


Wir bitten, die vorgedruckte Empfangsbestdtigung auf der unteren Mélite dieses Blaties
herauszutrennen, Thre Adresse, bet Anderung auch die Frithere, einzutragen und die Karte zu-
riickzusenden. Bei mehreren Heften in einer Lieferung geniigt es, nur eine Karte zuriickzusen-
den, wenn die Nummern der anderen Hefte auf dieser notiert sind. Sollten die Bestitigungskarten
avishleiben, milssen wir annelmen, daf Sie am Touschverkehr mit uns nicht mehy interessiert sind, und
weitere Ligferungen einstellen.

Please detach the acknowledgement of receipt attached below, enter your address, in case of

change enter your former address, too, and return the card.

If a shipment comprises several volumes, please return one card only listing all numbers. If the
teceipt is not acknowledyged we understand that you are no longer inferested in our exchange of publications
and that you wish to be cancelled from our mailing list.

Ayez la bonté de détacher {'accusé de réception que vous trouvez sur la partie inférieure de cette
page, d'y inscrire votre adresse et, le cas échéant, votre ancienne adresse et de retourner la carte.

5i la livraison se compose de plusieurs fascicules, il suffit de ne retourner qu'une seule carte por-
tant également les numéros des autres fascicules. Le fait 4 avoir expédié un envols sans avolr recu. I

carte de récepHon nous domnera raison @ supposer que vous w'étes plus inféressés i conbinuer
I"échange de publications et que vous approuverez U'arrét de nos envois.

Le rogamos sacar el acuse de recibe figurando en la parte inferior de esta pagina, inscribir su
direccién y si ha cambiado, inscribir la direccién anterior, v retornar esta tarjeta.

Si el envio se compone de varios fasciculos es bastante retornarnos una sola tarjeta indicando
también los niimeros de los otros fasciculos. Si quedamos sin acuses de recibo tenemos que suponer
qie ya wo tiene Vd inlerds en nuestro combio de publicaciones y que desen Vd suspender otros
envios,

Absender:
Sender:
Expéditeur:
Expedidor:

Es sind hier eingegangen:

We received:

Nous avons recut:

Han llegado en nuestras manos:

Institut fiir Angewandte Geoddisie
Richard-Strauss-Alleg 11

60598 Frankfurt am Main

OEEPE

Publ. off. No. 29 Giermany - Allemagne - Alemania




May 1994

EUROPEAN ORGANIZATION FOR EXPERIMENTAL
PHOTOGRAMMETRIC RESEARCEHI

EMPIRICAL RESULTS OF
GPS-SUPPORTED BLOCK TRIANGULATION

Report by H. Burman and K. Torlegéard

Official Publication N°© 29

ISSN 0257-0505




The present publication is the exclusive property of the
European Organization for Experimental Photogrammetric Research

ed on behalf of the OEEPE
eoddsie, Frankfurt am Main




President:

Members:

EUROPEAN ORGANIZATION

for

STEERING COMMITTEE

Prof. Dr.-Ing. F. ACKERMANN
INPHO GmbH

Smaragdweg 1

D-70174 Stuttgart

Dipl-Ing. R. KILGA

Bundesamt fiir Eich- und Vermessungswesen
Krotenthallergasse 3

A-1080 Wien

Administrateur-Général J. DE SMET
Instilit Géographique National

13, Abbaye de la Cambre

B-1050 Bruxelles

Ir. M. VAN DEN HERREWEGEN
Director of the Dept. of Photogrammetry
Institut Géographique National

13, Abbaye de la Cambre

B-1050 Bruelles

Mr. O. BRANDE-LAVRIDSEN

Laboratoret for Fotogrammetri og Landméling
Alborg Universitets Center

Fibigerstraede 11

DK-5220 Alborg &

Abt. Dir. Dr.-Ing. H. BAUER
Niedersichsisches Landesverwaltungsamt
— Landesvermessung —
Warmbiichenkamp 2

D-30159 Hannover

Prasident und Prof. Dr.-Ing. F. SEEGER
Institut fiir Angewandte Geodiisie
Richard-Strauss-Allee 11

D-60598 Frankfurt am Main

Mrs. P. NOUKKA
National Board of Survey
Box 84

SFE-00521 Helsinki 52

Prof. Dr. E. KILPELA
Institute of Photogrammetry Helsinki

University of Technology
58-02150 Espoo 15

EXPERIMENTAL PHOTOGRAMMETRIC RESEARCH

(composed of Representatives of the Governments of the Member Countries)

Federal Republic
of Germany

Austria

Belgium

Denmark

Federal Republic
of Germany

Finland




Mr. A JAEGLE France
Institut Géographique National

136 bis, Rue de Grenelle

F-75700 Paris

Mr. A. BAUDOIN
Centfre National
d'Etudes Spatiales

2, Place Maurice-(Quentin
F-75039 Paris Cedex 01

Dr. Eng. L. SURACE italy
Geographical Military Institute

Via Cesare Battista 8-10

1-50100 Firence

Prof. R. GALETTO

University of Pavia

Dept. di Ingegneria del Territorio
Via Abbiategrasso 209

[-27100 Pavia

Prof. Dr. M, G. VOSSELMAN Netheriands
Technical University Delft

Thijsseweg 11

NL-2629 [A Delft

Ir, P. VAN DER MOLEN

Dienst Kadaster en de Openbare Registers
Waltersingel 1

NL-7314 NK Apeidoorn

| Mr. I INDSET Norway
| Statens Kartverk
:" N-3500 Henefoss

Prof. &. ANDERSEN
Norges Landbrukshegskole
Institutt for Landmadling

P. Q. Box 5034

N-1432 As

Prof.]. TALTS Sweden
National Land Survey of Sweden
5-80112 Gévle

Prof. K. TORLEGARD

Royal Institute of Technology
Dept. of Photogrammetry
5-10044 Stockholm 70

Prof. Pr. 0. KOLBL Switzerland
Institut de Photograrmmétrie, EPFL

GR-Ecublens

CH-1015 Lausanne

Mr. B JEANRICHARD
Bundesamt fiir Landestopographie
Seftigenstrasse 264

CH-3084 Wabern

Major M. ONDER Turkey
Ministry of National Defence o

General Command of Mapping

TR-06100 Ankara




Lt. Col. 5. FOCALIGIL Turkey
Ministry of National Defence

General Cormmand of Mapping

TR-06100 Ankara

MR. 2. R. T. NEWBY United Kingdom
Ordnance Survey

Romsey Road

Maybush

Southampton 509 4DH

Prof. Dr. I. J. DOWMAN

Dept. of Photogrammetry and Surveying
University College London

Gower Street 6

London WC 1EBT

SCIENCE COMMITTEE

Prof, Dr.1.J. DOWMAN United Kingdom
Dept. of Photogrammetry and Surveying

University College London

Gower Street 6

London WC 1E BT

EXECUTIVE BUREAU

M, C. PARESI

Secretary General of the OEEPE
International Institute for Aerospace Survey
and Earth Sciences (ITC)

350 Boulevard 1945, P. O. Box 6

NL-7500 AA Enschede (Netherlands)

Ir. J. TIMMERMAN
Smaragdstraat 20
NL-7314 HG Apeldoorn




President:

President:

President:

President:

SCIENTIFIC COMMISSIONS

Comnission A — Aerotriangulation

Prof. Dr. T. SARJAKOSKI
Geodetic Institute
Ilmalankatn 1 A
SE-00240 Helsinki

Comnmission B — Digital Elevation Models

Dr. G. ROBINSON
NUTIS

University of Reading
White Knights
GB-Reading

Commission C — Large Scale Restitution

Prof. Ing. 5. DEQUAL

Diipartimento Georisorse e Territorio
Polytecnico di Torino

Corso Duca Degli Abbruzzi 24
1-10129 Torino

Commission 0 — Photogrammetry and Cartography

Commission E - Topographic Interpretation

Prof. Dr. B-5. SCHULZ

Institut fiir Angewandte Geodisie
Richard-Strauss-Allee 11

D-60598 Frankfurt am Main

Commission F— Fundamental Problems of Photogrammetry




APPLICATION COMMISSIONS

Commission [ - Topographic Mapping

President: Mr. M. ]. D. BRAND
R Director
Ordnance Survey of N. Ireland
Colby House, Stranmillis Court
Belfast BT 9 5B]
United Kingdom

Commission I - Cadastral Mapping

President: Ir. L. A, KOEN
Hoofddirectie
v. h. Kadaster en de Openbare Registers
Waltersingel 1
NL-7300 GH Apeldoorn

Commission I - Engineering Surveys
President: Mr. A. FLOTRON

Gemeindemattenstrasse 4
CH-3860 Meiringen

Commission IV - Environmental/Thematic Surveys

Commission V — Land Information Systems




EMPIRICAL RESULTS OF
GPS-SUPPORTED BLOCK TRIANGULATION

(with 5 Figures, 3 Tables and 8 Appendices}

Report by H. Burman and K. Torlegdrd




Table of Contents

page

AbDSITact « . o e e 13
Acknowledgements. . ... .. ... e 15
1 InfroducHon. . ... oo e 17
2 A Brief Description of the GPS Technology. . . ................... 17
21 The NAVSTAR GPS . ... . i e e e 18

2.2 Kinematic Differential GPS for Aircraft Positioning. . ... ..... ... 18
23 Phase Ambiguity ........ .. ... . o 19
2.4 Time Registrationof the Exposure . .. .......... ... ... .. .. 19
2.5 The Eccentricityof the Antenna . .. ........................ 19
2.6 Coordinate Transformation. . ... .. et e e 20
2.7 Block Configuration and Ground Control. . .. ................ 20

3 OEEPEProjectPlan ... ... . 22
3.1 DesignoftheProject . .. .. ... ... . i 22

3.2 Requested Information from the Participants . ... ............. 22

4 Received Blocks . .. ..o oo i e 24
Results of Adjusted Blocks . ......... i, 27

51 Accuracy Without GPS . .. .. ... ... ... . .. . 27
5.2 Accuracy WIth GPS. .o o 28

6 DHSCUSE 0N . o e e e e 30
61 General . ... .. 30

6.2 Comparison with Theoretical Accuracy Prediction ... .......... 30

6.3 Accuracy as FunctionofsGPS ... ........ ... .. ... ... .... 30

6.4 Effect of Overlap, Block Size, PhotoScale .. . ................. 32

65 AdjustmentMethod . .. ... .. Lo o 32
6.6 GPSData . .. ... e, 33
6.7 Bccentricityof Antenma . . .. ......... ... .. .. L 33

6.8 Distance between GPS Ground Stationand Block .............. 34

7 Cost-Benefit ... ... . 35
8 Conclusions and Recommendations. . . . ... v, 36
References . .. ... ... . 38
Appendices. . ... 39
BlockBotkyrka. .. ....... ... . . . .. 41
Block Bura . . .. o 49
Block Follo. . ..o o e 53
Block Fredrilestad . ... . o 57
Block Rorberg .. ... ..o 63
Block Sonvilier. . ... ... . .. . 67
BlockSperillen. .. ...... .. .. . .. . . . 71

InphoBlocks A-F. . .. .. . 75




ABSTRACT

This OEEPE report on GPS aerial triangulation presents a summary of block
adjustment results of GPS-supported blocks executed by six institutions in five
Furopean countries. The material was collected and the report was compiled by the
pilot centre, Dept. of Geodesy and Photogrammetry at the Royal Institute of
Technology, Sweden, on behalf of the OEEPE GFPS-working group.

The GPS measurements were all done with relative phase measurements on one or
two carrier waves. In most cases there were interruptions in the GP5 measurements
which were treated by separate sets of GPS drift and shift parameters for every strip
or for different parts of the blocks. The phase ambiguity was, in some cases, meant
to be determined on the ground and the phase lock to be maintained during the
flight. This was achieved only once (the block Rorberg). In the other cases the
ambiguity had to be determined with "on-the-fly" techniques. The most common
solution was to use pseudo ranging to initialise the ambiguity at the beginning of
the strips.

The submitted material differs greatly with regard to flight altitude (500 m - 7500 m)
and block size (12 - 264 images).

The & priori precision of the GPS-measurements were estimated to be between 0,03
m and 0,22 m when the observations were corrected for shifts and time dependent
drift parameters. However, many of the projects were often among the first of their
kind in each country, and many of the problems that occurred, are unlikely to ocecur
again. 5till, the reliability of the GPS-measurements is a problem in some cases,
mostly connected to the fact that too few projects have been performed, by the
different institutions, using the technique. On the other hand there are already
regular applications with no apparent problems.

The study shows that in most cases GPS-supported aerial triangulation reaches the
required accuracies of the submitted blocks. For small-, medium- and large-scale
mapping, the method safely fulfils the accuracy requirements of aerial
triangulation, as the GP5-measurements have a precision in the order of 0,10 m or
better. If the standard error of the GPS-measurements is in the order of 3,05 m or
better, the technigue can be used even for large scale mapping, and
photogrammetric point determination, although the benefit goes down.

The economic importance of GPS aerial triangulation lies in the drastic saving of
conventional control points. For large scale, high precision block adjustment, when
sufficient ground control points are often available, the economic advantage may
diminish, however,
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1 INFRODUCTION

The airborne application of the NAVSTAR Global Positioning System (GPS) is
capable of providing relative kinematic positioning coordinates of air survey
cameras, based on high precision differential GPS carrier phase chservations. A
particular interesting application concerns the use of GPS data for aerial
triangulation, by introducing GPS camera position coordinates into the combined
block adjustment with photogrammetric aerial triangulation measurements.

The OEEPE has in May 1993 decided to cellect a number of GPS blocks in order to
review the status of practical performances and results of GPS supported aerial
triangulation. A working group was established under the leadership of
professors Fritz Ackermann and Kennert Torlegird. The majority of the blocks in
this report come from practical application projects, some are scientific test
blocks. They all include at least a certain number of check points for independent
accuracy assessments. No attempt is made, in this report, to go deeper into
theoretical and methodical questions. The results are displayed as they have been
obtained. In this way, this empirical status review demonstrates that GPS aerial
triangulation is operational with available equipment and software,

The accuracy of points computed through a traditienal block triangulation
without GPS depends basically on the image scale, the distribution and
photogrammetric measurement of tie points, and on the number and
configuration of contrel points in the block. Attempts to determine the position of
the camera at the time of exposure have been done over the years, but few have
been as successful as GPS. There already exist operaticnal systems for using the
technique. This report is to show that such systems give the expected results and
are ready for practical operational applications.

The introduction of GPS-observations and GPS-unknowns in block adjustment
programs has been the easy part when implementing GPS-supported block
triangulation. Derivation of GP'S coordinates is more complicated. Better
receivers and the use of a large number of satellites change the conditions. New
ways of solving signal interruptions, cycle slips and phase ambiguity are
continually being developed.

In this report results from thirteen GPS-supported blocks from five countries will
be presented. Hopefully it will show that the method is useful for mapping. A
review of blocks and used methods will be given and the parameters influencing
the results will be discussed. SBome of the participants of the project have
submitted cost-benefit aspects. Most of the submitted material is presented in
appendices, for closer inspection,

2 A BRIEF DESCRIPTION OF THE GPS TECHNOLOGY

One of the reasons for placing a GPS-receiver in the aircraft is to get the position
of an air survey camera at the time of exposure. Other reasons can be navigation
and pin-point photography. Receivers are often used for these applications at the
same time. When the goal is to get the position of the camera, the requested
precision is mostly high, at least for large scale mapping. The most common




method is kinematic differential GPS. At least one stationary receiver is placed on
a known point on the ground and another receiver is placed in the aircraft
{Figure 2.1).

Figure 2.1 The principle of kinematic relative GPS positioning.

2.1 The NAVSTAR GPS

The NAVSTAR CGPS ig a US military positioning system. Twenty-one operative
satellites are placed in polar orbits covering the whole earth. Signals from the
satellites are collected by GPS receivers. The oscillator frequency is 10,23 Mz
The modulated signals are [Hofmann-Wellenhof et. al. 1992]:

Carrier frequencies L1 157542 MHz (10,23 * 154}
L2 1227,60 MHz (10,23 * 120}

Binary codes P 10,23 MHz repeated every 266,4 days
C/A 1,023 MH=z (10,23 / 10) repeated every
millisecond

Different receivers have different possibilities to handle the received signals, US
government has introduced "Selective Availability”, which means that a noise on
the satellite binary eodes decreases the accuracy of the measurement, for non-
privileged users.

2.2 Kinematic Differential GPS for Aircraft Positioning

For camera positioning, high precision GPS measurements are necessary.
Therefore phase measurements on one or both carrier frequencies (L1 and L2}
are used. The phase measurements have much better resolution than the code
measurements, If two carrier frequencies are used, atmospheric error effects
can be removed, A stationary receiver on a known point on the ground during
flying is used in differential GPS for relative positioning of the aircraft. This gives
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a considerably higher accuracy than without a reference station on the ground,
as a number of error effects cancel out.

2.3 Phase Ambiguity

Phase observations have the ambiguity problem, as the integer number of cycles
which the L signal bas travelled through is unknown. Solution of the phase
ambiguity can be found in different ways. One way is a stationary base line
golution, i.e. to start the receiver while the aircraft stands still on the ground.
When the ambiguity is solved, the aircraft can start its mission, but one has to
assure that the receivers keep continuous contact with the satellites all through
the flight. Afterwards, post processing of the GPS-measurements is done and
coordinates of the photo stations are obtained. The problem with this method is to
keep contact with the satellites by continuous recording all through the flight
migsion. At take-off, landing and turning one has to make sure that the plane
does not bank too much, i.e. that signal interruptions are avoided. This leads to
longer and more time consuming flights.

Another way to selve the problem of phase ambiguity is to allow for some phase
error. New phase correlation is initialised for each new strip. This can be done by
using the codes, but then the phase correlation will not be correctly determined.
This will lead to shift and time dependent drift along the strip, These are however
easy to compensate for in a block triangulation by additional unknowns in the
adjustment. Other, more refined methods have come up recently, which solve the
phase ambiguity from on-the-fly measurements. The aim with such more refined
methods is to restore continuity and possibly do the block adjustment without
unknown shift and drift parameters.

24 Time Registration of the Exposure

The GPS-receiver collects data continuously, and the positions of the antenna can
be derived at certain time intervals, once or twice every second, To derive the
position of the antenna at the time of exposure one has to know when the
photograph was exposed. The exact time of exposure is hard to define as it takes
place over a time period when the plane moves forward. Often the mid time of the
exposure i5s exactly recorded. The registration is done with an electrical pulse
that is sent to the GPS receiver for recording. Different types of interpolation
methods can be used to get the respective antenna position, The most common
one among the projects presented in this report is linear interpolation.

2.5 The Ecceniricity of the Antenna

The GPS antenna is placed somewhere on the roof of the aircraft as the radio
signals must have an uninterrupted direct path from the satellite to the antenna.
For high precision measurements one has to consider this eccentricity between
the antenna and the prejection centre of the camera. The spatial off-set reduction
should refer to the external coordinate system. Hence, in principle, the
eccentricity and the aircraft attitude have to be taken into account. The external
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attitude parameters of camera resp. aircraft can be derived approximately from
first block adjustment rung. The eccentricity is geodetically measured
beforehand. If the camera is held fixed all through the flight, the eccentricity will
be so too, with regard to the aircraft and also the camera coordinate system, If
the camera changes its orientation towards the aircraft during the flight, this
has to be measured or recorded in one way or another, when high precision
measurements are required.,

2.6 Coordinate Transformation

The coordinates obtained from GPS measurements will refer to the geocentric
coordinate system WGS84. Often, however, the block adjustment shall relate to a
local geodetic network. If the fransformation parameters between the two
systems are known it is possible to just transform the WGS84 coordinates, When
drift and shift parameters of the GPS measurements are used, they will take care
of the datum transformation, which is provided via ground control points. The
transformation between the two systems can be done by a three-dimensional
gimilarity transformation with one scale factor. That means theoretically that
two horizontal and three height control points are enough for solving the
transformation parameters. In practice, more control is often used which is
discussed in a following chapter.

2.7 Block Configuration and Ground Control

The economic reason for using GPS-supported blocks is to considerably decrease
the number of ground control points as compared with cenventional aerial
triangulation. The requested number of ground control points and the block
configuration depends on the guality of GPS-measurements. In the following
examples the principle of block configuration and ground control is laid out.

GPS positioning refers, in principle, to the 3-dimensional cartesian coordinate
system WGS84, If the ambiguity problem is solved correctly and phase lock is
maintained all through the flight, then one can be sure that no sghifts or drifts
afflict the GPS measurement, and one can consider the measurement of every
camera station to be absolute in WGS84. In that case no ground control points are
necessary provided that a perfect camera calibration is given and that no
connection between WGS84 and the ground coordinate system is required. The
traditional overlap of 60 % along and 20-30 % between strips would be sufficient,
The adjusted block would refer to the WGS84 coordinate system., Thus, in
principle, GPS aerial triangulation could do without any conventional photo-
control-points. Instead, GPS stations cutside the block area would be required.

If an overall datum t{ransformation from WGS84 to a local datum is required, a
few ground control points are used to define it. Normally one ground control point
in each corner of the block is advisable (figure 2.2). In GPS blocks - contrary to
conventional blocks - the ground control points have the only function to provide
the datum transformation. Therefore a few ground control points are sufficient.
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- Figure 2.2 Block configuration with maintained phase lock (continuous GPS
trajectory) when an overall datum transformation is required.

If the ambiguity problem is solved only approximately and maybe separately
solved for each strip, then GPS shift and drift is different for each strip. In this
case one can stabilise the hlock with two crogsing strips or two height control
chains at the ends of the parallel strips. One full control point in each corner of
the block will be sufficient. In some methods this is the standard scenario. If a
block is highly rectangular or has irregular shape, it is advisable to use three of
more cross-strips and also some more control points,

4 I

[a— i

Ad £a

Figure 2.3 Block configuration with crossing strips for the determination of
separate GPS shift and drift parameters in different strips.

if as few as four control points are used the block will be very sensitive for gross
errors in the control points. Therefore it is advisable fo signalise two or three
control points distinetly in each corner so as to assure reliability (figure 2.3),



3 OEEPE PROJECT PLAN
3.1 Design of the Project

The 81st OEEPE Steering Committee meeting in Bruxelles in November 1992
decided to set up a GPS-project. The aim of the project was to promote application
by demonstrating that the technique of using GPS-support in block triangulation
is operational and that the expected, highly favourable results are obtained. At
the OEEPE Steering Committee meeting in Delft, 12-14 May 1993, the plan for the
project was accepted and it was decided to go on with the project. The Department
of Geodesy and Photogrammetry at KTH, Stockhelm, was assigned as project
centre and Prof. Kennert Torlegdrd as project coordinator.

The members of OEEPE were asked to join the project. The following persons
announced their participation:

Fritz Ackermann Stuttgart, Germany
Dystein Andersen s, Norway

Leif Erik Blankenberg As, Norway

Helén Burman Stockholm, Sweden
André Flotron Meiringen, Switzerland
Anton Hggholen Helsinki, Finland

Jiiri Talts Givle, Sweden

The participants were asked to submit results of adjusted blocks and information
about methods and technology used and statistics from block triangulations that
had been calculated in two ways, firstly without GPS and traditional ground
contrel, secondly with GPS and minimum ground control. In cases when check
points were available, rms-values were to be calculated. The participants were
also asked to deliver cost-benefit aszessments if possible.

A draft of the report was presented to'the Steering Committee in November 1993
for approval. After changes and amendments, the president of OEEPE, prof Dr
Fritz Ackermann, gave final approval for printing and circulation by the OEEPE
Publishing Office,
3.2 Requested Information from the Participants
The participants were asked to submit the following information for each block
calculated both with and without GPS control.
Method and Technology

- Information on block size, genmetry, m'r_(_a._l'_'l'éb: a.ud __ﬂying height
Map sketch with block lay-out; models; 6o '.l'aﬁ'd':check points

Type of adjustment, independent el or b _ﬂ_le, 'i)rbgram name

E
%
0
:
;
z
i

tiafat




" _ (PS information, instrument type, method of data reduction, one or more
fixed stations

- Timing between camera and GPS
- Continuous or interrupted GPS recording

- Datum transformation separate from the block or included in the block
adjustment

- What type of GPS parameters were used in the adjustment, per block or
per strip, drift and  shift, transformations between coordinate systems

- Eccentricity between the antenna and the camera, constant or changing
(fixed camera or not), eccentricity known or estimated in the adjustment

- How was the phase ambiguity solved

“Statistics

-  How many tie points typically between models (or images} in the same
strip and between  strips; were they natural, targeted or PUGged

- Type of control and check points, targeted or natural features, type of
targets, what kind of features

- Theoretical or a priori estimates of accuracy of coordinates of
* gecdetic control points :
¥ geodetic check points
* photogrammetric image points (or model points)

GPS measured camera stations

to be used for a priori weights in the adjustment

W

- Root mean square (RMS) values of coordinate differences
* phofogrammetry - geodetic ground control points
* photogrammetry - geodetic check points

- If available (but not necessary) on 3,5" diskette {formatted for MS-DOS) in
ASCII files also  listings of
* control peint coordinates
photogrammetric coordinates of new points
check point coordinates
coordinate differences
- photogrammetry - ground control points
- photogrammetry - check points

e
*
*

- Any other information regarded to be of importance for the aim of the project




4 RECEIVED BLOCES

This ig a summary of the blocks submitted to this project. Further information
you can find in the appendices.

Table 4.1 shows an overview of the received blocks. Totally thirteen blocks were
submitted and the image scale is between 1:3300 and 1:50000, Two of the blocks
(Follo and Sperillen) were calculated with the independent meoedel adjustment
method, the rest with bundle adjustment.

All blocks with GPS support had crossing strips, except for four blocks (Eura II,
Follo II, Sonvilier II, Sperillen II) that had height control chains instead. All
blocks were also adjusted without GPS but with plenty of ground control, mostly
more control than would have been necessary for the block. Thus, they do not
represent the normal results of equivalent conventional blocks without GPS, but
represent, instead, the best possible results obtainable with the material. As some
of the blocks adjusted with GPS have several versions, they altogether represent
seventeen cases. The most common design for GPS-blocks is to use two crossing
strips and six drift parameters per strip.

Most of the blocks were related with practical application, except for Follo,
Fredrikstad, Rirberg and Sperillen, that were scientific test blocks.




Table 4.1 A summary of submitted blocks

No. |[Block name Flying | Block |Overlap | Numberof | Typeof | Number|Number
Height | size photos adj. of of GPS-
control |unknowns
Country Image long/lat | Number points | (parameters)
scale |ym? % of sirips XY/Z

1.0 Botkyrka I 800m {3%5km| 60/25 37 photos Bundle| 32/32 No GPS-

: Sweden 1:5300 4 strips support

1.1 |Botkyrkall 800m [3*5km| 60/25 50 photos Bundle| 11/11 6/ strip

: Sweden 1:5300 4 + 2 strips

1.2 | Botiyrka IIT 800m |3*5km| 60/25 50 photos Bundis| 11/11 12 /block

: Sweden 1:5300 4 + 2 strips

1.3 | Botkyrka IV 800m |3*5km| 60/25 50 photos Bundie| 32/32 12/ block
Sweden 1:5300 4 + 2 strips

1.4 |BotkyrkaV 800m |[3*5km| 60/25 50 photos Bundle} 151/161] 12 /bloeck
Sweden 1:5300 4 + 2 strips

2.0 Eural 3400m | 25%45 60/30 | 264photos | Bundle}f 78/208| No GPS-
Finland 1:16000 km 10 strips ) support

2.1 Eura IT 3400m | 26%4b 60/30 264 photos { Bundle| 7/19 6 /strip
Finland 1:16000 km 10 strips

3.0 Follo I 2250m | 16%13 60/30 60 photos Indep. | 21/29 No GPS-
Norway 115000 %km 5 strips meodel support

3.1 Follo I 2060m | 16*1i3 60/30 60 photos Indep. 8/24 6 / strip
Norway 1:15000 km 5 strips model

4.0 Fredrikstad T 800m | 45%6,0 | 60/20 79 photos Bundlei 22/30 No GPS-
Norway 1:5000 km 5 strips support

4.1 Fredrikstad IT 800m | 45%6,0 1 60/20 80 photos Bundle] 22/28 No GPS-
Norway 1:5000 km T strips support

4.2 Fredrilistad III § 800m | 45%6,0 1 60/20 101 photos | Bundle{ 4/4 3 /strip
Norway 1:6000 km 5 + 2 strips

4.3 Fredrikstad IV | 800m [ 45*%6,0 | 60/20 110 photos | Bundle| 4/4 3 /strip
Norway 1:5000 km 7 + 2 strips

5.0 Rirbergl 500m |[3+3km| 60/20 55 photos Bundle| 20/36 No GPSB-
Sweden 1:3300 b strips support

6.1 Rorberg I 500m [3*3km | 60/20 75 photos Bundle 4/4 6/ strip
Sweden 1:3300 5+ 2 strips

6.0 Sonvilier I 800m | 11km?2 | 60/60 | 1ldphotos | Bundle| 43/43 No GPS-
Switzerland 1:5000 11 gtrips support

6.1 Sonvilier II 800m | 11xm2 | 60/60 114 photos | Bundle| 19/19 6 { strip
Switzerland 1:5000 11 strips

7.0 Sperillen I 1216m | 8,5*3,5 | 60/20- | 12 photos Indep. | 12/12 No GPS-
Norway 1:8000 km T0/30 2 strips maodel support

7.1 Sperillen II 1215m | 3,56%35 | 60/20-| 12 photos Indep. 6/6 6 / strip
Norway 1:8000 km 70/30 2 strips model

8.0 |[InphoBlockAI | 1120m [5¥6km| 60/20 50 photos Bundle| 32/32 No GPS-
Germany 17500 4+ 2 strips support

8.1 InphoBlock AM{ 1120m |5 6km | 60/20 50 photos Bundle 4/4 6/ strip
Germany 1.7500 4 + 2 strips
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Biock name

Counixy

Flying
Height

Image
scale

Block
size

km?

Overlap

long/lat
%

Number of
photos

Number
of strips

Number

of GPS-
unknowns
(parameters)

Inpho Block BX
Germany

1200m
1:8000

7%Tkm

60/20

70 photos
6 + 2 strips

Bundle

No GPS-

support

Inpho Block B TI
Germany

1200 m
1:8000

T*Tkm

60/20

70 photos
6 + 2 strips

Bundle

6 / strip

Inpho Block C1
Germany

1150 m
1:7500

6*55
km

60/20

55 photos
4 + 2 strips

Bundle

No GPS-
support

Inpho Bleck CII
Germany

1150 m
1:7500

6% 5,5
km

60/20

55 photos
4 + 2 strips

Bundle

6/ strip

Inpho Block DI
Germany

7500 m
1:50000

133 %33
km

60/20

143 photos
4 + 3 strips

Bundle

Ne GPS-
support

Inpho Rlock DI
Germany

7500 m
1:50000

133*83
km

60/20

143 photos
4 + 3 strips

Bundle

6 / strip

Inpho Block E T
Germany

7500 m
1:50000

130#33
km

60/20

143 photos
4+ 3 strips

Bundie

No GPS-
support,

Inpho Block Bl
Germany

1500 m
1:50000

130 %33
km

60/20

143 photos
4 + 3 strips

Bundle

6/ strip

Inpho Block F1
Germany

915 m
1:6100

T6*76
km

60/20

154 photos
8 + 2 strips

Bundle

No GPS-
sapport

Inpho Block F IT
Germany

916 m
1:6100

T6%76
km

60/20

154 photos
8 + 2 strips

Bundle

6/ strip




5 RESULTS OF ADJUSTED BLOCKS

Many different aspects can be discussed concerning the information given in the
gubmitted material. The following discussion concentrates on the most

gignificant accuracy aspects.

Empirical accuracy is best described by RMS values of differences between
photogrammetric and geodetic coordinates of check points. These RMS values in
the submitted blocks are listed in table 5.1 and 5.2. , for both traditional blocks and
GPS-supported blocks. In some cases no check points existed, then theoretical
accuracies are given, as obtained via the inversion of the normal equation
matrices, in terms of RMS values of the standard coordinate deviations of all

adjusted block points.

5.1 Accuracy Without GPS

Results from traditional blocks without GPS are listed in table 5.1. Further details
about the blocks you find in table 4.1 and in the appendices. All blocks were
adjusted without crossing strips, except for the six Inpho blocks no. 8 - 13,

Table 5.1 Accuracy results of blocks without GPS. The blocks 2.0 and 8.0-13.0 give
theoretical RMS-values, all others empirical RMS-values from check points.

Block|| op [ Scale || cp+s || No.of || No.of | RMS-Xji RMS -ﬁMS-Z RMS-X | RMS-Y | RMS-Z
factor contxol §| check op*s || og*s || op*s
=8 points | points
[um] ] j xy /2 (| xy /z || [mm] | [mm] || fmm] || [ratio] || [ratio] } [ratio]
1.0 3,2 5300 17,0 | 82/32 | 119/118] 4 2 51 2,6 19 3,0
2.0 64 | 16000 | 1024 {82/226{ -/- 85 97 253 0,8 0,9 25
3.0 73 | 15000 | 110 | 21/29 | 23/15 130 130 220 12 12 2,0
4.0 39 5000 19,5 | 22730 | 28/20 3 29 49 16 15 2,5
4.1 3,3 5000 180 | 22728 | 25/23 44 3 65 2,3 1,7 34
5.0 4 3300 182 | 20/36 | 8/39 16 3 35 1,2 2,6 2,7
6.0 3,8 5000 19,2 | 43/43 -/ - - - - - - -
7.0 7.5 8000 60 12/12 | 18/18 60 120 1,0 1,0 2,0
8.0 4.6 7500 345 | 32/32 “f- 14% 14¥ 41 04* 0,4* 1,2
2.0 42 8000 33,6 | 43/43 -f- 20* a0* 44 0,6* 0,6* 13
100 | 44 | 700 33,0 | 32/32 -/- 3% 2q% 46 0,7* 07" 14
11.0 | 65 | 50000 | 325 { 63/63 - - 196* 195* 380 0,6% 0,6 12
12,0 | 69 | 50000 | 345 | 65/65 -f- 207* 207 414 06" 0,6 1,2
13.0 | 6,7 6100 | 40,9 | 40/40 -/- 29* a2g* 53 0,7* 0,7 1,3

* The RMS-X and the RMB-Y values are identical, caleulated as mean herizontal coordinate

errors.




As one can see from the resulting standard errors of unit weight {g¢), all the
triangulations are of very good quality. The two blocks that have a standard error
" above 7 micrometers are adjusted with the independent model method. In that-

case the ¢ does not refer to image coordinates but to model coordinates, and its
magnitude is theoretically larger. The blocks that have a standard error under 4
micrometers are blocks with mostly signalized tie points. The rest of the blocks
have a majority of natural or artificially marked tie points.

The RMS accuracy results of blocks number 2.0 and 8.0-13.0 are based on
theoretical error propagation after adjustment. The very good results are obtained
because of strong ties and the very large number of control points which were
used.

5.2 Accuracy With GPS

Table 5.2 shows the accuracy results of GPS-supported blocks. Most blocks had
two crossing strips and six GPS drift parameters per strip. Further information
about the blocks can be found in table 4.1 and in the appendices,

On first glance the GPS-supported blocks give larger RMS values in planimetry
and height than the traditional blocks in almost all cases. That comparison
between the tables 5.2 and 5.1 is misleading, however, as the block adjustments
without GPS have made use of (the available) excessive numbers of ground
control points, Therefore they are not representative for equivalent practical
cases, the errors of which would be about twice as large, in general.

The oy estimates, i.e. the estimated precision of the image coordinate
observations are slightly larger in the GPS supported block adjustments. It is an
indication that the total error modelling of all observations (GPS included) is not
yvet in final balance.
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Table 5.2 Accuracy results of GPS blocks
No.§ o Scale | 0*8 No. of No. of § No.of No. of
0 factor con.htt;l cross, || drift chectlz
[pmil =s tmm] g;“; . strips || param, @? .
1.1} 32 5300 17,0 11/11 2 6/ strip | 140/140
1.21 386 5300 19,1 11713 2 12 1407140
1.3] 37 5300 19,6 32/32 2 12 119/119
1.4 | 37 5300 19,6 151/151 2 2 -f-
2.1 | 64 16000 1024 7/19 - 6/strip{ 71/190
31| B0 15000 120 8/24 - 6/strip | 36/20
42| 41 5000 20,5 4/4 2 3/strip | 47/47
43| 41 5000 205 4/4 2 3fstrip | 47/47
5.1 40 3300 13,2 4/4 2 6/strip | 24/71
6.1 38 5000 19,0 19/19 - 6/strip | 24/24
7.1 15 8000 60 6/6 - 6/gtrip | 24/24
8.1] 49 7500 36,8 4/4 2 6/strip | 28/28
9.1 48 8000 38,4 4/4 2 6/strip | 39/39
10.1f 46 7500 34,6 4/4 2 6/ strip 28 /28
11.1] 84 50000 320 6/6 3 6/strip | 57/5%
12.1] 70 50000 350 6/6 3 6/strip{ B£9/59
13.1] 69 6100 421 12/1% 2 6/strip | 28/28B
No. || Aprioxi || RMS-X j| RMS-Y || RMS-Z || RMS-X | RMS-Y | RMS-Z
oGPS a8 op*s oy *8
[m] [mm] j| [mm] || Efrem] || fratio] | [ratio] || [ratiol
1.1 0,10 43 56 74 2,5 33 44
1.2 0,10 43 44 93 2,8 2.5 49
1.3 0,10 40 32 71 2,0 1,6 3,6
1.4 0,10 - - - - - -
2.1 0,20 180 132 366 1,8 1,3 3,5
3.1 0,22 180 180 230 15 1,5 19
22| 008 %8 51 7] 14 2,5 21
4.3 0,03 55 41 46 2,7 2,0 2,2
5.1 | 0,080,061 a0 0 E 23 30 37
6.1 0,05 49 40 143 2,6 2,1 75
7.1 012 ] & 150 1,1 L1 2.5
8.1 0,10 66 66 &5 18° 18* 2.3
9.1 010 61 ) 88 16° 16" 23
10.1[ 010 55 5% B 16% 16° 94
1.1 0,10 352 416 1,17 1,1% 13
12.1] 0,10 55 5% 665 To* 15 19
13.1] 0,10 3 % 0 18" 18" 19

* The RMS-X and the RMS-Y values are identical, calculated as RMS horizontal coardinate

errors,
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6 DISCUSSION
6.1 General

The methed of using GPS-supported block triangulation worked very well in all
cases. The main result is that the accuracy of GPS blocks is close to the accuracy
obtained with dense control in conventional block triangulation. The accuracy
performance of the GPS blocks is equivalent, in general, to high performance
aerial triangulation, in spite of minimum control, The stabilizing accuracy effect
of GPS camera station observations is clearly demonstrated. The average
accuracy of all the blocks is 1,9 (09 * 8) in x and y and 2,7 {5 # &) in z (excluding
Sonvilier's result in height, where errors in the check point heights were found).
This result confirms that GPS keeps the propagation of errors in the block within
narrow limits.

6.2 Comparison with Theoretical Accuracy Prediction

The theory shows that the accuracy expected for GPS-supported blocks with eross-
strips and free drift parameters per strip, assuming ¢GPS < 6o * 5, is about 1,5
{00 * 8) in x and y direction and about 2,0 {5, * 8) in z [Ackermann 1992], For the
blocks in this study with the scale 1:6100 or smaller, the average empirical
accuracy from check peints is 1,6 (o # 8) in x, y and 2,2 (o * 8} in z, which fits
well to the theoretical accuracy expectation, although the assumed GPS accuraey

OGPS isin the order of (2-3) op * 8, except for the excellent small scale blocks
11.1 sand 12.1. For blocks with scale larger than 1:6000, the average accuracy is

2,2 (op * 8) in %, y and 3,2 (0p * s} in z. Those results refer to blocks with signalized

points. The resulting small magnitudes of o (3,2 - 4,1 um ) are not quite
representative for the vertical block aceuracy. Also, the standard GPS errors

GGPS are large in comparison with the photogrammetric measuring precision,

because of large photo scale, reaching ratios up to 6 ¢ * s . If the effects of 6sGPS
are properly considered, then also the accuracy results of the large scale blocks

agree very well with the theoretically expectation, as will be shown in the
following section 6.3.

6.3 Accuracy as Function of cgpg

The resulting block aceuracies are theoretically expected to be correlated to the

precision of the GPS coordinates. In the figures 6.1 and 6.2 the RMS values are
plotted against the & priori GPS precision as used in the block adjustments. The
empirical relation compares well with the result from & theoretical investigation
of expected accuracies of new point coordinates fi : ilar: blocks with four
ground control points and crossing strips. Thi restigat was presented in
[Burman 1992] and similar results were presetited in [Ackermann 1992] and
[Friefl 1990]. iR

e o




The actual precision of the GPS measurements, expressed in standard errors, is
not known in this investigation. The GPS precision was introduced in the
photogrammetric block adjustments by the participants as 4 priori assumption.
They have been estimated by some of the participants by comparison between GPS
coordinates and resected projection centres derived from traditional adjustment.
Other participants have derived estimates of the GPS precision in other ways.

RAMS-X,Y

RMS-X
RMS-Y
RMS-X.Y (theoretical)

agps

5
0 1 2 3 4 5 5 7 g ©g* 5]

Figure 6.1 Comparison of empirical RMS values in X and Y with GPS
accuracies. The line is the relation between accuracy of GPS camera stations and
of new point coordinates for a rectangular block with two crossing strips and four
ground control points, derived from a theoretical investigation, [Burman 1992].

AMS-Z
foy*sl
5 -y

©—a— RAMS-Z
wen BMB-Z (thecretical)

0 O &Ps
- r - . . —
0 1 2 3 4 5 6 7 8 lo,*sl

Figure 6.2 Comparison of empirical RMS values in Z with GPS accuracies. The
line is the relation between accuracy of GPS camera stations and of new point
coordinates for a rectangular block with two crossing strips and four ground
control points, derived from a theoretical investigation [Burman 19921
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Compared to the correlation curves derived from the theoretical investigation,
most of the empirical block results are as good or better than expected.
Nevertheless, the expected trend is visible. The accuracy performance of GPS
blocks is confirmed to depend on the accuracy of the GPS camera station
coordinates, The relation is, however, quite weak. The standard GPS errors have
to become 5 to 6 times larger, in z resp, x,y, to increase the RMS block errors by a
factor of 2. It means that the GPS block accuracies are not very sensitive against
the precision of GPS camera stations. The above quoted theoretical block

accuracies of 1,5 op*s (inx,y) and of 2,0 6p*s (in 2) correspond to the lower ends
of the theoretical relations of Figs 6.1 and 6.2. Thus they are confirmed as being
highly realistic.

6.4 Effect of Overlap, Block Size, Photo Scale

Overlap is in all blocks approximately 60 % along and 20-30 % between strips,
except for the block Sonvilier where the overlap between strips was 60 %. That
single case is not conclusive enough. Therefore, the case of blocks with 60 % side
lap, which should theoretically be more accurate, is not considered here any
further.

The block sizes vary from 12 photos in 2 strips (Sperillen) to 264 photos in 10 strips
(Ewura). This variation in block sizes did not show any significant influence on the
accuracy results, as theoretically expected [Ackermann 1992; Burman 1992].

The photo scales vary from 1:3300 (Rorberg) to 1:50000 (Inpho Blocks D and E). The
difference in result is naturally large in absolute values. It simply reflects the
projection of photogrammetric image measurements onto the terrain. This effect
can however be taken away, e.g. normalized, by expressing the result as a ratio
between RMS and (og * 8). This ratio is practically constant, and well suited for
comparison of results. It is also useful as a thumb-rule for planning of GPS
blocks. As pointed out before, the ratios BMS / 64 * s depend to some extent on the
accuracy of the GPS camera stations, see Figs. 6.1 and 6.2. The empirical results
confirm the theoretical relations very well. It means that the ratios are indeed
constant, if cQPS < 0g * 8.

6.5 Adjustment Method

Two types of adjustment programs were used. All blocks except two were
calculated with bundle adjustment programs. The blocks Follo and Sperillen

were treated with an independent model adjustment program The o, values
referring to different observations, are slightly higher for these two blocks, as one
must expect for theoretical reasons, but cther differencesd in the result can
be found. All the programs includéd:d _ v for the GPS
measurements, Some of them: includ : rection: of - GPS antenna
eccentricity due to rotation of the alrcraft B '




6.6 GPSData

The GPS method of data reduction is the same for all blocks, namely relative
phase measurements. Most of the blocks used only one carrier wave, L1, for the
golution. Three of the blocks were calculated with two carrier waves. The result
was in one case very good (0,03 m, Fredrikstad), for one block it was pretty good
(0,05-0,08 m, Rirberg) and for one it was pretty poor (0,11-0,13 m, Botkyrka). From
this no valid conclusion can be drawn of how the type of solution influences the
result. But other investigations has shown that the capacity of dual frequency
measurement ig higher than single freguency measurements, especially for
detection and correction of atmospheric noise. However, as long as drift
parameterg/strip are used in the adjustment, single frequency data are evidently
highly equivalent and fully satisfactory.

In some of the projects, the intention was to initialise the phase correlation before
take-off and to maintain phase-lock during the flight mission. This was in almost
all cases not achieved. Instead, code measurements (pseudo-ranging) were in
most cases used for re-initialising the ambiguity solution at the beginning of
each strip. With the Inpho blocks no attempts were made, deliberately, for any
initial ambiguity solution, nor for maintaining signal lock during the flight
turns,

As a consequence of the type of ambiguity solutions, most blocks had three shift
and three time dependent drift parameters per strip as unknowns in the block
adjustment. The only exceptions are some of the block adjustments done on the
Botkyrka block, where only two parameter sets were used for the entire block,
and the block Fredrikstad, were only three shift parameters were used as
unknowns per strip. Only for the Fredrikstad block, the result was better with
fewer unknown parameters, Further investigations have to be done to bhe able to
see what influence the number of parameters and the number of parameter sets
will have on the result. In other words, the systematic GPS errors and the datum
errors warrant closer investigation.

6.7 Eccentricity of Antenna

The eccentricity of the antenna was in most cases known beforchand. However,
the attitude of the cameras were often not kept fixed during the entire flight
mission. In most cases the crab angle was only fixed within a strip. In one block,
the camera attitude was not fixed at all, namely in the Botkyrka block. In that
cage the effect of rotating the camera was considered to be small (0,02-0,03 m) and
of less importance for that project. This may have increased the RMS values a
little. The effect of changing the camera position in the aircraft between strips is
mostly compensated for by constant correction or by using shift parameters per
strip. The antenna is often placed so that the eccentricity is small in x- and y-

direction. Changing the camera attitude, often means only a rotation of the «

angle which does not influence the external eccentricity if the antenna is placed
above the camera,
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6.8 Distance between GPS Ground Station and Block

Normally it is recommended to have the stationary GPS receiver in the block area
or close to it, for good cancellation of systematic errors. At 10 of the 13 blocks the
receiver was placed accordingly, in or at the block area. However, in three cases
(Bura, Sonvilier, Sperillen) the stationary receiver was at a distance of 200 km, 50
km, and 35 km, respectively, without apparent loss of accuracy, The explanation
is that large distances between GPS receivers cause systematic errors in the
differential mode, which are compensated in the adjustment, however, if drift
parameters are applied. it is a major reason for applying such parameters.
Another example of 400 km distance is referred to in Appendix 8.




7 COST - BENEFIT

The main justification for GPS supported aerial triangulation is econcmic:
drastic saving of ground control. On the other hand GPS application implies
additional efforts and costs. The main extra costs of using GPS-support are
mobilization and installation in the aircraft, operation of a GPS-receiver on the
ground, processing of the GPS-data, and aerial triangulation measurements
and adjustment efforts if crossing strips are used. All these extra costs must be
over-compensated by the savings of signalising and field surveying of ground
control points, if GPS-supported block triangulation is to perform economically
compared to traditional triangulation,

Some of the participants have given comments on cost-benefit. For the Botkyrka
block, the additional cost for using GPS is about 50%. The cost would only be
balanced if 35 completely measured and signalised control points could be saved.
This means that there is no economy in using GPS in this case.

The Eura block could reduce the amount of targeted peoints to 1/10 of what is
normal in Finland today. This means that GPS reduces the costs for the block.
However, the block has to be of a certain size. The Eura block is about the average
size for base map production in Finland today, and its size is enough for GPS to be
cost effective.

For the Fredrikstad block, a time consumption analysis has been made. The
analysis shows that GPS-supported block triangulation can mean large savings
in time compared to traditional triangulation. For a block with about 80 images
one can save about 30% in time with GPS compared with conventional block
triangulation. This reduction is related to geodetic measurement and calculation
of the ground control point coordinates.

Ackermann (1993) reports from some case studies that the photo flight with GPS,
GPS data reduction and GPS aerial triangulation increase total costs by about
25%, if compared with conventional cases, and on the basis of equal accuracy
results. The saving of ground control is in the order of 90 % or more, which
results all together in a total economical benefit of about 40%. However, this cost
reduction is not ohtained in case ground control is already available or is cheap.
Also with very large scale high precision aerial triangulation the econmomic
advantages of GPS diminigsh. More research is required to determine how much
influence these factors will have on the result.
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8 CONCLUSIONS AND RECOMMENDATIONS

The results of this study show that block triangulation with GPS-support works
very well under operational conditions. The blocks cover a great variety of
different conditions, as far as image scale, block size, GPS receivers, adjustment
programs, data reduction are concerned. The accuracy results qualify generally
as high precision aerial triangulation (relative to image scale), although the GPS
blocks operated with very few ground control points only. The same results could
normally, without GPS, be obtained only with numerous horizontal control points
and vertical control points in particular.

The empirical results have confirmed the theoretical accuracy expectations for
adjusted GPS blocks to a remarkable degree. In particular alse the weak
dependency on the accuracy of the GPS camera position data has been confirmed.
Thus the theoretical expectations are quite realistic and operate at any scale used
for mapping.

Today, we can expect GPS camera positioning, derived from differential phase
observations to be precise to 0.10 m or 0.05 m. This is enough to fulfil the aceuracy
requirements of the full range of large-, medium-, and small-scale mapping. In
most cases that precision of the GPS coordinates 1s as good or better than 1,0 (op =
) , i.e. the photogrammetric measuring precision. The accuracy of the adjusted
blocks then would be approximately 1,5 (6o * s) in X and Y and 2,0 (oo * s) in Z.
This would be sufficient for all mapping scales. However, it may not be sufficient
for high precision photogrammetric point determination, a case which will
require further investigation.

The GPS method of data reduction has until now been phase observations mostly
on one carrier frequency only. The empirical results show that single frequency
chservations give highly satisfactory results, if combined with the drift parameter
approach of adjustment, Nevertheless, for highest precision two carrier
frequency observalions are recommended.

The influence of distance from the mapping area to the reference receiver on
ground has not been specially investigated in this study, However, some available
cases showed that distances up to 450 km or more can be safely handled, if linear
drift corrections are applied per strip. Further investigations are suggested to
fully establish the influence of distance between the mapping area and the
reference receiver [Ackermann 1993].

The blocks in this study have confirmed that continuous GPS phase
measurements during the whole flight mission are hard to achieve. From an
operational point of view it is therefore safer and sufficient to keep contact with
the satellites only during flying of individual strips. This will lead to shorter and
less time consuming flights. It does require, however, adjustment procedures
with drift parameters per strip. All participants have used such programs. New

“on the fly" techniques to solve the phase ambiguities may ease the problem in the
future.
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For high precision GPS-measurements, the eccentricity hetween the camera and
the antenna must be known for each exposure. If the antenna is placed right

above the camera, the camera can be rotated in k to compensate for the crab angle
without changing the eccentricity.

The remarks from the participants concerning cost-benefit show that many
people believe in strongly reduced costs in aerial triangulation, when using GPS-
support, but also that it is questionable for large scale mapping with small blocks.
For large scale mapping many control points often already exist. The costs of
using GPS is not always compensated for by the savings of ground control points.
However, there exist numerous cases where GPS-supported aerial triangulation
truly vields considerable economic benefits. It is up to each user to evaluate the
cost and benefit of GPS-supported and of traditional block triangulation under his
own operational circumstances.

In conclusion it can be summarized that the results of this study highly
recommend the practical application of GPS aerial triangulation as a regular
procedure. The method has proven to be operational, although some participants
had initial difficulties, On the other hand there are companies which regularly
apply the method without problema. The method can be applied for the full range
of image scales which are used in aerial surveys. There is a large class of cases
where GPS aerial triangulation has great economic advantages.
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Appendix 1
Block Botkyrka
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Fig al.l. Botkyrka I, without GPS.

oo a0

9|:|D[:|:J 5

ADQR0pN0DpMD L O0pO0OBAOQoo

¥—R o BeRERo RO ga 4

A ODppoB goRoday

Image scale 1:5300

Fig al.2. Botkyrka IT and Botkyrka III, with GPS.
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Technical data

Date of flight

Flight altitude

Scale

Block size

Overlap

Camera

Camera constant
Type of adjustment
Adjustment program
Type of tie points

Type of conirol points

Type of check points

GPS data

GPS instrument in aircraft

GPS instrument on ground
Number of ground stations

Distance between ground station and test field

GPS recording continuous or interrupted
Fixed camera or not

Enown eccentricity or not

Interpelation method

GPS-parameters in adjustment

A priori estimates

Control points

Check points
(GPS-measurements
Photogrammetric measurements

Botkyrka I (4 strips East - West, without GPS)

Number of photos
Available control points
- Ground Control Peints (GCP)
- Check Points (C P)
Resulting RMS of differences
- Photogrammetry - GCP
- Phetogrammetry - C P
posteriori ap

April 28th, 1993

800m

1:5 300

3*5km

p=60%,q=26%

Zeiss LMK 014A

ca 152 mm

Bundle block

PATB-RSG

Targeted (control and check points) +
3 artificially marked / image
Targeted (white 40 * 40 ¢cm)
Targeted (white 40 * 4G ¢m}

Ashtech P-XII

Ashtech P-XII

One

10 km

Continuous

Not fixed

Known

Linear

Three shift and three time dependent
1 parameter set /strip (Botkyrka II) or
2 parameter sets /block (Botkyrka III-V)

0,04 m 0,04 m 0,06 m
0,04 m 0,04 m 0,06 m
0,10 m 0,10 m 0,10 m
b um

a7

32 inXand¥Y/ 32inZ
119 inXand¥/119 in Z

0,028m  0,020m  0024m
0,044 m 0,032m  0051m
3.2 um
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Botkyrka II (4 strips East-West + 2 crossing sirips, with GPS)

Number of photos 50
Number of drift and shift parameter sets [
Available contrel poeints
- (3round Control Points (GCP) 1linXandY/11inZ
- Check Points (C P) 140inX and Y/ 140in Z
Resulting RMS of differences
- Photogrammetry - GCP 0,026 m 0,026 m 0,017 m
- Photogrammetry - C P 0,048 m 0,066 m 0,074 m
posteriori op 3,2 pm

‘Botkyrka T (4 strips East-West + 2 crossing strips, with GPS)

Number of photos 50
Number of drift and shift parameter sets 2
Available control points -
- Ground Control Points (GCP) 1linXand¥Y/11linZ
- Check Points (C P) J40inXand Y/140in Z
Resulting BMS of differences
- Photogrammetry - GCP 0,029 m 0,035 m 0,036 m
- Photogrammetry - C P 0,043 m 0,048 m 0,093 m
A posteriori og 3,6 um

Botkyrka IV (4 strips Fast-West + 2 crossing strips, with GPS)

Number of photos 50
Number of drift and shift parameter sets 2
Available control points

- Ground Control Points (GCP) 32inXand¥Y/32inZ

- Check Points {C P) 119inXand Y/119in 2
Resulting RMS of differences

- Photogrammetry - GCP 0,080 m 0,041 m 0,049 m
_ - Photogrammetry - C P 0,040 m 0,032m 0,071 m
A posteriori dg 3,7 pm

Botkyrka V (4 strips East-West + 2 crossing strips, with GPS)

Number of photos 50
Number of drift and shift parameter sets 2
Axvailable contrel points
- Ground Contrel Points (GCP} 151inXand ¥/ 151in Z

- Check Points (C P) -
Resulting RMS of differences

- Photogrammetry - GCP 0,026 m 0,027 m 0,030 m
. - Photogrammetry - C P -
A posteriori gy 3,7 ym




GPS-method of data reduction

In the ealculations hoth observations on the carrier waves (both frequencies) and on the codes (P
and CYA) were used. The program used was PNAV (Ashtech).

Solution of phase ambiguity

The integer ambiguity was determined by using the observations of phase measurements on two
carrier waves and code measurements. These observations were made when the aircraft was in
the air.

Eccentricity of antenna

The location of the GPS antenna in relation to the projection centre was known and introduced in
the calculations. In no instance was the eccentricity determined in the solution of the block
adjustment. The antenna was 18 cm hehind, 18 cm to the left and 1,43 metres above the projection
centre. The camera was not fixed meaning that rotations influence the real eccentricity of the
antenna. However, these errors are in the order of 2-3 cm. In relation to the rather poor accuracy of
the GPS ohservations these errors are disregarded here.

Timing GPS and camera

Pime marks from the mid-exposure pulse (from the camera) were stored in the GPS-receiver,

Transformation between ground coordinate system and WGS84

The transformation parameters hetween the ground coordinate system and WGEB4 were known
and the GPS cbservations were transformed to the ground coordinate system before the bundle
adjustment was done. If there are discrepancies between the systems they would be compensated
for by the drift and shift parameters of the GPS observations.

Comments

The a priori standard errors of control points were assumed to be 4 em in X and Y and 6 em in Z
and the GPS-measurements were assumed to-have a standard error of 10 em in X, Y and Z in the
adjustment. The standard errors of the control points could have been lower (2 em in X, Y and 7)
and higher (13 cm in X, 11 em in Y, 11 em in Z) for the GPS observations, The standard errors of
GPS observations were estimated by comparing photogrammetrically determined co-ordinates of
the projection centres and (GPS observations corrected for eccentricity. The differences were
adjusted for drifts and offsets,

It turned out that when 12 additional parameters describing image deformation were included in
the block adjustment, the oy was reduced drastically. It was a bit astonishing that the the residual
systematic errors were so large even if they were corrected with help of the fiducial marks. The
residual systematic errors were up to 10 pm in the image scale. This indicates disturbances on the
image geometry. All blocks were calculated with 12 additional parameters.

The block with GPS-support, 4+2 strips, 11 control points and 6 parameters per strip (Botkyrka II)

showed relatively good results. However, the maximum residuals in the check points were 0,14-
0,18 metres in planimetry and up to 0,24 metres in elevation. Therefore the block could not be used
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for its intended purpose. The same goes for the similar block with 2 parameter sets (Botkyrka IIT).
To get a better result in elevation, 21 control points were added (Botkyrka IV). This block still
shows large residuals in elevation and can not compete with the traditionally performed block
(Botkyrka I}. The last adjustment (Botkyrka V) shows the high accuracy potential of the block
when GPS and all control points are used.

Cost/Benefit

The conventional hlock for this area wounld have been four strips with together 37 images. The
alternative with GPS would have been six strips with 50 images.

GPS supported aerial photography and block triangulation will be more expensive. There will be
more images, more equipment involved and more caleulations. The increase in the cost is about
50 percent, For break-even this increased cost most be compensated with increased accuracy or
with reduced number of control points. In thig case there is no increase in aceuracy with GPS. The
best results were obtained without GPS. Instead of using GPS supported triangulation, in this case
35 additional completely determined centrol peints could be measured for the same amount of
money.

A more detailed account for the cost is the following:

Botkyrka without GPS

Aerial photography - 4 strips 4300 ECU
Diapositives, measurements and calculation of block - 37 images 2750 ECU
Sum TS0 ECU

Botkyrka with GPS

Aerial photography - 6 strips 6100 ECU

Calculations of GPS chservations 1100 ECU
Diapositives, measurements and caleulation of block - 50 images 3700 ECU
Sum 10900 ECU
Discussion

A block with large scale photography (1:5300) which was photographed with GPS cbservations of the
projection centres, has been caleulated in different ways. One conclusion is that minimum
control according to theoretical studies is not sufficient for practical large scale applications.

Another conclusion is that the value of GPS for large scale blocks is very questionable. The
accuracy of the GPS co-ordinates is relatively low and can not help to produce high-accuracy co-
ordinates in the block. A change can not be expected until the GPS co-ordinates are much better
determined.

A normal block triangulation, without GPS but with about one control point per image gave in this
black results which can be used for the large scale:mapping. The photography and the block
triangulation was in that case 35 percent cheaper than the block with GPS support. This reduced
cost could i.e. be used to measure additionally 35 completely detemuned control peints. So therea is
no economy for GPS supported large block triangulation. :
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Appendix 2
Block Eura —y—— Btrip with projestion cantre
Submitted by : Control point in X, ¥, %
' Control inX, ¥
Anton Hggholen Conteal in %

Finnish Gecdetic Institute

Helsinki, Finland ,
Checlk point in X, Y, 2

Check pointin Z

o[] & >»

-Block sketches

Image scale 1:16 000
Fig a2.1 Eura I, without GPS.
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Image scale 1:16 000

Fig a2.2. Eura IT with GPS. The points used for control in Eura I are used as check points in Eura
Il
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Technical data

Date of flight

Flight altitude

Scale

Block size

Overlap

Number of tie points
Camera

Camera constant
Type of adjustment,
Adjustment program
Type of tie points
Type of control points
Type of check points

GPS data

GPS instrument in aircraft

GPS instrument oen ground

Number of ground stations

Distance between ground station and aircraft
GPS recording continuous or interrupted
Fixed camera or not

Known eccentricity or not
Interpolation method

May 14th) 1992

3400 m

1:16 000

25%45 km

p=60% q=30% .
21/image in strip, 6/image between strips
Wild RC20

214,10 vam

Bundle block

ESPA (by Tapani Sarjakoski)
Natural

Targeted

Targeted

Ashtech MD-XI1L

Ashtech MD-XII

One

About 200 km

Continuous

Fixed in strip (the crab angle that was changed
between strips)

Enown

Linear except for a few positions based on

a polynomial interpolation

GPS-parameters in adjustment

A priori estimates and weights

Control points

Check points
GPS-measurements
Photogrammetric measurements

Ewra I (10 strips, without GPS,}

Number of phetos
Available control peints
- Ground Control Points (GCP)
- Check Points (C P)
Theoretical accuracies of new points
Resulting RMS of differences
- Photogrammetry - GOP
. - Photogrammetry - C P
A posteriori 6p

Three shift and three linear drift param. per strip

0,05 m 0,05 m 0,06 m
0,05 m 0,05 m 0,05 m
0,20 m 020 m 0,20 m
5 um

264
78inXand Y/209in Z
0,085 m 0,097 m (0,263 m.

0,049 m 0,046 m 0,024 m

6,4 um




Eura II (10 strips, with GPS)
Number of photos 264
Awvailable contrel peints

- Giround Control Points (GCP) 7inXand¥/1%9inZ

- Check Points (C P) MinXand Y/120in Z
Theoretical accuracies of new points 0,134 m 0,148 m 0,348 m
Resulting RMS of differences

- Photogrammetry - GCP 0,024 m 0,029 m 0,009 m
_ - Photogrammetry - CP 0,180 m 0,132 m 0,356 m
A posteriori og 6,4 um
GPS-method of data reduction

The GPS aircraft antenna was of single frequency type, which meant that only L1 observations
were available even though the GPS receivers were capable of receiving on beth frequencies. The
principle of differentinl GPS carrier phase observations was used to compute the antenna
positions at the time of exposures. The GPPS program by Ashtech was used.

Solation of phase ambiguity

The GPS receivers registered continuously from before take-off till after landing, The starting
position of the aircraft with respect to the reference point was determined by GPS baseline
determination. This made it possible to solve the initial phase ambiguity. The same procedure
was repeated after landing.

Datum transformation

The WGS84 coordinates were transformed into the Finnish KKJ coordinate system (the geoid was
modelled). This transformation is not exact, The remaining part of the datum problem was
solved in the block adjustment. Separate shift and linear drift parameters for each strip were
included and solved for,

Timing GPS and camera

A gignal was sent automatically from the camera to the GPS receiver and recorded on the GPS
time scale each time the shubter was released. This signal represented the mid-exposure time.

Eccentricity of the antenna

The eccentricity between the antenna and the camera was measured by tachymetric ground
survey. The components of the eccentricity vector were given as input to the adjustment. The effect
of eccentricity on each photo was then simply computed using the rotation matrix in an iterative
process. The camera was rotated between flight strips, but not tilted, to compensate the erab angle,
The erab setting was not recorded because it was considered to be of less importance in this project.
The horizontal components of the eccentricity are small (-0,055 m and 0,260 m).




Problems with the GPS observations

The GPS observations are not of the best quality as there were some problems with the registration
of the data. Epoches are missing due to error blocks, This was probably caused by some problems
with the data logger program. The more satellites visible, the more critical the recording became.
As much as 12% of the observations are missing on the stationary receiver compared to 4% on the
airborne receiver. There also exist some gaps in the registrations inside some strips which also
affected the interpolation of the antenna coordinates for a few photographs (interpolation time
interval 1,0 - 3,5 seconds).

The GPS data also contains a lot of cycle slips. The GPPS program recovered most of them, but
during one turn of the aircraft the computation broke down. The data therefore had to be computed
both forwards and backwards to cover the whole flight mission, Only a 20 seconds period during a
turn remained uncomputed. Another problem was that both the memory of the airborne computer
and the airborne receiver went full just some 40-50 seconds after the aircraft had returned. This
means that the integer phase ambiguities are not very reliable. 8 strips had to he based on
backward computation.

Comments

Large savings can be achieved in the targeting work when using GPS supported
aerotriangulation, The amount of targeted points can quite safely be reduced to 1/10 of what is
normal today for the Finnish base map production. It must though be said that there is a tendency
in Finland to overtarget the blocks. The price of equipment needs of course to be taken into
account, but the extra expense per flight due to the GPS egquipment is certainly smaller than the
savings. The block has however to be of a certain size. The Eura block is of average size for the
Finnish base map production.

The results of the Eura block are satisfying despite the technical problems and the reduced guality
of data. It shows a great potential of GPS-supported aerotriangulation. The equipment and the
software develop rapidly and many problems that occured during the first years of experiments
are not likely to occur today. Ameng all the introduction of the "On The Fly"-techniques was a big
step forward. The problem with peor observation windows is slowly disappearing and will be
history in 1994.

It has however to be considered that GPS-supported block aerotriangulation is not fully developed.
The processing of the data is still time consuming and demanding.
Literature on the same project

Hggholen, A. (1998) : Kinematic GPS in aerctriangulation in Finland. Reports of the Finnish
Geodetic Institute 93:5.

Hggholen, A. (1993} : GPS-supported aerotriangulation in Finland - The Eura block. The
Photogrammetric Journal of Finland, Vol. 13, No. 2. To be published in December 1993.




Appendix 3
|
|

Block Follo
—¢{-— Strip with projection centre
Submitted by : A Control pointin X, ¥, % |
Pystein Andersen A\ ContratinX, Y
Dept.of Surveying, NLH § Controlin
As, Norway Check point in X, ¥
D Check point inX, ¥, Z
‘Block sketches (O Checkpointin®
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Image scale 1:15 000
Fig a3.1. Follo I, without GPS.
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Fig a3.2. Follo II, with GPS.
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Technical data

Date of flight

Flight altitude
Scale

Block size

Overlap

Number of tie points
Camera

Camera constant
Type of adjustment
Type of tie points
Type of control points
Type of check points

GPS data

GPS instrument in aircraft
GPS instrument on ground
Number of ground stations

Distance between ground station and test field

GPS recording continuous or interrupted
Fixed camera or not

Known eccentricity or not

Interpolation method

(GPS-parameters in adjustment

A priori estimates and weights

Control points

Check points
GPS-measurements
Photogrammetric measurements

Follo I (5 strips, without GPS)

Number of models
Number of ehject points
Number of model points
Available control points
- Ground Control Points (GCP)
- Check Points (C P)
Resulting RMS of differences
- Photogrammetry - GCP
- Photogrammetry - C P
A posteriori 6g

June 9th, 1988

2250 m

1:15 600

16*13 km

p=60% q=30%

6/model in strip, 4/model between strips
Wild RC10

152,00 mm

Independent model

Natural

39 targeted (white 60%60 cm) and 5 natural
39 targeted (white 60%60 cm) and b natural

Trimble 4000SL

Trimble 40008L

One

Ground station in test field

Interrupted

Not fixed

Enown

Second degree interpolation

Three shift and three time dependent parameters

0,08m 0,03 m 0,03 m
0,03 m 0,03 m 0,03 m
3,22 m 022 m 022 m
7,4 pm

55

275

754

A4
21inXandY/2%in 2
28inXandY/15in 2

0,04m 0,04 m 0,05 m
0,13m 0,13m 0,22 m
0,11m




Follo II (5 strips, with GPS)

Number of models 55
Number of object points 27
Number of image points 754
Available control points 44
- Ground Control Points (GCP) 8inXand¥Y/24in %
- Check Points (C P) 36inXand Y/20in 7
Resulting RMS of differences
- Photogrammetry - GCP 0,03 m 0,03 m 0,05 m
- Photogrammetry - C P 0,18m 0,18 m 0,23 m
A posteriori oy ' 0,12m
GPS-method of data reduction

The GPS processing was performed by the "Institutt for kontinentalsokkelundersgkelser og
petroliumteknologi AS", with their software KINPOS. This software uses pseadorange, Doppler
and carrier phase data for determination of GPS positions.

Solution of phase ambiguity

The phase ambiguity was soived by filtering the difference between pseudo-distance and phase.

Eecentricity of antenna

The camera was aligned before the start of each strip. The pilot adjusted the flight direction inside
the strip if deemed necessary. The photography was thus performed aceording to conventional
procedures, The antenna eccentricity to the camera was known {x:-1,630, y:-0,379, z:-0,813 metre)
and the GPS positions were reduced for the eccentricity before the block adjustment, using the
average direction of each strip as orientation.

Timing GPS and camera

A portable PC in the aireraft logged both time marks from the camera and 1 PPS (1 Pulse Per
Second) from the GPS receiver, The shutter releage pulse in the camera was used as time marks,
Transformation between coordinate systems

The coordinates of the points in the test field are referred fo the local ecoordinate system. The

positions of the camera, determined with GPS, were transformed te the local ground coordinate
system, with the help of transformations determined from GPS-measurements in the test field.

Problems

The original plan was to maintain phase-lock to the satellites during the flight. The integer
ambiguities were initialized at the airport (30 km from the testfield} before take-off. However,
phase-lock was lost during take-off and there were also interruptions in the turns between strips.
In addition to this, the receiver stopped recording before landing due to exceeded storage capacity
{1 Mbyte).




Comments

Bome of the lessons learned in the project were:

- new GPS-receivers are needed, which have sufficient storage capacity, which have capacity
of recording on more than 5 channels, which has the ability to record the camera exposure
pulse, which has a sampling rate of 1 sec or faster

- @ camera that can emit a mid-exposure-pulse is needed

- the aircraft should not fly too fast, preferably 80 m/s or slower

- better software for processing of GPS observations needed

- block adjustment software that can nse the GPS observations in a better way, for instance
should the eccentricity vector be treated in a way that allows it to be rotated by the orientation

matrix

- the satellite geometry should he considered, it is necessary to have 5 or more satellites with
good geometry

This project is fairly old (1887-1988) and improvements of the GPS-receivers, the data recording
system, the algorithms for processing the GPS-data and the methods for block adjustment have
been done. This implies that the result would be better if the test was made today,

In a practical job one might expect less blunders when using GPS-support since less ground
control points are used and blunders often oceur during surveying of these points in field and
during identification in the images. In addition, the GPS-data is expected to stabilize the block,
making it somewhat easier to detect blunders in ground control points and photogrammetric
measurements.

The next important steps in the development of GPS for photogrammetric applications are:
- to gain experience of different distances to the reference GPS receiver on the ground

- to minimize the additional unknowns in the block adjustment (by phase-lock through the
flight mission or by development of "on the fly ambiguity resclution™)

- to add some kind of recording of the drift-angle of the camera, to allow the crew to adjust the
camera for dyift inside a flight line

- to try to exploit the extra information gained from kept phase-lock, as better equipment now
allows kept phase-lock during a mission

To those who have not yet begun with GPS-supported block adjustment » the recommendation iz to
use qualified people, both for the GPS processing and for the block adjustment. The technique is
not developed so far that you can say "just push'a button and get the answer”, It is necessary to
understand the underlaying theory. : SRR L




Appendix 4

Block Fredrikstad
Submitted by : “—— Strip with projection centre
Leif Erik Blankenberg A ConirolpotneinX, v,z
Dept. of Surveying, NLH N\ ContralinX, Y
Norway @ Conmlinz
Check point in X, ¥
Block sketches [} cttroiatinxvz
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Fig a4.2 Fredrikstad II, without GPS.
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Fig a4.8 Fredrikstad III, with GPS.
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Technical data

Date of flight

Flight altitude

Scale

Block size

Overlap

Number of tie points
Camera

Camera constant
Type of adjustment
Adjustment program
Type of tie points
Type of control points
Type of check points

GPSdata

GPS instrument in aircraft
GPS instrument on ground
Number of ground stations

Distance between ground station and test field
GPS recording continuous or interrupted

Fixed camera or not
Known eccentricity or not
Interpolation method

GPS-parameters in adjustment

A priori estimates and weights

Contral points
Check points
GPS-measurements

Photogrammetric measurements

1992

800m

1.5 000

4,5%6,0 km

p=60% q=20%

18/image in strip, 3/image between strips

Wild RC20 15/23 (upgraded with EDI)

152,84 mm

Bundle block

NLHBUNT (from the dept. of surveying, NLH}
75% targeted, 25% natural

Targeted (Yellow 27+27 em + 30 cm black border)
Targated (Yellow 27*27 cm: + 30 em black border)

Ashtech MXII.P

Ashtech MXII-P

One

Ground station in test field
Interrupted

Fixed

EKnown

Linear

Fhree shift parameters

0,01m 0,01m 0,01m
0,01m 0,01 m 0,01m
0,03 m 0,03 m 4,03 m

Fredrikstad I (5 strips North-South, without GPS)

Number of photos
Number of ohject points
Number of image points
Available contrel points

- Ground Control Points (GCP)

- Check Points (C P}
Resulting RMS of differences
- Photogrammetry - GCP
. - Photogrammetry - C P

A posteriori op

22inXand Y/30inZ
28inXandY/20in Z

0,011 m 0,013 m 0,003 m
0,051 m 0,028 m 0,049 m
3,9 um
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Fredrikstad I (7 strips East-West, without GPS)

Number of photos 80
Number of object points 622
Number of image points 2166
Available control points 51

- Ground Control Points (GOP) 2inXand¥Y/28in 7%

- Check Points (C P) 20inXandY/23in 2
Resulting RMS of differences

- Photogrammetry - GCP 0,012 m 0,016 m 0,003 m
. - Photogrammetry - G P 0,044 m (0,033 m 0,065 m
A posteriori op 3,8 um

Fredrikstad I (5 strips North-South + 2 crossing strips, with GPS)

Number of photos 101
Number of ohject points 639
Number of image points 2727
Available control points Bl
- Ground Contrel Points (GOP} 4inX, Yand Z
- Check Points (CP) 47inX, Yand Z
Resulting RMS of differences
- Photogrammetry - GCP 0,007 m 0,009 m 0,006 m
. - Photogrammetry - C P 0,028 m (0,051 m 0,044 m
A posteriori op 4,1pm

Fredrikstad IV (7 sirips East-West + 2 crossing strips, with GPS)

Number of photos 110
Number of object points 628
Number of image points 2052
Available control points 51
- Ground Control Peints (GCP) 4inX, Yand Z
- Check Points (C P) 47in¥X, Yand Z
Resulting RMS of differences
- Photogrammetry - GCP 0,012m 0,009 m 0,004 m
- Photogrammetry - ¢ P 0,056 m 0,041im 0,046 m
posteriori og 4,1 pm
GPS-method of Data Reduction

The GPS-data was dewnloaded to portable PC's in real time. The GPS processing was done at the
Department of Surveying, NLH, with the PC program GPSPROG (developed at the department).
This software uses pseudoranges for computation of receiver clock offsets. Cycle slips
identification and estimation is based on TurboEdit (part of the software system GIPSY from JPIL,,
UBA), range- and ionospheric residuals and on time-differencing schemes. The data editing can
be carried out for one receiver at the time, for single-differences and for double-differences, The
final processing was carried out in the double-difference mode.




Solution of Phase Ambiguity

As the initial goal to maintain phase-lock to the satellites during flight was not achieved, the
phase ambiguity could not be soived by initializing the integer ambiguities at the airport before
take-off and after returning. Instead the ambiguities were initialized with a double difference P-
code selution in the beginning of each strip. No constellation changes were allowed to cccur
within the strips as the computed positions can be altered several cm i a new satellite enters or if a
satellite is discharged.

FEeeentricity of Antenna

The camera was fixed to the aircraft during the whole flight. The eccentricity vector between the
antenna phase centre and the entracce nodal peint of the camera was treated as known in the
adjustment.

Timing GPS and Camera

Time marks from the mid-exposure pulse (from the camera} were stored in the GPS-receiver.

Transformation Between Ground Coordinate System and WGS84

The coordinates of the points in the testfield are referred to the WGS84-ellipseid, so no datam
transformations were necessary,

Cost-Benefit

Based on the the test flight deseribed in this report and similar test flights this year (1993), the
department of Surveying at NLH claims that they have a pre-operational system. The cost-benefit
analyses below are based on both experiences gained in test flights and information from private

Norwegian surveying companies,

Time consumption for the different parts of a job:

-planning a block 4-8 hours (as for traditional job)
-installation/ mobilization in the aircraft
# first time 10 hours
# repeating 0,6 hour
-targeting of ground contrel pomts (GCP} 1,5 hour per point
-measuring and calculations of GCP 4 hours per point
-gperation of one fixed GPS-receiver 2-8 hours
-processing of the GPS-data 1 hour per strip
-measurements of additional images 2 hours per model
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4 block like Fredrikstad, the following caleulations can be done:

Traditional block GPS block

Targeting of GCP (30/4} 45,0 hours 6,0 hours
Measuring and calculations of GCP 120,0 hours 16,0 hours
Mohilization in the aircraft 0,5 hours
Operation of the fixed receiver 5,6 hours
GPS-processing (7 strips) 7,0 hours
Measuring of cross strips (20 models) 40,0 hours
Total 165,60 howrs 75,0 hours

From these calenlations one can say that using GPS in this case , means saving of 90 haurs,

Comments

If the block adjustment was made easier or less blunders oceured, is difficult to say, since this test
was done under well controlled conditions. In a practical job, we might expect less blunders, since
we are dealing with less ground control points. Blunders often occur during surveying of these
peints in the field and during identification in the images.

The next important steps in the development of GPS for photogrammetric applications are, as we
see it, to gain experience on different distances to the reference GPS receiver on the ground, and to
minimize the necessary additional unknowns in the block adjustment. The latter can only be
done if the systematic errors in the GPS determined camera stations do not, vary between strips, or
if the systematic errors are totally eliminated. Development of “on the fly ambiguity resolution”
techniques are therefore important.

To those who have not yet begun with (3PS-supported bleck adjustment, we have the following
recommendation: Use qualified people, both for the GPS processing and for the block adjustment.
The technique is not developed so far that you can " just push a button and get the answer”, It is
necessary to understand the underlaying theory.

Reference

Blankenberg, L.E., @vstedal, O. (1998) : Block Adjustment with GPS - Results from test flight
Fredrikstad. PhoWo Proceedings, 1993.




Block Rorberg
Submitted by :

Helén Burman

Dept. of Geodesy and Photogrammetry
Royal Institute of Technology
Stockholm, Sweden

Block skefches
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Fig ab.2, Rérberg II, with GPS.

Appendix b

—3—— Blrip with prejection centre
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Technical data

Date of flight

Flight altitude

Scale

Block size

Overlap

Number of tie points
Camera constant
Type of adjustment
Adjustment program
Type of tie points
Type of control points
Type of check points

GPS data

GPS instrument in aircraft
GPS instrument on ground
Number of ground stations

Distance between ground station and test field

GPS recording continuous or interrupted
Fixed camera or not

Known eccentricity or not,

Interpolation method

GPS-parameters in adjustment

A priori estimates and weights

Control points

Check points
GPS-measurements
Photogrammetric measurements

Rirberg I (5 strips East-West, without GPS)

Number of photos

Available control points
- Ground Control Peints (GCP)
- Check Points (C P)

Resulting RMS of differences
- Photogrammetry - GOP

. - Photogrammetry - C P

A posteriori 6g

August, 1992
560 m

1:3 300

3*3 km
p=60% q=20%
3/model in strip, 2/model between strips
ca 150 mm
Bundle black
GENTRI
PUGged
Targeted
Targeted

Ashtech MXII-P

Ashtech MXIT.P

One

Ground station in test field
Continuous

Fixed

Enown

Linear

Three shift and three time dependent per strip

0015 m 0,0i5m 0,022 m
0,015 m 0,015 m 0,022 m
0,10 m 0,10 m 4,10m
5um

5]

20inXand¥/86 in 7
BinXand ¥Y/39inZ

0,010 m 0,008 m 0,007 m
0,016 m 0,033 m 0,085 m
4 um
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Rérherg IL (5 strips East-West + 2 crossing strips, with GPS)

Number of photos 5]
Available control points
- Ground Control Points (GCP) 4inXandY/4inZ
- Check Points (C P) 24inXand¥Y/71in Z
Resulting RMS of differences
- Photogrammetry - GCP 0,604 m 0,005 m 0,008 m
- Photogrammetry - C P 0,030 m 0,039 m 0,035 m
A posteriori og 4 pm
GPS-method of data reduction

The GPS processing was done at the National Land Survey in Sweden. The program used was
PNAV (Ashtech), The method used was relative kinematic differential GPS on two carrier
waves. Also code measurements were done. All the observations were used in the calculations.

Solution of phase ambiguity

The phase ambiguity was fixed at the airport by using all ebservations (codes and carrier waves).
The contact with the satellites were then kept during the flight.

Eccentricity of antenna

The eccentricity of the antenna was known in the camera coordinate system beforshand and fixed
relativily to the aireraft during the flight, In the bundle adjustment program the eccentricity was
rotated with the rotation matrix to get the eccentricity in ground coerdinates, The relation between
the prejection centre and the GPS measurements could in that way be established.

Timing GPS and camera

Time marks from the mid-exposure pulse (from the camera) were stored in the GPS-receiver.

Transformation between ground coordinate system and WGS84

The transformation parameters between the ground coordinate system and WGES84 were known
and the GPS observations were transformed to the ground coordinate system before the bundle
adjustment was done. If discrepancies between the systems would remain they would be
compensated for by the drift and shift parameters of the GPS observations.

Comments

This test to use GPS-supported aerial triangulation was the first in Sweden. The block was
planned as a GPS-block and not as a traditional block. The traditional block caleulated here is
therefore not representative for how a traditienal block would be perfermed in Sweden for this
flight altitude. Most likely it would contain more ground control points and a better result would
be cbtained. :
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" Other GPS-calculations were done than the one presented here, for example "on-the-fly"
techniques to determine the phase ambiguity, The result from the bundle adjustment was very
much the same for all these tests.

Acknowledgement

I would like to thank the National Land Survey of Sweden, who delivered all the geodetic and
photogrammetric data. Without their support, this project would have heen impossible to carry out.
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Block Sonvilier
Submitted by :

André Flotron
Ingenieurbiiro A. Flotron AG
Meiringen, Switzerland
Technical infermation :
Holger Schade

Dept. of Photogrammetry
Stuttgart, Germany
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Fig a6.2 Sonwvilier i1, with GPS.

Appendix 6
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Technical data

Date of flight

Flight altitude

Scale

Block size

Owverlap

Camera

Camera constant
Type of adjustment
Adjustment program
Type of tie points
‘Type of control peints
Type of check points

GPS data

GPS instrument in aireraft
GPS instrument on ground
Number of ground stations

Distance between ground station and test field

GPS recording continuous or interrupted
Fixed camera or not

Known eccentricity er not

Interpolation method

GPS-parameters in adjustment

A priori estimates

Control points

Check points
GPS-measurements
Photogrammetric measurements

Sonvilier I (11 strips East-West, without GPS)

Number of photos
Number of object points
Number of image points
Available control points
- Ground Control Points (GCP)
- Check Points (C P)
Resulting RMS of differences
- Photogrammetry - GCP
. - Photogrammetry - C P
A posteriori gg
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April 9th, 1993
800 m

1:5 000

11 km?2

p=60% q=60%
Wild RC30
152,92 mm
Bundle block
PAT-B-R5-GPS
66 targeted, 41 natural
Targeted
Targeted

TRIMBLE 4000 SSE

TRIMBLE 4000 SSE

One

50 km

Interrupted

Fixed

Not known, estimated in the block adj.
2nd order polynomial

Three shift and three linear drift / strip

0,05 m in planimetry 0,05 min height
0,05 m in planimetry 0,05 m in height
0,05 m in planimetry 0,05 m in height
4 pm

114

489

3498

43

43inXand¥Y/43 inZ

0,038 m 0,034 m 0,031 m

3,84 pm




Sonvilier II (11 strips East-West, with GPS)

Number of photos 114
Number of object points 489
Number of image points 3498
Available control points 43
- Ground Control Points (GCP) 19inXand Y/ 19in Z
- Check Points (C P) 24inXand Y/24in Z
Resualting RMS of differences
- Photogrammetry - GCP 0,038 m 0,031m 0,053 m
- Photogrammetry - C P 0,049 m 0,040 m 0,143 m
A posteriori o9 3,82 um
GPS-method of data reduction

The method used for calculating the GPS-coordinates was relative phase measurements on one
carrier wave (L.1),

Solution of phase ambiguity

For the approximate computations of the ambiguities a pseudo range solution was computed. The
remaining error effects of incorrect cycle ambiguities are corrected by the shift and drift
parameters in the block adjustment.

Eccentricity of antenna

The eccentricity of the antenna was not known, but estimated in the combined block adjustment.
The camera was fixed to the aircraft during the flight which means that the eccentricity was
constant in the camera coordinate system.

Timing GP'S and camera

The synchronization of the GPS receiver and the Wild RC30 camera was guaranteed by the
emitted pulse of the RC30 and the photogrammetric input of the receiver.

Transformation between ground coordinate system and WGS84

The datum transformation of the GPS observations was done within the block adjustment with
shift and drift parameters per strip.

Comments

In a previous run of the block using 12 parameters for self calibration, the residuals at the contrel
points showed a systematic block deformation in height of about 0,20 m. The residuals at the
planimetric control points showed no systematical error but were larger than expected. There

seem to be tensions in the geodetic network used for control, which are responsible for these effects.
To fit the block as good as possible to the geodetic pround control coordinates, 44 parameters for self
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calibration were used. When using 44 parameters for self calibration the residuals at the height
control points showed no significant systematic pattern.

Questions of Costs and Cost-benefit

Signalization of Ground Control Points and Tie Points

The total costs of signalization is sfr 18 000.-, representing 25 man-days. With GPS the saving of
ground control points would amount to only sfr 1500.- or 2 man-days, which is insignificant as
compared with the total effort for the signalisation of all tie-points.

Blunder detection

Normally, targeted points are used as tie points, therefore few problems with blunders oceurs.

GPS installation

There exists a platform for installing the GPS instrument in the aireraft. The GPS registration
during the flight can be monitored by the camera eperator. Therefore the additional amount of
costs for the GPS registration are not high.

Expected Benefits in the Future

The trigonometric fourth order network in this region of Switzerland is about 50 years old. In the
mountainous areas, there is often movements of the goil, up to 0,05 m in a year. Although the
reliability of these peints is quit low. It would be of great advantage if photogrammetric blocks
could be oriented only with points of the higher order trigonometric network (these points are
normally well established in stable regions) and few additional GPS ground control points.
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Appendix 7

Fig a7.1 Schematic skefch of Sperillen I,

Block Sperillen :
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Fig al.2 Schematic skefch of Sperillen II, with GPS.
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Technical data

Date of flight

Flight altitude
Scale

Block size

Overlap

Number of tie points
Camera

Camera constant
Type of adjustment
Type of tie points

Type of check points

GPS data

Fixed camera or not

A priori estimates

Control points
Check points
GPS-measurements

Number of models

A posteriori s

Type of control points

GPS instrument in aircraft

GPS ingtrument on ground

Number of ground stations

Distance between ground station and testfisld
GPS recording continuous or interrupted

Known eccentricity or not
Interpolation method
GPS-parameters in adjustment

Photogrammetric new points

Sperillen I ( 2 strips, without GPS)

Number of obhject points
Number of model points
Available control points
- Ground Controel Points (GCP)
- Check Points (C P)
Resulting RMS of differences
- Photogrammetry - GCP
- Photogrammetry - C P

June 13th, 1988

1215m

1:8 000

3,5%3,5 km

p=60-70% g=20-30%

B/model in strip, 4/model between strips
Wild RC10

152,00 ram

Independent model

Natural

Targeted (Yellow 40%40 cm + black border}
Targeted (Yellow 40*40 cm + black border}

Trimble 4000SL

Trimble 40005L

One

35 km

Interrupted

Fixed

Known

Second degree interpolation

Fhree shift and three time dependent

0,02m mX, Yand Z
0,02 m inX YandZ
0,12m inX,Yand 2
8um=0,064m

10
61
124
30
12inXand Y/12in Z
1BinXand¥/18in7

0,021 m 0,021 m 0,087 m
0,060 m 0,060m (0,120 m
6 cm




Sperillen I (2 strips, with GPS}

Number of models 10
Number of object points 61
Number of model points 124
Available control peints 30
- Ground Control Points (GCP) 6inXandY/6inZ
- Check Points (C P) 24inXand¥Y/24in Z
Resulting RMS of differences
- Photogrammetry - GCP 0,015 m 0,0156m 0,027 m
- Photogrammetry -C P 0,065 m 0,065 m 0,150 m
A posteriori o 0,060 m
GPS-method of data reduction

The GPS processing was performed by the "Institutt for konfinentalsokkelundersgkelser og
pefroliumteknologi AS", with their software KINPOS. This software uses pseudorange, Doppler
and carrier phase data for determination of GPS positions.

Solution of phase ambiguity

The phase ambiguity was solved by filtering the difference between psendo-distance and phase,

Eccentricity of antenna

The camera was kept in a locked position relatively to the airplane. The GPS positions were
reduced for the eccentricity before the block adjustment using the average direction of each strip as
orientation,

Timing GPS and camera

A portable PC in the aircraft logged both time marks from the camera and 1 PPS (1 Pulse Per
Second) from the GPS receiver. The shutter release pulse in the camera was used as time marks.

Fransformation between coordinate systems

The coordinates of the points in the test field are referred to a local coordinate system, The
transformation of the positions of the camera in WGS84, to the local ground coordinate system,
was only roughly known.

Problems

The original plan was to maintain phase-lock to the satellites during the flight. The integer
ambiguities were initialized at the airport (30 km from the testfield) before take-off. However,
phase-lock was lost during take-off and there were also interruptions in the tumns between strips.

In addition to this, the receiver stopped recording before landing due to exceeded storage capacity
(1 Mbyte).
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Comments

Four strips with 60 % side overlap were photographed. The strips were grouped in two blocks with 20
% side overlap each. The results represent the average of the two different blocks, hoth for
traditional and for GPS-supported block triangulation.

Some of the lessons learned in the project were:

- new GPS-receivers are needed, which have sufficient storage capacity, which have
capacity of recording on more than 5 channels, which has the ability to record the camera
exposure puise, which has a sampling rate of 1 sec or faster

- a camera that can emit a mid-exposure-pulse is needed
- the aireraft should not fly too fast, preferably 80 m/s or slower
- better software for processing of GPS observations needed

- block adjustment software that can use the GPS observations in a better way, for instance
should the eccentricity vector be treated in a way that allows it to be rotated by the
orientation matrix

- the satellite geometry should be considered, it is necessary to have 5 or more satellites with
good geometry

This project is fairly old (1987-1988) and improvements of the GPS-receivers, the data recording
system, the algorithms for processing the GPS-data and the methods for block adjustment have
been done. This implies that the result would be better if the test was made today.

In a practical job one might expect less blunders when using GPS-support since less ground
contrel points are used and blunders often occur during surveying of these points in field and
during identification in the images. In additien, the GPS-data is expected to stabilize the block,
making i somewhat easier to detect blunders in ground control points and photogrammetric
measurements,

The next important steps in the development of GPS for photogrammetric applications are -
- to gain experience of different distances to the reference GPS receiver on the ground

- to minimize the additional unknowns in the block adjustment (by phase-lock through the
flight mission or by development of "on the fly ambiguity resolution"}

- to add some kind of recording of the drift-angle of the camera, to allow the crew to adjust the
eamera for drift inside a flight line

- {0 try to exploit the extra information gained from kept phase-lock, as better equipment
now allows kept phase-lock during a mission

To those who have not yet begun with GPS-supported block adjustment , the recommendation is to
use qualified people, both for the GPS processing and for the block adjustment, The technique is
not developed so far that you can say "just push a button and get the answer”. It is necessary to
understand the underlaying theory.
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Inpho Blocks A-F

Submitted by

Tobias Heuchel

Inipho GmbH

Stuttgart, Germany

Method and technology
Block A Block B Block C Block D Block E Block F
Flying Terra Terra Terra Hansa Hansa Alrsat Inc.
Bildmefiflug | BildmeRflug | BildmeRflug] Luftbild Lufthild Canada
Germany Germany Germany Middle East | Middle East
Block size | 50 photos 70 photos 55 photos 143 photos 136 photos 154 photos
5*6km 7 *7km 6 * 5.5 km 183*33%m | 130*80km |7,6*7.6km
Strips 7 (5+2) 6 (4+2) 8{6+2) 7 (4+3) 7 {4+3) 10 (8+2)
Overlap 60/20 60/20 60/20 60/ 20 60/ 20 60/20
Flying 1120 m 1200 m 1150 m 7500 m 7500 m 915m
height
Image scale| 1:7500 1:8000 1:7500 1:50000 1:50 000 1:6100
Focal 150 mm 150 mm 150 mm 150 mm 150 mm 150 mm
length
GPS Sercel Sercel Sercel Ashtech Ashtech Ashtech
receiver 1ref stn 1 ref. stn 1 ref, stn 1 ref. stn 1 ref. stn 1 ref, stn
Interrupted |Interrupted |Interrupted |Interrupted Interrupted | Interrupted | Interrupted
ot continous
GPS record.
Excen- Constant Congtant Constant Constant Constant Constant
tricity / excentr. / excentr, / excentr, / excentr. / excentr, / excentr, /
Fixed Camera Camera Camera Camera Camera Camera
camera fixed in strip | fixed in strip | fixed in strip { fixed in strip | fixed in strip | fixed in strip
Solution of | Approximate { Approximate | Approximate Approximate | Approximate | Approximate
phase by pseudo by pseudo by pseudo by pseudo by pseudo by pseudo
| ambiguity |ranging ranging ranging ranging ranging ranging

The GPS data processing was made at TOPSCAN in Stuttgart with the program SKIP. The block
adjustments were made at INPHO GmbH in Stuttzart with the bundle adjustment program PATB-

RS.
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Statistics of blocks without GPS, conventional aerial triangulation

Block A Block B Block C BlockD Block E Block F
Number of |10 10 10 15 15 15
tie points / ] pugged pugged pugged pugged pugged pugged
phaoto
Number of |32 43 32 & 65 40
control targeted targeted {argeted targeted targeted targeted
points
A priori 7 pm. T um 7 pm G pm 6 um 7 um
standard
deviation of
image co-
ordinates
A priori G,02m 0,02m 0,02m 0,20 m 0,20m 0,02m
standard
deviation of
control
points
g 4,6 um 4,2 um 4,4 um 6.5 pm 6,9 ym 8,7 um
Theoretical | x/y 0,4 aq x/y 0,6 o9 x/fy 0,7 gp xfy 0,6 ag x/y 0,6 ag x/y 0,7 &g
aceuracy of | 2126, z130oy zl4dag z12a0y 2120y z13 6y
photogram-
metric new
points




Statistics of blocks with GPS

Block A Block B Block C BlockD Block E Block F
Number of | 10 10 10 15 15 15
tie points/ | pugged pugged pugged pugged pugged pugged
photo
Number of |4 4 4 6 [ 12
control targeted targeted targeted targeted targeted targeted
points
Number of |28 E) 28 57 5 28
check targeted targeted targeted targeted targeted targeted
peints
A priori 7 pm Tum 7 pm 6 pm 6 um 7 um
standard
deviation of
image co-
ordinates
A priori 0,001 m 0,001 m G,001m 0,001 m 0,001 m 0,001 xn
standard
deviation of
control
poinis
A priori 0,10m 0,10m 0,10m 0,10 m 0,10 m 0,10 m
standard
deviation of
GPS record.
ag 4,9 um 4.8 pm 4.6 um 6,4 um 7,0 um 6,9 pm
Theorstical |x/y 1,3 6 x/y 1,2 05 xfy 1,2 o x/y 0,8 o x/y 0,8 og xy 0,9 op
accuracy of | z250; z2,6ap z2.6 gy zldoy z160y z 1,60y
photogram-
metric new
points
Theoretical | x/y 1,2 69 xfy 1,4 6 xfy 1,3 op x/y 1,1 69 x/y 1,0 g %'y 0,8 ag
accuracy of |z2,2ap z23 2226y zlda z1,7ap z15a
check
points
Empirical |x/y 1,80, xfy 1,6 g xfy 1,6 65 xy 1,1 oy %'y 1,5 6p %y 1806y -
accuracy of |z23ay 22306y - |z240, z1,3 a3 z 1,90y z19ap

check
points
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Block skeiches

“—3¢—— Strip with projection centre
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Image scale 1:7500
Fig a8.1. Inpho block A, with GPS




Fig a8.2, Inpho block B, with GPS

~—¢—— Strip with prejection centre
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—3&— Sirip with prejection centre
Control point in X, Y, &
Control in X, Y

Controlin Z
Check point in X, Y
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Image scale 1:7500
Fig a8.3. Inpho block C, with GPS
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Fig a8.4. Inpho block D, with GPS
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Fig a8.5. Inpho block E, with GPS
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—3— Strip with projection centre
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Fig a8.6. Inpho bloci: F, with GPS
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Remarks

1.

All 6 blocks were flown and treated in 1992/98, They all refer to practical application in
commercial projects, run by photogrammetric companies and offices. In all cases additional
check points were made available, for evaluation purposes. The photegrammetric triangulation
observations (image coordinates) as well as the ground control data were submitted by the
companies to Inpho company for combined adjustment.

2.

The GPS ohservations are differential phase observations of the L1 signals and C/A code pseudo
range observations, Only one stationary receiver was used on the ground, located in or near the
mission area.

3.

The exact time of camera exposure was related, by an electronic pulse, to the GPS time scale and
recorded by the GPS receiver in the air-craft. The interpolation of the camera exposure into the
GPS recordings by the SKIP program is of 3rd degree, as 4 adjacent GPS recordings are taken into
account,

4.

GPS recording in the air-craft (and partly on the ground) have been discontinuous by intention.
There was no initialisation before take-off, no recording during the flight to the area, and no
recording during the flight turns between strips, This is considered highly advantageous, from
an operational point of view, as the flying dees not have to pay attention to the GPS part of the
missien,

5. . . :
Because of #4 the ambiguity selutions have to be restored for each strip separately. The solutions
are approximate only, being based on the first pseudo range position of each strip.

6.

Because of #5 the ambiguity selutions are biased, which leads to off-sets and time dependent drift
errors in the subsequent GPS position computations, However, the drift effects are constant or
linear for some time, in first approximation. Hence, they are compensated by linear correction
terms applied in the combined block adjustment.

7.

The GPS antenna eccentricity is measured on the ground and caleulated with respect to the image
coordinate system (fidueial marks) of the camera in O-position. During data processing the off-set
corrections were treated as constant per strip or per part of a strip, if the crab setting had been
changed during the flight. Treating the off-set corrections as constants is sufficient in most cases,
especially if the GPS antenna is mounted approximately vertical above the camera. Our software
programs can apply off-set corrections individually for each phote, if desirved. In that case the
attitude data are derived from the initial block adjustrnent runs.

B.

The initial GPS camera position coordinates are approximately transformed into the national or
local geodetic coordinate system resp. map projection, before being introduced into the combined
block adjustment. The final datum transformation is determmed and performed by the combined
block adjustment, via the drift parameters,
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9.

The PAT-B adjustment program prints out the theoretical standard deviations of all unknowns of
the adjustment (including the unknown drift parameters). The previous tables contain the
theoretical RMS accuracies of all adjusted block points. Also the subset of check points is presented
separately, as the results are different, oceasionally, depending on the number and location of the
check points,

10,

Block F has been treated twice, with reference to two different stationary GPS receivers, one
Iocated in the mission area, the other 400 km away. The first case is contained in the ahove tahles.
With the data from the second stationary receiver and a different version of the first one, the
combined block adjustment was repeated (with the same image and control data). The two cases
compare as listed below. The results are virtually identical, although the drift parameters are
quite different in both cases. It can be concluded that the stationary receiver can be placed very far
from the mission area, 500 km or more, which is of great operational and economic importance.
For instance, the stationary receiver may be placed on the home office, without requiring
permanent attendance. If the distance to the mission area ig large, then the systematic GPS errors
may increase, but the principle of drift parameter correction stil] removes them safely, This is a
second major reason for applying that principle. It even seems so work safely for large scale, high
precision applications (Block F had photo scale 1:6100).

Distance
to receiver some km 400 km,
oy (1:6100) ' 6,8um = (0,040 m 6,9pm=0,041m

Empirical accuracy from 18 XYZ chech points

RMS-X 0,088m=22 c,*s 0,00 m=22 g, *g
RMS-Y 0076m=19 g, *s 00M4m=138 oy *s
RMS-Z 0,08Tm=23 g,*s 0,661m=1,5 g,*s
Theoretical accuracy, rms of 787 points

Ox 0,086 m=09 c5*s 0046 m=11 gy*s
Oy 0,035 m=09 g,*s 0046 m=1,1 a,%5
Oz 0,065m=16 6, *s 0,088 m=22 g, *s
11

Inpho company has treated about 25 GPS triangulation blocks over the past 2 years, with no
failures and no serieus preblems. The principle of discontinnons GPS recordings and of applying
cross-strips, minimum ground control, and combined block adjustment with unknown drift
parameters per strip is consistently applied. From practical experience we consider the method
fully developed, fully operational, and safely applicable in practice. The accuracy performance
and the economic benefits of GPS serial triangulation are totally convineing to suggest regular
application in all air survey mapping projects.

Reference:
Inpho GrabH, Use of GPS for Aeratriangulation with PAT and BKIP, technical paper, 1993. 9 P.

86

T




LIST OF THE OEEPE PUBLICATIONS

State ~ May 1994

. Official publications

Trombetti, C.: , Activité de la Commission A de I'OEEPE de 1960 a 1964 —
Cunietti, M.: , Activité de la Commission B de 'OEEPE pendant la période sep-
tembre 1960 - anvier 1964” — Fiirstner, R.: ,Rapport sur les travaux et les résul-
tats de la Commission C de VOEEPE (1960-1964)” — Neumaier, K.: , Rapport de
la Commission E pour Lisbonne” — Weele, A. J. v.d.: ,Report of Conmmission F.”
— Frankfurt a. M. 1964, 50 pages with 7 tables and 9 annexes.

Neumaier, K.: ,Bssais d'interprétation de sBedford« et de »Waterbury«,
Rapport commun établi par les Centres de la Commission E de I'OEEPE ayant
participé aux tests” -, The Interpretation Tests of » Bedford« and »Waterbury«.
Common Report Established by all Participating Centres of Commission & of
OEEPE” -, Essais de restitution »Bloc Suisse«. Rapport commun établi par les
Centres de la Commission E de VOEEPE ayant participé aux tests” — , Test
»Schweizer Block«. Joint Report of all Centres of Commission E of OEEPE.” -
Frankfurt a. M. 1966, 60 pages with 44 annexes.

Cunietti, M. ,,Emploi des blocs de bandes pour la cartographie a grande échel-
le — Résultats des recherches expérimentales organisées par la Commission B
de'O.E.E.P.E. au cours de la période 1959-1966" -, Use of Strips Connected to
Blocks for Large Scale Mapping — Results of Experimental Research Organized
by Commission B of the O.E.E.P.E. from 1959 through 1966.” — Frankturt a. M.
1968, 157 pages with 50 figures and 24 tables.

Férstner, R.: ,Sur la précision de mesures photogrammétriques de coordonnées
en terrain montagneux. Rapport sur les résultats de I'essai de Reichenbach de
la Commission C de 'OEEPE” -, The Accuracy of Photogrammetric Co-ordi-
nate Measurements in Mountainous Terrain, Report on the Results of the Rei-
chenbach Test Commission C of the OEEPE.” — Frankfurt a. M. 1968, Part I
145 pages with @ figures; Part II: 23 pages with 65 tables.

Trombetti, C.: ,Les recherches expérimentales exécutées sur de longues bandes
par la Commission A de 'OEEPE.” - Frankfurt a. M. 1972, 41 pages with 1 fi-
gure, 2 tables, 96 annexes and 19 plates.

Newumuaier, K.: ,Essai d'interprétation. Rapports des Centres de la Commission E
de 'OEEPE.” — Frankfurt a. M. 1972, 38 pages with 12 tables and 5 annexes.

Wiser, P.: ,Ftude expérimentale de I'aérotiangulation semi-analytique. Rap-
port sur 'essai »Gramastetten«.” — Frankfurt a. M. 1972, 36 pages with 6 figures
and 8 tables.




:*

8 . Proceedings of the OEEPE Symposium on Experimental Research on Accu-
racy of Aerial Triangulation (Results of Oberschwaben Tests)”
Ackermann, F.: ,On Statistical Investigation into the Accuracy of Aerial Trian-
gulation, The Test Project Oberschwaben” - , Recherches statistiques sur la
précision de l'aérotriangulation. Le champ d’essai Oberschwaben” — Belzner,
H.:, The Planning. Establishing and Flying of the Test Field Oberschwaben” —
Stark, E.: Testblock Oberschwaben, Programme 1. Results of Strip Adjust-
ments” — Ackermann, F.: , Testblock Oberschwaben, Program I. Results of Block-
Adjustment by Independent Models” — Ebner, H.: Comparison of Different
Methods of Block Adjustment” — Wiser, P.: ~Propositions pour le traitement
des erreurs non-accidentelles” — Camps, F.: , Résultats obtenus dans le cadre du
project Oberschwaben 2A% — Cunietti, M.; Vanossi, A.: ,Frude statistique ex-
périmentale des erreurs d’enchainement des photogrammes” — Kupfer, G.:
~Image Geometry as Obtained from Rheidt Test Area Photography” - Fiirstner,
R.:, The Signal-Field of Baustetten. A Short Report” - Visser, |.; Leberl, E.; Kure,
1. wOEEPE Oberschwaben Reseau Investigations” — Bauer, H,: ~Compensation
of Systematic Errors by Analytical Block Adjustment with Common Image
Deformation Parameters.” - Frankfurt a. M. 1973, 350 pages with 119 figures,
68 tables and 1 annex.

9 Beck, W.: ,, The Production of Topographic Maps at 1:10,000 by Photogramme-
tric Methods. — With statistical evaluations, reproductions, style sheet and
sample fragments by Landesvermessungsamt Baden-Wiirttemberg Stuttgart.”
— Frankfurt a. M. 1976, 89 pages with 10 figures, 20 tables and 20 annexes.

10, Résultats complémentaires de V'essai d’«Obertiet» of the Commission C de
I'OEEPE — Further Results of the Photogrammetric Tests of «Oberriet» of the
Commission C of the OEEPE”

Hirry, H.: , Mesure de points de terrain non signalisés dans le champ d’essai
d’«Oberriet» — Measurements of N on-Signalized Points in the Test Field
«Oberriet» (Abstract)” — Stickler, A.; Waldhiiusl, P.: ~Restitution graphique des
points et des lignes non signalisés et leur comparaison avec des résultats de

- mesures sur le terrain dans le champ d’essai d’«Oberriet» — Graphical Plotting
of Non-Signalized Points and Lines, and Comparison with Terrestrial Surveys
in the Test Field «Oberriet»” — Forstner, R.:  Résultats complémentaires des
transformations de coordonnées de I'essai d’«Oberriet» de la Commission C de
VOEEPE - Further Results from Co-ordinate Transformations of the Test
«Oberriet» of Commission C of the OFEPE” — Schiiver, K..: ~Lomparaison des
distances d’«Oberriet» — Comparison of Distances of «Oberriets (Abstract).” -
Frankfurt a. M. 1975, 158 pages with 22 figures and 26 tables.

11 .25 années de 'QEEPE”
Verlaine, R.: ,25 années d’activité de VOEEPE” - ,25 Years of OEEPE
(Summary)” — Baarda, W.: ~Mathematical Models.” — Frankfurt a. M. 1979,
104 pages with 22 figures.

12 Spiess, E.: ,Revision of 1 : 25,000 Topographic Maps by Photogrammetric
Methods.” — Frankfurt a. M. 1985, 228 pages with 102 figures and 30 tables.




13

14

15

16

17

18

19

20

21

22

23

24

25

26

Timmerman, [.; Roos, P. A.; Schiirer, K.; Forstner, R.: On the Accuracy of Photo-
grammetric Measurements of Buildings — Report on the Results of the Test
“Dordrecht”, Carried out by Commission C of the OEEPE. — Frankfurt a. M.
1982, 144 pages with 14 figures and 36 tables.

Thompson C. N.: Test of Digitising Methods. — Frankfurt a. M. 1984, 120 pages
with 38 figures and 18 tables.

Jaakkola, M.; Brindopke, W.; Kolbl, O.; Noukka, P.: Optimal Emulsions for Large-
Scale Mapping — Test of “Steinwedel” — Commission C of the OEEPE 1981-84.
— Frankfurt a, M. 1985, 102 pages with 53 figures.

Waldhiusl, P.: Results of the Vienna Test of OEEPE Commission C. — K&lbl, O.:
Photogrammetric Versus Terrestrial Town Survey. — Frankfurt a. M. 1986,
57 pages with 16 figures, 10 tables and 7 annexes.

Commission E of the OEEPE: Influences of Reproduction Techniques on the
Identification of Topographic Details on Orthophotomaps. — Frankfurt a. M.
1986, 138 pages with 51 figures, 25 tables and 6 appendices.

Forstner, W.: Final Report on the Joint Test on Gross Error Detection of OEEPE
and ISP WG II1/1. ~ Frankfurt a. M. 1986, 97 pages with 27 tables and 20 figu-
res.

Dowman, L ].; Ducher, G.: Spacelab Metric Camera Experiment — Test of Image
Accuracy. — Frankfurt a. M. 1987, 112 pages with 13 figures, 25 tables and
7 appendices.

Eichhorn, G.: Summary of Replies to Questionnaire on Land Information
Systems — Commission V — Land Information Systems. — Frankfurt a. M. 1988,
129 pages with 49 tables and 1 annex.

Kolbl, O.: Proceedings of the Workshop on Cadastral Renovation — Ecole
polytechnique fédérale, Lausanne, 9-11 September, 1987. — Frankfurt a. M.
1988, 337 pages with figures, tables and appendices.

Rollin, J.; Dowman, 1. ].: Map Compilation and Revision in Developing Areas —
Test of Large Format Camera Imagery. — Frankfurt a. M. 1988, 35 pages with
3 figures, 9 tables and 3 appendices.

Drummond, |. (ed.): Automatic Digitizing — A Report Submitted by a Working
Group of Commission D (Photogrammetry and Cartography). — Frankfurt
a. M. 1990, 224 pages with 85 figures, 6 tables and 6 appendices.

Ahokas, E.; Jaakkola, |.; Sotkas, P.: Interpretability of SPOT data for General
Mapping. — Frankfurt a. M. 1990, 120 pages with 11 figures, 7 tables and
10 appendices.

Ducher, G.: Test on Orthophoto and Stereo-Orthophoto Accuracy. — Frankfurt
a. M. 1991, 227 pages with 16 figures and 44 tables.

Dowman, I, J. (ed.): Test of Triangulation of SPOT Data - Frankfurt a. M. 1991,
206 pages with 67 figures, 52 tables and 3 appendices.




27 Newby, P. R. T.; Thompson, C. N. {ed.): Proceedings of the ISPRS and OEEPE
Joint Workshop on Updating Digital Data by Photogrammetric Methods. —
Frankfurt a. M. 1992, 278 pages with 79 figures, 10 tables and 2 appendices.

Koen, L. A.; Kolbl, O. (ed.); Proceedings of the OEEPE-Workshop on Data Qua-
lity in Land Information Systems, Apeldoom, Netherlands, 4-6 September

1991, — Frankfurt a. M. 1992, 243 pages with 62 figures, 14 tables and 2 appen-
dices,

28




B. Special publications

Special Publications O.E.E.P.E, — Number !

Solaini, L.; Trombetti, C.: Relation sur les travaux préliminaires de la Com-
mission A (Triangulafion aérienne aux petites et aux moyennes échelles) de
I'Organisation Européenne d’Etudes Photogramméfriques Expérimentales
(O.EEP.E). I¥*® Partie: Programme et organisation du travail. ~ Solaini, L.;
Belfiore, P.: Travaux préliminaires de la Commission B de I'Organisation
Européenne d'Etudes TPhotogrammétriques Expérimentales (O.E.E.P.E.)
{Triangulations aériennes aux grandes échelles). — Solaini, L.; Trombetti, C,;
Belfiore, P.: Rapport sur les travaux expérimentaux de triangulation aérienne
exécutés par FOrganisation Furopéenne d’Etudes Photogrammétriques
Expérimentales (Commission A et B). — Lehmann, G.: Compte rendu des
travaux de la Commission C de 'O.EE.P L. effectués jusqu’a présent. — Got#-
hardt, E.: O.E.E.P.E. Commission C. Compte-rendu de la restitution a la Tech-
nischen Hochschule, Stuttgart, des vols d’essai du groupe I du terrain d’Ober-
riet. — Brucklacher, W.: Compte-rendu du centre «Zeiss-Aerotopograph> sur les
restitutions pour la Commission C de I'O.E.E.P.E. (Restitution de la bande de
vol, groupe [, vol. No. 5). — Forstner, R.: O. EE.P.E. Commission C. Rapport sur
la restitution effectuée dans Vinstitut fiir Angewandte Geoddsie, Francfort sur
le Main. Terrain d’essai d’Oberriet les vols No. 1 et 3 (groupe I). - LT.C., Delft:
Commission C, O.EE.P.E. Déroulement chronologique des observations., —
Photogrammetria XII (1955-1956) 3, Amsterdam 1956, pp. 79-199 with 12 figu-
res and 11 tables.

Publications spéciales de L'O.E.E.P.E. - Numéro II

Solaini, L.; Trombetti, C.: Relations sur les travaux préliminaires de la Commis-
sion A (Triangulation aérienne aux petites et aux moyennes échelles) de
I'Organisation Huropéenne d’Etudes Photogrammétriques Expérimentales
(O.EE.P.E). 2° partie. Prises de vues et points de contrdle. — Gotthardt, E.: Rap-
port sur les premiers résultats de 1'essai d’«Oberriet» de la Commission C de
VO.E.E.P.E. -~ Photogrammetria XV (1958-1959) 3, Amsterdam 1959, pp. 77-148
with 15 figures and 12 tables,

Trombetti, C.: Travaux de prises de vues et préparation sur le terrain effectuées
dans le 1958 sur le nouveau polygone italien pour la Commission A de
I"OEEPE. — Florence 1959, 16 pages with 109 tables.

Trombetti, C.; Fondelli, M.: Aérotriangulation analogique solaire. — Firence 1961,
111 pages, with 14 figures and 43 tables.

Publications spéciales de I'O.E.E.P.E. - Numéro [I

Selaini, L.; Trombetti, C.: Rapport sur les résultats des travaux d’enchainement
et de compensation exécutés pour la Commission A de 'O.E.E.P.E. jusqu’au
mois de Janvier 1960. Tome 1: Tableaux et texte. Tome 2: Atlas. — Photogram-
metria XVII (1960-1961) 4, Amsterdam 1961, pp. 119-326 with 69 figures and 18
tables.




~ ,OEEPE - Sonderverdffentlichung Nr. 1 i

Gigas, E.: ,Beitrag zur Geschichte der Europdischen Organisation fiir photo-
grammetrische experimentelle Untersuchungen” — N. N.; ,Vereinbarung iiber
die Griindung einer Europdischen Organisation fiir photogrammetrische
experimentelle Untersuchungen” - ,Zusatzprotokoll” - Gigas, E.: ,Der
Sechserausschuf8” - Brucklacher, W.: , Kurzbericht {iber die Arbeiten in der
Kommission A der OEEPE” — Cumietti, M.: ,Kurzbericht des Prisidenten der
Kommission B {iber die gegenwirtigen Versuche und Untersuchungen” —
Forstrner, R.: ,Kurzbericht tiber die Arbeiten in der Kommission B der
QEEPE” — , Kurzbericht iiber die Arbeiten in der Kommission C der OEEPE” -
Belzner, H.: ,Kurzbericht iiber die Arbeiten in der Kommission E der
OEEPE” - Schwidefsky, K.: , Kurzbericht Giber die Arbeiten in der Kommission F
der OEEPE” — Meier, H-K.: ,,Kurzbericht Giber die Tatigkeit der Untergruppe

o INumerische Verfahren” in der Kommission F der OEEPE” — Belzner, Fl.: ,, Ver-
suchsfelder fiir internationale Versuchs- und Forschungsarbeiten.” — Nachr.
Kt.- u. Vermesss.-wes., R. V, Nr. 2, Frankfurt a. M. 1962, 41 pages with 3 tables
and 7 annexes.

~  Rinner, K.: Analytisch-photogrammetrische Triangulation eines Teststreifens

4 " der QEEPE. - Osterr. 7.. Vermess.-wes,, OEEPE-Sonderveroff. Nr. 1, Wien 1992,
31 pages.

—  Neumgier, K.; Kasper, H.: Untersuchungen zur Aerotriangulation von Uberweit-

winkelaufnahmen. — Osterr. 7. Vermess.-wes., OEEPE-Sonderverdff. Nr. 2,
Wien 1965, 4 pages with 4 annexes.

- ,OEEPE - Sonderverdffentlichung Nr. 27

Gotthardt, E.: ,BErfahrungen mit analytischer Einpassung von Bildstreifen.” -
Nachr. Kt.- u. Vermess.-wes., R. V, Nr. 12, Frankfurt a. M. 1965, 14 pages with
2 figures and 7 tables.

+OEEPE - Sonderverdffentlichung Nr. 3

Newumaier, K.: ,Versuch »Bedford« und »Waterbury«. Gemeinsamer Bericht
aller Zentren der Kommission E der OEEPE” — ,,Versuch »Schweizer Blocke,
Gemeinsamer Bericht aller Zentren der Kommission E der OEEPE.” - Nachr,
Kt-u. Vermess.-wes., R.V, Nr. 13, Frankfurt a. M. 1966, 30 pages with 44 anne-
Xes.

—  Stickler, A.; Waldhiusl, P.: Interpretation der vorldufigen Ergebnisse der
Versuche der Kommission C der OEEPE aus der Sicht des Zentrums Wien. —
Osterr. Z. Vermess.-wes., OEEPE-Sonderverdff. (Publ. Spéc.} Nr. 3, Wien 1967,
4 pages with 2 figures and ¢ tables.

- fOEEPE - Sendervertffentlichung Nr. 4”

Schiirer, K.: ,,Die Hohenmefigenauigkeit einfacher photogrammetrischer Kar-
tiergerdte. Bemerkungen zum Versuch »Schweizer Block« der Kommission E
der OEEPE.” — Nachr. Kt.- 1. Vermess.-wes., Sonderhefte, Frank{urt a. M., 1968,
25 pages with 7 figures and 3 tables.




,,OEEPE — Sonderverdffentlichung Nr. 5

Forstuer, R.: Uber die Genauigkeit der photogrammetrischen Koordinaten-
messung in bergigem Gelidnde. Bericht iiber die Ergebnisse des Versuchs
Reichenbach der Kommission C der OEEPE.” - Nachr. Kt.- u. Vermess.-wes.,
Sonderhefte, Frankfurta. M. 1969, Partl: 74 pages with 9 figures; Part il:
65 tables.

,,OEEPE — Sonderverdffentlichung Nr. 6

Knorr, H.: ,Die Européische Organisation fiir experimentelle photogrammetri-
sche Untersuchungen — OEEPE - in den Jahren 1962 bis 1970.” — Nachr. Kt.- u.
Vermess.-wes., Sonderhefte, Frankfurt a. M. 1971, 44 pages with 1 figure and
3 tables.

,OEEPE - Sonderverdffentlichung Nr. D7

Firstner, R.: ,,Das Versuchsfeld Reichenbach der OEEPE.” -- Nachr. Kt.- u. Ver-
mess.-wes., Sonderhefte, Frankfurt a. M. 1972, 191 pages with 49 figures and
38 tables.

, OEEPE — Sonderverdffentlichung Nr. D-8"

Neumuier, K. ,,Interpretationsversuch. Berichte der Zentren der Kommission E
der OFEPE.” — Nachr. Kt.- u. Vermess.-wes., Sonderhefte, Frankfurt a. M. 1972,
33 pages with 12 tables and 5 annexes.

,,OEEPE - Sonderverdifentlichung Nr. D9~

Beck, W.: , Herstellung topographischer Karten 1 : 10 000 auf photogrammetri-
schem Weg. Mit statistischen Auswertungen, Reproduktionen, Musterblait
und Kartenmustern des Landesvermessungsamts Baden-Wiirttemberg,
Stuttgart.” — Nachr. Kt.- u. Vermess.-wes., Sonderhefte, Frankfurt a. M. 1976,
65 pages with 10 figures, 20 tables and 20 annexes.

OEEPE - Sonderverdffentlichung Nr. D-10"

Weitere Ergebnisse des Mefversuchs ,Oberriet” der Kommission C der
OFEEPE. Hérry, H.: ,Messungen an nicht signalisierten Gelindepunkten im
Versuchsfeld «Oberriet»” — Stickler, A.; Waldhiusl, P.: ~Graphische Auswertung
nicht signalisierter Punkte und Linien und deren Vergleich mit Feldmessungs-
ergebnissen im Versuchsfeld «Oberriet»” — Férstner, R.: , Weitere Ergebnisse
aus Koordinatentransformationen des Versuchs «Oberriet» der Kommission C
der OFEPE” — Schiirer, K.: ,,Streckenvergleich «Oberriet».” — Nachr. Kt.- u. Ver-
mess.-wes., Sonderhefte, Frankfurt a. M. 1975, 116 pages with 22 figures and
26 tables.




~OEEPE - Sonderveréffentlichung Nr. D-11~

Schulz, B.-5.: ,Vorschlag einer Methode zur analytischen Behandlung von
Reseavaufnahmen.” — Nachr. Kt.- u, Vermess.-wes., Sonderhefte, Frankfurt
a. M. 1976, 34 pages with 16 tables.

+OEEPE — Sonderverdffentlichung Nr. D12~

Verlnine, R.: ,,25 Jahre OEEPE.” — Nachr. Kt- u. Vermess.-wes,, Sonderhefte,
Frankfurta. M. 1980, 53 pages.

~OEEPE — Sonderveréffenﬂichung Nr. D-13~

Haug, G.: , Bestimmung und Korrektur systematischer Bild- und Modelldefor-
mationen in der Aerotriangulation am Beispiel des Testfeldes ,Oberschwa-
ben.” - Nachr. Kt.- u. Vermess.-wes., Sonderhefte, Frankfurt a. M. 1980, 136 pa-
ges with 25 figures and 51 tables.

+OEEPE — Sonderver'dffentﬁchung Nr. D-14*

Spiess, E.: JFortfiihrung der Topographischen Karte 1 ; 25 000 mittels Photo-
grammetrie” (not published, see English version in OEEPE official publication
No. 12)

+OEEPE - Sonderverdffentlichung Nr. D-15"

Tirmerman, J.; Roos, P, A.; Schiirer, K.; Firstner, R.: , Uber die Genauigkeit der
photogrammetrischen Gebiudevermessung, Berichi iiber die Ergebnisse des
Versuchs Dordrecht der Kommission C der OFEPE.“ — Nachr. Kt.- u. Vermess.-
wes., Sonderhefte, Frank{urt a. M. 1983, 131 pages with 14 figures and 36 tables.

+OEEPE - Sonderverdffentlichung Nr. D-16"

Kommission E der OEEPE: , Einfliisse der Reproduktionstechnik auf die Er-
kennbarkeit von Details in Orthophotokarten.” - Nachr. Kt.- 1. Vermess.-wes.,
Sonderhefte, Frankfurt a. M. 1986, 130 pages with 51 figures, 25 tables and 6 an-
nexes.

,OEEPE — Sonderveréffentlichung Nr. D-17"

Schiirer, K.: ,Uber die Genauigkeit der Koordinaten signalisierter Punkte bei
grofien Bildmafstidben. Ergebnisse des Versuchs , Wien” der Kommission C
der OEEPE.” — Nachr. Kt.- u. Vermess.-wes., Sonderhefte, Frankfurt a. M. 1987,
84 pages with 3 figures, 10 tables and 42 annexes.




. Congress reports and publications in scientific reviews

Stickler, A.: Interpretation of the Results of the O.E.EDP.E. Commission C.
Photogrammetria XVI (1959-1960) 1, pp. 8-12, 3 figures, 1 annexe (en langue
allemande: pp. 12-16).

Solaini, L.; Trombetti, C.: Results of Bridging and Adjustment Works of the Com-
mission A of the O.EE.PE. from 1956 to 1959. — Photogrammetria XVI
(1959-1960) 4 (Spec. Congr.-No. C), pp. 340-345, 2 tables.

N. N.: Report on the Work Carried out by Commission B of the O.EE.P.E
During the Period of September 1956—August 1960. — Photogrammetria XVI
(1959-1960) 4 (Spec. Congr.-No. C}, pp. 346-351, 2 tables.

Fiirstner, R.: Bericht {iber die Tatigkeit und Ergebnisse der Kommission C der
O.E.E.P.E. (1956-1960). — Photogrammetria XVI (1959-1960) 4 (Spec. Congr.-
No. C), pp. 352-357, 1 table.

Bachmann, W, K.: Essais sur la précision de la mesure des parallaxes verticales
dans les appareils de restitution du I¥ ordre. — Photogrammetria XVI
(1959-1960) 4 (Spec. Congr.-No. C), pp. 358-360).

Wiser, P.: Sur la reproductibilité des exreurs du cheminement aérien. —Bull. Soc.
Belge Photogramm., No. 60, Juin 1960, pp. 3-11, 2 figures, 2 tables.

Cuniefti, M.: L’erreur de mesure des parallaxes transversales dans les appareils
de restitution. — Bull. Trimestr. Soc. Belge Photogramm., No. 66, Décembre
1961, pp. 3-50, 12 figures, 22 tables.

~OEEPE - Arbeitsberichte 1960/64 der Kommissionen A, B, C, E, F”

Trombetti, C.: ,Activité de la Commission A de 'OEEPE de 1960 a 1964" -
Cunietli, M.: ,Activité de la Commission B de I'OEEPE pendant la péricde
septembre 1960—janvier 1964” — Firstner, R.: ,Rapport sur les travaux et les
résultats de la Commission C de VOEEPE (1960-1964)" — Neumaier, K.:
~Rapport de la Commission E pour Lisbonne” — Weele, A. J. van der: ,Report of
Commission F.” — Nachr. Kt.- u. Vermess.-wes., R. V. Nr. 11, Frankfurt a. M.
1964, 50 pages with 7 tables and 9 annexes.

Cunietti, M.; Inghilleri, G.; Puliti, M.; Togliatti, G.: Participation aux recherches
sur les blocs de bandes pour la cartographie a grande échelle organisées par la
Commission B de 'OEEPE. Milano, Centre CASF du Politecnico. — Boll. Geod.
e Sc. affini (XXVI} 1, Firenze 1967, 104 pages.

Gotthardt E.: Die Tatigkeit der Kommission B der OEEPE. — Bildmess. u. Luft-
bildwes. 36 (1968) 1, pp. 35-37.

Cunietti, M.: Résultats des recherches expérimentales organisées par la
Commission B de 'OEEPE au cours de la période 1959-1966. Résumé du
Rapport final. — Présenté a I'’XI® Congrés International de Photogrammétrie,
Lausanne 1968, Comm. III (en langues frangaise et anglaise), 9 pages.




Forstner, R.: Résumé du Rapport sur les résultats de 'essai de Reichenbach de
la Commission C de I'OEEPE. — Présenté a I'’XI® Congres International de
Photogrammétrie, Lausanne 1968, Comm. IV (en langues francaise, anglaise et
allemande), 28 pages, 2 figures, 2 tables.

Timmerman, ].. Proef ,,OEEPE-Dordrecht”. — ngt 74, 4.Jg., Nr. 6, Juni 1974,
S. 143-154 (Kurzfassung: Versuch ,OEEPE-Dordrecht”. Genauigkeit photo-
grammetrischer Gebdudevermessung. Vorgelegt auf dem Symposium der
Kommission IV der LG.P., Paris, 24 -26. September 1974).

Timmerman, .: Report on the Commission C. “OEEPE-Dordrecht” Experiment,
— Presented Paper for Comm. IV, X1t Congress of ISP, Helsinki 1976.

Beck, W.: Rapport de la Commission D de 'OEEPE sur 'établissement de cartes
topographiques au 1/10 000 selon le procédé photogrammétrique. — Presented
Paper for Comm. 1V, XIIrth Congress of ISP, Helsinki 1976.

Verlaine, R.: La naissance et le développement de I'OEEPE — Festschrift —
Dr. h. c. Hans Hirry, 80 Jahre — Schweizerische Gesellschaft fiir Photogramme-
trie und Wild Heerbrugg AG, Bern 1976.

Farstner, R.: Internationale Versuche (Essais contrélés) — Festschrift —
Dr. h. ¢. Hans Hérry, 80 Jahre — Schweizerische Gesellschaft fiir Photogramme-
trie und Wild Heerbrugg AG, Bern 1976.

Bay, E.; Cunietti, M.; Vanossi, A.: Détermination Expérimentale des Erreurs
Systématiques des Faisceaux Perspectifs. — Société Belge de Photogrammétrie,
Bulletin trimestriel, Briissel 1977, pp 21-49.

Timmerman, [.. Fotogrammetrische stadskaartering de OEEPE-proef Dord-
recht. — Geodesia 19, Amsterdam 1977, pp. 291-298.

Waldhiusl, P.: The Vienna Experiment of the OEEPE/C. Proceedings — Stan-
dards and Specifications for Integrated Surveying and Mapping Systems. —
Schriftenreihe HSBw, Heft 2, Miinchen 1978,

Bachmann, W, K.: Recherches sur la stabilité des appareils de restitution photo-
grammétriques analogiques. — Vermessung, Photogrammetrie, Kulturtechnik,
Zdirich 1978, pp. 265-268.

Parsic, 7.: Untersuchungen tber den Einfluf} signalisierter und kiinstlicher
Verkniipfungspunkte auf die Genauigkeit der Blocktriangulation. — Vermes-
sung, Photogrammetrie, Kulturtechnik, Ziirich 1978, pp. 269-278.

Waldhiusl, P.: Der Versuch Wien der OEEPE/C. — Geowissenschaftliche Mit-

teilungen der Studienrichtung Vermessungswesen der TU Wien; Heft 13,
Wien 1978, pp. 101-124.

Waldhiusl, P.: Ergebnisse des Versuches Wien der OEEPE/C. — Presented Pa-
per for Comm. IV, Xivth Congress of ISP, Hamburg 1980.

Timmerman, [.; Firstner, R.: Kurzbericht iiber die Ergebnisse des Versuchs
Dordrecht der Kommission C der OEEPE. — Presented Paper for Comm. IV,
XIV Congress of ISP, Hamburg 1980.




Bernhard, J.; Schmidt-Falkenberg, H.: OEEPE — Die Arbeiten der Kommission E
LInterpretation”. — Presented Paper for Comm. IV, XIvth Congress of ISP,
Hamburg 1980.

Bachmann, W. K.: Elimination des valeurs erronées dans un ensemble de mesu-
res controlées, — Papers written in honor of the 70t birthday of Professor Luigi
Solaini — Richerche di Geodesia Topografia e Fotogrammetria, Milano 1979,
pp. 27-39.

Visser, J.. The European Organisation for Experimental Photogrammetric
Research (OEEPE) - The Thompson Symposium 1982, - The Photogrammetric
Record, London 1982, pp. 654-668.

Spiess, E.: Revision of Topographic Maps: Photogrammetric and Cartographic
Methods of the Fribourg Test. - The Photogrammetric Record, London 1983,
pp. 2942,

Jerie, H. G. and Holland, E. W.: Cost model project for photogrammetric proces-
ses: a progress report. - ITC Journal, Enschede 1983, pp. 154-159.

Ackermann, F. E. (Editor): Seminar — Mathematical Models of Geodetic/Photo-
grammetric Point Determination with Regard to Outliers and Systematic
Hrrors — Working Group II/1 of ISP — Commission A of OEEPE. — Deutsche
Geodatische Kommission bei der Bayerischen Akademie der Wissenschaften,
Reihe A, Heft Nr. 98, Miinchen 1983.

Brindipke, W., Jaakkola, M., Noukka, P., Kolbl, O.: Optimal Emulsions for Large
Scale Mapping — OEEPE-Commission C. ~ Presented Paper for Comm. I,
XVt Congress of ISPRS, Rio de Janeiro 1984.

Ackermann, F.: Report on the Activities of Working Group [II/1 During
198084, — Comm. [II, Xyth Congress of ISPRS, Rio de Janeiro 1984.

Forstner, W.: Results of Test 2 on Gross Error Detection of ISP WG III/1 and
OEEPE. — Comm. III, XVth Congress of ISPRS, Rio de Janeiro 1984.

Gros, G.: Modeles Numériques Altimétriques — Lignes Characteristiques —
OEEPE Commission B. — Comm. III, XV Congress of ISPRS, Rio de Janeiro
1984.

Ducher, G.: Preparation d'un Essai sur les Ortho- et Stereo-Orthophotos. —
Comm. IV, XVt Congress of ISPRS, Rio de Janeiro 1984.

van Zuylen, L.: The influence of reproduction methods on the identification of
details in orthophoto maps. — ITC Journal, Enschede 1984, pp. 219-226.

Visser, .. OEEPE- News ~ The European Organization for Experimental Photo-
grammetric Research. — ITC Journal, Enschede 1984, pp. 330-332.

Brindipke, W., Jaakkola, M., Noukka, P., Kalbl, O.: Optimnale Emulsionen fiir grofi-
mafstabige Auswertungen. — Bildmess. u. Luftbildw. 53 (1985) 1, pp. 23-35.

Thompson, C. N.: Some New Horizons for OEEPE. Presented Paper to the
Symposium of Commission IV, ISPRS in Edinburgh, 8.-12. September 1986,
Pp- 299-306.




— Dowman, I: The Restitution of Metric Photography Taken From Space -
Comm. 1T, XVTth Congress of ISPRS, Kyoto 1988.

- Kilpeli, E.: Statistical Data on Aerial Triangulation — Comm. IJ, Xvith Congress
of ISPRS, Kyoto 1988,

— deHaan, A.: An Analysis of the Precision of a DEM Obtained from SPOT Data -
Comm. TV, XVIIth Congress of ISPRS, Washington 1992.

~  Ducher, G.: OEEPE Test on Orthophoto and Stereo-Orthophoto Accuracy —
Comum. IV, XVITth Congress of ISPRS, Washington 1992.

~  Veillet, I.: Accuracy of SPOT Triangulation With Very Few or no Ground
Control Point — Comm. IV., XVII! Congress of ISPRS, Washington 1992,

The official publications and the special publications issued in Frankfurt am Main
are for sale at the

Institut fiir Angewandte Geodésie
— Aufienstelle Berlin -

Stauffenbergstrafie 13, D-10785 Berlin







