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1 EE TR RS Pz A5 B2k, B 450052;
2 AF B TRKSE BnS BAs TR2EEE, R 450052

T3

8 E: KRN =4 CCD (Charge—coupled Device) %/E#% 2 R iE BN 2 i — AT Z 7], A SCER X [
WE G E B PLE =B cCD ANl (LU RIFRGFXY), JFE T E™ GFXI AN LR EF AIISE . Bt
AT T GEXIARPLAYSAGASE AU LA AS I N R, FEpb3mt gty 73T CCD 48 M A9 4r B A A bR L SR
P TR AL AR 2 BUaferPE GEIL) TR RIERGE bR MR e TS b X RS T 24 ©AT S50 550
K G 20 GEXJARMLET . N SJ5 0 CCD B—14 048 M M HEAT T HEfiAR e, IR BT AR CCD AR s Aedr S
TR SEHRI, ARSCHE S A9FET CCD 8 1) £ (1043 BE 1 KA bR e SRR 98 R A0 vk b 2 460 T GEXTHIMLELAT R

L BTSRRI 20k, i I nl R 3 R P R I 5 Sl A B b AT XM 22, GRXT SEARE (7
G BE T A2 121000 H AR P00 P ) 2 v = I ERS BE 205K o [ AR SCHE S7 A e AR AR A2 T 58 Il e Bl sk

% CCD AIHLA bR e A PP L5 25

KR B, Pl CCDMINL, /B AR e, JUbRE, P GEIL) TRERGENRT, TR

PR R ETT 5

SRR EiF,HKIE, ok &, BEMW, T3 .2020. BN E A W5 = & FF CCD HEHLLIAFRE . 1B B2, 24(6) : 739-751
Wang T, Zhang Y, Zhang Y S, Mo D L and Yu Y. 2020. Geometric calibration of domestic airborne wide—field
three-linear CCD camera. Journal of Remote Sensing (Chinese) ,24(6) : 739-751[DOI: 10.11834/jrs.20208277]
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RO T RS AL, A AT
X, Y. Z=HOr RS AT A R 1 ME 0T A
21 (2011) XF ADS40 214847 T B ke vk
LU, AE =Ry ) 5 R B A AR T R 430 1A
F40% . 60% F170% , FA%H T 0 7 A& —
RG22 R ERERY | ETH Al Brown 15 EI 4R fE
BRI B R AL R 2 i TR R
(2012a, 2012b) VI E¥#% (2012) XML =2k %
R IREF TUT bR 2 MR A R AT 22 R R AT TR
AT, £ XF ADS40 AHHL I T 17 AHAIL 15 22 455 U Al
FHF bR 0 F AR S ok DX I o - 25 A5 78, S
THIPLA AR, bR X, Y. Z =57 a6
BE SR TR BE I TE 50% LA |- .

DL B 9E BEAR R v T ML AR — £ [ CCD AH
HLE B A LT A B TAE R T R R A K .
GFXJ J& A 55 50 HER X b W 22 48 7 K & 00 S 35
HAT O B B PR K = ZeFE CCD AHIL. B
K = 2B 7 A%, e Es ik 2 v AT [R] B
METHL . T SRR 3 AN ASTR] A ) T H AR dEp T
RS, A3 MM SRS 4B
Ziti% (R, G, B, NIR) #1%. B&HEMHAIC
£ CCD (Charge—Coupled Device) £& [ %1 ik F] T
32756 M%ot, HoWEZ CeDimdE L bz, 2H
HI AU G i 2 B 454/ CCD. 5 ADS R 51 AH
HLAHEL , GEXJMIMLAERE K, MK, BEkmiis
CCD 7R 8515 2 PR 28 6 TUART 2 v A% 52 ) 5 i B Ay
[TE N

AR SCHE R A A3 BT GEXT AR ML LA 45 % Y S
b PR B AR A BR R, BT N
Wb r %, wEAATPE GEil) TARRE
T 3 1 S VT B i X kAT R AG A B0 T e
PR i g, XS RN T iR I IE A . A R AT
SIEA M o
2 HT CCDF M A B AR A s
FE AR Y

GFXJ ML =k P46 CCDZJC K/N A 5 um,
AL A R 130 mm. REGBRIGIRAIN, BALTE
POS (GPS/IMU) #%¢. il .Oo#lE R 5 MR
FERGRERL IR | BESRER - 5 SR gL . 1P
D 4 8 IMU RSB 5 A AL Sk MR 42, [ &
EEMIRERE T A Lo 412 ADS40 MMl GFXJ

ML R RS, WETHRRTLER, 5
ADS40 #H LU [ 7= GEXT HHMLA PIAS SR . fR IR
BER—A%, [R50 R I AR 25 1) R T
CCD BEFMG TCHCE 3G INIT 3 4%, Hh Il 7 35 A v [l
B,

®1 GFXJHADS40EHEEZFH ARSHITLL

Table 1 Main technical parameters of GFXJ camera and

ADS40 camera
FHLA R
ADS40 GFX]J
AHHLAEFE /mm 62.7 130
(ZEA7) M (FOV) 64° 64°
SEAR IS S
L 16°/26°/42° 27°/21°/48°
(S5 P/ HTAL/RT 5 )
CCDAERIE R/ pm 6.5 5
41(1,2x12000 1470
4{0,32756 1470
CCD 431 (%2583.25 wm) e e

L 12000 (45 Z % 16378 500
i
200—800

LR BEHRAE AR /e 540—1080

PAN(4:{f,) :465-680; 608-662;G:533-587;

U B Rl
s B:428-492; NIR(ITZ[41) : 703-757

fERATIAREET, VLR S0 (F5 . FiR
FNFm AR LS ) WS L Ehna, HIEAEL
PrCATH, T AR A I B IO DA R AR AR TR
P52, FHBL B R S B0 AN v s e b & A A8
b, MRS AR E i R R IR ZERE W . BF5E R
B, BEARSARINZoRE B, IR AR UML) &
Grir IR ELEA WISy . — 532 GNSS/IMU I &
T BOWLI R 22, A FE GNSS R LR .00l g0 2
FUIMU WL g 0> 7 45 R G IR 25 A AR IR 25, O —
TRy A HLEE S . CCD W25 iR 2% (F A& 4L,
2011; E¥ %, 2012a, 2012b; E¥, 2012), 4
BT GEXJAHPLR UL, BT CCD RS, 15004
HZ, KA FB AL A5 AR AR ol BERG N o

GFXT AL 45 3k 2 W A8 1 2 T2 AT 448 [ Ry
A5 A W AR RGO RS AS . b e BE SR IR 5
T ) A AV A [ 7 A B R 25 BN AR TR IS 5 i
O AR PR B Sk R R GRG0 5 UM LG
AN — B B 5 AR T AR ] 43 AR T AN -5
A 1 R A2 FIGF- T8 PN P IR AE . CCD A2 B FlAS
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ST B 2% Ak 32 2 X A% L ) R Bl s i, 2k P
CCD P B AT B4 04 11 75 552 56 3 A o 15 3 8 Dt 25
JFE AL E, I CCD 7E A8 -1 P A9 e 4% A ity . 48
TS JUART AR T 0] XG5 AR AR = AR S o 275 75 1
DL ERZR, AT RAEST GEXTAHAL A B L] 28 FE AR
RIGNF (CE¥ %5, 2012a; T3, 2012)

Af

Ax = Ax, —7_+(k,r2 +h,Hx+p, (7 + 2;2)+

2p,x y+bx+b,y (0

Af - _
Ay = Ay, —ffy+(k1r2 +h, Yy +2p x-y

P2t +25)) + by
K, (Ax, Ay) FIRGFAIE R R XHEATALAR Y
GAEW, x=(x-x)y=(x-y).r=x +),
(x,.7,) FIRFE AR, Ax,, Ay, R E S, A
RFEIEAAL, kb, AR SE, po,p. N
DWFAEBHL, b, by, by A HCI AR, e FAS il
BIZEA M S5 B4 CCD I E 104 iS4k,
GFXJ HH ML & I35 & 30 > 2 85 (Ax, Ay) .
(2,07,). (%.5). (A, Ay, ) A fRIF LAZEK S B
B, kyvkyy popa Kby, by by HICHRASE
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W5 SO LA o 3 LA AR AR AR W RE R AR L, i
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E S IR TN RE A IN B LSS e VE K=
A~ CCDARITHR [ A AR 1k

2 EANHL A IE 5 RS 50 ( a0 CCD 44
WO R R R AR e, 6 S B A A A LS
BINEA T2, B FEO BRI . riE ek

A ERIH— AR BT 2, LA IR AR A p 1523 1]
ARFRAE (x', v, 2) A 1) £ AR

x'= ? = tan(‘[’x)
y'=%=tan(‘[fy) (2)
Z'=-1

P (o y) AR AR BR R T B8 A AT 5 4
PE AR mme (&, y', 2) R VA—Ak S A5 25 1]
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B BRI PR ERAL (3), (4), (5), AL (3)
IR T CCD B3 IR —4R o rydE m A A2 4k
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Wy (X, Y,Z) 9 Hb 5 A AR (R m)
(X0 Yo, Z0) 5 AT I 51 07 (i R TE % (B
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XJ = X"+ (1= c)X" "' = 8X,
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K, X5 Y, e, W N kR E R R IANIEER
X YR e kKON 1 R SE A R AN D BT
R, AU R T LR A LU EE Sy s,

= RS kR ke L R
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v, = ¢;(a,dX" + apdYs" +
a,dZ" + a,do’ + asdet + agdit) +
(I=¢)(a,dX"" " + andY ' +
andZ "+ a,do't ! + oasdettt + oagdit ) -
andX — anpdY —adZ -1,

v, = ¢;(aydX" + andYs' + apdZt + aydo’ +
aysde’ + aydk") + (1= ¢;) - (aydX "' +
WpndY T+ aynydZ T+ s deott + aydet !+
aydk" ") = aydX = a,dY — aydZ -1,

©)
K, 1, LNEBO, dX, dY, dZ R S AR AR Y
SOESL, X T mok B il e, I R IE,
HEHERX 3. (4). (5). (9), #HEH
T GEXJ AP R E BB A bR B AR

V., = AX +BX, +CX, -L, P,
V. = EX, -L, P,
Vi, = AX, -L P, (10)
vV, = A, X, -L, P,
V, = E X, -L, P,

b, XA e R EE S X, Rl
As bR Y B IE B R X, N fE RR o ML 2 8
axi, ax’, axy, ax’, bxi, bx', bx'y, bx' K5 B S E ) i
V, AL S ORI B 5% 22 7] £, VA0 Ak b 08
HFRZ M, V. V, WS EA R R L2
AT B LI/ 5% 2 [ i, W, Shy i TR 4D A SO 0
5% 2% 004k (A, B, C, A, A, E, E,) WHIB
BB s LoAA% 05 AR bR B IR 20 5 L, Ry ds il o
BRI B s L., L,, L, N B8 50w &
Ty PRGBS ABRRIBUERE , PO R bR E S EU
BUERE, PRI P, N2 RAEBUERE, P, o5
AR BASURE B o

BRI (10) & TAPLIN 7 Ao 2 FIi/ T/
JELCCD WASTE R 2, e AT 4 R T GFXJ AH
HLEY A R AR T 1 25 . (e ik ge b A8, H%
FIRRAIZL (10) Xt GFXTAHAL— R fL Bk br 22
FRARATE S5 I RS R, (R ORS00 B i
PAF AL & S A ST Pk, R
— AR bR, AN LG R MR bR 2 ML S 5L
— AR, IR ATAE— SR AT Bk G B A O, i
JGRE A % 25 7 b 2 i B TP A B AL G, X AR A5
Fae nTSE AL R AR S 8. PR A SR H o b
D557 TG 2 CE BORAH HLAR B 2 50047 43 1 3k ST A
5B, BT, AN RIC R 2 f A AL (11)
AT, AMUAETE SH0E RIS (12) FRE.

+BX, -L, P,

{V,( = AX an
vV, = EX, -L, P,

V. = EX, -L, P,

Vv, = A X, -L, P, (12)
V, = A, X, -L, P,

g

it LR BT 6T GFX T AHAIL A6 8 1 25 b o
E S/

(1) XFF GEXJ AR ST LU A A7 0 o
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Fig. 1 Songshan RS calibration testfield and GCP distribution

2
Fig.2 Stationary solid GCP

2017 4F-10 H 17 H AR Ip TS s AT 1 kR
K QN3 TR, BA SR A ] XIS i X K]
T FE, £0 a7 57 B X R 2600 m i & 1 4 458
LA X, OS2 RARTE A# X 1700 m
15 B 4 2538 SRR 27 55 DX . 1Ml IX 322 4t
SR SR T X, R GPS B Ak I i) Oy =R
LT 200 A, A A FE & AE 2600 m
FL i 4 2R TR 7 T A R IX Sk P S I B ) A ik, S
PR i s 32 30 X A AR A5 ) S AR B A, 4 1 st Tl R
S AREFEE PR, HER B T A, A
Sk 2600 m s B Y RATE R (R PRSI C) iF
A7 DX 38 - 22 FAR e WY . R A SIFT R#4iE DE i



EE & EPEPLE RIS =2 CCDAIBLILTbR & 745

N jva) 2 H 4 NP —y
B, DREE 9211 s EA T DX P2 R i A B 5 SIHsE B M

AL 4N (1) RAFLERZRE ceD
AHHIL A B 1 K A s s A R RN B0 R 4B b o T 5%
X3 RATEE AT e AR A ], ARAS 3AHET . T &
JE ¥ CCD IR —4RJC I8 1 A bi e (E, JF it A:
RCAF RS CAM SCF 5 (2) FIHSESE E R IR K e
SO0 3 AL BE UE AT JC 4R B A BORS FE VAN
(3) FIH CAM SO -k St To 4% BLHE e v, B0 TIE
CAM SCIUFRIA R s (4) T CAM X, HLi
PSS EAT X IE W O 25, g — A CAM SO
(ARG B FTA] SE Pk

51 BEER3E CAMFRTE LG

M 3HELREIEER N 3HA. F. G
CCD HETT S [m) fds € (E UL 1 4—&] 6.

0.3692
0.3690 |
03688 |
03686 |
03684
03682
0.3680 [+
0.3678 [/
03676
03674}
03672

$8 1) fi/rad

Y817 ff /rad

L L L L L L 6 L L L L L L
1 5000 10000 15000 20000 25000 30000 32756 1 5000 10000 15000 20000 25000 30000 32756
CCDHRILF 5 CCDHRILF 5

(a) ®ATI7 1] () CCD FRITHE 17 FA (b) CCD Jr 1l i CCD HRILH [ F)
(a) Tilt angles for each CCD element at the flight direction (b) Tilt angles for each CCD element at the CCD direction

4 3SR bRE 15 A AT CCD b YR — AT ds 11 M
Fig. 4 Tilt angle calibration values for each detector of forward CCD using three dataSets

1 —4
o220 0.6

-1.0

817 fi /rad
|
817 fi /rad
=

-2.0 -0.2
-25 -0.4
-3.0 . : - ' : : -0.6 ' A ' ' - '
1 5000 10000 15000 20000 25000 30000 32756 1 5000 10000 15000 20000 25000 30000 32756
CCD®ILIF 5 CCD&ILF 5
(a) KETHT MY CCD¥RITIE M1 £ (b) CCD J5 1 1Y CCD #RICH8 [ £

(a) Tilt angles for each CCD element at the flight direction (b)Tilt angles for each CCD element at the CCD direction

KI5 3SRl bn E 143 20 89 WL CCD L i i —RITHs [l

Fig. 5 Tilt angle calibration values for each detector of nadir CCD using three datasets
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Table 2 Statistical analysis of tilt angle calibration values
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Table 3 Direct positioning results
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Table 4 Direct positioning results based on CAM pixel coordinates files
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Table 5 Block adjustment results for dataset B based on CAM files
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Table 6 Block adjustment results for three datasets based on CAM pixel coordinates files

S X AV 5 (VK BE /m Y 5 A6 AR BE /m 25 K B /m
KM wmoME WE BrARE RERE moME O WE BMRE ERME moME O WE BrmiRs
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SLEEEB 0150 -0.659  0.0078  0.093 0381 -0.149  0.008 0.081 0.790 -0.701  0.030 0.227
SCEEIEC 0589 -0.724  -0.015 0.252 0.597 -0.542  0.001 0.239 0.859 -0.792  0.147 0.269
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Table 7 Specifications for aerotriangulation of digital
aerophotogrammetry
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Geometric calibration of domestic airborne wide—field three—linear CCD
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Abstract: The development and application of three-line array CCD (Charge-coupled Device) sensor is an important direction in remote
sensing, surveying, and mapping. The objective of this study is to investigate the geometric calibration technology of the first Chinese self-
developed airborne three-line array CCD camera (hereinafter referred to as GFXJ).

In this study, a series of innovative research works is conducted on the geometric calibration technology of the domestic GFXJ camera.
First, a comparative analysis is made on the imaging characteristics and geometric deformation factors of the GFXJ camera. Upon this
camera, a piece-wise self-calibration model based on CCD tilt angle is established. The piece-wise self-calibration model absorbs the
influence of various geometric distortion factors by using a segmented mathematical model to avoid over-parameterization and strong inter-
correlation. At the CCD segment boundary, the model satisfies the equivalent and the smoothing constraints.

Then, an iterative two-step calibration scheme is proposed to achieve stable and reliable calibration values. The aerial triangulation of
exterior orientation elements and the calibration of additional self-calibrating parameters are performed independently and iteratively. The
iterative two-step calibration process is implemented until the exterior orientation elements and additional calibration parameters reach
stability and the changes between the two iterations are less than the threshold.

Multiple sets of flight experimental data were obtained from the China Songshan remote sensing comprehensive field and Hegang area
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of Heilongjiang Province. The proposed iterative two-step calibration scheme was applied to set accurately the tilt angle calibration of each
CCD detector in the forward, nadir, and backward CCD arrays. Reliable CCD image pixel coordinate files were generated for forward, nadir,
and backward arrays independently.

Experiment results showed that after calibration, uncontrolled image positioning precision can be greatly improved. Supported by
several control points for bundle block adjustment, the image positioning accuracy of GFXJ camera can meet the 1:1000 scale topographic
mapping requirements on aerial triangulation.

From experimental results, we draw the following conclusions. First, the proposed piece-wise self-calibration model based on CCD
viewing angle and the iterative two-step calibration scheme are suitable and efficient for the GFXJ camera. The geometric distortion factors,
such as lens distortion, CCD rotation, and scaling, affect the accuracy of the height and positioning of the GFXJ camera and planar
positioning, respectively. The piece-wise self-calibration calibration model based on tilt angles and the iterative two-step calibration scheme
proposed in this study can effectively calibrate the inherent lens and CCD distortion errors of the GFXJ camera. Second, the GCPs layout
scheme of “four corners” can ensure the aerial triangulation accuracy of GFXJ, but denser GCPs layout scheme had little contribution to
accuracy improvement. Third, the calibrated CCD image pixel coordinate files can serve as a qualified and reliable calibration product for
subsequent users. At the same time, the calibration method and research results proposed in this study can serve as reference for the
geometric calibration research of other airborne three-linear array CCD cameras.

Key words: remote sensing, airborne three-line array CCD camera, piece-wise self-calibration model, geometric calibration, China
Songshan remote sensing comprehensive field, iterative two-step calibration scheme
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