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1. Introduction



Trends in the development and use of satellite constellations

In the second half of 2026, Earth orbit hosted approximately 12,885 US satellites (including over 10,900

Starlink , 1,503 Chinese 385 Russian, 100 French and 69 German satellites
[https://www.unoosa.org/oosa/osoindex/search-ng.jspx?If_id=].

Most satellites (nearly 5,000) support communications and data transmission, primarily through Starlink. More
than 1,200 perform Earth observation, including Planet (USA), with over 520 satellites, and Spire Global (USA),
with over 150.

Annual launches increased from 214 satellites in 2014 to approximately 2,900 in 2023, with growth continuing
[Ferrari, B., 2024].

Small satellites have accounted for more than 95% of satellites launched in recent years
[https://brycetech.com/reports].

; - . Small-satellite capabilities
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Common classification in Russia: >  Greater onboard control capabilities through faster
v Minisatellites: 100-500 kg processors and increased memory capacity
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Example of a satellite constellation topology




Example architecture of a satellite constellation
and its ground control segment
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Constellation control system architecture

PL: satellite payload; SS: support
subsystems; DKB: distributed
database / knowledge base; AM:
standard automation module;
LDN: local data network; DIM:
standardized data interface
module; TT&C: telemetry, tracking
and command system; WS:
workstation; FDN: flight dynamics

navigation; ITM: information
and telemetry; MON: monitoring
and diagnostics; CMD: command
generation; DDN: distributed data
network.



Example of a satellite constellation control workflow
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Automated control workflow for space systems




Generalized constellation control workflow for
achieving system-level effects

Aggregated diagram of the constellation’s multistructural
macrostates



Examp/es of constellation mission effects (RussianSpaceSystems}

Satellite navigation requires a
geometric dilution of precision
that meets the navigation
accuracy requirements.

Earth observation requires the target to lie
within the payload’s imaging swath.
More demanding missions require
continuous coverage, multiview or stereo
imaging, and integrated observations.

Satellite
communications
require at least one
communications
satellite within the
subscriber’s visibility
region, or overlapping
coverage from
multiple satellites.
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Management of system-

level effects
]
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Dynamic constellation formation for system-
Ievel effec'ts (Russian Space Systems)
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Multistructural dynamics of a group of mobile objects: a satellite constellation

Possible changes in the structural states of a group of mobile objects

Structural

Group of mobile objects
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The distinctive feature of a
group of mobile objects is
its structural dynamics
(highlighted  in  blue).
Although  the  objects
move, the structure of their
information exchange,
defined by radio visibility,
remains unchanged over

certain time intervals.
These are intervals of
constant interaction
structure.
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Space computing comprises interconnected processes for
receiving, transmittinq, processing and storing data and
information directly onboard satellites and in orbital data
centers, using intersatellite communication links. This
replaces the conventional approach of downlinking raw data
to users on Earth.

Space edge computing takes place onboard an individual
satellite. Space fog computing connects an entire satellite
constellation through intersatellite links to distribute computing
tasks across the network.

Space computing offers extensive opportunities fo use solar
power around the clock, independently of terrestrial weather
and without atmospheric attenuation. According to Starcloud,
terrestrial solar plants achieve capacity factors of 24% in the
United States and below 10% in Northern Europe, whereas
the orbital figure can exceed 95%.
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Research identifies a three-tier edge-fog—cloud
architecture as the most promising approach to space
computing in satellite constellations equipped with high-
performance onboard computing platforms and intersatellite
links, including optical links. These capabilities support a
range of orbital network configurations, such as clusters of
large, medium and small satellites.

These control, computing and communications
capabilities provide a basis for a space-based Industrial
Internet of Things (SatloT or space-based lloT). Artificial
intelligence enables the integration of the lloT concept with
proactive constellation control and the associated space-
computing processes.
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Industrial Internet of Things

Cloud computing
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Fog and edge computing are architectures for transmitting, receiving, storing, processing and relaying
data within networks of cloud services and end devices, locally and/or over the Internet.



COOPERATION BETWEEN SPIIRAS (SPC RAS) AND THE RESEARCH INSTITUTE OF SPACE SYSTEMS

UNDER UNION STATE SCIENCE AND TECHNOLOGY PROGRAMS

Research work package: methods and dedicated

Scope of work
No. Contracting organization Contract number and date Contract period
1 A. A. Maksimov No. 7, 9 Jan 2014; No. Research work package: methods and an 1 Jan 2014 -
Rescatenlinc e 14, 27 Jun 2014 experimental sc?ftV\{e_lre suite for analyzing and 31 Oct 2017
predicting the reliability of onboard equipment in
Space Systems small, low-mass satellites throughout the life cycle
(Monitoring-SG).
2 A. A. Maksimov No. 06/NIR/2017, 24 Jul 24 Jul 2017 — 15

Research Institute of 2017; No. 7/910, 5 Mar software for ground and onboard functional Oct 2020
Space Systems 2018
modules to manage recovery from onboard
emergencies and critical conditions (Technology-
SG).
A. A. Maksimov No. 11/7.1221, 28 Jan Research work package; techno|ogy and an 28 Jan 2021 —
Research Institute of 2021 experimental software prototype for integrated use 15 Oct 2023
Space Systems . o
of data from all Earth-observation satellites in the
Russian and Belarusian constellation (Integration-
S$G-3.2.4.1).
A. A. Maksimov Development of core orbital and ground 2023-2026

Research Institute of
Space Systems

components for small-satellite constellations
observing Earth’s surface and near-Earth space
(Complex-SG-3.1.2.1; 3.2.3.1).
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2. Problem description and
mathematical formulation
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General problem formulation

S{[f CF(?T)]?EVL CM]}e extr (1)

T CP, 2)
f CF(m) 3)
mcM, )

P is the set of available control principles and algorithms 1 < P used to
design the system or its components. F is the set of interrelated functions
(tasks and operations) performed by the system. Each choice of 1
defines a function set F(11). System design selects a subset f ¢ F(1)
sufficient to implement the chosen principles. M is the set of possible
interconnected components of the complex-system control architecture.
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Fundamental challenges in constellation control using
space computing
The central challenge in constellation control using space computing
is the following interdependence:

) Optimal control programs for constellation and ground-control
components can be determined only after the information-processing
and control functions and algorithms assigned to those components are
known.

1 Conversely, the allocation of functions and algorithms depends on the
Structure and parameters of the control laws governing these
components.

) This interdependence becomes more difficult to resolve because the
composition and structure of both the constellation and the ground
control segment change over time.

19



Methodology for proactive control of complex systems

Current research on structural dynamics control addresses

>

>

three main areas:

Design of the technical architecture of a complex system,
given the operating laws of its principal components and
subsystems

Design of the functional architecture, including control
programs for the principal components and subsystems,
given the technical architecture

Joint structural and functional design across the system
life cycle. This may involve simultaneous design of
topoloqy, hardware and operational architectures,
orqanizational structures, software and mathematical
models, and information support.
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United States. The United States leads both theoretical research and in-
orbit demonstration of space edge computing, supported by DARPA, the
Space Development Agency (SDA), NASA, the US Space Force and
private companies including SpaceX, Microsoft, Planet Labs, Amazon
and Loft Orbital. Platforms include space-grade and radiation-tolerant
Xilinx/AMD Versal Al Core devices (XQRACAP), NVIDIA Jetson AGX
Orin Industrial systems in thermally controlled and shielded small-
satellite compartments, Intel Loihi neuromorphic chips in AFRL
experiments on ultralow-power recognition, and dedicated vision
processing units.

Modeling and algorithms include joint sensor—compute—link scheduling
formulated as mixed-integer nonlinear programming with Pareto
multiobjective optimization, and decentralized task allocation. Multi-agent
reinforcement learning uses MAPPO (Multi-Agent Proximal Policy
Optimization) and MADDPG (Multi-Agent Deep Deterministic Policy
Gradient) to adapt satellite attitude and computing queues to stochastic
events, such as a sudden break in cloud cover over a target or detection
of a rocket-launch plume.
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China. The strategic emphasis is on scale and collaborative machine
learning. The Tiansuan constellation tests an orbital edge-learning
concept. Space Federated Edge Learning (Space-FEL) enables satellites
to share experience in recognizing ground objects under different
weather conditions, exchange deep-network weights over intersatellite
links and refine models without downlinking gigabytes of raw imagery.
Methods include dynamic-network models based on time-expanded
graphs (TEGs) and periodic time-varying graphs (TVGs), collaborative
edge learning, and onboard neuromorphic computing. Spiking neural
networks (SNNs) support proactive change detection in SAR and optical
sensor data.

United Kingdom and European Union. Research emphasizes
verifiable reliability and standardization of autonomous systems, primarily
on small-satellite platforms such as ®-sat-1/2 and OPS-SAT. A key
contribution is rigorous Contact Graph Routing (CGR) models that
account for stochastic radio links and intermittent connectivity under the
severe energy constraints of CubeSat and SmallSat platforms.
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Russian Federation. Research groups at FRC CSC RAS, SRISA RAS, ICS
RAS, ISI RAS, RFNC-VNIIEF, SPC RAS, MSU, SPbU, LETI, SUAI, Voenmekh,
MAI, Bauman MSTU, the Mozhaisky Military Space Academy, SPbPU, TSTU and
defense-industry organizations are leaders in dynamic multiobjective structural
and functional design and development control of complex technical systems.
Russian polyhedral optimization and dynamic-graph models provide detailed
treatment of system interdependencies. The transition from theory to in-orbit
implementation is nevertheless constrained by_the available electronic
components.

This has motivated lightweight, quasi-analytical projection-operator algorithms
and _integer heuristics suitable for processors of moderate performance. The
federal Sphere project envisages deployment of small-satellite constellations,
with requirements for integration into the national Luch relay system.

Bureau 1440 is a rapidly developing private Russian initiative. The Rassvet-1
and Rassvet-2 missions in 2023-2024 demonstrated Russia’s first successful
data transfer over domestically developed optical intersatellite links (OISLs)
across hundreds of kilometers and tested 5G NTN subscriber communications.
These capabilities establish infrastructure for a future distributed orbital cloud.
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Alternative workflows for managing space-computing information
processes

Alternative graph of information-processing and control-command workflows

Data acquisition and Secondary data and

primary processing information
processing



Alternative workflows for managing space-computing information
processes

Alternative graph of space-computing control workflows
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Graphical interpretation of architecture and control-program
synthesis for space computin
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Graphical representation of controlled structural dynamics in space computing
F: functional architecture; T: technical architecture of space computing.

Dynamic alternative multigraphs, their mappings at each instant and their evolution between
successive instants describe the controlled structural dynamics of the information processes.
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Graphical interpretation of architecture and control-program synthesis for
space computing

Alternative graph of control Operations Selected structure
workflows '
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PROACTIVE CONTROL OF SPACE COMPUTING: PROBLEM
FORMULATION

Develop principles, approaches, models, methods and algorithms for
determining proactive control programs (Ut, S*d) for system operation and
evolution, subject to the foIIowing conditions:

1 I
J, G( N <XX> <55 .1 E(t,,t ])9 extr

<U'.s,"”

<)()(>

A, = {UI,S(; >R, Q(;,F;,Zf F' H’<5~5> )ng;Ur =M% 5. % 5. M2 5B eB}(l)

JO: criteria functions describing the quality and performance of the system’s principal
components and subsystems.

Ut. control actions that determine both the system architecture and its operating
processes at different life-cycle stages.

qge Q={1, ..., 1}: criterion indices.

Ag: dynamic alternatives, comprising system structures, parameters and operating
programs.

Rg: specified values.

B: indices of spatial, temporal, technical and process constraints on development and
operational control programs.

T = (1o, tf]: the interval for computation, multiobjective assessment and analysis of
system operation and evolution, and for determining control programs and laws.
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Fundamental challenges in constellation control
using space computing

1 High dimensionality and nonlinearity of models describing
the architecture and operating modes of constellation and
ground-control components and subsystems

] Explicit representation of uncertainty arising from
environmental effects on the constellation and ground
control segment

J Multi-objective optimization of structural dynamics control
programs using integrated multi-model frameworks

29



2. Methodological foundations and
solution methods
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KoHuenuusi npoakmueHo20 (yrpexodarou,e20) yripassieHusi
CMpPYKMypHbIM pa3Hoobpasuem MIr KA

— 3a CUYCT MMOJIMMOACIBHOIO OIMKMCaHUA HpeHMeTHOﬁ obmactu

L 3a CUcT KJ'IaCCI/I(bI/IKaHI/II/I " YIIOpAAOYCHUA MO,Z[CJICI;'I,

KECHU <
Cy CHES YCTAHOBJICHUS B3aUMOCBA3EHU MEXKITY HUMHU

pa3Hoo0pasus
BHEIIIHEU Cpebl
| Ha OCHOBE I10MCKa PAllMOHAIbHBIX MHOTOKPUTEPUAIbHBIX
pelieHni (KOMIPOMHICCOB) IPU HAJTMYUU HEYCTPAHUMBIX
MOPOTOBBIX HH(POPMAIIMOHHBIX ¥ BPEMEHHBIX OTpaHUYECHUI

__ mpeomosieHue nmpoodsieM OOJBIION Pa3MEPHOCTH H
HEOIPEICICHHOCTH TP OIIMCAHUU MPEIMETHOM 001acTH
Ha OCHOBE UCIIOJIb30BaHMSI METOMIOB JIEKOMITO3HUIIUT
(KOMITO3HIINH ), arpEerUPOBaHMS (JI€3arperupoOBaHuUs ),
KOOPIMHAIINY, alllIPOKCUMAIINH, THHEAPU3AIIH, PETaKCaIliy,

VYrpasnenue pazHooopazuem penyKIuu (TIOrpyKeHHsl)

COCTOSHMM OOBEKTa U Cpeapl — |

(complexity management)

_— Ha OCHOBC (bOpMPIpOBaHI/ISI MHOXCCTBAa HCOKOHYATCIbHBIX pCI_HeHI/Iﬁ

Ha OCHOBC CaMOHOZ[O6HOI‘O PEKYPCHUBHOTO OIMUCAHUSA U MOACIINPOBAHUA

P aCUH%PGHHe 00BEKTOB HCCIEOBaHMS (MAKPOCOCTOSIHHE, CTPYKTYPHOE COCTOSIHHE,
pasHoobpasnud MHOTOCTPYKTYPHOE COCTOSIHHE)
YIPaBISIONIUX

BO3JIEHCTBUH

— Ha OCHOBC IMPCOIOJICHHUA
IMpuHIMIIa pasgCiICHUA

L ympaBlieHHE CTPYKTYPHOH TWHAMHKOW 0OBEKTOB
( B T.4. Ha OCHOBE TMOKOT0 COUYETaHHS
IPUHIIUIIOB HEPAPXUUYECKOTO U CETEBOTO YIPABICHHUS)



Approaches to managing variety

» Change operating modes and objectives, task content and
execution sequences to suit prevailing conditions

» Reposition individual system components and subsystems

» Redistribute and decentralize functions, tasks, control
algorithms and information flows across system levels

» Manage reserve capacity
» Use flexible and streamlined control workflows

» Reconfigure system structures as capabilities degrade
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Example of structural dynamics control in a complex system

Structure at
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lMpumep ynpaeneHusi pekoHgpuaypayueu cmpykmyp CnO npu ee decpadauyuu
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Memodosnoz2usi npoakmueHo20 yrpaesieHusi Sl
CJ/IOXKHbIMU 06BbeKmamu

_Cn0 (B8 mom yucne u Cn0),
8 omju4yue om mpaduyuoHHO UCNO0JIb3YeEMO20 Ha
npakmuke peakmusHo20 ynpasJieHusa Cn0,
OpUeHMUpPOBAHHO20 HAG OhepamuBHOe peaz2uposaHue U
nocsiedyoujee HedonyuwjeHue UHYyuUdeHmos,
npednosiazaem  npedomspaujeHuUe - BO3HUKHOBEHUSA
UHYUdeHmMos 3a c4yem co30aHuUs 8 coomsemcmsyouweu
cucmeme MOHUMOPUH2a U ynpas/sieHus npuHyunuasbHo
HOBbIX npo2HO3UpyoWUX u ynpexoarouwjux
BO3MOKHOCMeu (cucmemHo-PyHKYUOoHaibHOU
u3bbimoyHocmu) npu @opmMuposaHuu u peasusayuu
ynpasasowux s8o3deucmsul, 6asupyrowuxca Ha




Methodology for proactive control of complex systems
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Proactive control prevents incidents by introducing predictive and anticipatory
capabilities into monitoring and control. This system-level functional redundancy
supports the formulation and execution of control actions based on integrated system

modeling.
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The role of reactive and proactive control in complex-system

Filtered information

v

Intelligent actions

survivability
______________________ |
]
.lntegrated Proactive
information
> control
subsystem
1
Sensor Aut g Esc
. . | t
|nformat|on ‘:{::E o
fusion : =
w

Sensors

Reactive
control
subsystem

Control actions

L4

Translate
actions into
device
commands

State information

Environment

== Actuators

Y

Environmental
effects

38



Methodology for proactive control of complex systems

Integrated system modeling of complex systems,
whether natural or engineered, physical or virtual,
comprises methods and technologies for representing a
system through multiple models. It combines methods,
algorithms and procedures for multi-objective analysis,
synthesis and selection of preferred management
decisions concerning the system’s creation, operation
and development under changing internal and external
conditions.
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Core principles of proactive control

Niels Bohr’s principle of complementarity

The law of requisite variety: W. Ross Ashby and
Stafford Beer

Dennis Gabor’s principle of provisional decisions
The principle of minimum necessary anticipation
P. K. Anokhin’s principle of anticipatory reflection

The principle of parametric and structural
adaptation: L. A. Rastrigin and V. I. Skurikhin
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Ilpuknaonas meopus npoaKmueHO20 UHMELIEKMYAAbHO20 YRPABGIEHUA CIMPYKIMYPHOU
ounamurxou MI' KA

OcHosHbie ocobeHHOCMU MOCMpPOEHUA COBPEMEH-

Hbix ACY Al1O ¢ nepecmpausaemoli cmpykmypol | |

PaccmaTpuBaemoe HayvHoe HanpaseHne

o MHO2ouenesoll xapakmep hyHKUUOHUPOBaHUS
cospemeHrHbix Al1O;

® MOBUTbHOCMb OCHOBHbLIX 3/1IEMEHMO8 U 1M00CU-
cmem ACY ATIO;

® U30bIMOYHOCMb OCHOBHBIX 371IEMEHMO8 U noodcu-
cmem ACY Al1O u cesseli Mex0y HUMU,

e cmpykmypHoe odobue anemeHmos u noodcu-

cmem ACY AlO, Haxodawuxcsi Ha pasfiuyHbIX

YPOBHSIX CUCMEMbI YrpasieHus;

MHO208apuaHmHoCcmMb  peanu3ayuu  yHKuul

ynpaeneHusi Ha kaxdom u3 yposHel ACY ArIO,

ucnonb3osaHue eubkux mexHomozull ynpasrie-

Husi;

Hamuyue  YHUGUUUPOBAHHbIX  MEXHUYECKUX

cpedcme ACY, 06beQUHEHHBIX 8 MUMo8bIe 8bl-

yucriumenbHbie Modynu, KCA;

Hanu4ue pocmpaHCMEeHHO pacrpede-

YMNPABJIEHWE CTPYKTYPHOU OUHAMUKOU ACY AIO B PA3-

JINYHbIX YCI10BUSIX

Ha 3Tane co3faHus
ACY AMo

Ha 3Tane npumeHe-
Hua ACY AMNO

Ha aTane pasBuUTUS
ACY ANO

Ha aTane nepcnek-
TUBHOTIO Ni1aHMpoBa-
HUA

Ha 3Tane AoJIroCpO4HOro n
onepaTtmBHOro niaHnposa-
HUA

Ha aTane onepa-
TMBHOTO ynpas-
nexws

Pewaemas npobnema

PA3PABOTKA HAYYHbIX OCHOB KOMMNIEKCHOTO NMIAHMPOBAHMA
OMEPALIA U YNPABMNEHWA CTPYKTYPAMK ACY AlNO

KOHUenyuu: cucmemMHo20 aHanu3sa u ModenuposaHusi, CO8PEMEHHO
meopuu NPoakmueHo20 UHMENNEKMYanbHO20 YrpagneHusi CrIoXHbIMU
OuHamMu4ecKkuMu cucmemamu ¢ nepecmpausaemoli cmpykmypol

MPUHYUNbI: TPO2PaMMHO-UENIe8020 yrpasieHuss CUCmeMHOo20 Moderu-
posaHusi, 8HewHe20 OOMOIHEHUSsT, HE06X00UMO20 pa3HO0bpPa3sus, Mo2pyXeHuUst
Mo0xo00bI; UHMezpamueHsbIl, kameaopuliHO-GbyHKMOPHbIL, cCMpyKmypHO-

BosmoxHble sapuaHmsbi yripasrie-

Hus cmpykmypamu ACY AlO

JIEHHOU MHO20KOHMYPHOU UHMeaparbHoU
cemu obmeHa 0aHHbIMU

mpe6oeaHusi: cucmeMHo20 1o0xo0a K opaaHu3auuU Mpoyeccos yrpasneHus, adekeam-
Hocmu, yHugepcansHocmu u npobrnemHol opueHmayuu, eubkocmu (adanmugHocmu),

YHUbuKayuu; npocmomst u docmynHocmu

usaMeHeHue crocobos u uyenel
¢yHKyuoHuposaHusi ACY ArIO, ux
codepxaHusi,  nocrnedoeameribHoO-
CMU  BbIMOMHEHUS 8 Pa3fUYHbIX
ycrosusix 06cmaHo8KuU;

nepepacnpedeneHue yHKyul, 3a-
0ay u ansopummos yrpaeneHusi
mex0y yposHamu ACY Al1O;

ynpasneHue pesepsamu ACY Al1O;

pekoHuaypayua cmpykmyp ACY
I-I .

’

nepemelwieHue 8 npocmpaHcmee
omoesibHbIX 3/1eMeHmo8 U noocu-
cmem ACY Al1O

UcxoaHble AaHHbIe

Knacchbl pelmaeMbix 3aga4 KOMNIEKCHOrO NiTaHUPOBaHMA onepauui 1 ynpaBneHus
cTpyktypamu ACY AMNO

WcxoaHble AaHHble

cocmas, cmpykmypa ACY AlIQ,

MHOXEecmeo eapuaHmos 83aumo-
cesi3eli OCHOBHbIX €€ 3reMeHmos,
rnodcucmem cmpykmyp;

3adayu knacca A (popmynupoeka). [nsi 3a0aHHbIX UCXOOHbIX OaHHbIX Halmu CO8MeCMmHbIe Onmu-
L1 wmanbHble nnaHbl yeneeozo npumeHeHust AlO, eapuaHmbl NPO2paMMHO20 yrpaeneHusi cmpykmypamu —
ACY Al10O u pexumamu eé hyHKUUOHUPOBaHUS

® 803MOXHbIe eapuaHmbl
8030elicmeusi sHewHel
cpedbl Ha ACY Al1O;

uenu u 3adayu, cmosi-

NPOCMPaHCMeEeHHO-8PeMEHHbIE,

MexHUYeckue U MexHOnoau4yeckue
02paHUYeHUs], C8sI3aHHbIE C (DyHK-
yuoHuposaHuem ACY Al1O;

3adayu knacca b (hopmynupoeka). [lnsi 3adaHHbIX rnaHo8 yenegoeo npumeHeHusi Al1O, 3adaHHbix U]
I— Halmu makue 8apuaHmbl npospamMmMHO20 yrnpasneHus cmpykmypamu ACY Al1O u pexumamu eé hyHKUUOHU~+—
poBaHUsi, MpU KOMOPbIX CO30atMCs HaUMy4WUe yCrio8usl 8bIMoIHEHUs yenesbix 3adaq A0

wue neped ACY AlO
Ha 3a0aHHOM UHMepea-
e 8peMeHU;

rokazamenu u Kpume-

MHOXecmeo crocobos u mMemodoe

3adayu ecnomozamesnibHo20 knacca C (dhopmynupoeka). s 3a0aHHbIX UCXOOHbIX OaHHbIX Mposecmu:

puu OUEeHKU Ka4decmea

ynpaesieHusi OCHOBHbIMU  3NIEMEH- * OUEHKY noka3ameriel yesnesbix U UHGhopMayUOHHO-mMexXHonoeu4eckux goamoxHocmet ACY ArO; nnaHuposaHusi u

mamu, nodcucmemamu u cmpykmy- | [ e oyenky cmpykmypHoll ynpaensemocmu, yemodiyugocmu ACY AlMO; L | YyrpaerneHus OCHO8HbI-

pamu ACY AlO; o MoyYHOe U NPUbBUXEHHOe azpeauposaHue cmpykmyp ACY AlO; MU ariemeHmamu U noo-
* uUHMepsan  fiaHuposaHus  (fpo- e aHanus eapuaHmog deapadauuu u pekoHguaypayuu cmpykmyp ACY Al1O, ebisgums Haubosee cyuecmeeH- cucmemamu ACY AlO

2paMMHO020 yrpasneHus)

Hble ghakmopsbl, 8nusiOWUE Ha pe3ynbmamsi Uenegoeo rnpumeHeHust ACY A0






Возможные варианты управления структурами АСУ АПО



изменение способов и целей функционирования АСУ АПО, их содержания, последовательности выполнения в различных условиях обстановки;



перераспределение функций, задач и алгоритмов управления между уровнями АСУ АПО;



управление резервами АСУ АПО;



реконфигурация структур АСУ АПО;



перемещение в пространстве отдельных элементов и подсистем АСУ АПО







Исходные данные



возможные варианты воздействия внешней среды на АСУ АПО;



цели и задачи, стоящие перед АСУ АПО на заданном интервале времени;



показатели и критерии оценки качества планирования и управления основными элементами и подсистемами АСУ АПО







Исходные данные



состав, структура АСУ АПО, множество вариантов взаимосвязей основных её элементов, подсистем структур;



пространственно-временные, технические и технологические ограничения, связанные с функционированием АСУ АПО;



множество способов и методов управления основными элементами, подсистемами и структурами АСУ АПО;



интервал планирования (программного управления)







требования: системного подхода к организации процессов управления, адекватности, универсальности и проблемной ориентации, гибкости (адаптивности), унификации; простоты и доступности







Основные особенности построения современных АСУ АПО с перестраиваемой структурой



многоцелевой характер функционирования современных АПО;



мобильность основных элементов и подсистем АСУ АПО;



избыточность основных элементов и подсистем АСУ АПО и связей между ними;



структурное подобие элементов и подсистем АСУ АПО, находящихся на различных уровнях системы управления;



многовариантность реализации функций управления на каждом из уровней АСУ АПО, использование гибких технологий управления;



наличие унифицированных технических средств АСУ, объединённых в типовые вычислительные модули, КСА;



наличие пространственно распределённой многоконтурной интегральной сети обмена данными







Задачи вспомогательного класса С (формулировка). Для заданных исходных данных провести:



оценку показателей целевых и информационно-технологических возможностей АСУ АПО;



оценку структурной управляемости, устойчивости АСУ АПО;



точное и приближённое агрегирование структур АСУ АПО;



анализ вариантов деградации и реконфигурации структур АСУ АПО, выявить наиболее существенные факторы, влияющие на результаты целевого применения АСУ АПО







Задачи класса Б (формулировка). Для заданных планов целевого применения АПО, заданных ИД найти такие варианты программного управления структурами АСУ АПО и режимами её функционирования, при которых создаются наилучшие условия выполнения целевых задач АПО







Задачи класса А (формулировка). Для заданных исходных данных найти совместные оптимальные планы целевого применения АПО, варианты программного управления структурами АСУ АПО и режимами её функционирования 







Классы решаемых задач комплексного планирования операций и управления структурами асу апо







принципы: программно-целевого управления системного модели-



рования, внешнего дополнения, необходимого разнообразия, погружения 



подходы: интегративный, категорийно-функторный, структурно-математический







концепции: системного анализа и моделирования, современной теории проактивного интеллектуального управления сложными динамическими системами с перестраиваемой структурой







на этапе оперативного управления







на этапе долгосрочного и оперативного планирования







на этапе развития АСУ АПО







Рассматриваемое научное направление



УПРАВЛЕНИЕ СТРУКТУРНОЙ ДИНАМИКОЙ АСУ АПО В РАЗЛИЧНЫХ УСЛОВИЯХ 



УСЛОВИЯХ ОБСТАНОВКИ







Разработка научных основ комплексного планирования операций и управления структурами АСУ АПО







Решаемая проблема







на этапе перспективного планирования







на этапе применения АСУ АПО







на этапе создания АСУ АПО












lMpuknadHass meopusi NPOaKMUEHO20 UHMeJISIeKmyaslbHO20 yrpaesieHusl
cmpykmypHoUu duHamukot MIr KA

3apaun | 3apaum | 3agaun
Knacca | knacca | knacca
A [5) C

PA3SPABOTAHHBIE U UCIOJIb3YEMBIE METO/LbI
PELIEHUA SAOAY

PA3PABEOTAHHBLIE MOAEIIN KOMITIIEKCHOIO T/1A-
HUPOBAHUS OMEPALINV U YIIPABJIEHUS CTPYK-
TYPAMU ACY ATO

3apaun | 3apaum | 3apaun
Knacca | knacca | knacca
C 5) A

Memodbi nocmpoeHusi obriacmeti docmuxxumocmu Or1si
ACY AlO

Memodbi dekomnosuyuu u agpeauposaHusi cCmpykmyp
ACY AIO

0606wéHHas Mamemamuyeckasi MoOeslb NpoepamMMHO20)|
ynpasneHusi ACY AlO, nocmpoeHHasi Ha 0OCHO8€e arlb-

mepHamueHoO20 CUCMEMHO20 epadpa C rnepecmpausae-
Mol cmpyKkmypou

MemoOdbI aHanu3a u noucka peweHut dughghepeHyu-
arnbHbIX U2p C HEMPOMUBOMOIOXHbLIMU UHMepecamu,
onucskigatowumu duHamuky cmpykmyp ACY AlO

KamezopuliHo-gbyHKMOpHOe U cmpyKmypHO-

Mamemamuy4eckoe ornucaHue MHO20M0O0esIbHO20
Komrinekca 0nsi peweHus 3aday yrpasneHusi A0, CO

KombuHuposaHHbIe Memodbl peweHust 3aday
0rIMUMasbHO20 MPO2PaMMHOZ0 yrpasneHust
MHO20ypO8HEBBLIMU CemesbiMu QUHaMUYeCcKUMU cucme-

KombuHuposaHHbIe MemoObl aHanu3a u peweHus 3aday
onmumarbHO20 npoz2pamMmMHoeo yrpasneHus ACY AlO
8 ycrosusix HeornpedenéHHocmu

Memodsl cmpykmypHoU u napamempuyeckol adanma-
uuu modeneli u an2opummMos rpPoepamMmmMHoO20 yrpasre-
Hus oniepayusmu u cmpykmypamu ACY AlO

Komnnekc modenel npoepamMmHO20 yrpasrieHus:
® yerniesbiMU U MexXHOI02u4eckumMu onepayusmu 8 ACY
AlO;
® BELECMBEHHBIMU, 3HEP2EMUYECKUMU, UHGOPMaUUOH-
HbIMU rTOmMoKamu;

e pecypcamu ACY AlO;
o QuHaMUuKoU epynnogoz2o nodeedeHusi 3/1eMeHmMos8 U
rnodcucmem ACY AlO

UmumayuoHHbie modenu peanusayuu rpoepamm yripas-

nieHusi onepayusimu u cmpykmypamu ACY Al1O 8 pas-
JIUYHBIX YyCr108UsIX 06CMaHO8KU

OCHOBHbBIE NPAKTUYECKWE PE3YJNbTATDbI

OCHOBHbI€ Hay4Hble pe-
3ynbTaTtbl

MemoQdos102u4ecKue OCHO8bI
KOMI1/IEKCHO20  I/laHuUposa-
Husi onepauyull u yrnpasneHusi
cmpykmypamu ACY AlO;
molenu u MemolObl KOM-
MIEKCHO20  Mf1aHUPO8aHUsI
onepayul U  ynpaerneHusi
cmpykmypamu ACY AlO;
npuHyunsl, memodsbl ¢op-
MaribHO20 ornucaHusi MHOZ0-
ypoeHeabix cemesbix Ough-
epeHyuarnbHbIx OuHamu4ye-
CKUX cucmeM C rnepecmpau-
gaemol cmpykmypou

o BribpaHHble sapuaHmbi criocobos u memodos yrnpaeneHuss ACY Al1O, coomeemcmeyrowue nocmasneHHbiM B3Y yenesbim
3adayam U Mo380MISOUUE HaUMy4WwumM obpa3oM 6bINonHUMe Komnekc onepayuli esaumodeticmeusi ¢ O6O Ha uHmepearne

nnaHuposaHus.

e Knaccbl akeusaneHmHbIX cmpykmypHbix cocmosiHuli ACY Al1O, ynopsidoyeHHble 10 ypoBHSM 3Ha4YeHull rnokasameneu UH-
¢hopMayUOHHO-MEXHOT02UYECKUX U Ues1e8bIX 803MOXHOCMEU.

o [lns kaxd0e0 u3 yKka3aHHbIX Kriaccog onpedeneHbl: nnaHbl e3aumodeticmeuli Al10 ¢ OB0 u pexumbl ux yHKUUOHUPOBAHUSI;
nnaHbl 83aumodeticmeusi A0 ¢ CO, pexumbl ux ghyHKUUOHUpOo8aHusi; nnaHbl 83aumodeticmeus A0 ¢ AlO (cucmem Al1O) u
pexXumbl ux hyHKUUOHUPOBaHUS; riiaHbl 83auMo0elicmeus U rnepemeu,eHuUs OCHO8HbIX anemeHmos u nodcucmem CO, pexu-

Mbl UX d)yHKuUOHUpOSaHUH

o KonudecmeeHHble MHO2OKpumepuasibHble OUEeHKU rraHo8 ueriegeoeso rnpumeHeHus AlIO, eapuaHmebl npoespaMmHO20 yrnpaere-

OCHOBHbIe Hay4Hble pe-

NMPEOMOJIATAEMbIA 3®®EKT OT BHEQPEHUSA MONYYEHHBLIX PE3YNbTATOB

30k 8 ACY Al1O;

yCriosusix;

® r108bileHUEe rnponyckHol criocobHocmu ACY AlIO; yMeHbWweHUe 803MOXHOCMU 803HUKHOBEHUS MUKOBLIX Hazgpy-

e onmumarbHoe pacripedenieHue oepaHu4yeHHbIx pecypcos ACY Al1O npu deespadayuu eé cmpyKmypbl;

e CHUXeHue uHepyuoHHocmu ACY Al1O, nosebiweHue onepamusHocmu npumeHeHusi cpedcme CO 8 pasnuyHbIX <:

3ynbTaTthl
o MemoOb/ cuCmeMHo20
ModenuposaHusi  pouec-

co8  asmomamu3uposaH-
Hozo ynpasneHusi AlO u
ux ucriofib3o8aHue  npu
KOMI/IEKCHOM  MyiaHupoea-
Huu onepayul u ynpaese-
Husi cmpykmypamu ACY
AllO;

o MemoOuKuU  opeaHu3auyuu
KOMI/IEKCHO20  M/1aHupo-
8aHusi onepayut u
yrnpassneHusi
cmpykmypamu ACY AlO
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Основные научные результаты



методологические основы комплексного планирования операций и управления структурами АСУ АПО;



модели и методы комплексного планирования операций и управления структурами АСУ АПО;



принципы, методы формального описания многоуровневых сетевых дифференциальных динамических систем с перестраиваемой структурой







Обобщённая математическая модель программного управления АСУ АПО, построенная на основе альтернативного системного графа с перестраиваемой структурой







Задачи класса А







Задачи класса С







Задачи класса Б







Задачи класса С







Задачи класса Б







Задачи класса А







повышение пропускной способности АСУ АПО; уменьшение возможности возникновения пиковых нагрузок в АСУ АПО;



снижение инерционности АСУ АПО, повышение оперативности применения средств СО в различных условиях;



оптимальное распределение ограниченных ресурсов АСУ АПО при деградации её структуры;



повышение устойчивости автоматизированного управления АПО, СО в различных условиях обстановки.







ПРЕДПОЛАГАЕМЫЙ ЭФФЕКТ ОТ ВНЕДРЕНИЯ ПОЛУЧЕННЫХ РЕЗУЛЬТАТОВ







Выбранные варианты способов и методов управления АСУ АПО, соответствующие поставленным ВЗУ целевым задачам и позволяющие наилучшим образом выполнить комплекс операций взаимодействия с ОБО на интервале планирования.



Классы эквивалентных структурных состояний АСУ АПО, упорядоченные по уровням значений показателей информационно-технологических и целевых возможностей.



Для каждого из указанных классов определены: планы взаимодействий АПО с ОБО и режимы их функционирования; планы взаимодействия АПО с СО, режимы их функционирования; планы взаимодействия АПО с АПО (систем АПО) и режимы их функционирования; планы взаимодействия и перемещения основных элементов и подсистем СО, режимы их функционирования



Количественные многокритериальные оценки планов целевого применения АПО, варианты программного управления структурами АСУ АПО и режимами её функционирования в различных условиях обстановки







Комбинированные методы решения задач оптимального программного управления многоуровневыми сетевыми динамическими системами







Методы структурной и параметрической адаптации моделей и алгоритмов программного управления операциями и структурами АСУ АПО







Комбинированные методы анализа и решения задач оптимального программного управления АСУ АПО в условиях неопределённости







Методы анализа и поиска решений дифференциальных игр с непротивоположными интересами, описывающими динамику структур АСУ АПО







Методы декомпозиции и агрегирования структур АСУ АПО







Методы построения областей достижимости для АСУ АПО







РАЗРАБОТАННЫЕ И ИСПОЛЬЗУЕМЫЕ МЕТОДЫ РЕШЕНИЯ ЗАДАЧ







ОСНОВНЫЕ ПРАКТИЧЕСКИЕ РЕЗУЛЬТАТЫ







Основные научные результаты



методы системного моделирования процессов автоматизированного управления АПО и их использование при комплексном планировании операций и управления структурами АСУ АПО;



методики организации комплексного планирования операций и управления структурами АСУ АПО различного целевого назначения







РАЗРАБОТАННЫЕ МОДЕЛИ КОМПЛЕКСНОГО ПЛАНИРОВАНИЯ ОПЕРАЦИЙ И УПРАВЛЕНИЯ СТРУКТУРАМИ АСУ АПО







Категорийно-функторное и структурно-математическое описание многомодельного комплекса для решения задач управления АПО, СО







Комплекс моделей программного управления:



целевыми и технологическими операциями в АСУ АПО;



вещественными, энергетическими, информационными потоками;



ресурсами АСУ АПО;



динамикой группового подведения элементов и подсистем АСУ АПО







Имитационные модели реализации программ управления операциями и структурами АСУ АПО в различных условиях обстановки












Possible ways of variety control

“OKPECTHOCTbL” NOIrnMKO-YINMPABNAEMbIX CUCTEM
B “NPOCTPAHCTBE” MOOEJIEXA TEOPWUWU YMNPABJIEHUA

MOJENMN CO CTPYKTYPHOW
PEKOH®OUIYPALIMEN
3 MOLENW IAHTENNEKTHOIO

YMNMPABJIEHUA

NOruko-qneeEPEHUN
CUCTEMbI

TMBPUAOHDLIE C

HEMNPEPbLIBHO-OMNC

(MO BPEMEHW) CUC KO-YINPABNAEMBIE
TEMbI
DUOOEPEHUMANBHO-PASHOLT] T
CUCTEMBbI (LlU®OPOBOT . -

YMNPABJIAEMbIE CUCTEMbI

MYINIbTUATEHTHBIE CUCTEMbI
NOrMKoO-cOBbITUAHKBIE MOOENU
FETEPOrEHHbIE YPABHEHUS (BKNIOYEHWUS) AMHAMUKK

AUCKPETHO-COBbITUMHBIE CUCTEMbI

(ABTOMATHbIE U HEWPOHHBIE CETH,
FPAMMATUWKW, CETU NETPU, MAPKOBCKWE LIEMNHN,
CUCTEMbI MACCOBOI'O OBCNYXUBAHUA)
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Approaches to knowledge representation

] L L
Procedural Hybrid Declarative
Y l
Object-oriented S .
h emantic
approac networks with
attached
procedures
Algorithmic
implementation
of the domain ¥
model -
Predicate
Frames calculus
‘ N
Production .
rules Semantic Formal
networks production
A systems
A
Heuristic Logical
(formalized) (formal)

3

A

Knowledge representation models
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Main results of solving MSC structural dynamics analysis
problems

The main results
of classical control theory

Practical implementation of the results

Criteria for existence of a solution in
CO structure-dynamics control
(SDC) problems

Verification of the adequacy of the description
of MSC control processes in control
models

Criteria for controllability and
attainability in
CO SDC problems

Verification of the feasibility of MSC control
technologies over the control interval;
determination of the main factors affecting
MSC goal abilities and information
technology abilities

Criteria for uniqueness of optimal
program control in CO
application planning problems

Analysis of the possibility to obtain optimal
MSC application plans

Necessary and sufficient conditions
of optimality in CO SDC problems

Preliminary analysis of the structure of
optimal MSC control programs

Criteria for stability and sensitivity in
CO SDC problems

Evaluation of MSC SDC stability and
sensitivity to perturbations and to
alteration of the composition and structure
of input data




Existing and prospective methods of proactive MSC
control

Methods and algorithms of MSC
automated control

Exact optimization Approximate optimization
methods methods

| . . Artificial e
Mathematical Constructive . . Local search Metaheuristic .
programming methods 'nrfgt'ﬁggge methods methods Optimal control methods
Branch-and- Constraint 4 Genetic local ||~ Search Genetic
satisfaction .
bound method techniques search procedures algorithm Gradient descent

methods

Exhaustive Simulated Large step Indirect
search Neural networks annealing optimization Tabu search eiheds
B Methods based on
necessary
Exgekrt sysl:tzms Threshold lterative Ant colony conf:itiorﬁ of
and knowledge Y i improvement Igorith il
Priority dispatch bases accepting P algorithm - S
. Fuzzy logic strgfr!r? Bee cplony -
Insertion alaorithm algorithm
algorithm 9
Differential . -
. Firefly algorith
Bottleneck-based evolution Iretly algorithm
heuristics
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Generalized structure of the developed basic multiple-model

complex
xP g® - logical-dynamic models of
a CPS motion control (spatial
constraints);
u(P) > Mp 5 X(p) - -
X0 g® o g M, - logical-dynamic models of
: . xéw §<v) J, 4 J(k),J(g),J(o), channel control;
(p)
JJl ) R —u4 J JP g™ J® Mo - logical-dynamic models of
Mx — > M, operations control (technological
u® * - & R constraints);
x© g ut”
¥ JW Mn - logical-dynamic models of flow
© control;
X
1 Mp - logical-dynamic models of
resource control (technical
x{" constraints);
6 x™ Me - logical-dynamic models of
> Mp operation parameters control;
(‘) 1 x® x(T,) — logical-dynamic models of
J & structural dynamics control;
x©®
Me 7 Myv - logical-dynamic models of

auxiliary operations control.



Transition from the generalized logical-dynamic model of proactive control of an
SSC constellation to a combined multiple-model description of its proactive
control (SUAI, V.A. Ushakov, PhD)

Problem [

Problem of aggregated
planning of operations within
information processes
without time reference

Aggregated plan of
information process execution

Problem II
Problem of detailed
ing of operations within

e

information processes
with time reference

Coordinating
parame(ers

Coordinating
parameters

Problem of coordinating
the aggregated and

detailed plans

Detailed plan of
information process execution

The proposed static model takes into
account factors, processes and constraints
such as data losses, as well as constraints
on the sequence of operations and on their
non-preemptive execution.

Static model
of planning
information

processes during

GMO interaction

operation
volumes

Dynamic model
of planning

) information

processes during

GMO interaction

adjoint
variables

boundary
conditions

coordi

Generalized

procedure

nation

4

A

A

/

—_

The proposed
dynamic model (DM)
provides a detailed
description of data
distribution and
processing linked to
specific time
instants.

In this case, the DM
can constructively
take into account
constraints on
uniform resource
utilization, penalties
for violation of
directive deadlines
and other time
factors.
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Static planning model of an SSC constellation during interaction of a group of
mobile objects (SUAI, V.A. Ushakov, PhD)

Generalized planning 4/
PR 'l

quality indicator:

Technical constraints:

Total volume of processed data 0= szxijpl S'//ijl; (13.5)
(2) 11= § 121: ég. / 12= g g §Z~ / (13.3) OSPEP(yjpl+gjpl)SVj; (13.6)
oty Pt | 0= EpSinl =i (13.7)

wherey +ay=l ey 20 R £jp0l = pE ol (13.8)

Static mathematical model of planning information processes 03sz1; (13.9)

during interaction of mobile objects ( ):

Thus, the problem of planning information
processes during interaction of mobile
objects is reduced to a high-dimensional

(6x) _ :
X Yl = 2 X X Azl(_)"ypz”(yjpl‘yjp(l-1>)+gjpl”jpl)’ (13.4)
S .
7 multi-criteria linear programming problem.

peP P peP ieM(.-;) i
J

wherd,j=12,...,n; p=1,2,...,P;1=12,...,L
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Dynamic planning (program control) model of an SSC constellation during interaction of a group of
mobile objects (MO) (SUAI, V.A. Ushakov, PhD)

Dynamic model of SpC program control during
interaction of mobile objects:

1 ,1
,5’;,)(0 = ulg.’"p,)(r) (14.1)

) ()
-;;,, O (142

(n4) (n2)
{w=0"P0 (14.4)

(14.5) V=4V

Boundary
?°'5'd't'°'lsl) 20yl g .
2
xl(o’l)(tﬂ)=Tl(0’l) (” 1)(tﬂ) W 5’;, )(tﬂ) g
(14.7)
w7 13)(t )e (” 4)(t )el T Interconnection with the static
Nz ! model via boundary conditions

Technological constraints:

u D@V - Dy =1, (14.8)
(n 1) (n,2) Lo -
—21 gl OF@ PO p=12, Pl =12, L (14.9)
j#i (0 1)(t) a)(n 1)(t) a)(n 2)(t)e{O 1} (1410)
(CRYI (0,2) ;.
OS(fl.j <1 Oéfj <1 (1411)
Technical constraints:
osibosslolrodt o (112
z u;’;,)(r)<d,§,)§; ). (14.14)
<y (12 (n,2) ( 2) ( 1)
J’fol () <c J’/’ol 2 (u\ O (1); (14.13)
Z u(n 2)(t)<d(2)§(b 2) (1415)

Thus, the planning prob/em on the dynamic model
is as follows: it is necessary to transfer the dynamic
system (14.1)—(14.5) from the given initial state
(14.6) to the given final state (14.7) subject to
constraints (14.8)—(14.15).
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DM of planning (program control) of an SSC constellation during interaction of a

group of mobile objects (MO) (SUAI, V.A. Ushakov, PhD).
(quality indicators of SpC planning during GMO interaction)

Interconnection with the
static model

ﬁ“v( (”1)(t)2+ J—ég

I=li=1j=
J#i

(15.1)

2
L
(n.2)
+3 3 @e pzl o (tﬂ>]

zjfl (r>(
}/ [0}
=1j=1¢ JP!

Main quality indicators of SpC planning during GMO interaction:
] t

2 r (15.2)
or

Additional quality indicators of SpC planning during GMO
interaction:
t

Iy = z z z jﬁ l(t)a)(n 2) (1\d:

(15.3)

™~

oL () (), V.
—1p=1j§1i§1(Tl Yijpl (tﬂ)j ; (15.4)

1

M~

1 L
Ly 5 (10D (15.5)

2
(n4) )

()

%6 21z1p=1j=1 ﬂ)

5

Z ! (15.7)
J

Fo=——m

" (15.8)
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Generalized structure of the developed basic multiple-model complex

SSC agent behavior model

&

" Actual
F"Cgl?;&']oede battery
Flight charge
plan
_ Target P Target
Waiting <« recepllcn‘ g slew > imaging
[ Transmission |
% @ ] " Data
________________________ & session ’I courtg\'r]zuiun ™| transmission
| | | | | -1 R I B e
| Target imaging | | Targetﬁ:lr)r_]?gl_ng | Targetimaging | | Confirmati |
request capability: assignment onrmacen
I | [ No / Yes | [ B | Barly)
| | | | il charging
S o 1 S — 1 P |
"[ A A T A
Standby
Target visibility Imaging plan. mode
times and Update
angles
- State
| Planning Control monitoring
Fllght plan' ‘Waiting Waiting Waiting
Update
Imaging plan. State Flight
Adding target Request change mode ™ data
imaging chande l
’
Flight TM data
Iv.;"a%?rfg analysis
T
[
I
: State
I ate
Flight plan. | change
Correction Fmmm--  ARRERRROROR0 :
calculation l Onboard software 1 No
[ 1
Correction |
l A/B,C : Attitude control 1 *Y =
and stabilization
! : Planning
I module —
Legend: ificati
Battery Charge Sane e : Control of service :
1 - active state
forecast A—iar;i;‘;?nsg é;;Iin I systems and payload I
B —flight plan | 1
1 |

[ C - flight task




O6o00OLwWweHHana npoueaypa peweHusa 3agay Bobloopa
nporpamMmm nNpoakTUBHOrO yrnpaBrieHUA CTPYKTYpHOMU aAuHamukon MI

Ha nepeou ¢gha3e E»
ocyuwecmernsemcsi hopMmuposaHue
(2ceHepuposaHue) 0onycmumbiX
8apuUaHMmMo8 MHO20CMPYKMYPHbIX
MakpococmosiHui MI” KA unu, ro-
dpyzomy, ocyuiecmensemcs A
CMPYKMypPHO-bYHKUUOHaIbHbIU “
CUHmMe3 Hoeoao obriuka Mr,
coomeemcmeyru,e20
cknaodblearoujetics
(npo2Ho3upyemoul) obcmaHo8Kke
OpmoeoHarnbHoe rnpoeKkmuposaHue
uerneesozo MHoxxecmea Ha O/
r10380s715em r1of1y4uUMms MHOX€ECmeOo
dorycmumbix 8apuaHmos
MHO20CMPYKMYPHbLIX
MaKkpococmosiHuti MI™ (MHoxxecmeo
B. Napemo)

//, E e

/ AnnpokcumuposaHHoe O/
cucmembi JIM,
onuckI8arWUX yrpasisieMyo

cmpykmypHyrto OuHamuky CY
MOrIr

D(t,T,,%(T,))
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Ob6061eHHan npoueaypa pelweHns 3aaad Bobibopa
NPOrpamm NpPoaKkTUBHOIO YNpaBAeHUA CTPYKTYPHOMU AUHaMUKon MI

Ha emopolu ¢pa3se nposodumcsi 8bI6OP KOHKPEmMHO20 8apuaHma MHO20CMPYKMYypPHO20
makpococmosiHus MIT KA ¢ odHospemMeHHbIM CcUuHmMe3oMm (rnocmpoeHueM) adarnmueHbIX [1aHo8
(npozpamm) ripoakmueHo20 yripaesneHusi nepexooom Ml KA u3 mekyweao 8 mpebyemoe (8bibpaHHoe)
MakpococmosiHue. [lpu amom paccmampugaembie r7iaHbl  OO/MKHbI  obecrieqyusamb  makoe
3g8osiroyuoHHoe passumue MIT KA npu komopom Hapsidy € peanusauueu rpozspamMm repexoda U3
coomeemcmayrujux MakpococmosHUU rpedycmampusaemcss 00HOBPEMEHHO U peasiu3ayusi rnpospammv
ycmou4yugoeo rnpoakmueHo2o yrpaeneHus MIT KA 8 [poMexXymoyHblX MHO20CMPYKMYypPHbIX

MaKpOCOCMOSIHUSIX.

LleneBoe
MHoOXecTho

oA nam
Ne1




AnnpokcuMmaumna obnacrem AOCTUVXIKMMOCTU Ha OCHOBE rmbpunaHbIx
HenpoceTeBbiX Moaenemn (MNYAM, ktH gou. Ckobuos B.10.)

Cxema B3anmMoaeVicTBUA 0JI0KOB ruopuaHou moaeau (ARIMA/SARIMA + HNN)

4 N\ Moaenb ARIMA /
BxoAHOW BeKTOp > SARIMA
X(t) dn3nko-6anNMCTMUYECKNiA Kapkac:
JInHeliHo-nepuoanyeckne TpeHasbl
e ®asoBoe TexHonoruu MKB ( \
coctosiHue x(t) M opbuTanbHas UNKNUYHOCTb Bbixoa Mopaenm
e OCBeLEHHOCTb
Tenb -~ / 5 ‘I’t S AnNnpokcMMauns rpaHunLbl
crarkn e(t) = y(t) - 0671aCTV AOCTUXKUMOCTH
e TemnepaTypa Y_ARIMA
Lon x_bound(t) = y_ HNN(
( r'M6puaHas HC mopenb ) e(t), X(t) )
e Oyepeau 3agau pvAa A \ j
ynpasneHus 'KB -> (HNN)
e MexcnyTHMKOBas sexron x(0) ;((Ii;mn: Ocratku e(t) + BekTop
cBAsb « ApxuTekTypa: 1D-CNN + BIiLSTM

\ / \- MexaHu3m: ST-Attention )




AnnpokcuMmaumna obnacrem AOCTUXIKMMOCTU Ha OCHOBE rmbpunaHbIxX
HenpoceTeBbiX Moaenemn (MYAM, ktH gou. Ckobuos B.10.)

MeTom0/I0THA AEKOMIIO3UIINH Y POJIU MOAYJIEH

1. baiok ARIMA/SARIMA (®uzuueckuii 6asuc)

e MoaenuMpoBaHUue perynsipHoCTH
ANMpoKCUMUPYET XKECTKO AETEPMUHUPOBAHHbIE
BUTKOBbIE LMKJIbl, PaANOBUANMOCTb U (DOHOBYIO
ANHAMUKY Harpesa.

e NcknrouyeHue cHoca rpaHvy
dukcupyeT 6a3mncHbll kKapkac dhasoBoro obbema
BbIMNOSIHEHUS onepaunii KB, npegoTepallas

HaKoneHne apeida npu 40roCPOYHOM NPOrHO3eE.

e Pacuert octaTtkoB (Residuals)
dopmupyeT pag Heesasok e(t) = y(t) - y_ARIMA(t),
coaepXallunim CTOXacTUYECKME N HEJTMHENHbIE

apdeKThI.

2. HeitpocereBoii komnencarop HNN

e COBMEeCTHbIX BXO4 KOMIMOHEHTOB

Mogaua octaTkoB e(t) BMecTe C UCXOAHbIM BEKTOPOM
X(t) no3BoNSIET HEMPOCETM KOMMNEHCUPOBATb
HEIMHENHOCTN C YYETOM (PU3NUYECKOro KOHTEKCTA.

e 1D-CNN + BiLSTM kackap

1D-CNN wn3BnekaeT nokKasbHble BCMNIECKN Harpys3Kku;
BiLSTM aHanuanpyeT BpeMeHHY0 NpeabiCTOpUIO B
o0b6oux HanpaBneHusX.

e Spatial-Temporal Attention

doKyCcUpyeT BblYUCANTENDbHbIE pecypcCbl Ha
KPUOreHHbIX/TENIOBbIX NMUKaX, CBSA3aHHbIX C TKB un
MEXCMYTHUKOBbIX 3a4epXXKaxX.



AnnpokcuMmaumna obnacrem AOCTUXIKMMOCTU Ha OCHOBEe rmbpunaHbIx
HenpoceTeBbiX Moaenen (MYAM, ktH gou. Ckobuos B.10.)

CpaBHUTEJIbHBIN aHAJIHU3 IMMOAX0A0B U pe3yJIbTaThI

Kputepuit oueHKkH YncneHHble MeTOAbI Yucrbie HC (PINN, Mpepnaraembii rM6puAHBbIA
(DeepReach, Neural ODEs) meropn
CeTouYHbIE)

BopToBas BbluMCIMMOCTL  Hu3kaa (yacel pacyetoB  CpegHsas (BblcoKas Bbicokas (MMAIMCEKYHADI
Ha 3emne) €MKOCTb NnaMsaTmn) Ha USEC)

YCTONYMBOCTb rpaHny FapaHTUpoBaHHas CHOC Ha ANMHHBbIX MapaHTupoBaHHas
(BbICOKME 3aTpaThbl) rOpn3oHTax (dbukcaumsa ARIMA)

YyeT HefIMHEeNHbIX MMKOB  OrpaHnyeH ceTkom YOnoBneTBopUTENbHbIN Bbicokui (KOoMneHcaTop
ANCKpeTM3aunm HNN)

TOYHOCTb U NPOU3BOAUTESIBHOCTb

e KoadduumeHT getepmmnHaumnm R2 > 0.99 npu
annpokcumaummn $asosBbIX rpaHunL,

e YckopeHue pacyeTta B 103-104 pa3 no CpaBHEHMUIO C
METOLAOM CeTKMU

e [loNHOE coOoTBETCTBUE OorpaHmn4yeHunsam no
3HepronoTpebneHunto 60pToBbIX NHHOPMALNOHHO-
BblYMC/TUTENbHbIX PECYPCOB

MpakTnueckoe 3HaueHue

e ObecneuynBaeT TepMOANHAMNYECKYO 6€30MacHOCTb
NPOaKTUBHOIO ynpasneHus peweHneM 3agad KB
e ABTOMaTUYECKM y4uTbiBaeT orpaHnyeHms no cbpocy tenna B
KOCMMYECKOM BaKyyme
e /IHTerpupyeTtcs B NOrMKo-gnHammueckune moaenu (J14AM)
npoakTMBHOro ynpasneHus KB



Example of projections of intersecting
three-dimensional figures



4. Examples of Solving Applied
Problems of Proactive Control of
Space Computing Using an MSC
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Study of various technologies for controlling the target
application of an ERS multi-satellite constellation

The required level of efficiency of the target
application of an ERS multi-satellite orbital
constellation (OC) is achieved when its
control is regarded as “control of the system
as a whole rather than of a set of individual
SC”.

To this end, an agent-oriented approach is
proposed that implements the transition
from traditional centralized program-
command control to technologies of
decentralized coordinate-time self-organizing
control based on information interaction
between the space system objects.

It is assumed that the main tasks developed
in the special model-algorithmic support
(SMAS) prototype are transferred to the OCC
level.

Special model-
algorithmic support

SMAS prototype

O Secondary ballistics

O Autonomous imaging
planning

O Allocation and reallocation of
requests

L Data transmission routing

O Configuration and
reconfiguration of SC
onboard systems and
devices
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Structure of the developed software package

. SMAS prototype instances
: GS:1,...,10

WAO SC: 11, ..., 50
HRO SC: 51, ..., 86

IS

WS. Server

f

v

WS. Interface

Orbital parameters of the WAO and HRO -
SC constellation

Ground station coordinates
Contact plans

Backbone network s T =e s
Target imaging requests
Optional system parameters




Request execution:

arrival and allocation of

I requests (secondary
ballistics, autonomous
planning, allocation protocol)

imaging,
e (starting from the time of the
programmed slew maneuver)

delivery of imagery to
GS:

— * to specified GS

* toanyGS

| [ S —
2 || I
| == E——
4] I
| [
6 | [ =]
| I
8 | [=—] ===
I I
10 || I
| — |
12 | ]
| [ [
14 | o) 1
I L T
16 | )
| T
18 | [ =———
| L
20 | I
! ] ==
22 || T ) ]
| == =<1
24 | I
| I
26 || ———
| [ [==]
28 | —
| —
30 I
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I
il e e T Data transmission routes established at
JE) e | P e [ the current time
“ I'I ——-___ |
)l T T T
1 — I —
B T l
20 I I _—___ I
= | Il __:-_—
N II __—_ I - L - L
T——— Visualization of the main part of the
e ecoaoao ke oooo oo route in the backbone network
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1
I
I
1

i 2 j— all o . - - .
Nodes of the SC-GS communication links:

established

|j|—|5$h|j

 established at the current

| ;.— m‘r a
5 .

routes for ~ time
request data -~ . * number of routes using each
transmission link

B o ¥
LY
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==
—_—
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Scenario 2. Request reallocation

Imaging planning by reallocating
lower-priority requests

Example: .1 -
High-priority request 9 is assigned to sl o |
HRO SC 59 | 1 L
Lower-priority request 2 is reassigned | | -
to HRO SC 62

On OICC: o = mm
» WAO SC 11 N S 5
» HRO SC 59, 62 R G

L A



Problem of allocating control functions between the onboard
and ground control complexes of ERS SC
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Overall effect of the proposed method

Task solving in GCC No. 1 Task solving on board the SC Task solving in GCC No. 2

C——CD—> D D D

Synthesized technology
(0 C__)

Reduction in energy consumption
— by 21% on average

Reduction in execution time

. — by 6% on average

C7 ) , V. .¢77 More uniform resource utilization

— by 14% on average

Improvement of the generalized plan
guality indicator — by 26% on average

(2

G



Optimization of resource costs

Preference is given to reducing the plan execution time
Dispatching plan

Plan execution cost indicator: 3860 DiSpatCh i ng plan

Plan execution time: 54

—
—_

Power consumption during plan execution:
improved by ~7%
12 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 3. Plan exeCUtlon tlme |mproved by ~15%

Optimal plan

Plan execution cost indicator: 2430
Improvement: ~37%
Plan execution time: 46
Improvement: ~15%

Optimal plan

_-

1 2 3 45 6 7 8 910 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57
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Results of planning MSC mission control center operation

Relative value of the quality indicator, %
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Results of assessing the robustness of operation plans of the
SSC constellation control system

,ﬂ." HamH4yeckaa mogenb

BapuaHTn cTpykTyp
Mpropurer/Pecypoel/Cpoku

Tabnuua "mMuHUMaKc”

x]

Crpykrypa M2l | Crpykrypa M22 | Crpyktypa M3
1103 0z Ii_
2 B waeans 4211 411412 Crfal
3
CueHapui M1 | 40410 /A2 359
BapuanTe cueHapues
[ pOMEBOAMTENEHOCTE /BHMECTHMOCTE Cuenapwi ez | 3877 56 29,47
CueHapui M3 | 27/5 2174 18/5
JHcneTuepckoe pelweHqe gdbb::;‘:HaengHHbﬁl:np?aﬁﬁb;M a0
ﬁl"‘ FPacuér nokazarensi > (0 2UrD 2 UL M UHMMENEHEIR OfEEM ‘ Iﬁ‘ DT;gﬂLb
& YCTOMMMEDCTH [ Mpomzeecty pacugr ) [ Orena | MEpEaHHEN MHPOpialin | o
Tabnyua pesynsTaToB 3KCNEPUMEHTOE
Anropue pvd [ovn  [Aro o
MHTepEan 10 10 10 1 12 4
T OMHOCTE BEINONHEHIMA KPAEEEIX YCNOEMHA 5,25 595 5,25 5 104
T o4HOCTE 06pataTKKH NOTOKOE MHPOPHALLAH 378 497 2497 g
PaEHOMEPHOCTE SarpyteHHOCTH PECYPCOoE 0 i} i} 0 ]
T 04HOCTE COGMMAEHHA HPEKTHEHEIX CROKOE 286 285 298 2 5]
K.auecTED 0fpatioTkK NoToka 0 0 0 0
T oMHOCTE BEINOAHEHIMA KPAgELIK YoAoEMEA penaukal 7,7 1.2 9.1 9 44
CofnoggHue CpokoE NEpeaadi HHPOPrALHK 4,38 463 4,38 4 2]
DfWee YHCND NPEPEIBAHHEA ONEpaLKHA 10 11 10 9
060 EHHENN NOK.A34TENE KAYECTES 1E.3 184 15,6 1 0 T T T T T T T
¢ 5 0 5 10 15 20 25 30 35 40

ToYHOCTL BHYMCAEHHRA ’E' 1]

T

\V" i‘ﬂ_}f 'g JakpuTh

Operations are evenly
distributed over unified
resources
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Results of assessing the robustness of operation plans
of the SSC constellation control system

,qli HamHUyeCcHaa Mofenb
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SsC

SSC;

SSC;

SSCs

SSC,

SSCs

SSCse

SSC;
0

Visualization of the plan obtained with the static

model

Results of operational optimal planning of information processes during
interaction of a small spacecraft (SSC) constellation (SUAI, V.A. Ushakov, PhD)

Subinterval 1

Subinterval 2

Attainability set z(J,J,,)

Approximated attainability set with
respect to perturbations in the space of
quality indicators

— processing
— transmission
— storage

—loss
— no interaction

SsC

SSC.
SSC>
SSCs
SSC.
SSCs
Subinterval 3 interval SSCe
SSCr

Visualization of the plan obtained with the
dynamic model

10 1112 13 14 15 1617 18 19

— processing

— transmission

— no interaction

time
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Study of the impact of specialized small spacecraft (SSC) on the volume of information received
by end users

MB
300 Variant 1 (SSC specialized in
data processing):
250 ;=20 MB/s, ;= 10 MB/s,
for SSCj=1..7
200
Variant 2 (SSC specialized in
150 o
data transmission):
100 9, =10 MB/s, ¢, = 20 MB/ s,
for SSCj=1..7
50
Variant 3 (mixed case):
0
Data storage Information Data Dataloss  Information f@;f§g%%/é Y 33 MBI,
storage processing loss
W Variant1 mVariant2 m Variant3 Br-S9¢B = 30 NBG s,

Thus, the end user receives the maximum amount of information (processed data) with minimal losses when
specialized SSC are used in a mixed composition (Variant 3). Therefore, it is important to choose the optimal ratio
of multifunctional and specialized SSC to accomplish the target task.
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SCIENTIFIC AND TECHNICAL PROGRAM
OF THE UNION STATE o rUCVﬂAPCTBEHHbII?I KOCMUYECKWHA HAV"IHU-I'IPUVBBUD,CTBEHHHFI
“COMPLEX-SG” O E LIEHTP UMEHW M. B. XPYHUYEBA
Activity No. 4

Development of experimental (technology demonstration) models of a small spacecraft and
nanosatellites for testing key technologies of multi-satellite space systems for observation of the Earth’s

surface and near-Earth space

OBJECTIVES OF THE PROGRAM ACTIVITY

» development of technologies for creating micro- and nanosatellites as the basis for

multi-satellite orbital constellations;
> preparation of joint scientific space experiments relevant to Russia and Belarus aimed at

developing technologies of:
U inter-satellite interaction;
O improving the quality of Earth remote sensing systems;

U near-Earth space monitoring;
Q solar activity monitoring for space weather forecasting.

RESULTS OF THE ACTIVITY

Experimental (technology demonstration) spacecraft ready for launch and in-orbit
testing
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Conclusion

Analysis of current research on possible functioning variants of prospective MSC shows qualitative changes in the
control technologies of both individual SC and the MSC as a whole. These changes are based on a substantial transformation
and renewal of the composition, structures and potential capabilities of the hardware and software complexes that form the basis
of the onboard systems (OBS) of the SC within the MSC.

The analysis shows that solving these MSC control problems requires a well-grounded solution of a number of
fundamental and applied problems, including: problems of dynamic multi-criteria structural-functional synthesis and proactive
control of the target application of an ERS MSC, as well as of the OBS of an individual SC and of the system onboard resources
(SOR) of the MSC;

— problems of high dimensionality and non-linearity of the models describing the structure and functioning variants of
the elements and subsystems of ERS SC OBS, the ERS OC and the GCC;

— problems of constructively taking into account, in the models, the multi-criteria evaluation, analysis and forecasting of
reliability, survivability and disaster resilience indicators of ERS SC OBS (onboard equipment), MSC application efficiency
indicators, and the generation of recommendations (including control actions) ensuring guaranteed recovery of operability under
possible malfunctions, failures, emergencies and uncertainty factors associated with environmental impacts on individual SC,
the MSC and ground control complexes;

— problems of multi-criteria optimization of structure-dynamics control programs for SC, the MSC and the GCC on
multiple-model complexes;

— the problem of structural-functional synthesis of the multiple-model complex configuration;

— the problem of deep (integrative) harmonization of the methods, models and algorithms used in integrated modeling of
SC, the MSC and the GCC;

— the problem of parametric and structural adaptation of the multiple-model complex describing the functioning of SC,
the MSC and the GCC;

— the problem of verification and validation of the multiple-model complex;

— the problem of automating the integrated modeling of the functioning of SC, the MSC and the GCC. Solving all these
scientific problems requires developing the corresponding methodological, methodical and technological foundations of the
applied theory of proactive control of MSC structural dynamics.

The report presents the methodology and technologies of proactive control of space computing, including cloud, fog and
edge space computing.
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CWA: CLWIA 3aHumaiT 6e3ycnoBHOe nNMAOEPCTBO Kak B TEOPETUYECKOU
npopaboTke, Tak WU B HATYpPHO-I3KCNEPMMEHTaNbHOW peanu3auum KoHUemnuuu
Space Edge Computing 3a cuyer cuHeprum nporpamm DARPA, Space
Development Agency (SDA), NASA, USSF wn yactHoro cektopa (SpaceX,
Microsoft, Planet Labs, Amazon, Loft Orbital). Llupokoe npumeHeHne
KocMudecknx n pagmnauyuoHHo-ctonkmnx: Xilinx/AMD Versal Al Core Space-Grade
(XQRACAP), cuctem Ha ©6asze NVIDIA Jetson AGX Orin Industrial (B
TEPMOCTATUPOBaHHbLIX U 3alUULLEeHHbIX oTcekax Manbix KA), HenpoMOpdHbIX
yunoB Intel Loihi (okcnepmmeHTol AFRL no cBepxHM3ko noTpebnstowemy
pacrno3HaBaHuio), cneunannampoBaHHbix VPU.

MopgenbHo-anroputMmmyeckun 6asmc. coBMecTHoe nrnaHupoBaHme «CeHcop —
Boluncrnienmna — Kanan» - 3agayvya opmynupyeTcs Kak 3agada CMeLlaHHo-
LENIOYNCIIEHHOE HENWMHEWHOE MPOorpaMMMpoBaHUS C  MHOFOKpuUTepuanbHOU
onTuMmnsaumen no lapeto, AeueHTpann3oBaHHbIE anropuTMbl pacrnpeneneHus
3agad, ObyyeHnune ¢ nogkpenneHnem (MARL): INpumeneHne anropntmos MAPPO
(Multi-Agent Proximal Policy Optimization) 1 MADDPG (Multi-Agent Deep
Deterministic Policy Gradient) nong aganTuBHOMo ynpasneHUs  yrnamu
opueHTaumn KA ©n nepekoHurypaumm BbIMUCIIUTENBHbLIX oO4Yepeden npu
OOHapyXeHUM CTOXaCTUYECKUX SBMEHUN (Hanpumep, BHe3anHblM MPopbIB
obna4yHOCTN Hag paloOHOM NHTepeca, obHapyXeHue dakena crtapTa pakeThl).
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KHP: Crtpatermyeckass ctaBka Ha MacwTtad m kKonnabopaTMBHOE MalUMHHOE

obyyeHue. OpbutanbHas rpynnupoBka Tiansuan oTpabaTbiBaeT KoHUENuuto
«KOCMUNYECKOU nepugepumnHoun dabpuku 3HAHUNY . ccnenoBaHus
cocpenoToyveHbl Ha anroputmax Space-FEL (Federated Edge Learning): KA
arpervMpylotr onbIT pacno3dHaBaHUsl Ha3EMHbIX OOBLEKTOB B  pasfnydHbIX
MeTeoycrnoBusix, obmeHuBarTca Becamun rnybokmx Heupoceten no MCC wu
npoBoaAT Aooby4vyeHne moaeneun 6e3 cbpoca rmrabanTHbIX MacCMBOB UCXOOHbIX
n3obpakeHnn Ha HaseMHble komnsnekcbl. MoaenbHo-anropuTMuyecknin 6asuc:
TEOPETUKO-rpadooBble MOAENN AOUHAMUYECKUX CETEN. LMPOKO MNPUMEHHAETCS
annapat Time-Expanded Graphs (TEG) 1 nepuoanyecknx BpemMsi-BapuUaHTHbIX
rpacboB (Time-Varying Graphs, TVG), konnabopatuBHoe nepudepumnHoe
obyyeHne, HeupoMopHbie 60PTOBbLIE BbLIYUCIIEHUS: BHEOPEHUE CNanMKOBbIX
HenpoHHbIX ceTen (SNN) B anropuTmMmbl NPOAKTUBHOIO OOHapYXeHNSI U3MEHEHWUN
(Change Detection) Ha maTpuuax SAR 1 onTnyecknx ceHCopos.

Benukoo6putauma um EC: Ynop Ha BepndmumpyemMyro HageXHOCTb aBTOHOMHbIX
cucteMm M ctaHgaptusauuio. MccnepoBaHusa BegyTcA NPEMMYLLECTBEHHO Ha
nnatcopmax manbix KA ( -sat-1/2, OPSSAT). KniouyeBoe pgoctumxeHne —
co3gaHue ctpormx matemartuyeckux mopenen Contact Graph Routing (CGR),
YUNTBIBAIOLLMX CTOXACTUYECKYO NPUPoaY PaanosIMHUA U NPEPLIBUCTLIN XapaKTep
CBSI3HOCTU B YCIOBUSIX XECTKUX aHeprequeCKmx nedmuntoB nnaTgopMbl
CubeSat/SmallSat.
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Poccuinckaa ®egepauuns: dyHaameHTanbHble TeopeTudeckue wkonbl u (PULL NY

PAH, HUMCWUN PAH, UTTY PAH, NCWU PAH, POALl -BHUN 30, CI16 oLl PAH, MTY,
crory, raTu, NryAri, BoenMex, MAU, MBTY, BKA um. A.®. Moxaickoro, CI1oTY,
TI'TY, BINK) 3aHMmaeT nugmnpyowme nosnumm B Mmpe no oopmanusaumm n peLueHum
npobnem AMHaAMNYEeCKOro MHOrOKPUTEPUAribHOro CTPYKTYPHO-(OYHKLUNOHANbHOIo
CUHTE3a U ynpaBneHnst pasBnTUS CROXHbIMU TEXHNYECKUMWU CUCTEMAMMN.
OTeyecTBEHHbIE MOAENU NONM3APanbHOW ONTUMU3aUMN U JUHAMUYECKUX rpadooB
NPEeBOCXOAAT MHOrne 3apybexHble aHanoru no rnybuHe yyeta CUCTEMHbIX CBA3EN.
OpgHako nepexoq OT TEOPETUYECKNX MOAENEN K PM3nyeckon peannsaumm Ha opoute
coepxxueaemcs crieyuukol KOMIoOHeHMHouU b6asbl.

OTBETOM Ha 3TO OrpaHUYEeHne cTasno pasBUTME HaNpaBreHNS /1Ie2KOBECHDIX,
KeaszuaHanumu4ecKux rnpoeKUuUOHHO-0NepamopHbIX arn2opummos U UEes10HUCIEHHbIX
38pucmuk, crnocobHbix pabomambs Ha 8bI4UCIUMENISX YMEPEHHOU
npousgodumenbHocmu. PedepasibHbIU npoekm «Cghepay: CUCTEMHbLIN NPOEKT
passepTbiBaHna MIT MKA. 3aaBneHbl TpeboBaHua no nHterpauum KA c
HaLUMOHanNbHOW CUCTEMOMN peTpaHCnauun «Jlyuy.

bropo 1440. Hanbornee anHamMmn4HO pasBuBaroLLadca YacTHada nHmuymatuea B PO. B
pamkax mmccum «PacceeT-1» n «PacceeT-2» B 2023—2024 rr. ocyulecTsrieHa nepsas
B uctopun PP ycnewHasa nepegada gaHHbIX N0 OTEYECTBEHHbLIM MEXCNYTHUKOBbLIM
nasepHbiM KaHanam cea3n (OISL) Ha AucTaHUMAX COTHU KUITOMETPOB, a Takxke
TecTnpoBaHne aboHeHTckon cBa3n 5G NTN. 310 bopmupyeT pusndeckyro
MHGPACTPYKTYPY 4N nocneaywero passepTbiBaHUSA pacnpenesieHHoro
opbutanbHOro obnaka.
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