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Development of Asteroid Optical Determination Software and Data

Processing Analysis

WANG Bo' LIU Lu' YAN Jianguo' GAO Wutong'
1 State Key Laboratory of Information Engineering in Surveying, Mapping and Remote Sensing, Wuhan University , Wuhan 430079, China

Abstract: Objectives: Based on the first asteroid exploration plan announced by China Space Administra-
tion on April 19, 2019, the main belt comet 133P/Elst-Pizarro (7968) is one of the possible mission tar-
gets. We aim to report integrated orbital fits for 133P through all the available ground—based optical data.
Methods: We developed an optical orbit determination software and compared it with the well-known Orb-
Fit software system. The 133P/Elst-Pizarro’s ground—based optical observation data from July 24, 1979 to
October 28, 2019 were analyzed. In addition, we carried out a simulation orbit determination analysis
aimed at 133P/Elst-Pizarro to discuss the orbit determination accuracy from ground-based optical data.Re-
sults: After the fitting process, the residual distribution of 133P ground—based optical data is consistent be-
tween our results and the results from OrbFit. The measurement statistical residual root mean square
(RMS) is less than 0.01” , and the internal coincidence accuracy of orbit determination is also consistent
with each other. In our simulation experiments, we used 20—year simulation optical observation data mea-
sured once a month from Yunnan station and Chile station. The data were also added with Gaussian white
noise which is close to the current actual observation level. The results of our simulation experiments re-
flected that the optical orbit determination accuracy of the asteroid was at 50 km level. Conclusions: The

processing results of 133P optical data suggests the reliability of our software. Further simulation analysis
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shows that the optical orbit determination accuracy of the asteroid can be effectively improved by increasing

the observation data or reducing the observation noise.

Key words: main comet 133P/Elst-Pizarro; optical orbit determination; simulation analysis; accuracy

analysis
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Fig.1 Process of Optical Orbit Determination for Asteroids

BRI R A S R T 3Ry . TESE Bl
SR TR R e AR N 9 K B AN (] ] 2R 2 M s

] AL AR 2R A AR LA 4 . PR, 5 R B — 5 ik
(14 B ] 0 23 ] B, 7R 48 — RO B B R G K, R K
PR B FEATOE S0 o R BUECPE Y T i B G R
A 7S AN 3R 1R .

H T b T 3l 6% 3l bk R D [ B ot 3Kk 2 7% R R
7 /AT B UIE IR A5 K AR J2000.0 H G OF B IE
MebR B, R T AR — AR AR R P AT O W
56 BN [ PR Bk 2 7% R B PR R Bk 2% & 3
J2000.0 F 25 T8 A8 b5 28 1 % # o % Hid 72 205 1K
42 EB HLER F R RS A IE SRR AR
TEE Lk B, AR AR R G 4 05 B 7 BRI AR
T 5 A 2 pE kb 1 I 3k UTC B (coordinated uni-
versal time) | 17 /& JJj % TDB B} (barycentric dy-
namic time ) Fl % 25 | # gy A A B F >R HT A4 I 1) 52
Gi RICARE ] RO R B E B IE &
I S 5 b 9 At S 2 (UT1—UTC) %2
BonT 38 o [ R Bk A ¥ R 55 (international earth
rotation and reference systems service, IERS) 2
A I
1.3 EigWNEITHE

AR SC A PR G0 W0 Cay 0) W00 B4R B Sk o0
TG . MTEWNIB S % R J2000.0 H
P BE A AR R 32 3 B AU 19 B B AT R R
AR BIEAE AR R T o I b 1 08 D0 s 14 7 ¥
JETE [ bR Bk 2 % 2N, B 0L DU B O
J2000.0 VAR A AR R T MR R . PRI, W
SE S WL DU AL 20T 56 180 A B 2R 1Y) B 46

F1 FAFERME=EE
Tab.1 Dynamic Model and Space-Time Benchmark

DA B i H N2 &1
KA 5] K BASE H AR NMT R IR 58 R M
S N R3] FAR L FH /N RAT R BRANE T 2B S 5| ) 430 JPL DE431 Jjj %
3 S|
- %I B 3 B 5 2 0540 0 1
UNEEET S/NMTEWEE BREA R BERES X 133P/Elst-Pizarro A1 & £ 45 15 W, SCRk[9 ]
RSk AL 5 7N — 3 L Ak B
S f e SRR A
iS5 FE BT TTIN 2 K
A g TDB
s} 25 e Wi B B P
E R YT J2000.0 H 0 18 A8 bR R IMTREZBHSH R
At Mo BR {5 TAU1976/1980 % 2% % i 1Y BIESEH IERS A4l

2 5 i JUAT i 7s AR E Ak AR P T2
J2000.0 V- B JE T, r & /N7 R H O AALE R, &K
BH A b0 57 B, /N T R O B R R, =1+
Ryo p S WL 3 M0 457 B D) A o 5 /N AT L 3 0
fERERN:

R=—p+R,=—p+r+R, (1)
2t FH A AL B < 1 BAE 72000.0 °F B E A2 AR &R
HEAT — 8 AL bR R R REAS B . W R, & KA
() MO A2 E L, B DE431 & J5 i E 1Y K FHAL & R,
e TE ORI AR R, W R =R, (—e)R;, ¢ J&



280 B K 2 EWR G B E D

202342 H

TR
2 S g L g 2

Fig.2 Geometrical Diagram of Optical Measurement

J2000.0F-# AR 28 ff. [ i s (D)8 81/ T 2
SO B R R R E B AR BR R IR0 B AR GE Ak
FRRKITERE KL, R =R, (—e)R. ILIME
T B IBNAT ZRE

R

di=— (2)
C

L, B 299 792 458.0 m/s; de A5 B 1L
] AR (2) &5 SR T3 /M T R S PR E

R =R —dtXwv (3)
X v/ MTEBOHEE . R MBER/NMT
A 72000.0 3 000 - 75 T A bR % RV EE S )
HIRZ a JReh o FB W .

R
a = arctan(—)
K (4)
. R
&= arcsin(——)
| R

XL R R FMRZER WX Y ZI =4l
2 ST HE AL IR 4y AR

AR 3L S H 4 Ak B AR R B & 1979-07-24—
2019-10-28 % #ii () 133P/Elst-Pizarro M [ ) 2% WL
IBCHE , it 40 a B3 849 AR R A BdE . %
B ok R T 2 W s, 2 46 G96-Mt. Lemmon
Survey , 691-Steward Observatory % . X X 4 52
DR 00 8 B AL 25 IR0 3 B4 B ) R LAt A
BECETENER L. PG PUERTE T AstDyS-2 ¥
vl ) 133P/Elst-Pizarro B4 L1 AR £, fit 8 S 4K
R /INAT L R BT G 2 3 R

TP 3 S0 S 27 6 ) KT i 48 133P/Elst-
Pizarro T 2012-05-05(JD 2456053 ) () {3 ‘# 14 JF 2K
O ERIME 2R,

M 2 AT LUFE 55 5 /N T B B R it
JUF %A 224k, 0 & 5 00800 25 35.5 km, 22 B
B J5 MR (root mean square, RMS) £y °4 71.3 km.,

530k 6] 9 20 ke 19 B35 3 1070 2% 8 kS 1
FH EL 85, 133P/Elst-Pizarro 5 Bk BE 2%, I A 2
133P JJy 5 Hl 1T ' 2 00 00 3 ek g /0 i el 3% 3 0 1)
SE BRI s ORI R A L IR FE 2012 4F (R A 2B
LI 3 A5 T R 2 I B o AR SR R
USSR B AR 25, SR Ak 22 RMS fH LU
AR A& B E . EHUG R4 5% 2 RMS {E
290 0.713 9", A A5k 22 RMS{HZ)H 0.525 17,

®2 BHIRHUSBMEER
Tab.2 Results of Parameters Solution Using

Independent Software

i1 K fE 591w %  RMS(lo)
X/km —291 090 530.559 13.986  43.489
Y/km —317 565 597.602 —22.477 39.189
Z/km 9623 769.361 23.739  40.723
Vy/(mes ) 15 055.7 3.631X10°°  0.0011
Vy/(mes ™) —10424.3 7.346X10°°  0.001 4
V,/(mes ') 113.6 4.543X10°%  0.0017

B 1 AR ST RMS (8 R i 25408 ok 2%
RMS , i 0] DL i S 4 56 09 77 CPF Al kS
JEE o e TR [R] G 2 LI R 30 0400 4 Bl T 1 B
B N O BUECPE OrbFit ok 83 &
B, R RA R L 3.

®3 OrbFitSHMELER
Tab.3 Results of Parameters Solution Using OrbFit

S8 Bl H5WHm#% RMS(1e)
X/km —291 090 532.667  16.093 44.477
Y/km —317 565 610.549  —9.530 39.289
Z/km 9623794.171 —1.071 39.574
Vy/(mes™") 15 055.7 3.881X107°  0.0011
Vy/(mes™") —10424.3 6.951X107%  0.0015
V,/ (mes™") 113.6 2.290X107*  0.0016

H 2 3R LA W, A OrbFit 85 44 fi 5515 5]
B 40 A7 Ak 2 R 18.7 km, 4 B R A RMS
B 290 71.1 km., M3 2 136 3 9 Fh A [8) 4 1 fie
25 S TT LA K B, DR 3 Ak B ol 2 O 54
N FORUTE (1% A W), W00 B RMS {32 0
= RMS 225 /0T 2 kmo [RIBF, R R B AN 4K
1SR 10 R 28 R 9 A 20 S LA Y 1 1 22 57, A
B[R] g A R 22 K 2R 28 km, i A 2 7E 9 5L
IR R Z N .

T OrbFit FHF & BLJG o 42 5% 22 RMS A 24
0715 4", 5% 2 RMSH 2 R 0.526 47, it
ALEL, PR R O B AR 22 RMS M B ) 25 (H /D



5 A8 B 2 1) EER S ¥

IINAT BRI 58 TV R )RR BB Ak B A by 281

T0.017,
KIS T AR A disk 22 2218, i ] 3

0.03
0.02 y
0.01
0 *
F ®
o W .
-0.02 F
-0.03 )

IR ﬁiﬁﬁ ;;13/(")

*0 04
-0.05

.06
1979-05  1990-04 20%1-04 2012-03  2023-02
i} i)

(a) AR H

B AT A, 3% i 5% 22 BUE 22 52 249/ T 0,057, 1 Tkt
S URIIR S IPE -

0.025
0.020 i
% Fox
0.015 x ¥
H x
< 0010 ;- .
= : ]
2 0.005
i
g T
He ¥
2% ~0.005 ! L i
& | "
-0.010 ! x
& c o4l
-0.015 %
-0.020 )
-0.025
197905 1990-04 2001-04 2012-03 202302
I [H]
(b) AdiikZH Z 010 E

K3 e IRz E 22 A

Fig.3 Difference of the Residuals of Right Ascension and Declination

P4 Sk W AR s U A A 5L T =2 TR) A D 2%
MNP A AT WL, A1 HE AL T 04 i 22 7E 30 km I, T 2 L
fiff SRS B AE 70 km RS .

Zx B TR AT D s ot 2 0L I Al XF 133P/
Elst-Pizarro #F 17 & #1 , 5% 22 /K F i B RE E 5
OrbFit # 11F 2 Gi kb B A5 R — B0, s B B 24
EWMAERT Y F N . XL R L e T A &
T (8 /NAT BRI 2F 2 LR 1 AT v

3 .
— Xl
2t — Y
—Zh
1_
=
E_|
Bl
:13
,2_
,3_

-4 L L L L
2012-03  2013-07 2014-12  2016-04 2017-09 2019-01
B 8]

4 AR T H 22 8
Fig.4 Difference of Extrapolated Ephemeris

3 ESH

P B 3 — Jy T AT LA 3R Ik S R Y 2 e
A AT, 55— O T DA 55 G SR W S Y
AIATHEY L S5 R v N TR R AR 4K IR 133P/
Elst-Pizarro Z | , i 2 4F B} I\Hj‘fu}i:ﬁﬁ'ﬁ#'i)”
W, A R — 20 e I RGBT b L

B /NT B R AT 45, X 133P/Elst-Pizarro JT J& ]
B B UK A BT . O FLE R D AR R BLE
FE A BA BT A 5] s A RAT R T A T
By K BH (8 AH X 18 B 3l ALK BH R 5 e S )RR
FE A 38 ek bR BRI RN A R O A A ATy L
DI o U VR 5T O - e 7 T IS B R
Sl — A B A 2 L G 24k 4 41, R T AE 24
h AT RE 2 b AR IO ELRCHE UL DN i 2 TR T
] 1Y) 25 B R S R TR R B 3 R 3 X Y
B SE LI 2, 3 AH 22 124 F X, 60 ] 7E 24 h
NEEE I A PURIE €/

D5 B B 50 B 9 2 50K [R) W 75 KT 5
i) B4 16 2 A 4000 I 7 8 RS B . ke B [
25 T RN R IR SC 5 A Ry ASE DL I 3 A D) 3
SR 0, 08, 0 I B 5 i S S I K 4 4 S 4 I B
AP 2L, DI B 20 ao R 445 H T A OrbFit 4k
{4 ShHE 133P/Elst-Pizarro #Li 38 45 B ¥ 1R BB 15
BT E 6 AR A R Kl o BB WA 4, O
R, T MK G o, M S A o, 5 A MK
BRI, T AR B SRR [ 20 ] 55 e o0 T B A A R R AR
B, AU 2K B JLAT, 29 45 T M BR PR K BH (9 °F- 3 BB
B o BT R SCE S H W — kA Sk
TOZL B4 , 7 6] — K (14 AN [R] B 220 1F 47 455 40000 ) A=
AT B A, 43590 0 S )RS R 7K S 9 5 0
W AT L

F5XF 4 ROy AT T X B, BTN TR
R 2 O I R X E RS B S . R LN
Xt HESC 06, Ak PR AR MR VR IR A U s
22V E T 5SS B b B 25 R 5 22 RMS



282 DK 22 4R (5 BORE 22 ) 2023 %2 H
*4 WMEaHE PR — DR PHAT R . TR 2R 3U N

Tab4  Equinoctial Orbital Elements 4 123 Ay 42 0T S B WL K SF- B R R &7 SR 8

2% K A E 2 B k5 R I I A N 2

i ool B LS XL TR B B R
KA/ AU 3.164 263 621 791 612 0 g e st -
xsin (@ + 0) —0.145 737 655 500 451 FRAHLE Ty © R L FLAORT EL T4 e T L

e cos (@ + ) 0.058 571 578 867 105 b T BB G R 9 22 5 g i p T

0.004 122 980 432 246
—0.011 400 256 739 563

tan (i/2)>X sin 2
tan (i/2)X cos 2

/() 77.633 785 095 603 7

LEIGESSEGEIS L S SRV SF A 4 B o )
e B AT A [ A BB, 9 A 0t 2 LN £ 2 iR
209°0.37"0 JF LB B M 5 5 58 4 FE AR

REFATE R 22, P B P 6 BT A 7 v D LA
HEM XY Z 377 1 B4y 3 - —10.0 km .
10.0 km, —10.0 km #1 —10.0 m/s. 10.0 m/s.
—10.0 m/s [l 25 #EAT IR . 78 B B
PRI BUAL B 3 77 ) 15 22 43 S 1S 2 100 km 45 48
ARSI, AN 5 15 B IR 4518

K5 ARBAGHRAESEENEEE

Tab.5 Difference Value Between Nominal Orbit and Reconstructed Orbit in Different Cases

ES P I Kl dX/m dY/m dZ/m P 2 18/ m RMS(10)/m

. + 5301} —0.05 0.24 —0.01 0.24
= —0.04 0.24 —0.01 0.24

) ;2 0.71" I —30519.91 18 815.50 15 651.02 39120.86 81714.93

4 0.53" =k 34 435.95 18 911.55 10 867.80 40 762.61 129 212.05

; A2 0.37" 13311 —18289.31 10 679.24 9769.22 23 323.44 46 610.53

45 0.37" ZR 19 144.14 10 929.88 8 315.42 23 560.70 73702.88

. H#0.03" B —1486.84 868.06 792.09 1895.16 3779.23

5 0.03" ZE 1548.28 888.39 674.21 1908.14 5975.91

NS RGBT LA, R 1M s
75 000 {22 17K % E B, 6 D R 2 R B
45 L H AR K 1 A2 () 0 T G 2= A T IE , T A
HU3E 5 R PRPUIE (B] f R 22 /0 T 0.3 m, BEIH 2
BRI NEYE . TR 2T R 3Ty
SRy 3T S B O 7K ST Fg P MR B i B 1 i 25
54391 79 39.1 km 15 23.3 km, 1fij == B 2035 £ 408 4b
FRZE AL 3 5 R 40.8 km 5 23.6 km, 3 /2 155 307 1
FEXTE LAY o AT LLE B 32T S PR Y 08 ) e
A A 0T i S bR BRI EE L 20 a (i B ECHE X e
HUZE A R R AE 50 ke G501, MR OKC AR 0 B
s 2 K

G55 RPN S =k a5 5 BOE e
ZE{H 1 RMS 43 M7 il 1, 78 20 a b 18] 25 B2 R 560
AL ERL Sl SO0 Ty X i 25 8 5 R B /DN B 22 ) R X
fift SN A ) BB N AT LA AR A R A iR
SEOL o WCI FR AT A 22 LI AR A T LA R I M
X AR A SR 1 S o 0 A TN O O R
BUBE. fEIT R AT RS KON Y, TR
SR IR 3 2 B RS A T O 2 3 A A )
2 km W {HBLA G 2% WA BE 15 R #] 0.037 3 A4~

v, T 6 AR B 22 S0 ' 2 B RS BE A S v
FOKF2979 0.3 o fEE Bl b, B B UL A 3
FUEE 5 e — B, e 22 (6 A RMS 75 51 m] 1A
A E LA RS bR AR B A D 22 BB T E
BN AR RS BN, DL BT A9 007 B Ml 22 2 % 5
LI BERPRT T A B

e Ab , INAT R D 2 R RS JEE 5 ) DA 35 O
GERA B A1 30 A7 — A2 Wi DR Z R ] o 3 K
B R HCIE [ 4 5, BRIV i L I A KR T LA
f o E BURE BE , ANTE D7 58 2 BRI LAl L, A R ol
BRI E], DA 20 a 58 fn %) 25 a, B HHLIE 5 AR R
I A4 A 22 BRI 3 25 km, 8 BN AF ARG B
e 2 75 km o {HRE BUR BE Y R IRE 2 b HGR T
LI R JRE 5 B0, DR Ay 24k 5 8 i S50 40 2 BB (]
K, IFAREI T % 4 —FEIB 5 10 km N (9 5E B
KR o 99K PRI B 20 A L0 I i) AT DAk 39 4
U 00 58 BURE B2, LA Bl 4 I 8] ) AS R v L33 A
%, B i O o S URG JEE 1 A 80 AR 2 T U
AT, 4 LIRS JEE

5 02 07 58 2 BRI 5E BLUS o 48 o i Bk 2%
A 1&1, o1& S AR, Bk 22 00 A5 B 20 AR 8 R i iR 22



%48 H 2 W)

O MT R

SE BT 1) AR b 2R3 BT 283

RMS fB 5 15 B 1 1 M P K — 20, HoR 45 05 S
AR AR 22 5 Z IR, B R0 25 RE 11 0 4 M 7 K

FRE IR FERMS=0.707 1"

REFRZEN°)

SR 25 b SO g BT, 5 5 E A G 4G
E LI

1.0
0.8}
0.6},
04
0.2
0
S -0.2
T 04
-0.6fx
-0.8f «x

TR ZERMS=0.528 1"

2h5%7E/(°)

Ui

-1.0
2020-05 2025-11 2031-05 2036-11 2042-04
I [a]

(b) FRATRZE A

KIS 5 2B Uk 22 40 A

Fig.5 Residual of Scheme 2 Joint Measurement

-1.5
2020-05 2025-11  2031-05 2036-11 2042-04
i i)
(a) FREIKE S
4 4 &

TE R 2 RIWAT 55, BE W & 5 0 o 2 5
1155 0 DG B, 902 56 R AT 55 I . X
] 00 /N T BRI ) ) B 55, B R
TNT BOG A E U, 8 1] 133P/Elst-Pizarro
(9 52 B 45 5 OrbFit 8144 & &t i A7 %) e Ak 31 4y
Mo G5BT, 0 i B 00 UL 4 5% 25 ) A —
0,581 5% 22 RMS A B [H] 2 {6/ T 0.01", & B i
WA G R A E WG . Uk 7 B EARH /M7
BG5BT S . 7E 133P/Elst-Pizarro
(405 L8 B o Bl g v, 2% TR Mg 75 5 i) 1Y)
T OL A2 30 S BRoU I 7K A7 0.70" B e iy 1 I
A 20 a A W BB E B, ANT B DG E
BUKG BEAE 50 km 2 5] . T 205 B R BT,
R T 5 s 64 I UL 00 e 7 AT KR AT R
T E UG

XF T N T BRI 55, A OGS WL e
BHIY 22 RS BE I8 AN I LSRR 55 19 TT i, 75 4 AE
{55 JF U il 58 AT 55 W1 18] X4 133P/Elst-Pizarro it
735 UL A5 3] 5 22 v A 2 LI W5 R, LA AR A5 1
JRAT 5 TR B/ MT B Sk R T .

TE 5 22 TAE ool 4n fb 3l g s B R 2% R
133P/Elst-Pizarro % %] ij Yarkovsky ¢ i * Al A
BPEia AT 205 B B £ ms R AR SR M
MUBE RS o [ I BE — 25 I 5 0 2 0L I R 4
FH 5 00 2 R OG5 Bl i o AT B TR I A
Pt PR i AT B TR W AE sh RRAE RO AT A R
809 @ P AR AR S %) 133P/Elst-Pizarro G2~

E S I i Al Ak BN B M, T R R T
ERIATL 55 i SAUE PRt —E S % .

Z % X #

[1] Zhang Rongqiao, Huang Jiangchuan, He Rongwei,
et al. The Development Overview of Asteroid Ex-
ploration [J]. Jowrnal of Deep Space Exploration,
2019, 6(5): 417-423. CHRZEHF, BTN, B,
L NMTEARI R R [T]. WA A,
2019, 6(5): 417-423.)

[2] Veverka J, Belton M, Klaasen K, et al. Galileo’s
Encounter with 951 Gaspra: Overview [J]. Icarus,
1994, 107(1): 2-17.

[3] Prockter I, Murchie S, Cheng A, et al. The
NEAR Shoemaker Mission to Asteroid 433 Eros
[T]. Acta Astronautica, 2002, 51(1): 491-500.

[4] NASA. Solar System Exploration: Hayabusa [EB/
OL]. [2020-01-12]. https://solarsystem. nasa.
gov/missions/hayabusa/in-depth/.

[5] Boehnhardt H, Bibring J P, Apathy I, et al. The
Philae Lander Mission and Science Overview [J].
Philosophical Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences,
2017, 375(2097) : 201602438.

[6] Hu Shoucun, Ji Jianghui, Zhao Yuhui, et al. Deter-
mination and Precision Analysis of Tutatis Orbit in
Chang’E-2 Flying over Asteroid Test[J]. Scientia
Sinica ( Technologica), 2013, 43(5): 506-511. (i
AN, VLB RN, SF LR S BUNMT R
UG o [ B A T e SRS R A AT (D). T R
%o HARBLE, 2013, 43(5): 506-511.)

[7] China National Space Administration. A Project Op-



284 BRIk (F B R % D 202342 A
portunity Announcement of Asteroid Exploration #, 2012.)
Mission Payload and Piggyback [EB/OL]. [2020- [18] Carpino M, Milani A, Chesley S R. Error Statistics

[9]

[12

[13

[15

[16

[

]

[

[

]

]

[

01-12]. htip://www. cnsa. gov. cn/n6758823/
n6758839/¢6805886/content. html. ( H & [ F fiil K
Jab . /NAT BT 55 A R0 A RN AR LS A
[EB/OL]. [2020-01-12]. http://www. cnsa. gov.
cn/n6758823/n6758839/¢6805886/ content. html. )
Li Chunlai, Liu Jianjun, Yan Wei, et al. Overview of
Scientific Objectives for Minor Planets Exploration
[J]. Journal of Deep Space Exploration,2019,6(5):
424-436. (ZEFRK XIEZE J=FH 4 /MTEEN
B Hbn kg 5 [T]. W= Wi =4, 2019,6
(5):424-436.)

Yu L L, Hsia C H, Ip W H. Low-Activity Main-
Belt Comet 133P/Elst-Pizarro: New Constraints on
Its Albedo, Temperature, and Active Mechanism
from a Thermophysical Perspective [J]. The Astro-
nomical Journal, 2020, 159(2): 66.

Cao J, Liu Y,Hu S, et al. Navigation of Chang’E-2
Asteroid Exploration Mission and the Minimum Dis-
tance Estimation During Its Fly-By of Toutatis[J].
Advances in Space Research, 2015, 55 (1)
491-500.

Chesley S R, Farnocchia D. Asteroid 101955 (1999
RQ36) Epemeris Delivery, JPL Solution 76 [R].
Pasadena, USA': Jet Propulsion Laboratory, 2013.
Farnocchia D, Takahashi Y, Chesley S R, et al.
Asteroid 101955 Bennu Epemeris D-Elivery, JPL
Solution 103 [R]. Pasadena, USA: Jet Propulsion
Laboratory, 2018.

Zhang Xiang, Ji Jianghui. Ground-Based Radar De-
tection of Near-Earth Asteroids[J]. Progress in As-
tronomy, 2014, 32(1): 24-39. (5K, FVLH. T
H /T B A A TR F TS BOIR[T]. RS gk R
2014, 32(1): 24-39.)

The OrbFit Software Package[ DB/OL]. [ 2020-01-
13]. http://adams. dm. unipi. it/~orbmaint/orbfit/.
Li Jisheng. Satellite Precision Orbit Deter-mination
[M].
Army Publishing House, 1995. (ZE¥FA: . Ak DA
KB E M. dbat RO W AL, 1995.)
JPL. DE431 Ephemeris [DB/OL]. [2020-01-13].
{ttp://ssd. jpl. nasa. gov/pub/eph/planets/ascii/ .
Montenbruck O, Gill E. Satellite Orbits Models,
Methods and Applications [M]. Wang Jiasong, Zhu

Beijing, China: Chinese People’s Lib-Eration

Kaijian, Hu Xiaogong, Translated. Beijing, China:
National Defense Industry Press, 2012. (Monten-
bruck O, Gill E. 1L # i ~# 8 J5 2 M AT LM .
ERHS, BUIFE, 8N T3 dbat: BB Tk AR

[19]

[20]

[21]

[24]

of Asteroid Optical Astrometric Observations [J].
Icarus, 2003, 166(2): 248-270.

Hu Songjie, Tang Geshi. BACC Orbit Determina-
tion and Analysis Software for Deep—Space Ex-
plorers[J]. Jowrnal of Spacecraft TT & C Technolo-
gy, 2010, 29(5) : 69-74. (SHAAAS, MRS . JbiT
bR A RIS E S i R [T]. ¢
Frdd 244z, 2010, 29(5): 69-74.)

Broucke R A, Cefola P J. On the Equinoctial Orbit
Elements [J]. Celestial Mechanics, 1972, 5(3)
303-310.

Vinogradova T A, Kochetova O M, Chernetenko Y
A, et al. The Orbit of Asteroid (99942) Apophis as
Determined from Optical and Radar Observations
[J]. Solar System Research,2008,42(4) :271-280.
Yang Xuan, Yan Jianguo, Ye Mao, et al. Prelimi-
nary Numerical Analysis of Precise Orbit Determina-
tion for a Multi-way Microwave Measurement Mode
in the Lunar and Mars Missions[J]. Jowrnal of Deep
Space Exploration, 2018, 5(2): 154-161. (#%F,
BEAE, M, AL XA BR S CR BRI 2 AR 1
I bk i % U A R BUE U B B [T]. R
ZERMAEAR , 2018, 5(2): 154-161.)

Liu Shanhong, Yan Jianguo, Yang Xuan, et al. De-
velopment of Mercury Precise Orbit Determination
Software and Application[J]. Geomatics and Infor-
mation Science of Wuhan University, 2019, 44(4) .
510-517. (XL, BRA I, B%F, 4. KRR
il 2 FUA IR B T[T, UK % 24 (5
BH£RR) , 2019, 44(4): 510-517.)

Greenberg A H, Margot J L., Verma A K, et al.
Yarkovsky Drift Detections for 247 Near-Earth As-
teroids [J]. The Astronomical Journal, 2020, 159
(3):92.

[25] Emelyanov N. Precision of the Ephemerides of Outer

Planetary Satellites [J]. Planetary and Space
Science, 2010, 58(3): 411-420.

[26] Emelyanov N V, Samorodov M Y. Analytical Theo-

ry of Motion and New Ephemeris of Triton from Ob-
servations | J]. Monthly Notices of the Royal Astro-
nomical Society, 2015, 454(2): 2205-2215.

[27] Brozovi¢ M, Showalter M R, Jacobson R A, et al.

Orbits and Resonances of the Regular Moons of Nep-
tune[ J]. Icarus, 2020, 338: 113462.

[28] Jacobson R A. The Orbits of the Neptunian Satellites

and the Orientation of the Pole of Neptune[J]. The
Astronomical Journal,2009,137(5) :4322-4329.



