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Abstract

= We present hybrid analytical-simulation, logical-dynamic and neuro-symbolic models, methods and algorithms for proactive
planning and scheduling of distributed measurement and computing operations (MCO) of a multi-satellite constellation (MSC)
of heterogeneous small Earth remote sensing satellites.

= The onboard hardware and software of each satellite are assumed to acquire, store, process and transmit information to other
satellites and to its consumers.

= Our earlier approach to synthesising technologies and programs for controlling information processes in the Industrial Internet
of Things is transformed to organise distributed space measurements and computations.

= The results rest on dynamic decomposition of the integrated MCO planning problem and on dynamic constraints: only the
currently relevant operations are considered at each step.

= Neuro-symbolic models provide multi-variant and prompt forecasts of plan execution; plans and schedules are generated by
logical-dynamic analytical-simulation models and algorithms.
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1. Introduction
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Introduction: space computing

= Research on space computing has moved from theoretical results to the first
on-orbit implementations [1].

= A three-tier edge-fog-cloud architecture is the most promising for MSCs of
heterogeneous satellites with high-performance onboard computers and inter-
satellite links, including laser links.

= This makes it possible to build network structures in space, e.g. clusters of §?“
large, medium and small satellites [2]. |

= The space-based Industrial Internet of Things (Space-based I10T), built on
artificial intelligence, combines Il1oT with proactive MSC control and space
computing (SC).

)
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Inter-satellite information exchange in an MSC

V. Zakharov, A. Baranov, B. Sokolov - SPC RAS - 2026



Y

cl) St. Petersburg Federal Research Center of the Russian Academy of Sciences El {0

Introduction: space computing and the research problem

Space computing: processing, storage, transmission of data and AI computations move to the orbits of the MSC

reduces the load on ground enables ultra-fast analysis of relieves congestion of the provides natural cooling of
data centres satellite data global internet distributed computing capacity

A pressing problem is to develop the scientific foundations of one of the central subsystems of the space-based I10T: special
model-based and algorithmic support for proactive control of measurement and computing operations (MCQO) in an MSC
under a changing external disturbing environment.

\_ J

Sources of data and information for MCQO: service objects (SO)

ground airborne water space, including the MSC satellites themselves
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2. State of the Art
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State of the Art: common limitations

Almost none of the reviewed works treats holistically the general statement and solution of structural-functional
synthesis of technologies and programs for proactive control of information and computing processes in dynamic MSC
structures.

Common limitations [9]:

= orbital structural dynamics is not considered in proactive (anticipatory) MCO planning and control;
= Insufficient attention to disturbing factors: space environment factors, information security;
= Insufficient attention to energy consumption when executing control programs;

= N0 standardisation of interaction between constellations in different orbits.

The paper uses proactive MCO control in an MSC to 1llustrate the main 1deas of organising space computing on the basis
of space-based I1oT
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3. Materials and Methods
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3.1. Methodology: the main resource allocation problem

Industrial internet methodology [11, 12]: information-control and infocommunication processes based on integrated cloud, edge
and fog computing.

4 ) 4 )
Proactive control programs for MCO and 1CO Allocation of functions and algorithms
can be determined only after the structures of «—up| to MCO and ICO elements and subsystems depends on the
technologies, functions and algorithms of information structure and parameters of the plans and laws controlling
processing and control in the space-based I1oT are known these elements and subsystems

- J - J

Determining control programs and allocating functions are interdependent [1-5, 10-12].
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Level 1: logical-dynamic models of proactive planning
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I Analytical-simulation logical-dynamic models of proactive
5 ; :
o omd nald planning [13-15]
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3.2. Poly-model description: problem statement

Proactive planning of observation satellite operation for MCO (a subset of interaction operations, 10):

= find an admissible proactive control program for MCO and satellites (a proactive, anticipatory operating plan),
= Whose execution completes all operations of the technological control cycles (TCC) of the MSC fully and on time,

= While the quality of estimating the state of service objects meets the specified requirements.

If there are several admissible programs, the best (optimal) program (plan) is chosen according to the accepted
criteria and optimality indices [13].
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3.2.1. Dynamic model of program control of MCO

={u@) 1 i} zgy(z) u)s xi (1) =0,

1 2
y tn=a;, Z Euf;fj)_ Ta > Zuf;f})_ e, f;f})(f)E{O I},

ro = © ”
1 (0) © _ () o) _ (0
z}z Z(ao 0)+ H( zﬁ)

a€l’y ﬁerw

L,j=1,...m; i#j,y=1,...,5;}

» X;,(©): execution state of IO D, (measurement, infocommunication or computing); a;, (), a;;(°), a;3®): specified operation volumes

« u;,,(t) = 1 if operation D, is executed, 0 otherwise; I';, 1, I';,»: preceding operations linked by logical AND, OR

171>
« ¢, ¢/©2): technical constraints of satellite hardware-software complexes; €;(t) = 1 if B; is in the interaction zone of B;, 0 otherwise

The matrix indicator function g;(t) defines scenarios of structural dynamics of the MSC.
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Dynamic model of proactive accuracy planning

Kalman-Bucy filter model [17]
={u®9)| X(g) l(l‘)X(g), yjl)(l‘) dT(l‘)X(g)+§(e)

o) jd!
- ZF,-F'Z,~ 3 Y uss) - e ©
—lyEF

= X.(8): state vector of service object B; F.(t): dynamics matrix of measured parameters; é(e) uncorrelated Gaussian measurement errors
with zero mean and variance c;°

= U(9(t): intensity of measuring parameters y;()(t) of a service object by satellite B;; di(t): measurement equation vector of satellite B;

I
= Z;: inverse of the correlation matrix K;(t) of state estimation errors of service object B,

Through constraints on u.; J(e) measurements are tied directly to satellite MCO: MCO and measurements are planned from a

¥
single system standpoint.

V. Zakharov, A. Baranov, B. Sokolov - SPC RAS - 2026



St. Petersburg Federal Research Center of the Russian Academy of Sciences E ;

[=].
JO=LY S ([0l - (0><rf>]2+ 2 [y @uig @ dr), i#] (7)
i=ly=1
79 =bTKi(tp) b,
2 y 1) y>
o) w % e o (8)
=3 Y ¥ [lug@dr, j#i,
i=1j=15ep® 0

= M;,(7): known monotonic functions of time chosen according to the start (end) deadlines of IO between service objects and the MSC
« index (7): completeness of meeting the boundary conditions and the total penalty for missed deadlines
= accuracy index of the x-th component of x;®; b”, = [|00...1...00||" selects element y of the correlation matrix K;(t)

= objective function of the total resource cost of the cyber-physical system for operations D?(i) that measure the state of service objects
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3.2.2. Model of executing the measurement plan
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Variational interpretation of the least squares method proposed by Prof. V. 1. Mironov [17]

(9) y(rq):‘/_f[f(tq)]*‘gq, g=1,...,.N
N
(10) 1= Z pq()_}(tq), l/_f[.f(lq)], c_rq), Pqg= lnfq(y(tq) — l/_/[.f(lq)], d’q)
qg=1

(1) A+ 10=2010-Fn-2#[1

(12) ,_f(g)[t;r] :,_f(g)[tq—] +C_f)jT°Ki[l‘] . [y}i) _EJ)JT.XI,@) [[q]]

(13)  A0]1=A[T]=0

(14) Xo=arg n%gnl(xo)

model of actual observations

maximum likelihood functional

adjoint system of equations
jump condition at time t, of the current measurement
boundary conditions of the adjoint system

estimation rule for the initial state of a service object

y(t,): vector of actual (or simulated) measurements; y: model measurement function; o,: measurement error vector; N: number of measurements.

Relations (11)-(13) follow from the variational interpretation and L. S. Pontryagin's maximum principle.
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3.2.3. Inter-model coordination of measurement planning and execution

AK;[1] =K - K? " an Si[f]1=b/ AK;[1]b; (13)

ui "+ 11=TI[0, ¢ i [A] (uyy P[]+ ki T AK[£]D;) - (19)

« KPI[t], Z.P[t]: planned error matrix and information matrix (model (6)); K.'*¥[t]: actual error matrix (model (12)); Z."*2[t]: actual
information matrix

= AK|[t] characterises the mismatch between actual and planned accuracy and is used for feedback controls
= 0,[t] > 0: the actual error exceeds the planned one, the MCO plan should be reinforced with additional measurements [17, 18]

= the projection operator I keeps the constraints of model (6); b,! AK,[t]b; selects the controlled error component
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Model-based and algorithmic support and the computational procedure

Z.®)
| | ti del (9)-(14), V.
Plan of measurement and Logical-dynamic models of g Al e?(ecu 1OH mo. e. (9)-(14)
) i I. Mironov's variational least
computing operations program control of MCO (5)-(8)
K (reab squares
Kipl[t] l Tu(e),new[t+1]| K real[t]
( )

Coordination model (15)-(19)
AK[t] = K®[t] - KP[t]; &;[t] = b;TAK;[t]b;; correction of measurement intensity (19)

At each horizon step: synthesis of the plan and measurement intensities — execution and assessment — compensation
of AK,[t] by plan correction or transition to the next step.
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4. Results
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4.1. Initial data
’ o—@-o " Service objects bridge A, bridge B, bridge C
MSC 12 observation satellites in one plane
g ) Orbit circular, low altitude, 400 km
cluster 4 { } cluster 2 Clusters 4; one leader and two followers [18]
~\ h Modes scheduled, reactive and proactive
Horizon / step 7 days / 1 hour
cluster 3 Goal: to demonstrate the effect of proactivity on quality indices.
® lcader satellite o follower satellite Analytical-simulation model; the numerical values are for demonstration and are to
_ be replaced by real telemetry data.
M object A ground centre
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4.1. Initial data: observed objects

E—COMPrEeSSion

Arch

I H
[—tension tension

— COMPression

— COMPression

BEAM CONTINUOUS

Superstructure type beam continuous arch

Natural frequencies of modes 1/2 /3, Hz 3.0/55/9.0 2.2/4.0/6.8 3.5/6.0/10.0

damage develops from day 2: the mode 1 frequency

drops by 0.066 Hz (3.0%) Intact

State over 7 days Intact

TCC (technological control cycle) for each  every 8 h: measurement 2 h in a satellite interaction window — onboard processing 1 h; deadline: start of the next
bridge cycle

Required frequency estimation accuracy +0.008-0.014 Hz (two single-measurement errors)

On days 4-5 one satellite cluster is re-tasked: interaction windows become shorter and shared by the three bridges. All strategies have the same resource: one measurement operation
and one processing operation per hour. Measurement errors are calibrated on the KW51 field dataset; 30 noise realisations.
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4.2. Results: TCC operations and estimation accuracy

TCC cycles (of 61): on time / late / not scheduled
cycles (of 61): on time / late /o 49/4/8 55/6/0 61/0/0
completed - index (7)

reactive
Measurement operations: performed (failed) - ,
resource cost (8) 114 (8) 122 (0) 122 (0) proactive 100
Time with required estimation accuracy, %:
bridges A and C - index (8) 100 100 100 bridge B: time with required

estimation accuracy, %

Time with required estimation accuracy, %: - . - scheduled 62

bridge B after damage onset

reactive

With the same resource, only the proactive strategy completes all TCC cycles on time and keeps the required .
estimation accuracy for the damaged bridge longest. Mean over 30 realisations. proactive
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4.2. Results: allocation of TCC operations by strategy

B mecasurement (satellite interaction window) TCC cycle completed late ® TCC cycle not completed

satellite cluster re-tasked: windows shortened and shared by the bridges

scheduled: bridge Al 01 IR B0 K0 101 10 M 11 WM 11 00l 11 nm 111
iceeB W 01 01 0 11 01 B 01 101 B 0 1 =@ 1 1 x@ 41 11 0 11
wiigec Q1R 11 IIR 10 1R 11 1 = 1x=x0id = 1x11l4d 11 111

eactive:bridgeAfll - IR B 11D B 1R B B B R BB B 11D B 1§
wiie3 I 0 11 B B 1 A B 11 B B B B B B BB 11 0N
bridge C i@ 11 143 1 i i1t iimniit iaail 1a

ponctive:bridec Al Bl 00 1L W 1 B0 I 10 011 I 00 11K 10K 1B
viceeB I M BRI 11D 11T B B B R B B R BlilL oo 1l1l
bridge C N pRin 11 i B B R R R R RO 101N

0 1 2 3 4 5 6 7
time, days

= scheduled: the timetable is fixed in advance and not rebuilt - when the cluster is re-tasked, measurements fall into closed windows and cycles are lost;
= reactive: serves the bridge with the largest error without regard to deadlines - some cycles are late;
= proactive: plan based on the forecast of windows and deadlines, coordinated with the actual accuracy (15)-(19) - all cycles are on time.
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4.2. Overall results

= The proactive approach needs slightly more enhanced observations than the reactive one: about two to four extra sessions per
week with a free measurement budget.

= Periods when the required accuracy 1s not reached and the false alarm rate are substantially reduced; with a fixed budget the
same effect comes from redistribution.

= The ranking of strategies holds at every load level, for every source and for every period of real recording.

= The assessment refers to the analytical-simulation logical-dynamic level of the complex for one constellation configuration;

the neuro-symbolic and multi-agent components were used only 1n the proactive strategy, and their separate assessment 1s
ongoing work.
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[=].
Discussion
4 )
Main idea: a dynamic interpretation of space computing control problems as problems of multi-criteria, poly-
model, multi-level and multi-stage flexible situational allocation of information-control and infocommunication
system and individual resources of the MSC.
N\ J

= Variants of the space Internet of Things are being created by different countries (USA, China, etc.) and resemble the

terrestrial Industrial Internet of Things.

= Earlier results 1in systems cybernetics [12-15] are applied to proactive monitoring and control of space-based IloT with a

three-tier edge-fog-cloud architecture.

V. Zakharov, A. Baranov, B. Sokolov - SPC RAS - 2026



Y

cl) St. Petersburg Federal Research Center of the Russian Academy of Sciences El {0

Conclusion

= The approach to synthesising technologies and programs for controlling
Information processes in the Industrial Internet of Things is transformed to

Rational (optimal) MSC planning:

distributed space measurements and computations. = increases the throughput of the MSC as a
whole;

= The dynamic interpretation of MCO of the MSC control cycles substantially

reduces the dimensionality of planning problems and the connectivity of the = reduces resource costs of MCO and delays

algorithm; the dimensionality is set by the number of independent paths in the in control loops;

generalised network schedule and by current constraints. « lowers the risk of peak information loads

= The control technology of MSC elements and subsystems is explicitly linked to under sudden changes of the MSC structure.

the results of instrument complexes and to the characteristics of the MSC hardware-
software complexes.

Outlook: substantiated requirements for MSC hardware-software complexes, e.g. for the parameters of the navigation field. Practical implementations:
http://litsam.ru
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