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Abstract: Objectives: The terrestrial ecosystem carbon inventory satellite(TECIS) is the first satellite using
for observation joint active and passive detectoras of forest carbon sinks in China. Multi-beam light detec-
tion and ranging (LiDAR) is the main payload of TECIS, which used to obtain high—precision vegetation
height, forest biomass inversion survey and calculate characteristic information of trees such as height by
calculating the time difference between reaching the canopy and the ground. It is important to achieve the in-
tegrated processing of active and passive loads and achieve accurate biomass inversion. Methods: We intro-
duce the data processing method of multi-beam LiDAR system, and propose the joint calibration method
for multi-beam LiDAR and optical cameras. What is more, we propose a verification method for the relative
position relationship among multi-beam LiDAR, axis monitoring optical camera and zero degree opti-

cal camera. It is the first time for calibrating multi-beam LiDAR system and the zero degree camera in the
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same time and verified the relative positioning relationship between multi-beam LiDAR non imaging loads
and optical cameras scientifically and rigorously. Results: (1) In plain areas, the height measurement accura-
cy of multi-beam LiDAR is better than 0.7 m and the plane positioning accuracy is better than 6 m. (2) By
using the positioning accuracy verification method of laser data and zero degree optical camera data based on
combination of field control points and back—projection points, the matching errors between beams 1 to 5 of
the multi-beam LiDAR and the zero degree optical camera are 4.14 m, 4.42 m, 3.90 m, 4.27 m and 4.30
m, respectively, which can prove that it is possible that the laser data and optical camera data can be used to-
gether. (3) By using the positioning accuracy verification method of laser data and axis monitoring optical
camera data based on zero degree optical camera, the matching errors between beams 1 to 5 of the multi
beam LiDAR and axis monitoring optical camera is 0.72, 0.74, 0.70, 0.73 and 0.74 axis monitoring optical
camera pixels, respectively. The data matching accuracy of the laser data and axis monitoring optical camera
data is good. Conclusions: The experimental results show that the data processing method of TECIS and
the verification method of laser data and optical camera data proposed are feasible. The target of high—preci-
sion processing and accuracy verification for the first forestry remote sensing satellite of China has come
ture, which can use for monitoring of terrestrial ecosystem carbon storage, forest resources and forest pro-
ductivity.It also can meet the requirements of subsequent scientific research and large—scale business appli-
cations. Meanwhile, the verification method of laser data and optical camera data can be used for accuracy
verification of similar satellites in the future.

Key words: terrestrial ecosystem carbon inventory satellite; multi-beam LiDAR; geometric positioning;

accuracy verification
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Fig.1 Diagram of Laser Altimetry Geometric Model
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109510 2022-12-05 EJEARHL Table 4 Height Accuracy of Multi-beam LiDAR
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103981 2022-11-25 ESLRIN ok LI LI 223
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93762 2022-11-15 % HEHIHL 4 1411 0551 0.044
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Table 5 Height Accuracy of Multi-beam LiDAR Based on High Precision DSM Data
T ER:] MY B/() L/(%) H/m % E i /m 2 /m

2022-09-08 3765 39.613 999 121.891 810 162.71 163.20 —0.50
1 2022-09-08 3803 39.554 397 121.875 121 69.18 69.12 0.06

2022-09-08 3818 39.530 838 121.868 623 103.06 102.97 0.09




%550 &5 7 I 397 O 45« fk b 21 2 2R 8 ik O T T 9 ' B0 Ak B S OKS I8 IE 1399

* 5L

P H 1 T B/() L/() H/m 2% E/m WRZE/m
2022-09-08 5245 39.524 556 121.866 888 109.66 109.66 0.00
2022-09-08 3847 39.485 341 121.855 953 69.46 68.72 0.75
2022-09-13 2403 39.609 083 121.890 142 145.77 145.61 0.16

1 2022-09-13 2404 39.607 515 121.889 701 141.71 141.05 0.66
2022-09-13 2405 39.605 947 121.889 258 136.21 137.20 —0.98
2022-09-13 2406 39.604 375 121.888 829 142.27 142.92 —0.64
2022-09-13 2407 39.602 806 121.888 391 140.48 140.42 0.06
2022-09-08 3765 39.620 798 121.848 634 83.55 83.88 —0.33
2022-09-08 3854 39.485 808 121.811 282 120.59 121.26 —0.67
2022-09-08 3872 39.452 866 121.802 123 87.42 87.95 —0.53
2022-09-08 3877 39.444 985 121.800 067 175.43 175.15 0.28
2022-09-08 3919 39.379 123 121.781 640 9.23 8.80 0.43

’ 2022-09-13 2478 39.496 620 121.813 883 57.59 58.31 —0.72
2022-09-13 2479 39.495 050 121.813 449 57.13 57.84 —0.71
2022-09-13 2480 39.493 480 121.813 018 59.94 60.17 —0.23
2022-09-13 2481 39.491 906 121.812 599 71.00 71.90 —0.89
2022-09-13 2482 39.490 326 121.812 202 98.76 98.90 —0.15
2022-09-08 3918 39.388 207 121.738 732 9.56 9.02 0.54
2022-09-08 3919 39.386 637 121.738 299 9.50 8.99 0.51
2022-09-08 2920 39.385 067 121.737 867 9.40 8.97 0.43
2022-09-08 3921 39.383 497 121.737 435 9.57 8.97 0.59
2022-09-08 3926 39.375 647 121.735 272 8.73 8.98 —0.25

’ 2022-09-13 2408 39.615 578 121.801 172 31.80 31.87 —0.08
2022-09-13 2409 39.614 009 121.800 738 31.69 31.23 0.46
2022-09-13 2410 39.612 439 121.800 304 31.92 31.35 0.57
2022-09-13 2411 39.610 870 121.799 870 31.82 31.27 0.55
2022-09-13 2412 39.609 301 121.799 433 29.77 29.64 0.13
2022-09-08 3916 39.398 686 121.697 234 7.54 8.45 —0.91
2022-09-08 3918 39.395 545 121.696 373 8.82 7.89 0.93
2022-09-08 3919 39.393 975 121.695 940 7.88 7.50 0.38
2022-09-08 3921 39.390 833 121.695 083 11.87 11.02 0.84
2022-09-08 3922 39.389 261 121.694 657 15.54 15.84 —0.30

: 2022-09-13 2552 39.396 932 121.696 380 9.16 9.24 —0.08
2022-09-13 2554 39.393 793 121.695 517 8.77 8.69 0.08
2022-09-13 2556 39.390 650 121.694 666 16.14 16.76 —0.62
2022-09-13 2557 39.389 080 121.694 233 14.97 14.32 0.65
2022-09-13 2558 39.387 505 121.693 822 28.11 28.87 —0.76
2022-09-08 3918 39.402 896 121.653 244 18.67 19.16 —0.49
2022-09-08 3919 39.401 326 121.652 810 16.23 16.15 0.09
2022-09-08 3920 39.399 757 121.652 376 14.51 15.14 —0.63
2022-09-08 3921 39.398 187 121.651 942 11.99 12.66 —0.67
2022-09-08 3922 39.396 618 121.651 509 10.09 10.18 —0.10

’ 2022-09-13 2551 39.405 860 121.653 619 11.11 11.27 —0.16
2022-09-13 2552 39.404 289 121.653 192 13.12 14.06 —0.95
2022-09-13 2553 39.402 717 121.652 773 19.94 20.41 —0.47
2022-09-13 2554 39.401 149 121.652 334 14.26 14.95 —0.69
2022-09-13 2555 39.399 579 121.651 903 13.75 14.40 —0.65

) 3 K T8 b 3 B ik A 25 R W T2 R, R 1 DR 5 OE YRR E B o
B S B 5 R BT bR T 1 X A 0.52m.0.55m.0.45m.0.64 m.0.56 m,
JE DSM s 3517 22 % 930G ik B I RS Ay 6 UE Bl b AR S R SRk W DR £ U R Y
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Table 6 Accuracy Between LIDAR Beam 1 and Zero Degree Camera

S b A R R R

RPCIFHIL /MG F

R F R Rl WOk Rl ROE .
5 e b 1T AR G A b 114 3 B A 1T AL bR ) A Faebr Fm2E A7 IR
5816.58 2208.68 10225.12 11493.20 5818.45 2209.57 10226.02 11492.37 —0.97 —1.72
11 896.10 3324.87 10225.12 11493.20 11899.16 3325.04 10226.02 11492.37 —2.16 —1.00
2022-09-26 6 233.57 7257.63 10225.12 11493.20 6232.61 7 258.53 10226.02 11492.37 1.86 —1.73
47689 5 10 609.63 9707.77 10225.12 11493.20 10610.93 9709.26 10226.02 11492.37 —0.40 —2.32
2418.02 11802.85 10225.12 11493.20 2417.89 11802.66 10226.02 11492.37 1.03  —0.64
8551.77 11122.97 10225.12 11493.20 8552.70 11123.79 10226.02 11492.37 —0.03 —1.65
iR 2% /m 2.61 3.21
AR /m 4.14
FR7T BRER2EZERNEMRE
Table 7 Accuracy Between LIDAR Beam 2 and Zero Degree Camera
SR A AR R RPCIHHE /B R .
A F R B A oK Bl ok R
B A 1T AL bR G A 1545 G A 1545 4] A bR froedr  FUi2E A7 2
5816.58 2208.68 7911.93 12 223.46 5818.45 2210.57 791198 12223.79 —1.82 —1.56
11 896.10 3324.87  7911.93 12223.46 11899.16 3325.04 791198 12223.79 —3.01 0.16
2022-09-26 6 233.57 7257.63 7911.93 12 223.46 6 232.61 7258.53 7911.98 12223.79 1.01 —0.57
47689 5t 10 609.63 9707.77 7911.93 12223.46 10612.93 9709.26 7911.98 12223.79 —3.25 —1.16
2418.02  11802.85 7911.93 12 223.46 2417.89 11802.66 7911.98 12223.79 0.18 0.52
8551.77 1112297 7911.93 12 223.46 8552.70  11123.79 7911.98 12223.79 —0.88 —0.49
1% 2% /m 4.07 1.76
BER B /m 4.42

T 3 R B AR A R G A W TR A 3
b B 4 20 066 A B0 L 45 4 Al S 4 ) 8
I FEAT WOCEAE 5 F A HL A DS RS R
Z W% RO TR IR R R 1 2o 5 5 & A
HLVC Bt 52 22 43 51 o~ 4.14 . 4.42 .3.90.,4.27 . 4.30 m,,
Bl b A= 25 R o W T2 23 R OE s (i

B 5 L ABL A A E CAF ST 5 m, W2
P RO T Ik R BE) 5 % B2 AR ALY I8 45 1L 24
FE T JLARDRS 2 A
24 ZBRHEEE(EER)BESHEREN
R A8 X JL AR RE i 45 3R IE
AR $1.5 06 56 il W 00 AR AL AR X 2 7 K



%550 &5 7 80 B 45« i 1t A 285 2R 0 5 W T T 2 RO O Ak B ORI I 1401

®8 HAKRISFEEMBENEMRE
Table 8 Accuracy Between LiDAR Beam 3 and Zero Degree Camera

EMUN DAY IP=RFAVEE S RPC ZHOH /B R .
R F R Bl A ok Bl A HOE IR
G A 1725 G e b 17 A 5 5] A bR (X7 GUAetr  ATdedR B ZE AT
9158.44 2353.60 583591 12 040.92 9 158.32 2351.62 583442 120382 —1.37 —0.74
10 025.45 4269.47 583591 12040.92 10025.62 4268.88 5834.42 12038.2 —1.66 —2.13
22?2-9150;1 5772.70  11908.61 5835.91 12040.92 5770.59 11907.51 5834.42 12038.2 0.62 —1.62
2077.03 9487.16 5835.91 12040.92 2073.45 9484.03 5834.42 12038.2 2.09 0.41
5867.97 12057.01 5835.91 12 040.92 5867.08 12055.43 5834.42 12038.2 —0.60 —1.14
k% /m 279 272
HARRE /m 3.90
RI HAKKRASFTEEBRNEMRE
Table 9 Accuracy Between LiDAR Beam 4 and Zero Degree Camera
SR A MR R RPC ZHOHH /B R .
B WE/MER
KA H I RS P ol P A ol
B A AT AL 3 ) e b 154 b5 gAebR AT 4] At bR froedr S A5 %=
9702.56 11482.60 5684.66 4608.31 9703.33 1148345 5684.96 4607.55 —0.47 —1.61
10 158.00 2652.94 5684.66 4608.31 10159.31 265242 5684.96 4607.55 —1.01 —0.24
2212-1110;6 4 286.48 9214.19 5684.66 4608.31 4288.82 921539 5684.96 4607.55 —2.04 —1.96
3342.12 6563.93  5684.66 4 608.31 3341.39 6564.81 5684.96  4607.55 1.03 —1.64
5757.49 451545  5684.66 4 608.31 5757.53 4517.31 5684.96  4607.55 0.26 —2.62
iR /m 2.29 3.60
HARR2E /m 4.27
R0 HAERSEFEBRNEMRE
Table 10 Accuracy Between LIDAR Beam 5 and Zero Degree Camera
B b B AR R R RPC %%ﬁtﬁﬁ&/%% (e
KA HIW B 5 eyl ol P A o'
51 A 1T AL b3 5] A bR 1745 51 A B 154 b5 5] e b froedr W2 iz
9957.25 3263.96 3618.04 4408.32 9958.98  3262.95 3617.61  4406.66 —2.16  —0.65
10 681.08 5367.91 3618.04 4408.32 10681.96 5368.13 3617.61  4406.66 —1.31 —1.88
2222;5170;6 6745.38 1137844 3618.04 4408.32 6746.22 11378.64 3617.61  4406.66 —1.27 —1.86
9741.81 12492.88 3618.04 4408.32 9742.23 12493.30 3617.61  4406.66 —0.85 —2.08
3621.97 443297 3618.04 4408.32 3620.40 4432.37 3617.61 4 406.66 1.14  —1.06
k2 /m 2.84 3.22
ARG /m 4.30

OB 5 BURCUE 5 R [ 1 % BE A BL i AT
G B, 5 B AT L5 O i AT L o 5 2
ARG R mE 1R,

AR 22 0 W R0 % B AT LI o O
- - s o . TRt R LSS0 5 5 AT L O i
(020230926 (520251001 R 22 4 8 28 3, 7T L 51 2 ik 0Ok 75 ik

BRI RO CH B ) B8 15 o DR L 1 1 9400 1 8
8 OB s U85 55 5 S B AR 1L R 5 90 4 5

Fig. 3 Distribution of Laser Point and Control Points
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Table 11 Accuracy Between Optical Axis Monitoring Camera and Zero Degree Camera

il A o VLEC DR

Rangp o FEAEL S AL T W e e
k52 b5 RE/m iR%E/m )
m  gGR
2022-10-16 1112 63567 CM1_CASAL _B1_20221016_0000 001 112 _1.20000209199-2189  —1.97 0.09 1.97 0.25
2022-10-16 1112 63568 CM1_CASAL _B1_20221016_0 000 001 112_1.20000209199-2336 ~ —2.35 0.23  2.36  0.30
2022-11-26 1736 105172 CM1_CASAL B1_20 221 126 _0 000 001 736 _1.10000207341-2657 2.52 0.03 2.52 0.32
2022-11-26 1736 105171  CM1_CASAL _B1_20 221 126 _0 000 001 736 _1.10000207341-2461 2.70 0.10  2.70 0.34
2022-12-05 1872 109510 CM1_CASAL _B1_20 221 205_0 000 001 872 _1.20000209200-531 ~ —3.00 —3.57 4.66  0.58
2022-12-05 1872 109511 CM1_CASAL _B1_20 221 205_0 000 001 872 _1.20000209200-604 ~ —2.37 —3.75 443 0.55
2022-11-25 1720 103981  CM1_CASAL _B1_20 221 205_0 000 001 720 _1.20000209212-3401 3.93 —246 4.63 0.58
2022-11-25 1720 103982  CM1_CASAL B1_20 221 205_0 000 001 720 _1.20000209212-3561 3.35  —1.60 3.71  0.46
2022-12-10 1948 113528  CM1_CASAL _B1 20221 210_0 000 001 948 1.20000209211-4339 —3.20 —2.05 3.80 0.48
2022-12-10 1948 113529  CM1_CASAL _B1_20221210_0000 001 948 1.20000209211-4579 —1.92 —1.77 2.61  0.33
2022-11-15 1568 93761 CM1_CASAL B1_20221 115_0000 001 568 _1.20000237362-1978 271 —2.88 3.96 0.50
2022-11-15 1568 93762 CM1_CASAL _B1_20 221 115_0 000 001 568 _1.20000237362-2201 2.71  —2.88 3.96  0.50
2022-12-11 1964 114462  CM1_CASAL B1_20221211_0000 001 964 1.20000239235-2541 —2.55 —4.38 5.06  0.63
2022-12-11 1964 114463  CM1_CASAL _B1 20221 211_0000 001 964 _1.20000239235-2564 —2.98 —5.78 6.50  0.81
I 2.78 2.83 3.97 0.50
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