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Within one supercomputer center, there may be several computing systems with different architectures and
principles of work with the end user. When organizing user access, it is necessary to fully describe the systems for
the coordinated choice of tasks, software packages and hardware by the user, as well as to take into account the
details of quotas, authentication, and launching applications on each of the individual machines within a single
workflow. In this paper, we propose an approach to the provision of resources of a supercomputer center, where
a user, using a complete description of computing systems, creates requests for access with desirable quotas. The
approach describes the life cycle of access. When an access state transition occurs, it is supposed to interact with
computing systems through their interfaces without deep integration. An overview of widely used approaches to
quoting and organizing access is given, and the proposed approach is implemented as a software module for the
Octoshell supercomputer center support system and tested on a computing system managed by the OpenNebula
cloud computing platform.

Keywords: supercomputer center administering, resource provision, Octoshell.
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Introduction

A modern supercomputer center can consist of several computing systems with tens of
thousands of hardware and software components which are used by thousands of people .
Therefore, organizing the work of a supercomputer center is a complex task.

Within one supercomputer center, in addition to supercomputers with distributed memory,
there may be virtual machines. The number of virtual machines is limited only by physical
resources and the desire of users to use them. The supercomputer often acts as a shared resource,
while virtual machines are created for users to be used exclusively.

Therefore, resource quotas on these machines can be different. For example, in the cloud
case, a virtual machine is created on the server of a certain CPU model occupying as many cores
as a cloud administrator previously defined. In case of supercomputers, CPU hours or available
nodes can act as similar but not the same type of resource. There are other limits that usually
relate to supercomputers only: the maximum number of files for a user, the maximum number of
user tasks to be executed, etc. Supercomputer limits are often correspond to different software,
making the task of providing resources more difficult.

Therefore, a unified approach to the provision of resources of the supercomputer center is
proposed in this paper. Its main goal is to help users choose a computing system based on its
description and send a correct request to be considered by administrators. The approach will

help administrators to control user access in a unified manner.
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The article is organized as follows. Section 1 describes existing approaches for computer
resource provision. Section 2 is devoted to the proposed approach and necessary interfaces for
computing systems to be implemented. In Section 3 we describe the implementation of the
approach used for cloud computing platforms. Section 4 contains performance evaluations and
implementation details linked to such evaluations.

1. Existing approaches for computing resource provision

It is important to consider organizational properties of resource provision. First of all, there
are project-based or user-based model of resource delegation. In the user-based model, resources
are simply given to a user, but in the project-based model, resources are given to a project:
a group of users united to solve one specific problem. Sometimes computing resources can be
given to scientists for free. Computing resources can be given on a free basis: this can be actual
for supercomputer centers connected with a government. But, in this case, the work carried on
the computing systems should be monitored properly: the problem to be solved should be well
described, and scientific results checked from time to time.

In this paper, we focus on computing system description, quota usage and authentication,
but the resulting method should be able to integrate into any of the organizational schemes.

1.1. Supercomputer system resource provision

The widespread way of accessing supercomputer resources is SSH protocol. Using a
command-line interface, users send their computing tasks to a workload manager and these tasks
are executed when requested resources are ready. It is possible that a supercomputer consists of
several partitions, which differ in hardware. That is why limits can correspond to one partition
only or the whole supercomputer and limits can be set for user, project (group of users). Also,
limits can be cumulative (CPU hours) and number of used resources should be saved and checked
from time to time.

Different combinations of conditions lead to difficulties in defining and checking limits, but
this is only a part of the problem: supercomputer operation usually depends on several software
tools and limits are defined there in different ways. It is possible that two types of file systems
exist for one supercomputer and the typical quotas on maximum hard drive space and number of
files are written in different ways. The other user quotas are set on CPU hours and the number
of launched and pending tasks.

1.2. Cloud computing platforms

The OpenNebula cloud computing platform will be considered further from the point of view
of this work . Every object in OpenNebula has its own id and type. Some of them are listed
below:

e A virtual machine can have several real / virtual CPUs and, depending on the settings,
a different amount of allocated RAM. These parameters can be changed, and only when
the machine is in the “power oft” state. There are more than 60 states in total: power on,
power off, waiting for resource allocation, etc., as well as various transient and error states.

e Host, a server running OpenNebula responsible for running virtual machines.

e Hard drive, where virtual machine data is stored.

e Virtual network, designed for communication between virtual machines and with the

management server.
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e Image, containing operating system and software.
e Template, containing virtual machine settings and can be used for creating virtual

machines.

Access privilege management in OpenNebula is similar to the UNIX file system. Each object
has its owner, and you can define available actions for three categories of users in relation to the
object: owner, owner’s group, and other users. There are 3 available actions: use, management
and administration.

OpenNebula is accessible via the command line interface and the XML-RPC interface.
OpenNebula provides the reach web-interface called OpenNebula Sunstone using the XML-RPC
interface above to interact with OpenNebula, available for administrators and regular users.
Administrators and ordinary users (of course, respecting quotas given) can create a virtual
machine from scratch or through a template. In the latter case, the user can change any item
from the list above, taking into account access rights.

Administrators can set limits on the usage for users and user groups applied for different types
of objects: data stores, virtual machines (to limit the overall memory, cpu or VM instances),
network (to limit the number of IPs got from a given network), images (images can contain
consumable resources like software licenses) .

OpenStack is probably a more famous cloud computing platform . From a system
administrator’s point of view, it differs from OpenNebula. An OpenNebula cluster can be
exploited by a single system administrator, which is not the same as talking about OpenStack,
especially during software upgrades. But, the user level resource description is almost the same.
A notable difference is that OpenStack uses flavors instead of templates. Flavor is an available
hardware configuration for a server . It defines parameters for a virtual server that can be
launched: number of virtual CPUs, main memory and root disk sizes.

Both OpenNebula and OpenStack lack resource applications or other means of
communication among ordinary users or administrators. Despite the positive experience of
working with OpenNebula at the supercomputer center of Lomonosov Moscow State University,
users, who were given access to OpenNebula, sometimes addressed simple tasks to administrators

directly via email, and not to OpenNebula Sunstone.

2. Proposed approach

Before proceeding to the detailed description of the approach, we will describe the basic
principles.

e To access computing resources, users send requests, and they should be structured: it
should be clear, which system the request is for and how much resources are requested.

e [t is important to fully describe computing systems in a structured manner, so that a user
could choose a right computing system. Values of resources and their limits should be clear
to a user.

e Thousands of users can work in a single supercomputer center. That is why, common tasks,
such as granting and blocking access, should be automated.

e The software implementation of the approach should not be deeply integrated with
computing systems, but communicate with them through special interfaces.

Structural description of computing systems and request, if approved, is necessary to
automatically provide access with the required parameters. Parameters can be various quotas,
for example, CPU hours for supercomputers or the maximum amount of used RAM for virtual

2022, T. 11, Ne 1 7
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machines. Computing systems can be combined into types, and they, in turn, into a hierarchy,
which makes it easier for users to find a system suitable for their problems.

The request, in addition to a complete description of the required computing resources,
contains the fields for a sender and an administrator who considers it and various details related
to the methods of access. A widespread option is the SSH protocol, which prompts the idea
that users only need to describe in one place all the information related to access. It is allowed
to submit a request for modifying an existing access. Requests can be in one of the following
states: new, submitted for review, canceled by user, rejected and approved. Upon approval of
the application, an administrator can change some parameters, informing the user about this
and a request to grant access with the required parameters is sent.

The user should have access to the technical details of connecting to the computer and a set
of possible actions: “power on”, “power off”, “get state” (this is relevant for virtual machines).

Access can be in one of the following states:

e New. Access is in this state if the administrator has approved the user’s request and is
changing some parameters at the moment.

e Approved. The user is allowed to access the computing system.

e Prepared for completion by the administrator, prepared for completion. In these states,
the user is denied access, but the data on the hard drives is not erased yet. These states
differ only in those who initiated this process: the administrator or the user.

e Access denied, completed. In these states, all user data on hard drives is erased. In the states
“Access Denied” and “Completed”, the administrator transfers accesses from the states
“Prepared for completion by the administrator” and “Prepared for completion” respectively.

The interface for communicating with computing systems is described further in general. So,
for example, the actions to turn a supercomputer on and off by a user are completely irrelevant,
but during the operation of a virtual machine, they can be useful when a virtual machine is not

responding. The actions that can be performed through the interface are as follows:

e Load data about computing system, if it is relevant.

e Create and modify access parameters specified by requests.

e Load information about the current state of the computer and possible actions at the
moment. For user convenience, hints and names for operations in different languages can
be added.

e Perform actions to change the state of the machine available to the user: power on, power
off, etc.

e Terminate user access without deleting user data on hard drives.

e Delete data on hard drives.

3. Implementation

Like any other workflow for communicating with the user at the Lomonosov Moscow State
University supercomputer center, it is reasonable to implement provision of an access as a
module for the Octoshell supercomputer center functioning support system accessed using web
browsers @ . Also, the process of granting access also depends on the state of projects, the
availability of SSH keys and the fact of passing the preliminary procedures, the logic of which
has already been implemented in Octoshell and its implementation is open-source . Integration
with other objects in the Octoshell system is also a definite advantage.
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In Octoshell, the organization of access to supercomputer systems is independent of a specific
machine and is not related to the system software responsible for supercomputer management.
Users are united into projects and gain or lose access to computing systems depending on events
in the Octoshell system. For example, if the report on the project work gets a low mark, then
this project goes into the “blocked” state and then, after synchronization, the project is denied
access. Synchronization calls scripts located directly on supercomputers and thus the scripts form
an interface. To work on the computing systems of Lomonosov Moscow State University, users
go through preparatory procedures that are not directly related to the approach of providing
resources such as preparation of required documents and their approval. Project managers apply
for resource quotas and users upload the public part of their SSH keys to the Octoshell system,
which are used to work with all available supercomputer systems. The resources subject to quotas
are CPU hours, disk space, and GPU hours. These routines are implemented inside the Octoshell
module called core.

For work on supercomputer systems, the core module has shown itself well, but it is difficult
to call it a unified approach. The types of resource quotas are hardcoded right in the source
code, and these types of quotas are not suitable for virtual machines. The same applies to
the description of supercomputer systems themselves. The approach proposed in the article is
implemented primarily in the module for interacting with cloud systems. But this does not imply
module generality, because it can also work with supercomputers and cloud systems at the same
time. It is convenient to describe the implementation details through entities, so they will be
considered further (Fig. .

Template Template kind
(virtual machine, - - Description
extra hard disk) - Cloud type (VM template, disk)
- Description - Relationships with ather types of object
-cloud id (Reguest composition rules)
Editable resources - Resource kinds
Uneditable resources
L
i .
Cloud
Request {ACCESS] - Adapter (OpenNebula, ssh, https)
- Creator - URI (hostname, port, ...)
- Request text
- State

Template instances . .
D Virtual machine

- Relationships with other types of - cloud id
instances [ - state - Logs

- address

- actions

Fig. 1. The diagram of module entities

Template and resource kinds. Every cloud infrastructure object, that a user can send
requests for, is represented in the module as a template. The template has its own type and you
can specify links with other types. These links show how the instances in the requests and user
accesses can be related to each other (the power of the connection and, in general, the ability to

link the instances). Types can be combined in hierarchies, thus creating subtypes. For a template
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type, the relation to a cloud computing platform can be specified. At the moment, only the type of
relationship to the cloud called “virtual machine” is supported, and this can be specified only for
one type of template. The template type also indicates the types of resources that will be changed
in user requests or not, depending on template resource configuration. Each resource type has
an identifier by which cloud platforms associate the resource type in the Octoshell module with
their own. For example, the resource type “RAM size” has the “MEMORY” identifier. Currently,
Octoshell has the following types of resources: the amount of RAM and disk space, the number
of CPU cores and access to the Internet. The latter, from the OpenNebula point of view, means
belonging to the special OpenNebula network with a dedicated Internet address.

A template has a verbal description, platform affiliation, and a cloud id that is unique on
the target cloud platform. For the template, resources are specified that the user can edit or only
see, depending on the settings of the resource view. There is an option not to specify resources
at all: then, when creating virtual machines, only the values of the template stored on the target
cloud platform will be used. The module allows you to create descriptions of a template, its
type and resource types completely manually, or almost automatically by loading them from the
target cloud platform: it remains only to indicate whether the resource is editable or not, as well
as the limits in user requests and default values (if the resource is editable).

Requests are described by template instances, text, id of the creator and admin who
reviewed the request, and state. Request and access states were described in the previous section.

Access also provides a collection of template instances, but already functioning on the
template target platform, and state.

Virtual machine has its own id on the cloud and external, internal addresses. Each time
the status information is updated, the possible actions for the virtual machine are also updated
and saved in the Octoshell database: starting from the id of the action to be parsed by the cloud
adapter and ending with prompts and action names in Russian and English. As a result, the user
access page with virtual machines takes the following form in Fig.

There are usually several OpenNebula XML-RPC interface commands behind each adapter
action, and each of them, depending on the cloud state, may not be executed due to errors or
have to wait until the virtual machine takes a suitable state (after exiting the intermediate state
caused by the previous command, for example). Therefore, the result of each action is recorded

in the logs. In case of command execution errors, administrators are notified.

4. Performance evaluation

As it has been already mentioned, the proposed approach is implemented in the Octoshell
supercomputer center functioning support system and users access its functionality using web
browsers. Thus, the primary goal is to ensure that pages are downloaded fast. Base functionality
of all Octoshell engines (including the engine implementing the current approach) are run on
the same virtual machine (on the same Linux process) sharing hardware resources equally.
Technically, new engine did not operate with huge amounts of data, did not add sufficient amount
of code able to disrupt the functioning of virtual machine. Reasonably implemented the previous
version of the engine showed itself well, consuming less than 0.5 second to prepare page for web
browser, what is the same with many other Octoshell engines.

Previous information corresponds to the base functionality, but there are long-running jobs
in almost any modern web application. “Long-running” refers to processes consuming (or which

can consume) significantly more than 1 second: such delays are not suitable for any modern web
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Access#1

Finish Update VM state Reinstantiate

User

Paokin Andrei user1@octoshell.ru
Started sync at
2021.08.01 19:38:55
Finished sync at
2021.08.01 19:39:18
Finish date

2021.04.30

Allowed by

admin admin@octoshell.ru
Project

Octocalc_1

Login to virtual machines as "root". For example, ssh root@<ip> -i <path/to/private_key=>. Allowed keys are all active keys of project members in the allowed state

Alpine Linux 3.10#1

CPUs: 1

Main memory: 2.0 GB
Disk volume: 2 GB
Internet access: Yes

Add to request for modification
Id 1 .
Cloud id 575
Local address 172.16.2.7
Internst address 10.0.0.2 » reinstall
e
State running (ACTIVE | RUNNING)

State info updated 2021.08.01 19:39:18

Fig. 2. User access page

application. Typical examples of such jobs in Octoshell are sending an email and interaction with
computing systems, which are located on the different servers and even can be inaccessible at
the moment. The typical solution is to delegate these jobs to other operating system processes,
usually called background workers to be executed asynchronously. As a result, the only thing
remained to be considered is efficiency of background job execution.

When talking about our approach, long-running jobs are all interactions with servers
responsible for computing system functioning. Thus, these jobs are delegated to background
workers and a user does not need to wait until they finish, usually receiving notifications about
their final status: completed or failed. In general, adapters responsible for such communications
simply send their messages via SSH and HT'TPS protocols. Requests described at the end of the
“Proposed approach” section do not require return value and can be executed asynchronously.
Even data about the current state of a computing system does not require to be loaded
immediately.

In case of OpenNebula, it has the rich API, but there are situations when one request of
the Octoshell cloud engine results in nearly 10 OpenNebula API calls. A virtual machine can
be in one of nearly 60 states: error, transient (‘“changing disk size”) or normal state (power off,
power on, etc.). To update parameters of a virtual machine, the Octoshell cloud engine requests
can cause attachment or removal of SSH keys, network interface controllers, change of disk or

main memory size, CPU resources, etc. Each of these actions has to be run in their own specific
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state with their own OpenNebula API call. For us, it was reasonable to implement OpenNebula
adapter directly inside Octoshell instead of creating a new subsystem to accomplish our goals.
The main idea of adapter is to divide big requests like virtual machine modification, creation into
small requests. Each small request is OpenNebula API call with required actions to check that
a virtual machine is in a right state. In some cases, background worker has to wait until virtual
machine leaves transient state and background worker performs API call to check virtual machine
state. If the state is transient, it sleeps (operating system call) for 5 seconds, then sends requests
again. Anyway, each large request is performed in less than 30 seconds and these background
workers do not load web server resources significantly. This situation is expected to remain in
the future, when more virtual machines controlled by Octoshell appear. If not, the architecture
of the cloud computing engine allows to develop non-local adapters, accessible via HT'TPS and
SSH protocols.

Conclusions

As a result, the unified approach to the provision of resources in the supercomputer center
and the module for organizing user access on cloud systems for the Octoshell have been developed.
The cloud module can also be used to work with supercomputer systems.

The module improves the convenience of working with the cloud, reduces the number of
manual procedures and the loss of information, which is now presented in a common place for
all participants (project member, project manager and administrator). The latter is especially
relevant in the upcoming tasks of creating a new information system, which, based on data from
monitoring systems and Octoshell together will inform the user about the peculiarities of the
task and the expected behavior on different sections of the supercomputer center.

It is especially important that such system has access to data from monitoring systems of both
the user’s tasks and similar users, where data integration with Octoshell is often indispensable.

The module has been successfully tested on a copy of the main Octoshell system and a server

running OpenNebula @ It will be deployed to the main system after the next update.

The results are obtained with the financial support of the Russian Foundation for Basic
Research (grant No. 20-07-00864).

This paper is distributed under the terms of the Creative Commons Attribution-Non
Commercial 4.0 License which permits non-commercial use, reproduction and distribution of

the work without further permission provided the original work is properly cited.
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B pamMkax oJHOTO CyIEepKOMIBIOTEPHOTO IIEHTPA MOTYT HAXOIUTHCS HECKOJBKO BBIYUCUTEBHBIX CHCTEM C
Pa3HOI apXUTEKTYPOil U NPpUHIUIAMK pabOThI ¢ KOHEYHBIM I10JIb30BaTeseM. [Ipu oprasusaiun JocTyna noJib30Ba-
Teseil HeoOXOIMMO TTOJTHOE OMHUCAHME CHUCTEM JJIsi COTJIACOBAHHOTO BBIOODA MOJIB30BATEIEM 3aJ1a9, ITPOTPAMMHBIX
MaKEeTOB U alllapaTypbl, & TAK¥XKe YINTHIBATH JETAJTH KBOTUDOBAHIS, Ay TEHTU(DUKAIINN, 3AILYCKA TPUIOKEHUN Ha
KaKJ[0M M3 OTJEJIbHBIX MAIIMH B paMKax eJIuMHOro pabodero mnporecca. B manHOil pabore mpeiaraercs moJXom,
K IPEJIOCTABJIEHUIO PECYPCOB CyIEPKOMIILIOTEPHOIO IEHTPA, TJIE MOJIb30BATEeNb, MOJb3YysACh MOJHBIM ONUCAHUEM
BBIYUCJIUTE/IHHBIX CACTEM, CO3/A€T 3asBKU HAa JIOCTYII C YKeJaeMbIMU KBoTaMu. 1107X0/1 OnmchIBaeT >KU3HEHHBIN
[UKJI JOCTYIIa, IPU U3MEHEHUU COCTOSIHUSI KOTOPOTO IIPEJIIOJIaraeTcsl B3aNMOIeHCTBIAE C BBIYUCTUTEIBHBIMU CH-
creMaMu 4depe3 uHTepdeiichl crucreMm 6e3 riaybokoit maTerpanuu. Jlaercs 0630p MIMPOKOUCIIONIB3YyEMbIX MOJIX0/I0B
K KBOTHPOBAHUIO W OPTAHU3AINU JOCTYIA, & MPEJIOXKEHHBIN TOIX0 PEeaJu30BaH B BHJE MPOTPAMMHOTO MOJY-
JIST JIJIsE CUCTEMBI TOJJEPKKU (DYHKIIMOHUPOBAHUSI CYIepKOMIbIOTepHBIX 1eHTpoB Octoshell u anmpobupoBan Ha
BBIYUC/IMUTE/IBHOM CUCTEME IT0J1, yIpaBJIeHneM I1aTdopMbl Oprasusanuu obadabix Berauciaenuit OpenNebula.

Karoueswie  caosa:  admMunucmpupo8anue CYneproMnulOMEPHHT UEHMPO8, NPEeCOCTNABAEHUE PECYPCOS,
Octoshell.

OBPASBEIIl INTUPOBAHUA
Paokin A.V., Nikitenko D.A. Unified Approach for Provision of Supercomputer Center
Resources // Becruuk FOYpI'Y. Cepust: Borauciaurensuas maremaruka u undopmaruka. 2022.

T. 11, Ne 1. C. 5-14. DOI: 10.14529 /cmse220101.

2022, T. 11, Ne 1 13


https://docs.openstack.org/nova/rocky/user/flavors.html
http://dx.doi.org/10.1145/2903150.2903481
https://users.parallel.ru/
https://users.parallel.ru/
https://github.com/octoshell/octoshell-v2
https://github.com/apaokin/octoshell-v2/tree/cloud_computing_engine/engines/cloud_computing
https://github.com/apaokin/octoshell-v2/tree/cloud_computing_engine/engines/cloud_computing
mailto:andrejpaokin@yandex.ru
mailto:dan@parallel.ru

Unified Approach for Provision of Supercomputer Center Resources

JIureparypa

1.

Voevodin V.V., Antonov A.S., Nikitenko D.A., et al. Supercomputer Lomonosov-2: Large
Scale, Deep Monitoring and Fine Analytics for the User Community // Supercomputing
Frontiers and Innovations. 2019. Vol. 6, no. 2. P. 4-11. DOI: |10.14529/js£1190201.

OpenNebula — Open Source Cloud Computing Platform. URL: https://opennebula.io/
(mara obpamenns: 12.12.2021).

OpenNebula Usage Quota. URL: https://docs . opennebula.io/6.0/management _and_
operations/capacity_planning/quotas.html| (nara obpamenus: 12.12.2021).

OpenStack — Open Source Cloud Computing Platform. URL: https://opennebula. io/
(mara obpamienus: 12.12.2021).

OpenStack flavors. URL: https://docs.openstack.org/nova/rocky/user/flavors.html
(marta obpamenus: 12.12.2021).

Nikitenko D., Voevodin V., Zhumatiy S. Resolving Frontier Problems of Mastering Large-
Scale Supercomputer Complexes // Proceedings of the ACM International Conference on
Computing Frontiers. ACM, 2016. P. 349-352. DOI: [10.1145/2903150.2903481/

Octoshell Supercomputer Center Support Functioning System. URL: https ://users .
parallel.ru/ (mara obpamenns: 12.12.2021).

Octoshell Source Code. URL: https : //github . com/octoshell /octoshell - v2 (zmara
obpamenust: 12.12.2021).

Cloud Computing Engine for the Octoshell System. URL: https://github.com/apaokin/
octoshell-v2/tree/cloud_computing_engine/engines/cloud_computing (mara obparie-
st 12.12.2021).

[Taokun Anmpeit BukropoBud, acrnupanT, Kadeapa CyIepKOMIBIOTEPOB U KBAHTOBOI HH-

dopmarukn, MockoBeknii rocymapersennsiii yuusepenrer nmenn M.B. Jlomonocosa (Mocksa,

Poccuiickast @enepanusi)

Hukwurenko JImurpuit AstekcaHapoBud, K..-M.H., C.H.C., JaDOpaTOpusi HapajjieIbHbIX HH-

dopMaInMoOHHBIX TexHojoruii, HayuHo-ucciienoBaTelbCKuil BBIUUCIUTENbHBIN 1eHTp, MockoB-

ckuii rocynapcreennbiii yausepcurer umenn M.B. Jlomonocosa (Mocksa, Poccuiickas @enepa-

1)

14

Bectuuk FOYpI'Y. Cepusi «BorauciauresbHasg mareMaTuka u nH(pOpMaTUKa»


http://dx.doi.org/10.14529/jsfi190201
https://opennebula.io/
https://docs.opennebula.io/6.0/management_and_operations/capacity_planning/quotas.html
https://docs.opennebula.io/6.0/management_and_operations/capacity_planning/quotas.html
https://opennebula.io/
https://docs.openstack.org/nova/rocky/user/flavors.html
http://dx.doi.org/10.1145/2903150.2903481
https://users.parallel.ru/
https://users.parallel.ru/
https://github.com/octoshell/octoshell-v2
https://github.com/apaokin/octoshell-v2/tree/cloud_computing_engine/engines/cloud_computing
https://github.com/apaokin/octoshell-v2/tree/cloud_computing_engine/engines/cloud_computing

YK 004.272, 004.9 DOI: 10.14529 /cmse220102

BBICOKOIIPONU3BOAVUTEJIbBHBIE BBIYNCJ/INTEJIbBHBIE
PECYPCBI IO2KHO-YPAJIBCKOI'O 'TOCYJIAPCTBEHHOI'O
YHUBEPCUTETA

© 2022 P.B. bBusienko, H.}O. doaranuna, E.B. IBanoBa, A.Ul. Pekaunnckuii

IOoicho- Ypanrvexuti 2ocydapemeennvil yrusepcumem
(454080 Heanbunck, np. um. B.U. Jlenuna, 0. 76)
E-mail: bilenkorv@susu.ru, | dolganinanit@susu.ru,

elena.ivanova@susu.ru, alexander.rekachinsky@susu.ru

[Tocrynuna B pemaxnuio: 20.02.2022

B nacrostmee Bpemsi B FOKHO-YpasibCKOM TOCY/ITaPCTBEHHOM YHUBEPCUTETE JIOCTUTHYTHI 3HAYUTEIbLHBIE De-
3yJIBTATHI B ODJIACTU CYNEPKOMITBIOTEPHOIO MOJEJMPOBAHUS, MCKYCCTBEHHOIO WHTE/IJIEKTa W OOJIBINUX JAHHBIX.
OVYpI'Y obnamaer sneproadderkTuabiM cynepkoMibiorepoM «Topaamo FOYpI'Y», koropsiit 3anumaer 15e Me-
¢To B pefituare cambrix Momubix cynepkommbiorepos CHI TOII50 (centabpn 2021). Jdua nccnemosanuii B obaactu
HMCKYCCTBEHHBIX HeMpoHHBIX ceTeit B FOYpI'Y ObL1 ycTaHOB/IEH CIIENAAIU3NPOBAHHBIN MHOTOIIPOIIECCOPHBIN KOM-
wiekc «Heitpokommbioreps. «HellpokoMIIbIoTEP» HUCIIOJIB3YET MOIIHBIE [I€PEOBbIe rPAMDUIECKAE YCKOPUTEH JIJIst
obydenus: Heitponubix cereii. Cynepkomnbiorep «Topuago FOVpI'Y» u kommieke «HefipokoMibioTep» HaxoIsiT-
Csl B NEHTPE HAYJIHOW >KU3HU YHUBEPCUTETA, MO3BOJIsisl MTPOU3BOUTE CJIOXKHEUINE BBIYUC/IEHUS I PACIETOB
B 06JIaCTH MHXKMHUPHUHTA, €CTECTBEHHBIX HAyK, HAYK O YeJOBEKE M UCKYCCTBEHHOI'O MHTEJUIEKTA. BbIuuciuressb-
uole pecypcbl FOYPI'Y ucnosb3yiores B 06pa30BaHUd U B KOMMEPYECKUX IEJISAX JIjId PACYeTOB 3324 IIapTHEPOB
Yuusepcurera. B pabore ommchIBAIOTCS XapaKTEPUCTUKH BBICOKOTTPOU3BOIUTETHLHOTO obopynoBanus FOYpI'Y, mo-
CTYITHOE CUCTEMHOE M MPUKJIAIHOE MTapaJljie/IbHOEe TPOrPaMMHOe 00eCIIeYeHNe, IPUBEIEHBI CBEJIEHUsI O PEIIIEHHBIX
HayYHBIX U WHXKEHEPHBIX 33/1a9aX.

Karoueswie caosa: cynepkomnviomep, HeUpoOKOMNBGIOMED, NAPAAAEALHAA CUCTEMA TPAHEHUA OGHHBLT, AOMU-

HUCTNPUPOBAHUE CYNEPKOMNBLIOMEPOS, CYNEPKOMNDIOMEPHOE MOJEAUPOBAHUE, HETUPOHHDBIE CETU.

OBPASBEIIl INTUPOBAHUA
Bunenko P.B., lonranuna H.YO., sanosa E.B., Pekaunuckuit A.V. Beicokonpouzsonuresb-
HblE BBIYHCIUTEIbHBIE pecypchl HOKHO-Y paabcKoro rocyapcrsenHoro yausepceurera // Becr-

Huk FOYpI'Y. Cepust: Borauciinrensuas maremaruka u uagopmaruka. 2022, T. 11, Ne 1. C. 15-30.
DOI: 10.14529 /cmse220102.

BBenenue

B FO:xHO-YpajabCKOM TOCYIAPCTBEHHOM YHUBEPCUTETE JIOCTUTHYTHI 3HAUUTE/IbHbIE PE3YJlb-
TaThl B 00JIACTU CO3JIaHusT TU(PPOBOIl UHIYCTPUU. AKTUBHO PA3BUBAIOTCS MCCJIEIOBAHUS C MPU-
MEHEHUEM CYIIEPKOMITBIOTEPHOTO MOJEJIMPOBAHNSI, NUCKYCCTBEHHOIO WHTE/LJIEKTA U OOJIBINNX JTAH-
HbIX. B Hacrosimee Bpemst FOVpI'Y obitagaer sHeproadGeKTUBHBIM CylIepKOMIIbIoTepoM «Top-
vago FOYpI'Y», koropsiit 3anuMaeT 15 MeCTO B PEATHHTE CAMBIX MOIIHBIX CyHEPKOMIIBIOTEPOB
CHI" TOII50 (centstopnp 2021). 3aja4dn B 06JIACTH UCKYCCTBEHHOTO WHTEJJIEKTA TPEOYIOT BbI-
COKOI'0 TapaJileIM3Ma Ha OOIIeil IMaMsTH, HO CYIIEPKOMIIBIOTED C KJACTEPHON apXUTEKTypoil
sroro He obecmeunBaer. JljIs1 co3maHnsa MCKYCCTBEHHBIX HelpoHHBIX cereil FOVpIL'Y 6bu1 mpu-
obpeTeH crenuaan3upoBaHHbI MHOTOIIPOIECCOPHBIH KoMmIteke «Heitpokomibioreps. Heiipokom-
MBIOTEP MCIIOJIB3YeT MOIIMHBIE epeaoBble rpaduIecKne YCKOPUTEIN i 00yJIeHns HeHPOHHBIX
cereit. BBICOKOITPOU3BOUTEHLHBIMI BRIYUCIUTEIbHBIMEU pecypcamu FOYpL'Y mosb3yiorcs 6osee
500 dwesioBeK, 3TO He TOJBKO COTPYAHMKH U CTYAeHTH HOKHO-YPpaabCKOro TrocydapCTBEHHOIO

YHUBEPCUTETA, HO COTPYIHUKN BHEITHUX O6pa3OBaTeJ'IbeIX, HayYIHBIX U IIPOU3BO/ICTBEHHBIX OpTra-

2022, T. 11, Ne 1 15


mailto:bilenkorv@susu.ru
mailto:dolganinani@susu.ru
mailto:elena.ivanova@susu.ru
mailto:alexander.rekachinsky@susu.ru

BricokonpousBoauTesibHbIE BhIUYNCIATEIbHBIE pecypchl FOYpI'Y

HU3AIWH (IPOMBIIIEHHBIE TpenpusiTusi, yausepcurersl, nactutyrsl PAH). B FOYpPI'Y cosznan
Hay IHO-06pa30BaTe/bHBIN 1eHTD «VcKyccTBeHHBII nHTE/IEKT 1 KBaHTOBbIe TexHoorun» (HOLL
NUKT) , COTPYJIHUKHA KOTOPOTO 3aHUMAIOTCH aIMIHUCTPUPOBAHUEM BBICOKOITPOU3BOINTE b
HeIX pecypcoB FOVpI'Y, HayIHBIME HCCIEIOBAHUSIMA B O0OJIACTH CYIIEPKOMITBIOTEPHBIX TEXHOJIO-
ruii, 00eCIevnBaloT MO/IEPKKY Mob30BaTe ei. B mannoit pabore BBITOIHEH 0030p BBICOKOIIPO-
U3BOAMTEIBHBIX pecypcoB KOV pI'Y, cucreMHOro u IpUKJIAIHOIO IPOIPAMMHOIO OOECIIEIeHMS.
OcraToK cTaThbd OPraHW30BaH CjeayonmM obpasoMm. B pa3;1eneonncaﬂb1 OCHOBHBIE BbI-
cokornpousBoauTesbable pecypebl FOYPI'Y, ycranosnenusie 8 HOIL UNKT, takue kak cymep-
koMmmbiorep «Topramo FOYVpI'Y», komiiekc «HelpoKOMIIBIOTED», CHCTEMBI XPAHEHUSI JTAHHBIX
Panasas ActiveStor 11, OceanStor Dorado 3000 V6, Huawei OceanStor 5300 V5. Pa3;gennoc135{-
meH 0630py CHCTEMHOI'O IIporpaMMHOro obecredenus, ucrosb3dyemoro B HOLL MMKT. Onucano
[PUMEHEHNE CUCTEM MOHUTOPHUHIA U yIIPABJIEHUs 000OPY/IOBAHIEM U ITPOIPAMMHBIMU CHCTEMAMMU
B HOIL UUKT. B pa3zmene |3| mpemcraBiieHO MPUKJIAIHOE MPOTpAMMHOE ObecIiedeHue, T0CTYII-

HOE TI0JI30BaTEJIsIM BBICOKOIIPOU3BOUTEIBHBIX pecypcoB OV pI'Y, BeinotHeH 0630p permaeMbIx

HayY9IHBIX 1 MH2KEHCPHDbIX 3a/1a4. 3akJIodyeHmne COAEPZKUT UTOT'OBBIE BBIBO/bI.

1. BrbIicokompon3BouTeJbHbIE PECYPCHI
1.1. Cynepkomnbiorep «Topaamo FOYpI'Y»

Cynepromubiorep «Topuago FOYpl'Y» mperncrasiisier cob60# BEIYUCTUTETBHBIN KOMILJIEKC C
MOJTHBIM KUJIKOCTHBIM OXJIA2KJCHUEM ITPOU3BOAUTENLHOCTBIO 473.6 Tepadornc, koTopbiilt B Ha-
cTosIee BpeMst 3aHnMaeT 15 MecTo B peiiTuHre caMbIX MOIIHBIX cyniepkoMitbiorepo CHI' TOII50
(centsiopnb 2021). Vcnosb3oBanue KuJIKOCTHOIO OXJIazKJICHHUs BJIeUeT 3a COOOM yBeJImIeHne SHep-
roadpderrunocTu cucrembl (3koHOMust 40-50% 3/1€KTPOIHEPTUH IO CPABHEHUIO C CUCTEMAMHU C
BOBJLYIIIHBIM OXJIAYKJICHUEM ), 8 TaKKe MaKCUMU3AIUIO IJIOTHOCTH YIIAKOBKH JEKTPOHUKHU, ITO
[IO3BOJIsIET U30ABUTHCS OT MMOJABUYKHBIX YaCTENl B BBIYUCIUTENE, IIIyMa U BUOPAIINU, TOBDIIIAs TEM
CaMbIM HAJI€?KHOCTDH U SPIOHOMUKY yCTAHOBKHU . Texundeckre XapaKTEPUCTUKU CYHIEPKOMITHIO-

Tepa «Topuamgo FOVpI'Y» npeacraBieHsl B Ta6J1.

Tabuuiia 1. TexHuueckue XapakKTepUCTUKN cyrepkoMirbiorepa «Topaago FOVpl'Y»

XapakTepucTuka 3HadyeHue
Yucso BBIY. Y3JI0B/IPOIECCOPOB/ 480/960/384,/29184
COIIPOIIECCOPOB / TIPOIIECCOPHBIX SIJIEP
Tun npormeccopa Intel Xeon X5680 (Gulftown, 6 smep no 3.33 GHz)
Twun conporneccopa Intel Xeon Phi SE10X (61 sizpo o 1.1 GHz)
OrnepaTuBHas maMsiTh 16.9 Toaiir
JluckoBast maMsiTh 204 Toaiir, Panasas ActiveStor 11;

700 ToaiiT, Huawei OceanStor 5300 V5

Tun cucremuoit ceru InfiniBand QDR (40 I'6ur/c)
Tun ynpasJstroreii cern Gigabit Ethernet
[TukoBast IPOU3BOTUTETHHOCTD 473.6 Tepadtorc
Orneparonnast cucreMma Linux CentOS 6.2

Cynepkomubiorep «Topuago FOYpI'Ys» s xpaneHusi MCXOJHBIX JIAHHBIX U PE3YJIBTATOB

pacdeToB II0Jb30BaTesIell OCHAIEH BBICOKOIPOU3BOAUTEIbHON IIapaJljIeJIbHOU CUCTEMON XpaHe-
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Hust JaHHBIX Panasas ActiveStor 11 ¢ nukopoii npoussoauTeabHoCcThI0 30 886 omeparuii BBoma-
BBIBOJIa B CEKYHJLY, IIPU 9TOM CKOpOCTH 3amucu cocrasiser 2 402 MB/c, a ckopocrb urenust —
3 239 MB/c. B nacrositiiee Bpemsi XpaHIJIUINE YCIEITHO UCoab3yIoT 6osee 500 mosb3oBareseit
CYyTIEPKOMIIBIOTEPA, CUCTEMA HWCIIOJIL3YETCS HENMPEPLIBHO ¢ MoMeHTa ycraHoBku B 2013 romy m
mokazaJia cebsi OTKa30yCTONINBOM 1 Ha I€KHOIA.

Cucrema xpaHeHust JaHHBIX Panasas ActiveStor 11 cocrouT u3 msiTu mOJOK. JeThIpe IMOJIKI
cozepkar 1o 10 y3soB s xpanenns nanubix (StorageBlade) oobemom 4 T6aiit u mo ogrOMY
yaiy yupasienus (DirectorBlade), nsitast — cocrour uz 11 ysnos xpanenusi jJaHHbIX. O6beMm
xpanuauiia coctasiasier 204 T6aiiT, 9acTh KOTOPOro OTBEJEHA IO PEILIUKAINIO JAHHBIX. ¥Y3-
JIbl YIIPABJIEHUS BBIMIOJHSIIOT 33124y XPAHEHUsI METAJIAHHDBIX, a TakKxKe 00eCIeunBaiOT JOCTYI K
JaHHBIM 110 TakuM mporokosaM Kak NFS u CIFS. B cucreme HacrpoeHo 7 BUPTYaIbHBIX Y3JIOB
ropstuero pesepsa (hot spare), HO3BOJISIIONIUX JOCTUTHYTh YCTOWIMBOCTH PAOOTHI IPH OTKA3€ J10
CEeMU TUCKOB BKJIIOUUTEIBHO.

[Monkwu B Panasas ActiveStor 11 nmeror nojiaepkKy TobKo nnrepdeiica 10 Gigabit Ethernet.
st nonkrouenust cucremsl K cetu Infiniband QDR co ckopoctsio 40 ['6ur/ ¢ ucnonb3yores: Tpu
Ininiband poyrepa Panasas, koropbie mapiipytusupyor makersl u3 ceru Infiniband QDR B ceTnb
CX/. BanancupoBka HAIPY3KH CETH BBIIOJHSETCS HA BBIYUCIUTENBHBIX y3JIaX MOCPEICTBOM

MAapIIPyTOB JO CETU CUCTEMbI XPAHEHUs C OJIMTHAKOBON METPUKOM.
1.2. Kowmiutekc «HeitpokomMmnbioTep»

ApxurekTypa KoMmILIekca «HeipoKoMIIbIOTEp» OCHOBBIBAETCSI Ha PA3HOPOIHBIX I'padude-
CKUX YCKOPUTEJISAX, YTO IO3BOJISIET THOKO BBIOPATH MOIX0/IsAIIee 000PYI0BAHUE ST MAKCUMAJIHLHO
3¢ deKTUBHOrO pacueTa 00O 3a/1a91 CBI3aHHOM ¢ HEMPOHHBIME ceTsiMu. KoMIeke coctonT u3
IIECTU CEPBEPOB, O0BEIUHEHHBIX OOIEeil 0Yepesibio 3a/1ad, ¢ IMOMOIIBI0 KOTOPOIi MO/Ih30BATE/H
MTOJIYYaeT JIOCTYI K CEPBEPY ¢ TPpedyeMoil JJis ero 3a/iadu apXuTeKTypoil. XapaKTepUCTUKH KOM-
wiekca «HefipokoMiibiorepy mpejicTaBieHbl B TabJI.

ApxurekTypa KomILiekca «HelpokoMIbIoTeps TpeICcTaBIeHa Ha, PIC. I/I COCTOUT U3 JIBYX
GPU-cepepos Dell PowerEdge R750 na 6a3e NVIDIA Ampere A100, rpex GPU-cepsepos Dell
PowerEdge R750 na 6aze NVIDIA Ampere A30, ommoro GPU-cepsepa HPE Apollo ProLiant
XL270d Genl0 ma ocaope NVIDIA Tesla V100 u Tpex yupasisiomux cepsepoB Dell PowerEdge
R640.

GPU-cepeep Dell PowerEdge R750 Ha 6a3e mepe1oBbIX Ha CENOIHSIIITHUN T€Hb TpadUIeCcKuX
uporeccopos NVIDIA Ampere A100 umeer jBa TakKuxX IIPOIECCOPa ¢ 00BEMOM BUJIEONAMSITH
80 I'Gaiit, npa nporeccopa Intel Xeon Silver 4314, omeparuBHyo namsaTb obbemoMm 192 I'Gaiir
U TIOCTOSIHHYIO TaMsiTh Ha TBEPIOTEJbHBIX Hakormuressx oobemom 1.9 T6. GPU-cepsep Dell
PowerEdge R750 ua 6aze NVIDIA Ampere A30 cocrour u3 jiByX rpaduuecKux MIPOIECCOPOB,
umeronux oobem Bujeonamsitu 24 ['6aiit, 1Byx mporeccopos Intel Xeon Silver 4314, oneparusHoii
mamsaTu oobemom 192 I'GaiiT u TBepmoTeNbHBIX Jguckax oobemom 1.9 T6aitr. lanuble cepBepbl
HAUJIYyIIIuM 00pa30M HOIXOAAT i TPeOOBATEIbHBIX K BUICONAMATH 3884 U 3884, KOTOPBIM
PeCypChl HEOOXOIUMBI B MOHOTIOJIBHBIN JTOCTYII.

GPU-cepeep HPE Apollo ProLiant X1.270d Genl0 mpescrasisier coboit cepBep ¢ BOCEMBIO
rpadugeckumu nporeccopamu NVIDIA Tesla V100 SXM2 (32 I'6aiit BugeonamsiTi), 06beu-
HeHubix cerbio NVLink, nsyms nporeccopamu Intel Xeon Gold 6254, omnepaTuBHON HaMSATHIO

obbemom 192 I'GaiiT u TBEpIOTENBHBIMY JuCKaMu oOIuM pasmepom 7.68 Toaiit. Ceppep mo3BoJIsI-
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Tabuuiia 2. TexHuueckue xapakTepuCTUKNA KoMiuiekca «Heitpokomuborep»

XapaKTepucTukKa 3uavyenue
Hucno rpadutdecKux mporeccopoB/ 18/91432
smep CUDA
Tumner rpadudeckux mporeccopon NVIDIA Ampere A100 80 GB PCI-E — 4 mr.

NVIDIA Ampere A30 24 GB PCI-E — 6 mr.
NVIDIA Tesla V100 SXM2 — 8 .

Yuest0 BBIYUCIUTENBHDIX IpolieccopoB/ | 18/268

IIPOITECCOPHBIX sIIIEP

TuUIbl BEIYUCIUTETBHBIX MPOIECCOPOB Intel Xeon Gold 6254

(Cascade Lake, 18 sinep mo 4 GHz) — 2 wr.;
Intel Xeon Silver 4314

(Ice Lake, 16 sinep no 3.4 GHz) — 10 mr;
Intel Xeon Silver 4214

(Cascade Lake, 12 sinep no 3.2 GHz) — 6 m.

OneparuBHasi IaMsITh 1920 I'daiiT

XpaHWInile JTaHHbIX 700 Toaitt, Huawei OceanStor 5300 V5;
46 T6aiiT, cucreMa XpaHEHUS JTAHHBIX
Ha OCHOBE TBEPJIOTEJbHBIX HAKOIIUTEICH

Huawei OceanStor Dorado 3000 V6

KovmmyHnukanmonnast ceThb Mellanox Infiniband QSFP28, Mellanox
Infiniband SFP28, Gigabit Ethernet

[TukoBast TPON3BOAUTENHHOCTD 276.4 Tepadoric

OrneparmonHast cucTeMa Linux Centos 7.8

€T JOCTUTHYTh MaKCUMAaJbHOU 3(PEKTUBHOCTH MU paclapaJuIeIMBAHIN 33J1a9 Ha HECKOJIBKUX
rpadUIeCKnX YCKOPUTEIISX.

Taxxke B KOMILIEKC BxoJaT Tpu yipasisionux cepsepa Dell PowerEdge R640, HeobxomumbIx
JIJIs OpraHu3anu padboTsl KoMiiekca. Kaxkpiil yipaBiIsonuii cepsep COJAepKUT JIBa, IIPOIIECCO-
pa Intel Xeon Silver 4214 u 256 ['6aiiT onepaTUBHON TaMATH.

Jlist oOyvuennst HEMPOHHBIX ceTeil UCIOIB3YIOTCA HADOPHI JTAHHBIX OOJIBLITHX 00BHEMOB, KOTO-
pble B GOJIBIIMHCTBE CIY9IacB COCTOSIT M3 MHOXKECTBA MEJKHX (DailiioB (M300pakeHus1, ayano u
Bugieo (aiiier). s addbekTuBHOrO 00yUeHnst HePOHHBIX cereli K KomILIekcy «Heltpokomibio-
Tep» MOJAKJ/IIOYeHa CUCTeMa XpPaHCHUdA JaHHBIX Ha OCHOBE TBEPIOTE/IbHBIX HaKoHnuTeaei Huawei
OceanStor Dorado 3000 V6, koropasi obecrieqmBaeT MaKCUMAaJIbHO JOCTYIIHYIO [TPOU3BOIUTEI b~
HOCTHb IIpHU pa60Te C JaHHBIMK THUIIaMX Cba,ﬁ.HOB. rHa,HHaH CUCTEMa BBIIIOJJIHAET YTEHUE N 3allUCh
Ha J[Ba TOPSIJIKA OBICTpee 0 CPABHEHUIO C YKECTKUMU JTUCKAMHU U, B OTJUYHE OT KJIACCUIECKUX
CUCTEM XPAHEHUsI, He TepsieT MPOU3BOIUTEILHOCTD IIpU paboTe ¢ HOIBITNM KOJIMIECTBOM MEJTKUX
daiisos.

Apxurekrypa Huawei OceanStor Dorado 3000 V6 mpejcrasisier coboit cucremy, comepKa-
YO JBa KOHTPOJLJIEPA, KOTOPbIE MOT'YT CMEHATH JIPYT JIpyra B Cjiydae OTKa3a OJIHOTO U3 HUX,
obecrieunBas TeM CaMbIM Oecrepeboiinyo paboTy XpaHWIUIa. B KayKaplii KOHTpOJIEp BCTPOEH
omuH miporieccop Kungpeng 920, pazpaboranubiit kommnanueit Huawei na 6a3e apxurektypst ARM,

¢ 96 I'6aiiT kam-namsiTu 1 comnponeccop Ascend 310 mist momaeprKaHusi CEPBUCHBIX HEHPOHHBIX
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GPU-cepBep Ha 6aze GPU-cepBepsI Ha 6aze GPU-cepBepsI Ha 6aze
NVIDIA Tesla V100 SXM2 NVIDIA Ampere A100 NVIDIA Ampere A30
GPU-cepBep GPU-cepBep GPU-cepBep
4 N [ N 4 N [
NVIDIA NVIDIA NVIDIA NVIDIA
Tesla V100 Tesla V100 Ampere Ampere IN2IDLI INNVIDLL:
SXM2 SXM2 A100 A100 e e
AN J N U\ J A30 A30
( NVIDIA ( NVIDIA h GPU-cepaep
Tesla V100 | | Tesla V100 a N[ ) SR
NVIDIA NVIDIA
SXM2 SXM2
PAN Ampere Ampere
A100 A100 NVIDIA NVIDIA
\_ AN J Ampere Ampere
e N A A30 A30
NVIDIA NVIDIA
Tesla V100 Tesla V100
SXM?2 SXM?2 YI[paB.]]ﬂlO[[[He cepBepbI
Dell PowerEdge R640 GPU-cepBep
Ve e ~ | Yupasasomuii cepsep |
NVIDIA NVIDIA INNAIDIA INALDILA
Tesla V100 Tesla V100 | Vupasasiomuii cepsep | AT AuTpE
A30 A30

SXM2 SXM2
AN

‘ Yupasasomuii cepsep ‘

CucreMa XpaHCeHHS JAHHBIX
Huawei OceanStor 5300 V5

CucreMa XpaHCHHS TAaHHBIX
Huawei OceanStor Dorado 3000 V6

Puc. 1. Apxurekrypa xomiuiekca «Heitpokommbioreps

ceTeil, BCTPOEHHBIX B XpaHujuiie. Cucrema BKJIOYaeT B cebsi 12 TBEPIOTEIbHBIX HAKOIUTEIEl
Enterpise SSD mo 3.84 To6aiiT Kaxablii. Bce KOMIIOHEHTBI XPAHUJIUIIA SIBJISIIOTCSA COOCTBEHHO
paspaborku komnanun Huawei. O6bem xpannmina cocrapisier 46.08 T6aiir ¢ kamem 192 I'6aiir.
DddeKTUBHBII 00bEM XPAHUIIAIIA, KOTOPBI MOTYT UCIIO/IB30BATH OJIb30BATEIN JjIs CBOUX JIaH-
HBIX, cocTaBjisier He MeHee 35 T6aiiT, ocrajgbHOE IPOCTPAHCTBO UCIOJIL3YETCs sl 0DeCcIIeYeHnst
OTKA30yCTONIMBOCTY XPAHIINIIA.

11 1OJIrOBpEMEHHOr0 XpaHeHusl JaHHbIX [I0Ib30BaTeel U Pe3yIbTATOB BLIYUC/ICHAS B KOM-
mwiekce «HeitpokoMmbiorep» ncmnoab3yercs cucreMa xpanenus gannbix Huawei OceanStor 5300
V5 ¢ obbemom mamsitu 700 T6aitt. Apxurekrypa CX /I Huawei OceanStor comepKut gBa KOHTPO-
Jiepa, B KaXKJIblii KOHTPOJIep BCTpoeH ojuH mnporeccop Kungpeng 920 ¢ 64 I'6aiiT kam-namsTy,
3epKaJNPOBaHNe JaHHBIX MEXKy KOHTPOJIEpaMu OCyIecTBisgercs depe3 cerb 100 I'6ur/c. Cu-
crema BKJIIo4aeT B cebsa rkectkue jucku NL-SAS 50 mr mo 14 T6aiir kaxawiii. Ilomiep:xka
BOJIBIINHCTBA, MOIYJISIPHBIX IIPOTOKOJI0B, TakuxX Kak NFS, CIFS, iSCSI u ap., 1103B0JIsSIET UCITOIh-
30BaTh JAHHOE XPAHUJIUINE KaK JJisi KOMILIeKca « HelpOKOMIIbIOTED», TaK U JIJIsl CYIIEPKOMITBIO-
tepa «Topuajo KOYpl'Ys».

2. CucremMHoe ITporpaMMHOe obecrnedeHmne

Ha xaxgpiii ysen cyneprommbiorepa <«Topuamo FOVpl'Ys» ycranoBieHa omepalimoHHas
cucrema CentOS 6.2. Wcnosbsyiorest kommuisropel Intel Compiler (C/C++, Fortran 77,
Fortran 90), GCC, 6ubsimoreka nmapasieasnoro nporpamvuposanust MPI2 (Intel MPI, OpenMPI,
MVAPICH), nossoJistiforiue peajn30BbIBATH MOIH30BATE/SIM COOCTBEHHbIE TIPUJIOKEHUS JIJIsT Pe-

meHnd CBOUX 3aJiayv.
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B komiutekce «Heitpokomibioreps ycranosiieHa omneparnmonHasi cucrema CentOS 7.8. Uc-
MOJIB3YIOTCSI HECKOJIbKO pasHbix Bepcwit kommmisitopa GCC, 6ubmmoreku CUDA, NCCL u
CUDNN 151 paboThl ¢ rpaduyueckuMu yCKOPUTEISIME, OUOIHOTEKa MapaslIeJIbHOIO ITPOrpaM-
mupoBanus OpenMPI. /s kornduryparmn moJsib3oBaTesibcKoro okpyxenusi Python-nporpamvmbr
(ycranoBKa HeoOXommMOlT Bepcuu Python, ycranoBka comyTcrBytonux 6ubiamorek, obecrednBa-
IONIUX B3aUMO/IENCTBIE C NCKYCCTBEHHBIMU HEHPOHHBIME ceTsimu, Keras , Tensorflow |4| u 1p.)
B KoMITekce «HefipokoMmmbioreps ycramoBiena cuctema Anaconda.

Jltst coBMecTHOr0 3(pHEKTUBHOTO UCIOIB30BAHUS PECYPCOB OOJIBIITIM KOJIUIECTBOM II0JIH30-
BaTesell Ha KaxKaoM BeraucanTeabaoMm koMmiiekce B HOLL UNKT ycramoBnena oTkasoycroitan-
Basl M MaCIITAOMPyeMasi CHCTEMA YITPABJICHU KJlacTepaMy 1 mrannpoBanns 3agannit SLURM .
Ha cynepkommbrorepe «Topuanos» ycranosierna SLURM Bepcun 2.5.3, B komiiekce «Helipokom-
npiorep» ucnoJblyerca SLURM sepcun 20.02.4.

2.1. CucreMbl MOHUTOPUHTA

O/iHOI U3 OCHOBHBIX 3a/1aY CUCTEMHOIO aJIMUHHCTPATOPA SBJIsieTCs obecliedeHrne KOPPEeKT-
Hoit m Gecriepeboiitnoit paborel obopyaoBanusi, Hanpumep, Infiniband u Ethernet cereit, cucrem
xpanenus gaHubix u ap. s cucremuoro mounuropuara B8 HOL UNKT wucrnonb3yrorest cucreMbl
Nagios u Zabbix. B HOILL NINKT rtak:xke Oblia pazpaboTana cOOCTBEHHAsI CUCTEMa MOHUTOPWHIA
3arpy3Ku CylepKOMIIBIOTEPOB, KOTOPAas I103BOJIsIeT (POPMUPOBATH OTUETHI O 3arPy3Ke U JIesdTe b
HOCTH IIOJIb30BaTEN el U3 CTPYKTYPHBIX 0/Ipa3/ie/IeHnll yHIBEPCUTETA @

Cucmema Nagios ipeocTapjsieT THPOPMAIIIO 0 paboTOCIIOCOOHOCTH 000PYIOBAHUSI U IIPO-
FPAMMHBIX CEPBUCOB U (popMHUPYeT coobienne 06 N3MEHEHUN COCTOSIHUS, OTIIPABJISIEMOE TI0 JJIeK-
TPOHHOH IIOYTE aJMUHUCTPATOPY . OcCHOBHOIT TIOXO0/T K HAIUCAHUIO MMPOBepoK B Nagios — ormu-
CaHUe MPOBEPOK B BUJIE CKPUIITOB C ITOMOIIBIO CAMOCTOSITEJILHO HAIMCAHHOIO KOJA, a8 TaKXKe C
ITOMOIIBIO CTAHIAPTHOIO HADOpa BA30BBIX ITPOBEPOK, KOTOPBIE HE TIOJIXOIAT JIjIsi OPTaHU3AI[UH MO-
HuTopuHra Beex KommonenToB pecypcoB HOIL MMKT. 3a cueT BO3MOXKHOCTH CAMOCTOSTETBHOTO
HAIUCAHUSI IIPOCTHIX MPOBEPOK Nagios Mo3BoJIsieT F'UOKO BBIMOJHSATD IPOBEPKHU PA3IUIHBIX CEPBU-
COB, HO 9TO TAKXKe SIBJISIETCS CEPbE3HBIM HelocTaTKoM. Heobxo/mMo caMoCTOsATeIbHO OIUCHIBATD
BCe HeCTaHJApTHBIE [IPOBEPKH, 9TO TpebyeT mpoananu3upoBarb SNMP koman bl 060Dy 10BaHMS
u onucarh ux obpadoruyuku. OnoBeleHne Yepe3 JIEKTPOHHYIO [TOUTY TAaKKe HeyIOOHBIN Mexa-
HU3M, 329aCTYyI0 TUChMa TIOMA/IAI0T B CIIaM JINOO JOXOISAT HO3/IHEE, YeM HEOOXOUMO It OBICTPO-
ro pearupopanus Ha npobsembl. B HOLL MNKT Nagios ucnosb3yercst Jjisi IPOBEPKU COCTOSIHUSI
CEePBUCOB, TAKUX KaK [10YTa, OYEPE/IN 33J/ia4, U CETEBOI0, KOMMYHHUKAIIMOHHOI'O U JIPYIMX BUIOB

oGopynosanust (puc. |2).

H a g i o S'n Host Infrastructure (ntemp)

Services
General chiller '
@ Home rack-power @
@ Documentation ups-tornado-1
upz-ural-1
Current Status up=-Lral-2

Puc. 2. Mouutopunr coctosinusg 000pyI0BaHus C IIOMOIIBIO BeO-uHTepdeiica cucrembl Nagios

Cucmema monumopunea Zabbiz |8| nosisunacs 8 HOLL UNMKT mnoznuee, uem Nagios, Ho 6ita-

rolapsd BOBMOXKHOCTsIM aKTHBHOI'O M ITaCCUBHOI'O MOHMTOPHMHI'a CUCTEM, YCTaHOBKHU Ha Windows
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u Linux cucreMbl ucnojib3yercsi boJiee mupoko. B Zabbix mpegycMmorpeno co3ianue rpadgukon
JIUIsT OTIEIBHBIX TPyl 060pypoBanust (puc. , OoJibInast MomoJIHsieMast 6a3a CTaHIAPTHBIX ITPO-
BEpOK Jjist 0bopyoBanust (Hampumep, st cucreMbl xpanenusi Dorado u zp.), 9TO mO3BOJIsIET
HACTPOUTb MOHUTOPUHT HOBOI'O 0DOPY/IOBaHUs B KpaTdaiiiie cpoku. 1losie3HbiM HHCTPYMEHTOM
Zabbix TakKe SBISIOTCH IpadUKU, OHU [TO3BOJIAIOT CPABHUBATH [1aPAMETPBI, MOHUTOPUHI KOTO-
PBIX IIPOBOJUJICA B Pa3/IMYHble BDEMEHHbBIE TPOMEXKYTKH, BBISBJIATH 3aBUCUMOCTUA U HPOOJIEMBI.
B pmomonmenne K mepedmceHHOMY CYIIECTBEHHBIM IIPENMYINECTBOM CUCTeMbl Zabbix saBiser-
Cs1 BOBMOYXKHOCTDH MHTEI'DAIIAU C HOIYJIAPHBIMU MECCEH/PKEPAMU M KOPIIOPATUBHBIMU CHCTEMAMH,
YTO IMO3BOJISIET JOCTUTHYTH NMPAKTUYECKH MIHOBEHHOI'O pearupoBaHUsl Ha BO3HUKIIEE M3MEHe-
HUE COCTOsIHUsI 0DOPY/IOBAHUST UJIU IIPOrpaMMHOro cepsuca. B Hactositiee Bpems:i 8 HOLL UNKT
aKTUBHO BHenpsieTcs Zabbix, 3amensis 6osbiryio YacTh (yHKIMOHAJIA Nagios, HO MOJTHOCTHIO
MOKPBITH (pyHKIMOHAIBHOCTD Nagios cucrema Zabbix moka He moxker. Cxema WHMPACTPYKTYPBI

HOII NUKT B cucreme monuTopuHra Zabbix mpejacrabjeHa Ha pUC.

Chiller Tornado

100% ' 17°C
80% 16°C
2022-03-17 13:51:04
60% B Chiller Tornado: QOutlet Temperature: 14.4 °C 15°C
| Chiller Tornado: Compressors: 0 %
40% B Chiller Tornado: Freecooling: 100 % 14°C
20% 13°C
0% al
17-3 13:39 17-313:51 17-3 14:09 17-3 14:27

Puc. 3. MoHuTOpuHI COCTOSTHUS YUJLIEPA CYIIEPKOMITbIOTepa TOPHAI0 ¢ TOMOIIBIO

BebG-uHTEepdeiica cucreMbl Zabbix

2.2. Cucrembl yIIpaBJIeHUS

st yecTaHOBKM UM KOH(UTYPUPOBAHUS ITPOTPAMMHOTO obecriedeHus OOJIBIIOTO KOJUIeCTBa,
BBIUUC/INTE/IBHBIX Y3JI0B, Kak Ha cynepkomibiorepe «Topuajo FOypl'Y», 8 HOLL MNKT wucross-
3YI0TCS CIIENUATM3UPOBaHHBIE ITporpaMMHubIe cucteMbl yipasiaeaus xXCAT u Puppet.

zCAT (Extreme Cluster Administration Tool) — macmrabupyemblii nHCTpYMeHTAPUil st
Pa3BepTHIBAHUS M COITPOBOXKICHNS OOJIBINNX KJIACTEPOB @ xCAT mpenocrapisieT yHUDUIUPO-
BaHHBII nHTEpdEIIC [IJIs yIIPABICHUS allllAPATHBIM 000PY/I0BaHIEM, ODHADYKEHUEM U Pa3BEPTHI-
panneM diskful/diskless omepanumonubix cucrem. Bee KOMaHIbI SIBJISIIOTCS KJIHEHT-CEPBEPHBIMU,
TIOJIIEPYKUBAIOT ayTeHTU(MUKAIINIO, TPOTOKOIUPYIOTCST 1 yrpasisiiorcst noantukamu. XCAT mom-
JIEP’KUBAET pas3rpaHUYeHue IpaB Ha OCHOBE MOJUTUK JIOCTyHA. B KINEHT-CePBEPHOM IIPHUJIIOXKE-
Huu XCAT Bech MOTOK MEXK/Iy KJIMEHTOM M CepBEPOM KOHTpoJmpyercs ciayxkb6oii xcatd (xCAT
daemon) wa ynpasisoniem y3ie (Management Node). Korga ciayx6a xcatd mosydaer ymako-

BanHyI0 Kak XML KoMmaHIy, OHa IIpOBEpPseT MMOJTHOMOUMS OTIPABUTEISI, CBEPAACH CO CIUCKAME
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Puc. 4. Cxema undpacrpykrypst HOII MUKT B cucreme monutropunra Zabbix

koHTpoJist moctyna ACL B Tabumne moauTuk. TakxKe cirykba moJIydaeT HHGOPMAIMIO O COCTO-
SIHUU W CTATyce y3JIOB ¢ MOMeHTa Hadasa ux paborol. XCAT crnpoekTupoBan st Maciuitabu-
poBaHUs OYeHb OOJBIINX KJIACTEPOB. Bjaromapsi Moaep:KKe HepapxXuu, OIWH YIIPaBJISIONIU
y3eJI MOYXKeT UMeTh Jir060e KomdecTBO stateless mu statefull cepBUCHBIX y3/10B, UTO HOBBINIAET
[IPOM3BOIUTE/ILHOCT U MMO3BOJISIET YIIPABJISITH O0YeHb OosbmuMu kKjaacrepamu. B HOIL UNKT
xCAT wucnosb3yercst Jjisi yCTAHOBKU KJIACTEPHOI ONEPallMOHHON CUCTEMBbI Ha BBIYHCIUTE/IbLHBIE
y3abl, nocpegcteoM PXE sarpysku mo DHCP, ¢ nepBoHada/ibHON yCTAHOBKO#M M KOH(MDUTYpAIU-
eil OIepaIMOHHOI CHCTeMBI U 3aIyCKOM (DOHOBOTO IIpoliecca cucteMbl Puppet mjst masbaeiieit
KOHQUT'YpaIlii.

Puppet upencrasiisier coboil cucremy ympaBiieHUs KOHPUTYPAIMEH U s3bIK I ONACAHUS
3a1a4 KoHGurypupoBanusi. Puppet ucrosibsyercst CiCTeMHBIME & IMIHUCTPATOPAMu Jj1st 3 dek-
THUBHOTO YIIPAaBJIEHUs] DOJIBITUM KOJIMYECTBOM CHUCTEM U obeciiedeHus enHo# Koudburypauu. B
HOLI UMKT c¢ nomompio Puppet nacrpaunBaercss Bcst kondwuryparus ysJjia 1Mocje ero 0a3oBoii
ycranoBku ¢ nomornsio XCAT, a uMmenHo, ycraHoeka odepenu 3amad SLURM, makeros 1 pa-
0OTBI ¢ BBICOKOCKOPOCTHOM cerbio Infiniband, xpanuauinem u cucreMHbIx makeros. Takast opra-
HU3alusd YyCTAHOBKHN CUCTEMBI ITO3BOJIAET FI/I6KO BHOCUTH U3MEHEHUA B KOHCbI/IpraI_H/HO CUCTEMBI

B CJIydae HeOOXOIMMOCTH.

3. IlpukiiagHoe mporpamMMHOe obeclieueHune

Ha BBICOKOITPOU3BOMUTEBHBIX BRITUCAUTENBHBIX pecypcax FOYpl'Y ycranoBieHo mpukiai-
HOe IIporpaMMHOe obecliedeHre Kak IPOoIpueTapHoe, Tak U CBODOHOE , B T.4.:

— MHOTOIIE/IEBOI KOHEYHO-3/IEMEHTHBIN MMaKeT JJId MMPOBEIeHUs] aHAJN3a B IIHPOKOM KpPyTe
nHxKeHepHbIX gucruiina ANSYS ;
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MHOT'OIIEJIEBOIl KOHEUHO-3JIEMEHTHBIM KOMILJIEKC pa3pabOTKU I aHAJIN38 BHICOKOHEINHEH-
HBIX U OBICTPOTEKYIINX IIPOIECCOB B 3aJadax MEXaHHKH TBEPIOrO M KUJIKOTro Teja LS-

DYNA [12];

KOMIIJIEKCHOE PeIleHre B 00JaCTH MOIEJINPOBAHUST TPEXMEPHBIX TYpPOYJIEHTHBIX TedeHUit
xKugkocTu u ra3a FlowVision ;

CIICINAJIN3UPOBAHHBIN NH2KECHEPHBIA IPOrPAMMHBIN KOMILJICKC, IIPEJTHA3HAYCHHBIN I aHa-
JI3a, TIPOIeCCOB 0OPAbOTKU METAJLIOB JAaB/IEHIEM, TEPMUIECKON 1 MeXaHnIecKoit 00paboT-
xu SFTC DEFORM [14];

CHGL[I/I&JII/ISI/IpOBaHHbeI MakKeT JJisd pelieHns MH2KEHEPHbIX, HAYIHO-TEXHUYICCKUX N IKOHO-
mudeckux 3agad MathWorks MATLAB ;

OTKPbITasd MHTEerpupyemast IIJI&T(I)OpMa JJIgl 9UCJIEHHOTI'O MOJIE/JIMPOBaHUA 3a/ia9 MEXaHUKN

crtomHbIX cpest OpenFOAM .

Ha Berauciurensubix pecypcax HOLL UMKT FOVpI'Y exeromuo Beinosiasiercs bostee 250 Ha-

YYHBIX 3a/la91 U3 Pa3JIMIHBIX obslacreit — HCKyCCTBeHHbeI NHTEJIJICKT, MalllMHOCTPOEHUEe, MeTaJl-

JIYpTrus mn MeTaJIJIOO6pa6OTKa, TOHJIHBHO—(%HGPI‘GTI/I‘IQCKI/If/'I KOMIIJIEKC, JIeTKasd IITPOMBIIIJIEHHOCTD,

[IPOM3BO/ICTBO CYIIEPKOMITHLIOTEPOB U IIPOIPAMMHOIO 00EeCIIeYeHusi, B T.q.:

MOHHUTOPHUHI BBIOPOCOB 3arpsA3HAIONINX BEIECTB OT aBTOTPAHCIOPTA B PEXKUME PEAHLHOTO
BpeMeHu

U3ydeHre peakiiyi HOPMAaIN30BaHHOro Bererarmonnoro nujgekca (NDVI) manmmadros B
HiKHeM Oacceiie Turpa Ha TeKyIIyo II00AIbHYIO U PErHOHAIBHYIO U3MEHIUBOCTD KJIM-
Mara

MOJIEJIUPOBAHNE CXKUMAEMOCTA M30CTPYKTYPHBIX TaJOIeHCOAEPKAIINX KPUCTAJLIOB Ha
MaKpO- # MHKpprOBHHX,

U3yUeHre KBAHTOBOI'O 3JIEKTPOHHOTO JABJIEHUS U CXKUMAEMOCTH KPUCTAJIIOB IJIsl THOOPUIA
MAarHUs IPU MOJEJTUPYEMOM CXKATUU ,

MEXaHU3M PEAKITUU PA3JIOKEeHUs TeTpakuca ¢ IOMOIIBIO PEAKTUBHON JTMHAMUKI ,
[IEPBOIPUHIIAIIHOE KOMIILIOTEPHOE MOJIe/INpoBaHne B cucreMax Fe-C ,

MOJIEJIMPOBaHNE IIOJIOCHO-IIPOITYCKAOMNX (PUILTPOB HA OCHOBE MHOI'OCJIOMHON TEXHOJIO-
rau ,

BaJIMJATOP peIleHuii 3a7a4 JUHeHHOro mporpaMMupoBanus VaLiPro ,

apaJIeIbHBIA MOIX0 I TIONCKa aHOMAJIUN B OOJIBIINX BPEMEHHBIX PSIIaX ,
HCIIOJIb30BaHNE KOHIEHIINA MATPUIHOro npoduis B peaanuonnyio CYBI misa naTesex-
TyaJbHOIO aHAIN3a BPEMEHHBIX PSIIOB ,

ITOBEpXHOCTHAsT 00pabOTKa apaMUIHOW TKAHU U €€ BJUSHUE HA MEXaHUKY (PPUKIITOHHOTO
B3aUMO/JICCTBAA HUTEH ,

pa3paboTKa CymepKOMIIbIOTEPHON MOIEIN UIJIONPOOUBHOIO BOMJIOKA ,

racTudeckast jgedpopMalius Ipu JUHAMUYECKOM YIUIOTHEHUU HAHOIIOPOINKA, aJIIOMUHUS:
MOJIEJIUPOBAHNE MOJICKYJISIPHON TUHAMUKHU ¥ MEXaHUIeCKas MOIC/b ,

KOMIIbIOTEPHOE MOJCIUPOBAHUE TIOBEJEHNUS IPEJICTABUTEILHOTO 00HEMa TOPOIITKOBOIO Ma-
TepuaJa ,

PaaS-pemienus jijist TyMaHHBIX BBIYUC/IEHUT ,

KOHIEIIINS U KJIaCCU(MUKALMS IIaTMOPM JJIsl MOAAEPXKKU PACIPEIETCHHBIX BEIYUCIATEIb-
HBIX CHUCTEM JIjIsI TYMaHHBIX BBIYMCJICHII ,

obecrredenne 6e30MaCHOCTH YI3BUMBIX YYIACTHUKOB JOPOXKHOTO JIBUYKEHUS ,

CUHTE3 pedu Ha PYCCKOM SA3bIKE ,
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— CHCTEMa y4deTa IIOCCHaeMOCTH CTYJIEHTOB Ha OCHOBE METOJ0B KOMIILIOTEPDHOI'O 3PDEHUA ,

— OIlEHKa TPaHCIIOPTHOTI'O IIOTOKa Ha OCHOBE JAaHHBIX C KaMeEPbI BH,B;QOHE%@HIO,H,GHI/IH .

3akJIroYeHmne

B nacrosmmee Bpemst B HO2KHO-Y pajibCKOM INOCYIapCTBEHHOM YHUBEPCHUTETE aKTUBHO Pa3BUBa-
FOTCsI UCCJIEIOBAHUsI, CBSI3AHHBIE C CyIEPKOMIIbIOTEPHBIMEU TexHoyorustMu. Coznannbiii B FOYp-
I'V nmayuno-obpazoBarebubIil 1eHTP «VICKYCCTBEHHBINH WHTEIIEKT M KBAHTOBBIE TEXHOJOTHMI»
IIPEeI0CTABIISIET JOCTYII K BHICOKOIIPOM3BOANTENBHBIM pecypcam bostee 500 mmoib3oBaTesIsiM, KOTO-
pble SBJISIIOTCs cTyseHTaMu u corpyaaukamu FOYpl'Y u BHermHnx 006pa3s0BaTeIbHBIX, HAYIHBIX
U MpOU3BOJCTBeHHBbIX opranusaruii. Cynepkomibiorep «Toprago FOYpI'Ys», komruteke «Heit-
POKOMITBIOTEP», CHCTEMBI XpaHeHus JaHHBIX Panasas ActiveStor 11, OceanStor Dorado 3000
V6, Huawei OceanStor 5300 V5 agmuancrpupytorcs corpynaukamu HOIL MUKT: seimosiasiercs
noJiyiepkanue paborocrocobnoctu ouepeu 3aad SLURM, obecrieuenne kKoppekTHO# u becriepe-
boitroit paborsr Infiniband u Ethernet cereit, xpanuaumn u apyroro o0Opya0BaHuUs, ¢ ITOMOIIBIO
CHEIUAJIN3UPOBAHHBIX CUCTEM MOHUTODHHIA U yipaBieHnus. Ha BBICOKOIIPOU3BOIUTEILHBIX pe-
cypcax FOYpI'Y ycramnoBieHo coBpeMeHHOE TapaJsiie/IbHOe TPOorpaMMHOe obeciedeHne, O3B0JIs-
IOIle€ BBIIOJIHATH HAYYHO-UCCIIEI0BATEBCKIE U OIBITHO-KOHCTPYKTOPCKUE PabOThI U3 PA3HBIX

obJiacTeit 3HaHuii.

Hcceaedosanue evinoamnerno npu dunancosoti noddepocrke Munucmepemea Hayku U 6biCUIE20
obpasosarus P@ (20cydapemeennoe sadanue FENU-2020-0022) u Poccutickozo gonda dynda-
MEHMANLHOT uccaedosanut (eparm N 20-07-00140).
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Currently, South Ural State University has achieved significant results in the field of supercomputer modeling,
artificial intelligence and big data. SUSU has an energy-efficient supercomputer “Tornado SUSU”, which ranks
15th in the ranking of the most powerful supercomputers of the CIS TOP50 (September 2021). For research in
artificial neural networks, a specialized multiprocessor “Neurocomputer” complex was installed at SUSU. The
“Neurocomputer” uses powerful advanced graphics accelerators to train neural networks. The supercomputer
and the “Neurocomputer” are at the center of the scientific life of the University, allowing for the most complex
calculations in the field of engineering, natural sciences, human sciences and artificial intelligence. SUSU computing
resources are used in education and for commercial purposes to calculate the tasks of the University’s partners.
The paper describes the characteristics of high-performance SUSU equipment, available system and application
parallel software, provides information about solved scientific and engineering tasks.
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B crarpe cTponTcs n-MepHas MaTeMaTHYeCKas MOJIE/Ib BU3YAJIbHOI'O IIPEICTABJIEHNS 3318491 JIMHEHTHOTO IIPO-
rpaMMHUPOBaHUA. DTa MOJIEIb O3BOJIUT MCIIO/IL30BATh AlAPAT UCKYCCTBEHHBIX HEAPOHHBIX CETeil /sl PeleHust
MHOTOMEPHBIX 33/1a4 JIMTHEWHON OMTUMU3AINH, JIOIyCTUMAsT 00/IACTh KOTOPBIX SIBJISIETCST OTPAHUIEHHBIM HEITYCTBIM
MHOXKecTBOM. /Jlisl BU3yasusanuu 3aJa49¥ JIMTHEHHOrO NPOrpaAaMMHUPOBAHUS BBOJUTCS IiejeBasi TMIEPILIOCKOCTD,
OpHEeHTAIsT KOTOPOI OmpeJiesisieTcs I'PaIueHTOM JIMHEHHON 11e/1eBo# (DYHKIUN: T'PAIUEHT SIBJISIETCST HOPMAJIBIO K
1IeJIEBOI TUIIEPILIOCKOCTH. B ciTydyae moncka MakCUMyMa I1eJIeBasi TUIIEPIIOCKOCTD PACIIOIATAETCST TAKUM 00pa3oM,
9TOOBI 3HAYEHUE I1€JIEBOY (DYHKIIUU BO BCEX €€ TOUYKaX MPEBOCXOJMJIO 3HAUEHUE I1eJIEBON (DYHKIIUUA BO BCEX TOU-
KaX JOIYCTUMOM 00JIaCTH, IPEICTABIIAIONIEH cOO0# OrpaHMYEHHBIH BBITYKJIbIf MHOTOIPDAHHUK. {11 IPON3BOIBLHO
TOYKH II€JIEBOI THIIEPIIJIOCKOCTU OIPEJIEIISIETCS I1eJIeBasi MPOEKINs HA MHOTOTPDAHHUK: YeM OJIMZKe TOUKa I1eJIEBOM
MPOEKINA K TEJIEBOI TUIEPILIOCKOCTH, TeM OOJIbllle 3HAYEHUE IeIeBoil (OyHKImun B 3T0oi Touke. Ha ocHOBe 11e-
JIEBOIl TMITEPIIJIOCKOCTH CTPOUTCSI KOHEYHOE PEeryJisipHOe MHOXKECTBO TOYEK, HA3bIBaeMOe pelenTuBHbIM 1osieM. C
TIOMOIIIBIO TIEJIEBBIX MIPOEKIIN CTPOUTCS 06pa3 MHOTOTDAHHUKA, BKIIOYAIONINI B ce0s1 TOUKM PEIEenTUBHOrO HOJIS U
PacCcTosIHUS OO COOTBETCTBYIOIINX TOUYEK MOBEPXHOCTH MHOTI'OIPDAHHUKA. Ha OCHOBe mpeJJIoyKEeHHON MO CTPO-
WUTCSI NTapaJuUlesIbHBIN QJITOPUTM BU3yaJIM3aIUU 33Jla4y JIMHEHHOrO IporpamMMupoBaHus. laercs aHajmTHdecKas
OIleHKa ero MmacirrabupyemocTtu. IIpuBoasiTCst cBeieHNS 0 IPOrPpaMMHON pean3aliil U Pe3yIbTaThl MaCIITAOHBIX
BBIYUCJINTE/IHHBIX IKCIIEPUMEHTOB, TOATBEPXK AatoIne 3PpHEKTUBHOCTD MPE/JIOXKEHHBIX TOIXOI0B.

Karoueswie cao6a: aunetinoe npozpammuposanue, n-Mepras 6U3Yaiudauusi, MAmeMamuieckas Mooeas, na-
paaneavroil aszopumm, BSF-xapxrac.
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BBenenue

Brictpoe pasBuTme TexHOJIOrUit HAKOILIEHUA W 00pabOTKH OOBINMNX JAHHBIX IpuBe-
JIO K TOSABJIEHUIO ONTUMHU3AIIMOHHBIX MaTEMATHIECKUX MOJIE/ell B BHJE CBEPXOOJIBITUX 33718
sureitnoro nporpammuposanus (JIIT) . Takne 3a7a91 BOZHUKAIOT B WHIYCTPUM, SKOHOMUKE,
JIOTUCTHUKE, CTATUCTUKE, KBAHTOBO! (DU3UKE U JPYTUX 00JIACTIX . Knaccuaeckoe mporpamm-
HOe obecIiedenrie BO MHOTHX CIydasX HE IMO3BOJISET PEIIuTh MoA00HbIe MacmiTabubie 3aga4u JI11
3a IPUEMJIEMOE BPEMsi @ BuMmecre ¢ Tem B Gmkaiiiue 2—3 rojia MOSIBATCS BBIYUCIUTETLHBIC
CUCTEeMBbI 9K3a(JIONICHOIO YPOBHSI IIPOU3BOANTE/TLHOCTH , [TOTEHITNAJILHO CIIOCOOHBIE PEIaTh
MOoIO0HBIE 3a/Iavuu. B COOTBETCTBUU C THM aKTYAJLHON sIBJIsSETCd 3a/ada Pas3pabOTKH HOBBIX
3 dEKTUBHBIX METOJIOB JIJIsI PeIeHusi cBepxOobmux 3agad JII1 ¢ moMoIbo 3K3aMacIITabHbIX
BBIYUCIUTEIbHBIX CUCTEM.

Jlo HacTodAIIero BpeMeHU OJIHIMM M3 CAMBIX PAaCHPOCTPAHEHHBIX CIIOCOOOB peIeHus 3a7a-
g JIII sBisiicst Kjacc ajaropuTMOB, MPEIJIOXKEHHBIX U pa3paboTaHHBLIX JlaHIMroM Ha OCHOBE

CHUMIIJIEKC-METOda . CI/IMHJIGKC—MGTO,Z[ OKa3aJICA Sd)d)eKTI/IBHbIM JJIl peeHnsd 0OJIBIIIOIO KJIAC-
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ca 3aga4 JIII. OmHako cuMIIIeKC-MeTOoI UMeEeT HEKOTOPbIE (DyH1aMeHTaIbHbIE 0COOEHHOCTH, OI'Pa-
HUYUBAIOIINE ero mpuMeHenne s 6obimux 3a1a49 JIII. Bo-miepBbiX, B OIpeIe/IEHHBIX CJIydasix
CHUMILJIEKC-METO/IY TIPUXOINTCS IepednpaTh BCe BEPIIUHBI CUMILIEKCA, ITO COOTBETCTBYET IKCIIO-
HEHIMAJbHOA BPEMEHHOU CJIOZKHOCTU . Bo-BTOpBIX, cCUMIIIEKC-METO/T B OOJILIITUHCTBE CJIyIaeB
yaoBaeTBopuTebHO permraet 3agaqun JIII, comepxxkarue 1o 50000 mepeMeHHBIX, OHAKO Ha OOJIb-
MUX 337a49aX 9acTo HAOJIIOMAeTCs MOTEPs] TOUYHOCTH, KOTOPas HE MOYXKET OBITh KOMIIEHCHPOBAHA
Jake IMyTeM PUMEHEHUsT TAKUX PECYPCOEMKUX IPOIEeayp, Kak «adduHHoe MaciTabupoBanmues
WA <«ATEPAIOHHOE YTOYHECHUEH . B-Tperbux, B 0b1ieM ciiyvdae CUMILIEKC METOJ, ILJIOX0 MacC-
mTabupyercss Ha MHOTOIIPOIIECCOPHBIX CUCTEMAaX C PACIPEe/ICHHON MaMsaThio. Boian mpeanpu-
HATBI MHOTOYHUCJ/IEHHBIE TTOMBITKU ITOCTPOUTH MACIITAOUPYEMYIO PEATU3AINI0 CUMILIEKC-MEeTO/IA,
OJIHAKO OHU HE yBEHYAJIUCh yCIEeXOM . Kapmapkap mpeiioykKuia MeTo 1, BHYyTPEHHIX TOUEK ,
CIIOCOOHBIN peraTh ceepxOobiue 3aaa4u JII1 ¢ MujmonaMu rnmepeMeHHbIX 1 MAJLIMOHAMI YPaB-
HEeHU . Boee Toro, aaropuTMbl, OCHOBaAaHHBIE HA METOJI€ BHYTPEHHUX TOUEK, SABJISIOTCS CAMO-
KOPPEKTUPYIOIMUMHUCS, U [TO3TOMY O0DECIIEYMBAIOT BBICOKYIO TOYHOCTH BhIYMC/IeHMIT. B KadecTrBe
HEJIOCTaTKa METO/Ia BHYTPEHHHX TOYEK CJIeIyeT OTMETHTb TOT (PaKT, UTO s Hadaga pabo-
TBI AJITOPUTMa HEOOXOAMMO MMETH TOYKY, VAOBIETBOPAIOILYIO BCeM orpaHmveHnsamM 3amadn JIIT.
Haxoxkmienne Takoil BHyTpeHHENH TOYKH MOXKET CBOJUTBHCS K PEIIEHUIO JIOMOJTHUTETLHON 38141
JIII. B kadecTBe ajbTepHATHBHI MOXKHO yKa3aTh METOJI IICEBIOIPOEKIINI, OCHOBAHHBIN Ha WC-
MT0JIb30BaHNY (PEeHepPOBCKUX OTODPAXKEHII . Eme oqunM cymiecTBEeHHBIM HEIOCTATKOM METOIA
BHYTPEHHUX TOYEK SIBJISETCS €ro ILIoXas MAaCIITadMPyeMOCTh HPUMEHUTEJIHHO K MHOTOIIPOIIEC-
COPHBIM CHCTEMAaM C PaCIpeIesIeHHON MaMATbI0. BBIIO ¢ielaHo HECKOJIBKO HOMBITOK MOCTPOUTH
[apPAJUIEIbHYIO PeAU3AIUIO JIJI YACTHBIX CIydaeB (CM., HAIIPUMED, ), HO 3 PEKTUBHYIO
MapaIeIbHYIO PEaTn3aInIO JIJI 9K3aMACIITAOHBIX MHOTOIIPOIIECCOPHBIX CUCTEM B ODIIIEM CJIydae
MIOCTPOUTH HE YIAJ0Ch. B COOTBETCTBUU C 9TUM SIBJISIETCS AKTYaJIbHBIM HAIIPABJICHUE HCCIEI0BaA~
HUil, CBI3aHHOE C IIOUCKOM HOBBIX MACIITabUPYyeMbIX METOJIOB pelenus 3amad JI11.

Bosmorknoii 5 heKTuBHOI aabTepHaTUBON KiaccudeckKuM Merogam JIIT siBistiorcst MeTomp
ONTUMU3AINN, OCHOBAHHBIE HA HEIPOCETEBBIX TEXHOJIOINAX. VIcKyccTBeHHbIE HEHPOHHBIE CETU
SABJISIIOTCA OJHUM U3 CaMbIX 0OEMIAIoNuX 1 OBICTPO PAa3BUBAIOIINXCA HAIIPABICHUN COBPEMEH-
HBIX NHMOPMAIIMOHHBIX TexHoI0rnii. HelipoHHbIe ceTr mpeacTaBiIaoT coboil yHUBEpCaIbHBII HH-
CTPYMEHT, CIIOCODOHBIH pernaTh 3a1a9u IPaKTHIECKH BO Bcex obacTax. OcobeHHo 60 IbIme ycIe-
X1 JOCTUTHYTHI B PACIO3HABAHUN U aHAIN3e N300PaKEHUN ¢ TOMOIIBIO CBEPTOYHBIX HEHPOHHBIX
cereit . OHaKo, B Hay4HOU MEPUOIUKE MPAKTUIECKA OTCYTCTBYIOT PabOTLI, IMOCBAIIEHHBIE
IIPUMEHEHUIO CBEPTOYHBIX HEHPOHHBIX CETEN JJId PEIeHUs 3a/a9 JIMHEHHONW ONTUMU3AIAN .
DTO CBSI3aHO C TE€M, YTO CBEPTOYHbIE HEHPOHHBIE CETH OPUEHTHPOBAHbBI Ha PACIIO3HABAHIE U aHa-
Jin3 n300parkeHuit, HO B HAYIHOH JIATEpaType OTCYTCTBYIOT PADOTHI 10 BU3YAJILHOMY IIPEICTaBIIE-
HIIO MHOTOMEPHBIX 3aJ1a€ JMHEHHOT0 IPOrpaMMIpOBaHus. TakuM oOpa3oM, BOIIPOC pa3paboTKN
HOBBIX HEHPOCETEBBbIX MOJEJICA U METOJOB IPUMCHUTEJILHO K JIMHEUHOU ONTUMU3AIANA OCTACTCHA
OTKPBITBIM.

B a0t cTaThe MBI IPEIIPUHSIINA TOIBITKY ITOCTPOUTH N-MEPHYI0 MaTeMATHUIECKYIO MOIEIb
BU3yaJILHOTO TIpeicTaBieHust 3agaqn JII1, koTopast mo3BOINT UCIIOIB30BATE AllllapaT NCKYCCTBEH-
HBIX HEHPOHHBIX CeTell Jjid pelleHrus MHOIOMEPHBIX 3a/1a4 JIMHEHHOU ONTUMU3AIUU, JTOIYCTHU-
Masl 00/1aCTh KOTOPBIX SABJISIETCS OrPAHUYEHHBIM HEILyCTBIM MHOYKECTBOM. MeTo BU3yaIu3alii,
OCHOBAHHBII Ha OIUCHLIBAEMOI MOJesn, 00J1a1aeT BBICOKOM BBIYHCINTEIHLHON CJIOXKHOCTBIO. [lo-
3TOMY MBI IPEJJIaracM er'0 peajn3aliiio B BUJie apaJslyIeJbHOI'O aJrOPUTMa, OPUEHTUPOBAHHOI'O

Ha KJIAaCTE€PHBbIEC BBIYUCJIUTE/IbHBIE CHUCTEMBDI. Crarbga OpraHu30BaHa CJICAYIOIMUM o6pa30M. Pas-
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,Z[eJIHOCBHHleH IIOCTPOEHNTO MaTEMATHIECKON MOJIESN BU3YaJbLHOTO IIPEJICTABIEHUST MHOTOMED-
Hoit 3aja4u JIII. B pa3,£L6JIeOHI/ICI>IBaeTCH peann3anus MpeJIo?KEHHOTO METO/Ia BU3YyaJIN3aIinn
B BHJIE TApaJIIeIbHOTO AJTOPUTMa W JIAeTCs aHAJUTUYECKas OIEHKa ero MaCIITabHMpPyeMOCTH.
B paS,ZLeJIerI/IBO,ILI/ITCH nHGOPMAIUS O TPOIrPAMMHON PEATU3AIMHA OIMMCAHHOTO MTapaJIebHO-
ro aJTOPUTMa U ODCYKJIAIOTCS PE3Y/IbTaThl MACIITAOHBIX BBIYUCIUTEIbHBIX IKCIIEPUMEHTOB Ha
KJIACTEPHON BBIYUCIUTEIbHON cucTeMe. B 3ak/odeHnn CyMMUPYIOTCS MOy YeHHbIE PE3Y/IbTaThI

U IIPUBOJATCS HAIIPABJEHU JAJbHENIIINX UCCJIEOBAHUIA.

1. MaremaTruveckasi MOJIeJIb BU3YaJbHOI'O IIPEJICTABJICHUS
sagaqan JIII

Paccmorpum 3amaay JIII B cienytoreit dopme:
z = argmax {(c,z)|Az < b,z € R"}, (1)

rie ¢,b € R", A € R™"™ u ¢ # 0. 3aech (-,+) 0603HAYAET CKAJSIPHOE MPOU3BEJIEHHE JIBYX
BEeKTOpPOB. MBI IipejmoiaraeM, 9To orpanndenne x > 0 Takyke BK/IIOUeHO B cucreMy Ax < b B

Bu/ie HEpaBEHCTB

-z + 0 + + 0 < 0O
0 - x93 + 0 + + 0 < 0O
0 4+ e e e+ 0 — x, < 0.
BekTop ¢ gaBistercs rpaJiueHTOM JIMHEHHON 11e/1eBoi DbyHKITNN
f(z) =czi + ...+ cpay. (2)
O6o3naunMm 4depe3 M AomycTUMYIO 00JIACTb 334K :
M = {z e R"|Az < b}. (3)

Besne majiee Mbl npeamosiaraeM, 9rTo M SBJISIETCS HEIYCTHLIM OrPAHUYEHHBIM MHOXKECTBOM.
910 o3HadaeT, uTo M mpencTapisieT coO0il BBIMYKJIbIN 3aMKHYTBIII MHOTOIPAHHUK B IIPOCTPAH-
crBe R™, 1 MHOXKECTBO pelleHnil 3a1a9u li HE SIBJIIETCS ITYCTBIM.

IIycrs @; € R™ — BekTOp, 0O0pa3s0BaHHBIN 3jeMeHTaMU i-Toi crpoku Marpunbl A. Torma

MaTpUYIHOE HEepaBeHCTBO Ax < b MOXKHO IPEJICTABUTh B BHUJE CUCTEMBI HEPABEHCTB

<C~Li,l‘><bi,’i:1,...,m. (4)
Bezne masiee Mbl 6yaem mpenosaraTh, 9To st BceX ¢ = 1,...,m
a; # 0. (5)

O6o3HauuM qepes Hi THIIEPIIJIOCKOCTDL, 3aJaBacMyIO0 YpaBHCHHUEM
<C~li,$>=bi (lgzgm) (6)

Takum obpaszom,
H; ={z e R"|(a;,z) = b;} . (7)
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Onpenenenne 1. Ilox moynpocrpancrBoM H;r , mopooicdaemuim 2unepnaockocmvio H;, Gynem

IIOHUMATh MOJIYIIPOCTPAHCTBO, OIpeaessieMoe PopMyaoit
+ _ n|/s
H" = {z e R"[(ai, z) <bi} . (8)
Bezne mastee Mbl Oyaem mpenoiaraTh, 9To 3aada li ABJIAETCS HEBBIPOZKJICHHOI, TO €CTh

Vi#j:H; #Hj(i,j€{1,...,m}). (9)

Onpenenenune 2. IloaynpocrpancTBo Hf , TIOpOXKJTaeMoe THIEPILIOCKOCTbIO H;, aBjseTcs pe-

YeccusHbLM OTHOCUTEILHO BEKTOPA ¢, €CIIn
Vo € Hi,VAE€ Ry 12— Ac € H ANz — Ac ¢ H,. (10)

,ZprFI/IMI/I CJI0OBaMU, JIyY, I/ICXO,ILHH_[I/Iﬁ U3 TUIIEPITJIOCKOCTHU Hl B HallpaBJICHUU ITPOTUBOIIOJIO2KHOM

BEKTOPY C, ITOJITHOCTBIO JIEKUT B H;r , HO He B H;.

YrBepxKkaeuue 1. HeobxoauMbIM 1 JOCTATOUHBIM YCJIOBHEM PEIECCUBHOCTH ITOJIYIIPOCTPAHCTBA

H f OTHOCHUTEJILHO BEKTOPA C SIBJISIETCS YCJIOBUE

(@i, c) > 0. (11)

Zoxazameavcmeo. Jokarxkem cHavaja HEOOXOAUMOCTD. IIyCTh BBITIOIHSIETCST yCI0BUE 1| s

ceyer
bia;
ke clieyer
1
Corocrapirsist , 151 ITOJTy IaeM
b;a; 1
= — ——CE H-+;
laill*  [las]? '
b;a; 1
— — ——c¢ H,.
ad? ~ Ta?®
C yaetom , OTCIO/Ta, CJIEIYET, ITO
5. bia;
<ai, ﬁ — Wc> < b;. (14)

BoimostHuB Hecst0KHbBIE TTPEOOPA30BaAHN HEPABEHCTBA || TTOJTy 1aeM 1|
JokazaTeabCcTBO JIOCTATOYHOCTH ITPOBEJIEM OT MpoTuUBHOTO. [IpemonokmM, 4T0 UMeeT Me-

CTO l) u cymecTByioT x € H; u A > 0 takue, 4T0

z—Ac¢ H Vao— A€ H,.
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B coorBercrBuu ¢ , 9TO O3HAYaAET
<ELZ‘,SC — )\C> } bi,

9TO PaBHOCHUJIBHO

<&Z-,a:> -2 (di,c> > bi.

Tak kak A > 0, To B cuy OTCIOJIa TTOJIyYdaeM
(@i, x) > b;,
YTO MPOTUBOPEYUT MPEAIOJIOKEeHI0 © € H;. O
Onpenenenue 3. 3adurcupyeM ToUKy z € R™ Takyro, 9TO MOJIYIPOCTPAHCTBO
H} = {z ¢ R"|{c,z — 2) <0} (15)

BKJIIOUYAET B cebst MHOrOrpaHHuK M :

M cC H}.

[Monyupocrpancrso H B 3TOM ciiyuae Gy/ieM Ha3bIBATD UEAEGHIM NOAYNPOCTPAHCIMGOM, & TH-

LEPIUIOCKOCTh H, olpesiesisieMyIo ypaBHeHHEM
H.={z e R"|{c,x — z) =0}, (16)

OyJileM Ha3bIBATh UeAE80U 2UNEPNAOCKOCNDIO.

O6o3uaIMM Uepe3 7. () OPTOrOHAIBHYIO MPOEKITHIO TOYKN T Ha IEIeBYIO THIEPIIOCKOCTD H.:

Te(r) =2 — wc. (17)
el
Buech || - || obosnauaer eskmioBy Hopmy. Onpenenum paccmosmue pe(x) ot Touku x € HI no

1eJieBoit rurepiiockoctu H, ciemyromum obpazom:
pe(x) = ||me(z) — |- (18)

Conocrapiiss 1| l) u || HAXOJUM, YTO B 9TOM CJIydae pPacCTOsiHue p.(T) MOKeT ObITh

BBIYUCJIEHO CJICIYIOMIIM 00Pa30M:

(c,z —x)

,OC(-T) = HC” (19)

CrpaBeJIMBO CJIEIYIONIEE YTBEPXK IEHNE.

Vreepxaenue 2. s mobbix z,y € H

pe(z) < pely) © (¢, x) 2 (¢, y).
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Zoxazameavcmeo. Vcnonb3ysa l) [oJIy4aeM

(c,z — x) o (c,z—vy)

~X

el gl
A <C,Z—£U> < <c,z—y>
A <Ca Z> + <Cv —.%'> < <C, Z> + <Ca _y>
A <Ca _‘7;> < <Cv _y>
& (e,x) = (¢y) .
O
B coorBercrBun ¢ yTBep}K,H,eHI/IeIVI?)a,B;a‘{a JKBHBaJICHTHa CﬂeﬂyIOH_[eﬁ 3aJaqe:
Z = argmin{p.(z)|x € M}. (20)

Onpenenenue 4. [lycrs moaympocTpaHcTBO H:r SBJISIETCS PEIECCUBHBIM OTHOCUTEJILHO BEKTO-
. . n + -
pa c. Ileaesoti npoexyuets v;(x) Trouku x € R™ Ha perieccuBroe mosynpocrpancTso H.' Ha3bIBa,

eTcs TOYKa, onpeesdemas popMyJIoil
vi(x) =z — oi(x)c, (21)

e
oi(z) = min {o € Rxg ‘ x—oce H}.

[IpuMepsI He/IeBbIX TpoeKIwmil B R? npuBeIeHbl Ha pHC.

Puc. 1. lenessre npoexmuu B npoctpanctse R%: v;(2') = ¢'; vi(2") = ¢ = 2"

Crenyroriee yTBep:K/I€HUE TPEIOCTABIIsIET (DOPMYJIY JIJIsi BBIYUC/IEHUsI 1IEJIEBOI TPOEKINN Ha 110~
JIYIIPOCTPAHCTBO, PEIECCUBHOE OTHOCUTEIBHO BEKTOPA C.
YrBepkaenue 3. Ilycts momynpocTpaHcTBO Hj , OTIpeIeIIeMOe HEPABEHCTBOM
<C~Li,l'> < bi, (22)
SIBJISIETCST PEIECCUBHBIM OTHOCHTEILHO BeKTOpa c. IlycThb
g¢ H (23)

Torna }
il9) =9 — WQ (24)
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,ﬂo%‘asameﬂbcmeo, B coorBercrBun ¢ OHpe,ILeJIeHI/IeMI/IMeeM

7i(9) = g — ai(g)c,

riue
oi(z) =min{oc € Ryo |z —oc € H; }.

Takum o6pa30M, HaM HeO6XO,ZLI/IMO InoKa3daTb, 9TO

G0 :min{0€R>o|x—ac€Hi+}. (25)

Pacecmorpum npamyio L, 3a1aBaeMyo MapaMeTPUIECKIM yPABHEHUEM
L={g+7creR}.

ITycTh TOYKaA ¢ sABJIAETCA IepecedeHueM IpsaMoil L ¢ runepiockocTsio H;:

g=LnNH,. (26)
Torma g J0JKHA yIOBJIECTBOPATDH YPABHEHHIO

g=g+Tc (27)
npu HekoropoMm 7/ € R. IloncTaBuM npaByio 4acTh ypaBHEHHS B ypaBHEHHE @ BMECTO T:

<di,g + T/C> = b;.

Orcrona

<&lag> + 7_/ <(~127 C) = bia

<ai7 C>
[ToscTaBus BMeCTO T/ IIPABYIO 9acTh ypaBHEHUS B dopMyIy HOJIyYaeM
b — (@
g=g+ i ~<a7,7.g>c
<aiv C>
YTO 3KBUBaAJIEHTHO _ b
g=g-— Mc. (29)

<ai7 C>
Tak kak ¢ € H; B coorserctsun ¢ (26), dopmyra (25) Gymer nMeTb MeCTO, €CiIm Mbl IOKAKEM,
qTO

<&i<’5i>c_> bi =g—oc¢ H. (30)

[Ipe o oKuM MPOTUBHOE, TO €CTh CyIecTsyer o' > 0 Takoe, ITo
) )

Vo e Rsg:0 <

o < Li9) —bi (31)
<6~L7;, C>
g—oce H:' (32)
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Puc. 2. Ilesnespie mpoektun Ha Muororpanank M B mpoctpanctse R2: yu/(g') = ¢;
Tm(g") =0

Torna us u clIeayeT

<C~L’L’g - OJC> < bi7

9T0 paBHOCI/IHbHO
(@i, g) —b; < o' (@, c). (33)

B cuty yTBepyxg:LeHHﬂHMeeM (@i, c) > 0. [Tosromy PABHOCUJIHHO
<&i7~g> —b; <o
<ai7 C)
[Tostyuniu mpoTuBopevne ¢ 1i O

Oupenenenne 5. Ilycrs g € H.. Ileaesoti npoekyuet vp(g) TOYKH g HA MHOrOrpaHHuk M

HA3BIBAETCS TOUKA, OIpe/iessieMast hopMyJIoit

(9) =9 —om(g)e, (34)
rie
om(g) =min{o € Ryglg —oce M}.
Ecmn
—do0€Ryg:9g—0ce M,
nosiaraeM Y7 (g) = & — Touka, 6eCKOHEUHO yjiaseHHast oT M.

IIpuMeps! 1eeBbIX IpoeKImit Ha Muororpannnk M B R? mpusesens Ha prc.

Oupenenienne 6. Peuenmusnvim nosem &(z,n,0) C H. nnornocru § € Rsg ¢ meHTpoM B
Touke z € H, u panrom n € N OymeMm Ha3blBaTb KOHEUHOE YIOPSIOUYEHHOE MHOYKECTBO TOYUEK,

YAOBJIETBOPAIOINUX CJICAYIOIIUM YCJIOBUAM:

z € &(z,n,0);

Vg € &(z,1,0) : lg — 2| < ndv/m;

Vg',g" € B(2,n,0): 9 #9" = llg — 4"l = ¢;
Vg' € &(2,1,0) 39" € B(2,1,0) : |’ — ¢"|| = 6;

Vz € Co(6(z,1,0)) 3g € &(2,1,0) : |lg — z|| < 56v/n. (39
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Baece  Co(X)  obosHauaeT — BBIIYKIYIO  ODOJOYKY  KOHEYHOIO  MHOXKECTBA  TOYEK

X = {x(l),...,x(K)} C R™:

K K
Co(X) =< > Xz N €Ryo, > Ni=1
=1 =1

Touku perenTUBHOrO 101 OyIeM HA3BIBATD PEUENMUBHBMU MOUKAMU.

Dopmyia B OHpelLeJIeHI/II/I@OSHaHaeT, 9TO TOYKA, HAXOSAIIAACI B IIEHTPE PEIEITUBHOTO
IOJIs1, IPUHAJIEXKUT ITOMY 110110, 13 hopmyibt || CJIeIyeT, ITO JII00as TOYKa § PEIeNnTUBHOIO
[I0JIs1 OTCTOUT OT IMEHTPAILHOI TOYKM 2z Ha paccrosame He Gosee nd/n. B coorBercTBum ¢ dhop-
MYJIOH JUTS JTIOOBIX JIBYX Pa3JIMIHBIX TOUEK g # ¢” penenTuBHOrO MO/t pACCTOSTHIE MEK Ly
HUMU He MOXKeT ObITh MeHbIIe §. Dopmyiia l) FOBOPHT, UTO [/l JIF00O0i TOUKH ¢’ perenTuBHOro
II0JIA HaﬁﬂeTCH TOYKaQ g”, IpuHa/JIe2Kalllad 3TOMY 2K€ I10JII0, TaKad, 9TO PACCTOAHUE MEZKJTY g/ n
g" 6yner pasno §. Popmyia 03HAYAET, YTO JJIsI 000N TOUYKN X, TPUHAJIEXKAIIEH BBITYKJIOM
O60.HO‘IK€ PENEITUBHOIO I10JIfd, B 3TOM IIOJIE HaﬁﬂeTCﬂ TOYKa g, OTCTOsAIlad OT X Ha PaCCTOAHUE
He GoJtee %5\/5 IIpunep perenTuBHOro Hojs B npocrpancTse R? npusesien na pI/IC.

OmmuieM KOHCTPYKTHBHBIA METOJ, IIOCTPOECHMSI PEIETUBHOIO IoJsl. be3 orpanmyenust oOIIl-
HOCTH MBI MOYKEM IPEJoaraTh, 4ro ¢, # 0. [Toctpoum B R™ cieyronuit oproronajbHbil 6asuc,

BKJHO‘IaIOHJ;I/H'?'I B cebsa BEKTOD C:

0 .
O =¢=(c1,c0,3,C45. .., Cn1,Cn);
1 no2
) (_E E iy CirC2,C3:Cay ,cn_l,cn> , ecan ¢ # 0;
= =
(1,0,...,0), ecim ¢; = 0;
1 no2
@ (0, — E s Ci,03,C4,...,Cn_1,Cn> , ecu ¢y # 0;
= =
(0,1,0,...,0), ecim ¢y = 0;
0,0,—L3 " 2 0;
3 _ 0=y D CivCas ey Cnmts G | el C3 # 0;
(0,0,1,0,...,0), eciu c3 = 0;
0 0.— 1 n 2 #0
(n—2) yee Y T i=n—1 C;>Cn—1,Cpn ), €CJIA Cp—2 )
c = =
(0,...,0,1,0,0), eciu ¢;,—9 = 0;
ci .
(n—1) 0,...,0, ==, cn) , €CIIU Cp_1 7 O;
C =

0,...,0,0,1,0), eciu ¢,,—1 = 0.
Henocpeacreenno nposepsercs, 4To
Vi, j e {0,1,....,n—1},i#j: <c(i>,c(j)> —0.

B wacraocru

Vizl,...,n—1:<c,c(i>>:0. (40)
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Puc. 3. PernenrusHoe mose B mpocrpancrse R3

Crenyiommee yTBEpKICHNE TMOKA3LIBAECT, UTO JIMHEHHOE MOAIPOCTPAHCTBO PAa3MEPHOCTH
(n — 1), mopoxK/IaeMOe OPTOrOHAIBHBIMU BEKTOPAMHU C1, . . ., Cp_1, SBJISIETCSI TUIIEPILIIOCKOCTHIO,

mapaJsiieTbHOM rumneprriockoctu H..

YrBepxkaenue 4. Oupesenm JIMHERHOE TOAIPOCTPancTBo S, C R™ paszmepnoctu n — 1:

n—1
Sc = Z )\ZC(Z) N ERS. (41)
i=1
Torna
VseS.:s+z€ He. (42)

Hoxazameavemeo. Ilycrs s € Se, TO ecTb
s=McM + . 4 Mg,

Torna
(e,(s+2)—2)=X\ <c, c(l)> +. 4 A <c, c("71)> .

Orcroma B cuity [oJIy4aeM
(e, (s +2)—2) =0.

CorrocraBiisist 9T0 € l) umeeM S + z € H.. O

OrmpeiesiuM BEKTOPBI
@)

- ¢
(& == -
1]

(i=1,...,n—1), (43)
obpasyroIe OPTOHOPMUPOBAHHBIN OA3UC MOAIMPOCTPAHCTBA Se.
[Iporneaypa mocTpoeHusi PEIENTUBHOIO TMOJIsl IIPeJCTaBIeHa B BUIIE aJH‘OpI/ITMa DToT as-

rOpUTM CTPOUT perentusHoe 1osie &(z,1,0), cocrosiee u3
Ke = (2n+1)""" (44)

TOYEK, PACIOJIOKEHHBIX B y3J/IaX PEryJIsipHON pelierku, umeroreii hopMy runepkpajpara (ru-
nepkyba pasmeprocTu n— 1) ¢ qymHoit pebpa, pashoii 2nd. Ijuna pebpa siueiiku rumepKsaipara
paBHa §. B coorBercTBUM ¢ miarom 13 aJH‘OpI/ITMaI/I yTBep}K,ILeHI/IeMSTOT TUIEPKBaJIpaT Je-
JKUT B rurnepmyiockoctu H, 1 nMeer nieHTp B Touke z. HemocraTok aJIFOpI/ITMaCOCTOI/IT B TOM,
YTO KOJUYIECTBO BJIO2KEHHBIX ITUKJIOB fOor 3aBrcHT OT pa3MepHOCTH IIPOCTPAHCTBA. DTy TPOOIEMY

MOZKHO PEIINTDHL C IIOMOIIIBIO (bYHKH,I/II/I G, BbI“II/ICJIHIOHLeI‘/)I TOYKY PEHEIITUBHOI'O MHO2KECTBa IIO €€
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AgropurMm 1 Ilocrpoenne perenrrusaoro nosst &(z, 17, 0)
Require: z € H.,n € N, § € Ry

1: &:=0

2: for i1 =0...2n do

3: Sp_1:=1Ip_10 — 7]5

4: for i, =0...2n do
5: Sp—9:=1p_90 — 77(5
6: ...

7: for i1 =0...2ndo
8: 81:=1910 — 77(5

9: s =0

10: for j=1...n—1do
11: s::s—l—sje(j)
12: end for

13: G:=6U{s+z}
14: end for

15: end for

16: end for

AsroputMm 2 Oyukiys G BBIUUCISET TOUKY PEIENTHBHOTO TI0JI 10 ee HoMepy k
Require: z € H,, n € N, § € Ry

1: function G(k,n, z,n,0)

2 forj=(n—1)...1do

3 b= |/ @0+ 197

4 k:=k mod (2n+ 1)1
5: end for
6

7

8

9

gi=z
forj=1...(n—1) do
g:=g+ (1;6 — nd)el)
: end for
10: G:=g
11: end function

HOPSIJIKOBOMY HOMEPY (HyMepalusi HAUnHAETCS ¢ HyJIs; TOPSIIOK OIIPEIeIsieTCsT a.)'IFOpI/ITMOM.
Peanuzanust dyuknyn G npejpcrapieHa B BUJIE aJ'II‘OpI/ITMa Carenyroree yTBep)K,ZLeHI/Ie,ZLaeT
OIIEHKY BPEMEHHOI CJIOKHOCTU aJH‘OpI/ITMa

YTBepKaeHUE 5. AnropHTMg:LonyCKaeT peanm3aIyio ¢ BpeMeHHON CHO)KHOCTb

cg = 4n® +5n — 9, (45)

IHOI[ BpeMeHHOﬁ CJIOZKHOCTBIO 3/I€Ch ITOHUMaeTCA KOJIMIEeCTBO apI/Id)MeTI/I‘IeCKI/IX onepaunﬁ " onepaunﬁ CpaBHEHUII,

HeO6XO,HI/IMI>IX JJ1g BBIIIOJTHEHU A aJI'OPpUTMa.
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rJae n — pasMEpPHOCTDb ITPOCTPaHCTBa.

,ﬂo%asameﬂbcmso. PaCCMOTpI/IM HU3KOYPOBHEBYIO DeEaJIM3allluiO aJIFOpI/ITMa IpeacTaB/JI€eHHY IO

B BHUJIE aJIFOpI/ITMa,

Anroputrm 3 HuskoypoBHeBast peajn3ariusi aJIFOpI/ITMa

1 p:=2n+1;r:=n; h:=p" 2 g:=z

2: ji=n—1

3: repeat

4: lj = UC/hJ

5: k:=k modh
6: h:=h/p

7 ji=7—1

8 until j =0

9: jZ: 1

10: repeat

11: Wj = ljé -
12: 1:=1

13: repeat

14: 9;i:'=9; + wjel(-j)
15: 1:=14+1
16: until ¢ > n

17: ji=73+1
18: until j =n

3Hadvenns, BEIYUCISIEMbIE Ha, Tarax 1-2 aJ'[FOpI/ITMa HE 3aBUCIT OT HOMEPA PENernTUBHON
TOYKU Kk ¥ 1I09TOMY MOIYT CUUTaThCsl KoHCTaHTamu. [luki repeat/until na marax 3-8 Bbinos-
usiercst (n — 1) pas u tpebyer c3.s = 5(n — 1) onepanuii. Biioxkennstii nuki repeat/until za
nrarax 13-16 BbinosiHsIeTCst 1 pa3 u Tpedyer c¢13.1¢ = 4n onepanuii. BHemuuii uki repeat /until
na marax 10-18 semonnsercsa (n — 1) pas u Tpebyer cig.as = (4 + c13-16)(n — 1) = 4(n? — 1)

onepamnuii. B cymme mosyuaem

¢ = c3.8 + cro.18 = 4n® +5n — 9.

CnencrBue 1. Bpemennas cj0:KHOCTb aJII‘OpI/ITMaMO}KeT 6bITH onenena Kax O(n?).

Onpepenenne 7. Ilycrs 2z € H.. Baduxcupyem n € N, § € Ryg. Obpasom I(z,n,0), opoxKieH-
HBIM perenTuBHbIM 11osieM &(z, 7, §), 6yieM Ha3bIBATh yIIOPsIOU€HHOE MHOXKECTBO BEIeCTBEHHbBIX

3(277775) = {pc('YM(g))’g € 6(2’7775)} . (46)

[Topsitok unces B 0bpaze onpeae/seTcs IOPIIKOM COOTBETCTBYIOMINX TOUYEK PEIeITUBHOTO TOJIs.

Dymukio nocrpoernst obpasa J(z,1,d) B BUJe CIUCKA IHCEIT TIPEJICTABICHA B BUJIE aJTOPHUT-

Ma B1ech [] 0bo3HATAET MyCTOM CIUCOK, a H 0603HAYAET OIEPAIINI0 KOHKATEHAIMH CIIIICKOB.
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AusropurMm 4 Ilocrpoenne obpasa J(z,1,9)
Require: z € H.,n €N, § € Ry

1: function J(z,7,9)

2: J ::[]

3 for k=0...(2n+1)"1-1)do
4: gk :=G(k,n, z,n,9)
5 T:=T 4 [pe(var(gx))]
6 end for
7: end function

[Tokaxkem Kak IOJIy9IEHHBIH 00pa3 MOXKET ObITh HCIIOJIL30BAaH g perneHus: 3amadu JIIT.
[Iycrs (Gi,c) > 0. 910 03HAUYAET, UTO MOJIYIIPOCTPAHCTBO Hj' SBJISIETCS PENECCUBHBIM OTHOCH-
TEJIbHO BEKTOpa ¢ (CM. yTBEpIKJEHUE . [Iycts umeerca Touka w € H; N M. donyctum, @To
HaM yIaJ0Ch CO3JaTh uckyccmeennyro netiponnyro cems DNN, mosgyuaronyo Ha Bxoje obpas

J(me(u),n,0) OKPECTHOCTH TOYKH U, U BBLIAIOILYIO HA BBIXOJE TOUKY U’ TaKylo, 4TO
o = argmin {p.(z)|x € H; N M} .

TOI‘,ILa MbI MOZKE€M ITIOCTPOUTH aJI'OPUTM pemafouu/n?l 3a1avy JIMHEIHOT'O IporpaMMupoBa-

HUA ¢ nomornbio DNN.

AgroputMm 5 Jluneitnoe nmporpaMMupoBanue ¢ ucmoab3oBannmeM DNN
Require: v € H; N\ M, (a;,¢) >0, z€ H,;; n€N, § € Rug
k=1

1

2: repeat

3 T:=3u®, n,o)
4. u D .=DNN(T)
5: ki=k+1

6: until u®) £ (=1
7. 1 :=uk

8

: stop

2. IlapaajgeabHbIil aJITOPUTM IOCTpoeHusi obpas3a 3agaum JII1

ITpu pemtenun 3amaa JIIT Gosbimoit pa3zMepHOCTH U ¢ OOJIBIITUM KOJUIECTBOM OrPAHUYEHUM
ajaroput™ |4| moctpoenus obpaza 3amauu JIII moxkeT moTpedoBaTH 3HAMUTEIBLHBIX BPEMEHHBIX
3aTpart. B aTOM paziesie NIpuBOIUTCS €ro napaJsuiesibHas BEPCUs, TIO3BOJIAIONIAs CYIIIECTBEHHO CO-
KpaTuTh BpeMmst perntenus 3aga4un JII1 ¢ momorsro aJIFOpI/ITMa [TapasutesibHast Bepcusi aJropuT-
MaCTpOI/ITCH Ha OCHOBE MOJIEJIN apaJljie/IbHbIX Bhrauciennit BSF , OPHEHTUPOBAHHOI Ha
KJIACTepHbIe BhraucjnuTesbubie cucrembl. Mogens BSF ucnonbsyer napagurmy macrep—pabodne
u TpebyeT IpejcTaBJieHnEe ajropuTMa B opMe olepanuii HaJ, CIUCKAMH € HCIIOJb30BAHUEM
dyuknuii Boiciiero nopsiyka Map u Reduce, oupenenennbix B dopmasiname Bépaa—Muprenca
(Bird—Meertens formalism) . Mogens BSF Tak:ke mpemocTaBiisieT METPUKY JIJIsT AHAJIUTHAIE-
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CKOI OIEHKH MAaCIITabMPYEeMOCTH IapaJsiie/IbHOTO aJITOPUTMa, Y/IOBJIETBOPSIIONIEr0 YKA3aHHBIM
TpebOBAHUSIM.

[IpencraBuM aaropuTm B dopMe omepanyii HaJ CIMCKAMH C HCIOJIb30BaHuEM (QYHKIIUHA
Boiciiero nopsinka Map n Reduce. B xkadecTBe crnmcka, oOpabarbiBaeMoro (byHKIMEH BBICIIIETO

nopsiiaka Map, BO3bMEM CIIICOK HOMEPOB HEPABEHCTB CHCTEMBI :
Lonap = [1,...,m]. (47)

O6osuraunM Ry = R U {oo}. Onpeennm cieayromum 06pa3oM nmapaMerpu30BaHHY0 (DYHKIIUIO
Fr:{1,...,m} = Ry, saBasmomniyiocs mepBbIM napamerpoM (byHKIMH BBICIIEro mopsijaka Map:

Fu(i) pe (Vilgr)) , ecmm (a;,c) > 0u~;(gr) € M; (418)
k p—
o0, ecymu (@, c) < 0w y;(gr) ¢ M,

rie g = G(k,n, z,1,d) BBIUUCISIETCS C TIOMOIIBIO aﬂFOpI/ITMa a v;(gr) Beraucssiercst o hbopmy-
JIe . C nedbopmasbhoit Toukn 3penus bynkims Fy, oTo6pazkaeT HoMep nosynpoctpancTsa H;
B PACCTOSAIHHE OT IeJIeBoil IPOEKIIH JI0 IIeJIeBOil TUIepIIOCKOCTH, ecn H siBigeTcs pereccus-
HBIM OTHOCHUTEJIBHO € (CM. YTBep}K,ILeHI/Ie u niejieBast mpoekius npuHayiexxut M. B nporusaOoM
caydae Fy BozBparaer crenuajbHOE 3HAYEHUE OO.

Qynxiusa Beiciiero nopsjaka Map npeobdpasyeT criucoK Lygqp B CIUCOK Lyedyce YTEM IIPH-

menenns dynknun Fj, K KaxKoMy a1eMenTy cimucka Liqp:

creduce = Map (Fka Emap) = [Fk(l)a R 7Fk(m)] - [ph <. 7Pm] .
Onpenenum GuHApHYTIO acconuaTuBHyo onepaiuio () : Ry — Ry ciemytomum obpazom:

co@Poo = oo
VaoeR:aQoo = «a;
Vo, eR:a@p = min(a, ).

C medopMaIbHOM TOYKHU 3peHust oneparius () BbIYUC/ISIeT MUHUMAJIBHOE U3 JBYX YHCEJI.
Oyuknys BbICIIEro mnopsiiaka Reduce npeobpasyer clnCOK Lyeguce B aTOMapHOE 3HAYECHHE

p € Ry, myTem mocjieioBaTe/IbHOIO TPUMEHEHUST orieparuu (J) KO BCEeMY CIHUCKY:

Reduce(QD), Lreduce) =1 D p2D ... D pm = p-

ITocrpoenue obpaza J 3amauun JIII ¢ ucnonb3oBanuem dyHknit Buiciiero nopsinka Map u
Reduce nipencrasiieno B Buie aJH‘OpI/ITMa@ [TapannenbHas Bepcus aJIFOpI/ITMa@ CTpoUTCS Ha
OCHOBE AJITOPUTMHUIECKOrO TrabyioHa 2 u3 . Pesynbrar npejcraBieH B Buie a.HI‘OpI/ITMa
[IpokoMMeHTUPYEM TapasIebHbII aJ'[I‘OpI/ITM i1 TpOCTOTHI MBI OYJIEM MPEIIOIAraTh, ITO
KOJIMYECTBO OTPAHUYEHUI 1M KPATHO KOJUYIECTBY pabounx L um Hymepalus HEpaBEHCTB HATHMHA-
ercs ¢ mHyJisi. [lapajuienbHbIil aJIropuT™M BKJIIOYaeT B cebsi L 4+ 1 mporiecc: ONUH MPOIECC-MacTep
(kpaTko — Mmactep) u L nporeccoB-pabounx (Kparko — paboune). Macrep ynpasisier BbIUUC/Ie-
nusimu. IlepBoHadaibHO B KadecTBe obpasza J Gepercs mycroit cnucok (mar 2 macrepa). Teky-
muit HoMep k moJiaraercsi paBHbIM Hyso (mmar 3 macrepa). Ha mrarax 4-15 macrep opraHusyer
Ky repeat/until, B koropom crpoutest 06pa3 J 3amaun JIII. Ha mare 5 macrep mocburaer

HOMeEp O4epeTHOI perenTuBHOi Touku k BceMm pabounm. Ha mrare 8 macrep oxkKugaer mosydeHne
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Anroputm 6 Ilocrpoenue obpasa J ¢ ucnonbzoBannem Map u Reduce
Require: z € H., n € N, § € Ry

1: input n,m, A,b,¢c,z,n,4
2: J ::[ ]
3: Lonap :=[1,...,m]
4: for k=0...(2n+1)" 1 ~1) do
o: Lreduce = Map(Fk’ Emap)
6: p:=Reduce(D), Lreduce)
T J:=T 4 [p]
8: end for
9: output J
10: stop

AnroputMm 7 llapasenbublit ajgroput™m nocrpoerue obpasa J 3amadn JII1

Macrep Pa6ouwnit (I=0,...,L-1)
1: input n 1: input n,m, A, b,¢,z,1,0
2: J:=[] 2: L :=NumberOfWorkers
3: k:=0 3: Lonapq) :=[m/L,...,(([+1)m/L) —1]
4: repeat 4: repeat
5 SendToWorkers k 5: RecvFromMaster k
6: 6 Lreduce(t) '=Map (Fi, Lonap(r))
7 T p1 = Reduce (@, 'C'reduce(l))
8 RecvFromWorkers [po, ..., pr—1] 8: SendToMaster p;
9: p:=Reduce (D, [po,---,pr-1]) 9:
10: J:=T 4 [p] 10:
11: k=k+1 11:
12 ewit:= (k> (2n+1)""1) 12:
13: SendToWorkers exit 13: RecvFromMaster exit
14: until exit 14: until exit
15: output J 15:
16: stop 16: stop

YACTUIHBIX PE3YJBTATOB OT BCEX pabOvnX. DTH Pe3yJIbTaThl PEJYIUPYIOTCS B OIHO 3HAUYECHUE,
KoTOpoe Jobasisiercss B obpas J (maru 9-10 macrepa). [llar 11 yBenuunBaeT cueTdmk urTepa-
unit k Ha emununiy. Ha mare 12 macrep BbIYKMC/ISIET KPUTEPUA 3aBEPIICHAS B BUJIE JIOTUTIECKOIO
BBIPAYKEHUS (k: > (2n+ 1)"‘1), 3HaYeHne KOTOPOIr'O IIPUCBAUBaETCst OYJIEBOM ITepeMeHHONl exit.
B coorBercrBun ¢ dpopmyoii l} 3Hadenne true OyzeT O3HAYATH, YTO TOYKU PEIENTHOIO II0JIst
3akoHumnch. Ha mrare 13 macrep mocblLiaeT 3HadeHne OyJIeBOi IepeMeHHOM exit BceM pabOtmM.
Eciin 06paboranbl He BCe TOUKU PELENTUBHOIO IOJIsd, TO Ha Iiare 14 IPOUCXOANUT MePexol K Bbl-
HOJIHEHUIO CJIeytomeil nrepanun nukia repeat/until. B nporusaoM cirydae Mactep BBIBOIUT

IOCTpOeHHbIH 00pa3 J (mar 15) u 3aBepmraer cBoio padory (mar 16).
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Kazxaprit [-Te1if paboduil BRIIOJIHSIET ODIILYIO ITOC/IEI0BATELHOCTD JHCTBUM, HO HAJl CBOEH
HaCTBIO Lypap(i) CACKA Liap, KOTOpast onpejenserca na mare 3. Ha mare 4 pabouuit Bxomur
B nukJs repeat/until. Ha mare 5 on mosydaer Homep odepenHoil TOUKM k, MPUHAIIEKAIIECH
penenrusHomy mosio. Ha mare 6 pabounit oOpabaTeiBaeT CBOH MOACIUCOK Loy qp (1), UCTIONB3YS
dyuknuio Beiciiero mnopska Map, KoTopas s KarXKJ0ro dJIEMEHTa OJICIIUCKA BLIOJIHSET T1a-
pamMeTpuzoBaHHyI0 GYHKINO Fy, ompeneseHHyO ¢ MOMOIILI0 (DOPMYJIbI . B pesynbrare mo-
JTYIAeTCs TOJCTHCOK Ly oy ce (), COMEPramuil paccrosuust Fy (i) ot mesnesoit runepriockocrn He
JI0 TIEJIEBBIX IIPOEKITUH PEenenTUBHON TOYKH ¢ Ha TUepIiiockocTu H; s Bcex ¢ U3 MOMACIIHC-
Ka L) Ha mare 7 pabounit ¢ nomompio dpyuknum sbiciiero nopsyika Reduce penynupyer
HOJCIUCOK Lyedyce(;) B ATOMAPHOE 3HAYEHHE p), MCHOJIL3Ys acCOIMATUBHYIO OMHADHYIO Onepa-
o (J), BEIYUCIISIONIY 0 MUHUMAJIbHOE paccTosiHue. [loyryaeHHbIi 9acTHBII pe3y/IbTaT epechiia-
ercst macrepy (mar 8 pabouero). Ha mare 13 pabouuii oxkujiaer nojydenne oT Macrepa 3HAUeHHst
OyneBoit mepemenHol exit. Kcimu nonydaeno 3uavenue false, pabounii mpoo/2KaeT BBITOJTHEHUE
mukJa repeat /until (mar 14 pabodero). B nporusHom citydae mnporecc pabodero 3apepinaercs
Ha mare 16.

JainM anasumuseckyto oUenKy 2paHuLbl MACWmMadupyemMocmy NapaIeJIbHOIO ajroOpuT-
Mac HCIIOJIb30BAHUEM CTOMMOCTHOW METPUKHU MOJIE/IN HapaJsiieibHbIX BbluncieHuii BSF .
[Tox rpanuneit MaciTabupyeMoCcTs 3/1€Ch HOHUMAETCS YUCJI0 pabodnx, HA KOTOPOM JIOCTUTAET-
cst MakcuMmyM yckopenusi. CrommoctHasi Merpuka Mmojiesn BSE Briodaer B cebs ciiefyioriue

CTOMMOCTHBIE TIapaMeTphbl [ IuK/Ia repeat /until (marn 4-14) napasieabHOro aJIFOpI/ITMa

m JIAHA, cUCKA Lyyap;
D : JjareHTHOCTH (BpeMsl II€PECBLIKH OJHO afita oT Macrepa K pabodemy);
t. : BpeMs, 3aTPauNBaEMOe MaCTEPOM Ha MEPECBLIKY OJHOMY pabodeMy KOODIUHAT

PENEeNTUBHON TOYKK U TOJIyIeHHUsI OT HErO PACCTOSIHUSI OT ITOH TOYKHU JI0 HEJIEBOI
IpOoeKIuU (BKJIIOYasi JATEHTHOCTD );

tMap @ BDEMs, 3aTpadnBaeMoe OJHIM PabOYNM Ha BBINOJIHEHHE (DYHKIUN BBICIIETO MOPSIIKA
Map nns Bcero crmcka Loqp;

tq :  BpeMsl, 3aTpadynBaeMoe Ha BBINIOJHEHUE O HON OGuHapHON oneparun (J).

B coorsercrBuu ¢ dhopmysoii (14) us IrPaHAIA MacCIITaAONPYEMOCTH ITapaJIJIeIbBHOTO ajrOPUT-
MaMO}KeT OBITH OICHEHA CJIEYIONUM 0OPA3OM:

]_ tc 2 tMap tC
Limaz = = dm — —. 49
maz = 5 <taln2> L v (49)

BoruuciinM oneHKy Jjisi BpEMEHHBIX apaMeTpoB POPMYJIbI 1! st 3TOrO BEleM CIeIyIoNue

0603HaueHUsI B PaMKaxX OJHON urepanuu nukia repeat/until (mmaru 4-14) napaJuiesibHoro aji-

ropuTMa

Cc © KOJIMYECTBO YHUCJE, IEPECHLIAEMBIX OT MacTepa K pabodemy um obpaTHO
B PaMKaXx OJIHOU UTepaIly;

CMap : KOJMYECTBO apU(MMETHICCKUX OIepaliii 1 olepanuii CpaBHEHN, BBIITOJHACMBIX Ha
mare 5 10CJIeJ0BATEIbHOIO aJlOpUTMa

Cq ' KOJIMYECTBO OTEpAINii, HeOOXOIUMBIX JJIsT BBITIOJHEHNsT OMHAPHON omeparun (J).
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B maugase kaxkJioil urepanuu MacTep MOChLIACT KaxKJIOMy pabodeMy HOMED PENENTUBHON TOUKH.

B orBer pabounii MOCHLIAET PACCTOSTHUE OT 3TOil TOYKH 110 1eseBoil npoekiuu. CiienoBaTenbHo
ce = 2. (50)

B konTekcTe aJII‘OpI/ITMa@
CMap = (CG + CFk) m, (51)

rje ¢G — KOJIMYIECTBO Ollepalinii, HeOOXOAMMBbIX JIJIsi BBIYUCJIEHUs] KOODIUHAT TOYKU (k, CF, —
KOJIITYECTBO olepalyii, HeoGXOMMMBIX st Bbraucienns dynkuun F (i) no dopmyre (48) B upe-
[IOJIOYKEHUH, YTO KOOPUHATHI TOUKHU () y¥Ke BblaucaeHbl. ONeHKa 3HAYEHUs] CG JIaHa B IPEIO-
}KeHI/II/I OuenuM 3Havenue cr, . B coorsercrBun ¢ BBIUUCJICHHE TIeJIEBOI mpoeKImn Y, (g )
Tpebyer (6n — 2) apudmerndeckux oneparmit. 113 CJIeJIyeT, UTO BBIYUCICHUE po(T) cocTas-
aster (bn — 1) apudmernaeckux omepanuii. [Iposepka ycinosust © € M B COOTBETCTBHH C |b

norpedbyer m(2n — 1) apudmerndecKnx oneparyit 1 m oneparyii cpaBHeHusA. TakiuM 06pa3oM

cr, =2mn+ 11n — 3. (52)
[Toacrasus B npasble dactu Gopmy. u , LOJLy YaeM
ChMap = 4n*m + 2m*n + 16nm — 12m. (53)

st Bbinosenus: 6uaaproii onepanun () HEOOXOAUMO BBIIOJIHUTE OJIHY ONEPAIMI0 CPABHEHHUSL:
cqo = 1. (54)

[TycTs 74, — cpesHee BpeMsl BBIIOIHEHNs apudMeTHYeCKUX OIlepalyili 1 onepanuil cpaBHEHU,

Ty — CpeilHee BpeMdd Jid IIE€PECBIJIKKM OJHOI'0 BEHIECCTBEHHOT'O 4YHCJ/IQ 0e3 ydeTa JIaTEHTHOCTH.

Tora, ucnosb3yst GOpMyJIbI , u , [oJIy4aeM

tC = CcTtr + 2D = 2(Tt7" + D), (55)
tMap = CMapTop = (4n*m + 2m>n + 16nm — 12m)7,p; (56)
te = CaTop = Top- (57)

[ToncraBus B |» IpaBble YacTu (HOPMYyJI —, IIOJIYIUM CJIEJIYIONIYIO OIIEHKY I'DAHUIIbI
MacImTabupyeMOCTH HAPAJIIETBHOTO aJIFOpI/ITMa

1 /(2 D)\? 2 D
Loz = 2 <(Ttr+)> +4n2m + 2m2n + 16nm — 12m — M
TopIn 2 Top 1IN 2

,B;JIH OOJILIINX 3HAYEHUN M U N 3TO SKBUBAJICHTHO

Lunaz =~ O(V/2n2m + m2n + 8nm — 6m). (58)
Ecau upenonoxurs, aro m = O(n), To u3 ll caenyer

Limaz = O(ny/n), (59)
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Tabuuia 1. Xapakrepuctuku kjacrepa «Topuajgo FOYpI'Y»

[Tapamerp SHaueHnne

KommaectBo nporeccopubix y3a0B | 480
IIpoueccopsl Intel Xeon X5680 (6 siaep, 3.33 GHz)
KosmaectBo nporeccopos B y3ime | 2

OmnepaTuBHas TaMITh y371a 24 GB DDR3
CoeuHnTe/IbHAS CETh InfiniBand QDR (40 Gbit/s)
OmneparonHast cucreMa Linux CentOS

rjie N — PasMepHOCTDb mpocTpaHcTBa. OneHka l) ITO3BOJISAET CJIEJIATh BBIBOJI, YTO IapaJsljiesib-
HBI aJrOPUTM 7| JEMOHCTPUPYET MPEBOCXOIHYIO MaCLHTa6I/IpyeMOCT B cienytomem pazzene
MBI ITPOBEPUM AHAJTUTUIECKYIO OIECHKY l) IIyTeM IMPOBEJICHUS MACIITAOHBIX BHIMUCIUTEIHHBIX

IKCIIEPUMEHTOB Ha peaﬂbHOﬁ KJIa,CTepHOfI BBIUHCJAUTEJIBHON CHCTEME.

3. BprumciamrenbHbIE IKCIIEpUMEHTbI

Hawmu 65118 BBIIOTHEHA TapaIe/bHasT PeaTn3aIiis aHFOpI/ITMaB Bue nporpammbl ViLiPP
(Visualization of Linear Programming Problem) na sisbike C++ ¢ UCIIOJIB30BaHUEM [IPOrPAMM-
noro BSF-kapkaca . BSF-kapkac 6asupyercss Ha MOJEIU MAPaJIeIbHBIX BBIYUCIECHUN
BSF U MHKAIICYJIUPYET BCE aCII€KTbI, CBA3aHHbIC C paclapaJijleJIMBaHUEM IIPOI'PaMMbI C UCIIOJIb-
zoBanueM 6ubmoreku MPI u mporpammHoro uarepdeiica OpenMP . Ncexomubie Komabt
nporpamMmbl ViLiPP cBoGoamo moctynubl B cetu NuTepuer mo aapecy https://github.com/
nikolay-olkhovskiy/LP-visualization-MPI| C wucrosb30BaHuEM MAPAJIIETBHON TPOrPAMMBI
ViLiPP MmbI mpoBeJin 9KCIIepUMEHTHI 110 UCCIIEI0BAHUIO0 MACIIITaAOUPYyEMOCTH aJIFOpI/ITMaHa KJIa-
crepHOil BeruucuTebHON cucreme «Topuago FOYpI'Y» , XapaKTEPUCTUKUA KOTOPOI IpuBe-
JEeHbI B Ta6JH/1ue

C momompio reneparopa 3agad «FRaGenLP» E JIJIS IPOBEJICHUST BBIYUCIUTETbHBIX
9KCIIEPUMEHTOB OBLJIM CreHEPUPOBAHBLI TPHU Ciydaiinbie 3amaqdn JIII, mapaMeTpbl KOTOPBIX IpH-
BEJICHBI B TEL6JII/IH6 KonnyecTBo HeHy/IeBBIX 3HaYeHU MaTpunbl A 3amaun BCEX CJIydasax
cocrasuiio 100%. s Bcex 3a7ad paHr pelnenTUBHOTO MOJIs 1) oJarajics paBHbiM 2. B coorser-
cTBUU ¢ (HOPMYJIOit 1! MOIITHOCTD PEIENTUBHOTO TOJIsT JeMOHCTPUPOBAJIA KCIIOHEHIINAIHHBII
POCT ¢ yBeIUYeHHEM Pa3MePHOCTU IPOCTPAHCTBA.

PeByHBTaTbI BBIYUCJIUTEJIbHBIX IKCIIEPUMEHTOB ITPUBEJICHBI B Ta6HI/II_[eI/I Ha pI/IC. BO BCEX
3aIyCcKax KaXKJI0My pabovueMy BbIJIEISICA OTASIbHBIN IPOIeCcCOpHbIit y3eu. Kine oqun mgomosHn-
TEJbHBIH MPOIECCOPHBIN Y3€eJI BRIICICH Jid pabOThl MacTepa. BeIaucnTe/ibHbIe SKCIIePUMEH-
THI [TOKA3aJId, YTO C POCTOM Pa3MEPHOCTH 3aJa9 HaOJIIOAeTCsT POCT T'PAHUIIBI MACIITAbUpye-
moctu nporpammbl ViLiPP: qna LP5 makcumym KpuBoii yckopenus: mgocturaercs B paiione 190
yaJoB, 1 LP6 makcuMywm pacrosiaraercst B paiione 260 y35oB, a aast LP7 on npubiu3uteabHO
pasen 326 yzmam. [lpu s10oM HaOIIIOIAETCSH SKCIIOHEHITUAJIBHBIA POCT BPEMEHU PEIIEHUs 3a[a10:
obpa3 3amagn LP5 ma 11 nporeccopHbIx y3iax crpouTcs 3a 10 cek., a mocrpoenne odbpas3a 3a1a9u

LP7 na TakoM »Ke KOJIUYIECTBE Yy3JI0B TpebyeT yxke 5 MuH. OMOMHUTE/BbHBIH BHIUUCIUTE/IbHBII

Mycre Limaz = O(n®). AITrOpUTM IEMOHCTPHPYET NpPesocrodnylo MAacCUmabupyemocmy, ecitn « > 1; aaropurm
JEMOHCTPUPYET TOPOULYIO MACWMAOUPYEMOCTID, €CITH (v = 1; AJITOPUTM JIEMOHCTPHUDYET 02PAHUMEHHYIO MACULMA-
bupyemocmo, eciu 0 < o < 1; anroput™m we macwmabupyemca, eciu o = 0.

48 Bectauk FOYpI'Y. Cepus «BpruunciaurenpHas MmareMaTnKa 1 “”HOOPMaTAKA»


https://github.com/nikolay-olkhovskiy/LP-visualization-MPI
https://github.com/nikolay-olkhovskiy/LP-visualization-MPI

H.A. OsubxoBcknii, JI.B. CokonanHckuii

Tabuuia 2. [Hapamerpsr TectoBbix 3agad JIIT

Wnenru- | Yuciao Hucio ITpornenT Heny- | MorHocTs
dukaTrop | mepeMeH- | orpaHnde-| JEBBIX 3Hade- | PEIENTHBHOIO
380291 HBIX HU muii B A 0JIA

LP7 7 4016 100% 15625

LP6 6 4014 100% 3125

LP5 5 4012 100% 625

Tabmuna 3. Bpems nocrpoenns: obpasa 3amaa JIIT (cek.)

Yuco nporec- | LP5 LP6 LP7
COPHBIX Y3JI0B
11 9.81 54.45 303.78
56 1.93 10.02 59.43
101 1.55 6.29 33.82
146 1.39 4.84 24.73
191 1.35 4.20 21.10
236 1.38 3.98 19.20
281 1.45 3.98 18.47
326 1.55 4.14 18.30
1: || O LP7 I I — IJI
-&-LP6 D
14 1 —o—1pPs PO T S A---o A
12 e
% 10 ';_,;:‘"?';/A
> 6
A
2 |/
0 T T T T T T

11 56 101 146 191 236 281 326
KonnyecTBo NpoLLecCopHbIX y3/10B

Puc. 4. I'paduku yckopenust napasuiesbuoil mporpammel ViLiPP
nast 3agaq JIIT pasauaroro pasmepa

9KCIIEPUMEHT II0Ka3aJl, YTO IOCTpoeHne obpasa 3aga4un upu n = 9 Ha 11 mporeccopHBbIX y3aax
3aHuMaeT 1.5 gaca.

[TpoBeieHHBIE SKCITEPUMEHTBI TO3BOJISIOT CAEIATH BBIBOJ, UTO ITPU COBPEMEHHOM YPOBHE pa3-
BUTHUS BBIYHUCIUTEIBHON TEXHUKHU NMPUMEHEHUE MCKYCCTBEHHBIX HEUPOHHBIX CceTeil JIJisi pelleHus
3agaq JIII Ha OCHOBe IpPENIOKEHHOTO METOa BU3YAJIU3AIUN MOXKET OBITH I(PPEKTUBHBIM JIJIsT

3aj1ad pa3smMepHocTH, He mpesbimatorieir 100, ¢ komaectBoM orpanmdennit 7o 100 000.
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SaKJ/IroueHue

OCHOBHBIM pPE3YJILTATOM, TIOJIYIEHHBIM B JIAHHON paboTe, SBISETCS MATEeMATHIeCKas MOJIE/b
BU3YaJbHOTO IIPEJ/ICTaBIeHNs] MHOTOMEPHON 3a/1a9l JIMHEIHOTO TPOrPaMMHUPOBAHUS IO MTONCKY B
JIOTIyCTUMOM 0OJIACTH TOYKW MaKCHMyMa JImHeHHo TeneBoit dyukinn. OCHOBHBIM 3JIEMEHTOM
MOJIEJIN $IBJISIETCsl PEIENTUBHOE II0JIe, IIPEJICTaBJIAIoNee CODOM PeryaspHoe MHOXKECTBO TOYEK,
PACITIOIATAIOIINXCS B y3/1aX PEIIeTKHU, IIOCTPOEHHON BHY TpY ruriepKyoda. Bece TOUKM perenTuBHOTO
TOJIST JIEPKAT B IEJIEBOI TUIIEPIIIOCKOCTH, OPTONOHAIBHON BEKTOPY ¢ = (¢, . . ., Cy), COCTABJIEHHO-
My u3 K03 uimnenToB JuHeiHoM 1eaeBoit dyukiuu. [lemeBast rumepiockocTb pacioaraeTcs
TaK, 9UTO JJIsd JII0OOM TOYKU T W3 JIOMyCTUMON 00J1acTU U JII00O0M TOYKU 2 IEJIE€BO TUIIEPILIOCKO-
CTHU BBIIIOJIHSIETCsT HEPABEHCTBO (¢, ) < (¢, z). MOXKHO cKa3aTh, 4TO PEIENTHBHOE 110JIe SIBJISIeTCS
MHOTOMEPHBIM abCTPAKTHBIM aHAJOTOM CBETOUYBCTBUTEIBLHON MAaTPUITHI ITU(POBOTO hOoTOATIIA~
parta. V3 KaX70#l TOYKM PEIEeNnTUBHOIO IOJIisi B HAIPABJIEHUM JIOIYCTUMOI OOJIACTU CTPOUTCS
JIyd, TapaJjiieibHbIil BeKTOpy c. Touka, B KOTOPOH Jiyd Kacaercs JOIMYyCTUMON 00JIacTh, HA3bI-
BaeTcs 1es1eBoil poeknueit. O6pa3 3a/ia4u JIMHEHHOTO IPOTPAMMUPOBAHUS MIPEJICTABIET CO0OOi
MATPHILY TOJIOKUTETHHBIX BEIIECTBEHHBIX YHCES pasMepHocTH (n — 1), B KOTOPOl KarK/Iblii 3J1e-
MEHT SIBJISIETCS PACCTOSTHIEM OT TOUKH PENENTHBHOIO MOJIsI 10 COOTBETCTBYIONIEH TOUKN IeIeBOit
MIPOEKITNN.

B crarbe onucan ajaropuT™ BbIYUCIEHUS KOOPAUHAT TOYKH PENENITHBHOTO TI0JIs [0 €€ MOPsi/I-
koBoMy HOMepy. [lokazano, 4To BpeMeHHas CJI0KHOCTD 3TOI0 AJITOPUTMa MOXKET OBITH OlleHeHa
kak O(n?), Tie n — pa3sMepHOCTb MPOCTpaHCTBa. 1IpuBe/eHo obIee OMMCAHMe aJTOPHTMA pPe-
HIeHUs 3a/1a49y JIUHEHHOro IIPOrpaMMUPOBaHUS C IIOMOIIBIO UCKYCCTBEHHON HEHPOHHON ceTu Ha
OCHOBE aHaJIn3a IMOCTPOEHHBIX 00pa30oB. [Ipeioken nmapaJiiebHbIi aJrOPUTM IOCTPOCHUST 00pa-
3a 3aJa491 JIMHEITHOTO IporpaMMmupoOBaHUd, OpI/IGHTI/IpOB&HHbeI Ha KJIaCTe€pHBbI€ BBIYHNC/INTE/IbHBIE
CHUCTEMBI. DTOT AJIOPUTM OCHOBBLIBAETCS Ha MOJEIN IapaJslle/bHbIX BbhrauciaeHuii BSFE, npe-
MIOJIAraIoNIel NCIIOIb30BaAHNE TAPAIUT MBI MacTep—padodne U MPeICTaB/ICHIE AJITOPUTMA B BUIE
orepariii Ha i COUCKAMU € UCIOJIb30BaHueM (OyHKIUi Boiciiero mopsiyika Map u Reduce. 1loka-
3aHO, YUTO JJIsi TPAHUIBI MACIITAOUPYEMOCTH HAPAJIJIEBHOTO aJrOPUTMa CIPABEIINBA OIECHKA
O(ny/n). D10 03HAYAET, YTO AJITOPUTM JIEMOHCTPUPYET XOPOIILYIO MACIITaGUPyeMOCTh.

Beimosinena peasmsaiius HapasiieIbHOTO AJIPTOPUTMa MOCTPOEHUs obpas3a 3ajadu JInHEei-
HOT'O MporpaMmupoBaHus Ha s3bike C++ ¢ HCIOIB30BAHUEM MAPAJIICTBHOTO IIPOrPAMMHOIO
BSF-kapkaca, HHKAIICYyJIUPYIOIIETO BCE ACIEKTHI, CBI3aHHBIE C PACIapaJUIeINBAHUEM HA OCHOBE
oubmoreku MPI u nporpammuoro uarepdeiica OpenMP. C ucrionb3oBanneM 5TOi Iporpamm-
HOIl peasuzanuu Ha BblYKCJIATENLHOM Kiacrepe «Topuaso FOYpl'Y» nposeienbl MaciiTabHbIE
BBIYUCJ/INTE/IbHbIE SKCIIEPUMEHTHI 110 TIOCTPOEHUIO 00PA30B IS CIIyIaiiHbIX MHOTOMEPHBIX 33184
JIMHEITHOTO TPOTPAMMHUPOBAHUs C OOJIBINNM 4YHCIOM orpanmdenuii. [Iposeennble sKCIepuMen-
TBI MOATBEPKIAIOT KOPPEKTHOCTH U 3(MPEKTUBHOCTD MIPEJIIOKEHHBIX MOIX0A0B. BMmecTe ¢ Tem
CJIeJlyeT OTMETUTD, UYTO BPEMsl ITIOCTpoeHre 00pa3a PacTeT SKCIOHEHIINAILHO C YBEJIUIEHUEM Pa3-
MEPHOCTH IMIPOCTPAHCTBA. 1109TOMY IPEIJIOKEHHBI METOJl TPUMEHUM JJIsi 38729 C TUCJIOM IIe-
pemennbrx, #e npessbimaomuM 100. IIpu 3TOM KosmtdecTBO OrpaHuYeHul TEOPETUIECKH MOYXKET
OBLITh HEOIPAHUYIEHHBIM.

B xadecTBe HampaBiieHUH TAJBHENIIINX UCCAETOBAHUN MOYKHO BBIJIEJIUTD CJIETYIOIIIHE.

1. PazpaboraTb MeTO/ pelieHust 3a/1a"u JUHEHHOTO TPOTPAMMUPOBAHUS Ha OCHOBAHUU AHAJIN3a
ee 00pa30B U JOKA3aTh €r0 CXOIUMOCTb.
2. Pazpaborars u peajn3oBarTh METOJ IOCTPOEHUsT 00y IAIONUX MHOYKECTB [IJIsi CO3/IaHUS HEll-

DPOHHO CeTH, PEIIAIONIE 3a/[a11 JIMTHEHHOT'O IIPOrPAMMIPOBAHUS IIyTEM aHAIN3a UX 00Pa30B.
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3.

Paszpaborars 1 00y4uTh MCKYCCTBEHHYIO HEHPOHHYIO CETb JIJIsI PEIIeHUsT MHOTOMEPHBIE 3a-

Ja4dy JIMHEMHOI'O IIPOrPaMMUPOBAHUS.

. Pazpaborars um peajin3oBaTh Ha BBIYUCJIUTEIBHOM KJIACTEPE [MAPAJUIEJILHYIO IIPOrPAMMY,

CTPOSIIYI0O MHOTOMEPHBIE 00pa3bl 3aa49n JIMHEHHOTO IPOTPAMMUPOBAHUS U ITOJIYIAIOIILY IO

€e pelleHre C [OMOIIbIO NCKYCCTBEHHON HEePOHHOI CeTH.

Heeaedosanue evinoanerno npu dunancosoti noddepoicke PODHU (eparnm 20-07-00092 a) u

Munucmepemsa nayku u evicuwezo obpasosanus PD (20cydapcmeennoe sadanue FENU-2020-

0022).
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The article proposes an n-dimensional mathematical model of the visual representation of a linear
programming problem. This model makes it possible to use artificial neural networks to solve multidimensional
linear optimization problems, the feasible region of which is a bounded non-empty set. To visualize the linear
programming problem, an objective hyperplane is introduced, the orientation of which is determined by the
gradient of the linear objective function: the gradient is the normal to the objective hyperplane. In case of
searching a maximum, the objective hyperplane is positioned in such a way that the value of the objective
function at all its points exceeds the value of the objective function at all points of the feasible region, which
is a bounded convex polytope. For an arbitrary point of the objective hyperplane, the objective projection onto
the polytope is determined: the closer the objective projection point is to the objective hyperplane, the greater
the value of the objective function at this point. Based on the objective hyperplane, a finite regular set of points
is constructed, called the retina. Using objective projections, an image of a polytope is constructed. This image
includes the points of the retina and the distances to the corresponding points of the polytope surface. Based on the
proposed model, parallel algorithms for visualizing a linear programming problem are constructed. An analytical
estimation of its scalability is performed. Information about the software implementation and the results of large-
scale computational experiments confirming the efficiency of the proposed approaches are presented.

Keywords: linear programming, n-dimensional visualization, mathematical model, parallel algorithm, BSF-

skeleton.
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B macrosiiiiee BpeMsi BarkKHEHIIUME 3aJadaMK IIPUA HCCJIEJIOBAHUU CTPYKTYPBI 3€MHOW KOPBI SIBJISIIOTCS 00-
paTHBIE 33Ja4l I'PABUMETPUU U 3394 MATHUTOMETPUM O HAXOXKJEHUU ITOBEPXHOCTEHN pazjesaa cpel Ha OCHOBE
JaHHBIX O I'DaAaBUTAIITMOHHOM M MarHUTHOM IIOJI€, U3MEPEHHOM Ha HeKOTOpOﬁ IIJIOII A I 3eMHOI IIOBEPXHOCTH. B
OCHOBE METOJIOB PeIlleHUs] ITUX 3aa4 JIeXKAT UJIeN UTepPaTUBHON perynsgpusanuu. [locie guckperusanum 3Ty 3a-
@Y1 CBOASATCS K CHCTEMAaM HEJIMHEWHBIX yPABHEHUN OOJIBINION Pa3MEPHOCTH, PENIeHne KOTOPBIX TpebyeT GOJIBIIOro
KOJIM9eCTBa BbIYUCJINTEJ/IBHBIX PECYPCOB. HeO6XOILI/IMOCTb B IIOBBIINIEHUN TOYHOCTU PEHICHU A Tpe6yeT JOIIOJITHUTEJIb-
HBIX BBIYMCJIEHUH, ITO BJIeYEeT 3a CODOi yBeJndeHue BpeMeHn cueTa. B pabore onmmchIiBaeTCsl CUCTEMa, YIAJIEHHBIX
BBIYUCJICHUNT M MHTEIPUPOBAHHOTO B HEe KOMILJIEKCA MIPOTPAMM I TpadUIeCKuX YCKOPHUTEIEH, PeaTH3Y oMK
Ha.I/I6OJIee 6BICprIe 1 S9KOHOMWYHBIC 110 IIaMATHU U3 pa3pa6OTaHHBIX paHee UTepalnoOHHbIX aJII‘OpI/ITMOB Ha OCHOBE
IPaJMEHTHBIX METOJ0B. JTa CUCTEMAa IPEICTaBJIsAeT COO0i BEG-TIOPTAJI, SIBJSIONIUIACA yHUBEPCAIbHBIM PEIIeHU-
eM JOJId BaHyCKa 3a1a49 Ha yﬂaHeHHbIX KJtacTepax. Ba)KHefIH.IHM HpeI/IMyHleCTBOM TaKOI'o IIoOpTaJjia ABJIAETCA €ro
MIPOCTOTA WCIOJb30BaHUsI: MPH MOJIK/IIOUYEHNN K KJIACTEPY JJIsT OCYIIECTBJIEHUsI BBIYUCIeHN Gosiee HE Tpebyercst
MIPOM3BOIUTEL YCTAHOBKY jomnosHuTeabHoro 11O Ha camMom KiacTepe, TakkKe He TpeDyeTcsl HaJU4YMe TPUBUJIETH-
POBAHHOI y4YeTHOU 3amucu i paboThl C KjaacTepoM. Bce 4ro Tpebyercss — JefCTBYIOIasd ydIeTHas 3alliCh Ha
WCIIOJTHAEMOM KJIACTEPE, OCTAIbHYIO paboTy 1Mo KOMMyHHKanuu ¢ 1meHTpoM o0paborkn manubix (I10/]) Geper ma
cebst moprast. ITopran MoxkeT JIerko MacITabupoBaTBHCs IIPU POCTE KOJIUYECTBA I10JIb30BaTeseil, KOTOPble MOI'YT
3arpy»KaTb HEOOXOIMMbIE AJIFOPUTMbI U BBIIIOJIHATH Bbluucjenus ¢ nomoribio IO/,

Karoueswie caosa: obpamnas 3a0a4a 2pasumempuu, o6pamHas 3a0a4a MazHUMOMEMpPuUL, 6e6-nopmad.
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BBenenue

[Ipu ucciemoBanun CTPYKTYPBI 3eMHOM KOPBI 0COD0O BAXKHBIMU SIBJISIIOTCS OOpaTHas 3aJada
rpaBUMETPUNA 0 HaXOXKJICHUU IIOBEPXHOCTER pa3jena cpell IOCTOAHHON IJIOTHOCTH 110 U3BECT-
HBIM CKa4YKaM IIJIOTHOCTU U I'PABATAIMOHHOMY II0JIIO, U3MEPEHHOMY Ha HEKOTOPOM! ILIOINAIN 3E€M-
HOW ITIOBEPXHOCTH, 3a/1a9a MAarHnTOMETPUN |2| O HaXOXKJACHUN IOBEPXHOCTEN pa3jiesa cpes, II0CTOo-
AHHON BEPTUKAJBbHONI HAMArHMICHHOCTH 110 N3BECTHBIM CKaYKaM HAMAarHMYCHHOCTH U BEPTUKAJIb-
HOJ KOMIIOHEHTEe MAaIrHUTHOI'O II0JId, U3MEPEHHON Ha HEKOTOPOH IJIOMIAJU 3€MHON IIOBEPXHOCTH,
7 3aJla9a MarHnTOMETPHAM O HAaXOXKJICHUU IIOBEPXHOCTEN pasnesa Cpell MOCTOAHHONW ITPOU3BOJIb-
HO HAIIPABJICHHOW HAMArHWYEHHOCTH IO M3BECTHBIM CKaYKaM HAMArHWYCHHOCTH W MArHUTHOMY
IIOJTI0, U3MEPEHHOMY Ha HEKOTOPOH IIJIOIIA U 3eMHOM ITOBEPXHOCTH. 3aJ1a9K ONKUCHIBAIOTCS HEJIU-
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Paspaborka KoMIIekca napajuieJbHBIX IPOrPaMM pelleHnusl oOpaTHBIX 3a/ad...

pelieHnst 3aJa9 MCIOJIb3YIOTCS MJIEH NUTEPATHBHON peryJsIsapu3aliin . IToce puckpernsarun
9TH 331891 CBOJIATCA K CHCTEeMaM HeJMHEHHBIX ypaBHEHU OoJbInoil pa3dmepHocTH. [loBblmenne
TOYHOCTH PEIIeHUsT 38J1a9 JOCTUTAETCS 38 CIET HUCIIOJIb30BaHnA 00jIee MEJIKIX CETOK, OTHAKO 9TO
MIPUBOJUT K yBEJIUIEHUIO 3aTPAT HA BBIYUCIUTEIbHBIE PECYPCHI.

Permerine reousnaeckux 3a1ad — TPYA0EMKHU IPOIIECC, TPEOYIOITUI NCITOIb30BAHNS CJIOK-
HOT'O MATEMATHIEeCKOTO allllapara, a TaKrke IepeIOoBbIX KOMIBIOTEPHBIX TexHosoruit. [Ipu pe-
meHnn 3a71a9 Tpedyercs xpaHeHune nu obpadborka 60/bIoro oobema nudopmarmu. Kpome Toro,
AJITOPUTMBbI O6ﬂaﬂaIOT BBICOKOII BBIYMCJIUTEJILHON CJIOXKHOCTBIO: yBeJII/IquI/Ie O6’bel\la BXOJHBIX
JaHHBIX CyH_LeCTBeHHO yBe.HI/ILH/IBaeT BpeMsd BBIYUCJIEHUIA. PeLHeHI/Ie TaKHUX 3a/Jiad Ha IIepCOHaJIb-
HOM KOMIIBIOTEPE MOXKET 3aHHMaTh OT HECKOJIbKHX YACOB J0 HECKOJBbKUX JIHEH, [I0O3TOMY IieJie-
CcO0OPA3HO WCIOJIHL30BATh MapaJijiebHble BLIYUCACHUS KAK HA IPadUUIECKUX YCKOPUTEJIIX, TaK
¥ Ha MHOIOIPOIECCOpPHO#l cucreme. Mcronb3oBanne rpaduyecKux yCKOPUTEIeH IpU 3TOM sIB-
JiseTcd HamboJjiee IMEePCIEKTUBHBIM, TaK KaK IO3BOJIIET COKPATHTh BpEeMsl PEIleHHs 3aJad Ha
HECKOJILKO MOPSAIKOB. HecMoTpsl Ha 3HAYNTEILHOE COKpAIleHne BPEMEHH HCIIOJIb30BaHNEe IapaJl-
JIEJIHBIX BBIYMCJIEHHI HOpOXKIaeT psif mpobieM. Bo-mmepBbIX, mccaeaoBaTe0 HY>KHO OBITHL He
TOJILKO CIEIUAJIUCTOM B IIPEIMETHONH 00JIACTH, HO W B ODJIACTH BBIYUCJIUTENILHON MaTeMaTHKH.
Kpowme sToro, emy Tak:ke HEOOXOTMMO BJIAJIETh TEXHOJOTHAMHI MAaPAJIIEILHOIO IIPOrPaMMEIPO-
BaHUA. BO-BTOPBIX, BBITUCIUTEIbLHBIE PECYPCHI, HEOOXOMUMBbIE JIJIsT NCCIEIOBAHNN, UMEIOT BBICO-
KyIO CTOMMOCTDb M JOCTYIHBI JAJEKO He KaXKJIOMy HCcaeaoBaTe 0. Takmm o0pa3oM, MoIydIeHne
PE3y/IbTATOB SIBJISETCS CJIOXKHOM W TPYI0eMKO paboToil, Tpebyromieli He TOJIbKO MOIIHBIX BbI-
YUCJIUTEJIBHBIX PECYPCOB, HO U OOJIBIIIMX 3aTpaT YeJI0BEUECKOro Tpyia u (puHaHCcoB. BeieacTeue
9TOrO IOSIBJISIETCST HEOOXOIUMOCTE B CO3JIAHUH CIIEIINAIM3MPOBAHHOIO BeO-TIopTajia JJjisl yiaJleH-
HbIX BI)ILII/IC.HGHI/H'?'I7 KOTOprfI IIO3BOJINJI 6bI Cy]l[eCTBeHHO O6.HeI‘LH/ITb n y,[(eLHeBI/ITb 9THU IIPOILECCHI.

esibro maHHOM PabOTHI SIBJISIETCSI peaIn3alius pa3paboTaHHBIX PaHee OBICTPBIX M SKOHO-
MHYHBIX 110 ITaMATH UTEPAlUOHHBIX aJITOPUTMOB DEIIeHU A HeJIMHEITHBIX O6paTHbIX 3a1a4 I'paBu-
METPUN U MarHATOMETPHUM O HAXOXKJIEHUH IIOBEPXHOCTEH pasjieiia cpel Ha OCHOBE IPaJIMeHTHBIX
METOJIOB B BHJE KOMILIEKCA IIPOrpaMM Jjisl I'padUuecKUX YCKOpHUTEsed, pa3paboTKa CHCTEMbI
VAAJIEHHBIX BBIYMCJIEHUI M UHTErpalysa B Hee pacCMOTPEHHBIX aJlOPUTMOB. Beb-mmopTaJt mo3Bo-
JISIET 3allyCKaTh IIPOIPAMMBI B y106HOM TrpadudeckoM uaTepdeiice (depes Be6-cepBuc) U3 10001
TOYKH MUpPA IIPU HAJMIUU CETH UHTEPHET, He Ipuberasi K UCIOJIb30BAHUIO KOMAH/IHONW CTPOKM.

B pab6ore [4| onucano mocrpoenne MoaAnMUINPOBAHHOIO METOAa HANCKOPEHIIEro CIycKa, JIi-
HEAPU30BAHHOIO METO/Ia COIPS’KEHHBIX I'PAIUEHTOB W €ro MOJUMUIIMTPOBAHHOTO BAPUAHTA, IS
pelrenus 3a/1a9 IPpaBUMETPUN M MarHUTOMETPUN B MHOTOCJIOWHOMN cpefe. Pazpaboranbt aaropur-
MBI JIjIsI MHOTOSIZIEPHBIX MIPOIECCOPOB U rpaduiecknx yckopureseil. B pabore IpeIaraeTcst
PeryJIspu30BaHHbIA JIMHEAPU30BAHHBIN BapUaHT HEJIMHEHHOI'O METO/Ia COIPSAXKEHHBIX I'DaJACH-
TOB JIJId PelleHunsd CUCTeM HeJINHEeHBIX ypa.BHeHI/H‘/JI7 a TaK2Ke ITOCTPOEHBI perJ’[HpI/I:%OBaHHbIe JIN-
Heapu30BaHHBIE METOJIBI: MOAMMUITMPOBAHHBIN METOI, COMPSI?KEHHBIX T'PAIUEHTOB W THOPUTHBIH
METO/T CONPSI?KEHHBIX TI'PaJIUeHTOB. Ha OCHOBe METOMOB pas3paboTaHbl aJrOPUTMbBI s rpadu-
qeckux yckopureseit Nvidia, KOTOpble HCIOJB3YIOT CBOMCTBO OJIOYHO-TEIIUIIEBOCTA MATPHUIIBI
IPOU3BOIHBIX JIsI ee 3P PEKTUBHOrO XpaHeHUs B maMATU. B pabore @ [IPEIJI0KEH MOIMDUIIN-
POBaHHBI BapUAHT IOKOMIIOHEHTHOIO I'PaIUEHTHOrO METOJA, JJjisl PEIIeHNsI CUCTEM HEJIMHEHHBIX
ypaBHenuii. MoaudunmpoBaHHbII MeTOI TOKa3aJI CBOIO 9P (MEKTUBHOCTD J1JIs OOJIBIINX YIJIOB Ha-
MarHMYeHHOCTH B 3a/1a4e MaruuToMeTpun. B pabore |7| paspaboranbl mapaJiieabHble aJaropuTMbl

JJISL Fpa(bI/I‘leCKI/IX yCKOpHTeHeﬁ Ha OCHOBE€ MO,ZLI/I(bI/IHI/IpOBaHHI)IX AaHaJIOT'OB (-IIPOIIECCOB JJIA
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pertiennst 3aja4uu rpaBumerpun. 1loj a-miporieccom mojpasyMeBaeTcs peKyppeHTHast GpopMyJia

k+1 _ _k _ (AQSmSn> S o O
= 2" — Tiarig. 5.y Sn: TAe & — HEKOTOpoe pUKCHPOBAHHOE BEMIECTBEHHOE YHCIIO.

z

B pa6ore @ OIIMCBIBAETCS IEPBBIH MMOJIX0/I K CHUCTEME V/IaJeHHbIX Bhruucienuii. Ha gannom
Jrare BeO-TIOpPTAJ MMO3BOJISET IIOJIB30BATENIO 3allyCKaTh 3a/laHie Ha BBIYUCJIEHHE PeIleHus 00-
paTHO# 33/la4u rpaBUMeTPHUH U 331a4u Jupuxiie ¢ nCroib30BaHuEM [IPEJIJIOZKEHHBIX METOJIOB Ha,
MBC-1000/32. Bcero na mopraJjie IpeLyCTaHOBICHO 8 AJTOPUTMOB JJisl PEIIeHUs JaHHOTO THIA
3ajgad. Ilosip3oBaTe/ib MOXKeT BHIOpATh HEOOXOIWMBINA AJITOPUTM, BBECTH BXOJHBIE APAMETPHI,
BBIOpATh KOJIMIECTBO IIPOIECCOPOB M 3allyCTUTh 3ajady. Ilocie 3aBepiieHusi pacieToB y IOJIb-
30BaTEJIS TOSIBJISIETCS] BO3MOXKHOCTD IIOCMOTPETH U300paskeHne PeIleHns] U CKadaTh Pe3yJIbTaThl.
B pabote MIPeJTOXKEeH PsAJ BaXXHBIX YJIYUIIEHNH JI7Is1 BeO-TIopTaja: cucTeMa ayTeHTuduKa-
AU TI0JIb30BATEJIsI, BO3MOYKHOCTH UCIIOJIB30BAHUsT IPAMDUIECKIX YCKOPUTEIEl, BRIOOD BBIXOIHBIX
daiisioB, 0 KOTOPBIM OCYIIECTBIISETCsT TIOCTPOEHIE N300pakeHuil pe3ysibTaToB pacuera. Cucrema
ayTeHTUMOUKAIINN TI0JIb30BATEISI IPOBEPSIET YIETHYIO 3aIIUCh TTOJIb30BATEISI HA CYIIEPKOMIIBIOTEPE
MBC-UMM. Jlnsa obecrieuenusi 6e3omacHoctu jgobasieno SSL-mmudposanue. Takxke pobasiieHa
BO3MOYKHOCTB BBIOODA IJIAHUPOBIIIKA BEIYUCIUTEIbHBIX PecypcoB. B pabore J100aBJIEHA BO3-
MOKHOCTH paboTh! ¢ cynepkommbiorepoM ¥ PAH. Takske nmerorcst aabTepHATHBHBIE HAPAOOTKI
B JaHHOU orpacym. B pabore ONUCHIBAETCST OMOIMOTEKA Ui YIAJEHHOTO 3aIlyCKa 3aJ1ad,
6e3 mHTepdeiica W XpaHWIHINA aaropuT™MoB. JlanHas OnOIMOTEKA OTIWIHO IOJXOMUT IS aB-
TOMATHU3AIMHA 3aIlyCKa 3a/a4 Ha yIaJeHHOM KjacTepe. B pabore OIICHIBAETCST BEO-TTOpPTAJ
JJTST 3AIyCKa, PACTIPEICTICHHBIX 3a4a9 Ha BBIUMUCIUTETLHOM KiacTepe. OCOOEHHOCTHIO MOpTAIa
SIBJISIETCsT (DUKCUPOBAHHBII CIUCOK PelIaeMbIX 3a/a4 1 paboTa ¢ KOHKPETHBIM BBIUHUCIUTEBHBIM
kiaactepoM. Takxke cymectyeT npoaykT UNICORE — CJIOKHasl MHOT'OMOJIYJIbHAsI CUCTe-
Mma. st paborel TpebyeTcss yCTaHOBKA M HACTPOIKA HECKOJIbKUX MOMYyJeH, KJIUEHTa Jjis pabo-
1ol ¢ oprajom. Co3manue u 3arpy3Ky 3a/a9 TpedyeTcst IPOU3BOIUTD KaXKIOMY IOJIb30BATEJTIO.
Ha 6a3e sToro mpojykra ecrTh peajiu30BaHHBIE PEIIeHUs] 3alyCKa CODCTBEHHBIX BEO-TIOPTAJIOB.
B pabore na 6aze UNICORE npemiaraercst peajusaliyst BeO-11opraa JIJjis BHICOKOIIPOU3BO-
JIUTEJIbHBIX BBIUUCIEHUN B objracTte MeauiuHbl. HCTPYMEHT JOCTATOYHO MUOKMIt, HO [IPU STOM
HEOOXO/IMMO YCTAHOBUTH WJIM pPa3paboTaTh HEKOTOPOE KOJUYECTBO MOJYJIEH, JIjIs TOrO, ITOOBI
MOJIJIepKaTh CBOM IIPOIecC 3allycKa 3amiad. Kak mnpaBuiio, MOIyIu HeOOXOIUMO YCTAHABINBATH
HA BBIYUCJIATE/IbHBIC Y3JIbl, HAXOJSAIIUECH B OJHON CETU C KJIACTEPOM.

Kak mpaBuiio, 3anpochbl Ha BBIMIOJIHEHUE BBIYUCIECHUN K BeO-TIOpTAIaAM OCYIIECTBIISIIOTCS 110~
CPeICTBOM pa3andHbix MeTo10B API, mpecTaBisionux coboit KOMILIEKCHOE PeIieHne, OTHO U3
KOTOPBIX OIMCAHO B paboTe . Pabora npencrasisier coboit FirecREST API, obecneunpatormmii
JIOCTYII K PeCypcaM BBICOKOIPOU3BOIUTEIHLHOTO KOMIILIOTEPHOI'O IIEHTPA, YTO MO3BOJISIET HAy Y-
HBIM BeO-TIOpTajiaM 3allyCKaTh 3aJia9l Ha YIaJeHHOM KJacTepe W BIIOCJIEICTBUU 3arpyrKaTh Ha
Hero (WJIM CKauuBaTh C HEro) JaHHbIE. Takxke nMmeercs ajabrepHarusHoe perenune B ujge NEWT
API, onucannoro B pabore . 910 API nojep:kuBaerT ayTeHTUDUKAIMIO MOJIb30BaTE el 1
ux paboTy C odYepelbio 3ajad Ha BBIYUCJIEHHS, ¢ (afijaMu, mamkaMid U JIPYTUMEA XPAHUMBIME
JIAHHBIMU.

B mannoit pabore npeiaraeTcs pa3sBUTHE CHEUATUZTPOBAHHOTO BEO-TIOPTAJIA, OIMUCAHHOTO
B paborax , BKJIIOUAOIee B celst UJien U3 ajibTePHATUBHBIX Pa3pabOTOK W ONTUMUBAIMN
cyIecTByOmux Hapaborok. OHa u3 nejeil — caejaarh MHCTPYMEHT MPOCTBIM JIjIs YCTAHOBKH,
HACTPOWKM U HUCIOJIb30BaHUs. Beb-mopTas MO3BOJISET MOJIB30BATE/SIM 3aIPy2KATh aJTOPUTMbI
JIJIsT PEIEHUs CBOUX COOCTBEHHBIX 3aJ[a4 U JEJUTCH UMU C JIPYTUMHU OJIB30BATEISIMA CUCTEMBI.

Tak >Ke IOsIBJISeTCsT BO3MOXKHOCTD IIOJAKJ/JIIOYCHUA K PA3JINIHBIM BBIYHCJIUTE/ILHBIM KJjlaCcTe€paM.
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CraTbst IMeeT CJIEIYIONYIO CTPYKTYpY. B pa3,ILeJIeOHI/ICbIBaIOTCH IIOCTAHOBKU CTPYKTYPHBIX
00paTHBIX 3a/1a" IPABUMETPUM W MArHUTOMETpHHu. B paB,ILeJIeOHI/IC])IBaeTCH cxeMa, alllPOKCH-
Mallii MHTEI'PaJbHOIO ollepaTopa B 3aJade MAarHUTOMETPUH U HMPUBOJATCI METOJbI pelleHnsd
3agad. B pa?),ZLeJIerI/IBO,ILI/ITCH OIMCaHME KOMILIEKCa IPOIPaMM, apXUTeKTypa YHUBEPCAJIbHO-
ro BeO-mopTasia U OIMKMCAHUE YUCJEHHBIX SKCHEPUMEHTOB JIJI MOJIEJIbHON 3a/1a49i I'PaBUMETPHUH.

3ak/IIovUeHne| COIEPKUT KPATKYIO CBOJKY Pe3y/IbTAaTOB, IMOJIYIEHHBIX B PaboTe, ¢ YKa3aHNeM Ha-
TpaBJeHUS JAJbHEHIINX UCCIIEIOBAHAN.

1. CrpykTypHbIe OOpaTHBIE 33291 I'PAaBUMETPUU
1 MarHuTOMeTpuun

1.1. IloctanoBka 0oOpaTHOI 3a/la4u rPAaBUMETPUN

PaccmorpuM mocTtaHoOBKY 0OpaTHOR 3a/1adu IPABUMETPHUH I HECKOJBKUX MOBEPXHOCTEH
paszea.

Bsenmem TpexmMepHYyIO J€KapTOBY CHCTEMY KOOPAMHAT, B KOTOPO# IJIOCKOCTH x(y COBIamaeT
C 3eMHOIf TTOBEPXHOCTBIO, & OCh Z HaIlpaBjIeHa BEPTUKAJIBHO BHN3. [Ipemmonaraercst, 1To HIMXKHee
MTOJIYIIPOCTPAHCTBO COCTOUT M3 HECKOJIBKUX CJIOEB ITOCTOSHHON IJIOTHOCTH, Pa3JIeJI€HHBIX MCKO-

mbiMu ioBepxHocTsivMu S;(l = 1,..., L), rime L — anpuopHO M3BECTHOE YHCJIO IPAHUIL PasJie-

na (puc. .

Puc. 1. Moaenb MHOTOCIOWHON Cpeibl B 3a/1a4e TPABUMETPUN

[Tycts moBepxHOCTH pas3fena 3a1ai0Tcs ypapHeHuaMu ¢ = ((z,y), CKAYKu IUIOTHOCTH Ha
HUX PaBHBI Ad], TTOBEPXHOCTH UMEIOT TOPU3OHTAILHBIE AaCUMIITOTUYIECKHE TIJIOCKOCTH (; = hy, T.e.

hm|m|+|y‘ﬁoo |Cl (:L‘, y) - hl‘ =0.
ITose or CyHepIIO3UIUN I'PaHUIl C TOYHOCTBIO JO IIOCTOAHHOTO CJIaraeMoro paBHO

L oo 00
A L - L dxdy = Ag (2',y',0 1
fl; g _{O _{o \/(x—w’)2+(y—y’)2+ﬁz2(z,y) \/(x_x/)2+(y_y/)2+hl2 ray g (l' Y ) ) ( )
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rje f — rpaBUTAIMOHHAS TIOCTOsTHHASI, A0y — CKAYOK IUIOTHOCTH Ha rpaHune, ¢; (x,y) — UCKoMble
MTOBEPXHOCTH.

O6parHast 3a7a9a COCTOUT B ompe/iesieHnn (hopMbl HOBepxHOCTEH () (2, y) M0 TaHHBIM 06 n3-
MEHEHWMHU CHJIbI TszKecTH Ha nosepxuoctu 3emin Ag (2,1, 0). MexonHbiMu TaHHBIMU CUUTAIOTCS
MJIOTHOCTH CJIOEB 01, 09..0, W TJIYOMHBI 3aJIeTaHus MI0CKOCTeH hy.

[Tocme muckpern3anuu ypaBHEHUsT Ha cetrke n = M X N (puc. ¢ maramu Ax, Ay,
e 3aaHa npasas 9actb Ag (z,y,0) u anmmpokcuMaIu HHTerpajgbHoro oneparopa A (z), nmeem
BekTOp 1pasoil uactu F' = (F1, Fy, ..., F},) pasMepHOCTH N, BEKTOD pelllenust 2 = 21 G20 D ... D
2L (I‘,ZLe ® — KOHKaTeHAaITUSsI BeKTopOB) pasmeproctu L, u cucremy n HEJWHEHHBLIX ypPaBHEHUI

A(z)=F.

y
M
y=d e ——
i 2 M
M+1 | M+2 M
N
X

. MN | Ay

y=c Ax
x=a x=h

Puc. 2. Pacnpesesieane nHIEKCOB 10 CETKE

1.2. IlocTranoBka obpaTHOIi 3a/Ja4uM MAarHUTOMETPUU

[Ipeamonaraercs, 9To HUZKHEE TOJIYITPOCTPAHCTBO COCTOUT U3 HECKOJIBKUX CJIOEB TIOCTOSHHOM
BEPTUKAJILHO HAllpaB/IeHHON Hamarnmdennocru J; = J7(I =1,..., L), pa3/ieJleHHbIX HCKOMBIMI
nosepxuoctsamu S;(l = 1,..., L), rne L — anpropHO M3BECTHOE YHCJIO PPAHUI pas/ena (puc. .
MarauTtHbI 9¢ddEKT 0T TAKOTO MOJIYIIPOCTPAHCTBA PABEH CyMMe MarHUTHBIX 9(P@MOEKTOB OT BCEX
NOBEPXHOCTEN pazeria.

[TycTs mOBEpXHOCTH pasjiesia 3aa0Tcsi ypaBHeHusMEU (; = () (2, y), CKaIKu MOJIyJieli Bek-
TOPOB HAMaIrHMYCHHOCTU Ha HUX PaBHDBI AJ], IIOBEPXHOCTU MMEIOT I'OPpU30HTaJIbHBIE aCUMIITOTH-
"ecKue TI0CKOCTH ¢ = hy, T.e. limyy|4y|—o0 |G (2, y) — Iy| = 0. Tloze ot cynmepriosmn rpanmt, ¢

TOYHOCTBIO IO ITOCTOAHHOI'O CJlaraeMoro paBHO

[ e o]

EL:A;?/ / L) 32

=1 —00 —00 ((.%' - wl)z + (y - 3/)2 + Cl2 (HZ, y>>

h
- diL‘dy = AZ(I‘/,y/,O)7

<(:L" —a)’ 4+ (y—y)+ h12)3/2
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Puc. 3. Mozeab MHOIOCIONHOR cpeibl B 3a/1a9e MArHUTOMETPUHI

rie AJ — pasHOCTb BEKTOPOB HAMAIHUYIEHHOCTH CJIOEB, () (X,y) — UCKOMBIE TIOBEPXHOCTH.
[Tocne nquckpern3anuu ypaBHEHUSA Ha cetke n = M x N (pI/Ic. ¢ maramu Az, Ay, roe
sagana npasasg 9actb AZ (x,y,0) U anmmpoKCHMAIK MHTErPaIbHOTO oneparopa B (z), mveem
BekTOp npasoit uactu F' = (Fy, Fy, ..., F},) pa3MepHOCTH N, BEKTOD peltenust 2 = 21 B2o®. .. Dz,
(rae @ — KOHKaTeHAIUsI BEKTOPOB) PA3MEPHOCTH L, 1 cucreMy n HeJIMHEHHbIX ypaBHenuit B [z] =

F.

1.3. IlocranoBkKa oOpaTHOIl 3a/I1a4M MATHUTOMETPHUU JIJIsI CJIydast

NPOU3BOJILHO HAaNIPAaBJIEHHOW CyMMAapHOI HaMarHM4eHHOCTH

[Ipemonaraercs, 9To HUZKHEE TOJYITPOCTPAHCTBO COCTOUT U3 HECKOJIBKUX CJIOEB TIOCTOSAHHOMN
IPOM3BO/IbHOHAIIPAB/ICHHON HamarnmdennocT J; = J7(I = 1,..., L), pa3/ieleHHbIX HCKOMBIME
MOBEPXHOCTAME (pHC. . MaruutHbiit 3¢ddEKT 0T TAKOro MOJIYIPOCTPAHCTBA PABEH CYMMe Mar-
HUTHBIX 3P (EKTOB OT BCEX MOBEPXHOCTEN pasiea.

[TycTh mOBEPXHOCTH pasjielia 33/1a0Tcsd ypaBHeHusMu (; = (; (x, y), CKaIKu MOy el Bek-
TOPOB HAMarHMY€HHOCTU Ha HUX PaBHBI AJ], IIOBEPXHOCTU MMEIOT I'OPU30HTaJIbHBIE aCUMIITOTH-
HecKue TI0CKOCTH ¢ = Ay, T.e. img| 4|y oo |G (7, y) — ly| = 0. Tlose ot cyneprosmn rpanmut, ¢

TOYHOCTBIO IO ITOCTOAHHOI'O CJIaraeMoro paBHO

[ e lNe o]

1 / / Ady (x =)+ AJy (y —y') —AJ:h
3/2
RS (= + @ —y) +12)
A, (x—2) + Ay (y—y) —ALG (z,y)

((:v —2) + (y—y) + 2z, y))g/2

dedy = AZ (', ,0),

rie AJ = (AJy, Ay, AJ,) — cKadOK HAMATHUYIEHHOCTHU CJIOEB.

ITocne auckpern3amnum ypaBHEHUS HOJIy9aeM CUCTeMY HeJMHEeHHbIX ypaBHenuil B [z] = F.
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Puc. 4. Mojesns MHOIOCIONHON Cpebl B 3ajiade MATHUTOMETPUU JIJIsI Cyvasi TPOU3BOJIBHO

HaHpaBJIeHHOfI CyMMapHOfI HaMalrHU49€HHOCTH

Ob6paTHble 33J1a90 IPABUMETPUE U MATHUTOMETPHUH SIBJISIIOTCSI CYIIIECTBEHHO HEKOPPEKTHBIMU
3ajJavqaMi, PelreHre KOTOPhIX 00JIaIaeT CUIbHON YyBCTBUTEIHHOCTBIO K ITOIPEITHOCTIM MPaBBIX
JacTell, TOJIyIeHHBIX B Pe3y/IbTaTe U3MEPEHU U IpeIBapUTEILHON 00pabOTKN Te0pU3nICCKUX

JaHHBbIX. HOSTOMy Ipu penieHnn 3aJa49 UCIHOJIb3YI0TCA METOIAbI HTepaTHBHOfI peryjadpusanun.

2. Metoapl perieHns 0OpPaTHBIX 3aJaY9 I'PAaBUMETPUN
1 MarHUTOMETPUU

2.1. Cxema ammpokcuMaIliyi MHTErpajbHOro oleparopa B 3ajade

MaroHmTromMeTrpuun

Jutst KaxKJI0f si9efiku ceTKu ¢ WMHJEKCAMU (7, j) CTPOUTCS 3JIEMEHTAPHBIN TapaJiieseni-
nen Boicoroit |AZ|, AZ = (Z(z,y;) — h), umetomuit Hamarandennocts J = (Jy, Jy, J,) =
sign(AZ)AJ. Tlone or KpUBOJMHEHON TOBEPXHOCTH OY/IET PABHBIM CyMMe IOJIEH OT BCEX Je-

MEHTOB Pa30MeHusI:

ij

Haiinem BbIparkenme Ajs MOJI MPSIMOYTOJBHOTO HapaJUIesIenesla cO CTOPOHAMHA, Iapall-

JIETBHBIMI KOOPJIMHATHBIM ocsaaM. [l 3Toro Bocnosb3yeMmcsa TeopeMoit Ilyaccona

1 0 1
195 S VV) = — s (JoVar + Ve + J2Viz)
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Bripazkenus jjist BTOPBIX IPOU3BOJHBLIX Vo, 1 Vi, norennuaia NpuBoaATCsS B

6|
Voo = |||n =)+ /(€ =) + (1= )+ (¢ — 202 :
lmle,
o[
Vyz = |||(§ — ) +\/ E—x)’+(n—y)°+ (¢ —2)?
g,

ITonyuum BbIpaxkenue it V... IlpousBomHast moTeHIHUAIA OJHOPOIHOTO TeJja ITPOU3BOJILHON

dopMbIL:

_)\2
V.. =3 (€=2) dedndc.
v 2 2 2\ %/?
(=22 +m-p*+ (-2
[Toncrasiisiem npemesnl u moodepeaHo narerpupyeM. Iomyaaem
G| &
O || E—z)(n—y)
==+ m-w+ -2/ | |
1 1 51

,B;aHHaH CXeMa IIO3BOJIAEeT JOCTHUYDb 0oJ1ee BBICOKOI'O YPOBHA TOIYHOCTHU IIPU MEHBINUX 3aTpaTax

BBIYUC/IUTEIbHBIX PECYPCOB.

2.2. I'pagueHTHBIE METOIbI

st perienusi 0OpaTHBIX 33ad FPABUMETPUM M MArHUTOMETPHUU JJisi CAydas JBYCJIOWHOM
cpelibl B paboTe UCIOb3YIOTCS CJICIYIOIINE METOJIb:
® pery/IsipU30BaHHbBIN JINHEAPU30BAHHBIN MeTos1 conpsizkeHHbIX rpajuentos (PJIMCI) @

k 2
k+1 _ _k <p75a(z)> E ok _ k k k-1 0 _ 0
a5 () T =S,

8% — mag {O (Sa ("), Sa () = Sa (z*71)) } | 0

’ IS0 (z4=1)|>

Sa(z) = A ()T (A(z) = F) +a (2 —2"),

0 k

rae z° — HadaJbHOE HpUOIMKeHne, z° — IpuOIMmKeHHOe pelleHne Ha k-oi urepanum, o — Ia-

pameTrp peryasipusanuu, \p — aeMindupyonmi MHOKATE b, B KadecTBe yC/IOBUsI OCTAHOBA HC-

IIOJIb3yeTCA Ipu 10CTaTOYHO MaJIOM E£.

1A (2) — Fl

E] ©)

® [IOKOMIIOHEHTHBI rpajmenTHbiil MeToz (I1T'M) @

2
Z(H—l: k:_wAl (Zk) _Fi—i_aHZk_ZOH 8Al (Zk) (6)
1 Z IVA4; (=9)]” 0z )
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r7e z; — i KOMIIOHEHTa MPUOJIMKEHHOro pertenust, ¢ = 1..n, k € N, ¢ — gemudupyrommii MHOXKU-
Tesib. B maHHOM MeTosie MeHbIIe JeCTBI 110 CPaBHEHUIO C METOJIOM COMPSTKEHHBIX TPaJIMeHTOB,
HO 6OJIBbITIE TYBCTBUTETHLHOCTD K BO3MYIIEHHBIM JTAHHBIM.

o MOANUIIMPOBAHHBIN PEry/ISIPU30BAHHBIN JTNHEAPU30BAHHBIN METOI CONPAKEHHBIX I'PaIu-

enros (MPJIMCT)

k Q0 (. k
k41 _ k (", S0 (7)) kok_ g0 ( Lk k k=1 0 _ 0 (0
T R () =R,

5 o (52,52 (4) — SR (4 1)
’ 152 (zF-1)1?

Sg(z):A’(zO)T(A(z)—F)+a(z—z0),

0

rae 2° — HavanmbHOe mpubIIIKenme, zF

— IpubIMKEeHHOe pelreHne Ha k-oif mrepanmm, o —
rmapamMerp peryaspusaiun, ¥ — AeMIUPYONNii MHOXKUTE/Ib. B KadecTBe YCIOBUS OCTAHOBA
HCIIOJIB3YETCST |I [IPU JOCTATOTHO MAJIOM E.

o MOAUMUINPOBAHHDBIE (-TIPOIIECCHI :

MeTos MuHUMaJIbHOH HeBsisku (MMH)

((A'(z°)+al)Sa(2*),5a (24))

k+1 _ Lk _ )5 l20)) 5 (kY .
z z w ||(A’(z°)+EI)Sa(z’“)H (Z ) ) (8)
MeTo/1, Hanckopeiintero crmycka (MHC)
k1 _ Lk [EACHI T (kY
&= e sy o (2 ©)

MeTo/ MEHIMa Lo ormmbkn (MMO)

(e e S S )

k1 _ k
s 5 P

(10)

0

rae ' — HavangbHOe mpuOIIIKenme, zF

— [pubIMKEHHOe pelreHne Ha k-oif mrTepanmm, o —
rmapaMerp peryaspusaiun, ¥ — AeMIUPYONNii MHOXKHUTEIb. B KadecTBe YCIOBUS OCTAHOBA
HCIIOJIb3YEeTCsT [IPHA TIOCTATOYHO MAJIOM E.

MoXHO 3aMeTUTh, UTO MjIsI MOAUMHUIIMPOBAHHBIX METOIOB MATPHUIA IMPOU3BOIHBIX HHTE-
T'PAJIBHOT'O OllepaTopa BBIYUC/IACTCA B HadaJIbHOM TOYKE U HEe IIepecYuTbIBaeTCA B ﬂ‘a.HI)Hef/'HHeM
uporecce. Marpuma A’ (zo) upu 20 = const siBsiercst Giro4HO-TermIEeBoi. Ha puc. H306pa-
JKeHa CTPYKTypa MaTpPUIlbl IPOU3BOJAHBIX MHTErPAJBHOIO OllepaTopa JJIsd Ciydas JIBYXCJOUHON
cpensl, rae k, | = 1..M — unnekc 6sioka, p, ¢ = 1..N — unnekc BHyTpu 6J10Ka. Bjioku ¢ ogunako-
BBIMH HHJIEKCAMU COBIIAJIAIOT, 9JIEMEHTHI BHYTPHU OJIOKA C OJUHAKOBBIMU WHJIEKCAME UMEIOT OJ[HO
un TO XKe 3HadeHnne. Ha puc. @H3o6pa>era CTPYKTYpa MaTPHUIIBI IIPOM3BOAHBIX HHTEI'PAJIHLHOIO
omeparopa g cJydas MHOrocjoiHOi cpeabl. OHa cocrour m3 L OGoibmux OJI0KOB, rae L —
YMCJIO TPaHUI, pasaesa. Kakaplil Takoii 6/10K nuMeeT OJI0THO-TEIUINIEBY CTPYKTYpy. s xpane-
HUST TAKOH MATPHUIIBI JOCTATOYHO XPAHUTH OIHY CTPOKY, JJisi BBIYMUCJIEHHS JIIOOOTO JIeMEHTa B
MaTPHIE JOCTATOYHO IPUMEHUTH COOTBETCTBYIOIINI CABUT OTHOCUTEIBHO COXPAHEHHON CTPOKH.

DTO IO3BOJIAET COKPaTUTh BpeMd CHeTa U 3aTpaThbl HAa OII€EPATUBHYIO ITIaMATh.
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>

kplyg

Puc. 5. Crpykrypa MaTpHUIbl IPOU3BOIHBIX HHTEIPAJIBHOIO OIEPATOPA, JIJIST CJIYTast

JBYXCJIOMHON cpeabl

L 6onpmmx 0I0KOB
e

N 6mokoB

N 6n01<013<

Puc. 6. Crpykrypa MATPHUILI IPOU3BOIHBIX HHTEIPAJIBHOIO OIEPATOPA, JIJIs CJIydast

MHOT'OCJIONHO# cpejibl

s periernst 0OOpaTHBIX 3a/1a9 IPABUMETPUH U MATHUTOMETPUN JJIsSt CJIydasi MHOTOCJIOHNHOMN

cpe/ibl UCIIOJIb3YIOTCS:
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o JII/IHeapI/I(SOBaHHbeI METO/L COIIPA?KEHHDbIX TI'DaJUEHTOB C BECOBBIMHW MHOXKHUTEJISIMUA (HMC—

I'BM)

k+1 (P*,Sa(2"))
.  MSa(zt)
— TP

pk = 4 kakfl’po — ’UO,Q}O =AS, (Zk) ’
(11)
ko <,Uk7vk_vk—1>
8 = maz {0, 5=
S (2) = Af (A(2) = F),

0

rie 20 — HavanabHOEe mpubIIKeHne, 2

— npubJIMKEHHOEe pelenne Ha k-Oif uTeparuu, o — mapa-
MeTp peryJsipu3alini, 1) — JIeMIpUPYIONil MHOXKUTEIb, A — JuaroHajbHasI MaTPUIIA, COCTOSI-
Ias U3 BECOBBIX MHOXKHUTeJel. B KadecTBe yC/I0BUs OCTAHOBA UCIIOJIb3YETCS IIPU JIOCTATOYHO
MAaJIOM E.

o MO,Z[I/ICI)I/IL[I/IpOBaHHI)Iﬁ HI/IHeapI/ISOBaHHbeI METO/ COIPAXKEHHbIX I'DaJUEeHTOB C BECOBBIMHA

muoxkuresasmu (MMCI'BM)

Bl _ ok ¢<pk,50(zk) k

z T A7 7Nk P s
|4 (2°)pF |
PF = oF o BEpEL g0 = o0,
k o,k k—1
— 12
Bk_max{<v - k_lv >a0}a ( )
%=
v=AS(z),
So(z) = A'(2")"(A(2) — F),
rie 20 — HavaabHOe IpUBIIIEKEnne, 2F — npub/mKeHHOe perenue Ha k-oif HTepAInn, o — Hapa-

MeTp peryJsipu3alini, 1) — JIeMIPUPYIONil MHOXKUTEIb, A — JuaroHajbHasI MATPUIIA, COCTOSI-
Ias U3 BECOBBIX MHOXKHUTeJel. B KadecTBe yCIoBUs OCTAHOBA UCIOIb3YETCS IIPU JTOCTATOYHO

MaJIOM &.
3. Kowmmiaekc IIporpamMmM M BbIYUCJ/INTEJ/IbHBbIC IKCIIEPpMEHTDbI

3.1. OmnmcaHme KoOMILJIEKCa MporpaMM

Ha ocnoBe BbIIeonncanubiX METOJIOB JIJIs PEIIeHUs CTPYKTYPHBIX 00paTHBIX 3a/a4 I'PaBU-
METPUUA W MarHUTOMETPUM PAa3pabOTaHbl aJrOPUTMBI i T'PAapUIECKUX YCKOPUTEJIEH, BXO/IsI-
II[e B COCTaB KOMILIEKCA IMPOrpaMM. AJITOPUTMBI BCTPOEHBI B CUCTEMY y/IaJI€HHBIX BBITUCIEHMUIA.
Ornucanme BXOJIHBIX W BBIXOJHBIX JIAHHBIX, & TaKyKe PEKOMEHJIAIMHU 10 HCIIOJIb30BAHUIO TaK¥Ke
3arpykenbl Ha BeO-mopTasi. s 3amycka 3amadn HeoOXOMUMO 3arpy3uTh ailji ¢ aHOMaJIbHBIM
oJIeM, YKa3aTh TJIYOMHY M KOJU4IecTBO rpaduieckux yckoputeseii. [locime okonvanus paboTh
IIpOrpaMMbl Ha BBIXOJE Oy/eT (hailil ¢ BOCCTAHOBJIEHHON TOBEPXHOCTHIO U €€ M300parKeHue.

Ha nannbrit MOMEHT B CHUCTeMe y/IaJI€HHBIX BBIYUCICHUN TOCTYITHBI CJIELYIONINE METO/IbI, Pe-
aJIM30BaHHbIe Jjisi rpaduueckux yckopureseil (puc. :

e 3ajiavua rpaBUMETPUN JJIsi OJHON T'DAHUIIBL:

— peryispu3oBaHubiii maeapuzoBanubii MCI' ;
— MOJUMDUINPOBAHHBIN PETryIsSpPU30BaHHbIi JimHeapu3oBanubiii MCI' ;
— rubpunnasrit MCI' @;
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Komnnexc nporpani
MpasyveTpus MarHuTomeTpus
1 rpauua n rpaHuL 1 rpanua n rpaHIL
( PAMCI 11 PAMCT ] ( PANCT RN NIMCTBM |
( MPAIMCI J11 ] NMCTBM ] | P/IMHC )
( rPAMCT ] ( MP/IMHC )
( P/IMHC J ( nrMm )
) e )
(omn oo )

Puc. 7. Crpykrypa KOMILIEKCA TTPOIPAMM

— JimneapusoBanubiit MHC @;
— TMOKOMITIOHECHTHBIA I'PaJMEHTHBIA METO, @;
— MoAuUIMPOBAHHBIE a/Tbda MPOIECCHI 7.
e 3ajaua rpaBUMETPUN JIJIsI HECKOJBKUX I'PAHMUIIL;
— JmneapusoBauHblii MCI' ¢ BeCOBBIMU MHOXKUTEISIMA ;
— moaudunuposaubiii MCI' ¢ BeCOBBIME MHOXKUATEJISIMU ll
e 3ajjaua MarHUTOMETPHUU I OJTHON IpaHUIIBL:
— peryJsipuzoBaHHbIi JmHeapu3oBanHbii MCI' ;
— MOKOMIIOHEHTHBIN I'PaIneHTHBINA MeTO]T @;
— MOJMDUIUPOBAHHBIA TOKOMIIOHEHTHbI I'PAJIMEHTHBI METO/ @;
— JimneapusoBauubiit MHC ;
— momudurmpoanubiii MHC .
e 3ajiavua MarHUTOMETPHUU JIjIs HECKOJIbKHUX T'DAHUIL:
— JimneapuzoBanubiii MCI' ¢ BecoBbIMU MHOXKUTEISIMU ll

Pekomeniamuu 1o uCrob30BaHUI0 METOIOB:

— IS 3allyMJIEHHBIX JIAHHBIX B 33/la9aX I'PABUMETPUU U MArHUTOMETPHUU JIYHUIIe HOIXOIAT
MOIDUITUPOBAHHBIE (-IIPOIIECCHI;

— JJIsI MOJIEJIBHBIX 3aJ1a9 U CJ1a003allyMJIEHHBIX JTAHHBIX PEKOMEH/IyeTCs TOKOMIIOHEHTHBIH
METO/T;

— JJIs 38J1a9 ¢ HECKOJIbKMMU IpaHullaMy HeobxoauMo ucnoiab3osarb MCI' ¢ BecoBbIME MHO-
JKUTEJISIMI.

AJtropuTMBI perennst 0OpaTHON 3aJ1a91 IPABUMETPHUH Ha, OCHOBE I'PAIMEHTHBIX METOJIOB I C-
JIEHHO PeaJIM30BaHbI HA CyTIEPKOMITBIOTEPE KJIACTEPHOTO THIIA « Y PaH». AJITOPUTMBI pean30BaHbI
Ha sujeoyckoputesssx NVIDIA Tesla ¢ momorsio texunosorun CUDA u 6ubnanorexku Cublas.

Ha mepBoMm 1mare Ha Bcex rpaduveckux yCKOPHUTESX BBIIEISIECTCS MAMSTh IOJI BEKTOPa U
MaTPUIIbI, KOIMUPYETCsi BEKTOP IPABOil YacTH ypaBHEHHs. 3aTeM Ha KaXKJOM YCTPOHCTBe 3a-
nyckaercsi Habop sjepHbix GyHKIuUi. JlanHble QYHKINN pean30BaHbl TAKUM 00pa30M, 9TOOBI

MUHUMHU3UPOBATH H606XO,ILI/IMOCTI> CHUHXPOHU3alIUN JAHHBIX MEXKJ/Yy Pa3/IMIYHbIMH YCKOPUTEJIAMMU.
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Hanpuwmep, B anropurme, peanmsyioniem PJIMCIL, umeercst 3 siyiepHbIX (DYHKIUH, KOTOPbIE
BBITIOJIHAIOTCSI B paAMKaX KayKJIOW WTepaIiiu:

1. Ha mammoM STale BBIYHCISIOTCS 9T€MEHTBl MATpPHIbl A’, KOMIOHEHTHI BEKTOPOB Su, pF,
B*. Tlocre 3apeprmennst dyukimn CalculateStepl Ha mEHTPATBHOM HPOIECCOPE COGHPAETCSI
kosddurment [* u nepenaercs na Bce rpadUUeCcKIe YCKOPHTENN.

2. BareM BBIYHUC/ISETCS YNCANTENb U 3HAMEHATeIb OCHOBHOIO ypasBHeHHusl. [lociie 3aBepiienus
dyuknun CalculateStep2 Ha meHTpaJbHOM IIPOIECCOPE MMPOU3BOINTCS JIeJIEHNE YUCTUTEIS
Ha 3HAMeHATe/Ib.

k+1 5

3. Tlostydennble BLIYUC/IEHUS HUCIOJIL3YIOTCH JJI OKOHUYATEIBLHOIO pPacyeTra BEKTOpa 2z
dyukmuu CalculateZ.

[Ipemnoaraercst, YTO yCKOPUTEIU YCTAHOBJIEHBI HA 1 BBIYUC/IUTEIHHOM y3JI€ — 9TO IO3BO-
JITeT MUHUMU3UPOBATHL CeTeBble pacxoibl. [leHTpabHBIN POIECCOpP B TAKON cXeMe 3aHUMAaeTCs
jnucrierdepusanuii Bugeokapt. st cerku 512 X 512 xpaHeHUe MaTPUIIBI ITPOU3BOIHBIX TPeOy-
er 512 I'B. IloaTomy 3/1eMEHTHI MATPUIIBI IPOU3BOIHON OllepaTopa BBIYUCIAIOTCI «HA JIETY» BO
BPEMsI BBITIOJTHEHUS BEKTOPHO-MATPUIHBIX orepaliuil. Vcmob3yercs crocod aBToMaTHIeCcKON Ha-
CTPOIKHU napaMeTpoB BbinoJiHeHust rojnporpamm Ha GPU: Hafijgen onrumasibHbIil pasmep OJI0Ka
71 3TAJIOHHOTO pa3Mepa ceTKu 256 X 256, Ajist Ipyroro pasMepa CeTKHU IapaMeTPhl IPOIOPITH-

OHAJIbHO IIE€PECIYUTBIBAIOTCII.
3.2. Omnwucanwme BeG-mIOpTaia

B namnoit pabote mpesaraercs BeO-11opTaji, B KOTOPOM YUTEHbI HEJOCTATKU PabOT E u
HCIIOJIB3YIOTCST yadHble ujaen u3 pabdboT . N3 paboTsr HCIOJIB3YETCS Uesi OOIIEeHUsT ¢
KJIACTEPOM C UCIOJIB30BAHUSIM JIMUHBIX YIETHBIX JAHHBIX IOJIb30BATEJISI, C YIETOM TOTO TOSIBJIsI-
€TCsI BOBMOXKHOCTD PabOTHI C ITPOU3BOJIbHBIM KJ1acTepOoM. M iest 0 BO3MOXKHOCTH CAMOCTOSATETBHOI
3arpy3Kd aJICOPUTMOB IOJIH30BATE/ISIMHI B3sITa, U3 .

[Ipennaraemblit BeO-opTasl SIBJIAETCA YHUBEPCAJILHBIM PEIIeHNeM I 3allyCKa 3aJad Ha
VIAJIEHHBIX KjacTepax. [Ipu moax/IoueHnn yIajJeHHOro KjacTepa He TpebyeTcs MpOu3BOIUTH
ycTaHOBKY momoaHuTeabHoro [10 Ha camoMm Kiacrepe, TakyKe HET HEOOXOIMMOCTH B IIPUBUJIETH-
poBanHOil yaernoit 3anucu. Obiienue ¢ KiacTepoM BefeTcs depe3 ssh-tyrness. [lomp3oBarestio,
J71s1 pabOThI ¢ CEPBUCOM, TPeOYETCsT IeHCTBYIONAs yaeTHAs 3alliCh. B3anMoaeiicTBre ¢ IeHTPOM
obpaborku nanubix (LIO/1) 6eper Ha cebst mopTas, MOIB30BATEISIM HET HEOOXOIMMOCTH B IIPSIMOM
MTOAKJIIOYEHUN K KJIaCTePYy.

[TpeumytiecTBaMu BeO-TIOpTATIA ABJISTIOTCH:

e Her npuBsisku K KOHKpeTHOMY KJjiactepy u ero 110.

e Her orpanuuenuii Ha cnucok ajaropurmoB/3azgad. [Toab3oBaTenn caMu MOryT 3arpyzkarhb

AJITOPUTMBI, JIJIATh UX MyOJIMIHBIME Ha BCEX/OIPEJIEIEHHYIO IPYIIY JIOJIEi.

e ['mbkast HACTPOITKa TpeJ- U TOCTOOPADOTKY 3a1a4.

BakHoii 0COGEHHOCTBIO SIBJISIETCsI TO, 4TO paboTa MO IUIAHUPOBAHUIO (yUeT BPEMEHU M IPUO-
puUTH3aIMs) [0Jb30BATEIbCKUX 3a/a4 OCTAETCsl HA CTOPOHE KJjacTepa, YTO IO3BOJISIeT CHJIBLHO
VIIPOCTHUTD JIOTUKY B3aMMOJIEHCTBHSA C VAAJEHHLIMU Y3JIaMH U HE KOH(JIMKTOBATH C IIOJIb30BaTe-
JIIMU, UCIOJIb3YIOMINMHI KJIACTEP HAIIPSAMYIO.

Bxomable maHHbIe W pe3yabTaThl PabOTHI XPAHSITCS HEITOCPEJICTBEHHO Ha KJjacTepe — 3TO
ITO3BOJISIET YMEHBIIUTDL TPEOOBAHUS K BBIYUCIUTEILHBIM pecypcaM n o0beMy XpaHuauina. B O6a-
3€e JAHHBIX XPAHITCs yIeTHBIE TaHHbIE [T0Ib30BaTe e, aBTOPU3AIMOHHAST HH(MOPMAIIMS 1 CITHCOK

sajgad. Cucrema yupasienus 6a3oit qanneix (CYB/]) moxer ObITh ycTaHOB/IEHA BMECTE C OCHOB-

2022, T. 11, Ne 1 69



Paspaborka KoMIIekca napajuieJbHBIX IPOrPaMM pelleHnusl oOpaTHBIX 3a/ad...

BblunCAUTENbHBIA
Knacrep

Puc. 8. Crpykrypa Beb-mmoprasia

Be6-noptan HTTP Be6-6paysep

HBIM Be6—HpI/I.HO)KeHI/IeM Ha OJJHUX M TeX 2Ke cepBepax, T.K. o0'beM XPaHUMbIX JTaHHBIX HEBEJIUK.

[Tpu meobxomumocTn CYB/I MoxeT OBITH BBIHECEHA HA OTJIEJIbHBIE CEPBEPHI.

HOpTaJI MO2KeT MaCLHTa6I/IpOBaTbC5{ IIpu pocTe KoJImIeCcTBa oJIb30BaTeJIel U 3a/a4d 3a CUET

PeIIinopoBaHrsd OCHOBHOT'O IIPUJIO2KEHU A W ITapAUPOBaHUA Bﬂ [0 IOJIb30BaTe/sIM. TaK 2Ke 3a

CUeT pelIMImupoOBaHUsA ITOBbIIIACTCA HaIC2KHOCTDL U OTKaBOYCTOfI‘IHBOCTb.

Beb6-moprast umMeer ciieyomnyo cTpyKTypy (puc. :

Beb-unrepdeiic — HammcaH ¢ UCHOJIL30BAHUEM TexHoJornu blazor (peasmzanust web
assembler oz .net core). Blazor — mepcriekTuBHasT TEXHOJIOTHsI, TO3BOJISIONIAS TIHCATE KO/
Jutst 6payzepa Ha s3bike C#. BriocsencrBun Ko KoMuanpyercs Beb-acceM0OJIepOM B JIBOU Y-
HBIH KOJI, JIjIsI TIOCJIEIYIONIEro UCIoTHeHusT 6pay3epoM. JIaHHBIN OIX0/T TO3BOJISIET MICATH
J0cTaTovHO 3(MPEKTUBHBINA KO/, T.K. HE MPOUCXOJUT Ipeobpa3oBaHuil B javascript-kom u
nocstenyroreii uarepnperaruu. OOIIeHne ¢ CepBEPHOIl YacThd MPOUCXOIUT IO ITPOTOKOILY
http.

CepsepHast qactb — ucnojibzyer ASP.NET core (ppeiiMBOpK u s13bIK CH£, 11151 B3AMMO-
neficTBud ¢ 6a30#t maHHBIX ucnoab3yercsa EF core .

CYB/I — moxer ucnosb3oBarbes Jjobast pesnsinponnas CYB/I, s koropoil peain3oBan
npaiieep non EF core.

Ha pI/IC.@Hpe,ﬂCTaBJIeHa crpykrypa b/l. Tabmuter ¢ npedpurcom AspNet cosmanbt ppeiiMBop-

koM ASP.NET myst koppekTHOii paboThl apTopusanuu. B Tabsuie ssh user settings xpanurcst

HH(bOpMaHHH 00 YYE€THBIX JaHHBIX HOHB3OBaTeﬂeﬁ, HeO6XO,ILI/IMI)IX JJId IIOJAKJIIOIEHUA K KJIaCTEpPY.

B rtabsiunie programs cojiepKuTcst nHGOPMAIHS O 3arPYKEHHBIX aJrOPUTMAX U CKPHUITAX JIJIs

peoopabOTKN BXOAHBIX JTaHHBIX W IOCTOOPAOOTKM pe3ysbTaToB BbramcieHuit. Tabmuma tasks

XpaHUT WHMOPMAIIUIO O 3AITYIIEHHBIX U 3aBEPIICHHBIX 33/[AHUAX HA PACUIETHI.

Jloruueckue Momysu:

Pasznen agvmuanCTpUpOBaHus. 3/16eCh BEIETCs yIeT [TOJIb30BaTe el U TPYIIIL.

[Tporpammer. B pammom paziesie mpou3BOANTCSA 3arpy3Ka HOBLIX IIPOIPAMM, PEIaKTHPOBa-
HUs CYIIECTBYIOINX U 3allyCK.

Sananust. B maHHOM pasjiesie HAXOIUTCsI CIIUCOK 3AITYIEHHBIX 3a/1ad. JlJIst HCIoTHSTIoux-
cs 3a7ad MOXKHO IIOCMOTPETb BpeMsl 3allycKa U cTaTyc. /[y roTOBBIX eCTh BO3MOXKHOCTH
CKadyaTh apXUB C BBIXOJHBIMU JIAHHBIMU.

Hacrpoiiku. 31ech OMUCHIBAIOTCS HACTPONKHI JJIsl TOIK/IIOYEHNST K BBIYUCIUTEILHBIM KJla-
crepaM: ip-ajpec Kjacrepa, ssh-KJroum Jijisi HOJKJ/IIOUeHUsT (TaK »Ke eCTh BO3MOYKHOCTH
BOCIIOJIB30BAThCsL JIOPHHOM U maposieM). Vcnosb3oBanue ssh-kiodeil mo3Bosisiior cienarhb
B3aUMOJIEIiCTBIE C KJacTepoM 6ojiee 6e30IacHbIM, T.K. He TpebyerTcs Ieperadu U XpaHe-
HU4 JIOTUHA U TapOJisd, a TAKKe MOABIAETCH BO3MOXKHOCTD OT3bIBa CKOMIIPOMETUPOBAHHBIX

KJIIOYei.
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AspNetUsers ssh_user_settings rograms
P user_id:|d = = g prog
ot id o7 user_id o rid
Userld-Id UserName < o host o/ name
NormalizedUserName « login description
AspNetUserClaims Email password U2 owner_user_id
s1ld NormalizedEmail private_key » binary
o7 Userld o+ EmailConfirmed default_args
ClaimType PasswordHash o is_public
. P owner_user_id:Id
ClaimValue SecurityStamp < post_process
ConcurrencyStamp —p pre_process
tasks
PhoneNumber
. id L
+» - PhoneNumberConfirmed i ! program_id:id
AspNetRoles user_id:ld user id
» - TwoFactorEnabled LA -
o71d LockoutEnd «:7 program_id
Name « 27 LockoutEnabled « -+ type
NormalizedName LT AccessFailedCount o created_at
ConcurrencyStamp t finished_at
Userld:Id wusar'd:'d
AspNetRoleClaims ~ [Roleld:ld AspNetUserTokens AspNetUserlLogins
Userld:Id ) )
o7 ld o7 Userld «-7 LoginProvider
+-7 Roleld — AspNetUserRoles +-1 LoginProvider +-7 ProviderKey
ClaimType + -7 Userld -1 Name ProviderDisplayName
ClaimValue Roleld:Id 4-7 Roleld Value o7 Userld

Puc. 9. Crpykrypa 6a3bl JaHHBIX

Ha puc. IIpe,ILCTaBJIeHa cxeMa, B3aMMOJIECTBHS 10JIb30BaTesi ¢ Beb-mmoprajoM. Ilpu mep-
BOM BXOJI€ Ha BEO-IIOPTaJI OJIB30BATEI0 HEOOXOMMMO IIPORTH PETUCTPAIIAI0 U YKA3aTh YIeTHbIE
JaHHbBIE JIJIsl HOIKJIIOYEHUs K BBIYUC/INTEIbHOMY KJiacTepy. dajiee oH MoXKeT co31aTh U HACTPOUTD
AJITOPUTMBI PEIIeHNs] HEOOXOAUMBIX €My 3aJ1a4 (3arpyKeHHbIe IIPOrPAMMbI MOT'YT UCIIOJIB30BATh-
Csl B JIMYHBIX TEJISAX, JIMOO MOIYT ObIThH JOCTYIIHBI BCEM II0JIb30BATENSAM ). 3arPyKaTh MOKHO KAK
TOTOBBIN UCIIOJIHSAEMBI (baiiyl, TaK ¥ MCXOAHBIA KO/ (IPU HATMYUE COOTBETCTBYIOIIETO KOMIIH-
JsTopa uian uHTeprperaropa). [locste 3arpysku dopmupyercs: mabIoH JJisi 3amycKa 3a1a9d, B
KOTOPOM OIIMCBIBAIOTCS IIapaMeTphbl, HeOOXOAUMBI JIJIsI 3allyCKa U TpeOdyeMble Iaru Jjis Ipeio-
OpabOTKM BXOIHBIX JMAHHBIX W HMOCTOOPAOOTKH BBIXOMHBIX daitnos. Ilocse aToro moss3oBaTesb
BBIOMpPAET aJrOPUTM, 3arpyzKaeT BXOJHBbIE JAHHBbIE U CTABUT 3aJaHWe B OYepelb Ha BBIIOJIHE-
uue. [locse 3aBepIeHnst BHIOJIHEHNS 3aaHNUsT TPOUCXOINT MOCTOOPAOOTKA BHIXOIHBIX JAHHBIX
U I104BJIAETCA BO3MOXKHOCTH CKa4YaThb pe3yﬂbTaTbI pa6OTbI.

[IpenBapuTesibHO Ha TOPTAJ 3arpyKeH HAOOpP AJITOPUTMOB JIJIsT PEIeHns] OOPATHBIX 337189
I'paBUMETPUN 1 MarHUTOMETPUU. SaHyCK 9TUX 3a/a9 BOSMOXKEH Ha MHOTI'OIIPOIIECCOPHBIX BbIYTUC-
JINTEJILHBIX y3J1aX, MO0 Ha y3/aX, 000PYI0BAHHBIX IPadUYECCKUMKA YCKOPUTEISIMHA.

[Tpu 3amycke 3agauu cos3maercss cooTBeTcTByoMmas 3amnck B BJ1. Tlocie wero mpoussoguT-
CsI KOIIMPOBaHME BXOJIHBIX JAHHBIX Ha BBIOPAHHBLIN KJacTep M 3allyCK 3aJadd C IIepeIaHHbIMI
[apaMeTpPaMHU.

Jlajee, 10 Tex IOp, IOKa 3aJa4a He 3aBEPIIUTCs, MPOU3BOIUTCS IEPUOIMIECKHUI OIIPOC CTa-
Tyca. ITocye 3aBepmenns paborsl B B/l mosiBjisteTcst orMeTKa 06 OKOHYaHUN U CCHLIKA HA apXHUB

C BBIXOJHBIMU JaHHBIMU.

2022, T. 11, Ne 1 71



Paspaborka KoMIIekca napajuieJbHBIX IPOrPaMM pelleHnusl oOpaTHBIX 3a/ad...
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Puc. 10. Cxema B3auMOJEHCTBUs 1OJIL30BATEIS ¢ BEO-IIOPTAIOM

3.3. YucneHHBbIE YKCHEPUMEHTHI

YucieHHBIE 3KCIIEPUMEHTHI ITPOBOIMJINCH Ha cylepkoMibiorepe Y PAH ¢ ucnosbzoBanuem
rpacdudeckux yckoputeseit M2090 ¢ momorpio pazpaboTaHHOrO BeO-TIOpTaIA.

Hesibro sxcrepumenTa siBjisiercst cpaBaenne MeroyioB JIMCI'BM u MMCI'BM perenust 06-
paTHO 3aJauu TPABUMETPUU JJIsi HECKOJIbKUX I'PDAHUIL 10 BPEMEHU CUeTa C TOMOIIBIO pa3pado-
TaHHOTO BeO-ioprasia. CpaBHenne 3(pHEKTUBHOCTA METOOB JIJIsi OJHOM IPAHUIILI IPUBOJSTCS B
paborax .

B skcriepuMenTax MCIIoOIb30BaAIACh KBa3upeabHas MOJIE/Ib 4-CJI0HHOI CpeJibl pa3MePHOCTHIO
29 %29, Ha puc. Hpe,ZLCTaBJIeHO CyMMapHOE TPABUTAIMOHHOE T10JIe, TTOJIYYeHHOE ITyTEeM PEeIIeHUsT

IPSIMOIE 381441 ¢ TPeMst MOJI/IbHBIMU [OBepXHOCTsME ST, So, S3 (puc. l C aCUMITOTUIECKIMU
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Puc. 12. Mogenbuble nopepxaoctu S1, Sg, S3

maockoctamu Hy = 10 kM, Ho = 20 kM, Hy = 30 kM u cKkaukaMu IJIOTHOCTH 01 = 09 = 03 =

0.2 v/cm3.
[Ipu perernn 3a1a9u UCIOJIB30BANCH CJierytolue mapamerpol: ¥ = 1, o = 0.1. 3HavueHus
A(z)—F
ObLIN MOJO00PAHbI SKCIEPUMEHTAJLHBIM IIyTeM. YCJIOBHEM OCTAaHOBA OBLLIO BBIOPAHO % <
z—2z*
g, € = 0.01. OrHOCHTE IbHASI TTOI'PENTHOCTD IIPU ITUX YCJOBUSAX COCTABJISET § = lle=21) < 0.01.

[E
BaHYCK pacdeToB IPOU3BO/IUTCA Ha CTpaHUIE CIIMCKa 3al'DYy2KEHHBIX ITPOrpaMM. PeSy.TII)Ta,TbI

BBIYUC/IEHNI MOYKHO IIOCMOTPETDh Ha, CTPAHUIIE CIUCKA 3a1a4. I IpUBeIeHHBIX aJITOPUTMOB JIJIsT
IOCTOOPabOTKU PE3yJILTATOB HCIIOJIb3YeTCsl MOJYJb B3auMozeiicTBust ¢ Surfer. D9To 1mospossieT
BBIBECTH M300ParKeHMs [TOBEPXHOCTEN Ha CTPAHUIE PE3yIbTaToB.

st cpaBHEHWSI BpeMEHU CYeTa PelIeHns 3aJa9d HCIOJIb3YIOTCS (DOPMYJIbI YCKOPEHUsT U

3 dEKTUBHOCTH APAJIIETBHBIX aJTOPUTMOB:

T Sin
1 g,=°""
Tm7 m )
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Tabuua 1. Pe3yabraThl 9uc/IeHHBIX 9KCIIEPUMEHTOB

Ajropurm | Bpewms (1 gpu), mun | Bpems (8 gpu), mun | Yckopenue, S | Dddekrupaocts, E

JIMCI'BM 12 1.73 6.93 0.86

MMCI'BM 5.3 0.74 7.16 0.89

rie S, — ycKopenwme i m rpadudeckux yckopureseir, 17 — BpeMs cuera Ha 1 rpaduaecKoM
yckopurese, 1, — BpeMsi cuera Ha m IpaduIecKnx yCKOpuTesx, F,, — 3bPeKTuBHOCTD IIst
m TpadUIECKUX YCKOPHUTE IEH.

B Tabaune npencrapiaersl pesyiabrarhl dKciepuMenTa aist MMCIL, MCI' ¢ BecoBbIME MHO-
ZKUTEJIAMN:

MOXKHO 3aMETHTh, 9TO METOJBI MOKA3aIM BBICOKYIO ddexTusnocTh: 86% n 89% coorser-
creerno. /s MMCI'BM epewms cuera Ha 8 rpaduyecKuX YCKOPUTEJIEH cocTaBjsier MeHee 1 Mu-

HYTBI JJIS MOJIEJIbHOMN 3asaun Ha cerke 27 x 27,

SaKJ/II0oueHue

B crarbe 3aTponyTa mpobiiema BBICOKOTOYHOT'O UCCJIEI0BAHUS CTPYKTYPbI 36MHON KODBI, JIJIst
MIPEOI0JIEHNS KOTOPOii TpebyeTrcst Hanbosree 3P PEeKTUBHO yMEThb PeIlaTh OOpaTHbIe 3aa91 IPaBU-
METPHH U 33JIa9i MArHUTOMETPUN O HAXOXKJIEHUU [TOBEPXHOCTEN pazjiesia cpejl Ha OCHOBE JIaHHBIX
O IPABUTAIIMOHHOM U MATrHUTHOM I10JI€, U3MEPEHHOM Ha HEKOTOPOH ILJIOIIA/U 3EMHON IIOBEPXHO-
cru. Jlsg 3a/1a4u MAaruuTOMETPUH JIJId CJIydast IIPOU3BOJILHO HAIIPABJIEHHONW CyMMapHON Hamar-
HUYIE€HHOCTH ITOCTPOEHA CXeMa, alllIPOKCUMAIINMY HHTErpajIbHOTO orieparopa. [Ipesioxkentnas cxema
[P MEHBINNX 3aTPaTaX BBITUCIUTEIBHBIX PECYPCOB IO3BOJISIET JOCTUYBL 0OJIee BBICOKOTO YPOB-
Hsl ToOYHOCTH. Ha OCHOBe MeToJia pellleHus] JAaHHOU 3ajadu, a Tak:Ke Ha Oa3ze JIpyruX MeTOOB
rpaJeHTHOrO TUIa pa3paboTaH KOMILIEKC MapaJlIeIbHbIX IPOrPaMM pelleHns OOpaTHBIX 3a1at
rPaBUMETPUN U MArHUTOMETPUHN JIJI CETOK OOJIBINON Pa3MepHOCTH I IpadUIeCKIX YCKOPUTE-
sieii. Takyke B craTbe HMOJHUMAETCS TPOOIeMa OOMEHa MEPEUUCTIEHHBIM KOMILIEKCOM ITPOIPAMM
JIJIST JAJIBHEMINNX BBIYUC/IEHUI BCEMU 3aMHTEPECOBAHHBIMU JriiaMu. J1jist ee perieHust ObLIa, pas-
paboTaHa cUCTEMa YIAJEHHBIX BRITUC/ICHNN WA BEO-TTOPTAJI, pa3PENIAIONIi COBMECTHOE UCITOTh-
30BaHME KOMILJIEKCOM IIPOrPAMM, BCTPOEHHBIM B Hero. Tak»ke BeO-TIOpTas MO3BOJISET 3arpyKaTh
[I0JTb30BATEJILCKIE AJITOPUTMBI, UTO TOMOTAET PACIPOCTPAHATE U JICJIUTHCS JPYTUM HOJIB30BaTe-
JisiMm cBonMu HapaboTkamu. CucreMa yinajJeHHBIX BBIYUC/IEHUN TPOCTA B YCTAHOBKE U HACTPOUKE
U [P HEOOXOIUMOCTH MOXKET ObITH yCTaHOBJIEHA Ha Jpyrue cepBepbl. s 3a1a4un rpaBuMerpun
[IPOBEJIEHbI YHCJIEHHBIE 9KCIIEpUMEHTHI Ha cynepkomibiorepe YPAH nis meromos JIMCI'BM u
MMCI'BM c¢ ucnonszopanueM rpaduueckux yckopuresieit M2090. MMCI'BM nokaszan xopo-
myio s dexkTusHOCTh MOpsiAKa 89%. Bpemsa cuera Ha 8 rpaduUecKHX yCKOPUTEIAX COCTABJISAET
Menee 1 MuHyTHI IpoTHB 5.3 MUHYT Ha 1 yckoputese. B KadecTBe OIHOIO M3 MEPCIIEKTUBHBIX
VIIydIIeHuil BeO-mopTaia MOKeT ObITh J00aBjieHa BO3MOXKHOCTb aBTOMATU3UPOBAHO ITPOBOIUTH
CEePUIO 3KCIIEPUMEHTOB Ha/Jl BXOAHBIMU JaHHBIMU, IIPDUMEHASA PA3HbIE aJTOPUTMBI U3 KOMIIJIEKCA
nporpamMm, 49TO IIO3BOJIUT IIOCTPOUTDH HaI/I60.Hee OIITUMAaJIbHOE pelieHrEe 3a/lavd1 I'PaBUMETPpUN U

3alav91 MarHUTOMETPHUN.
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DEVELOPMENT OF THE PARALLEL PROGRAMS
COMPLEX FOR SOLVING THE INVERSE GRAVIMETRIC
AND MAGNETOMETRY PROBLEMS FOR LARGE GRIDS

© 2022 A.I. Tretyakov

N.N. Krasovskii Institute of Mathematics and Mechanics, UrB RAS
(S. Kovalevskaya st. 16, Ekaterinburg, 620990 Russia)
E-mail: |fr1z2rt@gmail.com
Received: 29.10.2021

The most important problems in studying of the structure of the earth’s crust are the inverse problems of
gravimetry and the problems of magnetometry. The problem is in finding interfaces between layers with different
constant densities using known gravitational data. The methods for solving these problems are based on the
ideas of iterative regularization. After discretization, these are reduced to systems of nonlinear functions of large
dimensions. The need to improve the accuracy of the results of solving problems entails an increase in the
computation time. The paper describes a remote computing system and an integrated program complex for
graphics accelerators that implement the fastest and most memory-efficient algorithms developed earlier and based
on gradient methods. The remote computing system considered in the work is a web portal that is a universal
solution for launching tasks on remote clusters. The most important advantage of the portal is the simplicity of
its use: when connecting to a cluster to carry out calculations, you no longer need to install additional software
on the cluster itself, and you do not need a privileged account to work with the cluster. All that is required is
a valid account on the remote cluster, the rest of the work on communication with the data processing center
(DPC) is taken over by the portal. The portal can easily scale with the growth of the number of users who can
download the necessary algorithms and perform calculations using the data center.

Keywords: inverse gravimetry problem, inverse magnitometry problem, web-portal.
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CBEJEHUA OB U3IAHUN

Hayunwii orcypran «Becmnux FOYpl'Y. Cepusa «Boruciumeavhas Mamemamura u ur@op-
mamuxas» ocrosar 6 2012 200y.

Vupedumeno — Dedeparvroe 2ocydapcmseennoe a6MOHOMHOE 00PA306AMEABHOE YupedCIeHUue
swicwezo obpazosanus «FOorcno-Ypasvekuil 2ocydapemeernnoiii yrusepcumems (HAUUOHAAHVLT
UCCALI06AMENLCRULT YHUBEPCUMEM,).

Inasnouti pedaxmop — JI.B. Cokoauncrud.

Ceudemenvcmeo o peeucmpavuu [IH DCTT-57377 evidano 24 mapma 2014 2. Pedepanvroti
cAYocbotl no Had3opy 6 chepe c8A3U, UHPOPMAUUOHHBLT METHON02UT U MACCOBBLT KOMMYHUKAUUL.

Kypraa exarouen 6 Pegepamusnnd orcypran u Basvr danwnoix BUHUTH; undexcupyemcs
6 bubauoepagpuveckoti basze dannvir PUHI]. 2Kypran pasmewen 6 omxpumom docmyne wa Bcee-
poccutickom mamemamuveckom nopmane MathNet. Ceederus o orcyprane escezo0no nyoauKyom-
CA 8 MENHCOYHAPOOHOT CNPABOUHOT CUCTMEME TO NEPUOIUMECKUM U NPOJOAHCAIOUUMCA USOGHUAM
«Ulrich’s Periodicals Directorys.

Pewenuem Ipesuduyma Boicweti ammecmayuonnoti xomuccuyu, Munucmepemea 06pas3osarus
u nayku Poccutickoti @edepayuu srcypran sxsrouen 6 «llepeuens peueH3upyemvis HayuHsix udda-
HUL, 68 KOMOPLLL Q0AACHDL OBIMb ONYOAUKOBAHDBL OCHOGHDBLE HAYUHDIE PESYADLMATNDL HA COUCKAHUE
yuenotl cmenenu xandudama Hayk, Ha COUCKAHUE YHeHotll cmenent dokmopa Hayks» No HaYYHHILM
CNEUUAADHOCTNAM U COOMBEMCMBYOWUM UM ompacaam wayku: 05.13.11 — Mamemamuueckoe
U NPOZPAMMHOE 00ECNEUEHUE BHIYUCAUMEAOHDIT MAWUH, KOMIAEKCO8 U KOMMBIOMEPHLIT cemet
(Pusuro-mamemamuueckue nayku), 05.18.17 — Teopemuueckue ocrosv, ungopmamuru (Pusuro-
MAMEMAMUNECKUE NAYKU).

Hoonuchoti undexc Hayurnozo swcyprana «Becmnukx FOVpl'Ys, cepusa «Bvuuciumenvras ma-
memamura u urgopmamuras: 10244, xamanoe «IIpecca Poccuus. Iepuoduurocmo evroda —
4 ewnycka 6 200.

Adpec pedaxyuu, uzdamens: 454080, 2. Yeasbunck, npocnexm Jlenuna, 76, Hzdameavcruti
uenmp FOYpl'Y, xab. 32.

ITPABMJIA OJId ABTOPOB

1. IIpaBuia MoATrOTOBKU PYKOMMCEH U MpuMep OPOPMIIEHNs] CTaTell MOYKHO 3arpy3UTh ¢ caiiTa
cepun http://vestnikvmi.susu.ru. Crarbu, odopmiieHHbIEe 6e3 cOOJIIOZIEHNA ITpa-
BHJI, K PACCMOTPEHUIO He MPUHUMAFOTCS.

2. Ajpec peJaknMoOHHON Kojiiernu HaydIHOro Kypaaja «Becrauk FOYpl'Y», cepust «Boramc-
JINTEThHAS MATEMATUKA U UH(MOOPMATAKAY :
Poccus 454080, r. Yensiounck, np. nm. B.M. Jlenuna, 76, FOYpI'Y, rkademapa CII,
oTBeTcTBeHHOMY cekperapio Lpmmbepy M.JI.
3. Ajpec 3JIEKTPOHHOM IMOYTHI peJfaKkiyu: vestnikvmi@susu.ru

4. IlnaTta c aBTOPOB 3a IIyOJINKAIINIO PyKONNCell He B3UMAETCsl, U TOHOPaphbl aBTOPaM

He BbIIIJIAYMBAIOTCHA.



BECTHUK
IOXKHO-YPAJIBCKOI'O
I'OCYJAPCTBEHHOI'O YHUBEPCUTETA
Cepus
«BBIUNCJIMTEJIbBHASI MATEMATUKA 1 UTHOOPMATUKA»
Tom 11, Ne 1

2022

TexH. penaktop 4.B. Munux

Mznarensckuit nentp HOxHO-Y panbCKoOro rocy1apcTBEHHOIO YHHBEPCUTETA

IMomnucano B neuats 28.02.2022. Jlata Beixona B cBet 08.04.2022. dopmar 60x84 1/8. Tleuyarts 1udposasi.
Ve neu. 1. 9,30. Tupax 500 sx3. 3aka3 42/91. Ilena cBoGoaHast.

Otmnewarano B Tunorpaduu M3garensckoro neatpa IOYpl'Y.
454080, r. YenssOunck, npocrekt JleHuHa, 76.
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