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ABSTRACT

'Since the modern revival of interest in
Orthophotography, and in particular since early 1960 when
production instruments for the technique became avéilable;

a number of practicai tests have been carried out in order to
determine the mééping accuracies whiéhfcan be achieved in
practice. Sevéral'mapping projects have incorporated
orthophotographic processes, and a few have been conceived

as orthophotoﬁap projects. An analysis is made‘of current
projects and previous tests, and ﬁheianaIYSis shows that £o

a large extent boﬁh the projects and the tests have beén
rather biased by conventional mapping criteria, and that many
of the tests have been concerned solely with the problems of
very large scale mdapping. It is contended that this is rather
paradoxical, because this technique is one which should be
most advantageously used in quite a different context, namely
that of medium scale mapping for underdeveloped terrain; a
sphere of surveying in which world mapping capability is quite

unable to cater with the demand.

‘From this viewpoint a series of tests was carried out,
in which planning;“fieldwork, and production phases were integrated
from the initial stages of ground control intensificatioﬁ, |
through the aerial triangulation phase, culminating in the

production of orthophotographs. Additionally the concept of
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producing contours from drop line profile charts was investigated
under rather more realistic terrain conditions than has been
attempted previously, in order to obtain data on production
times for the cartographic treatment. It proved necessary to
devise a technique, namely that of drainage interpretation,

in order to be able to deal with the problem of profile
interpretation in broken terrain; and it is thought that this
technique may have general application to other pictorial
profile methods. During the prdgress of the work, othef
problems were identified, and in particular investigations
were made into calibration methods for perspective centres

in Independent Model Triangulation. Also a series of computer
pPrograms were developed for photogrammetric work with small
programmable desk calculators, including a program for strip

formation.

It was shown by the results of the tests that the
planimetric accuracy of orthophotography is consistently rather
high, and contributes only small errors to the final product
of the integrated mapping project. It was shown that the
intrinsic accuracy of profiling is high, but that a rather
marked degradation occurs in the contouring phase,
suggesting that somewhat reduced criteria should be adopted
for elevation specifications in orthophotomap medium scale

mapping projects when based on the drop line technique.
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1. ORTHOPHOTOGRAPHY: PRINCIPLES, DEVELOPMENT OF INSTRUMENTS,
AND MAPPING APPLICATICNS.

1.1 Introduction

An orthophotograph is in principle a photograph in
which individual images are at a uniform scale, located in
correct relative position to one another; as if the corresponding
object points had been projected by parallel orthogonal
projection into the image plane. A camera registers images
by central projection through the camera lens, producing a
photographic image which is a central perspective of the
corregponding object points. In the general case, the central
perspective images are neither of uniform scale, nor are the
shapes of areas delineated by groups of point images conformal

with an orthogonal projection of the object shapes.

Photographs produced in an aerial camera are

characterised by image displacements in relative positiorn,

and by scale variations; quantitatively influenced both by

the extent of elevation differences in the terrain and by the
extent to which the camera axis is tilted out of the vertical.
Terrain objects which are on relatively-higher elevated ground
are registered as larger scale images apparently displaced in
position away from the camera nadir. 1In the exceptional case
of flat terrain devoid of elevation differences, the small
unavoidable tilts of the camera axis transform area shapes
through central projection into shapes which are not conformal
with an orthogonal projection in a horizontal datum such as a

map. It follows that the individual images are not of uniform

scale.



1.2 The relationship between Rectification and
Orthophotography.

Aerial photographs of flat or uniformly slioping
terrain can be transformed by a reversal of central projection
into orthogonal projection. The transformation may be
numerical or analytical, given image coordinates of points
(x, y) and the corresponding orthogonal projection coordinates
of object points (X, ¥; and can be represented by the well

known projective transformation (Helava, 1968, 10):

a,x + bly + C

1
+
ax + boy 1

1

a,x + bzy +c,

X o= ax+by+1 (r.i1)
o) o

The coefficients of x, y are functions of the elements of innzr

and outer orientation of the aerial camera.

More usually the transformation is either graphical;
oxr optical-mechanical by the process of photographic rectificatiorn;
through which images of flat or constant gradient terrain mav be

transformed to restitute the displacements and scale variations.

The process, in order to be rigorous, is a plane area transformatii..

When there is relief present in the object terrain, plane are=z
transformation is not possible from a theoretical point of view;
but an approximate transformation can be achieved by partiticning
the whole photograph into smaller zones of nearly equivalent

elevations, and rectifying separately for each part, which can



be called differential rectification, or rectification by facets.
The originator of the idea, which is the fundamental principle
of orthophotography, was SCHEIMPFLUG, who in 1898 patented. a
method of rectification in zones for the preparation of photo
maps (Brunnthaler, 1972, 893). Such a process with single
photographs is clearly very time-consuming, and requires either
extensive ground control or alternatively map information in

order to determine the parts of nearly equivalent elevations.

Double~point model restitution, the ordinary system
of analogue plotting machines, gives continuous information on
position coordinates (X, Y, Z)}; provided that the plotting
cameras are oriented in correct relative and exterior orientation
with respect to a datum plane. Such instruments are therefore
capable of controlling the differential rectification of cne of
the two photographs in the plotting cameras, and of producing
a new photograph which is an orthogonal projection of model

points at a specific model scale.

The image transfer of points from the rectifying
photograph of the pair may be represented by equations of the
collinearity type; which specify the condition that image
coordinates, (x, Ye -f) of the plotting camera, coordinates of
the perspective centre (X, Y. ZC), and the coordinates in the
model (X, Y, Z) are collinear. The equations reduce to the Form:

S

Zayx + by + c,) (r.114)

+
a_x + boy 1



Z(alx + bly + cl)

+ + 1
aox boy

In principle the transformation could be a physical transfer

of images on a point by point basis from camera image to
projected image; but in practice the requirement to expose on
film a new photographic image in a reasonable period cf time
imposes limitations. The image transfer is usually made through
the medium of very small area elements which have both finite
width and length. This exposure element is commonly a slit

the length of which is rather small compared to the width,

and can be considered effective as a short line element.

1.3 Development of Instruments for Orthophotography

Instruments capable of differential rectification
have developed since the 1920 decade, but the major advances
occurred in the 1950 decade. FERBER made a patent appiication
in Germany in 1927 and described the principles of the Gallus
apparatus for photo-reconstruction in 1928 (Ferber, 1928).

The Gallus-Ferber Photorestituteur is described by HASSETT as

a type of orthophotograph instrument (Hassett, 1966, 867).

In 1929 LACMANN designed a rectifier for uneven terrain which
utilised the projection system of the then current Zeiss
Sterepplanigraph plotting camera. Vertical (Z) control was
achieved pneumatically with the aid of wooden profile templates,
and a direct connection was also possible between the separate
components of rectifier and plotting machine (Lacmann, 1931,
10).



BEAN in the U.S.A. carried out experimental work
from 1936, and the revival of interest post World War II in
orthophotography as a production mapping process is due to his
efforts more than any other individual. His approach utilised
direct double-projection instruments operating on the anagliyphic
projection system, in order to expose in the model space a blue
sensitive film to the projected images from the blue-filtered
projection camera (Bean, 1968, 38). BAn acceptable image
quality of the projected images is possible on accocunt of the
depth of focus due to the small aperture of the projection lens.
BEAN produced an engineered prototype in 1956, and a production
model U-60 utilising either ER-55 (Balplex) or Kelsh projectors,
as plotting cameras. Models T-61 and T-64 followed in 1961 and

1967.

A characteristic of the BEAN instruments is that the
projected images are exposed in the model space, with the
necessity to provide for the film platform and exposure slit
transport mechanisms; so that the instruments can only be used
in an orthophotographic function. There is also a limitation
on the maximum enlargement possible between photograph and
orthophotograph of about X3 on account of the optimum focus

zone of the projectors.

GIGAS in 1960 developed the ideas of LACMANN and
in conjunction with the Zeiss company devised the Gigas-Zeiss i
orthoprojector, introduced at the International Congress of
Photogrammetry in Lisbon in 1964 (Meier, 1968, 57). Essentially

the orthoprojector is one plotting camera component of a Zeis

[



Stereoplanigraph, complete with the Zeiss Bauersfeld telephoto
focussing system for critical focus at all projection distances.
The G-Zl1 may be coupled directly to a stereo plotter, not
necessarily of the optical projection type; so that the projected
images move across a film easel in exact correspondence with
the movements of the model pcoints in the plotter, but the
possibility exists to change the model scale to a different
rectification scale. Alternatively the G-Z1 may function
completely off-line to the plotting machine under control of
data stored during a model scanning operation. All of the
previously described instruments function on the principle

of direct optical projection for the image transfer operation,
but the G-Zl1 may of course be used under storage control in

conjunction with a mechanical type plotter.

The manufacturers of mechanical type plotting machines
have been slower to develope orthoprojection systems since the
direct projection restitution system is not z feature of such
instruments. The optical viewing systems of mechanical
projection instruments are essentially complex stereoscopes,
by which the mechanical image points are marked. Normaily the
optical axis of the observation system is orthogonal to tre
photograph dispositive, and in order to project an image forming
ray it is necessary to incorporate an auxiliary image transfer
system. Orthoprojector instruments incorporating such a
system may be classified as "non-direct optical image transier
systems" in contrast to "direct projection image transfer

systems" as previously described (Blachut, 1372, 82-85,.



C. Zeiss VEB Jena were the first instrument company
to incorporate a differential rectification device by an
auxiliary image transfer system, in a mechanical analogue
projection system. The device was first utilised in the
universal plotter Stereotrigomat in which a pencil of rays in
the left plotting camera photograph was separated from the
visual observation train, and brought to a projection plane
by means of an electromechanical inversor (Cimerman,
Tomasegovié, 1970, 195). A version of the image transfer
device is now available with the topographic plotter Topocart

B, and is designated Orthophot B.

In the period 1968-1970 the Wild Company of
Switzerland developed an orthophoto attachment PP0O-8 for the
precision plotter A8 Autograph (Hohle, Schneider, 1873, 77).
The image transfer is from the left photograph in on-line
operation. A small image segment is optically rectified for
tip agd tilt of the plotting camera, and projected orthogonaliy
onto a light-proof film drum at the rear of the plotting

machine (Bormann, 1970).

In 1967 the Italian company Ottico Meccanicca
Italiana introduced an orthoprinter now marketed as the O.M.I.
Nistri orthoprinter; which is a separate unit to the analytical
plotter AP-C which monitores the optical image transfer from a
duplicate photograph. In the image transfer system, corrections
are introduced for scale variations and rotation of the image
due to tip and tilt of the photograph and variations in terrain

height (Parenti, 1968, 21-28).



An entirely different system of image transfer
utilises cathode ray tubes or electronic image transfer. These
systems operate with automatic image correlation in the plotting
and orthophotographic mode of operation, and permit much faster

scanning than is possible with human manual operation.

Consequently it is possible to use very much
smaller line or area elements for the exposure, so that accuracy
is in principle hardly dependent on topography as it is
ordinarily. At present however, automatic systems cannot
discriminate between ground features and the upper surface of
buildings and tree-cover, so that the automatic and very fast
scanning possibilities are restricted usually to the production

of relatively small~scale orthophotos (Blachut, 1972, 9Q].

Instruments utilising automatic image correlation
and electronic orthophoto image transfer are (Brumnthaler,

1972, 93):

Integrated Mapping System . .e .. 1%61
Digital Automatic Map Compilation.. <. 1962
Automatic Stereo Mapping System .. .+ 1963
Stereomat Wild B8 .. . .o .- .. 1964
Stereomat A2000 Wild-Raytheon . .. 1968
Gestalt Orthomapper Hobrough . «. 1970

Detailed descriptions will not be given of the
instruments mentioned, since there are extensive explanations
in literature in the references quoted; except that a description
of the image transfer system will be detailed in the case of

the Orthophot B, used in the system tests described in this work.



1.4 Mapping Applications of Orthophotcgrapny

Practical applications of orthophotography are, even
at this time, still in an evolutionary stage of development. The
major application is in the Orthophotomap, which can be defined
as an orthophotographic base combined with conventional cartograpiic
line or area overprinted data. At the very least the additional
data will comprise a locational guide and a point reference system.
At a further stage of utility the orthophotograph may be combined
with a contour overlay, which may have been produced in the source
instrument concurrently with the image transfer; or alternatively
may have been produced off-line in a conventional plotting mode.
Additional possibilities are overprints containing names, highway
classifications, cadastral boundaries and parcel numbers, land-
utilisation classifications, and administrative boundaries. The
orthophotomap may be available as a simple continuous tone bromide
print, a screened dyeline print, a single colour lithographic print,

or a multi-coloured lithographic print.

Opinion on the status of orthophotography in mapping
programmes has been epitomised by extreme viewpoints. On the one
hand there is the conservative cartographically-biased conclusion
that orthophotomaps are no more than map substitutes of a temporary
or second-rate nature compared to high—quality conventional line
rays. At the other extreme are enthusiasts who regard the
orthophotomap as a superior product on account of the wealth of
detail and completeness of information content; particularly in
view of the faster rate of production with consequential cost-—
effectiveness. BLACHUT has put the matter in its proper
perspective (Blachut, 1968, 207), by pointing out that the
orthophoto technique may offer a new approach to conventional
mapping in a variety of applications; and that there is not much
value in approaching this complex question by accepting as valid,

criteria applicable to
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conventional maps. It is instructive to examine some of the
projects which have been commenced by various authorities in

recent years, as listed in Table 1.1I.

Table 1.I is not a complete listing of orthophoto
projects in recent years, but with the exception of Item 2,
only projects involving large numbers of map sheets of the
order of several hundred, have been included. TItem 2 is not
a production project, but rather a concept of mapping for

developing countries, due to JERIE.

Of the 10 production projects listed, only Items
3, 5, 7, 9, 10 and 11 can be claimed to have been conceived
as orthophotomaps from the initial planning stage, whereas
the others are projects in which the orthophotomap ranks as
a temporary substitute for conventional line maps. The
literature cited in respect of the conceptual orthophotomap
projects is characterised by a common approach: the concept
of a multipurpose map base which is the pictorial record of

land use, resources, and integrated survey data. In effect

the maps are planned as pictorial data banks.

It is interesting also to examine the planning
specifications for the projects listed, as given in Table
1.IT. Columns (iv), (viii} and (ix) are of particular interest
because of the diversity of specification. Column (iv) gives

the constant k of the formula:

= 14 A
my k Ymk Wiev)
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This constant is commonly taken in the range 180 to 300 for
conventional photogrammetric plotting (Forstner, 1968, 107-10E/,
and it is interesting to note that only in the cases of items

3 and 7 of what might be called the conceptual orthophotomapping
projects is the upper limit exceeded to any considerablie extent:

together with the JERIE proposal item 2.

Column (viii) gives the number C where C is the ratic
Altitude: Contour Vertical Interwval, and should be read in
conjunction with column (ix) which defines the method of
derivation of the contour overliays of the orthophotomap. It
should be noted that in no case does C exceed 1000, except
when the contours are derived by conventicnal plotting technigues.
Non-conventional contouring was specified in only one case of
conceptual orthophotomapping (S. Korea Item 5). Where non-
conventional contouring is used in orthophotomapping in projects
originally planned for conventional mapping technigques, only
in the case of Items 4 and 6 (Sweden} does the C number exceed

400.

The exceptional specification to all current projects
is the proposal of JERIE, item 2. In brief he has suggested a
concept in which the base topographic mapping of developing
countries takes place in successive phases of complexity, the
photogrammetric phase of which is based on high altitude
super wide angle photography. The initial publications should
be orthophotomaps without annotation; followed in subseguent
phases with contoured orthophotomaps, next by annotated versicns,
finally by conventional muilticoloured line maps. The contouring
should be by dropped line charts produced during the initial

phase.
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The Commonwealth of Australia is in a somewhat uiigue
position of development, and of mapping availability. Vast arzas
of the continental interior are underdeveloped, and the best
available maps for planning purposes and for exgloration and
management of resources are at extremely small scale; complete
coverage of the continent at 1:250 000 having been achieved
only recently, but with much of the series cut-of-date. In
early 1973, only some 10% of the total coverage of aimost 300
sheets was available with detail revised since 1968, and cniy
about 25% with contours. ©None of the planned new contoured

edition on Australian Map Grid are actually available.

The Division of National Mapping, responsible for

objective the topographic mapping of Australia by the end of

n

)
L5
~
(@S]

1978 at 1:100 000 scale with 20 metre contours [Lambert, 1375,
5). The series comprises some 3000 sheets for compiiation, but
many (particularly in the interior), are unlikely to be
published at scales larger than 1:250 000. A very large nuuober
of the map sheets will be in the form of orthophotomaps (Item i,
Table 1.I), for which the corresponding specifications (Table
1.IT) are quite conservative judged by conventional line maps

criteria, although the instrumentation involved in the

production is extremely sophisticated.

Some areas of the continent are highly deveicped,
in particular the eastern seaboard, where the pace oF Seveloninent

has accelerated at such a rate that modern very iarce sials mes.

developers, and administrators. Thus in New South Wales beit-feyoldigten



is in progress at scales 1:10 000, 1:4 000 and 1:2 OO0 (Items

7, 10, 11 of Table 1.I}); and this mapping has been conceptual
orthophotomapping from the initial planning stage. Nevertheless
the specifications accord with the criteria of conventional

line mapping, except that the photograph : map scale ratic in
the case of the 1:10 000 orthophotomaps 1s somewhat outside

the normal range.

It is clear that orthophotography is to play a
major role in Australian topographic base mapping programmes,
but at this period of time the role is still an evoluticnary one
with many technical problems to be solved. The reaction of the
potential map wuser to an orthophotomap product, compared to
the classical cartographic presentation is hardly known, but
the urgency of current mapping programmes is so great that
completion in a reasonable time scale is not possible by

conventional techniques.

It is the purpose of this work to examine some
of the problems associated with orthophotomapping at medium
scales; in an integrated mapping system in which the successive
phases of ground control, aerial triangulation, and phctogrammetr..
processes, all contribute to the accuracy and usefulness of the

product.
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2. ERRORS OF THE ORTHOPHOTOGRAPHIC PROCESS

2.1

An analysis of the accuracy of differential
rectification by orthophotography should not be confined to
the image transformation process alone, since orthophotographic
production is an extension of the principles of ordinary
photogrammetic¢. restitution, and is usually controlled by
conventional analogue plotting instruments. To the extent
that the data for position location and image scaling is
provided, either manually or automatically, by the guidance
of a measuring mark in model space - so the control data
{measuring mark position) is subject to the errors of any

restitution process.

Additionally, the image transfer system utilised
in the orthoprojector is a further source of error, independernc
of the restitution errors. Finally, subseguent treatment of
the transferred image, and the physical characteristics of the
film base or any derived reproduction medium for presentation
of the result, will introduce further errors; amaliagous to
those errors introduced in conventional plotting after transfe:

from model space to line plot and to cartographic product.

Neglecting those errors introduced by reprcduction
of the orthophotograph, the sources of error may therefore ke
classified in four groups which are considered independent of

one anocther:



(i) Restitution errors: of the same origin and order
of magnitude as any conventional photogrammetric
process;

(ii) System errors: unique to the orthophotographic
process, caused by the departure from a rigorous
point-by-point image transfer;

(iii) Cowmnection errors: caused if the projection film
is not located in the model restitution space, but
operates as a connected component either on-line
or off-line;

(iv) Projection film errors: caused by the lack of
flatness of the projection film plane, by

instability of the film base, and by processing.

Assumming that some type of elevation data is produced
simuléaneously with the orthophotograph image transfer,
elevation errors additional to (i) are introduced on account
of the interpretation and editing or the adata; and by the
subsequent cartographic treatment to obtain a contour

document.
2.2 Photogrammetric Restitution errors

Exrrors are inevitable in the phcoctogrammetric process;
and a complete analysis of the sources of errxor should include

the following factors:

(i) Ground Control: Accuracy of survey control system
and method of point fixation. Accuracy of identification

in photograph.
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(ii) Image errors: Residual (uncorrected} lens distor:zicn,
uncorrected atmospheric refraction displacements, ilx
flatness errors, film base instability errors.
negative and diapositive processing errors.

(iii) Pass-point errors: If the restitution models are
not fully controlled by identified ground controls.
the system of pass point determination produces
errors. In particular the aerial triangulation
method and instrumentation, and the aerial
triangulation adjustment procedure.

{(iv) Orientation errors: The influence of errors of
inner, relative, and absolute orientation on the
model point position; and the influence of innexr

and exterior orientation errors in the

the direct projection type.
(v) Projection errors: The influence of the gecmetric

performance of the restitution instrument.

In attempting to estimate the magnitude of errors due to thaae
sources of error, the difficulty is that no general statement
can be made on account of the very large number of variables
in the possibilities; in particular due to the cameraz and
measuring instrumentation, and to the flight specificacions
for particular cases. However, a great amount of theoretical
investigation of individual physical sources of error nas begn
made, and a large number of controlled experiments haye been

carried out to confirm theoretical predictions.
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AHREND (Ahrend, 1966) has summarised the result of
many experiments to determine the behaviour and magnitude of
individual sources of errxor. Theoretical investigations of
the horizontal accuracy of block adjustment of aerial
triangulation by the anblock method have been carried out by
ACKERMANN (Ackermann, 1966); and of the vertical accuracy of
aerial triangulation by JERIE (Jerie, 1968). Controlled
experiments have been carried out to confirm thecoretical

predictions, in particular by the O.E.E.P.E.

It is possible therefore to estimate the magnitude
of errors in extreme cases, and to give some indication of a more

general range of errors.

For example, AHREND (1966, 75) estimates a plan
coordinate mean square error in a model for the case of a
universal plotter of the C8 type and a 150 mm wide angle camera,
and for the case of full ground control identified by natural

points, in terms of accuracy at the plate:

m = = 7.2 um 2.1
b (2.1)

and for the corresponding vertical accuracy:
= = . © sy
m, = 6.5 Wum = £ 0.1l "/ H (2.i%}

AHREND however goes-on to say that no allowance has been made
for residual terrestial (survey) errors of ground control, ox

for the effect of refraction.
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AHREND'S figure for plan accuracy is almost that used
by MEIER (1966, 80) in his estimates of theoretical accuracy of
the C8-GZl system, in which he gquotes 8 um for plan erroré
inclusive of sources of error excepting 2.2{iii} above, and
presumably making no allowance for errors in the control.
AHREND'S figure includes an allowance mx,y = = 5 um for the
influence of the plotting machine, determined from calikration
measurements on 20 C8 stereoplanigraphs and the Supragraph: and
this allowance may be compared for example at a lower level of
precision of the restitution machine, with that of
mx,y = #10 Mm given by SZANGOLIES (1872, 84), determined from
factory calibrations of 10 Jena Topocart plotting machines of tre
topographic type. Adjustment of AHREND'S figures according tco
the propagation of independent errors, yields the following

mean square errors of a controlling instrument of this order:

m_ = #11 Um (2.117
)

= = o) PR
m_ 25 R = 0.17°%/__ H (2.1v)

The foregoing figures may be regarded as the
internal or relative mean square error extremes, due to
ordinary photogrammetric restitution errxors; but making no
allowance for sources of error due to control from 2.2{(i) a~d
2.2(iii). The external or absolute precision (m'}, which is
of great importance in planning mapping projects, is very much
more difficult to estimate on account of the wide range of
possibilities due to size of area, disposition of giound
control, methods and instrumentation for aerial triangulation,
and adjustment procedures. It should however be stressed that

for most mapping projects at medium and small scales, provisich
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of pass point control for individual models, from fairliy large
blocks of aerial triangulation, will be the normal procedure

rather than fully ground controlled individual modeils.

As far as plan accuracy is concerned, ACKERMANN
has investigated the theoretical horizontal accuracy of adjustment
by the Anblock method, of blocks of up to 200 independent models
(Ackermarn, 1966, 145-170); and this represents perhaps a
standard size of block for topographic mapping in developing
countries. There is in any case only a small dependence on
size of block in the Anblock adjustment, providing that the
perimeter of the block is well controlled by ground—-fixed plan
points. ACKERMANN gives the maximum standard deviation of a
tie-point in such a block (in the center of the block) as only
1.2 times the standard error of unit weight, and the mean
square value for all the tie points as 1.06 times standard
error of unit weight. According to ECKHART (1966) a standard
error of unit weight of 16uUm at plate is assumed for wide
angle photographs of 23 x 23 cm on film. The corresponding
mean square coordinate error for a block of 200 models is

17 Mm at plate.

In Australia until quite recently a great reliance
has been placed on strip and simultaneous strip ({(block}
adjustment, by the polynomial form of adjustment due to
SCHUT (1968); perhaps owing to the fact that SEHUT'S programs
are available without charge and are easily adaptable to
various computers, and to user modifications. BERVOETS
(1973, K6) has recently analysed practical results of aerial
triangulations by 11 organisations in Australia engaged in
mapping projects, and his analysis gives for the average

mean square error of residuals at ground controls after
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horizontal plan polynomial block adjustment & figure m' = 70 om

o
at plate. BERVOETS however points out that this is only a

general impression of the magnitude of precision, as this is a
mean figure from blocks averaging 160 models, and of mixed wide

angle and super-wide angle systems.

With respect to vertical accuracy of block aerial
triangulation, theoretical estimates for planning purposes may
be made principally from the work of JERIE (1968). JERIE
investigated the theoretical propagation of elevation errors on
account of types of camera, number and distribution of ground
controls, and dependence on auxiliary data instruments. He
remarks that it is not possible to take into account a second
set of factors including the quality of photography and the
procedure and equipment used for the aerial triangulation;
concluding that these factors should be determined by practical
tests within an organisation since they should be more or liess
constant. JERIE calculates for a block of 8 strips by 20 models,
with elevation control in every strip at the enas and center,
fcr aerial triangulation without auxiliary data, and for wide
angle camera, a mean standard deviation at pass points of 0.36 /oo-
with a maximum of 0.49o/ooH, excluding extreme marginal pass noini:.
Interpolating JERIE's figures for a standard block of

2
we obtain a mean standard deviation at pass points of 0.42 /ooH.

BERVOETS in his analysis of practical aerial
triangulation results in Australia gives a mean sguare error

ground residuals after polynomial block adjustment, of

Fh

o]

m = 30 um at plate, but the blocks are mixed wide and super-w._lo

N -
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angle systems, so that the figure given represents a remarkably
low range of 0.20 to O.34O/ooH. The low range is probably due to
the fact that the production blocks analysed were unlikely to

have been heavily over-—determined for elevation controls, all

of which would normally have been used in the adjustment
transformations, so that the figures guoted are perhaps less
reliable as an overall guide than the theoretical predictions

of JERIE. We may suggest, as typical of ranges of accuracy

for adjusted pass points in a 'standard' mapping block of

200 wide angle models, figures of the following order:

mé = 17 to 70 um at plate (Z.vy
(o] 7. o)
mé = 0.20 to 0.45 /oocH (Zovi;
2.3 System errors
2.3.1

System errors are those errors inherent to the
orthoprojector image transfer system, the classification
"system"being due to MEIER (1968), and they are for the most
part proportional to the tangent of the angular field (a) of
the projection camera. The fundamental cause of the errors
is that the image transfer, for practical reasons, cannot be
effected on a point-by-point basis from original image to
projected image. The exposure element is normally a slit of
finite dimensions, essentially a line element, and usually
effective as a horizontal line element in the model surface,

which is not horizontal in the general case.
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Figure 2.1 for example illustrates the available
exposure slits for the Jena Topocart-Orthophoto combination.
Bach exposure slit has finite width (b} and length (1}. At
each end the slit is diagonally shaped; to provide an exposure
blending area in successive scans, as a rectangular shape
would result in visually obvious lines of double exposure or
gap lines, in the event of the very smallest difference between
the slit width and the incremental shift (Ax) between successive
scan profiles in the model. Whilst system errors due to
exposure slit width can be halved by halving the exposure
slit width, each halving of the selected width doubles the
operating time for a given scan speed. Clearly selection of
optimum slit width for given terrain conditions is a decisive

factor in efficient production planning.

System errors occur at the exposure slit, whether
the slit is actually in the model surface (direct projection;,
or in an additionél component as in the case of mechanical
type plotting machines (non direct image transfer); if the
terrain surface at the slit is not horizontal. In the case
of sloping terrain across the exposure siit, perpendicular o
the direction of movement of scan, even in the absence of
observer elevation errors only the centre of the siit defined
by the measuring mark position is at correct elevation; and
other terrain points within the exposure element are projected
with incorrect elevation. Such off-centre points suffer radial
displacement away from the nadir or towards it (figures 2.2 and
2.3). The error in elevation Az of an off centre point is &

maximum fAZI at the extreme end of the exposure element, and
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for a transverse ground slope Bx may be taken with a siight

degree of over-estimation as:

iel
lAz§ = -??tan BX

The displacement in projected position Ar is however radial
to the photograph nadir and proportional to the angular field
o of the projection camera, whence

fA I = E-tanB tan o 2.viit)

r 2 X

The system error due to slit width is aiso the
cause of profile margin discrepancies in the form of overliaps
of detail (points imaged twice) or missing detail (points not
imaged) according to the direction of transverse slope. For

example in figure 2.4 the terrain surface point P is projected

[t

in two successive scans to P, and P,, and in the projection plan
these two images are radially separated in the direction of the
nadir. For the case of a terrain slope of opposite direction

to the projection ray, detail in the scan margin would be
missing. The maximum overlap may be taken as twice the maximum

displacement (2.viii).

System errors due to slit width may be controlled
by appropriate selection of slit width b, but at the expense
- of increase in scanning time. Other possibilities exist however,
particularly when as in the case of the GZ1, the orthoprojector
is operated off-line via a profile storage device. 1In such a
mode of operation it is possible to carry out the scanning
operation in the restitution plotter at a wide scanning

increment Ay during which phase the plotter is linked to a
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storage unit SGl, in which each scan line is scribed as a
profile on a 24 x 30 cm glass plate (Meier, 1968, 61).
Subsequently in off-line operation the storage plate is
scanned in a scanning unit LGl which is able to operate the
orthoprojector at a scanning speed of 10 mm/sec in the
projection plane, changing the projection distance according
to the elevations recorded on the profiles. Furthermore

a smaller incremental shift Ay may be selected, so that the
width of the scan in the projection may be reduced to as
little as one sixth of the profile interval used in the
restitution plotter. Control of these additional intermediate
profiles is by automatic linear interpolation of elevations

across the recorded profiles.

An additional possibility with the GZ1 is the use
of the optical interpolation system using fibre optics
(Brunnthaler, 1972, 95). With this attachment it is possibie
in effect to tilt the exposure slit according to the transverse
terrain slope. A ridng of fibre optics is placed arocund the siit
of the orthoprojector with its base parallel to the projection
plane, perpendicular to the directions of the optical fibres.
The upper surface of the optic ring is shaped cto contain
gradients from horizontal to 35o slope. The appropriate slope
is placed in the path of the projection rays by automatic
interpolation of the recorded elevations across the scanning

path.

In spite of the fact that the interpcolating element
is made of fibre optics, there is no loss of image quality, since
with 16 wm fibres the resolution of the fibre optic ring is almost
30 lines per mm in the projection plane, increasing to as much a-

90 lines per mm if 6 pm fibres are used (Hobbie, 1969, £226).



In the absence of any correction device, control of
system error due to slit width should be achieved in the
production planning stage, by appropriate selection of exposure
slit for terrain conditions. Figure 2.5 indicates the maximunm
displacement IAri which will occur for combinations of slit
width and mean transverse terrain slopes BX, for a scanning
area of 200 mm (y) by 100 mm (x) at picture scale. Slopes in
particular directions may be estimated from the work of
NEUBAUER (1969, 180), who investigated the frequency distribution
of ground slopes (slopes in the fall line). ©Not taking into
account unusual geomorphological formations, the fall line is
found to be independent of azimuth; so that for a particular
.direction such as the transverse scan Girection the relationship
between mean transverse slope Bx and mean overa:l slope g may

be expected to reach:

[

an B8 . (2.ix}
V2

tan B =
X

2.3.i1

Slopes in the direction of scan produce no significant
error in location of images, on account of the very short lencih
of the exposure slit (excepting that an error may occur on account
of observer profile error). Image quality may however deteriorate,
due to projected image movement because of the movement in elevation
of the slit during the period of tramnsition of the slit through
a projected ray (figure 2.6). For an angular field angle Cny in
the model space YZ plane, radial direction ¥ in the XZ pliane,
slope By {in the direction of scan), and length of slit 1, the

image movement W is given by:
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tan Oy - tan By
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! ’ \
| \2.X)
1 - tan Oy tan By cos Y; VR

w = 1

MEIER shows (Meier, 1966, 91) that a tolerance Limic
of 0.4 mm for image movement at the scale of the plate is just
reached inside the maximum plotting area of a 23 x 23 c¢m wide
angle photograph, for the case of a 1 mm length slit and 25°
slope away from the projection ray. Again, control of image
movement should be achieved at the planning stage by appropriate
selection of slit length for prevailing terrain slopes. 1In
the case of the JENA Orthophot , special slits are available

for mountainous terrain in the following lengths:

width Length
4 mm 0.5 mm
4 mm 0. 25mm
2 mm 0. 25mmn

2.4k Scanning Errors
2.4.1.

Scanning errors are due to incorrect elimination of
x parallaxes by the observer, so that the measuring mark is nczt
at correct elevation. It is clear that they should not be
classified as 'system' errors, since such an error is common-
place in any normal restitution method, and thus the errors are
restitution errors. In the case of flat terrain, an elevation
error Az results in a planimetric displacement A, radial from

the nadir as a function of the angular field o (figure 2.7):

Ar = Az tan g
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MEIER (1966, 83) considers that in the case of
sloping terrain, and the dynamic scanning mode of operation,
the error in z is made up of two components. One is a constant
C. expressing the fact that an error will be made even when the
mark is stationary, for which MEIER estimates a mean square
value of 0.19/,5Z. The other part is variable dependent upon
the velocity of scanning Vi, the ground slope in the scan
direction By' and the reaction time C¢ which is taken by the
observer to convert visual stereoscopic information into the
appropriate AZ correction of the measuring mark. Accordingly,
{(figure 2.8}, the mark and the exposure slit travel forward a
distance VB.Ct during the reaction interval, and the correspondirc

v

elevation error A, taking into account the constant erxror, is:
8, = Vg.Ce.tan By + C (2.xi1;

Equation (2.xii) then represents the error in elevation due toc
the scanning process, and the corresponding planimetric
displacement is:

A, = tan a (Vg.Ci.tan By + C) (2.xii1)

From (2.xii) we may derive the mean square error in elevation
in any concurrently produced elevation record such as a drop
line chart, in texms of speed in the image plane Vg camera
focal length f in mm, and mean slope By in the scan direction
as:

1000
£

my (9/00) = +/[[ ~tan B..Vg.C 1 + o i
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MEIER (1966, 84) gives a graph of this relationship with arguments
maximum slope and image plane speeds 1~4 mm/sec, using

Ct = 0.16 sec, and deriving a range of mz of 0.2 = 0.6@/p02Z

2.4.1ii

In making estimates of theoretical accuracy for
particular cases, it is important not to confuse the same
sources of erroxr, and for this reason the writer prefers to
remove the constant part CC from MEIER's formulae, since this
is strictly a usual restitution errxor and is accounted for in
equations 2.1 to 2.iv. The question also arises as to the
general validity of equations 2.xii and 2.i{i. Whilst it seems
very reasonable that errors of this type should take place when
changes of slope are encountered during the scan, it alsc seems
reasonable to assume that on uniform slopes the operator will
respond with correct elevation rate of change after an initfai
adjustment of elevation; so that only the usual elevation errors
will be made on average, with irregular errors whose frequency
depends on the frequency of slope changes in the terrain rather

than the actual slope.

2.5 Connection errors and projection film errors
2.5.4.

Connection errors occur when the projection film ia
not located in the model space, as it is for example in the case
of the Bean Orthophotoscopes. In the case of an off-line
direct-projection system such as the GZl, the possibility ar.ses
of incorrect setting of the exterior orientation elements of

the projection camera, but the errors due to this source wil..
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be negligible if correct procedures are followed, as the eifect
of very small tilt setting erxrors has iittle infiuence in
planimetric position. Care must be exercised in the fine
setting of kappa so that the recorded profiles and the scan
direction are correctly aligned. The major error possibilicy
lies in incorrect transfer of Z (magnification control; due

to mechanical tolerances, causing a planimetric displacement
proportional to angular field: AZ.tan G. MEIER (1966, 80)
estimates a mean square coordinate error of the order of

$0.030 mm in the orthophoto due to this cause.

The flatness-of the film platform surface, the degrez

of efficiency of the electrostatic tightening of the £ilm, ana
the scaling of the film also contribute to planimetric errors.
Film deformation errors arise from processing of the exposed
film, but differential errors amounting to a non-uniform scale
change are negligible in the case of a polyester base £ilm,
since unlike film in a serial camera there is no tensicn in
one direction due to film advance. Uniform scale changes nmay
be estimated to give a mean square error of * 5 u¥m in the
scale of the aerial photograph (Ahrend, 1966, 86). There wmav
in any case be no real significance in the case of uniform
scale changes, depending on the subseguent reproduction
techniques for the orthophotograph. If the treatment invcoives

only contact reproduction techniques, the pianimetric scaie

[t

error will have no significance in position location if th
orthophotograph is combined with a grid or a scale bar
correspondingly adjusted; so that the error will only be
noticeable in matches with adjacent sheets. 1In the case of
reproduction involving process camera work, the orthophoto

negative will in any case be rescaled. VISSER (1368, 8J



concludes from his tests of Gzl that flatness of table surface,
tightening of film, and deformation of film together contribute
to planimetric mean square coordinate errors of + 0.07 mm in
the scale of the orthophoto, corresponding to =25 um in the

scale of the aerial photograph for his enlargement setting.

2.5.i1

In the case of on-~line projection not in the model
space, such as takes place in the Jena Topocart, connecti:in
errors are negligible provided that the optical and mechanical
system is correctly calibrated and aligned; so that the
measuring mark position coincides with the centre of the

-

exposure slit throughout a scan run. As the optical transier

I

axis is orthogonal to the projection film, noc error taxes
place in dependence of the angular field. However as the
optical transfer is non-direct projection, sc no optical
rectification of the images within the exposure siit ceakes
place; and the possibility arises of scale variations and of

g tilt image rotations within the exposure siit, which wiil

be discussed in 3.9. The film flattening in the exposure

plane is mechanically enfiorced within a film cassette, with

the theoretical possiblity of affine deformation of x dirzection
relative to y direction as the film is advanced across the
cassette shutter in incremental Ax steps. However the writer
has not been able to detect any significant differences

between x and y residual errors at control points in his

series of tests, which might be accounted for by affine
deformation of film. It seems reasonable only to allow for

uniform scale changes in theoretical predictions.
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3. CHARACTERISTICS OF THE TOPOCART-B-ORTHOPHOT-OROGRAPH
iNSTRUMENT COMBINATION

3.1

The JENA Topocart B plotting machine cf topographic
classification evolved from the earlier model Topocart C
(Cimerman and Tomasegovié, 1970, 150). The differential
rectifier Orthophot A was introduced in 1965, originaily as
a component of the stereotrigomat universal instrument systaﬁf

an improved version Orthophot B being introduced in i368.

T

first combination of the Orthophot with the lower oxrder plotter
Topograph appeared in 1969. The current version, whiCh aiso
provides for drop line chart drawing with the drawing head
Orograph, has been used in the tests described in the wori

{(plate 1).
3.2

The plotter Topocart B is an extremely versatile
equipment of rather unusual mechanical design features, and
is capable of very high restitution precision for an instrument
of this classification. For plotting purposes only, as distinct
from orthophotography, it is possible to plot from negatives
or positives on glass, film, or paper; over an extremely wide
range of focal lengths of camera (Ck = 50 mm to 215 mm}. The

range of z movement permits the following magnification ganges

(Vm/b) between plate and model for the usual camera types:

Super wide angle 88 mm: 0.8 to 2.2
Wide angle 115 mm: 0.6 to 2.7
Wide anglie 150 mm: 6.5 to 2.1

Normal angle 210 mm: 0.3 ¢ 1.3
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FOPOCART

Topocart-0rthophot-0rograph with HP9810A
desk éa]culator

PLATE 1
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The ratio from plate to map scale (Vk/b) may be selected oy
transmission gears to the drawing table in a total range

0.1 to 10 times. Lateral and longitudinal tilt of the camexs

w and ¢ may be accommodated to t5g. The connections to x and

y handwheels, and to z foot disc are interchangeable, and anv
two drives may be transmitted to the drawing table; making it
possible to plot from terrestial photographs for both tarrestczral
topographic and close-up photogrammetry; and to plot profiles

and cross sections from aerial photography.

Mechanical coordinate counters can be read directly
to 0.01 mm in the model, and may easily be set to specific
numbers and reversed in direction, so that the piotter may
readily be used for numerical applications. The X, y, £ cutput

shafts can be fitted with digital encoders without difficulty.

3.3

The plate carriers are mounted horizontaily on » .oc
y carriages, but are not capable of physical tilt rotatiocns i~
the usual manner of plotting cameras, other than kappa rotation:
Instead the transformation between each pair of plate image
coordinates x'y', and the corresponding model coordinates xy.
is realised through analogue computers for each photograph
carrier system. The computers take the form of lineals
or straight-edges, arranged to rotate in horizontal plianes
around a verical axis of rotation below each carrier system.

The spatial direction for each image is first prcijected

into corresponding directions in Xy and yz planes, represcat
corresponding horizontally stacked x and y lineals on each sidc
The spatial coordinates x and y corresponding toc each parcia.

image, are transformed by the lineals intoc image cocrainates



x'y*', which may be in a photograph tilted by angles ¢ and w in
nature. The transformation for each plate carrier is rigorous

according to the following equations for perspective transformatian:

.cos W - y' gin W) sin ® + x* cos ¢4 .
« = L{Ck.co Y ) ] Pz (3.1)

(Ck.cos W =~ y* sin w) cos ¢ - x* sin §

(y‘ cos W + Ck.Sin W) 3

- - .z iiy
(Ck.cos w - y‘ sin w) cos ¢ - x* sin @ ‘

Equations 3.1 and 3.ii are respectively equivalent to 1.i{l and
i.iv. The horizontally stacked lineals on each side thus
perform the functions of mechanical computing rectifiers for
each corresponding pair of plate images. Auxiliary lineals
capable of being fixed at angular displacements permit the

¢ and w rotations to be set separately for each side. For
base scaling setting bx, the right space point is transiated
relative to the left, and additionally at the right space
point it is possible to set a transdation movement by*t,
controlled by micrometer drums so that y paralia®k measurements
can be made. Movement in z is effected by foot disc and drive
to a z carriage which supports guides for x and y movement
carriages. Additional relative movement of the right x anc

y carriages corresponds to a translation base component bz'*,;
dévdded for each space direction lineal into components

bzx’f and bzy*{. Since the spatial direction for each prciectic.
ray is separated into projections in xz and yz planes, the
camera constant Cx is accordingly separated into components
Cxx and Cky on each side. It is therefore possible to set
different constants for x and y directions at the plate.; by
which @ffine errors due to differential film shrinkage may be

compensated.
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A complete description of the plotter and in
particular the mechanical computers, is given in the appropriate

instrument handbook (VEB Cari Zeiss Jena, 1971).

3.4

The Orthophot B differential rectification unit is
rigidly attached to the rear of the Topocart plotter in a cast
box-section frame, entirely enclosed in removeable panels.
Access to the interior is provided through a door panel, in
order to permit the insertion and removal of a film cassette
so that the scanning operation may be carried out on line to
the plotting machine, in a room under normal lighting conditions.
The film cassette {10, fig. 3.1) consists of a casing with a
hinged 1id, enclosing a film carrier so that the cassette is
completely light proof. On the underside of the casing there is
a slotted aperture extending the entire length of the cassette,
covered by a shutter blind, which can oniy be released
mechanically when the cassette is in operating position within
the Orthophot. Micro switch contacts ensure that the scanning

operation cannot be commenced with the shutter closed.

The film carrier is a cylindrical drum, to which cone
edge of the y direction of the film is firmly fixed by spring-
loaded pin clips. The film sheet is drawn tightly over a Film
stage through felt jaws, as the drum rotates for each incremental
Ax step during the scanning operation. A gear at the end of
the axis engages with the step switch mechanism (9, fig. 3.7).
and transmits the Ax increment to the film carrier. The drum
diameter of the cassette is designed for a film thickness of
0.20 mm, bﬁt film in the range 0.15 to 0.25 mm can be used

without focussing difficulties. The maximum size of film waica
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can be inserted is 600 mm (x direction} by 780 mm (y direction}.
However about 50 mm at each side in x direction is required

to attach the film in the cassette, and about 20 mm must be
allowed in the y direction at the starting end, so that the
effectivermaximum film format is 500 mm (x) by 730 mm {(y}.

The image magnification control permits magnification
possibilities from original picture to orthophoto GVd/b}

within the range 0.7 to 5 for flat terrain; but for a scanning
arearof 100 mm x by 200 mm y in the picture scale, corresponding
to full usable format, the maximum enlargement Vd/b is 3.65
times in one operation of scanning; corresponding to the
maximum effective orthophoto film format. In order to utilise
the Va/b upper limit of 5, the scanning operation must be carried

out in two phases for the upper and lower portions of the picture.

3.5

During scanning the cassette carriage is activated
by a y spindle (11 fig. 3.1), to move backwards and forwards
in the y direction across the slit diaphragm: (14 fig. 3.2}.
A motor (7 fig. 3.1), the speed of which is stabilized, and waich
can be controlled in an overall ratio of 1 : 9; drives a y
selysyn transmitter (6 fig. 3.1l), via a gear which changes the
speed in two stages. The y selsyn transmitter is connected by
cable to receivers on the y spindle of the cassette carriage
(1 fig. 3.1}, and on the drawing table (15 fig. 3.1}. The
drawing table receiver is in turn mechanically connected through
gear wheels and lead screw to the Orograph drop line drawing

head (17 fig. 3.1), and to the y spindle in the Topocart
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(19 £ig. 3.1); so that the cassette, drawing table, and model

y drives are continuously coordinated.

In order to be able to adapt scan spped to terrain
conditions, y scan speed can be varied by the operator during
the scan by finger tip control; in a ratio of 1 : 3 of a
selected basic speed within the overall 1 : 9 ratio of the
drive motor. Basic scan speed is adjusted to a suitable
mean value, by a trial scan at varied speeds through the most
difficult terrain area of the photograph, before the operationa:
scanning commences. Speeds of 0.7 to 2.0 mm/sec in the
picture scale are recommended for difficult terrain, and 1 to 3
mm/sec for simple terrain. Multiplication of these speeds by
the overall magnification factor Va/b gives speed in the
rectification plane; and reference to figure 3.3 shows the
appropriate basic speed setting {controlled by potentiometer
as a fixed setting), the appropriate y selsyn gear stage fast

or slow, and the variation of speed possible under operator

control during the scan.

As film exposure is proportional to y scan speed,
speed variation during scan would normally result in exposure
changes with consequential density variations in the developed
film. 1In order to compensate this, a variable density grey wedge
is placed below the slit diaphragm (12 fig. 3.2), which is
automaticaliy moved to appropriate transmission density when
the operators variable speed control is adjusted. The ability
to achieve constant film exposure over a wide range of scan
speed by finger-tip control, is'a very desirable feature of

on-line orthophoto production.
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The Ax increment necessary to move from one scan
profile to the next, is activated by a mechanical step switch
mechanism. The increment is selected by a numbered control
knob, corresponding to the slit width placed in the diaphragm
aperture, and acfivates adjustable stops at the step switch

mechanism.

The transmission of the increment to the drawing
table and thence to the plotter, is effected by a Wheatstone
bridge as measuring element. A generator potentiometer
(8 fig. 3.1) transforms the Ax increment at the step switch
mechanism to an analogous electrical resistance. A receiver
potentiometer (16 fig. 3.1) is fixed at the drawing table
gears. As the AX increment is released by the step switch
mechanism at the cassette, at the limit of each y scan by an
end limit switch, so the Wheatstone bridge becomes unbalanced.
The operator then carries out an x movement using the
x—handwheel of the Topocart, which adjusts the receiver
potentiometer until zero balance of the bridge is restored.
Exact balance is indicated by a null indicator (12, fig. 3.%)

visible from the observers operational position.
3.7

Contrary to the original Stereotrigomat system, the
right hand photograph in the topocart is the photograph
differentially rectified. The illumination socurce for
projection is a fan-cooled 12 V. 100 w. halogen lamp (i fig. 3.Z}.

directed through the right hand diapositive. The visual
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observation ray path is interrupted by & beam splitting prism

(2 fig. 3.2}, and two lens element systems (4 and &, fig. 3.Z2;
produce through two deflection prisms, a real exactly twice-
magnified intermediate image of the photograph image at a point

8 fig. 3.2. This intermediate image is again brougat to an

image at the film stage in the cassette, through two roof

prisms (7 and 10, fig. 3.2}, a projection lens (9 fig. 3.2}
between the roof prisms, and a final deflection prism 11

fig. 3.2. The roof prisms are mechanically coupled by a
Peancellier inversor, so that the prisms shift towards or away
from one another along the optical axis of the projection lens

of focal length fe. Each positién of the inversor and of the

roof prims corresponds toc a certain magnification of the pro-ectec
image at the rectification plane, compared to the twice

magnified intermediate image. The extra focal distances m and

m' from the focal points of the projector lens, to the intermediate
image point and to the rectification plane respectively, are
cooxrdinated by the Peancellier inversor, so that correct focussing
corresponding to the Newtonian lens law m.'m = er is aghieved.
The corresponding principal distance a and projection distance

al give the imaging ratio:

1
= &
Vas, = 3

T
Lot
N

This imaging:.ratio must be continuously varied according o
terrain elevations on the centre line of the scan profiie, in

order that photograph images at non-uniform scale due t

o)

elevation differences are brought to the required uniform
orthophoto scale. Control of magnification is provided by

the parameters Cx of the camera constant, and variable z in



the Topocart model, also taking into account the intermediate

double magnification, and the magnification factor V’d/Iw from
L

model to rectification plane:

1
= &
Vd/p = 3

= -g-k - Vd/n (3.iv}
Control is achieved by a self-balancing potentiometer comput....
bridge, on the transmitter side of which the variable ratio
Vd/b is simulated by the analogous ratio of the resistances of
a set of linear potentiometers. The z component resistance 1is
presented through a helical potentiometer variable by movement
of the z spindle, multiplied by the magnification factor vd/m
set at the Orthophot by interchangeable gear wheels. Additionaliy
a correction to the z resistance on accoumt of the bz" base
component if any, is set by a second potentiometer at the
Orthophot. The variable camera constant ckx also represented oy
a resistance, is set on a counter at the Orthophot as the
resistance of a further helical potentiometer. A& linear
potentiometer is coupled by gears to the projecticn-side roof
prism of the Pencellier inversor, the movement of which is
controlled by servo motor activated by any current in the
computing bridge. A movement in z at the plotter produces .
drive to the servo motor until zerc balance is restored 2t

the computing bridge, when there is coincidence betweern the

computed scale and the imaging scale set by the invegscr.
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3.8

The z selsyn transmitter (22, fig. 3.1} providing
the z data for control of magnification, is also utilised for
control of the Orograph dropline drawing head for presentation.
of elevation data. A separate z selsyn receiver(13, fig. 3.1) is
placed in the electronic control cabinet, the rotary movements
of this receiver acting on an optical pulse generator scanned
by a photoelectric device. The analogue to digital converter
transforms the input shaft rotations into electric pulse
sequences which show the magnitude and direction of each change
in elevation. For each revolution of the input shaft, the pulse
generator supplies 625 pulse changes, one such pulse corresponding
to 0.001 mm change in the elevation of the floating megk in the
plotter model. An output signal generator (14, fig. 3.1}
energizes an alternating current magnét in the drawing neac
(17 fig. 3.1) at appropriate contour intervals which may be
selected. Contour intervals are selected by placing an adagcoxr
plug, identified by a number equivalent to the contour interva.
in terms of model scale millimetres, into the electronic control
cabinet. A large number of such plugs are available in the range
0.03 to 5.08 mm, equivalent to metre and feet intervals for

standard metric and imperial map scales.

The drawing head is designed to contain a vertical
plunger into which is fixed a steel scribing needle. The
alternating current magnet causes the scribing needle to oscillate
at right angles to the direction. of movement of the drawing

head (y scan direction)} at 100 Hz frequency. The pulse generator
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feeds two different voltage signals corresponding to two
different amplitudes of the needle to the magnet. Inciuding
a condition in which there is no input signal, the result is
that three different line thicknesses are generated, the
centre thickness of which is adjustable at the drawing head
relative to the other two. Each line length then represents
a band width horizontally of a particular zone between two
contours. It is necessary to identify the starting point

of a sequence of lines, and this is done by nulling the
Orograph with the model 2z counter set at a selected whole
number. The first line in the upwards direction is then

the finest line thickness. For the case of the scribing
needle, the line thickness of the thin line is 0.1 to 0.2 mm
depending on the grinding of the needlie point. Thne thick line
is dependent on the setting of the magnet with respect to the
scribing plunger and should be 0.8 to 1.0 mm. The medium
line may then be adjusted to provide clear differentiation.
The scribing needle is intended to be used in conjunction with
emulsion coated glass plates as drawing medium, but in the
tests described in this work a ball point pen was substituted,
and the drawing medium used was a five—~sheet laminated white
drawing card with a smooth finish. The most suitablie ball
point was found by experimentation to be a black fine point

'Jumbo’ refill by Papermate. The white card was found to be

more suitable than drafting film, which tended to fill the

ball housing of the ball point with plastic residue. Figure 3.4

illustrates the identification of contour zones in a particular

case.
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3.9 Non-direct image transfer errors

In direct optical image transfer by reprojection
such as takes place in the Bean Orthophotoscopes and the GZi,
scale variations and image rotations due to photographic tilts
are optically rectified by reprojection; so that if no
observer errors or system errors are made (flat terrain
conditions), the projected images are perfectly rectified.

In the case of the non-direct image transfer system of the
Topocart, the magnification control by the inversor ailcws
only for change of scale of image due to-elevation differences.
Scale variations due to W and ¢ tilts are illustrated in

fig. 3.5, showing the distortion of an orthogonal square grid
in flat terrain. As the movement of the exposure slit of
width b is in the y direction of the plate, it is seen that
an  tilt causes uniform scale change along the siit widtz,
but the scale varies during the scan according to y plate
coordinate. The effect of ¢ tilt is to cause scale variation
proportional to x coordinate, i.e. non uniform along the siic

width; and additionally a Xotation of images within the siit.

)]

Corrections must be made for the effect of the zcax:

[0

variation within the exposure slit, as otherwise displacement C:
detail would occur on the slit margins, causing overliaps and
missing details. The non-uniform . effect of the ¢ scale

variation is negligible within the small slit widths., taking
into account the small tilts possible in a plotter designed

for near-vertical photography, but correction must Se made
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for the mean scale at the centre of the siit due to x posicion.
Figure 3.6 illustrates how correction may be achieved for

w tilt by adjustment of the camera coanstant Cer by substitutiocn
at the magnification computing bridge of a camera constant &,
which represents the constant of a perfectly vertical camera in
the same spatial posgition, and which would produce the same
scalecof image as the tilted camera.

e L3 .
pw—-CkCOSw+y sin W

Similarly for ¢ tilts:
Cy = Cy cos ¢ + x' sin ¢

And for the combined effect of the tilts (W + ¥ we may SULST.TLIL
¥ Y

an adjusted camera constant C for plate cocrdinates x' v*

(W)’

from the right hand plate centre as origin:

- £ oL, N £ im A T 8
C(w+¢) Ck cos W cos ¢ + ¥y sin & + x* sin O LSy

The function Cp cos W cos ¢ 1is easily computed from the tilic

values read at the plate rotation arcs:; or may be applied as

a correction Ack from tables provided, in which ACR;iS always
a negative correction:

Ack = Ck cos w cos ¢ - Ck

The correction Ack is made to the Ck counter at the COrthophot

(Fig. 3.7}.
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For the residual correction to Cyx due to image
coordinate position x'y', a "special tilt compensatox: fozs
large tilts" may be provided which is attached beside the
right plate carrier caxriage. Swivelling rulers are manually
set to the rotation angles W, ¢ read from the arcs, and the
position of the plate relative to the rulers determines the
plate coordinates x'y'. The appropriate correcticns are
computed by this analogue computer, and transmitted as resista.ce-
by two potentiometers which continuously add the resistances to
the resistance representing Cx at the computing bridge
magnification control. If this residual correction to Cg

is not made, the mean saale error within an exposure siit is:

+ (y' sin w + x' sin ¢)
Ck
For the case of yv' max = x' max = r; and for a slit width. bg
the displacement Arx at the edge of the slit in x direction is:

Arx = + r.b.(g + W)

2Cy

Table 3.1 gives limit values for (¢ + W)g which result in maximum
displacements * Ary of #0.1 mm in the Orthophoto, for the case
of a 150 mm wide angle camera with maximum scan area 100 mmiv}

by 200 mm (x) in the photograph scale, for different overall
magnification factors Vd/b from photograph scale to orthophoto

scale.
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vd/b Ix 2x 3x 4x- 5x-
Slit Width mm

1 19.1 9.5 6.4 4.8 3.8

2 9.5 4.8 3.2 2.4 1.8

4 4.8 2.4 1.6 1.2 1.0

8 2.4 1.2 0.8 .6 G.5

0.3 0.2

16 1.2 0.6 0.4

TABLE 3.I Limit Values (¢+w)g for 150 mm Camera

3.10

The rotation of images due to ¢ tilt is not corvas:

Ia]

but should be minimised by appropriate choice of slit widch arcer
orientation is completed, at which stage ¢ of the right plate oy
be read from the ¢"arc. The rotation is evident as a v
displacement at the slit margin, effective proportionateiy firom
the slit center, as the center point is always correctly Lotocod
by the model point location in the plotter. For the total Y
displacement (dy) in image position at the piate of an image
with respect to plate center as origin of coordinates, we have
in terms of plate scale displacement:

dy = %;Y-.dcp

The relative displacement for a small increment dx is:

d(dy) = CL dé.dx
k
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Whence the displacement Ary over an incremental distance of half
slit width is:

Ary = b.y.d¢

2.C¢

And the displacement in the orthophoto at magnification Vd/b iss

Ary = vd/b.b.y.

2'Ck

Clearly the maximum displacement Ary, is the same amount as
the maximum displacement Arx (due to scalar errors if the tiit
correction device is not used), for the same given conditions,
i.e. y max = 100 mm at plate. It follows that Table 3.I may
also be used to determine the limit value ¢(g) for a maximum
displacement Ary of #0.1 mm at slit margin for the case of a

150 mm wide angle camera.
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g, TESTS OF ORTHOPHOTOGRAPHIC PLANIMETRC AND ELZYATION
ACCURACY

b3

In this section a review is given of the procedures
and results of the principal experimental tests reported,
concerning the accuracy of orthophotograph production TECaAnIgGuE.;
and an outline is presented of the objectives and experimental
work carried out during the investigation. There is aiways
some difficulty in comparing photogrammetric experimental
work, because of the variable factors invoived; in particu.ar
the differences which cccur in photographic instrumentatics
and flying altitude, the variable ratios possiole in the Licteo v

and orthoprojection equipment, the system variations such

speed and slit width, and of course in the terraln condivions

.

Furthermore the test controls are of variable accCuUracy and may
be derived from ground marked signals, or irow highner—
preeision photogrammetric work; and the resulis are rot WY S

presented in a uniform manner. Where possibie the resu. s

of planimetric errors, to mean square vector {positicon) szuror
my, in millimetres at the orthophoto scale; and alsc the
corresponding error Bph in micrometers at the common base

of original picture scale. In the case of vertical errors
the results are given in terms of parts pro mille fliving
altitude (9/50Z). The tests are reviewed in approximate
chronological order of publication, and are separately glven
as planimetric tests identified by the letter P, and elev. -c.

tests identified by the letter E. Whenever possible tihe
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relevant variable factors are given:

flight altitude LA
original picture scale number : mp
model scale number ¢ Iy
orthophoto scale number Tomg
orthophoto slit width (m.m) : b
model scan width if applicable : by

scan speed in original picture scale: Vg mm/sec

k.2 Planimetric Accuracy Tests
4.2.1i Test Series 1P

NEUBAUER (1964) presented the first numerical data
on accuracy after evaluation of four orthophotos of the
REICHENBACH test field. Instrumentation for the tests was
a C.8 stereoplanigraph directly coupled to GZl. The range oI
reléef AZ in the models tested amounted toc about 20%Z.

my, mg Z Va/b Ve b
8500 3000 1275 2.83 1.7 4
Check points g F: R
60 signalised per orthophoto i0.3i2mm 42

mp (points near slit centre) : = 0.1l mm

m, (points near slit margin) : #0.14 mm
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MEIER (1966, 81) comments that the small differences
between errors at the centre of the sliit and ervors at the
margin, confirm that it is not only the system errors which

have to be taken into account, but above all the scanning errci.

4.2.11 Test Series 2P

JOHANSSON (1868, 665) reported on tests in which
a standard orthophotomap sheet of the 1:10 G00 Economic Map of
Sweden was tested in planimetry by comparison of 98 points,
check coordinates of which were determined by measurements in

a Wild A7 plotter. The map sheet composed of

[
Q
H
i
¥
O
o,
vy
O
ot
O

models covered a relatively hilly woodland zrea with elevat.on
differences of 3.7%%. The plotter instrumentat.on was ooTh
C.8 and Stereometrograph, and GZl Orthoprojector in the

storage mode.

Wy, M Wy Z va /D .Om Jol

30000 15000 10000 4600 3 4 i

Check points i ..
& T~
98 photogrammetric +0.20 mm 67 um{similarity
transiorm)

3O " LR T e v mme P i~ P .
30.18 mm &0 um{affine trensfors

planimetric standard error of about 0.05 mm, and the cocrdirasos

graph of about #0.03 mm, so that the folliowing reduced error

s

are obtained for the total orthoprojection metzod:
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mp ﬁé,b
+ 0.1¢9 63 um
+ Q.17 57 uUm

4,2.3iii Test Series 3P

MEIER (1968, 82) published the results of tests
carried out by Rikets Allmana Kartverk of Stockholm on
9 orthophotomap sheets; believed to be produced by the
C8 - GZl combination:

My, mg Va/b

10000 4000 2.5

Check points Ty g,
75 +0.16 mm 66 um
95 +0.15 mm 59 um
91 +0.18 mm 72 Um

Ty, ng Va/y,

30000 10060 3

Check points

24 +0.37 mm 123 um
36 20.19 mm 63 um
65 *0.37 mm 123 um
66 £0.19 mm 63 um
58 10.29 mm 97 um
67 +0.19 mm 63 jm



MEIER comments that in these tests, the theoretically estimated
magnitude of residual errors in orthophotos made with the GZi

was confirmed.

4.2.1y Test Series 4P

FORSTNER (1968, 111) reported on further tests made
in the Institut fur Angewandte Geodasie, of the REICHENBACH
test area, additional to those of NEUBAUER (test series 1P).
A total of 44 orthophotos were prepared from which the cocrdinates

of some 6000 signalised points were measured by coordinatorgrapii:

my, g VA V& /b b
8000-12000 3000(?) 1200-1800 2.83-3.6 2-4

Check points Ty

6000 signalised 0.16 mm (similarity transform to ..ii
points in each sheet)

+0.20 mm (transform to 5 controls per
sheet with change of scalel

+0.24 mm (transform to 5 controls without

changs of scale)

The tests were carried out with C8 and GZl directly couplied,
using variations»of slit width b; and also variations cf base-
height ratio of 0.3 and 0.6 as a method of control of maximum
projection angle in the x direction. FORSTNER comments thac
orthophotos prepared with a slit width of 4 nmm snow a mean
square error which on average exceeds by 10% those taken with

a slit width of 2 mm; and that orthophotos pxcduced from a
base ratio of 0.6 show a mean square error which on the averace

exceeds by 5% those produced with a base ratio of 0.3. He



also comments that the influence of the magnification ratio
Vd/b is practically negligible, but it should perhaps be noted
that the range tested was only 27% different.

4,.2.v Test Series 5P

VISSER (1968, 10-22) has reported on several tests
of the REICHENBACH test field with a C.8 directly coupled to
GZ1.

First test model

W, My Wy 2 Vdy Vg b
12000 10000 4000 1825 2.4 1.3mm/sec 4

Check points
5 Controls, and 54 checks Wy Toh
(signalised} Q.20 83 im

Second test model

My My my Z V3 /b \': b
8500 5000 2500 1275 3.4 0O.74mm/sec 4

Check points Ty Tohb
5 controls, 55 checks +0.22 65 Um

Third test

Conditions as for the second test, but variabie

speeds with two different observers:
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Observer No. 1 Observer No. 2
VB mp mPb mp mPb
0.74 +0.17 50 um +0.14 41 um
0.97 +0.17 50 um +0.16 47 um
1.47 +0.20 59 um +0.15 44 unm
2.20 +0.18 53 um +0.24 71 um
2.94 +0.17 50 um +0.16 47 um

VISSER comments that the results show a high correlation for the
same observer between tests at different speeds, due to the
influence of the system errors and the common errors of snap-
marking of the signalised points; but that the scanning error
appears to be almost independent of speed, in contrast to the

formula of MEIER given in equation 2.xiii.

4.2vi Test Series 6P

ACKERMANN (1968) investigated errors in very large
scale orthophotomaps. From original scale photographs of
1:4000 an orthophoto was produced at 1:1250, subsequently
enlarged with a process camera to 1:1000. The total
magnifications factor from picture scale to map (Vk/b) is
thus 4. The orthophotomap image details were compared with
corresponding details of photogrammetric line maps, 1iG 53C0
individual checks being made. The extreme scale condltions
of this test result in large system errors and scanning
errors, because of the possibility of very large elevation
differences being present in images within the exposure siit.

M "a ol Yag kg,

4000 1250 1000 3.2 4
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"pk “pb
Varicus details at ground level: #0.20-0.46mm 50-115 um

Objects with large perspective errorxs, e.g.:

Bridge crossing valley 5.3 mm 1325 um

Roof corners 2.5 mu 625 um

4,2.yii Test Series 7P

FLEMING (1973, 55) published the results of
planimetric accuracy tests, in which Contractors to a government
agency produced orthophotographs of the same areas using
different instrumentation : Zeiss GZ1l, Jena Orthophot, SFOM 693,
Kelsh Orthophotoscope, and Hobrough Gestalt Photomapper. The
tests were performed from three different photographic scaies

in areas of various types of relief as follows:

a. Low relief area : AZ < 1%Z; mp, 19 000, 8 test models.
b. Medium relief area: AZ 4%Z; mp 38 000, 7 test models.

c. Mountainous relief area: AZ13%Z; my 50 000, 10 test modelis.

Details are not given of the relevant restitution parcmcicrs,
but the results are presented in terms of mean square errors
at original photcographic scales. The error checks were made
at 25 points per orthophoto, the positions of which were

determined by photogrammetric measurements in a Wild A7 plotter:

mpb
Low relief area : 40 = 60 um
Medium relief area : 30 - 60 um

Mountainous relief area: 60 =270 um



FLEMING points out that the largest errors (270 um}
were recorded for @ test in which a model was scanned with siic
width inappropriate to terrain (large system errors).
Apparently there was no correlation between tested accuracy
and dnstrumentation. In the cases of the low and medium
relief areas, the errors corresponded in magnitude with the
theoretical predictions of MEIER (1966). Comparing the
errors with U.S. Map Accuracy Standards for a standard in
which 90% of points checked should be within *0.05mm 6f
line position; it followed that the orthophotos of low and
moderate relief areas could be used at Vd sy ratio of 5.5
times, whereas for mountainous areas the maximum allowabie

Vd/b ratio would be 1.5 times.

An additional feature of this test series was that
a numpber of mnap marked points were positiconed in tree cover
at maximum field angles in the models. It was shown that
systematic radial displacements could be detected at these
points in orthophotos produced by automatic electronic

correlation, in contrast to the manually-scanned orthophiotos.
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h.3 Vertical Accuracy Tests

4.3.1 Test series 1lE

MEIER (1966, b) published the first numerical accuracy
data on contours produced from drop-line charts, obtained
concurrently with orthophotos. Meier compared the derived
contours with a contour plot of WALDMATT area, produced by
conventional phdtogrammetric techniques. 136 check points
were selected on contour lines of the photogrammetric plot
of an area of 0.25 km?, and the interpolated errors of the
drop-line derived contours were classified by groups of terrain
slope, varying between 3 and 50%. The instrumentation was
Zeiss C8 and Gzl directly coupled. The contour interval of
the drop-line signals was 5m (2.89/,,Z), equivalent to a C
number (see 1.4) of 360.

m o my Z Vd/b VB b
12000 10000 5000 1800 2.4 1.38mm/sec 4

Meier's test confirmed dependency of elevation errors upon terrain
slope, as postulated in his analysis of errors of the Gzl system

(see 2.4.i), obtaining for the mean square error in elevation:

m, = +(0.58 + 2.82 tan B)m

Elimination of the errors due to normal photogrammetric plotting,

gave for the errors due to orthoprojection scanning:

m, = %(0.56 + 2.64 tan B)m
= £(0.31 + 1.47 tan B)%/go2



Meier comments that the results of the test are in
general agreement with his prediction of errors, and that they
satisfy the specifications for both mean and maximum errors of

the German Base Map 1:5000.

4.3.1i1 Test Series 2E

HAMPEL (1967) produced an orthophoto at a scale of
1:2500 of BURLADINGEN area, with elevation differences of
5%% and slopes of 0-190%. Profile drop~line charts were
produced without conversion to contours, and compared with
eight profiles surveyed in the terrain, arranged parallel to
the orthophoto profiles. Comparison was made at 98 profile
points, also arranged in slope groups. The drop-line signal
changes were made at contour intervals of 2.5m (ZO/OOZ),

equivalent to C number 480. €8 and GZl were directly coupled.

m mm ma z Va/b VB b

800G 5000 2500 1200 3.2 1.56mm/sec 4
The error of elevations was found:

m, = £0.6m = %0.5%/00%

Hampel found no dependency of elevation error on account of

slope.

4.3.1ii Test Series 3E

JOHANSSON (1968, 156) published elevation accuracy
data concurrently with planimetric test series 2P. Eievacion
errors were determined by the compariscn cf check points obtained
from measurements in Wild A7 plottex. ©Drop line signals were

produced at contour intervals of 5m (1.1%/c0Z), equivalent o
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C number 920. Comparison was made at 134 points interpolated
from the derived contours. The production parameters are

identical with those of test series 2P.

The errors of elevation were found:

all tested points: m, = +1.7m = 10.370/002,
points in open areas: m, = tl.ém = i0.35°/ooz,
points in forest areas: m, = 2.0m = 10.430/002

Dependency upon terrain slope was apparently not
tested, but a contour plot was also produced by purely conventional
plotting on Wild B8 plotter, and also tested. The accuracy of
the two plots was of about the same order, except that in the case
of points in forest areas, the B8 results were somewhat
better with m, = 10.330/002. Reduction of the errors
of the orthoprojection contours by the estimated error of the
measurements in Wild A7, results in a'figure of mZ = 10.350/50

for all tested points.

4.3.1v Test series 4E

VISSER (1968, 10-27), also tested elevation accuracy
concurrently with the same test models as used in planimetric

test series 5P, where the production parameters may be found.
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First test model

The selected profile interval was 5m {2.79/50%Z;.

corresponding to C number 3&5.

55 ground points interpolated from contours:

m, = +0.74 m = £0.419/50%

Second test model

The selected profile interval was 2m (1.69/00%}.,
corresponding to C number 637:

m, = *0.37 m = £0.29 C/ooZ

This test was carried out at VB 0.74 mm/sec, and subseguently

repeated with scan speed VB 1.5 mm/sec:

m, = $0.47 m = $0.37 ©/00Z.

In the same test model, a profile was selected anc
scanned at five different speeds, twice at each speed. The
repeatability of profiling at speed was judged on the basis
of the differences of the errors between pairs of profilies
scanned at the same speeds. 131 check points were compared,
derived from static profiie measurements in Zeiss C8. The
absolute accuracy of profiling was determined by comparison

of individual profiles against the static measurments.

Visser concluded that the results were almost the
same for all speeds over the complete Vg range of 0.74 - 2.9
mn/sec. The absolute errors varied from mz £0.12 to 0.32%/c0

over three groups of slope at all speeds. In the case of

significant constant error of 0.59/55Z was apparel..



The same test model was completely scanned by two
different operators at five different speeds. Contours were
derived, and height errors found at 56 ground check points by

interpolation from the contours. As average, Visser found:

m, = *0.56 m = +0.43%/502

Visser comments that the tests on both profiles and derived
contours showed that the errors were almost independent of
scan speed, and that it appeared that actual slope was not as

significant as changes of slope.

4.,3.v Test series 4B

ACKERMANN (1969) concurrently with his very large
scale planimetric test series 6P, produced & drop line chart
with 1 m contour interval (1.79/g0Z), corresponding to a
C number of 600. Interpolated contours were drawn at an
interval of 0.1 metre. 263 points were compared with contour

lines from photogrammetric conventional plotting:

m = *0.22m = 0. 370/002

4.3.¢¥1 Test Series BE

HOBBIE (1969, 225) repeated the WALDMATT model test
of séries 1E (MEIER), using the same instrument production
parameters except that the C8 and Gzl were not directly coupled,
but used in the storage mode of operation (see 2.3.i). The
purpose of the test was to investigate the efficiency of the Zeiss
Electonic Contourliner system for GZl, in which a series of dots
are generated across the scan path by cathode ray tube, at
contour intervals derived by interpolation from the stored

profile information. The



resulting array of dots has the appearance of lines of contours.
Comparisons were made with 201 arbitrarily chosen points

combined in slope groups,; compared to & conventional contour

.

piot assumed to be free of error. Hobbie found:

m, =4 {0.6 £ 0.2) + (1.3 * 0.6} tan B.im

=4 (0.33 £ 0.11) + (0.72 % 0.33) tan B31%/coZ

Hobbie comments that these results represent a considerable gain
in accuracy over the corresponding figures of tesc series 1E

produced from drop lines.

4.3.wii Test Series JE

SCHNEIDER (1870) carried out a comprehensive series
of tests, the purpose of which was to examine both the cuality
and accuracy of contours derived from drop-iine charts;
especially in terms of orthophoto scale 1:5000 and the
specifications of the German Base Map 1:5000. The tests were

carried out at two levels of significance: namely the acc

of the profile signals, and the accuracy and guality of tae
derived contours. A number of variable parameters were taested;
such as speed of scan, slit width, observer influence, land
slope influence, landcover influence, and to a rather limcitec
extent the influence of picture scale. Instruzent coxbinatiins
used were Zeiss C8 and Zeiss Planimat, coupiedto Orthoprojector

Gz1.

The number of separate tests is such that it is not
possible to give the production parameters for each, but for
example Schneider found very close agreement with Meier's

test series 1E under similar conditions.
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Schneider concluded that for profile signalis, as

far as the scanning error is concerned:

(a) of all parameters slope is the most significant,
(b} the difference between observers was of liittie
infliuence,

(c) the scan direction had little influence.

As a general conclusion, Schneider found that derived
contours satisfied both the mean square and maximum specifications
for the German Base Map 1:5000; except that in the cases of fas:
scanning speeds Vg of 2.5 and 3.3 mm/sec in ground sliopes below
5g, the tolerances were exceeded. He found that the accuracwy
of signals does not necessarily correspond with derived contour
accuracy, commenting that in drawing the contours a kind of
adjustment takes place. Schneider found little significance
in slit width, except in so far as elevation details between

profiles may be completely missing.
4.3.viiil Test Series 8E

SCHMIDT-FALKENBERG (1970} carried out a series of
tests in some respects similar to those of SCHNEIDER {serics oo, .
His purpose was to examine the suitability of drop~line chart
derived contours, particularly from the view point of
completeness of representation of land-forms, as well as
accuracy, for the German Base Map 1:5000. The principal
tests were carried out in the REICHENBACH test field, wuith
slopes up to 17°, mean slope 7°. The variable factors tested
included those of profile interval, picture scale, and

observer. Elevation errors were measured by interpoiaticn



from contours, at 69 randomly distributed check points surveyed
on the ground. The instrumentation was Zeiss C8, and Gzl in
storage mode of operation. The contour interval of the drop

lines was 2.5 m, and the speed of scan Vg 1.3 mm/sec.

Falkenberg found the following errors, in which
m, is the arithmetic mean of the mean square errors for the

number of tests stated:

mb md Z C Vd/b mz Number of tests
8000 5000 1200 480 1.6 10.5m (.419/,0%) 5
12000 5000 1800 720 2.4 +0.6m (.330/002) ii
20000 5000 3000 1200 4.0 *1l.im (.370/é¢z} 4

Falkenberg made a particular study of the grouping of erfcrs oy
slope values, in order to determine whether or not slope errors
confirmed toc a law of the type attributed to KOPPE (1952).
KOPPE postulates that errors in elevation on maps are

dependent on slope with the following relationéhip, in which

a and b are constants, B is ground siope, and‘vz is @n error

in elevation:

v, = ¢ {a + b tan B) (4.1

terms of linear correlation between errors and the corresponi.sz
slope, and also in terms of the distribution of errors. As =
general conclusion he found no confirmation whatsocever of «

Koppe type law. Falkenberg considered however that his resu.Lot:i
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were in general agreement with those of HAMPEL (test series i, .
and also that the requirements of the German Base Map were
satisfied, in spite of the fact that the tolerances for this

map are stated in terms of a Koppe type iaw.

“t
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.4 Characteristics of previous

4.4.1

Planimetric errors in the tests summarised lie witrnis

the range m_ +0.12 to 0.46 mm in the orthophotograpi, COrrespoii..

to a range mPb + 42 to 123 um at plate; excliuding the results
from mountainous terrain (test series 7P} and those with large
perspective errors (test series 6P). An analysis oI tae
production variables shows that there has been a marked
preponderance of tests at the large scale end of the mapping
range, and in particular an emphasis on tests designed to
show the suitability of orthophotography for the German Zase
Map series 1:5 000. BAll of the tests except those of FLEMING

{test series 7P) have been of a single orthoprojection systen

=

{GZ1), and practically all have used a single restitution
plotter (Zeiss C8 Stereoplanigraph) of the highest standasd

of precision.

All of the tests can be considered testg of ‘the

internal accuracy of orthoprojection, based either on error=-Iires

control, or alternatively on photogrammetric control in which
allowance is made only for the accepted restitution errors of

single models. 1In large-scale mapping it is guite a normeal



procedure to provide complete control for each mapping model,
and in the production of the orthophotomaps it may be gquite
usual for a single photograph (two models) to constitute a
single large—-scale map sheet. Such a procedure ensures that
the orthophotomap composed of the two joined orthophotographs,
has uniform photographic contrast, so that there is little ox
no evidence of a join line (Urban, 1973). It is therefore
reasonable to assume that large-scale orthophotomaps should
have errors of the order of the range disclosed by the

summarised tests.

For medium and small-scale mapping however, normally
the individual models will be oriented in the orthophotographic
productions phase on control established from an aerial
triangulation block. Furthermore separated models will provide
orthophotographs which will be fitted to a contrcl sheei sc
that several such components comprise one mapsheet. Significant
errors may occur on account of the errors in the pass point
control. The question of absolute accuracy in the geodetic
sense is not important, because separate blocks of aerial
triangulation pass points will be constrained in relation o
one another by perimeter controls of suitable precision.
Accuracy within the individual blocks, and the relationship
of pass point.errors between separated models within the biocxk
and within the map sheet, is of more importance. In this work
the errors of position and elevation within a block of
triangulation are referred to as the exterrnal errors of a
model or orthophotograph (mé, mé), as distinct from the

errors within a single orthophotograph, referred to as the



internal errors (mp, mz). Perhaps there is an anomaly in the
fact that the majority of tests are concerned with the most
precise product of mapping technology: namely the large scale
map in a European environment; whereas many authorities have
stressed the importance of this new mapping technique in terms
of the mapping problems of underdeveloped countries, where

medium and small scale mapping is the primary objective.

4.4.ii

Test results on the accuracy of elevations is obtained
in the tests either from drop line préfiles, or from the
derived contours. The range of results is m = 0.3 to
0.5%°/60%, plus in some cases a dependency on ground $lope of
the order of (1 to 1.5)9/p02 tan B. It is interesting to note
that dependency on slope is confirmed in about half the tests,
but not in the remainder. Test gonfirmation: of dependency on
scan speed is also divided in opinion. From the viewpoint of
planning criteria it is interesting to note that the test
parameters in terms of C number are rather uniformly moderate.
in the range 360 - 650. Only in the case of test series 3E
at 920, and in one model of series 7E at 1200, do the
C numbers approach what may be considered more usual criteria
for conventional medium and small scale mapping. It is aisc
notable that the landforms of the test areas, in those case:
where drop lines have been converted to contours, are not
particularly complex; being characterised by regular siopes and
rather simple draingge patterns. The suitability of the drop
line system for derivation of contours im complex irregular
landforms, at medium and small scales, cannot be confirmed frorm

the published tests.
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4.4.1ii

Few detaills are given in the tests regarding the
time taken and methods used, to derive contours from the
graphical data. This is particularly important because it
could be the decisive factor for production planning of the
contouring process, especially if the process is not onliy
time-consuming but also a technically demanding procedure
in the case of complex terrain landforms. Furthermore if the-e
is a very wide range of possible times depending on land forms.
then it becomes extremely difficult to forecast and plan an
efficient production line between the phases of photogrammetric
work, cartographic work, and reproduction. We have to look
elsewhere than to the tests for data on this important factor,

and there appears to be a wide range of opiniocn.

vOoss (1968, 7), in an article on the production of
1:5 000 orthophotomaps in North Rhine-Westphalia, estimates
that about four days are required for a two model mapsheet
in the case of medium-high mountains; for the interpolation
of contours from profiles produced by Gzl. This figure of
about 14 hours per model in such a case, does not include
the fair drawing (or scribing) of the derived contours, for
which he estimates a further 3 days per map sheet. LAMEERT
(1971) estimates 2 hours per model as an average figure for
interpolation of contour segments produced by B8 Sterecmatz,
adding that the figure could vary from 20 minutes in flat
terrain to 8 hours in difficult mountainous terrain.

Comparing these figures, one should bear in mind that contour

0

segments are short portions of contours correctly oriented
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within the scan width, so that we may presume that the
interpolation problem is rather easier than the problem with
continuwous profile line signals in which the signal change
points are always perpendicular to the scan direction.
SZANGOLIES (1973, 155) states that "the quickest and least
expensive method for producing contour line plans is now

as before and despite certain doubts, the derivation of
contours from dropped lines." He estimates that the derivation
of the contours from dropped lines takes 0.5 to 4 hours for one

model.

It may well be that the question of production time
for interpolation, is the crucial factor regarding the
viability of drop line profiles as a contouring procedure,
particularly as the procedure of direct scribing is now so
widespread with conventional géntouring. In such a case the
machine compilation plot is substantially a fair drawing
requiring only editing, the addition of contour numbers, and
retouching. A production process in which orthophotos are
produced separately on one instrument, and contouring by
conventional methods on another, such as that described by
URBAN (1973, E2) may therefore lend itself to more efficient

production planning.
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L.5 Objectives of test programme

A Zeiss Jena Topocart B and Orthophot, togeraer with

drop line profile Orograph accessory, was delivered to the
School of Surveying of the University of New South Wales in
September 1971. Unfortunately some damage occurred to linezis
of the right-hand projection system in transit, and
replacement and satisfactory installation was not completed
until November 1972. After study of the types of
orthophotography tests published, a test programme was Gevised
within the concept of an integrated mapping system in which
the orthophotomap is the topographic base at medium scale. |
The concept was one in which planning criteria for production
were to be deliberately based on extreme limits ratherxr than

conventional conservative limits. In particular the

relationship between original picture image scale and orthophciona.

scale; and the altitude/contour interval; were both to be
beyond normal conventional limits. The following factors ware

considered to be desirable objectives:

(a) Control for the orthophotograph productiocn medels
should be provided by pass points from an gerial
trianguiation block;

{b} test models should be selected in wnich the ianasico
were of different types; one with features in waic
system errors could be expected to be gulte marked.
and in which landforms would test the suitability
of drop line profiles for complex terrain patieois;

tercain,

ot

and one in conditions of relativeiy fia



(c} tests should be conducted over a wide range of
scan speeds and slit widths;

{d) results should be evaluated in terms of both
internal and extexrnal errors;

(e} elevation errors should be tested in terms of
accuracy of profike signals and also derived
contours;

(f) drawing times for the interpolation of drop
line signals and the derivation oij contours
should be determined;

{(g) correlation should be tested between errors and

variable production and terrain parameters.

Further details of the test block and models are o wan
subsequently, but at this stage it should be stated that & Zi.zk
of wide-angle photography was selected as a test area, in wniah
a number of ground controls were provided. An independent model
triangulation was earried out, and adjusted to provide pass
point control for the production phase. The orthophotograph
scale was selected as 1:25 000 from 1:60 000 original photography.
Two models were selected as test models within the central stris
of the triangulation block, one of terrain including irregular
broken landforms, and one of substantially flat terrain. Toe tw:
models were separated within the strip by three models between
them, so that the separated test models were as far distant
from one another as would be possible in a single map sheet .-
publication scale. The map distance from extreme west ecage of

one model to extreme east edge of the second was S00 mm.



82.

In the case of the model of irregular terrain
{model A}, tests were carried out at slit widths of 2, 4, &
and 16 mm; each test at fixed scan speeds Vd in the orthophoto
of 2, 4, 6 and 8 mm/sec, and also at a variabie speed at
operators personal choice. 1In the case of the fiat terrain
model (model B), tests were carried out only at 8 and 16 mm
slit widths at a fixed speed of 4 mm/sec. Individual tests
are identified by test labels consisting of two digits, the
first of which consists of the slit width, and the second of which
identifies the scan speed. Model B tests are prefixed by the
letter B. The complete test programme with identification

labels is shown in Table 4.7T.
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TABLE 4.T

TEST LABEL IDENTIFICATION

1:25 000 Orthophotomap Test Programme

Fowlers Gap Arid Zone Research Station, New South Wales

(i) Pianimetry Tests

Model A, Broken Terrain

Orthophoto Scan Speed Vd: 2 4 6 8mm/sec
Image Scan Speed VB: 0.83 1.67 2.5 3.33
Slit width b mm
2 2/0 2/1 2/2 2/3
4 4/0 4/1 4/2 4/3
8 8/0 8/1 8/2 8/3
16 16/0 i6/1 16/2 16/3

Model B, Flat Terrain
8 B/8/1
16 B/l6/1

(ii)} Elevation Profile Signal Tests
2/0 2/1 2/2 2/3
4/1
8/1
16/1%
{(iii) Elevation Derived Contour Tests
2/1
4/1
8/1 (and B/8/1)
i6/1* (and B/16/1)

Variabie

2/4
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Table 4.I Cont.

Camera : RC5a, 115 mm wide angle. Altitude
Picture scale 1/ : 1/60 000. Contour Interval
Model scale l/mm: 1/25 000. C number

Orthophoto Scale l/ﬁh: 1/25 00¢.
d

*Test 16/1 contour interval was 10m, C number 688.
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5. GROUND SURVEYS {N TEST AREA, AND AERIAL
TRTANGULATION OF MAPPING BLOCK.

5.1 Fowlers Gap Arid Zone Research Station

Fowlers Gap Station is a 39000 ha property leased
by the University of New South Wales, situated about 110 km
north of the City of Broken Hill in the extreme west of New
South Wales. The University operates the property as an Arid
Zone Research Station, the average rainfall being 193 mm per
annum, the principal areas of research being concerned with tone
pastoral.induStry in an arid environment. Research projects
have been initiated in such diverse fields as vegetation studies,
land system surveys, water resources, marsupial studies, and
climatology. Until 1970 the best available mapping of the area
was in the form of aerial photograph mosaics with no elevation
information, and this was quite inadequate to the needs of

many research workers.

In April 1970 the N.S.W. Minister of Lands agreed
that his Department would assist in the production of a two-
sheet 1:25 000 multicoloured topographic map of the Station,
contoured at 5 m interval. Control for the photogrammetric
mapping had previously been provided by the School of
Surveying as a final-year student class exercise. Fig. 5.1
shows the triangulation network established at that time,
by breaking down from major geodetic stations to a lower-
order density by classical triangulation methods. The 14
triangulation pocints established in the network were

subsequently permanently beaconed with tubular steel tripods.
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and since the original 6 geodetic stations within a 40 km radius
of the property were also beaconed, the area was unusually well
controlled to a density not common in the less developed
interior of Australia. The triangulation network was connected
by spirit-levelling from two stations to a line of geodetic
levelling which followed the highway traversing the Station.
Four rounds of horizontal angles; and of reciprocal vertical
angles, were observed with 1" theodolites on all lines cf the
network; which was adjusted by a programme for the adjustment
of networks by the parametric method devised by Dr. J.S. ALLMAN
of the School of Surveying. The trigonometrical heighting
network was adjusted by condition method by Mr. M. MAUGAN cof
the School of Surveying. The precision of the adjusted
coordinates of the network stations is estimated to be a
standard error in plan coordinates of *0.04 m, and foxr

egevations x0.05 m.

5.2 Aerial Triangulation Block Ground Surveys

The requirement to provide photogrammetric control
for the mapping project referred to in 5.1, together with the
ready availability of small scale.photography,: prompied:ithe
writer to consider the suitability of the area for research
work in orthophotographic mapping. The only other possiblity
of a well controlled test block in Australia was photographed
by Supef Wide Angle photography, for which unfortunately no
instrumentation was available within the University for the

execution of the aerial triangulation phase. The photograpny



of the Fowlers Gap area consisted of strips of 115 mm wide angle
photography by Wild RC5a camera of 180 x 18C mm format;
photographed in April 1965 at an altitude of 6875 m, pigture
scale 1:60 000. In the extreme north of the Station, a strip
at the same scale had been photographed in September 1968
immediately after the network triangulation aobservations,

and the photogrammetric control in this strip had been
premarked. The marks consisted of crosses of black and yeliow
polythene pinned to ghe ground, of material 3 m wide

(50 Um at picture scale), and of limb length 6 m (100 um at
picture scalej. 8 such premarked controls had been positiored,
and all were subsequently verified in the photography. At the
same time as the northern strip was photographed, & additional
strips had been photographed at altitude 2875 m, picture scaiec
l1: 25 000. This photography was therefore available for phot.
identification purposes at larger scale than the mapping
photography; and also made it possible to carry out certain
parts of the projected test programme with greater precisiosn
than possible with the mapping photography, in particular tre
testing of accuracy of profiles and derived contours, and the

provision of photogrammetric check points.

A block of 3 strips each of 10 models of the 1:60 3CC
photography was selected for the aerial triangulation phase.
Whilst small in terms of prdduction medium scale mapping biock.-
this limitation was to a large extent dictated by the necessity
to carry out much of the work single~handed. It is felt that
the block is large enough to simulate a standard mapping biock
and to provide useful data on the problems associated with

orthophotographic mapping projects. In principlie the
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fundamental control for the block was planned to consist of

6 fully controlled points, 3 each on the parimeter of . the-
top and bottom strips, and additionally 4 points of elevaticn
data only, in the centre strip containing the test models

(fig. 5.2).

Including the fundamental block controls, a total

of 58 fully controlled points were fixed by ground surveys, oI

which 8 were the premarked points in the northern strip. 31 oi

-
B
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the points were distributed throughout the block, anc

Ui

provided in the two selected orthophotograph Models A anc
These latter points, 14 in Model A and 13 in Model B, were

located in such positions as to provide 4 ideally situatea

controls for each of the 1:25 000 picture scale overiaps falilind

within the mapping photography models A and B.

All surveyed points except these within the
orthophoto models were fixed by resection and trigonomerricsa.
heighting, as the open nature of the terrain traversed by
foothills of the Great Barrier Range of relative elevation
200 m, and the presence of a number of beaconed triangulation
points, was well suited to such procedures. The 31 resection
points were fixed by 1 or 2 man survey parties in 19 days
working time, with the 2 man parties averaging 2 points per
day. The limitation on working speed was imposed not so
much on account of cross—country travelling time, but by
the necessity under Australian summer conditions to cbserve
horizontal angles early in the morning or late in the eveni.c,

when the effects of heat haze and shimmer are minimal.

S
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Conversely elevation angles - (non-reciprocal at resection points!.
should be measured in the period %2 hours around midday when
the diurnal variation in the vertical refraction angle is

minimal (Brown, 1968, 52).

All resection points were fixed from a minimum
of 4 triangulation points, usually 6, using 1" theodolites
and 4 rounds of angles. Connection to a suitable identifiable
photographic point was then normally made by a very short
radiation usually measured by steel tape, and with some form
of check made on the radiation, such as a two leg traverse
from the resection point. Identification of the selected
photographic control point was made on the 1:25 000 photography.

and supported by a field book sketch of the immediate area.

The 14 points in model A and the 13 in model B were
surveyed using an electronic distance meter, Hewlett Packard
Distance Meter 3800A. The survey work has been reported by
ROBINSON (1972, 143). As the instrument is graduated in

non-SI units, these units are used in the foliowing descripticn

The Hewlett Packard Distance Meter 3800A is a short
range distance measuring instrument weighing 30 1b including
power pack. The instrument uses a gallium arsenide diode, to
emit an infra red carrier wave. The range of the instrument
is quoted as 10,000 feet in ideal atmospheric conditions, and
7,500 feet in normal conditions using 3 prisms {of the AGA type, .

The readout system comprises a manual null, which has a maxizu.

th

unambiguous reading of 9999.998 feet. The least count of the
readout is 0.002 feet, although the reading may easily oo

interpoclated to .00l feet.
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The instrument is mounted on a yoke which can ke
adapted for the tribgach systems of Widd, Kern and Zeiss
theodolites. The power supply is a 12 volt lead acid or nickes
cadmium internal battery or a 12 volt external battery. The
power is supplied to the measuring head through a power pack,
which contains an atmospheric control unit. This control unit
has a dial graduated from -50 to #l100 where these figures
represent a parts per million (p.p.m.) correction to the
distance for any variation in atmospheric conditions from
standard. A table is supplied so that users can read off the
p.p.m. setting by entering with the temperature, in degrees
fahrenheit and pressurxe in inches of mercury or feet above

sea level.

Two traverses were executed by a 3 man party within
models A and B, referred to as traverses A and B, each starting
and terminating at a network control point. Traverse A
consisted of 6 lines with a total length of 25 000 feet, the
traverse closing with a vector coordinate error of 8.72 feet
{scale error 1:35 000), and angular misclosure of 14 seconds
of arc, and an elevation closure of 1.21 feet calculated from
simultaneous reciprocal vertical angles observed along every
line. The range of temperature and pressure during the
measurements was 66°F to 84°F, and 29.1 to 29.2 inches of
mercury. Traverse B consisted of 7 lines with a total length
of 33 000 feet. The traverse closed with a vector coordinate

error of 0.56 feet (scale error 1:59 000), an angular

(&1

misclosure of 2 seconds of arc, and an elevation closure o
0.67 feet. Several long radiations were measured during the
course of the traverse to photographic control points; and
checked at the control point end by a minimum of two direction:
cbserved to triangulation points. The two longest radiation:

were:
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{a} 10 500 feet measured after a thunderstorm
at a temperature of 70°r and a pressure of
28.9 inches of mercury. The atmospheric
conditions for this measurement were ideal,
and no difficulty was experienced during
the measurement.

{(b) 10 600 feet measured at 1900 hours in
temperature of 69°F and pressure 29.3

inches of mercury.

During all measurements three reflectors were used except on
one line of 8000 feet, for which six prisms, giving an increase

of about 10% in return signal strength, were used.

The 14 traverse stations occupied, and the 27
photographic controls fixed, were surveyed by a 3 man party in
6 working days with dawn to dusk working. The superiority oif
E.D.M. as a method for photographic control purposes, even in
an area eminently suitable for classical triangulation
procedures, was clearly demonstrated in this survey. Three

factors are of particular importance:

(i) Speed of reconnaissance, free from restrictions
imposed by the necessity to obtain clear sighi-
lines to a number of fixed points. It is
usually always possible to place controls in

ideally located photographic positions.

(ii) Freedom from the severe limiations imposed by
observing restrictions for horizontal and
vertical angles. It is always possible to
shorten the line length and continue working

under difficult lighting conditions.



(11i) The ability to obtain reliable elevations by
simultaneous reciprocal cbservations along the

lines.

Analysis of the computations for all of the surveyed controis
gives an estimated precision expressed as a standard errox

at the photograph controls of:

Bﬂ
0
+
e
w
=]

However as all of the points were subsequently snap marked using
Zeiss Snap Marker for the aerial triangulation photograghs,

and Wild PUG4 for the orthophotograph diapositives, the estimatsd
precision at the diapositives has been reduced to = 0.6 netres
for both plan and elevation, resulting in the following figures

for control accuracy at picture scale 1:60 00C .

g—
[
+

10 um

10 wm (0.09°/00%)

a.’
i
+

5.3 Experimental Work in Perspective Centre Calibration
5.3.1i

The aerial triangulation phase was to be executed
by the method of Independent Models, using a Wild &.3 SLecLsLIon
plotter. At the time of execution (1969~1970), very _i.ile
literature on perspective centre calibration had been publisned
and therefore a considerable amount of work was carried ous oo
this topic, which to some'extent paralleled work being sarvi. |

out simultaneously elsewhere.



Berial triangulation by the method of iIndependent
Models, sometimes called semi-analytical triangulation, has
become a popular procedure because modern Precision plotters
such as the Wild A-8, Zeiss Planimat, and Zelss Stereometrograpi
can be used in dual-purpose roles both as traditional
cartographic plotters, and also for aerial triangulatiorn
observations. In large photogrammetric organisations this
promotes efficient and flexible planning of production from
plotters in this category, in contrast to the situation of
recent times, when aerial triangulation was the reserve of
the more expensive and relatively fewer Universal pliotters,

or analytical systems using comparators. There is littie

i

doubt that precision plotters can achieve measuring acguracie
of the same order as the Universal machires. In small
organisations the practical advantages of carrving ouwt &il

work on one type of machine are extremely attractive.

The basic reguirements of a piotter capable o
independent model triangulation are that it must be possinle
to carry out a reiative orientation, and it must be possible,
as in the case of the classical procedure, to register the

coordinates of pass points.

In the observation procedure two successive mode.rs
are separately set up by relative orientation only, i.e. atc
arbitrary scale and exterior orientation. The connection
between successive models is achieved in the computational
absolute orientation of a new model, through transformation
into the coordinate system of the previous model, by tae
control data provided by common pass points and the comis:

perspective centres.
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5.3.1i1

The computational problem may be written as the

transformation:
*) [x) )
Ey'j = A.M. Y + fAY§
z') U ez

in which A is a scale factor, M is a 3 x 3 orthogonal matrix in
which the elements are functions of 3 rotations K, ¢ and &
around Z, Y and X axes respectively, and AX AY AZ are
translationg giving 7 unknowns. X' Y' Z' are the coczrdinates
in the first (fixed) model, and X" ¥Y" 2" the coordinates in

the next model.

By analogy with the empirical absolute orientation

the solution for the 6 unknowns A, K, §, AX, AY, AZ, from a
minimum of 2 separated pass points in the siiail cormon overiap
between models, for which full coordinates are Xnown in both
systems; but there is no solution possible for ¢ urless a
common third point is available whieh is norn-collirecr with
them, because the joined models would be free to rotate in

¢ around the axis joining the pass points, which is nearly a

Y axis.

The best solution for ¢ is given by a third comion
point which is as far as possible from the pass point axis,
and this common point is the perspective centre of the common
plotting camera between the two models, which is the rightc
camera of one model, and the left camera of the successive
model. Clearly for the determination of ¢, oniy tne X
coordinates of the perspective centres are required with

precision, but because the proceduresis computational the
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Y and Z coordinates must alsc be known at least approximately.
The point is of interest however, because it will be shown
that the X (and Y) coordinates can be determined without

being influenced by errors in the determination of Z.

Since the perspective centres must be known in the
model coordinate system, tn principle each model should be sex
up 1n a condition in which the coordinates of the perspective
centres remain invariant, so that any element which mowes a
perspective centre should not be disturbed. In such a case
it will usually be sufficient to determine perspective centre
locations by calibration immediately before and after a
complete task of several models comprising a strip or block.

In some plotters however the locations of the perspective centre:

U

change during relative orientation, e.g. in the Planimat because
the axes of rotation of ¢ and w do not intersect the projection
cardan; and in the PG2 where the element b® is essential for
relative orientation; and in such cases the locations mus:t ze

determined in every model observed.

The precision to which the coordinates of the
perspective centres can be determined is a matter of importance
both for practical reasons and from a theoretical point of view.
In the first place the stability of the centres will have a
direct bearing on the frequency of calibration, and in the
second place the method of effecting the mathematical join

between models is influenced.
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TRINDER (1971) has remarked that in the well-know:
method of SCHUT (1967) and THOMPSON (1959), the perspective
centres common to two models are made to coincide. His
conclusion is that the perspective centre are thus given a
variance of zero, apparently on the assumption that they are
determined with infinitely greater precisiorn than the
coordinates of common model pass points. Published experimental
work such as that of LIGTERINCK (1970), STEWARDSON (1972,
and EBNER and WAGNER (1972), does not support this assumption,
and it would seem more appropriate to introduce suitable
variances for common pass points and common perspective
centres into the transformation. The recent Independent Model
programme of the Institute of Photogrammetry of the University
of Stuttgart assigns the same welght to perspective centfes as

to model pass points.

5.4 Methods of Determination of Perspective Centre
Coodrdinates.

5.4.1

There are three methods available for use in the
determination of perspective centre coordinates, one of which
requires essential special equipment, the second of which
requires at least a calibrated reseau or grid plate for tre
observation, and the third which requires no extra eguipmentc
and is completely general. The methods are respectively
referred to in this work as (i) Vertical Space Rod Method,
(ii} Spatial Resection Method, and (iii) Spatial

Intersection Method.
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5.4.1i Vertical Space Rod Method

In principle special equipment is provided to enablc
each space rod in turn to be placed vertical in the plotter,
either by means of magnetic bubble levels (Zeiss PLANIMAT) or
by means of auto-~collimators (PG2, PG3). When this position
is achieved, the space rod is moved vertically untili a
calibrated mark on the space rod is viewed through a microscope.
Recording of the X Y position of the progection centre is made
immediately, and the Z is obtained by adding the known
calibrated distance of the annular mark along the space rod
to the actual Z reading of the model point which may be in
an arbitrary datum selected below the lowest point of the
strip surface. The mark will usually be offset from the
perspective centre by some constant amount which will be

taken into consideration.

The advantage of the method is that it is extremelv
quick and is thus eminently suitable to those plotters in which
the perspective centre must be determined in every model, because
Relative Orientation has altered the position of the perspective
centres in model space. EBNER and WAGNER (7872) conclude that
their experimental work shows that this method gives better
results in the case of wide angle photography than the spatial
resection method, and that in the case of ultra-wide-angle that
the results are about the same. The method is not however of
general application because of the requirement for special

equipment.
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This method reguires the use of a ca

reseau or grid plate on which at least 3 non-col

"

are Observed at a constant Z value, and the model space XY
coordinates of these points registered. Initial approximate
values XcYch of the projection centre are reguired. The
discrepancies dX, dY, between the measured coordinates and
computed ideal projected coordinates are inserted in

linearised carrection equations of the form:

{2 2%
X XY XS+ 2% .
= dX + =.dz + =.dw -~ | ledd + Y. - ax
VX XC Z Z Z ( 7 j @ dxK
v ay + Yiag 4 Xt 3 aw - 240 - X.dk - ay
= . g . -, - . -
Y c Z c { 7 } Z

The problem will usually be overdetermined and

solution of the normal equations by a least sguares method

4

gives corrections dxc, &YC, dZC to the assumed perspective
centre coordinates, and dw, 49, &K to the initial settings

of the orientation elements. The corrections are agppliied
£

are not significant.

The major drawback of this method apart frox

fact that a grid plate is reguired, is that the
orientation Axo Ayo Ac are assumed to be zerc when such will
rarely be the case. These errcors arise from thres sources:
firstly the placing of the grid plate on the register piate

in the plotting camera, secondly the inner orientation errois
of the fiducial marks of the register plate, and thirdly the
location errors of the platesholder, and this latter error wi.ll
change according to which plotting camera an individual piztz

holdexr is placed in.
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5.4.1v Spatial Intersection

The method of spatial intersection, which has been
that used in this work, has the advantage that it is compietely

free from errors of inner orientation and requires no special

photographic points such as artificial pass points, by register
plate marks, or by grid peints. It is therefore eminently
suitable in production since perspective centre determination
can be made at any phase of the triangulation procedure even
when models are set up for observation if for some reason this

should be considered desirable.

The observed points are cbserved at two different
Z levels in the plotter {Z' and 2Z"), separated by as great a
measured Z distance as possible for the configuration of points
and the working ranges of the plotter. The intersection XCYCZc
is defined by the intersection of two or more lines joining
corresponding points at different levels. 7The collinc.gity
equation for the perspective centre and two corresponding

points is given by:

Xc_x" YC_YII ZC-Z“

or in matrix notation:

!
o _(zli_zl) (,Y""Y')J ng s& v Y”, \_‘Z‘
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There are 3 unknowns X ¥ Z  and each pair of pointcs

L e

gives twc equations so that the problem is solved with one
observed pair of corresponding points in which both X and v
coordinates are observed, and one pair for which either X or Y

-

are observed. In practice usually 6 points are fully observe

e}

at both levels, and it seems logical to select points at

standard relative orientation and pass points locations.

It is interesting to note that although XCY z

¢
are normally determined simultaneously by actualiy measuring
the Z level shift (Z"-2'), that any arbitrary values may o<

assigned to z" and z' and the numerical solutions for X ¥

are not altered, but of course the Z_ value changes.
A

problem may in fact be approached as if it -were & Two

dimensional problem, by assuming that the cbsexvations arse

made in one Z plane and reducing the colilinearity equations o

Xc_xu Yﬂ_Yn
<
XXt = Y-y

i

It folliows that the precision of determination o

b

XC and YC is not influenced by the determination of Z_ or che

~

measurement of (z2'-Z2').

5.5 Restoration Stability of Perspective (entre
Calibration
There is now available a reasonable amcunt of te:tT
data on the question of the precision of perspective centre
determination on particular instruments. A matter of interesc

however, for which no data was ayailablie, 1s the extent to



which the perspective centres may be regarded as stabie,
provided that all orientation elements and coordinate
L

initialisations whick affect the positions are returned to

o o

the calibration state.

In general, any instrument in which the relative
orientation elements move the perspective centre must inciude
a calibration in every model. In principle any instrument
in which this is not so, may be returned to a particular
calibration state by careful setting of appropriate datums
on any variable outside the plotting cameras which eithexr
physically or effectively changes the coordinates of the
centre. If the number of variables is large however the

restoration of the calibration condition is poor.

The Wild A-8 instrument has the least number of
variables which affect perspective centre position, particuiariv
if the base carriage X and Y scales are used for coordinate
reading, as must be done if no automatic registration device

is available. The variables are 3:

ZO (Z column and Glass Scale initialisation)
bx {Base Setting)
@O (Common Longitudinal Tilt Datum).

The only modification to the instrument was che
addition of an index mark on the ¢ wheel axis and the axis
bearing to define @O. The instrument was then returned ©o

standard calibration state by setting a bx vaiue of 160 nz
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{(for wide angle photography}, setting @o, and setting Z_ bv
bringing the Z column main reading to 300 mn with the 2 Leac
screw index mark aligned. A 1:5 000 metric glass scale wes
set to zero at this position so that XVZ coordinates couid oo

read in similar units {as the XY scales are in 2 wmm units).

A test was carried out in which 10 separate
calibrations were made by 15 point spatial iatersection meo. oo
over a period of 7 days. Before each calibration the var.c._o
elements were deliberately moved off by large amounts and cher
brought back to datum positions. Each test included
random inner orientation errors of the grid piates use
in two tests relative orientation elements ¢ and W were ci.ven
large inclinations. The observations were computed both as

6 point and 15 point intersections.

TABLE 5.1

Restoration Stability from 10 Calibrations

[9) Egints 15 points 15-£
C C C C C c Ac, AC. AcC.
X Y zL xL YL zL Xy Tz
Mm.S.e. 14 15 11 13 i4 11 mean + 4 -1 =35

s

spread 44 52 37 39 44 33 max +12 -7 -1
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It was concluded that the instrument couid b

]

restored to calibration condition with some degree of confidence.
The test supported the results of other workers that observations
to more than 6 points are hardly warranted. It should be noted
that the 3 maximum differences between computed coordinates frowm
15 and 6 point observations all occurred in different calibraticns

for the AX, AY, and AZ differences.

A simple modification to an A-8 plotter has been
designed to facilitate rapid restoration of predetermined
calibrations, and this modification is still under test. &
spacing block of mild steel about 65 mm in length is inserted
at the ¢ lead screw base plate under the left hand camera,
and this takes the weight of the upper piotting mameras when
% is rotated to a reading below 100.00 g. Restoration to
calibration parameters for ¢ is very easily achieved, and

tests are in progress to determine the precision.
5.6 Computation Methods of the intersection Probiem

5.6.1 Form of the Equations

For each point observed at the two levels 2' and

Z" two equations are formed:
- " - zhx_ o+ &' - XDz o= x'z' - x‘zd LR
- 2" -zhy o+ (Yt - ¥z o= YUzt - y'zt CON R

Where X" Y" and X' Y' are the measured coordinates and ¥ Vv
are the coordinates of the perspective centre. 2z, z°' and

the measured coordinates contain observational errors, and



residuals vx", vy", vx', vy', vz", vz' are therefore intioauced

into the equations.
Equation (5.1i) becomes:

(z2' + vz' - 2" - vz“)XC + (X" + vx" - X' - vx'iZ_

LS

= (X" + vx") (Z' 4+ vz') - (X' + vx') (2" + vz"}

Equation (5.iii) takes identical form except that
X and vx are replaced by Y and vy.

If the equations are expanded and products cf
residuals ignored the folliowing result is obtainea for the
X equation:

(X' = X yvz" + (X - XMva' + (Z2_ - z2'yvx" + (2" - 2 _jvx’
c c c <

H

+ (Z' - Z")Xc + (X" - XI)ZC + (XvZn - X"ZI>

Approximate values of XcYcz~ are therefpre red . .1zl

(&
in order to form the coefficients in the ecuations. If = poonto
are observed at both levelis, a set of Zn equations of this tyrs

is obtained.

#
C
£
s
(
t
(i

The equations have the form Av + Bx + C

:

A and B are rectangular matrices, while v, x and C &
vectors of residuals, perspective centre coordinates, an

constant terms respectively.

The least squares solution of the equations is:

x = - [BY(aeat) 'si~! B (aca®)~ic B
T an Ty =1 o .
v = = GA {(AGA) {(Bx + C) VoY

where G is the matrix of weight coefficients cf the obse.. cvoois



The variance-covariance matrix of the perspective

centre coordinates is given by -

2
g = ¢
XX O

where the unit.variance Ué = and r is the number of
redundancies. If n points are observed then r = 4n - 6 {for

two level observations).

It is clear that even when only a few points are
observed, the vectors x and v cannot be soived on a small
programmable calculator from equations (5.iv) and {5.v}.

A program was therefore written for the IBM 360, and was used
to compute a large number of intersections. This program

was devised by Mr. L. BERLIN of the School of Surveying, wio
collaborated with the writer in perspective centre calibration

experiments.

5.6.1ii Relative Precision of Coordinates

In forming the G matrix, the assumption was made
that the observed X and Y machine coordinates had egual
precision. One cannot however assume that the precision oi
the 2z settingswwill be the same. This is because the Z settinc
is an observation of a different type, in whick no pointing
is made with the measuring mark. For a correct least sguares
solution of the Z coordinate of the P.C. the absolute valiues
of the weight coefficients are not important. Multiplicatiors
of the G matrix by an arbitrary scalar will yield the same
solution. However it was expected that the relative precisici.
of the Z setting and the X, Y coordinate measurements woilc

affect the Z coordinate of the perspective centre.
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geodetic net in waich both angies and distances nave Leen

measured. The resuit obtained will depend on the renlo
weight coefficients of the anglies tc the distances.

The relative precision
X, Y measurements couid be determined

was found to be unnecessary. A large

-

15 point calibrations, made on the Wilid E-5

were processed using widely different ratios for the estinacec
precisions. The perspective centre coordivates were Found =o
agree to within a few micrometers irrespective of the Patio

used, as can be seen by Table 5.I1.

s

It is significant that the determination of X
[
and Yc for a perspective centre is not affected by the grecisic:
of the Z setting values, nor by the actual range of Z used betwe: ..
the levels. If the centre coordinates are to be used only For
the solution of common ¢ longitudinal tilt between models, and

not for the solution of the other six unknowns, then only X

is required with precisien.

5.6.1iii Computation on a Desk~Top Calculatcr

F

Equations (5.ii) and (5.ii1i)

they were observation equations in wnich

are the "observacions®.

i



The set obtained will have the form:
Ax = b

and the least squares solution, wilili be

The result obtained is idencical <©c the razui-
obtained using equation (5.iv) but the computaticn I8 much
easier because only 9 registers are reguired for trhe clemsnzts

m

T . . o : : . -
A A and A b. This computation metrod is therefore resortacndel

when the precision of the cocrdinaces is not regalrad.

To show that the above equatic. yields orhe same
s

T

CEDL LE

&
®
e
]
<
=
@
¥
¢
¢

- . . 7 Ay .
solution for X as equation (5.iv), le
regarded as the vector of corrections to a et of Todesl
observations, then:

U+ BX + C = O
tor which the least-squares solution is :

m .
i .-

X = =BG B) !5cc
1

where G1 is the variance-covariance matrix of U.

'V’

Fiy

R T . . . )

Now G1 = AGA where G is the variance-covariance macrix o
. - T A e T T - T ‘

and therefore X = -[B {(AGA ) *EB] *m (AGA™) "!C which is cae LA

as equation (5.iv).
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5.7 Execution of Aeria rianguiation Phase

[t}

The aerial triangultion of the mapping bLock was
executed by Independent Model method, using a Wilid A.8 Lloccer

for model measurements. The 180 wm diapositive plates were

prepared with arbitrarily selected artificial pass points, ov

~

snap marking with Zeiss snap marker at _mage positions =il mo
(y} from plate centre, with an additional point close to centra.
Apart from checking that the pass points did not lie on
disturbing image details, no attempt was made tTO associate

The pass points with identifiable image cetails. Foincts were
identified only on cne diapositive For each Point, except

that every alternate outer pass point in the cencre 2trip wao
transferred to lateral strips ©o serve as v.e oCints.  Grouid

controls were also snap marked.

The models were relatively orienced wich SerLpesta
centre variable parameters as defined in 5.5, restored o
standard calibration positions. The bx setting coi 160 mm gave
model scales of approximately 1:25 000, so that the trriangaleanl o
was carried out at about the same scale as the subseqguent
orthophotographic mapping. Coordinates were read
X and Y carriage scales and micrometers, as arcoGers were it
fitted. A glass 1:5 000 elevation scaie was used for Z reac.i.a
to give same scale XYZ coordinates, as the carriage lead scn oo
are 2 mm pitch and the XY scale graduations are physically Z o
divisions. All points were measured twice wi<hout QUnCcoupiing the
freehand movement of the model point, and estimation of coora.-_ce

micrometer drums made to 0.001 {(¥,¥), and tc 3.005 crn <he

~
{

§

{
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The average time oY compiate measurement Oi & Lodes

drapositives was 2 nours. Die o

Fh

from initisl insertion ©
interruptions of normal academiC WOrK when tne piotier was

required for other purposes, 1t was ot possibie ©o

the triangulation continucusly. Frequent recaiibrations oI
perspective centre coordinates were therefore made, Jsiig the
intersection method, and observing to the siX pass points
within a model. Such a calibration at two levels, wilh manua.
recording, takes only about 45 minutes. As each new moueli

was observed, the connections to the previous model wWere Testia
using ppogram INDEMODFORM (appx. A}/ prepared by the writer

for Hewlett Packard Model 9810A desk calculator. A desk
calculator used in such a role operates virtually as a computes
on-line to the pictter, average time for a model connect.on

solution being about 45 seconds.

5.8 Aeriail Trianguiation Results

For the reasons discussed in 2.3.:1, ConnecIion oF

Independent Models by a computational process in wilch persgect.va

o

centres are joined as if they were error Iree,

Program INDEMODFORM was therefore prepared for the striz

formations, a characteristic of

As a check however, the same modei data was proCesSsea Taroudg.
SCHUT's program (1987), on the University of New South Wales
IBM 360 computer. Table 5.III gives the comparison betwean

the two methods of strip formation, in terms of micrometers ot



S

plate scale 1:60 000. The figures given are the mean sguarc
errors of the residual naif-discrepancies from mean coordinatse
positions at the join points, i.e., half the residuals cetwee

each join point after transformation. Separate figures acs

{J‘

given, firstly for all joins including persgective centres,
secondly for model pass points only. In the former case taol
discrepancies using SCHUT program are zerc at perspective
centres. For the first case there is hardiy & significant
difference for Ax and Ay, but an improvement of 8 um Az with
INDEMODFORM. In the second case, an improvement takes place
of 10 um in Ay and 13 um in Az.

After strip formation, the strips were subjected

¢]

to block adjustment using the program referred to in 2.2,
(SCHUT, 1968). The program is essentially & strip ad’ustment
in which height corrections are parabolic functions of speciyied
degree in the planimetric coordinates, and the planimetric
adjustment is a conformai transformation of specified aegree

in the planimetric coordinates. The plock adjustment is an
iterative procedure in which each strip is transformed intivs
using as control points any ground controls and tie D0OLnTS wWill
overlapping strips. As the iterations proceed, the apiated valics
of tie points are used as ground controls. SCHUT comments
(1968, 2) that as a rule ten iteraticns cf a block adjusciuent

are ample to obtain the desired degree of convergence.
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In the case of the mapping block, adjustment was
computed with 2nd degree planimetric corrections, and 2Znd
degree longitudinal and lateral height corrections. The
sclution was iterated nine times, at which stage examination
of changes in successive coordinates of selected points
indicated that conwerpgence was. satrsiaciory. The computation
was carried out using strip coordinates computed both frox
INDEMODFORM and SCHUT programs. Table 5.I1II alsc gives
results for mean square errors at tie points for both
solutions, and the final residual errors at ail check ground
controls, maximum values also being given. The improvement
in Ay and Az residuals, as indicated in the strip formation
results, is maintained to a limited extent at all stages,

but particularly in Az.

The accepted results, give for the checked precision

of the mapping block at plate:

1

' + 40 um s
mp HIE WBeivy

m'y 0.22 O/50%

In comparing these figures with those of the estimates (2.v)
and (2.vi), it is seen that the plan error is almost at the
mean of the range, and the elevation error at the-lower end
of the range. However the block is smaller than a usual

mapping block.
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5.9 Aerial Triangulation Errors in Test Modeis

The errors of the derived aerial trisngulat-on
coordinates (X'Y'Z') within test models 4 and 3 were
separately analysed. The analysis was performed using
program ABSOR {appx. A}, also prepared bv the writer for
HPYB10A desk calculator. The coordinates X'Y'Z' were

o~

atlclh, DY COlpai50n

bjected to an analytical absolute

with the known ground coordinates (XYZ} of the 14 ground
controls in model A and the 12 in model 5. For the sake o7
convenience, all geodetic coordinates used Trom every phase

Oof the test programme Irom aerial Lraangulation ONWArds, were
arbitrarily scaled to equivalent millimetres at CLLHOPHRCTOST Wil oL

scale 1:25 000 and shifted to aroitrary iocal CXLGili,

i

1

)
(is

fig. 5.2. The model errors are civen in table 5.IV. Th

e

model errors were in general rather better than in toe Zicox
as a whole, obut witain model A there was a ratner systema il
tendency in the plan coorainates, only 3 of the X' and ¥°

coordinates nNaving negative errors, Wit che rema.ader Havia.

positive coordinate errors.
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Analysis of errors of aeriai

Iv
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ccordinates

{a} Model A

i

A
Scaliar:
Translation AX:

" AY:

+0.004 mm

21 um (at plate;
26 um "
33 Um "

20 um "
26 M w



5. EXECUTION OF TESTY PROGRAMME

5.1 Selection of production parameters

The mapping photography of 1:60 400 scale of

several possibilities of choice of orthophotogrash scale -o-
the combination Topocart-Orthophot. As a ceneral SULDCI oS

the tests were to be carried OUTl at mMaximum 20531551080
rather than to be influenced by coaventional RaDLLLG Sritel. .
The maximum enlargement from plate to model scale is determsioo
by available Z range for a particuiar classification of CLEED A
as given in 3.2. In the case of 1i5 mm wide angle camera ie
maximum enlargement model 3

2.7, and thus the maximusn ¥

1:25 000 (VM= 2.4). 7The c
is through a range of mechanical gears, but practica:
limitations are imposed by overall range of magnificatic.a
from plate to orthophotograph Vd/b as gwven in 3.
a scanning area eguivalent to 100 mm (x) by 200 mm (v} aw P
. a o e s . : .
maximam V /. 15 3.65 in a single scanning operation. Tax.ng
A

B - 5 s N
V'/. as Z.4, the gear connection posSsiniiity
o

€5 to the Orohciast
versor control permitted choice of either 1 or 1.25
magnification from model to orthophoto, For an overall !d/
Of either 2.4 or 3, orthophoto scales 1:25 000 or 1:20 GOC.
The former scale gives a value for the constant x of Forme.e
O, and the latter oI about 425,

voth figures peing well above conventional A

Orthophotograph scale of 1:25 000 was selected, as ta.. o.

more usual standard medium mapping scalie.
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6.1.11

Choice of appropriate contour intexrval for prciise

signals for the production of drop line charts is conditionad

8

by the availability of Orograpn adaptor plugs (3.8 for
particular model scale; but is influenced aisc by the cerrals
conditions and the elevation ranges within the test areéas.
Model A of broken terrain contained a total range of elevacticn
of about 100 m, Model B of relatively fiat terrain a range oI
only 20 m. In the latter case a choice of contour interval

of 20 m or 10 m would have proved quite inadecuate for wests

of contouring possibilities in flat terrain, and thas & chcice

0of 5 m seemed appropriate. In the former case the area containcd
several hill slopes of the oxder of 20 ¢, and in such slopes
a contour interxval of 5 m would result in planimetric searation
of profile signals and contours, of only 0.82 mm at Crihopacto
scale 1:25 ooo. However the mean sliope of the mModel wal
estimated from the slopes at all check points as 3 g, rez.. oo o
in a mean planimetric separatiocn of about & mm at ortaophote
scale. Considered in terms of Contour/Altitude ratic C onuroos

for a £light altitude of 6875m, the contour interval <z £ o

gives C number 1375, and contour interval of 10 m gives
©88. The larger number was deliberately selected for the

majority of tests in accordance with the principie of workoiryg
to maximum possibilities. However it would clearly have oeen

absurd to attempt such a small profile interval in Model & L.

the case of spacing of profiles at Ax 16 mt, Since anolea..c:



would be created in attempting to join COrresponding orori..
signals with a mean planimetric separation along tac wroirlce
of 4 mm. In all tests therefore except 16 mm siit width cests
in Model A, the selected contour interval was 5 m; ané .o chc
case of the exceptions the contour interval was 10 m (caltle 4.0
Orograph adaptor plugs of AZ interval 0.2 mm and 0.4 run were

000,

L

available for the model scale 1:2

6.2 Description of test modei A in broken terrain

Model A was an area of about 5% by 10 km, with
total elevation range of about 100 m, and grournd slopes in
the fall lines to a maximum of 20 g, mean ground sliope at
56 points 3 g. The centre area of the model is Characterisec
by a broadly undulating perched stony plain, with shallowlv
incised dendritic drainage; draining through a rather sandv
tract up to 200 m wide, towards the east. BAbove the maxz-
drainage tract there are rounded gravel hiiis, with sliopes

to 6 g, and some minor limestone outcrops of local elewvaticn

[0}
Lo
[17]
fv
b
1%
L
{
{

15 m. Vegetation in this area consists of bladd

Qi

{atriplex vesicaria)

nd grasses, with che drainage tracts

generally bare. The north section of the model was more

with some ranges of massive sandstone of rather rOCKY crests
and faces, with local elevations to 50 m, including one very
steep peak: "Butlers Peak:. Vegetation inclucdes gaitbosn ans
grasses, and fairly extensive cover of muiga trees

arvieuraj. The western side of the model is ratner sTor
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Model A (0506) of broken terrain,
at plate scale 1:60 000.

PLATE 2
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undulating country with a dense dendritic drainage, swvesaly
guliied in many places, and draining to the west. The soud.

4]

eastern part of the model contains high sandstone ridges

.

rtzice,

ol

iocal elevation to 50 m with prominent outcrops of gu

F

and low rounded hills with an extremely complex pattersn of

incising trellis drainage, draining to the south. A striking

feature is a long high sandstone ridge some 200 m wide, runniid

aimost northwards, and thus parallel to the y {scanning;
direction of the model. This model was expected to present a
severe chalilenge to the principle of drop line derived contours.
in view of the geomorphology of the area, and the complLew
drainage pattern, draining to all principal directions. Modol -

is pictured at plate scale 1:60 000 in plate 2.

6.3 Description of test mode! 8 in fiat terrain

Model B was also an area of about 55 k™, ouo Culie
different in character, since the total elevacion range ..o -..-

20 m with an almost uniform siope from south-western coraer o2
the model to north-eastern, of the crder of G.15 g. The arce
consisted principaliy of a flat to the east ©f & i ku ..o

fioodplain, with a main trenched creek 10 a wide passinc
diagonally across the north-western

malin creek was rather indefinite in

sinuous braided sandy channels. In the flat

fard bare claypans, and rather 111 defined drainacse sonew.

The vegetation consisted of saltbusi and abundan:

i
I'()
{4
b
{i
4
:
!
;
{
i

grasses, and scattered and isclated prichly wattie [gous-..
victoriae). Model B is pictured at plate scale 1.6 So. .-

piate 3.
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Model B (0910) of flat terrain,
at plate scale 1:60 000.

PLATE 3
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6.4 Provision of additional photogrammetric test points

Since only 14 ground check points were provided in
model A, and 13 in model B, additional check points were
provided in both models by photogrammetric methods. The area
of each orthophotograph model was also covered by six overlaps
of 115 mm wide angle photography at plate scale 1:25% 000 fron
altitude 2875 m (5.2); and the location of ground controis
enabled each of these larger scale overlaps ©o be set up on
4 ground control points. Additional photographic controis
were selected and marked by Wild PUG4 Point Transfer Device,
both on the 1:25 000 diapositives and in one plate of a set

of 1:60 000 diapositives to be used for the orthophotogragiy

&

The 1:25 000 plates were set up in Wild A.8 plotter at model
scale 1:10 000, and the new points measured for XYZ coordinccz:
with three observations to each mark, together with the grounc
controis. The mean observed coordinates were transformed
analytically to the ground control system, througnh 52 $81CAa
program ABSOR (appx. A). The residual errors at the ground
controls after transformation, enabled an estimate ©o Le muce
for the precision of the new points of #0.5 m for -oth olan
and elevation. It was assumed therefore that the new pointe
had the same precision at the mapping photography scalie as tic

. R . . s )
surveyed control points, as given in equation (5.3} Toe

.

location of all controls in both models, totalling 56 in
Model A and 50 in Model B, is shown in the plan vector .iror

figures in 7.



b
[
{5y

6.5 Operation of the test srogramme

Tabie 4.1 gives & schedule o the test SrOTraiiie .

in Model A, twenty tests were run at Four slit widon sizes &

with five speed variations. rour of the spead variaticos

i

were tests in which the speed was guite constant chro.

the scan. The fifth variation was a variable speed scan &t

cperators discretion, and in eacn of the four variaolie spead

[

test subsequent analysis of total time and line ilength showed

that the average speed achieved was about 2.6 mm/sec in the

orthophoto, equivalent to 1.08 mm/sec at plate. In every
test a drop line chart was produced by Orograph. It was notc

intended to analyse all of these charts, but since tneir
production involved very littie extra WOTrK, superiliuous char

were produced in order to gain experience in the technigue;

in particular to provide spare charts £or experimencs in conto .-

drawing.
A record of production cimes, and cf setvting
of variable controls such as exposure iamg intenslity, was

maintained on a panei fixed to the Grop iine charte, examslc

of which may be seen in annexure i. The item ‘scan time* refew.

to the total scanning time from the moment at which the casses. .

shutter is opened, until the cassette snutter is finaily cicsea.

to another, but excludes any short non-cperzticia. LETLOL, wWhesn

the operator momentarily rested. The ltvem ‘completion cimne
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inciudes OperaTOr rest PEericdas, ana work carried ou
cassette closure. This work incliudes the identification of

ints, marginal notes, and in principle the provisicn
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of 'guide contours' and spot heighting of salient points by

conventional plotting technigques.

The identification cf control points is essential
pecause the chart cannot easily be placed in orientation in a
similar manner to a conventionai mapgping plot prior to
commencing work, owing to the mechanical operations necessary
in starting the scanning procedure, The chart however remain:z
in registration with the plotter when the Orthophot unit is
disconnected at the drawing table after final closure of the
cassette shutter, at which stage the plotter derives may be
converted to conventional plotting mode. The identification
of contour bands with elevation values was achieved after
cassette closure, and before Orthophot disconnection, by
moving slightly to the right of the last profile by a few Ax
wnerements. With the cassette shutter microswitch short-
circuited, & short scan iength was then run with elevation
raised through each pand in turn, and the band iimits were

then labelied witn model Z vaiuves and corresponding

as shown in plate 4.

In principie at this stage, guide contcurs and s200
heights should be provided, as well as contours IOY L3310
details such as isclation contours between prcofile lines. i
practice the compliexity of contouring of model A, was SuwoL TLLT

it would have been very difficult for the operatvor tc decide
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Production of drop-line charts by Orograph

PLATE L
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when to cease plotting in this conventional way. This procedure
was therefore deliberately curtailed, and gquide contours were
provided only for one continuous contour along each fall line
of the long sandstone ridge, and one isolation contour of the

peak, both features referred to in 6.2.

The scan and completion times do not include the
Preparation period prior to scanning; comprising relative and
absolute orientation, switching of the drive elements, test
exposures, and insertion of the film and the cassette. The
tests of model A were carried out over a period of 3 months,
and the average of all preparation periods was 2 héurs. Tﬁe
inner orientation of the piates,was never altered, but_sev&fal._

relative and absolute crientations were carried. out. . S

In every test the control data used for orientation
was simply that of the 4 outer pass points with coordinates
derived from the aerial triangulation results (5.8). Absolute
orientation was carried out by measuring model coordinates of
these points and computing the orientation parameters by
HPO810A with ABSOR program (appendix A). After setting
corrections, orientation was considered satisfactory to norumal
production standards, when residual 2 and ¢ errors did not

exceed *1 ¢, and scalar error #0.5 ©/00.

Test modei B in flat terrain, was executed oniy &t
was considered to be normal production slit widths and speed
for such a case; namely a fixed speed of 4 mm/sec irn the
orthophotc (1.67 mm/sec at plate), and exposure siit widtis of

only 8mm and l6mm.
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The film used throughout the tests was KODAK
Commercial Film 4127, estar thick base, 0.18 mm thick.
Developement was by ILFORD Bromophen, a phenidone -
hydroquinone developer, with stock solution diluted by 3 parts
water; and developement variable but on average 1% minutes
with continuous agitation in a dish. The film was then washed,
and subsequently fixed with ILFORD Ilfcfix, an acid hardening
fixer diluted 1:1 and fixed for 10 minutes. Finally all Films
were left in running water for 3 hours, and then allowed to dry
naturally suspended in the darkroom for 24 hours. Subsequentiy
they were suspended in a frame, and allowed to stabilise for

a wminiman of 48 hours in the laboratory where the coordinators

was housed, before any coordinate measuremenis were made.

All operational tests and processing procedures weél o

carried out by the writer.

6.6 Calibration of Coordinatorgraph

6.6.1

Plan measurements on the crthophote negatives were
to be made to the snap marked check points, using a spotting
microscope in the pencil holder of a Wild 100( mn square
coordinatorgraph, and mechanical counter drums with direct
reading to 0.0l mm and estimation to 0.001 mm. The
coordinatorgraph is normalily connected

plotter, but was disconnected for the o

axis, usually the Y axis, carrying a movable cantilevered
rail driven by lead screw, normally the X axis. The cantileversi

rail contains a second lead screw driving the cencil nolder.
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This type of coordinatorgraph is prone to small
systematic errors of non-orthogonality of the movablie axis,
and adjustment screws are provided to rectify this situacicrn.
The adjustment is however rather insensitive, and it was
singularly difficult to adjust within %30 seconds of
orthogonality. This error is trivial in conventional
plotting, amounting to a displacement on one axis of #30.J7 o
at a distance of 500 mm from the fixed axis, but the errcr
would have caused an apparent systematic displacement of

coordinates in the y direction on one side of the measured

orthophotographs.
6.6.1i1i

It was decided to calibrate the coordinatorgraph,
and the method of calibration ie depicted in plate 3, in
which three Wild T2 theodolites were used tc intersect a
pricker point placed in the pencil holder. Intersections
were observed simultaneously by three observers, at successive
nominal XY coordinate locations at 100 mm spacing, at 40 points
defining a coordinate grid 400 mm X by 700 mm Y. The observi-:
target was drivem to successive locations, and cirectiocns
read by estimation to 0.1 seconds with two pointings on one
face at each location. One complete set of observations oo
one face took about 2 hours, and in view of this time lapse the
observations were repeated after changing face, and the seccnd
set treated as an independent calibration. Derivation of
adjusted coordinates was obtained by treating the observa:_c.os

as a triangulation network, and adjusting by the parametric
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on of Coordinatorgraph

Calibrati

PLATE 5



method holding only two stations of the network as Fixed, nameLrvy
the two stations at the greatest separation close

axis. The reliability of the calibration was judg

computing the standard deviation of the differenc
between the coordinates derived from the two calibrations. the
standard deviation {(vector) being #0.0i8 mm, maximunm vector

difference 06.032 mm. The differences VX,'VY between mean
adjusted coordinates and nominal coordinates were analvsed

4

and found to be highly systematic. The standard deviat.on of
VX was *0.017 mm with a mean of -0.025 and a maximum of -C.J6:

and of VY a standard deviation of 0.036 mm with a mean of

3

+0.053 mr and a maximum of +0.143 mm.

6.6.4i11

Considering only the non-orthogonality & of the
X axis, and assuming that the fixed axis is Y, the relacionc i
between orthogonal coordinates X*Y* and non-orthogonal coordirate.

XY is given Dby:

]

X* X cos O

Y* Y + X sin O

Allowing also separate scalars iA_ and A, for ths
X and Y axis, shifts of origin AX* and AY*, and & common
rotation B, the relationship is:

X* = Kx.cos (O + B8).X = A_.sin B.Y + oax*

AX.sin (0 + Bj.X + A_.cos B.Y + Avyx

It



The equations can be considered to take'the genersl

form of an affine transformation:

X* = Al + A2X + A3Y (6.1}
v* = Bl + B2X + B3Y &.i13

This formulation was used to transform nominal

¢

coordinates XY to adjusted coordinaces X*vx

&}
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solution for the 40 points, using the writer's program AFPFORAN.,
for HP9810A desk calculatcr. The transformed coordinates were
then compared with the adjusted coordinates, and from Che ceside ..
differences VK VY the suitability of the transformation wis
judged as a model of the coordinatorgraphi €rrCrs, COMpares ©l oac
figures given in 6.6.ii. The standard deviaticn of V. was now
$0.015 mm, with a mean of zero and maximum of +G. 030 mm; and che
standard deviation of VY was now 0.0i3 mm with a mean of zerc

and maximum of -0.033 mm. The systematic effects had been

entirely removed.
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Tre orthophots negatives, after being aliowed o

gtabilise 1n the laporatory environment, which is controiied

<

for temperature and humidity, were measured cver tro

table of the coordinatorgraph, using a spotting DECIOSETT .

J TR T

measuring te the snap marked imag

wirougn HPYSL0A desk calcudator according o Two

In the first procedure,

(Vx, Vyl due <o th

[

G COOrdinaltes waere supjec

transformation using the most reliakle control LRIOTINE TR

the 14 Ground ContocLs

B« All measured cocrdinates were aowevar Zirat aciusced

The Lo Corgrapan. The coxsuozs
CEROWlaOn 20 TAC JEaA CRaCULaTol,  wan.

woion Lo an ac S
SLielents. Aol Zhoos mednurener o

el

{r

Frocessgad through program XESIDUAL

WiLiTil stored correct

nT8: «aa tng ercors Vo

Voo and the plan vector errcr: V. eXTracted dard pristed.
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It woulid have peen possiole W transiornm The Lés

coordinates directly to check coordinates throu

transformation AFFTRAN, but it was thought that zhis procedu
g P

would have tended to obscure tae g¢xistence

- - 3

effects from the orthophotograshlc prod:

the transformation would have bpeen pooriy determined in the

case of the external errors with @uiv four coatrols.

5.8 Measurement of Eievation Errors

=%

The measurement of @i&V&ILOL GLICYs O

PRCILLOL RV E G

nearly 800 checks were mace. The granniicCai 1A50rmacior

TS,

in the form ¢f a profile limit—signal, or in the form
contour, wilil rarely-coincide with & check coentrol; so o

some form of Lnterpoiation Lg necessary 1n order o &

LRI ELRG
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procedures, and it 1s clear that unicss The CReCK~IoLin. L
by coincidence on the fall-line perpenliculary TO WS Sabalic .

contours, that serious errors may CoCur in Uhé S8TLLALLON.

In the case of proiile sigrnal Iimits, partioulariy =2 Tho ool

saparation 1s LAKGE, LNTerPoLatilil Would LaYily e J SN

In the case of interpolaticn heTtween CONTCOUrs, wAE DreCLiich

Por these reasons a more airect nmethod of measi o

was sougnht, and this was possiblie because of the availabil.io
of larger scale photography covering thi CriioPhOTOUL&si Toit
SUreltly oan Lix

part being covered ov a L:il 000 model arn

3CaLe 123 Lo

the model being reduced at the drawing table o the oict

[ ]

installed on the drawing table as a proliloscope, wsii.
needle as pointer in the pencil holder. The individual mods.s
were absolutely oriented using the correct ground contrcl v,

cf the four controls in eacn 1:10 000 aoder. Ia Thne case o

measurements of profile signai accuracy, Tores &

b
]
<
5]
of
P
o
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¢
I
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were then taken to the profile limit signal closest to & chsox

point; and in the case of CoOnLour MEASUTEenanis 0 The Ciliws

corresponding indicaced elevation was the
The observed measurements were however .rst gus
analytical correction for the Small aosclice Criencacics .

of the 1:10 000 modelis, througn progrén AniOR.
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Direct Measurement of Elevation Errors

PLATE 6
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adaed by conventional plotting,
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signals with landforms.

In practice there are many difficulties, duv vle
TWajor problems can be attributed
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in the former case of irregulilar signal changes .n
successive profiles, there is evidence taat signac irregularatic
are not confined to a particular system, but appear to L& &
characteristic of profiling procedures. Both SCHMIDT-FALKINBIRS
/1970) and SCENEIDER (1970) have investigated the causes anl
effects of signal irregularities in the GZ1 system, anc very
similar effects are produced by the Crograph system.

Examination of the drop line charts in annexure 1, particulariy
in relatively flat areas, reveals several cases cf irregular
changes in successive profiles whicn cannot be attributed to
topography, producing a characteristic 'broken comb' pattern
along the supposed line of a contour. Some of these
irregularities are certainly the result of profiling errcis
on the part of the observer, the scanning errors of 2.4,

but these should be small, and non-systematic. An error OZ
in scanning causes a corresponding position displacement of
the profiie signal change of AZ cot §, where £ is the terzi.r
slope in the direction of scan. It foilows that a smal.
profiling error produces & marked displacement ir rather siat
terrain. There are however very systematic irregularitics
extending over several profile lines which obviously carniot

be attributed tc scanning error.

Several experiments were carried out

to rationalise the causes of the irregularities.
experiment was one in which a model was created of terrain g
completely uniform slope. “wo identical diapositives were uscd.

one of which was cut in half and viewed with the corresponiing
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The backlash component (o) amounted to 0.0z ro
AZ in the model, in the instrument used; which represencs Lo
of the length of profile signal {AZ = 0.2 mm) used in the
majority of tests. It should be possible to ccmpensate th.g
effect by appropriate delays in the Orograph circuit, acCcoriaing
to the direction of change of Z. However this effect, and alsc
the deficiencies noted at (¢) and (d) may well be due to scue

defect in this machine only. The conclusions are however very

£

similar to those reached by SCHNEIDER, except that he conciude
that direction of scan was not significant. On the questic of
how to deal with irregularities during the contouring process,
the only possible conclusion is that of SCHNEIDER, namely that

a mean line should be taken through irreguiar signal changes
unless there is topographic evidence in support of an irregaiar
course. It should be noted that an interpolation system such ax

that available with GZ1l, tends to obscure the presence of

these irregularities in the actual scanned profiles.

6.9.1ii

Irregularities may also of course be attributed to

genuine topographic features, particularly in broken terrain such

as occurs in parts of model A. An additicnal problem due to

topography, is that anomalies result in signals between succesiiv.

profiles when the fall line for long features is perpendicuiar
to the profile direction, such as occurs with the iong ridge in

the extreme south of model A (see annexures 1.3 ang l1.4).
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Profile scan intervals whicn are unsuitably wide result in
loss of features narrower than the profiie interval, and in

loss of

n

WOST small isolation contours. Examples may be noted

5

in annexure 1.4 in the treatment of the peak in the extrene
nortin of the chart, in the loss of the two small hilis
immediately south of the peak, and in the missing ugper
isclation contours of the long ridge in the extreme soutn.
A particular difficulty in areas of complex broxen terrain;,

is the treatment of contours in the area of watersheds.

Several rather abortive attempts were made with
the interpretation of charts, before a satisfactory method of
overcoming some of these problems was evolved. The key to an
interpretation which is topographicaliy correct, and which
gives the derived contours some semblance of geomcrraclogical
meaning, is to combine a line arawing of the drainage nattern

ith the drop line signals before attempting to derive contours.

The principle of the technique is iliustrated in plate 7.
The chart has been combined with a drainage drawing, anc a

single contour called the ‘principal contour' has beern

throughout its course. The principal contour is defined as on
at about the mean elevation of the chart which 18 at the e
time easily identifiable on account of Signal Chadl s, o Tl

case the top end of the thickest signal at the 230 = (.. 2o

level.

The drainage trace is quite easily cLtanned I
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using aiso for detailed reference a mirror sterecsoope

the relevant diapositives.
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$4¢ B
q Post-machine times to this stage.
j Drainage interpretation:2 hrs.
3
Contour  interpretation:5 hrs.
Tosal:7 hrs.
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Drop Line Plot with drainage transferred and principal contour identified.

Principal contour:9.20mm{230m).

PLATE 7



wag compieted in 2 hours, SUT this TiNE eXCLuGes The TIERE Toloos

P = . - Lo, ., v - F oy o o g, P B [P
CO transier to the arop iine Chart. The reason for <Thiz .5 i

Uz m s e o e

in these experiments the transfer was SOmEWHat crudely efliio.o.
by means of ordinary carbon paper, and This was rathér sS.0w.

in practice with the sophisticated facilities ©f a mapping
rganisation, more satisfactory and raplid reans are avaiiaole.
it 1s thought that the mocst satisfactorv interpretation medium
would be a non—actinig bliue base, on white plastic, produced
photomechnanically from a combined negative of drainage trace
and drop line chart. It should be possible to carry out tae
interpretation first in pencil, and subseguently TC ind i

a fair-drawing.

After the initial phase of identification of tre

ncipal contour, it is relativeliy easy oo identify che

@]
.

Tem&LnIng contours upwards and downwards. Trne drainage x&v _so
& particuliarly valuable guide in peai areas, aiong proilics

erpendicular to fall lines, and in areas of Droxen terrair.

%

It is thought that the technigue i
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for example alsc with contour segments, 1 areas of

Terralin.
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The same general principle of combining & <rasr.
trace with the drop lines was followed in the I1&T terrairs oo
model B, except that here it was noc Gecessary o Llenitil oo

srincipal contour. The rather simpie Grainage pacltern was

traced Irom the orthophoto in 20 minutes. The complete



treatment of test B/16/1 is shown in plate &. Systematic
irregularities of signal changes may be noted in particular
aiong the course of the 145 m contour. Even in this rather
simple case, the drainage pattern proved useful in drawing
the contours through the floodplain area. The total drawing
time for test B/16/1, including drainage interpretation, was

2 hours. Times for model A are given in 7.6.

It should ke noted that all of the drop line chart
examples are mirror-reversals. This occurs because the

corresponding orthophotograph negatives were produced for

3

correct reading emulsion to emulsion contact positive reproduction.

e

Under these circumstances the gear switching possibilities o

the drawing table produce a mirror-reversed positive.
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7. TEST RESULTS AND CONCLUSIONS
7.1 internal Errors in Planimetry
7.1.1

Internal errors Vx, Vy, Vp, were derived for all
orthophoto test models in both test areas, at all combinations
of speeds and slit widths, by the measurement and computaticnal
procedures described in 6.7. From the residual errors, the
mean and mean sguare errors were computed, and a twenty—ceil
histogram distribution diagram generated by HP98I0A desk
calculator (appendix A). In the case of test models A scanned
at speeds in the orthophoto (vd} of 4 mm/sec, which were ailso
analysed for external errors, vector diagrams of the direction
and magnitude of the errors were also produced, by HP9810A
desk calculator and plotter. Similar diagrams were produced
for the two tests carried out in test Model B. The vector
diagrams and histograms are shown as figures 7.1 toc 7.10
inclusive, and may be identified according to scan speed
and slit width by reference to the table of test labels Table
4.1I.

Mean square errors were computed in every case

accoxding to the formula:

m = f_iv_ (7.0

Table 7.1 gives results for Model A of mx, my, mp in terms of

micrometers at 1:25 000 orthophoto scale: uUm{d), and also in
terms of micrometers at 1:60 000 picture scale: u m(b).
Table 7.II gives the corresponding maximum coordinate errocrs

AX, AY, AP in the same terms.
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In each Table, the maximum vector error for the

¥

four tests with different exposure slits at the same scan speed
i1s identified by means of an asterisk. Also identified -
means of underlining is the minimum vector error in the five

tests using the same exposure slit at different speeds.

7.1.1d
Some rather general conclusions may be inferred

from the results presented in Tables 7.I and 7.II:

(a) the influence of system errors is apparent
insofar as the largest m.s.e. vector errcy
occurs for any given speed with the
greatest exposure slit width of 16 mm;

(b} similarly the maximum vector error ocours
in every case except one, wita the 1é& mo
siit, and in the exception with the & m-
slit;

.

the influence of speed of scan upoa errors

o
¢}
-~

is not as marked as might be expected,
the minimum errorg in every case for a
certain exposure slit occurring at the
faster scan speeds, rather than the
siowest speed or the observers choice of
variable speed;

(d} there is little evidence of differences of
an affine nature between the errors in X
and those in Y, as in the case of the mean
sguare errors there are 13 examples Irow
20 in which o exceeds my, but in oniy 7
does the difference exceed i0 um at
orthophoto scale; and in the case ¢i tie
maximum cocrdinate errors there are 13
examples in which AY exceeds AX, but in only
10 of these does the difference exceed

i0 ym at orthopnoto scale.



With respect to 7.1.1i{a}, the inTfluence of

<

exposure siit width, but on the other hand the influerce o

e o

perhaps not as great as might be expected, since the range of

results from minimum my, to maximum mp, is guitce

v a m§d
2 mm/sec : + 138 - + 149 un
variable : 1331 - * 153 um
4 mm/sec : + 1086 - * 136 um
© mm/sec s + 105 - * 157 um
8 mm/sec : * 11s - £ 163 um

3

The total range of mpd of & 105 - 2163 um may be compared wion
the range for the planimetric tests summarised at 4.4.5 of

£ 120 - £ 460 ym, corresponding to * 44 - = 68 um in che

[\ &

original picture scale compared to * 42 - = 123 unm From b
test resuits of Model A, we may therefore concliude ohat cow
Orthophot~Topocart combination is capadbie of aCoUracires wWho .o
match those of restitution-differential rectification

combinations based on restitution instruments

classification. The arithmetic mean of the 20 m.s5.e. vecror
errors is t 135 um, equivalent to 56 um at plate. Ths
contribution of differential rectificatcion to the interns.
errors of mapping, for this type of broken terrain, is
therefore exceedingly small compared to rnormal mMagping

accuracies. As a criterion, the National Mapping Council o



Australia Standards of Map Accuracy of February 1953 may be
cited; which states: “for maps published at scales of
1:20 000 or smaller, not more than 10 per cent of points
tested shall be in error by more than 1/50th of an inch
(0.51 mm) measured on the publication scale.”" The criteriocn

is therefore equivalent to a standard deviation at

publication scale of * 306 um, compared to the arithmetic

mean m.s.e. of £ 135 um., OFf the 1120 points tested in the

20 tests, only one point (0.1%) exceeded the 0.5 mm critericn;
and only 15 points (1.3%) exceeded 0.3 mm, of which & points
occurred in the tests with 16 mm exposure siit. It is
interesting to note that the Australian Standards quaiify tne
accuracy statement by limiting the application only to "welil
defined" points, classifying such points as those which are
easily visible or recoverable on the ground. From this point
of view it may be argued that any properly focussed point

image on an orthophoto is well defined, and that since the
total information content of the orthophoto is obviocusly

much greater than that of the conventional line pPhotograiinetoi
Plot, cne may speculate that the orthophoto i1z intrinsicei.v

of greater accuracy than a corventional photogrammetric vlct.
7.1.idi
With respect to 7.1.ii{c), the resuits of tests
of errors for dependency upon speed of scan are somewhat
unexpected, particularly in sc far as the best resuits Judgea

by minimum I, were not obtained at the wvariable speed, whsn



e
(&
w
.

the operator had complete control over the scan speed of the
moving floating mark. The best results were obtained at

speeds in the orthophoto of 4 mm/sec (mp * 106 = 136 um),
equivalent to 1.67 mm/sec in the plate. This figure corresponds
almost precisely with the figure given by MEIER (1968, 83)

of 1.7 mm/sec for the scan speed best suited to the case of
medium relief. It seems therefore the the operator is not

the best judge of his own scanning ability, but that it

pays to put him under a slight stress in order to keep him

alert.

However in order to test dependency upon speed,
the test results of the series from 2 mm slit were subjected
to testing by linear correlation using program LINEFIT
(appendix A). The 2 mm series was selected since the influence
of system errors should be negligible in this series, and
the linear correlation tested by comparing the corresponding
errors Vv, between the slowest speed test (vd = 2 mm/sec) and
each of the faster speed tests in turn. The vy errorswwere
tested rather than the vp errors, because in the latter casze
the sign of vy was given somewhat arbitrarily, with vectors
in the 1lst and 3rd quadrants positive, and in the remaining
quadrants negative. Program LINEFIT calculates thre equacion
of the straight line of best fit of a set of data points,
giving the factors m (slope), and b {(constant), of the

equations:

[

Y = m.X+b {7.11)
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The program also gives the correlation coefficient r (Freund,
1362), where:

n
Z — -_—
r = = F T B Y (@-1ii)
- e vy 2
2
[z (X, - X) I(y; - Y)
i=1

and -1 < r < + 1 where the sign corresponds to the slope m.

The correlation tests were therefore carried out by setting

up equations for each case of the form:

= m. + b (z.iv)
Vx2/i m VXZ/O 7

and the results are given in Table 7.1I1I, where the constant

term b is in um at the orthophoto scale:

TABLE 7.III

Correlation between X errors in the 2 mm exposure

slit tests

Test m b r

2/4-2/0 0.83 =23 .87
2/1-2/0 0.57 -29 0.73
2/2-2/0 0.46 5 0.70

2/3-2/0 0.64 -14 a.74
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The resuits show that the

4

the various test, but that there i3 certainliv o clear

.
6]

reiationship based on speed of scan, since the slope of ir
iines does not increase witno increased speed, but on the
contrary decreases until the speed of 6 mm/sec in the
orthophoto. The high correlation must occur on account of
the common errors of identification and snap-marking and
control accuracy of the tested poiats, since the systen
errors are minimal in this series of tests. [This generai
conclusion 1s in agreement with that of VISSER given at
4.2.v.

7.1.iv

A number of cases of double or missing images were
noted in the test measurements, and dependency upon system

errors is quite marked, as shown in Table 7.IV:

Double oxr Missing Tmages in tests of ucdel -

S51it Width Total Points Doublie or Missing %
Points
2 mm 280 G <
4 i 280 7 2.3
8 rmm 280 10 5.6
16 mm 280 i1 I.ou
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Scale errors of each of the measured CrinlLnoiLUsiie

were derived from the transiormation CONPUTATIONSE, and Ll¢ Olvor

in parts pro miile in Table 7.V:

TABLE 7.V

Scalar errors cf orthophoto negatives in Model &

S51iit Width Vg=2mm/sec 2.6mm/sec 4unw/sec omun/sec &ogn/sec

2 -0.3 -0.6 -G.

[Cx I |
]
>
[
{

4 -0.7 ~-G.6 -C.

G O
3 ~0.5 -0.4 -0.6 -C.8 -0l
i6 -0.5 ~G.6 =C.3 ~C.4 -G.¢

The mean square error of the scalars of the 20 tests is

) T . o . . .
G.53 /oo’ pbut it should be noted that scaling of the

oy e
Oy SUOE

individual test modelis was considered satiss

i
t
ol
¢
ot
C
¥

production viewpoint when correct within 0.5 /0o lmee .55,

It is not thought that the exclusively negative sign of

scalars is significant, because the bx micrometer

to very small changes, and it is thought that & more precise

. =0 - s . o -
scaling than *G.5 /OO couldd only be achieved Lv a very
prolonged orientation testing procedure, which may nacdly

be justified in production.



1

The effect of a small scalar error is signiZ.cant
if several orthophoto fiim negatives are to be matched and

joined to a contrcl grid, as will be common in the case of

e

medium scale mapoing. If the figure of :0.530/00 m.s.e.

of scalar is representative, a corresponding pianimetric
error of * 63 Um m.s.e. is obtained at each corner point

of a 100 mm by 200 mm model at plate. The plate scale may
therefore be enlarged twice without any great gifficulity in
fitting to a control grid, but for enlargements zhove tais
limit, scaling of the model in the restitution piotter is
very critical, and the extra orientation time to achieve

scaling of the order of say *0.29/,5, must be accepted as

T.1l.vi
Test Model B was scanned with only 8 mm and 16 mm
slits at the fixed speed of 4 mm/sec in the crthcphoto,

equivalent to 1.67 mm/sec at plate. The results of the tests

are given in Table 7.VI.

TABLE 7.VI
Internal Planimetric Zrrors of Test Model B (flat rarrz- -
' AX Ay Ap i
Slit Width mx Gy Mp max. max. max. | Scale Brror
. /oo
8 mm (4} 87 101 133 184 368 =331 +G.4
um{b) 36 42 55 77 128 -=13C
i6 mm Mm{d) !1i8 83 144 i-321 294 =324 +0. 4 ;
um({b) | 49 35 60 =134 123 ~135 i

(no missing or doubie points)
The results are very similar to the corresponding tests of

Model A.
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/.2 External Errors in Planimetry

ALl of the test wodels scanned at & soese oo

G

4 mwm/sec in the

derive external

by transformation of the measured coordinates throuch

program SIMIRAN (applying the affine correction option).

o
ot
(6]
w
(6]
G
}.. )
43
’«/v’

W

t
tt
6]
t+h
Q
ot
[
O
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H
o]
[
¥

e
&
U
48

and using as control coordind
points with control coordineates derived from the aerial

triangulation adjustment. The results are given, in terms
of micrometers at ortnophoto scale 1:25 000 at Table 7.VIL,

together with the corresponding internal errors in parenthsesis.
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7.2.1ii

Immediately apparent from Table 7.VII is the
general degradation of accuracy due to the basis of aerial
triangulation data. The arithmetic mean of the m.s.e. vector
errors of Model A is degraded from + 125 um to * 173 pm, and
of Model B from * 139 um to = 175 Um. The arithmetic mean
of the absolute values of maximum coordinate errors is
degraded from 275 pm in the case of Model A to 361 um, and
in the case of Model B from 318 um to 383 um. Coordinate
vector errors greater than 300 um totalled only 4 points from
324 tested points (1.2%) in both areas in the case of internal
errors, but increased to 20 points (6.2%) in the case of
external errors. The principal effect of transforming only
to the pass points however, was to cause the residual errors
to become strongly systematic in distribution, as may be
seen from the vector diagrams and histograms 7/11 to 7/20
inclusive, It should be noted however, that the residual
errors of both models are nevertheless acceptable in terms of
the criterion of Australian National Mapping Standards of

Map Accuracy (7.1.ii).



MM.N
3828,
A BROUND <ONTROL
+ PHOTOGRAMMETRIC <ONTROL
X PHOTO FRSS POINT
4+t BE MM RESIDUAL
TEST Z/! EXTERNAL PLAN ERRORS
M' Pet@ 124 MM
x/‘
zopm. T X
A
A tﬂ%
+ + + ¥
2. T +
—+_ +
+ +
..k
A a + A
X +
+ A x &
27ea. T
+ ¥ +
+ +
+
+ +
268, T A
A
+
+ ¥
A
x |
2spm. + +
icl -} e, saa
LAL ERRD

MODEL BEPR2BE RESID

FIg 7711



17

% FREQUNCY

?

20 -
l'ﬂ'x =+0097
10 -
| ) - | 1 1 N -
- 02 - 01 0 + 01 +02 mm ORTHOPHOTO

External V,

l'l't'y =+0079
10
| 1 1 i P
-0-2 - 0-1 0 + 01 + 0-2 mm
‘ '
% External V,
20
M'p = +0124 m
10
] rr 1 1 -
- 02 - 01 0 + 01 +0-2 mm

External V;,

FIG 7-12. DISTRIBUTION OF EXTERNAL
ERRORS TEST 2/1



MM.N

38,

29@aa.

28083,

278aa.

265a8a.

2598.

172.

+

A BROUND <ONTRDOL
+ PHOTOGBRAMMETRIC CONTROL
X PHOTO PRSS POINT

+—+ A8 MM RESIDURAL

TEST H/! EXTERNAL PLAN ERRORE

M'P = 4 BIBE MM

X =
b*r + S Pl
+ * + “(
+ + ' /
) £ + ,(
~ ‘A4_+ r"‘lr/’/
P « ¢
+ / ¥ e
A { e
. F

+ +
324, Haa, S2a. MME
MODEL BRERE RESIDURL E RORGS

Fiz 7/.13



173

% FREQUENCY

20
m) = + 0103
10 |
[ o B i 1 ||4_
- 02 - 01 0 + 01 +02 m m ORTHOPHOTO
o External Vj
A
20 -
my =+ 0-131
10 |-
! I 1 | o
-0-2 -01 0 + 01 +02 mm
o, External V'y
)
20 -
my =+0-166
10 |-
W rr_I l 1 1 l -
-0-2 -0-1 0 +0-1 +02 mm

External Vp

FIG. 7-14. DISTRIBUTION OF EXTERNAL
ERRORS TEST 4N



MM.N
3208.
A GROUND <ONTROL
+ PHOTOGRAMMETRIC CONTROL
x PHOTD PASS POINT
+—t BS MM RESIDUAL
TEST B/! EXTERNAL PLAN ERRORS
M'P ctEzZEE MM
x
2gpp. T X
+~ +~ el
S £
28@@. T + £
+— +
+ +— «
+—
&— A + A
-x ¥
+ \ £x
27e@. T
¥ +—
‘\
v 4 + A\
+ A
2509, .
1 o X
x 4
2spe. t +
aga, ype, S@RA. MM.E

MODEL BRS®RE RESIDURL ERRLRTS
FiE 7.8



175

% FREQUENCY

20
m;‘ =+00173

10 -

t—lrnl—-lln-dl t r—r -

0 +041 +0-2 +0:3 mm ORTHOPHOTO
External V,',

%
]
20 |-

m'y =+0-103

— Jtr 0L

-0-2 - 01 0 + 01 +02 mm
|
% External V'
A
20
m'p =+0-20?2

—"rl'L;rL,, L

-0-3 -0-15 + 015 +03 mm

External V"D

FIG. 7-16. DISTRIBUTION OF EXTERNAL
ERRORS TEST 8/1



MM.N

IRag.

25aa.

2B8g.

27a8a.

25a8.

259784,

T

A GROUND <ONTROL
+ PHOTOGRAMMETRIC CONTROL
X PHOTO PRSS POINT

+——+ 28 MM RESDURL
TEST 18/! EXTERNAL PLAN ERRIRS

{
MP e + 2288 MM
T P |

.\/*r A &3 .o
+~ ~ ~ —
+ +~ " ¥
+— + +
+
x hb*,k h-flx/k"_'_/
+ + + +
¥ p oo
+ ¥ ¥ T
p »
) ¥ ¥ ¥ g

e '

+ T

39Aa. 4.

MODEL ARERE RESIDURL

Fis 72/17

S@aa. MM.E
ERRDODRGS



% FREQUENCY

20

10

177

i}

P
0 + 01 +0-2 mm ORTHOPHKOTO
]
% External V,
20%—
m'y =t0'085
10 -
i M | | 1 | . |
~-0-2 -0-1 0 +0-1 +0-2 mm
External V'y
%
i

10

L

TN

|
- 035 - 0175

0 + 0175 +03%5 mm

External V'p

FI1G.7-18. DISTRIBUTION OF EXTERNAL

ERRORS TEST 16/



el bk w

B S TR
'l il P

R EHOTO PESE FONT

43

MP oz o DIVE MM

23:EE, T

2808, T

2783, T

2EEE,

- R M MR =
TEST §,/,87 1 EXTERNAL

& mi“?&.?%f :3:@7&52&

B

e

EEEE, v

¥
s 7
e > X
H + : &
e, Ve,

MODPEL BRIERESIDURARL TR~

Fig 779



MM.N

EPBD, )
4 BROULND <ONTRIL
+ PHOTOSRAMMETRIC CONTROL
K PHOTD PASS BOINT.
e HE MM RESISLSL
TEST B/ 18/ EXTERNAL SLAN CRRORES
MYP s ADLI70 M0
=3P, T
?——
+ 4+ +
? # 5
i ‘v &\. i
ST L S NN -
2888, T
+ |
+ x ? k_
FS
z27ga. v AL
¥ + -, -+ h e,
zepe, T
y;/
+ + + Tiv -
; e
<~ &,
P ~ e
+_ <3
ZEE3, = -+ -+

Hig§, | EE, :
MODDEL BBIBRESZE | JDUBL ERARLDS

Fig /28




)
o8}
<

7.3 Eievation Errcrs &t Protiie Signais
7.3.1
Elevaticn errors were measured directly on tho

profile signal change points, by the observational techniococ
.j EY A 'Y

5

described in 6.8. Profile signal errors were tested

throughout the scan speed

series of Model A, and also tnroughout the fixed speed poric:s
of 4 mm/sec scan speed {in the CrTaopnoto; 1n Model A, AL Yoo
as the accuracy of the signals 1s concerned, there 18 no
tneoretical dependency on the intervais of -ne profiles, wonlo
in principle can only effect the accuracy of the derived

contours.

The accuracy of the profile sicrals 1s of parcL
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application, i.e. not confin
The signal change points, as tested by the direct observar:

Cen e vgmee e mae o e .
-8 CaeVALLOL SiSNEL L

techniqgue, are eguivalent

Mean square errors

in Tables 7.VIII and T I o

The mean square errors have also Seen veed TG Ledale nomLs

C numbers using the formula:

C = 1000/3.353{m,.

R
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The formula assumes that contours could be gproduc
profiles without further error degradations, and that the
accuracy criterion for the contours shouid be that 90% of the
points on the contours would be correct within one halif the

contour interval.

Tables 7.VIII and 7.IX are for the internal v
in so far as external influences due to the errors of
aerial triangulation have been removed.

TARLE 7.VIIZ

Internal Profile Errors of Model A at Various 3Scan Speaeds

Scan Speed (Vg) 2 Average 2.5 | 4 § & (I

mm/sec wp)! 0.83 1,08 ;.67§ 2.5 | 3.3
Ro/ 002 0.321 G.34 ; 0.232% 6.23 ; 1.32
v, max °/ooZ 1.08} 1.01 L oLo7 | G.62 . 1.0
C number | 938 | se2 1304 1304 | o3&

Profile Interval 2 mm 4 man i 8 mm TN
) ; %
o - ~ Cn e L

m,, /oo 0.23 0.22 2 0.27 LG58

o A . -
Vy, max  /ooZ 1.07 0.63 i 0.53
C number 1304 1364 1Rl

; F
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7.3.111

Comparison of the test results with those of
HAMPEL given at 4.3.i1, may be obtained in particular with
the four tests of Table 7.1X, where the scan speed at the
plate is 1.67 mm/sec; compared to 1.56 mm/sec in the HAMPEL
profile tests. The range of results is #0.22 to 0.27 O/OCZ,
and the result of HAMPEL was = 0.5 O/OOZ. The rather large
discrepancy may be partially due to the method of testing,
since HAMPEL's checks were against derived profile sections
rather than on the actual signal change points; but more
probably the discrepancy occurs because of the wider range of
siopes of the HAMPEL test of the order of O - 190%, compared

to 0 - 33% in Model A.

7.3.1iv

A more satisfactory comparison is obtained with the
profile tests of VISSER in the second test model of the

REICHENBACH area, given at 4.3.iv:

Slopes Speed Vb mm/sec H.S.2.
REICHENBACH 0 - 19% C.74 - 2.94 z J3.12 to 0.34”/301
FOWLERS GAP G ~- 33% 0.83 - 3.34 + 0.22 to 0.32% ooz

The two sets of results confirm that a standard of accuracy is
obtained in profile signals, in moderate slopes, of an order

rather similar to that of conventional photogrammetcic cerntouring.
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7.4 CaeVatiIon Lrrcrs on WonTours
Tedele
The proifzies ol the zerics of tests o Mode. A
carrged out at scan speeds Vg of 4 ma/sec, were converted

to contours by the procedure

on the contour

derivead

ervrcrs arg given ; COrresy
errors of Table 7.IX.

TABLE 7.X%

POOTLLLNG

internali Contour Errors of Model A, Scan Speed Vg & zm/sec
Profile Separation: Z omm 4 mm 3 16
- © 7 . CoT A T ~ -
m_/ock : 0.24 o 24 .3 .48
o ~ . P - - S
Vz max /ool G.az2 0.61 BINRY ieas
C number : 125G 1250 833 652

Comparison petween results Irom the proi
the derived contours shows toat there is
inoaccuwracy of contours derived frowe ths

|

separations of z and 4 mn, & rather more
in the accuracy from the & mm orofile e
markeca 1oss of accuracy witn the 16 mn s
ciearly uasuitable for the terrain type.

eparation waich .



The relationship between the results was Iurther investigatod,

by testing the linear correlation between the errors accordury

o
o]

eqguations 7.1ii and 7.iii, by forming eguations of the wyzc.
v = M.V _.p *+ b J.viy
zc z
where Voo is the error on a contour nearest to a check point,
and v__ 1is the corresponding error on & signal change point
z

nearest to a check point. The cOmparison is not strictliy
valid, since the errors do not refer to precisely the same
points, but this small discrepancy was not thought ©o e
very significant taking into account the relatively larce
number of points (56) in each test. The correlation

coefficients found for each test were:

Profile separation ha
2 wm 0.86
4 mam 0.63
8 mm .37
16 rm 3.20

These results show that the intrinsic accuracy of the proille

signals is retained after deriving contours, only by

appropriate choice of profile separation interval. In trne

case of the first three tests, the mean interval of signal.
changes along the profiles amounted to 4 mm (6.1.3ii), anc

for the 16 mm test the mean interval of signal change along

the profile was 8 mm because the contour interval was dous_aod.
It is apparent that in the first two tests with high correiszt.or,

that the profile separation is equal to or less than the s.cr
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profile separation is double the signal intervai, and chere

is a marked decrease in correlation. Tt may be conelucss -

TR A Ty s oy L e, e Y rra ot S
a surtabie chotce of profile separation,

3

N

separation is equal to the mean signal plawn interval aichc

-

the profiles, so that on qverage contours are constructeg
3 o

from a square grid of discrete voints. Additionailv of
« rd . J “ L

course, system errors must be considered, and thne size and

direction of topographic features taken in

ot
e}

account.

possible To test the correlation between elevation errors

and ground siope £, by forming equations orf the type:

v = m.tan 3 + b AR

The results, together with the

are given in Table 7.XI.
Internal Contour Zrrors as a Funcoiorn of

. ~ . o -
Test 2/1 v, = {0.13 + i.4 tan B) JooZ i r = (.42
Test 4/1 v, = +{0.23 + 2.4 tan B} logZ i ¥ = Q.15
, - ~ - g sy O r 5
Test 8/1 Vz = £{0.20 + 1.8 tan 8) JocZ i ¥ = 0.42
H T Ia N o = -~ PN
Test 16/1 Vo= 2(0.14 + C.7 tar. B) Jo0Z i r = L.il
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It should be noted that the linear correliation is
weak, and in the case of 16 mm profile separation
practically non—existent, so that not too much credence
should be placed on the results as evidence of a KOPPE type
law (4.3.vii). The critical value for r is 0.25 {(for 5S4
degrees oi freedom) at a ievel of significance o = 0.05;
i.e. a probability that there is no linear correlaticn of
5% (Fisher and Yates, 1963). The first three tests

therefore indicate that there is scome statistical evidence,

I

albeit rather weak, of correliation between elevation errors
and ground slope. The mean result of the first three tests
(the final test being excluded on acount of the very low

correlation coefficient) is:

‘ - , O ! [P
v, = £{0.18 4 1.8 tan B /ooZ eviiii
7.4.111
The previous results were cbtained after ad uscisg

the direct measurements of elevation errors for trhe comouted
absolute orientation errors of the aerial triangulatiorn,
derived from the analysis of errors at 5.9. The unad-usced
measurements are external errors (v;}, and the resulits Zor
contours of Test Model A are given in Table 7.XII, Togetnay
with those of Test Model B, which was analysed only for

external errors.
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reads: "Vertical accuracy, as applied to contour maps on
all publiication scales, shall be such that not more than

1C per cent of the elevations tested shall be in error more
than one-half the contour interval. In checking elevations
taken from the map, the apparent vertical error may be
decreased by assuming a horizontal displacement within the
permissable horizontal error for a map of that scale®. The
standard may therefore be interpreted, where m, is the mean
square error of tested elevations, and VI is the contour

interval as either:

m, =% VI/3.33 (7.1x)
or,: m_ = *(VI / 3.33) + m_.tan B) (7.x}
IS
7.5.i1

On the basis of equation 7.ix, for a 5 metre contour
interval, m = * 1.5m; and on the basis of equation 7.x for
a 1:25 000 publication scale map, mz = t (1.5 + 7.65 tan R) m.
The flight altitude (6875m), and mean square value of slopes

at check points (5g) for Model A, give\in terms of parts pro

mille Z:
) @] "y © - .
mz = $0.22 /ooZ or #0.31 /o2 for a 5 m contour interval
. . © o
m, = $0.44 /ooZ or *0.53 /o0Z for a 10 m contour interval

in the case of Model B, mean square value of slope Q.15 g:

m_ = £0.22 Voo 2
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It foilows that without taking into account horizontal
the contours, none of the tests were within

standard of accuracy, but that the test of

orofile separation was very nearly so. Taking

permissable horizontal error, the tests of Model A

at 2 mm and 4 mm profile separation are within standard,

jether with the test at the reduced contour interval of

O mowith 16 wm separation. In the case of flat terrain,

wnere the

of ground slope on the standard is negligible,

Lihe two t

roduce errors below standard. It may be remarked
that nad all the tests been carried out with 10 m contour

then all except the 16 mm profile separation in broken

cuid have been well within standard without taking

aocount. ol norizeontal displacement of contours. Such an
L = o . .

interval (= t0.44  /oo%) is equivalent to C number 685,

o

and Lo may e corncluded that a suitable choice for C for both

of moderate slopes, and for rather flat terrain,
18 of the order o 600 to 700, a result which confirms the

conciusions of VISSER (1968, 27).

Yeb.aii

iagrams of the elevation errors of the six models

analysed I

external contour errors are given as figures 7/21
wo //26. A rather characteristic pattern of errors is evident
in the figures for the tests of Model A, exemplified by a
Preponderance of larger errors in particular in the series of
points on the castern side of the model. Examination of the
ctual slopes in the vicinity of these check points, revealed
that the points all occurred in areas of rather marked char.:ec

ot slopes in the scan direction, rather than large absolute

w
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7.6 Production Times for Dropline Charts

7.6.1
Times for the conversion of the drop line charts oo
contour documents are given in Table 7.XIII, for an area in

the chart of 400 mm by 200 mm.

TABLE 7.XIIT

ceontour Drawing by the Drainage Interpretation Technio e

Area : 400 by 200 mm

Test Mean Drainage Principal Other ?otal ?ginxs nex
HE (mm) * Contour Contours hours minute
2/1 4 2 5 10 17 i
4/1 4 2 4 9 15 S
8/1 4 2 2.5 7.5 i2 %
16/1 3 2 1.5 3.5 7 2
B/8/1 85 0.33 - 2.17 2.5 :
B/16/1 85 0.33 - 1.67 2 %

*Mean HE refers to the mean horizoncal
equivalent of signal changes occurring
along a profile.

7.6.11

The final column of Table 7.XIII relates to the
, . 4 . . L
approximate signal change points Jjoined to form a continuous
contour line in one minute, based on the mean density of woirnus
for the corresponding chart, and excluding the time taken +o
carry out the drainage interpretation and transfer. =~

relationship between the density of signal points and the



time for conversion is rather evident, an

[
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ot
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]
e
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17

results figure 7/27 has been constructed. The Tigure roowrese. i
contour conversion times per dé, for areas of broxern terrai. .
but again with the time spent on drainage interpretation
excluded. It is clear that this element is rather veriasic,
but it is thought that the time actually taken in these tests,
equivalent to 15 minutes per d;, represents an upper iimitc,

due to the complexity of the drainage pattern.

It 1s clear that contour documents produced manuai.’
from dropline charts are by no means a free bonus of the
orthophotographic process. ©On the contrary, considerable
time and effort is necessary, together with an expertise
which may only be achieved by proper training. One should
also recognise that the document produced is not a fair-arw
trace, and that a considerable amount of extra cartographic
time may be required for this purpose. However it should be
possible, within the more sophisticated facilities of a
production mapping agency, to overcome this disadvantage by

use of a suitable drawing medium, such as is suggested in 6.9.:

In spite of the foregoing remarks, the produict.. ..
of contour overlays by drop-line techniques should not be

condemned, or dismissed as merely a passing phase.

been demonstrated in these tests that contours can be produced
in terrain conditions of some complexity. It should be
acknowledged that the data for the contours has nct involveuw

a photogrammetric operator in any considerablie extra mach.

time over and above that required for the scanning operazt.on.
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Furthermore there is nc reguirement for additio:

Uy

equipment, such as would be the case 1f the scanned profi.e
were digitised. It is clear that the additional conversion
work could be carried out by a junior cartographic technician
after appropriate training. Whilst the results may lack

the elegance, topographical exactitude, and geomorphological
quality of a conventional photogrammetric plot, such contours
could satisfy the requirement for elevation data rather
rapidly in the context of the mapping of an underdeveloped

territory, based on qualitative and guantitative criteria

realistically lower than is normal with conventional mapping.
7.7 Conclusion

7.7.1

The various tests have been carried out under

Lo5eltT

conditions which simulate a medium-scale mapping

3
"3
.

of underdeveloped terrain, and in which the phases of
production have been integrated from initial field-work

onwards. The tests confirm:

{a) the high intermal planimetric accuracy
of orthophotographs,

(b} that good elevation results are achieved
internally with profile signals during
the scanning operation,

(c) that the influence of scanning speed is
rather low both in respect of horizontal
and vertical accuracy,

(d) that the influence of systex errors is
rather marked with unsuitable choice

slit width in broken terrain.



201.

From (a) above, it follows that the usual standards achieved
for example in Independent Model Triangulation, are sufficient
to ensure that the final map product should meet established
map accuracy standards. From (b) above, it would appear that
results may be achieved from continuous digitising techniques,

which are comparable to conventional photogrammetric contouring.

7.7.1ii

Additionally it is shown that considerable effort is
required to produce contours from drop-line charts, if the
terrain structure is rather complex. A technigue has been
developed, based on interpretation by drainage pattern,
which may have general applicability to the interpretation
of pictorial elevation signals.

7.7.iii

In conclusion, Resolution 9 of 7th November 1970,
framed by the Sixth United Nations Regional Cartographic
Conference for Asia and the Far East (U.N., 1970, 16)

is wholeheartedly endorsed:

The Conference
Noting the urgent need for maps at various scales and the
importance of providing them for purposes of economic and

social development in the countries of the region,
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Drawing attention to the wealth and completeness of the
information presented by orthophot maps, especially for the
planning and execution of natural resources development

projects,

Noting further that in appropriate cases modern orthophoto-
techniques can be used to economic advantage in the

production and revision of maps,

Recommends that increased use should be made or orthophotos
for map production and revision in order to save time,
expense and highly skilled manpower, and that map users in
general should be educated in the practical application

or orthophotos and orthophoto maps;

Further recommends that assistance should be made available
to the countries of the region by those countries which

have already gained experience in the practical application
and production or orthophoto maps and in map revision using
orthophotos, and that close cooperation should be encouraged
between the different disciplines using maps in the countries
of the region in order to obtain the maximum benefit from

orthophoto maps;

Urges all Governments to encourage the training of map

users in the use of air photographs and orthophotos.
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APPENDIX A
Notes on Computing Methods and Programs

1. Much of the experimental work described involved
considerable calculation effort, the mathematical complexity

of which was rather trivial} butvthe volume of which presented
some problems. During the period in which the work was executed,
turn-around times at the IBM 360 computer of the University of
New South Wales were particularly slow during teaching sessions,
amounting to 48 hours or more. Terminal facilities were not
available to the computer from the photogrammetric laboratories,
so that it was not possible for example to test model
connections between successive models in Independent Model
Triangulation withbut unacceptable delay. At a rather eariy
stage in the work, the School of Surveying obtained a
pProgrammable desk calculator, HEWLETT-PACKARD Model 28104,

and virtually all computational work was carried out by this
means; excepting only work requiring massive storage such as
Block Adjustment. The calculator was operated almost as &

mini computer, in a role practically on-line to photogrammetr..
plotters, except that there was no physical connection cther
than through the operator. It proved possible to devise
programs which were subsequently combined into a ‘photogrammetric
package', handling all phases of Independent Model triangulation
from perspective centre calibration to strip adjustment

(Berlin and Holden, 1974).
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2. The HP9810A calculator is the basic unit of a 985C
system, for which there are numerous plug-in and peripherai
devices, such for example as the Plotter used to draw the model

error diagrams of Chapter 7.

The calculator may be manually operated, or program
operated; the standard program memory storing up to 500 progra:
steps, with standard data memory to 51 data numbers, the two
memories being separate. Programming features include
conditional and unconditional branching, direct and indirect
data storage, data register arithmetic, relocatable programs,
subroutines, program editing, and the ability to automaticaily
load magnetic cards containing either programs or data.-

The calculator used in this work was extended so that the
available program steps became 2036, and the data memory was
extended to 1lll registers. In addition two ROM's {read-onliv-
memories) were available. The Mathematics ROM permits
automatic keying of logarithms and exponential functions;
trigonometrical functions in degrees, radians, or grads;
coordinate transformation; vector arithmetic; manipulation
of complex numbers; and the programming facility of

iterative subroutines (do-loops). A Printer Alpha ROM was
also installed together with a Printer, permittiné the
printing of alphanumeric characters and messages. The basic
calculator includes a 3 line display, in which up to

10 digits and 2 exponent digits are displayed in either fixed
point or floating point numbers. However, calculations are

performed and data is stored, with two additional digits to



maintain greater than 10 digit accuracy. The working range
g

of calculation is from ()10 °° to (£)9.99999999999 x 10°%¢,.
3. The programs used most frequently were:

MSE/HISTOGRAM: Calculates the mean square error and mean
of an unlimited series of numbers, and
generates a twenty cell histogram, of

distribution by frequency on the printer.

RESIDUALS: Extracts and prints the differences (Vy, Vy)
between corresponding sets of coordinates
stored in data registers from magnetic
cards, and calculates and prints the vector

differences Vpe

PLOTMODEL: Plots vector diagrams such as those of chapter 7,
from coordinates and residuals stored on

magnetic card.

LINEFIT: Calculates the equation of the straight-lire
of best fit of a set of data points, by
minimising the sum of the squares of tas
deviations of the points from the line, and

calculates a correlation coefficient.

SIMTRAN: Calculates a similarity transformation, witn

a least squares solution, of the form:

X* = AX + BY + Cl~
Y* = AY - BX. - C2
AFFTRAN : Calculates an affine transformation, w.tn &

least squares sclution, of the form:

X*

Al + A2X + A3Y

Y* Bl + B2X + B3Y

Il
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ABSBOR: Calculates an orthogonal three dimensional
rotation, shift of origin, and scale change.

between sets of three dimensional coordinate:z.

INDEMODFORM: Forms the individual sets of coordinates of
Independent Models into a continuous strip,
either in ground coordinates or in the

coordinates of the first model.

The first four programs listed are trivial, and descripticns
are given only of the remainder. An additional program used
was PERCAL, for perspective center calibrations, devisecd Ty

L. BERLIN, and described elsewhere (Berlin and Holder, 157..

4., SIMTRAN
4.1 The program computes a linear similarity transforma=z.
of the fofm: X* = AX + BY + C1

¥*¥ = AY - BX + (C2

in which A, B, Cl, C2 are functions of four unknowns:

A = A.cos O
= A.sin ©

Cl = AX*

C2 = Ay*

in which A is a scale factor, 9 a rotation, and AX* and AV*
are shifts of origin of the system X, Y in units of system

X%, Y*,



4.2

the following terms after all corresponding data is ente:

{(n) points:

IIT =
v =

cl =

c2 =

4.3
order to compute
values of XY.

the residuals in

g

[\
‘.f_l
(o)

[xx*] + [yy*]
fyx*] - [xy*]
[xx] + [vy]
n.III - [xj° - {y¢]?
n.I - [x][x*] - [v]{y*]
v
n.II - [vl[x*] + [x]1[y*]
v
[X*] - A[x] - B[Y]
n
Ly*] + B[x] - a[y]
n
a%+B2
-1
tan ~. B
A

residuals VXVY between X*Y* and

the form:

J

2n - 4

Both sets of coordinates are retained in

i e
Ll

STl ray

el
P 4

A radius vector standard error is computed

The least squares solution is direct, by calcuiating

.
128

or

Ge Lo
=

A
AL



Because the corresponding pairs oI coordinates are retained

in store, the total number of corresponding pairs to compute
the transformation is limited to 20, occupving 80 registers.
After the calculation, as many other points may be transformed
as desired.

4.4 The program includes an affine option, intendec

to be used with program stored functions Al, A2, A3, B1, BZ. 3

i}
(73]

¢

in order to adjust coordinate XY as they are entered. Tnis

th
oF

facility compensates for the known non-orthogonaiivy o e
measuring instrument (6.6). The complete SIMTRAN program has
1280 instructions with 100 data registers allocated. An

example of the input/output print is given in Table A.I.



SIMILARITY
TRANSFORM
X*=1X+BY+CL
Y*=AY-BX+C2
WITH AFFINE
OPTION

G.J.F.HOLDEN
U.N.S.W.MAY 1972
SET FLAG IF
AFFINE OPTION
REQUIKED
ENTER N NUMBEK
OF COMMON POINTS
FOR COMPUTATION
OF COEFFICIENTS
(2 TO 20)
AFFINE NOT USED
9.00000%
ENTER N SETS XY
IN FINAL SYSTEN
99.99540%
200.02180*

299.9811C0*
200.05710%

499.96490%*
200.09290%

99.98490%*
399.,99220*
299.96320%*
400.05390%
499.93210%
400.08870%*

99.96280%*
599.99450%*

299.96970%
600.05740%*
499.95150%*
600.06880*

[N
et
~J

T ENTER N SETS XY

INITIAL SYSTEM

100.0G0060*
200.000600%*

300.000G0*
20G.000GC0*

500.00000*
200.000600*

1C0.000060*
40G.00000*

300.00000%*
40G6.00000*

50G.00000*
400.00000%*

160.00000%*
600.00000*

300.00000*
600.000G0*

500.0000G*
600.00000*

0.99%%4

~0.00012

0.03538

@
9]

0.03435

SCALAR
0.89994
ROTATION IN ARC
-30.0G012

TABLE A.T

RESIDUALS

0.00897
0.01z88

G.01113

¢.0

0.0
-0.0

~G. 0
C.C
0.0

-0.0

G.Q

~G.¢

0252

1519

0834

e

303“.
0409
0642

23C5
1628

STANDARD ERROR
RADIUS VECTOR

c.0
ENTER XY OT
SET FLAG IF
AFFINE OB I
VAS USEL

2552
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5. AFFTRAN

This program computes an affine transformatiorn:

X* Al + A2X + A3Y

Y* Bl + B2X + B3Y

The upper triangular terms of the normal equations from n

corresponding points are similar for both A and B unknowns, .-

the A equations including the vector of constant terms are:

n.Al + [{x].a2 + [v}.a3 - [x*]

[XX].A2 + [XY].A3 - [ xX*)
[YY].A3 - [YX*]
Solution of the normal equations is by Choleski aecomposit::

The program then computes residual errors VyVy for the

transformed XY coordinates, and standard errors in the form:

V'V R V'V
o] = XX and o = i yvy
Vx vy ———
n-3 J n=3

A specimen input/output of the 1032 instruction, 98 registcer
program, in a version for a maximum of 20 COLresponding poLi.
is given in Table A.II. Data entry 1 is the number n, dau

entry 2 is initial XY coordinates, and data entry 3 is the

H

final X*Y* coordinates. The data is identical %o that o

Table A.I, and the improved residuals VxVy may be noted.



AFFINE
TRANSFORMATION

X* = A1+A2X+A3Y
Y* = B1+B2X+B3Y

G.J.F.HOLDEN
UNSW MAR 1972

DATA ENTRY 1
9.00000
DATA ENTRY 2

100.00000*
200.00000*

300.00000*
200.00000*

500.00000*
200.00000%*

100.00000%*
400.00000%

300.00000*
400.00000%*

500.00000%*
400.00000%

100.00000%
600.60000*

300.000060%*
600.00000%

500.00000*
600.00000*

N
bt
Ko}
.

DATA ENTRY 3

99.99540%*
200.02180%*

299.98110%*
200.05710*

499.96490*
200.09290*

99.98490*
399.99220%*

299.96320%*
400.05390%*

499.93210%
400.08870*

99.96280*
599.99450%*

2992.96970*
©600.05740%*

499.95150%*
600.06880%

TABLE A.II

TRANSFORMATION
ELEMENTS

Al

0.010C7

A2
0.99992

A3
~-0.006005

0.00404

B2
0.00020

B3
0.992926

RESIDUAL ERRORS
VX
VY
~0.00278
-0.00612

~0.00424
-0.00111

-0.00381
0.00341

-0.00184
0.01496

0.00409
-0.00642

0.01942
-0.00091

0.01062
0.00414

-0.01198
-0.01844

-0.00954
G.01048

SIGMA VX
VY

0.01145

0.01143

ENTER XY OTHERS




6. ABSOR

.1 The absolute orientation program is a spatial

()}

similarity transformation with over-determination, the
formulation of which is similar to that given by ALBERTZ
{1372). The orthogonal transformation equation is rigorous
but the solution for the 7 unknowns (1 scalar, 3 shifts,

3 rotations) is not a simultaneous solution of all. The
shifts are determined as centre of gravity origin shifts for
the two systems, the scalar as the mean scalar for all
corresponding distances from the two origins. The 3 rotations
are determined by a least squares procedure, in which the rnorial
equations are solved for corrections to initial values of the
rotations (usually zero) to provide updated wvalues, which are
then used in the transformation to compute new constant terms
to reiterate the normal equations. The iterations terminate
(usually after one or two with near vertical photography) when
the corrections to all rotations are smaller than 10~° racd.ans.
The solution of the normals is by Cholesky decomposition using
only the upper triangular elements and the vector of constant

terms.

6.2 The program calculates in the following sequence
after data is entered for (n) points; the data being entered
firstly in the final system XYZ, and then in the same order o

points in the initial system xyz.
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(iv) The normal equations are formed for solution
of corrections 3w, 3¢, 0K to the current values of the rotations;
the upper triangular and constant terms being:

51\-—‘ 4._——‘1»..—1.— SRV I - _-‘I
[y +z duw [xiy%J&Q [éizi aK AT Zi(Yi Yi) yi(Zi Zi)J

d -

—, ___AT T _ 5
[ ]a¢ - [ k- AL, X, (2,2 )-z, (X.-X") |
i ii i1 i iTi it

i

?fgan— At —__{ (X, ~X')-x, (¥.-Y")
RN i MR TR T
(v) Updated values of the rotations are formed:

wn+l n+l

= o™3w; ¢ = o™hag; K™ = (Paak

(vi) The program returns to (iii) above.

6.3 The iterations terminate when each of the corrections
to rotations is smaller than 107° radians. In the event that the
solution does not converge by 10 iterations, a "“check data"
message is printed and program execution stops. When the progra
terminates normally, the transformation parameters and the residual
of the transformed coordinates are printed out. A radius veotor
standard error is also computed, and printed first in units of
the final coordinates, secondly in units of the initial

coordinates, the form of the error being:

+ +
VoV VoV, vV,

3n - 7
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(1) <Centre of gravity coordinates are calculated
for both systems, the centre of gravity of the final system

giving the three shift unknowns:
1 Fol
X = (%4 Pox, = #§l¢ ; and similarly for
s n

Following this the sets are reduced to the centres of gravity:

X, = X,=X_i %, = X.—~X_; similarly for Y., Z,, Y., Z,.
i i%s" i i s it Tit Y17 i

(ii1) _The scalar A is conputed:

B
1 1
[Jx +y + 2

(iii) Transformed coordinates Xi Y! Zi are: calculated
i

|
]
7]

from the orthogonal transformation in matrix form:

(x:) F.} (x )
| L s
Lyt = A = ]

EURERE AR
) S

in which R is a 3 x 3 rotation matrix of which the nirs
elements are the well known functions of three rotatiorns
W, ¢, K. In the first iteration the matrix is a unit marrix

unless predetermined values of the rotations have been stored.



At this stage, as many other points as may be desired may

now be transformed.

Two versions of the program exist, one which
compute from a maximum of 4 corresponding sets of coordinates
in which only 51 storage registers are used, and one from
a maximum of 12 sets in which 98 registers are used. The
programs consists of 2035 instructions. A specimen input/output

is shown in Table A.III.

7. INDEMODFORM

The core of this program is the previous ABSOR
program, incorporated as a subroutine. The program has been
compiled for a standard pattern of model joins consisting of
a perspective center and three pass points corresponding to

one-another in the two models to be joined.

Three types of data entry control stages of the
program. Data entry type 1 consists of points in the first
fixed model which are not join points. Data entry type 2
consists of the perspective centre and three model pass points
of the fixed model at the first join, followed immediately by
the corresponding points in the new model. At this stage
absolute orientation is iterated, terminating when the test
limit is reached. The mean strip coordinates of the model
joins are printed, each followed by the half discrepancies.

The number of iterations is printed. Data entry type 3 consis=s



ABSOLUTE
ORIENTATION

TOPOCART 18.8.73

ENTER (N) NUMBER
OF COMMON POINTS
KNOWN IN BOTH
SYSTEMS (3 TO 12
IN THIS VERSION)
6.%

ENTER N SETS XYZ
OR ENH COORDS IN
FINAL SYSTEM

09A
910176.*
910483.*
5412.%

ioa

1076853. *
90911i6.*
5196.*

10C

1073798. *
716565, *
5531.*

10B

1070298.*
526882.*
5824.%

0SB

907972.%
528121.%*
5982.%*

0sc

908542, *
719405.*
5778.%

ENTER N SETS XYZ
IN MODEL SYSTEM

395690.*
592170.%
5325.%

562200. *
595815.*
5115.%

565000. *
403341.%
5375.%

567200.%
213545.%*
5625.*

404910.%*
209975.*
5821.*

399775, *
401180.*
5675,00000%

ITERATIONS
2.00000

OMEGA
0.00025

PHI
0.00018

KAPPA
0.03004
(RADIANS)

X SHIFT
9.912731667 05

Y SHIFT
7.184286667 05

Z SHIFT
5620.50000

SCALAR
1.00014

TABLE A.III

RESIDUALS

25.
i7.
i4.
STANDARD ERROR
{VECTOR)
38.
38.
OTHER POINTS
ENTER XYZ
10E
557224.%
501668.*
5436.*
1068985.
815149.
5556.

DOMEGA 1.6 C
DPHI 1.1 C

SCALE 1/24597
ERROR -0.01i%



of points in the new model which do not join to a succeeding
model, and these are transformed by the stored orthogonal
transformation into strip coordinates and printed. Data entry
type 2 follows for the next join section. The first four points
are transformed to strip coordinates and stored, and entry to

absolute orientation started again.

If sufficient ground control exists in any model,
the strip may be formed up in ground coordinates by starting
the formation at this model, and treating the ground and model
coordinates as a spurious model join. The remainder of the
strip may then be formed first in one direction and then in

the other.

As only 4 points are used in the computation of
the absolute orientation, it was possible to use only 51
registers. The program consists of 1946 instructions, and
a specimen input/output showing the beginning of & strip is

given in Table A.IV.



INDEPENDENT
MODEL
TRIANGULATION

GJF HOLDEN UNSW
JAN 1973

DATA ENTRY TYPE1

STRIP 1348/1
51044
160336.
199593.*
63650.%

DATA ENTRY TYPE2Z

51040
240023.*
200203.*
200009.*

51041
238770.*
294271.*
64542.*

51042
240727.%*
104595.*
65455.*

51043
240006.*
189177.*
64420.%*

160046. *
200148.*
199994.*

159657.*
295195.*
64142.%*

160473.*
104429. %
64327.*

160336.*
199593.*
63650.*

226.

TABLE A.IV

ITERATIONS
2.

MEAN MODEL JOINS

240023.
0.
200219.
le.
200005.
-4.

238768.
-2.
294263.
-8.
64555,
13.

240725.
-2.
104580.
=15.
65446.
-5.

240010.
4.
199184.
7.
64421.
1.

DATA ENTRY TYPE3

51045
193550.
117142.*
64422.*
273538.
117406.
65412.

DATA ENTRY TYPE2

51050
240023.*
200203.*
200009. *
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