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ABSTRACT

In aerial photogrammetry, information on camera position and
orientation from auxiliary sysfemé can be used to supplement or
replace ground control information when the latter is inadequate.
Similar information is required when a laser profiler or multi-
spectral scanner is used for terrain profiling or mapping. It is
desirable to test the effectiveness oflsuch auxiliary information
in a real situation, by comparing it with a proved standard, such
as aerial photogrammetry using ground survey control.

In 1983, high-altitude aerial photography was carried out
over the Kananaskis area in the Rocky Mountains west of Calgary.
Méasurements of camera positiQn and orientation were made simul-
taneously by an inertial system, and range to the ground by a
laser profiler. The outputs of these measuring systems are here
compared with the corresponding values derived from various pho-
tbgrammetric adjustments based on ground control, with a view to
evaluating‘ their accuracy and their potential for inclusion in
photogrammetric adjuétments., Both sets of values are also
cbmpared with those from a photogrammetric bundle adjustment
. using both ground control and inertial data as input.

For the conditions of this experiment, it is found that the
absolute position coordinates and orientation angles, as given by
the inertial system without updaﬁes, are unsatisfactory. However,
the changes in these quantities between consecutive stations
agree with the photogrammetry to a degree at least as close as

the reliability of the photogrammetry itself, and even better
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agreement 1is obtained for rotation-invariant functions of these
changes of position and orientation. Agreement also improves if
one ignores those camera stations whose position coordinates give
the greatest residuals in the photogrammetric adjustmenf, indica-
ting that inclusion of auxiliary information should improve the
quality of the contributipn of those images to the adjustment.
Ranges from éircréft to ground by laser were initially found
to differ considerably from their photogrammetric estimates, but
.the discrepancy was drastically reduced after a misalignment of
the laser beam was detected, and appropriate corrections were ap-
plied. It follows that use of laser range in a photogrammetric
adjustment requires accurate location:of the -laser beam's target
on the photogrammetric image, and image measurements' at that
point. “
Analysis of some laser profiles between camera stations
shows that a combined laser and inertial system can give'a ter-
rain elevation préfile with accuracy of a few decimetres or a few
metres, depending on the terrain type, vegetation and slope, pro-
vided that the laser alignment is knéwn and photogrammetry using
ground control is used to update the inertial system at each end

of the profile.
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xiv



Chapter 1

INTRODUCTION

1.1 Auxiliary Systems as an Aid Lo Photogrammetry

Photogrammetric triangulation and mapping involve the deter-
mination of coordinates of points in a ground coordinate system
from the coordinates of corresponding points in photographic im-
ages. Usually the transformation from image to ground‘coordinates
is determined by identifying and measuring certain image points
which correspond to surveyed control points on the ground. A
certain minimum number of control points is needed for the photo-
grammetric orientation, this number depending on whether one is
analyzing a siqgle model or a block of models.

If this ground control is inadequate, then to some extent it
can be replaced by information on the camera's position- and
orientation. This information can be provided by auxiliary
positioning systems. The use of such information was foreseen
'over a decade ago by Zarzycki (1972) and Blais (1976).

One such auxiliary system is an inertial navigation device,
which givés both the position and the orientation of the camera.
Others, such as satellite positioning systems, laser altimeteré
and statoscopes, give at least partial information on the camera
position. The auxiliary information may consist of actual values
of distances and anglés, or’of relative values in the form of the
| changes in these quantities from one camera position to another.

In some cases, auxiliary data can be included in the relative or
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absolute orientation process, depending on their nature and reli-
ability, and photogrammetric adjustment programs can sometimes be
modified to ineclude such data.

One proposed procedure for coastal mapping involves the use
of aerial photogrammetry over areas with little ground control.
When a large portion of a stereomodel is occupied by water, the?e
is a lack of tie ﬁoints, and problems occur due to refraction at
the water surface. To compensate for these deficiencies, inertial
measurements give the camera position and orientation, and the
inertial system is updated by photogrammetry over clusters of
control points at the ends of the flight lines. Masry (1977)
establishes the relations between errors in the inertial data and
resultant errors in the. coordinates of ground points, and
*concludes that for coastal mapéing, fhe standard error for
rotations should be 25 arc seconds or less.

In the context of more general photogrammetry, Goldfarb
(1985), Goldfarb and Schwarz (1985), Schwarz, Fraser and Gustaf-
son (1984) and Lucas (1987) describe computer simulations in
'which the auxiliary data, comprisiﬁg the output of an inertial
system updated by GPS (satellite positioning), are used to locate
the perspective centres, and are incorporated into a bundle ad-
justment to determine coordinates of ground points; the third of
these papers also considers an experimental terrestrial check on
a combined inertial-GPS system, described in more detail by Wong.

et al. (1985).
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Blais and Chapman (1984a) performed a computer simulation in
which the perspective centre coqrdinates, their first-order
differences (i.e. the stereomodel bases) and their second-order
differences were used aé input to a SPACE-M independent model
block adjustment (Blais, 1979). The simulated perspective centre
positions were derived from an earlier photogrammetric adjustment
using ground control, and the terrain relief was fairly low.
Blais and Chapman (1984b) also comparéd SPACE-M adjustments using
ordinary ground4control with similar adjustments which included
independent control networks. The inclusion of the independent
networks gave an improvement in accuracy,k and aithough the net-
works were on the ground in this case, the same principle could
be applied to an independent network of perspective centres.
Later, Blais and Chapman (1985) incorporated first and second
differences of perspective centre positions into a SPACE-M
adjustment using the same observational data as this thesis. :
Hence, when appropriate auxiliary data are available, aerial
triangulation becomes feasible in situations where, due to lack

of ground control, it would otherwise be impossible.



1.2 Photogrammetry as an Aid to Other Systems

The fo;egoing situation appiies when photogrammetry is the
main mapping tool, and auxiliary systems are used to support it.
In some circumstances, photogrammetry may be unsuitable for map—‘
ping. This may be the case over areas which exhibit few distinct-
ive features, such as snowfields, sand desert and grassland,
where it is difficult to match uniquely pairs of points in the
two images required to form the stereomodel. In these conditioms,
a laser profiler can function well. Essentially, it consists of a
device in an aircraft which determines the distance (range) from
itself to a point on the ground by measuring the time taken by a
light pulse to travel from instrument to target and back. The co-
ordinates of the-point on the ground can be found if one knows
the position and orientation of the instrument, plus the range
that it measures. Position and orientation can be provided by an
inertial positioning system, but such a system requires frequent
updating.

Such mapping systems have already been used in certain sit-
uations. Jepsky (1986) describes typical laser profiler systems
and their applications. Schreier et al. (1984) describe experi-
ments in Ontario in which 95% of the laser elevations agree with
those from conventional photogrammetry within 1.8m, using air-
craft-mounted equipment at a flying height of 300m, while Moreau
and Jeudy (1986) report acceptable results for a iaser profiler

survey by helicopter.
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When the equipment 1s contained in a helicopter, the
inertial systems can be updated frequently by landing. Hursh‘
reports satisfactory results when the inertial measuring unit,
" mounted in an aircraft flying at 600-900m above ground, is
updated by a laser tracker with retroreflectors on the ground.
Additionally, photogrammetry can be used to provide the
updates if tﬁe nafure of the terrain and availability of control
lpoints permit its use at some points on the flight line. 1In this
situation, photogrammetry plays the auxiliary role din its
integration with another system.

Similar information on the instrument's position and orient-

ation is desiréble for other airborne mapping systems such as

multispectral scanners.

1.3 Scope of Present Project

Any auxiliary information must, of course, be of adequate
qualiﬁy if its use is to result in an improvement in the accuracy
of photogrammetric mapping or triangulation. The purpose:of this
thesis ié to evaluate the accuracy and precision of the outputs .
of some auxiliary systems by comparing these outputs, as deter-
mined experimentally, with the equivalent values computed by
"traditional" photogrammetry using ground control, and also to
‘evaluate the accuracy of the photogrammetric values by comparing
these values as derived from different photogrammetric adjust-

ments based on the same images.
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Some evaluations have been made already, as mentioned in
previous paragraphs. However, whereas most other experiments were
performed using low-flying helicopters and over terrain of gentle
relief, this thesis treats data obtained under the extreme condi-
tions of a high-flying aircraft over very rugged terrain. Such
conditions will generally maximize the effects of any errors that
are present. Also emphasis is given to evaluation of the quanti-
ties measured by the auxiliary systems, rather than their event-
ual effect on the accuracy of triangulation and mapping

To be more specific, comparisons are made between different
estimates of the camera position coordinates and of the caméra'
orientation angles, as made by different photogrammetric adjgst—
ments based on ground control only, and also between the estim-
ates from photogrammetry and from an inertial navigation system.
The same is done for the changes in these quantities between con-
secutive camera stations, and also for various functions of posi-
tion coordinates and orientation angles that are independent of a
coordinate system. When the agreement between auxiliary values
and the more reliable of the photogrammetric values is better
than that between some of the photogrammetric estimates, then one
can conclude that the auxiliary data are of adequate quality for
inclusion in an adjﬁstmeﬁt, unless ground check indicates other-
wise. The results of the various comparisons may also indicate
the best ways of including the auxiliary data from the point of

view of accuracy, though not nevessarily of convenience.
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Corresponding comparisons are made between a bundle adjust-
ment that uses inertial data-as well as ground control for input,
and independent model adjustments of the same block based on
ground control only.

Essentially the same analysis is applied to the range
measured by the laser profiler at the camera stations. In addi-
tion, a few detéiled terrain elevation profiles between camera
stations are examined, with a view to determining the equipment
preparation and observational procedure that will give the high-
est accuracy.

Details of the general experimental conditions, and of the
data‘ sets available for this project, are given in _Chapter 2.
Chapter 3 covers evaluation of the accuracy of photogrammetry. In
éhapters 4, 5 and 6 are discussed the quality of agreement of
perspective cent£es, specific orientation angles and orientation
angle changes, as determined by different methods. Chapters 7 and
8 discuss the laser ranger and its performance in terrain profil-
ing, and finally Chapter 9 gives the general conclusions and

recommendations.



Chapter 2
EXPERIMENTAL CONDITIONS AND DATA SOURCES

The purpose of this study is to evaluate the effectiveness
of certain auxiliary positioning systems in aerial photogrammetry
on the basis of field trials. Their outputs must be compared with
some standard, and photogrammetry is used as that standard, since
its reliability is well known after decades of use.

In this investigation, photogrammetry, using gfound control,
is used to estimate the values of quantities that afe measured by
the auxiliary systems. The photogrammetric estimates are compared
with the actual measurements. If the discrepancies between them
are less than the errors normally present in the photogrammetry,
then it can be assumed that the auxiliary measurements will be

acceptable as input to the photogrammetric adjustment.

2.1 Experimental Conditions

In the summer of 1983, aerial photography was ¢arried out in
the Kananaskis area west of Calgary, Alberta. This is an area of
rugged terrain near the eastern edge of the Rocky Mountains,
including peaks, valleys and lakes, in which there exists a
ground control network of high quality. The project was a cooper-
ative one, involving the University of Calgary, the Canada Centre
for Remote Sensing (CCRS, a branch of Energy, Miﬁes and Resources
Canada (EMR)), the Directorate of Cartography (Department of Nat-

ional Defence) and the Surveys and Mapping Branch of EMR. Flying
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height was about 9800m and terrain elevation was between 1300m

and 3350m above sea level. Data were acquiréd by CCRS, ﬁsing a
Falcon 20 jet aircraft. A Wild RC-10 camera, with lens of focal
length 153.30mm and image size 230 x 230mm, was used, and the
flight pattern comprised 5 lines of length 70km oriented N-S, and
5 lines of length 25km oriented E-W, flown at ZOOﬁ/s. Fig. 2.1 is
an approximate map of the flight path, and the relation of the
flight lines to ground control is sﬁown in Fig. 2.2.

Endlap and sidelap were 80% and 60% respectively, giving a
high redundancy of measurement from multiple overlap and a base-
to-height ratio smaller than normal.

While the aerial photography was in progress, the camera
position and orientation were recorded continuously by a combin-
ation of two inertial systems, a Litton LTN-051 navigation system
of the local level type, mounted about 3m from the camera, and a
Honeywell 478H inertial reference unit of the strapdown type,
which was attached directly to thé camera, not to the ailrframe.
The Litton instrument was capaBle of measuring, and producing
values of, 1latitude, 1longitude, horizontal velocity, and roll,
pitch and yaw angles. According to manufacturer's specifications,
it was subject to a drift of 0.5m/s, giving coordinate errors of
1-2km after 1 hour, and a Schuler oscillation of amplitude
200-306m. Angular resolution and accuracy were about 5 (0.0010)
and 1-2' (0.020) respectively. The Honeywell unit measured
differential velocities and angles to a resolution of 14"
(0.004°) and subject to a drift of several degrees per hour.

'As the data acquisition system that recorded the LIN-051
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data was not working properly, it had been necessary to combine
the data from both of the inertial systems- into a single set of
estimates of position and orientation. Consequently it was not
possibie to obtain the accuracy referred to by Gibson (1984a),
viz. that the LTN-51 system can achieve an accuracy of 1.0m and
30 arc-sec after correcton for drift and Schuler oscillations. No
updates were made during the mission. Neither was any model of
anomalous gravity used. Instead, it was assumed that the mean
vertical velocity was.zero on each line.

Also, for much of the observation period, the aircraft's
height above ground was recorded by a lasexr altimeter. The laser
equipment was attached not to the camera but directly to the
airframe, about 1m from the camera. It used a Neodymium-Yag laser
of 100Mw peak power, with a pulse repetition rate of 20pps and a
range greater than 10km [Gibson, 1986]. It had a resolution of 1
nanosecond in timing, equivalent to 15cm in range, and at the
flying height typical fof this experiment, the spread of the
laser beam produced a circular spot of diameter 300 microns on
the ’image, or 15m on the ground. The returning pulse was most
typical of the best—reflecfing part of the circlg, generally
around its centre, where it was brightest. That part of the pulse
which corresponded to the first occurrence of half the maximum
amplitude was used to compute the range.

2.2 Data Sefs and Processing

The photogrammetric data were processed at the Univeréity of

Calgary, with the help of Mr. J.-P. Agnard of Laval University.

Image measurements were originally made in spring, 1985 on a Wild
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STK-1 stereocomparator, but some measurements were repeated in
autumn, 1985, din the hope that an improved data set would give
smaller residuals in the adjustment. The SPACE-M method of
independent model block adjustmeni (Blais, 1979) was applied, to
both the set of 5 N-S lines‘and the set of 5 E-W 1lines, using
ground control only.

The whole network of 5 N-S lines was also processed by a
single bundle adjustment at CCRS in Ottawa which used both ground
control and dinertial data on camera position and orientation,
described by Gibson (1984b). Both types of data were used simul-
taneously; it was assumed that, within each flight line, the in-
ertially-derived values of the orientation angles had a constant
bias, and the values of positidn had a‘bias with constant drift.

In addition, a small sub-block of 10 images was processed by
a bundle adjustment at tﬁe University of Calgary, wusing ground
control only.

For the purpose of this study, the relevant parts of the ad-
justment outputs were the coordinates of the perspective centres
and of certain points on the ground, and, in the case of the
" bundle adjustment, the camera positions and orientation angles.

Processing of the auxiliary data, including determination of
the camera positions and orientations from the inertial systems,
was done by CCRS, who then forwarded the processed data to the
University of Calgary.

Three separate data sets were received from CCRS. The first
contained perspective centre coordinates, and camera orientation

angles, determined from the bundle adjustment performed on the
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first five flight lines at CCRS. The second comprised ten‘ sec-
tions corresponding to the different flight lines, and included
the time, thé UIM x, y and z coordinates of the camera, plus the
roll, pitch and heading angles, as determined by the inertial
systems, and in most cases the laser range, for each camera sta-
tion or perspective centre. The third set comprised detailed
terrain profiles for the first five flight lines, as produced by
the auxiliary systems. Gibsoﬁ (1986) gives further details of the
processing used in preparing these data sets. In the same paper,
he refers to work that is described in this thesis. |

The original data sources and the data sets that were avail-
able for analysis are summarized diagrammatically in Fig. 2.3.

In this study, to be described in the following chapters,
the values of parameters such as perspective centre coordinates,
as determined by the various photogrammetric adjustments, are
compared, to give an indication of the reliability of the photo-
grammetry. Then each of the variables in the second data set is
compéred with the corresponding value computed from photogram- )
metry. This process is also performed for theﬂchanges in 'these
variables between consecutive camera stations. Similar comparis-
ons are made between the CCRS bundle adjustment using inertial
data, and independent model block adjustments without inertial
data. Finally, sample sections of the profiles in the third data
set are compared with the equivalent values obtained from photo-
grammetry. From the results of this analysis, estimates can be
made of the potential usefulness of the combination of auxiliary.

data with photogrammetry.
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Chaﬁter 3

ACCURACY OF PHOTOGRAMMETRIC ADJUSTMENTS

In this study,‘ photogrammetry is used as a standard of com-
parison for the accuracy of the auxiliary data. One should there-
fore evaluate the accuracy and precision of the photogrammetry
itself, and bear the results in mind when interpreting the anal-
yses. In particular, a given set of photogrammetric data does not
uniquely determine the coordinates of a set of points in object
space. Theée coordinates depend also on factors sucﬁ as the type
of adjustment, amount and distribution of ground control, statis-
tical weights, constraints that may be applied, and the size of
the adjustment block. Therefore the values of coordinates from
. several different adjustments, and their mutual consistency,
should be considered.

Most of the photogrammetric nétwork was processed using the
SPACE-M independent model block adjustment. Adjustments were made
on two separate blocks, one using the first five flight lines
(oriented N-S) and one using the last five flight lines (oriented
E-W). As some of the auxiliary data were missing for the last
five lines, most attention will be given to the first five.

For photogrammetric purposes, such as are considered in this
chapter, the first five flight lines are numbered 1 to 5 from
west to east, and the camera stations within them are numbered
from north to south. Alternative numbering systems, such as are

required for the auxiliary data, are discussed in Chapter 4.
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The photography of the first five lines has 80% endlap and
60% sidelap, and the SPACE-M adjustment was made using all the
images, apart from a few which lay outside the area covered by
ground control. As endlap and sidelap are normally 60% and 20%
respectively, the redundancy of data was higher than normal.

Several variations of the adjustment were performed, using
photogrammetric data from an original set of measurements in
spring, 1985, then using data revised by fhe remeasurement of
some of the images in autumn, 1985. Two adjustments were made us-
ing this latef data set: including and excluding the constraint
that waterline points on a lakeshore should be at the same
height.

After processing, the RMS residuals in the positions of
ground points proved to be much greater than expected. Indeed,
they were fwo or three times as great as those produced by a
block adjustment using the same method and software, and at the
same photo scale, for a large area near Hudson Bay, as describéd
by Blais (1979). The Hudson Bay adjustment was made under
operationalr conditions typical for production of 1:50000 topo-
graphic maps, without any special provisions for high accuracy.
‘The reason for the large residuals in’the present case has not
yet been determined, but it may be related to photogrammetric
measurements, or the high redundancy, or the small base-to-height
ratio that corresponds‘to the large overlap. The terrain relief
was also considerably higﬁer in Kananaskis than near Hudson Bay.
Further, while vertical distances were measured in metres, horiz-

ontal distances were measured in UTM plane, with a scale factor
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H

of 0.9998. This discrepancy in units amounts to an apparent dif-
ference of 0.4m over the 2000m range of terrain elevations in the
_study area, and 1.7m in the 8500m flying height above ground, and
could therefore result in a deformation of this magnitude.
The auxiliary measurements that are being- eonsidered are
particularly related to two sets of points in the output of the
SPACE-M adjustmeﬁt. One set consists of the perspective centres
(PC s), whose positions are also measured by the inertial system.
The other set comprises the peints on fhe ground corresponding to
the principal points of the images. The length of the line from
such a point to its PC should correspond to the range measured by
the laser, and its direction is related to the orientation angles

measured by the inertial system.

3.1 Perspective Centre Position Estimates from SPACE-M

The SPACE-M adjustment is primarily intended for topographic
mapping at the best possible accuracy, and for such epplications
the PC s are of secondary importance. Though they are normally
used in the adjustment process, some of them may be rejected from
this process if they are associated with large residuals and if
their rejection improves the fit of points on the ground.
Nevertheless, estimates of their positions are still printed in
the output. For this project, one had the option of working with
the PC s of all images, for completeness, or with only those that
were not rejected from the adjustment, for accufacy.

Apart from points at the ends of a flight line, the SPACE-M

output gives two estimates of the position of each PC, one from
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each of the two models in which it appears, and if each model is
given equal weighting, the "best estimate" of the PC's position
is the mean of these two estimates.-

A basic statistical analysis was made on the difference be-
tween the two estimates of position, to give an indication of
their reliability. The distance between the two estimated posit-
ions was calculatéd, together with its horizontal, vertical, x
and y components, and for each of these quantities the RMS, maxi-
mum and mean values on each flight line were computed. This was
done for three adjustments: one using "old" measurements from
spring, 1985, and two using "new" measurements from autumn, 1985,
with and without use of lake-level constraint. For each of these
adjustments, the analysis was applied to data sets including and
excluding points that were rejected from the adjustment. The re-
sults are shown in Tables 3.1 to 3.3.

The discrepancy between the two PC position estimates was
always more pronounced (usually by a factor of 5 or more) in the
horizontal than in the vertical, but there was not a noticeable
difference between the x-direction (easterly, perpendicular to
the flight line) and the y-direction (northerly, parallel to the
flight line). The use of new (autumn, 1985) data did not cause a
significant change from the use of 0ld (spring, 1985) data. Ex-
clusion of points that had been rejected in‘the adjustment did
céuse a great improvément, as these points included those per-
spective centres for which the diécrepancies, and consequently
residuals, were greatest.

An indication of magnitude of discrepancies can be given
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Table 3.1

Discrepancies Between PC Position Estimates from SPACE-M

RMS Values (Metres)

Excluding Rejected Points

All Points

New data
w/lakes no lakes
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......

Total
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oooooo

......

oooooo

oooooo
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New data
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Data
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Table 3.2
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Table 3.3

Discrepancies Between PC Position Estimates from SPACE-M

Mean Absolute Values (metres)

Excluding Rejected Points

All Points

New data’
w/lakes no lakes

0ld

New data
w/lakes no lakes

Spatial 01d

Data

Line Data

X-Compt.

......

------

oooooo

oooooo

Y-Compt.
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oooooo

------

oooooo

oooooo

oooooo

oooooo

oooooo

oooooo

Z-Compt.

Horiz.

oooooo

oooooo

oooooo

. 3 . . . .

oooooo
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Total

oooooo
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oooooo
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here. When rejected points were excluded, the discrepancy .was
typically 5m in the horizontal and lm in the vertical, but occas-
ionally two or three times as great. These values are consistent
with the generally accepted height accuracy expected from photo-
grammetry, namely 0.01-0.03% of flying height. Inclusion of re-
jected points roughly doubled these values.

When the lake-level constraint was used, the discrepancies
between PC positions were greater than when it was not used. Pro-
bably this happgned because inclusion of the lake-level con-
straint éave more weight to the ground-level points in tﬁe
adjustment, and a smaller share of the weight to camera-level
points. In other words, é strengthening of the adjustment at
ground level produced a relative weakening at camera level.

The role of PC's in an adjustment is to control "hinging"
between adjacent models in a line. The lake-level constraint does
likewise, but at a different level in the model. A discrepancy
between the effects of these two methods of "hinge control" could
be due to incorrect correction for earth curvature; over a dis-
tance of 2.5km (the length of base between consecutive perspec-
tive centres) the height correction for earth curvature amounts
to about 0.5m. The discrepancy could also be &ue to deformation
within the models.

Flight 1ine no.2 proved to be an exception to the general
rule. In this line, the changes resulting from use of the lake-.
_1eve1 constraint and exclusion of the rejected points were negli-
gible, and sometimes even the reverse of those in the other

lines. This line did not cross any lakes directly, but lakes did
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appear near the edges of some of the images.

3.2 Position Estimates from Bundle and SPACE-M Adjustments

The foregoing analysis was concerned only with estimates of
PC positions from SPACE-M adjustments. As mentioned in Chapter 2,
some bundle adjustments were made too, using the same image data,
and including PC.coordinates in their output. To illustrate the
dependence of PC position estimates on the method of adjuétment,
a comparison of these estimates from the different adjustments is
now presented.

The bundle adjustment done at the University of Calgary was
a simultaneous bundie adjustment based on collinearity equations,
usihg ground control, and treating orientation parameters and
object space point coordinates as unknowns. It used 10 images,
those numbered &4 to 8 in flight lines 4 and 5, and it was
performed on both the "o0ld" and the "new" data.

Figs. 3.1—3.2 show the relative locations of the estimated
PC positions, both in a horizontal plane and on a vertical scale,
as determined by the 3 bundle and 6 SPACE-M adjustments. A separ-
ate symbol on the diagram is used for each adjustment. In the
horizontal diagrams, if two positions are too close togethér for
the symbols to be plotted directly, the symbol is enclosed in a
circle which is joined by a iine to the correct position. |

Between the bundle adjustments, the discrepancies are éround:
10m in the horizontal and 6m in the vertical. The vertical
coordinates from the two University of Calgary bundle adjustments

never differ by more than 4m. The CCRS adjustment consistently
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gives a height that is greater than those given by the University

of Calgary adjustments, sometimes by about lm and sometimes by as
much as 8m. This difference could be attributed to use of differ-
ent camera lens focal lengths in the two adjustments.

For the positions estimated by SPACE-M, the variation in the
horizontal is usually greater than that for the bundle adjust-
ments, and is of a magnitude around 10-20m. In the vertical, it
is generally around 3m or 4m, and less than the discrepancy
- between the University of Calgary and CCRS bundle adjustments.

In some instances, notably point 8 in line 4, the variation
between the SPACE-M estimates is exceptionally great, of the
order of 60m in the horizontal. This, and also four others of the
ten points, is one of the PC's that was rejected from the SPACE-M
adjustment.

In summary, then, while the best estimates of PC positions
from SPACE-M are reliable to about 5m, all estimates, on the
whole, are reliable only to about 10m, and in extreme cases onlyr
to about 40m.

In retrospect, it appears that the SPACE-M adjustment did
not prove to be a satisfactory standard on this occasion. Unfor-
tunately, a bundle adjustment, based on ground control only and
covering the complete block, was not available for comparison.

The data sets wused in the analyses of this chapter are
depicted diagrammatically in Fig. 3.3.

Since the reliability of photogrammetric estimates of PC co-
ordinates has now been evaluated, the investigation can proceed

to combarison of them with values derived from auxiliary systems.
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Chapter 4

POSITION DETERMINATION FOR PERSPECTIVE CENTIRES

The reliability of the appropriate photogrammetry output
having been evaluated, the investigation can now proceed to a
compafison of the positions of perspective centres, as determined
by photogrammetry and as given by the inertial data provided by
CCRS. Any comparison of two time-dependent quantities requires
correct synchronization, and time tagging of photogrammetric data
was absent. In the present context, then, it is first necessary
to ensure that any pair of coordinate values, as obtained from
the two sources, refers to the same camera station. Once this is
established, then the differences between the coordinate values

can be analyzed.

4.1 Matching of Perspective Centres

In any comparison between photogrammetric and auxiliary
daté, one must match each auxiliar§ record corréctly with the
corresponding photogrammetric point. This matching was achieved
by comparing coordinates of the perspective centre positions.

Each perspective centre can be identifiedwby two numbers, of
which one indicates the flight line in which it lies, and the
other its position in the flight line. Unfortunately, it was not
practical to assign a unique pair of numbers to each PC. The
lines in the flight pattern were flown in alternating directions,
and in a sequence different from their spatial arrangement. For

the photogrammetrist, it was most convenient to number the lines
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1 to 5 from west to east, and the perspective centres wi£hin them
from north to soﬁth in the case of the first five lines, and to
number the lines 7 to 11 from south to north, and the 'points
within them from west to east in the case of the last five lines.
(Evidently a line no. 6 was flown but not used.) However, the
second auxiliary data set was arranged in chronological order, so
that the ordering ﬁf both the lines and of the points within them
was different. For some purposes, such as studying drift of the
inertial system as a function of time, a chronological ordering
was preferable to a spatial ordering. Further, the photogrammét—
‘ric adjustments did not use all of the‘images,r some of those at
fhe ends of the lines being omitted because they covered terréin
outside the ground control area. After the auxiliary reéords that
did not correspond to any photogrammetrié points had been
rejected, there resulted a second chronoloéical numbering of the
points within each line.

As the first step in the matching procéss, the "best esti~
mate" of the PC positions from photogrammetry was made by taking
the mean of the two estimates from a SPACE-M adjustment. A
graphical plot of the PC positions in the horizontal plane was
then made. The positions of flight lines 1 to 5, which are
aligned N-S and each contain over twenty points, are shown in
Fig. 4.1, as given by photogrammetric and auxiliafy systems.
Since the 1lines from the two systems do not coincide, it is
evident that there is a discrepancy between the x-coordinates
given by the two methods, which is sometimes as great as 700m.

The data files also indicated that there was a discrepancy of
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200-300m in the é (vertical) direction.

: To match corresponding points within a 1line, the first
approach was to find "closest neighbours". I.e. for each photo-
grammetric position, the closest auxiliary position would be
taken as the corresponding one. This method might work if one
could be sure that the discrepancy between the two positions wés.
less than half the'spacing between stations. In this‘case, it did
not work, for it was found that both points 5 and 6 of
photogrammetric line 1 had point 6 of the auxiliary 1line as
their closest neighbours. This result indicated that the position
discrepancy was sometimes more than half of the spacing between
stations. Therefore the '"nearest neighbour" method was
inappliéable. , |

An alternative method was therefore needed, and the
approaches used will be described in terms of line 1, on which
there are 27 perspective centres used in phétogrammetry and 32
points given by the auxiliary system.

First, a method using correlation coefficients was tried.

Points 1 to 27 of the photogrammetric set were paired with
points 1 to 27 of the auxiliary set. The correlation coefficients
were then found between the photogrammetric and auxiliary values
for the x, y and z coordinates. A

Next, points 1 to 27 of the photggrammetric set were paired
witﬁ points 2 to 28 of the auxiliary set. This involved a shift
of one place in the auxiliary data set. The correlation
coefficient was found as before for x, y and z coordinates.

-

‘This procedure was repeated, pairing points 1 to 27 of the
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photogrammetric set with points 3 to 29 of the auxiliary set,

corresponding to a shift of two places in the auxiliary data set,
and so on for as many shifts as were possible.

Now the correlation coefficients corresponding to different
shifts were compared. Presumably the shift giving the greatest
correlation coefficiept would be‘the one corresponding to the
correct matching of points.

This procedure was also carried out using the coordinate
differences between successive points along the line, rather than
the actual coordinates themselves.

The outcome of this test was not as decisive as had been
hoped. In the correlation of coordinates, in every case it was
found that the best correlation occurred for a shift of zero. In
the correlation of coordinate differences, the best correlations
sometimes occurred for shifts different f;om zero, but the shift
giving the best correlation for ome coordinate (e.g. x) was not
always the same as the shift giving the best correlation for
another coordinate (e.g. y).

On the whole, this approach using correlations proved to be
~ inconclusive. )

Second, a method of "double differencing" was tried. Here,
"double difference" means the coordinate difference between ad-

jacent stations from photogrammetry minus the corresponding dif-

ference from auxiliary systems.
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If (xpl,y ’Zpl) and (xpz,y ’sz) are the estimates of two

pl p2
PC positions from photogrammetry, and (xal’yal’zal) and
(XaZ’yaZ’zaz) are the estimates of the same PC positions from the
auxiliary systems, then dxp - (sz_xpl) and dxa - (xaz—xal) are
the single differences in the photogrammetric and auxiliary cases
respectively, and dxa—dxp is the double difference for the x-
component, and siﬁilarly for the y and z components.

Further, if ah - [(xpz—xpl)2+(yp2-yp1)2]1/2 and dh_ is
defined similarly, then dha—dhp is the double difference in the
horizontal component, and if dsp - [dhp2+(zp2—zp1)2]1/2 and dsa
1s defined similarly, then dsa-dsp is the double difference in
the total, or three-dimensional, distance.

The sum of squares of these double differences was then com-
puted for each of the x, y and z coordinates, as well as the sum
of squares of the threé-dimensional distances between perspective
centres. This was berformed for shifts of 0, 1, 2,.... places as
appropriate for each line. One should note that in every case the
number of terms in the sum of squares is the same, viz. the
number of perspective centres used in the photogrammetry for that
line.

The outcome of this test was clear. In every case, there was
a .definite shift for which the sum of squares was least for all

three coordinates and the three-dimensional distance. It was con-

cluded that this shift corresponded to the correct matching.
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With the matching complete, the positions of the camera sta-

tions could be entered on Fig 4.1. Also the difference between

photogrammetric and auxiliary values of the coordinates, and the
double differences, could be studied.

Since further details of the numbering systems for lines and

points would be of interest only to people wishing to wuse the

same data, they are given in Appendix A.

4.2 Relation bet Phot ic and Auxili Esti of
Positi

Plots were made of the difference between auxiliary and pho-—
togrammetric position estimates as functions of time, and they
are shown in Fig. 4.2 for all ten flight lines, the first five
being in northerly-southerly directions and the 1last five in
easterly-westerly directions.

The graph for the x-coordinate shows a sinusoidal pattern
with a period of about 70 minutes in the first five lines; this
could be a Schuler oscillation. The graph for the y-coordinate
shows a fairly steady drift in the last five lines. However, the
graphs for the x-coordinate for the last five lines, and the y-
coordinate for the first five lines; show violent oscillations
with amplitude of hundreds of metres which appear to be connected
with the direction of flight, e.g. whether the aircraft was fly-
ing from south to north or north to south. These oscillations
probably indicate an error in one accelerometer in the strapdown -
system. The graph for the z-coordinate shows a fairly constant

difference.
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Fig. 4.2: Graphs of Differences between Auxiliary and Photogram-
metric Estimates of PC Coordinates as Functions of Time.
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The graphs just discussed were based on the output of the
first SPACE-M adjustment. Subsequent analyses involved outputs of
various adjustments. The relations between these adjustments and
the various quantities being compared are summarized diagrammati-
cally in Fig. 4.3.

Results of a statistical analysis of the discrepancies are
shown in Tables' I.1-1.7 in Appendix 1I. .This analysis was
performed on the outputs of all three SPACE-M adjustments, both
including and‘excluding points that haa been rejected, plus the
bundle adjustment from CCRS, and it considered the'discrepancieé,
on a given flight line, to be funqtions of time. It determined
the regression line of the discrepancy, or a component thereof,
(in metres) on time (in minutes). Such a regression line passes
through the mean values of the time .and of the dependent
.variable, which are specified in the tables. Alsé given are the
slope of each regression line, the correlatiop coefficient, and
the RMS deviation of the discrepancy from the regression line.

If the discrepanéy were due to a linear drift of the
- inertial system with very little noise, one would expect the cor-
relation coefficient to be close to 1 or -1, and the RMS devia-
tion to be small. In fact, the correlation coefficients are close
to =zero, suggesting that effects of drift within a flight 1line
are negligible compared to the noise. The only hint of a system-
atic variation occurs in the analysis for the y-coordinate.
Noting that the flight lines are numbered chronologically and
that they were flown in alternating directions, there is then an

alternation in the sign of the regression 1line slope and
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correlation coefficient which is consistent with the alternation
of flight direction. As this alternation is evident only in the
y-component, it is probably related to the aforementioned possi-
ble error in an accelerometer.

The differences between the values in the seven different
tables are negligible. However, it is evident that the measu;ed
values of positioﬁ coordinateé from the inertial system, without
updates, are unacceptable as indicators of the camera position..
The wvalues in the columns for "Mean Dependent -Variable", which
give typical values of the discrepancies, are far greater than
any of the uncertainties of PC position that were discussed in

Chapter 3.

4.3 Double Differences - Relation between Photogrammetric and
Auxiliary Estimates of PC Position Increments

The effect of bias in the inertiaily—derived position coord-
inates can be eliminated by comparing the position increments, or
displacements between successive PC's, as measﬁred by the two
systems. The difference between the increments as measured by.the
two systems is called a "double difference".

Since SPACE-M gives two different estimates of each PC
position, two different methods are possible for calculating the
displacement between adjacent PC's. One method uses those two
estimates that resulted from the same model, giving a within-
model estimate. The other method involves finding the mean esti-
mate of each position and computing the displacement between two

adjacent mean positions, giving a between-model estimate.
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As each double difference corresponds to a time interval,
not a time point, the double difference cannot be treated as a
function of time. However, a statistical survey of the values of
the double differences was ﬁade. It resulﬁed in Tables I.8 to
I.14 of Appendix I, corresponding to the various adjustments,
encompassing in the case of SPACE-M alternatives such as inclus-
ion or exclusion 6f points rejected during the adjustment and the
method of calculating the displacement. These tables give the RMS
and maximum values for the double differences in x; vy and 2z
coordinates and also in the horizontal component and spatial
distancé. Summary tables, without reference to individual flight
lines, are presented in Tables 4.1 and 4.2.
In examining theée values, it may seem surprising.at first
‘that in many cases they are greater for the individual components
than for the total distance. This is an effect of orientation
errors in one or both systems. Referring to the notation of Sec-
tion 4.1; the values of dxp, dyp, dxa and dya depend on the
orientation of the x and y axes. However, dxp and dyp are compon-
ents of a displacement vector in the photogrammetric coordinate
system, whereas dxa and dya are components in the auxiliary co-
ordinate system. Therefore the photogrammetric and auxiliary com-
poneﬁts will not be equal if the systems are mutually inclined,
even though they refer to the same vector. Inter-coordinate cor-
relations could occur; for example, a~y-displacemenf detected by
the auxiliary system could correspond partly to an x—displécement

measured by the photogrammetry. The total displacement, dsp or
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Table 4.1

Comparison of PC Position Increments by
 Auxiliary and Photogrammetric Systems

RMS Discrepancies (metres)

SPACE-M including rejected points

No. of . Horiz. Total

Case Points X-compt. Y-compt. Z-compt. Dist Dist.
(a) 133 6.39 4,21 2.93 4.25 4,25
(b) 133 6.41 4,15  2.92 4.19 - 4.18
(e) 133 6.41 4.15 2.96 4.19 4.18
(8) 133 7.13 5.85 2.98 5.89 5.89
(e) 133 7.54 5.76 2.87 5.80 5.80
(£) 133 7.11 5.35 2.89 5.40 5.39

SPACE-M excluding rejected points

No. of ‘ Horiz. Total

Case Points X-compt. Y-compt. Z-compt. Dist Dist.
“(a) 64  6.02  3.57 2.34 3.59 3.58
(b) 73 5.96 3.48 2.21 3.50 3.49
() 73 5.97 3.49 2.45 3.50 3.50
(a) 64 6.27 4.25 2.35 4.26 4.26
(e) 73 6.35 4,38 2.14 4.41 4.41
(£) 73 6.33 4.31 2.39 4.34 4.34

CCRS Bundle Adjustment
133 5.93  4.54 1.18 4.60 4.60

Key to cases: .
) Increments within models:

(a) 01d (spring, 1985) data

(b) New (autumn, 1985) data with lake level constraint
(c) New (autumn, 1985) data without lake level constraint

Increments between models:
(d8) 01d (spring, 1985) data
(e) New (autumn, 1985) data with lake level constraint
(f) New (autumn, 1985) data without lake level constraint
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Table 4.2

Comparison of PC Position Increments by
Auxiliary .and Photogrammetric Systems

Maximum Discrepancies (metres)

SPACE-M including rejected points

No. of Horiz. Total

Case Points X-compt. Y-compt. Z-compt. Dist Dist.
(a) 133 15.53 14.26 8.43 14.28 14.28
(b) 133 15.49 13.92 12.78 13.94 13.94
(e) 133 15.55 13.96 10.22 13.98 13.98
(@) 133 17.97 = 17.39 9.98 17.60 17.60
(e) 133 29.04 22.04 9.81 22.45 22.44
(£) 133 22.87 18.87 10.63 19.23 19.22

SPACE-M excluding rejected points

No. of Horiz. Total

Case Points X-compt. Y-compt. Z-compt. Dist Dist.
(@) 64 12.31  9.50 6.71 9.46 9. 44
(b) 73 12.32 9.62 6.15 9.58 9.56
(c) 73 12.32 9.59 7.64 9.55 3.53
(d) 64 13.13 12.73 7.38 12.71 12.69
(e) 73 13.34 12.39 5.96 12.36 - 12.34
(£) 73 13.52 13.00 7.42 12.96 12.94

CCRS Bundle Adjustment

133 8.52 12.43 2.71 12.45 12.45

Key to cases:
Increments within models:
(a) 01d (spring, 1985) data
(b) New (autumn, 1985) data with lake level constraint
(¢) New (autumn, 1985) data without lake level constraint

Increments between models:
(d) 01d (spring, 1985) data
(e) New (autumn, 1985) data with lake level constraint
(£) New (autumn, 1985) data without lake level constraint



43
dsa, however, is invariant with respect to rotation.

Illustrating with an example, if (dxp,dyp,dzp)-(S,A,O) and
(dxa,dya,dza)-(A,B,O), then the double differences in x and y are
1 and -1 respectively, whereas the double difference in total
displacement is zero.

The important features of the double-difference analysis, as
they apply to thé SPACE-M adjustments, are now summarized. In
almost every case ?he double difference is smaller for increments
within models‘than between mean PC's. Also, as one might expect,
the double difference is in most cases smaller when one considefs
the more '"reliable" points, which were not rejected from' the
adjustment, than when one considers all points. Inclusion or
exclusion of the.lake—level constraint makes little difference,
with one excepfion: when the rejected points are excluded, the
use of the lake-level constraint gives a slight improvement in
the value for the vertical component.

Values of double differences resulting from the CCRS bundle
adjustment are also included in Tables 4.1 and 4.2, and in more
detail in Table I.14 of Appendix I, and they are generally about
the same as for the SPACE-M adjustments. However, they "are
smaller for the vertical (z) component.

Combining this analysis with that of Chapter 3, the RMS
value of the double difference is generally smaller than the RMS
discrepancy between the PC position estimates from SPACE-M, -when
one considers the total distance. With the individual components,
this is not so often the case, and for the vertical (z)

component, indeed, the reverse is usually true.
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Generally, then, it appears that the length of the displace-

ment vector between adjgcent PC's, as determined from the inert-
| ial system, dis-at least as reliable as the determination of the
PC position from SPACE-M, especially-when one considers the in-

crements within models.

4.4 Comparison of P.C.Coordinates as given by CCRS
Bundle Adjustment and SPACE-M Adjustments

Tables I.15 to I.17 of Appendix I give statistics on the
difference between PC coordinate estimates from the CCRS Bundle
Adjustment and the SPACE-M Adjustments, and Tables I.18 to 1I.23
give corresponding information on the double differences. The
main features of these tables, summarized for all flight 1lines,
are given in Tables 4.3 to 4.5.

For the actual positions (single differences), there is
generally better agreement in the horizontal than in the verti-
cal. The discrepancy between estimates is of the order 5-10m in
the horizontal, with extremes of 20-30m, and this is somewhat
greater than the uncertainty in PC pésition as found -in Chapter
3. However, the vertical discrepancy is generally about 9m, with
extreme values 3 timeé greaper, which is several times greater

than the uncertainty given in Chapter 3.



No. of

Case Points
(a) 138
(b) 138
(e) 138

No. of

Case Points
(a) 93
(b) 98
(e) 98
No. of

Case Points
(a) 138
(b) 138
() 138
: No. of
Case Points
(a) 93
(b) 98
(e) 98

Key to cases:
(a) 014
(b) New
(e) New

Table 4.3

Comparison of PC Positions by
CCRS Bundle and SPACE-M. Adjustments

RMS Discrepancies (metres)

SPACE-M inecluding rejected points

Horiz.

X-compt. Y-compt. Z-compt. Dist
' 8.85 6.71 9. 44 11.11
8.50 6.68 9.01 10.81
7.41 7.23 9.74 10.35

SPACE-M excluding rejected points

Horiz.

X-compt. Y-compt. Z-compt. Dist
8.36 5.98 . 8.70 10.27
7.38 5.70 8.49 9.33

6.73 6.24 9.17 9.18
Maximum Discrepancies (metres)

SPACE-M including rejected points

Horiz.

X-compt. Y-compt. Z-compt. Dist

26.21  21.50  26.78 28.43

33.19 19.49 26.19 37.71
23.57 21.92 28.85 26.97

SPACE-M excluding rejected points

Horiz.

X-compt. Y-compt. Z-compt. Dist

19.85 21.50 22.33 24.60
18.15 19.49 21.64 23.14
17.09 18.34 23.43 24.64

(spring, 1985) data
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Total
Dist.

14.57
14.07
14.21

Total
Dist.

13.47
12.61
12.97

Total
Dist.

36.48
39.01
39.28

Total
Dist.

27.40
31.68
34.00

(autumn, 1985) data with lake level constralnt
(autumn, 1985) data without lake level constraint
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Table 4.4

Comparison of PC Position Increments by
CCRS Bundle and SPACE-M Adjustments

RMS Discrepancies (metres)

SPACE-M including rejected points

No. of Horiz. Total

Case Points X-compt. Y-compt. Z-compt. Dist Dist.
(a) 133 2.23 2.72 2.55 2.72 2.72
(b) 133 2.26 2.76 2.54 2.76 2.76
(e) 133 2.26 2.75 2.51 2.76 2.76
(4) 133 4.12 4.31 2.65 4.32 4,31
(e) 133 4.81 4.12 2.53 4.14 4.14
(£) 133 4.04 3.73 2.48 3.75 3.75

SPACE-M excluding rejected points

No. of - , Horiz. Total

Case Points X-compt. Y-compt. Z-compt. Dist Dist.
(a) 64 2.27 2.82 2.01 2.83 2.82
(b) 73 2.26 2.85 1.91 2.85 '2.85
(c) 73 2.26 2.85 2.11 2.85 2.85
(8) 64 3.30 3.64 2.02 3.64 3.64
(e) 73 - 3.27 3.28 1.86 3.29 3.28
(£) 73 3.20 3.13 2.07 3.13 3.13

Key to cases:
Increments within models:
(a) 01d (spring, 1985) data
(b) New (autumn, 1985) data with lake level constraint
(¢) New (autumn, 1985) data without lake level constraint

Increments between models:
(d) 01d (spring, 1985) data i
(e) New (autumn, 1985) data with lake level constraint
(f) New (autumn, 1985) data without lake level constraint
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Table 4.5

Comparison of PC Position Increments by
CCRS Bundle and SPACE-M Adjustments

Maximum Discrepancies (metres)

SPACE-M including rejected points

No. of Horiz. Total

Case Points ZX-compt. Y-compt. Z-compt. Dist Dist.
(a) 133 7.39 7.13 6.55 7.32 7.31
(b) 133 7.34 7.25 10.94 7.31 7.29
(e) 133 7.41 7.22 8.38 7.28 7.26
(@) . 133 16.16 11.57 8.56 11.49 11.50
(e) 133 28.54 13.32 8.78 13.85 13.86
(£) 133 21.01 10.64 8.13 10.70 10.67

SPACE-M excluding rejected points

No. of Horiz. Total

Case Points X-compt., Y-compt. Z-compt. Dist Dist.
(a) 64 5.33 7.32 4.65 0 7.32 7.31
(b) 73 5.53 7.25 .44 7.31 7.29
(e) 73 5.47 7.22 5.51 7.28 7.26
(@) 64 7.85 10.35 5.25 10.44 10.42
(e) 73 7.73 10.01 4.09 10.09 10.07

(£) 73 7.51 10.63 5.29 10.70 10.67

Key to cases:
Increments within models:
(a) 018 (spring, 1985) data
(b) New (autumn, 1985) data with lake level constraint
(¢c) New (autumn, 1985) data without lake level constraint

Increments between models:
(d) 01d (spring, 1985) data
(e) New (autumn, 1985) data with lake level constraint
(f) New (autumn, 1985) data without lake level constraint
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For the double differences, agreement is considerably bet-
ter, and the discrepancy is of about the same magnitude as the
uncertainty given in Chapter 3, though it is still somewhat
larger in the z-component. VTwo points are noteworthy; agreement
is much better for within-model than for between-model increments
from SPACE-M, and the inclusion or exclusion of points rejected
in the SPACE-M a&justments makes only a marginal differencé to
the values. The tables in Appendix I do not indicate any
systematic dependence on the flight line.

Consequently, if one accepts the SPACE-M adjustments as
standards, the PC position estimates from the CCRS Bundle Adjust-
ment are liable to be in error by 5-10m in the horizontal and 8m
in the vertical, quantitieé which are greater than the uncertain-
ty of the standard. However, the double differences agree to

within the reliability of the standard. -
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Chapter 5

CAMERA ORIENTATION AND LASER RANGE

The x, vy and z coordinates of the PC's having been analyzed,
the remaining items in the auxiliary data file are the roll,
pitch and heading angles of the camera and the laser range.
Heading angle is measured about a vert;cal axis (clockwise from
true north), pitch is measured about an axis perpendicular to the
vertical plane containing the camera fore-aft (x) axis (positive
when“aircraft is climbing), aﬁd roll 1s measured about the camera

x-axis (positive clockwise when looking forward). They are
therefore different from the angles kappa, omega and phi. The
laser altimeter was fixed to the aircraft about 1m from the
camera, and its beam was supposedly aligned parallel to the prin-

cipal axis of the camera.

5.1 Computation of Orientation Angles from SPAGE-M Output

The output of the SPACE-M adjustment included the coordi-
_nates of the ground point corresponding to the principal point of
rthe image. This point can be referred to as the quasi nadir point
(QNP) or the ground principal point (GPP); it corresponds to the
nadir point if tﬁe principal axis is perfectly vertical. As the
SPACE-M zoutput also gave the coordinates of the perspective
centre (PC), it provided all information required to ‘determine
the length and direction.of the vector from the PC to the QNP.

This length should be equal to the range measured by the laser.
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The length 1s computed by taking the mean perspective centre
coordinates (xp,yp,zp) and the QNP coordinates (xc,yc,zc).
Putting Ax = xp-xc, Ay = yp—yc, Az = zp—zc,
then the length = Cdx2+rAy2+ Azz)l/z.

-Although the aforementioned coordinates can determine the
direction of the line f;om PC to QNP, they are not enough to
determine the heading, roll and pitch angles because they give no
information on rotation of the camera about that line (the kappa
angle). So further data are needed, namely certain image
coordinates.

For most photographs, the image coordinates that are record-
ed include those of the QNP corresponding to the current PC
(their values are close to zero) and also those of QNP's
corresponding to wup to four neighbouring PC's. Since the
coordinates of the QNP's are known in‘both a ground-based system
(from SPACE-M) and a camera-based system (x & y coordinates only,
from the image coordinates), the ground-based coordinates of the
PC's are known (from SPACE-M), and the transformation between thé
\two systems is expressible in terms of orientation angles, it
follows that there is enough information to determine these
angles, plus laser range, from the photogrammetry alone.

As the;phqtogrammetry is computed in UTM coordinates, but
the heading given by the inertial system is relative to true
north, 'the convergence of meridians must .be considered. The
computation of this convergence is described in Appendix B.

A transformation of coordinates between ground-based and

camera-based systems can be expressed directly in terms of roll,
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pitch and heading angles. This tranéformatioﬁ is derived in
Appendix C. The transformation can then be applied to specific
vectors. One such vector is the one joining the perspective
centre to the corresponding QNP. This vector has components
(0,0,R) in the camera-based system, where R is therlaser range.
Its components in the ground-based system are obtained from the
SPACE-M output. Other such vectors are those joining the current
QNP to neighbouring QNP's. Components of these inter-QNP vectors
in the ground-based system are obtained from the SPACE-M output,
and can be transformed into the camera-based system. One can note
that, in the camera coordinate system, the image vector is a per-
spective projection on to the x-y plane of a vector on the
ground. Therefore the ratio betwéen x and y components is the
same for both ground and image vectors. (See Fig. 5.1)

In principle, one inter—QNP vector plus the vector from PC
to QNP are enough to give the range and all orientation angles.
In practice, more than one inter-QNP vector is available, giving
a redundancy of data, so.an optimization process is required.

A parametric least-squares process was formulated to perform
the optimization, but first attempts with this least-squares
approach were not successful. The process was non-linear, and so
needed iterations, and also there were problems with convergence.
At this point, another approach was tried, and found to work
successfully. | |

Using the second approach, if the orientation is expressed
in terms of the angles ¢, w and k, instead of roll, pitch and

heading, then it is found that ¢ and w, plus range, can be
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Q

Fig. 5.1: Relation between Inter-QNP Vectors in Images
(q11 - 449 and dpq - q22) and on ‘ground (Ql_QZ)
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determined entirely from the vector from PC to QNP. Inter-QNP

vectors are then required to determine k subsequently. A separate
estimate of k is available from each inter-QNP vector, and so a
"best estimate" of Kk can be found from a weighted mean of these
estimates. Roll, pitch and heading angles can then be found from
¢, wand k. The mathematics of this process are given in
Appendix D.

When there are three or more estimates of Kk, it sometimes
happens that most of these estimates are very close together, but
one or more may differ significantly from the majority. One then
has the option of rejecting such "outliers". In this analysis,
results were considered both including and rejecting the
outliers. In the latter case, an egtimate was rejected if it dif-
fered from the mean value by more than 1.5 times the standard
deviation of the set of estimates. The critical value of 1.5
standard déviatiops was chosen because it is large enough to
avoid rejection in the case where there are only two estimates,
and in practice was found to result in rejection of about 13% of
the readings (65 out of 488). |

- The greatest change in estimate of h, the heading angle, due
to outiier rejection was 0.70; the median value of the change was
0.008° and the mean 0.042°. Effects on roll and pitch were still
smaller; the change in roll was generally about one hundredth,
and in p around one fiftieth, of the change in h.-

The determination of orientation angles so far described as-
sumed that the QNP corresponded exactly to the principal point of

the image. In practice, the image measurements were often made at
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a point close to, but not exactly at, the principal point. The

displacement of this image point from the principal point had RMS
and maximum values of 0.0004mm and-0.18ﬁm, corresponding to angu-
lar errors of 0.00015° and 0.067°. Compensation for these errors
can be applied; it will be referred to as compensation for prin-
cipal point offset. The mathematics of this process are described

in Appendix E.

5.2 Comparison of Roll, Pitch, Heading and Range Values

Before the auxiliary and photogrammetric estimates of PC
positions were compared in Chapter 4, the consistency of various
photogrammetric estimates of these quantities was examined: in
Chapter 3. It is now appfopriate to compare various photogrammet-
ric estimates of the orientation angles, and of the positions of,
and rangé to, the QNP, for the same sample of 10 points. The
quantities to be compared in this chapter are summarized diagram-
matically in Fig. 5.2.

QNP coordinates were obtained as output from all the four
SPACE-M adjustments that used the new (autumn, 1985) data, but
from oniy one of the bundle a&justments, viz. the University of
Calgary one using the old data. The relative positions of the QNP
estimates are plotted in Figs. 5.3 and 5.4 in the same way as tﬁe
PC position estimates were displayed in Figs. 3.1 and 3.2.

The closeness of the various QNP.position estimates con-
trasts strongly with that of the PC estimates in two ways. In the

horizontal, the spread between position estimates is much
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smaller, by a factor of about 10; all estimates lie within 6m of
each otﬁer. In the vertical, the spread is about 10m, which is
smaller .than that for the PC's by a factor of about 2. Thus,
whereas thgre is more spread in the horizontal than the vertical
for the PC's, the opposite is true for the QNP's. In the case of
the estimates from SPACE-M, it appears that inclusion or exclus-
ion of the lake-level restraint has less effect than the inclus-
ion or exclusion of points that were rejected during the adjust-
ment. |

Proceeding mnow to discuss the orientation angles and range
from PC to QNP, in the casé of SPACE-M adjustments these quanti-
4ties here obtained from the ground-based coordinates of the PC
and QNP, plus the image coordinates, as described in Section 5.1.
This analysis was performed only for adjustments using the lake-
level éonstraint, but with the following variations:
(a) including points rejected in the adjustment,
without kappa outlier rejection,
(b) including'points rejected in the adjustment,
with kappa outlier rejection,
(c) excluding points rejected in the adjustment,
with kappa outlier rejection,
(d) as for (c¢), with compensation for principal point offset.
In the case of the bundle adjustments, the orientation
angles formed a’standard part of the output; in the University of
Calgary bundle adjustment, they were in terms of ¢, w and k, and
these were converted to roll, pitch and heading angles by the

process described in Appendix D, whereas they were given directly
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as roll, pitch and heading angles in the data file for the CCRS
adiustment. | \
The variation between these values is illustrated in Figs.
5.5 and 5.6. It is generally about 0.050, sometimes 0.1°.
This spread is notably exceeded at point 8 in line 4, where there
was also a large spread in the PC position estimates. The origin-
al large spread in heading angle estimates at point 7 of line &
(point 23 of 1line 2 chronologically) was eiiminated by the
refinements introduced later, as described in Section 5.1. Range

measurements, from PC to QNP, have a spread which is typically

about 4m.

5.3C_Qmaxisgngﬁ72hgtggramme_trigandwxiliamEs_timaI§sgﬁ
Range and Qrientation Angles

At this point, there exist both photogrammetfic and auxili-
ary estimates of roll, pitc: and heading angles, and of range to
the ground, as functions of time. Photogrammetric estimates from
SPACE-M correspond to the cases (a) to (d) mentioned in Section
5.2. The following discussion will refer initially to cases (a)
and (b), and subsequently to cases (c) and (d). Estimates from
the CCRS bundle adjustment will also be considered. Variations of
these four measured quantities with time, - and of the discrepan-
cies between the photogrammetric and suxiliary estimates, are
best understood by means of graphs. Henceforth flight lines will
be numbered chﬁonologically.

First, the graphs of each of the four parameters, determined.

by the two different methods, are considered, plotted as

-
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functions of time. Samples of these graphs!appear in Figs. J.1 to
J.4 of Appendix J.

For all parameters, the values from botﬁ photogrammetric and
auxiliary data undergo essentially the same changes with time. In
the cases of the roll, pitch and heading angles, there is a def-
inite bias of auxiliary values relative to photogrammetric ones.
The values of this bias change from one flight line to another.
In the case of roll, the bias changes fairly steadily from 2° in
(chronological) flight line no. 1 to 1.4° in flight line no. 3.
In the case of pitch, it alternates between about -1° for oéd—
numbered flight lines (N to S) and -2° for even-numbered fiight
lines (S to N). In the case of heading, it alternates between
positive for odd-numbered lines (N to“S) and‘negative for even-
numbered lines (S to N); the biaé has a magnitude of 1.5°-2° for
the first two lines, but its magnitude decreases to 1less than
0.2° at the last (fifth) line.

There is no evident bias in range values.

Because of these biases, the direct use of auxiliary values
of these angles in a photogrammetric adjustment is not recom-
mended, unless the values of the biases cah be determined ade-
quately, as by updates of the inertial system, for example.

One interesting feature is a regular oscillation, of period
 slightly over one minute, in the pitch angle in all flight lines.
It occurs in both photogrammetric and auxiliary graphs, and is
therefore probably a ph&sical reality in the flight of the air-
craft, most likely a feature of the aircraft control system. 7

Second, the graphs which show the difference between
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photogrammetric and auxiliary values as functions of time are
considered. Samples are shown in Figs. J.5 to J.8. Regression
lines are plotted on the same axes, to represent any general bias
and drift which may be present. The effect of the rejection of
kappa outliers is illustrated in Fig. J.9.

In the case of range, the bias and its drift are both very
small compared to random fluctuations. The residual random devia-
tions from the regression lines are between 65m aﬁd 90m on the
five 1lines. Since this is much greater than the error that
normally occurs in photogrammetry, it appears at this point that
the laser range values are of no help in a photogrammetric
adjustment.

For the heading angle, in some flight lines (1 and 2) there
appears to be a drift of about 0.03%min, while in others (3,4
and 5) it is 1e$s than 0.01%min. The larger values in 1ine§ 1
and 2'eaéh appear to be due to two anomalous values which were
not eliminated by outlier rejection because of insufficient re-
_dundancy. These énomalous values are at points 3 & 15 in (chrono-
logical)'rflight line no.1, and points 1 & 23 in flight 1line
ﬁo.z. The ranges in photogrammetric estimates of at these four
points are 1.189°, 0.896°, 1.328° and 0.454° respectively. As the
graphs of heading against time are smoother for auxiliary than
photogrammetric values, it is probabiy the photogrammetric
estimates which are faulty. For lines 3, 4 and 5, the RMS
(random) deviation from the regression line is about 0.03°.

In the case of roll and pitch angles, within each f£flight

line there appears to be a slight drift towards a positive bias
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of the auxiliary wvalue; this drift has a value of about
0.03° /min for pitch and 0.008° /min for roll. RMS random
deviations from the regression }ine are around 0.05° or less.

Third, one can éonsider the changes (increments) in the
values of the paraméters between one perspective centre and{ the
next. These quantities cannot be expressed so specifically as
functions of time, as they are each linked to a time interval.
Correlation coefficients between photogrammetric and auxiliary
estimates were calculated. Here, the roll angle gives the best
result, with correlation coefficients of 0.999 on three flight
lines, 0.998 on another and on all lines combined, and 0.992 in
the remaining case. For pitch, correlation coefficients vary from
0.949 to 0.995, and for heading from 0.845 to‘0.996 (thbugh 0.985
is the lowest value that occurs in lines 3 to 5).

From another point of view, one can consider the‘differences
in the inter-station increments, i.e. the photogrammetric minus
the auxiliary value. In Table 5.1 are summarized the statistical
parameters describing these "double differences”, namely the
mean, standard deviation and root mean square value, for each
flight 1line and for all flight lines together. Note that a non-
zero mean value for any of these increments is equivalent to a
drift in the original measurement.

Drawing attention to the important features of this table,
it appears that the laser ranges are unreliable by something
of the order of 100m. This matter will be discussed further in
Chapter 7.

On the whole, the double differences in all three angles are



TABLE 5.1

DOUBLE DIFFERENCES OF ORIENTATION PARAMETERS AND RANGE

PHOTOGRAMMETIC MINUS AUXILIARY: Case (b)

RANGE (metres)

Flight Line
Chr. Spat. Mean

1 -14.0
4 -10.9
2 9.9
5 -1.1
3 -0.9
All -3.4

U LW N =

ROLL (degrees)

Flight Line
Chr. Spat. Mean

-0.0034
0.0004
-0.0042
-0.0002
-0.0050
All1  -0.0023

U~ WK -
W UITN P

PITCH (degrees)

Flight Line
Chr. Spat. Mean

~0.0050
-0.0074
-0.0096
-0.0054
-0.0078
All  -0.0070

U WN =
WULIN &~

HEADING (degrees)

Flight Line
Chr. Spat. Mean

1 1 -0.0201
2 4 -0.0159
3 2 0.0017
4 5 0.0006
5 3 0.0042

All -0.0054

OO0 [oYofoXoReXe)

OO O0OOOO

S.D.

124.9
101.2
141.4
121.8

84.0
115.5

S.D.

.0344
.0569
.0279
.0226
.0270
.0358

S.D.

.0411
.0398
.0310
.0403
.0405
.0390

S.D.

.1323
.1087
.0379
.0294
.0297
.0787

RMS
Value

125.6
101.8
141.8
121.8

84.0
115.5

RMS
Value

0.0345
0.0569
0.0282
0.0226
0.0275
0.0359

RMS
Value

0.0414
0.0405
0.0325
0.0407
0.0413
0.039%6

RMS
Value

0.1338
0.1099
0.0379
0.0294
0.0300
0.0789

NEeoNoloNoNeNe OO OO0 O0O

QOOO0OO0O

Abs.
Max.

270.6
238.7
289.1
345.4
192.1
345.4

Abs.
Max.

.0871
.1827
.0590
.0556
.0770
.1827

Abs.
Max.

.0948
L1135
.0731
.Q750
.0821
.1135

Abs.
Max.

.4950
.4955
.0850
.0588
.0585
.4955

No. of
Points

22
26
22
30
27
127

No. of
Points

22
26
22
30
27
127

No. of
Points

22
26
22
30
27
127

No. of
Points

22
26
22
30
27
127
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less than 0.04° in their RMS values. The main exceptions are the
heading angles in (chronological/auxiliary) flight linesrl & 2,
which are probably due to the anomalous values mentioned earlier,
(Chronological) flight line 2 also has an excéptionally high RMS
value for roll. Since this.line has the greatest "maximum" value
for all three angles, it is probable that the results are affect-
ed by a significaﬁt outlier value.

Recalling the evaluation of accuracy of the photogrammetry
in Chapter 3, it was seen there that at some points in
(chronological) line 2, the two estimates of the position; of the
PC's differ by more than 60m. These estimates differ by about 53m
in the x-direction and 30m in the y-direction, and at a flying
height of about 8000m above ground, such uncertainties in
position could produce cofresponding uncertainties of 0,40 and
0.2° in the roll and pitch angles respectively.

Ignoring the flight lines that hdve these anomalous values,
the RMS values of differences in the two PC positions given by
SPACE-M are of the order of 5m, corresponding to uncertainties of

0.04°

in the roll and pitch angles. Thus it appears that the
double differences of orientation angles are no greater than the
effect of uncertainty in the photogrammetry that is used as the
standard of comparison.

Cases (c) and (d), as defined in Section 5.2, can now be
considered, with respect to the oriéntation anglés only. For com-
parison, the main statistics for cases (a) and (b) are bresented

in Tables H.1 to H.4, and the corresponding ones for cases (c)

and (d) in Tables H.5 to H.8 of Appendix H; the main features,
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regardless of flight line, are summarized in Tables 5.2 and 5.3.

In case (¢), one immediate effect of the exclusion of the
"rejected" points is the exclusion of three of the four large
values of kappa discrepancy mentioned earlier. This fact supports
the hypothesis that four large discrepancies were due to errors
in the photogrammetry, rather than in the auxiliary systems.rThe
remaining large discrepancy was at point 1 in flight line no. 2.
Here, the estimate of k that differed by about 0.5° from the
auxiliary value was now arbitrafily rejected on the basis of
inspection.

The improvement in the heading discrepancy in the double
differences is immediately obvious from a comparison of Tables
H.2 and H.6, or cases (b) and (e) Bf Table 5.3. The greatest
(absolute) value of heading discrepancy was reduced from about
0.5° to less than 0.090, and the RMS discrepancy for all 5 lines
from 0.08° to 0.03°. Improvements of a lesser degree were evident
in the double differences for pitch and roll angles too. Changes
in the values fof single differences were not so evident, because
they were dominated by the biases.

The effect of principal point offset compensation (applied
in case (d)) can be seen by comparing Tables H.6 and H.8, or
cases (¢) and (d) of Table 5.3. The effect on heading is neglig-
ible. There 'is some improvement in the mean and RMS values of
rqll and pitch, but this improvement is only about one tenth of
the magnitude of the remaining "noise" which is indicated by the
significant excess of RMS over mean values.

The CCRS Bundle Adjustment gives even better agreement than



Table 5.2

Single Differences of Orientation Angles (deg)
All flight lines combined

Auxiliary Systems and Photogrammetric Adjustments
Roll
Case Pts. Mean RMS Max. Min.

(a) 135 -1.729 1.740 -1.414 -2.098
(b) 135 -1.729 1.740 -1.414 -2.098
(e) 93 -1.719 1.728 -1.415 -2.091
(d) 93 -1.721 1.731 -1.423 -2.096
(e) 138 -1.712 1.722 -1.446 -2.022

Pitch
Case Pts. Mean RMS Max. Min.

(a) 135 1.537 1.609 2.268 0.849
(b) 135 1.536 1.609 2.268 0.849
(e) 93 1.549 1.624 2.260 0.850
(@) 93 1.549 1.623 2.268 0.867
(e) 138 1.538 1.612 2.134 0.911

Heading
Case Pts. Mean RMS Max. Min.

(a) 135 0.097 1.245 2.620 -1.999
(b) 135 0.087 1.247 2.620 -1.999
() 93 0.111 1.217 2.217 -1.560
(d) 93 0.111 1.217 2.217 -1.559
(e) 138 0.074 1.249 2.154 -1.505

Key to cases: (a) SPACE-M including rejected points,

without kappa outlier rejection

(b) SPACE-M including rejected points,
with kappa outlier rejection

(c) SPACE-M excluding rejected points,
with kappa outlier rejection

(d) As for (¢) with principal point offset
compensation

(e) CCRS Bundle Adjustment



Table 5.

3

Double Differences of Orientation Angles (deg)
All flight lines combined

Auxiliary Systems and Photogrammetric Adjustments

Key to cases:

Case

(a)
(b)
(e)
(d)
(e)

Case

(a)
(b)
(e)
(d)
(e)

Case

(a)
(b)
(c)
(d)
(e)

Pts.

127
127

59
133

Pts.

127

127
59
59

133

Pts.

127
127
59
59
133

Roll
Mean

-0.002
-0.002
-0.004
-0.002
-0.001

Pitch
Mean

~-0.007
-0.007
-0.008
-0.005
-0.001

RMS
0.036

0.036 -

0.024
0.022
0.008

RMS

0.040
0.039
0.028
0.025
0.007

Heading

Mean

-0.006
-0.005
0.001
0.001
0.000

RMS

0.130
0.079
0.032
0.032
0.007

Max.

0.183
0.183
0.074
0.078
0.018

Max.

0.113
0.113
0.094
0.102
0.016

Max.

0.743
0.270
0.089
0.090
0.021

Min.

-0.181
-0.181
-0.059
-0.046
-0.024

Min.

-0.102
-0.102
-0.054
-0.059
-0.019

Min.

-0.699
-0.496
-0.061
-0.061
-0.020

(a) SPACE-M including rejected points,
without kappa outlier rejection
(b) SPACE-M including rejected points,
with kappa outlier rejection
(c) SPACE-M excluding rejected points,
. with kappa outlier rejection

(d) As for (c¢) with principal point offset

compensation
(e) CCRS Bundle Adjustment
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SPACE-M with the auxiliary values.This is not surprising, as this
adjustment wused inertial data in its input; evidently £hey were
very constraining. Table H.9 (single differencés) still shows
discrepancies due to biases in the auxiliary system, but Table
H.10 (double differences) shows even better agreement than case
(d) of SPACE-M, with RMS discrepancies generally less than 0.01°,
and an occasional discrepancy of 0.020, indicated by the "Max."
and "Min." columns.

Comparing the contents of Tables H.1 to H.10 with those of
Figs. 5.2 to 5.5, then, it appears that the double differences,
indicating changes in orientation angles between successive
camera stations, are of about half the size of the uncertainties
in these angles as indicated by the discrepancies between differ-
ent adjustments. Therefore these double differences are of suf-
ficient accuracy to be used as auxiliary input to an adjustment.
The inertial results may indeed be better than the photogrammetry.

This is not true of the laser ranges hitherto obtained,
however, and the ranges will be examined in more detail in
Chapterr7.

5.4 Comparison of Orientation Angles as given by
CCRS Bundle and SPACE-M Adjustments

Tables H.11 to H.18 of Appendix H give details of the dis--
crepancies between orientation angle estimates from the CCRS Bun-
dle Adjustment and SPACE-M, and they are summarized, irrespective
of flight lines, in Tables 5.4 and 5.5.

Lines (e) of Table 5.3, toggther with lines (a), (b) and (c)

of Table 5.5, dindicate that the orientation angles in the CCRS



71
Table 5.4

Single Differences of Orientation Angles (deg)
All flight lines combined

CCRS Bundle and other Photogrammetric Adjustments

Roll
"Case  Pts. Mean RMS  Max. Min.
(a) 135 -0.022 0.052 0.081 -0.234
(b) 135 -0.022 0.052 0.081 -0.234
(e) 93 -0.020 0.045 0.071 -0.121
(4) 93 -0.022 0.046 0.069 -0.121
Piteh
Case Pts. Mean RMS Max. Min.
(a) 135 -0.003 0.050 0.149 -0.157
(b) 135 -0.003 0.050 0.149 -0.157
(e) 83 -0.001 0.051 0.148 -0.157
(a) 93 -0.001 0.052 0.145 -0.158
Heading
Case Pts. Mean RMS Max.  Min.
(a) 135 0.015 0.104 0.737 -0.520
(b) 135 0.005 0.071 0.470 -0.520
(e) 93 0.004 0.028 0.078 -0.055
93 0.028 -0.054

(@)

Key to cases:

(d) As for (c) with principal point offset

0.004

0.078

(a) SPACE-M including rejected points,

without kappa outlier rejection
(b) SPACE-M including rejected points,
with kappa outlier rejection
(c) SPACE-M excluding rejected points,
with kappa outlier rejection

-compensation



Table 5.5

Double Differences of Orientation Angles (deg)

All flight lines combined

CCRS Bundle and other Photogrammetric Adjustments

Key to cases:

Roll
Case - Pts. Mean RMS Max. Min.

(a) 127 -0.002 0.037 0.182 -0.170
(b) 127 -0.002 0.037 0.182 -0.170
(e) 59 -0.003 0.027 0.081 -0.056
(d) 59 -0.001 0.026 0.085 -0.053

Piteh
Case Pts. Mean RMS Max. Min.

(a) 127 -0.006 0.039 0.115 -0.092
(b) 127 -0.006 0.039 0.115 -0.091
(e) 59" -0.007 0.029 0.097 -0.064
(4) 59 -0.004 0.027 0.106 -0.067

Heading

Case Pts. Mean RMS Max. Min.

(a) 127 -0.006 0.131 0.754 -0.698
(b) 127 -0.006 0.081 0.264 -0.516
(e) 59 0.002 0.034 0.090 -0.068
(@) 59- 0.002 0.034 0.091 -0.068

(a) SPACE-M including rejected points,
without kappa outlier rejection

(b) SPACE-M including rejected points,
with kappa outlier rejection

(c) SPACE-M excluding rejected points,

‘ with kappa outlier rejection

(d) As for (c) with principal point offset

compensation
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Bundle Adjustment are much closer to the inertial values (with
bias removed) than to the photogrammetric values from SPACE-M,
and this suggests that inertial orientation angles carried a sig-
nificant weight in the bundle adjustment.

The values in the tables show that, for the best photogram-
metric data (cgses (¢) and (d)), the two sets of values agree
within about 0.0030, or 10 arc seconds, except in the absolute
values of roll angle. This accuracy is roughly equal to the var-
iability that is evident in Figé. 5.4 and 5.5, and satisfies the
requirements mentioned by Masry (1977).

The %arger difference in the absolute values of roll angle
- could be a consequence of different methods that were used to

link the strips in the two ‘types of adjustment.
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Chapter 6

COORDINATE-INDEPENDENT MEASURES OF ORIENTATION CHANGES

In Chapter 5, the orientation angles that were considered
were all depéndent on a certain coordinate system. Mofeover,: as
there were biases in the orientation angles, it is probable that
the cartesian coordinate axes used by the auxiliary and photo-
grammetric systems were not exactly parallel. In such a case, the
roll, pitch and heading angles measured in the two systemé woula
not correspond exactly (though the errors in double differences
resulting from a constant misalignment of less than 2° would be
insignificant).

This problem can Vbe‘avoided by considering orienfation
parameters that are invariant with respect io rotation of coordi-
nate axes. One such parameter is the angle bet@eén principal axes
of the caméra at two consecutive camera stations. As this angle
is unrelated to any coordinate system, only its magnitude is

relevant, and it would be meaningless to give it a sign.

6.1 Computation of Principal Axis Direction Change .

To determine this angle, the principal axes are considered
as unit vectors. TheAcosine of the desired angle is given by the
scalar (dot) product of the two vectors, wﬁile the sine is given
by the magnitude of the vector (cross) product. As the angle be-
 tween tye vectors is normally less than 3°, it can be determined

more accurately from its sine than its cosine.



75

If, 1in equation (Cl) of Appendix C, [xi vy 24 T is replaced
by [0 0 l]T, a unit vector parallel to the principal axis, then
it follows that

Xy = sinr cosh -cosr sinp sin h
- ~-sinr sin h - cos r sin p cos h
z, = cos r cos p:

One can compﬁte the components of this vector [x1 v, zl]T at
one camera station, and the corresponding vector [x2 Y, 22]T at
the next camera station.

The three components of their cross product are then

C¥3 T V1B T 27
N T b B &
23 T X T %
and the magnitude of this cross-product vector is
<X32 + y32 + 232)1/2’
which is the sine of the angle between the vectors.

There are alternative methods of computation for situations
where roll, pitch and heading Qalues are not directly available.

For a bundle adjustment, X{,» ¥4 and 2, can be calculated
from ¢, w and k, using equation (D2) of Appendix D. In this'case,

Xy = sin ¢
2 = - sin w cos ¢
z1 = CO0S W COS ¢

In terms of the coordinates of the PC and the QNP, as pro-

vided by a SPACE-M.adjustment,
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x1 = Ax/R

v - Ay/R

z, = Az/R,
where AX = xp - Xq’ xp and Xq are the x-coordinates of the PC and
QNP in a ground-based coordinate system, Ay and Az are defined

similarly, and R = (Ax2 + Ay2 +-A22)1/2.

of Eringipal.Axis Direction Change

For the region covered by the University of Calgary bundle
adjustﬁent, the changes in ‘direction of the principal axis
-between consecutive camera stations were calcﬁlated for the four
* cases referred to as (a), (£), (c) and.(d) in Section 5.2, plus
the three bﬁndle adjustments. There was only one value for cases
(¢) and (d), as only one pair of adjacent points was left after
exclusion of points rejected in the- édjustment. The relative
values of therdirection changes are illustrated in rFig. 6.1.
Their agreement is approximately as good as was the case:for the

orientation angles discussed in Section 5.2.

'6.3 Comparison of Photogrammetric ‘and Auxiliary Determinations
of Principal Axis Direction Change
The changés in direction of the principal axis between - con-
secutive camera stations were also calculated from the output of
the inertial system. These changes wére then compafed with théir
counterparts from ppotogrammetry, and the discrepénéies subjected

to a simple statistical analysis. The results of this analysis
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are shown in Table 6.1.

The RMS values in this table are similar in magnitude to
those din the corresponding tables for doubie differences men-
tioned in Section 5.3 (i.e. Tables H.2, H.4, H.6 and H.8).

Indeed, the formulas in Section 6.1 ‘can be simplified for
the case where r and p are smail angles, using the approximations
r=sinxr, p=sihp, cosr =cos p =1, neglecting products of
sines of r and p, and assuming that h is the same at both camera
stations. Under these conditions, the change of direction of the
principal axis is appréximately ((pz-—pl)2 + (r2—r1)2)1/2, where
ry, r, are the roll angles, and Pys P, are the pitech angles, at
the two stationg.

In the case of the CCRS Bundle Adjustment, which used inert-
ial data as input, thé agreement is really excellent, the RMS
values of discrepancies being around 0.001°.  As such values are
what one would expect from computer round-off errors, it is cléér

that the inertial values played an important role in the adjust-

ment.

6.4 Direction Change of the Longitudinal Axis

While the foregoing analysis treats the change of direction
of a specific vector that is fixed with respect to the camera, it
does not encompass all possible rotations of the camera, because
it dgnores rotations'about that vector. Thus there remains one
degree of rotational freedom that is undetected by that analysis,
and so the change of direction of another vector can be consid-

ered independently. Such a vector could, for instance, be a unit
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Table 6.1
Comparison of Changes in Principal Axis Direction (Deg.)
Auxiliary Systems and SPACE-M Variation (a)
Chr.Flight No. of

Line Points Mean RMS Max.
1 22 0.027 0.038 0.103
2 26 0.030 0.047 0.181
3 22 . 0.021 0.029 0.074
4 30 0.029 0.035 0.068
5 27 0.019 0.029 0.085

All 127 0.026 0.036 0.181

Auxiliary Systems and SPACE-M Variation (b)

Chr.Flight No. of
Line Points Mean RMS Max.

1 22 0.027 0.038 0.103
2 26 0.030 0.047 0.181
3 22 0.021 0.029 0.074
4 30 0.028 0.035 0.068
5 27 0.019 0.029 0.085

Al 127 0.026  0.036  0.181

Auxiliary Systems and SPACE-M Variation (c)

Chr.Flight No. of
{4ine Points Mean RMS Max.

1 10 0.020 0.030 0.079,
2 11 0.018 0.023 0.051
3 10 0.025 0.032 0.068
4 17 0.024 0.030 0.059
5 11 0.020 0.025 0.050
All 59 0.022 0.028 0.079

Auxiliary Systems and SPACE-M Variation (d)
Chr.Flight No. of

Line Points Mean RMS Max.
1 10 - 0.018 0.029 0.082
2 11 0.023 0.026 0.039
3 10 0.017 - 0.024 0.045
4 17 0.022 0.028 0.064
5 11 0.010 0.012 0.026

All 59 0.018 0.025 0.082

Auxiliary Systems and CCRS Bundle Adjustment
-mw— Chr.Flight-No.0f — e — o —— . -

Line Points Mean RMS Max.
1 26 0.001 0.001 0.002

2 28  0.001 0.001 0.002

3 22 0.000 . 0.001 0.001

‘ 30 0.000 0.001 0.001

5 27 0.001 0.001 0.001
All 133 0.001 0.001 0.002
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vector in the x-direction of the camera coordinate system. In
this case, in Equation (Cl), [xi vy zi]T would be replaced by
(10 O]T, giving

X, =cos p sin h

1
vy - cos:p cos h
zy = sin p
in terms of pitch and heading, or
X, = cos ¢ cos K
yl = CO0S W Sin K + sin w sin ¢ cos «
z1 -'sin w sin Kk - cos w sin ¢ cos K

in terms of ¢, w and k.

The rest of the mathematics is identical to that described
in Section 6.1.

Comparative photogrammetric estimates of the longitudinal
axis direction change are also presented in Fig. 6.1. The dis-
crepancies from the auxiliary estimates are shown in Table 6.2,
and are generally similar in magnitude to, and slightly smaller
thén, those in Tables H.2, H.4, H.6 and H.8. Improvements in
agreement are noticeable as one progresses from case (a) to case
(b) etc.; these changes correspond to refinements such as’

‘rejection of outliers in the computation of kappa, and one can
note here that when r = p =0, or ¢ = w =0, then the direction
change of the longitudinal axis is equal to the change in heading
or kappa.

As was the éase with the principal axis, there is excellent

agreemenf in the case of the CCRS Bundle Adjustment.
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Table 6.2
Comparison of Changes in Longitudinal Axis Direction (Deg.)
Auxiliary Systems and SPACE-M Variation (a)
Chr.Flight No. of

Line Points Mean RMS Max.
1 22 0.056 0.102 0.369
2 26 0.043 0.085 0.363
3 22 0.043 0.067 0.199
4 30 0.041 0.065 0.246
5 27 0.05% 0.127 0.611

All 127 0.048 0.092 0.611

Auxiliary Systems and SPACE-M Variation (b)
Chr.Flight No. of

Line Points Mean RMS Max.
1 22 0.058 0.108 0.369
2 26 0.045 0.085 0.363
3 22 0.025 0.032 0.082
4 30 0.026 0.033 0.080
5 27 0.030 0.036 0.068

All 127 0.036 0.065 0.369

Auxiliary Systems and SPACE-M Variation (c)
Chr.Fiight No. of

Line Points Mean RMS Max.
1 10 0.022 0.032 0.084
2 11 0.020 0.025 0.049
3 10 0.027 0.038 0.089
4 17 0.020 0.025 0.045
5 1 0.028 0.034 0.056

All 59 0.023 0.030 0.08%

Auxiliary Systems and SPACE-M Variation (d)
Chr.Flight No. of

Line Points Mean RMS Max.
1 10 0.02¢ - 0.0335 0.093
2 11 0.019 0.022 0.038
3 10 0.028 0.037 0.0%1
4 17 0.019 0.023 0.045
5 11 0.024 0.030 0.036

All 59 0.022 0.029 0.093

Auxiliary Systems and CCRS Bundle Adjustment

Chr.Flight—No.-of- _

Line Points Mean RMS Max.

1 26 0.001 0.001 0.002

2 28 0.000 0.001 0.001

3 22 0.000 0.001 0.002

4 30 0.000 0.001 0.001

5 27 0.001 0.001 0.001

A1l 133 0.000 0.001 0.002
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6.5 Comparison of Principal and Longitudinal Axis Direction
Changes from CCRS Bundle and SEAQE:H Adjustments

Tables‘ 6.3 and 6.4 show that the discrepancies between CCRS

Bundle and SPACE-M values are almost identical to those between

auxiliary and SPACE-M values. This is to be expected, in view of

the near-equality of auxiliary and CCRS values.

6.6 Summary

To summarize this chapter, it appears that rotation-invar-
iant parameters‘of orientation change from a SPACE-M adjustment
.differ from their inertially-derived equivalents by about as much
as specific orientation angles do when any misalignment of
coordinate axes is not more than 2 or 3 ‘degrees; they would
probgbly be more reliable in a case of large misalignment. For
the CCRS bundle adjustment, the rotation-invariant parameters are
far superior to the specific orientation angles in their agree—r
“ment with the auxiliary data, probably because the bias and drift

in the orientation angles were removed in that adjustment.
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Table 6.3
Comparison of Changes in Principal Axis Direction (Degrees)
CCRS Bundle Adj. and SPACE-M Variation (a)

Chr.Flight No. of

Line Points Mean _ RMS : Max.
1 22 0.027 0.038 0.104
2 26 0.030 0.047 0.181
3 . 22 0.021 0.029 0.073
4 30 0.029 0.035 *0.068
5 - 27 0.020 0.029 0.085
All 127 0.026 0.036 0.181

CCRS Bundle Adj. and SPACE-M Variation (b)
Chr.Flight No. of

Line Points Mean RMS Max.
1 22 0.027 . 0.038 0.104
2 26 0.030 0.047 .0.181
3 22 0.021 0.029 0.073
4 30 0.029 0.035 0.068
5 27 0.020 0.029 0.085
All 127 0

.026 0.036 0.181 -

CCRS Bundle Adj. and SPACE-M Variation (e)

Chr,Flight No. of

Line Points Mean RMS Max.
1 10 0.021 0.030 0.080
2 11 0.018 - 0.024 0.051
3 10 0.024 0.032 0.067
4 17 0.024 0.030 0.059
5 11 0.020 0.025 - 0.049
All 59 0.022 0.028 0.080

CCRS Bundle Adj. and SPACE-M Variation (d)
Chr.Flight No. of

Line . Points Mean RMS Max.
1 10 - 0.018 0.029 0.083
2 11 0.023 ~ 0.026 0.038
3 10 0.017 ~ 0.024 . 0.044
4 17 0.022 0.028 0.064
5 11 0.010 0.011 0.025
1

All 39 0.018 - 0:.025 0.083
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Table 6.4
Comparison of Changes in Longitudinal Axis Direction (Degrees)
CCRS Bundle Adj. and SPACE-M Variation (a)
Chr.Flight No. of

Line Points Mean RMS Max.
1 22 0.056 0.102 0.370

2 26 "0.043 0.085 0.362

3 . 22 0.043 0.067 0.199

4 30 0.040 0.065 0.245

5 27 0.059 0.127 0.610
All 127 0.048 0.092 0.610

CCRS Bundle Adj. and SPACE-M Variation‘(b)

Chr.Flight No. of
Line Points Mean RMS Max.

1 22 0.058 0.108 0.370
2 26 0.045 0.085 0.362
3 22 0.025 0.032 0.080
4 30 0.026 0.033 0.080
5 27 0.030 0.036 0.069
All 127 0.036 0.065 0.370

CCRS Bundle Adj. and SPACE-M Variation (c)
Chr.Flight No. of

Line Points Mean RMS Max.
1 10 0.022 0.032 0.085
2 11 0.020 0.025 0.050
3 10 0.027 0.037 0.087
4 17 0.020 0.025 0.044
5 11 0.028 0.034 0.055
All 59 0.023 0.030 0.087

CCRS Bundle Adj. and SPACE-M Variation (d)

Chr.Flight No. of"

Line Points Mean RMS Max.
1 10 0.024 0.035 0.093
2 11 0.019 0.022 0.039
3 - 10 0.028 0.037 0.089
4 17 0.019 0.023 0.044
5 11 0.024 0.030 0.055
1

All 59 0.022 0.029 0.093
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Chapter 7

FURTHER STUDY OF LASER RANGE DATA

It is clear that‘the discrepancy between photogrammetric and
laser ranges to the QNP is greater than both _what one would
expect from the laser specifications and what is acceptable for
use in an adjustment, but that its bias is small compared with
its random variation. Possible reasons for this include the
following: |

(a) the laser ranger is intriﬁsicélly subject to random
errors,

(b) the range is beiﬁg deduced from the wrong parf of the
return pulse,

(¢) when the ground surface is very irregular, with obsta-
cles such as trees and boulders present, it is possible
that the laser gives the range to the treetops, and the
photogrammetry the range to the ground, or vice-versa, -

(d) the laser reading is not correctly synchronized with
the phatography, | |

(e) ’the laser is not cérrectly aligned with the camera, énd

therefore the two ranges are not being4measured to the

same ground point.

7.1 Determination of Laser Beam Alignment '
Reason (e) can be checked by finding the photogrammetric

range to other points in the neighbourhood of the QNP, and
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comparing it with the laser range. This check was made on several
images, chosen such that they and their neighbours gave large
discrepancies of varying‘sign between photogrammetric and laser
ranges. A preliminary empirical check showed that the two ranges
tended to agree better for a point in the image at which x~lmm,
y=3mm. To try to locate this point accurately, a square grid of
81 points (9x9) was set up on 12 images; the grid had a mesh of
0.5mm (corresponding to an angle of about 0.20), and occupied the
square with corners at (0,0), (4,0), (4,4) and (0,4)mm. The
ground coordinates of each grid point were found by
photogrammetry, and the range calculated, using the perspective
centre coordinates determined from the SPACE-M adjustment.

On a single imaée, one would expect to find ‘an infinite
number of points which are at a given range from the camera,
lying on a "contour line" on the ground. However, the location of
‘this "contour line" in the image should vary from one image to
another, especially if the direction of slope of the terrain is
different in every image. With a large sample of images, however,
having a random distribution of terrain slope near the image
centre, one would expect to find one point in the image at which
the discrepancy tends to be smallest, if, in fact, misalignment
is present.

Therefore, for each of the 81 grid points, the root mean
square discrepancy between photogrammetric and laser values was
calculated for a set‘of images. Three differenf sets of images
were considered: the set of all 12 images on which the grid

measurements were made, the same set with two images rejected,
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for which there were significant terrain irregularities, and the
set of six images for which the photogrammetry was considered-
best.

When plofs were made, showing the values of the r.m.s.
discrepancy at all points in the grid, the smallest values (6.7m)
were found to occur at the points (1.0, 3.5)mm and (1.5, 3.5)mm,
indicating a minimum at x=1.2mm, y=3.5mm. This corresponds to a
laser misalignment of about 1.4°. Isopleths of the root mean
square values over the grid were plotted on diagrams such as
Fig. 7.1 for each of the three data sets. The maximum value of
the discrepancy at the point (1.0, 3.5)mm was 11.7m.

The elliptical shape of the isopleths in Fig. 7.1 is
probably due to the nature of the topography, since the ridges
and valleys were mainly parallel to the direction of flight (x-
axis), and so the slope gradients were generally greater in the
y—direction than the x-direction. If this test had been performed
with a large sample of images over randomly-oriented topography,
circular isopleths would have been expected. |

So far, this analysis indicates that the laser was pointed
in the direction corresponding to the coordinates (1.0, 3.5)mm in
the photographic image. As the flight lines corresponding to the
12 images were both flown in the same direction, this result
could include an effect of camera rotation to compensate for
crabbing. So the test was repeated using data from two f£light
lines which were flown in the opposite direction, on which the
crabbing effect would be the opposite. The resulting diagrams,

such as Fig. 7.2, give a minimum discrepancy at about (0, 3.5)mm
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Note: Values in mm are at iinage scale and
values in m are at ground scale.i .

Fig. 7.1: Sample of Isopleths of RMS Rarige Dis-
crepancy Values over the Measured Grid.
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Note: Values in mm are at image scale and
values in m are at ground scale

Fig. 7.2: Sample of Isopleths of RMS Range Dis-~
crepancy Values over the Measured Grid,
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in the image. This point is at about the same distance from the
image centre on the ground as the previously determined one.
Hence, for =zero rotation angle of the camera, the laser beam
direction should correspond approximately to image coordinates
(0.5, 3.5)mm.

An independent estimate of the laser beam misalignment was
also made during a night flight over water. The camera shutter
was held open,. giving an image of a single spot corresponding to
the ground or wafer point illumingted by the 1laser. Six.
photographs were taken in this way, the first at a flying height
of 1500m and the rest at 430m above water. -Table 7.1 gives the x

and y coordinates of the spot on the image in mm.

Table 7.1

Coordinates (in mm) of laser spot on photographic image.
Night flight over water.

X . ¥
0.7548 3.5736
0.5334 3.6101
0.5794  3.5892
0.5373  3.6037

0.5610 3.6083
0.5784  3.6078

It is evident that these values correspond closely to those
obtained by the previous method. The "kappa" angle of the camera
during this experiment is not known, but comparison with the

previous values suggests that it is close to zero.
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7.2 Detailed Laser Profiles over HWater

Up to this point, the only laser data considered have been
those readings corresponding to camera stations. During the ex-
periment, the laser ranger was run continuously, taking about 20
readings per second. Results of these detailed measurements.were
received from CCRS in a more highly processed form; for each
laser reading, f the corresponding instrument position and
orientation had been determined from the inertial system, with
corrections for bias and drift based on photogrammetry. The data
file received from CCRS then gave the times and the ground
coordinates corresponding to the laser beam, rather than the
range itself. Initially, however, a correction for the laser
misalignment had not been made.

One test was made using this data file. Sections correspoﬁd—
ing to flights over lakes were extracted, and the water height
plotted as a function of time, as shown in Fig. 7.3. This height
should, of course, be practically constant. These graphs appear
as wavy curves with an amplitude of less than Im, on which are
superimposed noise with an amplitude of about 0.1lm. The main
"waves" in the curve are probaply due to roll of the aircraft.
Since the laser misalignment was not considered, the roll angle
for the laser beam was probably in error by about 1.40, and a
tilt of this magnitude at the appropriate flying height would
give a height error of around 1lm. Assuming that the reasoﬁ for
the "waves" was this misalignment, it seemed that the laser range

over water was accurate to within about 0.1lm.
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Fig. 7.3: Water Surface Profile from Uncorrected Laser over Lakes.
Horizontal Axis is Time in Seconds.
Vertical Axis is Elevation in Metres.
Broken Line is Regression Line.
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On receipt of a revised file of data from CCRS, for which
the laser misalignment had been corrected, the graphs were re-
plotted, as shown in Fig. 7.4. It is now clear that the waves
have vanished, leaving eésentially a straight line on which is
superimposed noise having an RMS amplitude of about 0.1im.

Graphs from both uncorrected and corrected data are shown
together in Fig: 7.5. They indicate that the main difference
between the two data sets is a bias of about 1.8m.

Misalignment - having been identified as a major cause . of
range error, and having been corrected for in the laser profile
data file, the investigation can now proceed to laser profiles

over land.
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Fig. 7.4: Water Surface Profile from Corrected Laser over Lakes,
Horizontal Axis is Time in Seconds,
Vertical Axis is Elevation in Metres,
Broken Line is Regression Line.
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Chapter 8

LASER PROFILING OVER LAND

8.1 Method of Analysis

After it was found that, over a water surface, the laser

profiler gives elevations that agree with photogrammetric values

within 0.8m, similar comparisons were made over land.

Greater discrepancies between laser and photogrammetric

ranges should be expected over land for the following reasons:

(a)

(b)

Land surface is generally less smooth; the height of the

-

ground, or of other objects intercepted by the laser beam,

“could vary considerably within the area of the laser spot.

This dis especially true in forest, where the 1laser echo
could be partly from the treetops and partly from the
ground, depending on the density of the forest, and where
the photogrammetrist has the choice of measuring ground or
treetop elevations. Indeed, Corten (1984) points out (pé8)
that a laser beam can penetrate between trees when there is
up to 99% canopy, though the amount of penetration would
depend on the width of the laser beam and the size of the
opénings. He also indicates (p55) that a laser airborne
profile recorder can measure treérheights if it can distin-
guish the parts of the return pulse that are reflected from
ground and treetops. |

On sloping ground, différent parts of the laser spot are at

different elevations and therefore at different ranges.
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Further, an error in the assumed alignment of the laser
beam could mean that the laser beam is actually directed at
a different point from what one expects, so that the laser
measurement and photogrammetric measurement are actually
being made at different ground points which have different
elevations.

For this analysis, data were processed as described in Sec-
tion 1(b) of Appendix F. The laser instrument's orientation and
position, given by the inertial system updated by photogrammetry,
were combined with the laser range to give the posi&ion’ of the
laser spot on the ground. The laser misalignment, determined aé
described in Section 7.1, was taken into account. However, this

‘misalignment was subject to some uncertainty, as its value
depended on the crab-angle (k); this angle may havé changed from
one flight line to another and its value had not been recorded.

A section of the whole laser profile was then selected at
random, corresponding to the region between the two perspective
centres of a photogrammetric model. This section contained 511
reédings, spaced about 10m apart over a distance of about OSkm.
Using a Wild ACl analytical stereo plotter, the photogrammetric
model was set up using the control point coordinates from the
same adjustment as was used to update the inertiél system. (Use
of values from a different adjustment might have resulted in the
laser and photogrammetric measurements being made at different
points.> Elevations were then measured at the x and y coordinates
given in the laser profile. Besides this, elevations were

measured along a straight line joining the two QNP's of the
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model, and along two parallel lines, - 12m to each side of it, to
allow computation of terrain slope, defined as the tangent of the
angle of slope.r The type of terrain cover at each point in the
profile was also noted and coded on a nine-point scale, as listed

in Table 8.1.

Table 8.1

Nine-point Scale for Terrain Cover Type

1 Open 5 Open Timber

2 Rock 6 Medium Timber
3 Brush 7 Thicker Timber
4 Scattered Timber 8 Thick Timber

9 Shade or Bad Photogrammetry

A preliminary inspection showed that the variations in
height along the profile, as determined from the photogrammetric
and laser measurements, did not correspond exactly, but that they
might match better if one proflle was shifted by 3 data points
relative to the other. Thls dlscrepancy could be explalned by an
error in the assumed laser misalignment value, ‘resulting from
ignorance of the crab-angle. Since the misalignmenf is mainly
perpendicular to the flight line, a small change in crab-angle
would move the laser spot,r relative to the image; in a direction
roughly parallel to the flight line. (See Fig. 8.1) For the
flying height of this section, the shift of 3 places, or 30m, on
the ground corresponded to an‘errof of about a quarter of a
dggree in the laser misalignment, or of 10 deg in the assumed:

crab-angle.
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The shift of 3 places was

X
also checked analytically. The )
heights at points numbered 6 to
505 in this laser profile were <Z /ﬂ
matched with points 1 to 500 of v
the photogrammetric profile,
and the RMS discrepancy comput-
ed. This computation was re-
. peated, matching the same laser Fig. 8.1: Range of Positions
of Laser Spot with
profile points with points 2 to Laser mounted sep-

arately from Camera.
501, then points 3 to 502, etec.

of the photogrammetric profilei It was found that the smallest RMS
discrepancy resulted by matching point 6 of the laser profile with
point 9 of the photogrammetric profile.

The amount of shift was further checked by vcalculating the
product-moment correlation coefficients between the two sets of
heights instead of the RMS discrepancies. In this case, the best
matches correspond to the greatest correlation coefficients, and
they were found to occur for the same shifts as were determined
from the least RMS discrepancies. In profiles with high relief,
however, the valuerof the correlation coefficient is rather insen-
sitive to the discrepancies that are being investigated, since the
deviations of the height estimates from their mean values, having
an amplitude of hundreds of metres over a typical horizontal
distance of a few kilometres, are much greater in magnitﬁde than
the discrepancies in height estimates, and are therefore ?he

dominating factor in the correlation coefficient.
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Assuming that this shift of 3 points produced the correct
matching, and ‘that the shift was required for the reason given
above, then the horizontal coordinates in the original laser pro-
file were in error by about 30m,. and those in the photogrammetric
profile were comparatively reliable. Proceeding on this basis,
data files were prepared comprising the number of each point in
the profile, its distance from the end, the difference between the
two height estimates (laser (shifted 3 points) minus photogrammet-
ric), the slope of the terrain (x and y components, total slope
and downslope dirgction, computed by finite differences) and
terrain cover type.

It should be pointed out that the 3-point shift still may not
produce a perfect match between the two profiles. A perfect match
might require a shift corresponding to a non-integer number of
points, which would involve interpolatioh in at least one of the
profiles. Therefore, since the points are' spaced 10m apart, there
could still be a mismatch of up to 5m along the profiie, as well
as an unknown amount perpendicular to it.

One aim of this analysis was to determine whether the differ-
ence between the two height estimates depended on the terrain
cover and slope, and if so, how. Both these factors varied consid-
erably in the first profile studied.

The first stage of analysis determined the mean value, mean
absolute value, RMS value, maximum, minimum and standard deviatioﬁ
of the difference between laser and photogrammetric heights, for .
each of the nine terrain types and also for the whole file. The

second stage of analysis determined the same quantities, but
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classified them aécording to nine ranges of terrain slope values
instead of nine terrain cover types. The results of these two

analyses are shown in Table G.1 of Appendix G.

8.2 Analyses of Specific Profiles

The foregoing profiie sample will now be referred to as Sec-
tion A. Generaliy, it is not wise to draw general conclusions
from a single sample of data. Also Seétion A was complicated by
the effects of both terrain cover and relief at the same time.
Therefore four more profile samples were analyzed. They were
selected such that two of them contained little relief, and two
of them featured high relief with little vegetation, with the aim
of separating the effects of these two causes. They were labelled
as sections W, X, Y and Z, and their locations and main charac-

teristics are given in Table 8.2.

Table 8.2
Profile Flight Approx.  Approx.
Section Characteristics Line x-coord. y-coord.
(Spatial) (m) (m)

Varied relief and vegetation 1 18800 64000
Flat 5 36500 62000

Flat 4 32300 19500

Rocky and very rugged 2 24400 30500
Rocky - little vegetation 4 32100 27000

N>

As these profiles appeared in different f£flight 1lines, in
which the crab-angle may have differed, the process of matching
laser and photogrammetric profiles, and performing the appropriate

shift, had to be repeated. The determination of terrain slope was
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simplified from the procedurg used in Section A, in which the pho-
togrammetric profile was measured along the straight line between

the two QNP's and along two straight lines parallel to it.

Instead, the photogrammetric profiles were measured along the

laser-spot trajectory and two lines 12m to each side of it.

The discrepancies between photogrammetric and laser-derived
terrain elevations can be analyzed in various ways. For various
combinations of terrain cover and slope, including x and ¥y slope
components, one can consider the mean, with corresponding stand-
ard deviation: RMS, maximum and minimum Qalues of the discrepan-
cy, and a}so corresponding parameters for those cases where the
discrepancy was positive or negative (as done by [Moreau and
Jeudy, 1986]). An unmanageable proliferation-of tables would be
required tb display all possible aspects of analyéis. Therefore
fhe counterparts to Table G.1, for the remaining ;segtions, are
presented in Tables G.2 to G.5, and the mean, standard deviation
and RMS values of the discrepancies, categorized by terrain cover
and total slope simultanepusiy, for all five sections, are given
in Tables G.6 to G.10, and the most important features of the
aﬁélysis afe described in the following text.

Sections W and X cover mostly flat terrain, and are thefe; ‘
fore suitable for studying the effect of terrain cover. Figs. 8.2
and 8.3 dispiay graphs of terrain elevation difference (1éser
minus photogrammetric), terrain cover type, and terrain slope and
its components as functiéns'of the record number, which is an in-

dicator of position along the profile, for Sections W and X

‘respectively. In Section W, terrain slope effects evidently cannot
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Section W — Height Difference as function of Record Number
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Section X - Height Difference as function of Record Number
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be ignored; the only difference greater than 20m clearly occurs at
a point where there is a short, steep slope, with a negative x-
énd positive y-component. However, such a spike does not occur at
another point of steep slope with a positive x- and negative y-
component (See Fig. 8.2), This situation suggests that there could
still be some laser alignment error. A short inte£v31 of steep
slope in Section X also corresponds to a large difference‘

Turning to terrain cover, Fig. 8.3 shows that there are
several short intervals of open terrain, which in some cases cor-
respond to roads through the forest. These often occur with nega-
tive values §f the difference, whereas the néighbouring forest
gives positive values. It can be seen from Tables G.7 and G.8
that, on the whole, there are negative differences for open ter-
rain, but progressively higher differences for thicker forest.
Indeed, for Seétion W, the correlation coefficient between
elevation difference and terrain type number is equal to 0.528.
This relation may be explained by the fact that the photogrammet-
ric heights were estimates of the ground eievation, while the
laser beam may have been partly reflected from the treetops.

Sections Y and Z cover terrain with little vegetation but
much relief. Figs. 8.4 and 8.5 are the counterparts to Figs. 8.2
and 8.3 for these sections. Indeed, in parts of Section Y, the re- :
lief is so rugged that parts of the profile are in image shadow,
and the photogrammetric elevation there can iny be guessed. -Such
points should have been classified undér Terrain Type 9 (bad
photogrammetry), but by an oversight they were classified in Type

1 (open ground), to which they also belonged. Because of this need
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Zection ¥ — Height Difference as function of Record Number
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Section Z - Height Difference as function of Record Number
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for guessing, there occur some exceptionally large (in magnitude)
values of the difference in Section Y, ‘and rejection of points in
the image shadow would now involve either repeating the photogram-
metric measurements or using a purely arbitrary criterion for
their rejection.

In spipe of this problem, some conclusions can be drawn. The
RMS values of difference generally increase as slope increaées,
and approximately in direct proportion to the slope value. 1In the
case of Section Z, fhey are nearly 5m tiﬁes the slope value, which
is what one would expect with an unéertainty of 5m in the laser

spot position.
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Chapter 9

CONCLUSIONS AND RECOMMENDATIONS

Analyses have now been completed. The va;ues of - certain
parameters, as measured by auxiliary systems, have been compared
with the corresponding values as evaluated by various photogram-
metric adjustments. The consistency of values derived from dif-
ferent photogrammetric adjustments has also been considered.

fhe ~parameters in question include the position coordinates
and orientation angles of the camera (measured by an inertial
system), increments in these quantities between consecutive came-
ra statiéns, and also measures of camera displacement and rota-
tion between stations which are independent of a coordinate sﬁs—
tem. Another parameter is the range from the camera to a point on
the ground near the nadir, measured by a laser ranger/profiler.
The values.of this range have been analyzed not only at the came-
ra stations but also along some profiles between éamera stations.

It must be remembered that this experiment entailed the ex-
treme conditions of high-altitude photography and very rugged
terrain. PFurther, the auxiliary systems were not working under
ideal conditions. The inertial systems were not present state-of
~the-art equipmgnt, they were not:functioning at full capacity,
due to a flaw in the data acquisition system, no .updates were
used, and a rather arbitrary assumption was made to replace the
normal gravity model. More sophisticated error modelliﬁg, as

outlined 5y Schwarz (1983) would probably have improved the



110

quality of the inertia; system output. Also the laser alignment
was 1initially unknown, and the crab-angle of the camera was not
recorded.

With more modern technology, and the hindsight resulting
from this analysis, the effects of most of these shortcomings
could be reduced significantly.

The results are ﬁaw summarized using two different approach-
es: first, according to the type of measurement and second, ac-

cording to the application.

9.1 Results Classified According fo Iype of Measurement
(a) Camera Position

Different photogrammetric adjustments give different coordi-
nates for a camera perspective centre, depending on the size of
the block or sub-block used in the adjustment, the control points
used, the use of constraints such as lake levels, and the type of
adjustment, whether if is bundle or independent-model block. In
thé latter case,_there are two estimates of the positions of many
of the PC's. As mentioned in Chapter 3, the uncertainty in a pho-
togrammetric estimate of a PC poéition is of the order of 10-20m
in the horizontal, and 4m in the vertical. In one case, it is as
great as 60m, but this applies to one of the points that were re-
jected from the SPACE-M adjustment because of their 1large
residuals.

When auxiliary and photogrammetric estimates are compared,
it is found that there is a biasrof the order of hundreds of

metres in all coordinates. While this bias is fairly constant in
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the vertical, it changes significantly in the horizontal between
the different flight lines. For this reason, auxiliary estimates
of position cannot be used directly, unless the bias can be
‘determined, and this determination would require updates of the
inertial system.

If wupdates are not possible, the effect of the bias can be
femoved by conéidéring the displacements between consecutive cam-
era stations. For all three compoﬁents (x, vy and z) of these dis-
placements, the agreement between éuxiliary and photogrammetric
values is as close as the discrepancy between the photogrammetric
estimates. Further, in the case of estimates from SPACE-M, this
agreement is better for the set of points that excludgd those re-
jected in the adjustment than for the set that includes the re-
jected points, as can be seen by comparing values in Tables 4.1
and 4.2. Since the rejected points were those that gave large
residuals din the adjustment, it follows that the accuracy of
their position estimates could be improved by incorporating aux-
iliary estimates of the inter-station displacements into the ad-
justment. This improvement would occur mainly in the horizontal
(planimetry); 1little improvement would be expected in the verti-
cal because in that dimension the discrepancy between auxiliary
and photqgrammetric estimates is not significantly smaller than
the uncertainty of the photogrammetric estimates.

Besides the bias that is pfesent in each flight line, there
lis also a drift wiﬁh time. Its effect on displacements between
consecutive stations is negligible, and, like the bias, its value

could be determined by updates.
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Good agreement of individual components of displacement éan
only be expected when the coordinate systems used for the auxil-
iary and photogrammetric estimates are correctly aligned. Misal-
ignments can easily occur in the absence of updates. However,
there 1is no misalignment effect if one considers a rotation-in-
variant measure of the displacement. The absolute magnitude of
the displacement vector is such a quantity. As Tables 4.i and 4.2
indicate, -this magnitude gives~slightly better agreement between
photogrammetry and auxiliary measﬁrements than the hofizontal
components. The fact that improvement in agreement is small indi-
cates that the misalignment was insignificant in this experiment.

To summarize, absolute positions of the camera, as given By
an inertial system, are not of acceptable accuracy for input to a
photogrammetric adjustment unless they recei&e adequate updates,
in which case the inertial measurements, in effect, provide an
interpolation between the hpdate values. However, inertial estim-
ates of relative camera positions, where the latter differ by
2.5km in space and 10 seconds in time, are of acceptable
accuracy, especially when in a rotation-invariant form.

(b) Camera Orientation Angles .

The outcome of the analysis of orientation angles (roll,
pitch and heading) has some similarities to that of the position
coordinates. :

There is some discrepancy between the values of the orienta- .
tion angles as deduced from different photogrammetric adjust-
ments. This discrepancy is generally of magnitude about 0.050,

sometimes greater.
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In the comparison of auxiliary and photogrammetric wvalues,
there are biases of up to 2% in all of the angles; this bias
changes from one flight line to another. Therefore absolute
'values of orientation angles are unsuitable for input to an ad-
justment, unless the bias can be determined, e.g. from updates to
the inertial system. |

As with the position estimates,' the effect of the bias can
be removed by considering the changes in orientation angles be-
tween consecutive camera stations. The discrepancy between auxil-
iary and photogrammetric estimates (from SPACE-M) of these
changes is generally less than 0.04° for roll and pitch, and
0.08° for heading (RMS values), as indicated by Tables 5.3, H.2
and H.4. These values apply to all camera stations. However, when
points that were rejected in the SPACE-M adjustment are excluded
from the analysis, these discrepancies are reduced to less than
0.03° for roll and pitch and 0.04° for heading, as shown by
Tables 5.3, H.6 and H.8. This reduction shows that the use of
auxiliary values of orientation angle changes could result in an
improvement of accuracy, at least at some points of the network.

As was tbe case with the position estimates, good agreement
.of changes in specific orientation angles can only be expected
when the auxiliary and photogrammetric axes are correctly
aligned. The biases in the orientation angles indicate that
misalignments of up to 2° may be presen£; however, the agreement
is acceptably good in spite of this. Nevertheless, larger misal-
ignments could leaa to worse agreement. The biases could be re-~

moved by updating the inertial system, provided that there is no
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significant misalignment within the system itself. It should be
mentioned here that a misalignment correction for orientation
angies may not necessarily be the same as the correction ‘that
should bé appliéd for displacement between camera stations, as
the heading angle is relative to true north, whereas the
displacement is measured in the UTM grid;

Misalignment' problems ' can also be avoided by considering
measures of orientation change which are invariant with fespect
to rotations of the coordinate system. Two suchrmeasures were
diséussed in Chapter 6, and found, in this case, to give about
the same agreement between auxiliary and photogrammetric xvélués
as the épecific orientation angles.

(c) Laser Ranges

In this ptoject, the main sources of errors in laser range
pfoved to be outside the instrument itself.

Correct alignment dis the primary problem in the use of a
laser fanger to measure the distance from the instrument to a
point on the ground that is close to the nadir. For a nominally
vertical laser beam over a level land or water surface, the error
due to- misalignment is R(l - cos m), where R is the measured
range and m is the angle of misalignment. This error is proporti-
ronal to R, and roughly proportional to the square of m for small
angles. Further, over sloping ground, there is an additional
error of R s sin m, where s is the slope:of the ground (i.e. the
tangent of the slope angle).

For application with photogrammetry, the laser is normally

installed so that its beam is parallel to the camera's principal
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axis, as closely as can be achieved. However, its alignment needs
to bg checked and calibrated. If the laser is mounted separately
from the. camera, the crab angle must be measured, both in
calibration and in use. |

Essentially, calibration involves finding the position of
the laser spot on the photographic image, and this can be deter-
mined by either of the methods described in Section 7.1, viz.
photogrammetry involving several images such that the terrain
near the laser spot gives a good random sample of slope steepness
and orientation relative to the camera, or night photography over
a dark area, so that thé laser spot is the only feature on the
image, or is otherwise clearly distinguishable.

Even if the orientation is known exactly, there can be some
uncertainty din the range as measﬁred, due to the nature of the
terrain cover, such as when the laser beam may be reflected from
both tree tops and ground, and to the terrain slope, where dif-
ferent parts of the laser spot are at different ranges. Estimates
of any Bias in the laser range associated with a given type of
terrain have proved to be incomclusive; different samples of open
ground give biases of varying sign, though generally there is a
tendency for the lasér ranger to give a higher terrain elevation
than photogfammetry over forest, which is consistent with the
assumption that the laser beam is reflected off the treetops.

Elevation profiles -made by the laser over lakes show that
the deviations of the laser-measured elevation from a plane
surfgce are about 0.15m. Conéequently this is the magnitude of

the "noise" in the measurements.
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9.2 Results Classified According to Application
(a) Independent Models

Apart from the case where the whole adjustment comprises
only one stereomodel, absolute values of distance are irrelevant
. in an independent model because each model has its own scale, and
this scale is adjusted when the model is incorporated into a
block.

Consequently the errors that may occur at the independent
model stage are likely to be deformations. In practice, relative
values of distances could be used to show the presence of deform-
ations; for instance, the ratios of distances between the per-
spective centres and their respective laser spots, and between
the two perspective centres. In a case where the two laser beams
were parallef, of equal iength and perpendicular to a baseline of
2.5km, a change of 25cm in one of the laser ranges would corres-
pond to a change of 0.006° in the angle between the base and the
line joining the laser spots. In practice, however, such a small
deformation could not be detected because of uncertainties in the
other laser range, the basé length, the relative orientations of
the 1lines joining PC's and laser spots and of the baseline, as
well as effects of terrain cover and slope.

The inertial system could only detect angular deformations
of the order of 0.03° or greater. However, Schwarz et al. (1984)
. indicate that auxiliary orientation information is useful in
independent models only if it is accurate to 10 arcseconds or
better, i.e. 0.003°. Consequently it appears unlikely that use of

auxiliary data can improve on the standard optical-analogue



117

method of relative orientation.
(b) Block Adjustments of Independent Models

A block adjustment involves, either directly or indirectly,
determination of positions of perspective centres. Direct use of
position coordinates for perspective centres, as given by an in-
ertial system under the conditions of this experiment, is defin-
itely unsatisfactory, because of the large biases present.
However, the biases could be removed by updates of adequate qual-
ity at appropriate intervals, and the work of Goldfarb (1985) in-
dicates that this approach; using GPS updates, is promising.

Otherwise, relative positions of perspective centres appear
to be potential sources of improvement. Blais and Chapman (1985)
have already incorporated first and second differences of PC co-
ordinates into a SPACE-M adjustment, resulting in marginal im-
provements in“residuals of ground point coordihates. |

Tables 4.1 and 4.2 indicate that auxiliary measurements
agree better with within-model estimates of baseline length than
with Dbetween-model estimates, aﬁd also with rotation-invariant
quantities such as absolute baseline length rather than individ-
ual components.. Therefore one approach that may be worth
investigating would be to relate the baseline length, as measured
by the auxiliary system, to the baseline length within the indiv-
idual model and the scale factor used to adjust the independent
model to the gfound coordinate system.

In principle, other-distances,’ as determined by auxiliary
systems, could be used as input to an adjustment to control the

scale of the final block. The range from PC to laser spot is
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suitable provided that the laser spot is accurately located on
the image and the terrain cover and slope at that point are such
that their effects on the méasured range are known; at present,
such effects are not sufficiently well known. - Another example is
the distance between the laser spots corresponding to two consec-
utive PC's. However, use of this could be too complicated to be
practicable. It would involve locating both laser spots on both
images and interpolating the laser readings to give their values
corresponding to the instants of photographic exposure. The
computation of distance between the spots would also be complex,
as it would involve the distance between the PC's (measured by
the inertial system), the change in camera orientation, and the
change in local level due to earth curvature between the two
camera stations. /

Another point to be borne in mind is that a strengthening of
the adjustment at flying height may not necessarily result in an
. improvement in the residuals of ground points. A similar situa-
tion was mentioned in Section 3.1, where it was noted that the
lake-level constraint led to a greater uncertainty in the PC
position. Such situations could arise from deformations within
models, or errors in their integratién'into the block.

A block adjustment involves orientation of individual models
to form an integrated whole. The orientation information from an
auxiliary system refers to the orientation of the camera, while
the orientation of an independent modelvis defined in terms of
-the coordinate system wused in that model. In an independent

model, it dis customary to use a coordinate system in which one
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axis corresponds to the baseline of the model (Blais, 1Q79). The
relative orientation of two adjacent models could then be partly
defined in terms of the directions of their two baselines, which
are in turn defined by the PC coordinates. However, these two
directions would not give any informétion on rotation of either
model about its own baseline.

If the coordinate system of each independent model corres-
ponded to the camera axes at the first PC of that model, then the
relative orientation of the two models could be described in
terms of the change of camera orientation from the first PC of
one model toathe first PC of the next. This change of camera or-
ientation could be described either in terms of the three
orientation angles (roll, pitch and heading, or w, ¢ and k) or by

rotation-invariant quantities such as were defined in Chapter 6.

(c¢) Bundle Adjustments

A bundle adjustment differs from an independent model block
adjustment in fhat whereas the latter comprises two stages (inte-
gration of two images into a model, énd of several models into a
" block), a bundle adjustment combines the whole process into one
stage.

Perspective centre positiong still feature in the adjust- '
ment, and some of the comments made in Section 9.2(b) apply here
too, namely on the direct use of PC coordinates only if properly
updated, and on the use of relative PC bdsitions in component
form if there is no serious misalignment of axes, and in

rotation-invariant form under any circumstances.
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Camera orientation angles enter into a bundle adjustment
more directly than they do in an independent model block adjust-
ment. Normally they are expreséed in terms of w, ¢ and k, but if
an inertial system gives an output in terms of roll, pitch and
heading, these'angles can be converted to and from w, ¢ and k by
the transformations given in Appendix ﬁ. Again, absolute values
of these angles sHould be used only if biases are removed by up-
dating of the inertial system. Otherwise, changes in these angles
between adjacent PC's could be used as input on camera orienta-
tion. As before, rotation-invariant measures of the change in
camera orientation, as described in Chapter 6, are preferable
unless one can be sure that there is no serious misalignment.

Since the use of relative distances and orientation angles
is intended to eliminate biases in these qﬁantities, and since
the biases may change significantly between flight 1lines, such
relative data should only be used between consecutive stations on
the same flight line.

Laser ranges f;om PC to laser spot can also be used to
control scale; thelr use requires accurate identification of the
laser spot on the image, and terrain cover and slope_ at that
point such that their effects on the‘measured range are knan -to
within a few decimetres. '

Some  further notes on the use of laser ranges in

photogrammetric adjustment are given in Appendix F.
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(d) Laser Profiling

The use of an airborne laser ranger for obtaining topograph-
ic profiles appears to be quite promising, especially in situa-
tions, such as over featureless terrain, where photogrammetry is
less suitable. It is, however, essential to know the posifion and
orientation of the instrument at all times. This information can
be given by an inertial system, but the system requires updating
at both ends of each profile.

For a high-flying aircraft, updating can be achieved by pho-
togrammetry using ground control at the ends of the flight lines,
but then the locations of the profiles are restricted by the loc-
ations of ground control. As Gibson (1984a) points out, straight
flight 1lines between update points are very desirable because of
degradation of the inertiél system during turns. Therefore, if an
area is to be mapped by a network of profiles, a considerable
amount of ground control is needed around the périphery of the
area.

GPS satellite positioning will probably be adequate for up-
dating the aircraft position at sometime in the future, whgn the
full constellation of satellites is in use. However, it does not
give a complete update of the orieﬁtation.

If the updating problem could be solved, and the effects of
terrain cover, vegetation and slope were more thoroughly investi-
gated, then laser profiling from high-flying airecraft would have
‘the potential of giving terrain elevations to accuracy of a few

decimetres over smooth surface and topography.
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In the meantime, profiling from a low-flying aircraft
. appears to be most practical at present, as errors in orientation
then have less effect on the elevation ﬁeasurements, and the size
of the laser spot on the ground is less. Also there are better
opportunities for obtaining zero velocity updates at the endé‘of
straight flight lines if a helicopter is used.
Some suggesfed procedures for the use 6f photogrammetry in

testing and using a laser profiler are given in Appendix F.

9.3 Recommendations

Although the quality of the auxiliary data has now been an-
alyzed, there still remains the matter of including it in photo-
grammetrié adjustments. Such inclusion has already been tried in
tﬁe case of position information [Blais .and Chapman
(1984a),(1984b),(1985), Goldfarb (1985), Schwarz et al. (1985),
Lucas (1987)], while both pbsition and orientation information
were used in the CCRS Bundle Adjustment"whosé output is discussed
in this thesis. For the inclusion of inertial values of length of
base in an independent model block adjustmént, one should consid-
er the feasibility of comparing them with the length of base in
the stereomodel, multiplied by the scale factor used to integrate
the model into the block, rather than with“tpe length of Dbase

between mean perspective centres.
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Further investigations could consider means of including
camera orientation data into bundle adjustments, as well as its
use in independent model block adjustments, as suggested in Sec- 4
tion 9.2(b), by rélating the orientation of a stereomodel to the
orientation of the camera at the first PC in the model,

Improved knowledge of the behaviour of the laser profiler at
high altitude is also desifable. This could be obtained by making
further flights, together with photogrammetry, over specific
types of terrain. Bias in the range reading, and its dependence
on vegetation cover, could best be obtained from f£flights over
flat terrain having large areas of uniform vegetation type such
as grass, brush, open and thick forest, while effects of slope
could Dbest be studied from flights over terrain of simble, uni-
form vegetétion cover, but varying topography; such as grassy

hills.
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Comparison of Point Numbering Systems for Photographic Images,
in Auxiliary Data Files (CCRS and working versions)
and in Photogrammetric Adjustment

Photo. Line 1 Chronological Line 1
Photo UIM Coordinates* Time (h:m:s) CCRS Aux.  Photo.
Image X Y Point No. Pt.No. Pt.No.

1 19000 68500 20:08:05 (1)

2 18900 66200 20:08:16 2 1 1
3 18600 63800 20:08:27 3 2 2
4 18900 61600 . 20:08:39 4 3 3
5 19000 59200 20:08:50 5 4 4
6 19000 57300 20:09:00 6 b) 5
7 19000 55400 20:09:09 7 6 6
8 19100 53400 20:09:19 8 7 7
9 18200 51100 20:09:29 9 8 8

10 19200 49000 20:09:40 10 9 9

11 19300 46800 20:09:51 11 10 10

12 19300 44600 ° 20:10:01 12 11 11

13 19400 42400 20:10:12 13 12 12

14 19400 40200 20:10:23 14 13 13

15 . 19500 38000 20:10:33 15 14 14

16 18600 35800 20:10:44 16 15 15

17 19700 33700 20:10:55 17 - 16 16

18 19700 31400 20:11:06 18 17 17

19 19800 29300 20:11:16 19 18 18

20 19900 27000 20:11:27 20 19 19

21 19900 24800 20:11:38 21 20 20

22 20000 22600 20:11:48 22 . 21 21

23 20000 20500 20:11:59 23 22 22

24 20100 18300 20:12:09 24 23 23

25 20100 16200 20:12:20 25 24 24

26 20200 14000 20:12:30 26 25 25

27 20200 11900 20:12:41 27 26 26

28 20200 09700 20:12:51 28 27 - 27

29 20100 07700 20:13:02 29

30 20000 05500 20:13:12 30

31 20100 03400 20:13:23 31

32 20200 01300 20:13:33 32

33 20300 99100 20:13: 44 33

*For conciseness, the first digits of the x-coordinate, and the
first 2 digits of the y-coordinate, have been omitted. These
digits are 6 for the x-coordinate and 56 for all y-coordinates
except Photo point 33 of Photo Line 1, for which they are 55.



Comparison of Point Numbering Systems for Photographic Images,
in Auxiliary Data Files (CCRS and working versions)

Photo UTM Coordinates* Time (h:m:s)

Photo. Line 2
Image X
63 23100
64 23200
65 23300
66 23600
67 23700
68 23700
69 23800
70 23800
71 23900
72 23900
73 23900
74 24000
75 24000
76 24100
77 24100
78 24200
79 24200
80 24300
81 24400
82 24400
83 24400
84 24500
85 24500
86 24600
87 24600
88 24600
89 24700
90 24700
91 24700
92 24800
93 24800
94 24800

and in Photogrammetric Adjustment

4

70100
68400
66500
64400
62500
60500
58600
56400
54300
52000
49700
47400
45000
42600
40200
37800
35400
33000
30600
28200
25800

-23500

21200
18800
16500
14200
12000
09700
07300

04800

02900
00500

Chronological Line 3

CCRS

Point No. Pt.No.
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Aux.

[UY .
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Photo.
Pt .No.

b e b e
NOUMEFLONEHEOOOVWONOWLI~WN
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*For conciseness, the first digit of the x-coordinate, and the

first 2 digits of the y-coordinate, have been omitted. These

digits are 6 for the x-coordinate and 56 for all y-coordinates -

except Photo point 33 of Photo Line 1, for which they are 55.
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Comparisoﬁ of Point Numbering Systems for Photographic Images,
in Auxiliary Data Files (CCRS and working versions)
and in Photogrammetric Adjustment

Photo UTM Coordinates* Time (h:m:s)

Photo. Line 3
Image X
128 27800
129 27800
130 28200
131 28200
132 28300
133 28300
134 28300
135 28400
136 28400
137 28400
138 28400
139 28400
140 28500
141 28500
142 28600
143 28600
144 28700
145 28700
146 28700
147 28800
148 28800
149 28800
150 28900
151 28900
152 29000
153 29000
154 29000
155 29000
156 29100
157 29100
158 29100

*%For conciseness, the first digit

Y

69900
67600
65400
63300
61100
58900
56700
54400
52300
50000
47700
45300
43000
40600
38200
35800
33500
31100

28700 -

26300
24000
21600
19200
16800
14500
12100
09700
07300
04900
02500
00200

Chronological Line 5

CCRS Aux. Photo.
Point No. Pt.No. Pt.No.

1
2 1 1
3 2 2
4 3 3
5 4 4
6 5 5
7 6 6
8 7 7
9 8 8
10 9 9
11 10 10
12 11 11
13 12 12
14 13 13
15 14 14
16 15 15
17 16 16
18 17 17
19 18 18
20 19 19
21 20 20
22 21 21
23 22 22
24 23 23
25 24 24
26 25 25
27 26 26
28 27 27
29 28 28
30

of the x-coordinate, and the

first 2 digits of the y-coordinate, have been omitted. These
digits are 6 for the x-coordinate and 36 for all y-coordinates
except Photo point 33 of Photo Line 1, for which they are 55.



Comparison of Point Numbering Systems for Photographic Images,
in Auxiliary Data Files (CCRS and working versions)

Photo UTM Coordinates* Time (h:m:s)

Photo. Line 4
Image X
62 31600
61 31600
60 31600
59 31600
58 31600
57 31700
56 31700
55 31700
54 31800
53 31800
52 31900
51 31900
50 31900
49 32000
48 32000
47 32000
46 32100
45 32100
44 32100
43 32200
42 32200
41 32200
40 32200
39 32300
38 32300
37 32300
36 32300
35 32400
34 32400

and in Photogrammetric Adjustment

Y

67700
65300
62800
60400
58100
55700
53300
50900
48500
46000
43700
41300
38900
36500
34100
31700
29300
26900
24400
21900
19400
16900
14400
12000
09600
07300
05000
02700
00400

20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:

24
24
23:

11
01

Chronological Line 2

CCRS

Point No. Pt.No.

29
28
27
26
25
24
23
22
21
20
19
18
.17
16
15
14
13
12
11
10
9

N WU

Aux.

29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10

9

=N W&oy

Photo.
Pt.No.
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%*For conciseness, the first digit: of the x-coordinate, and the

first 2 digits of the y-coordinate, have been omitted. These

digits are 6 for the x-coordinate and 56 for all y-coordinates

except Photo point 33 of Photo Line 1, for which they are 55.



Comparison of Point Numbering Systems for Photographic Images,

Photo UTM Coordinates* Time (h:m:s)

in Auxiliary Data Files (CCRS and working versions)

Photo. Line 5

Image X
127 36400
126 36400
125 36500
124 36600
123 36600
122 36700
121 36800
120 36800
119 36800
118 36900
117 36900
116 36900
115 37000
114 37000
113 37100
112 37200
111 37200
110 37300
109 37300
108 37300
107 37300
106 37300
105 37300
104 37300
103 37300
102 37300
101 37300
100 37300
99 37300
98 37400
97 37400
96

and in Photogrammetric Adjustment

Y

66300
63900
61500
59300
57000
54900
52700
50600
48400
46200
44000
41800
39700
37500
35300
33100
31000
28800
26700
24500
22300
20200
18000
15800
13700
11500
09300
07200
05100
03000
01000

20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
20:
+20:
20:

47

47
46

46

44

12

:02
152
46
:32
46
46:
46
45:
45:
45;
45:
45:
45
:55
44
44 .
44
44
44 .
43;
143:
:43:
:43:
+43:
:43:
143
142
142
142
142
142

42

22
12
03
33
43
34
24
15
05

45
36
26
17
07
57
48
38
28
19
09
00
50
41
31
22
13

Chronological Line 4

CCRS

Point No. Pt.No.

32
31
30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10

9

HNWS~UTONN

Aux.

31
30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
- 15
14
13
12
11
10

—RW P~ U0 W

Photo.
Pt.No.

OWONOUVIEFWLWN -
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*For conciseness, the first digit of the x—coordinate, and the

first 2 digits of the y-coordinate, have been omitted. These

digits are 6 for the x-coordinate and 56 for all y-coordinates

except Photo point 33 of Photo Line 1, for which they are 55.
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APPENDIX B

Qalgnlatmnoicgnygmemgfmgridlans
For the convefgence of meridians in the UTM projection, a
linear approximation to the usual formula [Frankich] was devel-
oped, in order to simplify programming and reduce computingrtime.
The study area lies within a rectangle in the UTM projection
whose boundaries are:
x = 610000, x = 650000, y = 5600000 and y = 5670000.

‘The value of the convergence was found for each . corner of
this rectangle. The mean of all four valués was 1.4324°.
Corresponding to a change of 40000m in x between the west and
east boundaries of the rectangle, there was a change.of 0.440325°
in the convergence (this was the mean of the changes along thé

5

south and north boundaries), equivalent to 1.10081 x 10 “deg per

metre change in x. Similarly there was a change of
4.581746 x 10—7deg per metre change in y. The miapoint of the
rectangle has coordinates x = 630000, y= 5635000. These values
are therefore used in the following linear formula:
Convergence of meridians (degrees) =
1.4324 + 1.10081 x 10_5(x - 630000) + 4.58174 x 10—7(y - 5635000)
When the values derived from this formula are compared to
the originally calculated ones for the corhers of the rectangle,
the discrepancies are less than 0.0025o in each case, being

positive at the northwest and southeast corners and negative at

the southwest and northeast cormers.
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APPENDIX C

Transformation between Ground-based and Camera-based

Coordinate Systems in terms of Roll, Pitch and Heading Aﬁgles

(1) Rotation in image plane
In the origina.l image coordinates (xi,y i), Xy is positive in
the direction of flight. One rotates about the z-axis to the

system (x4,y4,z 4)' where Y, is in the direction of flight.

x4 -1l 0 x
1
24 0] 1l Z
y. X
i 4 - -
< > A £
or y4 = Xi
Z4 = i
(2) Roll Angle

A roll angle of r is defined as a positive rotation through
angle r about the fore-aft axis, i.e. about the v, axis. One
now rotates about the y-axis }through angle r to relate to the

system (x3,y3,z3) , Where the 2 axis is in a vertical plane.

0 gsin x

] ., x5 cos T 4
3 = 0

¥y ° 1 Ty
r 23 -ginr O cos T z4

T’? Xy = X, COS T +1z, sin v

4 or - y3 = y4
STARBOARD
/4 = co3 T

3 -X, 8inr + 2z

4

4
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(3) Pitch
Pitch angle p is measured in a vertical plane from the hori-
zontal to the camera fore-aft axis, being positive when the
aircraft is climbing. One fotates about the x—axis through

angle p to relate to the system (XZ’YZ’ZZ)’ where Z, is

vertical.
X 1 0 0 X,
2240 ,%3 ¥p| = |0 cosp -sinp| g
. .
FORWARD 2 O sinp cosp| |z,
Y3

pj x2 = x3

Yy or Yy =¥y cos p - Zy sin p

3

z, = y3 sin p + 2z, cos p

(4) Heading
Heading angle h is the bearing or azimuth towards which the
aircraft (the Xy axis) is headed. One now rotates about the
z-axis through angle h to relate to the ground-based coordin-

ate system (xl,yl,zl), in which ¥y is north and X, is east.

X, coseh sinh O X,
N  FORWARD y = l-ginh cos h 0 y
71 72 zl 0 0 1 22
1 . 12
X, E . X, = X, cos h + I sin h
- or ¥, = -%sinh+ 3, cos h

\\\\\\\EEARBOARD
. 4 =

) 1 22
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Combining the four rotationms,

Xy ‘cos h sinh O 1 0 0 cos r O sinr ro -1 0 X,
vil = -sinh ¢cos h G||O cos p -sin p 0 1 0 1 0 O ¥y
z, Y 0 1 0 sinp cospll-sinr O cosr 0o o0 1 z;
Xy cos h cos p sin h -sin p sin h| {0 -cos r sinr xi_1
o ¥yl = ~sin h cos p cos h —sin p cos h 1 0 0 Yy
2y o - sin p cos p O sinr cosr z,
Xy cos p sinh -cos r cos h - sin r sin p sin h sin r cos h - cos r sin p sin h| xg
o | ¥y =|cos pcos h cos r sin h - sin r sin p cos h -sin r sin h - cos r sin p c?s h Y (Cl)
z, sin p sin r cos p cos r cos p z;

When p and r are small angles, an approximation to this can be
made, putting cos p = cos r = 1 and neglecting any product

sin p sin r.

Xy sin h -cos h sin r cos h - sin p sin h Xy
Then yy | = |cos h sinh -sinr sinh - sin p cos h ¥y (c2)
z, sin p sin r 1 z,

In a similar way, the reverse transformation can be determined:

X, cos p sin h cos p cos h sin p Xy
Y;|=|-cos r cos h - sin p sin h sin ¢ sin h cos r - sin p cos h sinr cos p sinr Y4 (03)
z; sin r cos h - cos r sin p sin h -sin r sin h - cos r sinp cos h cos p cos r z

1

which is approximated by

x5 sin h cos h sin p Xy
il = cos h sin h sin r Yy (04)
z; sin r cos h -~ sin p sin h ~sin r sinh - sin p cos h 1 2

1
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APPENDIX D

Determination of Range, Roll, Pitch and Heading from

Photogrammetry via Orientation Angles ¢, w and K.

If components of a vector are (Xi’yi’zi) in the camera system,
and (X,Y,2) in the;ground system, then from [Moffit and Mikhail,
1980, p598]

cos ¢ sin K cos wcos K - sin w sin ¢ sin kK sin wcos K + cos W sin ¢ sin K

v| (D1)

cos ¢ cos Kk cos @ sin kK + sin w sin @ cos K sin wsin K - cos @ sin ¢ cos K X
A

sin ¢ -sin w cos ¢ cos W cos ¢

For the inverse transformation, one takes the transpose of the
matrix, giving
cos ¢ cos Kk -cos ¢ sin K- sin ¢ b

i
i (D2)

i

cos W sin K + sin w sin ¢ cos K cos W coS K - sin @ sin @ sin Kk -sin w cos ¢ y

sin w sin K - ¢cos w sin ¢ cos K sin W cos K + cos W sin ¢ sin & cos w cos ¢ 2

ng_ej:grmina.qéand‘m;

(D2) is applied to the case where [xi,yi,zi]T - [6 0 R]T, which
is perpendicular to the image plane, with 24 positive upwards.
This is the vector from the QNP to the PC, if R is the ‘disfénce

between these two points.

X R sin ¢ 7
Then Y| = |-R sin w cos ¢ (D3)
Z R cos w cos ¢

The SPACE-M output gives X,. Y and Z, each of which is equal to

the (PC coordinate) minus (QNP coordinate).

From (D3), it follows that RZ = X% + Y2 + 72
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As X = R sin ¢ , then sin ¢ = X/R

As Y = - R sin w cos ¢, then sin w =~ -Y/R cos ¢ = —Y/(Y2+Z‘2)1/2

Hence cos w = Z/(Y2+22)1/2 and tan w = -Y/Z

1o determine k &

Consider a vector whose components are X,Y,Z in the ground system
and (Xi’yi’zi) in the camera system. For this application, a
convenient vector is one from the QNP of the current image to the

QNP of a neighbouring image. From (D1),

= XcosPcosK+Ycoswsink+ Ysinwsindcosk+ Zsinwsink-Zcoswsin pcosk (Dl*)
=-Xcos¢sink+ Ycoswcos K—Ysinwsingsink+ Zsinwcos K+ 2coswsin ¢sin K (DS)
which can be written

x, = cos K(X cos ¢ + Y sin wsin ¢ - Z cos w sin ¢) + sin k(¥ cos w;+ Z sinw)

i
vy = cos K{Y cos w+ Z sinw) + sink(~X cos ¢ - Y sinw' sin ¢ + Z cos w s8in ¢)

Putting C1 -~ Xcos ¢+ Ysinwsin ¢ - Z cos w sin ¢ (D6)
and C2 =Y cosw+ Zsinw ' (D7)

then X; = cos K C1 + sin k C2, y; = cos K C2 - sin C1

To solve this pair of equations for k,

let C, = m cos w,Cz = m sin ¢y, so tan ¢ = Czlcl.

1
Then X; = m(cos k cos ¢ + sin k sin ) = m cos(Y -«)
y; = m(cos k sin ¢ - sin k cos ¥) = m sin(yY -«)
-1
So tan(y -k ) = y,/%, and Y-K = tan (yi/xi)

Hence,

-1 -1
tan (CZ/Cl) - tan (yi/xi) (D8)

-1
kK = ¥ - tan (yi/xi)
In evaluating k from this formula, one should first take the
principal values of the inverse tangents, and then check the

.result in (D4) or (D5) to see whether 180° ( # radians) should be
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added or subtracted. Xy and vy refer to the components of a vect-
or between QNP's on the ground. However, since they are in the
camera coordinate system, the ratio yi/xi will still be the same
if Xy and A refer to the components of the corresponding vector
in the image plane. Therefore, in applying formula (D8), image
coordinates can Be used for X5 and Vi and ground coordinates in
the terms C1 and 62, which are dgtermined from (D6) and (D7).

In applying (D8) to the present situation, omne should note
that since the inter-QNP vectors are nearly parallel to the
flight 1ine, and the Xy direction is also close to the flight
line direction, then geﬁerally Iyil<<lxil. Also from (D6) and
(7)., Cl==X and C2==Y. Since the flight lines are approximately
in a N-§ or S-N direction, then IYI>>IXi, so IC,i>>IC t. In the
analysis of the accuracy of k which follows, it is shown that it
is desirable for the arguments of the inverse tangents to be
small in magnitude. (D8) can be rewritten to satisfy this
requirement.

Putting ¥ = tan '(C,/C,), or tan ¥ = C,y/Cy,
then C,/C, = cot ¥ = tan(90°-¥),
so 90°- ¢ = tan"l(él/cz) and ¥ = 90°- tan‘l(cl/cz)
Hence k = 90°- tan_l(Cl/Cz) - tan_l(yi/xi) (D9)
To ascertain the acéuracy of k, first consider Eq. (D8).
Putting ¢ = tan—l(Czlcl) and 6 = tan_l(yi/xi), K=Y-9
Then the variance of k is o¢%(x) = (%S)Za’(w + (%g)zw(e) =02 (YY) + 0%(8)

-1 -1
Y = tan (CZ/Cl) = tan "t, where t = C2/C1

1 . ' 1
S or(Y) =, 03(Y)
1+ t2 (1+£2)?

010,
e
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-C
2,2

C2

1
2 2
1py o Z2Y)  gXX).YT 1 bl .
As C1==X and szY, 03(t) ' 2 0 = Xz[a=(y) - oz 02 (X)]

If 1X1<<!Y!, then o*(t) will be very sensitive to errors in X.

As t = C,/Cy, o*le) =a*|(cz).ci2 + 02(C))(
1

Now consider Eq. (D9).
By the same method, and putting ¥ = tan_l(Cl/Cz) = tan_l(X/Y),
it is found that o0*(k) = 0X(¥) + 0?(6) as before

02 (¥) = (1+t2)72.g2(t), where t = C./C, ~X/Y

1"+2
2 1 X2
og(t) = ~5lo*(X) * =5 0¥ ]
Y Y
Now if 1XI<<1Y!, which is generally so, ¢2(t) = a’(X)/Y2
also (1+t2)2=1, so 0% (¥) =03 (X)/T

Similarly, if Iyil<<lxil, 02(8)= o’(yi)/xi2

So 0%(k) = a’(X)/Y2 + a”(yi)/xi2

0*(X) and a‘(yi) are generally independent of position.

If the length of the QNP vector is doubled, = then both Y and Xy
_are doubled. Therefore o(k) is halved. This fact can be'used in
choosing weighting factors to make the best estimate of k.

At position i in a flight line, with QNP Qi’ the positions
of Qi—2’ Qi—l’ Qi’ Qi+1 and Qi+2 are usually given. The vectors
between Qi and Qi:t2 are twice as long as those between Qi and
Qitl’ therefore from the foregoing error analysis, the estimates
of k from the longer vectors should be twice as accurate as those
from the shorter ones. The best estimate of « is, consequenﬁly,
made by taking a weighted ﬁean of the individual estimates, with

vectors between points'Qi and Q being given twice as much

ix2
weight as those between points Qi and Qiil'
Once ¢, w and k are determined, there is the final step of

finding the roll angle r, pitch angle p and heading angle h.
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From Eq. (C3),

Xy cos p sin h cos p cos h sin p X
y. | =|-cos r cos h - sin p sin h sin r sin h cos r - sin p cos h sin r cos p sin r Y

z; sin r cos h - cos r sin p sin h -sin r sin h - cos r sin p cos h cos p cos Z

and from Eq. (D1),

x; cos ¢ coskK cos @ sin K + sin w sin ¢ cos K sin @ sin kK - cos w sin ¢ cosk |} X
yi = | -cos ¢ sink cos W cos K - sin w sin ¢ sin K sin W cos K » cos W sin ¢ sin K Y
z sin ¢ ~sin w cos ¢ cos W cos K VA

and so elements in the two rotation matrices can be compared.
Comparing elements in position (1,3),
sin p = sin w sin K - cos w sin ¢ cos K.
Assuming that the aircraft is not flying upside down, p will then
be the principal value of sin_l(sin w sin k - cos w sin ¢ cos K);
as p is close to zero, the inverse sine funétion will give a good
estimate.
Next comparing elements in position (2,3),
cos p sin r = sin w cos k + cos w sin ¢ sin k, and p is known.
Therefore r = sin_l(sin W COS K + cos-w sin ¢ sin'x)/cos P
As r is close to zero, the principal value of the inverse sine is
the value required. (If elements in position (3,3) were compared,
r would be expresseé as an inverse cosine, which would not only
give a less accurate result for an angle near zero, but also in-
volve an ambiguity, since r may or may not be a principal value.)
Finally, elements in positions (1,1) and (1,2) are compared:
cos p sin h = cos ¢ cos x, giving h = sin—l(cos ¢ cos k/cos p)
cos p cos h = cos w sin k + sin w sin ¢ cos k, giving

h = cos_l(cos w sin k + sin w sin ¢ cos k)/cos p
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p is already known in these expressions.

h can bé in any quadrant, so both of these expressions are needed
for an unambiguous determination. In the present situation, h is
close to 0°/360° or 180°, therefore, for best accuracy, h is
determined first from h = sin_l(cos ¢ cos k/cos p), which gives a
principal value between -90° and +90°; ‘For this range of angles,
the argument of thé inverse cosine in the second expression is
positive. If that argument is negative, then the principal value-

of the inverse sine must be subtracted from 1800.

Summpary
R is determined from R = (xp2+ sz + zpz)l’2

¢ and w are determined from sin ¢ = Xp/R, sin w = —Yp/R cos &,
where Xp, YP' Zp and R refer to components and length of the
vector from QNP to PC. .
k = 90° - tan_l(Cl/Cz) - tan_l(yi/xi)
where C; -Xq cos ¢ + (Yq sinm—Zq cos w) sin ¢

C, = Yq cos w + Zq sin w

2
Xq, Yq' Zq are components of the vector between QNP's
Xy, ¥y are components of the:image of this vector.
To ensure that the value of k is correct using prinecipal values
of tan-l, one checks whether the correct value of Xy is given by
C1 cos k + C2 sin k. If the sign is opposite, k should be changed
by 180°.
For a best estimate of k, use a weighted mean of all values.

For a single interval (Qi to Qiil)’ weight = 1

For a double interval (Qi to Qitz)’ weight = 2
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For a triple interval (Qi to Qit3)' weight - 3.
'(At this point, if there are 3 or more estimates of k, one has
the option of rejecting outliers. An arbitrary’but practical cri-
terion is to reject any estimate which differs from the mean of
the estimates by more than 1.5 times the standard deviation of
the esﬁimates.) )

Having found &, w and k, then
p = sin-l(sin w sin Kk - cos w sin ¢ cos k) (Principal value)
r = sin—l(sin ® cOS K + COS W sin ¢ sin k)/cos p (Princ. val.)
h - sin l(cos ¢ cos k/cos p)
—use princ;pal value if cos w sin k + sinw sin ¢ cos k> 0

—subtract from 180° if cos w sink + sin w sin ¢ cos k< 0

Comments

The effect of tilt in determining h from x was found in
practice to be negligible. It was found that h = -(k - 90°) to
within 0.001° in every case, even though tilt angles were almost
as great as 3°.

it is assumed in these derivations that image coordinates
(Xi’yi) are measured in a right-handed system, i.e. such that the
transformation from the image coordinates to the ground
coordinates of any point does not involve a reflection. It is
also assumed that the positive x-axis for the image coordinates
is in the direction of flight. If this is not so (as was the case
for (spatial) flight lines 4 and 5 in this project), then a
rotation of 180° (i.e. a change of sign) must be applied to the

image coordinates.
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APPENDIX E
Derivation of Principal Point Offset Compensation

The formulas derived in Appendix D assume fhat the QNP
ground coordinates correspond exactly to the principal point of
the image. In pracfice, image measurements may have been made at
a point having image coordinates (xi,yi), which is near, but not
exactly at, the principal point. Therefore correction to the
image coordinates should be considered.

In Fig. E.1, let P be

the -perspective centre,

let ¢ be the image point, Camera System
z
near the principal point, I |P
: X
!
for which measurements < z// lf
Y
: i
were made, and let Q be /xi,
147,
the corresponding point on , / :
the ground.
In applying equation
Q
(D2) of Appendix D, one
considered the situation
where the vector Fig. E.l: Geometry for Principal

Point Offset Compensation,

@ = [0 0 RIT in the

camera coordinate system,
corresponding to the case

where x; = 0 and vy - 0.
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When Xy and yi are not zero, then QP = k.Pq, where k is some

scale factor (k is negative, because QP and Pq are in opposite
directions), and Pq = [xi ' —f]T. Hence QP = k[xi ' —f]T.

Equation (D2) is now applied to the case where [xi Y4 zi]T = QP,

giving

X cos ¢ cos Kk ° ~ cos ¢ sin Kk sin ¢ %y
Y| = k {cos w sin kK + sin w sin'$d cos K cos W cos K - sin w sin ¢ sin X -sin w cos ¢ ¥4 (E].)
2

sin w sin K - cos w sin § cos K sin W cos K + cos w sin ¢ sin Kk cos w cos ¢

in which [X Y Z]T represents QP in ground coordinates.
Since the square matrix in (E1l) is orthogonal, it follows

that the vectors [X Y Z]T and k[xi vy —fJT have the same norm.

Hence k = "[(X2 + Yz 2+ f2)]1/2

2 2
+ Z )/(xi +yy
Given the values of X, Y, Z, XYy and’f, equation (E1) must now
be solved for w and ¢.
(E1) corresponds to three scalar equations, of which two are

X = k[xi cos ¢ cos K - y;cos ¢ sin kK - f sin é) (EZ)

Y = k{x (cos @ sin K + sin w sin ¢ cos k) + y,.(cos w cos kK - sin @ sin ¢ sink)
and i i (E3)

+ f sin W cos ¢)

One can note here that since lxil<<f and lyi|<<f, w and ¢ will be
close to the values w, and ¢, that would be obtained from the al-
gorithm described in Appendix D. Therefore one can put.

¢"¢0+A¢, w-wo'l"A(O,

where sin ¢, = X/(X2+ Y2+ 22)1/2, sin w, = -Y/(Y2+ 22)1/2

2+ZZ)]1/2 2)1/2

and so cos ¢ = [(¥2+ Z2)/(X%+ ¥ , cos wo = Z/(YP+ Z
cos ¢, and cos w, are both positive because ¢, and w, are small

angles. Also Z>0. Substituting thus for ¢ and w in (E2),

L B

= xi(cos ¢o cos A¢ -~ sin ¢, 8¢) cos K - yi(cos ¢o cos AP - sin ¢, sin Ag) sin K
- f(sin ¢, cos A¢ + cos ¢, sin A¢)
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Making the approximations cos A¢ = cos Aw =1, and neglecting the

product sin ¢, sin A¢, then

% = x, cos $, cOS K ~ y; cos ¢, sin & - f(sin ¢, + cos ¢, sin A¢)
Hence f£(sin ¢, + cos ¢, sin A¢) = X; cos K cos ¢, - y, sin K cos ¢, -—% )

giving f cos ¢, sin A¢ = X, cos K cos b - Y4 sin Kk cos ¢, ~ L f sin ¢,

k
. Xi yi X

and smAQS:-E.—cos K- 5 sin K.—m'— tan ¢,
As k cos ¢, = -[(Y2+ 22)/x§+ yi-r z?)]l/2 and tané¢,= X/(Y2+ 22)1/2,

x, y.
then sin ¢ = -E-]l cos K - E—l sin K + )f([(xzi+ y§+ zi)/(Y2+ Zz)]l/z— X/(Y2+ 22)1/2

x; ' X (xi+ y§+ f2)1/2

=.E—C°SK_F5MK+(Y2+ZZ)1/2[ 7 ~ 1]

Applying the binomial expansion of [f2+(xi2+yiz)]1/2, in which

x12+ yi2<<f2, and neglecting the third and subsequent terms of

that expansion,

2
X4 Yy ’ X Xt yg
sinA¢=-f—cosx.--f—-sinK‘+ 7 21/2( 3 )
Y+ 27) 2f
X, Y. X, Y,
i ) i . X i 2 X i,2
= = CO0S K - — Ssin K + —__"‘_——("'—) + —‘_——(_)
f f 2(,{2+ Z2 1/2° £ 2(Y2+ Z?.)1/2 f ‘

As, generally, IXI<<|ZI,Z|in<<f and lyil<<f. while either
lcos k1>0.7 or Isin k1>0.7, 4it follows that at least one of the
first two terms in this expression for sin A¢ must dominate.
Therefore, as an acceptable approximation,

sin A¢ = (xi cos k = ¥, sin k )/f

Substituting similarly for ¢ and w in (E3),

xi([cos Wejcos Aw ~ sin W, sinAw] sin k + [sin w, cos Aw + cos w, sin Bw] sin ¢ cos k)
yi([cos W, cos Aw - sin w, sin Aw] cos k:~ [sin wWojcos Aw + cos w, sin Aw) sin ¢ sin K )

f (sin w, cos Aw + €c0S W, sinAw) cos ¢
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and making the same approximations as before,

=1
i

xi(cos w, sin K + [sin W, + cos w,sinAw] sin ¢ cos k)

+

yi(cos W, cos K - [sin w, + cos w, sin ] sin ¢ sin k)

+ f (sin w, + COS W, sinAw) cos ¢
= X, cos w, sin K + y; cos W, COS K

+ [sin w, + cos w, sin At.c.)](xi sin ¢ cos K -y, sin ¢ sin k¥ + £ cos ¢)

E - xi COos W, sin K - yi COS W, COS K
Hence  sin w,l+ cos w, sin Aw =

Xy sin ¢ cos K =Yy sin ¢ sin kK + f cos ¢

and so
Y/k - x, COS W, Sin K = Yy, COS W, COS K
sin Aw = X = - tan @
(xi sin ¢ cos k -y, sin ¢ sin K + £ cos ¢) cos w, °
Y/k - cos o.)a.(xi sin K + y, cos K)
- tan w,

= Cos w,(sin¢l}xi cos k - y, sin K] + £ cos ¢)

Y/k - cos m.,(xi sin k + y, cos K)

= COS Welf cos ¢ — sin@. £ sin Ag)

‘- tan W,

Y/k - cos w.,(xi sin kK + y, cos K)

= 7F cos w,(cos ¢ + sin ¢ sin Ap) tan @,

In the denominator, sin ¢ sin A¢ <<cos ¢, jﬁstifying the follow-

ing approximation: Y/k - cos w(x, sin k + y, cos K)

i = - tan w
sin Aw f cos w, cos ¢ ¢

x., sin Kk + y, cos K’
i yx Y

f cos ¢ +kfcoq(«). cos ¢

- tan w,

X, sin + ¥,
i K y; cosk

n

- 1 1 Y
f cos ¢ +Y[Z+kfc—osw. cos¢] as tan @, = -7

Substituting for k cos ¢ and cos w,, the coefficient of Y in this

2

expression can be shown to be f1- (f2+ X+ yiz)/f]/Z

2 2 2
e —(Xi +yy )/2£°Z,

using the same binomial approximation as before.

. 1
Hence sin Aw = - f cos @ (x

For the same reasons as before, it can be assumed that the first

- X, y.

. Y i\2 iy2
; sin Kk +y; cos K) - -?_—z-[(-f——) (7]
term dominates this expression, giving as an acceptable approx-
imation,

. sin k . cCos K
(x1 * Yy s K)
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Appendix F
SUGGESTED PROCEDURES FOR USE OF LASER RANGER WITH PHOTOGRAMMETRY

1. Laser Profiling
(a) Application: Determination of terrain elevation.

The 1laser gi&es the distance from the instrument to a point
on the ground. In addition to this distance, the 1laser's
position and orientation at every reading need to be known. This
information can be given by an inertial navigation/positioning
system. It is essential to know the laser's alignment relative to
the inertial system accurately.

As inertial systems suffer from drift, updates are needed at
sufficiently frequent intervals, and fhese updates should apply
to both position and orientation. For an aircraft, an update can
be obtained by (a) landing

(b) GPS positioning system
(c) photoérammetry with ground control.

In case (a), there is a zero-velocity, and possibly a
position, update. Also the direction of the gravity vector may
give some direct input on orientation.

In case (b), the input is on position only, and its useful-
ness in updating the orientation is questionable.

In case (c), complete position and orientation data aré
available, provided that the crab angle is known.

Photogrammetry alone could also give the terrain profile

without using the laser. However, a combination of photogrammetry



and laser might be desirable
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(1) 4if the profile itself is more easily obtained from Ilaser

readings than from photogrammetry,

(ii) if the photogrammetry can be used as update at the two

ends of a long profile, but cannot be used in the

intervening space.

These situations could occur when conjugate images of points in

the profile are difficult to identify, e.g. when there is uniform

snow, grass or sand cover, or in forested areas (Moreau & Jeudy).

(b) Testing

To lavoid errors such as
can arise from misalignment,
the laser reading -needs to be
tested against a  standard
whose  accuracy is already
known. Photogrammetry is one
such standard.

Fig: F.1 shows a photo-
grammetric model. With ade-
quate ground control and an
adjustment, one can find the
positions of the two perspec;

tive centres PC1 and PC2.

If Py» Py, p3, pa..x

Fig. F.l: Positions of Laser and
Laser Spot in Profiling.

represent positions of the laser

instrument, and q,, 4., Q.. 4,.... represent the corresponding
1 2 3’ 34

positions of the laser spot on the ground,'then P1dq> Podss p3q3,
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P,q,--.- are the distances measured by the laser. Therefore these
distances need to be determined by an independent method, to
compare them with the actual laser readings.

The positions P+ Pys Pgs Pyev-e and the orientations of the
camera can .be determined from an inertial system. The inertial
system can be updatedrat the two perspective centres, where the
position and camera orientation can be determined from a photo-
grammetric adjustment (bundle or SPACE-M). The laser beam direc-
tion is then determinable if its alignment reilative to the camera
axis is known.“

Knowing the position of Py and the direction of the 1laser
beam, then in principle one can determine from the
photogrammetric model the point 9 at which the laser beam meets
the ground, 'as this is a unique point (assuming that there are
not any nearly-vertical cliffs). Knowing the position of > the
distance PiC- is easily calculated. This can then be compared
with the laser reading taken from Py

In summary, then, the distances P14y p2“q2 etc. have been
determined

(i) from a combination of photogrammetric and inertial data

(ii) from the laser ranger
and these two ranges can be compared.

In practice, there could be a problem in determining exactly
where the points Qys dpeee lie in the photogrammetric model, so
‘another approach should be considered. Essentially, there is a
redundancy of information in the combination of photogrammetric,

inertial and laser systems. The redundancy permits at least two
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different estimates of the value of some parameter, and the dis-
crepancy between these estimates, to be made. In the foregoing
paragraph, the discrepancy between two estimates of the range
itself was sought. However, the same data could also be combined
in a different way to give two estimates of some other quantity.

One way of doing this is to determine two estimates of the
terrain elevation; One estimate is derived from the positions Py
Pys Pgs Pyevee and the laser directions at these points, exactly
as before, and then By combining these positions and directions
with the laser range to give the x, y and z coordinates of the
laser spot. |

If these same X and y values are inserted into the photo-
grammetric model, then the model can give a second estimate of
the 2z-coordinate. So there exist two estimates of the =z-
coordinate. Since the 1laser beam is almost vertical, the
difference between the two estimates of the z-coordinate should
be almost equal to the difference between the two estimates of

the laser range that were discussed earlier.

2. Laser Ranges in Photogrammeiric Adjustment
(a) Application:

A photogrammetric adjustment can be strengthened by the use
of extra data of acceptable accuracy. Positions of control points
(absolute or re{ative) are the most commonly used forms of such
data. However, in principle, any quantity that is uniquely
defined by the geometry of the photogrammetric model, and can Be

measured independently, can be used as input to theradjustment.
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The laser range could be such a quantity.

The beam from a laser ranger intercepts the ground at a cer-
tain point which can be called the laser spot.ﬂ The ranger meas-
ures the distance from the instrument itself to the laser spot.
This distance can also be determined from photogrammetry, provid-
ed that the ranger is close to the camera. Hence the laser range
can be compared with the photogrammetric range as part of the
adjustment process.

Perspective centre positions are defined by the photogrammet-
ric model, and their coordinates are often the by-product of an
adjustment. Coordinates of points on the ground are often used in
adjustments; this is the case not only for points whose coordin-
ates are already known (contfol points) but also for points whose
coordinates are not previously known (e.g. tie points and pass
points)rbut can be found from the model. Knowing the coordinates
of the perspective centre (PC) and a ground point, the distance
between them is determined too. If the ground point happens to be
the 1laser spot, then the distance from PC to laser spot can be
measured independently by the laser ranger.

To use the laser with photogrammetry, the position of the
laser spot in the model must be known. Normally this spot is near
the principal point of one image. Its actual displacement from
the principal point depends on the misalignment of laser beam and
camera axis. If ehe laser is mounted close to the eamera, the
variation of this displacement with height of dinstrument above
ground (parallax effect) will be negligible. The direction of

displacement of the laser spot from the principal point in  the
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image will be constant if the laser is attached to the camera. If
the laser is mounted separately from the camera, this direction \

will depend on the crab-angle k . (See Fig. F.2)

A X AX
y . 7 [
< < ¥
Fig, F.2

Position of Laser Spot with 7 Range of Positions of Laser
Laser Attached to Camera. Spot with Laser Mounted
Separately from Camera,

Having identified the iaser spot in one imagé, it should be
identified in the conjugate image so that its coordinates in the
.model can be determined.

Combining the model or ground coordinates of the PC and the
laser spot, there is enough information to determine the‘ range
from PC to laser spot from the photogrammetry; The photogrammet-—
ric adjustment process must be formulated in such a way that it
involves the range from PC to laser spot, either directly or
indirectly. - |

Being a single distance in the ground coordinate system, the
laser range is irrelevant to inferior and relative orientation
processes, and is only applicable to absolute orientation; where

it essentially determines the scale of the model.
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(b) Testing

It is desirable.to check the accuracy of the ranger, to
avoid errors such as can arise from misalignment.

The laser ranger's measurement of a given distance is to be
compared with an independent measuremept of the same distance.

The distance iﬁ this case is the distance from the laser
ranger to the laser spot. This is practically identical to the
distance from the camera to the laser spot.

Measurement of this distance photogrammetrically requires
knowing the coordinates of (i) the PC  (ii) the laser spot
in the ground coordinate system.

The coordinates of the PC are normal by-products of an ad-
justment (bundle or SPACE-M). For the laser spot coordinates, the
position of the laser sﬁot must be found in one image. (See "Ap-
plication" above) It can then be located in the conjugate image,
and so its ground coordinates can be determined when the édjust—
ment is done. Knowing the PC and laser spot coordinates in the
ground system, the distance between them is easily calculated,

and can be compared with the actual laser measurement.
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APPENDIX G

Tables of Profile Elevation Discrepancies

G.1 -~ G.5 as Functions of Terrain Type and Slope Separately

G.1
6.2
G.3
G.4
G.5

Section A Page
Section W Page
Section X Page
Section Y Page
Section 2 Page

G.6 - G.10 as Functions of Terrain Type and Slope Jointly

G.6
G.7
G.8
G.9
G.10

Section A Page
Section W Page
Section X ’ Page
Section Y ‘ Page

Section Z Page

155
156
157
158
159

160
161
162

163

164



Table G.1

Section A

155

Elevation Discrepancies as Function of Terrain Type

Terrain
Type No.

O 0o JOVU W

All

Sample
Size

70
35
9
62
134
38
47
79
34

508

Mean

-0
1
-1
0
3
-0
3
4
1

2.

"Discr.

.76
.83
.39
.47
.87
.77
.77
.77
.79

23

Mean
Abs.

3
5
1
3
4
7
6
4
3

4.

11
.26
.39
.47
.39
.10
.52
.90
.94

56

RMS
Value

4,
6.
l.
4.
5.
8.
7.
6.
5.

5

02
73
60
32
14
94
82
44
67

.91

Min.
Value

-8.30
~-8.77
-2.34
-6.73
-6.52
-20.39
-19.95
~-2.10
-7.54

-20.39

Max.
Value

11.75
15.04
-0.37
14.59
12.23
14.00
15.05
19.55
20.36

20.36

3.95
6.47
0.79
4.29
3.38
8.91
6.85
4.33
5.38

Elevation Discrepancies .as Function of Total Slope

Terrain
Slope

0 -0.24
0.25-0.49
0.50-0.74
0.75-0.99
1.00-1.24
1.25-1.49
1.50-1.74
1.75-1.99

>1.99

All

Sample
Size

8
25
172
142
44
27
11
-7
15

451

Mean

Discr.

-0.
1.
1.
2.
0.
0.
7.
3.
4.

2.

38
46
89
80
74
84
32
19
18

17

Mean
Abs.

3.
4,
4,
4,
7.
4,
7.
5.
4.

4.

32
62
02
52
00
98
35
71
61

68

RMS
Value

3.77
5.45
5.04
5.81
9.05
5.88
9.55
7.31
6.30

6.06

Min.
Value

-4,42
-7.51
-19.95
-8.77
-20.39
-12.10
-0.15
-5.64
-1.65

Max.
Value

6.76
13.63
15.05
19.55
20.36
10.70
15.60
15.92
14.17

20.36

3.75
5.26
4.67
5.10
9.02
5.82
6.13
6.57
4.71



Table G.2

Saction W

156

Elevation Discrepancies as Function of Terrain Type

Terrain
Type No.

VOO U B W

All

Elevation Discrepancies as

Terrain
Slope

0 -0.24
0.25-0.49
0.50-0.74
0.75-0.99
1.00-1.24
1.25-1.49
1.50-1.74
1.75-1.99

>1.99

All

Sample

Si

179
2
58
48
89
20
0
13
0

414

Sample

Si

3

28

zZe
96

15
1

2
0
0
0
0
0

414

Mean
Discr.

~1.82
-1.96
-0.70
0.96
4.96
4.98
0.00
6.63
0.00

0.81

Mean
Discr.

0.59
4.53
8.12
13.59
0.00
0.00
0.00
0.00
0.00

0.81

Mean
Abs.

3.93
1.96
2.47
3.58
5.91
6.47
0.00
7.67
0.00

4.39

Mean
Abs.

4.28
5.64
8.12
13.59
0.00
0.00
0.00
0.00
0.00

4.39

RMS
Value

4.68
2.23
3.04
4.35
7.28
6.97
0.00
9.61
0.00

5.55

Min.
Value

-7.06
-3.03
-4.26
-4.49
-4.67
~4.46

0.00
-3.96

0.00

-7.06

Max.
Value

26:29
-0.88
7.37
9.60
17.65
13.43
.00
17.06
0.00

26.29

S.D.

4,31
1.07
2.96
4.24
5.33
4.89
0.00
6.96
0.00

5.49

Function of Total Slope

RMS
Value

5.31
7.32
8.12
18.60
0.00
0.00
0.00
0.00
0.00

5.55

Min.
Value

-7.06
~3.49

8.12

0.89
-0.00
-0.00
-0.00
-0.00
-0.00

-7.06

Max.
Value

17.06
17.65
8.12
26.29
0.00
0.00
0.00
0.00
0.00

26.29

S.D.,

5.28
5.76
0.00
12.70
0.00
0.00
0.00
0.00
0.00

5.49



Table G.3

Saction X

157

Elevation Discrepancies as Function of Terrain Type

Terrain
Type No.

OO0 U W

All

Elevation Discrepancies as

Terrain
Slope

0 -0.24
0.25-0.49
0.50~-0.74
0.75-0.99
1.00-1.24
1.,25-1.49
1.50-1.74
1.75-1.99

>1.99

All

Sample
Size

34
0
31
0
130
96
3
175
0

469

Sample

Si

4

ze
30

27
5

5
2
0
0
0
0

469

Mean
Discr.

1.60
0.00
"'1180

0.00 -

6.20
12.70
8.43
1.48
0.00

4.92

Mean

Discr.

4.66
5.12
11.50
16.10
14.00
0.00
0.00
0.00
0.00

4.92

Mean
Abs.

7.20
0.00
2.70
0.00
7.17
13.17
8.43
3.76
6.00

6.84

Mean
Abs.

6.74
5.35
11.50
16.10
14.00
0.00
0.00
0.00
0.00

6.84

RMS
Value

8.92
0.00
3.41
0.00
8.62
14.40
8.55
5.00
0.00

8.91

Min.
Value

~-8.50
-0.00
-6.19
0.00
-7.32
-7.55
6.85
-6.31
0.00

-8.50

Max.
Value

23.47
0.00
7.07
0.00

19.53

25.21

10.33

15.61
0.00

25.21

S.D.

8.78
0.00 -
2.90
0.00
5.98
6.79
1.44
4.78
0.00-

7.43

Function of Total Slope

RMS
Value

8.84
6.53
11.70
16.58
14.35
0.00
0.00
0.00
0.00

8.91

Min.
Value

~-8.50
-2.64
7.72
11.78
10.86
0.00
0.00
0.00
0.00

-8.50

Max.
Value

25.21
15.61
13.45
23.47
17.14
0.00
0.00
0.00
0.00

25.21

§.D.

7.51
4.06
2.15
3.96
3.14
0.00
0.00
0.00
0.00

7.43



Table G.4

Section Y

158

Elevation Discrepancies as Function of Terrain Type

Terrain
Type No.

WOV bW+

TAll

Sample
Size

350
115

O OO O OO

489

Mean
Discr.

-5.
.94
.00
.00
1.
0.
0.
G.
c.

-1
0
0

-4,

72

65

00

00
00
00

47

Mean
Abs.

12.35
28,11

0.

00

0.00

5.

61

0.00

0.
0.
0.

15.

00
00
00

73

Elevation Discrepancies as

Terrain
Slope

0 -0.24
0.25-0.49
0.50-0.74

0.75-0.99

1.00-1.24
1.25-1.49
1.50-1.74
1.75-1.99
>1.99

All

Sample
Size

35
54
114
120
60
23

13 -

29
41

489

Mean

Discr.

-1,
-2,
-4,
.40

-5

-2,
.06
.86
.94

-0
18
-5

-5.

-4,

50
g4
88

17

52

47

Mean
Abs.

5.

9.
11.
11,
13.
11.
24,
28,
50.

15

10
47
38
87
49
53
88
47
13

.73

RMS Min.
Value Value
17,58 -152.08
44.32 -195.58

0.00 0.00

0.00 0.00

6.17 -8.40

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00
26.17 -195.58

Max.
Value

5.D.

64.54 16.62
69.69 44.27

0
0
10
0
0
0
0

.00
.00
.13
.00
.00
.00
.00

0.00
0.00
5.95
0.00
0.00
0.00
0.00

69.69 25.78

Function of Total Slope

RMS
Value

5.96
11.13
13.31
14.89
17.21
15.69
45,54
33.63
69.31

26.17

Min.
Value

-12.91
-20.22
-32.67
-47.08
-32.84
-27.33
-152.08
-75.07
-195.58

-195.58

Max.
Value

9
27
38
60
52
48
39
52
69

69

11
.52
.01
.68
.19
.83
.18
.03
.69

.69

5.77
10.77
12.38
13.88
17.08
15.69
41.45
33.11
69.09

25.78



Table G.5

Saction Z

159

Elevation Discrepancies as Function of Terrain Type

Terrain
Type No.

W oUW

All

Elevation Discrepancies as

Sample
Size

229
0
151
0
45
43
0

0

0

468

Mean
Discr.

2.36
0.00
2.16

0.00
2.77

6‘21'

0.00
0.00
0.00

2.69.

Terrain Sample Mean.

Slope

0 ~-0.24
0.25~-0.49
0.50-0.74
0.75-0.99
1.00-1.24
1.25-1.49
1.50-1.74
1.75~1.99

>1.99

All

Size
2
123
221
82
16

7

1l

3

3

468

Discr.

~-0.89
1.91
2.84
3.12
1.67
7.73
3.91
0.59
5.43

2.69

Mean
Abs.

3.
0.
2.
0.
3.
6.
0.
0.
0.

3

20
00
34
00
21
25
oo
00
00

.20

Mean
Abs.

0.
2.
3.
3.
3.
9.
9.
8.
7.

89
30
00
34
87
14
59
17
41

3.20

RMS
Value

4.47
0.00
2.83
0.00
4.28
6.87
0.00
0.00
0.00

4,30

Min.
Value

-12.50
-0.00
-2.41
~0.00
-3.68
-0.82
~-0.00
-0.00
-0.00

=12.50

Max.
Value

18.13
0.00
65.95
0.00

14.84

12.22

0.00
0.00
0.00

18.13

S.D.

3.80
0.00
1.83
0,00
3.26
2.94
0.00
0.00
0.00

3.35

éunction of Total Slope

RMS
Value

1.08
2.96
3.91
4.09

4.53

10.23
10.49

8.82
10.15

4.30

Min.
Value

-1.50
~-4.19
~1.85
~3.86
-10.20
~-4.93
-12.50
-11.36
-2.97

-12.50

Max.
Value

~-0.27
10.93
14.84
11.51

7.62
15.47
18.13

9.58

117.21

18.13

SIDI

0.62
2.26
2.69
2.64
4.21
6.70
9.73
8.80
8.58

3.35



160

Table G.6

Section A

Sample size, mean, s.d4. and rms values for various
slope catsgories and tarrain types (left column)

~ Slope Category
1 2 3 4 5 6 ? 8 9

1l 6 8 11 20 2 3 1 2 1
-2.26 =-2.98 -0.36 1.52 1.78 -3.,77 -0.15 -4.42 -1.65
1.97 2.99 4.15 5.15 1.43 1.2 - 0.00 1.22 0.00
2.99 4.22' 4.16 5.37 2.28 3.97 0.15 4.58 1.65

2 0 1l 1o 10 1 3 2 0 8
0.00 13.63 -1.60 0.39 8.22 -0.62 6.42 0.00 5.42
0.00 0.00 4,31 6.50 0.00 5.89 5.68 0.00 5.11
0.00 13.63 4.60 6.51 8.22 5.92 8.57 0.00 7.45

3 0 2 q 3 0 0 0 0 0
0.00 -0.44 -~1.96 -1.26 0.00 0.00 0.00 0.00 0.00
0.00 0.07 0.63 0.52 0.00 0.00 0.00 0.00 0.00
.00 0.44 2.06 1.36 0.00 0.00 0.00 0.00 0.00

4 0 2 17 13 0 0 0 0 0
0.00 -5.44 -2.26 -1.66 0.00 0.00 0.00 0.00 0.00
0.00 0.82 2,70 4.97 0.00 0.00 0.00 0.00 0.00
0.00 5.50 3.52 5.23 0.00 0.00 0.00 0.00 0.00

5 2 6 55 35 9 i1 2 2 Tl
5.26 5.88 4.14 3.10 1,50 2.42 4.36 4.58 0.19
1.50 1.39 2.78 3.81 4.39 3.31 0.25 1.08 0.0vV
5.47 6.04 4.99 4.91 4.64 4.10 4.36 4.71 0.19

6 0 0 16 6 9 5 2 0 0
. 0.00 0.00 2.68 5.70 -13.68 -1.85 13.16 0.00 0.00
0.0¢C 0.00 2.71 3.70 4.43 7.80 0.84 0.00 0.00
0.00 0.00 3.81 6.79 14.38 8.01 13.19 0.00 0.00

7 0 0 24 17 5 1 0 0 0
0.00 0.00 1.84 5.11 7.94 6.19 0.00 0.00 0.00
0.00 0.00 8.14 4.28 4.33 0.00 0.00 0.00 0.00
0.00 0.00 8.34 6.67 9.05 6.19 0.00 0.00 0.00

8 0 5 29 28 13 1l 2 1 0
0.00 3.55% 2.85 5.52 5.70 1.17 15.26 15.92 0.00
0.00 2.94 2.27 4.52 4.08 0.00 0.34 0.00 0.00
0.00 4,61 3.64 7.14 7.01 1.17 15.26 15.92 0.00

9 0 1 6 10 5 3 2 -2 S
0.00 5.41 ~1.02 0.47 3.28 3.69 1.16 3.05 4.15
0.00 0.00 3.49 3.66 8.62 8.02 1.00 2.80 3.53
0.00 5.41 3.63 3.69 9.22 8.83 1.53 4.13 5.4%

8lope Cateqgories

< 0.2%
0.25 to 0.49
0.50 to 0.74
0.75 to 0.99
1.00 to 1.24

1.25 to 1.49

1.50 to 1.74

1.75 to 1.99
> 1.99

Ut N
w0003



Table G.7

Section W

Sample size, mean, s.d. and rms values for various
slope categories and terrain types (left column)

4.48

5.26
7.05

6 20
4.98
4.89
6.97

7 0
0.00
0.00
0.00

8 18
6.63
6.96
9.61

S 0
0.00
0.00
0.00

Slope Categories

[ SRV S N g

Slope Category
4 5

2 3
3 1 2
4.80 8.12 13.59
5.24 0.00 12,70
7.11. 8.12 18.60
0 0 0
0.00 ©0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0 0 0
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0,00
6 0 0
0.3  0.00 0.00
3,22  0.00 0.00
3,24 0.00 0.00
6 0 o
8.52 0.00 0.00
5,06 0.00 0.00
9.91 0.00 0.00
0 0 0
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0 0 0
0.00 ©0.00 0,00
0.00 ©0.00 0.00
0.00 0.00 0.00
0 0 0
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0,00
0 0 0
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
< 0.25
0.25 to 0.49
0.50 to 0.74
0.75 to ©.99
1.00 to 1.24

0
0.00

0. 00

0 00

0.00

0.00
0.00
0.00

0.00
0.00

0.00
0.00

9.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

(VR IES B. ]

0
0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

7

0
0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

1.25 to 1

8

0
0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

.49

1,50 to 1.74
1,75 to 1.99

> 1.99

161

9

0
0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00



Table G.8

Section X

Sample size, mean, s.d, and rms values for various
slope categories and terrain types (left column)

1

1l 31
0.38
7.92
7.93

2 0
0.00
0.00
0.00

3 31
-1.80
2.90

3.41

4 0
0.00
0.00
0.00

5 1l6
5.96
6.02
8.48

6 95
12.84
6.69
14.47

7 3
8.43
1.44
8.55

8 154
0.73
4.23
4.29

9 0
0.00
0.00
0.00

Slope Category
2 3 4 5 6

2 0 1 0 0
9.46 0.00 23.47 0.00 0.00
3.75 0.00 0.00 0.00 0.00

10.18 0.00 23.47 0.00 0.00

0 0 0 0 0
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00

0o - 0 0 0 0
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00

0 0 0 0 0
0.00 0.00 '0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00

9 0 4 1l 0
4.53 0.00 14.26 17.14 0.00
1.36 0.00 1.62 0.00 0.00
4.73 0.00 14.35 17.14 0.00

1l 0
-0.54 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.54 0.00 0.00 0.00 0.00

0 0 0 0 0
0.00 0.00 .00 0.00 - 0.00
0.00 .00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00

15 5 0 1 -0
5.27 11.50 0.00 10.86 0.00
4.67 2,15 0.00 0.00 0.00
7.04 11.70 0.00 10.86 0.00

. 0 0 0 0 ~ 0
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00" 0.00

Slope Categories

U o W N

< 0.25
0.25 to 0.49
0.50 to 0.74
0.75 to 0.99
1.00 to 1.24

W~

7 8
0 0
0.00 0.00
0.00 0.00
0.00 0.00
0 0
0.00- 0.00
0.00 0.00
0.00 0.00
0 0
0.00 0.00
0.00 0.00
0.00 0.00
0 0
0.00 .00
0.00 0.00
0.00 0.00
1] 0
0.00 0.00
0.00 0.00
0.00 0.00
0 0
0.00 0.00
0.00 0.00
0.00 0.00
0 0
0.00 0.00
0.00 0.00
0.00 0.00
0 0
0.00 0.00
0.00 0.00
0.00 0.00
0 0
0.00 0.00
0.00 0.00
0.00 0.00
1.25 to 1.49
1.50 to 1.74
1.75 to 1.99
> 1.99

162

0
0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00



Table G.9

Section ¥

Sample size, mean, s.d. and rms values for various
slope categories and terrain types (left column)

1

1 21
-1l.21
6.14

6.26

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

-1.94
5.13
5.49

0.00

0.00 .

0.00

7 0
0.00
0.00
0.00

8 0
0.00
0.00
0.00

9 0
0.00
0.00
0.00

,Blope Categories

[ 3¢ VU S N o

Slope Category
4

2 3 5 6 7 8
42 99 99 44 14 7 16
-5,12 -4.59 -6.97 -4.85 -3.93 -31.51 -21.96
9.69 12.76 9.96 14.36 9.50 49.48 32.01
10,96 13.56 12.16 15.16 10.28 58.66 38.81
3 14 21 16 9 6 13
0.46 -7.74 1.99 5.19 $.97 -4.10 13.77
20.00 8.92 23.80 21.26 20.72 21.49 21.9%0
20.01 11.81 23.89 21.89 21.56 21.87 25.87
0 0 0 0 0 0 0
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0 0 Y 0 0 0 0
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.900 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00
9 1l 0 0 0 0 0
6.70 6.54 0.00 0.00 0.00 0.00 0.00
2.27 0.00 0.00 0.00 0.00 0.00 0.00
7.08 6.54 0.00 0.00 0.00 0.00 0.00
0 0 0 0 0 0 0
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 .00
0.00 0.00 0.00 0.00 0.00 0.00 .00
0 0 0 0 0 0 0
0.00 0.00 0.00 0.00. 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00
Y] 0 0 0 0 0 0
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0 0 0 0 0 0 0
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00

< 0.25 6 1.25 to 1.49
0.25 to 0.49 ? 1.50 to 1.74
0.50 to 0.74 8 1.75 to 1.99
0.75 to 0.99 9 > 1.99
1.00 to 1.24

163

9

8
27.84
20.75
34.72

33
-13,61
74.10
75.34

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00



Table G.10

Section 2

Sample size, mean, s.d., and rms values for various
slope categories and terrain types (left column)

: Slope Category
1 2 3 4 5 6 7 8

1 1 31 82 75 16 7 11 3
-1.50 1.47 1.86 2.70 1.67 7.73 3.91 0.59
0.00 2.75 1.84 2.18 4,21 6.70 9.73 8.80
1.50 3.12 2,62 3.48 - 4.53 10.23 10.49 8.82

2 0’ 0 0 0 0 0 0 0
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00  0.00 0.00 0.00 0.00 0.00 .00 0.00

3 1 60 89 1 0 0 0 0
-0.27 1.79 2.44 2.41 0.00 0.00 0.00 0.00
0.00 1.51 1.97 0.00 0.00 0.00 0.00 0.00
0.27 2.34 3.14 2.41 0.00 0.00 0.00 0.00

4 0 0 0- 0 0 0 0 0
0.00 0.00 0.00 0.00 0.00 0.0C 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.090 0.00 0.00 0.00 0.00 0.00

5 0 17 26 2 . 0 0 0 0
0.00 1.45 3.37 6.18 0.00 0.00 0.00 0.00
0.00 2.44 3.42 2.34 0.00 0.00 0.00 0.00
0.00 2,84 4.80 6.61 0.00 0.00 0.00 0.00

6 0 15 24 4 0 0 0
0.00 3.86 7.11 9.64 0.00 0.00 0.00 0.00
0.00 2.42 2.35 0.76 0.00 0.00 0.00 0.00
0.00 4.56 7.49 9.67 0.00 0.00 0.00 0.00

7 0 0 0 0 0 0 ‘
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8 0 0 0 0 0 0 0 0
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 ¢.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

9 0 0 0 0 0 0 0 0
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Slope Categories

< 0.25
0.25 to 0.49
0.50 to 0.74
0.75 to 0.99
1.00 to 1.24

1.25 to 1.49

1.50 to 1.74

1.75 to 1.99
> 1.99

;o W N
[T s BENs 4

164

5.43
8.58
10.15%

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00



Detailed’Comparisons of Orientation Angles
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Single Differences of Orientation Angles (Dégrees)

Table H.

1

Mean, RMS and Max./Min. Values from
Auxiliary Systems.and SPACE-M case (a)

Chron.
Line No.

Ul W=

ALL

Chron.
Line No.

Ut B W N~

Chron.
Line No.

KW

ALL

Pts.

25
23
31
28

135

Pts.

25
28
23
31
28

135

Roll
Mean

-2.008
-1.798
-1.814
-1.631
-1.451

-1.729

Pitch
Mean

1.169
2.105
0.943
2.030
1.237

1.537

RMS

2.008
1.799
1.814
1.631
1.451

1.740

RMS

1.171
2.106
0.944
2.030
1.238

1.609

Heading

Mean

-1.484
2.167
-0.831
0.398
-0.133

0.097

RMS

1.489
2.169

-0.833

0.402
0.198

1.245

Max.

-1.901
-1.718
-1.748
~1.583
-1.414

-1.414

Max.

1.340
2.268
1.061
2.120
1.317

2.268

Max.

-1.219
2.620
-0.629
0.690
0.589

2.620

Min.

-2.098
-1.990
-1.881
-1.687
-1.550

-2.098

Min.

1.036

1.977

0.849
1.957
1.077

0.849

Min.

-1.999
2.019
-0.883
0.310
-0.340

-1.999
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Double Differences of Orientation Angles (Degrees)

Table H.

2

Mean, RMS and Max./Min. Values from
Auxiliary Systems and SPACE-M case (a)

Chron.
Line No.

Ul W

ALL

Chron.
Line No.

Ul B W N

Chron.
Line No.

LW N

Pts.

22
26
22
30
27

127

Pts.

22
26
22
27

127

Pts.

22
26
22
30
27

127

‘Roll
Mean

-0.003

0.000
~0.004
-0.000
-0.005

~0.002

Pitch
Mean

-0.005
-0.007
-0.010
-0.005
-0.008

-0.007

RMS

0.035
0.057
0.028
0.023
0.027

0.036

RMS

0.041
0.040
0.032
0.041
0.041

0.040

Heading

Mean

-0.020
-0.016
0.001
0.001
0.004

-0.006

RMS

0.129
0.109
0.082
0.077
0.206

0.130

Max.

0.087
0.183
0.059
0.056
0.047

0.183

Max.

0.095
0.113
0.041
0.074
0.059

0.113

Max.

0.266
0.169
0.234
0.251
0.743

0.743

Min.

-0.071
-0.181
-0.057
-0.054
-0.077

-0.181

Min.

-0.082

-0.102
-0.073
-0.075
-0.082

-0.102

Min.

-0.496
-0.495
-0.166
-0.301
-0.699

-0.699
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Single Differences of Orientation Angles (Degrees)

Table H.

3

Mean, RMS and Max./Min. Valueé from
- Auxiliary Systems and SPACE-M case (b)

Chron.
Line No.

v~ WP

ALL

Chron.
Line No.

U1~ W -

ALL

Chron.
Line No.

T s LN

ALL

Pts.

25
28
23
31

135

Pts.

25
28
23
31
28

135

Pts.

25
28
23
31
28

135

Roll
Mean

-2.008
-1.798
-1.814
-1.631
-1.451

-1.729

Pitch
Mean

1.169
2.105
0.942
2.030
1.238

1.536

RMS

2.008
1.799
1.814
1.631
1.451

1.740

RMS

1.171
2.106
0.943
2.030
1.239

1.609

Heading

Mean

-1.493
2.167
-0.855
0.392
-0.149

0.087

RMS

1.497
2.169
0.855
0.393
0.151

1.247

‘Max.

-1.901
-1.718
-1.748
-1.583
-1.414

-1.414

Max.

1.340
2.268
1.061
2.120
1.317

2.268

Max.

-1.219
-2.620
-0.795
0.453
-0.099

2.620

Min.

-2.098
-1.990
~-1.881
-1.687
-1.550

-2.098

Min.

1.036
1.977
0.849
1.957
1.077

0.849

Min.

-1.999
2.019
-0.8%4
0.335
-0.196

-1.999
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Double Differences of Orientation Angles (Degrees)

Table H.

4

Mean, RMS and Max./Min. Values from
Auxiliary Systems and SPACE-M case (b)

Chron.
Line No.

Ui~ W

ALL

Chron.
Line No.

Ut~ W N =

ALL

Chron.
Line No.

Ut N

ALL

Pts.

22

26

22
30
27

127

Pts:

22
26
22
30
27

127

Roll
Mean

-0.003

0.000
-0.004
-0.000
-0.005

-0.002

Pitech
Mean

~-0.005
-0.007
-0.010
-0.005
-0.008

-0.007

RMS

0.035
0.057
0.028
0.023
0.028

0.036

RMS
0.041

~0.040

0.032
0.040
0.041

0.039

Heading

Mean

-0.020
-0.015
0.001
0.001
0.004

-0.005

RMS

0.134
0.110
0.038
0.029
0.030

0.079

Max.

0.087
0.183
0.059
0.056
0.047

0.183

- Max.

0.094
0.113
0.041
0.074
0.060

0.113

Max.

0.270
0.169
0.084
0.055
0.058

0.270

Min.

-0.071
-0.181
-0.057
-0.054
~0.077

-0.181

Min.

-0.082
-0.102
~-0.070
-0.075
-0.083

-0.102

Min.

-0.496
-0.495
-0.067
-0.059
-0.048

-0.496
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Single Differences of Orientation Angles (Degrees)

Table H.

5

Mean, RMS and Max./Min. Values from
Auxiliary Systems and SPACE-M case (c)

Chron.
Line No.

ALL

Chron.
Line No.

W N

Chron.
Line No.

Ul W

ALL

U~ WK

Pts.

15
17
23
19

93

Pts.

15
19
17
23
19

93

Pts.

15
19
17
23
19

93

Roll
Mean

-2.000
-1.787
-1.811
-1.632
-1.450

-1.719

Piteh
Mean

1.162
2.113
0.942
2.038
1.241

1.549

RMS

2.001
1.788
1.811
1.633
1.450

1.728

RMS

1.164
2.114
0.944
2.039
1.242

1.624

Heading

Mean

-1.481
2.155
-0.854
0.393
-0.155

0.111

RMS

1.481
2.156
0.854
0.395
0.157

1.217

Max.

-1.909
-1.716
-1.748
-1.583
-1.415

~-1.415

Max.

1.338
2.260
1.061
2.120
1.317

2.260

Max.

-1.451
2.217
-0.798
0.437
~-0.099

2.217

Min.

-2.091
-1.848

-1.881.

~1.685
-1.550

-2.091

Min.

1.036 1

2.024
0.850
1.957

1.077

0.850

Min.

-1.560

2.108
-0.895
0.332
-0.205

-1.560
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Double Differences of Orientation Angles (Degrees)

Table H.

6

Mean, RMS and Max./Min. Values from
Auxiliary Systems and SPACE-M case (c)

Chron.
Line No.

LW

ALL

Chron.
Line No.

Ul W N

ALL

Chron.
Line No.

Ut e W

ALL

Pts.

10
11
10
17
11

59

Pts.

10
11
10
17
11

59

Pts.

10
11
10
17
11

59

Roll
Mean

0.003
-0.005
-0.018
-0.000
-0.003

-0.004

Pitch
Mean

-0.000

0.000
-0.019
-0.010
-0.009

-0.008

RMS

0.028
0.024
0.030
0.019
0.021

0.024

RMS

0.034
0.017
0.030
0.027
0.031

0.028

Heading

Mean

0.005
-0.006
0.011
-0.007
0.007

0.001

RMS

0.017

0.037
0.044
0.026
0.034

0.032

Max.

0.074
0.036
0.025
0.053
0.037

0.074

Max.

0.094
0.025
0.009
0.047
0.035

0.094

Max .

0.029
0.048
0.089
0.044
0.058

0.089

Min.

-0.026
-0.039%
-0.059
-0.022
-0.034

-0.059

Min.

-0.030
-0.028
-0.054
~-0.054
-0.048

-0.054

Min.

-0.022
-0.061
-0.035
-0.047
-0.047

-0.061
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i72
Table H.7

Single'Differencés of Orientation Angles (Degrees)

Mean, RMS and Max./Min. Values from
Auxiliary Systems and SPACE-M case (d)

Roll
Chron.
Line No. Pts. Mean RMS Max. Min.

15 -2.003 2.003 -1.911 -2.096
19 -1.792 1.792 -1.737 -1.846
17 -1.813 1.814 -1.732 -1.848
23 " -1.635 1.635 -1.597 -1.679
19 -1.450 1.450 -1.423 -1.531

L~ wh =

ALL 93 -1.721 1.731 -1.423 -2.096

Pitch
Chron. :
Line No. Pts. Mean RMS = Max. Min.

15 1.160. 1.162° 1.333 1.028
19 2.109 2.110 2.268 2.016
0.948 0.949 1.061 0.867
23 2.035 2.036 2.121 1.949
19 1.244 1.245 1.323 1.076

nmswh -
—
~

ALL 93 1.549 1.623 2.268 0.867

Heading
Chron.
Line No. Pts. Mean RMS Max. Min.

15 -1.481 1.481 -1.451 -1.359
19 2.155 2.156 2.217 2.108
17 -0.854 0.854 -0.797 -0.896
23 0.393 0.395 0.437 0.332
19 -0.155 0.158 -0.097 -0.205

Ut W N

ALL 93 0.111 1.217 2.217 -1.558



Double Differences of Orientation Angles (Degrees)

Table H.

8

Mean, RMS and Max./Min. Values from
Auxiliary Systems and SPACE-M case (d)

Chron.
Line No.

UL~ W N

ALL

Chron.
Line No.

Ul W N =

Chron.
Line No.

Ut &~ W N

ALL

Pts.

10
11
10
17
11

59

Pts.

10
11
10
17
11

59

Pts.

10
11
10
17
11

59

Roll
Mean

0.001
~0.002
-0.015

0.000

0.004

-0.002

Pitch
Mean

-0.001

0.001
-0.013
-0.006
-0.007

-0.005

RMS

0.030
0.026
0.023
0.016
0.012

0.022

RMS

0.037
0.022
0.022
0.023
0.017

0.025

Heading

Mean

0.004
-0.006

- 0.011

-0.007
- 0.007

0.001

RMS

0.017
0.037
0.044
0.026
0.034

0.032

Max.

0.078
0.039
0.005
0.028
0.029

0.078

Méx.

0.102
0.032
0.015
0.046
0.023

0.102

Mazx.

0.030
0.048
0.0%0
0.044
0.058

0.090

Min.

-0.031
~-0.043
-0.046
-0.021
-0.020

-0.046

Min.

-0.037
-0.059
-0.045
-0.034
-0.026

-0.059

Min.

-0.022
-0.061
-0.035
~-0.047
-0.048

-0.061
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Table H.9

Single Differences of Orientation Angles

Mean, RMS and Max./Min. Values (deg)

Auxiliary Systems

Chron.
Line No.

U~ W N =

ALL

Chron.
Line No.

U &~ W N =

ALL

Chron.
Line No.

U~ WM =

ALL

Pts.

27
29
23
31
28

138

Pts.

27
29
23
31
28

138

Pts.

27
29
23
31
28

138

and CCRS Bundle Adjustment

Roll
Mean RMS

-2.007 2.007
-1.748 1.748
-1.802 1.802
-1.582 1.582
-1.459 1.459

-1.712 1.722

Piteh
Mean RMS

1.163 1.164
2.114 2.114
0.932 0.932
2.03% 2.039
1.247 1.247

1.538 1.612

Heading
Mean RMS

-1.483 1.483
2.145 2.145
-0.862 0.862
0.389 0.389
-0.150 0.150

0.074 1.249

Max.

-1.980
-1.727
-1.796
-1.522
-1.446

-1.446

Max.

1.190
2.134
0.946
2.087
1.263

2,134

Max.

-1.468
2.154
-0.844
0.398
-0.135

2.154

Min.

-2.022
~1.764
-1.813
-1.630
-1.474

-2.022

Min.

1.141
2.094
0.911
1.998
1.229

0.911

-1.505
2.134
-0.884
0.375
-0.179

-1.505
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Table H.10

Double Differences of Orientation Angles

Mean, RMS and Max./Min. Values (deg) '

Auxiliary Systems

Chron.
Line No.

U~ W=

ALL

Chron.
Line No.

U W

ALL

Chron.
Line No.

Ve~ WR -

ALL

Pts.

26
28
22
30
27

133

Pts.

26
22
30
27

133

and CCRS Bundle Adjustment

Roll
Mean

-0.001

0.001
-0.000
-0.002
-0.001

-0.001

Pitech
Mean

-0.001
-(0.000

0.000
-0.002
-0.001

-0.001

RMS

0.004
0.007
0.004
0.012
0.005

0.008

RMS

0.007
0.006
0.007
0.010
0.006

0.007

Heading

Mean

0.001
~0.000
0.001
0.001
0.001

0.000

RMS

0.008
0.005
0.010
0.003
0.008

0.007

Max.

0.007
0.017
0.008
0.018
0.009

0.018

Max.

0.012
0.014
0.016
0.013
0.011

0.016

Max.

"0.021

0.008
0.020
0.010
0.021

0.021

Min.

-0.010
-0.014
-0.007

-0.024

-0.011
-0.024

Min.

-0.015
-0.013
-0.015
~-0.019
-0.015

-0.019

Min.

-0.010
-0.011
-0.019
-0.005
~-0.020

-0.020
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Table H.11

Single Differences of Orientation Angles

Mean, RMS and Max./Min. Values (deg) from
CCRS Bundle Adjustment and SPACE-M case (a)

Chron.
Line No.

Ut W N

ALL

Line No.

VW=

Line No.

U W=

ALL

Pts.

25
28
23
31
28

135

Roll
Mean

~-0.000
-0.051
-0.012
-0.049

0.008

-0.022

Pitch
Mean

0.006
-0.009
0.011
-0.009
-0.010

-0.003

RMS

0.047
0.076
0.028
0.061
0.025

0.052

RMS

0.055
0.059
0.047
0.043
0.046

0.050

. Heading

Mean

-0.001
0.023
0.031
0.008
0.017

0.015

RYS

0.123
0.096
0.066
0.064
0.147

0.104

Max.

0.081
0.027
0.054
-0.002
0.049

0.081

Max.

0.149
0.147
0.135
0.070
0.059

0.149

Max.

0.268
0.470
0.225
0.306
0.737

0.737

Min.

-0.098
-0.234
-0.075
-0.136
-0.081

-0.234

Min.

-0.126
-0.119
-0.079
-0.090
-0.157

-0.157

Min.

-0.520
-0.124
-0.027
-0.084
-0.192

-0.520
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Double Differences of Orientation Angles (Degrees)

Table H.12

Mean, RMS and Max./Min. Values from
CCRS Bundle Adjustment and SPACE-M case (a)

Chron.
Line No.

Vs WN -

ALL

Chron.
Line No.

Ul W

ALL

Chron.
Line No.

L &L

ALL

Pts.

22
26
22
30

127

Pts.

22
22
30
27

127

Roll
Mean

-0.003
-0.001
-0.004

0.002
-0.005

-0.002

Piteh
Mean

-0.005
-0.008
~-0.010
-0.003
-0.007

-0.006

RMS

0.035
0.057
0.028
0.027
0.027

0.037

RMS

0.043
0.040
0.032
0.042
0.039

0.039

Heading

Mean

-0.021
-0.016
0.001
0.000
0.004

-0.006

RMS

0.133
0.109
0.083
0.077
0.208

0.131

Max.

0.089
0.182
0.058
0.036
0.058

0.182

'Max.

0.099
0.115
0.039
0.091
0.070

0.115

Max.

0.260
0.169
0.229
0.255
0.754

0.754

Min.

-0.068
-0.170
-0.055
-0.060
-0.078

-0.170

Min.

-0.074
-0.092
~0.064
-0.085
-0.068

-0.092

Min.

-0.516
-0.492
-0.165
-0.297
-0.698

~-0.698
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Table H.13

. Single Differences of Orientation Angles

Mean, RMS and Max./Min. Values (deg) from
CCRS Bundle Adjustment and SPACE-M case (b)

Chron.
Line No.

VW

ALL

Line No.

U~ WM =

ALL

Line No.

LW -

ALL

Pts.

25
28
23
31
28

135

Pts.

25
28
23
31
28

135

Roll
Mean

~-0.000
-0.051
-0.012
-0.049

0.008

-0.022

Pitch
Mean

0.006
-0.009
0.010
-0.009
-0.010

-0.003

RMS

0.047
0.076
0.028
0.061
0.025

0.052

RMS

0.055
0.059
0.047
0.043
0.046

0.050

Heading

Mean

~0.009
0.023
0.007
0.003
0.001

0.005

RMS

0.118
0.096
0.030
0.031
0.027

0.071

Max.

0.081
0.027
0.054
-0.002
0.049

0.081

Max.

0.149
0.147
0.135
0.070
0.059

0.149

Max.

0.268
0.470
0.080
0.065
0.060

0.470

Min.

-0.098
-0.234
-0.075
-0.136
-0.081

-0.234

Min.

-0.126
-0.119
-0.079
-0.089
-0.157

-0.157

Min.

-0.520
-0.124
-0.042
-0.056
-0.044

-0.520
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Double Differences of Orientation Angles (Degrees)

Table H.14

Mean, RMS and Max./Min. Values from
CCRS Bundle Adjustment and SPACE-M case (b)

Chron.
Line No.

Ut~ W

. ALL

Chron.
Line No.

VW=

ALL

Chron.
Line No.

U~ W

ALL

Roll
Mean

-0.003
-0.001
-0.004

0.002
-0.005

-0.002

RMS

0.035
0.057
0.028
0.027
0.027

0.037

Pitch

Mean

-0.005
-0.008
-0.010
-0.003
-0.007

-0.006

RMS

0.043
0.040
0.032

0.041
0.039

0.039

Heading

Mean

-0.021
-0.016
0.001
0.000
0.004

~-0.006

RMS

0.138
0.110
0.041
0.028

0.033:

0.081

Max.

0.089
0.182
0.058
0.056
0.038

0.182

Max.

0.097
0.115
0.039
0.090
0.070

0.115

Max.

0.264
0.169
0.102
0.051
0.058

0.264

Min.

-0.068
-0.170
~-0.055
-0.060
-0.078

-0.170

Min.

-0.074
-0.091
-0.064
-0.085
-0.068

-0.091

Min.

-0.516
-0.492
~-0.062
-0.058
-0.057

-0.516
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Table H.15

Single Differences of Orientation Angles

Mean, RMS and Max./Min. Values (deg) from
CCRS Bundle Adjustment and SPACE-M case (c)

Chron.
Line No.

ALL

Line No.

U~ W N -

ALL

Line No.

U= WM

ALL

U W=

" Pts.

15
19
17
23
19

93

. Pts.

15
19
17
23
19

-~ 93

Pts.

15
19
17
23
19

93

Roll
Mean

0.011
-0.042
-0.008
-0.053

0.008

-0.020

Piteh
Mean

0.001
-0.002
0.012
-0.003
-0.009

<0.001

RMS

0.035
0.052
0.029
0.063
0.027

0.045

RMS

0.059
0.058
0.052
0.042
0.046

0.051

Heading

Mean

0.003
0.009°
0.008
0.005
-0.005

0.004

RMS

0.022
0.029
0.031
0.028
0.027

0.028

Max.

0.071
0.029
0.054
-0.002
0.045

0.071

Max.

0.148
0.137
0.135
0.056
0.059

0.148

Max.

0.029
0.078
0.056
0.047
0.041

0.078

Min.

-0.080
-0.097
-0.075
-0.121
-0.081

-0.121

Min.

-0.126
-0.094
-0.078
-0.072
-0.157

-0.157

Min.

-0.055
-0.043
-0.042
~0.049
~0.046

-0.055
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Double Differences of Orientation Angles (Degrees)

Table H.16

Mean, RMS and Max./Min. Values from
CCRS Bundle Adjustment and SPACE-M case (c)

Chron.
Line No.

ALL

Chron.
Line No.

UV~ WN =

ALL

Chron.
Line No.

NP LWN =

ALL

UL WwWN -

Pts.

10
11
10
17
11

59

Pts.

10
11
10
17
11

59

Pts.

10
11
10
17
11

59

Roll
Mean

0.003
-0.007
~-0.017

0.002
~-0.000

-0.003

Piteh
Mean

-0.002
-0.001
-0.018
-0.008
-0.006

-0.007

Heading

Mean

0.007
-0.005
0.015
-0.008
0.006

0.002

RMS

0.031
0.029
0.029
0.026
0.021

0.027

RMS

0.036
0.016
0.030
0.031
0.026

0.029

RMS

0.020
0.039
0.048
0.025
0.037

0.034

Max.

0.081
0.042
0.023
0.054
0.048

0.081

Max.

0.097
0.030
0.016
0.066
0.031

0.097

Max.

0.036
0.058
0.090
0.033
0.058

0.090

Min.

-0.027
-0.056
-0.053
-0.031
-0.030

-0.056

Min.

-0.034
-0.029
-0.057
-0.064
-0.035

-0.064

Min.

-0.030
-0.068
-0.036
-0.046
-0.053

-0.068
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Table H.17

Single Differences of Orientation Angles

Mean, RMS and Max./Min. Values (deg) from
CCRS Bundle Adjustment and SPACE-M case (d)

Chron.
Line No.

ALL

Line No. Pts.

ALL

Line No.

DV WN =

- ALL

U £~ W N

Vs WN -

Pts.

15
19
17

23

19
93

Pts.

15
19
17
23
19

93

Roll
‘Mean
-0.008
-0.047
-0.011
-0.056
0.007

-0.022

Pitch
Mean

-0.001

© -0.006

0.017
-0.006
-0.006

-0.001

RMS

0.035
0.055
0.025
0.064
0.026

0.046

RMS

0.060
0.061
0.049
0.041
0.047

0.052

Heading

Mean

0.003
0.009
0.008
0.005
-0.005

0.004

RMS

0.022
0.029

0.031 -

0.028
0.028

0.028

Max.

0.069
0.008
0.049
-0.011
0.040

0.069

Max.

0.143
0.145
0.134
0.052
0.065

0.145

Max.

0.029
0.078
0.057
0.047
0.041

0.078

Min.

-0.085
-0.116
-0.042
-0.121
-0.082

-0.121

Min.

-0.134
-0.102
-0.061

-0.082 .

-0.158
-0.158

Min.

-0.054
-0.043
-0.043
-0.049
-0.046

-0.054
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Double Differences of Orientation Angles (Degrees)

Table H.18

Mean, RMS and Max./Min. Values from
CCRS Bundle Adjutsment and SPACE-M case (d)

Chron.
Line No. Pts.

LV LN

ALL

Chron.
Line No.

VS~ WhN =

ALL

Chron.
Line No.

LS W

ALL

10
11
10
17
11

59

Pts.

10
11
10
17
11

59

Pts.

10
11
10
17
11

59

Roll
Mean

0.001
-0.004
-0.015

0.003

0.006

-0.001

Pitch
Mean

~0.004

0.000
-0.012
~0.004
-0.004

-0.004

RMS

0.032
0.032
0.023
0.025
0.015

0.026

RMS

0.039
0.023
0.025
0.028
0.014

0.027

Heading

Mean

0.007
-0.005
0.015
-0.008
0.006

0.002

RMS

0.020
0.039
0.048
0.025
0.038

0.034

Max;

0.085
0.038
0.009
0.046
0.040

0.085

Max.

0.106
0.022
0.017
0.065
0.027

0.106

Max.

0.037
0.058
0.091
0.033
0.057

0.091

Min.

-0.028
-0.053
-0.047
-0.035
-0.018

-0.053

Min.

-0.041
-0.067
-0.048
-0.043
-0.022

-0.067

Min.

-0.030
-0.068
-0.034
-0.046
-0.054

-0.068
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I.1 - 1.3
I.4 - 1.6
1.7

1.8

1.8 - 1I.
I.11 - I.

I.14

1.15 - I.
I

I

I.18 - I.

I.21 - 1.

184
APPENDIX I

Detailed Comparisons of PC Positions

I.1 -1I.7 - Positions from Auxiliary Systems
and Photogrammetric Adjustments

SPACE-M including rejected points Pages 185—187
E SPACE-M excluding rejected points Pages 188-190
CCRS Bundle Adjustment : Page 191 .

- I.Y4 - Position Increments from Auxiliary Systems
and Photogrammetric Adjustments

10  SPACE-M including rejected points Pages 192-194
13 SPACE-M excluding rejected points Pages 195-197

CCRS Bundle Adjustment.’ ) Page 198

23  Comparisons of CCRS Bundle and SPACE-M Adjustments

.15 - 1.17 Position Comparisons ' Pages 199-201

.18 - 1.23 Position Increments

20 SPACE-M including rejected points Pages 202-204

23  SPACE-M excluding rejected points Pages 205-207



Chr.
Fligh
Line

W W

Chr.
Flight
Line

Vs W=

Chr.
Fligh
Line

W £ W N

Chr.
Fligh
Line

W PN

Flight
Line

f
Ut 2 O N e

Table I.1

Comparison of P.C. Positions by
Auxiliary Systems and SPACE-M Adjustments

Values are Auxiliarylﬁinus Photogrammetrié (metres)
01d (Spring, 1985) data including rejected points

Column Headings are explained in Section 4.2

X-Coordinate
No. of Mean Mean Regr. Corr. IRMS
Points t DepVar Slope Coeff Devn.

27 10.564  637.86 0.372 0.126 ~ 31.03
29 21.678  528.52 -0.199 -0.069 62.46
23 32,963 174.11 -0.020 -0.037 17.71
31 44,763 -180.41 - -0.032 -0.031 46.05
28 56.633 -101.83 0.030 0.027 63.76

Y-Coordinate -
No. of Mean Mean Regr. Corr. RMS
Points t DepVar  Slope Coeff Devn.
27 10.564  980.00 -0.023 -0.028 8.84
29 - 21.678 102.39 0.160 0.066 52.26
23 32.963 1325.82 -0.009 -0.034 8.64

31 44,763  345.57 0.027 0.032 37.68
28 56.633 1439.56 -0.008 -0.021 22.05

Z-Coordinate
No. of Mean Mean Regr. Corr. RMS
Points t DepVar Slope Coeff Devn.

27 10.564 -274.98 -0.127 -0.110 12.13
29 21.678 -295.85 0.046 0.068  14.83

23 32.963 -290.49 0.003 0.024 4.67
31 46,763 -290.38 . 0.002 0.016 4.90
28 56.633 -284.91 0.001 0.018 3.08

Horizontal Distance

. No. of Mean Mean Regr. Corr. RMS
Points t DepVar Slope Coeff Devn.

27 10.564 1169.66 0.185 0.123 15.76
29 21.678 542.19 -0.159 -0.068 50.54
23 32.963 1337.31 -0.011  -0.036 10.55
31 44,763 390.77 ~ 0.038 0.032 52.98
28 56.633 1444.52 -0.010 -0.023 25.08

Total Distance

No. of Mean Mean Regr. Corr. RMS
Points t DepVar Slope Coeff Devn.

27 10;564 1201.58 0.209 0.123 17.86

185

59 21.678 617.79  -0.162 -0.069  51.10 '

—.23___32.963-1368.50 - —-0.012 -0.035 11.05
k) 44,763  488.03 0.028 0.032 40.98
28 56.633 1472.35 -0.010 -0.023 24.97



Values are Auxiliary minus Photogrammetric (metres)

Table I.2.

Comparison of P.C. Positions by
Auxilisry Systems and SPACE-M Adjustments

New (Autumn, 1985) data with lakes including rejected points

&
5

Column Headings

No. of -

'Points

27
29
23
K)|
28

No. of |

Points

27
29
23
31
28

No. of
Points

27
29
23
31
28

No. of
Points

27
29
23
3
28

No. of
Points

27
29

S WU X |

3
28

Mean

10.564

21.678
32.963
44.763
56.633

Mean

10.564
21.678
32.963
44,763
56.633

Mean
t

10.564
21.678
32.963
44.763
-56.633

are explained in Section 4.2

X-Coordinate
Mean Regr.
DepVar Slope
637.87 0.378
527.96 -0.199%
174.01 ~0.018
-182.10 -0.032
~-101.44 0.030
- Y-Coordinate
Mean Regr.
DepVar Slope
980.51 -0.014
102.18 0.160
1325.91 ~0.008
346.07 + 0.027
1440.02 -0.008
Z-Coordinate
Mean Regr.
DepVar Slope
-275.22 -0.117
-296.71 0.046
~-290.80 . 0.004
~289.94 0.002
-285.30 0.001

Horizontal Distance

Mean
t

10.564
21.678
32.963
44,763
56.633

Mean

10.564
21.678
32.963
44.763
56.633

Mean
DepVar

1170.08
541.58
11337.36
392.00
1444.97

Regr.
Slope

0.196
-0.158
-0.011

0.038
-0.010

Total Distance

Mean
DepVar

1202.04
617.66
1368.62
488.80
1472.87

Regr.
Slope

' 0.217

~0.161
-0.012

0.029
-0.010

Corr.
Coeff

0.126
-0.069
-0.037
-0.031
'0.027

Corr.
Coeff

-0.018
0.066
-0.035
0.032
-0.021

Corr. .

Coeff

-0.106
0.068
0.026
0.021
0.018

Corr.
Coeff

0.124
-0.068
-0.036

0.032
-0.023

Corr.
Coeff

0.123 "

-0.068
-0.036

0.032
-0.024

RMS
Devn.

31.53
62.46
16.36
46.49
64.19

Devn.

8.67
52.21
8.57
37.65
21.97

Devn. .

11.64
14.53
4.58
4.87
3.13

Devn.

16.60
50.44
10.38
53.25
25.07

Devn.

18.52
50.95
10.90
40.85
24.96
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New (Autumn, 1985) data without lakes including rejected points

Chr.
Fligh
Line

[V, 0 R VL S ]

Flight
Line

WV S WN -

Chr.
Fligh
Line

e W -

"
bEf
® -

LN

Chr.
Flight
Line

W WN -
i

Values are Auxiliary minus Photogrammetric (metres)

Column Headings are explained in Section 4.2

No. of
_Points

27
29
23
31
28

‘No. of
Points

27
29
23
31
28

No. of .

Points

27
29
23
31
28

No. of
Points

27
29
23
31
~ 28

No. of
Points

27
29

- 23 —

31
28

Table I.3

Comparison of P.C. Positions by
Auxiliary Systems and SPACE-M Adjustments

X-Coor§inate
Mean Mean Regr.
t DepVar Slope
10.564 639.69 0.388
21,678 525.99 -0.202
32 963 174.90 -0.017
44,763 -184.07 ~0.033
56.633 -100.90 0.031
‘Y-Coordinate
Mean Mean Regr.
t  DepVar Slope -
10.564 980.48 -~0.004
21.678 101.58 0.157
32.963 1325.64 -0.008
44,763  345.46 0.026
56.633 1440.13 -0.008
Z2~Coordinate
Mean Mean Regr.
t DepVar Slope
10.564 -274.06 -0.108
21.678 -296.38  0.048
32.963 -290.40 0.004
44,763 -288.49  0.003
56.633 -285.05 0.001

Mean
t

10.564
21.678
32.963
44.763
56.633

Mean

10.564
21.678
32.963
" 44,763
56.633

Horizontal Distance

Mean
DepVar

1171.06
539.42
1337.21
392.45
1445.08

Regr.
Slope
0.210
-0.163
-0.010

0.038
-0.010

Total Distance

Mean
bepVar

1202.72
615.61
1368.38
488.32
1472.93

Regr.
Slope

0.229
-0.166
-0.011

0.028
-0.010

Corr.
Coeff

0.127
-0.069
-0.037
-0.031

0.027

Corr.
Coeff

-0.005
0.067
-0.034
0.032
-0.020

Corr.
Coeff

-0.098
0.068
0.026
0.021
0.017

Corr.

Coeff

0.123
-0.068
-0.035

0.032
-0.023

Corr.
Coeff

0.122
-0.069
-0.035

0.032
-0.023

"RMS
Devn.

32.10
63.35
15.56
47.44
64.88

Devn.
9.18
51.01
7.79

36.08
21.07

11.54

17.95
51.57

9.51
£2.50
23.99

Devn.

19.74
52.26
10.07
39.88
23.95
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X-Coordinate
Chr. .
Flight No. of Mean Mean Regr. Corr. RMS
Line Points t DepVar Slope Coeff . Devn.
1 16 10.899 646.51 0.339 0.121 30.33
2 17 21.784  522.63 -0.184 ~0.066 60.56
3 18 32,907 174.19 -0.019 -0.036 17.71
4 23 44,635 -178.16 -0.026 -0.029 41.03
5 19 56.297 -115.56 0.026 0.024 59.68
Y-Coordinate
Chr. ,
Flight No. of Mean Mean Regr. Corr. RMS
Line Points t DepVar Slope Coeff Devn.
1 16 10.899 978.28 ~0.026 -0.034 8.37
2 17 21,784  106.20 0.154 0.064 52.53
3 18 32.907 1327.19 -0.009 -0.034 8.48
4 23 44.635 341.64 0.024 0.029 35.87
5 19 56.297 1445.37 , -0.006 -0.018 19.80
Z-Coordinate
Chr.
Flight No. of Mean Mean Regr. Corr. RMS
Line Points t DepVar Slope Coeff Devn.
1 16 10.899 -277.46 -0.116 -0.110 11.36
2 17 21.786 -~295.07 0.041 0.065 13.80
3 18 32.907 -291.33 0.004 0.028 4,44
4 23 44.635 -291.31 0.001 0.011 4,54
5 19 56.297 -285.62 0.001 0.017 3.17
Horizontal Distance
Chr.
Flight No. of Mean Mean Regr. Corr. RMS
Line Points t . DepVar Slope Coeff Devn.
1 16 10.899 1172.94 0.165 0.118 15.11
2 17 21.784 537.18 -0.144 -0.065 48.11
3 18 32.907 1338.68 -0.011 -0.035 10.42
4 23 44,635 385.98 0.033 0.029 - 49.44
5 19 56.297 1451.17 -0.008 -0.021 22.70
Total Distance
Chr.
Flight No. of Mean Mean Regr. Corr. RES
Line Points t DepVar Slope Coeff Devn.
1 16 10.899 1205.34 0.187 0.118 17.16
2 17 21.784 613.01 -0.146 -0.066 48.57
30— -.18-—. 32.907.-1370.02 -0.012 -0.035 10.95
4 23 44.635 4B4.58 0.026 0.029 38.63
5 19 56.297 1479.02 -0.008 -0.021 22.58

Table 1.4

Comparison of P.C. Positions by
Auxiliary Systems and SPACE-M Adjustments

Values are Auxiliary minus Photogrammetric (metres)
014 (Spring, 1985) data excluding rejected points
Column Headings are explained in Section 4.2
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Values are Auxiliary minus Photogrammetric (metres)

Table I.5

Comparison of P.C. Positions by
Auxiliary Systems and SPACE-M Adjustments

New (Autumn, 1985) data with lakes excluding rejected points

Chr.

Flight ' No. of
Line Points
1 17
2 18
3 19
4 24
5 20

Chr.

Flight No. of
Line Points
1 17
2 18
3 19
4 24
5 20
‘Chr. .
Flight No. of
Line Points
1 17
2 18
3 19
4 24
5 20

Chr.

Flight No. of
Line Points
1 17
2 18
3 19
4 24
5 20

Chr.

Flight No. of
Line Points
1 17
2 18
L3 a— 19 .
4 C 24
5 20

Column Headings are explained in Section 4.2

Mean
t

10.942
21.738
32.930
44,640
56.356

Mean

10.942
21,738
32.930

44,640

56.356

Mean
t

10.942
21.738
32.930
44,640
56.356

X-Coordinate
Mean Regr,
DepVar Siope
647 .85 0.329
523.35 -0.178
174.10 -0.017
-180.44 -0.025
-113.09 0.025
Y~-Coordinate
Mean Regr.‘
DepVar Slope
979.26 -0.017
104.02 0.151
1326.84 -0.008
342.43 0.023
1445.64 -0.006
Z—Coordinate
Mean Regr.
DepVar Slope
-277.76 -0.101
-296.21 0.039
-291.14 0.004
-260.73 0.002
-285.82 0.001

Horizontal Distance

Mean
t

10.942
21.738
32.930
44,640
56.356

Mean
DepVar

1174.48
537.38
1338.30
387.73
1451.22

Regr.
Slope

0.167
-0.139
-0.011

0.032
-0.008

Total Distance

Mean Mean
t DepVar
10.942 1206.90
21.738 ' 613.72
-32.930—-136%.60
44,640  485.63
56.356 1479.11

Regr.
Slope

0.185
-0.141
-0.011

0.024
-0.008

Corr.
Coeff

0.118
-0.065
-0.035
-0.028

0.024

Corr.
Coeff

-0.024
0.063
-0.033
0.029
-0.018

Corr.
Coeff

-0.105
0.064
0.028
0.016
0.018

Corr.
Coeff

0.116
-0.064
-0.034

0.029
-0.021

Corr.
Coeff

0.115
-0.064
-0.034

0.029
-0.021

RMS
Devn.

30.33

.59.48

15.88

40.67°

59.12

RMS
Devn.

7.93
52.07

8.32

35.15
19.09

Devn.

10.57
13.24
4.62
4.30
3.22

Devn.

15.70
47.11
10.09
48.71
22.03

RMS
Devn.

17.53
47.49
10.68
37.62
21.93
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Values are Auxiliary minus Photogrammetric (metres)

Table 1.6

Comparison of P.C. Positions by
Auxiliary Systems and SPACE-M Adjustments

190

New (Autumn, 1985) data without lakes excluding rejected points

Flight
Line

Ur e whN =

Flight
Line

N WA e

Fligﬁt
Line

U &N

Fligﬁt
Line

LW -

Column Headings are explained in Section 4.2

X-Coordinate
Mean Regr.
DepVar Slope
649.60 0.340
521.95 -0.180
174.98 -0.016
~182.30 -0.026
~112.80 0.025
Y-Coordinate
Mean Regr.
DepVar Slope
979.46 ~0.008
102.85 0.146
1326.64 -0.008
341.65 0.022
1445.53 -0.006
Z-Coordinate
Mean Regr.
DepVar Slope
-276.28 -0.093
-295.87 0.042
~290.84 0.004
~289.46 0.002
~285.69 0.001

Horizontal Distance

No. of Mean
. Points t
17 10.942
18 21.738
19 32.930
24 44,640
20 56.356
No. of Mean
Points t
17 10.942
18 21.738
19 32.930
24 44,640
20 56.356
No. of Mean
Points t
17 10.942
18 21.738
19 32.930
24 44,640
20 56.356
No. of Mean
Points t
17 10.942
18 21.738
19 32.930
24 44,640
20 56.356
No. of Mean
Points t
17 10.942
. 18 21.738
— 932,930
24 44,640
20 56.356

Mean
DepVar

1175.62
535.61
1338.20
387.96
1451.11

Regr.
Slope

0.180
-0.143
-0.010

0.031
-0.008

Total Distance

Mean
DepVar

1207.67
612.01
1369.45
485.07
1478.97

Regr.
Slope

0.196
-0.145
-0.010

0.024

-0.008

Corx.
Coeff

0.119
-0.065
-0.035
~0.028

0.024

Corr:
Coeff

-0.011
0.063
-0.033
0.029
-0.017

Corr.
Coeff

-0.100
0.064
0.029
0.019
0.016

Corr.
Coeff

0.114
-0.064
-0.034

0.029
-0.020

Corr.
Coeff

0.114
-0.065
-0.034

0.029
-0.020

RMS
Devn.

31.11
60.18
15.13
41.57
58.40

RMS
Devn.

8.52
50.34
7.62
33.63
18.34

RMS
Devn.

10.20
14.14
4.72
5.46
3.31

Devn.
17.12

48.17

9.31
47.98
21.10

Devn.

18.80
48.78

9.95.

36.59
21.06
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Line
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Flight
Line
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Flight
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Ut £ N =

o

&8
no.

=

-
s WN = g-

Table I.7

. Comparison of P.C. Positions by
Auxiliary Systems and CCRS Bundle Adjustment

Values are Auxiliary minus Photogrammetric (metres)

Column Headings are explained in Section 4.2

X-Coordinate
No. of Mean Mean Regr. Corr. RMS
Points t DepVar Slope Coeff Devn.

27 10.564 636.77 0.385 0.129 31.27
29 21.678 521.10 -0.202 -0.069 63.17
23 32.963 175.55 -0.018 -0.038 15.87
31 44.763 -191,62 -0.030 -0.031 42.73
28 56.633 -104.33° 0.030 0.027 63.70

Y-Coordinate -
No. of Mean Mean Regr. Corx. RMS
Points -t DepVar Slope Coeff Devn.
27 10.564 980.11 -0.083 -0.101 8.65

29 21.678 102.01 0.178 0.067 57.10
23 32.963 1326.39 -0.015 -0.037 12.80
31 44,763 344,59 0.026 0.032 36.81
28 56.633 1437.20 -0.010 -0.023 24.19

. Z-Coordinate
No. of Mean Mean Regr. Corr. RMS
Points t DepVar Slope Coeff Devn.
27 10.564 -286.01 -0.094 -0.119 . 8.30
29 21.678 -305.91 0.045 0.069 13.93
23 32.963 -300.11 0.004 0.030 4.17
31 44,763 -292.32 0.002 0.01% 4.83
.28 56.533 -293.76 0.001 0.025 1.86

Horizontal Distance

No. of Mean Mean Regr. Corr. RMS
Points t DepVar Slope Coeff Devn.

27 10.564 1169.20 0.141 0.121 12.20
29 21.678  535.48 -0.158 -0.068 50.08
23 32.963 1338.23 -0.017 -0.038° 14.72
31 44.763  394.92 0.037 0.032 51.80
28 56.633 1442.33 -0.012 -0.025 27.64

Total Distance

No. of Mean Mean Regr. Corr. RMS
Points t DepVar Slope Coeff Devn.

27 1p.564 1203.69 0.139 0.121 13.81
29 21.678* 616.84 -0.159 -0.069 50.27
23 32.963 1371.47 -0.017 -0.037 15.16
31 44.763  492.43 0.029 0.032 40.36

cme— 28 - —56.633 —1471.95 —- -0.012 -0.025 27.32
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Table 1.8

" Comparison of P.C. Position Increments by
Auxiliary Systems and SPACE-M Adjustments

014 (Spring, 1985) data including rejected points
Photogrammetric Increments Within Models

RMS Discrepancies (metres)

Chr.Flight No. of . Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.

1 26 4.60 2.57 3.30 2.52 2.52

2 28 7.83 6.58 3.74 6.65 6.65

3 22 3.03 2.12 1.98 2.13 2.13

4 30 6.17 4.00 2.60 4.04 4,04

5 27 8.20 3.82 2.54 3.88 3.88

Max. Absolute Discrepancies (metres)

Chr.Flight No. of Horiz. Total
Line Points ZX-Compt. Y-Compt. Z-Compt. Dist ., Dist.

1 26 8.71 6.25 8.43 6.19 6.17

2 28 10.58 14.26 8.21 14.28 14.28

3 22 6.47 4.67 5.29 4.63 4.62

4 30 11.20 7.12 7.31 7.18 7.19

5 27 15.53 9.50 5.83 9.46 9.44

Photogrammetric Increments Between Mean P.C.'s
RMS Discrepancies (metres)

Chr.Flight No. of “ Horiz. Total
Line Points ZX-Compt. Y-Compt. Z-Compt. Dist Dist.

1 26 5.35 4.63 - 3.77 4.64 4.64

2 28 9.04 8.29 3.54 8.37 8.37

3 22 4.14 3.39 1.99 3.38 3.39

4 30 6.55 5.70 2.70 5.71 5.70

5 27 8.73 5.61 2.38 5.66 5.66

Max. Absolute Discrepancies (metres)

Chr.Flight No. of Horiz.  Total
Line Points X-Compt. Y-Compt. 2Z-Compt. Dist Dist.

1 26 14.03 11.15 9.98 10.86 10.81

2 28 17.97 17.39 7.38 17.60 17.60

3 22 8.59 7.93 4.22 7.96 7.96

4 30 11.37 12.23 7.21  12.24 12.24

5 27 16.01 12.93 5.01 13.27 13.27



193
Table 1.9

Comparison of P.C. Position Increments by
Auxiliary Systems and SPACE-M Adjustments

New (Autumn, 1985) data with lakes including rejected points
Photogrammetric Increments Within Models

RMS Discrepancies (metres)

Chr.Flight No. of . Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.
1 26 4.57 2.63 3.33 2.58 2.57
2 28 7.90 6.44 3.99 6.51 6.50
3 22 3.09 2.16 1.87 2.17 2.17
4 30 6.20 3.90 2.39 3.95 3.94
5 27 8.18 3.80 2.40 3.86 3.85
Max. Absolute Discrepancies (metres)
Chr.Flight No. of ‘ Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.
1 26 8.61 6.08 8.83 6.02 5.99
2 28 10.84 13.92 12.78 13.94 13.94
3 22 7.04 4.68 4.87 4,64 4,63
4 30 11.23 7.26 6.21 7.28 7.28
5 27 15.49 9.62 5.72 9.58 9.56
Photogrammetric Increments Between Mean P.C.'s
RMS Discrepancies (metres)
Chr.Flight No. of ‘ Horiz. Total
Line = Points X-Compt. Y-Compt. Z-Compt. Dist Dist.
1 26 5.56 4.55 3.65 4.55 4.55
2 28 10.54 8.67 3.58 8.77 8.77
3 22 3.83 3.15 1.87 3.14 3.14 .
4 30 6.64 5.29 2.41 5.31 5.31
5 27 8.59 5.12 2.25 5.18 5.18
Max. Absolute Discrepancies (metres)
Chr.Flight No. of Horiz.  Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.
1 26 14.85 11.64 9.81 11.33 11.29
2 28 29.04 22.04 8.39 22.45 22.44
3 22 7.11 6.88 4.09 6.92 6.92
4 30 11.41 10.68 5.76 10.64 10.64
5

27 15.11 12.39 4.71 12.39 12.39
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Table I.10

Comparison of P.C. Position Increments by
Auxiliary Systems and SPACE-M Adjustments

New (Autumn, 1985) data without lakes including rejected points
Photogrammetric Increments Within Models

RMS Discrepancies (metres)

Chr.Flight No. of. ’ Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.
1 26 4.57 2.62 3.51 2.56 2.56

2 28 7.90 6.45 3.83 6.52 6.52

3 22 3.09 2.16 1.93 2.17 2.17

4 30 6.21 3.89 2.52 3.94 3.94

5 27 8.20 3.79 - 2.43 3.85 3.84

Max. Absolute Discrepancies (metres)

Chr.Flight No. of T ' Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.

1 26 8.64 6.02 9.62 5.96 5.93
2 28 10.84 13.96 10.22 13.98 13.98
3 22 - 7.05 4.69 4,78 4.65 4.64
4 30 11.24 7.31 5.13 7.33 7.33
5 27  15.55 9.59 6.53 9.55 9.53

Photogrammetric Increments Between Mean P.C.'s
RMS Discrepancies (metres)

Chr.Flight No. of ) Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.

26 4.97 4.55 3.72 4.55 4.55

1

2 28 9.36 7.79 3.44 7.89 7.88
3 22 3.70 3.20 1.98 3.19 3.19
4 30 6.64 4.65 2.57 4.68 4.68
5 5.13

27 8.63 5.09 2.27 5.14
Max. Absolute Discrepancies (metres)

Chr.Flight No. of Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.

1 26 12.68 10.45 10.63 10.18 10.14
2 28 22.87 18.87 7.42 19.23 19.22
3 22 6.90 6.78 3.99 6.76 6.75
4 30 12.16 9.14 5.80 9.18 9.17
3 27 15.40 13.00 - 5.13 12.96 12.94
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Table I.11

Comparison of P.C. Position Increments by
Auxiliary Systems and SPACE-M Adjustments

01d (Spring, 1985) data excluding rejected points
Photogrammetric Increments Within Models

RMS Discrepancies (metres)

Chr.Flight No. of . Horiz. Total
Line Points X-Compt. Y-Compt. 2Z-Compt. Dist Dist.

1 11 4.00 2.50 2.14 2.44 2.44

2 9 7.78 5.34 3.01 5.39 5.38

3 14 3.09 1.88 1.60 1.89 1.88

4 17 7.10 4,13 2.03 4.15 4.15

5 13 6.84 3.43 2.06 3.43 3.42

Max. Absolute Discrepancies (metres)

Chr.Flight No. of Horiz. Total
Line Points X-Compt. Y-Compt. 2Z-Compt. Dist Dist.

1 11 5.90 4.81 4,12 4.71 4.71

2 9 10.53 8.96 6.71 8.97 8.93

3 14 6.47 4.67 2.60 4.63 4.62

4 17 11.20 7.12 4.02 7.14 7.14

5 13 12.31 9.50 4.00 - 9.46 9.44

. Photogrammetric Increments Between Mean P.C.'s
RMS Discrepancies (metres)

Chr.Flight No. of ‘ Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.

1 11 5.11 2.79 2.30 2.78 2.78

2 9 7.01 5.39 3.73 5.44 5.43

3 14 4.47 3.39 1.70 3.38 3.39

4 17 7.13 4.73 2.13 4.75 4.75

5 13 7.04 4.53 2.01 4,52 4.51

Max. Absolute Discrepancies (metres)

Chr.Flight No. of Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.

1 11 10.09 ° 5.60 4.41 5.70 5.70

2 9 9.80 11.22 7.38 11.29 11.29

3 14 8.59 6.70 2.76 6.67 6.66

4 17 11.24 9.06 4.33 9.23 9.22

5 13 13.13 12.73 4,01 12.71 12.69
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Table I.12

Comparison of P.C. Position Increments by
Auxiliary Systems and SPACE-M Adjustments

New (Autumn, 1985) data with lakes excluding rejected points
Photogrammetric Increments Within Models

RMS Discrepancies (metres)

Chr.Flight No. of . Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.

1 13 4.18 2.52 2.13 2.45 2.44

2 10 7.97 5.01 3.63 5.07 5.06

3 16 3.04 1.87 1.66 1.87 1.87

4 19 6.84 3.92 1.93 3.95 3.95

5 15 6.82 3.69 1.83 3.70 3.70

Max. Absolute Discrepancies (metres)

Chr.Flight No. of Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist . Dist.
1 13 5.82 4.76 4.26 4.67 4.66
2 10 10.84 8.50 6.15 8.52 8.48
3 16 7.04 4.68 3.22 4.64 4.63
4 19 11.23 7.26 3.60 7.28 7.28
5 15 12.32 9.62 3.58 9.58 9.56
Photogrammetric Increments Between Mean P.C.'s
RMS Discrepancies (metres)
Chr.Flight No. of Horiz. Total
Line Points X-Compt. Y-Compt. 2Z-Compt. Dist Dist.
1 13 5.46 2.52 1.99 2.52 2.52
2 10 7.76 5.75 -+ 3.31 5.82 5.81
3 16 3.97 3.15 1.72 3.14 3.14
4 19 7.06 4.86 1.98 4.90 4.90
5 15 7.08 5.04 - 1.83 5.06 5.06
Max. Absolute Discrepancies (metres)
Chr.Flight No. of Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.
1 13 11.46 5.19 4.26 5.25 5.25
2 10 9.83 = 10.99 5.96 11.05 11.05
3 16 7.11 6.73 3.46 6.72 6.70
4 19 11.41 9.20. 4.29 9.23 9.23
5 15q 13.34 12.39 3.59 12.36 12.34
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Table I.13

Comparison of P.C. Position Increments by
Auxiliary Systems and SPACE-M Adjustments

New (Autumn, 1985) data without lakes excluding rejected points
Photogrammetric Increments Within Models
RMS Discrepancies (metres)

Chr.Flight No. of . ' Horiz. Total
Line Points X-Compt. Y-Compt. 2Z-Compt. Dist Dist.

1 13 4.18 2.51 2.27 2.44 2.44

2 10 - 7.96 5.05 4.19 5.11 5.10

3 16 3.04 1.88 1.72 1.88 1.87

4 19 6.85 3.92 2.14 3.95 3.95

5 15 6.82 3.68 2.04 3.69 3.69

Max. Absolute Discrepancies (metres)

Chr.Flight No. of Horiz.  Total
Line Points X-Compt. Y-Compt. 2Z-Compt. Dist  Dist.

1 13 5.81 4.74 4.52 4.65 4.64

2 10 10.81 8.56 7.64 8.57 8.53

3 16 7.05 4.69 3.60 4.65 4.64

4 19 11.24 7.31 5.13 7.33 7.33

5 15 12.32 9.59 4,67 9.55 9.53

Photogrammetric Increments Between Mean P.C.'s
RMS Discrepancies (metres)

Chr.Flight No. of Horiz.  Total
Line - Points X-Compt. Y-Compt. Z-Compt. Dist Dist.

1 13 5.12 2.42 2.09 2.43 2.43

2 10 7.78 5.53 3.91 5.60 5.59

3 16 3.85 3.21 1.83 3.20 3.20

4 19 7.21 4.66 2.19 4.70 4.70

5 15 7.07 5.16 2.05 5.17 5.17

Max. Absolute Discrepancies (metres)

Chr.Flight No. of " Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.

1 13 9.11 5.08 @ 4.62 5.13 5.14

2 10 9.91 9.01 7.42 9.03 8.98

3 16 6.90 6.78 3.82 6.76 6.75

4 19 12.16 9.14 5.80 g.18 9.17

5 15 13.52 13.00 4,71 12.96 12.94



Chr.Flight
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Chr.Flight
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Table I.14

Comparison of P.C. Position Increments by

Auxiliary Systems and CCRS Bundle Adjustment

No. of
Points

26
28
22
30
27

No. of
Points

26
28
22
30
27

RMS Discrepancies (metres)

X-Compt.

4.09
.7.57
2.39
5.29
7.86

Y-Compt.

1.74
7.53
1.95
4.14
4.22

Z-Compt.

1.36
1.69
0.92
1.08
0.29

Max. Discrepancies

X-Compt.

4.48
8.52
2.87
. 8.47
8.48

Y-Compt.

3.38
12.43
2.57
4.87
8.19

Z~Compt.

2.71
2.13
1.60
2.19
0.53

Horiz.

Dist

1.80
7.61
1.91
4.20
4.30

Horiz.

Dist

3.46
12.45
2.52
4.87
8.32

198

Total
Dist.

1.80
7.61
1.91
4.19
4,30

Total
Dist.

3.46
12.45
2.52
4.87
8.32
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‘Table I.15

Comparison of P.C. Positions by
CCRS Bundle and SPACE-M Adjustments

01d (Spring, 1985) data including rejected points

RMS Discrepancies (metres)

Chr. :
Flight No. of ‘ Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.
1 27 17.19 6.93 11.94 9.99 15.56
2 29 9.45 7.79 10.46 12.25 16.11
3 23 4.51 6.50 10.11 7.91 12.84
4 31 12.50 5.35 4.27 13.60 14.25
5 28 7.33 6.82 9.17 10.01 13.58
Max. Absolute Discrepancies (metres) '
Chr.
Flight No. of : Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.
1 27 20.83 ' 14.07  26.78 24.76  36.48
2 29 26.21 21.50 16.23 28.43  30.10 -
3 23 11.49 16.54 18.08 16.67 - 24.60
4 31 20.19 10.22 8.83 22.54 22.63
5 28 13.70 19.73 14.30 22.71 26.51
01d (Spring, 1985) data excluding rejected points
RMS Discrepancies (metres)
Chr.
Flight No. of : Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dis;.
1 16 5.96 6.40 11.01 8.75 14.07
2 17 7.05 7.24 10.14 10.11 - 14.32
3 18 4.93 6.04 9.12 7.80 12.00
4 23 12.60 5.31 4.28 13.67 14.33
5 19 7.22 4.97 8.67 8.77 12.34
Max. Absolute Discrepancies (metres)
Chr.
Flight No. of Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.
1 16 17.57 - 14.07 . 22.33 22.51 31.71
2 17 13.81 21.50 15.10 24.60 27.40
3 18 11.49 13.04 14.50 14.48 19.54
4 23 19.85 10.22 8.83 21.75 21.77
5 19 13.70 10.51 12.63 13.70 18.00



Table I.16

Comparison of P.C. Positions by
CCRS Bundle and SPACE-M Adjustments

200

New (Autumn, 1985) data with lakes including rejected points

Chr.
Flight
Line

VI~ WN =

Flight
Line

U~ WN =

RMS Discrepancies (metres)

No. of Horiz.
Points X-Compt. Y-Compt. Z-Compt. Dist
27 7.32 7.49 11.63 10.47
29 10.18 7.91 9.52 12.89
23 3.62 6.19 9.76 7.17
31 11.25 5.06 4,26 12.34
28 6.82 6.40 8.78 ©9.35

Max. Absolute Discrepancies (metres)

No. of ‘ Horiz.

Points X-Compt. Y-Compt. Z-Compt. Dist

27 20.85 15.56 26.19 25.49
29 33.19 19.49 15.27 37.71
23 8.28 15.46 17.05 15.46
31 18.69 9.61 8.60 21.02
28 13.14 19.25 13.02 21.75

Total
Dist.

15.65
16.03
12.11
13.05 -
12.83

Total
Dist.

36.54
39.01
23.01
21.17
25.16

New (Autumn, 1985) data with lakes excluding rejected points

Chr.
Flight
Line

U & W N =

Flight
Line

NS WN -

RMS Discrepancies (metres)

No. of Horiz.
Points X-Compt. Y-Compt. Z-Compt. Dist
17 6.00 6.78 10.89 9.05
18 5.72 6.53 9.41 8.68
19 '3.87 5.61 9.12 6.82
24 11.16 5.14 4.40 12.29
20 6.59 4.49 8.40 7.98

Max. Absolute Discrepancies (metres)

No. of Horiz.

Points X-Compt. Y-Compt. Z-Compt. Dist

17 0 17.13 15.56 21.64 23.14
18 10.76 19.49 12.31 21.92
19 8.28 12.27 14.09 12.62
24 18.15 9.14 8.60 19.78
20 13.14 8.82 11.88 - 13.16

7

Total
Dist.

14.16
12.80
11.39
13.05
11.58

Total
Dist.

31.68
24.07
18.92
19.79
16.30



Table I.17

Comparison of P.C. PoSitiohs by
CCRS Bundle and SPACE-M Adjustments

201

New (Autumn, 1985) data without lakes including rejected points

Chr.
Flight
Line

U~ WN =

Fligﬁt
Line-

U1 & W N =

RMS Discrepancies (metres)

No. of Horiz.

Points X-Compt. Y-Compt. Z-Compt. Dist

27 6.85 = 8.41 12.90 10.84
29 7.31 7.87 10.00 10.74
23 3.34 7.17 10.33 7.91
31 10.13 4.99 5.39 11.29
28 6.86 7.46 9.17  10.13

Max. Absolute Discrepancies (metres)

No. of Horiz.

Points X-Compt. Y-Compt. Z-Compt. Dist

27 20.12 18.34 28.85 26.66
29 23.57 17.42 18.55 26.97

23 6.40 18.72 19.49 18.72

31 17.31 11.59 12.03 20.83
28 15.13 21.92 16.55 23.11

Total
Dist.

16.85
14.67
13.01
12.51
13.67

Total
Dist.

39.28
28.60
27.02

-20.84

26.64

New (Autumn, 1985) data without lakes excluding rejected points

Chr.
Flight
Line

U &N

Fligﬁt
Line

U~ L0N -

RMS Discreﬁancies (metres)

No. of Horiz.

Points X-Compt. Y-Compt. Z-Compt. Dist
17 6.19 7.80 12.36 9.95
18 4.32 '7.26 9.90 8.44
19 3.42 6.42 9.52 7.27
24 9.93 4.70 5.27 10.99
20 6.59 5.09 8.62 8.33

Max. Absolute Discrepancies (metres)

No. of Horiz.

Points X-Compt. Y-Compt. Z-Compt. Dist
17 16.45 18.34 23.43 24,64

18 7.11 17.42 16.81 18.57
19 6.40 15.24 15.70 15.56
24 17.09 9.80 10.10 19.47

20 13.91 12.85 14.30 14.24

Total
Dist.

15.87
13.01
11.98
12.19
11.98

Total
Dist.

34.00
22.26
22.10
19.48
20.18



Chr.
Flight
Line

K~ LWN -

Flight
Line

N~ WN =

Chr.
Flight
Line

UL~ WA=

Flight -

Line

LN WN

Table I.18

. Comparison of P.C. Position Increments by
CCRS Bundle and SPACE-M Adjustments

01d (Spring, 1985) data including rejected points
Photogrammetric Increments Within Models
RMS Discrepancies (metres)

No. of . Horiz.
Points X-Compt. Y-Compt. Z-Compt. Dist

26 1.89 | 3.09 2.56 3.09
28 1.84 2.74 2.98 2.74
22 2.18 2.66 2.03 2.66
30 1.87 2.21 - 2.40 2.20
27 3.13 2.87 2.60 2.89

Max. Absolute Discrepancies (metres)

No. of ' - Horiz.
Points ZX-Compt. Y-Compt. Z-Compt. Dist
26 4.63 6.44 5.93 6.48
28 4.16 7.32 6.55 - 7.32
22 4.01 5.66 5.19 5.66
30 4,17 4.02 6.16 4.03
27 . 7.39 7.13 - 5.93 7.19

Photogrammetric Increments Between Mean P.C.'s

RMS Discrepancies (metres)

No. of Horiz.
Points X-Compt. Y-Compt. Z-Compt. Dist
26 4.17 4.45 3.02 4.44
28 4.62 4.63 3.02 4.64
22 3.29 - 3.45 2.08 3.46
30 3.07 4,19 2.52 4.17
27 5.03 4.57 2.41 4.62

Max. Absolute Discrepancies (metres)

No. of | Horiz.
Points X-Compt. Y-Compt. Z-Compt. Dist

26 9.95 11.34 8.56 11.14
28 16.16 11.57 6.18 11.49
22 5.88 6.96 4.26 7.02
30 6.83 8.85 7.03 8.79

27 11.39 10.35 5.11 . 10.44
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Total
Dist.

3.09
2.74
2.66
2.20
2.89

Total
Dist.

6.46
7.31
5.66
4.05
7.17

Total
Dist.

11.11
11.50
7.03
8.80
10.42



203
Table I.19

Comparison of P.C. Position Increments by
CCRS Bundle and SPACE-M Adjustments

New (Autumn, 1985) data with lakes including rejected points
Photogrammetric'Increments Within Models

'RMS Discrepancies (metres)

Chr.
Flight No. of . : Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.
1 26 1.83 3.22 2.61 3.22 3.22
2 28 1.91 . 2.77 3.24 2.76 2.77
3 22 2.24 2.67 1.91 2.68 2.68
4 30 1.97 2.20 2.20 2.19 2.19
5 27 3.13 2.88 2.44 2.90 2.90
Max. Absolute Discrepancies (metres)
Chr. : ' '
Flight No. of , ' Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.
1 26 4.53 6.27 6.33 6.30 6.28
2 28 4.33 7.24 10.94 7.24 7.23
3 22 4.28 5.76 4.77 5.75 5.76
4 30 4.44 3.76 5.06 3.78 3.78
5 27 7.34 7.25 5.82 7.31 7.29
Photogrammetric Increments Between Mean P.C.'s
RMS Discrepancies (metres)
Chr. ’
Flight No. of Horiz. Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.
1 2% 4.51 4.36 2.86 4.35 4.35
2 28 7.18 5.13 3.10 5.20 5.20
3 22 3.02 3.18 1.95 3.19 3.19
4 30 3.23 3.60 2.20 3.58 - 3.58
5 27 4.68 3.93 2.28- 3.97 3.97
Méx. Absolute Discrepancies (metres)
Chr.
Flight No. of Horiz. = Total
Line Points X-Compt. Y-Compt. Z-Compt. Dist Dist.
1 26  10.77 11.83 7.86 11.61 11.58
2 28 28.54 13.32 8.78 13.85 13.86
3 22 4.74 6.48 4.01 6.55 6.55
4 30 7.58 6.94 5.06 6.99 6.99
5 27 - 9.68 10.01 4.81 10.09 10.07



Table 1.20

Comparison of P.C. Position Increments by
CCRS Bundle and SPACE-M Adjustments
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New (Autumn, 1985) data without lakes including rejected points

Chr.
Flight
Line

LV W

Flight
Line

UL WA

Flight
Line

LV~ W=

Fligﬁt
Line

MW=

Photogrammetric Increments Within Models

RMS Discrepancies (metres)

No. of . . Horiz.
Points X-Compt. Y-Compt. Z-Compt. Dist
26 1.84 3.21 2.74 3.21
28 1.90 2.76 2.93 2.76
22 2.24 2.66 2.07 2.67
30 - 1.98 2.20 2.14 2.20
27 3.13 2.88 2.50 2.90

Max. Absolute Discrepancies (metres)

No. of . Horiz.

Points X-Compt. Y-Compt. Z-Compt. Dist
26 4.56 6.21 7.12 6.25
28 4.30 7.22 8.38 7.22
22 4.29 5.75 4.68 5.74
30 4.46 3.73 3.66 3.75
27 7.41 7.21 6.63 7.28

Photogrammetric Increments Between Mean P.C.'s

RMS Discrepancies (metres)

No. of . Horiz.
Points X-Compt. Y-Compt. Z-Compt. Dist

26 3.64 4.35 2.88 4.34
28. 5.28 3.96 2.79 4.00
22 -2.97 3.35 2.14 3.36
30 3.18 - 2.90 2.16 2.90
27 4.52 3.96 2.33 4.00

Max. Absolute Discrepancies (metres)

No. of Horiz.
Points X-Compt.. Y-Compt. Z-Compt. Dist
26 9.48 10.64 8.13 10.47
28 21.01 8.89 6.81 9.24
22 4.73 6.56 4.71 6.55
30 6.94 5.44 4.83 5.47

27 7.60 10.63 5.23 10.70

Total
Dist.

3.21
2.76
2.67
2.20
2.90

Total
Dist.

6.23
7.21
5.75
3.76
7.26

Total
Dist.

4.34
4.00
3.36
2.90
3.99 -

Total
Dist.

10.44
9.25
6.54
5.47

10.67



Chr.
Flight
Line

LV~ W~

Flight
Line

W

Chr.
Flight
Line

U £~ LN =

Flight
Line

e W N =

Table I.21

Comparison of P.C. Position Increments
by CCRS Bundle and SPACE-M Adjustments

01d (Spring, 1985) data excluding rejected points
Photogrammetric Increments Within Models
RMS Discrepancies (metres)

No. of Horiz.
Points X-Compt. Y-Compt. Z-Compt. Dist

11 1.14 3.03 1.62 3.03
9 1.67 = 3.98 2.61 3.98
14 2.17 2.34 1.66 2.35
17 2.25 2.06 2.02 2.04
13 3.26 3.00 2.17 . 3.03

Max. Absolute Discrepancies (metres)

No. of ‘ ” " Horiz.
Points ZX-Compt. Y-Compt. Z-Compt. Dist

11 2.18 - 5.33 3.11 5.38
9 4.02 7.32 4.65 7.32
14 3.71 3.99 3.54 4.05
17 4.17 3.19 4.05 3.13
13 5.33 7.13 4.50 7.19

Photogrammetric Increments Between Mean P.C.'s

 RMS Discrepancies (metres)

No. of : Horiz.
Points X-Compt. Y-Compt. Z-Compt. Dist
11 2.03 3.23 1.64 3.22
9 2.13 3.69 2.52 .3.69
14 3.33 3.81 1.82 +3.81
17 3.07 3.53 2.06 3.51
13 4.78 3.89 2.09 3.93

Max. Absolute Discrepancies (metres)

No. of ‘ Horiz.
Points X-Compt. Y-Compt. Z-Compt. Dist

11 6.02 5.64 - 3.26 5.65

9 3.96 6.91 5.25 6.90
14 5.88° 6.96 4.26 - 7.02
17 6.83 6.09 4.34 6.01

13 7.85 10.35 4.51 10.44
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Total
Dist.

5.37
7.31
4.05
3.13
7.17

Total
Dist.

5.65
6.90
7.03
6.00
10.42



Table I.22

Comparison of P.C. Position Increments by
CCRS Bundle and SPACE-M Adjustments
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New (Autumn, 1985) data with lakes excluding rejected points

Chr.
Flight
Line

LW =

Flight
Line

Ut~ 0N =

Fligﬁt
Line

UV W=

Flight
Line

U~ LW =

Photogrammetric Increments Within Models

RMS Discrepancies (metres)

No. of Horiz.

Points X-Compt. Y-Compt. Z-Compt. Dist
13 1.10 3.41 1.73 3.40
10 1.74 3.86 2.38 3.86 °
16 2.33 2.28 1.67 2.28
19 2.26 2.21 1.95 2.20
15 3.10 2.80 1.91 2.83

Max. Absolute Discrepancies (metres)

No. of Horiz.
Points X-Compt. Y-Compt. Z-Compt. Dist

13 2.09 5.73 3.86 5.78
10 4.33 7.24 4.44 7.24
16 4.28 4.20 - 3.40 4.27
19 4.44 3.76 3.75 3.78
15 5.53 7.25 4.08 7.31

Photogrammetric Increments Between Mean P.C.'s

RMS Discrepancies (metres)

No. of ' Horiz.
Points X-Compt. Y-Compt. Z-Compt. Dist
13 2.60 2.88 1.46 2.86
10 2.00 3.33 2.24 3.33
16 3.07 3.35 1.79 3.35
- 19 3.34 3.11 1.93 3.10
15 4.39 3.70 . 1.88 3.73

Max. Absolute Discrepancies (metres)

No. of | Horiz.
Points X-Compt. Y-Compt. Z-Compt. Dist

13 7.40 6.27 2.93 6.25
10 3.84 6.12 3.83 6.10
16 4.52 6.48 4.01 6.55
19 7.58 5.07 3.62 5.06

15 7.73 10.01 4.09 10.09

Total

Dist.

Total
Dist.

5.78
7.23
4.26
3.78
7.29

Total
Dist.

2.86
3.33
3.35
3.10
3.72

Total
Dist.

6.25
6.10
6.55
5.06
10.07



Table I.23

Comparison of P.C. Position Increments by
CCRS Bundle and SPACE-M Adjustments
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New (Autumn, -1985) data without lakes excluding rejected points

Chr.
Flight
Line

U~ WwWh =

Flight
Line

U W

Flight
Line

U &N =

Flight
Line

U~ WwWwh -

Photogrammetric Increments Within Models

RMS Discrepancies (metres)

No. of , Horiz.
Points X-Compt. Y~Compt. Z-Compt. Dist
13 1.10 3.40 1.90 3.40
10 1.73 3.84 2.84 3.84
16 2.33 2.27 1.83 2.27
19 2.27 2.22 2.00 2.21
15 3.09 2.80 2.15 2.82

Max. Absolute Discrepancies (metres)

No. of Horiz.
Points X-Compt. Y~Compt. 2Z-Compt. Dist

13 2.09 5.72 4.10 . 5.77
10 4.30 7.22 5.51 7.22
16 4.29 4.18 4.07 4.25
19 4.46 3.73 3.66 3.75
15 5.47 7.21 5.17 7.28

Photogrammetric Increments Between Mean P.C.'s

RMS Discrepancies (metres)

No. of Horiz.
Points X-Compt. Y-Compt. Z-Compt. Dist
13 2.09 2.77 1.63 2.76
10 1.96 2.92 2.68 2.92
16 3.03 3.53 1.99 3.53
19 3.40 2.62 1.99 2.61
15 4.35 3.65 2.14 3.68

Max. Absolute Discrepancies (metres)

"No. of Horiz.

Points X-Compt. Y-Compt. Z—Compt: Dist

13 5.04 6.30 3.17 6.27
10 3.79 5.82 5.29 5.82
16 4.73 6.56 4.71 6.55
19 6.94 5.02 . 3.81 5.01
15 7.51 10.63 5.21  10.70

Total
Dist.

Total
Dist.

5.77
7.21
4.25
3.76
7.26

Total
Dist.

.9
.6

LWNWN

Total
Dist.

6.27
5.81
6.54
5.01
10.67
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APPENDIX J

Graphs of Orientation Angles and Range as Functions of Time
J.1 -J.4 Actual Angles.as Functions of Time
J.1-13.2 Flight Line 1 Pages 209-210
J.3 - J.4 ‘Flight Line 4 . Pages 211-212
J.5~-J.8 'Angle Discrepancies as Functions of Time
J.5 -J.6 Flight Line 1 Pages 213-214
J.7 -7J.8 Flight Line 4 Pages 215-216
J.9 Effect of Kappa Outliers - All Flight Lines Page 217
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Fig. J.1: Heading Angle as a Function of Time — Chron. Flight Line 1
Continuous Graph for Aux. - Broken Graph for Photo.
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Range (metres)
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Fig. J.2: Range, Roll & Pitch as Functions of Time - Chron. Flight Line 1
Continuous Graph for Aux. -~ Broken Graph for Photo.
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Without Qutlier Rejection
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Fig. J.3: Heading Angle as a Function of Time - Chron. Flight Line 4
Continuous Graph for Aux. - Broken Graph for Photo.
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Fig. J.4: Range, Roll & Pitch as Functions of Time - Chron. Flight Line &
Continuous Graph for Aux. - Broken Graph for Photo.
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Without Outlier Rejection
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Fig. J.5: Photo. minus Aux. Values of Heading (deg) as Functions of Time
Chron. Flight Line 1 '
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Photo., minus Aux, Values of Range,
Roll & Pitch as Functions of Time

with Outlier Rejection for kappa.
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Without Outlier Rejection
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Fig. J.7: Photo. minus Aux. Values of Heading (deg) as Functions of Time
Chron. Flight Line 1
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Fig, J.8: Chron, Flight Line 4
Photo minus-Aux. Values of Range,

Roll & Pitch as Functions of Time
with Qutlier Rejection for kappa.
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Chron. Flight Line 1
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Fig. J.9: Photo. minus Values of Heading (deg)
as Functions of Time (min.)
Continuous Graph for Outliers Rejected
Broken Graph for Outliers Not Rejected



