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ABSTRACT

Spaceborne linear array sensors have been intrddot®e photogrammetry since more than twenty yeas. The
traditional solution of frame photograph cannotldeith image data of linear array sensor anymoexaoise the
position and attitude of the spacecraft vary ahes@nner line. Thus the number of unknowns woeléxiremely
large and it is impossible to determinate the éoteorientation parameters of each scanner linepréper
approximation has to be applied to model the spaftetajectory to reduce the unknowns in triangala There
are three models feasible to represent the satéidifectory: QuadratiPolynomial Model (QPM), Systematic Error
Compensation Model (SECM), and Orientation Imaged®dOIM). Revealing the differences of the threasor
models and relationships between different cordt@tegies and the final accuracy of georeferenaftey bundle
adjustment is the main purpose of this paper. Tlg &valuate the accuracy that spaceborne threedaanner can
achieve, experiments with LMP, SECM and OIM trialagion algorithms are performed with a 500km lend#ta
sets under WGS 84 coordinate system.
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INTRODUCTION

Three-line array image technology is first propobgdHoffman (Hoffman, 1982). Owing to the pushbroom
scanning strategy with three linear arrays, thélera of small image format of traditional aerialage is solved.
The base-height ratio is also increased largelychvbould improve the altitude accuracy. It hasrbseccessfully
applied in MOMS satellite, and satisfactory restigs’e been obtained (Ackermann, 1990; Ebner, 198haer,
1991b; Ebner, 1992). The design of three-line apiagshbroom scanner is also adopted by SPOT5 satelith two
HRS cameras tilted by +20degrees, the maximum baiggt ratio is 0.8, and the GSD is 10m acrosskteamd 5m
along track. The nadir looking panchromatic HRGrunsent provides imagery at 5m GSD in the mono-spkc
bands HMA and HMB, the ground pixel scenes of whach interleaved and shifted 2.5m in order to obthe
interpolation of so-called THR images (SPOT Ima2@)2). It's a successful example of mapping witie¢Hine
array images. ALOS Prism is another three-line yagatellite sensor that has been widely appliednapping
applications (Gruen et al., 2007).

In recent years, with the development of the @uitveying satellites, particularly the successdwiniching of
CBERS-01 and CBERS-02, the techniques of earthrelisen and stereo mapping in China have been pino
greatly. CBERS-02 is the first high resolution basbservation satellite in our country, on whick 8ingle linear
pushbroom scanner is adopted and 2.36m groundutEsolHR camera is carried (Yue et al., 2009; YO0&).
Whereas the ERS-IIl scheduled to be launched ir 2i3ldesigned for three-line array pushbroom sicaniThe
tilted angles are +22 degrees, so the maximumsetsion angle is 44 degrees. The GSD of nadirsiohe, and
back sight are about 2.1m, 3.5m and 3.5m, respdgtiHowever, because of the disparities in harewdne
accuracies of direct georeferencing are lower tteat of the advanced countries. As to CBERS-02,disired
accuracy is 50m, but the actual accuracy is uswalthe several hundred meters level, unless thgenns divided
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into short orbit data and processed with certainP&CTo deal with orientation of large area datagtiap
triangulation combined with position and attitudbservations has to be implemented. Previous expetsn
indicate that the accuracy could achieve 1-2 GS3ér afiangulation with a few GCPs distributed eyeatound the
area.

There are a lot of works have been done in photogratric applications (generating the DEM, DOM etith
space-borne three-line CCD images. In order to mgg@ephotogrammetric products, we have to estalihigh
mathematical relationship between image space bjgttospace first. Most of the models can be diassinto two
types: Rigorous Physical Model and General Modet@bne, 1996). General model is actually using teomal
function to describe the relationship between imspgce and object space such as RFM (Tao and 19ad; Poal,
2002). In Rigorous Physical Model, Exterior Origitta Parameters (EOPs) are usually adopted to septehe
position and attitude of the sensor, collinearitpations is the basic mathematical model. It's latirely strict
sensor model (Tao and Hu, 2001). And it will be @ed in this paper to reconstruct the geometryticalahip
between image and object space. In common sersauthber of line images is quite large, which makesable
to directly solve all these EOPs simultaneoushyirdutriangulation (Zhao and Li, 2006). A trajectanodel has to
be applied to describe the changing of satelljge’sition and attitude while scanning. Usually, Qaéid Polynomial
Model (QPM), Systematic Error Compensation ModeECM), Piecewise Polynomial Model (PPM) and
Orientation Image Model (OIM) are used. Many reskars have worked on these models (Ohlhof, 19980 Zmd
Li, 2006), but few of them have specifically compduthe performance of these models with the sartaseta In
this paper, experiments of triangulation with LMFECM and OIM are performed with a 500km length skita
under WGS 84 coordinate system to evaluate thesthwedels and to investigate the relationship betwibe
number of GCPs used in triangulation and the aeli@ccuracy.

MATHEMATICAL MODEL OF ADJUSTMENT

To decrease the number of unknowns, a trajectoeiiras to be used. Jung had developed a stochzstiel
based on the first order Gauss Markov process (120@8). General trajectory model includes QPM, BE&hd
OIM. QPM is very simple, but only designed for datashort orbit which can be fitted by a polynomias the orbit
gets longer, this model is unable to representiiamging of position and attitude of satellite. $#€an be applied
to model longer orbit data. However, when the ollnitgth is more than 1,000km, the suitable solut®©®IM,
which was first proposed by Hoffman (Hoffman, 198&fter that, this model had been widely used iogesssing of
both spatial and aerial linear CCD images.

Quadratic Polynomial Model (QPM)
As demonstrated by the equations below, each extemientation parameter (EOP for short) can be
represented by a quadratic polynomial about time.

Xs=a,+at+at’
Ys=h, +bt +b,t
Zs=c,+ct+ct’
¢=d,+dt+dt
w=e +et+et’

k=f,+ft+ 1t

Systematic Error Compensation M odel (SECM)
The relationship between EOP and time is desciiyettie following equations:
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Xs=Xs,+a,+at+ajt
Ys=Ys, +b, + bt +bt?
Zs=17s,+c,+ct+ct’
p=¢,+d,+dt+dt*
w=w +e+et+et’
K=Ky + o+ T+t

In which, Xs,, Ys,, ZS,, #,, @, K, are positions and attitudes of the satelliteraetiwhich derived from
observations obtained by the Globe Positioninge&ysind Inertial Measure Unit on board.

Orientation Image M odel (OIM)
Extract certain CCD lines as orientation images, HOP of CCD lines between orientation images @n b
calculate by EOPs of CCD lines at the nearest doi@ntation images.

)= 2 PW)* [] 1]

k#i

In which, P(t;)and P(t) representthe EOPs at tinfe and t; .

Adjustment Process and Weight Strategy

For the OIM, the EOPs of all orientation images aodved directly. These EOPs including translation
parameters and angular parameters which are refateto geocentric coordinate system, and theystnengly
related for spaceborne platforms (Kim and Dowma0&). In order to avoid the relativity between siation
parameters and angular parameters, this experifingthf makes a constant systematic error correctio position
and attitude observations which can eliminate th& drrors of the entire orbits and then assumtest the
translation parameters are known, so only threaulangparameters of EOPs need to be solved in thellbu
adjustment process. The interval of OIM is set@olkb000 scanning lines (the interval time is aldduseconds).
The weight of the observations of position andtadi are fixed during adjustment. The initial weggbf image
points are set to be 1.0 and the weights of othegsset to be the square of the ratio of its acyuagainst the
accuracy of image point observations. After itematiduring adjustment, the weight of each image tp@n
recalculated according to its residues.

EXPERIMENTSAND ANALYSIS

Ground and image data of a spaceborne three-lirf@ s&@sor is adopted for experiment. The tilted esigire
+25 degrees. Ground resolutions of all the thrghtsiare 5m. The entire length of the orbit is e 1,000km
and the overlapped region of three images is ab@dkm. Evenly distributed pass points are autoraliyiecnatched
with about 0.3 pixels precision. GCPs are meastmat old aerial orthophoto with 1:10,000 scalestallg 58
points are measured. There are possible grosserrthese GCPs because the old aerial orthophasogenerated
decades ago.

Most traditional adjustment technologies of satellinear array images adopt three models: QPM,NsBGd
OIM. These three models are used to evaluate thigesbof eliminating systematic errors of eachdeband to
investigate the relationship between the numbeGEPs and the achieved accuracy. The orientationelsod
number of GCPs and check points (CKPs) used foerxents are listed as follows:

QPM  (a) 4 GCPs, 54 CKPs (1)
SECM  (b) 8 GCPs, 50 CKPs  (2)
oM (¢ 14 GCPs, 44 CKPs  (3)

22 GCPs, 36 CKPs 4
52 GCPs, 6 CKPs (5)
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Comparison of Three Trajectory Modds
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Figure 1. Absolute errors of control and check points of QFEBECM and OIM (a) by control strategies (3)

(a, 3)
The black squares are control points, the whiteleicheck points, red lines positive Height RMSe@r lines
minus Height RMS, blue lines Planar RMS. The lergjtthe lines represent the values of RMSs.

Tablel1l. Error statisticsof check pointsafter triangulation whit three models
Check 3
M odel . S
PointsRMS  x Y Z
MEAN(m) | -1.29 | 044 | -9.06
STDEV(m) | 11.16 | 17.80 | 36.66
QPM
MAX(m) 32.13 | 34.69 | 85.39
MIN(m) 0.26 0.87 1.35
MEAN(m) 0.88 1.65 -1.96
STDEV(m) | 7.46 8.68 | 13.68
SECM
MAX(m) 14.15 | 27.59 | 32.04
MIN(m) 0.14 0.08 0.64
MEAN(m) | -0.35 | 053 1.01
oM STDEV(m) | 4.87 2.00 7.93
MAX(m) 15.60 | 10.92 | 11.93
MEAN(m) 0.03 0.17 0.10

As showed in Figure 1 and Table 1, QPM had the tm@sult as compared to the other two models after
triangulation with the same control strategy (14toal points, 44 check points). SECM can achievitebaesult
than QPM but worse than OIM which was known to e host appropriate model to deal with spacebanagye

data of long orhit.
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Triangulated Results of QPM with Different Control Strategies
Three control strategies (1, 3, 5) were applied.

o sy ey
Ao j® ~u
FRIAN P e
o}({\ . 9% “:\‘\
g Fia 2
O\ @ k
O‘i\ A L LN
O\ \O\\ P .\ n .l'\
i\ (K\ N OC{KQ Q";‘
il 1 i
d f)cn ||.I'L
Q? Q((;\ : . G& o ."':L
it sz Jye
OQQ & m
Heldl \ﬁﬁf ffﬁ
\®f£ t 1 \Ll
(a, D (a, 3) (@ %)

Figure 2. Absolute errors of control and check points of QRiylby control strategies (1), (3), (5).

Table2. Error statistics of check point®f triangulaéd results with QPM

CKPs (1) ©) (5)

RMS X |y Z | x|y l|lz|Xx|Y]|z
MEAN(mM) 5.2 -27.6 -87.5 -1.3 0.4 -9.1 0.y 0p 1
STDEV(m) 11.9 21.2 43.3 112 17)8 367 153 1PR.6.57

MAX(m) 29.4 60.7 134.0{ 321 34 85/4 246 215 230.

MIN(m) 0.2 1.0 2.1 0.3 0.8 1.3 3.7 0.4 4

From Figure 2 and Table 2, we find that the RMSloéck points after triangulation using QPM decrease
while the number of control points increases. Begreusing most of the given points as control, rieximum
residue is 30.2m, which is unacceptable. In FiQfegl), 2(a,3), 2(a,5), the changes of height R¥I&atrol points
and check points are relative to the time pararagtghich means that this model causes a new typgstématic

error. It fits the fact that fitting long orbit datvith QPM is unreasonable.
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Triangulated Results of SECM with Different Control Strategies
Three control strategies (1, 3, 5) were applied.
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Figure 3. Absolute errors of control and check points of SE@Wby control strategies (1), (3), (5).
Table3. Error statistics of check pointsof triangulated resultswith SECM
CKPs ) ©) (5)
RMS XY |z |x|Y|z|X|Y]|Z
MEAN(m) 10.7| -11.8| -27.3 09 184 -1.8 20 266 -§5
STDEV(m) 76| 89| 173 75 871 136 88 60 79
MAX(m) 245| 295| 59.7| 141 276 320 129 103 1.7
05| 01 03| 01/ 01/ 08 11 o0# 54

MIN(m)
As demonstrated in Figure 3 and Table 3, SECM aekidetter result when more control points are used
triangulation. When the number of control pointsr@ases to 14, the MEAN of absolute errors achiéwedevel,
which means that most of the systematic errorsehngnated. But the maximum residue is larger tBatimes of

GSD (15m), so the SECM also cannot fit the reait@d attitude of the satellite very well.
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Triangulated Results of OIM with Different Control Srategies
To fully investigate the relationship between themier of GCPs used in triangulation and the resichfe
check points with OIM, 5 different control strategi(1), (2), (3), (4), and (5) are adopted.
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Figure 4. Absolute errors of control and check points of Qidy1by control strategies (1), (2), (3), (4), (5).

Table4. Error statisticsof check points of triangulated resultswith OIM

CKPs 4GCPs 8GCPs 14GCPs 22GCPs 52GCPs
RMS 54CKPs 54CKPs 44CKPs 36CKPs 6CKPs
XY Z [ XY | Z|X|Y|Z | X|Y |Z|X]|Y|Z
MEAN | 44 | 49| -349-1.2| 07| 10| -04 05 10 -14 -0f 1539 | 18] 37
STDEV| 15.6 | 25.8 35.1| 11.0 6.1 | 133 49 | 20| 79| 6.8| 57| 4B57 | 55| 3.8
MAX |37.5 |51.7/ 98.8| 21.6/155|30.6| 15.6| 109 11.9 164 124 9l611.2| 11.1| 8.1
MIN | 02 | 00| 11| 02/ 03 01 00 O0p Ol 03 00 pRO| 18] 038

It can be seen from Figure 4 and Table 4 that ¢éselues of CKPs become smaller as the number ofsGCP
increasing. But if there is only four GCPs, theidass of CKPs are quite large. The distributiorresfidues looks
like waved lines. This is probably because four G@&Pnot enough to control the whole orbit withden than
1,000km distance. As the number gets to 14, the R¥MEKPs achieves about 5m horizontal and 8m \adrtic
precision, respectively. The results of adjustraet slightly improved when more GCPs are used.réhiglues of
control and check points in the five cases stitikidike waved lines, which means that the OIM ig peecise
enough to model the geometry of space-borne linB @@ages.

CONCLUSION

Three models and 5 different control strategiesusesl for block adjustment with spaceborne thnee-dirray
dataset of 1,000km length orbit. The performanc®BM is worst, SECM is reasonable, and OIM is testlwwhen
appropriate control strategy (14 GCPs) is adop@@M and SECM are not suitable to model the postiand
attitudes of long orbit satellite data. As contpalints increase, the accuracy of CKPs with OIM Inee® higher.
Acceptable results can be achieved with 14 GCPweder, the improvement of adjusted results is saignificant
as the increasing of GCPs.

15,000 scanning line is chosen as the intervalrightation images, and the weights of position attdude
data are fixed during adjustment. Further invesiigawill be made to test whether the used intersasuitable.
Moreover, the weights of position and attitude obatons also need to be re-evaluated after eaction.
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