A COMPARATIVE STUDY OF DYNAMIC POSITIONING BY GPS
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photo sensor with a pulse amplifier was installed in the lens
Zeiss RMK 15/23 aerial camera.
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(c) Cessna 404 Titan Ambassador aircraft (Hansa Luftbild)
The
size and weight of the equipment, and the corresponding power
consumption, require a relatively large (twin-engined)
aircraft.
An
interface between the Zeiss camera photo sensor with the GPS receiver is
required for the transfer of the photo sensor pulse signals. The interfaces
ensure synchronisation of the signal flows in the integrated system. The
integrated system configuration is shown in figure 1.
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Figure 1. Integrated system configuration.
3. SELECTION OF THE TEST AREA AND FLIGHT PLAN
(a) Selection of the test area.
The following factors influenced the selection of the test area:
- The area should be representative of the normal operational circumstances.
- Availability of a dense (geodetic and/or photogrammetric) ground control
network.
- The area should, where possible, be near the airfield.
According to these criteria, an area of 30 km by 8 km (west of MUnster,
Germany) was selected. Good quality topographic maps at scale 1:5000 are
available for the area.
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(b) Flight mission parameters.
The specified photo scale was 1:12000 for the following reasons:
- It was intended that each photograph would cover a map sheet at scale
1:5000.
- The control points are well identifiable on photographs, i.e., to provide
for high accuracy aerial triangulation.
To ensure one photo per map coverage to strengthen the aerial triangulation,
and to increase the number of camera stations for the comparative study, the
specified forward overlap was 80%.
Other flight parameters were specified as follows;
- 4 lines of 30 km length, direction north-south (from 51 50 latitude north
to 52 07 latitude north) line spacing 2 km.
- 2 cross lines 8 km long, direction east-west (from 7 20 longitude east to
7 27 longitude east), 25 km apart.
- Flight altitude 1920 m (wide angle camera).
- 30% side overlap.
4. GROUND CONTROL
The control point coordinates were acquired at the German federal geodetic
office ("Landesvermessungsamt Nordrhein - Vestfalen") in Bonn/Bad-Godesberg.
All the points were distinct corner points of roofs. Hence, these points
could be easily identified and marked on the photographs (paper prints).
The accuracy of the control points was (according to LV N-V) for:
- Full (X,Y,Z) points: SXo
SYo = 0.3 m and SZo = 0.5 m
- Height points: SZo = 0.5 m
In total, 302 full control points and 94 height control points were used in
aerial triangulation. These points were evenly spread over the whole block.
On average, there were five to six double points on each map sheet at scale
1:5000 (hence the same number of control points on average on each
photograph). The total test area was covered by 60 map sheets.
5. FLIGHT MISSION EXECUTION
After several unsuccessful trials (due to bad weather conditions), the
actual flight mission was accomplished on August 21th between 9:30 and 11:10
(local time). Before take-off, the corresponding satellite configuration was
selected and the receiver was calibrated.
The weather conditions on August 21th were good. The sky was cloudless, and
the wind was light and without turbulence; because of haze visibility was
restricted to 10 or 15 km. The GPS receiver remained locked on to all
selected satellites during the entire flight mission, including during
aircraft banked turns.
6. PROCESSING OF GPS DATA
Processing of these raw data was carried out by the Rijkswaterstaat, Survey
Department and Department for Satellite Systems. Using locally developed
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7. AERIAL TRIANGULATION
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(b) Block Adjustment
The PATB-S block adjustment program (University of Stuttgart), using
bundles, was chosen for the adjustment [5]. One important feature of PATS is
the optional output, such as the parameter values of the
exterior
orientation
for each
These
the spatial position
(Xo,Yo,Zo) of the project
center (PCat) and the rotation matrix. The
positions PCat are needed for the comparison with the corresponding GPS
data.
ustment are as follows:
The input and output of the block
- Number of image points: 4560
- Number of photographs: 218
Number of horizontal control points: 302
Number of vert
control points: 396
Standard deviation of the observed photo coordinates so = 8.2
Standard errors of
tie Points: sxt = 5.5 ,syt = 7.1
control Points in photo: sxc = 5.5 ,syc

=

7.1.

From the accuracy and
ty of the ground control network and from the
standard deviation
the observed photo coordinates, it could be assumed
that the accuracy of the adjusted block was relatively high. Consequently
suitable
the adjusted projection center positions (PCat) provided a
reference for comparison with the corresponding GPS data.
8. COMPARATIVE ANALYSIS OF THE GPS AND AT DATA
The analysis concerned the discrepancies between
projection center
(antenna) locations determined by GPS (PCgps) and aerial triangulation
(PCat). To gain a differentiated insight, the discrepancies were calculated

both directly and
ter fitting polynomials. After each polynomial
discrepancies were computed separately per strip.

fit

the

(a) Raw Differences
The direct differences
PCgps
PCat were calculated by the ADC.FOR
program (B.Kunji, ITC). For the analysis of these differences and thus to
avoid misinterpretation, consideration should be given to the:
- Offset: The discrepancies between PCat
antenna
t (approximately 1.5m).

and

PCgps

contain

constant

- Gross errors: 22 stations have a constant error of about 10m, in the
flight direction (Y). The most probable source is a constant delay in the
pulse amplifier of the photo sensor, which occurs randomly at the camera
exposures. As noted above, the photo sensor and amplifier had to be
improvised, and their operation was not thoroughly tested. All 22
erroneous stations were removed from the GPS observations prior to the
polynomial fit.
- Change
of
the
satellite
configuration:
Two different satellite
configurations had to be used during the flight mission. For the first
three flight lines (1,2 and 3), only four satellites were used for
positioning. Before flying the last line, a different configuration had to
be used; an additional satellite entered into it. Table 1 shows the effect
of the change in the satellite configuration on the shift in GPS
positional data.

Line 1,2 and 3
Line 4
Table

tJ{mean

6Ymean

-7.7
-18.2

-5.5
-1.9

6Zmean
24.6
3.3

(1-16 mean)
(source table 2)

1 Shift of GPS positional data (in meters)

(b) Polynomial fit
After removing the gross errors, the GPS data (PCgps) and the AT data (PCat)
were processed individually per flight line by the STRTR.FOR program
(B.Kunji, ITC). For each flight line three polynomial fits were calculated
(STRTR.FOR), i.e., the zero, first, and second degree polynomials, by the
least-squares method. The corresponding error statistics are based on the
remaining discrepancies (residuals) [6].
After applying a polynomial fit, the standard error was computed per strip:
~ I:v
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where:
S
v
n
u

=

standard error (in meters)
residuals (in meters)
number of stations
number of unknowns

(b.1) Zero degree polynomial
The unknown parameters were the shifts in X,Y and Z. These shifts were
computed separately for each strip (table 2). Lines 1,2,3 are related to the
4 satellite reference system whereas line 4 is related to the 5 satellite
reference system.
Line
Line
Line
Line

1
2
3
4

6Xmean
-8.76
-9.02
-5.47
-18.23

L\Zmean
26.03
23.53
24.19
3.26

~Ymean

-7.56
-5.94
-2.85
-1.90

Table 2 Shift components per line (in meters).
After applying the shifts, the corresponding residuals were calculated. The
corresponding standard errors per line and their mean values are presented
in table 3
SX
SY
SZ
Line
Line
Line
Line

1
2
3
4

0.80
0.59
0.65
0.68

0.70
0.59
0.71
0.46

0.47
0.39
0.67
0.42

------------------------------lJV

(0)

0.68

0.62

0.49

Table 3 Standard errors after fitting zero degree polynomial (in meters)
By analysing the tables and graphs (appendix A) of the residuals after
fitting the zero order polynomial, a more or less pronounced linear and
quadratic trend could be identified.
(b.2) First degree polynomial
By applying a first degree polynomial least squares fit, a significant
reduction of the residuals was obtained. The standard errors per line and
their mean value are presented in table 4
Line
Line
Line
Line

1
2
3
4

SX
0.42
0.50
0.45
0.36

8Y
0.46
0.56
0.51
0.46

SZ
0.47
0.39
0.34
0.36

------------------------------lJV

(1)

0.43

0.50

0.39

Table 4 Standard errors after fitting the first degree polynomial(in meters)
(b.3) Second degree polynomial
After fitting the second degree polynomial, virtually all the systematic
error component was removed. Hence the remaining discrepancies were nearly
random.
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The magnitude of the residuals was obviously smaller than in the previous
case. In all four strips, 90% of the stations had residuals smaller than one
meter, nine points had residuals between 1 and 1.5m, and only one point
(station 104 in line 2) had a residual of 2m. The standard errors per line
and their mean value are presented in table 5.
SX
Line
Line
Line
Line

1 0.35
0.45
3 0.33
4 0.34
2

SY

SZ

0.44
0.56
0.50
0.44

0.34
0.29
0.27
0.32

------------------------------0.31
0.49
1JV (Q) 0.37

Table 5
meters)

Standard

errors

after

fitting

the second degree polynomial (in

9. ASSESSMENT OF TEST RESULTS
To assess the accuracy of the GPS data, we should have a priori knowledge
the
accuracy of the projection centers obtained with aerial
about
triangulation. According to the law of error propagation, the variance of
the discrepancies 1JV2 contains two components, i.e, the variance of the
aerial triangulation (Sat2) and the variance of the GPS (SgpS2):
1JV2 = Sat 2+ Sgps2
If Sat is known, the variance

Sgps2 is:

Based on experience in aerial triangulation, and taking into account the:
- great overdetermination because of dense control network,
accuracy of the photogrammetric ground control;SXo=SYo=0.3m,SZo=0.5m,
accuracy of the observations
so
8.2 1Jm, the standard error of the
projection centers Sat (estimated intuitively) was approximately:
Satx
Hence for

=

Saty = O.4m

Sgpsx 2=
Sgpsy2=
SgpsZ2=

and

Satz = 0.3m

1J y 2- 0.16 m
1JV2- 0.16 m
1Jy2- 0.09 m

By substituting the mean standard errors 1JV estimated experimentally and of
Sat, estimated subjectively, the corresponding estimate of Sgps can be
computed;
DERIVED GPS POSITIONING ACCURACY (in meters)
Polyniomial
Zero degree
First degree
Second degree

Y

X

v
0.68
0.43
0.37

Sgpsx
0.55
0.16
0.00

v
0.62
0.50
0.49
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Z

Sgpsy
0~47

0.30
0.28

v
0.49
0.39
0.31

Sgpsz
0.39
0.25
0.08

These results indicate
their postprocessing.

very

high relative accuracy of the GPS data after

These estimates are relative; by altering
subjectively, the values of Sgps change accordingly.

of Sat, estimated

A more rigurous assessment
the standard error Sat of the projection
centers is possible by applying
law of error propagation, i.e., by
computing the covariance matrix at block adjustment.
10. CONCLUSION
(a) After appropriate post-processing of the GPS data, the attained accuracy
was higher than initially anticipated. It meets fully the requirement
for the application to aerial triangulation block adjustment with
strongly reduced ground control.
(b) According to Ackermann and Friess [7],[8], the attained GPS accuracy may
allow a reduction of ground control in aerial triangulation to a minimum
of four points in the corners of a block.
(c) The accuracy required to use GPS data in aerial triangulation can
obtained potentially only with a combined pseudo-range and phase
measurement.
(d) When using the absolute GPS positioning mode, a change in the satellite
configuration causes a discontinuity (shift) in the GPS positional data.
(e) These results of the test are valid for the specific GPS receiver, which
provides a continuous tracking of maximum 5 satellites via 5 separate
physical channels, recording the position at a constant interval of
0.6s, and an internal time record activated by an external pulse.
(f) GPS positioning should preferably be by the differential mode rather
than by the absolute mode.
(g) If only one GPS receiver is available the pseudo-differential mode can
be applied. In this mode the position of a known geodetic point (e.g.,
in the airfield) is determined by the GPS receiver the day before the
survey flight and the day after it. These GPS measurements should be
carried out during the same period
time and using the same satellite
configuration as at the flight mission. The mean values of these two
sets of GPS measurements are then used in differential mode as a
substitute of the GPS receiver on ground during the mission.
(h) In survey flight missions with GPS positioning in absolute mode, the
following precautions should be taken:
i)
Do not change the satellite configuration during a flight line;
ii) Use, if possible, the same configuration of satellites; any change
produces a discontinuity in the GPS data (in differential mode it
is compensated).
iii) If a change of the satellite configuration is unavoidable, apply it
during the turn of the airplane from one line to the next.
iv) If the flight mission cannot be completed in one day, use (if
possible) the same satellite configuration in the next flight(s).
(i) In order to link the World Geodetic System 84 with the local coordinate
system, it is recommended to measure at least one ground control point
with the same GPS receiver as used in the flight mission.
(j) When the block to be surveyed is not very large, a similarity
transformation can be applied instead of a more rigurous geodetic
coordinate transformation.
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