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Abstract

A tool has been designed and implemented to use information extracted from photographs
captured using uncalibrated cameras (so-called casual photographs) to fill the occlusions
which occur in three-dimensional models of photogrammetrically captured sites. Capturing
the geometry of archaeological sites by photogrammetric means is relatively expensive and,
because of the layouts typical of such sites, usually results in a degree of occlusion.
Occlusions are filled by extracting texture and calculating hidden geometry from casual
photographs with the support of three-dimensional geometric data gleaned from the
photogrammetric survey.

The essential philosophy underlying the tool is to segment each occlusion into surfaces which
may be approximated using curves and then use known geometry in the region of the
occlusion to calculate the most probable locations of the junctions of such surface segments.
The tool is primarily a combination of existing techniques for pre-filtering and calibrating the
casual photograph, boundary detection and ultimately texture adjustment. The technique
implemented for calculating the locations of occluded corners using minimisation of least
square errors is new.

The tool has been applied to occlusions of the various configurations that are expected to be
typical of archaeological sites and has been found to deal well with such features and to
provide accurate patches from typical data sets. It is also shown that the three-dimensional
geometric model is clearly improved by the filling-in of the occlusion.
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Chapter 1 Introduction

Due to the widespread availability of computers capable of navigating three-dimensional
graphical models there has been a proliferation of three-dimensional textured models of
architectural subjects and in particular archaeological sites ([3], [35], [57], [69]) amongst
many others. The standardisation of the language most commonly used for constructing
virtual reality models (VRML[61]) has accelerated this trend.

In order to construct three-dimensional textured models sites must be surveyed using various
techniques. A commonly used technique is photogrammetry, which relies on the matching of
corresponding features in a pair of images to calculate the geometry of the scene.

The process of capturing accurate geometric and texture data of large archaeological sites
using photogrammetry is expensive and time consuming. This is because the equipment used
to capture and process data is expensive and must be set-up with great care in order to ensure
accuracy. A further difficulty is introduced by the fact that archaeological sites include
features such as columns, niches, irregularly shaped walls and other irregular surfaces which
interfere with the image capturing process. A consequence of these factors is that
photogrammetric surveys of archaeological sites always include regions which are occluded’
because of the trade-off between the coverage (that is the number of image capture points and
directions) and the cost of that coverage.

Effectively, an occlusion is a part of the site about which only the location of its edge is
known. Three-dimensional textured models, such as virtual reality models, constructed using
data sets which include occlusions thus have gaps scattered around within them. These gaps
reduce the visual and immersive impact of such models.

On the other hand it is relatively inexpensive to collect a far more comprehensive set of
ordinary photographs of a site. Conceptually it appears reasonable that information from such
images could be used to fill the gaps in the three-dimensional site model.

This work has two aims: firstly to determine whether it is possible to fill the occlusions in the
three-dimensional model of a site with data extracted from such, so-called, casual
photographs.

The second aim of this work, in addition to establishing the feasibility of using casual
photographs to fill occlusions, is to provide a tool to use for filling occlusions. This tool could
be used by model builders when presented with a scenario of incomplete model supplemented
with casual photographs.

A further application of any such tool would be for constructing models of now partially
damaged sites for which photographs are in existence, for example buildings damaged during
wars during the past 150 years. Essentially the damaged or missing parts of the site are
analogous to occlusions.

' it will be shown (see §5.3.4 ) that, because calculation of geometry by photogrammetric
methods is reliant on the visibility of corresponding features in a pair of images captured from
different locations, that occlusions in the three-dimensional model have an extent equivalent
to the union of the occlusions from both images.



2 CHAPTER 1. INTRODUCTION
1.1  Outline of main arguments

It is proposed that the feasibility (of filling occlusions from casual photographs) be
established by demonstration. That is, by building (or finding) a tool and using it to fill
occlusions having a set of characteristics likely to be encountered in the field. Thus the first
objective of this work (determining feasibility) is a result of the second (providing a tool).

Any tool to be used for filling occlusions in a three-dimensional model should, besides having
the ability to extract image texture data, be capable of extracting geometric data from images.
Several techniques and tools currently exist to extract three-dimensional geometric data from
ordinary photographs but they generally rely on assumptions of regularity present in
architecture such as flat surfaces ([20], [25]), orthogonal planes ([6], [7], [63]) and other
features [73] which are not applicable to typical archaeological scenes. The tool constructed is
novel in that it is suitable for irregular shapes typically present in archaeological scene rather
than being based on assumptions of regularity.

Furthermore, it is very important to note that it is possible to be misled by inaccurate but
convincing three-dimensional models (discussed in detail in §2.1.3 ). Therefore, any tool built
for scientific research and information dissemination should make the greatest reliance on the
data available and the smallest reliance on assumptions regarding site geometry.

In order to build such a tool it is expected to be necessary, amongst other things, to provide
functionality to: calibrate the casual photograph, segment the casual photograph along
discontinuities in surfaces; warp patches of surface texture from their shape in the casual
photograph to their shape in the model; provide some means of estimating the geometry
within the occlusions; and allow the adjustment of patch texture data to match the surrounding
photogrammetrically captured texture better. The body of this dissertation details how this
required functionality has been provided; including discussion on the refinement and detailed
specification of requirements, solution design, implementation and evaluation.

1.2  Important novel aspects

The exploitation of calibration of the casual images is an important and novel feature of the
tool implemented because it leverages the fact that casual photographs will include many
features which have been accurately surveyed. Furthermore, the calibration parameters
extracted above are used to project the boundaries of the occluded area (in the geometry)
onto the casual photograph. This boundary forms the point of integration between the
photogrammetrically gathered texture and geometry and that obtained from the casual
photograph. The concept of projecting the boundaries of occlusions onto images as a means
of segmentation of the image and providing the boundary for integration of texture types
(casual photograph with photogrammetric) is also novel aspect of this work,

The least mean squares algorithm for the computation of the hidden geometry is believed to
be another novel aspect of this work. Briefly, the algorithm computes the positions of hidden
corners by performing a least squares error fit for the three-dimensional location of each edge
pixel under the constraints of i) the surfaces being approximated by a polynomial and ii) the
location in the scene of the said pixel lying on a three-dimensional line (pixel-ray) consistent
with its position on the casual photograph. The algorithm implemented makes the greatest use
of information available (namely surrounding geometry, edge shape in the casual photograph
and user segmentation of the image) and the least use of assumptions (the surface is assumed
to be bi-cubic, which is in itself not a very constraining). Furthermore, being designed for
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regions which include edges and comers it addresses the sorts of problems typical in
occlusions.

1.3 Outline of dissertation

The body of this dissertation describes the tool in terms of its underlying technologies,
implementation, use and evaluation; and is divided into chapters as follows:

Chapter 1.Intreduction - the current chapter.

Chapter 2.Background - A brief exploration of the state of three-dimensional
modelling of archaeology and some examples of its use (documenting
existing structures, recreating structures from archaeological evidence and
risks inherent in three-dimensional computer modelling of archaeological
sites); a review of the various technologies which need to be combined to
produce a tool which can extract data from casual photographs (edge
detection, geometry extraction, calibration etc); and a comparison of the
techniques available for presenting three-dimensional archaeological
models. The discussion of the constituent technologies is not restricted to
those actually used but also describes related approaches which were
shown to be less well suited.

Chapter 3.Underlying algorithms - A detailed description of the algorithms which
have been implemented as part of the tool, namely casual photograph
calibration, image filtering, boundary detection, geometry calculation
(two methods which proved useful and two which did not) and texture
adjustment.

Chapter 4.Description of the tool built - describes the design and use of the tool
built; it is introduced with a description of the requirements to be met; the
design criteria applied and followed a detailed description of the
functionality provided. In addition, the use of the tool is described by way
of a comprehensive example.

Chapter 5.Evaluation - The evaluation is divided into two major parts, namely the
evaluation of the constituent technologies and then the evaluation of the
tool as a unit. A description and motivation of evaluation test cases are
included.

Chapter 6.Conclusions, recommendations for casual photograph capture and
recommendations for further work.




Chapter 2 Background

The present research partially addresses the task of recreating three-dimensional models of
structures from archaeological evidence by allowing the use of photographs to fill-in parts of
the site which are occluded. In order to provide a tool to fulfil such a function it is necessary
to:

1. establish what types and formats of three-dimensional models are most
widely used; for what purposes they are used; and how they are used. Areas
of importance are the techniques, format and problems of scene data capture
as they relate to model construction; and accuracy and presentation
technologies of models. This understanding is needed in order to establish a
definition of the tool functionality and data input and output formats.

2. research the techniques and algorithms which could be combined to create
such a tool.

3. study other tools in this field to discover whether one with equivalent
functionality exists.

This chapter is divided firstly into a brief exploration of the state of three-dimensional
modelling of archaeology and some examples of its use for documenting existing structures
and recreating structures from archaeological evidence (where much of the original structure
has been lost). Evidence of the widespread existence and use of three-dimensional computer
models of archaeological sites predicates the value of any tool to enhance or make such
models more complete. Also explored briefly in this context is the interpretation of evidence
and the assumptions made when building up a model from incomplete evidence and the
impact this has on the usefulness of the model for research and teaching.

Secondly, the chapter contains a review of the various technologies which need to be
combined to produce a tool which can extract data from casual photographs. A study of
existing technologies is necessary in order to select and incorporate those techniques which
are likely to be best suited to the task at hand. The discussion of the constituent technologies
is not restricted to those actually used but also describes related approaches which were
shown on closer inspection to be less well suited.

The chapter concludes with a comparison of the techniques available for presenting three-
dimensional archaeological models. A comparison of techniques and formats available and to
what extent they are in use is necessary in order to determine how the enhance three-
dimensional models produced should be formatted to render them most useful to the widest
audience.

2.1  Three-dimensional modelling of archaeological structures

In the early part of the last century Robert L. Mond and Ernest J.H. Mackay (as described in
[50]) conducted a comprehensive photographic survey of the Theban tombs at Sheikh Abd el-
Qurna (about 3300 black and white photographs of 18 tombs). They took a large number of
overlapping close-range images using a camera rig; these photographs were printed and stuck
together to form an image of an entire wall. The image of each wall was then pasted onto its
corresponding wall in a three-dimensional physical model of the site. In providing a textured
three-dimensional model of an archaeological site the work of Mond and Mackay can be
regarded as the forerunner of virtual reality modelling in the field of archaeology.

Archaeology is an observational and often a particularly visual science which typically
addresses large and complex data sets. As was attempted by the work of Mond and Mackay
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the study of site configuration and the deciphering of evidence are made more workable
through graphical representation.

Computer modelling in general, or the construction of a simplified representation of real
world objects or systems, is attractive to archaeologists as a tool for the description and
analysis of the large amounts of data associated with three-dimensional reality. For example,
solid modelling has been used on the temple of Roman Baths at Bath [57]. The combination
of data from two-dimensional drawings into the computer model provides researchers (and to
a degree non-specialists) with a sense how the original constructors utilised spatial
relationships to emphasise the symbolic relationships between various parts of the temple.
Furthermore, because archaeological excavation destroys the very historic contexts being
investigated every available means to document and record and disseminate excavations
should be utilised.

In the early days such computer models, however, were typically technical showcases
sponsored by large computer firms and were often very expensive to create, computationally
intensive, very restricted in terms of computer platform and of little archaeological use; most
significantly there was no means of interaction with the user. Examples of such models are
the Winchester Graphics System [58] and the Hadrianic Baths at Leptis Magna [56].

These problems have to a significant extent been addressed by the application of virtual
reality technology and the availability of powerful relatively low-cost PCs (as will be
discussed in §2.3.1).

2.1.1 Documenting Existing Structures

A vast number of existing archaeological sites have been surveyed and modelled as a means

of studying and recording the structures in their current form. Some interesting examples are:
e  Winchester Old Minster [58] which appears to be the earliest example of a three-

dimensional textured model of an archaeological site.

The caves at Lascaux, France which contain pre-historic rock paintings [18]

Bahla Fortress in the Sultanate of Oman [33]

Siwa Oasis in Egypt [33]

Imperial burial mound Yongding-Ling in China [33]

Castle of Nerajia on the island of Kos [38]

Castle of the City of Chios [38]

Monastery of the Nea Moni on the island of Chios [38]

Hal Saflieni Hypogeum, Malta [12]

Egyptian tomb of Sen-nedjem was developed for installation in the Egyptian

Gallery of the Kelvingrove Museum and Art Gallery, Glasgow [72]

® & &5 & & » & & b

The existence of such a large number of three-dimensional computer models of such a variety
of archaeological subjects is evidence of the perceived usefulness of such models and
provides motivation for producing a tool which can be used to improve or complete them.

2.1.2  Recreating Structures from Archaeological Evidence

Three-dimensional textured models have been built by researchers based on archaeological
evidence rather than purely from measurements of sites as they currently. These models are
thus an extrapolation of what such a site may have been like; or more usunally provide a
broader physical context containing at its core those parts of the site which are extant. Such
models are then used as a substitute for to an actual site for further research [13], [12],
particularly to enhance collaboration [76]; and for education [72].
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Some examples of recreated structures (rather than pure survey-based models) are:
Roman baths at Bath [57]

Stonehenge [69]

Roman Chester [3]

Maya sites [35]

2.1.3 Risks inherent in three-dimensional computer modelling of archaeological
sites.

There has been much discussion of the value and relevance of three-dimensional
archaeological modelling. The central question (as expressed by Sims [65]) being whether
they are “a helpful research tool, or just pretty pictures”.

It is possible to be misled by inaccurate but convincing models. The accuracy of any model is
a product of the data captured during site survey and any assumptions made to simplify and
complete model construction. An often quoted example relates to the columns of the
Parthenon in Athens which are tapered so as to create the illusion of exaggerated height; this
effect would be lost were the columns assumed to be cylindrical. It is recognised that making
such assumptions based on current knowledge is risky.

Furthermore, models can be used to fool observers that conjecture and hypotheses are proven
facts. Virtual reality models, because they contain information in a form which requires little
interpretation (relative to images, CAD models or text data for example) and because they are
“complete” have a far greater believability; with potentially positive or negative effects. This
believability has a pernicious effect on both researchers and laypersons which is exacerbated
by the often uncritical acceptance of the outputs of computer technology, especially that
proclaimed as high technology.

In the case of a non-specialist, a model may be accepted as the truth rather than simply a
single scholar’s interpretation of collected evidence. In the case of specialists this problem is
well described by the words of Martin Emele [24]:
"The more advanced the level of technology used for the reconstruction, the greater
the belief in its authenticity. Surprisingly, this applies to both the audience and the
creators. Paradoxically, even scientists still fall for the magic of a near-perfect
visualisation of images of the past and are susceptible to the belief in the seeming
infallibility of the objective computer.’

In summary it should be noted that special care should be taken that models are accurate and
to draw to the users attention those elements of a model which are based on interpretation or
assumption rather than measurement.

The purpose of the tool produced by this project is to (as far as possible) use information in
the form of images rather than make assumptions, that is to make the model more complete
based on evidence rather than assumptions.

2.2 Constituent Technologies

Discussion of the technologies used is divided into edge detection, camera calibration,
geometry extraction and texture synthesis. It is important to note at this stage that the primary
objective of this work is to provide a tool. As such emphasis was given, in the selection of
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suitable constituents, to the stability and maturity of the technologies involved; under the
condition that such technologies would at least be fit for purpose. Furthermore, unless
absolutely necessitated but the lack of suitable techniques, it is not our intention to make a
contribution in these areas.

2.2.1 Edge detection

The field of computational edge detection can be traced back to the work of Hueckel[37],
Sobel[66] and Beaudet[S] who defined so-called edge operators. Edge operators are
essentially formulae based on models of edge profiles in terms of the values of image pixels
(typically including partial derivatives of grey-scale image intensity.) The image pixels are
convolved® with the operators (expressed as two-dimensional arrays) in order to highlight
edge segments.

Marr and Hildreth [47] proposed an image filter based on theories of “human early vision”.
Their filter is defined as the Laplacian of the two-dimensional Gaussian distribution; and
edges are found by convolving the pixel intensity data with the filter and marking where the
resulting value is near zero. Conceptually the basis of this approach is firstly that the Gaussian
is an efficient filter of small-scale texture. Secondly the Laplacian is the sum of partial
second-derivative of the filtered pixel intensity data and thus has zero value at points where
the first derivative is maximum (or minimum), that is edges.

The next significant development of this approach is the work of Canny [10] which combines
Gaussian smoothing with simple vertical and horizontal difference operators. The difference
operators are summed and positions where the gradient is a local maximum along gradient
direction are found. A thresholding operation is performed to find those locations where the
gradient is above some limit.

Furthermore, Canny produced a set of criteria which define an optimal edge detector, namely:

o low probability of error (failing to mark real edge points or vice versa)

¢ good edge localisation: points marked as edges should be as close as possible to the true
edge

¢ single response per edge

A further development based on the work of Canny is the edge operator of Deriche [21]
which is shown by him to optimally satisfy the Canny criteria.

A totally different apg)roach is that proposed by Perona and Malik [54] which utilises the
concept of anisotropic” diffusion. Here pixel intensity is allowed to diffuse over time, with the
amount of diffusion being inversely related to the magnitude of the local intensity gradient.
This process sharpens boundaries separating uniform regions within an image but is
computationally expensive (involves the solution of partial differential equations).

Subsequent approaches to edge detection have utilised techniques as diverse as simulated
annealing [71], Kalman filtering [19], wavelets [43] and genetic algorithms [9], [11].

All the methods described thus far suffer from the problems of unwanted and broken edges
because conceptually they indicate locations on the image with the highest level of edge-ness,
that is local changes in pixel intensity. Also they do not lend themselves to seeding (entering

% calculating new pixel values by multiplying the pixel intensities in the region of the output pixel by a matrix of
weights to be applied to local pixels. Convolution is described more fully in §3.2.

3 A physical property which has significantly different values in different directions. For example capillary motion
of water in wood.,
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points through which the edges being detected must pass). To circumvent this, deformable
whole boundary methods have been developed. A feature of these methods is the use of a
curve which deforms due to gradient features of an image (typically near an object boundary).
For the present discussion we will refer this category of methods as snakes although they are
also known as active contours or live-wires.

A snake (first described by Kass et al [42]) is a deformable curve modified by internal
"energy” resulting from the geometry of the curve (the distance between points, the curvature,
etc.) and image energy due primarily to the intensity gradient. There are several optimisations
to the snake approach, including the original variational approach Kass et al, dynamic
programming by Amini et af [2] and the greedy algorithm by Williams and Shah [76].

A relevant development of the snake model is the so-called “live-wire” of Mortensen and
Barratt [52]; presumably so called because the edge/snake moves from the start to the end
seed points along the path of least resistance analogous with the behaviour of electric current.
Their use of dynamic programming removes he need to enter manually a rough
approximation of the edge to be located. It allows the entry of start and end points only (this is
particularly useful to the current application because we may not have geometry information
for any other points - as will be discussed later).

Model-based approaches (detecting features based on a priori knowledge of parameterisable
shapes which are likely to be encountered) such as those described in Worring et al [77] and
Staib and Duncan [67] were not seriously considered. It seemed highly unlikely that regular
target shapes would be encountered within the occluded areas of archaeological sites.

It is interesting to note the opinion of Rothwell et al [60] that “In our view, the edge detection
line of development is now mature.” Furthermore, as will be seen later we require a seedable
and adjustable but fairly simple scheme (because we are expect to be detecting fairly straight
edges between known points). Thus we selected as a basis of our edge detection function the
formulation of Mortensen and Barratt previously described.

2.2.2 Camera calibration

In order to deduce image information from three-dimensional scene geometry (or vice versa),
one must determine the parameters that relate the position of a point in a scene to its position
in the image. This is known as camera calibration.

The parameters relating image to scene geometry may be divided into intrinsic and extrinsic
parameters. Intrinsic parameters are those which describe the configuration of the camera
(such as the focal length) and the extrinsic parameters describe the pose of the camera
(location and orientation). Although generally called camera calibration, the process of
calculating both intrinsic and extrinsic parameters is in fact image calibration. For consistency
with the generally used terminology we will use the term camera calibration.

The so-called pinhole camera (assumes a perspective projection of the scene onto the image
plane without lens or image plane distortion) can be calibrated using six or more non-co-
planar correspondences between a single image and subject three-dimensional geometry
(described in [27]. Calibration is based on so-called projective geometry: extension of
Euclidean geometry which allows points and lines at infinity to be treated in the same way as
whose in finite space.

A major improvement of this approach is the “perspective projection model” of Tsai [75]
which introduces a first-order radial lens distortion coefficient and allows calibration based on
a set of co-planar points. The radial distortion coefficient addresses distortion of images
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captured with cameras having short focal lengths (most commonly seen as the bending of
straight lines).

Tsai uses distinctive grid as a target for calibration. The grid is made up of dark squares on a
white background, the corners of the squares being used at features for calibration.
Calibration can be performed using a set of co-planar points by using a pair of images with
known camera displacement.

Maybank and Faugeras [48] introduced the concept of camera self-calibration which exploits
the fact that the geometry is rigid and assumes that the scene does not change over time. Here
the camera is calibrated from a sequence of images without knowledge of the scene geometry
or the camera position but the sequence of images must be taken from the same place (that is
the camera motion is constrained to rotation).

A more intuitive (but computationally expensive) approach is that of Hartley [31] which
calculates the calibration matrix iteratively by finding a set of three-dimensional points
consistent with the image points in the set of images. Conceptually the problem is solved by
finding the only set of intrinsic calibration parameters which would allow the same feature on
different images have the same three-dimensional location (which it must unless the scene has
changed between images). The Hartley model allows unconstrained motion of the camera.

Pollefeys [55] goes further by using that fact that pixels are square and introducing a post-
processing phase which finds so-called dense correspondences. This phase finds dense
correspondences (that is at the pixel level) based on a) the gross feature correspondences and
b) epipolarity constraints (which are in turn a function of the extrinsic calibration parameters).
This algorithm of Pollefeys removes a further constraint; namely the focal length of the
camera (one of the intrinsic parameters) is allowed to vary.

The self-calibration approach is particularly attractive in an application which includes
geometry recovery because the positions of corresponding points are calculated as a by-
product of camera calibration. (The work of Pollefeys described above could just as easily be
discussed under the later category of geometry recovery)

Becker and Bove [7] take a very different approach in that they exploit the fact that the
locations of the vanishing points in a perspective view contain information about the intrinsic
and extrinsic camera parameters. Furthermore, they can calculate the radial and de-centering
lens distortion by minimising the vanishing point dispersion. Their algorithm, however,
requires images to contain three sets of parallel lines which are mutually orthogonal.
Although such lines will very commonly be found in architectural/urban scenes, it seems
fairly unlikely that such lines will occur in archaeological sites.

Stereo camera calibration is excluded from discussion here on grounds of relevance because,
for the purposes of this project, our source images are monocular.

On the basis of certain of our requirements, namely that:

1. we have unsequenced images
2. geometric regularities (parallel lines etc) are unlikely to be present in the scenes
and images

it was decided to implement the pinhole camera model. It was further felt that should this
method prove inadequate due to radial distortion effects then the algorithm of Tsai [75] would
be implemented.
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2.2.3 Geometry recovery

There are a variety of different approaches to the recovery of geometry from images. These
range from those which are:

model based, that is based on the expectation that the scene contains objects of known
shape, to those which are based on

geometric optics, that is calculating positions of features in scenes from their
positions in two or more images (even very many images as in the case of a video
stream).

The underlying concept of all model-based’ approaches is the & priori knowledge of what is
to be found in the scene, for example straight lines, planes or symmetry. Scenes containing
urban environments, architecture or other man-made objects are particularly suited to a
model-based approach.

The model based paradigm was introduced by Roberts [59] who stressed the importance of
the perspective transformation that underlies our perception of the three-dimensional world,
and exploited the properties of this projection to recognise objects in images.

Kanade [41] introduced the concept of skewed-symmetry which is based on the fact that
many objects are bilaterally symmetrical (both those occurring in nature and man-made).
These features, when arbitrarily orientated, are projected onto the image as skewed-
symmetries. Skewed-symmetry can be exploited by geometry recovery algorithms as a test of
whether segments could be the projection of features that are bilaterally symmetric in three-
space. It is recognised that although prevalent in the natural world in particular, bilateral

symmetry and its side effect skewed-symmetry is untypical of scenes which depict
archaeology.

In the author’s view the most influential work in the field of model-based geometry
construction is the FACADE system of Debevec, Taylor and Malik [20]. Their system allows
he user to identify manually the corresponding structures in a pair of images of a scene and
fits pre-defined parameterised models to these structures. They have substituted the goal of
finding correspondences between points to the simpler and more robust problem of finding
correspondences between parameterised volumes in the scene.

Recent developments in the field of model-based geometry extraction are those due to Shum
et al [63] (generation of three-dimensional models from a panoramic mosaic by exploiting
architectural features such as parallel lines and planes) and Becker [7],[6] (which in essence
exploits the presence of orthogonal sets of parallel lines, such as those found on the edges of
cuboids, to calculate vanishing points and then uses this information to calibrate the camera).

Coorg and Teller [16] use an algorithm which uses a very large number of so-called pose-
annotated (location and orientation known) images of an urban environment. They extract
vertical facades, as they are common in urban scenes. Pose information enables their
algorithm to pre-select the much smaller set of images that is relevant to any 3-D region of
interest. Texture data is then synthesised by combining the large set of images which include
each facade together using a weighting factor based on the relative orientations of image and
facade (very oblique views have a low weight).

% not to be confused with the model-based approach to edge detection (see §2.2.1 ) which assumes a model for the

local profile of an edge; the model-based approach to geometry recovery relies on assumptions about the larger-
scale shape of edge curves.
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However, in the words of Coorg and Teller “Clearly our algorithm has many significant
limitations, for example.... facade relief”. This is an inherent weakness of any model-only
based approach — the detailed geometry (that is the underlying shapes) is assumed and only
parameters or scales are calculated. Great care should thus be taken, when using model based
approaches in the area of archaeological modelling, so as not to generate inaccuracies
introduced by assuming underlying geometry and also so as not to lose archaeologically
important relief information.

There exist a variety of approaches to geometry reconstruction which are not model-based but
rather geometric-optics-based and rely on multiple images. These approaches can be
categorised further into stereopsis, parallax and video stream based.

The sterec approach could be described as the classical geometry recovery method (where
two images of the geometry are available) and can be traced in the computing field to the
algorithm of Longuet-Higgins [46]. Features are identified in the one image and searched for
in a second image along, or near to, the so-called epipolar lines. An epipolar line is that line
(actually a curve) on an image along which a point in an image taken from a different location
must lie. Once the feature has been found in the second image its three-dimensional location
can be calculated by triangulation.

The plane+parallax method of Kumar et al [44] is superficially similar to the stereo
approach; the difference being that residual parallax constraints are used rather than
epipolarity constraints to simplify the search for correspondences. The parallax approach
assumes a dominant three-dimensional structure (for example a few intersecting planes) in
order to calculate the likely position of corresponding points. Residual parallax is the
calculated difference in the location of points (between images captured from different
places) actually on the surface of the dominant three-dimensional structure: points near-to the
dominant three-dimensional structure would be expected to be translated by a similar amount.
It should be noted that although this approach is model-based in that it assumes an underlying
model: the model only reduces the search for corresponding points and does not limit the
detailed geometry extracted.

A great deal of work has been done recently in the field of geometry extraction from video
streams. This field is very closely linked to (now inseparable from) developments in self-
calibration (described earlier) resulting in some overlap in the present discussion. The most
well known is the so-called factorisation approach of Tomasi and Kanade [74] (developed
further by Morita and Kanade [51]). Here a matrix which describes the two-dimensional
positions of each feature in each frame is built up. The position of each feature is relative to
the centroid of the set of feature positions, that is the two-dimensional translation is factored
out. This matrix is the product of a rotation matrix per frame and a three-dimensional shape
matrix. These matrices are separated out via a technique they describe as singular value
decomposition.

Beardsley et al [4] describe a method for the fully automatic construction of graphical models
of scenes when the input is a sequence of closely spaced two-dimensional images (ie video
sequence). They develop on the concept of the epipolarity constraint between two images (the
geometric constraint on the position of a feature in a second image based on its position in the
first). They introduce a so-called tri-focal tensor (analogous to the fundamental matrix for a
pair of images) which relates the location of a feature in a third image to its position in two
other images. The tri-focal tensor is given an initial value based on a few known
correspondences and then allowed to converge on a more complete solution by including all
correspondences which are consistent with it (within a predefined disparity).
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Fitzgibbon and Zisserman [28] have a similar approach but find they fundamental matrix by
searching for sets of co-planar points. They choose as example subjects either architectural
scenes (house, castle etc) or an isolated non-polyhedral object (dinosaur on a turntable). These
two very different types of subjects are selected to show the broad applicability of their
approach. However, the actual method used in these two cases differs significantly: in the
case of the architectural scenes planes are extracted from the 3D data using the RANSAC
technique: random three-point subsets (co-planar by definition) of the data are selected and
the number of 3D points which are near to the location of each plane are counted. The plane
with the greatest count is stored, and the data points which were consistent with it removed
from further processing. Repeating this process extracts the largest planes from the dataset.
This approach is clearly model-based (in that they are searching for and expecting to find
planes).

The approach taken for the non-polyhedral dinosaur subject differs in that geometry is
extracted by “segmenting the background and intersecting the cones formed by the occluding
contours”. Although Fitzgibbon and Zisserman state, “For the non-polyhedral objects, the
surface extraction problem is more difficult, mainly due to the sparsity of the data.” (my
emphasis) it appears to the present author that the problem is simply due to their model’s lack
of scalability from subjects comprised of a few planes to those comprised of many conical
sections.

On the basis of certain of our requirements, namely that:

1. we have single (rather than multiple images) images

2. geometric regularities (Symmetry, planes, parallel lines, orthogonal sets of lines,
vertical facades) are unlikely to be present in the scenes and images of most
archaeological sites

it appears as if no suitable techniques or algorithms exist for our application (see Table 1). It
was thus decided that a technique should be developed which could be used with single
images of scenes which do not contain regular features but takes into account known
geometry in the region of occlusions.

Technique Requires | Assumes
multiple geometric
images regularities

skewed-symmetry (Kanade [41]) Yes

FACADE system (Debevec, Taylor and Malik Yes

[20]).

parallel lines and planes (Shum et al [63]) Yes

orthogonal sets of parallel lines (Becker [7],[6]) Yes

vertical facades (Coorg and Teiler [16]) Yes
classical stereo (Longuet-Higgins [46]) Yes

plane+parallax (Kumar et al [44]) Yes

factorisation of video streams (Tomasi and | Yes

Kanade [74], Morita and Kanade [51].

tri-focal tensor (Beardsley et al [4]) Yes

sets of co-planar points (Fitzgibbon and | Yes Yes

Zisserman [28])

Table 1 Geometry recovery techniques reviewed

Existing software tools for extracting geometric data from images
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Two commercially available products provide functionality to extract geometry from
photographs. PhotoModeler [25]uses manually entered correspondences between sets of two
or more photographs to calculate the relative geometry of the points. It is then possible to
define planar triangles between these points and drape texture from the source photographs
over them. Although there appear to be similarities between the Photomodeler product and
this project they differ significantly as follows:
1. PhotoModeler requires multiple images of any region of the site (we are
addressing the problem where only a single image exists).
2. PhotoModeler assumes planar surfaces which while being appropriate for
architectural scenes are not expected to be applicable to archaeological scenes.
3. There is no means to include accurate measurements of surrounding geometry,
such as those available from photogrammetric survey of the site.

In summary PhotoModeler is designed primarily for man-made objects with surfaces that can
be described well by large triangular elements.

In a similar vein is the tool 3D-Builder [73] which combines information from a large number
of photographs of scenes containing complex shapes. 3D-Builder does appear to allow the
extraction of geometry from a single photo by exploiting two features of modern man made
objects which, however, are seldom present in archaeological subjects - parallel and
perpendicular lines and large planar surfaces. This product is not applicable to the current
problem for largely the same reasons as those sited for PhotoModeler above.

2.2.4 Texture and structure synthesis

An alternative to using texture from images (to fill gaps due to occlusions) is to synthesise
texture. Texture can be synthesised via a range of different techniques such as using statistics
of pixels and wavelet coefficients [34], properties of joint wavelet coefficients [64], multi-
scale sampling [22]. A texture synthesis approach has been avoided in the current project on
the basis of its inherent lack of accuracy and that we in fact do have image data. However, in
the absence of image data it may be a desirable route: given the assumption that realistic (but
unreal) texture is a better than no texture at all.

An extension to texture synthesis is structure’ synthesis: using large-scale spatial domain
information when filling in holes in an image. Work has been done in this field by Bertalmio
et al [8] (based on the image noise removal by using frequency and spatial domain
information approach of Hirani and Totsuka [36]). The underlying principle of this work is to
shrink gaps in an image by growing the isophotes (lines on the image where the intensity of
light is the same) arriving at the gap boundary in a smooth way, without crossings and
without changing the angle of arrival. Intuitively (and from the careful selection of images by
Bertalmio et al) it is expected that such an approach is very sensitive to the size and shape of
gaps to be filled: narrow gaps (such as those due to scratches, folds, print or writing) being
easier to fill than gaps having more balanced aspect ratios. The sorts of occlusions which
occur due to photogrammetric survey typically have a range of aspect ratios; thus excluding
the technique of Bertalmio et al from further consideration.

’ The use of the term structure here relates to large-scale spatial domain information as represented in the image
(as opposed to structure in the three-dimensional geometric sense). It is accepted that the distinction between
texture and structure is a matter of scale. For example, the arrangement of bricks in a wall would be considered
structure in an image which includes a few bricks and texture in an image which includes several city blocks,
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2.3 Presentation

Various competing approaches exist for the graphical presentation of real world scenes.

The most common approach for rendering three-dimensional scenes is simplified-geometry
based and functions by generating surfaces consisting of polygons supplemented with texture
draping to add detail; the polygons being calculated from the underlying geometry
measurements and inferences from the three-dimensional scene; and the texture providing
further details (some small-scale geometric information is included in the texture).

Because of the widespread adoption of the geometry-based approach there exist well-
developed underlying technologies in both software and hardware (eg OpenGL). VRML is
geometry-based and is described more fully in the next sub-section (Virtual Reality and
VRML).

A weakness of the simplified-geometry based approach described above is that texture
mapping is not always an effective substitute for mapping three-dimensional details to a
surface®. When observed from an oblique angle the flatness of the surface is noticeable (or if
seen by a moving observer the absence of parallax reveals the flatness of the surface). A
recent development which addresses this problem is the work of Oliveira et al [53] which
introduces an efficient algorithm whereby the texture of the surface is pre-warped in
accordance with its relief. The algorithm is efficient because the parallax effects due to the
height field are factored out in a way which allows their calculation in one dimension at a
time; the in-built rendering capabilities of the platform are then used to process the pre-
warped texture map further. However, the underlying assumption of their approach is that
surface may be represented as planar with a much smaller-scale height field. This assumption
may be applicable to models of architecture but is not valid for the types of sites, namely
archaeological, which are expected to be addressed using the tool being implemented.

The purpose of computer graphics is to create a realistic visual representation of a scene. In
geometry-based rendering it is assumed that the interface between computer vision (that is
scene capturing) and computer graphics is data in the form of geometry and texture: in other
words the scene is reduced to a geometric model with surface textures which is then used to
render a representation of the scene.

An entirely different approach is that adopted by image-based rendering. Here the steps of a)
transforming captured images into geometry (edge/boundary detection, calibration, geometry
recovery etcetera) and then b) creating renderings from them are avoided. In principle, image-
based rendering avoids the problem of extracting geometry by simply using the input images
to render the output graphics. There are two basic approaches to image-based rendering,
namely interpolation between images and the use of light-fields.

In the interpolation approach new images are generated for new viewpoints using
interpolation between images [14] or, in order to create a virtual reality effect, between
“panoramic cylinders” [15] and logically “panoramic bubbles” [78].

The underlying concept of the light-field approach is to represent the scene as an n-
dimensional scalar field which describes the flow of light in all places in all directions. The
light field has been developed by various researchers: the 5D plenoptic model of Adelson and

® The decision as to what scale of geometric detail is better represented as polygons versus texture (based on

balancing fidelity, data volumes and rendering performance) is the subject of an entire branch of computer
graphics research and is not discussed here.
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Bergen [1] (with further development by McMillan and Bishop [49]) and the most recently
defined 4D Lumigraph of Gortler et al [29].

By using images such systems provide visually realistic results, while avoiding the task of
geometric reconstruction. As would be expected, however, image-based rendering systems
are weak in the areas of navigation, collision detection and simulation of different lighting
conditions; and most significant to our application: geometric accuracy.

The most important reason that the image-based rendering approach is not suitable to the
current task is that the overwhelming majority of the geometry is well known from the
photogrammetric survey of the site. The purpose of this work is to fill in gaps due to parts of
the site occluded in the photogrammetric images.

2.3.1 Virtual Reality and VRML

For the present discussion virtual reality is defined as a self-directed computer-generated
experience which gives the illusion of participating in a synthetic three-dimensional
environment. The concept of virtual reality based on computers can be traced back to the
writings in of Ivan Sutherland in 1965 [70]. The earliest form of virtual reality (the use of
stereographic head-mounted displays within a computer-generated room) has been around
since 1970 [45]

Developments in the field continued at institutions with access to the large amount of
computing power required to make the generation of useful synthetic environments practical.
During the 1980s, the drop in the cost of computers and the development in technology
allowed virtual reality to become more generally used. However, the use of virtual reality at
that time was still restricted to powerful special purpose machines.

More recently further advances have made it possible to run virtual reality models on PCs
(albeit with problems of latency and slow frame rates which are the focus of a range of efforts
within the industry). This broader availability of virtual reality technology and the existence
of the Internet as a means of access to data have in turn brought about a requirement for
standard ways to author, store and publish virtual reality model data.

This need has been addressed by defining a language called Virtual Reality Modelling
Language (VRML) for capturing and disseminating virtual world data which is used in much
the same way as HTML (Hyper Text Mark-up Language) can be used to transfer documents
over the Internet.

VRML, first known as Virtual Reality Mark-up Language, was conceived in the spring of
1994 and discussed at the historical First International Conference on World-Wide-Web held
at CERN, Geneva [61]. The name was subsequently changed to Virtual Reality Modelling
Language to emphasise that the language was primarily concerned with three dimensions.

VRML is based on the Inventor file format [62] from Silicon Graphics, which includes ways
to specify geometry, lighting, materials, 3D user interface widgets, and viewers. VRML has
been enhanced (at version 2.0, also known as VRML97) to allow the specification of
interaction and animation. VRML97 has been adopted as the web standard for three-
dimensional environments by the International Standards Organisation [40].

For the reasons listed above and in the light of the prominence of the VRML format in the
field of geometric modelling it felt important that any output from the tool should be available
in this format.
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24  Summary

Our investigation of the relevant literature has yielded the following:

Geometric, and in particular virtual reality modelling of archaeological sites is a
growing field (see §2.1.1 ). There are, however, inherent risks relating to the
interpretation of evidence and presentation via such technologies (see §2.1.3 ).

The formulation of Mortensen and Barratt [S2] appears to be the most suitable to
our boundary detection requirements (see §2.2.1).

The pinhole camera calibration model as described in [27] seems a good basis for
our calibration requirements (see §2.2.2 ). The algorithm of Tsai [75] is available
as an alternative should radial distortion errors prove to be a problem.

No existing technique appears to satisfy our requirements with respect to
geometry recovery, implying that this need will require satisfaction by the
development of an algorithm (see §2.2.3 ). Similarly, existing software for the
extraction of geometry is not suitable.

Texture synthesis is probably not suitable to the problem under consideration (see
§2.2.4).

An option must be built-in to store output in VRML format (see §2.3.1).



Chapter 3 Underlying algorithms

In essence the tool has been built in order to extract patches of surface texture from casual
photographs and apply them to regions of three-dimensional models which are occluded in
photogrammetric surveys of archaeological sites. In addition the geometry within the
occluded regions is estimated by using information from the casual photograph along with
some assumptions about surfaces in the region of the occlusion.

In order to achieve this it is necessary amongst other things to provide functionality to:
calibrate the casual photograph using data from parts of the three-dimensional model which
are not occluded; segment the casual photograph along discontinuities in surfaces; warp
patches of surface texture from their shape in the casual photograph to their shape in the
model; provide some means of estimating the geometry within the occlusions; and allow the
adjustment of patch texture data to match the surrounding photogrammetrically captured
texture better. Algorithms have been devised, adapted or implemented to satisfy these
functional requirements.

The tool built is based on the implementation of algorithms to address the problem as
described above along with supporting functionality such as the ability to read and write files
etc. This chapter describes the following algorithms upon which the tool is based:

1. casual photograph calibration - It is possible to use data based on corresponding
features between the geometry of a scene and a photograph thereof to calculate a set
of parameters. These parameters describe the camera and its location and orientation
within the coordinate system of the scene and can be used to calculate the position of
all features within the scene. The process of calculating such parameters is known as
camera calibration.

2. image filtering - The quality of casual photographs is expected to vary widely. It is
thus necessary to enhance the images using filters in order to improve in particular the
detection of boundaries.

3. boundary detection - Regions of casual photographs are used to provide texture
patches to occluded parts of the scene. Furthermore, the boundaries of these regions
will correspond to geometric model and scene features such as corners to which they
must be made to adhere. Accurate detection of boundaries is thus essential to
satisfactory functioning of the tool.

4. geometry calculation - Many occlusions include corners: both concave and convex,
and of two or more mostly flat surfaces. Using boundary information from casual
photographs along with assumptions about the surfaces within these boundaries
allows the estimation of the geometry within occluded regions. The two algorithms
used are planar rough-triangles (see §3.4) and minimisation of least squares error
(see §3.5). Two algorithms which on close inspection were found to be intrinsically
flawed are described in Appendix B .

5. texture adjustment - Image data from casual photographs is used to fill-in occluded
regions of the model. However, due to differences in lighting particularly due in the
case of archaeological sites to the position and presence of the sun, there are
differences in intensity, contrast and colour balance between images. It is thus
necessary to adjust the patches extracted from casual photographs so that they more
closely match the photogrammetrically captured images which comprise the bulk of
the model’s texture.
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This chapter describes a number of underlying algorithms which are largely unrelated outside
the context of the tool constructed and are thus treated independently. Implementation of the
above algorithms along with their integration into a tool is discussed separately in Chapter
Chapter 3.

3.1 Camera calibration

In order to project the boundaries of occlusions onto casual photographs the photographs must
be calibrated. As would be expected these projected occlusion boundaries form many of the
boundaries of patches extracted from casual photographs.

Camera calibration is defined here as the process of calculating parameters which describe
both a) the camera and b) its position within the coordinate system of the geometry
photographed. The calibration algorithm used is described as the pinhole camera model {27].

Essentially a pinhole camera (one with no radial distortion of the lens/s) can be described
mathematically using a matrix to relate the positions of objects in space to their representation
on the image plane (or a printed image — here the parameters include the effect of the image
printing process). This relationship can be expressed as follows’:

su f/p 0 0|l X u
sv|={ 0 f/p O}|Y |+|v, |Z (1)

where
the object is at (X, Y, Z),
s is a scale factor which can be eliminated from the equations
f is the focal length,
u, and v, define the point on the image plane through which the Z-axis passes (optical
centre)
p is the pixel dimension measured in units of the three-dimensional world containing
the scene and is used to normalise the image to units of pixel size
and the image of the object appears at pixel (u, v).

In the above formulation the origin of the X, Y and Z-axes are at the camera position. In order
to generalise the matrix which relates the photographic image to the geometry it is necessary
to include the position of the camera relative to a world coordinate system. This is achieved
by introducing the camera’s rotation relative to the axes (a 3-by-3 array) and its displacement
relative to the origin of these axes (a three-dimensional vector).

7 In the case where the optical centre is at the origin (i U, and V, are zero), the pixel width and heights are equal
to the unit distance in the three-dimensional coordinate system, the value of f substituted with & and §
substituted with Ad and the equation Aw = Z added as a row to introduce a third dimension to the left hand
side; this formula reduces to the simple perspective projection:
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Inclusion of the abovementioned modifies the calibration matrix to the form:

p'd
Su ontur, ot +ut, ¥
sv|=|e,n+vr o+, 7 )

where
O, = f / pixel width,
O, = f / pixel height,
¥, > and r3 are the row vectors of the camera rotation matrix

and (1,, Ly, t,) defines the displacement of the camera from the origin of the
geometric coordinate system.

For the purpose of the current exercise all that is required is the calibration matrix; in other
words we are not interested in separating out the camera position, focal length and so forth
but only in the calibration matrix as a whole (in order to project lines within the geometry
onto the casual photographs). Therefore we can treat the matrix simply as a set of
homogeneous parameters of the following form:

X
Su 9 iz Y13 Y y
SVI=i4qy 49n 93 49u z (3)
M 43 9un 9n 1 1

We thus have a matrix with eleven unknowns (g;; though g33). In order to solve for the set of
q parameters a system of 11 simultaneous equations is required. This can be achieved by
relating six geometry-to-photograph points (an equation in u and v per point). Actually, using
six points provides us with an over-constrained set of equations (12 equations with 11
unknowns) which may be solved using a pseudo inverse.

In summary this algorithm allows the calculation of the parameters relating the positions of
features in the three-dimensional scene to their corresponding locations in the image and
requires a minimum of six corresponding points to function. Furthermore, due to the nature of
a minimisation of least squares calculation the robustness of the results improves with an
increasing number of correspondences (as long as additional points have a similar magnitude
of error as the minimum set of six).

3.2  Filtering algorithms

Filtering of the image data captured from casual photographs was expected to be necessary
because of the likely presence of noise in such data (for example scratches and edges of
shadows which could be the source of spurious edges). Furthermore, features of fine-grained
texture such as cracks on and joins between stones (which none the less fall within an inter-
edge region) should be removed.

Filters used need to be both user adjustable (so that they can be tuned for image sets) and be
targeted at noise and fine-grained texture without removing image data necessary for locating
edges. Various filtering algorithms have been selected for inclusion in the tool as it was
expected that this would improve the detection of edges.
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The image filtering techniques selected are:

Box filter. Each filtered pixel is simply the mean value of a set of pixels at and near
to that locality, the exact set size being selected by the user (degree or scale of the
filter). The effect of this conceptually simple filter is to “blur” the image and thus
remove fine-grained noise and texture (ie. high spatial frequencies).

Gaussian smoothing. It is well established that convolution of the image with a
Gaussian mask will remove small-scale texture and noise as effectively as possible
for a given spatial extent in the image. Gaussian smoothing is a special kind low pass
filter, similar to the box filter described above except that output pixel values are
calculated from local input pixel values according to a weighting factor. These
weights can be represented as a “bell-shaped' hump or Gaussian curve with the peak
localised at the position of the output pixel. In 2-D, an isotropic (i.e. circularly
symmetric) Gaussian has the form:
22y’

G(x,y)=e 2%

where x and y define the position of the source pixels relative to the output pixel and

o is the degree of the filter, that is a large value of ¢ results in larger scale
smoothing.

Difference of Gaussian. In the field of computer and biological vision there is
considerable evidence to support the theory that edges of objects can be made more
prominent by the application of a so-called difference of Gaussian filter (Adelson and
Burt 83). Like the filters described above output pixel values are calculated as a
weighted sum of input pixels. The weighting function in this case is the difference
between a pair of Gaussian curves with differing ¢ value. The difference of Gaussian
function has a ‘“Mexican hat” shape. This filter sharpens and image by subtracting a
fraction of nearby pixel values (conceptually the blurred bit) from the input pixel at
that location. The degree (or scale) of the filter and the ratio of degrees or the pair of
Gaussian curves as adjustable in order to allow optimisation for differing image sets.

The spatial scale of all filters is user adjustable as is the so-called sigma-ratio of the difference
of Gaussian filter (default value of 1.6 which approximates a Laplacian of a Gaussian).

3.3  Boundary detection

Occluded regions of a three-dimensional scene will typically be made up of separate surfaces,
for example a hidden corner would be make up of two (or three) principal surfaces. These
surfaces will appear in a casual photograph as regions. In order to apply surface texture from
a region in a casual photograph to a surface in a three-dimensional model (and for use in
calculating hidden geometry) it is necessary to detect the boundaries of such regions in the
casual photograph. Furthermore, the detection of boundaries should be based on user supplied
seed points, which correspond to the significant features in the scene.

The boundary detection functionality implemented is based on the algorithm of Mortensen
and Barrett 95 [52] known as Live-Wire. Live-Wire is a variation of the active contour (also
known as snakes) methods of boundary detection.



i
§
|
i
1
4
i

3.3 BOUNDARY DETECTION 21

This algorithm calculates a path starting at a seed point and ending at another. The route of
the path should be boundary-like (ie continuous, fairly smooth) and follow the boundary of
the region (ie localise on image intensity characteristics typical of an edge).

In order to achieve this a “cost” is calculated between each pixel (starting with the costs to
those pixels surrounding the start seed pixel). The sequence for calculating the costs-to of the
remaining pixels is determined by recursively executing the following steps:

1. the lowest cost-to pixel of all calculated pixels is then selected and the costs

‘ to its neighbours calculated
2. these neighbouring pixels are inserted to the list of calculated pixels in
accordance with their costs-to

In this way the costs from the start pixel to pixels in an expanding region localised around the
start pixel are calculated.

A subtlety of the technique is that the selection of lowest cost-to pixel (for recursive
calculation of the costs to its neighbour) is from the set of all pixels that have been reached so
far. This means that the calculation of pixels focuses in areas which have the lowest cost.
When the next pixel selected in this way for calculation is the end pixel then the lowest cost
path has been found. The search can be visualised much like an ink blot spreading out from
the start pixel along the lowest cost paths quickest and terminating once the end pixel is
reached.

The algorithm of Mortensen and Barratt 95 defines the cost of a path as the sum of the costs at
and between pixels (local costs - [(p,¢) ) and is comprised of the components: Laplacian Zero-
Crossing (fz) , Gradient Magnitude (f;) and Gradient Direction (fp) as follows:

pd)=w,f,(@+a,fpr(p.g)+@:f:(q) (1)

Laplacian Zero-Crossing. Convolution of the image with a Laplacian kernel
approximates to the second derivative of the image®. Zero-crossings, ie where
adjacent pixels have differently signed values of the Laplacian, correspond to points
which have the highest (or lowest) gradients. Points with high gradients fall near to or
on edges (Marr and Hildreth 80) and are thus allocated a low cost. As the zero-
crossings occur between pixels (with extremely rare exceptions) the low cost is
assigned only to the single pixel which has the Laplacian closest to zero. That is:

0 if I,(q)and I,(adjacent q) have different signsand I, (g) nearer to 0
1 all other situations

f: (q)={ )

where I;(q) is the Laplacian calculated at pixel q.

Gradient Magnitude. The Laplacian zero-crossing above, however, does not
differentiate between points of high and low gradient. The gradient magnitude is
derived from the magnitude of a gradient vector which has as x and y components the
partial derivatives of the pixel value in the x and y directions respectively. In order to
generate a low gradient magnitude cost at pixels where the gradient vector magnitude
is greatest the following transformation is performed. First the gradient vector

¥ use of the difference of Gaussian filter described previously in §filter with a sigma ratio of 1.6 is a close

approximation to a Laplacian.
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magnitude is normalised relative to the highest gradient vector magnitude in the entire
image, which ensures that only values between zero and one are produced and that
image contrast is factored out. Secondly the reciprocal value of the normalised
gradient vector magnitude is used as the gradient magnitude cost. That is:

G

fc=1"m

(3)

where the gradient G = /I +1 and

I, and I, are the partial derivatives of the image in the x and y directions respectively.

Gradient Direction. This cost is dependent on the lack of smoothness or straightness
and operates by assigning a high cost to sharp changes in edge direction. A gradient
vector, defined as the direction in which the gradient is highest, may be calculated as
the vector which has as x and y components the partial derivatives of the pixel values
in x and y directions respectively. A low gradient direction cost is assigned to the
edge between a pair of adjacent pixels where their gradient vectors are close to
perpendicular to the edge joining them. That is:

folpg)= —I%(COS[d,, (r.9)] +cofd, (p,q)r) (4)

where d,(p.q) = D(p)e L(p.q),
d,(p,q) = L(p.q)* D(q),
o, )={(q—p) if D(p)e(q—p)20
(p—q) if D(p)e(g-p)<0

and D(p) is the unit vector perpendicular to the gradient at p and (p-g) is the unit
vector * from g to p.

The Laplacian zero-crossing and gradient magnitude can be viewed as the external costs of
the boundary, attracting it into regions of low cost. The gradient direction is mostly an
internal cost which is kept low by keeping the edge straight and perpendicular to the gradient
of pixel intensity.

The abovementioned three cost components are combined as a weighted sum.

The lowest cost path is found recursively by selecting the pixel with the lowest cost-to
(starting at the start pixel) and calculating the costs to its adjacent pixels. These new pixels
and their costs-to are added to the list of calculated pixels from which the new lowest cost-to
pixel is then selected to start the next recursion. When the end pixel is selected for calculation
the lowest cost has been found.

® the original formulation as published in Mortensen and Barratt 95 did not mention that in the calculation of L(p,q)
that the vectors (g-p) and (p-g) linking adjacent pixels should be normalised; otherwise diagonal paths between
pixels (being /2 — 1longer) are unintentionally penalised by being given a higher cost.
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The Live-Wire approach was selected as the preferred method for finding boundaries because
it has the following characteristics particularly suited to the problem under consideration:

The start and end points can be selected and only the best path between them found.
This requirement excludes edge detection techniques which simply highlight all
“edgy” regions, for example Canny edge detection (Canny 86).

The approach is particularly appealing because it combines edge cost terms in a way
that allows the relative importance of each of the terms to be set by the user, namely
by using adjustable weighting factors. This is expected to be useful when finding
boundaries in images with a wide range of region and edge characteristics.

34 Draping image data over planar triangles

Initially it was believed reasonable that the problem under consideration could be simplified
by assuming that the three-dimensional regions to be filled-in from casual photographs are
made up of quasi-triangular planes'®. Triangles were selected because they are the only
polygons which are always planar. As will be shown in §5.2.3 this approach is not suitable in
all cases, particularly for highly curved surfaces; it does however provide an effective solution
for situations where the surfaces are near to planar.

This algorithm enables the calculation of the positions in three-dimensions of the edges of the
planar regions based on:
1. the shape of the rough edges of the corresponding image triangle and
2. the difference in the underlying shapes of the three-dimensional and image
triangles (as defined be the configuration of their vertices - see Figure 1)

f'\\/_\\ b

a) image rough triangle b) geometry rough triangle

Figure 1 showing the resulting rough triangle in b) which results from the rough image triangle in a) and the
relative positions of the triangle vertices in the image a) and the geometry b)

Effectively a planar surface is being generated in the three-dimensional model upon which to
warp the corresponding triangular image data.

The location of an edge point in three-dimensions can be calculated from the corresponding
edge-pixel in the image using a transformation based on the relationship between the

19 quasi-triangular because the edges of the triangles rather than being straight are deformed in accordance with
edges detected on casual photographs
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configurations of the underlying image- and three-dimensional triangles. At a high level this
transformation functions by calculating the position of each edge pixel relative to a new
coordinate system the axes corresponding to two edges of the underlying image triangle (the
(a,b) coordinate system). The location in three-dimensions is then calculated using the
location of the pixel in (a,b) coordinates but using the corresponding edges of the underlying
three-dimensional triangle as the a and b axes.

The transformation is derived by relating a) the position of each boundary pixel in two-
dimensions to the positions of the vertex pixels in two-dimensions, b) the assumption that
rough triangles are planar and c) the relative positions of the corresponding vertices in three-
dimenstons; it is possible to calculate the locations in three-dimensions of the pixel. The
algorithm is as follows (see Appendix for detailed derivation):

First calculate the position of the edge pixel in coordinate system (a, b) defined by two of the
edges of the triangle on the photograph as shown in Figure 2.

,C

boundary as detected

underlying triangle

Figure 2 showing the position of a boundary pixel P(x,y) in terms of the new coordinate system (a,b) based on the
edges of a triangle ABC. The origin of the (a.b) coordinate system lies at point A and the directions of the two axes
a and b lie in paraltlel with the edges AB and BC respectively of the underlying triangle

The pixel at x, y lies at the following position in the (4,b) coordinate system:

a= (x - x )/ (xc - x5) - (¥ - y)/ e - ¥p)

= 1

(- 50 G - 2) - O - 9070 - 79) M

b = (x - x4) _ (x5 - xA)((xB - xA)/(xc -xg) - (¥ -y (e - yB)) @
(x¢ - x5) (xe = x)((x - x ) (g = x5) - (3 - ¥y (e - ¥a))

Next the a and b coordinates for each pixel in two-dimensions can be transformed into three-
dimensions using the corresponding triangle edges in three-dimensions as shown in Figure 3.
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2. These calibration parameters thus extracted is used to calculate a pixel ray for each

pixel along the corner. The so-called extrinsic parameters of location and orientation
of the camera are used to calculate the origin (camera position) and direction
(dependent on pixel location in the image) of the pixel ray. By definition the pixel ray
is the line in three-dimensions on which the scene feature represented by a pixel must
fall.

The actual locations in three-dimensions of the points corresponding to corner pixels
in the image must lie at the intersection of a) the pixel ray and b) the pair of surfaces
adjacent to this corner (see Figure 6). The problem of finding the location of the edge
may thus be treated as an error minimisation, where the error is the sum of the
distances along each pixel ray between adjacent surfaces. The error is due to the fact
that the surfaces are smooth; being approximated using polynomials rather than
having the having the irregular shape of real surfaces. The parameters of the
polynomial for each surface are calculated using Newton iteration by minimising the
sum of least squared distance between the intersection of the pixel ray and the
adjacent surfaces.

| N

| calibration points

1 I
1 1
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Figure 5 showing the calibration points located in the corners of the quadrilateral grid made up of the two
quadrilaterals adjacent to the occluded corner. The occlusion boundary is shown as a dashed line.
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surface B

]

7/
amera position

Figure 6 showing the intersection of pixel ray originating at the camera position and adjacent surfaces. The
distance between the points of intersection with each of the surfaces is A®.

PRV
d
S
PV
o EV
P3p
PRO
~

Figure 7 showing a pixel ray intersecting with the cubic surface at distance w. Also shown are the edge vector
(EV), the surface parallel vector (SPV) and the surface normal vector (SNV).

The location of surface in three-dimensions of the point corresponding to each pixel in the
image is calculated according to the following system of equations, the derivation of which
may be found in Appendix B . The formulation is intentionally kept in polynomial form,
mostly because this allows us to the flexibility to change the equation representing the surface
curvature (from cubic to quadratic for example). It also separates out those terms which are
pre-calculated (per edge and per pixel) from those which change with every iteration.
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The location of P, , the point on the surface in three-dimensions corresponding to an image
pixel is (see Figure 7)

Disp = PRO+ @ PRV (1)
where
PRO is the pixel ray origin, that is the camera position

PRYV is the pixel ray vector, a unit vector originating at the camera position in
the direction of the feature corresponding to the pixel and

@ is the distance along the pixel ray vector to the surface.

The intersection of the pixel ray and polynomial surface (see Figure 7) occurs at a distance @
from the pixel ray origin along the pixel ray vector, that is from the camera position, where

( edge (d) + Purface (d) edge (d)xz) ( edge (d) + Psu{face (d) ea‘ge (d)xy )d
P R V P parallel vector (d) + P RV parallel vector (d) y

)

The polynomial to solve for d is

;xei (d) + P, surface (d) pixel (d) 0 (3)

which is of degree five; or two more than the degree of the surface approximating polynomial
(d) because the degree of both the P_, ,(d) polynomials is two (as is shown below).

sur:face pixel

P (d ) are all polynomials in d and are calculated as follows:

edge (d) pamllel (d) pamfle! (d) (4)
where
Ppamfe‘el (d)z = (CPV;} + va;d)(xedge start + xedge vecmrd - xpixei ray on’gin) (5)
and
P parallel (d) ¥ = (Cp Vg + Cp Vld)(y edge start + Y edge vec:ord -y pixel ray origin) (6)
edge (d)xz = parailei (d ) xz para!lel (d)xy s (7)
where
P, (d),, = (Csn) + Csn d)(Cpv) + Cpv,d), 8)
and

P e (d),, = (Csn;} + Csn;d)(vaf + vaid) , 9
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The coefficients CpV,':, yorz and C Sn;"yor . describe the surface of the underlying

quadrilateral in terms of its parallel vector (pv) and surface normal (sn) respectively. The
value of n represents the power of the d term of the polynomial to which the coefficient

0
applies. Thus Cpv® applies to the constant (e d” ) term and Cpv° applies to the d term.

va° is the vector from the start of one edge to the start of the edge on the opposite side of
the quadrilateral, that is the vector which corresponds to the top edge; and va1 is the vector

across the bottom of the quadrilateral less the one across the top. Thus the sum of vao

and Cpv'd where d is equal to 1.0 (the bottom end of the edge) is the bottom edge vector.

Similarly Csnocorresponds to the vector perpendicular to both the edge vector and the
surface parallel vector and is calculated using the cross product of these vectors. Csn'has a

value so that the sum of Csn® and Csn'd is the surface normal vector at the bottom of the
edge.

(d)=a(d’—d)+bd* -d) (10)

surface

is the polynomial describing the surface where @ and b are the coeffients which define the
cubic curve passing through the start- and end-points of the edge.

PRV _ and PR Vy are the x and y components respectively of the normalised pixel ray

vector as calculated previously.

The polynomials Ppgranei(d), which encapsulate the surface orientation of the underlying
quadrilateral are calculated as follows:

parallel (d) = (va + vald) (11)
and
Pparallel (d)y = (vag + va)l)d) (12)

The polynomials Ppixel( d) , which are pixel location dependent, are calculated as follows:

P..(d)=PRV}P,, () .+ PRV,PRV,P, (d) +PRV,PRV,P) (d),
(13)
where
edge (d) x2 = parallel (d) parallel (d)y z? (14)

parallel (d) y? = (Csn + Csnld)(vay + vayd) >

1
parallel (d) y2z - (va + va d)(zedge start + zedge vecturd - Zpixelray origin) >
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edge (d)xy = parallel (d) 72 - parallel (d) yio (15)
pamlfei (d) 2 (Cp V + Cp vld)( edge start + ‘xedge vectord -X pixel rayorigin) »

P parallel (d) ¥ = (va x + va xd)(zedgestan + zedge vectord - Zpixe! ray ongm)

edge (d) xz = parallel (d) parallel (d) y: (16)
pamllel (d)z = (vay + va:d)(x d - xpixel ray origin ) ’
P;Jaraﬂe! (d) y = (Cp V)? + Cp lecd)( Y edge start + Y edge vectord =Y pixel ray origin ) 4

+ X

edge start edge vector

and
P,.(d)= PRV}P, (d) .+ PRV PRV P, (d),+ PRV,PRV,P, (d),
(17)
edge (d) x2 = Pparallel (d)xyzz - Pparaliei (d)xyzz s (18)
Prsrana(d) » = (Csny + Csn,d)(Cpv; + Cpv,d)
Ppmae;(d)xyzz =(Csn, + Csnz‘d)(vag + va;d)
edge (d) pamllel (d) xz? - Pparallel (d)xyZ s (19)
P (d) 2 = (Csn? + Csnld)(Cpv? + Cpv)d),
Proraia(d) 2 = (Csn? + Csnld)(Cpv) + Cpv,d)
edge (d) o pamllel (d) paral!el (d)xy s (20)

P,y (d),, = (Csn} + Csn,d)(Cpv| + Cpv d),
P, i(d),, = (Csn) + Csn d)(Cpv, + Cpv.d).

The coefficients CPV;:, yorz and C sn;’, yorz and the formula for P surface (d ) have been
explained in the discussion of the formula for (U above.

3.5.1 Relative influence of boundaries

The shape of each surface is calculated by minimising the sum of least squared errors of the
points lying along their connections with adjacent surfaces (these connections corresponding
to the inter-segment boundaries in the casual photograph). There are, however, two very
different types of connections: those lying within the occluded region and those on the
boundary of this region. The difference between them being that in the latter case the true

position is known from photogrammetric survey whereas in the former only the position of
the end-points is known.
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It would thus seem reasonable that the calculation of a surface which has a within connection
(ie location unknown) at one end and an occlusion boundary (ie location known) at the other
should assign greater significance to errors at the known end. Conceptually this is like making
the bond between the surface being calculated and known geometry stronger the bond with an
unknown surface. It is thus possible for the user of the tool to adjust the relative stickiness of
known boundaries.

3.5.2 Closing the gaps between curved surface segments

As in the case of planar triangle segmentation described in §4.8, gaps occur between adjacent
surfaces. The errors (distance between the intersection of the pixel ray and the adjacent
surfaces) are, however, much smaller than in the case of the planar triangle because the
surface has been allowed to deform precisely in order to minimise these gaps (or at least the
sum of their squares).

In a fashion similar to that used for planar triangles the gap has been closed by calculating a
single point from the coordinates of the two calculated positions of the image pixel (that is
due to its location on each surface). However, rather than simply being the mid-point the
location is calculated as a weighted average of the two locations; the weights being inversely
proportional to the widths of the surface in question. Thus if the surface was narrow it would
be distorted by a relatively small amount in closing the gap.

It is recognised, as was the case when closing gaps between planar rough-triangles, that this
mechanism for calculating a new location as an average of the locations on adjacent segments
is inexact. However, in this case the fact that surfaces are not planar but have been allowed to
deform implies firstly that the gap being closed is small; and secondly that as this deformation
is to a nearly correct location that any error generated is small.

3.6 Texture adjustment

Due to differences in lighting conditions between casual photographs and
photogrammetrically captured images it is necessary to adjust casual photographs in order that
they match the rest of the model better (particularly along the edges of patches). Typically it
is necessary to adjust intensity, contrast, colour saturation and colour balance. Algorithms
have been utilised for this purpose based on adjusting the values of each pixel as follows:

Intensity - the intensity of each pixel is adjusted by separately increasing (or
decreasing) the red, green and blue (RGB) sub-values by an equivalent proportion of
their initial values. For example a pixel with initial RGB values of 32, 64 and 128 will
after an intensity increase of 50% have RGB values of 48, 96 and 192.

Contrast - a grey-scale value is calculated for each pixel along with an average value
for the entire image. The RGB sub-values are then adjusted so as to increase (or
decrease) the difference between the grey-scale value of that pixel and the average by
the same proportion for all pixels.

Colour saturation - once again a grey-scale value of each pixel is calculated.
Adjustment is achieved by changing the difference in value between each RGB
component and the grey-scale value (effectively the average of the three RGB sub-
values) of that pixel.

Colour balance - each of the RGB sub-values per pixel are adjusted independently
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3.7  Geometry calculation algorithms which proved deficient

During the course of designing and implementing the tool various algorithms for calculating
geometry in occluded regions were devised and found to be flawed or incomplete for a variety
of reasons. Descriptions of the most pertinent of these techniques are included in order to alert
researchers as to the weaknesses in the approaches and as additional motivation for the paths
chosen. All the techniques relate to the single most difficult aspect of this project, namely the
calculation of the shape in three-dimensions of the segments making up occluded regions. The

techniques which were considered (and in some cases implemented) but found to be flawed
are:

Segmenting the occluded region into planar rough-triangles'. The complexity of the tool can
be reduced by assuming that the triangle-based segments that make up the occluded area are
planar. This assumption obviates the need to estimate the bi-cubic surface geometry, a
significant aspect of the task at hand. The location of each plane in three-dimensions can be
calculated simply from the locations of the user entered vertices. Then the assumption that the
segment is planar permits a fairly simple calculation of the three-dimensional location of each
pixel along the edges of the segment. A more detailed description of the approach has been
provided in §3.4.

The weakness of this approach was found to be the fact that gaps appeared between segments
whenever the segments were non-planar (practically always). Each boundary on the casual
photograph is an edge of a pair of adjacent segments; the calculated position of the same pixel
along the boundary of one of the segments will differ from that calculated for the other
segment (due to the different orientation of the underlying plane). This difference in
calculated position for the same source pixel results in gaps or overlaps between adjacent
segments in the three-dimensional view (see Figure 22 on p52).

It is possible to close these gaps by re-calculating a single position for each edge pixel based
on the two positions as calculated using the assumption of planar segments, for example the
mid-point or the two positions. This gives visually acceptable results (that is no gaps) but
places the edge at an arbitrary “depth”; although the location of the pixel in three-dimensions
must lie on the line passing through the two planar calculated positions, it could be anywhere
on this line (we are assuming that it lies at the mid-point between the two planes).

Reverse parallax. This approach develops on the planar-rough-triangles technique described
above. Briefly, it exploits the fact that four different three-dimensional positions can be
calculated for each image pixel (based on four different underlying planar triangles — two
triangles can be generated for both of the quadrilaterals adjacent to an edge by using a
different diagonal to make-up the triangle). The correct position in three-dimensions is at the
intersection of the two lines which correspond to a pair of planar calculated points each. A
more detailed description of the approach is included in Appendix B .

Briefly, the weakness of this approach was found to be that it is based on mutually exclusive
assumptions, namely that the rough-triangles are planar (to generate the four source points)
and that they are not (so that the points don’t always coincide).

12 The segments are said to be triangle-based because each corresponds to a set of three vertices as entered by the
user. The edges between these vertices, however, are not straight as would be the case in a regular triangle but
are the “rough” boundaries as detected in the casual photograph.
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Transformation of the coordinate system. In order to provide an explicit linear set of
equations defining the locations of the edge points which could be solved relatively easily, a
simplifying transformation of the coordinate system was considered. Essentially the three-
dimensional positions of all points lying on edges and the pixel-ray (the line in three-
dimensions along which the point must lie) are transformed into a two-dimensional coordinate
system relative to the underlying orientation of the edge and adjacent sides. A set of
simultaneous linear equations, having the distance along the pixel-ray from the viewer of each
point as the unknown, is generated and solved. A more detailed description of the approach is
included in Appendix B .

As described more fully in Appendix B (Transformation of coordinate system) it became
clear that the reduction in dimension upon which this technique is based assumes that the
edges are in the same orientation as the image plane. That is the entire edge is at the same
depth in the image, which is patently false.



Chapter 4 Design of occlusion-filling tool and example of its use

This chapter describes the design and of the tool built together with an example of its use; it is
introduced with a description of the requirements to be met, the design criteria applied and
followed a detailed decomposition of the functionality provided.

As previously described the problem being addressed is the filling-in of three-dimensional
models of archaeological sites where data is missing due to occlusions in the images captured
in photogrammetric surveys. Such occlusion is always present to some degree depending on
the complexity of site topography (more complexity implies more occlusion) and the number
of photogrammetric images captured (more images from different, well selected positions
results in less occlusion). The data to be used for filling-in must be extracted from so-called
casual photographs of the site.

4.1 Requirements and Design Criteria

In order to address this problem adequately the tool should satisfy the following requirements:

a) Provide results that are accurate in terms of geometry and texture. As discussed
previously the use of three-dimensional models for scientific research and
teaching requires a high level of accuracy.

b) Be efficient and practical to use. The primary motivation for the creation of such
a tool is to eliminate the cost of a more complete photogrammetric survey of the
site. The use of this tool must be materially cheaper than carrying out a more
comprehensive photogrammetric survey; particularly as the tool’s output will be
inherently less accurate than that of photogrammetry.

¢) Make the grearest use of information available, namely photogrammetrically
captured geometry and texture along with casual photographs and the least use of
assumptions about the site. Compared with architectural model building, for
example, where assumptions of rectilinearity and of planar surfaces may be made
with justification, the geometry of archaeological sites is seldom regular.

d) Be generally applicable within the domain of archaeology. The tool should not be
limited to particular types of archaeological sites (or site), particular
photogrammetric technologies or types of casual photographs.

e} Deal well with the sorts of problems due to occlusions. Occluded regions are
typically due to site features such as niches and the projection of columns and
walls onto other parts of the site. They are thus expected to have irregular
boundaries, include edges and corners and have fairly balanced extent in all
directions. For example, the simpler problem of filling-in the long and narrow
regions due to scratches on images is not addressed here.

f) Usable by all members of the archaeological modelling community, namely
photogrammetrists and archaeologists, who are currently able to use existing tools
for creating geometry from sets of images.

g) Usable on a wide range of computer platforms. The tool should not be limited to
a single or specialist group of computer platforms. A description of and
motivation for the computer platform which satisfies this requirement is included
in §4.4.

In addition to the requirements, a list of criteria to be taken into account during the design
process was specified. The difference between requirements and design criteria being that:
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requirements must be satisfied; whilst design criteria simply inform decisions made during
design. The following criteria were placed on the design:

a) The tool should be complete, that is should carry out all the steps in the process
which transforms digital image and geometry into a virtual reality model.

b) Use existing and widely accepted standards, technology, terminology in order to
make the tool available to a broad range of users and applicable to most
geometric and image data sources.

¢) Wherever available use reasonably mature technologies, that is technologies
which have previously been applied effectively by researchers other than the
originators. The primary purpose of this project is to provide a tool based on the
combination of existing technologies and not to test emerging techniques. It was
thought prudent to use technologies which had at least been implemented
successfully by disinterested third parties

d) The eventual usability of the tool should be considered and general usability
based principles such as affordances, feedback, user interface standards etc
applied.

e) The tool should be general in the sense that it should not be restricted to a specific
site or set of casual images.

f) Implementable in about six man-months. Due to the fact that this work is being
done as part of an MSc by coursework and dissertation the tool had to be
implementable reasonably quickly. This emphasises the need to use mature
technologies.

4.2  Functionality

In essence the tool built estimates geometry from casual photographs supplemented by known
geometry in the photographed scene; and provides texture extracted from the casual to be
draped over the geometry generated. Correspondences between features in the photograph on
the one hand and known geometry on the other are used to generate information to
supplement that obtained using photogrammetric techniques. The information gathered is
used to fill in those parts of a virtual reality model of the site which cannot cost effectively be
captured by traditional means.

At a very high-level the functions of the tool may be divided into the following steps (see
Figure 8 for process flow diagram):

1. Load the input data (that is the known geometry and casual image data),

2. Calibrate' the casual photograph,

3. Segment those parts of the casual photograph which correspond to occlusions in
accordance with their internal features (such as edges and corners),

Compute the geometry within the occlusions,

Drape casual photograph based texture data over the geometry thus calculated

View and adjust the casual photograph texture data to match surrounding texture data
and

7. Save the results

ek

13 Calibration is defined as the calculation of parameters which describe the camera and its position in the scene.
These parameters can then be used to relate the positions of features in the scene to their representation in an
image captured by the camera.(See §3.1)
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Load known geometry and casual photograph

o
-

h 4
Calibrate the casual photograph and
project the occlusion boundary thereon

¥

Segment the areas of the casual photograph
which lie within the occlusion boundary

Detect boundaries which roughly correspond to__l
the segmentation of the casual photograph

Compute geometry of the occluded regions —J

v

Drape casual photograph texture data over
computer geometry

2 —J
view and adjust the casual photograph texture data {

v

Save computed geometry and texture data

Figure 8. Process flow diagram showing the use of the tool implemented at a high level.

At a more detailed level the abovementioned functionality is provided as follows:

1.

Load the input data. Facility to load and view both the casual photograph held in
either a lossless image file format (TIFF, GIF & PNG) or lossy file format (JPG) and
the three-dimensional geometry from a CAD data file (AutoCAD .DXF). The
availability of this broad range of widely used (and de facto standard) formats renders
the tool useful to a large community of users (arguably all) in photogrammetry and
archaeological modelling.

Calibrate the casual photograph using the classical pinhole camera model using at

least six user-selected correspondences between scene and photograph. The

exploitation of calibration of the casual images is an important and novel feature of
the tool implemented because it leverages the fact that casual photographs will

include many features which have been accurately surveyed. The inclusion of a

calibration function allows the extraction of geometric information from the vast

majority of casual photographs; excluded is the use of photographs taken using a

short focal length due to radial lens distortion. A detailed description of the

calibration technique implemented is included in section §3.1.

Segment the casual photograph to provide the building blocks from which the

geometry is calculated and corresponding patches of surface texture extracted (see

Figure 12 in §4.3.4 ). This functionality is comprised of the following:

a) The calibration parameters extracted above are used to project the boundaries
of the occluded area (in the geometry) onto the casual photograph. This
boundary forms the point of integration between the photogrammetrically
gathered texture and geometry and that obtained from the casual photograph.
The concept of projecting the boundaries of occlusions onto images as a
means of segmentation of the image and providing the boundary for
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integration of texture types (casual photograph with photogrammetric) is a
novel aspect of this work.

b) Allow the user to indicate corresponding points (seed points) on the casual
photograph and the three-dimensional geometry. The seed points are typically
positioned at the ends of discontinuities in the surfaces (usually corners). The
line segments between seed-points are the user’s approximation of the
location of significant discontinuities in the geometry (typically corners
where planes intersect). The sequence in which the seed points are selected is
used further to generate a grid (of triangles or quadrilaterals which are made
visible to the wuser). This grid segments the area being filled into
approximately planar regions.

¢) A suite of user selectable/combinable filters to remove, in particular, noise
from the photographic image in order to improve the edge detection phase.
The primary motive for providing these filters is to allow the use of a broad
range of casual photograph image qualities. These images may include
scratches, the edges of shadows and fine-scale texture which should be
removed in order to improve the boundary detection phase. Furthermore, the
filters need to be user adjustable to allow them to be specifically tuned to
different image sets. The filters provided are the well-known low bandpass,
Gaussian, difference of Gaussian and their implementation is described more
fully in §3.2.

d) A user adjustable boundary detector to find the actual paths of discontinuities
between seed points. The algorithm implemented is based on the so-called
active contour or snake model; here the boundary is found by minimising
external energies (such as image intensity gradient) and internal energies
(such as curvature). The algorithm was selected because it permits the user to
adjust the relative importance of the energy terms (which in turn makes it
usable for a wide variety of site and casual photograph types) and it allows
the user to set boundary start and end points. A detailed description of the
boundary detection technique implemented is included in §3.3.

4, Compute the geometry. The three-dimensional shapes of the approximately planar
segments of the occluded geometry are calculated. Briefly, this function is achieved
by performing a least squares error fit for the three-dimensional location of each edge
pixel under the constraints of i) the surfaces being approximately bi-cubic and ii) the
location in the scene of the said pixel lying on a three-dimensional line (pixel-ray)
consistent with its position on the casual photograph. This functionality (which
approximates the shape of surfaces adjacent to each edge by minimising the sum of
least squared differences between the intersection of each pixel-ray which makes up
an edge and the pair of surfaces adjacent to that edge) is another entirely novel aspect
of this project. The algorithm implemented makes the greatest use of information
available (namely surrounding geometry, edge shape in the casual photograph and
user segmentation of the image) and the least use of assumptions (the surface is
assumed to be bi-cubic, which is in itself not a very constraining). Furthermore, being
designed for regions which include edges and corners it addresses the sorts of
problems typical in occlusions. A more detailed description of the geometry
calculating technique implemented is included in section §4.3.7 .

5. Drape texture data. Functionality to drape the image data for each region (as
delimited by edges detected on the photograph) onto its corresponding patch of bi-
cubic geometry as calculated above. This function is designed to use the underlying
three-dimensional modelling facilities provided by the programming language.

6. View and save results
a) A facility to view the resulting image data draped over the geometry (in 3D

from user selected positions and distances) in order to make a subjective
judgement as to the realness/accuracy of the result,
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repeat

for values of coefficient near the current value
for each edge € edges around an within an occlusion

for each pixel € pixels along an edge

repeat
calculate d as root of polynomial in d

until change in d is sufficiently small

calculate @
calculate X least mean square (A® per pixel)

calculate error at coefficient value = 2. (2 least mean square (A per pixel))

calculate change in error per change in coefficient value
calculate new coefficient values

until convergence is complete (difference coefficient value between iterations is sufficiently
small)

Figure 23 High-level structure of least mean squares geometry estimation implementation

The algorithm implemented is iterative with the least mean squares error (LMS} being
calculated with each iteration. A solution is deemed to have been found when the percentage
difference between the LMS of successive iterations is less than a user-definable value, that is
a solution is found when the difference between iterations is sufficiently small.

The aggregate LMS is a weighted sum of the LMS per edge. The relative weighting of known
edges (ie edges along the occlusion boundary where the actual geometry is known) can be set
by the user. This makes it possible to make estimated surfaces adhere more closely to known
edges that occluded edges can be visualised as a “known edge stickiness factor”.

The initial values of the surface polynomial coefficients are set so as to result in planar
surfaces. Conveniently the corresponds to surface polynomial coefficient values of zero

The I.MS per edge is the sum of the squares of the distance between where a pixel ray
intersects adjacent surfaces for each pixel along the boundary between the corresponding
surfaces in the casual photograph. The shape of the surfaces and thus the distances between
them along each pixel ray is determined by the coefficients of the surface polynomial. The
degree of the surface polynomial (that is quadratic or cubic) can be set by the user.
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New surface coefficient values are calculated for each coefficient with each iteration as
follows:
1. the LMS are calculated for a slightly higher and slightly lower value of the current
coefficient while keeping all other coefficients unchanged in order to obtain
numerically the partial derivative of the coefficient relative to the LMS -

d polynomial Coeﬁde% 11z - that is the rate of change of coefficient with change in

LMS.
2. This value along with the absolute LMS for the current value of the coefficient is
used to calculate a new value of the coefficient as follows:

polynomial coefficient,,, = polynomial coefficient ,, + a{& polynomial coefficient

new

s

(M

where «is a user adjustable stabilisation factor to prevent the new coefficient value
overshooting the minimum LMS value. This is particularly important because each coefficient
for both adjacent surfaces in being adjusted independently.

4.9.1 Calculation of d and @

As is described in § 3.5, finding the location of the intersection of a pixel ray with a surface
requires the solution of a polynomial in d (the proportion of the total distance down the edge
of the pixel-ray / surface intersection).

The value of d is calculated using Newton lteration (similarly to the values of the surface
polynomial coefficients). The Newton Iteration is stabilised by setting a factor (between 0.0
and 1.0) which is applied to the A calculated at each step.

4,10 Formats for data input and output

Support for a range of data file formats, for both the input of raw image and geometry data
and the storage of results, has been provided.

4.10.1 Input data

Data required for this task consists of casual photographs stored in digital form; and site
geometry stored as AutoCAD files.

A large range of image formats has been provided (simply for convenience as facilities to
convert between the different standards are widely available). In order to preserve the
accuracy of the images it is suggested that the lossless image formats are used. Facilities have
been implemented (using the Java Advanced Imaging API) to read in casual photographs held
in the following range of formats:

Tagged Image Format file (.TIFF) - lossless

CompuServe Graphics Interchange Format (.GIF)- lossless
Joint Photographic Experts Group (.JPG) - lossy
Microsoft Windows bitmap image file (BMP) - lossless
Portable Network Graphics (.PNG)- lossless

Geometry is read using a facility created to interpret the widely used AutoCAD Drawing
Exchange File (. DXF) format.
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Geometry is read using a facility created to interpret the widely used AutoCAD Drawing
Exchange File (.DXF) format.

4.10.2 Output data

The tool generates output data in various forms, namely image, three-dimensional geometry
and virtual reality model data.

Rendered image data of the three-dimensional scene (analogous to a photo) is output to
provide evidence of the efficacy to the tool and support the documentation of a modelling
project and is available in the GIF and JPG formats above.

Virtual reality output data is stored in the widely accepted Virtual Reality Modelling
Language format (VRML - formerly Virtual Reality Mark-up Language). Data in VRML
format lends itself to editing and, in particular, combination with other VRML files. This
would be useful when combining the output geometry and texture data from this tool with
incomplete models based on photogrammetry.



Chapter 5 Evaluation

The aim of this research project is to build a tool which can be used to extract geometric and
more importantly texture data from casual photographs for inclusion in virtual reality models
of archaeological sites. The tool should satisfy the following functional requirements
(summarised from §4.1)

a) Provide results which are accurate in terms of geometry and texture.

b) Be efficient and practical to use.

¢) Deal well with the sorts of problems due to occlusions.

The satisfaction of the remaining requirements such as the ability to use various image
formats or platform independence are discussed in §Chapter 1. Evaluation takes place on two
levels:

1. direct evaluation of constituent technologies which make up the tool (see §5.2
Evaluation of constituent technologies). Constituent technologies are
evaluated individually because this indicates their usefulness and contribution
to the tool and the types of scenaria (combination of casual photograph and
occlusion geometry) to which they are best applied. The constituent
technologies evaluated are filters and boundary detection (§5.2.1 ),
calibration (§5.2.2 ), geometry calculation (§5.2.3 ) and texture adjustment
(85.24).

2. evaluation of the integrated tool as a unit (see §5.3 Evaluation of the tool).
The evaluation of the tool concentrates on its completeness when being
applied to a range of likely occlusion configurations and casual photograph
types rather than upon the relative capabilities of sub-components.

Quantification of the benefits accruing from the tools implemented is very difficult for the

following reasons:

o The proportion of each site which is occluded from photogrammetric survey is dependent
on its topology (across a wide range of scales), the number of image pairs captured and the
positioning of the cameras. It is not possible in any useful way to generalise about the
amount of occlusion in the case of archaeological sites; but it suffices to say that with the
theoretical exception of very simple polyhedron based sites (or those with an infinite
number of survey images) that some occlusion will exist.

o It is difficult to quantify the link between completeness of a model and its level of
“reality”, immersiveness etc. Clearly a model with missing bits is less able to provide a
sense of reality.

Although quantification of the benefits is not possible it is reasonable to assert that on a
qualitative level that the filling of occlusions (which are inevitably present) makes the model
more complete and thus more useful.

Therefore, the approach of this evaluation is to compare the results of using this tool with
models captured entirely using photogrammetric techniques, that is, we use the results
captured using photogrammetric modelling as the correct or datum model with which we
compare the tool generated output. This is achieved by artificially “occluding” non-occluded
parts of a three-dimensional model; filling the “occluded” region using the tool; and then
comparing the resulting three-dimensional model with the non-occluded version. The only
way to obtain a model which is precisely the same as a complete photogrammetric model
except that it has some occlusion is to artificially create an occlusion on the complete model
by blanking some of the surface out.

































































































































6.2 RECOMMENDATIONS FOR FURTHER WORK 99

The tool could be enhanced by adding facilities to match corresponding linear features (such
as cracks) on the casual photograph with those in the visual geometry and then use these
matched features as the boundary of the occlusion for clipping purposes.

Implementing such functionality is thought to be beyond the scope of this project because:
the anthors wanted to concentrate on the more typical non-planar features,
images which only include features which are co-planar are likely to be rare,

the techniques which underlie such functionality are varied, complex and are an
entirely different means of finding correspondences between image and geometry (cf.
occlusion boundary projection which is the basis of integration of occluded and
photogrammetric in this work),

most importantly considering the low frequency with which such images are likely to
be encountered, require relatively extensive effort to implement and

manual matching of features is available as an option to address these cases.

The texture adjuster could be improved by implementing an algorithm which functions by
matching the edge textures while applying as little as possible adjustment to the centre of a
patch. This task has not been tackled as part of the current project because it is fairly isolated
in terms of both its integration with the rest of the tool (feasibly one could be found or built
and plugged-in) and in terms of its underlying algorithms.
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Appendix A Planar triangle formula derivation

This appendix provides the derivation of the transformation for calculating the three-
dimensional position for each edge pixel. The transformation functions by calculating the
position of a pixel relative to a new coordinate system based on axes corresponding to two
edges of the underlying image triangle (the (a,b) coordinate system). The location in three-
dimensions is then calculated using the location of the pixel in (a,b) coordinates but using the
corresponding edges of the underlying three-dimensional triangle as the ¢ and b axes.

First calculate the position of the edge pixel in coordinate system (a, b) defined by two of the
edges of the triangle on the photograph as shown in Figure 2.

C

P(X,X) v}

/b

underlying triangle

Figure 67 showing the position of a boundary pixel P(x,y} in terms of the new coordinate system (a,b) based on the
edges of a triangle ABC. The origin of the (a.b) coordinate system lies at point A and the directions of the two axes
a and b lie in parallel with the edges AB and BC respectively of the underlying triangle

The pixel at x, y lies at the following position:
P(x,y)=A+aV,, +bV, (1)

where
V .5 is the vector from point A to B.

Vyc is the vector from point A to B.
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If we express A, V,, and V. in terms of their (x,y) coordinates:

A=(x,4)s

Vis = (%5 —x4,75 —y,) and

Vae = (X =~ %5, ¥c = ¥3)

Substituting these into (1) yields

P(x,y)= (x4, ¥, )+ (x5 = %4, Y5 = ¥4 ) +b(xc = %5, ¥c — ¥5)
or with x and y coordinates separated:

x=x, +a(xy —x,)+b(xc—x,)

Y= Y4 +a(y3 "yA)‘l'b()’c - )’3)

Isolating b in both of these equations and equating the result gives

- ((x—xA)—a(xB —xA))

2)
(xc —x5)
,(O=2)-a(s -7,))
(}’c - )’B)
Equating these and isolating a gives
_ - x ) O - x) - 6 - ) O - Ya) 3)
(x5 = x ) (g = x5) =~ g = ¥/ O = ¥p)
Substituting his into (2) gives
b = (x - x,) _ (xp - xA)((xB - x ) (X - xp) - (¥g - ¥ (¢ - J’B)) )

(xc - )CB) (xc - xg)( (x - .’CA)/(.XC - xa) - (y - ya)[(yc - yB))



Appendix B Corner location equation derivation

In order to calculate the location of the intersection of a pixel ray (a three-dimensional vector
corresponding to an image pixel which is calculated using camera calibration parameters) and
a smooth surface defined by a polynomial, the following must be done:

calculate the pixel ray origin and direction

calculate the surface normal and parallel vectors for that edge (these are used as the axes for
the surface displacement due to the polynomial)

calculate the surface displacement due to the polynomial near that edge

calculation of the intersection of the polynomial surface by each pixel ray

Furthermore the equations must be rendered in a form amenable to efficient calculation, for
example, constant and variable terms need to be separated out.

1. Calculating the pixel ray origin and direction

The first step is to calculate the pixel ray origin for the image and then the pixel ray direction
vector for each pixel.

The general calibration matrix in homogenous coordinates for a pinhole camera (see
Equationf 3 on p19) is as follows:

X
Su dn 912 913 Y9 y

SV Ii=idy 9y Gn dy 7 1)

s Gy 49 9 1 1

where
the object is at (X, Y, Z) in the three-dimensional scene,
s 18 a scale factor,

the values g, comprise the calibration matrix é
and the image of the object appears at pixel (u, v).

We reduce the matrix @ in (1) to one which is square as follows:

SU~ 4y dn 49 49| X
SV=qyu |=|du qdun dn| Y 2)
s—1 dn 4932 49un | Z

or
SU— gy X
SV—q,, |=Q1Y 3)

s—1 Z
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Inverting Q' to find P where

_ {Pu Pn Pu
P=|py Pn Pn
Py Pn P

changes (3) to the form:

X Pu P Pp||SU—4gy
Y |=|py Pn Py|SV—4qy 4)
Z Py Py Pnl S—1

The origin of all pixel rays (the PRO) in an image is the point where the value of
s = 0 which from (4) will lie at:

PRO = (—(puqm + Pados + P ) ~(Pudtis + Prados + P J~(Pudie + Padon + P3a )) &)

and the line along which the feature which generates the pixel in the image must lie
(the PRV )is:

PRV = (pn“ + Py t Pras Pyl Pyt Ppas Pyt Py, + Pss) (6)
The pixel ray is defined as

pixelray = PRO + @ PRV @)
where @ is the distance along the pixel ray.

2, The surface normal and parallel vector along an edge

The “smooth” face of each element of surface is defined by a polynomial displaced by a
distance normal to the quadrilateral defined by the four corners of the surface element. The
quadrilateral made up by joining these points is called the underlying quadrilateral.

The vector normal to the underlying quadrilateral at any point along an edge (see

Figure 68) can be calculated via a simple linear interpolation from the normals at the start and
end of that edge. Similarly the vectors parallel to the underlying quadrilateral can be
calculated via linear interpolation.
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SPVstart,
_}
SNVstart, N
4 d
SPV.(d)
/
underlying quadrilateral
SNV.(d) ynaa
SPVend, ——
SNVend,

Figure 68 showing the surface normal (SNV) and surface parallel vectors (SPV) for an edge of the underlying
quadrilateral

The value of the surface normal vector (SNV) at normalised distance d down edge n is:
SNV,(d)=(1—d)SNVstart, + d SNVend,

or

SNV, (d)= Csn, +d Csn, 8)
where

Csn’is SNVstart, and

Csn! = SNVend, — SNVstart,

Similarly in the case of the surface parallel vector (SPV) at normalised distance d down edge
n:

SPV,(d)= Cpv, +d Cpv! 9)
where

Cpv'is SPVstart, and

Cpv! = SPVend, — SPVstart,

3. Location of the polynomial surface near an edge

The surface defined by the polynomial is located at (see Figure 69):

Surface = position of edge start
+ distance down edge
+ displacement normal to underlying quadrilateral due to polynomial
+ displacement parallel to underlying quadrilateral (10)
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edge start - St,

distance down edge - d /
/"
H
normal point on
displacement
o surface | -
B AU N T o S El '“M.F”SP Vn{d )
’ parallel displacement - @
' edge vector - §,
{
¥ SNV.(d)

Figure 69 showing the components of displacement from the start of an edge to the position of an arbitrary point
on the polynomial surface.

The components of (10) can be expressed as:§
Surface = St, +d ¢, + f(d)SNV,(d)+a SPV,(d) €8}

where
St , is the position of the start of edge n,

d is the distance along edge #,
¢ is the edge vector running from start to end of edge n,

f (d ) is the polynomial defining the smooth surface,
| a is the displacement parallel to the underlying quadrilateral,
| SNV, (d)and SPV, (d )are the surface normal and parallel vectors as calculated in
} equations (8) and (9) respectively.

4. Intersection of pixel ray vector with smooth surface

Intersection of the pixel ray with the surface occurs at the point where equations (11) and (7)
are equal, that is:

PRO,+® PRV, =St, +d ¢, + f(d)SNV,(d)+a SPV,(d) (12)

The above equation has (for a defined polynomial) three unknowns, namely @ the distance
along the pixel ray where it intersects the surface, d the distance down the edge of said
intersection and ¢ the displacement parallel to the underlying quadrilateral of the
intersection). It can thus be solved for a point in three dimensions as follows:

Equation (12) expressed as an equation in each dimension is:

PRO,.x+w PRV,.x=S8t,.x+d&,.x+ f(d)SNV,(d)x+a SPV,(d)x (13)
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PRO,.y+@PRV,.y=S8t,.y+d&, . y+ f(d)SNV,(d).y+a SPV,(d).y (14)
and
PRO,.z+®PRV,.z=S8t,.z+d &, .z+ f(d)SNV,(d).z+a SPV,(d)z (5)

Manipulating (13) and (14) respectively to isolate @ results in:

o= St,.x+d &, .x+ f(d)SNV,(d)x+a SPV,(d)x- PRO,.x

16
PRV, .x (16)
and
o St,.x+d &, .x+ f(d)SNV,(d)x+a SPV,(d).x— PRO,.x an
- PRV, .x

Combining (16)and (17) and isolating ¢ results in:

St,.y+d&, . y+f(d)SNV,(d)y-PRO,.y St,.x+d&, x+f(d)SNV,(d).x— PRO,.x
PRV,.y - PRV, .x
SPV,(d)x SPV,(d).y
PRV,x  PRV.y

o=

(18)
Substituting for o from (18) into (16) yields

St,.y+d & y+ FA)SNV,(d)y- PRO,.y St,.x+d{ x+ f(d)SNV,(d)x— PRO, x
PRV..y - PRV, x
(SPY.@)x_SPY,(d)y,

PRV, .x PRV,.y

PRV, .x

Sty x+d & x+ fA)SNV,(d)x+

SPV,(d).x - PRO,

=

(19)
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Substituting for o from (18) and ® from (19) into (15) yields

St.y+d &, y+ fd)SNV,{d)y~ PRO,.y St,.x+d&,.x+ f(d)SNV,{d)x~ PRO,.x
PRY,.y PRV,.x
SPYV,(d)x_SPY,@}y
PRV,.x  PRV,.y

PRY,.x

St.x+d & x+ f(d) SNV, (d)x+ SPV,(d}x~PRO,.x

PRV, .z

+PRO,.z=5t,.z+d¢&,.z+ f(d)SNV,(d)z

St,.y+d&,.y+ f(d)SNV,(d)y— PRO,.y St,.x+d&,.x+ f(d)SNV,(d).x - PRO,.x
PRV,.y } PRV, .x

SPV,[d)x _SPV,(d)y

+8PV,(d)z

( PRV,.x  PRV,.y )
(20)
. . SPV,(d)x _SPV,(d)y
Multiply both sides by ( ) and equate to zero
PRV.x  PRV.y
SPY,@)x_SPY,(d)y
( PRV PRV )St,.z+d &,z + f(d)SNV,(d).2— PRO,.z
_PRV,.zSt,x PRV,.zd&,.x  PRV,.zf(d)SNV,(d)x . PRV,,.zPRO,I.x)
PRV,.x PRV,.x PRV,.x PRV,.x
+SPV St,.y+d&,.y+f(d)SNV,(d)y-PRO,.y St,.x+d&,.x+f(d)SNV,(d)x— PRO,.x
Z -
" PRV,.y PRV, .x ,
_prv o SPVex | St y+d&, v+ £(d) SWV,(d).y—PRO,y _St,.x+d§,.x+(d) SNV,(d).x~ PRO, x
"\ PRV,.x PRV..y PRV,.x

=0
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Multiply by (PRVn.x)2 PRV, .y to remove all components of PRV, from denominators in
order to prevent division by zero in cases where pixel rays have no x or y component.

(PRV,.ySPV,(d).x— PRV,.xSPV,(d).y)

(PRV,.xSt,.z+ PRV,.xd £,.2— PRV,.x PRO,.z+ PRV, .x f (d) SNV, (d).)
~(PRV,.y SPV,(d).x~ PRV,.xSPV,(d).y)

(PRV,.zSt,.x+PRV,.zd £,.x~ PRV,.z PRO,.x+ PRV, .z f (d) SNV, (d).x)
+(PRV,.x SPV,(d).z— PRV, .z SPV,(d).x)

(PRV,.xSt,.y+ PRV, xd &,.y— PRV,.x PRO,.y+ PRV, .x f (d) SNV, (d).y)
+(PRV,.2SPV,(d).x — PRV,.x SPV,(d).2)

(PRV,.ySt,.x+PRV,.yd£,.x— PRV,.y PRO,.x+PRV,.y f(d) SNV, (d).x)
=0

Substituting SNV, (d ) and SPV, (d )using (8) and (9) respectively yields

(PRVn y(Cpv?.x+d Cpv}.x)~ PRV,.x (Cpv°.y+d Cpv,. y))

(PRV,.xSt,.z+ PRV, .xd £, .z— PRV,.x PRO,.z+PRV,.x f (d) (Csn{.z+d Csn}.z))
~—(PRV,,.y (Cpv?.x+d Cpv).x)~ PRV,.x (Cpv..y+d Cpv,. y))

(PRV,.z8t,.x+PRV,.2d &,.x~ PRV,.z PRO,.x+ PRV,.7 f (d)(Csn}.x+d Csn}.x))
+(PRV,.x (Cpvy.z+d Cpv}.2) = PRV,.z (Cpvy.x+d Cpv,.x))

(PRV,.xSt,.y+PRV,.xd ,.y— PRV,.x PRO,.y+ PRV,.x f(d) (Csn{.y+d Csn,.y))
+(PRV,.z (Cpvy.x+d Cpv}.x)— PRV,.x (Cpv?.z+d Cpv).2))

(PRV,, .ySt,.x+PRV,.yd&,.x—PRV,.y PRO,.x+PRV,.y f(d) (Csn_.x+d Csni.x).)
=
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and separating out the terms which are dependent on the surface polynomial f (d)yields

(PRVn .y(Cpv?.x+d Cpv,.x)— PRV,.x (Cpv’.y+d Cpv, .y))
(PRV,.xSt,.z+ PRV, .xd &,.2— PRV,.x PRO, .7)
—(PRVn (€2 . x+d Cpvl.x)— PRV,.x (Cpv>.y +d Cpv.. y))
(PRV,.zSt,.x+ PRV,.zd ,.x— PRV, .z PRO, .x)
+ (PRVn.x (Cpv?.z+d Cpv}.z)— PRV,.z (Cpv).x+d Cpv, .x))
(PRV,.xSt,.y+ PRV,.xd¢{,.y— PRV,.x PRO,.y)
+ (PRVn .z (Cpve.x+d Cpv}.x)— PRV,.x (Cpv..z+d Cpv] .z))
(PRV,.ySt,.x+ PRV,.yd £, .x— PRV,.y PRO, .x)
+

(PRV,,. y(Cpv?.x+d Cpv!.x)— PRV,.x (Cpv’.y+d Cpv]. y))
(PRVn .x(Csnl.z+d Csn, .z))

~(PRV,.y (Cpvy.x +d Cpv,.x) - PRV, .x (Cpv,.y+d Cpv,.y))
(PRV,.z(Csnj.x+d Csn}.x))

+(PRV,,.x (Cpv}.z+d Cpv}.2)— PRV, .z (Cpv}.x+d Cpv}.x))
(PRV,.x (Csn,).y +d Csn).y))

+ (PRV,, .2 (Cpv).x+d Cpv}.x)~ PRV, .x (Cpv).z+d Cpv} .z))
(PRV,, .y (Csnl.x+d Csn} .x).)

) (d)

Finally we combine terms to provide the form of this equation amenable to codification and
efficient calculation (see §4.9.1).

P:ixel (d) + Rsmface (d)Pplixel (d) =0 2D

where

Rsmface (d) = f(d)
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0 —
Ppixel (d) -
(PRVn y(Cpv?.x+d Cpvl.x)— PRV,.x (Cpv°.y+d Cpv). y))

(PRV,.x5St,.z+ PRV,.xd &,.z— PRV, .x PRO,.z)
-—(PRVa Y(Cpv?.x+d Cpv:.x)— PRV, .x (Cpv°.y+d Cpv]. y))

(PRV,.zSt,.x+ PRV,.zd ¢, .x— PRV,.z PRO, .x)
+(PRV,.x (Cpv}.z+d Cpv}.2)— PRV,.z (Cpv?.x +d Cpv}.x))

(PRV,.xSt,.y+ PRV,.xd £,.y— PRV,.x PRO,.y)
+(PRV,.z (Cpvy.x+d Cpv,.x) = PRV,.x (Cpv,.z+d Cpv}.2))

(PRV,.ySt,.x+ PRV,.yd &, .x— PRV,.y PRO,.x)

(22)
Pl (d)=

PRV .x (PRV,x y(Cpv?.x+d Cpv).x)— PRV,.x (Cpv..y+d Cpv..y) )(Csng .2+d Csn!.z)

~PRV, .7 (PRV,,.y (Cpv? . x+d Cpv,.x)— PRV,.x (Cpv..y +d Cpv,. y))(Csnf.x +d Csn).x)
+PRV, .x (PRV,2 .x (Cpv?.z+d Cpv!.2)— PRV, .z (Cpv°.x+d Cpv) .x)) (Csnl.y+d Csn,).y)
+PRV,.y (PRVR .2 (Cpv?.x+d Cpvl.x)— PRV,.x (Cpv).z+d Cpv, .z))(Csn,?.x +d Csn.x)

(23)

If we now factorise out the PRV components

P .(d)=PRV}P, (), +PRV,PRV,P, (d), + PRV,PRV,P, (d),, (24
Where
edge (d) x2 S Pparallel (d)yZZ - parallel (d)y 70
Proraia(d) 2 = (Csn] + Csn}d)(Cpv) + Cpv,d),
Proraia (), = (Cpv) + Cpv,d)(St,.z+&,.2d = PRO,.7),

edge (d) parailel (d) 7* - parallel (d) yio

Poa(d) , = (Cpv? +Cpvld)(St,.x+&,.xd — PRO, .x),
Praraia (d) » = (Cpv] + Cpv,d)(St,.2+¢,.2d — PRO, .2)

edge (d) X parallel (d) pamilei (d) ¥
P oaa(d), = (va), + vayd)(Stn.x +¢&,.xd — PRO, .x),
P (d), = (Cpvy +Cpv,d)(St,.y+¢&,.yd - PRO,.y),
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and

P..(d)=PRV}P, (d) .+ PRV,PRV,P, (d), + PRV,PRV,P, (d),,

(25)

dge edge

edge (d) x* = Pparallel (d)xyz2 - Pparallet (d)xyzz >
Porarrer(d) 2 = (Csn) + Csn,d)(Cpv] + Cpv'd)
Prsratir(d) 2, = (Csn, + Csn;d)(Cpvy + Cpv,d)

edge (d) arailei (d) 2 P paraliel (d) xy?
Pai(d) 2 = (Csn) + Csn,d)(Cpv. + Cpv.d),
Pyoraia(d) 2 = (Csn] + Csnd)(Cpv] + Cpv,d)

edge (d)xz - para!lel (d) parallel (d)x} s
parallel(d)xz = (Csn,x + Csnid)(va;’ + va;,d) s
Ppaml!el(d)xy = (Csng + CSR;d)(CPVf + va:cd)



Appendix C Incorrect geometry calculation algorithms
1. Transformation of coordinate system

As is the case for the reverse parallax method described in the previous section, this approach
initially appeared to be a suitable way to calculate geometry within occluded regions. It too
turned out to be flawed; on this occasion while generating test data set. Similarly it is believed
useful to describe this approach.

Once again, the attraction of this approach is that it provides an explicit solution for the
location of the edges and it avoids the implicit calibration of the image.

The central concept of this approach is to transform the three-dimensional coordinate system
into a two-dimensional one based on the orientation of the edge, the pixel and the underlying
quadrilaterals of the adjacent sides. The approach is based on the assumption that the sides
have surface characteristics, for example if a side is convex at one end is more likely to be
convex at the other than not.

If we imagine a roughly horizontal slice through an adjacent pair of roughly vertical faces

(see Figure 70). The slice is made at the same proportional distance d as the pixel is down the
edge in two-dimensions (see Figure 71)

Figure 70 showing a slice through the two sides at distance d from the top. The displacements V,, are the
distances (in the plane of the slice) that the actual surfaces are from their underlying quadrilaterals
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edae end

Figure 71 showing the calculation of d {the proportional distance of the slice down the edge) from the positions
of the pixel and edge vector in the photograph.

The new coordinate system (14, V) has its origin at the position where the edge cuts the slice
and V-axis parallel with the pixel ray (see Figure 72). The U-axis is orthogonal to the V-axis.

i

pixel ray (OO ayis
vector

{
{

o

Figure 72 showing the orientation of the new coordinate system ( u,v ) with origin at the position of the current
edge (S) and orientation in accordance with the pixel ray vector,

The pixel ray vector is calculated using triangulation based on the positions of the edge and
the two adjacent edges in the photograph and geometry (see Figure 73).
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position of d

on edge vector  Position of 4

on edge vector position of d

on edge vector

B>

pixe
e—D); > D,

image

\O' slice

Figure 73 showing the distances between the current edge (S), the adjacent edges (1 and 2) and the location of the

D, D
pixel in the image. The orientation of the pixel ray is calculated by rotating the slice until the ratio = D—l ,
2 2

and its position is calculated from the ratio

__EJI::

a’
Dl

It is then a matter of calculating the intersection of the pixel ray with the surfaces adjacent to
that edge; and then estimating the actual position as a weighted average of surface length (see

Figure 74).
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/

pixel ray

Figure 74 which shows the displacement vector (V) for the current corner. This vector is calculated by dividing

. . . . ) . . Dy
the distance between the points of intersection (of the pixel ray and the surface offsets) into the same ratio %2

as the ratio of the lengths of the adjacent sides % . The surface offsets are parallel to the lines joining the

current edge to it’s adjacent edges but offset by the component of the respective surface displacement vector
normal to the side.

It is possible to set up a system of linear simultaneous equations to describe the relationship

between all the unknown edge displacements V; . These can be solved by the inversion of this
simple albeit large matrix.

The weakness of this approach is that it does not take into account the fact that the edge in the
scene photographed is seldom in the same plane as the image plane; the approach assumes

that the distance of the two-dimensional slice down the edge (that is d - in Figure 71) is
always calculable from the position of the pixel relative to the edge axis in the photograph.
Thus any protruberences along the edge are assumed only to have an effect “out of the page”
whereas the would actually move the pixel down (in the case of a protuberance in a forward
tilting edge - as shown in Figure 75 or up (in the case of a backward-tilting edge).

side view

Figure 75 shows the error caused (dincorrect = Qcorrecy) because the above described algorithm assumes that
surfaces will be vertical.
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2. Reverse parallax

This approach initially appeared to be an elegant way to calculate geometry within occluded
regions. During implementation, however, it turned out to be flawed. It is believed useful to
describe this approach, which proved unsuccessful although initially appearing to be
reasonable, firstly as a guide to later researchers and secondly as evidence of the thoroughness
with which the options for calculating occluded geometry have been addressed.

The attraction of the reverse parallax approach is that it provides an explicit solution for the
location of the edges (that is one which does not require any numerical/iterative methods
which can be computationally expensive); and it avoids the implicit calibration of the image
whilst calculating surfaces.

Briefly this approach develops on the concept of the position of a pixel on the plane defined
by a triangle in three-dimensions discussed in §4.3.8 , namely that it is possible to calculate a
unique three-dimensional location for a point by assuming it to be in the same plane as a pre-
defined triangle and having a known location relative to the triangle vertices in two
dimensions. Furthermore, any pixel lying on an edge shared between two quadrilaterals can
be calculated to have four separate positions (one position for each of the four planar triangles
the edge forms part of - each quadrilateral consists of a pair of triangles as shown in Figure
76).

E

D

Figure 76 showing a pixel, which is, near the shared edge AB and is thus near the edges of each of the four
triangles: ABC, ABD, ABE, and ABF.

Four different positions can be calculated for any pixel based on its relationship to the vertices
of each of the triangles.

Considering each pair of points separately, it would thus seem reasonable that the true
position of the pixel in space must be somewhere on the line which passes through them
(Figure 77). Furthermore, as we have two pairs of points we can calculate two lines (and the
correct point in three-dimensions must lie on both of the lines).
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Figure 77 showing a pair of triangles which are not co-planar, each having a different locus of projected edge
pixels. The projection of a single pixel according to its position relative to the vertices of each triangle is shown by
the crosses. The position of the feature which appears as this pixel is expected to lie on the line through the pair of

Crosses.

Thus it seems possible to calculate the true position of the point from the intersection of the
lines as shown in Figure 78.

Figure 78 showing the pair of lines (the vectors) due to the same pixel being transformed into a three-dimensional
position using the vertices of four triangles. The intersection of these two lines was expected to be the true position
of the feature which appears as this pixel

The problem with this approach was recognised while trying to produce a formulation for the
intersection of the two lines, particularly in the sitnation where one of the quadrilaterals is
planar. This results in the two triangles being co-planar, which in turn results in the two pixel
positions generated from them being at a single point.
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Calculating a unique intersection of a line and any line passing through a point is not
possible. This problem is exacerbated when both the adjacent quadrilaterals are planar (the
unique intersection of any lines passing through a pair of points) but brings into focus the
weakness in the argument.

The only situation which would allow the calculation of a unique point of intersection would
be when the two points happen to coincide; and the point would then lie at this point of
coincidence. The only time that this could occur is when the point is co-planar with both
quadrilaterals (which are also planar).
In summary, this method contains a flaw in the form of the following contradiction:

To generate lines each quadrilateral must not be co-planar

but

under certain circumstances the only way to calculate a unique point of intersection of
these lines is if they are co-planar



Appendix D User Manual

This manual describes, in sufficient detail for actual users, how to use the tool (a brief
description of the use of the tool for non users is included in §4.3 in the body of this
dissertation).

The different functions may be classified according to either the menu hierarchy (that is a
functional grouping - see §1) or according to the order in which the core functions are used
{that is a procedural grouping - see §2). The remainder of this manual is made up of detailed
descriptions of the use of each function. To simplify location of functions each starts on a new
page, a table of contents is included on the following page and an index follows the body of
the manual.
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APPENDIX D USER MANUAL

1. Index of functions
Functionality can be accessed using the window menu (see Table 4) or the Control Panel (see
Table 5).
Menubar | Submenu Function Refer to
File Open Image Load a casual photograph image file. §3/pl28
(Alt-F) Open Geometry | Load a three-dimensional geometry file | §4/p129
describing the site with occlusions.
Open Texture Load a previously calculated set of texture | §5/p130
patches.
Save Geometry Save three-dimensional site geometry to a local | §6/p131
(.gmy) format
Save Texture Save calculated texture patches to a local (.ttr) | §7 /p132
format.
Save VRML Save patched site geometry to a VRML format | §8/p133
file,
Save Geometry | Save a snapshot of the patched geometry in the | §9/p134
as Image File current pose to an image file format,
Save  adjusted | Save an adjusted image to an image file format | §10 /
image for use as a patch. pi35
Print Image Print image using operating system drivers
Options | Control Panel Open an instance of the control panel. Table 5
(Alt-0) Texture adjust | Open an instance of the Texture adjust Panel. | §18 /
Panel , pl46
Parameter Panel | Open an instance of the Parameter Panel. §19 /
pl47
Scale to fill Change the scale of the image to fit the image
display panel.
Help Manual Link to an HTML version of this document
About Version information
Table 4 Functions arranged as per menu hierarchy
Button or slider Function Refer to
Filter sliders (LHS) Set the image filter parameters §14 /p140
Filter Now Trigger filtering of the image §14/pl40
Edging sliders (RHS) Set the boundary calculation sliders §15/pl42
Calibrate Trigger image calibration §12/p137
Project Occlusion Boundary | Trigger projection of the occlusion boundary | §12/p137
onto the image
Find Edges Now Find edges between seed points on the image §15/pl42
Drape Now Calculate hidden geometry (if applicable) and | §17 / p145

drape texture patch data onto geometry.

Table 5 Functions accessible from the Control Panel











































































