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Abstract

Objectives. One of the critical tasks of space monitoring is the planning of observations due to the quality and
amount of information obtained depending on how well the observation plan is developed. However, the selection
of a method for planning spacecraft observations is hampered by a lack of unified criteria for comparing different
planning algorithms. Therefore, the work sets out to develop planning quality criteria on the basis of physical
observation principles based on radar, radiotechnical, and optical monitoring approaches in order to analytically
determine their main parameters and check these parameters numerically.

Methods. The proposed quality criteria are deterministic, limited in energy by signal strength and observation time.
The limiting values of the quality criteria for fixed observation time are analytically determined. In order to obtain the
values of the quality criteria for four scheduling algorithms, a computational experiment is carried out.

Results. The proposed “weight—-observation time” quality criterion is used to compare different observation
planning algorithms that take into account spacecraft priority and total observation time. In order to account
for the structure of the total observation time, the “weight—observation structure” criterion is introduced. It is
analytically confirmed that the limited criteria values differ for different scheduling methods. The conducted
numerical experiment is used to confirm the nature of the change of criteria for different planning methods and
parameters included in the criteria.

Conclusions. The proposed observation planning quality criteria, which are based on the physical observation
principles by radiotechnical and optical means, are used to numerically compare the results of spacecraft
observation planning to take into account the priority of observation, as well as observation time and structure
(how many and how long are the intervals into which the total observation time is divided). The possibility of using
the proposed “weight-observation time” and “weight-observation structure” criteria to compare different
planning algorithms is confirmed by computational experiment. Therefore, it is reasonable to use the proposed
criteria for optimization of scheduling algorithms or their numerical comparison for different satellite observation
conditions.
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Pe3siome

Llenn. OnHa 13 BaxHenwmnx 3aaa4y MOHUTOPUHIA KOCMUYECKOro NPOCTPaHCTBa — 9TO NiaHMpoBaHue HabnaeHnn
3a KocMuyeckumm annapatamu. OT TOro, HaCKOJIbKO XOPOLLO COCTaBJIeH MjaH HabnioaeHuin, 3aBUCAT Ka4ecTBO
1 06bemM nonyyaemori nHdopmauuun. B HacTosiLee BPeMS CyLLLECTBYET MHOXECTBO pas/iMyHbiX MeTOA0B MiaHu-
poBaHUs HabNIOAEHUIN 3a KOCMUYECKUMK annapaTtamMn, 0HaKko eauHble KPUTEPUM, KOTOPbIE NO3BONSAIOT CPaBHUTb
pasnMyHble anropuTMbl NMIAHNPOBAHNUS, OTCYTCTBYIOT. Llenb paboTbl — HA OCHOBE PU3NYECKUX NPUHLMNOB HabI0-
OEeHUS PaANONOKALMOHHBIMA, PAANOTEXHUYECKMMN U ONTUYECKUMM CPeacTBaMM MOHUTOPUHIa paspaboTaTb Kpu-
Tepumn Ka4ecTsa NiaaHMPoOBaHUS, ONpPeaennTb X OCHOBHbIE NapaMeTpbl aHANIMTUYECKM U NPOBEPUTb YNCNEHHO.
MeToabl. MpeanoxeHHble KPUTEPUN KayecTBa — AeTEPMUHUPOBAHHbLIE, OrPaHUYEHHbIe MO SHEePrn MOLLHOCTbIO
curHana n BpeMeHeM HabntaeHns. AHaNnUTUYeCcKkn onpeaeneHbl NpeaesbHble 3Ha4YeHUS KpUTEePMEB KavyecTBa ans
PUKCMPOBAHHOIO BpeMEHU HabntoaeHns. B BbIMUCANTENBHOM 9KCNepuMeHTe a5 4 anropuTtMOB MiaHMPOBaHUS No-
Jly4eHbl 3Ha4YEHMS KPpUTEPMEB KayecTBa.

Pe3ynbTaTthl. N5 CpaBHEHUS PasfiNyHbIX arOPUTMOB MaHMPOBaHUS HaBMIOEHUN, YYNTbIBAIOLLMX MPUOPUTET
KOCMMYEecKOoro annapara n obuiee BpeMeHn ero HabnoaeHns, NpeasyioxXeH KPUTepuii kKayecTsa «BeC — BPEMS Ha-
onopeHns». [Ina yyeTta CTPYKTypbl 00LEero BpeMeHn HabntoaeHns BBEAEH KPUTEPUIA «BEC — CTPYKTypa Habnoae-
HUS». AHANIMTUYECKU NOKa3aHO, YTO 3HAYEHUSI KPUTEPUEB OrPaHUYeHbl, a TakKe pasinyatoTcs A pas3HbiX METO40B
NaaHMPOBaHUS. BbINONHEH YNCNEHHbI 3KCNEPUMEHT, KOTOPbLIN NOATBEPANN XapaKTep UBMEHEHUs KpUTepues ans
pPasnnYHbIX METOA0B NAHNPOBAHUS U MapaMeTPOB, BXOAALLMX B KOUTEPUN.

BbiBoAbl. [peanoxeHHble KpUTepUn Ka4ecTBa NnaHnpoBaHnsa HabNoaeHW 0CHOBaHbl HA GU3NYECKUX MPUHLIMNAX
HabnOeHMS PAANOTEXHNYECKVMMW U ONTUHECKUMIN CPeaCcTBaMM U MO3BONISIIOT YACIEHHO CPaBHUTL pe3ysbTaTthl nia-
HMPOBaHWSA HABNIAEHNI 32 KOCMUYECKMMU annapaTtamu ¢ yHeToM NPUoOpPUTETHOCTU HabNoaeHWs, BpeMeHM Habto-
[EHVS 1N ero CTPYKTYpbl. BbliMcnnTenbHbii 3KCNepUMEHT NOATBEPANST BO3MOXHOCTb NPUMEHEHUS NpeaioXeHHbIX
KpUTEPUEB «BEC — BPEMS HAONIOAEHNS» U «BEC — CTPYKTYpa HabnioaeHNs» ANl CPaBHEHUS Pa3/INYHbIX afifOPUTMOB
nnaHMpoBaHus. MpeanoxeHHble KPUTEPUM LenecoodbpasHo MCNOoNb30BaTh A/1S ONTUMN3aLUM anroPUTMOB NaHn-
POBAHUS UM UX YNCIIEHHOMO CPaBHEHUS OJ151 Pa3/IMYHbIX YCI0BUIA HabNoAEHMS 32 KOCMUYECKMMM annapaTtamu.

KnioueBble cnoBa: nnaHnpoBaHue HabnioaeHUA, KPUTEPUIA Ka4eCTBa, KOCMUYECKMIA annapaTt, MOHUTOPUHI KOCMU-

4yeckux annapaTtoB, KOHGNNKTHOe HaboaeHne
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Mpo3payHocTb hUHAHCOBOM AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B MPEACTaB/IEH-

HbIX MaTepuanax nam MetToaax.

ABTOpPbI 3a9BASIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

At present, a significant increase in the number
of spacecraft (SC) and quantity of space debris is
accompanied by a relatively slow growth in the
quantity and quality of optical, radar and radiotechnical
systems of monitoring near-Earth space! [1]. Under
these conditions, the task of planning observations
by monitoring means acquires special importance.
The relevance of this problem is confirmed by the
works [2-8], in which the authors propose various
algorithms for planning observations, including those of
astronomical objects [9, 10].

In orderto evaluate the effectiveness of the scheduling
algorithm, the influence of each factor (weather
conditions, particle dispersion level, etc.) on the final
result is distributed in a percentage based on the influence
of each factor on the quality of the problem solution [2].
In this work, each parameter is evaluated in the range
from 1 to 10 points, then the value of the parameter is
multiplied by its corresponding importance percentage,
and all weighted scores are summarized.

In [3], maps of SC detection efficiency are
constructed for observation planning purposes using
the resulting efficiency factor, which is calculated as
the product of criteria (extinction coefficient, angular
velocity, etc.) together with its weighting factor.

The use of a covariance matrix trace for describing
the average change in the contribution to the
measurements when selecting the SC to be monitored
is set out in [4]. Such a trace can be related to the
informativity parameters, for example, the change of
differential entropy.

In [5], the effectiveness of “greedy” optimization
methods that do not require significant computational
and mathematical resources is analyzed. As a criterion,
a cost function is used based on potential observations
and how well the observations fit the objective, while
numerical and analytical formulas for calculating “fit”
are not given.

In [6], optimization is performed on the object
observation time, taking into account the observation
switching time from the previous object. Although the
described global optimization approach can be used to

1 https://www.space-track.org/. Accessed January 20, 2025.

maximize the total SC observation time, the authors do
not take priority of SC observation into account.

The authors of [7] describe the use of average
satellite observation time minus the deviation of the
observation time of each satellite with respect to
the mean value multiplied by the Lagrange factor to
obtain an observation criterion. This criterion takes the
maximum value when all satellites are observed for the
same time.

Thus, despite the availability of a large number of
methods, algorithms, and scheduling software, there are
no generally accepted quality criteria that allow us to
compare these methods. Consequently, the development
of physically based criteria becomes an urgent task.

1. PLANNING TASK STATEMENT

When planning SC observations, one of the main
problems concerns how to resolve conflicts when the
number (bandwidth) of observation channels is less
than the number of simultaneously visible SC, i.e.,
the need to choose which SC should be observed [11].
SC visibility is understood as the possibility of its
observation in space (geometric visibility), in energy
parameters (radar and radiotechnical visibility) and in
the frequency domain (for radiotechnical systems, the
frequency of the SC signal must be within the range of
operating frequencies).

If there were no conflicts, the task of forming an
observation plan would be reduced to sequential tracking
of visible SCs and, if necessary to save the resource of
observation facilities, stopping observations when the
required amount of information has been obtained.

In realistic observing conditions involving a lack of
observational means, conflicts frequently arise in terms
of the simultaneous visibility of multiple satellites, for
each of which a decision must be made as to which of
the SCs to observe. Different conflict resolution methods
lead to the formation of different observation plans.

The initial data for planning are: the matrix of
SC visibility, SC priority and time sufficient for obtaining
information of the required quality. For the convenience
of planning, the time is assumed to be discrete.

In the visibility matrix V(i, ), the row i corresponds
to the SC number, while column ¢ corresponds to the
time, and each cell ¥, , shows the visibility of the SC
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by the monitoring tool. In the simplest case, the values
in the matrix take the values 0 and 1 (visibility based
on geometric relations). In a more complex variant, the
cells contain a value related to the quality of observation,
for example, the signal-to-noise ratio by power or the
probability of SC observation. The sum of the rows
within a column indicates how many SCs are visible (can
be observed) at the same time.

The vector of priority (weights) of the SC for each
SC defines a weight w; representing a positive integer
that indicates the importance of the SC observation (the
larger the value, the higher the priority and value of the
observation of this SC).

The vector of sufficient (continuous) observation
time for each ith SC determines the (continuous) time
interval 7, sufficient to obtain the required amount
of information/quality of parameter estimates. The
requirement of interval continuity is based on the
principles for estimating parameters constantly
over the observation interval. If this requirement is
optional, T, ., can be the full observation time. In
cases when the signal-to-noise power ratio is used
in the observation matrix, 7, defines the power
signal-to-noise ratio on which the quality of estimates
depends [12].

The result of planning is the observation
matrix O (i, 7), the dimensionality of which coincides
with the dimensionality of the visibility matrix. For
each ith row (SC number) at time 7 in the cell Oi, ,can
be the value 1 (ith SC at this time will be observed
by the monitoring instrument) or 0 (SC will not be
observed). At one moment of time ¢ (column of the
matrix), the number of SC being monitored shall be
equal to the number of channels of the monitoring
instrument.

An example showing the type of input data for
planning and the result of planning is shown in Fig. 1.

SC No.

i=1 ?
2
i TR w=[3]
\ o]
ha \ 2 ]

t=1 \ t Toan

time

i [efofefefof - Jrf1]
AN J
Y

24V = Tiisi

2. NUMERICAL OBSERVATION RATES

Numerical parameters used to calculate the quality
criterion and analyze the observation and visibility
matrices are described as follows:
t=1..T plan’ T plan is the planning interval (time
interval for which the observation plan is prepared,
usually a day).

i=1..1, is the number of visible SCs in the
planning interval T plan’

T, ; 1s the visibility time of the ith SC is the sum
of its free (conflict-free) T, 4. ; and conflict T
visibility time Tvis i Tvis.free i * Tvis.confi - Zt= L. TVi, r
The visibility time shows the potential observation
capability of the SC.

I < I,y 18 the number of observed SCs in the
planning interval T’ plan”

T, ; 18 the observation time for the ith SC is the
sum of the conflict-free 7, .. ; and conflict T oo
observation time. These values show the realization of
a particular observation plan, with 7, .. < T ..

w; is the priority (weight) of the SC, which
indicates the value (contribution) of its observation.
The priority is set by an integer number lying in a given
range {we N[ 1<w,<w__ 1}, the larger it is, the higher
the priority of the SC (in most real-world tasks, it is
sufficient to set w; values from 1 to 5; this range is used
in numerical calculations in this study).

T, ; is the sufficient (continuous) time of
SC observation. It is determined for each satellite
depending on the observation task (signal detection,
estimation of signal parameters, estimation
of parameters of the transmitted information
flow, etc.), known, predicted or calculated statistical
characteristics of the observation (signal-to-
noise ratio, probability of satellite observation).

Observation of the SC during the (continuous) time

is.conf i

SC No.
[10] i=1[1 1 1
5
Tw=[11] i [1] ¢ Jodly 1
B \
(3] foa |0 | |o 1
t=1 t Toan
time
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2405, ¢= Topsi

Fig. 1. Type of basic matrices and vectors when planning observations
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interval T ., provides with the required probability
the necessary quality of its parameter estimation.
Observation for a shorter time interval does not
provide the required quality. Observation for a longer
interval is excessive.

T ;¢ 1s the total (sum) time of visibility (at least one

ofi=1...1, SCs can be observed), determined by the
visibility matrix V(i, ?):

Tvis.s: Z Tvis.st: Z sign

t=1..T t=1..T

> V|
"'Imax

i=1

N, is the number of simultaneously visible SCs at the
moment of time #:

N, = (2)
i=l1

2 Tl
el

T

obs.s
i=1..1 ..

matrix O(i, ?):

is the total observation time (at least one of
SCs), is determined by the observation

Tobs.s =

Z Tobs.st: Z Signl:ZOi,t:l' 3)

t=1..T t=1..T

Visibility matrix

r T T T
o) ]
B Free visibility time
o O Conflict visibility time
0
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5 10 15
SC observation time, s

20

Number of satellite

While the free and conflict observation time can
be integrally determined by analyzing the visibility
matrix V(i, f), the calculation of the redistribution of
this time between the satellites is based on an analysis
of the corresponding observation matrix O(Z, f) for
this planning method. As an example, Fig. 2 shows the
result of scheduling observations by a single-channel
SC constellation tool in the presence of free and conflict
observations.

The observation matrix depicted in Fig. 2 confirms
the conservation of free observation time for all SC. The
free observation time is preserved unless the resource
limitation of the observation time 7, = < T,
t=1..T plan is used to extend the lifetime of the
monitoring instruments or to use part of the time for other
purposes, e.g., to analyze the environment (interference
emissions are evaluated using radiotechnical and radar
instruments, while astroclimatic factors are examined
by means of optical monitoring instruments). In the
absence of such restrictions, one of the methods for
checking the correctness of the planning algorithm
Ticiee i = Topsfree ; 18 Preserving the time of free
(conflict-free) observation.

Conflict observation time is distributed among the
SCsaccording to the planning method used (including the
simplest method involving termination of observations
in case of conflict). In the example considered in Fig. 2,
the priority is given to the SCs at the beginning

Observation matrix

M Free observation time
O Conflict observation time

15

5 10
SC observation time, s

20

Fig. 2. Example of the visibility matrix (left) and observation plan (right)
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of the list (all possible conflict observation time is used),
while for the rest the time is redistributed.

Total observation time in the absence of resource
constraint should coincide with the total visibility
time 7. . =T which should be used to verify the

vis.s obs.s? . .
correctness of the scheduling algorithm.

3. QUALITY CRITERIA FOR OBSERVATIONS

To compare different planning methods, it is
necessary to introduce a numerical indicator based on
numerical, measurable parameters of the observation
plan [13]. Since in the considered case visibility
and planning result are deterministic functions, we
will determine the quality of planning without using
probabilistic indicators. However, it is not difficult to
take probabilistic parameters into account within the
framework of the proposed approach—it is enough to
put the probabilities of SC observation pre-calculated or
determined on the basis of statistical data as the values
of elements in the cells [14].

3.1. “Weight—observation time” criterion

The first planning quality criterion proposed in this
paper is introduced using the priority of the SC and the
total time of its observation (without taking into
account how many intervals it is divided into). This
variant can be used for the case when one discrete time
interval is sufficient to estimate the parameters of the
SC with the required quality. The criterion “weight—
observation time” is defined by the sum of the
contributions from the observation of the individual

SCs Q.
1 1
1 max 1 max Tb .
th :[_ Z QWti :[_ Z (ai)nln 7? 41 , 4
max j=l max =1 suf'i
where:

e a, = wjw,_is the relative priority of the ith SC,
taking values in the interval (0; 1];

e w; is the priority of the ith SC;

e w_ . is the maximum observation priority from the
set of visible SCs;

e n is the relative priority degree indicator, making it
possible to vary the contribution of w;: n = 1 is the
linear dependence on the priority of the SC, n =0 is
the priority of the SC is not taken into account;

e [/ 1is the amount of the visible SCs;

max

o Thei is the observation time of the ith SC obtained
as a result of planning;

o Toi is the time sufficient to obtain

information / estimates of parameters of the required
quality for the ith SC.

The proposed criterion “weight—observation time”
has the following properties:

1. If the ith SC is not observed (i.e., T, ;= 0) in the
planning interval T plan’ but is included in the set of
visible satellites 7, , the contribution from this SC
is equal to zero:

Ol =|—i| n(1)=0. 5)
Wi Tobsi=0 w

max

2. If the observation time of the ith SC is equal to
sufficient time (7, ; = T,,), the contribution from
its observation will depend on the SC priority:

Wmax

w; "
thi ~ 0.69 , (6)
while for the SC with the maximum priority, the
contribution will be equal to 0.69. The same value
of 0, will be for a satellite with any priority at n =0

and observation for sufficient time (7 ;= T ¢))-

3. The contribution from the observation of the ith SC
has a maximum (bounded from above) value when
the time of SC observation tends to the time of its

visibility 7, ., — T, » The limit for continuously

visible SCs is equal to the planning time 7, . —

obs i plan:

w; ! Tvisi
max(thi)z( ! ] In +1|. @)

Winax suf i
For the SC with the maximum priority (or for
any SC if the observation priority is not taken into

T...
visi 1l

account), n = 0) max(Q,, )=In
' suf’i

A diagram of the SC observation contribution O,

1

as a function of the observation time 7, ; versus the
sufficient ~ observation time T .. at different
priority (w; = 1 ... 5) and its degree of consideration
n=20,0.5,1, 2 is shown in Fig. 3.

Analyzing the results of numerical calculation of the
proposed “weight—observation time” criterion confirms
the above properties:

° monotonically increases with increasing

wi;
observation time;
e at small observation time relatively sufficient

T i / Ty¢ ; 0 the criterion “weight—observation

time” thi —0;

e for the SC with the maximum priority w; = 5 the
contribution, depending on the relative observation
time T ; / T,r; grows logarithmically, taking at
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1.5

0.693

Fig. 3. The value of the quality index OWti at satellite observation depending
on the parameters (n, w) and the value of thi (n;w=1)at T e ,-/Tsuf ;=1

the point where the observation time of the ith SC is
equal to a sufficient T ; =T, ,r ;> value of 0.69.

The value of n does not affect the position of this

n
w
graph, since (@;)" = (ﬂ] =1

o for the SC with minimuga;riority w,=1Lw_ =5),
the contribution for the same relative observation
time T ; / T, 1s less and is determined by the
degree n, which takes into account the weight of the
SC priority: the larger is 7, the less is the contribution
from the observation of SC with low priority. In the
considered example, at the point T, =T, ¢; for
n=1[0...2] thi =10.69 ... 0.028], the diagram is

shown in the inset of Fig. 3.
3.2. “Weight-observation structure” criterion

For SCs whose signal parameters may change over
time, continuous long observation intervals are of great
value (e.g., it is more accurate to determine a linearly
time-varying frequency from a single long-time interval
rather than from a set of short ones).

In order to take the structure of the observation time
into account, i.e., how many intervals of what duration into
which the total observation time of the SC T, is divided,
it is proposed to introduce the equivalent observation time
Tips.eq i» Which is calculated by the formula:

K; 2
Z(Tobs ik)
Tseqi = (®)
bs. ’
0bs.eq 1 Tobs ;

where K. is the number of noncontiguous observation
intervals of the ith SC during the period T plan’ k is the
number of the observation site of the ith SC; T, i, is
the observation time at the kth site.

Figure 4 shows the dependence of the equivalent
observation time 7T obs.eq of a SC on the continuous
interval 7., of its observation reduced to the total

observation time 7' obs of the SC.

1.0 0.50;
0.8
gl , 06
el : /
I~§ = : e
0.4
0.2 ;

0 0.2 0.4 0.6 0.8 1.0

Tobsk
Tobs
Fig. 4. Dependence of T eq values

on the observation interval T ., when normalized

by the total satellite observation time T, .

The properties of the equivalent observation time
following from expression (8) and confirmed by the
diagram in Fig. 5:

1. For one SC observation interval (K = 1), the
equivalent observation time is equal to the
observation time T, itself:
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2
(Tobs ik)
Tobs.eqi= T =T0bsi’ )
obs i
2. At a large number of observation time

intervals (K, > 1) and one “long” interval

Tobs i > To

the SC is determined by the maximum duration of
the site max(7} i ).

3. When the number of sites K, — o with the same

bsi. the equivalent observation time of
J

small observation time 7, i is large, the equivalent
observation time tends to zero:

K;—x

2
Z (Tobs i )
k=1
Tobs.eq i~ T —0. (10)
obs i

The second “weight—observation structure” planning
quality criterion proposed in this article uses in (4),
instead of the total observation time of the ith SC T
its equivalent observation time 7

obs.eq Iz
1 1
1 max 1 max TObS eql
Qws :]_ Z Qwsl- :I_ z (ai)nln —+1|=

max =l max i=] suf'i
K 2

I n Z(Tobs i )

Imax i=1 \ "max Tobs iTsuf i

where therelative priority ofthe ith SC a]' = (w; / w,. )"
and the ratio of the equivalent observation time of the
ith spacecraft Typoq; to the continuous interval T ¢,
sufficient for obtaining estimates of the required quality
are taken into account.

The “weight-observation structure” criterion Q,
has the same properties as the “weight—observation time”
criterion O, with the precision that the observation time
should be replaced by an equivalent one.

4. ASSESSMENT OF THE APPLICABILITY
OF THE PLANNING QUALITY CRITERIA

In order to evaluate the feasibility of the proposed
quality criteria, we use several different scheduling
algorithms for which the behavior of the proposed
criteria Q. (4) and O, (11) can be logically predicted.
For these scheduling algorithms, we use the same
visibility matrix for which we compute the observation
matrix and the proposed quality criteria. The results of

the behavior of the criteria, including their compliance
with the logical assumptions and sufficient numerical
spread for different planning algorithms, will confirm
the possibility of applying the proposed quality criteria.

Algorithm 1 (“first on the list”)

In case of a conflict observation, an unconditional
transition to the observation of the SC that is first in
the list is performed. Obviously, such an algorithm will
give low time (continuous) observation of the SC at the
end of the list. If the SCs with high priority are located
there, the quality of planning by the O, criterion will
be low. The value of the criterion will significantly
depend on which SC with what priority are located first
in the list.

In order for such a simple and computationally
undemanding scheduling algorithms to be practically
useful, it is necessary to compile a list of the SCs,
placing the highest-priority ones with the minimum total
observation time at the top of the list.

Algorithm 2 (“inertia-free transition to priority
satellite”)

In case of a conflicting observation (collision),
an unconditional switch to the observation of the
SC that has a higher priority regardless of the
time of its observation. In fact, this is a “greedy”
algorithm that maximizes the quality criterion at
each step [15]. Obviously, such an algorithm will
give a higher (compared to Algorithm 1) quality of
observation for criterion (4) O, , “weight-observation
time”; for the criterion Q, ., the contribution of lower-
priority SCs will be low, since high-priority SCs will
be observed in conflict observation. If the priority
of all SCs is equal, the criterion Q,  (11) “weight-
continuous observation time” will be the same as
for Algorithm 1.

Algorithm 3 (“inertial transition to a satellite with
higher weight”)

A modification of Algorithm 2 takes into account
the observation time of the ith SC by calculating
a coefficient equal to the ratio of the priority of the SC
to the time it has already been observed (w/T ). In
contrast to Algorithm 2, the transition to the observation
of a new, higher priority jth SC may not occur if the
time 7T obs j T, » That is, the formed “inertia” of the
SC observation decreases when its observation time
increases. Such a criterion should lead to a decrease
in short observation intervals due to inertia and to
an increase in the quality criterion (6) compared to
Algorithms 1 and 2.
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Algorithm 4 (“observation time equalization™)

In this case, tracking of a SC is stopped if its
observation time exceeds the same parameter of
another satellite. The algorithm tries to “equalize” the
observation time of all SCs.

To determine the maximum achievable indicators
on the visibility matrix, it is reasonable to use the
method of complete enumeration over all possible
variants of the planning problem solution. However,
for real conditions (plan for a day, more than 10000 SC
overflights) such a solution can be theoretically obtained
only with the use of quantum computing [16]. However,
such a solution can also be obtained by restricting the list
of satellites to those observed by radiotechnical systems
of RTU MIREA [17].

An illustration of the working principle
of Algorithms 1-4, for which the planning quality
criterion is calculated, is shown in Fig. 5.

SC No. / Priority

1/2 |

2/3 I:I
4/5 [rzz==mma]
5/1

— Algorithm No. 1
-=-- Algorithm No. 2

---- Algorithm No. 3
--=Algorithm No. 4

Fig. 5. Example of operation of Algorithms 1-4 on

planning interval Tplan for 5 SCs with given visibility time

and different observability priority a;

Table summarizes the results of the calculation
according to the proposed quality criteria. As input
data, a SC visibility matrix consisting of 50 SC for the
discrete planning interval T plan = 500 was generated. For
the table columns, the minimum values of the quality
criteria are italicized, while the maximum values are

given in bold.

Table. Results of numerical modeling

Algorithm o O,
designation = =1l =0 n=1
Algorithm 1 0.382 0.255 0.219 0.148
Algorithm 2 0.576 0.404 0.321 0.210
Algorithm 3 0.618 0.530 0.370 0.295
Algorithm 4 0.480 0.309 0.258 0.189

The numerical modeling results confirm the
analytical conclusions and logical assumptions as
follows:

e criteria Q,, and Q take maximum values for
Algorithm 3 both when taking into account n =1 and
without taking into account n = 0 priority of the SC,
because by its principle it has inertia, leading to
the formation of longer observation sites, which is
confirmed by Fig. 5;

e criteria O, and Q, take minimum values for
Algorithm 1 both when taking into account
n =1 and without taking into account n = 0 priority
of the SC by enabling the observation of satellites at
the beginning of the list without taking into account
their priority (in the considered case, it is low) as
confirmed by Fig. 5;

o the ratio of the minimum and maximum values of
the criteria Q, , is 2.078 when taking into account the
priority of SC n =1 and 1.617 without taking into
account the priority n=0, respectively. Consequently,
the difference between the maximum and minimum
values of the criterion “weight—observation time” is
increased by taking into account the priority;

o the ratio of the minimum and maximum values of
the criteria O, is 1.993 when taking into account
the priority of the SC and 1.689 without taking into
account the priority. Similarly to the Q, , criterion,
taking into account the priority increases the
difference between the maximum and minimum
values of the criterion “weight-structure of
observation”.

CONCLUSIONS

Under objective conditions of satellite orbital launch
dynamics in relation to the increase in the number and
capabilities of their monitoring means, the task of
observation planning is of particular importance. Two
quality criteria are proposed for comparing different
methods of SC observation planning: “weight—
observation time” and “weight—observation structure”.
The criteria are based on the formation of a value
associated with the energy signal-to-noise ratio, which
determines the quality of parameter estimates, as well
as taking into account the priority of satellites and
the structure of the total observation time (number of
intervals).

Four scheduling algorithms used for verification
give predictable results for the relative scheduling
quality according to the introduced criteria. Numerical
calculations of the quality criteria confirmed the
theoretical assumptions on which they are based. For the
same SC observation conditions, the quality criteria of
the plan obtained by four different scheduling algorithms
differ more than 1.5 times.
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Further development of criteria is envisaged in terms
of their specification, for example, for radiotechnical
systems of monitoring available in “Cosmocenter” at the
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