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1 Ââåäåíèå

Îñíîâíûì íàïðàâëåíèåì ðàçâèòèÿ è ïðèìåíåíèÿ îïòèêî-ýëåêòðîííûõ
ñðåäñòâ íàáëþäåíèÿ êîñìè÷åñêîãî ïðîñòðàíñòâà ÿâëÿåòñÿ ðàñøèðåíèå
èõ âîçìîæíîñòåé ïî íàáëþäåíèþ, ñîïðîâîæäåíèþ è êàòàëîãèçàöèè ìà-
ëîðàçìåðíûõ îáúåêòîâ êîñìè÷åñêîãî ìóñîðà (ÎÊÌ) [1�6]. Ïðèìåðàìè
óñïåøíî ðàçâèâàåìûõ êëþ÷åâûõ ðàçðàáîòîê â ýòîì íàïðàâëåíèè ÿâëÿ-
þòñÿ ñîêðàùåíèå âðåìåííîãî öèêëà îáçîðà îäíîé ïëîùàäêè, ïðèìåíå-
íèå ýôôåêòèâíûõ ñòðàòåãèé îáçîðà, îïåðàòèâíîå îáíàðóæåíèå è îïðå-
äåëåíèå îðáèò íåêàòàëîãèçèðîâàííûõ ÎÊÌ âî âðåìÿ ïðîâåäåíèÿ ñåàíñà
íàáëþäåíèé [7�10]. Îäíîâðåìåííî ñ îñíîâíûì ðåæèìîì ðàáîòû îáçîð-
íîãî ñðåäñòâà ðàáîòàåò è êîìïëåêñ ïðîãðàìì îáðàáîòêè òðàåêòîðíûõ
èçìåðåíèé (ÎÒÈ), îñóùåñòâëÿþùèé îïåðàòèâíóþ îáðàáîòêó èçìåðåíèé
äëÿ èäåíòèôèêàöèè ñ îðáèòàìè êàòàëîãèçèðîâàííûõ êîñìè÷åñêèõ îáúåê-
òîâ (ÊÎ). Ïðè óñïåøíîé èäåíòèôèêàöèè èçìåðåíèé êîìïëåêñ ïðîãðàìì
ÎÒÈ ïðîèçâîäèò óòî÷íåíèå îðáèò êàòàëîãèçèðîâàííûõ ÊÎ ïî ïîëó÷åí-
íûì èçìåðåíèÿì. Åñëè ïîëó÷åííûå èçìåðåíèÿ íå èäåíòèôèöèðîâàëèñü
íè ñ îäíèì êàòàëîãèçèðîâàííûì îáúåêòîì, òî äîïîëíèòåëüíî ðåøàþò-
ñÿ çàäà÷è îáíàðóæåíèÿ è ñáîðà èíôîðìàöèè ïî íåêàòàëîãèçèðîâàííîìó
ÎÊÌ íåïîñðåäñòâåííî â ïðîöåññå âûïîëíåíèÿ íàáëþäåíèé.

Ïðè ïîëó÷åíèè î÷åðåäíîé ñåðèè íåèäåíòèôèöèðîâàííûõ èçìåðåíèé
çàïóñêàåòñÿ çàäà÷à îïðåäåëåíèÿ îðáèò íîâûõ ÊÎ. Îáíàðóæåíèå îðáèò
íîâûõ ÊÎ çàêëþ÷àåòñÿ â ïîèñêå íåèäåíòèôèöèðîâàííûõ èçìåðåíèé, îò-
íîñÿùèõñÿ ê îäíîìó ÊÎ, ïîñòðîåíèþ è çàïèñè â êàòàëîã îðáèòû ïî ýòîìó
ÊÎ. Îäèí èç ïîäõîäîâ îïåðàòèâíîãî îáíàðóæåíèÿ è îïðåäåëåíèÿ îðáèò
íåêàòàëîãèçèðîâàííûõ ÎÊÌ [10] àïðîáèðîâàí è óñïåøíî ïðèìåíÿåòñÿ íà
ðîññèéñêèõ îïòè÷åñêèõ øèðîêîïîëüíûõ ñðåäñòâàõ. Îäíàêî, ìíîãî âðåìå-
íè òðàòèòñÿ íà îïåðàöèþ ïîëíîãî ïåðåáîðà êîðîòêèõ ñåðèé èçìåðåíèé
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(òðåêîâ) è âûáîð ðàçíåñåííûõ âî âðåìåíè òðåõ ñåðèé, ïðåäïîëîæèòåëüíî
îòíîñÿùèõñÿ ê îäíîìó ÊÎ, èñïîëüçóåìûõ äëÿ ïîñëåäóþùåãî ïîñòðîåíèÿ
âîçìîæíîé îðáèòû. Äàííàÿ ñòàòüÿ ïîñâÿùåíà âîïðîñó ñîêðàùåíèÿ ïåðå-
áîðà òðåêîâ ïðè ïîìîùè ïðåäâàðèòåëüíîãî àíàëèçà ïîëó÷åííûõ èçìåðå-
íèé ñ òî÷êè çðåíèÿ ïàðàëëåëüíîãî àïðèîðíîãî ïîñòðîåíèÿ ãðàíèö èçìå-
íåíèÿ ïàðàìåòðîâ âîçìîæíûõ îðáèò. Ïîäîáíûé ïîäõîä áûë èñïîëüçîâàí
â ðàáîòå [11] äëÿ ðåøåíèÿ çàäà÷è èäåíòèôèêàöèè îðáèòû ñ ïîìîùüþ
ãåíåðàöèè ìíîæåñòâà âîçìîæíûõ îðáèò, ïîñòðîåííûõ â ïàðàëëåëüíîì
ðåæèìå ïî èìåþùèìñÿ óãëîâûì èçìåðåíèÿì îò îïòè÷åñêèõ íàçåìíûõ
ñðåäñòâ. Òàê, äëÿ óñêîðåíèÿ ðàáîòû ïðîãðàììû îáíàðóæåíèÿ è îïðå-
äåëåíèÿ îðáèò íåêàòàëîãèçèðîâàííûõ ÎÊÌ ïðåäëàãàåòñÿ èñïîëüçîâàòü
âñïîìîãàòåëüíûé àëãîðèòì ïîñòðîåíèÿ äëÿ êàæäîãî òðåêà ãðàíèö ïà-
ðàìåòðîâ âîçìîæíûõ îðáèò è ïîñëåäóþùåãî âûáîðà òðîåê òðåêîâ, äîïó-
ñòèìûå îáëàñòè èçìåíåíèé ïàðàìåòðîâ âîçìîæíûõ îðáèò êîòîðûõ èìåþò
íåïóñòîå ïåðåñå÷åíèå.

2 Ïîñòàíîâêà çàäà÷è

Äëÿ êàæäîãî òðåêà (ãðóïïû ïîñëåäîâàòåëüíûõ èçìåðåíèé) Ti äàííîé
ïîñëåäîâàòåëüíîñòè òðåêîâ T = {Ti}i=1,N îïðåäåëÿþòñÿ ãðàíèöû èç-
ìåíåíèÿ ïàðàìåòðîâ âîçìîæíûõ ýëëèïòè÷åñêèõ îðáèò: äàëüíîñòè ρi ∈
[ρimin, ρimax], íàêëîíåíèÿ Ii ∈ [Ii,min, Iimax] è äîëãîòû âîñõîäÿùåãî óç-
ëà Ωi ∈ [Ωimin,Ωimax] â çàäàííîé îáëàñòè èçìåíåíèÿ ýêñöåíòðèñèòåòà
e ∈ [eimin, eimax]. Äàëåå íàõîäÿòñÿ âñå òðîéêè òðåêîâ (Ti1 , Ti2 , Ti3) ∈ T,
òàêèå, ÷òî

([ρi1 min, ρi1 max]× [Ii1 min, Ii1 max]× [Ωi1 min,Ωi1 max])∩

∩ ([ρi2 min, ρi2 max]× [Ii2 min, Ii2 max]× [Ωi2 min,Ωi2 max])∩

∩ ([ρi3 min, ρi3 max]× [Ii3 min, Ii3 max]× [Ωi3 min,Ωi3 max]) 6= ∅,

òî åñòü ãðàíèöû èçìåíåíèÿ ïàðàìåòðîâ âîçìîæíûõ îðáèò äëÿ òðåõ òðå-
êîâ ïåðåñåêàþòñÿ.

Ýòî ïîçâîëÿåò â ïîñëåäîâàòåëüíîñòè òðåêîâ, ïåðåäàííûõ íà îáíàðó-
æåíèå, ñóùåñòâåííî ñîêðàòèòü êîëè÷åñòâî ïåðåáèðàåìûõ òðîåê. Òàê, â
íèæåñëåäóþùåì ïðèìåðå äëÿ âõîäÿùåé ïîñëåäîâàòåëüíîñòè èç 13 òðåêîâ
(n = 13) ÷èñëî ïîëíîãî ïåðåáîðà òðîåê ðàâíî C3

13 = 286, à ïðîâåäåííûé
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ïðåäâàðèòåëüíûé àíàëèç òðåêîâ ïîçâîëèë ñîêðàòèòü ÷èñëî ïåðåáèðàå-
ìûõ òðîåê äî 13.

Îñíîâíàÿ çàäà÷à ñîñòîèò â íàõîæäåíèè ïî èçìåðåíèÿì (âðåìÿ t, ïðÿ-
ìîå âîñõîæäåíèå α, ñêëîíåíèå δ, êîîðäèíàòû èçìåðèòåëüíîé ñòàíöèè R)

îäíîãî òðåêà Ti =
{
t, α, α̇, δ, δ̇,R, Ṙ

}
j=1,n

ãðàíèö ïàðàìåòðîâ îðáèòû,

êîòîðîé ìîæåò ïðèíàäëåæàòü òðåê, ïðè çàäàííûõ èíòåðâàëàõ èçìåíå-
íèÿ áîëüøîé ïîëóîñè a ∈ [amin, amax] è ýêñöåíòðèñèòåòà e ∈ [emin, emax]:
ãðàíèö âîçìîæíîãî èçìåíåíèÿ äàëüíîñòè ρ ∈ [ρmin, ρmax], íàêëîíåíèÿ
I ∈ [Imin, Imax], äîëãîòû âîñõîäÿùåãî óçëà Ω ∈ [Ωmin,Ωmax]. Ïîäîáíàÿ
çàäà÷à ðàññìàòðèâàëàñü â ðàáîòå [11] è ìîæåò áûòü ðàçáèòà íà ïîñëåäî-
âàòåëüíîå ðåøåíèå ñëåäóþùèõ âûäåëåííûõ âñïîìîãàòåëüíûõ çàäà÷.

3 Âñïîìîãàòåëüíûå çàäà÷è

Çàäà÷à 1. Âûáîð èç èçìåðåíèé òðåêà äâóõ ¾õîðîøèõ¿.
Äëÿ ðåøåíèÿ çàäà÷è 1, çíà÷åíèÿ αj è δj ïðèáëèæàþòñÿ êðèâûìè âòî-

ðîãî ïîðÿäêà α(t) è δ(t) ïî ÌÍÊ. Èç âñåõ èçìåðåíèé äàííîãî òðåêà âû-
áèðàþòñÿ äâà j1, j2, äëÿ êîòîðûõ ðàññòîÿíèÿ ìåæäó òî÷êîé òðåêà (αj, δj)
è åå àïïðîêñèìàöèåé (α(tj), δ(tj)) íàèìåíüøåå, ïðè óñëîâèè, ÷òî |j1 − j2|
íå ìåíüøå ïîëîâèíû îáùåãî êîëè÷åñòâà èçìåðåíèé. Äàëåå, ôîðìàëüíî
ïîëàãàÿ j1 = 1, j2 = 2, âûáðàííûå èçìåðåíèÿ áóäåì îáîçíà÷àòü ÷åðåç(
t1, α1, α̇1, δ1, δ̇1,R1, Ṙ1

)
,
(
t2, α2, α̇2, δ2, δ̇2,R2, Ṙ2

)
, t1 < t2.

Çàäà÷à 2. Ïî äàííûì (α, δ,R), [amin, amax], [emin, emax] ïîñòðîåíèå
íà÷àëüíûõ ãðàíèö äàëüíîñòè ρ ∈ [ρ0min, ρ0max].

Èñêîìûå ãðàíèöû ïîëó÷àþòñÿ êàê ðåøåíèå ñèñòåìû íåðàâåíñòâ îò-
íîñèòåëüíî íåèçâåñòíîãî ρ (èíòåðâàë ìåæäó ìèíèìàëüíî äîïóñòèìûì
ïåðèãååì è ìàêñèìàëüíî äîïóñòèìûì àïîãååì):

(amin(1− emax))2 ≤ ||r(ρ)||2 ≤ (amax(1 + emax))2 , ρ ≥ 0,

ãäå r(ρ) = R + ρu, u = (cos δ cosα, cos δ sinα, sin δ)T.

Çàäà÷à 3. Ïî äàííûì
(
α, α̇, δ, δ̇,R, Ṙ

)
, a, ρ ïîñòðîåíèå ñîîòâåòñòâó-

þùèõ ρ̇±, e±.

3



Èñêîìûå çíà÷åíèÿ ρ̇± ïîëó÷àþòñÿ êàê ðåøåíèå óðàâíåíèÿ îòíîñè-
òåëüíî ρ̇ (ýíåðãèÿ � ïåðâûé èíòåãðàë äâèæåíèÿ ïî êåïëåðîâîé îðáèòå):

ṙ(ρ̇) · ṙ(ρ̇)

2
− µ

||r||
= − µ

2a
,

ãäå r = R + ρu, u = (cos δ cosα, cos δ sinα, sin δ)T, ṙ(ρ̇) = Ṙ + ρu̇ + ρ̇u,
u̇ = δ̇(− sin δ cosα,− sin δ sinα, cos δ)T + α̇(− cos δ sinα, cos δ cosα, 0)T .

Ïîñëå ÷åãî ñîîòâåòñòâóþùèå çíà÷åíèÿ e± íàõîäÿòñÿ ïî ôîðìóëå (íîð-
ìà âåêòîðà Ëàïëàñà)

e± =

∥∥∥∥ ṙ(ρ±)× (r× ṙ(ρ±))

µ
− r

||r||

∥∥∥∥ .
4 Îñíîâíàÿ çàäà÷à

Ïðè çàäàííîì çíà÷åíèè òî÷íîñòè ε äëÿ ñåòêè óçëîâûõ çíà÷åíèé a â îá-
ëàñòè [amin, amax] ïðè èçâåñòíûõ çíà÷åíèÿõ(

t1, α1, α̇1, δ1, δ̇1,R1, Ṙ1, t2, α2, α̇2, δ2, δ̇2,R2, Ṙ2

)
, [emin, emax]

íàéòè ãðàíèöû èçìåíåíèÿ ïàðàìåòðîâ a, ρ, I, Ω âîçìîæíûõ îðáèò.
Ñíà÷àëà ðåøàåòñÿ Çàäà÷à 2 ïî äàííûì (α1, δ1,R1) è (α2, δ2,R2) è

îïðåäåëÿåòñÿ îáëàñòü èçìåíåíèÿ äàëüíîñòåé [ρ1min, ρ1max]×[ρ2min, ρ2max].
Äàëåå îñóùåñòâëÿåòñÿ ïåðåáîð óçëîâûõ çíà÷åíèé (a, ρ1, ρ2) ïî ñåòêå â

ïîëó÷åííîé îáëàñòè [amin, amax]× [ρ1min, ρ1max]× [ρ2min, ρ2max].
À èìåííî, äëÿ êàæäîé òðîéêè çíà÷åíèé (a, ρ1, ρ2):
1. Ïðîâåðÿåòñÿ âûïîëíåíèå óñëîâèé (íàèìåíüøèé âîçìîæíûé ýêñöåí-

òðèñèòåò e0 è íàèìåíüøàÿ âîçìîæíàÿ äëèíà áîëüøîé ïîëóîñè a0, à òàêæå
òåîðåìà Ýéëåðà î âðåìåíè ïîëåòà ∆tp ìåæäó äàííûìè òî÷êàìè ïîëîæå-
íèÿ íà ïàðàáîëè÷åñêîé (ñ íóëåâîé ýíåðãèåé) îðáèòå)

e0 =
|(‖r1‖ − ‖r2‖)|
‖r2 − r1‖

≤ emax,

a0 =
1

4
(‖r1|+ ‖r2‖+ ‖r2 − r1‖) ≤ amax,

∆t = t2 − t1 > ∆tp =
4

3

√
a3

0

µ
(1− λ3),
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ãäå r1 = R1 + ρ1u1, r2 = R2 + ρ2u2, 0 ≤ λ2 = ‖r1|+‖r2‖−‖r2−r1‖
‖r1|+‖r2‖+‖r2−r1‖ ≤ 1.

2. Âû÷èñëÿþòñÿ çíà÷åíèÿ I = arccos(n·k), Ω = i· k×n
‖k×n‖ , ãäå n = r1×r2

‖r1×r2‖ .

3. Ðåøàåòñÿ Çàäà÷à 3 äëÿ íàáîðîâ äàííûõ
(
α1, α̇1, δ1, δ̇1,R1, Ṙ1, a, ρ1

)
,(

α2, α̇2, δ2, δ̇2,R2, Ṙ2, a, ρ2

)
. Ïîëó÷àþòñÿ çíà÷åíèÿ ρ̇1±, e1± è ρ̇2±, e2± è

èõ ñðåäíèå âåëè÷èíû ρ̇± = 1
2
(ρ̇1±+ ρ̇2±), e± = 1

2
(e1±+e2±). Âû÷èñëÿþòñÿ

ñîîòâåòñòâóþùèå èì âåëè÷èíû I±, Ω± èç ñîîòíîøåíèé

I = arccos

(
r× ṙ

‖r× ṙ‖
· k
)
, Ω = arccos

(
i · k× (r× ṙ)

‖k× (r× ṙ)‖

)
.

4. Ïðîâåðÿåòñÿ âûïîëíåíèå óñëîâèé

|e1± − e2±| ≤ ε(emax − emin),

|I − I±| ≤ 180ε,

|Ω− Ω±| ≤ 360ε.

5. Âû÷èñëÿþòñÿ ãðàíèöû èçìåíåíèÿ ïàðàìåòðîâ a, ρ, I, Ω ¾õîðîøèõ¿
îðáèò.

Äàëüíåéøåå óòî÷íåíèå ïîëó÷åííûõ ãðàíèö èçìåíåíèÿ âîçìîæíûõ îð-
áèò ìîæåò áûòü ïðîâåäåíî èòåðàöèîííî äëÿ óìåíüøàþùåãîñÿ íà êàæäîé
èòåðàöèè çíà÷åíèÿ òî÷íîñòè ε.

5 Âû÷èñëèòåëüíûå ýêñïåðèìåíòû

Bõîäíàÿ ïîñëåäîâàòåëüíîñòü âêëþ÷àåò 13 òðåêîâ. Ïîñëå âûáîðà â êàæ-
äîì òðåêå äâóõ èçìåðåíèé ñôîðìèðîâàëàñü ñëåäóþùàÿ òàáëèöà íåîõîäè-
ìûõ äàííûõ äëÿ âû÷èñëåíèÿ ãðàíèö ïàðàìåðîâ îðáèò.
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� ∆t, α, α̇, δ, δ̇, R, êì Ṙ, êì/ñ
c ãðàä 103·ãðàä/c ãðàä 103·ãðàä/c

1 70 5.129 0.073 -0.370 0.008 -163.397 -4621.021 4381.470 0.336 -0.011 0
5.134 0.071 -0.369 0.008 -139.807 -4621.795 4381.470 0.337 -0.010 0

2 254 3.908 0.071 -0.086 -0.012 435.094 -4603.393 4381.470 0.335 0.031 0
3.926 0.071 -0.089 -0.012 520.278 -4594.545 4381.470 0.335 0.037 0

3 82 3.924 0.064 -0.091 -0.013 515.252 -4595.111 4381.470 0.335 0.037 0
3.929 0.063 -0.092 -0.012 542.720 -4591.948 4381.470 0.334 0.039 0

4 142 4.529 0.067 -0.260 -0.013 -37.999 -4623.753 4381.470 0.337 -0.002 0
4.539 0.067 -0.262 -0.013 9.879 -4623.898 4381.470 0.337 0.000 0

5 344 5.027 0.075 -0.318 0.011 -728.199 -4566.208 4381.470 0.332 -0.053 0
5.052 0.075 -0.314 0.011 -613.439 -4583.037 4381.470 0.334 -0.044 0

6 508 3.544 0.086 -0.257 -0.006 -2099.929 -4119.567 4381.470 0.300 -0.153 0
3.588 0.086 -0.260 -0.006 -1945.918 -4194.512 4381.470 0.305 -0.141 0

7 494 5.015 0.083 -0.341 0.009 -434.892 -4603.412 4381.470 0.335 -0.031 0
5.056 0.083 -0.336 0.010 -268.817 -4616.088 4381.470 0.336 -0.019 0

8 157 4.605 0.057 -0.408 0.000 -2628.813 -3803.929 4381.470 0.277 -0.191 0
4.614 0.057 -0.408 0.000 -2585.092 -3833.775 4381.470 0.279 -0.188 0

9 224 4.530 0.095 -0.001 0.006 -2381.782 -3963.288 4381.470 0.289 -0.173 0
4.551 0.094 0.000 0.005 -2316.729 -4001.662 4381.470 0.291 -0.168 0

10 538 4.012 0.055 -0.293 -0.012 -1431.269 -4396.817 4381.470 0.320 -0.104 0
4.042 0.059 -0.300 -0.013 -1257.718 -4449.571 4381.470 0.324 -0.091 0

11 67 3.945 0.072 -0.287 -0.016 -1706.203 -4297.604 4381.470 0.313 -0.124 0
3.950 0.072 -0.289 -0.016 -1685.186 -4305.889 4381.470 0.313 -0.122 0

12 426 4.622 0.071 -0.183 0.006 -3705.851 -2765.357 4381.470 0.201 -0.270 0
4.653 0.072 -0.181 0.006 -3618.173 -2879.125 4381.470 0.209 -0.263 0

13 456 4.045 0.056 -0.080 -0.002 -3370.538 -3165.439 4381.470 0.230 -0.245 0
4.071 0.055 -0.081 -0.002 -3263.437 -3275.746 4381.470 0.238 -0.237 0

Ïîëó÷åííûå ãðàíèöû îðáèò ïðèâåäåíû â ñëåäóþùåé òàáëèöå (âûäå-
ëåíû ÷åòûðå îáëàñòè èçìåíåíèÿ ýêñöåíòðèñèòåòà: earea = 1 ñîîòâåòñòâóåò
îáëàñòè 0 ≤ e ≤ 0.1, earea = 2 � 0.1 ≤ e ≤ 0.3, earea = 3 � 0.3 ≤ e ≤ 0.6 è
earea = 4 � 0.6 ≤ e ≤ 0.9).
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� earea ρmin, êì ρmax, êì Imin, ãðàä Imax, ãðàä Ωmin, ãðàä Ωmax, ãðàä
1 1 33613.956 52381.905 11.502 18.826 350.083 360.000

2 37868.200 41224.697 10.231 19.778 345.737 360.000
3 30605.722 39128.835 10.962 17.196 346.360 359.714
4 24032.107 33537.704 9.053 16.140 339.655 357.212

2 1 32916.409 52214.004 6.921 11.529 42.424 69.222
2 36198.715 41244.384 7.475 12.124 50.406 64.303
3 30538.450 39042.829 7.495 12.485 52.543 71.444
4 24070.227 35733.542 7.607 13.340 56.040 81.844

3 1 36364.279 52228.56 8.139 12.881 42.021 62.960
2 37752.279 39863.02 8.835 13.376 50.425 61.222
3 32145.486 39050.28 8.848 13.590 51.042 67.056
4 21110.193 36293.45 8.917 15.029 53.626 84.111

4 1 33787.297 51468.022 9.517 16.023 33.918 50.967
2 37197.046 40519.339 10.113 15.026 38.298 49.517
3 31951.552 40190.632 9.350 14.987 38.466 53.257
4 22301.983 35387.762 7.603 14.367 41.413 67.728

5 1 31468.991 52125.664 9.679 17.121 329.863 347.046
2 34632.070 37979.655 8.254 17.785 326.070 346.162
3 30503.026 38997.540 9.740 15.683 327.086 342.204
4 15239.623 33442.988 6.360 14.798 285.263 338.688

6 1 27860.800 52359.886 4.044 12.366 314.438 338.537
2 31750.087 35105.842 5.250 10.349 325.057 337.961
3 31736.272 35244.535 5.267 10.372 324.922 337.844
4 16663.041 31619.544 3.095 9.725 31.747 338.143

7 1 28584.758 52123.370 8.786 17.226 338.882 356.068
2 34630.436 37977.939 3.657 22.206 327.380 360.000
3 26641.080 35135.337 8.488 14.975 333.942 350.078
4 20402.859 33672.775 6.507 14.687 322.075 349.218

8 1 43013.267 52653.863 14.005 19.739 344.786 354.426
3 36213.131 41545.179 12.793 18.259 342.141 352.266
4 27876.113 38045.739 10.566 17.645 338.940 351.567

9 1 23984.972 50481.738 3.250 11.393 181.259 207.403
3 22950.351 29930.643 3.490 14.151 178.859 200.918
4 15946.175 24319.452 7.071 14.881 178.828 193.045

10 1 41193.199 51916.879 12.488 18.126 3.457 15.718
4 22780.690 27843.065 3.408 22.390 5.815 48.807

11 1 32196.152 51851.370 11.273 18.164 1.241 18.866
3 30392.904 37333.259 9.044 19.052 3.055 26.256
4 18451.387 33571.305 9.068 16.299 9.988 43.265

12 1 33167.207 52421.258 2.966 9.382 286.612 315.303
3 30621.479 38488.098 1.283 10.806 271.593 304.872
4 22945.746 33089.442 3.329 8.176 249.252 291.019

13 1 40476.340 50585.775 0.000 4.534 56.637 93.813
3 33664.725 41986.343 0.000 7.469 78.203 117.547
4 22659.360 38082.958 0.170 7.722 93.530 130.877

Íà ðèñóíêå â âèäå ïàðàëëåëåïèïåäîâ ïðåäñòàâëåíû ïîëó÷åííûå ãðà-
íèöû îðáèò äëÿ êàæäîãî èç òðåêîâ â ÷åòâåðòîé îáëàñòè èçìåíåíèÿ ýêñ-
öåíòðèñèòåòà (earea = 4, ò. å. 0.6 ≤ e ≤ 0.9,), ò. ê. èìåííî ýòà îáëàñòü
ïîðîæäàåò ìàêñèìàëüíîå êîëè÷åñòâî äîïóñòèìûõ òðîåê òðåêîâ.

Ïîñëå àíàëèçà ïåðåñå÷åíèé ãðàíèö ïàðàìåòðîâ âîçìîæíûõ îðáèò ïî
13 òðåêàì ñôîðìèðîâàëàñü ïîñëåäîâàòåëüíîñòü âñåãî èç 13 òðîåê òðåêîâ:
1-5-7, 1-7-8, 2-3-4, 2-3-6, 2-4-6, 3-4-6, 4-6-10, 4-6-11, 4-10-11, 5-6-7, 5-6-12,
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5-7-8, 6-10-11.
Âû÷èñëèòåëüíûå ýêñïåðèìåíòû, ïðîâîäèìûå â ðàìêàõ èññëåäîâàíèÿ

âûøåèçëîæåííîé ïðèêëàäíîé çàäà÷è àïðèîðíîé îöåíêè ïàðàìåòðîâ âîç-
ìîæíûõ îðáèò, íàïðàâëåíû íà óìåíüøåíèå ñðåäíåé ñêîðîñòè îáðàáîò-
êè îäíîãî òðåêà ïðè óâåëè÷åíèè òî÷íîñòè ïîëó÷åííîé îöåíêè. Ñêîðîñòü
îáðàáîòêè îäíîãî òðåêà åñòåñòâåííûì îáðàçîì îãðàíè÷åíà, ò. ê., ÿâëÿ-
ÿñü ÷àñòüþ îáùåé ïðîãðàììû ÎÒÈ, ïîñòðîåíèå îöåíêè ïàðàìåòðîâ âîç-
ìîæíûõ îðáèò äëÿ êàæäîãî òðåêà íå äîëæíî ñèëüíî âëèÿòü íà îáùåå
âðåìÿ öèêëà îáðàáîòêè èçìåðåíèé. Ïðåäëîæåíî äëÿ ÷åòûðåõ ïîäîáëà-
ñòåé èçìåíåíèÿ ýêñöåíòðèñèòåòà ïàðàëëåëüíî ðåøàòü çàäà÷ó äëÿ êàæäî-
ãî òðåêà. Ïðè ýòîì äëÿ êàæäîé ïîäîáëàñòè è êàæäîãî òðåêà ÷èñëî èòåðà-
öèé,íåîáõîäèìûõ äëÿ äîñòèæåíèÿ òðåáóåìîé òî÷íîñòè, çàðàíåå íåèçâåñò-
íî. Ñëåäîâàòåëüíî, ïðè äàëüíåéøåé ïðîãðàììíîé ðåàëèçàöèè àëãîðèòìà
çàðàíåå íåèçâåñòíî êàê áóäóò çàãðóæåíû îòäåëüíûå óçëû âû÷èñëèòåëü-
íîé óñòàíîâêè. Ïîýòîìó äèíàìè÷åñêèå ïðîãðàììû ïðåäïî÷òèòåëüíåå ëþ-
áûõ äðóãèõ òèïîâ. Äèíàìè÷åñêîå ðàñïàðàëëåëèâàíèå èìååò ðÿä ïðåèìó-
ùåñòâ íå òîëüêî äëÿ ñëó÷àÿ, êîãäà âîïðîñû îðãàíèçàöèè ïàðàëëåëüíîãî
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ñ÷åòà ðåøàþòñÿ âî âðåìÿ èñïîëíåíèÿ ïðîãðàììû, íî è äëÿ âûðàâíèâà-
íèÿ íàãðóçêè â ãåòåðîãåííûõ è/èëè ìåíÿþùèõñÿ ñî âðåìåíåì ïàðàëëåëü-
íûõ âû÷èñëèòåëüíûõ ñèñòåìàõ, à òàêæå äëÿ çàäà÷, îáëàäàþùèõ ãðàíóëà-
ìè ðàçëè÷íîé òÿæåñòè. Ïðè ýòîì, èñïîëüçîâàíèå íåÿâíûõ êîíñòðóêöèé
ðàñïàðàëëåëèâàíèÿ âû÷èñëåíèé ïîçâîëÿåò ëåãêî ïåðåíîñèòü ïðîãðàììû
ìåæäó ðàçëè÷íûìè ïëàòôîðìàìè ïàðàëëåëüíûõ âû÷èñëåíèé � ìíîãî-
ïðîöåññîðíûìè ñèñòåìàìè, âû÷èñëèòåëüíûìè êëàñòåðàìè, ìåòàêëàñòåð-
íûìè ñèñòåìàìè è ò. ï.

Ò-ñèñòåìà (OpenTS) � ñèñòåìà ïàðàëëåëüíîãî ïðîãðàììèðîâàíèÿ,
ðåàëèçóþùàÿ êîíöåïöèþ àâòîìàòè÷åñêîãî äèíàìè÷åñêîãî ðàñïàðàëëå-
ëèâàíèÿ ïðîãðàìì. Ýòî îðèãèíàëüíàÿ ðîññèéñêàÿ ðàçðàáîòêà, êîòîðàÿ
âåä¼òñÿ â Èíñòèòóòå ïðîãðàììíûõ ñèñòåì èì. À.Ê. Àéëàìàçÿíà ÐÀÍ
[12,13], ïðåäñòàâëÿþùàÿ ñèñòåìó ïàðàëëåëüíîãî ïðîãðàììèðîâàíèÿ, ðå-
àëèçóþùóþ êîíöåïöèþ àâòîìàòè÷åñêîãî äèíàìè÷åñêîãî ðàñïàðàëëåëè-
âàíèÿ ïðîãðàìì. Òî åñòü ìíîãèå àñïåêòû îðãàíèçàöèè ïàðàëëåëüíîãî
ñ÷¼òà (ðàñïðåäåëåíèå çàäà÷ ïî óçëàì êëàñòåðà, ñèíõðîíèçàöèÿ ïðîöåñ-
ñîâ, îðãàíèçàöèÿ ïåðåñûëêè äàííûõ) âûïîëíÿþòñÿ íå ïðîãðàììèñòîì, à
ñàìîé ñèñòåìîé. Âî ìíîãèõ ñëó÷àÿõ Ò-ñèñòåìå óäàåòñÿ óäà÷íî îðãàíèçî-
âàòü âñå ýòè âèäû ðàáîò è ïîëó÷èòü õîðîøèé óðîâåíü ðàñïàðàëëåëèâàíèÿ
ïðîãðàìì.

ßçûê T++ ÿâëÿåòñÿ âõîäíûì ÿçûêîì Ò-ñèñòåìû (OpenTS). Ñèíòàê-
ñè÷åñêè ÿçûê T++ ìàêñèìàëüíî ïðèáëèæåí ê ÿçûêó C++. Â ÿçûêå T++
ïîääåðæèâàåòñÿ ôóíêöèîíàëüíûé ïîäõîä ê íàïèñàíèþ ïðîãðàìì: âñå
äàííûå Ò-ôóíêöèÿ (¾÷èñòàÿ¿ ôóíêöèÿ â ÿçûêå Ò++) ìîæåò ïîëó÷àòü
òîëüêî ÷åðåç âõîäíûå àðãóìåíòû, à ðåçóëüòàòû ñâîåé ðàáîòû âîçâðàùàòü
òîëüêî ÷åðåç âûõîäíûå àðãóìåíòû. Ò-ôóíêöèÿ íå äîëæíà èìåòü ïîáî÷-
íûõ ýôôåêòîâ. Òàêèì îáðàçîì, Ò-ôóíêöèÿ ÿâëÿåòñÿ ãðàíóëîé ïàðàëëå-
ëèçìà: ïðè âûçîâå äàííîé ôóíêöèè âñþ èíôîðìàöèþ îíà ïîëó÷àåò ÷åðåç
ñâîè àðãóìåíòû, ïîýòîìó å¼ ìîæíî îòäàòü íà âûïîëíåíèå äðóãîìó ïðî-
öåññîðó.

Îïèñàííûé âûøå àëãîðèòì ðåøåíèÿ çàäà÷è àïðèîðíîãî îïðåäåëåíèÿ
ãðàíèö èçìåíåíèÿ ïàðàìåòðîâ âîçìîæíûõ îðáèò ðåàëèçîâàí â Ò-ñèñòåìå
(ÿçûê ïðîãðàììèðîâàíèÿ Ò++). Ðåçóëüòàòû èññëåäîâàíèÿ ýôôåêòèâíî-
ñòè ïàðàëëåëüíîé âåðñèè ïðîãðàììû äëÿ îáðàáîòêè 100 òðåêîâ ïðåäñòàâ-
ëåíû â ñëåäóþùåé òàáëèöå.
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×èñëî ÿäåð Âðåìÿ, ñ Ñðåäíåå âðåìÿ îáðàáîòêè îäíîãî òðåêà, ñ
1 195.178 1.95
2 146.233 1.46
4 86.399 0.86
8 55.220 0.55
16 53.346 0.53

Âèäíî, ÷òî ïàðàëëåëüíàÿ ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìà ïîçâî-
ëèëà ñîêðàòèòü ñðåäíåå âðåìÿ îáðàáîòêè îäíîãî òðåêà ñ 1.95 ñåêóíä íà
îäíîì ÿäðå äî 0.53 ñåêóíä íà 16 ÿäðàõ ñóïåðêîìïüþòåðà, ðàñïîëîæåííî-
ãî â Èíñòèòóòå ïðîãðàììíûõ ñèñòåì èìåíè À.Ê. Àéëàìàçÿíà ÐÀÍ.
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