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A Weighted Least Squares Solution for Space
Intersection of Spaceborne Stereo SAR Data

Pu-Huai Chen and lan J. Dowman

Abstract—The use of stereoscopic SAR images offers an alter- tion, as opposed to being used as check points, then the radar-
native to interferometric SAR for the generation of digital eleva-  grammetric algorithm can be sensitive to the number and the dis-
tion models (DEMs). The stereo radargrammetric method is ro- iy tion of the GCPs required. It is often very difficult and time

bust and can generate DEMs of sufficient accuracy to geocode SAR ina to det . fficient b f well distributed
images. Previous work has shown that ground coordinates with ac- consuming o determine a suificient number or well distribute

curacy of four times the resolution cell can be obtained from ERS GCPs in SAR images and this has proved to be a problem in
data without using any ground control points (GCPs), where the using SAR data for terrain mapping. Reducing the sensitivity of
high accuracy of the orbit and satellite position of the order of the radargrammetric model to the number and the distribution
meters introduce insignificant errors into the intersection proce- ¢ 5cps required is therefore a major issue in the paper.

dure. The orbit data for RADARSAT is not as accurate as that for Th . K huttle i d SIR-B) dat d
ERS, and the perpendicular relationship between the resultant ve- e previous work on shuttle image radar ( -B) data an

locity vector and the resultant range vector is uncertain in terms of European remote sensing satellite (ERS-1) data at University
image geometry. Hence, itis necessary to refine the method to allow College London (UCL), London, U.K., suggests that the stereo-
for p_ossible errors. This paper introdut_:es a Weighte_d space inter- scopic SAR approach is a promising tool for producing DEMs

section algorithm based on an analysis of the predicted errors. A from spaceborne SAR data [4]-[6]. The authors have proposed

radargrammetric error model for observation errors is also formu- . - - -
lated to predict the accuracy of the algorithm. The revised method particularly an analytic approach to carry out space intersection

can be used without any GCPs, but this can lead to systematic er- by using a least squares adjustment for ERS-1 data and reported
rors due to less accurate orbit data, and it has been found that the results without using any GCPs when good quality orbit data are
use of two GCPs provides a reasonable solution. The method is in- gvailable [7]. GCPs are used for systematic correction of coor-
sensitive to the spatial distribution of GCPs, which is often critical dinate transformation for the resultant DEMs at the last stage if

in traditional methods. The error statistics of the results generated Th h ori iV utili two D |
from 32 independent check points, distributed through the entire '€C€SSary. 1h€ approach primarily utiizes two Doppier equa-

SAR image, approach the predicted errors and give positional ac- tions and two range equations to obtain the position of an un-
curacy of 38 m in three dimensions. known ground point.

Index Terms—DEM, orbit, RADARSAT, stereo SAR. The need for GCPs is less when good orbit data is available
and when there are minimal errors in the orthogonal relation-
ship between the azimuth direction (the resultant velocity vector

. INTRODUCTION considering the Earth rotation) and the range (the resultant range
ADARSAT can provide images with a variety of base¥ector relating the sensor to a ground point). Hence, reasonable
R and look angles and so for the first time digital elevd€sults have been obtained with ERS data with no GCPs [7].
tion models (DEMs) can be generated using stereoscopic pritRwever, the orbit data for RADARSAT is not as accurate as
ciples from spaceborne synthetic aperture radar (SAR) ima§é ERS and the reliability of the orthogonal relationship be-
pairs on a routine basis. Experiments of the repeat-pass inféfeen the azimuth direction and the range is uncertain, hence it
ferometric SAR (IfSAR) technique show that the method oftei§ Necessary to refine the intersection method to allow for these
gives poor results due to poor scene coherence and to differ@@gsible errors. It is proposed in this paper that the weighting
atmospheric conditions. For this reason, the stereoscopic SRRrxin the least squares adjustment be designed to solve these
method presents an important alternative for terrain mapping?roblems. In general, the proposed weighting matrix helps make

Several photogrammetric methods have been proposed tothé: radargrammetric model insensitive to the effects from the
construct DEMs from SAR data [1]. A major disadvantage ¢izimuth timing error as well as those from the uncertain orthog-
these methods is that ground control points (GCPs) are nee@8@! relationship between the azimuth direction and the range.
to determine the parameters of the stereo models [2], [3]. GCHie method presented is designed to use the minimum number
are the reference points providing the basis for radargramme®fcGCPs and to give a better solution than, or at least similar to,
model setup or the connections between coordinate transforilg traditional methods. The use of the weighting matrix for de-

tions. If the GCPs are being used to carry out this transfornf§fmMining unknown ground points, leading to the generation of
DEMs [8], is described in Section II. A revised error model for

the algorithm is discussed in Section Il to show the robustness
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thus showing that it is superior to other methods. GCPs are only
used for systematic correction and the minimal requirement of
the number of GCPs is two. The superiority and robustness o Along
the proposed technique is validated by the test results of 32 in -track
dependent check points in Section IV. ' error

. Iso-Doppler cone
Range circle

Sensor

Vs Sensor velocity

Normal of orbit track

Il. THEORY

R Detlected range direction
A

~Two bas_|c equations fpr each qrblt can be treated as observe . E-"&P Deviation on the ground
tion equations in space intersection. e

A. Rigorous Stereo Method

Doppler equation X
Geocentric co-ordinate system
foc = 2(VS — VP) ) (S — P) Fig. 1. Deflected range direction of a nonzero Doppler SAR image.
AIS - P
_2[Vs—Ve| (Vs—Vp) - (S-P) Equations (3a)—(3d) are four observation equationsgani=
A [Vs — Vp|-|S —P| 1, 2, 3, 4 is the residual of each observation equation. The ma-
trix [ A] denotes the coefficients of the partial derivatives of four
_2[Vs—Vp| L ) . .
== sin 7. (1) linearized observation equations with respect to the three un-
knowns of a ground poinP or the unknown matrix{X] =
Range equation [X,Y, Z]T; [AX] = [AX, AY, AZ]T, which is the incre-
ment matrix of unknownsfX,] = [X,, Y., Z,]%, which is
R=|S-P| (2) the provisional values of unknowns3], which is the matrix

of the constant terms, and¥], which is the weighting ma-

fDC isthe Dopp|er central frequen(}ylhe wave |engthys and trix. Each element of the coefficient matri)All and IB] in

Vp the velocity vector of sensor and target, respectiviglyp  (3€) is illustrated in [4]. If zero-Doppler processed images are

the position vector of sensor and ground point, respectively, agiyen, ort ~ Fj = 0, each linearly independent observa-

R the range timing value between sensor and ground poist. tion may be treated as having the same weight, (W} = [I]

the squint angle of the surface of a Doppler cone with respect@bwi,1 = w22 = w33z = wsa = 1in (3e). The provi-

the normal plane, which is perpendicular to the velocity vectstonal values X,] of the unknown ground points are given

Vg, as shown in Fig. 1. by the scene center location and can be updated progressively
Whenr = 0, a nominal zero-Doppler image is obtained, andsing the incremental magnitudesX] derived from the least

the resultant velocity vectoMs— Vp) is perpendicular to the squares solution. The iterative updating process for the provi-

resultant range vecto8¢P), or fnc = 0. Thus, the problem of sional values of the ground coordinates of each ground point

space intersection could be solved for an unknown ground pofi! not go further if the criterion of a minimal increment mag-

P(‘X'Y'7 Z) using (1) and (2) from two same-side orbits to fornﬁ]itude, i.e., 1.0« 108 m, has been met. FOllOWing the iterative

observation equations procedures of the least squares adjustment of indirect observa-
tions as shown in (3e), the position vector of a ground point can
be derived [7]. If a SAR image and the header information give
2(Ve1 —Vp)- (S - P
F = fpc— (Vs1 )\|sz I(’| ! ) = (3a) definite geometry for range pixels and for azimuth lines, then
L there remains only the problem with shifts of the image coordi-
=R —|S1—P|=wv (3b) nates. Such shifts in range and azimuth time data can be simply
AVeas — Vo) (S, — P corrected by two GCPs.
= fpc — (Vs: S Pz }(,| 2 ) =v3  (3c) Any attempts to refine the relationships of image pixels needs
2 a great number of good quality GCPs with dense and appro-
Fy=Ry— Sy —P| =vy. (3d) priate spatial distribution, which is generally impractical and

cost-expensive. Furthermore, the quality of the provided GCPs
These are used to form the normal equation so that the sumshot always reliable due to speckle, poor illumination of fea-
the squares of the residuals can be minimized tures appearing in SAR images, mapping accuracy, and scale.

Therefore, it seems that using poor quality GCPs to set up a

4 geometric model causes more problems than if no GCPs are
Z v? — min; used. An attempt has been made to avoid any involvement of
i=1 GCPs in the proposed geometric model and to use the minimal

= [A]T[W][A][AX] = [ A |¥ [W][B] number of GCPs for correcting systematic sh|fts only. In doing
3x4  4x4 4x3 3x1 3X4  4xd 4x1 S0, the GCPs must be treated as unknown points and be solved
without using any other ground control. The derived coordi-
X| = [AX Xo] - . . .
= :[),XJ [3X1] + [3;’1] (3¢) nates are compared with the real coordinates of GCPs to obtain
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the overall shifts in three-dimensional (3-D) space and then tHence, the weighting matriW] of the normal equation in (3e)
ground controls are collected, provided that the image geomeisyderived as

is well defined and the resultant range vector is perpendicular to =2 0 0 0
the resultant velocity vector. o,
0 o 0 0
[W] = Z2 )
. . . ) 434 0 0 O—f2 0
B. Formation of a Weighting Matrix 0 0 0 o2

r

If the resultant velocity vector is not perpendicular to the rerne |ocation of a ground point decides the magnitude of the
sultant range vector, and since the axes of the azimuth and rapgg,jtant velocity vectofVs — Vp). The velocity magnitude
components in the SAR image coordinate system remain gf-3 ground poiniVp is identical to that of the Earth rotation

thogonal, then the deflected range vector does not corresp@Rgk changes according to the latitude of that ground point and
to the nominal range vector (azimuth line) of that image. Thigyeg

is clearly shown in Fig. 1. The range direction deflected by an
azimuth time erroAS (converted to distance) produces a de-  |Vg|— |[Vp| < |Vs — Vp| < |Vs| + |Vp]
viation AP in along-track direction of the ground position in

. . . 1 1 1
respect to the image coordinate system and gives = Vsl= Vol > Vs — Vo] > Vsl + Vol
N 0.5 0.5 0.5A
[Vs| = Vel = [Vs = Ve| = |[Vs|+ Ve[’
AS ~R-sin(t) ~ AP, ifAS<R (6)
AS ~R- A- fpc = foo & 2|Vs — Vp|- AS For egample, if the resultant_vector bet\_/veen sensor a_nd ground
2|Vs — Vp| AR velocity has achieved a maximal magnitude at low latitude, the

©) elements of the weighting matrix are given as
o7 = foc— foé = /oo

W] =
2Vs )\'V£|.AS’ it 0 _ (W]
4) < 0.5\R,0, )2 0 0 o]
. . . . _ (IVs1| +[Ve]) AS

oy is the precision of prior estimation fofpc observation. 0 1 0 0
](30% is the nominal zero Doppler frequency given by imagg 0.5ARy0, 2
header data (for a RADARSAT SAR standard imagg)is 0 0 < v v ! AS) 0
the deflected range magnitude, which is relatively large: aboyt (V2| +[Vel)
880000 m for a RADARSAT SAR image compared with the- 0 0 0 1]
nominal along-track orbit erraA.S of 600 m. @)

Consider the difference between the range and the DOpplk?lﬁmerically letA = 0.05656 mg.,. ~ 5 m (one slant range

e_quaﬂons. Apparenthn 5 Increases in prop_ortlon to the magépixel of the RADARSAT SAR standard image), the same sensor
nitude of fpc. Butthefpc erroris setas zero in the least squar

Speed assumed for both orbits 7460 m/s, the Earth rotation speed

solution, under the assumption of an orthogonal relationshé low latitude 400 m/s, and the along-track error as 600 m. The
between the azimuth line and range, which causes a relativ ¥ighting matrix is der’ived as '

large residual for the Doppler equation. If the same weights were

given to the Doppler and range equations in the least squares ad- r7x107* 0 0
justment, a small error of angtecould be magnified to produce 0 1 0
a significant residual in (3a) and (3c) under the circumstances of [W] =
a relatively large range magnitude of spaceborne SAR images. x4 0 0 1.1x107% 0
A suitable weighting matrix is then considered to suppress such L O 0 0 1
possible effects in the least squares adjustment. _ _3

e . . 1x10 0 0 0

The condition is that the effects from azimuth time error are

expected to be minimal, since observations are made in respect _ 0 1 0 0
to an orthogonal SAR image coordinate system. Let the preci- - 0 0 1x102% 0
sion of the prior estimation for théy observation of the left I 0 0 0 1

and the right image bes; ando 2, respectively. Also, let the

precision of the slant range observation of each orbit be approxSimilarly, the possible weights can be derived using (5) or
imately the same as,.. Generally, the weights of observation{7) under different circumstances, according to sensor speed,
are taken to be quantities proportional to the reciprocals of tlaitude of test area, and slant range pixel size. The remote
square of the precision (or the reciprocals of the variance) sénsing satellites always operate on nearly circular orbits, and
the observations. The other elements of the weight matrix dhe journey of a spaceborne sensor within a SAR standard
all zero since linearly independent observations are assumiethge scene is less than 15 s. To change the location of the
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test site or the speed of the sensor on different orbits mala&R, causes a shift ilR; from P to A and that ofR, from P,

insignificant effects on the weights. to B, as shown Fig. 2(b), i.e.,
Notice that the weights used in direct observations such as a
“weighting average” may change the magnitude of the object dA =PP;.

explicitly and directly. But this is not the case of a least squares

adjustment of indirect observations in which the weights ah&tPo be the intersecting point. The deviationit from P to

employed for achieving a balance of different qualities of oB}: O A’ t0 Po, must equal to that dR,, fromP, to B, or B to

servations of different classes. Namely, the use of weights cagy Under the two conditions. Then
potentially improve or optimize the precision of the calculated iy -
results under the condition of reducing the effects of the less PA = A'Po = PoB’ = BP;.

reliable observations and emphasizing those of the good onfSe e are infinite points satisfying the criterion forming the
So the reduction of the effects of one component (say azimyfhy of the line fromP to P.. Obviously, such a line is a bi-
line observations) must be paid by increasing the effects of gy of the convergent anglef two orbit tracks, as shown in
other component (say range pixel observations). If the quaIitig%_ 2(b). There is only one intersecting point making a balance

of observations of different classes are similar, there will be Mtween two Doppler equations, i.e., the deflected antgads
significant improvement for the calculated results by means gf e the same for each range direction as

using weighting techniques.

Y= [PlsoPO = ZP()SlP

[ll. THEORETICAL ERRORMODELS sin vy ~PoA /Ry, = PoP - cos(0.56) /R,

In terms of terrain mapping, either automatic correlation or sin v ~PoB /Ry = PoP3 - cos(0.50) / Ry
manual measurement may introduce errors causing uncertain-
ties in the results derived from a radargrammetric model. In PoP =PyPs - i = (PP> — PoP) - R
order to demonstrate the robustness of the proposed method, it Ry Ry
is useful to investigate the theoretical error generated by the pro- dA —\ R;
posed rigorous model for random observations. The theoretical = <m - 0P> "R,
error model for the measurements of range pixels is explained
and shown in [7]. The error magnitufig, | is decided by the in- PoP = dA . < ! ) = |E,.|
tersecting angle: of two range vectors and the measuring error cos(0.50) \ Ri + Rz
of range pixeklR and is given by 9)

Ry and R, is the magnitude oR; and R, respectively, and
flR (8) E,. is the error vector of the measurement of azimuth line.
Sl ¢ The resultant error vectdt is derived as In general, both vec-

when a greater weight is given to the range observations. TRES E«- andE, are approximately perpendicular to each other.
error model for measurements of azimuth line must be reviseg€refore, the magnitude of the resultant error vector for mea-

because the assumption of good orbit data was made in ﬁ]l,rements of one azimuth line and one range pixel in an image

which is not always valid for every kind of spaceborne SAE derived as

data. Because the weight for the range observation is relatively N

large as shown in (5), the ground points are solved mainly using B[ =/ [Ea:|” + [E[". (11)

distance observations. The greatest concern in space intersec-

tion is to find an intersecting point to satisfy a balance of range

shifts betweeR; andR., the range vector from right and left E—FE, +E,. (10)

sensor, respectively, to the ground point, as shown in Fig. 2(a).

If we assume that the same weight is assigned to the range equa-

tion of each orbit, the deviation of range distance for each orbit IV. TESTRESULTS

tends to be the same value in the least square adjustment. Again

the weight for the Doppler equation of each orbit is assuméy

to be the same. An intersecting point solved from space inter-The proposed procedures start from a parallax file, which is

section must satisfy two conditions, i.e., the same but relativedydata set of successfully correlated points. The parallax file

large weight for each range equation and the same but relativggnerated automatically by the pyramidal image correlation

small weight for each Doppler equation. The range direction s€heme, or manually, must be transformed from screen to image

each orbit may swing slightly from one side to another and intereordinate system with respect to each SAR image header

sect at a point where the range distance and the deflected affiige The automatic image correlation method employing a

of range direction achieve a balance. region-growing technique developed for radar data is explained
Notice that Fig. 2(b) is an enlargement of the right end ofi [8], revised from the algorithms illustrated in [9]—[11].

Fig. 2(a). In Fig. 2(a) an error in the sensor position causesThe image header files must include ephemeris data, scene

small errord A in the measurement of the azimuth lines. Changenter time and location, Earth model parameters, image size,

|E7‘| =

Procedures and Implementation
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Vi New sensor Ve
Left sensor A position Right sensor
velocity S, velocity
Error dA -7 Deflected angle
S. ~ Right rang .
Original sensor lght range vector
Left position ) P
~ 1
sensor :7
S; = e tbelduiciuhnini Po New
7 R, . P intersected
Left Convergent P int
- . oin
range angle Original P
Left orbit Right orbit vech' intersected
point

To right sensor

To left sensor S,
To right sensor R, g a2
To left sensor S - ]
t
R, PA
(b)

Fig. 2. (a) Swings of range directions in space intersection (top view of the two orbits) achieving a balance. Two range beams converge andhetgreantiat
point P,. (b) Enlargement of the intersected location at the right part of Fig. 2(a).

TABLE | systematic shifts. The whole system has been implemented

THEORETICAL ERRORS FOROBSERVATIONS FROM A PAIR OF and tested on a SUN SPARC4 workstation within a local area
RADARSAT SAR IMAGES
network at UCL.

SAR Images Left Image | Right Image
Incidence Angle (°) 21 45 B. Theoretical Errors
Nominal Slant Range Resolution dR (m) 4.9 9.1 Compared with the human operators, an automatic correla-
Nominal Azimuth Line Resolution dA (m) 14.1 14.0 tion method such as a normalized cross-correlation measure, can
Intersection Angle ¢ (°) 24 generate relative measuring deviations## pixels according
Ranse Observation Error , (m) B 754 to [1_2]. The optimized pyramld_ image correlatl_on strate_gy em-

: ploying a least squares algorithm with a region-growing ap-
Orbit Convergent Angle 8(°) 9 . . .

proach ensures that subpixel correlation can be achieved. Thus,

Azimuth Line Observation Error Ee; (m) 78 7.8 the observation error for image coordinates is estimatetlas
Observation Error from an Image E, (m) 14.3 237 pixels. Let two range value®; = 1100 km andR, = 880
Resultant Observation Error from a Pair 28 km, respectively. If the amblgwty of the azimuth line of a SAR

image is 14 m and the convergent angke 9°, (9) gives an error
magnitude as 7.8 m. If the intersection anglez 24°, and the
microwave length, ground-range-to-slant-range transformatiambiguity of range pixel is given as 9.1 m, the range observation
parameters, the azimuth time of each azimuth line, etc. Theor|E, | is derived as 22.4 m according to (8). Then (11) gives
ground points can be derived solving space intersection problartheoretical errofE| in three-dimensional (3-D) space as 23.7
as described in Section II. All GCPs are treated as unknowmsfor a SAR image. If the measuring errors exist on the left and
to be solved from measured image coordinates and are tothe right images, (11) gives a resultant error magnitude 28 min
compared with the corresponding map coordinates to deriv8®, as in Table I. Obviously, the weighted stereo intersection
difference between both coordinates that are used to corriscless sensitive to the observation errors of azimuth lines than
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+  Checking Point
A Ground Control Point
------ Extent of the Generated DEM

3170 —
3160 ~+* + .
“ + +
3150 = ¥
r +
= £ . FRANCE
9 3140 -+ +
- + + +
3. P+ 4+ +
a 3130
= F Aix-Marseille
g 3120 | . +Z . Test Site
~— r ' +
11 T wt o+ N + + +
310+ ATTE
3100 — +
R
§ g § § g § § § g Fig. 4. Location of the Aix—Marseilles test site in south France (not to scale).
Easting (km)
TABLE 1
Fig. 3. Spatial distribution of 32 check points, and of two GCPs. CHARACTERISTICS OF THETEST IMAGES FORSELECTING CHECK POINTS
Orbit RADARSAT | Year-Month-Date | Full-scene size | Alias
to those of range observations, according to (8) and (9), and an Pirection | Beam Mode (Row/column) | Name
. . . Standard-1 1997-08-22 7901 /9075 DSt
possible effects from azimuth time error and the orthogonal re- pescending [ Standard-7 1997-08-09 5739 /8942 | DS7a
lationship between the azimuth line and range can be reduced Standard-7 1998-03-13 7875/8937 | DS7b
Ascending Standard- | 1998-03-0( 7876 /8961 AS7
Standard-7 1997-08-08 7901 /9139 AS|

C. Tests with Check Points

To evaluate the performance of the algorithm for space in- TABLE Il

tersection, 32 ground check points have been selected manu- Accuracy StaTisTICS OF CHECK POINTS FROM WEIGHTED SPACE
ally from three images of descending passes provided under the ~ INTERSECTIONUSING RADARSAT DATA WITH Two GCPs

RADARSAT Application Development and Research ()pportl Weighted Mean (m) | RM.S.E (m) | Min(m) | Max(m) | Error Range(m)
nity (ADRO) Program (no. 136). The 32 points are distribute Case (1 | E | +8.2 27.2 -62 +54 116
DStilefti+ N -5.7 25.3 -60 +42 102
randomly within a 80 kmx 80 km area, as shown in Fig. 3. TheDw,,\,m, q 0 13 " T 58
test images are located on the Aix-Marseilles test site of sot Case 2 | E [ +106 25.6 -45 +71 16
DStletfo+ N +5.7 17.0 -42 +36 78
France as in Fig. 4. Table Il shows the characteristics for tipsshiighy [w 3 ™ E s o8

testimages. Two descending standard beam-7 (DS7a and DS7b)

SAR images are taken together with one of the descending stan- TABLE IV

dard ,bear_n_l (DS:L) Images, IndIVIdua”y’ to ,form two stereo- ACCURACY STATISTICS OF CHECK POINTS FROM A NONWEIGHTED SPACE
scopic pairs as case (1) and (2). The coordinates of the check  |\rersecTioNUSING RADARSAT DATA WiTH Two GCPs.

points were calculated using the new methods with weights

and were compared with the coordinates measured from Frer M- Mepim | KM AL ) Midm) | Martn) |_Enor Range(m)
1:25000 maps. The measuring errors of the ground coordina DD;”(]C“: S =l o 7 126
alrighty -0.2 3 -34 58
are estimated as 1 mm in easting (E) or northing (N) on maf—cac o, TE T +102 253 e 1 114
or 25 m on the ground and 10 m in height (H), which leads t Dsitefv+ | N | +06 200 =53 72 125
DS7h{right) H -4.7 19.7 -43 +26 69

an error vector with error magnitude of 37 min 3-D space. The
results of weighted space intersection for the 32 check points,
as shown in Table Ill, demonstrate that the systematic shifts carThere are few published results with which to compare our
be eliminated using only two GCPs, and the resultant accuraegults. Reference [13] gives results from RADARSAT images,
is good compared with the theoretical values. but it is not clear what the number or quality of their GCPs is.
In Table 1V, the results calculated using an equal-weighté&dvo sets of results are given and shown in Table V. The first set
least squares adjustment show similar results to the weightedase comparable with those in Table 1ll, but the second set are
sult. This shows that in this case, any error in the zero-Dopplewnsiderable worse. These are derived from a stereo matching
assumption has not caused significant error in the results, andlgorithm, and further work at UCL [14] gives results for DEM
also shows a balanced distribution of errors between E, N, an@Eturacy after stereo matching very similar to those given for
and also a smaller range of maximum (positive) and minimuaheck points in Table Ill. The proposed algorithm and the results
(negative) errors. This is the expected result from a weightetitained in the paper are comparable with other stereo radar-
least squares adjustment where observations of different qugiammetric methods, which generate DEMs with accuracy of
ties are balanced to give an optimum result as explained in Sdee order of 15-20 m, as reviewed in [15]. But our proposal is
tion Il. particularly insensitive to the number and distribution of GCPs.
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TABLE V
ACCURACY STATISTICS OF GCPSAND ARBITRARY GROUND POINTS DERIVED
USING A TRADITIONAL APPROACH(QUOTED FROM [13])

239

has been achieved, as shown in Tables Il and IV. Also, the
quality of the calculated results can be affected by many fac-

tors, not only the weights given in the least squares solution, but

the qualities of the GCPs used for systematic corrections and
those of the check points employed for objective comparisons.
Notice that the qualities of GCPs or check points that are mea-
sured manually are subject to variations from one to another.

However, GCPs of relatively poor quality make the use of the

Traditional Least-Squares Component RMSE- RMSE-
Approach | 3] GCPs (m) | Arbitrary Points (m)
RADARSAT & 36.5 75.5

Sterco Configuration N 25.0 27.0
82+57 H 158 42.5
TABLE VI

ACCURACY STATISTICS OF THERESULTANT DEMS USING THE WEIGHTED
LEAST SQUARESALGORITHM WITH TWO GCPs

Orbit Stercoscopic Coverage | Mean RMS | Min, | Max.
Dircction Configuration (%) {m) {(m) (m) (m)
Descending DS1+DS7b 81.0 +1.4 23.9 -189 | +223
Ascending | AS7+AS] 76.4 +10.2 234 =200 | 4233

traditional approach difficult and justify the use of the proposed
algorithm. The absolute position of the solved ground points
can be fixed by only two GCPs, which gives the accuracy of
a generated DEM as 24 m. This keeps the cost of providing
control at the lowest level without degrading the outcome. The
results are comparable with the theoretical errors of up to 28 m,
predicted by the proposed error model, and are superior to other

methods in terms of efficiency and cost.

D. Generation of DEMs

Four images, including those from descending (B857b)
and ascending (AS#AS7) orbits, as in Table Il, have been

area of Marseille and the hilly area of Chaine de I'Etoile. Th
terrain relief within the subimage varies from 0 m to 639
above mean sea level at Mountain St. Cyr. Each same—sﬁ
image pair of the descending orbits and the ascending orbits
forms a stereoscopic SAR image pair to be correlated together
to produce parallax files containing more than 200 000 points
[8]. The relative location of the generated DEM is shown in [1]
Fig. 3.

As mentioned before, no GCPs are used as input for spacél
intersection. Two GCPs were used to correct systematic shifts
caused from inferior orbit information after stereo intersection. [3]
The resultant DEMs were interpolated into a 25-m grid and
compared with a reference DEM in the same area, giving the[4
accuracy statistics as shown in Table VI. The root mean square
errors (RMSESs) from statistics of each resultant DEM is better[5]
than 24 m, and this is reasonable compared to the predicted errgg;
of 28 m in 3-D. Note that such accuracy can be achieved using
other methods, but a great number of good quality GCPs or tie
points for those methods are needed. Due to the limitations of'!
the automatic correlation method, layover effects, ambiguities
of image features, and speckle, 100% coverage DEM can hardIy8]
be generated, and itis liable to produce some gaps in the results.
The resultant DEM image has been shown in [8]. [9]
V. CONCLUSIONS (ol

The results calculated from RADARSAT data, using the re;
fined rigorous algorithm for space intersection with the use o
a weighting matrix, reduces the errors in the azimuth line com[!2]
ponent. The use of the weighting matrix is not only essential in
the theory of least squares adjustment (such as the treatments]
of different classes of observations), but also beneficial in prac-
tice (the reduction of the extent of errors in azimuth direction) 14
The paper demonstrates a flexible and rigorous radargrammetric
algorithm, which enables users to deal with observations of dif-
ferent classes (of different precision), i.e., the range and azimul[ﬁsl
line observations, to optimize the calculated results. This goal

Based on the quality of the results derived, it is suggested
that the main applications of DEMs generated from stereoscopic
SAR data may include the geocoding of SAR images, terrain
mapping at a small-scale, and numerous applications for envi-
ronmental monitoring. When map revision or terrain mapping is
kHarﬁicult with optical data and IfSAR methods, and the requested
§ccuracy in 3-D is not better than the resolution of a SAR image,
Ntereo SAR is shown as being important as an alternative map-

fig too
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