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1. Introduction

1.1 Combined adjustment of different kinds of observation da-
ta, also referred to as hybrid observations, is a most power-
ful tool of modern data processing. It has become practicable
by the appearance of new measuring techniques, by computer
processing, and by the development of statistical adjustment
theory. In this paper, our considerations are restricted to
aerial triangulation which is a prime example of the expedien-
cy of combined adjustment.

It is a particularly interesting case of hybrid observations
if a main set of standard observations in a system is comple-
mented and supported by another preferably small set of addi-
tional observations of different kind, by which certain defi-
ciencies or weaknesses of the main system can be efficiently
and economically remedied, in the sense of good systems engi-
neering. With aerial triangulation in mind we can define the
following list of tasks for which combined adjustment of addi-
tional observations may be expedient or necessary:

(1) restore rank deficiencies concerning datum

(2) restore rank deficiencies concerning configuration

(3) control systematic errors (model deficiencies)

(4) control propagation of random errors (precision)

(5) ensure reliability ‘

It must be kept in mind, however, that additional observations
of different kind usually imply an extended mathematical mo-
del, especially with regard to tying them into the system. The
consequences are additional datum problems and transformation
relations with additional unknown parameters, - and additional
systematic errors and reliability problems as well.

1.2 In aerial triangulation image coordinates (or model coor-
dinates) constitute the standard type of observations. The re-
sulting network of points has deficiencies and weaknesses
which, in classical aerial triangulation, are almost entirely
remedied by ground control. Ground control coordinates are now
regularly treated as weighted observations. Therefore, conven-
tional block adjustment with ground control can be seen as an
example of combined adjustment.
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However, the concept of combined adjustment has hitherto been
used in aerial triangulation in a more specific way, concer-—
ning introduction of observed camera orientation data, in par-
ticular statoscope- or APR-data, into combined block adjust-

ment, (1), (2). In those days already, when proper combined
adjustment was not yet practicable, the prime purpose of such
Yauxiliary" observations was reduction of (vertical) ground

control with regard to items (3) and (4) of the above 1list.
The example of the statoscope also points to the problem, that
additional data imply extension of the mathematical model and
require certain datum transformations in order to be linked
into the system. Combined adjustment of photogrammetric blocks
with statoscope- or APR-data has proven to be particularly
effective and economic, thus demonstrating the success of well
chosen auxiliary observations. It is regrettable that practi-
cal application in small-scale and medium-scale aerial trian-—
gulation has not been as widespread as it would have deserved.
One might even say that, from the point of view of systems en-
gineering, aerial triangulation in that range of application
has fallen back behind the performance level of 30 years ago.
Has it happened in spite of or because of the development of
modern block adjustment?

It may be mentioned that in close-range-photogrammetry the
principle of combined and in various ways extended adjustment
is considerably further developed than in aerial survey appli-
cations.

1.3 This paper is concerned with a new class of observations,
relating to airborne navigation systems, and their utilisation
for aerial triangulation by combined adjustment. Such naviga-
tion systems are, (3), (4):

INS dinertial navigation system

CPNS computer controlled photo navigation system, by

in~-flight trilateration to ground-transponders
GPS Navstar Global Positioning System.

The primary task of such systems is positioning in real time
for navigation purposes. However, by post-processing of recor-
ded data high precision positioning can be obtained off-line,
for subsequent use. In this paper we are solely concerned with
post—processed positioning data, relating ultimately to the
position of the air survey camera in the aircraft, at the
times of exposure. All 3 navigation systems are capable of de-
livering position data (CPNS only X, ¥, unless supported by
barometric data; INS may give, in addition, attitude data). We
shall deal, in the following, only with xyz position data, and
concentrate on the GPS system, as it 1is a most precise and
certainly the most economic system. As far as the method of
combined adjustment is concerned, CPNS and INS data are also
implied, (5).

Camera positioning data as derived from navigation systems re-

semble very closely the well known case of barometric statos-
cope data. Hence, a similar approach to the combined adjust-
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ment 1is taken in the following. And similar effectiveness is
expected.

2. GPS kinematic poSitioning

2.1 Navstar GPS (global positioning system) is a universal sa-
tellite positioning system for real time navigation, (6). It
is, at present, in an incomplete experimental stage, and can
locally be used only within certain time windows which change
in time and geographic position. When fully operational (in
1990?) practically anywhere on the earth and at any time at
least 4 satellites will be visible, allowing permanent signal
receiving for real time navigation or for post-processing of
data. We consider here only post-processing of data for the
purpose of high precision assessment of the trajectory of a
moving air survey aircraft. It is known as kinematic positio-
ning.

Each GPS satellite transmits permanently 2 electromagnetic
carrier waves: L1 at 1575,42 MHz (A = 19 cm), L2 at 1227,60
MHz (X = 24 cm). The L1l carrier wave is phase-modulated by 2
PN (pseudo-noise) c¢odes known as P (precision)- and C/A
(coarse acquisition)-code, with code frequencies of 10 MHz and
1 MHz, respectively. The wave L2 carries only the P-code. Al-
so, additional messages are transmitted in low frequency,
carrying the identification of the satellite, the ultra-pre-
cise time signal, orbit data etc.

GPS positioning is based on simultaneous distance measurements
from a stationary or moving receiver to at least 4 satellites.
There are 2 types of distance observations possible. The first
method assesses essentially the travelling time of the signal,
giving a distance measure which is known as "pseudo-range". It
relies on the C/A-code or on the P-code. As the clock error of
the receiver constitutes a major unknown parameter simulta-
neous pseudo-range measurements to at least 4 satellites are
required for positioning. Their inherent precision (resolu-
tion)., amounting to 1% of the wavelength, is 0.3 m and 3 m for
P-code and C/A-code, respectively. The second kind of measure-
ments is essentially code-free, operating as phase measurement
directly on the carrier waves L1 or L2. It is particularly
precise, the resolution of 1% of the wavelengths of the L1 and
the L2 carrier waves amounting to 19 mm and 24 mm, respective-
ly. However, the main part of the range, constituted by the
number N of integer wavelengths, remains unknown. N is called
the unknown ambiguity parameter, associated with each phase
measurement. It has to be solved in the data processing.
Therefore phase observations are only used for positioning by
post—processing.

The intended application of GPS kinematic positioning of came-
ra air stations for combined aerial triangulation adjustment
will essentially be based on phase observations, which are ge-
nerally accessible.
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There are vwvarious GPS receivers available which give pseudo-
range and phase observations at a high rate, as it is required
for kinematic positioning. It is suggested that on board the
aircraft a receiver is used with preferably 5 (or more) chan-
nels for simultaneocus and continuous lock on 5 satellites (or
more), 1if visible. Such receivers seem not to suffer from cy-
cle slips, other than by obstruction. Observations should be
pseudo-ranges and phases. It is sufficient for our purpose if
the observations refer to L1 C/A-code and Ll carrier phase.
Most kinematic receivers allow observations at rates of about
1 sec (0.6 sec). In order to transfer the inherent observation
accuracy without noticeable loss to the exact time of camera
exposure by interpolation observation rates of 0.2 sec or less
would be desirable. There are receivers which can observe at
the exact moment of camera exposure, triggered by the time si-
gnal. ’

It is preferable, although not absolutely necessary, to use a
stationary GPS receiver on the ground, in addition to the on-
board receiver. The stationary receiver is placed, if possi-
ble, on a known ground control point, preferably within the
block area or close to it. The stationary observations are ta-
ken at the same time rate, in order to allow differencing.

2.2 There are many concepts of processing GPS observations,
distinguished especially by the various ways of modelling and
eliminating systematic errors. With regard to the kinematic
mode the possibilities are restricted. Further elaboration is
still a matter of research. We shall assume, in the following,
the simplest and most straight forward mode of data processing
which, as we shall see, will sufficiently serve our purpose.
It means that the phase observations of either receiver, rela-
ting to the respective observation times ti, are directly and
independently processed into position coordinates, by using
the conventional GPS positioning formulae, based on simulta-
neous phase measurements to 4 or more satellites. The main
point is, that the observations are used directly, only cor-
rected for by a priori known corrections as submitted by the
satellite message signals.In particular, no attempt is assumed
for modelling or eliminating systematic errors. Consequently,
the computed positions, which refer to the phase centre of the
antenna of a receiver, will be badly affected by the non-
compensated systenmatic errors. They are in particular: Satel-
lite position and orbit errors, satellite clock error, unknown
ionospheric and topospheric refraction. The ambiguity parame-
ter N of the phase measurements is supposed to be approximate-
ly determined, for instance from the pseudo-ranges observed in
the C/A- or P-code. Other calibration of N (by going over a
fixed point at the airport) is feasible. Once a channel of a
receiver is locked onto a satellite it can be assumed that the
changes of N are monitored. The unknown rest in the prelimi-
nary determination of N acts as additional systematic error in
the GPS position. As it is against the philosophy of stationa-
ry geodetic GPS positioning it is emphasized once more that no
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particular effort is made to compensate systematic errors at
that stage.

Computed GPS positions refer to the WGS 84 coordinate system,
which is a cartesian coordinate system centered at the gravity
centre of the earth. All subsequent computations, including
the aerial triangulation block adjustment, may be done in that
coordinate system, especially if all ground control points are
also determined by GPS. It is expedient, however, to apply a
preliminary transformation into a local horizon system, or
even into a given map projection and a local vertical datum.

The ultimate purpose of the kinematic GPS positioning of the
aircraft are the GPS-coordinates of the camera stations of the
air survey camera at the moments of exposure. More precisely
it 1is the perspective centre of each photographic exposure
which is to be determined. Hence, a time signal is needed,
precise to about 1 msec (preferably 0.1 nsec, as we shall
see), indicating the central moment of exposure. For that mo-
ment the GPS position (of the receiver antenna) is to be de-
termined, by sinmple interpolation or by sophisticated filte-
ring and prediction from the surrounding positions, unless
measured directly. It would, therefore, be sufficient to pro-
cess only some GPS recordings which are close (in time) to the
camera exposure. However, for safety and reliability reasons
it is suggested to calculate positions, as described, for all
GPS recordings. Any discontinuities or disturbancies would be
spotted in this way.

Camera perspective centre and GPS antenna cannot physically
coincide in the aeroplane. There is an off-set between the 2
points. The magnitude of the off-set is constant, whilst the
coordinate components are not, being influenced by the atti-
tude parameters during the flight. It is suggested to measure
as good as possible the off-set in the aircraft, and also the
coordinate components with regard to an aircraft-fixed coordi-
nate system. If possible the GPS antenna may be placed direct-~
ly vertical above the camera, thus the direction of flight (K)
has a negligible effect only. It 1is not suggested to reduce
the GPS antenna coordinates directly for the off-set onto the
camera position (nor only approximately by constant terms), as
it is not necessary in our approach. It should be mentioned,
however, that correction for the off-set between GPS antenna
and sensor position can be a tricky problem in other cases.

2.3 The utilization of kinematic GPS positions in the combined
adjustment with aerial triangulation depends vwvastly on the
essential error properties, about which new experimental re-
sults have become available very recently. They demonstrate
strikingly the outstanding accuracy of kinematic GPS positio-
ning and are the basis and justification for the approach to
combined adjustment which will be suggested in chapter 3.
Therefore, the relevant empirical results are briefly summari-
zed. They refer to the GPS~test "Flevoland" carried out by the
Rijkswaterstaat authority in the Netherlands, joined by Stutt-
gart University. The investigation, as far as completed, con-
cerns 7 large-scale photo strips (image scale 1 : 3 800, 130
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photographs), covering an area of about 2,5 x 4 km? containing
47 ground control points, see (7), (8). GPS data (Ll C/A-code
and phase observations) were recorded, at a rate of 0.6 sec,
with 2 Sercel receivers: type TR5SB in the aircraft, type NR52
on one of the ground control points in the test area. Both re-
ceivers have 5 parallel channels for continuous lock on upto 5
satellites. Actually signals from the satellites no. 6, 8, 9,
11, 12 were received. During one part of strip 2 the aircraft
receiver lost lock on satellite 11, 1leaving the kinematic po-
sitioning for that part (strip 2.1) based on the remaining 4
satellites. In the latter case the geometric strength of the
solution deteriorates considerably, the DOP-factor (dilution
of precision) jumping from values of around 3.5 to 40. The da-
ta were analyzed per strip, giving data sets of only 60 sec
duration, because of the short strip lengths of only 4 km. The
stationary receiver recorded continuously all 5 satellites
over periods of 1 h 33 min and 1 h 18 min, during the flight
mission on 10 and 12 June 1987.

After independent and straight forward computation of all GPS
positions the original WGS 84 coordinates were transformed in-
to a local cartesian horizon coordinate system and centered on
the stationary receiver. Thus, the aircraft positioning cor-
responds to a differencing method, by which some systematic
errors are supposed to be considerably reduced.

In this way preliminary coordinates of the GPS antenna in the
moving aircraft were obtained in dense sequence, from which
the GPS positions at the moments of camera exposure were in-
terpolated. The latter were compared with the "true” camera
air stations as obtained by independent high precision aerial
triangulation, relating to the ground control coordinate sy-
stem which is also cartesian in this case. The precision of
the photogrammetric coordinates of the air stations was asses-
sed, by simulation, to 4.3 cm, 4.1 c¢m, 1.9 cm in x,y,z, re-
spectively.

B i |
stages AX ! AY i AZ i AKoo vector As
! |
a b a b a b | a b a b
cm cm cm cm cm em | cn cm cm cm
(1) strips exc. 3m - 32 m I
strip 2.1 33 m - 356 m [
(2) strips exc. 7.3 7.8 8.9 12.9 5.6 14.3 [ 7.4 12.0 8.0 12.0
strip 2.1 197 318 582 940 117 196 361 584 624 1011
|
(3) all strips 5.5 5.5 6.1 7.6 3.9 4.6 5.2 6.0 3.4 3.9
strip 2.1 4.5 5.4 7.3 13.5 3.3 4.0 | 5.3 8.7 3.7 6.3
(4) all strips 3.4 3.4 4.5 6.4 3.4 4.2 | 3.8 4.8
|

Table 1. Test Flevoland; R.m.s. differences between GPS- and "true' camera positions.
a: with stationary receiver, b: without stationary receiver
(1) brute GPS coordinates, (2) after shift corrections,
{3) after linear corrections, )
(4) after subtraction of photogrammetric errors of camera station coordinates
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The empirical accuracy investigations considers 3 stages of
reduction of systematic errors. Also 2 cases of kinematic po-
sitioning are distinguished: (a) making use and (b) making no
use of the stationary receiver. The results are summarized in
table 1. They give rise to the following comments:

{1) The brute coordinates of the GPS antenna in the moving
aircraft are off by tens and hundreds (strip 2.1) of me-
ters. They are not useful for photogrammetric positioning.

(2) The large differences between the GPS positions and the
true camera pogitions c¢can be drastically reduced by ap-
plying shifts in x,v.z per strip. The remaining coordinate
differences amount to only 7.4 em and 12.0 ¢m, with and
without stationary receiver, respectively. For strip 2.1
(4 satellites), however, the respective r.m.s. differences
are 3.6 m and 5.8 m. Thus, although GPS positioning may
be, at that stage, more than precise enough for photogram-
metric application one cannot really rely on it, depending
on the satellite constellation used. The differences may
exceed magnitudes of 10 m, especially with longer strips.

(3) A closer look at the results of stage (2) shows that there
remain linear drift effects in all cases. The drift rates
range from -4 to +6 mm/sec (-12 to +9 mm/sec without sta-

tionary receiver), however they jump up to magnitudes of
0.7 m/sec (and 1.1 m/sec, respectively) in strip 2.1 (4
satellites). After removing the linear systematic errors

by linear regression the r.m.s. coordinate differences
between GPS coordinates and camera positions are reduced
to 5.2 cm and 6.0 cm, with and without stationary recei-
ver, respectively. It is remarkable that now strip 2.1 al-
so reaches the same level of precision.

(4) The "true" camera stations in the above comparison still
contain the errors of their photogrammetric determination.
They may be subtracted, giving as final result 3.8 cm and
4.8 ¢m as the r.m.s. coordinate — accuracy of kinematic
GPS positioning, after stripwise removal of linear syste-
matic errors. Most remarkable is the value of 4.8 cm which
is obtained with the on-board receiver alone.

The experimental results of table 1 still contain 2 error

effects which have not been removed:

- The effects of attitude variations on the coordinate diffe-
rences between camera and GPS antenna in the ailrcraft. (They
are visible in the vector as compared to the coordinate com-
ponents.)

- Linear interpolation of GPS coordinates onto the actual time
of camera exposure, within the 0.6 sec time interval during
which the aircraft moved on for about 40 m.

It is certainly a surprise to most photogrammetrists that un-

der practical operational conditions of kinematic GPS positio-

ning coordinate accuracies of a few c¢m are reached in a rather
straight forward way. There were no particular difficulties
encountered, also no cycle slips occured. The accuracy results

are not far off the theoretical expectation, see (8), (9).
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Also, the results were anticipated as some previous tests had

reached similar figures, (10) - (12).
At 60 sec 20 sec 300 sec 600 sec
r.m.s. AX 0.6 cm 1.2 ¢cm 2.8 cm 6.1 cm
r.m.s. AY 1.3 ¢cm 3.0 cm 8.0 cm 21.4 cm
r.m.s. AZ 1.8 ¢cm 3.3 cm 7.6 cm 16.5 cm
r.m.s. AKoo{ 1.3 cm 2.7 cm 6.6 cm 16.0 cm

Table 2. Test Flevoland, stationary receiver,
recording period 77 min. R.m.s. coordinate
residuals atter successlve ilinear re-
gressions over various time intervals AT,

It is essential to realize that the high accuracy of kinematic
GPS positioning is only obtained if systematic errors are ef-
fectively compensated. The Flevoland results show that linear
corrections are highly effective and sufficient, if applied
independently per strip. However, the strips were very short
(4 km, 60 sec). Therefore the question remains over which time
intervals and distances the GPS drifts stay reasonably linear,
especially as photogrammetric f£light strips in small scale ap-
plications can take 10 min or more. A preliminary empirical
answer can be given by looking at the GPS positions derived
from the continuous recordings of the stationary receiver.
Over a time period of 1 h 18 min the computed stationary GPS
positions drift off in a highly non-linear and partly irregu-
lar way, by about 10 m in plan and about 50 m vertically. How-
ever, 1if the total drift is replaced by discrete linear re-
gressions of certain duration the r.m.s. residuals stay, for
instance, below 10 cm magnitude for time intervals of 5 min,
see table 2. Thus, application of linear corrections seems
vastly sufficient for standard photogrammetric regquirements.

3. Combined Adijustment

3.1 We consider here the combined adjustment of photogramme-
tric block data and airborne GPS data. The GPS data are suppo-
sed to be given as brute GPS coordinates, derived essentially
from phase observations and relating to the antenna on board
the aircraft, for the moments of camera exposure. An additio-
nal stationary receiver may or may not have been used. The
original GPS coordinates (WGS 84 coordinates) are assumed to
be transformed into a local cartesian horizon system (or pro-
perly dinto a given geodetic system). Those coordinates are
treated, for the time being, as uncorrelated observations
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(autocorrelation subsides after about 2 sec; the 3 x 3 cova-
riance matrices may be considered), weighted with regard to
the variance factor oé as defined by the photogrammetric ob-
servations.

The GPS coordinates are related to the block coordinate system
by additional linear transformation terms, the parameters of
which are considered unknown to be solved for in the combined
adjustment. The terms are set up independently for X,Y,Z coor-
dinates and per strip. GPS approximations should be close
enough to allow such simplified approach. Thus we can formu-
late the following observation equations for the GPS coordina-
tes, relating to camera station i in photostrip k:

GPS ) ., _ .GPS
Ve o= Koy - o (ag toagy X)) - Xoy
ik
GPS _ ) .. ,GPS .
Vy o = Yy = (bgp + by X4y - Yy (1)
ik
- GPS
vOPS = g 7 (Cgp FCqp Xyp) - 2oy
Zik ik

Here the coordinates (X,Y,2):1x refer to the camera projection
centres. They tie the GPS observation eguations (1) into the
photogrammetric block adjustment. The parameters aock....Cik
represent the linearized datum transformations (and correc-
tions for systematic errors) via which each sequence of GPS
positions is linked with the photo camera stations of the re-
spective strip. There included is the off-set between camera
and GPS antenna in the aircraft. The coordinates xix refer to
an auxiliary local axis fitted to the flight axis of strip k.
A time parameter tix may be used instead. ‘

With regard to the photogrammetric part of combined adjustment
there are no special requirements, as the standard cases are
dealt with. The photogrammetric observations can be either
image coordinates (for bundle block adjustment) or model coor-
dinates (for independent model block adjustment). Either case
can be combined with GPS data equally well. Hereafter only the
bundle adjustment is considered. The blocks are assumed to be
complete in the conventional way, with standard overlap and
standard tie connections. In particular the photogrammetric
block must be geometrically determined in itself. It means
that the following minimum ground control configuration is
asked: 4 horizontal ground control points more or less located
in the 4 corners of a block: 2 chains of vertical control
points at the front ends of the block. It is assumed, for com~-
patibility reasons, that the ground control points are also
determined by GPS and refer to a local GPS coordinate systen
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in which the adjustment takes place. Otherwise appropriate
corrections for earth curvature and geodetic map projection
would have to be applied, also for the airborne GPS data.

3.2 With the above approach the combined (bundle-) block ad-
justment deals here with 3 groups of observation data, which
are all treated as uncorrelated, for the time being:

- xy image coordinates (vector x ), weights 1

- {(XYZ)¢ ground control points (vector X¢), weights p¢

- (XYZ)¢ GPS coordinates (vector X¢), weights p€.

The mathematical model of the combined bundle adjustment con-

tains 4 groups of unknowns:

- the camera orientation paramters t, including the coor-
dinates of the camera stations

- the coordinates k all of terrain points of the block, inclu~-
ding ground control points

- additional parameters c¢ for selfcalibration

- drift parameters 4 for the GPS observations.

Thus, the complete set of linearized observation equations for
the combined bundle adjustment is:

vx = At + Bx + C¢ - £x weights 1

ve = Bx - fo pe (2)
v

Ve = At + Dd - f¢ DS

The additional coefficient matrices A and D are most simply
generated. A and B contain only the elements 1 in the respec~
tive columns, and only 1 non-zero element per equation. The
matrix D, according to (1), is composed of 2-columns submatri-
ces, with the elements 1 and Xix in the columns, separately
per strip and independent for X,Y, and Z.

The linearized observation equations (2) give normal equa-
tions, the coefficient matrix N of which may conveniently be
partitioned according to the 4 groups of unknowns:

N = [Ntt Nex Nec Nid Nttv = A'A + A'DSA Nix = A'B
Nkt Nkx Nke Nkda Nic = A'C - _ Nta = A'PSD
Nect Nex Nee Ned Nkk = B'B + B'p¢B Nke = B'C (3)
Nat Nak Nac Naa Nka = 0 Nee = C'C
Nea = 0 Naa = D'pSD

We recognize that the introduction of GPS data into the combi-
ned adjustment leads in first instance only to a slight exten-—
sion of the conventional bundle adjustment normal eguations by
the unknowns d (6n parameters for n strips). The additional
submatrix Nea disintegrates into 2 x 2 blockdiagonal submatri-
ces, because of the simple structure of the D matrix. Also the
other additonal non-zero submatrix Nita has a simple structure
composed of D~type submatrices. Within the main body of the
original normal equations it is only the submatrix Ni+ (compo-
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sed of 6 x 6 blockdiagonal submatrices) which is slightly al-
tered: Because of the special structure of A the weights p¢ of
the GPS coordinates need simply be added onto the respective
diagonal elements of the unknown camera station coordinates.
Thus, apart from a narrow additional border, the structure of
the normal equations of conventional block adjustment is not
altered by the additional GPS observations. Therefore conven-
tional solution technigques may be applied. In particular also
the well known partial reduction of the normal equations of
the unknown terrain coordinates k, which leads to an efficient
band-border structure, remains applicable.

It was observed earlier that the drift parameters d take im-
plicitly care of the off-set between camera and GPS antenna.
This is true, however, only for the constant parts. As the
coordinate off-sets depend on the aircraft attitude an itera-
tive correction procedure is suggested, as soon as approximate
camera orientation parameters for azimuth and tilt are avai-
lable. Initial off-set components must be given, and the came-
ra crab must not be altered within a strip.

3.3 The approach to combined adjustment, as suggested here,
has not vyet been confirmed empirically. Within a short time
results are awaited. It is not expected that the solution
would meet special difficulities, as this approach to combined
adjustment is geometrically stable, with no rank deficiencies.
However, there are a number of open questions which warrant
further investigation and experimentation. A nmajor point will
be further reduction of vertical control, which is certainly
possible with GPS cross strips. Also non-linear drift correc-—
tions may be studied, with the necessary caution concerning
rank deficiencies and hence additional control. Variance com-
ponent estimation may be applied, and self-calibration and re-
liability questions should be studied. From a methodical point
of view special investigations are warranted concerning the
possibilities of effectively reducing or eliminating syste-
matic errors in kinematic GPS positioning, by differencing the
original observations.

4., Evaluation

4.1 Some time ago simulation studies were published (13), con-
cerning the accuracy of combined block adjustment in relation
to the accuracy of GPS positioning. At that time very little
information was available about the accuracy to be expected
for kinematic GPS positioning. The main result was, however,
that rather poor GPS accuracy would be sufficient to give the
combined block adjustment the accuracies required for photo-
grammetric mapping, as is shown in table 3, taken from (14).
Equally important was the finding, that GPS carries the abso-
lute accuracy performance , replacing ground control in that
function, except for the datum- and configuation-deficiencies
which arise from the unknown linear transformation parameters
and which still have to be remedied by some ground control
points, for the time being.

ii-21



Table 3 Required precision of navigation data for combined block adjustment
with minimum ground control

(photo) pinoto required contour required precision of na-
map scale scale accuracy of AT interval vigation data (positlon)
g g 3

S %,y z
1:100 000 1:100 000 5 m 4 m 20m 30 m 16 m
1: 50 000 1: 70 00O 2.5 2 10 15 8
1: 25 000 1: 50 000 1.2 1.2 5 5 4
1: 10 000 1: 30 000 0.5 0.4 2 1.6 0.7
1: 5 000 1: 15 000 0.25 0.2 1 0.8 0.35
"""""""""" 1
1: 1000 1: 8 000 5 cm 10 cm 0.5 6.4 2 0.15
numerical 1: 4 000 1-2 6 0.15%) 0.15
point de-
termination
Assumption: oy = 15 um, )00 = 6 um, )00 = 3 um, 3)002 = 15 um

4.2 Comparing the requirements of table 3 with the actual GPS
results as reviewed in section 2.3 it is evident that GPS
supersedes by far the accuracies required for mapping at any
scale, even as large as 1:1 000. 5 cm GPS accuracy would even
be sufficient for high accuracy aerial triangulation, as ap-
plied to cadastral photogrammetry or network densification. It
means that the camera air stations, as determined by airborne
GPS, can be considered as control points of superior preci-
gsion, except for their orientation by free parameters.

This gives a rather convenient situation from the practical
point of view, at least for the pending phase of tentative ap-
plication and further experimentation. It means that success-
ful practical application does not, at this stage, critically
depend on the theoretically correct treatment of the error
properties of GPS data, nor on the linear treatment of GPS
drifts.

4.3 The combined adjustment of photogrammetric blocks and air-
borne positioning data, especially GPS data, represents cer-
tainly a great step in improving the accuracy, efficiency, and
economy of aerial triangulation. This is true although the
combined adjustment still relies on a complete block triangu-
lation, as is assumend and required throughout this paper, in
order to have a safe basis. It is suggested that the experi-
mental application of the method in near future operates on
that basis. However, there is a vast accuracy surplus by GPS.
Thus further research could study the possibilities of redu-
¢ing the aerial triangulation part to a simplified, in itself
inclomplete system. The ultimate goal might be to measure all
camera orientation parameters directly in-flight to a degree
of absolute accuracy that all essential functions of conven-
tional aerial triangulation would eventually be substituted.
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