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Photogrammetry and Kinematic GPS: 
Results of a High Accuracy Test 

Abstract 
Aerial triangulation with kinematic GPS support has become 
an important issue during the past few years. This article re- 
ports on the results of a research project that was aimed at 
demonstrating the valuable contributions that kinematic GPS 
can make to photogrammetric bundle triangulation. An ac- 
curacy of k, = 5 cm in planimetry and b, = 8 cm in height 
was obtained for ground checkpoints from an image scale of 
1:10,000 with only four control points in the block corners. 
This accuracy corresponds to the values which can be ob- 
tained with a large number of ground control points (bridg- 
ing distance i = 2b) but without integration of kinematic 
GPS data. It is argued that in this project the so-called GPS 
"drift" parameters are cumulative eflects of errors in the in- 
terior orientation of the metric camera and residual errors 
from coordinate transformations. 

Introduction 
Since it has been demonstrated that GPS systems can be used 
for quasi-kinematic measurements (Remondi, 19851, the 
scope of surveying applications has increased steadily. One 
particularly important application arises in photogrammetric 
block triangulation. The use of kinematic GPS during the 
photo flight permits the number of ground control points to 
be substantially reduced, thus rendering the block triangula- 
tion more efficient and economical. In a study with synthetic 
data (Gruen and Runge, 19881, the accuracy potential of a 
combined GPs/bundle solution was demonstrated and the fa- 
vorable structure of such a system with respect to the deter- 
minability of additional parameters for self-calibration was 
shown. 

In a number of empirical investigations throughout the 
past seven years or so, various problems with kinematic GPS 
have surfaced and only a very few projects could claim suc- 
cess. 

Our project, "GPS-Supported Aerial Triangulation," 
whose aim was to verify the theoretical predictions and 
whose results will be presented here, was started in 1989. It 
was funded by the Federal Institute of Technology (ETH) Zu- 
rich and performed as a cooperative effort of the geodesy and 
photogrammetry groups of the Institute of Geodesy and Pho- 
togrammetry. The data were supposed to be collected over 
the testfield "Uster" near Zurich, Switzerland, which served 
as a photogrammetric test field of high accuracy in previous 
investigations (Gruen, 1986). 

After a semi-successful flight in 1990, we had bad luck 
in 1991 because no suitable GPS window was available 
throughout this year. However, in March 1992 successful 
flights on two consecutive days were made covering the full 
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block, both giving good clean GPS data. For a comprehensive 
report of the complete project, see Gruen et al. (1992). 

One critical issue in GPS processing is the resolution of 
carrier wave ambiguities. Gurtner et al. (1985) have shown 
that position accuracies in the sub-centimetre level are possi- 
ble if the ambiguities can be fixed to integer values. The 
most stringent conditions for real-time processing have been 
recently studied in great detail by Frei (1991). The project 
presented here deals with aerophotogrammetric surveying in 
the off-line mode. It is, therefore, possible to take advantage 
of the total data set acquired during the entire flight to esti- 
mate the ambiguities. 

For our investigations with synthetic data, we could ex- 
pect an accuracy of & = 5 cm in planimetry and c ~ ,  = 8 
cm in height for the ground points (given an image scale of 
1:10,000), e0 = 5 pm, and a positional accuracy of antenna 
and projection centers of 10 cm in all three coordinate axes. 

It will be shown that these theoretical expectations 
could be practically confirmed in this project. I 
Test Configuration and Data Acquisition 1 
The selected test field is the area of Uster near Zurich and is 
well suited for the purpose (Figure 1). Its nearness to the air- 
port and the existence and high quality of about 100 refer- 
ence points make it an ideal test field for investigations. This 
test field has been used in previous photogrammetric block 
accuracy tests (Gruen, 1986). The geodetic network points 
are known to have a coordinate accuracy of 5 rnrn in plani- 
metry and 6 rnm in height or better. The 94 points which 
were used in this test are distributed quite homogeneously 
over the whole area (Figure 8). 

Due to the limited capacity of data storage in the Trim- 
ble ssT GPS receivers, the photogrammetric block was flown 
on two consecutive days during the same optimal GPS win- 
dow, with up to six satellites simultaneously being received. 
The duration of the flights was about 1% hours each. To al- 
low differential processing, one receiver was installed on a 
reference site at the airport and two others were mounted on 
the airplane (a Twin-Otter). The reference and one of the 
moving receivers were dual frequency receivers (L1 and ~ 2 ) ;  
the second moving receiver, however, was only an ~1 re- 
ceiver. The dual frequency receivers collected the GPS data at 
1 Hz, the ~1 receiver at 2 Hz. The data consisted of phase 
measurements on L 1  and L2, C/A-code measurements on ~ 1 ,  
and p-code measurements on L2. During the flight the data 
were only collected and then downloaded, while the 
processing was done in an off-line mode. 

The photogrammetric camera used was a Wild RC20 with 
a camera constant of 15 cm. Eight strips with a lateral over- 
lap of 60 percent were flown at a height of about 1500 m 
over ground, resulting in an image scale of 1:10,000. Within 
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each strip, 19 pictures were taken with an overlap of 80 per- 
cent. For processing, only every second photograph was 
used, resulting in 60 percent forward overlap. Table 1 shows 
the project specifications. 

To connect the GPS results of the antenna coordinates to 
the coordinates of the projection centers, an accurate knowl- 
edge of the time of exposure and the components of the ec- 
centricity vector from the projection center of the camera to 
the phase center of the antenna is required. The synchroniza- 
tion problem was solved by recording in the GPS receiver the 
time of an incoming pulse, sent by the camera during the ex- 
posure. This pulse was recorded in GPS time by the Trimble 
receiver and stored in the raw data. The pulse emitted by the 
camera is off from the correct center time of exposure with 
an estimated standard deviation of 50 microseconds. Given 
an airplane velocity of 300 km/h, this amounts to only 4 rnm 
uncertainty in the recording of the antenna position. The ec- 
centricity vector was determined on the ground by terrestrial 
measurements with theodolite, distance measurements, and 
leveling. The set of attitude values of the camera was held 
fixed, defining a camera-related reference frame in which the 
components of the eccentricity vector were determined. This 
was done for both antennas with an accuracy at the centi- 
metre level. These two pieces of information, the recording 
of the exposure time and the determination of the eccentric- 
ity vector, permit the GPS results to be c o ~ e c t e d  with the 
photogrammetric projection centers. 

Figure 2 shows the local network for the measurement of 
the antenna eccentricity vector. Figure 3 indicates the flight 
pattern and the positions of the perspective centers. Figure 4 
shows the height profiles of the flight lines. Obviously, the 
second day (5 March) gives a less smooth pattern due to 
harsher wind conditions. 

Processing of Kinematic GPS Data 
Before processing the flight data, the coordinates of the refer- 
ence station at the airport were determined by connecting 
the point to a permanent station in Zimmerwald by GPS. Be- 
cause the baseline length was about 100 km, it was possible 
to solve for the ~1 and ~2 ambiguities and to calculate an 
ambiguity fixed solution, using the ionosphere-free ~3 com- 
bination. This procedure permitted the geocentric coordi- 
nates of the reference site at the airport to be fixed within an 
accuracy of a few millimetres with respect to the coordinates 
of the astronomical observatory in Zimmerwald. These val- 
ues for the reference station were then introduced as fixed 
quantities into the processing of the flight data. 

For the computation of the kinematic GPS data, an ap- 
proach using code and phase measurements simultaneously 
in a differential mode was adopted. The corresponding ob- 
servation equations of the single difference code measure- 
ments are 

and, for the single difference phase measurements, 

where 
p is the pseudo-range measurement, 
4 is the phase measurement, 
d is the distance between satellite and receiver, 
A is the ambiguity related to the phase measurement, 
Acl is the differential synchronization error of the re- 

ceiver clocks, and 
A is the wavelength of carrier phase. 

The superscripts i designate the satellite. The subscripts j 
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Figure 1. Tesffield Uster near Zurich. Courtesy of Swiss 
Topographical Service (Landestopographie). 

TABLE 1. PROJECT SPECIRCATIONS 

Test area Uster, near Zurich (Switzerland) 
Size 7.5 by 9.5 km 
Mean elevation 500 m 
Number of check points 94 

Airplane 
Dates of flights 

Flying height over ground 
Duration of flights 

Photogrammetric camera 
Lens 
Camera constant 
Film 

Twin Otter 
4 March 1992 (5 strips) 
5 March 1992 (3 strips) 
1500m 
about 1.5 hours each 

Wild RC20 
1514 UAGA-F 
152.85 mm 
SW/Panatomic X (23 x 23 cm] 

Photogrammetric block 
Image scale 1: 10'000 
Fonvard overlap 80% (60% used for processing) 
Lateral overlap 60% 
Number of strips 8 
Flight direction Equal 
Number of exposures 152 (8 strips X 19 per strip) 
Number of photographs used 80 
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Flgure 2. Geodetic determination of the eccentricity vectors of the antennas (Points 12 and 
14) related to the camera frame. 

and k are related to the reference station and the airplane an- 
tenna, respectively. The clock and the position of the satel- 
lite, as they are given by the broadcast ephemeris, are 
supposed to be known and are therefore not included in the 
observation equations. 

An a priori accuracy for the measurements is assigned to 
the phase and code differences. These values may be quite dif- 
ferent, depending on the quality of the receiver. Typical values 
for the a pn'ori RMS for different types of observations are 

Phase 2 to 5 rnm 
C/A code 1 to 5 m 
P-Code 0.2 to 0.8 m 

The processing was performed in two steps. 
In a first step, the time-invariant parameters are deter- 

mined. Parameters which are considered as invariant are the 
ambiguities and the coordinates at rest before and after the 
flight. For each epoch, all time-variant parameters are elimi- 
nated from the normal equation system, and the reduced 
normal equation system is accumulated over the total time 
span. By inversion, one obtains first the floating point solu- 
tion for the ambiguities and the coordinates. The program 
then attempts to fix the double difference ambiguities to in- 
tegers. If this is not possible, the floating point solution can 
be used. In a second step, the values for the ambiguities ob- 
tained from the previous step are then used to calculate the 
coordinates of the moving receiver for every epoch. The 
quality of the result strongly depends on the quality of the 
ambiguity estimation, and the best possible result is obtained 
when all ambiguities are resolved. Nevertheless, even infor- 
mation from a floating point solution can be used in a photo- 
grammetric bundle block adjustment. Figure 5 shows a 
schematic representation of the steps involved for the post- 
processing of kinematic GPS data. The processing software 
was developed by M. Cocard, Institute of Geodesy and Pho- 
togrammetry, ETH Zurich (Cocard, 1993). 

Determination and Accuracy of Antenna Coordinates 
Figure 6 shows in a schematic overview how the GPS record- 
ings are reduced to a final local horizontal coordinate system 
in which the bundle adjustment will be performed. 

Interpolation of Antenna Coordinates 
The position of the antenna obtained by the process de- 
scribed in the previous section refers to the full-second GPS 
recordings. Because the exact times of the camera exposures 
have also been recorded by the receiver, it is possible to in- 
terpolate the antenna coordinates. For the time being, a sim- 
ple linear interpolation was chosen. To check the quality and 
consistency of the coordinates and to get an idea of tbe error 
introduced by the linear interpolation, the following investi- 
gation was carried out. For every line, the corresponding 1- 
second data set was reduced to 2-, 4-, 6-, and 8-second data 
sets. By linearly interpolating the coordinates of the reduced 
data sets to the middle of the time interval, the interpolated 
values can be compared to the measured values and r mean 
square error from the differences can be derived (compare 
Figure 7). 

The exponential function RMS = a-(llflb with the two 
coefficients a and b, giving the root-mean-square ( R M ~ )  error 
of the interpolation as a function of the data frequency f (in 
Hz), was then used to fit these values and to predict the 
mean square error of the interpolation for the 1-secoqd data 
set. In the following, the mean values over all eight 
given: 

North-South (flight direction] RMS = 0.003. 

East-West 

Height 

1.08 

RMS = O.O16.(j) [m] 
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Ftgure 3. Horizontal track of the two flights (4-5 
March 1992) in the Swiss Projection System 
(units in metres). 

Note that, because the interesting frequency is 1 Hz, the 
corresponding RMS is equivalent to the a coefficient. Thus, 
the maximum interpolation error amounts to 1.8 cm in the 
height coordinate. 

Coordinate Transformations 
The coordinates for the projection centers are given in WGS84 
and are connected via the stationary reference receiver at the 
airport to the coordinates of the permanent station in Zim- 
merwald (IGS-site). On the other hand, the coordinates of the 
ground points are given in the Swiss Projection System. To 
unify the coordinate systems, the coordinates of the ground 
points are first transformed into their associated geocentric 
Cartesian system and then shifted to WGS84. Because no 
WGS84 coordinates of the ground points were available, only 
three translations were calculated using the point Zimrner- 
wald, where the sets of coordinates were available. 

After this unification, all coordinates are available in 
WGS84, but, for numerical reasons in the bundle adjustment, 
a predefined six-parameter transformation, consisting of 
three translations and three rotations, was performed in or- 
der to finally have Cartesian coordinates in a local horizontal 
system. 

Comparison of GPS Antenna Coordinates 
The 8 0  photographs of the block were measured on the Wild 
AC3 Analytical Plotter. Besides the 94 signalized points, 313 
natural tie points had to be included. This resulted in a total 
number of 2020 image points, corresponding to approxi- 
mately 25 points per photograph. Given a sufficient number 
of ground control point coordinates, the GPS antenna coordi- 
nates can be determined twice: directly from the GPS and in- 
directly utilizing a photogrammetric bundle triangulation. 
The latter gives the coordinates of the projection centers, and 
a correction for the antenna offset results in the antenna co- 

ordinates. For this version, the bundle adjustment was per- 
formed with all 94 ground control points and 12 additional 
parameters (Ebner, 1976) for self-calibration, 

For the complete block, the RMS values computed from 
differences GPS - Photogrammetry gave 

& = 27.2 cm, p$ = 7 4 . 6  cm, pi = 31.5 cm. 

The x coordinate is identical with the flight direction. " A  
stands for "antenna." 

At a first glance these values render a rather pessimistic 
picture. Hoewever, after the elimination of block-invariant 
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Figure 5. Processing scheme for kinematic GPS data. 

(b) 

Figure 6. Coordinate transformations. (a) Antenna: GPS 
Track to Local Horizontal System. (b) Block Ground Points: 
Swiss Projection System to Local Horizontal System. 

shift parameters Ax, Ay, Az, we obtain: 

&(sc) = 12.7 cm, pgsc) = 17.4 cm, ~ ( s c )  = 7.5 Cm 
where sc indicates "shift corrected." 

Even better values can be achieved if the shift parame- 
ters are computed as strip-invariant. This version is not 
shown here because, as it turned out later, it did not improve 
the ground check point coordinates. 

But even these values do not compare well with the the- 
oretical standard deviations computed from the inversion of 
the normal equations. 

Standard deviations of the projection center coordinates 
from the bundle adjustment were I 

a$ = 7.4 cm, a$ = 3.6 cm. 

This significant discrepancy between theoretical'and em- 
pirical values for the projection center coordinates has been 
observed in other projects in the past and has given rise to a 
variety of speculations. In most cases a GPS "drift" is identi- 
fied as the major source for these deviations. 

If ambiguities are not a problem (as is the case in our 
project), a drift can only result in ~1 processing through io- 
nospheric effects. This would result in a scale factor of less 
than 5 ppm and amount to a maximal offset of 5 cm through- 
out the test field area. Therefore, this effect cannot explain 
the much larger deviations observed here. 

Instead of assuming a GPS drift, we suspect two other er- 
ror souces. First, there are transformation discrepancies going 
from WGS 84 (GPS antenna coordinates) to the Swiss Projec- 
tion System (ground points) or vice versa. There were no 
identical G~S/Swiss Projection System points in the block. 
Second, any errors in the interior orientation elements (prin- 
cipal point coordinates and camera constant) will cause, in 
the event of flat terrain, shifts Ax, Ay, Az in all three coordi- 
nates of the projection centers of the bundle adjustment. If 
the projection centers are fixed by GPS observations (see the 
next section), this effect will be compensated by the constant 
terms of the "drift parameters." Therefore, the constant por- 
tion of the drift parameters and the effects of the interior ori- 
entation parameters cannot be separated under our test 
conditions (equal strip directions). Here it should be noted 
that the separation capability depends on the pattern of flight 
directions and on the introduction of the shift parameters as 
either block- or strip-invariant. Coordinate transformation er- 
rors are block-invariant, whereas errors of interior orientation 
and possible GPS drift errors depend in sign on the flight di- 
rection. 

Results of Controlled Bundle Adjustment 
A truly conclusive system test must include ground check 
points, because the determination of ground point coordi- 
nates is the ultimate aim of blocktriangulation. 

Figure 8 shows the block layout, including projection 
centers and control points. 

In the subsequent investigations, the following system 
parameters will be varied: 

Number of control points: 94, 29, 5, 4. 
Drift parameters: Constant, constant + linear; one set for the 
whole block (block-invariant-1 set); one set separately for 
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Figure 7. Interpolation errors of antenna trajectories. 
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Figure 8. Block layout of GPS-block "Uster 92." 
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each day of flight (flight-invariant-2 sets); one set for each 
strip (strip-invariant-8 sets). 

Figure 9 shows the different control point versions. They are 
marked PI, P2, P3. PI corresponds to a bridging distance i = 
2b for the control points. PO is the version with full (94) con- 
trol points and no check points. In all versions, 1 2  additional 
parameters have been used for self-calibration and all of 
them were well determinable. 

The versions without GPS data were computed with the 
bundle program BUND of the Institute of Geodesy and Photo- 
grammetry, ETH Zurich, while the bundle versions with GPS 
data were generated with the program A ~ X  of the Institut 
CartogrAfic de Catalunya, Barcelona (Colomina, 1989). 

As a first important result, it was obvious that the ver- 
sions with full drift parameter sets (constant + linear terms) 
did not improve the empirical accuracy values. Therefore, 
these versions are not presented here. Table 3 shows the re- 
sults of all computations with reduced drift parameter sets 
(only constant terms). Considering the arguments presented 
in the section on Comparison of GPS Antenna Coordinates, 
these parameter sets will now be called "pc-offsets" (projec- 
tion center offsets). These pc-offsets are marked as follows: 

1 . . . Block-invariant 
2 . . . Flight-invariant 
8 . . . Strip-invariant 

With do = 4.6 pm without GPS data, the overall accu- 
racy level is not extremely high due to the fact that only 30 
percent of all object points are signalized and thus clearly 
marked. Through the additional GPS data constraints, the 
level for Co rises to 4.8 to 5.2 pm. 

This points towards an inappropriate stochastic model- 
ing of the GPS antenna observations. In fact, the a priori cho- 
sen standard deviation of 3 cm for both planimetric and 
height coordinates turned out to be too optimistic. Therefore, 
too much constraint was executed regarding these observa- 
tions, leading to a deterioration of 4. 

It is evident that the use of separate pc-offsets for all 
strips (version 8) deteriorates the results in case of sparse 
control point distribution (P2, P3)  both in theory and in 
practice. The modeling with two sets (one per flight) neither 
deteriorates nor improves the results significantly. Therefore, 
it is sufficient to use just one set for the whole block. Even 
with very sparse control distribution (P3, four full control 
points in the block corners), a very good accuracy can be 
reached ( ~ l ,  = 5.2 pm, p= = 8.7 pm at the photo scale) if 
GPS data are integrated. These values are in good correspon- 
dence with the theoretical ones (a, = 4.5 pm, a, = 8.0 pm) 
and equivalent to those which can be reached with dense 
control distribution (PI, i = 2b) but without GPS data ( c ~ ,  = 
5.0, CL, = 8.2 pm). 

A 
A 

A 
A 

Conclusions 
If ambiguities in kinematic GPS processing can be resolved, 
and if ionospheric effects on the ~1 processing can be ne- 
glected in a relatively small test area or if ~3 is used for 
processing, then "drift" effects should not be expected. How- 
ever, residual errors in the camera's interior orientation and 
inaccuracies of the coordinate transformation WGS84 to the 

P 1 P 2  

A 
A' 

A 
A 

P 3  

Figure 9. Control point versions for GPS-block "Uster 92." 
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TABLE 3. RESULTS OF BUNDLE BLOCK ADJUSTMENTS "USTER 92" 

No. control No. check 
points points 

Control point 4 3  yw PZ .&I uZ) 
version PC-offsets [ ~ m l  [bm] [ ~ m l  [ ~ m l  [ym] plan. height plan. height 

1 5.2 - - 3.5 6.6 94 94 - - 
2 5.1 - - 3.6 6.5 94 94 - - 

PO 8 5.0 - - 3.5 6.5 94 94 - - 
Without GPS 4.8 - - 4.0 7.6 94 94 - - 

1 5.0 4.5 8.8 3.8 6.9 17 29 77 65 
2 4.9 4.4 7.9 3.8 6.9 17 29 77 65 

P1 8 4.8 4.2 8.3 3.8 6.9 17 29 77 65 
Without GPS 4.6 5.0 8.2 3.9 7.3 17 29 77 65 

1 4.9 5.3 9.0 4.5 7.7 4 5 90 89 
2 4.9 5.2 8.8 4.5 7.7 4 5 90 89 

P2 8 4.8 5.6 13.3 4.7 8.8 4 5 90 89 
Without GPS 4.6 14.3 23.7 5.7 12.2 4 5 90 89 

1 4.9 5.2 8.7 4.5 8.0 4 4 90 90 
2 4.9 5.0 8.3 4.5 8.1 4 4 90 90 

P3 8 4.8 6.9 47.9 4.7 12.4 4 4 90 90 
Without GPS 4.4 12.5 177.0 5.6 18.3 4 4 90 90 

11, pz are empirical accuracy values from check point residuals in planimetry and height (values given at photo scale) 
a, s are theoretical precision values from the inversion of the normal equations in planimetry and height (values given at photo scale) 
* The numbers for a, and a. refer to all new points of the system, including non-signalized tie points 

national projection system (in case not enough common 
points are used) require that constant projection center offset 
parameters (pc-offsets) be included in the hybrid bundle so- 
lution. This project has shown that, if only one camera is 
used, just one set of three parameters for the whole block is 
sufficient. This, in turn, does not require a non-standard 
block structure, as for instance cross-strips at the block pe- 
rimeter or extra control point chains. In our project we could 
show that the use of four control points in the block corners 
results i n  the same accuracy values ( = 5.2 p,m, ~r, = 8.7 7 pm, = 4.9 pm) as if a dense contro point distribution (i 
= 2b) would be used without GPS data. Notwithstanding the 
need for further practical testing under a variety of different 
conditions, our results give a very optimistic outlook for fu- 
ture projects. It is our experience that the theoretical poten- 
tial of kinematic GPS can practically be fulfilled in the 
context of photogrammetric block adjustment. It is now u p  to 
the system manufacturers to provide combined c a m e r a / ~ p ~  
systems and processing software that can match the cus- 
tomers' expectations and needs. 
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