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Abstract

In this thesis we present a strategy for reconstructing instances of District Six Architecture from
small sets of old, uncalibrated photographs that arc located in the District Six Muscum photographic

archive.

Our reconstruction strategy comprises two major parts. First, we implement a geometry reconstruc-
tion framework, based on work by Debevee et al. [1996]. This is used to reconstruct the geometry
of a building given as little input as a single photograph. The approach used in this framework
requires the user to design a basic model representing the building at hand, using a sct of gcometric
primitives, and then define correspondences between the edges of this model and the edges of the
building that are visible in the photographs. This approach is effective, as constraints inherent in

the geometry of architectural scenes arc exploited through the use of these primitives.

The sccond component of the reconstruction strategy involves texturing the reconstructed models.
To accomplish this, we use a combination of the original textures extracted from the photographs,
and synthesized textures generated from samples of the original textures. For cach face of the
reconstructed model, the user is able to usc cither the original texture material, synthesized material,

or a combination of both to crecate desirable results.

Finally, to illustrate the effectiveness of our reconstruction strategy. we consider threc example
cases of District Six architecture and their reconstructions. All three examples were reconstructed
successfully, and using findings from these results, critical analyses of both aspects of our strategy

are presented.
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Chapter 1

Introduction

1.1 Problem Statement

This thesis aims to address the problem of producing accurate. textured digital reconstructions of
instances of District Six Architecture using the archive of photographs located at the District Six
Muscum in Cape Town, South Africa. This is particularly challenging, as the District Six arca
was demolished over thirty years ago, and no new data can be captured. As a result, solutions
to the problems associated with using a limited supply of old. low quality material must also be

investigated.

The following three scctions provide a brief introduction to Digital Reconstruction, Heritage Recon-

struction and District Six, after which the precise goals and aims of this project arc presented.

1.1.1 Digital Reconstruction

Digital reconstruction of three-dimensional objects is a well studied topic in Computer Graphics.
Its uses are extremely wide-ranging, and numerous techniques have been developed to aid in the

reconstruction process.

The ability to produce digital reconstructions of real-world objects is extremely valuable in many
fields, and imperative for the success of others. Major areas of use include architecture, engineering,

medical imaging and heritage reconstruction.

In architecture and engineering, having a digital model of an object allows onc to easily visualise
and test any modifications one might want to make to that object. In medical imaging, techniques
such as computed tomography, that are able to produce digital models of a patient’s organs, may

offer a physician insight that might otherwise only be available through surgery.
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In the field of heritage reconstruction, building digital models of artifacts and architectural scencs
that have been destroyed is often the only means by which they can be effectively visualised. Digital
reconstructions are also used in this field to aid in the preservation of heritage artifacts that are in
danger of being destroyed — although this cannot actually prevent damage to such artifacts, it does

provide an excellent means of record keeping for historians or archacologists.

Given the variety of situations in which digitally reconstructed models are required, the techniques

developed to assist in their creation, also, fall into many different categories.

In situations where accurate data pertaining to the structure of the object exists, manual techniques,
where the user controls almost every aspect of the reconstruction through the use of CAD tools,
may be used. Where such data is unavailable, but the object still exists, three-dimensional scanning
(or range scanning) methods arc frequently applied. These include time-of-flight and triangulation

laser scanncrs.

Finally. where only photographic data is available, or budget constraints prohibit the usc of range
scanners, photogrammetry-based methods may be employed. These typically involve using multiple
images, coupled with stercopsis, to recover the geometric structure of the object at hand. Al-
though point-based photogrammetric methods have been developed to solve general reconstruction
problems, more specialised techniques, designed specifically to solve the problem of reconstructing

architectural scenes, are available.

Omne such technique is described by Debevec et al. [1996]. Here, inherent constraints in architectural
scencs, such as parallelism and orthogonality of edges (or faces) arc used to reduce the reconstruction
problem to a simpler form. This technique forms the basis for our work on District Six architecture

reconstruction.

1.1.2 Heritage Reconstruction

In the field of heritage reconstruction, techniques are required to reconstruct or model both extant
objects. as well as those that have alrcady been destroyed. In conjunction with this, the subsequent
uses of, and reasons for the reconstructions vary greatly, and as a result there exist many different

scts of requirements that may nced to be satisfied.

Reasons for reconstructing heritage sites include not only visualisation and preservation, as men-
tioned above, but also education, tourism and object interaction. Although most of these uses have
similar requirements (e.g., high geometric detail, photo-realism and a high level of cost-efficiency),
the order of importance of these requirements is dependent on the application at hand. For instancc,
if the reconstruction is to be used for a display in a muscum, a high priority would be photo-realism.
However, if the purposc is to assist in the rebuilding of a heritage site, then geomctric detail becomes
more important. Consequently, each situation is unique and presents its own difficulties, and there

is currently no generic solution that is able to solve every problem.
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Alchongh general rechnigues may be appiied m the solutions te some of these more speciiic probslems,
rhey are often unable to handle the reconstructions in a satistactory fashion, snd sitnation-specific
medifications must be made to acguire decent results, A examme of this & the work bae [-1akien
ot al [2004], which combines photograminetric techniques aod sunge seanning in order to reconsiruct
large, existing sites, with sutficieot fine detsil, A lirther exaenple is diseossed by Garduer et sl |20005],
where linear Behe scurve celootamelry is sed 2o copluee 1he tatcsia propertics of anartifel whick

emay ke wsed moa Dehling-ndependent roconsiructich.

1.1.3  District Six

Dstziet Six, locaied o Coape Lown, Sualh & 050, was une uf wory Tew mixoed-racs sress i Lhe country
during whe Apartheid cegime. Wowever, 0 1966, i was declared wowhics area ander Vhe Groap arcas
Avt of 19500 By 14982, Lhe entire commnnity had heon nprocred. with sy thonsand peopae being

foreildy reenoved and sl of cheir boees destruved.

CH what was onee o diverse and vibrasnt comoonnity. ali that now temains are a select fow bniidings
rprimarily chueches) and & muscom contalning a number of arcifacts and an archive of photographs
that were taken Lefore and during the demelitienof the avea. Az a reswit, the photopraphs o this
archive are all vory old, and often of poer qualicy orin bad condition. Furthermeore, little conrextual

information pertaining te the phetographs s available,

1.2  Aims

[} [k} el

Figure 1: The pracess of reconstructing o Bachling, First, the vuser Smponis o aumber of photugrapbs
of the building isuch as those it (2], from which a inedel (illustrated noib)) is reconstructed. This
model 15 then textured to produce the fdnal produce, depicted in i)

The aims of this projoct are best divided into two parts. The ficst being vhe doeselopmem. of a
geometry reconstruction framework, and the sccond the mplementation of & photo-based rexturing
sehemes Figoee 1 Ulustrates Lhe work (uw frum the reconstruction frsmnewoerk throagh to the photo-

based rexturing scherme.
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1.2.1 Geometry Reconstruction Framework

The first goal of this project is to develop a framework that will allow a user to produce a three-
dimensional model of an instance of District Six architecture from some given set of photographs,
as shown in Figures 1(a) and 1(b). This framcwork should implement and, as necessary, modify the

photogrammetric modelling technique described by Debevee [1996).

Ideally, the framework should be able to produce reconstructions in situations where there is only a
single photograph available, as this is often the case when working with the District Six photographic
archive. Furthermore, it is noted that a majority of the images in the District Six archive are
uncalibrated (see Section2.1.3), and although the framework need not directly handle this problem,

techniques to pre-determine the calibration paramecters of the cameras should be investigated.

As output, the framework should provide a polygonal model of the reconstructed architectural

structure that can be textured using information extracted from the original photographs.

1.2.2 Photo-based Texturing

The sccond aim of this project is to design and implement a texturing scheme that can be used to

texturc models acquired by the geometry reconstruction framework, as illustrated in Figure 1(c).

A primary requirement of the texturing scheme is that it use the original photographs to texture
the model. Where only a single source photograph is available for a polygon, it should be projected
correctly onto the model. Where multiple source images are available for a polygon, the most
appropriate onc should be sclected. Finally, where no appropriate source images arc available for
a given polygon, a texturc should be synthesised, based on the source material available to other

polygons. Here, interactive techniques to achieve the most desirable results should be investigated.

A sccondary requirement of the scheme is a high level of photo-realism. Ideally, renderings of the
textured model should be of a ncar-photo quality. One consideration here, is that the quality of the

output images will be dependent on the quality of the source photographs.

1.3 Thesis Structure

The remainder of this thesis is broken down into six chapters, as follows:

¢ Chapter 2 provides a detailed review of current digital reconstruction techniques, coupled with
their applications in the field of heritage and architecture reconstruction. In addition to this,
a brief survey of image-based texturing schemes and texture synthesis algorithms is presented.

Finally, an analysis of the photographic material available from the District Six archive and a
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discussion of the associated problems arc also introduced.

e Chapter 3 provides an overview of the Geometry Reconstruction Framework. The details of
the reconstruction algorithm used, as well as the underlying mathematics are discussed here.
In addition to these, an overview of the User’s view and functionality of the framework is

presented.

e Chapter 4 discusses the underlying architecturc of the Geometry Reconstruction Framework,

and a number of the more crucial implementation aspects are covered in detail.

e Chapter 5 discusscs, in detail, the photo-based texturing scheme that is used in the project,
paying particular attention to how the problems associated with the lack of available material

are handled.

e Chapter 6 presents reconstructions based on photographs from the District Six archive, along

with a critical analysis of these results.

e Finally, Chapter 7 draws a brief conclusion to the thesis and presents some avenues for future

work.



Chapter 2

Background

As mentioned in Chapter 1, constructing and rendering three-dimensional models of real-world
objects is a crucial and widely used arca of computer graphics. Many techniques have been developed
to aid in the accurate reconstruction of such real-world objects and, in line with this, mnuch cffort has

been invested in solving the problem of photo-realistic rendering of the resulting reconstructions.

One arca of study which uses many of the reconstruction and texturing techniques is that of heritage
reconstruction. Due to the variety of problems in this field, coupled with the divergent solutions

that result, it provides an excellent proving ground for a multitude of these methods.

The remainder of this chapter presents background information on a number of digital rcconstruction
techniques, image-based rendering and texture synthesis schemes, and architecture and heritage
reconstruction methods, as well as a discussion of the photographic matcrial available in the District

Six Muscum archive.

2.1 Digital Reconstruction Techniques

Digital reconstruction methods can most casily be divided into three groups: CAD techniques, range
scanning and photogrammetry. Each of these has advantages and disadvantages, as well as situations

where they are effective or ineffective.

2.1.1 CAD-based reconstruction

Broadly speaking, CAD (Computer Aided Design} involves using computer-based utilities to assist
in the design of geometric structures. Today, CAD tools offer uscrs wide-ranging functionality, from

two-dimensional drafting applications through to three-dinmensional solid and surface modellers.
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The vse of CAD toals iz wow nbigutons aeross many Helds ineluling automotive engineering, con-
striction, «ivil and building enginesring and architectore. As welas of tools ised to assist o the
deasipn and developament of new objeets, CAL & waluasle. These computer-based systomes provide
masaive advantages n terms of aoouraey and speerd over elder methodologies wheee everyining nad
11 b hand dravm,

Drespite being incended primaily for authocing new geometey. CAD tools mss alse be efective
the recomstruction of realworld obdects. Where detalled. accurate nfarmation pestaining to the
geotetrie stroetire of the object s weailable. it conld he used fo constewrt a threc-dimensional
modal. Examples of where this approach may Be Gsed, inelade woere bleprines for a bailding are
accessible. or when wecarate measiecments of an ohject can be taken and used in the modelling

[ATCEs A

D to the anindanee of available CAD solftware, it 15 ofen possible to ind the correet tool Tor wost
types of reconstriiction. Purthermore, as there is an mplicit hiph level of user interaction assoviated

with these systems, they are penerally very flexible und robust,

There are, however, & mmmber of negative aspects asscoiated with CALRbased teconstouction. The
ficst problein is that it s very tine cooswning, For instance, rhe reconsteaction of & reasonably
complex building mey take mary deys to coanplete. Toowldition, whete it 35 impoessible to olitaln
aceirate data abood the objeel ar band, LR method] beeomes sabstantialy less effcorive. Finally, in
arder to beoat all eleclive, Lhe tser masl bave a bigh level of proficiconey o she chosen CATD svstem

ik Lhese systems are men exiremaely comples.

{a) (k)

Figure 2; lmages foom the Glen Plateas Mapping Project. (o) 3 the reconstricied nodel of a
prramdd complex on the Giza Plateay, while {9 65 4 rendering of the plateau terrain, along wizh
a numice of rhe architertiral seenes. Trowges ased wich the kind poreission of she Gize Platean
Mapping Projecs, The Griental Insticate, University of Chicapo.

An exeellent example of the use of CA-based reccustonetion is the Giza Mazeau Mapping Project
at the Univerdty of Ohicape [Lebner, 1992]. This endewoue, whicn bas continued tor many yeans,
is dedicated to rescarching the peolopy and topopraphy of the Glza plateny. Part of this project
involved constricting a comprzer mede, of the Giza Platead lneluding the pyramids. To achicwn

this, a CALk-based reconstruction teconinue was used, and altnougn the project was extremely time




CHAPTER 2. BACKGROUND 8

consuming, the results, which can be scen in Figure 2, are quite compelling.

2.1.2 Range Scanning

A range scanner, or three-dimensional scanner. is a device used to collect gecometric data about a

rcal-world object, that can then be used in the construction of a digital model of that object.

Functionality

Typically, a range scanner is used to create a point cloud (a collection of points in space) of samples
from the surface of the object at hand. As with a regular camera, a range scanner produces an
image. However, instead of representing chromatic intensity, cach point in the image stores the
distance (or range) from the scanner to the object surface along the vector passing through that
point on the image-plane. Using the position of the scanner as a reference point, one can then fully
describe the three-dimensional position in space of cach point on the range image, thus yielding the

point cloud.

Technologies

According to Bernardini and Rushmeier {2002], the most commonly used class of range scanner is a
triangulation scanner. In this technique, a light source, such as a laser, projects some pattern (for
instance a single dot) onto the surface of the object that is to be scanned. A sensor, positioned some

distance away from the source, is then used to detect the light reflected from the object.

The light source, sensor and the point where the light strikes the object surface now form a triangle.
Through analysis of the location of the reflected light on the sensor’s field of view. the angle at that
corner can be determined. Combining this with the known distance between the camera and the
source and angle at the source corner, yields the three-dimensional position of the visible point on

the object surface.

One intrinsic limitation of this technique is that the point that is being scanned must be clearly
visible from both the sourcc and sensor positions. As a result, complex, self-occluding geometry may
be difficult or impossible to scan. Beraldin et al. [1995] further suggests that triangulation systems
are also susceptible to problems when the object’s surface has discontinuities, but that these can be
alleviated to some cxtent through the use of robust optical arrangements or multiple sensors. One
final limitation of this method is that it is only really suitable for close-range scanning. Under the

right circumstances, however, accuracy can be in the order of tens of micrometers.

A second class of range scanner is the time-of-flight laser scanner, which uses laser light to acquire

data about the gecometry of an object. These scanners determine the distance to a surface by timing
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the round trip of a pulse of light. The scanner usecs a laser to emit a pulse of light, and then measures
the time elapsed before the light is detected by a sensor on the scanner. Given the speed of light,

and the time taken for the round trip, it is simple to compute the distance to the surface.

The major problem associated with time-of-flight scanners is that the accuracy of the scan depends
on the accuracy of the timc measurcment. As a result, these scanners are gencrally not suitable for
closc range scanning, but are cxcellent for scanning larger object, where a high degree of accuracy

on the fine details is not requireds.

Registration

In most cases, it is insufficient to take just a single scan of an object, since from any given viewpoint,
some amount of gcometry is obscured. The solution to this problem is to take multiple scans of
the object, and then bring the resulting point clouds into a common reference system from which a
complete model can finally be constructed. This process of finding a common frame of reference is

known as registration.

Some more sophisticated systcms provide an initial registration by tracking the position and orien-
tation of the scanner. In others, work is currently being undertaken to develop an automatic feature
matching technique. In the most simple systems, user-intervention is required to provide this initial

matching.

Regardless of what is used, the initial registration must be further refined through other techniques.
One such technique, proposed by Besl and McKay [1992] involves using the ICP (Itcrative Closcst
Point) Algorithm, which, given a reasonable starting point, can register two point clouds very quickly.
Where more than two scts of points cxist, the ICP algorithm has been cxtended to incrementally
handle multiple point clouds. Examples of such techniques include work by Bergevin et al. [1996]
and Benjemaa and Schmitt [1997].

In addition to merely using the cloud points for registration of views, methods of using textural infor-
mation related to the scans in order to assist with registration have also been developed. Examples
include the work of Roth [1999], wherc the textural information is used in the initial registration,
and Gonzalez and Woods [2003], where the texturcs are used to assist the user in performing a

manual registration.

Reconstruction

The final stage in the range scanning process is the reconstruction of the scanncd surface from
multiple, aligned scans (also known as scan integration). The task here is to unify all of the scans

into a single, non-redundant surface.
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Bernardini and Rushmeier [2002] provide an cxcellent literature survey of current techniques, in
which they are split into four categories according to the size of problem being solved. Thesc cate-
gories are Delaunay triangulation-based, surface-based. volumetric, and deformable surface methods.

Each of these categories is suited to slightly differeut tasks.

Delaunay methods, for instance, offer a high degree of correctness. but are unsuitable for handling
noisc and arc computationally exceptionally expensive. In contrast, volumetric methods are able to
handle massive scenes, but poor choice of voxel size may cither result in loss of fine detail (on the

large side) or excessively large numbers of triangles (on the small side).

Analysis

Range scanning is a very powerful reconstruction technique. It is flexible, robust and affords the
user the opportunity to scan arbitrary objects. Using the two technologies described above, it is
possible to scan both very large objects (at lower levels of detail) and very small objects (with a high
degree of accuracy). Work by Levoy et al. [2000], in which extremecly detailed modcls of many of

Michelangelo’s statues arc reconstructed, is an excellent showcase of the capacity of range scanning.

There are, however, also many drawbacks associated with this technique. The first of these is cost
— good range scanning hardwarc is very expensive, and as a result can only be used in well funded
projects. Sccond, scanning is a time consuming process, and also requires that the user have a high
level of expertise in the field. A third problem is that this technique can only be used on extant
objects. In our District Six scenario, it would be impossible to use. A final problem with range
scanning is that it is an invasive technique. A large amount of equipment and many pcople are
needed to effectively scan an object, and their presence is often unwanted and unwclcome at many

sites.

2.1.3 Photogrammetry

In its broadest definition, photogrammetry is the science of taking rcliable measurements from
photographs. More specifically, it involves using the overlap of multiple photographs, combined
with stereopsis (illustrated in Figure 4), to triangulate the positions of points in threc-dimensional

space, which can then be used in the reconstruction of real-world objects.

In typical photogrammetric schemes, it is first required that the intrinsic calibration paramecters
(c.g., focal length and principal point) of the cameras (or images) be determined. These parameters
are used to determine the perspective projection that the camera approximates, as well as the extent

to which it deviates from a true perspective projection.

Given a sct of well calibrated photographs, the second stage is to determine the values of free variables

representing the three-dimensional positions of a set of visible points, as well as the position and
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features over the set of bnages, and then using these correspondences to solve for the froe vasiables.

Camera Calibiration

[n this context, piven a photograph taken by o cameta, cabibration 5 the vask of determiniog the
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both determine the calibration paramcters and correct the distorted image coordinates. Here, com-

pensations arc made for both radial and tangential distortion.

A further example of such techniques is the work by Zhang [2000]. which introduces another
calibration-target based method, where a camera is required to observe a planar pattern from at
least two positions. A closed-form solution is then used to find an initial cstimate of the parameters,

after which a non-linear refinement provides the final solution.

There are, however, numcrous problems associated with this class of solution. The first, and most
scrious, being that onc must be able to photograph the calibration target to be successful. Second, is
that once the camera has been calibrated, none of the camera settings may change, as this modifies
the intrinsic parameters. The final problem is that, although it is possible to usc real-world objects
(c.g., buildings) as the calibration target, the measurements of the object must be known exactly,

and there must be enough visible control points.

More recently, methods have been developed to determine the calibration paramecters of a camcra
from a single image, without the usec of calibration targets [van den Heuvel, 1999; Cipolla et al.,
1999; Wilczkowiak et al., 2001]. These are extremely useful for material such as the photographs in
the District Six archive, where nonc of the calibration parameters for any of the photographs are
known. This is, however, a very difficult problem to solve, and to date no solution exists that is

effective in every scenario.

Despite this, some schemes do exist that make use of features present in many architectural scenes.
van den Heuvel [1999] suggests that the intrinsic parameters of a camera can be determined from
a single image, through the analysis of vanishing points of sets of parallel lines. In this system,
straight lines are extracted using a linc-growing algorithm and then grouped into sets of parallel
lines. Thereafter, a two-stage algorithm is used 1o first determine the (radial) lens distortion using
a least squares approximation, and then calculate the principal point and focal length using the
adjusted observations from the first stage, along with constraints of perpendicularity and parallclism

between the sets of lines.

In the same vein, Cipolla ct al. [1999] present a method where analysis of vanishing points is used
to determine the principal point and focal length for images of an architectural scene that are later
used for a partial reconstruction of the scene (only visible arcas are reconstructed). This method
does not, however, account for radial distortion and assumes a known aspect ratio and orthogonality

of the image-plane axes.

One final example of this category of calibration is work by Wilczkowiak ct al. [2001], which uses
parallelepipeds that are frequently found in architectural scenes. Here, they show, and make use
of, the duality that exists between parallelepipeds and perspective cameras, in order to determine

intrinsic parameters of the camera, including focal length, aspect ratio and principal point.
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Feature Matching

In order to use stercopsis (illustrated in Figurce 4) to gain information about the locations of points
in space that are visible across the set of photographs, it is necessary to first locate these points,
or features, in each of the images. In general photogrammetric reconstruction this is one of the
most challenging phases. For complex surfaces, the problem of feature matching is often too time
consuming — and frequently too difficult — to be performed manually. In addition, currently no

automated technique exists that is able to solve this problem for arbitrarily complex surfaces.

However, one reasonably successful approach at general feature matching across a pair of images
is introduced by Baumberg [2000]. This technique is able to detect some matching features corre-
sponding to the same physical point on an object across images captured from arbitrary viewpoints

(provided, of course, that there are featurcs visible in both images).

This approach works first by detecting a set number of features of intercst in cach image. Thesc
features are detected in a scale-space, so that cach featurc has a good chance of being detected in
both closc-range and long-range images. For cach of the features, affine invariants are calculated.
These are characterisations of the feature that are less affected by local linear transformations such

as rotation, skewing and stretching.

The matching process in this method involves comparing two vectors of these invariants to determine
the similarity between any two interest points. As the process is geared towards use in structure-from-
motion applications, the quantity of points is reduced to ensure that there are as few false-positives
as possible. Although this does provide reliable data for estimating the camera poscs, it may often

be insuflicient for the reconstruction of a complex surlace.

Other matching methods involve using epipolar geometry to limit the scarch space for corresponding
features in a pair of images. Epipolar geometry defines the relationship between a point on one image
and a corresponding line on another. Using this relationship, the search space for a feature detected
in one image is limited to a single line on another. For this to be effective, however, the orientations
and positions of both cameras must first be established. Fortunately, this can be achicved by
manually selecting a small set of corresponding features, after which, the rest can be automatically

detected and matched.

Smit [1997] implements a technique which uscs this idea in deep-level gold mines in South Africa. It
is, however, noted that the objects being photographed must contain a rcasonable level of contrast
for the feature detection and matching to work effectively. In this case, the cameras are at a pre-
determined position and orientation, which does simplify the process. In order to find features of
interest. a Sobel interest operator is run over an image, which locates such points by finding changes

in the intensity gradient of the image.

When considering the reconstruction of more constrained objects — such as those commonly found

in architectural scenes — the feature matching process becomes simpler. Where, for an arbitrarily
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complex object a feature is a single point, for a building a featurc may be an entire cdge of the
building. A further benefit of considering a more constrained set of objects is that manual feature

selection becomes more viable, and often more sensible.

Debevee [1996], for instance, describes a method for the reconstruction of architcctural scenes which
requires the user to mark out corresponding features across the set of images that they are using.
Here, the user is provided with a tool to mark out the visible cdges of the buildings using lines. It is
argucd that user-based feature extraction and matching is suitable for this type of process because,
as relatively few features need to be marked, the number of false-positives in the matching stage is

reduced, and a very high degree of accuracy can be achieved.

Reconstruction

Given a set of calibrated photographs, with known corresponding features, the next stage in the
photogrammetric process is to solve for the positions and orientations of the cameras, as well as the

positions of the features. Intrinsic to all solutions to this problem is the property of stereopsis.

Camera (C; image-planc D Camera Cs image-plane

01 02

Figure 4: Stereopsis. This figure illustrates how the position in space of p can be determined by
calculating the intersection of the line passing through o;, the perspective centre of Cq, and p; and
the line passing through os, the perspective centre of Cy, and pa.

Consider Figure 4. Given the projection of a point, p;, on the image-planc of a camera, Cy, the
location in world coordinates of that point, say p, can lie anywhere on the line pio; that runs from
p1 and passes through the perspective centre, o1, of Cq. In other words, a single image of an object
contains no depth information at all. If, however, there exists a point, p2, on the image-planc of a
sccond camera, Cy (with perspective centre o02), that corresponds (in world coordinates) to p, then
p must fall on the intersection of pyo; and peos. Provided that the orientations and positions of
C1 and C2 are known, it is trivial to compute the location of p (provided the lines interscct —
rcal-world data may requirc an optimization). This can, of course. be extended to use more than
two camcras, and when considering rcal-world situations this is desired as it generally gives a more

accuratc approximation of p.
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In the more general photogrammetric case, the paramecters of the cameras arc not known. This
is problematic, as it introduces an extra six degrees of freedom, per camera (three for translation
and three for orientation), to the system. As a result, in an unconstrained system it is impossible
to solve for the position of a single point given multiple views. By finding many matching points
of interest across the set of images, the system becomes implicitly constrained and solving for the
free parameters of the cameras and points is possible. It is important to note that the number of
parameters that must be solved for can be reduced by six (without loss of gencrality), by specifying

the world coordinate system to be the reference frame of one camera.

With a large number of feature matches, the system docs become sufficiently constrained for the
parameters to be solved for, however, this is still a difficult task. Consider a situation with 100
featurcs marked over three images, the result is over 300 variables that must be calculated. There
arc currently no solutions that are able to analytically solve for this number of variables, and as a

result approximation techniques are most commonly used.

Pk

Camera C; image-plane

D(cix. pir)

Ci = (P, Mi)

Figure 5: Camera projection. This figure illustrates how a point in space (py) is projected onto the
image-planc of a camera (C;), and how the error between the projected point and an observed point
(D(cik, pix)) can be measured.

Consider a camera, C;, with a projection transformation matrix, P;, and a camera transformation
matrix, M;, and a point in space, pi (as illustrated in Figure 5). The coordinates of pg, projected
onto the image-plane of C;, can be computed as p;, = Py M,;p. Further, let ¢;x denote the observed
position on the image-plane of C; of the point in space pr. One can then solve for the free parameters
(M; and pi) by minimizing the objective function O = 3.5, D{cix. pix)?, where D(a,b) is the
Euclidean distance between a and b. It should be noted that this objective function is highly non-
lincar, and therefore suffers from the problem of local minima. This process of optimizing both the
coordinates and orientations of the cameras and the coordinates of the features of interest is known,

quite aptly, as a bundle adjustment.

This problem is presented in the above formulation for simplicity and clarity, but numerous alter-

native representations do exist, cach with their own relative merits; Triggs ct al. [2000] provide an
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excellent survey of current bundle adjustment methods. Although in the above problem statement,
cach observation accounts for three parameters, it is possible to generalise the solution to optimize
a parametrised model as opposed to a set of points (note that the parametrised model may, in fact,
be a set of points). In this way, it is possible to greatly reduce the degrees of freedom if extra
information is known about the object that is being reconstructed. In addition to this, there arc
numerous ways to model the error that must be minimised. Triggs et al. [2000] suggest non-linear
least squares, robustified least squares, intensity-based methods and implicit models as good options
for defining an error metric. These two factors afford the bundle adjustment solutions a high degree

of flexibility.

Once a modcl and error metric have been decided upon, the parameters of the model must be
optimized by minimizing the error function. There arc currently many numerical optimization tech-
niques available for this. Gill and Murray [1981], Nocedal and Wright [1999] and Fletcher [1987]
provide in depth discussions and analyses of these methods. Some of the more commonly used meth-
ods arc presented in Triggs et al. [2000] and these include techniques such as Newton’s method, the
Levenberg-Marquardt methods, the Gauss-Newton method and least squares optimization. Where
it is necessary to minimize a function, subject to a sct of constraints, Triggs et al. [2000] proposcs

using sequential quadratic programming.

[Shan et al., 2001] is onc cxample of a bundle adjustment applied to photogrammetry, where, instcad
of their model parameters comprising a set of isolated points. they use a surface that is parametrised
by relatively few variables. This is applied to the photogrammetric reconstruction of human faces,
which are later textured from the original image. A comparison between using a parametrised
surface and using a point-set model is drawn, and the success of the model-bascd parametrisation
clearly illustrates the importance of structuring the problem so as to minimize the number of free

parameters.

A further example is detailed in the work of Fitzgibbon and Zisserman [1998], where a structure
from motion technique is implemented that uscs a bundle adjustment to solve for the scene structure
as well as the motion of a camera undergoing movement. Important here is that this technique is

able to handle image scquences from an unknown camera undergoing unknown movement.

Analysis

When considering the reconstruction of real-world objects, current photogrammetry techniques pro-
vide a cost-effective alternative to range scanning. Although not as robust or flexible as many range
scanning approaches, methods have been developed to handle many of the more common situations.
Given the savings in both money and time that photogrammetry can afford, it is certainly a viable

alternative to range scanning in many situations.

Even setting the cost issue aside, photogrammetry does have some decided advantages over range

scanning. Although inferior in terms of quality of results (range scanning is still more accurate),
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flexibility and robustness, photogramimetric technigues arc more applicable in certain circumstances.
Where range scanning often requires the presence of a lot of cquipment and a significant amount
of time, data for the photogrammetric techniques can be acquired in a few minutes with a small,
hand-held camera. As a result photogrammetry is far less invasive and preferable in situations where

the presence of a rescarcher might disrupt the local community.

In addition to this, when reconstructing objects that have been destroyed (as we will be doing
with District Six architecturce), range scanning techniques cannot be used. In this situation, again,
photogrammetry becomes the most feasible option (provided, of course, that photographic records

remain).

2.2 Photo-based Texturing and Rendering

Although it is possible to visualise a reconstructed model quite effectively by sinply rendering it in
a single colour with a reasonablc lighting model, texturing can add a great amount of detail, thus
improving the quality and realism of the rendering. Where actual photographs of the object are
available, it is preferable to use thesc as the source of the textures. Provided all of the parameters
of a photograph of the modelled object are known, it is possible to cxtract, for any point on the
surface of the model, the texture coordinates for the photograph. This can be achieved through the

use of projective texture mapping. a technique first introduced by Segal et al. [1992].

In situations wherce there are many photographs of the object, it may also be necessary to blend
multiple views of a point on the surface of the object to give a final colour. Furthermnore, depending
on the viewpoint from which the model is being rendered, different weightings should be given to

the input photographs (based on proximity to the synthetic viewpoint).

Debevec et al. [1998] describe an image-based texturing technique that implements a view-dependent
texturing scheme able to handle multiple views of the reconstructed object. Only really effective
when all the images of the object arc taken under the same lighting conditions, this scheme blends
the relevant images together. weighting them by how closely their view point matches the synthetic
one. This approach also includes a hole filling strategy, where any polygons that are invisible from
all camcras get assigned colour based on their neighbouring polygons. Although effective for minor

holes, this is not ideal when, for instance, the texture of an entire face of a building is unknown.

Onc further example of photo-based texturing is the work of Oh et al. [2001]. Here, a single imagc is
taken as input and then modified by the user to produce new views of the captured scene. Although a
three-dimensional model is not explicitly computed, the scene can be rendered from novel viewpoints,
provided they do not vary too greatly from the original. A number of tools (such as copying with
re-projection that is distortion frec) arc provided to assist the user in texturing arcas of the new

view that were occluded in the original.
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generate textures of similar quality. Key features of this procedure are the speed of the algorithm,

and the guaranteced tileability of the generated textures.

The sccond class of texture synthesis algorithms involves the use of procedural methods to generate
entircly new textures (an cxample of which is shown in Figure 6(b)). The underlying idea behind all
methods in this class is having a procedurc that takes, as input, a small set of simple parameters, and
returns a complex output that is determined by the input paramecters. Perhaps the most well known
image synthesis technique in this category is Perlin noise [Perlin, 1985]. This mcthod functions
by generating a munber of noise fields, cach with different frequencies and amplitudes, and then
adding them together to produce a final pattern. The result is a texture with a “random” high level
structure (governed by the low frequency noise), that still has perturbations on a much smaller scale

(produced by the high frequency noise).

This type of strategy is often used to gencrate entirely synthetic, yet still realistic looking textures.
In situations where one has no access to sample material, one wants to gencrate textures that do
not exist anywhere, or when memory is limited and numecrous samples cannot be stored, these
techniques can be very uscful. Perlin noise has been successfully used in generating wood- and

marble-like textures as well as water- or sky-like patterns [Perlin, 1985).

2.4 Heritage Reconstruction

As mentioned previously, Heritage Reconstruction is one of the major application areas for three-
dimensional reconstruction techniques. The preservation of our cultural heritage has always been
an important goal of society, and advances in computer graphics and modeclling over rccent years

have provided many new avenucs for realising this [Berndt and Carlos, 2000].

Organisations such as muscums have a definite interest in digital reconstructions of heritage artifacts,
as virtual exhibits augment physical displays in ways that make them far morce attractive to visitors.
Historians, archaeologists and artists are also able to make usc of digital rcconstructions, both in
terms of preservation and when answering questions about objects that they study. For example,
digital reconstructions offer rescarchers insight into questions about the creation and proportions of

statues that they would otherwise not be able to answer [Berndt and Carlos, 2000].

In line with this demand, rescarchers have developed many techniques to facilitate the reconstruction
of heritage sites and artifacts. Due to the divergent scenarios, however, no one technique is able
to solve all of the problems. Where, for instance, smaller objects are being reconstructed, it is
important to create highly detailed models. Where, alternatively, the subject of reconstruction is a
larger scene, the problem of a high level of detail becomes eclipsed by that of modelling a massive
scene. The material available for the reconstruction (Does the object still exist? Do we have access
to it? Arc there accuratc measurements available?) and the requircments of the reconstruction

(level of detail, texturing, lighting independence. ctc.) augment the need for an array of different
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TRCCGISEIMCTION B nada
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ARRIY grapnics program, after wnlcn the architectural complexcs wore medelled using Auted' 40

software, [n fotal, approcdmately nine months was required for the modelling process,

A further example, mentioned above, = the woll known Digital Michelangelo projoc Levoy el al
2000, ‘The aim of this project {resulls of whicn van be seen in Figure T was o develop a bame-
work for building digital models of resl-world statues, The authors wsed laser range scannees Lo
desipn accuraze and bighle detailed models of the selected statues. This approsch noeoleed spending
miany nowrs taking scans of Lo stalioes Froe dileret) locationg, after which poinl clond regisleation
Aloritiaes wers Applied 10 getwrale o Gnal wedael. The resules ol the projeel are bighly-deiailed,
Lhree-riensional scans of moneras statucs, with Lhe largost scan baving appeosinaicly twn billion

polvpots. These anodels bave st beon geed to setcler Lhossatds of Damges ol thie stalues ovari-

ous ayntheric eondiclons, Despite the excellent vesnlts, Lie scope of this mechod s llmiled i chad, it

reTEReS CXpETEIVe coipanenl atd can oty e wscod whoee the oljects sUill exdst.

i

Figuro 7: Two imazes of the head of Michelangelo™s "David’, The imapge on toe leit s a photograpl;,
and the image on the righd is o syuchelic roape, rendered from data acguived throush range scanning
performed as parl of Standord Uelversity’s Digital Michelangelo Projeet. Uhls Gemage 5 oasoed with
permnission from Professor Mare Lavor,

Anczher heritage reconstruction project 18 deseribed Ty Genen ot all 2002], and invelved mod-
clling twao giant statues of Buddha that wore criginally situared in Bamivan, Alzhanistan boioee
Liedny destronned by Taleban militta. Sinee LUhe statues hedd been demnolished, it was decided thar &
prhorogrornnerty approack wonld be taken. Theos diToeent sors of phorographs woere nsoed for she
COOOSTIUCToN - A 5ot of photographs found on tae Inrernet, & sor of tourlsl inapes and aser of throo

metric imaTes. 4 standard bundle adjustinent was used to determine the parameters of the camern
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and positions of the features of interest. Although results from this project are good, with the metric
image sct being used to create a point cloud of over 170,000 points, it is not an ideal approach for
all situations. Where the structure being rcconstructed is very regular, a point cloud is not an ideal
representation, as the gecometry can be modelled more accurately as a sct of flat surfaces and regular

curves, and a more constrained optimization technique should thus be used.

The above methods cach make usc of only a single reconstruction technique. however, in some cases
a hybrid is employed for optimal results. One instance of this is detailed by El-Hakim ct al. [2004],
where both photogrammetry and range scanning arc cmployed in their solutions. Their project is
aimed at the reconstruction of human-made objects, where the structure is well constrained, and as
a result uses a photogrammetry-based solution to determine basic shape. In a few select arcas, where
a high level of geometric detail is required, it is proposed that a range scanning technique should
be used. This technique is extremcly cffective when used to reconstruct instances of architectural

heritage, and was showcased through the modelling of the Abbey of Pomposa in Italy.

Finally, examples of heritage reconstruction also include work by Streilein and Nicrderost [1998],
Buehrer et al. {1999] and Beraldin et al. [2002]. The first describes the reconstruction of the Disentis
monastery in Switzerland that was performed through the analysis of still video imagery, the second
outlines the use of photogrammetry-based techniques to assist in the reconstruction of a rock-hewn
church in Ethiopia and the third documents the reconstruction of a Byzantine crypt that was achicved

through the use of laser scanning and high-resolution textural information.

2.5 Architecture Reconstruction Techniques

Although there is a degrec of overlap between the reconstruction of heritage sites and that of archi-
tectural scenes, it is worth paying special attention to the latter, for two reasons. First, the focus of
this project lies in the reconstruction of architectural scenes and sccond, the constraints inherent in

most architecture have resulted in a number of interesting solutions.

One example of such an architectural reconstruction scheme is the work by Vosselman and Dijkman
[2001], which describes a technique that constructs three-dimensional models of buildings using
acrial point clouds and ground maps. Given a dense point cloud of an urban arca, taken from a
high altitude, this technique is able to reconstruct the buildings represented by that point cloud. To
extract polygonal information from the point cloud, a three-dimensional variant of the well known
Hough transform [Parker, 1996] is used. The parameters of the polygons are then determined using
a least squares estimation, after which they arc combined with the assistance of the ground plan to

form a final model.

A number of photogrammectric methods have also been developed that are able exploit the constraints
inherent in architectural scenes. Esscntially, assumptions arc made about the coplanarity of points

and the parallelism or orthogonality of lincs, that result in a far smaller number of free parameters.
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One technique that makes use of such constraints is presented by van den Heuvel [2001], where a
line-photogrammetric approach is usced to model architectural objects from a single, uncalibrated
photograph. This method first determines the intrinsic parameters of the camcra, after which a
least squares bundle adjustment is used to determinc the model paramcters. The results of this
technique are illustrated through the partial reconstruction of a building from a single image of the

Meydenbauer archives.

Two further photogrammetry-based techniques arc described by Dick et al. {2000] and Dick et al.
[2004]. The first technique automatically models architectural scenes from a small number of pho-
tographs, and is able to solve for the focal length of each image used. Again, this uses constraints
inherent in architecturc such as perpendicularity and verticality. Also introduced is a technique for
evaluating the likelihood of a reconstructed model, which allows a rapid search through many such

models to find the optimal one.

The second method processes multiple images of an architectural scene and, from those, produces
a three-dimensional model of the scene, while identifying some architectural components. This
system models a scene as a collection of walls, where each wall is a rectangle and contains a number
of volumetric primitives that correspond to architectural features such as doors or windows. A
probabilistic framework is then used to construct the modecl in terms of these primitives and extract

identification information from the images.

One final technique, called photogrammetric modelling. is described by Debevec ct al. [1996]. In this
user-interactive method, a model that represents the scenc is built using any number of parametrised
primitives. Correspondences between the model and the images are then defined by the user, after
which the paramecters of both the models and all of the images used in the reconstruction are solved
for. Through this modelling technique, constraints such as parallclism, orthogonality, coplanarity
and symmetry are implicitly exploited. With such a highly constrained model, it is often possible
to accurately reconstruct a building from only a single image. Furthermore, through the constraints
afforded by the use of geometric primitives, a priori information can be used to accurately modcl

geometry that is not visible in any of the photographs.

Given the robustness and flexibility of photogrammetric modelling, it was decided that our recon-
struction framework would be based on it. Although there are newer methods, that provide a greater
degree of automation, the speed of use was not a major concern. More important was the accurate
reconstruction of the architecturc and the ability to do this using the limited available material. It
was also noted that a number of other techniques are also able to solve the problem of calibration.
However, this problem can be — and often is — solved independently of the reconstruction, and
should therefore not affect the decision of which reconstruction framework to use. Finally, the aim
of the project was to design an application that could produce full three-dimensional models of
buildings. Where photogrammetric modelling is able to do so through the usc of symmetry and the

geometric primitives, other methods often only produce partial reconstructions.
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2.6 District Six Photographic Material

Located at the District Six Muscum is an archive of photographs comprising many hundreds of
pictures of District Six (some of which are illustrated in Figure 8), taken before or during the time
when the arca was destroyed. As a result, the photographs are all old, with cven the most recent
cxamples having been taken over thirty ycars ago. Furthermore, at the time, the images were not
intended to act as an accurate photographic record of the architecture. and were thus not taken with

this goal in mind.

As a result, when considering the reconstruction of architecturce. there are many problems associated

with this archive. These include:

¢ Finding sets of matching photographs. Onc of the more difficult problems is that of
finding a set of photographs of a given building. Because therc arc so many images in the
archive, and much of the architecture from the time looks so similar, the task of finding
two photographs of any one building is both difficult and labour intensive. Furthermore, the
photographs are not arranged in the archive according to which building they capture, but
rather by other criteria such as who the photographer is, or when they were captured. This
makes the already difficult task of locating sets of images even more laborious. Given this, it

may, at times, be necessary to produce a reconstruction from only a single picture.

e The time period over which the photographs were taken. Asthe images were captured
over a period of decades, they have a number of problems associated with them. First, the
quality of photograph varies greatly. Using images of poor quality can only worsen the resulting
reconstructions.  Unfortunately, however, onc often has no choice but to use thosc images.
Second, if two photographs of a building were taken many ycars apart, changes may have
occurred to the building in the intervening years. As some of the pictures were taken during

the demolition of the area, this becomes a significant issue.

¢ Insufficient meta-data. A majority of the photographs in the archive are accompanied by
little or no additional information. This includes a lack of information about subject matter,
the camera used to take the picture and the date when the picture was taken. This only

exacerbates the problems alrecady associated with this archive.

¢ Different chromatic schemes. Most of the photographs were taken in greyscale. However,
a number were also captured in colour or sepia. This presents problems when texturing the
reconstructed buildings, as it is difficult to combine these schemes in a visually appcaling way.
Although converting all images to greyscale is one solution, it does result in the loss of data,

and this is not necessarily idcal.

e The digitization process. All of the images in the archive were taken before the age of
digital cameras. In order to usc any image for the purposc of reconstruction, it must first be

digitized. This is problematic as onc cannot guarantee that noisc or other artefacts will not
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becantroduca] duang Lhis process, Miner vesations of The image while scanning, or slighszly
walpedd stnages will adversely affect the qualify of the digital copr and <his will inerease any

reenr it the reronstenction.

o The: problem of calibration. It §5 oot keown with whicl eomera and lens most of the
phuasraphs were Taken and this imemediately results o probiems wizh calibration. This is
exacerhated Ty the faet thar many of the photogeaphe have heen eropped. which mag make it
dilficult to apprasitate L principa poiot, Aoy alilitenal ervor introcduea] oy the digiiization

privcess will fncther soanplicane 1he callbration, vuaking che eesults loss reliable.

Il

Figure #: Sote exganples of U Thsceicl S photograpbio matesial. (a) iilust rakes three photopraphs
ol thie Llanowver Building. Ome of the photographs s in grevscale, while anolber was taken during the
detnedition of Distric: Six, (0l conzains bevo photoeraphs of the British Biosoope — o pidilding we go
on to reconstruct. Again, one image is o greyseale, while the seeom] is 1o rolous. (o} illustrates —wo
images of different District 3ix buiidingz, In each of these cases, woowere nnable Lo ol acddiliomal.
matehing photozrapbs




Chapter 3

Reconstruction Overview

The Reconstruction Framework is the most important aspect of the District Six Virtual Reconstruc-
tion (DSVR) project. It is through the use of this component that it is possible to reconstruct
models of District Six architectural scenes. The parameters of the corresponding camera views arc
also calculated, which allows for the extraction of textures at a later stage. The Reconstruction
Framework implements our interpretation of the photogrammetric modelling technique described by
Debevee et al. [1996].

The remainder of this chapter focuses first on the User's View, and then on the architecture of
the framework. Topics discussed here include importing and calibrating photographs, modelling of

scenes, drawing correspondences between the geometry and the photographs, and optimizing models.

3.1 The Model

Before continuing, it is necessary to describe, briefly, how any scene undergoing reconstruction is
g y Y Y gomg

modelled. A scenc — or model — comprises two principal components. The first is a collection of

geometry and the second is a set of cameras. Both the geometry aud the cameras are defined by a

set of paramcters and the model is, therefore, parametrised.

While the number of parameters introduced by the geometry is highly variable (depending on the
constraints in place), each camera is modelled by six parameters. The first three determine the
position in space of the camera, and the remaining three, its orientation. The field of view and
image-plane size arc static for cach camera. As a result, cvery camera defines both a reference frame

and a perspective projection.

Constraints can be defined both by restricting the freedom of the geometry and by defining rela-

tionships between the geometry and camera parameters. The parameters of the model can then
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be optimized by minimizing the extent to which relationships defined between the geowmetry and

camecra paramcters arc violated.

3.2 The User’s View

From the perspective of the user, the functionality of the framework can be partitioned into six
actions. A brief description of each of thesc actions follows, and their use is illustrated by the
accompanying flowchart in Figure 9. The underlying architecture behind cach uscr interaction is

then fully discussed in onc of the subsequent scctions. These actions are:

¢ Calibrating and Importing Photographs. Before any photograph can be used in the
reconstruction framework, its calibration paramecters (as discussed in Chapter 2) must be
determined. Once these parameters have been calculated for all the photographs that will be

used, they can then be imported into the system.

e Geometric Primitive Design. A tool has been created for the user to design any number of
geometric primitives for use in the modelling process. It is important to note that once such a
primitive has been created, it can be used in all subsequent reconstructions. As the primitive
design forms an important part of the modelling process. it is discussed in detail under the

section on modeclling.

e Modelling. Using the set of pre-designed primitives, the user then builds a rough model
of the architectural scenc. It is not essential that the model have the same proportions as
the actual scene, only that it is constructed from cquivalent geometric primitives. It is while

modelling that thc user is able to add constraints to the system.

e Defining Image-Model Correspondences. Once at lcast a partial model has been de-
signed. and a single photograph imported, the user is able to define image-model correspon-
dences. These correspondences link user-marked edges (or observations) to cdges in the model

geometry, forming the basis for the objective function that is used to optimize the model.

e Optimizing the model. Again, once a partial model has been designed, and a single pho-
tograph imported, the user may instruct the system to optimize the model and camcra pa-
rameters. As the non-lincar optimization requires a longer time to run, the user can choosc
to use only the faster initial optimization for temporary results. It should be noted that if an

under-constrained model is optimized, the results will be meaningless.

e Texturing and Rendering. Once satisfied with the model, the user may save it to file.
Before the final, textured model can be displayed, the user needs to construct a synthetic
texture for each face that does not appear in a photograph. Once this has been completed,
the final. textured model can now be rendered. Although the texturing and rendering docs
not form part of the reconstruction framework, it is an esscntial part of the user’s view and,

as such, is introduced herc. A full discussion is, however, deferred until Chapter 5.
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Importing Photographs

Geometric Primitive Design € > Modelling Geometry

Optimizing the Model < > Adding Constraints

/

Texturing and Rendering

T~

Figure 9: A flowchart describing the operations available to the user in the reconstruction framework.

Although most logically used in the above order, the first five of these actions can be performed
several times, at any stage before the texturing and rendering is performed. This is important as it
allows the user to add additional constraints depending on the success of the optimization, and also

augment a semi-complete model with additional photographic material.

During the rcconstruction phase, the user is presented with three windows. The first window is
the Modelling Window, in which the current geometric model is displayed. Using this window
the user can add primitives to the model, and select model edges for defining the image-model
correspondences. The second window is the Primitive Construction Window, which assists the user
in creating new geometric primitives. The final window is the Image Window, used for importing and

displaying images, and for selecting image edges when defining the image-model correspondences.

3.3 Calibrating and Importing Photographs

As previously mentioned, before a photograph is used in the reconstruction framework, its calibration

parameters must be determined by the user. Once this has been completed, the photograph may
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be imported into the system, and used to define image-model correspondences as well as aid in the

design of the model.

3.3.1 Photograph Calibration

As was made clear in Chapter 2, the available photographic material is gencrally of very poor
quality, and entirely uncalibrated. In order to be effectively used in the reconstruction framework, it
is necessary to determine the calibration parameters of the cameras used to take these photographs.
Depending on the quality of the reconstruction the user hopes to achicve, different levels of calibration

accuracy arc required.

The absolutc minimum requirements for any photograph arc good estimations of the focal length
and pixel size. The focal length is equivalent to the “zoom”, or field of vision, of the camera. An
incorrect focal length will result in distances along the z axis — observed as changes on the z or y
axes — being calculated incorrectly, and this will result in an incorrect reconstruction. The pixel
size is required as this is effectively the unit of measurement for the focal length, and is used in
determining the field of view for the image. In general, however, as the reconstruction framework
requires a field of view (rather than a focal length), an arbitrary pixel size can be assumed, and the

focal length calculated relative to this.

Also of importance is an estimation of the principal point. This is necessary as all features on the
image are marked out relative to this point. If the principal point is incorrect, so, too, arc the
positions of these features. Generally, the principal point can be assumed to be very near the centre
of the image — and the reconstruction framework makes this assumption. However, in cascs where
extreme cropping has occurred it is important that the user compute the actual position of the
principal point, and rc-centre the photograph on a larger image, so that the principal point again

lies in the centre.

The reconstruction framework also assumes that the aspect ratio between the pixel sizes along z
and y axes for all images is 1 (i.c., all images have square pixcls). For a majority of photographs
this is the case, and the user nced not worry. However, where this is not the case, the result will be
incorrect scaling between measurcments madc on the z and y axes, which will adversely affect the
reconstruction. The user should always re-scale such an image before importing it, to cnsurc that

this aspect ratio is correct.

Finally, as thc photographs werc taken with older optical equipment, there is often a non-trivial
amount of radial lens distortion. In the ideal case, this should be compensated for using some pre-
processing techniques; however, if this is not possible the impact will not be as damaging as that of
the other calibration problems, and will primarily be noticed in the form of minor reconstruction or

texturing artcfacts (as illustrated in Figure 30(a)).
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Our Calibration Approach

For our example reconstructions, we clected to determine only the focal length of the cameras. This
was possible, as when scanning in the original images, careful attention was paid to ensuring that
a minimal amount of cropping occurred (lcaving the principal point for each image in its centre).
Furthermore. the results were sufficiently convincing that it was not decmed necessary to remove

the radial distortion present in the images.

Computing an estimate of the focal length of an image becomes simple, provided at least one cuboid
can be seen in the image. As discussed in Chapter 2, Wilczkowiak ct al. {2001} show the duality
between the intrinsic paramcters of a camera and a parallelepiped. In fact, they arguc that only
when the calibration parameters of a camera are correct, will a parallelepiped in spacc match one

that has been obscrved in the image.

Using this property, by repeatedly modelling (and optimizing) a single cuboid in an image, while
varying the assumed focal length, a good estimate of the correct focal length can be obtained.
Esscntially, the focal length, for which the mcasured error is minimal after optimization of the

model, is the most accurate cstimate of the correct focal length.

3.3.2 Importing Photographs

Having determined the necessary calibration parameters for all of the photographs. the user is able
to import them into the reconstruction framework using the Image Window. When importing an
image. the user must enter the fleld of view along the y axis for the photograph, along with valucs
for the translation and rotation (in Euler angles) of the camera. These need not be accurate, and
can be changed at any time. We elect to input the field of view for the camera instcad of the focal
length, as this measurement is independent of pixel size; it simply describes the relationship between

focal length and pixel size, and can be used later when normalizing the images (sce Chapter 4).

It should be noted, that importing a photograph into the framework is equivalent to adding an addi-
tional “camecra” to the model. As a result each photograph increases the number of frec parameters
in the model by six, but can also be used to define many constraints. In general, good results can

be obtained with as few as two cameras, as illustrated in Figure 29 .

3.4 Modelling

In our system, the gecometry of a scene is modelled as a collection of parametrised geometric primi-
tives. In order for this to be successful, each primitive must correspond to an equivalent primitive in
the real scene. Relationships are defined between primitives in order to reduce the number of param-

eters that must be optimized during the reconstruction. This section describes how the geometric
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priitives are defined aud bow they see ueed io the modelling provess, and prosides o Juslification

lore vsing 1his approach.

341 Geometric Primitives

fa (1

Figure 1k Sawple geoiwetric primitives. In 10{a), the two vertices that fono the top bar of the
pristn can be cotnpuled as hoiog the midpoint of the edge of the bonnding bex on which they lie
Ln 10(k}, the vertives sll fali on vertices of the Lounding box.

I cornputer graphics, of constructive souid gecmetry, s geonetre priotive s considered ro he a
sitaple, three-diinensionsi geonetric shape Foley of al., 1945, Examples of these inclhude enbes,
cines, tetrsbedrons and prismse Following 1his definizsion, a parametsised peouetrie primitive is

sitply o peotiel i peinilive thal is defined by oasor of paratctors,

Cunsider o cuboid o space. Toocan be defined, rewafive o sone frame of reference, by oy oine
paramictors. Theee describe its translation, three describe its orientsbion anc the [nal three describe
irs dimensions {inngtl"., width and height), This provides one example of 4 pararetrised geonerric
primitive. Aitkough it is shupie o parsmetnise s cubold o this way, other primitives, are often
deseribed Ly different sets of parameters, Ideaily, we co not want to lave to comsider sack peiritive
individually, as this would be hoth me consursing and foitiog, shoald & primitive thal las aot
been delined he neaded,

Ter avnid this peeblem, all prinitives wsed o this Tamnewsrs are defined in terms of the same set of
paraelers. Consider again o culoid in space. Further, suppose that chis cuboic s interpretec as
a bounding bhox. Awy prindtive chat can be described in terius of the width, lenpzh and height of
this bounding box b impicitly desenbed in terms of the parameters of the cuboid. For o moajority
of prinitives, defining the position of the vertices in teoms of the exlents of A bounding Lo 35 guaire
sinmie. Where the primitive hecomes complex coough Lhat this 15 no longer tho case. it can and
prolmably should’ ke defioesd by fwo o moee siniples pritgicives — cach with their own bouncing

Ferae,
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In this framework, the user &5 presented with s ool thar assises in delining arbitrary primitives
in terms ol the extenls of a bounding box. A primitive is defined by first adding any number of
vertiovs, amd then Joiing these vertices o foom polysomal faces. Each vorcex is defined by the user
as a fanetion ol one or o of Lhe estents of the bounding hox. In this waw, as the shape of the
Boumding box ehanges, sodocs the shape of the primitive. When the prinitive has been defined. it
var e sawved o an adxiliaey Gle from which it can be receicved for use in future reconstructions, The
lormal of clwse files s simple. and advanced uscrs oy profer th create new primitives by editing
surb g fle diveetly. Some exaaplos of these geometric primitives can be seen in Figures 100a) and
LEYS

3.4.2  Geometry Model Structure

Raia Cubaiid

AR g2iR 1

Firey F zan Cubaind KBTI

FRLE

Frism Ros!

) (s

Figure 11 A Lypicas model and scene graph. @lia) Glustrates how an architeclural seene is baid
ap ol & tinber of geotmeteic peiaitives, Here, dwn enlwids, one prisio and a wedge are used, 1t i
Lenpewtant to note thae, in this case, the model can be constraiued so thar the prism al the top need
only have ote froe paramelcr — 1ts heighe. Shmilarly, the wedee is also parametrised by only its
heizht, The base cabsobd Is paramelrised by dwo paratcters (width and beighe), as the chird s set
rrnstant for scaling purposes, The first floor cubisid, azain. is parametrised only by its height and
witllho 1371 deseribes the hietarchical relationship structure of the model,

As memioted caclicr, the geometry of a 2oone is modelled using any mneber of previously defined
primitives. In this fashion, ever firly complex architectural seenes can be reprosended wilh a high
degree of accuracy, Since, in the mast anconstrained case, each primitive would add an additional

nine parameters to the system, it i pos<ible Lo define constrains onoany peimilive, as well as
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relationships between primitives that will reduce this number of parameters.

Six of the nine parameters for each primitive are used to describe that primitive’s translation and
orientation in space (represcnted by a translation vector, t, and a rotation matrix, R). As a result,
cach primitive could be said to define its own frame of reference. In this modelling system, in order to
reduce the number of free parameters, a hierarchical (tree-like) structure is used when describing the
geometry. In this way, each primitive in the system defines its own frame of refercnce relative to that
of its parent. Finally, the root primitive (which has no parent at all) defines the world coordinate
system. This is a typical scene graph structure, widely used throughout computer graphics [Leler
and Merry, 1996; Wernecke, 1994].

Consider a scene such as shown in 11(a).Let R; be the rotation matrix, t; the translation vector and
d; the dimension vector (representing width, height and depth) of the it* primitive, P;. Furthermore,
let g;(R;, t;) represent the rigid transformation from the reference frame of P; to that of its parcnt.

In this way the world coordinates of a vertex, vmw (d,, ), of the mt"

primitive, P,,, can be computed
as:
Vmmw (dm) =4q (le, tl) T gm(Rm~ tm)vm (dm) (1)

Following this same linc of reasoning, the world orientation of a line segment, {,,,(ds,), of Py, can be

computed as:
lmW (dm) =41 (Rhtl) T gm(Rm- tm)lm(dm) (2)

In most cases, the relationship between a primitive and its parent is, at least partially, known. It is
very often the case that there is either no rotation at all. or a fixed rotation of 90 degrees around only
one axis. Almost as frequently, the translations of a primitive are either zero or directly dependant
on the dimensions of that primitive and its parent. In addition to this, some of the dimensions of

one primitive can often be described in terms of those of a number of other primitives.

Being able to enforce constraints such as these is essential in reducing the number of free paramcters
that must be solved — an important feature, discussed fully in Section 3.4.4. In order to facilitate
this, a number of options have been provided. By default. all paramecters of all primitives arc
unconstrained. However, this may be altered in two ways. First, the user may fix the value of
any parameter to a constant value. This option is most frequently used when defining the rotations
between two primitives. The second option allows the user to sct any scalar parameter of a primitive
(i.e., clements in d; or t;) as a function of any other scalar parameters in the system. This featurc
allows the uscr to specify symmetry between primitives and can greatly assist in the reconstruction

of invisible geometry.

3.4.3 Building a Model

Building a model in the reconstruction framework is a relatively simple procedure, and comprises

three major steps. The first of these involves designing and importing geometric primitives, and has
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already been discussed. The second and third steps arc: adding primitives to the scene and sctting

constraints on the geometry, and are discussed in detail here.

Adding Primitives

When adding the first primitive to the scene, the user implicitly defines the world coordinate system.
This is because any rotation or translation of this first block is equivalent to an inverse rotation or
translation of the rest of the scene (including cameras). As a result. for the first block, no translation
need be defined by the user. Similarly, in order to fix the scale of the scene, the user is required to
specify the value for any one of the dimensions of the first primitive. If this were not the case, there
would exist infinitely many solutions, each equally correct, and varying from the others only by a

scale factor, and this would harm thc robustness of the system..

For all other primitives, the user must first. select a parent primitive and then, once the new primitive
has been chosen from those available, define a relationship between the new primitive and its parent.
At this stage, the user may also specify initial valucs for any free parameters, as well as define initial

constraints on the new primitive.

Setting Constraints

At any stage during the modelling process, the user may specify constraints on the geometry. This is
done either through setting paramecters of primitives to constant values. or by defining a parameter
as a function of a number of other parameters. To perform thesc actions, the user selects the
primitive of which they want to constrain a parameter, and then enters cither a constant valuc or
an expression in terms of other parameters into a dialogue box. Cyclical constraints (i.e., where

paramcter A references parameter B, and B references A) are not permitted in this model.

It is these relationships which result in a reduced number of free parameters in the model, and it is

thercfore preferable that as many as possible are added to the system.

3.4.4 Motivation

While this modelling strategy docs have some limitations (see Section 7.2 for details), the motivation
for using it is twofold. First, there arc reasons why it is sensible for architectural scenes in gencral
and, second, there arc reasons why it is a logical choice specifically when considering the District

Six material.
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Architectural Scenes

Modelling an architectural scene using geometric primitives has a number of advantages over other
schemes that use points, line segments, or polygons [Debevec et al., 1996]. and these are summarised

as follows:

e The similarity to architectural structures. Many architectural structures can be approx-

imated very closely by a sct of geometric primitives.

e The constraints implicit in primitives. The gcometric primitives used in this system
contain parallel and orthogonal lines. Since the primitives arc polygonal, they also constrain
scts of points to be coplanar. This is important as these constraints also exist in architectural

scenes and should be maximally exploited.

e More manageable modelling. Using geometric primitives as opposed to individual poly-
gons or linc segments results in a far simpler modelling process. and this greatly reduces the

modelling time and improves usability.

¢ The simplicity of extracting surface and connectivity information. Extracting both
surface and polygon connectivity information from a model comprising a collection of geometric
primitives is trivial, and this presents a decided advantage over systems which represent the
geometry using points, lines and polygons as in these cascs heuristic methods must often be

used to solve this problem.

e The reduced number of free parameters. The most important advantage of modclling
the gecometry in terms of primitives and rclationships is the massive reduction in the number
of parameters that must be solved. If a line-modelling approach is used, each line in the model
adds an additional 6 parameters. Every primitive contains at least six lines, but adds at most
9 parameters to the system. Where the relationships between primitives are well defined, even
fewer parameters arc needed — this can be scen in the example discussed in Scction 3.7, where
only 19 frec parameters were uscd over the entirec model. The result of this is that the system

needs only a few correspondences to arrive at a robust solution.

District Six Scenario

Given the problems associated with material in the District Six photographic archive, this modelling

technique offers a number of advantages specific to this type of situation:

e The ability to reconstruct objects from only a single image. Due to the constraints
afforded by this primitive-based modelling system, it is often possible to reconstruct an archi-
tectural scene from only a single image. This is useful as it is often the casc that only a single

image of a building cxists.
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e The ability to model hidden architecture. Often, when working with examples of which
only a few photographs exist, there is a fair amount of geometry that is hidden from all views.
In line- or point-based techniques, it is extremely difficult to model this geometry correctly.
However, using the geometric primitives and constraints of symmetry, additional knowledge

that the user may have about the scene can be exploited to accurately define hidden geometry.

e A high tolerance of image error. Given that the geometric models built using this system
are well constrained, a high degree of image error (as is often found in the photographs in the
District Six archive), although still likely to introduce crror into the model, is far less likely to

distort it as badly as in less constrained systcms.

3.5 Image Correspondences

In order to be able to mcasure the accuracy of the model (in terms of both the geometry and the
camecras) correspondences between the images and the geometry must be defined. In this frame-
work, line-based correspondences are used. In other words, edges of the real world object that are
observed in the photographs arc matched to cdges of the model. When observed edges from different
photographs are linked to the same model edge, the result is an implicit featurc match. The task of
defining these correspondences is scparated into two actions; marking out edge features, and linking

observed edges to geometry edges.

3.5.1 Marking Edge Features

The process of marking out the edge features for defining image-model correspondences is left as a
user-interactive task. A tool is provided that allows the user to mark out edges of the object on each
of the images. As it is not the end-points of the observed line segments that matter, but rather the
gradient and position , the user is only required to mark out a short segment of each line. Longer
segments do improve the accuracy of the observation, but where cdges arc obscured from vision
by external features such as trees, or additional geometry. being able to usc partial observations is

extremely uscful.

3.5.2 Adding Correspondences

Adding correspondences between user-defined image observations and model edges is a very straight-
forward procedure. A picking tool both for selecting observed edges and for selecting model cdges
is available. The user is simply required to select one of cach, and then use the appropriate menu
option to add a correspondence. Although a greater number of correspondences does result in a

higher degrec of accuracy and robustness, it also results in a slow-down in the optimization, and
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often the change in accuracy is marginal. In accordance with this, the uscr should rather sclect

fewer, more accurate observations than a large number of poor — or “short” — line segments.

3.5.3 Motivation

There are numerous benefits associated with using both line-based features and manual feature
extraction. Using line-based features is a suitable strategy in this application, as it affords a much
higher degree of accuracy than point-based features would. Trying to visually determine the exact
pixcl on which a vertex of the object lies is often very difficult and would result in the introduction
of unnecessary error into the system. Visually, it is far easier to determince whether the position of
a line scgment is correct, and as a result this is a more stable approach. In addition, using vertices
would require that they be visible in the images, whereas the line-based approach allows the user to

mark out only small segments of the object edge.

Although a number of automated strategies do exist for detecting lines (such as those based on the
well known Hough transform [Parker, 1996]), none is as good as the human visual system. In this
system, only lines that form edges of the structure should be used. and lines introduced by shadows,
features or changes in building material and texture can be very misleading to an automated system.
Furthermore, as it requires additional knowledge to determine what makes a “good” feature, manual

detection will gencrally achieve better results.

Requiring the user to define the image-model correspondences implicitly solves the problem of feature
matching (edges in separate images matched to the same model edge are an implicit feature match).
Although, again, there are automated techniques available for solving the matching problem (as
discussed in Chapter 2), none is guaranteed to be crror free. Furthermore, having to match the

features both to the geometry and to other featurcs makes this problem more difficult to solve.

Finally, with respect to the material available in the District Six photographic archive, the aforemen-
tioned problems arc exacerbated. Where the image quality is poor both line detection and feature
matching become more difficult, and in order to maintain a high degree of accuracy while performing

these tasks, a user-interactive technique is most suitable.

3.6 Optimization

At any point during the modelling phase, provided there is some geometry, at least one image, and
a sufficient number of correspondences, the user may clect to optimize the model. Essentially, this
involves manipulating the free parameters of the model, until the geometry and cameras in the system
conform to the observations. The optimization strategy, introduced by Taylor and Kriegman {1995],
is performed in two stages. First, an initial estimate for all of the parameters is computed using a

fast, simple optimization, after which a second, non-linear optimization is applied to the system to
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compute the final values for each of the parameters. Both optimizations use a multivariate variant
of Newton’s method [Nocedal and Wright, 1999] to step iteratively closer to an optimal solution.
Newton’s method, the error metric used to measure the conformity of the model, and the underlying

mathematics of both optimizations arc discussed in detail in the following four sections.

3.6.1 Multivariate Newton’s Method

Newton’s method is an efficient, gradient-based, iterative algorithm for finding approximations of the
roots of a real-based function. In this application, however, a variant of Newton’s method suggested
by Taylor and Kriegman [1995] is used, where, instcad of calculating the roots, the intention is to find
local (ideally global) minima of the function. In addition to this, a multivariate function is under
consideration, and therefore a gencralised Newton’s Optimization method [Nocedal and Wright,
1999] is employed. Finally, since some of the free parameters arc the rotation matrices of the cameras
and primitives, in cach itcration a local parametrisation of these rotation matrices, introduced by
Taylor and Kriegman [1994], is performed to preserve the properties of these parameters. The details

of this optimization strategy arc presented below.

Multivariate Optimization

Cousider a differentiable, real-valued function, f(z). Given some arbitrary approximation of a root
of f(z), x,, the Newton’s method iterative step to reach a better approximation for that root is
defined as

Tp4l = Tn —

Given a reasonable initial estimate, xg, this algorithm converges to a solution in very few steps.

In order to find a (local or global) minimun point of f(z), we need only compute the corresponding
root of f'(z). Following this reasoning, given some arbitrary approximation of a minimum of f(x),
z7,. the Newton's method iterative step to reach a better approximation of that minimum is defined

F)
i
ey @

As with the root finding approxination, very few steps are required for convergence; however, when

* p—
xn+1 =

trying to minimize non-linear functions, it is essential to have a good initial estimate to prevent the

solution converging to a local minimum.

Finally, consider a differentiable, real-valued function with m parameters, f(x). Given an arbitrary
approximation of any minimum point of f(x), x,, we can gencralise equation (3) to yield the

Newton's method iterative step to reach a better approximation of that minimum, defined as

Xpt1 = X = HT'Vf(x,) (4)
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Where V f(x) is the vector of all first order partial derivatives of f(x) and H (known as the Hessian

matrix) is the m by m matrix of all second order partial derivatives of f(x).
As calculating H 1 is a very slow process, cquation (4) is often posed as a system of lincar cquations
erL+l - HXIL - vf(xﬂ)

to which a solution can be found very rapidly using a lincar solver. such as that available in the
GNU Scientific Library [GSLDocs, 2007}

Minimization on the Lie Group SO(3)

Optimizations over the set of rigid rotations, SO(3) = {R € R**® . RTR = I.det(R) = 1} are
problematic, as in most numerical optimization paradigms the free parameters are assumed to lie in
a vector space isomorphic to R?. The Lic group, SO(3) is not. however, isomorphic to R® and as a
result global parametrisations (such as Euler angles) will always cxhibit anomalies at some points

in the parameter space [Taylor and Kricgman, 1994].

The solution to this problem, proposed by Taylor and Kriegman [1994]. is to use an atlas of local
parametrisations instead of a single, global parametrisation. Essentially, for every itcration of the op-
timization, a mapping between between SO(3) and R® is found that is valid for some neighbourhood

around the current rotation matrix, Rg.

3.6.2 The Error Metric

Before describing the initial and non-linear optimizations, it is necessary to introduce the error metric
that is used to measurc the disparity between the model and the observations. The optimization

uses an error metric first introduced by Taylor and Kriegman '1995], which is discussed below.

Consider a straight linc L; of the model projected onto the image-plane of a camera Cj, that is
described by translation vector t; and rotation matrix Rj, as illustrated by Fig. 12(a). This model
line can be defined by a point in space, d; and a dircction vector, v; (that can be computed using
Equations 1 and 2, respectively). The projection of this linc onto the image-plane of C; can be
computed by finding the intersection of the image-plane with the plane defined by the centre of Cj
and any two points on L;. Assuming a unit focal length, f = 1 (with the image-planc located at
)T

z = f = 1), this line can be defined by m- (z,y. 1)T = 0 where m = (m,. m,, m.)? is the normal to

the plane defined by C; and L;, and can be calculated as

m = R;(v; x (d; — t;)) (3)

Further, consider an obscrved line segment on the image-planc of C; that is defined by the endpoints

{{(z1,9y1), (z2,y2)}, and the projection onto that image-planc of L;. as illustrated in Fig. 12(b). The
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Taylor and Kriegman [1995] show that on further examination of Equation 5 two implicit constraints
become apparent:
mTRjVi =0 (7>

mTRj(di - t]') =0 (8)

The geometric interpretation of Equation 7 is that the vectors m and v = R;v;, arc orthogonal.
When the parameters of the model are correct, this must always be true as v, lies on the planc to
which m is normal. Similarly, the interpretation of Equation 8 is that, when the model parameters

are corrcct, the vectors m and d} = R;(d; — t;) must. also. be orthogonal.

On further examination, one notes that when given an observed edge, defined by the endpoints
{(z1.y1). (z2.92)}, and assuming a unit focal length, m’, the observed normal to the plane defined

by the camera centre and the observed edge is defined by:

I T2
m' = Y1 X Y2 9)
1 1

By replacing m with m’ in Equation 7, it becomes apparent that any model cdges of known ori-
entation act as constraints on R;. As architectural scencs usually contain a number of horizontal
or vertical edges, it is gencrally possible to dcterminc an estimate for R; independent of any other

parameters in the model. Minimizing the objective function

T
01 = Z(m iji)Z
i
over only the camera rotation matrix R; limits the extent to which that matrix violates the constraint

expressed by Equation 7.

Once the estimates of the camera rotation matrices have been computed, they can be treated as
constants, and the constraint expressed by Equation 8 can be used to obtain estimates of the rest of
the model parameters. Where P; and Q; arc expressions for the vertices of model edge ¢, minimizing

the objective function
02 = ZZ(IHTRj (P — ;) + (mT R(Q; — t;))?
it

over all parameters of the model apart from the camera rotation matrices, results in good initial

estimates for those parameters.

Both of the initial estimation objective functions can be optimized efficiently using the Newton’s
mcthod variant described above, and can be run at any stage by the user to quickly compute a
reasonably accuratc model. When the initial estimates of the parameters have been computed, the

non-linear refinement can be used to calculate their final values.
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Since the two gables are identical, both share the same parameters.

The reconstruction of the model was successful, matching closcly to the user observations. Figurc
15 illustrates the model projected onto the original photographs, from the perspectives of the recon-
structed cameras. The projected lines match up very closely to the building edges and the marked
lincs; however, in the second image, the base of the model appears to be lower than the base of
the building. This problem is due to the fact that in the second photo it was impossible to mark
out where the basc of the building joined the ground, and thus this was not explicitly taken into
account during the optimization. The general problem of foundations is discussed further in Chapter

6. Irrespective of this, the reconstruction was otherwise very accurate.



Chapter 4

Reconstruction Implementation

4.1 System Overview

The reconstruction framework was developed in the C++ programming language, within an object
oricnted paradigm, and makes usc of three third party librarics — OpenGL, wrWidgets and The
GNU Scientific Library [GSLDocs, 2007; OpenGLDocs, 2007; wxDocs, 2007]. The structure of the
framework comprises two major components — the Scene Modeller and the Optimizer — and a

brief outline of each of their structures is depicted in Fig. 16.

1 I
The Scene Modeller The Optimizer

[ ]

Cameras

Expressions

|l

[ 1

Initial Optimizer

Geometry

Expressions |

Expressions |

Non-linear Optimizer

Expressions |

Figure 16: The reconstruction framework architecture.

This diagram illustrates the two major

components of the framework, along with their respective functionality. The Optimizer is used to
fit the modelled scene to the observed image-cdges.

The purpose of the Scene Modeller, as the name suggests, is to represent the model that the user

44
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wishes to reconstruct. It is this component that stores all information pertaining to the cameras

and geometry of the model, along with any constraints on the model that may exist.

The second major component of the framework, the Optimizer. interfaces with the Scene Modeller
and is uscd to optimize the modclled geometry and cameras according to the observations that have
been made. It is in this component that the optimization techniques discussed in Chapter 3 have

been implemented.

A detailed discussion of both of these components, focusing on a number of the more important

implementation aspects, appears in the following two sections.

4.2 The Scene Modeller

As noted above, the Scenc Modeller represents the model that the user wishes to reconstruct. The
most important points to consider here, arc the representations of the cameras and geometry and
the handling of user-imposed constraints on the model. Before these can be explored, however,
it is crucial to introduce and discuss the concept of an Expression — an underlying component,

ubiquitous throughout the framework’s architecture.

4.2.1 Expressions

As explained in Chapter 3, the use of parametrised primitives — as well as parametrised camecras
— is fundamental to the functionality of the framework. In this architecture, we consider all of the

paramcters of the primitives and cameras as Expressions.

In this context, an Expression can be a single scalar, a vector of dimension three, or a 3 x 3 matrix.
Both the vector and matrix Expressions usc arrays of scalar Expressions to represent their clements.
Each Expression has a name associated with it, and where the Expression is a vector or matrix,
the clements of that Expression can be referenced by appending a suffix to the Expression name.
Although a matrix Expression has nine elements, since it is treated as a rotation matrix, it in fact
only adds an additional threc parameters to the system. For the purposes of the optimization, these

three parameters can be accessed by appending a different suffix to the name of the Expression.

Every Expression is cqual to cither a numerical value or a combination of an arbitrary number of
other Expressions. The operators available when defining these combinations are scalar addition,
subtraction and multiplication, vector addition, subtraction and cross product, matrix addition,
subtraction and multiplication, matrix-vector multiplication and finally, the equality operator. Ex-
pressions that are equal to a numecrical valuc are set to be cither constants or variables. A variable
Expression generally corresponds to a free parameter of the model and is modified during the opti-

mization, whereas the value of a constant Expression is never modified during this process.
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The Expressions are implemented using a Binary Tree data structure, as illustrated in Figure 17.
Each internal nodec of the tree is an operator that returns one of the three types of Expressions (scalar,
vector or matrix), and takes, as operands, two valid Expressions (a matrix-vector multiplication
opcrator, for instance, must take a matrix Expression as the left opcrand and a vector Expression
as the right operand). Every leaf node in the tree is an Expression that is equal to a numecrical
(variable or constant) value. It is important to notc that in this architecture, it is simple to combine
two Expressions by modifying a leaf node of the one to point to the root (or even an internal) node

of the other.

Figure 17: A typical Expression trec. Here, all nodes of the tree return scalar values. Note that the
Expression tree with root node H forms a sub-tree of the Expression tree with root node A at node
G. One correct order of node evaluation for these trees is in reverse alphabetical order (i.c., node L
to node A).

Using this implementation, an Expression can be efficiently evaluated by rccursing down its tree.
Here, the value of each internal node is calculated only when both of its children have been cvaluated.
With this method, the final node calculated will always be the root node. An example of the order

in which nodes of an Expression trec are evaluated can also be seen in Figure 17.

4.2.2 Cameras

The cameras in the framework represent photographs that are imported by the user. The position
in space of each camera is defined by a matrix Expression and a vector Expression that represent
its orientation and translation, respectively. Typically, these Expressions store a numerical valuc
dircctly, and are not a combination of any other Expressions. In addition to this, cach camera stores

textural information from its respective photograph, as well as a set of observations.

Since the error metric described in Chapter 3 requires that all photographs have a unit focal length,
a mapping between the actual image-space and the image-space with image-plane located at z = 1

must be determined. We call the process of calculating this scale factor Image Normalization.
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Thereafter, user-defined observations may be added to the camera, and the positions of these arc

stored in the normalized image-space.

Image Normalization

When a user imports a photograph into the framework, they are required to specify a value (in

degrees) for the field of view along the x axis, fov,. Since the imagc has a known aspect ratio,

width
height’®

transforms coordinates on the original image-plane to cquivalent coordinates on the image-plane,

aspect = and pixels are assumed to be square, it is possible to calculate a scale factor that

located at = = 1.

To do this, it is first necessary to calculate the focal length of the original image. Assuming that
each pixel has a length of 1, using the Sin rule, the focal length of the original image, foriginat, can

be calculated as o
Sin(90 - L) gt

foriginal = Sin( f0212r )

Having determined foriginal, & point p = (z,y) on the original image-planc can be trivially trans-
formed to an cquivalent point p’ = («/,3’) on the new image-plane located at z = 1 with
, 1

PpP=
foriginal

P

This transformation is, of course, an invertible one-to-one mapping between the two image-planes
and the inverse can thus be used to transform coordinates from the new image-planc back to the

original one.

Adding Observations

When a user marks out a line segment on an image, the linc is stored as a pair of end points, s and
e. These points are first transformed to be centred around the middle of the image, and then the
transformation described above is applied, resulting in the final coordinates of the equivalent point

on the image-plane at z = 1.

4.2.3 Geometry

As stated in Chapter 3, the geometry of a scenc is modelled as a collection of parametrised geometric
primitives. Internally, the geometry is stored as a scene graph (technically a scene tree, as it is always
acyclic) of geometric primitives. Implementation aspects of both the geometric primitives and the

scene graph are discussed below.
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Parametrised Geometric Primitives

The geometric primitives are implemented with extensive use of the Expressions described above.
Each primitive comprises nine paramecters, which arc represented by seven Expressions — three
scalar Expressions for each of the translation and dimension vectors and one matrix Expression to

describe the orientation of the primitive.

Scalar Expressions (as opposed to vector Expressions) are used to represent the translation and
dimension vectors, as single elements of these vectors are often accessed independently of the others,
and the scalar Expressions provide fewer layers of abstraction than vector Expressions would. As
with the cameras, due to the local parametrisation in usc (discussed in Chapter 3), the matrix

Expression introduces only three additional parameters to the system.

Unlike with Expressions used to represent the cameras, those used in the geometric primitives may
be —— and often are — cqual to a combination of other Expressions. Indced, it is this feature that
makes it possible to so effectively reduce the number of free parameters in the system. In addition
to this, any of thesc Expressions may be sct to a constant numerical value, and this too aids in the

reduction of the number of free parameters.

The vertices (and hence edges and faces) of a primitive arc defined in terms of the elements of the
dimension vector of that primitive, d,, d, and d.. Here, cach vertex is represented by a vector
Expression, of which each element can be sct equal to either a combination of those elements or a
numerical value. The edges of the primitive are defined by a set of vertex pairs, and the faces by a

set of vertex lists.

As discussed in Chapter 3, the user is required to define a template for cach class of primitive that
is needed (for instance a cuboid or a tetrahedron). Each of these templates is stored on disk in a
file that follows a specific format, and can be loaded into the framework to add an additional class
of primitive for use during the modelling process. Although a utility exists to automatically write
primitive templates to file, it is quite simple to create a template by constructing an appropriate

template file directly.

Every template file must adhere to the following format.

e The first line of the file containg a string, which represeuts the name of the primitive templatc.
e On the second line of the file, is a single integer, V. that denotes the number of vertices.

e The following 3V lines represent the Expressions that define the z, y and z coordinates of
each of the V vertices. Each of these lines must be an arithmetic expression, that may usc the
addition, multiplication, subtraction and bracket operators, and make reference to only the
symbols xM, yM and zM (that rcfer to the z, y and 2 extents of the bounding box) or numeric

valucs.

e The following line, again, contains only a single integer E, that specifies the number of edges
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in the primitive

e The subsequent F lines each contain exactly two integers that specify the end vertices for each

line.
e The next line contains a single integer F, the number of faces in the primitive.

e The final F lines cach contain a list of integers that define the vertices of the faces (a clockwise

winding convention is used).

On loading a template file, a primitive constructor object is created that parses the file and creates
generic Expressions from cach of the arithmetic expressions describing the vertices. Whenever the
user creatcs a new primitive based on that template, the constructor object is used to instantiate
the primitive and uses the generic Expressions and connectivity information from the template file

to specify the vertices, edges and faces of the new primitive.

The Scene Graph

In order to construct a model, all of the primitives used to define the geometry are arranged into a
hierarchical scene tree. This data structure is implemented as a standard tree, where each node has

one parcnt and an arbitrary number of children, but also has an associated primitive.

Recall, from Chapter 3, that to compute the crror metric and optimize the scenc, it is necessary
to calculate the positions of vertices, and directions of edges in world coordinates. This can be
achieved for any vertex or direction vector by simply moving up the tree to the root node while
building an Expression that, at each node, applies the relevant rotation and translation to the
Expression received from the previous node. The resultant Expression will always, then, be in terms

of the parameters of the model, and can be used directly in the optimization process.

This same technique of evaluating world coordinates of vertices is applied both when rendering the
geowmetry during the modelling phase, and when writing the final polygonal model to disk after the

final optimization.

4.2.4 Constraints

The ability to constrain aspects of the geometry is, again, implemented through the use of Expres-
sions. Any of the Expressions of any of the geometric primitives may be either set to a constant
value or set cqual to some other Expression. Using the cquality operator, one can ensure that
two parameters always share the same value, and by creating a combination of two or morc other

Expressions, it is possible to ensure that any number of primitives always fit together exactly.

As the Expressions are combined by reference (through the use of pointers), changes made to the

value of any single Expression will affect all other Expressions that are dependent on it, thus cnsuring
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consistency throughout the geometry model. During the optimization process, only the Expressions

which are set equal to a numerical, variable value arc considered to be free parameters.

4.2.5 Correspondences

The implementation of the image-model correspondences is fairly simple: a list of elements is stored,
where cach element contains a reference to both a camera and a primitive. The reference to the
camera also specifies which user-defined observation of that camera is used, while the reference to

the primitive specifics to which model cdge the observation corresponds.

4.3 The Optimizer

The Optimizer is the component of the framework that handles all aspects of the optimization
process. This section presents details on a number of the more interesting and important aspects of

the implementation of this process.

This includes the implementation of the modified Newton’s method, wherc special attention is paid
to the techniques used when calculating derivatives and optimizing over the Lic group SO(3), as well

as the implementations of both the initial optimization and the non-lincar optimization algorithms.

4.3.1 Newton’s method

The variant of Newton’s method, described in Chapter 3, is implemented by making use of Ex-
pressions and a system of linear equations solver available in the GNU Scientific Library (GSL)
[GSLDocs, 2007]. The strategy used is described briefly below, followed by details on the two most

important aspects of the process.

Given an objective function O = ¢1 + t2 + - - - + t,,, that must be minimized, where each term ¢; is
represented by an Expression that has been extracted from the model, the optimization algorithm

runs as follows:

1. Examine the m Expressions and the model to determinc the set of free parameters p =

{p1.-... pn} that must be optimized.

2. Calculate Expressions for VO, the set of all first order partial derivatives of O, and evaluate

these Expressions, storing the results in an array.

3. Calculate Expressions for H, the sct of all second order partial derivatives of O, and evaluate

these Expressions, again storing the results in an array.
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4. Solve the system of equations, Hpy,e, = Hp — VO. In this system, a GSL implementation of

a fast linear system solver that makes usc of Houscholder transformations is used to solve for

prEw'

5. Update p and, if the error has not changed for two consecutive iterations (to ensure conver-

gence), terminate the optimization. If the error has decrcased, go to step 2.

Two important considerations in the above algorithm are the method used to calculate derivatives
of O (when computing the Hessian and gradient) and the way in which the local parametrisation of

the rotation matrices is handled at each iteration.

Calculating Derivatives

It is clearly necessary to be able to calculate derivatives of Expressions. Given that the objective
functions (and implicitly the Expressions) that must be differentiated vary with every reconstruction,
it is conscquently required that the derivatives of arbitrary Expressions can be calculated with respect

to any of the frec parameters.

One solution to this problem is to crcate a function that takes as input an Expression and a param-
eter, and returns a new Expression that is the derivative of the input Expression with respect to the
input parameter. Using this function, calculating the gradient VO of the objective function O would
simply involve computing an Expression for each first order partial derivative of O. Similarly, the
Hessian could be determined by calculating, for each Expression VO; in VO, a vector of Expressions
representing all first order partial derivatives of VO; (yielding a matrix of all seccond order partial

derivatives of O).

Given an Expression such as that depicted in Figure 18, it is possible to calculate its derivative by
simply applying the basic rules of differentiation for polynomial functions (i.e., the product rule, the
power rule and the chain rule). Where the Expression contains matrix or vector components, the
generalised rules of differentiation (i.c., the matrix product rule, the cross product rule, cte.) can be

applied.

These differentiation rules are applied to an Expression, by starting at the root node and recursively
differentiating the children nodes. At each node, the derivative of its Expression is rcturned, and
used when calculating that of its parent node. Depending on the operation of an internal node,
different combinations of its child nodes and their derivatives are returned. For leaf nodes, however,
only 1 or 0 is cver returned (depending on whether or not the node represents the parameter in

question).
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Figure 18: Differentiating an Expression tree. Consider a function O(x), that is described by the
Expression tree on the left. The derivative of this function, with respect to x can be calculated by
recursively differentiating each node in the tree, resulting in O’(x), represented by the Expression
tree on the right. This case is a good example of the application of the product rule, which was
applied to the right branch of the initial tree.

Optimization over SO(3)

Clearly, a number of the parameters of the model that must be optimized will be those defining
the rotations of cither cameras or primitives of the model. As discussed in Chapter 3, a local
parametrisation of each rotation matrix to a set of only threc parameters is used at cach iteration

of the optimization.

To implement this, each matrix Expression (that is a lcaf node in an Expression tree), also has an
additional three parameters with respect to which it can be differentiated. When the list of free
parameters of the objective function O is determined, instead of adding nine paramcters to that list,

each matrix Expression only adds these additional three paramecters.

When the derivative of one of these matrix Expressions with respect to onc of its parameters is
calculated, it is simply marked as a first (or second if this is the casc) derivative matrix, and then

evaluated appropriately only when the Expression containing the derivative matrix is evaluated.

The parametrisation of a matrix, Ry, is expressed as R(w) = Roexp{J(w)}, where w = (wy, wy, w)T
arc the new parameters, and has the property that R{wg = (0,0.0)) = Ry. To optimize an objective
function, O, with respect to the elements of w, we need to calculate the first and second order
derivatives of R(w). However, since the parametrisation happens at every itcration, we only need to

evaluate these derivatives at wg. Taylor and Kriegman [1994] show that the first and second order
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derivatives of R(w), cvaluated at wg, can be calculated as follows
9]
Owyg
82 82
2 Rlbw)= —
Ow, dw, () Owz 0wy

where & = (1,0,0) and = (0,1,0). = or y can, of course, be substituted for z for the final partial

R(w) = (Rocxp{J(w)}) = RoJ(2)

Ow,,

(Roexp{J(w)}) = Rog (J(2)J(3) + J(3)J(2)

derivatives.

These results are used in computing the Hessian and gradient of the objective function O, and yicld
an update step, w,. This update step is then applied, using a quaternion representation described

by Taylor and Kriegman [1994], to provide a ncew rotation matrix as follows.

The initial rotation matrix, Ry can be represented by a unit quaternion qg. The incremental step,
4

exp{J(w,)} can be represcnted by a quatcrnion q, = (COS(%), (bmgf) Jw) with 8 = VwTw. The resul-

tant quaternion q, can then be computed as q, = qpq, where standard quaternion multiplication

is used. Converting q, to a matrix yields the updated rotation.

4.3.2 Initial Parameter Estimation

In order to implement the initial optimization, all that is required is that Expressions for cach of the
two objective functions be defined. As cach objective function is, in fact, a summation of a number
of smaller terms, it is more convenient to use a number of smaller Expressions — cach representing

onc of these terms.

First Initial Estimation

The objective function O for the first initial estimation step is used to optimize only the rotation
matrices of the cameras. Each term ¢; of this function is of the form m'T R;jv. As the free paramecters
appear only in the term R;, all other terms can be treated as constants, and as a result only first

and second order derivatives of R; nced to be calculated at runtime.

Furthermore, as the cameras are independent of one another, cach camera can be optimized by
itself. The result of this is that it is possible to run onc small optimization process for each camera
rotation matrix, rather than a single global optimization over all of the cameras. This is efficient,
as it avoids calculating derivatives that will always be cqual to 0, and results in far fewer necdless

calculations being performed.

One final consideration in this step, is that only edges with a known oricntation can be used. Where
the oricntation of the cdge is dependent on the dimensions of the primitive (i.e., the slanted edges
of a prism) or on the rotation of the primitive (wherc the rotation is a free paramcter), it cannot be
used. To achieve this, only horizontal and vertical edges, where all rotation matrices that relate the

edge to world coordinates are constant, are uscd in this optimization step.
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Second Initial Estimation

Where @1 was used to optimize only the rotation matrices of the cameras, Qs is minimized to solve
for all of the remaining parameters of the model. As a result, for a term of the objective function
t; with the form (m? R;(P; —t;))? + (mT R;(Q; —t;))?, all parameters except for R; introduce free

variables, and derivatives of all of these terms must be computed.

In addition to this, where the rotations of the cameras were independent of one another, one cannot
guarantee such independence for the free variables of this objective function. As a result, Expressions
must be generated for all model edge and image edge pairs, and the first and second order derivatives
of cach of these Expressions must contribute to the gradient and Hesslan used in the simultancous

optimization of all of the parameters.

4.3.3 Non-linear Optimizations

The non-linear objective function O comprises a number of terms of the form m” (A7 BA)m where
m. A and B are defined as in Chapter 3. It transpires, as B is a function of the clements of m, that
all the free parameters arc contained only in B and m and that to compute derivatives of the terms
of O, only m needs to be differentiated at runtime (the derivatives of the entire B term will always

remain the same function of the derivatives of m).

Using this reasoning, Expressions need only be built, differentiated and evaluated for the m in
each term, and this can be done quite simply by analysing each correcspondence that is used in the
optimization. Using these, it is simple to evaluatc both the gradient and Hessian of O uscd in the

optimization process.



Chapter 5

Photo-based Texturing

As discussed in Chapter 2, due to the quality of the photographs in the archive, therc arc a number
of problems associated with reconstructing District Six architectural scenes. Although some of these
problems affect only the reconstruction of the scene geometry, a number of them arc also relevant
when considering the texturing of the reconstructed model, and. as a result, it was nccessary to

develop and implement stratcgics to overcome these problems.

The specific issues, and the effects that they have on the texturing process are reiterated below:

¢ A limited number of available photographs. For any given scene, it is very difficult to find
more than two or three photographs. This is problematic for the texturing of the reconstructed
modcl, since there is often no textural information available for substantial portions of the
model. Furthermore, as none of these photographs were taken with the production of a digital
model in mind, parts of the building arc often obscured from view by other objects, thus

further exacerbating the problem of insufficient textural information.

e The long period of time over which the photographs were taken. From a texturing
perspective, this is problematic as certain schemes, such as that described by Debevec et al.
[1996], assume that all photographs of the scenc are taken under similar lighting conditions,
and that they capture the same textural information. Where long time periods have passed
between two images, there can be no guarantce that the lighting conditions have not changed,
nor indeed that there have been no changes to the actual underlying texture of the building.
Combining multiple textures when thesc two criteria are not guarantced will generally yicld

poor results and is thus not suitable in most cases.

e Different chromatic schemes. Working with textural information extracted from pho-
tographs with differing chromatic schemes introduces problems similar to thosc associated
with temporal variance within a set of photographs. As with changes in lighting conditions

and underlying texture, different chromatic schemes also present problems when combining

93]
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multiple textures and this, again, mcans that conventional texturing schemes will not be cf-

fective for many cases.

A user-interactive strategy is presented, which overcomes these problems by using a combination
of the original texturcs, synthesised textures and image manipulation tools. The remainder of this
Chapter is in two parts: a scction focusing on an overview of this technique — where the User’s View
and functionality of the system are introduced — and a scction dedicated to the implementation

details of the strategy.

5.1 Overview

Our texturing strategy involves first extracting all of the available textural information from the
input photographs, and then using this information, guided by a user, to texturc all the visible

surfaces of the model.

Wherever possible, the original textures extracted from the photographs arc used to texture the
surfaces of the model. However, where thesce textures arc incomplete, damaged or non-existent, the
user may then use a texture synthesis approach to cither complete, repair or entirely reconstruct
the textures. In addition, the user may copy fcatures (such as doors or windows) from the complete
textures or import new textures (from exterual files), and use thesc to aid in the repairing and

reconstruction of the textures.

It should be noted that in this texturing scheme only one texture is used per polygon. Onc conse-
quence of this is that view-dependent texturing is not supported, but it would, in general, not be

applicable in any case, duc to the data source problems discussed above.

5.1.1 User’s View

This texturing technique provides the user with a number of tools to assist in the repairing and
construction of the modcl’s texturcs. Initially, texturcs for each polygon in each primitive of the
model are automatically extracted from all input photographs. Thercafter, for cach visible polygon
in the model, the user must decide which texture to use, and also which portions of that texturc

need to be repaired or synthesized.

Figure 19 presents a flow chart that illustrates the operations that arc performed by the user when
working with the texturc for any given polygon, and is followed by a brief discussion of where and

how these operations are applicd.
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Figure 19: A flowchart describing the process of texturing a reconstructed model. The processcs
followed by the user while texturing a polygon of the model is illustrated by this flowchart. Although
the texture synthesis can, in fact, be performed before feature extraction and insertion, it is not
recommended as the synthesis process may then need to be repeated.

Throughout the texturing stage, the model is displayed in the rendering window, textured with the
most current textures for each polygon. If dissatisfled with any of these polygons, the user may

select its texture for editing by simply clicking on that polygon of the model.

When this is done, the user is presented with the set of all textures that have been extracted from
the input photographs, along with the current texture for that polygon. From this set, the user is
required to select a texture that will be used as the base texture for that polygon. Where there are
numerous complete or incomplete textures for a polygon, the user may choose the onc that is most
suitable. When the polygon is not visible in any of the photographs, a blank texture is used as the

starting point.

The next step generally involves the extraction and insertion of textural features. In this context,
a fcature is most typically the sub-texture for an object such as a door or window, but can also
refer to samples of underlying textures such as paint or brickwork. Where the user is working with
a complete texture, features arc gencrally extracted for repairing or reconstructing other textures.
Where the current texture is incomplete, pre-extracted features may be inserted for use in the

synthesis process, or as additions to newly synthesised textures.

At this same stage, the user may also make use of the image manipulation functionality. Typically,

this only involves erasing portions of the texture that are unusable, or converting colour textures to
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greyscale, however it is also possible to cxport textures for manipulation by external utilitics and

then import the modified textures at a later stage.

When there is a sufficiently large texture sample (typically an arca of 80 by 80 pixels is used), and
if the texture is new or incomplete, the user may synthesize the remainder of the base texture using
the synthesis utility provided. Although this can be performed beforc or after any of the image
manipulation operations, it is a slow procedure and should only be performed once per polygon.
After the base texture has been synthesized, the user may again insert any number of features to

complete the texture.

At any point during this process, the user may update the texture for a polygon, and the model
displayed in the rendering window will reflect any changes. Once satisfied, the user may save a final

version of the textured model for rendering at a later stage.

5.1.2 Function Details

A number of functions — or opecrations — have been implemented that allow the user to perform
the tasks discussed above. Precise details of these functions, coupled with a discussion of where they

are uscd and what problems they arc intended to solve, are presented below.

Texture Extraction

The first operation — although not one that the user instigates — is the extraction of textures from
the input images. This is performed automatically as a pre-computation. The biggest problems
here are correcting for the perspective projection of the camera, and determining which parts of the
model are visible in the photograph (only sclf-occlusion by the gecometry of the model is considered

here). The implementation of this operation is fully discussed in Section 5.2.

Although not directly used to solve any particular problem, correct texture extraction is an cssential

and fundamental component of creating textures for the final model.

Feature Extraction and Insertion

In order to repair and complete damaged or incomplete textures, it is often necessary to add “fea-
turcs” to the base texture. Features such as doors, windows or plaster patterns add greatly to the
perceived realism of a texture. In addition, where a texture is, at first, completely blank, one must

be able to insert a sample region of some base texture for use in the synthesis process.

From any of the texturcs extracted from the original photographs, the user is able to select a

rectangular region and save this to the feature clipboard. Once on the clipboard, a feature can then
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be inscrted into any texture used on the model. Should it be required, a feature can be rotated in

increments of nincty degrees — this is useful for changing the orientation of ornamental featurcs.

Where any further manipulation of a featurc is required. it can be exported to an external image file
for editing purposes and then imported at a later stage. As a result, it is possible to save features
from one reconstruction for use in another. Since much of the architecture in the District Six scenario

shares similar traits, this is a useful capability when constructing completely new textures.

Image Manipulation Tools

The two most frequently used image manipulation tools (aside from texture synthesis and featurc
insertion) are a “blackout” tool and a conversion to greyscale tool. The “blackout” tool allows the
uscr to simply erasc portions of a given texture. This is essential. as in many cases, parts of the scene
arc obscured from view by external objccts such as trees, cars or people. Regions of a texture that
have been crased are filled in at a later stage either by inserting features or by performing texturc

synthesis.

The tool that converts images to greyscale is used primarily when only a small number of the
input, images are in colour. It eflectively provides the simplest solution to the problem of differing
chromatic schemes — that is converting all images to greyscale. Clearly, when textures for a number
of polygons of the model exist only in black and white, having other polygons with colour texturces

yiclds unsuitable results.

Although these two tools are the most frequently used, it will occasionally be the case that other
image manipulation tools are required. For instance, where the user may wish to attempt greyscale
to colour conversion or where the texture needs to be cleaned of noise. Instead of implementing
an array of such well defined but infrequently used tools. export and import functionality has been
added to allow the user to perform image processing opcrations with external applications. In this

way, specialist software can be applied to any of the more difficult texture manipulation problems.

Texture Synthesis

The texture synthesis tool is the most fundamental aspect of this texturing approach. Since, in
almost cvery case, there will be a number of polygons with no textural information, it is essential
to be able to construct realistic looking textures for these surfaces. To do so, a texture synthesis
algorithm, developed by Efros and Leung [1999], that can gencrate arbitrarily large, realistic textures,

given only a small sample texture as input, is used.

To run the synthesis algorithm, it is required that a small sample patch of the desired texture is
alrcady in the image. For textures that are only damaged or incomplete. there is usually a sufficiently

large sample already available. Where the texture at hand is to be cntirely synthesized, however,
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the user is required to use the feature insertion tool to provide such a sample. To synthesize the
remainder of the texture, the user need only sclect a rectangular portion of the sample in order to

proceed.

As mentioned carlicr, one consideration here is that the texturc synthesis algorithm is slow and docs
take a number of minutes to execute, and the running time is dependant on both the sample size
and the size of the entirc texturc to be generated. As a result, the user should ensure that only
one texture per polygon nced cver be generated, and this should be taken into consideration when

deciding on the order in which functions are performed.

5.2 Implementation Detalils

Before discussing specific details of the implementation of this texturing strategy, one should first
consider the objectives, as these affect the implementation decisions that were made. Briefly, these

arc as follows:

e Correct extraction of textural information from input photographs. The primary
goal is to extract relevant textures from the input photographs. while accurately correcting for
perspective projection distortion caused by the viewing position of the camera. It should be
noted that the quality of the extracted textures, at this stage, is of greater concern than the
speed of extraction. Determining the visibility from each camera position is also required in

order to ensure that the correct textural information is extracted for each polygon.

e Maintaining the size ratio between the textures of polygons. To simplify the problem
of feature extraction and insertion, it is best to ensurc that the ratio betwcen the size of
the textures of any two polygons is the same as the ratio between the actual size of the two
polygons. If this is the casc, then features extracted from one texture will generally not need

to be scaled in order to fit into another.

e Building a single texture for each polygon. As discussed carlier, the output of the
texturing stage should be a single texture for cach polygon. Furthermore, all of these textures
should be packed into a single, large texture map in order to simplify the rendering process.
These two conditions affect the way the current textures for the polygons are stored during

the texturing process.

e Feature insertion and extraction, image manipulation and texture synthesis. In
order to implement the required functionality for our texturing strategy, certain considerations

had to be made in deciding on the internal representation of the textures.

Keeping these objectives in mind, the remainder of this section covers, briefly, the architecture of
the texturing system and, in detail, the implementation of the texturc extraction process, feature

insertion and extraction functionality, image manipulation tools and the texture synthesis algorithm.
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5.2.1 System Architecture

Textured Model
1 l I — Texture Synthesizer
Cameras Feature List Texture Map
Polygon < — Greyscale Convertor |
Texture List Current Texture ]
— Blackout Utility |

Figure 20: The architecture of the texturing system.

Consider the diagram in Figurc 20 above: the core component of the texturing system is the Textured
Model. This is initially used to store information about each of the input images, including image
data and camecra paramecters, as well as all polygons in the model. The Teztured Model is then used
to extract textural information from each camera for cach polygon, which is subsequently stored in
the Texture List. For each polygon, the Current Texture, which represents the data currently being

used to texture that polygon, is also maintained.

The feature extraction and insertion functionality is built into the Teztured Model, and all of the
extracted features are stored in the Feature List. All importing and exporting of these features, as
well as any of the other textures, is performed by the Textured Model. Finally, the Tezture Map,
which stores textural information for every texture, and is used to texture the model is also located
within the Teztured Model.

The texture synthesis function, blackout function and greyscale conversion function are all imple-
mented separately (in the Texture Synthesizer, Greyscale Converter, and Blackout Utility, respee-
tively), and are applied to clements within the Teztured Model when needed. Modifications are made
directly to textures or features, but never to the Texture Map, which is only updated by copying,

from a given polygon, the Current Texture.

Every image in the Textured Model is stored as an array of bytes, where every (non-overlapping) set
of four bytes represents a pixel (using the RGBA format). This representation is used as cach pixel
in an image may have special properties (such as whether it needs to be synthesized) associated with

it, which can be completely encoded in its alpha channel.
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5.2.2 Texture Extraction

The extraction of textures from the original photographs is a combination of three processes. The
first of these involves determining, for each polygon, a correct texture size (relative to the sizes of

the textures of other polygons), as well as texture coordinates for cach of the vertices of the polygon.

The second task involves efficiently packing one texture per polygon, into the large texture map, a
process which may involve resizing all of the textures (by a constant factor to ensure that relative
sizes are preserved). The final process is the actual sampling of the original photographs to determine

the correct pixel valucs for all of the textures.

Computing Texture Size and Image Coordinates

When computing the texture size and image coordinates for the vertices of a polygon the two major
concerns are: ensuring that the size of the resultant texture is proportional to the size of its polygon
(thus ensuring that size ratios between texturcs arc maintained), and that the texture is oriented
correctly (i.e., horizontal edges of the polygon should appear horizontal in the texture). One should
also note at this point, that even when a polygon is not rectangular, its texture is embedded inside

a rectangular bounding box.

Since all of the polygons in the model are assumed to be planar, one simple solution to this problem
involves calculating a basis for the planc in which the polygon lies, and using this basis to determine
image-plane coordinates for each vertex of the polygon. In this context, a basis for such a plane is
a pair of orthogonal unit vectors, u = {ug, uy, u.} and v = {v,.vy. v}, that lie in the plane of the

polygon.

Using this basis, cvery point on the planc can now be uniquely defined as a linear combination of u
and v. Since u and v are orthogonal, given a vertex of the polygon p = au + bv, the image-plane
coordinates of p, p, and p,, can simply be defined as p, = s(a + ¢) and p, = s(b+ ), where ¢ and
r arc constants used to ensure that p, and p, arc both greater than 0, and s is a constant scaling
factor used to determine the size ratio between distances on the image-planc and distance in world

coordinates.

Provided, for every polygon, that the unit size (used to define u and v) is the same, this method
will ensure that the size of all textures is proportional to the size of their polygons. Furthermore, by
selecting appropriate vectors for u and v, onc can further ensurec that the texture will be correctly

oriented.

Consider Figurc 21. In order to compute the two basis vectors, u and v, one must first select two
edges of the polygon, u’ and v’, that share a common vertex (which is treated as the origin for
the basis). It is the selection of these two edges that determines the orientation of the texture. By

choosing u’ to be the lowest, most horizontal edge, and cnsuring that u’ is oriented clockwisc, onc



CHAPTER 5. PHOTO-BASED TEXTURING 63

can be certain that the texturc will be oriented correctly.

/ (s(a+q),s(b+r))

<
u

Figure 21: Illustration of how a basis for cach polygon is determined

The next stage is to compute a unit normal to the polygon, n = |v/ x u/|. From here, u is trivial to
compute as u = |u’|. Given n and u, the sccond vector of the basis can be computed as v = u x n.

The coefficients of u and v for any vertex p can be simply computed asa=p-uandb=p-v.

Determining the values for ¢ and r is also simple, and involves finding the smallest value of ¢ and
b for any vertex of the polygon. All that then remains is to compute a value for s, that scales the
texture to an appropriate size. Initially, we set the size of the longest edge of all of the textures to
be 600 pixels, and thus s is computed as s = Glﬁ where [ is the unscaled length of the longest edge.
This value of s is, however, modified during the packing of the textures to ensure that all of the

textures fit inside the texture map.

Packing Textures

Having computed texture sizes for the textures of every polygon, the next problem involves packing
these textures into the texture map. Howcver, there is no guarantece that all of the textures will
indeed fit into the texture map at their current sizes. Furthermore. even if they do, finding the order
or positions in which the textures must be packed is a difficult problem that can only be solved by

an exhaustive search, which is extremely slow.

One solution to this problem, discusscd by Sander et al. [2001], involves repeatedly attempting to
pack the textures into the texturc map using a “naive” algorithm, and, should they not fit, reducing
the scale factor by a small margin. Although not optimal, this solution is fast and provides satisfac-

tory results. Using this approach, all that remains to do, is discuss the naive packing algorithm.
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Figure 22 Ap illuscration of bow Che tesdures are ordered by beiphe, and then packed from lefz to
ripht to left, and soon.

The alporithm nsed to pack textures into the testure map is dluystrated W Figeee 2280 Thae Test
slape ol Lhis ulgerithol 1s to sart all of the textures by heipht, in descomding order. From 1hore, the
txbures are packod, In order. jote the texsure wap, starting at the bottom left of the tecyre noap
and moving elglc. When nn Tertlet bextooe can be added to the righs of the previous one withou
excording Lhe widile of e toxiuce wwp, o pew row of textures 5 statted | above the provioys tow,

ot this time procosliog froo vighl e o,

In the socond row jand snularly all othevs], the 1wexiores are seated as low as possinle o the texture
map withou: overlapping any on the proviows tow. Tle process of Layering texlores consinues either
unzil all of the textures have boon packed.oe oncil e fop ol any texture excesds the nasinun
height of the tescure map, If <his happens, the algorithm has failod, snd e e ane sizes must be

reduced, 17 not, the packing has suecceded and the ensire process is complete.

Sampling Original Photographs

The final stage of exlvacting Lextures Tom the ariging] photopraphs invelves sampling the souree
photographs. This process i [off voul after Lhe pacliop bos been completed, as 1 's only at tlos

poinr that she gsize of the wexigoe that mus be erealed 5 mpown.

Tlus priozary problew: with sampling texture data from the npos photogeaphs is chan the perspeetive
of 1he camera must be corrected for. Fimwe 23 below illustrales that, as g tesuls of “he pérspes-
Thee projection of o comera. ther: is no loear wapping botweon texture coordmates and incape
sootdinates. and 1hus Lhat sampling fnearly along the input image wold resnlt w buddly distored

Lo,

Since. however, The camwra position and oricntation for each of the inpus imazges is mown, f one can
eglablish the position, in world coordinates, of wiy given pizvel on ie textore, one can then project
thal position wulo the original iinage to desermine which of “he upuyc pisels should be sapled, s

coerorting for they perspective projection of the caniera,
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ipure 23 An illnwration of how o perspective projection cayscg oro-shorbening.  wote bow Lhe
sotares towards the “far™ end of the cubwid sppesr packed nore closely together than those at the
“uear” and,

Fecall that, when computing the textore coordinates for the vertices of a polvzon, it was nocessary
o compete & paic of vevlors, woand v, thot foriced 2 basis for the plane in which rhe polveon
Les Using these vooters, the texture coorlinates of an arbitvary vertex, p of the polvgon, can be

captrssed s e = S0 | el and y=sv | b wherm o —poc b =p - v and p = au + by,

Fromni this, it becomes clear that the world coordingtes (wlhere the origin is (he wertex that v and v
B

share; of sny texture coorainate, (255", can be cxpressed in derimg of the Lesis vevtors as follows:

= t-":‘r'

= -
Criven the world cosndingates for p'. all that needs to be done is to project it onto the Tnage plane of
the eriging phodograph using the roonstoninetion matrix for the associated camera, o mos| coses.
the resulring image-plane coordincaes will not fell directly om sny sinzle plxel, and 1o solve Lhis

glinsing problem, a linearly wenslted averapn of the four nearest pixels is used.

There is one final 1ssue thar must be selved belore the textore sampling &5 ceanplete, and that is
thie problein of visibility, Where coc polyoen s Tully, or parliolly, obsiructed v another; for the
vhstructed region, we do not want fo extract cny lexture dala. To solve this problem., we use &

techinmigue stinilar to that desezibed in Debevee o al, 1045

Fach polvpes s assigued o wiaue colour, and then for each lnpur phetograpl:, the colire mocal s
sendered W0 ann image. using the ranerd parsmeters of that photopraph. Fach pizel of 114 rendered
aaage will now have < coloir Lhat indivstes exsetly which polyzon is visthlo in tha pizel. Overlaying
this new lmagn cote the ocigiog ] pholegraph, we are cble extroct enly the velevawr information foe

each polyzon.

Sinwe all of the textures sre embedded in a hounding b, one additional, wseful plece of Informacion
wowherher o plxel within the bounding belongs 1o on the rexture, To solve this prolilesn, < similar
rechnigie e Lhat of the vighility selution 5 used. Aegsin, vsing the bipel ploiogeapl's e

parsmeters, st the single polvpon is rencere] 1o an o mege, This Gnwee = thon used to derermios
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which pixels of the texture (even if not visible) belong to that polygon.

At this point it is important to discuss how the mask (the alpha value in the texture) is used. For
the texture synthesis algorithm, described below, it is necessary to know which pixels need to be
synthesized and which do not. Therefore, for all pixels of a texture, where its polygon is visible, the
mask value is set to 0. Where it is obscured from view, but still belongs to the polygon, it is set to

1, and where it docs not belong to the polygon, it is sct to 2.

5.2.3 Texture Synthesis

As mentioned earlier, the texture synthesis approach introduced by Efros and Leung [1999] was
used in our texturing strategy. The details of how this algorithm works, along with our implemen-
tation and some minor performance enhancements are presented below, and examples of texturcs

synthesized using our implementation are exhibited in Figure 24.

Essentially, this texture synthesis algorithm works by modclling a texture as a Markov Random
Field [Efros and Leung, 1999]. What this means, is that the probability distribution for the value of
a particular, unknown, pixel is assumed to be dependant only on the values of the sct of other pixels
within a certain neighbourhood of that pixel, rather than being dependant on the entire image. The
result of this model is that globally, a certain amount of noise is permitted, while the local texture

structure is generally still well preserved.

The algorithm starts by taking, as input, a sample texturc and an image that must be completed.
The incomplete image can cither be entirely empty, or merely have a few holes that need to be filled.
In our approach, the user is required to embed a sample texture into the image before synthesis, so

the entirely empty casc is never actually considered.

Now, for any empty pixel, that has at least one non-empty neighbour, a new value can be computed
as follows: a window, centred around the empty pixel, of size w is taken. All empty pixels in this
window are ignored, and only the rest are considered. For cach pixel in the sample texture, a window

of size w, centred around that pixel, is also taken.

An error for that pixel of the sample texture is then computed, by calculating the weighted square
distance between the two windows, where the weight for cach pixel is determined by its distance
from the centre of the window — the further away it is, the lower its weight (determined by a
two-dimensional Gaussian function). Only pixels that were not blank in the first window are used

to calculate this error, and the final value is scaled appropriately.

In the original algorithm, a random pixel with a low error from the sample texture is used as the
new pixel. However in this implementation, we find that better results are obtained by simply using
the pixel from the sample texture with the lowest crror value. This process, of filling in pixels one

at a time, is repeated until the entire texture is complete.
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=

[a) i)

Figure 24; Svothesized textures, (a) apd (b} are examples of textures svnthesized by our imple-
wenration of the schome infrodiced by Efros and Lewng [L93 . (1) is esnocdally sovtinent as it is
syraesiasd Trorn aosamobe of the rool of (b bailding o Figere 25

53.2.4 Feature extraction and insertion

Tae foafure oraction teol works by allowing the user to seloct 4 vectangniar plece of any of che
automatically exiraeted textures, Dy using toe mese 10 specily o opposiog corners of L rectangle.
When tals @8 done, 4 new fratnee objoer 5 ereated, and the selevant texture data is copivd fo 2nas

feature chiect for later 1se,

T freature insertion tool allows the wser to select auy of the previously extracted features, and then
coppe it oko e Current Testoure for sy polypon. Whed o featuze is selected and the user elect: ta
insert I ints o texture, it 15 overloyed on toprof the texture at the current mouse position [npdated
ag Lhe tnouse 15 soevrl), When the user 2= salisio] with she posilion, the fealure mey be Bnalised,

arecl iy clats W enped ovir s Lixture,

To ersure thar the feaaee leoks cormeey Tinear Dlending betseen che Rature and e eoisinal texture
is serfovmed cver o three pigel wide order of thee Tealure, We nave experinmentally determined il
this widto produces toc mest pleasing rosults. Fioally, to provent the foxraee syotbesis algoriznm

rom replacing foatures, the masa for al relovant pivels of the texture &5 set to (6

5.2.3 Image Mapipulation Tools

Loth of the imape manipalasion tooos are very sinple to implomoint. The first of tlwse — che Blackoul.
too] o simply tesets Tie colour atd the mask of a 20 = 140 area conrred around coe mouse cursor iF
tur mons: is moved while the left mouse buszon = depressed, 'The colour s sot to n medinm zrey,

drl Lhe toask 1= set to 1 so that the rezion will always be correctly synthesized.

Thae zreyseale sooversion wtilizy s alao Titly sionple Fach pixed of Lhe testare s converted b Tls

prevacale equivalent using coe formula, described by Foley oo al, 306

o — G35r 4 059y — 0065
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5.3 Realworld Example

[rerall the reconstruction of she District Six residence, preseptod o Chapree 3. Lo illustrate the
fupetionalizy of this texturing scheme, congider Figure 55 bodow, which contadas two images of the

tully textured mocel, sfer the teazuring process nas bocn anplicd.

[isd Ml

Figiee 250 'ne fnal, texlored, reconscrucced model of the lavge resicenore,

The traior probem with texturing this model, was that the original photograsng (gyre 13) pre-
witdee wory puor texture Wniormationg in the lirst, slthongn at a high level of ¢ofail only a litte of
fhe brildingg was visibie, wiile the second was taken from such & dissapee Lhar ooly o Lrtle of the
cxtractoc textyres were At all wsable, bnoaddition to this, o majovite of the ropy wall ape the rout
wig ubgenred by either & perimeter wall or troees, and this made ssing apy of that textare materisl

wvory oilTiealt.

b order to solve e problerns of the froat wasll and roof, the roxtare sviithesis procoduce, deseribed
above, was wsed This worked excoptionally well on the roo, as the roof tile texowre i very well

Its. A rexture wns also symthesizen for che Mromt wall, Lige

structured. vielding actneptic lovking re
tor this, ssnzples were tagen from the sice wall as toe lighting on the front wall was not ideal, The
best synthesis result for the frops wall lexture way achieved by seeding the texomre at s pyreher of

nolnts, wolcn creates less phifurm resylos,

Lke froat wall texture was completed S inserling o puymber of window features, that had Geen
exlracted from the orizinsl Tont wal texture, onie the sviiinesied ecture. Une back wall of the
baileling, alozg with tne far sice wall and the other side of the rool wore textored by copying toe
synthesized rextires of toe fropt wall, visiboe side wall and front-facing side of the ool and tnen

Jormation extractod from

AR minor enanges to them, Finally tone chimney was tesxstored vsing i

thie secund (distsat] photograph.
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The results of the application of this texturing strategy to the model are, considering the available
input material, acceptable. The synthesized textures appear authentic, as do the features that have

been inserted onto thosc textures.



Chapter 6

Results and Discussion

In order to analyse the success of the reconstruction and texturing techniques discussed in the
previous chapters, it is necessary to critically consider a number of real-world situations. In addition
to the example presented in Chapters 3 and 5, two further District Six reconstructions are examined
in detail. The first of these is the British Bioscope, a large and complex building, reconstructed
from two photographs, and the second is a small, simple, residential building, of which only a single

image exists.

The discussion of the above real-world rcconstruction examples focuses on the results that were
achieved, looking primarily at how closely the reconstructed models match the input images and the
success of the texturing technique, as well as any problems experienced during the reconstruction

process.

Using these real-world cases and a computer generated synthetic case, the remainder of this chapter
presents an analysis of cach of the two major components of this reconstruction technique — the
reconstruction framework and the texturing process — again focussing both on where they succeed

and where they fail.

6.1 Real-world Examples

Three real-world examples arc examined to provide test data for the analysis of the reconstruction
system. Since it has already been discussed in previous chapters. ouly a brief overview of the first

example is presented below. The other two cases are subsequently analysed in greater detail.

70
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6.1.1 A large District Six residence

The first reconstruction, previously discussed in Chapters 3 and 5, is that of a large residence that

existed prior to the demolition of the District Six region.

The input data for this reconstruction comprised two photographs of the residence, shown in Figurc
13. The first photograph is captured from necarby, showing only part of the building, and the second
from a significant distance away, showing the entire building, but at a very low resolution. The field

of view for both cameras was computed to be approximately 45 degrees along the r axis.

The major problem with the reconstruction of this building, was the difficulty in marking out the
edges where the building joined the ground in the first photograph, and the impossibility in doing
so in the second. This is partially as a result of the ground being sloped, and partially as a result of
a lack of landmarks on the photograph. Since it was not possible to mark out an cdge at the base
of the building on the second photograph, the corresponding edges are not aligned cxactly as onc
would expect. Aside from this, however, the model, when projected onto the image-planes, matches
the marked edges and visible geometry within the images with a high degree of conformity, as shown

in Figure 15.

The texturing of this building was performed by using information from the closc-up photograph
almost cxclusively. The second photograph was from such a distance that the textures extracted
were almost entirely without detail. Referring back to Figure 25, the side wall of the house, visible
in both images, was textured using the original information from the first image. The roof and
front wall were badly obscured in both images, and thus new textures had to be synthesized from
the available material. To complcte the front wall texture, a window, that had been extracted from
the first photograph, was inscrted in a number of places. Finally, the chimney was textured using

information obtained from the sccond image.

The texture synthesis procedure was particularly successful on the roof, as the texture had a very
definite, repeating structure. Although still reasonably cffective on the front walls, the results of the
synthesis procedure on the paint texture were less convincing, as the paintwork texture sample was
not particularly well structured, which results in a rather “noisy” effect. In order to achieve best
results, the synthesis procedure was seeded at a number of points. Where the texturc is not very

well structured, this appears to produce more authentic looking output.

The final phase in the texturing of the obscured walls involved inserting a number of window features
into the base texture. To do this, onc copy of a window was extracted from the close-up input image,
and then pasted into three places on the newly synthesized texture. The results of this are sufficiently
convincing (as shown in Figure 25), and complete the texture generation process. For the remaining
walls, (i.e., the back wall, and occluded side of the roof) the corresponding front-facing texturcs,

with minor changes, were used.
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6.1.2 The British Bioscope

The second sample veconstrietion is ¢f (e Britlasn Bioscope coat was leeared o Distriet Six, prior
te the re-zoning. This case s substantially mwore comples than the provious one for 2 naeeber of
reasons. First. roe hnilding has far greacer peometeie complextty than the previogs exareple, This
cart be seen o the o inpun photographs of the Ballding, shewn in Figuee 26, The bailding has 4

by window, two climneys and a picos of deecralive prometry ad bhe top of the facade,

A second cornpliestion with this reconstraction. is taar che two protegreapls Lave diflerent elronatic
schemes; the frat i3 in eolour, and the seeond inogrevscale. o add soochis: the second Zmage is
alsa substantiallv older than the lirss and of very poor gnal'ty, As a result, i was only nsetal in

reconsirocting the seomelsy, and not for tesctasing purposes.

& fnal complication witl: tuis exionple, 1s thal both photograpbs are tdzen o a very sanilar
vartage poitl. amed both oller & peor view of the frool wall, Tz s exacerbaied by lasee portions of
the bniiding befng ohiscured o bk bnages by esteroal geoneiry, including otber baildings, s lanp

prossnoarul A pillar box.

el iy

Figa=e 26 Uhe cwo pholograpbs of tae Bellish Bioscope. gged in its mecoustruction, Nale the
panr viewing anple with respect to the front wall, and the ebstractions evidenced in beth of the
photopraphs.

Tae pecreetty of the Boscope was seconstracted successTully,. The ficlds of wiow of -he raneras
serd T take the Lwo photographs were corcputed 82 being approximazely 32 degrees and 36 degeoes,

crespectivily
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Figure 27 The reconstracted model of the British Bioscope.

Consider the model in Figure 27, "Lhe building was modelled using two cuboids for the base stoncture
(eioce two differen. beighla were nesded b, oa prisin for the rood of the second eubaid, two cubeids for
the tawo chinooeys, three “hay window™ peieotives Tor the ey owindow, sl two fuctber primitives
for the decorative archifocrues on the ceesl of the Tacade, This tesalted uos total of 33 frew meodel

parametors. iocluding those deserining the twa carmetas.

Figure 2% iliustraces the eeonstructod model prajecced ot the aniging] photogeaphs, To geoel,
the projected lines contormed wvery closely to the nser abservations as well as she vizsible goomatry.
The bay window and decorazive georetry cid, howover, intraduce asmall armoont of adddional erver

o the svatem, and chis 2 discussed fully in Section 6,21

As with the previous example, one problem experienced with this reconstruction was n detormining

whete the baailclrg joined she gromndd. Again, the pround waes sloped, but chis e it was possible

e T sl 0f A aies wisible oo b phstopraphs o dezermine where the fronf wall intersecced the
arouind planes Toosbwnaled be nozed, that foundazions buils to ensure thas a building 1= level are not
vansicered for recom=ruelion, bur only the actnal building itself, Following shis roasoning. in this

exarmple, we consider Lhe boltom siep to represent the vnd of the foundazion and the bepinning of

the building.
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i, in)

Figaire S8 The bwo abotugrapabs of Lhe British Bioseope, now with the reconstructed model projected
cunto thern. Tlhe preen lnes are the edpes of the model, Nome how they conferns closcly to the ovizing
marked sy Lines (50l parlinlle visible inoredl

Tl texturing process, the resulss of which are illustrated in Fipure 20, involved synchesizing larae
portions of texture, Since mest of the oot and side wall are oncirely ohsoured. and smaller seczions

of LLie Froel wal are also lidden, esciensive teascure synthesis was required,

The zide: wall was tesieeed by owsieg nolliple sosds that were twken fromn the visible portions, By
deing thise g eonvinging “old peinl” tooere was achieved. To complete this texsure, a wiadow,
which had been exiracied Doan shee wizble portion of the side wall, wes insertisd of reglor incervals.
Tl sercnd, biddoen side wadl eserd Uhe same texlore ws Lhe Orst, bol bl some miner medifies: lons

to wive the appearanee of wniguencss.

The root wus also textured using the texture svnthesis proceduec. The pesahs of Vhis are aol,
however, us gomd vs the side wall, Jarpely due to the very low quality of the sample. The vishle
portion Gf roof is seon from o prozing sngle, and this results inoa very low-detail texouve with o
correspoandieg wek of decuil inthe svothesized sexture. As with Lhe side walls, the levisibie face of

vhie ronl used the saine texture as the wisible face, azain wish sorue mivor wodifications.

The trows wall wes shie most compdex face of the mode] 1o oxbiee, as b eontaies & Lol of detadl, bt
#owjso obseured by a number of external foatnres. Furshermore, the viewing angle of (his wall is

poor and a5 o resalt recessed features, such as windows, apprar distorced.
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Tae problem of texmure detall being obseured was zolved by sboply cvasing toe invadid portions of
the texiure, wod then using o counbingasion of texture syntnesis and feature inzerfion to copair these
regions. Specilically, the lefl nand side of the froot texture was obseured by a lamp post. This was
rermenec, and replaced with o decerstive brickwork coining Seasure, that had been extracted from:
hie vight band side of bne fagade, e pillar Dox chbseuring pars of the lower half of the toxture was

alsn e, AN Lng enis=ing region BlLed using lexbure svisiesis sod feature iusertion,

T preblom of distorte] windmas was solved b extracling o witicow, saving i@ o Lle, a0 repairing
iwnsing an exteornal tage caiting appoicalion (baooieegzing we el side ool a0 cighl ) The window
wits then loended as o new feacure, and imsorted ower each of The diswrned windews, preathy improving

tan visnal appearance of tne fronn sexture.

The textures for tne hay window were all s wable vondition. and orly the mvisible face had to
b coastrueted, To acideve this, o buse ootture was symthesized, and theo a window, extracted oo
toe vorresponding visible face of toe buy window, was insertod. A similar strategy was used for

poastrueting, tiw missing faces of tiw roed and bose of the bay window

it Ly, the: remiainiog fces (enimueys aud decorative roof-plece) used either arigiual or svnthesized

sexturvs. These faccs are very sinall, aodd regquired aw feature fusertion,

LA i

Figure 29: Twe syothetic views of the reconstructed, teaxnred moael of the Britisa Bioscope.

al

Tl coerall vesult of iz reconsiruetion is illustzaned Dy Figure 25, anel sidmvvases the vapacity

OUr TeCOREINKCTlon straregy.
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£.1.3 A small residence from a single photograph

Thg fingl sainprle reconsieaelion & of 8 small residonee, reconstrwred from o single photograph,
The alding 5 architecturally simsle, Tnatb reconstructlon eomains problemstic as there s only one
spimple Gmags Dshown e Pgene 30, Furtheemwoee, the shotoprash, although yielding an excelleny
view of the front wall, presents very lioized information pertaining to the side wall fand henee the

dGeplh ol the ailding.

Additional difficulties are coused Uor o degzee ol radial distorion evident o the image (o sroblem
left as future work, snd disenssed in Chapter 75, and by the rool of the Tinildiog which sags along
the depth sxis, These twr charscroriszios result inoaddicenal creor ass when marsing out the edges
of the huilding, it is Imoossible to deww @ ssoaipht line on the mage that marches exactly with whal

should be g linesr testurs,

{al ey

Fizure 3it The single photograph used to reconstruct a sl Disteicl Six residence. (a] is Whe
origna: inpat phomosranh, atter the velevanr edzes bive besn marked out, while (1) = the photogragh
with the rvensrgeied model projected oncn 2t from the perspective of the reconstructed caners,
Mote the error ot the top right-hond cornee ol she zool

The reconstruction of she geometry of the house wis sucosssful, and the feld of view ol the camers
was established to be approximatelr 53 deprees. Uhere were, however, two minos protelens with
the reconstruction. Flest, as Lustrazed in Figure 300b5, the top ripht-band corner ol roof, inoche
reconssrncted soodel, [ails to confonio closely fo the user observtions inthe bnege. This peoblon,
disenssed nore Tully in Section 620 azpeacs o resalt Troo the sagoing of the ronf and the radind

distoriion procent in the immpe mentioned above.

The =econd problenn with Lhe reconstenetion & that the side wall apoears 1o be longer than one
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wonld indsiatly guess, Howewer, due to the very poor caners angle, it 5 imoossible to deseninine
vistially how onp thal wadl actually is, aod oo prajected mode! dacs matel up aceueatoy with tnal
poction of soe noeape. Alkough chis baildiog, in common witn maoy Dhisodet Six hooses, $108 onoa
swspe, this édid et presenl amy problens, oy the bordee of the Touoduion s ceaely visille o 2ne

PLOtCIT AT,

As osteated tn Figues 31, the building wes modelled, vy simply, as a enboid for the base and =
priam Zor toe eoed The cubeid hiad wwe degeees of froedorrn (widilh and beight — depth wes Jxed
for sealing purposcs), and the pese added a2 Toether oo fe tle svston (o dls deson and neiplht)

Treluding the camern pacniclers, the entive model cozaprised cnly 10 fiee pararacters

e 31z P vicws of Tl redes of the heosis thal was reecnstrgeted from only a singoe phatopranh.

Fow texsurimge &8 T nonse was rescoively siimphe, and fwo svnthotio views of the foxtueaed rmodel
pan beoseen in Figere 320 For ke frone wale the original toxooee Trom Ve pootogeaph was ol nign
Odelily and conld B gsed dicectle, Similacsy, Lhe visitoc side of the eoe was nol obsounsd by aoy
groanet ey, aned the texogee for tnis was antematically extractod witheur aony difficolts (e wlewing
anghs wag, however, poor, so tne qualily of the Lexzoes Dd sefTer). Toe nddedon side of the ool was

then Lexctorcdd gsiog Che sarme texlore gs tlay vlsible side;

Alrhough the crne side wall s entirely vizsible in the puotogranh, the angle s so poor that the exzracted
texture was unusable, To oive this problen, & new texsure was syntiesized [ron a paint saciple
tuken off the ooz wall, after which wowindow, sgain extracted [toin the frons wall, was mserted ot
pe cneeect positios 0 Lhe fextare. Uhe syachesiosd fexoare wes geoeransd Ty nscriiog & momlsere ot

Fhis sme procedire was Tien

seed rextires into the boage restiog oo oeal

foliowed o pendune textures for the bidden side and back walls of ke boiding,

This vxanphe represents o worst case seenario for reconstruction,  However, she tesnts munain
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Figure 32 D'wo synthotie views of the reconstrueted, textured mode] of the small residence

accoptablo. Tdeally cne wous

want s additional photogea pk o ensere toat the depln of L b [naileding

= percetvod correctiy, bur that was oot possible (o fhis case. The reselis of the toxtocing process

were satisfactory, especially considering thar some of the textures had o be ensirely svnthesized.

6.2  Analysis of results

Ly geder o analyse the success of the reconstree:

i strategy, the acouracy of the goomerry Tecon-
afrctivr. and aquacike of woe exiaring strakopy mest be independently sssessed. Tooald inothis Do
addition to 1heecal worll] czainples accady prosenled) a synchetic recoustraesion wes tndertazen
The rermander of this zoction consisls of diseossions on the gomnetiry recoss Tuekion and tesburing

azpocts of this rmetnod of veconstruction.

6.2.1 Geometry Reconstruction
Overviow

When cousidering the acenracy of the reconstraction of geomorey feon boages, 00 & casenlia o
rnelerstand Lhal this techndgue sitaply Al & constrained riodel -o aset of user defined obscrvations,

Trcdeen], ot the geormolry reoobstrwelion phase, the ouly purpose of the pho

aoraph = to gn

BACE I TATKILY onl The ooscrvalons.
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As a result of this, any inaccuracics causcd by lens distortion, poor image quality, or user input error
will result in some degree of model error. Furthermore, where geometry cannot be exactly modelled
by a set of primitive, the primitives then only represent an approximation of that gecometry, and

additional error may thus be introduced.

Although the objective function, described in Chapter 3, measures how the model deviates from
the user’s obscrvations in a mean-squares fashion, we usc a slightly different error metric when
considering how closely the final model matches the observations. Rather than using mean-squared
or root-mean-squared crror, which is difficult to intuitively interpret, we usc the area between the
marked edge and the projected edge, normalised by the length of the marked edge, as our error
metric. Effectively, this measure describes the distance (on average). in pixels, between the marked

linc and the projected model edge.

One example of where crror is introduced into the system through a combination of poor image
quality and geometric approximations is the roof of the small residence discussed in Section 6.1.3.
In this case, the model edges arc, on average, 1.14 pixels out, with a standard deviation of 1.23
pixels. However, much of this error can be attributed to a single edge at the top right of the roof of
the building, which deviates from its observation by 4.32 pixecls on average. This problem appears
to stem from scvere sagging of the roof (which causes it to be misaligned with the model) and a
degree of radial distortion in the image. Discounting this edge. the model edges are, on average,

0.86 pixels out, with a standard deviation of 0.53 pixels.

In the case of the British Bioscope (depicted in Figure 28), the model generally conforms very closely
to the user observations. The cdges are, on average, only 0.71 pixels out, with a standard deviation
of 0.46 pixels. Although this reconstruction has a low degree of crror, there are still problems with
the bay window and decorative geometry above the facade. For these edges, the average crror rises
to 0.96. with a standard deviation of 0.43. In this casc, the additional error is clearly a result of the

complex, curved geometry in the scene, as the model only approximates the actual structure.

Considering these problems, the three reconstructions presented above have an acceptable level of
error. The quality of photographs is generally very poor. and it is often difficull to see exactly where
the cdges of the building are, which makes defining observations a difficult task. In addition to this,
there is always some degree of lens distortion in the image, and as a result edges that arc straight
are often very slightly curved in the photograph, which further complicates the task of marking out

observations.

In order to illustrate that in the ideal case (where there is no lens distortion, the camera focal length
is known, and the edges are very clearly visible) the reconstruction framcwork will compute the
parameters correctly, consider the synthetic case shown in Figure 33. This model was rcconstructed
from the two synthetic images shown, and all paramcters are correct to within 1% of their original
value. In this “ideal” case, the projected model edges conform, on average, to within 0.11 pixcls of

the user obscrvations (with a standard deviation of 0.09 pixels).
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Figure 43 The inpel Gnages sl oulpot meode] of the syanchetie test vases (7)) aod (h) e che
computer renderod imapes of our synthetic case, while [ed is the reeovered wodel, Note thsl in this
case, the recuviraed miode] paramoteors contorms ta che original -n wichin 1%

Finally, the geometry revonstruction techmigue is quite lime consuring, sl modelling o reasuably

comples Bathlog will generally take in Lhe rewlon of twohoas, The optinZeasiions ein o a rcasooablo

Lisme, wilh thet pon-linear oplimizstion taking less than s mioele per itctalion in eeen our most
cumpres costs (generally betwesn vt aonl ten iteralions are seguized Tor ronvorgoenoe ) Choe ssie
vt fiere, is thal the Ve taken Ly this optimieation seales ucarly with Che vl of wser-dilined
chstrvations, sod quadralivally with the puredicr of froe varizbles affectad Ty cnch almeesation. T
our cxamples up 1w 30 obstrvations wine miads, howeser, juogn eseeptiooally comples case, with

handrenls of observaiong Lhe zeooing ciroe of Che zlgothmn would e sibalbaobia e sl
L=} o w

Pralzlems

Alchongh the geometsy reconstrnetion techinioue used in this svstem was, on the whaole, suceesshl,

there ore a number of problens associated with iz

+ Hishly detailed seornetry. Where there s very cotuplex peometry that cannot b nodelled
Lo geommetrtic primitives (such as deeorative srchizectore), or where the resoluzion of the fmage
dlows uol pormil the user Lo aveicately distinguish sulaleties within the geometey of the buibl-

i, approeimabe models st beoussd, Althocgh aler Lexoucing, the linal resulis ane cllen

v'|-1|a|.'_§. s, this s panse g loss in vrarmel i detgil

o Curvedd surfaces. Curmently, Lhis systemn = imable to bandle curves al surfaces of revolution
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results inoa loss of zoometein dofail
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windows, for example). Usually, such walls are modelled as flat surfaces, and the textures
create the necessary effect, however, when a photo offers a very poor view of a wall, this docs

complicate the texturing process.

e Uneven ground. A very common issue in using this system, is that of uneven ground. Many
buildings do not lie on a flat surface, and at times determining where the foundation ends,
and the building begins, can be a difficult task. Generally, as illustrated by the real world

examples above, it is possible to find features that allow one to solve this problem.

¢ Low quality input images. Where the input images are of a low quality, it becomes more
difficult to achieve accurate recoustructions. This is because the quality of the reconstruction

depends almost entirely on the quality of the obscrvations.

6.2.2 Image-based Texturing
Overview

Determining the success of the texturing approach presented in this thesis is difficult, as what
constitutes a “good” or “realistic” texture is highly subjective. Furthermore, it is also impossible
to compare the textured model directly to the original photographs, as so much of cach texture is
regenerated, and large portions of the buildings arc obscured from view in the photographs. This

implicitly undermines the validity of any quantitative analysis.

However, a number of observations can be made about the components of this texturing approach.
The synthesis procedure is effective; damaged textures were repaired, and new oncs created, yielding
results that appeared closely matched to the original sample texturcs. This was most successful for
structured textures, such as the roof tiles in Figurc 25, but also yielded satisfactory results for paint
textures as exhibited in Figurce 29. In general, this technique worked best if the new texture was

seeded at a number of different points, and with a larger sample texture to work from.

The extraction and insertion of features were also largely successful, and allowed the user to modify
the synthesized textures and cnsure that they conformed closely to how the original surface of the
building would have looked. Figures 25 and 29 illustrate clearly how inserted features, such as
windows, add greatly to the quality of the final texture. In Figure 29, the window fcatures are

extracted, modified, and then reinserted to solve the indentation problem.

In order to best illustrate the success of our texturing scheme, consider Figure 34. The two images
in Figures 34(a) and 34(b) are renderings of the British Bioscope using only the textures that were
extracted from the input images. In Figure 34(a), nonc of the damaged texturc material has been
removed, while in Figure 34(b), all damaged material has been crased. Both of these renderings arc

clearly not in a usable state, and are, in contrast to those in Figure 34(c). of very poor quality.
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acceptable results, as the low quality of such textures is propagated through the synthesis

procedure.

6.2.3 Final Analysis

In general, for the problem at hand, both aspects of the architecture reconstruction strategy pre-
sented here have been successfully applied. Using the geometry reconstruction framework, a user is
able to reconstruct, with an acceptable degree of accuracy, models of buildings, from as few as one
photograph. Following on from this, by using our texturing strategy presented above, perceptually
rcalistic textures, based on the input images can be constructed and applied to the reconstructed

model.

One consideration, clearly evident in both aspects of the reconstruction strategy., is that the quality of
the results is highly dependant on the quality of the input material. Where the original photographs

are of a poor quality, it becomes harder to produce accurate models with high quality texturcs.



Chapter 7

Conclusion and Future Work

Having presented results in the previous chapter, it is now possible to draw a conclusion to this

thesis, and discuss any future rescarch opportunities that it may have created.

7.1 Summary of Work

In this thesis we set out to achieve two major goals. The first was to develop a gecometry recon-
struction framework, capable of reconstructing three-dimensional models of instances of District Six
architecture from scts of photographs. The sccond was to design and implement a texturing scheme

that would use the original photographs to texturc the reconstructed model.

Ideally, the geometry rcconstruction framework should be able to reconstruct buildings using small
sets of uncalibrated images from the District Six Museum photographic archive, where in the worst
casc scenario, such a sct contains only a single image. Although the reconstruction framework need
not handle the camera calibration issue dircctly, methods to overcome this problem arc required. As
output, the reconstruction framework should produce a polygonal model of the building in question,

which could subsequently be textured using the photo-based texturing scheme.

The texturing scheme should be capable of texturing a reconstructed model by using the original
photographs as the source for texture material whencver possible, and otherwisce synthesizing new
texturc material, based on small sample textures from the original photographs. User-interactive
techniques, to facilitate the selection of the source material used in texturcs, as well as the texture

synthesis, should be investigated.

To achieve the first goal, a reconstruction framework based on work by Debevec [1996] was im-
plemented. This framework is able to reconstruct, with a high degree of accuracy, instances of

District Six architecture, using small sets of uncalibrated photographs. Although unable to handle

84
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certain more complex architectural structures, such as decorative gecometry and curved surfaces, the
framcwork is generally able to successfully reconstruct the gcometry of the given buildings. The
framework outputs models of reconstructed buildings to a file that is subsequently imported by the

texturing utility.

When considering the problem of calibration, it was found that the focal length of a camera can be
estimated, with a rcasonable degree of accuracy, by simply identifying a cuboid in the image and
attempting to reconstruct it. When the focal length of the camera is correct, the cuboid can be

reconstructed with very little overall error.

The problem of texturing the model is solved by extracting, for each polygon of the model, all relevant
texture information from the input photographs, and then relying on user input to determine what
texture information to use for each polygon. The texturing utility allows the user to cither apply
the extracted texture information dircctly, or generate new textures through a texture synthesis
algorithm described by Efros and Leung [1999]. Newly synthesized texturcs can be completed by

inserting features previously extracted from the original photographic material.

This texturing approach is generally suceessful, and produces convincing, realistic texturcs. How-
ever, the quality of the output from this schemec is largely dependant on the quality of the input
photographs, and when only poor textural information is available, this is reflected in the final

results.

To illustrate the use and success of the utilitics that had been developed, three real-world samples
of District Six architecture were reconstructed from small sets of photographs, and onc synthctic
casc was reconstructed using computer rendered images. The real-world cases comprised one large
District Six residence, with a set of two greyscale photographs, the British Bioscope, with a set of
one colour and one greyscale photographs, and onc small residence, with only a single, greyscale

photograph.

The three real-world tests showcase the capabilities of the reconstruction technique presented in
this thesis, but also illustrate some of the difficulties associated with reconstructing buildings from
photographs of poor quality. These ecxamples show that the geometry reconstruction framework is
able to produce good results even when only onc input photograph is used, and that the texturing
scheme is able to handle a wide variety of situations while still producing acceptable results. The
synthetic case was then used to verify the correctness of the geometry reconstruction framework, by

showing that, if provided with “perfect” input. it produces “perfect” results.

Finally, a critical analysis of both aspects of the reconstruction technique was presented, focusing on
where the techniques were successful as well as which sorts of scenarios presented problems. Although
gencrally very good, the geometry reconstruction framework has difficulties handling some complex
geometry, and the quality of results decreases with the quality of the input photographs. It was
further established that the texturing scheme, although able to handle most situations effectively,

is. similarly, adversely affected by images of poor quality.
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7.2 Future Work

Although our architecture reconstruction technique is able to successfully handle a wide array of
situations, there are a number of areas in which it fails, as well as many ways in which it could
be improved. All of the futurc work opportunities that have become apparent fall into cither the

geometry reconstruction or texturing categorics.

7.2.1 Geometry Reconstruction

Aside from the problems associated with poor image quality, the difficulties encountered when using
the geometry reconstruction framework presented in this thesis, generally involve complexity in the

architectural geometry. Primarily, these are:

e Highly detailed geometry.
e Curves and surfaces of revolution.

e Surfaces with recessed features.

Clearly, modifying the gcometry reconstruction framework to handle these situations is the most
obvious step forward. Although handling detailed geometry, given the generally poor quality of
the input data. is an exceptionally difficult problem, managing curved surfaces and surfaces with
recessed features is certainly possible. Indeed, Debevece et al. [1996] asserts that curved surfaces can
be parametrised in a similar fashion to the gecometric primitives used in this system, and this should

certainly be implemented at a later stage.

A further opportunity for potential futurc work is the user interface to the gecometry reconstruction
framework. Currently, the reconstruction of a reasonably complex scene can take a number of hours
to perform. While automation of the reconstruction would be problematic (due to the quality and
variety of input data), it would be worth investigating methods of speeding up the modelling process

through an efficient user interface.

In this work, we determine only the focal length for each image used. Investigating and implementing

more comprehensive camera calibration techniques is one final avenue for future work.

7.2.2 Photo-based Texturing

As with the geometry reconstruction framework, one of the major problems associated with the
texturing scheme presented in this thesis is the poor quality of input data. Aside from this, however,

the biggest flaw lies in the speed of the texture synthesis procedure.
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Clearly, one path worth exploring further is improving the cfficiency of the texture synthesis proce-
dure used in the texturing scheme. This could be approached either by optimizing the performance
of the current synthesis approach, or through the implementation and use of other, faster synthesis

procedures, such as that described by Wei and Levoy [2000].

A final improvement to texturing would be the better use of available textures. Currently, where two
photographs have different chromatic schemes, unless both arc converted to greyscale, only one of
the photographs will be used for extracting textural information. Techniques, such as that described
by Welsh et al. [2002] are able to convert greyscale images to colour, and investigating the use of

such techniques in texturing could be beneficial to the overall architecture reconstruction technique.
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