceleration of Global Search by Implementing

Dual Estimate for Lipschitz Constant // Lea@uxotes in Computer Science. vol. 11974. 2020. P.

4781 486.

wn

40



4, 102yjo ¢.u8., 10tCOdkztses s.¢. [B Oetstedlsdi §ftdmsC
RBdzse 51 CMistcj BOdz! dz" = L OHOY // uwBBwddS bktezHse |V
sjdz Mot 11 1LV YEMECBeR. 2PBRBHO uw. 3971 42.

41



¢fJ LT RU[RY[ESOQ [fuf?r YO 0y wiwgdl [
i o8l R T RE | umuw[(UyWwruvf[f] HBUBRR[ S
[R1UOfRY[us B sfcdw®RN tdamlrd RY (L LR

. J§ Or Otets 9 ,0r)Q LI O
JB3MEd2 WddzdOodz rRdAdMisdlskzIsO &GOl BOIsdSd dd3. o. [

{ Offidisd o QOsIfiPud Misfils Oo dzj edas/ L o3OSy Gdd W tefiy o O dzd v

e stotffidesy j Mistetemg) cd s sistcj B dzj dad w . Cdzj e st slstcj B dzj dad |
CoRf sdzj dzstse: MlsOdujMSitsets d HddOBd U] MSBEs. 1 tej H dz
Me OOdzs d tetso Odadzts 2 j €%zl Is BHrRedRSRY 10 O dzdzj dzd ® O d&3F = OB Sl
Holza Mdzzyown: te0rd @O gnipdd3'Otede’ 7 Blsdesh jdzd j di3 yOMls
fsteWHSO. ¢ketstedlsd dMitsd Likzsls of fECdr j BsHjdd HME
B4 IEH §Pdesefth@y f§sistesj ddy HsflzfMisdd -~ tejh jdd?2.

s dzs U o' jto Chfpfftsfoi@@dzd j, { dzgjtecdw, Odcttedld, Mmdsydsls! .

1. 1 smMsOdtsos O L OHOY(d

[detsy J Mlsoa s tOMY Otc O dddzj{did, odf) jEB - s H f s s |9 WRtflets gzgzffjIs © | dzO
f totsyd MMES{tells,0és O} HIOPBORIB - Ot OC Is | edazR s N & judfrine  f tetsy g
sizgOnd Bts SSAM ( Hdzd Isj dz' detsMyls' OB SIS §f We® § Do dieth R sy i
2. 1 GCOYH"™2 hisdjdzls otcj &3 dzd SCOYH'™ 2 Hyd Mhste s>
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idzj L Oo g g PtcOdzdzj dzd o Oj B J twWOBBIST M WJCMJtotse Odad
Yd M segsazy( tPHsis’
} =2-1/m, LB=max{1l/m X size p;; maxj-s pi} [4];
TteOMf OtcOdzdzj dzd o O 3" § OB tslsr M WdE&Mdetse Odzadz d3 yd fr
H Odzdz” o3 Y Offrestafvipdgr igls:
} =(27 g)/(1-g), LB=max{xn. Pi; 1/mxx; size p; }[5],
GHJ Ols<f<tsljsizg Oqig {&J, Pii H dzd Is j dz' dzts ikidic Qpjtlds Y jifeo w L Odedz' 7 YOG
f steWHGS t5d3;
idzj LOoadMmMddzr § tOMYf OtcOdzdzj dzd o O 3" § tc GEOHIY O tc® dzelzj tiz{ e
o Odzg dz¢ WP IsT
} =2-2/(m+1), LB=max{l/m xjx; G pj; maxps pi} [1];
TteOMf OtcOdzdzj dzd o O o3 4§ teOBEIST M o jtemndzj?2 cteOdzdyd 2
dz" d@3 yOfmlsdydz d3 f§ tstew H ¢ ts503:
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Msots i jClsgmtsc O § Wsthitdaizd taty oc@dzdtd ! Mee dzOMmdzets s d i O dz
YHESEBE tOL B3 O ¢ ROWID] fgls teas dc j 1 Q By .f
I MmMj OdzettedIlsdsr Br dzd toj OdzdL tso Odg zO0 W
5. 2. I ydmdzj dzedv o' ff tsdzdgv dzd iy zO0 fJte
0 (OCIsso OV yYyoOMssls® 3.0 411y) d B VY

LT Cj C++2(
s dz© dz dzts o3
Bisd SOl
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v OB dzd.y®J Hidaled 3 iLddEQU Mded?y o 52 WEdSydd Glsdsdlsj d dts B j
N+1LS N+mLS E
1000 21.23 23.44 23.74
2000 20.31 23.15 23.32
3000 20.10 22.99 23.17
4000 20.56 23.70 23.84
5000 20.97 23.67 23.73

HiSE ZOMdets HOdzdzr o5 lsOB dzdyr 1, dzOdzzyh dj twiLkd 5O
Ok SEJISBO olstsesd dj fMlsj N+BEOS tHsElERO @ dbisth KSjsuisstaz |s d3
flsteqtekjls dzOdn & HMsqEj Isafids, & dylsssOlos o Mj R Is FigOB sH g dzf 6
OdestdlsBso .

dzOd dzztmd § J ded J

N N+1LS N+mLS E
1000 0 0 1 3.25
2000 2.2 2.2 12 14.25
3000 9.4 9.45 46.5 41.1
4000 212 214 103.45 72.3
5000 39.75 40 191.95 113.75
RL IsOBdzdyr 2 odHdts, vyt MEBDHsEdgRHmdz0 s g dzC
N+mLS. Jtoj 3% tcOB SNYN+O&E g kI3 H dzj dzdzj J .

U Mise ts
al’hJ’

ftednd
v OB dz@.y® j Haldg jj 3w

oMmJ

dmmdzi iz & A
OB BlsIfjCEde st d s B o

OCdds BBEOL Btk @WzE sigy sty Is d O dz dzr o3
L dzOy d Is jNizf NS, 0 " g ls W
jG OBl
tOMmisdls M kojddud ddd 3 yudmndao

iets tojh jded?
Yd &3 K+nbSize tf teidcsoig Gs
CEtdMBISd oL ' o

9tcj dgw

dz0

o mEtets g Of tod
udj dyfzjzL dEpdzgdts
Btsdz! h
9 J toh (
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MisOo dzj dzdv EOMIENOdd2 0d20dzdL d dMmmdzj-28. s jtc. 202
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I ootom JIftv3aemiepdrtsdfI?ogrtild
s{rrRY ¢ O

r.¢. 1d¢dlj dz€ s
[ sMmMitseMCd?2 etMmMikzHOteMmise j dedzf B3 degmppE@dlsjls dd3j

Il di3i Misy M tOL o dsar] @3 Pdecklefjsdr'Cde'zic dfj ssHtse, otftetshm M
BBtcO 1 WWjiClkdode n MtyjlsOdzd?2 OffOtOlskzter |, 9" ydmdzdlsj
tej OdzdL Oydd MlsOdetseo d dziqpw o Mmj Mistejj. 1 O HOdede 2 Bsd3y
Oterndlsj Cskte d Betesdde 2 B OG Oy OCodzdal d-fn dzifGs | dizf ©lz' B dzalzg s s+
tod s iBts o O sOCY] ddesy jMlsots tcOdejj Of tetsBdtotso Odads 7
CteO@dRdz' » toj OdzdL Oyd?2. | HOdzdets?2 t©WOBSlIsy BEHEIS st dfm
shdamy, sfitttd n foMisOdtotst LOHOY MEfjiskf’ ¢ lsj tcdz
Nd dzr Mm&ejitdgrdzdw L Isdr LOHOY dz2O0 tsfrilsj tOLKOBSlsydStses =
Cstedlsdiseo Al go Wi ki d mMftwy jddsects ] dzj2 MiteadmO fi
dzZ" = tjOdzdL Oyd?2 Odzestedlsdisces Al go500.

sdzg yjorji $Htzsd 002 dz, or M sftesdLotsHdIlsjdz dzr j o7 ydmdz
ythdzj dedvw, § OtcOdzdzj dz' dgr | ftescteOBRB , WWjClsdodesfyls! to
Isd o dzts s - afucffr]dquscjdzJ dz" » Otndlsj Clskte, Mo i Misdzr 2 O
ndlsiSlskzte

1. JojHjda]

sl jeCtdif ¢ lsj edi7]} OStmfhOBjdad dts dzj HOo dzts o' Hj dzj
dZPtcOo dzj dzadj dMMmdzj Hso Odzd?2 o B dZOMIsd o' MsCsftesdL o s
dzj udets i, k' dd dzgj T MOBsets §sWodjdd™ or ydfmddl
skte d of ydmozdlsj dz' dets? KO j BOISdCd, otftsf d-BLO I
dlsjd dr & &jlssHise d Mfshmsese do tj OdkdL Oydd J fmisjf
HOdzdz' 2 scsj dzs dMfdzj HEo Olsjdvd  fod LsoOlsjdvd or
hd2 M jShte Oten d Isdp@ Ustiztiedzid@eda@ e tsadsdal P dzd Is | dz' datz'nn &) Is s H
@O ddn Odkcstdldss, O OCY] ddasy j Misotst Ry (O et
CtcO@zEdRdz' » t6j OdzdL Oyd?2 .

g " r ~
4 \ BblumcnmtenbHoln
Anroputm
L MeToS, L : )
4 4 N\
MpuknagHas MporpammHasn TexHonorua
3aja4a L peanun3auyma | MporpammmpoBaHuna |
P— | p— A ............................... S
i nnapaTtHas H
i CuctemHoe 10 P
\_ J i nnatdopma 5
L - J‘r

t dfys zOmMd wifiEwdo® j dzdw §ted < zOHdzts?2 L OHOY(
sH Mz jteCtkf! s sjtode 5 CsHL O2 des 3 {fi isdgd dg@iL st Otelzgd W j
L WWHoMsets foddzsyjddy He fesjCldiese Odd™ kL Ssmfjy
milsJ d3, dzOyJ dzj dzdz" = dzO tsftej HJ dzj dzdz" 2 G dzOMMm Gted dztsy 4
UsdT L OHOMEE Eftesh dscts dn tjhjddw daj sBotHdBs  dh

P rRinfdzj Hise Odzd § 9" f sdzdzj s M@ Mgl s dZAEOREH#DOMES], ¥ ts dzH O
https://rscf.ru/project/281-00181/t OB SISO o' fsdzdzj dzO ) dMysdz! L So Oded j d3 fSB St
IZsets fsdz LsoOdzdY Mo jternor MsSsftesdLotsHdlsj dz d@ &3d o' yd fmdz
d3ts dzts fj38]e ©
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o s2dfispe s dBdzsy j Miso O L OHj 2 &)sy b @dddz &' &Y 6z dass o |
hgn R Odcstkdlsdtss, kjrdsdscd? ftsctOBBdss OddW,
&Zjorn OffOwEOld » §d&OsWstd 10 wdMkzdS] 1 ftjHhnkso
C ZOH ZOROY. Isjhdsdsedd SSHALO2 O fedodsmwls o 1k
LsOfOkg, o LOoadmdEsmisd Gl kscs § OCj djSHEmM®-dzshw s
fMls jfgOulsd GHEECgOjdtls o' Bt Isjodsdksedd odihfds vz ff

OpenMR dzj 3 § dzdf N&P IH .

]l HOdzdzs?2 tOBGIsj BEHJIs fftcdojHjdz OdzOdzebtf etz = dzOC
MsOdzsoa ¢ LOHOY Mk jteSC iR s Isjtocdesets CSsHdLO2d20 d BEL
2O frilsj w©OLtOBlydStseo lsCtr Ists?2 [81ddeyfigts sy s jHdfdfts cOxk
dzj 2 MjtodmMO MtsMisOodzj dzdw toj 2Isd dzdAsl]. + WW j SIsdode = to]

skCOL Odzdzr &3 L OHOYOdBZ Bsy des tsilsdzj Misd Mmdzj Hize b dJ:

o Btste o ydmdzdlsj dz dztsgts d3dd sSsHO d Odze sted Is BO

o BBBte o' ydmdzdIlsj dz' dzs?2 § dzOIs ¥ sted3’

fL;!S_LgdZL?éII tc j ts BafQfLtasfodBsfy dadu ff B 5 dz L dgj si¥tsig @zj dotsdh d -
d or

I sydi Bz 1 Isd Isted L OHOYd o tsLdid Sdfsldztsy @BOL oHMsR ¢ disAY, 5 to
LIssdE fts2Hjls tojy' o btejls! j2 ¢ dzOoj.

dlsOlgdyy jIs fMdzj Hkzs s MlstckzClskztclz. It olststotsdy t6OL HJ (
Mlsoa O s dMOdedw OdzestedIlsdizdyj MS 2 wMdser d Mmtej HMise V
OdzdL Oyd?2. ILHptk] scpiffhtBB®Istcj dz7 Isted §sted § L OHOYd f
M sfdmMOdzedj d@3 otsL By dg' = fSHAtSHBEO & dn tjihjdds, o L
9 BHT .

2.] WstekOds] O @ded 20 DIREMEs] s ks d W jSls
] Odzd Li Blgaf\aki d Algo500

2. 1.t [Hs@v 1 dzy d O dzstf  gAheRsle

[5Ctr lsOW 1 dzyd € dzts Hlgowiki hitp@ algevikispoledsisgpi dzO d B @) p d -
5T 2 20 HOdedz 2 Bsdsj dels fesjSls, Mmdmisj BOdL qisky h g2 &
6ts dr ftddjdd ded™w f ted dzOf d fROGEY d | JOO toQ deR jdaly! dilz" IZ-te tstfo talsy c
60 BfdMOdd" Odcstdlsdtss d dJ5 tojiogzdf ©uyR | JsdHE&@qQ (
f isri(dgsted-si30dy L Q20,@8, ( tHsf 2Misd 3" § MewiLd d&&INHE JJ
flsOo dzj dz@ 2O tedMmbzdeS j 2.

[ 3apava(3) MeToa(M) Anroputm(A)

Peanuzaumsa(P)

tdf. rsfifmddr § Mewid o dJ ttOten dulf fgdstisdsi(¢gdpaftinOdiisidf( qu)d § s
tdOoddLoydw (t) AgoWkdzyd ¢ dsy jHdd

1 OH DdzOB OV e d € d&ZOH dzOY L OHO YO, dOftcddzjtc ¢cteOL dztsy |
[ ilsBBOIs] BOISUd MEd2 BIlstsH ddzd ctezff O i3 ssHtS9, (
dz" = LOHOVY, &Ofteddijtc ¢cdi3jIstsH | OkzmMmMOé HAzv Ittj 6 tsdz d
¢ dze tsteiddejdf sMtcj HMiIso j dedzets O Raids isdplgdg B3z ROz h A
dB3d stsH, dzOMftec@Laziptisy jecdzd j B stsHtsd3 | OkzMMmoOe. [ Odzdz" 2 [ztct
o1 d3 AgiWiki.

t dOdzd i PEHHFtc OBARZAZOY toj OdzdL Oydvw CtsdzStoj Isdzse s Odze 5te
[ OCMdBOBACH Pdz' HjIsOdzdL Oydd i dgipOdsd Wz fted B 55 d Is
sztcO® fdmMoOddwyw Odetsttdls@dO MHjteydls Bh jj tfdmodsdj
tedlsdzO, tfdmModed) o' ydmdzdlsj dz' desets WHtCO OdketstedIls RO,
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ydd fsfdjHse Ol d ds?2 ojthdd OwiglsicddOs s isdez] H 6
sdzdzr 2 CwOW, ByjdSbk tjfkienO §OOdkd) L GO, 6§ dHod
Odke stedls iO.

10 tedhizdS) 3 fiojnilsOs iz d ¥ O s3p das s i djEagrddy du'j
)] MO0 s, ClsO.

1.4.(2] Pasnoxenus MaTpuIl
1.4.1.9 3ajaya pas3jioXKeHHUs MaTpHUL]
1.4.2. B TpeyronbpHbIE pa3loXeHUs
1.4.2.1. MeTtopn Maycca (HaxoxaeHue LU-pa3noxeHus)
1. LU-pa3noxeHune metonom Maycca 6e3 nepectaHoBOK
1. KoMnakTHas cxema metoaa Maycca u eé moaudukauumn
1.[@) KomnakTHas cxema MeToaa Faycca ANs TPEXANAroHaNbHOM MAaTPULIb U €& MOANGUKALMM
1. [ NocnenosaTensHo-napannenbHbii anropuTM Ans LU-pa3noxeHns TpEXANaroHanbHoi MaTpyLLb!
2. KomnakTHas cxema MeToza Maycca Ans TPEXANAroHaNbHOM MaTPULILI, MOCNEA0BaTENbHbIA BapuaHT
3.“ ANropuTMm caBausBaHva CToyHa ans LU-pa3noXxeHus TpéxanaroHanbHOM MaTpuLbl
2.(z] KomnakTHas cxema MeToaa Maycca ANs NAOTHOM MaTPULLbI
2.@ Lu-pasnoxerune meToaom Maycca
1.8 LU decomposition via Gaussian elimination, locality
2. L decomposition via Gaussian elimination, scalability
2.[@) Lu-pasnoxetne MmeTooM Maycca ¢ MepecTaHOBKaMu
lAa LU-pa3noxexune meTtoaom Maycca ¢ sbibopom BeayLero anemeHTa no cronbuy
2.@ Lu-pasnoxerne MeTonoM Maycca ¢ BbIGOPOM BeAyLLEro 31eMeHTa No CTPOKe
3.@ LU-pa3noxeHune MeToaoM Maycca ¢ BLIGOPOM BEAYLUEro 3/€MEHTa Mo raBHO AnaroHanu
4. LU-pa3noxeHue MeTonom Maycca ¢ BbIGOPOM BEAlyLLEro 3NeMEHTa No BCeil MaTpuLe
1.4.2.2. MeToa Xoneukoro (HaxoxaeHue CUMMETPUYHOr 0 TPeyrosibHOro pasnoXxeHuns)
1. o Pa3noxeHue Xoneukoro (MeToa KBagpaTHOro KOpHA)
l.ﬂ Cholesky decomposition, locality
ZAE Cholesky decomposition, SCALAPACK
3. cholesky decomposition, scalability
1.4.3. a YHUTaApHO-TPEYTOJIbHEIE Pa3JI0OKEeHUA
1.4.3.1‘B QR-pa3noXeHus NA0THbIX HeocobeHHbIX MaTpuL
1.[Z) MeTon rveexca (spalueHuit) QR-pasioKeHNs MaTpuLbl
1.@ MeTop NvBeHca (BpalleHuit) QR-pa3NoXKeHNs KBaapaTHOM MaTpULibl (BeLLeCTBEHHBbI TOYEUHbI BapuaHT)
1. @ Givens method, locality
2.0 Meton Xaycxonpepa (oTpaxkeHuit) QR-pa3noXeHns MaTpuLbi
1.@ MeTop Xaycxonaepa (oTpakeHuin) QR-pa3NoKeHns KBaApaTHOM MaTpuLLb, BELLECTBEHHbIN TOYEYHbI BapuaHT
1. @ Householder (reflections) method for the QR decomposition, locality
2.0 Householder (reflections) method for the QR decomposition, SCALAPACK
3.[@) MeTon opToroHanusauum
1. @ Knaccuyeckuit METoa OpTOroHanu3auum
2.@ MeTon opTOroHanU3auNM ¢ NepeopToroHanusaumen
4.[I) MeTopn TpeyronbHOro pasnoXeHus MaTpuusl MpamMa
1.4.3.2.[E] MeToabl QR-pa3noXeHns NaoTHbIX XxecCeHBeprosbix MaTpuLL
1.[0) MeToa rveexca (spaleHuit) QR-pasnoXxeHns xecceHb6eprosoit MaTpULbl (BELECTBEHHbIN BapuaHT)
2.[E) MeTon Xaycxonaepa (oTpaxeHuil) QR-pasnoXeHns xecceHbeprosoil MaTpuLbl (BELLECTBEHHbIN BapuaHT)

tdf. 1teddj e dJ foddr@drd " Cusictssiuiidls § H(@/A®E O € q idi( @dzd L Oyd W ( { )
o 1 dzyd ¢ edgoyVikiH d
1 Oy des, ylsts fted ofMmj2 BBCEOkj2hj2 dzOf &dzdzj dedzetsfls d ,
HOdzdzr 7 Hdzw (MfMdzj Hise Olsj dzj 2, dzts dzj o toj HlligfiplssOwadzvyjjls
f sycd.

2.2. 1 ZOBY SEdBO HdAv MihksOs dj dd VAlgeSP®R s d dz¢ 50 1§ 615

| s sdzdzj dzdj §tsBj 2O, k€ OL Odzdatsosdsy jds My to jysrdal 2 h J e
Algo500[29i31.RH j W H sl Olidppdets Ofste syl s h d j Y ¥ StedBOd dz j
Bsod3dls sHAlgaWike d dzd § sHBB A2 § M HOdzdz" d3d ftetsqdL otsH s dz!
LOYd?2 dz20 SCtdStejlsdy 7 § zOY sStekOR, ybt Off @j®lsd0 it
f ZOW steds  kMmdased?2 LOfEMSse, d dzO d3dztéspj B bsfef §izc  ts ozt
fosdLosHglsj d desiisd lkjo ddd ddr o &jlssHse ddd OddH

89



qdzs?2 f zOW stedgr dzO@ Rdzetsy j Milse j o &t datgs 5 dzE3 ts B fisagO I
CO¢ twOMhdtej dzdj &OBGEKO dLo jMmisdyr 7 Mk j el slskfn 5 Isj tod
[29,30) dzO ftetsdL otsdz! desy Rdesy J Mlseots toj OdzdL O 2 Odze StecC

sOC Mmazjufmksedj, o o'hjlzftdvwdkzists2 vyjiftstfudfoddyg” o d
Codif ¢ Isj todatt@d fipdpts Gz C sbtstets2 B dz o' ff 1 tzted tzO 3z B ¢
tj OdkzdL Oydd, HdoW Cobttset §odkzyjd Ikj ddod dd j ft

5. ﬂ- =)

td#. rofefmisdg" § MewiLd o dJteOten d i us dstisdeifdsdg d)yd § 6
t J Odzd L Osyts{dBH( 't ¥) o jAlGdSEO)

Peanusauma(P) Komnbiotep(K)

1 Oy des, ylsts ftod ! Istis |otsddE Oy Jsis @ dsdf Le@®vd diz 4 d f O dac
fdmisj d, des  ©SYTdMOdd"” SdCtojlsdesets § SHABdZEY j Miso O
Cojlsdets? t6j OdzdL Oydd. 10 tdMmkzdCj 5 fitcj HMDHOoidkzO Mr
¢ 05 { Wiggh@is O

BeluvcnutensHasa cuctema

Pasnensl 1..N _

MporpamMmmHoe oKpyKeHWe

BolqncnutensHbIf yaen

KoMMyHuKaLMoHHas ceTb TpaHcnopTHas ceTb

+ Yucno NUMA rpynn

+ OC, cemeiicTBO, A4P0O . OB OB6beM namMsTH + Tononorua + Tononorua
« [aKeTbl, BEPCUN . ‘-Iw;;o yeKopuTenei + [MponyckHas cnocoBHoCTL + [ponyckHas cnocobHoCTL
+ BubnuoTtekn, Bepcun + JlaTeHTHOCTL + NarexTHOCTB
! = Y TWN CeTeBbl . o
+ Cpegbl paspaBoTku WCNO U TN CETEBbIX + CewmeiicTso, Bepcua (1B, ETH) + CemeiicTso, BepcuA (1B, ETH)

WHTEpthencos

. WHTepdbeiic, npegentHas
+ CemeiicTBo, MOAENb nponyckHas cnocobHocTL
* Hucno agep CemeiicTao, Mopens + MponyckHan cnocoBHOCTL
+  Hanwyue runepTpeauvHra + Tun * Yucno agep B pasHbIX pexumax
+ Habopbl MHCTPYKUWA + Qbwem s NUMA Gnoke « OGbem namaTn + CeMmeiicTso, Moaens (4TeHve, 3anuch
(AVX512 1 gp.) +  TponyckHas cnocoBHoCTL » MaKkcumanbHoe Yncno + Knioyesble napameTpbl nocnep.éaarenhﬁan
+ Mepapxus Kalw (YpoBHM, npamMelx ceaseidn GPU/GPU paHaoM) '
pa3amepbl, NpUBA3Ka K + Moanepxkka GPU/NIC « Ofbem
aapam) + OBbeM Kaw
= Yueno He3aBUCHMBIX
YCTPOATCB

tdi. 1jgghne ] 3" LsHoffgfaRlzey - OO0 fHed Bl @t ds?  fdgbpeQg) &* o e
I O3S O0n Of tets O 4Igh500L M®dEs frf d dedAyizdz’ H-Odzdz" § dL  dL o]
Top500,Graptb00 utsf 50. stsdj Issets, L Odsfddzdm: HOdedz j d
dr o fipsS sftetsdLotHdljd d 7 or ydmdzdlsj dz dz -2, fr]Iq’tff;]ttg‘@{BOn

dztsfntss, t  60O.

Il yj dzscddmMfee6B0d, s oty Jjects s CIsdese Odzd,
tGOLtGOBtsIsQJ sB dzOY d dzts ! d3dztsy j Miso 5 { to ts stz R teCOA s | I4s O
Cslsster § ftwwdojdzd ¢ MOk dtsosets s lsO, sB BN C
ZOf sdzdzi dzdd d ¢ SHHJjteY S CAQEWIKS Is Csted Cls fAlgibatisy dISedasty fij -H d
dZzseodz" » yYddzvrs d LOHOYOR, Misswh dr § jtajzr M gz&o rcdizOH
&ZOMmlsswh j2 ttOBBIST
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3. vtd BPEO®IGd] $tSHJL 02 did =fn feBshigidzd dz" J

vV Mo did Misdese 5 90 da®dzd o @ dzdfipej =2 figls = BjIstsH 59, O dzG s
Of f OcOlsdz" = § ZzOsW stcd3 By jls BT Is! Bdzsy J Miseats § sMis Oc
Btsdzr hddzmlsets 1 Isdrn LOHOY MoatsHdlmw € MmMdzjHEEh B Iste]
iy Hjddw.

3.1. Jlreste or ydhmddlsj & ds2 § &OkY s dr

lf jtcor n, 1l o"Btstc o" ydgmdzdlsj dz' dets?2 HozBgsictadte d3r  ff
edp@edMizdsS 6) . 1 JdOMEsfoydflsfj dfteftistc dYfstgds detsg s d3j SsHO
B3 6, dBhzsesdzj Isdgvw M Mise j dzdzOW t6OL OB SISE O, dd3j ¥ h O
ftod ddzsessBtcOLdd HtsMiskzYy dz = dEMPG jdaOEHs devtedatzgf 2 M jmds!d dX
dzd ydzr = IstOPEHMpCHRIsg fedIststedz” § MdMisy d3r d Is. H. ) or BB
ZdSOjl YyoOmkss. v fd LsoOljdj?2 foddds oL disy d o f
dMis! oL @B desMmis! Otcj dzHts9 Ols! o ydmdzdlsj dz' dz" | toj Mzt

[ 3apava(3) Metoa(M) Anroputm(A) Peanusauus(P) H Komnbiotep(K) \

{d®. 1Bt o ydiddgls, stzzs d 30 & jdfj tisdire0d & O 5 &O

14dStsbtster §j dL tetwOddyj dzd?2 Htd BSOSt 9" BtSty 97 IS
Lt {EBscOjls BitejHjddls' d&fh! ¢&ommr mdhlsid, do
@ZOW L OHOYO. | dv MtcOo dzjfdzd i OdgjOF Hsly tof s T O ekdzdiyd IdsT o3
HOdzdzr | fteOCIdyjMmMedrn Sy jteddj destse, O wded, BJL EZfMc
dzdL Oyd2. uvjd3 dagj &wjdejd, JdMmdzd ojMmbsd tj y' B L doyded
fsfzdvted & &jssHEMisY G@eSEG@hEojls! HEMisOlssyds ]
fesctcOdBdr & tj OdkdL Oyd?2 dzO0 0L dz 7 f ZOkY st ROR

vOCddi3 BRBicSBROdZ ds HEZYW fsHBStKLO § ZOLW stcd3™ dzj SB -
C oMM MmdMmisid dMRisHY L Mots2Mmise OdkectcikgBasddj &) -
dr 2 twj2lddze dLojMmisdey & twjWjtejdhd & tj OddL Oyd?2.

ITHjdjdd] o' MsCskicsodsy o' R MmMots2Mmses Off OwOlsdy 7 4
b jh dets?2 tej OzdL Oydd Odctstedlsdkcs, §oLotsddds Br Yo
9 0Isj dzt desflsy HJj2Mlsoad?2.

1 OdB sdzjlsjdz" WP dfjte  dzd tetsdz t6j h j dedwv SOC B2 L OHOYd Wwodzw
dzr = My j et iy © Mjorf&lo3qMmj d3j 2 Mise O

3.2. lrette or ydmdzdljd descts BjlssHO  Odkctstedlsd
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ltod HOd dzj2h jd8 OdzOczdL j ftotso j oW dzd ) Ondsgdest dsthH j dzd
B O dzO dzf) d tet®dndRabdp@Forest( f e j HMls Qo v j s MB 2 OdMOdE dzj o '
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COL©EOBIOddz 2 SR Oddj2 cdHjSM). [dz 6] HdOL dZOY] d
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2O sSBlYyOshks  kjMmstoks o Ml dstd dydz B0 DS d3 210
BOd j] € d&OMMr &Esckls skhkzlsflsstso Ol! o BHAS2 L yof
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1 OHOYO dlstcOIsdW d ¢ Accuracy MacroF1
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1dLed?2 ftedgr d s 0.71 0.44
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sensitivelearning.
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sdzt yj o' jB i@ d ¢ Oydw, ydmdzj dedetsy dBsHJj dzdtetseo Odedj, ©O
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1. JojHjdadj

10 MjetsHdwh ded?2 HJde Isdj ndtisdzigls tf bf
v e ls@®vHaz COljestedd: BdBYjyols: d
BissHtsd s dse s O d&z0o dzj dzedw ( FDM) : BdtSQdefnlstGI
HEze h d2 dzOC dzOHT 9 OjIsw o jten t]’thHlethGts 1 W OBt
oMmMEddmMtezS ydd dL SCdzj stsydesets BOIsjted Odz LO tHddz M
ded § ©BYftejHjdy dzdz' ~ TO§EzNRAMG OF d § 5 deglzdrw dsﬁﬁﬂzﬂﬁdzcl e v G
Bd®BOIjtcdOdkzO o HBOMMde bttjBlzj ds?2 Wteds , MisT.tcOdzv j o
ClsO ctezff O BjbsHtse Myudlsojlsmw Btsdzj § tj;tsfnl]’;‘;lsq’adztsi
Yj dedv Bdtsf jyolsd d dO fklsd ¢ MsLHOdd® Btdzjj Mtso j

[HdZOCts 1 Isd fitemf jCSIsder BeteOddyj dz Ctdi3fdzj CMsdz W
B -~ Odgtfo Issydzes? &BOdedflzdzvydd wWdrdudmédhd ¢ sdvBd.
tcOMftej Hj dzj dedJ &5 ftej HiNlsOoadzw jIs MtsBts?2 dgj ftotsMmiskzs L OH(
ftosdLotsdz dz = MdMmMisi B3 ZOo-dzs e HO[ O @y J dzipOd thfzf dzy OB ¢
YJ figlsts fted B dzdy j ded ™ o fshydzj Hdzj ) dzgj Mmkh jMselzjls. [H
C ftojtsHBsdzj ded® 1 Istsets Isjtstejlsdyu Misets ftotse j zO, O M
fsdm¢ j q’tSH:tSHWhJGtS tog N 4 dzd W .

10hd dimimdzj Hse Odedww MtsMicj H tSls s Y dE' - dEO difrid tastdg? u ds?e Oed
mMesmMendMmMlss?2 "dkzttedd. uvjindsdsedd hkdzsdtese Oddw d
detsfyls! d hdwsCtsj foddjdjdd HdY djyjddy Mmeshizadnl
ftojdej 3z MyudlsOr smw-L @i ghif dgO dztsezOdpdf J 1Oz B 6 gf dzdztz Is Oc
Eflstes2lso © Bsckzls B'Is! LO®jdzjdzr BIBCtdzMistezSIsdtetss C
fsMCtsd Sk dn sy ds i zodsdtetse Ols: HdkY L O®Rjh j ddw

steOHdydtsdede” §|] BjlstsHT BCtsdemistezS ydd o ¢ dsdgOs Is Is(
fstekzSls MBLHOjlMY f fodsh: & COBCOMO dL yYkyjesH ds:
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B ssH tOL o jlsodzj degdw dzj MEtsdz Cdr yddzddznted yd M dr k2d
Brls! ddgyj dzj edets BOMh sOBdtetse Odz H dzv 1 thdidsy JasP v s te®@ &,
kktets?2. Clts ftsktejBpsoOdts B’ dJLEltodzj dzadv ftesdL o sdz
ZzyOlsjdj2, SOYHM2 dL Sttt a d®jijls Mot ©OL &t
BELHECB., 17" d fsMisOoadzj dz Odz' Isj tedzOls d e3tieH  dzd|f oz dedzv 2 §
Yyimmo MmsLHOd]Y ktkeyOlts? StsdhstzSydd BjL dNYsd

ftoj sBtcOLts9OIsjdzj2. 1 MmdzEyoj, SCEHO dO" OtefMmj dzOdz dL
fMlse O], fsHsBdats] By jls BT Is! o tsL dptsdetizj B ts dgf § t3) d Otz
sdf O, SCtktter j ®Bscdd B' MLHOsOl! OSEMidujmMSd?2 4t
ydd fm fashcdid dL dazkzyOolsj dv id .

17T dzts ftojHdzsY jdes fHtoese jMisd ydmdzj deder 2 1+ S MY j toed d3j dal
NOhdd j iz ©lteOy Olsj dzj R dzdtshysf wd Ists lsis CasQls jisdipts W o dzw j Is f

117



9" toj L, 0" f sdzdzj dzdzr 2 OSdd3 tsBCOL 503, Yylstser f OHOs N
WSk HOttOBtd . RHJW 1 CMfjtedds dzgs©O L OC dz6 yodzOfm:+
dzz yoj &3 = d tslstc Oy J dzdz’ ordzdodigidad], j HhdjlsdizvOvy disiin B Wits ¢ 2 o

sO¢ d Mz HBB Odzts sy dHOIs: , ¢ OB dzdlskzH™ dL dzkyd d

Ctcke dzjcts GBKOL O OdZOM! §lsjdydod dov wkO, {§tddW
ftodL Bz By dts MydlsOls' L ©OzE N2 ¢ sisd dzdjdz@iddz detfe 5 ff 5 dz
Nd Blsdigilsdls!, ybt d&ddd 3O0d dzOvw wBO ftesmMOyde 04 Ismw L
dzr . (s ftejHMmsOodzyjils M2 s dzj Bz, fsmMesd Sk
IsC Odzj o7 n dHtse. 1 OEHEkH W Msdnje W d fj fgalzj H tsas@3tzd "o ts {f
CehOv @d tcJ Hf sdzZOGOjIs dzgj sBrBHJBsMIS! dhif cdz
&zv, O &O dzts e OB Ote d Is dz' RO dfldgi tdpdERAdZ dpafjtd' zjj 1" d=.  duL Qi

d

d

4

[
LO
- BO
L5d, HOd dgj i dzj & iste OEatfd ) ushO jdis(d otedptsi, dz f s < ¢
g N jdzdj, d30Mm Bdtolkzj &3sj Hdzw hdusitets ¢ dzOMMO Istclze
Cdzd yd Mlsosdz 9 | j 2.

[ dlsj tOk©O

1. V.A. Parfenov, E.V. Koudan, A.A. Krokhmal, E.A. Annenkovay SPetrov, F.D.A.S. Pereira,

P.A. Karalkin, E.K. Nezhurina, A.A. Gryadunova, E.A. Bulanova, O.A. Sapozhnikav, S.
Tsysar, K. Liu, E. Oosterwijk, H. vanBeuningen, P. van derKraan, S. Granneman, H. Engelkamp,
P. Christianen, V. Kasyanov, Y. D. Khesuani, V. A. Mironov, Biofabricatibra d-unctional
Tubular Construct from Tissue Spheroids Using Magnetoacoustic Levitational Directed Assem-
bly. Adv. Healthcare Mater. 2020, 9, 2000721. https://doi.org/10.1002/adhm.202000721

2. K.A. Beklemysheva andB. Petrov, Damage Modeling in Hybrid @posites Subject to Low
Speed Impact, Mathematical Models and Computer Simulations 11, 469 478 (2019).

3. Pyriaev, E., Beklemysheva, K. (2025). Acoustic Levitation Applied to Tissue Engineering. In:
Balandin, D., Barkalov, K., Meyerov, I. (eds) Mathemdtid@deling and Supercomputer Tech-
nologies. MMST 2024. Communications in Computer and Information Science, vol 2363. Spring-
er, Cham. https://doi.org/10.1007/938&31-804571 19

4. Xie, W., Beiyu, W.: Dependence of acoustic levitation capabilities on geconmarameters.

Phys. Rev. E, Stat. Nonlinear, Soft Matter Phys. 66, 026605 (2002).
https://doi.org/10.1103/PhysRevE.66.026605

5 L.P. Gor ' kov, AForces acting on a small parti cl
Akad. Nauk SSSR, 140:1961), 8891.

6. Melde, K., Mark, A., Qiu, T. et al. Holograms for acoustics. Nat®&, 518522 (2016).
https//doi.org/10.1038haturel 9755

118



Rl [[?217 1 o1 R frs[rY JUArt¢
rfjc ¥J13zr1rRe wRyUJwauvody J1] Rc
Resodr 1 RE I [ 1At J1UPOfHURY [ &SR

HREBU[ [ dm

5.0. (SHd®KS S
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tOLodldj bjndsdsed? fibduyjmMSdrs MdMmisjd Lo tddds
MdodetsMisi2 o 1M jtedds delsOR 5 dzOL jJtedets?2 WdLdCj. [ H
o €M OY sMw Mdsyds?2 LOHOYj2. | fomMdjHdd] ctHr OIS
sfdetso Odede' 7 20 BB IssHOR cdzketsStsets sBlkyj ddw, SClstster
COyjdedY obdzdzco 5Gts Witsdzs®. | HOdedzs? OBl ftojHd&zO
dmEe Oy jdd? obdadzBp StsHdztB cOdedz 2 dzO My tsdzr L s9 Odedd yd¢©
HOdzdz' R, | Bbddydj b bOHdydodd » &jsHB, GHJ
LOtOdzj j, ftojHdzsyjddzr 2 ftsHAttH ftojHEMBOLedes Ojils HJdz
fesyd M tBRYJ ddw.

Jorj (fpdeCuhdy jodigietsCtsy wekyjddj, Mmddesjlduims
sBlkyjddj, &OLjtedOw WVJdLdJcO, sfbduimnsdi Mmdmnksjdar, d
59C O ZOL jtodzts? bkflsOdztse .

1. JojHjded

Hsfisdy j dedw 1 Chilstej BOdz def 7 ddalsj demdo desfisj2 o WS
S

pC v B sotej Bj dgdzr j  jOoOklsdy j Mmamsj &k [1, 2], bt
sdui MS s IstOF sl tt @ dzjudddnjs dabMds@y | dzd 2 o cdzdzse ¢ ¥ 6
oBLAICOYIs ofjdjHmisadj BildujmSdn OBjtwOydRd-d Isj o
flsjgr, OCHR C Of dztzd tzils e @dzj getb OLOC 5 MG Oy j dzd 2 dst
sdodz® wflsdyujmMSks MmMdMmlsj gk, mEEYY S Gt S Hsgslon e Ojpys Isg
wkh jlsokzs s ©OL ddydy j oBjsty’ hQdkds cks ¢ d B8 8 s
eOMY toj Hjdzjddd 1 dzpsthciad Oalzdzi {5 ¢ HAB] ¥ O gatziBls  BAMEG -~ [ Odz
[4] , MmistsrOMisdud ME &5 e OHA J lsBUasids Odfdzth€ d Is dzd7, 8I3ts H § dzd te
[HEZOCE § djHEMsOCOd LIsdr dj sBHBo s dtshd I s d &€ dz!
&S Od dF & B dzd Bz BOT. 1 silkssdkz o f &fd

Mistej o Odzd ™ o
dzj dzedj BB ssHtse CdzHESS sEts BRZYJ ded W |

JHd?2 dL Skt yjoernm ftosBdzj d3 d3j ssHiSe CcdzzB BORRe s
des?2 twOBtslsy ftojBzOg @Mz BebthdzesB Milsd, o C(Blttetd
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MtcQo dzj dzd ¥ M Is tefOE 3 df,is dasid) dlgs df @Bdedz” &3 dz0 W d € fd tets o O dzdzts 2
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asyncio, base64, os, tempfilefnd iils j dzgdz" § &BsHEZdzd H &Y OMd dzr tots dzdats
&d .

= =4 =8 =8 -8 a1
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42,0 j dzgj wOydv ( ~stSSedgidaplsdd |

1 d B dzd tpyshprC-@ocx d M sdz! L EzjIsmw HdzW oMisOeaCd L Octsdzise €t
dL cBtcOY jdazd 2C. O HiISGts t6OL HJj dZzZO f ted d3j dav fprisaigtext() W z,dzC ydw
sBiMfJjydoeoOs hOw or tcOoadzdoOdedy 85 hNdteddzj, Negy y Mistetsu
Roman 12 pt.

Il Ctdzyj HBC kA dzls @G3OK teasGrp diy AstiedOMBIAR slstster 2 f tod
otsd3 wlsCter sdd OoalstsdizOIsdyj MSd wBdsodw jls 6 dzOse dzj dzd j
dLBBtOy jdzd?2 d SCStotcj Slsdtolkzjls  tsdzv.

51 OL1©O0BEKCO Cdzdj dEsmS 2 yoOmlsd

s dzd § @k MSyOMmls: ftoj HiMsOoadzw jIs MtsBB2 d&Bd ded B3O dzd Mls d Yy
cuWstodddtoseo Ols! wlsyy Islets fifdzic &L¢ @eytOisL € ds Isy®@ AsckO® J SON  H Oc
Session Storage O ftod dOYOIsdd dO Cdtsf sk sl tOFdedzsmols iyw
JavaScOBP 80fls Bleajls d dddyddtkzjls mMSOydeoOdedy ¢
oLOddBsHj2Mseadj BJL fjtjLOctkzLSd MistcOdzd yr .

Rdzlsj teW j 2 Btedj dzsdtctso Odz dzO i sdz) LtsoaOlsjdzj?2 BJL
EHsBdzs?2 Hdzv" OdOdzdlsdC tsg4,8.syjdzh JStso d todj dzlststetse

6.]flsdd3dL Oyd» d EfMmbs2ydesmls! Mmdmlsj &3’

10 {0y BikddddL Oydd tj OdzdL s Odz" MmMdzj HEE M JJ d&J A

1 s tsdzls tets dz! MM GEOL ©f csfs®dzd ydo 0j s yYyomkssisk
APl , fto] Hislso tc ©To@ManytReqdestst . 429 (

1T [BtcOBBISCO oathjd s Gi:tcOydd oMmMlsOeaCd IjEMsO d dL B
C Ot -except, Ylsts fsorhOjls dzOHJ Y detsfls! ttOBBIST .

T Addz steOydw f E2Mmilsr ¢ YdtoRicdsO VHslpbe dzd tetseo Odzdy f 2Mmisr
ZOw ¢ jdzj cOYydw © HHSH©COLHj &ZzOA.

T | OMhisOBdtetse Odzd j frosL-teBOER) ydgddgd{ - tedf f sScteOded ygj dedj h
80% MisteOdzd y" .

]l tjLEkzd Oy HBCE®B] dzls Wstediddtelzjlsmw o Mstese Ef
Roman, B3d Yy Mistesyder 2 ddalsjtco Odz 1,95, ) ts=ldshiplg st Istp iftgfo &R
Ad B, O COyimbeas d EmMsHEddoOslsizcspda)y c®gdd dcd®H dzr -
fls g d3.

75 jMsdesoOdedj d tjLbdr SO 1 S jteddsj dak

lteso jHjdes BBdzse i IsOf desy s Misdetse Odzd J :
1 I snkzd dsj bjfedopedddj ¥ 2dl ydd cjdgj tOydd Isj ¢
sBtOBSISCd L BtOY J dad 2 .
1 Anezdz€ yd s dz®@imdeE jetsls Pl wtso Odzd iy ofMj 1 IsOfr oL Odd
Isj dzv fq ddzlsj teW § 2 Mtsds.
1 wlteishfijsdetsp@OEaljcj dz0 tOBskO fttd &OMNse 2 ¢ j d
Hj dzso ) .
dtojHdzj J otej BY f sSdzdzetsce 8 s§ tstiztgd B s gifpddalzisls @by j BB C OL O
CtcOhjj ddsftczH 5L OlstcOls - OWOWJ i d§ Bo ddOj] &z ] MBc zOMBso Odzdzts M
%2, 8].

8lwOSIsduimisy fwddddddds d fiwmfySisdar

t OL OB SlsOdzdzOY fMdMmlsj BO Exj fteddj dvjlmw o sy, dzsn
Isdud MSdr Blsud lstsio dzlf @d3 dasfS HOaktfCriaf s dids df O© dz' telzfsedys dehPSls §
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JdgsBg ssHd Ui MSEtsets d Jdal stedsOydtsdedatsc ts -ttsupjjdeff@ey g dzd ¥

J dz Bsy jls BT s OHOf Isdtesoa OO HozW HEkzednm B &OMIS]

o, #stindelsiesmisd, dztsB tc© dz@2rPH g Cref

litwmfjSlsdeor twOLodIsdw:

T RAzlsjeteOyYydw G dzOMmIsjtedz" » d ¢ OtOdzdzj dz' dz@ = o' yd madzd
stso .

T tOomhdtcjddy Ottrndlsj Clskzter HdzZw fYtHHjteCd dad MEBsdz
Gemini d Claude).

7T ltedd3j dad dzd § O dze €Oyl dptisee OSWPpjidMds © M dMmf sdz? L 59 Odz
BERTScore.

T 1tOLcOBBISCO ddsjteWj2MO BOIdts?2 Mowrd HdMzv 1€
GJjdaj OYdd.

9.1 OC dz# yj dzd |

l tjLEkd IsOIsj t©OBBIST MSLHORZO WEdS ydsdOd dow fidfr
M¢ e sdzdissigid dzef y dzj cOIsd o dese s d ME figd Is e0jo dedstsizons d d dals) i dfdzjC
g mMsdn sty JIslsdzd J BSHEZdz' dzts 2 OtcrndlsjClslzter ,- Ofmd dzn
Qo lstsdBZBOIdLOYydd HJjEZOjJjI Hfteddzsyjddi cdBSdd d dBOMh IO
ydd 0dz0Odzd ldhpgiffiftdor.  f to

ltcjHMIsOodzj dzdz" 2 fBSHABH HJ Bsdmistedteclzjls + WWJjClsdo dgts
cd® BBEOMIS! JdhaW stedBBOYyYdodzdzse s dsH j dzdtetso Odedw d ©Ools
slsCter 90jls oL By desMmisd Hdzvw dMftsdz L s Odzdw mipzy J €
ZOtedWw R tsBtOBtIsCd HOdzdz = .

[ dlsj tOk©O

1. 1O0CSEdzjdeSts . ¢. 1 tOCIdquimMed2 Skt 5 dzgj 2 tetsdeds o3
#lB: uvdedoejtemdilsjls rRuf [, 2018. 71 .

2. 1sdzCddz ¢. [ . [OjBOBduiMits] BsHjtzjereeks: /] Od
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6. AjHJtOdz! dzr MisOdzH Otels BYyJjdeSd " [yd dz2€ O dzi Ho d Y d BBs
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7. AjuslsSddz [. [Olj®&OdUjMSB] &sHj ket Odedj Isj!
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8. CMfsLdlsts . 1 OL tcOB 4 I @zts iy 5 ofiPORGJdedz’ frtc joHjdBj Isdz = t5B |

dZsdzted?2. [tMCoO: Jddz wasip, 2017. 464 M.
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s{dfJtrsuvrlIV1¢oCc (st ¢RI [ RV sBILFE
trrvfRruvouvf ] wlgm gfwll 11 3Mm "drurs
A.A. uttesCddz, .. uvdltse, ¢.5. 1 JifMsjtese,

1 dyjetstesHME 2 cetsfmMizHOteMmise jdzdzr 2 Edzdoe j temdlsjls

] ©O0BGlk] ©OMMEOLieds OjlmY ¢ tsd®OdH ZOY ©OLOBBSSO B

dzr 7 dgj 2totsddr( TNM)Y s 20 fteddsjtcj OtndlsjSlsizter Al ex Net
fdzOy j dedzlz® tcOBtslsk Hd&Y MSLHOdY ¢dBSCt?2 d fHftesdLotsHd

cOB O 90Is! Yod LB9OIsjdz MSdj HOdzdz | ) M sdz' L 59 Oda
sBteOBESISCd dqLBBKLOYJjdd?2) YekzlsPren @Bs OO Ot & dzdzfs bz dz" |

dzj dzd v sSflsdB3dL Jeso Odzr i dMfsd LtseOddjd3 TBB. (JjLbkd
or MsC ks 1 WWjiClkdedesfils! @ Iksydtsils! ¢ &zOmMmMdW deOoydd dzO
MsdedzO 98. 01%, O otjdw ddat jtej dzlMO dz© CPU MtsMmis Oo d dzt

sdzg yjorj HEgeO@H zOv tOL OB BISE O, Mo jtelstsyde J dzi 2tctsdz
tc J dzf, ZOf teOo dzj dzdz" 2 OydS dzdyd MSd2 ctOW, f Otc O dzdzj dz' o
JLBBWGOY j ded 2 .

1. JlojHjda]

]l dOmlsswh jj otjdi" ©OLKOBBISSO ddtce st R dv & dztzfk? tc
ZOf 6Oo dzj dzd j d3 ftosd3 M dzj dzdzse 5 oSG OBBIteso Odzd™Y . ¢ &
tcOMmilsy Is. [HdddB dL MOR = twOmMfttshmistcOdzy dzdz" n, o tsMmiste]
dz2" » dzgj2tetsdedz" = Mjlsji?2 wodzwe Ismw fijH,] telstslys@hjly zdaj Qdigs dzdz
fsdz Lze Isfpw  Hdzw tejh jdzedw LOHOY tOMY L dz0Oo Odzdw d € d
Mo J tlstsydzOwW dzj 2 tetsdzdzOW MJls! HEsd 20 kEd3j Is'  tod dzd d@z3OIs
dL LOttOdzjj LOHOdEsEs dOBStcd® ¢ ZOMMOicOE|s tcf Bk, ¢
dLsBKLOYjddj. 1 tHGBds] fHtsejHjddi Mild tBjMfjyude O]
ftseo: BHd dL dd~ 9" HjdvEl ftedL d2OCd, dzgj sBrBHJA |
dr d BitjHjdvels dOdetdzj] o) ttcibdt fEkopgfHlsO) &I f
2OV  dzgj QtetsdedzOVY Mjls!, Mdztsy jdz d si sz btejBlzjlks Mt
OB BIsydsSse, thdtseo Odzdesets dzO S dzés yi o'~ yYygdzva d L OHC

l ©ORBCOR dOhjets s CIlsO, dOf tcOo dj =izt cfips didPo Jifdsls 3
fdi3d  dz 2tetsdede’ 3 M lsw s, & Mistej 3 BMY e OdzdL 59 Ol
9JIsMmMlsotseo Odz u’tc,isd3fhdzjdzdzfd3 MisOdzH OlsOd3 d B'M dz Bted j dzls
BOdzH © MlsOadls 1]’ tcjH MBB2 LOHOYE ditcbOdBkzEfs fHis] AP
yd dedj, des ( fnlj;ucflsJ jets kuseMmsots d HEsMiskz dztsfyl
HOYJ 2 'LGOBtslsr adeJ MmMw MLHOd]] otL @ty dtshilsd Hdzw
dzj 2tesdzgdz" = Mili?2 M fd Lo 0Ojdz MEJd&Zd H Odzdzr 3q .

Il ftwesyd Mij OB®dEPEEREG dzZO" j2 BdBAZtSISy ¢ d B ftots
dqdz¥ jtoj dzgl© (9" atsHO) o Htetsdy h dzj dade' 7 W 2], DXstcC OR
Runtime[3], PyTorch[4]d OpenCb]. DNl OdzOdzdL Lot dzddz dzOd3 L C
Otcrndlsj Sskztcdats PSC I N f AW sH tsMtsB j dedes 90Oy jdz Hdzw Eyj Bd
Cts CBRBOdZHEBR MlskHj disse, oMitd ¢k foLotsddd dO2Isd
Mot OLWOBBISCd d ftshMistslsts? tjOdzdL Oydd o tORE O
SOC Y J OF Isdfordide Ofiiglf Sisstetsdzdzedj BB AZdESISy $d TdH dvte j 2 d3o |
OB BIsT M dL tsB tc @Y JHdf'W dfffj, tc JIOSMIN. Oy 74 1 HRERWH J i) 12 O dzdZ jBdB' dz
or yd mdzj ded 2 dz@B] IGHRIY dJR3GITzeds'tdzse 5 Isj Misdteso Odad v .
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2. lesyjmm ©OL©OeslkSd Sl

CTPYKTYPbI MPOEKTA W BK/TIOYEHWUE GTEST, JOBABJIEHUE MPOBEPOK AN PULL
REQUEST U OTCJIEXXMBAHUE NOKPbLITUA KOOA TECTAMU

nOKyMEHTALlM’l
PEANMN3ALMA
OUTPUT CJ105

3YNbTAT
!!!!EE!!éEEEEEEE::;;E;mmjlﬂﬂll

AOBABIIEHME MPOBEPKWU
TOYHOCTWM AN MNIST

ABTOOBHOBNEHUE
ACCURACY

3Tanbl paspaboTku:
j dopmupoBaHue obLueli CTPYKTypbl
CumTbiBaHMe n306paXkeHunii n BecoB 1 nepexop Ha Tensor
#ﬂoGasneHue AOMONHUTENbHbIX CNIOEB 1 C60P MOCNONHON CTaTUCTUKN
j MonyyeHue pesynbrarta, BbipaBHUBaHMNE TOYHOCTU, ONTUMM3ALUA anropmuTma

{qenj B0 ©OLwOBsISSd BB dIBl] S d

10 tedfmMzdzCj 1 ®ltBttOyjdr sy MM ©OLwOBBISSd d
LHOdzedY BdBdZd ts5Is j Y. Hrd¥dzjdjdeWBjttedzjdgi Of sHtetsB dets s d Mr 9 O
dz" J de0 tedimkzdzCj, O OS] fHtesBdzj BOISdEC O C sdBOdzH dets?2 e

] Ofgisds dzOyOdzi f jtejH dzgOM j2 CBOdEHBS?2 Mistsw dzO L OH
sfikzh j Milse dzw Is ! ddeW jtoj dzfl Htoj HisBZYJ dedz" = dzj 2tetsdzdz” = T
dLieydls: 1Istsls otsftetsm o Isistedd d tOLHJ dzdIs! lthJHfrjlsE
tcOFtsle CtsBBOdzHj . 1 COyifmbej L BOCBRA] ddy ddhif sd L t
MetsteC d [ Mafly eGi0r Huslf j tc Oy d tsdadzts 2 [11f)) d fifds jlsd@=dy jL itBu xd MY t5dz
Mk dBsHEdZ]2 © BEHEMNjB i lly, ftod HisMIs 0o tzj dzdzOW ¢
dej 2tetsmilsjor j dBsH]jdd, dhfsd' LRk OLes) dfddmsvdd d3j fifdist
sBlzyd dzdzs?2 CNN. | dlstsepmdstsozdz o ' dzd fiztg Qes dzy getf vV eigOL 6 OB

lutsLHOdz] CctOW O COC MbtekzClskzter .Hdzw B d3j dzO H O dzdz’

2) BHC Iz g B F SHd A" = odzgjhdedm BdBdZdtSIS.j &€ d fHtetse j &€

3l tc] cBtcOL 8o Odedj HtojHBBEYJ dedats? BsHjdzd o Y SHABHW

41 OLtcOBSISC O dzf sBRtsHdMBB n Mdzsy 8 Hd&zvW tOBBIST M B LR

17 dz MLHOdz sBhd2 twjfsLdktsted?2 dzO Git Hub, c6HJ ¢t
HOdzd iy dzZso" j LOHOuYd d dr t©Omiftcj Hj dzj dsffjtc j BB >pz HzOkEZ 1

[ AHANN3 N UAEHTUOUKALINA OCHOBHBIX 3A1AY, YCTAHOBKA BA30BOW ]
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MteczCIstcO® ftotsj SISO d BcOddLsoO0dz0 jets MBEgO ydteg
dzjj Hdzw L Issegts B" dzd 99 jHjdzr s jteCd MmMisddzw CBHO, 0
dzr = shdes¢ M fsdishi ¥ GitHub Actions. sO)YHT 2 ydzjc
HdzZw 1 Istsets B zO Y BHGCdz¢ yj dzO BdBdZIBIS] SO gtt®stOd MmJ
BslIsCd Byddz o90ydzr, kOE C0O0¢C dzd BBiMJyde Osls Mmls O
O OS] Efttsh Osls Mo d3d Misdzlzé OB SISz d HOdz dzj 2h Iz¥

1 Oy des, ybt dz0 MsptcOddwr, SCBlterj ftosotsHdzdm: ¢
sfristdpsodl stso Odzdm! Jted Htddewlisdd BsBtsdz! h Jdzmlseo © tjh j
Cdr Blsdtsmdlsj dz' dets t6OL dzd ydgr = ROJtcOo dzj dzedW n, 9o tojL lz¢
dzts .

10 d&zOyodz dzf = 1 sOf Or B' dzs 9 Oy dzts, Yylstser CleOW s
f sHeCydg dedz" | BdBdZdSIj $d B M JyudoOdzd § sdzder 2 dzj tB R S
sOIsOdBd MlsOdzd ddzsj cteOydw o HtwsjCls BdBddls]Cd Ope
st s sdzOc O h dr ¢ d&zOmMmse, IsOCdr COC:

1 Graphi sffdzso © BdBdZdBIsj ¢, MstekzClsktc® RtcOdzj dzedWw fdzts

1 Layerih OB dztsdzdzr 2 § dzOfMmfy, GMdse O eMmMjn BEHENMNIR MmMdtsy

1 Tensorfih OB dzts dzdzOW MlstckCIsktcO® ~tcOdzj dzdw HOdzdzr =, CSISE

[ Odzj §j ®Mhdese dzOW yYyOfmls! CtsBBOdZHT § jtoj " dzO dzO tOL tc Ok
Mo jtolstsydze" » dzgj Qtetsdede nsfplstsw 8] [Mde®f s Ctzd H @&OY d MOdz |
BO: dzgj sBraBHd®BsS BM dzs MsjHddzdIls! BOLBOTr j € dzOfMmMmr Lay
tej dzif ) dzi MECBBdz CdABBd dzOf dMOdedz d3d Mdzsw Bd. 1 B8 Layer
CdzommMO Gr aph. RL icletOdity figdrjjH trpdisdts , 3wpldztds o8 r Is ! Is 5 dz
dz" -, Yybsts oL 90dzts fteslsdoetstey ydd , sO¢ C0O0¢ MmMazsd eor
1 sfmdzj OdOdzdL O HOdzdets? fHtosBdzj d&3F BF dzs tojnh jdats  Jjtoj
h OB dzsdztse . uwtstslsteq Isfd od tdftiis, B afOdntes Otew L ssd3z dzd h O dzd f

1 sfmdzy dMftcOodzj dedw oMmjnrm dzj HBSBYY Stse off jteoar §J [kH Odzt
endtoend IsjMmMls©O, ddzd, Htkzeddd Mdzso Od3d, tetsatsy HJ dedW
dzj dzdd { Istscts o Og HaRE dkts clwB PIg'O I jsfglsseo ™ j] HOdzdz" § d f tots
Misd ydesets ddaW § o4 dzMO.

] OtcOdzdzj dz! dzts h dzO tOBBISO dzZOH ddelsj cteOyYdJ 2 Wicj 2 d3o
Alexnet_frozen.pb sB zyj dadats?2 dBtsH j dzt 8 C d&zOMmMd W d S-10@ d af ts 1J dzds B ey
mMdzshizg 2 ZOMstes2Cd oL OddBsHj2Mlsadwy w++ d Tensor FI
Al exnet model . h5, sBlzyj dzdzlzs tc OMYIBIL dz® al® Is ¢ fan’dfsw dez
MstczCIskzter 1 Iss2 BSHjdd d JYy ojfmtse o dzON tc &3O Is
Pt hon d -fitsfipteziOlsd®d ¢ O JSON. RMatsHW L fr]lstsslz‘;lslztsr dztsa

f MOl toj OdzdL Oyde Jjhy dgjmMStsdzr €drn Mdzsy 9; OS] BT
Sk 5 SOYHBRE Mdass o sy Mmi Jdijtej dho.
lfsmdzj Himlsadd dzOd3 EH Odfdis n sl fif jt detstc QWA Hipsvd Istf to j H i
dzr 7 dLtBteOy jdzd?2, dets tlsea jlsr dgjtetsmjlsd f tsdzkz yOdzd iy
BtsC 9 ¢ dzg yow dZJHtSfI’leOISISI{dZIZ" Is ts ydzts fls ! Ctsdzo j tolsj 6O
dLtsBOY Jdzd?2 JjtejH o n tSHIsA gylztinfigdisg) dzp  Widg desdf W & J s alfjt me

tcOBBIsSCd tslko jlsses dBsHjdzd, O IOCY | dzj Clstste’ 7 Hickzae d-
98% dzO0 10 Isr MwyOr dLBBtOY jdzd?2, BGHRZOSK ftotse jtl O
B delzls, yYbts L dOydls, ded tesim sl 8§ § Bd ste n@@G dzpyd W disd O dz0

gdzj HEE N j2 LOHOYj2 MkOds bMCttjddj otjdjdd o' s
0 dZOdzdL Jtekw ftosBdzj Bz, MsOds §tdvisds, yksts 10 I .
ontSHs?2 M2, d HAkY COgHBEBsqhizisB cOjfiiddetcO®dz | j ¢t
Hijtey do Odzd W stedzOls [14,tc Ofi® dagjve N CBHWizts dzj 9 5L ditsy dets f SH C
MCtsd C5 dLEBLOY jdd2. ) smdi odfmjddw ofMmjn dzj s5BAI
fecctOBd L dzOydlsj d daigts e i 6156Hi®o O dz ORisej tedp/tsdgzisf Qv szt
dzsfm! tOMmMYy OtcOdzdzj dzd ® Odzd j HBOLtedydzr = fJjOYd2, Yl H
I tejLbd Okj btydshls! fkjHMSOL Odd?2 &sHjdd @O 10
ftetse jBI dMmJ S kzdzH .

l Oy des sfbselsy yYlsts dzO fteslswy jdedd ofpj?2 tOLOBBIS
detso dzWw dzOf! HBCEBj dlsOydw. vOCyy] o Cdzyj B'" dzs HtsB O8
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sjdz degsfmlsd Hdzv € Oy H
oMmMijeH@G d@eydjls! OCIs

3. otidkjClktcO BdBddslsjSd

{Mdzso s sdzZOG O h dd3d St tsdzj dzZlsOdsd BdBAZdJEtSIS S Weo dzv
Graph ftojHMmMsOadkw jls Mets?2 tj OdzdL Oyds dz0ff tcOo dzj dzdzts
Graph,DAG)[15]. 1 dzOh j &3 ftesj CIlsj CtOW ttcOddL s Odz Mdzj H Iz

T v dz CtcOW O Htj HiMIsOo dzj dz Bl JSIORB] ¢ d&zOMMO L a:

H O dzdz" d3q .

1T t1tYyBte®O LOHOEIsMW &BJIssHtsds makeConnection, G(BIlstste’

T rdzvw or ftsdzdzy dzgd v f owitiIscd 4 tofstS draz Oz s FdeWO] toj dz ©

ssH i nference.

T rdzv BBRAtSHO Mdzsy 9 o (twOoddz dets?2 § sMdzj Hiso Olsj dz' dz

zOos hd2 fdmMs¢ o hdteddzk HdzvW 6Jjdzi eOydd dBEOwh tckzlsO.

s dzOMmMfM Tensor wodzw jIlsfqw Ekdzdo Jj tmMOdz dztst@0O dipjlsdedS IsHzGods-2
dz2" = odzzlsted Mmdzsw d Hdzw HJjtejHOYUd HOdzde A L dgisy Nz  dzd ¢
B tdzOVY BOItdyO, SColtsttOW ffoLotdvjls RtOddls! 1 dzj d3d «
OB ud M sz BOMMdoej BO2IS.

5 L Bjdzjdedw o OSkkOd dzts2 o]

G
bOd dgz® budtsiis: o' § ddsj dedats? ¢

s &zOMM Shape YsLosdwjls wiepdas SH®Jj HJ dzdls! t©OL d3j tecdzts
vOCyJ © BdBAZIBIjC] tjOdJLBOOd MdajHEshdj Mdasd:
T Input Layer: fSHHjt)ydJoOjls W sttd3Ols’ NCHW/ NHWC -
HOdzdz" n, BBJiMfiydeoOw cdBStsMmls! HdW LOLd = Mjls =
T Convolutional Layer: dmy sdz L 2] Is pfasdHdHi jntapy, € sdRi |

NCHW, C(tttej CIsdtekzw tOL iBj tc Isj dzL st O.

T Fully Connected Layer: tjOdzdLizjls Eddtsy jdadj o3

s 9o OwW IsjdeL ster  dMSdzs ydisg dzv dzr § Mz yoOd .

T El ement wi se Layer: ftoeddjdWwjls OCIlsde Oydtsdadz j

d3d alepghna /Hbzw dzd dzj 2 dzr [28]. f toj 5Bt OL 59 Oded 2

1T Pooling Layer: orftsdzdgv jIs max/ average pooling

Cts?2 CteOdedy Isj daL st 0.

f Normalization Layer: MisOdzH OtelsdL qtelzjIs H Odedz J

o' udmdzj dzd 2 .

T Flatten Lalggels: i3deted tcsdgjc@Ddz’ 2 Isj dzL st © ©Hdatsd3j todz

HdzZvw tSBtcOBSISCd HOdzdzr 7  Bdzdzsfmow L dz" d@3d Mmdzsw dzd .

T Output Layer: Yyofmlsdydes fMtstelsdelzjls tojL zdz' sOIst

dssetso" n o HME OL Odzd 2 .

I fetsj Sy dmftsd! L zjlshw Ofgdshisleziods@ L iPayteftelS df te@Nya) Knen OH d
mMestecCd ftotsjClsO. Clts fsLosdwjls B MY jydls:  jtcj dats
mMdmisj d&3" , sO¢dj ¢0O0¢ Wi ndows, Linux d macOS, d Otn

4. tjLbkd OIT
I ©O®BSOR iSO 5 ML § aelp®s dzp § B tzdztizls 2 C 6 j I v Al &

==

Hsfisd e d&zO fsMisOo dzj dzdzts? Yj dzd B ZOGtsH Otew M dzOy j dzdzts 2
BslsSCd. ltijCl of fisdzdzj dz dzO o' MBS B ko dy, vyt M
Hjdzjdzds L OHOVY, 18] ¢lzdv todzt€dszBOstaH ® d dfts HofjfPy st o sts o eOctH]ls o ¢
qdzistczdsj destso d Ilsj Rndesdzscd? .

sz yjorgjy tjLbkzd lsOr BdBddtslsj €d:

1.1 sHIse jtey H ] dzO Itsydesmils! 98, 0[13%49dzO Isj mMistseo sdz dzOB s

2 sidzs2@BRtc LM stesMisd BBteOBBISSd dOBtSKO dL 10 O
kOB dzdyj 1
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vOBdZzd y® sikcsMmils: tOBtlsr BdBdZISI] € d

ey @3 OB BIST Mdzsw dzO
4 dzts 2 { Oh d dzO { Oh d dzO { Oh d dz2O
Input 18 30 18
Convolution 1 4365 6147 4795
Pooling 1 7136 7209 3597
Convolution 2 23801 30100 24834
Pooling 2 4008 4033 1950
Convolution 3 14587 18453 14389
Convolution 4 14504 18992 14360
Convolution 5 14440 19086 14375
Pooling 3 1001 1123 514
Flatten 171 203 104
Dense 1 309 295 333
Dense 2 194 207 198
Dropout 22 28 15
Dense 3 19 18 19
IBhjd ¢ 84575 105924 79501

[ Odedz" | s diOOsjddgORr dL:

[ Oh d tE@Vindows 104 te ts y j: Mt €dse i711710 OEM, 32, IRAM

[ Oh d2QVindows 114 tc ts y j: M\PRgzen 7 5800H with Radeon Graphics,J16RAM

[ Oh d 8FasitHub Ubuntu 24.04f tc ts y j: MMPERYC 7763 2 Cores, 16 1RAM

I otc] BBEIsGEPL BOBz fsdzzyj dz L dzOydilsj dz’ dzr 2 ftedtetsm
dz" = 1 sOftse. [HAZOSB dzO HOdzdzr 2 dBtsdzj dals Mkh j Mise kzs
[16,17]. 1 Oftcdd3jtc, BdBAZISIjSd, dIMfsd Lkzshdj Wtj
dzO0 w L C jdgsP witHheasdzy dzO@ C/ C++, dJd&ij¥ls otcj i3 tBtcOB
0, 6255Mf. M Itsydsmls: s 98, 32 %.

l Oy dets tslsdzj Isdls!, yYbts tcOLtcOBBISOdzdzOY BdBdZdtSISj €
ftetsj Cls, dzOftcOodzj degdzr 2 g0 cdzzBtsCts) I tsdzed @z j MBESE
Wit dho. StsSH B'dz tjOdzdLtsa0dz Ctsd@BOdH 52 dL Istey n 16
ftcd {Istsd3 tsdeso degs?2 L OHOYj2 B" dzO Ctstetej ClsdzOW tcOB fsls
ydw ftesdLoetsHdIlsj dz detsfisd. s Oy HT 2 ddeH das@f tfO= deOBdsds Sty
LdzOydlsj dz' des EftesMmisdls OHOfIsOydes Hted HOdMz dzgj 2" j2 teC

l HOdZ dgj2h jd3 §f dzOdzdtelzj Isfpw tOLodls! d EMEtstedls! tC
Mz dz" | Odzetstedlsdz flsddizdL Oydd ctwwOW O d tOL dzd ydz J
y 9. s Otz HBdBRZdqESIS ] SO BEHJjIs HtHHjteydo Ols! Bidzj j
ONNX d YOLO, Hd&zw yjet BEkzHEI tOMmh dtoj d' o tsL sy desls

[ dlsj tOk©O
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ral Networks // Proceedings of the 25th International Conference on Neural Information Pro-
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1097 1105.

2. Abadi M., Barham P., Chen J. et al. TensorFlow: A SydtamhargeScale Machine Learning //
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13.

14.

15.

16.

17.

18.

19.
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URL: https://onnxruntime.ai (HOIO tBtOh jddw: 1
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Reinders J. Intel Threading Building Blocks: Outfitting C++ for Mualtre Processor Parallelism.
Sebastopol: O'Reilly Media, 2007. 334 p.

Googl e Test: C++ Testing Fr ame wo2023. URLS dzj € Istets
https//githubconfgooglégoogletes{ H OIs© Bt Oh jdedw: 19.09.2023) .
CMake Documentati on [ € dzj € Istectsdede 2 tej MizteMm] .

https//cmakeorg/documentatioh ( H OISO ®©BtOh jdzdw: 05.10.2023) .
Chacon S., Straub B. Pro Git. 2nd ed. X.:. Apress 2014. 456p. URL: https//qgit-
scmcombookenv2 ( HOIO BtOh jddw: 11.09.2023).

Kerrisk M. The Linux Programming Interface: A Linux and UNIX System Programming Hand-

book. San Francisco: No Starch Press, 2010. 1552 p.

Netron: Visualizer for Ner a | Net wor ks [ € dzj € Istctsdzdz 2 tcj Mztom]
https://netron. app (HOO BBtOh jddw: 12.11.2023
LeCun Y., Bottou L., Bengio Y., Haffner P. Gradiddsed Learning Applied to Document
Recognition // Proceedings of the IEEE. 1998. Vol. 86.1No.P. 22782324.

Chetlur S., Woolley C., Vandermersch P. et al. cuDNN: Efficient Primitives for Deep Learning //

ar Xi v preprint. 2014. ar Xiv:1410.0759. URL : h t
22.12.2023).

Cormen T.H., Leiserson C.ERivest R.L., Stein C. Introduction to Algorithms. 3rd ed. Cam-

bridge: MIT Press, 2009. 1292 p.

Jia Y., Shelhamer E., Donahue J. et al. Caffe: Convolutional Architecture for Fast Feature Em-
bedding // arXiv preprint. 2014. arXiv:1408.5093. URL: httpsr/x i v. or g/ abs/ 1408.
sBtOh jddw: 29.05.2024) .

Vasilache N., Zinenko O., Theodoridis T. et al. Tensor Comprehensions: Fram&grar&tic
High-Performance Machine Learning Abstractions // arXiv preprint. 2018. arXiv:1802.04730.

URL: https://arxiv or g/ abs/ 1802. 04730 (HOLO tBteOh jdadw: 2E&
Nwankpa C., ljomah W., Gachagan A., Marshall S. Activation Functions: Comparison of Trends

in Practice and Research for Deep Learning // arXiv preprint. 2018. arXiv:1811.03378. URL:
https://arxiv.org/lab/ 181 1. 03378 (HOLO tBtOh jddw: 01.10. 20:
ITLabAl ResearclGroup s dB dzd sIsj €O Hdzw 9" 9 SHO tjLEzdzt SO T
[ Cdzj € Istctsdadzr 2 GitHdh.z 2@P5. URLY/ https//github.comfembeddediev
researciTLabAl.

157



11Hvtir1Rr {1 L uzlgredt ol frrRre
rfc srevrlz [oslurYwl Rt ofg
1L o3t RrRIt13f RERfswIUG] 21 3L 1611 3/

0. llsj @Odzso

1 d3jetesHMCd? 6k H Ots fijdsotgjtodds’ j 2dz! @it ~2d Idzjdgdlkz] teectpfs] s
| Oz Yt g8 by d W& d2 kdedejwemdlsils cudwedizme

kOls! j o0 ffdssidstdgitg dfgten N O fE@izESs tisdz i ety dafj cis( v to -
v dzddzj 2 dz B dzj MsOYydsd&Oeds 7 MdMmsjd f dhfsd L s
d +¢MmYJ ted d3j diels Olis dagf R JH OQlsdz" ISste O f yd sdzdz" = §f SH A SH
Bzjls o' ftsdzdzj dedv Efdzso dW dfi plpls ¥ detpf &tz | estsiis & X iy gf ez
jd3r . Yl tejHAzSY j dzdzOY Maj BBO tBI jHddw j Is l]’tGJq’dslzﬁc;fr]Lsa
deso j HOdzdze" 7, d totsBOMlsdsets EftcOodzj dedw, tshdetso Odedetsc
ydeoOvw kdzkyhjddz J cOtOdsdd Ekfmlss2ydetsmisd d ftetsdL e
% tod ,

Isted u

UTE{Q.O

Src o=

{cHPDCfeoH | Bodhsedtse OO dzO0 udmdzj dedes o5 4§ o d s fi
Hjdd EZwOods dzd™ [ O j, GfdMroe0sh ¢t f OcOdk]
& st 0.

Jme

s dzt Y o' jtsHEAS jQlzcd@e 3O, dzj s tej Hj dzj dzdatsylst , tetsB Ofls dzts
Ltemyjte

fn d d3j WiaBRdi! jdz' jdzd dzj 2 d" | BOItedyds j dzj cOo j dzflse O

1. JlojHjda

eotej d3j dzdzr | (BjlsHT MddlsjL O tseOflsd 7 L OSsdkse
ZOf teOo dzj dzgdd dMytd L o @@dezr £ ¢ M Sz ogj dezO & i’ Ftotsy j f
[3,4,5]. v©OHdU]®sdszs jsfdedssny odd ndse dis tdzlzs  d dz¥ t

[HdzOC s, fteddsjdaj dedj L CMmyjteddsj desOdz d 7 HOdeder B Mmiso
Edkzzyh ©0jls SOyj MBS EMs®g daflatzd W sts OC sz Odz dats Hdzv  fyd

dzj stf toj H j dzy dedaetsls ! stgc j HUY @GMzPjc ORBfs Is B{HN tstfiz’ L s Odad § dBiSH J
Yyomlsdydes?2 ©teOdemW sted3Oydd (LFT), @6HJ MdMmlsj &3O tOL B«
Hidtey O 28 dgj s tcj HJ dzy dedzr | UOtGOdngIstsr.

lted MddalsjLj totsBOMmMsdtsets EftcOo dzj dedv 2O thdese j 1 €
Yybsts otsL Bz jddw dd tshdBS¢d dqLdijtejded?2 dad3j ¥ ls B¢ teOded Y.
sftej Hj dzdls! BB &ZOMIs! dgj sftcjHjdzv dedgr = ff OtcO3j Istetso Y b
Bsj dMyftsd LseOddj *SMijteddj dsOd dr 7 HOdgl DrHdv f
LT 90jls Moy dtsmisd, MowL Odzder | ) dzj sBrtSHJBsMIs: 8 o1 f
hde dHjdsd¥Wdydkzj 3sMmis: § OtcOd3j stetso .

]l ttOBBlSOR [3,4,5,7] B"dd ftojHIzsY jd detso’ j f tSHTr
EftcOodzj ded¥ s Of tod Steods dizdal 3 By J teaf dsp delss@ df'dyts'ndg g1 @ " |
9d2 oMW ddzssets otLBEYHJ Y. | 0D iksdastls d,o r ddffy g ddz
dets?2 yYdtejL CoOH©OIsdyde | WEdydd [ wfkzdtso®O H&Y Hot
LIsd tsetOdzd yuj dzdw [ IsflPif@dzl: ch Otzdzf MO dzfit s Oflis
Hazw  § sdzdesls: &  dzj sftej H dy dzde © dzj MlsOydsdz@tedzr & fd M
fsd LEw COC {CMfjeddj dsOd df j HOddz j, bOC d Ofts
SstBzé)ldszfé]zw o f t5dzdz) dad | s 2 UK B J tipls o § 6 15 o jodedzts ) dzd >
e H r A

Yt OBtslsO or fftsdzdzj dzO ftod t % o dz® dzfiptsgIE2002B) s R M4 j to € §
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2. 1 BMlsOdkzta $ O L OHOY(d
2.1, CCMyjteddsj dalsOdz! dz" § H Odzdz" §
{ Ofmdslsted &5 dzd dzgj 2 delzé daj MlsOyd s dz@tedz s MdMlsj Bz f o

X(t+1) =0 x(t) +6 u(t) +w(t), x(0)=w (2.2)
z(t) =0 x(t) + O u(t), t = 01 é. N

GHERO ¢'Y -9 jCltstc MisMistsd dzff'Y -fipdfipdjodzw,s h j | ®&eHj2Mise
Y odzj M dzd j o SLABRAAY] dagijvdzj 052 o' S BHA,S (OIS dfure j Mls dzr
d ftoddzOHdzj ¥ Ols d3dztsy § Misg 2 L dRjH D tO)j HFjisyzdzddst) Istg R dzts o j €
WstedsOydd, SOC d HOdd n 1 CMYfjteddsi destso .

Il tBh jd&3 dzOdzsj IstejBlzjlsmw dzO0 tshmdzseaj HOdzdz 7, (s
d datv sted3Oyqd M diaplez] 2 daclyde@Isitehpp W L 5 Mshisswdds, ¢t
Ftetse jdz@ G Oh jdzdV dzOyOdz' dz' 7 d/ ddzd o dzgjh dedm oL Bz j

RAW sted3OYdY 5 dzgj dLojMmlsde = ®BOedyon Mmdfsjdr (2.
tbj dzd?2 JjJj IteOjNds sl drdisf@isR Dtos® i jwafdsj daistse . 1 o]+
Ybstd-go L Sy jtedd3j dalsj § tsdzzug dz"  dbigdRB JualgddW  ufig tih I tesvGdsd We T
FeH@U B sftcd o' BtoOdsds RO OB @0 dzjddefiyj X slstster 7 daj L 9§
oL d3zh e w8 . 1 dzv SO, ENsERSMisOs dd3 di3OIsted yr

0f h®d  ap Edp (2.2)

Th

B Wi E o hYY 0rEO6F hw 0k

Hdzw Ctltster 7 o fMddk kwOods ddv eI jCkO (2.1) of §sd

B 6 KB 6 Yo &
®w 0 B O 7,
cHy M 8 O itjOd dj dzjdLejfbdr j EOtdy’ kOt
I BtsL d&2Oyd o3
0 0 B B 7
3 6 ’o aB TY’B (I) ’7 Tt

d LOfdh jds ZteOodzj ded™ (2.3) o odH,j dzddsj 2 des? HEOtedr

i > B W
t = 01 é., N (2.4)

[ s 2fmis d ds, Yylsts otsL dBkzh j ded § ) 1 CMUB ted ¢3) idzls § ZHE

o' m, Is.j. .
o W
w w - n: (2.5)

I yomlsdsBlsdy; jMdid | O [fldd HEY ofMmjr t oL dkzhj
il BetOd]uy B H &Y dzj € ls st X, 5 O Ol tOeksigs casz H j I3 dzOL T o
otsL Bzh j dad wQ ¢ U8 80 .

[ Odzj 4 , dL (2.5) foy off otz RIS, @ K lgets %pisik;lq’mtbfcl B dzd 1
GJjdzj edtetse Ols+ ff tsdzlz yJ dadzts g fg "of ot Stefiglt] jots opdgy Cod®d ~— YHA tc O o dzj
B Clste’ & B0 m®&] so stew s h dn scteOddyjdeds (2.5),
&Bd
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B 3B B s ' mt= 0,NI&., (2.6)
ltej HMISOadd3 +Isd dzj w09 j dzlso © o o dHJ
30 w o 30 T e  meED P (2.7)

LH§  fd BBy Isted yjum Codt ts talsOdse@Eyt+ £ )T (¢ & +¢&¢ )tcOL B0 O-
s lsfw  dz@y BOZI§E He AMtslse jlsMlsokeh jes fBEGWHSCO d of ydmd

o, * | * *

U,d} UUr | * *
v ST o oo o o
—‘bt+1(?j —CPH](:-? | Q)Hl(I)‘,lﬂ -, *
—7Z,®} —Z, U} | AL ZZ}

(2.8)

[BtsL dzOydidigtsy j Mis o t, di3editdscp\yizj Iso tstow 8 M dzf tc @ alz)v dzffy [Oalirlzis @ &
Hdzv H Qdzdzts G s

2.2. 0ftedstedzOv Jda¥ stedsOYyg W

1 kfyls! dd3jjlsimw nHefdddls]d oY Jdistddydy & It
t=08 N-lkHto dzj Iso SteW julsk 56 tc @dzd Uj dzd
3 3 3 FT mos OZ o °h (2.9)
0° O 3h
o Clsbdv1l OHOdd | &Ostdyr d NSOV, -OLOCIKk,jtdL it

dzj sftcj Hj dzj dzdetsfylsd. 1O dh jd3 {1 Ists dzj cOo j delsets o o dH|

0w 030 (2.10

GHJ By y@shistsdlbyzdae,ijesdeitse ., 4 4 ddijjls odH

I, * | * *
(U I, | * *
\y(?J(t): — - -
—-Af -B] | ALATL P, *
-Cy  -Dp | Af LAY A7 LA — P

(2.11)
[BtsL d2Oydzdgts ) J Miso 3, BIsittschlzj Is o tstcw ¥ M df - tc Gredzgw dafe) [Oediatzts(c 2s.
Cchtstets] ftojHMsOodw jls MBERP BEiOtstcd sz E=dzOYJdgEzo. s
Bdetsy j Mlsoats BOtedy, EZHBodzjlsetstews h dn dzj tgQolsitdzinls o O«
Bdztsy § Mise 5 e3fyj nfn lgQICfsp O dzdef- + § d | ts @ dzdetlt®D@ de'd dz'tediaf d3q
HOdzdz" 3. [ udodHdas, \QticdmkzdzS j 1 M3 j deggaiisspyidieds oL tsB t
d dr 4 i uddd]
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A( real)

t dMmf dztsy j Mislh Oh BOtedy, Mtsec dZOMtse Odzdz’ 7 ) + S jtod d3j dals Ocdzr d
dr §dtedmjudddy o
[BBL @ZOYd d&3 dz@esistc dx@EdB ), Mise zOMtse Odedzn T MR C s
lsOdz dz" B, Ibtsd $ts f Oftedsteds i3, O IOCH i NB. Hesd d
slso jlsfise j dedgs w6 &., ) =( ,é., ) dg =
(Fﬁ&ﬁﬁ = i . i

2.3. 10HOYO kftOe dzj ded v

sOujflsot dzj StejHjdjdzdats?2 Mdmlsjdsr (2.1), L OKS dzkzls
GOtdzs? GBOlds?2 MowL & (f§, MBiE ey j dde Ols: &GOS fid
btetso dzgj &3 & Oh j dzd ¥  dz0 B @ dzeBtizts ¢ tizd @ | a&;ﬂ&;e¢m:&}2 ¢t 0dz
dsteds’ LOBC dzlss2 Mdmisjdr ftd ofmjrn &OedyOs mdhlsj

d Oftcdtedz” d3d H Odzdz" d3d :

rI R-1z + ||11.||[0_N_1]

zV(N)Sz(N
Ygoo (Opo,n-1: R, S) = sup muﬁ(n mn\ I ( ))
A, N-1)EA[Q,N-1] T0,W
(2.12)

GHj YR =0 §r>8-95jMso’ j ®ROtedy’' &OYOd dtscéts dlsdsj ted3d dz
fMlso jAZzZs=B § . uwdi3 Mz « ssets Ctedlsjted™w sy dets f sW fiyded
Misswddj fdmlsjdr o bjCkhd2 &sdjdls otej djded L OsdMd
hjded?2 d dr Bkojdduyjddd ftedoesHdls ¢ ke jdd{POL-§ ]t
sjtedL o Ols! ftsojHjddd Mdmilsy d3" fted dzj sftcj Hj dzj dedzr =
BOLJLEj &3 Mtstslse jlsfise s h d 2 O¥ HatzQ Y dzt§ d2@ d@ dzaizishigrr] dga jdzt=i2Q d3 j
dzd, ubt It 3j MOBS] Hh&v dddy 2 ds?2 fdhkj k', tctod

S 5CG HOQ O detsjy MtsMistsw ded § ° dzidakzjcaly®j .f totgy ® O Odedz®W o

-dzts te 31z

1/2
| (12113, 5oy + =" (N)S2(N))
Yoo (Oo,n—1); S) = sup sup ._

Ajg,N-1]€EAo,N-1] WED ||'“"'||[0~"\"—1] 213

Usts Mtstsls aRjVs fifds odz j s 1S B -tizfs dz@t D ltod Blsmizismiseo dd o dzj h dzj
dzd v , vl . Off teck e g Is ] &Y 2 fotadHdzdlsd@E ] Is2O- 1At dc @3] d3ts 2
||4||[o'\ UJV*T( [)Sz(N) 12

€T R 1’1‘.(} ’

Y0 (OpN-1: R, S) = sup sup (

A, N-1)EA[p,N-1] T0F0

(2.19)
tcOCIsjtedL s h j2 &EBOCMHdBOdz! desy L dzgOyjdedj S0 OHtGOIsdyd
q ZOyodz: dzr 7 MMmlssw dzd W n, 'Y texkdz@H dzjpyffkdd o | skt dgjtsc
J ) 630 QI 0, sts §f sdzeyd d3 o j tcridds§tsc ts6 taidimgaz O Cdztsdg@sL 'k
tedzd 20z detsec s MtsMmilstswdzdw L OBE dzgzlss?2 dzj s toj H | dzj dzdats 2

&@
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1/2
_ z ' (N)Sz(N '
YN (Op,n-1: R. S) = sup sup ( T (V) Sz( ) )
(2.15)

Ajon-11€DpN-1) zo,w \ Tg I Lzo + ||“-"||[20,N—1]

] OHOYO LOCdr yojlfw o Istsd, usss', dj dq&jwv d d
Mddzlsj L qese Ols’ k4§ tOo dzj dadj, §tod § s taoadsdws o LL -,
HOdGdzE?2 CtdilsOdlss2 ) Is.pj. Ob. B8h j & My,

Ajd Mmesmissdls o MddisjLj ¢§mdisHiseBBj &Y gerifb @ OB
R B L OYdE o) toDlEpeE dg s O dge gz s 52 M Mmlsj &g ) byl ssd
Hdzw  odnd nm

3. [BtBh jHAiasPo dzj dzdj dzO € tsdzj ydetsds d dzls j oo

) oo jmiffjddse dzr j " Oclds Yl Sty i) dzls Oz dz dp e Ddpjs o d
CleOddy’ GeGaisjcdglzsd Mtslse j sMlse ¢ hgd D Cds@iste d \ f fo@te @,
Hdzw dzj SftojHj dzj dedzs? L OBS dgzlsts2 g fmlsj o
o p O &g O 0 Oh (3.1)
a6 & 0Og mo
l6jHY SEZOEOW, gqpsts WO OdEASE' ylsts L O®RS dzzls O  fdfls j
pojH i | SBGLEOUjd]Y, ftjHMsOodd Id k0o dzj dzd ™

;I‘(f + 1) - (In Dy xns )Af ( {) ) :;r,‘(t) + 11)(17)1

z(t) = (Op.xn I,L)At({) ) x(t),
(3.2)

GH3jT dzgj dL @ jiNlsedzOW ¢ €& -BOtcdy@, & -BOLtedyO §OttOdj Istetso
v Isstc®. vicOodgj dzgdW Hots2Mmlse j dzdes? MdMmisj digF ddsj s ls o dH

I ro I I Yo 0
za(t +1) = ( On 1 ) A‘k,_]_i ( 0 ) z4(t) + ( On 1, ) A‘i.-_l_t ( 7 )11,!4(?‘,].

Zd(t) = Td(?‘)
(3.3)
t OmMfmMBssisted i3 tcOMh dtej dadzz MmdMmisj B f HestHsddkd s d d
Y d o' ndswtdy , BYtjHjdv] Bz k0o dzj ded ¥ Bd
I

z (t+1) = ( O 1, ) wa(t),

2a(t) = 24(t),  2a(t) = ( (I) ) Za(t) + ( ? ) Wa(t), (3.4)

Cs'lsBls 0 VY -MtsMmiss® dadvjyY, -osL BBzh g dedf JY, -yj dzj e 52 or A tSH.
Mmlsdd3, ubts HBfsdddlsjd d'j o~tHdAD ftod MEBHEAs?2 M
dZJlSStStGWBISIZdZJtGOSJdeI]ISS

( wa(t) ) TE(N -1 1) ( wa(t) ) <0, k=12,

ZA(tJ ::‘;_\‘(f)

J BOUpOI\PHOdZ o (RdzB) j fflsq B Dyd & 626 xRS o3
JftejH]dzddd EZtetse j dz GOhjdedw o tsISHBERS dAf 2 dhmls jj dg'ts o ( 3k
5)

)
]
)

(3.5)
GH

(3 ¢ O :

Ygo(S,R) = sup  sup

waEWA x,(0), w,

lzall?y n_y) + 2T (N)Rza(N) 7
73 (0)S724(0) + [lwallfy n—y
(3.6)
1 OB Isdd3, 0 yBdso v d, MmozjHte Ol dz des, My jesd ( 3. 3
Afsctelzy § 200 o tOMmh dtoj dedzlz® M dOnddzsBEBO( &. 4) s B &BH) 3¢
BdS> OR>] 0 Hos2flse j dedets A toff bl jOg'ls (z36.6D)j datzj ¢ OW j dzd W
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byjlstd djlegd ! sds. gL osdY jls §sdzydls' 'O jdaSum dzj ¢ © O da
SftejHjdjdds? hdhlsjdr, dnfsd Lzv fesks jlsfsaks h jj
SOC (cCOLOds o uvjttjdj 4. 1. (-GBEd. | tf tf © € jo@jix
dfmlsj & (2. 1) §tedd oL @CuDdzj @rtfjtcOb daj dgd® ON-KkH ts-
pdzjlsotstew jIs rdzj tePo Mflse 2 j fdzd fdzj Hizs h dj dzddaj 2 dzr §

o Gzlso O tOL toj h diB" 0'ts Istdats i Is gkl 2zt

—Pi1 * * * *
2
Py Z * * *
: 2 ) g (k) 2 k) g (k)
Quir =D g oy = > gy Uy * * <0,
k=1 k=1
2 2
0 -y e -y vy —P+1- > T 24 *
k=1
2
0 _ AZ Hik Z ;rMJKD (k) Z “(qu k) Z f.f“‘)lp k)
=1
t=0,....N—1, Py=R, PF<~51"
) ’ 3 N 3 0 ) ) (3.7)
I CtslbEter Sy (N-14),i,j= 14 ésBtL ZOy0s s fsslse jlsflse s h g

w (N-1t), O dPlsdcd Qr @ @9 d(2.11).

{BBLAOYUdr® ,r & Ld3ded &3Odz' de j I,L deOdmj dAf®istster 7 dzj 6O9 j
tcOLtjhdr Ofted 1,2 HYftr OO0 d* P Motslse jlsmilse j dzdats.
fizso OBYOtc Ddgldsd tots o Oczdz’ j L O datsiad o' 1B Bay gzirdsiasD fr]dfr]ls;d3
RZsegkzls BT Is! HisMisd e dzzls T fted LOCtsdzOR bkftOo dzj dzed W ,
Of edstedzr A3 HOdzdz" d3, Itsdz' ¢t 5 Q flasPEAs digr di oﬁOHzmdzd3Qm]t
Milse j dzdzts. R L Isdgjtfftagifivis j vAfmIsle. j[dddRy fdzj HizZjls dzj tOo j dzfflse s

[ Oomin{r ,r }
Cohtstets] Bl Widgv jls ftojddiszh jMlsets tesBOMlsdy 7 L OS sdatso
LCMYjteddsi dels Ozl dzf a5 HOdedz 5, ZOH totse Offlsdy B3 L OC 5 dzO
Oftedtstede” &3 ddzd Ibisdz St s 1+ CMf jtedd3j dzlsOdz! dzr &3 H Odzdz"
Of e BtedzOW (dg¥ steBOYdY H s ) S OEGlydasy & & & iWsiBds B Is f5 1y dzts O
o4 dzd¢d d Mmmwish et fadzss sdz T s jdi3sp de®y JsRdjL ,0lsls Yy B30
dzd fsdi~d o dL d&3d te] dafy dzj BiAp dzshyd diaf 3@ st Y &Py  dzdzd § Mt
3 . 4 Htkzes?2 MmMttsd , jMdd fodkjad o dLd&jtejddwna t
pjlsflse j dzdzs Bs(z NEA, v sddzjl§mMusscts, jmdd dzj of § tsdzdg
ddzW SteB3OYdtsdzdzO" BOlsted y0O W sedfvyjdis fijv | eczelt @ iddadz®3 Js i) ©
dzj 56 tcOded Yl dzdelgtigdj,Is,lstdsj &3 dzj d3d dzi J , MisOls! BOdZs2 L O
22 MWjte fted dMytsd Lo Odedd Oftedtstedss? ddz¥ steBOYdd

4, Rdzdz® st O dodz 2 §teddsj te

[ dz¥  HJj B3 demisteOydd tcOB sistshfds Muse gastejsly dzlalyj sdste 0] de O Ml
o' j, Bfdmre0sh et fOwLOBiSteduiMSd) Ctdjeodd® dd
ax} _OEits O &

; 1 p
Qf
[ Odedzr §| G Jjdzgjtedtelze Isfw Mmdzj Hize h ddsd EteOo dzj dzd W dzd
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( M czsh dzOw’ S tcdo OW

1 2Oy jrdeddr Hdzvw COYHBGEB BkRtetsodw otsL digeh j dedw o1 ydmd
Of tedstodzs? ddW stedBOYydd d HOdzdzr 2 Hdzw bkftej Hdzj dedzr & L
sls ktotsodv @QSLERREY @d actse GRT Edtzd y O v ¢ dzzdzs , H
ssudstsj ST dmOded | dzj tshiftieg) 1 Q HED-jditesigls §, Md Zyj lstsd § jtej A
yjmimse Hd&Y LOHOYd, Ghdso.mMilzdzs? &zO d&sHj dzd, 0o dats?
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YydtsdzOtedz" » MdMmilsj &3 dzO Ctsdzj ydetsdz ddzlsj tco Odzi o tej d3d dzd ,

Of edtstedzs? ddeV stedBOYdd d S MisHte dwipiidesfQdzay dde G IsH Olgicrtzdf
SBSBh Y Gpetsde s’ L ORS dgzlsts?2 MmdMmlsjds d ROwOSkjtedLizjls

165



dzdr d dz0OyOdz' dz' » otsL dBzh jded2. 1 B8COL Odets, ybsts ftej Hdz
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0. 6dksWjjo, [.6. stdotoe
[ s6MC s Diemlso j dzdzr 2 dg.dzdfo .j e s s dzs s O

fMdzd s j &z dzOv Bsh desmis! ofmjets SHdSEs Mo tcj d3] dzdzs ¢ |
Jsmw oftsdzdzgj HBMIsOltsydets?2, yYbse' &jlssHsd daj dzOf
j Mk LOHOYk OMbtodtdikddls OB stcPBOFBq YBHE dzj dzj te
52 d bttjBtsoOdzO ftwtsojHjddYy Mitedd Efttsh jdd2 d

¢, lted Hodyjddd o Ob®shijtej 1Jddd &Bjljstedls’

w CO¢ HBfMltse jtodzOW dJdgW stedgOydwy t WddzOdz! des?2 yOf
, Ylsts L Oistie@enhdzfnj IsW tf Gsafdg)iCdzls s o . s Mmyofmils! & | d3j
ydes Bsyjdedls!, LOHj2Msotceo 0o Y sflkzdwtedzt MdMmlsi Bk
90jIs Hoadyjded] HtetsdLotsdz desets BB jJSEISO o OlsdismW
Mo, Wottd®] Hitc disH)ds Odej dyjo 4 Misder , (L tsdzz dzaf d d3d f
j Clsdes MW stedRBz dzdteso Ols! L OHOYk sthd Hdw {2 MmMdmisj
B M f sdsh ! s Odpjdists HfQ tefjBdflssjOj &3 oM daj dL o Misds §
d udet bOjShstedd foHss dZNBY sz @z] dgf K) dgj b FHtztcl
Yyofmils: 8 toj Odz! dets dzOB dzE HOj B2 . [IstsBteOe d EMtejHdzde
fOHjded2, dOdB EZHOY IsMw dzgf Ibtsdz ¢ ftejHMEOL Ols! dBj Mists
KOMME d Wsttdkkz BjsgsBYEQ) M s aUEEITBESY | f) dz¢

LIssls ftesyjifmm LOddBOJIs fsteWHEO dgj MEtsdzr Cdrn di3d dzkzls .
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FIFTQIG
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sdzf yjor j dsmisgiset@dIist, [r v, B34 Is sH-5 @t @EHEPO, Bd ssH [ 50
CUDA o' M s tsdL ol d d §j of ydmdzj ded ™

1. JlojHjdadj

] 1960 c¢sH’ MsOdd §swodvis: v ] ls JEurekps Biskis dsd yj
Network,C slstster j f) dzj Ssltstets? fjtedsHdudshls: 8 WisktsctoOW
&y dzdzr 2 5 Bjlsj st dqdd il swdls sBT ydts §i6j HMlsOs dz,
Ckiemsb0 Mdj swh idMw bsyS Odd. uvOC IEfs, djffils tsfors ditssy |
kEctOW W d sy dats HEsMisse jtedes tsyjddls! orf sk d M6
fMlsokzs hdj Llsdds ISsyYS Ods dstsdsj daglsT otej dgj dgd. I sidzj OdzOd
CSHOd, fkjsBEOLEZjlMY o kOBAIY' dJ7 iofcwEyddsssy s d
Hdzw fosdzuydeh dR dLejMmisdsmls: &jlsjstedstss OCyj (&
Is 1[2].

1 6d SEcOddLOydd 1 CHMfjHdyd2 HdY §cdMCO Wiodd) dls

Gts Ho O otfftsMO: ¢CEZHO { tod d3j tcduslzOWdz dOiNANd@?e . d 1 sIEA]
hjdedw Mo jyjddvw dBjlsjstedls ftoesHtsdy Ojls Hoadyjdedj o C
L sl H dzv 4Cfr]lstGOl]’lsde dd HOddz & &l Ofsksdsdduj NS
of te
Is

BOIdud MEdd d&sHJ dzd . dd3d t6, OdzBRdsPtcYsmiY ' s L.
Ctsfje j dzdets R OLOCI]tedL Iz; Jdzls j demd o dzsfls: cte) dedw .
dzj dedj Jj &t BOMM O mmdoddy o @] d'sd ¢t sotdsy j ddj,
EMCtejddj, dsydes o' ydmddls: &OMME Isj dzO.

I sdzj j Bfitzoztsj (@S M]bEHizse Odz' 20 tejh jdzdd bkdzd e j tefOdz
sfdMmro0h j2 Hodyjdd) fJhBdLobBd dscts SBI jSkO o Ols
shdimw jets estejddjds. vOCy] oMmistej yos smw SO Hisr i
] &gj dzdzr &g o j dzd uq dzO B W o dzv ¢ KWW  ax@fi I© G Cdistads Gijdste ts o dzj
besdz jY ojCkotd ©I$dtshdlsjfdz0dks Isq s teaf Lss @O 1 dsts |s dzezi s
Ol BEsMUbiEd EMCtskjdd] Mo e sh kO, i Biplyqitd Opag tse tie s B |
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d SosiWWduydjdls bjfdstse k) dd ndEitdqOdW | &8 NME{Eas2 o
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f5CO doj dzO2Hjdr WiOegj ds' 3jlsj stedasO, @t nizpy jnls dzr ¢
d OCxj dajdLoejMmlsdeiadB solh (igthy delsmse j dzdesls™ &sd B H
WdLrdud MSd tethdtso[@Etzisd dege@uP gatiBdz’ | YOMisdydets L Od3
M bsy¢d L) ddY hHfwtss su dald jdg@dlsj SOy mMcdj ftojtss
ydmdzts dzj dL o jMmisdz 7 HIsdH o R K Wi dLuy@fly jdats sthsH B d te O dzd f
dudzr » HOddzr 7 o' sl d MEttshisd.
2 . ltojHAGzEY J dzde” 2 f SH A SH
I deOh j2 ftejH'[BBY d2 s daOlsly Mists- @ik d tgj M § dzef v d3jcl® )
toj dzdzts 2 MdMmlsfdgteof ru. iss tojLEzdz SOOR OdzOdzdL © dzdlsj te
Yd M¢d teMmdtse OdzdzOV dzpyelz"@” wd prodi*ts nadg"Mls sty dejOd L o j M s
B3 Istets od W hohohoHO. lrBdtcOwv M@k waEl dzidg stsastc HJ Of OL 5 dz0,
tcjCldets WisteRzdzdtelz j o8 L OHOYE sthd, tjhjdd] Stbttt?
Odz' desets BilsjtstedlsO. IC w9 Wdddupdigl idmples o dgiBmpAlsdr: tff thj H j dzy de-

dzr | OCdd3 sBtOL 53 o dtcls bsQdiz! digsj dEisiclsiads e d Is ' zH jj 2mfitple asth
l®mlsster n, & dhftsd Lkjd3 Yode 2 ddesesh Octsoar 2 d3d Is
fndmlsj &  [rv, fjtejfdhOeidtbim aslsazfs hits (s dats dps@df § o j 3§ dzdh
G ool 0RQoMo M dzO Uy dziz pdztsend j dg ho oo AQhA . r st sdzded Is § dz! dz
M sitse Ols j dz' @WBOf ts iy edgdlasfiglataoz j Is Isj S E2h j B2 tOMMmiIssw dzd ¢
dsO d dgjtsBrtHd®BO HAW tftejHjdjddY ftojH] csdzOs O] dgits
d BzdY ted i3 6, WstedizdzO ddzlsj ¢ tsd t8 ©dc@ ddizis OH digY Istss OR T @&t
e hd2 odH:
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®» ® EQO b EQO §0] two
l-dstejlss dr, Hdw yjdld btydshmlsd mMtoslse jlsMiseadw odt
dzdo Oj &3 dd3j s " djmw IsOB dzdoydd jo ' Hifdsdsly’ §zORA H3te S ndizj dzdz" d:
tejhjddidd Az ydodOodz mMtslse jIsmiseadw dksyjls B Is! MO
LS9 OdzO jeEts Mmdzj Hizs h OO Siististeodgds, M ls@Hzf Isd digtsidg fidzls O s o toj d3g
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BilsSHO GHOBMO, f(ofdi Ujcet bkhtjHdYs sMy fas € Oy H G B

168



3. 1tcteOR®BAROY t©j OddL OydW

4 ksySqd LtejddY MlsekzSkkwr of ydmdy dzd2 §shdjHEo Ols
tdlsBO BOPMY HEMsOBYds| PeeBise? | BEdHsH O kv  § SH
& j HOdzdz j] dL flsDEshdzjf qicBdsE djcs ksejskjlshw {
sEOd d 7 Bjlsjstedsse (MswsCO 4) d Mefshlsoadls! d&o
(M€ O 17), MsOsde ftod it ksd SEl1B8YSdEOB" 6wV M
oMjn BjscpPEdEcdEddetd) ) 50y d & ONfjClssd Wodv,ls
kst® Mbzzyd22dr » ydmjd (MsesCd 1 d 5)d J ot s dids ifjcds !
@@t d::mt 19937 dL sk Peisiztkd cBa@deqffslsBEEej dzt dats oL
et BjsjstedsO &syjls LOsjhdls: MY COC ftod jeE §1
(MsesSO 13), KOS d o MaEyoOws, ¢ O¢HG® ke &' lsfiusia

int s eed G&nerateRngSeed ();
tuple_int real [] best_seeds;

real [] t _tab, V_t abReatiTrapciony Y il nni sfree. t x
for (int i:[0,N])
real [ 7] x Ge¥erateVirtualMeteorite (seed);
real [5]y Y {x[0] , V_tab[0], x[2], h_tab[0], 0};
real t Y O0;
real [ V_virt , h_virt
do
if (Contains (t_tab, t))
V_virt += y[1];
h_virt +=y[4];

if (y[0] <0.01 or y[3]< = 0.0) break ;

y Y OneStep Adams(y, x, dt);

t Y t + dt;
while (t<t_end);
real f  YComputelL2(V_virt, V_tab, h_virt, h_tab );
InsertSortAndTruncate (best_seeds, seed, f);
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