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Abstract. Voice cloning technology has made significant strides in recent years, with applications ranging from
personalized virtual assistants to sophisticated entertainment systems. This study compares nine voice cloning
models, focusing on both zero-shot and fine-tuned approaches. Zero-shot voice cloning models have gained
attention for their ability to generate high-quality synthetic voices without requiring extensive training data for
each new voice and for their capability to perform real-time inference online. In contrast, non-zero- shot models
typically require additional data but can offer improved fidelity in voice reproduction. The study comprises two
key experiments. The first experiment evaluates the performance of zero-shot voice cloning models, analyzing
their ability to reproduce target voices without prior exposure accurately. The second experiment involves fine-
tuning the models on target speakers to assess improvements in voice quality and adaptability. The models are
evaluated based on key metrics assessing voice quality, speaker identity preservation, and subjective and
objective performance measures. The findings indicate that while zero-shot models offer greater flexibility and
ease of deployment, fine-tuned models can deliver superior performance.

Keywords: voice cloning; zero-shot cloning; fine-tuning; speech synthesis; speaker adaptation.
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AHHOTanus. TexHONOrHS KIOHUPOBAHUS T0JIOCA ClieIala 3HAYUTENbHBIC LIAaTH BIEpe] B OCIESIHIE TOMBI, C
IIPUMEHEHHEM OT NePCOHANTN3UPOBAHHBIX BUPTYIBHBIX ACCHCTEHTOB JIO CIOKHBIX PAa3BIEKATEIbHBIX CHCTEM.
B nanHOM HCCitefoBaHUM ITPOBOIUTCS CPABHEHHE AEBSATH MoJieIel KIIOHHPOBAHUS T0JI0Ca, COCPEIOTAINBAsICh
Ha IOJXOJaxX HYJICBOTO M TOHKOW HacTpoku. Mopenu KIOHMPOBAaHHS Tojloca C HYJIEBBIM OOydeHHEM
MIPUBIIEKAIOT BHUMAHHUE CBOCH CHOCOOHOCTBIO T'€HEpPHPOBATH BHICOKOKAYECTBEHHBIE CHHTETHUYECKHE rojoca
6e3 HeoOXOAMMOCTH B OOJBIIMX 00BEMax OOYYaromIMX MAHHBIX JUIL KaXXIOTO HOBOTO ToOJIOCA, a TakKxke
BO3MO)KHOCTBIO OCYLIECTBIIATH OHJIAHH BBIBOJBI B PEKHME PEAIbHOIO BPEMEHH. B oTiinume OT HUX, MOJENH,
HE OTHOCSIINECS K HYJIEBOMY 00y4YEHHI0, 0OBIYHO TPEOYIOT ZOMOIHHUTEIBHBIX JaHHBIX, HO MOTYT 00€CIICYNTh
YIY4ILIEHHYIO TOYHOCTh BOCIPOHM3BEICHHS rojioca. VcenenoBanue BKIIOYACT J1Ba KIIOUYEBBIX 3KCIICPHUMEHTA.
ITepBblil SKCIIEPUMEHT OLieHHBAeT 3()GEKTHBHOCTh MOJIENCH KIOHUPOBAHHS IoJoca C HyJIEBBIM 00y4CHHUEM,
aHAJIM3UPYS UX CIIOCOOHOCTh TOYHO BOCIPOM3BOAUTS LieJIEBbIE rosioca 6e3 IpeiBApUTEIbHOTO 03HAKOMIICHHUS.
Bropoii 3kcriepuMeHT BKIIIOUaeT TOHKYIO HACTPOWKY MoJielield Ha [eJIEBBIX CIIUKEPOB VIS OLIEHKH YITyqIIeHHH
B KauecTBe TIojoca M aJalTHBHOCTH. MOJENH OLIEHHMBAIOTCS HAa OCHOBE KIFOYEBBIX IIOKa3aTelieH,
OLICHMBAIOIINX KA4eCcTBO TIO0JIOCA, COXPAaHEHHE HACHTUYHOCTH CIHMKepa, a TaKkKe CYObEeKTHBHBIE U
O0OBEKTHBHBIC MOKA3aTENIM NMPOU3BOAUTEIBHOCTH. Pe3yIbTaThl MOKA3bIBAIOT, YTO, XOTS MOJEIH C HYJICBBIM
oOydyeHHeM Ipe/IaraloT OOJbIIYI0 T'MOKOCTh M HPOCTOTY HCIOJBb30BAHMUS, MOJIECIH C TOHKOI HAaCTPOHKOM
MOTYT 00ecTiednuTh 00Jiee BBICOKYIO IPONU3BOIUTEIBHOCTb.

KnroueBble cjl0Ba: KITOHHPOBaHHE TOJI0CA; KIOHUPOBAHKE C HyJIEBBIM 00y4eHHEM; TOHKasi HACTPOHKA; CHHTE3
peuu; agantanus roBopsLIero.

Jast uurupoBanusi: Oranecs O., Capresv 1., Manampksan A. CpaBHeHHE alrOpUTMOB KIIOHUPOBAHHUS Tojioca
B YCJIOBHSIX HYJIEBOTO U Majoro kosindectsa npumepos. Tpyast UCIT PAH, Tom 36, Bein. 4, 2024 1., ctp. 7-16
(na anrmmiickoM si3bike). DOI: 10.15514/ISPRAS-2024-36(4)-1.

Baaronapuoctu. PaGorta BemomHeHa mnpu moxnepkke Kommrera mo Hayke PecnmyOmukm ApmeHus
(uccnenoBarennckuii mpoekT Ne 23AA-1B006).

1. Introduction

Voice cloning technology has advanced rapidly, enabling the creation of synthetic voices that closely
mimic human speech. This technology has significant applications in personalized virtual assistants,
entertainment, and communication. The core challenge in voice cloning is to produce synthetic
voices that are indistinguishable from human voices while preserving the unique characteristics of
the target speaker.

Two primary methodologies have emerged in voice cloning: zero-shot cloning and fine-tuning.
Zero-shot models, such as XTTS 2 [1], StyleTTS [2], YourTTS [3], OpenVoice [4], VoiceCraft [5],
Vall-E-X [6], and Natural Speech 3 [7], can generate voices without extensive speaker-specific
training data, offering flexibility and scalability. However, maintaining voice quality and identity
without prior exposure to the target speaker remains challenging. Fine-tuning models, including
VITS [8] and RVC [9], improve voice fidelity by adapting pre-trained models with additional data
from the target speaker, although they require more data and computational resources.

This study focuses on models that excel in flexibility, scalability, and efficiency in zero-shot and
few-shot scenarios. Older models like WaveNet [10], Deep Voice [11], SV2TTS [12], TortoiseTTS
[13], Tacotron [14], and Glow-TTS [15] are excluded due to their high computational demands,
extensive data requirements, and complexity.
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This paper evaluates nine voice cloning models through two key experiments. The first experiment
tests the zero-shot capabilities of the models, assessing their performance in replicating voices
without prior exposure. The second experiment involves fine-tuning the models on target speakers
to evaluate enhancements in voice quality and adaptability. Evaluation metrics include speaker
embedding cosine similarity (SECS [16]) for identity preservation, Mel cepstral distortion (MCD*
[17]) for spectral similarity, FO mean absolute error (FO MAE [17]) for pitch accuracy, FO Pearson
correlation coefficient (FO-PCC [18]) for pitch contour correlation, and universal target mean
opinion score (UTMOS22 [1]) for subjective quality.

The paper is organized as follows: Section 2 provides a detailed description of each voice cloning
model. Section 3 outlines the experimental setup and presents the experiments and results. Only
original manuscripts that have not been previously published nor in other editions, neither in the
Internet, are accepted for publication in Proceedings of ISP RAS. The authors of the articles can be
ISP RAS staff or representatives of other organizations. Only manuscripts in Russian or English are
allowed to be published. As a rule, the volume of published articles should not be less than 8-9
pages, and shouldn’t exceed 20 pages.

2. Overview of Voice Cloning Models

In recent years, various voice cloning models have emerged, each offering unique approaches and
capabilities. This section provides an overview of the voice cloning models discussed in the
introduction, highlighting their key features and processes.

Variational Inference Text-to-Speech (VITS): The VITS model is designed to generate speech
directly from text. It incorporates a stochastic duration predictor to capture natural speech rhythms,
enabling the production of authentic and fluid voice waveforms. This end-to-end approach supports
high-quality voice cloning by accurately translating text into speech with precise timing and natural
intonation. However, VITS is not a zero-shot model and requires training on target voices
beforehand.

Retrieval-based Voice Conversion (RVC): The RVC model is a system for converting one
speaker's voice into another's. It leverages a retrieval-based approach to map and synthesize voice
characteristics from a database of target voices. This method enables high-quality voice
transformation by accurately capturing and replicating speaker-specific traits. Unlike zero-shot
models, RVC needs to be trained on a set of target voices to effectively perform voice conversion.
OpenVoice: OpenVoice uses simply a short audio clip from the reference speaker to generate speech
in multiple languages. It provides flexible control over voice styles and enables zero-shot cross-
lingual cloning, though it requires a TTS model trained for the target language.

StyleTTS 2: StyleTTS 2 generates high-quality, natural-sounding speech using style diffusion
techniques. It models voice styles as latent variables, enabling it to clone voices with no need for
specific reference recordings. By leveraging large pre-trained speech language models and
innovative training methods, StyleTTS 2 excels in producing expressive and accurate voice clones,
including effective zero-shot speaker adaptation.

VoiceCraft: VoiceCraft excels in speech editing and zero-shot text-to-speech generating. It uses a
Transformer decoder and an innovative token rearrangement method to generate high-quality,
natural-sounding speech by efficiently reconstructing and infilling speech tokens. It analyzes and
replicates the vocal characteristics of a target speaker, capturing emotional tone and subtle vocal
nuances to produce realistic and engaging speech.

YourTTS: YourTTS builds on the VITS model, excelling in zero-shot voice cloning and multi-
speaker text-to-speech with minimal data. It performs well across various languages and can adapt

1 https://pypi.org/project/pymcd/
2 https://github.com/sarulab-speech/UTMOSv2
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to new voices with less than one minute of audio. However, it may occasionally face issues with
speech duration and mispronunciations.

VALL-E-X: VALL-E X is a cross-lingual neural codec model that excels in zero-shot text-to-
speech and speech-to-speech translation. It generates high-quality speech in a target language from
a single utterance in a source language, preserving the speaker’s voice and emotion. The model
avoids the need for paired cross-lingual data and effectively addresses foreign accent issues, making
it suitable for diverse multilingual applications.

XTTS-2: XTTS 2 is a multilingual zero-shot text-to-speech (TTS) model trained in 16 languages.
Building on the Tortoise model, XTTS 2 enhances voice cloning, speed, and multilingual
capabilities. It achieves high-quality results in prosody and style mimicking, including whispering,
with minimal fine-tuning data. XTTS 2 is notably faster than previous models like VALL-E.
Natural Speech 3: NaturalSpeech 3 generates high-quality, natural-sounding speech by separating
and controlling speech attributes like content, prosody, and timbre. Its novel factorized diffusion
approach allows for detailed and accurate speech synthesis, achieving superior performance and
human-level quality on diverse datasets.

WaveNet: WaveNet generates raw audio waveforms using an autoregressive model, achieving high
naturalness. However, it requires substantial computational resources and has slow inference times.
Deep Voice: Deep Voice uses a modular pipeline to produce human-like speech but requires
extensive speaker-specific training data. Modern models overcome this limitation by utilizing less
data, enabling more flexible and scalable voice cloning.

SV2TTS: SV2TTS employs a three-stage pipeline for voice cloning but struggles with voice quality
and identity preservation without extensive fine-tuning.

Tortoise TTS: Tortoise TTS excels in expressive speech synthesis but demands significant
computational resources and data for adaptation. Its complexity and inefficiency make it impractical
for zero-shot applications requiring minimal data.

Tacotron: Tacotron generates speech from text with high naturalness but relies on the Griffin-Lim
[19] algorithm, which can introduce artifacts. It requires substantial training data, limiting its
effectiveness in zero-shot learning scenarios that require rapid adaptation.

Glow-TTS: Glow-TTS offers efficient parallel synthesis but lacks built-in support for speaker
adaptation, necessitating additional modifications and data. Its focus on general TTS tasks rather
than speaker-specific scenarios reduces its suitability for robust zero-shot application.

Table 1 provides an overview of the voice cloning models discussed, highlighting their zero-shot
capabilities and the number of parameters.

3. Experimental setup and results

The experiments aim to evaluate the performance of nine voice cloning models — XTTS 2,
StyleTTS 2, YourTTS, VITS, OpenVoice, RVC, VoiceCraft, Vall-E-X, and Natural Speech 3 —
using both zero-shot and fine-tuning approaches. The goal is to assess each model's ability to
reproduce target voices with high quality and fidelity.

3.1 Experimental Setup

The experiments utilize the VCTK corpus [20], which includes speech data from 109 English
speakers with various accents. The experiment is structured as follows:

e Zero-Shot Experiment: We select 30 speakers from the VCTK dataset, using 5 audio
samples per speaker, each ranging in duration from 7 to 10 seconds. Models requiring text
input are evaluated with additional sentences from the remaining speakers of the same
dataset, consisting of 6-15 words on average. Audio-to-audio models are tested using audio
samples instead sentences from the same speakers’ set, containing audios in the range of 5—
10 seconds.
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Fine-Tuning Experiment: Each model is fine-tuned on the same 30 speakers using 10
minutes of audio per speaker (excluding test samples). The fine-tuning process involves
training for 100 epochs on a single NVIDIA RTX 3060 12GB GPU. After fine-tuning, the
models are tested on the same data from the zero-shot experiment.

Table 1. Comparison of Voice Cloning Models with Zero-Shot Capability and Parameters.

Fine- Text Ref _F;:;:n;e-; Audio I;::T
Model Zero-shot tune Params + Audio . Orig+
abilit Ref +Audio Audio Ref Speaker
¥ Ref ID
XTTS 2 v v 518M v
StyleTTS 2 v v 218M v
YourTTS v v 94M v
VITS X v 39M v
OpenVoice v X 32M v
RVC X v 27M v
VoiceCraft v v 830M v
Vall-E-X v v 300M v
Natural
Speech 3 v X 18 v

3.2 Evaluation Metrics
Models are evaluated using:

Speaker Embedding Cosine Similarity (SECS): Measures the retention of the speaker's
identity. Values close to 1 are better, as they indicate a greater similarity of the speaker's
identity.

Mel Cepstral Distortion (MCD): Assesses spectral similarity between synthesized and
reference voices. Lower values are better, suggesting a closer match to the reference voice
and thus better spectral quality.

FO Mean Absolute Error (FO MAE): Measures the accuracy of pitch reproduction. Lower
values are better, as they indicate a more accurate pitch reproduction.

FO Pearson Correlation Coefficient (FO-PCC): Assesses correlation between generated
and reference pitch. Higher values are better, with a value of 1 indicating a perfect
correlation, demonstrating that the model effectively captures and replicates the pitch
dynamics of the original voice.

Universal Target Mean Opinion Score (UTMOS2): Evaluates subjective voice quality.
11
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Values closer to 4 are better, indicating good voice quality and naturalness.

3.3 Results
In this section, we present the results of our two experiments:

e Zero-Shot Voice Cloning: Table 2 shows the performance of 7 out of 9 models capable of
zero-shot voice cloning.

e Fine-Tuning: Table 3 details the results for 7 out of 9 models fine-tuned with 10 minutes
of audio per speaker, comparing their performance to the zero-shot results (OpenVoice and
Natural Speech 3 do not have available implementations for fine-tuning).

We analyze the results for male (M) and female (F) voices separately, as presented in the tables. In
the zero-shot experiments, the SECS scores indicate that most models effectively preserve speaker
identity, with scores ranging from 0.75 to 0.78 for male voices and 0.72 to 0.8 for female voices.
Natural Speech 3 and XTTS 2 perform particularly well in this regard. However, spectral fidelity,
as measured by MCD (Mel Cepstral Distortion), shows significant disparities. Natural Speech 3
achieves the lowest MCD (9.7 dB for males), indicating better spectral accuracy, while VoiceCraft
exhibits much higher distortion, with MCD values reaching 24 dB for males and 23.7 dB for females.
Female voices generally suffer from higher MCD values across all models, indicating greater
spectral distortion and less natural-sounding results compared to male voices. Pitch accuracy,
reflected by FO, varies widely among the models. VoiceCraft shows the highest pitch at 196.4 Hz
for males, indicating a significant difference of pitch, while Natural Speech 3 the lowest pitch at
55.9 Hz. For female voices, FO values also vary, with XTTS 2 producing the highest pitch at 113.8
Hz and Natural Speech 3 the lowest at 72.5 Hz. The FO-PCC (FO0 Pearson Correlation Coefficient)
scores, which measure pitch contour accuracy, are moderate across the board, with values around
0.3 to 0.4 for both genders. It suggests that while some pitch dynamics are captured, the models
struggle with accurate pitch reproduction. UTMOS2 scores reflect these trends, with Natural Speech
3, StyleTTS 2, and OpenVoice achieving the highest perceived quality for male voices (up to 3.6),
while female voices generally score lower, reaching the highest result of 3.6 for StyleTTS 2.
In the fine-tuning experiments, SECS scores remain high, showing continued voice resemblance.
XTTS 2 and YourTTS maintain good scores, but there is no significant improvement over the zero-
shot scenario. Fine-tuning does lead to notable improvements in MCD for some models, especially
XTTS 2, which reduces MCD from 16.6 dB to 9.1 dB for males, indicating better spectral fidelity.
However, not all models benefit equally; VoiceCraft’s MCD remains high, particularly for females,
and Vall-E-X experiences a drastic increase in MCD for females, rising from 12.8 dB to 43.9 dB,
indicating worsened spectral accuracy. Pitch accuracy shows mixed results post fine-tuning. XTTS
2 improves pitch consistency, reducing FO from 134.2 Hz to 87.7 Hz for males, aligning better with
typical pitch ranges. However, Vall-E-X exhibits worsened FO accuracy, particularly for females.
FO-PCC values remain stable, indicating little improvement in pitch contour accuracy, and UTMOS2
scores show minor gains, with XTTS 2 and YourTTS performing slightly better.
When comparing models across both experiments, XTTS 2 shows significant improvements in
spectral fidelity, with MCD reducing by 7.5 dB (from 16.6 dB to 9.1 dB for males), and in pitch
accuracy, with FO improving by 46.5 Hz (from 134.2 Hz to 87.7 Hz for males). YourTTS exhibits
moderate gains, reducing MCD by 6.9 dB (from 17.3 dB to 10.4 dB for males) and showing slight
improvements in UTMOS?2 scores, increasing by 0.1 points for males (from 2.98 to 3.08). After fine-
tuning UTMOS?2 decreased to 3.43 for males (down from 3.56) and 3.22 for females (down from
3.58) for StyleTTS 2. VoiceCraft performs worse post fine-tuning, with MCD reducing by 7.7 dB
for males (from 24 dB to 16.3 dB) but no significant improvements in FO accuracy, which changes
by only 0.3 Hz for males (from 196.4 Hz to 196.1 Hz). UTMOS2 scores for VVoiceCraft increase by
0.15 points for males (from 2.81 to 2.96), but there is still room for improvement. Vall- E-X
experiences a drastic worsening in spectral fidelity for female voices, with MCD increasing by 31.1
dB (from 12.8 dB to 43.9 dB), and FO accuracy declining by 25.8 Hz (from 85.3 Hz to 59.5 Hz).

12
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Table 2. Results of voice cloning for zero-shot models.

Model secs(ld) McD(E2) Fo(td) Fo-pcc(id) | uTmos2(Ld)

XTTS 2 M:0.78 M: 16.6 db M: 134.2 Hz M: 04 M: 3.07
F:0.77 F:21db F:113.8 Hz F: 04 F:2.76

StvleTTS 2 M: 0.75 M: 10.7 db M: 91.4 Hz M:0.34 M: 3.56
¥ F:0.75 F:12.9db F:92.2 Hz F:0.3 F:3.58

YourTTs M:0.77 M:17.3db M: 126.6 Hz M: 04 M: 2.98
F:0.76 F:17.8 db F:97.6 Hz F: 04 F:2.56

OpenVoice M: 0.75 M:19.1db M:111.2 Hz M:04 M: 3.51
P F:0.72 F:15.4 db F: 110.3 Hz F: 0.3 F:3.23

VoiceCraft M: 0.77 M: 24 db M: 196.4 Hz M: 0.3 M: 2.81
F:0.75 F:23.7 db F:99.4 Hz F: 04 F: 2.6

Vall-E-X M: 0.75 M: 16.2 db M: 84.8 Hz M: 0.3 M: 3.06
F:0.76 F:12.8db F: 85.3 Hz F: 0.3 F:2.89

Natural M: 0.78 M:9.7 db M: 55.9 Hz M:0.3 M: 3.58
Speech 3 F:0.8 F:9.4db F: 72.5Hz F:0.3 F:3.41

Table 3. Results of voice cloning for fine-tuned models.
Model secs(d) McD(Ed) Fo(Ld) Fo-pcc(id) | utmos2(Ed)

XTTS 2 M: 0.77 M:9.1db M: 87.7 Hz M: 0.3 M: 3.31
F:0.76 F:12.2db F:92.6 Hz F: 0.4 F:2.87

M: 0.67 M: 15.4 db M: 34.1 M: 0.4 M: 3.43

StyleTTs 2 F:0.7 F:11.8db F:79.3 F:0.4 F:3.22
YourTTS M: 0.77 M: 10.4 db M: 88.1 Hz M: 0.3 M: 3.08
F:0.74 F:14.1db F:95.4 Hz F:0.5 F:2.88

VITS M: 0.53 M: 25.8 db M: 1119 Hz M: 04 M: 3.02
F:0.58 F:21.8db F: 154.8 Hz F: 04 F:3.27

VoiceCraft M: 0.76 M: 16.3 db M: 76.8 Hz M: 0.3 M: 2.96
F:0.73 F:13.5db F:101.4 Hz F:0.4 F:2.7

Vall-EX M: 0.67 M:33.2db M: 26.8 Hz M: 0.3 M: 2.26
F: 0.75 F:43.9db F: 60 Hz F:0.3 F: 2.65

RVC M: 0.72 M:9.9db M: 58.9 Hz M: 0.3 M: 2.87
F:0.71 F:10.7 db F:114.2 Hz F:0.3 F:2.68
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4. Conclusion

This study presents a comparison of nine voice cloning algorithms across zero-shot and fine-tuning
scenarios. Zero-shot models demonstrate flexibility and satisfactory performance without the need
for extensive data, making them highly suitable for rapid deployment. However, these models face
challenges in maintaining spectral accuracy, as evidenced by elevated MCD values, particularly for
female voices.

Fine-tuning introduces significant improvements in spectral fidelity and pitch accuracy for some
models, notably XTTS 2 and YourTTS. XTTS 2 shows a reduction in MCD and an improvement in
FO for males, while YourTTS reduces MCD and slightly improves UTMOS2 scores. However, the
impact of fine-tuning is mixed for other models. For instance, StyleTTS 2 experiences a mixed effect
on perceived quality with a UTMOS2 increase for males but a slight decrease for females.
Meanwhile, VoiceCraft and Vall-E-X exhibit worsened spectral fidelity and pitch accuracy post
fine-tuning, especially for female voices.

Overall, fine-tuning successfully enhances certain aspects of voice cloning for specific models and
presents opportunities for further refinement to extend these improvements to other models as well.
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code fragment.
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BbisiBneHue owmnb0K B nporpammHomM moayne Pandas
C NOMOLLbLIO CTaTM4YECKOro aHanusartopa Svace
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Cesepo-Kaskasckuii pedepanvHulii yHugepcumem,
355017, Poccus, 2. Cmasponony, ya. Ilywxuna, 0. 1.

AHHoOTanms. B crathe paccmaTpuBaeTcs akTyajbHas mpodieMa obecrieueHns 0e30MacHOCTH MPOTrPaMMHOTO
obecrniedeHysI Ha paHHEM JTare ero pa3padoTkn. Ocoboe BHIMaHUE YISNSIETCS CTAaTHIECKOMY aHAIN3Yy KOJa,
KOTOPBIH SBJIAETCS KITIOYEBBIM HHCTPYMEHTOM JUIS BBISIBIICHUS YSI3BIMOCTEH Ha PaHHUX dTaNax KH3HEHHOTO
IIUKJIa pa3paboTKH MporpaMMHOT0 obecriedeHus. CTaThs MOAYEPKUBAET BAKHOCTh HHTETPALIIHA HHCTPYMEHTOB
CTaTHYECKOTO aHAJIN3a B IPOIECC pa3pabOTKH C IIENbI0 PaHHET0 OOHAPYKEHUS M YCTPaHEHUS YSI3BHMOCTEHL.
PaccMOTpeHBI MeTOIBI NMOWCKAa OIMMOOK CTaTMYSCKUX AaHAJIM3aTOPOB, a Takke OCHOBHBIE KOMITOHEHTHI
CTaTHYECKOro aHanmm3aTopa Svace, paspaboranHoro B MHCTUTYyTE CHCTEMHOrO mporpammupoBanus PAH.
IIpencraBnena kiaccuuUKAIMsA aHAIN30B, UCIONB3YEMBIX B CTATHYECKOM aHanmu3zarope Svace. JleTaibHo
pPaccMOTpEH CTATHYECKHI aHalW3 HMCXOJHOTO KOJa Ha s3blKe mporpammupoBanusi Python. B kauectse
[PAKTHYECKOTO TpUMepa MpUBEAEH aHanu3 npoekra Pandas 2.2.1, BBIMOJHEHHBIH ¢ MOMOIIBIO Svace.
Pesynbratom nociyxuio BeisiBiieHue 241 yszsumoctd Ha 590709 cTpok Koja, Y4TO IMOKA3bIBAET BBICOKYIO
IUIOTHOCTh TIPERYNpPEeXIeHHH Ha MIWUIMOH CTPOK KOJA M HOATBepxAaeT 3((GEKTUBHOCTH CTaTHYECKOTO
aHanm3a B 00ecreueHnH 6e30MacHOCTH IIPOrPaMMHOTO 00ECIIeUEHHSI.

KiioueBble c/10Ba: CTAaTHYECKUH aHANU3 KOJA; CTATUYECKUH aHAIN3aTOp; JEKCHYECKUE aHAIM3aToOpbI;
JIETKOBECHbIE aHAJIN3aTOPBI; A0CTPAKTHOE CHHTAaKCHYECKOEe IepeBO; GpparMeHT Koja.

Jas untupoBanus: Jlanmaa M.A., Xomakos M.I., I'po6oBa C.K. BrisiBieHne ommOOKk B IMpOrpaMMHOM
Mozyie Pandas ¢ momomsio cratnueckoro ananusatopa Svace. Tpyast UCIT PAH, tom 36, Boimn. 4, 2024 T,
crp. 17-26 (Ha anrmuiickoM sizbike). DOI: 10.15514/ISPRAS-2024-36(4)-2

1. Introduction

Nowadays, software is used everywhere. Statistics shows that as the number of programs increases,
so does the number of vulnerabilities in them. That's why special attention is paid to software
analysis.

At present there are two most popular methods of code analysis — dynamic analysis and static
analysis. It is impossible to imagine software development without using static analysis tools. Static
analysis is a type of analysis when the program is not executed but its whole code is analyzed [1].
This method is most often implemented at the initial stages of development, which helps to detect
vulnerabilities earlier and eliminate them faster. Static analysis of source code can be performed in
two ways - manually and with the help of special software tools.

In manual analysis of source code, checks such as code review or code inspection are performed.
This approach is actively used because a human is able to detect defects in source code that software
analyzers cannot do yet.

Software analysis is performed using various analyzers. Many methods of static error search in
programming have developed from the sphere of program compilation and operate with abstractions.
Depending on the abstractions used, error search methods [2] can be divided into several groups:

e Lexical analyzers are designed to break down the source code of a program into individual
tokens or tokens. They can be used to find only the simplest types of defects [3].

e Lightweight analyzers, also known as first-level analyzers, check the text for compliance
with some grammar and build a parse tree (an abstract syntactic tree) by a linear sequence
of tokens of this text, which is well suited for further processing and analysis of the
text [4].
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e More sophisticated parsers (Level 2 parsers), which use more complex algorithms and
methods for parsing related to phases after syntactic analysis [5].

The disadvantage [6] of this method is that the analyzer may consider absolutely safe code fragments
suspicious. Excessive suspiciousness leads to an increase of the false/true alarms ratio [7].

In this article we will consider the Svace static analyzer developed at the Ivannikov Institute for
System Programming of the Russian Academy of Sciences (ISP RAS) and analyze the Pandas 2.2.1
project using it. This analyzer detects a large number of vulnerabilities in code, has a high level of
true positives, fine-tuning and a large number of supported programming languages were the reasons
for choosing this product.

2. Description of Svace

Svace is a tool developed at the Institute of System Programming of the Russian Academy of
Sciences that performs static error search using several types of analyzers. It combines the key
qualities of foreign analogs (Synopsis Coverity Static Analysis, Perforce Klocwork Static Code
Analysis, Fortify Static Code Analyzer) with the unique use of open industrial compilers in order to
maximize support for new programming language standards [8]. Supported languages are C, C++,
C#, Java, Kotlin, Go, Python, Scala.

2.1 Svace analysis scheme
The schematic in (Fig. 1) shows the general analysis scheme of the Svace static analyzer [9].

Source code — Assembly script
build-capture
’ ¥ \ x # ¥ " p
|.. python | | javac | | kotlinc | | ssadump I | .Clang }._

| C5A |—|_
—

Fig.1. Schematic of the Svace static analyzer [9].

2.2 Svace components

The Svace static analyzer includes five components — SvEng, UAST, SpotBugs, CSA and cscc.
SvENg is the main component of Svace. It uses the following types of static analysis: pattern search
in AST-trees, data flow analysis, interprocedural symbolic execution with state merging and using
method summaries, static analysis of labeled data for security errors.
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UAST — component in which errors are searched in a unified abstract syntax tree.

SpotBugs - component intended for analyzing programs in Java programming language.

CSA — intended for analyzing software in C/C++ languages.

cscc — intended for analyzing programs in C# language. This component is based on the Roslyn
compiler. For searching errors, it uses the same types of analysis as SVEng.

2.3 Classification of analyses used at Svace
The analyses used in the Svace static analyzer [9] can be divided into the following groups:
e Analyses based on pattern search in the abstract syntax tree (ASD);
e Interprocedural analyses based on summaries;
e Statistical analyses;
e Special function analyses;
e Symbolic execution-based analyses;

e Labeled function analyses.

3. Analyzing a Python project with Svace

Analyzing the source code of a Python application does not require building the project because it
is an interpreted language. Two components are involved in the analysis: SVEng and UAST.
Pandas was chosen as a project written in Python. 590709 lines of code were checked and 241
vulnerabilities were detected as a result of the analysis. The density of warnings per million code
lines is 407.98. Table 1 shows the analysis results.

Fig. 2 shows a code fragment where the INVARIANT_RESULT warning was detected in the project
Pandas pandas/tests/window/moments/test_ moments_consistency_ewm.py. The essence of this
error is that the value of the expression does not depend on the values of its parts, or a part of the
expression can be omitted without changing the result.

Table 1. Results of the analysis.

. Number of
Warning .
warnings
INVARIANT _RESULT 93
DIVISION BY_ ZERO.EX 23
BAD_COPY_PASTE 8
CATCH.NO_BODY 107
MUTABLE DEFAULT_ARGUMENT 1
SIMILAR_BRANCHES 7
WRONG_ARGUMENTS ORDER 2
if adjust:
count = 0@
for 1 in range(len(s}):
if s.iatli]l == s.iatlil:# INVARIANT_RESULT
w.iat[i] = pow(1.8 / (1.0 - alpha), count)
count += 1
elif not ignore_na:
count += 1

Fig. 2. Error INVARIANT_RESULT.
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Fig. 3 shows the DIVISION_ BY_ZERO.EX error in the project Pandas
pandas/tests/io/parser/test_skiprows.py. This error occurs whenever the program tries to divide an
interval or a numeric value by 0.

The following types of errors were detected on the abstract syntax tree [10] using the component
UAST (unified abstract syntax tree).

Fig. 4 shows a code fragment with BAD_COPY_PASTE error in the project Pandas
pandas/tests/extension/base/constructors.py. An error occurs if the code has been copied and
reproduced, but not all necessary changes have been made. Fig. 5 shows the CATCH.NO_BODY
error in the project Pandas pandas/tests/plotting/test_converter.py. This error occurs if an exception
was caught but not handled by the corresponding except block.

def test_skip_rows_bad_callable(all_parsers):
msg = "by zero"
parser = all_parsers
data = "a\n1\n2\n3\n4\n5"

with pytest.raises(ZeroDivisionError, match=msg):
parser.read_csv(5tringI0(data), skiprows=lambda x: 1 / 8)

Fig. 3. Error DIVISION_BY_ZERO.EX.

if hasattr(result._mgr, "blocks"): # Originol code
assert isinstance(result._mgr.blocks[0], EABackedBlock)
assert result._mgr.array is data

result? = pd.Series(result)
assert result2.dtype == data.dtype
if hasattr(result._mgr, "blocks"): # Baod copy poste
assert isinstance(result2._mgr.blocks[8], EABackedBlock)

Fig. 4. Error BAD_COPY_PASTE

try:

from pandas.plotting._matplotlib import converter
except ImportError: # CATCH.NO_BODY

pass

Fig. 5. Error CATCH.NO_BODY.

Fig. 6 shows a code fragment with the MUTABLE_DEFAULT_ARGUMENT error in the project
Pandas pandas/io/formats/style_render.py. The error occurs if we use some modifiable object (list,
dictionary) as a default value for a function argument. If we change the value of the argument inside
the function, we will have to change the original value because they both refer to the same object,
in this case it is the css_props argument. This can lead to unexpected results and errors in your code.
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Fig. 7 shows a code fragment with SIMILAR_BRANCHES ARGUMENT error in the project
Pandas pandas/tests/indexes/datetimes/test_date_range.py. This error occurs when executing the
same instructions regardless of the condition.

Fig. 8 shows a code fragment with WRONG_ARGUMENTS_ORDER ARGUMENT error in the
project Pandas pandas/_testing/__init__.py. The error occurs when method arguments are passed in
the wrong order. In this example, left and right are mixed up in the wrong order.

def __init__(

self,

css_props: CSSProperties = [ #MUTABLE_DEFAULT_ARGUMENT
("visibility", "hidden"),
("position", "absolute"),
("z-index", 1),
("background-color”, "black"),
("color”, "white"),
("transform”, "translate(-20px, -20px)"),

1

Fig. 6. Error MUTABLE_DEFAULT_ARGUMENT.

elif inclusive_endpoints == "both":
expected_range = both_rangel:] # First branch
else:
expected_range = both_rangel:] # Second

Fig. 7. Error SIMILAR_BRANCHES.

if isinstance(left, np.ndarray) and isinstance(right, np.ndarray):
return np.shares_memory(left, right)
elif isinstance(left, np.ndarray):

return shares_memory(right, left) # WRONG_ARGUMENTS_ORDER

Fig. 8. Error WRONG_ARGUMENTS_ORDER.

4. Classification of errors

Errors in software can be classified by the degree of their influence on the program operation [11].
Table 2 presents the table of error classification and their description. Errors obtained as a result of
static analysis were classified by the level of their influence on the program code. Table 3 presents
the error classification table.

The DIVISION_BY_ZERO.EX error belongs to the "Critical error" class because division by zero
in the program code may cause unpredictable behavior of the command and eventually lead to its
crash. Fig. 9 shows the scenario when this error occurs

The MUTABLE_DEFAULT_ARGUMENT error belongs to the "Major error" class because it can
cause unexpected results when using a variable data type as a default value for an argument. Fig.10
shows a scenario where this error occurs. In this code, the item function uses the variable data type
(list) as the default value for the item_list argument. As a result, each time the add_item function is
called, items are added to the same item list instead of a new list. This is the
MUTABLE_DEFAULT_ARGUMENT error.
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The WRONG_ARGUMENTS_ORDER error is a "Major error" because if the order of arguments
in a function call is incorrect, it can lead to unexpected program behavior. Fig. 11 shows the scenario
of this error. In this example, the main function expects the first argument to be "x" and the second
argument to be "y". However, when the function is called, these arguments are specified in reverse
order, which causes an error.

The errors INVARIANT_RESULT, BAD_COPY_PASTE, SIMILAR_BRANCHES,
CATCH.NO_BODY are not serious and belong to the "Minor error" class, but they require
corrections to prevent unexpected program behavior.

Fig. 12 shows the SIMILAR_BRANCHES error scenario.

In this example, the if and else branches contain the same instructions y = x*2, which may affect the
efficiency of the program.

Table 2. Classification of errors and their description.

Error class Description

This class of errors leads to an emergency situation that makes the
program operation impossible.

Major errors Errors that lead the program to unexpected results.

Minor errors Errors that reduce the efficiency of the program and its performance.

Critical errors

Table 3. Classification of errors.

Class Error name
Critical error DIVISION BY_ ZERO.EX
Major error MUTABLE_DEFAULT_ARGUMENT
WRONG_ARGUMENTS_ORDER
Minor error INVARIANT _RESULT
BAD_COPY_PASTE
SIMILAR_BRANCHES
CATCH.NO_BODY

def divide_numbers(numl, num2):
return numl / num2

def main():
values = [10,0]
for i1 in range(len(values) - 1):
print(f"division {values[i]} by {values[i+1]}")
ovtcome = divide_numbers{values[i],valves[i+1])
print{f"Resuvlt: {outcome}")

if __pame__ == "__main__":
main()

Fig. 9. Error scenario DIVISION_BY_ZERO.EX.
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def item(item, item_list=[]1):
item_list.append(item)
return item_list

print(item(‘'apple'))}
print(item('banana’))

Fig.10. Error scenario MUTABLE_DEFAULT_ARGUMENT.

One of the examples of the BAD_COPY_PASTE error is shown in Fig. 13. In this example, the
calculate difference function should calculate the difference between variables a and b, but due to
code copying, an error was made that may cause the program to work incorrectly.

The CATCH.NO_BODY error scenario is shown in Fig. 14. In this example, the exception is not
handled in the except block, which may cause the error to be ignored and the program to continue
execution without handling the error. Fig. 15 shows the INVARIANT_RESULT error scenario. In
this example, the value of resultl does not depend on the variables X, y, z, because multiplication by
0 will always result in 0. The value of result2 will always be x + z because y - y is 0, so this part of
the expression can be omitted without changing the result. Similarly with the value of result3, it will
always be equal to x + y because z - z is 0.

def main(x, y):
return F"{y}, {x}!"

print{main("x", "y"J))
Fig.11. Error scenario WRONG_ARGUMENTS_ORDER.

Fig. 12. Error scenario SIMILAR_BRANCHES.

def calculate_sum(a, b):
return a + b

def calculate_difference(a, b):
return a + b
Fig.13. Error scenario BAD_COPY_PASTE.
try:
% =148
except ZeroDivisionError:

pass
Fig.14. Error scenario CATCH.NO_BODY.
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def calculate(x, y, z):

esUltl = x * 0 +y*0@8+2z2%40

TtZ2=x+y-y+2z2

X+y+2Z-2

Fig.15. Error scenario INVARIANT_RESULT.

5. Conclusion

As it was shown in the article, static analysis tools help detect errors at the initial stages of application
development. Different static analyzers use different algorithms for detecting vulnerabilities in
application source code. Svace static analyzer allows you to analyze program code in different
languages. We also analyzed the project in Python, Pandas 2.2.1. In the process of analysis, we
found errors of different classes. Classification of errors by their level of influence on the program
code, their full description and examples of scenarios when these errors can occur in the program
code were carried out. The results of the research may be useful for improving the quality and
reliability of the product.

References

[1].

2]

3.
[41.
[5].

[6].
[7].
[8].
[9].

[10].

[11].

Chernov D. Code analysis: problems, solutions, perspectives. 2022. URL:
https://www.tadviser.ru/index.php/CraTps: AHaNH3_Koza: MpoOJIEeMBI, PEUICHHUS, MEPCIEKTHBBIH ~:text
=Y MeTo/a ecTh JBa HeOOCTaTKa, IporpaMmbi%2C KOTOpsIit He Beeraa moctymeH, accessed 20.03.2024.
Borodin A.E., Belevantsev A A. Static analyzer Svace as a collection of analyzers of different levels of
complexity. Proceedings of ISP RAS, vol. 27, issue 6, 2015, pp. 111-134. (in Russian). DOI:
10.15514/ISPRAS-2015-27(6)-8.

Zaboleva-Zotova A.V., Orlova Y.A. MODELING OF LEXICAL ANALYSIS OF TECHNICAL TASK
TEXT. URL: https://www.elibrary.ru/item.asp?id=9506673, accessed 21.03.2024.

Mavchun E.V. Comparison of algorithms of tabular bottom-up syntactic analysis. URL:
https://oops.math.spbu.ru/SE/dip loma/2015/s/544-Mavchun-report.pdf, accessed 24.03.2024.

A. P. Syzranov, A. 1. Nenakhov, A. Y. Bolotov, A. J. Osipov. Development of criteria for evaluation of
means of automation of certification testing on the level of control of the absence of undeclared
capabilities. URL: https://elibrary.ru/item.asp?id=47856981, accessed 24.03.2024.

Fadeev S.G. TECHNOLOGY OF STATIC ANALYSIS OF SOURCE CODE. URL:
https://apni.ru/media/Shornik-6-3.pdf#page=131, accessed 20.03.2024.

Kuchin  L.Yu. Review of existing methods of program code analysis. URL:
https://cyberleninka.ru/article/n/obzor-suschestvuyuschih-metodov-analiza-programmnogo-koda/viewe,
accessed 21.03.2024.

Svace static analyzer. URL.: https://www.ispras.ru/technologies/svace/, accessed 24.03.2024.

Svace components. URL: https://svace.pages.ispras.ru/svace-website/2023/10/04/analysis-types.html,
accessed 24.03.2024.

Afanasyev V.0., Borodin A.E., Vikhlyantsev K.1., Belevantsev A.A. Static analysis based on generalized
abstract syntactic tree. Proceedings of ISP RAS, vol. 35, issue 6, 2023, pp. 103-120. (in Russian). DOI:
10.15514/ISPRAS-2023-35(6)-6.

V.V. Bykova, G.E. Glukhov, A.N. Sharypov, P.E. Chernikov, S.V. Koval, A.Yu. Konkov. PROBLEMS
OF VULNERABILITY OF INFORMATION SYSTEMS OF AVIATION INDUSTRY ENTERPRISES:
ANALYSIS AND CLASSIFICATION OF ERRORS. URL: https://mlgvs.ru/files/iac/art-niiga-2019-
27.pdf, accessed 01.04.2024.

25


https://www.tadviser.ru/index.php/Статья:Анализ_кода:_проблемы,_решения,_перспективы#:~:text=У метода есть два недостатка,программы%2C который не всегда доступен
https://www.tadviser.ru/index.php/Статья:Анализ_кода:_проблемы,_решения,_перспективы#:~:text=У метода есть два недостатка,программы%2C который не всегда доступен
https://www.elibrary.ru/item.asp?id=9506673
https://oops.math.spbu.ru/SE/dip%20loma/2015/s/544-Mavchun-report.pdf
https://elibrary.ru/item.asp?id=47856981
https://apni.ru/media/Sbornik-6-3.pdf#page=131
https://cyberleninka.ru/article/n/obzor-suschestvuyuschih-metodov-analiza-programmnogo-koda/viewe
https://www.ispras.ru/technologies/svace/
https://svace.pages.ispras.ru/svace-website/2023/10/04/analysis-types.html
https://mlgvs.ru/files/iac/art-niiga-2019-27.pdf
https://mlgvs.ru/files/iac/art-niiga-2019-27.pdf

Lapina M.A., Khodakov M.1., Grobova S.K. Detecting errors in the Pandas software module using the Svace static code analyzer. Trudy ISP
RAN/Proc. ISP RAS, vol. 36, issue 4, 2024. pp. 17-26.

Ungpopmayusi 06 aemopax / Information about authors

Mapus AnaronbeBHa JIAIIMHA — kanaunar (u3uko-MaTeMaTHYECKUX HAyK, JIOLEHT, JOLEHT
kagenpbl nHPOPMAIMOHHON OE30MacHOCTH aBTOMAaTHU3MPOBaHHEIX cucteM CeBepo-KaBkasckoro
¢denepanpHoro  yHueepcurera. Cdepa HayuyHBIX HHTEPECOB: LU(POBBIE  TEXHOJIOTHH,
kubepdursnueckre CHCTEMBI, aHaJW3 JaHHbBIX, yNpaBieHHEe HH(POPMAIOHHOW OE30MacHOCTbHIO,
JIOBEPEHHBIH HCKYCCTBEHHBIH MHTEJUIEKT, Kpunrorpadus, aHaiu3 IporpaMMHOT0O KOAa.

Maria Anatolyevna LAPINA — Cand. Sci. (Phys.-Math.), Associate Professor, Associate Professor
of the Department of Information Security of Automated Systems of the North Caucasus Federal
University. Research interests: digital technologies, cyber-physical systems, data analysis,
information security management, trusted artificial intelligence, cryptography, program code
analysis.

Maxkcum HMBanosmuy XOJJAKOB — crymeHT kadeapsl WHPOPMAINOHHOW OE€30MacHOCTH
aBTOMaTU3MpoBaHHEIX cucteM CeBepo-KaBkasckoro ¢enepansHoro ynusepcureta. Cdepa
HAaYYHBIX MHTEPECOB. MPOrPaMMHUPOBaHKE, HIUPPOBBIE TEXHOJIOTHH, aHAJIM3 IPOrPaMMHOTO KOJa.

Maxim Ivanovich KHODAKQV - student of the Department of Information Security of Automated
Systems of the North Caucasus Federal University. Research interests: programming, digital
technologies, program code analysis.

Codps Kupumnosna 'POBOBA — crynentka kadenpsl nadpoxkommyHukauii CeBepo-Kapkasckoro
¢denepansHoro ynuepcutera. Cdepa HaydyHBIX HHTEPECOB. NPOrpaMMHUpPOBaHUE, LU(POBBIC
TEXHOJIOTUH, aHAJIM3 IPOrPaMMHOT0 KOJa.

Sofya Kirillovna GROBOVA - student of the Department of Infocommunications of the North
Caucasus Federal University. Her research interests: programming, digital technologies, program
code analysis.

26



Tpyowr UCIT PAH, mom 36, ebin. 4, 2024 2. // Trudy ISP RAN/Proc. ISP RAS, vol. 36, issue 4, 2024

DOI: 10.15514/ISPRAS-2024-36(4)-3 L@C-H

PaspaboTka 6e3onacHOro KomnunsaTopa Ha OCHoBe
Clang

Y11, ynaes, ORCID: 0000-0002-9142-0945, <p.dunaev@ispras.ru=
12 4. A. Cunxesuy, ORCID: 0009-0002-3364-6468, <artsin666@gmail.com>
L3 4. M. I'panam, ORCID: 0009-0007-6589-3347, <a.granat@ispras.ru=>
21 A. bampaesa, ORCID: 0000-0002-6539-8473, <batraevaia@info.sgu.ru>
2 C.B. Muponos, ORCID: 0000-0003-3699-5006, <mironovsv@sgu.ru=>
Y4 H I0. HIyaanei, ORCID: 0009-0000-9310-8317, <shugaley@ispras.ru>

Y Unemumym cucmemnozo npoepammuposanus PAH,
109004, Poccus, 2. Mockea, yn. A. Conocenuywina, 0. 25.
2 Capamosckuii ocyoapcmeennviii ynueepcumem umenu H.I'. Yepnviuesckozo,
410012, Poccua, Capamos, y1. Acmpaxanckas, 83.
3 Boicuias wikona IKOHOMUKU,
101000, Poccus, . Mocksa, ya. Macuuyxas, o. 20.
4 Mockosckuii (pusuxo-mexnudecKuti uHCmuntym
(HAYUOHANLHBIL UCCIE008AMENLCKULL VHUBEPCUME),
Poccus, 117303, 2. Mockea, yn. Kepuenckas, 0.14, kopn. 1.

AHHOTammMsi. B cBs3u ¢ ucnonb3oBaHMEM coBpeMeHHbIMH Kommuisitopamu  C/C++  arpeccuBHBIX
ONTUMHU3ALMH, IKCIUTYaTHPYIOLIMX HEONpeIeNnEéHHOe MOBEACHUE, CYIIECTBYeT MOTPEOHOCTh B OE30MacHOM
KOMITWJIATOPE, KOTOPbI HE MPOBOIUT IOAOOHBIE ONTHMH3ALMY, & TaKXkKe NpPEeJOTBPAILAeT HCIOIb30BAHUE
paspaborunkom HebOe3onacHbix koHcTpykunii. B ICIT PAH Obun peann3zoBaH Oe30macHbli KOMIOMJISATOP Ha
ocHoBe GCC, oxmHako yacth pazpaboruukoB npeamnodntaer GCC Clang, xoTopblii He JUIIEH HPOOIEMbI
9KCIUTyaTallid HEONpeAeNEHHOro IoBeieHus. B aToll pabore paccmarpuBarorcst BosmokHoctu Clang mo
OCYILLECTBIICHUIO 0E30M1aCHON KOMIMIISLIMKM U ONUCBHIBAETCS peanu3alys O0e30IacCHOro KOMIWIATOpA HAa €ro
ocHOBe. [l co3maHHOrO 0€30IacCHOr0 KOMIMJIATOPA IIOKa3bIBACTCS IPUMEHUMOCTh Ha IIPAKTUKE H
OLICHUBAETCS BIMSHUE HA IIPOM3BOUTEIBLHOCTD IIPOrPaMM.
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Abstract. Due to the use of aggressive optimizations by modern C/C++ compilers that exploit undefined
behavior, there is a need for a safe compiler that does not perform such optimizations and prevents developers
from using unsafe statements and expressions. Such a safe compiler based on GCC has been developed in ISP
RAS, but some developers prefer Clang instead of GCC, which has mainly the same problems of exploiting
undefined behavior. This paper examines the capabilities of Clang to perform safe compilation and describes
the implementation of a safe compiler based on it. For the created safe compiler, the applicability in practice is
shown and the impact on program performance is evaluated.
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1. BeedeHue

INocnennee Bpemst OONBIIYI0 TOMYIAPHOCTH B KauecTBe KOMIMIsATOpa s3bika C++ 3aBoeBan
Clang [1]. Cormacuo cratuctuke JetBrains [2], B 2023 rogy KOMIMIATOpP HCIOIB30BaiH Goiee
TPETH OIPOLIEHHBIX, YTO XapaKTEPU30BAJIO €ro Kak BTOPOH MO MOMYIApHOCTH KoMIuisTop C++.
Clang nmeer onpenenéHHbIe PEUMYIIECTBa Iepell KOHKYPUPYIOIIUMHU pa3paboTKaMu, B TOM YHCIIE
nepen cambiM momyispHbiM Kommmisitopom — GCC [3]. Cpean Takux MPEUMYIIECTB MOXKHO
BEBIJICIUTH JIUIICH3HUIO HAa ocHOBE Apache 2.0 [4], KOTopas TO3BOJISIET UCTIONB30BATH UCXOIHBINA KO/
KOMITHJISITOPA JUIS IPOEKTOB MOA OOIBIIMM YHCIOM JHIeH3MH. CyIIecCTBEHHBIM IIPEUMYIIECTBOM
Clang Taxke SBJISIETCS TO, YTO OH TOCTPOECH HA KOMITHJIATOPHOM uH(pactpykrype LLVM [5],
LIEHHOCTh KOTOPOW 3aKJIF0YaceTcsi B TOM, YTO IpPU A0pabOTKE KOMIMIATOpPA HEPEAKO MOXKHO
MOJIHOCTHIO C(hOKYCHPOBATHCS HA MPe0OPa30BaHUSIX POMEKyTOUHOro npenctaBinenus LLVM IR,
910 OBLITO UCITONB30BAHO, HAIIPUMED, B paboTax [6-9].

[pu stom Clang, xkak 1 GCC, obnmamaeT CyIIECTBEHHBIM HEIOCTaTKOM — OH OCYIIECTBISICT
ONITUMU3AINH, SKCIUTyaTUpYIOIie HeOe3omacHoe oBeaeHne. Tak, B padore [10] mpuBoauTcs psig
HEJIOCTaTKOB, MHOTHE M3 KOTOpBIX Hampsmyro otHocsiTes K Clang. Ilpumepom ontnmmsanny,
BBIMOJHAEMON paccMaTpHBAEMBIM  KOMIIMJIATOPOM, SIBISIETCSI  yJaJeHWE MPOBEPOK BHAA
1f(1<<X==0), T1ae X — LEJIO0E€ YUCIIO. PCSyJILTaT BBIIIOJTHCHHST MHCTPYKITAHU MMOOMUTOBOrO CIABHTA
eIUHMIBI BJIEBO, KOTOPOE B IOAOOHBIX CIydasX OOBIYHO OXKHAACTCA MPOrPaMMHCTOM, Ha
HEKOTOPBIX apXUTEKTypax INporeccopoB, Takux kak PowerPC, pasen nymro. Kommumstop xe
CUNTAET TaKyl0 TIIPOBEPKY H30BITOYHOH, TaK KaK MOXKET J0Ka3aTh, YTO B OTCYTCTBHE
HeonpeaeNéHHOr0 MOBEACHHS 3TO YTBEPKACHHE BCETAa JIOKHO, M IIOTOMY ITPH HAJIMYUH TaKOBOTO
CHMMaeT ¢ ce0s BCIKHE 00s3aTeNbCTBA, €CIM C MOMOIIBI0 OMIMH He 3a7aHo MHoe. OTKIIoYeHue
JAHHOM ONTMMM3ALIMHM C TOMOIIBIO ONMIMHA HEBO3MOXHO. TakuM 00pa3oM, HPH KOMITMIISLNA
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npoekTa ¢ nomomnsio Clang, HeoOXoMMa JIONOMTHUTENBHAS 3aliTa OT BHECEHUS IPOrPaMMHUCTOM
1 KOMITWJIATOPOM YS3BHMOCTEH B BHIXOJJHOM KOJI.

[ToTpebHOCTs B M30aBIEHHM KO/AA MPOrPaMMBI OT YA3BHUMOCTEH MOTYT HOMOYB Y/IOBJIETBOPHUTH
pa3iMYHBIE METONBI, TaKWe KakK, HalpuMep, CTaTHYECKUH WM JAMHAMHWYECKMH aHalIn3, a TakKe
TIOTHOLIEHHOE TECTUPOBAHNE M MCHOIB30BAaHUE CTaHIAPTOB 0E30MaCHOTO KOAMPOBAHUS. ABTODHI
cratbu [11] MoOKa3bIBAKOT, YTO CYIIECTBYIOT CHTYallH, KOTJa HH OJWH M3 JaHHBIX CIIOCOOOB HE
MIPUMEHUM JUISl PEIeHUs] MMPOOJIeMBbl YCTPaHEHHs CO37aBacéMbBIX KOMIIHIISITOPOM YSI3BUMOCTEH.
ABTOpBI TpeIaraloT ajJbTePHATUBHBIA MyTh PEICHHs — Oe30MacHbIi KOMIHJISTOP, B KOTOPBIH
BCTpoeHa (DYHKIMOHAJIBHOCTb, IPEAOTBpAlIaromas YyI3BUMOCTH, BHOCHMBIE arpecCHBHBIMH
ONTHUMU3AIMAMY, U MpeAynpexaamnas o0 yI3BUMOCTAX, BHOCHMBIX IPOrpaMMHUCTOM. B craTthe
omuceiBaercs Oe3zonacHeld kommmaTop [12], ocnoBanublii Ha GCC. Omnako GCC He MoXer
BBICTYNaTh B KauecTBe 3ameHbl Clang, nockonbky Clang He sBIsS€TCSl IOJIHOCTBIO COBMECTUMBIM C
GCC [13], u, mo npuymHe psifa BHIIIEONUCAHHBIX MMPEUMYILECTB, BEPOSTHO, HE BCE Pa3pabOTYHKU
Oynyt roToBbl oTkazatbcs orT Clang. Takum o00pa3oM, CTAHOBHUTCS akTyajbHOH IpobieMa
6e3omacHoi koMnuisKKM nocpeacrtsoM Clang.

2. KoHyenuyus 6e3onacHo20 KoMnusisimopa

B cratbe [11] onucana koHiemnus 0e30MacHOr0 KOMITUISATOpa. be3onacHblil KOMIHIISTOP, YTOOBI
CUUTATHCS TAKOBBIM, JIOJDKEH YIOBJIETBOPSITH CICIYIOIINM TPEOOBAHMSIM:

e KomMnuinsaTop He MOXET BHOCUTH BO BpeMsI BBITIOTHEHHSI ONTUMHU3ALUHN YSI3BUMOCTH B
TeHEPUPYEMBIN KOJ;

e Kommusarop 00s3aH He yAAIATh KO, HCXOIS U3 MPEATIONOKEHHS 00 OTCYTCTBHH
HEonpeaeNEHHOr0 OBECHHUS, HE CUIIBHO 3aMEJIsisl [IPU 3TOM paboTy BBIXOJHOM
IIPOrpaMMBl;

e IIpaBku, TpeOyemble AT YCIEIHOH KOMIMISALNN UCXOIHOTO KOAa, MUHUMAJIEHO
BO3MOJKHBI;

e KoMIHMIATOp HE MPEAOCTaBJIsET BO3MOKHOCTb OTKIIOUCHMS OIIMH, KOHTPOJIHPYIOLINX
BBITIOJTHEHHE MTEPBBIX ABYX TPEOOBAHUM.

Taxoll KOMIWIATOP MOXKET PadOTaTh B KaueCTBE 3aMEHbI paHee UCII0Ib3YeMOro, OMHAKO TOMHMO
OCHOBHOT'O CBOET'0 IIPEUMYIIECTBA — IPO(PUIAKTUKH YA3BUMOCTEH — KOMIIMIATOP OyzeT HamenéH u
HEJOCTaTKaMH B BHIE 3aMEIUICHUS paOOThl KOMIIMIMPYEMOrO NPHIOKEHHS U HEOOXOJUMOCTH,
MyCTh ¥ MHUHUMAJIBHOW, MOOU(UKALMH HCXOJHOTO KOIA, YTO B psle CIy4aeB MOXeT OBITh
3aTPyJHUTEIHHO WM HEBO3MOXKHO.
Heranms3amnms TpeOoBaHUH K 0€30IIaCHOMY KOMITIUIATOPY TIpHuBeneHa B ctanaaprte [ 14]. Beigensercs
TpH Kjacca TpeOOBaHWH, KaXIbli W3 KOTOPBIX XapaKTEpPH3YeTCsl CTPOTOCTHI0 MEXaHM3MOB
MIPEAOTBPALIECHUS yA3BUMOCTEH M CKOPOCTBIO PabOTHI T'€HEPUPYEMBIX MporpaMM. TpeboBaHUsIM
CTaHAapTa MOXKET COOTBETCTBOBAaTh KaK HAIMCAHHBIA C HYJS KOMIWIATOP, TaK U JI0paOOTaHHBIH
00 MPaBWIHHO CKOH(UTYPUPOBAHHEIH cymiecTBYyromuii. [lockonsky B 1aHHO# paboTe B KauecTBe
LIETIEBOI ayIUTOPHH MIPUHSTHI Moab3oBaTenu Clang, BapuaHT HaIMCaHUS HOBOIO KOMITHIISITOpa HE
paccMatpuBaercs; BO3MOXHOCTH KoHurypanmum Clang mis BBIONHEHHS TpeOOBaHHU K
0e30macHOMY KOMIIWJIATOPY pPacCMOTPEHBI B pasnene 3, B pasgene 4 oOmuMcaHbl pPaboTH,
npoBenéHHbIe It gopaboTku Clang 1o 0€30macHOro KOMIMIISATOPA, a B pasfelie 5 MpHUBEICHBI
pe3yabTaTh TecTupoBaHus Oe3omacHoro Clang Ha peanbHBIX MPUITOKCHUSIX.

3. Coomeemcmeue so3moxHocmel Clang mpeboeaHusim Kk 6e3onacHomy
Komnunsmopy

besonmacurbri KOMIWIATOP TPETBErO KijlacCa JOJLKCH  BBIINOJHATH  TOJBKO Oe3omacHbIC
HpeO6pa3OBaHI/I$I HCXOAHOI'O U MalllMHHOI'O KOJ4. HaanMep, KOMIIWIATOP MOXKET HpeO6paBOBaTB
yClIOBUE N+I1>N B true, TaK KaK NPUHUMACT 3a MCTUHY TO, 4TO HGOHpGI[GJ'IéHHOFO IIOBCACHUA
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MIPOM3OUTH HE MOXET (B JaHHOM CiIydac — IICJIOYMCICHHOTO TMEPEIONHEHUs), U TPETHA KIIacc
0€30MacCHOCTH JIOJKCH TapaHTUPOBATh 3aIUTY OT MpeoOpa3oBaHui Takoro Buaa. OrpaHHYCHUE HA
mpeoOpa3oBaHus U COOTBETCTBYIOMIME UM ommmu Clang npeacrasieHs! B Ta0d. 1.

[MoMuMO 3TOr0, KOMIIJISATOP TPETHETO KiIacca OE30MacHOCTH JOJKCH BKIIFOYATh MEXaHHU3MEI
TTOBEINICHHON 3alUICHHOCTH. TpedyeMble MEXaHU3MBI M COOTBeTCTBYyRomMe M ommu Clang
MIPEJICTABIICHEI B Ta0M. 2.

Tarxoke oHO# U3 33724 TPEThero kiacca 0e30MacHOCTH SBIISETCS BbIava NPeIyHpEeKASHHH B X0/1e
cOOpKHM TIpOrpaMMBI B HEKOTOPBIX Ciydasx HeomnpeneneHHoro moeneHus. Ommuu  Clang,
BKJTIOYATOIIUE BBIaYy COOTBETCTBYIOIIUX MPEIYIPEKACHUM, IPEICTABICHEI B Ta0M. 3.

Tabn. 1. Peanuzayus mpebosanuil 3 kiacca no OmkirOYeHuro Hebezonacuvix npeoopasosanuii ¢ Clang.
Table 1. Implementation of class 3 requirements for disabling unsafe transformations in Clang.

IIynkr

crampapra TpeGoBanue Onuus
521a OTKIIFOYeHHE TPe0Opa30BaHUi, CBA3aHHBIX C IETIOYUCICHHBIM —furapv
- TIepENOIHEHUEM
5216 OTxiTroueHne mpeodpa3oBaHMil, CBSI3aHHBIX C TeM (PaKTOM, 4TO -fno-strict-
- 3HAYEHMs yKa3zaTeJel pa3HbIX THIIOB MOT'YT COBITA/IaTh aliasing
. —-fno-delete-
OTriroueHne nmpeodpa3oBaHMil, CBSI3aHHBIX C Pa3bIMEHOBaHHEM :
52.1B N null-pointer-
HYJICBBIX yKa3aTelei
Y. YK checks
5211 OTxiroueHne nmpeodpa3oBaHMil, CBSI3aHHBIX C JIEJIEHHEM Ha HOIb 1
- B3SITHEM HYJIEBOI'O OCTAaTKa
5211 OtkiroueHre peoOpa3OBaHmiA, CBI3aHHBIX CO 3HAUCHUSIMU

AprymMeHToOB MOOUTOBOTO caBura

Tabn. 2. Peanuzayus mpebosanuii 3 Kiacca no 6KI04eHUI0 MEXaHU3MO8 NOBbLIULEHHOU 3aAWUEHHOCU 6
Clang.
Table 2. Implementation of class 3 requirements for enabling increased safety mechanisms in Clang.

Mynkr
M TpeboBanue Onuus
cTaHgapra
-D FORTIFY SOURCE=2 C OroBOpPKOW: IPH
3amura oT NepernoIHeHUs. — —
BO3HMKHOBEHUM OIIMOKH, NaHHbIE QyHKINH BHIBOIAT
Oydepa nocrostHHOrO pazmepa
522a o U30BITOYHYI0 HHPOPMALIUIO, B TO BPeMsi KaK, COrJIaCHO
TP BBI30BE (QYHKIMIA
. TpeOOBaHUAM, IIPOrpaMMa JOJKHA HEMEJIEHHO
CTaH/apTHOW OMOIHOTEeKN
3aBepLIATHCS
MexaHu3M KOHTPOJIS 32
5226 P -fstack-protector-strong
LIEJIOCTHOCTBIO CTeKa
MexaHu3M paHIOMHU3ALUN
5228 pa3MelieHus Koaa B aipecCHOM -fpic/-fPIC/-£fPIE
MPOCTPAHCTBE
3amper Ha 3aMEHY BbI30BOB
HEKOTOPBIX KLU , \
poIX GyH —-fno-builtin—*, npu 3TOM HEKOTOpBIE QYHKIIUH,
(hopMaTHPOBaHHOTO BEIBOJA U .
pabortatorue ¢ widechar-ctpokamu, He HIMEIOT
5.2.2r,n paboThI ¢ TaMATHIO Ha
BCTPOEHHBIX aHanoros B Clang, moaToMy /uist HUX 3TO
SKBHBAJICHTHBIE
TpeOOBaHHE BBINOJHACTCS aBTOMaTHYECKH
TI0CIIE/I0BATEILHOCTH
MAlIHHHBIX HHCTPYKIIMIT
OnuuoHANBHBIE MEXaHU3MBI CymectByeT pemienue B Buje —~fsanitize=cfi,
526 (Harpumep, KOHTPOJb 32 NPOTHUBOpEYalliee, OAHAKO, JIOTUKE TPEThEero Kiacca,
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Tabn. 3. Peanuzayus mpebosarnuil 3 K1acca no KIUEHUI) NPeOYNPescOeHull 0 Hebe30nACHbIX KOHCMPYKYUAX
6 Clang.
Table 3. Implementation of class 3 requirements for enabling warnings about unsafe statements in Clang.

IMynkr

TpeboBaHue Onuus
cTaHAapTa
5232 3aTupaHue IepeMeHHOH, pa3MenIEHHON B
- ABTOMAaTHYECKOH IaMsTH, IIPU BBI30BE 1longjmp
UreHue WK 3alUCh 0 HEKOPPEKTHOMY HHJIEKC ~Warray-bounds u -
5236 pp y y Warray-bounds-
9JIEMEHTa MacCHBa : . )
pointer-arithmetic
€JIOUHCIICHHOE JIeJICHHE WITH B3SITHE OCTaTKa OT e
5238 i 5 -Wdivision-by-zero
LIEIIOT0 YHCIIA C ASTUTENIEM, PABHBIM HYIIIO
Ormeparyist TOOUTOBOTO C/IBUTA CO BTOPBIM -Wshift-count-
523r apryMEHTOM MEHbIIIE HYIIs WK OONbIle IHPHUHBI negative/-Wshift-
THIIA CIIBUTAEMOr0 3HAUCHUS count-overflow

OCHOBHBIMH 3aj]a4aMu 0E30MaCHOTO KOMIIHJIATOpPAa BTOPOrO KJlacca SIBIISIOTCS MPEJIOTBPAalICHHE
VSI3BUMOCTEH, CBA3aHHBIX C HEKOPPEKTHON pabOTON C MaMsIThiO, U HEJOMYIEHNUE HCIIOIb30BAHMS
HeomnpeAeaEHHbIX KOHCTPYKIMH — TeX JKe, O KOTOPBIX MPEAYNpPeKIaeT KOMIMIATOP TPEThEro
Ki1acca — MyTéM OCTAaHOBKM KOMIHWJISIIMY ¢ omnoOkoil. Clang peanusyer Jniib HEKOTOPhIE U3 HHX.
[TonHbIi crcok TpeOOBaHMIA M OMIINIA, C TOMOIIBIO KOTOPBIX OHHM PEaIM30BaHbl, yKa3aH B Ta0. 4.

Ta6n. 4. Peanuzayus mpebosanuii 2 knacca ¢ Clang.
Table 4. Implementation of class 2 requirements in Clang.

MynkT
y“ TpeboBanue Onuust
cTaHgapra
53.1a CoxpaHeHue moO04YHbIX 3P (EeKTOB 3aricH B aMsITh
-ftrivial-auto-
53.16 ABTOMaTHYeCKask MHULMAIU3ALUS IEPEMEHHBIX HYIIIMHU

var-init=zero

3anper onTUMM3ALMN TOOUTOBBIX CABUIOB, €CIIY BEIMYNHA
5.3.1 mon. a C/IBUTa MOXKET OKa3aThCsl OTPHLATEIILHOM MITH OOJIbLIE HIIH
paBHa pa3Mepy THIa

Hcnonp3oBanue onepanuii ¢ BEKTOPHBIMU MAIIMHHBIMU

5.3.1 non. 6
perucrpamu, He TPeOYIOINX BIPAaBHUBAHNUS JAHHBIX
5.3.1 siom. B 3amper onTUMHU3ALHH aApecHol apruMETUKH TI0 HH(OPMALIHHU O
e ’ pa3zMepax 0ObEKTOB
5324 OcraHoBKa KOMITUIISILUAY € OLIMOKO#M [J1sl IpeaynpekaeHuii 3 -Werror=* BMeCTO
e KJj1acca -W*, cM. Ta0IL. 3
5326 3anper UCIIONBb30BaHUS QYHKIMH gets Werror=deprecat

ed-declarations

OnHO¥ U3 OCHOBHBIX 337124 0€301MacHOro KOMIHIISATOPa MEPBOroO KiIacca SBISETCS TUHAMHYCCKAN
KOHTPOJIb HEONPENeIEHHBIX KOHCTPYKIMA. [Ipyn 3TOM OT KOMImIsTOpa TpeOyeTcsl BKIIOYATh B
BBEIXOMHOW (haiil MAIIMHHBIA KO, KOTOPBI TPENOTBpAIIaeT OIMMOOYHOE BEHIIONHEHHE
HEOIpeIeNEéHHBIX KOHCTPYKINI BO BpeMs pabOTHI MPOrpamMmbl MyTéM e€ aBapUilHOW OCTaHOBKH.
Ora BosMoxkHOCTP B Clang peamm3oBaHa C TIOMONIBIO BCTPOCHHOTO HMHCTPYMEHTA
UndefinedBehaviourSanitizer (UBSan) [15], ucmonb30BaHne KOTOPOTO IOCTUIAETCS C IIOMOIIBIO
YKa3aHHsI B ApryMEHTaX KOMaHJHOW CTPOKH KOMITWIISILIMY Pa3InYHbIX ONLMK BUIA —fsanitize=x,
rae * — WISHTA(QUKATOP TPOBEPKH, ONpEACISIIONIe TOT WIM WHOW BHJ HEONPEHEIEHHBIX
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koHCTpykumii. UBSan BreimonHser OONbIOIyI0 4YacTh BHAOB IIPOBEPOK,

KOTOpBbIC OOJIKCH

OCYIIECTBIIATH O€30MaCHBIH KOMIUIIITOP (cM. Tab. 5).

Ta6n. 5. Peanusayus mpe6osanuii 1 knacca ¢ Clang.
Table 5. Implementation of class 1 requirements in Clang.

IMynkTr
crampapra HUnentuduxarop IloxpniBaemoe TpeGoBaHMe: NPOBeEPsieT, YTO. ..
543a bool 3Hauenune Tima bool pasHo 0 win 1.
float-cast— IIpu npeoOpa3oBannu 3HayeHuss £1oat B int He IPOHCXOIUT
5436 overflow nepenonaeHus. He mpoBepsroTcst mpeoOpa3oBaHus MEXITY
BEIIIECTBEHHBIMHU THUITAMHL
5438 shift IIpaBblii onepanz cBUra HEOTPULATEICH U MEHBIIIE IIMPHUHBI THIIA.
signed-
543r integer- He npoucxoaut 3Hak0BOro NepenogHeHusl.
overflow
5.43 1 alignment UrteHne WM 3aIMCh COBEPINAIOTCS TOJIBKO 110 yKa3aTelnto, Uei anpec
o BBIPOBHEH 110 pa3Mepy OIepaHja.
543c null Her ucnions3oBanust HyneBoro ykasatesst. He nmposepsiercst
o HEeTPsMOH BbI30B (DYHKIIMH 110 HYJIEBOMY yKa3aTellro.
543 bounds UrteHne WIN 3aIHCh OCYIIECTBISIETCS 110 HHAEKCY, HE BHIXOSIIEMY
o 3a Npezesbl MacCHBa.
ointer-
543mu b Her nepenonnenus Tvna ykasarens.
overflow
543k function Ipu HenpsiIMOM BbI30BE CUTHATYpa (QyHKIMU COOTBETCTBYET THILY
o ykaszareins Ha He€. PaGoraer Tonbko st C++ 1 x86(-64).
5431 return Be130B QyHKIMHK 3aBepinaeTcs oneparopoM return. PaGoraer
o TONBKO [y1st C++.
543wMm builtin Bo BcTpoeHHbIe (DYHKIINMH HepeIatoTcss KOPPEKTHbIE MapaMeTphl.
543. unreachable He nepenaércs ynpasieHue Koy, IOMEYEHHOMY Kak
o HEJOCTIKHMBIH.
integer-
543n divide-by- Hert nenenus Ha HOJIb WK B3SITHUS OCTATKA OT HYJIS.
zero
543 vla-bound Maccus, BeIACISIEMbII B aBTOMAaTUYECKON IaMSATH, UMEET
2P TIOJIOKUTENFHBIN pa3mep.
Hpyroit 3amadeii 0e30macHOr0 KOMITIUIATOpA  SIBIISIETCA — YIIPABJICHHE — pacIpenesieHHEeM

ABTOMAaTUYECKOM M CTAaTHUYECKOM mamMatu. B pamkax 3ToM 3ajauv KOMOWIATOP NEPBOrO Kiacca
JOJIKEH TOJIEPKUBATH BO3MOKHOCTD JMHAMHYIECKONH KOMIIOHOBKH ITPOTPAMMBI, IIPU KOTOPOH MpH
KaXJIOM 3aITyCKe MporpamMMbl (GYHKINUH OYAyT pacroioKEHbl B MAMATH B CIy9ailHOM MOpSIKE.
Ecnn monHOLEHHas peanu3anysl 3TOr0 MEXaHW3Ma HEBO3MOXKHA (Y€MY MOXKET HpEMsITCTBOBATH
3arpy34dK OIEPallMOHHONW CHCTEMBI) WM HemellecooOpa3Ha (Kak B Ciiydae KOMIWJIIIWU SIpa
OIIEPAIIIOHHON CUCTEMBI) PacIIpEACICHHE JOIDKHO OBITh CTATHYECKHM — YHUKAJIBHBIM IS KasKI0TO
nporecca kommurAnuy. Clang He MoAIEepKUBAET CTATHIECKOE CITy9aifHOE paclpe/ieNIeHne aMsITH,
HO MOXXET MOJUIEP)KUBATh AWHAMUYECKOE pacIpe/ieNeH e IPH HCIIOIb30BAHUN KOMIIOHOBIIMKA H
JUHAMHYECKOT0 3arpy3urKa, B KOTOPHIX pean30BaHa 3Ta BO3MOKHOCTb.

Heobxonnmo 3ameTuTh, 9To 0€30MaCHBIN KOMIWISTOP BTOPOTO Kiacca 3aMMCTBYET TAKXKE YacTh
TpeOOBaHMIT TPETHEro Kilacca, a KOMIMIATOP MEPBOT0 KJIacca — Bce TPEOOBAHUSI BTOPOTO.

Takum oOpa3om, He cymecTByeT KoH(urypanuu Clang, koTopasi ynoBieTBopsuia 06l TpeOOBaHUSIM
XOTs ObI OHOTO M3 KJIacCOB 0€30MacHON KOMIMIISAIMH, OAHAKO KOMITHIISITOP HPEIOCTABISIET PSit
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BO3MOXKHOCTEH JJI Tpe€AOTBpalliCHUA He0e30MacHbIX 0HTI/IMI/I33HI/II71 1 BBITIOJIHEHHUS HEOE30IaCHEBIX
KOHCprKHHfI, YTO MOXKET OBITh HCIOJIb30BAHO, B YAaCTHOCTH, MPHU pa3pa60TKe 0e30IMacHOro
KOMIWJIATOPA Ha €ro OCHOBC.

4. Peanu3ayus 6e3onacHo20 KomMmnusisimopa

PeanuzoBaHHbBIN Oe30MacHbI KOMITIIATOP pa3padotan Ha 6asze Clang 16.0.6. beutn mo0aBiIcHBI
oK -Safe3, -Safe2, -Safel, BKIItoYaromue gocrynusie B Clang 1 co3aHHbIE B 3TOH padoTe
OMIMM  COOTBETCTBYIOLIMX  KJIACCOB  0O€30MacHOCTH, a I yHOOHOrO  yIpaBlICHHUs
(YHKIIMOHATBHOCTBIO OIMIMI OBUT pa3paboTaH MPEIMETHO-OPHCHTHPOBAHHBIA SI3BIK HAa OCHOBE
TableGen [16], mo3BossrONIHiA OITHCATh BKIIOUEHUE OMIIUH B ClIEMyIOIIeM Gopmare:

defm fno_ strict aliasing : Force<"-relaxed-aliasing", 1, 3>;

defm d fortify source 2 : Force<"-D FORTIFY SOURCE=2", 3, 3>;

HJ’IH 3 kmacca ObLTH pCaiu30BaHbI CICAYIOIMNE OIMINU:

e -fkeep-oversized-shifts: NpeNoTBpamaeT ONTHMH3AIMIO IOOWTOBBIX C/IBUTOB B
clly4asix, KOrJia BTOPOi apryMEHT OIlepaTopa CABHUIa MEHBbIIE HYJIS MM OOJbIIIe WIH paBeH
HIMpUHE TUIA. JTa ONIMA peaJu30BaHa 3aMeHoil nHCTpyKiuit cisura LLVM IR Bei3oBamu
HOBBIX intrinsic-¢yHkumii. [Ipoxoapl InstCombine U SCCP JOMOJHEHB! ONTUMH3ALUSIMH
9THX BBI30BOB, OCYIIECTBISIEMBIMHU TOJNBKO B TEX CIy4asix, KOrJia KOMITWIISITOP CIIOCOOCH
JI0Ka3aTh, YTO BTOPOM apryMEeHT HEOTpUIATElIeH M CTPOro MeEHbIIe IIUPUHBI THna. B
NPOTHMBHOM  CJlydae BBI3OBBI intrinsic-QyHKIMHA pacKpbIBalOTCs  (3aMEHSIOTCS  Ha
COOTBETCTBYIOIINE HHCTPYKIIMH) TTOCIIE BCEX ONTUMH3AIMOHHBIX IIPOXOJI0B, U30erasi, TAKUM
00pa3zoM, ONTUMH3ALIUIA.

e -fkeep-div-by-zero: IpeIoTBpallacT ONTUMU3ALMIO ICJICHHS HA HOJIb U B3STHUS OCTaTKa
B CITyJasix, KOTIa BTOPOH apryMeHT paBeH Hy/ro. Omus peaan3oBaHa aHAJIOTHYHO - f keep-
oversized-shifts.

e 3aronoBouHble (aiiibl, copepxaniue fortified-Bepcun GpyHKIMI cTaHIapTHON OMOIHOTEKH,
U Koropble ucnonb3ytorcs B Alpine Linux u 6e3omacHom xommnmisitope SAFEC, Obuin
nopaboTansl a1 nopaepxku Clang. brarogapst HCIIOnb30BaHHIO 3ar0J0BOYHBIX (DaiiIoB,
BKITIOUEHHBIX B KOMITWJISITOP, MOJJIEPXKUBAETCS M CTaHIapTHas oubnmoreka glibc, u musl.
Kpome  ommun -D_FORTIFY SOURCE=2, Obula jo0aBiieHa  TOIJEpKKa -
D_FORTIFY SOURCE=3 (BKJOuYaeMas B —Safe2), IPOBEPSIOIAs HE TOJNBKO BBI3OBHI C
00BEKTaMH KOHCTaHTHOI'O pa3Mepa, HO M C TEeMH, 1 KOTOPHIX MOXXKHO BO BpeMs
KOMIWJIILMNA COCTaBHTh BBIPQKEHHE BBIUMCICHUS pasMepa. Takke C IOMOIIBIO 3THUX
3aroJIOBOYHBIX (hailioB OBUIO PEaM30BaHO HEMEIUICHHOE 3aBepIleHHE MPOrpaMMbl IpH
ommbke Bo BpeMs BomonHeHus fortified-pyHkumii, mpegoTBpamieHa 3aMeHa (QyHKIUH Ha
BcrpoenHsle B Clang anamorw, W J00aBIIEHO MpemynpexaeHue (ommodka B -Safe2) mpu
HCIIONB30BaHUU (DYHKIUH gets.

e BMecTo mpenynpexaeHuss O 3aTUpaHUU IMEPEMEHHOM, pa3MEIIEHHOW B aBTOMATHYECKOH
TIAMSTH, TIPH BBI30BE 1longjmp, Obla peann3oBaHa omus —-fforce-volatile-before-
setjmp, OTMEYaIoIast BCE JIOKAIBHBIE IEPEMEHHBIE, OCTYITHBIE B MOMEHT BBI30Ba setjmp,
Kak volatile, YTO HC MO3BOJISICT KOMIIMIATOPY Pa3MECTUTH OTH IICPEMEHHBIC HA PETHCTPax
U TIPEeJOTBPAINACT MX 3aTHPaHHE IOcie BBI30Ba longjmp. JTa ONMIMSA Peain30BaHa Kak
MPOXOA B Hayaje ONTHMHU3AIMOHHOTO KOHBeWepa, paboTaromero ¢ MPOMEXYTOYHBIM
npeactasaeaneM LLVM IR. DOtor mpoxon oOHapyXKnBaeT Ys3BUMBIE II€pEMEHHbBIE
(BBIIEIICHNS HA CTEKE) U TIOMEYAeT BCE UCHONB3YIOINE X MHCTPYKINH KaK volatile.

I[J'IH 2 xnacca ObLIu peaIn30BaHbI CICAYIOIINE OINMIHUA:

e Jlna coxpaHeHHs MOOOYHBIX 3((PEKTOB 3amucH B MaMATh ObUIa CO3/aHA ONIUSA -
fpreserve-memory-writes, mnpenorBpamatomas DSE (Dead Store Elimination) B
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HECKOJIBKUX IIpOXOJaxX ONTHMMH3ALMOHHOIO KOHBeWepa. bmaromaps »toit  onuuu
COXpaHseTCs, HalpuMep, OYHMCTKA MaMATH, COAEpKalled YyBCTBUTENIBHBIE AaHHbIE. B
npoxone EarlyCSE, YCTPaHSIONIEM TPUBHAJIBHO W30BITOYHBIE WHCTPYKIUM, OMIUS
OTKJIIOYAET yAaJeHHUE IMOCIIE0BATENBHBIX 3aIICel B TOT K€ YJ4aCTOK MaMsTH Oe3 YTEHHs
MEXIy HUMH. B InstCombine, BHINOMHSIONIEM OOBEAWHEHNE M yJajieHHE MHCTPYKLUH,
OTKJIIOYaeTCsl aHaJoru4yHas OIITUMU3ALIMS. B npoxonae MemCpyOptimizer,
ONTUMU3UPYIOUIEM TaKWe WHCTPYKIMU paboThl C MamsThio, KaK memset W memcpy,
OTKIJIIOYAETCsl 00beANHEHNE NIEPECEKAIONIMXCSI 3aIiCel B MaMsITh B OMH memset. Hakoner,
B npoxozie DeadStoreElimination, BHIMOJIHSIONIEM OCHOBHYIO Pa0OTy 110 ONITUMU3AINN
M30BITOYHBIX 3aIliceil, BMECTO MX YIaJIeHHs MPOM3BOIUTCS YCTaHOBKA (para volatile,
YTOOBI 3TH WHCTPYKIMHU HE MOIIIY OBITh ONTUMHU3UPOBAHBI CIIEAYIOLIMMH ITPOXOJaAMHU.

Onmuss -fassume-unaligned BKJIIOYaeT B Hayajlo ONTUMH3AIMOHHOTO KOHBelepa
MIPOXOJI, YAAJSIOMNI BRIpaBHUBAHUE Y HHCTPYKIUI 1load U store, a TAK)KE Y apryMEHTOB-
yKazareneii B BbI3oBax (yHKIMEH. brnaromapsi 5ToMy BMECTO BEKTOPHBIX HMHCTPYKIHWH,
OKUJIAIOUIUX BBIPABHEHHYIO MaMATh, T€HEPUPYIOTCS HHCTPYKLUHU JUI1 HEBBIPAaBHEHHOM
MaMATH ¥ MPEJOTBPAlIAIOTCS aBapHiHBIE 3aBEPLICHUS NpOrpaMM B CIydasx, Koraa
UCTIONIB3YEeMBIH YUacTOK MaMsATH UMENl HEKOPPEKTHOE BHIPAaBHUBAHHE.

Omuus -finbounds-aliasing NpeaOTBpallacT  ONTHMM3ALMH,  HMCHOJL3YIOLIHE
UH(OPMALIMIO O TOM, YTO yKa3aTeJdW YKa3blBalOT Ha pa3Hble OOBEKThI (OTCYTCTBHE
aJIMacuHra), eciau XOTs Obl OJIMH M3 HUX MOXKET yKa3bIBaTh 3a TpaHHIly oObekTa. /st aToro
ObuTH 00ABJICHBI MPOBEPKH B MPOXOA BasicAliasAnalysis, a TakKe OTKIIOYCHBI
OINTUMHU3ALNHA inie: BBIXOIAIINX 3a TpaHuLly yKazarenei B
SelectionDAGAddressAnalysis UM InstCombine.

st 1 kiacca ObUTH peaTM30BaHbI CIIEYIONINE OIIIUH:
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Tak kak mpoBepka float-cast-overflow B UndefinedBehaviorSanitizer nposepsier
HaJM4YMe TIEPETONHEHUs] TOJNBKO MPH INpeoOpa3oBaHMM M3 BEIIECTBEHHBIX THUIIOB C
IUIABAIOIIEH 3aIATOM B LIEJIOYHCIEHHBIE TUIILI, Obla CO3/1aHa oy —-fsanitize=float-
to-float-cast-overflow, NPOBepsAONIas MPeoOpPa30BaHUS MEXIY BEIIECTBEHHBIMU
TUNaMy. Peann3anys OCHOBaHa Ha CTapoOill BEPCUM IPOBEPKU float-cast-overflow,
HoBeZIeHHe KOTopoii Obi10 M3MeHeHo B Clang 9 m3-3a TOro, 4To Takoil BHJ NepenoIHEeHHs
onpenenén craupaprom IEEE 754 [17].

Omuust -fsanitize=null-call HpOBEpSET, 4YTO MPU HEMPSIMOM BBI30BE (YHKIUH HE

HCIOJIb3YETCS HYJIEBOM yKa3aTelsb. Takas MpoBepKa OTCYTCTBYET B —fsanitize=null u3
UBSan.

B Clang 16 ommust -fsanitize=function, IpOBEPSIOMAs COOTBETCTBHE (OPMATHEHOTO
THMa GYHKIUH U (PaKTHIECKOro THITA YKa3aTels, OAIEePKUBAET TONBKO C++ 1 apXHTEKTYpy
x86(-64), mostomy wu3 Clang 17 ObIM MOPTHPOBAHBI YIYUIICHHS, ITO3BOJISIONIHE
ucnone3oBaTh €€ st C W ApyrHX apXutekryp. OCHOBHBIM HW3MEHEHHEM  SIBISCTCS
ucnonp3oBanue xemeil TuoB BMecto RTTI (Run-Time Type Information), mocrymaoro
TONBKO st C++.

CranpmaptHas omusl -fsanitize=return MpoOBepsAET HAJIMYUE OINEpAIK BO3BpaTa IpPH
BBIXOJIE M3 (QYHKIIMH, UMEIOIIEH BO3BpamaeMoe 3HaueHne, HO TobKo st C++, Tak kak B C
HeonpeaeN¢HHbIM TIOBEACHHEM CUHNTAETCSI HE OTCYTCTBHE BO3BpAaTa, a HCIIOJIb30BAHHE
3HA4YEHMs, BO3BPANIAEMOro Takoi ¢yHKiued. UToObl caemaTh IOBEAEHHE IPOBEPKU
€IMHOO00pa3HbIM, ObUIA pean30BaHa OoNuus —-fsanitize=return-c, pabdoratomas it C
TaK e, Kak u s C++.

Jis momaep KKu YHUKATBHOTO pacHpeeCHAs CTATHYSCKON MaMATH MPOTPaMMEI Ha ATare
KOMITWIALMK ObLIM 100aBJIEHBI OMIMHU -frandom-func-reorder U -frandom-func-
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and-globals-reorder, IE€pPEMENIMBAIOIIME TONBKO (QYHKIMH WiIH (QYHKIUA U
rJ100aJbHBIE NIEPEMEHHbBIE COOTBETCTBEHHO B KaXK/IOM €IUHHIIC KOMIWISIIUHA. DTH OIIINN
BKITIOYAIOT B KOHEIl ONTHMHU3AIMOHHOT'0 KOHBeWepa, paboratomero ¢ LLVM IR, mpoxon,
KOTOpBIN 3aMaéT ciydailHeI MOpsIoK (QyHKUIMI M TI00aNbHBIX NEPEMEHHBIX HA OCHOBE
COJIEP’)KUMOT0 MOYJISL M YHCIIA, 33]IaBaeMOro omueil -mllvm -rng-seed.

e Jlna paHnoMu3alnuM aBTOMAaTHYECKOM MaMaTH co3gaHa onmua -floc-var-per,
TiepeMeIInBaroniast JOKaJbHbIE IepeMEHHbIE (TOYHEe, BBIICNICHNS] HA CTeKe KOHCTAaHTHOTO
pa3Mepa) B cIydaifHOM Hopske. OTa (PyHKIMOHAIBHOCTh pealu30BaHa B TOM K€ IIPOXOJE,
KOTOPBIM HCHONB3yeTcs Ui MpeAblAyIuX ABYX onuui. Taxke moanep>KuBaeTcs OMIUs —
fadd-loc-var, 33/1a10IIasi KOJIMYECTBO JIOKAIBHBIX EPEMEHHBIX, KOTOPHIE J00aBISIOTCS
npyu nepeMemBaHud. be3 He€ mnpu WCNoONb30BaHUM -floc-var-per J00aBisieTcs
HeOONbIIOE  CIyyailHOE KOIMYECTBO IIEPEMEHHBIX A Oomblueld  ciaydaiiHOCTH
ABTOMAaTHUYECKON MaMsITH.

5. Pesynbmamsbi

5.1. KoppekTHOCTb

Pa3zpaboraHHblii Oe30macHbI KOMIWIATOP Ha ocHOBe Clang ycHeIIHO MpPOXOIUT BCE TECTHI U3
HaOoOpa, CO3MaHHOTO JJIs MPOBEPKH KOPpeKTHOCTH Oe3omacHoro kommuwistopa SAFEC [11] u ero
COOTBETCTBMS CTaHAAPTY. DTOT HaOOp BKIIOYAET B Ce0s TECThI, NPOBEPAIOIINE HATUYUE BHIBOAA
TpeOyeMBbIX TMarHOCTHK, TECTHI, TPOBEPSIONINE cpadaThIBaHHE TMHAMUUECKUX MPOBEPOK BO BpeMsI
BBINOJIHEHUS, U TECTHI, IPOBEPSIOIINE PE3YNBTAT KOOI €HEPALIUH.

5.2. \ccnegoBaHune Npou3BOAUTENIbHOCTHU
[Ipon3BOIUTENBEHOCTD MTPOrPaMM, CKOMITUIIMPOBAHHBIX 0€30IMaCHBIM KOMIIHJISITOPOM, OLICHUBAJIACH
C MOMOIIBIO TeX ke 5 TectoB, uTo ¥ 11 SAFEC:

e BocmpousBeaeHne naptun B ro ¢ nomomnrsio GNU Go 3.8;

e nepekoxupoBanue (daiinos u3 popmara WAV B MP3 ¢ nomorsio LAME 3.100;

o prmonuenne tecra fannkuch usz The Computer Language Benchmarks Game;

e mepekoxupoBanue (aiioB u3 popmara YUV 8 MKV ¢ momonrsio x264 (x264-snapshot-
20190407-2245-stable);

® CKaTHe TeKCTOBOro (aiina ¢ nomorsio zlib 1.2.11.

B 1abn. 6 mpuBeneHbI pe3ynbTaThl M3MEPEHHUS BPEMEHH BBIIIOIHEHHS TECTOB Ha KOMIIBIOTEPE C
mporeccopoM AMD Ryzen™ 5 4600H (apxutektypa x86-64) n OC Manjaro Linux 23.1.4. Cronber
Baseline cooTBeTcTByeT 3amycKy KOMITWIATOpa ¢ ommueil —02, a cTonbusl -Safe3, -Safe2, -
Safel COOTBETCTBYIOT 3aIlyCKy C YpPOBHEM ONTHMH3aIMU —O2 W COOTBETCTBYIOIIMM KJIaCCOM
3amuThl. Kakmoe 3HaueHne BBIUMCISUIOCH Kak okpyrinérHoe a0 0.01 ¢ cpemnee mo 5 3amyckam.
Taroke 17151 KayKI0r0 ypOBHsI 0€30ITaCHOCTH yKa3aHO 3aMeNICHHE OTHOCUTEIHHO 0230BOT0 BPEMEHH.

Tabun. 6. Pesynomamor uzmepenust npou3gooumenbHOCmu.
Table 6. Performance evaluation results.

Tecr Baseline _Safe3 -Safe3 _Safe2 -Safe2 _Safel -Safel
3aMe/. 3aMeq. 3amen.

GNU Go 393¢c 4.03 ¢ 2.54% 4.26¢ 8.12% 6.66 ¢ 69.04%
LAME 521c 527c 1.15% 490 ¢ -5.82% 13.19¢ 153.40%
fannkuch 2.24c¢ 2.10c¢ -6.25% 2.08¢c -7.14% 2.72¢c 21.43%
X264 1.69¢c 1.81c 7.42% 1.79 ¢ 5.20% 6.32¢c 274.74%
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Teer Baseline —Safe3 -Safe3 —Safe2 -Safe2 —Safel -Safel
3aMe/lJL. 3aMe/L. 3aMe/lL.
zlib 1.54 ¢ 1.63 ¢ 5.88% 1.62¢ 5.87% 240 ¢ 55.60%

W3 mnpencraBieHHBIX JAHHBIX CIEAYET, YTO IPH HCHOJB30BAaHMM 3 WM 2 Kiacca 3allyThl
3ameieHne He mpesbimaer 10%, mpu 3TOM NPOrpaMmbl, CKOMITWIIMPOBAaHHBIE C 2 YpOBHEM
0€30MMacHOCTH MHOT/1a OKa3bIBAIOTCS ObICTpee. DTO MOXKET IIPOMCXOINUTD M3-3a TOTO, UTO B 2 KJlacce,
B OTJIMYHE OT 3 Ki1acca, OTCYTCTBYET 3alpeT Ha 3aMEeHY BBHI30BOB (DYHKIIMH PaOOTHI C MaMSTHIO U3
CTaHAapTHON OMOJIIMOTEKH Ha SKBUBAJIECHTHBIE ITOCIIEA0BATEIBHOCTH MAIIMHHBIX HHCTPYKINH. [Ipu
HCIONIb30BaHMU | Kiacca 3alliuThl 3aMejjieHne coctaBisieT oT 21% no 275%, uro B cinydae x264
npesbIimaer gonyctuMsie 200%.

CylecTBeHHOE 3aMeJicHHE paboThl X264 MOXHO OOBACHHUTH J00ABJICHUEM CaHUTAW3epOM
pointer-overflow OOJIBIIOrO KOJMYECTBA MPOBEPOK INEPEHONHEHUs yKa3aTeneldl — 0e3 Hero
3aMeyieHne coctaBiser 165%. Taxke Obulo 0OHapykeHO, uTo 0Oa3oBas Bepcus x264,
ckomnurpoBanHas Clang, BeInonHsIack Ha 64% ObIcTpee 4eM Ta, YTO ObLIa CKOMITHJIMPOBaHA
SAFEC 11.4.0, mpu 3ToM ¢ 1 ypoBHEM 0€30MacHOCTH BpeMsl paOOTHI MPOrpaMM MPUOTU3UTETHHO
COBMAJANI0, a 3HAYUT NpU cpaBHeHMH 1 kiacca GesomacHoctu Clang c¢ 6a3zoBoii Bepcueit GCC
3amezieHne coctaBuT MeHee 200%.

Kpome Toro, B pe3ysbpTaTe BBIOTHEHNS TECTOB BBIICHUIOCH, YTO CAaHUTal3ep pointer-overflow
B Clang, B ortmune or GCC u ocHoBanHoro Ha HéM SAFEC, naxoaut B GNU Go nepenonnenne
npu 100aBIeHUN OE33HAKOBOT0 YHCIa K yKazaresro. DTo usBectHoe orpanmdenne GCC [18].

5.3. C6opka gauctpmnbytnBa Linux

Kpome TecTupoBaHUsi HECKONBKUX MIPUIIOKEHHUH OT/IENBLHO ¢ NoMollbio OezomnacHoro Clang, 6buia
NpOU3BEICHA OIEHKa NPUMEHHMOCTH O€30MacHOr0 KOMIWIATOpPa € MOMOLIBI0 COOPKH
nuctpubytuBa Linux. Jlst aToit 3amaum Obut BeOpan Alpine Linux 3.18 [19] — auctpubyrus,
OpPHEHTHPOBAHHBIN Ha JIETKOBECHOCTh U 0€3011aCHOCTD, Uctob3ytomuii musl, BusyBox u OpenRC.
Tak Kak B 1ucTpuOyTUBE 1715l COOPKH U3 MCXOIHBIX KOJOB 10 yMor4daHHio ucnons3yercs GCC, To
B cOOpOYHBIH MeTa-nakeT build-base Obu1 qo0aBieH Clang kak 3aBUCUMOCTh U TPOU3BE/ICHA
3aMeHa /usr/bin/gcc, /usr/bin/cc U IOJO00OHBIX q)aﬁHOB Ha CUMBOJIMYECKHE CChUIKH HA Clang.
Taxxe B makeTsl clangl6 u 11lvml6 ObUIM J00aBJIEHBI MaT4d OE30MACHOTO KOMIIIATOpa. B
pe3ynbTaTe ObUIa BHINONHEHA cOOpKa Ka)KIOro MakeTa U3 Pelo3UTOPUEB main M community €O
BCEMH KJIaccaMy O€30IIaCHOCTH: OT He0e30IIacHOro pexuMa 1o 1 Kiacca.

B Tabn. 7 mnsa kaxmoro kiacca 6€30MacHOCTH IPUBEICHO KOJIMIECTBO MAKETOB, KOTOPHIE YAAIOCh
co0paTh, ¥ KOIMYECTBO IAKETOB, Ubs COOpKa 3aBepIImiach OMHOKOH. bompmoe KommdecTBo
makeToB, He coOpaHHbIXx Clang B HeOe30macHOM peXHMMe, BO MHOTHX CIy4asx OOBICHSIETCA
HEBO3MO)KHOCTBIO 3aTPYy3UTh MCXOMHBIA KOJI TAKETOB, a Takke HecoBMecTuMocThio Clang ¢ GCC
13-3a BKJIFOYEHHS TI0 YMOTYAHHIO HEKOTOPBIX MPEAYIPEXKICHUH B KaUeCTBE OMMOOK. Taxke CTOUT
OTMETHTD, YTO MIPUOIN3UTEFHO TPETH OT BCeX MakeToB (2382 u3 6879) He UCTIONB3YyeT KOMIIISATOP
C/C++, mosTomMy B paboTe OHU HE pacCMaTPUBAIOTCS.

Tabun. 7. Pezynomamet coopku nakemos Alpine Linux.
Table 7. Alpine Linux package build results.

Kimace  YcnewHo codpano  Oummdku cOopku

Baseline 3587 910
-Safe3 3581 6

-Safe? 3500 81
-Safel 3456 44

Ha 3 ypoBHe 6e30omacHOCTH HE ynanock coOpaTh Bcero 6 makeToB — B 2 CiIydasx BO3HUKIIA OMINOKa
13-32 TONBITKNA YCTAHOBKM FORTIFY SOURCE B 0 mpu HamuuM -Werror. Emé B oqHOM makere
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BBINIOJIHAJTIOCH YZAJICHUE KIIIOUEBOrO CJIOBAa const C MOMOIIBIO #define const, YTO MeHIaeT
KOMIIMJIAILMH 3arofIoBOYHbIX (aitnos fortified-gynkimit. Tarke B 0IHOM MakeTe, KOMITHIHPYEMOM
¢ -Werror, MPUCYTCTBOBAJIO NMPENYNPEXKACHUE ~Warray-bounds-pointer-arithmetic. Emé
JIBa TIAKeTa OKa3aJIMCh HECOBMECTHMBI C MEXaHU3MOM KOHTPOJISI IIEJIOCTHOCTH CcTeKa. Tak Kak B 2
KJacce 0e30IacHOCTH MPEAYNPEXACHUS U3 3 Kiacca CTAaHOBSTCS OIIMOKaMH, TO HA 3TOM ypOBHE
u3-3a -Warray-bounds-pointer-arithmetic He CKOMIWIMPOBAIUCH 68 MaKeTOB, emE 6 — u3-
3a -Warray-bounds, U 7 U3-3a -Wshift-count-overflow.

B 1 kiacc 0e30macHOCTH BKIIIOYAIOTCS CAaHMTAH3Ephl, M3-32 YEro MOTYT aBapUHHO 3aBEPIINTHCS
MIPOrpaMMBbl, CKOMIIHIMPOBAHHBIE U 3aIyIIEHHBIE BO BpeMst cOOpKH nakeToB. [1o aToii npuunHe He
ynanocs cobpath 39 makeroB. Taxke cOopka 2 TakeroB 3aBepIIMIACh OIMIMOKAMH H3-3a
HECOBMECTHUMOCTH -fsanitize=function ¢ WebAssembly. Emé oauH maker He ymaioch
coOpatb u3-3a -Werror=shift-count-overflow. Kpome TOoro, mpu cOopke maKeToB
community/cabextract M community/libu2f-server Obula OOHapykeHa omuOka B
ucxoguom Clang 16.0.6, npuBonsmas K aBapuiHHOMY 3aBEPLICHHIO KOMIWIATOPaA. BhIsCHMIIOCH,
4T0 OHA ObLIa uctpasieHa B Clang 17.

B aToii paboTe npoBepsIIOCh TONBKO TO, YTO MAKETHI TUCTPUOYTHBA YCIIEITHO COOMPAIOTCS, TaK KaK
TECTHPOBaHUE PAOOTOCTIOCOOHOCTH BCEX MPOrpaMM MOTPEOOBAIO ObI CIUIIKOM OOJNBIIMX 3aTpaT
BpeMeHH. Bbuio mokaszano, uto 96.3% makeroB, cobupaembix HeOezonacHbM Clang, MOryT OBITH
coOpansl ¥ Oe3omacHOi Bepcuel ¢ 1 kimaccom Oe3omacHocTH. Ho HeoOXomumo manbHewiee
TECTUPOBaHKE, TAK KaK MOXKET 0Ka3aThCsl, YTO MHOTHE YCIEIIHO COOpaHHBIE IPOrpaMMBbI HE OyIyT
paborath, HampuMep, W3-3a HAJTMYKMA B HUX HEONPENEIEHHOrO IMOBEACHUs, OOHApYXHBaEMOro
CaHUTal3epamu.

6. 3aknroyeHue

B pamkax nanHo# paboTsl ObUT peain3oBaH Oe3omnacHblil KoMnuisiTop Ha ocHoBe Clang. B pabote
OblTa paccMOTpPEHa KOHLEMIHMsI Oe30acHOr0 KOMIMISATOpA MPUMEHHTETIBHO K HCCICAYEeMOMY.
Bbuti BBIIENCHBI KOMIIOHEHTHI, PEATH3YIONINE YKa3aHHBIC BO3MOXKHOCTH, @ TAKKE PacCMOTPEHBI
TpeGOBaHMs, KOTOPHIM AAHHBIH KOMIWIITOP HE YIOBICTBOPSCT. BbUIo 0OOCHOBAHO peleHHE O
paspabotke OezomacHoro kommmisitopa Ha ocHoBe Clang. Bputn peain3oBaHbl U OMUCAHBI BCE
HeJocTaronme KOMIOHEHTsl. C MOMOIIBIO CO3JAHHOrO 0E30MacHOro KOMIMIIAITOPa  YAAloCh
cobparb Oombinyto 4acTh mnakeroB guctpudyruBa OC Alpine Linux. beuio mokaszano, 4rto
[POU3BOAUTEIHHOCTD IIPOrPaMM, COOPAHHBIX OE30MACHBIM KOMIIMISITOPOM, TIOUTH BO BCEX CITyJasx
YIOBJIETBOPSIET TPEOOBAHMSIM.
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MHCTPYMEHTUpOBaHUs, peannzoBanHas B komnwiarope LCC mis apxurtektyp «Ompbpyc» m SPARC u
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1. BeedeHue

JIJ1st MHOTHX BUJIOB ONTHMU3ALWH, TPUMEHIEMBIX K IPOrpaMMaM BO BpeMs KOMIMJIALUH, TPEOy-
ercst nH(pOopMaIHs O XOJe HCIIOTHEHUS IporpaMMel. CyIecTByeT MHOXKECTBO CIIOCO00B cOopa mo-
oOHOH WHPOPMALINH, B YHCIIE KOTOPBIX HAXOAUTCS HHCTPYMEHTHPOBAHKE MTPOTPAMMBI KOMITHIISI-
TopoM. B 3TOM ciydae mocie 3arrycka mporpaMMbl Ha TPEHHPOBOYHBIX TaHHBIX KOMITHILITOPY CTa-
HOBUTCS IOCTYITHA HH(OPMALIUS O X0/1€ UCIIOIHEHHUS! IIPOIPAMMBI.

KnaccnaecknM siBnsieTcst mpopuInpoBaHue co cOOPOM CUETINKOB AYT Tpada MOTOKA YIIPaBICHUS.
Ho manmbIif crioco6 He maét mHGOPMAIMH MPO KOPPEILAIHI0 MEXIY IMYTIMH HCIIONHEHHS TpO-
TpaMMBI, KOTOpast MOXKET IIOHaXOOUTHCS AJIs1 HEKOTOPBIX ONTHMHU3AIUH. [t penieHns TaHHOTO BO-
IIpoca IPUMEHSIOTCS TPACKTOPHBIE IPO(MIN, B KOTOPBIX COOpaHa CTAaTUCTHKA TPACKTOPHI, KOTO-
pBle IPOXOHIIa IPOTrpamMma.

B manHO# paboTe mpemyioxkeHa peanu3aisl TPAeKTOPHOTO MPOQMINPOBAHIS, IpeIHa3HAYCHHAST
U YITy4dIIeHUs paboTHl CIeMU(PUUECKUX ONTHMI3AINN IS IPOLECCOPOB C apXUTEKTYPOH THIIa
Very Long Instruction Word (VLIW). PaGota cocTouT n3 HeckoIbKHX uacTeil. B pasmerne 2 mpuse-
JieHa peraemast npoosiema. CBs3aHHBIC C TEMOW JTaHHO# paOOTHI MyOJIMKAIIUK OITUCAHBI B pa3/elie
3. Co3naHHbIe 115 pelIeHus IPoOIeMbl aITOPUTMBI OIMCaHBI B pa3zeie 4. B pasnerne 5 npuBeneHs
MOJIyYCHHBIC pe3yabTaThl. HakoHel, B pasnuene 6 moaBeIeHbBI UTOTH COBEPIIEHHOW pabOThI U OIH-
CaHbI TUIaHKI NanbHelmel paboThl Hall TPACKTOPHBIM IPO(PHUINPOBAHUEM.

2. Hedocmamo4yHocmb UHGhopMayuu Kaccu4ecKoz20 npoghuns

Jlist apXuTekTyphl «Qnb0pyc», sBIstouIerics apxutekTypoi tuna VLIW ¢ sBHBIM mapaieni3smMom
HCIIOJIHEHUS KOMAH/l U UMEIOLIEH IIPEIUKATHBII PEKUM UCIIOIHEHHSI KOMaH], CyIECTBEHHO BaXKHA
ONTHMU3AIMS CIUSHUS Kojia (OHa ke if-KoHBepcusi, OHa JKe ONTHMHU3ALMS CIUSHUS albTepHATHB
ycmoswii [15]).

AJ'I]"OpI/ITM ONITUMMU3AINHU CIIUAHUA KOJAa NPEAIOJaracT CJICAYIOIne ,I[CI;‘ICTBPIHZ

1. BeIOOp pernoHa — Habopa y3noB rpada MOTOKA YNPaBICHUS Ul CIUSHHS; CpPEIu
BBIOpAHHBIX Y3JI0B €CTh TOJIOBA PETHOHA, M BCE BXOIbI B PETHOH JIODKHBI OBITh BXOIAMH B
rOJIOBY;

2. nmyOmMpoBaHWE Y3JIOB C BHEIIHUMH BXOJaMH B PETHOH (HE B TOJOBY) U1 OOeCICUCHHS
TpeOOBaHUs B MPEABIAYIIEM ITyHKTE;

3. ciausHue peruoHa B OAHWH THUHICPY3€]T C HUCIOJB30BAHUEM MPEAUKATHOIO peXUMa
HUCIIOJITHCHHUA KOJa, TaKUM 06pa30M MOJy4a€TCsd, 4YTO B THUIICPY3JIE Ha HUCIIOJTHECHHUE
MOCTYHIarOT BCE CIMUTHIC ITYTH, a [0 NpEAUKaATaM IMIPOUCXOAUT BBI60pKa Onepaunﬁ, KOTOPbIC
HeﬁCTBHTeHBHO Ha4YWHAKOT UCIIOJIHATHCA,

4, CHeKnyITI/IBHHﬁ BBIHOC 4aCTHU onepaunﬁ BBEPX H3-TI0J MPCANKATOB.

W3-3a ucnonb30BaHUs IPEIUKATHOTO PEXMMA IIPU UCTIOJHEHUH Ha IIPOLIECCOPAX € MOCIEA0BATENb-
HBIM UCIIOJHeHHeM KoMmaHnz (in-order), Hanpumep, nporeccopax «ab0pycy, ONepalyy noJ OTpH-
LATeIbHBIM NPEAUKATOM 3aHMMAIOT MECTO Ha yCTPOMCTBAaxX UCIOJIHEHHs] KOMaH[, HO HE UCIIONHS-
1orcsi. M3-3a 3TOTO CyIIeCTBEHHBIM TPEOOBAaHHUEM SIBIIIETCSI OTCYTCTBHE B PETHOHE MaJIOBEPOATHBIX
ITyTell HWCIIOIHEHHsI, TaK KaK OHM C BBICOKOM BEpPOSTHOCTHIO OECIIONE3HO 3aHWMAIOT MECTO Ha
YCTPOUCTBAX U P ITOM HETaTUBHO BIMAIOT Ha IJIAHUPOBAHUE KOJA.

JImg KadecTBEHHOTO ONpeAeNICHHsS MaJOBEPOSTHBIX Y3JI0B rpada MOTOKA YHPABICHHS HCHOIB3Y-
IOTCS PE3YNbTaTHl IPOBEAEHHOTO MPOGIINPOBaHNS OO0 TpeacKa3aHHbIN mpodmis. Ho npaBuis-
Hasi KOpPeKIHs mpoduisst Ipu IyOIUpOBaHHUH Y3JI0B JaHHBIM CIIOCOOOM HETOCTHKHMMA, TaK KaK Tpe-
OyeTcs KOppesIus MeXIy TPaeKTOPHSIMH 10 ITyOIupyeMoro y3ia M TPAaeKTOPHSIMH IOCIE HEro.
be3 npaBunbHOM KOppeKuuu mpohuIst Npu AyOITUPOBAHUN HEBO3MOXKHO TOCTHUYB MPABMIBFHOTO BEI-
60pa pernoHOB, TaK KaK HEJIb3s1 KOPPEKTHO OMPEIeIIUTh MAIOBEPOSITHRIE Y3IIBI HA TPASKTOPHSIX I10-
cJ1e IpoayOIMpPOBaHHOTO Y3J1a.
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Ha puc. 1 m306pakén mpumep ydacTka rpada moToka yrnpaBiaeHws], T/Ie KIACCHUESCKHHA MPO(UIH 110
cu€TurKaM JIyT He BCer/a M03BOJISIET ONTHMAIbLHBIM 00pa30M NPOBECTHU CIHSHUE y3J10B. [1ycTh u3-
3a 3aBHCUMOCTEH! B KOJIE MOJIY4aeTCsl TaK, UTO MOCIE CIUSHMUS KOJIa OTIEPALIUH 13 y3JI0B, CBA3aHHBIX
JyraMHu J0 CIUSHHUSA, HE OYIYT CMEIIIMBAThCS, a TUTEIBHOCTD y3JIOB CIIEIYyIOMIasi:

o A — 10 TakToB;
e B —5 TakToB;

e (- 15 takroB;
e D —10 Takros;
e F — 15 TakToB;
e [ — 5 TakrToB;

e G — 10 TakToB.

Taxoke mycTh J00ast mapa y3J0B, KOTOPBIC MO JaHHBIM HE 3aBHCHUMBI APYT OT IPYyTa, MPH IIAHUPO-
BAHUM NapauIesIbHO APYT APYTY HE YBEIUYUBAIOT CBOIO AJIUTEIBbHOCTD.

Puc. 1. Ilpumep yuacmka epagpa nomoxa ynpasnenusi, 20€ K1ACCUNeCKutl npOGuib no cHémyuKram oye He
6ce20a no36osen ONMUMATLHLIM 00PA30M NPOGECHU CIIUSHUE Y3N08.
Hyeu Mapruposamnsl coUMU CuémuuUKamu.
Fig. 1. Example of CFG part, where classic arcs profile does not always allow optimal if-conversion.
Edges are marked with their counters.

B curyamuu, Korna nmpy NCTIONTHEHUH BBITIOIHSAIOTCS TONBKO Tpaektopunt ABDEG u ACDFG no 50
pa3 Kaxxaas, OHH (GOPMHUPYIOT CUETUYMKH YT, KaK MTOKAa3aHO Ha pUCYHKe. B aToM ciryuae 6e3 mHDOp-
MaIl{ O TPAEKTOPISIX KOMITWIISITOP TIPOU3BOANT CIMSHHAE KOAA B THIIEpy3el Kak Ha puc. 2. [Ipepsr-
BUCTHIE TyTH Ha PHCYHKE 0003HAYAIOT 3aBUCHMOCTb I10 TaHHBIM. Y3€ A TeHepHpYeT NPEIuKar p,
y3en D - npenukat pp. Kox y31a B BRIIOTHSIETCS IPH YCIOBUU UCTUHHOCTH MIPEIUKATA P4, KOJ y371a
C BBINIONHSETCA TIPH YCIIOBHUH JIOKHOCTH MPEIHKATa 4. AHATOTUYIHO U Y376l E M ' OTHOCHUTENBHO
npenukara pp. JnuTeabHOCTh TaKOTo THIIepy3iia cocTaBisieT 60 TakToB.
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ITpn Hanuuny UHGOPMALUK O TPACKTOPHAX ONTUMAIBHOE CIMSHHE B THIEPy3el H300paxeHO Ha
puc. 3. B atom ciydae y3en D u nocnenyromue y3isl E, F 1 G 1yOnupyroTcs, HO MaJOBEPOSTHBIC
IMYTH cpeiu NyONMPOBAHHBIX Y3JIOB BBIHOCATCS W3 THIEPY3Jla B OTACIBHBIC «XOJOIHBIC) THIIC-
PYy37bL. JIMTETbHOCTE OCHOBHOTO («TOPSTYEroy) TUIEpYy3i1a COCTaBIsET yxke S0 TaKToB.

(4 2p4)

Puc. 2. Ilpumep yuacmka epagpa nomoxa ynpasienus ¢ puc. 1, ciumoeo 6e3 yuéma mpaexmopuil.
Fig. 2. Example of CFG part from fig. 1 after if-conversion without paths.

1
I

s

[DD ? P:’:'_’ P'DU] [D1 ? .W:—’ Pm]
T T

100% | | 100%

0%, 0%
] I 5
| I

Puc. 3. [Ipumep yuacmka epappa nomoxa ynpasnenus ¢ puc. 1, caumoeo ¢ yuémom mpaekmopuil.
Ha oyeax u3 0ybnuposannozo ysna D omobpasicenvl 6eposmuocmu nepexooos.
Fig. 3. Example of CFG part from fig. 1 after if-conversion with paths.
Edges from duplicated node D are marked with probabilities for control transfer towards them.

Takum 00pa3zoM, I KOPPEKIUHU PO MPH TyOIUPOBAHHUH Y3JI0B B XOAE ONTHMHU3AIUH CITUSTHUS
KoJia TpeOyeTcs TPaeKTOPHBIN NpoQwiis ¢ HHGOpMALUEH 0 KOPPEIALIUIX MEXKIYy TPACKTOPUSIMH 10
IyOMUPYEMBIX y3JIOB ¥ TPAEKTOPUSIMU TOCIIE AYOIUPYEMBIX Y3II0B.

Taroke UIS WHBIX MUKIOBBIX ONTHMU3AIUNA TpeOyeTcs MHQOpMAIHs 0 KOPPEISIIUU TPACKTOPHUl B
Pa3HBIX UTEpAIMAX UKJIIA, a JUII ONTUMH3ANKY inline — TpaeKTOPUH, MPOXOIAIINE Yepe3 Oepaluu
callureturn.

44



lammapos B.E., Heiiman-3ane M.J1. Peannzanus tpaekropHoro npoduianposanus B kommuisitope LCC s nmporeccopoB Dnsbpyc. Tpyost
UCII PAH, 2024, Tom 36 BBITL 4, C. 41-56.

3. Pabombi no daHHOU memamuke

N3BecTtHa padoTa [3], B KOTOPO# MPEIOKEH JISTKOBECHBIN aJITOPUTM cOOpa TPaeKTOPHUii C IPUCBO-
€HHeM Ka)KIOH HeIMKINIeCKOW TPAaeKTOpUHU B (DYHKIIUH WM B IMKIIE YHUKAILHOTO HOMepa. YKa-
3aHHBIA aJTOPUTM JENUT BCIO MPOTPaMMy Ha TaKWe al[MKINYCCKIE YIaCTKH MO TPaHUIAM IIHKIIOB
1 (QYHKITHI U TTO3BOJISIET MOMYIUTh CUETUNK KaXIOW TaKOH TpaeKTOpHH. 3a CUET aNropuT™Ma HyMe-
panum TpaeKTopuii HOMep TPAeKTOPHHU K KOHITY aIlHKJIIMIeCKOTO y4acTKa MOIyqaeTcs U3 CepuH WH-
KPEeMEHTOB CUETIMKA Ha ONpPEHeNEHHBIX NPOHIeHHBIX Ayrax. COOTBETCTBCHHO, HA OOINBIIIMHCTBE
JyT IpOrpaMMBI JIMO0 He co31aéTes oneparuid, 1100 co3naéres eqUHCTBEHHAs Onepanusi HHKpe-
MeHTa cuéTynka. 1 ToJIpKo Ha TpaHuNaxX aluKINYeCKUX Y9acTKOB M (DYHKIMH J0OaBIIeTCs KOJ MH-
KpeMeHTa CYETUMKA UCTIOJTHEHUH [TOJTyYEHHOU TPACKTOPUH.

JlerkoBeCHOCTh NMPHUBEAEHHOTO AJITOPUTMA SIBISETCS €ro MPEUMYIIECTBOM, HO U3-3a pa3fieieHus
KO/Ia Ha allMKINYECKUE YYaCTKH JAaHHBIA coco0 NpoduIMpoBaHus HE MO3BOJISIET HCIIOJIb30BaHHE
JUTSL MEXIIPOIIEYPHBIX M HEKOTOPBIX IIUKIOBBIX ONTHMHU3AIIIHA.

J1st TpaeKTOpHOTO MPOQUIMPOBAHUS METOJIOM, OITUCAHHBIM B [3], OBIIIO CIETaHO HECKOJIBKO YITyd-
nreHuii. B padote [12] 3a cuéT U3MEHEHUS aJIrOpUTMa HyMEPaluU TPACKTOPUH YIAIOCh S CHIIb-
Hee YMEHBUINTh HaKJIaJHbIE PacXoibl HAa NPO(WIMPOBAHHE — B YAYYIICHHOM allOPUTME HWHKpe-
MEHTHI CIETIHKOB OKa3BIBAIOTCS Ha OoJiee PEIKUX TPACKTOPHSIX.

HutepecHoe yinydieHrue 010 MPeIoKeHO B padote [4] 11 CUCTEM, B KOTOPBIX paboTaroInas mpo-
rpaMma HaXOIUTCs TOJ HaOIOICHHEM pabOTAoMIero B APYroM IOTOKE MPOGMIMPOBINUAKA JTHOO
MHBIX NO00HBIX MPoduIMpoBIIUKY nporpamm. Hampumep, B aToli crathe ucnons3yercs JIT-kom-
MUJISITOP, 3aHUMAIOLIUHCS NPOQUINPOBAHUEM MPOrpaMMBbl. B 3TOM cilydae BMECTO yBEIMYEHUS
cu€TUrKa ISl KOHKPETHOTO ITyTH, YTO aBTOPBI CYUTAIOT JOPOTOCTOAIICH oTepanueii, mpopuiIupos-
MK TI0 CHTHAJY OT MPOTPaMMBI B MECTE 3aIIFICH ITOJTydaeT U3 IPOrpaMMbl HOMED ITyTH U Jajiee yxKe
caM 3alKChIBacT MONydeHHYI0 HHpopMalmro. Takum o6pa3oM, HaKJIaJHBIC PacXOIbl Ha 3alUCh HO-
Mepa TPpaeKTOPUH MePEKIIabIBAIOTCs Ha MPOQHIMPOBIIHUK.

Emé onnH criocod yMeHBIICHHUS HAKIAJHBIX PacX0J0B Ha MPOQIINPOBaHUE MPEITIOKEH B paboTe
[2] mis MHOTOSIAEPHBIX CHCTEM, TJE MPEIaraeTcs BEIIONHATh HECKOIBKO AK3EMIUIAPOB P O(HITH-
pyeMoii mporpaMMBbI MapajlieNIbHO, U B K&KIOH M3 HIX HHCTPYMEHTHPOBAThH pa3HbIC YacTH. TakuMm
00pa3oM, HaKJIaJHbIe PacXo/Ibl Ha NPO(UIMPOBAHHE PA3IEIISIOTCS MEX/Y Pa3HbIMHU IK3EMILIIPAMH.
B pabote [8] npemnoxkeH cmocod 0000IIeHNS TPACKTOPHOTO MPOQIIHPOBaHUs s cOopa B TOM
YHCIIe MEXIIPOLEAYPHBIX TPACKTOPUH, HO UL STOTO CTPOUTCA cymeprpad (To ecTs rpad MmoToka
yIpaBieHUs Ui BceX GYHKIUH cpasy ¢ JyraMu 1o BeI30BaM (DYHKIIHIA), a Ha AyTrax CTposTcs Oonee
CJIOXKHBIE BBIYMCIICHUSI, 4eM MHKPEMEHTBI CUETUMKOB. DTOT NPOQUIE MOXKET OBITh UCIIOJIB30BaH IS
ONTHMU3AIMU YaCTUYHOM ITOJICTAHOBKHM KOJ/Ia BhI3bIBaeMbIX QyHKLM. Ho npu MHCTpyMEeHTHpOBa-
HUH OOJNBIINX IPOTPaMM MOXKET HE XBaTaTh ONIEPATUBHON AMSTH, TaK KaK CTPOUTCS cymeprpad.
B pabote [13] mpemioxkeHa uaest pas3aesaTh MPOIEAyPY HAa HEPAPXUI0 BIOKEHHBIX MoArpados u
npoHINPOBATH TPACKTOPHH B moArpadax He3aBUCHUMO. D10 1mo3BossieT B JIT-koMnuisitopax ruOKo
coOHMpaTh TOIBKO HY)KHYIO HH(OPMAIHIO U B pa3yMHOE BpeMsI IPHHUMATh PELICHHUS O MePEKOMITH-
JSIAH y9acTKOB KOJla Ha OCHOBAaHUH TAKUX YaCTUYHBIX TPACKTOPHBIX MPO(UICH.

B pa6ore [11] cnenan moaxo k cOOpy TpaeKTOpHiA pa3HBIX UTEpalliii IUKJIOB (MaKCUMaIbHON JIJTH-
HOW k aIMKIMYEeCKUX TMOATPACKTOPHUHA, TI0 OXHOW HAa WTEPAIUIO) IJIS ONMPEACTICHHUS KOPPEIIAIUi
MeXIy HUMH. B manHo# paboTte A KaKIoro MUKIIa MPeIokKeHO COOMpaTh COOCTBEHHBIE KOJIICK-
[IUU TPACKTOPUH JJIMHOW k mreparuii. Ho MOMHOIIEHHO JaHHBIN MOX0]] yIajloch pa3BUTh B padoTe
[6]. Tam mpennoxen Oomnee OOIMUI aNTOPUTM, TO3BOJISTIONIUHN ISt KAXKI0H QYHKIIMK COOUPATh KOJI-
JIEKIUH TPAeKTOPHH JIIMHON k alMKIMYecKuX nojarpaekropuid. Oba moaxosia NO3BOJISIIOT BEISIBUTD
KOPPEIALUT MEXy Pa3sHBIMHU UTEPAIFSIMI IIKJIOB HAa PACCTOSIHUM 110 k - [ UTepanuii.

WHoii Bun npoduisa npemioxkeH B crarbe [14]. Tam aBTOpHI MOCTaBIIIN IENIb YAYYIIUTH PACHONo-
JKeHue 0a30BBIX OJIOKOB IPOrPaMMBbI, B TOM YUCIIE C OMOIIBIO X TyOIHPOBAHUS, IS Yy YIICHUS
paboThl peackazaress nepexonos. s 3Toro oHu codbuparoT npouIl TPAeKTOPH, MOTOOHBIH cO-
OupaemMoMy B mpeJickasatese rnepexonoB [9]. TpaeKTopHs COCTOMT M3 JaHHBIX VIS K MPEAbLIYIINX
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omepanuii branch mepex TeKymeH, B KOTOPBIX COXpaHsAeTcs HOMEp 0a30BOro 610ka, B KOTOPOM
OblIa omepaiys, ¥ pe3yabrar: MPOU30IIEN WIH He IPOU30LIEN repexo. [ Kakaoi Takoi Tpaek-
TOPHUHU COOMPAIOTCS ABA CUETYHMKA: CKOJIBKO pa3 UCTOPHS MPOM30IILIA U CKOJIBKO pa3 U3 HUX branch
npuBén k mepexony (branch was taken). Ha ocHOBe 3THX JaHHBIX, COOpaHHBIX B IEPEBO IS KOXKIOH
onepauuu branch, Iud KaXa0ro y3ia ¢ onepauueil branch npou3BoguTCs NpeacKa3aHue, Kakue
BapUaHTHl TaM BO3MOXKHBI: IIE€PEXO/ MPOUCXOIUT, HE MPOUCXOJUT WIIM BO3MOXKHBI 00a BapHaHTa.
V31b1, 11 KOTOPBIX MPECcKa3aTelb MOXKET AaBaTh 00a BapHaHTa, JyOIUPYIOTCS TaK, 9YTOOBI Ipe-
CKa3arellb ePeX0/I0B PEAKO Jejaj HeBEpPHbIE IPeICKa3aHusl.

Emé omma BuA TpaekTopHOTO Mpodws, MpeasioxKeHHsIH B padote [10], TpebyeT mmpokod mon-
JIEP’KKU CO CTOPOHBI ammaparypsl. B nanHoi paboTe 3a 0CHOBY IpoQuIIs B3siTa KOMOMHAINS U3 OH-
TOBOTO BEKTOpa Pe3y/bTaTOB Ollepannii branch Ha JaHHOM AUKJINYECKOM yJacTKe KOAA U TOIy-
YEHHOTO aNapaTHO CYETUNKA BPEMEHH B TAKTaX, KOTOPOE 3aHSI0 KOHKPETHOE HCIIOIHEHNE Y4acTKa
koza. Ha ocHOBe TakuX JaHHBIX ONPENENSIOTCS Bapuallii BpEMEHH UCTIOJHEHUS KaXJI0H TpaeKTo-
pun B mporpamme. Eciu Bpemst BBITOTHEHUSI KOHKPETHBIX TPAeKTOPHH KOHKPETHOTO ydJacTKa KoJa
CHJIPHO BapHaTHUBHO, TO MOYKHO CUHTATh, YTO 3TOT YJacTOK KO/ia HEOONTUMH3NPOBaH. B cTathe He
MIPE/IIOKEHO CIIOCOO0B aBTOMATHYECKOTO HCIIOIBb30BAHUS PE3YIBTaTOB NpO(UIMpoBaHus, KpoMme
MIPUOPUTHU3AIUN YIACTKOB KOAA JJId ONITUMHU3AlIUU.

IMoxneprxka coOnpaeMoro anmnapaTHo TPAEKTOPHOTO MPOQHIIS MpeaokeHa kommanuei Intel u wc-
oJb3yeTcs, HarpumMep, B yrimte BOLT [9]. Anmapatypa cobupaeTt nocieHue & pOu30IIeAIIIX
nepexoqioB B (¢opMmare (OTKyoa — Kyna) B creruainbHbIi Oydep (peructp) LBR, u 310 mo3Bomser
IporpamMMe Win Npo(uIMpoBIIMKY HONTYYUTh 3TH JaHHBIE U, TepeBes B BuA y31oB CFG, momy4nTs
TpaekTopun B nporpamme. B yrunmnte BOLT naHHbIE BO3MOXKHOCTH MCIHONB3YIOTCS AJISL PACIIONo-
XKeHUs 0a30BBIX OJIOKOB IPOrpaMMBbl B ONTUMAIBHOM HOPSIIKE.

Jnsa apxurtexryp 06e3 LBR mpemmoxen crmocod codmpars Tpaccel B ToM ke (opmare B padote [7],
XOTSl B LIEJAX YMEHBIICHHS HAKIAIHBIX PACXOMOB 3TO CleNaHo B (hopmare caMIumpoBanusa. Bo
BpeMsi OCTAaHOBKH JJis1 cOopa coMIuIa cOOp OAHON TpacChl JIMHOM k POUCXOANUT B HECKOJIBKO ATa-
noB. CHavasa, HauuHasi ¢ aipeca TeKyled KOMaH/Ibl, IPOUCXOAUT MOUCK k TIOCIIEAYIOLIUX ONepaluii
nepexoza. Eciu onepanust 6e3yciioBHasi, TO OHa JEKOAUPYETCS U COOTBETCTBYIOIIAs 3allUCh 100aB-
nsiercsi B Tpacey. Eciti ske onepanyst HaXOIUTCs MO YCJIOBUEM, TO Ha He€ CTaBUTCS TOUKa OCTAHOBA,
W TporpamMMa HpoJI0JKaeT HCIHoNHeHne. Bekope mporpaMma OyzneT OCTaHOBJIGHA HAa 3TOW TOUKe
OCTaHOBA, U TOT/IA TIOSIBUTCSI BO3MOXKHOCTD BBISICHUTB, IIPOM30HAET TaM mepexox 1ubo Het. B mep-
BOM cJIydae B Tpaccy J100aBisIeTCsl COOTBETCTBYIOMIAsl 3aMCh. B 000MX cirydasx MOXXHO HPOAOII-
KHTh COOMPATh TPACCY aHAIIOTMYHBIM CIIOCOOOM, ITOKa B Tpacce He HabepyTcs k 3amucei.

4. PeannuzogaHHOe mpaeKmopHoe npogurnuposaHue

B pamkax maHHOM pabOTHI peaan30BaHO HHCTPYMEHTHPOBAHHUE B ONITHMHU3UPYIOIIEM KOMIIHIISTOPE
LCC pmns mpoueccopHbIX apXuTeKTyp «map0pycy» 1 SPARC u 6mbnmoreka moamepkku it cobopa
NpOQUIBHBIX JaHHBIX.

Bua cobupaemoro npoduiist BBIOpaH Ha 0cHOBe paboThl [14], HO ¢ CylIECTBEHHBIMHU OTIMYUSIMH:

e TaKk Kak B o0mleM ciy4ae y y3ia rpada IOTOKa yIpaBieHHS MOXeT ObITh Oonee 2
MCXOJSIIIHUX YT, OAHOOUTHBIH (hy1ar NpON30MIEIINX WIN He TIPON3OLIEANINX IIEPEX0I0B He
MO/IXOMT, MO3TOMY IJISl MACHTH(UKALMK UCXOISIIEH Ty BHIOpaH HOMEp BBHIOpaHHOM
UCXOJSIIEH IyTH;

® B XO0J¢C ONTUMMU3AILNU CIUAHUA KOJAA TPOUCXOAUT I[yGJII/IpOBaHI/IG Y3J1I0B ¢ MHOKECTBEHHBIMU
BXOJAHBIMH JyTaMH, COOTBETCTBCHHO [JII KOPPCKIUH HpO(l)I/IJ'IiI ocCJle Hy6J’II/IpOBaHI/IH
HOTpC6yeTC${ pa3anvaTb TPACKTOPUM AJI Pa3HbIX BXOAHBIX AYT; U3-3a 9TOI'0 IOMUMO Y3JI0B
C MHOKECTBCHHbBIMU BBLIXOJHBIMH AyraMu IIPOUCXOAUT C60p y3JI0B C MHOXCCTBCHHBIMU
BXOJAHBIMU AyTraMH;
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e I KOPPeKIUH NMpOodWiIs HYKHA HUCTOPHUS TOCIE y3JIa C MHOXXCCTBEHHBIMH BXOIHBIMU
OyTaMH, TIOATOMY COXpaHsSeMBbIe TPACKTOPUHI UMEIOT CIIEIyFOIINil BU;

® 71 Y3JIOB C MHOKCCTBCHHBIMHU BBIXOJHBIMHU Jyram (Jalie BCero ¢ omepamnusiMu branch),
JUIA KaKIIOTO yKa3aHa KOHKPETHas WCIOJHCHHAs Iyra; OyaeM Ha3blBaTh 3Ty 4YacTh
«npeoduecmsyouett mpaekmopueiy;

® y3€J C MHOXXECTBEHHBIMU BXOAHBIMU OYTraMu,

® [ y3JI0B C MHO)KCCTBCHHBIMH BBIXOJHBIMH ITyTaMH, I Ka)XIOTO yKa3aHa KOHKpPETHAs
WCIIOJIHEHHAs1 1yra; OyAeM Ha3bIBaTh 3TY YaCTh «HOCAedyIoujell mpaekmopueiy.

HazoBém «yznamu cxoocoenusny (TakxKe MPOCTO «CXOAHCOCHUAMU») Y3ITBI C MHOKECTBEHHBIMHU BXOJI-
HBIMU yTaMH U HCIOJTHEHHON KOHKPETHOM yToil cpenu AaHHBIX BXOIHBIX, a «V3IaMU pacxodcoe-
Husy (TAKKe TPOCTO «PACXONCOCHUAMUY) — Y3TIBI C MHOXKECTBEHHBIMHU BBIXOAHBIMHU JAYTaMH M HC-
TIOJTHEHHOW KOHKPETHOMN JyTOW CpeAr JaHHBIX BBEIXOAHBIX. TakuM 00pa3oM, COXpaHSIOTCS TPaeKTo-
PHH U3 71 PACXOXKJICHUI 110 CXOXKJICHHUS, CAMOTO CXOXKACHHS M K PACXOXKICHUH MOCIIe HETO.

B 11em11x BO3MOXHOTO OyAyIero NpuMEeHEHHs JaHHOTO NPO(WIIs JUIs MEXIIPOLEAypHbBIX ONITUMHU3a-
U, HAIlpUMep, YaCTHIHOH TOACTAaHOBKH KOZA BHI3BIBAEMBIX (PYHKIIHIA KaK B pabote [8], Ha coOu-
paemble TpoQHIN HE HAKIIabIBACTCS] HUKAKUX OTPaHUYICHUH Ha BXOXKCHNE COCTABIAIOMINX UX Yy3-
70B Tpada MOTOKA yNpaBIECHHUS B pasHbIe Hpouexypbl. V3-3a 3TOro I y3/10B pa3HBIX (YHKIUH
CTPOSTCS YHUKAJIbHBIE UICHTU(HUKATOPHI AJIsl OMHO3HAYHOTO OIpesesieHns y3i10B. Vnentudukarop
y3J1a ¢ ayroii (BXoasmei 1100 NCXOAAIIeH) COCTOUT U3 CIEAYIONINX YacTeH:

®  UICHTU(DHUKATOP CIUHUIIBI TPAHCIISIINY;

e yiacHTUGUKATOP PYHKIHUH B SAUHUIIC TPAHCIIAIUH,

® YHUKaJbHBIH HOMEp y37ia BHYTpHU rpada motoka ynpasiaeHus: QyHKIHH (BEIOpaH HOMED 110
RPO-mymeparun);

®  VHHKaJbHBINA HOMEp TyTH.

Co3naHHble BO BpeMsl KOMIIWISALUH UACHTH(UKATOPI MHUI] TPAHCIISAMK U QYHKIUHA 3aIichiBa-
IOTCS B CIICIMAJIBHBIHN (aill MeTaaHHBIX IS HCIIOIB30BAHUSA BO BPeMs NMPHUMEHEHHsI COOpPaHHOTO
TPaeKTOPHOTO pOduIIs.

4.1 HeonTMMN3npoBaHHOE NMHCTPYMEHTUPOBaHUE

AJ'IFOpI/ITM WHCTPYMEHTHUPOBAHUA BO BPEMSA KOMITUJISAITUA OHHOﬁ C€AWHUIBI TPAHCIIAIIUNU COCTOUT U3
CJICAYIOIHNX 3TAIlOB:

1) nas  xaxmod (GYHKIMH B €IUHUIE TPAHCISALUUM CTEHEPUPOBATh  YHUKAJBHBIM
UACHTU(PHUKATOP; IUIA ATOTO MOAXOMUT IMPOCTOE HAa3HAUCHUE KaXIOW HOBOHM (yHKIHMH
[IOCJIE0BATENbHBIX LIEIBIX HEOTPULIATENIbHBIX YHCEIT;

2) nust Kaxaou (GpyHKIUK:
1. c6op y3JI0B CXOXKIEHHS M PACXOXKICHHS C 3aIIOMHHAHUEM HX HICHTH()UKATOPOB; TO

JACJIacTCA AJi TOrO, 4TOOBI CO3J1aHHBIC BO BpEM HHCTPYMCHTUPOBAHUSA y3JIbl U 1YTH HE
BJIMAJIA HA CO6I/IpaeMBIe B HpO(l)I/IJ'Ie JJaHHBIC,

2. HETTOCPECACTBEHHO MHCTPYMEHTUPOBAHUE KAXKIOTO y3JIa CXOXKIACHUA U PACXOKIACHUA.

B 00bI19HOM CiTydae WHCTPYMEHTHPOBAHHE y3JIa PACXOKICHHS MPEAIONaracT BCTABKY Ha KaXKIOH
UCXOAIICH Tyre BhI3oBa GyHKINH TraceDivNode n3 OMOIHOTEKH MOIACPKKH, KyAa ITOJAIOTCS
UACHTH(PHUKATOPHI SUHUIIBI TPAHCISINA, GYHKIINH, y3JIa U TaHHOW UCXOAIIeH Jyriu. AHAJIOTHIHO
MIPOU3BOIUTCSI HHCTPYMEHTUPOBAHUE y3J1a CXOXKAEHUS — BbI30BbI TraceConvNode ¢ mapaMmer-
pamu B BUJEC WACHTU(PHUKATOPOB €NUHUIIBI TPAHCIISINH, PYHKIINH, Y3714 U TaHHON HCXOJSIIECH IyTH
BCTABJISIIOTCSL HAa KaXKJIOM BXOSILIEH yTe.
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HcximoueHne — ciy4au, KOraa Ha Ayre Heslb3s BCTaBIATh HUKAKoro koxa. Hampumep, Takoe mpowc-
XOIMT Ha JIyrax, COCOUHSIOINX y3€l C MOTEHINAIBLHO BBI3BIBAIOIINM HCKIIFOUCHUS BBI30BOM C y3-
J0M 00paboTunKa MCKIIoYeHNUs. B Takux ciaydasx TpebyeTcs crienuanbHasi BEpCHs HHCTPYMEHTH-
poBanusi. 715 y3710B pacXoKICHUSI HHCTPYMEHTUPOBaHKE BBIISAUT CIEAYIOIMM 00pa3oM:

1) B y3em ¢ MHOXECTBCHHBIMH BBIXOHaMH HOOABISIETCS 3aMiCh HACHTH(HKATOpa y3ia B
CIELHaTbHO CO3aHHYIO0 BPEMEHHYIO IIEpEMEHHYIO;

2) BoBoB TraceDivNode, rme B MapamMeTpax HaxXxOAUTCS 3HAYCHHEC BPEMCHHOI
MEPEMEHHOM, BCTABIISIETCSI HMKE MO rpady MOTOKA YIPaBICHUS OT AYTH HACTOJIBKO PaHO,
HACKOJIBKO 3TO BO3MOXKHO.

AHANIOTWYHO U 1UIS1 Y3JI0B CXOXKICHUS:

1) B y3sen mepej Ayroii BCTaBISACTCS 3alKMCh HACHTU(DHUKATOPA IYTH B CHCIHATBEHO CO3AaHHYIO

BPEMEHHYIO IEPEMEHHYIO;

2) Be30B TraceConvNode, rae B I[apaMerpax HAxXOOWTCS 3HAYCHHC BPEMEHHOI
MEepEeMEHHOM, BCTABJISIETCSI HUKE 10 Ipady MOTOKA YIPaBJIeHUs OT AYyTH HACTOJIBKO PaHo,
HACKOJIBKO 3TO BO3MOXKHO.

Takum 00pa3zoM, Ha KaXIOW BXOTHOW IyTe y3JIOB CXOKICHHUS M HAa Ka)KIOH BBIXOIHOW IIyTe y3IIOB
pacxoxeHus (JTM00 PSIOM ¢ HUMHU) OKa3bIBACTCS M0 BHI30BY (DYHKIMK M3 OHUOIMOTEKHU MOIICPIKKH.

4.2 HeonTumMnanpoBaHHaa 6MGnNMoTeKka noanepPKK1
B 6ubnuoTeke moIepKK HaXoaaTes 1Ba Oydepa:
e Oydep y310B pacXOXKICHHS;
e Oydep y3/10B CXOKICHUS.
JIist KaXK/I0TO y371a CXOMK/ICHHST XPAHUTCSI MHACKC CICAYIOIIEr0 BO BPEMEHHU y371a PACXOKACHHS IS
TOTO, YTOOBI KOPPEKTHO OMPENENATh Hy KHbIE TPAeKTOPUH.

@ynakunn TraceConvNode u TraceDivNode 3anoiHAOT 3TH Oy(deps! 10 TeX Mop, NOKa ONH
u3 OydepoB He 3aNOTHUTCS. 3aTeM MPOU3BOJUTCS YACTHYHOE 3allOJHEHUE CTATHUCTUKH, TIPU KOTO-
poM Tpoucxoaut 06xon Oy(hepoB, MOCTPOCHUE BCEX HAXOASAIIMXCS TaM HAKOIJICHHBIX TPAEKTOPHA
U MHKPEMEHTBI CUETUNKOB AJIS1 KaKIO0U U3 HUX.

IToa06HBI# CITOCOO MTPOMEKYTOYHOTO COXPaHCHHUS HH(POPMAIHHK T COOpa TPACKTOPHUI TTO3BOJIAET
uMeTh J1Ba Oy(depa Ha BCIO NpoduiImpyemMyro mporpaMmy M coOHparh TPaeKTOPUH, BKIIIOYAIOIIUE
CXOXKACHUSI M PACXOXKICHUS U3 PA3HBII0 QYHKINH U eIMHUL TPAHCIISIIIUH.

CrarucTuka XpaHuTCs B BUJIE BIOXKEHHBIX X3II-Ta0NHNII;

® KJIIOY MEPBOI0 YPOBHA — CXOXKACHUEC, TAKUM 06p330M, BJIOKCHHAas Ta6J'II/ILIa HNMECT CMBICI
CTAaTUCTUKU JId JAHHOI'O CXOKACHUS; HAIPpUMEp, MJIA IIpUMEpa HAa pUC. 1 BO3MOXKHBIE
KIIIOYH:

o y3en D c nyroii BD;
o y3en D c nyroii CD,
o y3en G c nyroit EG;
o y3en G c nyroii FG;

e KIJIOY BTOPOTO YPOBHS — NPEALIECTBYIOIIAs TPACKTOPHS; TAaKUM 00pa3oM, BIOKCHHAs
TabIMIma MMEeT CMBICH pacHpefeiIeHNs] CUYETYMKOB IS JAHHOM IpeaIIecTBYIONMEeH
TPAeKTOPUH; HAIIpUMeEp, JAJIS IpuMepa Ha puc. | U cXokaeHus B Buze y3ia D ¢ gyroit BD
BO3MO)KHBIH KJTFOY JUTMHBI | €IMHCTBEHEH — y3en A ¢ nyroit AB;

® KIJIIOY TPETHETO YPOBHSA — MOCIEAYIOMIAs TPACKTOPHS; 3HAYCHNE — CUETINK; HAIIPUMED, JUIS
npuMepa Ha puc. 1 ams cxoxaeHus B BuAE y3na D c¢ nyroil BD u mpenmecTByroen
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TPAaeKTOPUHU U3 OJTHOTO PACXOXKACHHS B BUAIE y3i1a D ¢ ayroi BD BO3MOXKHO CJeayroliee
COCTOSIHUE TaOIHUIIBL:

o KJIIOY — pacXoXkeHue B Buje y3na D ¢ ayroit DE, 3HaueHue — cuéruuk 10;
o KIIIOY — pacXokIeHue B Buje y3na D ¢ ayroit DF, 3HadeHme — cuétank 40.

COOTBETCTBEHHO, JUISl OUEPEIHON TPACKTOPHUHU [UI HHKPEMEHTA CUETUNKA JOCTATOYHO HAWTH WIIH
CO3/1aTh €ro B TPEXypOBHEBOI1 TabIuIIe.

ITomoOHOE mpencTaBleHNE CTATUCTUKH MO3BOJISIET JIETKO ITOMYIHUTh YCIOBHBIE BEPOSITHOCTH MOCTIE-
JIYIOIMX TPAeKTOPHH B 3aBUCHMOCTH OT IpeAmecTBytomux. Hanpumep, s ykazaHHOTO OIS Tpe-
TBETO YPOBHS TAaOIHUIIBI IPUMEPa YCIOBHBIE BEPOSTHOCTH UcHonHeHNs 1yr DE 1 DF nipu yciaoBUn
MIPOU3OLIEIIENH MPEALIECTBYIOIIEN TPAEKTOPUH U3 OJHOIO pacXoXkAeHuUs B BUE y3ia D ¢ nyroit BD
U CXOXJEHUs B BUJE y3i1a D ¢ nyroil BD cOCTaBIIAIOT:

o nyru DE - 20%j;
e nyru DF - 80%.

U3-3a Oydepuszanuu MOTYT OBITH MOTEPSHBI HECKOJIIBKO TPACKTOPHI Ha Kpasx Oydepa cXOKAeHHUI
WM PACXOXKICHUH. [0 MOTepSHHBIX TPAacKTOPUH TeM MeHblIe, YeM Ooiblie pasmep Oydepos.
Taxoke U3 cooOpaskeHHH ONTUMATEHOCTH PabOTHI KAIlIa HHCTPYKLHUH U IIMKIOBBIX ONTUMHU3aLIH ISt
uKiTa 00padotku OydepoB mpennodTuTensHBI 6onbmme Oydepsl. BeiOpaHs! pasmeps! 6ydepos mo
2% 371eMEHTOB: OHM JJOCTaTOYHO OONBLIKE M B CyMMe 3aHMMAIOT B HaMATU Hpouecca okoio 0,5 I'6,
YTO SIBJIACTCS MPUEMIIEMOM Harpy3KoH Ha MaMsATh IPOrPAMMBEL

4.3 OnTnMmusaums

HccnenoBanne HaKIQAHBIX PACXOI0B Ha MPO(HUINPOBaHNE HEONTUMHU3NPOBAHHBIX BEPCHI HHCTPY-
MEHTHPOBaHUSI 1 00pabOTKHU 110Ka3ajo, YTO HAHOOINbIEe 3aMeUIEHHE JTOCTUTAETCsl M3-32 BHI30BA
¢byHKIMH OMONMOTEKH MOACPKKU HA KaXI0W HHCTPYMEHTHPOBAHHOM JIyTe, TOra KaKk BHYTPH TH
(hyHKIUY B 0OBIYHOM CITy4Yae TOJIBKO MOTIONHIOT COOTBETCTBYOIIHE Oyhepbl. COOTBETCTBEHHO, IS
yCKOpeHHsI paboThl TpeOyeTCsl Kak MOYKHO CHIIbHEE YMEHBIIUTh KOJUYECTBO BHI30BOB OMOIHOTEKH
HOIEPKKH.

Juist aTOrO B CaMoil nporpamMMe Ipyu MHCTPYMEHTHPOBAHUH CO3/Ial0TCS Oy(hephl Y3II0B CXOKACHHS U
pacxoxxaenus. Ho ams toro, 9To0bl B MporpaMme 0Ka3ajloch TONBKO MO OZHOMY Oydepy Kakmoro
BUIa, IPOTpaMMa JIOJDKHA coOupaThest B pexkume —fwhole mwmm —f1lto.

Ha nHCTpYMEHTHpPYEMBIX AyraXx BMECTO BHI30BOB OMOIMOTEKH MOAJEPIKKH CTPOUTCS CHIENNAIIBHBIH
KO JUTSI TIONOTHEHUsI Oy(hepoB U PEIKOTO BHI30BA (QYHKIMH M3 OMOTHOTEKH MOMICPIKKH s 00pa-
60TkM Oy(hepoB ¥ MOTIOJHEHUS CTATUCTUKH. DKBUBAJICHTHBIH KOJ MHCTPYMEHTHPOBAHUS Ha S3bIKE
Cu mpencrasiedH Ha puc. 4 u puc. 5. B 3tux nmpumepax Oydepbl CXOXKISHHH U PAaCXOKICHUH
conv_buffer pasmepoM max conv_size u div_buffer pasmepoM max div_ size.
Tarke B HaHHBIX IpUMepax CUETYMKU aKTyalbHBIX pa3MepoB OydepoB - conv _size u
div_size.

Taknm 00pa3zoM Ioydaercsi, YT0 BMECTO BBI30BOB (PYyHKIMH OMOINOTEKH MOIIEPKKH Ha KasKI0H
MHCTPYMEHTUPYEMOH Jyre BBI30BBI IMPOMCXOMAT B cpefHeM | pa3 Ha max conv_size wim
max_ div_size NPOXOkKJIEHUH MHCTPYMEHTHPYEMBIX YT 3a CYET nepeHoca 6y(hepoB CXOKAEHUI
1 pacXOXKJICHUH 13 OMOTUOTEKH TOAACPKKN B IPOGUIUPYEMYIO IPOTPaMMYy.

[TomMurMO 3TOTO, UMEIOTCS M ONTUMHU3AINH B CaMOi OMOIHOTEKE OAICPIKKH:

® DOKCHEPUMEHTHI TOKa3ajdH, YTO KOJMYECTBO YACTBIX TPACKTOPHH [0 M TMOCie Yy3ia
CXOXIICHHSI Majio; TaKUM 0Opa3oM, X3II-TabIHIBI BTOPOTO M TPETHETO YPOBHS MOXKHO
3ameHnTh Ha TNV-taGmuubl [5] — MaccuBbl (UKCHPOBaHHOTO pasMepa W3 KIIOYEH,
3HAUYEHUH U CYETUNKOB, II€ IPH YBEIMUEHUH CUETUNKA JIEMEHT MOXKET "BCILIBITh' HA OJHY
TIO3UIIMIO BBILIE; TIPH MCIIOJIH30BaHUH MEPHUOANYECKON OYMCTKH HIDKHEH (Ooiyee peakoi)
TIOJIOBHHBI TAKOH TAaOJIMIBI M TIPH YCIOBUH, YTO KOJIMUECTBO YACTHIX 3JIEMEHTOB He Oojee
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moJIOBUHBI pazMepa TNV-TaOiuIel, BEPOATHOCTh YIYCTUTh KAKOKH-TO YaCTHI DIIEMEHT

CTaHOBHTCS KpalHe MaJloi;
if ( conv_size
TraceBunch (

conv_size =

div size =
}
conv_node.modul
conv_node. func
conv_node.node
conv_node.edge

>= max_conv_size ) {
conv_buf,
conv_size,

div buf,

div_size );

0;

0;

e = module id;
func id;

= node_ 1id;

= edge_ 1id;

conv_buf[conv_size] .node
conv_buf[conv_size].next div

conv_node;
= div_size;

conv_size++;

Puc. 4. Koo uncmpymenmuposanus, co30agaemviii Ha 0yee Y31a CXOHCOEHUs.
Fig. 4. Instrumentation code, placed at every edge before CFG node with multiple predececcor edges.

if ( div_size >= max div_size ) {
TraceBunch( conv_buf,
conv_size,
div_buf,
div_size );

conv_size = 0;

div_size = 0;
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}

div_node.module = module id;

div_node.func = func_id;
div_node.node node id;
div_node.edge = edge_ id;

div_buf[div_size] =
div_size++;

div_node;

Puc. 5. Koo uncmpymenmuposanusi, cozoasaemulii Ha 0yee y3ia PAcxoicOeHus..
Fig. 5. Instrumentation code, placed at every edge after CFG node with multiple successor edges.

Ha MEPBOM YpOBHE TaOJHIBI BBEACHA PEryisipHas GUIBTPALMS PEIKUX Y3JIOB CXOXKIACHUS
TakuM 00pa30M, 4TOOBI 32 BCE BpeMs IPOPUIMPOBAHUS CYMMAapHBI CUETUHK yAaIEHHBIX
TPaeKTOpHUH cocTaBui okono 1%:;

HaWBHas peanu3anys J00aBICHUS TPACKTOPHH IMPENIoiaraeT akTUBHOE CO3JIaHUE KOTIHI
JIAHHBIX, XOTS OHHU TPOJOJDKAIOT XpaHUThCS B Oydepax; akKypaTHOE HCIOIb30BAHUE
nepenadn ykasatenei (C KOmMpOBaHUEM JTAHHBIX TOJBKO B KIFOUW TAOIWIIBI) U PACKIaAKH
kimodeid B TNV-Tabnumax B mamMsaTH MOAPSA MO3BOJIMIIO CHU3UTH MOTEPH Ha aJUIOKaIUH,
JIeaJUTOKAIUHN B KAUI-TIPOMAaXH JI0 TIPUEMIIEMBIX;

Jno0aBiieHa BO3MOXKHOCTB pa3pekeHHs ToiydaemMoro mpodmwis ¢ dakropom N:
obpabareiBaeTcs TOJNBKO oaMH Habop m3 N OydepoB; Takxke a00aBlieHa BO3MOXHOCTH
paspexenusi ¢ pakTopoOM, PACTYILIMM I10 MPOCTHIM YUCIIAM;

oOpaboTka Oydepa y3JI0B pacXOXKICHHS CIellaHa MapaUIeIbHON: KaKIBIH ITOTOK
UCTIOJTHEHHS (BCETO UX KOJHMYECTBO PaBHO YHUCIY sIIep MpoIeccopa) MoayvaeT 3ailaHiue Ha
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00paboTKy cBOeH yacTu Oydepa u XpaHUT CBOIO YaCTHUHYIO CTATUCTHKY, TIPH 3aBEPIICHUN
paboTHI IPOTPaMMBI CTATUCTHKH OOBEIUHSFOTCS.

5. Pesynbmamsbi

[IpennoxeH 1 peaan30BaH BapUAHT TPACKTOPHOTO MPO(UIIS, HOAXOMSIININ ISl KOPPEKIIUH PO
nocie yOIMpoBaHuUs Y3JI0B IIPH CIMSIHUM KOJIa.

XapaKkTepUCTHUKY Peali30BaHHOTO IPOQHINPOBaHNUS ObIIN U3MEPEHBI HA KOMIIBIOTEPE € ITPOLIECCO-
pom «Oap0pyc-8CB» (apxurektypa «Impdpyc» tama VLIW [16], 8 anep, gactora 1,55 I'T'm) Ha
6erumapkax SPEC CPU1995, SPEC CPU2000 u SPEC CPU2006 [1]. XapakTepUCTHKH TPOPUIH-
pOBaHMS LTS U3MEPEHHH:

e (akTOp MPOPEKMBAHUS — PACTYIIUH IT0 IPOCTHIM YHCIIAM;
e IMHA TPAEeKTOpHil — 4 y37a 110 U 2 Tocie;

e pasmepsl TNV-Tabmur 11 TpaeKTopuii 10 U mocie — 32 31eMeHTa IS IPeIIecTBYIoeH
TPaeKTOPUH U 16 3IEMEHTOB JIJIs MOCTENYIONIeH TPaeKTOPHH.

B ta6n. 1-3 mokazansr 3amemenus 3anad Habopor SPEC CPU1995, 2000 u 2006 u nomns TpaeKTo-
PHiA, YbH CYETYMKHI OCTATUCH MOCIIC (PUIBTPALIAN, TS KaXI0H 3a1auu.
[onyd4eHs! ceayroIre yCPeAHEHHBIC XapaKTEPUCTHKH MPOQUITNPOBAHHMS
® 3aMeUIeHHe U3-3a MPO(QUINPOBAHUS:

o CcpegHee reoMeTpuyeckoe: 5,5 pas.

o MeauaHHoe: 6,3 pasa.

o xymmee: 90,9 pas.

o nyuiree: Ha 2%.

Tabn. 1. 3ameonenue u 005t Mpaekmopuil, Yol CYEMUUKU OCIMATUCL NOCILEe Quibmpayui, s 3a0ay
6enumapra SPEC CPU1995.
Table 1. Slowdown and saved path ratio (after all filtrations) for SPEC CPU1995 benchmark.

anaua I[onélp(::;;;il;;r;mx 3aMe§;13er1e,
099.go 97,01% 9,174
101.tomcatv 99,73% 1,250
103.su2cor 99,06% 2,632
104.hydro2d 99,50% 41,667
107.mgrid 98,92% 2,128
110.applu 99,99% 6,329
124.m88ksim 98,98% 1,894
125.turb3d 99,01% 3,096
126.gcc 95,63% 6,250
129.compress 99,92% 5,682
130.1i 95,77% 10,204
132.ijpeg 98.,82% 12,346
134.perl 99,41% 9,259
141.apsi 99,37% 20,000
145 . fpppp 99,38% 12,658
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146.wave5 99,59% 7,937
147 .vortex 96,91% 5,525

Tabn. 2. 3ameonenue u 00 mpaeKmopuil, Yvl CYEMUUKU OCMATUCL NOCTe Quabmpayuil, Os 3a0ay
6enumapra SPEC CPU2000.

Table 2. Slowdown and saved path ratio (after all filtrations) for SPEC CPU2000 benchmark.

3anaua Homns COXpaHéI-\I'HbIX 3ameicHue,
TpaeKTopuii pa3
164.gzip 98,25% 9,615
168.wupwise 99,73% 1,020
172.mgrid 99,76% 1,953
173.applu 100,00% 7,042
175.vpr 99,02% 3,610
176.gcc 96,96% 1,548
177.mesa 98,80% 1,439
178.galgel 98,81% 2,755
179.art 99,93% 1,292
181.mcf 99,10% 2,639
183.equake 99,89% 1,792
186.crafty 93,95% 4,651
187 .facerec 99,19% 3,472
189.lucas 99,02% 8,197
191.fma3d 98,99% 6,024
197.parser 90,17% 10,101
200.sixtrack 98,99% 7,937
252.eon 99,58% 8,621
253.perlbmk 99,58% 3,906
254.gap 93,23% 13,333
255.vortex 97,62% 9,709
256.bzip2 98,25% 7,407
300.twolf 98,93% 7,752
301.apsi 99,11% 8,929

®  IOJS TPACKTOPHIA, YbH CYETUMKH OCTAIUCH ITOCIIE BCEX (PUIIBTpAIINiA:
o cpenHee reomeTpudeckoe: 97,8%.
o MeauaHHoe: 98,9%.
o xynuee: 82,1%.
o ayamee: 100,0%.

® JI0JI MPCAIICCTBYHOIUX TpaeKTOpI/Iﬁ, KOTOPBIC TMOKAa3bIBAOT CYHICCTBCHHYIO PAa3HUIY B
pacopeacsICHUsAX BEPOATHOCTHU UCXOAAIIUX OYyT OMIKaMIIero Yy3Jia pacxXoKACHUS MMOCIIC:

o cpeaHee reomeTpudeckoe: 9,6%.
o wMeauanHoe: 7,9%.
o xynuee: 1,6%.
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o mydmee: 98,5%.

AHanu3 OHOTO M3 XyAIIMX CIIydaeB mmo 3ameieHuto (3amaun 104.hydro2d, samennsromeiicst B 42
pasa) 1mokasaj, YTo 3HAYUTENbHYIO J0JII0 B 3aMEAJICHUE BHOCUT CaM MHCTPYMEHTHUPOBAHHBIH KOJI:
3amada 0e3 OMOMMOTEKH MOJICPKKY 3aMeTHiIach mpuMepHo B 11 pas, a 6mbnnorexa BHOCUT yXyn-
IIeHne Bcero okouo 4 pas. Ilpuunaa — B TOM, 9TO MHOTHE IIUKJIOBBIE ONITHMHU3ANNH MIEPECTAIOT pa-
00TaTe IPU HAJHMYUH B TeJle IIMKJIA ONEepaIiii BEI30Ba (IIyCTh Ja)XKe U PEAKHX), M HHOTAA 100aBIIeH-
HOE CIIO)KHOE yIIpaBiieHHE (YCIOBHBIN OIEpaTop ¢ PEAKUM IEPEXOIOM II0 MCTUHHOCTH YCIIOBHS)
TO’KE MEIIAET MPOBE/ICHHIO IIMKIJIOBBIX ONTHMHU3ALNH.

Tabn. 3. 3ameonenue u 0013 MpaeKmMopull, Ybl CYEMYUKU OCIATUCH NOCIe QUALMPAayull, 011 3a0ay
benumapra SPEC CPU2006.

Table 3. Slowdown and saved path ratio (after all filtrations) for SPEC CPU2006 benchmark.

3azaua Hoast coxpaﬂénum,lx 3amensienue,
TpaeKTopmit pa3
400.perlbench 98,25% 7,092
401.bzip2 96,98% 5,747
403.gcc 95,98% 9,091
410.bwaves 99.91% 11,494
416.gamess 97,51% 1,188
429.mcf 98,39% 4,115
433.milc 99,16% 3,937
434.zeusmp 99,61% 1,661
435.gromacs 97,90% 9,009
436.cactusADM 99,02% 6,452
437 leslie3d 98,95% 5,952
444 namd 99,09% 6,061
445.gobmk 94,08% 2,967
447 .dealll 91,21% 2,597
450.soplex 98,94% 3,356
454 calculix 98,19% 3,165
456.hmmer 99,11% 1,484
458.sjeng 91,15% 5,181
459.GemsFDTD 98,64% 2,994
462 .libquantum 99,00% 6,897
464.h264ref 97,77% 50,000
465.tonto 82,08% 90,909
470.1bm 99,99% 5,917
471.omnetpp 98,01% 2,801
481.wrf 98,34% 7,519
482.sphinx3 97,95% 6,897
483.xalancbmk 97,06% 10,638
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6. 3aknroyeHue u HarnpaeJsieHusi passumusi

Pa3paboTanHbIi BApHAHT TPAEKTOPHOTO NPOMUIMPOBAHHS UMEET NPUEMIIEMBIE XapaKTEPUCTHKH I10
HaKJIAJHBIM PacXoaM, XOTs B HEKOTOPBIX CIIydasix UMEeT OOJbBIIOEe 3aMeICHNE, BEI3BAHHOE BbI-
KIIFOYEHHEM PabOThl ONTUMH3AINH N3-3a HHCTPYMEHTHPOBaHUs. B nanpHeiimem (kak pa3BuTHe JaH-
HOH paboTHI) peIoIaraeTcs BECTH UCCIICNOBAHUS B CICAYIOIINX HAPABICHUSX:

® TIPUMCHCHHC HpO(l)I/IJ'IH K OIITUMHU3AIIUH CIIUAHUA KOJA,

® WCIONB30BaHME aNlapaTHBIX BO3MOXKHOCTEH MpOIeccopoB «mpOpycy», cxoxux ¢ LBR,
JUIS TIOy4YeHHs TPAeKTOPUil ammapaTHbIM CIIOCOOOM; I 3TOTO MOTpeOyeTcsl MPUBOAUTH
coOpaHHBIE TPACCHI K ONMCAHHOMY B JJAHHOH CTaThe BUAY;

e WCHoNb30BaHHMe Hpodmieii mo [6], mpencTaBIAOMMUX ONpeAeTIEHHBI WHTEpPEC B IDIaHE
JIETKOBECHOCTH MNPO(MIMPOBAHUA, JUIA T€HEepalud NpoQuiIeil ONMCaHHOTO B JAHHOMN
cTaTbe BHJA; UL ATOTO MOTPeOyeTcs] IPHBOAUTE ALMKIMYECKHEe HOMepa TPaeKTOpHil K
TPAEKTOPHUSM U3 Y3JIOB CXOXKACHHUS M PACXOXKICHUS U IIPOBOIUTE JIOTIOHHUTEIbHBIN aHAIIH3.

Jnst peanu30BaHHOW OMONMOTEKH MOANCPKKH TPACKTOPHOTO MPOQUIMPOBAHKS IOIYYCHO CBHIC-
TENbCTBO O FOCYIAaPCTBEHHOH perucTparuu nmporpaMmsl st 9BM Ne2023685378.
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AHHoTanusi. B cratee paccMaTpuBaeTCs BONPOC pasfeleHHs BXOAHOW HHGOPMAaLUM HCKYCCTBEHHBIX
HEHPOHHBIX ceTeil Ha MOAYIIH € IIOMOIIBIO0 OPTOTOHANBHBIX NMpeoOpa3oBanuii. biarogaps TakoMy pa3aeneHuro
CTAaHOBHTCSI BO3MOXKHBIM MOJYJIbHAs OpPraHU3alUsl HEHPOHHBIX CETEH C pa3/elIeHHEM CJIOEB, YTO, B CBOIO
ouepesb, I03BOJIACT UCIIONIB30BaTh IpeAIaraeMblil MOAXOA U OPraHU3alluK PACIPEAEICHHBIX BEIYUCICHUI.
Takoii moxxox TpeOyeTcs pU OpraHu3aIy paboTh HEHPOHHBIX ceTel B cpelie TYMaHHBIX U IepHpepHtHBIX
BBIUHCIICHUI, OpraHU3aluy BHICOKOIIPOU3BOIUTEIBHBIX BEIUUCICHUN Ha MHOXKECTBE BBIUMCIMTENIBHBIX Y3JI0B
HEBBICOKOM NPOW3BOAUTENBHOCTH. TeopeTHueckrn OOOCHOBaHAa BO3MOXHOCTh  IONEPEYHOCIOIHOTO
pa3eNeHus HCKYCCTBCHHBIX HEHPOHHBIX CETeH ¢ MOMOIIBIO OPTOrOHAIBHBIX NPE0OPa30BaHUH U IIPUBEICHBI
MIPUMEpBI MPAaKTUYECKOH pealn3aliy Takoro moaxoza. IIpoBeneHO cpaBHEHHE XapaKTEPHCTHK MOIYIBHBIX
HEWPOHHBIX CeTel C NPUMEHEHHWEM DPAa3IMYHBIX BUJIOB OPTOTOHATBHBIX HMPEoOpa3oBaHMii, B TOM UHCIE C
OMOLIBIO BelBIIeT-nipeoOpazoBanust Xaapa.

KiwueBble cjioBa: OpPTOTOHANBHBIC MPeOoOPa30BaHUSA; MOIYJbHBIC HCKYCCTBCHHBIC HEHPOHHBIC CETH;
ONTUMH3AIUS HCHPOHHBIX CETEil; BEHBICT-IpeoOpa3oBaHusl.

Jas uurupoBaHusi: Bepmkor H.A., ba6enko M.I., Jlynenko B.B., KyuykoBa H.H. Cosznanue
pacrpeeCHHBIX UCKYCCTBEHHBIX HEHPOHHBIX CETEH Ha OCHOBE OPTOTOHAIBHBIX MpeoOpa3oBaHuil. TpyIsl
WCII PAH, Tom 36, BbImL. 4, 2024 1., cTp. 57-68 (Ha anrmumiickoM s3bike). DOI: 10.15514/ISPRAS-20124—
36(4)-5.

Baaroxapuoctu. MccenoBanue BBIOJIHEHO 3a cyeT rpanta Poccuiickoro Hayuroro ¢ouma Ne 24-21-00149,
https://rscf.ru/project/24-21-00149/.

1. Introduction

The practical need to represent functions of n variables as a superposition of functions from a smaller
number of variables arose due to the development of the theory and practice of neural networks. The
basis of Artificial Neural Networks (ANN) is the Kolmogorov-Arnold theorem [1, 2], which showed
the possibility of representing a continuous real function of n variables f(x;,x,,...,x,;) as a
superposition of functions of a smaller number of variables.

A.N. Gorban [3] concludes that while the Kolmogorov-Arnold theorem guarantees the exact
representation of functions of many variables in the class of continuous functions, the practical
computation of most functions is only approximate even when exact formulas are available. The
solution lies in approximating the function f(x,, x,, ..., x,,) on a compact set Q using a sequence of
polynomials (theorems of Weierstrass, Stone). Furthermore, functions can be approximated through
linear operations and superpositions of one-variable functions [3]. This approach gained popularity
after the works of McCulloch and Pitts [4], which predicted the emergence of ANN. The Hecht-
Nielsen theorem [5] was a significant advancement in ANN, demonstrating the possibility of
approximating a multi-variable function with a single hidden layer ANN in a non-constructive
manner. However, the single-layer perceptron based on the Hecht-Nielsen theorem demonstrated
low efficiency.

The emergence of multilayer ANNs and the development of methods for their training have made it
possible to solve problems of classification, extrapolation, feature extraction, etc. under conditions
of high uncertainty, i.e. to obtain satisfactory results with a sufficiently small training sample size.
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Due to the very rapid growth of the amount of data generated and the need to process it, ANNs also
increase in size and require significant expenditure of computational resources. Natural Language
Processing (NLP) is of great interest and also requires very large ANNSs. For example, the popular
GPT-3 ANN created in 2020 uses 175 billion parameters. It is clear that such ANNSs require very
high computational costs to run, which can only be achieved in cloud data centres.

Simultaneously, there is an increasing demand for data processing in close proximity to the
equipment being used. This demand has led to the rise of edge computing and fog computing [6],
which are becoming more popular due to their enhanced information security and the limited
communication channels used for cloud computing. However, the computational nodes of fog
computing typically lack the necessary power to run ANNs. Therefore, ANNs must be optimized by
reducing the network size while only slightly degrading performance. Furthermore, modular
artificial neural networks (ANNSs) have been developed on multiple computational nodes [7, 8],
creating distributed computing structures. However, the proposed ideas for modular ANNs are based
on the assumption that network layer separation is impossible [9], and therefore rely on sequential
separation into modules, one layer at a time. However, this approach does not address the main issue
of resource estimation, as the number and performance of available fog computing nodes are
typically unknown beforehand. The same problem arises when utilising a swarm of unmanned aerial
vehicles (UAV). A single vehicle, equipped with a low-power computational node, cannot perform
ANN operations. By leveraging the computing capabilities of a UAV swarm, it becomes feasible to
operate ANNs of significant size. In this case, it is crucial to optimize the amount of information
transferred between computational nodes. When separating the ANN layer by layer, the amount of
information is significant due to the large number of parameters in each layer.

Ahmed and Rao [10] present their approach to building image recognition systems with optimal
architecture. They suggest using orthogonal transformations to optimize image recognition
algorithms, which reduces the number of significant features and the size of the classifier, a forward
propagation ANN. The authors propose a concept of optimization and partitioning into ANN
modules based on this approach.

2. Utilizing Orthogonal Transformations for Optimization of Neural Networks
and Modularization

Dimensionality reduction is a transformation of data from a high-dimensional dataset to a lower-
dimensional vector by eliminating uninformative features while preserving the structure and
information contained within them to the maximum extent possible [12]. This transformation
typically involves two steps: feature generation and selection [13]. In the first step, features that
most comprehensively describe the research object are identified, while selection involves
identifying features with the best classification properties for the given task. Commonly used
methods for dimensionality reduction include Principal Component Analysis (PCA) [14], Factor
Analysis (FA) [15], Linear Discriminant Analysis (LDA) [15], Singular Value Decomposition
(SVD) [16], Kernel PCA [17], Independent Component Analysis (ISA) [18], Matrix Factorization
[19], among others. However, they all have a significant drawback: dimensionality reduction
requires preprocessing of information, which can sometimes demand considerable time and
computational resources.

N. Ahmed and K. R. Rao [10] proposed optimizing the structure of the input signal through
orthogonal transformations, rather than the ANN architecture. This approach is of interest because
it allows for the realization of ANNs based on existing principles, approaches, and libraries. By
reducing the amount of the input signal, it is possible to decrease the size of the ANN. If the input
signal is divided into modules, processing can be carried out by several ANN modules. The
orthogonal transformations discussed in the works of N. Ahmed and K. R. Rao can be considered
as the first step, i.e., feature generation.
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The method of orthogonal transformations is a well-known technique associated with the concept
of orthogonal functions. A set of functions of a real variable, denoted by {d;(t)} = {d;,d,, ..., d,,},
is considered orthogonal on the segment [0; T if the following condition is satisfied:

T
_(k,ecni = j,
f d;(d;(B)dt = {0, ecIn i # j. @
0
where k is the autocorrelation coefficient of the function d; (t).
If x(t) is a function of a real variable on the interval [0; T], it can be represented as a series
x(0) = ) apdy(0). @

n=1
In (2), a, represents the expansion coefficients, which can be determined by

p— 1 T
a, = Efx(t)dn(t)dt.
0

From the definition of a closed (complete) orthogonal set, it can be inferred that a function x(t) can
be represented as a finite set of expansion coefficients {a,, a,, ..., a,} by decomposing it into
orthogonal functions. Even if the set of orthogonal functions is not closed, a finite set of coefficients
can still be used. In this case, the representation of the function x(t) is not exact, but rather an
interpolation based on a certain criterion. The most common criterion used is the least squares

principle, which is defined by the functional.
2

o = j(x(t) — Zl: andn(t)> . 3)

n=0

Once the value of the small &, has been determined, the number of members of the series can be
calculated so that the condition @ < ¢ is satisfied.

The Fourier transform is a well-known orthogonal transformation that is widely used in the theory
of information processing and transmission. It allows for the transition from the time representation
of a signal to the frequency representation and vice versa. In this context, we will consider the
application of an orthogonal transformation based on the Fourier transform [10, 11]. In some cases,
functions such as Lagger, Lejandre, Hermite, Walsh, Chebyshev, Adamar, etc. may be more
appropriate than trigonometric functions as a kernel. As the input and output signals are represented
discretely, it is possible to use variants of the discrete Fourier transform, including the Discrete
Cosine Transform (DCT) [10]. The DCT is commonly used in the JPEG format for lossy image
compression and operates exclusively with real numbers. The DCT employs a set of basis vectors
in the form of [10], which is explored on the interval [0, r]:

1 2 2m+ Dkn
ﬁ’\/;COST . (4)

Here, k represents the harmonic (coefficient) number, and m = 0,1,2, ...,n — 1, representing the
size of the initial data array. Equation (4) represents a class of discrete Chebyshev polynomials [10].
The DCT has a notable property where the basis vectors approximate the eigenvectors of the Toeplitz
matrices, allowing for effective compression of the original signal using DCT. Therefore, applying
an orthogonal transform of the form (1) generates a set of coefficients. In the case of the Fourier
transform and its variant DCT, these coefficients represent the amplitudes of frequency harmonics.
In this case, the signal can be completely restored or restored with a certain level of accuracy by
summing the harmonic components (inverse Fourier transform), depending on the number of
components summed.
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For the second step (feature selection), N. Ahmed and K. R. Rao [10] utilized the root-mean-square
deviation (RMSD) of coefficients in their studies. The higher the RMSD of a coefficient, the more
pronounced its classification capability. However, this measure is inconvenient as it requires
additional processing, similar to other dimensionality reduction methods. While the issue of
orthogonal transformation in the first layer of neural networks was addressed [23], a fundamentally
different approach is needed for real-time feature selection.

When transitioning to the investigation of a function presented in both time and frequency domains,
it is necessary to delineate the distinction in its reconstruction in each case. The representation of a
continuous function by discrete samples in time is defined by the Whittaker-Kotelnikov-Shannon
theorem [20], which states that the sampling rate should exceed the maximum frequency of the
signal by a factor of two or more. Each sample characterizes the instantaneous value of the function
at time t;. The expansion coefficient a; represents the projection of the function onto the i-th
orthogonal function of the chosen basis over the interval [0, T]. Moreover, a higher value of a;
indicates a closer affinity of the investigated function to the i-th component. We shall employ the
concept of approximation accuracy for closed systems of orthogonal functions [21]. Based on the

Lyapunov-Steklov (Parseval) equality:
T oo

B = fxz(t)dt = z az,

0 n=0

Then the relative integral accuracy of the approximation can be estimated as

=Z¥L=0a%:a_g+a_%+“'+ﬁ. (5)
B B B B
In (5), each term characterizes the contribution of each projection to the formation of the original
function. Based on this, one can speak about the accuracy of approximating a function obtained from
a limited number of components (coefficients).
Thus, an approximate function (y < 1) can be used for training ANNSs, consequently reducing the
size of the ANN. From the course of mathematical analysis, there is a known relationship between
the smoothness of a function and the rate of decrease of Fourier coefficients: if a function on an
interval has piecewise continuous derivatives of the first and higher orders, then it converges to the
original function absolutely and uniformly [22]. Hence, it follows that the partial sums of the
coefficients decrease as the component harmonic numbers increase. Therefore, dividing the
spectrum can be divided into two parts, based on equal number of frequencies, then we obtain the
following values of integral approximation accuracy for each half of the spectrum:

Zk/z a2

= n

n=""— (6)
k 2
n=K/,+1 n

Y2 = —Bz . 7

Since the spectral density in (7) will be smaller than in (6), the accuracy of approximation by the
neural network trained on the first part of the spectrum will be higher than that of the second. This
will be demonstrated experimentally in Section 3. Depending on the problem being solved, the
number of parts into which the spectrum of the input function is divided may vary. Additionally, the
parts of the spectrum do not necessarily have to be identical. If there are several computational nodes
of higher power, a larger portion of the spectrum can be allocated to them using a larger size ANN.
By using wavelet transforms instead of Fourier-like transforms, we can combine the operations of
feature generation and selection and obtain a gain in the number of relevant features without
additional research [24]. In general, wavelets are a system of functions of the following form:

Pap(x) = V2% (2% — b). (8)
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If V, is the space spanned by the system of functions (8), then the following inclusions hold [25]:
Vo € V; -~ € V,. Thus, we obtain a sequence of nested subspaces V; c L2(R), each equipped with
an orthonormal basis {(pi,b (x)}. This sequence of subspaces can be used to approximate a function
f(x) from L2(R) by its projection operator

P BR) = Vo Pe(F) = ) (F1Pa) 9 ().
bezZ

The projections P; become increasingly accurate approximations of f(x) as i increases. Returning
to neural networks, the following analogy can be drawn. A set of input vectors {f; (x]-)} inthe L2(R)
space can be projected onto a set of subspaces V, c V; c --- € V, such that each projection P; is an
approximation of the input data. By training a neural network on the projections P,, we obtain the
coarsest approximation of the expected outcome. However, due to decimation, this will be the most
"compact" approximation, requiring minimal computational resources for operation.
The widely known Haar wavelet [10, 25, 26] allows for partitioning the L?(R) space into two
subspaces, V,, and V;. By using V,, as the base subspace, a modular architecture of neural networks
can be constructed, enabling the use of a basic module for low-power devices [24]. Essentially, the
Haar wavelet performs a partitioning of the coefficient space into two equal parts [25], as previously
proposed. This allows for solving the problem as described above, where the basic module facilitates
the application of neural networks on low-computational-power devices with minimal loss of
accuracy and without additional training. In practical applications of the proposed theoretical
principles, it is important to consider that such transformation can be repeated for each half of the
coefficients. In this case, the entire space can be partitioned into 4 parts and a 4-module structure
can be formed, and so forth.
Wavelet transformation divides the coefficient space into several equal parts. However, if there exist
nodes with high computational capabilities in a distributed neural network, multiple modules can be
assigned to such a node. Consequently, the computational load can be distributed more evenly.
The following conclusion can be drawn from this: orthogonal transformations allow you to divide
the input signal space into segments (modules). At the same time, due to (1) modules can be
processed independently of each other on different nodes of a distributed computing system.
Combining the information processed on different nodes can be realised due to the possibility of
inverse orthogonal transformation. However, due to the nonlinearity of ANN, the application of the
inverse transformation core is usually impossible and requires training of the layer that combines
the results of the ANN modules. In this case, the training of the unifying layer is possible together
with the training of the modules.
Therefore, the implementation of distributed (modular) ANN requires a number of computational
nodes that corresponds to the number of modules to be organised, as well as two additional nodes:
one to perform orthogonal transformation and another to combine the results of the modules. This
organization optimizes the amount of information transmitted through communication channels. The
amount of information transmitted from the orthogonal transformation module to the ANN modules
is not greater than the amount of the input signal. Additionally, the amount of information
transmitted from the modules to the unifying layer is [ times greater than the amount of output data
of ANN, where [ is the number of modules in the ANN. All other information is transmitted within
the layers of the modules and does not require communication channels.

3. Practical Demonstration of Optimization Potential for ANNs and Cross-
Layer Network Partitioning for Deployment on Edge and Fog Computing
Nodes

Thus, by performing orthogonal transformation and dividing the coefficients into modules, for
example, with the help of ideal digital filters, we obtain a group of feature modules, which can be
used to train several ANN modules. In this case, each layer in the ANN modules is reduced
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proportionally to the amount of the coefficient modules and does not require from the computational
node such a high performance that is required for the ANN as a whole. The real discrete Fourier
transform and DCT were chosen for the experiment. The first step is to evaluate the quality of ANN
training in time and frequency domains.

The PyTorch library [28] was used to implement the ANN, with the MNIST database [30] serving
as the training data. The experiment was conducted on a personal computer running the Windows
10 Home operating system, equipped with an Intel Core i7-10510U processor and 16 GB of RAM.

Fig. 1 shows that training of ANN in the frequency domain using Fourier transform takes 5 times
more cycles than in the time domain.
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Fig. 1. ANN learning processes in time and frequency domains using the Fourier transform.

However, the application of DCT showed a slightly different picture (Fig. 2). ANN training in the
frequency domain outperformed training in the time domain by only a factor of 2. This can be
explained by the compression properties of DCT mentioned earlier.
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Fig. 2. ANN learning processes in time and frequency domains using DCT.

The problems of optimisation and design of distributed ANNs have a common solution: in
optimisation, as many modules are placed on a computing node as the node's computing power

allows. And in the design of distributed ANNs, the modules are placed on different nodes connected
by communication channels.
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Fig. 3. Learning processes of 2-module ANNs.

Consider the construction of modular ANNs. The first layer performs an orthogonal transformation
based on the weights set and fixed in the neurons of the first layer [24]. Furthermore, the
transformation coefficients obtained after passing through the first layer are divided into two equal
parts and sent for processing to different ANNSs with layer sizes reduced by a factor of 2. The outputs
of the two ANNSs are combined in a layer with 20 inputs and 10 outputs. Fig. 3 shows the training
processes of the modular ANNs on MNIST data presented in the frequency domain using Fourier
transform (Fig. 3a) and using DCT (Fig. 3b). The learning rate is approximately the same and
comparable to the learning rate of the monolithic ANN in the frequency domain.

The characteristics of the modular ANNSs obtained for optimisation and construction of distributed
neural networks are considered. Table 1 presents the characteristics of 2-modular ANN.

Table 1. Characteristics of the 2-module ANN.

Module 1 Module 2
Recognition quality, % 79.63 69.02
Average time of 1 cycle, sec 0.029 0.024

Table 1 confirms that the recognition quality of the second module is lower than that of the first
module. This is due to the fact that the integral energy spectrum used to train the first module was
larger than that used for the second module.

Table 2 presents the characteristics of the four-module ANN.
Table 2. Characteristics of a 4-module ANN.

Module 1 Module 2 Module 3 Module 4
Recognition 78.76 37.39 17.49 20.86
quality, %
Average time of 0.013 0.012 0.013 0.012
1 cycle, sec

Table 2 shows that the average execution time per cycle for all modules is approximately the same,
while the recognition quality decreases as the module number increases. Module 4 is the exception,
with recognition quality exceeding that of module 3. This can be explained by the high-frequency
oscillations at the object boundaries, which cause the input signal to the ANN to be not completely
smooth.

Table 3 presents the characteristics of the 4-module ANN when the modules are connected in turn.
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Table 3. Characteristics of ANN when several modules are connected.

Module 1 Module 2 Module 3 Module 4
Recognition 78.76 94.01 97.22 98.05
quality, %
Average time of 0.013 0.017 0.022 0.028
1 cycle, sec

Table 3 shows the improvement in ANN recognition quality with the addition of modules. The
average cycle time increases at a slower rate than the number of connected modules. Therefore, the
time required for four modules is only twice that of one module. This is due to the parallelism of the
modules working simultaneously.

The Haar wavelet transform is used as an orthogonal transform for constructing a modular ANN.
The procedure for wavelet transformation involves passing the input signal through a half-band
digital filter with frequency response h(n) (high-pass filter) or g(n) (low-pass filter) [25, 27]:

x(n) * h(n) = Z x(k)h(n — k),

k

|0 9 = PIRIGIICET)
k

If the input signal of the ANN is a one-dimensional series of numbers with a length of n, we can
obtain wavelet transform coefficients at the output by using a one-dimensional convolution layer
with either kernel h(n) or g(n). To reduce the number of ANN layers, we can use one layer with
two or more different kernels. To achieve this, we create a convolution layer with one input, two or
more outputs, and a step equal to the dimensionality of the wavelet kernel. In this case, a convolution
layer will be created with two kernels, where the values of h(n) and g(n) are inputted [25].

The Haar wavelet transform, as shown in Table 4, distributes significant features in the frequency-
time matrix more strictly. This allows for the separate use of the first module with ~ 1% loss in
accuracy. Additionally, the module's speed is slightly increased due to the use of the convolutional
layer as an orthogonal transformer. The use of wavelets for constructing modular ANNs is discussed
in more detail in [27].

Table 4. Characteristics of 2-module ANN using wavelet transform.

Module 1 Module 2
Recognition quality, % 97.01 53.12
Average time of 1 cycle, sec 0.019 0.019

4. Conclusion

The article discusses the use of orthogonal transformations, specifically the Fourier transform,
discrete cosine transform, and Haar wavelet transform, for constructing distributed modular ANNs.
The approaches outlined in detail in [10] enable the use of these transformations for training ANNs
and dividing the input vector into parts for modular network application. The examples provided
demonstrate the potential for optimising ANNs for use on low-performance computing devices.
They also enable the creation of distributed computing systems with performance equal to that of a
monolithic network. The proposed approach is considered advantageous due to its independence
from the ANN architecture. This allows for the separation of input information and a reduction in
the size of modules, which can be applied to any neural network architecture using standard libraries.
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Transformers and graph representations of code, it is possible to achieve excellent results even with comparably
small models.

Keywords: neural networks; transformers; graphs; abstract syntax tree.
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Aunoragusi. HecMOTpst Ha TO, YTO TPOrpaMMHPOBAHHE — 3TO TBOPYECKHI MPOILECC, NOCTATOYHO MHOTO
BPEMEHH YXOJHUT Ha pelleHHe PYTHHHBIX 3a1ad. Kak ¥ B JAPYrMX HHAYCTPHAX B cepe MHPOPMAIMOHHBIX
TEXHOJIOTHH CTPEMSATCS aBTOMATH3UPOBATH PYTHHHbIE 3a1auk. Bo MHOTHX CITydasX MPUMEHSIOTCS HeHPOHHBIE
cetu. [IporpamMmmupoBanue He siBisiercst HckmodeHreM: Github sasepstror, uto yixe okomo 30% kozxa HamucaHo
npu momoru Copilot. Dtor mHCTpyMEeHT ocHOBaH Ha Momenu Codex — TtpaHchopmepe, 0OyU4EeHHOM Ha
HCXOIHOM Koze mporpamm. OfHAKO MPEACTaBICHHE KOJA B BHIC IOCICAOBATENBHOCTH, KaK 3TO CACTAHO B
Copilot, e Tak s¢pdexruBHo. B maHHO paGoTe MbI TMOKa3alH, YTO HCIONB30BAHHE TPaHCHOPMEPOB U
rpadoBOro MpeJICTaBICHHs KOJIa IPUBOIKUT K OYEHb XOPOIINM PE3YIbTATAM JaXKe JUIS MATCHBKIX MOJIENE.

KuaroueBbie ci10Ba: HEHPOHHBIE CETH; TPaHCHOPMEPLL; Tpad)bl; aOCTPAKTHOE CHHTAKCHYECKOE JIEPEBO.

Jnsi umrupoBanms: ApytioHoB [.A., ApnommH C.M. GraphTyper: BrBox tumoB u3 rpadoBoii
penpe3eHTaIMU KO TIOCPEICTBOM HelpoHHbIX ceteid. Tpynsl UCIT PAH, Tom 36, Beim. 4, 2024 1., ctp. 69-80
(na anrmmiickoMm si3bike). DOI: 10.15514/ISPRAS-2024-36(4)-6.

Baarogaproctu. MccienoBanue BBINOJIHEHO C MCIOJIB30BAHUEM CYNEPKOMIBIOTEpHOTO Komiuiekca HUY
BIID.

1. Introduction

Application of Transformers yet again has managed to break the deadlock: this time in the task of
code generation [1-4]. Nevertheless, the versatile Transformer architecture has displayed good
results on several benchmarks, in the recent work [5] it was shown that increasing the size of the
model doesn’t result in a better performance. Moreover, it is evident that context matters a lot to
produce a working code. However, it is not practical to relentlessly increase the length of context
sequence in a Transformer. Therefore, a different approach is needed to boost the efficiency in
machine programming tasks [6].

First of all, an expressive code representation has to be selected. Several ways, including token-
based, structured and graph-based approaches, have been reviewed [7]. For instance, graph
representation using abstract syntax tree (AST), data- flow graph (DFG) and control-flow graph
(CFG) yield good results in such tasks as variable misuse detection and correction [8]. Such graph
representation can capture an extensive amount of information about the program’s code.
Secondly, a versatile model architecture that supports learning on graphs must be used. Multiple
models such as RNN [9], LSTM [10] and CNN [11] with flattened graphs have been used. However,
graph-aware model architecture is more suitable for the graph representation of code. For this reason,
Graph Neural Networks (GNN) are a more reasonable choice of architecture, namely message-
passing neural networks [8].

Nonetheless, in this work we aim to make the most of both worlds: the advantages of Transformer
architecture and graph representation of code. For instance, we will use Transformer architecture
optimizations [12] and graph code representation created from AST and DFG. To make this possible,
we will use Pure Transformers [13] instead of models that have some architectural alterations to
support graph structure [14-16].
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2. Problem Statement

In this work, we test the ability of Pure Transformers to add types to Python source code based on
its graph structure. This task was selected as a starting point for future research due to its practical
relevance.

Firstly, dynamically typed languages, such as Python and JavaScript, have gained quite some
traction during the last years [17]. However, it doesn’t mean they’re easier [18—20] or less error-
prone than statically typed languages [21]. Moreover, lack of type hints in libraries might lead to
expensive errors in fields such as Data Science [22].

There are some tools outside the neural networks domain that perform static type checking and
inferencing type annotations [23,24]. Nonetheless, these utilities do not work without type hints in
the source code of the dependencies, which is pretty common. To alleviate this, there are proposals
about Domain-Specific Languages (DSL) for Data Science [22]. However, it wouldn’t work on
existing code base and massive adoption is not very likely.

On the other hand, absence of type hints is not a restriction for neural networks (see. Section 5.2).
In addition, they don’t only find erroneous types in existing codebase [25] but can also be used
during development to annotate code on the fly [26].

Most importantly, inferring types requires a model to learn a lot about the source code. Therefore,
developing a model with versatile architecture to infer types allows it to be later applied for other
tasks.

2.1 Metrics
To test the model, we use two metrics from the Typilus paper [25]:
e Exact Match: Predicted and ground truth types match exactly.

e Match up to Parametric Type: Exact match when ignoring all type parameters.
3. Previous Work

3.1 Graph Representation of Code

AST and DFG have already been used with Transformers in the code generation and summarization
tasks [27-29]. In addition, some joint graph structure representations that include different code
graphs have been developed, namely code property graph (CPG) [30], that incorporates AST, CFG
and PDG (program dependency graph). This graph representation has already been used for
vulnerability detection [30] and similarity detection [31].

3.2 Graph Transformers

Graph Transformers is a novel architecture that has been developing in the past few years. They
have been applied for several tasks, mostly in the field of molecule generation, node classification
and node feature regression [13-16]. Apart from models with alterations to Transformer base
architecture [15,16] researchers have recently developed simpler models [13] that are compatible
with many popular techniques developed for standard Transformers [12].

3.3 Type Inference with Neural Networks

The task of type inference has been also extensively covered in recent research. Many different
architectures have been used for this task: GNNs [25], RNNs [26,32] and Transformers [33,34]
among others. Moreover, graph representation of code has been used for the task of type inference
in dynamically typed programming languages such as Python [25] and Javascript [35].
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However, the power of Graph Transformers and Graph Representation of code hasn’t been
combined yet to solve the task of type inference in source code. This is the gap our model aims to
fill. The results of our model compared to previous work [25,26,32-34] are displayed in Table 1.

Table 1. Quantitative evaluation of models measuring their ability to predict ground truth type annotations.
EM — exact match, UTPT — Match up to parametric type.

Top-n Top-1 Top-3 Top-5
Metric EM UTPT EM UTPT EM UTPT

GraphTyper | 347 36.42 45.47 55.01 50.69 | 64.58

TypeBERT 454 48.1 514 53.5 54.1 56.5

TypeWriter 56.1 58.3 63.7 67.3 65.9 70.4

Typilus 66.1 74.2 71.6 79.8 2.7 80.9

TypedPy 75.8 80.6 78.1 83.8 78.7 84.7

TypeGen 792 | 873 | 856 91 87 91.7

4. Proposed Solution

4.1 Dataset

To train and test the model we gathered 600 Python repositories from GitHub containing type
annotations from Typilus [25]. We clone these repositories and use pytype [24] for static analysis,
augmenting the corpus with inferred type annotations. The top 175 most downloaded libraries are
added to the Python environment for type inference. Through deduplication, we remove over 133
thousand code duplicates to prevent bias.

The resulting dataset comprises 118,440 files with 5,997,459 symbols, of which 252,470 have non-
Any non-None type annotations. The annotations exhibit diversity with a heavy tailed distribution,
where the top 10 types cover half of the dataset, primarily including str, bool, and int. Only 158
types have over 100 annotations, while the majority of types are used fewer than 100 times each,
forming 32% of the dataset. This distribution underscores the importance of accurately predicting
annotations, especially for less common types. The long-tail of types consists of user-defined and
generic types with various type arguments.

The source files are processed to generate graphs that contain AST, DFG, as well as lexical and
syntactical information. An example of such a graph is shown on Fig. 1.

In addition to extracting graphs from source code AST, we split them by setting a maximum node
and edges number in one graph. For this, we prune the graphs around nodes that have annotations
that are later used as targets during training and testing. Finally, we split the data into train-
validation-test sets with proportions of 70-10-20, respectively.

4.2 Model Architecture

We base our model architecture on TokenGT [13]. The main advantage of this model is that standard
Transformer architecture is not altered to support graph data. It allows us to use some advantages
developed specifically for Transformers. For instance, Performer [12] is used to speed up training
by using linear time as space complexity.

The main idea of the authors is that combining appropriate token-wise embeddings and self-attention
over the node and edge tokens is expressive enough to accurately encode graph structure to make
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graph and node-wise predictions. The embeddings in the model are composed of orthonormal node
identifiers, namely Laplacian eigenvectors obtained from eigendecomposition of graph Laplacian
matrix. In addition, type identifiers are used to encode types of tokens (nodes or edges).

In our model, we use node and edge types extracted from code as token features. Node ground truth
annotations are added to the features and randomly masked during training. The overall architecture
of the model is displayed at Fig. 2.

Predicting type annotations in graph domain is a node classification task. However, since we are
using a Pure Transformer with graphs represented as a sequence of tokens, the task can be reduced
to token classification. In the Natural Language Processing (NLP) domain, this is a ubiquitous task,
also known as Named Entity Recognition (NER).

ccibiiany
= NEXT_TOKEN =3 OCCURRENCE_OF
----- » CHILD = > NEXT_LEXICAL_USE
b SUBTOKEN_OF ~ = ASSIGNED_FROM
=3 NEXT_MAY_USE

BRI Ak
Fig. 1. Sample graph for foo=get foo(i, i+1) showing different node and edge types implemented by
Allamanis et al. [25].

Type annotation predictions

Transformer

Type 79 A
Identifiers . Q
[node] [edge]

vz Vi i @SB
RIS 4 ‘ arthonormal
= *'V1 V3
-~ . Randoml ked t tati
oy sl n s
Source code RS PR Node and Edge Tokens
AST Graph with Token-wise Embedding

Fig. 2. GraphTyper Architecture. The source code is first transformed into AST graph, then type annotations
are randomly masked. The graph is enriched by token type identifiers (node or edge) and orthonormal node
identifiers obtained from eigendecomposition of Laplacian matrix. The resulting graph is fed through a
Transformer Encoder to obtain type annotations for masked nodes.

Encoder-only architecture has been widely used for the NER task, namely BERT is one of the most
popular models [36,37]. We adapt similar architecture by randomly masking type annotations. We
then apply an MLP layer to the output of TokenGT [13] to get logits of type annotations.

Masked model architecture is very versatile, and the pre- trained model can be later easily fine-tuned
for other tasks, similar to the approaches from the NLP-domain [36]. For example, error [38] and
vulnerability [39] data can be added to the code graph to detect and fix them [40-44].

5. Experiment and Ablation Results

To select the final model architecture, we test different models. For our experiments and ablation
analysis, we train and test the models using one sample repository. We also limit the number of types
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in the vocabulary to one hundred to speed up training and use less resources. To test the models, we
calculate Top-n predictions similar to the previous work [26]. Table 2 depicts the results of the
experiments and ablation. The model was trained on 1 NVIDIA Tesla V100 32 GB NVLink [45] for
10 epochs with the batch size of 32 graphs.

Table 2. Experiment results of top-n predictions for different model variants.

EM — exact match, UTPT — Match up to parametric type.

Top-n Top-1 Top-3 Top-5
Metric EM UTPT EM UTPT EM UTPT
Plane Transformer 10.15 19.46 15.06 29.40 16.81 37.91
+ Node & Type ldentifiers 30.88 | 36,55 | 40.33 | 50.37 | 4282 56.01
+ Type Annotations 33.36 | 4228 | 4171 52.90 43.62 57.00
+ Decoder (Autoencoder) 15.90 16.65 28.26 32.81 4417 56.33
or Longer Context 38.49 39.80 53.14 57.41 58.80 67.38
or More Parameters 29.39 31.82 44.85 49.72 49.74 56.14

5.1 Validating the necessity of node and type identifiers that encode graph
structure

First of all, we remove the node and type identifiers introduced by Kim et. al [13]. Our ablation
analysis demonstrates that indeed, the graph structure embeddings play a key role in model quality.
By removing them from the model, we are left with a simple Transformer that makes predictions
only based on AST nodes and edges types without any information about graph structure. Such a
model outputs the worst results among all the experiments.

5.2 Using the model without node type annotations

In addition, we try to remove the type annotations from the model completely. This alteration turns
our training into a masked NER task. Surprisingly, our model performs well in such conditions. This
means that the selected graph representation of code contains a lot of necessary information to infer

types.

5.3 Increasing the number of parameters

As we can see, increasing the number of parameters also increases the predictive power of the model.
However, increasing the parameters indefinitely is not very practical and requires a lot of
computational resources [6]. Moreover, keeping the low number of parameters allows us to use
longer context length (more node and edges in graph) during inference with same resource
capabilities. Therefore, we don’t change the parameter number of the final model, so it remains
compact.

5.4 Testing different context length

As for the context length, i.e., maximum number of nodes in graph (512 vs. 1024), our findings are
aligned with the conclusions from previous work [6]: longer context increases the performance of
the model. However, the AST representation of source code is very bloated and even having a lot of
nodes in the graph might not capture enough useful information to make quality predictions. In
addition, increasing the context length drastically slows down the training process. Thus, in future
research, we will be working on finding a better and more compact graph representation of code.
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5.5 Testing different Transformer architectures

Recently, Masked Graph Autoencoders have been applied for the tasks of link prediction and node
classification [46], as well as feature reconstruction [47,48]. To validate the robustness of the
Encoder-only Model, we also implement a Masked Autoencoder Model. For this, we adapt the
approach of Hou et. al [48] for our model. We introduce a learnable mask token and a decoder based
on the encoder layers. We reconstruct the type annotations by re-masking the target nodes before
feeding them into the decoder. However, we do not observe as good results as with a simple Encoder-
only model.

6. Known Limitations

6.1 Size of Type Vocabulary

Since we define our task as node (token) classification, we feed our transformer output into a
classifier linear head. Therefore, our type vocabulary is limited. Because of the computational
resources’ constraints, we limit it to one thousand types.

This issue is addressable by formulating the task as Deep Similarity Learning Problem [49,50]. In
this way, the model will output vector representations of types that can be grouped into cluster of
similar types. After that, an algorithm such as KNN [51] is used to transform vector representation
into a probability of each type [25,26]. Illustration for such an approach is depicted on Fig. 3. The
approach follows the methodology described in Typilus paper [25].

RP, Triplet Loss P ' — Partially
. o9 Annotated Code

k]

_— @"{:FQQ i GraphTyper) Type Predictions
Code with Type |GraphTyper) v E et . i
Annotations P ./"‘;lft:— o[ k-Nearest Type
R ‘ Neighbours Checker
Training / Type Space Inference

Fig. 3. Solution to the problem using Deep Similarity Learning [25].

6.2 Absence of Natural Language information

In our work, we use only categorical features of nodes and edges of code graph, e.g., AST node
types and Python type annotations. Therefore, it would be challenging to apply it directly for tasks
such as code generation, because the representation doesn’t encode any information about variable
names.

There are several approaches that would help address this issue. Firstly, it is possible to use the
model output as graph encoding that would be later fed into another model along with tokenized
code [52]. This approach could also address the issue from the previous section, since types would
be treated as a set of text tokens [34]. Secondly, it is possible to use neural networks to infer
variables’ names from the context they are used in [53].

7. Future Work

In this work, we explored the application of Graph Transformers for type inference. The versatile
architecture of the proposed solution lets us explore other tasks.
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7.1 Universal code graph representation

If a universal version of graph code representation is used, similar to CPG [30], we can train the
model for multiple programming languages [29]. However, because of the differences of type
systems, separate models would be trained for each programming language for better results.

7.2 Detecting duplicates

Itis crucial to address the issue of duplicates in source code to train neural networks for code. Several
architectures have already been used for such task: Transformers [54], GNNs [55] and RNNs [56].
We believe that the graph representation obtained with our model can be successfully used for code
clone detection.

7.3 Code and docstring generation

Firstly, we can train the model using a technique similar to generative pretrained models [57,58] or
masked language models [52] to generate code. Secondly, our model can be used to generate code
summarization or docstring generation [59,60]. This could only be possible if we adapt some of the
approach discussed in the previous section.

7.4 Vulnerability and error detection

Another useful task is to detect errors and generate fixes [61,62]. This is possible by simply adding
features that contain error indication or types. Similar approach can be used to scan for
vulnerabilities [40,41,44]. Fixing bugs and vulnerabilities, however, would imply that the graph
structure could change. Therefore, solving this task would require the model to be modified for graph
generation [63].

7.5 Refactoring

Finally, we can extend our model with information about changes to analyze them and propose
refactoring possibilities [64]. This goal could be achieved by using the model from the previous
section.

8. Conclusion

As for the conclusion, we were able to create a universal model based on TokenGT [13] and code
represented as graphs. One of the most important advantages of this model is that it uses the code
graph directly. Secondly, the model can be modified to fit other tasks, such as code generation and
summarization, docstring generation, refactoring and many more. The code graph can also be
extended by different features and node types, since the representation does not differ depending on
graph structure. The source code is available at this https URL [65].
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1. BeedeHue

IToBeIIEHNE TPOU3BOAUTEILHOCTH BEIYMCIUTENIBHBIX CHCTEM BCETAA OBLIO M OCTAETCSI aKTyaJIbHOU
npoOiemoil. Ho HuKakast BBIYMCIUTENbHASI CUCTEMA 110 CBOCH MOIITHOCTH HE MOXET CPAaBHHUTHCS C
TEMH CYMMAapHBIMH DPECypcaMH, KOTOpPBIE COCPENOTOYEHBI B JIOKAIBHBIX W TJ00ATbHBIX
KOMITBIOTEPHBIX CeTsAX. bplcTpoe pasBuTne HH(OOPMALMOHHO-KOMMYHHMKAIIMOHHBIX M CETEBBIX
TEXHOJIOTHH TPUBENO K WHTEHCHBHOMY HCIOJb30BAaHUIO TeOTpa(UuecKd paclpe/eneHHbIX
BBIUHMCINTENBHBIX PECYPCOB M CO3JAaHMIO HAa HMX OCHOBE JWHAMHYECKH-MAcIITaOupyeMBbIX
BBICOKOTIPOU3BOAUTEIBHBIX pacnpedenenuvix gviyucaumenvrovix cucmem (PBC). B mmreparype
OTCYTCTBYET KAaHOHMYECKOE OIpeleleHHe TOTO, YTO TaKOoe ‘“‘pacnpedeneHnas GbldUCAUMeNbHAs
cucmema”. Hanpumep, npodeccop Duapro Crroapt TanenOaym ompenensieT pacnpeieieHHYO
cUCTeMY Kak “‘Habop HE3aBHCUMBIX KOMITBIOTEPOB, PEACTABISIONINECS UX IT0JIb30BATEISIM €IUHOM
obbenuHeHHO# cuctemoi” [1]. B kuure [2] cka3aHo, 4TO “MOJ pachpeneeHHOH CHCTEMOW MbI
MOHMMAaeM BCSKYIO BBIYHCIUTEIBHYIO CHCTEMY, B KOTOPOH HECKONBKO KOMIIBIOTEPOB HIIH
MPOLIECCOPOB, TaK MM WHA4e, BCTYNAIOT BO B3aMMOAEHCTBHE”. MOJKHO TakXe CUHTATh, UTO
pacIpeseneHHas CHCTEMa — 9TO CHCTEMa, KOMIIOHEHTBI KOTOPOH pacIio0o)KeHbI Ha Pa3HBIX CETEBBIX
KOMITBIOTEPAX, KOTOpbIE OOMEHHBAIOTCS NAHHBIMH W KOODAWHHUPYIOT CBOM JEHCTBHSA IyTeM
nepeaaun coobieHuit apyr apyry [3].

Ha cerousImHuii AeHb CYIIECTBYIOT Pa3INYHbIC TUITEI PACTIPEICIICHHBIX BBIYUCINUTEIBHBIX CHCTEM
— 9TO BBIYHCIHUTENBHBIC KJIACTEPHI, CHMMETPHYHBIC MYyJbTHIIpoueccopsl (SMP), cuctemsl c
pactpeneneHHON pasnensemorr mamateio (DSM), maccoBo-—mapamiensHble cucteMbl (MPP),
MYJIBTHKOMIIBIOTEPBI, CHCTEMBI OOJIAYHBIX, NapaUIeJbHBIX M TpuA-BbluucieHud [4]. U3
BBIIIECKA3aHHOTO CIEAYET, YTO pacnpedeieHnbvle SbIMUCTUMENbHbIE CUCTEMbL — MO CLONCHbIE
cemegble cucmemsl (Cucmemvl cucmem), NPeoHasHauyeHHvle Oas 06pabomru 6oabLuwUX 06beMO8
OAHHBIX, OOHUM U3 OCHOBHBIX NPEUMYWeCs KOMOPLIX AGIAEMCA B03MONCHOCMb NAPALNENbHOU
obpabomku npoyeccog [5].

B mHactosiimee BpemMs B 00JAacTH pACHpENCNICHHBIX BBIYMCICHHH BEIYTCS WHTEHCHUBHBIC
uccinenoBanud. Ho 10 cuX MOp OTKPBITBIMM OCTAIOTCS MPOOJIEMBI ONTUMAIbHONH OpraHU3aIUH
MapauleNIbHBIX MPOLECCOB 6 YCA06UAX OZPAHUYEHHBIX pecypcog. DTO TMOPOXKIAET CIOXKHBIE B
MaTeMaTHYeCKOM OTHOIICHHH 3aAadu 3¢ (GEKTHBHON (ONTHMAIbHON) peanu3aluy 3adaHHBIX
00bEMOB BBIYMCIICHUI B Pa3JIMUHBIX PEKUMAX ACHHXPOHHOTO M CHHXPOHHOTO B3aMMOJECHUCTBHS
MIPOLIECCOB TIPY HEOTPAaHMYEHHOM M OTPAaHMYEHHOM IapaijielM3Me, 33a4d CHHXPOHH3ALUH
MHOXKECTBa MapaJJIe]IbHBIX KOHKYPUPYIOIIMX IIPOLECCOB, 3a/auyd OINpEIEICHUs] KPUTCPHEB
3G PEKTUBHOCTH W ONTHUMAIBGHOCTH 3a/IaHHBIX OOBEMOB BBIUMCIICHHUH, 3a7aun 3(PPEKTHBHOTO
O0TOOpa)KEHHs aJIrOPUTMOB M COOTBETCTBYIOIIMX NPOTPAMMHBIX peaM3alliii C y4eToM
ocobenHocTel MHOTOMpoIeccopHbIX cucteM (MC) u BerunciuTensHbBIX Komiuiekco (BK) n ap.
JlaHHBIE 33/1a4M UMEIOT KaK NMPsIMOH, Tak U 00paTHBINA xapakrep. [Ipu moCcTaHOBKE MPSIMBIX 3a/1a4
YCIOBHSIMH SIBJISIFOTCSL 3HAYEHHUS INapaMeTPOB PACIpPEeNIEHHON BBIYMCINUTEIBHON CHUCTEMBI, a
peleHrneM MUHIMAaJIbHOE 00I1Iee BpeMsl peasIn3aliiy 3aJaHHbIX 00beMOB BhIHciIeHHH. [locTaHOBKa
00paTHBIX 33/1a4 CBOJUTCS K IMOUCKY KpUTepHeB 3P (PEeKTUBHOCTH U ONTUMAIILHOCTH OpraHU3aliu
BBITTOJIHEHHUSI MHOXKECTBA PACIpPEETICHHBIX POLECCOB. B BUAY MTUCKPETHOTO M KOMOMHATOPHOTO
XapakTepa BbIIICYKa3aHHbBIX 3a7[a4d OINpEAEICHHbIH MPOrpecc Ha MyTH MX PEIICHHs MOXET ObITh
JIOCTHTHYT 3a CYET NPUMEHEHMS] MaTeMaTHYeCKOTO anmnapara i METOJIOB JUCKPETHBIX CHUCTEM H
JIMCKPETHOM ONTHMU3AIMK, TCOPUHM PACIUCAHUA M CETeBBIX TrpadoB, TEOPUH AITOPUTMOB H
MHOECTB, anreopst Matpuil u ap. [6-8].

Cayudaii, xorga B obuield namsatn PBC pasmemena onHa konms mporpammuoro pecypea (ITP), c
pa3IMYHBIX TOYEK 3peHHs ObLT U3ydeH B paboTax [9-15] u ap. Ho, k coxaneHuro, Mano paboT mo
MaTeMaTH4ecKOMY MOJICJIMPOBAHNI0 (YHKIIMOHUPOBAHUS PACIPEAEICHHBIX BBIYACIUTEIbHBIX
cHCTEM, B KOTOPBIX B OOIIEH MamMATH OJHOBPEMEHHO MOXET HaXOAMThCS HE OJHA, a HECKOJIBKO
KOIMUiA mporpaMMHOro pecypca [16-19]. Takoe 06001IeHHe HOCUT NPUHIMIIHATBHBIA XapakTep B
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TMaBnoB ILA. O BpeMeHH peanH3alUM PACIPCACACHHBIX BBIYUCICHHNH B CHHXPOHHOM PEXHME MPH OrPAaHHYCHHOM YHCIC KOMMI
nporpaMmHoOro pecypca. Tpyost UCII PAH, 2024, Tom 36, B 4, c. 81-98.

BUJly TOTO, YTO OTPAKa€T OCHOBHBIC YE€PTHI MYJIbTHKOHBEHEPHOH 00pabOTKH, a TaKKe MO3BOJISIET
CpaBHHTH 3((PEKTUBHOCTH KOHBEIEPHOH U apajuleNbHONH 00paboTKy.

HccnenoBanns B yKa3aHHOM HAIpaBJICHWU SIBIAIOTCS YPE3BbIUAHO akTyandbHBIMH. Ocobas
AKTUBHOCTb XapakTepHa Uil MHCTUTyTa CUCTEMHOT0O IIporpaMMupoBanus Poccuiickoil Akagemun
HayK, aKyJIpTeTa BBIYUCIUTEIbHON MAaTEMATHKHN  KHOEPHETHKH MOCKOBCKOTO FOCYIapCTBEHHOTO
yauBepcuteTa uMeHn M. B. JlomoHocoBa, O0beAMHEHHOTO MHCTUTYTa Hpo0iIeM HH()OPMAaTHKH
HamuonansHo#t Axanemun Hayk benapycu u ap.

2. Mamemamud4eckasi Modesib cucmemMbl pacripedesieHHbIX 8 bIYUCIIeHUl npu
o2paHUYeHHOM YucJsie Konul npo2paMMHO20 pecypca

KOHCTPYKTUBHBIMHU 3JIEMEHTAMH JIJIsI TOCTPOEHHS MATEMATHUYECKUX MOJENEH (yHKIIMOHUPOBAHHSI
pacrhpeielieHHbIX BBIYUCIUTEIBHBIX CHUCTEM SIBISIOTCS TMOHATHS Npoyecca W NpPOSPAMMHOZ2O0
pecypca. Kak u B paborax [9-19] npoyecc Oymem paccMmaTpuBaeTcss Kak BBIIOJHEHHE

TI0CIIeI0BaTENbHOCTH Ha0opoB 6i10k0B | = (1, 2, ..., S). /I yCKOpEHHs BBIIOIHEHHUS IPOLECCHI

MOTYT BBINOJHATBCS MapajUIeIbHO Ha  pasHbIX  BBIYHACIHTENBHBIX  YCTPOMCTBaX WM
MICEBIONIAPAIICIIBHO Ha OJHOM BBIYMCIMUTEIHHOM YCTPOMCTBE B3aMMOICHCTBYS MEXIy COOOM.
[Ipomeccel, KOTOpBIE BIMAIOT HA MOBEACHHE JPYT ApyTra IyTeM oOMeHa HHpOopManue, Ha3pIBatoT
83aumodelicmeylouumy TporeccaMd. MHOTOKPaTHO BBINOJHAEMYIO B MHOTONPOIIECCOPHOH
CHCTEMe MPOorpaMMy WIH ee JacTb OyAeM HasbIBaTh npozpammuvim pecypcom (I1P), a MHOXKeCTBO
MIPOIIECCOB €r0 BBIMOJIHIIOIIUM — KOHKYPUPYIOUWUMUL.

IIpu pemenun 3amauy opranusauuu B3aumozeiicTsuss B MC u BK koHKypupyromux npoueccoB
UCTIONB3YeTCs KOHLEMNIMsA Cmpykmypuposanus. CTpyKTYpHpOBaHHE NpennosaraeT pasOHeHue
MPOTpaMMBbI peIIeHHUs CIOXKHOM 3aJayd Ha COCTaBHBIE €€ 4acTH (TOANPOTpPaMMBI, MPOLERYPHI,
6510KkM) ¢ mocienyroule opraHu3alueil JMHEHHOro WM YacTMYHOIO IOpSJIKa BBINONHEHHUS Ha
MHOXeCTBe ITHX udacTed. Kak NpaBUJIBHO OCYIIECTBUTH pa30OHEHHE CIOXKHON MpOrpaMMBbl MM
cucteMbl? Ha CKOJIBKO COCTaBHBIX YacTel MPOU3BOANTE pa3OucHue?

[Tycte TIP — mporpammHbIi pecypc, N =2 YHUCIO B3aUMOACHCTBYIOLUIMX KOHKYPUPYIOLINX
npoueccoB. TpeOyeTcs opraHU30BaTh BHIYNCIUTENBHBIN MpOIecC TAaKUM 00pa3oM, 4ToOBI olmiee
BpeMS BBIIOJIHEHHST N MPOLECCOB, Henonb3yronmx [1P, 6p1m0 MunnMansHbeM. OIHOI U3 cTpaTeruii
pellleHys JaHHOW 3aJadu Ha P> 2 Hpoleccopax SABISIETCS MPEAOCTaBICHUE KaXKIOMY MPOLECCY

otaenbHol kommu [IP. Ho 3TOT myTh He Bcerma OCYIIECTBHM H3-32 OTPaHHYEHHOTO 00BeMa
pecypcoB BBIUYMCIUTENBFHONH CHCTEMBI M TeM Ooiee TPYAHO IOCTHXKAM B Cilydae OONBIINX
MPOTpaMM, MCIOJIB3YEMBIX B KaueCcTBE MPOTPaMMHBIX pecypcoB. [loaToMy npH peleHnn JaHHOH
3a7a4d  IIPUMEHSETCS CTpaTerusi IOCJIENOBATENLHOTO OOCITY)KMBaHHS N TIPOLECCOB C
WCIIOJIb30BAaHUEM PA3IMYHBIX MEXaHM3MOB X CHHXPOHHM3ALMH. B 3TOM ciydae cymmapHoe BpeMst

BBITIOJTHEHHUS IPOLECCOB COCTABUT BEJIMYNHY Tsum =nT , TJC T - BPEMS BBITTIOJTHEHUS KAX/bIM U3

MPOLIECCOB MPOrPaMMHOT0 pecypca.
Bpems T,

sum MOJKHO CYIIECTBEHHO COKPATUTh, ECJIM 00ECIIEUUTh CTPYKTYPHPOBAHHE IPOrPAMMHOI0

pecypca Ha Gmoku Q;, Q,, ..., Q; ¢ mociexyromeil koHBeilepu3aryell 6JI0KOB O IpoLeccaM, a

mpoleccoB Mo mpoueccopam MHoromponeccopHoir PBC. CrpykrypupoBaHue HporpaMMHOIO
pecypca Ha OJIOKH OCYIIECTBIIIETCS, KaK IPAaBHIIO, JIMOO MCX0/As U3 (PU3NIECKOr0 CMBICIIA 33a4H
Ha dTanax co3/laHus MaTeMaTHYECKOH MOJIENU U aJTOPUTMOB €€ pelieHus, JIu0o MmyTéM aHaIu3a
TOTOBOM, IIOCIEIOBATEIbHOW MPOrpaMMbI C LENbl0 €€ CerMeHTHpoBaHMs. Umcino O0KOB, Ha
KOTOPOE OCYHIECTBISIETCS CTPYKTYpUPOBaHHE NMPOrPaMMHOIO pecypca, 3aBUCHT OT KOJIMYECTBa
MPOIIECCOB M TIPOIECCOPOB, JIMTEIBHOCTH BBIIOJHEHHUS IPOTPAMMHOTO pecypca, HaKJIaTHBIX
pacxo/0B U Apyrux napamerpos [10-13].

OnuH W3 BO3MOXHBIX CIIOCOOOB (MEXaHU3MOB) B3aMMOJICHCTBHS IIPOLIECCOB, IMPOIECCOPOB U
6moxoB cnenyromuii. bioku, mpomeccsr n mporeccopsl BK nmimm MC HymepyroTes B mopsiake
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1,2 ..,s,12 ....,nul 2 .., P coorBeTcTBEHHO. [IpeaAmOI0KUM, YTO BCE N IPOILECCOB
HCIIONB3YIOT OJHY KOIHIO CTPYKTYPHPOBAHHOTO MPOTPaMMHOTO pecypca. B manpHEHeM o
mporieccoM OyneM MOHMMATh BBITONMHEHHE Bcex OmokoB [IP B mopsiake 1, 2, ..., s. Ilpm sTom
MIPOIIECC HA3BIBACTCS pACNPeOeiéHHbIM, €CIIH BCE OJIOKH WITH YaCTh M3 HUX BBITIOJIHIIOTCS Ha Pa3HBIX
nporeccopax. OnepanuoHHas CUCTEMa WM CICIHATBHO BBIICICHHBINA OPraHU3YIOMIUN MPOIEce
npenocrasiser ookn Q;, Q,, ..., Q, kKaxmoMy U3 mpoueccoB B nopsake 1, 2, ..., n. B ciydae
pacupenenéHHONH 00pabOTKH MOHOIIONU3AIHS IIPOLIECCOPOB MPOIIECCaMH HE TIPOMCXOINT, a OJIOKH

OHOT'0O M TOTO K€ MPOLECCa BBIITOJIHAIOTCS Ha PAa3HBIX IIpoHeEccopax. O‘{CBI/IZ[HO, YTO IIPH HATTUMINHA
B MHOFOHpOHeCCOpHOﬁ CUCTEME [ IPOLECCOPOB BO3MOXKHO COBMEIIEHHOE BO BpEMCHU

BBIMOJIHEHHE IPOLECCOB. 3allOMMHAHHE M BOCCTAaHOBJIEHUE MPOMEXKYTOUHBIX COCTOSHUIM
MPOLIECCOB, 3aIllyCK MPOLIECCOB Ha BBHIIOJHEHHE W WX 3aBEepIICHHE, BHIOOP PEXUMOB
B3aUMO/ICHCTBUS MPOILIECCOB, IPOLIECCOPOB M OJIOKOB OCYIIECTBISIET CIIELMalbHAasi MOACUCTEMA
OIEPalMOHHON CHUCTEMBI MJIM OPTaHU3YIOLIHUI poLecc.

Matemaruyeckast MOJEIb CUCTEMBI PACIIPEAENICHHOI 00paboTKU B3aUMOACHCTBYIOIIMX IIPOLECCOB,
KOHKYPUPYIOLIUX 32 MCIOJb30BAHUE OIPAHUYEHHOI'O YHWCIAa KOMHUA CTPYKTYpHPOBAHHOTO
MIPOTPaMMHOTO Pecypca, BKIIOYaeT B ce0s: P =2, MpOIecCOPOB MHOTOIPOLIECCOPHOH CHCTEMBI,

KOTOpble HMEIOT JOCTYI K oOImed mamsaTtd; N =2, pacupeleleHHBIX B3aMMOACHCTBYIOIIHX
KOHKYPHUPYIOLIMX IIPOLECCOB; S > 2, OJOKOB CTPYKTYpPUPOBaHHOTO Ha OJIOKH IMPOTrPaMMHOTO
pecypea; matpuny T =[t;], i=1n, j=1s, BpeMeH BbINONHEHHS OIOKOB IPOrPAMMHOTO pecypca
pacnpesieleHHBIMI B3aUMOACHCTBYIONIMMH KOHKYPHPYIOLIUMH Mporeccamy; 2<C< P, YHCIO

KONUH CTPYKTYPHUPOBAHHOTO Ha OJIOKH MPOTPaMMHOIO pecypca, KOTOPBIE MOTYT OJHOBPEMEHHO
HaXOJMThCS B OTIEPATHBHOW MaMATH, JOCTYIHOW AJsl BceX P mpoueccopos; € >0 — mapamerp,

XapaKTepU3YIOUIMH BpeMsl JOTOIHHUTENBHBIX CUCTEMHBIX PAaCXOJIOB, CBSI3AHHBIX C OpraHU3alUeH
KOHBEHEPHOTO peXHMa HCIIOJIb30BaHUsI OJIOKOB CTPYKTYPHPOBAHHOTO IPOrPaMMHOTO pecypca
MHOXXECTBOM ~ B3aUMOJACHCTBYIOLIMX KOHKYPHPYIOIIUX MPOLECCOB MpPU  pacrpeleseHHON
obOpaboTke.

bynem Taxxke mnpeamonaratb, UTO YHCJIO MPOIECCOB N  KpaTHO 4YHCITy KOmui C
CTPYKTYPUPOBAHHOI'O IIPOrpaMMHOro pecypca, T. €. N=mMC, Trae mzn/CZZ, U 4TO

B3aMMOJICHCTBHE MPOIECCOB, MPOLECCOPOB M OJOKOB MPOrPaMMHOTO pecypca IMOJUHHEHO
CIIEAYIONMM yCJIOoBHsM: 1) HH OJUH U3 MPOIECCOPOB HE MOXKET 00pabaThiBaTh OJHOBPEMEHHO
6onee OMHOrO OJIOKA; 2) MPOIECCH BBIMOIHIIOTCS B MapaJUIeIbHO—KOHBEHEPHOM pEXUME
IpYIIaMHU, T. €. OCYIECTBIISIETCS OJJHOBPEMEHHOE (MapaJlIeIbHOE) BHIOJIHEHHE C KOMHUI KaXI0TO

6110Ka B COMETAHMH C KOHBeHepu3auueii rpymisl u3 € konmii Q;-ro 6moka, j=1,s, no npoueccam

u mporeccopam; 3) 00paboTKa Kaxaoro OJ0Ka MPOrpaMMHOTO pecypca OCYHIeCTBIsieTcs 6e3

npepeiBaHuii; 4) B ciaydae, KOTAa YMCIo GJI0KOB IPOrpaMMHOro pecypea S < P , Izie [X] — nenas
c

YacTh YMCIa, I Kaxaoro | —ro mporecca, e i =c(l-1)+q, | =1,m, q=1c, pacupenencuue
6nokoB Q;, =1, IporpaMMHOro pecypca Mo MPoIEeccopaM OCYIIECTBIISETCS 10 MpaBuity: 610K

C HOMEpOM | pacmpemensiercst Ha nporeccop ¢ Homepom C(j—1)+(q .

B pa6orax [16,17] ucciieoBaH aCHHXPOHHBIH PesKUM KOHBEMEPHOH peann3aini B3auMOIeHCTBHS
MIPOIIECCOB, TPOIECCOPOB M OJOKOB C Y4YeTOM HaIW4Yusi C KOMHHA CTPYKTYPHPOBAHHOTO
MIPOrPaMMHOTO peCypca, KOTOPBIH MPEANoaraeT, 4T0 Ha4ayio BBITIOTHEHHsS] C KOMMUN 04epeTHOTO

QJ —TO 6HOKa, J = 1, S, onpeaesieTcss HaIu4ueM C MpOoIEeCCOPOB M TOTOBHOCTBIO KoM OjI0Ka K
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BBITIOJTHEHHIO, MIPHU 3TOM IMPOTPaMMHBIN OJIOK CUMTAETCS TOTOBBIM K BBIIOJTHEHMIO, €CIIM OH HE
BBINOJIHSAETCA HU HA OJJHOM M3 IIPOLECCOPOB.

Ha puc. 1 npencraBnena nuHeiHas nuarpamma ["aHTa, WILTIOCTPUPYIOIIAs. ACUHXPOHHBIA PEXUM
BBITIOJTHEHHUA N =4 pacmpeneneHHbIX KOHKYPUPYIOIINX MPOIECCOB, UCIOIB3YIOMUX C =2 KONUH
CTPYKTYPHPOBaHHOTO Ha S =3 OJi0Ka MPOrpaMMHOI0 pecypca B MHOT'OIIPOLIECCOPHOM CHCTEME C
p=7 mnpoueccopaMM W C 33JlaHHOW MaTpHULEed BpeMeH BBIIOJHEHUS OJOKOB C YYETOM

JIOTIOTHATETbHBIX CHCTEMHBIX Pacxonos T = [ti?] ax3 = [tij + Olaus-

%
7 |
[ 6
5 Iy t43
: —e —e
0 6
5 R t13 t33 R
t L s
4t — o — e :
0 0 !
3l t12 R t32 R :
0 0 :
2 ty R t R ;
0 0 E
1 L%} Ly i

0 1 2 3 4 5 6 7 8 9 10 11 Ta”c(p,n’S,Clg)
Puc. 1. Acunxpormvlii pexcum 83aumooeticCmaus npoyeccos, npoyeccopos
u 610K08 CIMPYKMYPUPOBAHHO20 NPOSPAMMHOZ0 pecypca.

Fig. 1. Asynchronous mode of interaction between processes and processors
and blocks of structured software resource.

B pa6ore [20] u3yueH mepBblii CHHXPOHHBIH PeKUM, OOCCIICUMBAIONINNA JTUHEWHBINA MOPSIIOK
BBITIOJTHEHHS OJIOKOB IPOIPaAMMHOT0O Pecypca BHYTPHU KaXOT0 U3 MPOLECCOB Oe3 3a/iepiKek, T. €. B

cimydae, korma 2<S< [2} , MOMEHT 3aBepIICHHs BBIMONHEHHS Q j—To omoka, j=15-1,
C

nporeccom ¢ HomepoM i =(I-Dc+q, =L m, m= E, q=1c, na ((j—Dc+q) —m npoueccope
c

COBIaZiaeT C MOMEHTOM Hauajia BBINOJHEHHUs ciemyiomero Q;-To 61oka Ha mporeccope ¢
HomepoM (je+() (puc. 2).

Hanee, Kak W B Ciy4ae OJHOM KOIMHM MPOTPaMMHOTO pecypca [/], BBemem creayromiue
OIpeeNeHus..

Onpenenenune 1. CucremMa N pacnpeneneHHBIX KOHKYPHUPYIOIIMX MPOIECCOB HAa3BIBACTCA
HEOHOPOJAHOM, €CIIi BpPEeMEHa BBINOJHEHHs OJOKOB mporpamMmuoro pecypca Q, Q,, ..., Qq
3aBHCAT OT 00beMOB 00pabaThIBaeMBIX JAHHBIX W/WJIM MX CTPYKTYPHI, T. €. pPa3HbIC U Pa3HBIX
MPOLIECCOB.

Onpenenenue 2. CucreMy pacnpeneieHHbIX KOHKYPUPYIOIINX MPOLEccOB OyZeM Ha3bIBAaTh
O/IHOPO/IHOIi, €CITH BpEMEHA BBINONHEHU Q;—T0 6J10Ka KaX/IbIM U3 | —X IIPOLECCOB PABHBI, T. €.

0=t/ i=1n, j=1s.
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Onpenenenune 3. CucreMmy pacnpeneleHHBIX KOHKYPUPYIOIUX TPOIeCCOB OyaeM Ha3hbIBaTh
0JJMHAKOBO pacripe/ie]eHHOI, €ClTi BpeMeHa BbITIOJIHeHNUs BeeX 010K0B [1P ka1pIM U3 poLIeccoB

COBIAJAIOT U PaBHBI tig , T.€. CIpaBeJIMBa IIEIIOYKa PABEHCTB tﬁ :ti92 :...:tg :tie , IUIL BCEX
i=Ln.
P
7t
0 0
t t
23 43
6f — —
0 0
t t
13 33
S5t * * ¢
6 0 |
4 | R t22 o N t42 o !
0 '
3l tfz Ly :
0 0 E
2 t21 N t41 R i
0 |
p—————o |

0 1 2 3 4 5 6 7 8 9 10 11 T/(p,ns.c.6)

Puc. 2. Ilepeviti cunxponHbill pexcum 63aumoOeticmaus nPoYeccos, NPOYeccopos u HIOKo0E.
Fig. 2. The first synchronous mode of interaction between processes, processors and blocks.

3. Bpemsi peanu3ayuu He0OOHOPOOHbIX pacrpedesieHHbIX NMPoueccoe

B pamkax maremaTHuecKoil MOAENN OpraHU3aluy paclpeaeeHHoN 00paboTKH KOHKYPHPYIOIINX
IIPOLECCOB C YUYETOM OTPaHUYEHHOI0 YUCIA KOIMUHA CTPYKTYPHPOBAHHOTO IPOTPaMMHOI0 pecypca,
BBEJICHHOI B II. 2, UcclelyeM BTOpPOii CHHXPOHHBIH PeXKHM B3aMMOEHCTBHUS IPOLIECCOB,
IPOLIECCOPOB U OJIOKOB, KOTOPBI 00ECHEeYMBACT HEMPEPBHIBHOE BBIMOJIHEHUE KaXXA0ro OJIoKa

IpOrpaMMHOTO pecypca BCEMH IIpoleccamMH, T.€. B Clly4ae, Koraa ZSSS{B}, MOMEHT
C

3aBepIUeHHS BBIMOJHEHHs | —M mporeccom, rae i =(1-1)c+q, | =1, m-1, gq=1c, j-ro 6moxka,
j=1s,Hna ((j—1Dc+q)—M npoueccope COBIaTACT C MOMEHTOM HaJaa BBINOJIHEHHsT | —T0 GioKa

npoueccom ¢ HomepoM (i +C) Ha 3TOM e mpoueccope (puc. 3).

Yepes T,.(p,N,S,c,0) 0003HAYNM MHHHMaIbHOE O0Ilee BpeMs BBIOJIHEHHS BO BTOPOM
CHHXPOHHOM PEeXHMME Ha [ Tporeccopax N HeoOHOPOOHbIX PACTIPENISTICHHBIX KOHKYPHUPYIOIIHX
MIPOIIECCOB UCTIOIB3YIONINX ¢ KOMHH CTPYKTYpHPOBAHHOTO Ha S OJIOKOB IPOTPaMMHOTO pecypca
C MaTpHIell BpeMeH BBITIOJHEHHUS C YI€TOM JOMOTHHUTEIBHBIX CHCTEMHBIX PACX0J0B T - [tf]nxs .
JI1st JanbHENIero uCciueIoBaHus MHOYKECTBO M3 N TIPOIECCOB Pa300beM Ha ¢ TMOJAMHOKECTB IO

M MpoIeccoB B KaxA0M. B kaxaoe ( —e moaMHOXecTBO, ( =1,C, OyayT BKIIOYECHBI MPOLIECCHI C

Homepamu i =c(l-1)+q, | =1,m.
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Ilpu s = [B} paccMaTprUBaeMblii CHHXPOHHBIM PEKHUM B3aUMO/IEHCTBHSI TIPOLIECCOB, MTPOIIECCOPOB
c

1 OJOKOB, 00eCTICUYMBAIOIINI HEMPEPHIBHOE BHITONHEHHE KaXKIOTO M3 OJOKOB IPOTPaMMHOTO
pecypca mo mporeccaMm, COBNAJAeT C TEXHOJOTWEHW BBINOIHEHUS ONEpaluii B MHOTOCTaIUWHON
3ajaue TEOPUM pAaCHUCaHUl ¢ M TpeOOBaHWAMHU M S TPUOOPaMHU, KOTAAa KaKIbId MpHOOp
o0cmyuBaeT TpeOOBaHKsI HEMPEPHIBHO OJHO 3a Apyrum [7].

p

[ 0
t23 t43

L 4
*

4 14
t22 t42

ot to,

(4 0
t21 t41

*
L 4

11 N N

= D W N~ OO N

g

0 1 2 3 4 5 6 7 8 9 10 11 T (pnscd

Puc. 3. Bmopoii cunxpoHHblil pesicum 63aumooeticmsus npoyeccos, Npoyeccopos u OoKo8.
Fig. 3. The second synchronous mode of interaction between processes, processors and blocks.

CHGHOB&TCHBHO, O6H.[€e BPEMs BBINIOJHEHHUA N HEOAHOPOAHBIX KOHKYPHUPYIOIIUX PACTIPEACICHHBIX

MPOLIECCOB OyNIET OMPEeNemsThCS MpU S = {B} ¢yHKIIMOHATIOM 3TOM 3amaun. O003HAYMB uepes
c

t =t&i_1)+q, j » d=1c, i=1m, j=1 [%}, BpeMsl BBIMIONHEHHS | —M IIPOLECCOM M3 ( —TO
TI0JIMHOKECTBA TIPOLIECCOB | —T0 6JI0KA C Y4eTOM napameTpa 6 , monyduMm:
T3.(p.n,s,c,0) =Ty, p,n,[ﬂ}c,e =
c

[p/c] -1

v -
3nech E\lgx th(i—1)+q,j —ztzi_mq'jﬂ . j=1 {Ep}—l — HAYaJo BBHINONHEHHS |-TO OJOKa,
1= 1=

Ha4YMHast CO BTOPOro, IIEPBOTO Mpoliecca u3 ( —Io MOAMHOKECTBA IIPOLECCOB, a E t? -
c(i 1)+q{ }

ooOiee BPEMS BBITIOJIHCHUSA TTOCIICTHETO Oyioka BceMu M npoueccaMu ( —Tro NOAMHOXKECTBA, IrAe

g=1c.
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Ou4eBUAHO, 9TO MpU 2 < S < [2} ¢dhopmyma (1) Oynetr uMeTh BUL:
C

T,.(p,n,s,c,8) = max

s—1
1<q<c|

v v-1 m
4 I] 0
max Et,-_ ._Et’.— s t0.
1sv<m| 4 c(i-D+a.] _ c(i-1)+a,j+1 z c(i-1)+9,s
L i=1 i=1 i=1

Paccmotpum ciyuaii, korna S = k{ﬁ} , k>1 (puc. 4).
c

p

7+

| o th t ot

| t 6 oU ; oot 4

A A g  th g
al th tp Lty tss !

) tgl tfl t601 ikt204 tf4 tgzt -

ot 1 1 |

0 17 31

To(puns,c.6)

Puc. 4. Hecosmewennvle ouazpammer I anma npu S = k|:£] k>1.
c

Fig. 4. Unaligned Gantt charts when s = k{E} k>1.
c

Jna manpHEHIIEro McciueloBaHus, KaK M MPU JOCTaTOYHOM YHCIIE TPOLIECCOPOB, BCE MHOXKECTBO

MPOIIECCOB Pa300beM Ha MOJMHOXECTBA, MPHUYEM Kakaoe (—e MoAMHOXecTBO, (=1,C, Gyaer

cocrosiTe 13 M mpoueccos ¢ Homepamu | =C(I-1)+q, | =1, m, xotopsie GyayT BEIIOIHATECS Ha
nporeccopax ¢ Homepamu (c(j—1)+q), j=1, [B} . BBeziem crienyronie 0603HauEHHUS:
c

. tﬁ’ ‘9 _ BpeMst BBITIONHEHUS B ¢ —Oif rpyIIe 6JOKOB | —M MPOIECCOM U3 ( —TO MOJAMHOMKECTBA

MpPOLIECCOB | —T0 OJI0Ka ¢ yueToM napamerpa O :

t{f’qztfa—m ol #=Lk, g=Lc,i=Lm, j=1,{£};
lp-D) |+ c

. Tq"J — BpeMs BBIIIOJHEHUS B (¢ —OW TPyIIE OJIOKOB ( —TO MOIMHOKECTBA MPOLECCOB!
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-1 [p/c]
17 = max t LN
q Z;l<u<[ :| Z c(i-1)+q,(p— 1)|:B Z ci+q,(p— l)[ } Z C(m71)+qv($’1){£:}+]
¢ =1 j=1 c
p=1k, q=1c;

. T(pe — 0611166 BpEMs BBITNIOJIHCHUA ¢—OI>1 TpYIIIbI OJIOKOB BCEMH N npouneccaMm Ha C‘|:£:|
c

nporeccopax ¢ yuyetoM napamerpa 0

m-1
TY = max max t t +
?  1<g<c ;LLK[ } Z c(i-1)+q,(0 1)[ } Z ci+q,(p 1)[ }
(p/c] _
+ ) t? =maxT/, ¢ =1k;

—~ c(m71)+q,((p71){ﬂ+ i| 1<q<c

. Ei‘f’q— BpeMsl 3aBeplleHus 00paboTKM B ¢ —OM rpymme OJ0KOB | —M IMPOLECCOM M3 ( —TO

INOJMHOXXKCCTBA j —T0 OJI0Ka:

i-1

u
E‘/’ =E/ max t t +
c(i-1)+q,] Z |: :| Z e(u-1)+q,(¢ 1){ }+W z cutq, (e 1)[ }

u=11<u<

j T
+Zt9 o=1k, q=Lc,i=1m, j=1|2|.
— c(i-1)+q,(p— l)|: } C
C yuerom 0003HAUYECHUI ti‘j-’ a, qu u Ei‘j”’q u B cuity ¢opmynsl (1) mms HaXoKIeHUS BPEeMEHH
BBIMOJIHEHHS (@ —# TPYIITbI OJIOKOB BCEMHU N MPOIECCaMu T(f U BPEMEHH 3aBepIleHIs 00paboTKu

B @ —Oif Tpymme GJIOKOB | —M IPOIECcOM W3 §—TO IMOAMHOXECTBAa | —T0 OJ0Ka Ei‘f'q , TIOJIy9nM

CJICAYIONE COOTHOLICHMS:

[p/c]-1 v -1 m
T? = max max t? + )t . (2
¢ = 1lece ;l«m et (1140, (p- 1)[ } Z_ll c(i-1)+q,(p- 1)[ }m Z_ll c(i—1>+q,<p[ﬂ @

=1k;

j-1 v v-1
Ef9=) max| » t’ Z +
1<v<m = c(u-1)+q, (q;—l)[ } c(u-1)+q, ((p—l)[ }+w+1

w=1
q=1c,i=1m, j=1,H.
C

+ t? , p=1
Z c(u71>+q,(¢71>[£}+1
=1 c

=~

Yepes Bﬁ’q 0003HaUMM BpeMs Hadaja BRIIIOJHEHHS B ¢ —Oif TpyIe OJIOKOB MEPBBIM MPOIECCOM

U3 ( —T0 MOJAMHOKECTBA mpoueccoB J —ro OoKa:
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j-1 v v-1

BfiY =) max t?

t6’
1<v<m =) c(u-1)+q, ((p—l)[ }

c(y—1)+q ((p—l)[ }+w+l

®)

w=1

W3 ananuza NOoCICA0BATC/IbHBIX AUarpaMm TI'anTa CJICAYECT, UTO
T,.(p,n,s,¢,0) = Tzc(p n, k{ }c aj ZT9
k-1

rre Q= E min{w,,,®,} SBISCTCS BENMYMHOH MAaKCHMAIBbHO JIOMYCTHMOTO CYMMAapHOIO
p=1
COBMEIIECHHUSI COCETHUX JHarpaMm Mo OCH BPEMEHH.

31ech KakIoe 3HadYeHUe min{ww,a)q)}, ¢=1k-1, ompemenser BEIWYMHYy MAKCHMAIbLHO

JA0IYCTUMOI'0 COBMCUICHHS IO OCU BPEMCHHU MCIKAY MMapaMU COCCAHUX JUarpamMm l'anra:

! . : 0 , +1, .
@, = min - min {T, —Em? +B{ ™}, (4)
q’clsjg[ﬂ}
C

m

-1
e :Lrpqigcgiﬁg‘ T(f - Er(:[qp i Z tcg(/t -1)+q, w{ } Zl: c(u-1)+q, <p[ }1 ' (/)=1,k—1. (5)

C
Torna nust PBC ua puc. 4 monyuum, uto T,.(7,6,6,2,0) =17 +14—min{6,4} = 27 (puc. 5).

Jist oOmiero ciywasi, Korua s:k[§}+r, k>1, 19{3} (puc. 6), oOmee Bpems
C

TzHc[ p,n, k{zp} +, HJ OyzeT ompeaenaThes mo Gopmyie:

H p
T ,n, k +r,c,0 T +T2 min min ,
2c[p [C} ¢, j E k+l — E {a) o, } {a)k a’k} rne

-1 \ v-1
T2, = max max -) t? t . (6
KL lcq<o le l<v<m z c(i-D+a, k[ } i Z:: c(i-D+a, k[ }+J+1 Z c(i-D+q. (ﬂ[ } ©
o = min min{T/ - Ef + B9}, 7
1<g<cl<j<r
m i-1
@, =min min T2 —EX9 1+ ) t? + ) t? (8)
1<g<cl<i<m m 7} c(,u—l)ﬂ,k{ﬁ} c(,u—1)+q,k[£}rl
c pu=i+l c = c
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PN o

71

| Wt

| AR w6t

| Lt 0 1

0 0 :

3l th iy L5, ts t tss

e w AR
0 |

1) th ts, ta t5_to. :

Puc. 5. Cosmewennvie duacpammer Ianma npu S = k[£:| , k>1.
c

Fig. 5. Combined Gantt charts when s = k{ﬂ] k>1.
c

B cBoro ouepens, snadenns By kld ¢ yaeroM ¢opmydsl (3) OyayT HaliIeHBI U3 BRIPAXKCHHS:

Bk”q— max| Y t t ,q=1c, j=1r.
Lv<m z c(u-1)+q, k{ }w Z c(u-1)+q, k[ }+w+1 a J

Taxum 06pa30M, HUMECT MECTO CJIeAyro1as

Teopema 1. Eciu e3aumoodeiicmeue npoyeccos, npoyeccopos u O10K08 CmpyKmypupo8aHHo20
nPOSPAMMHO20 Pecypca NOOYUHEHO VCAOBUSIM G6MOPO20 CUHXPOHHO2O Delcumd, mo OJis J00blX
p>2,n=2,s22, 2<c<p, 0>0 munumarvruoe obuee epemst bINOAHEH U HEOOHOPOOHBIX

PAcnpeeneHHbIX KOHKYPUPYIOWUX NPOYeccos Onpeoesiemcst C1edyiowum oopasom:

T2c(p n,s,c, 9) ]_q<c . Qgﬁ Ztc(l—l)+q] Ztc(l—l)+q j+l +Ztc(l—1)+qs )

npu 2£S<[£};
C
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k k-1
D17 = minfw,, 0}, mpu s = k[ﬂ k>1
go:l 1=1

T,.(p,n,s,c,0) = ZT +T2, - Zmln{a)(p,a)} min{wy , o, },

o=1 o=1

npu s:k{£}+r, k>1, lSr<[£}
c c

3nech T u Tk .1 BBIUHCIAIOTCS 10 opMynam (2) u (6), a a) , ; , @ :1,_k , o popmyst (4), (5),

(). (8).

4. Bpems ebinosiHeHust 0OHOPOOHbLIX pacrpedesieHHbIX MPoyeccoe

Yepes T,.(p,N,S,c,0) 0603HAYUM MUHMMAIBLHOE OOIIEe BPEMsl BHIMOJIHEHHS. HA ) IPOIIECCOpax

CHCTEMBI N 0OHOPOOHBIX PACTIPEIETEHHBIX KOHKYPUPYIOIIMX MPOIECCOB, HCIONB3YIONUX ¢ KOMHUMA
CTPYKTYPHPOBAaHHOIO Ha S OJOKOB IMPOrPaMMHOIO pecypca C Yy4eTOM JOMOJHHUTEIbHBIX
CHCTEMHBIX pacxooB 6 >0.

IIpu s < {Ep} MOJCTaBUB B popmyiy (1) 3HaueHus ti]‘-' = t? ,i= ﬁ N L_s , ¥ TIPOBE/ISl HECIIOKHBIE

Hp€06paSOBaHI/I$[, nonquM:

S S
6 0 0 0 0 0
T,.(p,n,s,c,0)= 1@/@); E t E tJ+l + E ty = E ty +(m-D tg + Ezmax{tjl—tj O} |
i=1 j=1 i=

I/ITaK, €ClIn 0603Ha‘II/ITB JJIMTCJIBHOCTL  BBINTOJIHCHUS TMPOrpaMMHOI0 pecypca KaXKIAbIM U3

S
MPOLIECCOB Yepe3 ng = th] , TOTIpA S < {B} , IMEEM:
C
j=1

S
To.(p,n,s,¢,0) =T +(m-1) tf+2max{tf’_l—tf,0} .
=2

PaccMmoTpuM citydaii, Koraa S = k{g} L k>1.
C

HCHOJ’IBSyﬂ npueM COBMCHICHHA MNOCJICAOBATCIbHBIX AWarpaMm FaHTa, MOJy4YuM CJICAYHOIIYHO

(dhopMyIy 175l BEIYUCICHUS TZ"C( p,n, k[E} c, 49) :
C

TZC[p n, k[ }c@j ZT" Zmln{t//q),qu)

p=1

roe T7, (p:l,_k — oOmee BpeMs BBINOJIHEHUS @ —X {B} 0JI0KOB CTPYKTYypHPOBAHHOI'O
C

MPOTPaMMHOTO Pecypca BceMu N MpoleccaMu Ha C|:£:| npoueccopax, a ¥, u ¥/, NPeJICTaBIsoT
c
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coboii OTPE3KMN BO3ZMOKHOTO COBMCHICHHUA ABYX ITOCICAOBATCIIBHBIX AHUArpaMM IO OCH BPEMCHH,

¢ =1k —1. 3naueHus T(f , W ('p u (//; HaXOZSATCS 110 CICAYIOUNM (hOpMyJIam:

(p/c] [p/c] .
Tg = ;t(e(pl)[s}+j +(m-1) tZl:s:} jz_;maX{tf¢l)[s}+jl _t(e(pl){s}rj 0}, p=1k; (9)
v, = L',mfp }{r;,, Ef + B}, (10)

” :(m—l)min{tzB ,t:’B
2]

C

} p=1k-1. (11)
:}4—1
3n1ech t? D — BpeMsi BBIIIOJIHEHHSI B ¢ —OH TpyNIe j—T0 OJI0OKa KaXIbIM U3 M MPOLIECCOB,
o] 2]

0 . . .
E{j — Bpemena saBepiueHus 06paboOTKH B ¢ —OM rpyIiie OIOKOB | —M mpoieccoMm j—ro Gioka, a

Bl‘/’j — BpeMsI HayaJa BEIIIOHEHUS B ¢ —OM Ipymiie GJIOKOB IIEPBBIM MPOLECCOM | —TO OJIoKa:

j-1
B, = > max\vt’ o —(v-1t’
Wzlﬁvsm ((p—l){?}- ((p—l)[ }-w+l
j-1 o -
Ef =) max|vt’ —(v-1t? +it? ,o=1k,i=1m, j:l{ﬁ]
Sdi<vsm (wfl)[ﬂw (wfl)[ﬂwu (wl)[ﬂﬂ c

Hdns cnydyas S= k{£}+ r, k=1, 1<r< {E} , o0mee BpeMs BBHIOJHEHHS MHOXECTBA
c C

OJTHOPOJTHBIX pacIipeieIeHHbIX KOHKYPUPYIOIIUX IIPOLIECCOB OIpeAeseTcs o Gpopmye:

K k-1
TS (pnkpc,60) = Y T, +Ty = Y mingy,, py }-mindy v}
@=1 @=1
3nech

Tk+1_ZtH +(m-1)| t H Zmax{tH 1_t:m+j’o} (12)

1 0003HaYaeT BpeMs1 BHIIIOJIHEHHUSI IOCTICAHUX I GIOKOB BceMH N mporeccamu, a Min{y, ,w } —

BEITMYMHA MaKCHMAIIBHOTO COBMeIIeH s 1o ocu Bpemern K —it u (K +1) —if quarpamm:

K+1 " ) 0
=min j +Bij ), =(m-1) min{t ,t , 13
Wk LJ<{Tk Brj 3w =( ) {k[ﬂ k[ﬂﬂ} (13)
j-1 o
B =) max]vt’ —(v-1t%, i=1
1<v<m k[—} k{ }-wﬂ
w=1 c c

Taxum 06pa30M, HMECT MECTO

Teopema 2. Eciu g3aumooeticmsue npoyeccos, Rpoyeccopos u 010K08 CmpyKmypupo8anHo2o
NPOSPAMMHO20 pecypca NOOYUHEHO VCAOBUAM BMOPO20 CUHXPOHHO20 pexcumd, mo 01 JH00blX
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p>2, n22, s22, 2<c<p, >0 munumanrvnoe obwee epems 6bINOIHEHUS OOHOPOOHDIX

pacnpeoeneHHbiX KOHKYPUPYIOWUX Npoyecco8 onpeoeaemcs no hopmynam:

S
T5(PN,s,c,0) =T +(m=D) t¢ + Y maxft{, ~t{,0} |, npu ZSSS{g};
j=2

ZTQ Zmln{y/q) v, npu s= [p k>

k+1 _
T2~ min s=k2lir k=1 1<r E}.
> z wowsh s =K 2] <8

3necs TY, ¢ =1k +1, Beruancistores o dpopmynam (9) u (12), a l//(lp, 1//;,, ® =1k, mo (bopMyIbt
(10), (11), (13).

T,.(p,n,s,c,0)=47

5. BpeMsi ebinosiHeHuUs1 00UHaKoeo pacripedesieHHbIX Mpoyeccoe

OGosHauuM uepe3 T,7(p,Nn,s,C,d) MuHEManbHOE OOLiee BPEMs BBIIONHCHUS N 0OUHAKOBO
pacnpedenennpbix KOHKYPUPYIOIIHMX ITPOIECCOB B MHOTOTIPOIIECCOPHOM CHCTEME C ) TIPOLIECCOPAMH

BO BTOPOM CHHXPOHHOM peXHME B3aUMOJEHUCTBUS MPOLECCOB, MPOLIECCOPOB U OJIOKOB C Y4ETOM
napametpa 6 >0, XxapakTepU3yIOIIEro BpeMs JTOMOIHUTEIbHBIX CUCTEMHBIX PACXOJI0B, CBSI3aHHBIX
C OpraHM3anueil mapanenbHOro HCIOAb30BaHUA S OJIOKOB CTPYKTYPHPOBAHHOTO IIPOIPaMMHOTO
pecypca MHOKECTBOM KOHKYPHPYIOIIUX MPOLECCOB NP paclpeiesieHHOH o0paboTke.

Teopema 3. Munumansroe obujee 8pems BbINOAHEHUS MHONCECMBA KOHKYPUPYIOUWUX OOUHAKOBO
PACnpedeNeHHbIX NPOYEcco8 60 6MOPOM CUHXPOHHOM pexcume npu uobvix p>2, N=22, $=>2,

2<c<p, 6>0 onpeoensemcs no ghopmynam:

T2 (p,n,s,c,0)=

qu +(s-Dtl,, npu 2<s< {%} unu S > {Fp}, HO qu { p}t,‘fm ,

p p p
:{Qqas)é kqu +a C} 1]'[%3)(, npu S = k{;} k>1 qu >{ }tﬁm,

K+ DT+ (r—D)t8, npu s=k{£}+r, k>1 19{3}, Tq‘9>[£}t,ﬁ‘m
C Cc Cc

P

ﬂ OKa3aTC€IbCTBO. HpI/I S< |:—:| Ul HCOAHOPOAHBIX  CHUCTEM  paCHpCACIICHHBIX
c

KOHKYPHUPYIOILIHNX MIPOIECCOB UMEET MECTO (hpopmya:

T5.(p,n,s,c,0) = mqa<)é : n]g)rf] Ztc(l -1)+q, Ztc(l ~1)+q, j+1 +ztc(| -1)+q,s

I[J'IH OAWHAKOBO PACIPECACIICHHBIX CUCTEM KOHKYPUPYIOIUX NPOLECCOB BpEMECHA t:lg BBITIOJTHCHHA

6110k0B Q i j=1,5, nporpaMMHOro pecypca KaKIbIM U3 | —X [POLECCOB COBIANAIOT M PABHBI tig
t? =t¢

s Beex 1=LN, T. e cmpaBexmMBa Iemouka paBeHCTB th =t =..=td = i=Ln,

CJICIOBATCIILHO:
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S—.

(p n,s,c, 9) 1@% n]/zz)ng Ztc(l -)+q — Ztc(l—l)+q Ztc(l—l)+q
j=t i

= max(l'q +(s-Dtd,)- (14)

3nech qu = E tf(i—l) +q — CYMMapHOe BpeMsl BbINOJHEHMs (—ii rpynmsl GlokoB BCeMH M

npoueccamy, a tl, = maxt&i_l) +q — MaKCHMaJbHOE BPEMs BBILIOJIHEHHs OJIOKa U3 9TOH rpymbl,
1<i<m
g=1c.
p 5 —kl P 0 p
accMoTpuM ciy4aif, korna s=kl —|, k>1u Ty > td., q= =1.c, Torza
c

T2 (p.n,s,c,0) =T} (p n, k[ :|CQJ ZT9 me{gq, £Y. (15)

o=1

C yuetom opmynsl (14) BpeMs: BBIIOJNIHEHUST ¢ —i TPYMITbl OJIOKOB T(p OyzeT onpenemnsThes no

thopmyie:
= {P%[qu +[E} —1};31%] p=1k. (16)

Cornacuo (4) u (5) Gopmynbl i BEITHYUH MAaKCHMAIBHO JOMYCTUMOTO COBMEIICHHUS IO OCH

BpEMEHH MEXIy MapaMHu COCEIHUX auarpamm [ aHTa fq, U f(p, @=LKk-1, n1g oauHAKOBO

pacrnpee/ieHHbIX MPOIECCOB OYIYT UMETh BHI:

=min min _E(/’;q+B¢7_+l,q : 17
£ = 1<q<cLJ<[p}{T mi +Brj "} (17)
Cc
94
§¢‘]ﬂ'?clrﬂlrr} T, -E? [} thc(ﬂ 1)+q ZtC(ﬂ g P Lk-1. (18)
i+

Tax xax ti? =ti‘9 ,i=Ln, j=1s, cienosarensHo, BpeMeHa Havaa BLIIOJHEHUS B ¢ —OM IpyIie

0JIOKOB TIEPBBIM IIPOLIECCOM U3 ( —TO MOAMHOXKECTBA MPOLECCOB | —T0 OJOKa Bl"’j’q 1 BpeMeHa
3aBeplieHust 00paboOTKU B ¢ —Oif rpyIie GJOKOB | —M MPOIECCOM U3 ( —TO HOJMHOKECTBA | —T0

6soka Efj"q , OyayT ompenenaTsest o popMysam:

BfY = (j—Dtde. ¢ =1k, q=1c, J=LH; (19)
i -
B = (=Dt + Yy ea+ 0=, a Lo, i=Im, -1/ 2], (20)
=1

IToacraBum (16), (19), (20) B (17) u (18), momyuum:
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m
ég(;J =min  min qu +(|:§}_1jtr?1ax —(J _l)tr?wax _th(u—l)w +(] _l)tr%ax =
u=1

quon{zp}
—mi Pi_qka .
1@;2{([0} 1Jtmax}, (21)
i Jro ([P
frp :12@012'3?11 Tq +([E}_1th1ax _q } jtr%ax th(u ~1+g F ZtC(ﬂ -1)+q ZtC(ﬂ -1)+q

pu=i+l u=1

o SR
min min thc(ﬂ e Ztc(ﬂ yea € Min{(M =Dt} (22)
=i+

m
[o ycnosuo [E}tﬂ]ax <T{ = Zt&i—b +q < Migsy , CIICIOBATENBHO:
c
i1

(2 2 )

Homyuwmu, uro (15) mocne npeodpa3zoBanus OyIET UIMETh BUI BTOPOH (POPMYIIBI TEOPEMEI 3.

T;g’(p, n, k[g}c,aj = max Zk:[Tq‘g +qu}—1}§m J—iﬂg}—l}(rﬂm -

@=1 @=1

0 p
a2

Hns  cayuas S= k[%} +r, k>1, 1<r< [Fp} , qu { p}tﬁm , obmee  Bpems
C

Tzof (p,n, k[%} +1,¢,6) ananornuno popmyste (15) OymaeT onpemensaThes CIleIYOIHM 00pa3oM:

=
Tz"c”[p,n,k[ p}+r c, 6’] ZTG Zmln{f(p EI+TO —min{& &Y. (23)
=1

p=1 9=
3nech Bpems BoinonHeHust (K +1)—oit rpynibl 6J10KoB Tk9+1 ¢ yuetoMm (16) Oyner orpeaessThest 1o
dopmyrre:
Tt = Max (T +(r —Dtfhay) - (24)
1<qg<c

B (k+1)—oii rpynme OJIOKOB BpeMeHa Hadaja BBINOJIHEHHS IEPBBIM HpoleccoM M3 (| —To
[OJMHOXXECTBA IIPOLECCOB M BpPEMEHA 3aBepuieHds 00paboTKM |-—M OpoleccoM u3 (-ro

MOAMHOXeCTBa | —T0 Giioka ¢ yuaetom (19) u (20) 6yayT onpenensiTees o HopMymam:
B = (j-Dtfay, A=1C, j=1r; (25)

1
B = (=Dt + ) tutyrq» A=1C, i=1m, j=1r.
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Iozacrasus dopmysl (16), (20) u (25) B (17) u (18), 115t HAXOKICHUS ;‘k u fk MOTy4uM (HOpMYJIBI
ananornunbie (21) u (22), cnenoBaresbHO,

Tol [ PN, "E} ﬂcﬁ] = max((k TS +(r -ty

YTO JIOKa3bIBAET TPETHIO (POPMYITY TEOPEMBI 3.

6. 3aknroyeHue

B crathe mpoBeseHO HCClie0BaHHE (0Aa30BOr0 BTOPOrO CHHXPOHHOTO PEKHMa B3aMMOJCHCTBHS
MPOLIECCOB, MPOLECCOPOB U OJOKOB CTPYKTYPHUPOBAHHOTO MPOTPAMMHOTO PeCypca MPH KOTOPOM
o0ecreynBaeTCss HEMPEPHIBHOE BBITIONIHEHUE KaKIOro OJIOKa BCEMH Mpolleccamu. B ciyuasix
HEOTPAHHUYCHHOTO M OTPaHMUYCHHOTO Mapajuieju3Ma IO YUCIY IPOIECCOPOB paCIpeneeHHON
BBIYMCIIATEIBHOM CHCTEMBI TMOJYYEHBI (OPMYJBI JUIS BBIYKCICHHS MHHHMAIBHOTO BpPEMEHH
BBITIOJTHEHHSI MHOXKECTBA HEOJHOPOIHBIX, OJJHOPOIHBIX M OJJMHAKOBO PACHPE/ICIICHHBIX MPOIIECCOB
KOHKYPUPYIOLIMX 3a HCIOJIb30BAaHHE OIPAHHYEHHOTO YHCIIA KOMHHA HpPOrpaMMHOTO pecypca.
[onydeHHble MaTEeMaTHYECKHE COOTHOIICHHS TO3BOJST B JalbHEHIEM  BBIMOJHUTH
CPaBHHUTENbHBIH aHAU3 BBEACHHBIX PEXHMMOB, MPOBECTH MATEMATHYECKOE HCCIIEIOBaHIE
3G PEKTUBHOCTH U ONTUMAITBLHOCTH OPraHU3alUK PACIPEICICHHBIX BBIYUCICHHUN, PELIUTh 33a4un
1o pacyery OIITUMAJIbHBIX XapaKTECpUCTUK MHOTOIIPOIECCOPHBIX pacnpeaciCHHbIX
BBIYHCIIATEIbHBIX CUCTEM.
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Abstract. The article is devoted to the analysis of the use of machine learning algorithms to detect attacks
using a custom web environment or the functionality of user applications. Learning with a teacher and clustering
algorithms are considered. The dataset uses a sample of online shopping transactions collected by an e-
commerce retailer. The dataset contains 39,221 transactions. To detect attacks in the web environment, the most
optimal implementations of machine learning algorithms were selected after their review and comparative
analysis. The most effective algorithm for detecting fraudulent transactions has been determined. We use the
accuracy and running time of the algorithm as criteria. The accuracy of detecting fraudulent transactions for
Random Forest, GB (Scikit-learn), GB (CatBoost) algorithms is 100%, and the KD-trees algorithm is 99,9%.
The gradient boosting algorithm in the CatBoos implementation is 4,2 times faster than Random Forest, 2,4
times faster than GB Scikit-learn, 1,2 times faster than GB without using the cat_features parameter, 41,9 times
faster than k-dimensional trees, 66,8 times faster than DBSCAN. The data obtained for each method is
presented in the form of tables. Within the framework of this work, the parameters for evaluating the
effectiveness of the algorithms under study are learning time indicators, as well as characteristics from the
Confusion matrix and Classification Report for classification algorithms, and fowlkes_mallows_score,
rand_score, adjusted_rand_score, Homogeneity, Completeness, V-measure for clustering algorithms.
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AHHOTanusi. Craths MOCBSIICHA AHAJINW3Y HCIONB30BAHHUS AITOPHTMOB MAIIHHHOTO OOYYCHHS IS
OoOHapyXeHHs aTak C HCIOJIb30BAaHHEM IMONb30BAaTEIbCKONH BeO-cpelbl MMM (YHKIHOHAIBHOCTU
MIOJTE30BAaTEIbCKUX —IpWIOXKeHHH. PaccmaTtpuBaroTcsi anroputMbl oOydeHHs C  IIperojaBaTeneM U
KJactepu3anuy. B Habope HaHHEIX HCIOJB3YyeTCs BBIOOpKA TpaH3aKLIUH OHJIAMH-TIOKYIIOK, COOpaHHas
PO3HUYHBIM HPOAABIIOM 3JIEKTPOHHOW KomMmepuumu. HabGop nanHbBIX comepkut 39 221 rtpanzakiuio. J{is
oOHapyeHHs aTak B BeO-cpene ObUM BBIOpaHBI HawOoyiee ONTHMAJBHBIE PEATH3ALUH AJITOPHUTMOB
MAIIMHHOTO 00yYeHHs ITocyIe X 0030pa U CpaBHUTENIBLHOTO aHaIM3a. belT onpeeneH u peanu3oBad Hanboiee
3¢ }exTHBHBI MO0 BPEeMEHHM M KadeCcTBY AalTOPUTM JUI paccMaTpUBaeMOH BHIOOPKM HaHHBIX. [laHHEIE,
MOTy4YEeHHBIE TI0 KaKAOMY METOMY, IIPEACTaBIEHHBI B Buae Tabmun. B pamkax JaHHOH paboThl mapaMeTpaMu
JUISL OLCHKHU 3(P(HEeKTUBHOCTH HCCIEAYEMBIX aITOPUTMOB SIBIIOTCS ITOKA3aTeNNN BPeMEHH 00ydeHHs, a TaKKe
XapaKTepUCTUKU M3 MATPHUIBI MyTaHUIBl U OTYETa O KIACCU(PUKAINY JUII alTOPUTMOB KIacCH(pHKAINHU, a
taoxke fowlkes_mallows_score, rand_score, adjusted_rand_score, OmHopomHOCTh, mMoiHOTa, V-Mepa s
aITOPUTMOB KJIaCTEPU3ALIUH.

KiawueBble cioBa: MmammiHHOE 00y4eHHe, BeO-cpea, MOTPEOUTENbCKIE BeO-CaiiThl, KHOEPOE30MacHOCTh,
ANTOPUTMBI KIACCH(HUKAIINY C TIPETO[aBaTelIeM, KIIaCTePU3aIlHs.

Jas uurupoBanus: Jlanmaa M.A., Mos3anesckas B.B., TokxmakoBa M.E., babenko M.I'., Kounn B.II.
WHTennexryanbHple anropuT™Mbl 00HapykeHHs atak B BeO-cpene. Tpynst UCIT PAH Tom 36, Beim. 4, 2024 .,
ctp. 99-116 (ua anrnmiickom si3bike). DOI: 10.15514/ISPRAS-2024-36(4)-8.

1. Introduction

The urgent need to ensure information security on the Internet is easily explained by several factors,
including the massive unification of heterogeneous and distributed systems, the presence of large
amounts of confidential information in end systems maintained by corporations and government
agencies, the easy distribution of automated malicious software by attackers, and the ease with which
computer crimes can be committed anonymously.

With the development of web technologies and a significant increase in the volume of information,
this problem is only getting worse. Attackers often exploit vulnerabilities in the system or web
applications to upload a malicious file or malicious code to a web server. This is often used as a so-
called backdoor for working with and managing a web server, because such a file can provide
attackers with remote access to the server management interface, including executing commands,
manipulating files and connecting to a database. Therefore, an accurate determination of whether
files stored on a web server are malicious is of great importance for the security of the web server.
With the constant operation of web browsers, the security and privacy of users may be at risk,
because browser vulnerabilities can lead to unprotected use [1]. Important user data, such as login,
can be collected and used for profiling, which raises serious privacy concerns.

In this regard, the development of new, more advanced access control mechanisms and the
optimization of existing ones is very relevant [1].

Machine learning algorithms allow you to detect and prevent attacks, which significantly increases
the effectiveness of site protection [2].
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At its core, machine learning can be represented as the process of inferring algorithms for predicting
unknown data using previously collected information.

As part of the study of the effectiveness of several of the most widely used machine learning models,
several algorithms have been implemented and analyzed, classification and clustering methods have
been considered. In this regard, it is necessary to define a training sample. The article uses a sample
from the work [2]. The paper does not provide a complete description of all the algorithms, as such
information is too extensive. A detailed description of each method can be found in the book [3].
The article presents the following sections: section 1 — introduction; section 2 — relevance; section
3 —theoretical description of models; section 4 — modeling; section 5 — analysis of the results; section
6 — conclusions.

2. Relevance

The security issues of the web environment and user applications are very relevant, since web
applications are accessible over the network and very often contain vulnerabilities, which is why
they regularly become targets of cyber-attacks [4]. In today's digital environment, the protection of
web space plays an important role in ensuring the integrity of user data and confidentiality, as well
as in the safe and continuous use of web applications. Unfortunately, the rapid spread of digital
technologies is always accompanied by the same rapid spread of threats and attacks in the web
environment, which constantly requires the creation of new security methods, as well as the
improvement of existing ones [5].

To date, there are no universal means of protection, much less those that could identify new types
of threats in the web environment. Machine learning algorithms can be used to prevent attacks. They
allow you to automate the process of detecting and preventing attacks.

The Bayesian networks. A Bayesian network is a graphical model that encodes probabilistic
relationships between variables of interest [6, 7]. These networks are a combination of two different
mathematical fields: graph theory and probability theory [8].

The Bayesian network is used to study cause-and-effect relationships and, therefore, to gain an
understanding of the problem area and predict the consequences of intervention. Because the model
has both causal and probabilistic semantics, it is ideally suited to represent a combination of prior
knowledge and data.

Artificial neural network. The neural network includes many neurons used for processing and
analyzing information, its structure is like the nervous system of a living organism [9, 10]. Neural
networks consist of basic blocks like neurons. These blocks interact with each other based on
connections, the strength of which can be changed because of the learning process or modification
of the algorithm [11].

The use of neural networks demonstrates some of the best results in classification problems with
limited input parameters, in such tasks, this method is much more effective than other machine
learning methods [12].

The support vector machine. This method refers to learning algorithms with a teacher and is often
used in solving problems related to detecting attacks in a web environment.

The method of reference vectors is based on linear classification [13-15]. It is one of the classic
machine learning methods that can help solve big data classification problems. This method is
especially effective in multi-domain applications in a big data environment [16]. However, the
support vector machine is mathematically complex and computationally expensive.

Common attacks in the web environment. In this part of the study, the five most common attacks
committed in 2020-2021 are presented and described [4]. The most common attacks include the
following: attacks on clients (98%), data leakage (91%) and unauthorized access to the application
(84%).
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If we talk about the distribution of attacks by industry, the most popular for 2022 are: the public
sector of the economy (30%), financial technology (23%), education (16%) [5] (Fig. 1).

V

m Public sector (30%) m Fintech (23 %) m Education (16%)
u T (7 %) Transport (7 %) Culture and sports (5 %)
The rest (12%)

Fig. 1. Distribution of web attacks by industry.

Attacks on customers. These attacks are the most popular in the statistics given, they exploit
weaknesses in applications running on a computer controlled directly by a user, often referred to as
a client [17]. In 84% of the studied applications, threats of unauthorized access to the personal
accounts of users, including administrators, were identified. In 72% of web applications, an attacker
can gain access to functionality or content that should not be available to him, for example, to view
the personal accounts of other users.

Attackers can harm users or compromise them using information and data extracted in various ways,
for example, from cookies.

The most deplorable consequences of the actions of intruders include the disclosure of important
confidential information, obtaining unauthorized access to application codes and local network
resources, which leads to the spread of malicious actions on the infrastructure.

Data leak. Data leaks are the second most pressing security threat in web application research. The
results of the security analysis showed that more than three quarters of web applications were
exposed to the disclosure of user IDs. Personal data was disclosed in 60% of applications, and user
credentials in 47%, which is 13 and 16 percent more, respectively, than in 2019. Personal and
credentials are desirable targets for intruders, which is confirmed by the data of the final analysis of
current cyber threats in 2021 [18].

A data leak is the intentional or unintentional disclosure of confidential information to unauthorized
persons. Data leakage poses a serious threat to organizations, including significant reputational
damage and financial losses.

As the volume of data grows exponentially and data leaks occur more frequently than ever before,
data loss detection and prevention has become one of the most pressing security concerns for
enterprises. Despite a lot of research on protecting confidential information from leakage, this
remains an urgent research problem.

Unauthorized access to the application. Unauthorized access to the application (UAA) was
detected in 84% of web applications. This is an attack in which an attacker gains access to an
application without the permission or consent of the owner. This can happen in a variety of ways,
including password hacking, exploiting security vulnerabilities, and authentication.

Unauthorized access to the application may result in viewing, changing, or deleting confidential
information, disrupting the operation of the application, and gaining full control over the system.
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To prevent UAA, it is necessary to take measures to protect applications and systems, such as regular
software updates, the use of complex passwords and two-factor authentication, as well as monitoring
user activity and intrusion detection.

Denial of service. Distributed Denial of Service (DDoS) attacks consist of streams of packets from
various sources. These streams consume some key resource, making it inaccessible to legitimate
users.

The interaction of distributed machines generating attack streams makes tracking and mitigation a
very difficult task. Some protection mechanisms focus on detecting an attack near a computer,
characterizing it, and filtering attack packets. Although the detection accuracy of these mechanisms
is high, traffic is usually so aggregated that it is difficult to distinguish legitimate packets from attack
packets. More importantly, the volume of the attack may be more than the system can withstand.
DDosS attacks can be used to conceal other network attacks. When a website is under attack, an
internal and external group of information security specialists usually focuses on closing the ports
of these sites, clearing traffic, and resuming its operation.

Implementation of Operating system commands. OS command injection is a vulnerability in
websites that allows an attacker to inject malicious code or commands into the system through the
user interface or using scripts that are processed by the operating system. This entails obtaining
confidential data by an attacker, as well as spreading attacks to other systems.

3. Theoretical description of the models

This section provides the mathematical construction of algorithms, description, and analysis of their
implementations, as well as justification for choosing the most optimal one for the data sample used.

3.1 Random Forest

Random forests are formed as simple ensembles of several decision trees, usually containing tens to
thousands of such trees.

After training each individual decision tree, general predictions of random forests are made by
choosing the statistical mode of forecasts of individual trees for classification trees (that is, each tree
"votes") and the average statistical value of forecasts of individual trees for regression trees.
However, the increased complexity of random forests makes it difficult to analyze predictions
compared to single decision trees. When building a random forest tree, the following happens:

e A subset of training objects is randomly selected from the entire dataset. This subset may
contain duplicate objects.

e A subset of features is randomly selected (usually the square root of the total number of
features). This reduces the correlation between the trees in the ensemble and improves their
diversity.

e A decision tree is built based on the selected subset of data and features. When building a
tree, it is necessary to use an information criterion (for example, the entropy criterion),
which allows you to choose the best feature for dividing data at each available level of the
tree.

o Repeat steps 1-3 for each tree in the ensemble.

In general, the algorithm for constructing a random forest consisting of N trees can be represented
as follows:
Foreachn=1,..,Ndo

e Generate a selection of X, bootstraps.
o Build a decision tree b, from a sample of X.

To solve the classification problem, a majority vote is used, and for the regression problem, an
average one is used. The final classifier looks like this:
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N
1
a@ =5 ). b, #(D)

in classification tasks, it is recommended to take:

m=n, #(2)
and in regression tasks:

m= # (3)
3 ’

3.2 Gradient boosting

Gradient boosting (GB) is an optimization algorithm used to minimize errors in a machine learning
model.

This method is based on a vector called a gradient, which represents the largest increase in the
function in its direction, its coordinates are partial derivatives of the function [19]. In other words,
if the function f(x, y, z) is given, then the gradient is calculated using the formula:

_(9f of of
gradf— <a,@,£)#(4)

The idea of the gradient approach is to iteratively adjust the model parameters in the direction of the
negative gradient of the loss function (which represents the error) to reduce the error and find the
optimal parameters that give the best prediction results. Therefore, this method can be used to obtain
the smallest error value or to find weights when training neural networks. Weights are values that
indicate important information when training neural networks using a «teacher» [20].

Because at each iteration of the algorithm, the model parameters are updated in the direction opposite
to the gradient of the loss function. The size of the step that the algorithm takes in this direction is
determined by the learning rate. The key parameter is the optimal learning rate of the model, this is
since too large a step can lead to skipping the minimum, and too small can affect the optimization
process, slowing it down.

The formula for updating the parameter 6 at each iteration is as follows:

6 = 6-n-Vp](6),#(5)

where 7 is the learning rate, VgJ(@) is the gradient of the loss function J.

There are three main implementations of GB: LightGBM, XGBoost and CatBoost, below are the
main characteristics of these implementations (Table 1).

Two implementations were chosen for the study: CatBoost and Scikit-learn. The implementation of
CatBoost, because it provides high performance and prevents overfitting, it is very simple, but at the
same time it is not inferior in efficiency to LightGBM and XGBoost (Table 1), also this
implementation is stated as the fastest and optimized [21], therefore, the study compares it with
Scikit-learn, the most frequently implemented.

3.3 k-dimensional trees

A k-dimensional tree (KD-tree) is a binary tree that stores data in a format optimized for
multidimensional spatial analysis. The formation of a KD-tree can be considered as a preliminary
stage of classification algorithms using the k-nearest neighbor (k-NN) method, but this technique
can also be considered an independent clustering algorithm. The algorithm creates a tree structure,
and clusters are stored in leaves.
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A typical algorithm for the formation of KD-trees is given below. For each node that differs from
the sheet, the following actions are performed:

Choosing the dimension for separation.
Select the separation point.
Division of the subspace according to the selected dimension and the separation point.
Termination of subspace separation when the current subspace contains fewer elements

than a certain number of sample elements for a separate subspace.

Table 1. Results for different diode insertion strategies.

Parameter

LightGBM

XGBoost

CatBoost

Scikit-learn

The main purpose

Optimized for
working with
categorical data

Focused on efficiency
and productivity

It is focused on speed
when working with
large amounts of data

A simple and
effective way to
implement (classical
implementation)

It has optimizations

Categorical data Built-in processing Pre-coding is for categorical Pre-coding is
without pre-coding required f required
eatures
. High, with GPU High, with GPU . .
Learning rate support support Very high High

Preventing over-

Uses a variety of
regularization

Supports L1 and L2

Uses mechanisms

Uses different
methods to prevent

on very large datasets

data with low

training strategies regularization such as EFB overfitting
- It can handle large
. Optimized to work
Optimized to work . . - amounts of data, but
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The result of this procedure is a binary search tree in feature subspaces, while combining all
subspaces of leaf nodes forms a complete feature space. When creating KD-tree models to search
for nearest neighbors, a binary tree with a split space must be saved as an addition to the training
data points. Moreover, additional data on which sample items belong to specific leaf nodes should
also be stored in the model. Thus, even more space is required to store such a model, which makes
it less economical (in terms of memory resource consumption) than the original k-NN models.

In an inhomogeneous KD-tree:

Hl(t) = (xlﬂxZ"' -,xk),#(6)

for 1 <i <k, parallel to the axis (k-1) of the dimensional hyperplane at point t. For the root, you need
to divide the points through the hyperplane Ha(t) into two, if possible, equally large sets of points
and write t to the root, to the left of this, all points with x,<t are saved, on the right are those with
X1>t.

For the left subtree, you need to divide the points again into a new «split plane» Hx(t), and t is stored
in the inner node. To the left of this, all points with x.<t are saved. This continues recursively over
all spaces. Then everything starts again from the first space until each point can be clearly identified
through the hyperplane.

HXi—1) t, Xiy1s--
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KD-trees are usually not suitable for high-dimensional data. For feature spaces with high
dimensionality, the efficiency of KD-trees is comparable to the efficiency of linear search by simple
iteration. Nevertheless, KD-trees are very convenient for quickly searching for nearest neighbors
with an average time complexity of O(log n).

3.4 DBSCAN

DBSCAN (DensityBased Spatial Clustering of Applications with Noise) is a density—based spatial
clustering algorithm for applications with noise. It increases clusters according to density-based
connectivity analysis. Density-based clustering algorithms are used to detect clusters in datasets of
arbitrary shape and large size. These algorithms are usually grouped as dense regions of points in
the data space, separated by low-density regions.

The key idea of DBSCAN is that for each cluster object of a neighborhood of a given radius ¢, there
must be at least a minimum number of Ptsmin objects, which means that the power of the
neighborhood must exceed a certain threshold. The neighborhood of an arbitrary point p is defined
by:

N, =q € D/dist(p,q) < & #(7)

where D is the database of objects. If the neighborhood of a point P contains at least the minimum
number of points, then this point is called the main point. The main point is defined as:

N (P) > PtSpin, #(8)

where ¢ and Ptsmin are user-defined parameters, which mean the radius of the neighborhood and the
minimum number of points in the neighborhood of the base point, respectively.

4. Modeling

This section describes the implementation, training, and testing of the machine learning algorithms
described above.

The dataset uses a sample of online shopping transactions collected by an e-commerce retailer. The
dataset contains 39,221 transactions, each of which contains 5 properties or characteristics that can
be used to describe the transaction: accountAgeDays (age of the account from which the payment
was made), numltems (number of purchased items), localTime (local time of purchase),
PaymentMethod (payment method), paymentMethodAgeDays (number of days since the addition
of this payment method), as well as a binary label that determines whether the transaction is
fraudulent: the label «1» indicates a fraudulent transaction, The label «0» is assigned to the legal
transaction (label column, Table 2). The dataset is taken from [2]. The task of the trained model is
to accurately determine by the properties of the transaction whether it is fraudulent or not.

Below are 3 random rows from the selected dataset (Table 2).

Table 2. Model training time.

nul:lrw]ger accountAgeDays | numlitems | localTime | paymentMethod paymentMethodAgeDays lable
37813 64 1 4,748314 creditcard 0,0 0
15585 2000 1 4,524580 creditcard 0,0 0
24030 653 1 4,748314 creditcard 0,0 0

The values in the columns accountAgeDays, numltems, localTime, payment Method Age Days are
integers (accountAgeDays, numltems) and non-integers (localTime, paymentMethodAgeDays).
The PaymentMethod column contains the payment method as a string, which can take the following
values: «creditcard», «paypal», «storecredity.

In machine learning, there are quite a few different metrics that allow you to determine the accuracy
and efficiency of a trained model. Within the framework of this study, the parameters for evaluating
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the effectiveness of the algorithms under study are learning time indicators (Section 5), as well as
characteristics from the Confusion matrix and Classification Report for classification algorithms.

Support is the number of actual occurrences of the class in the dataset.

4.1 Random Forest

First, you need to import the Random Forest Classifier and create a model. The main input
parameters of the classifier are the number of trees in the forest (n_estimators), the maximum depth
(max_depth) and the number of functions that should be considered when searching for the best
separation (max_features). By default, these characteristics are 100, None, and sqrt (n_features),
respectively, where n_features is the number of functions in the data.

The results of the model trained using the random forest algorithm are presented in Table 8 (for the
methods of random forest, GB (Scikit-learn), GB (CatBoost), a general table is given, since their
results turned out to be identical).

The algorithm identified all classes without errors, that is, it identified 190 fraudulent transactions
and 12753 legal ones. There are no objects identified as falsely negative or falsely positive. The
precision, recall and F1-Score values for each class are close to their best value.

An estimate of the operating time of the model obtained during experiments on the same data is
presented in Table 7 (Section 5). The average operating time of the model is 0,08 sec.

4.2 Gradient boosting

One of the implementations of the GB algorithm, which is considered in the study, is the
implementation of Scikit-learn. One of the undoubted advantages of the chosen implementation is
ease of use and accessibility [22].

First, you need to import the GradientboostingClassifier and create a model. The main input
parameters of the classifier are the number of boosting stages to perform (n_estimators), maximum
depth (max_depth). GB is usually resistant to overfitting, therefore, with large values of the
n_estimators parameter, the algorithm shows better results. By default, these characteristics are 100
and 3, respectively.

The results of the model trained using the GB algorithm in the implementation of Scikit-learn are
presented in Table 2 (for the methods of random forest, GB (Scikit-learn), GB (CatBoost), a general
table is given, since their results turned out to be identical).

The algorithm identified all classes without errors, that is, it identified 190 fraudulent transactions
and 12753 legal ones. There are no objects identified as falsely negative or falsely positive. The
precision, recall and F1-Score values for each class are close to their best value.

An estimate of the operating time of the model obtained during experiments on the same data is
presented in Table 7 (Section 5). The average operating time of the model is 0.046629 sec.
CatBoost is another implementation of the GB algorithm. The main parameters used by the
algorithm in model training and prediction are the index of the first used tree (ntree_start), the index
of the first unused tree (ntree_end) and the list of categorical features (cat_features).

The results of the model trained using the GB algorithm for the implementation of CatBoost are
presented in Table 8 (for the methods of random forest, GB (Scikit-learn), GB (CatBoost), a general
table is given, since their results turned out to be identical).

The algorithm identified all classes without errors, that is, it identified 190 fraudulent transactions
and 12753 legal ones. There are no objects identified as falsely negative or falsely positive. The
precision, recall and F1-Score values for each class are close to their best value.

An estimate of the operating time of the model obtained during experiments on the same data is
presented in Table 7 (Section 5). The average operating time of the model is 0,024148 sec.
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By default, categorical features are not considered in the process of training a model using CatBoost,
however, one of the key features of this implementation is precisely the ability to train a model
without first preparing categorical data.
Below is the importance of each feature in the process of training the model without preliminary
data preparation (Table 3) and with it, i.e. using the cat_features parameter (Table 4).

Table 3. The importance of features in training a model without the cat_features parameter.

line number Feature Id Importances
0 accountAgeDays 78,826096
1 localTime 6,487206
2 numltems 4,092288
3 paymentMethodAgeDays 3,228341
4 paymentMethoz_storecredit 3,123910
5 paymentMethod_creditcard 2,912722
6 paymentMethod_paypai 1,329436

Table 4. The importance of features in training a model with the cat_features parameter.

line number Feature Id Importances
accountAgeDays 84,247069
1 paymentMethodAgeDays 8,237712
2 localTime 3,882424
3 numitems 3,632795
4 paymentMethod 0,000000

According to the data from the tables above, it can be seen that the importance of features in the
learning process for models with the cat_features parameter and without this parameter is quite
different.

The results of the model trained using the GB algorithm when implementing CatBoost using the
cat_features parameter is presented in Table 8 (for the methods of random forest, GB (Scikit-learn),
GB (CatBoost), a general table is given, since their results turned out to be identical).

The algorithm identified all classes without errors, that is, it identified 190 fraudulent transactions
and 12753 legal ones. There are no objects identified as falsely negative or falsely positive. The
precision, recall and F1-Score values for each class are close to their best value.

The accuracy of the algorithm with the cat_features parameter has not changed compared to the
algorithm without this parameter and remains the same high.

An estimate of the operating time of the model obtained during experiments on the same data is
presented in Table 7 (Section 5). the operating time of the model has improved slightly compared to
the model with preprocessing of categorical features, the only exception is the «best operating time»,
which has deteriorated by several thousandths of a second.

The results of the model trained using the GB algorithm are presented in Table 5.

Table 5. Classification report for random forest, GB (Scikit-learn), GB (CatBoost) methods.

Parameter correct error accuracy macro avg weighted avg

Precision 1 1 — 1 1
Recall 1 1 — 1 1
F1-Score 1 1 1 1 1
Support 12753 190 12943 12943 12943

As can be seen from the above data, the algorithm correctly identified all 190 fraudulent transactions
and all 12753 legal transactions. There are no falsely negative and falsely positive objects. The
precision, recall and F1-Score values for each class show their best value.
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4.3 k-dimensional

The KD-trees algorithm is most often used as part of the (preliminary stage) k-NN algorithm. The
study implemented a classifier based on the k-NN algorithm using KD-trees.

The main parameters of the algorithm are the number of points at which the transition to iteration
occurs (leaf_size), the metric for calculating the distance (metric), as well as the number of neighbors
that the algorithm considers during operation (n_neighbors), and the algorithm by which the k-NN
are searched (algorithm).

By default, leaf_size = 40, metric = «minkowski», n_neighbors = 5, algorithm = «auto». The
algorithm parameter will take the value «kd_tree» because it is the KD-trees that will be the basis
of the algorithm.

The results of the model trained using the k-NN algorithm based on KD-trees are presented in Table
6.

Table 6. Classification Report for the k-NN method based on KD-trees.

Parameter correct error accuracy macro avg weighted avg
Precision 1 1 - 1 1
Recall 1 0,99 - 1 1
F1-Score 1 1 1 1 1
Support 12753 190 12943 12943 12943

As can be seen from the above data, the algorithm correctly identified 189 out of 190 fraudulent
transactions and all 12753 legal transactions. One object is identified as falsely negative, there are
no false positive objects. The precision, recall and F1-Score values for each class are close to their
best value.

An estimate of the operating time of the model obtained during experiments on the same data is
presented in Table 7 (Section 5). The average operating time of the model is 0,798228 seconds.

4.4 DBSCAN

The DBSCAN algorithm treats clusters as high-density areas in divided low-density areas. Because
of this rather general view, the detected clusters can have any shape. The central component of
DBSCAN is the concept of core samples, i.e., samples located in high density areas. Thus, a cluster
is a set of core samples, each of which is close to each other, and a set of non-core samples that are
close to the core sample but are not core samples themselves. This algorithm has two input
parameters that should be selected based on the dataset: \epsilon — the maximum distance between
two samples so that they are considered neighbors; min_samples — the number of samples in the
vicinity of the point so that it is considered the base/central. These two parameters formally define
«density». Higher min_samples or lower \epsilon indicate a higher density required to form a cluster.
During the study, various values of the above parameters were sorted out.

A cluster is a set of core samples that can be constructed by recursively taking a core sample,
searching for all its neighbors that are core samples, searching for all their neighbors that are core
samples, etc. The cluster also has a set of non-core samples that are neighbors of the main sample in
the cluster, but are not the main samples. Intuitively, these samples are located on the periphery of
the cluster.

To assess the accuracy and efficiency of the model, the indicators of operating time, FMI,
Homogeneity, number of clusters, degree of noise (Noise points) are used.

The operating time of the DBSCAN algorithm is shown below (Fig. 2). We can see that as the eps
parameter increases, the running time increases, while the min_samples parameter does not
significantly affect the running time of the algorithm.

The values of the FMI parameter are shown below (Fig. 3). We can see that when the eps parameter
is increased, the FMI values increase. The min_samples parameter has no significant effect.
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Below are the indicators of the value of the homogeneity parameter (Fig. 4). We can see that
fraudulent transactions clearly fall into a separate class only with small eps values. The min_samples

parameter has no significant effect.
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The clusters of the DBSCAN algorithm are shown below (Fig. 5). We can see that with small values
of min_samples, the number of clusters can vary significantly depending on eps. However, with an
increase in the min_samples parameter, the number of clusters fluctuates significantly less.

The noise indicators are shown below (Fig. 6). We can see that with an increase in the eps parameter,
the number of noise points decreases significantly. However, with small eps values, almost all points
are identified as noise.

An estimate of the operating time of the model obtained during experiments on the same data is
presented in Table 7 (Section 5). The average running time of the model is 1,2715 sec., which is an
order of magnitude slower than classification algorithms, for comparison, the running time of the
slowest classification algorithm (KD-trees) is 0,798228 sec.
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5. Analysis of the results obtained

A comparative analysis of machine learning algorithms is carried out in relation to a sample of
transaction data for online purchases. The study demonstrated a different degree of effectiveness of
the models and the speed of their work in solving a specific task of searching for fraudulent monetary
transactions. The following are the training time indicators for each model (Table 7).

Table 7. The working time of the algorithms, sec.

Method Average, sec Trnax» SEC Tynin, SEC o
Random Forest 0,08 0,091674 0,074065 0,003564
GB Scikit-learn 0,046629 0,068366 0,043099 0,005155
GB CatBoost Without the use of cat_features 0,024148 0,052511 0,015452 0,009639
GB CatBoost With the use of cat_features 0,019016 0,035456 0,014613 0,002828
k-mepHBbIe nepeBbst 0,798228 1,235431 0,628746 0,140186
DBSCAN 1,271589 4,436863 0,460014 0,445787

From the data presented in Table 7, we can draw the following conclusions:

the average running time of the GB (cat_features) algorithm is 4.2 times faster than Random
Forest, GB (Scikit-learn) is 2.4 times, GB (without cat_features) parameter is 1.2 times,
KD-trees are 41.9 times, DBSCAN is 66.8 times.

the maximum operating time of the GB (cat_features) algorithm is 2,5 times faster than
Random Forest, 1,8 times faster than GB (Scikit-learn), 1,5 times faster than GB (without
cat_features), 34,7 times faster than KD-trees, 125,1 times faster than DBSCAN.

the minimum time algorithm GB (cat_features) is faster than Random Forest by 5,06 times,
GB (Scikit-learn) by 2,9 times, GB (without cat_features) by 1,05 times, KD-trees by 43,02
times, DBSCAN by 31,5 times.

the standard deviation algorithm GB (cat_features) works better than Random Forest by
1,3 times, GB (Scikit-learn) by 1,8 times, GB (without cat_features) by 3,4 times, KD-trees
by 49,6 times, DBSCAN by 157,6 times.

For the convenience of comparing the operating time, a graph is presented below, which shows the
average time of each algorithm (Fig. 7).

Working time, sec.

4
1,271589
0,798228
1
0,25
0,08
0,0625 0,046629
0,024148 0.019006
0,015625
Random Forest Gradient Gradient Gradient k-dimensional DBSCAN
descent Scikit- descent (without descent (with trees
learn cat_features)  cat_features)
Methods

Fig. 7. Model training time.

Based on the indicators of the training time of the models, they can be divided into those that learn
faster (random forest (0,08), decision trees with a GB (0,046629), GB (without cat_features)
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(0,024148), GB (with cat_features) (0,019016)) and those that learn slower (KD-trees (0,798228),
DBSCAN (1,271589)).

The indicators from the Confusion matrix for classification algorithms are also given (Table 8).

Table 8. Confusion matrix for classification algorithms.

Method Accuracy TN FN FP TP
Random Forest 1 12753 0 0 190
GB Scikit-learn 1 12753 0 0 190
GB CatBoost Without the use of cat_features 1 12753 0 0 190
GB CatBoost With the use of cat_features 1 12753 0 0 190
k-mepHbIe nepeBbst 0,999 12753 1 0 189

As can be seen from the above data, almost all algorithms, not counting KD-trees, identified all
classes without errors, that is, they identified 190 fraudulent transactions and 12753 cor legal rect
ones. There are no objects identified as falsely negative or falsely positive. The KD-trees method
correctly identified 189 out of 190 fraudulent transactions and all 12,753 legal transactions. One
object is identified as falsely negative, there are no false positive objects.

6. Conclusions

The accuracy of detecting fraudulent transactions using Random Forest, GB (Scikit-learn), GB
(CatBoost) algorithms is 100%, and the KD-trees algorithm is 99,9%. Thus, we used the transaction
classification time as a comparison criterion.

Taking into account the minimum execution time, the GB method was chosen as the main model
using the cat_features parameter. It is also worth noting that the implementation of the GB method
without the cat_features parameter learns almost as quickly as with it, so it can also be considered
within the processing used in the study of a data sample. The average running time of the algorithms
is 0,019016 sec. and 0,024148 sec. respectively.

The GB algorithm using the cat_features parameter works 4,2 times faster than Random Forest, GB
(Scikit-learn) 2,4 times, GB (without cat_features) 1,2 times, KD-trees 41,9 times, DBSCAN 66,8
times.

The main parameters used by the algorithm in model training and prediction are the index of the
first used tree (ntree_start), the index of the first unused tree (ntree_end) and the list of categorical
features (cat_features).

The operating time of these models turned out to be minimal, so it can be assumed that these are the
most optimal models for processing the data sample under consideration.
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AHHoTanusi. CucteMa OCTaTOYHBIX KJIACCOB — 3TO PacHpPOCTPAHEHHAs! HETIO3UI[MOHHAsA CUCTEMA CUUCICHHUS.
CucteMa OCTaTOYHBIX KIAcCOB MOXKET 3(P(eKTHBHO HCIIONB30BAaThCA B NMPHIOKEHUSIX € Hpeodianaromei
Jloneit onepanuii CoKeH!s, BEIMUTAHHUS 1 YMHOXEHHsI O1aroapsi napauieIbHOMY BBIOJHEHHIO Oeparyii u
OTCYTCTBHIO OMTOBBIX caBuros. OOpaTHoe mpeoOpa3oBaHHME YHCIA M3 CHCTEMBI OCTaTOYHBIX KJIAcCOB B
TIO3UIIMOHHYIO CHCTEMY CUHMCIICHHS TpeOyeT UCIOIB30BaHMs CIEHAIBHBIX aIropuT™MOB. OCHOBHOE BHUMAHHE
B JIAHHOW CTaTbe YJIENCHO IPEACTaBICHUIO HOBOTO METOJa IpeoOpa3oBaHMs, KOTOPBIH HCIOJIb3yeT
Kuraiickyro Teopemy 00 ocraTkax, (GyHKIHIO siipa AKYIICKOTO U paHTr 4yucia. [1oqpoOHO omucaH anroputM
peoOpa3oBaHus, IPEACTABICHbI YUCIOBbIE MPUMEPEL. [IpencTaBieHo 10Ka3aTeIbCTBO CBA3M MEXKIY PaHTaMU
MO3UIMOHHBIX XapaKTEPUCTUK ¢ MoMombio Kuraiickoit Teopembl 00 octaTkax. B pesynprarte TIatensHOTO
aHaNM3a ¥ CPaBHEHUsS C CYLIECTBYIOIIMMH METOJaMHU IMpeoOpa3oBaHMsI CAENaH BBIBOJ, YTO MPEACTaBICHHBIH
MOAXOJ 3aHUMAeT B cpefHeM Ha § % MeHbIIIe BPEMEHH, 4eM NPUOIVKEHHBIH METOS.

KunroueBble ci10Ba: cucremMa ocTaTOUHBIX KiaccoB; Kuraiickast TeopeMa 00 ocTaTkax, IPHOIMKEHHBIH METOI;
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1. Introduction

In today's world, where computational systems play an increasingly significant role in various fields
of activity, the question of efficiently converting numbers between different numeral systems
becomes particularly relevant. One such system is the Residue Number System (RNS), which
provides unique capabilities for handling large numbers through parallel computations [1]. RNS is
applied in the following areas: blockchain [2], homomorphic encryption [3], digital signal and image
processing [4], neural networks [5].

However, there are cases where it is necessary to translate numbers from RNS to positional notation,
which is commonly used in most computational devices [6]. Efficient methods for converting
numbers from RNS to positional notation must be developed.

In [7] the authors introduced a technique based on the Chinese Remainder Theorem (CRT) and
employed optimized modular arithmetic operations to achieve faster conversions. The algorithm was
evaluated on a variety of RNS moduli sets and demonstrated significant improvements in conversion
time compared to previously known methods.

Chervyakov et al. [8] focused on developing a hybrid conversion method that combines RNS and
binary arithmetic to achieve more efficient conversions. The proposed method utilized operand
scanning techniques to identify patterns in the RNS representation and optimize the conversion
process. The authors demonstrated that their hybrid approach outperforms conventional conversion
methods in terms of both speed and hardware resource utilization.
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The article [9] focuses on hardware acceleration for RNS-to-decimal conversion using Field-
Programmable Gate Arrays (FPGAS). The authors designed a specialized hardware accelerator
capable of handling large-scale RNS numbers and converting them efficiently to decimal format.
The proposed FPGA-based implementation demonstrated substantial speedup compared to
software-based conversion methods, making it suitable for real-time applications.

In [10-11] proposed energy efficient conversion algorithms which minimizes the energy
consumption in the process of number conversion and number sign determination. By optimizing
the use of resources and considering the power constraints of the base equipment, the proposed
methods provide significant energy savings compared to conventional conversion methods.
Advances in this area have paved the way for improved performance, reduced power consumption
and increased fault tolerance, making RNS a more attractive option in various domains [12].
However, further research is still warranted to explore new techniques and optimizations that can
further enhance the conversion process and maximize the potential of RNS in modern computing
systems.

This paper researches methods of converting numbers from RNS to the positional notation. The
main methods are the CRT based method, the Interval Method, the Mixed Radix Conversion (MRC)
method, the Diagonal Function (DF) method and the Approximate Method.

The purpose of this paper is to present a high-speed method for converting numbers from RNS to
positional notation based on the use of Akushsky core function and number rank.

The paper is organized as follows. In Section 2, we give a brief overview of the Residue Number
System. In Section 3, various techniques for converting numbers from RNS to positional notation
are described. Section 4 deals with performance evaluation. Finally, Section 5 concludes with some
final thoughts and considerations, including possible directions for future research.

2. Residue Number System

In RNS, numbers are expressed as sets of residues obtained by performing modular arithmetic
operations on those numbers with respect to a set of coprime moduli. The use of coprime moduli
ensures that there is no overlap or interference between the residues, allowing for parallel
computation of operations on individual residues [12].

The numerical representation in RNS utilizes the Chinese Remainder Theorem. Let {p;, p, .., Pn}
be mutually prime moduli, and P = p, - p, - ...* p, be their product. For each number X, there exists
a set of remainders x,x,,..,x,, Where 0 <x; <p;, and these remainders form the RNS
representation of X. Put differently, X exhibits congruence with the residues x; modulo p;.
Mathematically, this can be expressed as:

x; = X(mod p;). (D)
Thus, the number X is written in the RNS in the following form:
X = (xq, X3, ey X)), (2)

The computations for the reductions x; can be derived through the application of the following
equation:

X =X- [g] " Dis (3)

To perform operations on numbers in RNS, such as addition and multiplication, operations are
carried out independently on the remainders of each modulo. For example, calculations in RNS are
performed according to equation:

X*Y = (1 % Y1, X3 * Y2, o) Xy * Y)-
Here, the symbol * represents arithmetic operations, encompassing addition (+), subtraction (—), or
multiplication (-). Note that each modulo within the RNS is coprime with every other modulo,
satisfying the condition: (p;,p;) = 1, where i # j.
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3. Methods for Conversion Numbers from RNS to Positional Notation

3.1 Chinese Remainder Theorem

If the number X is given as residues (x, x5, ..., x,) from division by moduli {p,;, p,, ..., pn}, the
number X can be obtained from the equation based on the CRT [9]:

n
> e Ip,,
i=1

where P is the dynamic range, P, = z |Pi‘1|p_ is the multiplicative inversion of P; modulo p;, and
pi t

X =

n
= PP, =100 P, @)
P i=1

the operator |X|,, denotes the remainder of division X by p;, that is X mod p; and r(X) is the rank
of the number indicating how many times the range value must be subtracted from the resulting
number to bring it back into the range. Let us consider the process of number reconstruction as an
example.

Example 1. Given a system of bases p;, = 2,p, = 3,p; = 5,p4 = 7,ps = 11 the volume of the
dynamicrange P = 2-3-5-7-11 = 2310. Convert the number X = (1, 2,1, 4, 7) to a positional
system.

For this purpose, find the values of P;:

P P P
P, =—=1155,P, =—=770,P; = — = 462,
P1 |%) %]

P P
P, = — =330, P; = — = 320.

D4 (43
Subsequently, our focus turns to the computation of multiplicative inversion, a process entailing the
determination of « such that « - P; = 1(mod p;). Thus:

|P1_1|p1 = 1: |P2_1|p2 = 2! |P3_1|p3 = 31 |P4_1|p4 = 11 |P5_1|p5 =1L
With these values, we can calculate the value of the number X, according to the (4):
X =18411],3,0 = 1481.

3.2 Approximate Method Based on CRT

In [10, 13] a fractional, approximate representation of numbers based on CRT is proposed. Let us
divide (4) by P and obtain

n

X |P71,.
5= zxi-% = in K (5)
i=1 t 1 i=1 1
P, . - .
where k; = T”‘ constants of the chosen system, and the (5) gives a result within the interval

12
[0, 1). In this context, the process of determining the remainder with a larger modulo is replaced by
simply discarding the integer part, a simple operation to implement. To get the exact value, the
fractional part is multiplied by P. Consider a similar example.
Example 2. Given a system of bases p; = 2,p, = 3,p; = 5,p, = 7,ps = 11 and the number X =
(1,2,1,4,7). Find the constants k;:
1

by =2 ky =2 ks =2 ks =7, ks =
Then by (5) it is easy to find:
X 1 2 3 1 1 52 52
;— 1'E+2'§+1'§+4'7+7'H1— 1—051—1—05,

Hence
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X = 52 2310 = 1481
105 B '
Obviously, these calculations are simpler than in the CRT-based method, but in hardware
calculations the fractional coefficients k; can rarely be represented as finite fractions, so there is a
question of rounding accuracy. To perform approximate calculations the fractional coefficients k;
are multiplied by 2", where N signifies the count of binary digits located beyond the decimal point,
which provides the required level of calculation accuracy, each resulting number is rounded up to
the next integer and then all calculations are performed modulo 2%,

3.3 Mixed Radix Conversion Method

The Mixed Radix Conversion technique involves systematically translating a numerical
representation from RNS to Weighted Number System (WNS) through a sequential process
[14].This method involves subtracting moduli and multiplying by the multiplicative inversion of a
modulo. In WNS the translated number has the following form:

X =dy+dypy +d3pip + -+ dpDiP2 o Pro1 (6)

where 0 < d; < (p;+,; — 1). The parameters d; are known as WNS digits.
The WNS digits can be obtained from the ratios:

X
d= X=X puXy = ||,
P1

Xy
d, =X — X, "'p,, X =[—],
2 1 2 " P2, 42 "~ (7)
Xn-1
dn= n—l_Xn'pnIan[; ]
n

The conversion carried out according to the algorithm (7) contains 2(n — 1) only residual arithmetic
operations of subtraction and division without remainder, where is the number of moduli of the
system. Some modification of the considered algorithm can be proposed in the sense that the division
operation is replaced by the multiplication operation. For this purpose we pre-calculate constants
Tx; that satisfy the condition

TPk =1 (mod p;),(1 <k <j<n) (8)
It is noteworthy to highlight that the constants 7, ; are entirely dictated by the selected system of
bases, rendering them computable beforehand and amenable to storage in a designated table.
If the constants 7, ; are calculated, the calculation of the digits d; WNS by the algorithm (6) can be
rewritten in the form:

d; = x; (mod py),
d; = (x; — dq)7q, (Mod p,),
d; = ((x3 —dy)T3 — dz)Tz3 (mod ps) 9

dn = ( (xn - dl)Tln - dn—l)Tn—ln (mOd pn)-
The constants 7, ; are multiplication inverses for the numbers p;, modulo p;
Consider the algorithm (9) with an example.

Example 3. Let a system of bases p; = 2,p, = 3,p3 = 5,p4 = 7,ps = 11 be given. The volume of
the dynamicrange P =2-3-5-7-11 = 2310. Convert the number X = (1,2,1,4,7) to WNS.

We first find the constants t,;. For convenience, we write the constants 7, ; as a matrix k x j:
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0 2 3 4 6
0 0 2 5 4
0 0 0 3 9
0 0 0 0 8
Now run the algorithm (9) and write the results in Tab. 1

Table 1. Algorithm of the MRC method.

. Moduli -
Actions Digits
pi=2 p:=3 Pz =5 Py =7 ps =11
1 2 1 4 7 _
X-d 1 1 1 1 1 d =1
1 0 3 6
X—-d ;
X —dy)y 0 2 3 4 6
2 0 5 3 _
X1~ dy 2 2 2 2 d =2
3 3 1
X, — ;
Xy — dy)1y; 0 2 5 4
1 1 4 _
XZ - d3 1 1 1 d3 —_ 1
0 3
X, — ;
Xy — d3)735 0 3 9
0 5 _
X3 — d4)T4j 0 55;
X4‘ d5 =7
Thus,

X =d; +dypy + d3pipy + duP1P2D3 + daD1D2D3 + dsP1D2P3Ps =
=1+42241-2-340-2-3:5+7-2-3-5-7 = 1481.

3.4 Interval Method

Sufficiently effective methods of converting numbers from RNS to positional representation is the
interval method, based on the interval characteristics of numbers. One of these characteristics is the
interval number [15].

Let RNS is given by a system of bases {p;, p,, ..., pn}, With the volume of the range P = [~ p;.
Choose a splitting modulo p; and split the given range into intervals by dividing P by the modulo

p;- Then the number of intervals ism = P; = 5, and the length of an interval is determined by the

modulo value. As a result, the value of any number X given in RNS on the chosen bases can be
determined by the interval number:

Iy = [X] (10)
X pil’
which contains the number X and by digit x; of the number X in the RNS modulo p;, i.e.
X =pilx+xi. (11)

Since (p;, P;) = 1, by Euler's theorem:

Pl.‘p(pi) =1 (mod p;), (12)
where ¢ (p;) is an Euler function. If p; is a prime number, then ¢(p;) = p; — 1.
Substituting (12) into (4) the number X can be written as
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n
X = Z Pi‘P(pi) X; (13)
i=1 P
To determine the interval number Ly, substitute (13) into (10):
n PPy —r(X)P
lX — =14 i ( ) ) (14)
pi
. . .. o) .. , . o) _
Since p; is a divisor of the numbers ly i+ P 1, P then
lX = lexl + lX2X2 + -+ anxn - TXP. (15)
P?a(pj) p?Pi)_
where lx,- =1 > ,(i#j)and lXj = -——— are constant coefficients defined by the base system.
Thus we have,
n +
+
be= ) sl (16)
i=1 ' P;
Substituting (16) into (11), we obtain a positional notation of the number X:
n +
+
lX = Z|lxixi|Pi Di + X;. (17)
i=1

P

It may be noted here that it is more appropriate to choose the largest modulo in the system as the
split modulo. In this case, modular operations are performed with a smaller modulo value.

We will illustrate this method with an example.

Example 4. Let a system of bases p, = 2,p, = 3,p3 = 5,p, = 7,ps = 11 be given. Convert the
number X = (1,2,1,4,7) to a positional notation. Let us choose ps = 11 as the splitting modulo,

then Py = pﬂ = 210, the interval number
5
5
+
Z'lxixi|21o
i=1 210

and the number X =psly+xs. Define I, Since ¢(p)=2-1=1 ¢(p,)=3-1=
2, p(p3)=5—-1=4, o(p,)=7—-1 =6, p(p,) =11 -1 =10, then

+

lX=

l 155" 105, 1 il 140, 1 462" 126
SR IEET T I N
3306|" 21010 — 1|*

- =301, = |—~| =109
e ‘ 11 210 s ‘ 11 210

Then Iy = |764|3,, = 210.
Thus, X = 134-11 + 7 = 1481.

3.4 Diagonal Function

There is another way of reconstructing the numbers in the literature [16, 17]. For RNS {pL D2 .. pn}
define the Sum of Quotients (SQ) parameter as
SQ=P,+P, +--+B, (18)
and the constants
k; = |_pi_1|SQ- (19)
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The diagonal function for a given number X = (x;, x5, ..., x,,) is defined as
D(X) = |x1k1+ka2 +"'+xnkn|5Q. (20)

If (4) is multiplied by %, we get the scaled value of X:

n
X-SQ X;
—=<=1|) sQ-=-|pP1,
P = |2 S0 P,
i=1 SQ

From the definition of k; (19) we can derive B; - SQ — k;p; = 1, where B; = |Pi‘1|pl., which is
equivalent to B; = [P, Thus, k; =“;—?- |Pi|pi—$, where i—Q |P7H,, = ki+$. Then

i

2D

substituting k; + 1% in (20) instead of k; we get the scaled value of D'(X). Thus, to obtain the value

of X, substitute the calculated values in (21) and multiply by %.

sQ | 1
2 [Safed)
pi

SQ

P |
i=1

_P D) +3Eixi Py

X 50

(22)

Consider this method with an example.

Example 5. Similarly, we are given RNS {2, 3, 5, 7, 11} and a number X = 1481 = (1,2,1,4, 7).
From the previous examples we know P = 2310, P, = 1155, P, =770, P; =462, P, =
330, P = 210. Then SQ =2927 and from (19) k, = 1463, k, = 1951, k; = 1756, k, =
418, ks = 266. Find the diagonal function

D(X) = |10655|2927 = 1874’,
From (22) find the required value:

_ 4334887

2927 1481.

4. The Akushsky Core Function Method Based on the Rank of Number
We present a fast technique for conversion numerical values from the RNS to positional notation.

This approach involves using the Akushsky Core Function to find the rank of a number. The
Akushsky Core Function [18] is defined by the following equation

cX) = iwi L,{J . 23)

where integers w; are constants determined by the choice of the interpolation point. The numbers w;
in equation (23) can be arbitrary in a certain sense. It is they that define each particular core function
and can vary depending on the problem to be solved. An algorithm for determining the optimal
weights for the Akushsky core function is presented in [19].

Core function range value is calculated as

n
i=1
We define the so-called orthogonal bases B; as
B, =P |Pi_1|pi1
We also define the coefficients c; as
Ci = C(Bl)r

Rewrite (23) as
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n

i=1

n
=D =00 Gy, (25)
Cp i=1
Then the rank of the Akushsky core function number can be defined as

F(X) = [L“C(: 'x"J.

There are three forms of representation of the CRT, each of them corresponds to a positional
characteristic of the number represented in RNS.

The first form was represented in (4), the rank of a number in this representation can be calculated

as follows
n
1 -1
E ;‘|Pi lp; - xi|- (27)
L

i=1

CX) =

(26)

r(X) =

Second form

ZP 1Py, ], =700 P, 28)

ZP 1Py, ],
p i=1

where 7#(X) is the normallsed rank of the number, which can be calculated as

n 1 9
Do el |, 29

i=1

7(X) =

The third form is proposed and its rank is represented respectively in (25) and (26).
Consider the following properties.
Theorem 1.

& (1P - xi]

AX) X +Z ) i
7 =—— _—
P pi

Proof:
According to the definition

PX) = Z

i=1

[P 1|,,L %l
leP;ll,,,xilm-Pi . (30)
=1

X |X|P

Since l J =-——- then

n 1 n
= EZlIPi_llm 'xilpi'Pi -3 Z“Pi_llpi 'xi|pi P
i i=1

According to the CRT, |Z L |IPT 1|pl xl|p -Pi| = X, consequently,
P

X
- F.Z“P"_l"’i i, P
i=

P

The theorem is proved.
Theorem 2.
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Proof:

. P,
It follows directly from Theorem 1 that #(1) = — % +>, o 2

The theorem is proved.
Let us examine the correlation between the ranks of positional characteristics.
Theorem 3.

RNS
Let p; < p, < -+ < py, the number X — (xq, x5, ..., x,,) and the weights of the Akushsky core
function wy, w,, ..., w,, satisfying the condition 0 < X < P, then

C(X)
X)) =rX) + (31
Proof:
Let us calculate c;, we get
n
P . P
c¢;=C(B) = Z w; l%j (32)
= P

Since Vi # j: |P*|,, - P, = 0mod p; and Vi: [P |, - P; = 1 mod p;, then for i # j: ||P7],, -
P, Pi

Pi/pi] = —"— and for i = j: [IP7Mlp, - Pi/pi] =

represented as follows

[P, Pi1 .
B , hence the coefficient ¢; can be

Clzlpi_llpi'Pi' T (33)

Given that Y7, % = %P, then (33) is transformed to the form
J

n

n
TG X 1 1 X w;
#X) = Xia G Xi| _ _.Z|pi—1|p.pi.xi__.z;_ (34)
P : Cp 4 p;
i=1 i=1
Substituting (34) into (28), we obtain
X 1 = Xi - Wi
FX) = r(X)+———-Z— . (35)
P G = bi

Considering that

iJCiz;iWi=z(X plp! J) =X iﬁ;_ilﬁ].wi=x.%—c(x) (36)

i=1 i=1 i=1 i=1

Substituting (36) into (35), we obtain

7(X) = [r(X) + 37)

Sinceasr(X) € Z,andVa € R,n € Z: |a + n] = |a] + n, then

TX)=r(X) + lC( )

Theorem 4. Let p; < p, < -+ < p,, anumber X € Zp and an Akushsky core function with with all
positive weights w; be given, then 7#(X) = r(X).
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Proof:

According to Theorem 3, #(X) = r(X) + lg] Given that the Akushsky core function contains no
)4

critical cores, VX € [0,P): 0 < C(X) < Cp. Hence l%:)
The theorem is proved.
Let us consider our proposed method with an example.
Example 6. Similarly, we are given RNS p, = 2,p, = 3,p3 = 5,p, = 7,ps = 11 and a number
X =1481=(1,2,14,7). P = 2310,P, = 1155,P, = 770, P; = 462,P, = 330, P; = 210. Let us
use a set of weights w; = 0,w, = 0,w3 = 0,w, = 0,wg = 1.
Let us calculate the values of B;:
B, =P, - |P;| = 1155,B, = P, - |P;!| = 1540,B; = P, - |P; 1| = 1386,
B, =P, - |P;'| = 330,Bs = Ps - |P5t| = 210.
Then we find the value of the core function range by (24)
C(P) = Cp = 210.

= 0, and hence #*(X) = r(X).

Find the value of coefficients c;:

¢; = 105,¢, = 140,¢c5 = 126,c4 = 30,¢5 = 19.
Then the rank of the number is
105-1+140-2+126-1+30-4+19-7J

210

FX) =

Thus,
X =1155-1+1540-2+1386-1+330-4+210-7 —3-2310 = 1481.

5. Performance Evaluation

The methodology expounded in Section 4 evinces an indisputable advantage over the approaches
outlined in Section 3.

To validate the properties of each approach, every algorithm was carefully implemented in Python,
and a comprehensive performance analysis was executed on a computer equipped with an Intel Core
i7-7700HQ processor running at 2.80 GHz, 8 GB DDR4 RAM at 1196 MHz, and a 512 GB SSD,
operating on Windows 10 Home Edition. The study involves two significant phases:

Stage A examines the performance of three moduli by processing data sets of 50000, 100000,
200000, 350000, and 500000 using each of the proposed methods.

In Stage B, we expanded our analysis to cover 19 sets, varying from 3 to 21 moduli, with each
modulo having an 8-bit dimensionality. We processed a data set of 1700000 numbers.

Throughout the two-stage simulation, we measured the time characteristics of each method with
attention to detail. To guarantee precision and dependability, we reiterated each measurement one
hundred times and recorded the average time for evaluation. The findings of these experiments are
presented concisely in Tables 2 and 3, with time values depicted in seconds.

Let us conduct a detailed examination of the ensuing tables, delving deeper into the tabulated data
with a scientific scrutiny. The provided information discusses two stages: Stage A and Stage B,
focusing on their time characteristics and importance. Stage A is crucial for tracking method
behavior with increasing data size. Analysis of the data shows a linear growth, which indicates the
stability of the obtained method using the core function. To enhance understanding, graphs will be
presented.

Table 2 provides insights into the time-related features observed during Stage B, underscoring the
significance of this phase akin to Stage A. In a practical system comprising the control system may
encompass various configurations, such as two, four, six, or more moduli. Consequently, exploring
the behavior of methods in relation to the number of moduli within the system becomes imperative.
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The acquired data not only facilitates an understanding of methodological performance but also
allows for inferences regarding the stability of the methods.

Table 2. The result of the study of stage A.

Amoun CRT Approximat MRC Interval DF E?)r;:
t Method e Method Method Method Method
Method

50000 0.17%38475 015310092 0.17127851 0.874%2892 0.28%31243 0.133;30851
100000 0.37;139160 0.33490013 1.61%5976 1.9496377 0.484{32178 0.29%7209
200000 0.70%8841 057174363 2.60%6207 3.31%7629 1.19%2631 0.45@2000
350000 1.1925852 1.14163585 4.49:;2913 5.656‘;3546 1.68&;0754 0.87994280
500000 1.688;4722 1.59833269 6.57%6256 8.143;8398 2.546;5111 1.25%4046

Table 3. The result of stage B study: dimension of modulo set p[n] where n represents modulo count in the
ensemble.

CRT Approximate MRC Interval DF Rank Core
pn] Method Method Method Method Method Method
3 0.04886961 | 0.04188609 | 0.16806006 | 0.19650173 | 0.07034159 | 0.0388873
4 0.04986429 | 0.04387736 | 0.21841407 | 0.25733018 | 0.08476949 | 0.03990845
5 0.05085826 | 0.04582379 | 0.34164977 | 0.30221629 | 0.09973574 | 0.04392817
6 0.06984472 | 0.07378912 | 0.34810019 | 0.33629251 | 0.10273242 | 0.0588873
7
8

0.07682538 | 0.08676386 | 0.41370296 | 0.39549708 | 0.11066651 | 0.06990845
0.07836747 | 0.09275365 | 0.51267076 | 0.43252301 | 0.12862134 | 0.07392817
9 0.08676624 | 0.09826112 | 0.59272242 | 0.45488119 | 0.13066811 | 0.09067698
10 0.09473872 | 0.10372066 | 0.62236333 | 0.53865314 | 0.13461476 | 0.09264201
11 0.11070347 | 0.11968732 | 0.72314477 | 0.55988812 | 0.15419126 | 0.09558553
12 0.11466908 | 0.12268424 | 0.77975607 | 0.6223812 | 0.17807412 | 0.11655969
13 0.12469697 | 0.12665558 | 0.88087988 | 0.63008047 | 0.19151998 | 0.12052173
14 0.13267827 | 0.12510133 | 1.01868820 | 0.66010213 | 0.19850206 | 0.12311763
15 0.13463926 | 0.12766194 | 1.04511428 | 0.75057304 | 0.20049644 | 0.12251919
16 0.16458368 | 0.12769699 | 1.15422750 | 0.81782241 | 0.20647359 | 0.11738696
17 0.16755462 | 0.13862944 | 1.29933691 | 0.86782241 | 0.23633909 | 0.12436595
18 0.16951680 | 0.14361358 | 1.35722113 | 0.87273455 | 0.24734974 | 0.13237681
19 0.17810869 | 0.15760803 | 1.40875983 | 0.93827939 | 0.26701593 | 0.13935819
20 0.18051696 | 0.15960505 | 1.51713409 | 0.98166609 | 0.26928353 | 0.15541186
21 0.18350887 | 0.16758013 | 1.63444066 | 1.02923965 | 0.27526116 | 0.16631331

The data from the given table were utilized to create visual representations in the form of figures. In
addition, a more comprehensive analysis was enabled by extrapolating the acquired values through
polynomial methods, extending the perspective on the outcomes.

Upon scrutinizing the acquired outcomes, we can extrapolate the following deductions. Examining
the graphical representation in Fig. 1, it becomes apparent that conventional methodologies
demonstrate efficacy particularly when handling a limited quantity of numerical inputs. However,
starting from the processing of two hundred thousand numbers, MRC method and interval method
begin to lose.
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A similar situation is apparent in the graph presented in Fig. 2. On average, our approach displays a
time efficiency that is roughly 8 % superior to that of the Approximate Method.

The comparative analysis conducted on methods for translating numbers from RNS to positional
notation revealed that the method utilizing Akushsky core function and number rank offers certain
advantages. This is due to the performance of addition and multiplication operations in positional
notation within the mentioned approach. When performing calculations using MRC, each RNS
modulo corresponds to a separate channel in which calculations are completed using modular
arithmetic. However, these calculations are not performed in parallel. When using the interval
method, it is necessary to complete operations such as addition, multiplication, and degree expansion
in the positional system. Degree expansion can result in rather large values. One positive aspect of
the interval method is the ability to process data in a conveyor-like manner.

6. Conclusion

In this paper, we have presented a high speed method for converting numbers from RNS to positional
notation. The proposed method offers a novel approach to achieve rapid and accurate conversions.
By leveraging the inherent properties of the RNS and optimizing algorithms, our method streamlines
the conversion process, minimizing computational complexities, and significantly reducing
conversion times. Experiments demonstrate its superiority over conventional methods, showcasing
notable improvements in speed.

While our proposed method represents a significant advancement, there is still room for further
exploration and optimization. Future studies may investigate hybrid conversion techniques that
combine the strengths of different algorithms, aiming to achieve even greater efficiency.
Additionally, evaluating the proposed method's performance in large-scale systems and exploring
its potential application in emerging technologies will be exciting avenues for future research.

12:
—— CRT Method
10
—— Approximate Method
8
o
b —&— MRC Method
g b
E ;
4 A Interval Method
2 —#— DF Method
0 +— —a— Rank Core Method

0 100000 200000 300000 400000 500000 600000 700000
Amount of numbers

Fig. 1. Findings from stage A analysis.
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Fig. 2. Findings from stage B analysis.
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AHHOoTanus. B pabore omucaHbl pe3ysibTaThl HKCHEPUMCHTAIBHOTO CPABHEHUS METOAOB CHHTE3a
KOMOMHAIIMOHHBIX JIOTHYECKUX CXEM, PeaIn3yIOLIMX 3aJaHHbIe OyJIeBbl QYHKIMH. PaccMOTpeHbI cleayomue
MeToIbl: AKepca, OHM-JAEeKOMIIO3MLUH, KackanoB, MuHaro-Moppeaine, Puna-Mamiepa nu DSD-pa3znoxenus.
CpaBHEHHE OCHOBBIBAJIOCH HA OLCHKE OJHEProloTpeOiIeHus, 3aJepXKH MW IUIOMAIN CHHTE3UPYEMBIX
norudeckux cxeM. OLEHKa OCyIIeCTBIUIaCh 0e3 Ipolecca TEXHOIOIHYECKOro 0TOOpakeHHs cxeM. Brioop
JTAHHBIX I1apaMeTPOB OOYCIOBJIECH TEM, YTO OHHU SIBIIIOTCS OCHOBHBIMU KPHTEPHSAMH TEXHOJOTHYECKH
HE3aBHCHMOWH ONTHUMH3AIMH, B KOTOPOW JaHHBIC METOJABl HAXOAAT IIMPOKOE HpHMEHeHHe. B kauecTBe
HCXOTHBIX TAaHHBIX HCIIOJIB30BATHCH OYJIEBHl (YHKIMH C YUCIOM apryMeHToB OT 4 mo 10, KoTopble ObLIH
CreHEpUpPOBaHBl Ha OCHOBe WHH(MOpManmud O dYacToTe BcrpedaemocTn pa3nuuHelx  NPN-kmaccos
9KBUBAJICHTHOCTHU OyJIeBBIX QYHKIHI OT 4 IepeMEeHHbIX. B pe3ynbpTaTe HccieoBaHus ObUIO YCTaHOBIIEHO, YTO
Metoq, MuHato-Moppeane sBiseTcss Hauboyiee YHHBEPCAJIbHBIM IPH PEIICHWH 33Jad TEeXHOJIOTHYECKH
HE3aBUCHMOI ONITHMH3AIMN M MOKET OBITh UCIIONB30BaH VIS Pa3iIMIHBIX KPUTEPUEB.

KnroueBbie ciaoBa: OyieBsl (yHKIMH, JIOTHYecKas ONTHMH3AIMS, aBTOMATH3aLUs IPOSKTUPOBAHMS
MHUKPO3JIEKTPOHHOI anmaparypsl.

Jas umrupoBanmsi: Bepmkos M.J., SrxoB A.A., Pomanos H.C., ®emoroBa A.A., 3natHoB E.IL
OKcnepruMEHTaJIbHOE CpaBHEHHE METOZOB cHHTe3a jorndeckux cxeMm. Tpyael MCII PAH, tom 36, Bbm. 4,
2024 r., ctp. 133-142 (ma anrmuiickom si3eike). DOI: 10.15514/ISPRAS-2024-36(4)-10.

1. Introduction

The technology-independent optimization (optimization) of logic circuits is one of the most
important steps in the logic synthesis process with a significant impact on the quality of the digital
systems being designed.
Different methods of synthesis of logic circuits implementing given Boolean functions (synthesis
methods) are widely used in logic optimization approaches. For instance, these methods can be used
in optimization that is based on the rewriting that is the replacement of subcircuits of the original
logic circuit with other subcircuits that more effectively implement the same functions [1].
There are three main criteria for logic optimization (metrics for evaluating these criteria in a logic
net are given in parentheses):

1) power (switching activity);

2) delay (the longest path from input to output);

3) area (the number of logic gates).
The aim of this study was to perform an experimental comparison of logic circuit synthesis methods
and to identify the best one for each optimization criterion.
Other published papers also present the results of comparisons between different synthesis methods.
In [2], the considered methods are as follows: sum-of-products (SOP) and product-of-sums (POS)
two-level expressions, MUX-based expressions, the Quine-McCluskey [3] method and different
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types of XOR expressions. The comparison was made for all Boolean functions of 3 and 4 variables
and for a thousand random generated functions of 5 variables. The comparison was based on
estimating the delay and area of synthesized logic circuits without technology mapping.

In [4], a new approach to bi-decomposition of Boolean functions is described and compared with
the best algorithms in logic synthesis tools such as FBDD [5], SIS [6], ABC [7]. Sixteen circuits
from the MCNC [8], ISCAS [9] and IWLS [10] benchmark suites were used for the comparison by
power, delay and area after the process of technology mapping.

In [11], a comparison was made between the size (number of products in the SOP) of the minimal
SOP of a Boolean function and the size of the SOP obtained by Minato-Morreale [12] method. The
study was considered for different Boolean functions with the number of variables ranging from 3
to 20.

In this article an experimental comparison of methods of synthesis of logic circuits implementing
given Boolean functions was carried out. The following methods were considered: the method of
Akers [13], bi-decomposition [14], the methods of cascades [15], Minato-Morreale [12], Reed-
Muller [16] and DSD-decomposition [17]. The circuits were synthesized in bases of different logic
gates without technology mapping processing. Power, delay and area of the circuits were estimated
for the comparison. Boolean functions of size from 4 to 10 variables were considered in the
experiment. The choice of a benchmark may have a significant impact on the results of experiments.
In this study we decided to generate a set of tests based on information about the frequency of
occurrence of NPN-equivalence classes of Boolean functions of four variables.

This paper is organized as follows: Section 2 provides a brief overview of considered methods.
Section 3 describes the methodology of the tests carried out. Section 4 presents the results of this
study and Section 5 is a conclusion.

2. Method overview

Akers method [13] is used to create majority-based circuits. It is the iterative algorithm that implies
the manipulations of the table created from the given truth table. The columns of the converting
table correspond to gates arguments. At each step of the algorithm, all sets of triples of the columns
are iterated and a truth table of a majority gate is evaluated. Received truth tables are compared with
each other, after which the best one is selected according to some heuristics. It is inserted into the
table as a column. The algorithm terminates after obtaining the truth table that is equal to the given
one.
Bi-decomposition [14] is based on extracting the superposition of two Boolean functions from a
single source function:

f = 991(21), 92(22)), 1)
where f is a source function, g, and g, are Boolean functions with sets of arguments z, and z,
respectively, ¢ is a given Boolean function of two arguments.
Function ¢ is typically represented by logic operations such as OR (NOR), AND (NAND), and
XOR. Different constraints can be imposed on the arguments of new functions, such as requiring
subfunctions to have disjoint support. Alternatively, these arguments can be given before bi-
decomposition. In this article the method of heuristic decomposition was considered. This means
that the arguments of g, and g, are not provided, and there is only one constraint for their arguments:
the number of arguments must be less than the number of arguments of the source function.
Nevertheless, the probability of existence of decomposition of this kind is law, especially for
completely specified functions. If decomposition is impossible, when the source function is broken
down into two functions, one or both of them have the same number of variables. The circuit
synthesis algorithm using bi-decomposition is recursive. The two Boolean functions obtained at each
step of recursion are decomposed in the same manner.
The method of cascades [15] is based on the Shannon [18] decomposition, which represents the
source function as the sum of two sub-functions:
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f(xlprp ""xn) = xn ' f(xlﬂxZ! "'!xn—lﬂ 1)

U X, - f(Xq, X3, e, Xp-1,0), 2
where f is a source Boolean function, x; is a i argument of this function. This method is also
recursive, and two sub-function are decomposed in the same way.

The Minato-Morreale [12] method is a technique for obtaining an irredundant sum-of-product
(ISOP) of Boolean function. An ISOP is a sum-of-products (SOP) of Boolean function that cannot
have any literal or product removed without losing equivalence to the source function. The study
considered two variations of the method: with and without algebraic factoring. Algebraic factoring
is an algorithm that transforms SOP, reducing the number of literals and products. This method does
not guarantee obtaining the ISOP of a source Boolean function with the minimum number of
products [11].
The Reed-Muller method [16] aims to obtain modulo-2 sums of products for a source Boolean
function (polynomial). There are only positive or negative literals for each variable in this
polynomial. In this article we considered expressions where all literals are positive (Zhegalkin
polynomial [19]).
DSD-decomposition (Disjoint Support Decomposition) [17] is based on decomposition of a source
Boolean function into several subfunctions with a disjoint support:

f =k(ay,ay,...,a,), 3)
where f is a source Boolean function, a,,a,, ..., a, are subfunctions in decomposition, kis a
function that links these subfunctions.
In this method the number of subfunctions is equal to or greater than 2 (depends on the source
function). AND, OR, XOR or the Prime function (Boolean function of 3 variables or greater that
cannot be further decomposed) can be used as k. The method is recursive, new functions are
decomposed in the same way.
The bases of synthesized circuits for each considered method are presented in Table 1.
Table 1. Basis of synthesized circuits.

Method Logic gates
Akers MAJ, NOT, 0
Bi-decomposition AND, NOT
Cascades AND, NOT, 1,0
Minato-Morreale AND, NOT
Minato-Morreale with factoring | AND, NOT
DSD-decomposition AND, XOR, NOT, 1,0
Reed-Muller AND, XOR, 1

3. Methodology

The synthesis methods were implemented in C++. The kitty [20] and STACCATO [21] libraries
were used for Minato-Morreale and DSD-decomposition methods, respectively. The comparison of
circuits synthesized by the methods was carried out without technology mapping processing.

To compare the methods with each other, a set of test cases was written in which a certain number
of truth tables of Boolean functions over four to ten arguments were generated with a probability
that was calculated based on the information about the frequency of occurrence of NPN-equivalence
classes of Boolean functions of four variables. The circuits from the OpenABC-D [22] test set were
used for obtaining this statistic. The collection process was organized as follows: all cuts of the size
four [1] were iterated at each circuit, then the algorithm identified a NPN-equivalence class of the
cut function. As a result, the frequency of occurrence of each class was achieved. To receive a
function over more than four arguments a concatenation of the truth tables was used. The truth table
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over four variables was obtained after generating a function of NPN-equivalence class according to
the received probabilities, then four variables swapping, four input flipping and output flipping with
a 50 percent probability were made.
The number of generated truth tables of Boolean functions over a particular number of arguments
was 1000. These truth tables were supplied as input arguments to the synthesis methods, which
constructed circuits consisting of logic gates.
In the first comparison, the arity of the gates in synthesized circuits was limited to two, therefore the
Akers algorithm was not participated. Afterwards, using three-input gates was allowed and all the
algorithms took part in the second comparison.
The following characteristics were used to compare circuits: the number of function arguments, area,
delay, and switching activity. Additionally, the runtime of the methods was also taken into account.
The switching activity of a circuit was calculated as the sum of the switching probabilities of all its
gates:

Z= 3k (4)
where Z is the switching activity of the logic circuit, s; is the number of cell switches (from 1 to 0
and from 0 to 1), i is the cell index of the logic circuit, t is the number of simulations. In the
experiment, the number of simulations of each logic circuit was 1024.
The implementations of Akers and bi-decomposition methods were tested on truth tables of Boolean
functions over four to seven and four to eight arguments, respectively. The reason is the high
asymptotic complexity of these methods [23, 14].

4. Results

The achieved results of the methods comparison are described in Tables 2 and 3. Table 2 illustrates
the information about the runtime of the methods and characteristics of the synthesized circuits
composed of two-input gates only, whereas Table 3 shows the same but for circuits that may include
three-input gates. The cells of the tables contain the averages of the results obtained.
The part of Table 2, which corresponds to the statistics about switching activity of synthesized
circuits, reveals that the leader in optimizing this parameter for functions over four variables is DSD-
decomposition method, whereas for functions over five and six arguments is Minato-Morreale
method with factoring and for functions over seven to ten arguments is the original Minato-Morreale
method. Bi-decomposition method comes fourth in terms of power optimization for functions over
four and five arguments, comes third for functions over six arguments, for the other functions this
method reduces its effectiveness and exhibits the worst results. The method of cascades is the second
from the end for optimization of functions over four to eight arguments and the worst one for others.
Reed-Muller method takes the last place in optimization of functions over four to six variables but
improves its position with an increase in the number of variables and becomes the third by functions
over eight arguments.
According to Table 2, Minato-Morreale method optimizes the delay of circuits containing from five
to ten inputs better than the other methods. This method is followed by Reed-Muller algorithm and
then Minato-Morreale algorithm with factoring. DSD-decomposition method is the best for
optimizing functions over four arguments but comes fourth in terms of delay optimization for the
other number of arguments. Bi-decomposition and cascades methods are the least preferred for
optimizing circuit delay.
The part of Table 2 Area illustrates that the leader for reducing the number of logic gates for circuits
from five to nine inputs is Minato-Morreale method with factoring. DSD-decomposition is the first
in terms of this optimization for functions over four and ten arguments, the method only the second
and the third for functions over eight and nine arguments and over five and six arguments
respectively. Minato-Morreale method without factoring comes second for functions over five and
six arguments. Bi-decomposition and Reed-Muller methods are the worst in terms of optimizing
circuit area.
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The fastest algorithm is the method of cascades, while Minato-Morreale methods require a little
more time for execution, these algorithms have a comparable runtime. DSD-decomposition and
Reed-Muller methods are moderately slower than the leader. The most time consuming method is
bi-decomposition.

Table 3 demonstrates the similar ranking to Table 2 in terms of switching activity optimization with
the exception of Minato-Morreale method without factoring, which works more efficiently using
three-input logic gates than a similar one with factoring. Akers method becomes consistently second,
shifting the previous rating.

The Delay of Table 3 reveals that Akers method is not preferred for delay optimization, despite the
fact that it becomes second for functions over five and six arguments. Minato-Morreale method
without factoring is the absolute leader for optimization of circuit delay with allowing using tree-
input gates.

A slightly different result in contrast to Table 2 is achieved in Area optimization. Akers algorithm
comes first for functions over five to seven arguments and the original Minato-Morreale becomes
second for functions over eight to ten arguments. Otherwise, the results are similar to those obtained
in Table 2.

The runtime of the algorithms in Table 3 does not reveal any new data except that Akers algorithm
is the longest-running method.

Table 2. Experiment results for circuits containing two-input gates only.

Arguments number | 4] 5 ] 6 | 7 ] 8 | 9 | 10
Switching activity
Bi-decomposition 454 | 871 | 17.66 | 3536 | 70.31
Method of cascades 511 | 9.78 | 18.57 | 34.06 | 61.29 | 109.68 | 197.85
Minato-Morreale 435 | 752 | 1288 | 20.89 | 33.11 | 4941 72.61
Minato-Morreale with factoring | 4 7.16 | 12.73 | 22.63 | 41.74 | 75.22 134.7
DSD-decomposition 3.69 | 9.18 | 18.25 | 33,57 | 59.8 | 106.14 | 189.89
Reed-Muller 6.62 | 12.13 | 20.69 | 33.99 | 54.71 | 86.72 | 136.4
Delay
Bi-decomposition 3.7 | 761 | 1547 | 3145 | 65.9
Method of cascades 489 | 7.7 | 9.96 12 14 16 18
Minato-Morreale 311 | 487 | 651 | 7.76 8.89 | 10.16 | 11.92
Minato-Morreale with factoring | 3.11 | 5.64 | 7.97 10.4 12.84 | 15.27 17.73
DSD-decomposition 2.82 | 6.84 | 9.71 | 11.93 14 16 18
Reed-Muller 438 | 611 | 7.77 | 9.03 | 10.06 | 11.26 | 12.96
Area
Bi-decomposition 592 | 16.5 | 42.81 | 102.69 | 237.23
Method of cascades 7.26 | 17.79 | 38.44 | 75.42 | 140.7 | 256.73 | 468.3
Minato-Morreale 597 | 1552 | 35.91 | 75.78 | 155.87 | 301.82 | 574.24
Minato-Morreale with factoring | 4.23 | 11.26 | 25.37 | 53.92 | 114.1 | 231.55 | 463.79
DSD-decomposition 3.43 | 15.88 | 36.77 | 77.45 | 134.61 | 244.54 | 444.29
Reed-Muller 12.8 | 30.26 | 64.77 | 134.16 | 272.82 | 548.99 | 1096.01
Runtime (ms)
Bi-decomposition 407 | 741 | 16.39 | 44.22 | 167.53
Method of cascades 265 | 291 | 356 | 522 9.44 | 21.75 62.09
Minato-Morreale 2.69 | 3.02 | 3.73 | 552 9.85 | 22.71 63.07
Minato-Morreale with factoring | 2.65 | 3.01 | 3.68 5.47 9.94 22.85 63.55
DSD-decomposition 7.2 | 8.06 | 9.04 | 11.26 | 16.39 | 30.69 | 74.56
Reed-Muller 2.64 | 3.05 | 4.16 7.42 16.54 | 44.13 | 127.76
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Table 3. Medical activities of multimodal human-computer interactions.

Arguments number | 4] 5 | 6 | 7 ] 8 [ 9 | 10
Switching activity
Akers 3.81| 6.2 |10.41]21.07
Bi-decomposition 442 | 8.32 | 1595 | 28.87 | 58.87
Method of cascades 481 | 9.37 | 18.2 | 33.65 | 60.85 | 109.1 | 197.04
Minato-Morreale 357 | 523 | 7.83 [ 1198 | 19.3 | 29.96 | 45.14
Minato-Morreale with factoring | 3.81 | 6.64 | 11.65 | 20.04 | 37.53 | 68.05 | 123.81
DSD-decomposition 3.46 | 9.17 | 18.25 | 3357 | 59.8 | 106.14 | 189.89
Reed-Muller 543 ] 9.39 | 1556 | 25,5 | 40.87 | 64.69 | 101.25
Dela
Akers 3.32 | 5.06 | 757 | 1361
Bi-decomposition 3.6 | 744 | 1536 | 31.35 | 65.79
Method of cascades 458 | 7.53 | 9.93 12 14 16 18
Minato-Morreale 229 | 37 | 465 | 522 | 6.32 7.49 8
Minato-Morreale with factoring | 2.89 | 534 | 7.72 | 10.1 | 1254 | 1498 | 17.44
DSD-decomposition 256 | 6.83 | 9.71 | 11.93 14 16 18
Reed-Muller 3.26 | 457 | 557 | 6.28 7 8.18 9
Area
Akers 4.67 | 9.18 | 17.29 | 38.93
Bi-decomposition 5.66 | 15.55 | 38.62 | 90.02 | 213.62
Method of cascades 6.57 | 16.77 | 37.56 | 74.41 | 139.63 | 255.25 | 466.14
Minato-Morreale 4.09 | 9.74 | 22.39 | 48.57 | 102.94 | 206.14 | 409.41
Minato-Morreale with factoring | 3.78 | 10.02 | 22.8 | 48.74 | 104.58 | 215.87 | 441.36
DSD-decomposition 2.92 | 15.86 | 36.77 | 72.45 | 134.61 | 244.54 | 444.29
Reed-Muller 9.38 | 21.7 | 46.96 | 98.86 | 201.3 | 405.41 | 808.42
Runtime (ms)
Akers 3.35 | 6.25 | 14.75 | 82.48
Bi-decomposition 4 7.28 | 16.14 | 43.62 | 165.79
Method of cascades 257 | 283 | 3.46 | 5.06 9.2 21.1 60.8
Minato-Morreale 2.6 2.9 3.55 5.2 9.28 21.49 | 60.59
Minato-Morreale with factoring | 2.58 | 2.94 | 3.6 5.29 9.62 22.19 | 62.21
DSD-decomposition 7.3 7.8 8.7 |10.75| 15.63 | 29.31 | 71.96
Reed-Muller 255 | 292 | 396 | 7.05 | 1592 | 43.48 | 127.38

5. Conclusion

The results of the work of seven methods for the synthesis of logic circuits implementing specified
Boolean functions have been analyzed. The comparison of the obtained circuits has been carried out
according to the three main criteria: the number of logic gates (area), depth (delay) and switching
activity (power). The analysis of the results has shown that DSD-decomposition (only for functions
over four arguments) and the both Minato-Morreale methods are the best choice for power
optimization. The similar results have been demonstrated for delay optimization of logic circuits.
Area optimization with a restriction on the arity of logic gates equal to two is better to carry out
using DSD-decomposition (only for functions over four and ten arguments) and Minato-Morreale
method with factoring. Akers algorithm is the leader in optimization of a number of three-input gates
in circuits from five to seven inputs and for other circuits, the leader is Minato-Morreale algorithm
without factoring. Minato-Morreale and cascades methods have demonstrated a compatible and
minimal runtime, whereas Akers and bi-decomposition have shown the worst performance.
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AHHoTanmusi. B smoxy riy6okoro oOydeHHs HEHPOHHBIE CETH IMOCTEHNECHHO 3aMEHSIOT CTaTHCTHUECKUE
MOAXOAbl K IPOTHO3MPOBAHHMIO BPEMEHHBIX pSIOB B pa3iM4HBIX oOnacTsaxX, Hampumep, B chepe
IPOCTPAHCTBEHHO-BPEMEHHOT0 MojenupoBanus. OIHAKO HEIOCTAaTOK OTKPBHITBIX HAO0OPOB JAHHBIX B ITOM
00JIacTH MPEMATCTBYET Pa3BUTHIO HEHPOCETEBBIX METO/IOB. ABTEPHATUBHBIM PEIICHUEM IS cOOpa JaHHBIX
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SIBIIIETCSA TEHepalusl CHHTETHYECKHX IaHHBIX, HO CYIIECTBYIOIIHE METOJAbl (DOKyCHPYIOTCS TONBKO Ha
TeHepaly HEKOPPEIUPOBAaHHBIX HE3AaBUCHMBIX BPEMEHHBIX PsAA0B. B 3T0i# paboTe MBI MpeacTaBIsieM METOT
reHepalyy BpeMEHHBIX PSIIOB C MPOCTPAHCTBEHHON Koppersinuel. OH HCIob3yeT Habop mapaMeTpru3yeMbIX
aBTOPErPECCUOHHBIX MOJENIeH IJI TeHepalud OAHOMEPHBIX BPEMEHHBIX PAJOB B COUYETAHUU C MOAXOJOM K
BBIOOpY ITApaMeTPOB MOJIEIH, YTO IO3BOJIIET MOJEIMPOBATH IPOCTPAHCTBEHHBIE B3aMMOOTHOIICHNS. B paboTte
IIPUBE/ICHA pealu3alys MEeTOAa U Pe3yIbTaThl IKCIIEPUMEHTOB, KOTOPBIE II0Ka3bIBAlOT IPUMEHUMOCTb JaHHBIX
JUISL TIPOCTPAHCTBEHHO-BPEMEHHOTO MOIETHPOBAHUSL.

KiioueBble ci10Ba: reHepauus BPEMEHHBIX DSAIOB; IPOCTPAHCTBEHHO-BPEMEHHOE MOCIMPOBAHHUE;
ABTOPErpEeCCHOHHAs MOJIEb.

s uurupoBanus: Kponauesa A.M., I'mparox [1.B., Mos U.JI., [lepmun A.1O. I'eHepauus BpeMeHHBIX psAI0B
¢ mpocTpaHcTBeHHBIMH B3amMocBsizsamu. Tpyast MCIT PAH, tom 36, Bem. 4, 2024 r., ctp. 143-154 (na
anriuiickom s3bike). DOI: 10.15514/ISPRAS-2024-36(4)-11.

Baaroaapuoctu. PaGora BBIMONHEHA B paMKaX roCyJapCTBEHHOTO 331aHiss MUHHCTEPCTBA HAYKU U BBICIIETO
ob6pasoBanust Poccuiickoii ®enepanyu (poekt Ne FSER-2024-0004).

1. Introduction

Time series are widely used in numerous domains, including forecasting financial data, examining
road traffic patterns, predicting weather conditions, identifying anomalies in the network traffic, etc.
[1]. In recent years, many time series datasets have been published in open source. Competitions
focused on the time series forecasting became popular [2-3]. There is also a growing interest in tasks
associated with time series, such as hierarchical forecasting [4] and spatiotemporal modeling [5].
However, there are several problems in the time series analysis field. Time series presented in many
open datasets are quite homogeneous. Their application for evaluating the effectiveness of predictive
models is limited [6]. Additionally, it is often difficult (or even impossible) to find open datasets for
certain tasks [1]. Therefore, methods for generating time series can help create additional data not
only to improve the training process of currently popular global neural network models for time
series forecasting but also to create benchmark datasets suitable for their comprehensive testing.
Examples of such models include both global models, like Informer, FEDformer, TFT, as well as
foundation models like TimeGPT, TimesNet, and TimeLLM (see reviews [7-8]).

Methods for time series generation can be divided into two groups: statistical and neural network-
based [9]. In the first group, the autoregressive approach is a popular choice. In the second group,
methods are often based on the application of generative adversarial networks (GANS) or variational
autoencoders (VAESs). Thus, the methods of the first group use parameterized autoregressive models
to generate time series. Methods of the second group use neural network models that are trained to
generate time series from random noise based on existing datasets. The first approach is
implemented in such tools as GRATIS [6], timeseries-generator [10], and mockseries [11]. The
second is widely used in fields with many real observations, e.g., economics and finance [12].
Nevertheless, the overwhelming majority of existing solutions lack support for generating correlated
time series. These time series are often observed in tasks involving spatiotemporal dependencies
between time series and the objects that generate them. For example, in road traffic intensity
forecasting, sensors installed on roads measure the number of passing vehicles and/or their average
speed. The corresponding time series between adjacent crossroads often exhibit strong correlation,
which can be used to improve the forecasting quality, for example, using spatiotemporal graph
neural networks (STGNN) [13]. The emergence of open traffic datasets, such as PEMS-BAY and
METR-LA [5], has allowed researchers to standardize the way they compare their models. This has
significantly accelerated progress in the development of modeling spatiotemporal relationships.
However, similar types of relationships are encountered in many other areas, such as
telecommunications, neurobiology, epidemiology, meteorology, and others. Yet, at the current
moment, in many fields, either open datasets are completely absent, or they are insignificant in size.
This fact once again confirms the necessity of developing methods for time series generation.
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Moreover, time series analysis is not limited to prediction alone. Different tasks such as anomaly
detection in observations, searching for causal relationships, and adaptive prediction of time series
that allow changes in value distributions currently attract significant interest.

This paper presents a method for generating time series with spatial dependencies, generated by a
set of objects (e.g., sensors on roads or cellular base stations). Time series are generated using a set
of classical parameterized autoregressive models, such as ETS [14]. Spatiotemporal relationships
are modeled by sampling process parameters. The proximity of objects, determined e.g. by
Euclidean or geodesic distances on some manifold in parameter space corresponds to the similarity
of autoregressive models. The closer the process parameters are, the more similar the time series are
to each other.

The paper is structured as follows. Section 2 describes existing approaches to time series generation.
In Section 3, the method for generating time series with spatial dependencies is presented. The
implementation of the method is described in Section 4. Section 5 contains an evaluation of the
generator’s results. In the conclusion, the results of the work and further research plans are outlined.

2. Related Works

Methods for time series generation can be divided into the following groups: statistical
(autoregressive) and neural network-based. An overview of modern neural network approaches to
time series generation is presented in the work [9]. The method described in this paper belongs to
autoregressive approaches. In this section, we review several existing methods and open-source
projects that fall into this group.

The method for generating time series with diverse controlled characteristics GRATIS [6] utilizes
Gaussian mixture autoregressive (MAR) models. Tuning the parameters of these models allows for
the generation of a time series with desired features. GRATIS generates realistic datasets necessary
for research tasks such as forecasting comparison, model training on generated data, and others.
Thus, the method provides an efficient benchmarking tool but does not consider the generation of a
set of spatially correlated time series.

In [15], a method is proposed to generate synthetic time series for simulation, control, and
optimization tasks for hybrid energy systems. Fourier series and ARMA models were trained on real
measurements, and then employed to generate time series. In addition to generating independent
time series, the method offers a way to obtain synthetic correlated time series based on correlated
input data. However, this method only partially meets the goals of the work. The correlation of time
series is fully determined by the training data and applied to the entire resulting system. However,
the concept of spatial correlation only implies correlation between those time series generated by
similar objects.

In addition to the methods described above, there are several open-source tools for time series
generation. A lot of them are Python libraries for time series generation based on various stochastic
processes. A process here is defined as some function that describes the behaviour of series values
over time. However, these solutions do not support specifying spatial dependencies. Thus, such
methods are only of interest because of the implemented processes, generation methods, and solution
design. This paper considers two such packages: timeseries-generator [10] and mockseries [11].
The Python package timeseries-generator is widely known, providing the ability to generate
synthetic time series. The authors propose the following implementation. A time series is
represented as ts = v * f; * f5 * ... * fy + u, where v, is the initial value, f;, ..., fy are integer
factors reflecting the characteristics of the time series (trend, seasonality, and others), and u is
random noise. This tool supports specifying time series features such as trend and seasonality and
allows users to simulate changes in observations related to real events (weekends, holidays, and
others). Nevertheless, this package does not support the usage of an external dataset to parameterize
stochastic processes and uses only one user-defined model for time series generation. Thus, the
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timeseries-generator package contains effective methods for generating time series but does not meet
all the requirements of our study.

Another Python package providing flexible capabilities for creating time series is mockseries. It has
more components than timeseries-generator and represents time series as an additive or
multiplicative combination of various signals (trend, seasonality, noise, and several others). For
example, y, = (S;(t) * T;(¢6) + Sp(¢)) * w, where S,(t), S,(t) are different seasonal
components, T;(t) is a linear trend, and u is random noise [16]. Moreover, the package implements
methods for changing time series values at specified time points or over a specified time interval.
Such a method allows users to simulate anomalies and change time series values over a specified
interval according to a certain function. Thus, using the mockseries tool, a set of time series with
characteristics changing over time can be generated.

In conclusion, there appear to be no methods that can generate a set of time series with spatial
dependencies. There might be no suitable software tools to address the issue.

3. Generation Method
The proposed method for generating time series consists of the following components and ideas:

e aset of stochastic processes supporting parameterization, such as ETS (error, trend,
seasonal) [14]) family;

e generation of a schedule, i.e., a mechanism for creating complex time series models;
e generation of points with a clustered division on the sphere as a time series source;

e process parameterization method.
The generation scheme is shown in Fig. 1.
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Fig. 1. Time series generation scheme.

3.1 Stochastic Processes

Stochastic processes are the functions that determine the behavior of a time series and include a
component of random error. They describe the growth, decline, stationarity, seasonality, dispersion,
and other characteristics of the time series. Processes allow for the computation of a new value in
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the series based on several previous ones. Time series created by the same sequence of processes
are expected to be similar.

In our method, the process is represented as follows: p = f(X, Xi—1, .., Xe—1, &;0), where
X, Xi_q, ..., X, are the set of previous values in the series, 0 is the parameter vector, and ¢ is the
random error component [17]. Thus, the time series becomes a sequence of values from a process
list. At the start of each time series generation, the empty sequence is filled with a small set of
random initial data. This set size is equal to the number of values that the first process requires.
Processes then use the required number of previous values and add their generated data to the
sequence.

The method uses ETS models (Error, Trend and Seasonality) to ensure the generated time series
resembles real data. In the implementation of the time series generator, all ETS models are additive,
represented as a sum of several components:

ts=a-L(t)+b-T(t) +c-Si(t) +d- U(t),
where L(t) is the long-term component, T(t) is the trend, S;(t) is the seasonal component with

frequency [, and U(t) is the random error [14]. Parameters a, b,c,d € N denote the number of
components of the corresponding type, which the user specifies.

3.2 Time Series Schedule Generator

A schedule is an order of processes, each associated with a sequence of parameters. The order of
processes is a sequence of pairs (process;, steps;), where process; is a randomly selected process
from the list of available process types, and steps; € N is the number of time steps allocated for the
process. Let k specify the number of pairs in the sequence, and n be the total number of observations
in the time series. Then we have Y¥ , steps; = n.

For each pair (process;, steps;), we generate another sequence of pairs (steps;;, parameters;;),
where parameters;; is the set of parameters of the process, and steps;; is the number of steps
allocated to the process to work with this set of parameters. If q determines the number of pairs in
the parameter sequence, then we have Zj?=1 steps;; = steps;.

3.3 Source Data Generation

In previous sections, we described the generation of uncorrelated time series. To update the method
with spatial correlations, we first need to obtain a set of initial parameter sets for the generator, each
representing an object. Sensors installed on roads may be treated as objects, the physical location of
each acting as a parameter, as described in Section 1. The closer the sensors are placed, the more
similar their time series will be. Using the spatial relationships between objects, one can unite the
objects into a graph based on Euclidean distances. In the current implementation, points from the
space R3are used as objects, and their coordinates naturally serve as parameters of the points.
Points are sampled and clustered with the k-means method on the unit sphere centered at zero. The
cluster structure of objects allows for the parameterization of a complex time series model. For each
cluster, a schedule is generated, and all objects generate time series using the schedule of the parent
cluster. In our method, the parent cluster fully defines the schedule parameters for each object.

3.4 Process Parameterization

We propose a parameterization method to allow the time series to depend on the characteristics of
the parent object. If the characteristics of objects are similar, a time series will be generated from
sets of processes with close parameters. One challenge of parameterization is the transformation of
characteristics into process parameters: the dimensionality may vary, specific limitations exist for
many parameters, etc. This issue can be addressed with the following approaches. One is to treat
characteristics as parameters in order and adjust them to the required range. If the number of
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parameters is not enough, use additional aggregated values. Another way is to aggregate all the
characteristics and use the resulting value to generate all process parameters. This approach is used
in the current implementation.

Time series generated from the parameters chosen randomly may be unstable. The user needs to
specify the following hyperparameters: the range [a, b] and the number of intervals m. Additionally,
the method can use generated source data to calculate these parameters. Suppose the input data is
the set of points in space R3. In that case, the parameter a is considered a minimum value over all
coordinates, and the parameter b is a maximum. Process parameters and initial values of the time
series are generated concerning these constraints.

The main aggregation function used is the weighted arithmetic mean with a sum of weights equal to
1. The aggregation function considers the order of coordinates and allows for smoothing of the
values. Other aggregation functions are the sum, maximum and minimum of all values, allowing
one to parameterize the processes with up to 4 parameters. The set of aggregation functions may be
extended with the skewness, kurtosis, quantiles and other parameters. However, high-dimensional
parameter spaces are either unreachable, or all the parameters will be similar, as the results or
aggregation functions are correlated.

Let A = (ay,a,,a3) € R® be a point, a,,, is the weighted arithmetic mean of A, a,, is the
maximum value of A. Consider the following examples of parameter calculations:

e standard deviation,
o coefficient of the time series level,
e trend coefficient,

e seasonality coefficient.

Consider the standard deviation being a parameter for all processes. Let’s denote it as o. Let s =

'b;lal, where a,b,m are hyperparameters described above. In the current implementation, the

formula for calculating the standard deviation looks as follows: ¢ = s’ + k, where k ~ N (0, g). If
no source data is passed to the process, then s’ = s, otherwise s’ = s * (1 + 27,

am

The time series level is a separate time series component, i.e., it does not depend on the trend and
seasonality. It is present in the simple exponential smoothing and Holt/Holt-Winters models. The
smoothing parameter @ € [0,1] of the level determines the weight of the last points in calculating
the new value of the time series. In the current implementation, a belongs to the interval (0,0.3) so
generated time series using the simple exponential smoothing model are stationary [17].

The trend component (T (t)) is present in the Holt and Holt-Winters models. The trend coefficient
B € [0,1] is the smoothing parameter responsible for the extent to which the time series exhibits
growth or decline. If no source data is passed to the process, then 8 ~ U[0,0.05], otherwise 8 =

Amw
204y,

The seasonal component (S(t)) is used in the Holt-Winters model. Similarly, to the trend, it has a
coefficient y € [0,1], a smoothing parameter determining the impact of seasonal patterns on the
generation [18]. An empirical rule for y isy € [0.5,1], as with y < 0.5, the seasonal component
of the time series becomes barely discernible. If no source data is passed to the process, then y ~
U[0.5,1], otherwise y = 1 — 2™

2am,

4. Implementation

The implementation of the application was divided into two parts: creating a time series generator
that supports complex user-defined or random models, and incorporating parameterization of
stochastic processes that generate time series based on input data. The scenario of time series
generation looks as follows.
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1) Setting hyperparameters by the user, initializing the generator.

2) Creating a schedule for all-time series, either collectively or for each individually
(depending on the configured parameters).

3) Generating time series according to the schedule.
4) Adding time series to the resulting list.
To implement the time series simulator, the following technologies were used:
Python 3.10 [19];
NumPy [20];
matplotlib [21];
scikit-learn [22].

The class diagram is shown in Appendix A. The implementation code is available in the repository
on GitHub [23].

5. Evaluation

To assess the quality of the generator’s performance, experiments were conducted on sampling
points on the sphere and generating corresponding time series. They were conveyed in the following
environment:

e CPU: AMD Ryzen 7 3750H with Radeon Vega Mobile Gfx 2.30 GHz
¢ RAM: 16GB
e OS: Windows 10 (64-bit)
The experiments consisted of generating 5 points on a sphere and 5 corresponding time series with

100 observations. The average time of a single generation is about 1-2 seconds. Peak CPU load is
about 40-50%, and memory consumption is about 100MB.

5.1 Metrics

The quality criterion for the time series generator is the similarity of the time series generated by
close objects. There is an algorithm to find optimal matches between time sequences — Dynamic
Time Warping (DTW). It is effective when comparing time series, one of which is shifted,
compressed, or stretched along the time axis relative to the other. However, such an algorithm is not
suitable for this implementation of the generator. The resulting time series may differ in dynamics
and trend direction, even if they are based on the same model. Thus, quality assessment is carried
out using visual comparison.

5.2 Results

In Fig. 2, a plot of the time series returned by the generator is presented on the left, and the location
of the points on the sphere that generated the time series is shown on the right. Points belonging to
the same cluster, along with their corresponding time series, are marked with the same color.

The time series generated by the same schedule (cluster) are distinguishable, i.e., they have similar
dispersion and common segments where the characteristics of the processes and the stochastic
processes themselves change. The closer the points within the cluster, the closer their initial values
and the generated time series: this is reflected in the plots where three time series from the same
cluster are presented — two series are similar, and the third differs from the pair but still preserves a
common behavioral model.

Different objects generate time series from their own clusters, so their behavior is weakly correlated.
Nevertheless, the similarity of time series considering the coordinates of points varies with each
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generation. In some datasets, similar time series appear regardless of the proximity of their parent
objects. Thus, the generation method has shown promise, but further testing is required.

One of the proposed applications of the generation method is to mock the real data and use artificial
data to pretrain models for time series forecasting, i.e. data augmentation. The technique is currently
being used for experiments with existing datasets with spatiotemporal correlations in data, such as
PEMS-BAY [24] and others (see section 1). We create custom complex processes to mock the origin
data better, then train the time-series forecast models on the synthetic data. We expect that after fine-
tuning on the origin data models will outperform their basic versions which were not trained on the
synthetic data. An example of a custom process is shown in Appendix B.
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Fig. 2. Results of the time series generator.

Conclusion and Future work

Within the scope of this work, an approach to generating time series with spatial dependencies was
presented. The following results have been achieved.

1) Areview of existing methods and software implementations of time series generators based
on autoregressive processes was conducted: GRATIS, Correlated synthetic time series
generation, timeseries-generator, mockseries.

2) A method for generating time series was developed, including:
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a) a set of stochastic processes generating time series;

b) a method for constructing complex models for time series generation;

c) a method for generating and clustering points on a sphere;

d) a method for generating time series parameters depending on input data.

3) The method was implemented in software.
4) The generator’s performance has been tested.

In the further development of the method, the following tasks are set: to implement various methods
for sampling points on arbitrary surfaces, to implement functions for constructing a graph of
relationships between objects and approximating geodesic distances on surfaces, to describe
abstractions for changing process parameters, and to conduct testing of new functions of the time
series generator.
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Appendix

A. Overall Generation Scheme
This scheme demonstrates the class architecture of the time series generator implementation in

Python.
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B. Custom process

This graph demonstrates a custom process that mocks origin data from PEMS-BAY dataset. All of
the origin time series are colored in green.
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AHHOTanus. B naHHON craThe mpeiaraeTcsi METOJ BU3YaJM3allMKM MOJEJICH alMKIMYECKUX IPOIIECCOB,
OCHOBaHHBIII Ha OOBeOMHEHHH TpadoB HEMOCpeACTBEHHOro cienoBaHus u auarpamm Cankell. ['padbr
HETIOCPE/ICTBEHHOTO  CIICIOBAHMsI — MONYyJsipHas rpaduyeckas MoJenb Ul BU3YAIH3allMHd Mojelei
JIICKPETHBIX MPOLIECCOB, B TO BpeMst Kak quarpamMmbl CaHKel HCIIOIBb3YIOTCS VIS TIPEACTaBIeHHs IIOTOKOBBIX
naHHBIX. Hamr Merosn, OCHOBaHHEINH Ha MOTOKOBBIX AWMarpamMMax, MO3BOJISET BBIAEIATH Ha OOIIed MOJIenH
OTZIeNbHBIE AK3EMIUIPB MM TPYIIBI 3K3eMIULIPOB Ipouecca. s moaxona, NpeuIoKeHHOTo B paborte,
Ipe/CTaBlIeHa peajn3alys B BHIE BEO-NPUIOKECHHS, KOTOPOE MO3BOJIIET, HA OCHOBE KYpHAJOB COOBITHIA
AIUKIMYECKUX IPOLECCOB, CTPOUTh M  aHAJIU3MPOBAaTh IIOBEICHHE MpPOLECCOB. IIpUMEHHMOCTH
NPEIOKEHHOTO MOAX0/Ja HILTIOCTPUPYETCS U OLICHUBAETCS HA MPHMEpaxX 00pa3oBaTeNIbHBIX IIPOLIECCOB.

KioueBble c0Ba: BH3yanu3alys JaHHBIX; Process Mining; rpadbl HEMOCPEACTBEHHOTO CIIEIOBAHUS,
nquarpamMma CaHKel; aHaIn3 POLECCOB; BEO-TIPUIIOKEHHE.

Jas murupoBanus: Jepesosckuii 1.J1., llanmos H. /1., JlTomazosa 1. A., Muitok A.A. O6beanHeHne rpadoB
HETOCPEICTBEHHOI 0 cllefoBaHus U quarpaMM CaHkell 7l BU3yasln3alliy alUKINYecKUX nporeccoB. Tpymst
HUCII PAH, tom 36, Beim. 4, 2024 r., ctp. 155-168 (Ha anrnmiickom sizeike). DOI: 10.15514/ISPRAS-2024—
36(4)-12.

Baaronapuoctu: Pabora momnepikana I[Iporpammoii ¢yHIameHTanpHBIX HccienoBaHuid HammonambHOTO
HCCIIeI0BATENBECKOTO YHUBEpcUTeTa «Bricmas mkoma skonomukny (HUY BILD), Poccus.

1. Introduction

The visual representation of information makes it possible to analyze data quickly and in an
accessible form. Visual analytics is widely used in the analysis of various processes [1], [2], [3]. [4].
In the field of process analysis, process mining techniques are widely used to automatically
synthesize and evaluate process models based on event logs [5], [6]. The resulting models are used
to detect and eliminate flaws in existing processes.

Currently, process mining is particularly relevant and in demand. Recent research shows interest in
the application of process mining in many fields such as business, healthcare and education [7], [8],
[9]. Process mining techniques allow representing the behavior of a process in a visual form suitable
for visual analytics [10].

Today, experts and researchers in the field of process analysis use various approaches to visualize
process models. Specifically, processes can be represented as Directly-Follows Graphs (DFG),
BPMN-models and Petri Nets. DFG is a simple and popular model that is easy to discover. However,
due to its simplicity, it may represent the process too imprecisely. In particular, a DFG model can
allow impossible behavior, which in turn can lead to incorrect conclusions about the features of the
process [11]. An acyclic process has no cycles and can be considered as a flow of events. The Sankey
diagram is often used to visualize various flows. This paper takes into account the advantages of
both DFG and Sankey methods of visualizing processes and expands them to get a better visual
representation of the acyclic processes.

The main goal of this paper is threefold: (1) to present a method to visualize an acyclic process
model based on merging Directly-Follows Graphs (DFG) and Sankey diagrams that makes the
analysis of such processes more convenient, (2) to illustrate and evaluate the proposed approach
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using real examples, (3) and to implement the proposed visualization method as a web application,
describe its functionality and development technology.

The paper is organized as follows. Section 2 presents the problem we solve. Section 3 provides an
overview of other existing solutions, highlighting their strengths and weaknesses. We discuss an
illustrative motivating example in Section 4. Then, Section 5 presents the idea of our solution,
whereas Section 6 discusses its technical aspect. Section 7 contains some findings and evaluations
made when analyzing an example of visualization of a model of a real educational process, built
from an event log. Finally, Section 8 concludes the paper.

2. Problem statement

Digitized processes in various fields generate significant amounts of data, including event data
reflecting user behavior. Through investigation of the process models, it is possible to obtain various
insights about existing processes and come up with necessary changes in processes. The data does
not take into account human relationships or other individual aspects. That means that decisions
cannot be performed in an automatic manner. Automated tools for process analysis should only help
experts by providing the necessary information for decision-making.

It is a very important task to visualize generated models in an accessible and understandable way.
There are many tools for visualizing process models, some of the popular ones are considered in the
next section. However, existing tools do not provide an approach for the analysis of acyclic
processes. Such processes occur when events in a process are arranged in a chain-like manner with
no cyclic behavior. For example, an educational process where students attend lectures and seminars,
perform homeworks and tests [7].

In this paper, we propose a way to visualize acyclic processes and present the tool that allows users
to generate and visualize models of acyclic processes, highlight specified cases on the existing model
and construct intersections for specified groups of cases.

We propose a way to visualize an acyclic process based on merging Directly-Follows Graphs (DFG)
and Sankey diagrams. This method we implement as a client-server application that enables building
models of acyclic processes from event logs, and visualizing them in the form of very specific
oriented graphs. Moreover, the acyclic nature of the process makes it possible to compare different
groups of cases within the process through the intersection of flows. The proposed visualization will
simplify the analysis, search for relationships, deviations and anomalies in acyclic processes.

3. Overview of existing solutions

Many tools for visualizing process models based on event logs are available. We compare our tool
with the following process mining tools and instruments for visualizing data in the form of various
graphs and diagrams. Results of the comparison are summarized in Table 1 with the following
numbering:

1) PMTK (novel web-based Process Mining ToolKit) [12].

2) Celonis (commercial online platform for analysis business processes) [13].
3) SankeyMATIC (website for building Sankey diagrams) [14].

4) Fluxicon Disco (application for analysis business processes) [15].

5) ProM (plugin-based framework for process mining) [16].

6) Proceset (analytical system for collecting and uploading data, conducting research in
process mining) [17].

7) Solution proposed in this paper.
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Table 1. Analysis of existing solutions.

=
)
e
L]
(=1
|

Feature 1

Function of automatic bullding models based on the event
log

Function of visualizing models i the form of an oriented
graph (diagram})

Interactive selection of vertices and transitions in the graph
for filtering

Wisualization of a model with intersection of subsets = -l - -1-1-1=

Filtering by multiple values + |+ -+ ] +[=+]=

Filtering by events and fransitions S I R (R ) ) R

Cresting and saving subsets of cazes S N e

Saving all mformation about the wser's projects + |+ - |+ -]+ |+

Free of charge for non-commercial and academic use + -+ -]=+]-]4=

3.1 The Process Mining ToolKit (PMTK)

The Process Mining ToolKit, i.e., PMTK presents process mining algorithms and techniques in an
easy-to-use solution. PMTK is built on top of the PM4Py library and allows non-technical users to
use the advanced process mining technology implemented in PM4Py [18].

The important advantage is that PMTK provides a workspace in which the user is able to organize
various event logs and projects. Subsequently, various objects, e.g., event logs and filters can be
stored in the corresponding project’s folder. Also, PMTK implements a process map with various
filtering options (i.e., filtering of edges and activities). As such, PMTK, can be seen as a front-end
solution for the advanced open-source process mining library PM4Py. But a user cannot really
interact with the graph: for example, one cannot select vertices and transitions by clicking on the
corresponding elements.

3.2 Celonis

Celonis is one of the leading products in the field of Process Mining. This commercial
comprehensive software is designed to analyze, visualize and optimize processes within an
organization based on data obtained from various IT systems. Including the analysis of educational
processes.

The main advantage of Celonis is the ability to build different stages of processing applications on
a straight line. By revealing different parts of the process, users can find out how many people
participated in the processing of this incident, see the duration of each stage, and track statistics.
But it is difficult to integrate this online platform into the work of a non-commercial organization,
since most of the functions are paid. There are also serious limitations in working with data: in
particular, there are few data filtering options.
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3.3 SankeyMATIC

SankeyMATIC is a free online tool that provides a wide range of controls that allow the user to
customize the design of the constructed diagrams. User can export final design as either a PNG or
SVG file. The advantage of this web tool is that it specializes in building Sankey diagrams.

However, SankeyMATIC does not provide the ability to create and manage projects, organize long-
term work with data. There are serious limitations in working with data, as with previous analogues.

3.4 Fluxicon Disco

Disco's process development technology helps to build visual diagrams based on uploaded data. The
program allows to perform process data analysis in order to optimize the efficiency of processes,
control deviations, or explore various options for process tracks.

The advantages of the application are detailed statistics in a convenient visual form, convenient tools
for filtering data, convenient tools for creating and working with user projects.

It is worth noting that a significant part of the functions is provided on a paid basis.

3.5 ProM

ProM is used to work with business process-related data and offers a variety of tools for analyzing,
modeling, and improving business processes. ProM Tools provides a wide range of algorithms for
process analysis, such as algorithms for detecting process models, algorithms for analyzing process
performance, and many others. ProM also supports various process modeling standards, such as
BPMN (Business Process Model and Notation), Petri Nets and others.

ProM is an extensible framework that supports a wide variety of process mining techniques in the
form of plugins. It is platform independent as it is implemented in Java, and can be downloaded free
of charge.

3.6 Proceset

Proceset is an active business intelligence system designed to manage and analyze business
processes in real time, which allows you to quickly respond to changes and events within business
processes.

The system integrates with various data sources, such as databases, process management systems
(BPM), customer relationship management systems (CRM) and others, to obtain up-to-date
information about processes.

Proceset provides visualization of business process data in a convenient and informative form, using
only simple line graphs, process maps and tables.

An important disadvantage of the system, as with all the considered analogues, is also the inability
to select subsets of cases using the specified filters from the general event log. It is also impossible
to visualize models with multiple subsets with intersecting elements.

These analogues have a number of important common disadvantages:

e The inability to filter the event log (graph) by trajectory options through interactive
selection of events and transitions (by clicking on the vertices and edges of the graph);

o The lack of visualization options for models with intersecting subsets;
e The inability to create and save subsets of cases.

4. Motivating example

Let us consider a process where in each trace events do not repeat themselves, and the resulting
model is acyclic. It can be represented as a flow, where cases flow from one event to another.
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Generally, such cases are represented with DFG, where events and transitions from one event to
another are shown as nodes and arcs whose thickness is based on the number of involved cases.
The problem with DFG is that in some cases it does not allow us to identify dependencies between
events. As an example, consider the event log in Table 2, which contains data on students’ academic
performance, and its DFG model in Fig. 1. For each trace in this event log, events «LR17 high» and
«Accum low» do not occur in the same trace. However, the model in Fig. 1 allows a trace passing
through these two events. Also, when we need to analyze certain groups of cases, the most common
approach is to construct a separate model for this subgroup. Then an existing event log is filtered,
leaving only the relevant cases, and a new model, based on the filtered event log, is synthesized and
visualized. This leads to a quite cumbersome analysis and requires a visual comparison of two
models.

Table 2. Example of an eventlog.

Casze_id | Activity | Timestamp | Grade | Lector_id | Groop

#2173 | LRl hizgh | Q8112021 ] #1376 BPI203

#2173 | LE2med | 0112021 § #13761 BPL20Z

#2173 | LESmed | 16112021 #13761 BPL20Z

L

245051 | LE17med | 11.12.3021 4§ 213876 BPI20G

245051 | LRIZlow | 17.122021 3 213876 BP0

To better reflect the flow of cases and dependencies between certain events, we can merge DFG
with the Sankey diagram that is used to display flows. Such visualization allows to track changes in
case flow at each moment of the process. As for analyzing groups of cases, a selected case or group
of cases can be highlighted on the model as a separate flow. In this way, analysis can be performed
on the same model without the need to create a separate model. Additionally, a selected group can
be visually compared with the rest of the cases or with other groups.

Let us take a look at an example with educational flow where students pass control elements of a
course. For instance, consider the event log in Table 2. This log contains real data about students,
grades received by students in a certain educational discipline, teachers and study groups. The grades
for the test work are divided into pairs in accordance with the order in which they are carried out.
For example, we want to take a look at students with low accumulated grade to find potential causes.
Using the PM4PY python library, we can generate the DFG model of the process (see Fig. 1). Now
we can apply filter to the event log and leave only traces containing «Accum low» events. Building
a model with filtered log provides us with the following model (see Fig. 2). To search for potential
causes both of the models should be analyzed side by side. The situation with the generation of Petri
Net models is similar (see Fig. 3). Using DFG merged with the Sankey diagram, we can highlight
traces with the «Accum low» event (see Fig. 4). Both models allow detecting differences between
the specified group of students and the rest of the students. But DFG merged with the Sankey
diagram eliminates the need to compare two models’ side by side and more clearly shows the flow
of these cases in proportion to the others.

5. Proposed solution

In this work, we propose the development of a tool in the form of a web application focused on the
generation and visualization of acyclic process models. This tool will allow us to build interactive
acyclic process models from event logs. The application provides the ability to specify subsets of
cases from loaded event logs. The user can select subsets to be highlighted in the visualization, in
order to display the trajectories of the selected subset among the other cases. In addition, it is possible
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to simultaneously visualize two selected subsets of cases and highlight the cases included in both

(=5]

23

Accum high (32)
32
Eesult high (37)
Y
Accum low (9) ! = Eesult low (1)
8
Result med (47)
=

Fig. 1. An example of a DFG model of the educational process.

subsets.
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2
2
LR 18 hgh (3)
LE17 none (3] 1

Fig. 2. The DFG model for traces containing the «Accum lowy event.

Eesult low (1)

[ Result med (%)

37

47

Fig. 3. The Petri Net model for traces containing the «Accum low» event.
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Fig. 4. The DFG model merged with the Sankey diagram with traces containing the «Accum lowy event
highlighted.

As a base for our data flow graphical representation, we chose a Sankey diagram. The classic version
of the Sankey diagram, which is shown in Fig. 5, specializes on visualization of flows, but such
diagrams do not contain vertices as such. This makes it difficult to view and analyze activities of a
process, and, compared with the DFG, cuts off a significant part of the important information about
the number of elements involved in the event.

smoke

Eout

alternator

friction

condensor

Fig. 5. An example of a classic Sankey diagram of a thermodynamic steam cycle [19].
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The proposed solution to the problem is to merge the Sankey diagram with the DFG (see Fig. 6). By
modifying the DFG, replacing the edges with wide transitions of the Sankey diagram and changing
the size of the vertices in accordance with the number of cases involved, we obtain a visualization
that clearly shows the proportional distribution and movement of cases throughout the process.

LR1 LR2 LR3 LR4
high high high high
32 34
45
56 50
&4 59 )
med
11
a8 21
e 1 31
med
med 8
15 = 15 2
22
10 low
18 &
~ low tail
low
low fail -
fail 1 6
fail 3 4 1 20
a8
3 = &

Fig. 6. An example of visualization for acyclic processes based on merging DFG and Sankey diagram.

Let us review the obtained visualization for process models. The model columns represent process
actions. For example, in the case of educational processes, they may correspond to academic
disciplines or forms of control (seminar, test, exam, etc.). Columns may contain several nodes. Each
node may represent a different action category in the process. For example, they can correspond to
student grades (excellent, good, satisfactory, unsuccessful or «none if the student missed a form of
control). The arcs of the model show the transitions between events. Thickness of nodes and arcs
correlate to the number of cases passing through them.
The resulting visualization is envisioned to be part of the web application. The application will allow
us to bring interactivity into the visualization. For example, users can filter out a specific group of
cases based on events and transitions through interaction with process visualization. This could be
done by clicking on the corresponding elements (events or transitions).
Next, we describe the main features of the application in more detail.
The application provides the ability to apply filters. Each applied filter is added to the list of currently
applied filters. The selected set of cases is defined by the list of current filters. Cases can be filtered
by the following categories:

1) by events — cases should or should not contain a specified event or events;

2) by transitions — cases should or should not contain a specified transition or transitions;

3) by attributes — cases should or should not contain certain attribute values.
For example, for an educational process, an attribute can be specific student or teacher 1Ds, grades,
etc.
In addition, we would like to emphasize the ability to create subsets of cases based on a list of filters.
Cases that fit the current filters can be saved as a subset. The resulting subsets of cases can be
highlighted in the model or used to create a visualization of the intersection of two selected subsets.

Visualization of the intersection of two selected subsets shows one subset in one color and the other
one in another color. Cases that present in both subsets will be shown as a gradient of two colors.
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The rest of the cases are shown in neutral color. As a result, visualization will display 4 different
categories of cases that:

1) present only in the first subset;

2) present only in the second subset;
3) present in both subsets;

4) not present in any of the subsets.

It is important to mention the limitations of our visualization. The process must be acyclic, since
cycles can disrupt the visual coherence of the model. Therefore, each action for each case in the
event log should occur no more than one time.

The application provides an account system to implement the saving of the user's work progress.
After registering or logging in, the user can create a project and upload the necessary event logs.
Projects store uploaded event logs and created subsets of cases.

And of course, the most important function of the application is model generation using uploaded
event logs and subsets. Generation takes place at the time of request for visualization of the process
model and mostly follows standard DFG generation algorithm. Unique event names in the event log
create the set of graph vertices and edges reflect direct transitions from one event to another.

6. Tool architecture and implementation

Let us describe the architecture of the developed web-based application. It follows the client-server
application model and shown in Fig. 7. The main three components of our client-server application
are as follows:

e Web client handles and displays the visualization of the generated model. It communicates
with the server via HTTP requests, providing information about the selected event log data,
applied filters, and authorization requests;

e Web server constructs educational process models and filters event logs. Upon receiving
requests from the web client, it processes the data and returns an HTTP response containing
the educational process model with applied filters, along with user data;

e Database stores event logs and responds to data requests from the server. It provides
information about users, projects, and event logs back to the server when it receives a

request.
Visualizotion of the generated Bullding a model of the educational process Staring event logs
madel Filtering event logs - i s
HTTP response Dataresponse
+ Data fram the constructed model _ + Userinfo Dato
of the educational process with _ » Dato obout the user's projects
cpplled filters = Eventlog data
« User info Data _ ‘
HTTP reguest ——  — Data request ‘
. + List of fiterrs
Web client . requesing g of the seiectea Web server Database

event log
+  Authorizotion regues!

Fig. 7. The software architecture.

The user interface (the client-side part of the application) is implemented in JavaScript using HTML
and CSS. This combination consists of the typical technologies used to build web-based
applications. JavaScript provides dynamic behavior and interactivity, while HTML defines the
structure of web pages, and CSS handles presentation and styling. It is supposed to use a JavaScript
library React JS for creating user interfaces. This library supports component-based architecture,
which makes it easier to manage and reuse Ul elements. React's document object model helps update
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the user interface efficiently, leading to faster rendering and an improved user experience. This
architecture encourages cleaner code organization via components, promoting improved
maintainability and scalability of web-based applications. The part of the program responsible for
plotting and visualizing graphs is implemented using the open-source JavaScript library D3.js (Data
Driven Documents 7.6). This library provides extensive capabilities for creating custom
visualizations, allowing developers to design bespoke charts and graphs tailored to specific needs.
D3.js uses SVG, HTML and CSS to render visualizations. This provides flexibility and control over
the appearance and behaviour of the elements, giving more power over data representations.

The developed tool for visualizing acyclic processes is implemented as a client-server application.
Python was chosen to implement the backend of the application. It should be noted that a lot of
Python frameworks are available to implement the backend of the web application, including
Django, Flask and Pyramid. These frameworks provide opportunities for developing server-side
components of applications, such as handling HTTP requests and communicating with the backend
of the application with databases. An important advantage of using Python for programming is that
it can be easily integrated with other programming languages. It is especially important that it can
be used in combination with JavaScript. Additionally, Python is widely used for data analysis,
including in the field of process mining. Python provides many libraries and frameworks for
analyzing and visualizing process data: numpy, pandas, pm4py, and others.

In our application, PostgreSQL has been chosen as the database management system for storing
information about users, created projects, and uploaded event logs. In general, PostgreSQL supports
the management of databases of unlimited size.

Visual Studio Code is a popular web application development tool which supports programming
languages such as JavaScript, HTML, and CSS, as well as Python, React JS, which we used for the
development of our visualization tool.

7. Findings and evaluations

Let us now provide some observations that were made in the course of analyzing the visualization
of the model built on the basis of event logs of the real learning process. The event logs contain
information about students' grades for the algebra practicum course.

Fig. 8 shows the visualization with the intersection of two subsets of cases. The first subset contains
students who received an excellent grade for the last work (node «LR18»), and the second subset
contains students who received a low accumulated grade (node «Accumy). The resulting grade for
the discipline is formed as follows: the resulting grade consists of the accumulated grade and the
final exam grade; the resulting grade is a sum of those grades where each grade has a certain
coefficient. The accumulated grade is a sum of all the grades that the student received throughout
his studies in the discipline, each with their own coefficient. The final exam takes place at the end
of the academic discipline. The visualization shows the trajectories of students from the two subsets,
and students who belong to the intersection of these subsets (those who had received an excellent
grade for the last test work and a low accumulated grade), are highlighted by a gradient.

From the model, it is clear that most of the students who received a low accumulated grade received
a medium final grade. This may indicate that these students received a medium or high mark for the
final exam and successfully completed the course. To look at the trajectory for such students
throughout the course, we can click on the transition between the «Accum low» and «Result med»
vertices to form a subset of students who contain this transition in their trajectory. The subset,
highlighted in blue color, is displayed on the model (see Fig. 9).

Upon further analysis of the diagram, it becomes clear that these students missed a large number of
assessments, resulting in a low accumulated grade.

Detailed analysis of the educational process models combined with visualization for subsets of
students will help to identify areas and events that may be a cause for concern and require special
attention from educational program administrators.
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Fig. 8. Visualization of the intersection of two subsets of cases.
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Fig. 9. Visualization of the subset of students.

8. Conclusion

In this paper, we presented a new method for visualizing acyclic processes. The visualization is
based on merging of DFG and Sankey diagrams, taking advantage of the benefits of each. Our
approach, based on the flow diagrams, allows us to highlight individual cases or groups of cases in
an overall model. The approach is implemented as a web-based tool that allows us, given an event
log of an acyclic process, to construct and analyze the process behavior. It is assumed that in
combination with other data analysis methods, the causes of particular events and trajectories can
be easily identified.
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The application provides the ability to specify subsets of cases from uploaded event logs to highlight
them in the visualization. In addition, one can simultaneously visualize two selected subsets of cases
and highlight overlapping cases that are included in both subsets.

As an example of the practical usage of the developed application, we show how it allows analysts
and managers of educational programs to analyze data about the learning process and students’
trajectories by visualizing educational trajectories in order to identify deviations, relationships and
anomalies that require special attention from administrators of educational programs.

An important constraint of our solution is that it deals with acyclic models only. For future work we
plan to generalize our visualization method for models with cycles.
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AnHoTanms. B nanHoit cTaThe 00cyxaaeTcs mpodiemMa IpUMEHSHHST MEeTO/Ia THHAMUUeCKOH BepH(UKAINH K
GOJIBILIMIM U CIIO’KHBIM CHCTEMaM, B YaCTHOCTH, OIIEPAIIMOHHBIM cHcTeMaM ob1ero HasHaueHns1. COBpeMeHHBIE
NPaKTUKH U CTAHAAPTHI pa3pabOTKH KPUTHIECKHUX CHCTEM TPeOyIoT Hamn4aust (OopMabHONW MOJIEIH HOJIUTHKH
6e3omacHocTH. [loHOTa M HETTPOTUBOPEUNBOCTH (POPMANTBHBIX TPEOOBAHUH, YKAa3aHHBIX B MOJIEIIH MTOJIUTHKA
0e30macHOCTH, J0JDKHA OBITh BepH(HIMpPOBaHA ¢ HCHOJIb30BaHHEM (opManbHBIX MeTonoB. Ilozxe, xorma
Oyner paspaboTaHa peanM3alds CHUCTEMbI, HEOOXOIMMO YCTAaHOBUTH, YTO PEAIH30BAHHBIC MEXaHHU3MBI
6€30IaCHOCTH COOTBETCTBYIOT yKa3aHHBIM B MOJENU TpeOOBaHMAM. IIpM HCHOJIB30BAaHMH TAKOTO IMOAXO.a
yI0OHO HMETh SMHYIO MOJIENb, MOAXO/IIYI0 KaK Il (OpMalIbHOM BepH(UKALMH, TaK U JUIS TECTHPOBAHUS
peanmu3anuu. [ JOCTHKEHWSI 3TOM 1€ HEeoOXOIMMO, C OJHOM CTOPOHBI, BBIAENUTH HMOAMHO)KECTBO
SI3BIKOBBIX KOHCTPYKIUH MOJENH, MOAXOAIINX A 000NX METOJIOB, a C JPYroi, pa3paboTaTh CHelHaIbHbIe
METOJIMKY aHaJIN3a TPAcC BBITOJIHEHMs, NO3BOJIIOMNE d(QGEKTHBHO BBHIOJIHATH THICSYM TECTOB. B crarhbe
HPUBOJUTCS AaHAIU3 SI3BIKOBBIX KOHCTPYKIHH, ITO3BOJITIONIHNX () (HDEKTHBHOE HCIIOIB30BAaHNE MOJIEIN B paMKax
JUHamuueckod Bepuuxarmu. Takke B craThe INPEACTABICHBI METOABl ONTHMM3ALMM  Hpoliecca
JMHAMHAYECKOH BepU(UKAIMK cUcTeM. IIpeuioKeHHbIe MEeTOAbl ObUIM pealn30BaHbl B MPOTOTHIIE
MHCTPYMEHTA aHaJIi3a TPacC W MPOTECTUPOBAHBI Ha MOJEIH CHCTEMBI KOHTPOJIS JOCTYTIA JUIs OTIEPALIMOHHBIX
cucTeM Ha ocHoBe Linux.

KuroueBble ciioBa: JUHAMHYCCKasA BepI/I(bPIKaL[I/IH; aHaJIM3 TpacC; A3bIK OITMCAHUS Moz[eneﬁ Event-B.

Jdnsi uurmpoBanmsi: KapnoB A. A. IlpoGiema HeONpeneNeHHOCTH B aHalM3€ TpacC Ha OCHOBE
BBICOKOYPOBHEBBIX MOJIENICH B KOHTEKCTe AuHaAMu4Yeckoi Bepudukanuu. Tpynst UCIT PAH, Tom 36, Beim. 4,
2024 r., crp. 169-182. DOI: 10.15514/ISPRAS-2024-36(4)-13.
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Abstract. The article discusses the problem of applying runtime verification to large and complex systems such
as general-purpose operating systems. When verifying the security mechanisms of operating systems, modern
practices and standards require a formal security policy model (SPM). The SPM must be verified using formal
model methods, and it must also be used to verify the completeness and consistency of the operating system’s
security mechanisms by confirming compliance with the formal requirements of the SPM. In this case, it is
convenient to have a single model suitable for both formal verification and implementation testing. For practical
application, it is necessary, on the one hand, to select a subset of model language constructs suitable for both
acts, and on the other hand, to develop special techniques for analyzing execution traces that allow to effectively
perform thousands of test cases. The article addresses both of these issues. We present an analysis of language
constructs that allow us to use the model for both verification and execution trace analysis. We also offer
techniques that have been developed to optimize the runtime verification of Linux-based systems. We also
implemented the proposed methods in the trace analysis tool prototype.
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1. BeedeHue

Juramudeckass Bepuukanms [1] — 3To moaxox K aHANHM3Y W HCIOJHEHUIO BBIYHCIHTEIBHBIX
CHCTEM, OCHOBAHHBI Ha W3BJICUCHHH W3 CHUCTEMBI HH(POPMAIUH BO BpeMs ec¢ pPadOTHl H
MOCTCAYIONEM aHaiu3e mojydeHHo wuH(opMarmu. WubopMmanus u3BIEKaeTCS B BUAC
II0CJICAOBATCIIbHOCTHU CO6LITHﬁ B HOpH[[Ke X BOBHUKHOBCHHSA B CUCTEMC, HpI/I 3TOM CO6LITI/I$[ MOFyT
JIONOJHATBCS  J@HHBIMU,  HANpuMep, IapaMeTpaMM M HEKUM  pe3yjabTaToM.  Takas
MOCTIEIOBATENbHOCTh COOBITHI Ha3bIBaeTCA TPAcCOW BBIMONHEHHS [2] M mpencTaBiseT coOoi
HaOMo1aeMoe MOBEJACHUE CUCTEMBI. AHAlM3 Tpacchl MOKa3bIBAa€T, SIBISETCS JIM Habmrogaemoe
IIOBCACHUEC KOppeKTHbIM, HNHA4eC FOBOpr, COOTBeTCTByeT JIM OHO OHpe}IeHeHHLIM CBOﬁCTBaM HJIN XK
HapyIIaeT ux.

JlnHaMudeckyro BepH(HUKAIHI0 TAKKE MOXKHO OINPEIeTUTh KaKk Ha0op (HhOpMaNBEHBIX METOAOB LIS
YCTaHOBIICHHSI COOTBETCTBHSI MEXKIY TPACCOH BBHITIOIHEHUS M CIeHU(pUKAIIEed CHCTeMBL. B cratbe
paccMaTpuBaeTCs YaCcTHBIN CiTydaif, KOT[a B POJIM TaKoil crnenu(UKamuy BeICTymaeT (hopMaibHas
Mozenb. Kak mpaBHIIO, MOJENh CHCTEMBI COICPKHT MEHBIIEEe KOJIHYSCTBO NETalleil M HMeeT
MEHBIINI 00BEM TIO0 CpaBHEHWIO ¢ peanm3anuer. Kpome TOro, ogHOW MOJETd MOXKET
COOTBETCTBOBATh CPa3y HECKOJBKO PAa3UYHBIX peaiu3anuid. [1o 3TuM npuumHam GopMasibHas
BepuU(HUKAIUA MOJEIN CHCTEMBI SBIsETCS Oojiee JOCTYNMHONH W BHITOJAHON TO CpPaBHEHHIO C
(dhopmanbHOI BepuduKkanyeld camoil cuctembl. Vcnonb3oBanue BepuPUITMPOBAHHONW MOJEIH, KaK
HCTOYHUKA OTIPEACIICHUS] KOPPEKTHOTO MOBEACHHS CHCTEMBI, 3HAYNTENILHO MOBBIIIAET HAICKHOCTh
JMUHAMAYECKOHN BEepUPUKAIIHU.

O0acTb MPUBEICHHOTO B 3TOW CTaThe MCCIIEAOBAHMUS OrpaHNUCHA aHAIN30M TPacC BBITIOIHEHUS U
¢dopmanbHOH Mozenpio. Mbl abcTparupyeMcst OT IPYIMX BaKHBIX KOMIOHEHTOB JTHHAMHYECKOH
Bepu(UKaLlMK, OCTaBIIsAsA 332 paMKaMH HCCIEJOBaHMS METOANKH HWHCTPYMEHTHUPOBAHUS |
TECTUPOBAHMSI CUCTEMBI. Peanmzanust sIBISETCS JIMIIb HCTOYHUKOM TPAacc, KOTOPBIE MOTYT OBITH
coOpaHbl Kak BO BpeMsl 3aIlyCKOB HEKHX TECTOBBIX CIEHApUEB, TAK M BO BPEMs IITAaTHOW paboThI
CHCTEMBI. JTamnbl cOopa 1 U3BICYCHUS HH(POPMAIH TaKXKe HE paCCMaTPHUBAIOTCSL.
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HccenenoBanne HanpasieHO Ha 3G (HEKTHBHOE NPOBEICHUE aHAIN3a TPAcC Ha OCHOBE (HOpMalbHON
MOJEIJIY CHCTEMBI M Ha NPEOJ0JICHUuE IPOOIeM, ¢ KOTOPBIMU NPUACTCS HEM30EKHO CTOJIKHYTHCH.
Pa3zzmen 2 nocBsIeH MOTHBALMH BEIOOPA UCHIOJIB3YEeMBIX HHCTPYMEHTOB M IOAXOJIOB, B HEM TaKkKe
MEepeYrCISIIOTCS. e HccienoBanus. Pasmen 3 comepKUT KpaTkoe ONHcaHue NpoOiieMbl Ha
npoctoM npumepe. B paszaene 4 npencraieH KpaTkuii 0030p CYIIECTBYIONIMX NOAX0A0B K aHAITU3Y
TPacc U UCHOJHEHNIO POPMANBHBIX MoAenel. Tekylue pe3yabTaThl HCCIIE0BAHUS ITPEACTABICHBI
B paznene 5. B pazgene 6 mepeducieHsl Oyxyiie HalpaBiIeHNs paOoTHI.

2. Momueauus

Jnst paGoThI HaJ KPUTHYECKH BAKHBIMU CUCTEMaMH, TAKMMH KaK CPEICTBa 3aIUTHl HH(POPMALHH,
COBpEMCHHBIC CTAaHAAPTHI M MPaKTUKH TpeOyroT [3] Hammums (opManbHON MOIENH MONUTHKH
6e3omacHoCTH. MoO1eNb IOMUTHKN 0€301TacHOCTH JOJDKHA OBITh BepuduiinpoBana [4] mpu oMo
(opManbHBIX METOAOB, HAIPUMED, IS XYKTHBHOH Bepudukanny. Bo3aMoXHOCTE HCIIOJIB30BATh OJHY
U Ty %e (OpMabHYIO MOJIENb KaK JUIs (JOPMaJIbHOM crienn(pUKaUi KPUTHYECKOW CHCTEMBI, TaK U
A €€ TCCTUPOBaHHUA  ABJIACTCA OAHUM U3 Ba)KHEHUIIIHMX MpEeUMyHICCTB L[HHaMH‘IeCKOﬁ
Bepudukanuy. Mcnoip3ys Takol MOAXOMA, MBI MOJy4aeM BO3MOXKHOCTh MOCTPOUTH 3aMKHYTYIO
cucTeMy BepU(HKALMH, B KOTOPOH KOPPEKTHOCTh HAOIIOJaeMOro IMOBEACHHS CHCTEMbI Oyner
COIIOCTABJIATHCS ¢ BEpU(ULIUPOBAHHOI MOICIBIO OJIUTHKH OE30MaCHOCTH.

VmeHHO 1O 3TO# mpuYMHE HaM HEOOXOJMMO HPEACTaBUTH (POPMATBHYIO MOJEIb TECTHPYEMOH
cucteMbl B (opme, ymoOHONH Kak Ui MeTonoB (opManpHOW BepudHKanuu, Tak U Ui
IuHaMH4Ieckod Bepupukannu. OKas3pIBaeTCs, NMPEUIOKHUTh TaKOe MPEACTABICHHE HA INPAKTHKE
JOCTAaTOYHO CJI0kKHO. OHO M3 BO3MOXKHBIX PEIICHHUH TIPEIOKEHO B IaHHOM CTaThe.

OCHOBHOE TIPaKTHYECKOE IPUMEHEHHUE MPEIOKEHHOTO TTIOAX01a — BepUDHUKAIIHS CPEACTB 3alUTHI
WHQOPMALIMU OIEPAIMOHHBIX CHCTeM. B »Toif obmactu OBIIO MPOMETaHO YyKE JOCTATOYHOE
KomaecTBoO padort [5], [6], [7]. B kauecTBe OCHOBHOTO cpeAcTBa onmucaHus (HOpMaNbHBIX MOACTICH
611 BEIOpaH s13bIk Event-B. Event-B nmeer Habop npenmy1ecTB: mpoCcThie ¥ MOHATHBIE SI3BIKOBBIC
koHcTpykuuK, Rodin [8] — ymoGHyto cpeny pa3paboTku Mojesel, BKIIOYAONIyl0 HHCTPYMEHTBI
JeNIYKTUBHOW Bepu(dUKAlMM M MHOXKECTBO JAPYIMX IIOJIE3HBIX MHCTpyMeHTOB. Cpenu
MHCTPYMEHTOB €CTh MHCTPYMEHTHI U1 BBINOJHEHHUS (aHMMAIMH) MOJIENEeH, YTO IeMOHCTPUpPYET
MPHUHIUITAATEHYIO BO3MOKHOCTB HCITOJTB30BAHMS SI3bIKA IS aHAIN3a Tpacc.

Her HuKakux cepbe3HBIX NMPUYMH OTKa3bIBaThCsl oT Event-B, HO cymiecTByIlOT HeTpHBHAIBHBIE
npoOJIeMbl, KOTOPbIE YCIOXHSIOT, a WHOTJA@ W HE I03BOJSIIOT HCIIOJIB30BaTh MOZAEIH JUIS
JTUHaMH4eckoil Bepuduxannu. llenn gaHHOTO UCCIeTOBaHUSA:

1. TlpoBecT aHanMM3 W KIACCH(DHUKAIUIO S3BIKOBBIX KOHCTPYKIIMHA U IPUEMOB HAIHCAHUS
cnenudukaiuit Ha Event-B, yCIOXHSOMUX JMHAMHUYECKYIO BEPUPHUKAIINIO;

2. BrlmenwTh TOAMHOXECTBO S3bIKAa M IIAOJOHBI HANMCaHHUS (ParMeHTOB CHEHHU(DUKAIIMIA,
KOTOpBIE JINOO YCTPAHSIOT MPOOIEMBI aHAJIN3a TPACC, JTUOO MO3BOJISIOT IPUBECTH MOJEIN
K BUIY, YIOOHOMY JJIsl THHAMHUYCCKO# Bepudukaiuy;,

3. Paspaborarb HaOOp TEXHUK TpaHC(HOPMAIIUU MOJIETICH;

Pa3paboTtaTs MeTOBI aHATTN3a MOJIEIIEH.

3. Mpo6nema HeonpedeneHHOCMU

PaCCMOTpI/IM IpOCTyr0 MOJACJb CBCTO(l)OpOB Ha TMCHICXOJHOM IIEPEXOJEL. CocTosiHHE MOACIN
COCTOMUT U3 IBYX JIOTMYCCKUX IICPEMCHHBIX!

cars_go € BOOL 1)
peds_go € BOOL 2
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Hna obecriedennst 0€30mMaCHOCTH IBIDKEHUS MOJICNb COICPKUT WHBApPHAHT, 3alpeHIarOlii
OJTHOBPEMEHHOE ABIDKEHIE aBTOMOOMIICH U MEIIeX0/I0B:

—(cars_go = TRUE A peds_go = TRUE) (3)

B KkadecTBe Ha4aIbHOTO COCTOSIHHA MBI MOXKEM B3STH JII000O€ COCTOSHHE, HE Hapyllaroliee
naBapuanT 3. CoOblTHs cars W peds MOTYT W3MEHATH 3HAUCHHE IIEPEMEHHBIX Ha 3HAUCHHE
mapameTrpa go. UtoOsl TapaHTHPOBATh, YTO MHBAPHAHT 3 HE OyaeT HApyIIeH, COOBITHS HMEIOT
yciIoBHs 0€30MaCHOCTH, KOTOpHIC Ha3bIBAIOTCSA OXPaHHBIMH ycioBusMH. OxpaHHOe ycioBue 4
OTHOCHUTCS K COOBITHIO CAr's, a OXpaHHOE YCIIOBHE 5 OTHOCHTCS K peds.

go = TRUE = peds_go = FALSE 4)
go = TRUE = cars_go = FALSE (5)

HpOCTpaHCTBO COCTOSIHUM MOJIENIU MOKAa3aHO Ha puc. 1.

cars(TRUE) peds(TRUE)

cars(FALSE) peds(FALSE)

Puc. 1. Ilpocmpancmeo cocmosnuti moodenu c6emogopos.
Fig. 1. Traffic lights state space.

Takas Monenb HE IMOAXOOUT IUISi TECTHPOBAHMSA, BEIb MBI HE MOXKEM HANpPSAMYIO IOIYYUThH
nH(pOpMALNIO O TOM, IBUTAIOTCS JIM MEUMIEXO0Abl M aBTOMOOWIN. MBI MOXKEM OTCIIEKHBATH TOIBKO
CUTHaJIBI CBETO(Opa, MOITOMY HaM HEOOXOAMMO N00aBUTH KOHTEKCT Monenu. KoHrekct Oyner
COZIepKaTh KOHCTAHTHI red U green, 0003HaYaIoNINe Pa3Hble L[BETA CUTHAJIOB!

red € COLORS (6)
green € COLORS @)
red # green (8)

YroOBl MOJXYYUTh BO3MOXHOCTh PEArnpoBaTh Ha CHTHAJIBI cBeTO(Opa, B YK€ CYHIECTBYIOIIHE
COOBITHS HY)KHO 100aBHTh HOBBIN mapamerp colors. DTOT mapaMeTp COOTBETCTBYET MHOXKECTBY
3aropeBIINXCSl Ha CBETO(OpE CUTHAIOB, YTO 0003HAYCHO B OXpaHHOM ycyoBuu 9. Ilpm sTom
mapameTp go B Tpacce OyJeT OTCYTCTBOBaTh, M BBIBOJ O €T0 3HAUCHWH NMPHUXOIUTCS AETaTh W3
oxpaHHbIx ycnoBuit 10-11. Oxpannbie ycnoBus 9—11 Hy»kHO 100aBUTH B 002 COOBITHSI.

colors € COLORS 9
green € colors = go = TRUE (10)
green & colors = go = FALSE (11)

B nanHOI MOzienM HAJIMYME 3€JIEHOTO CBETa pa3pellaeT IBIKCHUE HE3aBUCUMO OT TOTO, KaKHe elle
CUTHAJIBI TOPSAT B 3TOT MOMEHT Ha cBerodope. HecMoTpst Ha 3T0 HeymoOHOE IS TEIIEX0J0B U
BOJUTENEH NOMyIIEHHE, MOJICNb SIBIISIETCS TOJHOM M HenmpoTuBopeunBoi. Ho mpu mombiTke ee
HCIIOJTHUTH MbI HEU30€IKHO CTOJIKHEMCS CO CIICAYIOIIUMH CIIOMKHOCTSIMH.

Paccmotpum tpacey {cars({green}), cars({red}), peds({green})}. Tpacca cooTBeTcTByeT
MOJICNIM TOJIKO B TOM Cliydae, €CIi B HadalbHOM COCTOSIHUM IiepeMeHHas peds_go umeer
3HaueHne FALSE: cocrosaus FF u TF nHa puc. 1. Ho MBI Takke AOMYCTHIIM, YTO HAadalbHOE
coctostnue MoxeT ObiTh FT. C 9TOM cuTyanmeld Mbl CTOIKHeMCS B pamkax Event-B, ecmu Oynem
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UCIIONIb30BaTh AEHCTBUSI C HEOPEICICHHBIMI NPUCBaUBAHMAMH. BCero B A3bIKE CYIIECTBYET TPU
BUJIa TPUCBAaMBAHUIL: MPOCTOE MPHUCBANBAaHME, NPOU3BOJIBHBINA BHIOOp 3HAUCHMS M3 MHOXKECTBA
BO3MOJKHBIX 3HAQUE€HWH M MPOW3BOJBHBIA BHIOOP 3HAYEHUS, yIOBIECTBOPSIOIIETO Mpeaukary. Tak
KaK MPOU3BOJIbHBIN BEIOOP 3HAUYEHHUS 110 MPEUKATY — €IMHCTBEHHBIH CIIOCOO KOMITAKTHO 3alMCaTh
koHcTpykuuio if-then-else, HexxenatenbHO OrPaHHIUBATHCS TOJIBKO MPOCTHIM MPUCBAUBAHUEM U HE
paccMmaTpuBaTh HEONPEAEICHHBIC TPUCBANBAHHS BOOOIIE.

Ecau MBI mocMOTpUM Ha JaHHBIE C peajlbHOTO CBETO(Opa, MBI CMOXKEM HaOJIOAaTh COOBITHS
cars({yellow}), cars({red, yellow}) u cars(®). 3nauenune muoxxectea COLORS cnenyer u3
Habopa MpearKaToB JIOTHKU MIEPBOro Mopsiika 6—8. DTu npeanKaThl BIOJIHE AOIMYCKAIOT HAIMYUE
JIOTIOJTHUTENBHBIX [[BETOB Ha cBeTO(ope, TaKk YTO 3HAUEHHE MHOXKECTBA, KaK COBOKYITHOCTH BCEX
€ro 3JIEMEHTOB, OCTACTCsl HEONpEeEieHHBIM. DJTO BaXKHas NpoOiieMa, TaK KakK MpeIuKaTbl —
€IMHCTBCHHBIN CIIOCO0 OIpenennuTs 3HaueHHe KOHCTaHT B Event-B, kpome Toro, cymiecTByroT u
JIpyrue oOCTOATENBCTBA, KOTJa 3HAUYEHHWE HY)KHO BBIBECTH M3 INpefukara. VHoraa cymiecTByer
TOJIBKO OJTHO PEILLEHUE, YAOBIETBOPSIOLIEE NPEAUKATY, HO 1l MHOecTBa COLORS u3 npumepa
CYIIECTBYET OECKOHEYHOE KOINYECTBO pemieHnii. Kpome Toro, Moziens He COAEPKUT yIOMSHYTHIH
B Tpacce uaeHtudukarop yellow. C TOUKH 3peHUS] MOJEIH JKENTHIH BIIOJHE MOXKET OKa3aThCsl HE
JIOTIOTHUTEIBHBIM I[BETOM, a TEM 7K€ CaMbIM KPAaCHBIM (TOI/Ia y9aCTHUKAM JBHKEHHUS HAJI0 CTOSTH),
3eJeHbIM (TOTJa HY)KHO JIBUTAThCs) WIIM BOOOLIE HE OBITh LBETOM (TOTAa B Tpacce KpOeTcs
ommuOKa). DTa npobieMa BakHa, TaK KaK Ha MPAKTUKE MBI HE MOXKEM OIHCATh KAKAYIO CYIHOCTB,
HarpuMmep, Kaxbli (aiiyl uiy nonp30BaTesisi B MOJEIH B BU/E OT/EIbHON KOHCTaHTHI.

Kak y»xe ynomuHaioch, mapamerp go B Tpacce OyJeT OTCYTCTBOBaTh. JTa NpobiieMa UMeeT KOpHH
B BBIPA3UTEJIBHBIX BO3MOXHOCTSX sA3bIka Event-B. EnuHcTBeHHBIN cI0CO0 BBHIUNCINUTE HEKOTOPOE
MPOMEXYTOYHOE 3HAUYE€HHE — NO0AaBUTH €llle OAWH IMapaMeTp K COOBITHIO M OTPaHHYHUTh €ro
3HA4YEHHE Yepe3 OXpaHHbIC YCIOBHUs. Takoi mapaMeTp Mbl Ha3bIBaeM BBIYHUCIMMBIM. OueBHIHOE
penieHne mpoOJIeMbl, HE HCIIOJIB30BAaTh BBHIYMCIMMBIX ITapaMETPOB BOBCE, BEJAET K YXYIIICHHIO
yuTaeMocTH Mozenu. EcTh u emme onHa ctopoHa qaHHOH mpoOsiembl. C TOUKH 3peHUs] CHHTaKCHCa
MOJIETIH CITydaii, KoT/ia Tpacca He sIBIISIETCS TOJTHOW U3-3a OIIMOKHY Ha sTane coopa nHpopMarmu, He
OTIIMYHUM OT CiTydasi, KOTr/ia 3Ha4eHHe ITapaMeTpa Hy>KHO BBIUNCIIUTD U3 OXPAHHBIX YCIOBHH.
Bo3moxHOCTh aOCTparupoBaThCsl OT JIMIIHUX JETajlei SBISIETCS OCHOBHBIM IIPEUMYIIECTBOM
MojenupoBanus. Hampumep, B Mozenn cBeToOpoB MbI aOCTparupoBaInCh OT HAIWYHSA
JIOTIOJTHUTEIbHBIX LIBETOB M OCTaBWIM MHOXecTBO COLORS HeomnpeneneHHbIM MOJHOCTBIO.
[TogoOHBIN NpUeM B TEOPUH MOXKET MOHAIOOUTHCS U AJISl APYTHX THIIOB JAHHBIX, HAIIPUMEp, AJIs
gyucen. Torma Bo BpeMs aHaiM3a TPacChl BaKHOE CBOMCTBO [MOJKHO OBITH TPOBEpPeHO 6e3
HCIIOJB30BAaHUS TOYHOIO 3HaueHus. Ho 3TO Takke MOXKET OKa3aTbCsi CIIOPHOM CUTyallUem:
abcTpakIys HEOTIIMYMMa OT CITy4aifHON HETOUHOCTH B CHIEIU(UKALINH.

4. Opyaue pabombi

Habop uncTtpymentoB ProB [9] BxmodaeT B ce0s WHCTPYMEHT, Ha3bIBa€MBIH aHHMAaTOPOM.
AHHUMaTOp TMO3BOJIAET BHINOJHATH cOOBITHS Event-B Mopenu, 3HaueHus mapameTpoB MPU ATOM
OTPAHUYMBAIOTCS WM TOYHO OIPEIENSIOTCS MPH IMOMOIIM JOTONHUTEIBHBIX IPeauKaToB. Sapo
ProB nammcano nHa s3eike SICStus Prolog, mostromy ProB akTHBHO HCMONB3yeT BO3MOXHOCTH
JIOTMYECKOT0 NPOrpaMMHUPOBAHHUSI JUISl TOTO, YTOOBI 10J00paTh MOJXOSIIEe 3HAUEHHE IS KAXKIO0TO
o0bpekTa. Ha Bua normyeckux (GopMysd NIPH 3TOM HE HAKIAIBIBACTCS HUKAKHX (OPMAaTbHBIX
OTpaHUYCHUH. AHHMATOp MOXET JaTh TIOJB30BaTENII0 BO3MOXHOCTH CaMOMY BBIOpaTh
OINpENIENIEHHOE 3HAYEHHUE, €CIM OT ATOr0 3aBUCHUT CIEAYIOIIee COCTOsAHUE Mojenu. Tpaccel
aHuMaTopa HEJIUHEMHBI M MOTYT coJepXaTb BETBM B pasHble coctosiHus. K coxanenuto,
UCIIOJIB30BaTh aHUMATOP U OOJBIIMX TECTOBBIX CIy4YaeB HEBO3MOXKHO, TaK KaK OH HE MOMKET
paborate ¢ OospIIMMH HAOOpaMH 3HAYCHWH, JUIMHHBIMH TPAaccaMH U OOJBIINM KOJINYECTBOM
MEPEMEHHBIX. JTO SBJISIETCS CIIEACTBHEM BBIOPAHHOTO METOZAa M TPHOPHTETOB pa3pabOTUMKOB
ProB: moanep:kka BceX KOHCTPYKIHUH sI3bIKa BaXKHEE, 4eM P PEKTUBHOCTD.
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CymecTBytoT paboThl o komOuaUpoBanui0 SMT-consepos [10-11] ¢ Event-B moxensmu s ux
ucnonHeHus. SMT-conBepsl aKTHBHO HMCHONB3YIOTCSI Ha OTACIBHBIX YacTAX MOJEIH B IpOIEcce
JIEyKTUBHOM BepH(HUKAINH, HO TPH HCIOIHEHNH BCEH MOJENH LEJIUKOM OHH CTAJIKUBAIOTCS CO
3HAUUTEJIBHBIMH TPYAHOCTSMH. He Bce coiBepbl MOINEPKUBAIOT TEOPHIO MHOXKECTB. Takike
COJIBEPHl HE MOTYT IMOJJICPXKUBATh NPEIUKAaThl HajJ TAaKUM OOBEKTOM, KaK MHOXKECTBO BCEX
MOJIMHOXKECTB KOHEYHOTO0 MHOXKecTBa. B aToM citydyae dopmyita, 3agaronias 00beKT, BBIXOAUT 32
paMKu JIoruku niepsoro nopsijaka [12]. Takum oopazom, SMT-conBepbl MOTYT OBITH HCIIOIb30BaHbI
HEe Ha BCEH MOJENM M, KaK W JIOTHYECKHE NpOrpaMMbl, HMEIOT NpPOOJIEMbl C BpPEMEHHOM
3¢ eKTHBHOCTHIO.

HawnGomnee 3 pexTHBHBIM € TOUKH 3pEHHSI BDEMEHH BBITTOTHEHUS SIBIISIETCS OAXO0] TeHEpaLuy Koaa
[13]. Event-B momenu tpanciupyrotes [14-16] B HCONHSAEMYIO MPOrpaMMy Ha MMIICPATHBHOM
SI3bIKE, KOTOpas MOXeET OBITh 3ammylieHa. HeclioxHo nepeiaTh Takod MporpaMMe Ha BXOJ| TPACcCy H
obpaboraTs ee. Ho cymiecTByromue HHCTpYMEHTH TeHEpaliy KO/Ia He pacCMaTPHUBAIOT MPOOIEMyY
HEOTPEICICHHOCTH: TOYHBIC 3HAYCHHUSI 00BEKTOB, B TOM YHCIIE KOHCTAHT, JOJKHBI II€PEIaBaThCS B
KOH(UTYpanMOHHBIX (aiinax.

Takum oOpa3om, He cymecTByeT 3(Q(QEKTHBHOTO PELICHHS, IMOKPBIBAIOIIETO BCE MOTPEOHOCTH
TECTUPOBaHMsI Ha OCHOBe (popmanbHOi Event-B monemnu.

5. Tekywue pesynbmambl

5.1 Nonb3oBaTenbCKMe TUMNbI

B Event-B 00BEKTHI MOTYT HMETh JOTHYECKHHA THUMI (KaK SJIEMEHTHl BCTPOCHHOTO OyIIEBOTO
MHOJKECTBA), IEJOYHCICHHBIA THIT (KaK 3JIEMEHTHI BCTPOSCHHOTO IIEJIOYHCICHHOTO MHOJKECTBA),
TMOJIb30BATENBCKUH THIT (KaK 3JIEMEHTHI ONPEessIeMOro 0JIb30BaTeNIeM MHOXKECTBa, HA3bIBAEMOTO
B Event-B HecymuM MHOXXECTBOM), SBJIATHCS YNOPAAOYEHHOW mapoil (3JIEMEHT JeKapToBa
MPOM3BEACHUS TBYX MHOXKECTB) MJIM MHOXKECTBOM (Kak 3JIEMEHT MHOXECTBA BCEX IOJIMHOXKECTB
6azoBoro Tuma). Event-B HoTaumum Bcex THmOB TnpuBeneHel B Tabm. 1. Ilpumepom
oJib30BaTebckoro tuma spisercss COLORS B paznene 3. OOBEKTHI MOJIb30BATEIHCKUX THUIIOB HE
HUMEIOT HUKAKOTO SIBHOTO 3HAYEHUS U MOTYT OBITh CBSI3aHBI C JPYTUMH OOBEKTAMHU TOTO XKE THIIA
TOJILKO Yepe3 OTHOIICHUS PaBCHCTBA M HepaBeHCTBa. [[puMepoM TaKOro OTHOWICHHS MOXKET OBITh
npeaukat 8. HeonpeneaeHHOCTh 3HAUSHHUS CISIYeT yiKe U3 IPUPOABI STUX OOBEKTOB.

B kadecTBe 3HaYEHUS TaKOTO OOBEKTa MOXKHO B3STh IMapy M3 MMEHH €ro HECYIIEro MHOXKECTBa
(TMma) ¥ HEKOTOPOro HATypallbHOIO dHcia. B Ta0m. 2 moKasaH TIpuMep HHTEPIPETAIlH
HECIJIOKHOTO Habopa mpeAnKaToB. MeTox BEIOOpA IIETIOr0 YUCa PacCMaTPUBACTCS B CIIETYIONIEM
oJIpasiene.

Tab6n.1. Tunel 06vekmog Event-B.

Table 1. Event-B object types.

Tun Horauus Event-B
Jlornueckuit x € BOOL
LenouyuncieHHsblit xX€EZL
[Tonw3oBarenbekuit x€EA

VYnopsanoueHHas napa | x E AX B

MHoxecTBO x € P(4)

OTOT MOAXOJ TOBOJBHO TOX0X Ha TOT, YTO HCIoib3yercs B ProB. MHoxecTBa (B TOM Hmcie
Hecymue) npeacTaBieHsl B ProB B Buae cimckoB 0e3 MOBTOPSIOUIMXCS 3JIEMEHTOB. 3HaAUEHUEM
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00BEKTa MOJIB30BATEIBCKOTO THIA SIBISIETCS KOHKATEHALMS W3 MMEHU HECYIIEro MHOXECTBA U
MHJIEKCa 3JIEMEHTa B COOTBETCTBYIOIIEM CITUCKE. B mpumMepe n3 Tab. 2 CHMBOJIBHBIC 3HAYCHUS [UIS
xuy O0ynyt Al u A2, cooTBeTcTBeHHO. JlaHHAs HOTaMs yA00HA s TOJCTaHOBKH B TPACCY HOBBIX
00BEKTOB, HE OOBSBICHHBIX B MOJIENIN B KAY€CTBE KOHCTAHT.

Tabn.2. Hnmepnpemayus noib306amenbCKuX munog.
Table 2. Interpretation of user-given type.

Event-B | UuTtepnperanus Pemenue
x€EA GIVEN(4,i)) e A i=1
yeEA GIVEN(4,j) € A j=2
ZEA GIVEN(A, k) € A k=1

x#y | GIVEN(A,i) # GIVEN(4,))
x=z GIVEN(A,i) = GIVEN(A, k)
x = GIVEN(4,1)
y = GIVEN(4, )
z=GIVEN(A, k)

Ipenaoxenune A.1. [nsa 6cex 00bekmog noiv306amensCKux munos, 3HaveHue KOmopvix 00JICHO
SABHO OMAUYAMBCA OM 3HAYEHUU 3A0aHHLIX 8 MOOenu KOHCMAHM, 6 mpacce UCHOIb3Yemcs
UOEHMUPUKAmMop, cOCMOoAWUL U3 UMEHU MUNA U Yea020 YUCd.

AJbTepHaTUBHBIN MOAXOM HIMPOKO HCIIONB3YETCs MPHU FeHepaluu Koja, KOTrJa BMECTO HECYyIIero
MHO’)KECTBA MOXKHO HCIIOJIB30BaTh THI JAHHBIX. DTO 3HAYUTEIHHO YIPOIIAeT paboTy ¢ OONBIINMHA
HECYIIVMHU MHOXKECTBAaMH, TaK KaK He TpeOyeT XpaHEeHHs B TaMsTH BCEX BO3MOXKHBIX 3HadeHUH. Ho
3TO MOXKET YCIOXHATh 00paOOTKY JIOTMYECKHX (OPMYI: IPOBEPKAa MPUHAIICKHOCTH HECYLIEMY
MHO)KECTBY IIPEBPAIIACTCS B IPOBEPKY THIA JAHHBIX, a BRIPAKCHUS HaJl HECYIIMMH MHOXKECTBAMH
(manpumMep, «Bce IBETa, KPOME KPAacHOTO») HEOOXOAMMO IIEPeNHCHIBATH B Jpyroi Qopme.
Pa3ymeercsi, BO3MOKEH U ONMCAHHBIN BBIIIE MOJX0J] ¢ OOBIYHBIMH MHOKECTBAMH.

B SMT-conBepax Taxxe MOKHO HCIIOJIB30BaTh 00a Moaxoa. MOXKHO CUHATATh, YTO BCE OOBEKTHI
TMOJTE30BATEIILCKOTO THIIA SIBIISTIOTCS] CTPOKOH 1 CIIOIB30BaTh B KAYECTBE 3HAYEHHSI TAKUX 0OBEKTOB
peanbHBIE JaHHBIE (HampUMep, AT OOBEKTa THMA «IIOJH30BATENb» 3HAUCHHEM OyIeT UM
MOJIBb30BATENIS B CUCTEME). DTO YIPOLIAET NPOLIECC TECTUPOBAHUS, HE TPeOyst OTOOpaKEHUS HMEH.
Hecymum MHOECTBOM OyIeT MHOXECTBO U3 BCEX CTPOK. TakkKe MOXHO CO3AaTh TUII JAaHHBIX (Tak
Ha3bIBAaEMBIH COPT) M 3HaUCHNE 00BbEeKTa OyeT KOMOWHAaNMeH U3 THIIA ¥ LIEJIOT0 YHCa.

5.2 BbluncneHue 3Ha4yeHus ns3 npeauvkarta

B Event-B 00bekTsl MOryT 0003HauaThCsi WASHTU(QHUKATOPAMH, HAIpPUMEP, KOHCTaHTHI M
NepeMeHHble. B ciydae nepeMeHHBIX 3HaueHHEe OOBEKTa OmpeAessieTcs uepe3 IeHCTBHUE
nprcBauBaHua. HO KOHCTaHTHI M BBIUHCISEMBIE MapaMeTPhl COOBITHI ONpeNeNIioTCs WHaue: UX
3Ha4YeHHEe HeOOXOANMO BEIBECTH M3 HAOOpa MPEIUKATOB.

3HaueHue 00bEeKTa, Ha KOTOPOE YKa3bIBaeT UACHTU(HUKATOP, MOKET OBITH TOYHO OTNIPEAETICHO, €CITN
OHO 3aJ]aeTcs MPOCTBIM MPEIUKATOM paBeHCTBa. M3 mpeamkaTtoB 12—14 jerko u3BieYb TOYHBIE
3HaYeHUsI OOBEKTOB.

NUMBER = 20 (12)
2 - TRUE = PAIR (13)
SET = {A, B} (14)

Ho B HEKOTOpBIX ciydasx NMpeauKaThl BEAyT K HEONpeIeleHHBIM 3HaueHusM. M3 mpenmkara 15
cienyet, uto NUMBER — mo6oe uncio, Menbliee 1u6o pasaoe 20. [Ipequkar 16 ykasbIBaer, 4To
PAIR — mobast ynopsijoueHHas mapa u3 MHoxecTBa REL, mpexacrtaBistromiero u3 cedst HEKoe
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otobOpaxxenue. B mpenukarax 17-18 muokectBo SET conepuT sneMeHThl A, B W MOXeT
COJIepIKaTh JIFO0bIE APYTHe JIEMEHTBI TOTO XK THIIA.

NUMBER < 20 (15)
PAIR € REL (16)
A € SET (17)

B € SET (18)

Jlanee MBI Ha3plBaéM NPENUKATHl, M3 KOTOPBIX [ENAETCs BBIBOA O 3HAYCHHH OOBEKTa,
onpenemsronMu. Eciu onpenernsronmii IpeauKar SBISETCS PaBEHCTBOM, B KOTOPOM OJIMH M3
OTepaHIoB — HACHTH(UKATOp OOBEKTA, TO BTOPOIl ONEpaH] MBI Ha3bIBAEM OIPECISIOIINM
BeIpakeHHEM. [l crenudukanuii cucTeM, NOAXOAAIIMX IS TECTHPOBAHUS, MBI IOJIKHBI
OTPaHUYHTH BUIBI ONPEIEIISIONINX MTPEIUKATOB, YTOOBI U30€KaTh HEONPEICIICHHOCTH.
Hpennoxenne B.1. [ns 6cex nocuueckux u yeiouucieHHvlx 00beKmos, a makxdce O
VNOPAOOUEHHBIX NAp, 3HAYEHUEe KOMOPLIX ciedyem u3 npeoukamos, onpeoensiowull npeouxam
dondicen umems Gopmy paseHcmea mexncoy UOeHMU@DUKaAmopom o00veKkma u onpeoensrouum
svipadicenuem. Tak, s NUMBER n PAIR Mbl fomyckaeM onpejensonye npenukarel 12—-13 u
3ampeniaeM omnpeensiomuye npeaukarsl 15—-16. Onpegenstonue BbIpaXeHUs MOTYT COJEPKAaTh
Jpyrue uaeHTH()HUKATOPBL, TOKa BCE MICHTU(PHUKATOPHI TOYHO ONPEAEICHBI U B UX ONpPEAEICHHIX
HET IUKJIOB!

NUMBER v TRUE = PAIR (19)
NUMBER =2 (20)

Hpenaoxenne B.2. /[ns kajncoozo ob6vekma nonv308amenbck020 mMunda OOANCHO ObiMb 3A0AHO
OMHOWEHUEe PABEHCMBA UYL HEPABEHCHIBO CO BCEMU OCHANbHLIMU 00bekmamu mo2o e muna. Tak
Kak y 0OBEKTOB I10JIb30BATEIBCKOTO THIIA B paMKax MOJIEIH OTCYTCTBYET Kakoe-TH0O 3HaueHue,
HEOOXOMUMO 3HAaTh, BO-TICPBBIX, KAaKWE OOBEKTHI PaBHBI JPYr APYTY, BO-BTOPBIX, IS BCEX
OCTaJbHBIX 00BEKTOB HEOOXOJUMO SIBHOC yKa3aHWC Ha MX pasznnuue. B mpumepe u3 tabdin. 2 310
TpeboBaHue COOMIOIEHO. B TakoM ciiydae MBI MOXKEM IMPOHYMEPOBATh BCE OOBEKThI, YIUTHIBAS
OTHOIIIEHHS PaBEHCTBA. VIMEHHO Tak KOHCTPYUPYETCS PelIeHHe, YKa3aHHOE B MOCIEIHEM CTOJIOIe
tabn. 2. B jmomonHeHHWe K pPaBEHCTBAM M HEPABEHCTBaM, B COBPEMEHHBIX Bepcusix Event-B
CYIIECTBYET MpeArKaT paszena (partition). Ox no3BossieT BbIpa3uTh HEPABEHCTBO OOBEKTOB B OoIiee
KOMIIaKTHOM opme:

partition(S,S1,52) & (S1US2 = S) A(S1 N S2 = 0) (21)

Ecmu HecyIee MHOKECTBO S COIEPIKUT YeThIpe KOHCTAHTH A, B, C u D, ropa3no ynoOHee 3anucaTh
B opmate pasjena, 9eM IpONUCHIBATh MIECTh OTIACIBHBIX HEPABEHCTB I KaXIOH mapsl u3 A, B,
CubD:

partition(S,{A},{B},{C},{D}) (22)
MHOXeCcTBa TaK)Ke MOTYT OBITh OTPEICIICHBI Yepe3 MPESIUKAT PABCHCTBA, HO B HEKOTOPBIX CITydasx
9TO HEBO3MOXKHO. JIJIs1 TaKOTO ompesesieHusl TpeOyeTcsl MepeUnCIIUTh BCE AIEMEHTH MHOXKECTBA,
TIPH 3TOM JIJISl KaXKJIOTO dJIeMEeHTa HeOOXOMMO BBECTH 3HAUCHUE, a B CIydae MOJIb30BATEIHCKOTO
TUNIA JAHHBIX — HACHTH()HKATOP COOTBETCTBYIOMICH KOHCTAHTHI. ECIIM MOIIHOCTH MHOKECTBA
BEeNWKa, JTO HeyaoOHO, ecau BooOmEe BO3MOXHO. [lodToMy HeoOXoaumo J00aBUTH
aJbTEPHATHBHEIH CII0C00.
Mpennoxenue B.3. Onpedensiowue npeduxamvl 051 MHONICECME O0NHNCHBL ObIMb NPEOUKAMAMU
pasencmsa uz Ilpeonosxcenuss B.1, nubo npeouxamamu uz maba. 3. Habop ompemensroniunx
MIPEJNKATOB MOXKET OBITH PACCMOTPEH, KakK 3ajJada TEOpHH MHOXKeCTB. s 3ToW 3amaum Oymer
CYIIECTBOBATh OOIIee pelIeHne, HO TPH OTOM TOYHOE 3HAYCHHE MHOXKECTBA OCTaHETCS
HeompeaeeHHbIM. [Ipennonaras H3HAYaIEHO, 9YTO MHOKECTBO SET SBISCTCS IMTyCTHIM, MBI MOKEM
00paboTaTh MPEAUKATHI H TOCTPOUTh MHHUMAIIFHOE YaCTHOE pellieHre. Bee ocTabHbIe MPeIKAaTEhI,
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B KOTOPBIX (purypupyer mMHOXecTBO SET, MOTyT OBITh HCIIOJIB30BAaHBI, YTOOBI yOEIWTCS, UTO
MHHHUMAJIbHOE PEIICHUS SIBJISETCS KOPPEKTHBIM B paMKax MOJAEIH. DTy K€ JOTMKY MOXKHO
MPUMEHUTh K OTOOpaXeHUsIM M (QYHKIHSIM, KOTOPbIE MOTYT OBITh PACCMOTPEHBI, KAK MHOXKECTBA
YIOPSIIOYCHHBIX Tap.

Tab1.3. Onpedensiiouue npeduxamol 0Jist MHONCECHE.
Table 3. Defining predicates for sets.

IIpeaukar Pemenue

x € SET {x} € SET < Q*
s © SET SCSET C Q
partition(SET, s1,s2) SET =s1Us2
partition(s1,SET, s2) SET =s1\ s2

* () 0603HaYaeT MHOXECTBO BCEX 00'bEKTOB TOI'0 JKe THIIA, UYTO U 31eMeHThI SET.

MuHuManbHOE PCUHICHUEC MOXKET OKa3aTbCd HEKOPPEKTHBIM H3-3a NPEAMKATOB, HC BXOJAIIUX B
MHOXKECTBO ~ ONpEeACIAIOMNX. Takod ciydadl NPOWUIIOCTPUPOBAaH IHpenukaramu 23-24.
Heo6xoaumo nononHuTs MHOXKECTBA S 1 REM HOBBIMH 3JIEMEHTaMH, YTOOBI BEIIIOJIHNUTH YCIOBHUE
U3 npenukara 24.

partition(S,{A},{B}, REM) (23)
REM # 0 (24)

Taxoke He0OXOJUMO TIOTHOCTHIO 3aMIOJTHUTH MHOYKECTBA, KOTOPBIE (PUTYPHPYIOT B MPHCBANBAHUIX:
OTCYTCTBHE Ja)K€ OJTHOTO 3JIEMEHTA B TAKUX MHOKECTBAX MPHUBEAET K HEKOPPEKTHOMY COCTOSIHHIO
Mojenu. st Toro 4ToObI TOTIONHUTH MHOKECTBO, HEOOXOIUMO 3HATh €0 TOYHYIO MOIIHOCTh W
(hakT, 9TO OHO KOHEYHO.

IMpennoxkenne B.4. Bce mnooicecmsa, nosgisiowuecs 6 NPUCBAUBANHUAX UIU MPedYIOWUX
O0NOIHEHUsI OISl BLINOJIHEHUSL AKCUOM, OOINCHBL OblMb KOHEYHBIMU U UX MOUWHOCTNL OOINCHA ObIMb
mouno onpedenena. llpumMepoM HEOOXOUMOTO ONPEIEIICHUS SABSETCS MpearKaT 25.

finite(SET) A card(SET) = 20 (25)

Bo Bcex ocTanbHBIX ClIydasaX B KA4Y€CTBE 3HAYCHUA MOYKHO OTIEPUPOBATH MUHUMAJIbHBIM PEHICHUEM,
JTUHAMUYECKH PaCIIpsIsl €ro TI0 Mepe TOT0, KaK B TPacce MOSBISIFOTCS HOBBIC SJICMEHTHI.

B HacTosimiee BpeMst MBI BEIOMpaeM, TOTIOHUTB JIH MHOKECTBO HOBBEIMH AJIEMEHTAMH 3apaHee FITH
pacumpsTh €ro JMHAMHYECKU YK€ B XOJIe aHallu3a TPACChl, IO TOMY, OTpeesieHa JIh ero TOYHas
MOIIHOCTb. Ho sTot MOJAXO0J HE YYUTHIBACT paCHpOCTpaHeHHLIﬁ cnyqaﬁ, KorJa MOIITHOCTh YKa3aHa
TOYHO, HO IIpU OTOM BE€JIMKaA, a B MNPECABAPUTCIHLHOM JOINOJHECHUN MHOXKCECTBA HET HUKAKOU
HeoOxoxuMocTd. B TakoMm ciydae JMHAMHUYECKOE PaCIIMPEHHE ITOr0 MHOXKECTBA IOJIE3HO MJIs
noBeIeHusT dpdekTuBHOCTH. OfHa W3 OyAymMX IeJedl 3TOro HCCISAOBaHUS — peamu3aius
ajaropurMma, KOTOpBIﬁ MOXET 06Hapy)KI/IBaTB TaKW€ MHOKECTBA U OTITUMU3UPOBATH BEIYMCIICHUA HAJT
HUMH.

5.3 HeonpepeneHHble npucBanBaHus

B Event-B cymecrByer Tpu BuzAa JeMcTBUM IPUCBAaMBaHUA: IPOCTOE IPHUCBAUBAaHUE,
MPOU3BOJILHBIA BBIOOP M3 MHOXKECTBA BO3MOXKHBIX 3HAUCHMH, IPOW3BOJILHBIN BHIOOD 3HA4YECHUS,
YIOBJIETBOPSIOIIErO MpeaukaTy. M3 Bcex BHIOB TONBKO MPOCTOE NPUCBAMBAHUE JHIIEHO
HEOIPeJeIEHHOCTU. B kauecTBe MPUMEPOB MOXKHO PacCMOTPETh MpucBauBaHusa 26—31, KoTopble
MOJIHOCTHIO aHAJIOTUYHBI OMPEACIAIONINM npeaukatam 12—18.
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NUMBER := 20 (26)

PAIR := 2 » TRUE 7)
SET = {4, B} (28)
NUMBER : | NUMBER' < 20 (29)
PAIR :€ REL (30)

SET : | A € SET' AB € SET’ (31)

ITpon3BonbHBIA BBIOOP M3 MHOXKECTBA 3HAUYCHHWH OyNET JMIIEH HEONPEAEICHHOCTH TOJIBKO B
ciTy4ae, KOT/1a MHOKECTBO BBIOOpA COIEPKHT OZJHO M TOJIBKO OJTHO 3HaueHue. B TakoM Buzie JaHHbBIA
BUJI IIPUCBANBaHMS MTOJHOCTHIO JIMIICH CMBICHIA. B ciiydae HEONpeneneHHOCTH alrOpUTM aHaJIH3a,
TE€M He MEHee, IOHATEH: MBI IOJDKHBI IIPOAHAIM3UPOBATh OCTATOK TPacChl MHOTOKPATHO, KaXAbIH
pa3 BbIOMpasl ciedylollee W3 BO3MOXKHBIX 3HadeHWi. Eciu mpowsonuia Hekas ommOKa, 3TO
03Ha4aeT, YTO BO3MOXKHO, BHIOOp OBUT HEKOPPEKTHHIM M B TECTUPYEMOM CHUCTEME OH ObUI cleilaH
nHave. Heo6xoamMo BepHYThCSA B TOUKY BEIOOPA I U3MEHHUTD €TO.

HecmoTps Ha mpo3pavHOCTh Ipolecca, TOATHE BO3BPATHI U SKCIIOHEHIIHAIBHBINA POCT KOJTMYECTBA
KOMOHMHAIMH ¢ Ka)KIAbIM HOBBIM BHIOOPOM JENAIOT Takoil aHaiu3 o4eHb HeaddexkTuBHBIM. Kpome
TOrO, €CIM MBI paccMaTpHBaeM TECTHPOBaHHE, TO MOAOOHBIE HETOYHOCTH B CHELU(HKALUH
HEM30€XHO BBI30BYT BONpPOCHL. 110 3THM mpHYMHAM MBI HE JOIyCKaeM IPOM3BOJIBHBIA BBIOOD M3
MHOJKeCTBa B JIF000H ero hopme.

penaoxenne C.1. [IpoussonvHulil 8b100p U3 MHONCECMEA 3HAYEHUT HEOONYCIMUM.

[lpucBanBaHWe 3HAYCHMS, YIOBJIECTBOPSIOUIETO IPEANKATYy, B OOJNBIIMHCTBE CIIy4aeB TaKXKe
SBISIETCS HeonpeaeneHHbIM. [Ipn 3ToM Takoe nprucBanBaHKue — €JMHCTBEHHBIH CIIOCO0 peann3anin
koHCcTpykumu if-then-else B pamkax Event-B. Ilostomy BMecTo 3ampera HEOOXOIUMO
chopmynarpoBaTh orpaHudeHus. Eciau copMynupoBaH npeankaT p, COOTBETCTBYIOIINI YCIOBUIO,
U JIB€ aJIbTepHATUBBI A U B, COOTBETCTBYIOIIME UTOTOBBIM 3HAUEHHUSAM IIEPEMEHHOH B 3aBUCUMOCTH
OT BBIIIOJIHEHHUS YCIIOBUS P, TO IPUCBAMBaHUE MOXKHO 3aIKCATh CICIYIOIINM 00pa3oM:

/ '
var =pAvar =AV-pAvar =B (32)
Oty GopMy MOXKHO PACHIMPUTH AJIsl JFOOOr0 YMCa YCIOBHM, IOKA BBIMOJHSAIOTCS CIEAYIOLIHIE
ycnoBus. Bo-TIiepBBIX, TU3BIOHKIIHS BCEX YCIOBHM JOJIKHA OBITh TOKIECTBEHHA UCTHUHE (YCIOBHUE
moJHOTH). IlonHOTa rapaHTHpyeT, YTO Bcerja HaWJeTcs XOTS OBl OJJHO WTOTOBOE 3HAYEHHUE I
IepeMeHHOl. Bo-BTOpBIX, KOHBIOHKI[MM BCEX BO3MOXKHBIX IIap YCIOBHHM [OJKHBI OBITH
HEBBITIOJIHUMBL. DTO YCJIOBHE OIPEAEIEHHOCTH, FapaHTHPYIOIIEE, YTO BO3MOMKHO TOJIBKO OJHO
UTOTOBOE 3HaUeHNE. B mpumepe Bhlle ycIoBHEM MOTHOTHI OyeT hopMyia pV —p < T, a ycloBuem
onpeneneHHocTH pA —p <& L. O6a ycinoBus OyAyT BBIIOTHEHBI.
ITIpn sTOoM B COOBITHH, KOTOPOE COJECP)KUT IPHUCBaMBAaHHE, MOTYT OBITh OXpPAHHBIC YCIOBHSL.
[Tpearnonoxnm, 4T0 OXpaHHOE YCIOBUE g — €AMHCTBEHHOE. B TakoM cirydae Mbl MOXKEM 0CJIabuTh
YCIIOBHE MOJIHOTHI ¥ HE pACCMAaTPHUBATh TE CIIy4au, KOTOPBIE 3aBEIOMO MPOTHBOPEYAT OXPAHHOMY
ycnoBHio. Torzia npucBanBaHUE U yCIOBUE MOJHOTHI IPUMYT CIEAYIOUIUHA BUA:

var :=pAvar’ =AVquar’ =B (33)
(g=pveT (34)

[Ipomomxkast 3TH pacCyKIeHHUS, MBI MOXEM, HaKOHEI, CHOPMYIHPOBATh OOIIMHA ciydaid uis n
aJbTEPHATHUBHBIX 3HAYCHUH U K OXpaHHBIX YCIOBUI.

Hpenaoxenne C.2. [lpucsausanue 3Hauenus, y0oeiemeopsawwe20 npeouxamy, 00nyCmumo, eciu
OHO umeem 6uo 35, yoogremeopsiem yciosuio noaHomol 36 u yciosuio onpedenrennocmu 37. Jliobvie
opyeue ghopmvl OaHHO20 8UOA NPUCBAUBAHUS 3ANPEUEHDL.
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" (35)
var : | \/(pi Avar' =Val))
i=1
k n (36)
(Nop=\/py T
j=1 i=1
Vi,j - 0<i<j<smpAp;el (37)

5.4 Omcymcmeyrowue napamempabi

Kak ynommnanoce B pasiene 3, 3Ha4eHHS HEKOTOPBIX ITapaMETPOB, OCMBICICHHBIX B paMKax
MOJIETIH, MOTYT OTCYTCTBOBATh B TECTUPYEMOI CHCTEME U JJOJDKHBI OBITh BBIYMCICHBI U3 OXPAHHBIX
ycnoBuid. C TOUKH 3pEHHS aHAII3a TPACCHI 3TH APAMETPBI HONPOCTY OTCYTCTBYIOT, YTO YCIOXKHSET
ABTOMAaTHYECKOE BBIHECEHHE BEPAUKTA B 3TUX CIIydasiX.

Ipenaoxenue D.1. Eciu 3nauenue napamempa modicem omcymcmeosams 8 mpacce, OHO 00NHCHO
ObIMb OOHOZHAYHO BLIYUCTUMO U3 OXPAHHBIX YCIOBUIL.

B stoMm ciyuae, kak M mpexne, TpeOyeM TOYHBIX 3HAUEHHH STHX MapaMeTpoB, HO He TpedyeMm
¢dopmyn cneunnanbHOro BUna. B Hacrosimiee Bpems MbI peliaeM 3Ty NpoOjieMy HpH MOMOILIH
Menuaropa — KOMIIOHEHTa, KOTOPBIA IepeBOIUT Tpaccy M3 Habopa COOpaHHBIX B TECTUPYEMOMN
CHCTEME JaHHBIX B TEPMHUHBI MOJEIBHBIX CYITHOCTEH. DTOT KOMIOHEHT CrielM()UIeH T KaX oM
Hapsl U3 MOJICNN U pean3aliii. MeanaTop Mo3BoJIsIeT IPOBECTH aHAIIM3 TPACChI, a0CTParupysch ot
KOHKPETHOM peanu3anuu cucTeMbl. Ha 3TOT k€ KOMIIOHEHT MOXHO MEpENOKUTh 3aJady IO
BBIYHCIICHHIO ¥ JOOABJICHUIO B TPAcCy OTCYTCTBYIOILIMX paHee IapaMeTpOB.

IIpennoxenue D.2. 3nauenus écex GuluUCIUMBIX napamempos OOMHCHbL ObIMb BbLIYUCIEHbL OO0
aHanu3a KOppeKmHoCmu mpaccoi.

CHoBa paccMOTpHM IpuMep co cBetodopamu u3 pasznena 3. Tpacca BBITOTHEHUs TIOAAETCS HA BXOJ
MeanaTopy. MeanaTop 10JDKEH IMOACTAaBUTh B TPACCY XapaKTepHBIE IS MOJIENN HACHTH()PHUKATOPHI
red u green, ecnu Ha CBETO(OpPE 3aXKIIIUCh COOTBETCTBYIOIINE CUIHANBL. ECiu 3a)ercs »kenTblii
CHrHaj, TO B cooTBeTcTBUH C [Ipemnoxennem A.l1 B Tpaccy OyneT MOJCTaBlIeH MICHTU(PHUKATOD
COLORS3. Taxxe, eciau 3aXercsi 3eJeHbId CUTHAJ, TO 3HaYeHHe mnapamerpa go craHetr TRUE
COTJIaCHO OXpaHHOMY ycjoBuio 10, B MPOTHBHOM cilyyae B Tpacce okaxercd 3HadeHue FALSE
COTJIaCHO OXpaHHOMY ycioBuio 11.

HeoOxoaumo yduTBIBaTh, YTO TAaKUM 0Opa3oM MBI JOOaBIsIeM B TpacCy CBOWCTBA, KOTOpBIC
OTCYTCTBYIOT B HaOJIIOJlaeMOM IOBeAEHHH. [IpH HETOYHOH peann3anyMu MeIuaTropa 3TO MOXKET
CKa3aTbCsl Ha KOPPEKTHOCTH BBIHECEHHOTO TECTOBOTO BEPAMKTA. JTOT IOJXOJ YCIOXKHSET
pa3paboTKy MeanaTopa U MOXKET IOPOAUTH HOBBIE OIIMOKH B MPOLIECCE TECTUPOBAHMUS.

C npyro#i CTOPOHBI, TAKOH MOAX0J yBEIHIHBACT 3()(hEeKTUBHOCTh aHAIN3A U YUUTHIBACT MPUPOILY
BBIYHMCIINMBIX ITapameTpoB. IIpum TakoMm mojxoje BBHIYMCIMMBIA MapameTp SBHO OTIMYAETCA OT
MPOCTO OTCYTCTBYIOIIETO, YTO TIOMOTaeT 00OHAPYKUBATh ONMTHOKH dTana cOopa Tpacchl.

Ipennoxenne D.3. Eciu npu ananusze mpaccel oxpannoe yciosgue ne modcenm ovims npogepeHo u3-
3a omcymemayrowe2o napamempa, mecm ne npotioex. JlanHoe peleHne CykKaeT KJacc KOPPEeKTHBIX
Tpacc, IO3TOMY JJIsl HEKOTOPBIX LIeJIeil aHaJIi3a OHO MOXKET OBITH CIIOPHBIM.

ABTOMAaTHYECKOE BBIYHCICHUE OTCYTCTBYIONIUX IapaMETPOB SIBISETCS IMENbI0 JabHEHIINX
HCCJIEIOBAHUM.

5.5 OnTumunsauum

Jiist TecTHpOBaHMS JAHHOTO MOJX0/a ObUT pa3paboTaH NPOTOTUII MHCTPYMEHTA aHanu3a Tpacc. B

Ka4ecTBe fA3bIKa IPOrpaMMHUPOBaHHst ObUT BBIOpaH Java, Tak Kak JUls 3TOTO 53bIKa yXKe peain30BaH

Habop 6mbnmoTex ans paboter ¢ Event-B Monmemsamu, urto yno6HO s mpoTtoTumna. Peannzarus,
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MCIONB3YIOMIAsl MPEJIONKEHHBIH MOAXO0A M JIENAIoIasi HEMOCPEICTBEHHbIC BBIYHUCICHHS BCEX
00BEKTOB TOKa3aJIa JIMIThL HEOOJBIIIOe YCKOPEHHE MO CpaBHEHHMIO ¢ aHMMaTtopoM ProB. Tem He
MEHee, BBISCHHJIOCH, YTO MPOTOTHUII, HE CMOTPS Ha MPOCTEHIINYIO peann3alyio, BCe elle padoTan
obicTpee. [ qocTokeHus TpeOyeMbIX MoKaszarenel 3pGEKTHBHOCTH aHAIN3a OBLIIO HEOOXOIUMO
peann30BaTh HEKOTOPHIE ONTUMHU3AIHH.

Mpennoxenune E.1. Muosicecmsa ecex mmoowcecms, Oekapmoso npousgedenue, MHONICECMEd
omobpadicerHutl u QYHKYUl OONACHBL UMEMb NPedCmasielue, OMIUYHOE OM 0ObIYHBIX MHOICECTE.
B mensx onTuMHU3aIMK CTOUT OTKA3aThCs OT XPAHCHHS TAKUX MHOYKECTB B MAMSTH U BBECTH IS
HUX JIOTIOJIHUTEIbHOE TMpeAcTaBicHue. [Jis 3TOro Takke HEOOXOIUMO HHTEPIPETUPOBATH
HEKOTOphIe (popMyIbl nHaue. Hampumep, mpeaukar 38 MoKeT OBITh MepenucaH B 0ojee mpocToit
¢dopme 39. Tparchopmarius HopMya MPOUCXOIUT ABTOMATUUCCKH.

SUBSET € P(SET) (38)
SUBSET < SET (39)

Hpenno:xenue E.2. Ilpu obpabomke k6anmopos Heobxo0um asmomamudeckuti anaius opmyol,
HayeneHHvlll Ha OZPaHuveHue 00nacmu 3HAYeHUll NOOKGAHMOPHBIX nepemeHHvlx. 3MepeHns
BpeMeHH paboThl HHCTPYMEHTA MOKA3aJIH, YTO PelICHHE KBAHTOPHBIX GopMy sBiIseTcs Hauboee
3aTpaTHOH IO BpeMeHH 3ajnaded. Eciam 1o06aBUTh B aHAIW3aTOp JOMOJHHUTENbHBIC IIPaBHIIA
00paboTKK TakuxX (HOpMyJ, OrpaHUYMBAs MHOXECTBO MepeOUpaeMbIX 3HAYCHHUI, TO 00paboTKa
(bopMyIBl yCKOpSIeTCS Ha MOPSIIOK.

Hpennoxenne E.3. [lposepxa umnsapuanmog oOondxcha Ovims onyuoHaivHou. VIHBapHaHTHI
SBISIFOTCSL OOJIBIIMM HAaOOPOM TPEIUKAaTOB, KOTOPHIH HYKHO MPOBEPSTH IIOCIE BBINOJHEHUS
KaXJ0ro coObITHS B Tpacce. VHBapmaHTBI 4YacTO COAEpXKaT KBAaHTOPHI, TaK 4YTO JaXe C
ONTHMHU3AIMAME UX IPOBEPKA 3aHUMAET 3HAYUTENIFHYIO YaCTh BPEMEHH aHaIH3a.

ITpn 3TOM ecnam aHaNIM3 Tpacchl NMPOBOAMTCS Ha OCHOBE paHee BEpU(UIMPOBAHHON MOJENH, B
NIPOBEPKE HMHBAPHAHTOB HET HUKaKoW HeoOxomumoctd. [l BepuUpHUIMPOBAHHON MOJENH
BBINOJIHEHNE WHBAPHAaHTOB JIOTMYECKH CIENyeT M3 BBIIOJIHEHHUS OXpaHHBIX yCIOBHHA. Bce, 4To
JIEUCTBUTENBHO TpeOyeTcs Al MPOBEPKH KOPPEKTHOCTH COCTOSIHHSI — MPOBEPHUTH BBINIOJIHEHUE
OXpaHHBIX ycloBHH. Pazymeercs, npu pabore ¢ Ipon3BOILHBIMU MOAEISIMU 3TOTO HEJIOCTATOYHO,
HO JUIsl IOBBIIEHHS S(PEKTUBHOCTH HEOOX0AMMa OILIUSI OTKJIFOYEHHS TPOBEPKU MHBApUAHTOB. B
ProB Takas BO3MOXKHOCTb OTCYTCTBYET.

Ecnu mMozens He Bepu(HLIMpPOBaHA, BOSMOXKHBIA CIIOCO0 ONTHMHU3AIMHM — MPOBEPATH TOJIBKO TE
WHBAPHAHTHI, KOTOPHIE COJIEPKaT M3MEHEHHBIE TTOCIIETHUM COOBITHEM IIEepEMEHHBIE.

6. Bydywue uccnedoeaHus

B Hacrosmuit MOMEHT Bce TpaHC(hOPMAIMKA MOJENN BBIIOJIHSIOTCS aBTOMaTHYECKH Ha YPOBHE
MHIUBHIYaIBHBIX GopMyin. He OblI0 mpeanokeHo TEXHUK TpaHc(opMmanuu Mojieield BpyYHYO B
Hensix MoBblleHus: 3(GeKTHBHOCTH TecTHpoBaHus. HeoOxomumo mpoBecTH Oosiee OOIIUPHBIIL
aHaMW3 CYIIECTBYIONIMX MPAKTUK co3AaHus (GopMajbHBIX Mojeneil. B HacTosmmii MomeHT
OCHOBHBIM OPHEHTHPOM SIBJIIETCS MOJIENTb KOHTPOJIS IoCcTyna U motoka nHpopmanuu B OC Linux
[5, 17], HO TpeOyIOTCS HKCTIEPUMEHTBI M C JPYTUMHU MOJICIISIMH.

OrpannyeHus, IpeAIoKEeHHBIE B MoIpa3iene 5.2, ABISI0TCA CTPOTUMHE, HO Pa3yMHBIMH, €CIIH PEYb
HET O MOZETISX, HCIOB3yEeMBIX B IIPOIIECcCe TECTHPOBaHU. B ciryuae, Koraa 3T orpaHHYEeHHS BCE
K€ HEBO3MOXHO COOJIOaTh, BO3MOXKHBIM pEIIEHHEM MOXET OBITh  HCIOJIB30BaHHUE
SMT-conBepoB Ha oINpeAeIeHHbIX YacTsIX Moiesu. Harpumep, 3T0 MOXKET 0Ka3aThesl IOJIE3HO IS
noa0opa 3HaUeHUH KOHCTAHT, TaK KaK B paMKaxX OJIHOH MOJIEJIM 3TO JOCTATOYHO C/IENATh OJIUH Pa3
U B 3TO HMKaK HE MOBJHET Ha CKOPOCTb IOCIENYIOIIero aHainusza Tpacc. Heobxonumo mpoBectH
9KCIIEPUMEHTHI ¥ OIIEHUTH d(PPEKTUBHOCTH TAKOTO TIOIX01A.

Tekymiast Bepcuss MHCTPYMEHTa HE MOAJEPKHBAET OTJIOKEHHBIX BBIUYUCICHHUH, €CM HE CUMTATh
JUHAMUYECKH PacUIMPsAEMBbIX MHOXKECTB. B npumMepe u3 pasnena 3 BIOJIHE BO3MOXKHO ONPEIETUTh
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HECONIPEACICHHOC HAYaJIbHOC COCTOSHUEC MOJICIIN 110 TIEPBBIM COOBITUSAM. DTOT moaXoJ MOXKET OBITH
HCIIOJIB30BaH, YTOOBI JOCTUYb B MOJCIIAX 0OJIBIIETO YPOBH: a6C’I’paKIII/II/I.

XKemaeMblli pe3ynpTaT JAHHOTO HCCIICAOBAHMSA — JOCTHYb CKOPOCTH BBIIIOJHEHHS TECTOB,
MaKCHMaJIbHO OJIM3KOU K reHepanuy koja. TecTupoBaHue NPOTOTUIIA HHCTPYMEHTA aHAJIM3a TPpacc
Ha Mozenu cuctembl 6e3omacHocTr OC Linux 1 39000 TecTOBBIX Tpaccax MoKa3aio, 9To BCE TPACCH
NPOBEPSIFOTCA 32 8§ MUHYT 10 CPAaBHEHUIO C JIECATHYACOBBIM AHAIIM30M C HCIIOJb30BaHHEM ProB.
Co3naHHBIH BpY4HYIO Ha si3bIke Python ncnonHsieMblii aHaIOr MOZAEIH MMO3BOJIMII BBITIOJIHUTE TOT
ke Habop TecToB 3a | MUHYTY.

7. 3aknoyeHue

JlaHHass craThsi TOCBSILEHA HCCIEJOBAHHMIO IPOOJIEM, KOTOpHIE BO3HHKAIOT B IpOIEcce
TECTUPOBaHMs (pOPMaNIbHBIX CHCTEM, TaKUX KaK CUCTEMBI 0E30MacCHOCTH ONEPalHOHHBIX CHCTEM
o01ero Ha3HayeHUs1, B YacTHOCTH, Linux. [Ipu 3ToM HE00X0AMMO MOCTPOUTH POPMAITBHYIO MOJIETh
MOJUTHKH O€30MacHOCTH JJIsi TOrO, 4TOOBI ONIpeNeNuTh TPeOOBaHHS K CUCTEME U HMETh
BO3MOXXHOCTh JIOKa3aTh MX HENPOTHBOPEYUBOCTh M MOJHOTY. BepuduumpoBaHHas Mojelb
MOJIUTUKKA OE30MaCHOCTH HCHOJIb3YyeTCsl NMPU TECTUPOBAHUM pealu3allid CHUCTEMBI AJS aHaIu3a
KOppeKTHOCTH HaOmromaemoro moBefeHus. Ho 3ToT aHamus3 TpeOyeT OONBIIOro KOJIMYECTBA
pecypcoB U B HEKOTOPBIX CIIy4asx BCTPEYAETCS C HEMPEOJOIUMMBIMU NPENSTCTBUAMHU.

310 Hccie0BaHKE BBISIBUIIO KOHKPETHBIE IPOOJIEMBI, CBSI3aHHBIE C HEOTIPEICICHHOCTHIO 3HAYCHHH.
Ms!l 00603HaUMIM TOAMHOXKECTBO si3bIka Event-B, mo3Bossroniee n30exaTh HEONPEAEICHHOCTH H
MPETOKIIIN TTOIXO/ ISl BEIYUCIICHUS ONPEEICHHBIX 3HaUeHUH 1 3 QEKTUBHOTO aHAIM3a Tpacc.
PesynpraTel HWcCIEOBaHUS MOTYT OBITh TPHUMEHEHBI K JPYrHM (OPMAIBHBIM  SI3BIKAM
MO/JICIUPOBAHMS, UCIIOJIB3YIOIINM JIOTHKY IIEPBOTO MOPSIKA.

Taxke MBI peanu30BalM NPEIJIOKEHHBI METOA B INMPOTOTUIE HWHCTPYMEHTA aHANIH3a Tpacc.
[IpoToTnn 66T MPOTECTUPOBAH Ha OOJIBIIOM HAOOpPE TECTOBBIX TPACC M PEalbHOW MOJIEIN CHCTEMBI
6e301macHOCTH U TIOKa3ajl 3HAYUTENIbHO YCKOPEHHE IO CPaBHEHHIO ¢ aHmMmaropoM ProB. Otor
aHAJIM3 MOJKET OBITH BHINTOJIHEH HETIPEPHIBHO B paMKaxX OIHOTO ITPOCTPAHCTBA COCTOSIHUM MOJIEIH,
YTO AEMOHCTPUPYET NOAAEPAKKY HUHCTPYMEHTOM JJIMHHBIX TECTOBBIX TPACC.
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AHHoOTanusi. B pabore mnpencTaBieHBl pe3ynbTaThl YHCICHHOTO SKCIEPUMEHTA II0 HACHTH(UKAINN
TEpPMOKApCTOBBIX OOBEKTOB, O0OpPA30BABUIMXCS B pe3ysbTaTe KIMMATHUSCKUX HM3MEHEHHII B perHOHax
pactpoCTpaHEeHUss BEYHOH Mep3JIOTHl, Ha OCHOBE CIYTHHKOBBIX TIpaUyecKux naHHbIX. Paspaborana
NPUKJIaJHAasT KOMITBIOTEpHAs TporpamMMa, IpeAHa3sHaueHHast I HICHTH(UKALNN CIIyTHUKOBBIX TpadHYeCKUX
JaHHBIX peATU3yIoIas TPEXCIOHHYI0 HEWpOHHYIO ceTh. MneHTHdukamus TepMOKapCTOBBIX OOBEKTOB
MPUKIATHON MPOrpaMMoi MPOU3BOAMIACE HA OCHOBE METOAa 00yUdeHHSI HEMPOHHOM CETH C UCIIOJIb30BaHUEM
TPEHUPOBOYHBIX JaHHBIX. B kauecTBe ()yHKIIMU aKTHBAIMK B HEHPOHHON CETH MPHMEHSIIACh CHTMOUAANIbHAS
(yHKIOUSA, KOPPEKTHPOBKAa BECOBHIX KOI((GHUIMEHTOB CETH OCHOBBIBaJach HA METOlIE OOpaTHOTO
pactpoctpaneHus omrOoK. 3ydeHa 3aBUCUMOCTE 3 HEKTUBHOCTH HAECHTU(UKAINN OOBEKTOB OT PA3IUMIHBIX
HayaJbHBIX ITapaMeTPOB HEHPOHHOM CEeTH, TAaKUX KaK, CKOPOCTb O0yUYEHHS, KOJINUECTBO HEHPOHOB B CKPBITOM
ClIoe W KOJHMYECTBO JIOX OOydYeHHs. BBIABICHBI ONTHMaJbHBIC 3HAUCHHUS BBINICYKa3aHHBIX MapaMeTpoB,
obecrieurBaOUX HanOoJbIIMEe IOKa3aTenu 3(GEeKTUBHOCTH HEHpoHHOH ceTH. [IpoBeneHO cpaBHEHHE
MOJTy4YEeHHBIX PE3YJIbTATOB C JAaHHBIMHU JPYTUX UCCieioBaTeneil. B enom, pe3yasTaThl IpoBeAEHHOTO B paboTte
HCCIIeIOBAaHMS TTOKA3aIn TE€PCIeKTHBHOCTE PACCMOTPEHHOTO METOJa AN Pa3BUTUS aBTOMATH3MPOBAHHBIX
CpPeCTB TUCTAHI[MOHHOTO MOHUTOPHHTA TEPMOKAPCTOBBIX ITPOLIECCOB.

KnaroueBble cjioBa: HEHpOHHBIE CETH; TEPMOKApCTOBHIE OOpa30BaHUS; NMPOTPAMMHPOBAHUE; UHCICHHBIE
SKCTIEPUMEHTHL.

s nurupoBanus: XKe6caun B.B., [locensckuit A.®. Unentudukaims TepMOKapCTOBBIX OOBEKTOB MO
CITyTHHKOBBIM IpaM4ecKHM JaHHBIM ¢ rmomouibio HeliponHod cetu. Tpynst VICIT PAH, Tom 36, Bbm. 4,
2024 r., ctp. 183-190. DOI: 10.15514/ISPRAS-2024-36(4)-14.
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Abstract. The paper presents the results of a numerical experiment on the identification of thermokarst objects
formed as a result of climatic changes in the regions of the cryolithozone, based on satellite graphical data. An
applied computer program has been developed designed to identify satellite graphical data implementing a
three-layer neural network. The dependence of the object identification efficiency on various initial parameters
of the neural network, such as the learning rate, the number of neurons in the hidden layer and the number of
learning epochs, has been studied. The optimal values of the above parameters have been identified, providing
the highest efficiency indicators of the neural network. The results obtained were compared with the data of
other researchers.
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1. BeedeHue

Kak m3BecTHO, 00MacTh NMPAKTUUECKOTO MPHMEHEHUS IPOrPaMMHBIX CPEICTB, OCHOBAHHBIX Ha
TEXHOJIOTUHM HEHPOHHBIX CeTel MOCTOSHHO pacuupseTcs. Pa3BUBarOTCsI HOBBIC OAXOABI M METOBI,
YCOBEPIICHCTBYIOTCS CYIIECTBYIOLINE peleHus. B maHHOH! paboTe mpencTaBieHbl HTOTH pabOTHI
110 pa3paboTKe MPUKIIaAHOW KOMITBIOTEPHOM IPOrpaMMBI, pealln3yIoIieil HEHPOHHYIO CETh, a TAKXKE
e€ TepBOHAYANBbHBIE PE3yNbTaThl MPUMEHEHHS [UI1 peIIeHUs NPaKTHYeCKUX 3a7ad o
naeHTH(GHUKALME TEPMOKAPCTOBBIX IOJMIOHAJIBHBIX O00pa30BaHHUM, HAXOASIIMXCS Ha paHHEH
CTaJuy pPa3BHUTHs, HAa OCHOBE KOCMHYECKHMX TrpadUueckux JIaHHbIX. [IpudnHa oOpa3oBaHMs
MOJIMTOHAJIBHBIX TEPMOKApPCTOBBIX OOBEKTOB 3aK/IOYAETCs B IMOBCEMECTHOM MOBBILICHHH
TeMIepaTypbl Mep3/IbIX IOPOA B CEBEpHBIX permoHax [l-3], kak cieacTBue TII06aIBHOTO
norerieHust knmmara. O030p HaydYHO-TIPAKTHYECKOW JIMTEPATyphl, IMOKa3aj, YTO HECMOTps Ha
3HAQUUTEJIbHOE  KOJIMYECTBO  PabOT,  TIOCBALICHHBIX  JUCTAaHIMOHHOMY  30HJMPOBAHHIO
TEPMOKaPCTOBBIX IIOJIMTOHAIEHBIX 00pPa30BaHMii, BOIPOCH aBTOMATHU3MPOBAHHOM HACHTH(UKAIINY,
OCHOBaHHBIE Ha TEXHOJIOTUN HEHPOHHBIX CETEH, HE pacCMaTPHUBAIOTCS.

AKTyaJIbHOCTb pEeIIeHNUS 33134 HACHTH(GHUKAIMN 1 JeITH()POBKU a3POKOCMHUYECKHX (CIIyTHUKOBBIX )
rpaguyeckux o0pa3oB TEPMOKAapCTOBBIX IOJIMTOHAIBHBIX OOpa30BaHMM, XapaKTepHBIX JUIs
CeBEpHbIX perMoHoB Poccum, B  4yacTHocTH  SIKyTHHM, OOyCJOBIE€Ha  TpPaHCIIOPTHOW
TPYIHOAOCTYITHOCTBIO YKa3aHHBIX PETHMOHOB M pAacTylled HWHTEHCU(UKAUEH TII00anbHBIX
KIIMMAaTHYECKUX N3MEHEHHH.

[MocnencTBus nerpaganyy JaHIIAGTOB B YKa3aHHBIX PETMOHAX MOTYT OBITH KaTacTpOpUIECKUMH
JUIsl UTHQPACTPYKTYPHI, B YACTHOCTH, JUI1 BOZOBOAOB (pHc. 1), TpyOOIpOBOIOB, XKEIE3HBIX J0POT,
ra3ompoBOJOB U JPYrUX KPYHHBIX HHXKEHEPHBIX COOPYKEHHH, a TaKKe IKWIBIX H
IIPOU3BOJICTBEHHBIX 3IaHUH.

2. KomnbromepHas npozpamMma

st peanu3anuy HEHPOHHOW CETH, MPU MOMOLIM CPed Pa3pabOTKH MPOrpaMMHOIO 0OeCIeueHHs!
PyCharm (Python) u rpaduueckoro wuntepdeiica Qt Designer paspaborana mpuKIagHas
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KOMIIBIOTEpHAsl IporpaMMa. B nporpamme peanu3oBaHa TpEXClIOHAas HEHWpOHHas CeTb ¢
MEPEMEHHBIM KOJWYECTBOM VY3JIOB (HEHpPOHOB), NpeAHA3HAUCHHAS MJIsI PEIICHUS 3aJa4d
kinaccupukanuu (MaeHTH(GUKANNN) HA OCHOBE O0YYCHUS TPCHUPOBOYHOMY HA0OPY TaHHBIX.

Puc. 1. Tepmorapcmosvie nonuconanvHvie 06pasosanus (06vekmol) Ha mpacce 8000600a Jlena — Tyopa
Kioeav — Tammay (n. Matis, 60xp. Mynoynnax). @®omo A. M. Canvsa, 2016 2 [1].

Fig. 1. Thermokarst polygonal formations (objects) on the route of the Lena—Tuora Kyuel-Tatta water
pipeline” (Maya village, Mundullah reservoir). Photo by A. M. Salva, 2016[1].

Ha BxomHO# cioii cetu momaeTcs mMatpuiia li mudppoBsix kogoB rpaduyeckoro oopasa. Konnuectro
9JIEMEHTOB JIaHHOM MaTpHIBl ONpeseNseTcss pa3MepoM rpaduyeckoro obOpasa, HampuMmep s
n3oopaxenns 70x70 nukceneit matpuna coctout u3 4900 sanemeHTOB (HeiipoHOB). /laHHas MaTpula
YMHOXaEeTCs Ha MaTpHIly BeCOBbIX K0P PuIneHTOB Wi+1, FeHEpUPYEMBIX CIy4ailHBIM 00pa3oM.

X0 =W, -1, &

i+l i+ i
rze | — MaTpuna BXOJHOTO CUTHAJA;
Wi+1 — MaTpuiia BeCOBbIX KO PHUIIUECHTOB;
Xi+1 — MaTpHIa BXOAHOTO CUT'HAJIA CKPBITOTO CIIOSL.
Takum o0Opa3om, Ha INeEpBBIH CKPBITBIM clOM nomaercs marpuna Xitl. B kadectBe GyHKIMK

AKTHUBAllUU MIPUMCHSACTCSA CUTMOUA. B pe3ysIibTaTe NOJIydacM BLIXO,E[HOﬁ CHUT'HAJI CKPBITOT'O CJIOA B
BUJC:

—_— 1 -
1+e 7’

B citydae TpexciioiiHoi ceTH, BBIXOIHOM CUTHAJ CKPBITOTO CJI0S MOAAETCs Ha BBIXOJIHOM CIION CeTH.
Takum 006pa3oM, BEIXOJHON CUTHA CETH OIPEASIISeTCS KaK:

O, =W, -0, ®)
rae Ok — MaTpuIa BRIXOIHBIX CUTHAJIOB K 105 (BBIXOIHOTO);

Oj — MaTpHIa BBIXOJHBIX CUTHAJIOB IPEIBIAYILETO | CIIOS (CKPBITOTO);
Wik — MaTpuiia BecoBbIX KOI(PHUIIMEHTOB MEXTy CIIOAMH | U K;

O 2

i

B ciydae cetm coO MHOXECTBOM CKPBITBIX CJIOE€B, MaTpHIla BBIXOJHOTO CJIOSl BBIMOJHSET POJb
CJIC/TYIOLIETO CKPBITOTO CII0S. AJNITOPUTM O0OYyUYeHHMS M pacyeTa HeHPOHHOW CeTH OCHOBAaH Ha METO/IE
00paTHOrO PacHpOCTPaHEHUH OUIMOOK M KOPPEKTUPOBKE BECOBBIX Koa(¢uunentos. B mpouecce
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00ydeHHsI CeTH, MMPOM3BOANTCSI MUHUMH3AIUSA (QYHKIIMH OUTHOKA Ek IIPH TIOMOIIH KOPPEKINN

BECOBBIX k03¢ duuuenTos [4, 5]:

AW, = @
oW,
rre, o — kodpduaueHT o0ydeHns;
OB _ rpajiueHT QyHKIUH OIIHOKH.
oW,

3meck, AW, — MaTpHiia KOPPEKIHH BECOBBIX K03 PHUIIEHTOB, KOTOpas OMpeaeseTcs Npu

TOMOIIHN BBIPpAXKCHUA:

AW, =a-E -O,-(1-0,)-Oy; (5)

rne, E, = (t, —O, )2 - Matpuua GpyHkuun oumoky, ty - nenesbie (MpaBUIbHBIC) 3HAYCHHS Y3108

BBIXOJJHOTO CJIOSI CETH;

T
O TPaHCIIOHUPOBAHHAsI MATPHUIIA CUTHAIIOB CKPBITOTO CIIOS.
Takum 00pa3oMm, B porpaMMe peayu30BaH CTaHAAPTHBIH METOJ PEIICHHUS KiIacCH(UKAHMOHHOM
3aaud HEHPOHHO# ceThio. [IporpamMma paspaboTaHa B BUAC NPUKIATHOTO CPEICTBA U OCHAICHA
U yIoOCTBa MOJB30BaTeNs rpaduaeckuM uHTepdeiicom (puc. 2).

B Tnaenan dopma - MNapameTpel HERPOHHOR CETH - O X
BxoaHeIe napaMeTpel
BoiXOAHbIE PESYNLTATHI
KosdpuuperT (ckopocTs obydeHurs): |0,0010000 = SdeperTHBHOCTE:
3ammcate B B |:|
Konu4ecTBo BXOAHBIX Y3N0B: 4300 3anucaTe B daiin
PesynsTaTE TECTUPOBAHIA W PACYETa:
KonW4ecTBo CKpbIThIX Y3N0E: 500 "
Oteet ceTu: 0 MpaBunbHbIA 0TBeT: 0 ~
OTBeT ceTi: 1MpaBunbHbId oTBeT: 1
KONMECTBG BEIXOAHBIX Y3M0S: OTeert cemi: 0 MpasunbHbi oTeeT: 0
OteeT ceti: 1MpaBuneHeil oTBET: 1
OTBeT ceTu: 0 MpaBunbHLIR oTEeT: 0
(BT neTan OTBeT ceTi: 1MpaBubHbIi oTBET: 1
Oteet ceti: 0 MpasuneHeii oTeeT: 0
Oteet ceTv: 1 MpasuneHsii oTeeT: 1
PacdeT (3anpoc) fes ofiy4eHua O Oteet ceTu: 0 ﬂpaEMﬂbelEi oTeeT: 0
Oteet ceTi: 1lpaBunbHBIA OTEET: 1
. & . . Oreet cetv: O MNpasuneHei oTeeT: 0
CEnmT o= s heuExpNuvlﬂZS,{tram_Nx 70_480.csv | ... OTeeT ceTh: 1 MpasunbHbI oTBET: 1
OTeeT ceTi: O MNpasuneHeEi oTeeT: 0
. OTeeT ceTi: 1MpasuneHei oTEET: 1
ConE TR T L’NEUEXDNUVZUBIESLN" 70_120.csv ‘ Oteet cetu: 0 MpasnsHei oTEET: 0
OreeT ceu: 1 On fi nTReT: 1 hd
Crapt 3aKpbiTh

Puc. 2. I'nagnoe oxHo npoepammul.
Fig. 2. The main window of the program.

B mporpamme cyiiecTByeT BO3MOXKHOCTB 3aIlHCH PE3YJIbTATOB PACUCTOB Ha BHEIIHUI TEKCTOBBIH
¢aiin, a TakkKe COXpaHCHHS 3HAYCHHH BECOBBIX KOA()(HIIMEHTOB OTIEIBHBIX HEHPOHOB B 0a3y
naHHbIx SQLite.

3. O6byyeHue cemu

st oOydeHus ceT ObUIM TIOATOTOBIICHBI TPEHUPOBOUYHBIE HAOOPHI JaHHBIX, cocrosmue u3 480
oungpoBaHHBIX rpadMueckux 00pa3oB, HEKOTOPBIE 00pa3Ibl KOTOPHIX NMpUBEICHbI Ha puc. 3. Ha
JTAaHHOM pHCYyHKe o00pasmbl 1, 3 ¥ 4 uMEIOT XapaKTepHble IPH3HAKH TEPMOKAPCTOBBIX
MOJIMTOHAIBHBIX 00pa30BaHMH, MPEJICTaBIEHHBIX Takke Ha puc.l. OcTanpHble 00pasipl Ha puc. 3
ABJISIFOTCS IPUMEPaMH JIaHAMIa(TOB U3 TOW K€ MECTHOCTH, HE MMEIOIINX MPU3HAKOB JACTPaJalny.
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I'paduueckue oOpasbl AJsl TPEHHUPOBOUYHBIX M TECTOBBIX HAOOPOB CHOPMHUPOBAHBI HA OCHOBE
CIYTHUKOBBIX JaHHBIX Google u reorpapuueckd oOTHOCATCS K UypamuymHCKOMY paioHy
Pecniyommkn Caxa (SkyTtms), Tae B HacTosmiee BpeMs HaOJIOmaeTcs aKTHUBHAs erpajariist
JaHAmadToB W3-3a WMHTEHCHBHBIX KIMMATHYECKUX HW3MEHEHHMH IIOCIEIHHUX JICCATHIICTHH.
OOyuaronuii HaOOp COCTOSUT U3 NPEIBAPUTEIHHO 00padOTaHHBIX U OLU(DPOBAHHBIX (HOTOCHUMKOB
B [IBETOBOM ITAJIUTPE OTTEHKOB CEPOTO.

6

Puc. 3. Ilpumepwr epaguyeckux 06pazos uz mpeHuposouHo20 Habopa OAHHbIX.
Fig. 3. Examples of graphical images from the training dataset.

4. Pe3ynbmamabl YUC/IEHHO20 3KcrepuMeHma

CyTh YHCIEHHOTO DKCIEpHUMEHTa COCTOsUIa, B TOM, 4YTOOBI OOY4YEHHYIO HEWPOHHYIO CETh
UCIIBITHIBATh HA TECTOBOM HabOpEe NaHHBIX, C LIENbIO BBISBICHHS 3aBUCUMOCTH 3()(GEKTHBHOCTH OT
pa3MuYHbIX Ha4yaJbHBIX MapaMeTpoB. TecToBbI HAOOp NaHHBIX, cocTosl M3 120 ciy4yalHbIX
00pa3oB, coJiepKalluX TEPMOKapCTOBbIe 00BEKTHI, TAK U HE coiepxKauux ux. Kpurepuem kauectna
o0yueHus ceTu ciyxuia 3pQeKTHBHOCTD, ONpe/ieJeHHass KaKk IPOLEHT KOJIMYeCTBa MPAaBUIbHBIX
OTBETOB, OTHOCUTEIHHO OOIIEro KOJIMYecTBa 00pa3oB TeCTOBOro Habopa. M3yueHne 3aBHCHMOCTH
3¢ PEeKTUBHOCTH CETH NPH HACHTH(UKAIMU JaHHBIX TECTOBOTO HA0Opa OT CKOPOCTH OOydeHHs
MOKA3aJI10, YTO MaKCUMaslbHasA 3()(heKTHBHOCTH HAOIIIOAAETCS TP CKOPOCTH 00Y4EHHS B MHTEPBAIe
3HadeHuit 0.001-0.003, He3aBHCHMO OT KOJIMYECTBA HEWPOHOB B CKPBITOM CJOE. 3aBUCHMOCTH
3¢ PEKTUBHOCTH CETH OT CKOPOCTH OOYYEHHS MPH Pa3IMYHbIX KOJMYECTBaX HEHPOHOB B CKPHITOM
cJloe puBeieHa Ha puc. 4.

[omydeHo, 9TO KOIMYECTBO 30X 00y4YeHUs! O€3yCIOBHO OKa3bIBAET BIMSHHE Ha 3(PEKTUBHOCTH
CeTH, MaKCUMaJIbHbIC 3HAUCHHsI KOTOPOI HaOII0af0TCs MTPH KOJIMYECTBE 310X B 1uanasone 19-20,
nocturass 3HadeHuid 90-92 %. JlanmpHellee yBenWYEeHHE KOJIMYECTBA SI0X HE HPUBOAMUT K
MOBBIIICHIIO 3()()EKTUBHOCTH U Jajiee IPOUCXOINT ¢€ MOCTEIICHHOE CHIDKeHHE (pHcC. 5).
HccnenoBanue 3aBUCUMOCTH 3(Q(EKTUBHOCTH CETH OT KOJMYECTBA HEHPOHOB B CKPBITOM CJIOE
mokasaio, uto npu ckopoctu o0yuerns 0.001 u konmyectBe 3mox 10 HaubombIas 3pPEeKTHBHOCTH
HaOJroaeTcs MpH KOJIMYecTBE HEHpoHOB B nuamasoHe 3500-3750, mocturas 3HadeHWs B 92%.
Yka3zaHHas 3aBHCHMOCTb NIPECTaBICHA Ha puc. 6.

5. 3aknroyeHue

Kak moka3asn 4uClIeHHBIH dKCIEPUMEHT, 3D (EKTUBHOCTh HEHPOHHON CETH NPHU UICHTU(DHUKALUH
TECTOBBIX TEPMOKAPCTOBBIX OOBEKTOB BapbupyeT B mpernenax 88-92 %. M3yuenne 3aBuCHMOCTH
3(h(HeKTHUBHOCTH HACHTH()UKAIIMK OT KOJIMYESCTBA DII0X M0KA3aJ10, YTO HanOoJbIast 3 GeKTHBHOCTD
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JIOCTUTAETCS TIPH KOJHMYECTBE SMOX O0y4eHms cetm 19-25, majee MpOMCXOOUT YXyAILICHHE
pesynpratoB (puc. 5). MccmenmoBanme 3aBUCUMOCTH 3(PPEKTHBHOCTH OT CKOPOCTH OOyUeHUS
MOKa3aJ0, 4TO MaKCHMallbHas pe3yJbTATUBHOCTh CETH JOCTHIACTCS MPH 3HAYCHUSIX CKOPOCTH

o00yuenus B npeaenax 0,002-0,003.
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ITo Bompocy mojdOpa ONTHMAILHOIO KOJIMYECTBA HEHPOHOB B CKPBITOM CJIOE CYIIECTBYET Psijl
pexomeHmanuii. B wactHocTH, B pabGore [5], mpuBOAMTCS ClieAyOmas PEKOMEHIANUsS 10
ONTUMAIILHOMY KOJIMYECTBY HEHPOHOB CKPBITOTO CJIOS:

N, = 2NN

(6)
rze Nj — KoTuuecTBO HEHPOHOB BXOAHOTO CIIOS;
No — KOJIMYEeCTBO HEHPOHOB BBIXOHOTO CJIOSI.
B nmamem cnydae, coryiiacHO cooTHommIeHHI0 (6), HamOompmas 3¢dekTuBHOCTE HOMKHA ObLIa
HaOmomatecst mpu Np = 3277, HO TO pe3yiabTaTaM IIPOBEACHHBIX HAaMH WCCIEIOBaHUH
MaKcHMaibHas 3QQPEKTUBHOCTE CETH NMPHUXOAUTCS HA KOJIUYECTBO HEHPOHOB B CKPHITOM CJIOE B
JuanasoHe 3HaueHuid 3500-3750.
B memom, pe3ympTaThl MCCIEIOBAaHMS IOKa3ald MEPCIEKTHBHOCTh PAaCCMOTPEHHOTO METOZA
HACHTU(QHUKAINN TpapuIecKiX 00pa3oB TEPMOKAPCTOBHIX 0OBEKTOB, OCHOBAHHOTO HA TEXHOJIOTHH
HEWPOHHBIX CETEH AJISI pa3sBUTUS aBTOMATH3MPOBAHHBIX CPEICTB ANCTAHIIMOHHOTO MOHHMTOPHHIA
TEPMOKapCTOBBIX MPOLIECCOB.
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AnHoTtanus. B pabore chopMmynupoBaHa U pelieHa 3a1ada ONpeAeTICHUs THAPABIMYECKON KPYIMTHOCTH IS
eIMHINYHOHN yacTHUbl. [ perieHns 3a1a4n npeIiokeHa OpUrHHAIbHAS Pa3HOBHIHOCT METO/IA CIIIaKEHHBIX
yacrun (SPH), B KOTOpoM ocaxkaeMasi 9acTHIa OKa3bIBaeT BIMAHUC HA JBHKCHUE OKPYXKAIONIUX €€ YaCTHUII
BOJIbI, HO PacyeT CWJI, ICHCTBYIONIMX Ha YaCTHILy (KPOME CHIIBI, YYUTHIBAIOMINX 3()(EKT MprcoeTMHEHHOH
MAacChl), BBIMOJHACTCS MO (HOpMysiaM aHAJTUTHYCCKOW MEXaHWKH JJIsi MaTepHabHONW TOuYkd. Bepubukanums
MPEJUIOKEHHON MaTeMaTHYeCKOW IOCTAHOBKUM W PEATU3YIOIIEro €€ aJrOpUTMa pacueTa BBINOJIHEHA C
HCITOJIb30BaHUEM OTKPBITOrO aBTOpckoro kozaa «SPH_Lab2dy. [onmydyeHsl 3aBUCHMOCTH ISl THAPABIAYECKOM
KPYIHOCTH YacTHUIIBI OT €€ TUaMeTpa s Pa3iIMyHbIX CIydaeB JUCKPETU3ANU 00beMa )KUAKOCTH. UHCIeHHBIE
PE3YyIBTaThl AEMOHCTPHPYIOT XOPOIIYIO COTJIACOBAHHOCTh € SKCIIEPHMEHTANBHBIMU JaHHBIMHA U U3BECTHBIMU
(heHOMEHOOTHYECKUMH 3aBUCUMOCTSIMH JUTS KBApLIEBOTO TTECKa.

KnroueBble cioBa: ruapaBimdeckas KpymHocTh, meron SPH, cocraBHOe sapo, paamyc CriIaKHBaHUSA,
OTKpBITOE IPOTpaMMHOE 00eCIIeUeHHE.

Jass uutupoBanus: [loranos M.U., Pemernukoa O.B. K mMozpenupoBaHuio 3a1auu OCaXACHUS TBEPAOH
YaCTHUIIBI B BA3KOW HECXKMMAEMOH KHUAKOCTH METOJOM THIPOJMHAMUKH criakeHHbIX dacTtull (SPH). Tpynst
HCII PAH, Tom 36, BbIm. 4, 2024 1., ctp. 191-202. DOI: 10.15514/ISPRAS-2024-36(4)-15.
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Abstract. In this paper was formulates the settling velocity determining problem for a single particle. To solve
it, an original version of the smoothed particle method (SPH) is proposed where settling particle affects on
surrounding fluid particles movement. Herewith the calculation of forces acting on particle (except for inertial
forces which takes attached mass effect) is performed according by analytical mechanics formulas for a material
point. This mathematical formulation and calculation algorithm was verificated by using open source code
«SPH_Lab2d». Dependences for the particle settling velocity on its diameter are obtained for various cases of
fluid volume discretization. The results demonstrate a good conformance this property to values, that
determined by the experimental data and known phenomenological dependences for quartz sand.

Keywords: settling velocity, mesh-free SPH method, composite kernel, smoothing radius, open source
software.

For citation: Potapov I. I., Reshetnikova O. V. On modeling the grain settling through viscous incompressible
fluid problem using smoothed particle hydrodynamics method. Trudy ISP RAN/Proc. ISP RAS, vol. 36, issue 4,
2024. pp. 191-202 (in Russian). DOI: 10.15514/ISPRAS-2024-36(4)-15.

1. BeedeHue

MopenupoBaHue PYCIOBBIX MPOLECCOB HAXOAUT MHOKECTBO MPAKTUUYECKUX MPUMEHEHHM — OT
MIPOEKTUPOBAHMSI KOHCTPYKLMH M CYAOXOAHBIX Tpacc A0 HNPOrHO3UPOBAHMS YPE3BBIYANHBIX
CUTYyAIMii U UX MOCTCACTBHA. Ba)KHBIM MEXaHH3MOM HU3MEHEHUS (OPMBI pyciia SIBJICTCS MPOLIECC
JIBU>KEHUS IOHHBIX YaCTHI], MATEMAaTUYECKOE OITMCaHUE KOTOPOTO OJJHUM M3 IapaMEeTPOB BKIIOYAET
CPEIHIOI0 CKOPOCTh MaieHUs (OCAXKICHUS) TBEPJON YACTHIIEI B CTOSYCH BOJIE.

JIBmxeHue JOHHBIX 4YacTHIl (B3BEIIMBAHHUE M OCAXKIEHUE) XapaKTePU3YeTCs HATUIHEeM
CHWIbHOIC(OPMHUPYEMBIX TPAHHI[ — JOHHOW MOBEPXHOCTH, a TAKKE CBOOOIHO IMEPEeMEIIaeMBbIX
Pa3pO3HEHHBIX (B TOM YHCIIE M €IUHUYHBIX) TPAHYJ TBEPAOH (HpaKiiK B pac4eTHOM 0ObeMe.

B HacTosimiee BpeMs pu MOJEIUPOBAHUH IIPOLIECCOB B3BEIIMBAHUS U OCAXKACHUS TOHHBIX YaCTHI]
JIOMHHUPYIOT CETOUHBIE METOJBI [1] pa3paboTaHHbIe I PELICHUS 3a1a4 MEXAHWKH CIUTOIIHBIX
cpen. CyliecTBYIOT MHOTOYHUCIIEHHBIE TPUMEPHI TaKUX HUCCIEOBaHMN ¢ 0ojiee 4eM BEKOBO
ucropueii [2]. OmHAaKO KIACCHYECKHE CETOYHBIC METOABI CTAJKHUBAIOTCS C HW3BECTHBIMU
TPYIHOCTSAMH TIPH OMUCAHUHM BO3AYIIHO-TIECUAHBIX WJIM BOJHO-TIECUAHBIX CMECEH BBICOKOH
KoHIeHTpalwu [3], KoTopeie 06YCIOBIEHB HEOOXOUMOCTHIO IOCTPOEHHST YPABHEHHMA COCTOSHHSI
MHOTO(a3HOM Cpepl M CIOKHOCTHIO BepH(PUKAINY TAKUX YPaBHCHH.

Crnenyer OTMETHTh, YTO Pa3HOCTHBIC UM MPOCKIIMOHHBIC CETOYHBIC METOMbI pa3paboTaHbl IS
pelieHns 3a1a4 MEXaHUKH CIUIONTHBIX cpell. Ho chimyunii Mmatepual (mecok) Kak IUCKpeTHas cpea
UMEeT XapakTepHbIE MPOCTPAHCTBEHHBIE W BPEMEHHBIC MAcIITaObl, OrPAaHHYMBAIOIIUC
BO3MOXHOCTH €r0 OINUCAaHUs ypaBHEHUSMU MEXaHUKU CIUIOLIHBIX CpeJl, MOCKOJIbKY HEe BCeraa
OKa3bIBA€TCsl BBIIIOJIHUMBIM MpeAebHBIA TEepexo], KOIJa ChIIy4ecTh CpeAbl MPUBOAMT K
Xa0TH3aIMU TPOLECCOB Pa3BUTHUS JIOHHON HeycToW4nBOCTH [4, 5, 6] (XOpOIIO U3BECTHBIE TOHHbIE
BouiHBI). [lo 3TOW MPUYMHE HCIIOB30BaHHE MPOCKIIMOHHO-CETOYHBIX METOJIOB IS YHCICHHOM
peanm3anyi  MOJeJed JBMKCHHMS BBICOKOHAIOJHEHHBIX BOJHO-TIECYAHBIX CMeceill TpebyeT
(hOPMYITUPOBKH CIIOKHBIX PEOJIOTHIECKUX MOJIENIEH, U BATMAAIMHA KOTOPBIX YaCTO OTCYTCTBYIOT
JKCIIEPUMEHTAaJIbHbIE JaHHBIE.

ABTOpaM Ha JaHHBI MOMEHT HE U3BECTHBI MaTEMATHUYECKHE MOJIENIH U COOTBETCTBEHHO CETOYHBIE
METONbI, TIO3BOJISIIONIME KOPPEKTHO MOJEITUPOBaTh JaHHbIE siBieHWsA. OmnpeaencHHOE
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MPENMYIIECTBO 3AECh MOIYJIal0T 0€CCETOUHBIE METOABI MOJICITMPOBAHMS BOJHO-IIECYAHBIX CMECEH,
MOCKOJIBbKY MO3BOJISIOT HE BEINOIHATE MPEAEIBHOTO MEPEXoa A IPaHyIOMETPHUIECKOil hasbl, T.€.
HE paccMaTpHBaTh €€ KaK CIUIONIHYIO cpey. B HacTosimee BpeMs BeAyTcsi akKTHBHBIE NCCIIEIOBAHHS
B JIaHHOM HarmpasjieHud [7], Hanpumep Bo3MoxkHOCTsIME 1aTdGopMbl «OpenFOAM 2.0.0: Particle
Tracking» uccienyroTcsi KOMOMHALIMKM CETOYHBIX METOIOB JUIsl ONMCaHMs TuapoauHamMuku 1 DEM
METOJIOB AJIS OTIMCAHUS TBEPAOH (a3bl.

Taxoke M3BECTHBI PaOOTHI 10 MOJIEIMPOBAHHUIO BOJIOTPYHTOBBIX MOTOKOB MeTozoM SPH. Onnako
3/Iech JUIsl CIIy4YaeB JBW)KEHHS €IMHUYHBIX I'PaHyJ TBEPAOH (pakiMy B JKHIKOCTH, WIH IPOCTO
HE3HAYMUTEIbHBIX €€ 00BbEeMOB (B CpaBHEHMHM C pacueTHBIM) HMMEET MECTO HEe(PpHU3NYHOCTb
nonydaemMoro peuieHus [8] B cBA3M ¢ ommMOKaMH ONpeleieHHs IUIOTHOCTH (a3bl MOpH
UCIIOJIb30BaHMN Kiaccnuyeckoro SPH-noaxoxna. IloaToMy 3adacTyro npejyuiaraercss He y4YUTHIBaTh B
penieHuH (OTHOCHTBH K IMOTPEIIHOCTH) ciiydan 000COOJICHHOTO PacIoJIOKEeHUsI TpaHyl B o0beMme
JKHUIKOCTH, a pacCMaTpHBaTh JBHKCHHE TOJBKO MakpooOBeMOB TBepIoit (asel. B paGore [9],
MOCBSIICHHOW MOJICITMPOBAHHUIO BCIUIBIBAHUS ITy3BIPDHKOB Ta3a B XMIKOCTH (3afgada, oOparHas
OCa)KICHHUIO) O3HAUEHHYIO MIPOOIEMy MpeIaracTcsi KOMIEHCHPOBATh IPUCBOCHNEM (DPAKIUH Ta3a
MOBBIIIEHHOH Ha HECKOJIBKO MTOPSIIKOB IJIOTHOCTH, YTOOBI OHA COCTABIIsIIA HE MEHEE OHON AECATOH
JONMM OT TUIOTHOCTH XHUAKOCTU. IIOHSATHO, YTO MOAENM C MOAOOHBIMH MapaMeTpaMHu TaKKe
HeaJIeKBaTHBI (PU3NUecKoi MPUPOAE MPOIECCOB.

Oco0eHHOCTBIO JAHHOM PabOTHI SABJISETCS MOTBITKA ONMMCAHUS XKUAKOH Cpebl U ABHKEHUS B HEH
TBepAbIX rpaHyn1 SPH mMeromom, ocraBasch B paMKax MEXaHHKH CIUIOMIHBIX cper. st rpaHyIisl
TBEpJIOTO MaTepHaja 34eCh HCIONb3yeTcs KOMOMHAIMS IOXOJOB KJIACCHYECKOH MeXaHWUKH
MarepuanbHoit Touky 1 SPH noaxoza 1uist ydera oOpaTHOTO €€ BIHSHUS Ha KHUAKYIO Cpey. ABTODEI
Ha JaHHBIH MOMEHT BEIyT HCCIIEeIOBATeIbCKUH MOUCK BO3MOXKHOCTEH TaKOro MOAXOAa, pelias
pas3nYHbIe MOZETbHBIC BEpU(PUKAIIMOHHBIC 3aJaH.

2. MocmaHoeka 3adayqyu

B pabote uccienyercs mporiecc ocaxaeHus chepuIecKkoil TBEP IO YaCTHIIBI B BA3KOW JAMUHAPHOM
TSDKEJION HEeC)KMMaeMoH kUKol cpesie. PacuetHas obnacth 3anauu () u ee rpanuipl [, npuBeeHb
Ha puc. 1.

Vv
T d;

l_‘r\“x_ 4d

0 H
[}, -
L

X

Puc. 1. Ilpedcmasnenue pacuemuoii ooaacmu 3a0a4u.
Fig. 1. Task computational domain presentation.
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Maremartiyeckass MOJIesIb 3aJa4d BKIO4YaeT ypaBHeHus: HaBbe-CTOKCa, OMMCHIBAIOIINE JKUAKYIO
cpeny

pf%+VP=uAuf+pfg, 1)
V- up=0, )
a TaKKe ypaBHEHHS JUTs OCEAAOIIEeH YacTHIIbI [2]
mg = const. 3)
mg =2 = S 4 F™ 4 F°. )

dt

3neck pf M ps — IUIOTHOCTH KuAKOCTH (MHZekc «f») M ocemaromrelt wacTHuBI (MHIAEKC «S»)
COOTBETCTBEHHO; Us U U; — BEKTOPHI CKOPOCTEH KUIKOCTH M OCENAONIEH YacTUIIbl; P — aBIeHue
B xkuzakocty; V — oneparop I'ammiibToHa; mg — Macca ocenaromeii yactTuusl; F st _ cuma CTokca [yist
yactuiel; F™ — cuna ot npucoeauHeHHoN Macchl; F¢ — apxumMenoBa cuna (CyMMapHasi cuia OT
JIEHCTBUS TATOTCHUS W BBITAIKHBAHUA), U — JHMHAMHYECKAs BA3KOCTH kuakoctH; g = (0,—g) —
BEKTOp YCKOPEHUsI CBOOOTHOTO MaICHHUS.

Bripaxkenus s cuil, JEHCTBYIOIIMX HA OCEAAOUTYI0 YaCTHIy, UMEIOT BU

F® =m, (I—Z—Z)g, (5)

Fst = 18dlzzu(uf —u,) = 18;;;5# (u — uy), (6)
2 2

F" = —VE;, E ="p [ (L) av;. %

3nech V; — 00bem vacTupl; dg —IMaMeTp YacTulpl, Us = |Ugl|, up = |uy|.
Cuna ot npucoeuHeHHOH Maccel F™ BhIpakaeTcs yepes KMHETHIECKYIO SHEPTHH KUAKOCTH Ef,

YBJIEKaeMOH OCeJarollell 4acTHIEH IpU €€ YCKOPEHHOM JABMXeHHU. [lockolbky Macca sBIeTCs
BEJTMYMHON CKAISIPHOM, (hakTrnueckuit 3Hak F™ omnpenensieTcsi 3HAKOM YCKOPEHHS YaCTHIIBI.

VYpasuenus (1)-(4) 3aMmpIkaroTCsA HAYAJIBHBIMU (3/1€Ch X — KOOPIMHATHI TOYKHU B TPOCTPAHCTBE)

us(x,0) =0, x€Q, 8)
xs(x: 0) = xOS(xl 0)1 us(xl 0) = 01 X € Qv (9)
nu I‘paHI/I‘-IHBIMI/I yCHOBI/IHMI/I
us(x,t) =0, x€T,. (10)
du
d—yf(x,t)=0, x€Tl;. (11)

3. Quckpemus3sayus 3ada4yu memodom SPH

Wnmest Meroga THAPOAMHAMHUKH criaxeHHsIx dactull (SPH) ocHOBama Ha mpeacTaBiIeHUH
pacueTHOTO 0O0BEMa KOHEYHBIM HA0OPOM JIaTPAHXKEBBIX YACTHUI], KaKAas W3 KOTOPHIX 00iamaeT
00BEMOM, MacCOH | SIBIIIETCSI HOCUTENEM (U3MYECKUX CBOICTB (IUIOTHOCTH, CKOPOCTH, JABICHUS
n T.1.). Bennunna Hexoroporo cpoiicrBa SPH-wacTHIlBl B TOYKE MPOCTPAaHCTBA OIPEAEIIETCS
«CTJIAKEHHBIM» BKJIAJJOM OT OJM3JIEkalMX YacTHII-COCeNled 4Yepe3 BeCOBYIO (QYHKIHIO — sIPO
crnaxupanus W (manee — s1po). [iist YMCIEHHOTO BBIpaXKeHHs 3HAUeHUsI cBoiicTBa B SPH-uacTuie
HCIIONB3YIOTCS alIPOKCUMAITHH, MTOTydaeMble U3 CIeayIonmx 6a30Beix popm [10]:
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vfi=3; ’:—]f fi; VW (ri;, H).

3mecy f; = f(x{*) — 3nadeHne QyHKUMH CBOWCTBA f, ANMPOKCHMHPYeMOE B YacTHIE [ C
koopyunatamu x{* (@ = 1,...,D; D — pa3sMepHOCTb MPOCTPAHCTBA 33/[a4H); f;; — HHTEPIONAIHS
dynkimu f Ha oTpeske Mex Ty TOUKaMH X;* U X;* 110 IByM COOTBETCTBEHHBIM 3HAYCHUAM f; U f}; m;
M p; — COOTBETCTBEHHO Macca M IUIOTHOCTb YACTHIbI, HAXOAMEHCAs B 0OMACTH CIyIaKMBaHHS,
W(rij,H) — SApO, YIOBJIETBOPSIONIAS YCJIOBUAM YETHOCTH W(ri j,H) = W(—ri j,H) u
KOMITAaKTHOCTH W(rij,H) =0, L= H; VW(ri j,H) — TpOW3BOAHAA Ui sApa; Ty =

2 P
Za(x;" - xl“) — paccTosHMe MEXIy dacThuamu [ u j; H — pasMep o0nacTu criiakuBaHus,

ONpEZCTAEMBbIil MIPOM3BEACHUEM CIVIAKMBAIOMIEH JUIMHBL K © 0e3pasMEepHOro pajmyca
CriuaxuBaHus R.

st moctpoenus quckperHoro ananora 3agadd (1)-(11) meromom SPH mpousBoauTcs MCX0HOE
pasbuenne pacueTHOH oOmacTH () Ha KOHEYHOE MHOXeCTBO SPH-wactnm pasmepamm df m ds.
Huckpernblii  ananor mis ypasuenuit (1)-(2) Haebe-Crokca dQopmymupyercs B paMkax
kiaccuyeckoro moxaxoaa [10, 11] u ompemenseTcs ypaBHEHHEM MABHIKEHHUS IS KaXIOW U3
MHOXecTBa SPH-uacTuI, mpeacTaBisronMX pacyeTHbIH 00beM KUAKOCTH. Jlanee 1Mo TekcTy Takas
YacTHLA )KUAKOCTH 0003HaUEHa HHICKCOM «i», ¥ TEM JKe HHICKCOM CHa0XEHO aIlllpOKCUMHPYEMOe
no meroxy SPH mepemenHoe cBOICTBO B HEH. Y paBHEHHE IBIXKCHHS JKUIKOCTH

ﬂ _ (Pi+Pj )de(TU)l‘i
dt mf ZJ pi + HU dar |rij| + 9, (12)
Tae j — JOKanbHBIH HOMep J000H SPH-uacTibl BHyTpH o6nacTv criaxusanms; II;; — 4iieH,
HUMEHYEMbIil HCKYCCTBEHHOM BsizkocThio [10, 11]
—Hegh M) —w) < 0
Iy = Y '
0, other.

(13)

Cornacuo [10, 11] uckyccTBenHas Bsa3kocTh (13) MOXKET 3aMeHATH CO00H JeicTBrE (PU3NUIECKON
BSI3KOCTM I 3aJad € ManbiMu  yuciaamMu Maxa M. Ilpu 3ToM uMmeer MecTo
cooTHomtenue §coh~2(D + 2) u/py. JAna 3anaunm o6 ocaxaeHuu yactuibl M <« 1, moCKombKy

IBUOKeHHe o0miero obbema xuakoctu mo ycnosuioo (10) 3amaunm orcyrcrByer. CiemoBaTenbHO,
BeIpakenne (12) ToxxmecTBeHHO 3amucH ypasHenust (1).

IMomumo (12) TpeOyeTcst ypaBHEHHE COXPAHEHHSI MacChl JJISI XKHUIKOH YaCTHIIBI

pi = my X We(ry)), (14)

a Tak)Ke ypaBHEHHE COCTOSIHUsI, CBA3BIBAOIIEE IUIOTHOCTH CPEIIBI M aBleHue B Heil [12]

pfocg (%_ >,,0i > Pry»
0, Pi = Pr,

(15)

1€ P, — IWIOTHOCT XKUIKOCTH B ECTECTBEHHOM COCTOSIHHH, Co — MOJIENbHAST CKOPOCTh 3BYKa, My —
Macca KHJIKUX YaCTHIl.

3aKOH COXpaHEHMS MAacChl U TBEPIOW OCeNarolIel JacTUIBl (OHA M ee MEepeMEHHbBIE CBOMCTBA
0003HauaroTcs Jlanee HHIEKCoM «k») onpenensercst ypaBHeHHeM (3) 1 UMeeT BU

195



Potapov I. I., Reshetnikova O. V. On modeling the grain settling through viscous incompressible fluid problem using smoothed particle
hydrodynamics method. Trudy ISP RAN/Proc. ISP RAS, vol. 36, issue 4, 2024. pp. 191-202.

P = X mWy(7ij), (16)

,Z[OHOJIHSIQMLII\/‘I TAKX€ YPAaBHEHUEM COCTOSHUSA IJIA TBCp,Z[Oﬁ YaCTHUIIbI

Pk

cl—— , > ,
Pk — pso 0 (Pso ) Pk pso (17)

0, Pk =< Ps,-
JIMCKpeTHbIH aHanor ypaBHeHus aBinkeHus (4) ¢ yaetom (5) st ocemaronied 4acTHIBI IMEET BUIT

P
Bk — ASE+ AT + <1 ﬁ) g, (18)
dt Psgo

Jns seipaxenus At u3 (6) ucnonssyem SPH-anmpokcumanuio Moppuca [13] st BA3Koii cuibl,
JEHCTBYIOIIESH Ha YaCTUILy M YYUTHIBAIOLIYIO JIOKaIbHbIE H3MEHEHNUS INIOTHOCTHU CPEJIbl B IIpeeiax
obnactu crinaxusanus. [lonaras, 4To K03 GUUNEHT BSI3KOCTH KUIAKOCTH OCTACTCSl HEM3MEHHBIM, a
CONPOTHBIICHHE ABMKCHHUIO ONPEIEIACTCS MITHOBEHHOM IIIOTHOCTHIO (ha3, HOydnuM

+pj Tij VWygj AWs(gj) Tij
ASt =18 pu, ey 2k Jg —-u;), W, = —--—L 19
k oo 2 oeor il C) T e gl (19)

32[6(3}; Ho — MOICIBHOC 3HAYCHHUE BA3ZKOCTHU CPEABI, KOTOPOE ONPEACIACTCA IO (bOpMyJ'IC

d
po = py =L, (20)

Red

rne Re; — uucno PeitHonb ca 1u1d Tena NpH 3aJaHHBIX TTapaMeTpax 3aladH.

Anmnpokcumanus a1 A™ chopMupoBaHa MCXOIS M3 ONPEACICHUS BBIPAXKCHHUS KUHETHYECKOM
SHEPTHH, YBJICKAeMOW TBEpJAOH 4acTHIEH XHIKOCTH. A MMEHHO, SHEprus B 00beMe KHAKOCTH
BOKPYT TBEPJIOi YaCTHIIBI OTIPENIENAETCS KaKk CyMMa 3Hepr1/1171 B 00BEMax KHUIKUX YaCTHUI]

B = mi Y, B = mi ¥, W(rk,) (21)

I'paguieHT SHEpruM BhIpa3UM B COOTBETCTBUM ¢ 0a30BOH anmnpokcumanuein SPH st mpousBoHoii
¢GbyHKIAN

VE, =22 %,(Es + E)VW,;. (22)

Torma moxacrasuB B (16) BMecTo E i BeIpaxkeHue (15) W ydTs, 9TO SHEpPrUs TBEPAOW YACTHIIBI
Z
ectb Eg = = Mg~, B COOTBETCTBUH C (7) moryanm

1
A;(n = _2_[)521 (msus + mf ] W(rk])> VWk] (23)

Jnst ciryyast AMCKPETH3alMA PacIETHOTO 00beMa YaCTHIAMK PasHoro pasmepa mis gas df # dy,
aNMpOKCUMAIMK I CBOMCTB >kuakod ¢assl (14) m (16) TpeOyror Mommdukamuu. 31ech
HEOOXOAMMO yYecThb O3HAYEeHHOE HEPaBEHCTBO pPa3MEPOB YACTHIL, HAXOJAIIUXCS B oOnacTu

v,
CTJIJKUBAHHSA, IS 9€TO BBOAUTCA KOO(QGUIMEHT IPUBENEHUS 00beMa 0; = V—S A IMEHHO
j

pi = my X 0;Wr (1)), (24)

VP = my 5 (25 4 17) o, 2L S (25)

ar |rlj|

BaxHO OTMETHTb, YTO /11 BOCCTAHOBJICHHSI MTHOBEHHBIX 3HAYCHUII CBOMCTB B YaCTHIaX TBEPIOH
n xuakon ¢as mcnonb3yrores pasusie SPH-sapa. [puuem criaxuBaromas JUiMHa A JUIsd KaKI0H
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($a3el paBHa COOTBETCTBEHHOMY pasmepy SPH-uwactuier. Ilpm OByMEpHOM MNpEaCTaBICHHM
pacueTHOro o0bemMa GyHKIHMU W UMEIOT CIIEIyOIIMIA BU
o st xuaKoH (ha3el (1apo Monarana [11]) ¢ 6e3pa3MepHbIM paarycoM CrilaKuBaHus R = 2

2 3

(2 () L 1) ooty
3 \d;) "2\a) " Ta ="
15 3
1 Tij Tii
W(’r..):— ij ij
f —\2-——, 1<—-—<72,
7 Tmdf g\ “ T g, d
r..
0, 4> 2
\ df

AWs(rg;
e 11t TBepaoi (asel (cocTaBHOE simpo [15] ¢ R = 1), B KOTOpOM DYHKIUH Ws(rk j) u %

OTIpeieTICHBI HE3aBUCHMO APYT OT JIpyra

( 2\ 52\ (T \? T
| _(rﬂ) _< __>(£) <k -
15 { =\, s\ ) )0=a =t

W) = 3@

Tk]-
0, —_> 1;
ds
Tyj Tiej
22— —25 0=s—<1,
awy(r,;) 264 dg ds
- 3 ki
dr 665 md? 0, Ko q
ds

Hcnonp3oBaHue Uil anmpoOKCHMAIIMK CBONCTB KHIKOCTH W TBEPAOW YaCTHIBI PA3HBIX sEp
00YCIIOBIICHO B TIEPBYIO 04epeb TeM, 4To saApo ¢ R = 1 uckimodaeT 3((GeKT moTepu Macchl JIaxe
Py OTCYTCTBUHM COCEIEH B O0ONACTH CriaXHBaHHsS. JTa OCOOCHHOCTh HAMIyYHIMM 00Opa3oM
MOAXOAUT [JIsI MOACTIMPOBAHUA ABUKCHUSA T'PAHYJIMPOBAHHBIX CPCI. KpOMe TOT0, MOTEPSA MACCHI
SIBJISIETCS OJTHOI U3 OCHOBHBIX NMPHYHH MOJTY4YeHHs HePU3NIHBIX 3P ()EKTOB B YHCICHHOM pPELICHUH
3amaun. C Ipyroi cTOpoHbl, sapa ¢ R = 2 obecneynBaioT OOJBIIYIO TIaJKOCTh pactpe/iesieHUs
aNMpPOKCUMHUPYEMBIX CBOWCTB B JIOKaJbHOM 0O0BeMe 00JIaCTH CIVIa)KMBAaHUS, TO3TOMY TakKue gapa
JY4IIAM 00pa30M MOJAXOIST sk HOCTPOSHUST MOJIENEH BIKSHUS JKHIKOCTEH.

4. Anzopumm peuweHusi 3adaqu

st perternst 3amau (1)-(11) ucnons3osaics anroputM Bepite, paccmorpennsiit B pabotax [3, 17].
Juckperuzanusi pacueTHOro o0beMa IKHMIKOCTH OCYIIECTBISETCS YacTUIAMH OJMHAKOBOTO
nuametpa dy. [Ipu 5TOM CObIIOaETCS MIOTHOCTH KCXOHOTO 3aTI0IHEHMS: EHTPBI KUIKHX YaCTHIL
PaBHOMEPHO pacHpeeNiCHbl B IPOCTPAHCTBE TaK, YTO PACCTOSHHE MEXy 000 coceqHel mapoit
cocrapisieT dy. Ocaxknaemas 4acTuIa JMaMeTpoM d;, B HAYaJIbHbIH MOMEHT BPEMEHH Pa3MeIaNach
HaJl cBOOO/THO MOBEPXHOCTHIO XKHUKON (a3l Ha paccTosiHuU 4d.

UcnonezoBanue ¢dopmyn (14) u (16), peanmsyromux MexdasHblii 0OMeH Maccoif, TpebyroT
NosicHeHW. B mporecce OBWKEHMs OCelarolas 4YacTHIa MHOIagaeT B OO0JAaCTH CIia)KHMBaHHS
OKpYXAaIOUIMX €€ JKUIKUX 4acTull. [Ipy 3TOM Ha MIHOBEHHOE 3HAY€HHE IUIOTHOCTH B JKHJIKOW
YacTHUIIE p; Macca TBEPIOH YaCTHUIIHI HE OKA3bIBAET, a B almpokcuManuu (14) yanTeIBaeTCs TOIBKO
ee o6bem uepes snagenue Wy (1), Ho He Macca.

C npyroii CTOpOHBI, IPU IBUKCHUH OCEAIOIIEeH YaCTHUIIBI BO3HUKAET IIPHUCOSANHEHHNE K HEH MacChl
3a CYET YBEJIMYEHUS IUIOTHOCTH pPj OT BO3JCHCTBHS OKPYKAIOUIMX €€ YacTHI[ KHJIKOW a3kl
(manunanus). Oto peanusyercs B BolpakeHHH (16) 3a cuer ydera pasnuuunst Macc Bcex coceliell B
001acTH Cria)kKWBaHUs OCEeNAIOIIeH JaCTHIIBI.
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5. Peaynibmamal YUCJ/1IeHHO20 MOOesTuUpPo8aHust

Bepugukanus YHCIEHHOrO pEIIeHWs paccMmarpuBaeMoil 3amgaun B mocranoBke (1)-(11)
NPOM3BOAMIACH OTHOCHTEIBHO 3a1aud Ha ONpEAENIEHHE THAPABIMYECKOM KPYIHOCTH YaCTHIIBL.
CpelHsas CKOPOCTb YCTAHOBMBILETOCS OCKAEHUS W CheprdecKoi 4yacTuubl B xuakoctu [1] B
3aBHCUMOCTH OT €€ JIHaMETPa eCTh

w = ps”dsRed, (26)

rne Re; = f(dp) — uncno PeliHonbaca uist MPUAOHHBIX YacTul; d; — O0e3pa3MepHOe BBIpaKeHUE

pflps—pf)g d®
u?

JMMeTpa YacTUubl d, = . B [1] npuBeneHa 3aBUCHMOCTD, MO3BOJSIOIIAS MOTYYUTh

Re,; Ha Oombiom auana3one d,. [anee B pabore pacueTHas mo (26) ruapaBindeckas KpymHOCTb
o6o3HayeHa kak w9,

Kpome TOro, M3BECTHO MHOXECTBO (DEHOMEHOJOrMYeCKUX (OPMyN Ui MECKOB KOHKPETHON
MECTHOCTH B MAJIOM JIMAla30He pa3MepoB yacThil. B gactHOCTH, paccMoTpena hopmyna Pyowu [18],
COrJIacOBAaHHAS C Pe3yJIbTaTaAMHU CEPHU YKCIIEPUMEHTOB Ha OCAXKICHHUE KPYIHI[ KBapIIEBOIO MeCcKa

Kr o
IUTOTHOCTEIO 2650 —3 B BOJIE IDH TeMnepatype 16 °C

14+%— :
w@D = _*_ 6< T+5, >'db < 38500; @

ps ds
1.05\/d,, d, > 38500.

Taxoke HaMH JUII CpaBHEHHS HCIIOJBb30BaHbI CIIPAaBOYHBIC JTAHHBIC O THIPABINYECKON KPYIHOCTH
cn Kr o
we"P yacTHIl TpyHTA € IIOTHOCTHIO 2650 — TIpH TeMIIepaType 15 °C [19].
B paboTe npou3BeAeHO YHUCICHHOE PEIIeHNE 3aJa91 Ha ONIpeeNeHUe THAPABINYCCKON KPYITHOCTH
JUISl YeThIpeX 3HA4YeHHWH aumaMeTrpa dg Kpyrjioi mnajaroreit dactuipl (Tabn. 1). dusmdeckue
o KI | _ KI | _
napaMeTpbl W pasMepbl pacueTHO obmactu cnepyroume: pr = 1000 5 Psy = 2650 o M=

0.001 :—;; TommuHa ciost xuakoctd H = 0.103 M; miwHA MyTH CBOOOIHOTO TaICHUS YaCTHIIHI 4df.

Tabn. 1. 3nauenuss ouamempos uacmuy u COOMEEMCMBYIOWUe UM 3HAYEHUSL 2UOPAGTUULECKOU KDYNHOCHU O
pe3yibmamam 4YUcCileHHoco peuterusl.

Table 1. The particle diameters values and corresponding its settling velocity values according by numerical
solution results.

1 2 3 4
dg, (M) 0.00100 0.00065 0.00052 0.00040
dyp 25996 7139 3655 1664
Req 200 90 60 36
wi, (m/c) 0.137 0.108 0.094 0.078

IlepBass cepusi BBIYHCICHUI MPOWU3BOAWIACH TIPU JTUCKpETH3AlMKd O0enx (a3 dYacTUIAMU
OJIMHAKOBOTO pa3Mepa, dr = d. Pe3ynbTaThl YMCIEHHOTO PEINEHHS TaKO# TOCTAHOBKHU 3a/1a4M Ha
HaXOXXICHHUE THUAPABIMNYECKON KpymHOCTH W' mpexacraBieHsl B Tabn. 1 u Ha puc. 2 — 4. U3
rpadukoB puc. 2 u 3 (uudpa Ha rpaduke 0003HAYAET MOPSAAKOBBI HOMEpP 3HAUeHHS dg B
COOTBETCTBHUHM C Ta0J. 1) BUAHO, YTO HEKOTOPOE BPEMSI TBEPAs YACTUIIA IBHXKETCS C YCKOPEHUEM,
3aTeM MPOUCXOIUT YAap O XKHUIKOCTh U PE3KOC YMEHBIICHHE CKOPOCTH. 3aTeM HMEET MECTO
MIEPEXOIHBIH Tepro]] GOPMUPOBAHUS M CXJIOMBIBAHUS KaBEpHBI (CHOBAa HEOOJBIIOE YCKOPEHHE) H
MEPUOJT TUIABHOTO TAlICHUS HMITYJIbCA OT IEPBOHAYAIEHOW CKOPOCTH BXOXKACHHUS YACTHIEI B

xuaKocTb. [IpumepHo ¢ orceuku 0.2 c. yacTuia NpHOOpETaeT B CPEAHEM MOCTOSHHYIO CKOPOCTh
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qca

ocaxkaenust w'. Pe3ynbTarhl MoKa3bBalOT (CM. Ta0i. 1 u puc. 4), 4To 3HAUYCHHUS W
HanGomnee GIM3KMMH K BEIYHCIIEMBIM 110 3aKkoHy Pyou w(?7),

V..M

01

TIOTy4aroTCs

0.08
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0 r , r r , , — r r r r r
0 03 06 08 12

Puc. 2. Hzmenenue 6epmuxanbHoli KOOPOUHAMbL MEEPOOL YACTIUYbL NO 6PEMEHU.
Fig. 2. The solid particle vertical coordinate changing on time.

02
0.18
0.16
014
0.12

01

0.08

0.06

Puc.3. Uzmenenue CKopocmu naoemust uacmuysvl no 6peMeru.
Fig. 3. The solid particle falling speed changing on time.

Haxoxxaenue 3HaueHHA W™ IpOM3BOIMIOCH ITyTEM aHaJIM3a MOTyYSHHBIX BPEMEHHBIX psIoB U(t)

Ha HaXOXXJCHHE OTKIOHEHHS MX OT cpexHero — TpeHaa T (t). 31mech IpUHATO MPEICTaBICHUE €To
SKCIOHCHIHATBHOHN (QyHKIHEH

T() =k+ U — k)e 9,

rae U — ckopocTh MaJieHusl YacTHIbl B KHUIKOCTh;, kK U a — napametpsl. [Ipu sTom napamerp k —
omnpezesser 3HadeHue w ', a — MHTEHCHBHOCTD TallleHHs epBOHAYAIBHOM ckopocTH U YacTHllb.
BrisiBiieHHBIE TIPY aHATN3E PAJOB PAaCUETHBIX JAHHBIX ITapaMeTPHl TPEHIOB IIPEACTABICHB! B Ta0II.
2. Cootsercrennbie rpaduku T (t) cM. Ha puc. 2 (MyHKTHPHBIE JIMHKUH).

BiusHus 3Ha4eHMs TuameTpa 4acTUIBI Ha aMIUIMTYLy (UIyKTyaluil 3Ha4YeHHWH pacdyeTHBIX PSIOB
u(t) OTHOCHTENBHO TPEHIOB HE MPOCIeKUBAETCs (pUc. 1) — cpeHEeKBaAPaTHIECKOE OTKIOHEHHE
Juid Bcex BapuaHTOB coctaBisier = 0.006 % . Bunmumoe no nmHUMSAM TpaduKOB CyIIECTBEHHOE

0oJIbIIIEE €r0 3HAYEHHUE IS KPUBOM 3 (CM. pHC. 2) 00BICHSIETCS CIIyYaiiHOCTBIO JaHHBIX psiaa u(t)
JJIA KQXKJI0T0 3aIryCKa BBIYHMCJIEHUH. I/IHOFIIa TOJIy4aJInuCh pEUICHUSA C BOBHUKHOBEHUEM HCGOJ'IBI_HI/IX
TOPU3OHTAIBHBIX IUIAHHPOBAHUID» TBEPAOH YacTUIBI, B PE3ylbTaTe KOTOPBIX MPOHCXOIHIIO
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MepeMeIIeHIe €€ B TIO3WIUI0 C HANMEHBIINM COIPOTHUBICHHEM CO CTOPOHBI JKHAKOCTH H
TTOCIIEAYIOMINN YCKOPEHHBIH «IIPOBAI». 31eCh MPUBEICH OMH TAKOUW «HETJIAIKHUI CITy9al C IENbI0
0oJiee MOIHOTO MPECTABICHUS OOIIUX PE3Y/IbTATOB YHCICHHOTO PEUICHHUS TIOCTABICHHO 3a/1a4u.

w, a/c
.__,-OWfEﬁJ
0.15 o LY .
0.10 < ...-O"-‘-”--— ”..-*"”I"OLVCHP
0.05 =
d-104
0.00 T T T T T r r T T T T T T M
4 6 8 10

Puc. 4. 3asucumocmu ZMOPGBﬂquCKOﬁ KpynHocmu yacmuysl om ee 0uaMempa no pasHvblM UCMOYHUKAM
(w®0, wCD W) 4 Ona yucnennozo pewenus (W),
Fig. 4. The dependence of particle settling velocity on its diameter form by different sources (w®®, w@D,
w€P) and by numerical solution (w*").

Tabn. 2. 3navenus napamempos gynxyuti T (t) Ons uccredyemvix sapuanmos ouamempos 4acmuy.
Table 2. The functions T(t) parameters values for the studied particle diameters variants.

1 2 3 4
k 0.137 0.108 0.094 0.078
a 0.250 0.270 0.310 0.320

o o d
BTOpaﬂ CEpH BBIYMCIICHUA IMTPOU3BOANIACH JUIA CJIYyYa€B Pa3/IMYHBIX 3HAYCHUN OTHOIICHUUN d_s
f

6. Ipu 3TOM B HEPBYIO OYepelb BBIABICHO, YTO IS TOJIYYCHHUS YCTOHYMBOTO PEIICHUS JIO0JDKHO
BBITIOTHATHCA ycnoBue 1 < 8 < 2. B mpoTHBHOM cilyyae HE BO3HUKAET aJeKBATHBIX BEJIMUNH CHII
THAPABINYECKOrO CONPOTUBIICHUs. Takas cornacoBaHHOCTh pasmMepoB SPH gacTuil anst )UAKOH U
TBepIOoH (a3, a TaKKke OrpaHUYCHUE CHU3Y Ha pa3Mep KUIKON YacTUIbI OOBACHACTCS 3HAYCHUAMH
paanycos criaxuBanus R cooTBercTBeHHBIX Aaep. Ecin df < dg — yacTuIa )HUIKOCTH IPOCTO HE
OyJaeT monanaTe B 00J1aCTh CrIaXUBaHKsA TBEPAOH yacTuubl. Ecim 2dy < dg — yxe Ha060pOT A1po
CriaXxuBaHus KUIKOH (aspl cnabo oTBeYaeT Ha BXOXJIEHHME TBEPION dYacTHIEl B 00JlacTh
CrIaXWBaHUs, TO €CThb HaOuomaeTcs 3(QQeKT MoTepH Macchl M He (OpPMHUPYETCs aJleKBaTHBIX
BEJIMYUH YIUIOTHEHHS U JIMBEPTeHIIUH OTHOCUTEIILHOM CKOPOCTH.

Brusane Ha moiygaemoe pemieHWe 3Ha4YeHHS 6 TpeACTaBIeHO HAa PHUC. 5: yBEIHMUEHHE 3TOTO
OTHOIICHHS OTHOCHUTEIFHO CIUHUIIBI COMPOBOXKAAaeTCs yMeHblieHneM w'". To ecTh yBenudeHHe
pasMepa TBEpAOM YACTHUIBI OTHOCHUTENBHO S>KUAKOM NPUBOJUT K YBEIMUYECHHUIO IUIOLIAAU
BO3ICUCTBUS CHJI THAPABINICCKOTO COMPOTHBICHHS. ITO MOKHO pacCMaTPUBaTh KakK J00aBIICHHE
BITUSTHUS IIIEPOXOBATOCTH TIOBEPXHOCTH TBEPAON YACTHUIIBI B IIOCTAHOBKY 3aJ]auH.
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W M/c W et
-
e (2T
0.12 A wlZ7)
0.10 +
0.08 o
d-10-4
0.06 r v v v v v v v r T r r r M

4 & 8 10

Puc. 5. Buusinue omnowenus 6 na cudpagnuieckyro KpynHocms yacmuybl 8 yucienHom pewenuu: 6 = 1.1

(runus =—=Om=), 8 = 1.3 (unus =—=lymm) 11 @ = 1.6 (1UHUS m—elImem).

Fig. 5. The ratio # impact on particle settling velocity in numerical solution: 8 = 1.1 (line ==O==), § = 1.3

(line ={0=) and 8 = 1.6 (line ==m1=).
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