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ABSTRALT:

This publication is a record of the OEEPE test of triangulation of SPOT
data. The First part comprises a report of the objectives and requirements
of the test and a summery of the results, The second part consists of the
reports from all the participants on their method and resuits. The ad-
ministrative details of the test and information from SPOT Image are
included in the appendices.

51x centres participated fully in the test and twe additional organisations
also contribyted., The data consisted of two strips of sterecscopic images,
each of four models, thus forming a block of 8 models, 255 grounrd control
points were provided by IGN which were used to control the strips and to
check the accuracy of the triangulation. 10 control configurations were
specified. Some centres carried out additional tests and these included
investigations into the order of pelynomials to be used for modelling
attitude change, and the effect of uging different types of ground control.

The results show that strips and blocks can be adjusted to give the same
aceuracy as singie models when using the same number of control points, The
results from all centres varied very 1ittle when control was reduced from 20
to 5 points and in some cases down to 4 points. However fn general when four
of less points were used ihe results deteriorated. Accuracy varied between
9.3 m and 20.9 m vector root mean square errer when using & points in &
strip and between 13,7 m and 21.3 m vector rmse when two points are used at
either end of a strip. Blocks could be set up to similar accuracies with 4

.to & control points. In all cases height was wore accurate than plan.

The tests were repeated by four centres using data observed on digital
images displayed in a screen and the results followed the same pattern bui
were more accurate, Thus the relative performance of the different methods
could be assessed,

h. summary the report shows that high accuracles can be obtained from strips
nd blocks of SPOT data with very Tittle control. The potential of SPOT data
or mapping large areas without the need for a large ground control campaign
$:thus demonstrated, The report alse conmtains a comprehensive set of
escriptions of geometric models used for SPOT data and an assessment of
heir performance.

ette publication constitue Te rapport final de 1'essai qu'a conduit 1'0EEPE
ir._une triangulation spatiale & partir de données du satellite SPOT. La
iére partie contient une description des objectifs de T1'essai, ses
ctéristiques et un résumé des résyltats obtenus, La seconde partie
dupe Tes rapports de 1'ensemble des participants, avec description des
bdes qu'ils ont utilistes et des résultats correspondants. On a placé en
e les détails concernant le déroulement et Ta gestion de cet essaj
1 que des informetions fournies par SPGT-Image.




Six centres ont participé & la totalité de 7T'essai et deux organismes
supplémentaires y ont &galement contribud. Les données comprenaient deux
bandes de quatre modéles stéréoscopiques checure, formant ainsi un bioc de 8
modéles SPOT. Un canevas de 255 points de coordonnies connues a &té fourni
par 1'IGN (F}. Ces points ont servi soit de points d'appui aux bandes, soit
de points de vérification, permettant ainsi de déterminer la précision de 1a
spatio-triangulation, I1 avait &té préconisé de travailler sur 10 configura-
tions différentes concernant les points d'appui d utiliser. Quelques centres
ont effectué des essais supplémentaires, notamment sur le degré des poly-
nomes a utiliser dans Ta modelisation des wvariations d'attitude et sur
1'influence de 1a nature des peints d'appui.

Les résultats montrent gue 71'on peut compenser des bandes et des bjocs dans
les mémes conditions de précision résultante qu'avec des modéles séparés,
tout en utilisant e méme nombre de points d'appui. Tous les centres ont
fourni des résultats qui varient trés peu lorsque le nombre de points
d'appul tombe de-20 d 6, veire dans certains cas @ 4 points. En revanche les
résultats se dégradent généralement dés que ce nombre devient inférieur ou
2gal 4 4 points.

Lorsque 1'on utilise & points d'appul par bande, 1'exactitude des résultats
peut se caractériser par une erreur moyenne quadratique (emg) dans 1'espace
comprise entre 9,3 m et 20,9 m (vecteur xyz) et si 1'on ne garde que 2
points d'appui & chaque extrémitd de la bande, 1'emq se situe entre 13,7 m
et 21,3 m, On obtient des précisions analogues pour les blocs en utilisant
de 4 & & points d'appui. La précision altimétrique s'est révélée meilleure
que la précision planimétrique dans tous les cas étudiés,

Qqatre centre§ ant recommenc® les essais en utilisant des données observées
directement & partir d'images numériques affichées sur un &cran et Tes
résultats s'&chelonnent de Tagon similaire, tout en &tant plus précis. On a
pu ainsi &valuer la qualité relative des différentes méthodes,

En conclusion, ce rapport démontre la possibilité d'aceds & la haute
precision avec une spatio-triangulation de bandes et de bloes SPOT, tout en
ne s'appuyant que sur un trés petit nombre de points connus, L'aptitude des
données de SPOT 4 la cartographie de vastes zones, en &vitant de recourir &
de grandes campagnes d'Gtablissement de canevas d'appui sur le terrain, est
donc établie. Ce rapport contient également un jeu complet de descriptions
des modé€les gbombtriques utilisés pour des données SPOT et 1'&valuation de
leur performances.

ZUSAMMENFASSUNG:

In dieser Veriiffentlichung wird #ber den OEEPE-Triangulationstest von SPOT-
Daten berichtet. Im ersten Teil werden die Ziele und die Testanforderungen
beschrieben und die Ergebnisse zusammengefaBt. Im zweiten Teil berichien
alle Tellnehmer Uber ihre Methoden und Ergebnisse, Administrative Einzel-

heiten des Versuchs und Infovmationen von Spot Image sind in den Anlagen
enthalten,

Sechs Auswertesteilen waren an dem Versuch voll beteiligt und zwei weitere
Organisationen lieferten Beitrige. Die Daten bestanden aus zwei Streifen
stereoskopischer Bilder, jeder mit vier Modellen, die auf diese Weise efnen
Block von 8 Modellen bildeten. 255 Kontrollpunkte wurden vom IGN geliefert,
die dazu verwendet wurden, die Streifen einzupassen und die Triangulations-
genauigkeit zu Uberpriifen. Es wurden 10 verschiedene PaBpunktanordnungen
festgelegt. Einige Stellen fithrien zusdtzliche Yersuche durch, diese ent-
hielten Untersuchungen zur Wahl des Grades von Polynome, wie sie zur Be-
schreibung von Lagesnderungen f{des Satelliten) gebraucht werden, und Uber
die Auswirkung der Yerwendung zweier umterschiedlicher Paflpunktarten.

Die Ergebnisse zeigten, daB Streifen und Bldcke mit der gleichen Genauigkeit
ausgeglichen werden kinnen wie Einzelmodelle, wenn die gleiche Anzahl wvon
PaBpunkten verwendet wird. Die Ergebnisse aus allen Stellen unterschieden
sich sehr wenig voneinander, wenn die PaSpunkte von 20 auf 6, in einigen
Fdllen sogar auf & verringert wurden, 0ie Ergebnisse wurden jedoch im allge-
meinen schlechter, wenn 4 Punkte oder weniger verwendet wurden. Die Cenauig-
keit schwankte zwischen 9,3 m und 20, 9 m mittlerer gquadratischer Yektor-
fehler bei VYerwendung von 6 Punkten in einem Streifen und zwischen 13,7 m
und 27,3 m mittlerer quadratischer Fehler, wenn zwei Punkte am Jeweiligen
Streifenende verwendei wurden. Blocke konnten mit 4 bis 6 Pafipunkten auf
#hnliche Genauigkeiten gebracht werden. In allen Fdllen war die Hohe genauer
als die Lage.

Die Tests wurden von vier Stellen wiederholt, wobei Daten verwendet wurden,
die ayf digitalen, am Bildschirm dargestellten Bildern beobachtet wurden,

- und die Ergebnisse zeigten das gleiche Erscheinungsbild, waren jedoch genau-

er. Auf diese Weisz konnte die relative Leistung der verschiedenen Methoden
beurteilt werden,

Zusammenfassend zeigt der Bericht, daB hohe Genauigkeiten von SPOT-Streifen
ynd -Bldcken mit nur wenigen PaBpunkien erzielt werdenm kinnen. Damit wird
nachgewiesen, daB SPOT-Daten zur Kartierung groBer Gebieste ohne groBe
terrestrische Yermessungskempagnen geeighet sind. Der Bericht enthdlt auber-
dem umfengreiche Beschreibungen der fiir die SPOT-Deien verwendeten geomeiri-

schen Modelle und eine Beurteilung ihrer lLeistungsfahigkeit.
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PART 1

DESCRIPTION OF THE TEST AND SUMMARY OF RESULTS

By LI.Dowman, F.Netoand I. Veillet.




1. Introduction

It has now been shown by many organisations that SPOT data can be used for topographical
mapping. Methods have been developed and implemented at a number of centres and of the
problems which have been identified, the use of ground control is a major one. Particularly in
; remote areas, those areas where SFOT data is most nseful, ground control points are difficult 10
3 identify and very costly 1o co-ordinate, It has therefore become necessary to reduce conirol
requirements 1o 4 minimum anrd, so, to develop methods of serial riangulation and to develop the
use of avxilliary data.

The OEEPE therefore set up a test with the following objectives:

to determnine the accuracy which can be obtained when determining control
points from a strip covered by stereo SPOT dara;

to determing the number of control points which are necessary;

to investigate the way in which irformation provided by tracking and on
board measurement can be used in miangulation of SPOT data;

to compare different methods which are avatlable for friangulation of SPOT
data.

It was hoped to inciude a large number of the centres which have used SPOT data for mapping and
who have a capability to triangulate SPOT data. This aim was successful and this report is a
comprehensive survey of methods for triangulating SPOT dawm and of accuracies attainable.

The report describes the data which was provided and the results obtained. A description of each
method, prepared by the participants, is included, together with comments on their resufts.

. Organisation of the test

he test was carried out in two phases. In the first phase the participants were provided with SPOT
ats and ground control infermation and asked carty out a triangulation and determine the
-ordinates of check points. This phase was concluded with a workshop which was held on 27th
and 28th September 1989 at UCL and

at which all centres presented their results and details of their method.

the second phase participants were provided with a set of image co-ordinates observed at the
stitut Géographicue National, France {IGN) and asked to carry out the same computation.

iversity College Londen (UCL) acted as pilot ceatre, responsible for distributivng the data,
\lating results and preparation of the reporr, UCL also organised the workshop a the end of phase

- Institut Geographique Nationale (IGN) provided the SPOT data and the ground control
Tnation. SPOT Image generously agreed that the SPOT data already purchased by IGN should

dde avaifable to the participants without additional charge. IGN also observed the image data
ki phase 2 of the test.

s of the limited number of centres in Europe capable of handling SPOT data, organisations
tside of Europe were invited to participate. Two such centres, The Capadian Centre for
ning and the Department of Geographic Information in Queensland participated as full partners,
riffid Corporation of the USA also carried out some of the tests and attended the workshop.
{ull list of participants is shown in Table 1.
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Canedian Centre for Mapping, Ottawa. oM

Institute for Photogrammetry and Engincering Surveys, HAN
University of Hanmover,

K = J Day and Angla Image centre Claud

Institut Géographigue National, France. IGN of view in o w cover
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Department of Geographic Information, . @52-2E85 of 28.87,86 28.59E N#458713 EIRSS706 o Fugd
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Table 1. Paticipants in the OEEPE test of triangulation of SPOT data

. stareoscopic pair 4% t  42E and 48W
3. Preparation of the fest data
‘ j49-259 of 19.84.87 22.88F N@45¢713 EFAS2585 1292

3.1 TIntroduction 49-26¢ of 19.84.87 22.60FE NEaA3BZP EFGS51536 1282

o . . o . . 49-261 of 19.84.87 22.50E NB440844 EQB5§218 2100
Within its Action for Development, Bvaluation and Training in spatial photogrammetry with SPOT f49-262 af 19.94.87 22.69E NG434025 EQBA4012 m; 70
data, IGN acquired SPOT images and prepared the ground control data. Experiments were then ;
conducted on the data for the (OEEPE test on triangulation using SPCT data. IGN supplied the 9-259 of 26.084.87 21.7% N@4SAYLIS EGPS51353 gogn
pitot centre  with all the test data, SPOT images end ground control points. j49-264 of 26.84.87 21.70W NZ443828 EFASHAG! 1 52_@’;

-261 of 26.04.87 21.70y NZ4sg94n EFA4EE835 ae8d
Q=262 of 26.84.87 21,704 NAA34326 EFFA48083 fedogod

3.2 Laocation of the test site

The French test site for the evaluation of spatial triangulation of SPOT images is located in the -
South East of France, between the Rhone vailey and the Alps.  This arca covers approximately 200 -
kms from North 1o South and 110 ks from East 1o West, or from Grenoble to Aix en Provence,
and from Gap w0 Valence. This site was chosen because there were already some check data

prepared for the in-flight evaluation and because it is the driest French region, which ¢ould make
SPOT image acquisition easier.

ble 2. Description of the SPOT images used.

3.3 SPOT data
SPOT Data quality

The test area is divided into two zones (A and B}). Each zone covers two overlapping strips of
SPOT images. Figure I shows the location of ali the sixteen SPOT images. The common part
of A and B strips is quite narrow. A SPOT sirip is a series of images taken succesively by the
same instrument, the same day, along the same track of the satellite. Each strip  is four SPOT
images long, The acquisition was ordered this way soas o have as few models as possible, since
modelisation of a stersopair of strips is  nearty the same as modelisation of a stereopair of images.

.hqw‘n by l.hB _cloud cover figures, some of the images are quite cloudy. The main

enience lics in the difficulty of finding ground controls on the east part of stereopair

. The tmages could be suitable for geometric  evaluation but are not convenient for

oplotting the whole area. The snowy parts were niot a great problem, becavse only the highest
were masked. Clouds and snow parily explain the irregular density of points.

The zone A acquisition took place in summer 1986, and the zong B in spring 1987,  The images
were tequired to be taken so that the two images of a stereopair  would be as ¢lose in time as
possible, in order to have the best pointing  accuracy. The details are given in Table 2.

und control

rits of this test set, which can be wsed as well as control points or check points, were
various origing. All of them were sketched manually from the actual SPOT images,

located on a SPOT small scalc paper print. Points were observed stereoscopically, they
195en to be observed on single images.

The SPOT images were supplied to the pilot cenwre as level 1A CCT, or as IGN  level 1A film
diapositives of second generation. Oripinal positives were made on the IGN Vizircolor system. The
images have been  processed and locally enhanced. The panchromatic pixel size is 25 micrometers.
The images have been linearly extended along each line (across the track), in order to have the:




129 points were provided in area A and 132 in area B. Six points of ares A can also be observed on

49 W 53.047‘3‘:9-5 -”{E-apm- i area B. Figure 2 shows the iocation of poinis.
1 { ™ - : Inventories giving all the elements abont the ground controk points were supplied to participants.
; i | Their contents are as follows:
GRENOBLE : . general information
i / . ! . tist of points coordinates

. sketch and definition for all points
. print of each SPOT scene with the location of the points
. a geoid map over the area.

3.5 Quality of ground control points.

Points were chosen in four different ways:

Field stercopreparation, they are  numbered 0 and 109 (class 1),

From 1;3000¢ acrial stercopairs, they  are numbered 20-- (class 2).

From 1:60000 aerial stereopairs, but chosen without refering to SPOT images, they are
numbered 1 --- and 3-— (class 3),

From 1:25000 IGN topographic maps, they are  numbered -, 1-- and 9--- (class 4),

The accuracy of computation of the points varies from 2 to 10 metres for the coordinates
computation. There is also an identification error which can teach 10 metres. Tt is Teally hard to
give precise figures about accuracies because those  points were prepared by different methods
from different sonrce materials. For the computation accuracy of the co-ordinates  figures can be
ven only as indicative values, to check relative resuits between the four groupsof points.

Class 1 2 3 4

Planimetric accuracy (m) 3 2 4 5

" Altimetric accuracy (m) 2 2 2 2

I {Qm.gﬂ.p“ov Tdble 3. Indicative accuracy of control points,
Iow 30.08.E {%? J

2"07.&5 —

Figure 1. Spot images location

-

stderable amount of time was Izken to collect this set of data, and it may not be fully
stent and may not be ideal. However, it was available at the time OEEPE planned to organize
triangolation of SPOT images and is a convenienr data set to test wiangulation processing
large area.

requirements

ipants were sent the data on computer compatible tape or diapositive as required, together with
aphic prints and descriptions of all control points. 10 control point configurations were
d wsing 20 control points, The configurations are shown in figure 3.

L i strip A was designed to provide even distribution except for case (f) which uses only two

each end of the strip. In strip B control is used only down one side of the strip, the
i being that a block adjustment with sirip A will give full control; there are common
fs in the overlap area,

St instructions are given in Appendix 1.

ntres had carried out their adjustments using the control provided, the full set of control
gprovided by the pilot centre,




Figure 2. Ground control points distribution

Figure 3. The control configurations for the test.
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DESCRIPTION OF MODEL

IINKNOWNS

HEADER. DATA|CONSTRAI

ceM

Bundie adustment with orbit constraints

12 clemenis ext. crienl'n

Ne {rbit consirain

Dges not use header daia

12 rates ol change

df1,4F2, qlg?

HAN

Modified BINGO bundle adjusiment

Does not use W or ¢

HGN

Bundle adjustment with orbital conraints

4 - 7 paramelers

Yes

Paositign and animde

MIL

Bundle adustment with orbit consiraints

SalL slate veetors

Posn and auiude

Pseudo w.¢

altitude functions

data. Inst. seilings

Tange

instrument settings

QLD

Geometric mexdel with conjupate points

LA, W.e

ci0,

CQrbit and

=kl

wo,wl,, 9081, kokl..

initial atimde

atlijnde

Posilion and att.

UCL (Gugan)

Single model space resection

rif2w.e

No

None

5. Methods used

The methods used by the participants are described in part 2 of this report. Their features are
described in Table 4.

“The basis of all the models except UCL (O'Neill) and Hannover are similar. Allusea model which
describes the orbit in terms of orbital parameters or co-ordinates with constraints, and attitude in
terms of a polynomial, and relate object space to image space with collinearity equations. This can
he described as & bundle adjustment, All except UCL (Gugan), which only uses single fimages or
gtrips, use conjugate points in the solution but the methods differ in the vse of constraints and
method of determining initial values of the unknowns. Hannover also uses a bundle adjustment

" but one which is based on the Bingo block adjustment for aerial photographs, and additionat

parameters are used to allow for the different geometry of SPOT. UCL (O'Neill) uses the SPOT
header data and conjugate points onlky fo catry out a relative orientation by minimising the ray
skewness by refaxation. A further relaxation is applied when conirol points are introduced 1o give
the absolute orientation,

6. Results of phage 1
6.1 Observations

Various methods were used to observe the image co-ordinates of the control points, these are
sumrnarised in Table 5

! CENTRE METHOD OF OBSERVATION

NO. OF POINTS OBSERVED

wo,w1.., 8081, kokl.. CONTE{OL CHECK P13

AQRDTB(4)  A@I29) B(i32)

Scnsor attitnde and posn

UCL (O'Neil)

Orbital model with relaxalion using

COTEale POInis

CCM Stereo observation on NRC Arnaplot 1 19 63
Bundle adjustement Fos'nand ait. Pos'n and all. for HAN Stcrco.cbgervaﬁon on Planicomp C100 20 0 101 124
initiel values IGN Stereo observation on Matra Traster 21 14 101 144
Table 4. Sensor models used by participants Mono observation on ZeissPK-1 21 14 86 103
Stereo observation on Planicomp C100 21 14 108 123
Sterec observation on Kermn DSR1 13 i4 106 135

able 5 Method of observation and number of points observed.
* . B . - .

numbers in brackets indicate the number of points available.
point was not observed for a number of reasons, In most cases points could not be identified
2 not availabie on both images. Participants commented on the ease of using the control
and that very few points had been rejected as being difficult to identify and observe.
Its from determination of check point co-ordinares

rdinates of the check points provided by the main participants were compared with the
o-ordinates determined by IGN. In all cases a yoot mean square error wis compted and



ge resnlts are shown in tables 6 - 11 and summarised graphically in figure 4 and 5. UCL
(O'Neill) and Trifid carried out their own evaluation and did not use the specified control
configurations and their results are treated separately. Some participants also carried out additonal
tests which are also treated separately.

The first point to note is that CCM and UCL (Gugan) did not produce results for all control
configurations; this is because the model could not obtain a solution without a mintmum number of
contrel points. In the case of UCL this is because single image space resection was used with no
support from conjugate poinis. Tn the case of CCM the solutions failed due to i1l conditioning and
singularity of the solution.

The resulis from strip A for 20, 10 and € GCPs are very similar except in the case of CCM where
the 10 point solution is worse than the 6. The same applies 1o strip B, where the distribution is
less regular,

The range of resulls is quite large and this is particularly noticable in the cases of more control
points being used where there 1s a two times differential berween IGN and UCL, {Gugan} although
the norm is closer to 1.5. When less control is available and less well distributed the fluctuation m
resulis is much greater.

controf s height | rms plan ms 3D

A 5.5 12.1 13.3
6.4 13.5 14.9
7.5 13.6 15.5
10.4 14.0 17.4
8.0 14.5 17.0
19.2 20.0 277
4.5 13.5 143
54 153 16.2
5.7 17.6 18.5
3.9 17.1 18.1

TiQld|lmiglalw

Table 6 rms (m) of the results obtained by Hannover

controk s height | ems plan tms 3D
A 3.6 6.6 7.5
B 4.9 7.6 9.0
C 4.7 8.0 9.3
D 5.3 7.9 9.5
E 4.1 13.1 13.7
F 5.2 12.9 14.0
G 4.0 7.4 9.4
H 6.6 20.1 21.2
I 5.7 20.1 20.9
J 3.9 258 27.3

Tabte 7 rms (m) of the results obtained by IGN

control rms height | mms plan rms 3D
A 13.1 15.8 20.5
B 11.5 16.5 20.7
C 12.9 16.4 20.9
D 12,7 16.3 20.6
E 13.3 16.7 21.3
E 11.2 22,1 244
G 11.4 13.7 17.8
H 12.0 16.3 20.3
i 12.0 14.5 18.9
J 12.3 fa.d 20.5

Table 8 mis (m) of the results obtained by Milan




==a== UM
===®=="  Hannover
&GN

4 Queensland

-  TICL

control rmas height | rmg plan rms 30
A 5.1 12.6 13.6
B 6.8 133 14.9 10-
C 5.8 13.8 15.0
D 5.0 14.2 15.4 %
E 6.0 13.2 14.5 o
F 5.9 21.0 21.8 :
G 4.0 12.9 13.6 g ®
H 4.1 17.0 17.5 % 10 1
I 3.8 16.4 16.8
1 5.2 152 16.1 >
1]
g

Table 9 rms (m) of the results obtained by Queensland

mms height
3.3
6.7

30
13.2
21.5 .
20
15

Table 10 rmg (m) of the results obtained by CCM

RMS (m) vector

T
5 10 15 0

Number of Controt Points

Figure 4 Vector errors of the measurements in sirip A, obtained by the different centres

""" CCM
===%-=* Hannover
—=— IGN
P— Queensiand
—»— UCL
—&— Milaa

Table 11 rms {m) of the results oblained by UCL {resection)

control trns height | rms plan Tmis 31D 0 ] . : . : .
A ) 15.6 17.2 0 3 {
B 7.3 16.1 17.7 Number of Control Points
84 12.6 15.2
8.9 14.1 16.6 _ . ' 5. Vector errors of the measurements in strip B, obtained by the different centres




From these results the following conclusions can be drawn:

contral distribution is insufficient 1o produce meaningful values for these parameters,

6.3.3 Distribution and accuracy of control

A similar accuracy can be obtained when wiangulating soips of SPOT data as when seiting up
single models wsing the same number of control points.

A number of centres employed data snooping techniques to identify and allow removal of erronecus
. controd points. It is well known that when minimum amounts of centrol are used in block
* adjustument that the resalt is sensitive {o errors in control but this can be a greater probiem with
SPOT than with larger scale imagery because of the greater problemns in identifying control poings,
This feature was apparent in the results from CCM which used similar control disdbutions to those
specified but with alternative points in the same location. IGN also carried out tests with additional
contro} distributions,

Some of the methods are sensitive to the number anéd distribution of ground control points
used. ‘With these methods it was either impossible to set up medels with less than 6 control
points or else the accuracy deteriorated,

Height accuracy is better than plan, and height is less sensitive fo control point number and
distribution than plan,

r.I‘rificl carried out adjustments with 16, 12, 6 and 4 control points and concluded that six points are
sufficient whereas systernatic errors occur with four points,

6.3 Additional results CL carried out tests on strips A and B using the O'Neill-Dowman relaxation model. The control

configuration used were not the same as those specified by OEEPE. These and other non-standard
sesults are shown in Table 13,

Some of the participants carried out additional tests to those specified by OEEPE,
6.3.1 Block adigstment

CENTRE No No Plan Z Vector Comment

GCPs ChikPts m m m
Four centres, Hannover, IGN, Queensland and UCL carmied out a block adjustments on the two
strips together. ‘The results indicate that a similar result can be obtained with two strips as with one
for a similar number of control points although the minimum mumber of conmol points which oo 10 61 10.8 4.9 1.9
should be used is four. With four paints there is no chance of detecting errors in the ground coatrol 6 61 13.9 5.6 15.0
points and so the use of more points is desirable,
Trifid 16 41 8.7 6.9 11.1
12 41 9.1 6.7 11.4
& 41 10.4 7.0 12,5
4 41 11,8 0.1 149
CENTRE NoGCPs NoChkPrs X Y Z UCL (O'Neill} 2 93 21.6 114 245 SuipA
m m m : GCPs in across tmek
direction,
6.5 3 93 12.1 6.5 141  SuipA
GCPs in A pattern
4.9 3 130 15.3 8.6 176 SwipB
. 4.6 GCPs in A pattern
3, 5.4
QUEENSLAND 6 229 10.1 8.6 5.1
35 229 93 7.8 5.1
UCL g 122 gi ible 13, Resuits of adjustment of non siandard control configurations.
8 5.7

tgated the effect of using control points derived from different sources. It was not
come te any clear conclusion because there was correlation between control type and
lowever it is clear that control derived from maps is worse than than derived from aerial
phs or from ground survey. The overall result showed that the control derived from aerial
phs gives the best result.

Table 12. Resulis of edjustrment of two strips together,

6.3.2 The order of polynomizls

studied the accuracy using different groups of ground contro! points and concluded that
derived from 1:25 000 scale maps were less reliable than those from ground control of
ographs.

Queensland investigated the optimum order of polynomial to use for modelling the attitude changes
and concluded that first order polynomials should be used for omege, phi and kappa, except where

ott of phase 1 results




‘t:the’ workshop a number of points which arose from the results were discussed and the

To repeat the test with digital dara,
‘ conclusions are reported.

It was decided to combine these two objectives into a single test using digital data observed by
. IGN. IGN prepared the data for distribution by the Pilot Centre. Instructions for phase 2 are
. given in appendix L,

6.4.1 Precision of the image ¢o-ordinates

Participants indicated that image co-ordinates had been observed with precision varying from
5 -10um. This eorresponds to 2-4m on the ground, about 0.25 pixels. Weights used in the
adjnstments are given below. Milan also used weights for focal length (0. 1mm), Psig( (?.018 0y,
Psi Y(0.008Y), satellite veolocities (0.05 m s71) and pitch yaw and roll veloeities (0.1¢ 1),

. 7.2 Results

: Four centres carried out the test with digital data observed at IGN. A summary of the results are |
given in tables 15-16 and figures 6-10, full results are presented in part 2.

CENTRE IMAGE

ORBIT CONTROL

Z 9. X Y Z

6m m using IGN digital data using own data ir

Py Centre rins(m) rmis(rm) |

nfinity height| plae | 3D beight ]| plan | 3D i

7.5 73 UCL 114 | 156 | 19.3 731 156 | 172 :
Milan i4.8 14.6 20.8 i3.1 15.8 205
11 Queenslend | 107 | 134 | 172 77| 120 | 143
Hannover 10.4 151 18.4 3.5 12.1 133
IGN 52 9.0 10.4 3.6 6.6 7.5

Table 15 mms (m) obtained by different centres using IGN data for configuration A

Table 14. Weights used by participants,
£.4.2 Image quality

There was noticable variation in the quailty of the images and although this cannot be quantified it is
likely that the better results of sirip B may be attributable to this cause. All participants noted th

imporniance of good preprocessing of the hardcopy data and also of the desirability of SPOT Image ; Tl . 3
providing additional information to control film stability sach as sdditional fiducial marks o using IGN digital data using own data
appropriate size. SPOT Image now produce z level 1AP product which solves many of these Centre sms{m) ms(m}
problems. ' height] plan | 3D height[ plan | 3D
4.3 Quality of height mea UCL 110 | 161 | 19.5 73| 161 | 177
. . . . ol Milan 13, 16.1 . 11.5 16.5 20.
The question was raised as to why the height accuracy is better than plan and why the height Queensland 13? 146_4 %%é 0.4 12.3 1%
acenracy is less dependent on aumber of control points than plan? There was considerable Hannover 102 16.4 19.3 6.4 135 14.0
discussion on this point and it was concluded that such a reseult could be justified theoretically oft IGN 6.3 10,0 11.4 4.0 74 9.4
the gropunds that aceuracy would be greater in the cross track direction, this is the directon o . . - . y .
parallax measurement and on the grounds that an error in plan over a 10m pixel would give a lar

resalt in the final fit than would an error in height,

7. Phase 2

Table 16 rms {m) obtained by different centres using IGN data for configuration B

7.1 Background

There was peneral agreement at the workshop that the test should continue with the followi
objectives:

To compare the methods used with a single set of data;



M rms {m) height
B rms (m) plan
B rms{m)3D

M rms (m) height
# s (m) plan
B 1ms(m)3D

rms (m)

19

UL Milan Queensland  Hannower
Centre

UCL Milan Queenskind  Hannover IGN
Centre

Figure 6, Rms (m) obtained by different centres using IGN data for control configuration A gure 8. Rms (m) obtained by different centres using IGIN data for control configuration B
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24 4

1ms (m) height 7 B s (m) height
ems {m) plan s | B rms(m)pian
rens {m) 3D g B xias(m) 3D

[

CL Miilan Queensland  Hennover IGN
Centre

UCL Milan Queensland  Hannover 1GN
Centre

Figure 7. Rins (m) obtuined by different centres using their own data for control configuration A



PART 2

A using IGN digital data
A using OWN data
B using IGN digital data
B using OWN dam

AND RESULTS.

20

N ERE

Sumtnary of Grenobie Triangulation Test Results

Rigorous photogrammetric processing of SPOT images at
OCM Canada

rms (m) 3D

Processing of SPOT image blocks with program BINGO:
- OEEPE test 1989

AR PR R R Y

Triangulation of SPOT data at IGN for the OEEPE test

Contribution of the Politecnico di Milano o the OEEPE test on
Centre friangulation with SPOT data
Trangulation of SPOT imagery at the Department of Lands,
Queensland

Figure 10, Rms {m) in 3D obtained by diffarent centres using either IGN or OWN datz, and

configurations A and B Strip otientation of SPOT imagery with an orbital model

iangulation of SPOT data at University College London
ew model for orientation of SPOT data

In all cases the centres achieved worse resulis with the digital data than with hardcopy data observed
by themselves. This may be due to the fact that the digital data was observed monoscopically,
without the benefit of stereo observation for identification of points. There is also a clear order in
the accuracy of the results showing in both sets. This indicates that the accuracy of the digital data
is better and that the results are independent of the instrument used for observation as the same
differentials apply in both sets of data. In other words there is confirmation that the results reflect
the fidelity of the geometric models used,

Sirhultaneous block triangulation of the OEEPE SPOT data set

8. Future work

o The test has given useful insight into the orientation of SPOT data and the methods used to:
" determine ground co-ordinates. It has shown that high accuracy, similar to that from single’
" maodels, can be obtained with strips and blocks of SPOT data. It has further shown that the results:

are sensitive to distribution and type of ground control and that the use of ephemeris and attitudé
data can reduce the amount of control and improve the results.

1t appears that data observed directly from a digital display, monoscopically, gives less accura
results than that observed from hardcopy on an analytical plotter.

Other work which could be useful would be a more rigorous analysis of the effect of different rypes:
of ground control points and in the longer term a test 1o investigate extension of control lateraily t
areds remote from those where control existed.

PAPERS BY PARTICTPANTS IN THE TEST DESCRIBING THEIR METHODS

V. Kratky

V. Kratky

G Picht, E Kruck,
M Gureszki

i Veiliet

Aauke de Haan

Russell F Priebbenow

D I Gugan
F Neto, I J Dowmnan,
M O'Neill, 17 Dowman

Trifid Corporation



SUMMARY OF GRENOBLE TRIAMGULATION TEST RESULTS
¥, Kratky
Canada Centre for Mapping
Ottawa, CANADA

The method used is described in the following paper. We have
chosen to process only the data from strip A and fested all features listed
in requirements 1 to 4 as formulated in the Test Instructions of March 1989.

We have compiled with the suggested control distributions in
variants a} to f), however, we had to substitute for two coentrol points, Hr.
26 and 3036, which are not available in some of the images. The revised
distributions are shown in figures 1 and 2. The following notes characterize
our efforts:

Yariant a)
igma O 10.7 pm
MS discrepancies in 19 GCP 6.2 6.0 4.9 6.3 m {in %, ¥, Z, py}
MS errors in 63 CHK (check p.) 6.6 8.3 4.511.9m
Yariant b}
igma 8.0 um
MS discrepanciss in 10 GCP 3.9 2.7 38 LHO0m
M5 errors in 9 INTersections 9.6 25.% 9.4 8.0m
M5 errors in 63 CHK 7.4 18,1 6.7 12.2 m

Infartunately, the given control configuration does net support well the
fies of all individual image segments and this fact resulted in excessive
errors. A modified configuration in varfant bl) dimproved the resultis
astical ly.

; VYariant bt)
ama 0
S discrepancies in. 10 GCP
S ervors in 10 INT
: errors in 61 CHK

oY D =
- TV -
[ a T o iy
o —
=
b
oo
— 00
WD —
== 3

Yariant ¢)

gma O

discrepancies in 6 GCT
‘errgrs in 15 INT 1
errors in 61 CHK 1 .
n, the comntrol configuration was not optimal. o control points in the
Te of the strip are not supporting the tie of two segqments, A modified
guration in variant ci} was adopted.

-~
[FURN N Y
— e )
o ra D
I3 =

N
.b
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—
rR= o
M3 P =
Ll =

1

=

Variant c1}




Yariant d)

Sigma 0 7.5 pm
RMS discrepancies in 4 GCP 0.0 0.6 0.4 6.1 m
RMS errors in 17 INT 13.5 8.5 19.2 8.5m

RMS errors in 61 CHK 113 11.7 21.7 11.1m

The control cenfiguration of this variant is not sufficient to suppert the
sotution. The errors are systematic. More control points are dafinitely
needed.

variants e) and ) were not expected to support a numerical
solution or yield any reasonable results. When tried, the solutions failed,
indicating i11-conditioning and singularity of the solution.
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Figure 1. Configuration of GC points variant b1



RIGOROUS PHOTOGRAMMETRIC PROCESSING OF SPOT IMAGES AT CCH CaRabDA

Dr. ¥, Kratky
Canada Centre for Mapping (CCH)
615 Booth Street, Dttawa, Ontaria
CANADA K1a QBD

ABSTRACT

2004
e oo

$004 2006 2003

4 method for rigorous photegrammetric reconstructien of three-dimensional i
2005 -

stereomodels from SPOT imapges has been develpped. The solutionh is universal
as far as applications are concerned and can be implemented both in digital
processing systems and in analytical photogrammetric imstruments. The images
are analyzed in their priginal raw form {SPOT IHAGE level 1la) corrected in )
radiometry, but containing ne geometric correctiens rtypical of the higher ;
levels of image products. The geomstric solution combines the principle of

photogrammetriec bundle formulation, modified im a time-dependent mode, with

additional constraints derived from known orbital relations. The inherent

aceuracy of the peometric reconstruction in a rectangular cocrdinate systen is

gupported and maintained by 2 meriea of rigorous auxiliary transformations

between other orbital and cartographic systems invelved in the process.

The solution concept was successfuly expanded to process longer strips of

stereoimnagery in a photogrammetric triangulation wmode and can be used for an

efficient ground control extension. Extensive experiments have demonstrated

the viability of the approach and very good accuxacy of the solutrions.

008
aa. 14 P07 2001 2001

2009 2012

14191610

fig;?x 1048

1114
17

10921937

i

1075 107

fuviced Paper to the
Intarnationat Symposium on Topographic Applications
of SPOT Data
Sherbrooke, October 13-14 1938

Figure 2. Configuration of GC points variant ¢1



INTROOUCTION

Basic information on the SPOT szatellite mission, its goals and technical
parameters is avajlable in numerous publications; here we refer to Chevrel.
Weill (1981). To utilize the SPOT potential in the centext of cartography and
photogrammetry, that iz with special emphasis on geomelry, considerable
research has been carried out especially in France, but alse in other
countries, as demonstrated, 2.g., by Guichard (1983), Toutin (1985), Denis
(1967), Salgé et al. (1987), Jaloux (1987), Dowvman et al. (1987), Simard
(1987), Cooper et al. (1987) and Priebbenow, Clerici (1987). Parallel efforts
have alsec been directed at adaptation of existing on-line analytical
photogrammetric instruments and their softvare to an accurate geometric
evaluation of 5POT imapery, ac veported by de Masson dfAutume (19803, Egels
(1983), Dowman, Gugen (1985) and Koneeny et al. (1587}, This paper represenis
a rigorous approach capable of supporting a universal application even in a
fully dipictal environment., 7Tt is an eatension of the author’s earlier reports
{Zratky, 1987, 198Bb).

PARALLEL

EGUATOR
4

GROUND
TRACK

ORBITAL GEOMETRY

SPOT 1 satellite is placed oh a close-to-ecircular elliptical orbit defined by
Kepleviap motion, with the eentre of earth mass in eone its foci, Even though
the numeric eceentricity of the orbit is wery low (E=0.00103%19), the
corresponding linear eccentricity is appreciable, displacing the focus of the
ellipse from its centre by about 7.5 km., Fig. 1 illustrates the rtelationship
betvween the orbital ellipse and the earth represented by the intermational
reference ellipsoid GRS 80 (Vanicek, Krakiwsky, 1986}. The inclination of the
orbital plane from the equator i = 98.77° determines the geographic top T of
the orbital track on the earth ellipsoid. The nonminal erbit ie suppesed to
have its perigee here. Geocentric distance ¢ at this peint is & function of
ellipsoid semiminor axis b, its numeric eccentricity e and of the angle ¢ =
1 - 90° according to

ORBITAL
PLANE 5@:\

a) "

¢? = h2/(1-e¥ginig) . (1) Fig. 1 a,b SPOT Orbital Relations

The ground eilipse intersected by the orhital plane has dimensions a and ¢, Timz Dependence

where a is the length of seminmajer ellipseid sxis. The nominal orbital
ellipse has corresponding dimensions A, B and eccentricity E.

‘Time t is the only independent variable in our orbital rcelations and one
must be able to readily convert v inte t and wvice versa. Because of the
eplerian character of the orblt the angular velocity wy, of the satellite is
ariable, being highest al the perigee and lowest at the apogee. The radius
sétor R describes a constant area k in unit time, 1i.e. the Instantanesus
alue of w, is indirectly proportional to R?® : w, = dv/dt = 2k/R?
onsequently, traveled angie T is nat directly proportional to the elapsed
ime t. With reference to Vanicek (1986), angle £ represents true ancmaly in
eplerts terms and can be converted, in succession, into eccentrie anomaly N,
an apomaly ¥ and eventualy into time t measured from the perigee by
uations

Fig. 1b shows the orbital ellipse with its perigee P at the top of the worbit
vhere, after the initial orbit stabilization in 1986, the Elying altitude wa=
hy = B18.26% km, while the altitude for the apogee iz h, = B33.198 km (5POT
Wewsletter, 19B6). Parameters of the nominal orhital e<llipse can then be
derived from these values as follows

A = calhehy)}F2, E = 0.5(h,-hy}/8 , B? = A7(1-E?) . (1

When SPOT traveled angle T is measured from the top of the orbit, the
geocentric radii r and R of the ground and arbital SPOT  positions,

respectively, are determined from COSE = éE+Egs?);(1+ECOST) , Eg%
= N - Esin .
r? = ¢2/(1 - e¥sint) . R = 4(1 - E?)/(1 + Eeost) (33 t o= Hidyg 1 (&)

here w, =-dH/dt 1s the mean apgular velocity derived frem 369 SPOT orbits
rformed in 26 days. For the opposite task the seguence of the steps is
yersed to calculate mean anomaly B from given time t first, M =wat , then
mputing N from Eq. (5) by iteration and eventually deriving traveled angle +

o

ang variable flying altitude h = Rer is5 also a function of angle ©o TIf the
perigee does not coincide with the tep of the orbit, a constant zngular offse?
for * must he considered.

cost = (casB-E}/(1-BcozH}




Area constant k can obviously be expressed from the. total orbital area and
time of a single arbit ag k =waAB/at,. This relation, together with the use
of w, = 2nvat, , leads Lo the expression for instantanegus angular velocity

. 2k _ AB _ B (I+EcosT)?

tog =
R2OR TR (1-en)e

o . (8)

Earth Rotation Effect

While the SPOT satellite travels, the earth revolves and both these angular
changes combine in a composite motion whieh causes the sate)lite ground trachk
to deviate from the pominal plane ef orbit as shown in Fig. la. Corresponding
geographic longitude increase )y changes lineariy with time

A =wpt ' (%}

where g = 2W/24/60/60 = 0.072722 nrad/s is the constant angular velocity of
garth rotatien. In the context of our analysis the composite motion ©(t) and
heft) can both be gssigned to the satellite as #f it orbited around =
statienary earth. With reference to Fig, la and teo derivations by Rratky
(1973} the effect of rtraveled angle ¢ can he expressed by changes of
geocentric latitude y and geographic longitude rs

sinp = cosfcosT , tandy = tanT/sing , A= As + hg - {10
Geographic latitude  is derived from y by
tand = aztanysz . {11y

The satellite position ls defined in terms of polar coordinates for any given
time t from Eqs. {6), (5), (7}, (10) and {3). Polac coordinates can then be
converted into rectangular geocentric coordinates as needed.

COORDINATE SYSTEMS

Several coordinate systems are needed to apply photogrammetrice formulations in
the context of orbital and geodetic conditlons. They are used to provide a
rigorous link between the photogrammetric model, orbit and the reference
ellipseid as needed in the implementation of the solutien. Transformation
algorithms and computer subroutines were developed to perform all needed
two-way conversions among the systems.

Photoprammetric Coordinates

IHG (%',¥"} ~ Image Coordinates, Input image <coordinates are represented
either by the pixel/seanline positions in the digital image record or by
corresponding positions measured in transparencies reproduced as a raw image
vith ne geometric corrections inwolved in the process. In either case the
position of an image detail i= converted into ideal image coordimates {x',y’}
with their origin set to the centre pizel of the centre scanline, i.e. te the
centre of the corresponding transpavency. This is done in the process of
inher otientation.

PHG (U, V¥, W} - Photogrammetric Coerdinates. All photogrammetric relations
are expressed in a geocentric rectangular system of coordinates defined with

respect te the nominal plane of the left orbit as determined by its expected
eguator crossing, e.g., %= 93.174° for track 305. The U-axis is nermal to
the orbital plane while W~axis deviates from the top of orbit by angle T,
computed for the centre of the corresponding ground seene, in dependence on
the gide viewv angle of the sensor and on the ground elevatien.

MpL (¥,¥,Z} - Model Coprdinates. In order to achieve a pgood numerical
stability of photogrammetric computations, model X,¥Y,Z coordinates are
obtained from PHG coordinates by their scaling teo the size of image
coordinates, i.e. by equating the flying height with the focal length af
the HRV imaging sensor, and by setting their erigin cloese to one of the
projection centres. HBenee, Ethe IMG and MDL coordinate ranges cleosely
correspond to each other.

Object Coordinates

UTH (B,N,h) - Universal Tramsverse Mercator Coocdinates. Greund contrel
points for ropographical mapping in Canada are available in standard UTH
coordinates of easting E and northing ¥ in a system of 6° wide =zones related
to the tegional reference =llipsoid {Clarke 1866} vhich represents the current
North American Datum NAD 37, Heipghts h are related to the local geoid.

GEQ (&,A,H} - Geographic Coordinates, They are represented by geographic
latitude ¥ and lengitude A, supplemented by ellipseidal height B measured in
the normal to the local surface. In cenversions te rectangular conrdinates
geocentrie latitude y is vused as an alternative to geographic latitude 2.
Geographic coordimates are related to a chosen reference ellipsoid, whiech can
be defined regionally (NAD 27} or internationally (GRS 80). The relative
orientation and offset of both ellipsoids must be known and considered in
coordinate ecanversions.

CCP - Geocentric Coordinates in Pelar Ovientation. This coordinate system is
geocentric with vertieal awis going through the pole and another axis defined

. by the reference lengitude of the related geographic system GEO.

Orbital Coordinates

ORS {o,0,r) — Basic Urbital Coordinates. This iz a polar coordinate system
used mainly for ground peints and expressing a geocentric position vecter by
length r and tuo orbital angles ¢, & defined as consecutive rotations aleng
and across the orbital plane, respectively.

CMP (T, ,R) - Compesite Orbital Coordinates. This polar coordinate system is
used to describe the composite SPOT positioh vector by geocentric distance R,
SPOT traveled angle % and longitudinal drift Ag due to the effect of the earth
revolution. These angles are opbviously functiens of time and represent
fotations about axes which are not perpendicular to each other. The latrer
angle may also include an additional longitudipal displacement of the orbit
with respect te its nominal pozition.

PHOTOGRAMMETRIC SOLUTION OF & SINGLE STEREOMODEL

a rigoreus system of peometric processing SPOT image information should
be analyzed in its original geometric form which is not affected and biased by
spatial changes caused by vesampling, modified display or  phote-
production of images. The imagery on input should be represented by raw




imbge. - data containing no corvections except for those- improving ‘their
radionetric readition (SPOT IMAGE level 1a). ‘This condition applies to both
" major classes of procedures operating either directly on digital lmages, or o
their photoreproduced transparencies in en-line photogrammetric Systems. The
analytical recenstruction of geometTic relations should always be carried oul
in three-dimensional CGartesian space with all related tasks oF indiu%dual
image rectification or resampling left to follow in subsequent operations.
Only then can they be properly controlled py the previously established
rigorous mathematical model of geometric relations.

The three-dimensional character of the photogrammetrie formulation allows to
consider, in a rigorous way, all physieal aspects of satellite orbiting and of
the earth imaging, together with geometrie cenditiens of the time~depenQent
intersection of corresponding imaging rays in the medel space. The orbital
parameters, cither predicted or ewtracted from SPOT ephemeris data, are not
applied in an absolute way. Potential orbital perturbatiens due to the
earth’s gravitational field and accumulated irregularities in the contrel of
the orbit are raken ints accovnt by allowing the SPOT orbital segment,
corresponding to the vigwed ground scene, to be addifionally shifged vith
respect to 1ts expected nominal position, in order to find the best fit of the
image projecting rays with piven ground contrel points and to preserve a good
intersection of all additiomal correspending projecting rays. Thus, the
resulting reference SPOT positios ©, for the ground scene centre can move
along the erbit and the orbit can also be offset sidevays in geograpblc
longitude A. Simultanecusly, a proper mathematical model for the imaging
gsensor's attitude variations is defined or modified in the process. It is
worth mentioning that in this solution concept, there is no absolute need for
using any additional information, such as from SPOT IMAGE supplemental data
files. If available, however, the information can be used either directly to
approwimate or preset some of the solution unkpowns, er indirectly for an
acsessment of the nmeed for a more refined attitude model.

The anpotation of vraw images provides geographic coordinates of the ground
seene centre, the orbit number and the viev angle of the BRV sensor. All these
values may not be Fully consistent since the given view angle does not refleet
the local attitude of the sensor. Conseguently, only the remalning above
values are used to derive reference angle 1, that iz the orbital position
from which the scene centre ic seen from the given track, as shown by FKErathy

(1988b).

Innex Orientation

In the proces of inner orientation coordinates x! are adjusted to the physical

are merely used as a measure of time which is the primary
parameter in our solution. Their conversien dinte time t 1is
comparing the image y’-tange with the time interval needed to make

consecutive scans in the scene {6000 x 1.504 ms = 9.024 5). The scale
transparency is not important. Inmer orientation will fit the me :
corners of the rav image with ap ideal square pattern of fictitious fiducia
marks, with eoordinate origin in their centre and a separation of 78 wm 1
both directions. Affine or bilinear transformation conwerts measurements int
ideal ING ceordinates {x',y'3. In digital systems, pixzel and li?e numbers ar
converted into IMG coordinates directly, without any transformation.

possible

of
Measure

length of the sensor’s linear GCD array (G000 x 13 pm = ?Blmm). Cuordénates y!
are assuming the same scale, hovever, during photogrammetrie computations they
independent

by
the 6000
the:

Time Conrversions

fhe conversion of y’ into & time interval At is implemented with the yse of a
knowvit constant rate o, = dt/dy’ = 9.024/78 - 0.11569 =/mm which yields

At{y’) = — oy’ . {1z

Traveled angle v ecan be derived dicrectly from y' with T = T, - ¢y’ where

ty= dr/dy' = (dr/de){dt/dy’ ) = wyc, : {13}

or rigorously, if above formulated conversions T, = F.{t} and tt = F (T}
in Egq5. (4) to (7) are applied, by

T = Fe(F (T )+AL(3")) . {14}

Analytical Considerations

The principle of an extended bundle formulation is applied to available ground
control points and additional intersection pointg. The faet that the bundles
of reconstructed image rays are restricted to a plane, and the field of
senser’s viey is very narrow, results in a high correlatien hetween projection
cenire displacements and sensor's tilts defined in the same directien. These
palrs of unknowns cannot be separated in a standard bundle sglution and the
inherent singularity of the solution must be compensated by inclusion of
additional consitaints derived from kmown oxbital relationz. The constraining
values can be edther estimated from expected neminal orbits or obtained frec

supplemental data file available in digital image tapes. There are numerous
possibilities of including this type of information inte a constrained
photogrammetric solution and several variants were tested before the present

approach was adopted.

. ‘The total number of unknown parameters of the solution 1is 28 and they are
. defined in the following way. 12 standard orientatien elements are
represented by the reference positions (%,¥,2), of SPOT projection centres and
by the reference attitude elements (3,4}, of senrsors, s8ll corresponding to
the centre of images (x'=y'=0). Additional 12 unknowns are linear and
quadratic rates of change for attitude elements as modeled by polynogmials
dependent on ¥!, that is on time. To compensate for the lack of informatior
on the photogrammetric calibration of HRV sensors, four additional parameters
are considered. Firstly, an auxiliary change of imape scale in the direetion
of scanlines is allowed by defining corrections df to the nominal foeal length
£ of both individval sensers, and finally, coefficients g of a quadratic
distortien in x'-direction due to the residual misalignment of HRV sensors are
introduced in two carrection terms, The attitude model can be simplified by
disregarding the quadratic terms, vhen judged appropriate. In this instance.
the number of unknowns is reduced by six, down to the total of 22.

eighted constraints are formulated in the CMP coordinate system to keep
grital positien j, t of the lefr sensor, relative position A}, At of the
erec related right senzor and their geocentrie distances B - all for the
age centres - within statistical limiks specified at the outset of the
selution. This adds six constraining conditionz to the snlution.
lve absolute constraints are enforced in order to keep projection centres

ving stricrly along appropriate elliptical orbital segments . The segments




K, ¥e2)or which is
Currently Rpowvn
define a toinciding auxiliary

orbit and SPOT orbital pasition, both displaced by d} and d% with respect 10

must rigorously correspond to the reference. position - (
gradually refined in the iterative proecess of the salution.
coordinates of the projection centre are uszed to

Then, ve caleulate

i i i bit.
the initial reference values },, ¢, in the nominal or . e toally

the needed linear and guadratic rates of change in ¥,¥,2 which are
used as given, absolutely accurate values.

Every pround control point supported by all thrge coordingtes .contrlbuziin ;2
the selution by four collinearity equations, while a planimetriec, elevauatﬁon
intersection point gives rlse to three, two or 2 singlgt_ ﬁg fivé
respectively, As we also have six additional constraining conditic ;u o
full contrel points and two intersection points re?regent the minigﬁm lgiear
needed to perform computations with no redundaney in input data. hen e
model for HRV attitude changes is adopted, four ground control poln;s N
suffice. However, the lowest practical nomber of contrel points wused 3

be tetween five and nine.

analytical Formulation

the formulation of a standard bundle selution must be'expgnded by the te£§§§;
pf the time-dependent parameters. Resulti?g modifications of a stan
approach are briefly reviewed here. In collinearity equations

Fy A¥z - 42z =0 , Fy £ A¥2 - 42y = 0 (15)

represents model coordinates

T = - - Z-7 T
e Vet A s AT ) vhich iz expressed in terms of

reduced vith respect to the projection centre,
guadratic pelynowials

X, = HeayXeyt2® , T o= Yoayritayr?¥ T = B, ey Iy (16>
computed for the currently known SpOT  position

¥, %, v, ¥, 2, 2
e s orbital edu The transformed image coordinates are

from riporous orbital equations.
(x 7 2} =TT, (27 0 -6)F ) (17)
he side view angle of the sensor, while

tri espending to T
where T, is a matrix corresp E e ) o Fy () by

the time-dependent rotatrion matrix is defined as

relations
o = N by ey T, 6= Gy BV TE W = wory ey’ HD (18)
In linearized standard condition equ&tions AV + Bg+u = O , with design
matrices 4, B and miscleosure vector u, t&rm Bg is expanded as
Bg = ch Ba Y’B, 3‘”253 Es Bx](g: Ea éa Ea Es gx)‘r 1 (19)

i nding to attitude
which showe that the same design submatrix B, cerrespo .
elements g, is applied also in the terms for their linear and quadratic Eat;s
vhen premuitiplied by y* and y'?, respectively. Suhmatrlc?s E?, B, an . .
eorrespond to projection centre coordinates §CI aeisor_callbiiéaﬁzongiragingiz

and model coordinates gy, Yrespectively. As In co

g;lutions vactor g, is eliminated from the equations by analyt!cal means gor
each pair,of intersecting rays with no control support, so leaving the number

of unknowns in the selution invariable.

Submatrices corresponding to a single imaging ray have the following form

A = ~42 (-} ' B, = -z 0 X = -B, ,
G -z 0 -z y }
T 'y}
Yo [ vge vy ) V& = (X Y, 20T, ge=(EY2)T

P [ pYiA “Raliz) Ay v By o= [ ARG ARty a0 T {ANU,, ALY
aZX ~-a¥x  -(bYy+AZz} ] ® [nthJ—ﬂYt33 xf;(bYt:;_&ztjin }

g ={ % b w ToaEs = ( af g )T

whgre tii are elaments of matrix produet T = 1, T, defining the instantanegus
crientation of the imaging semsor for current peint position in y-.

CARTOQGRAFHIC ASPECTS

The strength of a stereophotogrammetric approach in geometric satellite image
processing resuvits from the fact that spatizl relations are formed and solved
in 2 three-dimensional rectangular system, so avolding or eircumventing some
?f the complexities of curvilinear referenca systems. However, ground control
information has to be supplied from an external cartographic system and, vice
versa, the reconstructed photogrammetric medel has to be interpreted in terms
of this external system.

A rigorous process of mutual cartographic-photogrammetrie transformations vas
developed to suit the geodetic conditions in Canada represented by the MNorth
hmer@cgn Datum Habh 27, For scenes located elsevhere equivalent local
conditions should apply. The following transformations are needed:
h - B : conversion of geoidal heights h to MaDR 27 ellipsvidal heights H;
UTH - GE0: Eggvggsion of UTM coordinates to geographie coordinates ¥, A in
¥
GEQ - GCP:  conversion of geographic to geocentric coordinates in NAD 27:
GCP - GCP: gégsgé of geocentric WAD 27 coardinates to international systeé
»
GLP - GEO: conversion of geecentric to geographic coordinates ip GRS 80;
GEQ - ORB: conversion to polar orbital coordinates pi6T in the chose;
nominal orbital plane;
ORE - PHG: cenverfion to geocentric coordinates U,V¥,¥ oriepted with respect
to expested SPOT position v, ;
PHC - MDL: ;r;n;lﬂtion and scaling into photogrammetric modsl coordinates
s Lyda

A reversed sequence of the above steps will transform photogrammetric MDL
coordinates back to UTM system and to geoidal heights b in the NAD 27 system.

ON-LINE THPLEMENTATION

Tvo major aspects must be considered when applying the SPOT solution in  an
on-line photogrammetric environment: 1. the contrel of image positioning must
cope_uith dynamie changes in the pesition and attitude of the sensor and still
retain its needed real-time performance; 2. in the continuous eompilation
mode, the elevations entersed on inpyt must be defined with respect to the
curved ellipseidal or geoidal surface. Similar considerations are alse
important for the digital environment of image analysis systems where the




i : mations are
real-time constraints of image matching, resampling and transfor

even more critical.

aspects of processing SPOT
are resolved in  our
main conclusions are
and efficient even
of coordinates when
nt in the

stailed znalysis of these and other on-line ‘
imgges and a dezcription of the way in which the paghliﬂi
solution, is presented in Kratky {198Ba). Here,fon ibl
briefly mentioned. The positioning control is  feas 'cgs
with straight forward IMG-MDL and HDL-THG transformagl E e
the algorithms are streamlined to shorten the lteratien cyci e thogonal
latter conversion and modified to speed up comstruction

isi i i he duration of the
With the use of single precision arlthmetéigpgri duralloh vax 750

matrices. :
itieni real- le is 2 to 3 ms with the t
pOSItt::IngAli?énié?sagicimptovement is achieved through modeling thzl EE:T:;
:?mzuseqﬁence of rigorous transformations by ta 2ne;st:gaergiizzz gargmetric
i -{o- t values. & coneept O
mappln% Dg izzgftizeoﬁégiations for analytical instruments was develoggd w??g
iontzg oﬂith its use the real-time positioning cyele can bs ;mpiﬁme:ﬁe aeve
ZESmuléiplications only, as compared with about 124 1nee1§tter el
transformations, and the performance of an analytical p O oy DEC FOP
cordingly. 1In this axrangement, the NRC Anaplot 1T Suppo Y each  is
12145 minicomputer achieves a Trequency ?f 100 to }30 H;.h e PDroa ved
ded to control photogrammetric on-line operations vit r?dpl o povital
ethntic surfaces, as needed for messurements of ell:psol ?t S e
ﬁeg :ts For exa;ple. the control of elevations in the plo Eich pul | ie
hE glad.thraugh a 10-term polynomial function of 3xd degrﬁe wurrent boint
gzgidal heights h with model heights Z in dependence on the <«

position x’,y" in the left image

' r 2 ? Z wr? {21)
= Fplu',y 1) = (1 hx" ¥ hx' xry' w2 yr? hw'? 277 )P1e

i i well
so providing a fast and accurate transformation with maximum errors dz
below 1 m for any possible range of glevations,

STRIP TRIANGULATION

in a continuous strip mede and any sc?ne se%mezz
vindow which is extracted from a digital mi%imo o
tially indefinite length and defined in a uniformlcaorqinate sgtereémodel
esse? s { e of photogrammetric steip triamgulation 1s bgt sxecnode]
T eie oﬁgr several standard scenes, Obviously, the or 1b§i [ 1 De
Shosen 10 kieve the best basa-to-height ratio (b/h} by using ebligue ot gof
c@osen trems view angles in crder to obtrin a 1002 image overlag. Bzzﬁa e o
w;th Exirim:nce of orbits, the overlap and the effective groun hzolen %h i
zra co;le ghan ing; consequently, there are practical limits to t Sl Ean te
g;adua p. PiEall} the geometric definition of‘ the _deriVEd m: & Joan be
Euiti;ilgirengiheneé by adding a third vertical image in erder to

triple intersection of imaging rays.

SPOT imagery is a;qgiyed
represents an artificial

i i i 1y if the

A bloek extension of individual strip gormaélcgithis Hg;act;;ﬂiorgn yoperating

i i anged in a3 twin mode 4 e

i?zgi?gne;ﬁslgfr Tge ground coverage 1s then almost dOUblegieguiﬂ ﬁiﬂiﬁi S
verlap only by 50 to 60%. Individual strips can be assem a3
zross—track bridging mode using the triple overlaps between strips.

i ibed
The approach developed at CCH conzists of expandlgg thebeagzzz 3§:§§t1y,
sterecmodel solution over several scene Seguents. This can

as long as the digital image data is given in & fully continuous stream of
scanlines in a uniform time frame. The only limiting -problem here iz to
epsure that the analytieal model of HRV attitude changes is general enough to
represent the real variatiens during the flight. It can easily be established
or checked from supplemental data file over what distance the strip can he
geometrically controlled using existing quadratic formulaticm, or when a more
general, cubic form is needed, The relation between time and y', as defined
by Eq. (12}, iz valid for any length of the strip. In a digital environment,
the application of our rigorous steregphotogrammetric algerithm 1is straight
forvard. However, in the analytical stereoplotter environment one deals with
individual photo transparencies which are generated with =a slight overlap.
Their mutual relationship then bas to be established by performing their inner
orientations in a uniform system of corner pixel coordinates reflecting
accurately their time acquisition. In general, the supplemental data file
should identify the times of recording for the centre scanlines in each
segment and the differences could determine the needed offsets in  coordinates
¥* batween individual transparencies.

However, this information may net always be available, or the timeg given may
not be accurate. Practical experience with supplemental data shows that these
times are truncated or rounded off to full seconds. In order to handle thege
cases our photogrammetric solution is extended to consider the y'-offsets as
additional unknown parameters so expanding Bq. (19) by the effecr of submatrix

Byo = [ Xz 4 %x ] Q s because ¥ 3> k> 2, (223
-Yz + Zy J = ~¥z

with corresponding vector gy = dy’ defined fer 2(n-1} image segments, where
n is the pumber of scemes in the strip. The solution then becomes fully
independent of auxiliary information in supplemantal data files.

PRACTICAL EVALUATION
Single Stereomodel

The sclution for sterchimages usually requires 3 to 6 iterations and vields
all parameters oeeded for any further geometric control and processing, as
well as their stochastic evaluation. A practical solution is obtained with a
minimem of 5 to 9 ground centrol points, depending on the degree of the
polynomial SPOT attitude model. The inner accuracy of the alporithm az tested
by Eictitious data ensures a submlerometre least squares fit of image data,
and RS ground errers are within the range of 0.2 to ™3 @ for both planimetcy
and heights, vhen base-to-height ratie is arocund 1

The results reported here are from three different test areas: Ottava,
Sherbrocke (Canada) and Greneble (France). The Ortawa test iz based on o
images taken four orbits apart (tracks 3905 and 309) in August 1987, with viev
angles +27.89° and +7.31° and with a very poor base-te-height ratio of 0.4

The results which are summarized in Table 1, are wuseful to demonstrate the
practical effect of using certain unknown parameters ip the solution. The
Eirst two tests, computed without using calibratiun correetion q, demohstrate
that there is no practical nead for choosing guadratic farm for the attjtude
model. Vhen linear model of attitude variations vas applied, the performance
of the quadratic formulation was preserved. The same conclusion Was confirmed
from processing stereomodels in other test areas; within the 60 kn image
segment the non-linear attitude variations are usually negligible and the need




for a guadratic attitude model does not seem 10 be warranted. The computation
pf the third example included correction term with q (for sensotr misalignment)
and demonsirates a drastic improvement in elevations, even though the nusber
of contrel points is reduced. The solution with 2% parameters appears 19 be
optimal and is highly recommended as a stondard appreach.

Table 1

Test Ottaya: Aug. 87, view angles: +27.9%, +7.3%, b/b = 0.8

Attituae BRumber of a, RMS Errors in CHP
model Ur  GCP  GHP  {(um) E N h ()

Q

L 12 5 62 . . . .
Legend: B,— standard unil error UF -~ unknown parameters E - UTH East%ng
q - quadratic GoP - ground control point N - UTH Northing
L - linear CHP - check point h - height

Sherbroske test results are camparable in planimetric accuracy te those from
the Dttawa tests and, becauwse of a better b/h ratio, they are improved in
elevatiops. Considering the high number of available check points the
statistical valve of the evaluation is eweellent. In view of this guality,
the data were used to experiment with the number of contrel points needed O
achieve a reliable solution and to establish how the selection and numbex of
control points further affects the aceuracy of the reconstricted peometric
model. From the data listed in Table 2, it appears that a good soluticn can
be expected even wvith Five rontrol points and that the results do not really
show & noliceable improvement with additional peints included. Using more
than nine control points does not seem to be economically justified.

Test Sherbrooke Table 2
Nov. 86 — Apr. 87, view angles: +27.0°, =3,0°, bsh = 0,61
Attitede Humber of & RS Errors in CHP

model up  GCP  CHP (pm} E N h {m}

and distributien ef height errors {in m} and
points selected from the last
high te include all of
the point

Pigures 2 and 3 show the values
planimerric error vecionrs, respectively, for 73
example of Table 2. The density of check points is too
them in the plot. Control peints are marked by triangles and
positions are plotted as they appear in the left SPQT image.

three individeal scenes available for = triangulation

order to check the quality of
whose definition in  images was in
by hand-drawn sketches not alvays
vtreme viev angles yielding double
tio of 0.9, using all points

In the Grenoble test,
experiment were processed independently in
identification for ground centrel polnls,

many cases very peor and whose desecription
adequate, Single models were formed from e
convergent conliguration with an excellent brh ra
considered to be reliable in definition.

The RMS errors listed in Table 3
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Coordinates X,Y are defined in Lambert IIIp;rzggc??o;n the preceding tables.

Grenoble models

i:iy - Aug. 86, view angles: +23.4°, -25.5°, bIEablg 93
o= Att‘__,-§=:_;_5_;_;_H;LE _____ Ero——m—messacerssscoocmmas

a, R
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Strip Triargulatien
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Table 4

Grencble strip (50/260-261-262})
July - Aug. 86, viev angles: +23

e, Y

;_e r of 6,
GCP  GHP (pm)

Attitude N

i A 50/260

4

50/261

an b

SCALY OF ERROMS: . Z23.0m .

Fig. 4 Height Residuals Fig. 5 FPlanimetric Residuals

CONCLUSIONS

The method desceribed represents a rigorous photogrammetric reconsiruction of a
ground scene from SPOT stereoimages. The geometric model fully respects the
physical reality of imaging, satellite orbiting and of the eacth shape,
instead of indirectly modeling their combined effect by empirical imapge
fitting and varping, as frequently adepted in non-photogrammetric approaches.
The solutien is universal and gfan be implemented in digital processing

systems, as well as in analytical photegrammetric instruments. #o auxiliary
information from ephemeris and telemetry sources is needed, but may be
utilized when available, The formolations can  accommodate  single

stereoscenes,; as well as their extension in a teianpulation mode. Resulting
geometric parameters can be used to define simple polypomial mapping Functiens
for accurate control of auxillary, on-line or real-time functions, such as
rigerous positioning, display, resampling and marching of images. The
accuracy achievaed is judged to be sufficient to suppert topographical mapping
at 1 : 50,000 apd smallier scales. For discrete points, 1t seems to be
justified fo expect RMS errors of 5 to 6 m in planimetry and, depending on the
base~to~height ratio, RMS errors of 4 to 8 m in elevations.
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PROCESSING OF SPOT IMAGE BLOCKS WITH PROGRAM BINGD
OEEPE TEST 1989

G. Picht, E. Kruck *), M, Guretzki
Institute for Photogremmetry and Engineering Surveys
University of Hannover
D-3000 Honnover 1, FRG
*] Carl Zeiss, D-7082 Oberkochen

0. Summary

A block of 16 SPOT scenes is processed with the BINGO pragram systam. For different
given control point distributions the orientation of the scenes and peint coordinates
are computed. Tha results are controlled by using independent check points.

1 Testdota

The testarea is covered by SPOT
{ = scenes of 4 sateilite passes, For each
pass the image data are diveded into
4 scenes. According to the OEEPE
H test rules this 16 images qre forming
2 strips of 4 models each, fig. 1.
%_ The heuder data for the scenes dare

given, Control- gnd checkpoints are
lllg 5 AN marked in paperprints and the test
participants are also supptied with
scetches of the point location. Ba-
cause of the rough topography in the
testarea o geoidmaop is recessary
part of the test.
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Fig. 1: Testarea

The points have a very different nature, a part of them is very well defined, others
are quite poor or invisible in some images. The coordinates of the control peints are
derived from several sources, so they de not have o homageneous quality.

1.4 Preprocessing of control points

The control points are given in Lambert projection on the base of the Clark 1880
ellipsold (french NTF system). Using the geoid map, the heights are corrected te heights
above the ellipsoid. Then all coordinotes are transformed in a local cartesian coordi-
nate system, which hos its origin close to the center of the testarea,

1.2 Measurement of image coctdinates
The measurement of the imdge coordinates waos done gt o Planicomp C100 using the
program system B159 /Jacobsen 1387/, After digitizing the points in the paperprints
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i otter,
o computer supported stereosc oplcally measurement was done_ af an cmtsll)r‘tu:c:lcpelss”Ig
A precorrection of systematic errors caused by the fllm writer and the pro . ther;
wh?ch can exceed one pixel /Jacobsen, Picht 1988/, could not be done, becous
was no overiagy of digital introduced reseau marks in the images.

; iah—
The two model strips of this test are ovetlapping, therefore also points of the naig
bouring strip are measured in the overlapping areq.

2 Bundla block adjustment with BINGO-SPOT

ram system . '
:i:\lGO is a:i)o[)gerutio::l progratm system for bundie block adjustmer::t :;Stzrk:ezi:jztg:c-i
aerial images including geodeticai observatlons, g.g. distances. Fe:tg;? 158/,
eous camera calibration and data snooping are included /Kruck ax {:c O 1000
The programs ore implemented on several typesl of computers, ek.ng. For. P o et Plani.
Optional the capabitity of processing of SPOT |mugfas is ovuiia e,SPOT e tor the
comp/Qrithecomp families a fuil interface is existing to 5@ l‘Jpht o Engal 1987/,
measurement of e.g. DEM’s and generating orthophotos /Pic .- urt.s nge °
The imoges can he either standard scenes of Level ia, 1p, tap or p

2.2 Mathematical model of BINGO-SPOT

2.1 Coordincte systems . ‘ cesion
3?\1 ground coordinate system for the bungle biock adjustment !5 a lomlt curon:stlhe
coordinate system. Transformations from7/to the reference coordinate §ys e;num“ons
user are done precisly by the pre- and posiprecessing programs. Geoid un

can be useg for corrections, if thay are available.

222 Saensor orientation -
From the header dota the 8-9 trace points are used to cdlculdts po'lynomst‘c'f tDf o
sor movement in the local coordinate system. These polynoms are a func 1:n Drientu_.
From the PSEX and PSIY angles of the sensors attitude also potynoms for t te e
" i WGS-80 system, W
header data are given in the
tion angles are computed. These g
is in general different to the geodetic refersnce system of ground coordinate

Formuiction of unknowns . N
$II12elaor"ientotion of the scene center line is treut‘eq as unkn:len, I(.je. ::: gr:?:::ﬁjg:
of 0" degree of the polynoms. The polynom coefficients of h|_gher e;]. e e reary
as known values. This strategy aitows to fit the translations, w; lihe e ot
for the change of the ellipsiod and for absolute dlsplac.ementst.:n oy mrmumtior;
and make use of the higher relative accuracy of the trace informa :d t,he e ith
of unknowns Is an update of the BINGO-SPOT software, presente

this paper.

ipsoi i uent
Smatter effects, like differeptial rotations between the ellipsoids or h1gthL|:i§innm
changes of the sensors attitude date may be compensated by th? .use o A
agrameters, The results presented in 3.3 are obtained without additional par .
p .
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The sensor has a small angular field of view. For this reason the orientation angles
p and w are Intraduced into the adjustment with o high weight, because they are

strongly correlated with X _ and YO. The vdlues for the & orlentation parameters are
used as "observed unknowns’,

2.2.4 Ground control

Control polnts are used to fix the detum parameters and to stabilize the orlentation
of images in the adjustment procedure. In BINGD they are supplied with standard de-
viations, so different qualities of centrol points can be regarded. Centrol points are

used even if they are located only in one Image, Errors in contrel point coordinates
can be detacted.

The BINGO-SPOT solution may be used with only few or withaut control peints. The
datum parometers are then fixed by the truce information. As mentioned dbeve, the
results are in the case of no ground control strongly influenced by the incertainty of
the tracspoints and the neglecied change of eflipsoids. For this reasen it Is recom-
mended {o use at least 4-6 control peints of good guality.

2.25 Strip connactions

if more then one scene of a satellite pass is availabie, there are several possibilities
to use the information, that these scenes are from the same pass. In BINGO-SPOT
sbservatlon aquaticns are formulated, which connect the unknown crientation pargme-
ters of scenes to the poss, using the orientation polynoms. Following this way, it is
pussible to cempute additional parameters separatly for each scene. The com pensaticn
of relative high frequant Image distortions, caused e.g. by the changing of sensors

attitude date, would be more complicate, if all single scenes are combined to o new
long one.

3 Resuits of OFEPE test

Is the first phase of the test all coleulations are done with image coordinates measured
seperatly by each pasticipant (3.1 - 3.3). In a second phase the calculations for
strip A are repedted with the same image coordinates for all participants (3.4).

34 Objectlves of test
The main factors, that are influencing the esmputaticns and results are:
a) systematic distortions of the flims,
b) accurucy of control points,
e) quality of points,
d} identification and interpratation errors of the operater,
e) mathematical model of used software.

The factor a) is unknown in this test. For factor b} and ¢} it is known, thot the control
point coordinates dre derived using different methods resulting in different standard
deviations, but it is stated, that atl may include errors up to 10 m. Tha quality of the
points | the biggest problem. From their nature woed c¢orners and non rectangular
street crossings are not very ideat targets. This leads to identification and interpre~
tation errors of the operator, For this reason the standard deviation of control points
was set te an unique level, Independent from their origin,




3.2 Detectlon of errors In image coordinates
dentification and interpretation errors are the blggest problem of this dataset. For
this reason the test pllot center supplied the test participonts with the ground
coordinates of all points. So the jdentification and interpretotion errors could he

detected In a preadjustment.

rejection of points was done uslng the data
NGO. All points were introduced as “controt’
where the data snoeping
“control’

For the results presented in this paper the
snooping, whichis a standard feature of B)
paints, and those medsurements were freated as faulty,
indicated errors, Often the test datected errors in the coordinates of the
paints, ¢ clear indicator for an identification error. Following the objective rules for
data snooping, only those errors could be removed, which were signifleant.

svel still influence the results. This is

interpretotion errers below the significance |
cogrdi-

obvious loaking at table 1, which shows the relative low accuvacy of the plane
nates compared to the height. This relatienship s net in gccordance with the
base/helght ratio, so it has to be explained as problems to define the point location

in the xy-plane.

Points, which are covered by clouds, and those, wha are not identificable, are cancelled.

3.3 Computations of strip A and B
The computation of strip A was done with 101 points. For strip B 124 points could be
used. Tha number of cancelled points are 18 and 16. The different control point confi-

gurations are shown in fig. 2 and 3.

Fig. 3: Control point configuratiens of strip B

The resuits are tested by usit i n P g
] g I depe daent chack 0j F C'l confiquratlo and
i ints. For ea i s
coordinute axes the GI[O‘W? g thl 2 values are Computed' ! |

2
- root mean square difference (&—) s
I"I r
d; = difference for point i, i=1,n
- linear mean difference é»d'— = |
- =

- standard deviation ( 2 ldi - lm) )0,5

n

Ihe f W n table 1, table 2 and fi 4 Illey I I n
| | . M |g‘ . are co puted i the local

It is ob P .
Using :;T:St;::d:rsg::emctm errors increase by reducing the number of control points
rodundancy becomes es of the'm, a significant shift of the coordinates appear. The.
influence th very low in th"f cohtrol points, so that identificatlon problem

e result. In case of configuration A-F the base of two control points i:

‘very short. The extrapolation of i
the orientati :
systematic errors, tation along the strip causes additionally

2.4 ot Digitally measured image coordinates

=3 i i i

ﬂrdercfmed |tn 3.2 the individual derived datasets are influenced by some errors. |
get more comparoble results, il test participants got the same dataset. onf

strip A, This datd were measurte i
d digitally by IGN.
declared as “simultzneous monoscopigcally)i. g The method of measurement was

With j

caﬂo:h;srrg?stusgeitg:t pr:.lac‘lzjustment was carried out again to eliminate grass identifi-
N pOi.ntS " F:,g,nds had to be deleFed, because thalr residuals were > 3.5 g
o ner points ure L ed for the cafcuiations. Table 4, 5 and fig. 1 show, that the.
plotter. in plane tr?era zreetrr::e:u:auemp?:blz:smft _:‘?ti‘*" ation, amet i et e co

- of identification, and in haj i
zfsrlngonr::::g;iio;z;f ac‘curacy because of the monoscopic vle:n.ring. Th:ﬂcf::dil:;ﬁglz
o diaitat et o g |§ flot compensated by the possibility of Image enhancement in
ystem. Only digital stereo workstations may bring better results




strip/
configur,

controi
points

independ.
checkpoints

A 104 - B 124 -
1.2 6.7 1.9 7.0 7.6 1.8
0.0 0.0 0.0 00 0.0 0.0
7.2 6.7 1.9 7.0 7.6 1.8

X A Z

Tahble 1: Differences of the preadjustment resuit

A=A 24 639 A-B 10 80
31 8.8 6.2 9.2 10.3 58
-0.3 0.5 -0.9 -25 [eX] -09
9.1 8.8 6.2 2.8 10.3 a6.7

AC 6 83 A-D 4 85
B8 | 105 77 87 | 108 105
-4 i5 -45 15 12 B2
87 | 1.4 5.3 86 | 108 8.5
A-E 2 B A-F 2 86
B8 | 15 89 3.0 53 | 10.4
26| -21| -56 99 | -B2 | -16.4
84| M3 6.9 54 | 128 | 104

~— gqQuare meadn
— linear meadan
— standard dev,

Table 2:

differences at independent checkpoints strip A

B-G 14 110 B-H 4 120
8.8 1.5 48 87 12.7 56
-1.2 -5.0 1.5 20 6.3 14
B.7 0.2 4.6 8.4 111 54

B-l 3 121 B-J 2 122
8.7 15.4 5.9 8.8 14.7 6.0
-1.2 -10.3 ~0.1 -1.9 -2.3 1.2
8.6 1.5 2.9 8.6 1.5 5.9

Tabte 3: differences at independent check points strip B
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Fig. 4: Graphic representation of results strip A and B




4 Concluslans

A G2 -

gg 701: {2).5 ;TIBS DEE.PE test shows, that it is possible to reach absolute accuracles of about

9.0 7_4 2‘2 : m with the presented BINGO-SPOT solution by use of 4-6 control paints. The
- ) " ecessary number of control points seems not to be depandent an the memb.er of

scenes in the block,

Takle 4: Differences of preadjustment result, digital duta
Limiting foctor for practical applications is not the mathematicai model but the pro-

A-A 18 74 A-B B 84 blems In identifiing points, which may cause unde
: tactable
1.0 10.6 107 12.8 105 101 Steraoscoplcally medsurement is absolutely hecessar arrors of several meters.
15| 24| -28 14| 28] 03 ¥
70 | 104l 04 28] 102] 0.2 5 Referencas
/Jacobsen 1987/ Com .
puter supperted data acqulsition for block adjust
_ _ : . t, 8
TR T 0% e T s 55 fdacobsen, Ficht 1986/ Aerial triangulation of SPGT and gerlal Photogriwhymen o
3s |06 03 53 2] - /Engel 1987 ot Arch. of Phot. and RS, Vot 27 I, p 436 |
- - . . ' " & '
3.3 ] 104 1038 1.1 0.0] 99 s 199/ Orthacomp operation of SPOT Imagery, SSH
s 8/ ::tuelle Anwendungen der Nahbereichsphotegrammetrie bej
einbraun, BUL 56/1988, p 24
=3 . 30 ' P
:’é = 14& 122 . ?s E 112 =% ;Ei"cuhiké?'si‘f/f BINGO Bundle block adjustment program for SPOT dgta, SSH
63 | -9.7] 1.7 47| 52| -5.0 Flanicomp eperation of SPOT imagary, SSH
11.3 10.6 14.3 0.5 0.2 9.8 BUL = . .
= BUL Zeitschrift fir Photogrammetrie und Fernerkundung

SSH

Table 5: diffetences at independent checkpoints strip A, digital data Seminar on Photogrammetric mapping from SPOT imageary, Hannover, Sep. 1987
' , =2ER.

as Computation of the whole block
As dn extensicn te the test an adjustment was carried out ysing ail 16 scenes simul-

tanecusly. In this configuration, catled AB-K, 6 control polnts wera used. Four cf them
were placed into the overiapping ared of the strips, fig. 5. Two cantrol points were

located at the border of the block in order o stabilize the sensor orientation in height.

The results, table 8, are in agreement with the ather computations, there is no need
for more ground control, aithough the number of scenes was dolubled.

Fig. 5: Configuration AB-K Table 6: results of configuration AB-K
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TRIANGULATION of SPOT DATA at IGN for the QOEEPE TEST

Isabelle Veillet
Ingénieur Geographe
Inetitut Géographique National. France
2 av Pasteur, 34160 ST MANDE

1. IGN and Spot triangulation

L _ Photogrammetric investigations towargds Spot system abilities

for cartographic products were made even before launching.

IGN has facilities for Spot stereoplotting. Various experiments
| were conducted to evaluate Spot accuracies and the ability to

T o . handle together more than two Spot gtrips seemed to be useful.

IGN gathered a set of data in the South of France and geometric

results were tested.

i
s .
o 5 The data supplied for the OEEPE test had already been
%' processed in IGN on the Spot triangulation software written to
§£ supply Spot stereoplotting with points as is done in the

o aerotriangulation processing.

2. Method

Principle

The method used is based on a physical modelisaticn of Spot
system geometry.
The collinearity equations are written in & system linked to the
instrument platform and HRV.

The unknowns are ground coordinates for all the points
measured, and orbit corrections (position and attitude) for the
different tracks, i.e. one per strip. The atrtitude correction is
supposed to be constant. The position correction is supposed to
be linear (or constant) in time.

The equations come from collinearity equations for all the
measures, from ground coordinates of controls and from assuming
orbit corrections stay within CNES specifications.




pdjustment computation .
The software is running on a Vax 730 computer, and is able

to deal with Spot image blocks. It is paossible to handle strips
with or without ground comtrols, with any kind of distribution.
Nearly as many strips as given can be joined together. The
software has provision for disactivating or reactlvating poiats
as reguired. The different kinds of eguations can be weighted as

requested.

Measurements .
The points were measured with the Matra Traster analytical

gtereoplotter. This equipment, used for Spot sterecplotting, can
handle strips with controls distributed over them.

The points were extracted from the IGN generated level 1A
Films supplied for the test.

other software is available to point simultaneousliy on two
digital images, with the additional help of correlation around

the point.

output .
The results of a block adijustment are statistics to check

the computation and then elements for further stereoplotting.

3. Tests conducted

The =ame set of measures had been used for all the different
distrubuticns.

Reference computation

An adjustment was ccmputed using all the points as contrels
to check their own quality with a low ground weight. After
eliminating the points with residuals which were too large, the
good peoints were celacted to calculate the ropt mean sgquare

errors.

Ground residunals
The figures to check ground fitting are:
for control points Residuals Mgan Square
for check points residuals Mean
mean sguare of difference
from residual to residuals mean (E)
Residuals Mean Square
The RMS on check points is the figure used to classify the
computation. A three class classification could be proposed,
depending on planimetric and altimetric accuracies (RMS).

altimetric accuracy

class planimetric accuracy
I less than i0 m around & m
11 around 15 m more than 8§ m
TII more than 20 m

A class T computation is required fox 1:50 Q60 topoaraphie
mapping.

Measurement residual
The Root Mean Sguare for meagurement residuals 1s computed,
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too. Actually this does not

distribution computations. change a lot between the different

It stays around the third of a pixel

4. Independent sterecstrips Tests results
4.1 OEEPE tests

Nota Bene

The scheduled distri i

L stribution
twe points eould not he measured

strip. The closest me
. asu
taken instead of 026, I Sos 1o

s were slightly modified because
on the test stereopairs in the A

ints were taken. :
and 3035 instead of 3036?n Point 3045 was

Tested distributions

Strip A’
g i all Eoints provided

7 poin
o gointi ggi, ggj, 014, 2002, 1078, 018, 3045, 028, 3035, 3
D : points 001' 1078, 018 r  sod0

' ;00 ' 3035, 3040

B po%nts 001, 035, S0t
F : points 001, 004 2040

A B c D £ R
X H H ] X
H x
K ox ko ¥ = control peint
r ox X ox
X X
h3 b ® ® W " %

Strip "B’

G : all points provided
H : &, 1636, 78, 73

I+ 6. 1936, T3

J 1 6, 73

The sketches are the following anes

J

[
* * # ¥ = control paint
b ¥
X
% " X

Both “all control” di .
; dist i
Y, and 4 m in Z as RMZ. xibutions (A and

Results

G) gave 5 m in X and
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for the other distributions, the detalled figures are given ’ Strip ‘B’

below in Annex. Their classifications are: . bistributions to check the strip "A° results
; E : 1) 1
% Test number B C D E F H I dJ L s ’ 72, lg%
i Class I T I II 11 I1IT IIr 11X Mo 6, 72, 101
U : 1025, 72, 101
The first conclusion is that a two point distribution (E and v : 1036, 72, 101
: F), even on both edges of the strip, is quite short to get W o 78, 72, 101
§ valuable results. This kind of distribution belongs to class I. X : 1036, 72, 101, 1041

A four corner distribution (D) is suitable for a 6 meter
accuracy on each coordinate, X, ¥ and Z; it is classified ¥I.
A one-edge distribution does not fit and is to be avoided.

Both H, I and J are only in class YII. @ The sketches are the following ones :
4,2 Additional tests : K L M U ¥ u X
Between E or F destributions and D distribution, there may % X
exist a mid-distribution, a three point one which is still a X
cisss I one. Three point distributions will be tested to see what y .
can bring a third point to the result. «
. ") P x ®oX ¥ X X X X % K X ¥ X
Before concluding, additional tests te have similar

configurations on the second strip as the ones chosen on the

first one could be really useful. At least, it gives another set Tho distributions are to be compar )
. . ed .
of measurements, but alsc, it could show the influence of a bad E F N a Pp ;ESFECt;“EIY to :
i neasurement of a control point on the global result.
. Tested distributions
i Results
%& gtrip A’ ) )
i Three point distributions to evaluate the third polnt Test number X L M U v w X
;3?1@ advantage Class 17 1 I I M. T
e N : polnts 001, 004, 3640
e g : points 001, 004 028 K and I confi
o pol ’ s . . onfirm £ and F results. R, 8, and X show that a s -
4%%?» P : points 00L, 004, 018 distribution should be as extended aiong the track as posg?2§§
o : 0 : points 001, 004 2002 at least one image lonyg. '
Four point distributions to evaluate influence of Y distance 4.3 Conclusion
_ between controls
. R i polnts 091, 004, 014, 2002 At least two points are necessary, one on the West edge and
§ : points 001, 004 1078 018 : the other on the East onre. This gives an accuracy of 15 m in

planime}ry and 10 m in altimetry.
With three points, one on each edge, and cne North / cone

The sketches are the following ones : South distant from more than one image, the accuracy is around
12 m in planimetry and 6 m in altimetry.
N n] F aQ R s - Tii f?EIth point gives a planimetric accuracy lowar than
. allows to lower a bad measurement influe
X x owb o lx x| ix x XX ¥ X ¥ = control point the points. vence on one of
H ¥ b
) N _ Then 6 to B points enable to control imd
) . errors. and eliminate gross
X

Results
Test number M o P Q R 8 :
Class 1 I 1T II I/1I1 I
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5. Block adjustment

Block adjustments were computed. Pass polnts were created to
jJoin strips together.

The two sets of tests were made on slightly different data
sets. In both cases a computation was made wusing all ground
points as controls: it was called the reference computation.

5.1 Various four points or more distributions
In the examples b, ¢ and d, tc aveid bias, instead of using one
point where a control was reguired, three peints were used, those

three points being as close as possible.

Distribution sketechas

% X % X X R X X
¥ = ground control
X X
X X X = triple contraotl
I3 X
* X X X = X X X X X
a b o d
Results

This set of tests shows that a four corner distribution is
guite suitable, and that a ‘sguare’ distribution must be spread
along the track if possible. The general conclusions remain the
same as they were for a onhe-strip block.

A1l these distributions give 8 to 10 meters in planimetry
and around 5 meters in altimetry, as the root mean sqguare of
ground resliduals on check polints. There are all part of class I.

5,2 ‘Three point’ distributions

In order to confirm the results obtained using three point
distribution on one strip, tests were conducted on the two sterec
stripe block.

For the tests “e’, "f’ and ‘g’, 2 points were taken instead
of one te link the two strips, because no point was well measured
on the two strips in the North area.

Tested distributions

0 : all polints provided
e 73, 3040, 47, Q06
£ ¢ 1072, 0z4, 47, 006
g : 1036, p18, 47, 006
78

Distribution sketches

KA X oM
¥ = ground centrol
X K
X X
X X

=] 3 g
Results
Test number = £ g
Class IfTX 1 II

The 6 m mean reaidual in X for 'g° test, leads to assume that one
of the ground controls was not good. The classification in class
I of “f° distribution enables to conclude that three good guality
controls could be enough.

6. Conclusion

These tests were part of larger experimentation on a 32
images adjustment. The general results are mainly similar to
these two stereo strip block adjustments.

The next step is to evaluate the extrapolation capacities of
Spot system, The gross errcr detection and elimination is also to
be studied.

This kind of tests leads IGN to use block triangulation of
Spot images for cartographic production., A 32 images block was
acquired and +triangulated +to extrapclate and is actually
stereoplotted for making line maps over Diibouti country.
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Annexd: Detailed resulis for the different tested distributions Annex!
One stereo strip adjustement
A1l the figures are given in meters, in X, Y and Z Test residualis Test residuats
cartographic coordinates. number X Y Z class|number X Y Z «class
M = residuals mean
E = mean square of difference from residual to M RMS A 4,2 5.1 3.6 G 5.2 5.2 4.9
RMS residual mean square
The classification of each distribution is given. The RMS on 15 a - i.9 =3.1 H -ti.4 11.4 2.8
check points is the figure used to ¢lascsify the computation. A E 4.5 5.8 3.8 14,7 2.5 6.0
three class classificaticon could be proposed, depending on RMS 4.5 5.1 4.9 | i5.3 13.1 5.6 Pl
planimetric and altimerric accuracies (RMS5).
M [ 2.2 1.1 -2.9 I -11.8 11.1 2.7
class pianimetric accuracy altimetriec accuracy E 5.8 5.7 3.7 9.7 7.8 g.8
1 less than 16 m around 6 m RMS 5.5 5.8 4.7 ! 16.3 1i3.1 E.6 11
I around 15 m more than 8 m
il more than 28 m M b 1.8 .4 -3.,8 J -16.7 14.3 1.4
E 5.1 5.8 3.7 {1.6 7.3 5.5
RME 5.4 5.8 5.3 i 2.2 18.1 5.7 I
M E =-~2.3 A -1 4 -.B 5.7 -5.7
Two stereo strip block E 15,2 8.3 4.0 V.8 5.4 5.9
EME 16, 4 8.4 4.1 bl 7.0 7.8 8.9 11
Test residuals
B number X ¥ Z olass M F 8.3 1.8 8.6 L -3.2 2.5 3.2
E 5.8 8.1 5.2 8.9 8.8 5.5
- RHS 4] E.1 5.2 4.2 RHES 1.1 8.1 5.2 I 7.6 8.5 6.3 I
H e 1.2 1.8 -1.a M N 2.3 2.3 -2.3 M -2.5 8.8 -2.7
E 8.2 5.7 4.7 E 4,3 5.5 4.1 8.2 5.1 4,2
RHS 8.4 5.8 4.8 1711 RHMS 4.9 5.9 4.7 [ B.7 7.9 5.9 1
M f B -1.8 .@ M 0 1.3 .2 -3.8 U -3 2.8 -2.7
/ E 7.4 5.8 4.8 E E.6 6.4 3.8 6.1 5.5 4.2
ég RMS 7.8 5.8 4.8 I 3k RME 5.8 6.4 5.3 I g.1 6.1 5.8 1
5 M g 8. - L4 M P g.1 1.8 t.8 Y 2.7 2.8 .5
r E 9.8 5.5 5.4 E 7.5 6.0 5.3 5.9 5.6 4.7
RMS 1:.5 5.5 .4 [ gMs 11.4 6.3 5.4 11 6.5 5.9 a.7 1
M G 14.9 1.8 -4.3 W ~1i.4 4.2 14.9
50 E 1.7 8.2 2.8 6.2 5.4 13.1
RME 18.3 6.2 5.6 11 6.3 6.3 1i9.1 il
t R 5.5 2.5 -4.3 X 2.8 1.8 -1.7
E 8.2 5.9 3.6 6,1 5.4 4.0
RMS 8.3 B.4 5.8 1s11 6.4 5.5 4.4 i
{. M b= ¥ .2 -1.3 sirip B
: E 4.8 5.7 a.2
: RMS 4.6 5.7 4,4 I
strip A
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Annex 2 OFEPE. Test A
Residuals of some of the tested diastributions
~ o~
. : SR |
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They are given below :
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Contribution of the *Politecnico di Milane® to the OEEPE test on friangulation with
SPOT data

Auke de Haan
Istituto di Topografia, Fotogrammetria e Geofisica
Piazza Leonardo da Vinci 32, 20133 Milano, Ttaly
Bitnet address: peopoli@imicivz

Abstract

In bundle adjustments with SPOT data, the simple centrat projection geometry of tradiclonal photogrammetry
has to be extended to take inte account the effects on the imagery of the satellite’s motion in its orbit, the
attitude of its platform and the characreristics of the onboand optical msttumert.

In the Institutc's approzch, the sarefiine’s orbir is described by o dynamic model, which allows for the
reconstruction of the orbital are with six parameters, the atftude of ifie Sagellfiic's platform is described by 3 cubic
splines, which describe pitch, roll and yaw as furctions of time, while fhe projection geomemry of the aptical
instreinent is described by four detector look angles and the focal lenpth. In the bundle adjestment, successive
images of a pass are treated as a single image, and refevant suxiliary data (the satellite’s position and velecity
ve<tor, pitch roll and yaw velocities and detector look angles) are intluded as pseudo abservations.

The precision of pojnt positicning in tundle adjustments with SPOT data depends on the precision of the
fmage mecasurernents, the geomety of the lniersecting imaging mys and the precision of the fmowledge of the
fmaging georeity. The standard deviation of the image measurement of well defined and ciearly visible points
can bé smaller than (25 pixet in both directions. With the intersection geometry of the imaging rays of a
21°W,!21°B SPOT stereopair this resulis in & positioning precision of 3 m in planimetry and 45 m in height,
when the imaging geometry is known perfectly. The treabment of successive images as a single image and the use
of auxitiary data and orbital mechanics significantly reduces the need for ground control: with a modest pamber
of ground control points, B positioning precision can be ebtained, which is close to that, which would be
obtained if the image geometry were known perfectly.

The RMSE of the image coordinate measurement of the peints of the CEEPE rest was on average about 0.5
pixel (ot all points were clearly visible and well defined); the obtained positioning precision of the chedk pofnts
was about 7 in planimetry and 10m in height.

1. - Introduction

The Institute’s involvement in research on geometric evaluation of SFOT imagery goes
back to its participation to the SPOT preliminary evaluation program (PEPS) (Toghiatti
and Moriondo, 1988}, Work on the contribution to the OEEPE project on triangulation
with SPOT data was started in October 1988, when the author joined the Institute, After
the develepment of a mathematical medel and corresponding software for bundle
adjustments with strips of SPOT data in 1989, the OEEPE test data was processed and
analysed in 1990. This final report contains a) a description of the Institute’s approach to
the modelling of SPOT image geometry, &) a summary of the results of the bundle
adjustments, which have been carried out with the test data of the OEEPE project and c)
an analysis of the accuracy potential of the positioning accuracy obtainable by
triangulation with SPOT data.
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2. - The Milan approach to the modelling of SPOT image geometry

SPOT imagery is acquired by line scanning from a low (830 km), near circufar orbit in an
orbital plane, which is inclined 81.3° with respect to the equatorial plane (fig. 1).
Successive image rows are imaged while the satellite moves in its orbit. In order to ensure
that successive image rows are taken parallel and without gaps or averlaps, the satellite’s
Orbit and Attitude Control System continuously tries to align the orientalion of the
satellite’s platform (defined by the satellite-fixed triad (x7,x2x3) (fig 3)) to a predefined
target attitude. The latier is defined with the p(ifch), rfoll) and y(aw) axes, the directions
of which depend on the satelfite’s position and velocity vector (fig. 2).

Y

Figure 1 - SPOT orbit.

%3

] e

Figure 3 - Altitudc of the satellite’s platform.

Figure 2 - The sarellite’s target altitude.

The image rows are formed by the linear array(s) of CCD sensors in the focal plane of
the optical instrument. In the panchromatic mode, which offers the highest spatial
resolution, the rows are formed with a frequency of 665 Hz by a linear array of 6000 CCD
elements; in about 9 seconds an image of 50002 brightness counts is completed. The rows
are taken perpendicular to the satellite’s velocity vector, in a direction, which depends on
the position of the adjustable Strip Selection Mirror at the entrance of the telescope, up
to 27° at each side of the nadir.

For the geometric evaluation of SPOT imagery, a reconstruction has therefore to be
made of the orbital are, the attitude of the satellite’s platform and the characteristics of

the optical instrument for the time interval of imaging,

2.1. - The orbifal arc correspending to the time interval of imaging

Although the SPOT satellites incluede hydrazine thrusters for arbit correction mancevres,
these are never used during image acquisition, Consequently, the satellite’s motion during
these periods is completely determined by external forces, like the earth’s gravitation, the
attraction of the sun and the moon, atmospheric drag and solar radiation pressure. The
acceleration cansed by the predominant force of the earth’s gravitation can be split jnto
three different parts, the Kepler term (2 about 7.4 m/s?), the J2 term (g about 8, 107
m/5%) and the other harmonic terms {z about 1. 10 m/s?). The accelerations caused by

the other forces are smaller than 1. 107 m/s%.

The knowledge of the forces which accelerate the satellite allows for the complete
determination of ils trajectory from its position and velocity at an initial time t; by
(numerical} integration {Kovalevsky, I989): while the time derivative of the satellite's
position vector equals its velocity vector, the time derivative of its velocity vector equals
its acceleration vector, which is provided by the force model. When the integration is
carried out in an earth-fixed reference system, the accelerated motion of the coordinate

system has also to be taken into account,

Accepting a modelling error effect of Im in the reconstructed orbital arc, which seems
reasonable when taking into accaunt the 10x10m pixel size, a force model which includes
only the Kepler - and the J2 term of the earth’s gravitational field is sufficient for the
recanstruction of an orbital arc corcesponding to up to 11 successive SPOT jmages. This
model has been implemented; orbit integration is carried out numerically with a simple
single step Runge-Kutta algorithm. Entegration is carried out in a geocentric reference

system with axis fixed in space.
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The use of the knowledge of the earth's gravitational field reduces the problem of the
reconstruction of an orbital arc to the problem of the determination of the six elements of

the satellite’s initial position and velocity vector.

These elements are provided in the available auxiliary data, which includes ephemeris
data from post orbit processing of telemetry and tracking data. The ephemeris data is
however not perfectly known {for SPOT-1 the positional accuracy is in the order of a few
hundred metres). In the bundle adjustment their determination can be Improved
congiderably. The given elements of the initial position and velocity vector are therefore
included in the bundle adjustment as pseudc-observations.

2.2, . The attitude of the satellite’s platform during image acquisition

While the satellites trajectory during image acquisition is completely determined by
external forces, the orientation of the satellite’s platform is the result of torques, which
are applied by the satellite’s Orbit an Attitude Control System (AOCS) to keep the
platform aligned to the target attitude. Torques have to be applied to counteract
disturbing torques and to perform a rotation once per revolution about the pitch axis.

The AOCS includes rate inteprating pyros for the determination of attitude by
intepration, and earth and sun sensors for the correction of gyro drift by earth and sun
sightings. With the data provided by the gyros and the sun and earth sensors, the AOCS
determines the torques, which have to be applied to align the spacecraft’s platform to the
target attitude, ie. x3 paralflel to the y axis in the direction of the satellite’s positit?n
vectot, and x2 parallel to the r axis, perpendicular both to the satellite’s position and its

velocity vector.

The small residual misalignments between the (xJx2,x3) and (p,r,y) axes are described by
the error attitude angles pitch, roll and yaw, which correspond to the angles of the three
rotations about the p, r and y axes which are needed to align (x1,x2x3) and (pry). The
AQCS is able 1o keep the error attitude angles very stable: the ground effect of variations
in error attitude are limited to about $0m. The absolute precision of the alignment is
however limited, to about 0.05° for pitch and roll and about 0.15° for yaw, due to gyrodrift
between successive sightings, the disturbing effect of the earth’s atmosphere on earth
sightings, and the imperfect knowiedge of the satellite’s position vector.

Pitch, rofl and yaw velocities, which are determined by the satellite’s AOCS are sent down
together with the image data. The auxiliary data includes pitch, rol! and yaw velocities for
every 0.125s. Although these provide no information on the (relatively large) constant in

the values of pitch, roll and yaw, they do provide a detailed description of the variations
of these angles during the time interval of image acquisition.

From the l-arge time series of error attitude velocity data a continuous function must be
obtained for the description of error attitude as a function of time. In the Institute’s
approach, each error attitude angle is described by a cubic spline. Cubic splines consist of
a number of cubic polynomial segments joined smoothly end to end (at the joints a
discontinuity is allowed only in the third derivative). The flexibility of spline functions
allows for the description of complicated function patterns with relatively few parameters
(Schumacher, 1981). Spline functions can be expressed as a linear combination of a

number of shifted B-splines. Fig, 4 shows six cubic B-splines, linear combinations of which
define cubic splines on the interval [ty,1,).

14

0_
fy by Yo ta L by Iy f. h 1
Fig. 4 - The definition of cubic splines as a linsar combination of (cubic) B-splincs.

At any time t, the function value is determined by only four coefficients, as oaly four B-
splines differ from zero. The pitch, roll and yaw velocities are introduced in the bundie
adjustment as pseudo-cbservations; they correspond te the first derivative of the
approximating cubic splines, and can therefore be expressed as a linear combination of
first derivatives of four B-splines. The unknown constant error angle and a possible slow

" drift, which the ADCS was unable to determine, has to be determined from the other

observations (especially ground controf and image coordinates) in the bundte adjustment.

2.3 - The optical instrument

The linear array of CCD sensors in the focal plane of the optical instrument collect the
sunlight, which is reflected by the imaged ground strip, and produce image rows at a 665
Hz frequency. Although the incoming imaging rays are reflected several times by mirrors,
first by the Strip Selection Mirror ($SM), then by the two mirrors in the optical system of
the folded Schmidt telescope, and finally by the dispersive aptics which lead the incoming
light to the different CCD arrays, the total effect of the light path from ground strip to
CCD array can be assumed to be that of a central projection.

The geometry of this central projection depends on the setting of the $S§M, the focal
length of the telescope, and the exact position of the CCD array in the focal plane. The

auxifiary data includes calibration parameters, which define the central projection
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geometry with respect to the (x1,x2x3) triad. These consist of four look angles, which
define the look directions of the two end detectors (fig. 5). The precision of the angles
with respect to the x7-axis (RMSE about 0.008%) is better than that of those with respect
to the x2-axis (RMSE about 0.018%), due to the imperfect knowledge of the position of
the SSM (Spotimage, 1958). The focal length, which must be known very precisely
considering the in-flight focal length adjustments with 0.0lmm steps, is not given.
However, a value, which is compatible with the image measurements can be found with
the four detector look angles and the detector spacing (0.013mm),

The given four end detector ook angles and the computed value for the focal length are
intreduced as pseudo observations in the bundle adjustment, in order (o be able to allow
for improvements in the look angle estimates and to benefit from the precisely known
focal length.

Fig. 5 - The look angles of the end detectors ab,c and 4 define the central projection geometry.

2.4 - The extended bundle formulation for measured image points

In traditional photogrammetry collinearity equations sre used to relate measured
photocoordinates to the ground coordinates of the measured point and to the
parameters, which describe the (central) projection geometry. They express the fact tha,
at the time of imaging, the imaged point on the film, the projection centre and the ground
point lay on a straight line, the so called imaging ray. Using the fact that the imaging rays
of a point, measured in two or more photos, intersect sachother at the ground point,
ground coordinates of a set of points can be determined together with the parameters

which describe the projection geomelry of the photos in a bundle adjustment with
collinearity equations and additional ground control data.

The same technique can be applied to relate image coordinates of points in SPOT images
to their ground coordinates and to the parameters describing the dynamic image
geometry. The central projection modet has to be extended however, to include the effect
of the satellite’s orbit, its attitude and the characteristics of the optieal instrument. The
modelling of the three aspects of the image geometry, which has already been discussed
in sections 2.1 to 2.3, are resumed in table 1.

Aspects of image genmebry

Qrbit Altitude Oplical instrument
Oynamic model: Bl filkirg: Central projection:
Model
Accsleralion coused by the Cubie spline functions Exh row s the reswml
Hegher tetm and J3 term deseribe pitch, raf ol 9 cantrd prgjeciion
token intg geopUnt, ond vaw, which is fixed wih respact

0 the sobalite’s pholfonm.
Ot deterrmined by

integration.
The salelbla'a position B-spfine cosfficlanin Look ongles far the
Paramelers dnd vedocily vechor o lhe ) cubke splings. end detactors ond
at the initiol Time 1. focal length,
Pseudo—observalions | e soelile’s pasition Yelogiling Look onglas for the
- ond welocity vector fgr giteh, roN ord yew end delactors and
from ouxiliary data ol e initio) time Ly, al .13 intzrvals, faval length.

Table 1 - The mathematical model for the image geometry and the use of sindliazy data

Image coordinate measurements provide the row and column number (r,c) of an imaged
point. As well-defined points can be located with sub pixel accuracy, r and ¢ are expressed
as reat numbers. The row r of a point determines the time of imaging, the column e the
position of the imaging detector in the CCD array. The time of imaging # is obtained from
# with the time of imaging of the centre line £,,,, (given by SPOT) and the row sampling
interval (1.504 ms): = §,,,,+(r-3000)*1.504 ms. The distance from the centre of the CCD
array follows from ¢ and the detector spacing (0.013mm): x= {c-3600.5) *0.01 3nim.

Collinearity equations are now written to express the fact that, at the time of imaging, the
vector peinting from the projection centre to the imaging detector ((xy-f) in the
instrumental reference (fig. 6)) and the vecior pointing from the projection centre to the
ground poitit (Xp-XS(r)) in the geocentric reference frame) lay at the same straight line
(fig. 7 (xy-f) =k Rz Ry, R g (XX (1)), The first two coordinates of (ty -f)! are used
as the observed quantities, while ¢ js kept fixed. With three successive rotations, the vector
(XP-XS(I) } is expressed in the instrumental reference feame: by the first rotation ch it is
expressed in the orbital reference (p,ry), by a second rotation R, in the attitude




reference (xIx2x3} after which a final rotation R, leads to the expression in the
instrumental reference (xy2}. The triad (pry) is defined by the satellite’s position and
velocity vector at time ¢, and therefore the elements of Rog can be cxpressed as a function
of the satellite’s initial position and velocity vector. The elements of the rotation matrix
R, which transforms from (p,ny) to (xIx2x3) can be written as functions of the
coefficients of the spiine functions for pitch, roll and yaw, which describe the
misalignment between (p,ry) and (x1,x2x3). Finally, the elements of R;; are functions of
the detector look angles, which describe the orientation of (xyz) with respect to
{x1x2x3).
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Fig. 6 - The instrumental reference systen Fig. T- Elements of the collincarity equations.

1.- The OEEPE test on trianpulation with SPOT data

The Institute participated with five other research centres to the project on triangulation
of SPOT data of the OEEPE (European Organisation for Experimental Photogram-
metric Research), The other participants were University College London (which acted
as pilot centre), the University of Hannover, PInstitut Géografique National (IGN)
{Paris), Canada Centre for Mapping (Ottawa, Canada) and the Queensland Department
of Geographic Information (Brisbane, Australia). Each research centre independently
processed the test data and carried out bundle adjustments, each applying its own

approach to the modeliing of the imaging geametry.
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3.1 - The test data

The data of the OEEPE test consisted of a) four sets of four successive SPOT images
from different passes over a 110x200 km area in the South East of France, b) the
corresponding auxiltary data, and ) a set of about 200 ground control points, visibile in
the imagery and determined by IGN from surveying, aerial photogrammetry and maps,
Table 2 and figure § summarize the characteristics of the imagery and the types of
auxiliary data, which were introduced in the bundle adjustments.
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Figure 8 - Coverage of the test area by the imagery of the four passes.
Basically, the imaged area consists of two North-South steips, each of which is covered in
oblique viewing from two satellite passes. The imagery was not completely cloudfree, and
therefore not all available ground control could be used. The total number of lines per
pass is somewhat smaller than 4x6000, because adjacent images have a small overlap, The
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imagery was available both in the form of soft copies (i.e. computer compatible tapes with
the brightness counts of the 50002 pixels of each image) and in the form of hard copies.
These, film diapositives of 174x150mm, had been produced by IGN, with a stretched
pixelsize (25x25 micron) to compensate for the fength distortion in the across track
direction due to the oblique viewing, Each diapositive contained eight collimating points

1o allow for the conversion from photo eoordinates to pixel coordinates.

With the Zeiss PK-1 monocomparator of the Institute the image coordinaies were
measured of 83 control points on the imagery of strip 1, and of 106 points on the imagery
of strip 2. In addition, measurements were available, which had been obtained by IGN
directly from the digital data, consisting of the pixelcoordinates of 100 ground points in
the imagery of strip 1. The ground contral points consisted various topographic elements
visible in the imagery, like cross-road centres, edges of fields and woods, confluences of
rivers, bridges, etc, While their approximate location in the imagery was indicated on
paper prints, their exact definition was provided by sketches.

3.2, - The bundie adjustments

The pilot centre of the project had prescribed 10 different control point configurations
(fig. 9) to investigate the effect of changes in the number and disiribution of ground

control on the quality of the results.

Figure 9 - Coatrol point configurations for the bundle adjustments with the data of strip L and 2.
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Sixteen bundie adjustments were carried out, ten with the Institute’s PK-1 measurements
in the imagery of strip 1 and 2, and six with the IGN measurements in the imagery of strip
L. In the bundle adjustments, each set of four successive images was treated as a single
image: instead of four different orbital arcs and four different functions for pitch, roll and
yaw for each image, a single orbital arc and a single function for pitch, roll and Yaw were
determined. The observations consisted of a) the observed image coordinates, b) relevant
auxiliary data and ¢} the coordinates of the ground control points. The unknowns
consisted of the ground coordinates of the measured image points and the parameters
describing the image geometry. After the adjustments, the estimated ground positions of
the points, which had not been used as ground control, were expressed in geographic

coordinates, and were compared to the values given by IGN. The RMS differences for the
sixteen bundle adjustments are presented in table 3,

Milan bundie ad]justment of
Milan meoasurements on diapositives

Control configuration| la f 1B |1C 1D | [ 1F Jac [ ad | 21 [ 20
Nr of checkpoints 60 | 7D (74|76 |78 [ 78189 | 99 1100 101
RMSpy 106123 | 110|108 11S[1S7]90 (85|82 |82

RMSE L7 19 12.e{1e2 121155103139 11.9 | 14.2

RMSY 1311251129127 [13.3| 11.2 14 f12e|120(12.3

RMS,, o tor 20.5)|20.7|20.2f20.6[21.3[24.4]17.8] 203|185 | 205

Milan bundle odjustment of
IGN meosurements in digital Imagery

Control configuration| 1A | 1B | tC | tD | 1€ | 37 5 a
Nr of checkpoints 758589 9t | 23|93 RMSy= =L ch
n

RMSn 95]93|92{93|l0s!l108

RMSE 11 (1321124138 122] 19.7 N norol

RMSH 14.8/136(135| 151 191 |147f B east
RMSyector 208|211 |205{22s|e4.3|26.8 + heig

Table 3 - RMS values of the differences between the chedkpaoint cooedinates, determined in the bundle
adjustments, and those, determined by IGN from maps, surveying and serial photogrammetry.

The results of the bundle adjustments are analysed in the next section, where they are
placed in the broader context of the determination of the accuracy potential of bundle
adjustments with SPOT data.

4. - The accuracy potential of triangulation with SPOT data

The objective of the OEEPE project on triangulation with SPOT data was to determine
the positional accuracy, which can be obtained for triangulated points from a strip
covered by stereo SPOT data, the number of control points necessary, and the use, which
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can be made of auxiliary data. These questions are dealt with in the following, from a
theoretical point of view as well as from the results of the processing of the test data.

The precision of point positioning by bundle adjustments wit SPOT data depends on
three factoss: a) the precision of the image coordinate measurements, b) the precision of
the knowledge of the imaging geometry, and c) the geometry of the imaging rays, which
intersect at the ground point.

4.1, - The geometry of the imaging rays

The pround position of a peint, measured in SPOT imagery from two (or more) different
passes, is located at the intersection point of the two {or more) imaging rays (fig. 10).
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Figure 10 - Geometry of the imaging rays and the resulting positioning precision (perfect knowledge of imaging
geomctry assymed).

If the imaging geometry were perfectly known, the precision of the ground coordinate
estimates would be determined directly by the precision of the image coordinate
measurements and the intersection geometry. In practise the imaging geometry will, of
course, never be known perfectly, However, it is worthwhile to start with this assumption,

" in order to determine the precision limits, which would be obtainable with an 'u1ﬁnjte
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number of cantrol points.

Due to the characteristics of the orbit of the SPOT satellites, different sateliite passes and
the scanlines obtained from them are both practically parallel. The parallellity of the
scanlines results in a remarkable separation between the positioning contributions of the
row and column measurements of a point in the {oblique) imagery of two passes: while
the row measurements determine the ground point’s along teack position with one degree

of redundancy, the two column measurements provide just encugh information to
determine its across teack position and height.

The planimetric precision only weakly depends on the off-nadir angle: it deteriorates onfy
slightly for large off-nadir angles. The standard deviation of the height estimate is larger
than thal of the along and acress track direction, due to the sharp intersection angle of

the imaging rays, Considerable improvements are chtained by increasing the off-nadir
angle.

4.2 - The precision of image coordinate measurements

It goes without saying that the precision of point positioning from imaging ray
intersection directly depends on the precision, with which the ground point can be located
in the imagery. The obtainable precision of image cootdinate measurements, expressed in
terms of pixels, depends on many different factors. One of the decisive factors is the Jocal
image contrast in the neighbourhaod of the imaged point. This not only depends on the

terrain characteristics, but also on illumination conditions, ¢.g. the presence of shadows,
haze or cloud shadow.

The quality of the points in the data set of the OEEPE test was very inhomogeneous:
while some points could be identified easily and located precisely, other points could only
be recognized with effort and located only (relatively) approximately, due to poor local
image contrast, the presence of shadows, or unclear point definitions. A number of points
were remeasured in order to determine the precision of the image coordinate
measurements. The results showed that well defined points can be measured with an
RMSE below (.25 pixel for both row and column position. The same value was obtained
by Westin in a test, where the ground control points had been chosen with care (Wesiin,

19%0). For the set of points of the OEBPE test, the RMSE for the row and column
measurements was about 0.5 pixel.

In addition, a comparison was made between the [GN soft copy measurements and the
Institute’s hard copy measurements. For the imagery of both passes of strip 1, a
substandial mean difference was found for hoth row measurements (mean{IGN-Mian);
+0.5 pixel) and column measurements {mean(IGN-Milan); -1 pixel). With respect to
these mean values, the RMS difference was about 1 pixel for both cow and column. The
mean differences indicate a systemalic error in either the measurements of the Institute
(erroneous pixel values for the collimating points ?) or those of IGN. These systematic
errers are probably easily absorbed by the image orientation parameters. The RMS of 1
pixel in the differences is somewhat higher than the value which would be expected (0.7
pixel) with the assumption of an RMSE of 0.5 pixel for the measuremeats. This could be
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due to deformations introduced during film printing. The results of the adjustments with
both sets of measurement data show however that a possible degradation of image quality
dueing film production did not have a significant effect on the results.

43 - The knowledge of the imaging peometry

Due to the inevitably imperfect knowledgs of the imaging geometry, the precision limits,
which were derived in section 4.2, will never be reached: the standard deviations of the
coordinate estimates for the ground points will therefore be somewhat larger than the

derived lower limits.

The number of ground control points, which has to be added to keep the effect of the
uncertainty about the imaging geometry within reasonable limits, can be reduced by a)
the use of auxiliary data and the knowledge of the gravitational field, and b) by the
processing of successive images of a pass as a single image. The ephemeris data and the
knowledge of the forces, which govern the satellite’s motion, would be sufficient for an
accurate reconstruction of the orbital are, if the position data would be more accurate: for
an adequate estimate of the orbital arc ground control is only needed to improve the
position data. The attitude angle velocities aflow for a description of variations of pitch,
roli and yaw during image acquisition: ground control is (only) needed for the
determination of the unknown constant in the three angles. The end detector look angles
provide a complete description of the central projection geometry of the optical
instrument; here ground control is not strictly necessary but can contribute to a further
improvement of the knowledge of the look angles. Thanks to the precise knowledge of the
force field and the availability of dense series of attitude velocity data, the reconstruction
of the orbital acc and of the three attitude angle functions corresponding to muitiple
successive images requires {practically) the same number of grovnd control as that

required for a single image.

The check point differences for the different control point configurations (1ab. 3) only
slowly increase as the number of ground control points decreases from 20 to 2 for strip 1
and from 14 1o 2 in strip 2. The same trend is shown by the mean standard deviations of
the checkpaint coordinate estimates, obtained (from variance propagation) in the bundle

adjustments (tab. 4).

The RMSE of the ground control and the image measurements have been estimated by
the application of a method for variance estimation proposed by Kubik (Kubik, 1970) ta
bundle adjustments, in which all ground control coordinates had been introduced as
observations. The estimated RMSE for the image coordinates confirmed the previuously

found value af 0.5 pixel, the ground control coordinates had an estimated RMSE of about

m. Because of the large number of observations per group {300 pround coordinates and
400 image coordinates) and the high redundancy of the observations (between 40% and
7G%) these estimates can assumed to be significant.

IF 1E I S iB 14
B gcp 2 2 4 & 5] 20 o

RMSEy | 69 | 69 | 57 | 52 | 48 | 45 | 39

RMSE - JO | &% ] 38 | o4 3.0 48 | 42

RMSEy 123§ 123 | 110 {104 [ 160 ] 97 | 90

RMSE | 139 1157 [ 137 {128 | 122 | 117 | 106

Table 4 - The mean standard devintions of the checkpoint coosdinate estimarcs in the bundle adjustments with
the [GN data, and in the hypothetical case of known image geometry. Assumptions: RMSE image measurements
1.5 pixet, RMSE ground coordinates 6m,
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Triangulation of SPOT Imagery at the Deparfment of Lands.
Queensland!

Russell J Priebbenow?

Abstract

A mathematical modal is developed to desctibe the relationship between SPOT
image coordinates and ground cocrdinates, for a strip of SPOT imagery acquired
from a single orbit pass. The modsl, based on that devefoped by the author for
single SPOT images, uses orbital equations to model the satellite path, while
variations of the satellite attifude with time are modelled using low order
polyngmials and the on-board attitude velocity measurements. This model is
usad to test four strips of four images over a regicn in south-eastern France, with
coordinates of control and check points provided by }GN, France, The results
verify the model and show that triangulation of SPOQT imagery is an effective
means of reducing the ground control requirement for a block of SPOT imagery.

1. Introduction

During 1988, the OEEPE (Organisation -Européenne d'Etudes Photogrammé-
triques Expérimentales) sponsored a research project to investigate the
triangation of strips of images from the French satellite SPOT. The test involved
four strips of four images, with each strip acquired from a single orbit pass. The
sixteen images formed eight stereo pairs ovar part of south-eastern France. The
principal aim of the experiment was to determine whether triangulation is a valid
technigue for reducing the ground control requirement for strips of SPOT
imagery. The behaviour of a number of triangulation algorithms developed by the
participants in the project was assessed using a number of different
configurations ef ground control points.

The laboratories involved in the experiment were sach provided with the set of
sixteen images, and sketches of the locations of a number of control and check
points. The image coordinates of these control and check points were not
provided with the imagery, but instead were to be determined by each
rasearcher. Using the ground and image ccordinates of tan combinations of

TPresented at the OEEPE Workshop on the Trianguiation of SPOT Data, University Gollege
Lendon, Sept 27-28, 1389, Revised 30th May 1990,

2Russell J Priebbenow PhD (Qid), B Surv (Hons) (Qid), Specialist Technical Advisor, Sunmap
Remole Sensing Cenlre, Division of Information, Queensland Departmenl of Lands, PO Box 40,
Woofloongabiba Qid 4102, Australia.




ground control points, the ground coordinates of the check points were then to be
determined. A subsequent test was also carried out with one pair of image strips
using a set of image coordinales determined by IGN. This paper presents the
medel used by the author for this expariment, the procedure used by him to carnry
out & number of tests with the data, and the results of thesse tests.

2._Mathematical Model

In order to calculate ground coordinates from imaga coordinates, it is necessary
te use a mathematical mode! which describes the relationship between these two
sets of coordinates. This mode! is subsequently referred to as the image ground
model. The model used for this experiment is based on that presented by
Priebbenow and Clerici (1987), and is presented in Equations 1.1 and 1.2.

0 X ~ Xs
¥ l=4 - MYy -Ys
- f Zm— Lz

=kt

The various components of these equations are now described.

» x'and y' are the observed image coordinates, defined with respect 10 a
rectangular coordinate system with the x* axis perpendicular to the image
lines and the origin at the cenire of the central line of the image.

f' is the focal length of the SPOT HRV (the SPOT sansor system), scaled so
as o be compatible with the image line length. This value is calcudated using
the detector look angles provided with the image auxiliary data. In subsequent
discussion, the coordinates y’ and I" also correspond to coordinates in the
HRY coordinate system.

- k is a scale facter which defines the relationship between the image x'
coordinate and time L

tis the relative imaging time, and is defined with respect to an origin & which
is equal to O at x* = 0 in the first image of a strip of images acquirad from a
single arbit pass.

Ais a scale tactor.

X, Ym, Zm are the coordinates of the ground point, in a cartesian coordinate
system referred to as the model coordinate system. The model coordinate

system s defined with respect to the GRS80 coordinate system. Its origin is on
the surface of the GRSE0Q ellipsoid at the mean of the nominal scene centras,
as determined from the auxiliary image dala. The geodetic (GRSS0)
coordinates of the model origin are designated {,,%g) and the geocentric
coordinates of this point are designated (Xeo, Yen Zeo). The Yn axis is in the
mean flight direction of the satellite, as determined from the scene orientation
angles provided with the image auxiliary data. The azimuth of the Y, axis is
(=+H). Figure 1 shows the relationship between the geocentric and model
coordinate systems,

Figure 1 Modzel coordinate system (X, Ym, Zg), ideal platform coordinate system (%o, ¥pr Zph,

and sateflite orbit parameters (p, | £2, w), showing their relationship to the GRS8C geocentric
coordinale system (X, Ye, Zo)-

Ground coordinates, based on a local geodetic datum, can be transformed to
the GR380 datum in two steps. Firstly, geoidal heights are corrected for the
separation between the geoid and ellipsoid. For this expetiment, the geoid
ellipsold separation over the test area was approximated, to an accuracy of
better than 0.5 m, by a ten parameter polynomial in Easting and Northing.
Secondly, the coordinates are transformed from the local datum to the GRS80
datum using parameters such as those provided in DMA (1987). The effect of
any small inaccuracy in these transformation parameters is negated, since the



same parameters are used to transform ground contro! coordinates to the * Do Ao, and H are angles used to define the model coordinate system,

modsl coordinate system for determination of the image ground model, and as described above, and are treated as fixed parameters of the image

subsequently in the reverse procedure to determine the ground coordinates of : ground model;

unknown points using the resulting image ground model. « £, land w are osculating parameters which vary with time, as defined
abova;

* the product Rz(w/2-H} - Ry(@s) - Ry(lo-£2} - R fn/2-1) - Ry{-w)
defines the angular relationship between the model coordinate system
and the ideal platform coordinate system;
wp, $p and kp are angles of rotation which define the angular
relationship between the ideal and actua! platiorm coordinate systems.
The ideal platicrm coordinate system (xp, ¥y, Zp) is shown in Figure 1,
and approximates the mean actuaf platform coordinate system whose
axes are paralle! to the Roll, Pitch and Yaw axes of the platform. These
angles are small and vary with time. They consist of two components:
polynomials as functions of time, expressed using the parameters {wp,
@0y, w2, Pa, @1, §2, 3, Ko, X1, k), and estimates of the variation of the
sateliite attitude as derived from an integration of the on-board attitude
velocity measurements, designated as Yawit), Pitch(t) and Rolift). The
angles wp, ¢p and x, are thus given by Equation 3.

+ X5, Ya Zs are the coordinates of the perspective centre of the HRV, in the
model coordinate system. These parameters vary with time, and are
expressed in terms of the osculating orbital parameters (p, /, 2, w, 8y, &, sach
of which varies with &. Only the variation with time of these paramelers as
described by Keplerian motion, perturbed by the Ve term of the earth's
gravitational harmonic series, is considered. Figure 1 shows the first four of
these parameters with respect to the GRS80 geocentric coordinate system
(Xe, Yeor Zo).

The definition of these six osculating parameters is:

g geocentric distance to the satellite,
! inclination of the orbit plane, with respect fo the equatorial

plane,
£2  longitude of the ascending node, with respect 10 a geocentric

coordinale system,

w  anguiar distance of the satellite from the ascending node, in
the orbit plane, equivalent to the sum of the argument of the
petigee @ and the true anomaly f,

oy €-cos o, where gis the orbit eccentricity,

ey e sina

Wplf) = g + @y + t+ wz - £ + Rolifi)
Gt =0 + 1 1+ 9z - 2 + ¢35 - 13— Pitch(t)
Kp(t) = Ko+ Ky -t + Ky - 2+ Yaw(l)

The variation of these parameters with time is described using Lagrange
Planetary Eqguations, which are given in Toutin (1985). The value of each
parameter at any time [ is calculated from its value at an initial time (t5-5)
using numerical integration. The values of the parameters at this initial time
are designated (p, }, 2, w, &, ey){l-5).

* ®m, ¢m and x, are angles of rotation which define the angular
relationship between the HRV and actual platform coerdinate systems,
and are derived from the detector lock angles provided with the
satellite awdliary data. These angles are ireated as fixed parameters of
the image ground moedal.

+ M is an orthogonal matrix which rotates model coardinates into a system
parallel to the HRV coordinate system. This matrix varies with time £ it can be
expressed as the product of a series of rofations, by

MT = R (n/2-H) - Ry{®q) - R(Ao—02} - Ra(n/2-1} - Ry(~w) - Rz(ip)
« Ry{op) + Rxfep) - Ry(bm) - Rx(~0om) - Rz{km)

The above image ground model is expressed in terms of a number of known and
unknown parameters. The values of the unknown parameters are to be
determined using the observed image coordinates and ground coordinates of a
set of ground controf points, and in some cases, also using the observed image

ceordinates of additiona! parallax points. The unknown parameters of the model
area:

where
« rotations of the form Az(@) denote rotations of the angle 8 about the

‘a’ axis,

+ The satellite orbital parameters (p, I, £2, wj{t;-5). In the least squares solution
of the image ground model parameter values, the parameters {ex, By)(tg-5)
are not treated as unknown. Rather, the values of these parameters are




derived from the satellite ephemeris records provided with the auxiliary image
data. Priebbenow (1989) shows that that the treatment of these parameters as
unknawn does not enhance the accuracy of ground coordinate determination,
and increases the number of mode! parameters and thus the minimum ground
contro! requirement. Approximate values fer {p, 1, £2, w)(lg~3) are derived from

the ephemeris data, and, in the least squares soiution of the parameter

+85
values, are given the standard errers BSm, i—i—s rad, ST rad, and

+170

rad respectively (Priebbenow, 1989).

« The attitude angles (wg, @;, @2, o, 91, ¥2, $3. Ko, K1, K2). The program which is
used to calculate the image ground relationship ailows the order of the ws, ¢s
and xs polynomials to be selected, thus varying the number of attitude
parameters of the model. For a single scene, it was shown (Priebbenow,
1989, p.119) that it was sufficient to use a zero order polynomial for s and xs
and a first order polynomial fey ¢, with a further improvement being achieved
in some cases using 2 second order polynomial for ¢s. However, it is likely
that higher order polynomials will be needed for a strip of imagas to account
for low frequency attitude variations not described by the on-board attitude
velocity measurements. In the least squares parameter sclution, all of these
parameters are initially assigned the approximate values of zero, with the
following standard errors: @g, ¢o. Ko (20.02°); @y, k¢ (¥0.0001%/s); 4,

(+0.0005°/5); @z, K2 (£0.00005°/s2); ¢ (£0.0001°/s%); ¢5 (£0.00005%s3).

3. Observ i | gordinate:
Prior to the commencement of the SPOT triangulation tests, it was necessary to
determine image coordinates for control and check points. This section describes
the process used to abtain these image coordinates.

The imagery supplied for this series of tests was in the fotm of second generation
film positivas, preprocessed 1o Level 1A. The size of the pixels in the y” direction
{(along tine) had been scaled to minimise the ‘sioping model' effect which occurs
with a stereo pair consisting of two oblique images acquired with different view
angles. In spite of a local contrast enhancement having been applied to this
imagery, its clarity was not as good as that of other SPOT imagery which has
been used by the author. This is possibly due to a combination of poor
atmospheric clarify and the use of second generation copies of the images.

The image coordinates of control and check points were determined using a
Zeiss Planicomp C100. An image orientation, used to determine the relationship
betwean the image and Planicomp coordinate systems, was firstly carried out by
calculating an affine transformation based on measurements of the eight
reference marks on the image.

Foliowing the image crientation, the image coordinates of each point occurring in

the image were determined. Wherever possible, image coordinates were
measured while viawing overlapping images stereoscopically. Where a point
cccurred in more than two images, its image coordinates in the third image (and
subsequent images) were measured using a stereo pair consisting of the new
image and one of the images in which the point had previously been measured,
such that the stereo pair comprised one 'left view' image and one ‘right view'
imagse. The measuring mark was placed at the previously measured position,
and the point measured in the new image by removing x and y paraliax using the
measuring mark in that image. In this way, the interpretation of the position of a
point was common 1o all images.

Priebbenow (1989, p.152) showed that the observation of additional paraiiax
points can improve the accuracy of the image ground model, and serves to
reduce the overall residual y parallax in the stereo modsl. The image coordinates
of a grid of 16 parallax points {4x4) were therefore observed in each steres pair
in Test Area A and Test Area B. Parallax points were also observed in the
common area between Test Areas A and B, by sterepscopically viewing a 'left
view' image from Test Area A and a 'right view' image from Test Area B, and vice
versa, In these cases, the number of parallax points observed depended on the
amount of overiap occurring.

Before executing the standard set of tests required for the OEEPE experiment, a
further step was carried out to eliminate any gross errors, and to assist in the
identification of a number of check points. Using the observations of all ground
contrel paints whose coordinates were provided, and of all parafiax points, the
values of the image greund model parameters were Getermined for the four strips
of imagery. Using these parameters and the known ground coordinates of the
check points, the image coordinates of all points were calculated. Any point
which had calculated image coordinates which differed from observed
coordinates by more than 50 um, and any point which had not besn previously
located, was reobserved using these calculated image coordinates. However,
unless there was clear evidence of an incorrect intarpratation of the point




diagram, or of an error in the diagram or control print, the point was measured as
shown in the point diagram. The peints for which new image coordinates were
darived as a result of this procedure are listed below in Table 1, together with the
reason for the new measurement.

Point Number Reason for Measuramant of Peint with Assistance ol Calculated
Image Coordinates

Jeoct Aroa A
D29 Paint not marked on control prints.
1041 Ground coordinates used to assist in comect identification of point.
1047 Grourd coordinates used to assist in corredt Identitication of point.
3005 No point diagram provided.
aoa No point diagram providad.
3043 No point diagram provided.
4002 Point not marked on conlrol psints.

Polnt not marked on control prints.

JeslArcaB
21 L arge difference between calculated and given ground

coordinates. Point diagram is incorrect. New maasurament at the

correct intersection,

41 Large diference between caiculaled and given ground

ooordinates, Point diagram is incosrect. New measurement at he

correct intersection,

i115 Large ditference between calculated and given ground

coordinates. Polnl diagram ig incerrect. New measurement at the

correct intersection.

1027 Ground coordinates used to assist in correct identificalion of peinl.

1047 Ground coordinates usad to assist in comed] identification of point.

Table 1 Check points whose image coordinates were measured using their ground coordinates
to assist in their identification.

Ground coordinates were provided for 129 check points in Test Area A and for
132 check points in Test Area B. However, it was not possible to provide
calculated ground coordinates for all of these peints for a variety of reasons. For
example, a large number of points - 17 in Area A and 4 in Area B - were
measured in one image only, and ground coordinates could not be computed.
Taple 2 shows the points for which ground coordinates were not calculated, with
the associated reason for sach point. Two of the paints which eccur in only one
image in Area A are points which are used as control points for the standard
OEFEPE tests: Point 026, which occurs in contro! distributions 'a" and 'b'; and
Point 3036, which occurs in control distributions a’ to 'd.

The image ground mode] described in Section 2 treats each strip of images as a
single image. It was therefore nacessary to determine the line numbers of
corresponding lines in successive images in each strip. This was done by

observing pairs of successive images stereoscopically, measuling the image
coordinates of five points in the image overlap area, and cormputing the mean
difference between corresponding pairs of x' image coordinates. This mean
value was then rounded to the nearest 0.025 mm {one iine width), from which
corresponding image line numbers could be determined.

Point Numbers Reason for which Ground Coordinstes not Caloidated

)]

S 0256 029 109 Points only measured In on

1041 1075 1124 3005 Y one image.
3014 3028 3028 3026
3041 3043 3046 3052

98
1020 1022 Ne point diagram provided, polnt not measured.
1122 Couldn't see stereo sutficlently well to measure.
{Point is the peak of a mountain.}
054 Couldn locate the point in the images.

1024 1027 1028 1032 Points only measured in one image.

B Large diflerence batween caleutated and given
ground coordinates at this point {120m E, 45 m Nj
S0 point was deleted,

89 No point diagram provided, point net measured.
1023 Couldnt locate the point in the images.
1035 1050 Coukdn’t locate the point In the images, even with the

assistance of the given ground cosrdinates,

Table 2 Check points for which ground coordinates were not calculated, and the associated
reason for this,

4, ults

The object of this study is fo assess the suitability of the image ground model
described i_n Section 2 for the triangutation of SPOT imagaery. This assessment,
which is described in this section, was made using five groups of tests. Firstly, a
preliminary analysis of the image coordinates of ground contro! points was used
ic detect etroneous measurements. A group of tests which used the image
coordinates measured by the author was then carried out to invastigate some
refinements to the image ground model. Thirdly, the standard set of tests for the
OEEPE experiment was carried out, again using the image coordinates
measured by the author. This set of tests was repeated for Test Area A using




image coordinates determined by IGN. Finally, 2 number of additiona! tests were
carried out to assess a number of alternative ground control configurations to
those used in the OEEPE expetiment. This involved a simultanecus triangulation
of the four strips of images using ten different control configurations. These five
groups of tests are now described. Except where otherwise indicated, these tests
use the image coordinates which were determinad by the author from hard copy
images.

4.1 Image Coordinate Assessment

An initial assessment of the control point data in each test area was made, to
attempt to detect any erronecus obsatvations of the image coordinates of these
points. This assessment involved a determination of the image ground model
parameters using all control points in the test area, and an analysis of the Image
coordinate residuals using the Tau test (Pope, 1976). In Test Area A, two contral
points were identified as having unacceptably high residuals, based on an initial
assumption of image coordinate observations with a standard error of
10.012 mm. Consequently, large standard errors were assigned to the image
coordinates of these points for all of the tests, as follows: Peoint 45, £0.05 mm,
Point 3036, 0.1 mm. {As stated above, Point 3036 occurs only in one image.)
No contro! points in Test Area B were identified as having unacceptably high
image coordinate residuals,

4.2 Image Ground Model Refinement
The image ground mode! proposed in Section 2 permits the choice of the order
of the attitude polyncmials (see Equation 3). The purpose of these polynomials is
to account for low frequency attitude variations not described by the on-board
aftifude measurements which are supplied with the imagery. This section
described a series of fests which were carfied out to ascertain the most
appropriate order of polynomial to use for strips of imagery such as those
supplied for this axperiment.

In this and all subsequent tests, the procedure used in each test is as follows:

+ Calculate the parameters of the image ground model for the relevant images,
using & set of ground control points.

+ Use the resulting parameters to calculate ground coordinates corresponding
1o the observed image coordinates of the check points.

» Compute the difference between the calculated and known ground
coordinates of the check points, and thus the mean and RMS differenca.

This set of tests was carried out using (i) a block comprising all 16 images in tha
study area, using the control peints from configuration 'a' {Figure 2) and
configuration g’ {(Figure 3) as contro! for this block; (i) Test Area A using control
configuration "a’; and (iii) Test Area B using control configuration 'g'. Earlier
studies by the author (Priebbenow, 1989, p.119) indicated that, for & singls
scane, it was sufficient to have polynomials of order 0 for @, and x; and that the
polynomial for ¢s should be at least of order 1, with a potential improvement in
accuracy in some cases whare a second order polynomial is used for ¢.. This set
of tests therefore uses 0, 1 and 0 as the minimum orders for polynomials in @, ¢
and ks respectively, Table 3 shows the results obtained using a number of
different orders of attitude polynomials.

Coordinate Differences
Order of Attitede Polynomial E N h
g b Ky Meaan AMS Mean RMS Mean RMS
I fi ion 'a+q
1 1 1 -0.8 93 0.8 7.8 1.3 5.1
0 2 o -0.5 8.3 1.0 7.9 1.6 5.7
1 2 1 -0.7 9.2 1.0 7.9 1.2 5.0
2 2 2 -0.6 9.3 1.0 8.0 1.2 5.0
] 3 0 0.7 9.3 1.1 8.0 1.3 5.7
1 -3 1 0.7 9.2 1.1 8.0 1.2 5.0
2 a 2 0.6 9.3 i1 81 13 50
{if} Area A, Configuration 'a’
0 2 0 0.1 9.8 0.5 8.0 2.8 7.6
i 1 1 -0.7 8.7 0.6 8.0 1.3 51
1 2 1 -0.7 87 0.6 8.0 .3 51
0 4 0 -0.1 8.9 2.3 9.5 0.7 4.3
1 1 1 .1 8.9 2.0 9.4 0.7 4.3
1 2 1 -0.1 859 2.3 9.4 0.7 4.3

Table 3 Mean and RMS differences on check poinis for a variety of erders of attitude polynomials,
over Test Areas A and B using the control points from configurations 'a’ and 'g'.

A comparison of the RMS coordinate differences in part (i} of Table 3, using an F
test with a 95% level of significance, shows no significant difference between the
results. However, it was noted that In both cases where the orders of the &, and




xg polynomials were 0, the AMS & value was 0.6 m to 0.7 m higher than in the
remaining cases. These results suggest that there may be an improvement in
height accuracy with the inclusion of first order terms for e and g, but that there
is no further improvement in accuracy in E, N or i with the inclusion of higher
order terms for these parameters. Similarly, there appears to be no advantage in
using a ¢, polynomial of order greater than two.

Further tests were carried out over Test Areas A and B saparately, as shown in
parts (i) and (i) of Table 3, to verify thase conclusions. The three tests in par (i}
of Table 3 show: no significant difference’in planimetric accuracy in any of the
threa tests; a significant improvement in height accuracy with the use of first order
polynomials for o, and x5 and no improvement in accuracy with the use of a
sacond arder polynomial for ¢s. The three tests in part (jil) of Table 3 show no
significant difference in planimetric or height accuracy in any of the three tests.

For subsequent tests, first crder polynomials were thetafore used for ws, ¢s and
kg, except in cases where there was insufficient ground contral e justify the
inciusion of first order terms. For exampie, the effect of the first order term in the ¢
polynomial is equivalent fo a scale change in the along-track direction, and if
control is not distributad in this direction, such as in configuration 'f', the inclusion
of such a tarm could worsen rather than improve the accuracy of determination of
ground coordinates. Also, the adjusted values of the first order ¢y and ks
parameters have a correiation of approximately 90%. Therefora, where there are
low numbers of ground conirol points, the first order ks parameter has been
omitted.

4.3 OEEPE Experiment
The official QEEPE experiment involved a trianguiation of the SPOT images
using each of the ten specified contrel configurations shown in Figures 2 and 3.
The attitude polynomials used for ws, ¢s and «y in thess tests were of order 1, 1
and 1 respectively, whera there were sufficient ground control points to justify the
use of first order parameters. Table 4 shows the results of these {ests, and the
order of the attitude polynomial used in each case. In Test Area A, 108 check
points were used to obtain the results shown, while in Test Area B, 123 check
points were used.

Comparisons of the RMS ditferences in Table 4 were made using an F fest, at a
significance level of 95%, 1o indicate whether differences between RMS values

Configuration 'a' Cenliguration 'b Configuration ¢’
Gonfiguration ‘g Configuration ‘e’ Configuration f

Figure 2 Control configurations ‘a' 10 ' used for standard QEEPE lests in Test Area A,

are significant. A comparison of the vaiues in Test Area A shows that in A, none of
the RMS differances are significantly different from that obtained for control
configuration 'a’, while in £ and N, only the RMS difference for control
configuration *f' is significantly larger than that obtainad for control configuration
'a’. The enly conclusion which can be drawn from this is that there is no
significant decrease in the accuracy of ground coordinate determination as the
number of ground control points decreases from 21 1o 4, but as the number of
points decreases below 4, there may be a significant loss in accuracy.



No of [ Order of Coordinate Differences
Configuration | GCP's | Attitude E N h
Polynoms. | Mean RMS Mean RMS Mean RMS
TestArea A
a 21 1 1 1 -0.7 9.7 0.6 8.0 1.3 5.1
b 10 t 1 1 0.3 104 0.3 8.3 0.0 6.8
c 6 1 1 1 0.6 108 08 B9 1.1 &8
d 4 1 1 1 5.0 1141 22 8.8 27 80
e 2 i 1 0 -39 104 0.2 8.1 27 &9
f 2 1 0 0 |-13.6 17.0 8.0 123 04 548
IcstArea B
g 14 1 1 1 -0 8.9 2.0 5.4 0.7 4.3
1] 4 1 1 0 7.0 118 62 124 -1.4 4.1
i 3 i 1 0 -4.3 10.3 16 128 -0.3 3.8
Conl‘iguraﬁon ,g, Gonfigilration N 1 2 1 0 0 -5.1 10.4 48 1141 2.8 h.2

Table 4 Mean and RMS differences-on check points for the standard OEEPE tests.

4.4 Triangulation Using IGN Image Coordinate Observations

In order tu enable a comparison to be made between the image ground models
used by the various research groups inveolved in this study, a set of image
coordinates defived by IGN was processed by each of the research groups.
These image coordinate observations were monoscopic observations of the
control and check points, using the digital SPOT images. The image coordinates
of a total of 102 control and check points were observed. This section describes
the results obtainsd by the author from that data set.

Initially, the image coordinate data was analysed to attempt to delect any gross
errers In the observations. A triangulation which used the 21 points of
configuration 'a’ as control identified two check points (1124 and 8028) which
appeared to have been identified differently in the left and right images, and were
thus influencing the adjustment process. The image coordinate observations of
these two points wera therefore assigned jow weights for the tests. In addition 1o
hese two points, three other check points (025, 1122 and 2016) have ground
Ceordinate differences larger than 30 m. These five points have been excluded
fom the ground coordinates used to derive the data presented in Table 5.

Configuration ' Configuration ¥

Figure 3 Control configurations 'g' 1o T vsed Jor standard OEEPE lests in Test Area B,

A similar comparison of the values in Test Area B shows that none of the RMS
differencas ara significantly different from those obtained for control configuration
‘0", in E, Nor h. It is therefore concluded that in this case there is no significant
decrease in the accuracy of ground coordinate determination as the number of
ground control points decreases from 14 te 2. This conclusion is not incompatible
with that made for Test Area A. Rather, it demonstrates that, for low numbaers of
ground control points, good accuracy may be achievable but cannot be assured.

-This experiment involved a triangulation of the SPOT images in Test Area A
using each of the six specified contro! configurations shown in Figure 2. The
attitude polynomials used for ws, ¢s and «: in these tests ware the same as those




No of | Order of Cocrdinate Bliferences

Configuration | GCP's | Attitude E N
Polynoms. | Mean RMS Mean AMS Mean RMS3

8 21 1 1 1 08 101 0.8 8.9 2.5 107
b 0 1 1 1 20 115 0.1 8.7 1.0 1041
G 6 1 1 1 -33 18 1.0 8.7 -0.2 10.0
d 4 11 1 -82 138 5.9 107 1.8 10.2
e 2 11 ¢ 59 120 54 105 53 1290
f 2 i 0 0 |-265 298 11.2 151 -5.4 133

Table 5 Mean and RMS differences on chack peints for the tesls using image coordinales
observed by IGN in Tes! Area A

used for the corresponding control configurations in the test described in Section
4.3 (see Table 4). Table 5 shows the results of these tests. A comparison was
made between the RMS differences of canfigurations 'b' to ‘' and those of
configuration 'a' using of an F test. The rasults for cenfigurations 'b’ to e’ are not
significantly different from those obtained for configuration ‘a" in £, N orh.
However, the RMS differences in E and N for configuration 'f are significantly
largar than those for configuration 'a’

A comparison of the HMS differences for configurations 'a’ 10 "¢’ with the
corresponding resulis in Table 4 shows that the RMS differences in E and N are
on average 13% larger in Table 5, while the RMS differences in h are 78% larger
on average. This larger difference in b is due to the fact that the image
cocrdinates used 10 derive Table 5 were cbserved monascoplcally, and there is
no correlation between corresponding pairs of image coordinate observations of
the left and right images. The author {Priebbenow, 1989, p.132) has investigated
the stereoscopic observation of control points in SPOT imagery, and noted
correlations as high as 80% in the y' (height determination) direction. It can be
shown that such a correlation cosresponds to an improvement in the accuracy of
height determination.

4.5 Additional Tests - Block Triangulation
In addition to the standard set of tests required for the OEEPE experiment, the
author carried out a further seties of tests to investigate the application of the
image ground mode] to two overlapping strips of sterea pairs. These tests are
now described.

This series of tesis invoived the triangulation of all sixteen images using the 9
differant ground control configurations shown In Figure 4. The resuits of these
lests are shown in Table 6. The results obtained for configurations '’ o 's' are
compared with those obtained for configuration ‘a+g', using an F tast as
described above. In Easting, the RMS differences for configurations 'q’ and 't are
signiticantly higher than that for configuration 'a+g'. In Northing, the RMS
differences for configurations 'q' and 's' are significantly higher than that for
configuration ‘a+g'. However, in height none of the RMS differences for
configurations 'K’ to 's' are significantly different from that for configuration ‘a+g',

No of Order of Coordinale Differences
Configuration | GCP's| Attltude E N . h
Polynoms. Mean RMS Mean RMS Mean RMS
JTest Area AB
a+g a5 1 1 1} 08 93 08 78 13 51
& 18 1 1 1 01 93 22 B3 09 &8
i 8 11 1 1.2 94 24 81 05 &7
m & 1 1 1} 38 101 23 86 01 51
n 8 1+ 1 0} =28 102 38 95 04 50
o 6 f 1 06} 198 102 10 81 10 55
p 4 1 1 0} 44 103 40 92 0.5 5.3
q 4 1 1 90 7.3 127 161 215 0.7 69
r 4 1 1 0 75 150 24 85 09 56
s 4 1 1 0} 48 108 -26 103 22 6.1
a+g (no 4) 35 0 1 0| 62 95 04 80 12 58

Table 6 Mean and RMS ditferences on chack points for & number of control configurations over
the eight sterec models comprising Test Areas A and B, :

On the basis of the results presented in Table 6, it is concluded that, for such a
number of stereo models, no fewer than four control points should be used, and
that where oniy four points are used, they should be in the four comers of the
block. The use of more than four well distributed control points does not
significantly improve the accuracy of ground coordinate determination, but may
serve to improve the reliability of the results. The use of six control points
distributed as shown in configurations 'n' and 'o' gives accepiable results over
the entire four strips, in this case. However, the maxim used in photogrammetry
that measurements should not be made outside of the area included by the
ground control should also apply to SPOT imagery, due to the lower reliability
outside of the extent of the control.




il

Configuiratiot ' Conliguration T Conliguration ‘m

o

Conliguralion '’

Configueation ‘o Conliguration ‘g’

Conliguration 'q" Conliguralion 7 Corfiguration 's'

Figure 4 Control conliguralions K" to 's' used for additional lesls in Test Areas A and B together.

The issue of reliability is particularly important if one considers that the image
ground model ior each strip of images is described by nine 'unknown’
parameters {with attitude polynomials of order 1 1 0) whose values are
determined during the trianguiation process. If only four ground control points are
used, the values cf these parameters are being determined using eight image
coordinate observations of the ground control points, the a priori estimates of the
valuas of the parametsrs, and if observed, the image coordinates of additional
parallax points. The likelihood of detecling erroneous image coordinate
abservations in such a situation is very low. For the sake of reliability, it is
therefore recommended here that the minimum ground control requirament for
such a block of images is six points distributed along the eastern and westem
edges of the block, such as in configuration 'm".

Also shown in Table 6 {last line} are the results of an image ground model
determination with no triangulation - an image ground model was determined for
each of the 16 images - using the ground control configuration *a+g'. It is noted
that each of tha RMS differences is slightly [arger than for the same control
configuration using triangulation, although these differences are not statistically
significant. This result indicates that there are no significant systematic errors
introduced by applying the model described in Section 2 to a strip of images.

5. Conclusions

Thae results of the above tests show that the triangulation of SPCOT imagery is an
eflective means ot reducing the number of ground control points required to
permit the precise determination of ground coordinates from sterecscopic SPOT
imagery. Whereas earlier studies by the author recommended a minimum of six
control points per stereo pair, this study recommends that a minimum of six
ground contro! points be used for a block of up to 16 images acquired in four
strips of four images. These points should be distributed eveniy along the eastern
and western sides of the block. The image cocordinate measurements of the
control points should be supplemanted by the observation of additional paraliax
points.

The above results also verify that the mathematical model proposed by the
author for triangulation of SPOT imagery is appropriate. Tests of this model show
that the path of the satellite can be described using four unknown parameters,
and that its variation in aftitude can be described using the four path parameters
and an additional five or six attilude parameters.




These canclusions should be qualified by stating that they apply only where
nothing unusual occurs to the orientation of the satsllite during image acquisition.
Generally, the attitude variations of the satellite are constrained to be small, and
in such a case, the model which has been proposed should be capable of
describing them. In the event of unusual aftitude variations occuring, an
indication of their occurence would be expectad from either the on-board attituds
velocity measurements or from the image coordinate residuals of additional
paraliax point chservations.
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1 INTRCDUCTION.

Work on the orientation of SPOT imagery was started in 1983, when the
author was employed as a research assistant at University College
London. Thils work was reported by Gugan (1987) and Gugan and Dowman
(1988),

In 1988 the author joined laser-Scan, who have been involved with the
development of the SPOT geometric model via the Alvey MMI-137 project
in collaboration with University College London (Muller, 1989)}. Part
of this work has been the investigation of techniques for the
orientation of strips and blocks of SEOT imagery.

2 THE SPOT ORBITAL MODEL.

The SPOT orbital model used as a basis for this work is described by
Gugan {1987). The primary components of the dynamic motion of the
satellite as an image is acquired can be modelled by the euvlerian
orbital parameters — the orbit ellipse shape (semi-maejor axis, a, and
eccentricity, e}, the orientation of the orbit plane with respect to
the earth (inclination, i, longitude of the ascending node, £} ), the
poesition of the ellipse within the plane {argument of the perigee,qn)
and the position of the satellite within the orbit (true anomaly, F).
Two of these parameters (4> and e) are held as constants because of
correlation with other parameters due to the low orbit eccentricity,
These parameters are shown in figure 1. Parameters F and 42 vary
according to the nominal orbit periocd of the satellite and rate of
earth rotation.

Due to orbit perturbations, the satellite attitude is also medelled by
three rotations about the satellite axes, and three rates of change of
the rotations,

This model was originally developed for use with photogrammetric

PaPer presented at the OEREPE Workshop on Triangulation of SPOT Data,
University College London, UR, September 27-28th 1989,




Figure 1. Orbital parameters of the SPOT geometric medel.

analytical plotters, and has been implemenited on Kern DSR and DSF
gystems, and on Wild BCZ systens. It therefore makes no use of
information contained in the header, such as the position/veloclty
dats or rates of thange of attitude. The only information needed by
the software is the mirror lock angle, which can easily be ohtained
from the SPOT Image on-line data base if required.

Kesults of image orientations using this geometric model on the Kern
DSR stereoplotter are described by Gugan and Dowman (19B8). About 6
control points are required to form a stereo model, and accuracies of
about 9m in plan and 4m in height are attainable with high quality

control.

This software package 1s marketed by Kern, and has been installed in
the UK, Sweden, Finland, India and Spain. The Ordnance Survey (GB)
vas the first organisation in the world to use SPOT imagery for a
production mapping task, using this system (Hartley, 1988, Murray,
1988).

3 RKRESULTS WITH THE OEEPE STRIP.

The OEEPE test data for the south of France (4 strips of 4 contiguous
images) were received in March 1989. These images are:

Strip A&: 050-259/050-260/050-261/050-262 28th July 1986 -20.5%
050-259/050-260/050-261/051-262 30th August 1986 22.,3%
Strip B: 049.259/043-260/049-261/049-262 19th April 1987 -22.8°
049-259/0409-260/049-261/049-262 26th April 1987 21.6°

The criginal intention was to investigate the suitability of the
orbital model described above for:

¢ the orientation of long strips of data
o modification for block ad]ustment using tie points

Other priorities have unfortunately limited the amount of work that
has been carried out on the second objective. Preliminary work was
carried out to modify the single model program to use tie points (i.e
points for which ground ceordinates were uniknown) in the selution,
The orbit model was found to be very unstable, and the results using
ne tie points were not improved upon. This approach vas therefore
deemphasised, and work concentrated on the use of the orbit model for
strip-image orientation. Strip A alone was used for these tests.

3.1 Image measurenent.

The image coordinates of the B strip A images were measured using a
the Kern DSR stereoplotter. 121 control points provided by IGN were
measured. These were categorised according to peint quality:

‘Very good® 17 ¥  {points measured to better than half a pixel)

*Good* 38 ¥ {points measured to about 1 pixel accuracy)
*Average’ 22 ¥ (points with some doubt as tc exact position)
fPoor? 17 ¥ {poorly defined points and/or poor image guality)

Very poor’ 6 % (very poor image quality, e.g. haze, deep shadow)

The control peint quality was a functlicon of the quality of the ground
point (for instance, sharp road }unctions are much better points than
hill tops), and the image quality ({such as the contrast vith the
surrounding area). In addition, the control was derived from a number
of sources - aerial survey to 1:25,000 map sheets -~ giving accuracies
between 2 and 10m.

Overall, this exercise emphasised the need for post-acquisitien
selection and measurement of ground contrpl, as preselected points may
be difficult to identify on the imagery due to lov local contrast or
cloud/haze.

3.2 Image orientatien.

The images were first orlentated as single models to obtain base-line
figores for the accuracy of the whole strip. & or 7 control peints
were used for each stereo pair, and between 11 and 36 check points



were used for the results

Image veclor errcr kange: 16 - 44 micronsg
Ground plen error range: 11.5 - 33.7 metres
Ground height error range: B.1 - 11,1 metres

Overall plan error (78 check points):  22.0 metres
Overall height error (78 check points): 9.8 meires

These figures largely reflect error caused by poor control point
accuracy and poor image quality (resulting in poor measurement
accuracy). It should also be noted that height measurements made with
a stereoscopic model set up are significantly better than measurements
made in comparator mode, licted here.

At this stage the image orientation program was modified to allow the
input of muttiple data files with image coordinsates from a contiguous
strip. Figure 2 shows the strip cenfiguration and positions of the 10
control points used. 79 points vere used as independent check points
giving the following resulis:

Image coordinate residuals Ground residuals (estimated)
Left Right Plan Eeight

29 mierons 27 microns {23n) (10m}

Unfortunately, the limited time available prevented the peneration of
ground residuals, so the plan and height residuals here have been
estimated from comparable results.

These results show the ability of the orbital model technique to model
the motion of the satellite during image acquisition. There is little
or no degradation in the orientation quality caused by the modelling
of four 1mages together. It is considered that high quality control
points with high precision ground measurements would  produce
congiderably improved orlentation resulis.

4 FUTURE DEVELOPKENTS.

Laser—Scan are primarily involved with the development of geographical
information systems (GISs) and data capture systems. This includes a
direct interface to Xern DSR and DSP sterecplotting instruments,
geometric rectification of SPUT imagery and the generation of digital
elevation models {DEMs),

Laser-Scan are currently planning further development of  the
Alvey-developed PEM generation system. This will include the
integration of SPOT stereo model orientation softvare with image
sterec matching. It is anticipated that the system will make full use
of the attitude data available in the image header data, and will
optimise the use of control/tie points in the solution. It is likely
that the model described here will be superceded during this
development.

Rigure 2.

Configuration of control points in Strip A,



5 CONMCLUSIORS.

i imple orbital model can
he work described here clearly shows that a = :
gee used for the orientation of leng strips of SPOT i?aszldatitﬁlt:
1ittle or mo degradation in the orientation quality atiainabie W o

single model. It would be expected that the use of attitude data. T
the image header would become of increasing use with longer image
strips, maintaining orlentation quality.

Laser-Scan are eontinuing to develop systems for thi] ext;gcno;:o ;:
topographic data from satellire imagery, and will continue
invelved in this subject area in the future.
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TRIANGULATION OF SPOT DATA
AT
UNIVERSITY COLLEGE LONDON

by

Francelina Neto and Ian Powman

Background

The test area is the Evropean test site extending from Marseille to Grenoble (France). The
ares of 240 Km in a north-south direction and 100 Km east-west, is covered by eight SPOT
models in two strips.

Contre] has been fixed by IGN (Institut Géopraphique National - France). The control in
strip A consists of 80 peints from triangulation and aerial photography and 30 points fixed
especially in the field. In sirip B there are further 105 points from 1:25,000 maps and
1:60,000 photography.

This report covers four aspects of the test. First the orfentation of the strips according 1o the
OEEFPE specification. Second. an assessment of the type of control used. Third, block
adjustment uging Schut's polynomial method and fourth the results fo adjusement of digizat
data provided by IGN,

Method of triangulafion

The models were set up and observed in the Kern DSRI analytical stereo plotting nstrument,
The method of orientation was that described by Gugan(1988). The software allows the
orientation of & sequence of SPOT images {strip), provided that they were acquired
continuously. Bui there are some precavtions to take when performing this type of
orientation,

As the images are contituous, 4 different inner orientation must be done for each of thom.
When the images are printed on film, a stight overlap is ellowed between them to avoid
losing information, which may cause problems. This overlap has to be measured and
allowed in the inner orientation. It is usually different for each image join.

Determination of overlap of imagery joins

The overlap between two images are determined using the image coordinates. The
coordinates of the image are as shown in figore 1.

As the images of one strip (left and right) have been registered continuously, the ¥ coordinate
of any point common to two images is the same. Identifying common points of two images
and measuring their x coordinates in each of the two image coordinate systems, aflows the
calculation of the overlap (figure 2),




39.000
e 0.000

Fig 1 - Image coordinates

Consider a point P in the overlap zone as shown in figure 2, whose coordimitcs :?tgl;t f[])l;ﬁr:.
image systemn are {;, ¥) and in the second image system are (%5, ¥3. The overlap 0 j

can be determined by
' ov = (39.000 - x,) + (39.000 - Iy}

As %9 I always negative for P, itis

ov =78000-x, +X,

Tn order te minimise ermors of measurement and to identify errors of idcntificatiqla, m({:im a;';flme
one point is measured in each join. The overlap of each join will then be considere
medium value of the various values obtained for that particular jomn. .

int is i ing i dinates is not difficult.
in the model currently set up, measuring its coordmates ul
g;}r?g t?;é) grlgtthgna:ical model computed to set up that stereiomodcri(.le a(riidBdr:\; :nc%::lﬁaef;;) ilg:clﬁ;!
it H e 5 h) « D E

stereoplotter t0 the correct position, they are instantaneously rec . ‘
the iml:tge coordinates of one point are needed in another Image cooydmatfa systengi_ {nm ilgél]‘f
2, one example is to know the coordinates of point {Q in the coordinate system age 1.
The distance between the centres of the two images is

d=2X39.000-ov

TE the coordinates of point Q in the image 2 are (x,, ¥), in image 1 they will be (xq ¥} where
®p=d+3%,

i 1
. ¥ mage
1
d «P I ov (overlap zone)
¥
image 2
. Q

x2

Fig 2 - Tmage coordinates of the same point in the two images coordinate system

After the first modet of the strip has been set up, it is replaced by subsequent models,
remeasuring the inver orientation. For the strip to be orientated, all the control points of the
strip have 1o be input in one only continuous system of fmage coordinates. Thris system of
coerdinates is chosen to be the norther image coordinate system. 30, when remeasuring the
inner orientation of each model of the strip, the coordinates of its corners should be input in
the northern jmage reference system, The current software will not deal with this simation,
The solution for this prablem is to translate alt the afready measured coordinates into the
System of coordinates of the image currently in the instrument plates. After all control points
of the strip have been added, the exterior orientation i te-computed and the strip is
orientated,

The orientation obtained is independent of the image coordinate system actually being used,
In othet words, the orientation does not change if only the image coordinate system used is
changed, adopting any of the several models of the strip. The orientation will change when
new control points are used to orientate the strip.

As rates of changes are only linear, a greater number of images arientated sirmdtaneous] y will
result in a progiessively poorer orientation.

Ground Control Used
The accuracy of each type of control is shown in table 1.

Orientations have been carried out usiag the OEEPE designation to specify them. The contro}

oints used in these cases have been previously indicated by OEEPE for the proposed test
table 2).

Although othier seis of control points have been specified by OEEPE, it has been impossibie
to use all of these. In some cases, less than 5 control points were specified to ser up the
strips, which is Iimpossible with the software used, without using on-board recorded data. In
another case, the 6 control peins used to set up strip A, it has not proved possible to
perform a goad orientation of the model. An unstable orientation was obtained resulting very
big y-parullaxes, making it impessible to see all the strip stereoscopically.



Accuracy in (m)

Type of point plani altimetry

1:25,000 5 2
topographic maps

1: 30,000 2 2
aerial stereopairs

1; 60,000 4 2
aerial stereopairs

computed by 3 2
field stereopreparation

Table 1 - Accuracy of dats provided for test

Strip

number of control points
control points

46, 45, 501, 504, 14, 518, 522, 528, 1018, 1047,
18 2001, 2002, 2009, 3002, 30027, 3040, 3045, 3053

501, 504, 514, 518, 526, 528,
10 1078, 2002, 3036, 3040

6, 19, 25, 39, 48, 58, 73, 78, 104,
105, 1017, 1028, 1036, 1046

6 &, 58, 73, 78, 1028, 1036

OBEPE centrol points configuration.

In order to analyse the variation of the residuals, the two strips of SPOT models have alse
been orientated using different type and number of control points, All types of control points
described by IGN exist in strip A but points chosen from 1:60,000 aerial stereopairs and
from 1:25,000 tepographic maps are the only types of ground control available in strip B.
Strip B has been orlentated using only these two type of control points. Strip A has been
orientated with control points chosen from:

» 1:25,000 topographic maps
= computed by field stereopreparation, and
+ 1:30,000 + 1:60,000 agrial stereopairs.

It can happen that one orientation has 0 be made using more than one single type of control
points.

In sirip A, points chosen from 1:30,000 aerial stereopairs only appear in the northern area,
while points chosen from 1:60,000 aerial sterecpairs only exist in the southern region. This
is the reason why one of the orientations has been made using these two types of ¢ontrol
points simultaneousty,

Residuals of the two Sirips

After each of the orientations have been performed, afl check points in the strip have been
measured, The measured coordinates of the check points have been compared with their
known Lambert grid coordinates. For each orientation, the rms of the residuals obtained are
presented in table 3. Graphs I - 7 present residusls of table 3.

TreeBees (il SL(A)

g

o

% LDpe maps [A)
= acrial w1, (A}
L]

[=3

E

-ﬁ T 1 ¥ L} v L T 3
6 11 16 21 26
umber of control points

Graph 1 - rms of height residuals for strip A using different control




STRIP A 0 7
Type of point chosen number of number of s (m) 24
to set up model control points | check peints height e. plane. | vector e, 2
26 104 5.4 9.1 10.6 % 1 e
; 17 - aerial st. (B)
1:25,000 13 106 8.3 16.9 18.9 g 7 o top0 M3ps (B)
topographic maps 9 106 19 1%.5 20.1 g
106 6o Ty
130000 25 105 7.1 142 | 159 o .
aerial stereopaits v M 116 Y v !
+ 12 106 74 153 17.0 on 26
1:60,000 number of conrol points .
aerial stereopairs g 105 8.0 14.6 16.6 |
Graph 2 - vms of height residuals for strip B using different control i

25 105 6.2 10.2 11.9
14.
computed by 1 106 1.1 4.9 16.7

field sterzopreparation 2 106 06 16.1 187
106

(OBEPE 10¢
1 106 7.3 16.1 §7.9

STRIP B

1:40,000 13 133 8.0 10.4 13.2
acrial stereopairs 7 135 1.6 16.3 18.0 o oo 8
aerial st. {A)
field t, (A)

s of planimenic e, (m)

1:25,000 12 134 5.9 10.4 12.0
topographic maps T 134 6.2 113 13.3

& v T ' T T
6 il 16 21 26
rumber of conlrol poinis

14 135 8.4 12.6 152
OEEPE
136 3.9 14.1 16.6

Table 3 - Residuls obtained from seiting up strips with different type of control points. o
Graph 3 - rms of planimetric residuals for steip A using different control
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Analysis of the Results

Comparison of resulis for one madel orientation

In order to compare strip results with those for 4 single model results from the Iatter are
summarised in table 4.

Type of point chosen mumber of number of rms (i)

1o setup model control points | check points height ¢. plane. | vectore.

1:25,000 10 42 9.4 1(-8 14.3
topographic maps

130,000 1 43 a6 0.8 10.9
aerial sterecpairs

computed by 0 43 6.6 13.0 14.6
[leld stereopreparation

Table 4 « Residuals obtained setting up model with three diffesent type of control points

Comparing the information given by table 4 and table 3 for one model and strip residuals,
and considering for each orientation the cases where about the same number of control poinLs
has been used, bigger residuals are found in the strip. Values of tms of vector error are abouwt
10.9 to 14.6m for one stereomodel and 16.6 to 20.1m for the strip (four models eriented
simultaneously). As rates of changes taken are only linear, a greater number of images
orientated simultancously results in progressively poores oricntation, This is the reason why
bigger residuals are found in strip A than in its northern model, when the latter is orientated
separatety. '

When the number of control points to set up the sirip is increased, valucs of the residuals
Tound for the strip do not differ very much from those found in one model. When 25 o1 26
control points are used to orientate strip A, the rms of yector error varies from 10.6 up to
15.9m. As the strip is composed of four image models, 25 controf points to the whole strip
means arcund 6 to 7 control points for each image of the sirip. So, if these values are
compared with those of table 4, and considering the number of coentrol points used to
orientate the northern model, the results obtained are about the same order of those found for
one single model.

Analysis of results for different type of points

Fram the resukts shown in lable 3, various points can be sorted out. A systematic resiult is
that the ertors inercase when smaller aumber of control points are used o set up the steip,

in general, smatler rms of the residuals are found for strip B than for s‘trip A. This may be
due 10 its bigger base to height ratio which improves essentially the height. Another aspect
that can eontribute to this is that more check points exist in strip B, and that smaller variationy

on grownd height occur in strip B, Strip A covers a small part of the Alps, and big variations
on ferrain altitude are registered. If approximately the same variability of the residuals occur
in the measured points, higher number of check points leads to smaller values of rms of
residuals, But this is not the case g5 variations are nof the same in both strips.

The residuals vary with the type of control poins used (table 3). When more control points
are used, points chosen from 1:25,000 topographic maps or computed by field
stereopreparation give beiter orientations. But when fewer control points are used, better
accuracy is obtained for strip A with points chosen from 1:30,000 and 1:60,600 aerial
stereopairs, In strip B, the residuals always keep smaller for orientations using points chosen
from 1:25,000 topographic maps. A possible justification for these facts is given in the next
paragraphs.

There are all types of ground control in strip A. But their distribution within the area varies.
Poinis chosen from 1:25,000 topographic maps or computed by field stereopreparation
cover, in general, regions all about at the same aktitude or ar least without a continuous or
smooth inclingtion of the terrain. Points chosen from 1:30,000 zerial stereopairs all appear
concentrated in one region of very high altitude, in the Alps, and where differences of height
up to more than 1,000 meters are registered. Poings chosen from 1:60,000 aerial stereopairs
are essentially concentrated in an almost flat region, in the south of strip A. For this reason,
they are the type of points that better represent the lower regions of the model. When a
combination of control poiats chosen from 1:30,000 and 1:60,000 aerial stereopairs is used,
better coverage of the variations of the terrain is obtained. The orientation model will be
closer to the real ground variations and smaller residuals will be obtained. The other types of
control peints do not cover the ground variations so well, specially when less control points
are used. In this case, bigger residuals should be expected. When more conerol points are
used to orientate the strip, and in order to obtain a good control distribution, points chosen
from aerial stereopairs have been added to the other typas, This gives a better representation
of the ground variations and a better model is obtained, On the other hand, points chosen
from 1:60,000 aerial stereopairs are not g0 accurate as the other ones, This justifies smaller
residuals for strip A ser up with 25 or 26 points chosen from 1:25,000 topographic maps or
computed by field stereopreparation.

In strip B, the different types of points cannot be connected 1o a well defined characteristic of
the region like jt happens in strip A. But points chosen from 1:25,000 topographic maps are
ail concentrated in the far north and in the far south of the model. And all the points chosen
from 1:60,000 aerial stereopairs are in the middle of the strip. When an orfentation is set up
with poimts from 1:60,000 aerial stereopairs, the representation of the ground is worse than
when poins from 1:25,000 topographic maps are used, as the latter aye Tar better distributed
along strip B.

Higher rms of errors have been found for the orientations using the OEEPE control points.
Difficulties with y-parallax appeared in both strips, which contributed to problems of
measurement and worse results. This may be due to the fact that sometimes there has been
diffieulties in finding exactly the control points. Although the good quality of the imagery,
some of the control points were not the easiest to identify nor 10 define, Higher restduals
obtained may also be due to different distribution of the control points. This fact has been
proved to be influential in the results obtained by Gugan (1987a).

‘From the overall results abtained, rms of errors in planimerry are more sensitive o variations

of the number of centrel points and even of their type than rms of errors in height. The
residuals in height suffer bigger variations with 4 variation in the hase to height ratio. But the
rms of errors in planimetry, and in height, decrease with higher base to height ratio models.




Analysis of distribution of residuals

1t can be observed that when fewer control points are used the rcs:li]dua]sd i}ag?:t}g;g?'hiii
planimetry and in height, But, in the average, the vector erom do no.t] 1cbazmge dir i:lcréasing
indicates that using less control points, the origrtation of the strip will be pooret,

i i 6 point orientation,
ation. In these models, and ‘espe‘mally for the :
g}mﬁ}: g:si;.(é{ln;]: present in general a :rjgltegmat:ﬁ shﬁ’lt to;:raa;gs }g;tt{tszgrm{lg usal};al}r ;eﬂg]u;gé
i h nresent a shift towards the north, On the other 1Ak,
gg:g?;osiliive in the nosthera zone of the model and negative from half of the model to

south.

i i ; in heighe. In both
otri f types of points present the same. residuals patterns I l
L?ién?:apti?r;s bo?}tnsi d)g;gd, a n?egaﬁve systemaic eflror is fog;% 1;0; gg tl];:uit(rgéclg gé?mm;n;rﬁﬁ
check points from 1:60,000 acrial stereopails siiow rat S A
i d patterns. In the case of stip B of
1:25,000 topographic maps present weli-define 1 th e on
"poi : the residuals of the check p y
with points chosen from 1:25,000 topographic maps, . e e e s,
i i del. They appeat random 15 the 1
present a defined pattem in the northern model. S O G eontrol points
is may be due to the fact thal when the strip is set up wi
?a;l:cllsof cgeck points more sensitive to the model deformation, the effect decreases.

Conclusions and general comment on ground control

ip ofi i 1 points used. In this
£ one strip ofientation depends on the nutmber of conlra:
?v%?]? cﬁusiila?fchoe softwarg implemented at UCL and not using on-hoard recorded data, the

following rms of exrors have been found:

n° of control poinis BAH  n°of check points s height (m} rms plan (r;)
(&) 25t026 0.78 106 54t07.1 9.1 10 14,
(Ay 63 Q.78 106 8.020 95 14.6 10 20.5
By 6teT 0.81 134 621089 11.8t0 163

depend on the base to height ratio of the stereomodel,

L e o e angea. 1. plan accuracy suffer bigger variations than rms in

When the orientation is changed, rms of
height.

i i fc
Different results have been obtained when different types ©
up the strip. It has been found that residuals are also dependent
used. The distribution, either of the control points and of
residuals obtained.

ontyol poiats were used o set

If one intends to orientate a strip of SPOT imagery for syst

orientation. In case the terrain suffers high variarions of altita
the ¢control points are reprosentative of very sud
provided by IGN, points chosen from 1:30,_0(}0 an
chosen and computed by field stereopreparation tesulied
obtained when using more accurate control.

The type of control is very important,
itself. Almost similar precision can be 0
different base to height ratio models. Th

on the type of check point
the type of check points, affect the

emnatic use, some considexat}ogs

int affects the precision of the
have 1o be made. It has been shown that the type of contrel pg;?a ffects modgl S Sbained
den slopes. From the types of poinis
d 1:60,000 aerial sterenpairs or ponts
in beiter models. A better model is

and sometimes it is more important than the mode!

btained with different types of control applied to
isa?()is not apply if the difference of the base to

height rario of the models is very big. The quality of the imagery is also very impertant as it
conditions the choice of the control poings,

Besides the orientation technique used in this study, complementary studies should be carried
out, and the orientation precision evaluated.

Bener precision may be obtained osing the 13 parameter solution, for which a minimum of 7
controd points are needed, In this case, the 13 parameter considered would be better than the
10 parameters, plus the second order rates of change of the satellite attitude. Gugan (1987a)
tested the 13 parameters in one model, withour success relatively to the results obtained with
the 10 parameter solugion. But as one strip covers Fonr models, bigger variations of the
satellite aftitude should be expected, and a better orientarion obtained using the 13 parameters
sch:ll;i[on. If on-board registered data is used, less control points are needed to orientate the
model.

Block Adjustment of OEEPE SPOT Data

Since no suitable bundle adjustment was available, Sehut's polynomial adjustment program
was used for strip and block triangulation. Schut's adjustment does not use the geomerry of
the imagety to perform the triangulation, For this reason it can be applied to the adjustment of
various kind of imagery. Schut's program computes a polynomial transformation of the
measared coordinates, using some control and some tie points. The transformation

arameters are found such that controi points will have their ‘true’ ground caordinates

regidual nil) and such that tie points will have the same coordinates in both strips (lmages or
blocks) being considered.

Schut's polynomial adjusrment can be performed using different sets of parameters, The
operator can define the use of 2 translation and two rotations, The order of the polynomisl for
each of the parameters can also be defined, as well as the number of iterations. For the cuse
being considered in this work, it was found that first order polynomials in all parameters and
a 6 frerations solution gave the same kind of precision as higher degree poiynomials and a
bigger number of iterations, If first order polynomials are used a minimum of 3 control
points per strip i needed, and a solution can be found vsing oaly 1 tie point. If a second
order solution iz used for all the parameters, & minimum of & control points per strip (or
image) is needed.

The results of block adjustment using the OEEPE data is shown in table 5. The results
obtained for each strip using Gugan-Dowman’s model are first presented, followed by the
tesiduals obtained considering all the data for both stips adjusted using the same control
points that were used to orientate each strip seperately. Then some independent adjustments
were carsied out.

The distribution of the control points used for the adjustments are shown in figure 3. Nine
points were common to both sirips, being considered as tie points in all cases. These are very
well distributed along the overlapping region.

Conclusions on the block adjustment
From the results presented in table S, the following points can be concluded;

- Schuyt's polynomial adjustment program can be used for adjustment of blocks of
SPOT imagery, giving fairly good results;
- the points chosen as controd should not be g1l simultaneousty tie poinis;
- ar least one tie point should be used 35 coatrol point; and
- t‘lkge contro? points should be very well distributed both along line and sample
irections.




Following the roles given above, the adjusted block gives smaller residuals than each of the
strips separately.
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Table 5 - Accuracy of block adjustment by Schut's program
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Fig 3 - Control configuration used in the block adjustment

Test on IGN Data

On the OEEPE workshop on block triangulation of SPOT imugery, ¥GN presented better
tesults than any other participant. This fact may be due either to better identification and
measurement of the control and check points, or due to the use of a better model to model
SPOT imagery. IGN sent to the pilot centre (UCL) the measured coordinates of the points.
These crordinates were used to model strip A of OEEPE test using Gugan-Dowman's
model. Then the results were checked and compared with those obtained ustng the UCL
measurements.

In the next pages the methoed os processing the IGN data be used by Gugan's space resection
progeam is described, the results obtained are presented and a final comment is given,

Preparation of IGN data

IGN supplied data in the form of line and sample measurements of each point in each single
image. A ttansformation of the data has been required as the space resection program does
not ac¢ept measured data in the form of line and sample. And also becanse alf the data has to
be in the same image system of coordinates,

In a first step IGN line and sample measitrements were transformed into mm and the origin
considered atthe scene centre, using the following expressions:

x =line * 78 / 6,000 - 38,000
y =sample * 78 / 6,000 - 39,000

The second step consisted in translating all the coordinates of the different images of the strip
to the piate system of coordinates of the top model. This was done considering the overlap
between images already evaluated in UCE.

After all the transformations were performed, Gugan's program was run and the residuals
computed,

Results

In table & the residuals obtained using IGN data and Gugan-Dowman's approach to model
the OEEPE SPOT strip are presented in the first two lines. Accordingly 1o OEEPE est
requirements, wo orientations were performed and specified as 2 and b, The original results
presented by UCL oa the OEEPE workshop, and some resuits obtained later using the VAX
are also presented in the same table. This allows further comparisons and some comments
¢an be made 2bout the results obtained,

Comment

From the results presented on table 6, it can be seen that using the same model, IGN data
measurements gave worse results than UCL measurements. And the differences are relatively
bigger for mms in height than in plan. If better results were obtained using TGN data, one
would conclude that this was due te belter measurements made by IGN. In the present case,
better results were obtained using UCL measurements. Not forgetting the fact that both data
have been used in a similar way by the same program. This leads to the conclusion that the
betier results presented by IGN on the OEEPE workshop result from the use of a beiter
orientation model. The better results of IGN may either be due Lo the approach itseif used by




them, oF due to the use of conjugate points to improve the solution. 17 I
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A NEW CAMERA MODEL FOR THE CRIENTATION OF SPOT DATA AND ITS
APPLICATION TQO THE OEEPE TEST OF TRIANGULATION OF SPOT DATA

By

Mark O'Neill and Ian Dowman
University Coilege London

Introduction.

The O'Neill-Dowman SPOT camera model was implemented under the aegis of the Alvey
MMI-137 Real Time 2.5D Vision project at University College London, The camera model was
designed to provide an accurate method of ransforming SPQT imagery from image space to
object space and vice versa, using the minimum amount of ground control to orient the models.
Furthermore the model works accurately with both single SPOT-1 stereo-pairs and strips ,which
are contiguous swaths of SPOT imagery up to several hundred kilometres in length.

Design Considerations of the O'Neill-Dowman Camera Model,
The three basic design considerations for the ('Nefll-Dowman Carmera model were;

{a) To use all available auxilliary information in order to reduce the number af
ground contrel points which have to be used to set up the model.

(b) Functional simplicity - the use of simple, easily understood algorithms where ever
possible to achieve the desired result. In spite of using this approach, the model is
quite complex: This is because the satellite telemetry data is of poor quality, which
means that.complex  rtelaxation and orbit reconstruction are required to achieve a

tolerably accurate model. An accurately parameterised orbit would permit a more concise
algorithm,

(c) A modular code structure, This facilitates experimentation with the camera model.
Modular code in the form of shared libraries also makes certain general routines
available for other applications,

Overview of the ('Neill-Dowman Camera Model

etling up a stereo model using the O'Neill-Dowman camera model is a two stage process:

{a) Setting up a relative model using the SPOT-1 header.

(b) Orienting the relative model to an absolute coordinate system using a small
number, typically 3, ground control points.

mputing the Relative Model.

TSt stage of the process an approximate orientation matrix, R, valid for the whole extent
magery being considered, is derived from the splined orbital position data given in the




) ) . . : gplined satellite attitude data. The Because the SPOT-1 camera model has a linear geometry, with many perspective centres, the
A correction to this matrix, R, is then determined from the sp back transformation, must be accomplished dynamically using an optimisation process. Currently,
relative orientation matrix, R, may then be calculated; the error vector is mintmised, with respect 10 the line and sample position within the image space
for 8 given look. This approach works well but is slow, due to the extensive computation in the
optitisation process,

R, =R.-K, M

" N ition required A detailed descripfion of the (I'Neill-Dowman Camera Model.
The processes described above are performexd for each camera posi .

Having bricfly looked at how the model is sct up, we shall now look at the individual stages of
Computing the Absolue Model. model formation in more detail,

tage of the modeling process is to orientate the model i a known co-ordinate systerm, SPOT header data.

&im&f z{mm;f points [(igCP's]. The GCP's are used to compute a comrection to the attitude
matrx R.: the amended attimde matrix for a given look becomes: - In arder to produce a refined camera orientation, the first problem which must be solved is the

=& : computation of an accurate initial estimate of the SPOT HRV sensor position over the time
petiod in which the image was scquired. This initial phase of the computation is accomplished
using th e SPOT header data.

=Ry -Rpej

Ba=Re The SPOT header is a condensation of the satellite telemetry data, for a tivne frame within
which the corresponding SPOT image was acquired. The O'Neill-Dowman Camera Model uses
the following items from the header file:
Where: (2) The scens centre time.
. (b) The nominal size of a pixel on the ground [nadir view].
. . : . ()} The satellite position data.
R, is the absolute orientation matrix. . (d) The inertial velicity dam.
{e) Theuniversal time data,
() The attimede data ,

(g) The absolule time when each item of attitude data was acquired , this may be found
using the absolute scene centre time, and the known time step between the acquisitions
of successive lines within the SPOT scene [1.504 ms PAN; 3.08 ms X8).

For a pair of ray vectors 1 ry the point of space intersection used by the model is defined to be (h)The ¢ andg, which give the nominal fook angles for the first and last sensors
the mid point of that vector M which is perpendicular to both Tay vectors, at their point of closest in the SPOT pushbroom sensor array,

approach. We will cail this position vector 3.

It is also sometimes necessary o inroduce a shift of the orbit path for a given look.

Computing the Space Intersection.

ning the SPOT header position and velocity data.
The Optimisation Process. _ orbit segment for the sensor about the image acquisition period may be generated by
The rotation R o for the absolute correction o the camera mode] orientation is computed using crpolating the position data. The process of splining permits the expression of orbit position

numerical optimisation process based upon the Powell direction-set algorithm. P, as a vector function of the absolute tirae, t:

i of the error vector is reduced using a suitable optimisation algorithim > s
ggfalmismw?itgt??gsiict to which the optimisation takes place include vector shifts of the orbit PO =1f(x.y,2.1) (3
wacks of each look and rotation of the line elements of the camera about their re;dpeilc
perspective centres. The optimisation scheme is set up in such 2 way that it is easy for addition
constraints, for example temporal correction of the sensor tracks, o be added without gro:

0 e aloonitin elocity vector V, is similarly splined using natural boundary conditions to yield a
changes e alg .

cal] vector function of time:
irecti inimi 1564]. Extensi '
The camera model curently uses 2 Powefl direction set minimiser '{Powcll, .
testing has shown this to be the best choice of optimisation algorithms in terms of both the speed 2 Jf‘( o) “
the relaxation process, and of the ease with which the parameter sct and cost function may ¥

changed.

Tt is also possible to optimise the relative orientation by minimising ray-ray skewnesses u | Puition of approximate satellite reference axes.

. . : ' } as the Oto- Chau stereo matcher, O ; s s : ich i
conjugate points obtained from an approprate source Suc i f the absolu locity and position vectors may now be used 1o define a third vector, el() which is parallel
and Chau, 1989] with respect 1o a siilar parameter space to that used in the case o shbroom sensor. The vector triad, P(t), V(1), €l(t) , form a good approximation to the
'rlnf:gl. T on _ and hence, the sensor reference axis system at ime €

il ransfonma



The explicit inclusion of the time parameter ¢, is a reminder of the dynamical nature of the SPOT-1

50 = B() = vanit(B(9) (5) sensor.

M0 = V() = yunit(V () (6)
()t) =%(t) x i) N

Computation of position vector of ray in reference space.

The position of a ray whose line and sample co-ordinates in the iraage plane are [L,5} may be
determined by linear interpolation of the supplied look angles for the first and last CCD

clements in the sensors, Byl Pyl Bx2 and 8y2, This will yield a pair of romation angles
g5 and g which correspond to the pixel at [1,5] on the image plane. The reference ray

[0.0,0.0,-1.0] is then rotated about the X and Y axes of the reference axis, giving the position
vector of the ray in the reference space:

Where:
vunit signifies the operation of taking the unit vector in the direction of the argument vector.

E{t) is a sensor attitade reference axis unit vector in the direction of the satellite
position vetor,
?(t) is a senscr attitude reference axis unit vector in the direction of the sensor frack,

2'1(;) is a sensor aftitude axis reference umit vector in the direction of the sensor By = 8,1 + 5100852 - 641)

pushbroom array. | 10
1
. e s
The prescription given in equations (3) - (7}, makes the assumption that the satellite is poining i
the same direction as the velocity vector.
Computation of the rough attitude matrix, Ry : a1
s
The approximate satellite attitude matrix, R, {t), may be computed from the vector trad [i(t),
el(®), g(©)). The rough orientation matrix R (B transforms the satellite orientation from a s =Ry By e -

5 , in which the saellite reference axes are parailel w the vectors 11.0,0.0,0.01,
EFSTT%B‘]’?E?&O,O.O,1.0} to an approximation to the object space. The components of the _.
matrix R, (1) may e described in terms of the wiad [i(), el(), E(OL:

Where:
Ry = il @ gllo &
21 2K 81210

030 AN B30 #x1s Pyls B2 and By are the nominal look angles for the first and last senmsors along the

pushbroom supplied in the SPOT header.

s is the sample position.

Compuiation of direction of an arbitrary ray in object space. i is the number of pixels along the pushbroom array {6000 PAN; 3000 X5].

Transformation of a ray vector, emergent from pixel position [1,s] via the .pers_pcctivc centre
which corresponds to line L, image at time t, may be accomplished by first considering the ray in

Ry, Ry are rotations about the X and Y reference axes of amounts gy and Py
reference space and then transforming it, using the matrix Ry {t):

Tespectively.

To# =Ro () . Tyef (D {%) omputing the space intersection.

tions {3) t (12) may be used to establish the position and orientation of the satellite within a
-period dt, within which the respective images were acquired. These complementary
tatigps and positions may then be intersected to yield a set corresponding geoceatric ground

Where: ors, (ll, tz).

-
1) is the unit direction vector of a ray in the reference space. g ] o ) ] -
Tref (035 . v Bround intersection is accomplished by finding the shortest vector m, perpendicular to the ray

» I, T2, Since this vector is perpendicular to both of the ray direction vectors, it is simple o

» )
T,(t) is the unit vector of the twansformed ray in the sensor-ground system space. ‘ : ctor pe
unit vector in the direction of m:

R, (D) is the zou gh transformyation ma frix for time t, defined in (8) above. .
>
m =r1q(1y) (13)




The desired intersection point may then be found by solving a set of linear equations. C is the scalar cost,

iy
Gy is the ith ground control point,

>
\ ; is the comesponding i ace i ion.
The use of ground control points to refine the absolute attitnde. S sponding ith space intersection

Ng is the rumber of gronnd control points.

Tf grownd control points are available, they may be used 1o refine the absolute attitude calculated
using equations (3)-(13) above, Typically, the zero order camera mode) gives ground positions
which are related to a set of corresponding check points on the ground by a linear vector shift {to

first order]: The optimal parameter values are used to implicitly correct the rotational parameters g1, a},l,

By and By2 for an object space ray emerging from a given pixel, producing a modified transform

- s
G; = 3; +Ej (L) between the sensor reference space and object space:

Where: R R Z
Ryt =Ry10- Ry (18)
S is theith ground position generated by the camera model R Eim & o
i . B .w= . 18
s Rx2 = Rx20 - Rx2 (18)
Rz =Ryzp Ry 19)

Gjis the corresponding ith check point ground position.

E;is the ith error or Tesidual vector. .
. Extending the Optimised Parameter Space.

In addition to th mtg%onal parameters described, an uncorrelated pair of position shift parameters

- for each orbit A {; APy may _';1150 be introduced. The parameter set optimised in this case is

Refinement of the absolute orientation is accomplished by minimising E; for a set of ground 2 N
- . , . .. [Ry1: Ryy- &Pl. Ry 3. Rys. APz].
controtl points Gj iteratively, with respect to a parameter space consisting of sensor position wnd ¥ ¥
orientation, and possibly additional parameters introduced as & result of experimentation. The
position and orientation of the camera is known, as a function of t. Its derivative with respect to t 15 stension of the Cast Funecti ¢ .
hot known, and not readily computable. Given a stereo image co-ordinate, [I, s, T, s, : ction to Include Conjugate Data.
experimeniation has shown that the set of error vectors E; of minimum magnitude corresponding
ton setof gronnd control points G and optimised comrection paramelers, is likely to be a global
minimum of the parameter space. Therefore, the best form of optimiser is clearly a multivariate
global minimsiser which does not require derivatives. The Poweli Direction Set Method, -
ariginally described by Powell, [1964], butrefined by other workers since then.

The cost function f_di" the minimisation process may be readily extended (o include a relative
tomponent in addition to the absolute componient described above, The cost function then becomes:

Selection of Parameter Space. C=Wabs - Cabs + Wret - Cred 20

In the simplest case, the parameler space which is optimised consists of a an uncorrelated pair of
lobal rotations [Ry1, Ry1s Ry, Rya] for each position respectively. o
g X1 Byl Bx2» Syl p pe W e and W, are the weighting factors for the relative and absolute

contribautions te the cost function.

The Cost Function.

The optimisation algorithm thus finds the set of of rotations, [Rx1(). Ry10» Ry20: Ry20! which Capyg- the absolute component of the cost functon is defined in (15).

inimise a piobal cost function of the form: .
minimise a g cost functic C e} the relative part of the cost function is defined:

15
" 3

C=|Z l‘mil2
=l

W
C= ‘% i5; - Gil2

N (15
: N -
g



Where:

N, is the number of conjugate points;

lmjl is the ray-ray skewness of a pair of conjugate rays rgq, Tgz, emergent from cemera
positions 1 and 2 respectively.

The conjugate points used by the cost function (15) are obiained from the output of an appropriate
stereo matcher, for example the Otto-Chau sterec matcher [Otto and Chau, 1985]. The
weighting factors have been introduced into the cost function so that irrespective of the number of
confugate points or ground control points used in setting up the modsl, the effective contribution to
the overall cost function of each term is equal, This avoids a combination of the weak geometry of
the SPOT HRY instruments, and large numbers of conjugate peints giving rise to spurious
orieatations.

Extensions to the basic model

There are a mumber of refinements 1o the model, some of which have been implemented and others
which have yet 1o be developed.

The parameter set for the minimisation is stil subject to investiagaion and the cost function itsetf
could probably be improved. It has been shown that the incorporation of the attitude data gives an
improvement to the relative oricatation,  this has heen done by splining the data in the header and
then calculating 2 purtarbation matirix for the points required. Later tests have indicated that the
improvement is only marginal and it does not appear that the use of atritnde dat gives a significant

improvement.

The model has also been extended to handle strips and data can be extracted from individual header
fites and put together to form a continuous strip, the co-ordinates systems of individual models
can also be joined by antomatic calculation of the along track overlap using the scene centre time for

each scene.

Speeding up the model

A number of techniques have been used to speed up the peformance of the algorithm. The major
improvement in speed has come from blocking the orbit and assuming linear change between the
points for which the attitide matirices have been computed. In addirion the algorishm can be speeded
up by optimisation of the code and the use of specialised hardware. These aspecls are discussed

further in O'Neill (1991).

The back transformation

Although the absolute crientation has been expressed as a function of absolute time it may also be
expressed as a function of line and sample position, A relationship can be develaped between the
image, the sensor and a point on the greund and the shortest perpendicular distance between a
point on the ground and the ray emanating from an image point can be minimised with resepect to
the image co-ordinates.

Results

The model has been tosted with a number of different data sets and full results are described in
O'Neill (1991). Tests have indicated that the method is robust and gives results comparable 1o
other methods of orienting SPOT data. The notable feature of the method is that a good relative
mode] can be formed without any control points and that there is very litile improvement when
more than 3 points are used and that the accuracy in independent of steip length. '

The results with the OEEPE data from 8. France are given in Tables 1 and 2 for the contro
configoration in figure 1.
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Figure 1. The control configurations for the tests of the O'Neill Dowman madel,
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Table 1. Resuits of Test with OEEFE strip A. References

O'Neill, MLA.,, 1991, A Dynamic model for SPOT data, PhD thesis submitted to University of

Config. No Conwol  No Check RMSE Plan RMSE Hi RMSE Vector
m London.

pis pts m m

Otto, G.P. and Chaun, T.X.W., 1989. 'Region-growing' algorithm for matching of terrain images.

102 318 12.1 34.1 Image and Vision Computing, 7(2):83-94,

93 216 11.4 24.5

al

Powell, M.DH., 1964. A method to compute the minimum of a function of several variables

ad
without using derivatives. Computing Journal 7(4%:303-307.

all 94 13.8 10.2 17.1

(TR FUR R

al6 93 13.5 10.5 17.1

Table 2. Results of Test with OEEPE strip B.

Config. No Comirel Mo Check RMSE Plan RMSE Ht RMSE Vector
pts pis m m m

Conclusions

The work with the block of data for the OEEPE test of wiangulation of SPOT data has shown that 2
method of orientation using orbit and attitude data from the SPOT header can be used to give good
results over strips of four models with as few as 2 or 3 control points. The method can be wsed
with o control points to give a relative model which, when used with an antomatic stereo matcher -

can produce a relative DEM for whole SPOT models.
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ABSTRACT

This paper outlines the methods and results of the block
triangulation performed by TRIFID Corporation in support of
the SPOT Triangulation Workshop run by the Organisarion Elropeenne
D'Etudes Photogrammetriques Experimentales (OEEPE), The workshop
wag held at the University College London on September 27 and 28,
1989.

The block triangulation is & unified least squares bundle
sdjustment capable of simultaneously processing up to 300 SPOT images
using rigorous photogrammetric projective equations and orbital
constrainis, By intreducing the concept of imaging events, the
method reduces the amount of required control, allows the extension
of geopositioned imagery into uncontrolled regions, and improves
the relative positioning along orbital passes. Final absolute
accuracies commensurate with the accuracy of the input control are
readily obtainable.




INTRODUCTTON

The SPOT remote sensing system was launched in 1986. It has
continually provided high quality images with a real potential for many
mapping and positioning applications. With a panchromatic resolution
of 10 meters, and a multispectral band resolution of 20 meters, the
SPOT sensor collects reasonably detailed images over large areas of the
sarth at regular temporal intervals. Using an adjustable mirror, stereo-
scopic coverage with excellent base to height ratios is easily collected
Erom orbital passes.

One of the major shortcomings of the system is the ability to
derive from the imagery accurate object space positions of geographic
features. This problem is usually not significant for small geographic
areas (3600 km* or less), where one monoscopic image or ome stereomodel
is all that is required; it is often easily solved by using an abundance
of accurate photo identifiable pround control points, However, Eor large
cartographic projects {particularly in areas of sparse control) the
problem is much.more significant, The derived object space positions
between image boundaries will contain discontinuities, and a multitude of
ground control points will be required. This can limit the use of SPOT
data in large mapping projects over sparsely controlled terrain, unless
special measures are taken.

TRIFID Corperation has developed a simultaneous least squares bundle
adjustment for the block triangulation of SPQT data for applicaiions where
the following conditions exist:

- multiple SPOT monoscopic or stereoscopic coverage is
available,

- either minimal photo identifiable contrel is available or
cost considerations require minimizing the use of available
control,

- the desired object space accuracy {(both absolute and
relative) is to be consistent with 1:24000 and 1:50000
0.5. National Map Accuracy Standards.

This software was developed from a mathematical model derived by
TRIFID Corporation which defines the operational characteristics of the
SPOT sensor system. The software embodies a least sguares optimam
estimation process which is based on the collinearity condition equations
and is augmented and strengthened with parameter constraints. Of
significance is the application of the orbital constraint to enforce the
condition that each image point from a simgle imaging pass must be
referenced to a state vector which defines the sensor trajectory.

The following sections of this paper give a brief description of the
mathematical derivations, the computer software, and triangulation

operations deseription, Lastly, the results of test runs with multi
SPOT data sets is documented. maltiple

SATELLITE BLOCK ADJUSTMENT

. The adjustment of blocks of aerial photographs acquired with comven-
tional mapplng cameras 1s a mature technology which is routinely used for
mapping applications. Conceptually, this technology could be applied to
images acquired from satellite platforms,

There are, however, significant differences which must be i
_ 3 _ considered
in formulating the mathematical model and parameter estimation technique
for SPOT satellite images. These diffevences are caused by 1) the imaging

:gggor 2) the orbital dynamice and 3) the use of auxilliary sensor informa-

) The SPOT imaging sensor is very different from an aerial frame camera
in complexity, recording media, imaging format, and calibration requiré—
ments. One of the main differences is the dynamic nature of the linear
array {CD sensor. Each line of imagery ¢ollected by the semsor will have
4 unique exposure station position and orientation.” These pesitions and
crlentations are related through time, allowing a single set of pavameters
to describe these exterior orientation elements. It is critical for the
math model to accurately relate the timing data to the senzor dynamics.

. SPOT sells and distributes images defined as 6000 elements
lines, even thgugh_the sensor may have actually recorded 6000 elgﬁeﬁggoby
36000 lines while in oPeration. The images defined for the adjustment
process are called an "imaging event", that is, all lines of imagery between
the first line on the first image to the last line on the last image, The
use of imaging events more closely describes the actual imaging process
reduces the number of parameters which must be estimated by the solution
eliminates the need for measuring points at each north/south image ’
overlap, and removes any resulting north/south data inconsistencies,

] For conventional aerial triangulation it is difficuit i

impossible to deriv? mathematical expressions for the aircragtngine of
fllght: For satel}lte imagery the mathematical expressions of celestial
mechanics are precise definitions of the Physical laws of orbital motion
Knowledge of the sensor platform orbit provides added {nformatien to the
overall adjustment process. The exposure station position ean be precisely

:computed given accurate system time and the positlon therefore becomes

highly correlated, adding strength to the overall solution,

For the SFOT sensor there are a number of auxiliiary sensors which

:produce data describing the operation of the s imi i i
: 0 : ystem (timing, orientation
.rate data, etc.). This data is used to derive initial est%éates of the




£
unknown parameters. These onboard clocks and gyroscopes aré Sources o
data indz:endent of the pixel data contained within the imagery. Therefore,
these data sources are used bo augment the block triangulation by generat-
ing additional observation equations within the least squares solutiomn.

SENSOR MATHEMATTCAL MODEL

The following ground to image projection equation is used to compute
the sensor coordinates for a given ground point from Level 1A imagery.

r,=s MM (ﬁj - R

R round point coordinate vector in Earth Centered Fixed
%ECF) coordinate system

instantaneous sensor position vector in ECF system
M rotation matrix from a Local Vertical System (LVS) to

A an Adjustable Tmage System (AIS} (a function of imaging
event parameters and time)

My rotation matrix from the ECF system to LVS (a function
of imaging event parameters)

image coordinate

scale factor,

S

The projective equation is modified to include the six imaging
event orientation parameters

w bias and rate,
¢ bias and rate,
# blas and rate,
and the six imaging event position parameters for the state wvector
X position and velocity (ECE),
Y position and velocity (ECF),
Z position and velocity (ECF).
The resulting standard linearized form is,

V+é£\+gE:€

where:

T

is the matrix representing the partial derivatives of the
Ircjective equations with respect to imaging event
parameters,

is the matrix representing the partial derivatives of
the projective equations with respect to ground coordinates,

is a vector representing the adjustments to imaging event
parameters,

is a vector representing the adjustments to ground
coordinates,

is a vector representing residuals, and

is a vector representing discrepancies.

Addit%onal observation equations are generated from a-priori values
for the adjustable parameters 4, A, A-priori estimates for imaging event
parameters result in:

¥
Vo

=c

and a-priori estimates for ground point values give:

v - A

£

w‘here E tors IEP]fesatlt dlscre T es be ren t
thE Vec Lo pancl tween the CEr t es imate
of the parame ter and the inl tlal Va].ue -

The normal equations are formed by computi i i i

) ; mputing the partizl derivatives
of the rigorous ground to image projection equation. This requires a
proper accounting for the relatively complex and dynamic nature of the

sensor's state vector and orientation parameters.  Th i
. £8e IOt
take the form: P @l equations

R
N=| T
[ F &
ho+w, @
N = .




i imagi ts, and the sub-

e subscript m is total ntmber of imaging events, b~ sl
scripzhn is the total number of ground points in the bloc)-.k.ndAg réiﬂv?éﬁ;a
imaging event is identified by the subseript 1_(1 -_1i m )a
ground points are identified by the subseript j (i =1, n).

¢ 4 i i ach of the
ices W. and W. are the weight matrices for e
ﬁuagixeeﬁi; and lground‘]points. A weight matrix v, i ig formed for
each of the image coordinates.

For each imaging event, the N, matrix is formed by summing over all
points j the product of

Bij ¥ 5 Bij
For each ground point, the Nj matrix is formed by
imaging events i the product of

sunming over all

Bij ¥ B:i.j
Each of the iij matrices is formed by the product of

.

process of computing the products defined above requires the

s B.. for every point j occurring on
1]

evaluation-.of the mat.'.rices Bij and
every imaging event L.
The vector of constants T has the form

T
T= ..
T

Each of the T, matrices is formed by sumning over all points
j the product of .

Bij wij Fij ’

and each of the T, matrices is formed by summing over all imaging
avents 1 the product of
..T

Bij wij F

ij”
The matrices F., are the evaluation of the projection equaticns for
the appropriate i and j values.

The adjustable parameters are contained in the 4 and 2 vectors.
The solutien vector is obtained by multiplying the inverse of the normal
equations by the vector of censtants, The reduced normals are formed
by folding the ground poinmt normals inte the imaging event normals, A
non-linear weighted least squares method requires successive iterations
until the selution vector approaches zero. The method of recursive par-
titioning is used to handle the large matrices in the algorithm.

The imverse of the reduced normals is generated in the least squares
solution process. This irverted matrix gives the covariance matrix for
the adjusted parameters. This matrix may be used in error analysis.

- This analysis is deperdent upon the accuracy of the data contained within
the input variance-covariance matrices.

INPUT DATA

The triangulation process assumes the use of digital imagery and
support data with Level 1A processing {other levels of geometric correction
would make it very difficult if not impossible to perform a rigorous
triégngulation). - Either panchromatic or multispectral imagery cam be
used.

In order to perform the triangulation, we require the follewing data
or each image from the leader file:

Time of the center scan.
Ephemeris data
X,Y,Z positions
X,Y,2 rates
associated times.
Mirror position,
HRY mmber (1 or 2).




5. PAN or XS flag (we can triangulate any mixture of panchromatic or
multispectral).
6. Pitch rate data {if available}.

We use the above data to derive initial starting estimates for the
following twelve unknown adjustable terms for each imaging event:

R(X,¥,2)

e e e (initial state vector)
R(X,¥,Z)}

w, ¢, » (orientation bias)

w, 9, » {orientation rate)

The initial stgte vector (R, R) is obtained from the SPOT one minute
ephemeris. The R, R closest to the time of the imaging event center 1s
used. The jnitial omega value is determined from the wirror position and
the BRV number. The initial phi value is determined from the latitude of
the sensor obtained from R and the PAN / XS flag. The inmitial kappa

value ig simply set to zero.

Initial valuas for omega rate, phi rate, and kappa rate are set to
zero, The pitch rate data is optionally integrated and added onto the
instantanecus value for phi at any time in the image.

The instantaneous values for position and orientation ai any
particular time are rigorously derived from the abst current estimates
as a function of time. The position and rate for any sensor positlon
along the imaging event can be rigorously computed from the state vector.
The algorithm rigorously comstrains the computed position and rates at
any time to lie on the orbit described by the initial state vectot.

In addition to the above estimates for the imaging event parameters,
we ohtain the following data for the block:

1. Lime, sample values of all image coordinates {converted to "imaging
event" line values). )

2. The accuracy of the line, sample coordinates.

3. Ground control values for all points.

4. The reference datum of the ground control and the accuracy (standard

deviation or 90% CE, LE} for the contrel and diagnostic points.

The line and sample values are obtained using'sgnftware de\feloped on
a SUN workstation. The workstation displays the digital SPOT image from
the CCT and records the coordinates of the pixel locations selected by the
operator.

The adjustment depends on the collection of line/sample values
for three types of photo identifiable ground points: tie points,
control points, and diagnostic points.

Most of the points in any solution will be tie points. Tie points
are simply conjugate image points with precisely known line/sample values
which are identifiable on multiple imaging events. The initial ground point
coordinates for tie points are very imprecise; the ground coordinate variance=
covariance matrix for each tie point is such that the tie point ground
value does nmot affect the sclution. Tie points are selected so that all
overlapping imagery has measured conjugate image points.

Control peoints are similar te tie peints, except that the ground
point ccordinates are accurately known and are given appropriate horizontal
and vertical weights. They are used to establish the relationship between
the sensor and the external three dimensional cocrdinate system. The
absolute accuracy of the triangulation is dependent on the mumber, distri=-
bution, and accuracy of the control pelnts.

Due to the nature of the block triangulation process, not all orbits
will require control points. However, cantrel points need to be located
arourd the edges of the block to achieve the best accuracy. While there
is no absolute minimum number of control points, the accuracy of the
adjustment is improved as more control is added, up to a nuwber where
there are diminishing retummns.

Disgnostic points are identical to control peints. The only difference
is that diagnestic points are withheld from the sclution, and are used
later in an accuracy evaluation procedure to ensure that the triangulation
meets accuracy standards. The diagnostic points are most beneficial for
accuracy evaluation if well distributed throughout the entire block.

The SPOT CCT does not provide variance-covariance data specific to an
individual SPOT image. SPOT has documented the specification accuracies
for the mirror positioning, attitude drift rates, and ephemeris positions.
Ground control accuracies are derived from the ground contrel source
accuracy. Image coordinate accuracies are determined by the mensuration
process. The appropriate variance-covariance matrices for the imaging
event parameters, ground point values, and image point values are derived
and input into the triangulation math model.

SOFTWARE

All the software is written in FORTRAN on a SUN 3/180 under a UNTX
operating system. In anticipation of requests to deliver the software




process uses an iterative least squares techmique

The triangulation
The sclution

to converge on a solution for the support parameters.
generally converges within four iterations.

The algorithm exploits the sparse matrix conditlens of the normal
equations to reduce computer Lime. The actual time required depends on
the total number of unknowns in the solution;
of imaging events and ground points (it is not dependent on the number of
images). It takes approximately five secords per iteration te run a small
block containing two or three imaging events. For blocks of 30 imaging
events, each iteration may require approximately 90 seconds.

The current array dimensicns limit the size of the block to 30
imaging events, witha maximum of 10 images per imaging event. These
array dimensions are easily modified for blocks of larger size. The
only overlap restriction is that conjugate image points are distributed
over the block; if conjugate image peints are mot contained within
any single imaging event, then the software essentially performs a
weighted resection for each of the imaging events.

The parameters are adjusted on an imaging event basis, Therefore,
300 images on 30 separate orbits (10 images per orbit, 30 imaging events)
can be adjusted as quickly as 30 images on 30 separate orbits {one image

per orbit, 30 imaging events).

TRIFID has software modules to generate rational fumction coefficients
These rational function ceefficients

from the output of the triangulakion,

have been used in all our real-time applications. They allow for a very

simple and straight-forward method of generating coensistent mapping products

We use these coefficiants Lo generate rectified and

from SPOT imagery. an
e

orthorectified SPOT images, geocoded onto various map projections.

rational functions have been applied to derive accurate point positions of

features on digital monoscopic and sterecscopic workstations.

QEEFE TEST DATA RESULTS

Dr. David Gugan, of Laser Scan Laboratories, graciously provided us

with all the data for the OFEPE test area, The data set consisted of four

stereopairs collected on two orbital passes. The data was provided in
the form of printouts of measured image coordinates, ground control

coordinates, and SPOT header data.

It was necessary to preprocese this data to make it compatible with

the TRIFID software. The preprocessing consisted of converting the image
point coordinates to line ard sample values, converting the control from

the French Lambert Conformal Conic projection ceoordinates to geographic
coordinates, and entering the appropriate SPOT header data. A subset of

points were then selected to be used as control and diagnostic points, with

the remainder to be used as tie points {the provided ground control
coordinates for the tie points wers not usedg.

it is dependent on the mumber

The ground control walues which were provided were dari s
four sources; 1:25000 maps, field surveys, 1:30000 stereogﬁétzdr:;hs
and 1:60000 stereophotographs. We found each of the sources t% be
clustered; for example, the 1:25000 map derived points were all uped
together, nat distributed throughout the block. (See Figure 1 )gro

Several of the points were onl i i
) y measured on a single image:
points were not used, as the solution requires conjuga%e imaggeéoggise
pairs. Several of the points were "tie points" to join across a north-
;2?22 image bogngﬁry Wﬁthln a str}p. Our concept of imaging events

a pair of these "ti ints" i
dropped.p ie points’ redundant, and one of each pair were

Two imaging events were adjusted in the tria i
. ; ulation (one
each orbit). The block triangulation was perfonngg with 1GE 12 egen;ngor
ﬂdyell distributed contrel points to see the effects of control’on’the
g_Jusggggg. gaih run contalneg ?0 tie points. The coordinates of 41
polnts were compute i i
t;a%ge valuss provided. mp rom the adjusted solution and compared

_ The results showed a significant bias between th i
derived from the 1:25000 map sheets and the points de?i%ggu?goﬁotgzs
field survey ard the photos (see Figure 2). The 1:25000 derived points
were dgleted frem the control and diagnostic sets but were kept igothe
tie point set; the adjustments were then rerun. The results with several
ggaungepgigt Tant;ol configurations are shown below. These results
progigatiun?e y with the values derived through the theoretical error

Accuracy Accl

Number of (90%Z, meters) (RMS ué:%ﬁrs)
control points CE 1E LAT 'ION HT

16+ 4.0  11.6 7.0 5.3
12 4.6 11.2 6.7 6.3 g:?
6 16.3  11.7 7.7 7.0 7.0
4 18.0  14.8 9.0 7.6 9.1

Table 1

ih ghggetreiultg show that the eight images can be accurately positioned
~ontrel points. When &4 control points are used, systematic errors
ppear in the vector plots of the disgnostic peints,




Pistribution

field survey control

1:30000 photo control

Field survey control

1:60000 pheto control

Figure 1.

Horizontal Residual

¥t ‘{i ‘,-“
. "y
g T
/
/ -
gram
w7
.
r LS
e -
Wim £ T o
“« - f = wai
L
+
oL
I

Vector scale :

A

20.0 meters




RESULTS OF OTHFR TEST DATA

Real data tests have also been performed over other geographic
areas; for example, New Mexico and West Virginia in the U,5. For
these data sets, the mensuration was performed Dy TRIFID on 2 mono-
scopic digital display using company developed software. TRIFID image
processing software was used to rediometrically evhance the digital
imagery. A brief descriptioen of the results over each area follows.

New Mexico

The New Mexico site consists of three orbits with a total of
four images. A large amount of ground contrel was available
with a high degree of absolute accuracy. There were & total
of 83 control points to choose from over the two model area,
all with an accuracy of 2.1 meters horizontal (90% CE} and

3.3 meters vertical (90% LE) relative to the World Geodetic

System 1984 (WGS-84),

Ten points were selected to use as control, and the other 73
were withheld from the solution to use as diagnostic check
ints. The 10 points were placed in each cornexr of each
model, with 19 additional tie points placed evenly throughout
ihe models to tie the images together. (The algorithm treats
tie points and control points identically, of course, the
only difference being the variance-covariance matrix assoclated
with the initial estimate of the ground value.) The adjustment
conversed within five iterations.

Rational functions were computed from the trisngulation
parameters, and diagnostic point values were derived,
absolute accuracy was of 13.29 meters horizental (90% CE)
and 13.44 meters vertical (80% LF) relative to WGS-B4 {RMS
8.6 meters horizontal, 8.1 meters vertical}. These values
concur with the theoretical error propagation numbers.

The same data was re-triapgulated, using only flve control
points (one in each cormer and one in the center of the two
model region) and 19 tie points. The 73 diagnostic points
were derived in the same manner as above, and produced an
absolute accuracy of 12.76 meters horizontal (90% CE) and
15.18 meters vertical (90% LE) (RMS &.3 meters horizontai,
9.2 meters vertical). Again, the derived diagnostic values
agreed with the thecretical error propagation values.

West Virginia

The West Virgini
e :s:z&%ggmla gggtieseﬁ consists of & single stereopai»
o 1i240 laquadrpoints. sheets were used Lo derive groumnd )

meters horizontal
relative to NAD 27.(902 GE) and 6

{mmein each corner) and the other 10 were withheld as d
s

nostic points. Ten tie poi
bt Podn o points established the relativi

Subsequent diagnosti onpari
i c o i
coefficients showed an muzi;ngfuﬁng the rational function

(907 CE) and 16.11 meters vertical (o0g Loy g o rizontal

horizental, 9.3 meters vertical) % LE) (RMS 11.1 meters

the theoretical error propagation v?]}ﬁz: values agree with

SUMMARY

squares approach in performing a bundle ad justment:
ent results, )

. . There are s
digital iIrIEtgery:ever-al advantages to using this method with Spor

1

3+ The accuracy of ground

« A simult 5
g?neratiggeggsng;poglggt;;gggu%ation will allow for the
minimal breaks in the datg ;C;::Egmiz;ge areas with

boundaries,

» A fully weighted, ri
s Tlgorous block tri : i .
the need for ground control poi'ntglahgtdatmn minimizes

1:50000 scale applicatigng'tmm are adequate for

4. Updated j
pdated image support data (exterigr orientation

arame
p ters) are created, The images are not resampied

The softvare variance-covariance

rigorous accuracy estimation of patput allows for

the derived products,

There is a low co

- St-benefit ratq ;
:dJ'il.Stmel_"t versus the qualit)’a;%otghelven the costs of
pplication data consistency SUPPOTL data and

que uses a unified
The system




Four or five control points are all that are required for
triangulating a single stereomodel; however, for amalysis purpeses,

four or five diagnostic points over the stereomcdel should also be
available. With the imaging event comcept, the triangulation of larger
blocks reduces the mumber of contrel points. If long continuois imaging
events are being adjusted, the block trianguiation should require an
average of only a single control point per individual SPOT model {60 km
x 60 km). However, a sufficlent number of well-distributed diagnostic
points should always be available to perform an accuracy analysis of

the adjustment.

The SPOT sensor's relatively high resolution, sterec capability,
and wide coverage offers potential for systematic three dimensional
mapping of large areas. By rigorously performing a simultaneous bundle
adjustment of a block of SPOT images, the true potential of the accurate
mapping capabilities of the sensor can be realized,
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Appendix I

1 Instroctions for phase 1 of test.

2.  Instuctions for phase 2 of test,




CEEFPE

ACTION GROUP OF USE OF SATELLITE DATA
TEST OF TRIANGULATIOR OF SPOT DATA

TEST INSTRUOCTIONS

Objective
The objective of the project is tp determins:

1. the accuracy which can be obtained when determining control points
from a strip coverad by steran SPOT data;

2. the number of control points which are necessary;

3. the use which can be made of auxilliary data pravided by tracking tha
satellite and from on~bgard instruments;

4. the programe which are available for triangulation of SPQT data and
the efficiency which can be achisved by such methads.

Each participant will be provided with test dats and will carry out the
triangulation using methods avallable the them. Participants will

provide a detalled description of their method for publicatiow with the
test results.

Test Arem

The test area will be the European test site axtending from Marseilles
to Grepoble. The area of 240Mm in a north-south diraction and 100km
east-west is coverad by eight SPOT models in two sirips and by control
: fixed by IGNCF). The control in strip A consists of 80 puints from
triangulation and aerial photography and 30 points fixed especlially in
the field, In strip B there are a further 105 puints fraom 1:25 000
maps and 1:60 000 photography.

Participants may work with one strip or both.

Level 14 data will be provided to all centres on magnatic taps or as
film positives with header information provided separately.

- 4/8 SFOT stereo pairs with relevant
ephemaris and auxilliary data;

Additional information
- 4 gentd mAp with contours relative to the sllipsoic

- 110 already selected and co-ordinated by IGH, with
description and location merked on marked on
photograph. Groumd co-ordinates of 20 points
will be provided.




Re qui rements DEPARTMENT OF PHOTOGRAMMETREY AND SURVEYIMG

Participants will provide to the pilot centre grousd co-ordinates of
the check pointe of which descriptigns are provided with commen®s 01
their suitability as control points and the ease of identification. The
following control distributions should be used:

UNIVERSITY COLLEGE LONDON
- GOWER STREET LONDON WCIE 68T

STRIP A

a) all points provided;
by points 0Gl, 004, a14, 2002, 1078, 018, 026, 028, 3036, 304ad,

¢) points 001, Q04, 1018, 01§, 3036, 3040;
d) points 001, 004, 2088,3040;

23 polnts 001, 3040;

f) points 001, 004,

STRIP B

g) all points

hy points 5, 1036, 78, 73;

1) vpoints 5, 1036, 73;

iy points 5, 73.

9th April 1950

QEEPE TEST OF 5POT TRIANGULATION
Dear Colleague

I enclose the image co-ordinates of of the eight scenes in strip A observed i
pixels on the images for which you already have header dam%.nd grouand D(EI!.YHFOGIN The unis e

Please process this data ugin ur ith the 8
Co-ardinates of check points must be pruvided in hardcopy form with sously & 5 & your program with the same controf configurations ss used
comments, ahd may alsa be provided in one of the following forms: previously for strip A and derive ground co-ordinates of the check points.
DEC PDP 5" fioppy disk; DEC VAX TXSO partridga; I[BN PC 3" floppy
disk; Apple Macintosh 34" disk. Please consult the pllot centre 11

thers is any doubt over the format or medium to use.

If at plf possible could you let me have your results by 31st Ma; TEport i
] coul : y 5o that Y can to the Steerin
g:lnmm meesing in June that the practicat pant of the 125t is complete. 1 will then prepare the £
report by September.  Please fet me have & revised report oo your method and on the
messmg which you have carried out for the test with the results, If I do not receive anything
er I will assumne that the report which you prepared before still stands.

Participants will also provide getails of the method used and comments

on problems and possible lmprovens uts. Many thanks for your co-opemtion. T hope thal we can now draw the test to 1 speady conclusion

The software used should have, as a minimum, the followlng features: Best wishes.
Yours sincerely I
1. provision for haadling strips of SPOT data as a unit with control !
distributed gver the length of the strip; 1
Ian Dowman

2, provision for use of the header data from the SFOT taped

3. output of setting up parameters for each model in the strip amd

— i del.
co—ordinates of control points in sach mode To:  Auke de Haan, Politecnico Milano
‘{}ad ]ﬁ‘:-i ﬁnadi;ﬂcp&ntm fm‘MaEiing
assel Friel oW, t of Geo Inf i senslan
Gustav Picht; IPI, Haonover P crmation, Qu d
Tzabelle Veiliet, IGN

Tan Dowman, JCL

4. an additional desirable featura is pravision to join strips
togather,

Project organisation

1ot centre and will co—

Uaiversity College London will act as the pi
by a working group

ordinate the preoject which will be overseen
consisting of the participants.

, - _ Telrphane {+ MYOIRITIS 0377080 Fan {1 MGTLMTOET Tk Z96ITIUCEEN iahigaac: ional O
The repurt op the project will consist of papers describing the methad : T X ey B, D, A FRICS  Pofesorof rsagrunineay o Suvegng  Hood oL CRpuri

used and the Teults obtalned. prepared by sach of the participants. The
papers will be presented ot a workshop.

Timatable

July 3ist 1989 Completion of work
September Z7th 28th 1989 Fipnal Workshop.
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Appendix IIT

Input from SPOT Tmage

Ph. Munier of SPOT Image 05 of midn
] presentad a paper to th of m
from SPOT data and this is included in thi? aggren(éi;.c wokshop o the current status of mzpping

Information was also
I presented to the Workshop on new developrm i
the £1Es
g:;:ézgzcrll 3:1% %i?wgf?éﬁmcialmmagqnc flll&'l lljjrocnduct . level 1AP, \I:;ith stré%cﬁﬁgli‘f iggu:;::sgtlr):sli
1 b enarks, an RIS, a rangi iri "
ground but giving bettter posmonal’informalion ,‘\'vhichg\::)ilsg ?:Eoﬁgu;;l{ég?g?;pomers on the

The participants in the i i i
folloning c?)m oo th workshop raised a number of points with SPOT Image which resulted in the

full geometric calibration data will be published;

orbit and attitude data could i i i
o be provided on & floppy disc with annotations for ease of

better precision of scene centre tine is required;

atfitude calibeation is done frequently’ when the sensor is not imaging




( MAP PRODUCTION AND MAP UPDATING
USING SPOT DATA

Philippe MUNIER
Jean Claude RIVEREAU
SPOT IMAGE - Toulouse - France

ABSTRACT

From concept and design to actua tested performances, SPOT imagery is perfectly adapled to cartographic
applications. Reqular topographic mapping or map updating is achieved at scales ranging from 1:100,00010 9 25,000
and products such s Digital Elevation Models and spacemaps are amerging. Present trends to mest the users'needs
andrequirementslzadothe davelopment of new products with updated specifications, produced more rapidlyandata
tower cost.Technical innovationand the need for equipment investments are slowing downthe development ot SPQT
cartographic applications. Improvements in digital techniques will lead to a positive evolution and new products will

certainly contribute to a significant increase in basic cartographic mapping suited for development projects in the
‘world,

@ par sa conception et ses caractéristiques, SPOT est parfaitement adapté aux applications carfographiques ainsi
que l'ont démoniré les nombreux tests réafisés & ce jour. La cartographie réquliére ainsi que lamise & jour des carfes

las exigences des uilisateurs va vers le développement de produits nouveaux avec de nouvelles spécifications,

produits qui seront réafisés plus rapidemant et & des colts moindres. Linnovation technique et les contraintes

dinvestissement pour Péquipement freinent le développsment des applications SPOT sur le marché de la

rtographie. L' amélioration des techniques numériques va favoriser une évolution posltive et les nouveaux produits

ntribueronta laugmentationrapide d'une production cartographique adapiée aux projels de développementdans e
.



1.- CARTOGRAPHIC APPLICATI FSPOT M

United Nations statistics regarding the state of topographic cartography in the world show that only 44% of the land
Mmasses are covered by maps belonging to the 1:50,000 and 1:100 000 scale groups, which are the most important for
economic devalopment. In addition, a large part of these maps is obsolete and doas not meet the countriesnesds for
developmenipurposes. Since Landsat4-TMin 1982 and moretver SPCT 1in 1886, one can state that spacemaps wil
represent the base of carlography at small and medium scales in the near future.

Theuses of spaceimageryin cartography include revision of existing maps, compilation of newmaps and remaking of
maps at larger scales than those currently inuse. Satelite imageryis suited for compiting general topographic maps

as well as thematic maps: vegetation, agriculture, urban and rural land use, geology, pedology, waler ressources,
environment efc...

Beforo we reviewthe different forms thatspacemaps* maytaks, ietusremingthe SPOT characteristics and<apacifies
in the field of cartagraphy.

.- SP TE| AN APH

From concept and design te actual tested performances, SPOT is perfectly adapted to cartographic applications.

The key advantages of SPOT imagary for 1opographic mapping are the following:

A} Data acquisition flexibility andlarge ground caverage : the eblique viewing capability of the SPOTHRY -
imaging instruments to sither side of the satellite ground frack gives imaging access to all areas within a
950 km-wide corridor. This oblique or cross-track viewing capability considsrably reduces the ime required
{0 access agiven area or to oblain compiete coverage of a couniry. :

B) improved spatial resoltution which aliows to identify mast of the ground features for mapping at a scaie of
1:50,000 and in some cases 1:25,000.

The stereopairs were processed on a Matra-Traster analytical plotting equipsment for:

- Pictting ground contro! points (GCPs) and modeling the SPOT view,
- calculation of deviation from true positions.

Practically 10 10points from the fo,
ning points being then used for st
1867) for all steranpairs indicate

pometric networkwere sufficientto establish the modetfor

ereoplotling. The raw results (G. BRACHET, P. DENIS, W. Nordberg Sy
2 AMS residual error for each point of;

BOminX, 66minYand 7.1 minz

After filtering, tha RMS residual arrors were reduced to;

46minX, 44minYand53min Z

35m inZwith a BH of 1 and 6.7 m with a B/H of 0.5,

The most slgnificiant results are presentad in Table 1,

Cnesereopair, the remaj.
Mposium,

C) Sterao capability, Stersoscopic vision is obtained with SPOT by taking two oblique views ofthe same areq
from two different orbits. The B/H ratio can vary as the pointing mode possibiiities range fram + 27°1g -2

{BHfrom Gto 1.1). This introduces the possibility of rellef perception in photainterpretation and photogram:
metric selief plotting. o

B} Good geomelrk performances.

The geometric precision and the information content are the main features for eny carlographic usé
SPOT imagety, and we are going now to deal with sach of tham.

GEOMETRIC PRECISION

SPOT accuracy performances wera first checkad by a team of the Institut Geographique National, France, {v.
DRIGUEZA C;,DE GAUJAC, P.GIGORD, P.MUNIER, 1 986). Therasultsdemonstrated thatthe expected accu :
terms of planimetry and altimetry ware met. The assessmentwas performad on 60 sterecpairswith 3 viewing confi
tons: .+27°and-27°with BH=1  .0°and 27°ith BYH = 0.5 . +13%and - 13ithBH =05

177 check points and controf points ware determined with an accuracy of: 3 meters in X, Y and 1.5 meters in 2

* Inthe text, the usa of term spacemaps refers ) any cartographic proguct based on spase magery while the lerm Imagemap refers to
presented with the image 25 2 background.

198

. Ty and Engineering Surve:
e of SP_OT;magerg onanalytical photogrammetric instruments, SPOT 87) developped amathema-

AMS. X Y z
RAWRESIDUES 80m 65m 7im
FILTERED RESIDUES i6m 4dm 53m
CONFIGURATION + 27927
RAWRESIDUES Bim 55m 43m
[CONFIGURATION 5 771279
|FILTERING RESIDUES 28m £2m 35m
* [CORFIGURATION 0izre
- JAAWRESDUES 78m 72m 83m
“[CONFIGURATION 0%z 7
JFILTERED RESIDUES 46m 44m 67m
TABLEY




This gvaluation demonstrates tha : .
INTERNAL ACCURACY nsirates that the standard level 2 producis perf :
NUMBEROF | NUMBEROF | aop.paR ‘ N perfectly fitwith cartographic r :
ADJUSTED | CONTROL LEFT/ 1:50,000 and smaer. Howaver, the precision of lavel 2 products depends on altitud?diﬁ%remfgsug:? Sims
POINTS POINYS RIGHT T CXYMAX oXYMEAN GIMAX GIMAX Lsfn% :;% sjc}o Therefore ew?rfy sffortmustbe done to carry out vertical or near verical viewing, intwin-HRVs nyide
- pic imaging of farge areas is tequi j i - = i
DOj6CtS ging of farg equired for basic mapping purposes in thematic studies and developi
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Similar results have been obtained by the University College London (Gugan, Dowman), Mc Donald Detwiler Ass
(Canada)and Qrdnance Survey (Harlley) on analytical plotters or by avtomatic correlation techniques (INRIA-ISTAR,
MDA, Geospectra), which give figures around 10 o 15 min planimetry and befter than 10 m in alimetry. |.J. Dowmani
in his extensive review of SPOT prospects in cartography (L.J. Dowman, the prospacts fer topographic mapping using
$PQOT data, SPOT 87) concluded that the necessary accuracy for mapping at 1:50,00 scale with 20 m contour lines i

achieved with SPOT and that organizations ars prepared to preduce imagemaps al scale 1:25,000 {orthophotos):

Maximum planimetric emor for any point placed at height h = 100 m above o under the rectification feve!

as a function of the viewing angle for SPOT georeferenced products (Level 2).

Wa can thus rightfully conclude that the geometric performances of SPOT lies betwesn 5 and 15 mo

. the form of imagemaps as well as linemaps.

Following this description of the planimetric and altimetric performances of SPOT required for topographi
cartography, wa must recall that a large part of the needs is satisfied by maps realized with monoscopic viewing: th
cartographic background is then made of aceurately geometricaly processed images, but ignoring the effects of reli
and incidence, That is why an accurate evaluation of the standard SPOT level 2 product’ was made in 1988 by CN
and IGN {da Gaujac, Bégni, 1988). The operation concemed 11 level 24 scenes and 21 level 2B scenes (including
segments of 4 scenes). Thess images were distributed on severai locations of the world (France, la Réunion sla
Marocco, Brazil, USA, Australia, Japan). Various check documents were used: 125,000 and 1:50,000 maps
stereopreparation network. The number of check points goes from 20 1o 70 per scene. The results are given in tabl
below:

RMAT NT

ecision. Many tests have been made to evaluats the infarmation content of SPOT images.

Irst of all the digital nature of the images has to be underlined - the interpretation can be ruch im

LEVEL GLOBAL TRANSLATION INTERNAL DISCREPANCIES

2A 412m 28m

2B om ' Pan: 0 m* XS:14m esuits are given by table 4:

JABLES

* SPOT level 2 products are zectified accerding to a given cartographic projection; levet 2A without ground contro! points; 28
condrol polnts (gecrelarenced)..

** NB: RMS cbiained when contrel and check poinis are known al a better precision than 10 melers [1:25,000 ma
stereopreparation).

en
ent

s weltas in alimetry allowing, as most authors agree, o compile maps at scaie upto 1:50,000. and Le\.rresrlaq %Znérgg ti?lr

The specifications relating to the information content are muchmora difficult tobs defined than the ones concerning the

Mmage processing (erhancement, fitering, otc..) (Gugan and Dowman, London 1987). provedby appling

0this end, IGN Franceachieved in 1987 a series of topographi I i i

¢ JGN1 ] 37 opographic maps over the GhardaTaareain efig, at 1

g sog,gm and 1:200,000 scales, including ||rgamaps, tmagemaps and even mixed ones. An impoﬁ[ fietd confglleﬁi

e eﬁry to reach the actual IGN speclﬁcqt:ors compatible with standard linemaps. Lot us also mentioned the
y made by Dowman etal. (1987) over the Aix-Marsellle area, about stereocompiling Panchromatic images, The




1:50,000, % efrors 1:100,000, % errors
OMISSION COmMisSion omision ComMmission

Roads (major} 13 0 g
Canals {major) 0 0 : |
Rivars 0 0 . -
Raitways 3 0 ”
Buidings 8 9 >
Minor roads, racks 56 20 >
Canals [minors) 100 a 1 .
Streams 45 ¢

TABLE 4

Resutts ofa French-Canadian experimentabout the SPOT image content performedby F. Salgéetal. and D. Begin et
al. givenin table 5 below are also significant;

% wel] classified

Roads {major)

Roads {medium) %2
Tracks, pathes 5t
Fivers %

Streams, ditches

Asfar as land use features are concamed, they are correctly inferpreted for the 1 :w.ms?gisesspeciﬁcatians. provid
cperalors ere carefully trained to SPOT images analysis. (F. Salgé et al., Sherbrooke ).

‘ isti tile with cartogra|

i les demonstrate that the SPOT imagery characteristics are compatit ra

'Srhesi%g;g%s; fsn{;poeoso and 1:100,000 scales, and raise new and interesting pqs;:_bliltles in terms lo_f rfell_;l;
pFr):gucﬁon, homogen'eily of interpretation over large areas, reliability and fexibility of the digital info

content.

. T LS, M

ND

In order to reduce production costs and to im

prove technical performances, most of the nrééumson pn
steps should yet be developed: R

mefri lizatipn Ii i

When large areas are at stake, in monuscopic as well as stereoscopic viewing, a significant reduction of the
ground control network can be reached, while procuting abetier consistency of the work, |. Veillet (Sherbrooke,
1988) presented results on a two segment stereopair of 4 scenes each, which confirm the geometric

performances of SPOT. Such methods, using spatial triangulation, will hava to be used in the: future when
processing large areas.

Mosaics and orthomosales:

A large part of the cartographic market at small scales is, from now on, based on mosaics or erthomosales of
space images. The product is an imagemap with conveniional specifications concaming projection, sheet
cutting, scale, framing and editing; the information is made of a mosaigs of georeferanced images as a
backgreund, eventualy corrected by usinga QEMand may include graphical overtays: toponyms, contourfines,
administrative baundaries, ete.

These products present an undeniable economic interest: thanks to their small cost and short praduction time,
they are excellent up dated carlographic documents Many imagemaps projects over large areas of several
hundreds of thousand of Sg-km have already been carried oul. Cost of mapping, including SPOT data, tums
around 2 US$ per Sg-km at a seale of 1:100,000 and 4 US § per Sg-km at a scals of 1:50,000.

S i

Theproduction activity in this field has been up to now ralatively low. This is probably dueto the parficularities of
the SPOT sterec programming, but mainly {o the rate of development of the market of stereoplotiers suited to

SPOT imagery. Most manufacturers of analytical stereocompilers now propose & SPOT version {T5N of
MATRA, DSR1 of KERN, Planicomp G100 of ZEISS, BC and AC of WILD In

process aerial photographs as well as SPOT images.Invostment for an
equipment of this type is arount LIS$ 150.000. Far already acquired equipments, the cost of SPOT up grading
software is around LS$ 15.000. However the future in the field of the stereocompilation belongs 1o fuly digital

squipments. 125, GEMS, KERN, Contexvision, MATRA and Intergraph are proposing or announcing such
squipments for the near future.

SPOT IMAGE markets cureently one product adapted to sterapcompiling: the level 1A fim with addad d igital filg
of auxilary data, and a new product is o be released with the image being corracted for spacacraft attitude
variation effects.Advices are taken from the main manufacturers and users, in order 1o improve the
photogrammetric product specifications.

Lastly, let us mentioned simpiitied equipmsnts, which have the advantage of operating in analog of digital
mode and menascopic or stereoscapic viewing. Quick extraction of 2 succinet information, ¢change dstection
and revision of existing maps can be carried out on this type of machine.




igital Elevation l:
Digita Eisvation Modelean aiso be obtained with SPOT by automatic and digital corelation. Several softwares are
already avallable and many more are in the experimantal or implementation phase. The technique involves the
rorn which a DEM is constructed. Orbital

matching of a pair of images in order to determine parallax difference
information, ground control points and geomeric model are needed. Image correlation is based onfeature points o

axdges structured along epipolar nes, ISTAR, iGN and SEP, France, Mac Donald Detwiler and DIGIM, Canada,
University College London, UK, SATIMAGE's Temragon System, Sweden, Geospectra and A. Welch, USA, are
currently producing DEM wih automatic cotratation fechniques.

tos, DEM are aiso used 1o genetate 3D landscape perspectives in
in Geographical Information

Toceonclude, we can think thatwe are i i .

de, n & paradoxaf situation: o th N |
coneiuie _ [ : & onehand, the many ex W] s
e ;pl;‘)ﬁ;:z;as ?La;vseppg_si?nd atgee m'itﬁ%es& quality, hardly minofed by some restri{;ti uﬂ:%:nggziﬁsm e
oo ry in cartography has not yet reached the economical importance ;wr:ih?;;

Relati i i
elating fo this matter, two hypothesis can be put forward to explain causes of the stow break through:

1} Technical innovation which: requires largei i only interm U
: . 68 farge investments in the preduction tol, not only i equipment by
also in studies, development and implemeniation, and this at a time when av:ajlabianllj{ihgets fﬁrﬁ cf:artolgfa;r{;‘ o
y are

Apart from topographic iine maps and orthopho
steadily reduced.

somputers for site locafions, environment studies, flight simulatiors and as an input

integrated cartographic tools Is brewing in the filds of high technolegy, such as CARTOSPOT

are storad into memory and processed to yield a digiai We are confident that from technical improvements will amerge more performant, lass expensive and th
1 ive and therefore

more effici '
o :ﬂiﬁ?@ﬁ:&:ﬂﬁi ﬁﬂﬂéﬂﬁ?ﬁmﬁ willl qqﬁsﬁon the conventional products and their actual
i : tive evalut LUGES Wi tand agai 'Draci
ceriainly contribute to a significant increase in basic canograpﬂii[?nappii%a&iﬁiﬁg\?iih::aimqf:l:nd
ojects.

A new generafiono
of DIGIM {Canada) where the digita! sterapscopic images
clevation model by automatic cotrelation, then geometricaly and radiometricaly corrected. The cartogtapher

interprets the main delails by viewing theimagas onascreen and can rapidiy cbserve any detail of the stereoscopic
model. Thanks to the flexibility of digital processing, observation conditions can be continuously modified:
brightness, contrast, stretching, for abetter confortand more pracise interpretation. Assistance techniques, suchas
realtime aid for stereoscoplc plotting, of axpertsystems are also provided fo camyouta greatpartoithe network

extraction, segmentation and classification phases.

a8 NEW HOQUCIS:
Ascartographyaims at salistylingusers neads, specificatio
of SPOT imagery, thus giving rise to new cartographic prod
will ba time and cost savings.

ns willlikely move tabenefitfully from the characteristics
ucts. One of the main congernin defining such products

it will also be necessary to improve the difiicutt batance between the image usedasa canographicbackground

and the overlaid carlegraphic elements. We agreé with the proposai of1.J, Dowman, t ondon 1387 foran image
map product at scale 1:50,000, with precision specifications corresponding to that scale and inchuding graphic -
informations with specifications comesponding o the 1:250,000 scale (contour lines with squidistancedownto 2007 -
25 meters, in opfion: foponyms, adminisirative boundaries, main networks ). Such a product, with lower cosland *

ghorter production time, would cerlainly mest a large part ofusers requirements and contribyte to development in
many parts of the world,
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