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ABSTRACT: The potential plication of kinematic CPS in conjunction with aerial photogrammetry has been reported in
several papers. This pap r investigates from a practical point of view when it should be applied with aerial photo
grammetry.

INTRODUC ION
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FIG. 2. Distribution of multiple images of points (20 percent sidelap, 60
percent overlap).

Because the observations introduced from kinematic CPS are
associated with the camera stations, the geometric configuration
is homogeneous and strong, and the error propagation is direct.
This is particularly significant for elevations. Vertical ground
control points in the center of a block can be removed if the
positions of the camera stations have been determined with
kinematic CPS to a sufficient accuracy.

Lucas (1987) reported 10-cm accuracy for heights, which, de
pending on the photo scale, is approaching the image resolu
tion. This kind of accuracy may be necessary for certain situations.
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FIG. 1. The intersection of bundles.
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ACCURACY AND ELiABILITY

With centimetre (em), even de imetre (dm) accuracy from
CPS, both the reliability and accu cy of estimated parameters
in aero triangulation can be signifi antly improved. Because of
the multi-bundle intersection for round points, the accuracy
of ground coordinates is essentiall better than that of the cam
era station coordinates (Figures 1 nd 2).

TRADITIONALLY, AERIAL PHOTO RAMMETRY has been applied
to many tasks such as topogr hie mapping and three-di

mensional control densification. T e second aspect is often re
ferred to as aerotriangulation. It pr vides not only photo-control
points for use in subsequent map 'ng, but also ground control
points.

In order to reduce the necessary round control for aerotrian
gulation, so called"auxiliary data" obtained from such devices
as the statoscope, altimeter, rad r profile, and Shoran-con
trolled air-stations - have been of interest to photogrammetr
ists. An extensive review can be fo nd in Brandenberger (1959).
Although most of these approache have become outdated and
were never widely applied, the st toscope has received world
wide attention and is still conside d practical.

CPS, on the other hand, has p oved useful in photogram
metric and surveying application. For ground control exten
sion, Chong (1987), Collins (1987), a d Reilly (1988) have analyzed
the cost factors for mainly static po itioning. An example shows
that a $50,000 receiver will be am tized over three years at 12
percent interest. Logan (1988) desc ibed the demands and tests
for terrestrial relative kinematic C S. Ackermann (1984, 1986),
Friess (1987), and Lucas (1987) hav reported on the benefits of
applying kinematic CPS in aerotria gulation from the accuracy
point of view. With the drastic pric reduction for receivers, the
practicality and efficiency of man surveying tasks has been
improved.

Kinematic CPS uses a static CPS s stem at one station (master)
while another CPS system (rover) i moved from one station to
the next until all stations have be n occupied. This procedure
is still under development; howev r, preliminary studies have
shown that centimetre accuracy ca be expected (Remondi, 1985;
Mader, 1986). A recent study by Eschenbach et al. (1988) re
ported that, with kinematic CPS, 0 points can be surveyed to
centimetre level accuracy during three-hour CPS survey ses
sion. Although the same accuracy eve1has been achieved with
an airborne laser ranging system ( egnan et aI., 1983), the low
cost potential makes CPS extremeI attractive.

It seems to become necessary query why we may need
kinematic CPS, when and where e need it, and under which
circumstances. These questions ar addressed in view of accu
racy and reliability, monumentati n (legal aspects), economic
considerations, and operational re trictions.
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Mapping specifications, however, require that 95 percent of all
elevations lie within one half of the contour interval, which for
a 1:5,000-scale map is typically 5 or 10 metres. We should there
fore be able to produce a 1:200-scale plan applying the accuracy
reported by Lucas (1987). However, in such a case, the infor
mation content of the photography becomes the limiting factor
(Masry et al., 1980). Hakkarainen (1986) reported that among 47
tests, only 18 of them achieved resolving power higher than 50
line pairs per mm, and none of them exceeded 60 line pairs per
mm.

A CPS receiver can basically provide only two types of mea
surements: pseudo-range and carrier beat phase. While psuedo
range measurements utilize the time shift required to line up a
replica of the code generated in the receiver with the received
code from the satellite, multiplied by the speed of light, the
carrier beat phase measurements use the phase of the signal
which remains when the incoming Doppler-shifted satellite car
rier is differenced (beat) with the constant frequency generated
by the receiver (Wells, 1986). Because the wavelength of the
carrier is much shorter than the wavelength of either the P-code
or CIA code, carrier beat phase measurements provide much
better resolution. However, the initial cycle ambiguity has to be
resolved and the lock on the satellite signal has to be main
tained. In the kinematic case, the initial cycle ambiguity is re
solved before the rover is moving. Due to many possible reasons,
the lock may be lost, and cycle slips can occur.

Although, at some time in the future, kinematic CPS will be
free from most systematic errors, it is not expected that cyclic
slips, etc., will become reliably under control. Therefore, Ack
ermann (1984) stated that "ground control points can only be
deleted completely when constant or systematic errors of the
auxiliary data are negligible or are calibrated otherwise."

It may thus be stated that
• kinematic CPS is expected to provide much higher accuracy than

that which is required for mapping; and
• the use of ground control points cannot be totally avoided unless

systematic errors from CPS are completely eliminated and the sys
tem is operationally reliable, although the amount of ground sur
veying effort can be reduced.

MONUM ENTATION

Traditionally, surveying authority is demonstrated by survey
monuments on the ground, their associated coordinate values,
and their legal stature. CPS provides a means to determine the
coordinates of monuments in an efficient and accurate way.

In the previous section it was noted that kinematic CPS has
high potential for control densification. However, survey mon
uments will remain important to society. If ground monumen
tation is retained, terrestrial GPS surveys seem to be better suited
than kinematic CPS in conjunction with aerotriangulation. In
fact, in almost all control point densification projects, point sig
nalization is required. This requires visitation of all points by a
field crew, which - instead of signalizing the points - might
as well coordinate them using terrestrial GPS.

The datum problem also has to be considered. Coordinates
computed from CPS observations are obtained initially in the
geocentric coordinate system or World Geodetic System of 1984
(WCS 84, see Defense Mapping Agency (1987)). The planimetric
coordinates can be obtained by transformations from WGS 84 to
local coordinate systems, which are normally defined by a local
spheroid or ellipsoid. However, the transformation of heights
requires knowledge of a specific geoid and its undulations, be
cause a geoid represents a commonly used reference vertical
datum. Hintz and Zhoa (1988) proposed to use CPS for plani
metric control and signalized ground control points for heights.
Compared with this scheme, conventional aerotriangulation with
terrestrial CPS measurements appears to be much more econom
ical.

ECONOMIC CONSIDERATIONS

When looking at the economics of an approach, the major
aspects are costs associated with instrumentation, operation,
and software.

In reference to instrumentation costs, we must realize that
not all CPS receivers can be utilzied for airborne kinematic pur
poses. More exactly, the CPS receiver and data logging equip
me,:t, as well as the recording device, have to be specifically
deSIgned for kinematic operation on a fast moving platform.
DeSign features should include

• the data log time interval has to be small enough and recorded
fast enough;

• the tracking bandwidth has to be wide enough to tolerate the
acceleration; and

• the instant of photographic exposure has to be recorded.

Thus, agencies which already have CPS receivers may have to
consider further investment for airborne kinematic operation.
In addition, traditional photogrammetric instruments have to
be available for aerotriangulation with kinematic CPS.

From an operational point of view, flying over an area with
CPS would take far less time. But, if monumentation is required,
t~i~ relative advantage is drastically reduced. Moreover, image
dlglhzahon and computation consume personnel resources. A
final conclusion can be drawn only after a careful costlbenefit
evaluation.

The observations from airborne kinematic CPS are related to
~he camera station by an off-set (Figure 3). The components of
ItS Influence are functions of the camera station orientation,
more specifically the rotations ¢, w, and K. Therefore, a rigorous
adjustment cannot be performed with weighted constraints. The
functional constraint model, or the additional observation model
as utilized in El-Hakim (1979), should be implemented. It is as
follows:

F(XI,Xy L) = 0;
G(X" Lc' Lorr.sot) = O.

unknown parameter group 1, bundle orientation
parameters;
unknown parameter group 2, e.g., ground co
ordinates;
observations, including image coordinates, ground
coordinates, and other;
CPS observations; and
off-set value between GPS measurements and the
camera perspective center.

This clearly indicates that further photogrammetric software in
vestment is also required. While this might perhaps be trivial
in an academic e.nvironment, it could also be expensive, espe
Cially for mdustnal users of this technology.

OPERATIONAL RESTRICTIONS

Generally, CPS has all-weather characteristics. As long as there
are sufficient sateltite passes, it can be operated on a cloudy
day, or at night. However, for kinematic CPS with aerotrian
gulation, both the photogrammetric conditions on weather and
vegetation (i.e., season) and CPS conditions such as the number
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camera perspective centre

FIG. 3. The GPS persepctive center off-set.
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Kinematic GPS in conjunction ith aerotriangulation poten
tially provides a powerful, yet r her theoretical, alternative to
traditional approaches. It can be pplied when the price is suit
able, the technique reliable, and when no or minimal ground
monumentation is required.

and geometry of available satellit s at the site, have to be suit
able. Lucas and Mader (1988) rep rted on two experiments con
ducted in Texas and in Washingt n State. Although centimetre
level accuracy was achieved, pro lems arising from the mount
ing of the GPS antenna, the cali ation for off-set, and others,
are also addressed. Besides the re triction from the narrow win
dow of suitable satellite geometr , flight restrictions also exist.
In order to ensure that clear p ths from all satellites to the
antenna would not be interrupted by the aircraft wings, all turns
had to be made with minimum b nk angles (Lucas and Mader,
1988). Meanwhile, if loss of th signal lock happens during
flight and resulting cycle slips ca not be resolved, the flight has
to be repeated. All these operatio al restrictions point to a higher
logistic cost. The full 18 +3 satell te constellation is expected to
provide much improvement in he future, which will reduce
the problem, but not remove it.

Perhaps kinematic GPS with a rotriangulation would be ad
vantageous for remote areas wh re ground monumentation is
neither available, nor needed, an where it is difficult and very
expensive to send ground person el. However, for most of these
cases, a high accuracy is also n t required. Therefore, stato
scope use would be sufficient f r vertical control, and plani
metric control could be simplified either extending the coverage
to include control points outside he object area or else by plac
ing some GPS ground control at the perimeter (Brown, 1979).
Other auxiliary information, suc as lake surfaces, will be help
ful as well.
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