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Uncertainty estimation approach in orbital prediction error of space
objects based on natural gradient boosting

CHEN Mu-yi*2, WANG Da-ling*!, FENG Shi*, ZHANG Yi-fei'

(1. College of Computer Science and Engineering, Northeastern University, Shenyang 110169, China; 2. School of
Automation and Electrical Engineering, Shenyang Ligong University, Shenyang 110159, China)

Abstract: In view of the insufficient accuracy of the orbital state prediction method based on the physical model in
the space surveillance environment, and the insufficient reliability of the error compensation model based on machine
learning, as well as the demand for uncertainty modeling in the SSA application, we reformulate the orbital state prediction
error estimation problem as a probability prediction problem, and propose a method of using a gradient boosting machine
to model the orbital state prediction error distribution. In order to quantify the uncertainty in the state error estimation, the
parameters of the conditional distribution of the orbital state error is treated as targets for the gradient boosting algorithm.
Since the probability distribution function corresponding to the parameter is located in the Riemann space, the natural
gradient based on the Fisher information matrix is used instead of the standard gradient, and the formula of the natural
gradient is deduced. As a result, conditional distribution of state prediction error can be calculated. Experiments show
that compared with the state prediction method that only uses the physical dynamics, the root mean square error of each
component of the orbital state is reduced by at least about 60%. At the same time, compared with other commonly used
uncertainty estimation methods, the proposed method can achieve a better negative log likehood. Therefore, the method
can effectively estimate the distribution of state prediction errors, and improve the reliability of using machine learning
methods for space situational awareness tasks.
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[] Cholesky 73 fift Hb ™ = 1 5 B E 2 o0 3= 4 R 71
. 49 45 2 5 ) U6 (R T T A R A A IR
10, 2B 115 2230 05 240 R 19 60
argmin Y S(0, ), X 2 FFAT BEA SO 6 1 kA
RBHE. 5 m AN ) B0 R e, B 2
ErHT AR {2, g™ Y, U 85 2 5T B A T4
I T W 7 160, 2 ST B B ST RN FOm) =
<y%§myw@a%AM@ﬁ&%$ﬁﬁ%ﬁﬁi
m . m—1 m N

o )=argmpm;S<9§ Y f @),y AT
35 A, R FH 2 50 28 ) SCBLIE AL 2455 m AN 852
)1 5 52 B, A B R A A 21 2552
YR58 5] ST, 1

0" = 0,71 = n(p™ - £ (7).

(m)y-1 V,,S(HWH',,}’,)

W | L) L)
| mEs o | EES
(e (1)} P ()}
(e {0,(m)} om0y |
o [(rw o
{(/( L/)( 1}/.'771 {(f‘l/)m)}bmfv
LS LT 1) NI
(»f‘l”l),pl”l') (_/'(W’H,pwwl))
s ¥ W% ¥
f._..-'.; ){...‘-.’/ _>
\_ x.g™ g™y, )

3 ETEAMERADZNRSRES T

AR BA BE gl f T S 7E W 2 4 A % D) e R 4T
g™ = (0N IV,S(0™ Y ) ALHE V4 BT
T} T 2 B0 AR A B S 55, Fisher {5 2 48 R4,
W 2.2 prik.

Il 25 52 B O, 45 B M2 HG B IR T e 5 e
{p(m), FOmAM_ | FE R AT TR, % T4 A
PN b E R R o

M
0i(z:) = 0 — Z pm - fU (). (23)

m=1
R KA 4 A Pei(a:,-)@z'|xi) 24 91(%) =

(g (5), 73 ()™ e AE AT TH S L IR 2570 A1 ) AR AN

W7 ZE AR, AT A5 ZPRASR Z2 1) B AR AR 70 A
AR RS 1R 22 Al T J7 1 AT LA

AT A5 A% G i3 T VAR 45 AR RES T 56 45, BA
5 &0 77 FEAR &5 A 3t AT 00 5 3. 45 an, 2R3
JER IR E e AR RS T 20 7] AR IR N

e = dr—1(8_,),

€k, Qk? = h(éz_p Ck, At)v

5, =cp + ey, (24)
Odr—1
Qkfl = )
88 S;:71

Py =& 1P @+ Qe
Horr: ¢ NEIE SN )12 T FENMR; 8, Nk — 1EFZIE)
HUE RS Al VHE; o NIEETHUIES) ) R E
RETM, e = (1o, 7y, 72,02, vy, v5) € REAOYEIR
By, AR .y 2 TR E > B S b
NS 5 IR e Q FINLER T SRR BT Al THIR
AT AR 22 1) & (0 R R ) 7 2500 B 5 B B
B 5188 2% S A AR 45 615 B I BUE RS A5 THE;
Py A3 HE TN 0 SR A V5% 22 B0 75 220 P
3 SEEROT

ASO [P %)L& % #% F H spack-track.org ¥ it Al
API, M\ % [E fif g 7] 4 &5 (United ~ States
Command, USSTRATCOM) 315, g N 4T HLIE R
4 (two-line element set, TLE), & 4t %} TLE £ 48 it 47
A3 M, A R R A R A LI IR S ) =L R
Cowell 2 X A A58 B4 E Sy 47 355 10 S A6t 3R %o
ASOHE I F). INGREEFET 30 RN 1) ASO FLiE %
PR, B 30 75/ HH wit, T B () 5 DR 3K, RO
W B VR B 3, % 21 28 9 0.1, R T A& 7R
WIZREE 11575 45 30 1~ ASO 7E 30 K P i $idie i3t 47
3.1 ASORSIREZFERITUN 73

B4 FIES 3l dh TR IR ZE M el el 1
I X 161, e e A b A Bt T ) B (Fl - N
ELE PN 9 13 4 [ 12, S [R50 5 mT RE S B2 AH 7] 1) T
FECAE I Z1 ¢, D T 50 g 1 AT LAk, R A B 18 D TN RS
TG ZI) + R 2R 5], DA AR AR AS 1R 22 [ A B
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5 error_v_x BIESL{ES 95 % TN X 8]

BiRZ), “-7 AR ARSI IEAS B BIE, B2 N
95 Yo il [X [7].

EH Pl 4 0BT 5 ] DL, 48K 22 25018 R R O ) LS AE
PIAL T TR (19 95 %o LI X 8] LA P, 3 BH AR B X T
PR RZE 7 BT ZE A5 AT DL B HS B S B AN

S8 1, 6 JE J5 SR AT 55 0 AT S AU S M R AR 1 7R
32 5ERNBFRZFEIF AL

5 ML % S BRI LR 1 ps, X ik
oM . BA AR HE H+ XGBoost.
Bt AL ZR AR (random  forest, RF).  ElasticNet A 5 fi it
7k, ok R . SEI6 15 B a0 R 6 TR R
ASO HUITE HHE 4-, BEHLIZH 10 %o FOFEAAE MR LR,
F 90 %o K 4im E AT N 25, Forp BEALARAR. 0 A B AL
AR MK (distributional random forests, DRF) [] & KA IR
F£°8 15, MC dropout K FH 3 J2 4 7 B2 4l 48 I 2%, [ g
FLIGHCR 200, 1 FH A% 25 € dropout 55HE 2 2 (1)
{H; XGBoost 115 KRN 3.

#£1 AXFESEMTENFRIZRE (RMSE) Ffaxt#elsA (NLL) M gExTEE

RETE A ik DRF MCdropout GAMLSS XGBoost RF ElasticNet —~ #JHIRERS  FRAEBREE  FJ7 %
RMSE(r,/m)  71537.04 7327529  28111.94 25930070 20306.08 6492275 250612.78 17659542 17613820 71537.04
RMSE(r,/m)  59729.71 88542.74  33609.14 31100427 2102745 72203.75 276618.77 18533592 20196326 59729.71
RMSE(r./m)  44960.61 16011528 106097.60 33202641 12562.94 7364630 448530.25 1213209.13 728268.34 44960.61

RMSE(v,/(m/s))  182.24 249.36 146.19 462.29 50.36 222.63 485.76 919.26 921.92 182.24

RMSE(v, /(m/s))  168.42 153.17 130.66 453.47 51.99 199.52 502.81 787.19 786.84 168.42

RMSE(v,/(m/s))  17.48 42.50 25.77 100.87 9.39 78.27 158.23 150.51 146.60 17.48
NLL 51.6512 561116  109.1826 119.39 - - - - 68.5292  60.4455

HH 22 1 0] D0, AR T A AN B 8 1Al 7, AR
TR AR NLLAE, 2 B A ST 345 H A
THOL T HoAh 7325 D 7 VPAS ARk TE RS B, ¥ AR S
BT IO IR A R 22 n) B R S A T vk kAT
XF . oAt XGBoost 45 H 1 BEAIK 19 35 77 MR % 2 (root
mean square error, RMSE), iX 7 HH T XGBoost tH 72 &
S AE GBDT 2l E 1) AR B X BIE M RGIE T A
Ak, H XGBoost 1Y R FH (1451 2K bR HUAS B st 2 5 T
177 v Z2 10 5 MSE 1), Taik 45 th AT Ae) 56 T Pl 45 2R
BIANHf € THAS B AL T7 0N 145 BIMEE Fi, % A
LLER BREAE 451 2K iR 2. [FIEE, MC dropout FIAE4E H
Pl 72 JE T MSE (1, B8 K30 45 B 4 0] DLR A
HERFI ) A AS THE, 12 MC dropout X T AN i 1 O Al 1
ROR A BEAR.

3.3 SYBESNER AR

XTI AR ASO Ui Hods 4=, I FHHLAS 2% ) 7 ik
5K Y L3 77 % 07 1545 B RIRES T % 2 13
ITXSEE, S 45 AR 1 fo. &5 R R AT
EEAT B RS U 2 A TH G, BUEIR A IO ) 6
I BT MR ZE 7 I AR T £959.49 % 67.77 %o

96.29 %+ 80.18 %o+ 78.60 %+ 88.39 %. 74N UKW
FRF) 775 77 0F, KRR A5 B PUECIRAS B 5 s AL,
TeiELE H D& T FI0I 45 S AN & PEAS T, 1T 2R FH AR5
75T DALE $ e TR P2 1 [R] N, 75 21 ¢ T~ Tt 45 2R
(AN E 1A R
34 SRR ERIXTEE SEIE

X ASO HE Hd &, e A ST ik S 2 T An it
B FE UL K [ 75 2 8 % R () RMSE 5 NLL # 47 % L,
SRR MR PR, Hodr R D7 Z 15 00K, R T 3985
KRB BE AT AR AL, V5 ZEH R S SN TG R, K
B AMEID S AR AR B 7 ZZ 5 B, SRt &5 R
B, K P R AR 0 B2 IR, FE A P 25 2 HH B 25041 1) R, %
B E AN, W SACH FEAR 18, A LAAS B 5 4 (A, SR
F B SRR FE I, BT DU IS Sk B 3404, H R AR
U AU A e 1.
4 4 B

SR I TE R AR ZE A T ) 88 R AR A
OO i R, P A FE A T OV, K AR A A S EUE RN
521 Hobw, K FH B SRR FE AR Rk 22 75 A7 25 [A] b 1)
NPT A HE S B ARERFE TR A S, R R
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THOE RS R ZE R A E VLG TE, B2 AR R R 20 A
Py(y|x). SEHERRN], 5 0CR IV BLE) /)5 05 1
RS TN A B, R AR SO iR AT FUEIR A 1R 2 A
e, ERES S BRI TRIREZDBRKTH
60 o, [7] I 15 FLAh W5 AN B 72 P i T J7 iR AR B, A5
T AT LIS B S AT O NLLAA. PR, B Hh U7V R
AU T TR A R S T 5% 22 1) AN 5 1, B
It AME: T BRI TRY f TR R 22, S v T RS T,
E SERERE L oRAb T HLE 2 SR iy X DARERE A2

RE AN SR JR R 51NN SE L, 7] DL A% S8 it
Hﬁ¢%£%%%ﬁ%&&ﬂuihﬁﬁﬁ%ﬁﬁ
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