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Abstnct
A major problem for SP)T imagery is its geometric accuracy
in relation to aerial photography, especially from the point of
view of digital tenain models (oru) and orthophotography.
Computer simulation using a modified bundle sofiwarc fos-
ters versatility and high accuracy in terms of minor tilt an-
gles, distribution of ground control points (ccp), etc., and is a
feosible and cost-effective analytical tool. This paper pres-
ents a tradeoff study of a modified bundle adiustment pro-
gram for the simulation of seor geometry vis-a-vis
conventional photography with regard to precision for vari-
ous tilt angJes, number of cces, various positions of control
points in different patterns, etc.

lntroduction
Accurate topographic mapping at a scale of 1:25,000 utilizing
satellite imagery requires expensive instrumentation such as
analytical stereo plotters, digital plotters, etc. Satellite im-
agery has been widely used for mapping by developing
countries such as Sudan, North Yemen, and China (Welch
and Pannel, 1982; Kennie and Mathews, 1985; Parry and Per-
kins, 1987; Hartley, 1988; Bohme, 19Bg). There are, however,
some major problems such as the one encountered in the Su-
dan experiment in the identification of point and line fea-
tures such as roads, railways, bridges, settlements, etc., and
also in the geometric accuracy of the imagery in relation to
conventional aerial photography.

The problems associated with satellite imagery are due
mainly to the large orbital height of satellites, though these
can be somewhat alleviated in missions such as those of the
space shuttle (Doyle, 1985). At an image scale of 1:80,000,
one approaches the limit at which many "cultural features"
such as settlements, bridges, etc., can be identified. With sat-
ellite imagery, we have, in general, much smaller scales and
these pose problems in terms of completeness of details, as
for instance in Landsat imagery (Kenny and Mathews, 1985).
The height information that can be derived from photogram-
metric models can be used to form a oru (Doyle, 1978).

The bundle adjustment method is a flexible analytical
tool and a powerful computational technique for coordinat-
ing engineering and industrial structures (Granshaw, 1980),
and fosters high accuracies economically. The application of
the bundle method to multistation photography can provide
high, homogeneous precision even without the incorporation
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of control data. Though the bundle method is mainly associ-
ated with multiple photographs and images, as in the case of
aerial triangulation, it has been used in the present study in
view of its flexibility, even though the study involves only
stereopairs. Whereas identification of topographic features is
a major problem for sPoT imagery as well as for virtually all
other space imagery, the focus of the modified bundle adjust-
ment program is not feature identiffcation, but geometric ac-
curacy of spor imagery which is of overriding consideration
in deriving a DTM and orthophotography.

The advantage of the present simulation is that parame-
ters such as mirror tilt angle, distribution of ground control
points (crrs), etc., can be readily changed to investigate the
fundamental properties of the imagery. Most of the work
done by various researchers has been somewhat limited in
respect of viewing angle and ground control, and, in many
cases, the results have been checked only against existing
maps whose intrinsic accuracy itself is in question (Rodri-
guez et d1., 1988; Gugan and Dowman, 1988; Kratky, 1989;
Sharpe, 1989; Dowman, 1990; Westin, 1990). Again, the ba-
sic idea of this simulation is not merely to test the results of
sPor coordinates derived from different geometric and con-
trol configurations, but also to compare SPOT imagery with
conventional aerial photography of equivalent characteristics
(position, attitude, focal length, etc.) to facilitate proper anal-
ysis of the dynamic characteristics of the sror imagery, al-
though such photography has not been acquired in practice.
The bundle program has been written for conventional pho-
tography and, based on this experience, subsequently modi-
fied considering the dynamic nature of the SPOT imagery
which has inherent complications in view of its non-con-
formity to single perspectives. The modified bundle adjust-
ment software facilitates cost-effective and optimum
geometry of the SPor imagery and ccp distribution, though it
is not intended to be an alternative to topographic mapping
using conventional sophisticated and expensive instrumenta-
tion.

seor imagery is generally capable of accuracies up to 5
m in both planimetry and height, depending on factors such
as image quality, base-to-height ratio, identification problems,
instrumentation used, control point quality, etc. (Rodriguez
et d1., 1988). Much work on the geometric accuracy of spot
imagery has been undertaken as part of the preliminary eval-
uation program for sPoT (rres). Using SPoT imagery in both
the Kern lsn-r analytical plotter and digital plotters, it is re-
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ported that the degradation in quality of the film hardcopy
compared to the digital images is striking (Gugan and Dow-
man, 1988). A number of studies (Ley, 19BS; Kratky, 1989;
Sharpe, 1989; Westin, 1990) have been made using SpoT im-
agery for diverse areas such as west Cyprus, Ottawa, Sher-
brooke, Grenoble, etc., for various base-to-height ratios, tilt
angles, number of ground control points, etc.

The-present simulation using modified bundle adjust-
ment software attempts to investigate the precision of'ground
points for real image coordinates measured on hard copy im-
ages using ilexpensive instruments such as a stereo compa-
rator. A major problem for SpoT imagery is the identification
of topographic features for interpretation and selection of the
mPs.

This software is useful for optimization of the number of
cCPs, especially for developing countries such as Sudan
where extensive topographic mapping has not hitherto been
carried out.

Modified Bundle Software
The modified bundle adjustment software, based mainly on
Granshaw (1980), focuses not on the identification of topo-
graphic featur..s, but on the geometric accuracy of SpOflm-
agery, and readily facilitates change of parameters such as
mirror tilt angle, distribution of control points, etc., to inves-
tigate the fundamental properties of the imagery. The photo-
graphic simulation has been carried out for a number of CCps
in different^patterns and for various tilt angles and compared
with that of spot. Konecny et aI. (7957) have described-a de-
tailed flow chart for the restitution of the SpoT imagery and
also discuss a rigorous method for the geometric processing
of the images.

In order to restitute SpoT imagery, analytical instrumen-
tation can be used provided the software is reprogramed to
process the imagery, for example, the Kern and Zeiss soft-
ware (Konecny et aL.,1987; Gugan and Dowman, 19BB). A
promising developement in this connection is the availability
of digital stereoplotters such as the Kern nsp-t, and also a
number of instruments currently in production such as the
Helava 740, Intergraph Imagestation, etc., which will have
significant impact on the restitution of spor imagery (Bon-
jour and Newby, 1990; Dowman, 1990; Kennie and Petrie,
1990). For testing the software described in this paper, a
Kern DSR-1 analytical stereoplotter has been used ai a stereo-
comparator with the image coordinates measured and used
offline. It may be mentioned that, whereas analytical plotters
are somewhat expensive for topographic mapping, particu-
larly for developing nations, the modified bundle software is
cost-effective from the point of view of investigation of
geometric accuracy and ccp configuration, and gaining a bet-
ter understanding of the relationship between satellite im-
agery and topography, though it is not an alternative to the
analytical plotter.

The bundle adjustment program for photography is
based on the collinearity equations and the procedure sug-
gested by Granshaw (19S0). These equations have been mod-
ified as follows with a slight change in notation:

origin at the principal point, / is the principal distance,
(XilYFZ) are the ground coordinates of the rt point, (X",Y",Z")
are the perspective center coordinates, and ro are the typical
elements of a rotation matrix R representing the a, Q, r rota-
tions of the image coordinates with respect to the ground co-
ordinates as follows:

r
I  c o s { c o s r

R : I sin<.r sin{ cosK + cosr.r sinr
--cos<,r sind cosr( * sinar sinx

-cos { sin r
-sinar sin{ sinx * cosar cosK

cosar sind sinx * sinar cos x

s in {  I-sinar cosf I
cosar cosf

(3)

r,,(X, - X") + ru(Y, - fJ + r^,(2, - Z")
r,.(X, - X") + ru(Y, - fJ + 4"(2, - Z")

rr"(X, - X") * ru(Y, - Y.) + r..(2, - Z.)

In the case of spor imagery, we have a series of linear ar-
rays each of which can be likened to a one-dimensional
photograph. In a panchromatic SPOT image, there will be
6000 perspective centers and 6000 rotation matrices, one
for each linear array. The position S(X",Y",Z") of the satellite
at a given time can be linearly related to the location
O(X",Y",Z") of the satellite corresponding to the central lin-
eat array (X.,Y",Z"). Some researchers (for example, Gugan
(1987)) have used second-order polynomials on all exterior
orientation parameters, allowing for some degree of nonlin-
ear changes in the satellite's position and attitude as fol-
lows:

where a, to au and b. to bu are constants to be deter mined
and t is the time difference between satellite positions
S(X",Y",Z") (positive or negative) and O(X.,Y",Z,). In these
equations, (o",Q", x") and (to",Q.,x") represent the image tilt
values at the satellite positions S and O, respectively. How-
ever, these equations with 18 parameters to be determined
do not provide a practical set of parameters, because in a lin-
ear array, unlike photography, certain pa.rameters are highly
correlated with one another, leading to a very unstable solu-
tion reflecting the one-dimensional nature of a linear array.
Figure L shows the effect of small changes in the six exterior
orientation parameters on aerial photography as well as on a
linear array. Whereas, in general, these movements cause dif-
ferent effects on aerial photographs, in linear arrays a small
change (dar") in o" is indistinguishable from a small change
(df") in Y"; similarly, small changes (ddJ and (dX"J in Q"
and X,, respectively, can not be differentiated. It is, there-
fore, necessary to eliminate either a" or Y" and either {" or
X" from the set of parameters, after which we obtain the fol-
lowing equations with 12 unknown parameters for each im-
age:

X " : X " + a J + b J z
Y " : Y o + a 2 t + b 2 t 2
Z " : Z o + a 3 t + b 3 t 2
, ( s  : R " + a 4 t + b 4 t 2

(4)

X " : X " + a J + b J z
Y " : Y o + a 2 t + b 2 t 2
Z " : Z o + a s t + b 3 t 2
, < " : r < , + a 4 t + b 4 t z

Q " : Q " + a s t + b s t 2
@" -- @o + a6t + b6tz

x t :  - f

Y t :  - f

( 1 )

(2)
rrr(X, - X") + ru(Y, - f") + r""(2, - Z")

where x, and y, represent the plate coordinates relative to the
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Any changes in ar" and f" should now be automatically ac-
counted for by { and X", respectively. The effect of these
changes is to replace the rotation matrix R in Equation 3 by
a new matrix given by
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Figure 1. The effect of small changes in par-
ameters for photography and linear array.

where xo, on, and bo are to be determined in the solution for
a specific mirror tilt angle, ro,, of the sPor satellite when the
imagery is acquired.

Because each linear anay has its own perspective center
and has no dimension in the x direction, the xr coordinate in
Equation 1 should be set to zero. Furthermore, because the
only estimate we have of the time, t, in Equations 5 is the x
coordinate, x, should replace t. The changes in units will be
accounted for by the o and b coefficients in Equation 5.
Thus, the collinearity equations for sPoT imagery will now
be

0 = - f r"l4,r - 4) + r"(Y' - Y-n). + r"lZ' - z") (71' r , . t x ; -W r t )

v, = -f t,,l6t - 4--r). + r",lY-t - Yn! + r""(Zt - Z-) ts)ti ' 
r,"(X - X") + rrr(Y, - Y") + ru(Z, - Z") \"'

where
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+ aTxi +
+ a2xi +
+ a3xi +

are the elements of the following matrix Rr

cos(xo * aox,+bnx)
- s i n ( x ,  + a n x , * b n x )

0

cosor sin(ro + anx, * brx), sinar sin(x, + a4xi +
cos<rr cos(ro * anx, t bnx), sinar cos(ro * anx, r

-sinar. cosa)

The Spor collinearity Equations 7 and 8 are linearized using
Taylor's theorem. In connection with the simulation of spot
imagery using this software, the following points are noted:

o Unlike photographic simulations, where exact photocoordina-
tes can be generated directly from Equations 7 and 8 and
normally distributed errors added, in the case of spor im-
agery, an x image coordinate does not appear on the left hand
side of Equation 7 and must be determined iteratively using
Equations 7, 9, and 10. The pseudo code for this process is
given in Figure 2.

o During t]le least-squares solution of the normal equations by
Gaussian elimination, partial pivoting has been invoked. Dur-
ing the simulations with photography, partial pivoting has
not been used, but in certain SPot simulations, especially
with small mirror tilt angles (and hence a poor base-to-height
ratio), instabilities apparent in high numbers of iterations
have been noticed and cured by using partial pivoting. This
is, perhaps, an indication of the potential weakness of linear
array geometry in unfavorable circumstances compared with
conventional photography.

PROGRAM SPOT.BUNDLE
PROCEDURE SIMUUTE {RFNDS DATA}
BEGIN

Rru (ERRORS, REI POINT COORDNATES, FOCAL LEN6TH, HEIGHT)
EM;

PROCEDURE IMAGE {CAI'UhTES IMAGE @ORDINATES AND ADDS ERRORS}
BEGN

F O R I M A G E  =  I T O 2 D O
READ (a,, b,, xo Yo 4. w, N)
FOR POM = 1 TO N {GCPS + UKow PoINTS}
CAI-CUhTE (! y, x + E, y + E) {IMAGE COORDINATES}

EM;

PROCEDUE DATA
BEGIN

RM (I]roAPPROMTIONS)
cAr-cularE (MATM A ^', A'i" K A'K)

EDi

PROCEDT'RE GAUSS
BEGIN

m (A'n5 ArK)
CA-CUTATE O,IATU X)

END;

PROCEDURE TEST
BEGIN

MPhT
PROCEDUR€
DISPhY RISULTS {PMRS, UNKNOWN POINT COODNATH}
DIFFERENCES = RESTLTS 2 - RESULTS
RESULTS 2 = RESULn

UNTTL DIFFERENCES < 0.1 OR O.MOMs
Erc;

Rru PROGW .IUSE SUB PROGWSI
EEGIN

SIMUhTE; MOE; DATA; GAUSS; TEST
D]SPhY (STANDAI{D DEVIATIONS OF COORDINATES, DIACONI ELEMENTS
oF o, MRX COV,mCB)

EM.

Figure 2. Pseudo code of the spor bundle pre
gram.

The rit

-:l
(s)

btx?
b"x?
b"x?

X " :  X "
Y " : Y "
Z" :2"

(10)';:A 
]

.:l c o s ( r " * a 4 t + b 4 t 2 )
-sin (r, + a,t + b4tz)

0
(6)

cosr.r sin(x, + a4t + b4t2
cosar cos(r" + a4t + b4t2)
-sinar

sinrrr sin(xo + aot * boP) I
sinar cos(r, + a4t + b'tz) 

l

!133



o The possibility of over-parameterization is recognized; just as
it is not possible to recover both <o. and Y" nor both 6- andit is not possible to recover both <o" and Y" nor both {" and
X", it may also (under certain conditions) not be possible trto

TABLE 2. Decnlolrror oF spor PREcrslor Resutrs CorllptnEo wr*r
Pxorocnnpxy wrrH THE Sm,le Trlr AND GRoUND Conrnol PorNT DtsrRtBUTroN.

Degradation of SPOT
Results Compared with

Photography (%)

recover all the parameters of the polynomial form of the sat-
ellite movement (a,, ar, ..., b.) due to high correlation be-
tween them. This is the same problem that occurs in the
bundle adjustment of aerial triangulation where additional
parameters intended to model systematic image deformations
may be highly correlated, with attendant instabilities, if cer-
tain parameters are not rejected (see, for example, Grtin
(1978)). In the case of spor simulations, the prbgram elimi-
nates highly correlated parameters prior to a re-run of the
software. The parameters a, and b, are eliminated by this
method. However, the overall results are not affected bv the
implementation of this technique, as can be seen from iable
7 .

. In order to check for consistency with the photographic sim-
ulations, the eight parameters a1, ..., a4; br, ..., bn Lave been
set to zero on certain runs.

SP0T Versus Photographic Results: A Tradeoff
Photographic sjmulation results for convergent tilt angles of
5, 15, and 25 degrees using three to ten GCps indicate-that
the height coordinate (Z) improves dramatically as the con-
vergent tilt angle increases; thus, the base-to-height ratio also
improves, though these tilts do not have a significant effect
on the planimetric coordinates (X and I/), except for mar-
ginal degradation in the Y coordinates (in the across-track di-
rection), particularly at the highest tilt of 25 degrees.

Table 2 shows the results of the SpoT simulation in rela-
tion to those of photography for seven mps in four different
patterns. It may be mentioned that these patterns are the
same as those used by Gugan (1987) who has studied the
sensitivity of SPoT geometry for various control point distri-
butions. The results are for actual SpoT imagery and are re-
lated to just one stereomodel whose errors mav be
compounded by the check points relying on the map-derived
data, the accuracy of which is a little suspect, It is seen from
Table 2 that patterns 2 and 4 result in substantial degrada-
tion of SPo-I yis-a-vrs photography in relation to those of pat-
terns L and 3. Pattern 4, in particular, has the highest
degradntion of over 380 percent as compared to ill other pat-
terns. The Z-coordinate degradation is somewhat less than
the planimetric degradation for all the patterns at all the tilt
angles. The results of pattern 4, which has no control on any
of the linear array in the upper part of the model, explicitly
demonstrate that the critical requirement is a good diltdbu-
tion of the GCPs in the along-track direction. Patterns 2 and 3
show that the control points are best located toward the
edges of the linear arrays.

The poor accuracy of the pattern 4 results raises the
question of possible improvement when one C'cp is moved
into the area that lacks control in the along-track direction.
The cCP identified as A in Table 2 is shifted from the posi-
tion A.1 to A.2 and then to A.3 as shown in Table 3. for a tilt

TABLE 1. Covpnnrsor.r or Pnectslott ESIMATES wrH AND wtrHour HtcHLy
Conneureo PlnlllEreRs ltr tnr SoLurrol,.

Control
Point

Locations Pattern

Tilt
Angle

(Degrees) X

5.5  4 .3
4 .7  4 .6
4 .7  4 .6

5
1 5
25

8.4 0.4
3 .2  2 .6
3.0 2.6

6 .7  4 .8  4 .7
7.6 4.4 4.2
7 .2  4 .3  3 .2

9.6
10.6
7(J.7

J

1 5
25

J

I J

25

705.2
100.8
100.6

J

1 5
25

296.3 267.4
265.7 264.6
268.5 266.4

angle of 15 degrees. It is seen (Table 3) that the precision im-
proves for photography as well as for SPOT for position A.3
with respect to A.1, and the improvement is considerable for
SPOT, especially in the Z-coordinate in relation to the plani-
metric coordinates. Furthermore, the degradation of Spot
precision uis-a-vis photography substantially reduces in all
the coordinates and is dramatic in the Z-coordinate as it gets
reduced from 265 percent (for A.1) to 4 percent (for A.3). For
the SPOT geometr5r, there is a precision improvement of
about 30 percent in X-coordinates and about 60 to 80 percent
in the Y- and Z-coordinates for GCP change from A.1 to A.3.
It may be pointed out that the convergence of the X-coordi-
nate precision of SpOt toward photogrammetric values (Table
2) requires two points at either side of the upper edge (like
pattem 3). The results of the bundle simulation are not of
comparable accuracy in relation to the restitution of SPoT
imagery using conventional analytical stereoplotters, mainly
because of some error sources such as atmospheric refTac-
tion, Earth curvature, Earth rotation correction, lens distor-
tion, etc. (Methley, 1986; Mather, 7987), all of which have
not been considered in this software.

Table 4 shows the comparison of spor accuracies with

TleLr 3. CouprRrsor'r oF PHorocRApHy AND SPOT VanrmrcE{ovanlnruce
Pnecrsrolr Resuurs rru Movme Porlr A ron Trlr Arucu or 15 Deenees. (Txe

Pencerrner DecmonrroN oF spoT CoMpAReo wrtx PxotocRApHy ls ALso

Position of
Point A

Photography Precision
(metres)

SPOT Precision (metres)
& Degradation
(% in brackets)

472.8
385.9
382.5

Average
Diagonal

Elements of

Q- Matrix

5" Mirror Tilt 15'Minor Ti l t

With Without With Without
Correlation Correlation Correlation Correlation

1
11.54 11.99 45.22 s6.07 42.33 164.85

| " | (386) (z7o) (z6s)
t , , l

,
l--.;--l 70.43 10.40 4o.4s 38.b6 72.s7 4s.24
l ' . 1  ( 2 7 o )  ( 2 0 )  ( 1 e )

3
f .---l s.B7 to.22 38.1s sasT 70.77 39.84
| |  (28e) (5) (4)
l ' . 1

9.81
9.92

36.95

X
Y
Z

s.82
10.10

172.70

9.82
9.85

109.9s

9.82
10 .19
37.96
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Number
of

Ground Tilt
Control Angle
Points (Degrees)

Planimetry

TneLe 4. Coupnnrsolr oF sPor AccuRActEs (VARtANcECovARtANcE ltlolclrons)
wtrn PnoroenmHy oF EQUTvALENT GEoMETRY.

F----l <onr
L:J- 

- '

[-l pxs'rs6p1pjy

9.5

TILI ANGLE

E r00
z
o

0

Figure 4. spor and photographic precision ver-
sus mirror tilt angle for ten ccps. Q- and Q/ :
planimetric coordinates Q- : height

is 19.5 percent and 16.34 percent, respectively, for a tilt of 5
degrees; and t9.2+ percent and, t6.22 percent, respectively,
for a tilt angle of 25 degrees. Figure 3 shows precision as a
function of the number of GCPs for the cases of photography
and sPor for a tilt angle of 15 degrees. The degradation of
SPOT in relation to photography is substantially less at 3.8
percent for ten rcPs as compared to 24,3 percent for three
ccPs for planimetry, necessitating the need for an increased
number of ccps for enhanced sPor precision, subject to the
distribution of control points. It is seen that the height coor-
dinate (Z) improves dramatically (from 131.42 m to 27.06 m)
for SPOT as the mirror tilt angle increases from 5 to 25 de-
grees; thus, the base-to-height ratio also improves. A similar
trend is also evident for photography. Figure 4 is a plot of
the SPOT and photographic precision (for planimetric and
height coordinates) versus mirror tilt angle for ten GCPs. It
may be noted that there is only marginal degradation in pre-
cision for sPoT as well as photography as the tilt angle in-
creases. An increase in the number of control points from six
to ten results in much greater improvement in overall preci-
sion for SPoT than photography (Figure. 3). For example, at a
mirror tilt angle of 15 degrees, when the GCPs are increased
to ten from six, the photographic solution improves by only
3.3 percent in planimetry and 3.6 percent in height, whereas
the corresponding figures for SPOT are 19.4 percent and f6.q
percent, respectively, suggesting that dynamic SPOT imagery
benefits far more from increased ground control than does
conventional photography with rigid geometry. The variance-
covariance indicators shown in Table 4 also suggest that

Height

Photos SPOT
(m) (m)

Photos SPOT
(m) (m)

Degrad-
ation (%)

Degra-
dation (%)

6 5
1 5
25

3 . 8
4 .4
4 .5

1 0 5
1 5
25

9.82 72.2L 24.3
9.78 72.26 25,4

10.10 12.63 25.O

777.56 737.42 77.5
37.77 44.23 19.0
22.73  27 .06  19 .0

9.47 9.83
9.46 9.88
9.76 70.20

105.56 109.95 4.2
35.85 37.02 3.3
27.96  22 .67  4 .4

photography of equivalent geometry for mirror tilt angles af
5, 15, and 25 degrees and for six and ten C'cPs. It is seen
that, for the case of photography, an increase in the number
of ccPs from six to ten results in only a marginal improve-
ment in accuracy, for instance, by 0.3 percent in planimetry
and 5.4 percent in height coordinates for a tilt angle of 5 de-
grees. This is in line with expectations, confirming the geo-
metric stability of central perspective photography. For the
SPOT geometry, the corresponding improvement in accuracy

i l .0 t

t r \

qt l  \ r  -  +.

5
z
o t d q

U
G
c

to.0

E

2

U

5 6 7 8

N U M B E R  O F  G C P S

NUMBER OF GCPS

3 8

1 '

3 4 5 6 7 8 9 t 0

NUMBER OF GCPS

Figure 3. Change in precision with different number of
ccps with a tilt of 15 degrees (sPor and photography).
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SPoT images are around 25 percent less accurate than those
of photography for six GCps while the degradation is only
around 4.2 percent when the ccps are increased to ten. Fig-
ure 5 shows the variance-covariance precision for different
cCP positions for a tilt angle of 15 degrees.

The program uses the focal length value of 1.082 m for
SPOT as well as photography to maintain identical condi-
tions. The program resorts to both fictitious and real GCp val-
ues, the latter derived from topographic maps of Dorset area
of England at 1:25,000 scale. For the actual ccp measure-
ment, the DSR-1 analytical stereoplotter with Kern SPOT soft-
ware has been used. The ten selected GCps have their
National Grid planimetric coordinates and heights deter-
mined hom the Ordnance Survey 1:25,000-scale maps. These
coordinates are then converted to the geocentric coordinate
system used by the Kern SPOT software. The orientation of
the SPOI model is achieved using these coordinates. The
measured stereo image coordinates of the selected control
points of the Dorset area serve as input to the modified bun-
dle software.

The fictitious GCP Cartesian coordinates are used as in-
put to the modified bundle program to compute the cone-
sponding stereo image coordinates to facilitate more realistic
estimation, considering the measurement and human errors.
The precision results of this study are based on the fictitious
image coordinates. These results, though fairly reliable and
accurate, are yet approximate in relation to map values. This
program uses a rectangular Cartesian coordinate system, and
thus the Z-coordinate has to be converted to height by taking
into account Earth curvature. Again, the program relies on
the mirror tilt angles provided for the imagery, and considers
these tilts as fixed values without conections because of high
correlation between ra, (being eliminated in the program) and
Ys (satellite coordinate). The software chooses to keep <o"
constant and allows changes in {. Clearly, this program
does not allow for large variations in @", though small varia-
tions are accounted for in terms of the Y" correction. Further
research on the subject is in progress at the Marmara Re-
search Center using software based on artificial intelligence
and cls.

Gonclusion
The modified bundle adjustment software has facilitated a
comparative study of SPOT geometry versus conventional
photography in respect of precision for various tilt angles
and a diverse number and positions of ccps in different pat-
terns. Whereas, for the case of photography, an increase in
the number of ccps results only in a marginal improvement
in accuracy, there is substantial improvement for the SPOT
geometry, The precision of the height coordinate improves
dramatically for SPoT imagery as the mirror tilt angle in-
creases, say, from 5 to 25 degrees; thus, the base-to-height ra-
tio also improves. A similar trend is evident for the
photographic case. There is only marginal degradation in
precision for SPOT imagery as well as photography as the tilt
angle increases. The SPOT images are around 25 percent less
accurate than those of photography for six C,Cps while the
degradation reduces to-4.2 percenf for ten GCps, Patterns 2
and 4 result in substantial degradation of spor vis-o-vis pho-
tography in relation to those of patterns 1 and 3. The modi-
fied software has explicitly demonstrated that the critical
requirement is a good distribution of the ccps in the along-
track direction for this particular geometric model. Other ge-
ometric models for SPoT perform well with only two to three
ccPs in a strip of multiple scenes. The precision improves
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Figure 5. Results (variancecovariance precision for differ-
ent ccp positions for 15 degrees tilt) of moving point A
(for sPoT and photography).

for photography as well as SPOT when the GCP position is
moved from A.1 to A.3, and the improvement is considerable
for sPoT, particularly along the Z-coordinate.
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