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Abstract:  This paper explains how ortho-rectification of frame camera, aerial
photography is fairly complex, and the difficulties associated with rectifying oblique
aerial photos (OAPs) from small format photography have been so problematic that
the approach has been little used and seldom described within the literature. Recent
advances in photogrammetric software, however, have now made conventional,
frame camera photogrammetry more convenient and more easily able to deal with
the ortho-rectification of space-borne and air-borne sensors as well as hand-held film
and digital cameras. Consequently, it is now possible to use obliqgue photography to
correct vertical photographs - provided that we address issues related to image
distortion and ensure that the reliability of extracted features is sufficient for their use
within Geographic Information Systems (GIS). This will be demonstrated by showing
that obligue photographs taken with a hand-held, 35 mm camera during a
reconnaissance flight over a weed infested area can be ortho-rectified using modern
software, thereby clarifying this approach’s status as a useful aid for delineating
infestations for the purpose of say, ground truthing, verification of remotely sensed
image analysis or simply contributing towards more comprehensive aerial mapping.
The example used here may seem trivial but it actually illustrates, clearly, how a
spraying pattern, while possibly too refined to show in a satellite image, can be
mapped as a reference for monitoring weed infestations. This example is not
intended to be a rigorous application of the technique, but simply a demonstration of
its possibilities whenever there is a need to quickly or frequently update existing
spatial data and environmental records in a much more cost-effective way than would
be possible through deployment of the much more expensive, conventional, aerial
survey methods.

Keywords - oblique, aerial, photography, “small format camera”, ortho-rectification,
photogrammetry.

1. Introduction

With the increasing availability of higher spatial resolution data from space-borne and air-
borne platforms, it would be easy to assume that the need for aerial photography should
decrease because of the reduced costs per unit area when compared with those incurred for
planning, mission execution and post-processing of the aerial photographic data. Yet, in
spite of the increasing availability and quality of remotely sensed data and greater cost
effectiveness, there still seems to be irreplaceable applications that require the special
characteristics of aerial photography. Apart from the usual applications for frame camera
aerial photography, such as Digital Elevation Model (DEM) and topographic map production,
other applications may well include:
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a. Updating maps for features or phenomena (for example, new or changed roads or
stream courses, changes in infrastructure, or the extent or progress of fire),

Determination and selection of suitable sites for ground-based field work.

c. Verification of remotely sensed image classification in circumstances that prevent
physical access for ground truth,

d. Mapping of land surface detail that is still not evident at the resolutions of available
imagery (an example being the extent of weed infestations), and

e. Change detection and monitoring of weed infestations (for example under treatment
or no-treatment regimes, seasonal variations) or examples from land clearing,

However, apart from the somewhat related studies of Stojic (2003) mapping river channels,
and Heath and Rankin (2003) mapping the effects of Bark Beetle attack in forests, there are
few published accounts of these alternative applications. This may be due, in part, to
problems associated with the ortho-rectification of aerial photography for the occasional
researcher. The work of photogrammetrists has historically been seen as an area of
specialisation, and generally reliant on special equipment, software and photogrammetric
skills in 3D-geometry.

Over recent years, there has been a revolution in software and of the power of the
computing platforms that are used for high intensity data processing (Stojic, 2003; Leica,
2005). Although the above applications are possible using conventional vertical (frame
camera) photography when satellite or airborne remotely sensed data are either not
appropriate or not available, it could be argued that the expense may be difficult to justify.
The use of a hand-held digital or film camera may be just as effective if flight and mission
costs are the same. However, there is also likely to be some saving in this area as well since
the same exacting degree of mission planning (the most costly elements of aerial
photography) may not be required: the approach might be considered more like that of a
sight-seeing flight, but aimed at obtaining low angle oblique photography. Photography
might be either acquired through a floor opening (such as might be used for mounting a
frame camera) or by using sufficient banking and circling over areas of interest in order to
achieve the desired low-angle images.

Warner et al. (1997) have explored many aspects of the use of what they refer to as “small
format aerial photography” (SFAP), and while they provide examples for where a number of
the techniques have been used for vertical aerial photography, the limitations of the small
format camera have restricted their use for oblique photogrammetric applications. Some of
the limitations that they give include the small format of the imagery, and hence image
resolution and the amount of ground surface coverage, difficulties with determining the
camera parameters — especially the accuracy of lens focal length, and an absence of
compensation for forward motions are among those listed. Nonetheless, these issues can
be addressed to a greater or lesser degree when using SFAP for near-to-vertical situations.
For oblique aerial photography there may be additional factors that limit the use of small
format cameras and the application of ortho-rectification techniques. These might include:

o Limitations on the available software for dealing with aerial photos for which the
standard camera parameters are neither available nor able to be empirically or
accurately derived.

0 The photographs may not have sufficient identifiable features that could be used as
ground control points (GCPs) for rectification, or, when defined,

0 Accurate references for the features chosen may not be readily obtainable, or there
may not be available an accurate enough DEM from which to derive elevation, or

0 The degree of image distortion (often in the form of fore-shortening) may be too great
(such as in high angle photographs) to be able to accurately retain the geometric
relationships between objects.
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2. Background

Oblique aerial photographs were acquired during field work to evaluate the extent and level
of the weed Paterson’s curse (Echium plantagenium L.) in infested areas of north-east
Victoria (Figure 1). A surveillance flight was conducted over a number of areas to assess
the most useful areas for ground survey work as part of the author’'s PhD research (Bulman,
2004). While these photographs had been intended to be used only for this purpose and for
examining the extent of Paterson’s curse infestations over a larger geographic area the
notion of using them to verify the image classification method had been noted.

VICTORIA

Melbourne

Figure 1 - The study area, which is situated in the north of the state of Victoria, Australia

After some initial examination it was considered that, in the absence of extensive field
surveyed data for ground truthing, some of these photographs may be a useful substitute.
Most of the conditions outlined above that would limit their use could be addressed using the
currently available software:

o Ortho-rectification of OAPs could be carried out with the available software.

0 Some photographs had appeared to have sufficient points that could be used to
define GCPs.

o0 Three images were chosen to test the method. These also showed the existence of
Paterson’s curse infestations at sites where ground survey had previously been
carried out.

0 The points (which included road junctions, paddock or property boundaries, trees and
buildings) could also been found on pre-existing ortho-rectified conventional black
and white aerial photography that had a 2.5-metre pixel resolution and registered to a
standard map grid.

o A 25-metre DEM was available for the area.

0 The basic camera details were known (mainly lens focal length and image frame
size).
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3. Aims and methods

The aim of this work is to utilise a selection of 35 mm transparencies taken during a
reconnaissance flight over a weed infested area in north-eastern Victoria to demonstrate the
feasibility of using such photography for at least one of the applications listed in the
introduction. In particular the paper will best serve to illustrate, in addition as an aid to survey
site selection, the potential for using OAPs for updating and monitoring recent changes or to
show the effects of a particular weed management treatment.

Since these photographs were originally taken only as a reference and not intended for any
later processing, no real attention was given to camera orientation or to the composition in
the viewfinder. Nonetheless, a number of the images were later shown to have potential for
ortho-rectification, and it is some of these that were selected for use in this project. From the
images available, a selection was made on the basis of their illustrative features. In this
case, for illustrative purposes, it was primarily the pattern of herbicide application for
Paterson’s curse carried out by the farmer to show the impact of spraying during the rosette
stage of growth. In addition to the spraying patterns some other features, which may not be
readily visible in remotely sensed imagery, but which may be useful for land management by
landowners or authorities. Some of these may include fence lines, erosion features, trees,
and dams.

The selected photographs, originally taken on 35 mm Kodak 1SO64 Daylight transparency
film with a Nikon EM and 50 mm lens were input as scanned to TIFF files at a pixel
resolution of 21.167 um (~1200 dpi ie each pixel = 1/1200 in or (25.4 x 1000)/1200 pm)
using a Microtek ScanMaster 9800XL and the provided masks for use with 35 mm
transparencies. The scanning software used was Silverfast version v6.2 supplied with the
scanner. Each of the images was individually ortho-rectified using the Leica
Photogrammetric Suite (LPS) (Leica Geosystems, 2005) in conjunction with ERDAS
Imagine. The ortho-rectification made use of previously ortho-rectified and registered aerial
photography obtained as ERMapper images from the Murray-Darling Basin Commission
(MDBC) air-photo series as a spatial reference. These latter, produced at approximately 2.5-
metre ground resolution, provided a more reliable means of finding recognisable features,
such as trees, buildings, dams, road intersections, than the available conventional spatial
datasets. A mosaic of three of the supplied tiles was used as a reference image. Part of this
image has been used as the background to Figure 3.

GCPs were selected from clearly visible features in both the OAP and the reference image.
As far as was possible the points were as widely distributed over the images as possible,
however it was not always possible to get maximum coverage and there was limited scope
for finding large numbers of clearly identified points useful as GCPs. As a result some of the
images showed exaggerated distortions following rectification and could not be used. These
were always related to the degree of obliqueness at which they were recorded. Other issues
were related to difficulties with finding the exact locations of the points either due to shadows
in the image, or to lack of clarity in the reference image.

From these images, three were selected based on their overall accuracy, and the closeness
of alignment of features when overlaid onto the reference image. The three original and the
ortho-rectified images are illustrated in Figure 2.

Because the OAPs were taken with a conventional film camera, there is no information
available about the camera parameters except for the focal length of the lens and the frame
sizes. This can be problematic according to Warner et al. (1997) since, because of the
combination of small frame size and un-calibrated lens, small variations in focal length can
give rise to significant errors in the calculation of exterior orientation parameters. In the
absence of more accurate camera calibration it is expected that the method would be good
enough to estimate with sufficient accuracy the internal parameters without the burden of
undertaking expensive camera calibration. These latter parameters, then need to be
calculated by incorporating a digital elevation model in order to be able to determine the
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necessary orientation and geometric distortions in the photographs. The DEM used was that
generated for the area from available contour, spot height and stream-lines data to a
resolution of 25 m using ANUDEM (Hutchinson, 1997). In other situations or for other
applications, a suitable DEM may be available from the spatial data archives that are now
held by many government bodies and might be made available for moderate costs.

a) Image oap_004

b) Image oap_012

¢) Image oap_017

Figure 2 - Three original oblique aerial photographs used for ortho-rectification (left), and the
final images after ortho-rectification (right).
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A trial photograph that provided a range of suitable GCP’s for rectification, though not one of
the three eventually ortho-rectified, was first used to determine the general LPS settings.
These would be used initially for gaining an approximation of the internal and external
orientation parameters. Initial settings for the ortho-rectification were the defaults used by
the program but these were found to produce similar distortions to those originally
encountered. After some experimentation, including the elimination of GCP’s that showed
the worst RMS (root mean square) errors, a reasonably good image was obtained. The
settings used for the Aerial Triangulation dialog for all images are given in Table 1. However
there are a number of alternative settings and considerable additional experimentation may
be required to optimise the output. This is because there is no clear direction available from
the documentation (Leica Geosystems, 2005) about how exactly one needs to deal with
oblique photography in setting these triangulation parameters.

PARAMETER SETTING

General Default settings. Check “calculate unknowns”
options.

Point Same weighted values*

Interior Same weighted correction for all

Exterior Same weighted values

Advanced none

* |t has been suggested that “fixed” may sometimes be a better option (Feddon,
personal communication), because it removes one uncertainty from the equation.

Table 1 — Parameter settings for the aerial triangulation dialogue

In most cases of conventional aerial photography using bundle block adjustment, the final
step is to mosaic the ortho-rectified images into a single composite image. However bundle
block adjustment (Leica Geosystems, 2005) as used normally did not result in an adequate
convergence of the triangulation. This was because the nature of differences in orientation of
the camera in each of the three images makes ortho-rectification of the block of three
images unfeasible. This issue was further confirmed when it became clear that the
algorithms used to perform the bundle block adjustment have difficulty in converging to an
adequate solution when there are very large differences in the exterior orientation
parameters between images (Feddon, pers. comm.). Warner et al. (1997) also intimated this
as being a problem where they suggest that for OAPs each should be ortho-rectified
separately for this reason and for the those mentioned earlier (such as the small frame size).
However, in circumstances where overlapping oblique imagery might be taken along a single
flight line (as in the example given by Warner and Blankensberg, 1995), exterior orientation
parameters would be reasonably constant (similar to those of conventional photography),
hence producing a mosaic following the ortho-rectification may have been more feasible.

For this exercise then, the three images with Paterson’s curse infestations were ortho-
rectified separately using the settings found from the initial image trials as a starting point.
However, it was found that the estimated accuracy (RMS values) for the rectification of each
image varied where the number of available GCP’s for each image varied (Table 2). In this
case, because each image had been dealt with individually rather than as a block, each one
required the determination of separate exterior orientation parameters.

Following ortho-rectification of each image, they were overlayed to check image-to-image
correspondence. Some minor discrepancies were noticed in image registration. An attempt
was made to obtain a better registration using the geo-rectification module in ERDAS
Imagine. Using the first image (Figure 2a) as the reference, both affine and polynomial
methods were attempted, but with the limited numbers of GCPs available that coincided with
each of the other images, and as predicted by Warner et al. (op cit.), there was no
improvement in the registration and the method was abandoned. For the illustrative
purposes of this exercise, therefore, the images were kept separate. In any case, for most of
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the applications that were outlined above, there would probably be little need for detailed
mosaicing. In the event that large areas were needed for updating existing maps, a more
rigorous approach to acquiring aerial photography would most likely be required.

4. Results

Using the test photograph, where unexplained distortions were evident in the ortho-rectified
images, the necessary settings were established, by trial and error, to obtain a reasonable
image in which the significant area of the photograph showing infestations were able to be
overlaid onto existing spatial data. The better part of the rectification was evident at near
distances from the camera, that is, at low angles, while distortion increased rapidly into the
distance at higher camera angles. However, the choice of triangulation settings and the
resulting exterior orientation parameters were then able to be used as the initial estimates for
working with the images chosen.

The ortho-rectification of the three images produced varying results in the external
orientation parameters and initially there was a problem in estimates for the flying height.
This was attributed, at least in part to the initial estimates for the external parameters, but
could also be related to factors of the images themselves such as scanning discrepancies.
Interestingly, the image having the highest angle (Figure 2a) and therefore that which had
the greatest perspective distortions, provided the closest match to the reference image when
overlaid. This in spite of it having the largest Root Mean Square (RMS) errors for the GCPs
and for the estimates of the external orientation parameters. Some of the key parameters
obtained from the analysis of the separate images are given in Table 2.

Image Estimated Camera  Camera | SE SCBA | No.of RMS errors of
flying azimuth off-nadir | (m)* GCPs image control
(camera) §) ¢ point residuals
altitude (m) (mm)
X Y
oap_004 726.2 +10.1 265 37.4 1.100 16 0.126 0.118
oap_012 7154 9.0 306 35.9 0.024 11 0.002 0.002
oap 017 673.4 +9.2 208 30.9 0.015 9 0.002 0.001

* Standard Error for self-calibrating Bundle Block Adjustment (Leica Geosystems, 2005)

Table 2 - Image and camera parameters and error estimates for three ortho-rectified images

Camera azimuth and off-nadir angles were computed from the external orientation
parameters and derivations of the image perspective centres. Problems were encountered
with some of the chosen GCPs and, even though in some cases individual points appeared
to provide good visual matches, the actual errors were very high. Elimination of these points
did provide a better overall fit, however doubt remained as to most suitable methods for
choosing points. The idea that “more is better” didn't seem to necessarily apply as clearly it
is also dependant upon the quality of those points.

Figure 3 illustrates the ortho-rectified images overlayed onto the registered reference image.
In addition the extent of each image is outlined in the colours orange, blue and yellow
respectively for the three images - oap_004, oap_012 and oap_017 and the vectors
representing the camera axis are drawn from the estimated coordinates of the camera
centre to the calculated ground points coordinates representing the image perspective
centres. The values are obtained from the ortho-rectification report. Clearly the distortion of
the first image — oap_004 — is the greatest and would explain the higher error values than for
the other two images — oap_012 & oap_017 — because of the higher angle from which this
image was captured. The second image also has a reasonably significant amount of
distortion but the error values, especially the Self-Calibrating Bundle Block Adjustment
(SCBA) error, is significantly lower.
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Figure 3 - Ortho-rectified images overlaid onto reference image, showing image outlines and
camera axis vectors for each.

The least error was obtained from the last image — oap_017 — and clearly represents the
best solution for ortho-rectification with the least distortion. The camera axis vectors, while
not projected to the exact centres of the images as might be expected, reasonably represent
the azimuth of the camera at the time of image capture. The differences may be due to the
offsets of the perspective centres from the image centres described by Warner et al (1997)
and related to the camera internal geometry (Leica Geosystems, 2005:303). The image
which appears to have the vector closest to the image centre when compared to the
intersection of the diagonals drawn on the original images is oap_004, while that which
appears to have the greatest offset is image oap_017. This seems contrary to expectation
and therefore not only relates to the internal camera geometry but possibly also to external
orientation.

5. Discussion and conclusions

The approach to ground truthing using OAPs may not be the ideal but could, given a suitable
set of OAPs and the necessary supporting data, provide an alternative method of updating
spatial data or for image class verification when certain difficulties exist that prevent the
collection of ground based verification data. A literature search has not revealed any
significant application for this technique nor many of those applications listed in the
introduction. This may be due to both the availability of user-friendly photogrammetric
software until relatively recently and to problems with assembling the necessary sets of data
that make the ortho-rectification of oblique aerial photographs possible. Conversely, when
the software and data are available, ortho-rectification is possible and can provide a useful
tool for examining, monitoring and updating existing spatial databases.

This experiment, although somewhat trivial, does demonstrate this and, in spite of the
difficulties that have been outlined by Warner et al. (1997), the final overlay can be used to
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update existing spatial data, to validate a classification, or simply to examine some
interesting patterns that may not be evident by other means. In this instance, the
photographs were chosen on the basis of their suitability for ortho-rectification and for the
interesting patterns produced by the spraying of a weed—infested paddock early in its growth
cycle. This addition to a database, for example, might have the potential for comparison with
a similar treatment later in the season. Also, at the top of the overlayed images there is
evidence of an erosion feature. A temporal sequence of this feature, taken as a time series
of OAPs, might be useful for monitoring and updating existing erosion maps.

The limitations for applications using this method have been demonstrated to include:

The selection GCPs: It is not necessary the case that “more is better”. The selection has
proven to depend upon factors such as having good reference data, the clarity of useful
features to use as GCPs, and scale of the information and of the images being used. For
this exercise it was an advantage to have available a relatively high resolution accurately
ortho-rectified set of aerial photographs which contained a useful amount of features that
would not normally be available from, say, digital topographic data or satellite imagery. An
alternative may be the collection of accurate feature coordinates from field surveying an area
using a Global Positioning System (GPS).

Image orientation: One of the issues that can seriously affect the results is that of selecting
the correct orientation for the images in order to correctly match the image coordinate
system to the ground coordinates system. In conventional aerial photography, this system is
oriented such that the geometry has phi(j ), omega(w) and kappa(k) angles measured with
reference to the image being in the horizontal plane so as to correctly match the image and
ground coordinates (Leica Geosystems, 2005). With oblique photography this relationship is
not so straightforward and some experimentation may be required to get the right
configuration (Leica Geosystems, 2005; Feddon, pers. comm.). For example, it was not
initially clear which of the three angles will represent the azimuth. In conventional aerial
photography, this is not relevant since the forward direction of the aircraft determines
azimuth and the three angles determines the camera orientation with respect to this and the
vertical axis. With non-vertical photography, the direction in which the camera is pointing (eg
from the side of the aircraft) there is a need to determine the azimuth. This has to be
calculated from the external orientation parameters and use of the correct angular values.
Getting these wrong can lead to strange evaluations of the camera azimuth and the
coordinates representing the ground points for the image centres. It is a problem that may
be giving rise to the lack of coincidence of the vector projections of the camera axis points
representing the image centres in the photos shown in Figure 3.

Access to a good DEM: The precision and resolution of the DEM could be quite significant
in OAPs captured at higher angles because of the rapidly changing scale issue in
photographs as the points further from the camera are collected for GCPs. It seems that this
may have been an issue with the first photograph (oap_004) in the experiment, even though
the GCPs that had the greatest errors were clearly defined in both the reference and the
image. Warner et al. (1997) has pointed out that these scale factors, in conjunction with the
un-calibrated lens of most amateur camera, even small errors in lens interior parameters of
small format cameras can have very large effects in that either the triangulation algorithms
cannot converge to a solution or that they do so but to one that provides a non-optimal result
(Leica Geosystems, 2005). An additional consideration that may give rise to inaccuracies is
the need to accurately register the DEM with the reference source for collecting GCPs. The
alternatives here are, again, to collect points in the field with accurate Z-values, or to
proceed with the collection of OAP images in the manner of strips as for conventional aerial
photography, and use these to derive a DEM as suggested by Warner and Blankensberg
(1995). However this would seem excessive for the applications intended offsetting the cost
savings because of the need for greater attention to mission planning and execution.
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Off-nadir angle: The limitations to the image capture angle that this exercise might have
been hoped to enumerate hasn’t been possible. However there is clearly effects starting to
emerge in the process of rectification from the images used here as they tend toward being
taken at higher angles. At the best estimate the off-nadir angle for the most distorted image,
(oap_004), was calculated to be around 37 degrees. The method for this calculation is not
straightforward, but depends upon all three of the angular exterior parameters — phi(j ),
omega(w) & kappa(k) — as well as the flying altitude. In addition, variability in the surface
elevation will have an influence on the degree of distortion. For example, slopes facing the
camera will suffer less distortion than those facing away. In the extreme, parts of the ground
surface that may be hidden behind a hill will not (and, of course, cannot) be represented at
all! Distortions will increase in proportion to the tangent of the off-nadir angle and at higher
angles small increases in this angle will have more dramatic effects.

None of these limitations and the error values resulting from this experiment should
discourage the application OAPs for some of the purposes proposed in the introduction. The
key finding here is that provided the proposed application does not require locational
precision, or that exact location is not the primary aim, then the issue of accuracy of the
ortho-rectified images is less important than their usefulness as an overlay onto existing data
for feature extraction. Warner et al. (1997) make clear that ortho-rectification of OAPs is
probably best managed for simpler purposes than for more rigorous application because of
the inherent limitations of small format, un-calibrated cameras. Before using the small format
cameras for detailed work, the issues that relate to the errors experienced and the
inconsistencies associated with calibration of external orientation using this medium would
need to be addressed. For instance, in the absence of camera calibrations, rigorous and
definitive work could not be expected (Warner et al., 1993). Similarly, the use of normal
“bundle block adjustments” could not be guaranteed to produce accurately registered image
mosaics because of uncertainties and variability in manual camera positioning during image
acquisition (Leica Geosystems, 2005).

The conclusions drawn from this exercise are that:

a. modern software packages and computer systems enable the application of ortho-
rectification of aerial photography, including oblique photographs without the
necessarily needing a detailed knowledge of the processes and models used,

b. oblique photography may well have a place in spatial data acquisition for more
general applications for validation, updating existing data and for monitoring,

c. provided the limitations are understood, OAPs can provide a useful and cost-saving
means of acquiring this data where other methods of aerial photography or by field
survey can incur unjustifiable expense for the gains in information (Heath and
Rankin, 2003). It can also serve where remotely sensed data (eg satellite data) may
not provide the level of detail needed,

d. the issues outlined above have also led to the position that oblique photographs
taken in the manner illustrated here are probably best ortho-rectified individually
rather than in a “block”. The complexities imposed on the algorithms for dealing with
the highly variable nature of photographs taken at different angles, orientations and
elevations, and using an un-calibrated camera will invariably result in lack of a
convergence to a solution, or to gross errors.

e. it may not always be easy to mosaic the images following ortho-rectification of
individual images.. The problem here seems to be related to the distribution of errors
across the separate images. Whereas images that are dealt with as a “block” and
that have the degree of orientation consistency of normal aerial photography, tend to
minimise the errors across all images (Leica Geosystems 2005), this is not the case
when images, taken at different orientations, are dealt with individually. The result is
that the determination of coincident points and the further “warping” that would be

10
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required for matching the images would only tend to increase the errors of fit against
the reference image. This, of course, is not to say that a reasonable mosaic of
images is not possible or suitable for the purpose intended.
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