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Figure 1 Two-layer vertical hierarchical architecture.
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Feedback Mechanism
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Figure 2 Adaptive policy space reduction via feedback mechanism.
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Figure 3 An integrated feedback architecture with vertical hierarchy and horizontal adaptation.
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®1 Bl 1 POMRFETERY.

Table 1 Initial orbital elements of the spacecraft in Example 1.

Symbol Description Value
Qref Semi-major axis 7155.46 km
Eref Eccentricity 1.17 x 1073
Trof Inclination 1.29 rad
Qref Right ascension of the ascending node 0.30 rad
Wref Argument of periapsis 1.47 rad
bref True anomaly 0.23 rad

Horh P OIS TIREZ, €rnen R BIMED, I8 AAT VLT BT RUREA 7L 8 1 A XU, D025 i R S5 Al
WUBIEIE, LERTR & E 2R A ME R UL TEALE).

BERPEE AN, AT NSERUREHA (expected fuel consumption) ME&. 5 5E ¥ (3) X ATA FRIEM
(AP SAN AL, BITERT R 2SI G Py, 5T B 2N ) & B PO S P HEAT e Th WLgE. & P AN
ZHE T 5Bt v SR — 2L P e R B TR LS A 1 45 s AR UL 0 R N A
SV, G RUIRLA. JATT5E S 3 U i PR VR I SRR A P - o, I

oV = P, - dv, (4)
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IR RN S EPORTER =t sl =N (N b = O N1 I/ 31 R S B = B Bl A 5 i ) 92 N S

TRA TR AR LB e (3 AT AR AR B) 5 B IE BB 45 A, ARYE A AIEI (3) A (4) SERCT AR
A5 T2 B R B Py (481 7 5 24 SR 4 ) S T ST ATL I R 5% 22 15 9% R I IR .
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R AE TCA B ZIMXHEZPRES WK 3 Fran. 07 FRPIMIR B FURE T A5 Fr, SR 20 B 1 & /Ny
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{IPNFIEATE1 0
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* 2 Mz ERE R ETUERE.

Table 2 Initial orbital elements of four pieces of space debris.

Symbol Description Value
to Time of closest approach (TCA) 14400/14525.22/15413.68,/16096.38 s
a Semi-major axis 7160.40/7238.40/7348.71/7346.47 km
e Eccentricity 2.08x1073/9.87x1073/2.41x1072/2.55x 102
i Inclination 2.14/1.30/1.29/1.29 rad
Q Right ascension of the ascending node 1.67/0.31/0.30/0.30 rad
w Argument of periapsis 1.64/4.00/4.95/6.20 rad
1) True anomaly 0.31/—2.07/—2.68/2.45 rad

# 3 LVLH 2iFZTREERERSMXASE TCA FZIEMTEIRE.

Table 3 Relative motion state of the low-velocity debris and the spacecraft at TCA in LVLH coordinate system.

Symbol Description Value

te Time of closest approach (TCA) 15412.24/16090.75 s
rCx TCA distance in z-axis direction —1.68/—260.68 m
TCy TCA distance in y-axis direction —3.70/—371.51 m
rCz TCA distance in z-axis direction —12.95/38.27 m
VO TCA velocity in z-axis direction 32.21/—29.46 m/s
VCy TCA velocity in y-axis direction 89.92/93.35 m/s
Vo TCA velocity in z-axis direction —7.15/44.07 m/s

3.2 MRIMRMEHETHERIP
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FELRG R B B ARTEAS « 1834 2 I sEAT A5 Bl A HC R B 5 SR A RS vE T, X A5 AN 58 4 k.
75, MR A TRERE WA RS BORHEAE . AR5 &S AR ER, BT 2 Hbr 2 20004t ial AR 2k
KA. 5 & BINURGAEPRIIBAT WA e & xE LU T 2, B3t 58 A7l S ™ B2 IR, X it gRds o
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ARSI AN AT 294 Dyt FAT 5NNl T Bl ) AU DX

Forbr Si(t) AR i AMUE DA ¢ I 2RSS BN X 38, i ige TR B R R (BRI A S D6
BRREST)~ AT 2D IS DL R BRI AR AR AN S5 R s % . HOROTR RE I S RO e g e i T B

JRFRER /3 R AR S /RE MR BAFLAERE . AT g TR 4 BA R HARAE T ARAE U, S(t) PASH
SR B T B o (05 R BOANUR AR BT (SRR ANR), TR A 5 AR IME BTN S(t) AR TE).

THE AT A ERA T EE B AW, BRI S, EIRITITARER, BENEENISHER, IR
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®a Bl 2 POMKFINEHERY.

Table 4 Initial orbital elements of the spacecraft in Example 2.

Symbol Description Value
Qref Semi-major axis 6778.14 km
Eref Eccentricity 0
fref Inclination 1.71 rad
Qref Right ascension of the ascending node 0
Oret Argument of latitude 1.57 rad

*5 KMEFMUKE. BIMERARERHEOIHRE.

Table 5 Sun vector, mission orientation vector and payload distribution vector.

Vector type Symbol Value Coordinate system
Sun vector Qsun [1,0,0] ECI coordinate system
Mission orientation vector Qmission [-1,0,0] LVLH coordinate system
Payload 1 initial orientation vector q1 [—1,0,0] Body coordinate system
Payload 2 initial orientation vector 42 [—@, %, 0 Body coordinate system
Payload 3 initial orientation vector 43 [—?, —%, 0] Body coordinate system

& ST AMERRIZ, SIS TR FRAENUR AR RN S S, 456 IS At FL I st
S IR, S, AR TERAS L, 4 E IR SENE, DR KAtk S(¢) \ S N HARZE i g TELBh s, A
FEAfE R
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XOTHIERE ) 22 AR B R R (HE RS WIATS) A2 S 5 Z LM RN, B IEERg e/ 25
TENURAEINERRZ, BT D ENB) RS ({5 SRS, Sem B s bngitg / 240

2 RS R A T A =0T 5 TR S B SR I = P I . URAS T R 3 AN 38 Bk far LURE S vk A\ B H A5
PG N, [FIBS 1 55 25 R R 4 SR . BB TR S B KPR INIE o 0.01 m/s?, B K15
4 10 Nemy; fli%E PR i KR IR FEI Y 0.01 m/s?, M 20 rad®. fIRFBBHESH. KB TTALR
. HIRBRIREU LM MR ENLR 4 F 50 A, B TRLE LVLH ALkR & N IIVILE AL B 5 3 A
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A1 [2.83, —0.50,0) m/s2. BIRESHILHLE M TN [0,0,0,0,0,0]. BEFER A 10000 s. 30K LT s & 28
AR T I R 3 S SR 5 TG SRS 2 ] S 5t [ 3 98 ) ey (R 4 BV AE IR T 5237 S5 TR SR s 2k .

TR 1: LRSI T LIS @B R T 5ng. (BE pige TR AT € PR g8 %, IX 72 SEbr 23 (Al
ST R B — SRS A B R A ST R] 2 DS [45), HerpRATTIER =R e PR S8k AIE
Ko RS 8 5000 m 5 2500 m. B 4 IR T E S RS R, g TR Hr[E] SR AU X gt AR, R
B 5% B BEAEFR SR T HURZR B, B 5 5 6 Bl &4k TR ATHR Ry 5L ELL D, | 7
MR T AR BIRRBHEAE. 07 FARBINTR 48 AT R R4 3 A #far I e 43— 8 AR S 2l ik, ST EA
7.876 m/s. FATIRH, BH T MR EHE B B S SEI AR AL 2R 253845 B FF DAL i B Sk mg, RS {1 %2 T2 S Sooiimg
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4) B4R AR E SCRR SR I 4R 7] g 50T BEAMANIRATT W 7,0 =1,2,3 ZRIKERKRA, W FRPos:
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FFA R A e N TR — 5 8 BUE (TR E BN e ISR R B e ), MR 2 575, WURAR R e
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Figure 4 (Color online) Cumulatively co-observed area Figure 5 (Color online) Payload pointing loss of the spacecraft
coverage of the reconnaissance team under Scenario 1. under Scenario 1.
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Figure 6 (Color online) Mission continuity of the spacecraft Figure 7 (Color online) Fuel consumption of the spacecraft
under Scenario 1. under Scenario 1.
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% 6 MEEXTEE (CPU @ 2.1 GHz): W7EHEEM CPU 5.
Table 6 Performance comparison (CPU @ 2.1 GHz): memory consumption and CPU usage.

Scenario 1 Scenario 2
Peak memory usage Peak CPU usage Peak memory usage Peak CPU usage
560.79 MB 42.31% 834.50 MB 51.48%
12 T T T T T T T T T 3 T T T T T T T T T
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Figure 8 (Color online) Cumulatively co-observed area Figure 9 (Color online) Payload pointing loss of the spacecraft
coverage of the reconnaissance team under Scenario 2. under Scenario 2.
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Figure 10 (Color online) Mission continuity of the spacecraft Figure 11 (Color online) Fuel consumption of the spacecraft
under Scenario 2. under Scenario 2.
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Abstract Autonomous spacecraft operations in orbit are increasingly challenged by orbital threats such as debris collisions,
close-range reconnaissance, and malicious interference. The avoidance process in such scenarios constitutes a dynamic
game under uncertain adversarial behaviors. Influenced by environmental constraints, sensing limitations, communication
disturbances, and stealth technologies, the information structure is both imperfect and incomplete, resulting in a dual
dilemma for game-theoretic decision-making: significant uncertainty in adversarial actions and high sensitivity of strategies
to situational dynamics. Additionally, the dimensionality of the strategy search space increases exponentially with
the complexity of information, which, under the stringent constraints of onboard computational resources, often forces
autonomous decision-making systems to adopt overly conservative strategies or compromises that may jeopardize spacecraft
safety. To address these challenges, this study proposes a feedback-based strategy design framework featuring a vertically
layered and horizontally adjustable architecture. By dynamically optimizing the game information structure in real time
based on situational features, the method adaptively reduces the search space and improves strategy performance, thereby
ensuring the security of space assets and satisfying the operational demands of on-orbit missions.

Keywords orbital game, imperfect information, incomplete information, autonomous decision-making, feedback

mechanism



