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Approaches, services, and monitoring in a distributed
heterogeneous computing environment for the MPD experiment”

A.A. Moshkin, I.S. Pelevanyuk, D.V. Podgainy, O.V. Rogachevsky,
O.l. Streltsova, M.I. Zuev

Joint Institute for Nuclear Research

The article discusses some issues of creating a heterogeneous computing environment for
processing and storing data from the MPD experiment of the NICA megaproject, which is
being implemented at the Joint Institute for Nuclear Research. The creation of such an envi-
ronment requires combining many different concepts and techniques based on the paradigm
of distributed computing and a hierarchical data processing and storage system. The created
environment must meet the requirements of high performance, reliability and availability for
various groups of users, which is achieved, among other things, through an advanced moni-
toring system. The DIRAC Interware platform, which supports computing at all levels: work-
load management, data management, workflow management, user management, configura-
tion management, etc., was chosen as the basis for creating such an environment. Owing to
DIRAC, computational resources and the hierarchical hyperconverged data processing and
storage system of the “Govorun” supercomputer were implemented in the heterogeneous
computing environment. Moreover, the “Govorun” supercomputer not only plays a key role
in the created environment, but also, due to its flexibility, provides an opportunity to test in
practice both the latest architectural solutions and software solutions in the field of computing
and data processing.

Keywords: data processing and storage, middleware for distributed computing, user job mon-
itoring, high-performance computing, computing for megascience projects.

1. Introduction

One of the main challenges in scientific computing is the processing of large amounts of data for
experiments in high-energy physics, which can be classified as one of the most demanding scientific
tasks in terms of computational resources. The amount of data obtained in modern experiments reaches
several tens of petabytes per year. The data processing procedure includes a number of operations, such
as the reconstruction of events, simulation of the installation, and data analysis, each of which is a rather
complex task and requires significant computational resources. For example, in the ATLAS experiment
at the Large Hadron Collider (LHC), an average of 600 events are written per second, which results in
a constant data stream with a transfer rate of 300 MB/s, demanding further processing. The reconstruc-
tion time for one event is 10 s, therefore, only for the reconstruction of events at the same rate, the
simultaneous operation of 6,000 processors is required [1]. Even more resources are needed for experi-
mental installation simulation tasks, which are an integral part of data analysis. As a result, the compu-
ting resource demands for LHC data processing went far beyond the capabilities of a single, even large,
data center and led to the creation of a distributed data processing system. At the same time, the time
required to process data and quickly obtain physical results directly depends on the performance of the
computing environment as a whole. With this in mind, computing is currently being created for the
NICA (Nuclotron-based lon Collider Facility) megaproject, which is being implemented at the Joint
Institute for Nuclear Research (JINR) [2]. NICA is a new accelerator complex designed to study the
properties of dense baryonic matter. After putting the NICA collider into operation, JINR scientists will
be able to create in the Laboratory a special state of matter in which our Universe stayed shortly after
the Big Bang, i.e., Quark-Gluon Plasma (QGP). The first experiment at the NICA complex will be MPD
(Multi-Purpose Detector) [3].

* The studies in this direction were supported by the RFBR special grant (“Megascience — NICA”), No.18-02-
40101.
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The MPD apparatus is designed as a 4n spectrometer capable of detecting charged hadrons, elec-
trons and photons in heavy-ion collisions at high luminosity in the energy range of the NICA collider.
To reach this goal, the detector will comprise a precise 3D tracking system and a high-performance
particle identification (PID) system based on time-of-flight measurements and calorimetry.

The basic design parameters are determined by physical processes in nuclear collisions at NICA
and by several technical constraints guided by a trade-off of effective tracking and PID against a rea-
sonable material budget. At the design luminosity, the event rate in the MPD interaction region is about
7 kHz; the total charged particle multiplicity exceeds 1,000 in the most central Au+Au collisions at
VsNN =11 GeV.

The main program blocks of the experiment are the following systems:

» Data acquisition (DAQ, online);

» Multilevel data selection (trigger, online);

» Data processing (particle tracks recognition and reconstruction, online+offline);

» Physical analysis (offline).

The expected data flow is up to 50 GB per second. Two sessions of the accelerator operation per
year, each lasting up to 4 months, are planned. The total volume of incoming data per year can reach 1
exabyte. To reduce the size of the required storage, it is necessary to carry out as many stages of data
processing in real time as possible, i.e., to implement in real time (during data acquisition) not only a
trigger, but also the maximum possible number of stages of the recognition and reconstruction of ele-
mentary particle tracks.

For efficient data processing of the MPD experiment, a heterogeneous, geographically distributed
computing environment is currently being created on the basis of the DIRAC Interware [4]. The DIRAC
Interware is an open-source development platform for the integration of heterogeneous computing and
storage resources. It was originally developed for the LHCb computing infrastructure, but later DIRAC
was released as a general-purpose solution for scientific groups. Right now, it is used by many experi-
ments in high-energy physics, particle physics and astronomy: LHCb, Belle-Il, BES-III, CTA, CLIC,
ILC. The purpose of DIRAC is to ensure access to various computing and storage resources through
standard interfaces, i.e., web, command line, API, and REST. Another purpose is to provide a set of
standard tools for workload management, data management, accounting, workflow management, user
management, etc. An important point for the stability of such an environment is the advanced monitoring
of tasks performed on various computing sites and data flows between the sites.

At the moment, the heterogeneous, geographically distributed computing environment includes the
Tierl and Tier2 grid sites, the JINR MICC cloud component, the computing clusters of VBLHEP
(Veksler and Baldin Laboratory of High Energy Physics JINR) and UNAM Mexico, however, the key
element of the environment being created is the “Govorun” supercomputer [5, 6], which allows one to
carry out massive calculations, as well as, due to the flexibility of its architecture, IT research in order
to create an effective computing model for the NICA megaproject [7].

This article briefly describes an approach to creating a geographically distributed computing envi-
ronment that currently allows automating the process of modeling physical events for the future MPD
experiment, and after the launch of the NICA accelerator complex, it will be used to process real exper-
imental data. The article also presents the main properties of DIRAC Interware as a basic software ele-
ment for creating such an environment and describes the data processing model on the “Govorun” su-
percomputer as one of the key elements of this environment.

2. Data processing model on the “Govorun” supercomputer

The main HPC resource of JINR is the “Govorun” supercomputer, which comprises two compo-
nents, GPU and CPU [5, 6]. The GPU component is based on 5 NVIDIA DGX-1 servers with 8 NVIDIA
Tesla V100 GPUs. The CPU component contains 21 RSC Tornado nodes based on Intel® Xeon Phi™
and 88 RSC Tornado nodes based on Intel® Xeon® Platinum 8268 and has two Intel® SSDs DC P4511
(NVMe, M.2), 2TB each. Additionally, the “Govorun” supercomputer has 4 special nodes with 12 high-
speed, low-latency solid state drives Intel® Optane™ SSD DC P4801X 375GB M.2 series with Intel®
Memory Drive Technology (IMDT), which allows getting 4.2 TB for very hot data per node.
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The internal network of the “Govorun” supercomputer consists of three main parts: a communica-
tion and transport network, a control and monitoring network and a task control network. The commu-
nication and transport network uses Intel OmniPath 100 Gbps technology. The network is built on a
"thick tree" topology based on 48-port Intel OmniPath Edge 100 Series switches with full liquid cooling.
The control and monitoring network enables the unification of all compute nodes and the control node
into a single Fast Ethernet network. This network is built using Fast Ethernet switches HP 2530-48. The
job control network connects all compute nodes and the control node into a single Gigabit Ethernet
network. The job control network is built using HPE Aruba 2530 48G switches.

The total peak performance of the “Govorun” supercomputer is 780 TFlops for double precision
(12th and 21st places in the current TOP50 list http://top50.supercomputers.ru/list). The supercomputer
also has local Lustre storage with a capacity of 288 TB. The “Govorun” supercomputer took 31st place
in the 10500 list (https://io500.0rg/) with a bandwidth of more than 35 GiB/s and a metadata perfor-
mance of more than 230 KIOP/s.

It should be noted here that the CPU component of the “Govorun” supercomputer is a hypercon-
verged software-defined system and ranks 16th in “10 node challenge” in the current edition of the
10500 list (https://io500.org/list/isc21/ten) under the DAOS (Distributed Asynchronous Object Storage)
operation. The property of hyperconvergence makes the “Govorun” system very flexible for customiz-
ing the user’s job, ensuring the most efficient use of the computing resources of the supercomputer.

It is noteworthy that modern HPC systems are used not only as traditional computing environments
for performing massively parallel calculations, but also as systems for Big Data analysis and artificial
intelligence tasks that arise in different scientific and applied problems. At the same time, despite the
increase in supercomputer performance, memory and data storage bandwidths are becoming bottle-
necks. To accelerate work with data for tasks of different types, solved on the “Govorun” supercom-
puter, a hierarchical hyperconverged data processing and storage system with a software-defined archi-
tecture was developed and implemented. This system is based on the disaggregated RSC [8] solution
for data processing and storage, which enhances the efficiency of solving user problems, as well as
increases the efficiency of using both computational resources and data storage resources. It realizes a
new paradigm for working with data, i.e., the integration of computing elements and novel types of data
storage elements (Intel Optane PMem, Intel SSD) into a unified computing environment.

According to the speed of accessing data, the system is divided into levels available for the user’s
choice, namely, a hot layer implemented on the basis of Intel Optane PMem, a warm layer based on
Intel SSD NVMe under the management of the Lustre file system, a warm layer implemented as “an on-
demand storage system”, which can be managed by different file systems defined by the user, a cold
layer implemented on HDD of sufficient volume, which ensures data storage, but does not meet the peak
requirements of a computational task. Each layer of the data storage system under development can be
used both independently and as part of data processing workflows. It should be pointed out that a part
of the cold storage is managed by the geographically distributed EQOS file system (https://eos-
web.web.cern.ch/eos-web/), which allows connecting the data processing and storage system imple-
mented on the “Govorun” supercomputer to geographically distributed storages, the so-called Data-
Lakes. The hierarchical hyperconverged data processing and storage system with a software-defined
architecture represents an extremely convenient tool for processing large amounts of data, which can
cardinally speed up work with data and is already actively used for the experiments of the NICA mega-
project (Figure 1).
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Figure 1. Multilevel system for processing and storing data on the “Govorun” supercomputer

It can be illustrated by the experience of data mass production tasks for the NICA MPD experiment.
First of all, the use of Intel SSD allowed us to organize two fast and stable on-demand storages under
the Lustre and NFS file systems on the basis of RSC technologies. Secondly, the use of Intel Optane
PMem made it possible to utilize all computational cores on the nodes to solve MPD tasks that require
a large amount of RAM per core, while without Intel Optane PMem less than half of the computational
cores on the nodes can be used for such tasks. And thirdly, the use of an expanded test site on DAOS
(Distributed Asynchronous Object Storage) showed a significant acceleration of working with data (up
to two times) and the possibility of forming a unified data buffer for various JINR computing clusters.

3. DIRAC at JINR

A service based on this platform was deployed and configured at the Joint Institute for Nuclear
Research in 2016. Various tests were carried out to estimate its possibilities and performance. By 2019,
standard workflow tests related to general Monte-Carlo generation were successfully completed, which
proved the possibility of using DIRAC for real scientific computations [9]. At that time, MPD started
experiencing the necessity of massive computing to perform centralized Monte-Carlo generation for the
needs of scientific groups. At first, only Tierl and Tier2 were used for that work, but later the “Govorun”
supercomputer and the VBLHEP cluster were integrated into the system. The JINR EOS storage system
was integrated and accessed via the root protocol. Authentication is based on x509 certificates, and
authorization is regulated by both DIRAC and VOMS (Virtual Organization Membership Service).

There are several reasons why DIRAC Interware platform has been chosen as a tool for organization
of distributed computing for MPD. First of all, it is the only solution that supports computing on all
levels: workload management, data management, workflow management, user management, configura-
tion management, etc. Second, DIRAC proved to be able to handle hundreds of thousands of jobs daily
on LHCb infrastructure. It supports horizontal scaling by design: with increasing number of jobs running
it is possible to setup additional copies of core services responsible for jobs and data processing. And
third, it has wide and active community of users across different organizations and experiments.

Right now at JINR, DIRAC is handling two important aspects of massive computing, i.e., workload
management and data management. Workload management relies on the pilot mechanism. The main
idea of this approach is that user jobs are never sent directly to a queue on the computing resources.
Instead, a special program called “Pilot” is sent. Its function is, firstly, to occupy a slot in the queue, and
secondly, to start execution on a particular work node. When it starts, it checks various parameters of
the work node it is running on. These parameters are then sent to the DIRAC Matcher service with a
request for a user job. DIRAC Matcher choses a job that meets the specified parameters and submits it
to the pilot. After that, the pilot initiates the user job as a child process. It enables the monitoring of the
execution process, and in the case of a failure, a corresponding message is sent to DIRAC to mark the
job as failed. Another feature of this approach is the simplification of the integration of heterogeneous
computing resources into a unified system. Integrating a computing resource means finding a way to
run DIRAC Pilot there.
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The DIRAC Data Management system is also actively used during MPD generation campaigns.
Surely, all files generated by user jobs can be saved to a local storage, however, it would require an
additional step to go through all local storages and collect result data. The use of the DIRAC Data
Management system allows writing data to a central storage element accessible via the root protocol.
After all, the files are present in a storage element from where they can be accessed either via grid
protocols or through local access.

Currently, DIRAC at JINR provides all the necessary tools to support massive and efficient high-
throughput job submission. It can be improved by making more extensive use of DIRAC complex fea-
tures, such as the Workflow Management system, and by integrating more heterogeneous resources.

4. Organization of data processing in a distributed heterogeneous compu-
ting environment

Each production (mass data physical event generation and reconstruction) goes through several
steps. At each step, there are specific tools and approaches to its implementation. The following steps
are distinguished:

1. Physicists make a request for data generation in the forum thread
https://mpdforum.jinr.ru/c/mcprod/26. This request should contain all information about which software
to use, which parameters to apply, how much data to generate, as well as other information relevant to
generation.

2. When a request appears, the production manager needs to check if there is enough information
to start generation. The first step is to generate a small fraction of the requested data and submit it to
physicists for review. This step is important since without it the whole generation can go wrong and end
up useless. Partial generation can be performed directly on one computing resource without using a
distributed infrastructure for the sake of simplicity. In our case, it is usually done on the “Govorun”
supercomputer. If the results are satisfactory, the next step should be taken.

3. Preparation for distributed execution. At this step, the production manager needs to analyze the
profile of the computational task and decide how to run jobs on different resources. The first question is
which software to use. At best, the software is already hosted in CERN Virtual Machine File System
(CVMEFS, https://cernvm.cern.ch/fs/). However, this is not always the case, and the production manager
is responsible for compiling and testing the applied software on all resources that will be used during
the production campaign. Another important aspect is to study the profile of an average computational
job. By this we mean figuring out how long it takes to complete a job, what is RAM and network con-
sumption, how much space is required in a local storage on the work node. With this information, it is
possible to configure the execution of a workload on heterogeneous resources. To support this process,
a special system was developed. This system will be described in more detail in the next section.

4. Distributed execution on heterogeneous computing resources. At this step, the production man-
ager generates jobs to submit in the DIRAC system. It is important to keep in mind that some jobs can
be completed with an error for various reasons. The recomputation of failed jobs should be easily ac-
complished. It can be achieved either by rescheduling failed jobs directly in the DIRAC system, or
submitting new jobs with some fixes. During this step, the production manager keeps an eye on DIRAC
Job Monitoring to identify any malfunctioning resources. Previous misbehavior is noticed, and fewer
jobs need to be resubmitted or rescheduled, which means better resource utilization. During this step, it
is good to have an approach and a tool to monitor the performance of different resources. A special
approach was elaborated to provide this kind of data to production managers, resource administrators,
and management. This approach will be described in the section 5.

5. When the generation campaign is done, the production manager needs to verify that all files are
correctly placed in a storage. If not, he needs to resubmit jobs that for some reason have not written data
to the storage. This work usually takes little time and in some cases can be done directly on one of the
computing resources without using DIRAC to manage the jobs. After that, a message about the comple-
tion of the generation campaign should be posted on the forum, and physicists can use the generated
data for their research.
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5. Individual user job monitoring

When running a computer task on a local computer, it is quite easy to check its CPU load, RAM
usage, and network use with simple built-in tools. However, when jobs are running in a distributed
system, this problem is not so easy to tackle. It is possible to login to the work node for manual verifi-
cation, but there is no direct access to many resources. Another issue is that it is usually useful to have
a history of the load, i.e., a profile. Standard tools do not provide this.

To provide such atool to DIRAC users, a special approach was proposed. It was necessary to give
control over monitoring to users in those cases when they really needed it. The issue with total monitor-
ing is related to data flow and future data analysis. For each job, CPU load, RAM usage, network 1/O
usage metrics should be collected and written every 30 seconds. This means that an average job that
runs for 6 hours produces around 3,000 records. While for an average production campaign with 30-40
thousand jobs, the number of records may reach 100 million.

To solve this problem, a special Python application was developed to collect metrics from a running
process. The procedure for enabling this monitoring requires the user to run a computational process
that should be monitored in a background mode. The PID of the process should be passed to the devel-
oped application. The application will check the metrics of the running process and its children and
submit them to the InfluxDB database. The collected data is accessed via the standard Chronograf in-
terface (Figure 2).

With such monitoring, it is clearly visible that the job runs in three stages: the first short stage is
generation, the second stage is simulation (it produces a large amount of data), and the third stage is
reconstruction, which reads all the data and produces the result. During the reconstruction part, a
memory leak in the software was detected.

The monitoring service enables users to check how their workload is behaving on the work node.
It can be used when needed, and the results will be presented in a web interface with the possibility to
form custom queries to the database to find jobs with the highest RAM usage, to define the average CPU
usage of each job, or I/O consumption per one job.

Memory usage

Reading data

Writing data__

13:00

Figure 2. Job monitoring. The plot demonstrates RAM and 1/O usage.
6. Analysis of computing resources performance

When real user jobs run on a distributed infrastructure, execution information is a valuable resource
for performance analysis and the comparison of different computing resources. A new approach to an-
alyze and visualize this data was proposed at JINR [10].

Each user job submitted by the user runs not directly on a work node, but under a special process
called DIRAC Pilot. When the pilot process starts, it checks all the relevant parameters of the work node
it is running on: total RAM, free RAM, free disk space and CPU performance. CPU performance is
measured by a special benchmark called DIRAC Benchmark 12 (DB12). This benchmark provides an
estimate of the speed of a single CPU core. The data is saved to the internal DIRAC database. After
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completing the user job, DIRAC saves information about its wall-time duration. When there are thou-
sands of similar jobs running in the system, it is possible to compare their durations on different re-
sources.

The approach was elaborated for extracting data on completed jobs from the DIRAC database and
presenting it in a comprehensive form. The data is visualized in a two-axis scatter plot. The X axis
represents the DB12 test result for a particular job. The Y axis represents the wall time of a particular
job. Thus, each job can be represented by a single dot in the plot. To add even more information, each
dot is colored according to the resource the job was completed on. An example of the plot is shown in
Figure 3.

30000
25000

20000

WallTime(secs!

"~ 15000

10000

75 10.0 125 15.0

17.5
DB12 CPU benchmark

Figure 3. Example of the scatter plot with information about job duration, DB12 results, and resource ownership

The plot demonstrates that the DB12 results correlate well with the wall time. The blue line in the
plot was empirically chosen to show where the dots should be placed in the ideal condition. From this
plot, we can see that most of the resources give consistent duration time, except for the LHEP cluster.
This is due to the lower network speed between the LHEP cluster and the storage system where result
data should be placed. The two colored borders around the dot clusters represent the area with 90% and
95% of all jobs. It means that we can predict the duration of a particular job on different resources and
plan the duration of the generation campaign more precisely.

This approach has a great advantage since it does not require submitting an artificial workload to
the computing resources. Right now, it is required to prepare data and upload it to a Jupyter notebook
for visualization. A dedicated system providing this functionality is currently under development. It
should help to compare different processors and work nodes with each other on a real user workload.

7. Conclusion

The creation of a distributed heterogeneous computing environment based on the DIRAC software
with advanced monitoring tools has pursued two main goals, namely, to meet the current need for the
generation and reconstruction of model data and to create computing elements for the real MPD exper-
iment. The created environment has made it possible to perform almost 857,000 jobs for the MPD ex-
periment to date. Each job ran on average 6 hours 15 minutes on one core. The total use of computing
power was 6 million Mega HEP-SPECO06 days. This effort has generated more than 650 million events,
over 250 million of which have also been reconstructed (over 270 TB in storage). The practice of using
various computing resources of JINR and other institutes of the MPD collaboration has shown that at
the moment the most flexible resource is the “Govorun” supercomputer. This property is achieved due
to the unique hardware design of the “Govorun” supercomputer, which comprises a hierarchical data
processing and storage system and compute nodes with a large amount of RAM, as well as the RSC [8]
software, enabling the creation of systems on demand for a specific user task. About 40% of the total
number of tasks has been performed directly on the “Govorun” supercomputer.

The solution to the computing problem of the NICA megaproject required the creation of a number
of research polygons, which would allow testing in practice both the latest architectural solutions and

10
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software solutions in the field of computing and data processing. The “Govorun” supercomputer plays
the role of the main platform for such research. At the moment, a polygon of 8 servers containing Intel
Optane PMem has been created, on which DAOS has been deployed. Research carried out at this testing
site has shown a substantial performance increase on the same hardware. The 10500 benchmark data on
IOPS has grown significantly from the Luster 50-clients run to the Intel DAOS 10-clients run, with a
more profound advantage for more irregular (“hard”) operations, up to more than 10x. The DAOS tech-
nology looks promising in terms of enhancing the speed of working with data, and in the near future it
is planned to integrate it into the distributed heterogeneous computing environment for the MPD exper-
iment.
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Automatic analysis of large-scale CT databases for fatty liver dis-
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Metabolic syndrome (MS) is a well-known risk factor for cardiovascular diseases (CVD),
the leading cause of death worldwide, including the Russian Federation. Disorders associat-
ed with MS are reversible with timely detection and therapy. Identification of fatty liver
disease (FLD), the essential sign of MS, is possible by analyzing the quantitative values of
liver tissue density on computed tomography (CT) images. Due to the COVID-19 pandem-
ic, we collected more than 140,000 chest CT scans, which often contain complete or partial
images of the liver. The processing of these data using a supercomputer will allow collect-
ing statistical information on the FLD signs prevalence among different cohorts and deter-
mine the risk groups for MS. This paper presents preliminary research of automatic liver
density analysis on chest CT scans from the publicly available “CTLung500-Ca” dataset.
We performed the analysis of the segmentation quality and estimated the liver density dis-
tribution depending on the patient sex and age. The computations were performed at the
Lomonosov-2 supercomputer as a batch of processes run by Slurm cluster management and
job scheduling system. The results of the research will serve as reference values for the
subsequent automatic screening of CT studies from the COVID-19 database.

Keywords: Metabolic syndrome, fatty liver disease (FLD), steatosis, cardiovascular diseas-
es, computed tomography (CT), tomographic liver densitometry, automatic liver segmenta-
tion, artificial intelligence, big data, opportunistic screening

1. Introduction

Metabolic syndrome (MS), including abdominal obesity, type 2 diabetes mellitus (T2D), arterial
hypertension, and dyslipidemia, is a powerful risk factor for cardiovascular diseases, which are the
leading cause of death in the Russian Federation and worldwide [1]. Disorders associated with MS are
reversible if treatment is started promptly, thus preventing cardiovascular events, T2D, and disability
[2]. Therefore, the early diagnosis of this condition and its manifestations is especially important.

Identification of one of the important signs of metabolic syndrome — fatty liver disease (FLD) — is
possible by analyzing the numerical values of density in the computed tomography (CT) liver images
[3, 4, 5]. There is no consensus on the liver density cut-off that would reliably classify patients with
FLD [6]. However, as a rule, moderate-to-severe FLD is observed for the patients with liver attenua-
tion <40 Hounsfield units (HU), constituting about 5.3% of the population [7]. In terms of the FLD
early detection, chest CT can provide more valuable information than abdominal one, since the latter
is usually performed for people who have already developed liver disease. Chest CT is one of the most
frequently performed tomographic examinations. As a rule, it contains a complete or partial image of
the liver, which provides the opportunity to assess its condition. An additional contribution was made
by the COVID-19 pandemic, which resulted in unprecedented CT data accumulation for all social and
age groups [8, 9]. When interpreting these CT scans, the main priority of radiologists was to look for
pathologies in the lungs, without considering hepatic CT attenuation. Automatic liver segmentation
and density analysis on these images will allow opportunistic screening of the MS, retrieving previ-
ously unavailable epidemiological data for the FLD.

The article deals with the initial stage of the research. It includes the study of the dependencies
between demographic factors (gender, age) and liver density values using the publicly available chest
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CT dataset “CTLung500-Ca”. The dataset simulates features of the large-scale database from COVID-
19 collection: partial view of the liver with lung-specific scanning protocols.

2. Materials and Methods

To develop the concept of automatic analysis of the liver CT-density, we processed the data of an
open-access chest CT dataset “CTLung500-Ca” [10, 11]. The dataset contains 536 chest CT scans of
patients of Moscow outpatient clinics from the lung cancer risk group (patients age 62.7 = 6.6 years,
60% of female patients). The CT images with slice thickness greater than 1 mm were rejected.

The data set was processed at the Lomonosov-2 supercomputer [12]. The computations were per-
formed as a batch of processes run by Slurm cluster management and job scheduling system [13]. The
job of Slurm was to run a particular process from batch of planned processes, where each process
computed liver density of a single CT DICOM study. Computation of a single CT DICOM study fold-
er were done using 8 processor threads per task. Processing of a single task took about 200 sec of
computing time and about 4 GBytes of RAM.

Automatic liver segmentation and CT density analysis were performed using the proprietary
CTLiverExam software [14]. The processing consisted of two stages: 1. Automatic liver segmentation.
2. Automatic determining of the liver CT-density based on the of stage 1 results. The program has
previously been tested for liver detection sensitivity and specificity [15, 16]. The accuracy of the au-
tomatic CT density measurement was also tested under various conditions [17, 18].

Statistical analysis of the data was performed using the dplyr [19] and pROC [20] packages for R
3.6.3 [21], the significance level was taken equal to 0.05.

3. Results

Automatic liver segmentation was performed, then segmentation results were assessed visually,
assigning each case to one of the six categories:

1) True positive (TP): the contours of the liver were determined correctly;

2) True negative (TN): the liver was not presented at the CT scan, and nothing was segmented;

3) False-positive (FP): the liver was not presented at the CT scan, but some other organs were
recognized as liver;

4) False negative (FN): the liver was presented at the CT scan, but its contours were not deter-
mined properly;

5) FP+FN: the liver was presented at the CT scan, but some other organs were recognized as liver;

6) Not applicable (NA): CT scan is unsuitable for density analysis due to the excessive noise level
in the liver area.

Based on the assessment results, 516, 11, and 9 scans were classified as TP, FP+FN, and NA, re-
spectively. One scan in the TP category was excluded due to an unsuitable scanning protocol (slice
thickness exceeded the recommended value of 1 mm).

The average liver CT density in the 515 remaining CT scans was 52.2+11.1 HU, which corre-
sponds to the range of normal organ density: 40 ... 60 HU (Fig. 1), but significantly lower than in the
study of the American population, for which opportunistic screening for hemochromatosis was per-
formed (59.4 + 12.7 HU) [22]. There was a statistically significant difference (p = 0.02, t =-2.29, df =
437.79) between the mean liver density values for women (53.1 + 11.2 HU) and men (50.8 + 10.8 HU)
(fig. 1). Liver density less than 40 HU was found in 16.4% of men (33 patients) and 11.8% of women
(37 patients), but the size of the existing sample was insufficient to recognize this difference as statis-
tically significant (p = 0.15, t = 1.45, df = 383.12). Besides that, 12.9% of men (26 patients) and
10.5% of women (33 patients) had close to FLD threshold density values (liver attenuation in the
range 40...45 HU). Analysis of ROC curves at the 40 HU threshold did not reveal any dependency be-
tween the patients age and liver density: the AUCs were 0.572 and 0.532 for men and women, respec-
tively.

The dataset included 158 CTs containing no lung lesions. This provided an opportunity to study
whether lung cancer is the FLD risk factor. We did not find any statistically significant difference in
liver CT density between patients with lung nodules and patients without them (p=0.24, t=1.19,
df=314.28).
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The excessed liver CT density is also associated with undesirable health effects such as hemo-
chromatosis and other disorders related to liver iron overload [22]. The dataset contained 55 CT scans
(10.7%, 16 males, and 39 females) with a liver density greater than 65 HU.
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Figure 1. Liver CT density distribution in the dataset: white for all CT scans; gray for women; black for
men

4. Discussion

Opportunistic screening has revealed a high prevalence of FLD signs among patients who provid-
ed their CT scans for the CTLung500-Ca dataset. For the research population, the prevalence was
13.6%, which is significantly higher than the same indicator (5.3%) for a sample of 170 participants in
the MS-ELCAP study (Mount Sinai Early Lung and Cardiac Action Program, New York, USA). Each
of the participants in the MS-ELCAP study was at risk of developing lung cancer and had a long histo-
ry of smoking; the average age of patients was 62.0 years (55% females) [23]. All these indicators
bring the CTLung500-Ca and MS-ELCAP populations closer together; however, the incidence of FLD
signs in the Russian sample was ~2.6 times higher than in the American sample. Previously, Chen et
al. found an increased incidence of FLD (16.2%) in victims of a terrorist attack on the WTC exposed
to hepatotoxic substances [7]. In this context, our results suggest that the Russian population in general
and the Moscow population, in particular, are subjected to risk factors that significantly increase the
likelihood of developing FLD and metabolic syndrome.

In addition to FLD, the results of the research allow us to draw attention to the diseases related to
iron overload (hemochromatosis and others), which are associated with increased (>65 HU) liver CT
density. For this cut-off value, the proportion of patients with high liver attenuation in the
CTLung500-Ca dataset (10.7%) was significantly lower than for a sample of 3357 patients from US
clinics who underwent abdominal CT scan for rectal cancer screening (30.6 %) [22]. Note the different
liver density distribution in the CTLung500-Ca dataset (52.2 £ 11.1 HU), in the MS-ELCAP study
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(57.6 £ 9.3 HU) [23], and among rectal cancer screening participants (59.4 = 9.3 HU) [22]. This may
indicate that the American and Russian populations potentially differ significantly in this parameter,
which limits the possibility of direct mutual transfer of treatment recommendations and preventive
measures and necessitates further research in this area.

This research is preliminary due to the limited size of the sample used. The research also has the
following limitations:

— The CT densities of the liver and spleen were not compared, which may result in additional den-
sity distortions associated with the CT device calibration issues [24, 25].

— The research involved only 50+ years old patients from the lung cancer risk group, whose data
may differ significantly from the population average [23].

However, these limitations will be consistently overcome at further stages of the research. We
plan to screen FLD signs in the expanded CT dataset of the lung cancer risk group (about 7,000 pa-
tients). Another research direction is to check the published hypotheses on the dependency of COVID-
19 and liver CT density [26]. Initially, this will be done using the open-source MosMedData dataset
(https://mosmed.ai/datasets/covid19_1110), consisting of 1,100 chest CT scans with varying degrees
of lung damage [27].

The main measurements, which will allow us to obtain statistics on a wider population, will be
carried out on the CT scans collected in Moscow clinics during the 2020-21 COVID-19 pandemic.
More than 140,000 non-contrast chest CT scans will be automatically processed using the Lomono-
sov-2 supercomputer. The analysis of the liver CT density will make it possible to update the statistics
on the prevalence of FLD signs among the different ages, which will allow identifying separate risk
groups for MS prevention and treatment. The obtained statistics will indicate main effort directions to
develop both treatment and preventive programs.

5. Conclusions

515 chest CT scans containing a partial liver image were automatically segmented and analyzed.
A decreased density of less than 40 HU was found in 16% of men and 11% of women. A conditional
risk group was identified with a density approaching the threshold value (4045 HU), which includes
another 12.9% of men and 10.5% of women. No significant relationship between hepatic density and
age was detected for the studied age group 50-75 years. A significant difference in the distribution of
liver density between the populations of Russia and the USA was revealed, which reasons require fur-
ther research.
Based on this preliminary research, a methodology for the automatic liver CT density analysis for
large samples has been developed, which will be used for gathering FLD statistics from large chest CT
datasets.
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HPC TaskMaster — cucrema MOHUTOPUHTA
3P DEKTUBHOCTU 33184 CYIIePKOMITbIOTEPA

I1.C. Kocrenenkuii, A.b. Iamcyraunos, P.A. Yynkesuda, B.I1. Kosbipes

Harmumonabubiit nccieoBarebeckuilt yuusepcurer "Boicias 1mkosa SKOHOMUKH '

Ompenenenne 3(HPEKTUBHOCTH HCIOIB30BAHUST PECYPCOB CYIEPKOMIIBIOTEPOB SBJIsI-
ercst po0JIeMOii, aKTYAJIbHON C MOMEHTa IOSsIBJIEHUsI CYIEPKOMITBIOTEPHOI OTPACJIH.
YuuBepcaabHOI CUCTEMBI [1JTs1 OIpeiesienns 3bMOEKTUBHOCTA HE CYIIECTBYET, TAK KaK
BCe CYIEPKOMIBIOTEPHI B CBOEU CTEI€HN YHUKAJbHBI 33 CUYET PA3IMIHBIX TEXHUUIE-
CKHUX XapaKTePHUCTHUK U TporpaMMuoro obecreuenus. Cynepkomubiorep cHARISMa B
HITY BIIIS Tak:ke uMeeT CBOIO OCOOEHHOCTD - Ha, OJTHOM BBIUUCIUTEIHLHOM Y3JI€ MOT'YT
OBITH 3allyIIEHbl HECKOJIBKO JECSITKOB 3a/1ad 0/HOBpeMeHHO. HacTpoiiku mo3BoJsgioT
6osee 500 mosb3oBaTessam cynepkommbiorepa HUY BIIID 6b1cTpo BBINOIHATH CBOM
HayJHbIE PACYEThI HE MeIllas APYT Apyry. B maHHOI cTaThe ONUCHIBAETCS CHCTEMA MO-
HUTOpUHIa cobcTBeHHOi paspaborku HITY BIIID mist cyneprkomubiorepa cHARISMa
- HPC TaskMaster. [lannasi cucrema aBTOMATHIECKH OIeHUBAET 3(PPEKTUBHOCTD BbI-
[IOJIHEHUST 33J1a4 II0JIb30BaTes el CYIePKOMIIbIOTepa U OlpejiessieT HeaddeKTuBHbIE
3329, TEM CAMBIM ITO3BOJIsIsT CYIIECTBEHHO SKOHOMHUTH JOPOTOCTOSAIIEE MAITHHHOE
Bpems. llosp30Baresin MOryT mpPOCMATPUBATDL OTYETHI O BLIMOJHEHUN CBOUX 33189
BMeECTE C BBIBOJIaMU 00 X paboTe M MHTEPAKTUBHBIMU Ipadukamu. lanHas cucrema
[OCTpOEHA Ha 0a3e OTKPBITOIO IIPOrPAMMHOTO O0ECIIEYEeHHUsI, YTO IO3BOJUT B JIAJIb-
HeIIeM yCTaHOBUTH €€ Ha JPYTUX BBIUUCIATENBHBIX KJIAaCTepax.

Karouesvie cro6a: CyniepKOMIIbIOTED, MOHUTOPHUHT, 3P HEKTUBHOCTD

1. BBenenue

Cucrema MoHUTOpUHTA 3 (MEKTUBHOCTH 33/ sIBJISIETCsT BayKHBIM WHCTPYMEHTOM JIjIsl O0HA~
PYKEHUsT HEKOPPEKTHO 3AITYIIEHHBIX BBIYUCIECHUHN, BJIEKYIINUX 38 COOO0 HEJOCTATOTHO 3D DEKTUB-
HO€ WCIIOJIb30BAHNE PECYPCOB CYIIepKOMITbIOTepa. B JaHHOI paboTe OnmuchbiBaeTcst HOBasi CUCTEMA
mouuTopunra sddexkrusnoctu 3a7a1 HPC TaskMaster, pazpaborannas B HammonaibHoM ucciie-
JI0BaTEILCKOM YHUBEPCHUTETE «BBICIIas K08 S9KOHOMUKH» I cylepkoMibiorepa cHARISMa
(Computer of HSE for Artificial Intelligence and Supercomputer Modelling). Januas cucre-
Ma IMpeHa3HaYeHa JJIsi MOHUTOPHUHTA 3321 0JIb30BaTej el CyIIePKOMITBIOTEPA U OOHADY KEHUST
HedPHEKTUBHO UCIOTB3YEMBIX PECYPCOB.

Paspaborannast cucreMa mo3BoJIsieT MOJIB30BATESIM ITPOCMATPUBATE OTUYETHI O BBIIOJTHEHUT
UX 3a/1a9 BMECTE C MHTEPAKTUBHBIMU I'DapUKAMU BBIIIOJTHEHNS, 8 TAKXKe aBTOMATUYIECKH OIIpe-
JIeJIATH 33191, KOTOphIe paboTain HeabdeKTUBHO. VIMest J0CTyIl K pe3y/ibraTaM aHAJIM3a CBOUX
3aJ1a4, B JIAJbHENIIEM I0JIb30BaTe/] I MOI'YT 3allyCKaTh CBOM 3aJadu 0oJiee 3(heKTUBHO, UTO
MMO3BOJIAT CYIIECTBEHHO SKOHOMUTH MAIIMHHOE BPEMsI CyIEPKOMIILIOTEPA.

Cpemu ommbOK T0JIb30BaTE e CyIEPKOMITBIOTEPA, HAnb0JIee paCIIPOCTPAHEHHBIMU SIBJISTFOT-
cst:

— BBIJIEJIEHNE HEJOCTATOYHOrO UM M3OBITOYHOIO 00beMa PECypPCOB JIJIsI 3a1a817;

— sanyck Ha CPU 3agaq, noggepkuBatomux Berauciaenust Ha GPU;

— 3allyCK HemapaJjieabHol 3aga4un Ha HecKoabKuxX sapax CPU mim rpadmyeckux mporecco-
POB;

— BBIJIEJIEHAE MOIIHOCTEN BBIYMC/IUTEIHLHOTO y3ja 06e3 3allyCKa pacdeToB.

KimoueBoii ocobennocTnio cynepkomibiorepa HNMY BIIY sapisiercss To, KakuM 00pa3oM OH
BBIJIEJISIET PECYypPChl IJIsI 3aJad IMOJIb30BaTeseil. BMecTo Bblje/IeHUs] [EJ0r0 BBIUYUCIUTEIHHOIO
y3Ja JjIs OJTHOM 3aJIavi, MOJIb30BATE IO JIAeTCsl ONpPEeJIeJIeHHOe KOJMIECTBO sjIep IIPOIeccopa u
GPU, TeM caMbIM Ha BBIYUCIATEILHOM y3JI€ MOTYT BBIMOJHSITHCS CPa3y HECKOJIBKO JIECSATKOB
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3a/1a4, ONTUMU3UPYS TAKUM 00pPa30M HCIIOJb30BAHME PECYPCOB CylEepKOMIIbioTepa. M3-3a omnu-
caHHOi1 BbIlie ocobennoctu cHARISMa, roTOBBIE peIieHusT JIJIsi MOHUTOPUHTA, PECYPCOB CHCTEMBI,
rakue Kak |1| u 2], He mogxoasT /It JAHHOTO CyTIepKOMIIBIOTEPa, 1 HEOOXOINMO pa3pabaTbiBaTh
HOBYIO CHCTE€MY MOHUTOPHUHIA, OIMPAsICh YKe HA UMEIOIeCs] HHCTPYMEHTHI sl MOHUTOPWHTA
B OTKpBITOM Jocryne. B [3| omucano, Kak ncrnosb3oBaHne KOMOMHAIMHE TaKUX IPOIDAMM, KAk
Telegraf, InfluxDB, Slurm u Grafana mozBoJjisier OGBICTPO HACTPOUTH U 3AMYCTUTH CUCTEMY MO-
HUTOPHUHIA PECYPCOB CyllepKoMIIbioTepa. Tak Kak Bce MporpaMMMbl, 3a uckaodennem Telegraf,
y2ke ycraHoBjienbl Ha cHARISMa, 6bLIO peIieHo UCIOIb30BaTh JAHHBIN TOIX0 IIPU pa3padboTKe
CUCTEMBI.

[ToMuMO MOHUTOPHUHTIA CyHEPKOMIIBIOTEPHBIX PECYPCOB, CUCTEMA JIOJI?)KHA ITPOU3BOIUTH aHA~
Jin3 3@EKTUBHOCTH BBINOJIHEHUS 33J/1a4 CylepKoMIbioTepa. V3BecTHoil oTeyecTBeHHO# cucTe-
Moit cozmanust orueToB 06 adekTuBHOCTH 3324 siBisiercs [4]. JobDigest npousBoguT anasm3
cOOpaHHBIX WHTEI'PAJIbHBIX 3HAYEHUI U Ha €ro OCHOBE BBIIAET 3aJade TETr, OIMUCHIBAIOIINIA CBOii-
cTBO 3ajiaun (Hanpumep, Huskas 3arpyska GPU). Hecmorpst Ha TO, 9TO MCIIOJIb30BAHKE TErOB
YIOOHO JIUTs TIOUCKA U (PUIBTPAIMH 3aJ1a9, He BCEra Terd 10 OTAEIbHOCTHA MOTYT IPEI0CTABUTH
obrryto KapTuHy 00 3 dekTuBHOCTH PabOTHI 3ama9u. 1 Toro, 9To6bI OMHO3HAYHO OIPEIC/TUTh,
KakK 5pPeKTUBHO paboTaja 3aja4da Ha cynepkomubiorepe cHARISMa, Ha ocHOBE COOPAHHBIX Te-
TOB JIOJI?KEH OBITH CO3/IaH 66600 0 ee pabore. BbIBo Tak:Ke MOKEH YINTLIBATE THUI 331841 IIPHU
aHaJm3e, T.K. JIjIs PA3JINIHBIX HAYIHBIX ITPUJIOYKEHNH moKas3aren 3(pHEeKTUBHOTO UCIIOIb30BAHMS
PECypCcoB MOTYT OBITH PA3HBIME. A IMUHUCTPATOP CHCTEMBI MOHUTOPHUHTA 3P (DEKTUBHOCTH 314
cynepromnbiorepa cHARISMa noizkeH uMeTh BO3MOXKHOCTH CO3/1aBATh HOBBIE BBIBOJIBI O3 ITOMO-
I Pa3pabOTINKOB, 9TOOBI OIIEPATUBHO OIPEIE/IsITh HOBbIe TUIBI HEI(MEKTUBHO 3aIyCKAEMbIX
zayad. [lo srum npuwaunam s cHARISMa 6biia pazpaborana coOCTBEHHAsI CHCTEMa, MOHUTO-
punra 3¢ dexkrupHoctn 3ana1 HPC TaskMaster, ¢ ncmnosb30BaHREM OTKPBITOIO IPOrPAMMHOIO
obecredenus [5).

2. Onucanue cynepkomiibiorepa cHARISMa

Texauveckue XxapaKTepuCTHKY cylepkomibioTepa cHARISMa npuseiensl B TabJmie

Tabauna 1. Texaudeckue xapakrepucTuku cyneprommbiorepa cHARISMa

Kommuecrso yznos/CPU /snep/GPU 40/80/1816/116

Monenb mpoIeccopon Intel Xeon Gold 6248R, 6240R, 6152
Mopnens GPU NVIDIA Tesla V100 32 GB NVLink
OrnepaTuBHas MaMsiTh KJIacTepa 34 Thb

ITapasurenbnas cucrema xpanenus nanabix | CXJI na 6aze Lustre 840 Th

Tun BoIYUCINTEILHON ceTn InfiniBand EDR (2x100 I'6ur/c)
Tun yrnpasssforeil ceru Gigabit Ethernet
[TukoBast IPOU3BOIUTETHLHOCTD 1 Ileradson/c

[Ipoussomurensruocts Ha Tecte LINPACK | 653,7 Tepadiion/c

Orneparonnast cucrema Linux Centos 7.6
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BricokonmponsBoiuTebHBIN BEIYUCAUTENbHBIN KiaacTep cHARISMa 3amumaer 6 mMecTo TO
npoussoguTesnbHocTu B crcke TOTI-50 cynepkomubiorepos CHI™ no cocrosiauto na 2021 rog, [6].
Pecypcbl BbIMncmTe/ IbHOrO KjacTepa MpeHa3HAYEHBI JIJIs TOJJIEP2KKH [TpOBeJIecHus (DYyHTaMeH-
TaJILHBIX HAYYHBIX MUCCICIOBAHUI U Opranu3anuu yIeOHOro mporecca, a TaKKe JJisi BBIITOJTHEHU T
HAYYHBIX U HAYIHO-IIPAKTUIECKUX IIPOEKTOB, TPEOYIOIIUX UCIOJIB30BAHUS CyHEPKOMIIBIOTEPHBIX
cucreMm. Ha manubiit MomenT, 6osiee 500 mosrb30BaTe et paboTalOT Ha CylIepKOMITbioTepe 1o 193
HaydHbIM U yuebHbiM npoekTam HITY BIID. [logpobuble xapakTepUCTUKHU CYHEPKOMIILIOTEPA
ormcanbl B crarbe |7]. B 2021 manupyercs pacumpenue cynepkoMbiorepa HUY BIID nosbivun
TUIIAMH BBIYUCIUTEIBHBIX y3J10B ¢ 8 rpadpudueckumu Kaprtamu NVIDIA Tesla A100 80GB SXM
B KAXKJIOM, 9TO IO3BOJIUT CYIIECTBEHHO YBEJMIUTH KOJUIECTBO ITPOBOIUMBIX HAYUIHBIX UCCIIEI0-
BaHUil MUPOBOI'O YPOBHI.

3. IIpoekTupoBaHue CUCTEMBI

st IpoeKTUpOBaHUST CUCTEMBI MOHUTOPUHTA 3D MDEKTUBHOCTY 38184 OBLIN OIIPEJICJIEHBI CJIe-
nytorue (pyHKIMOHAIbHBIE TPeOOBAHMUSI.

1. Cucrema moJizKHA COOUPATH CJIEAYIONINE JTAHHBIE JIJTsT KayK 0 3a1a1u:

— yruwimsarus KoHKpeTHbiX sijep CPU, Bbijie/leHHBIX TSt 38/1a41;
— yruwmsanus GPU, Ha KOTOPBIX BBIIOJIHSETCS 3a/1a4a;

— yrumsarmst sugeonamsaTa GPU;

— suepronorpebienue GPU;

— yTWIN3AIHs OIEePATUBHON TAMSITH, CO3/IaBaeMasi 3aJ1ajeit;

— ucnoyb3oBanue ceru InfiniBand;

— HUCIoab30BaHne (HailIoBOil CHUCTEMBI;

2. Cucrema JI0/KHA aHAJU3UPOBATH COOPAHHDIE JJAHHBIE U HA UX OCHOBE OIIPEIEIIsiTh, 3hdeK-
TUBHO JI PabOTAJIA 337844,

3. Cucrema JOIKHBI TPEOCTABIIATH MOJTH30BATEISAM CYTIEPKOMITBIOTEPA TOCTYI K CITUCKY BbI-
[TOJTHEHHBIX 33J1a9, OTYeT 00 WX BBIINOJHEHUU U IPAMDUKU UX BBIITOJTHEHUS IIPU TOMOIIH
BeO-TIPUJIOXKEHIUST;

Onwmpasich Ha IpUBEJIEHHBIE BhIITe (DYHKIINOHAIbHBIE TPeOOBaHUsI, OBLI IPOBEJIEH aHAIU3 Pa-
HOTAIOIX WHCTPYMEHTOB J1jist MonnTopuara Ha cHARISMa n 0603nadeHbI ciieTytornine HedyHK-
[UOHAJIbHBIE TPEOOBAHUS JIJIsl HOBOI CHCTEMBI.

1. Jlns 3amycka 3aJ1aq Ha CyHEePKOMIIbIOTEPE UCIOJIB3YETCs IIJIAHUPOBIUK 3a1ad Slurm. [lan-
HBbIE O 3ajadax Slurm COXpaHSIIOTCS ABYMsl CIIOCOOAME: OCHOBHBIE JAHHBIE 3aIIUCHIBAIOTCS
B pesisiiuonnyio 6a3y manubix MyS@QL npu nomomu ¢gpoHoBoro mporecca slurm database, a
METPHKH 33/[a4 3alIChIBAIOTCS B 6a3y JaHHBIX BpeMeHHBIX psijio InflurDB 8] npu momo-
iy wiaruaa acct gather. Janubiil njarun cobupaer takue jgaHnble, kak yrususaius CPU,
YTUJIM3AIHsT aMsITH, UCIOJIb30Banmne cetu InfiniBand, npu 9TOM OH COXPaHSIET METPUKH
IIJIST KaKIO0M OTIEeJTbHON 3a0a49n.

2. Jlna cbopa HemocTaomuX NoKa3aresaeil yTUIN3AIUN KOHKPETHBIX siJiep IMEeHTPAJIbHBIX ITPO-
1IeCCOPOB U IpadUuecKux MpoIeccopoB ObL1 ycranosieH doHosbiil nporece Telegraf [9),
KOTODPBIIl IMeeT BCTPOECHHBIE TIJIATUHBI JIJIsi cOOpa METPUK YTUIU3AIUN S/IeD IEeHTPATbHBIX
7 rpaduIecKuX mporeccopoB. Takum ob6pasom, nMmest ID meHTpaIbHBIX IPOIECCOPOB U I'Pa-
bUIECKUX MPOIECCOPOB, HA3HAYEHHBIX [IJIs 33191, CHCTEMA MOXKET COOPATh METPUKU JIJIst
3aefiICTBOBAHHBIX KOMIIOHEHTOB, BCJIEJICTBHE Y€r0 MOXKET IIPOAHAJIM3UPOBATL I(PHEKTUB-
HOCTB BbINIOJTHeHUs 3ajadu. CoOpanHble MeTpukn 1pu nomoriu Telegraf coxpaHsoTcs B

Bl InfluzrDB.
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3. B kauecTBe mHCTpyMeHTa JJisi Budyaau3anuu rpadukoB Ha cyrnepkomibiorepe cHARISMa
ycranosiena Grafana |10]. Grafana npegocrasisier Gosbiime BO3MOXKHOCTH JIJIsi HACTPONKI
u odopMmieHnsT TpadUKOB, a TaK¥Ke MMeeT MOJIEPXKKY cozjanusa ux mnpu momornu API.
Hanawiit API nosBosisier aBToOMaTU3upOBaTh CO3JaHue IPadUKOB JIjIsl KarXKI0i 3a1a4u.

[IpenmytiecTBoMm ucnosibzoBanust komounanuu 1elegraf, InfluxDB u Grafana siiisiercs Bo3-
MOXKHOCTb YCTAHOBKHU W HACTPOWKM JTAHHBIX HWHCTPYMEHTOB Ha JIIOOOM cyrepkomibooTepe. [lo-
MHMO 3TOTO, JAHHbIE MHCTPYMEHTHI JEJal0T CHUCTEMY MOHWTOPUHTA JOCTATOYHO THOKO#. Ilpm
HEODXOIUMOCTH, MOYXKHO COOMPATh JIOIOJIHUTE/IbHbIE JAHHBIE, UCIIOJIb3YsI BCTPOEHHBIE TLIATTHBI
Telegraf nnmu paszpaboras cBOH.

Jnarpamma kommoneHToB cucrembl HPC' TaskMaster nipeicraBiieHa Ha, PUC.

«MnaruH» 2 | «Mpunoxerne»s | -
le—|
acct_gather Slurm «BubnnoTekars |
| Grafana
- «MpwunoxeHne» gj -
«Mnaruky & | B C6op ¥ aHanu3 Foarias «WHTepdeiicy
cpu, nvidia-smi aHHbIX Django
’ InfluxDB A B Jang
\—> «Mpunoxexne»s | l
Telegraf =1
«MHTepdeiicy | JaPh-
Grafana
«MnaruH» 2]

allocated_cores

Puc. 1. JInarpamma KOMIIOHEHTOB CHCTEMBbI

4. AaroputM padboOThI CUCTEMBI

B nmamHOM passesie IpUBEIEHBI OCHOBHBIE aJirOpUTMbI paboTel cuctrembl HPC' TaskMaster.

4.1. Aaropurm cbopa u aHaAJIM3a CTATUCTUKU CUCTEMBI

Asroput™ paboThI CHCTEMBI MOHUTOPHHTA 3(D(MEKTUBHOCTH 38189 MPEJICTABIIEH Ha, PUC.

Cuctema cobupaet
MeTpUKU C
BbIYMCIIUTENBHBIX
y3roB

CucTtema 3anucbiBaeT B
cobeTBeHHyto B4
OCHOBHY0 MHdbOpMaLmio
o 3agade u3 B[] Slurm

DUHANBHLI c6O! ®uHanbHbIA aHanun3
P arperMpoBaHHbIX MeTpUK

3apaya 3aBeplueHa? arpernpoBaHHbIX MeTpyK
1 BbIBOA, O6GHAPYXKEHHbIX
ansa 3agadn m3 InfluxDB
npobnem
AHanms arperrpoBaHHbIX C6op arpernpoBaHHbIx @
MeTpVK V1 BbIBOA, MeTpVK ANns 3agauv n3
oBHapy»eHHbIX npobnem InfluxDB

Puc. 2. Anropurm paboThl CUCTEMbI MOHUTOPHUHTA 3D MEKTUBHOCTH 38,144

Cucrema MoHUTOPHUHTA 3bMEKTUBHOCTH 3a/1a9 PAbOTAET IO CJEAYIOMEMY TPUHITUILY:

— Ha KakJOM BBIYHCJUTE]BHOM y3jie coOMpatoTcst MeTpuku mpu rnomomu Telegraf m coxpa-
usitorcst B B/I InfluxDB na rosioBaoMm yaite. Takxke, B InfluxDB zarpy»katorcst meTpuku u3
wiaruna acct gather;

— CHCTeMa aKTyaJIM3UPYyeT CBOIO JIOKaJIbHYIO 6a3y manHbix MySQL, cpaBHuBast ee 3a1a4u ¢
3aJadaMi U3 6a3bl JAHHBIX Slurm;
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— IIOKa 3aJ1a9a HAXOJUTCS B COCTOSTHUU PabOTHI, JJIsi HEE C OIPEJIEEHHBIM [IEPUOJIOM CODU-
patorcst arperupoBannabie MeTpuky u3 B/l InfluxDB;

— cobpaHHbIE arperupoBaHHbIE METPUKH aHAJIU3UPYIOTCS CUCTEMOMN | JIjIsI 3aJla49M CO31AeTCs
CITMCOK OOHAPY?KEHHBIX ITPODJIEM;

Ha ocroBe mMmeromuxcst JaHHBIX O 3a/1ate, TP 3aIpoce MOJb30BATES I Hee aBTOMATHICCKN
crposites rpaduku B Grafana.

4.2. Anroputrm paboThl aBTOMaTn4eckoii renepanuu rpacdukoB B Grafana

s aBTOMaTHYECKOrO cO3/IaHus IpadUKOB i KaxK 101 3amaqu B Grafana, 6611 pazpadoran
CLIeNUAJIbHBII aJITOPUTM, IPEICTaBJICHHBII Ha puc. [3]

M3 B
n3Briekaetcs
VMHpopmauusi o
3agaye

Co3sgaetcsl Hayarno
json dpavina un
CTpOKa C OCHOBHOW
NHopmaLmen

3anpoc
nornb3oBaTens Ha
NpPOCMOTp 3agaun

CosnaHue naHenen
ons
BbIYUCMIUTENBHOMO

json chann

BbIrpy)XaeTcst
Ha cepBep

Grafana

Octanuck nu yanel
B cnucke?

3akpblTHe json
dainna

Puc. 3. Anropurm paboThl aBTOMaTHYIECKOR reHepanun rpadukoB

B nmanbmeiiem, cozmanabie rpadUKu UCIOIB3YIOTCS /I OTOOPAXKEHHSI Ha, CaifiTe CHCTEMBI
[IPY IIOMOIIM TEXHOJOTWH iframe, Ije I0/JIb30BAaTE/]b MOXKET B MHTEPAKTUBHOM PEXKHME O3Ha-
KOMUTBCH C TpaduKaMu, IIPOCMATPUBAs ITOKA3ATEIN 33 OIPEIe/IeHHBIN TPOMEXKYTOK BPEMEHH.
Tak>ke, cucrema co3gaer rpaduKN Kak JJIsi BLITOJHEHHON, TaK U JJIsT PaOOTAIONMIEH 3a1a41, TeM
CaMbIM TI0JIB30BaTE/Ib UMEET BO3MOXKHOCTD HADJII0IaTh paboTy CBOeil 3a/1a1i B PEAJIBHOM BpeMe-
uu. [Ipumep aBroMaTHyecKu CO3MaHHBIX IPadUKOB Jylst 3a/a41 IIpuBeieH Ha puc. [

> Jobinfo (4 paneis)
~¢cn-009

Utilization of CPU core: 0 Utilization of GPU: 0 Main memory usage, %

100 | 100

e 75 | 2021-06-04 16:06:00 2 75 WMW 'm h ‘M
= Overall utilization, % a9
50 = User utiization, %: 257 f
=] System utilization (input/output), %: 161
25 ‘il w’mml
L ]

ol 0 0 " e
16:00 20:00 00:00 0400 08:00 1200 16:00 2000 00:00 0400 08:00 1200 16:00 20:00 00:00 0400 08:00 1200
== Overall utilization, % = User utilization, % == System utilization (input/output), % = GPU utilization, %

Utilization,
Main memory usage, %

= Main memory usage, %

Utilization of CPU core: 20 Memory usage of GPU: 0 Infiniband bandwidth usage, %

100 100

16:00 20:00 00:00 04:00 08:00 12:00 16:00 20:00 00:00 04:00 08:00 1200 16:00 20:00 00:00 04:00 08:00 12:00
= Overallutiization, % = User utilzation, % == System utiization (input/output), % GPU memory usage, %

Infiniband write, % == Infiniband read, %

Puc. 4. T'padukn yrummsanun BEIYACIUTEIBHBIX PECYPCOB 3aaadeit
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5. Obnapyxkenne HedIPEKTUBHBIX 3379 IIPU IIOMOIIU CUCTEMBbI

Yro6b! onpesienTh, paboTaer Jiu 3a1a4a Heda(HEKTUBHO, HEOOXOIMMO OIEHUTh Y TUIA3AIIUIO
3a/IeliCTBOBAHHBIX 3a/1a9ell KOMIIOHEHTOB. JIJIsT 9TOro BBOAUTCS IOHSTHE UHOUKAMOP NPOOAEM -
ecJI 3HAYEeHNEe YTUIN3AINN KOMIIOHEHTA MONaIaeT B I'PAHUIIBl YTUIM3AIUN, 3a/laHHbIE aJIMIHU-
CTPATOPOM, TO B OTUETE MOSABJISIETCS WHIUKATODP TPOO/IEMBI YTUIM3AINN JAHHOTO KOMIIOHEHTA, Y
KOTOPOTO eCTh ypoBeHb mposiBiierusi oT 0 710 1 (oT HamMenbiero K Hanbosbinemy ). IIpumepom
UHIMKATOPa HU3KON yTUIH3aINell siipa IPOIEeccopa MOYXKET OBITh 3HaUYEHHEe YTUJIU3AIUU siIpa
pasnaoe 20%, B TO BpeMs KaK MUHHMAJIbHAad IPAHUIa, 3aJaHHas aJIMUHACTpaTopoM pasHa 0%, a
MakcuMaJjbHas - 30%. B sToM ciayuae ypoBeHb HposBiieHus nHIMKaTOpa Oyaer pased 0.33.

Ha nanmbrit MOMEHT, peajn30BaHO PACIIO3HABAHUE CJIETYIONINX TUIIOB UHINKATOPOB IIPOOJIEM:

— HHU3KAasl YTUIU3AINS KAK MIHIMYM OJHOTO U3 s/ep IMEeHTPAJILHOIO IPOIeCcopa Uin rpadu-
9EeCKOT'0 TIPOIECCOPa BO BPeMsl BBITIOJTHEHUS 33 1a4H;

— HHU3Kasl YTUJIN3AIN SIIep MEeHTPAJIHLHOTO MPOIECCOpPa IIPU BBICOKON yTUIM3annn rpadude-
CKHX IIPOIECCOPOB;

— HHU3Kasl yTUI3aIUA rpaduIecKuX IPOIECCOPOB IIPH BHICOKON yTUIM3AIINY A/1ep [eHTPaIb-
HOT'O TIPOIECCOPA;

— HHU3KOE HCIOoJIb30BaHue ceTu InfiniBand Npyu MCIOJb30BAHIE HECKOJIbKHUX Y3JIO0B.

Ha BoixoJie cucTema moJrydaeT CIUCOK MHIUKATOPOB MpodseM Juisd jranHoit 3aaa4uu. Cireryio-
UM IIIaroM fBJIfACTCA I'eHepallid BbIBOAa O pa60Te 3a/la91 Ha OCHOBE MMECIOIUXCA MHANKATOPOB.
B macTpoiikax cucteMbl aJIMUHHCTPATOD YKA3bIBAET MapaMeTpPbl, HA OCHOBE KOTOPBIX T'€HEPUPY-
€TCsl BBIBOJL - CPEJU BCEX TUIIOB MHIUKATOPOB, aJIMIHUCTPATOD BLIOUPAET HYXKHBIE /I ONpeJie-
JIEHHOT'O BBIBOJIA U 33/a€T I'PAHUIILI YPOBHS IIPOSIBIEHUS IIPOOJIEM, & TaKyKe YKA3bIBAET JJINTE b
HOCTb U UM MPUJIOXKEHUs 3a7a4u. Kejim npu aHaan3e 3aa49u Bce OOHAPYKEHHBIE WHIUKATOPBI
COBIIAJIN II0 YPOBHIO IIPOABJICHUA mpo0bJIeM ¢ TTapaMeTpaMn BBIBOJA, TO JaHHBIN BBIBO IIPUMEHSI-
ercs K 3ajade. Y KaxXKJOro BBIBOJIA €CTh CBOIl NPUOPUTET, HAWUBBICIINI OTIAETCA BBIBOJAM JIJIs
OIIPE/ICJICHHBIX IIPUJIOXKCHUA.

Anroput™ obHapykenust HeapHEKTUBHBIX 33/1a49 TPUBEJICH HA PHUC. .

°
V 1

AOMUHUCTpaTop
AOMUHUCTpaTOP 3a/laeT NoporoBLIe BeiBog o pabote
3ajlaeT napameTpbl 3Ha4YeHus ans 3aa4u Ha cTpaHuLe
NSt BLIBOAOB WHIMKaTOPOB oT4yeTa
npobnem
/(DyHKLI,I/IFl reHepau,MM\
QyHKLMS PesynbTat 0bpabotku: BbiBOAa obpabaTbiBaeT
obpabaTbiBaeT METPUKM lNokazaTtenu 3agaun: nokasartenu 3aga4u u
3afa4, onpenenss Problem, Node, Ha OCHOBE 3a4aHHbIX
WHAMKaTOPbI Npobnem CPU AVG Utilization: napamMeTpoB BblgaeT
1 nx yposHu (o1 0 go 1) Value, Level (0-1) BbIBOZ O pabote

\ 3aga4u /

Puc. 5. Anropurm obHapy:keHust Heap(HEKTUBHBIX 3389
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HpHMep OT4Y€eTa O BBIIIOJIHEHUU 3a/J a9 C CO3JaHHBIM BbIBOJIOM IIDHUBEJICH Ha PUC. @

O6wan nudpopmaumn: Ungukatopbl npobnem:

ID zapaumn

Vms zanaun:

Cocroanve 3anaqn:

MNonezoatent:

[laTa ctapTa:

[laTa 3aBepLueHns:

[JAnTenbHOCTS:

Konwuecreo yznoe:

Konwuecreo agep CPU:

Konmuecrso GPU!

BolaeneHHsIe y3abl 1 UX Tk

358910

Jupyter-notebook

TaitmayT

8 cenTabpa 2021r. 16:16:53

9 centabpa 2021r. 16:17:01

1a @4 Qem e8¢

1

32

1

type_a: en-[002]

MHavkaTopbi:
i cPU: wuskan cpeaHan sarpyska ¥
node ¢n-002: 0.38% (3HaueHve ypoeHs: 0.99)
W cpu: nuskan 3arpyska otaenbHsix agep '
Node: cn-002
GPU: Hu3Kan cpeaHsn 3arpyska Y
Node: cn-002
* gpu-0: 1.66% (aHaueHwve yposHAa: 0.92)
BoiBog;:
B HesdpektnsHoe ucnonbsosanme Jupyter Notebook ¥
« NMpuaosxxenne Jupyter Notebook pabotaet HeapdekTraHo!

Komanaa 2anycka

Jusr/local/bin/run_notebook

Puc. 6. (DpaI‘MeHT OoT4YeTa O BBLIIIOJIHECHUM 3aJa91

6. 3akJIroueHue

Paspaborannast cucrema MoHuTOpHHIa 3ddekTupHocTr 3anad HPC TaskMaster mospoJisi-

€T MOJIL30BATESAM CYIEePKOMIIbIOTEPaA IPOCMATPUBATH HHMOPMAIIMIO O CBOUX 3aJ[adaX, a TaK¥Ke
oOHapyKUBAET CJIydan, KO/ BhIACICHHDBIE 3a/1a4eil pecypehl ObLIN UCIIOIHE30BAHBI HEIPDEKTUB-
HO. Biaromapsi ncnoJib30BaHUI0 B KAYECTBE MOACUCTEM OTKPBITOrO IIPOrPAMMHOIO 0beCIeYeHus,

CHUCTEMa OTJINYACTCS TMOKOCTBIO, U B JIaJbHEHIIeM MOXKeT ObITh BHEJIPEHA, HA PA3JIMIHBIC CyIIep-
KOMITBIOTEPEI.

B kauecTBe ;Lam)Heﬁmero Pa3BUTHUA CUCTEMBI IIJITaAaHUDPYETCH: 1) PaCHInpPUTH CIIMCOK OTCJIC2KH-

BaeMbIX IIPOOJIEM B 3a/1a9aX OJIb30BATENE, 2) BHEIPUTH AHAJIIN3 BDEMEHHBIX PSIJIOB TP HOMOIIN

MaTeMaTHIECKUX METOJIOB MU IIyTeM MCIIOJIb30BAHUS HEIPOHHBIX ceTell, 3) MOJArOTOBUTH CUCTE-
MY JJTsT TTyOJTUKAINY B OTKPBITOM PEITO3UTOPUN.

UccreioBanne BBIOJHEHO C UCIIOJb30BAHUEM CYIEePKOMIbIOTEPHOro KoMmiuiekca cHARISMa

HUY BIIIS [7].

JIuteparypa

1.

Nagios - The Industry Standard In IT Infrastructure Monitoring. (n.d.). Retrieved March
24, 2021, from https://www.nagios.org/

Zabbix :: Open source perenne pacripeieIeHHON0 MOHUTOPUHTA KOPIIOPATUBHOTO KJIACCA.
(n.d.). Retrieved March 24, 2021, from https://www.zabbix.com/ru

Chan N. A resource utilization analytics platform using grafana and telegraf for the Savio
supercluster // ACM International Conference Proceeding Series. Association for
Computing Machinery, 2019.

Nikitenko D. u ap. JobDigest — Detailed System Monitoring-Based Supercomputer
Application Behavior Analysis // Communications in Computer and Information Science.
Springer Verlag, 2017. T. 793. C. 516-529.

[Tamcyrouaos A.B., Kocrernenkuii I1.C. PaspaboTka cucTreMbl MOHUTOPHUHTA,
sdbdekTuBHOCTH 3aa4 Ha cynepkoMmibiorepe cHARISMa // ITapasienbublie
perancanTeabHble TexHogoruu [1aBT’2021, r. Boarorpas.

Top50 | Cynepkommbiorepst. (n.d.). Retrieved September 2, 2021, from
http://top50.supercomputers.ru/list

24



10.

Cynepromnwsromepruie Onu 6 Poccuu 2021 // Russian Supercomputing Days 2021 // RussianSCDays.org

Kostenetskiy P.S., Chulkevich R.A., Kozyrev V.I. HPC Resources of the Higher School of
Economics // Journal of Physics: Conference Series. 2021. T. 1740, Ne 1.

Fadhel M., Sekerinski E., Yao S. A comparison of time series databases for storing water
quality data // Advances in Intelligent Systems and Computing. 2019. T. 909.
Rattanatamrong P. u ap. Overhead study of telegraf as a real-time monitoring agent //
JCSSE 2020 - 17th International Joint Conference on Computer Science and Software
Engineering. Institute of Electrical and Electronics Engineers Inc., 2020. C. 42—46.
Beermann T. u gp. Implementation of ATLAS Distributed Computing monitoring
dashboards using InfluxDB and Grafana // EPJ Web Conf. EDP Sciences, 2020. T. 245.
C. 03031.

25



CynepKOMNbOMepHble 6 Pocc 21 // Russian Superc ing Days 2021 // RussianSCDays.org
CynepkomnviomepHule onu 6 Poccuu 2021 // Russian Supercomputing Days 2021 // RussianSCDays.org
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Numerical weather prediction is a time-critical application routinely using many thousands of
processor cores. In this paper, the results of further optimization of SL-AV global numerical
weather prediction model having the resolution of about 11 km at a massively parallel Cray
XC40 computer are presented. We concentrate here mostly on I/O optimizations having the
goal to achieve the elapsed time of 24-hours forecast of less than 20 minutes at approximately
3000 processor cores.

Keywords: Numerical weather prediction, Global atmosphere models, Massively parallel computations, Par-
allel I/O

1. Introduction

Numerical weather prediction is a time-critical application that routinely uses many thousands of
processor cores. Many computer systems of the world weather forecasting centers are in supercom-
puter Top500 list [1]. The elapsed time of a global numerical medium-range weather forecast crucial-
ly depends on the parallel efficiency of the numerical algorithm and its implementation.

SL-AV is Russian global atmosphere model developed at Marchuk Institute of Numerical math-
ematics Russian Academy of Sciences and Hydrometcentre of Russia [2]. The model is based on the
atmospheric equations in hydrostatic approximations. The distinct feature of this model is the use of
absolute vorticity equation as one of prognostic variables. This model is applied for operational medi-
um-range and long-range weather forecasts. Algorithms and their parallel implementation are de-
scribed in [3]. One-dimensional MPI decomposition and OpenMP loop parallelization is applied in the
SL-AV code written in Fortran language [4]. The code demonstrated 53% efficiency at 9072 processor
cores for 3024x1513x126 grid [5]. We have then developed a new version of this model with horizon-
tal resolution of about 10 km and 104 vertical levels. We further improved a lot the parallel implemen-
tation of the SL-AV model [6, 7], including a partial use of the single precision instead of double,
OpenMP vector length optimizations. As a result, the elapsed time of a 1-day forecast of the model
with the abovementioned resolution without I/O has reached 32 minutes at 4000 processor cores of
Cray XC40 [6] installed at Roshydromet Main Computing Center.

However, this is not sufficient for operational application of this version of the SL-AV model.
Moreover, it is quite difficult to carry out complex tuning of all model parameterizations for subgrid-
scale processes that are mostly resolution-dependent. Such a tuning requires multiple numerical exper-
iments involving a series of forecasts for different seasons and so is quite time consuming.

We concentrate here mostly on I/O optimizations having the goal to achieve the elapsed time of
24-hours forecast of less than 20 minutes at approximately 3000 processor cores. Some algorithmic
improvements are also briefly considered.

" The study, except for Subsection 3.3, was supported by the Russian Science Foundation (project 21-71-30023).
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2.0rganization of I/O in the Atmosphere and Earth System Models

For a modern global model with 7-10 km horizontal resolution the I/O efficiency became an issue.
Indeed, the size of the problem is 10°. From 10 to 12 3D variables and about 20 2D variables need to
be stored in a file with forecast initial conditions so the typical size of the initial data file is about 26
GB. 3D variables in a modern atmosphere model include wind speed components, temperature, specif-
ic humidity, 4-5 hydrometeors (i.e. rain droplets and ice particles concentrations), ozone concentra-
tion, turbulent kinetic energy. Then the forecast information with a size of 3 GB needs to be stored
every 1-3 hours depending on forecast lead-time. The forecast information usually consists of five 3D
fields defined at isobaric surfaces (geopotential, temperature, wind speed components, relative humidi-
ty) and 2D fields (precipitation, near surface temperature, wind components, relative humidity, snow
depth etc).

It is known since long ago that the implementation of parallel input-output of data in an atmos-
pheric model can significantly accelerate its execution, see, for example [8]. Gradual establishment
of MPI-IO moved the focus towards interfaces convenient for atmosphere and Earth system models.
So the incorporation of parallel capabilities based on MPI-10 into NetCDF freeware library commonly
used in Earth system models and its model components [9] was natural. NetCDF file contains metada-
ta information making it portable and searchable. This format is supported by many software packages
including plotting software.

While NetCDF format is widely used in climate modeling [10], historically, the GRIB (and
GRIB2) formats [11] are generally accepted in the numerical weather prediction community. This
format allows to significantly compress data thus reducing the file size. Typically, a file in GRIB2
format is 2-3 times smaller than the file with the same information written in NetCDF4 format without
compression. Unfortunately, the compression algorithm used in GRIB is essentially sequential. At the
same time, recent NetCDF libraries (starting from version 4.7.4) include parallel compression [12] so
the file size becomes comparable to GRIB?2 file size.

There are advanced parallel /O systems based on NetCDF format applied for many Earth system
models coupling many component models (atmosphere, ocean, sea ice, etc) [13, 14].

3.The Model Improvements

3.1. Brief Description of the Model Configuration

The work described in this paper concerns the recent version of SL-AV model with the horizontal
resolution 0.1° in longitude, variable resolution in latitude between 7 km in Northern hemisphere to 13
km in Southern hemisphere and 104 vertical levels (SLAV10). The grid dimensions are
3600x1946x104. The implementation improvements for this version presented in [6] have reduced the
elapsed time from 42 to 31 minutes at 3880 processor cores of Cray XC40. However, this timing does
not include the time necessary to read initial data and write forecast data. Moreover, operational envi-
ronment requires to reduce the amount of processor cores from 3880 to 2916. This means that further
optimizations are needed to bring the elapsed time of 24-hour forecast below 20 minutes, the limit
dictated by operational application.

3.2 Implementation of 1/O0

For a modern global model with 7-10 km horizontal resolution the I/O efficiency became an is-
sue. Indeed, the size of the problem is 10°. From 10 to 12 3D variables and about 20 2D variables
need to be stored in a file with forecast initial conditions so the typical size of the initial data file is
about 26 GB. 3D variables in a modern atmosphere model include wind speed components, tempera-
ture, specific humidity, 4-5 hydrometeors (i.e. rain droplets and ice particles concentrations), ozone
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concentration, turbulent kinetic energy. Then the forecast information with a size of 3 GB needs to be
stored every 1-3 hours depending on forecast lead-time. The forecast information usually consists of
five 3D fields defined at isobaric surfaces (geopotential, temperature, wind speed components, relative
humidity) and 2D fields (precipitation, near surface temperature, wind components, relative humidity,
snow depth etc).

It is known since long ago that the implementation of parallel input-output of data in an atmos-
pheric model can significantly accelerate its execution, see, for example [8]. Gradual establishment
of MPI-IO moved the focus towards interfaces convenient for atmosphere and Earth system models.
So the incorporation of parallel capabilities based on MPI-10 into NetCDF freeware library commonly
used in Earth system models and its model components [9] was natural. NetCDF file contains metada-
ta information making it portable and searchable. This format is supported by many software packages
including plotting software.

While NetCDF format is widely used in climate modeling [10], historically, the GRIB (and
GRIB2) formats [11] are generally accepted in the numerical weather prediction community. This
format allows to significantly compress data thus reducing the file size. Typically, a file in GRIB2
format is 2-3 times smaller than the file with the same information written in NetCDF4 format without
compression. Unfortunately, the compression algorithm used in GRIB is essentially sequential. At the
same time, recent NetCDF libraries (starting from version 4.7.4) include parallel compression [12] so
the file size becomes comparable to GRIB?2 file size.

There are advanced parallel I/O systems based on NetCDF format applied for many Earth system
models coupling many component models (atmosphere, ocean, sea ice, etc) [13, 14].

3.3. Algorithmic Optimizations

Some changes in numerical algorithm of the SL-AV model dynamical core were introduced. The
major change was moving the computations of the horizontal diffusion of divergence after the temper-
ature computation where the divergence is used. This algorithmic change has eliminated a numerical
noise in some prognostic fields (surface pressure and temperature) visible near steep mountains. This,
in turn, allowed to increase the time step of the model from 135 to 300 s without degrading the fore-
cast quality. The reduction in number of time steps necessary for computation of 24-hours forecast, in
turn, resulted in respective reduction of elapsed time.

4.Numerical Experiments

We run SL-AV model at Cray XC40 system installed at Roshydromet’s Main Computing Center.
The system consists of 936 nodes with two Intel Xeon E2697v4 18-core CPUs and 128 GB memory.
All the nodes are connected with Cray ARIES interconnect. The peak performance is 1.29 PFlops.
The system includes Lustre parallel file system.

Initially, in 2019 the elapsed time necessary to compute the 24-hours forecast with the SL-AV
model with the resolution mentioned above using about 4000 processor was 42 minutes without time
for I/O. The efforts undertaken in 2020 have reduced this time to less than 31 min [6]. As mentioned
above, this was still too much as the operational requirements dictate the limitation of no more than 20
minutes. The number of processor cores had to be reduced as well. Now we use in our experiments 81
nodes each having 36 processor cores. Each node runs 6 MPI processes, each of them running 6
OpenMP threads. This use of a Cray XC40 node was found optimal in earlier works. Thus, 2916 pro-
cessor cores are used. The elapsed time for different I/O tasks in the SL-AV model using sequential
and parallel I/O is shown in Fig.1. The results of using Lustre file system capabilities for accelerating
parallel I/O are also shown there.

One can see that using parallel I/O significantly accelerates this part of the code. Further accelera-
tion is achieved while using Lustre file system options. For example, the procedure of reading the file
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with initial data is accelerated by a factor of 2.1 for parallel I/O alone and by factor of 10 if this file is
physically located at different hard disk drives as set by 1fs setstripe command.

Now the breakdown between different I/O components is as follows. Reading initial data at the be-
ginning of the forecasts takes approximately 30 seconds. 70 seconds is required to write a file similar
to the file with initial data which is used as a first guess file at the next forecast cycle (6-hour forecast),
and just 14 seconds is needed to write postprocessed data at pressure levels for the forecasts at all oth-
er lead times. This can be compared with the elapsed time of the usual model time step that takes 3.4 s
for the time steps without radiation computations and 5.8 s for the time step including radiation calcu-
lations (this is every eighth step). Given that the output of forecasted fields at pressure levels is re-
quired every three hours, the I/O elapsed time per forecast day is reduced from 440 sec to 120 sec for
all forecast days other than the first one. The similar numbers for the first forecast day are 715 and 182
sec, respectively.

350
300 - m MSP
M Parallel
250 -
m Parallel+Lustt
200 -
150 -
100 -

Fig.1. Elapsed time in seconds for used in different I/O steps of SL-AV model code while using 2916 cores at
Cray XC40. ML means writing the information at model levels; the content mostly coincides with the initial data
file. PL means writing prognostic information at pressure levels. MSP means sequential I/O at the master process

with gather/scatter data from/to all other processes.

Algorithmic changes have allowed to reduce the number of time steps for 24-hours forecasts from
640 to 288 with the time step increased from 135 to 300 s. This means that the wall-clock time of
computational part for 24-hour forecast (except for the first forecast day) has shrunk from 2370 to
1070 sec. Now the elapsed time of full 24-hour forecast is about 20 min at 2916 processor cores.

5.Conclusions

In this short paper, we have presented the works on further optimization of the potential future
operational Russian medium-range weather forecast model, SLAV10, having the horizontal resolution
of about 10 km, and 104 vertical levels. We have implemented parallel I/O based on parallel NetCDF
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standard library routines. This resulted in 10 minutes saving in the elapsed time of the full SL-AV
forecast. We have also incorporated some algorithmic improvements into the model allowing to
increase the time step of the model. As of the end of 2020, the wall-clock time of 24-hours forecast
was 31 min at 3888 processor cores at Cray XC40 system without I/O. Now the wall-clock time (in-
cluding I/O) to complete 24-hour forecast time at 2916 processor cores is 20 min. This time allows
operational application of this version of the SL-AV model and makes it easier to work on its complex
tuning,.

One can expect a similar acceleration of SL-AV code running at other computer systems as free-
ware parallel NetCDF library is supported on most known platforms.

For this reason, /O optimizations described in this paper can be also implemented for a wide range
of applications.

Our further optimizations plans include experiments with single precision calculations in other parts
of the SLAV10 model.
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Institute of Numerical Mathematics RAS (INM) and Hydrometcentre of Russia. The authors are grate-
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The problem of drift and volatility parameters identification in stochastic differen-
tial equations (SDEs) using additional measurement of single trajectory of stochastic
process is investigated. The classical way for solving such a problem is to reduce it
to a Fokker-Planck equation and minimize a suitable data fidelity functional, what
is carried out sequentially. In addition to that, such inverse problems are ill-posed,
i.e. their solutions are unstable. For higher-dimensional systems of SDEs, the nu-
merical solution of the Fokker-Planck equations becomes infeasible since the solution
depends on n + 1 variables for drift coefficient and (n + 1)? for covariance matrix,
and computational complexity is O(n?®). We propose regularized Landweber iteration
algorithm for easier paralleling of problem. The key idea is introduction of solution-
dependant parameters, what allows us to introduce implicit time dependency. The
benefit of such approach consists in that the adjoint problem is deterministic, gradient
of fidelity functional has the integral form and consists of mathematical expectations,
that allow us to effectively parallelize algorithm with Monte-Carlo approach. More-
over, dependency is implemented with Fourier series that helps to reduce number of
variables and compute gradient independently for each basis function. The algorithm
determines the stable space of parameters. We conduct this process on synthetic data
for validation of an algorithm and regularization for variety of input data.

Keywords: inverse problem, stochastic differential equation, Landweber iteration, reg-
ularization, optimization, stability analysis, parallelization.

1. Introduction

The recent advances in computing technologies, supercomputer modeling, cloud computing
make it possible to analyze more and more complex and realistic models in economy, engineer-
ing, and the natural sciences. Real economic, social or biological systems will always be exposed
to external influences that are not completely understandable or inaccessible to explicit models
(hormonal fluctuations, variations in blood pressure, respiration, variable neuronal control of
muscle activity, enzymatic processes, energy needs, cellular metabolism, smoking, stress and
etc.), and therefore there is a growing need to expand deterministic models to models that
encompass more complex variations in dynamics. A natural continuation of models of deter-
ministic differential equations are systems of stochastic differential equations (SDEs), where the
corresponding parameters are modeled as suitable random processes, or stochastic processes are
added to the equations of the motion system

dX; = p(t, Xy)dt + o(X)dW,, Xo =0, te€[0,T]. (1)

Here X; = X(¢) is a family of random variables with values in R", W; = W () is a Wiener
random process described the Brownian motion, p : [0,7] x R™ — R" is a drift coefficient and
o : R"™ — R™ ™ ig a volatility or diffusion. That coefficients characterize the transfer rates, rates
of consumption and discounting in economics, population specific and disease propagation in

*Supported by the Russian Science Foundation (project no. 18-71-10044).
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biological applications. There is an interest to estimate the drift or the diffusion either non-
parametrically or parametrically to gain a better understanding of the modeled process using
observation of a single trajectory:

Xi=ft, te(0,T). (2)

The variable X; has a probability density p(-), which solves the stationary Fokker-Planck equa-
tion

1
div (—up + §UJTgrad p) =0. (3)

Suppose that ¢ is known and p should be estimated. Then we can define the deterministic
coeflicient-to-solution nonlinear operator

G(n) = o). (4)

The proposed project focuses on the refinement of the model coefficients (functions p and
o) from by some additional information about system states (the inverse problem). One
way to solve the problem of identification of the coefficients in f is to reduce the inverse
problem for the SDEs ({1f) to an inverse problem (4) for the Fokker-Planck equation [18].

A natural approach to estimate y is then to minimize a suitable data fidelity functional

J(p) = S(ft,G(w)) (5)

measuring the ”closeness” of G(u) to the observed data f;.

It can be shown that these inverse problems are ill-posed, i.e. their solution is unstable.
This means that a simple maximum likelihood estimator, i.e. a minimizer of S(f;, G(u)) over p
in some convex set, is unstable. Therefore, regularization algorithms should be applied [13}15].

Secondly, for the minimization of fidelity functional (5)) iteration approaches are implemented
that depend on solution of SDEs problem on each iteration. For higher-dimensional systems
of SDEs the numerical solution p(z) of the Fokker-Planck equations becomes infeasible since
the solution p depends on n + 1 variables. However, it is still possible to solve the SDE ([1))
many times to sample from p. Corresponding algorithms can be parallelized with the number
of trajectories of the SDE and possibly also with the number of dimensions [1,|16]. A challenge
that we will address in this paper is to design regularization methods that can deal with such
an approximate random evaluation of the forward operator.

The paper is organized as follows. Section [2]demonstrates the short hystorical review in reg-
ularization of inverse problems for SDEs. The variation problem statement as well as Landweber
iteration algorithm for solving inverse problem is formulated in Section The numerical re-
sults of solving the inverse problem for synthetic data, its parallelization and regularization are
demonstrated in Section [l

2. Short historical review

The modeling by stochastic differential equations became standard in financial economet-
rics since the work of F. Black and M.S. Scholes [3]. More recent works on nonparametric
estimation of the drift are those by M. Hoffmann [10] using wavelets, V.G. Spokoiny [20] us-
ing kernel methods, F. Comte, V. Genon-Catalot and Y. Rozenholc [6] using penalized least
squares, E. Schmisser [19] applying penalized least squares to high dimensional problems, O. Pa-
paspiliopoulos et al. [17] using Bayesian methods. A parametric estimator was developed by
A. Hurn, J. Jeismann and K. Lindsay [12]. They propose a maximum likelihood estimator which
relies on the numerical solution of Fokker-Planck equation by finite elements. Due to a paramet-
ric model for p their problem is not ill-posed. T. Hohage and F. Dunker [7] derived convergence

33



Cynepromnwsromepruie Onu 6 Poccuu 2021 // Russian Supercomputing Days 2021 // RussianSCDays.org

rates for estimating parameters in SDE by variational regularization methods. However, in each
situation the assumptions of the convergence theorems have to be checked, which may not al-
ways be an easy task. The iteratively regularized Gauss-Newton method with quadratic penalty
and quadratic data fidelity term was suggested by A.B. Bakushinskii [2], and further analyzed
by B. Blaschke, A. Neubauer and O. Scherzer [4] and T. Hohage [11] for low order Hoelder or
logarithmic source conditions, respectively. Further references can be found in the monograph of
B. Kaltenbacher, A. Neubauer and O. Scherzer [15]. Regularization with general convex penalty
terms has recently been investigated in a number of papers [5,8].

3. Methods and approaches

Our approach for solving inverse problems for SDEs involves approximation of parameters
with Fourier series

‘gl
Q|

M M
Z Qm,uSOm Z ma(Pm (6)
m=1 m=1

Here ¢ = (qopus Q1ps - - s QM s Q0os - - - » qMto) € REMT2 Lo, en is an orthonormal basis in L2.
We consider forward operator @ ) to be smooth and decomposable into series

Z Qom SDm Xt( ))] ~= Z Som ‘Pm ft)

and fidelity functional to be L?-distance between data G(u') and G(p), where ' is exact solution
of the inverse problem —:

i

Since {@m }men is an orthonormal basis, fidelity functional has form

Z (Pm (Pm Xt( ))] - (Pm(w)(/)m(ft)

Z Z [om(Xe(9))] = pm(fe))? (7)
t 1 m=1
Here, E[pm(X:(q))] is an expectation from ¢, (X:(¢)) where X;(q) demonstrates the de-
pendence of SDE solution of Fourier coefficients ¢ for functions p and o at moment ¢. The
choice of the number of basis functions M needs to be properly balanced with the number of
observations N. The specific form of the data fidelity functional as a kind of L?-distance with
statistics allows to apply gradient methods with early stopping as a regularization technique
and parallelization of algorithm.
The approach consists in minimizing the data fidelity functional by a gradient method,
which leads to a stochastic version of the classical nonlinear Landweber iteration [9]

pk = pe—1 + (G'(pe-1))" (f — Gpr—1)).

For high-dimensional SDEs only probabilistic approximations of the forward operator G are
available. Moreover, it is possible to characterize the adjoint of the Fréchet derivative G’ (ug—1))*
by a backward (adjoint) SDE. These representations give rise to a Monte-Carlo implementation
which can also be applied for high-dimensional problems, where the numerical evaluation of the
Fokker-Planck equation is otherwise numerically challenging or even impossible. Moreover, the
representations do not rely on any properties of the Brownian motion and hence can be applied
to SDE driven by suitable non-Markovian processes such as fractional Brownian motion.

Convergence and stability of this algorithm in more general form for noisy data is investi-
gated in paper [14]. Its result states monotonic decrease of fidelity functional for a finite amount
of steps, because of noise. Theoretical estimation of critical amount of steps is not available
without information about noise, thus we investigate another early stopping rules.
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3.1. Landweber iteration algorithm

We implement stochastic version of the classical gradient algorithm called Landweber iter-
ation for solving minimization problem of data fidelity functional. The gradient of data fidelity
functional is derived in [14] based on solutions of a series of deterministic adjoint problems. In
numerical calculations we use synthetic data f; that is a result of direct problem solution with
an exact functions pf(z) and of(z), that is solved with Euler-Maruyama method (see Section.
The Landweber iteration algorithm is follows:

Step 1. Choose the orthonormal basis ¢, (x). In our experiments ¢,,(z) = cos (mmz/10),
re[-3,3,m=1,...,M.

Step 2. Solve for exact drift term p! and volatility of using Euler-Maruyama scheme
with N = 10? steps in time. Synthetic data will be f; = X,.

Step 3. Put ¢° = 0.

Step 4. Suppose that we have ¢*~1. If | (JM(qk*2) - JM(qkfl)) Jﬂz,l(qkfzﬂ < g, then ¢* =
¢"*~1. Otherwise go to Step 5.

Step 5. Generate P trajectories X ¢""p as solutions of direct problem with approximate

_ak—1 __ k-1
parameters g 5

Step 6. For each trajectory X ¢""1p golve an adjoint problem

k—1
X = DX )N,

m,t?

t€(0,7);

k—1
)\%T = grad o, (X5 7).
s

M
Here grad ¢, (z) = — 4o sin "55F, Dp(x) = — > @mpln ().
m=0
Step 7. Calculate the gradient for directions of ¢*~! [14]:

Ty (q)9gt1 = é fé (B [om(X0)] — om <ft>>-E[jAE,s[u'aqk—IKXZk1>ds |

where

T _
E [N (o1 (x4 ") ds
0

107

1 ¢ T _ _ k—1
= 5 X [ Nl 0g" (XL ) ds.
0

p

Step 8. Find the next approximation of g using formula:
¢ ="' = Ty (dFNod" T, dg =72

Return to Step 4.
The Tikhonov regularization of an inverse problem — which is formulated as a mini-
mization problem for the regularized function

M
Taralq) = Julg) + @ Y | ab, (8)
m=0
and analysis of a regularization parameter of iteration algorithm is investigated in Section 4.2.

4. Numerical results

In this section we analyze numerical results of solving inverse problem — with synthetic
data for some exact solution. Firstly we describe the parallelization algorithm for graphics
accelerators. Then we validate algorithm with initialised synthetic data. The experiments were
performed on Nvidia GeForce 940MX videocard with 384 CUDA cores.
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4.1. Parallelization of an algorithm

Mathematical expectations in algorithm allows us to parallelize its computation with respect
to generated trajectory X. It was implemented with Numba library for Python 3.

Specialty of parallelization is that computational complexity is not that important as amounts
of transferred data, because it takes a lot more time to deliver data from video card to host.

For example of such program we will take a look into couple of our functions (also called
kernels). First of all we estimate expected value of solution for (1)) with known o and .

Qcuda.jit # thts wrapper turns function <nto kernel
def avarage(res, N_time, num_of_paths, x0, q_mu, q_sigma,
rng_states):
# find thread that we are in.
thread_id = cuda.grid (1)
#generate path with additional func.
euler_maruyama(res[thread_id], N_time, x0, gq_mu, g_sigma,
rng_states)

Figure 1: Avarage function for CUDA.

Firstly, we may notice, that our kernel does not return any value, as everything we pass to
it will be returned, that’s why resulting value is also passed. Secondly we called cuda.grid(1).
This function returns coordinate we are in, what helps us to write data to different places and
not to overwrite data with different threads at the same time. Finally we generate trajectory
for in euler maruyama function.

Qcuda.jit (device=True)
def euler_maruyama(path, x0, N_time, gq_mu, g_sigma, rng_states):
thread_id = cuda.grid (1)
path[0] = x0
dt = 1
for j in range(1, N):
# generating standard normal wvartable.
dw = xoroshiro128p_normal_float32(rng_states, thread_id)
path[j] = path[j-1] + mu(path[j-1], q_mu) * dt + \
sigma(path[j-1], q_sigma) * dw

Figure 2: Euler-Maruyama parallel realization.

Here, we show that this function is used only in video card device, and it can not be called
from main program, so it must be used in kernels or other device functions.

To generate random variables, one should use built-in generator, based on xoroshiro128 al-
gorythm. To use it we should create states for iterating through generating random sequence.
rng_states = create_xoroshiro128p_states(num_of_paths, seed=42), where num of_paths
stand for number of states to be simultaneously iterated at the same time and seed may be any
constant integer, that serves to reproduce the same random sequences every run. At last, we
calculate pu and o according to their basis decomposition.

Moreover, if one run out of cores to calculate with, we may improve avarage function

In figure we create a local array that is used only in one thread. Note that vector
operations are not supported and they are must be done in cycles or additional kernels.

4.1.1. Analysis of effectiveness of parallelization

Table [I] shows times of computations of one iteration and per core efficiency coefficients
for parallelization for different amount of cores as well as problem difficulty. Note the linear
dependency on amount of steps in time and quadratic on amount of basis functions, thus we
acquired quadratic computation difficulty for amount of unknowns.
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Qcuda. jit
def avarage(res, num_of_paths, x0, gq_mu, q_sigma, rng_states, paths):
# find thread that we are 1in.
thread_id = cuda.grid (1)
# create local array on wvideocard.
path = cuda.local.array(N_time, nb.float32)
for i in range(kernel_cycles):
euler_maruyama (path, x0, N, q_mu, q_sigma, rng_states)
for j in range(N):
res[thread_id, j] += path[j]
for j in range(N):
res[thread_id, j] /= kernel_cycles

Figure 3: Avarage function for small amount of cores.

Per core efficiency Time of one iteration (seconds)
Amount of cores Amount of cores
Nt M 2 ‘ 4 ‘ 8 ‘ 16 ‘ 32 64 ‘ 128 ‘ 256 1 ‘ 2 ‘ 4 ‘ 8 ‘ 16 32 ‘ 64 ‘ 128 ‘ 256

100 5 1.00 0.99 0.99 0.94 0.88 0.78 0.51 0.29 20.2 10.1 5.05 2.54 1.33 0.71 0.4 0.31 0.27
100 10 1.00 0.99 0.99 0.95 0.94 0.86 0.65 0.36 83.4 41.7 20.9 10.4 5.48 2.77 1.5 1.0 0.89
100 20 0.99 0.99 0.99 0.95 0.94 0.89 0.69 0.41 320 160 80.3 40.1 20.9 10.6 5.62 3.6 3.06
500 5 0.98 0.98 0.94 0.91 0.86 0.67 0.35 0.12 102 51.8 26.1 13.6 7.03 3.69 2.37 2.25 3.17
500 10 0.99 0.99 0.96 0.92 0.88 0.73 0.43 0.17 414 208 104 53.6 28.1 14.5 8.76 7.4 9.36

103 5 0.98 0.97 0.91 0.88 0.80 0.53 0.22 0.07 206 104 52.5 28.0 14.5 8.01 5.95 7.07 11.1

Table 1: Efficiency of parallelization per core for different amount of cores and problem
statements, where N7 — amount of steps in time, M — amount of basis functions for
parameters approximation.

s

=

® 107§

E —a— M=5T=100
o 10! M=5 T=500
g —a— M=5T=1000
Y 100 —— M=10T=100
=]

@ —a— M=10T=500
£ 10-1] —* M=20T=100
— : ; :

2! 23 25 27
Amount of cores

Figure 4: Time (in seconds) of computation of one iteration for different amount of cores,
where T is an amount of steps in time, M is an amount of basis functions for parameters
approximation.

Figure [4] shows that after 2° amount of cores parallelization starts to be ineffective, or
even more time-consuming, due to big amounts of data, that is simultaneously transferred to
videocard memory.

4.2. The results of solving of an inverse problem

For an initial test of algorithm, let N = 100 steps in time, P = 1980 trajectories for finding
mathematical expectations. Firstly, we run a Landweber algorithm for non-regularized data
fidelity functional . At the second step, we apply Tikhonov regularization (minimization of
function T4 (q)) for avoiding unstable effects in solution recovery.
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4.2.1. Validation with synthetic data.

First of all, we generate synthetic data f; = X (uf,of) as a solution of with known
parameters of the same form of Fourier series @ to check if algorithm is correctly implemented.

We start with parameter of = 0 and set uf with an“ = sin 77 and let number of basis
functions be M = 5 and synthetic data points 7" = 100.

Initial guess is taken linear i° = 0.01. The solution of SDE for the approximate i by

Landweber iterations in comparison with synthetic data f; are displayed in fig.

O 15 _ O s
7] wn
= =
J 10 A |
= 2 10
e} e}
4 05 P wos{ / RN
a —— Approximation a —— Approximation
o Real data o / Real data
D.U_ T T T T T T DU_ T T T T T T
0 20 a0 60 80 100 0 20 a0 60 80 100
Time Time
a) Initial guess ji°. b) 80 iterations.

Figure 5: Data approximation X (fi,5) (blue curve) for Landweber iteration with
non-regularized data fidelity function with dq = |J’|=2. The orange curve is the synthetic data

Jt.

125 1
100 A
0.75 1 S _
—— Fidelity functional |
0.50 1

025 ~

000 1

Gradient components

lteration lteration

Figure 6: The gradient (8) of fidelity function depends on iterations (left). Non-regularized
fidelity functional @) evolution for Landweber iteration without stopping rule (right).

To regularise unstable steps with d¢ = |J/|72 (see fig. @ we apply smaller steps dq =
J|J'|~? as fidelity functional and gradient approach zero and with Tikhonov regularization with
parameter o = 0.1. The results of these regularizations are shown in fig. [7] This leads us to
better results with J(fi) = 6.87-107° (see fig. @, while previously we got just J(ji) = 1.66- 1072
(see fig. . Thus we consider method to be able to find exact solution of deterministic problem.

Now, we add to unknown ! the identification of volatility of, that is set with qlng =
cos 75 - To identify them, we execute algorithm for i only. After its determination we try to
identify . As soon as fidelity functional consists of mathematical expectations and does not
consider deviations explicitly, noise is not identifiable (see fig. ) Moreover, noise moved data
sufficiently, thus g may be identified only with error about amplitude of noise.

For further inspection of error on noise dependence, we choose constant noise parameter o'
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Figure 7: Restoration of noise-free data using Landweber iteration with dg = J|J'|~2 (left).
Here blue curve is X (fi, o), orange curve — synthetic data f;, green line — absolute error
| X (@2, 0) — fi, red curve — relative error. The regularized data fidelity function evolution is
demonstrated from the right.
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Figure 8: Restoration of noisy data of 10% using Landweber iteration for regularized function
Tumap), =0.1.

and observe maximum relative errors:

= max |uf(@) @)/ |u' @), E,= max_|gh —am|/|al|-
ze[—3,3] m=1,...,.M
c=0 o =0.025 o =0.05 c=0.1 c=0.15
E, 0.13306 0.20600 0.33770 0.75031 1.22765
" 0.05151 0.19826 0.31381 0.58208 1.23405
Thrre || 1.6601-107C | 5.3638- 107> | 2.0925-107% | 1.1478 - 10~* | 1.2214- 102

Table 2: Relative errors and achieved fidelity functional T, with different volatility level o.

From Table [2] we may practically confirm estimation of error in relation to data noise, that
is linear [14]. Achieved fidelity functional is growing with growth of noise in measurements due
to smooth approximation of noisy discontinuous data that is the less smooth, the more noise
coefficient is set.
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4.2.2. Real Bitcoin data

The Bitcoin prices in period since 01.04.2020 until 01.08.2020 were used. The real data was
normalized with subtracting mean and dividing by maximum value. This lets us apply the same
set of basis functions to all data sets.

14 14
a —— Approximation a —— Approximation
u:)-: 05 Real data ,_...-/ Uj':' 05 Real data #’/
o AT B 7
o 00 oy Q0
w w
=] =
S 05 H,,/' S 05 T
0 20 40 &0 a0 100 0 20 40 &0 a0 100
Time Time
a) M =5. b) M = 20.

Figure 9: Real data approximations (blue curves) with initial guess 1° = 0 using Landweber
iteration for regularized data fidelity term . The orange curves are the real Bitcoin prices.

For small amount of basis functions we can not describe all data details and linear part
prevails over other parts of approximation (see fig. E[) From the other side, too large choice
of M may result in description of every jump of data, including all the noise, what is also
not acceptable. Moreover, initial linear guess lets us find different local minimums of fidelity
functional, and its right choice may help avoid local minimums.

4.2.3. Analysis of results

One may notice that approximations are monotonic. This effect takes place because of form
of parameters we chose. If we consider equation with 0 = 0, we may notice that if u(Xy,) =0
at some point tg then X; = Xy, for t > ¢y as dX = 0. These points of equilibrium are stable
if every eigenvalue of Jacobian matrix of u(Xy,) has negative real part, or p'(Xy,) < 0 in our
situation. This fact adds additional requirement for data. It must be path of Wiener process,
that has strictly monotonic mean (in case there are none stable points) or mean is constant after
some point in time.

5. Conclusion and discussions

We presented an implementation of Landweber iteration algorithm for drift and volatility
coefficients identification in stochastic differential equation with Wiener process. This method
is preferable instead of classical methods based on probability density satisfied to Fokker-
Planck equation due to more straightforward computation process (especially in multidimen-
sional SDEs). The expression for gradient of data fidelity functional is connected with the
solution of an deterministic adjoint problem for SDE. Moreover, iteration algorithm allows one
to parallel the computational process using graphics accelerators, that was shown to be effective.

This problem is solved with applying of Tikhonov regularization and limitation of iteration
steps. Nevertheless, existence of multiple solutions remains and Tikhonov regularization just
delays the unstability of process and does not resolves it.

Even though the method is flexible and allows to add multiple parameters, lack of input
data does not allow us identify all of them. In our case, noise was not identifiable, thus it was
also affecting recovering mean.

It was shown, that method is applicable to narrow set of one dimensional functions. Due
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to existence of stable points, their mean must be monotonic, otherwise estimation of mean does
not describe data, instead data is completely estimated by noise.
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VaLiPro: BaauaaTop penieHuii 3axa4 JUHEHHOTr0 MPOrpaMMupo-
*
BaHMS JJIS1 KJIACTEPHBIX BHIYUCIUTEIbHBIX CHCTEM

JI.b. Coxonunckuii, .M. CokonuHckas

FOxHO-Y pasibckuii rocy1apCTBEHHBI YHUBEPCUTET

B crarbe npencTaBieH nmapayuleNbHBIN anrOpUTM BalWAAIMK PELICHUH 3a/ad JMHEHHOTO
nporpaMmMmupoBaHus. Mes MeToa coCTOUT B TOM, YTOOBI TEHEPUPOBATh PETYISIPHBIA Ha-
6op Touek Ha runepcdepe MaJoro pamuyca, IEHTPUPOBAHHOW B TOUKE TECTHPYEMOTO pe-
menus. LleneBas GQyHKUMS BBIYMCIIASTCS IS KQKJIO0H TOUKU BaIUAAMOHHOTO MHOXECTBA,
NpUHAJIeKaIei nomycTuMoid obiactu. Eciam Bce mosyueHHbIe 3HAU€HHsT MEHbLIE WIIN
PaBHBI 3HAYEHHIO LIeeBOH (DYHKIUH B TOUKE, IPOBEPSEMOM KaK pelleHHe, TO 3Ta TOYKa
CUHTAETCsI KOPPEKTHBIM pereHneM. [lapamrensaas peanusarms anmroputma VaLiPro Ber-
noyHeHa Ha s3blke C++ ¢ mcnosp3oBaHMEeM HapawienbHoro BSF-kapkaca, WHKarcymu-
pyromero B npoGJieMHO-HE3aBHCHMOI 9acTH CBOETO KOJa BCE acHeKTHl, CBI3aHHBIC C pac-
mapajuieIMBaHIeM TporpaMMbl Ha 0aze Oubmmotexun MPI. [IpuBomsTcs pe3yibpTaThl Mac-
IITAOHBIX BBIYHCIUTENBHBIX JKCIICPHMCHTOB Ha KJIACTCPHOH BBIYUCIHMTEIBHON CHCTEME,
HoATBepsKaaronre 3PpHEKTUBHOCTD MPEIIIOKESHHOTO T0IX0a.

Knrouesvle cnoea: nuHeitHOE TPOrpaMMUpOBaHue, Bamugatop peureruit, VaLiPro, mapan-
JIENBHBIN alTOPUTM, KJIACTEPHBIE BEIYUCIUTEIbHbBIE CUCTEMBI, TapasuienbHblit BSF-kapkac.

1. BBenenue

Opa Gosnpiux gaHHbIX [1,2] mpuBena K MOSBICHHIO 3a1a4 JHHEHHOTO nporpammupoBanust (JIIT)
cBepxOoubinux pasmeprocteit [3]. TTomoOHbIe 3a1aul BOSHHUKAIOT B 3KOHOMHUKE, WHIYCTPHH, JIOTH-
CTHKE, CTaTHCTUKE, KBAHTOBOW (M3UKE W NPYyrux oOnacTsx. PemieHune Takux cBepXOONbIIMX 3amady
HEBO3MOXKHO 0e3 MacmTabupyeMbIX MapajuieiIbHbIX aJrOPUTMOB, OPUEHTHPOBAHHBIX Ha KJacTEpHBIC
BBIYUCITUTEIIBHBIC CUCTEMBI. B COOTBETCTBHH € 3THM B TOCIIEIHUE TObI HHTEHCH(UIIMPOBAIHCH YCH-
THst IO pa3pabOTKe HOBBIX W MOJCPHU3AIUH U3BECTHBIX MapajlielIbHBIX AITOPUTMOB PEIICHUs 3a7a4
JITT. B xauecTBe MpUMEPOB MOKHO TipuBecTH padothl [4-8]. Ilpu pa3paboTke HOBBIX MacIiTabUpye-
MbIX anroput™oB JIIT Bo3HUKAET HEOOXOJUMOCTh WX TECTUPOBAHUS Ha Pa3NIMYHBIX 3aaavax. McTou-
HMKaMH TaKUX 3a/1a4 MOT'YT ObITh KaK dTajoOHHbIE perozuropuu, Hanpumep Netlib-Lp [9], Tak u rene-
paropbl cinydaiiHbIx 3a1a4, cM. Hanpumep [10,11], B koTopsIxX pelieHue 3apanee u3BecTHO. [Ipu 3TOoM
Ha MPAKTUKE YacTO BCTPEYAIOTCS KIIACCHI 33]a4 ¢ HEM3BECTHBIMH pelleHusMH. [Ipu TecTupoBaHUU
JITT-peratens Ha TakWX Kiaccax 3aj7iad BO3ZHHKAECT HEOOXOJUMOCTh BAUIAINH, CEPTUPHUKAIUU U
YTOYHEHHS MOJy4YeHHOro penieHus. [Ipobieme cepTudukanmuy U yrouneHus pemenus 3anaun JIIT mo-
CBSILIICH psi paboT. B cratbe [12] ObLT MpeiokeH METO I, TIPOBEPSIOIINI BHIYUCICHHOE PEIlICHNUE Ha
€ro MPHUHAICKHOCTh JOMYCTUMOM 00JACTH U ONTUMAILHOCTh HA OCHOBE PAlMOHAILHON apudMeTH-
KW. YKa3aHHBIN MMOIXO/ BIOCIEACTBUU OB peain3oBaH ¢ Ooliee BhICOKOH 3ddekTnBHOCTHIO Koxom
(Koch) B [13] u Anmareiirom (Applegate) ¢ coapropamu B [14]. Kox pa3zpabotan nmporpammy Bepudu-
karua  perPlex, Ga3upyromryrocsi Ha CHMIUICKC-METOJ€ M HCIOJB3YIONIYI0  Pa3speKeHHYIO
LU-zexoMIto3uImio ¢ BHIOOPOM BeyIiiero sneMenTa mo Mapkosuiry (Markowitz pivoting). Ammuireiit
¢ coaBTOpamu paspaboraiam mporpammy QSopt_ex Ha ocHoBe m3BecTHO# OubOmorekn GMP (GNU
Multi Precision), mo3Bosirorieii BEITOIHITS BBIUMCIECHHS ¢ MPOMW3BOIBHON TOYHOCTHIO. [Iporpamma
CTapTyeT, HauYMHasl C TOYHOCTH, TOAJEP>KUBAaEMON 11€71€BOI BBHIYMCIUTEILHON CUCTEMOM, 3aTeM IpO-
MCXOAWT Tiepexos K 128 paspsaam, u 3aTeM pa3psIHOCTh TUHAMHYECKH yBennduBaeTcsa Ha 50%, moka
He Oy/eT TOJY4eHO pelleHHe, YIOBIETBOPSIONIEe BCEM OTPAHUYCHUSIM C TpeOyeMOW TOYHOCTHIO.
[Iporpamma Tarxke MOXKET MCIOIB30BAThLCS I MpoBepku 3anauu JII1 Ha Hepa3pemnMoCTh UM HEOT-
panndeHHOCTb. OCHOBHBIM HEIOCTATKOM IporpaMMbel QSOpt_ex sBisieTcsl TO, YTO HMCIIOJIb30BaHHE

“ MccnenoBanue  BBIIOTHEHO npu ¢QuHaHcOoBOW moxpnepxxke POOM B paMkax HayyHOTO IIpOEKTa
Ne 20-07-00092-a.
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JpOoOHO-palOHANTBHBIX BBIYHMCICHUH B ciiydae OONbIIMX M CIOXHBIX 3agad JIII tpeOyer Gompmimx
BpeMeHHBIX 3arpart. [Taniokos u ['op6uk B pabote [15] momsITanucek IpeoaoneTs 3TOT HEAOCTATOK ITy-
TEM WCTIOIB30BaHMS MMapaJUIeTbHBIX BRIYUCICHUH Ha paclpeereHHON naMsati. FiMu mpeaoskeHs! 18a
METO/Ia paclapajuleNMBaHus CHMIUIEKc-MeTona. [lepBbiii MeTol OCHOBaH Ha JCKOMIO3WUIUH CHUM-
TUIEKC-TaOMUIBI IO cToNOnaM. BTopoit MeToz GaszupyeTcst Ha MeToe 0OpaTHON MaTPHIIBl U UCIIOJb-
3yeT IeKOMITO3UIINIO HCXOTHOW MaTPHIIHI IT0 CTONOIAaM, a 00paTHOM — 1o cTpokaM. OMHAKO pe3yibTa-
THI TPOBEJCHHBIX KCIEPUMEHTOB HEOCTATOYHO yOeIWTENbHBI, TaK KaK OTCYTCTBYET CpaBHEHHE C
JYYIIUMH MOCTIEIOBATEIbHBIMU PEIICHUSIMH, BBIYUCICHHS MIPOBOJWINCH TOJIBKO C MCIONb30BaHHEM
Tpex paspexkeHHbIX 3amad JIII (duciio HEeHyNeBBIX 3JEMEHTOB HE MpeBbImano 5%), u, KpoMe 3TOro,
MaKCHMaJbHas TpaHUIA MacIITa0MpOBaHMs OTrpaHmdYMBaiack 16 mpomeccopamu. Eme omgno opuru-
HaJIbHOE pereHue npeaiokeHo [neiikcHepom (Gleixner) u coaBTopamu B [16]. B aroii pabore onu-
CBIBA€TCS MPOLEAYPa HTEPATHUBHOTO yTOUHEHUS pemieHus 3axaqu JIII ¢ mo0oif 3a1aHHO TOYHOCTHIO.
TouHOE pemieHre BBIYMCIIETCS MyTEM peIIeHHs MOCiIeI0oBaTeNbHOCTH cBs3aHHBIX 3amad JIII ¢ uc-
MOJIb30BaHUEM apH(PMETHKH OTpaHnYeHHON TOYHOCTH. Pemaemele 3anaun JII1 uMeroT Ty jxe MaTpHily
K03(pPULIMEHTOB, YTO U UCXOAHAS 3a/a4a, MPeoOpa3yoTCs TOMBKO eneBas (QyHKIHS, MpaBble YacTh
OTpaHWYEHUH Y TPAHHUIIBI IIEPEMEHHBIX.

Bce paccMoTpeHHBIE BBIIIE METOIbI KOHIICHTPUPYIOTCS HA YTOYHEHUH yXKe HaWJEHHOTO MPHOIIHU-
JKCHHOI'O pCUICHUA. Ecan xe Haﬁ)ﬁ[eHHOC PEIICHUEC HAXOOUTCA CJIMIIKOM JAJICKO OT MPAaBUJIIbLHOI'O, YTO
03HAYaeT HAIMYKE OIIMOKH B aJlTOPUTME, TO MPUMEHEHHE dTHX METOJIOB CTAHOBHUTCS HelleJIecoo0pas-
HeIM. Kpome Toro, Bce yka3aHHBIE alTOPUTMBI HMEIOT BRICOKYIO BBIYUCIUTENFHYIO CIOKHOCTD U MPH
3TOM HE JONMYCKAIT 3P(PEKTUBHOTO paclapalieIMBaHUs Ha OOJIBIIUX KITACTEPHBIX BBIYMCIUTEIbHBIX
cuctemax. Metoa, mpeayiaraeMblii B JAaHHON CTaThe, OPHEHTUPOBAH HA OTIIAAKY M BAITHIAIIUIO0 HOBBIX
anropuTMoB perreHus 3anaq JII1 Ha kmacTepHBIX BEIUUCIUTENBHBIX cucTeMax. OH peaqn3oBaH B BUC
napaiensHoi nporpammer VaLiPro (Validator of Linear Program), o6mamaromieii xoporireii MaciiTa-
6I/IpyeMOCTI)IO Ha MHOTOIPOLCCCOPHBIX BLIYUCIUTCIBHBIX CHUCTEMaX C paCHpeZ[CHCHHOI\/'I IaMsATHIO.
CraTesl opraHu30BaHa cleayrmuM oopazoM. B paznene 2 naercs ¢popmaiibHOE OMUCAHHE TIpe/iarae-
MOro MeToja Bajnuaauuu peueHuil 3aaad JIII u npuBoguTca mocnenoBaTenbHas BEPCUA alrOpUTMa
VaLiPro. B pasmene 3 paccmarpuBaeTcs mapaiienbHas Bepcus anroputma ValLiPro. B pasmene 4
MpeJIaraeTcs ee peau3aliis C CIOIb30BaHneM napaienbHoro BSF-kapkaca u mpuBoaarcs pe3yib-
TaThl MAacCHITA0HBIX BBIYHCIUTEIHHBIX JKCIIEPIMEHTOB Ha KIACTEPHOW BBIYHCIHTEIHHON CHCTEME,
noaTBepKaarone 3pGeKTUBHOCTS MPEATIOKEHHOTO MoAxXoaa. B pazaene 5 cyMMHPYIOTCS TOTydeH-
HbIC pe3yJIbTaThl M MPUBOJSITCS TUIAHBI 110 MCIIOIb30BaHUIO0 Bamuaaropa VaLiPro mis paspaboTku uc-
KYCCTBEHHOUN HEWPOHHOU CeTH, CriocoOHOit pemrats 3aaauu JII1 60mbmoi pa3mepHOCTH.

2. MeTtoa Baauaauuu pemenui 3agayq JII

ITycTsb B eBKIMI0BOM IpocTpancTBe R" 3a1ana 3a/1a4a IMHEHHOTO TIPOrPaMMUPOBAHHUS]

i:argmax{(c,x>|Axsb,XGR“}, (1)

rae C — BEKTOp KO3 GUIIMSHTOB 1IeJIEBOM (PYHKIMHU. 371eCh U Jlaee <[1D> 0003HaYaeT CKaSIPHOE MPO-

U3BEJICHUE IBYX BeKTOpoB. O603HaunmM M = {X el” |AX < b} — MHO’KECTBO JIOTTYCTHMBIX TOYEK 3aja-

gn (1). TTo ompeneneHnio MHOKECTBO M sIBIIsieTCs BBIMYKIBIM. Besze manee Mbl OyaeM mpeamnosa-
ratb, yT0 M SBJISE€TCS HEMYCTHIM, OIPAaHUYCHHBIM (U, CII€IOBATEIbHO, 3aMKHYTBIM) MHOXKECTBOM, TO
ecth 3aj1a4a (1) umeer, o KpaiiHeit Mepe, oaHo pemrenue. [Iycte X € R" — npubimkenHoe perenue
3amaun (1), moydeHHoe ¢ moMoInkio Hekotoporo JITT-perrarens, u Tpedyrolee cepTHhUKAIHH.

Wnes metona Banumanuu VaLiPro, onmucsiBaemoro B 1anHo# paboTte, 3aKII0YAETCS B IIOCTPOSHUH
KOHEYHOTO MHOKECTBA ToueK V , MOKPBHIBAIOMINX THIEpchepy S Majaoro pagmyca O C IEHTPOM B

TOYKE CepTU(UIHPYEMOTO perieHus X :

Ves={xeR[x-%" = p?}.
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3nech u gaiee ||[|| 0003HaYaET EBKIIHIOBY HOPMY.

Ha muoxectBe Touek V MM BblUKCHAETCS Mak-
CUMYM IIeJIeBOH (PYHKINH:

V=arg max{(c,v>|v eV mM}.

Ecmm |<C,\7>—<C,)"(>|<g, TO TIPUOIIIKEHHOE pe-
mieHHe X CYMTACTCS KOPPEKTHBIM. B mpoTHBHOM
ciydae X CUHTACTCs HEKOPPEKTHBIM DEIICHHUEM.
3meck € € R, — HekoTopas Maiasi MOJIOKHUTEIb-
Hass KOHCTAHTa, SIBISIONIASACS MapaMeTpoOM aJro-
pHUTMa BaJIHIAINH.

OmnuiemM METOJ] MOCTPOCHHUS BaTHAAIIHOHHO-
ro muoxectBa V . U3BectHo [17], 9r0o KOOpauHa-

Tl M000i1 Touku V=(V,,...,V,), Jiexalieil Ha 1o-

BepxHOCTH runepcdepsl S, 3amaBaeMoli ypaBHe-
HHUEM

Puc. 1. TlocTpoeHne TOUEK BaIUIAIMOHHOTO MHO-
xectBa V Ha TpexmepHoii chepe (n = 3,d = 5).

~||12
Ix=%]"=p",
MOFyT 6])ITI) HpeHCTaBHeHBI B BUJIC
vV, = pCOS4,,
j-1
vjzpcos;éjl—[3|n¢i (j=2,...,n=2),
i=1

n-2 2
V., = psind[ [sing, @
i=1

n-2
v, = pcosd] [sing,

i=1
e 0<¢, <z (j=1...,n-2), 0<O<27. Anroput™ reHepaluu BaJuIalMOHHOIO MHOXECTBA V

MPOUJLTIOCTPUPYEM Ha TpexMepHOo#l cdepe (cM. puc. 1). 3adukcupyeM weuemHoe uucio napaiieneti
d >3 (momroca nckimouarotes). [omoxum

p=r/d. ©)
B mmockoctn (%,0,X%,) ornoxum ot ocu (0,X) yriasr 0,¢,...,(d —1)¢. INonyuusiuecs qy4u B nepe-
cedeHnu co cepoil AayT MHOXKECTBO TOUEK {Vj,...,Vy; } , KOTOPbIE OAHO3HAYHO onpenewsior d ma-
pauteneii. Teneps B miockoctu (X;,0,X,) aHamormuseiM obpasom oraoxum ot ocu (0,X) yrisr

0,9,...,(d =1)¢ u onpenenum d mepuduaros. TOUKH, TOTYYAIOLIMECS HA IEPECCUCHUH TTapaLIesiel 1

MEpPHIMAHOB, 32 HMCKIIOYEHHEM TOYEK MOJIOCOB, 00pa3yloT BaTUJAIMOHHOE MHOXKECTBO TOUYEK Ha
TpexMepHoil cdepe. B obiem Buae onucaHHBI METO FeHEPallii TOUYEK BAJHJIALMOHHOTO MHOMECT-
Ba /U N >3 mpejacTaBiieH B BUje anroputMa la. BiojkeHHbIE IMKIIBI ¢ 3aroI0BKaMu Ha marax 3, 5, 8,
10 dakTHueckn reHepUpyIOT chepryecKre KOOPAMHATH OYePEeTHON BaTUIAMOHHON TOYKH:

(P s0h0)- (4)

Ha mrarax 12-19 chepuueckre KOOpaUHATHI TPeoOpa3yroTes B AeKapToOBsI Mo hopmysam (2). Mcmoms-
3ysl TPaHMIIBI IEPEMEHHBIX B 3ar0jIOBKaX IMKJIOB Ha marax 3, 5, 8, 10, jerko moacyurark, 94To airo-

put™ la mopoxaaer 2d(d +1)" Touek. HenocTaTkoM anropuT™a la sBIseTCs TO, YTO OH TeHEpPHpPYeT

HEKOTOpBIE TOUKH C TOBTOPeHUsIMH. [IpOBeIEHHBIN BHIYUCIUTENHHBIN SKCIIEPUMEHT TIOKA3all, YTO JJIS
pasmepHocTH N=4 mnpu konmdectBe mapawieneit d =5 amroputm la mopoxmaer 189 ny6Giukaros
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npu

Anroputm 1. leHepauuMs TOYeK BaJIMAALMOHHOINO MHOXECTBA
a) C pybnukaTtamu

6) be3 py6sukaToB

1: input d 1: input d,p

2: ¢=m/d P20 @=m/d

3: for j,_;=0..(2d —1) do begin 1 3: for j,_;=0..(2d — 1) do begin
4: 0 =jnap L4 0 =g

5: for j,_,=0..d do begin b5 for j,_,=1..(d —1) do begin
6: Pn_y = j(n_z)‘l’ L 6! P2 =jo e

7: cee 7: ce

8: for j, =0..d do begin . 8: for j,=1..(d —1) do begin
9: 2 = J2 9: b2 = Jop

10: for j;, =0..d do begin 1 10: for j; =1..(d —1) do begin
11: ¢1:=j1 P 11: ¢1 =19

12: =1 P12 =1

13: v, = pcos(¢p;) 1 13: v, = pcos(¢;)

14: for 1=2..n—2 do begin L 14: for 1=2..n—2 do begin
15: I1:=sin(¢p,_ )11 15: I1:=sin(¢p,_ )11

16: vy == pcos(p) Il 1 16: v, == pcos(¢py) I1

17: end P17 end

18: Vy_q = psin(@) I1 | 18: Vy_q = psin(8) I1

19: v, = pcos(8) IT | 19: v, = p cos(8) IT

20: output v 1 20: output v

21: end P21 end

22: end P22 end

23: .. | 23: ..

24: end ' 24: end

25: end 25: end

26: stop 1 26: stop

obmieM konuuecTBe To4ek paBHOM 360, uro cocramimser Oonee 50%. JyOmukaTel mMOpoKAatoTcs B
urepauusx, korna ¢ =0 win ¢ =7, uro coorBerctByer 3HadeHmsiM ;=0 u j,=d (i=1...,n—2).
DT0 BBI3BAHO TEM, YTO B 3TOM CIIydae OWH M3 COMHOXHUTENEH SN B (2) OKaxeTCs paBHBIM HYJIIO U,
CIIe/IOBATENIbHO, BapHAIlMN JPYTHX COMHOXHUTEJEH YK€ HE CMOTYT M3MEHUTh 3HAYCHUE COOTBETCT-
BYIOIIEH KoopauHaThl. Pemenne mpoOiemsl 1yOnuKaTtoB 0e3 Cephe3HOM Nepenenku ainroputma la
JOCTHTaeTCsl IyTeM 3aIaHMs TPaHUIL] IIEPeMEHHbIX IUKIOB Jj,..., ], , oT 1 1o d —1, kak 310 caenano
B anroputMe 16 (mmaru 5, 8 u 10). [Ipu sToM BMecTe ¢ myOnauKkaTamMu TepsieTcs U HEKOTOPOe KOJUIeCT-
BO 3HaYMMbIX Touek. [Ipy N=4 u d =5 310 KONMUecTBO paBHO 11, 4ro cocraBisier meHee 7% OT
MOJTHOTO Habopa rmocye yjaaneHus JayOIrKaToB. DKCIEPUMEHTHI MTOKa3aJlk, YTO Takas MoTeps He OKa-
3bIBAET CYIIECTBEHHOTO BIIMSIHUS Ha KaueCTBO PabOThI BAIMAAIMOHHOTO ajiroputMa. AHajau3 airo-
putMa 10 mokaspIBaeT, 4To 00IIee KOJIMYECTBO TOYEK BaIMAAIMOHHOTO MHOXeCTBa V , reHepupye-
MBIX 3THUM aJITOPUTMOM, OTpeAeiseTcs o Gopmyie

V|=2d(d-1)". (5)

Hepmocratkom anroputma 16 SBISETCS TO, YTO KOJHYECTBO IUKJIOB 3aBHCUT OT Pa3MEPHOCTH 3a/1a4H,
YTO HE MO3BOJISIET UCIOIB30BaTh PA3MEPHOCTh KakK mapamerp mporpammbl. Kpome Toro, 3TOT moaXxo.
OKa3bIBACTCS HEMPHEMIIEMBIM JJisi OOJBIIUX PAa3MEPHOCTEH, TaK Kak, HApPUMEp, JUIS Pa3MEPHOCTH
Nn=1000 mam mpunuIOCH OBI HAITKUCATH THICAYY HUKIOB fOr. JIms mpeogonaeHns yKa3aHHOTO HEAOCTAT-

Ka MBI UCIIOJIb30BAIIA BEKTOP-(QYHKIHIO {O,. .,2d(d =)™ —1} — 1", BEIMUCIIAIONIYI0 KOOPAUHATHI

TOYKHU BAITIUAAITMOHHOI'O MHOXKECTBA 10 €€ HOMEPY k (HyMepaL{I/ISI Ha4yYnuHaCTCA C Hy.]'[f[) B TOM HOpAa-
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Ke, B KOTOPOM UX TreHepupyeT anroput™ 16. Onpenenenue 3Toil QyHKIIMK MPEICTABICHA B BUJC all-
ropuT™a 2.

Anroputm 2. OyHkuuAa g (BbluMcCne-
HWe TOYKM V no ee Homepy R)

1: function g(k) begin

2t upg = k/(d =D

AnropuTtm 3. Banupauua peweHuna X 3agauu NN

1: input n,Ab,cd,p,& %

31 Uy = Uy 2: @o:=mn/d

4: k:=kmod(d—1)"2

5: for j=(n—3)..0 do begin 3: for k=0..2d(d—-1)"?-1 do begin
6: w = |k/(d—-1)J]+1

7: k :=kmod(d — 1)/ 4: v = g(k)

8: end

9: MI=1 5: if Av<DbA{c,v)>(c,X)+¢e goto 9
11 vy = pcos(uy) 6: end
12:  for j=2..(n—2) do begin
13: 1T= MIsin(u;_1¢) 7:  output "Solution" ¥ "is correct."
14: v =pcos(up) 17
15:  end 8: goto 10

10: ¢@:=mn/d
16: 7= [Tsin(u,_,)

17 wvpoq = psin(up-19) 17 9:  output "Solution" ¥ "is incorrect."
18: v, = pcos(u,p) 1

19: return v 10: stop

20: end

dunHanpHas peanusanus metoaa VaLiPro, ucnone3yomias BEKTOp-GYHKIMIO ¢, MpeACTaBieHa B
BUje adropurMa 3. B xauecTBe JOMOTHHUTENBLHOTO MapaMeTpa 3TOro alropurMa (GUrypupyer mainas

TIONOXKHUTENbHAS KOHCTAaHTa & (M0 yMomyaumio & =10"°), HuBeTUpyIOmas BO3MOKHBIE MOIPEITHOCTH
BBIUMCIICHUH TIpY CpaBHEHWM 3HAYCHWH IeeBON (QyHKmuM Ha mare 5. Kpatko mpoxoMMeHTHpyeM
miaru anroputma 3. Ha mare 1 BBogsiTCst MicxoHbie qanHbie 3anayun JIIT (1), mapameTpsl aropurma u
ceprudunupyemoe pemieane X. Ha miare 2 BBIYHUCIACTCS Yrod ¢ B COOTBETCTBUH ¢ (GopmyJioit (3).

IIIar 3 oTKpBIBAaeT MUK M0 HOMepy Touku K , m3mensomemycst ot 0 1o 2d(d —1)"? —1 B cooTBeTCT-
Bun ¢ opmyioii (5). Ha mare 4 ¢ nomoInbso BeKTOp-QyHKIUK ¢ (CM. aJrOpUTM 2) BBIYHCIISIETCS

ouepeaHas BalMIALMOHHAs Touka V. Ha mare 5 mpoBepsieTcs, IpUHAANEKUT U V JIOIyCTUMOH 00-
nactu 3ana4u (1), 1 cpaBHHUBAKOTCS 3HAYCHUS 1€T€BOM (YHKIMU B TOYKEe V M B TOYKE cepTH(HUIIHU-
pyemoro pemenust X. Ecnu neneBast GpyHKIMsS nprHUMaeT Oobliiee 3HAYSHUE B TOUKE V U 9Ta TOUKa
SBIISIETCSL IOITyCTUMOM, TO OCYILIECTBISIETCSI MEPEX0/1 Ha mar 9, rJie BEIBOAUTCS COOOIIEHHE, UYTO cep-
TUPUIHIPYEMOE PElIeHNE HE SIBISIETCS KOPPEKTHBIM. B IPOTHBHOM cllydae OCYIIECTBISIETCS MePexol
K cleayromeil utepauny nukna. Eciu nuki 3aBepmnics ecTeCTBEHHBIM 00pa3oM, yIpaBieHHE Mepe-
XOIWT Ha mar 7, Tae BBIBOAUTCS COOOIIEHHE, YTO pelieHHe X SBISIETCS KOPPEKTHBIM, MOCIE Yero
ocyuecTBisiercs mepexo Ha mar 10, rie anroput 3aBepiiaeT cBoro padory.

3. MapanseabHbId aAropuT™M Bajuaanuu pemenni 3agay JIII

B cootercTBru ¢ hopmyoi (5) MOITHOCTH BATMIAIIMOHHOTO MHOXKECTBA TOYEK, TEHEPHPYEMOTO
ANTOPUTMOM 3, SKCITOHEHIIMAIBHO 3aBUCHUT OT Pa3MEpPHOCTHU MpocTpancTBa. [loatomy anroputm 3 Oy-
JIET UMETHh BBICOKYIO BBIYMCIMTENBHYIO CIOXHOCTH JUIA O0NbIIMX pa3MmepHocTeil. s cokpameHus
BpPEMEHHBIX 3aTpaT Ha BBIYMCIICHWS HaMU ObUIa pa3paboTaHa W pealn3oBaHa MapajuleiibHasi BEPCHUs
anropuTMa 3, MpeacTaBieHHas B BUje ainropurMa 4. JlaHHbIH anroputM pa3paboTaH B COOTBETCTBHH C
MOZIEJIbI0 HapauieNibHbIX Bbluuciennii BSF [18], ucmonp3yromieit mapaaurmy «Mactep-padounii»
[19]. B cooTBeTcTBUH € 3TOW MOAENBIO y3€I-MacTep SIBISETCS LEHTPOM YIPABICHUS U KOMMYHHKa-
uuu. Bee ysnbl-paboune BBINOJIHAIOT OJUH U TOT )K€ KOJ, HO HaJl pa3HbIMU AaHHbIMH. BSF-monens
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TpeOyeT MpeACTaBICHUsI AITOPUTMa B BHIE ONEPaLUii HaJll CIIMCKAMM C UCIOIB30BaHWEM (QYHKLWI
BeIcIero nopsiaka Map u Reduce, onpenensiembix hopmanusmom bupna-Muptenca (Bird—Meertens
formalism) [20].
Anroputm 4. lNapannenbHbll anNropuTM Baaugauuu peweHna 3agadun M

MacTep E L-n pabouun (L=0,..,L-1)

M1: W1l: input n,A,b,cd,p,& %
M2: W2 W, = [IK/L, ..., (L + 1DK/L — 1]
M3: v W3 Zp = Map(fe, W)

M4 i W4: s, := Reduce(A, Z;)
M5: RecvFromWorkers(s, ..., S;) ! W5: SendToMaster(s;)

M6: s := Reduce(A, [sq,...,S.]) Wé:

M7: if s = false goto M10 P W7

M8: output "Solution" ¥ "is correct.” r W8:

M9: goto Mil L W9:

M10: output "Solution"™ ¥ "is incorrect.” §w10:

M11: stop ‘W1l: stop

Oynknus Beiciero nopsiaka Map mpeobpasyeT ucxoanblid cimcok W =[W0,...,WK_1] B CIIHCOK

Z= [ZO,..., ZK—l] , IPUMEHSIS K K&XKIOMY dneMeHTy GyHkiuo f, :
Z =Map(f,,W) =[ f(W),..., Fy(We,)].
B nmanHOM cirydae anemenTamu criicka W SIBIISIIOTCS. HOMEpa TOYEK BaIMAAIOHHOTO MHOXKECTBA!

W =[0,...,K-1] (K=2d(d-D"?).
Bynesa ¢pynxuus f,:{0,..., K -1} —>{true, false} zagaercs cnenyromieit popmyioii:

true |A-g(w) <b A {c,g(w)) <(c,%),

fa (W) = false|A- g(w) >bv (c,g(w))>(c,%),

rjae BeKTOp-QYHKIHMsS § BBIYUCIAET KOOPIMHATHI BAIUIAIIMOHHON TOYKH MO ee HOMepy W. (DyHK-
unst f, BosBpamiaer 3Hauenue «uctuHa» (true), ecim Touka ¢(W) MPUHAUICKUT AOMYCTHMOI obac-
i 3a1aun (1), ¥ 3HaYeHWe 1eIeBON (PYHKIMU B 3TOM TOYKE MEHBIIE, JIMOO PAaBHO 3HAYEHHUIO IIEIEBOM
¢ynkunu B Touke X. B nporuBHOM ciyyae gynkums f, BosBpamaer 3Hauenue «ioxb» (false). Crm-
cok Z =[zy,...,2¢,], TaKIM 0Gpa3OM, COAEPKHUT OyIICBHI MHAMKATOPHI s BCEX TOUCK BalMJALMOH-

HOTr0 MHO)KecTBa. Ecii XOTsi ObI OJMH DJIEMEHT B 9TOM CIHCKe mMmeeT 3Hauenue false, To touka X
CUUTAETCsl HEKOPPEKTHBIM pelieHneM 3anauu (1).

dynkims Beiciiero nopsjaka Reduce npeobpasyer crmcok Z = [ZO,..., ZKfl] B aTroMapHoe OyJIeBO

3HA4YEeHHE S, IMPUMCHSIA ONICpali0O KOHBIOHKIHUU A KO BCEM 3JIEMCHTAM CIIMCKa Z:
s=Reduce(A,Z) =7, A...AZ; .

B napannensHom anropurme 4 Ha mare W2 |-thiii pabounii onpezensier cBoro yacte W, crm-
cka W :

W, =[IK/L,...,(1 +)K / L-1].

3neck L obo3nawaer kommuecTBO pabounx. s mpocToTsl MBI ipeAnonaraeM, uto K kparno L. Ha
nrare W3 pabounit mpumensier gpynkmmuo Map k coeid yactu crimcka. [lomyauBumiicst cnicok Oysie-
BbIX 3HaueHui Ha mare W4 peayuupyercsa kK 01HOMY OyJieBy 3HAUEHHIO S, ITyTEM IIPUMEHEHUS QyHK-
ru Reduce, mepBbIM MTapaMeTpoM KOTOPOW SIBJISIETCS OTEPAIlisl JOTHYECKOTro «1». BhrdaucieHHoe Ta-
KUM 00pa3oM Jiornyeckoe 3HaueHue S, Ha mare W5 nepecsuiaercs macrepy. Macrep Ha mare M5

oJriy4acT OT pa6oq1/1x BCE BBIUMCIIEHHBIE 3HaueHusA. Ha mare M6 croucok MMOJIYYCHHBIX 3HAYCHUI pe-
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JQYIUPYETCs K OJHOMY OyJeBy 3Ha4deHHI0 S ¢ momoinsio pyrkimu Reduce. Ha marax M7-M10 ana-
JU3UPYETCS BRIYUCICHHOE OyJICBO 3HAUEHUE S W BBIBOJUTCS COOTBETCTBYIOIICE 3aKIIFOUCHUE.

Taba. 1. XapakTepucTuku Kiacrepa 25
«Toprago OYpI'Y». | O-n=19| fn
A - n= o
Konunuectso 20 { ~&- =l
480 —0O—n=15 O
NPOLLECCOPHbIX Y3108
MboLeccons! Intel Xeon X5680 15 -
poti P (6 cores 3.33 GHz) ¢ ’ —__A_-—-A----A
Konnyectso 5 T 10 12, -4
NpoLEeccopos B y3ne s / -
< o—o-_

OnepaTuBHas 24 GB DDR3 S 5 \O\-O\O_T
namaATb y3na
CoeanHUTENbHaA InfniBand QDR (40 05 : : : : : |
ceto Gbit/s) 10 60 110 160 210 260 310
OnepauyonHan Linux CentOS KonunuecTtso pabounx y3nos
cucTema

Puc. 2. YckopeHue napauieabHOro aropurMa
VaLiPro mis pa3inuvHbix pa3MepHOCTEH.

4. IlIporpaMMHas peaju3anus ¥ BbIYUCIUTEIbHbIE IKCIIEPUMEHTDI

[NapannensHpii anmroput™ 4 ObIT HAMH peann3oBaH Ha s3bike C++ ¢ HCIONBb30BaHWEM IMapai-
nenpHoro BSF-kapkaca [21,22]. BSF-kapkac 0a3upyercsi Ha MOJICIH MMapajlIeibHBIX BBIYHUCICHUI
BSF [18] u uHKanCyaupyeT B MPOOIEMHO HE3aBHCUMO# YaCTH CBOETO KOJIa BCE aCIIEKThI, CBSI3AHHBIC C
pacnapasuieIMBaHHeM MPOrpaMMbl ¢ TomoIisio oubmuotekn MPI [23]. Micxoambie KOIbI Mapaieib-
Hoit iporpammel VaLiPro ceoboano moctymusl B cetd MuTepHeT mo aapecy https://github.com/leonid-
sokolinsky/BSF-LPP-Validator. C ucnosnb30BaHHEM yKa3aHHO# MPOrpaMMbl HAMHU ObLIH MPOBEICHBI
MaciITaOHblE BBIYMCIHMTENLHBIE OKCIEPUMEHTHl Ha BBIYMCIWTENBHOM Kimactepe «TopHano
OVYpI'Y» [24], XxapakTepUCTHKH KOTOPOTO MpHBeAeHBI B Ta0I. 1. J[Js 3KCIIEPUMEHTOB HCITOIB30Ba-
JMch ciay4aitaeie 3anaun JII, momy4yeHHbie ¢ momolnkio nporpammel FRaGenLP [25] npu criemyrommx
3HAUEHMSAX ITapaMeTpoB: JUTHMHA pedpa orpaHudmBaromero runepkyda o =200, paguyc Oonbmoi ru-
nepchepsr & =100, pagnyc manoii runepcdepsl p =50, BepXHssI rpaHHIA «IIOYTH NapaJUICITEHOCTIY

st runeprutockocreit L, =0.35, mMuHMManbHas jpomyctumas OnM30CTh IS THIEPIUIOCKOCTEH
S,i» =100, MakcumanbHOe 0mycTHMOE a0COMIOTHOE 3HAUCHUE MPH reHepanuy Ko3GUINEeHTOB ciry-
qaifHeIX HepaBeHCTB A, =1000, MakcuManbHOE 10IyCTUMOE a0CONIIOTHOE 3HAUCHUE IIPU TeHepaLuy
NpaBbIX YacTe ciydaiiHeix HepaBeHCTB D, =10000. DkcriepuMeHTBI MPOBOIMINCH ISl Pa3MEPHO-
creit N=15, n=17 u n=19. KosnyecTBO HEPABEHCTB, COOTBETCTBEHHO, cocTanisuio 46, 52 u 58. U3
HuX ciydaiiHbeix: 15, 17 u 19 coorBercTBeHHO. Perenus 3agad moiydyalauch C MOMOIIBIO ameKc-
merona [4]. Bo Bcex ciyuasix mpH 3aImycKe BajliIaTopa UCIOJIb30BAINCH CICAYIOIINE 3HAYCHHS Mapa-
metpoB: d =5, p=1, £=10"°. PesynsTaThl SKCIEPUMEHTOB MPEICTABIEHE Ha pHC. 2. Bpems Bepu-

¢dukanum pemenus s ciaydaitnoi 3agaun JIIT pasmepnoctn N=19 Ha KoHUrypamuu U3 OTHOTO
y3J1a-MacTepa U OJHOTO y3ia-pabouero cocraBwio 17 muHyT. Ha KoHdurypaunu u3 ogHoro ysma-
mactepa u 310 y3moB-pabounx BepudUKaLUs PEUICHUS TAaKOW ke 3aJauu 3aHsuia 4 CeKyHAbl. AHAIU3
PE3yIbTATOB MOKA3bIBAET, YTO IPAHUIA MACIITAONPYEMOCTH MPEUIOKEHHOTO AJITOPUTMa CYLIECTBEH-
HO 3aBHCHUT OT pa3MEpHOCTH 3ajauu (1oJ rpaHMLeil MaciTabupyeMOCTH 3[ech MOHUMAETCs] MaKCH-
MyM KpuBoii yckopenusi). [Ipu n=19 napamrensHas Bepcusi anroputma VaLiPro npoaemonctpupo-
Bajla MacIITabUpPyeMOCTh, OIM3KYIO K JIMHEHHOU, BILIOTH /10 310 mporeccopHbIx y3ioB. st 3amayu
pa3mepHocTH N=17 rpaHuIa MacmTabUpyeMOCTH COCTaBWIIa pruMepHO 260 y31I0B, a Ha 3a/1a4e pas-
MepHocTH N =15 oHa ymeHbinIach 10 60 y3510B. DTO CBA3aHO ¢ TEM, YTO 3a/1a4a TAKOH pa3MEPHOCTH
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yKe He Croco0Ha 3arpy3uTh paboTol OOJBIIOE KOJHYECTBO MPOIECCOPHBIX Y3IIOB: BPEMsl, 3aTpadm-
BaeMoe Ha Iepejady JaHHBIX 110 CEeTH, HAYMHAST MPEBAIMPOBATh HaJl BpEMEHEM, 3aTPavunBacMbIM Ha
BBIYUCIICHHS, M TIPOIIECCOPHI HAYMHAIOT IPOCTANBATh.

5. 3akiaouyenue

B craree mpencraBieH mapaienbHbid anroputM VaLiPro s Banupanuu pemieHud 3aaad Jiu-
HEHHOr0 MpOorpaMMHpPOBaHMSA Ha KJIACTEPHBIX BBIYMCIUTEIBHBIX CHCTeMax. Mnes BaluaalMOHHOIO
ITOpPUTMa 3aKJII0YAETCs] B TEHEPALMK PErYIIPHOI0 MHOXKECTBA TOUEK Ha runepchepe Majoro paguy-
ca Cc LIEHTPOM B MPOBEPAEMOM pellIeHUH. Perlenne cunTaercs KOppeKTHBIM, €CJIM BCE TOUKH BalMJa-
LMOHHOT'O MHOXKECTBA, NMPHUHAAJIEKAIINE AOIMYCTUMON 00NAacTH 3aa4yy JMHEHHOTO IpOrpaMMHpPOBa-
HUS, XapaKTEePU3yIOTCs MEHBIIUM 3HAUY€HHEM LIEIEeBOM (DYHKIMH 110 CPAaBHEHHIO C IPOBEPSIEMOM TOU-
Koii. Peanu3zanms napamwiensHoro aaroputma VaLiPro Obuia BeimosnHeHa Ha sizbike C++ ¢ UCosb30-
BaHHeM napamienbHoro BSF-kapkaca, nHkancynmupyromero B npoObJeMHO HE3aBUCMMOM 4acTh CBOETO
KOJla BCE aCIIeKTHI, CBSA3AHHBIC C pacHapaUIeIMBaHHEM IPOrpPaMMBI C IOMOIbI0 Onoimorekn MPI.
Hcxogasie koAbl pa3pabOTaHHON MapauieNbHON MPOrpaMMbl CBOOOTHO MOCTYIHEI B cetn WHTepHeT
no azapecy https://github.com/leonid-sokolinsky/BSF-LPP-Validator. TlpemioxeHHblit MeToa Banuaa-
LUH SIBIISICTCA YHUBEPCAJIbHBIM M TOOUTCA Ul JOOBIX 3a7ad JHUHEHHoro mporpammupoBanus. [Ipe-
MMYIIIECTBOM MapajuienbHoro aaropurma VaLiPro siisiercs mouyTu JUHEHHOE YCKOPEHHUE Ui J0CTa-
TOYHO OOJBIIMX Pa3MEPHOCTEH MPOCTPAHCTBA, HauMHas ¢ pasMepHocTH 19. CymecTBeHHBIM HEIOC-
TAaTKOM, OTpaHUYNBAIOIIUM IPUMCHCHUE IPCIJIOKCHHOI0 METOAa, ABJIACTCA SKCHOHCHHI/IaJ'II)HbII‘/'I pocCT
KOJINYECTBA TOYEK BAJUAALMOHHOIO MHOXKECTBA NPU YBEIHMUCHUH Pa3MEPHOCTH NMPOCTPAHCTBA, YTO
MPUBOAUT K SKCIOHEHIIUAIEHOMY POCTY BPEMEHHOW CIOXHOCTH anropuTma. ONMUCaHHBINA alropuTM
ObLT UCTIOJIb30BaH BMecTe ¢ anroputMoM FRaGenLP [25] u anekc-meronom [4] mis aBTOMaTHYECKOM
reHeparnuu oOydvaromiero Habopa n3 70 000 mperieneHTOB, KOTOPBIN TUIAHUPYETCS MCIIOIB30BaTh IS
pa3paboTKN MCKYCCTBEHHON HEWPOHHOW CETH, CIOCOOHOM pemaTs MHOTOMEPHBIE 3a[la4d JTHHEHHOTO
[IpOrpaMMHUPOBaHUA.
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ABTOMATH3aIMsl IPOLECCOB NMPeNnoAaBaHMUsl MPAKTHKHU
HAa MpUMepe Kypca 1o napajjieibHOMY NPOrpaMMHPOBAHUIO

A. 1O. Hecrepos

Hwxeropoackuii rocygapctBeHHbIN yHuBepeuteT uM. H. M. Jlo6aueBckoro

Ortpacnp pa3paboTKu MPOrpaMMHOTO 0OecTIeYeHHsT aKTUBHO Pa3BHBAETCS, YTO NMPUBOJHUT K
YBEJIMYEHUIO NOTPEOHOCTH B KBAIN(HUINPOBAHHBIX CIiElMAUCTaX. B oTBeT Ha 3TO B mpo-
(UIBHBIX By3aX yBEIMYMBAETCS MPHEM HA HANPABIICHHS TOATOTOBKH, CBSI3aHHBIE C TeMa-
TUKOM MH(POPMAITMOHHBIX TEXHOJOTHNA. B pesynprare Harpys3ka Ha MperogaBaTesieid, Beay-
XX MPOTPAMMHUCTCKHE JUCIUIINHBI, CYIIECTBEHHO Bo3pacTaeT. OHUM U3 CIOCO00B, Be-
JyIIUX K HOBBIIICHHIO Ka4eCcTBa 0OPa30BaHMUs B HOBBIX YCIIOBHSX, SIBIISICTCSI BHEAPEHNE aB-
TOMAaTH3MPOBAHHBIX MPOIECCOB, CBA3AHHBIX C NMPOBEPKON IMPAKTUYECKUX PAOOT, BBIIOIHS-
eMbIX CTyJneHTaMu. [laHHast paboTa ONMUCHIBAET COOTBETCTBYIOIINH OIIBIT, TOTYYECHHBIH IpU
yreHnn Kypca «IlapamiensHoe nporpaMMupoBanue» B THCTHTYTe HHYOPMALMOHHBIX TEX-
HOJIOTHH, MaTeMaTHku 1 Mexaauku HHI'Y.

Kniouesvie cnosa: napamienbHoe IporpaMMUpOBaHKe, 00pa3oBaTeIbHbIN Kypc, aBTOMATH-
3a1s NPOLIECCOB MPENOJaBaHHUA.

1. BBenenune

JJ1st TOATOTOBKY CIEIMATUCTOB B chepe BHICOKONPOU3BOANUTENBHBIX BhIUNCIeHHH B MHCTUTYTE
WH(POPMAITMOHHBIX TeXHONOTHH, MaTeMaTHKH U MexaHuku (MTMM) HHI'Y muaOrme roasr npenogaet-
Cs TOJIOBOM KypC IO OCHOBaM MapaJuIeIbHOTO MPOrPaMMHPOBAHUS. DTOT KypeC JETHUTCS Ha B OOIb-
1€ 4acTu: MECTOABI MApaUICJIBHOI0 NporpaMMHpOBalnrd AJIs1 BEIYUCIUTCIBHBIX CUCTEM C paclpeac-
JICHHOHN MaMSATBI0 M METOABI MapaJUIeIbHOrO MPOrPaAMMHPOBAHUS JUIS CHCTEM C OOIICH MaMsThIo.
Kaxnas u3 yacteil mMeeT CBOM CIIOKHOCTH M HIOAHCHI B OCBOCHHMHM Marepuana. Takke Kaxaas 4acTb
JIAHHOTO Kypca UMeeT TeopeTnyeckyio [1, 2] u mpakrtuueckyto [3, 4] cocrassrommue.

B nanHoii paboTe pedb MOKHAET O MPaKTHYECKOW COCTABISIONICH BCEro Kypca, TouHee, 00 aBToMa-
TH3aLUH IPOBEPKH BHIIOJIHAEMBIX CTyJeHTaMu 3a1anuii. Cama no cebe njes aBTOMaTU3aliu IPOBep-
KU MIMPOKO M3BECTHA M aKTHUBHO NPHMEHSETCS HA MPAKTHKE, HO CTOMT OTMETUTb, YTO NPH YTCHHU
Kypca 10 napajuieliskHOMy POrpaMMHUPOBAHHIO BO3HUKAIOT JIOTIOJIHUTENILHBIC CIIOKHOCTH, CBSI3aHHbIC
C OLICHKOH NMPOM3BOAMTEIBHOCTH M MacIITadupyeMocTH koza. [IpakThka mokaspiBaeT, YTo MPEOjIo-
JIETh 9TH CIO)KHOCTH HE TaK MPOCTO.

Kpatko paccMoTpuM, Kakue TeXHOJIOTHH PAacCKa3bIBalOTCs B Kypee. [lepBas yacTh Kypca BKIIOYa-
eT B ce0s u3yueHue HauboJiee pacpoCTpaHEHHOTO cTaHAapTa uHTepdetica oOMeHa ganHbiMu — MPI
[5]. Bropas wacte Kypca BKJIHOYaeT B cebsi m3ydeHume OTKpbiToro cranmapra OpenMP [6], Intel
Threading Building Blocks — kpoccrardopmennoii 6ubimMoTekn madioHOB, pa3paboTaHHONH KOM-
nanueii Intel [7], u knacca thread [8] cranaaptHoit OubaroTeku madioHoB C++. B 1ienoM Bech Kype
Gasupyercsi Ha 3aJa4ax, BEIOpaHHBIX U3 33jauHKKa [9], a mpouecc 00y4eHHs BBITIISUT CIIECTYOMHM
obpa3oM. TpaaunmoHHO, CTYJEHTHI MMOCEIIAIOT JEKIUHU ¥, HAYWHasi C HEKOTOPOTO MOMEHTa BPEMEHH,
MMPUCTYNAKOT K BBIITOJHCHUIO IIPAKTUYCCKUX 3aﬂaHI/II\/'I, KOTOPKLIC, B IMOCJICACTBUU, BpPYUHYIO, OUYHO IIPO-
BEpSIET MPEToIaBaTelb MPAKTHKH.

JIaHHBII TOAXO0/1 K BEICHUIO NIPAKTUYECKHUX 3aHATUI NMEET psijl HeJJOCTaTKOB. Bo-niepBbIX, Beie-
CTBHE yBeJIMYEHHs HAOOpa 3HAYMTEIBHO BO3pacTaeT Harpy3Kka Ha mpernojgaBaTeneil (Kype ciyiiaeT 10
200 cTyIeHTOB €XETOJHO) U TIOHMKAETCA KauyeCTBO MPOBEPKHU. BO-BTOPHIX, BHIIEH3IOKEHHBINA TO/I-
XOJ1 BBI3BIBACT CJIOKHOCTH IPU paboTe B TUCTAHIIMOHHOM PEXHUME, TEXHHYECKUE MPOOIIEMBI C IEMOH-
CTpaHHeﬁ KOoAa OCTalIuCh, 4 BpEMA UX UCIHPABJICHHA B JUCTAHIUOHHOM PEXMUME B CPEAHEM YBCIIUYN-
JIOCh BABOE. B-TpeTpux, HUKTO HE OTMEHSET CYIIEeCTBOBAaHHE CYOBEKTHBHU3MA M YEIOBEYECKOTrO (hak-
TOpa, B TOM 4HCJIe U B 00pa3oBaresibHOI cepe. [ mpeogoneHns yka3aHHBIX Mpo0ieM ObLIH Io-
CTaBJICHBI CJICYIOLINE 33/1a41: MOCTPOUTH aBTOMATHYECKYIO CHCTEMY IPOBEPKU PadOT CTYJCHTOB IO
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KypCy MapajuIeIbHOTO MPOrPaMMUPOBAHMS, a TAKXKE COXPAHUTH U, KEIATENLHO, YBETHUUTh Ka4eCTBO
MPOBEPKHU paboT MPU POCTE YUCIIA CTYJCHTOB, OCEIIAOIINX KypC.

B 2018 roay aBTOpoM JaHHOHM cTaThM ObLIa MpeJcTaBieHa OUOIHOTEKA C OTKPBITBIM HCXOIHBIM
komom parallel_programming_course [10], peamu3yromiast moJyaBTOMAaTHYECKYIO TIPOBEPKY paboT 110
OCHOBaM MMapaJlIeIbHOTO MPOrpaMMUPOBaHus. VICTONb30BaHHE PETO3UTOPHS C MCXOJHBIMU KOJaMHU
OMONIMOTEKN HA TIPOTSHKEHUM OoJiee IBYX JIET TIO3BOJIMIIO CJIeNIaTh HEKOTOPBIE BBIBOBI JUISI TIOBBIIIIC-
HUSI OI[CHKM KauecTBa paboT, a TaKkKe HEMPEPhIBHO MePECTPanBaTh apXUTEKTYPY JaHHON OMOIHOTEKH
C TOCTEAYIONIMMH TUTAHAMH MOTU(DHUKAINN IS YAyUIICHUsS aBTOMAaTH3aluK. B qanHol paboTte npea-
CTaBIICH TMOJIXOJI K OPTaHH3allii aBTOMATH3UPOBAHHOW MPOBEPKU H MEPBbIC PE3YJILTATHI €r0 MpUMe-
HEHHs, TTOMYUYCHHBIC 3a TIOCIIEHUE HECKONBKO JieT. KOHeUHO! 1enblo SBIseTCs CO3/IaHUe CHCTEMBI
MOJTHOM aBTOMAaTHYECKON MPOBEPKH pabOT Kypca Mo OCHOBaM MapajlieIbHOTO MPOrpaMMUPOBaHus 0e3
YYaCTHs TPETIOaBaTels IPAKTHKH.

2. ZKu3HecnocoOHOCTD MPeACTABIEHHON CUCTEMBI

2.1 llpuyuHbI BBOJA ABTOMATH3AIMHU

Bo BBeneHnn 4acTHYHO OBUTH OMKCaHbl MPUYMHBI BBOJA aBTOMAaTH3aIMK NPoBepkH padot. Eme
pa3 mepeyrciInM JaHHbIC IPUIUHBL:
1. VYBenudeHue KOJIMYECTBA CTYJICHTOB M HArpy3KH Ha MPETIoaBaTes.
2. YXyJueHue KauecTBa MPOBEpKHU pabdoT.
3. TloTpeOHOCTH B HE3aBUCHMOW OT MPENOaBaTellsl CHCTEME IPOBEPKHU padoT.
JlaHHBII CITUCOK MIPUYUH MO3BOIMI CHOPMYITHUPOBATh P TPEOOBAHUN K MPOESKTUPYEMOM CHCTE-
Me:
1. Cucrema nomkHa OBITh YCTOMYMBON K MPOBEpKe paboT, MMEIONINX HEAETEPMUHUPOBAH-
HBII Xapakrep. JlaHHOe TpeOOBaHNE OCHOBBIBACTCS Ha PabOTe MapauIeIbHBIX IIPOTPaMM
Y HA ITyHKTE 2 U3 TIEPEUNCIICHHBIX BBIIIE TIPHYHH.
2. Cucrema J0JbKHA OBITH aBTOHOMHOM M paboTaloiel KpyrJIOCyTOYHO HE3aBHCUMO OT JTHS
U BpeMeHHU CyTOK. /laHHOe TpeOoBaHME OCHOBAHO HA MYHKTE 3 MEPEYMCIICHHBIX BBIIIC
MPUYHH.
3. Ilporpamma, HamucaHHas CTYJIEHTOM, JOJ/DKHA OBITh B pa0O4YeM COCTOSHUU B TEUCHUE
BCEr0 CEMECTPa W SIBIISITHCS FapaHTHEW JJIs JOMycKa K 3a4eTy/IK3aMeHy Kypca WU Od-
HOMY OIIPOCY CTY/EHTA IO JaHHOH J1abopaTopHOil padore. JlaHHOE TpeOOBaHUE MPOAUK-
TOBAaHO OPTaHWU3AIMIOHHBIMHU TIPOIIECCAMU OOYYEHUS B By3ax.
[epeuncienHble BhIe TPUYUHBI H TPEOOBAHNUS MTO3BOJIMIN CIPOCKTUPOBATh CHCTEMY, OCHOBaH-
HYIO Ha NPUHYUNAX HCUSHECNOCOOHOCMU, OTINCAHHBIX JIaee.

2.2 OcHOBHBIE H/IeH KNU3HECIIOCOOHOCTH CHCTEMBbI

B nanHol "acTu OyieT onmcaH TEPMUH JHCUZHECHOCOOHOCHb cucmeMbl B KOHTEKCTE JaHHOW pa-
0OTHI, @ TaK)Xe€ paccKa3aHo O TOM, TJe MOIy4aTh MAEH Ui JaJIbHEHIIero pa3BUTHA cUCTeMbl. Pac-
CMOTPHM pSiJl IPUMEPOB, KOTOPBIE TIOMOTYT MPUITH K JaHHBIM OTPEAETICHHSIM.

Mepebiii npumep. CyniecTBYIOT NPOMBIIUICHHBIE TPOSKTHI, KOMILIEKCHI IIPOrpaMM U OUOITHOTEK.
Hx ku3HecriocoOHOCTh OCHOBaHA Ha TPeOOBaHUAX OM3HECA M IMHAMUYECKOM Pa3BUTHU IIPOMBIIIJICH-
HOH OTpaciy, Bce MICH 10 Pealn3alii 1 NPOSKTUPOBAHUIO OEpyTCsl HEMOCPEACTBEHHO U3 3ajady, Mo-
CTaBJICHHBIX CAMUM OW3HECOM MJIM SKOHOMHYECKH BBITOJHOHN MpenMeTHOW o0macThio. [IpomblimieH-
HBIH MIPOEKT JKUB, IIOKA €CTh CMBICII B TIOJIyY€HHH NPUOBLUTH OT HETO.

Bropoii npumep. CymiecTByIOT CTyJACHUYECKHE MPOEKThI, KOMIUIEKCHl MPOrpaMM U OMOIHMOTEK.
WX xu13HEeCrocoOHOCTh OCHOBaHA HA MOTHBAIIMU CaMOT0 CTYJIEHTA WM CTYJICHTOB, a TAKXKe 3auHTe-
PECOBAaHHOCTH HACTAaBHUKOB, OJHHUM W3 NMPUMEPOB HACTABHHKA SIBISETCS HAYYHBINH PYKOBOIWTEID.
Wnen naet HacTaBHUK WM caM CTYJEHT. CTyeHYeCKHH TPOEKT KUB, [TIOKAa UM 3aHUMAETCs caM CTy-
JIEHT WJIH €ro MOoCcIe10BaTeN .

on orcusnecnocobnocmoro NaHHON IPOBEPOYHOM CHCTEMBI OYAET MOHUMATHCS CIEAYIOIIee:

1. JuTeJbHOCTH CYLIECTBOBAHHMS Kypca MO NapajjieJbHOMY MPOrpaMMHPOBAHHUIO.
Iloka cymecTByeT Kypc, CyIECTBYET U CUCTEMa JUIsl IPOBEPKHU JTAHHOTO Kypca.
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2. TIpoctoTa mpoekTa /sl MAJOr0 MOPOra BXOKIEHUSI HOBOTO IPeENoaaBaTe]bCKOro
coctaBa. Vcnonp30BaHe HOBBIMH MPETIOAABATEISIMHA JaHHOW CUCTEMBI MPOMIUT KU3HB
JTAHHOM cucTeMe.

3. Co3nanmne HOBBIX MAeil Ans MOTUGHUKAINU CHCTEMBI ¢ KaX/10ii HOBOW MTepaumeii
Kypca. [To3Bonut nepxath cTyA€HTOB B TOHyce. [IoBTOpeHHEe OQHON U TOH K€ MPOBEPKU
BEJIET K MPeICKa3yeMOCTH M HEJJOTIONYICHUIO 3HAaHUH.

I'enepanust u BHeApEeHHE HOBBIX UACH IJ1 MOJU(UKALIUN CUCTEMbI CBOAUTCS K CIEAYIOIINM TIpa-
BUJIAM:

1. HoBas naes n3MeHEHHI MOKET BO3HUKHYTHh Ha OCHOBE 0OOMaHa CTYACHTOM cucTeMbl. He-
JOOpOCOBECTHBIN CTYIEHT 3aX04eT OOOWTH CHUCTEMY IMPOBEPOK Paad JUYHON BBITOJIBI.
[IpumymanHbIil UM 00X0a TIPOBEPOK OYAET SBISATHCS OCHOBOW IS OYAYIINX M3MEHEHUH
B JJaHHOM CHCTEME.

2. Hoas unes n3BMEHEHUH MOXET BOSHUKHYTh B CTPEMJICHUH YIYUIIUTh KPUTEPUH OLEHKH
KadecTBa KOHTpOJsi oOydeHus. CTaHOapTHBIN KpUTEpHil OLlEHUBAaHUS (HEYIOBIETBOPH-
TEJBHO, YAOBJIETBOPUTEIIBHO, XOPOIIO M OTJIIMYHO) HE MOAXOAUT AJSl CHCTEM IPOBEPOK
3aaa4 nporpaMMupOBaHusd 110 IpUYrUHAM OTrpaHUYCHHOCTU AHAlla3oHa 3HaueHuii. B JaH-
HOM CTaThe W Hallel CcTeMe MPOBEPKH paboT JEHCTBYET IPYroil KpUTEepHid OLleHUBAHMUS
IUISL TIOJTyYeHHsI UAEH U yIydIIeHus padOTOCHOCOOHOCTH CTYyIEHTOB — KPUTEPUM Hempe-
PBIBHOCTH U3MEHEHUS KOJA.

2.3 Kpurtepuii HenpepbIBHOCTH H3MEeHEHUsI KO/

[IpenmonoxxuM, 94TO CYIIECTBYET CIEAYIOIee YTBEPKICHUE. WAeabHBIH KO (B JF000I WHTEp-
MPETaIi) He MOXKET OBITh HaIlMCaH MIHOBEHHO, HO K HEMY MOXKHO CTPEMHUTBCS Ha MPOTSHKCHUU KOH-
KPETHOTO KOJIMUYECTBA MTEPAIMd €0 CO3[aHusl U U3MEHEHUH. 3a OJJHY UTEepallio MOKHO Hamucath B
XyJIIeM CiTydae HAauXyAIIyro Bepcuio koxaa. [ Toro, 4ToOBI ero yiay4IinTh, Hy>KHBI HETPEPHIBHBIE
usmenenus. O6patumcs k TepMmunosioruu git-rexuonoruu [11] 1 Ha30BeM dJeMEHTAPHBIM H3MEHEHH-
eM KOoJa KoMmum 8 penozumoputi. Torna Juist TOro, 4ToObl KOJ CTAHOBWIICS Jy4Ille U JTy4Ille, HyKHO
YBEIMYUBATh KOJMYECTBO KOMMHTOB B €IMHHIY BPEMEHH, HO 3apaHee OTOBOPHUMCS, UYTO KaXKIBIH
KOMMUT 3aBEIOMO IIPOBEPSIETCA U UMeeT pabodee COCTOSTHUE, TEM CaMbIM MOOYK/1asi CTYIACHTa TOIBKO
yIIy4YlIaTh TEKYIIYI0 BEPCHIO UCXOJHOTO KOJia. BhINIen3nokeHHbIN MOAX0/ Ha30BEM KpUTEpHEM He-
MPEPHIBHOCTH U3MEHEHUS KOJIa.

[epeiinem k mpuMepy cTyleHYeCKOH 1abopaTopHOW pabOThI M MPEINOI0KHM, YTO Y CTYACHTa
€CTh TPH 3aJ]a4d B CEMECTpE, KaxJas U3 KOTOPbIX MMEET CBOM KpaillHUIl CpoK caadyu. Eciu cTyneHT
Oyzer nenaTth Bce pabOTHI B IOCIEHHN MOMEHT, TO H3MEHEHHS €ro KoJia OyAyT BBITIISAACTh CICTYIO-
UM 06paszom (puc. 1). ITo 03HAYAET HU YTO WHOE, KaK MMO3IHIOK BOBJICYEHHOCTh B paboTy. A Kade-
CTBO C/IaHHBIX paboT OyAeT BBI3BIBATH PsI MPoOJIeM, Cpear KOTOPHIX YacThle MajieHus B 00IIeM mpo-
exTe (B OCHOBHOM MaJIeHHS M3-3a JIOCTYIOB K MaMsTH, KOTOPbIE KOHTPOJIUPYIOTCS aHATU3aTOPOM Ta-
MSITH), a TaK)Ke HempejcKazyemasi paboTa peaqr30BaHHOIO Mapajuiein3Ma, OTJIaBIuBaeMas CHCTeMa-
MU HeTIpepbIBHON wHTerpanuu. [Ipu 3ToM ecnu cTyieHT J0OpPOCOBECTHO OTHECETCs K paboTe, TO Mo-
clie psiia ero COOCTBEHHBIX MPOBEPOK U MOJIUGUKAIIUKM, U3MEHEHUS KOJa OYIYT BBITJISIICTh YXKE MO-
npyromy (puc. 2). Mnes noGpocoBecTHOM pabOThl B TOM, YTOOBI HAYMHATH BCE 3aJaud KaK MOYKHO
paHbIlle ¥ HE OCTABIATH MPENbIAYINNE ClISITaHHbIe 3a7aui 0e3 BHUMaHHS JaKe MOCIe X MPOBEPKH B
TEYeHHEe BCEro cemecTpa. B mpaeane Gamibl mo Kypcy (OpMHUPYIOTCS Ha OCHOBE TOJICPKAHHUS BCEX
3a7a4 B paboueM COCTOSIHUM Ha KOHEI] CEMEeCTpa.

MOXHO TakKe TPEINOJI0KHUTh, YTO €CIIM BHIMONHATH PETYJSpPHBIE Oecroie3Hble KOMMUTHI, TO
KpUTEpUH BBIONHUTCA. J[aHHYI0 TIpoOiieMy B HaIlleM MPOEKTE MOMOT PElIUTh KOHTPOIb IpaduKoB
Moaudukanuu kojaa (1006aBieHre 1 yaaleHHe y4acTKOB Koja B KoMmmuTax). Takue rpauku B umeane
JIOJIXKHBI OBITH MTOXOKHE Ha PHC. 2, a TAKXKe He JOJDKHBI COBIAAATh MU OBbITh HHBEPCHUEH JIPYT C APY-
rom. [laHHas mporeypa MpOBEPKHU CO3/IaET CIOKHOCTD I HEJJOOPOCOBECTHOTO BBITIONHEHUSI KPUTE-
pHsl HEIPEPHIBHOCTH M3MEHEHHUS KOJIa.
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KOMMWTBI |

Bpems

Puc. 1. Cratuctrka paboThI CTy/I€HTA PU HAPYIICHAN KPAHIX CPOKOB CIadn
J1a00paTOPHBIX paboT (KpacHbIC TMHUHU — MOCTABICHHBIC CPOK CAAUH).

KOMMUTBI]

BPEMS]

Puc. 2. Craructuka paboThI CTyA€HTa IIPH J00POCOBECTHOM OTHOIICHUH
K CpOKaM cajauu 1a0opaTopHBIX padoT (KpacHbIE JIMHUHN).

BosBpamasice k mosyueHuo uaeid MoauHUKanuu CUCTEMbI IPOBEPKU paboT, MOXKHO MPUIYMaTh
CHOCOOBI CMHTETHYECKH IMPUBOIUTH IpaduK, NPEICTABICHHBI Ha MEPBOM PUCYHKE K rpaduKy Ha
BTOPOM PHUCYHKE JJIs TIPEIo1aBaTesl.

3. XpOHOJ’IOl"l/Iﬂ MOCTPOCHUA CUCTEMBI IIPOBEPKHU paﬁoT

3.1 llepBoHaYAJIBHBIH BAPHAHT CHCTEMBI

IlepBoHaYaNbHBIN BApUAHT CUCTEMBI OCHOBBIBAJICSA Ha MCIOJIB30BAHUN TEXHOJIOTUI HENPEPHIBHON
WHTErpalvy Ha yJIaJIeHHBIX MalllMHAX U KpOcCIUIaT(hOPMEHHON pa3paboTKe Ha PA3HBIX OTIEPAIIMOHHBIX
cucTteMax Ha s3bkax nporpammuposanusi C u C++. TpeGoBasioch pa3MeCTHTh UCXOJHbBIE KOJBI CTY-
nenTa Ha caiire GitHub.com ¢ momoripio cucrembl KoHTpOIIs Bepeuit it [11], BeIOOp maHHON TEXHO-
JIOTHH MIPOIMKTOBAH OOJBIIMM KOJMYECTBOM Pa3paboTYMKOB B OPEN SOUICe cpelie Ha TEKYIIEM CanTe.
OO1muM 3HaMeHaTeseM Juist Kaxaoi coopku Obuta cuctema CMake [12], riae ¢ ucnosbp30BaHueM OTHO-
IO WJIM HECKOJBKUX KOH(QUI'YPaLMOHHBIX (haiiyioB MOXKHO IOCTPOUTH MPOEKT U COOpaTh ero moj pas-
JMYHBIE ONEPAlMOHHBIE CHCTEMBI. Takke IJIsl TOro, 4ro0bl cOOpKa 3alycKanach Ha Pa3HBIX yAaJleH-
HBIX MalllMHaX, HY)KHO ObLJIO Hamucath Heckoibko YML-(daiaoB a1 KoOHpUryparyu CUCTEM Hempe-
pbiBHOU uHTerpaiuu Travis [13] u AppVeyor [14], naHHble cuCTEeMbI BEIOPAaHBI KaK JTy4IINi BapHaHT
UCIIOJIb30BaHMs OSCIUIATHBIX yIAJICHHBIX MAlIHH B 00pa30BaTEIbHBIX LEISX.

TpeOoBanus ajis1 peann3aiuy J1a00paTOpHON pabOThI CTYJACHTOM B IIEPBOHAYAILHON pean3aiuu
CUCTEMBI OBLITH CIIEYIONIAMHU:

1. Cosnarte cBoii CPpP-daiin ¢ hyHKIMeH Main u peaau3alkeil CBoei 3a1aun.
2. Cosnatp koH(urypanuonssiii daitn CMakeLists.txt u yka3ath BO BCeX OCTaIbHBIX TAKHX
KOH(UTYpaIusX ero CymecTBOBaHuUE.
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Bce coznmannbpie Qailibl pa3iaokUTh B COOTBETCTBYIOIIME TUPEKTOPHU, COTJIACHO WH-
CTPYKIIHH.

Cobpats mpoekT ¢ momorsio cuctemsl CMake.

Ykazarh U3MEHEHUS B KOHQUTYpAIMSIX CHCTEM HENPEPHIBHOW HWHTETPAIIUH.

OrmnpaButh Bce m3MeHeHus Ha caiit GitHub.com, koTopsie aBTOMAaTHYECKH 3amyCTST
yAaJeHHbIC MallIMHbI HA COOPKY TIPOCKTA.

3.2 Bo3Hukmmue npod;1eMbl H H3MEHEeHUs

N3naganpHO mpenmonarajiock MCIONb30BaHNE 00pa30BaTENbHBIX H COPEBHOBATEIBHBIX CHCTEM,
takux Kak Sugexkc.Kontect, Stepik u apyrux. Manast THOKOCTh 1 MUHUMAJIbHBIA KOHTPOJIb HAJl CTY-
JIEHTaMH B CHCTeMax-aHaJlorax moOyIuI Hac cO3/1aTh COOCTBEHHYIO CHCTEMY CO CBOMMH TpeOOBaHU-
aMH K 00pa3oBaTeIbHOMY IPOIIECCy MO KOHKPETHBIN Kypc. [lepBoHavyanbHBIi BapHaHT CHCTEMBI Me-
HSUICS ¢ KaXKIIOW HOBOW WTepanuerd Kypca. Bce n3MeHeHMs OBITH OCHOBaHBI Ha HJESX KHUIHECTIOCOO-
HOCTHU JTAHHOW CHUCTEMBI MPOBEPKU pabOT, ONMMCAHHBIX paHee B pabore. 3 OCHOB *KHU3HECTIOCOOHOCTH
CUCTEMBI BO3HUKIIN CJICIYIONIUE MPOOJIEMBbI, KOTOPBIC HAaJ0 ObLIO peliaTh Ha OJHOW M3 HOBBIX UTEpa-

105058

1.

Harmmcanme cBoMx peann3anyii TECTUPOBAHMS 3a/1ad HA NMPABUIIBHOCTH PELICHUS 3aCTaB-
JISUT0 TPENoJiaBaTelisi BCe PaBHO 3aHOBO IEPENPOBEPATH Bce paboTHl. PemieHue naHHOM
MpOoOJIEMBI 3aKITIOYANIOCh B YHU()MKAINY TECTHPOBAHHA. 3aMEeHa peanu3alliiii COOCTBEH-
HOro Main CTyJIeHTa Ha HAalKMCaHUE TECTOB C MOMOIIBI0 TecToBol cucteMbl Google Test
Framework [15].

Hanmcanume cobctBenHnoro koHdurypamuontoro ¢aima CMakeLists.txt Be3bIBaIO psin
npo0JieM ¢ MOHUMaHHeM CKpunToBoro si3bika CMake. Perenue nanHON mpobiaeMsl 3a-
KITI0YaJI0Ch B TIOATOTOBKE MA0JI0HOB OMpeIeIeHHOTo pojia ckpunToB. [lo3mHee cTyaeHTy
HYKHO OBLIO TOJBKO BHIOpATh HYXKHBIH [Ia0JIOH U3 MPEJICTABICHHBIX B Habope.
Wsmenenne YML-¢aiinoB it KOHQUTYpalliy yNAICHHBIX MAaIllMH TaK)K€ BBI3BIBAIO
OonpIvie IPOOJIEMBI C IOHUMaHHEM pabOTHl IPOBEPOYHON CHCTEMBI Y CTyAeHTOB. [laH-
Has mpoblieMa pelianach U3MEHEHWEM HWHCTPYKIMHU IO WCIIOJIB30BaHHUIO CHCTEMBI IPO-
Bepku. Bo3HWKIIO 3neMeHTapHOe TpeOOBaHWE — HA3BaTh BCE CBOW (Daifiibl IO MIa0NIOHY,
MPe/ICTaBICHHOMY B HHCTPYKIIUH.

Heckonbko utepanuii Kypca Mo napamieqbHOMY MPOTPAMMHPOBAHMIO MO3BOJIMIO CTY-
JCHTAaM HAKOIIUThb 6a3y pa60T JJI TIOMOIIH B CIIMCBhIBAHWU MIJIAIUINM CTYACHTaM. I[aHHaSI
npoOJiemMa penranach ¢ IMOMOIIBIO CUCTEMBI IIPOBEPKH KOZA Ha IUIaruaTt. Mcmons3oBanach
cuctema JPlag [16], kotopast oTau4yHO TOKa3aia cebst B mpoBepku pabdot 6osiee 100 cTy-
ACHTOB OJTHOBPEMCHHO.

Taxke BO3HHKIIA TpoOJeMa ¢ Ka4eCTBOM HAIMCAHUS KOJA, OT CTHJIS KOJMPOBAHMS, JIO
npoGiieM paboThI ¢ mamsThI0. Takue mpoOIeMbl PeIaINCh U PEIIAIOTCS C TIOMOIIBIO ClIe-
IOYIOUIMX WHCTPYMEHTOB, KOTOPhIE UCIIONB3YETCSl aBTOPOM JIaHHON pabOoThI Ha MPOTSDKeE-
Hun Heckonmbkux JieT: Google Style Code — mposepka ctwist koguposanus [17], Valgrind
— aHanM3aTop omuboK pabotsl ¢ mamsTeio [18], CppCheck — HHCTPYMEHT CTaTHYECKOTro
aHanm3a koja [19].

B xoje u3MeHeHnl Takke CTa0MIN3UpOBaiach apXUTEKTypa CaMOH TECTOBOW CHCTEMBI IIPOBEPKH
pabort (puc. 3).
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CMakelLists.txt
main.cpp

Student 1

source.cpp
header.hpp

Student M

modules

Test_mpi

Test_omp
Test_seq

Test_std

Test_tbb

Puc. 4. CtpykTypa crucTeMbl IPOBEPKH paboT

B ucxoaubix kogax [10] MOXKHO 3aMETUTD CICAYIOIINE YCTOWINBBIC APXUTEKTYPHBIC H3MCHCHUSL:

1. B xopse ectb aupextopus modules.

2. Ha BTOopoMm ypoBHE HepapXxuH ecTh aupekTopuu ¢ 3amadamu (taskl, ..., taskN) u
mpuMepaMu peanu3anuii (test) s mpocToro mMopora BXOKIACHHUS.

3. Ha TperbeM ypOBHE HEpapXuH CTYACHT CO30aeT IUPEKTOPHIO C OMPEIACICHHBIM
HasBanueM (Studentl, ..., studentM) u momemaer Tyma IMIAGIOHHBIA CKPHIIT
CMakeL.ists.txt B3sTblit 3 aupexTOpuH teSt, CBsI3aHHBIN C HYKHOWH TEXHOJIOTHEH Ta-
paiienusma. A Takke MOMEIAeT CBOU PEaTH3allii TeCTOB U QyHKIMI caMoi 3a1a4n
B IAHHYIO JIUPEKTOPHIO.

3.3 Cxema aBTOMATH3AIMH
I/IZ[eI/I )KI/I3HGCHOCO6HOCTI/I Hamef/i CHCTCMBI 1 BOSHHUKIINE, B XOIC pa3BI/ITI/ISI, HpO6.]IeMBI I1I03BOJIN-

au chOPMHUPOBATH CXEMY aBTOMATH3alMU (pUC. 5) U CIUTAHUPOBATH AaNbHEHIINE MOAUDHUKAIIAHN IS
MUHHMMU3ALHUY BIMSHUS [IPEIOIaBaTeNsl Ha X0 IPOBEPKU PadoT.

[naHoBada yHudukauusa API

TecThl
TeCTbl TecTbl i

Crapkle TecTsl

TekyLwimn atan

Puc. 5. Cxema aBTOMaTH3allMy CUCTEMBI IPOBEPKH PabOT

CXCMa, npeaCTaBJICHHAA BbBIIIC, PA3JACIICHA HAa YCThIPEC OOJIBIIIMX JTala:
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1. Dram “main”. [lanuslii Tan ObUT omMcaH paHee B padote. Ero cyTh 3akimoyaercs B TOM,
9TO CTYJICHT JOJDKEH OBUI caM MHCAaTh CBOHM ITPOBEPKH PabOTOCTIOCOOHOCTH CBOETO KOJIA B
main, 4To SIBJISUIOCH AOTOJIHUTEIILHOW HATPy3KO# Ha MpenoiaBaTelis.

2. Jran “tectnl”. JlaHHBIN 3Tan Takke ObUT onmucaH B pabote. Ero cyth 3akimovaercs B
yHU(UKanuy TectupoBanus. IIponcxonuT nepexon OT HAaIMCaHUSI COOCTBEHHBIX TECTO-
BBIX CHCTEM K HAIMCaHMIO TeCTOB B crcreMe Google Test Framework.

3. Jtam “tectoBoe 3amMbIkanue”. Ha naHHBIII MOMEHT 3TOT 3Tal SBJISACTCS IUIAHUPYEMBIM
nocie ¢aspl yaupukauun APl — nanHast asa siBasieTcs clIeaCTBHEM TeKylleld mpoOIeMbl
cucremsl. [Ipobiema 3axiro4aercst B OTCYTCTBUE 3HAHUH O TECTUPOBAHUHU y CTYACHTOB,
YTO MOPOXKIAET Psifl IMOCIEACTBUM B BUAE TECTUPOBAHHUS HE BCEX CIIy4aeB HCIIOIHEHMS
KO/Ia MCXOJHOHM 3a1aud, M30BITOYHOCTh JAHHBIX M 3aMEAJICHHS Tpolecca MPOBEpKH, a
TaKXe YBEIUYCHUS DJIEMEHTapHBIX TECTOB, KOTOPbIE HE MIPUHOCAT I0JIb3bI I IPOBEPKH
3aJjaud U CHCTEMBI B LIEJIOM.

Vuaudukauus API BxintoyaeTr B ce0st HECKOIBKO YacTel:
a. Paznmenuts 3agaun, KOTOpPBIE PEIIAET CTY/IEHT Ha COTJIACOBAHHBIE TEMBI.
b. K xaxmoii Teme mpuayMarbh CBOW Ha0Op Ha3BaHW W MPOTOTHIIOB METOIOB U
GyHKIHUH.
C. OrpaHWyuTh CTYJCHTA B BHIOOpE MPOTOTUINOB (DYHKIMH W MPOLETyp AJIsl pelie-
HUS 3a71a4.
JlaHHasi METOMKA MO3BOJIUT HAKOMHUTH TECTHI HY>KHOTO (popMaTa M HMCHOIB30BaTh UX B
JATBHEHIINX UTEPAIUSIX POBEPKH.

4. Jram “tectnl + crapslie TecTbl”. [locie MpoBeneHNsT TECTOBOTO 3aMBIKAHHUS HAKOIIATCS
n30BITOYHASL Macca TECTOB, KOTOPYIO MOXHO OyJaeT OOHOBJIATH C IOMOIIBIO HOBBIX CTY-
JICHTOB U HOBBIX TE€CTOB. B X0/1e «TE€CTOBOI 3BOMIOIIMNY», OCTAHYTCS TOIBKO T€ TECTHI, KO-
TOpBIE YJIy4IIaT KauecTBO MpoBepkH. [Ipu 3ToM crictema He OyJeT HOBTOPSTHCS.

4. Pe3yabTaThl 00pa3oBaTeIbHBIX IKCIIEPUMEHTOB

B xonme ncnonp30BaHUs UAEH KU3HECIOCOOHOCTH TEKYIIEH CHUCTEMBI, BO3HHUKIIUX C MOMOIIBIO
ATUX HJEH MpoOIieM, WX PElIeHH, a TaKKe TOCIEICTBHA MOTUPUKAIIUN CUCTEMBI OBLT BBEIpaOOTaH
PSI IPUHLIMIIOB, KOTOPBIE MBI PEai30BaIM Ha MPAKTHKE B Kypce MO MapajuieIkHOMY HpOrpaMMHpO-
BaHMIO. BeipaOoTaHHbBIE IPUHIMIIBI Pa3AEIMINCH Ha ABE OOJIBIINE TPYIIIIbL:

1. TIpuHIMOBI KOJUIEKTUBHOI OTBETCTBEHHOCTH:

a. Jlns Bcex CTYJEHTOB JOJDKHA CYIECTBOBATh €MHAsI OYepeab JOCTyMNa K ylaJIeH-
HbBIM MalllMHaM B CHUCTEMC HereprBHOﬁ HWHTCrpanuu. EI[I/IHaSI o4uepeab CTAHCT
N30BITOYHOM, €CJIN KXl CTYyIEHT 3aX04eT CAATh 3a/Jady B OIWH JIeHb Iepes
KpaﬁHHM CpPOKOM Caavu, 4TO B LECJIOM IOBJIMACT HA PACIIPEACTICHUE KOMMUTOB I10
BpPEMEHH.

b. Ecmu nabopatopHasi paboTa He MPOWUAET TECTUPOBAHUE XOTS ObI OJMH pa3 B Te-
YeHue cemecTpa (a Tekyllas paboTa MOBTOPSETCS KaXKIBIA pa3 C KaKIbIM CTy-
JEHTOM, M3-3a TOTO, YTO BCE PabOTAIOT B €IMHOM cpezie), TO JaHHas padoTa yna-
JISIETCS U3 CUCTEMbI M OTAAETCS Ha MCIPABJICHUE B AaBTOMaTHUYECKOM PEXHME C
OTIOBEILIEHHEM CaMOro cTynaeHTa. YacTeie BBIOPOCH PabOT M3 CHUCTEMBI ecTe-
CTBEHHBIM 00pa30M HOPMAIM3YIOT paclpeieseHne KOMMUTOB BO BPEMEHH Jiefa-
10T UX PAaBHOMCPHBIMHU.

2. TIpUHUUIBI AOCTHKEHUSI MAKCHMAJIBHOI0 KayecTBa!

a. Hcrnonp3oBaHue HECKOJBKUX BUAOB ONEPAHOHHBIX CHCTEM M KOMIHISATOPOB, a
Taroke nobasnenne Valgrind-anamusaropa /it KOHTPOJIS TAMSITH TPUBOIUT K Ya-
CTBIM MaJEHUsIM HEKayeCTBEHHOTO KojAa. BbI3bIBaeTCS MPUHLIMIT KOJIIEKTHBHOM
OTBETCTBEHHOCTH.

b. Hcmosb30BaHue MPOBEPKH CTUIIS KOJUPOBAHUS, H00ABICHUE CTATUYECKOTO aHa-
JM3aTOpa, a TaKXKe HCIIOJIB30BAaHHE aHAIM3a KOJa C IMOMOIIbI0O HCKYCCTBEHHOTO
WHTEJUIEKTa Ha 3Tare MpeIBapuTebHON NPOBEPKH MONaAaHUsI B CHCTEMY, TOMO-
racT CTYACHTY IpOaHAJIN3UPOBATH KO ITOBTOPHO.
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Takxe ObUT POBEJCH aHATN3 KOMMUTOB HECKOJBKUX CTYICHTOB J0 HCIOIb30BAHUS MPUBEICH-
HBIX MPUHIUTOB (pHc. 6) U Mocie uxX UCrosb30Banus (puc. 7). BeicoTa muka paBHa KOJIUYECTBY KOM-
MHTOB B €JMHHIYYy BpeMeHH. JleBas TrpaHMIa pUCYHKa 0003HAYaeT Ha4yalo CEeMeCTpa, a Mmpasasi, COOT-
BETCTBEHHO, KOHell ceMectpa. CeMecTphl Ha BYX MPEICTaBICHHBIX PUCYHKAX MPUOIMKCHHBI APYT K
JPYTy Kak MO JaTaM, TaKk M 10 00pa30BaTeIbHBIM MaTepuaiaM. AHAIM3UPYs MMOTyYCHHbIC pe3yJibTa-
ThI, MO)KHO 3aMETHUTh OOJIbIIEEe PACCEMBAaHHE KOMMHTOB BO BPEMEHH, YTO M MOKA3bIBACTCSI B KPUTEPUH
HEMPEPHIBHOCTH M3MCHEHUsI Ko/a. JlaHHBIN KpUTEpHil SBISIETCS OJHUM W3 OCHOBHBIX B TEKYILEH pa-
60Te HaJl CHCTEMOM, HO HE eJMHCTBCHHBIM. Ha TeKyIuii MOMEHT BEIETCS €Ille OUH allbTepHATHBHbIH
IKCTIEPUMEHT - HCCIIC0BaHUE 3aBUCHMOCTH UTOTOBBIX 0aJJIOB pabOThI CTYJCHTOB OT BBILICOMHCAHHO-
r'0 KPUTEPHSI.

JlaHHBIC IPUHIAITB K CaMa CUCTEMa MOTYT ObITh MEPEHUCIIONB30BaHbI B APYTUX 00pa30BaTEIbHBIX
JIMCLUIIMHAX, OCHOBAHHBIX Ha NPOrPAMMHUPOBAHHE KOHEYHOT'O YHCIIA 33/1a4 B CEMECTPE C MCIOIb30-
BaHueM s3bika C/C++.

OJHUM U3 OCHOBHBIX PE3yJIbTaTOB pabOThI OCTAETCS TOT (AaKT, YTO HA HAYAIHLHOM dTare paboThl
Iperno/aBaTelieM MOKPHIBATUCH 1-2 TPyl B cpeiHeM 10 15 YenoBek B Kax/I0ii, a Ha TEKyIIEeM dTare
paboTHI CHCTEMBI, TOKPHITHE 3aHUMAET yke 7-8 rpymm B cpenHeM 1o 20 deroBek.

P pp
g4 4343 81

Puc. 6. KOMMUTEI HECKOIBKHX CTYACHTOB OO0 HUCIIOJIB30BaHW YKa3aHHBIX ITPUHIIUIIOB
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PHC. 7 KOMMI/ITLI HCECKOJIbBKHUX CTy,HeHTOB TI0CJIC UCIIOJIB30BaHUA YKa3aHHI>IX HpI/IHI_II/IHOB
3akJIroueHue

B nmanHo# pabote ObLIM NpeANIONKEHBI NPUHIMITBI M TOJAXOMIBl K HAMHCAHUIO TECTOBBIX CHCTEM
MPOBEPKU paboT I KYpCcOB MO MPOrPaMMHPOBAHHIO HA OCHOBE AKCIIEPUMEHTAJBHBIX JaHHBIX Kypca
10 TapauIeTbHOMY IPOTPaMMHUpPOBaHMI0. Takke OBUTM BBEACHBI HICH >KU3HECHIOCOOHOCTH CHCTEM
JUISL TIPOBEPKHU paboT, BBEJCH HOBBIN KPUTEPUIl OLIEHUBAHHS, IO KOTOPOMY MOKHO U3MEHSTH CHCTEMY
TaKUM 00pa3oM, 4TOOBI MOBBICHTH Ka4eCTBO PaOOTHI CTYACHTA M Ka4eCTBO MPOBEPKH €ro padoT. briia
npencTasieHa cucrema parallel_programming_course u ee ocoGeHHOCTH.

Jlanee mpeanonaraercst npoBecty yHuUKanuio APl ais nepexoia K CIeayromeMy dTary aBTo-
MaTH3alluK, a Takxke JOOABUTH HOBBIE aHAM3ATOPHI KaueCTBa MCXOJHBIX KOJIOB CTYJICHTOB ISl CO-
XpaHEeHUs] ¥ YCUJICHUS MPEJICTABIICHHBIX BBIIIE MPUHIMUIOB. Takke B OyIyleM TUIaHUPYETCs peajiu-
30BaTh KQUECTBEHHYIO MTPOBEPKY YCKOPEHUs 33a]a4d M yCTPauBaTh Ha OCHOBE JIAHHOW MPOBEPKH COPEB-
HOBaHUsI CpPeJ CTYJCHTOB.
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Banmuaanusa nakera nporpamm «JIOI'OC» nist pemienust 3axaq
CYAOCTPOUTEJIbHOH OTPACJIH

A.C. KO3€J‘IKOB1, B.B. KypmeHl, AE. TapaHOBZ, C.B. .HaH_IKI/IHl, K.C. HnblryHOBal,
0.J1. Kpyrsxosa'

LOrYII «Poccuiickuit Oenepanbubiil Anepubiii Lientp «Bcepoccuiickuii HayqyHO-
MCCIIEI0BATEIBCKUI MHCTUTYT SKCIIEPUMEHTAIBHON (PU3HKIY,
20OI'VII «KpBUI0BCKHN rOCYAapCTBEHHBIN HAYYHBIN LIEHTP»

B pabote paccmarpuBaeTrcs pellieHHe 3ajad4 KOpaOenbHOH THAPOAMHAMHUKH C HOMOIIBIO
oTedyecTBeHHOro naketa nporpamm JIOI'OC Ha 0OCHOBE YHCIEHHOTO pPEIleHHs] TPEXMEPHBIX
ypaBHeHuil HaBbe-Ctokca. PaccmarpuBaercst pelieHue 3a1ad JBYX KJIACCOB: BpalllEHUE
rpeOHBIX BUHTOB M JIBU)KEHHE KOPIYCOB CYAOB B MOTOKE Bs3KOH >kuukoctH. [To kaxmoi
3a7iade HPUBOAWTCS OIMCAHUE IOCTAHOBKH, HMCIOLIMECS ONOpHBIC MAaHHBIE, a TaKKe
pe3ynbTaThl YUCICHHOTO MOJCIMPOBAHMS 3aad, IIOJNyYCHHBIE C IIOMOIIBIO ITaKeTa
nporpamm JIOT'OC.

Kniouesvie cnosa: BbMUCIUTENbHAs THAPOAUHAMHUKA, ypaBHeHHs Hasbe-CTokca,
cBoOOHas moBepxHOCTh, volume of fluid, rpeGHOI BMHT, AMHAMuUKa CynHA, TeHepalus
BOJTH, BaJIMJIALINs

1. BBeaenue

C pa3BUTHEM TEXHOJOTUH BO3MOXKHOCTH BBIYUCIUTEIBHON TUAPOAMHAMHKH TOCTUTIIH
3HAYUTENFHOTO TIporpecca, Kak CIEACTBUE, OHA HAXOTUT Bce Oolbliee NMPUMEHEHHE B KadecTBE
ANbTEPHATHBEI HATYPHOMY DKCIIEPHUMEHTY, KOTOPBIA YaCTO SIBJSICTCS CIOXKHBIM M JTOPOTOCTOSIIAM
MEPONPHUIATHEM. DTO TIO3BOJISIET dPPEKTHBHO pellaTh CIOXKHBIE MPHUKIAIHBIC 3a/la4d, B TOM YHUCIIE
3aJjauydl Cy/JIOCTPOCHHS — OOTEKaHHe TeJl MOTOKOM >KHAKOCTH, MOAEIHPOBAaHUE BpalleHHUsS T'PEOHBIX
BUHTOB, IUJJaBaHWE TEJI HA BOJHOW TOBEPXHOCTH C YYE€TOM BETPO-BOJHOBBIX HAIPY30K,
MO/JICITUPOBAHNE MaHEBPUPOBAHUS CYJOB C YUETOM BPAIICHUS JBWKUTEIBHO-PYJICBBIX KOMILICKCOB,
MO/JICJIMPOBAHUE TPOIECCOB KABUTAIMN U T.JI.

[Ipobnemam kopabenbHONW THAPOJWHAMUKN TOCBSIIEHBl MEXKIYHAPOTHBIE CHUMIIO3UYMBI, TaKHeE
kak SIMMAN [1], CFD in Ship Hydrodynamics [2], yuacTHHKH KOTOPBIX MPEACTABISIOT PEIICHHS
M3BECTHBIX TECTOB B Pa3NuuHBIX pacuyeTHbX Komax: ANSYS Fluent, STAR-CCM+, OpenFOAM u
MHOTHX Jpyrux. OJHOM W3 OCHOBHBIX paccMaTpWBaeMBIX 3a/a4 sIBJSIETCS  OIpeJelieHHe
ko3 durmenta conportuBnenus cynHa. Kxuo-KopeiickiM HaydHO-HCCIeI0BATEILCKUM HHCTUTYTOM
KopabnectpoeHus u okeannueckoit nmxenepun (MOERI, panee KRISO) 6butn pa3pabotansl Moaesn
konteiiHepoBo3a KCS (KRISO container ship) u tankepa KVLCC2, mjisi KOTOPBIX B OIBITOBBIX
OacceifHax MOMYYECHBbI SKCIEPUMEHTAIBHBIC TAHHBIC CIECNUANBHO IS BEepU(PUKAIUK YHCICHHBIX
MeTo10B. CyIIeCTBYET M MHOTO JIPYTHUX KOPIYCOB C PA3UYHON T€OMETPHEH, JIJIsl KOTOPBIX JTOCTYITHBI
JAHHBIE MO CcompoThBiIeHuio: moxeaun DTMB 5415, Wigley, S175, HSVA u npyrue [3]. Bropas
Ba)KHasl 3a/1a4a B CYJJOCTPOCHUH — 3TO ONpeJleieHue KPHUBBIX JIeHCTBUSI TPeOHBIX BUHTOB. M3BecTHOM
TECTOBON Monenbio siBisiercs Moaens BuHTa VP1304, ams KOoTOpoi MONMy4eHbl 3KCIIepUMEHTaTbHBIE
rUApoArHaAMHYECKHe xapakTepuctuku — Potsdam Propeller Test Case (PPTC) [4]. Eme oxna mMozmens
rpe6noro BuHTa KP505 cnpoekruposana mactutyroM MOERI s konteiinepoBoza KCS, mis Hee
TaK¥Ke JIOCTYITHBI IKCIIEPUMEHTANIbHBIC KPUBBIE JICUCTBUS B OTKPBITOH BOJIE.

Pemenne mogo0HBIX 331324 TpeOyeT MPUMEHEHUs TOYHBIX (PH3MKO-MaTeMaTHYECKUX MOJeNed u
YHCIICHHBIX aJTOPUTMOB, CIEIMaIM3UPOBAHHBIX CETOYHBIX T'E€HEpaTopoB, a TAKKE COBPEMEHHBIX
CPEICTB paclapajuleTuBaHus ¥ TOocToOpadoTkn. OJHUM U3 MAaKeTOB MPOrpamM, KOTOPBIH
YIOBIETBOPSIET JaHHBIM TpeboBanusM, sBisiercs JIOTOC [5-6] — poccuiickoe CAE-perienue,
npe/Ha3HAaYeHHOe Ui  MOJICIMPOBAHMS  CONPSDKEHHBIX TPEXMEPHBIX  3aJ1a4  KOHBEKTUBHOTO
TEIIOMAcCONepeHoca, a’dpoJMHAMHUKH, THAPOJWHAMHKH M TIPOYHOCTH Ha BBICOKONApAIIIEIBHBIX
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OBM. Ilaketr nporpamm JIOI'OC ycnemrHo npomien BepUPHUKALKIO U MMOKa3al JOCTaTOYHO XOPOILIHUEe
pe3yIbTATHl Ha CEPHH Pa3IUYHBIX THAPOJMHAMHUYECKHUX 3amad [7-8], uHmycTpruanbHbeIx 3amad [6, 9],
BKIIFOUas 3afadd co cBoOomHoM moepxHocThio [10-11]. B Hacrosmeil craThe paccMaTpHBaeTCs
npuMeHeHue nakera nporpamm JIOIOC mist pemieHus: TUIMTUYHBIX 33]1a4 CYJAOCTPOCHUS — BPAICHUS
rpeOHBIX BUHTOB U OOTEKaHHS KOPITYCOB CYJIOB TIOTOKOM BSI3KOH KHIKOCTH. PeleHvie 3amaq TaHHBIX
KJIACCOB OCHOBAHO Ha YHWCIICHHOM pEIICHUH TPEeXMEpHbIX ypaBHenud Hamre-CTokca, sapom
YHCICHHOTO aJropuT™Ma siBisieTcst urepatuBHblii SIMPLE-nonoOHeiil Meton [5, 12-14] ¢ koHewHO-
00BEMHBIM METOJIOM JHMCKPETH3AIMK YPaBHCHUHN. YUeT NBUKCHUS TPAHUI] OCYIICCTBISETCS IyTEM
UCTIOJIb30BaHHS TEXHOJIOTHH Je(QOpPMUPYIONIMXCS W TepeKphiBaromuxcs cetok [15-16], a Taxoke
JUHAMHYECKOM CIIMBKH CETOK Ha CKOIB3AmuX wuHTepdeiicax [17]. B mokmame mpencTaBIeHBI
CIIeyFOIUE 3a/lauM; BpalleHue Mozelieii kopabenbHbix BUHTOB KP505 1 8029 B oTkphITOM BoJE [18-
19], OykcupoBKa M Kauka Ha BCTPEYHOM BOJHEHUH Mojenu KoHtelHepoBo3a KCS (KRISO container
ship) [20]. KpbUlOBCKMM TOCYJapCTBEHHBIM HAy4YHBIM IIEHTPOM pPaHEE BBIMOJHSICSA pacyer
BBIIICTICPCYHCIICHHBIX 33J]ad4 B KOMMEPUYECKOM mporpamMMHOM Komiuiekce Star-CCM+ [19-20].
Pesynbrarel umcneHHoro MognenupoBaHus B mnakere mnporpamMm  JIO['OC cpaBHHMBaiTCcs ¢
pesynbratamu pacderoB B makere STAR-CCM+ u 3KkcriepHMEHTaIbHBIMU JaHHBIMH IO KaXJOH
3ajave.

2. MaremaTn4eckas MoaeJb

s onvcanys ABMKEHUS BA3KOM CKUMAEMOM KUAKOCTH UCIIOJIb3YIOTCS TPEXMEPHBIE YPABHEHMS
Hagse-Ctokca, ocpenHennele no PeitHonmpacy. Ilpenmonaraercs, 4To T€YEHUE H30TEPMHUYECKOE, a
HOJIsI CKOPOCTU M JaBiieHHs oOmmue At BceX (a3. YUHuThIBas MPUHATHIC TOMYLICHHUS M MPUMEHSS
meroq VOF g ompezneneHus MHONOXKEHUS CBOOOJHONM MOBEPXHOCTH, MOXKHO 3alUCaTh CHUCTEMY
ypaBHEHUH B JEKapTOBOW CHCTEME KOOpPAMHAT, KOTOpas COCTOUT U3 YpPaBHEHHS COXPAHEHHS MAacChl,
YpaBHEHHUS COXPaHEHUs UMITYJIbCa M ypaBHEHUS IIEPeHOCca 00bEMHON 1OITH:
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ou; Ou; 24u,
Ty =M
oX, 0% 30X

] 1

5 |, 3)

rae M — pesyibTUPYOIas IMHAMIYeCKast BS3KOCTb, J; — cumBon Kponekepa.
OMNUpUYEcKHe COOTHOLIEHU ISl TypOyI€HTHOM BSI3KOCTH L4, U TEH30pa HAINIPSHKEHHIA:

. 0ou.
Sij Zl %JF_J ’ (4)
2 6xj OX;

ij?

1 -\ 2
Ttij :2“t [Sij —5 |ijV'Uj+§k|

63



Cynepkomnviomephule onu 6 Poccuu 2021 // Russian Supercomputing Days 2021 // RussianSCDays.org

rae K — KuHeTHueckas SHeprus TypOyJeHTHOCTH.

Cucrema ypaBHenuii (1) 3ambikaercst Mozeibio TypOynentHoctd K — @ SST Menrepa [21]
COBMECTHO C MOJIEJIbIO JIAMHHApHO-TypOysieHTHOTO TIepexona ¥ —Re, (Gamma Re Theta) [22].

i ydera  JABWOKCHHS TPAHUI] HCIOJB3YETCS  TEXHOJOTHH  JAe(HOPMHUPYIOUIUXCS |
HEePEKPBIBAIONIMXCS CETOK. BhIUKCIIEHHE epeMEIleHUs Y3II0B OCyIecTBiseTcs meroqom IDW [15].
Yuér nBmwxenus ceTku B cucteme (1) ocymiecTisiercsl myTéM Mepexoja B ypaBHEHHUSX IEpeHoca
00BEMHOM 0K Pa3 ¥ UMITYJIbCA K TIOABIDKHON CHCTEME KOOPAMHAT IO U3BECTHOMY 3aKkoHy [23]:

8o 00,20 ©
da ot OX;

*

d .
rac d_:D - Cy6CTaHI_[I/IOHaJ'H>HaH IMIPOU3BOAHAA NEPEHOCHUMOI'0 CKaIsipa ¢ OTHOCHUTEIIBHO ITOABHMXHOU

CHUCTCMbI KOOPpAWHAT, Vi — BCKTOP CKOPOCTH NCPEMCUICHUA CCTKU. C HCnoJIb30BaHUEM (5) YpaBHCHUC
InepeHoca 00BEMHOI JA0JIM MOXKHO 3anucaTth CICAYIOINUM o6pa30M:

d’ a; oa a. | d 0
+(Ui_Vi) =+ gau =—— ﬁ—i_(ui_vi)& , (6)
dt x Y | o
d'a, .
rae i cyOCTaHIMOHAILHAS TIPOU3BOIHAS HA JBUKYLIEHCS CeTKe.

VpaBHEHHE COXPaHEHHUS UMITYJIbCA TaKXkKe (OPMYTHPYETCS OTHOCHTEIBHO MOJBIIKHOW CHCTEMBI
KoopauHar ¢ yuérom (5):

d’ 0 0 op Or
Pd—:+a(PU ( J))—Ui&j(p(uj_vi)):_a_z+§j+%79| ()

YpaBHEHHE COXPAHEHHsI MACChl 3alMCHIBACTCS OTHOCHUTEIHHO CKOPOCTH B MOABMKHOW CHUCTEME
KOOPIMHAT B CIIEAYIOIIEM BH/IE:

o(u; -V a.|d'p op.
—(6 ):_Z_f —= 4+ (u-v,)—|. (8)
X, T o | dt OX;
TakuMm o6pa3oM, KOHEUHas cucTemMa ypaBHeHuH (1) MpUHUMAET CIeayIONIHA BU:
6( a. | d pf op;
- A, — Ui—V
; Pe ( ) 2
d*Ui 0 0 op 8z'i_
pTJra_xj(pui(uj_Vj))_uiﬁ_xj(’o(uj_Vj)):_6_>(i+a_x;+pgi (©)
da, +(u; —v.)aa‘: +a, M % dﬁ+(ui —vi)a&
dt OX; OX; pe| dt OX;

Huckpernzanus ypaBHeHUH cucTeMbl (9) oCcylecTBISIETCS HA OCHOBE METOAa KOHEYHBIX 00bEMOB
C Y4ETOM HECTPYKTYpHPOBAHHOCTH pacyéTHON ceTkH. Pemenne cucrems! ypaBHeHuit (9) ocHOBaHO Ha
SIMPLE-nogo6HoM anroputme [5, 12-14], B KOTOPOM MOJIsi CKOPOCTH W JABJICHUS HAXOMAATCS IO
CXeMe MPEIUKTOP-KOPPEKTOP U PELICEHUEM CHCTEM JIMHEHHbIX anreOpanueckux ypaBHenuil (CJIAY).
JU1st yueta CHIIBI TSDKECTH MCIIONB3YETCs alrOpHTM, OCHOBAHHBINM Ha mompaBke oO0bEMHBIX cui [8],
0o0ecrevnBalonuii  OTCYTCTBUE OCHWUIAININ, CBS3aHHBIX C HEKOJOKMPOBAHHBIM pa3MelleHHEM
HEU3BECTHBIX BEJIMYMH, HA CETKaX JII0OOTO THIA. Y CKOpEHUE BBIUMCICHUHN I TPOBEIECHHUS PacueTOB
Ha BBICOKOIIPOM3BOAUTEIBHBIX cyniep-OBM ocymiecTBIsieTcss MHOTOCETOYHBIM METOIOM |[6].

3. BaauaganuoHHbIe 3aa4u

K NEpBOMY KJIACCY pacCcCMaTpUBACMbIX 3a/la4 OTHOCHUTCA MOJACIMPOBAHUC BPALICHUA I’pe6HLIX
BHUHTOB. HpOBO}IﬂTCH HECTAIMOHAPHBIC PaCYCTHI 00TeKaHMs OOAHOPOAHBIM IIOTOKOM JXKHJAKOCTH
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MOJIeIel MATWIONAcTHRIX TpeOHbIX BHHTOB KP505 m 8029. BuHTHI (UKCUpPYIOTCS Ha KOHIE Bala,
muametp Monenu KP505 cocrasmsier 0.25 m, momenn 8029 — 0.228 M. ['eoMeTpusi rpeOHBIX BUHTOB
MoKa3aHa Ha prucyHke 1.

Puc. 1. Monesnu rpe6ubix BuatoB KP505 (ciesa) u 8029 (crpasa)

Jnisi 4HCIEHHOTO OIpeleNieHHs KPHUBBIX JEMCTBUSL TPEOHBIX BUHTOB IIPOBOAUTCS CEPUS
nmapaMeTpUUECKUX pacdeToB IMpu dactore BpamieHus N = 20 o6/c. OTHOCcUTENbHAs MOCTynb J B
9THX pacdyerax u3MeHnsercs B mHTepBane 0.1 — 0.9 ¢ marom 0.1, u3 COOTBETCTBYIOIIEH MOCTYIH
BBIYHUCIISIETCSI CKOPOCTh Haberaromiero NoToka no gopmyie:

Vm :‘]'n'Dm- (10)
COOTBETCTBEHHO, JAMAaNa30H paccMaTPUBACMBIX CKOpOCTEH HaOeraromero IMOTOKa COCTaBISET
1+4.5m/c nns rpebHoro Bunta KP505 u 0.91+4.11 m/c st BunTa 8029.

JIJis 9MCIICHHOTO MOJICIMPOBAHUS MCIIOJIB3YETCS MOJEb TypOyleHTHOCTH K —w SST u mozens
JaMHHApHO-TypOyJIeHTHOro nepexona y —Re,. Bpaiienne BUHTa MoaenupyeTcst IBIDKCHHEM Y3IIOB

pacdeTHOW CeTKM C WCIONb30BaHHEM BHYTpEHHEro wuHTep(deiica MeXIy BpallaroImuMcs |
CTaTHMYSCKUM pETHMOHAMM pacyeTHOM oOnactu. Bparmaromuiics peruoH mpeacTaBiseT co0oi
MIAHIPAYIECKYI0 00J1aCTh, OKPYKAIOIIYI0O BUHT. PacyeTHbIE CeTKM MOCTPOSHBI CO CTYIIICHUSMH SISk
BOJIM3H JIOTTACTEH, 110 XOAY ABMKEHHUS 3aKPYyUEHHOTO MTOTOKA, a TAKXKE B MIOTPAHUYHOM CJIO€ (PUCYHKH
2 u 3). Cetka s mojenu rpedHoro Bunta KP505 comepxut 15 MitH siueek, 0a30BbIil pazmep siueiku
paBen 0.08 M, W3MenbUYeHHE B KOHTPOJILHOHM o0Ojactu coctaBiser 1.5% ot 0a3oBoro pasmepa.
Pacuernas cerka s BuaTa 8029 cocrout u3 5.5 MIH stueek, 6a3oBbIii pazmep — 0.04 M, n3MenpUeHNE
B KOHTPOJIbHO¥M 00J1acTu coctasiseT 3% oT 0a30BOro pa3mepa.

Puc. 2. Pacuernas cetka aist Mojenu rpedHoro Buata KP505
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Puc. 3. PacuerHas cerka Jist Mojienu rpedHoro BunTa 8029

Ha BxomHO# Tpanmiie 3ajaHa CKOpOCTh HaOeraromiero moToka. Ha BBIXOAHOHN rpaHHIle 3aaHO
naBiueHue. Ha cTeHKax BHMHTOB 3aJjaHa CTEHKa 0Oe3 mpocKamb3piBaHMA. Ha OOKOBBIX TIpaHHIAxX
BHEIIHEH 001acTH 3a/1aHO YCIIOBHE CHMMETPHH.

BhINonHsAETCA HECTAIMOHAPHEIH pacyeT ¢ marom 1o Bpemern At =2-107 ¢, ams auckpeTnsanuu
KOHBEKTUBHBIX ClIaraéMbIX HCIOJB3yeTcsi cxema Broporo mopsaka LUD [13], mo BpemeHn —
TpexcioitHas cxema [24]. B pacuerax ObUIM MPUHATHI CIACAYIOLIME 3HAYCHHs (DU3MYSCKHX CBOWCTB
BOJIBI: IMHaMuueckas Bs3kocth U = 0.00114 Ila - ¢, mrotHocts o = 1000 kr/m° .

Pacuer mpomsBomuncs Ha BeauchauTenbHoM — kimactepe  QOI'YIL  «POAI-BHUND Dy,
ucrionbs3oBanock 100 pacueTHbIX siep, Guszmueckoe BpeMs pacueTa cocTaBisieT oT 12 1o 24 JacoB B

3aBHCUMOCTH OT PACCMATPUBACMOT'0 PEIKUMA.
Ha pucynke 4 mpenctaBieHO MTHOBEHHOE TMOJIE CKOPOCTH Ha MOMEHT BpeMeHH t=1C (pexum

J=04).

Velocity magnitude
23 fty asg.s

0.8 52 6.7

01 15 30 45 6.0

Puc. 4. MraoBerHOe mosie ckopoctu: rpebnoii Buat KP505 (cieBa) u rpe6Hoii BunT 8029 (cripasa)

Ha pucynke 5 mpuBeneHo n300pakeHHE H30MOBEPXHOCTH, MOCTPOCHHOH MO Q-KpUTEPHIO I
rpe6nbix BuHTOB KP505 11 8029 (pexum J =0.4).
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Velocity magnitude
1.2 fty gs.e 7.8 10.0

0.0 23 45 6.7 8.9

Puc. 5. MzonoBepxuocTs Q-kpurepus s moaenu Bunta KP505 (cnesa) n 8029 (cripasa)

CpaBHeHI/Ie PE3YIbTATOB YHCJICHHOI'O MOACIUPOBAHUA TMPOBOAUTCA IO XapaKTCPHUCTHUKaAM

Q

T
rpeGHoro BuHTa: Kodpduimenty ynopa Ki :W' ko3 urmenty momenta K, =m,

J K
K09 GHIMEHTY TIONIe3HOTO JAelicTBUs 77 =— —-, rie T — cuna Tard, Q — MOMEHT CHIIBI TATH, P
2r K,
— IUIOTHOCTB CPe/ibl, N — CKOPOCTb BpalleHus BUHTa, D — nquamerp BuHTa. [[aHHBIC XapaKTEPUCTUKH
B HECTAlHOHAPHOM pacdeTe OCPEAHAIOTCS 10 BpPEMEHH II0CJ€ MOMEHTa CTaTHCTHYECKOTro
YCTaHOBJICHUS.

Ha pucynke 6 mokazaHO cpaBHEHHE KpHBBIX neiicTBus TpeOHbIX BHHTOB KP505 m 8029 ¢
pacdyerom B STAR-CCM+ u skcriepuMeHTanbHbIME JaHHbIME [18, 19].

= KT _JKRemepHMeHT === 10KQ_JxcnepumenT —1n0_DKCOEPHMEHT -+ KT_Sxkcnepument - -10KQ_3i

T T —n0_3
= STAR-CCM+ ® JIOIOC = STAR-CCM+ ® JIOIoC

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Puc. 6. Kpussie nefictus rpednsix BuntoB KP505 (cnesa) u 8029(cnipasa)

Kax BugHO U3 prcyHKa 6 pe3ynpTaThl YUCIEHHOTO MOZAENUpOoBaHus B nakete nporpamm JIOT'OC
XOPOIIO COTJIACYIOTCS C IKCIIEPUMEHTAILHBIMU JIAHHBIMH U pe3ynbTaramu pacueta B STAR-CCM+.
[orpemHocts B mpenckazaHud Kod(Q@HUIMEHTOB MOMEHTAa W YIopa NPHHUMAaeT HauOOJbIINe
3HAUCHMs Ha OOJIBIIMX TOCTYIISIX, CJIENOBATEIbHO, BO3PACTAET IIOTPEIIHOCTh HPH BBIYUCICHUH
KO3 GHUIIMEHTA TIOJIC3HOTO JACHCTBHS, YTO OCOOECHHO 3aMeTHO it Mojenu BuHTa 8029. OTKIOHEHUS
TOJYYEeHHBIX 3HAYEHWH XapaKTepPUCTHK TPeOHBIX BUHTOB MpPHU 3HAYCHUSX NOCTynH Menbmie 0.5
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COCTaBISIIOT MeHee 5%. MakcuMmalbHOe OTKJIOHEHHE HaOnroaeTcss B BBIYUCICHHH KO3(duIeHTa
yTopa IpH 3Ha4E€HHH TTOCTYIH HYJIEBOTO YIIOpa U cocTaBisieT nopsaka 15%.

Crnemyrommii Kilacc 3amad — 3TO OOTEKaHHE KOPITyCOB CYAOB ITOTOKOM BSI3KOW JKHIKOCTH.
PaccmarpuBaeTcs nunaMuka Mozenu konTteHepoBo3a KCS B ycnoBusx OyKCHPOBKH U Ha BCTPEUYHOM
Bomuenunu [20].

B 3amade ompeneneHus OyKCHPOBOYHOTO CONPOTHBICHUS M TOCAIKU CyIHA HCIIOIB3YeTCS
monens KCS B macmtabe 1:31.6. KoHteliHepoBO3 mMeeT ABe CTENEHU CBOOOIBI — BEPTHKAIBLHOE
nepemenienne W nuddepent. PacueTHas ceTka, coaepikamias OKOJIO 3 MIIH sUeeK, HMeeT
MIPU3MATHYECKUI CIION y TIOBEPXHOCTHU CYIHA, a TAaKXKe CTyIICHUE Ha pasaeine (a3 u B 001acTsIx Hoca
u KopMmbl (pucyHOK 7). TommmHa mepBoro mpusMaTHueckoro ciost y kopmyca 0.0025 m. [lnwmna
pacuetHoro Oacceitna 180 M, mupuna — 100 M, BeicoTa — 48 M.

Puc. 7. Pacuernas cetka st 6ykcupoBku KCS

Ha BxomHON rpaHune 3agaeTcd CKOPOCTh IIOTOKA, HA BBIXOAHOM M BEPXHEW TIpaHUIAX
(ukcupyercsi naBieHHe, Ha OOKOBBIX M HIDKHEW TpaHUIaX 3aJacTcsl YCIOBHE HEMpPOTEKaHus 0e3
NPUWIMIIAHKAA TIOTOKA, a Ha KOpITyce CYJHA — C MPHINIIaHuEeM OTOKa.

Macca cyana cocrasnset 1637 kr, nuaroHanbHbIE MOMEHTHI UHepiuu (264; 5460; 5460) KrM2,
Koopaunars! nentpa tsokectn (3.532; 0; -0.2) M, ocagka Ha Hoc 1 kKopmy 0.3418 M.

JIBWkeHMEe Tema OCYIECTBISIETCS ¢ MOMOIIBIO 1eOpMallui PacYeTHON CEeTKH. 3ajjada peraercs
B HECTAlHOHAPHOW IIOCTAHOBKE, CO BTOPBIM MOPAJKOM II0 BPEMEHH. BpeMeHHOH Iar paBeH
At=0.002 c .B ypaBHeHHMM OOBEMHOM [OAM Uil AWCKPETU3ALMH KOHBEKTHBHBIX CJAaracMbIX

ucnons3yerca cxema HRIC, B ypaBHEHUM OBM)XEHHUS — MPOTHUBOMOTOYHASI CX€Ma BTOPOTO MOpsAKa
LUD.

Pacuer mnpoBomuTCS IS 6 PA3TUYHBIX PEKUMOB TEUYCHHS C PA3IMYHBIMH CKOPOCTSIMHU
naOeraromiero motoka: 0.915 m/c, 1.281 m/c, 1.647 m/c, 1.922 m/c, 2.196 m/c, 2.379 m/c.

HpI/IHSITI)I CJ'Ie]IyIOIIII/Ie 3HAYCHUSA (1)I/I3H‘IeCKI/IX CBOI>'ICTB: JIUHAMHU4YECKass BSI3KOCTH BOJbI

u,=0.001269 [Ta-c, mnotHocTs BOuBI P, =999.5 Kr/™M®, JMHAMHuUEcKas BS3KOCTb BO3/yXa

., =1.85508-10"° Ila - ¢, nnoTHoCTh Bo3Myxa p,,, =1.18415 kr/m®.

Pacuer 80 cexkyHna aist KaKI0ro pexxnMa BhITTOHsAETCS Ha 160 mporeccopax, pu3ndeckoe Bpems
pacueTa cocTapisieT 62 Jaca.

Ha pucynke 8 nokazana kapTHHA paclpOCTpaHEHUsI BOJIH BOKPYT KOpPIyca KOHTEHHEPOBO3a IS
CKOpOoCTH Haberaromiero noroka 2.196 m/c.

0.08
0.07
0.05
0.04
0.03
0.01
0.00
-0.02
-0.03
-0.04

Puc. 8. Bonnosas kaptuHa npu 6ykcuposke KCS
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Ha pucynkax 9-11 mpencraBieHo cpaBHEHHE 3aBUCHMOCTEH Koadduimenta OyKCHpOBOYHOTO
conporusienns C;, BerubiTus cyana z u yriaa auddepenta € ot yncia ®pyja, NOTydeHHBIX B

nakere nporpamMm JIOT'OC, c pesynbpratamu uucieHHOro MojenupoBanuss B STAR-CCM+ u
IKCIIEPUMEHTATLHBIMHU JaHHBIMU [0].

C*10°
4.5 /
4 —_—
B DKCrIepHMenT
— /
=P

35 —M-STAR-CCM+
3 -8-J10roC
2.5
0.1 0.15 0.2 0.25 0.3
Fr

Puc. 9. KoapdunueHT conpoTusneHus: OyKcHpyeMoi MOZETN KOHTCHHEPOBO3a

-0.005 ——JKCHePHMENHT
-0.01 —#-STAR-CCM+
-8-J10IocC
-0.015
-0.02

0.1 0.15 0.2 0.25 0.3
Fr

Puc. 10. Berumeitie OykcupyeMoi MOJENT KOHTEHHEPOBO3a

0, rpan

-0.02 -

\ ——DKcnepuMenT
-0.06 N

N
—#-STAR-CCM+
-0.1 >
\

-0.14 N

\I/L

-8-J10IocC

-0.18

0.1 0.15 0.2 0.25 0.3
Fr

Puc. 11. Yron muddepenra Oykcupyemoit Moienn KOHTEHHEpOBO3a

W3 pucynkoB 9-11 BuUAHO, YTO 3aBUCUMOCTH KOHTPOJIBHBIX BEIWYHUH, IMOJYYCHHBIE B JBYX
Makerax MpOrpaMM, B II€JIOM, XOPOIIO COIJIACYIOTCSA C OKCIEPUMEHTOM, it Ko3ddumuenTa
COTPOTHBIEHHS U yria nuddeperTa pe3ynbTaThl YHCICHHOTO MOACIUPOBAHUS KOPPEIUPYIOT MEXKITY
coboii. PesynpraTel pacdera B makere nporpamMm JIOI'OC myist BenMUYMHBI BCIUIBITHSL 3€PKaJIbHO
OTJIMYAIOTCS OT pe3yibTaToB uuciaeHHoro wozenupoBanusi B STAR-CCM+ OTHOCHTENBHO
OKCIEPUMEHTANIEHBIX  JMaHHBIX. OTKIOHEHHWS 3HadeHus Kod((UIMEHTa CONpPOTHBICHUS OT
JKCIIEpUMEHTa He TpeBbImatoT 1%. Jlins BeNMWYMHBI BCILIBITUSA U yriaa quddepeHTa MakCUMallbHOE
OTKJIOHEHHE COCTaBJIsIeT 0KoJo 16%.

Crnenyiomiasi paccMaTpuBaeMas 3ajlaya JaHHOIO Kjacca — Kadka KoHTelHepoBo3a KCS Ha
BOJIHEHUH. MoJienb cy/Ha BhINOJNIHEHA B MacmTade 1:37.9 u, kak B npeaplaylIei 3aa4e, UMEeT JBe
CTeTNeHH CBOOOJBI — BEpTUKAIbHOE TepeMelieHue u quddepent. Vcrnonb3yoTes mepeKpblBatonnecs
pacueTHbIE CETKH, KOTOpbIe cojepxar ~13 MIIH s4eeK, TONIMHA SYEeHKH Yy HMOBEPXHOCTH pasjeiia
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coctasiseT 0.004 m (pucyHok 12). JInuna pacuetnoro Oacceitna 70 M, mmpuna — 13.5 M, Beicota — 12
M. CyIHO pacmojIo’KeHO Ha pacCTOSHUH 3.7 M OT BXO/a.

Puc. 12. ®parmMeHT nepeKphIBAIOIIUXCS CETOK B 00IACTH KOPMEI

Ha BxomHO# W OOKOBBIX TpaHMIIAX 33acTCsS BCTPEYHOE BOJIHCHHE, HA BEPXHEH W BBIXOIHOMU
rpaHUIaX 3amaeTcs (UKCUPOBAHHOE aBJICHHWE, HA HIDKHIOI TPaHUI]y HAKIAJBIBAETCS YCIOBUE
HENpOTeKaHus 0e3 MPUINTMIaHKs TOTOKa, HA KOPIYC CY/JHA — YCIOBHE HETPOTEKAHUS C TPUIHITAHUEM
notoka. CKopocTh Ha0OeraroIero rmoToka 3ajaana pasuoi 2.017 m/c. BojaHeHHe MOBEPXHOCTH 3a/1aHO C
MTOMOIIIBIO T€HEPATOpa MOBEPXHOCTHBIX BOJH, UCIIONB3yeTcs BoiiHA CTOKCA MATOTO MOPSIKA.

Macca cymaHa cocraBisier 955.78 kr, quaroHanbHble MOMEHTHI nHepuuu (110; 2222; 2222) KF‘MZ,
Koopnunater nentpa tsoxectu (2.9453; 0; 0.093) m.

3amaua pemaeTcs B HECTAIIMOHAPHOM MOCTAHOBKE C MEPBHIM MOPSIKOM 110 BpeMeHU. BpeMeHnHoit
mar paBeH At=0.004 ¢c. B ypaBHeHHWM OOBEMHOW [ONMM [UIA JHCKPETHU3AIMH KOHBEKTHBHBIX
ciaraembix ucrnonsiyerca cxema HRIC, B ypaBaenun apuxenus — cxema LUD.

Pacuer mpoBoauTca Asig 5 PEKUMOB TEUYEHHs C Pa3IMYHBIMU NApaMeTpaMU BOJIHBI, KOTOPbIE
MpHUBEICHBI B Ta0OuIIe 1.

Tabauua 1. ITapameTpsl pexxuMoB pacueTa

Pexnm JITiHa BOJTHBI hW , M Bricora BoiHBEI A, M
C1l 3.949 0.062
C2 5.164 0.078
C3 9.979 0.123
C4 8.321 0.149
C5 11.840 0.196

Pacuer 60 cexyHJ JJisi K100 pekrMa BhIMONHsAETCs Ha 160 mpomeccopax, GU3NUECKOe BpeMst
pacueTa coctaBisieT 138 yacos.

Ha pucynke 13 moka3zana BosiHOBast KapTrHa BOKpyT Kopiyca KCS s pexxuma C4. M3 pucynka
BUJIHO XapaKTepHOE PacIpe]esieHue BOJIH B CJIE/IE 3a CyJHOM, a TaKKe 3a/JlaHHOE BOJHEHHE BOJHOU
MIOBEPXHOCTH.
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-/ i
Puc. 13. BonmHoBas kaptuHa (pexum C4)

B kauecTBe CpaBHUTEIBHOM XapaKTEPUCTUKU PACCMATPUBAIOTCS KOI(P(GUIIMEHT CONMPOTHUBICHHS U
yron nuddepenta. KoappuimeHT conpoTUBICHUS pacCUUThIBaeTCs 1Mo hopmyrie:

C, =F./@1I2pU%S), (12)

rae |:t — cuna, JAeHcTByromas Ha Teno, U — CKOpOCTh MOTOKAa, S — IUIOMIAJh CMOYECHHOH
MTOBEPXHOCTH.
BenuuuHa BCIUIBITHA MOJENHM CyjaHa 00€3pasMepeHa Ha IIOJOBUHY BBICOTHI Bonmmbl & =N, /2,

BeIMUMHA yria auddepeHTa obe3pa3MepeHa Ha IO0JOBUHY BBICOTHI BOJIHBI M BOJHOBOE YHUCIIO
k= 2z/21.

Ha pucynkax 14 u 15 mpeacraBieHo CpaBHEHHUE C pe3yjIbTaTaMH YMCICHHOTO MOJECIUPOBAHNUS B
STAR-CCM+ u skcniepumenTanbabiMu qanHbiME [20] nonyyennbix B nakere JIOI'OC 3aBucumMocTteit
ko3 dunmenta conpoTusaeHus U o0e3pa3MepeHHoro yriaa auddepeHta oT OTHOCUTEIbHON AITUHBI
BOJIHEI.

C*10°

——JKCNEePUMEHT
—M-STAR-CCM+
—8-J10IocC

0 0.5 1 1.5 2 25
L,/L,,

Puc. 14. Kosddumment conporusnerns moaenu KCS Ha BomHeHUN
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Puc. 15. O6e3pasmepennoe BemibiTre Moaenu KCS Ha BomHEHUN
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Puc. 16. OGe3pazmepennsiit yroa qupdepenra monenu KCS Ha BoiHeHHN

[TomyueHHBIE Pe3yaBTATHI, B IIEJIOM, XOPOLIO COTTIACYIOTCS ¢ dKcnepuMenToM. Obe3pa3MepeHHoe
BCIUIBITHE, PAaCCUNTAHHOE B JBYX MaKeTax MpPOrpaMM, JOCTaTOYHO OJM3KO K HKCIIEPUMEHTATBHOU
3aBUCUMOCTH. K03(h(HUIIHEHT CONMPOTHBICHUS B MPOMEKYTOUHBIX pEXMMaxX TOYHEE ONpeAeisieTcs B
nakere STAR-CCM+, obGe3pa3smepeHHsbrii yron auddepeHTa sl MOCISIHUX TPeX PEXHMOB — B
nakere JIOI'OC. MakcuManpHOE OTKJIOHEHHE Ko3(duimeHTa compoTuBleHHs] HaOIOAaeTcs ISt
pexuma C4 u cocraBnser 6%, UISI OCTAIBHBIX PEKHMOB OTKIOHEHHME HE TMpeBbImaetr 2.5%.
JocraTouHo 0oJIbIIOE OTKIOHEHUE yriia qudhepeHTa MOKHO OOBSICHUTh OUEHBb MAJIBIMKM 3HAYCHUSIMU
3TON BEIMYHWHEI, MOTy4IeHHBIMH B dKcniepuMenTe — 0.004-0.012°.

4. 3akja04eHune

B nacrosmielr paboTte mpencTaBieHBl pe3ynbTaThl Bamupanuu makera mnporpamm JIOI'OC ms
peleHns 3a1a4 CyAOCTPOSHHS, a MMEHHO JBYyX KIAccOB 3ajad — BpalleHHs TpeOHBIX BHHTOB,
0o0TeKaHUsl KOPIIyCOB CYIOB IOTOKOM BSI3KOH kuAkocTH. llpemcraBieHbl OCHOBHbBIE YpaBHEHHUS U
MOAXOMABl K UX YHCIEHHOMY PELICHHIO, UCTOIb3yeMbiMH B makeTe nporpamm JIOI'OC. IlomyueHnHbie
pe3ynbTaThl IO MOAETHPOBAHUIO TPEOHBIX BUHTOB IOKA3bIBAIOT, YTO YJAETCS MONYyYUTh JOCTATOYHO
tounblii pe3yapTar 1o KIIJI (orkmonenue mo 5%), mias ko3p@uUIMEHTOB MOMEHTa W yIopa
MaKCHUMaJbHOE OTKJIOHEHME yke mpesblmaer 5%. [lns 3amad ABMKEHHS CyIOB B IOTOKE BS3KOM
JKUJIKOCTH MaKCUMaJlbHOE OTKJIOHEHHE PacyeTHOro KO HIIMEHTa COPOTHBIICHHS cocTaBisieT 6% B
cilydae Kauky Ha BOJHEHUH, a B cirydae OykcupoBku Mozaenu KCS — He npebimaet 1%.

CpaBHEHHME pE3yIbTaTOB YHCIEHHOTO MozenupoBaHus B mnakere mnporpamm JIOT'OC c
pesynpraTamu pacdera B STAR-CCM+ mnokasbiBacT, 4TO NONYYEHHBIE B ATHX JBYX IaKeTax
3aBUCHMOCTH KOHTPOJIBHBIX BEJIMUUH KOPPEITUPYIOT MEXKIY cO00M, MAaKCUMAaJIbHbBIE OTKIOHEHHUS STHX
BEJIMYMH UMEIOT OJIMH U TOT K€ TOPSIOK.

JlaHHbIE pe3ynbTaThl MOKa3bIBAIOT, 4To mHakeT mporpamMm JIOI'OC mo3BonsieT MoOAenupoBaTh
OCHOBHBIE TIPOIlECCHl  KOpaOeldbHOW THUAPOAWHAMHUKM C  TOYHOCTBIO, KOTOpas  SBJISETCS
YIOBJIETBOPUTENBHON MM 3aAad cynocTpoeHus. [locTosHHOE pa3BUTHE U yCOBEPIIEHCTBOBAHWE
YHCJICHHBIX METOJOB IIOMOTYT B JajbHEHIIEM YIyYIIUTh MOJIYYEHHBIC pEe3yJbTaThl W CHHU3HUTH
MOTPEIIHOCTh MaTEMAaTHIECKOTO MOJCITUPOBAHUSI.
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HonomauTtenbHoe pacnapaJsuieanBanne MPI nporpamm
¢ iomoribio cucrembl SAPFOR [

H.A. Karaes, A.C. Konranos
NIIM nm. M.B. Kengpima PAH

Cucrembr SAPFOR u DVM 6b1n cripoeKTHpOBaHbl U pa3pabOTaHbI JIJIsl YIIPOIIEHUST
pa3paboTKu MapaJlieJIbHBIX [IPOrpaMM HayYHO-TEXHMYECKUX pacderoB. [J1aBHON Iie-
Jsb1o cucreMbl SAPFOR sBiistercst aBroMaTu3alius porecca 0To0paskeHusl OCIe10Ba-
TeJLHBIX TPOTPAMM Ha, MapaJuiiebHble apxuTeKTypbl B Mogeaun DVMH. B mekoropbix
caydasx mosb3oBaresb cucrembl SAPFOR MoxkeT paccanuThIBATE Ha TOJTHOCTHIO aBTO-
MaTHYeCKOe paclapallieInBaHue, eCJIi IporpaMMa Obljia HAIMCAHA WJIM IPUBEEHA K
IIOTEHINAJILHO TapaJuiesbHoMy Buy. DVMH Monesns nipejicraBisier coboit pacmimpe-
HUE CTaHIapPTHBIX s13bIKOB Cu u @opTpaH crenuduKaiusaMi TapaJjijie/in3Ma, KOTOPbIe
0bOpMJIEHBI B BUJI€ JUPEKTUB U HE BUIMMbBI CTAHIAPTHBIM KOMIMIATOPaM. B crarbe
OyZeT pacCMOTPEHO aBTOMATH3WPOBAHHOE JOMOJHUTEIbHOE PACIAPAJLICNBAHUE CY-
mecrBytonux MPI nmporpamm ¢ momompbio cucremsr SAPFOR,) e, B cBoio ovepe/ip,
OyIyT MCIOIBb30BaHbI HOBBIe Bo3dMoxkHOCTH DVMH Momenn mo pacrapaJiienBannio
nukjgoB B MPI nporpammve BHyTpu y3ia. JaHHBINH MOIXOM, TTO3BOJISIET CYIIECTBEHHO
CHU3UTH TPYIOeMKOCTb pacnapasuieausanus MPI nporpamm Ha rpadudeckue ycko-
PUTEIN U MHOTOSIIEPHBIE TIPOIECCOPBI, COXPAHUB IIPHU ITOM YI0OCTBO COITPOBOXKIEHUST
y2Ke Hammcanuo# nporpammbl. Jannas Bo3moxkuocTh B cucreme SAPFOR, 6nu1a pea-
smzoBaHa 1y s136ikoB Poprpan u Cu. DPIEKTUBHOCTD JAHHOTO MOJIXO0/A TOKA3AHA
Ha IIpUMepe HEKOTOPBIX npuioxkenuii u3 nakera NAS Parallel Benchmarks.

Karouesne caosa: SAPFOR, DVMH, MPI, asromarusanus paciapaJule/InBaHus, 10-
TIOJTHUTEIHLHOE paclapaslIeIMBAHNE, YCKOPUTEN, TeTePOreHHbIe KTaCTEePhI

1. BBenenue

MHuororporieccopHbie BBIMUCIUTEIbLHBIE CUCTEMBI YK€ JTOCTATOTHO JTABHO MCIIOJIL3YIOTCS IS
[POBEJICHUS PACIETOB, HAKOIIMJICS JIOCTATOYHO OOJIBIION 00beM MapasIIEIbHBIX ITPOIPAMM, CIIO-
COOHBIX 3aJIeICTBOBATH HECKOJIBKO Y3JIOB BBIUUCIUTEILHOrO Kiacrepa. [Ipu sToM, omHuM U3 oc-
HOBHBIX MHCTPYMEHTOB Pa3paboTKu Takux mporpamm ocraercs cranjgapr MPI. Ho nossusmue-
Cs CPAaBHUTEJIbHO HEJaBHO I'€TEPOT€HHbIC BbIYNUC/IUTE/IbHbIE CUCTEMbI, Y3JIbl KOTOPbIX o6pa30Ba-
HbI MHOTO$IJIEDHBIMU ITPOIIECCOPAMHU M YCKOPUTEJSIMU, TPEOYIOT IMPUMEHEHUS JIOTOJHATEHbHBIX
CPeJICTB Pa3pabOTKU MapaiebHbIX TporpaMm. UToObl 3¢dpHEKTUBHO HCIOJIB30BATH BCE MMEIO-
Iuecs BbIYUCIuTebHbIE pecypchbl, B MPI-niporpaMmbr npuxomurcs 1006aBIATh JOMOJTHATETbHBIE
cuerudukanun mapaJjuiesimdMa. HuskoypoBHEBbIE MOJIEIN MAPAJIIEBHOIO MPOTPAMMUPOBAHUST
(CUDA, OpenCL, POSIX Threads) maroT 1oJiHblii KOHTPOJIb 3a MPOIECCOM BBIIIOJHEHHsI PO~
rpammbl. Ho B couerannu ¢ TeM, 9T0, pa3pabOTINKy TAKKE MIPUXOIUTCS pa3OUPATbCs B CTPYKTY-
pe ucxonuoit MPI-niporpammbr, KoTOpast MOXKET ObITH CYIIECTBEHHO CJI0KHEE AaHAJIOTUIHON T0CIe-
JIOBATEJbHON MMPOrPAMMBbI, CYIIECTBEHHO YBEJIMYMBAIOT CJIOXKHOCTb pa3paborku koja. OTiajka
Takux MPI-mporpaMm, jisi KOTOPBIX OBLIO BBLIIOJIHEHO JIOMIOJHHUTEIHHOE paclapaJlieuBaHue,
TaKKe sIBJISIETCS TPYIO0EMKOH 3a/1a9eil.

Pertenvem B manHoit cuTyanymu MOKeT ObITH UCIIOIH30BAHNE BHICOKOYPOBHEBBIX MO/JIEJICH ITPO-
rpammupoBanust (OpenMP, OpenACC), y3kocnenuaan3npoBaHHbIX S3bIKOB IIPOIPAMMUIPOBAHIS
(DSL) [1}43], a rakxke mapasienbubix 6ubamorexk obmiero masuadernust [4,5]. domommenmem K
9TOMY MOXKET CTaTh CO3/[AHNE MHCTPYMEHTAJIBHBIX CPEJICTB aBTOMATH3UPYIONINX MPOIIECC JIOTIOJI-
HUTEIbHOrO pacnapasuieusanus MPI-niporpamm.

Cranmaptsl OpenMP u OpenACC akTHBHO pa3BHBAIOTCS B YKA3aHHOM BBIIIE HAIIPABJICHIH,

*UccmenoBanue BBIIOJHEHO TpU (HbUHAHCOBOI o ep:kke PODU B paMkax HayIHBIX poekToB Ne 19-07-00889,
19-07-01101 u 20-01-00631.
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HO BCe €I1e He TI03BOJISIOT B IOJIHOM Mepe 3a/efiICTBOBATh BCE PECYPChI BEITUCIUTEIBHOIO y3i1a. B
COBPEMEHHBIX KOMIIMJISITOPaX JaHHbIe CTAHIAPThI PeaIN30BaHbl He TIOJHOCTHIO [6], & 1st oy e~
HUsI CYNIECTBEHHOI'O BBIUTPHIIIA OT X UCIOJIB30BaHUS TIOJIb30BATEIO IIPUXOIUTCH PA3OUPATHCS B
TOM, KaK BHICOKOYPOBHEBBIE CHEIU(MUKAINY BJIUSIOT HA BLIITOJHEHNIE ITPOTIPAMMBI, IIOTPY2KAasICh B
JIeTaJIu UX PEeAU3AINN B KOHKPETHOM KOMITUJISTOPE U HOJ0UPast COOTBETCTBYIOIINE OIITUMUBAIIH-
OHHBIE OIIUHU. Bojiee TOro B IaHHBINT MOMEHT OTCYTCTBYIOT YI00OHBIE BLICOKOYPOBHEBLIE CPEJICTBA
Kak Jj1sd OYHKITMOHAJIBHON OTJIAJIKU, TaK U JJjIsd OTJIaJ KA 3(PDEKTUBHOCTU JAHHBIX IIPOIPAMM.

Ecnu paccmaTpuBaTh aBTOMATHYECKU PACIIapAJIICINBAIONINE KOMIUISATOPHI KAK OTIACIbHBIC
UHCTPYMEHTBI, TO UX BO3MOXKHOCTU OKa3bIBAIOTCH CYIIECTBEHHO OTPDAHUYEHBI U HE MO3BOJISIIOT
BBITIOJIHUTL IIPUEMJIEMOE PACIapaJsIIe/IMBAHNE B y3Jie KJIACTepa JJjisl PEAJIbHBIX ITPOrPAMM.

B nannoii cuTyaruu, mepCrieKTUBHBIM BUJINTCS CMEITaHHbIH 110/1X0/1, 00beIUHSIONII I UCIIOThb-
30BaHUE BBICOKOYPOBHEBOI MOJIE/IN TapaJIEJIbHOIO IPOTPAMMUPOBAHUS, B KAYeCTBE IEJIEBOTO
crrocoba OIMCAaHUs apaJsiie/in3Ma B IPOTPaMMe, U CUCTEMbI aBTOMATU3AIINN, OCYIIECTBIIAIOIIEH
HanboJiee TPYJIOEMKHE U IIPUBOJAIINE K OIMMOKAM 3Tallbl PACIapaJlIeIUBAHUsS ABTOMATUICCKH,
HO JIAIONIeil TOJIb30BATE/II0 KOHTPOJIb 38 XOJA0M PaclapaslIe/IMBAHUs, JOCTATOYHDBIN /Il TIOJIy e~
HIA 9P DEKTUBHBIX TPOrPAMM.

B kauecTBe BBICOKOYPOBHEBOIT MOJIe/IM MOKeT BbIcTynarh Mojeab DVMH [7)8], Bkiouatommast
B cebst DVMH s3biku mapaJiiesibHOro MporpaMMUPOBAaHUs, SBJISIONINECH JIMPEKTUBHBIMU PACIIIU-
PEHUSIMU CTaHIAPTHBIX MOCIEIOBATEBHBIX SI3BIKOB mporpamvupoBanus Cu u Qoprpan. Opaum
u3 ocHoBHbBIX npenmytiecT8 DVMH sa3b1k0B, HAps/y ¢ BHICOKOYPOBHEBOH CEMaHTUKO UCIIO/Ib3Ye-
MBIX KOHCTPYKIIUH, SIBJISFOTCS Pean30BaAHHBIE OIITUMU3AINNA BPEMEHH BBITIOJTHEHUS IIPOIPAMMBI.
DTO CYIECTBEHHO CHUYKALT CJIOZKHOCTH Pa3pabOTKN MHCTPYMEHTOB aBTOMATU3UPYIONTUX ITPOIIECC
pacrapaJutesiuBanusi. Kpome Toro, DVM cucrema BkJIO9aeT B CBOI cOCTaB MHCTPYMEHTBI JIJIst
GYHKITMOHAILHON OT/IAIKA U OTIJAKU 3PDHEKTUBHOCTHA CO3IABAEMBIX ITPOIDAMM.

Cucrema SAPFOR (System FOR Automated Parallelization) [9,/10] moxker BbICTYHATH B
Ka4uecTBe MHCTPYMEHTa aBTOMATU3AINY [TapaJuIe/IbHOro nporpaMMupoBatust. C 0IHON CTOPOHBI
B COCTaB CHCTEMbI BXOJUT aBTOMATHYECKN pacHapaJuiesmBaiomuii komnuiasarop |11], a ¢ mpy-
roit SAPFOR npemocrapisier 1mojb30BaTe/io JOMOJIHATEIbHBIE BO3SMOXKHOCTH 110 KOHTPOJIIO 33
[IPOIIECCOM paclapaJsiieJIMBaHus, KaK ¢ UCIOJIb30BaHuEM rpadudeckoro nurepdeiica mon308a-
Tesist |12, Tak 1 ¢ ITIOMOIIBIO JIONOTHATEIBHOIO YKa3aH!sI CBONCTB IIPOrPaMMBbl HEIIOCPE/ICTBEHHO
B €€ UCXOJIHOM Kojie. YTOoObI PACHIUPUTH JIOCTYyIHbIE BO3MOXKHOCTH 110 aHAJIA3Y IIPOI'PAMM, B CH-
creme SAPFOR Hnapsijty co crarudeckuM aHaau3om |13, Takke 1mojiepkuBaeTcs TUHAMUAIECKU
anasns [14]. Cucrema mpeoCcTaBIIsIOT MOJIB30BATENI0 HAOOD PeaJM30BAHHBIX IPe0bpa30BaHUl
nst si3bikoB @oprpan u Cu (nozcranoBka GyHKIMI, yaaaeHne MEPTBOrO KOJia, PaclipOCTPAHEHUE
BbIDaXKEHUIi U JIP.), KOTOPBIE MOJIb30BATEb MOKET BbIOPATD J1JIsi aBTOMATHIECKOTO BBITIOJTHEHWSI.

Nznagansao monesis DVMH 6bi1a pazpaborana ¢ 1eJibl0 CKPBITH OT [TOJIb30BATEIIS HE TOJIb-
KO TIapaJUIeJII3M BHYTPH y3Jia, HO U 00ECIeUYUTh paclapaJiie/IMBaHue MPOrPAMM JIJisi CUCTEM C
paciipejiesieHHol aMaThio. Ho B mocienanx peanuzarusx koMmmiaTopoB ¢ DVMH sa3bikoB 6611
nobaB/IeH JOMOJHATEILHBIN PeXKUM, HaIlpaBJIEHHBIN Ha HCIOJb30BaHME Bo3MoxkHOcTeir DVMH
moziesin B MPI-iporpammax. B jammoii crarbe paccMaTpUBalOTCs HOBbIE BO3MOXKHOCTU CUCTEMbI
SAPFOR, koTopble pegHaszHAUEHbI JJIsI aBTOMATAZAINY JIOIOJHUTETEHOTO PACTAPATIIC THBAHS
MPI mporpamMm u onmparoTcst Ha BO3MOKHOCTH, J0baBieHHbIe B cucteMy DV M.

CraTbsi cocTOUT U3 BBeJIeHUs, 4 pa3/esioB U 3aK/I0UYeHus. B pasjese 2 mpuBejieH KpaTKuit
0030p paboT, HAIIPABJIEHHBIX HA ABTOMATH3AINIO PA3PabOTKH MAaPaJIIEbHBIX [IPOIPAMM JIJIs CHU-
cTeM ¢ 00MIel maMsIThIo (MHOTOSIIEPHBIX IIPOIIECCOPOB U rpaduyueckux yckopureseii). B pasiene 3
paccMaTpuBaIOTCsI BO3MOXKHOCTH, mobapaenabie B DVMH monens mjst peannsannm JOTOJTHATE -
HOT'O BHyTpey3/0Boro napaseausma B MPI nmporpammax. Paznen 4 nocssimen cucreme SAPFOR
U OCOOEHHOCTSIM, CBSI3AHHBIM C AaBTOMATH3AIMEH JIOMOJHUTEIHLHOIO pacnapaJsuieuBanus MPI
nporpaMM. Pe3ysibTarsbl BBIUYUCINTEIBHBIX SKCIIEPUMEHTOB, OXBATHIBAIOIINE PACIAPAJIICTUBAHIE
HEKOTOPBIX Iporpamm u3 Habopa NAS Parallel Benchmarks [15|, npusenensr B paszese 5.
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2. O630p cymiecTBYIOIMAX padoT

Mo>KHO BBLIEIUTH JIBA OCHOBHBIX IIOJX0JIA, IPUMEHSIEMbBIX MPHU PaspabOTKU MHCTPYMEHTOB
aBTOMATU3UPYIOMNX paclapasuiesuanue nporpaMmm. Ilogaxon, nanbosee MOHATHBIN JJIS TOJThb-
30BaTesIsl U TMO3TOMY ucnoyb3dyeMblit B SAPFOR B cuily ee HampaB/IEHHOCTH Ha ITOJIEPKAHUE
[IPOIleCcCa MHTEPAKTUBHOIO PaCIapaJLIe/InBaHNUsl, 3aKII0IAETCs B ITOCJIEI0BATEILHOM U3MEHEHUH
KOJIa IPOI'PAMMbI, 9TOOBI BIIOCJIEJICTBUU MPUBECTH €€ K IMapauieJibHOM Buiy. MHOrme u3 BbI-
[IOJTHSIEMBIX TTPe0OPA30BaHMI OKA3BIBAIOTCST OOIUME JIJIsT PA3HBIX IMPOrPaMM U MOTYT OBITH aB-
TOMATU3UPOBaHbl (TOICTaHOBKA (DYHKIWIA, pas3jeieHie U CAUsHUE [UKJIOB, PA3BOPOT IUKJIA U
ap. |16]). Hacrs u3 srux npeobpasopanuii yxke peasunsobana B cucreme SAPFOR u npu HeoGxo-
JITMOCTH MOYKET OBITH 3alpoIeHa Moab30BaTeIeM. ATLTepHATHBON JTaHHOMY TIOJIXO/TY SIBJISICTCST
HCIIOJIB30BaHNE MATEMATHIECKOW MOJIE/IN, OMMCHIBAIOIIEH MOBEIEHNE pacapaslIeIMBAeMON Tpo-
rpaMMBbl (MOJIEJIb MHOTOTPAHHUKOB, WJIN ITOJIMSAPAIbHAS MOJED). JJaHHBIH MOIXO/ MO3BOJISAET
chopMUPOBATH ONTUMUBAIMOHHYIO 38/1a49y, PellleHrne KOTOPOil (haKTUIeCKU OIMCHIBAET MEPEXO]T
OT MCXOJTHOI IPOrPAMMBI K €€ ITapaJliieJIbHON BEPCUH 3a OJUH Iar Ipeodbpa3oBaHus.

O/lHUM U3 OCHOBHBIX HEJIOCTATKOB JIAHHOIO TOJXOJA SIBJISETCsT DOJIBIIIOE KOJUIECTBO OI'pa-
HUYEHU, HAK/IaJbIBAeMbIX Ha paclapaie/IiBaeMylo IPpOrpaMMy: B pe3yJbTare JIaHHBIN IO
XOJI TOJIUTCS, B MIEPBYIO 0UYEPE/ib, JIjis JIOKAJTBHOTO IIPUMEHEHUS K XOPOIIO CTPYKTYPUPOBAHHBIM
yuaactkam koja (SCoP). Kpome Toro, cremnenb n3aMeHeHUil, BHOCUMBIX B KOJI IIPOIPAMMBbI, KOTO-
pble MMOPOXK/IAET peIleHNne ONTUMHU3AIMOHHON 3a/a49u, OKA3bIBAETCH TAKOBA, YTO I0JI30BATE b
daKkTUIECKHU JTUITAETCS BO3MOYKHOCTH YIACTBOBATE B IIPOIECCE PACIIapAJIIeIUBAHUS, TaXKe eCJIH
Pe3YABLTUPYIONIAs IapaJllesibHasi IPOrPaMMa OCTAaeTCs Ha HA3bIKe BBICOKOIO YpOBH:A. Takum 00-
Pa30M, JAHHBIN [TOJIXO] B IEPBYIO 0YEPE]Ib IOAXOIUT JjIsi ABTOMATUIECKU PACIIAPAJLIETUBAIOIIITX
KoMImIATOpoB [17-21], a He MHCTPYMEHTOB aBTOMATU3AIIH.

Kommmsitopsr Pluto [17] u PPCG [18] manpasienst Ha npeobpasosanue Tosbko Cu mpo-
rpaMmm, mipu 3toM, Pluto BeinosiHsieT pacnapasiiesmBanie TOJIbKO Ha MHOTOsIJIEPHBIE ITPOIECCOPBI
(¢ ucnosbzosannem OpenMP), B To Bpemst kak PPCG onupaercss na CUDA wim OpenCL st
oTobpaskeHusl MporpaMm Ha rpadudeckuii yckopuresn. O6a HHCTPYMEHTa COXPAHSIIOT BBICOKMIA
YPOBEHBb UCXOJIHOTO $13bIKA, HO BHOCUMbIEC M3MEHEHUsI HETATUBHO CKA3bIBAIOTCS HA BO3MOYKHOCTHU
BOCIIPUSITUsT KOJIa HEIOJArOTOBJIEHHBIM MporpaMMucToM. CyIecTBeHHBIM HEIOCTATKOM SIBJISIET-
cs1 HeOOXOUMOCTD $IBHO 3aJaBaTh (ParMeHThl UCXOJHOIO KOJa, KOTOPBIE JIOJ2KHBI ObITh OITH-
MU3UPOBAHBL. [lJIsT 3TOr0 UCIOJb3yeTcsl ClienyralbHasl JUPEeKTHBa scop. Tak Kak ONTUMUBAIIHS
BBITIOJTHSIETCH JIOKAJIBHO, TO OT 3aJIaHUs JIAHHOW JUPEKTUBLI CYNIECTBEHHO 3aBUCUT DPE3YJIHTAT
pacrapaJutesiuBanusi. Hanpumep, ecyi coceHue rHe3jia MUKJIOB IIOMECTUTh B Pa3Hble 00JacTH
pacrapaJutenBanusi, 1o PPCG mobasut B kox mporpammbl Be3oBel CUDA | BeImoTHsIIOITHE 0OMe-
HBI C TpadUIECKUM YCKOPUTEIEM B HAUaJIe U B KOHIIE KaXKJ0# 00J1aCTH: IJI00aIbHAS OITUMUABAIIHS
obMeHOB He BhInoJHsieTcs:. Kpome Toro, Pluto m PPCG He o6pabaTbiBaioT yuacTKu Koja, CoIep-
JKAIKEe PEJLYKIIMOHHBIE OMEPAIMH, U OCTABJISIOT COOTBETCTBYIOIIMI KO ITOCJIe0BaTeIbHBIM. B
9TOM CJIy4ae BBIYHUCJIEHUsT HE MOT'YT OBITh ITOJTHOCTHIO BBIIIOJTHEHB! Ha, YCKOPUTEJISX, U TPEOYIOTCSI
JIOTIOJTHUTEIbHBIE OOMEHBI JJAHHBIMU € IEHTPAJILHBIM IIPOIIECCOPOM.

Jpyrum npumepom NpuUMeHEHHs MOJIEJIM MHOTOIDAHHUKOB siBJIsieTcss mHeTpyMeHT Polly [19]
U ero JaJjibHefilliee paciuiupeHue Jjis 0TOOparKeHusi MporpamMM Ha rpaduyueckKue yCKOPUTEId —
Polly-ACC |20]. dannble uncrpymenTs! ucnosb3yor LLVM [22] st ananusa u npeo6pasoBaHust
[porpaMM U JIOCTYIHBI B cocTaBe KoMmnmiisitopa Clang. Vcnosb3oBanue HU3KOyPOBHEBOTO IPE/I-
crasienusi (LLVM IR) sinmaer nosib3oBaTesisi BOSMOKHOCTH KaK-JIH00 H3MEHSITH KO/ [IapaJljie/ib-
HOil TPOrpaMMBbl, HO IIPU STOM 3TO PACHIUPAET IPUMEHUMOCTD JAHHBIX HHCTPYMEHTOB Ha HA3bIKH,
JIJIst KOTOPBIX MO2KeT ObITh ocTpoero LLVM IR. B oriunuune or Pluto u PPCG ontumusupyembre
YUYACTKH KO/JIA OIIPEJIEJISIIOTCS aBTOMATUYECKU U TAK2KE BBIIIOJIHAETCS MOIBITKA ONTUMU3UPOBATD
obMmeHbI ¢ rpaduaeckuM yckopuresieMm. OTae/ibHO ObLIA peain30BaHa BO3MOXKHOCTB paciapali-
JIeJIMBaHUs PeJYKIMOHHBIX oneparuit [23]. XoTst onTuMusupyeMble y4acTKU KOJIa OLPEeIeIsIoTCs
aBTOMATUYECKH, BBIIOJHUATH pAClapaslieJIMBaHUE YIAeTCs He BCErJa: MHCTPYMEHTBI OMUPAIOTCS
HA CTATUYIECKUI aHAJM3 KOJ&, BO3MOXKHOCTH KOTOPOI'0 OTPpaHUYEHBI, OCOOEHHO €CJId B IPOTrpaM-
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MaX HUCIOJIB3YIOTCS yKa3aTe/n u ajipecHast apudmeruka. ITobbl MOHATH, KAK ITPUBECTH [IPOTPaM-
My B paclapaJjuleiiBaeMyio (hopMy, IOJIb30BATENI0 MOXKET MOTPEOOBATHCH M3YUUTh BO3HUKIIIIE
po0JIeMbl aHAJIM3a, OIUChIBAEMbIE B Te€PMUHAX HU3KOypoBHEBoro mnpejcrasieaus LLVM IR.

Eme ojjauM mHTEpeCHBIM HHCTPYMeHTOM siBisiercst Apollo |21], BbimosHsomuii crekysisrus-
HOE paclapaJyie/TMBaHue IPOrpaMMBbl BO BpeMs BbllloIHeHs. HO B JaHHOM MHCTPpYMEHTE peaJsiu-
30BaHa BO3MOXKHOCTDH PaclapaJlIeJINBaHUs TOJIBKO JIJIsi MHOT'OSJIEPHBIX IIPOIIECCOPOB.

3. Boamoxknoctu mozaenn DVMH nins pacnapasuiennBanus MPI
ImporpamMm

O6braro DVM nozxoz |7] npeamosnaraer pacnapasuiesmBadmue mocJie[0BaTesIbHO Iporpam-
MBI, B KOTOPYIO MPOI'PAMMUCT BCTABJISICT JUPEKTUBBI PACHpECJCHUS JIAHHBIX, a 3aTeM — JU-
peKkTuBbl pacupeesenus Borauciaenuii. [locie sroro, kommuastop DVMH npeobpasyer Takyio
nporpammy B mporpammy B Mojean MPI+OpenMP+CUDA, koropast 3aTeM ¢ ToMoIbio 6ub-
JIMOTEKU BPEMEHH BbIoJHeHHs! (runtime system, RT'S) Bbinosasiercst Ha reTeporeHHOM KJiacTepe.
RTS 6eper na cebsi paciipejiesieHue JIAHHBIX 110 y3JIaM KJacTepa COIVIaCHO TOMY, Kak ObLIN pac-
CTaBJIEHBI JUPEKTUBLI PACIPE/ICJICHUST JAHHBIX, & 3aTeM — O0TOOPaXKaeT COOTBETCTBYIOIIUE STUM
JIAHHBIM BBIYUCJIEHUS B HapaJjIe/IbHbIX [UKJaX. TakuM o6pa3oM, IpUMeHeHne JIAHHOTO MOJIX0A
B MPI mporpammax norpedyer oT mporpaMMuCTa JIMOO HAJUYHUS UCXOIHOM ITOCIeI0BATEILHOM
Bepcuu, b0 mepesoma MPI mporpaMMbl 06paTHO B IIOC/IEIOBATEIBHYIO BEPCUIO. 3a9aCTYIO, I1e-
pesos, MPI nporpaMMbl B UCXOJIHYIO TIOCIEIOBATEBHYIO MOMPOCTY HEBO3MOXKEH, JTuHO Tpedyer
JOCTaTOYHO OOJIbIUX ycujauit. KpoMme TOro, B 3TOM CJjiydae [IOCTATOYHO BEJIMKA BEPOSITHOCTD
COBEPIIEHUsI OIMTUOKU.

st perennst onncanabix mpobsiem B DVM cucreme OBbLT BBEIEH CHEINABHBIN PEXKNUM, B
koropoMm RT'S He BBbINOJIHSET HUKAKMX MEXKIIPOIECCOPHBIX B3AMMOJEHCTBUII U HE NPENsATCTBY-
et pabore MPI dyukimit, ncrnoabp3yeMbIx B IporpamMMe MOJb30BaTe/ d. UTOOBI 3a/1eficTBOBATH
JIAHHBIN pexkuM Tpebdyercst crenuasibuas cbopka DVM cucrembr, B pesynbrare koropoit RTS pa-
boraer ysokaabHO B KaxknoMm MPI mporiecce BHe 3aBUCHMOCTH OT TOr0, Ha KaKOW ITPOIECCOPHOIT
periieTke ObLIA 3AIyIIEHA TPOTPAMMA.

Kaxk yxke 6bu10 oT™MeueHO Bbile, nzHadaabao DVMH mogmens mpemmosiaraer orobpazkeHue
BUTKOB TapaJIe/IbHBIX IIUKJIOB Ha 3JIEMEHTBI pacIpeleIeHHBIX MaccuBoB B TepmumHax DVMH.
B MPI nporpamme mosib3oBaTesib caM OepeT Ha cebOst OTBETCTBEHHOCTh 3a PaCIpeeieHue JTaH-
ubix. [losromy norpeboBasioch BBecTn HOBYIO Bo3MoxkHOCTE B DVMH Mosens jist Toro, 9To06sn!
0oTOOPa3UTh MapaslIeJbHBIE IUKJBI B TAKOl mporpamMme Ha TpaduUecKue yCKOPUTEIN U MHO-
rosijiepHblie Tporeccopbl. JlamHas BO3MOXKHOCTE MMO3BOJIsIET JIOKaJbHO B Kaxkaom MPI mporecce
pacriapaJuie/inBaTh BUTKHA MAPAJUIEIbHBIX ITUKJIOB 03 MPUBHA3KU K dJieMeHTaM MaccuBoB. [lpu
3TOM, HECMOTPsI Ha OTCYTCTBHUE pacIpelesieHnsl TaHHBIX B pamkax mogean DVMH, coxpamser-
€51 BO3SMO2KHOCTD HCIIOJIb30BAHUS ONTUMU3AINN BPEMEHU BBIIOJHEHUs] [IPOrPAMM, JIOCTYITHBIX B
DVM cucreme. K HIUM OTHOCSITCsI: UCIIOJIB30BaHIE aBTOMATHIECKON TpaHchOpMaIliu JaHHBIX HA
rpaduyuecKoM IIPOIECCOpe, & TAKKE UCIIOIH30BAHNE HHTEIEKTYAJILHOIO0 MEXAHU3MA YIIPABJIECHUS
nepeMertienreM JaHubIx Mexay rnaMarbio HITY u T'IIY; ucnosbp3oBanne onTUMU3UPYIOMINX Ha-
ctpoek RTS cucrembl. Takke coXpaHSIeTCsT BO3SMOKHOCTD HCITOIB30BAHUS YIOOHBIX CPEJICTB 110
oTnaake n anajiuzy npoussoguteabnoctu MPI+DVMH nporpamw.

B mogesan DVMH pacupe/iesienne JaHHbIX BBIIOJIHSIETCS IPU IIOMOIIU BbIDABHUBaHUS (J1U-
pekTusbl align), KOTopoe JIsi KazKJ0ro JeMeHTa MacCuBa A CTaBUT B COOTBETCTBHE JIEMEHT
mwim ceknuio mMaccuBa B. Ilpu orobpakennu na Kakoii-iumbo mporeccop 3jeMenTa Maccuba B,
HA 9TOT Ke MPOIEeCccop OYJET PACIpeeicH U JIEMEHT MaccuBa A B COOTBETCTBHUE C IIPABUJIAMU
BbIPAaBHUBAHUSA JaHHLIX. Pacupenenenne Borauciaenuit B8 mogeau DVMH BoimonusieTcst ¢ yaerom
pacripejiesienus Janubix. [IpaBmio oTobpakeHus MapaJsjielbHOrO T'He3/1a ITUKJIOB 33/1aeTCs [IPH
MIOMOTIY CHeIU(UKAINA ON, KOTOpas IO3BOJISIET CBA3aTh IUKJIbI TECHO BJIO2KEHHOT'O THE3Ja C
U3MEPEHUSIMU PACIIPEJIETIEHHBIX MACCUBOB.
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JamHasg nadopMaIys T03BOJIsIeT KOMIUIATOPY U RT'S BBIIOJHATL psiJi ONTUMHA3AINMA, KO-
TOpPBIE MOT'YT CYIIIECTBEHHO MOBBICUTDH 3(PHEKTUBHOCTH BBHIIOJTHEHUSI MAPAJIIECILHOM ITPOIPAMMBL.
Hampumep, 3Has 0 TOM, KaK CBSI3aHBbI MACCHBBI MEXKJy CODOI, M 3Hasl IpaBUIa OTOOParKEHUS
uKJI1a, RTS MO2KeT OIIpeJIeJINTh OIITUMaJIbHOE IJIgd JaHHOI'O IMUKJIa IIpeJcTaB/IeHue MaCCHUBOB B
MaMSITH BBIYUCIUTEIHLHOTO YCTPONCTBA U BBIIIOJHATD JUHAMAYIECKYIO TPAHC(hOPMAaIINI0 MACCUBOB
TOJIBKO B TeX CJyvasix, KOrja 3To Tpedyercsi. B pesyiabrare, Ha rpadudecKoM yCKOPHUTEIe Bee 00-
paleHust K 1iobaabHoi naMsaTu OyayT BHIoJHATECE CUDA-HUTSMEI OHOIO Baplia HAWJLY IIIAM
obpazoM — coceqHne HUTH OJI0Ka OyIyT 0OpaIaThCcst K COCETHUM staefikaM MaMsiTH, B Pe3yJIbTaTe
9ero IapasulesIbHbIA UK MOYKET BBINOIHSTHCs j10 10 pa3 GbicTpee [24].

ITpu pacnapasuteusanun MPI nporpamm B Mozenmun DVMH onmcannble panee qupeKTUBbI
distribute, align, u on me ucnosnp3zyiorcs. [IporpamMmmucT cam peau3yer pacipeie/ienue JaHHbIX
U paclipe/ieJIeHre BBIYUCIEHHIH 110 y3j1aM Kiacrepa ¢ momombio MPI. JIjs 3aganns cBsi3u MexK Iy
BUTKAMU TAPaJLIEJbHBIX ITUKJIOB U KCIO/b3yeMbiMu B HuX MaccuBamu B DVMH monens 6buita
BBeJIeHa HOBast crenudukaims tie [25], a Takyke MOHsTHE HEPACIPEIEJECHHOIO HaPaJICbHOIO
nukia. Ipu momoru ganHoi cuerudukanuu nporpamMuct nepegaer RTS uadopmalinio o ToMm,
C KAKWUM IIUKJIOM B THE3JIE €CTh CBsI3b Y KOHKPETHOTO M3MEPEHUsI MACCUBa (& TaKKe HAIPABJICHIE
9TOI CBsA3M — IPsIMO€e U 0OPATHOE), €C/IU CBSA3M HET, TO yKa3biBaeTcs «*». V3Mepenue maccusa
MOKeT OBITH 0TOOparkKeHO TOJIBKO Ha OJWH U3 MMapaJslIeJbHbIX IIUKJIOB B THE3JIE.

s mapaJsiieJIbHOIO BBITIOJIHEHUsI IUKJIOB C PETYJISIPHBIMHU 3aBUCUMOCTSIMU TI0 JAHHBIM HAa
rpadudeckux yckopureisax B DVM-cucreme peaim3oBaH MeTO/I TUIIEPILIOCKOCTel. Bee smemen-
TBI, JIe;KAIlFe Ha OJHOM I'MIEPIIOCKOCTH, MOI'YT OBITh BBIYMC/ICHBI HE3ABUCHUMO JPYT OT JApyra.
IIpn TakoMm mOpsiaKe BBIMOJHEHNSI BUTKOB ITUKJIA CHOBA BO3HMKAeT mIpobsema 3()EEeKTUBHOTO
JOCTyIa K IVI00aJbHON HMaMATH B CHJIY TOIO, YTO IapaJuleIbHO 00padaThIBAIOTCsS HE JIOKAJIHHO
PacCIIOJIO2KEHHBIE B IIaMATH 3JIEMEHTBI MaCCHUBOB. ﬂﬂﬂ SCbeeKTI/IBHOFO BbBITIIOJIHEHU A TaKNX ITUKJIOB
B RTS peasm3zoBana anaroHajbHas TpaHcOpMAaIys, B pe3yJIbTaTe KOTOPOU COCEIHNE JIEMEHTHI
MaCCHUBOB Ha JUaroHaJidX (B IIJIOCKOCTHU HeO6XOILHNIbIX I/ISMepeHI/Iﬁ) pacioJiararoTcda B COCEIHUX
dqeiKax MMaMsaTH, 9TO ITO3BOJISIET IPUMEHSITh TEXHHUKY BBIIOJHEHUS IUKJIA C 3aBHUCHMOCTSIMUI
110 TUIIEPITJIOCKOCTAM 6@3 3HAYUTEJILHONI IIoTepu IMpoOU3BOAUTEJIBHOCTU Ha OllepalludX JOCTyIIa K
100/ IbHON TaMATH Tpadudeckoro yckopures. s obecrevenns 3¢pHEKTUBHOTO BBITIOJTHEHUS
takux nukji0B B MPI+DVMH nporpamme coBmecTHO TpuMeHsitoTCst crieriuukanuii tie u across
JI7ISI BCEX HEOOXOINMBIX MAaCCHUBOB.

Ha puc[l] n puc[2] nokazausl npumepsl HepacIpeIeIeHHOTO IapaJlIeIbHOTO IIUKJIa, KOTOPBIi
MOYKET BBITIOJIHATHCS Ha MHOTOSIIEPHOM ITPOIECCOPE MM IPapUIECKOM MIPOIECCOPE.

JInctunr 1. Hepacupeneennsbriit mapaJuiesibabIil uki B ss3bike CDVMH

#pragma dvm region targets (CUDA) out(A)
{
#pragma dvm parallel ([i]J[jI[k]) tie(A[il[j1[k])
for (int i = Li; i <= Hi; i++)
for (int j = Lj; j <= Hj; j++)
for (int k¥ = Lk; k <= Hk; k++)
Afil[j1 k] =

JInctunr 2. Hepacnpenemenusiii mapaJuiesbabiil uki B s3pike FDVMH

!DVM$ REGION TARGETS (HOST) OUT(4)
!'DVM$ PARALLEL (I,J,K) TIE (A(K,J,I))
DO I = Li, Hi
DO J = Lj, Hj
DO K = Lk, Hk
A(K,J,I) =
!'DVM$ END REGION

s Toro, 4TobObI MapaJuIebHbIH UK MOT ObITh oTOOpaxkeHn na Muorosaepubie HITY wan
I'ITY, HeoOxomuMO €ro OKpY:KHTh clielnudukaimeil region, Koropas 0003HAYAET HAYAIO U KO-
Hell BBIYUCINTeNIbHOM obstactu |8]. B BbruncmTesbHyo 061aCTh BBIIEISETCS 9aCTh IPOrPAMMbI
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C OJIHIM BXOJIOM M OJHHM BBIXOJOM JJIsi BO3MOXKHOI'O €€ BBIIOJIHEHUsI Ha MHOIOSJIEPHOM IIPO-
reccope uian rpadgpudeckoM yckopuresie. CTaTudecKu WM JAHAMUYECKH BJIOYKEHHBIE PErHOHBI
He JIOImyCcKaroTcst. JIjIsi BBIMOJIHEHNS BBIYUCINTEIbHBIX perumonoB Ha ['TIY Tpebyercs cobirome-
HIe HEKOTODBIX ONDAHUYEHUil Ha BBOJI/BBIBOJ[ U BBI3OBBI IPOIEYD M3 MAPAJLIETbHBIX IUKJIOB.
Peruon moxker 6bTh BbiostHeH TOJBKO Ha LIIIY mim tonbko ma T'IIY. Jlannas BO3MOXKHOCTD
obecrieunBaeTCcsa yKazaHueM Heobs3aTesbHON crenudukanu target.

@parMeHThl KOj1a, KOTOPbIe HE BXOJAT B BBITUCIUTEIbHBIE PErMOHBI, BCETA BBITOIHSIIOTCS
HA [EHTPAJIBHOM IIPOIECCOPE, UTO IPUBOIUT K HEOOXOIUMOCTH aKTYAJTM3AIUT JTAHHBIX MEXKTY T1a-
MaTbio LIITY u mamareio I'ITY. [Iaa BermosHeHnss HeOOXOANMBIX OOMEHOB, B IIPOrPAMME TOJIZKHBI
OBITH pasMellleHbl JupeKTuBnl actual u get  actual.

Hupexrusa get actual jenaer Bce HeoOXoUMble OOHOBJICHUS [JjIsl TOTO, YTOOBI B NaMSATH
[IEHTPAJIBHOTO TIPOIECCOPa ObLIN aKTyaJbHbIe (TO €CTh caMble HOBbIE) 3HAYEHUsI JAHHBIX B yKa-
3aHHBIX B CIIMCKE MaCCHUBaX U CKaJigpaX. ﬂHpeKTI/IBa SIBJISIETCSI UCIIOJHSIEMOI 1 BBINOJHSIETCA B
TOI TOYKe IIPOrpaMMBbl, TJie OHa Oblta rmoctasiena. JupekruBa actual oobasisier Tor dakT, 9TO
YKa3aHHbIC B CIIMCKE MaCCUBBI U CKaJIAPbI UMEIOT CaMbl€ HOBbIC 3HAYCHNA B TaMATHU IIEHTPAJIBHOT'O
IPOIECCopa. SHAYECHHsST YKA3aHHBIX ITIEPEMEHHBIX U 9JIEMEHTOB MACCUBOB, HAXOIAIINECS B TAMSITH
YCKOpUTEJIE, CIUTAIOTCS YCTAPEBIIUMU U TIEPEJ] UCIIOIb30BaHUEM OYIyT IIpu HEOOXOMUMOCTHU 00-
HOBJIEHBI. B JaHHOM cilydae, IOMedaeTcsi TOJIbKO caM (aKT TOro, 9TO JIAHHBIE ObLIN OOHOBJIEHBI
ua LITY, HO dpusnIecKoro KOMUPOBAHUS B TOUKE [MOCTAHOBKU JIMPEKTUBBI HE MTPOUCXOIHT.

OTnoXKeHHasI ceMaHTHKa JIUPEKTHB akTyanausanun mossosster RTS mszberars n30BITOUHOI
repejadyn JaHHBIX. Bojiee TOro, HeT HUKAKOM Pa3HUIIbI, BCE JIM PErMOHbI BIIOJIHAIOTCs Ha ['TIY
WM KAKasg-TO X YaCTh IpeaHasHadeHa st BoimosHeHus: ma [IITY. JupekTuBbl akTyan3ammn
BJIMSIIOT TOJILKO Ha Iepeady JaHHBIX MEXKJy PEerHOHaMH M II0CJIEI0BATEIbHBIMU (PparMeHTaMI
koja. CucreMa MoIIepKKHU B JTFOOBIX CJIydasix OyIeT yIpaB/IsTh HEOOXOIUMOI Iepeaadeil JaHHbIX
B aBTOMATHYIECKOM pexKnMe. Peamn3oBaHHas aBTOMATH3ANS I€pEMEIIeHN JaHHbIX MexK 1y [IITY
u ['TITY 8 DVMH monenn nozsossier cucreme SAPFOR, aBromaTndecku paccraB/isiTh TUPEKTUBBI
AKTYaJM3AINN JTaHHBIX OMTUMAJIbHBIM 00Pa30M.

4. ABToMaTm3anus JOMOJHUTEJILHOTO paciiapaJiesmBanusa MPI
nmporpamMm c nomoinbio cucreMbl SAPFOR

st Toro, 9ToObI 3a/1eficTBOBaTh BECh HOBBII HOTeHITHA [jist paciapasuienusanus MPI mpo-
rpamm ¢ momoribio DVMH momenn, Heobxoanmo 1o0aBUTh B KO, IPOTPaMMGBI crerndukanmio tie,
a TakyKe M3MEHUTD MOJIXO K aHaau3y mporpaMMbl B cucreme SAPFOR: Gosbiie Her HEOOXO0MM-
MOCTH BBIMIOJTHSATE PACIPEIeIeHNe JAHHBIX U B COOTBETCTBUU C HUM PACIIPE/ICJICHIE BHIUUCICHUH.

Ha mepBom stame cucremoit SAPFOR 11 pacnapasienmnBanust OTOMPAIOTCsT CAMble BHEITI-
HUE THE3/1a TECHO-BJIO2KEHHBIX MUKJIOB. KaxKmoe rHe3/10 IUKJIOB MIPOBEPAeTCa Ha IIPEAMET TOTO,
MOKET JI OHO BBIIIOJIHSTHCs MAaPAIEIbHO: U3 IUKJIA HE JIOJKHO OBITH MOOOYHBIX BBIXOJOB, HE
JOJI2KHO OBITH HEPa3PEINMbIX 3aBUCUMOCTEH MEXKIy BUTKAMHU IUKJIA, UK JIOJZKEH ObITh B Ka-
HoHn9eckoit hopme, u ap. [11]. st Kazk1oro 1uKa Takzke OnpeIesIsioTCs BXOJHBIE U BBIXOIHbIE
JIAHHBIE, KOTOPBIE UCIIOJIB3YIOTCS B HEM, Tak Kak B Komiuisitope CDVMH He peasiuzoBan Mex/i-
[IPOIIE/YPHBIN aHAJIM3 U B OCHOBHOM BCE JIAHHBIE CIUTAIOTCH KAK BXOJIHBIMU, TAK U BBIXOIHBIMH.
KoncepBatuBrast naopMaIys O BXOIHBIX U BBIXOJIHBIX JAHHBIX B BBIUUC/IUTEIBHBIX 00JIACTIX
MOXKET IIPUBECTU K JOMOJHATEIbHBIM KornpoBanuam mexk iy [TIY u IIITY.

Ha crenyromem stamne cucreme SAPFOR HeobxomuMo mpoaHATH3UPOBATE BCe 00paIeHusT K
MIaMsTH, KOTOPbIE€ BBIMOJIHAIOTCS B TeJIe PACCMATPUBAEMOIO THE3Ja IUKJIOB. B KayKJIOM BbIpa-
JKEHUU B OOpAIleHUd K MACCUBY WIYyTCS WHJIYKTHBHBIE [I€PEMEHHBIE IUKJIOB JIJIs TOI'O, ITOOBI
BBITIOJIHUTL COIIOCTABJICHUE M3MEPEHUN MAaCCHBOB C BUTKAMU ITUKJIOB. [IjIs 9TOr0O BBIIOJIHSIETCS
MOTIBITKA, IPUBECTH BbIpaXKeHUs B (DOPMY, 3aBUCSIILYIO OT HOMEPA BUTKA [IUKJIA 33 CIETa aHAJIA3A
BHYTPEHHEro [PeJICTaBJIeHUsT IIPOrpaMMbl (expression propagation, scalar evolution). B custy To-
ro, 9YTO paclpeeaeHne JaHHBIX CTPOUTCS MMoJib3oBaTeaeM ¢ momornbio MPI, Her meobxommmocTn
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OIIPEJEISITh TOYHOE COOTBETCTBHE M3MEPEHMI MacCHBOB C BUTKaMU IMKJIOB, Koropoe B DVMH
MOJIEJIN BBIPArKaloTCsl C IIOMOIIbIO JIuHeHoH cBa3u. Tem cambiM, cucrema SAPFOR Moxer pac-
napaJijIe/luBaTh MUKJIBI U ¢ KOCBEHHON aJipecaliieil, Tak KakK HaM JIOCTATOYHO YCTAHOBUTH (PaKT
HCIIOJIB30BaHUs WHIYKTUBHOM ITE€PEMEHHOI IUKJ/Ia B TOM UJIH WHOM U3MEPEHUH MaCCHBA.

[Tocsre Toro, Kak OBLT Ompejie/ieH HADOP TMapasIeNbHBIX MUKII0B, cuctemMe SAPFOR Heo6-
XOJIUMO pa3/e/IuTh POrPAMMY HA BBITUC/IUTEIBHBIE PErMOHBI, B KOTOPBIE OYJIyT BXOJIUTH Ia-
paJiesbHbIe IUKJIbI, U Ha BHE PETMOHHOE IPOCTPAHCTBO, KOTOPOe OyeT BBITOIHATHCS Ha [IITY
B TIOCJIEIOBATEILHOM pEXKUMe. AJITOPUTM PACCTAHOBKU PErMOHOB COCTOUT W3 JBYX STaroB. Ha
[IEPBOM 3Talle KasKIbIil HapajjiebHbII UK OKPYKAeTCsl CBOUM COOCTBEHHBIM PErHOHOM. A Ha
BTOPOM STalle MPOUCXOIUT OObeJUHEHNE COCETHIUX PErMOHOB B OJIMH JIJIsi YMEHbBIIIEHUsI HAKJIA/ -
HBIX PACXO0B HA BXOJ U BBIXOJ U3 PErHOHA.

ITocte Toro, Kak mporpamma ObLIa II0J/I€JIEHa Ha PErrOHbI, HEOOXOAMMO ODECIeYUTh KOHCH-
creHTHOCTD JaHHbIX Mexk iy LIITY u I'TIY. YTobbl yMEHBIINTh KOJIMIECTBO KOIUPOBAHU, HEOD-
XOJINMa PaCCTaHOBKa JIUPEKTHUB aKTyaJu3allud JAHHBIX ONTHMAaJbHBIM obpazom. DVM cucre-
Ma obecIieunBaeT psijl ONTHMHU3AINN BPEMEHH BBIIOJHEHUsI IIPOrPAMMBI, UTO obJjierdaer pabo-
1y cucreme SAPFOR. Hampumep, eciu mosib30BaTeNb BCTABUT JIBE OJUHAKOBBIE JTHPEKTUBBI
get actual noaps, To konupopanue OyeT BBIIOIHEHO TOIbKO OJIUH.

OcnoBHasg 1eTh Ha JaHHOM 3Tamne paborsl cucreMbl SAPFOR — ompemenTh KOppeKTHBIH
HabOp JIAHHBIX, KOTOPBIH HeoOxoanmo obHOBUTL B mamsatu ['ITY mmum HITY. JIna mannoro axa-
JIN3a MCIIOJIb3YIOTCS paHee COOpPaHHBbIE BXOJHDBIE W BBIXOJIHDBIE JTaHHBIE I KarXKJI0T0 U3 ITUKJIOB.
Takke MCIOJB3yeTCsl AHAJIU3 [ICEBIOHUMOB B CJIydae KOCBEHHOI aJIpecaliii B IIporpaMMax Ha
sizbike Cu. Cucrema SAPFOR BBIOTHSIET aKTyaJM3aIldio TOJBKO TeX IIePEeMEeHHBIX, KOTOPBIE
HCITOJIb3YIOTCSI Ha, YTEHHE MJIM 3aIUCh BHYTPU BBIYUCINTEIbLHBIX PErnoHOB. Ha ocHOBe mosrydeHn-
HbIX JaHHBIX, cucreMa SAPFOR pasmemnaer nupektuBy actual mociie KaykI0ro IpuCBanBAHUS
IepEeMeHHOM, KOTOPOe BLINIOJIHAETCA BO BHEe PernoHHOM mpocrpancTse. JupekTusa get actual
CTABUTCSI TIEPEJ] TEME OIIEPATOPaMU, B KOTOPBIX IPUCYTCTBYET UTEHUE U3 [IEPEMEHHBIX, KOTOPBIE
OBLIN B CBOIO O4Yepesb MOTUMDUIIMPOBAHBI B KAKOM-JTHO0 BBIUNCIUTETHHOM PErHOHE.

[TpowmpbiiieHHbIE TPOrPaMMbBI OOBIYHO COCTOSAT U3 OOJIBIIIONO KOJUYIECTBA MPOIEayp U (DyHK-
muit. Cucrema SAPFOR onpezenser Tpu Kiiacca TaKuX MPOIELyP: BCTPOEHHbIE MPOIE Ty PhI (Ha-
npuMep, MareMarudeckue (hyHKIMN), MOJb30BATEIbCKIE (DYHKIMKM W BHENIHHUE MPONeIyphl. B
caydae HaJIUMdust BHeNTHuX mporeayp cucreme SAPFOR mpuxomuTcss TpuHIMATH KOHCEPBATHB-
HOE pEeIlleHre B BCTABJISITH JUPEKTUBBI aKTYAJU3AIMA BCEX KCIOJIb3YEMBIX B BBIYUCIUTETBHBIX
permoHax ImepeMeHHbIX 0 U [TOCJIe BhI30Ba, TaK KaK TEJIO MIPOIEIyPhl He JOCTYIIHO I aHAIA3a.
Jlist yMeHbIeHIsT HAKJ/IaIHBIX PacXO/IOB Ha KOIMPOBAHME JIAHHBIX, ITOJIb30BATEb MOXKET IIOJI-
ckazarb cucreme SAPFOR, Hanmpumep, MOXKeT yKasaTh, YTO MPOIEIypa HE COAEPKUT MODOIHBIX
addekToB. Tak kak dpyuknuu MPI gpistitorcst BHentauMu u wHdOpMaIius 00 UCIIOJIH30BAHUU B
napamMerpax 3TuX (DYHKIUH IepeMeHHBIX sIBJISETCsI CTAHIaPTU3NPOBAHHON, MBI BBIJIEJINIA UX B
cucreme SAPFOR B ormenbmbIil weTBepThiit Kiaace — kiacce MPI dbyukmumit, 9To mo3BossierT pac-
CTABJISITH JINPEKTUBBI aKTYAJU3AIMA OITUMAJIBHO 0e3 MOJICKA30K MOJIB30BaTE/IsI.

Wcnonp3oBanme ykasarejeii B IporpaMMax MOYKET HETaTHBHO CKa3aTbCsl HA pPe3y/IbTraTax
anasn3a B cucreme SAPFOR, Tak kak 9T0 mpensTcTByeT BBIIIOJIHEHUIO HEKOTOPBIX ITPeodpa3oBa-
HUl BHYTPEHHETO [IPeICTaBIeHNUs] IIporpaMMbl. B yacTHOCTH, nemob3yeMblit B cucreme SAPFOR
aHaJN3 PEIyKIMOHHBIX Olepaluii He crocobeH 0o0paboTarh MepeMeHHbIe, KAKUM-JIn00 00pa3oM
yYIacTBYIOIE B OllepaIusax aJgpecHoil apudmernku. Tak Kak peayKIIMOHHAs OIEPaIlnd — 9TO
KOJIJICKTUBHAST Ollepaliisl BBIIOJTHIEMasi Cpa3y BCEMU/HECKOJbLKUME MIPOIECCOPAMU, TO Jjisi 00-
MEHa 3HAYEHUSIMUA COOTBETCTBYIOIINX IIEPEMEHHBIX OYIyT HMCIOJIH30BaHbI (DYHKIMH OHOJIMOTEKH
MPI. IIpu sTom mj1s1 onucaHusl MepegaBaeMbIX JAHHBIX OYIeT UCIOJIb30BaH yKa3aTesb Ha 0ydep
C JJAaHHBIMU (BOSMO}KHO COCTOAIINIT U3 eJIMHCTBEHHON nepeMeHHOﬁ).

Yrobbr pactmupuTh Bo3MoykHocTH cucteMbl SAPFOR, u peannzoBarh aHaIn3 peiyKIMOHHBIX
onepanuit 8 MPI nporpammax ObLIO peaJlm30BaHO HTOMOJHUTEIBHOE ITpeodpasoBaHne BHYTPEH-
HEro IPEeJICTABJICHUsT TPOTPAMMBI B cucTeMe. Jlannoe mpeobpasoBaHne CKPBITO OT IMTOJIb30BATEs
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U He BJIUSIeT HAa MCXOJHBII KOJ pacriapaJuie/InBaeMoil IpOrpaMMbl, HO PACHIUPSIET BO3MOXKHOCTH
JJIA aHaJIn3a IIporpaMMm. ﬂﬂﬂ TeX TUKJIOB, B KOTOPbIX 6I)IJIa. npeaBapuTeJIbHO BbIdBJICHA 3aBUCH-
MOCTB 110 HEKOTOPOil IIePEMEHHO yIacTBYIONIEH B OIEpAIUsIX 8 IPECHOH apudMEeTUKHI, 3aBOTUTCS
JIOKAJIbHBIN JTyOJIMKaT 9TOH mepeMeHHON u oOpalleHus K IEPEMEHHON B IUKJIE 3aMEHSIIOTCS Ha
obparrenns K ee TyOIUKATy. DTO TO3BOJISIET BOCIOIBL30BaThCs yKe nMetomumcst B SAPFOR ana-
JIN30M PEIYKIIMOHHBIX ITE€PEMEHHDbIX.

Bosmoxknoctu ananuza npemsiaymux Beperit SAPFOR Takke 6b1IM OrpaHu<IeHbl HEOOXOIH-
MOCTBIO BO MHOTHX CJIyYasiX BBIIOJHSITH MPEIBAPUTEIBbHYIO TOJICTAHOBKY (DYHKIMI HA yPOBHE
ncxonHoro Koja nporpammel [11]. Hamu Gbuia nobasiiena BO3MOKHOCTH ONPEIEIsATh (DyHKIUH,
KOTOpBIE HEODXOJUMO IIOJ[CTABUTH, ABTOMATHYECKUA Ha OCHOBE IPEIBAPUTEJBHBIX PE3YJIbTATOB
aHajm3a IporpaMmbl. Bosiee Toro, BbINIOJIHEHUE IMOACTAHOBKU (DYHKIMI ObLIO IEPEHECEHO Ha
YPOBEHb BHYTPEHHErO IIPEJICTABJIEHUsI IPOrPAMMBI U, TAKMUM 0OPa30M, MCXOJHBIA KO/ IPOTpaM-
MBI OCTAETCsT HEeM3MEHHBIM, €CJIU 9TOr0 He TPeOyeTcst 115 33 IaHusI CIIEIU(PUKAIII TapaslIeIn3Ma.

5. BerumcanrejabHBIE IKCIIEpNMEHTbI

PaccMoTpuM BO3MOXKHOCTH JTOTIOJIHUTEIHLHOTO pactapaJsuieauBanus MPI-niporpavm, mpemo-
crapjsiemble cucremoir SAPFOR, coBmectro ¢ cucremoit DVM, Ha npumepe pacuapaJiieuBaHusT
BoraucnTebHbIX npuaoykennit BT, CG u EP u3 makera NAS Parallel Benchmarks.

DddekTuBHOCTD BBITIOHEeHNST HCXOMHBIX MPI mmporpamM, a Tak»Ke MOJIyYeHHBIX C IIOMOIIIBIO
cucrembl SAPFOR MPI nporpamm ¢ DVMH nupektnBamu, 6bi1a uccieoBaHa Ha CyTePKOM-
ubtorepe K60 26|, cocrosimem u3z nporeccopos Intel Xeon Gold 6142v4 u rpaduyueckux yeckopu-
testeit NVIDIA V100 GPUs ¢ apxurexrypoit Volta. Kaxkaplit y3esa comep:kut asa 16-Tu s1epHBIX
upoueccopa (LITY), cesazanubix mocpecrsom obmieit namsitu (apxurekrypa NUMA), u yerbipe
rpacduueckux yckopuresst (ITIVY). [TukoBast npon3Bo U TeIbHOCTD y371a COCTaBIsAeT HpuMepHo 60
TFLOPs B Berunciiennsax onuaapuoi Tounoctr u 30 TFLOPSs B BeranceHusix gBoiHON TOYHOCTH.
Takum 06pa3oM, JJIst JOCTHXKEHHUsI BBICOKON TPOU3BOIUTEHFHOCTH MMapaIe/IbHBIX IIPpOrpamMMa,
JIOCTATOYHO 33JICHCTBOBATH HEOOJIBIIIOE KOJIMIECTBO BBIYUC/IUTEIHHBIX YJIOB. Jjisi BEIYUCTUTE b~
HBIX SKCIIEPUMEHTOB OBLIM HCIIOJIb30BaHBI MaKCUMAaJbHO BO3MOXKHBIE PECYPCHI UETHIPEX Y3JI0B:
ansa MPI mporpamm ncnionbzosadiock g0 128 aaep LILY, a qra MPI+-DVHM nporpamm — mo 128
anep HITY u 16 T'IIY. Bpemena Boiosinenus pasaundubix Bepcuit MPI nporpamM, Hanmucanubix
na si3pikax Poprpan n Cu npusesenst B tabamnax [I] u 2] coorsercreento.

Tabuuia 1. Bpems Boimosinenus B cekyHgax mporpaMmm Ha sizbike Poprpan, NPB 3.3 kimace D.

MPI nporpammbr [Tpeobp. MPI nporpammer | MPI nporpamyer + FDVMH
BT CG EP BT CG EP BT | CG EP

1 ysen | 665.1 | 397.5 | 93.68 | 785.29 | 376.8 83.34 | 63.3 | 80.99 0.62

2 y3na | 361.6 | 209.6 | 46.53 | 428.07 | 229.61 | 42.06 | 50.3 | 42.6 0.38

4 ysma | 196.8 | 91.3 | 23.3 | 232.36 | 96.67 25.16 | 45.5 | 34.3 0.17

Bpemena BhIOJIHEHUS] OPUTHHAIBHBIX BEPCHil, HAIMMCAHHBIX paspabordukamu makera NAS
Parallel Benchmark, npusenenst B mepoii rpymme crosbinos (MPI nmporpammer). Mznauanbho,
paccMaTpuBaeMble mporpaMmM ObLin HamucaHbl TOJIbKO Ha Doprpane, modToMy MnoTpeboBaIOCh
BBITIOJTHUTD [I€PEBOJ PACCMATPUBAEMBIX IIPOrpaMM Ha sA3bIK Cu BPYyUHYIO.

YT106bI TOJIYIUTL AaBTOMATHYECKU paclapaie uBaeMble BEPCUU TPOTPAMM, OBLIIN BBITOJTHE-
HBI UX IIpeJIBApUTENbHBIE TIpeobpa3oBanus (II0ACTAaHOBKA QYHKIMI, 00benHEeHe IUKIIOB, Cy7Ke-
HUEe pa3MepHOCTH TpuBaTHBIX MaccuBoB) [11]. Bropas rpymmna crosibios (IIpeobpasosanubie MPI
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[IPOrPaMMBbI) TIOKA3bIBAET BPEMEHA BBINOJHEHUsST TPeOOPA30BAHHBIX BepCHil. BOJIBIIMHCTBO mpe-
obpaszosanmii 66110 BhIOJHEHO cucTemoir SAPFOR, npyrast wacts npeobpasoBanuii, He peasin-
30BAHHBIX HA JIAHHBIH MOMEHT B CHCTEME WJIU CHeIUMUUIHBIX JJIs KOHKPETHO! IPOrpaMMBbl U
TPYJAHO (POPMATM3YEMBIX B BHUJIE OTAEJIBHOTO ITpeoOpa3oBaHms, ObLIa BBIIOJHEHO BPYUYHYIO.
Bpemena BbIo/THEHUST TPOTPAMM, IOJIYYEHHBIX TIOCJE aBTOMATUYECKOrO pacliapaJlie/nBa-
HUs Peodpa30BAHHBIX Bepcuil mpuBeieHbl B rpyime ctobmnos: MPI nporpammer + DVMH.

Tabauna 2. Bpems BoimosiHeHust B ceKyHax nporpamm Ha s3pike Cu, NPB 3.3 xmacc D.

MPI mporpaMmbr IIpeo6p. MPI oporpammer | MPI mporpamver + CDVMH
BT CG EP BT CG EP BT CG EP
lyzen | 694.6 | 326.16 | 98.41 | 768.5 | 328.8 99.37 97.7 | 186.12 0.67
2y3ma | 386 | 218.9 | 49.29 | 421.3 | 214.3 50.05 75.7 | 96.75 0.38
y37a 215 89.2 | 24.71 | 229.06 | 92.46 26.5 67.33 | 71.79 0.17

Jly1sT BBIOJTHEHUSI MCXOMHBIX W IpeobpasoBanHbix MPI mporpamm ncrosb30Baioch Mak-
CUMaJIbHO BO3MOXKHOE KosmmdecTBo simep LIITY omporo mimm aByxX ys3J10B. A I BBIIOJHEHHS
MPI+DVHM mnporpamMM HCIIOTB30BAJIIOCH MAKCUMAaJIbHO BO3MOXKHOe KojmdecTBo ['1IY B y3e.
Ucxonst n3 mpuBeIeHHBIX BPEMEH MOYXKHO CIIE/IaTh BBIBOJ, YTO IMPEOOPA30BAHUSA NPAKTUIECKU HE
3aMe/IJISTIOT BBITIOJHEHIE TPOTPAMMBI, O3B0 UCIOML30BaTh cuctemy SAPFOR mst aBroma-
TUYeCKOro pacrnapaJuiesnBanus 1ukiios Ha ['IIY u muorosaepusie LIIY B pamkax omHoro ysia.

Ha nannbrit MmomenT kommuiassitopel CDVMH u FDVMH peanusyror pasiuanblii Habop oIl
TUMU3AIAN [IPU BBITOJIHEHUN KOHBepTanuu Koja. B kommmisitope CDVMH orcyTerBytoT HEKo-
TOpBIE ONTUMM3AINN, JOCTyIHbIe B KommiaTope FDVMH, qro aBisiercss OCHOBHOW HPUYIUHO
B pasinunu yckopenuit MPI+DVMH nporpamM. B HekoTopbIx ciydasix, kommuiasTop FDVMH
c110Cco0GEH JIOTIOJIHUTEIBHO PACIapa/lIeJINTh He TECHO BJIOYKEHHBIE IUKJIbI. DTO [MO3BOJISET 3HAYHU-
TeJIbHO MOBBICUTH 3P HEKTUBHOCTD BhIMOJIHEHUS porpaMMbl CG Ha rpadUIecKOM IIPOIECCOPE.

MaxkcumasbHO BO3MOXKHOE yekopernue npustoxkenus BT ¢ ucnosb3oBanueM deTbipex rpadu-
JeCKUX IIPOTIECCOPOB cocTaasgeT oKoio 10.5 pas3 o cpasuenuio ¢ 32 MPI npomeccamu. Yckopenne
BeinosiHeHust mporpamMM CG u EP Ha rpaduveckux mporeccopax mpu UCIOJIb30BAHIE IBYX Y3JI0B
[IOCTOSTHHO U HE 3aBUCHUT OT KoHMUrypamnuu. B jgaHHoM cilydae OHO COCTABJIsIET IPUMEDPHO D pa3
u 151 pas coorercTBenHo. [Ipu ucnosb3oBannm deThipex y3708 s nporpammbl CG He xBaTaeT
JIAHHBIX JIJIsl BHIYUCJIEHHUS, I09TOMY yCKOpeHue majaeT jio 2.6 pas.

Taxast pasHuIa B MOJyYeHHOM YCKOPEHUU B PA3HBIX IIPUJIOXKEHUAX OOYCJIOBJIEHA X PA3HOI
aJrOPUTMIIECKO coskHOCTBIO. [Tporpamma EP mmponsBoguT 60/IbIITOE KOJIMIECTBO HE3ABUCHMBIX
BBIYUCJIEHUH, ITPITIEM KOJIMIECTBO OOPAIEHIH K TTAMSTH IPAKTUIECKH HET. TeM caMbIM, B JTAHHOM
MPUIOYKEHUU MOXKHO BUJIETH HAMOOJIbINIEE MOJIyIeHHOEe YCKOpeHue. B To BpeMs KakK B IIporpaMme
CG ocHOBHast J10Jisi BDEMEHU ITPUXOJIUTCs Ha YMHOYKEHHE Pa3PeKEHHON MATPHUIBI HA BEKTOD, 9TO
IPUBOIUT K KOCBEHHOW MHJICKCAIIUN U CHUXKEHUIO OOIIeil TPON3BOIUTEILHOCTU B IIEJIOM.

1, nakowner, mporpamMmma BT cocronT m3 GOIBITOTO KOJIMIECTBA BBITUCICHUN, OOJIBIIIONO KO-
JITYecTBa OOpaIeHnil K MaMsITH, & TaKXKe IUKJIOB C PEry/IsSPHBIMUA 3aBUCUMOCTSIMU 10 JAHHBIM.
B pesyusibrare dero, B mporpaMmme HOSBIISIETCS OOJIBIIIOE KOJTUIECTBO MEXKITPOIIECCOPHBIX OOMEHOB,
KOTOpBIE CUJIBHO CKA3BIBAIOTCS HA MACIITADUPYEMOCTH ITPOTPAMMBI [IPU IIEPEXOJIE C OIHOIO Y3~
na Ha aBa u 6osee. Puc. [I] mokaspiBaeT cOOTHOIIEHNE BPEMEH, 3aTPaINBAEMbIX HPOrPAMMOLl Ha
BBIUUCJICHUsT ¥ Ha HAKJIAHbIe pacxojbl (KommyHnukanuu, nepecbuiku ITY-T'TIY). 13 rpadbukos
BUIHO, YTO KOJIMIECTBO KOMMYHHUKAIINN U CBs3aHHbIE ¢ HUMHU KonmpoBanus AaHHbXx ¢ [IITY na
I'TIY u obpaTHO 1py yBEJMYEHUU KOJUYIECTBA MPOIECCOB B JIBOE HE COKPAINAETCS U HE 3aBUCUT
OT KOJIMYECTBA IIPOIECCOB. B TO BpeMs Kak BpeMsl, 3aTPadnBAEMOe Ha BBLITOJHEHUE MaPAJLIeIb-
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BpemsA B CeKyHaax

1 2 4

KONMHU4YecTBO Yy3N0B

Bbidmcnenma Ha MY Konuposanua UMY-FMy KommyHwnKkauumm

Puc. 1. CoorHorrenne BpeMeH BBIYUCIEHUN 1 KOMMYHUKaIuil Ha npumepe BT

HBIX IUKJOB Ha IpaduvecKoM IIporeccope, IPOMOPIMOHAILHO YMEHBITAETCS B COOTBETCTBUU C
KOJINYECTBOM HCIIOJIb30BAHHBIX yCTPOICTB.

6. 3akJIroueHue

B craTbe 6b111 paccMOTpeHbl HOBBIE Bo3MoxKHOCTH Moaen DVMH u ux npumeHenus: B cucre-
Me SAPFOR 17151 aBTOMATH3HPOBAHHOTO JOMOJHATEIHHOTO paciapaslieIuBaHus CYIECTBYIOMINX
MPI nporpamm Ha puMepe HEKOTOpBIX mporpamm u3 nakera NAS Parallel Benchmarks.

[Ipeutaraemprit HaMu TIOJIXOM, K pa3pabOTKe MapaJIe/IbHBIX MIPOIPAMM COYETAeT MOJIEJIb
nporpamMmupoBatust Ha ocHoe jupektus (DVMH) u nHCTpyMEHTHI aBTOMATH3AINN U B3aNMO-
neiicteue ¢ nosb3oBareneM (SAPFOR). PaspabareiBaembre crucTeMbl B3aUMHO JIONOJIHSIIOT JIPYT
Apyra, 4To, B CBOIO OYEPEJb, IO3BOJISET IOJYYUTL CYIIECTBEHHOE MPEUMYIIECTBO 10 CpaBHEe-
HUIO C JAPYTUMH MOIEISIMU IMapaJuleIbHOrO Iporpammupoanusi, TakuMu Kak MPI+OpenMP
wim MPI4+OpenACC npu pazpaboTke napaJjiebHbIX IPOTPAMM JJisi T€TEPOTEHHBIX KJIACTEPOB.

[Ipexxie Bcero, B cucremy SAPFOR BxoauT aBTOMaTHYECKH paclapasiIeuBaIOIIi KOM-
[MUJISITOP, KOTOPBIA YCIIEITHO CIIPABJISIETCS C MOTEHIMAJIBHO MapaJsjIe/IbHBIMU IIpOrpaMMaMu 0e3
BMeIIaTeJIbCTB CO CTOPOHBI MOJIb30BaTe s s1. Kcim ke peanuzopanublii B cucreme SAPFOR ananus
KOJIa HE CIIPABJISETCSI, TO MMOJIb30BATE/bH MOXKET MTOMOYb CUCTEME C IIOMOIIBIO COOTBETCTBYIOIIUX
JIMPEKTHUB, YKa3aB HEJOCTAIOIINe CBONCTBA ITPOTPAMMBI, JITOO BBIMOJHUTE C IOMOIIBIO CHCTEMBI
SAPFOR wneobxomumMbre mpeobpa3oBaHust, KOTOPBIE He TIPUBOJAT K CHUYKEHUIO TPOU3BOIUTETHHO-
CTU, TIPU 3TOM IOBBIIIAIOT YPOBEHb €€ MOTEeHIINAIbHON mapasiieIbHOCTA. MOXKHO OTMETUTH, ITO
1peobpa3oBanus TPOU3BOIATCHA HA YPOBHE MCXOIHOIO KOJa U He TPEOYIOT JIETAJILHOIO U3y YeHUsT
napasiIeJIbHBIX apXUTEKTYP U SI3IKOB HapaJljIeIbHOTO TPOIPAMMUPOBAHUSI.

Braromapst 3anoxkenabiM B Mogenn DVMH apromaTusanny u ONTUMHU3AINN TIEPEMETTIEHIIST
nauHbIX Mexk Ty namsaTbio LITY u namareio I'ITY SAPFOR moxer sdpdekTuBHO aBTOMATH3UPO-
BAHHO OTOOpaykaTh (& B HEKOTOPBIX CJIydasiX IOJHOCTBIO aBTOMATUIECKH) cylecTyone MPI
mporpaMMbl Ha rpadpudeckue mporeccopbl. Kpome toro, cucrema SAPFOR onupaercs Ha ontu-
Mu3arun, BeimogHsseMble DVM crcTeMmoit Bo BpeMsl BBITIOJIHEHMS TPOrPAMMBL: TPAHCHOPMAITIIO
MaCCHBOB BO BPEMsI BBIIIOJHEHUS IPOI'PAMMGBI JIJIsi 00€CIIeUeH ST HAMJIYYIIErO JOCTYA K ITaMsiTH
I'TIY, muaamudeckyto KoMmuisiiist 1 onruMusarmio CUDA-06paboTIrMKOB BO BPEeMsT BBITTOJTHEHUST
porpaMMbl, 3MOEKTUBHOE BBIMOTHEHUE TAPAJIIEIbHBIX ITUKJIOB C PETYASPHBIMU 3aBUCHMOCTSI-
mu 110 JarabiM Ha [IIY u ap. DT0 mM03BOJISIET JOCTHYL BBICOKON 3(h(HEKTUBHOCTHU TOJIYIaeMbIX
MPI+DVMH nporpavmm. B Toxke Bpemsi, JaHHBbIE ONTHMHU3AINE CKPBITHI OT MOJIb30BATENA U 10~
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CTYIIHBI Yepe3 BLICOKOYPOBHEBBIE crienndukanuy napauieaunsma DVMH Mmozmenn, rakum obpazom
VIIPOITas MOIEPKKY pa3padbaTbiBAEMbIX MapaIIeIbHBIX KOJIOB.

B DVM cucremy Tak»Ke BXOAAT CPeACTBa aHan3a 3(PEPEKTUBHOCTH BHIITOJTHEHUST IPOIPAMM.
BrimaBaemble XapaKTEPUCTUKU BBIIIOJHEHHSI IIPOTPAMM OIIACHIBAIOT MPODIeMbI rtoTepn dddek-
TUBHOCTH HOHATHBIME TIOJIB30BATEII0 TEPMUHAMH. Bee mojiydaeMble XapaKTePUCTHKU BBITIOJTHE-
Hust npuBst3adbl K DVMH mupekTunBam n ucxomgraoMmy kojy. B npasbreiiniem, cucrema SAPFOR
CMOXKET WCIIOJIb30BATD IOJIyIeHHbIE PE3Y/IbTAThl aHa u3a IPOEKTUBHOCTH I ONTHMUIAII
MPI nporpaMmbl.

Taxum obpazom, cucreMbl SAPFOR 1 DVM MoryT 3HQUUTEIBHO COKPATUTH YCUINsI, HEOOXO-
JUMBIe IS TOMOJHUTEIbHOrO pacnapasuieausanust MPI nmporpamm, mo3sossiomniero 3aeiicTBo-
BaTh BCE JIOCTYIIHbIE BHYTPU Y3JIa PeCypchbl (MHOrOsIepHbIE IPOIECCOPbl U rpaduvecKue yeKo-
pUTENH), & TAK¥Ke CYNECTBEHHO MOBBICUTH 3(M(MEKTUBHOCTD BBINOJIHEHUs HapasieabHoil MPI
mporpaMMbl. MBI HageeMcst, YTO JAaHHBINA MOAXOM JOJXKEH MOMOYb 3(@deKTUBHON pa3paboTke n
ONTUMUIAIMH MACIITAOUPYEMBIX ITPOIPAMM I CyIEePKOMIIBIOTEPOB.

JImreparypa

1. Ragan-Kelley, J., Barnes, C., Adams, A., Paris, S., Durand, F., Amarasinghe, S.P. Halide:
a language and compiler for optimizing parallelism, locality, and recomputation in image
processing pipelines // Proceedings of the 34th ACM SIGPLAN Conference on
Programming Language Design and Implementation, PLDI ’13, 2013. P. 519-530.

DOI: 10.1145/2499370.2462176

2. Beaugnon, U., Kravets, A., Sven van Haastregt, Baghdadi, R., Tweed, D., Absar, J.,
Lokhmotov, A. Vobla: A vehicle for optimized basic linear algebra // Proc. of the 2014
SIGPLAN/SIGBED Conf. on Languages, Compilers and Tools for Embedded Systems,
LCTES 14, New York, NY, USA, 2014. P. 115-124. DOI: 0.1145/2666357.2597818

3. Zhang, Y., Yang, M., Baghdadi, R., Kamil, S., Shun, J., Amarasinghe, S. Graphit: A
high-performance graph dsl // Proc. ACM Program. Lang., 2(OOPSLA), 2018. P.
121:1-121:30. DOI: 10.1145/3276491

4. An, P., Jula, A., Rus, S., Saunders, S., Smith, T., Tanase, G., Thomas, N., Amato, N.,
Rauchwerger, L. STAPL: An adaptive, generic parallel C++ library // Dietz H.G. (eds)
Languages and Compilers for Parallel Computing. LCPC 2001. Lecture Notes in Computer
Science, vol. 2624, Springer Berlin Heidelberg, 2003. P. 193-208.

DOI: 10.1007/3-540-35767-X 13

5. Bell, N., Hoberock, J.: Thrust: A Productivity-oriented library for CUDA // GPU
Computing Gems, Jade Edition, Edited by Wen-mei W. Hwu, 2012. P. 359-371.
DOI: 10.1016/B978-0-12-385963-1.00026-5

6. Kommussitoper u uactpyMenTsl OpenMP.
URL: https://www.openmp.org/resources/openmp-compilers-tools/. (dara obpamenns: 8
anpesist 2021).

7. Konovalov, N.A., Krukov, V.A, Mikhajlov, S.N., Pogrebtsov, A.A. Fortan DVM: a
Language for Portable Parallel Program Development // Programming and Computer
Software. Vol. 21, No. 1. 1995. P. 35-38.

8. baxrun B.A., Kimuros M.C., Kpiokos B.A., [Tonaeproruna H.B., I[Ipuryna M.H., Casanos
10.JI. Pacmmpenune DVM-Mmozenn napaJiie/ibHOrO IporpaMMUPOBaHUsL JJIsl KJIACTEPOB C

rereporennbiMu y3iaamu // Becrauk FOYpI'Y. Cepust: Berauciaurenbnas MmaTeMaTuka u
uadopmaruka, 2012. Ne 18(277). C. 82-92.

84


https://dx.doi.org/10.1145/2499370.2462176
https://dx.doi.org/0.1145/2666357.2597818
https://dx.doi.org/10.1145/3276491
https://dx.doi.org/10.1007/3-540-35767-X_13
https://dx.doi.org/10.1016/B978-0-12-385963-1.00026-5
https://www.openmp.org/resources/openmp-compilers-tools/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Cynepromnwsromepruie Onu 6 Poccuu 2021 // Russian Supercomputing Days 2021 // RussianSCDays.org

Kiunos M.C., Kprokos B.A. Asromarudeckoe pacnapaJuienunsanne OopTpaH-mporpamm.
Orobpazkenne Ha Kiacrep // Becruuk HHI'Y, 2009. Ne2. C. 128-134.

Baxtun B.A., Bopomua N.I'., Karaes H.A., Kyimnos M.C., Kosanesa H.B., Kprokos B.A.,
ITogpeprormaa H.B. /Iuamor ¢ mporpaMMHUCTOM B CHCTEME aBTOMATHU3AIUN
pacnapasutesmBanust CAIIOOP // Becruuxk HHI'Y, 2012. Ne 5(2). C 252-245.

Kataev, N. LLVM Based Parallelization of C Programs for GPU //Voevodin V., Sobolev S.
(eds) Supercomputing. RuSCDays 2020. Communications in Computer and Information
Science, vol 1331. Springer, Cham, 2020. P. 436-448. DOI: [10.1007/978-3-030-64616-5 38

Kataev, N. Interactive Parallelization of C Programs in SAPFOR // Scientific Services &
Internet 2020. CEUR Workshop Proceedings, Vol. 2784, 2020. P. 139-148.

Kataev, N. Application of the LLVM Compiler Infrastructure to the Program Analysis in
SAPFOR // Voevodin V., Sobolev S. (eds) Supercomputing. RuSCDays 2018.
Communications in Computer and Information Science, Vol. 965,. Springer, Cham, 2018. P.
487-499. DOI: [10.1007 /978-3-030-05807-4 41

Kataev, N., Smirnov, A., Zhukov A. Dynamic data-dependence analysis in SAPFOR //
CEUR Workshop Proceedings, Vol. 2543, 2020, P. 199-208. DOI: 10.20948 /abrau-2019-62

NAS Parallel Benchmarks. URL: https://www.nas.nasa.gov/publications/npb.html (Tara
obparienusi: 8 amnpesst 2021).

Wolfe, M. High Performance Compilers for Parallel Computing // Addison-Wesley, 1995.

Bondhugula, U., Hartono, A., Ramanujam, J., Sadayappan, P. A practical automatic
polyhedral parallelizer and locality optimizer // SIGPLAN Notices, 43(6), 2008. P.
101-113. DIO: 10.1145/1375581.1375595

Verdoolaege, S., Juega, J. C., Cohen, A., Gomez, J. L., Tenllado, C., Catthoor, F.
Polyhedral parallel code generation for CUDA // ACM Trans. Archit. Code Optim., Vol. 9,
No. 4, 2013. DOI: 10.1145/2400682.2400713

Grosser, T., Groesslinger, A., Lengauer. C. Polly — performing polyhedral optimizations on
a low-level intermediate representation // Parallel Processing Letters, Vol 22(04), 2012.
DOI: 10.1142/S0129626412500107

Grosser, T., Hoefler, T. Polly-ACC Transparent compilation to heterogeneous hardware //
ICS "16: Proceedings of the 2016 International Conference on Supercomputing June 2016.
P. 1-13. DOI: 10.1145/2925426.2926286

Caamano, J.M.M., Sukumaran-Rajam, A., Baloian, A., Selva, M., Clauss, P. APOLLO:
Automatic speculative POLyhedral Loop Optimizer // 7th International Workshop on
Polyhedral Compilation Techniques (IMPACT), January 2017, Stockholm, Sweden, 2017.

Lattner, C., Adve, V.: LLVM: A Compilation Framework for Lifelong Program Analysis &
Transformation // Proc. of the 2004 International Symposium on Code Generation and
Optimization (CGO’04). Palo Alto, California, 2004. DOI: 10.1109/CG0.2004.1281665

Doerfert, J., Streit, K., Hack, S., Benaissa, Z.: Polly’s Polyhedral Scheduling in the
Presence of Reductions // 5th International Workshop on Polyhedral Compilation
Techniques (IMPACT), 2015.

85


https://dx.doi.org/10.1007/978-3-030-64616-5_38
https://dx.doi.org/10.1007/978-3-030-05807-4_41
https://dx.doi.org/10.20948/abrau-2019-62
https://www.nas.nasa.gov/publications/npb.html
https://dx.doi.org/10.1145/1375581.1375595
https://dx.doi.org/10.1145/2400682.2400713
https://doi.org/10.1142/S0129626412500107
https://dx.doi.org/10.1145/2925426.2926286
https://dx.doi.org/10.1109/CGO.2004.1281665

Cynepromnwsromepruie Onu 6 Poccuu 2021 // Russian Supercomputing Days 2021 // RussianSCDays.org

24. Bakhtin, V.A., Kolganov, A.S., Krukov, V.A., Podderugina, N.V., Pritula, M.N. Methods
of dynamic tuning of DVMH programs on clusters with accelerators //Russian
Supercomputing Days: Proccedings of International conference (28-29 september 2015,
Moscow), Moscow: Moscow University Press, 2015. P. 257-268

25. Aleksakhin, V.F.; Bakhtin, V.A., Zhukova O.F., Zakharov D.A., Krukov V.A.,
Podderyugina N.V., Savitskaya O.A. New Features of DVM System // Proceedings of the
21st Conference on Scientific Services & Internet, SSI 19, 2019. P. 13-25.

26. T'ereporennsrii kiractep K60. URL: https://www.kiam.ru/MVS /resourses/k60.html

86


https://www.kiam.ru/MVS/resourses/k60.html

Cynepromnwsromepruie Onu 6 Poccuu 2021 // Russian Supercomputing Days 2021 // RussianSCDays.org

lccaenoBanme dpa30BLIX mepexosoB B mMoaean llorTca
metojiom Banr-Jlangay [

M.A. ®azeesa

HaHHOHaJIbeIﬁ I/ICCJIG,HOBaTeJIbCKI/II'?'I YHUBEPCUTET Bricirag mkoJia 9KOHOMUKH, Mocksa

Auropur™m Banr-Jlanmay ucmosib3yercs 1t BBIYUCIEHUS IIOTHOCTU COCTOSHUI SHEP-
U7 B 33/1a9aX CTATUCTUIECKON MexaHuKu. B craTbe masaraercs MOIUMUKAIIS aJIr0-
purma Banr-Jlanmay, ocHoBaHHAas Ha paHee BBEIEHOM KpuTepun TOIHOCTHA. Marpu-
[ [IEPEXO/IOB MEXKJYy YPOBHSMH SHEPIUU CTPEMUTCH K CTOXACTUIECKON IPU IPHUOJIn-
JKEHUU ILJIOTHOCTH COCTOSIHUI K MCKOMOMY 3HadeHW0. B KauecTBe KpUTEpPHUsl TOYHO-
cTHU OBLIIO IPEE/ITIOKEHO UCIIOIb30BATh OTKJIOHEHHE CTAPIIEro COOCTBEHHOIO 3HAYCHUS
MaTPHUIIBI IEPEXOJI0B MEXKJY YPOBHAME dHEpruu OT eauHuInbl. MomudunupoBaHHbIit
agroputm Banr-Jlanmay nmpuMeHeH i MPsIMOTO BBIYUC/ICHUS IIOTHOCTH COCTOSTHUH
SHEPI'UH IIPHU HCCJIETOBAHUNA OKPECTHOCTH (Da30BOrO IEePexX0ia MEPBOTO POJA B MO/IE-
s Ilorrca Ha KBaJpaTHOi pelleTKe ¢ [IePUOJINYEeCKUMU I'DAHUYHBIMU YCJIOBUAMH U
YHUCJIOM KOMIIOHEHT =9 u q=20.

Kmouesnie caosa: mimoTHoCTh coctogamuit, Meros Monre-Kapio, meron Banr-Jlangay,
mozesib [lorTca, da3oBblil epexo mepBoro poja.

1. BBeaenue

[ToBbImieHne BEIYUCIUTEILHON MOIITHOCTH KOMITLIOTEPHBIX CHCTEM U pa3paborka 3dhdeKTun-
HBIX aJI'OPUTMOB JIAIOT BO3MOYKHOCTD ITPOBEJIEHUST YUCJEHHBIX SKCIIEPUMEHTOB C IEJIbI0 yTOYHE-
HUsI IPUMEHVMOCTH I'MIIOTE3bl YHUBEPCAJIbHOCTH Teopur (as3oBbIX 1epexoios [1], a rakxke st
BBISIBJIEHUS TOHKUX 3aKOHOMEpPHOCTEeH B pu3nke (Ppa30BBIX MEPEXOI0B U KPUTUIECKUX SIBJICHUI.
Hamnpumep, npumeHeHne KOMIILIOTEPHOTO MOJCIUPOBAHUS TTO3BOJIMJIO YCTAHOBUTD, UTO HAJIMIUE
AHU30TPOINHN B3aNMOACHCTBUI TPUBOJIUT K ABHOHM 3aBUCUMOCTH KyMyJ/IsinTa bumnmepa oT creneHun
aHuzoTponu |2,3], 9To yTOYHMIO IOHUMAaHNEe YHUBEPCATBLHOCTH 3HAYEHUI 9TOl BeJIMIUHBL. DTOT
YHUCJIEHHBIH PE3yJIbTAT MOJLY I/l [OITBEPXK/IEHIe B AaHAJUTUIECKOM HccjaeoBanun [4).

B To ke Bpewmsi, psiJ ONyOJMKOBAHHBIX YTBEPKJICHUNI OCHOBAH Ha IMPUMEHEHWH YUCJIEHHBIX
METO/IOB, UMEIONINX OIPAHUIECHHYIO TOYHOCTDL OIMEHKH 3HAYEHUN TEPMOINHAMUIECKUX BE/IATHH,
YTO IPUBOIUT K HEKOHTPOJHMPYEMBIM pe3yabTaTaM. B HacTOsIIell 3aMeTKe MbI 00CyzKIaeM MO-
JubUKAIMN METOJIa OIEHKHU IJIOTHOCTH COCTOsiHUA — asropurma Banr-Jlangay |7]. Drtor merosn
IIPOCT B peaju3allii 1 aKTUBHO HUCIIOJIb3YyeTCsl MHOTUME uccieaoBareaymu. OaHaKO, Ha IpUMeEPe
TOYHO PEIIAEMBbIX MOJIEJICH BBIICHEHO, YTO 3TOT METO/I IPUBOJAUT K KOHETHO OIUOKE IIPU OIEHKE
IJIOTHOCTHU COCTOSTHUI, KOTOPast MOXKET COCTABJISATh HECKOJIbKO mporeHToB [8]. TloBbimenne Tou-
HOCTH BBIYHCJIEHHI ObLIO 9BpUCTHYecKU pereHo B paborax [12,|13], B koropsix 6bL1 HpeioxKeH
Tak HasblBaeMblii MeTon 1/t (cmorpu pasmed |3), MO3BOJISIONNI TOBBIIATH TOYHOCTH BBIYUCIIE-
HUM, OJHAKO HE JIAIOIINI BO3MOXKHOCTHU OIEHUTH UX TOYHOCTb. DTa IpodjeMa OblLia perieHa B
pabote [15], B KOTOPOIl OBLI HPEIJIOXKEH METOJ OLEHKH TOYHOCTH 3a CUeT AHAJIN3a CTAPIIero
COOCTBEHHOTO 3HAUEHMsI BCIIOMOTATEIbHON MATPUIIBI [IEPEXOJIOB MO YPOBHSIIM SHEPruu (CMOTPU
pazien . B pazzeste |5 Mbr puBOIM 0030p METO/OB paclapaJlieIMBaHusl ajroputMa Bamr-
Jlannay, koropsiit npumenum u st 1/t mopudukanuu, u npejgjiaraeM MouUKAIUIO METO/IA
pa3buenns Ha OKHA C UCIIOJL30BAHMEM MATPUIIBI IEPEXO0/IOB 110 SHEPIHH.

Taxum 06pa3oM, MBI IMEEM BO3MOXKHOCTDH ITPOBEJIEHNsT KOHTPOJUPYEMOI'O 110 TOYHOCTH BbI-
YUCJICHUS TJIOTHOCTU COCTOSIHUIN CIIMHOBBIX CHUCTEM C JUCKPETHBIM CIEKTPOM sHepruu. Mbl mpu-
MEHIJIN Pa3paboTaHHbI METOJ JJIsi aHaIN3a OIEHKN TeMIIEPaTypPhl IEePexXoa JIBYMEPHDBIX MOJIE-

*Boranciennst NIPOBOJIUIINCH Ha BBICOKOIIPOU3BOUTETLHOM BBIYUACIUTEIHHOM KJIacTepe
"cHARISMa" (Computer of HSE for Artificial Intelligence and Supercomputer Modelling)
Pa6ora Beimostena npu nogueprkke rpanta POOU «acnupantsrs 20-37-90084.
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seit [loTTca ¢ nsaThIO U JABAIIIATHI0O KOMIIOHEHTAMU, TPOSIBJISIONIUX (DA30BBIA [IEPEXOJL, IEPBOTO
poJia. Mbl IpoBepu/IN yTBEPXKIEHNUE, CJIeIaHHOe aBTOPAMU CTaThu |5 0 TOM, 4TO B TOUKe mepe-
XOJ& 3KCTPEMYMBI IIJIOTHOCTHA SHEPIUH ITPONOPIMOHAJIBHBI SHEPIUN YNCJIy COCTOSIHUI ¢ B MOJETIN
[Torrca, HO He paBHO ejuHuUIE |6], KAK CIMTATIOCH HA IPOTSIXKEHUN JUIUTEIHHOIO BpeMeH!. Takum
06pa30oM, MCIOJIb30BAHUE 3aMEUaHNs, CIEJIAHHOTO B CTaThe |5| B COBOKYITHOCTH € HUCIIOJIB30BAHMN-
€M H3JIO’KCHHOT'O B CTAThEe METOJIa IO3BOJIAECT YJIYYIINTh TOYHOCTL OIPEJeICHUAS TeMIIepaTypPhl
dazoBoro nepexo/ia MePBOro Poja.

2. AJ'II‘OpI/ITM BBIYNCJIEHUA IIJIOTHOCTU COCTOSIHUM

Asropurm Banr-Jlangay |7,8] orHocurest k cemeiictBy MetooB Monre-Kapiio n Hanpsimyio
BBIYUCJISIET IUIOTHOCTD COCTOsIHMUIT sueprun g(F). AIropuTy npuMeHnM JJIist 10001 CHCTEMBI, JJTst
KOTOPOI CTATHCTUYECKAs CyMMa MOXKET OBITh IIPEJCTAaBJIEHa B CAEIYIONIEM BHUIE

7 — Ze—Ej/kBT _ Zg(En)e_E"/kBT, (1)
J En

rie g(E),) -KOJMIecTBO COCTOSTHUI CHCTeMbI ¢ sHeprueit Fy,, T - remueparypa, kp - TOCTOSTHHAS
Boubivana. Beraucsiennas mwioraocts cocrostauil g(FE) ucnob3yercst i1jisi BBIYUCIEHUS TePMO-
JIMHAMAYIECKIX BEJIMIUH CHCTEMBI (TEIIOEMKOCTD, BHY TPEHHSSI 9HEPTUs, BOCIPUIMYIUBOCTD ), KAK
bYHKINN TeMIIepaTyphl.

ITpu HekoTopoi#l KOHGUTYpAIUT CUCTEMBI MbI BhIUuC/sieM dHepruio Fy. lasmee ciaydaitubim
00pa3oM m3MeHsieM KOHMUTYPAIMIO, CIUTAEM €€ SHEPruio iy, U OCTaB/IsIeM ¢ BEPOSTHOCTHIO

PWL = min |:1, W] y
9(Em)

riae g(Ey) n g(Ey,) Tekymmue npub/IizKeHns IIOTHOCTH COCTOSTHUN SHEPTeTHIeCKUX YPOBHEN Ej,
u F,,. 91 nupubimKeHns: OOHOBJISIOTCA KazKJIblil Pa3, KOrja MbI IOIaaeM Ha KOH(UI'YPAIIHIO
CHCTEMBI C COOTBETCTBYIONINM SHeprerudeckuM yposaeM ¢(Ey) := f g(Fy). 3nauenns MHOXKU-
Tesisd f MEHSIIOTCsI KaxKJiblii pas, korja rucrorpamva H(FE) craHOBUTCsI 0 HEKOTOPOIi CTEelneHn
“rmockoit”. TIpu aToM 3HaUeHUs f MEHSIIOTCA 110 IPaBWIY fi11 = v/ f;. [ljis MOBBIIEHUsT TOYHOCTI
BbIUUC/IeHN ncnosb3yores jJorapudmbl Besmand S(E) = In(g(E)) u F = In f, 6iaronapst yemy
OT IIPOU3BECHIST MOXKHO HEPEATH K GOJIee IPOCTOI OIEPAIIN CIOKEHIsT: S (E) := S (E)+ F.

HecmoTpst Ha mmpokoe npuMeHeHue, ajJropuTM 00J/IaIaeT PIjoM OTPaHUICHUI.

(2)

Bo-niepBoix, rucrorpamma H (E;) xpanur B cebe MHGOPMAIHIO O TOM, CKOJIBKO pa3 ObLI 1oce-
IIEeH KaXKJIbIil YPOBEHb 9Heprun F; m urpaer poJib HEKOTOPOI'o PEryJIsATOpa TOYHOCTH AJITOPUTMA,
HO $IBHAsl 3aBHUCHUMOCTH MEXKJy POBHOCTHIO I'MCTOIPDAMMBI U TOYHOCTHIO BBIUMC/IEHUN HE ObLIA
BoIsiBiIena |7,8].

Bo-BTophix, 3T0 cucremaTnyeckast ommbKa ajroputMa. repaTuBHBIN XapakTep aJropuTMa
[pEe/IIoJIaraeT yTOYHEeHNe pe3y/bTraTa C yBeJudeHneM KojmdecTBa maroB. OgHaKo, HAUWHAST C
HEKOTOPOT'O MOMEHTa, TOYHOCTH OIEHKH IIJIOTHOCTH COCTOSTHUI BBIXOIUT HA KOHCTAHTY, HECMOTPSI
Ha POCT 4YHCjIa maroB Berauciaenuit [12}15].

3. AsropurMm 1/t

Bouia npeioxkena moaudukarus ajgropurMma |12], koropast nosyumia nazsanue 1/t-Wang-
Landau. Ee teopernueckoe obocuoBanue jano B padore |14]. Bouio upejgoxkeno pasuennTsb
BBITIOJTHEHIE ajJrOpUTMa Ha JiBa dTama. Ha mepBoM 3rame Bce MPOUCXOIUT B TOYHOCTHU, KAK B
opuruHasbHOM anaropurme [7,8], Kpome 3aMeHBI yCIOBHsI POBHOCTH THCTOIDAMMBI HA YCJIOBHE
H(E;) # 0, 1.e. KaxX/Iplil ypOBeHb 3Heprun F; J10/7KeH ObITh mocerieH Xorst 6b1 oguH pas. [locie
BbINOJIHEHUs yeaosust F' < Np/t, anropurm 3asepinaer nepsbiii stamn. Ha Bropom srare rucro-
rpaMMma GoJibIlle He TpoBepsieTcs, a mapaMerp F m3aMensiercs mo apyromy 3akony F := Npg/t.
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3Jech t - 370 BpeMsi pabOThI AJITOPUTMa, U3MEPSIEMOE B KOJIMYECTBE MOIBITOK U3MEHUTH KOH(MUry-
pamuio cucteMbl, a Ng -HEeKoTopas KoHcTanTa. [lo31Hee ObLIO MOKA3aHO, ITO €€ MOYKHO IIPUHSATH
3a exuauiy Np = 1 [15]. Ha rouno peraemoit Mojesn 6bI0 TPOBEPEHO, UTO PA3HUIA MEXKILY
BBIYUC/ISIEMON MJIOTHOCTBIO COCTOSHUM M M3BECTHBIM AHAJUTHUYECKUM PeIIeHuEeM yMEeHbBITaeTCs
06paTHO MPOMOPIMOHAIBHO BPEMEHH BblaucaeHuii ~ 1/t.

4. Kpurepuit TouHoctu B ajroputMe Banr-Jlanmgay

Kpurepuit ToarocTr HeoOX0MUM 15T MCCJIEIOBAHUS 33129, B KOTOPBIX aHAJTUTHIECKOE perlle-
Hite orcyTcTByeT. B paborax |15H17]| 66110 peiyioKeHo BMECTO THCTOIPAMMBI DOBHOCTH HUCIIOJb-
30BaTh MaTpuly nepexonos 1. Anropury cieyommii. Marpuia nHunmammsupyercs myssvu 1,
JiaJiee COBEPIIAIOTCs ciIydaiinbie Oty tanus Banr-Jlamnaay u, eciin coBepimaeTcst epexo, ¢ ypoB-
ust E,, va Ej, To 3/leMeHT MaTPUIIbI T(Em, E)) yBeqmuuBaeTcsi Ha €JMHUILY f(Em, Ep)+ = 1.
HopmupoBka Kaxkoro siemMeHTa Ha cymMMy B crosibre uian ctpoke 1'(E,,, Ex) = T(Em, Ey)/H
OPUBOJUT K MaTpHIle, 3jieMeHTbl KoTopoil T'(Ey,, Ey) OyayT naBaTh OIEHKY BEPOSITHOCTH Iepe-
X0/1a ¢ dHepreTuteckoro yposus E,, Ha yposeun Fj . [lpudem, g HeinaronaibHBIX 9JIEMEHTOB
3Ta BEPOSTHOCTH MOYXKET OBbITH MPEJICTABJICHA B BUJIE

T(En, Br) = minft, 229 p(5,,, B, g
9(Em)

IJIe TIEPBOE CJIaraeMoe - 9TO BeposaTHOCTH Banr-Jlangay npunsaTs HoBoe coctosinne Py r, (Bbpazke-
HHE ), a Bropoe P(E,,, Ey) - 970 BepOsiTHOCTH U3 JIIOO0H KOHMUTYpaIuu CUCTEMBI ¢ dHeprueii
E,, nonacts B KoHbuUrypamo cucrembl ¢ sueprueii Ei. Moxuo mokasars |15], uro marpuia
nepexoioB siBistercst cummerpudtoii T'(Ey,, Ey) = T(Ey, Ey,,) u 1BazKapl CTOXaCTUYECKOI, T.e.
CyMMa ee 3JIEMEHTOB H II0 CTOJI0IaM, U [0 CTpOKaM paBHa enunwuiie. [Ipu mpaBuibHON opranu-
3aIlii BLIYUC/IEHUI ¢ yBeJMYIeHNEM YUC/Ia MAroB MaTPHUIA [IEPEXOI0B J0/IKHA MPUOINKATHCA K
JBaXKJIbl CTOXaCTUYECKOi, a crapiiee COOCTBEHHOE 3HAUYEHME A1 TaKoil marpuiipl pasao 1. Orcrona
BBITEKAET, YTO OTJIMINE COOCTBEHHOI'O 3HAYEHUsT MATPHUIILI IEPEXOIOB OT €INHUIIGI

§=11-M\l, (4)

MOKeT OBIThH MCITOJIB30BAHO, KaK KpuTepuil cxomumocTu ajaroputMa mpu § — 0.

5. Ilapasanenbusbiit agropurMm Banr-Jlangay

Ha naHHBINE MOMEHT CyIIECTBYET HECKOJIBKO IOJXO0B K PEIICHUIO 3a/1a9i O MOIU(MUKAIIT
ajiropuT™a, Jiyisi ero 3hdeKTUBHOrO pacrapasiieIuBaHus. YCJIOBHO 3TH MOJXOIbI MOXKHO pas-
JIEJINTh Ha J[Be TPYIIbE: 1) HE3aBUCHMBIE JIDYT OT JAPYTa OJIyKJIAHUS IPOUCXOJIAT MO OTPE3KY
CIIEKTpa ¥ 2) B KaXKJOW MapasuIeIbHON PEIIMKE MTPOMCXOAUT OJIy’KIAHUE 110 BCEMY CIIEKTDY
SHEPI'UH.

B crarbsx [25H27| npemyiaraercst moaxo/|, B paMKaxX KOTOPOI'O BeCh CIIEKTDP SHEPIUU JIJIUTCSI
Ha h dvacreil (Ha30BeM MX OKHAMM), TaK, 4TO JOJs WX nepecedenuii cocrasiser r%. [Ipuaem
napamMerp T MoA0MPAETCs SMIUPUIECKUM IIyTeM WHIMBUIYAIbHO JJIsl KayKI0# 3aJadu, U aBTO-
PBI TIPeJJIaraoT OTTAJKUBATHCsE OT 3HadeHust 75%. Ha KayKjoM OKHe TPOUCXOIUT 1M HE3aBUCH-
Mbix Banr-Jlanmay ciaydaifiubix OJ1y»KIaHuii: B paMKax KaXKI0ro OJIyKIIaHUs CYIIECTBYET CBOS
rucrorpamma posrocru H™"(E) u rexymee npubamxkenue miotaocTn cocrosuuii ™" (E). Tlo-
cJie OIPEJIEJIEHHOT0 YHCJIa IIaroB MeXKIy JBYMSI CJIyIaiiHBIMU OJTyKIAHUSME § U j IIPOUCXOIUT
0OMEeH TeKYIUMHU KOH(MUTYPAIUIMA CJIEIYIOIIIM 00pa30M: U §-TOr0 OJIYKIAHUS CJIYIaiHBIM
obpa3oM BeIOMpaeTcst ciaydaiinoe OJIyKIaHue j cpefau coceHnX okKoH. OOMeH KOHMUTYparusiMu
[IPOUCXOIUT C BEPOATHOCTHIO

gi(E(X)) g;E(Y)
9i(E(Y)) g;(E(X))

] ()

P,cc = min|l,

89



Cynepromnwsromepruie Onu 6 Poccuu 2021 // Russian Supercomputing Days 2021 // RussianSCDays.org

riae X kouduryparus i-Toro ciaydaitnoro 6syxkaanus, a Y - j-toro 6uyxaanus. E(X), E(Y) -
COOTBETCTBYIOIINE UM YPOBHU SHEPIHM.

[Tocsie TOro, Kak BHYTPH KayKJOIO CJIyYAHOTO OJIyKIaHUs BBIIOJIHSIETCA YCIOBUE ‘DOBHO-
cru” rucrorpammbl H (E), snadenue g(F) Ha 95TOM OKHE yCpeJHsIeTCsi, YTOObI 136eKaTh HAKOI-
JIEHUsI OIMOKU, W MPOUCXOIUT OOHOBJIEHHE Tapamerpa f. AJIFOPUTM OCTAHABJIMBAETCS, KOTJA
Ha KaxKJIO0M OKHe cjyvaiiHoe O/Iy»KIaHne JTOCTUTHET (PUHAJIBHOTO 3HAUEHUS MOIN(PUKAITHOHHOTO
napamerpa f = ffinal'

MTorosoe 3HaveHus IJIOTHOCTH COCTOSIHUI Ha BCeM criekTpe (popmupyercs "m3 Kycoukon':
TOYKON 00beIMHEHUsI JIIOOBIX JIBYX WHTEPBAJIOB sIBJISIETCSI SHEPreTUIeCKuii yposerb E, rie 06-
paTHasi MUKpOKaHoHW4YecKas Temieparypa 3 = dlog(g(FE))/dE wauwrydnum o6pa3oM COBIAJIAET.

B apyrom mogxose |28| HanpoTus, mnpejgaraercsi He J€JIUTh CIHEKTD Ha YaCTH, a [IPOBOIUTD
N CIIy9aiiHbIX OJIyKJIaHus 110 BceMy crieKTpy Tak, uro g(E), H(E) u 3nadenue f xpanstcst B 06-
meil mamMaTn. B KaxkIoM sipe co3gaeTcst KOMUs CHCTEMbI, IPOUCXOIAT CIydaiiHbie O/Iy K IaHus,
y KOTOPBIX €CTh paBo Ha urenue u 3anuch ¢(E) u H(FE), Ho npoBepKa "pOBHOCTH” THCTOrPAMMBI
u OGHOBJIEHHE TTapaMeTpa [ MPOUCXOIUT B paMKaX OJHOrO mporecca. Tak Kak 3HAMEHUS IHCTO-
IPaMMbl U IJIOTHOCTU COCTOSIHWH SIBJISIFOTCSI OOIIUMIE JIjIsi BCEX IIPOIECCOB, TO BO3HUKAET PUCK
IPEKIEBPEMEHHOMN TIepe3alnc 3Ha9eHnii. ABTOPBI PENIAIOT 3Ty IPOOJIEMY € IIOMOIIBIO JTUPEKTUB
CRITICAL u ATOMIC u3s crammapra OpenMP.

Mebr MoudunmpoBasn MeToJ| OKOH |25| ImyTeM HCKIIIOYeHHsI BEPOSITHOCTH OOMeHa KOH(bU-
rypanusivu (Beipazkenue (D)) ¥ BBEJCHHUs CIIMBKN BBIYUCJICHHBIX B OKHAX IIJIOTHOCTEHl SHEPIUn
caeyomumM 06pa3om. IlycTh Halll CleKTp SHepruii pasouT Ha S MepeceKalonuxcs HHTEPBAJIOB.
B kaxkj1oM mHTEpBaJie i Mbl BBIUYUC/ISIEM ILJIOTHOCTb COCTOSTHUIL TO CJIydaiiHOMY OJIyKJIQHUIO C
BeposiTHOCTBIO Banr-Jlangay g;. Ilocie onpesesieHHOro 4nc/ia maroB BBIYUCIAETCS IVIOTHOCTH
cocrosiHumit [1st Beero crekTpa G, KaK B3BEIEHHAs! CyMMa HHTEPBAJIbHBIX OIEHOK ;

N

_ 9i

R v} 0
g=11"7

rjae A\; cobcTBeHHOE 3HadeHHne OJI0OKa MaTPHUIBl IIEPEX0JI0B, COOTBETCTBYIOIETO HHTEPBAJLy dHep-
I'UU j, IPH 3TOM 3HadYeHUsA (PYHKIUU ¢j B I€PECEKAIOMIUXCSA TOUYKAX YIUTBIBAIOTCHA ¢ KO3 puIu-
erToM 1/2. BameTnm, 9TO 1OC/IE BBIYUCICHUS TOJHO DYHKINI IJIOTHOCTH COCTOSTHUIN TpebyeTcst
MIPOBEJICHUE €€ HOPMUPOBKU, UTO SABJISIETCS OOBITHON ITPOIEAYPON I METO/Ia OIEHKHU ILIOTHO-
ctu cocTostHuil. CTOXaCTHIHOCTH OJIOKA MATPHUILI TapaHTHPOBaHA BOJM3KM MCKOMOIO PEIIeHUSsT
JJIsl CUCTEM C JUCKPETHBIM CIIEKTPOM B C/Iydae, €CJIM MHTEPBaJl BKJIIOYaeT B cebsl 9MCIO YPOB-
Heil, OoJibIllee, YeM MIMPUHA JIEHTOYHONW MATPHUIIBI IEPEX0OI0B. DTa BEJIMUNHA JIETKO OIEHUBAETCS
JJIsI KOHKPETHOM CTaTHCTUYECKON MOJEIN C JUCKPETHBIM CIIEKTPOM. Takas MOAMMDUKAIIST HH-
TEPBAJIBLHOIO METOJ[a YBEJIUIUBAET CKOPOCThH CXOIMMOCTH IJIOTHOCTH COCTOsIHUI K ucKoMoii [30].

6. MoaenmupoBanmne ajropurMoM Wang-Landau
6.1. Mogaeap IlorTca
lamuasronnan B Mojenn ITorrca nmeer su [29)

H== 06,0, (7)

rJe CIMHBI 0; MOI'YT IPUHUMATD ¢ PA3JIMYHBIX 3HadYeHuil u d - cumBos Kponekepa. Mbl uccieno-
BaJI Mojestb IloTTca Ha KBaapaTHON peleTke ¢ B3anMOIeCTBIEM TOIBKO OJIMXKANUIIIIX COCEIEH.
Takast Mozeab nMeeT (Pas30BbIil epexo ] IEPBOro poia Mpu ¢ > 5. 3HadeHne KPUTUIECKON TeM-
1epaTypbl U3BECTHO U3 TOYHOTO perneHust [24]

T, =1/In(1+ Q). (8)
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Eciu obosnauants 3a eg = Eo(B.)/V 3uadenne Buyrpenneit sueprun E(f3) = —5%—? KaK

dbyuximio obparHoil Temneparypbl 3. = 1/T upu JBUKEHUU OT BBICOKHUX TeMmieparyp [ < (. —
Bey, a 3a eq = E4(B:)/V upn neuxkenunn Hao60poT OT HHU3KUX Temieparyp [ > [, — [, TO
U3BECTHO [24], ¥T0 X cpemHee onpeessieTcst Mo (GopmyJie:

(0 +ea)/2=—(1+1/V9) (9)

U uX pasuuia (ckpbitas Temwiora - latent heat) rakske mssecrna rouno [24]
o0
Ae=eq—eo =2(1+1/,/q) tanh*(©/2) H tanh?(no) (10)
n=1

rze 2 cosh(©) = /q.
6.2. IlpoBegeHne mMojieIMPOBAHUS

MopenupoBanue npoBoguIoch 1o cxeme 1/t-amropurma [12] Banr-JTangay [7] ¢ kpurepuem
rounocru |15]. Tlapamerpsl MomesmpoBanus: L - JuHEHHBIH pasMep KBaJpPATHON PEIIETKH, ¢ -
KOJIMIECTBO KOMITIOHEHT Mojeu llorrca, stepsSmi, - KOJMYECTBO IMaroB ¢ BTOPOrO STalla ajro-
pHUTMa, 9TO YHCJIO IMIATOB ¢ M3MEeHeHWeM mapamerpa f 1o ajropurmy 1/t. Tunwmanoe 3naverme
YHCITA MAr0B StepsSmin = 108 x L2. ITorosast IIOTHOCT COCTOSIHHIL g(F) ycpennsiiach mo k = 10
BBITUCJICHUSIM CO CJIYIaflHbIM HAaYAJIBLHBIM PACIIPEIE/IEHIEeM CIIMHOB Ha PEIeTKe.

Yuc/ieHHO UCCIeI0BAUCH TEIIOEMKOCTD

C(B,N) = BN ({e%) - (e)?) (11)
u KymyJasiHT Bungepa [9) A
Be(5 M) =1~ 51530 (12)

[Tostoxkenne MaKCHMyMa TEIIOEMKOCTH ¢ POCTOM pa3Mepa CHCTeMbl L pubinKaeTcs: K Kpu-
THYECKOMY 3HAYCHUIO [, M KPHUBas TEIIOEMKOCTH IPHOOpETaeT SIPKO BBIPAKEHHDIH IMK DU
YBEJIMYEHHN pa3Mepa CUCTEMBI, 9T0 BuiHO Ha puc. [I] ciesa. [lonoxkenne skcrpeMyMa KyMyJIsiH-
Ta Bunjepa Takke CTPEMHUTCH K KPUTHICCKOMY 3HAYCHHIO IIPU YBEJINYCHUH PasMepa CHCTEMBI.
M3BecTHO, YTO BeIMYMHA CJIBUra SKCTPEMyMa OT KPUTHIECKOro 3HadeHust A 0OpaTHO Ipornop-
nIoHATbHA 00beMy cucTembl |6] m B Hamem ciydae AS oc L2

c(pL? Be
250
0.665 —
200 — L=20 — L=20
-  L=50 0660 — .50
L=100 o655 L=100
100 L=150 0650 L=150
— L=200 — L=200

50 J 0.645

1.15 1.16 1.17 1.18 1.19 1.20 1215 112 114 116 118 120 122 1.24 o

Puc. 1. I'paduk remnoemrocru C(S, L) (crera) u rpaduk Kymynstata Bunjgepa Bg (8, L) (cupasa) st
KBaJIpaTHON Mogenn IoTTca ¢ 9ucioM KOMIIOHEHT ¢ = 5 C IIEPUOJANIECKIMA TPAHUIHBIME YCJIOBHAME HA
KBa/IPATHO PEIeTKe ¢ JIMHEHHBIM pa3mepoM L.

Daz30BOMY IEPEXO/y IIEPBOIO POJA CBOMCTBEHHO HMPHUCYTCTBUE JIBYX BBIPA’KEHHBIX IIUKOB Ha
rpacduke yHKIUMU pacipegeseHnst SHePIun

Py (E) = g(E)e P/FeT (13)

npu B = BC? npu4aeM IIOJIOZKEHU A ITMKOB COOTBETCTBYIOT 3HAYCHUAM SHEPI'U €g U €4, & PaACCTOAHUEC
MeEXK/Yy HUMU PaBHO 3HAYCHUIO CKprTOI'?'I TEIIJIOTHI.
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P(E) P(E)
1.0 1.0

— L=30
0.8 0.8

— L=40
0.6 — L=200 o6

— L=50

— L=150
0.4 0.4 =60
0.2 0.2 — L=70
0.0 E/L? 0.0 E/L?
-1.8 -16 -14 -1.2 -1.0 -15 -1.0 -0.5 0.0

Puc. 2. Oyuknus pacupenenenus sueprun Pg 1 (E) B Touke [y, IpH KOTOPOit HaOIIONAETCS [Ba PABHLIX
nuKa st KBaapaTrHoil moaesu llorrca ¢ amcsiom xkommonent ¢ = 20 ¢ mepuoOAMYECKAMU 'PAHUIHBIMA
YCJIOBUAMM.

PezysnbraThl MomeaupoBanus 5-KOMIOHEHTHON Mojenu [loTTca jisi pa3HbIX pasMepoB pe-
merKu npejcrasiensl Ha puc. [Il s nanHO# cucreMbl 3HavMeHne 0OpaTHOH KPUTHIECKON TeMIIe-
paTypsl paBuo 3. = In (1 ++/5) =~ 1,174. Ha rpaduke BHIHO, 4TO C POCTOM pa3Mepa PeIneTKH
MUK (PYHKIIAA TEIIOEMKOCTH CTPEMHUTCS K KPUTHIECKOH TOUKe. AHAJIOrMIHAsl TEeHJEHIUs Ha-
GsroaeTcss U Ha rpaduKe ¢ 3aBUCHUMOCTBIO KyMyJisiHTa BuHIepa oT TeMiepaTyphl JJis PA3HBIX
pa3MepoB: TOYKH MUHAMYyMa TaK»Ke CTPEMUTCST K KPUTHIECKOH Touke [, ~ 1, 174.

Be

cpyL?
5000
06 L=30
4000 — L=30 — L=
— L=40 %5 — L=40
S0 — =50 o4 — L=50
2000 —— L=60 03 — L=60
— L=70 — L=70

1000 02

1.685 1.690 1.695 1.700 1.705 1 7‘10ﬁ 1.685 1.690 1.695 1.700 1.705 1 7105

Puc. 3. I'padux remnoemkocru C(B, L) (cnesa) u rpaduk kymynsura Bungepa Bg (8, L) (cupasa) ajist
KBaJIpaTHON Momesn IloTTca ¢ ameaoM KOMIIOHEHT ¢ = 20 ¢ NepHOJuTIeCKAMYA IPAHIIHBIMA YCIOBUASIME

Taxyto ke TeHIEHIIMIO MOXKHO HabIoAaTh n st 20-KoMonenTHOH Momenn IloTTca puc. Bt
SKCTPEMYM (DYHKIIMM C POCTOM CHCTEMBI TaKXKe CIABUIAETCsl K KPUTHUYIECKO TeMieparype (. =
In (1 + v/20) ~ 1,6997.

ITo rpaduky TEmI0eMKOCTH MOXKHO 3aMETUTh TEHJIEHITUIO, YTO C POCTOM CHCTEMbBI UK KPHU-
BOI HE TOJILKO CIABUTAETCS K KPUTHUUIECKON TOUKEe, HO CTAHOBUTCS OoJiee SIPKO BBIPAYKEHHBIM, 1
pacreTr 3HaYeHHe SKCcTpeMyMa hyHkun. B pabore ﬂ§|| BBIBOJUTCSI COOTHOIIIEHNE MEXK/Iy SHaYEHU-
eM MaKCHMyMa, TelioeMKOCTH Chnqe U pasMepoM cucreMbl V = L2

W olpejiessieTcsl mosozxkenue nuka [6):
BCmaw = Be —Ing/VAe+.... (15)
AHaoTUYHbIE BBIPAYKEHUST MOYKHO TPUBECTH W JIJIsT MUHUMAJBLHOTO 3HAYEHUSI KyMYJISTHTA
Bunnepa
Binin = 1 — (eg/eq + ea/en)? /12 (16)
n
Bg,.. =f.—1In(qed/ed)/VAe+... . (17)
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OnupenenuM 3HaYeHHE CKPLITON TEIIOTHl A€ U3 pe3y/IbTaToB MOIEJIUPOBAHUS CJIELY IOIIIM
obpazom. CHauajia HaiijleM Takoe [y, IIpU KOTOPOM HaOJIFOIAIOTCSI PaBHBbIE 3HAUEHUSI ITHKOB B
rpacuxe Gynknun pacrpe/enenus sueprun Pg L(E) (puc. 2{b) u onpeiesinm 3HAYEHUS OIEHKI
3HAUYEHUN eg U eq.

10t

10° 4 T .
. C::«;ict : . Cf’;;ict
10% 4 ;
[
- lr
] e L Lo ,,
.- T g ,’
ul - 1 |
107 4 ot ,
,
J/
2] |
10 N *{
T | I |
10° 10° 10¢ 107 10¢ 0 - )
Ix; §

Puc. 4. I'paduk 3aBUCHMOCTH 3HAYEHNsT MAKCUMYMa TEIIOEMKOCTH OT pa3Mepa CHCTEMBI I MOJIeJIH
IMoTTca ¢ uuciom KoMnoreHT ¢ = 5(ciea) u ¢ = 20 (cupasa)

0665

0.660 0114

0.10

é 0.655 é
n m
0.650 0.09 4
—o— Bahg-20
0.645 1 0.08 4
— B _ %0
: : :
10 10 10° 2% 10° Ix10F 4x10°
Lz L2

Puc. 5. I'paduk 3aBucuMOCTH 3HAYCHUs] MUHAMyMa KyMyJstHTa BuHIEpa OT pa3Mmepa CHCTEMBI Jist
mozenu IorTca ¢ gnciom KoMIoreHT ¢ = 5(cieBa) u ¢ = 20 (cupasa)

117 4 1699 4 i ——

5im
Comnan

116 |

1698
115 A

110 ] 1697 4
1 - n

1131 1696 -
112 -

T N ]
111 ] BeT. 1695

- B
1104 ) 1694 4
00000 00005 00010 00015 00020 00025 0.0002 0.0004 0.0006 0.0008 0.0010
1L? L2

Puc. 6. FpaCbI/IK 3aBUCUMOCTHU 3HAYCHUA ﬁcmam B KOTOPOM JOCTHUr'a€TCsA MaKCHUMYM TEIIJIOEMKOCTU OT
pasMepa cucTeMsl Jyist Mojean Ilorrca ¢ unciaom KommoHeHT ¢ = 5(caesa) u g = 20 (cupasa)

3aTeM MOJCTABUM TOJIyUeHHbIe 3HadeHust Ae u [y B ypaBHeHUE Pesynbrar orobpazken
Ha pucynke {4 JIaa 5-KoMIoHeHTHOI Mojen Hab/mogaercs 3aBUCUMOCTb Cyar ~ VO, s 20-
KoMHIOHenTHO# Mogett - Cryge ~ V9976 uro Ta 6/m3K0 K anammTuyeckoMy pacuery.
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SHavyeHe MUHUMyMa KyMyJIssHTa BuHIEpa 1Mo pesyiabTraTaM MOJCJUPOBAHUS TaKXKe MOXKHO
BBIUHCJINTD, [I0/ICTABUB II0JTyYeHHbIe 3HaUeHus [, € U 4 B ypasHenue[16] Pesyabrars! npeacras-
JIeHBbI Ha puc. [pl 3Hadenne MuHUMYyMa KyMmyssaTa Buraepa s 6eCKOHEIHO OOJIBITION PEeIeTKN
apjsiercst kouctanto. 1lo rpaduky BumgHO, ¥TO 1j1si 000MX cucteM ¢ = 5 u ¢ = 20 ¢ pocTom
pasmMepa pereTK 3HaUeHue MPUOINKAETCS K UCKOMOY KOHCTaHTE.

[ToBropuM aHA/JIOrUYHOE yIPAXKHEHUE JJIsT 3HAUYEHUS] TEMIIEPATYPBI, IIPU KOTOPOW JIOCTUTA-
eTcsl MakCHMyM TerutoeMkoctn ¢, . (ypasnenue (15)) n Munnmym kymynsara Bunnepa fSp,
(ypaBHeHI/Ie). PesynbraThl 0TOOparkeHbl Ha PUC. |§| u pncm Kak BugHO 13 rpadukoB, 3Hade-
HUE TeMIIEPATYPBI, IIPU KOTOPO HADJIIONAETCS MAKCUMYM TEILIOEMKOCTUA U MUHUMYM KyMYJISTHTA
Bunnepa Bo Bcex cirydasix CTPEMSITCS B UCTUHHOMY 3HAYUEHUIO [P YBEJIUIEHUU Pa3Mepa, peleT-
KI. DTO TaKXKe BUJHO Ha Tpaduke OTKIOHEHUsT OT TOYHOTO 3HAUCHUSI, BBIPAXKEHHE .
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Puc. 7. I'paduk 3aBucumocTu 3HadeHud [Sp, , I[P KOTOPOM HAOJIIONAETCS MHHUMYM KyMyJsgHTa Busn-
Jlepa OT pa3Mepa CUCTeMbI Jjist Mojesu IlorTca ¢ uuciom kKommoHeHnT ¢ = 5(ciesa) u ¢ = 20 (cupasa)
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Puc. 8. I'pacduk orkionenns odpatHoit Temneparypsl 5™ u SE™ ot Tounoro snavenns AS = Bezact —

Bsim B 3aBUCEMOCTH OT PasMepa cucTeMbl Jyig Mozesu Ilorrca ¢ ynciom KoMIoHeHT ¢ = 5(csesa) u ¢ = 20
(cupana)

IIpoBepuM cooTHOIITEHHE :
. Ze<ec Pﬂ,L(e)

p.= =G 77
‘ Zezec Pﬁ,L(e)

[IukoBOE COOTHOIIEHNE CBA3AHO C PA3HOCTLIO CBOOOMHDLIX SHEPIHUil yHOPSIOUCHHLIX U HEYIOPSI-
nodeHHbIX ¢das. [JoCKONBKY CYMIECTBYET ¢ PasHBIX YIOPAIOYEHHBIX (Pa3, TO TOYHOE 3HAYCHHE
IIMKOBOI'O COOTHOIIEHUs B IIPeJiesie TEPMOIMHAMUKI PABHO ¢ IIpU Temieparype repexoia 3. [31].
3a e, OblLIa NPUHSATA CPEIHsISI SHEPTUsl, BHIYUCJIEHHAs 10 (DOPMYyJIaM @ u , za B = Q.
PesysbraTsl MOe/MpPOBaHus IPE/CTaBIeHbl B Tabuml, puc. [J)

Astop 6saromapur JI.H. Illypa 3a Hay4Hoe pyKOBOACTBO U IOMOIIb B IIOJATOTOBKE PYKOIUCH.

(18)
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20 -1,447213595  1,174359006 1.31013 30 -1,22361 1,69967 21.7514463248
50 -1,447213595  1,174359006 1.595096 40 -1,22361 169967 | 22.4148142337
100 -1,447213595  1,174359006 3.338584 50 -1,22361 1,69967 19.0111971469
150 -1,447213595  1,174359006 4141748 | 60 -1,22361 169967 | 36.493148975
200 -1,447213595  1,174359006 3.467259 70 -1,22361 1,69967 29.017965312

Puc. 9. CooTHoleHsT BeJUYUH TUKOB B Mojenu IlorTca ¢ yuciaom kommoHenT g = 5 (ciesa) u ¢ = 20
(cupasa)
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KoMneTeHIIUU ¥ OATOTOBKA KAJPOB B 00J1aCTH
CYNEPKOMIbIOTEPHBIX TEXHOJIOT U

10 4. bonneipes, B.B. I'myxos, O.A. KapraBeHko

Cankr-IlerepOypreckuit nonutexundyeckuil ynusepcuret [lerpa Benukoro

B pabore caenaHa monbITKa HAMETHThH HAIPABICHUS UCCICIOBAHUN POJIM M MECTa KOMIIe-
TEHIIMI B pEelIeHNH MPo0JIeMbl HOATOTOBKU Ka/IPOB BBICIIEH TEXHMYECKOW MIKOJIOW B 00Jia-
CTH CyNepKOMITBIOTEPHBIX TexHONorui. [Ipu 3ToM paccMaTpuBaeTcs CyIecTBO MOJXO0I0B K
aTOM mpobisieme st hopMupyroerocsi B Poccun TEXHOIOrMYecKoro cekropa Ha 0ase cy-
MEPKOMIBIOTEPHBIX TEXHONOTHH. ['TTaBHOE BHUMaHHE yAEISIeTCS MOATOTOBKE KaJApOB IS
WH)KEHEPHOTO KopIyca, JOPMUPOBaHHE U POCT KBAUTU(HHKALIUK KOTOPOTO PEIIAOIIUM 00pa-
30M BIIUSIET Ha pa3BuTHe cTpanbl. Cienys Tpamunusm CaHkr-IleTepOyprckoro noiMTexXHu-
YEeCKOTO YHUBEPCHUTETA, B CBOEM PACCMOTPEHUH aBTOPHI OITUPAIOTCS Ha pa3BUTHE (PyHIaAMEH-
TaJIbHBIX OCHOB €CTECTBEHHOHAYYHOTO 3HAHUsI, KOTOPbIE BCEra CIYXHWIH 0a30i pa3BUTHS
WH)KEHEPHOTO aHaJIN3a U MPOEKTUPOBAHMS, IPU ITOM aKIIEHT JIeNaeTCsl Ha MOJATOTOBKY pa3-
pabOTYNKOB HOBOW TEXHUKH, - NHKEHEPOB pa3pabOTUMKOB U 3JIUTY WHKEHEPHOTO KOpITyca,
- MTH)KEHEPOB HCcleloBaTellel. B 1ieHTpe Halllero BHUMaHuUsl HaXOATCs BAKHEUIINE TEXHO-
JIOTHH HCCIIeIOBaHUS, KaK SBJICHUI PUPO/IbI, TAK U MPOBEICHNS] HHKEHEPHBIX pa3paboToK,
- METOJIbl €CTECTBEHHOHAYYHOI'O aHaji3a, KOTOPBIE CO BTOPOW IMOJIOBHHBI IMPOIIEIIErO
BEKa, Ha OCHOBE BBIYHCIIUTENIBHBIX MAIINH, TPHOOPETH SPKO BEIPaKEHHBIE YEPThI TEXHOJIO-
M MaTeMaTHIeCKOT0 MOJIETUPOBaHHs. MBI IbITaeMCsl IOKa3aTh, YTO CYNEPKOMIBIOTEPHBIE
TEXHOJIOTUH, SIBJISSACH SIIPOM IEPEIOBBIX pa3paboTOK M UCCIIEIOBAHHMN, JTOKHBI BXOIUTDH B
WHCTPYMEHTapUi aBaHTapja MHXEHEPHOTO COOOIIECTBa, a 3HAYUT MPUOOpPETEHHE KOMIIe-
TeHIIU# B cdepe, KaK TEXHOJIOTHIH MaTeMaTHYeCKOTO MOJITTMPOBAHNUS, TaK U B CYTIEPKOMITh-
IOTEPHBIX TEXHOJIOTUSX, CTAHOBHUTCS BCE OOJiee aKTyalbHBIM.

Knrouesvie cnosa: WHXXEHEPHBIC KaJpbl, KOMIIETCHIIUU, €CCTECTBEHHOHAYYHOC 3HaHUE, MaT¢C-
MaTU4€CKOE€ MOJACINPOBAHUE, CYTICPKOMITBIOTCPHBIC TEXHOJIOTHUH.

K Teme moarotoBku KaapoB B OOJACTH CYMEPKOMITBIOTEPHBIX TEXHOJOTHH MBI 0Opaliainch Ha
Hamei koHpepernuu B 2019 1. B KOHTEKCTE B3aMMOCBSI3H MEXKITy CYIIEPKOMITBIOTEPHBIMH TEXHOJIOTH-
MU U TTUPPOBOIT 3KOHOMUKOH [ 1]. 37€ch e MBI TOIbITAeMCsl TOCMOTPETh Ha MPOOJIeMy MOJITOTOBKH
KaJpoB U CYNePKOMIBIOTEPHBIX TEXHOJIOTHH C HEKOTOPHIX CHCTEMHBIX ITO3UINH, a IMEHHO C TOUKH
3peHus B3IIIAAa Ha ATy Mpo0ieMy depe3 Mpu3My KOMITETEHIINH, KOTOPBIE XOTA U MEIJICHHO, HO BXOJIST
B 00MXOJ BBICIIEH IIKOJIBI.

CHauaa HECKOJILKO CJIOB O CAaMOM TIOHSITHH KOMITETEHIINH, BBEICHHBIM B IIUPOKUH HAYYHBIH 00U-
x071 B 80-€ roJIbl POIIIOTO CTOJNETHSI AMEPUKAHCKUM YUeHbIM B. MakenBruiioM u pa3BUTHIM (paHITy3-
ckuM coronorom ['. KanHakoM moka3aBIInM, 4TO JUIS ycIieXa OpraHu3aiui Heo0X0auMO TTOBBIIIATh
KOMITETEHIIUIO KaXKI0T0 paboTHHKA. [ToHsTHE KOMITeTeHIMs ObllIa UCXOTHO OTPEIEIIEHO KaK KPYT Mpo-
osrem, chepa IeSITETHHOCTH, B KOTOPOU JaHHBINA YEIOBEK 00J1a1aeT 3HAHUEM U OTIBITOM; COBOKYITHOCTh
MIOJTHOMOYHH, ITPaB U 00SI3aHHOCTEH JIOJDKHOCTHOTO JIMIIA, OOIIECTBEHHOW OpTraHU3allHy.

3aMeTHM, 94TO KOMIIETEHIINU paHee, eie B 70-e rojpl, paccMaTpUBaIN Kak crocoOHOCTh 3 dek-
THUBHO BBITIONHSTD OIIPENEIICHHbIE ACWCTBUS U YBSI3bIBAIN C KAYECTBOM YCIIEUIHBIX MPO(eCCHOHAIOB.
Taxk B ritoccapun TepMuHOB EBportietickoro hoHaa 00pa3oBaHus KOMIETSHIIHS ONPEAEIIICTCS KaK:

- CITOCOOHOCTH JIENIaTh YTO-TM00 XOpoIo uik 3HHEeKTUBHO;

- COOTBETCTBHE TPEOOBAHUM, MTPEIBIBISIEMBIM IIPH YCTPOICTBE HAa paboTYy;

- CMIOCOOHOCTH BBIMONIHATH 0COOBIE TPYIOBBIE (DYHKIINH.

Takum 00pa3oM KOMIIETEHIIUH YBA3BIBAJINCH HE CTOJHKO CO 3HAHMEM U OIBITOM, YTO OYEBHIHO
MOJIpa3yMeBajoCh, a CO CIIOCOOHOCTHIO KAYECTBEHHO BBIMOJHATH PadoTy. 3/1€Ch OTMETUM, UTO B PSC
paboT ykaspiBaercs, 4To «OpraHu3anny Bce yalle OOHapYXHBAIOT, YTO YCIMEX 3aBUCHUT OT HATHYHUS
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KOMIIETEHTHBIX COTPYIHHUKOB. OIjIaTa 1o ypoBHIO KOMIIETEHTHOCTH O3HAYaeT B ATOM CIIy4ae, 4To op-
TaHU3aIUHA OPUEHTHUPYETCS Ha OymyIiee, a He Ha mponnioey [2]

Taxoe onpeseneHue M MOHUMaHUE KOMIIETEHIINY MTPUBOIHUT HAC K TOMY, YTO OOBEKTHBHO MPHOO-
pETeHHE X COBOKYITHOCTH OYIYIINM BBIITYyCKHUKOM €CTh IIEHTpalIbHas 3a/1a4a BeICIIeH mKoiIsl. Ho TyT
JKe BCTAaeT BOIPOC O TOM Kpyre — Habope KOMITETSHITU, KOTOPbIe HEOOXOIUMBI BBITYCKHHUKY, 3aKaHYH-
BAaIOII[EMY BY3 110 TOMY WJIM MHOMY HarpaBiieHuto. [Ipu 3ToM, BaKHO 3aMETHTh, YTO MPH CO3JAHHUH
y4eOHBIX TUIAHOB 110 HAIIPABJIEHUSAM MTOATOTOBKY Ha OCHOBE IMOCTPOCHUS COBOKYITHOCTH KOMIIETEHIINH,
MBI BOOOIIIE TOBOPSI, MOKEM MPUAATh HEKOTOPHIH CHCTEMHBIN, KOTMYECTBEHHBIA XapaKkTep ColIeprka-
HUIO CaMHX ITHX Y4YeOHBIX IUIaHOB, €CJIM B CBOIO OYepenb, HaieM croco0 mpuaaTh KOMITETEHIIHSIM
ONPEACIICHHBIN KOJIMUYECTBEHHBIN XapaKTep.

Ykaxxem, 9T0 KOMIETEHITUSAM 1 IOCTPOCHHBIX Ha HUX MOJIX0aX B y4eOHOM MPOIECCe, TOCTATOYHO
JTABHO W aKTHBHO yJIENSIEeTCSd BHUMAHHE OT€UECTBEHHBIMH HCCIIEIOBATESIMHA, B TOM YHCJIE U B YaCTH
OIIEHKH HEKOTOPBIX BEJIMYNH, OMHICHIBAIOIINX KaYECTBEHHBIE, a B PsI/Ie CIIydaeB M KOJMYECTBEHHBIE Xa-
PaKTEpUCTHKU PeaH3aliy BBHITyCKHIUKaMH COPMHUPOBAHHBIX MpH y4deOe B By3e 3HAHWN, YMEHUH U
HaBBIKOB [3.4].

Kpyr xomrieTeHIuii, npuodperaeMbIX B By3ax, KpaifHe IUPOK U OoJiee TOro 3asBICHHbIE HAMH K
PacCMOTPEHUIO CYTIEPKOMITBIOTEPHBIE TEXHOIOTHH SBJISIIOTCS U C KOXK/IBIM JHEM CTAHOBATCS BCe OoJiee
«TOTATBHBIMIWY. 11071 3TUM MBI HOHUMaEM TO, YTO OHU HOCSIT, BO-TIEPBBIX, MEXTUCITUILTUHAPHBINA (MYITh-
TUANCUUTUIMHAPHBIN) XapaKTep W SBISIOTCS YHUBEPCAIHHBIM BCIIOMOTATENbHBIM HHCTPYMEHTOM IS
n3ydeHus: u npeobpazoanns [Ipuponapl, K KaKOBBIM OTHOCHTCSI M caMa JEATEIbHOCTh HHXKEHEPHOTO
coobmecTBa. 1, BO-BTOPBIX, CYNMEPKOMITBIOTEPHBIE TEXHOJOTHH K HACTOSIIEMY BPEMEHH OXBATHIIH
MIPAKTHYECKH BCE OTPACITH MHAYCTPUHU M BCE CTOPOHBI IEATEIIbHOCTH YeJI0BEUECKOro coobmecTna. [lo-
3TOMY B Halllel KpaTKOH padoTe Mbl OTPaHUYNMCS BBICIIIEH TEXHHYECKOH IIKOJIOH H IMOTBITaeMCs chop-
MHUPOBATh HEKOTOPHIE TIO3ULIMHU B YACTH KOMIIETEHINH, KOTOPBIE BAYKHBI JJISl OCBOCHHS CTYICHTAMH CY-
MEPKOMITBIOTEPHBIX TeXHOJOTHH. [lomdepkHeM, 4TO MBI HAXOAUMCS TOJIBKO B HaYaje IyTH B U3yUYEeHUHN
JTAHHOU TEMBI.

W Ha 3TOM myTH MBI Cpa3y K€ CTAIKHBAaeMCs C MEPBOW Cephe3HON TPYAHOCTHIO, KOTOPas CBsI3aHa
C IPUHIIMITAMH PeaTH3aluy MaTeMaTHIeCKOH MOATOTOBKY MH)KEHEPHBIX KaJApoB. MBI TOBOPUM O MaTe-
MaTHYECKOI MOATOTOBKE MOTOMY, YTO 0€3 TaKOBOM BOOOIIE GECCMBICIIEHHO TOBOPUTH O CYIIEPKOMITh-
IOTEPHBIX TeXHONOTUAX. Cpeau YOMSIHYTHIX IIPUHITUIIOB BBIIEIHM J1Ba, KIFOUEBBIX IS TATbHEUIIIETO
paccMoTpeHus. Bo-IepBBIX, 3TO npuHyun yuema OCHOBHbIX MUNOE 0esMeNbHOCIU UHIHCEHEPHBIX KAO-
Pos, onpedensemblx Xapakmepom ux oyoyuseti dessimenvrocmu. Y, BO-BTOPBIX, HPUHYUN HAYETeHHOCMU
MamemMamuieckol no020MmoGKY UHIICEHEPO8 HA 6HeOPEeHUe U PA3GUMUE HA CeX IMANax npou3eo0cmed
nepeoosvix NPoUu3B00CMEEHHbIX MEeXHON02ULL.

OcTaHOBHUMCS Ha 3THX ABYX KJIFOUEBBIX NPUHIIUIAX MOAPOOHEE C TO3WIMK HAllero KOMITETEHT-
HOCHOTO MMoax0/1a. UTO KacaeTcs OCHOBHbIX MUN08 0esameilbHOCmy WHXEHEPOB, TO 37IECh MBI MOXKEM
yKazaTh TPH TJIaBHBIX HANIPABIEHUS HHXEHEPHOU TIOATOTOBKH, TPUHATON B HameM [lomuTexHmaeckom
YHUBEPCUTETE C MOMEHTA €0 OCHOBAHMsI. DTO HAIlpaBIIEHUS, OPUEHTUPOBAHHBIE HA MOJITOTOBKY:

- «MH)KEHEPOB TI0 KCIUTyaTaIlliy, XapakTep paboThl KOTOPHIX 3KCILTyaTaIlisl MalliH, Pa3Ho00-
Pa3HBIX CHCTEM M TEXHOJOTHYECKUX JIMHUML;

- UHXXEHEPOB MACCOBBIX TEXHHYECKUX CHENUATBHOCTEN» HIN «UHKEHEPOB-Pa3pabOTUHKOBY,
OpPHEHTHPOBAHHBIX, KaK Ha IPOEKTUPOBAHIE U KOHCTPYHUPOBAHHE HOBOW TEXHHUKH 1 TEXHOJIOTHH, TaK U
Ha BOTIPOCHI obOecriedeHust uxX dPGEKTHBHON IKCIUTyaTalny 1 ()yHKIIMOHUPOBAHHUS,

- (MHXEHEPOB — HCCIIEeI0BATENCH», OPHEHTHPOBAHHBIX Ha pa3paboTKy, CTAHOBSIINXCS Bce Oosee
BBICOKOTEXHOJIOTHYHBIMHE MTEPETOBBIX MAIIIHH, CUCTEM U TEXHOJIOTHIA.

OrneHKa KOJMYECTBA BBHITYCKHUKOB B KaXKIO0H M3 HAa3BaHHBIX TPYII COCTAaBISLET MpuMepHo 15%,
70 1 15% oT ux 00IIero KOJIN4ecTBa COOTBETCTBEHHO.

[lepexons k npunyuny HayeieHHOCMYU MaTEMaTHIECKON MMOATOTOBKY WHXEHEPOB HA BHEAPEHUE U
pa3BUTHE Ha BCEX ATAIax MPON3BOJICTBA MEPEIOBHIX MPOU3BOCTBEHHBIX TEXHOIOT UM, CIIEyeT yKa3aTh,
YTO 3TOT MPHUHIIMII SBJISIETCS [EHTPAIHHBIM C MO3UINI BHEAPEHHS CYTIEPKOMITBIOTEPHBIX TEXHOJIOTHI
B TIEPEIOBYIO HHITyCTPHUIO. JlecTBUTENEHO, QyHIAMEHTAILHONH OCHOBOM BCel TIepeI0BOM HHKCHEPHOM
JIESITETFHOCTH ABJISIETCS] ECTECTBEHHOHAYYHOE 3HAHHE, a CYNEPKOMITBIOTEPHBIE (KOMITBIOTEPHBIE) TeX-
HOJIOTUM MMEIOT MaTeMaTUYeCcCKOe MOJIeTUpoBaHue [5,6] cBoelt 6a30#, 4TO, yBHI €I1Ie HE SIBIAETCS MPH-
3HAHHOM HOpMO. U 311eck ciemyer yka3aTh, HAalpuMep, Ha TO 0OCTOSATENHCTBO, YTO MOTYIHBIIEE CETro-

98



Cynepromnsvromeptule Onu 6 Poccuu 2021 // Russian Supercomputing Days 2021 // RussianSCDays.org

JIHSI TIIAPOKOE XOXKJIEHUE TIOHATHE YUDp0o80o20 080HUKA €CTh HE UTO UHOE, KAaK MaTeMaTU4ecKas Mo-
JIENTb U3ZEITUS MITH €r0 3JIEMEHTa, HEKOTOPOW CHCTEMBI MIIM TEXHOJIOTHH, PeaTM30BaHHAsA B KAKOM-TTHO0
MPOrpaMMHOM KOMILJIEKCE MJIM MX B COBOKYIMTHOCTH Ha TOW WIJIM MHOW BBIYUCIIUTENBHON CHCTEME.

Tenepr KpaTKO OCTAHOBUMCS Ha OTIMCAHUH KOHIIENITYaIbHBIX OCHOB MAaTEMaTHIE€CKOTO MOJIETTHPO-
BaHUS U TIPUBEACM OCHOBHBIC COCTABJISAIONIEE-0JIOKH 3TON KOHIENINH [6], ¢ yaeToM e€ OCHOBOIIOIara-
IOIIe 3HAYMMOCTH, KaK Ui pacCMaTpUBaeMOM HaMU TeMBI, TaK M JUII 00pa30BaTeNBHOIO IMpolecca
COBPEMEHHOM BBICILIEN HIKOJIBI.

[Ipu 3TOM cpa3y ke yKakeM Ha TO OOCTOSITENIbCTBO, YTO IJISl TIOCTPOEHHUS KaK BEPTHKAIbHOW
MEepapXruu KOMITETEHIIHH, TaK M, €CJIM TaK MOXKHO BBIPA3UTHCS UX «CIIOEBY» HAa HEKOTOPHIX YPOBHSAX, Ma-
TEMaTHYECKOe MOJICTPOBAHIE KPUTHUECKH BAXKHO.

[IpuBenem B cxxatoif opMe OCHOBHBIE MTO3UITUHM KOHIIETIIIMH MAaTEMAaTHIECKOT0 MOETUPOBaHHE,
cnenys monxony A.A. Camapckoro.

1 6mmox. CocraBrieHre MaTeMaTHIECKON MOJIENH SIBIICHUS, IPOIlecca, 3aJ1a41 U T.J. DTO MpeIMETHAS
00J1acTh €CTECTBEHHBIX U JPYTHUX HAYK, TJI€ COCTABISAIOTCS KOJMYECTBEHHBIE COOTHOIIEHHS AJISl ONTUCHI-
BaeMbIX SIBJICHUI 1 miporieccoB. M 3To TpynHeimas o0aacTs HaydHOU JesSTeNbHOCTH, SBIISTIONIAsCS OC-
HOBOI, TeX e ECTECTBCHHBIX HaYK. BBIZIETsIsI OCHOBHOE, - 3TOT OJIOK COCTABIISIET CYNIECTBO HEKOTOPOH
«3aMEHBD) PeabHOTO (PU3MYECKOTO Mpolecca WU SIBICHHUS €r0 MaTeMaTHYeCKOW MOJIENbIO, TO €CTh
OTIMCaHUE BCEX €r0 CBOMCTB-XapaKTEPHCTHK C TIOMOIIIBI0O MaTEMATHYECKUX COOTHOIICHUH.

11 6;1ok. AHanM3 MaTeMaTHIeCKOW KOPPEKTHOCTH IMMOCTPOSHHON MaTeMaTHIECKON MOJIEIIH, OTIHCHI-
BalolleH Hamy 3a/1aqy. Bech ciekTp paccMaTpuBaeMbIX 3/1eCh IPoOIeM HOCUT Cyry00 MaTeMaTn4ecKuit
XapakTep U B TIOJABIISIFOIIEM OONBITUHCTBE 00XOUTCS MCCIIEOBATEISIMI U MH)KEHEPAMHU.

Boo0rie, pemenne mpo6iieMbl MaTeEMaTHIECKOW KOPPEKTHOCTH TOH MITM MHOM 3a/la4uM BKIIIOYAET B
cebs pereHue caeayoMnX KIF0UeBbIX 0a3a1au:

- CYIIECTBOBAHHMS pPelIeHHs (pemeHuil) B TOM WIIM HHOM KJIacce MaTeMaTHIeCKIX 0OHEKTOB (BEK-
TOPOB, PYHKITHA, IIETBIX WK BEII[. YKCENT U T.11.);

- €IMHCTBEHHOCThH PEIIEHUS B 3TOM KJIacce;

- YCTOWYHBOCTH PEIICHUS M0 OTHOIICHUIO K BO3MYIIEHHUIO ITApaMETPOB 3a/1a4H.

III 6nok. Ilepexoa OT HENMPEPLIBHON MAaTEMATHYESCKON MOJCITN K MOJCIH TUCKPEeTHOW. OTMeTHM,
NpeABAPUTENBHO, YTO B PsiJie 33]1a4 3TOT OJIOK MOXKET OTCYTCTBOBATh, TO €CTh, OH, KaK TPABHIIO, XapakK-
TEpeH ISl TAKKX MOJIeNeH - sIBIICHHI, KOTOphle OnuchiBatoTCs AuddepeHnaTbHBIMA U HHTETPab-
HBIMU COOTHOIICHUSMHU. TakuM 00pa3oM, MBI, 110 CYTH Jela, mepedopMyIupyeM HaIly 3a1a4y U IMoIy-
YyaeM HEKOTOPYIO HOBYIO, T/Ie PUCYTCTBYET OAMH MJIM HECKOJIBKO apaMeTPOB, XapaKTEPU3YIOLIIX HO-
BYIO IUCKPETHYIO 337]a9y U KOTOPBIX HE OBUIO B HCXOJHOM 3ajade.

IV 6nok. AHanu3 MareMaTH4eckoit KOpPPEKTHOCTH BHOBbD TIOJTYYEHHOM JMCKPETHOM 3a/1a4 (Ha OC-
HOBe ucxoaHoii). [lo cytu nena, 3To U ecTh MpeAMET BBIYUCIUTENFHOW MaTEeMaTHKHU. 31eCh paccMaTpu-
BalOTCS Te e MpoOeMbl, uTo U B 611oke I, K KoTopsIM A00aBIgeTCs erle OAHa 3a/1a4a, - BECbMa BayKHasl.
Pemenwne 3Toii 3a1aun TOMHKHO OTBETUTH Ha BOIIPOC, - OyneT m noctpoenHas B 6moke 111 guckperHas
3a/1a4a, CTPEMHUTHCS K HCXOHON HEMPEePhIBHOM 3aqade?

V 6nox. Hanncanwe anroputma Juis IUCKPETHOW 33719, TO €CTh OCIIEeI0BAaTeIbHOCTH BBIYUCIIH-
TENbHBIX IIAroB U €ro MEePeHOC Ha KOMIOBIOTEP, - IPOTPAMMHUPOBAHHE. DTOT OJIOK HOCHUT COBEPIIIEHHO
0COOBI XapaKTep M €ro PoJib, CO BPEMEHH BHEIPEHHS BBIUMCIUTENHFHBIX MAIIMH B HAYYHYIO W HMHXKe-
HEPHYIO IPAKTUKY, HEMIPEPHIBHO HapacTaa.

VI 6mok. OTi1ajKa mporpaMMel, TO €CTh €€ TECTUPOBAaHUE, TOTYICHHE PE3YIbTaTOB M X aHAJIM3.
Hasnauyenwne 3Toro 6;10Ka BIOJTHE OYEBUIHO U IIOATOMY OCTaBHM €ro 6€3 KOMMEHTapHueB.

M3noxenHas cxema, KOHEUHO, SBISIETCSI OYeHBb OOIel M e€ MpUMEHEHHE B MOJTHOM O0BEME OT-
JIENbHBIM HCCIIEJIOBATENIEM TIPH PEIIeHHH KaKOW-IMOO 3a7auu, B 00IIeM, HE XapaKTepHO U SIBIIAETCS,
KaK MpaBuiio, GyHKIMEH HAy4yHOW TPYIIbI WIIM KOJICKTHBA McciaenoBareneii. Ho ¢ mo3umuii Tex Bo-
MIPOCOB, KOTOPBIE MBI 3/1ECH pacCMaTPUBAaeM, KOHIEIIIIS MaTeMaTHIECKOT0 MOAECTUPOBAHMS TTPUHIIU-
MUaTbHO BakHa. [Ipr 3TOM B TOM BHE, B KOTOPOM OHA 3/1€Ch MPUBEICHA, OHA HE TOJIBKO HE N3ydaeTcs,
HO ¥ HE YIIOMUHAETCS B BBICIIEH IIIKOJIE, XOTS HMEHHO 3Ta KOHIIETIIIUS CITYKHUT CTPEKHEBOW OCHOBOM,
JUTSL BBOJIUMBIX HIDKE, KaK YHUBEPCATBHBIX, TAK U MPO(HECCHOHATBHBIX KOMIETECHITHH.

Tenepr KpaTKO OCTAHOBUMCS Ha TEKYIIEM COCTOSHUU B MPUMEHEHHH KOMIIETEHIIHN, 1 OCHOBaH-
HOM Ha HUX KOMITETEHTHOCHOM TIOJIX0/I€ B AEATEIHHOCTH COBPEMEHHOW BhICIIEH MIKOINBI. B ocHOBOMIO-
JararomieM J0KyMeHTe, B METOAMYECKNX peKkoMeHaanusax «lI[poekTupoBanre OCHOBHBIX 00pa3oBaTellb-
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HBIX MPOTpaMM, peann3yromux (eaepanbHble TOCyJapCTBEHHBIE 00pa3oBaTeNbHbIE CTAaHAAPTHI BBIC-
mero obpazoBanus» (2010 1.) B CTPpyKTypy IpPOrpaMM BBEICHBI SKCIIEPUMEHTAIBHBIC TIPOTPAMMHEIE
JIOKYMEHTBI:

- acropTa U MporpaMmmbl GOPMUPOBaHUS TIPO(eCcCHOHATTLHBIX KOMITETCHITHIA,

- TabIUIIA COJIEPKATEINBHO-JIOTHIECKUX CBS3el yUeOHBIX KypCOB, IPEJMETOB, JUCIHUILINH, MOJTY-
JIed, TIPaKTUK;

- KOMITETEHTHOCHO - OpUEHTHPOBaHHASA YacTh y4eOHOTO TIJIaHa;

- CKBO3HAsI MPOTrpaMMa KOMIUIEKCHBIX MCITBITAHWH Ha COOTBETCTBUE TIOJATOTOBKH OXKHIAEMBIM pe-
3yJbTaTaM 0Opa30BaHUS;

- IPOTPaMMBbI UTOTOBBIX KOMITJICKCHBIX HCITBITAHHH.

Teneprs 0 MPUHATON HA CETOMHS CHCTEME KiIacCUpUKAIMN KoMmneTeHuni. X pa3gensior Ha Tpu
0O0JIBIIME TPYIIITHL:

- o0rmmwe uiu OOIIEKyIBTYPHBIE,

- YHUBEpCAJIbHEIE,

- IpodecCHOHANBHBIE.

Yuueepcanonvle komnemenyuy HEOCPEACTBEHHO CBSI3aHBI C YMEHHEM IPHUMEHSATH 3HAHUS B TIPO-
(heccHOHAIBHOM IEATENNFHOCTH, TOT/IA KaK npogheccuonanbhble KoMnemeHyuy BIpaxarT cliocOOHOCTh
BBIITYCKHHKA OCYIIECTBIISATH T€ MIJIM MHBIE BUABI MPO(eCcCHOHATBFHON AeITEIHbHOCTH.

KittoueBbie KOMIIETEHITH COBPEMEHHOTO HHXKEHEpa OTHOCATCA K chepe QyHIaMeHTATbHBIX OCHOB
WHXXEHEPHOTO 3HAHUS K OTHOCSTCS K KJIaccaM YHHBEPCAIBHBIX U MPO(ecCHOHANBHBIX. [TamMsTyst 0 TOM,
YTO TIpeIHa3HAuCHHE TPYIa U, TPy/da WHKEHepa, B YaCTHOCTH, - Tipeobpa3oBanue [Ipuposl B HHTEpE-
cax YeJoBeKa M BCETro YEIOBEYECKOro COOOIIEeCTBa, TO OE3yCIOBHO KpaeyrojJbHBIM KaMHEM 37€eCh SB-
JSIETCSl ECTECTBEHHOHAYYHOE 3HAHHWE: MaTeMaTHKa, PU3HKa, MEXaHUKa U XUMHUsI, 3HAHUE KOTOPBIX MBI
0e3yCIIOBHO JOIHKHBI OTHECTH K YHHBEPCAJIbHBIM KOMITETeHIMAM. [Ipu 3TOM riry0okoe 3HaHHE caMuX
9THX KJIFOYEBBIX JUCIUILUINH, KaK ¥ 3HAHHE TeX WM WHBIX WX Pa3JIEeIOB OYEBUIHO JIOJKHBI OBITH OTHE-
CEHBI K TPO(ECCHOHATBHBIM KOMIIETEHIIHSIM.

Ham jxe Hy>KHO TOTBITaThCS CBA3ATh €CTECTBEHHOHAYYHOE 3HAHUE, C €r0 MOUCTHHE OecUucieH-
HBIM CIIEKTPOM HAIpPaBIEHHH, C CYyePKOMITBIOTEPHBIMU TEXHOJIOTHSMH, KOTOPbIE, KaK yKa3bIBaJIOCh
BEITIIE, IMEIOT CBOCH 0a30ii, MaTeMaTHIeCKoe MoJieupoBanue. 1, 31ech OTMETHM CIIeIyIoNIee BaKHEH-
11ee 00CTOSATENBCTBO, - C YYETOM TOTO, YTO TEXHOJIOTUH MaTEMATHYECKOTO MOJIEIMPOBAHUS IPHOOPETH
XapakTep YHUBEPCATHHOTO MHCTPYMEHTAPHs, IPEACTABISETCS, YTO ITH TEXHOJIOTHH HEOOXOANMO pac-
CMaTpWBaTh KaK KIIIOYEBYIO YHHBEpPCANbHYI0 KOMIETEHILMIO B HH)KEHEpPHOM oOpa3oBaHuu. Ecre-
CTBEHHO, 4TO B MIEPBYIO OUYEPEIb dTO KAaCACTCs «HMHKEHEPOB-pa3paboTINKOBY» U «MH)XEHEPOB — UCCIIe-
JIOBaTENEC.

Ho xak koHIIENTya bHO CBA3ATH MPHOOPETEHIE 3HAHHI B €CTECTBEHHBIX HAYKaX U B METOIOJIOTUSIX
MaTeMaTUYECKOT0 MOJIECTHPOBAHHS (HaCThIO KOTOPHIX U SIBISIFOTCS CyIEPKOMIIBIOTEPHBIE TEXHOJIOTHN)
C KOMIIETEHTHOCHBIM TIOJIXOZ0M B TIOATOTOBKE WHKEHEPOB?

U 3nmecs HaMm HEOOXOIUMO MOCMOTPETH, a KaK Peajn3yeTcss KOMIETEHTHOCHBIM MOAX0/ B By3ax
CTpaHBbl, MPUYEM HE TOJIHKO B MOATOTOBKE WHXKEHEPOB. IIpu 3TOM, Tak Kak TeMaTHKa KOMITBIOTEPHBIX
TEXHOJIOTHH, a TeM OoJiee CyTIepKOMITBIOTEPHBIX TEXHOJIOTHI CHCTEMHO HUKAK HE OTpa)keHa B HAIpaB-
JICHUSIX TIOJTOTOBKHM HWHXXEHEpPOB B Poccum, MbI MOMKHBI TIOCMOTPETh Ha Hawmboiiee OJMM3KHE 371ECh
HamnpaBieHus. TakuM, OYeBUIHO, IBIISETCS HANPaBJICHNE IOArOTOBKH MarucTpoB «Ilpuxiagnast mare-
MaTHka ¥ uHpopmaTtuka» (Hampasierne 01.04.02), ogHako, K COXKaJEHHUIO, paccMaTpuBaeMast 37ech
TeMa KOMITETEHIINI He TIPECTaBlIeHa IOCTATOYHO IIMPOKO TAKUMHU BEAYIIMMHU By3aMH B YacTH CyTep-
KOMIIBIOTEPHBIX TexHonorni, kak MI'Y nm. M.B. Jlomorocosa n HHI'Y nm. H.U. JIo6aueBckoro. Bme-
CTe C TeM BEChMa MHTEPECHO M COMAEPIKATENbHO CTPYKTypa KOMIIETEHIINH BBITYCKHHUKA TI0 MarucTep-
cKkoii porpamme «KoMIbloTepHbIe TEXHOJIIOTHH WHKUHUPHHTa» HanpasieHus «HpopmMaTika U BbI-
YHCIUTENbHAS TEXHUKay npencTaBiieHa B CaHkT-IleTepOyprekuii rocy1apCTBEHHOM AJIEKTPOTEXHHYE-
ckom yHuBepcutete (JIDTU um. B.M. Yinpanosa (Jleanna) [7].

Tenepb oOpaTtuMcst K Halemy ombITy, - onbity CIIOITY, e Ham 6e3yciioBHO, HanboIee HHTepeceH
010K npogheccuonanvuvix komnemenyuti (I1IK), npu moaroToBKe MarucTpoB o HamparieHuio «lIpu-
KJIaJHas MaTeMaTrka u mHbopmatrkay (Hanpasierue 01.04.02), comepkaniuii 4eTHIpHAANATH TTO3UITHI
IIK-1, [1K-2, ..., IIK-14. Pa3paboTynku pa3aeiii UX Ha BOCEMb HAMPaBICHUIN — MPIIOKCHUN: Hayu-
HAs U HAYYHO-UCCIe008aMENbCKAs 0esimelbHOCHb, NPOEKMHAA U NPOU3B00CNBEHHO-MEXHONI02UYECK A
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OesmenvHocmbs u Op. BblieneHue MMEHHO 3THX HalpaBlIeHUH 00yCIIOBICHO TEM, YTO OHU B HauOOJIb-
€W CTEeNEeHN HAaXOATCS Ha OCTPUE MEPEIOBBIX MO3UINI HAYIHO — TEXHUUECKOTO pa3BuTHi. U 31ecs,
YMECTHO, elle OoJiee Cy3UTh MMOCTAHOBKY Halllei 3a7aui, a UMEHHO PacCMOTPETh (OPMHPOBAHHE CH-
CTeMBI KOMITETEHIIUN JIJIs1 TOW TPYIITBI HHXKEHEPOB, KOTOPYIO paHee MbI OTHECIIH K HHKEHepaM — Ucclie-
noBartersiM. [Ipu 3ToM 04eBHIHO, YTO UMEHHO AJISL STOW TPYIITBI H3yYEHHE CYNePKOMIBIOTEPHBIX TEX-
HOJIOTHI Han0oJIee aKTyaIbHO.

A Teneph mompodyeM KOHKPETU3UPOBATh CHCTEMY KOMIIETEHIIMH KaK HEKOTOPYIO COBOKYITHOCTh
HeNeBbIX QYHKIMN JUTsl OCBOSHHUS UX CTyIeHTaMu. U 31ech MBI JIOJDKHBI 00PaTHTHCS K TAKOH MOCIIe/0-
BaTENbHOCTH: MHKWUHUPHHT- KOMITBIOTEPHBIE TEXHOJIOTHH- CYNIEPKOMIBIOTEPHBIE TEXHOJIOTHH, T]I€ TTO0/T
WH)XMHAPUHTOM TIOHUMAETCS BECh CIIEKTP MH)KEHEPHOM NEATENbHOCTH, B TOM 4acTH, KOTOPYIO MBI OT-
HECIIM K ACATEIHHOCTH HHXEHEPOB — rccienoBareneil. [Ipr 3TOM MBI JOKHBI MTOTBITATHCA TTOHATD, BO
— MEPBBIX, a YeM K€ MPUHIHUITHAIBHO OTIMYAIOTCS CYTIEPKOMITBIOTEPHBIE TEXHOJIIOTUH OT KOMITBIOTEP-
HBIX, IPUMEHUTETHHO K UCCIIEZIOBATENbCKOMN NesiTensHocTh? Vi oOpariasich K KOMIETSHIINSM, - KaKue
HOBBIE KOMITETEHIINA TPUBHOCSIT CYMEPKOMITBIOTEPHBIE TEXHOJOTMHA B Y4YE€OHBIH MPOIECC OTHOCH-
TETHHO KOMITBIOTEPHBIX ?

DT BONIPOCHI OKA3BIBAIOTCS HE TAKUMH CIIOKHBIMH, TOCKOJIBKY YHHBEPCAITFHOE OTJIMYHE paccMaT-
pPUBAaEMBIX TEXHOJOTHH M3BECTHO CIICI[ATMCTAM B 00JIACTH BHICOKOTIPOU3BOIUTENHHBIX BEIYUCICHUH €
€CaMOr0 MOMEHTa WX TOABIEHUS. DTO OTINYHE PEAM3yeTCs MOCPEACTBOM MapauIeTbHBIX BBIYUCIIHU-
TEJILHBIX TEXHOJIOTHH [8,9], KOTOpBhIe (GU3NUECKH PEaTU3yIOTCS B KOHCTPYKIIHSIX CYTIEPKOMIIBIOTEPOB B
BHJIE MHO)KECTBA 00BEIMHEHHBIX MTPOILIECCOPOB, a TaK)Xe, B IOCIEIHUE, TPUMEPHO 15 JIeT, U C UCIOIb-
30BaHHEM MHOTOSAEPHOCTH TporeccopoB. Ho 3Ta 0COOEHHOCTH CYyNepKOMITBIOTEPOB SIBISIETCS YHCTO
KOHCTPYKTHBHOHW M, BOOOIIe TOBOPS, HUKAK 3aTparuBaeT MpoOieMbl MOATOTOBKH MH)KEHEPHOTO KOp-
Mmyca, UCKITI0Yasi CPAaBHUTENBHO y3KYIO MTPOCIONKY WHXEHEPOB - pa3paboTUYNKOB CyNepKOMIIBIOTEPOB,
a Taxke CUCTeMHOro u npukiaagaoro 110 k Hum.

W 31meck BO3HUKAET CIEAYIOMIMNA BOIPOC O TOM, a TJ€ MH)KEHEPhI-UCCIIE0BATEIN MOTYT CTOJIK-
HYTbCS B CBOEH JEATENHFHOCTH C MApaJIeNbHBIMUA BBIUUCICHUAMU? DTO, BO-TIEPBHIX, NCIOIB30BAHIE
MPOrpaMMHBIX KOMIUIEKCOB /ISl HH)KEHEPHBIX PACUYETOB M, BO — BTOPBIX, pazpaboTka 10O mis pemenns
COOCTBEHHBIX, TO €CTh IIOCTABIIEHHBIX UMH 33]1a4, C HCIIOJIb30BAaHUEM CyNepKOMIBIOTEPOB. OUeBUAHO,
YTO TIyOOKHe 3HaHUS B 00JaCTH MapalyieNlbHBIX BBIYHCICHUA HYXXHBI B IIEPBYIO OYEPEb IMOCIETHEH
TpyIIe HHKEHEPOB, - pa3paboTankoB npukiagHoro 110, Toraa kak A MaccoBOTO KOpITyca WH)KEHe-
pOB-HCCcIe0BaTeNei OHU HE HAXOIATCS Ha IepBoM Iutane. Takum o6pa3oM K paspsiny npogeccuonanb-
HbIX KOMARemenyuli B 4aCTU COAEPrKalllell HallpaBJIeHUs — IPUIOKEHUS [0 HAYYHOU U HAYYHO-UCCIe00-
6amenbCKoll OesimenbHOCHY Mbl TOJDKHBI OTHECTH «...KOMNemeHYUuu MUpo8o20 yPosHs & obracmu ne-
Pe00GbIX NAPANNENTbHBIX GIYUCTUMENHBIX MEXHON02UU. . ).

OTa KOMIIETEHIUS aKTyalbHa W BaKHA W, 0€3YCIOBHO, JOJDKHA CTaTh OJHOW M3 KITIOYEBBIX MPHU
HOJTOTOBKE NEPEOBOr0 OTPsi/ia MHKEHEPOB — UCCIIE0BaTENIEH.

BmecTe ¢ TeM HENpepblBHO pACTYIIM YpPOBEHb B IOCTAHOBKAX 33]1a4 PEajbHOM HH)KEHEPHOU
MIPAKTHKH, CBSI3aHHBIM, KaK MPABIJIO, C MOTPEOHOCTSIMH B OMTMCAHHUH CIOXKHBIX mporeccoB B [Ipupone,
MEXTUCIUITMHAPHBIX (My/TbTHAMCIMILTMHAPHBIX) U MHOTOMACIITa0HBIX' MPOIIECCOB B U3EIUSX, CH-
CTeMax M TeXHOJIOTHSAX IPUJAET COBEPIIEHHO HOBYIO 3HAYUMOCTh CYNIEPKOMITEIOTEPHBIM TEXHOJIOTHSIM.
3n1ecs UMeeTcsl B BUAY TO, YTO TOJBKO OHM, KaK YK€ YKa3bIBaJIOCh, SIBIASICH YHUBEPCAIBHBIM U YHU-
KaJIbHBIM HHCTPYMEHTAapHEM, TTO3BOJISIOT PEIIaTh TaKOTo poja 3aaa4vu. Ho oTcroia Mbl MOKeM CieaTh
BBIBOJI O TOM, YTO OCBO€HHE CAMHUX TTOIXO0JIOB K IIOCTAHOBKE M PEHICHUIO MEXTUCIIUTLTMHAPHBIX 33134,
MIPSIMO CBSI3aHHBIX C CYNIEPKOMIIBIOTEPHBIMU TEXHOJIOTUSIMH, SABIISIETCS] Ha3pEBIIEH MpoOieMoil B yueo-
HOM TIPOIIecCe U IOJDKHO OBITh OTHECEHO K KaTETOPHHU npogeccuonanvhuix komnemenyuil. Y 3pecs cie-
JyeT mpoayMmath (opMUpOBaHUE HAIPABJICHUS MOJTOTOBKH, KOTOPOE €CTECTBEHHO Ha3BaTh «Cyrep-
KOMITBIOTEPHBIA WHXUHUPUHT» [10], Ipu 3TOM BO3HHMKAET KpaliHe Ba)KHAs M MHTEpecHas 3ajiada Oa-
JIaHCa CHENUATBHBIX JTUCIMIUTMH 00IacTH MPUMEHEHHS W POMUITBHBIX CYNEPKOMITBIOTEPHBIX JUCIH-
e, Jlymaercs, 9To Takoe HalpaBJeHHE MOATOTOBKH OYJET CIY>KUTh NMPOJODKEHHUEM M Pa3BUTHEM
HanpasiieHus « KoMIbroTepHbIil HHXHHUPUHT [11], hopMEpoBaHue KOTOPOro HEOOXOAMMO OBLIO pe-
aM30BaTh YXKe I0CTaTOYHO JaBHO.

! HO}I MHOI'OMACIITA0OHBEIMUA MBI TOHUMAEM 3aa4M, B KOTOPBIX TCOMETPUUCCKHUE MacITadbl IponeccoB MOr'yT
Pa3sHUTHCA HAa MHOTHUE TTOPAOKHU.
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Bwmecrte ¢ Tem Ha3BaHHAA TOJNBKO YTO TE€Ma MEXIMCIUIUIMHAPHBIX MPOOJIEM, U Pa3BUTHE B 3TOM
HaNpaBJIeHUH MPOOIEMATHKNA CYNEPKOMIBIOTEPHBIX TEXHOJIOTHIA 3aCTaBIIsIET COBEPIIEHHO TO-HOBOMY
MOCMOTPETh Ha CaMU KOHIIENITyalbHbIE OCHOBBI PEIIeHHUs TIOJI00HOTO pojia 3a/1a4, KOTOPBIMU H300U-
JYIOT MPHUPOJIHBIE SABJICHHUS U KaX1asd riryOoKas HayqHO-TeXHHUecKas pa3paborka. bonee Toro, B Hame
BpeMs, MBI, MTO-BUJUMOMY, HaXOANMCSA B «TOYKE POCTa M PA3BUTHS» COBEPUICHHO MHOTO B3IJIAJA HE
TOJIKO Ha Pa3BUTHE MPOM3BOJICTBA B YEJIOBEYECKOM COOOIIECTBE, HO M Ha HAYaJIbHOM JTale ero pea-
mu3anun. U Bee 310, 6€3yCI0BHO MOTPEOyeT CephE3HOM, €CIH He KapAMHATHLHON CMEHBI CAMOTO CYIIIe-
CTBa y4eOHOTO mpoIriecca B BBICHIEH IIKOJIE, a CTAI0 OBITh M BCel COBOKYITHOCTH KOMIIETEHIIH B STOM
nporecce. [lompoOyemM mocMOTpeTs Ha 3Ty MpodiieMy ¢ mo3unuu GopMHupOBaHUsI cpeasl «CymepKoM-
MBIOTEPHOTO MHXUHUPUHTA», MAMATYS O TOM, YTO CaMO TMOHITHE UHICUHUPUH2A €CTh HEKOTopas 00-
JIACTh YEIOBEYECKOH JESITETFHOCTH U CBS3aHHBIX C HEM MPOIECCOB, CYIIECTBO KOTOPHIX pa3paboTka U
MIPOEKTUPOBAHUE M3AETUI M UX IIEMEHTOB, CO3/JaHIE TEXHMYECKUX M HHBIX CHCTEM MM TEXHOJIOTHH,
pa3paboTKa CHCTEM MO TOJIEPKAHUIO UX KU3HEHHOTO IUKJIA BIUIOTh JIO TIepepabOTKH W YTHIIH3a-
15058

HeycranHo mogyepkuBasi, 4To 4T0 GYHIaMEHTOM 3TOU JICITENBHOCTH SIBIISIETCSI COBPEMEHHOE Ma-
TeMaTHYeCKOe MOJIETMPOBAHNE Ha OCHOBE CYTIEPKOMITHIOTEPOB, YKaXKeM, UTO HarpasieHus: CynepKkom-
MBIOTEPHOTO WHXXKWHUPHUHTA YK€ CETOJIHS JUTS CBOETO MEPEYHCIICHUs TPeOYIOT IPUBECTH HE OJTUH JeCs-
TOK HaMMEHOBAaHUH, OT aBUAKOCMHYECKOTO M MEXaHWYECKOTO HHKHHUPUHTA 10 OMO-MH)XKUHUPUHTA U
WH)XMHUPHUHTA B 00JIACTH MTPOJYKTOB MTUTAHNS.

Ho umxeHepHbIe 3a/1a4M, BOSHUKAIOIINE 3/IECH, SIBIIIOTCSA KaK MPaBUIIO0 MEXAUCIUIUIMHAPHBIMA B
CBOEH MOCTAHOBKE M TPEOYIOT OY€Hb OOJBIINX BHIYHCIUTEIBHBIX PECYPCOB, IIOCKOJIBKY B MX OCHOBE
JISKUT MOCTAaHOBKA COBOKYITHOCTH CBSI3aHHBIX HAYaJIHbHO KPAEBBIX MIIM KPAEBbIX 3a/1a4 MATEMaTHIECKOM
¢uzuku. HanpumMep, 3a1a4u ropeHust, — 3TO CBsI3Ka 3aJ1a4 adPOTUAPOJMTHAMUKH, TETJIO U MACCOOOMEHA,
W3JTy4eHUsI U, HAKOHEll, PU3UKO — XUMHUYECKON KMHETHKH.

B nerrom xe B camoe Omrpkaiitiiee BpeMs B UHAYCTPHAIBHOMN CPeJIe JOIDKHBI MTOSBUTHCS TAKUE CPEIBI
CynepkomnsioTepHoro nrmxuHupuHTa [10], KOTOpHIE OYyAyT pemars BeCh CIEKTP 3a1ad MPOHU3BO/I-
CTBEHHOT'O IIHKJIA C YI€TOM MEXKIUCIUITIMHAPHOCTH, MHOTOMACIITA0HOCTH U MHOKECTBA TEXHOJIOTH-
YECKUX MPOIECCOB MPOU3BOJICTBA. DTH MOIXOABI B CBOIO O4Yepeb Oy IyT CIOCOOCTBOBATH MEPEXOTy Ha
HOBBIN KaYECTBEHHBIN YPOBEHb CAaMUX MPOIIECCOB MH)KEHEPHOTO aHAIIN3a M IPOSKTHPOBAHHS HA OCHOBE
ONITHMH3AINU KOHCTPYKIWH ¥ y3JI0B, BKIIOYast MHOTOKPUTEPHUATBHYIO ONITUMHU3AIUIO 1 ONTHMHU3AIINIO
TEXHOJIOTHYECKUX MPOIIeCcCOB. ECTECTBEHHO, YTO B TAKOTO po/ia Kilaccax 3a/1a4 0e3 CynepKOMITbIOTEPOB
He 000THCh. Ha 3THX My TsIX yKe MPOUCXOJUT CO3/IaHKe CPeJT MPOSKTUPOBAHMUS M OTITUMHU3AIIUH C pac-
HIMPsIEM JIO TPOU3BOJICTBA POIYKIIMU 1 MIEPEX0JIOM K BUPTYaIbHOU pa3paboTKe U3AEHiA C HCIOIb30-
BaHMEM CyNepKOMIbIoTepoB. [lociieiHre TEXHOIOTHN BEAYT K pa3padoTKe «IHU(POBBIX MPOTOTUTIOBY
— BUPTYaIbHOU II(PPOBOI MPOCTPAHCTBEHHON (pEaTbHOW) MOJIENN U3/IETIHS U BCEX €ro KOMITOHEHTOB,
MO3BOJISISL UCKITIOUUTE M3 TIpoIiecca pa3padO0TKU CO3/IaHNE TOPOTOCTOSIINX HATYPHBIX MOJIENEH-TIPOTO-
TUTIOB, ¥ TIPEAOCTABIIAA Pa3pabOTYMKAM TOYHO OIEHMBATH U MOEIUPOBATH JIOOBIE XapaKTEPUCTHKH
00beKTa B JIFOOBIX YCIOBUIX IKCILTyaTallul. A 3TO yiKe MyTh K «IIU(PPOBOMY MPOU3BOJICTBY» — KaK OC-
HOBHOMY KOMTIOHEHTY TIEPEIOBBIX 3aBOJIOB U (aOpHK.

C mo3unuii paccMaTpuBaeMoro 371ecb KOMIETEHTHOCHOTO TMOJX0/a €CTh €Ile OJHO 00CTOSTENb-
CTBO, N3y4Y€HHE KOTOPOTO C MO3UINK y4eOHOT0 MpoIlecca B By3ax MPECTaBIsAeT 3HAUNTENbHbIN HHTE-
pec. Peus uzer o Tom, 4TO B MIOCIIETHUE NECATHIIETHS CTajla Bce Ooiee u Oojee pa3MbIBaThCs TPaHUIA
MEX]ly €CTECTBEHHOHAYYHBIM W MHXEHEPHBIM 3HaHHEeM. TpyIHOCTh HH)KEHEPHBIX 3a/1a4, paccMaTpu-
BaeMBIX, HAIIPUMED, B a9POTUAPOANHAMHUKE, TAKOBA, YTO HETTOCPEACTBEHHO CBS3aHA C TEOPETUIECKIMH
npobsieMaMu pa3paboTKu Mozeiel TypOyiaeHTHOCTH. U ¢ mo3uiuii XapakTepa KOMIETEHIIMH He00Xo0-
JIIMO TPOAYMAaTh KaK COOTHOCSTCS 3/IeCh YHUBEPCAIbHBIE H IPOPECCHOHATBLHBIE KOMTICTEHIIHH.
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Tsa0ps 2014 1. Uzn-Bo MI'Y, 2014. DnexktporHOe u3nanue, cTp. 152-153.

103



CynepKOMNbOMepHble 6 Pocc 21 // Russian Superc ing Days 2021 // RussianSCDays.org
CynepkomnviomepHule onu 6 Poccuu 2021 // Russian Supercomputing Days 2021 // RussianSCDays.org

MaremMaTHKa 1 KOMIILIOTHHI: ONIBIT MOKOPEHUA KOCMOCA U Mep-
cnekTuBbI s «byaymero 3emun». K 110-71eTuio co 1Hs poxie-
Hust M.B.Keaabima u 60-1eturo mosera Q. A.I'arapuna
B ['o1 HAYKM M TeXHOJIOTHH.

T.A. Cymkesuy, C.A. Crpenkos, C.B. MakcakoBa

WNucruryt npuknaanoi maremMatuku uM. M.B. Kengsimma PAH

B nBanmate mepBhIif TOA ABAaANATh MEPBOrO BeKa — rof ciaBHOro 60-eTHero rodwuies je-
TCHJAPHOT0 TEPBOrO MOJIETa B KOCMOC MEPBOr0 3eMJITHHUHA M 3TO ObUT rpakaanuH CoBeT-
ckoro Coroza Commanuctuueckux Pecnyonmuk FOpuit Anexceepnu [arapun — craThs mpu-
ypouena k 110-netuto co aus poxaenus ['nmaBaoro Teopernka kocMoHaBTUKU U [Ipe3u-
nenta Axagemun Hayk CCCP nesamennmoro M.B.Kenzplia, ¢ KoTOpbIM CBS3aHBI MOKO-
pEeHHE KOCMOCa U «30JI0TOW BEK» OTCUSCTBCHHOW (D)YHIIAMCHTAIBHOW M NIPUKJIATHON HAYKH.
«ATOMHBII TPOEKT» SIBUJICS TNIABHOM JBMXKYIIEH CHUIION pa3BUTHUS HE TOJBKO (DU3UKH, Ma-
TEMaTHKH U JAPYTHX HAYK, HO M JETOHATOPOM CO3IaHUS OONBIINX MaTEMAaTHYCCKAX CUCT-
HBIX MAIllUH, Ha3BaHHBIX M03xke DBM (2J1€KTPOHHO-BHIYUCIUTENbHBIE MAINHBI). OIHAKO
MOIITHBIMH JIpaiBepaMy Pa3BUTHUS BEIYUCIUTEIHHON TEXHUKH, HHPOPMAMOHHBIX TEXHOJIO-
THH, UCKYCCTBEHHOTO MHTEIUIEKTA M «IU(ppoBU3anum» cramd «KocMHYecKuit mpoexT» u
npoeKT «PakeTHo-sinepHbId muT». [lnaneTa 3eMisi — €CTECTBEHHBIH NMpUMEpP AMHAMHUYE-
CKOH CHCTEMBbI C HETMHEHHBIMU MPOIIeCCaMU, HaXOSIICHCs] B HEMPEPHIBHBIX N3MEHCHUSX.
VYike oueBHIHA yrpo3a rio0ajJbHBIX U3MEHEeHUH Ha ruitaHeTe. [Iporpamma «byayiiee 3em-
JIN», THULIAATOPOM KOTOPOH sABisieTcss MexklyHapOAHbIM HayYHBIA COBET, — €CTECTBECHHBIN
BCEOOBEMITIOIINI 3Tall Pa3BUTHS HayKH, TEXHOJIOTUH M OOIIECTBa, HaNpaBJIeHHBIN Ha yc-
TOWYMBOE pa3BHTHE W oOeclieueHHe )KM3HHM Ha IutaHere. TpeOyercss KOHCONMAAIMS BCEro
MHPOBOTO HAYYHOT'O COOOIIECTBA M MHUPOBBIX PECYPCOB CYMEPKOMITBIOTEPOB M MH(pOpPMa-
HOHHBIX 0a3 big data. TloBblmaercs posib MAaTEMAaTHUKOB, «COMPUter sciences» u kocmoca
Ui peanu3auuu [IporpaMmel, MOCKOJIBKY HEBO3MOXKHBI HaTypHBIE SKCIIEPUMEHTHI JUIsSl UC-
CJEeOBaHUSl HBOJIOLMM MPUPOAHON cpeapl M KiuMmaTa IulaHeTel. [lo uHUIMaTHBE
T.A.CymkeBuu pagualliOHHOE 0JI€ 3eMIIM MPU3HAIN KaK «HEMaTepHUaIbHYI0» KOMIIOHEH-
Ty KJIIuMarta. B mpuopurere conpspKeHHBIC MPSMBbIE W O0paTHBIC 3a1a4d — KOMITBIOTEPHOE
MOJEIMPOBAaHUE PAAUALMOHHBIX IMPOLIECCOB, NMPOTHOCTUYECKUE PACUETHl PajHallMOHHBIX
XapaKTePUCTUK U 00pabOTKa OrPOMHBIX MAacCHUBOB JAHHBIX TJI00ATBHOTO MOHUTOPHHTA U
JUCTAHIIMOHHOTO 30HUPOBaHUsl 3eMiu U3 KocMoca. OTpOMHBIA TEOPETUYECKHH U TPH-
KJIQJHOW HAy4YHBIA MOTEHIIMAJ, CO3/IaHHBIM OTEUYeCTBEHHBIMH YUYEHBIMHU Ha 3ape KOCMHUYe-
CKOM 3pBI, TIO3BOJISIET COXPAHATh BeAyIIHe TMO3UIMK B MUpPE TIpu peanu3anuu [IporpaMMbl
«bynymee 3eMan.

Kmouesvie crnosa: Kocmuueckuit mpoext, M.B.Kengpin, matematnka, 9BM, maremaTude-
CKO€ MOJIeITMPOBaHNe, KOMIBIOTUHT, Bynyiee 3eMiu

1. BBeaenue

B I'ox Hayku u TexHomoruit 9 anpenst 2021 roga — nBaaaTe NepBEIid TO ABAALATOTO CTOIETHUS
HakaHyHe 3HaMeHaTeNbHOTrO 00mes — 60-1eTust IepBOro mojera B KOCMOC KHTEJs TUTaHETHI 3eMIIs U
at0 ObL1 TpaskaanuH Coroza Coserckux Commanuctuyecku PecryOimk (CCCP) xommynucr FOpuit
AnekceeBuu ['arapun — Poccust B mpsamom 3¢upe nokasana BceMmy Mupy 3amyck «Kocmuyeckoro xo-
pabas HO.A.I'arapun» 1Mo yHHKaJIBHON CBEPXKOPOTKOW OpPOUTE M €ro CTHIKOBKY ¢ MEXIyHapOIHOH
kocmudeckoit crannueit (MKC), TemM cambiM BceMy 4elIOBEYECTBY HANOMHHIIA 00 OTEYECTBEHHBIX
MMUOHEPCKUX MPHOPUTETHBIX TOCTHXEHUIX M MPOJEMOHCTpPHpOBala CBOE JHMJIEPCTBO B KocMoce. B
COOTBETCTBUM C IporpamMmor MexxayHapoAaHOH KocMudeckod cTaHuuu B 10 yacoB 42 MHUHYTHI €O
craproBoii iomaakud Ne 31 kocmompoma baiikoHyp OCYIIECTBIICH IyCK pakeThl-HOcuTes «Coro3-
2.1a» c munotupyembiM kopabaem «tO.A.I'arapun» (Coroz MC-18) u MeKAyHApOAHBIM SKUIIAKEM U3
Tpex KocMoHaBTOB (ABoe u3 Poccuu, oaun u3 CILIA) gmutensHoii sxcneaunun MKC-65.
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M.B.Kenapim [1-3] ObuT H1€0I0TOM M OPraHU3aTOPOM KOCMHYECKUX UCCIICAOBaHuiA, a ¢ 1946 ro-
Jla OTBevasl 3a NPUKIAJHYI0 MaTeMaTUKy, pacueTsl 1 DBM. KiroueBbIM OpraHU3alluOHHBIM PEIIEHUEM
[0 KOHCOJIMJALMU Hay4HBIX OpPraHU3alui U CIELHUAIMCTOB B 00JIACTH KOCMHUYECKHX HCCIIEIOBAHUI
nociyxuio [locranoenenue LIK KIICC u Cosera Munuctpo CCCP ot 10 nexadpst 1959 r. No1388-
618 o co3mannu MeXayBeIOMCTBEHHOI'O HayYHO- TEXHUYECKOTO COBETa M0 KOCMUYECKHUM HCCIEN0-
BaamsiM (MHTC mo K1) nmpu AH CCCP (otkpeiToe HazBanue — Coset Ne 1), IlpeacenaTresieM KOTO-
poro B craryce Munucrpa CCCP 6611 HazHayeH akaaemuk M.B.Keaabim (1959-1978), akamemuk-
cekperapp Otnenenus MmaTeMaTuky U nupekTop Mucturyra npuknagHoi matematuku AH CCCP.

A 60 ner Ha3zanx 5-12 anpeas 1961 roga na xkocmoapome «balikoHyp» BepuIWjIach UCTOPUS
yeJI0BeYecTBa: I1J1a MOLIHEHIIIas HHTEIUICKTyalIbHast padoTa — «MO3TrOBOH IITYPM PYCCKHX I€HHEB)» —
Ha TOCJIEAHEM 3Talle pealu3alliid MEUTHl YeJIOBEKa IMPEO0J0JEeTh 36MHOE MPUTSHKEHHE U TOJETETh B
kocMoc. I'maBHEIME ObITH akameMuk M.B.Kemppmm, akagemuk C.I1.KoponeB u reHepan-ieldTeHaHT
auarun H.I1.Kamanwun. ['maBueiii Koncrpykrop C.I1.Kopones OblT OTBETCTBEHHBIM 32 TEXHHUYECKOE
obecnieuenue, I 'maBueiii Teopetuk kocMonaBTuku 1 IIpencenatens MHTC no KM munuctp u akazge-
Muk M.B.Kengpin — 3a mporpamMMy ncciieioBaTedbcKoi paboThl KOCMOHABTa Ha OOPTY KOCMHYECKOTO
KopaOJIs (TTepBhIi B3I Ha 3eMiTio n3 kocMoca — «KpacoTa»!) i 6ammicTHIecKue pacueThl, KOTOPHIE
nposoauinck Ha OBM «Ctpenay B OTAeneHud IpUKIAIHON MaTeMaTHKU MaTeMaTHuecKoro WHCTU-
tyta uM. B.A.Crexkioa AH CCCP (OIIM MHUAH CCCP - cekpetHoe), cozmanHoro B 1953 roay, a
H.I1.KamaHuH — 3a TOATOTOBKY KOCMOHABTOB (¢ anpeis 1958 roga 3aMecTHTENb HavalbHUKA I TaBHO-
ro mrraba BBC, ¢ stuBaps 1961 roga 3amectuTesb HavaabHuKa 60eBoi moaroroBku BBC mo kocmocy).

N3 nHeBHUKA NMepBOro pyKoBOAMTE/s1 MOATOoTOBKH KocMoHaBTOB H.II.Kamanun:

«6 anpena npunemen npedcedamens I ocyoapcmeennoii komuccuu Koncmanmun Hukonaesuu
Pyones. OcHogubim coObimuem OHA ObLIO MeEXHUYECKOe COoBeujaHue Nnoo PyKOBOOCHBOM
C.I1.Koponesa. ... Ilpucymcmeosanu: npeoceoamens I'ockomuccuu, akademux Mcmucnae Bceeo-
ao0oosuy Kenowviu, cnasHvle KOHCMpYKmMopbl 0gueamenetl, Cucmem cesisu, 000pyo0osanus, ynpasie-
HUs... Mmoe cosewanus: oKOHUAmMenbHo paspabomano 3a0anue KOCMOHAGMY HA 0OHOBUMKOBbIL NO-
nem. Illoonucamov 3mom ooxkymenm evinana yecmsv C.I1. Koponesy, M. B. Kenoviuy u mue. Ilepeoe
3a0anue 1eMYUKY-KOCMOHAGMY HA NEPELLIL NOem 8 KOCMOC.

8 anpena cocmosnocw 3acedanue I'ocy0apcmeennol KOMUCCUU HO NYCKY KOCMUYECK020 KOpaobis
«Bocmoxky ¢ uenosexom na bopmy ... Paccmompenu u ymeepounu 3a0anue Ha KOCMUYECKUIL ROJIEM ...
Mhnue 6vinu danvl NOTHOMOYUS OM UMeHU KOMaHOosanus Boenno-Bo3oywmneix Cun nazgams Kanouoa-
mom I'azapuna IOpusa Anexceesuua, a e2o oyonepom — Tumoea I'epmana Cmenanosuua...

10 anpens geuepom cocmosanoce mopoicecmseennoe 3acedanue I ocyoapcmeennol Komuccuu no
nycky kopabas «Bocmoxy. B nebonvuiom 3ane emopozo smasica MOHMANICHO20 KOpHnyca coOpaiocs
6ce pykoeoocmeo: I'ocydapcmeennas KOMUCCUs, UCNbIMAMENY, 21A6Hble KOHCIMPYKIMOPbI, MeOUuKu,
opyeue yuenvle (npum. oxono 70 uenogek). Cmonwvt nocmaenensvt oykeou «T». B cepeoune Koncman-
mun Hukonaesuu Pyones — npedceoamensv I'ocyoapcmeennoii komuccuu. Paoom Cepeeii Ilasno-
eéuy Kopones, Mcmucnae Bcesonooosuu Kenoviu.

U eom 12 anpena. Yymo 6pesocum pacceem. B 5.30 pazbyouru kocmonasmos. B 6.00 cocmos-
nocy 3acedanue komuccur. OHO ObLIO YOUBUMENbHO NPOCHBIM U KOPOMKUM. [OKNadbl c600UnUCH K
HecKonbKum @pasam. «3ameuanui nem, 6ce 20mogoy. «Bompocoe nemy. «Moocno npouzsooums
nyck». B 8.20 na cmapm npuésiiu unenst I'ocyoapcmeennoii komuccuu. /locosapusaemcs o nopsio-
ke nocaoxu I acapuna 6 kopabib. ABMoOYC ¢ KOCMOHABMAMU OO0NIHCEH NPUOBIMb HA CMAPMOSYI0 N0~
waoxky ¢ 8.50. Om asmobyca 0o augpma — 50 mempos. I'acapuna 0012icHbl RPOBOIHCAMB NPEOCeda-
menv I'ocyoapcmeennoii komuccuu, C. I1. Kopones, opyzue uneunwt I'ockomuccuu ...»

[lepByto mpecc-koH(pepeHunto neporo kocMonasTa H0.A.I'arapuna npoBogun [lpesunentr AH
CCCP A.H.Hecmesnos 15 anpens B Jlome yuensix. }O.A.I'arapuny Bpy4yniu nepByro 30JI0TYyIO Me-
nanb uM. K.3.1lnonkoBckoro «3a Beiaaroiuecs padoThl B 00JACTH MEXKILIAHETHBIX COOOIICHUIY, yu-
pexnennyro AH CCCP B 1954 rogy. M.B.Kennpim nomyumn takyro Menans B 1972 roay. A 15 anpe-
151 M.B.Kengeim Berpewan FO.A. I'arapuna u mapmana aBuaunu K.A.Bepumanna (cm. Puc. 1), Ho n3-
3a Ype3MEPHBIX MEp CEKPETHOCTH B IMpe3WANyMe HE MOSABIsUICA W He BbicTynal. 19 mas 1961 roxa
M.B.Keaabima uzbupatot [Ipesugentom AH CCCP u B TOT ke AeHb OH BRICTYIHI Ha O0meM co0-
panuu ¢ coobmenueM o nonere FO.A.I'arapuna. Bee mocienyromne npecc-koH(QEpEeHIMH TI0 KITIOYe-
BbIM COOBITHSIM OcBOeHMs kocMoca M.B.Kenapin nporoaun cam kak [Ipesunent AH CCCP B Akro-
BoM 3anie MI'Y u ObUI U3BECTEH Ha BECh MU, MOCKOJIbKY HUKTO TaK MPOQECCHOHAIBHO H OMOIHO-
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HaJBHO HE MOT pacckas3biBaTh 0 kocMuueckux ycrnexax CCCP. Bo Bpems noxopon C.I1.Koponesa Ha
Kpacuoit mmomanu 11 suBapst 1966 roaa, maxomsich Ha Mag3oitee, ¢ peusto o C.I1.Koponese BBICTY-
1 M.B.Kenaeimn — Bce moHsH, KTOo ske ObuT I maBHbIA TeopeTk KOCMOHABTUKH. B COOTBETCTBUH C
[HocranoBnenuem Ilpesnanyma Axanemun Hayk CCCP ot 8 mions 1966 r. Ne 465-010 cexperHoe
OIIM MHAH CCCP 6suto npeobpazoBano B MIHCTUTYT MPHUKIATHOW MaTeMaTHKHA AKaJIeMHUH HayK
CCCP (MIIM AH CCCP) u Ha 3maHuM BIIepBBbIE MOSBUJIACh TabIM4YKa C Ha3BaHWEM HHCTUTYTa. C
1953 roga 310 OBLT MIEPBEI B MUPE HHCTUTYT NPUKIAJHON MaTeMaTHKH!

Puc. 1. M.B.Kengpimr Bctpeuaet F0.A . I'arapuna u mapmana aBuanun K.A.Bepmmanna nepen nepBoit
npecc-koHpepenuueit B Jlome ydennix 15 anpens 1961 roga. (APAH. ©.1546. On.1. 4.75. J1.170.)

Ha kocmonpom «balikoHyp» 5 ampessi IpWIETENIN WIECTh NEPBBIX KaHAUAATOB B KOCMOHABTHI,
KOTOphbIe ¢ Aekadps 1960 roma mpoxoauiii MOATOTOBKY K MEpBOMY ToJieTy B kKocMmoc: FOpwuii ["arapum,
I'epman Tutos, I'puropuii Hemro6oB, Aunpusa Hukonaes, [TaBen IlonoBuu, Banepuii brikoBckuid.
M.B.Kenapl oTnaBan npeanoYTeHHe caMoOMy MOJIOJIOMY € XOPOILIO Pa3BUTHIM MHTENIEKTOM U yBIle-
karomemycs nodsueit ['.C.TutoBy (emy ObuTO 25 1ET), ¢ KOTOPBIM CIOXKHIIUCH JIPY)KECTBEHHBIE TOBE-
puTenbHble oTHOIEHHs. [ epman TuToB OBUT BTOPEIM KOCMOHABTOM M COBEPILWJ OTBETCTBEHHEHIINI
Y CaMbIil OMACHBIN CYTOYHBIH N0JIeT 6-7 aBrycra 1961 roga, moyiyuus OOJIbIIYIO 03y O0JIYYCHHUS, HO
MY>KECTBEHHO BBITIOJTHIII 33/IaHU€E U BIIEPBbIE B HCTOPUH YEJIOBEUECTBA CAENAl CheMKH 3eMJIH C KOC-
muueckoro kopabmns. I.C.TutoB cHuman penoprepckoil kmHokamepoil «KoHBac» oTeuecTBEHHOTo
MIPOM3BO/ICTBA KaK Ha OOBIYHYIO IJICHKY, TaK U Ha IBETHYI0. KOCMOHABT BBITIOIHII KHHOCHEMKY 3€M-
HOM MOBEPXHOCTH C BBICOTHI 244 KM U CTaJl IEPBBIM KOCMHUYECKUM KrHoomepaTtopoM. J1o I'.C.Tutos
nepBbIii MoKa3aj BceM 3eMJII0 KaK OHA BUAMTCS M3 KocMoca! Marepuaibl CbeMOK ObUIN YHUKAJIb-
HBIE U UMEJM OIpPOMHOE Hay4yHoe 3HaueHue. s pazpaboTku u BepupuKanuu riio0aIbHOH MOJEIH
3eMIId MbI UCTIOJIB30BaTH pe3ybTaThl cheMok I'.C.TutoBa (cM. Huke Puc. 3), ¢ KOTOpHIM JIMYHO ObLTa
3HakoMa T.A.Cymkesud. He ciydaiiHo B HOBoM 31aHuu MHcTuTyTa Kenapima u MHCcTHTYTA KOCMU-
yeckux uccienoannii AH CCCP (ocHoBan no nnunmatiuse M.B.Kennpima B 1965 roay) na Ilpod-
COIO3HOH YII., 1. 88 mepByto cekuuto npenoctaBuwin ais Ynupasienus MO CCCP, koTopoe 1o Havana
90-x rogoB Bo3riasisul [.C.Turos. B atoii cekunn xabuner I'.C.TutoBa coXxpaHuim Kak My3ei.

VYpoBenb MoOMIM3auu NpohecCUOHAIbHBIX KaApPOB, MPEXK/IE BCETO YUCHBIX, HHXEHEPOB, KOHCT-
PYKTOpOB, Oecrpelre/IeHTHBIH YPOBEHb OpraHU3alui pa0OThl MHOTOYHCICHHBIX KOJUIGKTUBOB W He-
CKOJIBKMX BEJOMCTB, MOIIHEUIINIA HWHTEIJIEKT 00pa30BaHHOTO COBETCKOTO HApo/Ja W T€HHUAIBbHOCTH
TBOPLIOB IO CHX IOP MOPAXalOT CHEHUAIUCTOB. DTO OBUI TPYJOBOM MOABHI TaJaHTIMBOrO HAPOAA,
KOTOPBIM TOJBKO YTO MoOenus (ammsM U MpociaBuil cBo0 PoanHy HaBeka, caenaB HEepBbIA mIar B
oeckoneuHocTh! CCCP 6e30roBOpOYHO BBIMTPAT KOCMHYECKYIO TOHKY Y CBOETO TNIABHOTO KOHKYPEH-
ta — CIIIA u Gonee nmecsatu net ocraBaics Jlumepom, ocymiectsus nonetst AMC Ha JlyHy, Benepy,
Mapc, a B IpU3eMHOM KOCMOCE KOCMOHABTHI BIIEPBBIE COBEPIIANN BBIXOJ B OTKPBITOE KOCMHUYECKOE
MPOCTPAHCTBO, CTHIKOBKY KOCMHUYECKUX KOpalOlieH, JUIMTenbHbIe dKCIeAUIHA Ha J{ONTOCpOYHBIX Op-
outanpHbIX cTaHMaX. BepmHoii corpyaamuectBa CCCP n CIHA ctan npoexT «Coro3-Anouiony.
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Coznanue B 1953 rony nepsoro B mupe MHcTuTyTa npukiagHol MatemaTku kak OIIM MUAH
— 3TO OB KOMIIPOMHUCC Paad COXPaHEHHs eINHOTO KOJUIEKTHBA MaTEMATHKOB. MeXTyHapoHOE TIpH-
3HaHWE HAYYHBIX IIKOJI TIO Pa3HBIM HAMPABICHHUAM MATEMaTHKH OBLIO MPOJAEMOHCTPHUPOBAHO B 1966
roay: 55 ser Ha3zan ¢ 16 mo 26 asrycra B MI'Y umenu M.B.JloMmoHOCOBa mnpoxoanst MexayHapoa-
HBI KOHTpecc MareMaTHKoB. O ero mupoKoM pa3Maxe CBHIIETENbCTBYET YHCIIO YIaCTHUKOB — Oolee
5 Teicsa, 3 HUX 2400 matematukoB n3 CCCP, 463 noxmamunka u3 CIIA! OTkpsIBaJI KOHTpecc Tpe-
suneHT AH CCCP akagemuk M.B.Kengpim, npesuneHToM KoHTrpecca ObuT ero apyr — pekrop MI'Y
akanemuk W.I".IlerpoBckumii. D10 OBLIO Havano paciBeTa «Onoxu Kenpiimay!

2. OnpIT pelieHUs NPUKJIATHBIX padoT

[ToaTBepkmaeTcst CTpaTerHdecKnii BRIOOP OTBETa HA BOMPOC «3aueM Hy»KeH KOCMOC?», CeaH-
Helid B 1955 r. M.B.Kenneimiem — I'maBabiM TeopetrkoM KOCMOHABTHKH M rOCYNapCTBEHHBIM JIESTC-
JeM: «pa3BeAKa U HadoaeHue 3eMJIny», akTyalbHbld 1 B XX-M 1 B XXI-M Beke. B 1955roay Obiio
OCHOBaHO MMUHHCTEPCTBO 00IIero MammHOCTpoeHus (PockocMoc ero mpeeMHHK), Havaad CTPOUTH
kocmogipom «baitikonyp», a B Uacturyre Kennprma npodeccop E.C.Ky3nernos (aam coBetckuii Yan-
Jpacekap) OCHOBaJl YHUKANbHBIM U €IMHCTBEHHBIN B Mupe oTnen «KuHeTndyeckue ypaBHEHHUA», KOTO-
PBI COCTABIISII OCHOBY MOCKOBCKOM Hay4YHOU LIKOJIBI 110 YPABHEHUSM NEPEHOCA U3IYyUYEHHUS], HEUTPO-
HOB, 3apsDKEHHBIX YacTHUI[ B pa3HBIX cpenax. B ator oraen 60 jet nazax B 1961 roay ¢ kadenpsr «ma-
temaTtuka» A.H.TuxonoBa Ha gusudeckom akynprere MI'Y M. M.B.JlomorOCOBa ObLIIa HaIpaBie-
Ha (usuk-Teopetk T.A.CymikeBHY — TOCICAHSS YYCHWIA W TPEEMHUIA HAYYHOTO HAacJeIus
E.C.Ky3nenosna (13.03.1901-17.02.1966), koropomy B 2021 1. 66110 661 120 JIeT CO AHS POKIAECHHUS.
C ocuoBanust OIIM MHWAH M.B.Kennpimn ciemnan ero moxuroHOM IS pa3BUTHS BBIYUCIUTEIBHON U
MIPUKJIAJTHON MaTeMaTHKH U OCBOeHMsI HOBBIX OBM mns pemenus npukiaausix 3agad. [lepsoit OBM
BTOpOTO TIOKoJieHHs Oblia «BecHa» [4], nist matematudeckoi caaun kotopod T.A.CymikeBuy Oblia
HamMcaHa nepsasi OoJiplas mporpamma (B KoJax KOMaHA) AJsl MOAEIUPOBAHMS MPOXOXKICHUS CITyT-
HUKOB M pakeT 4epe3 TOJNBKO YTO OTKPBITHIE C HOMOIIBIO CITyTHUKOB HMOHOC(EpPY M paaHalldiOHHbIE
nosica 3emnu [5]. OyHaaMeHTanbpHas HaydHas MpobOjeMa MMesa BaKHbIe MPUIIOKEHHS: HYXKHO OBLIO
OLICHUTH BIIHMSHUE HAa KOCMHUUYECKHUH anmnapar U BIMSHHAE Ha KOCMHUYECKYIO cBA3b. [l pacyera oqHOTrO
BapHraHTa TpeOOoBaJoCh 28 yacoB mpolieccopHoro BpeMenu. Ha OBM «BecHay BriepBbIe OBLT peann3o-
BaH MYJBTHIIPOTPAMMHBIA peXuM, a Takxke noctpoeH nepBsii B CCCP koMmmbroTepHbIH Tpaduk u
CO3/1aH aHMMAIIMOHHBINA (PUIIBM, KOTOpBIE MTOKA3alIH BIEPBBIE 3a pyOexoMm. Pacders! n hopmupoBanue
Mmatpul ¢ pucyakamu obecnieunBaia T.A.CymkeBnu. KO0.M.baskoBckuil co3nan TeXHUYECKHE CPEaCT-
Ba JIJIsl XapakTPOHa, POTOCHKEMKH C €T0 SKpaHa, Pa3MHOKEHHSI U MOHTa)ka N300paKeHUH.

T¥istere,
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Puc. 2. ITepsoiit B CCCP kOMIBIOTEPHBIH Ipa-
¢uk, OBM «BecHay, aBryct 1964 1.

Puc. 3. Oyl #3 NepBbIX CHUMKOB 3€MITH.
I'.C.TuroB Ha «BocTok-2», 6 aBrycra 1961 r.
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B 1966 roxy B UIIM ycTaHOBHMIN NEPBEIN IK3EMIUISP caMOil yclemHoi u nyymel B EBpomne co-
BeTckoit BOCM-6. Havascst JyIMTenbHBIA epHoT OCBOSCHUS KOCMUYECKOTO TIPOCTPAHCTBA C TIOMOIIIBIO
BOCM-6, AC-6, OBM EC-psana u npyrux, KOoTopslit mmcs no 1992 roxa. 55 nert naszan B 1966 roay
Obuta pa3paboTaHa nepBasi B MUPe M HUKEM He MPEB30HICHHAs [0 CUX TOp riiodanbHas cepuueckas
MOJIETh PAIUAIMOHHOTO TIOJST 3eMIIH, KOTOpast UCTIOIh30Baach IS TEOPETHKO-PACUETHRIX UCCIIEN0-
BaHWH, MMOHEPCKUX HAYYHBIX KOCMHUYECKHX JKCIIEPHMEHTOB W BBHIIIOJHEHUS CTPATETHYECKHUX TOCY-
JapCTBEHHBIX 3aaaHuii 10 1992 rona [6-16]. Anroputmbl ObUIM HACTOJIBKO CIOXKHBIC U C OTPOMHBIM
YHCIIOM YCJIOBHBIX MIEPEX0JI0B, YTO HE XBATaJIO PECYPCOB HU OJHOTO TPAHCIATOpPA C aBTOMAaTHYECKHX
SI3BIKOB TIporpamMmupoBanus. [Iporpamma Obita Hamrcana Ha ABTokoge (pa3padorka B.C.Iltapkmana
Y €ro COTPYTHUKOB), 3aHUMaIa OKoyo 25 Teicsad nephokapt. s pacdera omHoro BapuanTa TpeboBa-
nock nopsiaka 300 yacoB nporeccopnoro Bpemenu, 14 MJI u 6 MJI. BriepBbie ObUIM UCTIOIB30BAHBI
MPUEMBI paclapaUIeTUBaHMs BBIYUCICHUN € TOMOIIBI0 3()(PEKTHBHON OpraHM3aluy OTNEPaTHBHOM
MamMsATH 1 0OMEHOB C BHEITHUMH HOCUTEISIMH, YTO MO3BOJISIIO IPOBOIUTH PaCUeThl O€3 OTepPb.

3. MaTeMaTH4eCKHE MOJAEJIN H METObI

Henpeononumas cioxHOCTh TPOOJIEMBI COCTOUT B TOM, YTO JUISI UCCIEOBAHUIN IJIAHETHl HE J0-
MyCTUMBI HAaTypajibHbIE SKCIEPUMEHTHl U BO3MOXHBI TOJIBKO MOHUTOPUHT M HAOIIOJEHUSA pa3HbIMU
CpEJICTBaMH, C OAHON CTOPOHBI, & C APYTrOM CTOPOHBI HA MOMEHT U3MEPEHUI pajnalii HEBO3MOKHO
BOCCTaHOBHUTH BECh HA0Op ONTHUKO-TE€OPU3NUECKUX U ONTHKO-METEOPOJIOIHUECKUX IapaMeTpoB CHC-
TeMbI «aTMocdepa-cyIia-okean», OT KOTOPBIX 3aBUCHT PaJHalisl, U He BO3MOKHO MOBTOPUTH yCIOBUS
HaOJIIOEHHH, TaK KaK Cpe/ia HePephIBHO 3MEHSETCsl M HUKOTa He oBTopsiercs. M Toapko MaTeMa-
TUYECKOE MOJIEIHPOBAHNE IO3BOJSAET NMPOBECTH TEOPETUKO-PACUETHBIE HCCIENOBAHUS CTOIb CIIOXK-
HBIX MTPOOJIEM U MOJTyYUTh KaYeCTBEHHBIC U KOJMYECTBEHHBIC OLICHKH IS aHaJ3a U IPOTHO30B.

[Inanera 3emuis - ecTeCTBEHHBIN MpUMeEp JUHAMUYECKONW CHUCTEMBI C HETMHEHHBIMH HpOoIleccaMH,
HaxXOJSIIEHCs B HENPEPHIBHBIX W3MEHEHUIX. J{peBHUE acCTPOHOMBI HCIIOJIb30BAIM CBET Ul HAOIIOAe-
HUI 3a JAPYrHMMH IJIaHeTaMH W 3Be3gamMu. M He ciy4aifHO HAONIOACHUS W MCCIIeOBaHUs IUTAHETHI
3emJisl MPOBOASITCA C MIOMOIIBIO ""CBETOBBIX TEXHOJIOTHH", TOCKOJIBKY CKOPOCTh CBETA TaKOBA, YTO HC-
ClIeTyeMbIil 00BEKT MOYKHO CYUTATH "CTAIIMOHAPHBIM" U B TEOPUU MEPEHOCA N3NYUCHHS MPAKTHIECKI
peLIaoTCs CTAMOHAPHBIE KHHETHUECKIE YPaBHEHUs 0€3 BpEeMEHHOM 3aBUCHMOCTH.

3.1. IIpuéan:keHne NI0CKOro cJ1051

PaccmarpuBaeTcs 3ajada mepeHoca M3ITyYEHHS B CHUCTEME «MHOTOCIONHAs atMocgepa—
TIO/ICTUIIAOMIAS TOBEPXHOCTL Ha ypoBHe Z = Ny (CAII) B npubamXeHHH IIIOCKOTO CIIOS, B KOTOPOii
aTMocdepa MIPUHUMAETCS] TeTEPOTeHHOM, T.€. BEPTHUKaJIbHO-HEOJHOPOAHON M, BO3MOXHO, C Pa3HBIMHU
palualMOHHBIMU PEXMMaMU B IOJCIOAX, HO TOPHU30HTAJIBHO-OAHOPOIHOW, a MOJICTHJIAIOLIAsS IO-
BEPXHOCTh MOXeET OBbITb JII00OTO THMA: TOPH30HTAJIBHO-OJHOPOJHON WM TOPU3OHTAIBHO-
HEOJHOPOIHOHN ¢ TaMOepTOBBIM MJIM aHU30TPONHBIM oTpaskeHHeM. CAIl cunTtaercss HEMyIbTUILTULIM-
pyromieii (0e3 pa3sMHOKEHHS).

dopmynupyercs oOmmid noaxox i 3aga4d ¢ 1D-, 2D-, 3D-pa3mMepHOCTH 110 POCTPAHCTBY, KO-
TOpas 3aBUCUT OT NMPOCTPAHCTBEHHBIX XapaKTEPUCTHUK OTpakarolled MOACTUIAIONIEH MOBEPXHOCTH:
€CJIM MOJCTHJIAIONIAasl IOBEPXHOCTh T'OPU30HTAILHO-OAHOPOIHAS, TO U MEPEHOC M3IYYEeHHUS B TAaKOMH
CAII oHOMEpHBIN; €Clii MOJCTUIIAIONIAS TIOBEPXHOCTh TOPU30HTAIBHO-HEOJHOPOIHAS TI0 00EUM KO-
opauHataM X, Y (HampuMep, Mo3auyHasi, KaKk B HATYPHBIX YCIOBHUSX), TO IPUXOJUTCA UMETH JIENO0 C

npobieMaMu TpexMepHoro nepernoca usnydenus B CAIl; nBymepHas 3amaya mosydaercsl IpH HaIH-
YU OCEBOW CUMMETPHH I HEOJHOPOJAHOCTH IO OJHOM KOOpaUHATE.
Takyro CAII 11t TeTEpOreHHOTO PacCEeMBAIOIIETO, MOTIIOMIAIOIIET0 W H3TYyJatoIIero CIos, He OT-

PaHUYCHHOI'0 B IOPHU30HTAJILHOM HAIIPaBJICHUH (—oo <X,y <o, I = (X Y )) M KOHEYHOI'O IIO BBbI-
cote (0 <z <h ) , OIIUCBIBAEM B OOLIEM CIIydae JUlsl TPEXMEPHOIO €BKJINI0BA IPOCTPAHCTBA: PAIIyC-
BeKTop I = (X Y.z ) MHOXECTBO BCEX HAMPABJICHUN PacCIpOCTPAHEHUS] U3JIyYEHHS S = ( M, @),
rae 1 =C089, 9 €[0,7] — sennTHbIA yron, OTCUNTEIBACMBIN OT HANpaBIEHUs BHYTPEHHEH HOp-

Maiu K BepxHeii rpanutie cinost Z = 0, kotopast coBnagaer ¢ ocoto Z , u @ € [O, 271] — a3UMYT, OT-
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CUMTHIBAEMBIH OT MOJIOKHUTENBHOTO HAMPABIEHUs ocH X , 00pasyeT equnnunyio chepy Q=Q" UQ;
Q" u Q — nonycdepsl I HaNpaBIeHUH PACIPOCTPAHEHHS HUCXOISIIETO, TIPOITYIEHHOTO M3y~
YEHUS C U € [O,l] A BOCXOJSIIEr0, OTPAXKEHHOI'0 U3JIYYEHUS C Ll € [—1,0] COOTBETCTBEHHO. Jlis
ymo0CTBa 3aMrCH KPaeBhIX yciIoBwid Ha BHemHUX rpanumax CAIl BBonuM MHOXecTBa:

t :{z ,r,s:z2=0,5s e(f}, b:{z r,s:z=h, SGQ‘}.

MHTeHCHBHOCTD (HEpPreTHYecKas ApKOCTh) MOHOXpOMaTUUeCcKoro usmydeHus @D, (I’,S) B CAII

(mHa BOJHBI A (HMKCHpOBaHA M HIKE OIYIIEHA) HaXOAUTCS KaK pelieHre oOIIed KpaeBoil 3a1aun
(OK3 mpu R, #0 u & #0) q1s kuHeTHYECKOro ypaBHEHHUs B (pOpMeE JIMHEAPH30BAHHOTO yPABHEHHS
BonbiMana B NpuONIKEHH OWHAPHBIX «CTOJNKHOBEHUI» (POTOHOB C KOMIIOHEHTAMH CPEJbI, KOTJa
AIIEKTPOMArHUTHAS BOJHA, B CHITy MPHHIUIIA Tyajn3Ma «BOJHA-YACTHIIAY», PACCMATPHBAETCS KaK 4ac-
TULA-POTOH:

KO=F", @ =R, @ =¢R®+FR; K=D-S. (1)

=F,
OK3 (1) onpeneneHa Juisi TMHEWHBIX OMEPATOPOB: ONIEPATOP MIEPEHOCA

N

D =(s, grad)+o(z)=D, + S“a”ﬁr ;

1

o
D E,uE+O'(Z)

ONKCBHIBACT NepeHoc B ogHoMepHoit 1D-3amaue u K, = D, —S ; B ciayuae tpexmepHoii 3D-3aaun
o . o . i
DO = u—®+ singcosp—@ +sinIsing— D+ o (z)P;
oz OX oy

MHTETPa CTOJKHOBEHHH ([UIs JIMHEApU30BaHHOTO ypaBHEHHs boJblMaHa, YYUTHIBAIOIIETO TOJBKO
OMHapHBIE B3aUMOIESHCTBUS 0€3 N3MEHEHUS JITMHBI BOJTHBI)
Sh= as(z)_[ ®(z,r,8")y(z,5,8) ds’, ds'=dgde, S(1)<i
Q
OIrepaTop OTpaKCHUA, OHI/ICBIBaIOHlI/Iﬁ B33]/IMOI[CI7[CTBI/IC H3JIYy4YCHHSA C HOI[CTI/IJIEIIOHIGI‘/'I IMOBECPXHOCTBIO
0e3 U3MEHEeHUS [UTNHBI BOJIHBL,

[R@](hr,,s)= _[ <I)(h, rl,s+)q(rl,s,s+) ds*, R, (1)=q"(r,s)<1, )
o
V4 (Z vS,S ') — HMHIUKATpPHCA pacCesHUs, 3aBUCAIIAS B TOM YHCIIE OT BBICOTHI, G(Z ) )54 GS(Z ) —

BEPTHKAIIbHBIE PO K03 (PUIIMEeHTOB ociabiaeHns (3KCTUHKIINN) U paccestHust; ( ('l ,'S,S +) —
sy1po oneparopa orpakenus; napamerp 0 < & <1 duxcupyer akT B3auMOAEHCTBUS U3IYUEHHS C 1101
JIOJKKOM; F" (Z, S) , Ft (I’L, s* ) , Fb (I’L , S_) — WCTOYHUKH MHCOJISIUHU (BHEITHUI COTHEYHBIN MOTOK,

COOCTBEHHOE M3ITyYEHHUE CPEJIbI).
Jlyis reTeporeHHoi arMocgephbl Ha TeX BBICOTAX, IJI€ CYIIECTBEHHO MEHSIOTCS ONTHYCCKHE CBOM-

cTBa aTMOC(EpBI, BBOAATCS BHyTpeHHHME rpanunsl Z =N, m=2,3,...M, Ha KOTOpBIX CTaBATCS JI0-

'm !

IMMOJIHUTCJIIbHBIC KPACBBIC YCIIOBUA:
D), =& RIO+TI®)+F,, @ =& (RO+T,®)+F;,
dl,m :{z,rl,s: 7=0, SEQ+}, dT.m :{z,rl,s: z=h, SEQ‘},
OIIUCBIBAKOIIIHNEC 06MeH HBJIIYYCHHUEM MCKAY MOACIOAMU C IIOMOIIBIO OMICPATOPOB OTPAKCHUS Rrﬁ , R;
U [IPOITYCKAHHSI Tmi , Tnj :
HcTouHuKHM Ha rpaHUIax hm , m=2+M, VYHUTHIBAIOT OOMEH U3TyUECHUEM MEXKTY TOICTIOSIMHU:
F'=T'®' +T'®! +R'O' +R'O!
FnT = RLICD# + erarlq); +TnT+1CD#+1 +TmT+1q);+1;

F'=F"; Fo.=F; dli=tl; dTM+1=bT.
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Pemenue xpaeBoii 3amaun (1) moxkno uckath B Buae cynepnosuiuu O=@ +®@ . donosoe us-
nydenne atMmochepsl @, ompesensdercs Kak pelleHHe TepBoi KpaeBOHM 3aauu TEOpUH MepeHoca

(IIK3) ¢ «BakyyMHBIMID TPAHHYHBIMA yCIOBHSIMH (R = 0)

Ko,=F", &,|=F, &,|,=FK. ®)
3amaya a1 HaXOXKICHUS TIOICBETKH <Dq OT MOACTHIIAOIIEH TOBEpXHOCTH, — 3T0 OK3
Ko, =0, @,,=0, @ |, =cR®+E; E(r,s)=R®, 4)

— (YHKIUS UCTOYHUKA M3ITyYEHHS] — 3TO SPKOCTH (OCBEIIEHHOCThH, OOMYYEeHHOCTH) TOUIOXKKH, CO3-
JaBaeMasi QOHOBBIM HU3TYUYCHUCM.
BBojuM anrebpandeckie BEKTOPbI ¢ pa3MepHOCThi0 2M :

nonxoe pemenne @ ={®;,®!, @y, @), O o o O}

GyHKUMY BaMsAHUS clI0eB O ={®1¢,®I, @i,@g, - @#,@In, - @t, ,@I,,};
HavaJIbHOE NPHOIMKEHHE HCTOYHUKOB Ez{Ef,Ef,Ei,Eg, ...,E*,Ei, ,E,tl ,E,T,l };
«CleHapuu» Ha rpaHunax Z :{Zli,ZlT,Zzi,ZzT,..., Zrﬁ,Zan,..., Z,tl ,Z,\T,l}.

(DyHKHI/H/I BIIMAHUA OTACIJIBHBIX ITOACIIOCB HAXOIAATCA KaK peHICHI/ISI HepBBIX KpaeBBIX 3aga4 st
nozcinoes ¢ Homepamu M=1,2,...,M :

Koy =0, o) =f5 6 o

s,m2 m

=0; f;m =5(s—srﬁ);

di,
=0, ©
m

dT,m+1

K®! =0, =it =5(s—s]).

dd, dTm+l
BBoautcs MaTpuuHBId OmEpaTop, OMMCHIBAIOIIMKA B3aWMOACHCTBUE MEXAY MOACIOSMHU Yepe3

¢yukiun Bausiaus ( P - Matpuia, comepikaiias ornepaTopbl Rnﬁ , RrE u Tmi , TmT ):

0
R (©;,F"+RI (@], +T,(©,F))

THO; ,F )+T@! FI )+R(OF,F+R (O] F)
m m-1 m m-1 m m m m m m

m-1> m-1>

Rr2+1 (®t19 FrrJ;) + Rn1;+1 (®$’ FrTT) +TmT+1 (®‘L Frrtl) —i_-l-mTﬁ-l(G)T I:mT+1)

m+1°> m+1°

GF=P(®,F)=

LY { Loyt D) { { { { T l
Tu (@4, Ry 1) + Ty (B4, Ry 1) + Ry (O, Fy) + Ry (0, Fy)
Trad { 7oy T
R, (@, Fy) + R, (O, Fy)
ACHMIITOTHYECKH TOYHOE pelieHue 3anaud (4) momydaercss B (opMe JIMHEHHOTO BEKTOPHOTO
(GyHKIIMOHAIA, SAPOM KOTOPOTO SIBJISIETCS BeKTOp GyHKIUiT BiusiHus @

®,=(0,Z); Z= Z(;G”E.

OTOT (PyHKUMOHAN €CTh ONTHYECKUH IepeJaTOUHBIN ONepaTop reTePOreHHON CUCTEMBI IIEpeHoca
W3JTY4EHUsI, B KOTOPOM Bce 3P PEKThl MHOTOKPATHOTO paccesiHus U MOTJIONIEHHsI B aTMocdepe ¢ yue-
TOM B3aUMOJICHCTBHS MEXIY MOJACIOAMH, a TaKKe OTPaXEHHS OT MOJCTHJIAIOIIEH MOBEPXHOCTH CO-
JIEPKATCSI B BEKTOPE «CIIEHAPHEB» Ha BeeX rpanuiax Z . Onrudeckoe n300pakeHne «CIEHAPUS UITH

SAPKOCTb HO}_ICTI/IJ'IaIOH_ICﬁ MOBCPXHOCTHU YAOBJICTBOPACT YPABHCHUIO d)pe;[ronLMa BTOpOTro poaa
Y =R, (©,Y)+E,,

KOTOpO€ Ha3bIBAIOT «Ipu3eMHol Qotorpadueii». [lonmnoe mznyuenne CAIl u «kocmudeckas ¢oTo-
rpadus» (n300pakeHne, morydyaeMoe pu HaOJII0JICHUH U3 KOCMOCA) €CTh «CYHEPIIO3HIIUS

D=0, +(0,Y).
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3.2. Cpepuueckasi Mmoaeib

Hac uHTepecyer mpobiiema pacuera pajualldOHHOTO ToJis 3eMiim B MacmTabaX BCel IIaHEeThI
(OZTHOBPEMEHHO [T BCEX MPOCTPAHCTBEHHBIX TOYEK IO BCEH eIMHMYHON chepe Mph BCEX YCIOBHAX
OCBEIICHUS, TOPU30HT, CYMEPKH, 00J1aCTh CyMEPEK M TCHH, MOJISIPHbIC PETHOHBI U T.]1.).

PaccmatpuBaetcs obmas kpaesast 3amava (OK3) mist KWHETHYECKOTO ypaBHEHMS TIEpeHOCa U3ITy-
YeHUsT B CepHUECKOil cucTeMe atMocdepa-3eMisi, OCBEIIAeMO BHEIIHUM MapaylIeIbHbIM COJHEY-
HBIM MOTOKOM. [ToJTHAasE MHTEHCHBHOCTH MOHOXPOMATHYECKOTO (TMPH (HUKCHPOBAHHOHN JJTHHE BOJHBI
A) WM KBa3UMOHOXPOMATHYECKOro (mpu (GUKCUpOBaHHON A M mHTepBase paspemenus AA) cra-

nuoHapHoro m3mydeHns @, (I‘,S) (unmekc A Hke omyckaem) B JiroOoi Touke A(r) ¢ pamumyc-
sektopom I = (r,1/,77) B mo6om Hanpasierun S = (J, ) HaXOMUTCs Kak peuieHue oOIel KpaeBoi
3anmaun reperoca m3mydeHus (OK3)

Kd(rs)=F", @ =F', @ =¢RO+F" (5)
B (pasosoii oOnactu aprymentoB (r,S) ¢ JMHEHHBIM HHTErpO-IU((HEPEHIHATLHEIM ONEPATOPOM
K =D-S, rue oneparop nepenoca

D =(s,grad)+ o (), (6)
JUTSL 3312491 co cepuueckoii reometpueii 3D-pasmepHocTi

(S,V(D)20081982+S|n9005¢6£_sm1982+mag_smgsm(pctgyjag; @)
or r oy r o4 rsiny on r op

WHTETpaJl CTOJIKHOBEHUH WM (DYHKIMS UCTOUYHHKA €CTh MHTETPa M0 eANHUYHON cdepe HanpaBICHUH

Q={s=(5%9)}

B(r,s)=S®=0, (r)J';/(r,s,s') ®(r,s')ds’, ds'=sing'd9'de"; (8)
Q
OIepaTop OTpPaXKCHUA Ha HO,HCTI/UIaIOHIeﬁ IOBCPXHOCTHU B 06H16M CJlydac €CTb MHTETpajl
[RD](r,,5)= I q(r,.s57) d(r,,s7)ds, seQ". (9)
3

Oyukius F" (I‘,S) NPEACTaBIACT MJIOTHOCTh HWCTOYHUKOB M3IY4YEHHUS BHYTpU cdepruecKoit

6 . Fb + FI -
000J104KWY; r.,s )mu I,,S ) eCTh MCTOYHMKHM M3JTy4EHHs Ha I'PAHULAX, ONpPEJCICHHBIE JUIs
Jydel S, HampaBJIEHHBIX BHYTPb CPEepHUECKON 000IOUKH.

Omeparop R ormmceiBaeT 3aKOH OTPaKEHUS U3TyYEHHs OT MOACTHIIAIONIEH MOBEPXHOCTH, KOTO-
pasi pacroyaraercs Ha HIWKHEW rpaHuie cepuueckoil 000JI0UKH C paamyc-BeKTopoM I =T, ; mapa-

merp 0 <& <1 dukcupyer akT B3auMOAEHCTBUS U3ITy4EHHs C TOACTHIIAIONIEN TOBEPXHOCTRIO. Eciu
R=0 (umu & =0), To umeem z€e710 ¢ TIEpBOIi KpaeBoi 3a1aueii nepeHoca usnydenus (ITK3)

Ko, =F", @, =F, &, =F (10)

1St cheprIecKoil 000JIOYKH C HEOTPAXKAIOIIMMHI a0COTIOTHO «YEPHBIMIY MPAHULIAMU WJIH C IIPO3pay-
HBIMH, «BaAKYYMHBIMW) I'PaHUYHBIMU YCJIOBUAMU.
Oo6mias kpaesas 3amauva (5) ¢ omepatopamu (5)-(9) nuHelHas OTHOCHTEIHLHO MCTOYHHUKOB U €6

peLIeHre MOKHO NPEACTABUTH B BUAE cyneprnosuuun: O =D, + D, . Ponosoe nznyuenne armoche-
pet @, onpenensercs kak peuenue [1K3 (10). Brnan nsnydenns @, 00yCioBICHHOTO OTpaXKeHHeM
OT MOJCTHIIAIONICH ITOBEPXHOCTH, HAXOAUTCA Kak pemrenne OK3

Kd, =0, | =0, @, =sRd, +2E, (11)
B KOTOPOH SIPKOCTH IMOJCTHUJIAIONIEH MOBEPXHOCTH, CO3/1aHHAS OTPaKEHHBIM (DOHOBBIM HM3IyYEHHEM
E = RO, cnyxur ncTo4HNKOM HHCOISINH.

Pewenre nepBoii kpaeBoi 3a1a4u

Kb=0, @ =0, @f =f(s";r.,s); r, =(y,n)eQ, dr, =sinydydn, (12)
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V S o e S

MOYHO 3amucaTh B (hopMe JTUHEHHOTO (HYHKIIMOHATA — «MHTErpaja CyMepIo3UIInN»
1 1 .
o(s";r,r,s)=(0,f)=— [ds; — |O(s};r,r,—r/ ,s)x f(s";r ,s;)siny'dy'dy .
( L)()Zﬂ_é[hllﬂ_z[(hll)(Lh)Wl//n
Ero smpom siBnsieTcst QyHKITHS BIUSHUSL @(S;; rr, S) - pemmenue [1K3 (Mogens 1)
K® =0, ®|t =0, ®|b = f;
¢ mapamerpoM S, € Q" u ucrounnkom f (s;;rL,s):é(rl)é(s—s;).

Ecmu ncrounuk f (I‘ L) - U30TPOITHEIHN (71aMOEpPTOBBIN) M TOPU3OHTAILHO HEOTHOPOIHEIHN, TO pe-

mrenue [1K3 (8) ecTs muHeHHBIN QYHKIIMOHAT — AHTETPall CBEPTKIDY
1 ! ! H ! ! !
@(r,r,s)=F (f)=(0,, f)=E i@(“l‘ﬁ s) f(r! )siny'dy/'dy
C sIIpoM — (PyHKIMEN BINSHUS

1 N
®C(r,rl,s)=2— [©(sir.r,s) ds;,
T
kotopas ynosnetopsieT [1K3 (8) ¢ oceBoit cummerpueit (Moaens 2)

KO, =0, ©,]=0 6] =5(r).

I[Hﬂ AHU3O0TPOITHOT'O U TOPU3OHTAJIBHO OJJHOPOJHOTO UCTOYHHKA
1 + + +
CD(sh;r,s):F,(f)E(Q, f)EZ i@r (sh;r,s)f(s“;sh)dsh
C AAPOM JIMHEHHOTro (yHKIMOHAIA
O, (s;; r,s):i I@(sﬂ r.r.,s) sinydydny.
r\*h 472_ ) h 1

®yukuus BiusHus O, ecTh peleHue oxHoMepHol chepudeckoit ITK3 ¢ a3uMyTanbHOl 3aBUCH-
MocThio (Momens 3)

K®, =0, ©,]=0 0]=5(s—s).
[Tpu u30TpOnHOM (JJaMOEPTOBOM) U TOPU30HTAIIBHO OTHOPOIHOM HcTouHKKe pemienue [1K3 (12)
@(r,s)=fW(r,s), f =const,

paccunThiBaeTCs Yepe3 (PyHKIHIO BIHSHUS

W(r,s):% _[ ds; i j@(s;;r,rl,s) sinydydy =
o Q

1 . 1
- j@c (r,r.,s) sinydydy = j ©, (sy;r,s) ds;,

Ty TS
KOTOpasi TaKKe Ha3bIBaeTCs (PYHKIUECH MPOMYCKAHHS, OTSATONICHHOW MHOTOKPATHBIM paccesHUeM, U
ompeeAeTCs Kak pelieHue ogHoMepHoi cepudeckoit [1K3 co chepuueckoii cummerpueii (Monenb
4)

KW =0, W|t =0, W|b =1.

Ha ocHOBe TeopuH peryisipHbIX BO3MYILEHUN ¢ IOMOIIBIO psaa

@, (s"r.s)= igkd)k
OK3 (11) cBoautcs kI(lpeKprI/IBHOﬁ cucreme [1K3 (12)

Ko, =0, @ =0, @F=E (13)
c ucrounnkamu E, =R®, , ma k>2, E =E.

BBoautcs oneparop, ONUCHIBaOIUI €AMHUYHBINA aKT B3aUMOJICHCTBHS MaJAIOIIEr0 U3ITyUeHHs C
MOJICTHJIAIONICH TOBEPXHOCTBIO Yepe3 (PYHKIIHMIO BIHSHUS
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[GF](s"r,.5)=R(®, f)= [ a(r.ss)(®, f)ds".
e
Pemenus cuctemsr [1K3 (13) HaxoasTes Kak TMHEHHbIE QYHKIIHOHABI

®,=(0,E), @ =(0,RD,,)=(6,G"E).

Acumnrorudecku TouHoe pemenne OK3 (11) momygaercst B popme THHEHHOTO QyHKIMOHATA —
ONITUYECKOTO TIEPEIaTOYHOTO OTepaTopa

D, =(0,Y),
A€ OIITHYCCKOEC I/I306pa>KCHI/Ie «cucHapus» Uin IpKOCTb HOILCTI/IJ‘I&IIOHIGIZ MOBCPXHOCTU
Y =) G'E=) RO, (14)
k=0 k=0

nmaetcs psaoM Heiimana 1mo KpaTHOCTH OTPayKEHUS H3ITYIEHHUS OT MOJICTHIIAIONIEH TOBEPXHOCTH C yde-
TOM MHOTOKPAaTHOTO PacCesHUS BHYTPU 000104ku arMocdepnl. «Cuenapuii» (14) ymoieTBopsieT

ypaBHenuto ®Ppearoibma Broporo poga Y = R(@,Y)+ E , koTopoe HaswpIBarOT «IpU3eMHON (HOTO-

rpa¢ueit». [Tonnoe m3nyyenne CA3 u «xocmuueckas ¢ororpadusy (n300pakeHne, MoaydaeMoe Mpu
HaOJIOIEHNH U3 KOCMOCA) €CTh «CYTEPIIO3UIIHS»

D=D,+(0,Y) (15)

4.0 CYHEPBBLIYUCICHUAX U NMAPAJJICJIbHBIX AJITOPUTMAX

Lenp pa3zpaboTku oOecneynTh MaKCHMAaILHO BO3MOXKHYIO IMEPEHOCHMOCTh «yHAcJIeIOBaHHOTO
KOMILJIEKCa MPOrpaMM, KOTOPBII pa3BHBaeTCS IO Mepe MOSABICHUS HOBBIX CYHNEPKOMIIBIOTEPOB CO
CBOMMH apXUTEKTypaMH, U 00eCleYnTh Mpo3padHyro paboTy B pacmlpenelieHHON ceTeBoil cpeme. B
KOCMHYECKO# 0bnacTu aj1si obecreueHus MPeeMCTBEHHOCTH MIPUHATO MUCATh BBIYACIUTENBHBIE OI0KH
Ha Fortran. YnpasieHnue pacueTaMu oCyIIecTBISIETCS Ha si3bIKe «cueHapueB» (¢ 1996 rona ucnomib3o-
BaJIM IMHAMHUYECKUHN SI3BIK MIPOrpaMMHPOBAHMS BBICOKOT'O YPOBHA 00miero HazHadeHus: Perl mns cuc-
TEMHOTO aJJMHHUCTPUPOBAHUS).

Hcnonb3yroTcs clenyomue npuemsl pacnapaiienuéaniis 6bl4UcieHul.

1) pacnpeneneHHbIE BBIYUCICHUS M0 (PU3NIECKUM MOJCIISM:

- MHOT'OCHIEKTpaJIbHBIE, B TOM YHCIIE THIIEPCIIEKTPaIbHBIE (110 IJIMHE BOJIHBI);

- 110 ONTHKO-Teo(hu3ndYecKoii morojie (1mo ko3 duimeHTaM oOIIeH KpacBoii 3a1a4un);

- 110 UICTOUYHHUKAM U3JTY4YEHUS;

2) pacnpeneneHHbIE BBHIUYMCICHUS Ha OCHOBE METOIMYECKOrO pacHapauIeIMBaHUs - EKOMIIO3ULUN
KpaeBbIX 3a/1a4:

- TI0 MOJIEIISIM TEepPeHOCca M3IyUYeHHUs, T.€. TI0 PUOIKEHHIM TEOPUH MTEPEHOCa H3ITYyUCHUS;

- 10 O00JIACTAM;

- 1o mapameTtpaM QYHKIUI BIMSHUS;

- 110 KOMITOHEHTaM BEKTOPOB (DYHKIIUI BIUSHUS;

- [10 TapaMeTpaM MPOCTPAHCTBEHHO-YACTOTHBIX XapaKTEPUCTHK;

- 10 KOMIIOHEHTaM BEKTOPOB IPOCTPAHCTBEHHO-YACTOTHBIX XapaKTEPUCTHK;

- 10 KOMITOHEHTaM BEKTOPHBIX (DYHKIIMOHAJIOB;

3) anropuTMHUYEcKOe pacnapauieIMBaHue Il MHOTOMEPHBIX MOJEIICH:

- OTHOKpPAaTHOE PACCESIHUE 110 XapaKTepUCTUKAM;

- MHOT'OKpaTHOE PacCesiHUE 110 WHTETpaiaM CTOJIKHOBEHHIA,

- 110 KBaJJpaHTaM YTIIOBBIX Pa3HOCTHBIX CETOK;

- 110 OJ00JIACTAM C Pa3HBIMH CETOUYHO-XaPAKTEPUCTHUECKUMHU CXEMaMHU.

OcnosHbie cocmasHbie Yacmu MamemMamuiecko2o 0becneyenus.

- OaHKH JaHHBIX 0 OTITUKO-METEOPOIOTHYECKUM MOJIEISIM aTMOC(ephl 1 3eMHOH MMOBEPXHOCTH;

- CHCTEMa aBTOMATHU3MPOBAHHOI'O pacyeTa CHEKTPO-3HEPreTHYEeCKUX U APYIHX paguallOHHBIX
XapaKTepUCTUK aTMocdepsl 1 3eMIId B pa3IMYHbIX Auana3oHax crnekrpa ot YO no MMB;

- 0aHKM JIaHHBIX PAJUAIUOHHBIX XapaKTEPUCTHK ((QYHKIUHM BIHMSHUS JIOKAJTHHBIX BO3MYIICHUN
napaMeTpoB WJIM UCTOYHHKOB B atMocdepe, ApiMax, obOnakax, THIPOMETeopax, OKeaHe U Ha 3eMHOMN
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MOBEPXHOCTH, IPOCTPAHCTBEHHO-YTIJIOBBIE M CIICKTPAIBbHBIC PACHIPEACTICHUS IPKOCTH CUCTEMBI 3eMIIS-
atMocdepa, QYHKIUH NPOyCKaHus U cheprueckoe anbdea0 aTMOchephl U T.11.);

- TTAKeTHI IporpamMM 00pabOTKH, BU3yaIN3allii W JUarHOCTUKU PE3yJIbTATOB YHCICHHOTO JKCIIe-
PUMEHTa U a9POKOCMUYECKUX JAHHBIX.

bubnmorexa mporpaMM YHCICHHOTO DPEIISHHs KPaeBBIX 3aJad TEOPHH TepeHOca M3ITy4YeHHs B
paccemBaIINX, MOMVIOMANINX W HM3TydJalonmx cpefax (armocdepa, okeaH, 00Jad4HOCTD, IBIMBI,
THIIPOMETEOPHI, BOIHBIE OacceiHbI) COCTaBIseTCsl U3 Habopa mporpamm Ha Fortran, kaxkgast U3 KOTo-
PBIX MO3BOJISIET PACCUUTHIBATH PAJAUAIIIOHHBIC XapaKTEPUCTUKU NPHU 33JaHHBIX MOJENU U METOJIUKE
(kpaeBast 3a/1a4a TEOPUH MIEPEHOCA, TEOMETPHSI, YHCICHHBIN METO/ U T.1I.) B OTIPEACIICHHOM JHMAara3oHe
JUTHH BOJTH.

C y4eToM HCTOYHUKOB U MPOLECCOB TPAHCHOPMALIUK U3TYUCHUS BBIACTISIOTCS Yembipe OCHOGHbIE
Qusuxo-mamemamuueckue mMooenu, OTBEUAIONINE CIEKTPaIHHBIM IAANIa30HaM:

- ONTHYCCKUH Arana3oH (MCTOYHHK - COTHIIE, MHOTOKPATHOE PACCESTHHE U TTOTIIONMICHNE);

- ommwxauit UK-nuanazon (uctounnku - CoiHie U cOOCTBEHHOE M3ITyYeHHE, MHOTOKPaTHOE pac-
CesIHHE U MOTJIONICHHE);

- UK-mnamnazon (uctounuku - ConHIIE M COOCTBEHHOE M3Iy4YeHHE, 0€3 MHOTOKPATHOTO pacces-
HUS, CIIOXKHASI CTPYKTYpa CIIEKTPOB MOTJIOMICHNUS);

- MMB amana3oH (MCTOYHHUK - COOCTBEHHOE PagOM3ITyuYeHHe, MHOTOKPATHOE PACCESIHUE B TU/-
pomMeTreopax M 00JIaKax, CIOXKHBIE CTIEKTPHI ITOTJIOICHNS).

[IporpaMMHBIE KOMITJIEKCHI CO3[]aBAEMON CHCTEMBI aBTOMATH3HPOBAHHOTO pacueTa, 00padoTKH 1
aHaJIn3a paauallMOHHBIX XapaKTCPUCTUK Semnau u peuicHud 3aaa4 AUCTAHIUMOHHOI'O 30HAUPOBAHUSA
pa3pabaThIBalOTCI Ha MHOTONPOIIECCOPHBIX cynepOBM ¢ mapamienbHBIME BBIYUCICHUSMH TIOJ
yIpaBJIeHHEM Yepe3 CeTh ¢ «pabodero MecTa», opraHn3oBanHoro Ha PC.

Co3pmaBaemast cucTeMa COJICPIKUT mpU 2pyNnbl NPOSPAMMHBIX KOMNILEKCO8.

[epBas rpynma nporpamMm - (GOPMHPOBAHUE ONTHKO-METEOPOJIOTHYECKUX MOJENEH Cpelbl: Mpo-
rpaMMBI pabOTHI C apXWBOM W 0a3aMH JaHHBIX Mojeneld arMocdepsl, 00JaKOB, THIMOB, 3€MHOU TI0-
BEPXHOCTH, OKeaHa; 0aHK CIIEKTPOB TOTJIOMICHUS] aTMOC(EPHBIX T'a30B; OAHK XapaKTEPUCTHUK a’po-
30JILHOT'O paccesiHusl W TOTJIOMIEHHsT;, (POPMUPOBAHUE MOJENU aTMOC(Ephl; MaKeThl AaHHBIX K TPO-
rpaMMaM pacdeTa pagualoOHHBIX XapaKTePUCTHK U T.1I.

Bropas rpynma mporpamMm - YMCIEHHOE pelIeHHe CKaJsIPHOTO ypaBHEHHS IepeHOca M3ITydeHUs
6BICTpI)IMI/I HpI/I6HI/DKeHHI>IMI/I " PCNPE3CHTATUBHBIMH BBICOKOTOYHBIMU MCTOJaMU JJI IJIOCKO# Teo-
METpPUU: ISl CHCTEMBI CBOOOIHASI aTMOC(epa-IbIMOBasi 3aBeca, ISl CUCTEMBI aTMocdepa-oKeaH, s
CUCTEMBI aTMOC(epa C MHOTOSIPYCHBIMHU OOJIaKaMu, 7Sl (YHKIUW BIHUSIHUS aTMOC(hepsl, TIMOB, 00-
JAYHOCTH, THIPOMETEOPOB, OKeaHa, JUIsl (PYHKIIUH MPOMYCKaHUs aTMOc(hephl, OTATOMICHHONH MHOTO-
KpaTHBIM PacCEesTHUEM, U T.]I.

Tpetbs rpymmna mporpamMm - o0pabOTKa M JUATHOCTHUKA PE3YNIbTATOB PACUETOB: aHATUTHUYECKAsS
anmpoKCUMAIVsl ¥ TTapaMeTpr3anys TaOIMIHBIX (YHKIUN; KOMITBIOTEPHAS TparKa U BU3YyaIH3aIlvs;
peleHne 0OpaTHBIX 3a/1a4 110 BOCCTAHOBIICHHIO MApaMETPOB CPENIbI U T. .

5. 3akaouenue

Hacenenne miaHeTsl HACTONBKO OBICTPO MPUBBIKIO K yA00CTBaM, KOTOpHIE 00ecrednBaeT Koc-
MOC, YTO IOJIETBI KOCMOHABTOB M KOCMHMYECKHE CJIEJIOBAHMS YK€ HE MNPUBICKAIOT UX BHUMAaHUE.
Tonpko 0gHO OECIOKOMT — YTOOLI HE OBUIO «KOCMMYECKOH BOMHEI». M coriacHel, 9To 3a 3eMiei
HY>KHO U3 KOCMOCa IIPUCMaTpUBATh.

B 2021 romy otrmeuaem 110-netue co pgHs poxaenuss M.B.Kengeima, 115-netne —
A.H.TuxonoBa, 120-netue — E.C.Ky3nenoBa. beamepno Gmarogapaa cBoum Y4uTessiM, KOTOPbIE BCEM
CBOMM 00pa30M >KM3HU U HAYIHOU NEeATETLHOCTH ToKa3biBamu O0pazer ciayxenus: Poaune u Hayke u
OKa3bIBAJIA HESIBHOE, HO CYIIIECTBEHHOE BIIMSHUE HA (DOPMUPOBAHUE MHUPOBO33PEHUS

Oro 6bu ['eHnn. ['eHnK He HYKIAIOTCS B IOYMTAHUM, [TaMATh O HUX HY)KHA HaM, )KUBYIIUM, H
TEM, KTO MPHJCT HaM Ha cMeHy. Korga pBeTcs HUTOYKA IaMSTH, IPOTSHYTas M3 MPOILIOro B OyIy-
mee, Hanwsl ierpaaupyer u norudaet. [lomauM i MBI 00 3TOM?!
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MoaenupoBaHnne MarHUTHBIX CBOICTB
JIBYyMEPHOII MeTaJIJIMYeCKO TeHbI |

0O./1. Knumenkosa

HaL[HOHaJIbeIﬁ I/ICC,HGL[‘OBaTe,HbCKI/II'?I YHUBEPCUTET «BuoIcimast mKoaa 9KOHOMUAKI»

IIposesero uncieHHOE MO/IETMPOBAHIE MArHUTHBIX CBOMCTB TIEHHO 1By MEPHOI CTPYK-
Typbl. MojieTupoBaHne OCHOBAHO Ha MPEJJTOXKEHHBIX aJITOPUTMAX MeHEPAINN JIByMED-
HOM TIEHBI W MOJICJIM TIEHHOTO MarueTuka. lIpuMmeHeHume ajropurMa reHepaluu JIBY-
MEPHO# IeHBbI IIO3BOJIZET CO3aBaThb ABYMEPHbIE MEXAHUYECKHU YKECTKUE CTPYKTYPDI
¢ MUHUMAJHHON TIJIOTHOCTHIO, B COTHM Pa3 MeHee IJIOTHOW, UeM OOBITHOe KPHCTAJI-
JIm9YecKoe TBepoe Teso. llpemoxkeHHas mpocTeias MOAeab MAarHUTHBIX CBONCTB
IIEHHOU CTPYKTYPbl KOPPEKTHO BOCIIPOU3BOAUT MAIrHUTHBIE CBOMCTBA II€HbI [1aJ1/1a/11d,
HaOJII0/IaeMble SKCIIepUMeHTaIbHO. JJIst ucciiejoBaHnsi MAarHUTHBIX CBOMCTB MBI ITPHU-
MEHIJIN JIBa METOa — JIOKAJILHBIN MeTox MeTporosnca n KiacTepHblit MmeTon Boabda.
st ipeicTaBIeHns B3aNMOIEHCTBASA MArHUTHBIX CIIMHOB MIPEIJIOKEHa CIeInaIbHAS
CTPYKTypa — KapTa cocelleil, 3JIeMEeHTbl KOTOPOI 3aBUCAT KaK OT peaJiu3allui Heylo-
PSI0YEHHON pa3pezKeHHON IIeHbI, TaK U OT JIOIOJIHUTEJIBHOIO IIapaMeTpa, paJuyca
B3aUMOJIENCTBUS.

Kmouesnie crosa: Mmonens Nsunara, qByMepHas meHa, KOMIIBIOTEPHOE MOJETUPOBAHUE

1. BBenenue

WNuTepec K meHHBIM CTPYKTYPaM OOYCJIOBJIEH, B YaCTHOCTHU, UX UCIOJIH30BAHUEM B Ka9eCTBE
XPpaHWINIIA BOIOPOIa B BOAOPOAHOI sHepreruke. OTandnTeIbHasl YepTa MEHHON CTPYKTYPBI CO-
CTOUT B OYEHDb HI/ISKOfI, OTHOCHUTEJIbHO CIIJIOITHOI'O MaTepHaJia C TeM 2KE€ XUMHNYICCKNUM COCTaBOM,
IJIOTHOCTBIO. Ilpw 9TOM, meHHas CTPYKTypa Jayke MPH IIOTHOCTH B JOJIM IPOIEHTA OT 00beM-
HOI MMeeT XOPOIIYI0 MEXaHUIECKYIO CTAOUIbHOCTD |1, 2|. Nwmerorcs ykazanus Ha TO, YTO 0COOO
3 PEKTUBHDBIE CBOMCTBA XPAHUIUII BOAOPOIA, N3MOTOBJIEHHBIX U3 MEHDBI TMAJIaHsI, MOTYT ObITH
CBSI3aHBI C OCOOEHHBIMM MATHUTHBIMHU CBONCTBAMU IIAJLIA IS [3] B 1o Bpemst kKak maJuiamuit B
CILJIOITHOM (bOpMe SIBJISIETCSI AUaMarHUTHBIM, ero HH3KOpa3MepHble (pOpMBI MOTYT HMETH CBOM-
CTBa Malr'HETUKA.

Hacrosmas: pabora mocBsiiena n3yIeHno IPOCTERIeil Moae i MarHuTHON JBYyMEpHOil 1re-
HbI. J[JIsT M3yvueHust CBOMCTB MarHUTHOW IEHbI HEOOXOIUMO PENINTh JIBE o33 a4un. Bo-T1epBhIX,
Tpebyercst pa3paboTKa METOMUKU TeHePaIlNy JIByMEPHOI HeHbI, OJIM3KOH 10 CBOMCTBAM K peajib-
Hoit. Bo-BTOpBIX, TpebyeTcst paspadoTraTh MArHUTHYIO MOJE/b C UCIIOJIb30BaHUEM IIPOCTPAHCTBEH-
HOW IeOMETpPHUU IIEHBI.

[TepBasi mojzaada periena B Haieii crarbe [14] u B HacTosIell cTaTbe MbI U31araeM ajaro-
puTM B paszlese |2| B macrosieit cratbe MBI TIpeaIaraeM MOJeIb MATHUTHOI MEHBI B pas3miese @
U UCCJelyeM ee CBOWCTBa B paszjielie Onmcanne MCIIOIB30BAHHBIX AJTOPUTMOB U JIETAIN UX
peayii3aluu U3JI02KEHbI B pa3/ielie |§|

2. AaropuTMm reHepaliui AByMepHO MEeHbI
st reneparyn 1ByMepHOii ieHbl B pabore [14] ObLT IpeIoKeH CIe Iy oNuii aJropUTM:
1. Bamaem KBagpaTHyIO 00JIACTE C JIMHEHHBIM pasmepom L,

2. QukcupyeM JJIMHY HPAMOJIMHEHHOIO BOJIOKHA [,

*Pabora BbIIONHEHA TIpH T1o1ep:kke PODPU rpant 20-37-90085-acimpanTtsl "PaszpaboTka ajiropuTMOB reHe-
painuy pa3sperKeHHBIX KECTKUX CTPYKTyp"
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3. Tenepupyem Tpoiiky ciydailHbIX duces (x;,y;), ¢;, U3 KOTOPBIX JBa Yucyia (T, Y;) 38J1a10T
KOOD/IMHATHI HAYAJIBHON TOUKM BOJIOKHA BHyTpH KBajpara (0 < x;,y; < L), a ¢; € [0,27)
3aJ1a€T YroJl BOJIOKHA OTHOCUTEILHO TOPU30HTAJIBHON OCH,

4. Y4YuThIBaeM TOJBKO Ty 9acCThb BOJIOKHA, KOTOpasd OKa3aJlaCh BHYTPH KBaJIpaTa,
5. BamoMmuHaeM Bce MepecedeHns BOJOKHA CO BCEMU ITPEIbLIY MM BOJOKHAMM,

6. IToBropsiem maru 3, 4 u 5 ajaropuTMa 0 TeX IOp, MOKa BOJIOKHA HE COCTAaBSIT KJIACTEp,
UMEIONINH TTlepecedeHns ¢ KaXKJIoW U3 9eThIpeX CTOPOH KBaJIpaTa,

7. VI3 mosry9eHHOro KJacTepa MTEPATHBHO yIAJseM BCe BOJOKHA, MMEIONUE C HUM TOJHLKO
OJIHO IIepecedeHne. JTa MPOLELyPa I0X0XKa Ha OIUCAHHOE B SKCIEPUMEHTAX “IPOMbIBaHUE”
nensl [5)].

8. CoxpaHsieM TOJIyYeHHbBIH KJIacTep JJIsl JaJIbHEHIIero MoIe/ IMpOBAHMSI.

s onmcanus BoJiokHA BBeneM Kiacc Needle:

public fields:
double x_start;
double y_start;
double phi;
double x_end;
double y_end;
double length;
std::vector<Point> Spins;
// number of cluster to which the needle belongs
int cluster;
// flags of crossing the sides of the box
bool intersect_0;
bool intersect_1;
bool intersect_2;
bool intersect_3;
public functions:
// find intersection with other Needle
Point find_intersect(Needle otherNeedle)

Ilnsa onucanust Kinacrepa BeegeM Kiacce Cluster:

public fields:
int numberCluster;
bool intersect_0;
bool intersect_1;
bool intersect_2;
bool intersect_3;
std::vector<int> Needles;
public functions:
Cluster union_cluster (Cluster otherCluster)

B mavasbHBII MOMEHT CO3/Ia€TCsl YeThIpe KJAcTepa, KOTOPbIE COCTOSIT U3 CIIEINUAJBHBIX BO-
JIOKOH Ha BHEINHUX CTOpoHax KBajapara. [Ipm remepammm kaxkgoro nosoro Bojokuna (Needle),
oHO OysieT ubO 700aBJIEHO B HOBBIN KJIACTED, €CJIN [TEPECEUeHNl HI ¢ KAKIUMU yKe CreHepUpPO-
BAaHHBIMHU BOJIOKHAMU He OOHapy?KeHO, JuOO 9TO BOJOKHO OyneT /100aB/IeHO K CyIIECTBYIOIIEMY
KJIACTEPY, €CJIN uMeeTcs ¢ HuM repecedenne. CoelMHEHNE KJIACTEPOM YETHIPEX BHENTHUX CTOPOH
(BoJOKOH JymHON L) u OyeT OKOHYaHUEM IIPOIE/yPbl J00aBI€HNsT BOJIOKOH.

Hastee MbI yasisieM u3 pacCMOTPEHHsI BCe BOJIOKHA He TIONABIIME B 9TOT KJACTEp (CIHCOK
BOJIOKOH xpanuTcs B crpykrype Cluster.Needles). 3arem kjacrep mojsepraem “npoMbiBaHUI0”
— UTEPATUBHO yJAJIsS€eM T€ BOJIOKHA, KOTOPbIE MMEIOT TOJBKO OJIHO IEePEeceueHue, ecjiu 3TO He
Iepecevenne co CTOPOHAMU KBaJpaTa.

CrenepupoBaHHbIE TAKUM 00PA30M CTPYKTYPbI UMEIOT HU3KYIO IJIOTHOCTH, HUXKE IJIOTHOCTH
MIPOTEKAIOIIEr0 KJIACTEPa, U IIPU ITOM SBJISIOTCS ‘2KECTKUMU — OHU JIEZKAT HA KPasdxX KBaJIpaTa
U UMEIOT BHYTPH HE MEHee OJIHOTO IePEeCeUeHIsT MeXK/Iy BOJIOKHAMI.
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Ha puc. [I] uzobpaxken npumep creHepUpOBAHHON JABYMEPHONR CTPYKTYPBLI. DTOT aJrOPUTM
paboTaer jocraTovHOo ObICTPO (MeHee yaca) Ha oxHOM y3ie Kiaacrepa HIY BIID cHARISMa,
0e3 JIOIOMHUTELHOIO paclapajulenBaius U ucnoiab3osanusa GPU, s Hammx ncciaesyeMbix
pasMepoB OOKca U JJIMHBI BOJIOKHA.

200

150 A

100 A

50 1

Puc. 1. Tunuyneiil npuMep creHepUpPOBAHHON JIBYMepHOi eHbl. JIunelinorit pa3mep KBaaparta L = 200,
JyHa BosoKHa [ = 10.

3. Moaesb MarHUTHOI ITE€HBI

Hawm He m3BeCTHBI BEIYUCIUTETbHBIE PAOOTHI TI0 UCCIETOBAHUIO TEPMOIUHAMUTICCKAX CBONCTB
MEHHBIX CTPYKTYp. MBI I1pejraraeM mpocTeiInyo MO/Ie/ib MATHUTHO ITeHBI.

Ha puc. PaSHOIBETHBIMU KPY2KKaMW OTMEYEHbI ITOJIO2KEHUA MArHUTHBIX CIIMHOB Ha MO/JIE-
Jn aByMepHoii nenbl. Mcnonb3ys meron Monte-Kapiio OyieMm BBIUUCIATH TEPMOJIMHAMUAYECKUE

CcpeHue:
HaMaIr'HU4Y€HHOCTD
M(t) - Nup - Ndown’
TEIIJIOEMKOCTDb
C_aE_ (AE)?? < E*>-<E>?
S or T2 T2 ’
BOCHpI/II/IM‘{I/IBOCTb
_OM (AM)? < M?>— < M >?
X=r T T2 T T2 !

rie Nyp 1 Ngown - KOJIMYECTBO CIIMHOB €O 3HadeHneM +1 (up) u -1 (down) coorsercrsenno, E -
BHYTPeHHsIsl 9Heprusi, T’ - TeMIieparypa B eJIMHUIAX SHEPTUN U J - KOHCTAHTa B3aUMOJIENCTBUS
CIIMHOB.

B ogHOMEpHOM ciiydae (OAMHOYHOE BOJIOKHO) KOPPEJISIIIMOHHASL JVIMHA 3aBUCUT OT TeMIlepa-
Typbl Kak & o (1/t) tae t = exp(—2J/T) [15]. Takum obpasom, ecsm & < p/4, rae p - cpeanuit
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[IEPUMETP MHOIOYTOJIbHUKA 00Pa30BAHHOIO BOJIOKHAMMY, TO CHCTeMa OyJeT BecTH cedst, KaK 60/Ib-
10€ KOJIMIECTBO KOHETHBIX OTHOMEPHBIX 00HEKTOB. OKUIACTCS, ITO C POCTOM Pa3Mepa PENIeTKN
nepexoJi BOKpyr & & p/4 Gyner Bce Gosee 3ameren. Kpome Toro, B cucreme npu & > p/4 - Oy-
JeT HabJIIOMAThCSI [TOBEIEHNE IBYMEPHON IIPUMECHON CUCTEMBI, TO €CTh MAKCUMYM TEILJIOEMKOCTH
Oy/IeT pacTh ¢ yBEJTMUIEHNEM pa3Mepa PENIeTKN, TAKKE W BOCITPUUMIUBOCTH.

Puc. 2. Crunbl Ha BOJIOKHAX CMOJIEJINPOBAHHOIN IIeHbI, pa3Mep KBajparta L = 50, pasmep BosiokHa | = 10.

4. A.TII‘OpI/ITM MOOeJINpOBaHNA MArHUTHOI IEeHbI

Anropur™m peanuzoBaH Ha s3bike Python 3.7. Pacuers! Bech Ha BHICOKOIIPOM3BOAUTETHLHOM
BerancyinTesibHoM Kitactepe HUY BIIID cHARISMa cocrostiiem u3 40 BBIMUC/IATENBHBIX Y3JI0B,
B TOM 4mce 29 cruenuaan3upoBaHHbIX y3JI0B € OOJIBIIIM 06bEMOM OIEPATUBHON MAMSITH, MOJIE/Ih
nporieccopa Intel Xeon Gold. B gamnnom uccnenopannun GPU ucnosnb3oBanbl He OLLIN.

BzanmoeiicTrBree ClIMHOB OIPEIEIsieT SHEPTUIO

E=- Z Jsis;. (1)
r<R
B nasbHelinmeM MBI mojiaraeM KOHCTaHTY B3aumogeiicrsust J = 1. HaganbHoe pacipeneierune
CIIMHOB CJIyYaifHOe, COOTBETCTBYIOIIee OeckoHedHoit Temmeparype 1'. JlomogHuTebHBIN mapa-
MEeTp Hallleil MoJenn — Paanyc B3auMoieiicTBust cimHoB R. VIHbIME cJ0BaMu, CyYMMUPOBaHUE B
BBIPasKEHIHT IIPOU3BOJUTCA 10 BCEM IIapaM CIMHOB S; M §j, PACCTOAHIE T MKy KOTOPLIMI
He IIPEBOCXOAUT 3HadeHue R.

st peanuzarun agropurma MorTe-Kapiio Mbl 3a1aeM KapTy B3aMMOIEHCTBYOMINX CIITHOB,
3TO HYKHO YTOOBI OLICTPEe IEePEeCUUTHIBATL SHEPIHUIO CHCTEMBI, YUUTHIBasI TOJILKO coceleil pac-
cMaTpuBaemMoro cruHa. Ijist aroro crpoutcst marpuiia NxN. 3amo/HsIeM 3Ty MATPHUILy TOJbKO
[0/ [VIABHOMN J[MAarOHAJBIO - CTaBUM €JMHUIIbI, TJe CIUHBL i, ] (cTosber, CTpOKa) HAXOIATCS Ha
paccrosauu He 6osee R. Tak »Ke cocraBiisieM CI0Bapb, Ille KJIIOY - HOMED CIIMHA, a 3HAYEHUE -
MaCCUB U3 COCeJiel CIIMHA, HAXOIAIINXCA Ha paccrodHun me 6ojee R.

[Tepen HawaI0M MOJIETUPOBAHUSI CINTAEM SHEPTUIO BCell cucTeMbl I, UCIOJIb3ysT BBIPAXKEHUE

(1)
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s xaxkoit mapel 3HaveHuit R u T MojieiupOBaHUe OCYIIECTBIISIETCS MAPAIEIbHO C HC-
noJsib3oBaHneM Beex 44 syiep y3ua. CioxkuocTb Takoii peasmzaiuu O(M * N), tae M 3ro ducio
Monte-Kapiio maroB u N — koJsimdectBo cuuHoB. 3a oiuH mar Monre-Kapso npuanmaem N
3JIeMEeHTaPHBIX maros mo Merpormosucy.

DaemeHTapHblll mar mo MeTrponosucy ocyriecTBisieTcs ciemyonuM obpaszoM. Boeibupaem
CJIyJIaiHO CIIMH U TePEeCUYUThIBAEM SHEPIHUIO C YIeTOM U3MEHEeHUs 3HAKa BHIOPAHHOIO CIUHA, UC-
[OJIB3Ysl IIPH STOM TOJIBKO HYKHBIX CIIMHOB U3 cJIoBaps cocefieil. Kcsn sueprusi cucremMbl yMeHb-
MIIaCh WX HE M3MEHUJACh, TO U3MEHsIeM 3HAUeHMe CIIMHA Ha IIPOTHBONOJIOXKHOe. Fean suep-
I'Usl CUCTEMBI YBEJIMYIUIACH, TO U3MEHsIEM 3HAYEHHE CIIMHA Ha TPOTUBOIIOJIO?KHOE C BEPOATHOCTHIO
exp (—(Fnew — Eoia)/T'). Ilpn u3meHeHnn 3HaUeHUS CIIMHA IIPUHAMAEM HOBOE 3HAUECHHE SHEPIHN.

Ha puc. [3] usobpazken npumep B3auMo/ieiicTBus CIMHOB Ha paccrossHun R. Y KaxK10ro crmnHa
CBOE KOJIMYECTBO COCEJIEH, U B ajJIlOPUTME Mbl 3AIIOMUHAEM BCEX €ro COCeJeil, TOTOMY YTO BO
BpeMsI MOJICJIMPOBAHUSI KOJUIECTBO coceleil He MEeHsIeTCs.

Puc. 3. [Ipumepsr coceseit na paccrosauu R.

O,ZLI/IH MOHTG—KapJIO arar MO2KHO ITPpEJICTaBUTh TaK

E_old = calculate_energy(map_spins, map_distance)
for i_spin in range (Number_spins):
random_index = random.randint (0, len(map_spins)-1)
E_oldspin =
calculate_spin_energy(map_spins, map_distance_dict, random_index)
map_spins[random_index] = -map_spins[random_index]
E_newspin = -E_oldspin

E_new = E_old - E_oldspin + E_newspin
if (E_new <= E_old):
E_old = E_new
continue
else:
probability = np.exp(-(E_new - E_o0ld)/T)
value = random.uniform(0,1)
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if (value < probability):
E_old = E_new
else:
map_spins [random_index] = -map_spins[random_index]

Tepmasu3oBaTh B CHCTEMe MOYKHO TakK:Ke € IIOMOIIbI0 ajropurma Boubda |16, oaus mar
KOTOPOTO COCTOUT N3 MOCTPOEHUs KJIaCTepa KOPPEJIUPOBAHHBIX CIIMHOB

1. Bwibupaem cayuaitao cruu (i, 7),

2. OrmpenenisieM 10 CIUCKY BCEX COCejiell BBIOPAHHOIO CIIMHA Ha PACCTOSTHUM [, MMEroImx
COBITAJIAIOIEEe HAIIPABJIEHNE CITMHA.

3. CBa3b C TAKUME COCCIAME IIPHHEMAECM C BEPOATHOCTBIO p = 1 — e 2K e K = % " Ipu
9TOM IIOMEIAeM COCeJIeil B CTEK.

4. Mensiem 3navenue cnuta (i, j) Ha IPOTUBOIIOJIOKHOE — TAKKM 00PA30M MbI HCKJIIOYAEM €r0
IMOBTOPHBII BBIOOD,

5. asiee u3 creka BblOupaeM cieiyrormuii ciuH (i, ),
6. IloBTopsiem 1mrarm 2-5, 10 Tex IOP, MOKA CTEK HE ITYCT.

s obxojia Beex cocefieil ClIMHA UCIOJIb3yeTcss MeTo, 0oxoja B rpade “B ruyouny”. s
9TOTO UCIOJIB3YETCsS CTPYKTYpa CTek. Beex cocemeit st KayKA0rO CIMHA CIUTAEM OJUH pa3 u
CKJIAJIBIBAEM B CJIOBAPD.

def Wolff_Alg(map_spins, map_distance_dict, random_index, prob):
cluster = []
cluster.append (random_index)
base_spin = map_spins[random_index]
map_spins[random_index] = -map_spins[random_index]
while (len(cluster) != 0):
last_element = cluster.pop()
for neighbor in map_distance_dict[last_element]:
if (map_spins[neighbor] == base_spin):
value = random.uniform(0,1)
if (value < prob):
cluster.append (neighbor)
map_spins [neighbor] = -map_spins[neighbor]
return map_spins

5. Pe3syabTaThbl

s R = 1.2888 u T' = 6.0 Bpems Berauciaenus ogaoro Monre-Kapito mara pasro 0.01492(2)
CEKYHJI, a JIJIs OJHOTO MPOXoJia ajropurMa Bosibda 1o Bpemst Gosbine 0.6327(4). Onako, aro-
put™M Bosbda nMeer 3HaIMTETHHO MEHbBIIEe BPEMsI KOPPEJISINi MeK/Iy IIaraMu, ITO [O3BOJISeT
HocTudb OoJIbINeil TouHoCTH BhrancaeHunii. CpeHee KOJIMIECTBO cocelell cunHoB g R = 1.2888
paBHo 4.8.

Ha puc. [4] upesncrasien rpaduk TenmoeMKocTn st pa3HbIx 3HadeHnii R, a Ha puc. [f noka-
3aHbl rpadUKNA BOCIPUUMINBOCTH JJIs TEX 2Ke 3HAUYCHUI pajnyca B3anMmojeiicTeus K.

6. 3akJIroueHue

B pabore uzioxkeH ajqropuTm Jijisi TeHEPAIUU JBYMEPHOI IIEHHON CTPYKTYPBI, & TAKKE [P/l
JIOXKEHA MO/IE/Ib MATHUTHBIX CBOMCTB TaKoil CTPYKTYphI. [IpenBapuresibnoe MOICIUPOBAHIE YKa-
3bIBaeT HA KAYECTBEHHOE CXOJCTBO BBIUYNCJIECHHBIX TePMOJIMHAMNYECKAX BEJINYNH C IOy YeHHBIMHA
9KCIIEPUMEHTAbHBIME JIAHHBIMA. 3aMETUM, UTO B 9KCIIEPUMEHTE IIeHHAasI CTPYKTYPa TpeXMepHasi.
CoBrajienne YuCIEHHBIX U 9KCIIEPUMEHTAILHBIX PE3Y/IBTATOB YKA3bIBAET HA TO, YTO [10-BUIUMOMY
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Puc. 4. I'padux remroemkoctn st R=1.2888 (kBagparsr), 2.4265 (KpyKKu), 3.222 (3BE3104KN).

10 5

Susceptibility
=]
L

0.01

1E-3

0.1

]

T

Puc. 5. I'padux Bocupunmuunsoctu mist R—=1.2888 (kBajparsi), 2.4265 (kpyxKKn), 3.222 (3Be310UKH).

IIPU HU3SKHUX TeMIIepaTypaX MalrHUTHOE ITOBEJCHUE OIIpe/Ie/IdeTCA KBa3u-OHOMEPDHBIMU CcBOMCTBa~
MH.

Aprop 6uraromapur JI.H Illypa 3a Hay4uHOE PYKOBOJCTBO U IIOMOIIb B TIOJATOTOBKE PYKOIUCH.
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HeiipocereBoii MmeTo1 cpaBHUTEJILHOTO aHAJJIN3a
TPEeXMEPHBLIX CTPYKTYP OeJIKOB Ha OCHOBE
cylepceMencTB JOMEHOB

A.B. Mazees!, H.H. ITonosa!, I.A. Cymraros?

IMI'V um. M.B. JlomomocoBa, dakyIbTeT BHIYUC/IUTEIbHON MaTeMaTHKU 1
KHOEpHETHUKH,
2MI'Y um. M.B. JlomorocoBa, ¢GakyibreT GHONHKEHEPHE I GHOMHMOPMATHKI

UcciieoBanne GeIKOB sIBJISIETCsT OJIHOM M3 BaXKHBIX COBPEMEHHBIX 3aJad OHOJIOrHUH.
[Tpu pemennu MHOTUX 33189 OMOMHMOPMATHKY BOSHUKAET HEOOXOIUMOCTD 10 33/IaH-
HO# CTPYKType OeJIKa OIPEE/IUTh CTPYKTYPHO CXOXKHE C ITUM OEJIKOM H3BECTHBIE
Oenku. ITonck CXOXKMX MO TPEXMEPHON CTPYKType M3BECTHBIX OEJTKOB ITOMOTAEeT IT0-
HATH byHKIUU Oeika. B pabore mpejraraercst HEpPoOCeTEeBO METO/T CPAHUTETHLHOIO
aHaJIn3a CTPYKTYP 3aJIaHHHON maphl 6e1KoB. [IpeioxKeHHbIil MeTO T, T03BOJIIeT OBICT-
po orobpaTh B 0a3e JAHHBIX CTPYKTYDP HMOTEHIIMAJBHO CXOXKHE O CTPYKTypam OeJi-
ku. B pabore 00CyKIAI0TCs apXUTEKTypa W HapaMeTPhl IPeJIOKEeHHON HelpoceTn
U TIPEJIJIATAeTCS METOJT BBIJEJIEHUs IPU3HAKOB PACCMATPUBAEMBIX CTPYKTYp. O0yte-
HHUuE HeﬁpOCQTI/I IIpeﬂJ’[aFaeTCH IIpOBO)lI/ITb C MCIIOJIb30OBaHUEM MMEIOIINXCA 68,3 JaHHDbIX
C BBIJIEJIEHHBIMU JOMEHAMU CTPYKTYPHO ITOXOXKHUX OeJIKOB. B KadecTBe permreHus st
00yueHusT HEHPOCETH MIPEJIaraeTcs UCIoIb30BaTh 6a3y jJanubix jgomenos CATH S40.
PaccmarpuBaerca meTor mepeBoia TpEeXMEPHOI CTPYKTYPhI OejIKa B BEKTOD IIPU3HA-
KOB IIPU IIOMOIIY AHAJII33 PACCTOSHUN MEXK/Iy IapaMy [EHTPAIbHBIX ATOMOB AMIHO-
kucsot. IIpesaraercs HeCKOJIBKO BApUAHTOB IIPEJIJIOKEHHOrO 11o1xo/a. [IpuBoaarcs
Pe3yJIbTaThl IKCIEPUMEHTAJIBHOIO UCCIIEI0BAHNS Pa3pabOTaHHOTO METO/IA.

Karouesnvie caosa: mapHoe cpaBHEHHE OEJIKOB, TPeXMEpHas CTPYKTypa Oesika, Helpo-
CeThb

1. BBenenue

CpaBHUTEJIbHBIN aHAJIN3 TPEXMEPHBIX CTPYKTYP OEJIKOB IMIUPOKO UCIIO/IB3YeTCsI IIPYU PEIIEHUT
MHOTHX 38124 bunonndopmaruku. Hanbosiee BayKHBIM HCTOIHUKOM OEJIKOBBIX CTPYKTYP SIBJISETCS
6asa nanubix PDB (Protein Data Bank) [1], B koropoii cobupaercst nadopmanust 06 SKCepumMeH-
TAJbHO OIPEJIEJIEHHBIX OEJTKOBBIX CTPYKTYPaX U UX ATOMHBIX KOODJMHATAX. UHUCIO CTPYKTYD B
3TOlt 6a3e OCTOsIHHO yBeamduBaeTcs. [lonck 6e/IKOB, CTPYKTYPHO TOXOXKUX Ha, 33 JaHHBIH OEJIOK,
ABJIACTCH aKTyaJIbHOU 3a1a4eii.

[Tonck moxoxkux OenkoB 10 Bceit 6aze PDB cymecrByiomumu MeTomaMu ¢ MpUMEHEHUEM
CTPYKTYPHOTO BBIPABHUBAHUS 3aHUMAET JECATKH MUHYT, 8 WHOTIA Tazke MHOTO dacoB. OaHuM n3
IOJIXOJIOB, HAIIPABJIEHHBIX Ha COKPAIIEHUE 3TOI0 BPEMEHH, sIBJISETCs TaK HA3BIBAEMBIN IByX(das-
HbII 107101, COrJIaCHO 9TOMY TIOXO0/LY Ha IEPBOM 3Talle MPOUCXOIUT OBICTPHIN (PUILTD 3aBEIOMO
HEMOJXOAAMNX OEJIKOB, & Ha BTOPOM 3Talle — CPEeJI BO3MOXKHO HOJIXOIANINX OeJIKOB bojiee ToU-
HBIMU U, COOTBETCTBEHHO, Me/[JIEHHBIMI METOJIAMU OTOMPAIOTCs MOX0XKKEe GeJIKH (151 38/ IaHHOIO
6esika). B urore ¢ moMOIIBIO TAKOTO TOJIX0/[a MOYKHO CYIIECTBEHHO COKPATHTH BPEMsl [TOUCKA.

[lenbio maHHON PabOTHI SIBJISIETCST pa3pabOTKa MeToa IIpeaBapuTeabHol (buabTpalmn 6a3sl
JAHHBIX, CIIOCOOHOTO ¢ BBICOKOM TOYHOCTLIO OTOMpATh OeIKN 13 6a3bl JaHHBIX I TIOC/Ie Y IOIe-
ro IpUMEHeHUs 00Jiee TOUYHBIX METOIOB C IIOCTPOCHUEM BbIpaBHUBaHUSA. B cTaThe OmmChIBaeTCS
HOBBIII METOJI IIAPHOIO CpaBHeHUsI OEJIKOB 0e3 mocTpoeHusi BbipaBHuBaHus. st perenus 3a-
Jadu [MapHOTO CpaBHEHUS OEJIKOB PACCMATPUBAETCS BOBMOXKHOCTL 0OyueHUs HeifipoceTu Ha 6ase
Janubx omenos 6enkos CATH S40 [2].

Baza gamapix CATH S40 npeacrasiser coboit MHOXKECTBO JOMEHOB OEJKOB, Pa30OUTHIX HA
KJIACCBI TOMOJIOTOB, TO €CTh POJCTBEHHBIX U CXOXKUX II0 CTPOeHUI0 6eiKoB. COOTBETCTBEHHO, JIJIs
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JII0001 TIapbl OEJTKOB U3 OJIHOM MPOM3BOJILHON IPYIIIBI M3BECTHO, YTO OHU CXOXKU 10 TPEXMEPHOit
CTPYKTYPE, a IJist JIF0OOH maphbl O€JIKOB U3 PA3/JIMIHBIX I'PYIII U3BECTHO, YTO OHU PA3IUIAIOTCS 110
TpexMepHOil cTpyKType. OTMeueHHBIN (DAaKT MOYXKET ObITh UCIIOIB30BAH JJIsl IIOCTPOCHUS 00y da-
fomelt BEIOOPKHU, UCIOJIb3yeMOit /it obyduenus Heiipoceru. s aToro meodbxomumo paspaboraTb
MeTOJT JIJIst TIpeobpa3oBanust 6esika B 0ObEKT (BEKTOP WM MATPUILy) bUKCHPOBAHHOIO pasMepa.
AHajm3 TpexMepHBIX CTPYKTYP OEJKOB MeTOJaMU MAITUHHOTO OOYYEHUsI CIUTAETCS HEIPOCTO
3aja49ell, Tak Kak OeJIKM UMEIOT Pa3/IMIHbIN pasMep.

2. O630p MeTOA0B BhIPABHUBAHUS TPEXMEPHBIX CTPYKTYP O€JIKOB

BripaBuuBanue 6€JIKOB ITIOMOTAET ONPEJIEJIUTD HAJUYUNE IBOIIONNOHHON CBSI3U MEXK Ty OesrKa-
MU, YTO B CBOIO OYEPE/Ib MO3BOJIsiET OHATH MyHKImH 6esika. [IpocTpancrBennoe BbIpaBHUBAHIE
MIOIXOMIUT JIJisi CPABHEHUS OEJKOB C HEIOXOXKUMHU IOCJEIOBATEILHOCTAMU B TOM CJIydae, KOTJa
9BOJIIOINOHHAS CBA3b HE MOXKET ObITh yCTAHOBJIEHA CTAH/IAPTHBIMU METOJ/[AMH BbIPDABHUBAHUS
IOCJIe/I0BATEILHOCTEA.

Metoabl cpaBHEHMS TPEXMEPHBIX CTPYKTYP OEJIKOB aKTHBHO pazBuBaiorcs. Hambojee uz-
BecTHBIe peanmsanun stux MerogoB — MADOKA |[3], FAST |4], DALI [5], 3D-Hit (6], CE |[7],
SAL [8], FATCAT 9], TM-align [10], Fr-TM-align [11], DeepAlign |12], MICAN-SQ [13], u apy-
rue. ABTOpbI 0/1HO#T u3 mocsieaux pabor — meroga MADOKA |3| yreepzkpator, 4To ux perierne
ITO3BOJISIET BBITIOJIHUTE MTONCK OETKOB, ITOX0XKUX Ha 3aJlaHHBIH, 110 Beeil 6aze manabix PDB 3a mos-
gaca. OHAKO, aBTOPBI OTMEYAIOT, YTO BpeMsl MOUCKA 3aBUCHAT OT BXoaHOTO Oenmka. MADOKA
— naByxdas3Hblil METO/I, HA IIEPBOM ITIare KOTOPOI'O IIPOUCXOJIUT BbIUUC/IeHNEe HANOOJIbIel obIeit
[IOJIIIOCTIETOBATEBHOCTH JIJIS [I0CJIeI0BATEbHOCTENl BTOPUIHBIX CTPYKTYp bOesikoB. Ha BTOpOM
mare BBITIOJIHAETCA 00JIee TOYHBIN METOJ] C IPUMEHEHNEM BhIPABHUBAHUS TPEXMEPHBIX CTPYKTYD
6eJIKOB.

st 6ONBITUHCTBA METOJOB BBIDABHUBAHUS 3aJ1a4a [MOMCKA OX0XKHUX 0esKoB 1m0 6aze PDB
MOKET 3aHUMATh MHOT'O 9aCOB WJIN JAaXKe JTHEi.

[Ipumenenne MeToOla MAITMHHOTO OOYyUYEHUs JJIsi aHau3a OEJIKOB PAcCMaTPUBAETCS B Psi-
ze pabor. Hanpumep, B paborax [14}|15] npearaercst npeobpasoBars Geslok B u300pazkeHue,
HCIOJIB3Ys HelipoceTeBoii moaxo. [IpeobpasoBanue Gesika B m300paykeHue (MM MATPUILY) JJIst
JaJIbHENIIero aHajIn3a — U3BECTHBIN II0X0/, KOTOPBIN, OHAKO, UMEET MHOI'O BapUalldil.

DBPUCTHYECKUE TTOXO/IbI JIJIsi CPABHEHUS TPEXMEPHBIX CTPYKTYD OejKoB 0e3 HmoCTpOoeHus
BbIDABHUBAHUsI U 63 IPUMEHEHMs] MAIIMHHOTO 00yYeHnsl paccMaTpuBaloTcst B paborax [16-18].

3. IIpeasaraemerii HelipoceTeBOii MeTO/I,

s pelmreHust 3aJa9i CPABHUTEILHOIO aHAJIN38 TPEXMEPHBIX CTPYKTYP OEJIKOB B JaHHON
paboTe mpe taraeTcst HefipoceTeBoit MeTos. MeTos OCHOBaH Ha UCIIOJb30BAHUHE B KaveCcTBE 00y-
qaroleil BoIOOpKHU 6a3bl JaHHBIX jgoMmeHoB Oenko CATH S40. OcHoBHast mpobJieMa Takoro pe-
[IeHHUsI — HEe sICHO, KaK II0JaBaTh CTPYKTYpPLI Oejika Ha BxoJ Heiipoceru. C OIHON CTOPOHBI, €CTh
MU3BECTHBIN, YIIOMSHYTHIN BBIIIE, METOJ IIOCTPOEHHUSI MATPUIIBI PACCTOSTHUIN JJIsI 3aJJAaHHOTO DeJIKa:

Dli, j] = dist(Cali], Calj]),

rae Calfi] — Ca (menTpasbHbIil) aToM -0if aMHHOKUCIOTE Oenka, dist(a,b) — eBKIMI0BO pac-
crostaue mexky aromamu a 1 b, a 1 <¢,7 < N, N — KOJIU4IeCTBO aTOMOB CTPYKTYpPbI OeJiKa.

OHako, J71st GeJIKOB pa3INIHBIX PA3MEPOB, PA3MEPBI COOTBETCTBYIOIIIX MATPHIL TAKKE Pa3-
sguaapl. Kpome Toro, pasmep Takoit MATPHUILI KBQJIPATUIHO 3aBUCAT OT pa3Mepa Oejka, ITO B
CBOIO o4epe/ib TpedyeT OOJIBIINX 3aTPAT HAMATH IPU XPAHEHUU MATPHUIL JJId BCEX CTPYKTYD U3
KpymHOH 6a3bl JaHHbIX, TakuX Kak PDB wm CATH.

st yHIbUKaIM TpecTaBIeHIsT PA3TUIHBIX CTPYKTYD OETKOB TPE/IJIATAeTCS BBECTH BEK-
Top V pacripejiesieHus paccrosiumit Mexky Bcemu napamu Ca aromos. /[leficTrBuresibHO, ecsu
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TPEXMEpPHBIE CTPYKTYPBI OEJIKOB CXOXKHU, TO U COOTBETCTBYIOIIIE BEKTOPHI IIPU3HAKOB TaKXKe Oy-
YT TOXO0XKHU, 1 HAODOPOT, /i1 PA3IUIHBIX OEJIKOB BEKTOPHI IPU3HAKOB TaK2Ke Oy/IyT pa3IndaTb-
csl.

BekTop mnpemnaraercs crpouthb ciemyomuM obpasom. Paccrosuus 6osbie 100 anrcrpem
HE YYUTBIBAIOTCS — TOJABJISIONIEe DOJILIMMHCTBO PACCTOSTHUN MEXKJIy aToMaMu OEJIKOB MEHbIIe
ykazaHHoro 3uadenusi. Obo3Haunm JiuHy BekTopa — L. B janHoit pabore paccMaTpuBaercs JiBa
BapuanTa Bbibopa napamerpa L: L = 100 u L = 1000.

VI[i] = f(i*100/L, (i + 1) * 100/L),
rie 0<i< L, f(a,b) = EZ&J o(i,7), rue
0.5, dist(Cali], Calj]) € (a,b],

O-(ivj) =
0,dist(Cali], Calj]) ¢ (a,b]

[Tpumep BekTopoB mpusnakoB V npu L = 1000 mist moxoxkeil mapsl JOMeHOB 6eJIKOB (T0-
MOJIOTOB) TIOKa3aH Ha pHC. (1} a /i mapbl pasjindHbIX JTOMEHOB GEJIKOB (HE TOMOJIOOB) — Ha

puc. [2]

350 4 400 -
350 4

300 4
2501

250 4
2001
200 4

150 A

3HaueHue

150 1

3HayeHne

100 -
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50 4 504
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a) Bekrop npusnakos st qomena 1h12A00 b) Bekrop npusnakos jjis gomena 3gzkA02

Puc. 1. Ilpumep BEKTOPOB NPU3HAKOB JIJIsl IIOXOKUX JOMEHOB GEJIKOB (FOMOJIOrOB).

Mo2KHO 3aMEeTUTD, 9TO IS [TOXOXKHUX JTOMEHOB BEKTOPA IOJIYyIaIOTCs TOXO0XKUE, U HA0OOPOT.

CooTrBeTcTBEHHO, I Kaxkaoro benka B 6aze ganabix CATH S40 MOXKHO ITOCTPOUTH BEKTOP
V', u cdopMupoBaTh TeM CaMbIM BBIOOPKY sl OOYUIEHUsI U TeCTUPOBaHUsS HeiipoHHO# cern. C
IIOMOIIILIO JAHHOI'O ITOAX0/1a MOYKHO 00ydaTh HEpOCeTh U APYrue MOJIE/H MAIIHHHOIO 00y IeHMSsI
C TIeJIBIO JIAJIBHENIIIEro IPUMEHEHHSI UX K CPABHEHUIO CTPYKTYP OEJIKOB.

PaccmoTpeno nBa BapuaHTa ITIOCTPOEHUsT 1 00y IeHUs HEHPOHHON CeTH C UCIOJIHL30BAHUEM I10-
CTPOEHHBIX BEKTOPOB IIPU3HAKOB. B cilydae mepBOro BapuaHTa JIJisi BEKTOPOB IpU3HAKOB V) 1 Va
JBYX JTOMEHOB OEJKOB MOYKHO BBITHC/ISITH aOCOTIOTHYIO PA3HUILY COOTBETCTBYIOIINX 3JIEMEHTOB,
TO €CTb CTPOUTHL BEKTODP Vi;ff:

Vaipsli] = [V1li] — Vali]],

rne 0 < ¢ < L. Bropoit BapuanT 3ak/i09aeTcsi B TOM, 9T00bI HEHPOCETh IMOIydaJia Ha BXOJ 00a
BekTopa Vi u Vo, Ilpm Takom mogxozme Ha BXOM HEHPOCETH KaXKIbI 9/IEMEHT TPEHHPOBOYHOM
BBIGOPKH moz1aercst jpaxk bl mapa (Vi, V) n Haobopr — napa (Va, V7).

[TporpaMmMuast peagu3alys MMPeII0sKeHHOTO IIOIX0/1a BBITOJHEHA Ha S3BIKE MPOIPAMMUPO-
Banusi Python, ¢ ucnonb3zoparuem 6ubmoreku keras. Vcmomb3yercss MeTo 06paTHOTO pPacipo-
crpanenus ommbku (anria. backpropagation).
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Puc. 2. IIpumep BeKTOPOB IPU3HAKOB JIJIs HEHOXOXKHUX JIOMEHOB 0eJIKOB (HE rOMOJIOrOB).

4. SKCHepI/IMeHTaJII)HOe ncciieaoBsanmne 1peajgo2KeHHOro MeToja

Jlj1s1 pelieHnsi pacCMaTpUBaeMOil 3a1a4n ObLIa BbIOpaHa MHOIOCIOWHAsST IOJTHOCBSI3HAS Hel-
pocerhb. B pesysibrare TecTUpOBaHUS PA3JIMUHBIX BApUAHTOB ObLIa OIpeJesieHa apXUTeKTypa C
IATHIO CJIOSAMU. BoJibliiee KOJIMYIECTBO CJIOEB HE Y/IydIIaJo KadeCTBO, OJHAKO yBEJIMINBAJIO Bpe-
Ms1 o6ydenus. Pasmepsl cioes (uepes 3ansryoo): L,1.2- L,0.4 - L,0.1- L,2 — jyist Bapuaura ¢
pasHurieii BeKTopos. B cirydae obyuenns Ha mapax BEKTOPOB pa3Mepbl CJI0eB (KPOMe BBIXOJHOIO
cJi0s1) GbLIN BIIBOE GOJIBIIIE.

Kak 6pu10 0TMEUYeHO BbIINIE JjsT OOYUIeHUs] U TECTUPOBAHUS MOJIE/JN HEHPOHHON ceTu ObLIa
BoIOpana 6aza maHabix CATH S40. DTa 6a3a 4acTo HCIOJIb3yeTcss B IOJOOHBIX 3ajadax. basa
nanasix CATH S40 cocrouT n3 MHOXKECTBa JJIOMEHOB OEJIKOB, IIPOIEHT CXOXKECTH aMUHOKHUCJIOT-
HBIX II0CJIeI0BaTeIbHOCTE KoTophix He Gosee 40%.

Bribopka 1j1st 00ydeHus U TECTUPOBAHUS HEAPOCETH B JAHHOM SKCIIEPUMEHTE COCTOSLIA W3
100000 ciryuaitao BeIOpaHHBIX Tap jgoMeHOB OesikoB u3 6a3bl ganubix CATH S40. [Tonosuna map
— IIOXO02KUE JIOMEHbI, TO €CTh I'OMOJIOI'H, Jpyrad IMOJIOBUHA — HEIIOXO02KUE JTOMEHBI (He I‘OMOJIOI‘I/I).
TecroBasi BeIGOPKa coctosiia uz 20%, TpeHnpoBoydHasi, coorBeTcTBeHHO — 80% 0T BCeil BLIOOPKH.

Pasmepsr 6a3n1 ganasix CATH S40: koamdyecTBO ceMeicTB joMeHOB — 6576, obIee KO-
4eCTBO JOMEHOB OesikoB — 31885 (cymmapHO 1o BceM cemeiicTBaM). Bpems npegobpaboTku 6a-
3bl JIAHHBIX (BBIYUC/IEHUE BEKTOPOB IIPU3HAKOB Jjisi BCeX JOMeHOB) — 1868 cekyn. Takxke BbI-
MIOJTHEHA MapaJsilebHas pean3aliis TpenodpaboTKu JAHHBIX € HCIOJIb30BAHUEM OMOIMOTEKN
multiprocessing B si3bike porpammupoBanusi Python. Bpemst BeimiosiHeHUS HA YeThIpeX sjipax —
761 cexyHaa (yCKOpeHHe 10 CPaBHEHUIO C IIOCJIeI0BATEIbHOIN Bepcueil paBHO 2.45). D10 Bpemst
npe1obpaborku BepHo Kak st L = 100, tak u s L = 1000, Tak KaK BBIMUCIUTETbHAS CJIOXK-
HOCTH B 000X CJIydasx OJWHAKOBas. 1akyio mpemobpaboTKy Bcex OenkoB B Oase HEOOXOIUMO
BBIIOJIHUTH TOJIBKO OIUH Pa3 I 3aJaHHOro L.

Beraucienust mpopojiuiinch Ha 0ObIaHOM HOYTOyKe: mporeccop Intel Core 15-8250U, 4 sinpa,
6 MDbB xam-namsaTu.

Jnst onieHKY KavecTBa PeIeHus] pAcCMaTPUBAJIUCD JIBE BEJIMIUHBI: TOYHOCTH (AHIJL. aCCUracy)
— J10J1s1 TpaBUIIbHBIX 0TBeTOB Helipocern, u AUC (anrit. Area Under the ROC Curve) — miomain
nox ROC kpusoii. ROC kpusasi (anrsi. Receiver Operating Characteristic) — rpaduk, 1mo3so-
JISTIOIIUI OIIeHUTDb KadecTBo OuHapHoil Kiaaccudukamun. ROC kpuBast 0ToOpazkaeT COOTHOLIEHUE
MeK/1y J10JIeil OObEKTOB OT ODINEro KOJUIeCTBa HOCUTEIEH TPpU3HAKa, BEPHO KJIACCU(MDUITTPOBAH-
HBIX KaK HecyIlne IPU3HaK, W J0Jeil 00BbEeKTOB OT OOIIEro KOJUIecTBa OOBEKTOB, HE HECYIIUX
[IpU3HAKa, OIMMO0YHO KJIACCUPUIIMPOBAHHBIX KaK HECYIIne IpU3HaK, IPU BapbUPOBAHUH IIOPOTa
PEIIAOIIEro IpaBuIa.
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Tabuuiia 1. Pesynbrarsr 00yvueHust HEHPOHHOI CeTH.

ITapamerpnr TounocTb AUC Bpewms Bpewms

[OJIX0/TA, (anrur. obydeHwust (CeK.) | mpuMeHeHus (CeK.)
accuracy)

L=100, mapa 87.81 0.949 407.38 1.01

BEKTODPOB

L=100, pazuumna | 83.19 0.909 218.08 0.88

BEKTOPOB

L=1000, mnapa | 88.95 0.9517 10721.65 23.99

BEKTOPOB

L=1000, pazuuma | 82.56 0.887 2507.57 7.85

BEKTODPOB

AUC moxer npunuMars 3uadenusi B orpeske [0, 1]. Yem Gosbmie snavenne AUC, Tem Ka-
qecTBeHHee Kjlaccudukarop. 3uadenne menee (.5 TOBOPUT O TOM, UTO KjaccupukaTop Oyjer
paboTaTh JIydIle, ecjiu OTPUIATE/IbHBIE BEPANKTHI 3aMEHUTh Ha MOJI0KUTEIbHBIE, 1 HA000POT.

Ha puc. [3| nponemoncrpupoBansr ROC kpuBble /1151 pa3HbIX BAPUaHTOB pa3pabOTaHHOIO Me-
Toga. OKa3aj0ch, ITO BAPUAHTHI C Iojadeil 000MX BEKTOPOB Ha BXOJ HEHPOCETH MOKA3BIBAIOT
6oJtee Xopommii pe3yiabrar. Hammydimee Kka1ecTBO Ha TECTOBOM BBIOOPKE JOCTUTIHYTO C ITapaMeT-
pom L = 1000, npu oby4uenun HeifpoceTu Ha Mapax BEKTOPOB.

ROC KpWBble pa3HbIX BapUaHTOB pa3paboTaHHoro nogxoaa

True Positive Rate

—— L=100, napa BEKTOpPOB

02 7 —— L=100, pasH1Ua BEKTOPOB
L=1000, napa BEKTOpPOB
L=1000, pa3HWnua BEKTOPOB
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate

Puc. 3. I'padpuk ROC kpuBbIX jijisi pas3/indHBIX BADUAHTOB Pa3pabOTaHHOIO IIOIX0A.

B ra6. [[|npusenenst Toanocts, AUC, Bpemst 00yueHnst HEPOCETH 1 BPEMsI IIPUMEHEHHsT 00y~
veHnHoit mozesin. Bpemst npumenenus onpenensaock ajasg 100000 ciaywuaiino B3ATBIX Map JOMEHOB

n3 6azer CATH S40.
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5. 3akJiroueHue

B pabore npejioxker HeiipoceTeBOi METO/I JjIs CPABHUTEIBHOI'O aHAJIN3a TPEXMEPHBIX CTPYK-
Typ OenkoB. Pazpaboran mMeTon BbIIAEIEHUsT MPU3HAKOB PACCMATPUBAEMBIX CTPYKTYp. IIpemto-
JKeHHasl HeifpoceTeBasi MOJIEb IIPEACTaBIsieT cob0il H-CIIOMHYIO MOJTHOCBA3HYIO HeiipoceThb. OOy~
JeHrne HePOCeTH IIPOBEIEHO C UCIOIL30BAHUEM UMEIOMNXC 0a3 JaHHBIX C BBIACIEHHBIMU IPYII-
IaMI CTPYKTYPHO MHOXO0XKUX 0esIKOB. IIpemaosKeHHbIil MeTO O3BOJISIeT OBICTPO 0TOOpaTh B Oa-
3€ JIAHHBIX CTPYKTYP HOTEHIIMAJIBLHO CXOXKHUE I0 CTPYKType Oesiku. 1IpoBeneHHbIN SKCIIEpUMEHT
[POJIEMOHCTPUPOBAJI JJOCTATOYHO BBICOKYIO TOYHOCTBH (accuracy) — 88.95. Bpewmsi npumenenmust
obyuennoit mozenu Kk 100000 ciay4aiinpix map JoMeHOB 0OejkoB coctaBuio 23.99 cexymuna. [lis
cpaBHeHust — u3BectHas cpeu 6mosoros mporpamma MATT (anrir. Multiple Alignment with
Translations and Twists) paboraer B 2339 pa3 josbiie Ha 3Tux ke gaHabix. Onxnako MATT upu
3TOM paboTaeT ¢ TOYHOCTBIO, 6ymsKoit K 100%, a TakzKe CTPOUT BHIPABHUBAHKUE CTPYKTYD OEIKOB.
DKCIIEPUMEHT BBINOJIHEH HA OOBITHOM HOYTOYKE.

B nmanbaeitme miaHbl BXOAUT MPUMEHEHNE APYTUX MOJIe/ el MalTuHHOTO 00y IeHusI /TSI Pac-
cMaTpUBaEMOil 3aJa4dn, yJIydIleHre KadeCTBa PEIIeHMs, MCCJIEI0OBaHNE BO3MOXKHOCTHU IIPUMEHE-
HUsT pa3pabOTAHHOIO MOJIXO0JA K IEIsIM OeJIKOB, BMECTO JOMEHOB, a TaKyKe IPOBEIEHUE TOMCKA
CXOXKUX OeJIKOB 10 Beell 6aze manubix PDB.

6. baaromapaocTu

Pabora Beinossena npu duHaHCOBON momaepkKe rpanta PODIU Ne 20-07-01053 (Maseer
A.B. u ITonosa H.H.) u rpanta PO®U Ne 18-29-13060 (Cymraros JI.A.).
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OnbIT peaju3alud MArHCTEPCKOM MPOrpaMMBbl
Ha 0a30Boi Kadeape

n.n. JIeBI/IHl‘Z, N.10. Ky3Heu0Ba1’2, B.E. Me:xaHueBl’2

OBt (benepanbHBI YHUBEPCUTET
*HUIL] cynep-OBM 1 HEMpOKOMIIBIOTEPOB

B myOnukamum paccMOTpPEH OIBIT peau3allii Marucrepckoi mporpammsl «llpukinannas
MaTreMaTuKa JUisl BBICOKONPOM3BOAMTEIBHBIX BBIYUCIUTENBHBIX CHCTEM» Ha 0a30BOU
kapenpe HUI[ cymep-OBM wu HelipokommbiotepoB u  HOxHoro denepanbHOro
yHuBepcutera. OmnmncaHel 0COOGHHOCTH y4eOHOTO Tpolecca, €ro CBi3b C Hay4HO-
HCCIIE0BATEIbCKOW M MPOEKTHOM AEATEIBHOCTHIO CTYACHTOB ISl 00ECIICUEHHSI BBICOKOTO
YPOBHS IIOJATOTOBKU MaruCTpoB.

Kntouesvie cnosa: wMaructpaTypa, oOpraHusaius y4eOHOTO Tpolecca, NpaKTHYeCKas
OIrOTOBKa, OazoBas kadenpa.

1. BBenenune

[Iporneccer MoaepHHU3aLMK BhICIIETO 00pa3oBaHusi B Poccuu 3acTaBisioT 0OpaTUTh MpUCTAIbHOE
BHUMaHHE Ha MHCCICIOBAaHHE IIOJXOA0B K OOYyYeHHMIO CTYOeHTOB B Maructparype. CoriacHo
OenepansHoMy 3akoHy «O0 oOpazoBanuu B Poccuiickolt ®Depepaunu» Maructparypa sBISIETCS
BTOPBIM YPOBHEM BBICIIETO OOpa30BaHWUs, LIENBI0O KOTOPOTO SIBISIETCSl «oOecredeHue MOArOTOBKH
BBICOKOKBAJIM(HULIUPOBAHHBIX KapOB IO BCEM OCHOBHBIM HAampaBiCHHUAM OOLICCTBEHHO MOJIE3HOMH
JESITEIbHOCTH B COOTBETCTBHM C IOTPEOHOCTAMH 0OLIecTBAa M TOCYIapcTBa, YAOBIECTBOPEHHE
NOTPeOHOCTEH JINYHOCTH B MHTEIUICKTYAILHOM, KYJIBTYPHOM M HPABCTBEHHOM Pa3BUTHUH, YIITyOJICHUU
U pacIIupeHun o0pa3oBaHus, HAyIHO-TIeqarorndeckoi kBanmpukanum» [1]. [Ipu sTom HE B 3aK0HE
«O6 obpazoBanuu B Poccuiickoii ®@enepannmy, HI B DepeparbHbIX 00pa30BaTENbHBIX CTaHIApTaX
BBICIIETO 00pa30BaHUs HET TPEOOBaHUN HETIPEPHIBHOCTH CBS3KH «OaKanaBpHaT + MarucTpaTypay, 4To
pacimupsier CHEeKTp BO3MOXKHOCTEH Tiepel TMOCTYNAIOIIMMHU W CTaBUT DSJI BBI3OBOB MEpE]
00pa3oBaTeIbHBIMH OPraHU3aALUsIMA U PYKOBOIUTEISIMH MaruCTEPCKUX MPOrpamMM, OTBEYAIOIIUX 3a
Ka4yeCTBO MOJATOTOBKH CIIEIIHAINCTOB.

B wuccrenoBaHMsIX TOCIETHUX J€T MOXKHO BHJETh CJIEAYIOIIME WHAMKATOPbl KadecTBa
MarucTepcKoi moArotosku [2, 3]:

— ypOoBeHb npodeccopcKo-TpenoiaBaTeIbCKOro COCTaBa,

— BBICOKMH ypOBEHb IOATOTOBKH B OakanaBpHare;

— YpOBEHb HayYHBIX UCCIIEJIOBAHUI YI€OHOTO 3aBECHNS,

— HH}PACTPYKTypa U TEXHUUECKOE OCHALICHNE YU€OHOro 3aBECHUS.

OpHOlt M3 TEHACHLMH TOCIETHUX JIET SBIISETCS HM3MEHEHHE CpPEIHEr0o BO3pacTa CTYIEHTOB
MarucTparypel. Bce Ooubliee 9ucio OOYYalOUIMXCS SIBISIFOTCS CIIOXKHBIIUMUCS CIICIIMAIMCTaMH,
JKEJIaIoIIMMH TTOBBICUTh YPOBEHb CBOEH KBaJTH(PHUKALIUK U TIOIYYUTh HEAOCTAIONINE 3HAHUS B O0JIACTH,
CBSI3aHHOH C TpOQecCHOHATBPHON AEATENIHOCThIO. B CBS3M € 3TMM y caMuX MOCTYNalOUIMX Ha
MarucTepcKue MpOorpaMMbl BO3pAacTaroT TpeOOBaHUS K YPOBHIO MAaruCTEpCKOW MOJTrOTOBKU W ee
MPAKTUYECKON HAIIPAaBICHHOCTH.

HesrensHocTh 0a30BBIX Kadenp ¢ MOATOTOBKOH MarucTpaHToB IO HampasieHHio «llpukiamHas
MaTeMaThKa JUISI  BBICOKOIPOM3BOAMTEIBHBIX  BBIYHACIUTEIBHBIX  CHCTEM)»  HAlpaBJICHHA
01.04.02 TpuknagHas mMareMaTHKa M WHPOpPMATHKa cllabo TpescTaBlieHa B cOBpeMeHHOW Poccum.
Crnenyer oOparuTh BHUMaHME Ha ONBIT 0a30Boi Kadeapbl KOMIBIOTEPHOTO MOJCITUPOBAHUS
MockoBckoro ¢uznko-texauueckoro uHctutyra (MOTU), 1. XKyKkoBckuii, Bemymed MOATOTOBKY
MarucTpaHTOB IO HampamieHHsM «MaremaTndyeckast (pU3MKa U MaTEeMaTHUECKOE MOJICITHPOBAHMUS,
«MaremaTnueckre ¥ WHQPOpPMALMOHHBIE TexHoJorum» M «Cucremsl o0paboTku HMHpOpMamuu U
ynpasieHus» ¢ 6a3oBeiMu npeanpustusamMu Konnepa BKO «Anmaz-Anreit», ITAO HIIO «Anmas» u
OI'VII «lleHTpabHBIN adpOrUAPOAMHAMUYECCKUN WHCTUTYT uM. mpodeccopa H.E. XKyxkxorckoro
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(UATHM)». OcHOBHBIE HampaBICHUS AEATEIBHOCTH Kagenpbl KOMIBIOTEPHOTO MOJACIMPOBAHUS M
CTPYKTypa BHEITHETO B3aUMOACHCTBUS onmcana B [4,5].

Taxoke pencrasiser uHTEpec 6a3oBasg kadeapa Ne 231 mHGOPMAITMOHHBIX MPOIIECCOB U CHUCTEM
MUPDA, BosrnasnseMasi reHepalbHBIM AUPEKTOpoM MeXayHapoJHOro IeHTpa Mo HHPOpMaTHKE U
anekrponnke (MaTepDBM) mpesugerrom OI'AHY LUTuC, a.1.H, mpodeccopom, 3aciIyKeHHBIM
nIeareneM Hayku U TexHukd Poccuiickod ®enepauuu, jaypearoM [oCynapCTBEHHBIX NpeMUMN
Poccniickoit ®Depnepanuu, mpemMui IIpaBuTenscTBa Poccuiickon Oenepanuu
A.B. CrapoBoiitoBbiM [6]. Kadenpa BemeT TOATOTOBKY MarucTpaHTOB IO  HaIpaBJICHUIO
«IIporpaMMHast HESKEHEPHUS BO B3aMMOJICHCTBHH CO MHOTUMH (rpMaMu depes 1eHTp MarepOBM.

ITockonbKy BCsikasi HOATOTOBKA CIIELUAIMCTOB BO B3aMMOJEHCTBUHU ¢ 0a30BBIMU IPEANIPUATUSIMU
MOJpa3yMeBaeT CXOXKYI0 CTPYKTYpy B3auMOJCHCTBHUS KadeApbl M MPEANPHATHH, 3aJa4d PEHIaloTCs
CXOXXUM IIyTeM. B3ammopneiictBue ¢ 0a30BbIMHM HpPEANPUATHSIMH KadeApbl OCYLIECTBISIETCS Kak
MHUHMMYM 4e€pe3 IpOBEeIEHHE NPAKTUK M IOATOTOBKM MAarMcTEpPCKHX IUCCEpTalui Ha 0a30BBIX
npeanpusTusix. bomee momubli UM 3(dexkTUBHBIN BapuHaHT MOApa3yMeBacT IMOCTOSIHHYIO paboTy
MarucTpaHta Ha 0a30BOM TNPEANPHUATHH B PEKUME COBMEIICHHS STOH y4eOHO-POM3BOICTBEHHOMN
JIESITEIbHOCTH C MCCIIEeI0BATEThCKON U yIeOHOIA.

OCHOBHBIM pe3yJIbTaTOM TaKOH JESTEIBHOCTH SIBISICTCS JAOBOJBHO (POPCUPOBaHHOE TIO BPEMEHU
(dopMHpOBaHNE TOCTATOYHO 3PEJIOro CIEHUaIicTa B HEOOXOMUMOM MJisi BHICOKOTEXHOJIOTHYHOTO
MPOM3BOCTBA M OCYILECTBICHNSI COBPEMEHHbIX NPUKIAIHBIX pa3pabOTOK HAIPaBJICHHH.

2. OcoOennocTn Mmarucrepckoi mporpammbl «IIpukiagHass MaTeMaTHKA
JJI51 BBICOKONIPOM3BOAUTEIbHBIX BHIYMCIUTEIbHBIX CHCTEM)

B 2015 romy ocymectBieH mepBelid Habop Ha Maructepckyio mporpammy «llpuxmamHas
MaTeMaThka JUIsi  BBICOKOIPOM3BOAMTEIBHBIX  BBIYUCIUTENBHBIX  CHCTEM»  HalpaBieHHA
01.04.02 Ilpuknagnas MaTeMaTHKa 1 HHQOpMATHKa, Pean3yeMyro Ha Kadeapa HHTEeIUIEKTyalbHbIX U
MHOTOIPOLIECCOPHBIX cHUCTeM MHCTUTyTa KOMIIBIOTEPHBIX TEXHOJIOTMI M HHGOPMALUOHHON
6e3omacHocTr FOxHOTO (heepanbHOTO YHUBEPCUTETA.

Hannas  xadenmpa  sBusiercss  OazoBoit  kadenpoit OO0 «HULL  cynep-OBM  u
HEUPOKOMIBIOTEPOB» — BBICOKOTEXHOJIOTMYHOIO IMPOU3BOACTBEHHOr0 mnpeanpudtus ¢ 20-meTHei
ucTopueil paboT B 007aCTH BBICOKOIPOM3BOAUTENBHONW BBIYMCIUTENPHON TEXHUKH, ODHOTO M3
KPYIMHEHWIINX TPOM3BOAMTENEH pPEeKOHQUTYpUPYEMBIX BBIYMUCIUTEIBHBIX CHCTEM Ha OCHOBE
nporpaMmmMupyemsix Joruueckux uHTerpainbHbix cxem (IIJIMC) B Poccun. Coznpannsiit B 1993 rogy u
OPOIIEAIMHA MyTh OT MaJOro HPEANpHATHS [0 BEAYILEro IMOCTABUIMKA PEKOH(QUTYPHUPYEMBIX
BBEIYHCIUTEIBHBIX cuUCTeM B Poccum, cerogus «HUIL cymep-ODBM u HEHpOKOMIBIOTEPOBY —
JUHAMUYHO Pa3BUBAIOIIMICS pa3pabOTUYHK U IMOCTABIIMK CAMBIX CIIOXHBIX MEYaTHBIX IUIAT HE TOIBKO
B Poccun, Ho m B EBpome s CBEpXBBICOKONPOHU3BOAWUTENLHONW BBIYMCIMTEIBHOW TEXHHUKH, C
MPOU3BOJAUTEIBHOCTHIO BEIYUCIUTENBHBIX OJOKOB, COOTBETCTBYIOLICH IIEPBOI1 IECATKE CIIMCKA CAMBIX
MOIIHBIX KoMITbI0TepoB Mupa TOP-500.

VYHukaneHple M0 3(QQEKTUBHOCTH peIIeHUs IPUKIAIHBIX 3a/1a4 BBIUYMCIUTEIbHBIE CHUCTEMBI
«HUL] cynep-OBM u HEHpOKOMITBIOTEPOB» 00ECIEUMBAaIOT MHOTOKPAaTHOE HMPEUMYILECTBO B TAKHX
o0iacTsiX HayKM W TPOMBIIUIEHHOCTH, KaK MOJISIMPOBAaHNE W pa3pa0OTKa HOBBIX BEIIECTB,
CHUMBOJIbHAas 00paboTka OOJBIINX MACCHBOB JaHHBIX, MOHUTOPUHT TJI00aJbHBIX KOMIIBIOTEPHBIX
ceTel ¥ CUCTEM CBS3H, MOAEIMPOBaHNE (PU3NUECKUX IPOLIECCOB U Ip.

«HULL cynep-DBM u HeHpOKOMIBIOTEPOB» NPHUHUMAET aKTHBHOE Y4YacTHe B OOYYCHUU
cTyneHToB By30B. Hampumep, B 2020 rogy «HUIL] cymep-3BM u HeHpOKOMIBIOTEPOB» pa3zpadboTain
it MOTU (dakynprer a’poaMHAMUKK U JIETATEIbHOW TEXHHKH) KypC IO HPOTrpaMMHUPOBAHHUIO
PEKOH(PUTYPUPYEMBIX BBIYMCIUTEIBHBIX CHCTEM.

2.1 Ucropus xkadeapnl
Ombir «HUL| cynep-OBM u HEHpOKOMITBIOTEPOB» BBISIBHI HEOOXOAMMOCTH TOATOTOBKU

BBICOKOKBaHI/I(i)I/IHI/IpOBaHHLIX CIIeIaJInCTOB, CIIOCOOHBIX CTPOUTH U aHAJIU3UPOBATH MATEMATUYCCKUEC
MOACIIU MMPUPOJHBIX U TEXHOTCHHBIX CUCTEM, TaKUX KaK ITPOLCCCHI CeﬁCMopaSBe}IKI/I n He(i)Te)IOGBIT-II/I,
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3aHUMATHCSl MOJICIIMPOBAHMEM JIEKAPCTB, MOPCKUX M BO3AYIIHBIX CHCTeM, IH(PpPoBOiH 00pabOTKOM
curHasioB 1 Jp. Kpome 3T0ro BecbMa akTyaJlbHO YMEHHUE pealu30BbIBaTh 3G (EKTUBHbIE YHCICHHBIE
METOAbl U aNrOpuTMbl B BHUAE KOMIUIEKCOB IPOOJIEMHO-OPUEHTUPOBAHHBIX IPOTpaMM st
MPOBENICHHS BBIYMCIUTEIBHOTO KCIIEPUMEHTA Ha CYNEPKOMIBIOTEPHBIX BBHIYUCIUTENBHBIX CHCTEMAX
Pa3INYHOM apXUTEKTYPhl, B TOM YHCIIe Ha PeKOH(UIYPUPYEMBIX BBIYMCIUTENbHBIX CHCTEMax Ha Oaze
TUINC.

3anpoc Ha CHEUUATUCTOB, YMEIOMHMX paboTaTh ¢ PEKOH(PUTYPHUPYEMBIMH BBIYHCIUTEIHHBIMH
CHUCTEMaMH, HEYKJIIOHHO pacTeT, TakK Kak 3a [OcJeJHHE TOAbl NPOM3BOAMTENHEHOCTH
PEKOHPHUTYPUPYEMBIX BBIUHCIUTENHHBIX CcHCTeMaM BeIpocna Oomee dem B 4000 pa3. Ceiiuac
PEeKOH(GUTypUpPYEMBbIE BBIYUCIUTENIBHBIE CUCTEMbl HNPUMEHSIOTCS! NPH PELICHHMH MIMPOKOTO Kiacca
3ajiay, B TOM YHMCIIE B PEKUME PEaTbHOTO BPEMEHH.

[Hoaromy B 2015 roay kxadenpa HHTEIEKTyaTbHBIX ¥ MHOTOIPOIIECCOPHBIX cucteM WHCTHTYTa
KOMITBIOTEPHBIX ~TEXHOJOTHMH W wWHpOopManmuoHHOW ©Oe3omacHocTH FOkHOTO  (henmepanbHOTO
yHHUBepcuTeTa Oblta mpeobpa3oBaHa B 6a30oByro kadenpy «HULL cynep-2BM 1 HelipOKOMIBIOTEPOB»
C UeNbl0 TOATOTOBKM BBICOKOKBATM(HUIIMPOBAHHBIX CIEIHAIMCTOB B 00JacTH MNPUKIATHON
MaTeMaTHUKH M  CO3JAHMsS IPOrpaMMHOro  0O0ecHeueHHs Uil BBICOKOIIPOM3BOJUTEIBHBIX
BBIYUCIUTEIBHBIX CHCTEM, B TOM YHCIIE C PEKOHPUTYPUPYEMOH apXUTEKTYPOH.

[lepBonayansHO Kadeapa MHTEIUIEKTYalbHBIX M MHOTOIPOIIECCOPHBIX CHUCTEM Oblia cO3/1aHa B
2004 romy xak ©OaszoBas kadenpa HOxHOro HaywHoro teHtpa Poccuwiickoll akageMun HayK B
TaranporckoM TOCYJapCTBEHHOM paJMOTEXHHYECKOM yHuBepcuTere (HbIHE — VHXeHepHO-
TexHoJiornueckas akaaeMus: FOxxHoro ¢enepanbHOr0 YHUBEPCUTETA) AJIsl TIOATOTOBKH aCIUPAHTOB U
JOKTOPaHTOB II0 Hay4HOW crmenuanbHOocTH «Maremarndeckoe M IporpaMMHoOe oOecredeHue
BBIYMCIIUTEIbHBIX MAallIWH, KOMIUIEKCOB M KOMIIBIOTEPHBIX ceTeil». 3aBenyrommm Kadeapoil B
2004 roxy Obln Ha3HaueH wieH npe3unnyMma FOskHoro HayuHoro nentpa PAH, dieH-koppecnoHaeHT
PAH (ubine — akanemuk PAH), moktop TexHHYecKHX HayK, Mpodeccop, 3acHyKEHHBIN AesATeNlb HAyKu
P®, naypear ['ocynapcrennoii nmpemun PO HUrops AratonseBud KamsieB. C 2015 rona 3aBensiBanne
Kaeapol ocymecTBISIET JOKTOP TEXHUIECKUX HayK, Mpodeccop, Taypeat ['ocynapcTBEHHOM peMuu
P® UNnes U3pannesud JleBun.

Ha xadenpe peanusyroTcs MHCKIIOUUTENBHO MPOrPaMMbl MAaruCTepCKOW IOATOTOBKH H
MOTOTOBKH KaJAPOB BHICIIEH KBamuuKkaruu (acnupanTypa). [lpu atom cienmdrka 6azoBoit kadeapot
ofpeieNnia psiJi 0cCOOeHHOCTe! y4eOHOro mpolecca:

— JUCLUUIUIMHBI, U3y4aeMble B PaMKax OOpa30BaTENbHBIX HPOrpPaMM, CBSI3aHbI C OCHOBHBIMH
HanpasieHusMH AearenbHocTh «HULL cynep-OBM 1 HEHPOKOMIBIOTEPOB» U HAIIPABJICHBI HA
MPAKTUIECKYIO MOJITOTOBKY 00yYaroIuxcs;

— TIperoJiaBaTelbCcKuil coCTaB KadelIpbl He «BKIIOYACT», KaK HEPEJKO, HO COCTOMT U3
CIIENUATHCTOB-TIPaKTHKOB  (coTpyauukoB «HUI[ cymep-OBM u  HeipOKOMIIBIOTEPOBY),
MOCTOSIHHO Pa0OTAIOIINX B HAIPABJICHUH, COOTBETCTBYIOIIEMY IPENOAaBAEMOMY IIPEAMETY;

— PpAn MPaKTHYECKUX 3aHATHH MPOBOJUTCS Ha 00opyaoBaHuu, npenocraBieHHoM «HUL] cynep-
OBM 1 HEHpOKOMITBIOTEPOB» U OTHOCSIIUMCS K Hanboyiee COBPEMEHHOMY U 3G (GEKTUBHOMY
U3 BBIITYCKaeMOI'0 B MUPE.

2.2 Opranmusanus yue0HOro npouecca

OCHOBHBIM NPUHIMIIOM OpPraHU3alMK Y4YeOHOro mpolecca MO MAaruCTepcKod IporpaMme
«[IpukmagHas MaTemMaTuka Uil BBICOKOIPOW3BOJHUTENBHBIX BBIYMCIHTEIBHBIX CHUCTEM» SIBISETCS
HWHTCTrpanusa 06pa3OBaTeanoro, HAay4YHOI'O U MNPOCKTHO-KOHCTPYKTOPCKOI'O BHUJOB ACATCIBHOCTHU 3a
CUET BOBJICUCHUS B pealbHble pPa3paboTKHM NPOQUIBHBIX HAy4YHBIX M MPOU3BOJICTBEHHBIX
opranuzanuid. Takoil Moaxoa Mo3BoOJIIET HE TOJIBKO MOBBICUTH YPOBEHB IOJTOTOBKU CTYAEHTA, HO U
NPUBJIEKAET B MarucTpaTypy CHEIHAINCTOB, JKENAIOMUX yNIyOUTh 3HaHUS B TPOQeEecCHOHATHLHON
00JTacTH WM paciupuTh chepy MpodhecCuOHaANTBHBIX HHTEPECOB.

Jucuunmuael 06pa3oBaTeNbHON MPOrpaMMbl HalpaBJIeHbl Ha:

— HU3YYCHUC COBPEMCHHBIX METOAOB MATEMATUYCCKOI'O MOACIMPOBAHUA TIPUPOIHBIX U

TEXHOTEHHBIX CHUCTEM, TaKMX KaK TMpolecchl celicMopa3Benkn ©  HedremoObuy,
MOJICJINPOBAHMS JIEKAPCTB, MOPCKUX M BO3AYIIHBIX CUCTEM, IU(POBOI 00paOOTKH CUTHAIOB U

Ap.;
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— pa3paboTKy, OOOCHOBaHHE U TECTHPOBaHHE AS(PQPEKTUBHBIX BBHIYUCIUTEIBHBIX METOIOB C
IIPUMEHEHUEM COBPEMEHHBIX KOMIIBIOTEPHBIX TEXHOJIOIHH;

— peanuzanuio 3(QGEKTUBHBIX YHCIECHHBIX METOJOB U AITOPUTMOB B BHIE KOMILUICKCOB
MpoOJIEeMHO-OPUEHTUPOBAHHBIX POrPaMM JJIsl MPOBEACHHS BBIYACIUTENFHOTO SKCIIEPUMEHTA
Ha CyNEePKOMIIBIOTEPHBIX BBIYMCIUTENbHBIX CUCTEMAX.

Bce aucuuminmHbl  BKJIIOYAIOT B ceOs  3HAUMTENbHBIM  NPAKTUYECKUH  KOMIIOHEHT,
MOJpa3yMeBalOIIMI  MpakTH4Yeckoe  Hcroib3oBaHuMe  coBpeMeHHbIX  CAIIP  u  cucrtem
MPOTrpaMMHUPOBAHUS KaK OTE€UYECTBEHHOW, TaK U 3apyOeKHBIX pa3pabOTOK IS PEIICHUS CTaBSIIIUXCS
nepea MarucTpaHTaMu 3ajad.

IIpakTukn wmaructpanToB B Oompmield dact mpoxomsar B «HUL[ cymep-OBM u
HEHPOKOMIIBIOTEPOBY» B YCIOBUSX B3aUMOJCHCTBUS C peajbHbIMH Pa3pabOTUYMKaMH W BKJIIOYAIOT
y4acTHe B PEIICHUH PEAIbHBIX TEXHUUECKUX 3a/1a4.

[lopaBnstomee  OONMBIIMHCTBO — NPAKTUYECKUX M J1a0OPAaTOPHBIX  3aHATUH, a  TaKxke
MIPOM3BOACTBEHHBIE MPAKTUKH HOCST MPOEKTHBIM XapakTep. ODTO CBS3aHO B IEPBYIO OUYEpElb C
0COOEHHOCTSIMU YUEOHBIX KYpCOB M TEM, YTO MpPAaKTUYECKUE 3afadyd U METOAWKHA HX PELICHUs
ABJISIFOTCA 110 CBOEH CYTH MHUHH-TIPOEKTAMH PA3IMYHOIN CTEIEHH CJIOXKHOCTH U 00BEMHOCTH CO BCEMHU
OCO6CHHOCT5{MI/I HMMCHHO MNPOCKTOB, @ HC PCHICHUA YaCTHBIX 3aaa4.

Crour OTMETUTb, 4YTO pa3BuBaeMblii MHCTUTYTOM KOMIBIOTEPHBIX TEXHOJOTMH U
uHpopmanmonHoi Oe3omacHocTn HOxHOrO (QenepanbHOro yYHHBEPCHTETa ITOKAa3bIBACT OTIMYHBIC
pe3ynbTaThl YKe Ipu 00y4YeHUH Ha ypoBHE OakanaBpuara. Hampumep, mox HaydHBIM pyKOBOACTBOM
coTpyAHUKa 0a30Boi KadeApbl WHTEIUIEKTYAIBHBIX M MHOTOIPOIECCOPHBIX CHCTEM CTYAEHTHI
MEPBOTO Kypca CMOIJIM TPOBECTH pa3pabOoTKy ammapaTHo-TiporpaMMHoro komruiekca Ha [IJIMC,
obecrneunBaromero mudpopanne W AemudpoBaHNE U UCTIONB3YIOMIEr0 pean30oBaHHbI B Buae |P
sapa mpoueccop Microblaze mist cBsizu ¢ «okpyxkaroumM MHpPOM». J{aHHBIH MOAXO IMO3BOJISECT
MOBBICHTh KaueCTBO MOATOTOBKH CTYAEHTA, MPUBJIEYb €ro K HaydHOW padoTe W 3aMHTEPEeCcOBaTh B
JAbHEWIIeM OOYYEeHWH ¥ TIOBBIIEHUH YPOBHS MPOQPECCHOHAILHOW MOATOTOBKH. B mambpHeimem
TUTAHUPYETCSI paclIMpeHre STOr0 HAIIPaBICHUsT YIEOHOH e TeIbHOCTH.

[IpoekTHBIA MOAXOJ MO3BOJISIET PEIIUTh 3a/ady COBMEIICHHMS ydueObl M aJanTaldd MOJIOJBIX
CHELUAIUCTOB K HAy4YHO-IIPOM3BOJCTBEHHON AEATENBHOCTH Ia)k€ C Y4ETOM TOro, 4To OOydeHue
MarucTpaHTOB 3aHMMAeT JMLIb [Ba Y4eOHBIX TOAa, MPUYEM Mpenblayliee 00pa3oBaHHE HEPEAKO
BKJIIOYAJI0 COBEPILICHHO JPYrHe OCHOBHBIC HAIIPABICHUS Y4eOHOW aesTensHOCTH. Cpeau YCIeUIHo
OKOHYMBIIMX MarucTparypy M 3allUTHBLIMX BBITYCKHYIO KBaJH(PHKALMOHHYIO pab0Ty Ha «OTIMYHOM
€CTb KaK BBIIYCKHUKHM pa3inuHblXx Kadenp WHCTUTyTa KOMIBIOTEPHBIX TEXHOJOTMH U
uHpOpMaIrMoHHOH Oe3onacHocTd FOXHOTO (enepanbHOr0 YHUBEPCHUTETa, TaK M BBITYCKHUKHU
MeJaroruaeckux M moiauTexHmuecknx BY3oB, panee oOydaBmIUXCsl, HAIpUMEp, IO HAIMPaBICHUIO
TEXHOJIOTHM MaIlIMHOCTpOoeHusl. OMNBIT MOKa3blBa€T, YTO BBIIYCKHUK OakajaBpuara, 3HAIOIIMN
BBICUIYI0O MaTe€MaTUKy W OCHOBBI HPOTrPaMMHpPOBAaHHUS HAa OOBIYHOM YpOBHE TexHuueckoro BY3a,
BITOJIHE a/IalITUPYETCS K HOBBIM YCIOBHAM y4eOHOM IEATENBHOCTH 3a JOCTATOYHO KOPOTKOE BPEMs.

[locTrossHHOE B3aMMoOJIEICTBHE MEXAY TEOPETUUYECKUMH M NPAKTHYECKMMU KOMIIOHEHTaMH
y4eOHOro mpomuecca, BBICOKAas MEXIPEAMETHAs CBS3HOCTb M CBSA3b MEXAy OOBIYHOM yueboil u
MPOU3BOJICTBEHHON MPaKTHKON NaroT Oojiee BBICOKHMI YpPOBEHb (DPUKCAIMM YCBOCHHBIX YMEHHUH H
KOMHeTeHHI/Iﬁ U UHTCrpanyvu UX CO 3HAHUAMMH. Ha MMPAKTHUKE 3TO O3HAYACT OTCYTCTBUC BO BpEMHA
y4eOHOro mporecca «TaiMayToB» MEXAy MoJlydeHneM U pukcanueid 3HaHuN. JISKIMOHHBIN MaTepuan
pasbupaercst W peanu3yeTcs B JTaOOpaTOpHO-TIPAKTHUECKUX 3aHSATHAX JIO YPOBHs pa3paboTKu
HEeOOIIBIIIOT0 MPOEKTa ¢ ero BepuduKanueir 1 TakuM 00pa3oM (pHUKcHpyeTcs Kak B JOJTOBPEMEHHOMN
HaMsITH, TaKk M B Ka4yeCTBE YCBOCHHBIX yMeHHs M HaBblkoB. Cormacuo [7, 8] 3T0 MOXHO
MHTEPIPETUPOBATh KaK TO, YTO E€CIIM MPOLECC YCBOEHUS HABBIKOB IO OTAEIBHBIM AMJIAKTHYECKHM
cANHUIIAaM MO>XXHO OIIMCaTh JIOTUCTHYECKOM KpHBOﬁ CO 3HAYUTCJIBHBIM pasMaxoM, TO IIPOLECC
3a0bIBaHUS — TM0O0 JJOTMCTHYECKON KPHUBOM € MaJIbIM pa3MaxoM, TUOO0 JIOTHCTHUECKON KPUBOM C OYEeHb
OONBLION TOCTOSIHHOW BpeMeHH. Pasymeercsi, T€ KOMIIOHEHTBI, KOTOpBIE  OKAa3bIBAIOTCS
MCIOJIb30BaHHBIMU B BBIIYCKHON KBaJU(pHUKAIMOHHOW padoTe, PUKCHUPYIOTCS M YCBaWBAIOTCA €IIe
3¢ dexTrBHEE U HA OOIBIIEE BPEMS.

Takum 00pa3oM, MaruCTpaHTBl MOJYYal0T YHHKaJbHYI0 BO3MOXHOCTh Ha OIHOH Kadenpe
NOJYYUTh NPOPECCHOHAILHBIE KOMIIETEHIIMM TI0 MeToJaM H  cpelcTBaM A (EKTHBHOTO
ImporpaMMHupOBaHus OOJIBIIIMHCTBA CYIIECTBYIOIIUX APXUTEKTYP BBICOKOIIPOMU3BOANTEIIBHBIX
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BBIUMCIIUTEIBHBIX CUCTEM, NPAKTUYCCKUEC HABHIKM BBITIOJHEHUS HAyYHO-UCCIICOBATEIBCKUX U
OTIBITHO-KOHCTPYKTOPCKHUX 33/1a4 U CTaTh BHICOKOKBATH(HUITMPOBAHHBIMU CITCIIHATHCTAMH B 00JIaCTH
WHOOPMAITMOHHBIX ~ TEXHOJOTHMH W  TPHKJIAIHOM  MAaTeMaTWKH, CIIOCOOHBIMH  CO3/1aBaTh
KOHKYPEHTOCIIOCOOHYIO TIPOIYKITUI0 MUPOBOTO YPOBHSI.

2.3 HayuHasi-uccjieqoBaTe/ibCKasi COCTABJSIIOIIASA Y4eOHOIr0 mpouecca

CTOUT OTMETUTh, YTO BCE OOJBIIUI MPOLEHT Pe3yJIbTaTOB BBHIMTYCKHBIX KBATU(UKAIIMOHHBIX
paboT CTyIEHTOB MAarucCTEpCKOW MpOrpaMMbl BHEAPEH B AEATEIHBHOCTh PAa3lUYHBIX OpraHM3alldi,
Bkutouasi «HUILL cymep-OBM u HEHpOKOMIBIOTEPOBY. DTO SIBIAETCS TTOKA3aTENeM HE TOIBKO YPOBHA
MOJTrOTOBKY CTYJEHTOB, HO M KaueCcTBa IIPOBOAUMBIX UMM Hay4YHO-HCCIIEAOBATEIbCKUX PaloT.

Maructpantsl 00pa3oBaTeIbHON MPOrpaMMbl YYacTBYIOT B peajiM3allid HPOEKTOB MHUPOBOTO
YpOBHS:

— cO3JaHHEe PpEKOH(OUI'YpUPYEMBIX BBIYUCIUTEIBHBIX CHCTEM HOBOIO IIOKOJEHHA C
WMMEpPCHOHHOH (TIOTPY)KHOM) CHUCTEMOHW OXJIQKICHUS, YJeNbHas IMPOU3BOIUTEIHLHOCTD
KOTOPBIX MPEBBIIIAET MUPOBOH YPOBEHB;

— CO3/IJaHN€ OPUTMHAIBHBIX MATePUHCKUX IUIAT M 3JEMEHTOB orepanuoHHbIX cucteM (BIOS,
IpaiiBepbl, CHCTEMbl MOHUTOPHUHTIA U 1Ip.);

— aBTOMAaTHYECKHH pacrlapauleMBaIOINN KOMIHUIATOp ¢ si3bika C Ui peKOH(QUTYpUPYEMBIX
BBIYHCIUTEIBHBIX CHCTEM;

— HOBBIII A3BIK apXUTEKTYPHO-HE3aBHCUMOIO IPOrpaMMHpoBaHus Set@];

— HOBBIE METOIbl M TPOTPAMMHBIC CPEICTBAa IS pelleHus 3axad mudpoBoil oOpaboTKu
CUTHAJIOB U M300paKeHUIA;

— paspaboTka IpUKIAJHBIX IPOTPAMM Pa3IHYHBIX MpeIMeTHBIX obnactei ams PBC;

— TOCTpPOEHME M UCCIeJIOBaHHE MaTeMaTHYeCKUX MOJeNel CIOXHBIX TEXHUYECKUX U
MIPUPOIHBIX CUCTEM.

HayuHo-nuccrnenoBaTenbckyl0o pabOTy MarucTpaHThl —HPOBOIST IO  HEMOCPEACTBEHHBIM
PYKOBOJCTBOM BEIYyLIMX CIELUAIMCTOB OpraHu3aluu. Pe3yipTaThl HaydHOH pabOTBl CTYAEHTHI
NPEACTaBISAIOT Ha HAyYHBIX CEMUHapax, MpoBoIuUMBIX Ha Kadeape m B «HULl cymep-OBM u
HEHPOKOMIIBIOTEPOB», U KOH(PEPEHUUSIX Pa3IMYHOTO YPOBHSL.

Takoi moaxo K OpraHu3aluy HayqyHOH padOThl 00yUYarOIUXCs MO3BOJISIET HE TOJIBKO 3aKPEIHUTh
TCOPETUYCCKUEC 3HAHUA, HO W IIOJYYUTH HABBIKU KOMaHI[HOﬁ pa6OTLI U peainsaln IPOCKTOB B
obnactu CO3aaHusd MEPEAOBBIX BBICOKOMNPOU3BOAUTEIBHBIX CHUCTEM H INPOrpaMMHOIO obecrieueHus
JUTSL HUX.

2.4 MaTtepua/jibHO-TEXHHYECKOe ofecneyeHHe Y4eOHOro npouecca

Ilpu peanuzanuu 0Opa30BaTENBHBIX NPOrpaMM B cdepe CyNepKOMIBIOTEPHBIX TEXHOJOTHH,
KPUTUYECKA BaXHO HaJMYUE COBPEMEHHOM TexHHW4eckod Oa3pl. CTygeHTaM MarumcTepcKoit
nporpammsbl «lIpukianHas MaTeMaTuka JJisi BBICOKOIPOM3BOJIUTENBHBIX BBIYHUCIUTENBHBIX CHCTEM
MPEIOCTaBIeH JOCTYI K MEPEIOBBIM BBICOKOIIPOM3BOAUTEIHHBIM BBIYMCIUTEIBHBIM CHCTEMaM U HX
NPOrpaMMHBIM KOMITJIEKCAaM JUIsl PEILICHHS BBIYMCINTEIbHO-TPYAOEMKHX 3aJau Pa3IMuHbIX 00JIaCTEH.
Ilpy oOydeHNMM ¥ TPOBEJCHHM HAYyYHO-HCCIIEJOBATENBCKUX paboT MarucTpaHThl paboTalT Ha
BBIYMCIUTEIBHBIX CHCTEMAax C OOIIEH U pachpe/ielieHHON NaMsThIO, a TaKKe Ha peKOH(pUTypupyemoit
BeunciuTebHOH cucremMe PBC-7  «llmesga» mnpousBoaurenbHOCTRIO 62 Tdrormc u  psge
BBIUMCIIMTENBHBIX MoAyde mpomsBoxactsa «HUIL[ cymep-OBM u HeHpOKOMIBIOTEPOB» Ha OCHOBE
OpOrpaMMHUPYEMbIX JIOTHYECKUX HMHTErpalibHbIX cxem cemeiictB Xilinx Virtex-6, Virtex-7, Virtex
UltraScale.

B cinydae nmpoxoxaeHus npousBoAcTBeHHOHM —mnpaktuku B «HUIL cynep-OBM nu
HEHPOKOMIBIOTEPOB) MAaruCTpPaHTaM MPEJOCTaBISIeTCS JOCTYyNl K COBPEMEHHBIM IPOTPAMMHBIM
CpelcTBaM H HamOoJee MEePCIEeKTUBHBIM CYINEepKOMIIBIOTEpaM, MPOU3BOJUMBIM OpTraHHU3AINEH,
HalpUMep, K CUCTEMaM C JKUAKOCTHBIM OXJaxaeHreM. Takxke Onaronaps MHorosieTHel padore «HULL
cynep-9BM u HelipokoMnbloTepoBy» ¢ kommanuen Xilinx, ¢ 2018 roxa maructpanTsl KadeIpbl UMEIOT
JIOCTYTI K TPOTPaMMHOMY O0€CTIeueH IO, pa3padaThIBAEMOMY JTaHHOW KOMIIaHHUEH.
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3. 3akiaouyenue

OmplIT  peanu3allid  MarucTepckod — mporpammbl  «[Ipuknmagnas — maremaTtwka IS
BBICOKOIIPOM3BOIUTENBHBIX ~ BBIYMCIUTENBHBIX  CHCTEM)»  IIOKa3bIBAeT XOPOIIHE  PEe3yIbTaThI
COBMECTHBIX YCWJIMH WHIYCTPHH ¥ OOpa30BaTEIbHON OpraHW3allH JJIs TOBBIIICHUS YPOBHS
noaroroBku crneruanuctoB. C 2017 r. mo 2020 r. 54 cTyaeHTa MONy4WIM AWIJIOMBI MarucrTpa B
paMKax JaHHOW 0Opa3oBaTeNbHON MpOrpaMMbl. B mocneanue qBa roga Bce BBITYCKHHKH MPOTPaMMbL
UMENH TIPEIJIOKEHUS] OT TPEeANpHUATHI-IapTHEPOB (TiaBHBIM oOpasom ot «HUIL[ cymep-OBM u
HEHPOKOMIIBIOTEPOB») 10 TPYIOYCTPOMCTBY MO crennanbHocTH. OOIUi YpOBEHb TPYAOYCTPOUCTBA
M0 CTIEUabHOCTH BBITYCKHHKOB MPOrpaMMbl cocTasisier mpumepHo 80 %. Murterpauus yae6HOTO M
HAyYHOTO TIPOIECCOB C MPOEKTHOM MEeATENFHOCTHIO MIPH CBOEBPEMEHHOM OOHOBJIEHHH MaTepHUabHO-
TEXHHYECKOTO O0ECTeUeHHnsT CIIOCOOCTBYET IOBBIIICHUIO KadecTBa OOpa30BaHHUS M COXPaHEHHUIO
3aMHTEPECOBAHHOCTH CTyJeHTa B OOY4YeHHMH B TEUYeHHE Bcero mpoiecca. Ho mpu 3ToM CTOUT
OTMETHUTh, YTO HEOOXOJUMBIM YCIOBHEM IMOATOTOBKH BBHICOKOKBAIM(UIIMPOBAHHOTO CIICIIHANCTA B
MarucTparype SBISeTCS HalW4he y TOCTYMaromero ©0a30BBIX 3HAHWH, 3aMHTEPECOBAHHOCTH B
00y4YeHNN ¥ TIOHUMAHHUE TIEPCIIEKTHB [0 OKOHYaHUIO 00yUCeHHSI.
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IIpumeHenue rpaguyecKuX YCKOPUTEJIEH J1JI MOUCKA
ONTHUMAJILHOT0 COBMEIICHUS NMAP KeCTKUX TPEXMEPHBIX CTPYKTYP
meToaomM Kadma

M.A. Tumoxun®, H.H. TTomosa’, J.A. CyHJIaTOB2

1 . 2 .
@DaxyapTET BHIYUCIUTEIBHON MAaTeMAaTUKK U KUOepHEeTUKH, “HayuHo-nccne1oBaTeNbCKHii
WHCTUTYT (PU3HKO-XUMHUEcKoi Ononorun umenu A.H.bemo3epckoro

B cratee paccmarpuBaeTcs TNpHMEHEHHE TpadUUeCKUX YCKOPHUTENEH I IIOMCKa
ONTHMAJIBHO COBMENICHUS Map JKECTKHX CTPyKTyp Meromom Kabma. Mertox dwacto
UCTIONB3yeTCcs IPH pPEHIEHMH MHOTHX TPHKIATHBIX 3amad. B cratee mnpemmaraercs
peamm3anus Merona KaOmra s rpaduyaeckux yckopureneit. [lepeHoc BBIUUCICHHHA Ha
rpaguIecKie YCKOPUTEIW  BBIIOJTHACTCA MJISI TOCTPOCHHUS OOJBLIOTO KOJIMYECTBA
ONTHMANBHBIX TPEXMEPHBIX COBMEUICHHH Map CTpyKTyp. PaspaboraHHas peanm3anus
METOo/1a MO3BOJISAET JOCTHYb 3HAUUTENBHOI'O YCKOPEHHs II0 CPAaBHEHUIO C pealu3alieil Ha
LEHTPAIBEHOM IIPOIIECCOPE.

Kurouesvie cnosa: Merton Kabma, rpadudeckmii mpomeccop, CUDA, coBmemeHue
KECTKUX CTPYKTYP

1. BBeaenue

[Ipu pemrennu 3amgad OMOMH(POPMATHKH, KOMITBIOTEPHON XUMUH, paclio3HaBaHUSI 00Pa30B 4acTo
BO3HHMKAET HEOOXOIUMOCTh MOUCKA OOJBIIOrO KOIMYECTBA ONTUMAIBHBIX COBMEIICHHH Map >KECTKHX
cTpykryp. Ilonq momckoM ONTHMaJBHOIO COBMELICHHUS HpEAINOJaraeTcs IMOMCK NpeoOpa3oBaHUs
CMELICHUA M BpalleHUs ABYX IIOCIEIOBATEILHOCTEH TOYEK, OIMUCHIBAIOIIUX BbIPAaBHUBAEMbIC
00BEKTHI, MUHIMHU3UPYIOIIETO MX CPEeIHEKBAAPaTUYHOE OTKIOHeHHe. OHUM U3 CIOCOOO0B PelIeHUs
JaHHOH 3a7aum sBisgerca Mmeron Kabma [1, 2].

Tak, HanpuMep, B aTOPUTME MHOKECTBEHHOTO CTPYKTypHOTO BhIpaBHHBaHHA OeinxoB MATT [3]
KONIMYECTBO NMpHMEeHeHn# MeToza Kabma MoskeT GbITh Tpy6o omeneno xak 0(m?1?), rae | — nnuna
CPaBHMBAEMBIX CTPYKTYp, @ M — HMX KOJU4ecTBO. Takum oOpa3om, Mpu BbIpaBHUBAHUU 50 CTPYKTYp
co cpenneil mmuHOM B 350 5IEMEHTOB YHCIIO TpeOyeMbIX COBMelleHuit mpeBbicHT 3 * 108, Ipyrum
NPUMEPOM 337ayH, IPU PEIICHUH KOTOPOW BO3HMKAET OOJBIIOE KOJMYECTBO COBMELICHUH, SBISIETCS
3ajjaya MoucKa Oellka, CXOXKETo ¢ JaHHBIM, B 0a3e AaHHbBIX. J[jIst 9TOro TpeOyeTcs: BHITOIHHUTE apHbIE
BBIPABHUBaHUSI HCKOMOW CTPYKTYPBI C COSJIMHEHUSMH, COJIEPKAIUMHUCS B 0a3e, 4TO TakKe BeleT K
00JbLIIOMY KOJTMUECTBY PUMEHEeHUH anroputMa Kabma.

B nannoit pabote npenaraeTcst METO OpraHU3aI[MH BBIYHUCICHUN 7S BHITTOJHEHHSI MHOYKECTBA
BBIPABHUBAaHUI TpPEXMEPHBIX CTPYKTyp anroputMoMm KaOma Ha rpaduuecKux YCKOPHUTENSX.
MotuBanyeii Takoro pacCMOTPEHUs SIBIAETCS HIes  COKpAIIEHHsT  BPEMEHH BBIOJHEHUS
BBIYMCIICHUH.

2 Onucanue Meroga Kaoma

PaccmarpuBaemsbiii Metos1 OblT onricad Bonbgranrom KaOmrem, B uecTs KOTOPOro u ObLT Ha3BaH,
B 1976 rony B crathe "A solution for the best rotation to relate two sets of vectors" [1, 2]. B nannom
paszene OyneT omucaHa IOCTAHOBKA 33/1aud, PEIIaeMOl JAHHBIM METOIOM, a TaKXKe IMPEe/ICTaBIICH
QITOPUTM, peaynm3yromuii Meros. CTOUT OTMETUTB, YTO AJITOPUTM MOXET OBITh MCIOJIB30BaH LIS
pa3MeleHnss HabOpOB TOYEK JIIOOOW pa3sMEpPHOCTH, HO B JIaHHOW paboTe paccMaTpHBAcTCs €ro

1 Pa6ora BeimonHeHa npu nozazepkke rpaatos POOU Ne 20-07-00970 u Ne20-07-01053 ¢ ucnons3oanuem
o6opymosanus L[eHTpa KOJUIEKTHBHOTO TIOJIB30BAHUS CBEPXBBICOKOIPOU3BOAUTENBHBIME BEIYHCIHTEBHBIME
pecypcamu MI'Y umenu M.B. Jlomonocosa [7].
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MPUMEHCHUE 110 OTHOIICHHWIO K TPEXMEPHBIM CTPYKTypam, TOSTOMY IiepBas YacTh OINKCAHUA,
MOCBSIIIIEHHAs] PACCMOTPEHHIO CaMOro MeTona, OyAeT mpeJcTaBlieHa B 00IKX TepMuHax. Bo BTOpoi
4acTH OyJeT pacCMOTpPEH METOJ, UCIOIB3YEeMbIH TSI HAaXOXKIEHUSI CHHTYJISIPHOTO Pa3ioKEeHHS, YKe
OyzeT yuuThIBaTh crieliu(pUKy Manoil pa3sMepHOCTH UCKOMOW MaTPHIIBL.
Paccmotpum moctanoBky 3amaun Metona KabOmra. Ilycts maHsr 1Ba Habopa ToUeK:

P ={py,pz-..,vx},pi ER™ i =1...k (1),

Q={91.92,--, qx}q: ER"1=1...k (2)
Mo Kk N-MEpHBIX TOYEK B KaxkaoMm. HeoOxomumo HaliTm matpuily BpamieHus M €
D € R™, npeobpasyromux Habop Toyek @ B HAOOp TOUEK

Z ={Mq,—D,Mq,—D,...,Mq, —D},z; € R™i =1...k (3),

M TaKuX, 4TO TpHu 3TUX M u D pocTHraeTcss MUHUMYM CpEIHEKBAJIPAaTHYHOTO OTKJIOHEHHUS Habopa
To4eK P u Z, TO eCTh TOCTUTAETCA

minRMSD (P, Z) = J%Z{-‘zllpi = zi|? (4).

0O0603HaYNM reOMETPHUIECKHE IIEHTPHI HAOOpOB Touek P u Q Kak

1
Cp =7 251pi,Cp ERS) 1

1
Cq=7210:i,Cq €R™(6)

R™™ u BekTOp

COOTBETCTBeHHO. Torma, ecnu caenarh AOMYyIIEHHE, YTO ONTHMAIBHBIM BEKTOPOM CMEIICHHUS
SABJIACTCA BCKTODP, COBMCHIa}OHII/Iﬁ TCOMCTPUUCCKUC CHTPHLI JAaHHBIX Ha60pOB TOYCK

D=Cy—C,(7),
To anroput™m KaO1ra mo3BosisieT HaiiTH ONTHUMAaTBHYIO MaTPUILy MOBOpoTa M.

AJropuT™ paboTaeT B TPH dTala: CMEIICHUE, MOCTPOCHHE KPOCC-KOBAPUAIIMOHHON MATPHUIIBI U
BBIYMCJIICHHUC MaTpUIllbl IIOBOPOTA. Ha IEPBOM 3Tall€ TOYKH M3 JAaHHBIX Ha60pOB CMECIIATCA TaKUM
O6pa3OM, qTO6BI HUX TCOMCTPUUCCKUC UECHTPLI COBIAJaJIM C HAYaJIOM KOOPAWHAT:

0 — 0 n
P®={p1 —Cp,p2 — Cp,..., Pk — C,},P" ER (8),
0 — 0 n
Q - {ql - Cq;qZ - qu---;qk - Cq}rQ €ER (9)

Ha BTOpoM 3Tare CTpOHTCs KPOCc-KOBapHIIMOHHAS MaTpHIia 11 Habopa Touek Pou QO:
H =3, PP(0F) (10).

Ha Tperpem stame BBIUHMCIseTCS MaTpuiia moBopota R Ha ocHoBe Marpumbl H. B paGore B.
Kabmra ObUIO TOKa3aHO, YTO MaTpHIila MOBOPOTAa MOXET OBITh BBIPAKEHA UYEPe3 MATPHILy Kpocc-
KOBapHallly CIeIyIIM 00pa3om:

1
M = (HTH)zH™1(11).
Takxe B paboTe OBUIO IMOKa3aHO, YTO MaTpHUIla MOBOPOTa MOXET OBITh BBIYMCICHA HAa OCHOBE
CUHTYJIIPHOTO PA3JIOKEHUS MaTpHUIls! H':
H=UxVT U,XV € R™", (12),
d = sign(det(VUT)) (13),

1 0 0
M=V|[0 1 0|UT (14),
0 0 d

JUTSL YETO CHAavaJa BBIUMCIISIETCS HEMOCPEICTBEHHO CHHTYIISIPHOE PA3JIoKEHUE KPOCC-KOBAPHAIIMOHHON
MaTpHIIbI, 3aTeM BBIYHCISIETCS d, MOKa3bIBaIOIIee HEOOXOIUMO JIM COBEPIIATh KOPPEKTUPOBKY IS
COXPAaHEHUs PaBOCTOPOHHEN CUCTEMBI KOOPINHAT, U BBIYUCIIIETCS MaTpHIia moBopora M.

Metoa, OCHOBaHHBIH Ha CHHTYJISIDHOM Da3lIOKeHHWH, Oojiee yHHMBEPCAlIEH, TaK Kak JIMILICH
HEJIOCTATKOB, CBS3aHHBIX C 00pabOTKON 0COOBIX CilydaeB MPH BBIPOXKJIEHHON Mmarpuie H, moatomy
Oyzem paccMaTpuBaTh UMEHHO 3TOT MOJAXOA. 3ajayda MOMCKA CHHTYJISIPHOTO Pa3loKeHHUS CBOJIUTCS K
3aJade Moucka cOOCTBEHHBIX 4MceN M BeKTOpoB MaTpuibl H. Tak kak B paboTe paccMaTpHBaroTCs
TpeXMEpHbIE CTPYKTYPHI, TO €CTh N1 = 3, TO M MaTPHIIA, I KOTOPOU HILYyTCA COOCTBEHHBIE YNCIIA U
BEKTOPBI, OyZeT UMETh pa3MepHOCTh 3 X 3. OmuuM u3 Hanbosiee 3((HEKTUBHBIX METOJOB PELICHUS
JTaHHOM 3aJa4d JuId MaTpHIl Majod pasmepHocTu sABnsieTcss QR-anroput™m [4, 5, 6], ocHOBaHHBINA Ha
QR pasnoxeHun paccMaTpuBacMoi MaTpulel. KpaTko MOSACHUM CYTh JaHHOTO METOJa.
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OcHoBoii QR anroput™a sIBJISETCS OJIHOMMEHHOE Pa3iOKEHHE MaTpPHIlbl — Jro0as KBaapaTHas
marpunaA € R™ " moxeT OBITh pa3loKeHa Ha IPOM3BENCHHME YHUTAapHOM Matpuupl Q € R™™ u
BEPXHETPEYTOIBHOU MaTpuibl R:

A = QR(15).

CaMm jke aJrOpUTM SIBJISIETCS MTEPAIlMOHHBIM. B KauecTBe HAYaabHOrO MPHOIMKEHUS Oepercs

cama Martpuia
Ay = A(16).

Ha kaxmoii wmrepaumu k Berumcisiercss QR pasnokenune Martpuisl A, Ha OCHOBE KOTOPOTO

BBIYUCIIIETCS CIIEYIOIEe TIPUOIIKEHHE
Ay = QRy, Ry, Qi € R™(17),
As1 = ReQy = Q' QR Qk = Q' A Qy = QA Qi (18).

B KayecTBe KpUTEPHUS OCTAHOBA MCIIOJIB3YETCS MOPOT th Ha CyMMy MOYJICH 3HAYEHHI MATPHIIBI
A}, HAXOISAIINXCS HUKE TNIABHOM JHArOHaIH:

Yij=1.mi<jl (@) | < th(19).

B pesynbprare paboTs! anropuTMa HorydaeM cieyroee Ipeodpa3oBaHue:

A=A = (Q}ZQIZ—r--Qg)A(Qo- i Q£—1QIZ) = (Qo--- Qk—le)TA(QO---Qk—le)(ZO)a
S =0Qp0;...Qx = A = A, = STAS (21).

B pesynbTaTe HaxomuMm coOCTBeHHble umcna A: A2 > 1A% > > 12 (upu HeoOGXOAMMOCTH
CTOJIOLIBI MAaTPHIIBI S IEPECTABISIFOTCS, [UIS JOCTHKEHHUS HY)KHOTO TIOpPSKa COOCTBEHHBIX 3HAYEHHUIA),
CTOJIOLBI MATPUIBI S HOPMAIU3YIOTCSA, YTOOBI MOJYYHTh HOPMHUPOBAHHBIE COOCTBEHHBIE BEKTOPA.
Janee BEIYUCISIOTCS YK€ HEMOCPEACTBEHHO 3JIEMEHTHI CHHTYJISIPHOTO Pa3NioxeHust MaTpuisl H:

2 =diag(A4,4,,+,4,), U =S,V = AU(22),

HCXOs M3 KOTOPHIX, YKe HIeTCs cama MaTpuiia mosopora M (14).

3 Onucanue NpeaIoKeHHOT0 MeTo1a NepeHoca Bbruncaennii Ha GPU

B manHOM paszmene OynmeT omucaH IpenjaraeMblii METOJ pealli3alii BBIYUCICHUH anroputMa
Kabrmra Ha rpaduueckom yckopurene. HamoMHUM, 4TO B JaHHOW CTaThe pacCMaTpUBAacTCS Clydai,
Korja HeoOXOOMMO TPOW3BECTH OOINBINOE KOJIHYECTBO BBHIPABHUBAHUNA TPEXMEPHBIX CTPYKTYP
MeToqoM Kab1ra — COTHU THICSY M MAJUTHOHBI.

B xauectBe TexHoJOTHH s peanu3anuud BeruncieHuii Ha GPU Obina BeiOpana CUDA, nostomy
JUTs ynoOCTBa JaHHBIN pa3zen OyAeT onvcaH B TEPMHUHAX, UCIIONIB3YEMbIX JaHHON TEXHOJIOTHEH.

Kak BUIHO M3 OmuCaHMs alropuTMa, MPEICTaBICHHOTO B MPEABLAYIIEM pasjeie, caMo 1o cede
OJTHO BBIYKCIICHHE TPEXMEPHOH MaTpuIpl MOBOpOTa MeTozoM Kalma sBiseTcs J0CTaTOYHO
MaJICHbKOM HE€3aBUCHMOW 3ajaueil ¢ KpallHe MallbiM BHYTPEHHUM Mapajyieau3MoM. Takas 3amada
MOXET OBbITh BBINONHEHAa OMHMM CuUda-motokom. Takum 00pa3oM, Ha TpadHUECKOM YCKOpHUTENEe
OJTHOBPEMEHHO OYJIET BBIMOIHATHCS OOJBIIOE KOJUYESCTBO BBIYMCIECHUI MATPHIl IIOBOPOTA METOIOM
Ka6mra. PaccmaTtpuBaemyio 3ajady MOXKHO pa3JeNdTh Ha JBE IOA33/Ja4yH: BBIYHCIEHHE Kpocc-
KoBapHannoHHON matpumbl (5 — 10) W BBIUMCIIEHWE €€ CUHTYJSpHOTrO pasznokeHus (12 — 22) c
MOCIIEAYIONINM BBIYHCICHHEM MAaTpUIlEl MOBOpoTa. llpemaraercs KaXayro W3 ITHX M0J3a1ad
BBIHECTH B coOcTBeHHOe cuda-sapo. B mampHelimem 5T moja3amaun OymeM HaseiBaTh Kernel 1 u
kernel 2 coorBercTtBeHHO. Takum o00pazoM, (GopMHpPOBaHHE MATPHUI] MOBOPOTA Ui HEKOTOPOTO
Habopa 3a7a4 COCTOUT U3 CIEIYIOIINX IIaroB: KOMMMPOBaHWE HEOOXOIUMBIX JaHHBIX Ha rpaduyecKuit
yckoputenb (copy_to), pabora cuda-simep kernel 1 u kernel 2, konupoBaHHe MOCTPOSHHBIX MATPHII C
rpaduueckoro yckoputens (copy_from).

St ream '| copy_to kernel_1 kernel_2 copy_from copy_to kernel_1 kernel_2 copy_from
Stream 2 copy_to kernel_1 kemnel 2 copy_from copy_to kemel_1 kemnel 2
Stream 3 copy_to kernel_1 kernel_2 copy_from copy_to kernel_1

Puc. 1. HarmsimHoe n3o0pakeHne paboThl KOHBelHepa BEIYUCICHHH Ha TpadUuecKoM YCKOpHTETE PU
UCTIONIb30BaHUH Tpex cuda-stream.
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st 6onee onTUMaNBHOR 3arpy3ku Tpaguyeckoro yCKOPHUTENs NpeaiaraeTcss He MPOBOAUTEH BCE
BBIUKCJICHHUS Pa3oM, a pa3feiuTh X Ha OJOKH (UKCHPOBAHHOTO pasMepa (Hampumep, mo 2048
BBEIYHCIICHUH 3a pa3) W HCIIOJB30BaTh cuda-stream JuIsi opraHH3aii KOHBeiepa BbIYmMcIeHnd. Jlims
NPEJIOKEHHOTO pa3AeeHus 3a1aul Ha 2 siapa, ONTHMallbHasl IIMprUHa KOHBeHepa Oynet paBHa 3. Ha
puc. 1 HarmsagHO M300paKeH YYaCTOK KOHBEHEepa BBIYHMCIICHHH, MONyYaeMBIA MPH HCIIONB30BAHUN
nperaraeMoro Merona. Jis ymoOcTBa Kaxaplii OJIOK BRIYUCIICHWH OKpallleH B CBOW nBeT. J[aHHBIH
MOJXOJ TO3BOJNUT OJHOBPEMEHHO OTHPAaBIATh M IOMy4yaTh JaHHBIC, a TaKXKe CKpPBIBAET OOMEHBI
JaHHBIMU 32 BBIYHCICHHAMH. BMmecTe ¢ TeM, OZHOBpeMEeHHO OyayT cuuTarhesi 2 cuda-sapa, 4To
mo3BosuT Oonee 3(h(peKTHBHO HArpyKaTh TpadUIeCKHl IPOIIECCOp.

[Ipu o6paboTke ogHOrO ONOKAa BXOAHBIX JAaHHBIX B CHIIy TOTO, YTO KaKaash MaTpHUIla MOBOPOTa
BBIYUCIISIETCS. OJHOBPEMEHHO C OCTalbHBIMHU, 3a4acTyi0 B OJAMH MOMEHT BpeMEHH pasHble cuda-
MOTOKKM OyAyT oOpamaTrhcs K JJIeMEHTaM C OJWHAKOBBIM HHAEKCOM B MaTpUIlaX W BEKTOpax,
WCTIONB3YEMBIX B XOfe BhIUHMCIeHui. [loaToMy 11sl opraHn3anny ONTHMAaIBbHOTO JOCTYMA K MaMsTH
rpa)MuecKoro YCKOpHUTeNsl Hpeaiaraercs mepeitd or moaxoga AoS (array of structures) k SoA
(structure of arrays) mpu xpanenun Ha GPU wucnonb3yeMbix naHHBIX. MacCHUB BEKTOPOB OyIeT
XPaHUTHCS B JIMHEHHOM MacCHBE TaKMM OOpa3oM, YTO CHayala XPaHSATCS TepBbIe 3JEMEHTHI BCEX
BCKTOPOB, 3aTEM BTOPLIC U TPCTHU. AHaIoruyHo u IJI1 MaTpull, CHavdajla XpaHATCA 3JICMCHTBI HepBOI\/'I
CTPOKH TIEPBOTO CTONOLA KAXKAO0H MATPHIIBL, IIOTOM - [IEPBOI CTPOKH BTOPOTO CTOJIONA, U TaK Jajee.
Hns marmanHocTH MeTon mepexoja oT AoS K SOA HpoAeMOHCTPUPOBAH Ha puC. 2 U pUC. 3 O
BEKTOPOB W MaTPHI[ COOTBETCTBEHHO. /)11 y100CcTBa HAa N300paKEHUSX DIIEMEHTEHI, MPUHAJISKAIIHE K
OJIHOM CTPYKTYPE, OKpaLICHbI B OJIUH LIBET.

vi[i]

v2[i] | va2] | v2[3) [

Vi) | vi[3]

vi[1] | v2[1] ‘ .. v3[1] |v1[2] v2[2] ‘ .. v3[2] |V1[3] V23] ‘ .. v3[3]

va[t] vzl va@)

Puc. 2. [lepexon oT AoS k SOA 111 BEKTOPOB.

a[1, 1]|a[1, 2]|a[1, 3]

a2, 1]|a[2, 2]|a2, 3]

a[3, 1]|a[3, 2] a3, 3]

bi1, 1] |b[1, 2]|b[1, 3]

b2, 1] |bf2, 2]|b[2, 3] :\’>. |a[1 1] bjt 1]| c[|‘1]|a[1 2] bft 21‘ c[1,2] |a[3 3]|b[3, 3]

b[3. 1] b3, 2] b3, 3]

3, 3]|

i1, 1]|c1. 2] ¢[1, 3]

ci2. 1] cf2. 2] ¢f2, 3]
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Puc. 3. [lepexox oT AoS k SOA a1 MaTpHIL.

4 Anain3 3(p(peKTUBHOCTH NPENJI0KEHHOT0 MeTo1a

Jis  oneHKH J(PQPEKTUBHOCTH NPEUIOKEHHOT0 METOJa ObLI TPOBEACH BBIUYUCIMTEILHBIN
skcriepuMeHT Ha tuiatdopme IBM Power§ mist cpaBHEHHsT BpeMEHH pa0OTHI IMOCIEAOBATEIEHOTO
anroputMa Ha CPU Ha ogHOM 1 10 moTokax ¢ BpeMeHeM padOoThl pealii3aiui NpeasioKEHHOTO METo/a
Ha GPU. B pganHOM paszfene TPHBOIWUTCS METOIWKA MPOBEACHUS BBIYUCIUTEIFHOTO SKCIIEPUMEHTA,
JIAeTCsl OMMCAHUE BBIYMCIUTEIBHOW IUIATGOPMBI, HAa KOTOPOW TMPOBOIHMIICA OSKCIEPUMEHT U
00CYKIaI0TCS MMOYYCHHBIE Pe3yIbTaThI.

Hus onpenenenust 3GGEKTUBHOCTH MPEAJIOKEHHOIO MeToja ObUla B3fATa NPUOJIMKCHHAS K
pealbHOM MOCTaHOBKA 3ajiaud. VimMeeTrcs ABe MocleIoBaTelIbHOCTH TOUeK B IMpocTpaHcTBe. Hazoem
6mokoM auHel | mociaeoBaTensHOCTD U3 | MOAPST HAYIIIMX TOYEK, TPUHAICKAIINX OJHOMY HAbOPy.
HasoBem mapoit 06JIokOB JUTHHBI | COBOKYMHOCTH JyX OJIOKOB paBHOM JUIMHBI W3 Pa3HbBIX
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nocienoBaTebHoCcTel. Heo0X0oaMMo HaliTH COBMENIAIOIIYIO MaTPHUILy IToBopoTa MeToqoM Kalrma s
Bcex map OJI0KOB THHEI OT 5 10 10, comeprkamuxcs B JAHHON Tape IMOCiIeI0BaTeIbHOCTEH.

OKCIEPUMEHT IPOBOMMJICS Ha MHOTOIIPOIIECCOpPHOM Kiactepe Polus, coctosmem wu3 4-ex
BBIYUCIIUTEIBHBIX y310B. OCHOBHBIC XapaKTEPUCTUKU BBIYUCIIUTEIBHOTO y371a:

e 2 mponeccopa IBM POWER 8 (10 anep y kaxxaoro)

e 2 rpaduueckux yckoputens Nvidia Tesla P100 (16 Gb, NVLink)

Jlist mpoBeICHHSI SKCIIEPUMEHTA HCIIOJIB30BAJICS OMH MIPOIECCOP U OJIUH rpauuecKuil yCKOPHUTEIb.

Jis mpoBeAcHHUS DKCIEpUMEHTAa OBLIM pa3palboTaHbl CICAYIONIUE BAapUAHTBl  peallu3alluu
anroputMa Kabmra Ha si3e1ike C++: (1) mocimenoBaTenbHbIN BapyaHT I OICHKA BPEMEHH cueTa Ha
IeHTpaJIbHOM TIporeccope; (2) OpenMP BapmaHT, B KOTOPOM BHEIIHHH ITMKI, B KOTOPOM
HETNIOCPEJICTBEHHO TMPUMEHSETCS METOJ JUIS TIOWCKAa COBMEIIAIONIEH MAaTpPUIbI, BBITIONHACTCS
mapajielbHO ¢ ucmoib3oBaHmeM 10 morTokoB; (3)  peanmm3anus MPEIJIOKCHHOTO METoma C
ucnonpzoBanneMm texHonornn CUDA mist orneHKH BpeMeHH paboThl Ha TpaduveckoM yCKOpHUTENe
kommnanuu Nvidia.

Jis koMIwInuK KojAa i IEHTPAIBHOTO MPOIeccopa HMCHONb30Baics kommwisitop IBM
Xlc++_r ¢ TpeThbuM ypoBHEM ONTUMH3AIMH. J[JIsi KOMIMISIIIUU KOAA ISl TPadHUECKOTO YCKOPHUTEIIS
HCIIOJIB30BAJICSI KOMIIMJISITOP NVCC € TPETBUM YPOBHEM OINTUMHU3ALMU U LIEJIEBOM APXUTEKTYpOH
sm_60.

Tab. 1. BpemeHa cuera B CeKyH/ax pa3iNyHbIX peasii3aldil PU BBIMOITHEHUH YKa3aHHOTO YKCIIa COBMEIICHHUN
meronoM Kabma.

Kon-Bo npumeHeHuit anropurma Bpewms cpu, Bpewms cpu+omp, Bpews cuda, cex.
Kabma CeK. CEK.
10000 0,0074 0,0090 0,0005
50000 0,0370 0,0053 0,0015
100000 0,0741 0,0106 0,0025
500000 0,3667 0,0526 0,0139
1000000 0,7366 0,1049 0,0240
5000000 3,4322 0,3920 0,1355
10000000 6,3618 0,7687 0,2409
Tab. 2. Yckopenuu CPU+OpenMP u CUDA peanu3zanuii o OTHOILEHUIO K [TOCIIEI0BATENBHOMN peanu3aiu.
Koin-Bo npumenenuii anroputma Kabma  |Yckopenue cput+omp Y ckopenue cuda
10000 0,82 15,28
50000 6,99 24,24
100000 7,00 29,24
500000 6,97 26,43
1000000 7,02 30,68
5000000 8,76 25,33
10000000 8,28 26,41
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BpemeHa cyeTa pasnuyHbIX peanunsauuii

== CPU == CPU+OpenMP == CUDA
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Puc. 4. Bpems cuera pa3iuyHbIX peain3aliii B 3aBUCUMOCTH OT KOJIMYECTBA BBIOJIHIAEMBIX COBMEIICHUN
MetozoM Kabmra.

[JocTturaembie YCKOpEHHMA
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Puc. 5. [locturaemoe napauielIbHBIMH peaM3alisIiMA YCKOPEHHE 10 OTHOIIEHHUIO K ITOCIIE0BaTEIbHON
BEPCHH.

B tabnmuue tab. 1 mpenctaBneHbl BpeMeHa paboThI, 3aTpadeHHBIE JJIsi COBEPIIECHUs] yKa3aHHOTO
yKcia npuMeHeHus anropurma KaOma s ommcaHHBIX Bhllle peanu3auuil. B tabmune 1ab. 2 ans
yoOCTBa MpeCTaBIeHbl 3HAUYCHNSI JOCTUraeMblx yckopeHuid 1y CPU peanuzauuu ¢ UCTIONb30BaHUE
OpenMP u gns CUDA peanuzamuu. Ha puc. 4 u puc. 5 mpuBeleHbl TpaduKH, HAISIHO
WJUTIOCTPHUPYIONIUE coieprkanne Tab. 1 u Tab. 2 COOTBETCTBEHHO.

Kak BuiHO M3 NpencTaBiICHHBIX AAHHBIX, MPEIUIOKEHHAS pean3alysi BBIYUCICHUN OOJBIIOTO
KOJIMYECTBA BBIPAaBHMBaHUN MeTozoM Kalia, mo3Bonmia JOCTHYL YCKOpeHus B 25-30 pa3 mo
CPaBHEHHIO C TIOCIIEIOBATENBHONW Bepcuel anroputMa u 0Ooliee 4eM B JBa pasa IO CPaBHEHHUIO C
OpenMP peanuzanueii. llomyueHHble pe3ynbTaThl IO3BOJISIIOT IMPOTHO3UPOBATH 3HAUYUTEIHLHOE
COKpAIlICHHE BPEMEHM BBINIOJHEHMS TaKMX alrOpuUTMOB, Kak, Hanpumep, MATT [3], unu nowuck
CXOXHX CTPYKTYyp TO 0asze JaHHBIX NPH KCIOJIH30BAHUH MPEUIOKEHHON peann3aluil ajiropurMa
Ka6bma na GPU. [lanbreiimme pa®otbl OynyT HampaBiieHbl Ha HCCiIeAOBaHHE 3(PQPEKTHBHOCTH
NPUMEHEHUs pa3padOTaHHON pealn3aliy B IPYTHX 3aJa9ax.
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Builder-like Design Pattern for effective In-Situ Processing

Boris Morose, Alex Margolin
Huawei Tel-Aviv Research Center

With expanding gap between computation power and IO ability in most HPC systems, the im-
portance of the In-Situ computations constantly increases. In a traditional approach, the simulation
produces some output that is processed post hoc. It becomes problematic when a huge amount of data
needs to be saved for a time-consuming application. In-Situ processing asks to perform all needed
computation during simulation itself. The main idea of In-Situ analysis and visualization is to delegate
all needed data to dedicated cores for further processing [1]. The benefit of this technique is a reduced
volume of output data that need to be saved, while the increased number of cores and an additional
network traffic became its downside.

In current research we consider applications that use spatial partition to achieve parallelization.
The simulations organize an iterative procedure to investigate an advance along a time. In concurrent
runs, each process is responsible for specific region and performs all needed computations for every
timestep of the simulation. The processes communicate to share the data needed for next timestep. For
example, in Molecular Dynamic simulation, each process usually has its own and ghost atoms. The
later actually belong to the neighbor processes. To perform simulation of its own atoms, the process
has to receive the information of ghost atoms. The late is achieved by inter-process communications
for each timestep. Widely recognized that these communications produce a bottleneck and may cause
a poor scalability. Our numerical experiments on nine node cluster shows that for some configurations,
the communication time takes significant part of the total simulation time — 50% and more.

In this work we propose to utilize the communication delay to perform calculations needed for
analysis and visualization. We expect the significant reduce of the total time of simulation and In-Situ
processing.

The proposed parallel solution is generalized and is formulated as a Design Pattern similar to the
well-known sequential analog Builder [2]. This pattern can be implemented in wide range of different
type of simulations.

InsituBuilder Director
InSituAnalyser
+CollectDatal) +Construct()
+CreateTaskPool() | ——| +HhAnaalyss() e
+PerformTask() h | +SaveProduct() o EE]
+GetResul() +Anahyze() i
0 ,""\ J"lll III'
ConcreteInSituBuilder InSituAdapter ConcreteInSitulnalyser
InSituProduct | _ +PeformiTask(] +Analyse
= +GatResult]) +Save() B
+CollectData()

Fig. 1. Class Diagram of In-Situ Builder Design Pattern
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initialize simulation
bridge::initialize
do
if timestep for in-situ analysis
initialize InSituBuilder
collect data
start in-situ processing
if during in-situ processing
if waiting for MPI communication
perform in-situ task
if all in-situ tasks are finished
bridge::execute
finalize InSituBuilder
compute new state
while !done
bridge::finalize
finalize simulation

Fig. 2. Pseudo-code of In-Situ Builder Design Pattern incorporated into Sensei simulation loop [1]

The proposed Design Pattern is demonstrated using LAMMPS - Molecular Dynamics Simulator
[3]. As a reference, billion-atom Atomic Fluid with Lennard-Jones potential (Ij) and Metallic Solid
(eam) scalable benchmarks were used.
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First Results of Performance Evaluation of
Geospatial Raster Data Processing Systems

K.V. Bykov, R.A. Rodriges Zalipynis
HSE University

The area of this research is processing and analysis of geospatial raster data, or Earth remote
sensing data. This type of data is an important asset in numerous domains. For example, it
facilitates analyzing forests’ composition, soil types of agricultural fields, understanding water
content, and others [1, 3, 4]. Geospatial raster data (which is also referred to as raster geodata)
comes from Earth satellites, unmanned aerial vehicles, numerical simulations, and other sources.

Dozens of possible processing operations are available for manipulating geospatial raster
data. Map algebra is one of the most popular sets of such operations. In this work we focus on
pixel-wise operations. We use real-world data: multi-spectral satellite scenes. We tested alge-
braic operations with different arities. Vegetation indices are vivid representatives of pixel-wise
map algebra operations [2|. Dozens of vegetation indexes are used for vital tasks in numerous
practical fields. We ran the computing of vegetation indexes by geodata processing systems.
They behave very differently and it is not obvious at a glance which system should be utilized
for which purposes. The insights from our study will help to make the correct choice of a system.
Such a choice should significantly influence the productivity of geodata users.

Petabytes of Earth remote sensing raster geodata are freely available from Earth remote
sensing satellites. In this work, we used the data from the Landsat 8 NASA satellite [9]. It
acquires 11 spectral bands in different wavelengths [9]. In this work we used 6 bands since
others are not required as inputs for the vegetation indices under consideration.

A large amount of data comes from Earth remote sensing satellites daily [5), 6]. This makes
the processing of raster geodata a real big data problem. There is a large number of software
dedicated to manipulating the geodata [7]. Hence, the problem of making the proper choice
of a tool for processing is important. Therefore, it is necessary to have up-to-date knowledge
about the systems. We explored 3 distributed raster data processing systems: GeoTrellis (based
on Apache Spark) [8], RasterFrames (also based on Apache Spark) [10], and SciDB (array
DBMS) [11]. We collected the measurements on several important indicators: CPU utilization,
RAM utilization, and time needed to complete a calculation. We did this for different scenarios
to better understand when a system performs better than other systems.

Experimental setup. We used 4 virtual machines in Microsoft Azure Cloud with Ubuntu
18.04-LTS, 8 GB RAM, 30 GB HDD, and 2 virtual CPUs. This setup is sufficient to obtain
the proper measurements and demonstrate the differences between the systems. All the virtual
machines were prepared for the calculations by installing and configuring the systems. GeoTrel-
lis [8] and RasterFrames [10| require Apache Spark installed and SciDB [11] requires SciDB
workers installed. VMs use a shared network and were configured as a computer cluster. We
developed the code for each system to compute the vegetation indices. The results are in fig.

GeoTrellis demonstrates good performance and finishes calculations in approximately 5-6
minutes. Calculation time decreases when the number of nodes increases in the computer cluster.
A large number of map algebra operations are supported by the system. RasterFrames has the
best performance among the systems under investigation and finishes calculations in 2-3 minutes:
twice faster than GeoTrellis. As a drawback, only a limited number of map algebra operations
are supported by RasterFrames to date. The operation of raster join demonstrates the worst
result and takes over 15 minutes. This is unacceptable result that limits the applicability of the
system. SciDB takes 1.5 hours to ingest the data. This makes it unusable for quick calculations.
However, SciDB supports basic map algebra operations. Calculations take place on SciDB arrays
and most of the operations are implemented in C/C++.
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Figure 1. The Results of the Experiments
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Maximizing the loop tiling ability via static analysis

Al. Levchenko
SPbPU Supercomputer Center

Spatial locality is an essential factor in the performance of loop-intensive scientific algo-
rithms. Loop tiling technique can target spatial locality using the automatic polyhedral opti-
mization of the low-level intermediate representation via LLVM /Polly [1]. A crucial prerequisite
of this paper is the presumption of the polyhedral compilation effectiveness, assuming that the
fully-polyhedral approach can be highly profitable per se comparing with purely syntactic or even
hybrid approaches [2]. In a polyhedral framework, a composition of loop transformations can be
implemented through modifications of schedule trees, a structured schedule representation which
was proposed in a pioneer work [3]. The fine point of this procedure is that only valid static
control parts (SCoPs) can be translated from LLVM-IR to a polyhedral description, represented
in the form of schedule trees and transformed advantageously. Moreover, current algorithms for
optimizing locality in loop nests are constrained by semantic preservation, and, hence, overap-
proximation of such rigorous constraints is not straightforward. As a result, LLVM/Polly rejects
loop nests with invalid SCoPs, which were incorrectly formulated by humans and passed along
the compilation pipeline [4]. Therefore, submission to the loop optimizer the input code that
meets the valid SCoP criteria remains a significant challenge that should be mitigated in ad-
vance at the early level. Another aspect is building formal static diagnostic rules for the correct
application of Clang loop tiling pragmas [5], providing the fine-tuning of tile size [6].

This paper presents an LLVM /Clang-based tool, which introduces a strict formalism to the
static analysis of loop nests where tiling is beneficial for performance. The first contribution
of the presented approach includes a static analysis, which adheres to the strict syntactic de-
scription of SCoP proposed in the seminal work [1]. This analysis pursues the goal of reducing
quasi-SCoPs to the canonical syntactic description by correcting errors that lead to the SCoP
rejection by the polyhedral loop optimizer without further transformations into the form of
schedule trees. The set of rejection reasons was inspired by the statistical results demonstrated
in the original work [4] with that difference that invalid SCoPs are eliminated now at the earliest
stage of static analysis, being the starting point for using pragma directives for loop tiling trans-
formation. In particular, the implied syntactic description of SCoPs admits the presence, mainly,
affine lower and upper bounds of the loop nest, affine expressions used for memory access, the
absence of complex structures in CFG, the absence of non-canonical induction variables. Thus,
once the resulting potential SCoP is detected, it is considered for placement pragma directive
for loop tiling and, finally, marked as valid for translation to a polyhedral description.

The second contribution of the proposed approach concerns the extraction of several tiled
loop parameters. These parameters are applied in the Tile Size Selection (TSS) algorithm for
rectangular loop tiling, which is considered a starting point for scaling the tiled loop nests with
the optimal locality. The range of such parameters that can be co-obtained by means of static
analysis includes the computation volume of a tile, the memory footprint of the tile, the intra-tile
loop overhead. These software parameters form the basis of the analytical model for the total
execution time of the tiled loop, which allows the formulation of the objective function for the
case of multi-level tiling. On the other hand, hardware parameters are obtained separately and,
thus, an analytical cost model considers several non-trivial parameters of non-uniformity. As
a result, the multi-level optimal tile size selection problem can be formulated and solved as an
integer geometric program. An essential aspect of the T'SS stage is that the obtained estimates
of optimal tile sizes represent a unique performance footprint of the symbiosis of a particular
computational kernel and a specific target architecture. As a result, the static analysis increases
coverage of tiled loop nests, more strictly determining the level of tiling with optimal size.
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Finally, the third contribution of the proposed approach gives insight into the placement of
the pragma directive for loop tiling guided by the first stage, static analysis. Simultaneously
the TSS results derived from the second stage can be explicitly defined via a clause specific
to a pragma directive for loop tiling. The resulting SCoPs are translated from LLVM-IR into
polyhedral representation, or, more precisely, into the form of schedule trees [3]. In this context,
the primary node of interest in the schedule tree is the band node, which includes a partial
schedule, i.e., a tuple of piece-wise quasi-affine expressions, to define loop statements following
the lexicographic order. The tileable band nodes can be tiled by inserting the new partial
schedule for loop tiling, which gives rise to new band nodes. Since, in practice, the band node
can be tiled either fully automatically or even conversely manually, the presented approach aims
to make such loop transformations more controllable via explicit sequences of pragma directives.
In this regard, it is supposed to make these loop transformations more pragma-based, capable of
optimization only part of a schedule tree and generation nested schedule trees for the performance
portability of code for upcoming target architectures.

Experimental runs were carried out using available ccNUMA macronodes with deep memory
hierarchies, and the early-stage results are reported. The SCoP rejections ratio was obtained
using a comprehensive guideline for SCoP validation. To this end, the HPC-relevant polyhe-
dral benchmark prototype was developed, and improved results of locality and speedup were
evaluated. Computational kernels currently include 2D and 3D stencils. The main result of
applying the approach was obtaining tiled code with optimal locality for performance-critical
pragma-defined code sections. Future work will include further diagnostic of SCoP rejections
and TSS optimization using the developed benchmark with an extension of the TSS algorithm
for cases beyond rectangular tiling.
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Monte Carlo simulations of the two-point correlation
functions in the six-vertex lattice modell

P. A. Belov
Spin Optics Laboratory, Saint-Petersburg State University

This report is devoted to a computation of correlation functions in the six-vertex model by
the Markov chain Monte-Carlo (MC) simulations [1]. This model was introduced to describe the
crystal where the oxygen groups form a square lattice with a hydrogen atom between each pair
of lattice sites [2]. The states in this model are designed as configurations of arrows on edges
which satisfy the ice rule [3]: for each vertex there are two incoming and two outcoming arrows,
see Fig. [l Equivalently, configurations of arrows can be regarded as configurations of lattice
paths such that paths may meet at a vertex, turn or pass [4]. The lattice paths are denoted
in the figure as bold edges. The weight of a vertex depends on the configurations of paths on
adjacent edges. The Boltzmann weight of a configuration is a product of Boltzmann weights
assigned to vertices.

SR e M

a2 b b-

Figure 1. Local configurations and weights of the six-vertex model.

The parameter A = (a?+b?—c?)/(2ab), where a, b, ¢ denote Boltzmann weights, defines the
phase of the six-vertex model [4]. When A = 0, the partition function and correlation functions
can be computed in terms of the determinant and the minors of the Kasteleyn matrix [5],
respectively.

In the last decades, a particular attention is paid to the six-vertex model with so-called
domain wall boundary conditions (DWBC) on a square lattice. These boundary conditions
correspond to paths coming through the top side of the square and leaving through the right
side. In this case, the partition function can be calculated exactly as a determinant [6].

Locally, lattice paths of the six-vertex model on a planar lattice can be regarded as level
curves of the integer valued step-function x(n,m), called the height function and defined on
faces [4]. It is a random variable, but we additionally assume that it increases when we move
to the right and up. In the large volume limit (the thermodynamic limit, N — o), there is
the limit-shape phenomenon: the properly normalized height function converges, as a random
variable, to a deterministic function hg(z,y) known as the limit-shape height function [7,/8]:
Here, the random variable ¢(x,y) is a free Gaussian quantum field in the Euclidean space-time
with the metric determined by the height function h(x,y). The two-point correlation function
of points (x;,y;) and (x;,y;) can be calculated as

(@i, yi), D5, 95)) = (i yi)x (@5, ¥5)) — (x(@is vi) (x (25, 95)) - (2)

*The report is supported by the Russian Science Foundation, grant No. 21-11-00141. The calculations were
carried out using the facilities of the “Computational Center of SPbU”.
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In our numerical study, we use the Markov chain MC simulation to generate a sequence of
random states of the six-vertex model with DWBC. We construct the Markov chain based on the
transition probabilities which satisfy the detailed balanced condition and allow to transfer from
an arbitrary distribution to the desired one [9,[10]. When a random process is constructed, the
expectation values of observables with respect to the Boltzmann distribution can be computed
by averaging along the random process [11]. This procedure is especially effective since the
Boltzmann distribution is concentrated in a small neighborhood of the limit-shape.

In this report, we calculate the two-point correlation functions based on the MC generated
configurations. Our results are explicitly given in Ref. [1]. The brief description is following.
When A = 0, both the limit-shape height function and the correlation functions are known
from the exact solution. We calculate the values of these functions to test our algorithm. In an
agreement with the exact solution, our numerical method confirms the logarithm-like dependence
of correlation functions on the distance between points. After that, we apply our algorithm for
other values of A, for which the exact solutions are unknown. When |A| < 1, the model is
critical, i.e. the Gaussian field ¢(z,y) is a massless field on the space-time with the metric
induced by the limit-shape. The numerics shows the logarithm-like dependence of correlation
functions at short distances for this phase. This is natural since the case A = 0 is included in
the disordered phase |A] < 1. When A < —1, an anti-ferroelectric diamond-shape droplet forms
in the middle of the limit-shape. Since the antiferroelectric ground state is double degenerate,
the Markov process gets stuck in one of the ground states for very long time. Nevertheless, we
managed to obtain the exponential decay of the correlation functions for this phase.

The practical realization of the algorithm includes the parallel MC generation of random
configurations. The OpenMP parallelization is applied for the CPU version of the algorithm.
The GPU implementation using OpenCL is based on the code [12]. The parallel CPU and GPU
implementations are discussed and compared in this report.
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Parallel computing of a cavitation bubbles formation
in a two-stage reciprocating pump-compressor

A.V. Zanin
Omsk State Technical University

Nowadays, applied fluid mechanics is developing as well as various fields of information
technology. When one of the fluid mechanics’ problems is faced with processing large amounts
of data, high-performance computing (HPC) technologies, especially parallel computing, become
indispensable tools.

This research aims to study the problem of cavitation bubbles formation and the cavitation
bubbles dynamics between stages of a two-stage reciprocating pump-compressor. Bubbles for-
mation is a hot topic in mechanical engineering, so a deeper understanding of this problem will
help avoid future equipment failure.

Based on previous studies [1], it is planned to use a mathematical model of the fluid move-
ment of such a machine [2]. It is necessary to add a free movement of bubbles during fluid
dynamics between the stages of a pump in this model.

\\\\\\\\\\\‘ {\\\\\\\\\\ N d> :> .
d_ S% I B mveev————— :
N N =
NS ERNNNNE B3NN
N= ¢ "R .
\ 3 )
o N N o]
o N N =
g N R o
bl N
5 R % 2
PN N o
N N gE
i N N @
\ X @
) )
N
Cavitation .
bubbles 1Y R\
formation \\‘&&1\\\\

Bubbles
dynamics

Figure 1. General view on a problem

This study assumes to use of parallel computing algorithms. Such algorithms are necessary
for parallelising each bubble formation with a separate task, which simpler sub-tasks will further
separate. It will also require developing an algorithm for each bubble dynamics, where hundreds
or thousands of them can be in addition with different sizing. It depends on the desire to obtain
more accurate results.

Modern flow solvers have to efficiently run on an extensive range of supercomputers, from
single-core/processing unit (PU) to massively parallel platforms. The most common systems
used for HPC applications are the Multiple Instruction Multiple Data (MIMD) based platforms
[3]. From this category can be further used the following sub-category, Fig.

Single Program, Multiple Data (SPMD). Multiple autonomous PUs simultaneously execute
the same program (but at independent points) on different data. The flow solver Palabos and
elsA are two examples of an SPMD program [4}5].

Palabos will be used for the formation of the bubbles, where take place a complex physics
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Figure 2. SPMD concept as a modern flow solver model

problem. Palabos is a C++ software platform developed since 2010 for Computational Fluid
Dynamics simulations and Lattice Boltzmann modelling, which explicitly targets applications
with complex, coupled physics. The software proposes a comprehensive modelling framework
capable of addressing many applications of interest in the Lattice Boltzmann community yet
exhibits solid computational performance.

ElsA will be used for the bubbles dynamics problem, where take place complex turbulent
flows. The elsA software is a multi-application CFD simulation platform and deals with in-
ternal and external fluid-/aero-dynamics from low subsonic to hypersonic flow regime. The
compressible 3D Navier-Stokes equations for arbitrary moving bodies are considered in several
formulations according to the use of absolute or relative velocities. A large variety of turbu-
lence models from eddy viscosity to full differential Reynolds stress models is implemented for
the Reynolds-averaged Navier-Stokes (RANS) equations, including criteria to capture laminar-
turbulent transition phenomena for academic and industrial geometries.

As a result of this research, unique parallel computing algorithms will be obtained that
will help to solve problems of this type with various input and boundary conditions. Also, a
methodology will be developed based on the research data.
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Research of explicit numerical methods calculations
on CPU with x86 and ARM architecture [

Egor Elchinov!, Vladislav Furgailo!, Nikolay Khokhlov'
Moscow Institute of Physics and Technology (National Research University)!

Explicit numerical methods are used for a wide range of scientific problems in which there
is a grid dependence between the calculated values at neighboring nodes of the computational
grid. However, for high performance computing requires to use special techniques for processing
and storing data. We examined the question of the optimal use of SIMD vector instructions
[1] of CPU in stencil computation and improved the use of the hierarchical structure of the
memory of the CPU caches by optimizing data locality - loop tiling [2-6]. We have applied
optimization algorithms for x86 and ARM architectures. However, the novelty of this research
is the optimization of the ARM architecture for the task of computing by the FDTD method
and the assessment of the effectiveness of using the ARM architecture for 3D solving acoutsic
equation by FDTD method.

The following benchmarks were conducted on the four-core Cortex-A53 CPU with AArch64
ISA and Neon SIMD extension for ARM architecture and on the six-core Intel (R) Xeon (R) E5-
2620 v2 (2.6 GHz) with AVX extension and Hyper-threading technology for the x86 architecture.
The gee v.8.1.0 and g++ v.8.1.0 compiler and the OpenMP framework for parallel computation
with double precision numbers were used.
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Figure 1. Z-cube efficiency for the variable grid size

In our work, we implemented new data locality algorithm that increase the performance of
multi-threaded explicit stencil computation. Vectorization over the outer space of iterations and
Z-Cube recursive tiling were applied to achieve data locality and to speed up multi-threaded
computing as shown on Fig|ll Low performance of Neon-computing causes due to an overflow
of Cortex-Ab3 data cache [7]. Consequently, Z-cube tiling improve the performance of utilizing
Neon data-registers and instructions. However, non-recursive tiling remains a more effective
data localization algorithm to FDTD problem.

*The reported study was funded by RFBR according to the research project No. 18-07-00914 A.
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Also, as shown in Fig. the computation of explicit numerical equations on the ARM
architecture by non-recursive tiling is 12 times more energy efficient in peak power consump-
tion. In this respect, extending our experiments on ARM-cluster computing with increasing
performance of non-recursive and recursive tiling would be of interest.
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Figure 2. Graph of non-recursive vectorized tiling performance/power effectiveness of x86 and ARM.
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I'enepaTop makeTHbIX (ailjIoOB I IVIAHUPOBIIUKA 32124
SLURM®

H.A. Muxaiinos, I1.C. Kocrernernkuii

HaHI/IOHaHBHHﬁ I/ICCJ'IC,Z[OBaTeJ'IBCKI/Iﬁ YHUBCPCUTET «BpICII1as IK0J1a YSKOHOMHMKI)

JlarHast cTaThs MOCBSIICHA pa3paboTKe BEO-MPUIOKEHUS I aBTOMAaTHU3alNK TIporecca hopMu-
poBaHusi sbatch-gaiina, ¢ TOMOIIBI0 KOTOPOTO MOJIB30BATENb CTABUT CBOM BHIYMCIIUTEIBHBIC 33/1a4H B
ouepens cynepkomibiorepa HUY BIID uepes mnanuposmuk 3aganuit SLURM. I'erepaTop nakeTHbIX
¢aiiinoB conep>kuT HabOp HEOOXOAUMBIX IS 3aITyCKa OMIHUH, TAKUX, KaK KOJWIECTBO M THIT BBIYHCITH-
TEIBHBIX Y3JI0B, KOJIMYIECTBO IPah)MueCKHUX IMPOIIECCOPOB, YHCIIO SAep LEHTPATBHBIX IIPOIIECCOPOB, ITpe-
JIeNIbHOE BpeMsI pacueTa, IapaMeTphl IapajuleNnn3Ma, a Takke QYHKIUIO YBEJOMIICHUS MO 3JIEKTPOHHON
noure. [y ynpoienus paboThl OJIB30BATENS], TEHEPATOP aBTOMATUYECKU MOATPYkKAET C CYyHepKOM-
IBIOTEPA aKTyaIbHBIE TApaMETPBl, B YACTHOCTH HA0OP YCTAHOBJICHHBIX MOJYJIEH.

Bbutn paccMOTpeHBI CyHIECTBYIOUIME pEHICHUS, B YAaCTHOCTH TEHEpaTop MaKeTHBIX (aiinos
Brigham Young University [1] u Hayunoro neatpa NERSC [2]. OnHako nporpammHuast KoH(uUrypanus
¥ anmaparypa CylnepKOMITBIOTEPHBIX BEIYMCIUTEIBHBIX KOMIUIEKCOB CHIIBHO PA3HUTCS, a OIILUH I'eHe-
paTopa MHUIIYTCs IO KOHKPETHBIH BRIYUCIUTENb. B 4acTHOCTH, MHIVBHYa IbHBIMHU ITapaMeTPaMH SIB-
JSUTHCh: 1) 0cOOEHHOCTH paboThI C OTHOM OYepe/bIO 3a/1au M YEThIPbMS TUIIAMHU BBIYUCIHTEIIBHBIX Y3-
JIOB, 2) IPHOPUTETHI BEIOOpPAa KOHKPETHOTO TUIA Y371, 3) BO3MOKHOCTh BHIOOpA COYETAHUsI Cpa3y He-
CKOJIBKHX THIIOB Y3JIOB, YJOBJIETBOPSIOIINX 3aIPOCY IOJIB30BaTeNs, 4) BHIOOp HAyYHOTO MPOEKTa, K
KOTOPOMY OTHOCHTCS 3a/1a4a.

Beuto mpuHATO penieHue o pa3paboTKe HOBOTO TeHEpaTopa MaKeTHHIX (aiijoB CeNUaTbHO TOA
cynepkommbpiorep HAY BIID “cHARISMa” [3]. I poeKTHPOBaHKS CHCTEMbI OBUTH OIPEICIICHBI
cienyiomye QyHKIMOHATBHBIE TPEOOBaHMsI, B paAMKaxX KOTOPBIX CUCTEMa JIOJDKHA!

- CHHXPOHHM3HUPOBAThCA C aKTyallbHOH KOH(PUTypanueil CynepKoMIbIoTepa;
- IPOBEPATH U (POpMATUPOBATH JaHHEIE, BBEJCHHBIC MOTB30BATEIIEM;
- TIOBBIIIATh OCBEIOMIIEHHOCTB ITOJIb30BaTENIeH O CyHIECTBYIOIINX BO3MOKHOCTSIX KilacTepa.

Hedynkimonansable TpeOoBaHMs, CHOPMYINPOBAHEI ClIeAyOMMM 00pazoM. Cuctema JOKHA:

- ACTIONIL30BaTh OTKPBITOE MTporpaMMHoe obecnieueHue cynepkommnbiotepa SLURM u Cron;
- HCTIONIb30BaTh OTKPBITHIN JavaScript ¢pperimBopk VUE.JS 1is Co3/1aHusI TOJIb30BATEIbCKUX UH-
TepdeiicoB u 6ubmmoTeKy jQUery;

P

Hywxna 0
CHHXPOHH3AINA 1A
0OHOBIIEHHSA

JIAHHBIX?

3ar IpOC IOJIL30BATENISL
Ta HCMOIL30BaHHe
Be()-HpHJ'lOH(eHIIﬂ

3anpoc na noayuenue
JIER & CTTHCKa Moay7eit ¢
TOJIOBHOTO Y3714

Het

L 2
s N
OTKpbITHE CoszaHite jSON daiina
HOJTYYEeHHOI0 jSON C AKTYaJILHBIM I1OJIHBIM
(haitna ¢ MmoymaMH JiepeBoM MojtyTeit
- J

TeHeparms BEon moms3orateneM
CKpHIT-(ailia 13 HapaMeTPOoB 3allycKa
HOJLy4eHHBII JaHHBIX 3aza4n

Puc. 1. Anroputm paboThl CHCTEMBI

" UccnetoBaHKE BHITIONHEHO € UCTIONIB30BAHUEM CYTIEPKOMIILEOTEPHOTO Komiuiekca HAY BIID [3].
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Ha cynepkommsiotepe “CHARISMa” HWY BIIID BBINOIHAIOTCS YacThle OOHOBIECHUS IIPOrpaMM-
HBIX OMOJIHOTEK 1 MHCTPYMEHTOB, TIOATOMY BEO-TIPHMIIOKEHHE aBTOMATHYECKH TIOJITPYKAET aKTyaTbHBII
CITUCOK MOJyJIeH W HAaCTPOEK Iepes UCIoNb30BaHneM. KpoMe Toro, reHepaTop mo3BOJSET BHIOpAaTh U
MOJIKITIOYUTH T€ MOJIYJIM, KOTOPhIC N3HAYAIBHO TPEOYIOT HAJIMYMsI 3aBUCUMOCTEH JJIs CBOEr0 0TOOpa-
JKEHUS B CITUCKE TOCTYITHBIX Ha HHALIMATH3ANNI0. AJTOPUTM pabOTHI CHCTEMBI TipeAcTaBieH Ha Puc. 1.

[Ipu peanuzanuu MPOEKT MOIYYMI KOMIIOHEHTHYIO apXHTEKTypy COTJIIACHO HIESIM TIaT(opMbl
Vue.js. JlaHHAs TEXHOJOTHS PEATU3yeT CIIOCOOHOCTh BEO-ITPHUI0KEHUS MOAUGHUIINPOBATH CBOIO CTPYK-
Typy ¥ TOBEJCHHE ISl CO3JaHMsI alanTUBHOrO nu3aiiHa. [Ipu momomu gaHHO# miaTdopMbl, K BeO-
MPUJIOKEHUIO TIOJKIIOYEHBl KOPIOPATHBHBIE CTWIIEBBIE (ailfibl, WCHOJB3yeMble B pa3paboTkax
HUY BLID.

Pa3zpaboranHoe web-priIoKeHHE MOAXOIUT HE TOJNBKO JJIS OMBITHBIX MOJIb30BATENCH, HO U JIJIS
TeX, KTO paboTaeT ¢ CynmepKOMIBIOTEPOM BIIEPBBIE, HAIIPUMED, TPOXOAUT MPAKTUKY B paMKax yaeOHOH
JUCUUIIIUHBL.

B nanpHeiimem pa3paboTaHHOE MPIIOKEHUE OYAeT BCTPOSHO B EAMHEIN TMYHBIN KaOUHET COTPY/I-
nuka HUY BIIID, a Takke MHTErpUPOBAHO C CHCTEMOW MOHUTOPUHTa 3(PPEKTUBHOCTH 3a/1ad Cymep-
KoMItbioTepa [4]. B manbHeiiinem miaHupyeTcs peain3alus BO3MOXHOCTH BbIOOpa HAYIHOTO TIPOEKTA
JUTSL KOKIOW 3a7]auu, YTO NPEABAPUTENBHO MOTPEOYyET OpraHu3alliy SAMHON aBTOpH3AIMA U B3aUMO-
JICHUCTBYSI MEXKIY HECKOJIBKAMHU CUCTEMAaMU YIIPABJICHUS CYTIEPKOMITBIOTEPHBIM KOMILIEKCOM, HE00X0-
MO JIs MOJIYYEHHUSI CTIMCKA IPOEKTOB U ONPEAENICHUS MIPaB MOJb30BATEN HA HUX.
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MeToabl MOZIEJIMPOBAHNUS 3JIEKTPOHHOI'O Ta3a
B IIJIOCKOM JMO/I€e

N.B. Kynukosa
AO «HIIIT «Mcroky nm. Hlokuras

DJIEKTPOHHBIH MOTOK B BaKyyMe IPeJCTaBJIsieT COOOH OJHOKOMIIOHEHTHYIO XOJIOAHYIO (6ec-
CTOJIKHOBUTEJIbHYIO) IIJIa3My, B KOTOPOW HEOOXOJMMO yUHTHIBATDH JaJbHUE B3aUMOICHCTBUS, U
onmchIBaeTcs ypaBHeHusimu Biracoa — Ilyaccona [1).

[Ipexie yem repexouTh K MHOTOMEPHBIM 3a/a4aM ObLIO PENIEHO UCCJIEI0BATH METOJbI Pe-
IIEHUs Ha OJHOMEDHOM cJjiydae. B KadecTBe TeCcTOBO#l Mojiein ObLI BHIOpAH OJHOMEPHbI BaKY-
YMHBII JI0J] 1 [OCTaBJIeHa 3a/1a9a [OCTPOUTh BOJIbT-aMIlepHyto xapakrepuctuky (BAX) muoza
BO BCEM JIMala30He HAIPSKEHUH, UCIIOIb3Ys OJHY MOJEb.

Bouio ucnonbzoBano Tpu merona: Ditnepa, Jlarpanxka u Diinepa — Jlarpanxka (ALE wme-
To11). Bo Becex Tpex cirydasix OHOMEDHBI 3JIEKTPOHHBI IyYOK JBUrAJICs B JIByMEPHOM (ha30BOM
pocTpaHcTBe < 2z,V, >. YpaBHEHUs JIBUXKEHUs 3JIEKTPOHOro ra3a u ypasHenue [lyaccona pera-
JINCh COrJIacoBaHHO. [lJist cpaBHEHMsI MeTOIOB ObLIM HAllMCAaHbI IporpaMMbl Ha s3bike MATLAB,
KoTOpble 3amyckajuch Ha mamube Intel Core 17-4770 3.2 GHz CPU, 32 GB RAM.

Meros1 Qitstepa npejicraBier coboit perienue ypasuenus Biacosa — [lyaccona meTo1oM KOH-
TPOJIBHBIX 00BEMOB C HCIIOJIb30BaHUEM cxeMbl paciierienus |2)3|. st pacyera KoHIeHTpamum u
IUIOTHOCTH TOKA MCIIOJIb30BAJIOCH YUCJIEHHOE NHTerpupoBaHue DYHKIINKA PACIIPEIETICHUS 110 CKO-
poctu. Pazbpoc 1mo cKopocTsiM 3a/1aeTCst TPAHUIHBIMEU YCJIOBUSIMU HA KATOJIE U OIPAHUYEH TOJIBKO
KOJIMIECTBOM Y3JIOB U 00JIaCTBIO 3HAUeHMit 110 cKopocTu. Ha pacder omnoit Touku BAX yxomuio
1,8 waca, pazmepnoctsb cerku 500 x 500 ssiementon (cMm. puc. [1)).

Merton TpyboK TOoKa B (pa3zoBOM IIPOCTPAHCTBE PeAM3yeT KOHIEIINIO MeToda Jlarpamxka.
[Tpu pacuere konnenrpaiuu 1o dopmyie n = I /(v,qe) B mporecce OTpazKeHusi YaCTHUIIBI OT M0~
TEHITMAJBHOIO Oaphepa BOSHUKAIOT TPYIHOCTH, IOCKOJbKY 1pu v, — 0 KoHIeHTparms n — inf.
[TosTomy myisi pacdera KOHIEHTPAIUMU TPUMEHSIIUCH PA3JUYHBIE AJTOPUTMbI UHTEPIIOIAINN 1
orpannuuTesu. U maxke, He CMOTPsI Ha 9TO, rpaduK KOHIIEHTPAIIUU B 00JIACTU TOPMOYKEHUS UMEJT
3ybuaTpiit Buj. Pa3bpoc 1o cKOpoCTsiM B JJAHHOM METOJIE 3aJIaBaJICS JIOMOJHUTEIbHBIMUA 9aCTHU-
namu. Ha pacdaer omnoit Touku BAX yxommio 4,5 MuHyThI, paszmepHocTh ceTKu: H00 3/1eMeHTOB
un 500 gacrur.

MeTo 1 IOJIBU2KHOI CETKU sIBJISIETCsT PA3HOBUIHOCTHIO MeToa Jityiepa-Jlarpanxka. [Togsuxk-
Hasl ceTKa Oblaa chopMUpoBaHa IO CKOPOCTH. biiarogapst 3ToMy BpeMsi pacieTOB COKPATUIOCH B

o 08 U=10B x10°

elocity, m/'c

0 5 10 15 20 25 30 35 40 0 1 X, nim 2
X, MKM b

Puc. 1. Oyukims pacnpe/iesieHus Mpyu pacdere MeTOA0M Jiljiepa u TPacKTOPUH TPYOOK TOKa B
daz0BOM TIpOCTPAHCTBE IIpU pacdeTe MeTooM Jlarpamxa.
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—— ALE method
Langmuir-Fri law
Child-Langmuir law

0 50 100 150 200
Anode potential, V

Puc. 2. BAX BaxyyMHOIO J10/1a, IOCTPOEHHAS IIPU MOJEJUPOBAHIY HOBEICHUS 3JIEKTPOHHOTO ra3a
ALE meronoM.

10 pas u cocraBmiio 15 cekyun. BAX, mocrpoentble ALE-MeTOmIOM U ¢ HCIIOIB30BAHIEM AHAJIUTH-
Jeckux 3akoHoB Yaitina-JIenrmiopa (3akon cremenn 3/2) n Jlenrmiopa — @past 4], npuseenst
Ha puc2]

Bce Tpu MeTona mOKaza M XOPOIILYIO CXOAUMOCTL BO BCEM IMAIA30HE 3aIMPAONIUX U YCKO-
pstrorux HanpsikeHuii. BAX, mocTpoerHbie 110 BceM TpeM MeTojaM, coBnamaiT ¢ BAX, pacun-
Tannoit o Jlearmiopy — ®@paio.

Buisodwi: Ilpumenenue meron Ditnepa — Jlarpamxka mozsosmio B 100 pa3s cokpaTruTh KOJIM-
YECTBO 9JIEMEHTOB II0 IIPOCTPAHCTBY CKOPOCTEH ¢ IPUMEHEHHEM KBaApaTHIHBIX (PYHKINA 0e3
[IOTEPU TOYHOCTU BO BCEM JIHAIA30HE AHOJIHBIX HAIPSXKEHUI.

TopMmossiiee JIeKTPUIECKOE TI0JI€ YBEININBAET pa3dpoC 10 CKOPOCTIM B 3JIEKTPOHHOM IIO-
Toke. B TO ke BpeMmsi, yCKOpSIoIee moJjie 3HaYnTeTbHO COKPAIAeT JaHHBINH paszdopoc.

Paccrostaue or Karoma 10 MUHUMYMa IOTEHIMAJIA COCTABJISIET OT €IUMHUI] MUKPOH JI0 COTEH
MUKDPOH U 3aBUCUT OT IIPUJIOXKEHHOT'O IOTEHIMAJA U PACCTOSHHUSA 0 aHoia. lloTeHImabHbIH
bapbep He MPEBBINIAET JIBYX BOJIBT.

IIpu pacuere 3/1eKTPOBaKyyMHBLIX IPHOOPOB € XapaKTEPUCTUICCKIMU MUKPOHHBIMEI PasMe-
pamu 3akoH Yaitana — Jlenrmiopa Oyer jgaBaTh 3aHMKEHHOE 3HAYEHHE TOKA.

B npanbmeiimeil paboThl IUIAHUPYETCS IPUMEHUTD JTaHHLIA MeTOJ [l JBYMEPHOIO CjIydasl B
[UJIMHIPUIECKON CHCTeMe KOOPJIMHAT Ha HECTPYKTYPUPOBAHHOM CeTKe, B KAYeCTBE IPEIPOIECCO-
pa 1 nocrporeccopa ucnoJbzosars GMSH, a pemaress HanmucaTh Ha sI3bIKE IPOrPAMMUPOBAHMS
GO, ucrosb3yst MEXaHU3M MHOI'OIIOTOYHOCTH goroutine.
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MogesnpoBanue JUHAMUKY TOPEeHUS BOOPOAA IIPHU MOMOIIH
MOJTHOCBSI3HOM HeiiponHoii cetn UNET

SI.M. Kapanpames, E.B. Muxansuenko, M.}O. Manbscaros, B.®. Hukutun
OI'Y ®HII HUMCU PAH

Tpanuumonno mozaenu Hewpocereil Tuma UNET npumeHsnuch 11 aBTOMaTHYECKOTO Iie-
peBoOJa KAapTHHKH B KAPTHHKY, B YACTHOCTH JJISi CETMEHTAINH N300paskeHNd. B HacTosmeit
paboTe moxa3aHo, 4TO MOAOOHAs apXUTEKTypa MOKET OBITh YCIECUTHO MPUMEHEeHa K 3a7a4e
MIpeCKa3aHus IeTCPMHUHUPOBAHHBIX MHOTOMEPHBIX BPEMEHHBIX PSIOB, 2 IMEHHO MOJICIIH-
POBaHUS XMMUYECKHX MPOIIECCOB TOPCHHUS, OMUCHIBACMBIX JKECTKOW CUCTEMOW OOBIKHO-
BeHHBIX AuddepeHInaIbHBIX ypaBHeHHNA. Vcronb3ys e€, HaM yaanochk 00yYUTh KOMITAKT-
HYI MOJICNTb, KOTOpas MOXET ammpoOKCUMHUPOBATh M3MCHEHUS KOHIICHTPAIUil BEIICCTB B
CMECH B TIPOIIECCE XMMUYECCKHX PEAKIMi C BBICOKOHM CTCIMEHBIO TOYHOCTH, OCTATOYHOM
YTOOBI PEKYPPEHTHO MOJyYaTh MPEICKa3aHUE Ha COTHU U JaXE THICSYH IIarOB WHTETPUPO-
BaHUs Bnepéu, 3aHUMasa HpI/I 9TOM Ha HOp}II[OK MCHBIIIC BpeMeHI/I BBIYUCJICHUSA, YEM YHC-
JICHHOC UHTETPUPOBAHHE.

Knrwouesvle crosa: ducieHHOE MOIEIMPOBAHHE XHMHYECKHX MPOLECCOB, TOPEHHE, ACTOHA-
usi, HelipoHHBIe ceTH, riryookoe oOyuerne, UNET, pexyppeHTHEIE ceTH.

B mpopomxkenne paboThl MO HEWPOCETEBOMY MOJAEIMPOBAHMIO XUMHUYECKOH KHHETHUKHU [1] MBI
CZeTaIN HECKOIbKO Moau(duKaluii B Haem roaxone. PaccmarpuBaercs 3agada ropeHus: BOAOPOAaA ©
KHCJIOPOJIOM B MPHUCYTCTBUH HEUTPAIbHBIX IEMEHTOB. B KauecTBe HEUTPANbHBIX AJIEMEHTOB BBICTY-
natoT a30T (N2) u apros (Ar). Takas cuctema B IpoIeCcCe CBOSTO Pa3BUTHUS CONCPKUT 10 KOMIIOHEHT:
a3oT, aproH U 8 BOAOPOAHO-KUCIOpoaHbIX coenuueHuit (H2, O2, H20, OH, HO2, H202, H, O), a
TaKk)Ke OMHUCHIBaeTCs 28 ypaBHEHMSIMH XUMHYECKHX peakiuii. Ele mpucyTCTBYIOT Ba (PU3UIECKHUX
napameTpa: JaBJIeHHUE U TeMIIEpaTypa.

C moMOIIBI0 YUCIEHHOTO MOJETUPOBAHUS, MBI CO3AAIM JaTaceT, B KOTOPOM HadalbHasi CMECh
COCTOUT TOJBKO M3 MOJIEKYJSIPHOTO KHCJIOPOAa M BOAOPOAA HPHU PA3JIMYHBIX UX KOHLEHTPAUMIX U
temneparypax. Lllar Bpemenu 0.1 mxc, nasnenue P = 1.0 6ap. OcranbHble IepeMEHHBIC 33/1aBaINCh
Cy4yaliHBIM 00pa3om: TemriepaTypa B amamazone 3HaueHuid ot 1000 mo 2000 rpamgycoB KennBuHa,
MoJisipHbIe IOTHOCTU KoMroHeHT H2 1 O2 ot 0 5o 20 Monbs/M3 , MOJISIpHBIE TUIOTHOCTH KOMIIOHEHT
N2 u Ar2 ot 0 10 15 MoaB/M3, MOJIIPHBIE TUIOTHOCTH OCTAJIbHBIX KOMIIOHEHT (paJIMKaJIOB U COCIHHE-
HUi) 3a7aBayiack paBHOU HyIt0. beimo nposeneno 10000 skciepumenToB no 500 maroB BpeMeHH Ka-
JKIIBIN.

JlaHHBIN HaTaceT UCTOJIB30BAJICS U OOyUeHHS U TECTUPOBAaHUS HEWpOHHOH ceTu. st 3TOro na-
taceT ObUT pa3OMT Ha Tpu 4acTu: mepeble 8000 3KCIEPUMEHTOB IMOMAIM B OOYYaIOUIYIO BBIOODKY.
Caenyronme 1600 sxkcriepuMeHTOB B TecTOBYIO BBIOOPKY. [lociennue 400 sKcriepuMEHTOB B BaJIWAa-
LUOHHYIO BBIOODKY.

[IpenBaputenbHbIC SKCIEPUMEHTHI IOKA3aJIH, YTO B OOJBIIMHCTBE CIy4aeB MOJISIPHBIE TNIOTHOCTH
BEIICCTB M3MEHSIOTCS OYEHb MEJICHHO B CAMOM Hauaje peakiuu. B cBsizu ¢ 3TuM, ObIIO peméHo
cenaTh Jorapu(MUUECKYI0 IEPEHOPMHUPOBKY AaHHBIX, YTOOBI Majble U3MEHEHHMS BOJM3U HYIS CTalld
OoJiee 3aMETHBI:

y=Inl+x/¢) (1)

rae £ =107 . Bro6aBok k norapupMmudgeckoMy MacmTadupoBanmio (1) GbUT PUMEHEH CTaHaPTHBII
CKEWJIMHT TaHHBIX — BEIUNTAHUE CPETHETO U JieJIeHNe Ha CTaH/IapTHOE OTKIOHEHHE:

z=(y-y)/o, @)

OtMeTnM, 4TO JIBE JaHHbIE TpaHcopMalMy MPUMEHSITUCH TOJIBKO JIJISI MOJISIPHBIX TIOTHOCTEH
KOMIIOHEHT. /{7151 TemMmepaTypbl IpUMEHSUIICS TOJBKO CTaHAAPTHHIN cKeinmHr (2) 6e3 morapudmmie-
ckoro macmrabuposanus (1).
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Jnis MonenvpoBanus OblTa BRIOpaHA apXWUTEKTypa HEHPOHHOH CETH, B KOTOPOW MPHUCYTCTBYET
ob0xomHas cBA3b (skip-connection) ot BXoza K BeIxoxy — tumna apxutektypsl UNET [2], Tonpko ¢ moJI-
HOCBSI3HBIMU CIOsIMU (cM.puc.l). Takum oOpa3om HEHpPOHHOW ceTH HEOOXOAWMO JUIIb BHIYYUTH W3-
MEHCHHME KOHIICHTpAIIMK BEIISCTB BO BPEMEHH, YTO TO3BOJISCT MapaMmeTpaM HEHpOHHOW ceTh 00y-
gaThest Oonee OpicTpo (006r9HO 50-100 310X 00yUeHHs TOCTATOYHO).

Kak moka3pIBaloT 3KCIIEPUMEHTHI, TPU MHOTOKPATHOM PEKYPPEHTHOM 3alyCKe HEHPOHHOUW ceTH
Ha HECKOJIKO COTEH IIaroB MEIJICHHO, HO Hen30exkHO HaberaeT onmmbka. YToObl yMEHBIIUTEL HAaOeTa-
HUE OMIMOKHU M YJIYYIIUTh Ka4eCTBO IMpPEICKa3aHUs, ObUIO MPEIUIOKECHO BKIIOYUTH B JIOCC (DYHKIIMIO
pe3yibTaThl MpelCKa3aHus HEWPOCETH Ha HECKOJBKO IAroB BIEPEN B PEKYPPEHTHOM peXuMe (CM.

dopmyiy (3)). Cers no-npexxHeMy Jel1aeT Npeacka3aHue Ha ofuH war Boepén X .. [lanee, 3To 3Ha-
yeHHe X ., NMoJgaércs Ha BXOJ, MOIy4YaeTCsl BHIXOJ CeTH Ha BTopoM miare X ,,,. Jlanee, 3To 3HaueHHe

CHOBa mojaéTcs Ha BXO[, MOJIY4YacTCd MPCACKAa3aHWEC Ha TpU LIara X U T.A. 10 HCKOTOPOIr'0 BbI-

t+3

OpaHHOTO 3HA4YeHUS N OTH 3HaYCHUS YUaCTBYIOT B IOCTPOSHHH JIOCC (YHKLIUH MPH O0YICHUU:

steps *

Nsteps

Lnsteps = Z IOSS(X'M - x t+i) (3)
i=1

rae loss - npousBonbHas GpyHKIUs omKHOKY (B Halei padore ucnonbzoBanack MSE).

Bnaronapst npeioskeHHOM apXUTEKType U croco0y oO0ydeHHsl, HeWPOHHAsI CETh YYUTCSI HAMHOTO
TOYHEE, a OMMOKa YMEeHbIIaeTCs Ha 2-3 mopsaaka (cM. Tabmuiry 1), Ipy TOM 9TO KOJIWYECTBO CIOEB B
Hell 3HaUnTeNbHO Beero 5. Takas ceTb MOXKET paboTaTh Ha OPSAOK OBICTpee, YeM YUCICHHBIA PACcUET.

Puc. 1. Apxutexrypa cetd, ceTb ¢ ogHuM ypoBHeM UNET.

Tadauua 1. CpaBHEHHE pa3IMIHOTO KOJIWYECTBA MIATOB NMpeAcKa3aHus Ny, . BO BpeMs 00ydIeHHs.

steps

Nsteps < MSE> Owmse MSE,,..« < MAE> Owmne MAE, .,

1 0.00114 0.00254 0.0228 0.0151 0.0124 0.0899

2 0.000728 0.00215 0.0268 0.0110 0.00950 0.0675

5 0.000492 0.00113 0.0139 0.0103 0.00806 0.0715
10 0.000217 0.000526 0.00480 0.00635 0.00553 0.0432
20 8.97E-05 0.000189 0.00172 0.00414 0.00363 0.0250
30 8.77E-05 0.000211 0.00170 0.00388 0.00340 0.0228
40 0.000134 0.000541 0.00755 0.00484 0.00424 0.0387
50 8.86E-05 0.000204 0.00221 0.00416 0.00306 0.0188
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MopaeaupoBaHue pPouecca pacupocTpaHeHusl 3arPA3HAIOIIAX
BenlecTB B I'eleHIKUKCKOM OyXTe HA BLICOKONIPOU3BOAMTEILHOM
BbIYUC/JIUTEIbHON CUCTEME

10.B. EGJIOBal, E.O. PaXI/IMGaeBal, A A. q)I/IHI/IHaZ, A.B. Huxurunal??

JIoHCKOM rocyAapCTBEHHBIM TEXHUYECKHUI YHI/IBepCI/ITeTl,
. . 2
00O «HayuHo-uccnenoBarenbckuil HeHTp cynep-OBM 1 HeHpOKOMIIBIOTEPOBY
HOxHbBIN (henepanbHbIA YHUBEPCUTET

PazBuTHEe TPOMBIIUIEHHOCTH M TEXHOJIOTMYECKOTO TPOW3BOJCTBA, OCOOCHHO B TEUCHHE
NOCJIEOHUX NECATWIETHH, NPUBOAUT K 3HAYUTEIBHOMY YXYALICHHIO 3KOJOIMYECKOIO COCTOSHUS
BOJIOEMOB, KOTOpBIC HauOojee IOABEPKCHHBIM Ppa3IUYHBIM OBITOBBIM, CEIbCKOXO3SHCTBEHHBIM,
MPOMBIIIIEHHBIM 3arps3HeHUsIM. EjXeroqHO B BOAHBIE OaccelHBI MOMAJArOT THICSYM XUMHYECKHUX
BEIICCTB C HEMpeACKa3yeMbIM JIeiiCTBUEM, MHOTHE M3 KOTOPBIX MPEICTABISIIOT COOOWH HOBBIE
XUMHYECKHE coelnHeHHs. PaboTa mocssiiena mocTpoOeH IO, NCCISI0BAHUIO U YNUCIICHHOMN peann3anun
MaTeMaTHYeCKOH MOJIEId TPAaHCIOPTa 3arps3HSIONMX BEIECTB, BKIOYas HePTENpOIyKTHI, B
MEJIKOBOJJHOM BOJIOEME C YUETOM psJa BaKHBIX THIPOANHAMUYCCKUX M THAPOPUINUECKUX (HaKTOPOB,
OKa3bIBAIOLIMX BJIMSHME HA XapakTep HX NPOTEKaHWs] M METOJOB €€ YMCICHHOW peau3aliy,
MO3BOJLIIOIIMX  BBIIOJIHATE IPEACKA3aTENbHOE MOJAEIUPOBAHUE PACHPOCTPAHEHMS 3arps3HEHUN B
aKBaTOPUH MEJIKOBOAHBIX CHCTEM B YCIIOBHSIX OIPaHWYEHHOIO BPEMEHM Ha BBICOKOIPOW3BOJIUTEIHHOMN
BEIMUCIUTEIRHON cucteme [1, 2]. Mcmonp3oBaHHE BBICOKONPOU3BOAUTEIBHBIX BBIYUCIUTEIBHBIX
cucteM 0c0o00 HEOOXOAWMO IPH PEUICHHH 33/1ad BOJHON ASKOJIOTHUH, MOCTPOSHHS MPOTHO30B (Kak
KpPaTKOCPOYHBIX, TaK M JOJTOCPOYHBIX) COCTOSHUS DKOJIOTHUECKUX CHCTEM, OCOOEHHO B YCIIOBHAX
NPUPOAHBIX W HWHAYCTPHAJbHBIX BBI30BAaX, KOrAa TpeOyeTcss BBIMOJHUTH MHOTOYHCICHHBIE
BBICOKOHQ/IC)KHbBIE pacueThl B OTrpaHH4YeHHOE BpeMs. OTMETHM, YTO OCHOBHBIM MPEHUMYILECTBOM
UCIIOJIb30BaHMS  BBICOKOIIPOM3BOJUTEIBHBIX  BBIYUCIUTENBHBIX CHCTEM IPH  MOJCIMPOBAHHUU
MIPOLIECCOB U SIBJCHUN OKpPY)KAIOIIEH cpedbl SABISETCA ydeT MYJIbTHIUCIHUILIMHAPHOTO XapaKTepa
peanbHBIX IPOLIECCOB, CIOXHAs TEeOMETPHs MOIEIUPYyeMoil obnactu, obOecreyeHHe BBICOKON
TOYHOCTH BBIYMCIICHUH, BBIIIOJIHCHHE OOJIBIIOTO KOJIMYECTBA PACUETOB 32 KOPOTKOE BPEMSL.

Hannas paboTa mMOCBSIIEHa MOJAETMPOBAHUIO IPOIECCOB PACIPOCTPAHEHHS 3arps3HSIOMINX
BEIICCTB, BKIIOYas HePTh W HEPTENPOAYKTH, C Y4eTOM THUAPOPU3MYECKUX K OHUOJIOTHUYECKHX
MoKa3aTened BOJOEMa, CIIO)KHOW TEOMETpUH pacdeTHOW OOJIacTH, KIMMAaTHYECKHX (aKTOpOB
OKpYy Kalollle cpellbl Ha BBICOKONPOWU3BOAUTEIBHON BBIYUCIUTEIBLHON CHUCTEME, I03BOJIMBILIEH
MOJTyYUTh PE3yJIbTAaThl MOJIEIMPOBAHMS, COIIOCTABUMBbIE C JAHHBIX JUCTAHLIMOHHOTO 30HIUPOBAHUS
3eMiIM Ha Ka4eCTBEHHOM M KOJIMYECTBEHHOM YpOBHsX. lIpumeHnmocTh pazpaboTaHHON MoaenHn K
peaybHBIM YCIOBUSM BOZOEMAa YCTAHOBJICHA B COOTBETCTBUU C JAHHBIMU CITyTHUKOBOI'O MOHUTOPWHIA
MOJIEIIUPYEMOM 001aCcTH.

Paccmotpum monnyto 3D cuctemy ypaBHeHHH pacnpocTpaHeHus 3B 3arps3HSIOmNX BEMIECTB,
BKJIIO4asi He)Th U MPOAYKTHI €€ NepepaboTKH, B pacdeTHOH objacTu — l'eneHmKUKCKOH OyxTe — ¢
OOKOBOW IOBEPXHOCTBIO 0, HEBO3MYIIEHHOM NOBEPXHOCTBIO BOJOEMA X,, JHOM X, , EPEMEHHOM

riny6uHoit H B nexapToBoii cucreMe koopauuar npu ocsx Oz, Oy, OX, HanpaBiIeHHBIX BEPTUKAILHO
BHH3, Ha CEBCP U BOCTOK, COOTBCTCTBCHHO. MaremaTtudeckast MOACIb UMECT CHeHyIOH_[Hﬁ BHU:
S, S. S. S. ’S. ’S. S.
i+u£+v£+(w—wgi)L+aSi =u 6—2'+ 0 ! 2 ui(z)ﬁ + f(x,y,2,1), @
o x oy oz o op ) o oz

rae U,V,W — KOMITOHEHTBI BEKTOpa CKOPOCTH BOIHOTO MOTOKA; Wy — CKOPOCTH T'PaBHTAIIHOHHOIO

OCaXACHUA i-oit KOMITIOHEHTBI, €CJIM OHAa HAaXOJAUTCS BO B3BCIICHHOM COCTOSIHHMH, O; — KOB(I)(I)I/II_II/ICHT

pasioxkenus i-it npumecn; f — XMMHKO-OMONIOrMYECKHH UCTOYHUK (CTOK); L4, U, — KO3(DOHUIIHEHTHI

“ MccnenoBanue BBIOTHEHO npu ¢uHaHCOBOK momnepkke Cometa mo rTpanTam llpesmmenta Poccuiickoit
®deneparuu B paMkax HaydHoro npoekrta Ne MJ[-3624.2021.1.1
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T dy3un B TOPU3OHTATEHOM M BEPTHKAIBHOM HAIPABJICHUSX; S, — KOHIEHTpaus i-ifi mpumecH,

i=1,6: 1 — pryrs (Hg); 2 — ceumen (Pb); 3 — wmaprasenr (Mn); 4 — xeneso (Fe™);
5 — ¢uromnankToH (IMaroMoBas Bogopocis Sceletonema costatum); 6 — HedTh U HePTEIPOLYKTHI.

B wmomens Brmrouensr 3B, KoHIEHTpamus KOTOpbIX B ['eneHmKUKCKON OyxTe, COTIacHO
MPOBEJCHHOMY aHAaJW3y HAyYHbIX MyOnuKanuid u 0a3 3KOJOTHYECKUX JIaHHBIX, MPEBHIIIACT
npefenbHo gonyctumyro kourentpanuio (ITJK). JlanHas Mojenb yYHUTHIBAET IBH)KEHHE BOTHOTO
MOTOKa; MHUKPOTYpOyneHTHyo mud¢y3uio; B3aMMOACWCTBHE W T'PAaBUTAI[IOHHOE OCEIaHHUe
3arpsA3HAIONIMX TPUMECEH M IJIaHKTOHA; OWOTCHHBIA, TEMIICPATYPHBIM U KHUCIOPOIHBINA pPEKHMEI;
BIIUSIHUE COJICHOCTH.

K cucreme (1) 106aBnst0TCS COOTBETCTBYIONIHE HAYaIbHBIE 1 TPAHUYHBIE YCIOBUSI.

Hamubonee pecypcoéMkoii 4acThi0 MPOTPaMMHON peann3alid MaTeMaTHIeCKON MOJIENH SIBIAETCS
(GYHKLUS pelIeHus] CUCTEMBbl TMHEHHBIX anredpandeckux ypaBHeHuil (CJIAY), Bo3HUKaromIeH npu ee
JTUCKpeTn3anuu. J[ms  yckopeHusl BBIYMCICHHN ObUT  pa3paboTaH MNapauICIbHBIA  aJNTOPUTM,
OCHOBaHHBI Ha MOAM(DHUIMPOBAHHOM IONIEPEMEHHO-TPEYTOIFHOM HTepanuoHHoM Merone (MIITM)
pemienuss CJIAY wu ucnome3yrommii texHonoruto MPI anms ocymectBieHus wHOOPMAIMOHHOTO
00MeHa MEK/TY BEIUUCITUTEISIMH.

Jisa mpoBeneHUs KanTHOPOBKH, BepUPHUKAINK pa3pabOTaHHBIX MOJEJEH, a TakxKe s MPOBEPKU
aZIeKBaTHOCTH TTOCTPOEHHBIX MOJIENe! HCITONB30BAKCEH JINTEPATypHBbIE HCTOYHUKH, DKCIIETUIINOHHBIE
JaHHbIe, KOTOPHIE MOJYYEHBI aBTOpPaMH B XOJIe Pa3lUYHBIX HAYYHO-HCCIIEAOBATEIbCKUX PadoT, a
TaKk)Ke CITyTHUKOBBIC NaHHBIE TUCTAHIIMOHHOTO 30HAWpoBaHWs 3emud. Ha pucynke 1 mpencraBieHa
CXeMa ammapaTHOrO MPOTPaMMHOTO KOMIUIEKCA, TpPEJHAa3HAUYEeHHOTO ISl  MOJAEITUPOBAHUS
THAPOPHU3HMYECKHX MPOLECCOB MEIKOBOTHOTO BOAOEMA.

g 8 [Tonbzosaremn
'

Ilaker nprknagEBX TporpaMM

! )

Mogens rugposinHaMuKa WMxrnomornveckas Moaenb

: !

Mogyne rugponuHaMAKH Mogyne 6noknHeTHKH

o |

MaremaTuueckne 6ubmmorexn, CUDA CVB]

| ITK “Azov3D” \
| MBC I'padmaecknii Ilopcncrema
| .

I

YCKOPUTEL 4 XpaHeHHS
; JAHHBIX

Puc. 1. Cxema anmapaTHO-IPOrPaMMHOTO KOMILIEKCa

HpOBeZ[eHHLIe BBIYHCJIUTCIIBHBIC W IMPOrpaMMHO-aHAJIMTUYCCKUC JOKCIICPUMCHTBI U PaCUCThI
nokasajJin aaCKBATHOCTb H pa6OTOCHOCO6HOCTI> HOCTpOQHHOﬁ B ,Z[aHHOﬁ pa60Te MaTeMaTHIECKOMN
MOJCIM PAaCHpPOCTpPpaHCHHUA 3arpA3HAIOIINX BEIIECTB B MCJIKOBOJHOM BOJ0OCMC, PIHTerPIpOBaHHOfI B
HpOFpaMMHLIﬁ KOMIUJICKC, YTO MO3BOJIACT HCIIOJB30BATH €TI0 IIPU IUNIAHUPOBAHWU ITPOTHOCTHYCCKHUX
pacucToB ONPEACICHUA KaUCCTBA BOJA B PA3JIMYHLIC IICPHUOIbI BPDEMCHU.

Jlureparypa

1. HUrnatoB A.B., Kpasuenko B.B. Hudopmamnonnoe moaenupoBaHue 3arpsA3HEHHS BOJHBIX
o0wexToB // HoBocubupck: M3a-so CO PAH, 2008. — C. 144-150.

2. Cawmapckuii A.A., Babumesud [1.H. UucneHHbie MeTONBI pellieHus 3a/1a4 KOHBEKIUU-TUuhy3un.
M.: URSS, 2009. 246 c.
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O paHroBOM pacIpeesIeHUN CYIePKOMITBIOTEPOB B
cnucke top500]

C.K. ITukoral?

! HanpmonambHblit Bccie10BaTeIbCKIH YHEBEPCHTET «BhICIIast MIKOIa SKOHOMIKI»
2 Hayumsrit entp PAH B Yeproronoske

Mpb1 anasm3upyeM paHIrOBbIe PACIPEEICHNs, TIOCTPOEHHBIE Ha OCHOBAHUH CIIICKOB CY-
nepkoMIibioTepoB B crcke TOP500. Mcnonb3yst mogudunuposansbiii 3akon [urda,
MBI U3BJIEKJIU IOKA3aTeJIb CTEIIEHH, XapaKTePU3YOIIHii PAHIOBOE PACIIPE/IE/IEHUE CY-
MIEPKOMITLIOTEPOB 10 MakcuMabHoit MormaocTr Ha Tecte LINPACK. IToxorke, uTo B
TeYeHre MHOTUX JIET BBIYUCJUTEIbHAS MOIIMHOCTH HoauuHsiercs 3akony llwumda co
3HadeHneM Mokazaress Osm3knM K 3Hadennio 0.66. Mbl obHapyKWIM OTKJIOHEHTE
OT 9TOr0 3aKOHA B IOCJEIHUX IIECTH IIOCIEI0BATEJLHBIX CIIUCKAX, HAYNHAS C HIOHS
2018 roma o Host6pst 2020 r0oj71a, UTO MOYKHO OTHECTH K HOBOMY SIBJIEHHIO. B OCHOB-
HOM 9TO CyHEPKOMIIBIOTEPHI CPeHeil MOIIHOCTUH ¢ MAKCUMAaJIbLHOI MOIIHOCTHIO 1649
TFlops, mpeaocTaBsione yeayru 00JadHbIX CEPBUCOB, YCIYTH XOCTHHTA U JIPyTUe
IT-cepBucer. o 2017 r. BKIIOYATEIHHO OOIBINA JACTH CYyHEPKOMIBIOTEPOB U3 CIIHC-
Ka OblLJIa yCTAHOBJIEHA B UCCJIEI0BATEIbCKUX IIEHTPAX U yHuBepcuTerax. B komnme 2019
ro/1a OBLIN OXKUJAHUS, ITO 3TA TEHIECHIINS TPOJIOJIKATCA U 00CYK/1aJICsT KPU3UC B Ha-
YUYHOM CEKTOPE BBICOKOIIPOU3BOJUTEIbHBIX BbluncjeHuil. O HAKO, PA3BUTHE BBIUMC-
JINTETLHBIX MOITHOCTEN B 3TOM CEKTOPE MPOIOJIKUIOCH, KAK U B IIPEIBLIYIIIE TOIbI.
Boustee Toro, zamerHbBIil POCT 4mCIIa CyMEPKOMIBIOTEPOB CPEIHEH MOITHOCTH B CEK-
Tope IT ycayr ocranoBmiicst m yka3anublii Bbilie 3akoH Llunda ¢ mokazaresrem 0.66
BOCCTAHOBUJICH.

Karuesnie crosa: cyniepkomibiorepsl, topb00, panrosoe pacipeesnne, 3akoH [umda.

1. BBenenue

C 1993 rozma mBaxapl B roj nybsmkyercs ciimcok TOP500 nanbosiee MONTHBIX CYIIEPKOMITHIO-
TepHBIX cucreM Mupa [1]. Dror crmcok npeocTaBisieT yHUKAIbHYI0 HH(MOPMAIIIO O CYHEPKOM-
HBIOTEPHBIX CUCTEMAX, KOTOPAs [I0JIE3HA JIJIs AHAJIN3a TEXHOJOTMIeCKUX HAIIPABICHUI Pa3BUTHS.

Hacrosttiast 3aMeTKa MOCBSIIEHa TPEABAPUTEIBHOMY CTATHCTHIECKOMY aHAJN3Y OIHON U3
OCHOBHBIX XapakTepucTuk u3 crucka TOP500 R,q; — MAKCHMaIBLHON MPOU3BOIUTEHLHOCTH CY-
[IEPOKOMITbIOTEPOB, TIoKazaHHbIX Ha Tecte LINPACK [2].

2. Panrosbie pacnpeiesieHust

Pacnpenenenns: co cremeHHOM 3aBUCUMOCTHIO OOHAPYZKEHBI B COIMAJIBHBIX CETAX Oojiee cTa
ser Hazal,. [lapero [3| obuapykui, aro pacupesenenue joxoma D BO Beex cTpaHax MOMIHHSIETCS
BBIPaKEHUIO

F(f) =1 (m/D)* (1)

C TIoKa3aTejieM SKCIIOHEHThI & &% 1.5 U HEKOTOPO# KOHCTAHTON M.

Tpuauars aer cuyers Hund [4] obrapyKui, aro orHOcHTeabHAsl Yacrora f TOro, YTO B
AHIVIMHCKOM JIUTEPATYPHOM TEKCTE CJIOBO CTOUT HA T-OM MECTE YHOPSJIOYEHHOTO II0 YacCTOTe
crucka, 0OpaTHO MPONOPIUOHAJIBHA €ro MecTy (DaHTy) B 9TOM CIIUCKE

frox1/r, (2)

*Pabora BbITIOIHEHA TIpH TIofIepKKe rpaaTa PODPU 20-07-00238 "Anams maHHBIX U BBISBICHHE 3aKOHOMED-
HOCTE! B PA3BUTHM CYIEPKOMIIBIOTEPHBIX IIPUJIOXKEHUI U CYIIEPKOMIIBIOTEPHBIX cucreM"
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U 9TOT 3aKOH BBINIOJIHAETCS JJIsl PAHI'OBBIX PACIPE/ICJICHUI B TOM CJIydae, eCJIM CPpeIu JIEMEHTOB
CIIICKA OTCYTCTBYIOT MPUYNHHO-CJIEJICTBEHHBIE CBSI3M.

B mayunoit sinteparype npumensiercss Takxke obobinennast ¢opma 3akona [lumda C TI0-
Ka3aTeJieM SKCIIOHEHTBI (¢ C IM0Ka3aTe/IeM SKCIIOHEHTHI, IPUHUMAIOIIEM JIIOObIe TOJIOXKUTETHHBIE

BHATEHUS
«
froc1/re, (3)
10 < a < 1B caydae, eciiu MEXK/Ly 9JIECMEHTaMU CIICKA NMEIOTCsI IPUINHHO-CJI€JICTBEHHBIE CBI3N
(koppestsiiyn).

Jljis1 BLIpaBHUBaHMA BKJaJa ¢ OOJBIIMME dacToTaMu Maniean6poToM OblLia IpeIoxKeHa
mouduKalys, moJydnBiias HasBanne 3akona [unda-Maneasopora |5

b
[ @)
(c+r)>
,ZLJIH KOppeKHI/H/I BKJIaJa MaJIbIX 9aCTOT U BpraBHI/IBaHHH XBOCTa paCHpe,ﬂ;eHeHHﬂ 6BI.H BBCICH

eme ojuH napamerp [6]
b

(c+r)e (5)

YTO TIOMOTJIO YCTAHOBUTE € GOJIBINON JIOCTOBEPHOCTHIO BHITIOTHEHIE OPUTHHAILHOTO 3akoHa [{umda
¢ ToKaszaresieM « = 1 IpU aHaJIM3€e PAHIOBOIO PACIIPEJIeJIeHUs B IIOIYJIsIPHOCTH web-caiiTos [6].

B namem anaause Mbl OyjeM NpUOIUKATH JAHHBIE C TOMOIILIO UMEHHO TAKOTO MPUOJIIZKe-
nus (D) k 3akony Hunda.

fr=a+

3. Panrosoe pacmpegeiieine MakKCUMaJbHOM IIPON3BOANTEIHLHOCTU
R,,.: CyIIEPKOMITBIOTEPOB

MaxkcumasbHas MTPOU3BOIUTEILHOCTD [y, CYIEPKOMIIBIOTEPOB U3MEPSIETCS HA HAKeTe JIu-
neitnoii anre6pel LINPACK [2| B emununax TFlops — 10'2 omepanmii ¢ iaBaomeil 3aIATONR
B cekyHy. Ha pucyske [I] nokasano panrosoe pacupezesieHne MakCUMAJIbHON MOITHOCTH Rypqy
cynepkoMibioTepoB u3 crnuckoB TOP500 ¢ 2016 roga mo 2019 rox (B mopsijike CHU3Y-BBEDX ).
BamMeTuM, 9TO B C/Iydae CTEIEHHOTO MOBeJeHus 110 3akoHy Llurida, HA puCcyHKax B JBaXKIIbI JIO-
rapudmudeckoM macirade (orapudm Ry, — Jorapudm paHra 1) JaHHBIE OYIYT JOKUTHCS
Ha [PSMble JIMTHUU ¢ HAKJIOHOM «. IIpu 3ToM OyIyT OTKJIOHEHHS OT MPSIMOMl IIPU MajOM 3HAYTE-
HUU PaHra T, JJjIs CHPSAMJIEHUS KOTOPBIX HY2KHA Honpaska Mamaesasbpora ¢, Ha u 1pu OOJIBIITHX
3HAYEHUSIX PAHTa T, JIJIsl CIPSIMJIEHUsS] KOTOPBIX HYKHA HONpaBka (cMorpu Bbipazkenue ((5))).

B kaxmom rogy myOsmKyeTcs Ba CIHUCKA — UIOHLCKUY n HOsgOpbekuii. [TITpuxoBoil unueit
Ha pucyHke [[] mokazama mpsiMast ¢ HAKJIOHOM, COOTBETCTBYIOMINM OKA3ATE IO CTEIICHH IPUMEPHO
a = 0.66. Bugro, uro 1o 2018 roma pacrpeseeHne MOITHOCTH CYIIEPKOMITBIOTEPOB HEILIOXO
COOTBETCTBYET 3TOMY 3HAYEHUIO.

B 2018 romy mpou30Iiio HOBOE SIBJIEHHE B PAHTOBOM PACIIPE/ICICHIH MaKCUMAaIbHONW MOIITHO-
cTU cynepkoMIibioTepoB. Ha pucynke [2| mokazaHo oT/ie/IbHO pAHIOBOE PACIIPE/IETICHIE HIOHBCKOTO
cuucka 2018 roga. Cuneil JimHMeR OKa3aH HaKJIOH IIPsAMOil ¢ nokasareieM « = 0.66 um Kpac-
HOIl JInHWell MoKa3aH HAKJIOH IMpaAMOI ¢ mokazaTeneM o = (.83, KOTOPBIH MOTyUIeH C IOMOIIBIO
npubJIMKEeHUS JTaHHBIX 110 (hopMmyJie ¢ orbpacbiBaHueM JaHHBIX i panra 6osee 100. UnuTe-
pecHo, 4To B jnanazone panroB 6osiee 200 JaHHbBIE MO-TIPEKHEMY XOPOIIO AIIPOKCUMHUPYIOTCS
HakJioHOM ¢ o = 0.66. B quanazone mpumepno ot 100 mo 200 BuIHO ILJIATO.

Taxum obpaszom, B 2018 romay B cuucke topb500 Hamu 0OHAPYKEHO OTKJIOHEHUE IMOKA3aTEe I
PAHTOBOTO pacHpee/ieHns OT MPEIBIIYIIIX JIET U OOHAPYKEHO ILIATO.
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Puc. 1. Panrosoe pacmpenesienne MaKCHMAJILHONR MOITHOCTA R4, CYINEPKOMIIHIOTEPOB U3 CIIHCKOB

TOP500 ¢ 2016 roma mo 2019 rog.

0,14

, TFloap

max

R

0,01

1 10 100
Rank

Puc. 2. Panrosoe pacupejiesienne MakCUMAaJIbHOW MOITHOCTH [Ry,q, CYTEPKOMIIBIOTEPOB U3 UIOHBCKOTO
crcka TOP500 3a 2018 rog.

4. O m1aTo B PAHTOBOM pacIIpeeJeHuN

Anamus ciimckos TOP500 mokasaJ, uyro HaumHas ¢ uons 2018 roga B CIECKe HOSIBUIOCH MHO-
o CyIEePKOMIBIOTEPOB ¢ MAaKCUMaJIbHOHM MomHocThio 1649 TFlops. 9To KoMIbiOTEphl KOMIIAHIH
Lenovo, momens C1040 ¢ 20-Tu siaepabiME mporieccopaMu Xeon E5-2673v4 ¢ 2.3 GHz. O6iee unc-
Jio siaep 57600 n nmamsitu 737280 GB cymmaphHo Ha y3iax, oobeauneHHbIX ceTbio 40G Ethernet.
Takue cynmepKOMITBIOTEPHI YCTAHOBJIEHBI HE B TPAIUIIMOHHDBIX CEKTOPAX HAYKH M 00Pa30BaHUsI, TO-
CY/TapPCTBEHHBIX YUPEXKICHUN U THJIPO-METEO0 IEHTPax, & B KOMIIAHUSIX, OCYIIECTBIIAIONINX YCIYTH
IT-cepBucos xoctunra u 06/1a9HBIX yCIyT. [IprdeM, KOMIIAHUY PACIIOIOXKEHBI BO MHOTUX CTPAHAX
- CIIIA, Ascrpanus, Cunramnyp, loukonr, Kurait, lomrangus, Hopsernst u T.1.

Taxum o6pa3omM, HOBOE sIBJIEHUE CBA3aHO C HECKOJILKUMHU (pakTOopamMu. Bo-1mepBbIX, 9TO Tex-
HOJIOTMYeCKasi BO3MOYKHOCTh MaCCOBOT'O BBIITYCKa KJIACTEPOB OOJIBINON TPOU3BOANTETLHOCTH, KO-
TOPYIO OCYIIECTBUJIa KuTalickasg kKoMmmanus Lenovo. Bo-BTOpBIX, 9TO pe3Koe TEXHOJOTHIECKOe
pa3BuTHE MOOMJILHOH CBsI3U M MHTEpHETa-Bemeii. VI B TpeTbux, KaK OTKJ/IUK - PE3KUIl POCT PHIH-
Ka OOJIAUHBIX YCIAYTU M yCAyT XocTuHTra. Ecium B mnepsoit mojgoBuHe 2018 roma Takux ILIOMIAI0K
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nosgBUJIOCH 395, To K KoHIty 2019 rojia ux craso 85.

Nurepecuo, uro B 2020 roay mpupocTa TaKUX ILIOIIAI0K HE ITPOU3OIIIO — UX MMO-TIPEKHEMY
85. DToMy ecThb J[Ba BO3ZMOXKHBIX 00bsicHeHUsi — 1) dopmupoBanue pbiaka [T-yeiyr BpemenHO
3aKOHYMJIOCh, JIOCTATOUHBIN 3318/l PECYPCOB Ha CErOIHSAIIHUN JeHb U 2) BJIUSHUE NAHIEMUH.

0O 00

1000004 -

10000 4

, TFloap

max

1000 o

R

Rank

Puc. 3. Panrosoe pacupejesenne MaKCHMAaJILHONH MOITHOCTUA R,,,, CYNEPKOMIILIOTEPOB U3 CIIHCKOB
TOP500 ¢ 2016 roma mo 2020 ro.

NuTepecno, 4To BAMAHHUE IIJIATO Ha ODINEe PAHTOBOE PACIIPEIe/ICHIE OKA3aJI0Ch BPEMEHHBIM
- Ha HosiOph 2020 roma paHroBoe pacupeeseHne MOKa3bIBaeT TO K& 3HAYEHHE MOKA3aTe s (v =
0.66, 9TO M 0 MaCCOBOTO MIPOU3BOJICTBA CYIIEPKOMIIBIOTEPOB JjIsi XOCTHHTa pupmoit Lenovo. Do
MOKHO YBHUJIETH Ha PHCYHKE [3]

5. 3akJiroueHue

B pabote ObLT Ipe1IoKeH CTATUCTUYIECKUH aHAIN3 TaHHBIX O CYIEePKOMIILIOTEPaX U3 CIIUCKA
TOPS500 na ocrHoBe MOIMUMUIUPOBAHHOTO PAHIOBOI'O PACIIPEJEICHUS U IIPEJICTABJIEHBI [IPE/IBa-
puTeJIbHbIE DE3YJ/IbTAaThl aHaJIN3a MaKCUMaJIbHO IPOU3BOAUTEJIBHOCTU CYIIEPKOMIIBIOTEPOB. r‘II/IC-
JIEHHO OTIpeJIe/IeH ITOKa3aTe/Ib PAHIOBOIO PacIpeIe/ieHusi, KoTopbiit ctabusen ¢ 2016 mo 2020 rog.
Uckiirouenne cocraBmiio popMUPOBaHME ILIATO U3 KjaacTepoB [ T-cepBucos xocTuHra n 00IaIHBIX
yearyr B 208-2019 rogax na ocuose 85 cymepkomibioTepoB Lenovo C1040.

Pabora Beinosinena B pamkax rpaata POOU 20-07-00238.
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Omnenka 3¢ dexktuBHOCTH MoaucpummpoBanabix CSR
¢dopmMaTOB NpeiCTABIECHUS MaTPUIL
IIPY Peaim3aliui NTEePAIMOHHBIX METOIOB PelleHns
CHCTeM ypaBHEHWUil

P.M. Kynpnﬁl’Q, Bb.I1. KpaCHOHOﬂbCKI/Iﬁl

"Mucturyr Mexamukn MI'Y nvern M.B. Jlomomocosa,
2@axyasrer BMK MI'Y nmenu M.B. JlomonocoBa

Perrtenne pa3spekeHHBIX cucTeM JHHEHHBIX anarebpamdeckux ypasuennit (CJIAY) asiasercs
OJHUM W3 PACIPOCTPAHEHHBIX BOIPOCOB TPU MOIEIUPOBAHUHN 33149 MaTEeMaTHIECKOH (pu3mKu.
Peasiuzanus Berauncjinreibuo-3PpGHEKTUBHBIX aJIOPUTMOB, & TAKXKe COBEPIIEHCTBOBAHUE UX IIPO-
TPAMMHOIT PEATM3AINY SIBJIAIOTCA aKTYATbHOM TP00IeMOoit, TpeOYIOIIeit TOCTOTHHOTO BHUMAHUS B
CBETE PA3BUTUA aPXUTCKTYPbI BHIYUCIUTEIbHBIX CUCTEM. OILHHM n3 TaKUX BOIIPOCOB, paCCMaTpPH-
BaeMBIX B JIAHHOI paboTe, SIBASETCA OIEHKA PA3JINYIHbIX (DOPMATOB MPEICTABJIEHNS PAa3PEKEHHBIX
MAaTPWUI], UCIOJTH3YEMBIX MPU PEATU3AINY AJTOPUTMOB JIMHEHHON aaredpol.

[Ipm pemennn paspexenubix CJIAY s3HauUTEILHOE BpEMsT BBIYHCIEHUH TPUXOIATCS HA BbI-
nostHeHre 6a30BOi Onmepanuu yMHOXKeHus Marpunbl HA BekTop (SpMV) Bupma: y = Az, rme
A € R™™ - paspeeHHas MaTPUIA C NNz HEHYJIEBBIX 371eMeHTOB (nnz < n - m); x € R™,
y € R" - miorHbIE BEKTOPA.

Ocobennoctrio onepariuu SpMV dpjisgercd ee HU3Kasi BRIUUCIUTEIbHAA UHTEHCUBHOCTD: Ha
KazXKAYI0 BBIYUC/IUTEC/IbHYIO OIIEPAllUI0 CJIOZKEHUYAd WJIW YMHOXKEHUA [MPUXOAUTCA qTeHI/Ie/3aHI/ICb
mopstaka 10 Gaiir maHHBIX. Bosbmo#l Tpaduk JAHHBIX HIpPeod/agaeT HaJ yAeJTbHBIM 00hLEeMOM
BBIUHUCJIEHUH, TTOITOMY BpPEMsl MX BBITTOJTHEHWS, & 3HAUUT U 3(PPHEKTUBHOCTH BCETO AJTOPUTMA,
OTPAHUYWBAIOTCS, B TIEPBYIO OUEPEIb, ITPOIMYCKHON CIIOCOOHOCTHIO MUHBI MTAMATH BBITUCIUTE -
Hoit cucrembl [1|. Oxaum w3 BapwaHTOB moOBbIMEHNsT 3(M(MEKTUBHOCTH MOJOOHBIX AJTOPUTMOB
ABIAETCS OITUMMU3AINA CITOCOO0B XPaHEHNS JAHHBIX B TAMSATH, 1 B YaCTHOCTH, (DOPMATOB MIPe/I-
CTaBJIEHUS PA3PEKEHHBIX MATPUIIL.

Cpenu dopMaToB XpaHEHUs Pa3PERKEHHBIX MATPHUIL TTUPOKOE PACITPOCTPAHEHUE MTOJTY IHIT
yuusepcanbhbii ¢popmar CSR [2] (Compressed Sparse Row). Ou npenmnosiaraer, aro nHbOp-
MaIisl O HEHYJIEBBIX DJIEMEHTAaX MAaTPHUIlbl Xpauutca B Tpex maccuBax: Val, Row u Col. Pasmep
maccuBoB Val m Col paBeH nnz, a pa3Mep MaccubBa Row paseH n + 1. Maccus Val xpaHHUT 3Ha-
YEHUsI JIEMEHTOB, MaccuB COl XPAaHUT WHJIEKCHI CTOJIOIOB 9THX JIEMEHTOB, a MacCuB Row —
nHAMOPMAIHUIO O KOJTUYECTBE SJIEMEHTOB B KaXKJI0l CTPOKE MATPUIlbl. PazMep 11e1049uCIeHHbIX TH-
TTOB JIAHHBIX, UCTIOIb3YIONIUXCS B ABYX MOCJETHAX MACCUBAX, OMPEIEAAETCS PA3MEPOM MATPHIIEI
U KOJIMYECTBOM HEHYJIEBBIX IJIEMEHTOB.

B nmpencrasiennoii pabore uccyenytorcs naa monudunuposanabix dpopmara — ICSR (Incre-
mental CSR) [3] u RICSR (Row Incremental CSR). Moauduxanusa dopmara ICSR nanpasiena
Ha u3basiienue or maccuBa Row. [lpu aTom, BMecTo MmaccuBa Col ¢ HOMepaMu CTOJIOIOB 3JIEMEHTOB
WCIIOTH3YeTC sl MAaCCUB Tpupaiienuit Inc pasmepa nnz + 1, comepkaiuil mpupariesnst HOMEpPOB
cTOJIOII0B 3JIEMEHTOB MaTpUllbl. BUTHOCTEL THIA MAHHBIX JIJIsi XpaHEHUs SJEMEHTOB MaccuBa Inc
orrpeaeadaeTcda BEJINYUHON MaKCHUMAJIbHOI'O opupaleHnd COCeIHnX IJIEMEHTOB.

®opmar RICSR opuentupoBan Ha cokpaiienue noTpebsisieMoil maMaTh st XpaHEeHUsT Mac-
cuBa Col. BMecTo OIHOrO MacCHBa, COAEPKAIIErO WHIEKCHI CTOJIOIOB 9JEMEHTOB MATPHUIIBI, HUC-
nonb3yercs gaBa MaccuBa Col_O m Col_i pasmepa n u nnz-n coorBercrBeHno. Maccus Col_0
XPAHUT WHIEKC CTOJOIA TEPBOTO HEHYIEBOTO 3JeMeHTa CTPOKU, TOT/Ia Kak MaccuB Col_i comep-
ZKUT CMEIMEHNA MHACKCOB TTOCJIEAYIOMINX 3JIEMEHTOB OT MHIEKCA IMTEPBOTO IJIEMEHTA. B])II/II‘p])H_H B

*Pabora nmommep:xkana rpaarom PH® 18-71-10075.

169



Cynepkomnviomephule onu 6 Poccuu 2021 // Russian Supercomputing Days 2021 // RussianSCDays.org

HCIIOJIBL30BAHNY TTAMSTH COCTOUT B TOM, YTO OMTHOCTD THUIIA JAHHBIX JId MaccrBa Col_i ompene-
JIFETCS MAKCUMAJILHBIM CMEMIEHNEM TIOCIEIHErO 3/IEMEHTa CTPOKK OT TepBoro saementa (offset).
[TockombKy IHCIO HEHYJIEBLIX 3JEMEHTOB B MaTPHUIE OOBIYHO CYIIECTBEHHO IPEBLIIIAET UHUCJIO
CTOIONOB, & MUPUHA JIEHTHl MATPUIILI - OrpaHudeHa (b0 MOTYT JOMOJTHUTETHHO TPUMEHATH-
Csl aJITOPUTMBI [IEPEYITOPSIIOUCHIS SJIEMEHTOB MATPHUITBI JJIsi C2KATHs JIEHTHI, Hampumep [4]), To
TaKad OIITHUMU3aIUA MOXKET 6bITb IIPAKTUYICCKHA 3HAUUMOI.

st paccMOTPEeHHBIX (POPMATOB IPEACTABICHAA MATPHI] MOI'YT OBITH [IOJYYEHBI TEOPETHYIe-
CKHe OIICHKHN BPEeMEHU HCIIOJTHCHHWA OIlepaliun yMHO)KeHI/IH MaTpPUIbl Ha BEKTOP, OCHOBAHHBIC HaA
0o0beMe CUNTHLIBAEMBIX M 3allHCLIBAEMBIX JAHHLIX M IPOIIYCKHON CIIOCOOHOCTH IIHHLI TAMSITH BLI-
YUCINTENBHON cucTeMbl. QO0beM JTaHHBIX JIJIsl BBIOJIHEHNS oreparuun SpMV jijist pacCMOTPEHHBIX
dopMaTOB COCTABNT:

Yosr = F -nnz + P(nnz) - (n+1) + P(m) - nnz,
Yicsp=F -nnz+ P2m—1)- (nnz+ 1),
Yricsg = F -nnz+ P(nnz) - (n+ 1) + P(m) - n+ P(of fset) - (nnz — n).

3aech F' - pazmep Thma JaHHBIX C JIABAOIIEH TOIKOI, a P () - pazMep MUHIMAJIBHOTO [1EJT09NC-
JIEHHOTO THUIIA TaHHBIX, B KOTOPOM MOYKeT ObIThH Pa3MEeITeHo 9ucio x. st TecTOBOM MaTpUIIBI, CO-
OTBeTCTBYIOIIEl ucKpern3anun ypasaenus [Iyaccona B Kybudeckoit obsractu Ha, cerke 1503, mo-
JIYUEeHBI OIEHKW OXKUIaeMOro yckopenust oneparn SpMV, koropsie cocrasunu: Tosr/Tiosr =
1.05, TCSR/TRICSR ~ 1.16.

Paccmarpusaembie Boitiie popMaThl XpaHEHUS MATPUIL ObLIN PeaTU30BaHbl B pa3paboTaHHON
O6ub/IMoTeKe YMCIEHHBIX METOIOB JIjId PEIeHUsT CUCTEeM JIMHEHHBIX aJIre0pamvdecKux ypPaBHEHUN
XAMG [56]. IlpoBenentoe TecTupoBaHEE TOKA3aI0 BO3MOXKHOCTD YCKOpeHust orepanun SpMV u
Beeit nporieaypsl pererus CJIAY B 1ie10M 33 caeT UCOJIB30BaHUS MOAUMUITUPOBAHHBIX (hopMa-
TOB TpejcTaBienus: Marpuil. /s yKazaHHOU TeCTOBON MaTPUIIBI IOJYYeHO YCKOPEHUE OlepaIiuu
SpMV nopsguka 5% aiua dpopmara ICSR, u nopaika 12% piua dpopmara RICSR, uro coorser-
CTByeT TeopernueckuM oreHkaM. Jasa peanusannm meroga pemenust CJIAY, Ha ocHOBE MeToa
BiCGStab ¢ anrebpanyueckuM MHOTOCETOUHBIM METOIOM B KadeCTBE Mpeao0yC/IaBaIuBaTEe s 10~
JydeHo yckopenue nopagaka 3% ans dopmara ICSR, w mopsaka 13% ama dopmara RICSR, uto
TaK»Ke COOTBETCTBYET TEOPETUIECKUM OIEHKAM.
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ITapajuieJibHBIN AJTOPUTM YHCJIEHHOTO METO/1a MOIEJIMPOBAHUS
MAaccolepeHoca AByX(pa3HOH KUIKOCTH B TPECHIUHOBATO-NIOPOBOM
KOJLJIEKTOpe

JI.B. EHI/IKeeBal'Z, P.M V3;1H6aeB2, A.A. MaSI/ITOB3, 10.0. Bo6peH'éBa2, UM.I' y6a171;[ymmH2’3

1I/IHCTI/ITyT BBIYHCIUTEILHON MaTeMaTUKU U MaTeMaTudeckoi reodusnku CHOUPCKOTo
otaeneHus Poccuiickoil akageMuu HayK,
Zy(bI/IMCKI/Iﬁ rOCyJIapCTBEHHBIN HE(PTIHON TEXHUYECKUI YHUBEPCUTET,
3I/IHCTI/ITYT Herexumun u katanuza Y OUL] PAH

PaccmarpuBaeTcss  MaccomepeHOC B KOJJIEKTOpPE  TPEIUHOBATO-TIOPOBOrO  THIMA.
Maremarnyeckasi MOZEJIb JAHHOTO TIPOliecca ONHUCHIBACTCS CUCTEMON A depeHInaIbHBIX
YPaBHEHUI C YaCTHBIMM IPOU3BOAHBIMM. JUJII YHUCIIEHHOIO PEUICHHsS JAHHOW CUCTEMBI
UCIIONIb3yeTCs HEesIBHAsI KOHEYHO-pa3HOCTHast cxema. [isl pelieHus: ypaBHEeHUi ¢ OJI04HO-
TpeXUaroHaJIbHOM MaTpULEH IPUMEHAETCS METOJ CKAIIPHOW IIPOroHKU. [ ycKOpeHus
TPYOEMKHUX PACUETOB PaCCMaTPUBAETCS [apPAJIICIIbHBIN arOPUTM.

Kniouesvie crosa: matemMaTHdecKas MOACIb, CHCTEMA ,I[I/Iq)(i)epeHL[I/IaJ'IBHLIX ypaBHeHI/Iﬁ C
YaCTHBIMM NPOU3BOAHBIMH, YPABHCHUC TbE30MPOBOJHOCTH, JIBOMHAS TMOPUCTOCTD,
CKaJsIpHas MPOTOHKa, MapaljiCJIbHbIC aJITOPUTMBI.

TpenrHOBATO-MOPUCTHIC KOJIEKTOpA XapaKTEPU3YIOTCSI MHTEHCHBHBIM OOMEHHBIM TOTOKOM
KHUIKOCTH MEXKIY TPEUIMHAMH W TOPUCTBIMH OJOKAMH, YTO BHOCHT OMPE/ICICHHBIE KOPPEKTHBHI B
HU3BECTHBIC METOAbBI OIpEACIICHUA (I)I/IJH)Tpa]_[I/IOHHI)IX mapaMeTpoOB. I[J'Dl TOIro tITO6I)I
I/I[[CHTI/I(bI/I]_[I/IpOBaTI) OIIMCAaHHBIC (bI/IHLTpaHI/IOHHLIC IIOTOKH, HCO6XOI[I/IMI)I TaKHu€ YHMCJICHHBIC MOJCIIN,
KOTOpbIC Obl YYHTHIBAIM TAaKKE W TPEIIMHHYIO COCTAaBISIONLYIO KOJUIEKTOpa. PaccMaTpuBaroTCs
IByX(a3Hble ypaBHEHUs QUIBTPALMH KUIKOCTH B TPEIIMHOBATO-MIOPOBBIX KOJUIEKTOPAX, 3alIMCAHHBIC
B JIMBEPIeHTHOH popme:
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nopuctocth (m.ex), k* — abcomorHas mpoHUIAaeMocts (M%), ki, ky, — OTHOCHTENBHBIEC (a30BEIE
nponunaeMocty (M2), u;— Bszkocts ([a-c), g j = IEOUT KUJKOCTH (M/eyT), S*— HACBIIICHHOCTb, P; *—
ILIOTHOCTH (T/M°), U - ckopoctb Teuenus Gasbl, 0 — KOdPOHUIMEHT TPEIMHOBATOM TOPOIbI (1M, L
— pasmep G110KOB (M°), @ — JTMHA CTOPOHbI OJI0KA MATPHIIBI (M).

[TpumeHeHne NMPOTOHKH K PEIICHHIO0 pa3sHOCTHOM 3amauu (1)-(4) mpHBOIUT K JBYM OCHOBHBIM
TPYAHOCTSIMH: HESKOHOMHYHOCTBIO IO YMCIy ACHCTBUH (T.e. OONBLIOE BpeMs CUeTa) W, INIAaBHBIM
o0pa3oM, HEOOXOAMMOCTBIO B OOJNBIIMX pecypcax MammHHON mamsatu. Ecim B pacdere marpuma
uMeeT OONBIIYIO Pa3MEPHOCTh, TO HEOOXOANMO BBIIENATH OOJIbIIEe BHYTPEHHEH MaMsTH, a 3TO B CBOIO
ouepeab NPUBOIUT K YBEIMUCHUIO BPEMEHH pacyera.

[ns pacnapaienuBaHus pacyeToB UCIOJb30Bajack TexHoaoruss MPIL. PenynupoBannas cucrtema
BCSl pelIaeTcss Ha OJHOM, ympaisitonieM BceMm cuetoMm O-mponeccope (Rank=0). Takxke ocHOBHOM
MPOLIECCOpP PEelIaeT OJHY U3 CUCTEM pabouero mpoueccopa, YTo yBeJIMYUBAET CTENeHb Mapaienn3mMa
U yMeHbLIaeT obuiee Bpems cueta. Ha pucynke 1 onucano B3anMoecTBUS IPOLIECCOPOB.

OcHoBHoOI4 Npoueccop

-0TNpPaBAAET MHAEKCHI NAaPaMETPUYECKMX HEU3BECTHBIX
W Ap. HaYaNbHbIe BXOAHLIE NapaMeTpsl ’_l—_;|
=

[ PaBoune npoueccopbl

-pewarT CBOU CUCTEMBI \/paBHeHMﬁl

-0TNPaBAAIT MaCcCHB 418 PEAYLMPOBAHHOW CUCTEMBI
- B —— vy

" OcHoBHOI npoueccop

-peLaeT peayLuupoBaHHYKO CUCTEMY
-0TNpaBAAeT NapamMmeTpUUecKMe HEM3BECTHLIE
|- — — — o

Pa6oune npoueccopbl

-OKOHYaTenLHoM pacyeT pelweHnA ‘

Puc. 1. Cxema oOMeHa MeXAy MPOLECCOPAMU U BBIMOJIHAEMON UMH PaOOTHI

Takum oOpazom, B paboTe MpejicTaBliieHa MareMarhieckas Mojelb (QUiIbTpanuu JAByX(]a3Hoit
JKUJIKOCTU B KOJJIEKTOPE TPEIIMHOBATO-NIOPOBOro Tuma. [ perienns JaHHOU 3aaudl BBIOpaH METO.
CKaIApHOM mporoHku. llpogemoHcTpupoBaHa cxemMa oOOMEHa MEXAYy MpoLeccopaMu Ipu
pacnapaiieNuBaHu CKaJIIPHON IPOTOHKH.

HccnenoBanre BBIMOIHEHO 3a cueT rpaHTa Poccuiickoro Hay4ynoro ¢onpa (mpoekt Ne 21-71-
20047).
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IloBbIlIeHHE MPOU3BOAUTEILHOCTH pacueToB ab initio
MOJIEKYJISIPHOM TuHAMUKH npu nomouu GPU

A.A. Enucees, H. I'. Auapeanu, A.A. Mutpodanos

Xumnueckuit paxkyaprer MI'Y nmenun M.B. JlomoHnocoBa

Meronq ab initi0  MomeKyJISApHOW JMHAMHUKH  SIBJISICTCS  MOIIHBIM ~ HHCTPYMEHTOM B
BBIYHCJIUTEIBHON XUMHHU M HayKax o Matepuanax. OcoOSHHO 9acTO JAHHBIH METO]| IPUMEHSETCS B
o0macTsX, CBS3aHHBIX C pa3pa0OTKOW HOBBIX JIEKAPCTBEHHBIX MpPENapaToB W (YHKIHOHATBHBIX
MaTepuagoB, a TaKKe KOMITBIOTEPHOM MOJCIHPOBAHUM HX CBOWCTB. OIHAKO TPH NPHUMEHEHUH
JAaHHOTO TOAXOAa MAaKCHMAJbHBIM pa3Mep pPacCUMTHIBAEMOW CHCTEMBI OKAa3bIBAETCS JKECTKO
OTpaHUYeH JOCTYITHBIMU BBEIYUCIUTEIBHBIMU pecypcamu. Vcnonb30BaHue rpaduuecKoro npoueccopa
(GPU) - oaumH M3 caMbIX MOIIHBIX CIIOCOOOB MOBBINICHHS MPOM3BOAUTEIBHOCTH MPOTPAMMHOTO
obecnieuenunsi. OnHako ucrnonb3oBanue GPU cBsi3aHO U ¢ pSIOM TpyIHOCTEH, Hanboliee BaXKHOU U3
KOTOPBIX, CHOCOOHOH 3HAYUTENHLHO CHU3UTH IMPOU3BOJUTCIIBHOCTD WJIM CACIAaTh IPUMCHCHUC TaHHOI'O
METOJa HEBO3MOXXHBIM, SABJISACTCA HCO6XOI[I/IMOCT]) 4JacTOro nepeHoca JaHHbIX MEKAY y4YaCTKaMU KOoaa
CPU u GPU. Ilo nanHO# mpuunHe, Ha TEKYIU MOMEHT, KpaifHe Malasi oSl KBAHTOBO-XHMMHUYECKUX
naketoB (OCOOCHHO € OTKPBITHIM KOJOM) momaepxuBaet pabory ¢ GPU. B nmannoii pabote
MIPOBOMIIOCH MPOMUIMPOBaHKE U epepaboTka Koaa MPOrpaMMHOTO MaKeTa ¢ OTKPHIThHIM Kogom gball
[1] (Momudurmmposannas Bepcust qbox [2], cmocobGHOro k 00paboTKe 3amad Kak MOJEKYJISPHOI
JMHAMHAKA C ucmojb3oBanueM DFT, Ttak u 3amau pacueroB tuma TDDFT) kak Ui OLECHKH
BO3MOXKHOCTH UcHojb30oBanus GPU, Tak u 1)1 OBBIIICHUS IPOU3BOIUTEIBHOCTH.

[lepBbiM 3TanoM pabOTHI CTANO ONpelesieHHNe TEKyIleld MPOM3BOAUTENBHOCTH TMaKeTa IpH
ucnonszoBannn OMP u MPI Texnomoru#t mapamnenn3ma OTAenbHO. I OIEHKH HCIIONb30Bajach
crcTeMa Ha ocHOBe IByX mpoueccopos Intel Xeon E5-2680 v2 u rpadudeckoro simpa NVidia GeForce
2080. ITukoBas mpoU3BOAUTEILHOCTD s oneparuii FP64 cocrasiser 200 GFLOPS u 400 GFLOPS
COOTBETCTBeHHO. {151 pacuera ObUIH BHIOpaHBI cucTeMbl, cocrosimue u3 50, 100 wm 300 momekyn
BOJIBI, JUIS OLIEHKH HCIOJIB30BANOCh BpeMs BoimonHeHus 10 nukinoB SCF mis 3amad MoseKysIsipHOM
nuHaMukd 1 TDDFT.

Tab6auma 1. Pe3ynpTaTsl OLIEHKH TPOU3BOIUTEIBHOCTH TTakeTa s nukioB SCF MD

Ycnosusa Tecta OTHOCUTE/IbHOE BpeMS BbINOJIHEHUA
Tuvn Konunuectso Konunuyectso notokos
napannenMsma | MoneKya Boabl 1 5 10 20

50 1 0,736 0,786 0,918

OMP 100 1 0,422 0,348 0,395
300 1 0,378 0,280 0,300
50 1 0,279 0,219 0,186

MPI 100 1 0,288 0,191 0,138
300 1 0,240 0,154 0,112

Jus 3agad MONEKYJSIpHOW JWHAMUKH, B Ciiydae enuHu4HOro motoka, OMP oka3sbiBaeTcs
HE3HAUUTEIHHO OBICTpee, YTO, BEPOSITHO, CBS3aHO C 3aTparamu Ha wHHImanum3anuio MPI. Omgnako
OMP nmaer mpupoCT MPOU3BOAUTEIBHOCTH TONBKO /10 10 moTOKOB, B TO BpeMs kak MPI obGecrieunBaet
YCKOPEHHE BIUIOThH JO MAKCUMAJIbHO JOCTYIHBIX B JaHHOM city4ae 20 IOTOKOB.

Ta6auma 2. Pe3ynpTaThl OLIEHKH IPOU3BOAUTEILHOCTH MakeTa st nukiaoB SCF TDDFT

Ycnosua Tecra OTHOCUTEeNbHOE BpemMs BbINOJHEHUA
Tun Konunuecrso Konunuecrso notokos
napannenusma | MoJseKyn soabl 1 5 10 20
OMP 50 1 0,688 0,806 0,728
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100 1 0,340 0,260 0,286
300 1 0,277 0,188 0,190
50 1 0,205 0,144 0,114
MPI 100 1 0,237 0,146 0,098
300 1 0,221 0,122 0,072

Hua 3agaa TDDFT wmabmiomaercs KapTHHA aHAJOTHYHAS MPEABIAYIIEH, OJHAKO BCE BpeMeHa
pacyeToB yBEIMYHBAIOTCS IPUMEPHO B 2 pasza. Takum oOpa3oM, IO pe3ynbTaTaM TECTUPOBAHUS OBLIO
YCTaHOBJICHO, YTO HanOoJee ONTUMATBHON TEXHOJIOTHEH mapasuienu3Ma i ukiaoB SCF u B ciydae
MOJIEKYJIApHON AMHAMUKH, U B cirydae T DDFT ssnsercs MPI.

Hns mepenoca xoga Ha GPU B mepByro ouepenb HEOOXOOMMO MPOBECTH Psi PacdeToOB C
WCIIOJIb30BaHUEM CPEACTB MPOQMIMPOBaHHSA KOAa sl BBIABICHUS Y3KHX MECT M BO3MOXKHBIX
YYacTKOB KOJa, IPUTOAHBIX g ontumuzanuu. Ilo pesynpraram npoduiarpoBaHus ObLJIO BBISIBICHO
nse ¢ynkimu (SlaterDet::compute_density u SlaterDet::rs_mul_add), npu BbIOJHEHHH KOTOPBIX
TpaTUTCS HauOoOIbIIee KOMUYECTBO BPEMEHH, MPHUYEM JaHHbIC (YHKIMH aKTHBHBI BO BCEX THIIAaX
3agad. CoOTHOLIEHHWE HAarpy3ku (YHKUHMH MEHSEeTCs B 3aBHCHMOCTH OT THIAa pacdera, OJHAKO
CYMMapHBI{ NPOLEHT BPEMEHH, 3aTPadeHHOIO Ha BBIIOJIHEHHE JAaHHBIX YYaCTKOB KOZJAa U B TO U B
apyrom ciyuae mpeBbimaer 50%. [lanHple QyHKIMM Taxke HMCHOJIB3YIOT MPOLEAYPHl OBICTPOTrO
npeobpaszoBanus Oypee (FFT), KoTopsie MOTYT BBITIOIHATHCS KaK MPH HCITOIB30BAHUK BCTPOCHHBIX B
MaKeT HPOLEAYpP, TaK M 3a CYET CTOPOHHHX OMOMMOTEK. DTO AaeT BO3MOXHOCTH HCIOJIB30BAHUS
OoubnmoTekn CUfft i NaHHBIX oOmepalyii, 4TO TEOPETHYSCKH MOIXKET 3HAUUTEIBHO IOBBICUTH
MPOU3BOJMUTENBHOCTh, OCOOCHHO B ciydyae OonplMxX 3agad. bojee Toro, B AaHHBIX (DYHKIHSIX
COIepKaTcsl LUKJIBI C OOJBIINM KOJMYECTBOM OIEpaLuil, pacmapajuleNdBacMbIX IO TEXHOJIOTHUH
OpenMP, 4To naer BO3MOXXHOCTH MPOCTOTO TepeHoca koma Ha GPU mpum momommum IUPEeKTHB
OpenACC.

Ha panneiii mMomeHT peanm3oBan mnepeHoc Ha GPU ydacTkoB (YHKIHM, BBITTOTHSIONINX
npeoOpazoBanne  Dyppe  (mpu  momornu  Oubmmotekm  cufft) wm  yuactka  dyHKImpM
SlaterDet::compute_density ¢ ontummu3anuei omepaimii nepeHocoB mnamsatd. JlaHHas (GyHKIus
HanboJiee aKTHBHO HCIOJNB3YeTCs B 3ajJadax MOJCKYJISPHON JUHAMHUKH, COOTBETCTBEHHO, Ha MIJIS
JAHHOT'O THIIA PacyeToB ObUIO IMPOBEICHO CpPaBHEHME Ha mpuMepe, coxepxameM 300 MoseKya BOIBL.
[Tpu cpaBHEHHU C €IMHUYHBIM TTOTOKOM HaOJIONAETCs YCKOpEHHE BBITOJHEHUS! TECTOBOW 337a4yl Ha
20%. B pamkax mpojomkeHHs paboThl TUIAHHPYETCS pealiu3alys MHOTOIIOTOYHOTO THOPHUIAHOTO
pemenust MPI/GPU, 1o3BoJisiFoero J0CTHYb HauOOJIbIIEH TPOU3BOIUTEILHOCTH.

PaboTa BbImoNHEHa ¢ HUCMONB30BaHUEM 000pynoBaHUS LleHTpa KOJUIEKTMBHOIO IIOJIb30BaHHUS
CBEPXBBICOKOIIPOU3BOAUTEIBHBIMU BBIUUCIHUTENBHBIMU pecypcamu MI'Y umenu M.B. JlomoHOCOBA.
Pabora Beimonnena npu noanepkke rpanta PH® Ne 19-73-20115.
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Pazpaborka pacipeieIeHHBIX aJITOPUTMOB yHPaBJI€HUS
CHUCTEMAMU POEBOI'0 MHTEJIJIEKTA C MCHOJIb30BAaHNEM
METO/IOB BCTPOEHHOI 3BOIIONUAN |

A.T". Hukoyamkun, H.M. Epmios

MockoBckuii rocynapctBennbiilt ynusepcureT uM. M.B. Jlomonocosa, dakyibrer
BBIYUCIUTE/ILHON MATEMATUKH U KUOCPHETHKHI

['pymnmoBast poboToTeXHUKA IIPEICTaB/IAET COOON MEepPCIeKTUBHOE HallpaBjieHne B obJiacTu
POEBOI0 MHTEJJIEKTA, 3aKJIIOYAIONeecss B MOCTPOEHUU PODOTOTEXHUUECKUX CHUCTEM, COCTOSIIUX
u3 GOJIBIIIONO YHCJ/Ia OJUHAKOBBIX W OTHOCHUTEJBHO IPOCTO YCTPOEHHBIX POOOTOB. AKTyabHOIM
3a/1a9eil B 9TOH obsracTu ABJsieTCs pa3paboTKa PACIPE/IEIEHHBIX AJITOPUTMOB YIIPABJIEHUS TAKOTO
posa cucremamu. lIpobiieMa 3aK/II0YAETCST B TOM, YTO IEJIBIO CO3MIAHUS AJITOPUTMA SIBJISIETCST
HEKOTOPOE YKEJIAEMOE KOALEKMUSHOE TIOBEJIeHNE POt pOOOTOB, B TO BpeMs KaK PeasibHO JIOJIZKHO
«IIPOTPAMMUPOBATHCST» 00UHAK060€ UHIUBUIYAALHOE TIOBEICHUE OT/IEIBHBIX POOOTOB POsi.

B macrosimeit pabore mpenoaraeTcs, ITo B KAUeCTBE CUCTEMbI yIIPaB/JeHusd POOOTOB CJIy-
JKHUT UCKYCCTBEHHAs PEKYPPEHTHAS HEIPOHHAS CeTh, HA BXOAbI KOTOPOU ITOJAIOTCS CUTHAJIBI Pa3-
JIMIHBIX JTATINKOB POOOTA, & €€ BBIXO/bI OIPEIEISIOT TapaMeTPhl KOMAaH I YIIPABJICHUS JTeHCTBU-
sAMH 9TOr0 poboTa. PeKyppeHTHOCTb ceTu TO3BOJISET 3allOMUHATH €€ BHYTPEHHEE COCTOsIHUE U
HCIIOJIb30BaTh ero /st 6ojiee 3pHekTUBHOrO yipasieHus poborom. [Ipu Takoit opranuzamum cu-
CTEMBI yIIPABJIEHUS [TOJI, IPOI'PAMMHUPOBAHUEM POOOTA IIOHUMAETCSI HACTPONKA TOIOJIOTUU U BECOB
CBA3€el COOTBETCTBYIOIECH HEMPOHHON ceTH, T.e. 3a/1a49a IIOCTPOEHU aJIlOPUTMa YIIPABJICHUA CBO-
JATCS K 3a71ade 00yIeHnsT HEKOTOPOH PEKYPPEHTHON HEeHpPOHHOM ceTH.
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i i '
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Puc. 1. Opranusamus u uarepdeiic MoJeMpyIoneil CHCTeMbI

B nacrosimieit paboTe IpeiaraeTes UCIOIb30BaTh I 00y YeHns] HefipOHHBIX ceTelt 9BOJIIo-
IUOHHBI II0JIXO0/ Ha OCHOBE METOJO0B BCTpoeHHOM sBostoru (embodied evolution, [1]). Janmbrit
LIOJIXOJ], O3HAYAET, UTO IBOJIONKS HPOrpaMM (T.e. HEHPOHHBIX ceTell, YyIPAB/IAINUX POGOTAMHE)
IIPOUCXOJUT B PEXKIME OHJIAIH, T.€. HEIOCPEICTBEHHO [P PELICHNH POeM POGOTOB [OCTABICHHON
nepes; HuM 3aja49u. COOTBETCTBEHHO, KazK bl pOOOT JeHCTBYET MO CBOEMY COOCTBEHHOMY AJIrO-
PUTMY, KOTOPBLIl IOCTEIIEHHO 9BOJIIOIHMOHUPYET 3a CUeT B3aUMOAEHCTBYS ¢ APYIUMI pOGOTAMU B
poe. IIpenMyIecTBOM TAKOIO MOJXO/A 110 CPABHEHHUIO € TPAJUIMOHHBIM SBOJIIOIMOHHBIM I10/IX0-
JIOM [IOMUMO €I0 YHUBEPCANLHOCTU SIBJISIETCST TO, UTO HOBEJIEHHE POsi, BO-IIEPBBIX, OKA3bIBACTCSI
adanmueHbimM, T.e. IPU OTHOCUTEJILHO IUIABHOM M3MEHEHHH BHeNIHeil cpejipl (B 4acTHOCTH, HIPU
Iepexojie OT BUPTYaJIbHON MOJENH K PeasJbHOMY Mupy) poit Oyjer ycreBaTb MEHSITH CBOE I1O-
BeJleHne. Bo-BTODBIX, Takasi OpraHu3alisl SBOJIOIUN TEOPETUUECKH MOXKET LPHBOAUTL K Goiee

*Pabora BbinosiHeHa npu dunancoBoil noguepkke POOU (rpant Ne 20-07-01053 A).
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CJIOXKHO YCTPOEHHBIM CHCTEeMaM YIIpaBJIeHHsI, HAIIPUMED, K IOCTPOEHHUIO 2emepo2eHtbll CUCTEM,
B KOTOPBIX PasHBIMH POOOTAMH PEIIaroTCsi PasHble JIOKAJIbHBbIE 3ajadi (KaK 3TO HPOUCXOJIUT,
HAIPUMED, B KOJOHUSIX MyPaBbEB UJIU IT9eJI).

st cpaBHEHUS U TECTUPOBAHUS PA3JIMIHBIX AJTOPUTMOB U METOIOB BCTPOEHHOH 9BOJIIOIUI
B paboTe UCIOIb30BAINCH TPU KJIACCUIECKIE MOJIEIbHBIE 381a9l POEBO POOOTOTEXHUKMN: 331298
IIONCKa UCTOYHHUKa CUT'HaJIa (Hal_IpI/IMep7 NCTOYHUKAQ Ba,ZLI)IM.HeHI/I?I)7 3a/lava MOHUTOPUHI'A U 3a/a-
9Ja pa3BepThiBaHusA. KOMIIbIOTEpHBIE SKCIIEPUMEHTBI IIPOBOININCH HA BBIYUCIUTEILHON CHCTEME
IBM Polus [2] ¢ momomnipio crenuanbio paspaboTanHoil Mogenupyomieil cucremsr (puc. 1), pea-
JIM30BAHHON Ha SI3bIKe mporpaMmmupoBanus C+-+ ¢ UCIIOIb30BaHNEM aPAJIICIbHBIX BbITUCICHUI
Ha ocHoBe TexHoJsioruit MPI u OpenMP.

@® rand A (u1) (W, 1) @ b0 A (1) (WHW, 1)

WA AALABMAMAA AR MANAL,

20
- o -
o .

10
\[‘[‘ 15
20
{
o T
0

Puc. 2. Cpasuenue paboThI METOIOB BCTPOEHHOM BOJIIOINA U aJalTHPOBAHHBIX METOIOB POEBOIt
ONTHUMHU3AINY Ha IIPUMEpE PeIlleHns 33729 MOHUTOPUHTA U Pa3BEPTHIBAHUS

0
2500 5000 7500 10000 0 2500 5000 7500 10000

Broin nposenen anaim3 meckobkux ajgroputmMoB embodied evolution, mcxons uz pesyibra-
TOB TOr0 AHAJIM3a I JAJbHEHInX ucciaeroBanuii 6611 BuiOpan aaroputm (u/pW, 1)-On-line
EEA , JIJIsI KOTOPOT'O OBLIO MPEI0KEHO PACIINPEHNE, TO3BOJIAIONIee HACTPAUBATL HE TOJILKO
Beca CBsI3ell B HEHPOHHOM CeTH, HO M MX TOIOJIOIUIO C MCIIOJIb30oBanneM TexHoaorun odNEAT .
Cpasuenne 3(pPEKTUBHOCTH IIPEIJI0KEHHBIX BapHaIIAii METOI0B BCTPOECHHOM 9BOJIIOIIHI (pI/IC. 2),
B TOM YHUCJIE C PEAJN30BAHHBIMY PAHEE METOAMU POEBOI ONTUMUBAIINN, aJAIITUPOBAHHBIMU JIJIsT
peleHus 3a/1a9 pOeBOil POOOTEXHUKU , [IOKa3aJ10 paboToCIOCOOHOCTD U IEPCIEKTUBHOCTD MTPE/I-
JIO2KEHHOI TEXHOJIOIMH Pa3pabOTKU PaCIpeeIeHHbIX aJrOPUTMOB YIIPABIECHUS POOEBBIMUA POOO-
TOTEXHUIECKUMU CUCTEMAMH.
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PacnapasiesmBaHue 3a1a4 pacnpocTPaHeHUs TMHAMHYECKUX
BOJIHOBBIX BO3MYIIIEHHH B TPEIIMHOBATBIX Fe0JIOTrHYECKUX
cpenax

B.C. Cazan, HH. Xoxnos

MocKOBCKHH (PU3UKO-TEXHUIECKUH MHCTUTYT

3amavya pacrnpocTpaHEHUs] NUHAMHUYECKHX BOJHOBBIX BO3MYIICHHH, B TEOJOTHMYECKHX Cpeaax C
HAJIMYUEM TPEIIMHOBATHIX HEOIHOPOJHOCTEH, SBJISCTCS OJHOW M3 aKTyalbHBIX 3a/ad B MPSIMOM
CEHCMHMUYECKOM MOJICIMPOBAHUU TIPU TPOBEICHUU CEHCMOPA3BEIOYHBIX pabOT TpU TOUCKE
yraeBopoooB [1]. s MomennpoBaHus CECMUYECKUX BOJIH B TPEIMHOBATHIX CpeAax pa3paboTaHbl
pSI YMCICHHBIX METOIOB, B ToM umcie [1,3] u Moxeneit, Hanmpumep mozaenb LllotinGepra [2]. Ilpu
pacuére Takoro poja cpen TpeOyercs y4éT BIMSHWS TPCIIWH Ha CEHCMUYECKUW OTKIMK. Pasmep
SMHUYHOW TPEIIMHB HAMHOTO MEHBIIE pPa3MepoB PAacyE€THON obOnactu. Pa3mepsl TpemuH MOTyT
JIOCTUTAaTh €IUHHUI] M JECATKOB METPOB, a pacdyeTHOW OOJaCTH eAWHUIBI KHWIOMETpoB. Jlist
MOJCITMPOBAHIS TAKMX Pa3HOMACIITAOHBIX 3a7a4 MPUMEHSIIOTCS KaK METOJBI Ha HECTPYKTYPHBIX [4],
TaK ¥ Ha CTPYKTYpHBIX ceTkax [3]. CTpyKkTypHBIE pacyETHBIC CETKH UMEIOT Psiji MIPEUMYIIECTB Mepe]
HECTPYKTYPHBIMH, B TOM YHCIIE TPOCTOTa aJTOPUTMOB, OTCYTCTBHE HEOOXOAMMOCTH IOCTPOCHUS
ceTku U ckopocTh pacu€ra [5]. [locnenHee oueHb BaKHO BBUAY Pa3HOMACIITAOHOCTH M OOJIBIION
BBIUMCIIMTEIBHON CIIOKHOCTH 3amaun. OJHaKO OHM MMEHT M HenoctaTku. OCHOBHOW W3 HHX —
HEBO3MOXKHOCTh 3a/laHUSl CIOXHBIX KoH(purypammii tpemmuH. PaHee yke OBIT MpEIOKEH P
ITOPUTMOB pacyeTa pa3HOHAIPABIEHHBIX W CYOBEPTHKAIBHBIX TPEUIMH HA CTPYKTYPHBIX CETKax [3,
6]. B pabore [6] paccMaTpuBaeTcsi MOAXOA Ha «XHUMEPHBIX» WM HAJOKEHHBIX CETKaX. Bokpyr
TPEIIMHBl CTPOUTCS HEOOJbINAs CTPYKTypHas CETKa, COHANpABJICHHAs C OPUCHTALMEH TPEIIMHEIL.
3areM OHa HaKJIaJBIBAETCS HA OCHOBHYIO CETKY, KOTOpas ONMCHIBAET I'e€0JIOTHYECKHUI MacCcuB. Mexmy
CeTKaMH HWCIIOJIb3YEeTCSl CIEIHANbHOE YCIOBHE CINMBKH, IS pacdyéra MPHUMEHSJICS CETOYHO-
xapaktepuctuyeckuit meton [1,3]. [IpeanoxeHHbIH MOAXO0 MO3BOJISLET JOCTATOYHO MPOCTO 33/1aBATh
CIIOXHBIE KOH(HTypalMu TPEIIMH Ha CTPYKTYPHBIX ceTKaxXx. B maHHOW paboTe paccMaTpuBaercs
BOTIPOC pacmapanenuBaHus MeTo[1a, WCIIOJIB3YIOIIET0 HaJIO)KCHHBIE CeTKH Ha
BBICOKOIIPOU3BOIUTENIBHBIX BRIYUCIUTEIILHBIX CHCTEMAX C pacHpee€HHON MaMsThIO.

Bomnpoc pacnapannenuBaHus yCIOKHSIETCS HATMYMEM MHOXKECTBA CTPYKTYPHBIX CETOK U CBSI3SIMU
Mexny HuMU. llpm 3TOM pasmepsl ceTOK CHIIBHO OTiIH4aroTcs. B paboTe paccMmarpuBaroTcs
JITOPUTMBI  JICKOMIIO3MIIMU CETOK MEXJy TMpoIeccaMd B JBYMEPHON cpelie ¢ HECKOJIbKUMU
TPEIIMHOBATEIMU closiMH. B paccmarpuBaemoit monenu 1000 TpemiuH, KakKI0i COOTBETCTBYET
HaJO)KeHHast ceTka. OTKIOHEHHE TPeUMH OT BEpPTHKAIA COCTAaBISIET HE Oojee 5 rpamycoB. Y
MTOBEPXHOCTH CPEJbl Pa3MEIaeTCsl HICTOYHUK BO3MYIIECHHS.

Bonnosoii (prHT TMOCJIC MPOXOKACHU BOJHBI OT UCTOYHUKA Y€PE3 Cpeay

bbumn paspaboranbl ABa anropuTMa, NpuMep paboThl KOTOPBIX BHAHO Ha KapTuHke. Kaxmomy
IIPOLIECCY COOTBETCTBYET OJMH IIBET.

[\ [\

IIpumMep 1EKOMIO3ULINU CETOK IBYMS alTrOPUTMaMHU
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[lepBbiii aNrOpUTM SIBIISIETCS <GKaIHBIM» aJTOPUTMOM, CHadajla CYMTAETCs OOIIee KOJIMYECTBO
Y3JI0B BO BCEX CETKaX, NPUUEM HAJIOKEHHBIE CETKH YYHTBIBACT ¢ KOI(P(UIIMEHTOM, KOTOPBIH paBeH
OTHOILICHHIO BPEMEH NMpOcYETa OJHOTO y3Ja HAJOKCHHOW CETKHM M OJHOTO y3Jla OCHOBHOH CETKH H
noaoupascs SMIUPHUUECKH. 3aTeM aJITOPUTM paclpenensieT padoTy MEXIy MpoleccaMH TakK, YTOOBI
KaXIpIii MPOIECC CUMTAN MPUMEPHO PABHOE YUCIIO Y3JI0B. DTOT alITrOPUTM SIBISIETCS AOPabOTKON
ajToOpuTMa, MPEIIOKEHHOTO B pabote [7].

Bropoii anroput™ pa3OuBacT OCHOBHYIO CETKY Ha OOJIACTH IO BCEM IpolieccaM paBHOMEPHO, a
KaXIyl0 CETKYy TpELIMHBl OTHAET TOMY IIpoleccy, B O0JacTH KOTOpPOro OHa JIeKHUT. B ocHoBe
ITOPUTMA JIEKHUT MPUHIUI T€OMETPHUYECKOTO Tapaiean3ma [8].

Jist cpaBHEHUS aJrOPUTMOB OBUTH BBITIOJHEHBI pACUETHI Ha YMCIIE POLIECCOB OT 1 10 24.

r)
—— AnropuTtm 1
ANropuTm 2

ycKopeHue

5

5 =

/

/ YUCNO NPOLECCOB

5 10 15 20

3aBHCUMOCTD YCKOpPE€HUA OT YMCJia IPOLCCCOB MJId paCCMAaTPpUBACMBIX AJITOPUTMOB

B MEPCIICKTUBE IIJIAHUPYETCA HCCICAOBAHUC TIOBCACHUA QAJITOPUTMOB JCEKOMIIO3WIIMU B
TpéXMepHBIX TPECIIUHOBATHIX CpE€Aax U UCCICAOBAHUE HA OOJIBIIIEM YHCITEC TIOTOKOB.
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Pacuer mojsgpu3anmoHHBIX MATPUIl pacCeaHU
dpaKTaabHBIX KJIACTEPHBIX 9aCTHUI aTMOC(hEpPHOTOo
a’dpoz3oJiga Turana

M. II. Yepemtenkos', 5. A. Wmomuu'?

'Mockoseknii rocynapersennsiit yausepeuter umenn M. B. Jlomonocosa, 2HucruryT
paguoTexHuKd U daekTponnku M. B. A. Korensankosa PAH

Aspososb armocdepnl Turana npejgcraBiser coboit ppakTajbHbBIE arperaThl, 00Pa30BAHHBIE
3a CIET BRAMMOMENCTBUS APYT C APYTOM MMPOIYKTOB PA3I0XKEHUT METaHa U a30Ta MO TeHCTBIEM
OTOHOB COJTHIIA U SHEPTETHIECKUX TEKTPOHOB oT MaruuTocdepsl Carypra. B pesyasrare 1mo-
JIYIAeTCsT MHOXKECTBO KJIACTEPOB, KaXK bl 13 KOTOPHIX JOCTATOYHO YHUKAJIEH TI0 CBOEH TPUPO/IE.
Takast yHUKAIHLHOCTH MOYKET BBIZBIBATH HEKOTOPLIE HETOUHOCTH B aHAJN3E JAHHBIX. Ecau cronTt
IIe/Ib PACCINTATH ONMTHIECKNE XaPaKTEPUCTUKY Ha arperarax OnpeaeéHHOT0 pa3Mepa, TO MOTYT
HBITH TIOJIYIEHBI PE3YIbTATHI, HE OTPEIESIONINE BCIO COBOKYTTHOCTh TAaKWX arperaToB, a JIUIIb
vacTHbI cay4dait. [losTomy Bozuukaer Bompoc: "TlpeacTaBasior in yepeHEHHBIE XapaKTePUCTH-
KU PACCesTHUsT arPeraToB, OJHOTO pazMepa n 06pa30BaHHBIX OJHUM W TEM K€ METOIOM, CBOHCTBA
ancamObuisi corydaitabix arperaros?'. DrTum 2Ke BoupocoMm 3ajarrca u B pabore [1, 2], uro ga-
éT 9TOMY BOIIPOCY aKTyaJdbHOCTH. [MTaBHBIM (HaKTOPOM, TpeOYIOIMIEro yuéra, SBISETCS OTIUTHE
PE3YIBTATOB YCPeIHEHUSI JIjId PA3JIMIHBIX MeTon0B. Ha JaHHBIA MOMEHT HanbO/iee U3BECTHBIE
MeTo/bl popMUpOBaHus GpaKTaIbHBIX dacTur geiarca Ha tpu Buga: BCCA [3] (¢ anrt. Bas-
JIUCTHYeCKasl KjaacTep-kaacrep arperarusi), BPCA (¢ anri. Bamimcruaeckas 4acTuIia-KaacTep
arperanust), DLA [4] (¢ anri. Arperanms orpannuennas anuddysneit). Bee tpu meroga nmeror
VHUKAJIbHBIE AJITOPUTMBI, 8 TAKKe KayKIash arperarus XapakKTepHa JIIsl PA3HBIX BBICOT aTMOocQe-
pol. BPCA u DLA asasiorca 6osee npasaonogo0HbIMI JIJIst HU3KUX C/I0EB aTMOCQEPDI, TaK KakK
SIBJISTIOTCA GoJTee TTOTHBIMY 110 ¢Boett cTpykType, a BoT BCCA Ha060pOT, SIBASETCS TTOAXOISITAM
JUTST BEPXHUX CJIOEB, 9TO 0OYCIOBIEHO €€ MOPuCToit cTpykTypoit. /g momyuenns KoopanHaT Ta-
KHX arperaToB OB HATUCAH MapasLIe bHO-BRIAUCIATENBHEIH Ko Ha st3bike C++, 9T0 TO3BOIIIO
YCKOPHUTD TPOIIECC TEHEPAIUN B HECKOIBKO Pa3, OTHOCUTEIHHO MOCIE0BATEILHONO BEIUUCICHNUS.

Tax:ke HYKHO OTMETHTD, UTO /I PACIETa TOMSTPU3AMHOHHBIX MATPHIT TpebyeTcst nHpopMa-
IIHsi 0 KOMILJIEKCHBIX [TOKQ3ATENAX MPEJOMICHN. JKCIEPUMEHTAJBHBIE JAHHbBIE, OMUCHIBAKOIIIE
BEIIECTBO, CXOKETO TI0 XUMUIECKOMY COCTABY C TOJHMHAMHE, B3ATHI U3 paboTHI |5.

B nacrosmeit pabore MpoBOANTCS YCPETHEHIE BYX MEPBHIX 9JIEMEHTOB MATPUITHI PACCESTHUA,

(a) Merog BCCA (b) Merox BPCA (c) Merox DLA

Puc. 1: ®pakranbHble 4acTHUIbI, [OJIyYEeHHbIE PA3IUYHbIMU MeTomaMmu arperanuu:(a) Banaucruueckas
kJacrep-kiacrep arperanus;(b) Bammmcruyeckas dacruuna-gaacrep arperanusi;(c) Arperaiusi orpaHu-
qennas auddysuneii.
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TaK KaK OHM MPEJCTAB/SIOT HAMOOJbIMN wHTEepec (S1] - WHTEHCHBHOCTH DPACCESTHHOTO CBETA,
—S12/S511 - nuHeitnast mosgpu3anusi). YcpejHeHwue poxoanuT 110 GUKCUPOBAHHOMY KOJHYECTBY
arperaToB g KasKIOT'0 KOJMYECTBA, YACTUIL. BMmecTe ¢ yCpegHEHHBIMH 3HAYCHUSIMHA HAXOIUTCS
CTAHIAPTHOE OTKJIOHEHUE JI/Id OIEHKHW TOYHOCTH YCPEIHEHHBIX TAHHBIX.

Jst pacuéra MOIpU3allnOHHBIX MATPHUIl PACCESIHAS UCIOAB3YETCs peaan3anus MeTomaa 1-
marpur, cozgannas Mumienko n Makoscku [6]. DTor KO HamMcaH Kak Jist CEPUTHBIX, Tak U
JUIA MapaJiIelbHbIX BhIUKACIeHHA. B manHoit pabore MCIoab3yI0TCI Pe3yaIbTaThl TapasLiIebHOTO
BbIYUC/ICHUY Ha CEPUIAHOM YCTPOMUCTBE C MHOI'OALEPHBIM IIPOLLECCOPOM.

Anajn3 TaHHLIX ITOKa3aJI, YTO HAOJIOIAeTCs yBeIHNIeHne TOYHOCTH YCPEIHEHHLIX 3HaAIeHn ¢
POCTOM KOJIMYIECTBA 9aCTULl Jiyis AByX onpeaeaénnbix meronos, DLA u BPCA. Takoe nosejenue
CBSI3AHO C HApYIIEHNEeM CUMMETPUN arperatos ¢ pocrom dactuil st Mmeroga BCCA. Takxke BbI-
ABJIeH "MK HEeTOYHOCTH " IIsT MHTEHCUBHOCTH, PACIOJIOKEHHE KOTOPOTO 3aBUCAT OT KOJUIECTBA
YACTUI] U CTPYKTYPBI UCCIEIYEMOTO arperara.

Yro KacaeTcs JUHEHHON TOAIPU3ANNH, TO [IOIyYeHHbIE PE3YILTaThl HE COBIAJIN C TaHHLIMHA,
nostygennsiMi B pabore Komokonosoit u ap. [7]. Pacxoxgenue nannbix o6bgacHseTcs TeM, 9T0
B HacTosimeil pabore BBLIO MPOBEIEHO yCpeAHEHHe arperaros, HMEOINX Pa3Hble (PPAKTAJIbHBIE
pasmeprocTr. [ToMumo 3T0T0, OBIIO BRIIBIEHO, YTO TOYHOCTH JTUHENHON MTOJIAPUBAINNA PACTET C
POCTOM YACTHII, IPAUYIEM 71 arperaTros GOJIbIIEro pa3Mepa OTKJIOHEHNE JIHHEHHOM TOIapu3aInn
CTPEMUTHCH ObITh OJMHAKOBBIM HA BCEX yIJIAX PACCEAHU.
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Peanuzanust meroga FDTD ¢ rpannuynbiMu yeaosusamu PML
C UCIO0JIL30BAHUEM BBIYHUCJICHUA B CMEIIAHHON TO‘IHOCTI/Il

A. H. ApI/ICOBal, B. JI. Bosnokurun’, E. C. Edumenko?, 1. b. MeepOB1

Hwuxeropoackuii rocygapcTBeHHslil yausepcurer uM. H. H. JlobaueBckoro®
Wucturyt npuknannoi ¢puzuku PAH?

[IpounsBoguTEIM MUKPOIIPOLIECCOPOB BBIMYCKAIOT HA PHIHOK HOBBIE YCTPOWCTBA, ammapaTHO MOJ-
JIepKUBAIOLINE BBIYMCICHUS C TUIaBAIOIICH 3aIsTON B MOJOBUHHOM TouHOCTH. HecMoTps Ha TO, 4TO
Takasi MOAJIEp>KKa Ha JaHHBIA MOMEHT yCTYIAaeT OAMHAPHON U ABOMHONM TOYHOCTH, COOTBETCTBYIOILIKE
HaOOpBI KOMaH]I Pa3BUBAIOTCS, a B CPEACTBaX MPOrPaMMHPOBAHHS MOSBIISIOTCS PEaTn3alldil HOBBIX
TUNOB AaHHBIX. [l00yknarommm GakTopoM I pa3BUTHUS 3TOTO HANPaBIICHHUS SBISETCS BO3MOXKHOCTh
COKpAIIICHUS 3aTpaT MaMsATH W BPEMEHH cUeTa IPH TPSHUPOBKE U MOCIEYIONIeM HCIOIh30BAHUH HC-
KyCCTBEHHBIX HEHpPOHHBIX ceTeil [1], oHako BOMPOC OpraHMU3aIMy BBIYMCICHHUH B MOJOBHHHON TOY-
HOCTH ISl KITACCHUECKOT'0 YUCIICHHOTO MOJICIMPOBAHNUS TAK)KE MPEJICTABISIET OOJBIION HHTEpEC.

OrpaHuveHus Ha TUAMa30Hbl YUCEN U YMCIIO 3HAYAIIUX MUQP MOCTe 3aMsIToi B YHUCIaX MOJOBUH-
HOU TOYHOCTHM HA TIEPBBIA B3TJIS BBIMJISIAT HEMPEOJOTUMBIM MPEISITCTBUEM JUIS WCIIOJIh30BaHUS B
YHCIICHHOM MoJieiupoBanun. OHAKO HMIMPOKO U3BECTHBIC MpueMsbl [2, 3], cBsi3aHHBIC ¢ MacIITaOUpoO-
BaHMEM, [IEpeyNopsA0UCHHEM ONepalnii, aKKypaTHBIMUA CIIOCOOaMU CYMMHPOBAHUS, a TAK)Ke BBITION-
HCHHEM «UyBCTBUTEIHHBIX» ATAIMOB pacyera B CTAHAAPTHOW TOYHOCTH JAKOT HAJCKIY HA MONyYCHHE
NPUEMIIEMbIX JIJIS UCTIOIBb30BAHUS PE3YJIbTaTOB MOJICIIMPOBAHHS C MCHBIIIMMHE 3aTpatamu [4, 5].

B nanHoit paboTte 3TOT BOIpocC u3y4yaercs B KOHTEKCTe pelleHus ypaBHeHU MakcBenia MeTo1oM
KOHEYHBIX pa3HoCTeH BO BpeMeHHO# obmactu (FDTD) ¢ moriomaronmmMu rpaHiIHbIMA YCIIOBUSIMH B
dopme upeansHo cornacoBanHoro ciost (PML) [6]. PML-croii mpeacraBisier co0oii rpaHUYHYO 00-
JacTh TOJIIMHON 6-8 sUeek C TUIaBHO HapacTalollMMK BIOJb HANpaBiICHHs PacpOCTPAaHEHUS Mar-
HUTHON M DJICKTPHYECKOU mpoBoauMocTsMu a(x) = do(x/6)", roe 0, — MaKCUMalbHOE 3HAYCHHUE
MPOBOJMMOCTH, § — TOJIIMHA CJIOs, N > 1 — mokasaTenb CTENEeHH 3aBUCHMOCTH. M crons30BaHue Mo-
J00HOTrO MPOdUIS MPOBOIUMOCTH BMECTe ¢ MoauduKalel ypaBHeHnii MakcBemia B cioe [6], mo-
3BOJISICT TOYYUTh 3aTyXaHHe Hepruu ummyisca <10°-10° u sBistercs cTaHZAPTHBIM METOLOM BbI-
YHCIIUTEIBHON JIeKTpoanHaMuku. Panee [7] mbl peanusoBanu meron FDTD [6] u mpoBenu aHamus
OMHUOOK B 33j]aue ¢ M3BECTHBHIM aHATUTHYCCKUM PEIICHUEM, CPABHUBAs PacueThl B PAa3HBIX PEKUMAX
TouHOCTH. B nmanHO# pabore mbl peanuzoBanu PML, nomyckas cormacoBaHHOE HCIOJB30BaHUE pas-
HBIX PESKUMOB TOYHOCTH BO BHYTPEHHEH yacTu pacuetHol obiacti u B PML-cnoe. Hac unTtepecoBan
BOIMPOC O TOM, KAKOTO MUHUMAJIBHOTO YPOBHS OTPAKEHHUS yIACTCSA JOOUTHCS, HACTpauBas apamMeTphbl
PML ¢y 1 n npu GpuKCUpOBaHHOH TOJIHMHE 051 § 1 KOMOWHHPYS pa3HbIE PEXKUMbI TOYHOCTH.

B kauecTBe TECTOBOHW 3a7aydl paccMaTpUBAIOCh HOPMAaJbHOE TaJIeHHE TayccoBa JIA3ePHOIO UM-
mynbsca Ha rpanuny PML. B cuny nmuneitHocTH 3amaun i oneHkH kadectBa pabotel PML-ciost uc-
MOJIb30BaJICS KOA(DPHUIIMEHT OTPAKECHUS UMITYJIbCA MO SHEPTHH. BBUTH MPOBEIEHBI SKCIEPUMEHTHI C
WCIIOJIb30BaHUEM PA3HBIX THIIOB TOYHOCTH, a TaKXKe B CMEUIAHHOM pekuMe. Pe3ynbTarhl mokasand,
YTO B JaHHOW 3aja4e BBIYMCIICHHS B OJMHAPHOW TOYHOCTH MPHUBOJAT K MPUEMIIEMBIM Pe3yJIbTaTaM,
TOrIa KaKk MpU Tepexojie K MOJIOBUHHONW TOYHOCTH BO3HUKAET MPOOJeMa MOTepH 3Hayamux udp
MaHTHCCHI TIPU CyMMHpOBaHuu. J[iis npeomosenus storo s dekra, kak u panee [7], ObuT 3a1eHCTBO-
BaH aJITOPUTM KOMITEHCAIMHU OO0k cymmupoBanus Kaxana [2, 3]. OOHapyxeHo, uTo Kod(durreH-
Thl 0OHOBIIEHUS ToNel B ciioe PML HeoOXoauMo BBRIMUCIATH B O0Jiee BBICOKOM PEXUME TOYHOCTH, a
MOPSIJIOK ONepaluii MOXKET OKa3bIBaTh BIMSHHUE HAa PE3YJIbTAThl PACUETOB B IOHMKEHHOW TOYHOCTH.

Ha puc. 1 npencraBieHbl JOCTHTHYThIE 3HAYCHUST KOOQPUIIMEHTa OTPAKEHUSI IIPU HHTETPUPOBa-
HUM Ha IByMEPHOH ceTKe MpH pa3HbIX 3HaueHusX napamerpa PML . B cBsi3u ¢ Tem, uro pe3ynbra-
THI, TIOJIyYeHHBbIE B JBOWHON TOYHOCTH M B OJWHAPHOM TOYHOCTH, MOYTH HEOTIMYUMBI, MOCIETHHUE
OIYIIEHBI, YTOOBI HE 3arpoMoXkaTh Tpaduk. [Ipy BeMHUCICHUAX B MMOJOBUHHON TOYHOCTH HCIIONB30-
BaHHE ONHMCAHHBIX BBIIIE MOAM(UKAIMIA MMO3BOJSET MOMYYUTh 3HAYCHUS KO3 UIIMEHTa OTpaKEeHUs
~10'5-10’6, YTO 3HAYUTEIBHO XYK€, YeM B JIBOMHON TOUHOCTH (~10'9), OJIHAKO, BCE €Ille MPUEMIIEMO

! PaGora BemosnHeHa npu nojtepskke rpanta PO®U i Ipasurenscra Hmkeropozackoii 061 Ne18-47-520001.
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JUISL INUPOKOTO Kiacca 3amad. Hanbonee mepcrieKTHBHBIC JUTS MPAKTHKKA PE3yJIbTaThl MOJYYEHBI TPH
BBIYUCIICHHUSX @ CMEUAHHOU MOYHOCIU, KOTJIa PACUEThl BO BHYTPEHHEH 00JIACTH BEAYTCS B IOJIOBHH-
HOM, a B o0mactu PML — B ogmHapHO# TouHOCTH. B 3TOM ciydae ynaercs moctuds ko3 dummenta
orpaxenns ~10°-107. ITpu 3ToM MeTO YyBCTBUTEICH K 3HAUYECHUAM T1aPaMETPOB N U 0 (PUC. 2).
3aMephbl MPOU3BOIUTEIBHOCTH MPOU3BOAMINCE Ha kKoMmmbioTepe Intel Endeavor (2x Intel Xeon
Platinum 8260L, 2.40 GHz, 48 simep, 192 I'b omepaTtuBHOM mamsaTh). D(P(HEKTHBHOCTD paciapaiei-
BaHUsI B paMKax OJHOT'O COKETa BO BCEX peaH3alusiX COCTaBIseT mopsaka 85%, npH 3a1eiicTBOBaHNE
BTOpOro cokera 3¢pdexruBHOCT nanaet go 70%. [Ipu sTom Bpemst pabOThHI B IBOWHOW M OJUHAPHOMN
TOYHOCTH SIBIISIETCSI COIMIOCTABUMBIM, IMIOCKOJIbKY MOKa HE MPOBOJIWIOCH ONTHMHU3AIHI, HAPaBICHHBIX
Ha BeKTOopu3anuto koja. [Ipu ucnons3oBaHuu cxembl KaxaHa npoucxoauT 3ameniienue B 1.7 pa3 ot-
HOCUTENIbHO BapHaHTa 0e3 KOMIICHCAllMd CyMMHpOBaHHs. [l0JOBHHHAsS TOYHOCTH MPOUTPHIBAET B
MIPOM3BOJUTEIBHOCTH B 2.5 pa3a, Tak Kak Ha JaHHBIH MOMEHT OTCYTCTBYET IMOJHAs anmapaTHas MOJ-
nepokka ganaoro tuna B CPU u 1st ee sMyJIsiiiy UCTIob3yeTcsi CTopoHHsist oubanoreka Half [8], xo-
TOpasi peanusyeT MOJOBHHHYIO TOYHOCTh, UCHONB3YS Ui BBIYMCICHUN OguHApHYIO. OTMETHM, YTO
MBI HE MPOW3BOJWIN JOMOJHHUTEIbHBIE ONTUMHU3AINY, HAalpaBlieHHbIE HA YCKOPEHHE KOJa, TaK Kak
OCHOBHOI1 I1EJTbI0 OBLJIO TIPOBEPHTH CaMy BO3MOXKHOCTh MCITOJIb30BAHUS PACUETOB B IOHW)KEHHOMN TOY-
HocTH. Jlaree Mbl TIaHUPYEM MPOBEPUTH pabOTOCIIOCOOHOCTh PACCMOTPEHHOTO TMOAX0/a MPH perie-
HUM HEITUHEHHBIX 3a7a4 3JICKTPOJAUHAMUKH, a TAKKC IMPOBECTU AOMOJIHHUTEIILHBIC ONITUMHU3AallU KOJa
JUTS. BBICOKOTIPOM3BOIMTENILHBIX BBIYUCICHUN W TIOPTUPOBATH KOJ Ha s3Ik DPC++, 4TOOBI MpoBecTH
AKCIIEPUMEHTHI Ha TutaTdopMax ¢ anmapaTHOW MOMIAEPKKOW IMOJOBUHHONW TOYHOCTH. Y UHUTHIBAs, 9TO
Ha TakuX IUIATHOpMax YCKOPEHHUE BBIYHMCICHHN B IOJOBHHHOM TOYHOCTH AOXOAMT 10 10 pas, MbI
OKUJIaeM YCKOPCHUS BHIYHCIICHHUH JaXke MTPU UCTIOL30BAHUHM CXEMbl CyMMHUpOBaHus KaxsHa.

KoadPpuumeHT oTparkeHmn
[ _ double,single
—double-double half-half —half-single m  half

—half-half Kahan half-single Kahan

(typel, type2), typel-TouHocTh OCHOBHOIT 0GmacTH, type2-Toynocts PML-ciios
1E-4

1E-6

1E-7
1E-8 k
O,
20 30 40 50 60 70 80 90 10C
Puc. 1. KoadduupeHT oTpakeHus! CUCTEMBI ITPU YUCICHHOM Puc. 2. 3aBucumocts ko3 dumeHTa oTpa-
MHTETpUPOBaHNH ypaBHeHHH Makcseiuia metogom FDTD c IT'Y JKSHHS CUCTEMBI OT lapametrpoB PML n u

PML. 3agava o pactpocTpaHEHHH Ja3epHOTrO UMITYJIbCa B Ba- Oy-
kyyme. Cerka 128 x 16.
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PeaJII/ISaI_H/Iﬂ IHapaJiJi€eJIbHbIX BBIYMCJIEHU B PaMKax
HpOFpaMMHOﬁ CUCTEMbI IIOAACP2KKMN 3BOJIIOIIMOHHBIX M1
PoO€BbBIX METOIA0B OHTI/IMI/ISaI_[I/II/]ﬂ

A.A. Tumaues, H.M. Epmos

MockoBckuii rocynapctBennbiiit yuusepcurer uMm. M.B. Jlomonocosa, dakyibrer
BBIYUCIUTEILHON MAaTEMAaTUKH U KHOEPHETHKU

Hacrositasi pabora mocBsiieHa BOIpocaM aBTOMATHYECKOTO PaCclapaJlIe/IMBAHUS BbIYHUCJIE-
HUI B paMKaXx ITporpaMMHoil bubimorekn Insectae, npeHasHaveHHOI JIj1sT pellieHus 3a/1a9 Hellpe-
PBIBHOH U JIUCKPETHOH ONTUMUBAINN C UCIOJIH30BAHUEM IBOJIIOIMOHHBIX U POEBLIX aJTOPUTMOB.
Jlannast OubyimoTeka B HACTOSIIIEE BPEMsl TOJJIEPXKUBAECT HECKOJIBKO HAnbOJIee MOIYISPHBIX Me-
TOZI0B onrTuMu3aImu |1|, B TOM Wnciie MeToJ| UMHTAIMA OTYKHUIa, T€HETUYECKHEe aJlOPUTMBbI, ajl-
roputM JinddepeHITnaIbHON IBOJIIONNN, METOJT POst JacTuIl u T.J11. [lomumo 6a30BbIX Bepcuil yka-
3aHHBIX AJTOPUTMOB OMOIMOTEKA MOAIEPXKUBAET OOJIBINOE UHCIO WX BapHAIUil, HAIIPUMED, 3a
CYeT WCIIOJIb30BAHUS AJbTEPHATUBHBIX PEAIM3aIluil OIepaToOPOB JAHHBIX AJTOPUTMOB, & TaK¥Ke
3a Cc4eT HaCTpOfIKH X YUCJIOBBIX ITapaMeTpPOB, 6OJIbH_II/IHCTBO N3 KOTOPBIX ABJIAIOTCA BBIYUCJIAC-
MBIMH, YTO MMO3BOJISET UCIIOJB30BATH PA3IMYHBIE adanmuéHsie CXeMbl |2| BBIOIHEHUST PeATn30-
BaHHBIX B OMOJIMOTEKe ajlrOPUTMOB.

Bce anmropurmbr B 6ubsimoreke Insectae peasm3oBaHbI 110 OIHON OOINEH cxeme: MOUCK TJIO-
6aJbHOTO KCTpEMyMa IeJIeBOil (DYHKIMKM B HUX BBIIOJIHSIETCS] C TOMOIIBIO TOIMYJISIIIAA 0CO0eit,
Kazk/1ast U3 KOTOPBIX MPEJICTaBIIsgeT co00it HEKOTOPOE ITPOOHOE Pelllenne paccMaTpUBaeMOi 3a,1a-
U; HA KaXKJIOH UTeparyu OCHOBHOI'O IIUKJIA aJrOPUTMA IPOUCXOIUT TOC/IEI0BATEILHOE IPUMEHE-
HUE Pa3JIMYHBIX OIIepaTOPOB K TeKyIei nomynsiuu. Ha ocnoBe mpeaBapuTessbHO IPOBEJIEHHOTO
aHasmM3a ObLIN BbIIEJIEHBl CEMb PA3JIMYHBIX TUHOB (HATTEPHOB) BO3MOXKHBIX CXEM BBINOTHEHUSI
YKa3aHHBIX OIEPATOPOB:

evaluate — BBIYUC/IEHUE T1€/€BON (DYHKIIUN BCEMHU OCOOSIMU TOILYJISIIIAM;
foreach — mpuMeHeHme 33JJAHHOIO OIIEPATOPaA KO BCEM OCODSIM;
neighbors — npuMeHeHune 3aJIJaHHOI'O OIIEPATOPA KO BCEM CMEXKHBIM IIapaM 0CObeii;

[ ]
[ ]
[ ]
e pairs — IIpUMEHEHNe 33JaHHOTrO ollepaTopa KO BCeM CMEXKHBIM IapaM B ABYX IIONYIANNAX;
e pop2ind — pemyIupoBaHUE 33JAHHON MOMYJIAINU B IapaMeTPhl 3aIaHHON ocobu;

e signals — BBIMHCJIEHNE CUTHAJIOB MEXKJIy OCODSAME Ha OCHOBE MATPHUIIbI PACCTOSHUIA;

[ ]

reduce — peJlyIlupOBaHUe MOIMYJISIIIUN B TI00aIbHbIE 3HAYEHUs! ([IapaMeTpPhbl CPeJIbl ).

OcobeHHOCTRIO MAHHBIX TATTEPHOB SIBJISIETCS TO, UTO BCE OHM MPOCTO U 3(PHEKTUBHO paciia-
pastenmBatorcs. C yaeToM Toro hakTa, ITO MPAKTHIECKN BCS BBITHCINTEIbHAS PaboTa paccMaT-
pUBaEMbIX aJTOPUTMOB COCPEIOTOYEHA UMEHHO B II€PEYUCIEHHBIX ITaTTEpHAX, V HAC MOSABISIETCS
BO3MOXKHOCTH pacIiapaJlJIe IMBaHUs 3TUX aJTOPUTMOB B ITOJIHOCTHIO aBTOMATHUYECKOM DPEKHUME C
xopotieit uToropoit apdekTuBHOCTHIO. B Tabs1. 1 npuBeseH nmporeHT BpeMeHn paboThl KaxKI0T0
U3 [EePEYUC/ICHHBIX IATTEPHOB JJIsi CTAHIAPTHBIX BEPCHUIl CeMU peain30BaHHLIX B OMOIMOTEKE
aJICOPUTMOB C OJIMHAKOBBIMHU Pa3MepOM IOIY/IAIUN U YUCJIOM IIOKOJIEHUHl, IPUMEHHBIX K OJIHOMN
U TOI Ke 3aJ1ade HeIIPEPLIBHON onTuMu3anuu. B mocennem cTosore Tab/Iuibl B KaeCTBe MPU-
Mepa [IoKa3aHo IIpeJiiioaracMoe yCKopeHue, KOTopoe MOXKHO IOJIyYUTh IIPU pacliapaJljle/IiBaHun
BCEX MCIIOJIb3YEMbIX 3aJIaHHBIM AJTOPUTMOM IATTEPHOB (3a UCKJIIOUEHHeM narrepHa reduce) ¢
ucrosb3oBaHreM p = 10 mapaiie bHBIX TPOIECCOB (ITOTOKOB).

C y4eToM IpOBEJIEHHOTO aHAJIN3a OMUCAHHBIX [ATTEPHOB IIPEJIIIOJIAraeTCsT PEAJIU30BATD IISITh
CIIeHAPHEB aBTOMATHYECKOTO paclapasiie/IMBaHus BeMUCIeHnit B bubanoreke Insectae. CaMbim
IIPOCTBIM TIOJIXOOM SIBJISIETCSl WCIIOJIB30BAHUE MHOI'OIIOTOYHBIX BBIYUCJICHUN MJId peau3aliun

*Pabora BelosHeHa npu dbuHaHCOBON nopaep:kke PODU (rpant Ne 20-07-01053 A).
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BCEX PACCMATPUBAEMBIX MATTEPHOB. BO MHOTHMX BAXKHBIX IMPAKTUYECKUX 33/1a9aX ONTUMUBAINN
HanboJIee TSIYKEI0N BBIUUC/IUTEILHON YaCThIO SIBJISIETCS BBIUUCJICHHE 11e/IeBO (DYHKIINH, ITPUMe-
paMU TaKUX 3329 sIBJISIOTCs, HAITPUMED, 3aJ[a9l MAITUHHOTO 00y YeHHs, a TaKXKe 3aa9U CTPYK-
TypHOii 6uonrdopMaruku [3]. B Takux 3asauax MOXKHO JIOCTHYb CYIIECTBEHHOI'O YCKOPEHUS BbI-
YUCJIEHUH 3a CUYeT paclapauleJIUBaHns TOJIBKO [TaTTepHa evaluate ¢ UCIOJB30BAHUEM TEXHOJIO-
run MPI. s anropuTMoB, UCIOJIB3YIONINX UHTEHCUBHBIE MATPUIHO-BEKTOPHBIE BBIYUC/ICHUS,
BO3MOYKHO YCKODEHHE ITUX BBIYUCJIEHUI C KCIO/Ib30BaHueM rpadudeckux rporeccopos. 1lpu-
MEpOM TaKOT'0 AJITOPUTMA SIBJISIETCS aJTOPUTM OAKTEPUAJLHOIO TOUCKA, B KOTOPOM Ha KaXKIOM
mare JIOJKHA BBIIUCISTHCS MATPHUIA PACCTOSHUI MEXKLy BCEMU OCOOSIME HOITYJISINN ([IaTTepH
signals). Euie oqauM criocobom moBbIIeHust ObICTPOIEHCTBIS SIBJISIETCS UCIIOJIB30BAHUE OCTPOB-
HBIX (MM TUOPHIHBIX) MO/Ieseil, KOTOPbIe TaKyKe OTHOCUTEJNHLHO 6e300Ie3HEHHO PacIiapaJLiein-
Baercs ¢ nomoripio Texuosioruun MPI. Hakownern, sdpdexkTuBHas mapaJjuiesibHasi peajiu3amus Ha
ocrose rtexuosorun MPI BosMoKHA 1 151 KieTOYHBIX Mojeseil [4] ¢ joKajabHBIM B3anMo/ieii-
CTBUEM MEXKJTy OCOOSIMU TIOIYJISIITUN.

Tabs. 1. Bpems paboThbl pa3/ndHbIX TATTEPHOB

evaluate foreach neighbors pairs pop2ind signals reduce S(10)

Bees 11% 79% 8% 5.2
BFOA 9% 24% 3% 62% 8.4
CSO 28% 60% 9% 4.8
DE 12% 25% 62% 9.1
GA 24% 42% 31% 7.8
PSO 27% 69% 1% 7.3
SA 63% 35% 8.4

ITosy4enHsle npegBapuTesIbHBIE PE3YIBTATHI 110 PEATH3AIINHE aBTOMATHIECKOI'O paciapaJlie-
JIIBaHUsI TE€HETHYECKOT0 aJrOPUTMa U aJIlOPUTMa OAaKTepUaIbHOIO IIOUCKA B JIBYX YHIOMSIHYTBIX
BbIIIE clieHapusX (¢ ucnosbzoBanneM rexuosoruit MPI u CUDA) nokasanu paborocnocobHOCT
U IePCIeKTUBHOCTD IPeJJIaraeMoro Hoaxoja. BaskHoil 0COOEHHOCTBIO 3TOIO IIOJIXOA SIBJISIETCS
TO, YTO IIPUMEHEHNE ITapaJslIeJIbHbIX BBIYUC/ICHUN IIPU JIIOOOM CIIOCOOE MX PeaM3alluu sIBJISeTCs
IIOJTHOCTBIO IIPO3PAYHBIM JJIsl II0JIb30BATEJIsl, €MHCTBEHHBIM JefCTBIEM KOTOPOIO JOJKHO OBIThH
yKa3aHue KeJIaeMOH MOJEIH HMapaJslie/IbHOTO BBIIIOHEHUS BEIODAHHOIO UM aIrOPUTMa ONTHMU-
BaIIH.
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YucaenHoe MOJeJINPOBaHNE CTATUCTUNYECKUX CBOJICTB
TEIJIOBOT'O PAaJAnNOon3Jiy4eHunsd IIJIAaHKOBCKHUX noJiei
pa30pBaHH01'/’1 00JIaYHOCTH B MUKPOBOJIHOBOM JAMAIIa30HE

d.B. Kommnos', d.A. Vomua"?

"MockoBekunit rocymapersennsiii yaunsepenrer nvernn M. B. Jlomonocosa, 2HucTrTyT
paguoTexXHuKH U daekTponuku nMmern B. A. Korensaunkosa PAH

KonTposb 3a xapakrepuctukaMu aTMochephl SBISETCA BayKHOM 3aj1adell npu JIUCTAHITMOH-
HOM 30HIUPOBAHUN OKPYKAOIIEi cpeabl. OHIM U3 METO0B 30HIUPOBAHNE ATMOC(EPHI SBJISIET-
ca CBY-pajguomverpudeckoe 30HIUPOBAHNE C UCKYCCTBEHHBIX CITyTHUKOB 3emMjid. MeTo | OCHOBaH
Ha M3MEPEHUAX yXOISIIEr0 TeIIOBOI0 U3JIyYeHsI CHCTEMbBI aTMOC(epa — MOPCKAasd TOBEPXHOCTH B
pagmnonmanazone. Habmonenns paanoTenioBOTO U3y Y€HUsT CUCTEMBI «aTMOCdepa- MOBEePXHOCTH
OK€aHa» TTO3BOJISIOT TOJYINTh HH(OPMAIINIO 0 COCTOSHUHN ODJIAUHBIX TI0JIeil B aTMocdepe U KOJu-
YECTBEHHO OMPEIETNTH MHOTHE METEOTIapaMETPhI, HATIPUMED, MACCY BOJSHOTO Mapa, BOA03AMaC |
addexTuBHYIO TeMiiepaTypy obsiakos. HemocraTkoMm 3HAYNTENBHON YacTu OOJIBITUHCTBA TIPEJIbI-
JIYIIUX UCCAEIOBAHUN SIBIETCS UCITOIB30BAHNE OJHOPOSHOMN TIJIOCKOCTOUCTON MOIETH 00IaUHOTO
CJI0s1, UTHOPUPYIOIIEH ero HeOTHOPOIHY CTPYKTYPY.

Jlms yaéra CcTpyKTYypPBl OOJAYUHBIX MMOJIeH B JTAaHHOM HMCC/IEIOBAHUM PACCIUTHIBAIOTCH CTATH-
CTUYECKHUE CBOCTBA MO/Iejiell pa30pBaHHBIX 00JaYHbIX 1016, Jist 9T0T0 TPOBOIUTCS IUCJIEHHOE
MOJIEJIMPOBAHME CAYYaliHBIX [T0JI€l ¢ pacpeesieHusiMu 00JIaKOB 110 pa3MepaM TPeIOYKEHHBIME B
pabore ILranka |7] u B cbopruke moj pegaxiueit Masuna [3], mostydeHHOEe HA OCHOBE CAMOJIETHBIX
u3Mmepenuit Ha Ykpauue. Ilpumensierca momyiienne 0 MUJIMHAPAYECKON (POpME MOJETUPYEMBIX
00JIaKOB TIPW pacdeTax JYUeBHIX Xapakrepuctuk moJeii B CBY-guanasone na OCHOBaHWUHU CTa-
meu Kyryssr u Cvuprosa [2|. st peann3oBaHHBIX CIyUaliHBIX PA30PBAHHBIX O0JAYHBIX MOJIENH
BBIUUCJISETCS, CBI3aHas ¢ HABII0aeMOil paInosipKOCTHON TeMepaTypoil T COOTHOIIIEHHEM YCTa-
HOBJIeHHBIM B pabore larapuna u Kyryssl [1], BepositHOCTE TIepekpbiTHs HEGOCBOIA B HATIDABJIE-
HUW BU3UPOBAHUA 110 3CHUTHLIM YTIJIOM 9 n CpaBHUBaJIaCh C SMHI/IpI/IquKOﬁ 3aBUCUMOCTBIO U3
crarbe OxBpussa u duuka |4]. Vccnemyercs coorBeTcTBHE CBOFICTB TEIIOBOTO PAIHON3ITY U€HUST
peann3dyeMbIxX 1oJieii ¢ OMIIMPUYCCKUMU W BO3MOXKHOCTU IIPDUMEHECHUA IITPEAJIOKEHHBIX MO,Z[e.Heﬁ
npu CBY-pajimomerpuieckoe 30HIMPOBAHUN.

,,Cl1T1D70P1DM20X1000Y1000 Ps(6)

O

(b) IIpumep cpaBHeHusi BEPOATHOCTU
TIepEeKPHITHSA HeDa 0DJIaAKaAMU C
TEOPETHIECKAMU 3aBUCHMOCTSIMHA

(a) IIpumep mpoekIyu YUCIEHHON peaTu3auu
CJTy9IaifHOTO TOJI PA30PBAHHON 0OTATHOCTH.

Puc. 1: S=0.7,a=1,D,, =20, =0,n=1

YucsieHHBIH pacyéT TPOBOIUIIC Ha si3bike porpammupoanusa C++-. Pacnpenenenue ob.ia-
KOB II0 pa3MepaM KOHTPOJUPOBAIOCH M0 KPUTEPHUIO CTATUCTUIECKOTO coryiacus KoaMoroposa.
[lociie paccunThIBaJINCh BUAMMbBIE MPOEKINK ODJAYHOrO OIS B 33 [aHHOM HAIIPABJIEHUU BU3U-
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poBanus (puc. ) U TPOIIEHT NEPEKPLITUS HeHa BHIYUCIAICT TUKCEIbHBIM METOIOM, JOIYCKa-
OTUM TTAPAJLIEIBHBIN PAcIeT Ha MPIMOYTOJIBHBIX CEIMEHTAX M300PaKeHWd, W yCPETHIJICA 10
azuMmyTagabaOoMy yriy. Ilomydyernsie TakuM 06pa30M pacyeTHbIE 3aBUCUMOCTH OT 36HUTHOTO YIJIa
BU3UPOBAHU CPABHUBAJIUCEH C CEMEHACTBOM IMIUPUICCKUAX saBHCHMOCTeﬁ(pMc. ). Jdna npume-
HUMOCTH BBIYHCISIEMBIX 3HAUEHUN A7 YI6Ta CTPYKTYPDLI 00IaUHOCTHA B aTMochephl HEOOX0IUMO
CTPOUTD TIOJIF COMOCTABHUMBIE TI0 PA3MepaM C PeaJbHbLIMU ODJAYHBIMHU TOJsIMEH B Tpomocdepe
3emti, MOJIETUPOBAHUE U AHAJIU3 KOTOPHIX TpeOyeT 3HAUUTENBHBIX BbIYUCIUTEIbHBIX 3aTPaT.
Hutst pacuera BEPOSTHOCTH TEPEKPHITHsT HeDa HEOOXOANMO, BO-TIEPBBIX, UTODBI CPEIHUI pasMep
0b6s1aKoB B 1oJie ObLI O0JIbIIe pa3Mepa, COOTBETCTBYIOIIEr0 PA3Mepy MUKCEs, BCIEJICTBUE Yero
MIPUXOJUTCS UCIOIb30BATH Pa3Mep M300parKeHus IPOEKIUil IPOIOPIIMOHAJBHBIN PA3MEPy I0JIs
¥, BO-BTOPBIX, MHOTOKPATHOTO MOBTOPUTH PACUET C PABAUIHBIMU yTJIAMHU BU3WPOBAHUS. Unc-
JIEHHOE MOJEeJTNPOBaHNE CTATUCTUYIECKNX CBOWUCTB TEIJIOBOTO PATHOM3TYyUeHUd Mojesell moseit
PazopBaHHOI 0DBJAYHOCTH MOAPA3YMEBAET MOTPEOHOCTH MPOU3BECTH pacuéra ¢ ancambieMm CMo-
JMEeJIMPOBAHHBIX CJIYUANHBIX TOJIEN JOCTATOIHO OOJIBIIONO pa3Mepa, KOTOPBIH JOIKEH JTOCTHTATh
HECKOJIbKUX COTEH Jjid KaXKJ0r0 HADOpa MapaMerpoB, W MCIOJIb30BAHNE TPOEKIUH C XOPOIINM
pasperiieHneM, 4To cooTBeTcTByeT n3obpaxkenuto 20 - 50 Thic. nHKceseil, MOITOMY OITUMAIBHO
MCIIOTH30BAHNE [T BBIYUCIEHUN BHICOKOTTPOU3BOAUTEIBHBIX DBM, O3BOSIONIM TPOU3BOIUTD
peraucsenusi B8 400 - 2000 pasz 6vicTpee.

Ha mamnowm srame Buraucien amcam6/ib kKBagparnbix mojeit pazmepom 1000 makcuManbHbIX
pasMepoB obJiaka /i HabOpa BCEX YIPAB/IAOIINX [IapaMETPOB, ABa JJIs KaXKJI0r0 pacipeesne-
Hus. BbIuMC/IeHNS NPOM3BEIEHBI HA MHOIOsIZIEPHOM 1IEPCOHAJIBHOM KOMIIbIOTEPE (npomeccop - 6
anep, 6 morokos, wacrora 3.6 I'T'; oneparusmyio mavsTs - 32 ['6), mpu sToM Bpemst pacaera oj1-
HOTO TIOJISI ¥ €T0 XapaKTEPUCTHUK TTPHU YKA3aHHLIX Pa3zMepax COCTaB/IdeT B cpenneM § - 12 MUHYT,
mast m3obpazkernit 1000 ma 1000 nwkcemneit. MeTomsl MOIETUPOBAHNWS W PACTeTa OMPODOBAIUCH
Ha CyIepKOMIbIoTepe «JIOMOHOCOB».
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