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ABSTRACT

This dissertation presents a novel system for the semi-automatic modeling of buildings in
informal settlement areas from aerial photographs. The building extraction strategy is
developed and implemented with the aim of generating a desk top Informal Settlement
Geographic Information System (ISGIS) using self developed and available PC-based
GIS tools to serve novice users in informal settlement areas. The proposed system uses a
novel strategy of delineating buildings by optimizing their approximate contour positions
which are derived automatically from digital surface models as elevation blobs. Building
-extraction 1s effected using the snakes paradigm and dynamic programming optimization
technique. The proposed system, though semi-automatic, has most of its processes

automated.

The need for the development of ISGIS is the attributed to rapid increase of informal
settlement areas in developing countries, which has consequently lead to the degradation
of the local ecosystems e.g. soil erosion, poor water, poor sanitation and severe social
problems. Up-to- date, spatial data is one of the pre-requisites for improving living
conditions in informal settlement areas, as, for example, in the implementation of re-
settlement programmes. Existing spatial modeling techniques are expensive in terms of
equipment and expertise, labour intensive, time consuming and are ineffective in coping
with highly dynamic environments typically found in informal settlement areas. It is
therefore imperative to develop new spatial modeling techniques better suited to the low

cost and low technology of developing countries. This thesis is a step towards the



development of an effective spatial data acquisition method for semi-automated modeling

of buildings in informal settlement areas.

The proposed method follows a top-down control strategy. It is a2 model based approach
in which object extraction is achieved by using contextual object knowledge, global
considerations and constraints. The main steps of the proposed system are detection and
reconstruction, which are realized through the following sequence of activities:

e Hypothesis generation (raised structures hypotheses) from a digital surface model

e Location of raised structure hypotheses in orthoimages

e Building hypotheses verification

e Generation of approxin.late building contours for each building hypothesis

e Formulation of approximate building contours into snakes and optimization using the

dynamic programming technique.

Inputs into the system are orthoimages and digital surface models. Digital surface
models are generated by the image matching technique. Raised structures are modeled as
“lumps” in the digital surface models. Lumps in 2-D are presented as elevation blobs,
which are derived from the digital, surface models by altimetric segmentation. Initial
windows for building extraction are provided by projecting centre points of the elevation
blobs into corresponding orthoimages. Buildings are extracted from orthoimages using
region growing constrained by edges, snakes and dynamic programming optimizatio;l
techniques. A lump in a digital surface model can have causes other than a building, e.g.

a tree, a car, a mound or other objects. To reduce the false alarm rate in building
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detection, it is thus imperative to perform building hypothesis verification so as to
distinguish building hypotheses from other object hypotheses. In this research, building
hypothesis verification is based on the analysis of frequencies of edge direction
orthoimage patch’s histograms. An orthbimage patch is an orthoimage area covered by
an elevation blob. Resulting building hypotheses in vector format are used as initial or
approximate building contours, which are formulated into snakes and input into the
dynamic programming optimization process. The snakes and dynamic programming
optimization process aim at modifying approximate building contours so as to generate

new contours, which optimally delineate the buildings.

Central to dynamic programming optimization is the generic object mathematical model,
which describes the manifestation of an object (in this case a building) in digital images.
In this research, the generic building mathematical model used is based on the fact that
building edges in an image have relatively higher edge magnitudes, and that pixels within
a building region are presumably relatively homogeneous. The dynamic programming
process is applied to each building’s approximate contour after it has been formulated
into snakes or active contour models, and from this process an optimal building contour

is derived.

The proposed method was tested on two sites, which have different situations. The first
study area was Manzese in Dar-Es-Salaam - Tanzania (East Africa), two sites were tested
in this area. The second study area was Marconi Beam in Cape Town - South Africa,

where one site was tested. 2-D building contours were extracted and 3-D building
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models were generated using the Arc View 3-D Analyst software. The results are
encouraging, but not all buildings in the study areas were extracted. Buildings that were
not extracted need to be by other extraction strategies and added later either manually or
otherwise. This implies that the application of multi-cue algorithms is important in
building extraction as no single algorithm to-date can correctly detect and delineate

buildings in every scene, identical to what the human operator can perceive.

Despite building contour shape modification through the optimization process, the final
extracted 2-D building contours were somewhat distorted. Interactive post editing of the
2-D building extraction output is thus necessary. The proposed system’s performance

was evaluated and a building detection rate of above 60% was realized.
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CHAPTER 1

INTRODUCTION

1:1 CONTEXT

Effective management of human settlements is currently recognized as an important
requisite for environmentally sound and sustainable management of development.
Accurate and up-to-date information on human settlements is critical in fulfilling this
requisite. At the same time the world is vulnerable to environmental impacts like
atmospheric pollution, unpredictable climatic changes, floods and unsafe urbanization.
However, access to Geographical Information Systems (referred to as GIS) technology
which provides tools for sustainable management of the environment, natural resources

and human settlements offers a breakthrough.

Data inputs for a GIS are commonly provided by ground surveying, conventional
photogrammetry, existing base maps, and to a lesser extent, remote sensing. Due to low
spatial resolution the use of remotely sensed data in GIS has been limited to small scale
applications like derivation of thematic information, such as production of land use maps
and change monitoring. However, advancements in digital sensor technology, digital
image analysis techniques as well as computer software and hardware have resulted in

the development of high spatial resolution sensors e.g. the 1m (panchromatic) and 4m
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(multispectral) of Ikonos (Ikonos, 1999). This development will subsequently open
possibilities of using remotely sensed data in large scale applications for input into GIS.
Digital photogrammetry has also enjoyed these technological advancements particularly
from high-resolution hardcopy scanners and small format digital cameras as tested by
Mason, Riither and Smit (1997) and will soon benefit from airborne digital cameras
(GeoEurope, 2000). Remote Sensing and Digital photogrammetry are now accepted as a
primary source of data for GIS. They have the potential of lowering costs of data
acquisition and analysis. In addition they meet other essential requisites, such as timely
acquisition, accuracy and capability of synoptic area coverage (Burrough, 1992; Aronoff,
1991; Trotter, 1991; Gairns and Taylor, 1992; Mason, Riither and Smit, 1997). Despite
these technological advances, visual image analysis has remained more accurate and
réliable and therefore superior to digital image analysis (Mulder, 1990; Trotter, 1991). At
fhe same time, there has been a quest to automate GIS data capture methods particularly
from Remote Sensing and Digital Photogrammetry data so as to optimally exploit the

potential of digital images.

To date, digital image analysis, particularly automatic feature extraction, is far from
being fully realized (Firestone et al, 1996; Gruen and Li, 1997; Schenk, 2000; Giilch,
2000). Nevertheless, semi-automated techniques have proved desirable in reducing the
operational turn around time of providing data for GIS (Gairns and Taylor, 1992; Gruen
and Li, 1997). The objective of automated data capture is access to a more effective

system for data analysis and decision making.
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The effectiveness of GIS’s, also referred to as decision support systems, depends on the
quality of the input data. These data need to be accurate and up-to-date so that decisions
made using the data are optimal. A typical example of a need of information for decision
making is in urban management, particularly in developing countries where cities grow
rapidly and often this growth results in increased poverty, homelessness, environmental
degradation and an inadequate supply of appropriate urban services. In such
circumstances policy makers and urban planners need spatial information to monitor the
impact of this growth, to evaluate existing urban policies and in turn to develop
appropriate responses of strategies (UNCHS, 1997). The formation of informal
settlements (generally referenced to as squatter areas) often goes alongside the growth of
cities. Informal settlements are a common feature of developing countries and are
typically the product of an urgent need for shelter by the urban lower income earners
(Mason and Fraser, 1998). Their evolution in urban areas is an inevitable phenomenon.
As long as urban areas offer economies of scale and agglomeration economies, large
cities will always continue to grow, attracting migrants from rural areas and smaller
urban areas, leading to more squatting. The United Nations forecasts that 40 percent of
the world's urban population will live in unplanned areas by the year 2010 (Geo-

information Africa, 1998).

In informal settlements areas, development in terms of spatial expansion and the right of
occupancy are usually not in compliance with legal, urban and environmental standards
set by governments. As a result these areas are prone to poor water quality and

sanitation, and to severe social problems. Squatter upgrading is a measure taken to
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mprove the quality of life of residents in these areas through a process of
"regularization” whereby at least a form of secure tenure is established. Additionally, in
the process of squatter upgrading, access to the urban infrastructure and services is
enabled and housing as well as the physical and social infrastructure are upgraded to
comply with minimum standards. Effective informal settlement upgrading requires
reliable spatial data and application of spatial information technology in making
decisions. Examples of tasks requiring spatial data include the monitoring of settlement
growth, the re-allocation of residents to formal housing, the provision of a basic
infrastructure, management and assessment of disasters e.g. floods, fire and adverse
impacts on the local environment. The acquisition of spatial data involves the application

of spatial information technology.

For spatial technology to be effective in the informal settlements environment, it has to
be low cost both in data acquisition and processing, semi-automated or automated (to
achieve faster and more reliable results), simple to use by low-skilled operators and as far
as possible based on off-the-shelf software components e.g. a desktop GIS. Contrary to
these requirements the acquisition of spatial data in informal settlements to-date has been
based on conventional mapping techniques and mostly conventional photogrammetry
using either analogue or analytical techniques. These techniques are mostly manual, in
addition to that they require high technical expertise and expensive equipment.
Therefore, for relatively small, densely populated areas and rapid changing environments

typical of informal settlements these techniques do not suffice. That is, the techniques
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can not be easily applied on a regular basis (Li, Mason and Riither, 1998). Alternative

mapping techniques are therefore needed.

The objective in this research was to develop a low cost semi-automatic method of
building extraction in informal settlements from high spatial resolution aerial images.
This was done by using digital surface models as cues in the derivation of building
hypotheses followed by the generation of approximate building contours using the region
growing constrained by edges approach, the formulation of active contour models
(snakes) and optimization using the dynamic programming technique. This research is a
contribution towards spatial data acquisition methodologies for the support of the
development of a low cost Informal Settlemenf Geographical Information System

(ISGIS) using available GIS facilities together with self developed tools.

1:2 MOTIVATION AND RATIONALE

The research into semi-automatic building extraction in informal settlement areas from

high-resolution aerial images was motivated by five issues:

1. Most research concerning building extraction has concentrated mainly on buildings in
planned or formal settlement areas of developed countries. Little research has been
dedicated to the extraction of buildings in developing countries - particularly in

informal settlement areas.



Chapter 1:Introduction ) 6

2. The need to acquire, manage and disseminate data to enable effective planning to

address the problems of informal settlements as described in § 1:1.

3. Most of the existing systems of building extraction apply shadows in the generation
of hypotheses and/or the estimate of heights of buildings. Geometric hypotheses, e.g.
a roof should have 90° comers, or opposite edges of a roof should be parallel and so
on, are taken into account in many existing systems. Images used in most of these
systems are generally simple i.e. with few details and low density of buildings.
Simple images generally require simple algorithms (Gruen, 1996). Tests have shown
that these systems are unsuitable in situations where images are complicated as in
informal settlements areas where there are no explicit or complete shadows, roofs are

complex and irregular and the density of buildings is relatively high.

4. Automatic feature extraction is an area where digital photogrammetry seemed it could
provide an added benefit to analytical techniques (Walker, 1997). It is expected that
it could reduce fatigue and the work load of photogrammetrists. This expectation has

not been fulfilled to-date and more research is therefore needed in this area.

s  With the rapid advance of Earth Observation Systems technology, there is a need for
developing tools for interpretation, handling of large amounts of imagining data and

the extraction of feature information in as little time as possible.
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1:3. PROBLEM DEFINITION

1:3:1 FEATURE EXTRACTION

Feature extraction is defined by Erik de Man (1988) as a process of getting, deriving,
deducting a certain amount of information from appropriate sources, mostly sensors, to
gain knowledge on position of objects or phenomena on the earth, their attributes and
topological relationships. In Geomatics, feature extraction is defined as a process of
detection and delineation of an object’s spatial extent i.e. the precise location of object
boundaries. It is essentially a process of spatial and non spatial feature data acquisition
from sensor data. The process involves the extraction of relevant feature information by

suppressing or neglecting other information.

Feature data is required mainly for applications like mapping for general planning,
resource assessment and management, monitoring and as inputs into GIS's for integration
with other data sets. Data integratioﬁ is critical in GIS's because it facilitates the analysis
of different scenarios for the purpose of predicting future developments, sustainable

resource management and so on.

Many methods of feature extraction-exist, however, the traditional method for obtaining
accurate 3-D data of the terrain and man-made features has been conventional
photogrammetry. Photogrammetry is a well-established and effective technique but some
of its operations are still manual, labour-intensive and time consuming. Photogrammetry
involves expensive equipment as well as specialized expertise. For rapidly changing

spatial environments, as those found in informal settlements, the method becomes
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relatively slow. Alternative rapid spatial data acquisition techniques using satellite
images and scanned aerial photographs have been sought and developed by several
research groups for the past twenty years (Huertas and Nevatia, 1988; Liow and Pavlidis.
1990; Mckeown, 1990; Weidner and Forster, 1995; Firestone et al, 1996; Gruen and Li,

1997; Mason and Riither, 1998 ).

High resolution images (aerial photographs and space borne satellite data) in combination
with recent advances in sensor, software and hardware technology have greatly
influenced the processes of feature extraction to be realized in automated environments.
It is important and desirable to capitalize further on the potential of digital images as a
primary source of data for GIS through the development of schemes involving automatic
data acquisition methods. The key to improving GIS efficiency is the introduction of

automation in the feature extraction processes.

A significant amount of work which has been done in the field of feature extraction has
mainly concentrated on the extraction of man-made features, particularly roads and
buildings. This is because buildings and roads are important, also they are predominant
‘and frequently occurring man-made structures. Road extraction techmiques are rather
well established because roads can be described by generic mathematical models and
their characteristics in images are known from our (human) knowledge about them. For
example, a road pixel in the image generally has a higher intensity than its neighbour
pixels on either side of the road. In the other words, in a digital image, a road can easily

be identified as a narrow region of high intensity with lower intensity on both sides. At
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the same time, the contrast along the road usually does not change significantly within
short distances. This stems from the fact that within short distances road materials
typically do not vary much, and therefore, their spectral properties are almost constant.
Hence, well-established algorithms are in place for road extraction, for example, road
extraction by using dynamic programming and least squares B-Splines (Gruen and Li,

1997) and knowledge based road extraction from aerial images (Trinder et al, 1997).

1:3:2 BUILDING EXTRACTION

1:3:2:1 GENERAL

There has been significant research work in building extraction in planned or formal
settlement areas of developed countries (Nicolin and Gambler, 1987; Huertas and
Nevatia, 1988; Mohani and Nevatia, 1989; Liow and Pavlidis, 1990; Haala and Hahn,
1995; Weidner and Forstner, 1990; Haala and Brenner, 1997; Henricsson and Baltsavias,
1997, Paparoditis, et al, 1998, Seresht and Aziz, 2000). Little research has however been
done towards the extraction of buildings in informal settlement areas (Mason and Riither,
1997, Mason and Baltsavias, 1997; Li, Mason and Riither, 1998; Mason and Fraser,
1998; Li, 1998). Despite all these research efforts, no single technique to-date has
evolved as a solution to the building extraction problem. This is attributed to the
complexity of buildings parti;ularly in informal settlement areas where buildings are
made up of diverse building materials and have varying shapes and orientations.
Buildings in informal settlements do not follow regular codes but are subject to a
complex interplay of natural, social, and political forces. Their extraction is thus

difficult. It must be noted that modeling requirements for buildings differ between
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informal and formal urban settlements. Building extraction in informal settlement areas
is a special challenge to photogrammetry, computer vision, and image understanding
communities. Almost all building extraction systems developed to-date contain a
problem-specific control structure. Therefore the adaptation of these systems to even
slightly changed conditions or new applications remains difficult (iSPRS Highlights,
1998, Schenk, 2000). More research is thus still needed to explore possible avenues of

building extraction, particularly in informal settlement areas.

The problem to be solved cannot be well defined without briefly highlighting some of the
problems of existing methods of building extraction. Current building extraction
strategies may be grouped into two main categories:

e 2-D building extraction i.e. boundary detection and delineation and

o 3-D building extraction i.c. modeling.

1:3:2:2 2-D BUILDING EXTRACTION

The 2-D building extraction category involves building hypotheses generation using low
level single image analysis techniques, mostly shadows, edge and/or comer detection
followed by edge linking and grouping (Liow and Pavlidis, 1990; Levine and Shaheen,
1981; Mckeown, 1984; Mckeown, 1990). Some approaches in this category use region
image segmentation in the derivation of building hypotheses followed by verification
using shadow analysis (Levine and Shaheen, 1981; Nazif and Levine, 1984). Other
approaches, apply the snakes technique iﬁ which building seed points (mostly corners)

are identified either manually or automatically from a database, followed by boundary
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position optimization through dynamic programming strategy. 2-D building extraction
approaches mainly result in detection and object contour delineation in the image space.
Such results though less accurate, are useful in general image interpretation and
monitoring as in, for example, change detection. However, the approach is prone to the
following pitfalls:

e Missing edges due to the failure of the edge extraction strategies in distinguishing
between building and texture edges. Thus not all building lines are presented as
edges.

e Edge fragmentation. In most cases an object will be represented by a number of
disconnected edge fragments. Unless it is possible to associate or aggregate these
fragments, they may be interpreted by the system as belonging to separate distinct

objects. Fragmentation prevents the recognition of correct object properties thereby

resulting in the inability to extract objects (Jaynes et al, 1994).

o Corner problems, which are due to poor contrast, result in gaps along edges causing

difficulty in definition of corner points.

For the approaches based on hypothesis generation using image segmentation strategies,
the image is initially segmented into regions, a region being a group of connected pixels
with similar properties. These approaches are affected by the occurrence of artifacts,
which are a result of either low contrast, between both the buildings and the background,
or buildings with other adjacent buildings and features. Both edge/corner and region
segmentation based building extraction strategies are low level image analysis techniques

and as such do not deploy domain knowledge in processing. Aé a result, they perform
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poorly, particularly in images with poor contrast and high density of buildings, as those

of informal settlements areas.

Some approaches to the 2-D building extraction category apply the technique of
combining image primitives or tokens i.e. edges, comers and regions or segments similar
to the method explained above, but in this case using aprioﬁ knowledge of building
models expected in the scene. Such approaches are referred to as Knowledge Based
Systems (KBS) (Nicolin and Gabler, 1987; Nagao and Matsuyama, 1980; Nazif and
Levine, 1984). Knowledge Based Systems generally rely on the generation of object
models using knowledge about the buildings expected in the scene, and compares the
object models with the structural configuration of primitives as extracted from the image.
Most of these systems are rule based i.e. they use rules in the comparison process.
Knowledge is used in these systems to constrain the search space (Mckeown and

Mcdermontt, 1985; Matsuyama, 1987 ).

1:3:2:3 3-D BUILDING EXTRACTION

3-D building extraction involves the analysis of digital images mostly by image matching
to determine conjugate points from stereo or multi-images (Baltsavias, 1991; Henricsson
and Baltsavias, 1997). The output of stereo analyses are point positions. Image matching
-is currently a standard tool for obtaining a 3-D model of the terrain and man-made
features. The result of the image matching process is a Digital Height Model often
referred to as a Digital Surface Model (referred to as DSM). DSMs, being graphical

representations of objects, model both terrain and non-terrain features. Thus they can be
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used in the extraction of non-terrain objects like buildings, trees and other objects. The

problems of using DSMs which are generated by the image matching technique in feature

extraction include:

e In-sufficient ground sampling density to model discontinuities in-between buildings.
Some buildings may éven disappear.

e Height discontinuities are smoothed out.

e Matching errors that occur around buildings due to occlusions, poor contrast with
surrounding features and negative shadow effects for example from overlapping or
irregular shadows. As a result, break lines and building boundaries are not included
in the resulting DSMs. This leads to the poor modeling of objects (Baltsavias, Mason

and Stallman, 1995).

1:3:2:4 PROBLEMS IN BUILDING EXTRACTION

In general, the difficulties of building extraction include the negative effects of shadows,
low contrast between buildings and the background, poor contrast in the roofs (roofs
might be with textures or substructures). Additionally, non-fixed geometric shapes,
interference by other objects (occlusions) for example, from trees and nearby buildings
and distortions due to non-verticality of photographs limit the building extraction
processes (Liows and Pavlidis, 1990; Huertas and Nevatia, 1988). For approaches which
make use of shadows, in complex situations like those of the informal settlement areas
where roofs are not flat, shapes of shadows may become irregular and consequently

making the building extraction process difficult.
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Most existing building extraction systems are semi-automatic. Full automation in feature
extraction has been difficult to attain to date (Firestone, 1996; Gruen and Li, 1997,
Gruen, 2000, Schenk, 2000). In view of that, semi-automated methods are a good
alternative especially when one compares the speed and accuracy of a computer
algorithm with the interpretation skills of a human operator. A semi-automatic system
may be defined as a system which has a higher degree of automated processes than
manual processes (Gililch, 2000). Indeed the system must be based on interactive

decision-making coupled with quantitative input of parameters as needed.

1:3:3 STATEMENT OF THE PROBLEM

This research aims at developing a semi-automatic building extraction system that
attempts to redress unsolved problems that limit the current building extraction
techniques by applying the snakes and the dynamic programming optimization technique.
1t is reported by Giilch (1990) that snakes and dynamic programming optimization are
effective and perform well even in the presence of photometrically weak boundaries, for
example in poor contrast, edge fragmentation and so on. The proposed system is based
on using contextual knowledge and cues to generate building hypotheses in orthoimages
and optimizing building positions by the dynamic programming techmique. As a pilot
study, aerial photographs at a scale of 1:12,500 and focal length of 152mm scanned at a

resolution of 15 microns and direct digitally acquired images using a small format camera

Kodak DCS 460 are used.
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1:4 ORGANISATION OF THE THESIS

The thesis is organized in eight chapters. Chapter One is a general introduction to the
importance of GIS in the sustainable management of human settlements with the
emphasis on informal settlement areas. The chapter highlights the need for automation in
GIS data capture methods, reviews briefly prqblems of automation in contemporary

building extraction systems and defines the problem to be solved by this thesis.

Chapter Two reviews building extraction strategies developed to date. Without going
into detail, the chapter highlights the advantages and disadvantages of each strategy, with

the aim of identifying remaining problem areas which form the objectives of the thesis.

Chapter Three briefly reviews the theoretical background of the tools used in designing
the building extraction strategy proposed in this thesis. Image matching, snakes, dynamic
programming, gray scale mathematical morphology and region growing techniques are
covered. Chapter Four is a detailed description of the proposed building modeling
strategy with some preliminary implementations. Chapter Five deals with important
implementation issues along with the results and evaluation of the proposed building
modeling system. Chapter Six presents the analysis of the results. Chapter Seven is a
general discussion in terms of applicability and operationalization of the proposed

system.

The thesis ends with Chapter Eight, which presents conclusions, recommendations and

highlights on future research directions.
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1:5 STUDY AREAS AND THEIR CHARACTERISTICS

For purposes of validating the proposed building extraction strategy, two study areas with
differing characteristics, environments, geographical locations and data acquisition
methodologies are used in this research.

The first study area of this research is part of Manzese(see Figures 1a and 1b) in Dar-es
salaam city in Tanzania where estimation by the Dar-es-salaaam City Council indicates
that approximately 70 percent of the population live in unplanned areas (UNDP report
1992). Manzese is one of the highly populated and fast growing suburbs of Dar-es-
Salaam. The area is located about 10-km northwest of the city. According to the
standards of the Tanzania Ministry of Lands and Human Settlements Development, the
area is an informal settlement characterized by detached houses with almost uniform roof
structures and varying geometric shapes. Most of the buildings are made up of concrete
and the roofing is mainly corrugated iron sheets (refer Figure 1b). The area is relatively
flat with little vegetation coverage. Residents of the area are mostly low-income workers
in nearby industries and government offices; some are involved in self-established small
businesses. The data for this area are from aerial photographs acquired in 1992 and

scanned at a spatial resolution of 0.2 m.

The second study area is part of Marconi Beam, one of the informal settlements

surrounding Cape Town in South Africa (see Figure 2). The area is characterized by

informal buildings called shacks constructed largely of plastics, iron sheets and timber.
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CHAPTER 2

A REVIEW OF TECHNIQUES FOR BUILDING EXTRACTION

The purpose of this chapter is to provide a brief overview of building extraction methods

developed to date with the emphasis on those which have greatly influenced this research.

2:1  FEATURE EXTRACTION

Although many researchers have made great strides in digital image analysis over the
past twenty years, it is still a challenging task extracting significant man-made structures
such as buildings, roads and other structures from aerial photographs or remotely sensed
| imagery,particularly in high-density urban areas (Nicolin and Gambler, 1987; Huertas
and Nevatia, 1988; Mohani and Nevatia, 1989; Liow and Pavlidis, 1990; Haala and
Hahﬁ, 1995; Weidner and Fasrstner, 1990; Haala and Brenner, 1997, Henricsson and
Baltsavias, 1997, Paparoditis, et al, 1998; Seresht and Aziz, 2000). Feature extraction
started in the 1980’s by Nagao and Matsuyama, who developed a fully automated system
based on the so-called structural analysis techniques. Thereafter, many semi-automated
approaches mainly for building extraction have been proposed and tested by several

research groups.

2:2  GENERIC MODEL TECHNIQUES
Most building extraction approaches found in the literature use generic models to

describe shapes of buildings expected in the scene. Earlier strategies of building
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extraction aimed at 2-D object boundary delineation in the image space. Fua and Hanson
(1987) applied an ima;ge segmentation technique to extract buildings from an aerial
imagery and by varying the homogeneity criterion; a result which had a maximal number
of 90° building corners was picked as an optimal segmentation. The method is effective
when the shapes of buildings are simple e.g. box shapes, and when good segmentation
results are attained. Such conditions cannot be achieved in informal settlement areas.
This is because buildings in informal settlement areas are made up of mixed building
materials, a situation which limits the application of the image segmentation technique in
building extraction. Nicolin and Gabler (1987) used a knowledge based system for the
analysis of aerial images. Their system had four components: a knowledge base of
domain independent processing techniques; a long term memory containing domain
apriori knowledge; a short term memory containing intermediate results from tﬁe image
analysis module and a control module responsible for invocation of various processing

techniques.

In general, knowledge based image analysis systems involve three major processing

steps:

1. Low level image processing involving mostly edges and corners detection to
generate object primitives.

2. Grouping of object primitives to derive the object’s primal sketches.

3. Feature extraction by deriving 3-D model representation of objects using context

knowledge i.e. high-level image processing (Trinder, Wang and Parlang, 1997).
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It can be envisaged that effectiveness of the knowledge based image analysis systems
will mainly depend on the quality of the low level image processing results, from which
object models are formed and subsequently compared with models in the knowledge
base. In uncontrolled environments such as those in informal settlement areas, images
will usunally contain noise and ambiguities, which hinder the success of low level image
operations. This then limits the application of knowledge based approaches in areas with

high building density (Suetens et al, 1992).

Huertas and Nevatia (1988) developed a system of detecting buildings in aerial images
using generic models of buildings expected in the image. Their system used line
segments corresponding to intensity edges in the scene, edges were then thinned and
linked to form continuous lines from which the object’s primal sketches were derived.
Shadows were used to confirm the presence of buildings and obtain an estimation of
heights. The difficulties with this method include poor contrast i.e. buildings with poor
contrast are missed altogether or resulting edges are fragmented; some buildings may be
missed because of their small size and as the density of the buildings increases shadows

tend to fall from one building onto another making edge extraction difficult.

Mohan and Nevatia (1989) applied a technique based on the detection of linear segments
followed by perceptual organization which involved the grouping of fragmented low
level descriptions into meaningful higher level object descriptions which in turn are used
by higher level reasoning processes. In their technique, structural relations of image

primitive were used to form the so-called collated features. The choice of collated
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features was determined by the generic shape of the desired objects expected in the scene.
The output of the system was a 3-D description of objects. The effectiveness of this

technique depends on contrast and the amount of detail in the image.

Liow and Pavlidis (1990) used integration of region growing and edge detection
techniques in extracting buildings followed by verification using shadows. In their first
method edge detection was used to locate shadowed boundaries. Then from the shadow
boundaries, they applied region growing, together with binary erosion and dilation
techniques, to find non-shadowed boundaries, so as to obtain a complete shape
description of the buildings. In their second method, region growing controlled by edges
was applied to obtain initial image segmentation. In both methods boundary artifacts
were eliminated by applying a modification process. The end product was a 2-D building
delineation in the image space. The building extraction method being proposed in this

research draws building contour modification experiences from their work.

Other systems developed almost at the same time include the BABE system (built-up
area building extraction) McKeown (1990}, which analyzes intensity edges, estimates the
shadow ntensity and illumination direction and produces a set of building hypotheses.
SHADE, SHAVE, and GROUPER were systems developed after the BABE system for
shadow detection, verification and gréuping of fragmented building hypotheses
respectively by examining their output relationship to possible building/shadow edges.
McKeown and Shufelt (1993) describe a method of integrating outputs of different

feature extraction strategies to detect man-made features from aerial imageries i.. a
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multi-cue algorithm approach. In their method, symbolic data generated by the SHADE,
SHAVE, and GROUPER systems were fused resulting in an increased 2-D building
detection rate. In efforts to alleviate some of the problems of monocular image analysis
for example, segmentation artifacts, fragmented edges and so on, human intervention in
image processing became necessary, and this led to the evolution of semi-automatic

interactive object reconstruction techniques.

2:3 SEMI-AUTOMATIC TECHNIQUES

Semi-automatic techniques started in the early 90's after Kass et al (1988) introduced the
concept of deformable active contour models or snakes. Snakes were used in interactive
feature extraction envko@ents (Giilch, 1990a and 1990b, Amini et al, 1990). In
principle, the snakes approach involves the operator coarsely identifying seed points of a
feature to be extracted, after which precise object boundary localization is achieved
automatically by relaxation using energy optimization techniques. The solution is an
optimal compromise between internal and external forces acting on the active contour
model (refer § 3:2 for concepts of energy and energy optimization). The snakes approach
has been used in the extraction of roof parts in digital aerial images (Giilch, 1995) (refer §

3:3 for a detailed description of the snakes method).
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Figure 3. Evolution and shifting of building extraction techniques over time.

In the last few years, several (academic) groups have presented new promising results in
semi automated 3-D building reconstruction (Haala and Hahn, 1995; Haala and Brenner,
1997; Weidner and Forstner, 1995; Paparoditis et al, 1998; Henricsson and Baltsavias,
1997; Henricsson, 1998). Research on shadow analysis as the main cue for inferring 3-D

structures from monocular images has been on the decrease and has been slowly replaced
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by 3-D information such as digital surface models, 3-D edge and comer extraction from

multiple overlapping aerial images (refer Figure 3).

In general, the change in the trend of building extraction techniques has been towards:
e The use of oblique image views

e Multi-image approaches

e Multi-cue algorithms

e Fusion of various information sources

e Digital Surface Models for detection and reconstruction

e (eneric roof modeling by decomposition into parts

e Use of a priori knowledge from maps and GIS and

e Semi-automated reconstruction techniques (Griin, 2000).

This change of extraction techniques is attributed to advances in computer teéhnology
and the recent growing demand for 3-D city models for application in urban planning,
architecture, telecommunication and environmental engineering. The automation of
DSM generation has effectively attracted 3-D object reconstruction initiatives. The use
of DSM in building extraction is motivated by the fact that it inherently provides a
geometric description of the scene as derived from aerial imagery or airborne laser
scanner data. Building extraction systems developed using DSMs include:
e The system by Weidner and Férstner (1995) which involved extracting 3-D building
shapes from digital surface models (DSM) using constraints on building models. The

DSM was computed using image and feature pyramids and the final surface was
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refined by means of local adaptive regularization techniques. This process resulted in
a graph surface z = f(x, y). Building detection was then based on the fact that
buildings are higher than the topographic surface, which was estimated using
mathematical morphology of the DSM. Buildings were subsequently reconstructed
depending on their complexity. For 3-D building reconstruction, parametric models
were used for simple buildings, that is, those having either flat or symmetric sloped
roofs while for complex or connected buildings, prismatic models were used. The
method being proposed in this research draws 3-D building reconstruction experience
from Weidner and Forstner’s (1995) work, as most buildings in the study areas are
single roofed and either symmetric or flat.

e The AMOBE project at the ETH Ziirich Baltsavias, Mason and Stallman (1997),
aimed at the semi-automatic 3-D reconstruction of man-made objects from aerial
images. The data set used in the AMOBE project consisted of four vertical color
aerial images having a ground resolution of about 10 cm with a precisely known
sensor orientation. A DSM at a grid spacing of between 25 and 50 cm was generated
using standard image matching algorithm. Elevation blob detection was performed
on the DSM, and the results were combined with color image information in order to
extract building hypotheses. Subsequent feature extraction prbcesscs involved edge
detection, aggregation or grouping and computation of photometric attributes of
edges. The proposed building extraction method draws experiences of using DSM in
building detection from the AMOBE project.

o The ASCENDER system developed at the University of Massachusetts, Collins et al

(1996), aimed at modeling rectilinear and flat roofs of isolated or connected
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buildings. The data sets used in the ASCENDER system consisted of multiple high
resolution aerial images with known exterior orientation. The best results were
obtained with one nadir and four oblique i.e. E, W, N and S views, but combinations
of other images Wére used as well. The first step in the ASCENDER system was the
monocular detection of buildings by linear edge detection, corner extraction and
perceptual grouping. False detection or gaps are corrected through multi-image
analysis. Detected roof vertices are sought in all images and a 3-D wire frame

representation of the scene is built up.

* The system by Roux and Mckeown (1994) which involved the reconstruction of 3-D
roof surfaces of buildings by the integration of information from multiple view image

i analyses. The basis of the system was the detection of 3-D corners using two views

and the extraction of polygonal surfaces from corner and edge cycles in a relational
graph. This process involved the use of geometric constraints in the object space. In
this system, analysis of additional images increased the 3-D accuracy of surfaces and

added new buildings not detected in first views. The system was reported to be

T s A '

efficient when various viewpoints (nadir and oblique) were used.
e The ARUBA system developed by Henricsson and Baltsavias (1997) aimed at the
automatic reconstruction of 3-D roof structure of a general class of buildings with a
- high metric accuracy from multiple high resolution overlapping color aerial images.
The system was a collection of independent modules each charged with a specific
feature extraction task, though, transfer of data and information between modules was
possible. The main processing steps of the system were 2-D processing i.e. filtering;

2-D feature extraction; computing color region attributes; extracting similarity
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relations and similarity grouping; 3-D processing i.e. stereo matching, coplanar
grouping and assembly of 2-D enclosures and planes to complete buildings and
interaction between 2-D and 3-D processing to resolve ambiguities. The algorithms,
however, were not capable of fully automatic extraction of complex scenes like those
of suburban and densely populated urban regions due to problems associated with the
connection of buildings, shadows from trees and other buildings and objects
occlusions.

e The system by Mason and Baltsavias (1997); Li, Mason and Riither (1997), for semi-
automatic shack extraction in which milltiple cueé such as edge contours, shadows
and DSM were fused for shack detection and delineation. In their system, interactive
manual support was provided during the extraction process to assist the automated
procedure in the cases of complicated roofs and/or where cues were inadequate. The
system ended up with refined blobs, which suffice for coarse delineation of individual
shacks, and is adequate for many applications. The proposed method in this research
draws experiences from Mason and Baltsavias’s (1997) approach with the aim of

making a further step towards precise informal buildings delineation.

Multispectral image classification is another strategy for man-made object extraction.
The potential of multispectral classification in supporting man-made extraction in digital
imagery is well recognized. However, todate it has found only limited application due to:
e The effect of spectral confusion between classes particularly in high resolution

images. This effect is critical in urban areas and it is worse in informal settlement

areas. In most informal settlements areas, the background is largely bare ground,
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which makes it spectrally similar to most building materials, thus rendering their
extraction difficult (Mason and Baltsavias, 1995).

» The maximum likelihood model, which is the basis of multispectral classification, is
based on the assumption that the object’s reflectance characteristics obey the
Gaussian normal distribution curve. This assumption is not always valid and may
lead to mixed classes.

¢ The technique does not make use of global information, such as spatial relationships
and objects context knowledge. Thus, image classification methods result in the
characterization of spectral classes rather than object identification and description
which are the core of standard image interpretation techniques (Demetre and Harlow,
1990).

Mason and Baltsavias (1995) attempted to use multispectral classification to generate

shack hypotheses, and found this approach to be unacceptable due to the increased

number of false alarm rates with most shacks being partially classified as bare ground.

Though multispectral classification finds many applications in land use/ground cover

assessment, it is not ideal for object extraction where accurate boundary delineatiop is

important.

Most of the methods of building extraction developed todate are yet to Be realized in
operational commercial production lines on Digital Photogrammetric Workstations
(referred to as DPW). This is because the performance of existing systems is still
unacceptable for a commercial production environment.  However, acceptable

performances have been reported for isolated buildings (Giilch, 2000). In practice, few
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DPW include automated feature extraction modules. On the Leica-Helava DPW, few

tools for automated feature extraction are implemented. The most robust tool is in the

current version of SOCET SET ® which enables the operator to place the measuring

mark near the comers of buildings and the tool then finds the precise comners and

completes the building (Walker, 1997). More research is therefore needed for the

development of robust tools for automated feature extraction. According to Giilch (2000)

any development of new automated tools should attempt to meet the following

requirements:

e They must contain an acceptable degree of automation.

e They should be applicable to real world objects to be of practical use.

e They must be based mainly on the use of image data with possible integration of
auxiliary data e.g. digital surface models.

The method proposed in this study addresses all the above requirements, at least partially.

2:5 SUMMARY

The overview above shows that early methods of building extraction and detection based
their processing on single gray-valued images applying knowledge of objects, simple
object models and shadow analysis. The main aim, then, was not to construct buildings
in 3-D but to detect them and find their 2-D outlines in the image space. Most of the
approaches relied on simple assumptions like the fact that buildings are characterized by
significant geometric regularity e.g. rectangularity of building lines, rectilinear roofs, and
so on. However, even in the assumption of such simple object models, analysis of

monocular images is a difficult task since it generally leads to ambiguous solutions.
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In general, weaknesses of the methods reviewed are poor contrast, density and the
complcxity of buildings. It is the objective of the proposed building extraction system to
alleviate these weaknesses by adopting the snakes approach and the dynamic
programming optimization strategy. The snakes approach incorporates the object’s
contextual knowledge into processing and replaces the pixel based methods by global
considerations. The snakes method thus offers a link between low and high level image
interpretation processes thereby bridging the gap between photometrically weak image

points (Giilch, 1990a and 1990b).

In general, it can be concluded that a strategy of grouping of image primitives creating
primal sketches of features is extremely important in building extraction. This is due to
the fact that low level feature extraction alone cannot be expected to derive all object
parts due to the problems of shadows, poor contrast and occlusions. Multiple views are a
pre-requisite for many algorithms with color information being of increasing importance
(Henricsson and Baltsavias, 1997). Most building extraction systems developed todate
are non-generic, consequently the system’s performance in slightly changed scene

conditions is still poor.
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CHAPTER 3

THEORETICAL BACKGROUND

This chapter discusses the theoretical basis of tools used in the proposed building
extraction strategy. The theory and concepts of digital surface model generation by
image matching and airborne laser scanning, active contour models (snake), dynamic
programming, region growing, edge detection and gray scale morphological filtering will

be covered.

3:1 DIGITAL SURFACE MODELS

In this research, digital surface models are used as cues in the generation of building
hypotheses. There are two techniques of automatic digital surface model generation:
image matching and airborne laser scanning. The digital surface models used in this
research are generated by the image matching technique. Principles of image matching

and airborne laser scanning are briefly explained in the following sections.

3:1:1 IMAGE MATCHING TECHNIQUE

Image matching is a process of locating corresponding or conjugate points of interest in
stereo images for the purpose of three dimensional point determination in object space.
Image matching techniques fall under three main categories, namely, area, feature and
relational or structural based matching as shown in Figure 4. Area based matching

determines the correspondence between two image areas according to the similarity of
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their gray values. Cross correlation and least squares correlations are common techniques
of area based matching. Feature based matching determines the correspondence between

image features.

In most cases feature based techniques match extracted point features as opposed to other
features, such as lines and complex objects. The implementation of feature based
matching hence involves initial image feature extraction. Forstner, Moravec, Canny and
other operators are commonly applied in the extraction of interest points, which are
subsequently used in matching, by comparing their attributes from overlapping images.
(Forstner and Giilch, 1987, Canny, 1983, and 1986). Relational based matching uses the
relations between features in addition to the image features. In relational based matching,
corresponding image structures can be recognized automatically without apriori
information (Ballard and Brown, 1992 Wang, 1998, Van der Merwe and Riither, 1995).
The scope of this research does not cover relational based matching, so no elaboration is
given here. The generation of digital surface models as now made operational on digital
photogrammetric workstations is usually realized through the integration of feature and

area based matching techniques which is the subject matter of this section.
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1 Image Matching l

Feature Based Relational

Signal Based
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(ABM) (LBM)
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Matching (CM)

Figure 4. Image matching categories (After Msemakweli, 1999).

Area based matching can be done from either the image space or the object space
(Msemakweli, 1999). The most common practice is working from image space and
computing object space coordinates by space intersection. In the matching process, a
priori knowledge of the search patch position in target images is usually employed to
reduce the search space. Epipolar geometry is normally applied for this purpose
(Baltsavias, 1991;Wong, 1996; Smith, 1997). An epipolar line is defined as a line of
intersection between the image plane and the plane passing through the object point and
the perspective centres of two images as shown in Figure 5. This plane also contains the

image points of the object.
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Figure 5.The concept of epipolar line.
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3:1:1:1 MATHEMATICAL MODELS AND PRINCIPLES

The basic mathematical models of area based matching are cross correlation and least
squares matching. Object space coordinates of interest points are obtained by space
intersection using collinearity condition equations, which relate image points to
corresponding object points in a perspective geometry (refer Equations 3:1). For point

‘a’ in an image, collinearity condition equations are defined as:

WX, =X )+, -~ )+1(2, 'Zc)}

X, =X, -dx+f(
(X, =X )+, Y )+ (Z,-2Z.)

3:1

(X, =X )+, Y, - Y )+n,(2Z, —Zc)}

Yo=Y —dy+f(
7 (X, =X )+, (Y, =Y )+, (Z, - Z,)

Where:

Xa, Ya - are image coordinates of a point of interest 'a’.

Xp,¥p and c are principal point coordinates and principal distance respectively.
dx, dy - are lens and other image distortions.

Xa.Ya,Zx - are object space coordinates of a ground point A

Xe,Ye, Ze - are perspective centre object space coordinates and

11 - I33 - are elements of a rotation matrix.

f— Focal length of the camera



CHAPTER 3: Theoretical Background ' 38

Inputs to the image matching process are overlapping digital photographs, distortion
parameters and interior and exterior orientation parameters. It is important that prior to
the matching process there are enough control points to allow for the accurate
computation of absolute orientation parameters which are o, ¢, K, X¢, Y, and Z¢. where
o, K ¢, , are rotational angles around object space X,Y,Z axes respectively and Xc, Y,
Z¢ are perspective center object space coordinates. Area based matching starts with the
extraction of interest points in one of the input images called the reference image. A
reference window defined at each interest point is used together with the search window

defined in the target images to search for conjugate interest points in target images.

3:1:1:1:1 CROSS CORRELATION MATCHING

The process involves’only two images at a time, the reference and the target image.
Search along the target image as earlier mentioned is constrained along epipolar lines
(see Figure 6). Epipolar lines positions are computed using collinearity and coplanarity
condition equations. In most cases the search window will not match in shape with the
reference window. This may be attributed to the following factors:

e Position and orientation of the target images with respect to reference image.

e The difference in height of the surface elements imaged within the reference window

(Van der VIugt, 1995).
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To model these factors and other unknown effects of camera geometry the search
window needs to be reshaped and resampled prior to the matching process. This is done
by first transforming the reference window, using collinearity condition equations, into
the image and later to the pixel coordinate system of the seafch window, and secondly the
computation of affine transformation shaping parameters (refer Equations 3:2). This is
followed by bilinear interpolation to determine gray values of a transformed reference

window (Smit, 1997).

x=ap + arx® +ayy°

y =bp + bix* +by° \ (3:2)
Where:

a, to a; and b, to by - affine unknown shaping parameters.

x° and y° - original unshaped pixel positions.

X,y - shaped pixel positions.

After computation of affine shaping parameters, for each pixel in the reference window a
corresponding pixel in the target image is determined as well as its gray value. The
correlation coefficient between the reference and the transformed search window is then

computed using well known normalized cross correlation equations defined as:

(e —g)g. - g)

V(e -~ Y (.~ &)

NC =

(3:3)
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Where:
gr-and g - are gray scale values on reference and search windows respectively.
grand g, - are mean gray scale values for reference and search windows respectively.

NC —normalized cross correlation coefficient.

In the matching process the search window moves to various position along the epipolar
line. A search window with maximum normalized cross correlation coefficient value is
chosen as the best matching window. Disadvantages of cross correlation matching
includes its limitation to only two images and poor accuracy because it is based on gray
level matching without consideration of geometry. However, it is used to provide
provisional values for least squares matching algorithm as explained in the following

section.

3:1:1:1:2 LEAST SQUARES MATCHING (MPGC)

This is Multi Photo Geometrically Constrained (referred to as MPGC) least squares
matching. It is rigorous and thus capable of better point position accuracy and reliability
than the conventional cross correlation matching. The MPGC approach allows the
exploitation of any a priori known geometric information to constrain the solution and the
use of more than two images. The MPGC approach is a currently a standard technique of
area based matching. The mathematical models used in the MPGC approach are

formulated in terms of the least squares model. The least squares observation equations
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are formulated to consist of two parts, i.e. the eéuations that express the gray level
matching and the equations that express the geometric conditions that must be fulfilled .
The two parts are related to each other forming a joint system of equations through the
unknown parameters or through a function that appear in both set of equations.
Otherwise the two parts are independent of each other and the geometric information
does not influence the matching. Functional models for gray level matching and for
geometric conditions between conjugate images are formulated and developed by
Baltsavias, (1991) and Smit, (1997), leading to the least squares solution of the joint

system being expressed as:

X=(A"PA+ BTPB)' (ATPL - BTP1) (3:4)

Where:

A — Design matrix as obtained by linearization of gray level matching observation equations,
P — Weight coefficient matrix.of linearized gray level observation equations,

Py — Weight coefficient matrix of linearized collinearity condition equations,

B — Design matrix as obtained from linearization of collinearity condition equations,
L -Gray level equations observation vector and

t - Collinearity condition equations observation vector.

In the joint mathematical model (refer Equations 3:4) a simultaneous solution for the
corresponding image points in conjugate target and reference images is provided, the

unknowns are shift parameters for each search window in a target image and object space
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coordinates of the interest points. The final solution is obtained iteratively per interest
point in which approximate values for the non-linear parameters (i.e. six exterior
érientation parameters for each image and object space coordinates) are required as initial
parameter values. The iterations are terminated when each element of the solution vector

falls below a user defined threshold.

il I
XLYLZI)
f
1st photo \ 20d photo
//
search direction
reference window

X
object space coordinate system

Figure 6. Image correlation scheme (not to scale).
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3:1:1:2 SURFACE MODELS BY AUTOMATED IMAGE

MATCHING

When interest points are extracted from the overlap area of the reference image, followed
by the detection of conjugate points in overlapping target images and the computation of
object space coordinates by space intersection, the result is a random point cloud
describing the area’s surface (Férstner and Giilch; 1987; Canny, 1986; Moravec, 1977;
Smit, 1997). Either a regular grid surface model is subsequently obtained by
inte-rpolaﬁion‘ or a Triangular Irregular Network (TIN) may be created. The density of
interest points in most cases tends to be high particularly in areas of high contrast. This
requires data thinning by either changing the interest point definition threshold values or
by local non-maxima suppression techniques to leave the representative point cloud of
the area. Interest points operators normally detect terrain and non-terrain points, and
because of this the resulting surface model covers the tops of man-made objects for
example, the top of buildings, cars and natural objects such as trees and bushes as well as

terrain points.

The image matching process as outlined in § 3:1:1:1 is currently realized as a software
module on most digital photogrammetric workstations. Surface models produced

automatically on digital photogrammetric workstations usually are not final in themselves
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in that they have to undergo interactive editing and quality control processes before being
put into any application. The surface model for the first study area of this research was
generated using the VirtuoZo software package running on a Silicon Graphics Unix based
workstation. The surface model for the second study area was generated by an image
matching software in-house developed at the Department of Geomatics of the University

of Cape Town (Van der Vlugt and Riither, 1995; Smit, 1997).

3:1:2 AIRBORNE LASER SCANNING TECHNIQUE

Digital surface models can also be generated by air borne laser scanning. Airborne laser
scanning generates surface models of a high and homogeneous quality that are ideal for
3-D object reconstruction (Haala and Brenner, 1999, Morgan and Tempfli, 2000). The
central component of the system is a laser sensor on board an aircraft which allows direct
distance measurements from a point in the aircraft to the topographical terrain surface by
runtime measurement of emitted and reflected laser pulses. The object space coordinates
of terrain points are then determined by the 3-D polar fixation technique similar to the
Tacheometric data acquisition systems found in conventional land surveying. The end
product is a range or depth image. Usually the laser beam is emitted perpendicular to the
direction of flight, resulting in a strip wise coverage of the terrain surface (Haala and
Brenner, 1999; Maas, 1999; Hug, 1997). Additional sensors and components provide the
position and orientation of the sensor system during range measurements. Such

components include Global Positioning System receivers for the positioning task, and an
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inertial navigation system for orientation and positioning (OEEPE, 2000; Morgan and

Tempfli, 2000 ).

Laser scanning is capable of positioning terrain points with an accuracy limit of 0.3 m in
planimetry, and 0.2 m in height (Maas, 1999). Laser systems provide dense random point
measurements along strips which are usually processed to obtain a regular raster. As in
the image matching process, laser systems result in an unqualified surface description,
that is the object independent distribution of points which results in subsequent
considerable computational efforts in their application in object extraction and

visualization (Haala and Brenner, 1999; Hug, 1997).

Due to their independence of image texture, laser scanning systems produce surface
models of high quality relative to those obtained by the image matching technique. Due
to high geometric accuracy, airborne laser-based surface models are more applicable in
feature extraction processes than image-matching based surface models which are used
only in supporting feature extraction processes, for example in coarse detection of
buildings as done in this research (Haala and Brenner, 1997). With regard to feasibility,
surface models based on image matching are relatively cheaper than those from laser
scanning. Airborne laser scanning is still experimental (OEEPE, 2000) and has not been

used in this research.
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3:2 DYNAMIC PROGRAMMING OPTIMIZATION TECHNIQUE

3:2:1 CONTEXT

In this research the dynamic programming technique is used to find optimal building
contours from approximate ones. Dynamic programming is a method for solving
optimization problems. Optimization means finding the best solution among several
possible alternatives.  Optimization finds application in many fields of science,
engineering, industry, economy and others. Many methods of optimization exist, ranging
from exhaustive search to Lagrangian variational calculus (Cooper and Steinberg, 1970).
Normally, the characteristics of a function to be optimized influence the choice of the

method.

Dynamic programming can be used to solve a wide variety of problems. Optimization
problems solvable by the dynamic programming technique are those which have
variables (not all) in the functional model not interrelated simultaneously (Ballard and
Browh, 1992). It is a solution strategy for optimizing problems, which involves
sequential decision making. The optimal solution by this technique is obtained through a
recursive searching process. A problem solvable by dynamic programming must be
convertible into sub-problems, each of which can be expressed by its respective variables.
These sub-problems are solved sequentially in such a way that from individual optimal
solutions of each sub-problem a general optimal solution of the main problem is achieved
{Cooper and Steinberg, 1970). Dynamic programming is applied to each sub-problem to

determine the best from many possible solutions. It must be emphasized here that the
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solution of sub-problems needs to be solved prior to finding the final solution in order to

compose solutions of sub-problems to the global solution.

To explain dynamic programming, the following example of finding an optimal path
between two given points adapted from Baltsavias (1991) will be used. Assume that it is
required to find an optimal path between two given points A and B as shown in Figure 7a
below. There are many possible paths between the two points and each path has a cost or
a benefit value. To reduce the number of possible paths, let the way between the two
points be divided into two stages (also called decision stages) i.e. m1 and m2. Let each
stage be with different possible stations i.e. M; i = 1,...... N (referred to as degrees of

freedom).

Figure 7a. Example of path nodes in-between two points.

Stations at each stage (i.e. m1 and m2 in Figure 7a) form nodes of possible paths between
the two points. For example in Figure 7a, at stage m1, the nodes are m11, ml, m12 and
ml3 and, at stage m2 the nodes are m21, m2, m22 and m23. Let the paths between any
two nodes without any intermediate node be called a primitive path (e.g. path: A-ml1 or

m12-m21 and so on) and let paths with intermediate nodes (e.g. path: A-m11-m2 or m2-
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m21-B and so on) be called partial paths. Further, let the optimal path finding process be
carried out sequentially from one stage to the other. At each stage, a decision needs to be
made to select an optimal path from the first point i.e. A to that stage. Each primitive
path has a cost (or benefit) and the cost of the partial paths is the minimum cost out of the
sum of costs of all its possible primitive paths. The cost or benefit of a primitive path is
evaluated through a cost or benefit function. Inputs into the cost function are the path’s
nodes characteristics or attributes (also called node’s energy values or forces). The
optimal path is selected on the basis of the minimum total cost (or maximum benefit).
For a case of M stages and N stations at each stage, there are a total of M*N nodes and at
each of these nodes the minimum cost from the first point i.e. A to the node has to be
computed. Let the process of computing cost be carried out sequentially through all the
stages and nodes. Let
e c{(mq,, mg )} be the cost of primitive path between nodes my )y and mg
e  (C(mg,p) be the minimum cost of the partial path from the first point to node my),
Then, the minimum cost at node my ;) will be given as: |

Clmgey ) = Mingj [c{(mgen),( mag)} + Clmg)] (3:3a)

Where 11 <k; 1 £7=1;1H <k+l and C(mgay) = 0.

Equation 3:3a presents the basic principle of the dynamic programming optimization
process. In Equation 3:3a at each node my), the node (m ;) which has a minimum cost
partial path C(mg) is recorded. Then at the last node, the path that sequentially
connects these recorded nodes is the optimal path (This is the back tracking process as

explained later in § 5:2:5).
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The above example can be formulated to tackle the problem of object extraction from
images by defining the optimal object contour as being the one which best satisfies the
basic characteristics of an object to be extracted. This means formulating the cost
function on the basis of object characteristics. The basic characteristics of an object can
be established using the object’s generic mathematical model. The cost function can be
deduced from the generic object mathematical model. A generic object mathematical
model may be defined as formalized statements about object properties and possible
instances either verbally or numerically or both. Generic object mathematical models
thus describe the manifestation of objects, their possible attributes and their mutual
relations. For example, consider a problem of establishing if three given points p1, p2, p3
approximately form an equilateral triangle. A generic mathematical model to describe
this condition may verbally be expressed as:

“Included angle between any three points (p,, p,, p3) has to be approximately 60° +3°
Mathematically it can be expressed as:

(Bearing p2p3 — Bearing p2pl)-60°<=/3°/

The mathematical model is qualified as being generic because it does not absolutely
satisfy given conditions but it only generalizes. For example, in the above case included

angles ranging from 57° to 60° are all treated as satisfying the mathematical model.

From the dynamic programming example of optimal path finding, as explained above, it
can be deduced that characteristics of the dynamic programming optimization technique
include:

e the sequential solution of sub-problems,
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e the influence of initial sub-problems solutions on the yet to be solved sub-problems in
the sequel,

e the possibility of easy imposition of relational constraints on the solution set. For
example, in the optimal path finding problem geometric constraints can be imposed
on the shape of the optimal path,

e the computational complexity when the number of nodes at decision stages and
number of sub-problems (or decision stages) increases and

e the existence of a generic mathematical model from which the cost or benefit of

different alternatives can be computed.

It must be noted from the optimal path ﬁnding example that prior to the optimization
process, energy values at all nodes must be known or computed. Energy at a node may
be defined as a value which quantifies a certain attribute or property of a given condition.
For example, in the optimal path finding problem, energy at nodes can be computed on
the basis of a local criterion, say with respect to bearings from the first point. Apart from
local criteria, more global criteria can be used as well. Energy values are used in the cost
function to select an optimal path or solution. A cost function is derived from the generic
mathematical model and can be a combination of different energy values, each with its

own weight.

The concept of energy at a point may be explained by the following example. Let points
1 and 3 in Figure 7b, be fixed and point 2 be free to move to five positions i.e. 2:1, 2:2,

2:3, 2:4 or remain fixed at position 2:0. Out of these 5 possible positions, it is required to
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select one position which optimally satisfies the collinearity condition between points 1,
2 and 3. By computing the included angle at all possible positions at point 2, and treating
it as an energy value, it is possible to select optimal positions for point 2. It can be seen
from Figure 7b that position 2:0 will have relatively higher energy value followed by
position 2:2 than the rest of the possible positions of point 2. These two positions (i.e.
2:0 and 2:2) will thus be selected as being optimal positions for point 2 under the

stipulated collinearity constraint.

21

(Figure approximately to scale)

Figure 7b. The concept of energy at a point (positions 2:0 followed by 2:2 have
relatively more energy value than positions 2:1, 2:3 and 2:4 with respect to collinearity

condition between points 1,2 and 3)

Finding the optimal position of an object in an image is a typical example of a dynamic
programming problem in computer vision. Dynamic programming in image analysis is
applicable only if the cost function can be expressed in terms of relationships among

neighbouring pixels (Suetens, et al, 1992). Dynamic programming has been applied in
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tumour delineation in radiographs (Ballard and Brown, 1992). In this case the knowledge
that the boundary of a tumour is circular was used to reduce the search space by being the
basis for defining the generic mathematical model of the problem. The dynamic
programming technique has also been applied in other applications like in semi-automatic
road extraction and partial shape recognition in robotics (Gruen and Li, 1997; Gorman et
al, 1988). Problems that can be solved by dynamic programming in computer vision can
be formulated as variational calculus problems as well. However, the limitations of
variational calculus hamper its application in computer vision problems. These
limitations are explained by Amini et al (1990) as weaknesses in guaranteeing a global
optimal solution, numerical instability, non-convergence and problems in enforcement of
hard constraints on the solution. Optimization by dynamic programming is reported by
Amini et al (1990) as being a feasible solution compared to variational calculus in image
analysis problems. Dynamic programming ensures global optimality in case the optimal
solution is among the inspected or visited solutions and it is numerically stable. In
addition, relational constraints can easily be enforced on the solution (Bellman and
Dreyfus, 1992). Contrary to variational calculus techniques, which require continuous
and differentiable mathematical models, dynamic programming can be applied to a
discretized form of mathematical models. Many variational problems in computer vision

are inherently discrete rendering them ideal for a dynamic programming solution.

3:2:2 MATHEMATICAL MODELS

The dynamic programming technique is formulated in § 3:2:1 to solve the specific

problem of finding an optimum path between two points. This section is about the
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formulation of dynamic programming to solve general problems.  Dynamic
programming, as already illustrated in the optimal path finding example in § 3:2:1,itis a
sequential multistage optimization process that involves the optimization of functions,
which are a combination of other sub-functions that are defined by interdependent
variables. The main strategy of the dynamic programming paradigm is that a generic
mathematical model must exist that relates all variables of the main problem from which
a cost function, which reduces the search space, is derived. Dynamic programming
éptimization is carried out on the basis of finding a solution, which minimizes the cost
function. For example to optimize function ‘4’ (Equation 3:3b) which is defined as a
function of sub-functions A;, h; and k3 which in turn are functions of variables x;, x, x3

and x4 ie.

h() = h(x,x,) + Iy (xy, %) + Iy (x5, x,)
(3:3b)

Where variables x;, x; x3 and x4 can take up more than one value i.e. degrees of freedom

of the variables. The general procedure is as follows:

1. Find all values of x; that optimize function /; (using a criterion, as may be stipulated
in the cost function of the problem) as well as corresponding x; values in an ordered
pair set. Record them in the form of a table also referred to as a position matrix,
which indicates their ordered pair coordinate values and corresponding energy values.
i.e fi(x,)=max_(h(x,x,)) (Note that functions 4, and %3 are not functions of x;

so they need not be considered at this computational stage)

2. Continue in this manner and optimize variable x; in f5(x3) i.e.

£(x,) = max [ £,(x,) + Iy (5, %,)] then, (3:4)
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fi(x) = max [ £,(x,) + A (x,,%,)] and finally, (3:5)

max,; i = max,, [f;(x4}] . (3:6)
Generalizing the above example to a problem with ‘»’ number of (k) functions, the

following equation is obtained:

RCHEE TSNV ARCAREY ANCANER] 37
The final solution x; which optimizes A(x;x3x3.....x,) is found by back tracking
through the position matrices established at each stage of optimization. Back tracking
starts from the last optimization stage’s position matrix backwards to the first

optimization stage’s position matrix as illustrated in § 5:2:5.

Computational efforts of dynamic programming optimization technique as noted by
Amini et al (1990) increase in the order of nmz, where:
n — Number of sub-problems or stages of the problem and

m — Degrees of freedom or directions at each point

If for example each x; variable in Equation 3:7 has 30 degrees of freedom then for any
computation of f,;(x,), 30 possible combinations of x, and x,+; must be computed i.e.
30°. So the resultant computational effort for n number of sub-problems will be
nx30° computations. It should be noted that when applying the exhaustive
enumeration or total evaluation approach of optimization, there would be 30"
computations of functions 4; The exhaustive enumeration appfoach involves
computations of all possible combinations of variables in a problem. Thus dynamic

programming is far more effective than exhaustive enumeration.
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As noted in § 3:2:1, formulation of feature extraction problems in image analysis by
the dynamic programming paradigm requires the definition of a generic mathematical
model, which relates variables that express the manifestation of a feature in the
image. These variables are radiometric and geometric vaﬁables bécause objects in
image space are manifested by their geometric and radiometric characteristics. The
difficulty in the application of the dynamic programming paradigm is the
determination of a generic mathematical model and in some problems the form of this
model may be entirely unknown. The adopted generic building mathematical model

in this research is as formulated in § 4:9:1.
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3:3 ACTIVE CONTOUR MODELS (SNAKES) FORMALISM

In this research, active contour models are used to express approximate building
contour positions as being non fixed; that is they can change from one position to
another. VSolVing variational problems in image analysis by dynamic optimization
leads to the concept of active contour models. In the optimization process, an edge
for example can change from one position to another when different geometric and
radiometric constraints are imposed on it. This phenomenon of changing positions
when extended to more than one connected edge leads to the concept of snakes or
deformable snakes or active contour models (terms used synonymously). A snake
may also be described as an elastic curve, defined by its nodes and corresponding
connecting lines (see Figure 7c). In Figure 7c two types of snakes are shown, the
general snake (Figure 7c(a)) and rectangular constrained snake (Figure 7c(b)). In
rectangular constrained snakes, nodes can change position but in such a way that they
will always satisfy the constraint. General snakes have been used in semi automatic
feature extraction in many applications (Giilch, 1990a, and 1990b; Gruen and Li,
1997; Amini et al,1990). The main strategy of the snake’s formalism in feature
extraction is working from the approximate contour position of a feature (which can
change positions) and finding the best contour position by dynamic programming
optimization. It must be noted that only nodes of the snake are free to move (have
degrees of freedom) thereby allowing the snake to slither. By imposition of
geometric and radiometric constraints on the movement of the snake, it is possible to

control the movement such that nodes are attracted to designated feature corner
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points. The final position of the snake is the one which optimally meets the object
characteristics as stipulated in the generic mathematical model. Active contour
models offer a link between high and low level image interpretation processes with
the easy possibility of introducing some degree of automation (Giilch, 1990a, and
1990b; Amini et al,1990). In delineating an object in a digital image by the snakes
approach, the snake expands and contracts to points of various attributes thereby

bridging over photometrically weak boundaries.

Noden
Node3  Snake
(a) A general Snake
(xo,y0)
(b) A rectangular constrained snake (not applied in this research).
Figure 7c. Examples of 2-D snakes.
NOTE:

o  (a) General Snake (Arrows indicate the degrees of freedom or directions the node can move to)
®  (b) Rectangular constrained Snake (Nodes can move to indicated directions BUT they should always
satisfy the rectangularity constraint) NB: Rectangular constrained snakes were not applied in this work.
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A snake from its initial or approximate position slithers to delineate an object in the
image space. The approximate position of a snake can be provided either
automatically or manually by a human operator interactively defining its initial
position. This needs to be as close as possible to the object to be extracted (Gruen
and Li, 1997). In this research, general snakes are used in the delineation of
buildings. Approximate building contour positions are obtained automatically by
processing using the technique of region growing constrained by edges. Region
growing is carried out from elevation blobs centre points. Optimal building
delineation is achieved by approximate contour position optimization using the

dynamic programming technique (Giilch, 1990b).

The behavior of a snake in the image space is controlled by internal and external
energies or forces acting on it. The total energy of the snake is the sum of all energies
acting on it. This depends on where the snake is placed and how its shape changes
locally in space (refer § 3:2:1 for definition of energy). A snake is attracted to
features of interest by optimizing i.e. minimizing or maximizing the snake’s total
energy. During the optimization process the snake is deformed to find an optimal
position by considering all constraints that are imposed on it by internal and external
forces. Forces acting on a snake are radiometric or image related forces (external)
and object geometrical forces (internal). Internal forces offer the possibility of
introducing geometric constraints on the shape of the snake, whereas external forces
attract the snake to the features of interest in the image e.g. to brighter pixels, to

strong comer points, to strong edge magnitude points and so on.
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Along-side the recipe of optimization for feature extraction, Pavlidis and Liow
(1990), approached the problem of contour optimization by the application of a merit
function. Apart from the formulation of energy values, their approach is analogous to
the snakes approach. The merit function applied took into consideration contrast and
smoothness (curvature) to minimize artifacts resulting from region growing and the

edge detection processes and was expressed as:

g(w) = %Z [VIOu(1))] - (i) = 7|8 (w2 )] (3:17)
Where:

w(t,) = (x(t;),y(t;)) is a contour image point,

IW' (w(, ))] is the magnitude of the image gradient at point w(z),

k (w(t;)) - Curvature at point w(z,),

¢' - First order derivative of the phase part of the image gradient at point w(z,),

y and o - are a scale factors.

The approach used by Pavlidis and Liow (1990) is ideal for linear features like roads.
The application of this approach in building extraction necessitates modifications of
the merit function so as to take into consideration building properties like

rectangularity, sharp building corners, and so on.
The snakes and dynamic programming techniques are used in this research to extract

implemented as explained in detail in Chapters 4 and 5.

: buildings in informal settlement settings. A standard C code is developed and
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3:4 GRAY SCALE MATHEMATICAL MORPHOLOGICAL

FILTERING.

Gray scale mathematical morphology is used in this research to accentuate height
discontinuities in-between very close buildings as obtained by the image matching
technique. This is done by treating heights as gray values. Mathematical morphological
operations result in altering input data but preserving essential data characteristics and
eliminating irrelevancies. In image analysis mathematical morphology operations
preserve object shape characteristics. The shape of an object in a digital image can easily
be perceived when the image is in binary form. A binary image is a processed gray scale
image in which pixels with value of 1 constitute object pixels and 0 the background or
vice versa. Binary images aré preferred to gray scale images in the extraction of object
shapes because they can be manipulated easily. Thus mathematical morphology
operations in image analysis are commonly applied to binary images and they are
referred to as binary mathematical morphological operations. Binary mathematical
morphology operations are used to remove object shape artifacts in image analysis. The

main operations are binary dilation and erosion.

Binary dilation is used to fill small holes and narrow gaﬁs in objects or expand image
objects, whereas binary erosion shrinks the image objects. Binary dilation and erosion

are defined by Gorte (1999) as binary image transformations with a binary structuring

element or kernel (terms used synonymously) in which the operation performed is of a




CHAPTER 3: Theoretical Background 61

correlation type and not a convolution. The following predicates are the basis of this
definition:

¢ Binary dilation — If all designated pixels (with the value of 1 (one) in the structuring
element) correspond to 0 (zeros) in the resulting sub-image THEN the central pixel
of the sub-image is assigned the value of 0 (zero) ELSE it is assigned the value of 1
(one).

e Binary erosion - If all designated pixels (with the value of 1 (one) in the structuring
element) corresponds to 1 (one) in the resulting sub-image THEN the central pixel of
the sub-image is assigned the value of 1 (one) ELSE it is assigned the value of 0
(zero). A

The design of the structuring element is critical in mathematical morphology operations

as it greatly affects the results. Binary opening and closing operations are derivatives of

binary dilation and erosion, such that when a dilation operation is followed by an erosion

operation it leads to closing and the reverse leads to opening (refer Figure 7d).

IR
1111
1111
(a) A 3 by 3 binary kernel

=R

(b) Opening operation with the kernel in (a).

=L

(cy  Closing operation with the kemel in (a).

Figure 7d. Example of opening and closing of binary figures. (NOTE: The effect of change in

shape is by one pixel but in the above diagrams the effect is exaggerated to make it more

noticeable).
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Binary opening is used to eliminate specific artifacts that are smaller than the structuring
element; while binary closing connects objects that are close to each other, fills up small
holes and smoothes the object by filling up narrow gaps (Saradjian and Amini, 2000).
Binary morphological operators are currently realized on most commercial image

processing software packages.

The binary morphological operations i.e. dilation, erosion, opening and closing can be
extended to gray scale images (Haralick, et al 1987). In gray scale images, erosion and
dilation are achieved by taking the minimum and maximum gray values within
neighborhoods covered by the kernel. Let F and T be the domain of the gray scale image
‘" and the gray scale structuring element ‘t’ respectively. The gray scale dilation and
erosion of ‘f” with ‘t” denoted by (f®t)(x,y) and (fOt)(x,y) respectively are defined as:

o (FBN)(x,y) = MaXemyn) eFmm eT{{f(x-m,y-n) + t(m,n)} (3:17a)

o (fON)(x,y) = Milgsmym) eFmn) eT{({xtm,y+n) - t(m,n)} (3:17b)

Where (m, n) — defines the size of the kernel (Saradjian and Amini, 2000).

A detailed description of gray scale erosion and dilation is given by Haralick et al (1987),

Haralick and Shapiro (1994) and Saradjian and Amini (2000).

The gray scale mathematical morphological operations are reported to be applicable in
image contrast enhancement and in the computation of an approximate topographic earth
surface model for the purpose of building extraction (Haralick et al 1987; Weidner and

Férstner, 1995; Hug, 1997). Gray scale morphological operations are yet to be realized
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in most commercial software packages, but this may be attributed to their limited

applications.

3:5 DIGITAL ORTHOPHOTOGRAPHY, REGION GROWING

AND EDGE DETECTION.

3:5:1 DIGITAL ORTHOPHOTOGRAPHY

In this research, building extraction is carried out from orthoimages. An orthoimage or
orthophoto is a georeferenced image created from perspective photographs or other
remotely sensed imagery in which the displacement within the image, due to the sensor
orientation i.e. tilts, relief displacements as well as image distortions due to sensor, has
been removed. An orthoimage is an orthogonal projection and thus can be used as a map
or as a backdrop for a GIS, screen digitizing, map revision 3-D visualization and so on.
Orthoimages are used in many countries to support classical mapping tasks. Black and
white and coloured infrared orthoimages are favored today in various applications
especially in mapping, planning and environmental disciplines. Orthoimages are
advantageous because of their pictorial qualities for interpretation and in the richness of
the information content (Grenzdorffer and Bill, 1994). Digital orthoimages are also
advantageous compared to their analogue counterparts especially with respect to
flexibility, short production time and low cost, productioﬁ of derived products, easy
manipulation in radiometry and combination with other data sets (Grenzdérffer and Bill,

1994; Baltsavias, 1996; Monier et al, 1999, Médani, 2000).
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Inputs to the orthoimage production process are digital images (analogue images have to
be scanned with high resolution); interior and exterior orientation parameters of the
images and a digital terrain model. There are two methods of digital orthoimage
production and these are the direct and the indirect methods. Inputs to the direct method
are image coordinates of pixels to be ortho-rectified whereas inputs in the indirect
method are object space coordinates of points to be ortho-rectified. The direct method
involves computation of object space coordinates of ortho-rectified pixels using interior
and exterior parameters (i.e. space intersection) followed by re-sampling (in the object
space) to establish a regular grid of pixels. The indirect method involves computation of
ortho-rectified image coordinates of pixels by space resection followed by gray level re-
sampling (in ortho-image space) to determine pixels gray level values. Orthoimages used
in this research are generated by the direct method. In the orthoimage process, single
scanned aerial photographs or satellite imagery are digitally rectified to an orthogonal
projection by processing each image pixel individually. The entire process is illustrated
in Figure 8 and can be automated on Digital Photogrammetric Work Stations. The
quality of orthoimages depends mainly on the accuracy of the digital terrain model used
and on such other factors as differential geometric rectification techniques, pixel size,

resampling and mosaicking methods.
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Figure 8. The orthoimage production process.

There are wide application areas for orthoimages ranging from feature extraction, change
detection, GIS analyses, generation of image maps and the improvement of .multispectral
classification to visualization (Baltsavias, 1996). It is accurate and reliable to do 2-D
measurements directly on orthoimages and interpreting heights online from a digital
terrain model, as shown in Figure 8 above. In this way 3-D digitization can easily be
performed for all terrain features, though non-terrain objects cannot be extracted very
accurately. Feature extraction in orthoimages is ideal and convenient particularly to
novice users because of the non-interpreted imagery, higher similarity with the landscape
and enhanced image quality compared to conventional line maps (Grenzdérffer and Bill,

1994). The ability of orthoimages in feature extraction extends to change detection
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where multispectral orthoimages can be used to highlight regions of possible change and
thereby guide a manual or semi-automatic change extraction scheme. Other advantages
to using orthoimages in feature extraction are that expensive stereo viewing capabilities
are not needed and training in stereo measurements is therefore unnecessary.
Orthoimages are thus ideal for use in informal settlements areas were the levels of

literacy and technological advancement is low.

Orthoimages are handy photogrammetric products, which constitute a sufficiently
accurate geometric reference. In this research, buildings are extracted from orthoimages
under the assumption that geometric displacement is not affected by building elevation as
buildings are not very tall. Most buildings in the study areas have heights in the range of

3-4 m above the average ground.
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3:5:2 REGION GROWING

Region growing and edge detection techniques are applied in this research to define
approximate building contours. Region growing is a method of segmenting an image into
homogeneous areas with respect to certain uniformity critéria. The criterion can be on
the basis of texture, brightness, color, variances and other factors. Segmented regions
need to be simple and without inside holes. Adjacent regions of segmentation need to
have significantly different values with respect to the uniformity criterion. Boundaries of
each segment should be simple, not ragged and must be spatially accurate (Haralick and
Shapiro, 1985; Tanimoto, 1987). In the real world, most man-made objects are
manifested as homogeneous regions in digital images. This is because man-made
objects, like buildings, are characterized by being made up of almost the same building
materials. It is therefore logical to approach the problem of extraction of man-made
objects on the basis of some form of homogeneity. However, due to noise, occlusions
and different illumination conditions, segmentation of man-made objects is usually
accompanied by artifacts which need to be corrected before the results are put into high
level or semantic image interpretation processes (Koch, and Kashyap, 1987; Zongjian et

al, 1990, Pavlidis and Liows, 1990).

In general, there is no universal theory of image segmentation (Haralick and Shapiro,
1985; Fua, 1982). However, many segmentation techniques exist in the literature. Most

of the techniques are ad hoc and some are designed for a specific class of images.
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Image segmentation techniques can be classified on the basis of the following schemes:

e Measurement Space Guided Spatial Clustering:

This approach is the segmentation of an image on the basis of measurement space
clusters. A measurement space is the domain in which pixels are measured, for example
on the basis of pixel intensity values, texture and so on. In this method the entire image
is read into memory, converted into respective measurement space and on the basis of
variations in the measurement space, it is grouped into clusters or segments. These
clusters are used to assign, the most probable cluster or label to each pixel in the image.
The resulting image segments are connected components of the pixels having the same
label. The accuracy éf this technique depends on how well the objects of interest in the
image separate into distinct measurement space clusters. The commonly applied
clustering approach is the pixel intensity measurement space (using histograms), in
which it is assumed that homogeneous objects in the image manifest themselves as peaks

in image histograms.

e Single Linkage Region Growing:

In this technique each pixel in an image is regarded as a central pixel of an hypothetical
region and neighboring pixels whose properties are similar enough, are declared as
belonging to the same region. The easiest single linkage scheme defines “ similar
enough” by pixel differences i.e. two neighboring pixels are similar enough if the

absolute value of the difference between their gray value is below a predefined threshold

value.
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e Hybrid Linkage Region Growing :

The technique assigns a property vector to each pixel in an image. The property vector
depends on a neighboring window which is defined at each pixeli In this method, pixels
are declared similar on the basis of similarity of their neighborhoods. Similarity is
defiﬁed as a function of neighboring pixels, and this makes the technique perform well in
noisy data. This is because noisy pixels are assimilated into respective neighbouring

windows and thus their effect does not show up in the result.

e Centroid Linkage Region Growing :

This approach involves scanning an image in some predetermined manner such as lefi-
right or top-bottom to define initial image segments mainly on the basis of pixel intensity
variations. Scanning is carried out only on the part of the image and initial segments
defined are representative of the entire image. The intensity value of each pixel in the
rest of the image is compared with means of the initial segments. If the pixel intensity
value is close enough (user defined) to the mean of any initial segment then the pixel is

added to that segment and the mean of the segment is updated.

e Spatial Clustering:

This technique is based on segmenting the image by simultaneously combining the
measurement space guided spatial technique with ordinary spatial region growing. Itisa
combination of the histogram mode seeking clustering approach with other region

growing techniques, mostly the single linkage technique. Segmentation is performed by
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locating all peak pixels in the measurement space histogram, followed by single linkage

region growing from each peak pixel’s image position.

e Split and Merge:

This technique starts by assuming the entire image to be an initial segment. Then
successively it splits each current segment into quarters as long as the segment is not
homogeneous enough, on the basis of texture, variances or other criteria. The process
continues recursively until gll resulting segments pass the homogeneity test (Haralick

and Shapiro, 1985; Tanimoto, 1987).

Some of these segmentation schemes are realized in commercial image processing
software packages. In this research, region growing using the centroid linkage method is
applied in defining approximate building regions. In the application of the region
growing method using the centroid linkage method, building regions are established by
region growing from elevation blob’s centre points. The elevation blobs used are those
which previously are hypothesized as containing building roofs as from a digital surface

model.

3:5:3 EDGE DETECTION

An edge in an image refers to places in the image where brightness values jump or
change abruptly. A digital edge is the boundary between two pixels that appears when

their brightness values are signiﬁcaﬂtly different. Edge detection is a valuable aid in
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image interpretation and most of the information in an image is contained in edges.
Experiments with the human vision system show that edges in an image are extremely
important, and objects can be recognized from only their crude edge outlines (Pratts,
1991). The edge detection process therefore is segmentation of an image based on the
detection of brightness discontinuities. Many algorithms exist for detecting edges in the
literature. To make sense of out of detected edges, a process of edge interpretation and

analysis is thus necessary.

A feasible approach to edge detection and interpretation is to first transform the image
into an intermediate image of local gray level discontinuities and compose these later into
meaningful edges. The principle of edge detection is that an image array is a result of
sampling of a real-valued function (f} defined over the domain of the image and that
function (f) is continuous. The images are discrete 2-D approximations of such a
function. From this point of view, the jumps or discontinuities in the values of (f) must

obviously refer to points of high first order derivative of (f).

Other approaches of edge detection are surface fitting which is relatively computationally
involved and application of edge operators. An edge operator is a mathematical process
(or its computational equivalent) operating within a small spatial extent designed to
detect the presence of a local edge in an image. In this approach, pixel differences are
computed along orthogonal and/or oblique directions at all points in the image and the
decision as to whether there is an edge or not is made on the basis of an edge gradient

magnitude. Commonly applied 3 by 3 gradient operators include Prewitt’s, Sobel,
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Roberts, Frei-chen and others (Mather, 1987; Haralick and Shapiro, 1992; Pratts, 1991,
Ballard and Brown, 1992; Richards, 1993). In this research, the Sobel edge detection
approach is used in defining approximate butlding contours as described in Chapters 4

and §.
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CHAPTER 4

BUILDING EXTRACTION DESIGN STRATEGY

4:1 CONTEXT

This chapter is about the flow of activities and the detailed description of procedures
used in the design of the proposed building extraction method, along with some initial
implementations.  There exists two control strategies of automatic image
interpretation, which are the top-down and the bottom-up control strategies. Top-
down control strategies (also called model-based) are goal directed processing
techniques which involve hypothesis generation on the basis of the contextual
knowledge of objects, the identification of the focus of attention areas in the image
space and object extraction and reconstruction. On the other hand, bottom-up control
strategies use image data to generate object primitives usually by application of local
statistical based operators (low level image interpretation) followed by mid and high-
level image interpretation processes. Mid-level image interpretation processes
involve the aggregation of image primitives or tokens to generate collateral object
features, which are used by high-level (semantic) image interpretation processes

which are object recognition, extraction and reconstruction.

The building extraction system proposed and tested in this research is based on a top-

down control strategy. The system starts by object’s hypotheses generation,
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verification, projection of hypotheses into the image domain and finally by objects
delineation directly from image pixels (refer Figure 9). The adopted control strategy
is contrary to conventional photogrammetric feature extraction processes which are
mainly data driven (bottom-up) but it is commonly applied in computer vision

applications as in industrial inspections, navigation, robotics and others.

The basic principles of the proposed building extraction strategy are detection and
extraction of buildings in orthoimages. It is difficult hypothesizing objects in images
by relying merely on their gray values. Fusion of other information sources (cues) is
necessary in this process (Shufelt and McKeown, 1993; Li, Mason and Riither, 1998).
This is because gray values are a result of a combination of many factors such as
surface property, illumination conditions, atmospheric conditions just to mention a
few. It is therefore not possible to differentiate a contribution from each of these
factors for object detection and recognition purposes. In addition to that, the depth
information is usually collapsed in the imaging process and as a result images contain

reduced information.
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Figure 9. The conceptual scheme of the adopted top-down control strategy.
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The application of additional or auxiliary data such as size, position of objects and so
on, facilitates the recovery of information from images. In general, image analysis
requires a priori domain knowledge or cues to reduce the search space. Domain
knowledge is problem-oriented knowledge, which is relevant to a particular
application. A priori domain knowledge used in this research is derivered from digital
surface models. Surface models model non-terrain objects like buildings as well as
the terrain. This characteristic makes digital surface models ideal for building
detection (Weidner and Forstner, 1995; Weidner, 1997, Baltsavias et al, 1995, Riither
et al, 1997, Mason and Baltsavias, 1997; Haala and Brenner, 1997, Haala and Hahn,
1995; Hug, 1997; Mass, 1999; Paparoditis et al, 1998). As already mentioned in
Chapter 2, the use of digital surface models in building extraction is attributed to the
fact that a DSM inherently provides a geometric description of a scene derived from

aerial imagery or airborne laser scanner data (Brunn and Weidner, 1998).

The proposed building extraction system’s flow of activities is as shown in Figure 10.
The major steps in the proposed building extraction method include:

e Image preprocessing,

# generation of a digital surface model,

e generation of an approximate digital terrain model,

¢ generation of orthoimages,

e altimetric thresholding of surface models creating raised structure blobs,

e separation of merged blobs,

e building hypothesis verification,

e generation of approximate building contours by region growing controlled by

edges,
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e formulation of approximate building contours into active contour models (snakes)
and optimization of approximate building contours by dynamic programming. i.e.
2-D building extraction and

e 3-D building reconstruction.

Details of these steps are explained in the remainder of this chapter.

The procedure described in this thesis is not fully automatic because most processes
are designed to be interactive, with the operator guiding the system in making crucial
decisions at various stages. Nevertheless, it is felt that this procedure is a major step
towards the extraction of buildings in informal settlements and that it adds

significantly to the state of the art.



Chapter 4: Building Extraction Design Strategy 78

START
(e —
Image Matching

B §4:3

(Global height thresholding

Left Ortho ‘
. Domain Knowledge of the DSM creating
god:4 o raised structure

hypotheses in form of
elevation blobs § 4:5
———————"
Morphological Gray
Scale DSM erosion
to separate melted
elevation blobs, §
W

> Building Hypotheses I

Verification §4:7

v

Localization of
building hypotheses
in orthoimages §4:8

v

> Region growing parameter

extraction §4:8 r—‘

p Region growing §4:8  ——

Formulation of snakes and
o dynamic programming
optimization §5:2

END
Quali ¥
Cromnd Trth uality 3-D Buildin
5:2:8:2 ' Control/Performance Modeling §5:g3
g Evaluation § 5:2:8

Figure 10. Flow of activities of the proposed building extraction system. (number in boxes

indicate the implementation section in the thesis).
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Figure 19. Use of shadows in merged blobs separation (Case Study of Manzese Site 1).
(a) Raised structure blobs (b) Shadows (c) Position of shadows with respect to blobs
(d) Blobs minus shadows.
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In this research, merged blobs were separated by using gray scale erosion of the DSM
using an appropriate kernel. Gray scale erosion was used to enhance or attenuate
height discontinuities as shown in Figure 19 thereby achieving the separation of

merged blobs.

(2) 3-D Wire Mesh Surface model of a part of Manzese-Site 1 before gray scale erosion.
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(b) 3-D Wire mesh surface Model of a part of Manzese-Site 1 after gray scale erosion. frote
that height differences in between the raised structures have been enhanced)

Figure 20. The effect of gray scale erosion of a surface model.
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4:7 BUILDING HYPOTHESES VERIFICATION

The purpose of hypothesis verification is to put a label to every raised structure blob
that identifies if it represents a building or not. As mentioned in § 1:4, the study areas
contain mainly buildings and there is very little vegetation coverage. Because of this,
the building hypotheses verification problem in this research was reduced to
distinguishing between building and vegetation blobs. Existing solutions to this
problem include distinguishing blobs on the basis of shape descriptors e.g. area,
perimeter, compactness etc.; use of surface normal variances over the DSM; use of
the frequencies of edge directions of orthoimage patches (hereafter called image
patches) containing the elevation blob’s orthoimage areas and the use of the planar

surface fitting to blobs heights.

The approach of applying shape descriptors cannot work well in situations where
vegetation areas are almost equal to building areas or when vegetation areas are close
to buildings and/or merged together in the surface model or where buildings are of
varying shapes. The application of this approach in this work was limited by the fact
that buildings in informal settlement areas could not be generalized as having specific
ranges of shape descriptors. The approach is ideal for planned areas where buildings

are structured and thence have specific ranges of shape descriptors (Weidner, 1997).

The use of surface normal variances is based on computing surface model roughness
by the detection of crease edges (Weidner, 1997). The basic principle behind the
approach is that for all pixels of each elevation blob a surface normal is computed

followed by a computation of the variance of the surface normal over the blob’s DSM
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Figure 23a. Examples of hypothesis verification results.
NOTE:

e (a;,b;,ci)-Raised structure blob superimposed on orthoimages.

e (apb,,co)-Extracted part of orthoimage after fitting a bounding box on a raised
structure blob.

e (a3,bs,c3)-Edge image of the extracted image patch.

® (as,by,cq)-Histogram of edge direction image of the extracted image part. (Note the

edge direction image is not shown in the diagram)

From Figure 23a it can be seen that the histograms of images containing a building as
defined by elevation blobs have high frequencies that are 90° or 270° apart. This
implies that the respective elevation blob is contained in a building roof and thereby

verifying the hypothesis that the elevation blob represents a building.
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contours are defined using the centroid linkage method of region growing controlled
by edges (refer § 3:5:2). This is achieved by scanning from elevation blob centre
points in a pre-determined manner such as top-bottom and right-left as depicted in
Figure 23b. The effectiveness of region growing depends on homogeneity and
contrast in roof areas. Homogeneity criteria parameters could be obtained manually
say by the trial and error approach. However, this approach cannot be effective over
an entire image because of likely variations of homogeneity in different parts of the
image. Aiming at automation, such manual selection of parameters was avoided,
instead, homogeneity parameters were computed on a local area basis i.e. for each

elevation blob’s orthoimage area, prior to the region growing process.

The homogeneity parameters were computed for each elevation blob’s orthoimage
area through training. Elevation blobs’ orthoimage areas (only those hypothesized as
contained in building roofs) were used in training to determine parameters through
which the region growing process could achieve adequate delineation of complete
building roofs (see Figure 23b). Training was done by automatic sampling of pixels
in respective elevation blob orthoimage patches from which patch statistics were
computed (refer Figure 23b for the sampling format). For each elevation orthoimage
patch a total of about 300 pixels was sampled and the following statistics were
computed:

e mean pixel value,

e maximum edge magnitude and

¢ mean pixel value difference from the centre pixel.

These statistics were used in defining homogeneity criterion, by which the rest of the

pixels in the proximity of the elevation blobs’ orthoimage areas are classified as either
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(4.2)
Where E; is building pixels homogeneity energy value; '¢' is a building area in the
object space, f (@) is a vector valued function which transforms building area 'a’ to
point (x(a), y(a)) in the image space; Aq; is a small building area in the image; G, (da;)

is the average value of (G over area Aq; that is:

Gy (8a)= [ [ G(f@)/3 Aa, |

[Equation 4:2 means that if regions are identified as building hypotheses in an image,
regions containing buildings will bear relatively smaller value of E; than the regions

without buildings.]

4:9:3:1:2 BUILDING GEOMETRIC CHARACTERITICS

1. In terms of geometry, building edges wiggle in delineating buildings. This implies
that building contours bear many sharp turning points i.e. points of high curvature.
By the fact that curvature can be approximated by second order derivative along the

contour, this property can be presented mathematically as:

E, = [(G'(V(s))*ds = Maximum
(4:3)

Where E; 1s building edges curvature energy value.
Equation 4:3 means that pixels along building edges have relatively higher second

order derivative values than pixels along non-building edges.

2. Contiguous building edges typically are at right angles to each other. A building
edge may be defined by its start and end nodes. Mathematically this can be expressed

as either :
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Expanding equation 4:5 to include internal and external energy forces as explained in

§ 3:3 the following equation is obtained:

Epe = [(B V() + E, (7 (5))ds (4:6)

Further expansion leads to a generalized merit function as:

Epe = [(By V()% Eypy(V () + E, (7 (5)))ds @7)
Where:

¢ Foue 1 the total energy of the snake.

e [E, are internal forces through which geometric constraints are imposed on

the shape of the contour. Gilch (1990b) and Amini et al (1990), expressed

E,, on the basis of curvature as:

E, (V) =a\V, ) + pe)V, () (4:82)

Where:

- Vs) and Vi (s) are first and second order derivatives respectively at a
point at length s along the snake;

- a(s) and f(s) are position dependent parameters or weights that control
the shape of the snake. The large value of a(s) relative to B(s) forces the
snake to be closer to points with small curvature and conversely the large
value of B(s) will force the snake to higher curvature points.

e [E, - Image radiometric forces that are part of the external forces E,, which

attract the snake to features of interest in the image. £, is a combination of
different energy terms which are derived or computed using the image

function G(x,y) such as pixel intensities values £ , edge magnitude £, ,,

cornemness £ and so on. By introducing a weight function (}#,) to each

Lorner
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source of radiometric energy which signifies its contribution to the object's
manifestation in the image, £, , becomes a combination of weighted energy
terms which may be expressed as:

Epy =W E +W, E,  +W,  E__ +. +WE,. (4:8b)

ima pix = pix edge " edge corner * corner

Weights can be arbitrarily selected depending on the structural configuration

E E are obtained

edge * * corner

and complexity of the object to be extracted. £

pix?
by computations from image data for example:

E . - Direct pixel values,

E. . . - From application of gradient operators like Sobel or others.

edge

E -From image corner point computations Rosenfeld and Kitchen, (1982).

COFHEY

e [ (V(s) -External constraint forces acting on the contour which can either be

radiometric or geometric.

4:9:4:1 DISCRETIZATION OF THE MERIT FUNCTION

The ment function (Equation 4:7) which defines the position of a snake in an image is
in continuous space, so to use it in contour optimization is ideal, simplifying it by
discretization. This is logical because the image data are inherently discrete.
Discretization of the merit function (Equation 4:7) is carried out, according to Amini
et al (1990), by the evaluation of individual component integrals in the merit function
at particular points along the snake i.e. at the nodes. Following Amini et al (1990)

approach the discretised form of equation 4:7, becomes:
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By back substitution of Equations 4:10 and 4:11 into Equation 4:9 the discretized
merit function is obtained as:

E e = :‘i {B(s (=2x(s,) + x(s; ) + -x(ss+z))2 +{(=2y(s,) + y(s,_ ) + y(Sm))z) +

i=1

(s )x(s,) = x(5,.))" +(V(s) = p(s D))} + Z Z RE {(GV (s, )} + Z E..(V(s))
(4:12)

i=n jmno i=n
=1

-Where terms are as previously defined in Equations 4:9,4:10 and 4:11.

Equation 4:12 computes the total energy of the entire contour. Energy at individual
nodes (e.g. at node s;) and respective window points can be computed by the

following equation which is derived from Equation 4:12 above.

E(s;) = B(s{(=2x(s) + x(s5,) + x(5i+1))2 +(=2y(s;) + y(s,) + }"(Sm))z} +

a(s){(x(s) = x(s, )" + () = y(s )} + Z {REAG(V (s} + £,V (s)))
(4:13)

By discretization of the merit function, the building contour optimization problem
becomes susceptible to discrete multistage optimization processes, so it can be
optimized by the dynamic programming technique (Cooper and Steinberg, 1970,

Amini, et al, 1990).
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4:9:5 DESIGN AND REALIZATION OF THE BUILDING COST

FUNCTION

The cost function defines the criteria for the selection of optimal node window points
(refer § 5:2:3 for definition of nodes window points). The generic building
mathematical model, as described in § 4:9:1, is in a continuous space. To apply it in
contour optimization, it is necessary to simplify it by discretization and to formulate a
corresponding cost function. In this research, the generic building mathematical
model is formulated into a discrete form using building properties as expressed by

Equations 4:1 and 4:3 and is expressed into a cost function as follows:
TE = ZE(”z-nns:”m)
i=1

(4:14)

to be implemented under constraint as stated in Equation 4:4.
Where: -TFE 1s the total energy (radiometric and geometric) from nodes »n ;. n; and 7444

~(n;.;, 1y, ni+p) are any three consecutive nodes along the contour.

-E(n;, n;, nies) 18 contour energy computed from the three consecutive nodes.

-i is contour node number.
It must be noted that the building property as expressed by Equation 4:2 1s not
considered in the formulation of the cost function because it does not contribute in the

definition of a building contour and thus it is not applied any further.

The objective function (Equation 4:14) implies that in the implementation of the

dynamic programming optimization process, building properties as expressed by
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Equation 4:1, 4:3 and 4:4 must be satisfied by any three consecutive nodes along the
building contour. This means that optimization needs to be designed in such a way
that it is carried out sequentially through all the nodes and that processing at any one
particular node (central node) should involve energy contribution from preceeding
and succeeding nodes along the contour as indicated by the cost function. The three
consecutive nodes approach is adopted because it is easier and more convienient
expressing geometry (in terms of curvature) by any three consecutive points along the

contour than otherwise.

The merit function (Equation 4:13) and the cost function (Equation 4:14) are used in
this research for optimization of the approximate building contours. Energy at
contour nodes is computed using the merit function and the cost function is used to
select optimum node positions. Implementation starts from the first point of the snake
and optimization is carried out through a finite set of stages i.e. (nodei(s;), node;
(si)....nodey(sy)). A decision about optimum positions at each node is made from a
finite set of possible alternatives at each node 1.e. all possible node window point
combinations are considered. From the snake’s starting point, internal forces are
determined followed by the computation of weighted image forces for the whole
image or its processed version and stored in a raster of the same resolution as the

image. At the nodes, external forces are computed or interpolated as the need may be.

In implementation, three consecutive nodes are involved at each stage of processing
from which window points that optimize the cost function are recorded in the form of
a position matrix (refer § 5:2:5 for an example). After every round of computations

i.e. through all the nodes, a back tracking searching process is subsequently initiated
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Nodel

Figure 26. The concept of snakes and dynamic programoming optimization technique
in 2-D extraction of a building roof. (NOTE: The optimal building contour represents
a 2-D delineation of the building)

4:10 APPROACH TO 3-D BUILDING MODELING

Building modeling is the automatic or semi-autormatic process of 3-D building
reconstruction. Building modeling is useful in the creation of cyber city models and
3-D site visualization. The application of 3-D cyber city models includes
telecommunication engineering, flight simulation, urban planning, architecture,
environmental engineering, military reconnaissance, rehearsal and maneuvers.

Modeling in 3-D is preferable to 2-D modeling mainly because it enables the realistic
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parameters. Building model parameters are usually derived from extracted building
contours oftenly using image processing techniques. Model parameters are used in
building modeling by using either Constructive Solid Geometry or CAD techniques.
Example of such building models are the parametric and prismatic models as
described by Weidner and Forstner (1995) and Maas (1999). The parametric building
model is known to best describe simple buildings that can be represented by only a
few parameters. The parametric building model parameters are described by Maas
(1999), as position, length, width, orientation, height, roof orientation and roof
steepness. Simple visualization is useful in such applications as telecommunication

and so on.

High-realism visualization schemes are preferable to simple visualization schemes as
they utilize the benefit of texture and its relationship with geometry in a 3-D graphic
solution. High-realism visualization is easy to understand as it supports the user’s

visual sensitivity.

In this research, 3-D building modeling is a based on high-realism visualization
scheme as realized in the ESRI’s ArcView 3-D Analyst software package. Results

and implementation details are covered in Chapter Five.
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CHAPTER 5

IMPLEMENTATION AND RESULTS

5:1  CONTEXT

This chapter discusses critical implementation issues, reports on 2-D building
extraction results, 3-D building reconstruction and evaluates the proposed building

extraction system.

The implementation of the proposed system was effected by using both standard and

non-standard image processing techniques. Non-standard image processing tasks

were implemented by using self-developed computer programs. Computer programs

developed are in standard C language. The main program was for the formulation of

approximate building contours into snakes and optimization using the dynamic

programming technique (smake.c). Other programs developed were supporting

programs for the following processes:

o Global altimetric thresholding of the digital surface model (dtmthresh.c),

e Gray scale erosion of the digital surface model to separate merged elevation blobs
and generation of approximate DTM (dtmerode.c),

e Extraction of region growing parameters for elevation blobs that were
hypothesized as contained building roofs (authresh.c),

e Region growing from centre point of each elevation blob (hypothesized as

contained in building roofs) to determine approximate building contours (grow.c),
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Approximate building contour simplification (polymerge.c),

The rest of the implementation processes were standard image processing procedures,

which were realized using the following application software packages:

ARC-INFO 7:1:1,

ILWIS 2.2,

ERDAS IMAGINE 8:3:1,
ARC VIEW and

ARCVIEW 3D ANALYST.

A systematic sequence of the entire processing steps with respective computer

programs and application software packages used is shown in Figure 27.
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Input/Auxillary Data Processing Steps Program Used
Image Pre-processing ¢ Erdas Imagine and Ilwig
orientation parameters and Generation of DSM ; VirtuoZo and Helava
control points Soccet Set
E v
h Generation of a X
DTM ¢ VirtuoZo or
dimerode.c
Y Vv
Orthoimage Orthoimage generation e VirtuoZo and
Helava Soccet Set
4
DSM Thresholding ¢ Dimthresh.c
v
Separation of
Merged Blobs M dtmerodec
a4
4 N Building Hygothesis g ARC/INFO/Twis
Verification
¥
Extraction of Region
¥ Growing Parameters
of each Hypothesized | Authresh.c
Building Roof
2 4
Region Growing for
Approximate Building
Contour Generation  fpg§——— Grow.c
. 4
Generic Building Approximate
Mathematical Building Contour Polymerge.c
Model Simplification ¢ ymers
i
Formulation of approximate building contours into Snakes ¢
. Snakes.c
: Dynamic Programming B )
Cost Function L and 2-D Building
Extraction M
4
System Evaluation ¢ ARC/ANFO/Iwis/ArcView
. 4
Building Contours Rectangular Approximation L" Bminmax.c
¥
V. 12 : .
A 4 4 3-Iy Modeling g ArcView 3-D
Analyst

3-D Site Model

Figure 27 Schematic diagram showing the flow of entire the processing steps and programs used.
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8:2

2-D BUILDING EXTRACTION IMPLEMENTATION ISSUES

Final 2-D building extraction, as already mentioned, was carried out by the

optimization of approximate building contours as obtained by using the region

growing process constrained by edges (refer § 4:8). Modification of building contours

was necessary so as to generate new contours that optimally delineate corresponding

buildings. Each building contour was processed independently. Critical issues prior

to the optimization process were:

1.

2.

Simplification of approximate building contours

Snakes formulation particularly, the choice of an effective window size for
definition of contour node’s degrees of freedom,

Choice of window point spacing,

Realization of the dynamic programming process,

Definition of energy terms i.e. functions RE; as stated in the merit function
(Equations 4:12), as well as any other constraints which were deemed necessary to

be imposed on building contours in the course of optimization

6. Control of iterations and the back tracking process to determine optimal building

7.

contour positions and

Densification of contour nodes after each iteration.

Details of all the above issues are explained in the remainder of this chapter.
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5:2:1 APPROXIMATE BUILDING CONTOURS SIMPLIFICATION

Approximate building contour coordinates (already explained in § 4:8) were obtained
by vectorization. The vectorization process is usually based on connected component
analysis which results in the generation of large a number of contour points that could
cause computational explosion in terms of memory space, and time during the
dynamic programming optimization process. It was therefore necessary to carry out
approximate building contour simplification or data thinning prior to the optimization

process.

To reduce the number of approximate building contour points, points that seemed to
fall along straight lines were eliminated first. This was done on the basis of changes
in bearing between consecutive contour line segments. That is, if the bearings
between two successive lines segments are equal within some limits, then the three
nodes defining the line segments are regarded as being collinear and the central node
is thus eliminated. This was followed by further contour simplification in order to
remove unnecessary turning points. Existing methods of polygon or contour
simplification include the S-® plot, chain codes and Fourier descriptors (Ballard and

Brown, 1992; Gortschalk and Mudge, 1988).

Out of the contour simplification methods mentioned above, the S-® plot was tested.
This approach involves the analysis of a graphical representation of contour line’s
directional vectors versus contour-length. In this representation, the ordinate is the
angle of the tangent to the contour at any point of interest measured relative to a fixed

direction (the vertical direction was used in this research). The abscissa is the
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It must be noted that node movements need to be at sufficiently small distance
intervals so that pixels closer to the node take part in the processing because they are
more probable than far away pixels. In addition to this, the application of a large
window increases the node’s movement space, thereby enabling nodes to move freely
to far away pixels which may not be part of a feature being delineated. This may lead
to erroneous results as shown in Figure 32¢. In Figure 32, the window point spacing
is fixed at 0.5m and the window size is varied. By comparing Figures 32a, 32b and
32c, it may be seen that optimal delineation of the building (i.e. Figure 32a) is

achieved when a 3 by 3 window is adopted.

At a fixed window size, large window point spacing will lead to less computational
efforts but increased node’s movement space, which once again may lead to
erroneous results as shown in Figure 33d. Contrary to this small window point
spacing will lead to an increase in computational efforts. In Figure 33, the window
size is fixed and window point spacing is varied. By comparing Figure 33a, 33b and
33c, it can be seen that optimal delineation of the building (i.e. Figure33a) is achieved

at a window point spacing of 0.5 m.

From the above discussion it can be deduced that the node’s movements in a window
need to be controlled in some way, so that the points most likely to be feature points
take part in the optimization process. In selecting the window size and window point
spacing it is necessary to take into account the following factors:

e image spatial resolution,

» spacing in-between the buildings and

e computational efforts resources available.
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function at the current central node’s window point, are recorded in a position matrix
(refer § 5:2:5). Thus, for all window points defined at each central node there will be
(319 = 729 total number of objective function computations that are to be executed at
each central node. If ‘n’ is the number of nodes in a contour, then there will be a total
of mn =729.n number of objective function computations for the entire contour, of

which 9.n take part in the analysis for selection of an optimum contour.

There would equivalently be (m*)" number of computations by the exhaustive
enumeration optimization approach. For example, if m=3 and n=8, by the dynamic
programming approach, 8(3%) = 5832 computations will result, compared to 3 =
43046721 by the exhaustive method. In the exhaustive enumeration method,
computations increase exponentially and, this favours the dynamic programming
approach. However, the higher the number of nodes in a contour the more

computationally complex the dynamic programming optimization becomes.

Dynamic programming optimization is a cumulative process (refer Equations 3:3 to
3:7). This arises from the principle that an optimal solution needs to satisfy the fact
that whatever the initial decisions are, the remaining decisions in a multistage
optimization process must be optimal with respect to the outcome, which results from
the initial decisions (Nemhauser, 1996). This ensures a global optimal solution. In
view of this, energy accrued from the initial optimization stages is carried forward
influencing further optimization stages. For example, processing at one stage i.e. at a
particular central node uses energy values computed from respective preceding and
succeeding nodes. Then, in the subsequent processing step, a node that was

succeeding in the previous step becomes the central node of the current processing
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For each window point at a node, radiometric energy value i.e. Fy,, is computed. For
the central node’s window points, in addition to radiometric energy value
computations, geometric energy values i.e. E;, is computed for all possible node’s
window point combinations using Equation 4:11. Node’s window point combinations
that optimize the objective function at each stage of optimization were recorded in a
position matrix (see Figure 34b). A global optimal position of the contour is obtained
by searching through all the position matrices. This process is called back tracking

and is explained in § 5:2:3:1:4. Applied energy values are explained in the following

section.
5:2:3:1 APPLIED ENERGY TERMS
5:2:3:1:1 RADIOMETRIC ENERGY TERMS

The basis for the choice of radiometric energy terms are the building radiometric
characteristics (refer § 4:9:1:1:1) which generally presume that a good building edge
should have a high cumulative edge magnitude and high contrast. Radiometric or
photometric energy terms which have been used to constitute term RE, in the merit
function (Equation 4:13) are pixel edge magnitude and intensity values. That means
Jj=2 in Equations 4:13 which, leads to RE; being expressed as:

RE; =W E jnagnitde s RE>= W2 E pivvar

RE=W; E pognitude™ W2 E pixvar CHY

Where W, and W, are weights.

The application of Equation 5:1 means that for each contour node and for all points

defined in a window around it, edge magnitudes and intensity values have to be
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computed so that they can be used in the determination of RE; and RE, values. It
should be noted that other radiometric energy terms that could contribute to the value
of RE; e.g. cornerness and second order derivative edge magnitudes were tested and
proved ineffective. That is, their contribution to term RE; proved insignificant and

thus were not applied in this research.

5:2:3:1:2 GEOMETRIC ENERGY TERMS

Geometric energy forces are meant to control the shape of a building contour.
Curvature is the only geometric energy force that has been applied in this
implementation. Curvature was computed from first and second order derivative
values at nodes along the contour as already indicated in Equations 4:8a and 4:11. By
the back substitution of term RFE (Equation 5:1) into the merit function (Equation
4:13), expanding the function and ignoring the last term because it is not explicitly
used in this implementation, the following expression is obtained:

E(s;) = p(s)(x(s; ) = 2x(s,) + -x(sm))z +(v(s,) = 2y(s,) + J/(Sm})z] +

a(s)[(x(s,) = (5" + (2(5) = ¥ (5,00 14 AV E pagniae (5 + WL it (5.))
(5:2)

Where: A is the normalization factor to radiometric energy terms which facilitates the
integration of radiometric and geometric energy terms in the merit function. The

remaining terms are as defined previously in Equations 4:11 and 5:1.

Equation 5:2 is the merit function, which together with the cost function, (Equation
4:14) has been adopted in this research for the optimization of approximate building
contours. Equation 5:2 implies that the energy of a building contour node is the sum

of radiometric energy (in this implementation it means edge magnitude and pixel
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The global optimal position for the building contour above (Figure 34) is established
by back-tracking (following the arrows in Figure 34b) i.e. from the last position
matrix to the first. For the above example, the global optimal position of the contour
is established as being through the following node’s window points:

e Atnode 4 — window point 3,

e At node 3 — window point 4,

® At node 2 — window point 8 and

¢ Atnode | — window point 2.

In the above example, the total energy of the global optimal position of the building
contour is computed as being the sum of energy from all optimal window points i.e.

130+170+70+155 = 525. The global optimal contour is as shown in Figure 35 below.

Figure 35. The position of the optimum contour in relation to the approximate

contour.
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5:2:4 PERFORMANCE EVALUATION OF THE

PROPOSED BUILDING EXTRACTION SYSTEM

5:2:4:1 SYSTEM PERFORMANCE EVALUATION DESIGN

CONSIDERATIONS

A fundamental requirement for the development of systems for automated
cartographic feature extraction and an absolute pre-requisite for production
applications is the rigorous evaluation of the system’s performance. System
evaluation requires the definition of a set of metrics i.e. measurable quantities
relevant to user needs and meaningful in terms of expected system performance.
McKeown, et al (2000) stated that, system’s performance measures must be
objective and quantitative, instead of scores based on an operator’s judgements. The
system’s output must be measured against reference data from an independent
method that is known to be of higher quality, which in most cases of automation
means being manuaﬂy generated. The use of different data sets in characterizing the
systems’ performance gives a better understanding of the true potential of the system

and highlights possible weaknesses.

The designing of a feature extraction system’s performance evaluation methodology

depends on such factors as:

o Type of feature to be extracted — Each type of feature has its own characteristics,
which need to be considered in evaluating its extraction, e.g. whether it is a 2-D

or 3-D, whether location, geometry or attributions are of primary of interest.



Chapter 5: Implementation and Results 153

e User requirements — Users may be interested in specific feature attributes.

e Extraction system’s design architecture — Whether the system is semi-automated
or fully automated. This may necessitate the evaluation of individual modules.
Also as to whether the system is monocular, stereo or multi-image based.

In general, the adoptéd evaluation methodologies should as far as possible address

the following three fundamental questions:

1. Isthe extraction system’s output reliable i.e. biased or not?

2. Given partially delineated buildings, does the extraction system detect and
delineate the buildings correctly or not?

3. Is the inclusion of automated processes helpful to users or not? Does it reduce the

user’s workload and fatigue in the acceptable elapse time or not (Hsieh, 1996).

Buildings are among the most complex cartographic features to extract due to their
wide variety of complex shapes, high probability of occlusions from surrounding
objects and the complex scenes in which they usually occur. This complexity
propagates into the systems designed to extract them, making the design of relevant
and efficient metrics difficult (Mckeown and Shufelt, 1993; Mckeown, et al, 2000).
A number of building extraction metrics are reported in the literature which
characterize different aspects of the evaluation process or reflect the requirements of
different user communities. For example, the building detection rate which indicates
the pfesence of a building at a given location is one aspect of performance evaluation
and building delineation which shows the boundaries of buildings is another aspect.

Different metrics are required for each aspect.
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5:2:4:2 APPLIED SYSTEM EVALUATION METHODOLOGY

The basis of the evaluation methodology was the comparison between the 2-D
building scene models generated by the proposed extraction system with reference
data. The reference data are the most accurate 2-D building models obtained
manually from the ground truth data. The ground truth data for the Manzese area sites
were obtained by manual digitization of an existing topographic map (a
photogrammeric machine plot compiled from the very same aerial photographs used
in this research) at a scale of 1:2500 (see Figures 36a;, b, and ¢;). For the Marconi
Beam area ground truth data was manually created by an experienced operator by

measuring building roofs in the orthoimage covering the area (see Figures 36¢; and

Cz).

Building extraction evaluation metrics in most cases are based on either an
area/volume comparison or a building-by-building count. Area/volume metric
methods are based on comparing the proposed extraction system’s output label for
each pixel or voxel with the reference data, and computing statistics based on the
consistency of labels. On the other hand, if each building hypothesis produced by the
proposed extraction system can be related to its corresponding building in the
reference data, a measure of building detection can be based on the approach of
computing the amount of overlap attained. This approach is also referred to as the
building-by-building count metric method (Shufelt, 1996; Mckeown, et al, 2000).
This method weights all buildings equally, but establishing correspondence may be
difficult when multiple hypotheses overlap a single building, and when a number of

buildings in the reference data set are connected (Shufelt, 1996; Mckeown, et al,
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2000). To address the questions raised in § 5:2:4:1, the area and building-by-building

count metrics were applied in this research.

In the area based metric method a simplified form to the approach adopted by Shufelt
and Mckeown (1993) and Mckeown, et al (2000) has been applied. The
simplification was necessary due to:

e The proposed building extraction system is at its infant stage of development, so it
needs further improvement and innovations before it can be subjected to a precise
or rigorous evaluation methodology.

e Scene and building complexity found in informal settlement areas. For example,
delineating an isolated building is much easier than extracting the same building
in a crowded urban érea.

It is assumed that a building is considered detected if any part if its roof has been

detected. Since there are two data sets in consideration i.e. from the proposed

building extraction system which forms the building hypotheses and from the
reference data, there are four possible categories for each building hypothesis:

e True Positive (TP): Both the extraction system’s scene model and the reference
scene model classify the hypothesis as being a building.

e True Negative (TN): Both the extraction system’s scene model and the reference
scene model classify the hypothesis as not being a building.

e TFalse Positive (FP): The extraction system’s scene model classifies the hypothesis
as being a building, but the reference scene model does not.

e False Negative (FN): The extraction system’s scene model classifies the

hypothesis as not being a building, whereas the reference data scene model does.
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To evaluate the proposed building extraction system’s performance, the number of
TP, TN, FP and FP are counted, and the following metrics are computed:
e Building Detection Rate Percentage = (TP/(TP+FN))x100

o False Alarm Rate = (FP/(TP+FP))x100

The building detection percentage is a simple metric, measuring the fraction of
reference buildings that are correctly classified as buildings by the proposed
extraction system. The metric is a measure of building detection performance and it
gives an indication on whether the proposed extraction system is biased or not. The

false alarm rate is a measure of the rate at which the system miss-detects buildings.

For the reasons stated earlier on in the case of the area based metric method, the
building-by-building count metric technique was applied using a simplified approach
to the method adopted by Mckeown and Shufelt (1993) and Mckeown, et al (2000).
The adopted approach is based on the difference in area between each extracted
building and the area of its corresponding reference building from the ground truth
data. Let for example (A) be the area of a building in the ground truth data, and (B)
be the corresponding area of the reconstructed building, then, the building-by-building
metric is expressed by the overlap extent value, which is computed as:

Overlap Extent = (1-( A-B| /A)) = Success Rate.

This metric is applied in cases where there is overlap between the extracted building

and its ground truth data (see Figure 38).
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8:2:4:3

SYSTEM PERFORMANCE EVALUATION RESULTS

System performance was evaluated in both study areas. The results of area/volume

metric based system evaluation are as shown in Table 1. It should be noted that

because the proposed extraction system verifies building hypotheses prior to building

extraction (refer § 4:7), values of TN and FP become meaningless in this case, and

therefore the evaluation of the systems performance is only on the basis of the

building detection rate.

Manzese Sitel

Manzese Site2

Marconi Beam

TP 34 17 48
FN 21 9 30
Detection Rate (%) 62 65 62

Table 1. Performance evaluation by the modified area/volume metric method.

Results of system performance by the modified building-by-building count method

are as shown in Table 2.
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No | Polygon Ground Truth Extracted Area (m?) 1A-B] Success Rate
iD Area (m’) (A) B {(1-(A-BYA)) (%)
1 2. 62 71 9 83
2 3 50 77 27 46
3 4 70 72 2 97
4 5 133 144 11 92
5 6 67 58 9 &7
6 7 67 59 8 83
7 8 83 70 13 84
8 9 94 65 29 69
] 10 62 59 3 95
10 11 59 69 10 83
[ 12 57 52 5 91
12 13 84 69 13 82
13 14 33 46 1 69
14 15 70 68 2 97
15 16 101 106 5 95
16 18 91 98 7 92
17 26 76 81 5 93
Min = 46, Max =97
Mean=85,06=13
{a) Manzese Site2
1 1 106 125 19 82
2 2 109 83 26 76
3 3 123 119 4 97
4 4 107 138 30 72
5 5 93 82 11 88
[ 6 83 68 15 82
7 7 120 166 46 62
8 8 128 102 26 80
9 9 95 61 34 64
10 10 79 116 37 53
it 13 88 95 7 92
12 14 95 58 37 61
13 16 161 127 34 79
14 17 82 64 18 78
13 18 74 80 6 92
16 19 93 101 8 91
17 20 93 80 13 86
i8 21 103 106 3 97
19 22 80 72 8 90
20 24 86 70 16 81
21 25 97 112 15 85
22 26 101 58 43 57
23 27 103 103 ¢ 100
24 28 80 51 29 64
25 29 81 145 64 21
26 30 74 88 14 81
27 34 96 102 3 94
28 38 88 88 0 100
29 44 53 66 13 5
30 45 49 65 16 67
31 48 91 106 15 84
32 51 87 81 6 93
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33 52 70 75 5 93
34 53 74 99 25 66
Min =21, Max =100
Mean =79, =16
(b) Manzese Sitel
1 i 46 44 2 96
2 2 17 18 1 94
3 3 19 23 4 79
4 4 37 20 17 54
5 5 42 47 5 88
6 6 20 22 2 90
7 7 48 50 2 96
8 8 24 22 2 92
9 G 17 21 4 76
10 10 19 19 ¥ 100
11 11 i3 12 1 92
12 12 25 35 10 60
13 13 40 S0 10 75
14 14 26 21 5 81
15 15 23 17 [ 74
16 16 33 40 7 79
17 17 65 68 3 95
i8 18 33 38 5 85
19 19 29 42 13 55
20 20 39 28 it 72
21 21 34 40 6 82
22 22 39 41 2 95
23 23 24 15 9 62
24 24 21 16 2 90
25 25 49 54 5 90
26 6 20 18 2 90
27 27 25 25 0 100
28 50 64 74 10 14
29 51 40 47 7 82
30 52 13 15 2 85
31 53 43 64 21 51
32 54 15 21 6 60
33 55 28 23 5 82
34 56 13 18 5 62
35 57 39 52 13 67
36 58 20 18 2 90
37 59 22 33 11 50
38 60 20 26 6 70
39 61 42 45 3 93
40 62 23 35 12 48
41 63 9 8 1 89
42 64 26 25 1 96
43 65 18 25 7 6l
44 66 33 29 4 83
45 67 13 19 6 54
46 69 20 28 8 60
47 70 17 17 4] 160
48 71 45 40 5 89
Min =54, Max = 100
Mean =79, o=15

(¢} Marconi Beam

Table 2. Performance evaluation by the modified building-by-building count metric method.
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|

(b) Manzese Site2

Figure 38. Extracted building contours superimposed on the ground truth data.
(Shaded or filled areas — ground truth data; Polygons - extracted buildings). (NOTE:
Most buildings in the ground truth data are extracted in each study area. There is a
considerable amount of overlap between the extracted buildings and their

corresponding buildings in the ground fruth data)
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53 3-D SITES MODELING AND VISUALIZATION

When considering a visualization system that is appropriate for a particular need
there are several criteria that should be considered. These criteria go beyond the
degree of interactivity, level of realism and presentation modes required to include
portability across platforms and operating systems, user friendliness of the system,
import/export capabilities with GIS data and other programs, links to models and

data sets.

The ERSI’s ArcView 3-D Analyst proved to fulfill most of the criteria mentioned
above and was therefore applied. Additionally, the ArcView 3-D Analyst supports
the generation of 3-D models in Virtual Reality Modeling Language (VRML). In
ArcView 3-D Analyst the user is able to export 3-D models to the VRML exchange
format. VRML browsers and plugins are currently inexpensive and widely available.
By using VRML, created 3-D site models can be accessible via the Internet by
hyper-linking it with the World Wide Web (WWW) where it would be available to a

wide audience.

5:3:1 3-D MODELING BY ARCVIEW 3-D ANALYST

Inputs into 3-D Analyst are the DTM, orthoimages and the extracted 2D building
contours. It should be noted that only the extracted buildings are modeled in 3-D
merely to demonstrate the capabilities and completeness of the proposed method of

building modeling. In a production environment, modules for the extraction of
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buildings that are not extracted by the proposed method need to be invoked in a
separate process possibly a manual one prior to the 3-D modeling process. Because
the final 2-D building outlines are rather distorted (see Figure 36a;, b; and ¢3) i.e.
have irregular shapes, they are regularized by fitting a rectangular bounding box
around each of them, by using an approach of minimum and maximum X and Y
coordinate values of their vertices. This approach however did not work out well for
the Marconi Beam study site, because extracted building contours were very
irregular and very close to each other. This resulted in overlapping bounding boxes,
the ARCVIEW 3-D Analyst failed to generate a 3-D model of the site. Dimensions
and orientation of bounding boxes were regarded as dimensions and orientation of

the buildings only for the purpose of visualization (see Figures 39a; and b,).

An approximate DTM obtained by gray scale erosion of the DSM using a kernel with
a constant height value as used by Weidner and Forstner (1995) was applied as one
of the inputs for the Manzese site (refer §4:6 for theory of gray scale erosion and see
Figures 39a; and 39b; for approximate DTM’s). In the implementation, the
following procedures are applied:

1. The orthoimage is draped over a regular grid DTM forming a photo-realistic 3-D
topographic surface in the ARCVIEW 3-D Analyst.

2. The extracted 2-D building outlines as approximated by rectangular bounding
boxes are converted from Arc/Info polygon files into Arc/View shape files from
which they form 2.5-D building blocks (i.e. blocks formed with correct
planimetric positions but without actual height values).

3. Lastly, the 2.5-D building blocks and the photo-realistic topographic surface are

merged together forming a photo-realistic 3-D site model.
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In the implementation, heights of building roofs theoretically are supposed to be
extracted from the DSM, but in this research a fixed height value of 3m was
assumed, as there were no significant building height differences. Under these
circumstances, it is reasonable to assume a nominal height value for all buildings in
the study area. The resulting 3-D site models (see Figure 39a; and bs) open up
opportunities for site visualization which may enhance user community participation

in development planning.
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(bi)Regularized polygons overlaid on orthoimage (bz) Approximate DTM

(bs) Site Model

Manzese Site2

Figure 39. Regularized building contours, approximate DTM and site models.
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CHAPTER 6

ANALYSIS OF RESULTS

This Chapter is analysing the results of DSMs altimetric segmentation, building

hypothesis generétion and verification and 2-D building extraction.

The results of DSMs segmentation by the global thresholding method as shown in
Figure 18 in § 4:5 seem to adequately detect most of the building roofs in the
Manzese study area. Limitations to the application of the DSM global thresholding
method includes:

1. Difficulties in the selection of an effective global height threshold value which

can detect most building roofs,

2. The effect of merged raised structure blobs and

3. The effect of the sloping terrain.

The success of the method depends on such factors as relative flat terrain and
presence of adequate spacing in-between the buildings. In the case of small spacing
in-between the buildings, the method fails as seen in the case of Marconi Beam site
(refer Figures 16 and 17), where an alternative approach of Multiple Height Bins
(MHB) was applied. It can be stated that digital surface models offer a reliable cue in
raised structure detection and that the processing technique to be applied to raw DSM

data should depend on circumstances surrounding the area of study. It should be
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noted that the accuracy of the surface models is vital for accurate raised structure

detection.

In analysis of the process of building hypothesis generation from DSMs and the

process of defining approximate building contours the following issues are

highlighted:

1.

Separation of merged raised structure blobs on the basis of shadows and binary
erosion is not always effective as explained earlier on in § 4:6 and shown in Figure
19. One possible reason is that not all images are acquired under bright conditions
with good illumination angles. As seen in Figure 19, a number of difficulties
could arise e.g. the direction in which the raised structure blobs are merged may
be different from that of the shadows. However, the approach of gray scale
erosion of digital surface models has proved effective in this research. This
suggests that one algorithm alone should not be expected to be effective in
varying conditions found in the real world. Additionally this emphasizes the use

of multi-algorithmic approaches in solving feature extraction problems.

Building hypothesis verification is necessary in distingunishing building

hypotheses from other raised structure hypotheses. The method of verification

-needs to be as simple as possible to enable novice users in informal settlement

settings to be able to do data processing without specialized technical training.
The analysis of histograms of edge direction orthoimage patches that contain
raised structure hypotheses as explained in § 4:7 has proved easier and more
effective (see Figure 23) than computationally involved methods such as those
based on the analysis of surface normal variances over the DSM raised structure

blobs.



Chapter 6: Analysis of Results 168

3. The method of region growing constrained by edges to generate approximate

building regions has proved effective (refer Figure 24). The success of the
method depends on such factors as fhe use of effective homogeneity criteria and
the presence of contrast between roofs and surrounding features. In situations
where the contrast is poor the method will definitely perform poorly. The output
of region growing and edge detection need to be processed to remove artifacts

prior to their use in the 2-D building extraction process.

From the 2-D building extraction results as shown in Figures 34 and 35, it can be

stated that:

The proposed building extraction method has been moderately successful with a

success rate of above 60% (see Tables 1 and 2). It is expected that by detecting

more than half of the buildings, the method reduces the amount of labour for the

extraction task leaving undetected buildings to be extracted by other strategies.

This implies the importance of multi-cue algorithms in feature extraction.

It has not been possible to accurately delineate buildings with the same reliability

and success rate as a human operator. Nevertheless, final building contours are

closer to actual building lines as may be seen in Figure 36. However, they contain

some artifacts which need to be removed by a manual post-editing step. The

problem of inaccurate delineation of buildings may be attributed to:

1. Differences in shape between approximate building contours and actual
building contours.

2. Adoption of a single (generic) building mathematical model for all buildings
in a study area. For planned settlements it is logical to adopt a singie generic

building model, but the application of different building mathematical models
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within a scene may be necessary for informal settlement areas. In other
words, the adopted building mathematical model may not be adequately
representing the manifestation of all buildings in the image.

3. Buildings being too close to each other. Automated delineation of very close
buildings particularly from high resolution images is difficult because building
lines tend to be ragged causing difficulty with their extraction. This stems
from the fact that delineation of an isolated building is easier than extracting

the same building in a complex and crowded area of informal settlements.

Comparing 2-D extraction results for the three study areas, it was found that buildings
detected in the Marconi Beam site are relatively poorly delineated compared to those
in the Manzese site (see Figures 36as4, bs and c4). This is because buildings in the
Marconi Beam site are very close to each other, building sizes are very small and the
buildings are made up of diverse building materials. Such circumstances lead to an
erroneous approximation of building regions by the region growing and edge
detection algorithms and consequently to poor building delineation. This is a

limitation to the application of the proposed building extraction system.

Performance evaluation results of the proposed building extraction system on the
basis of the modified building-by-building count metric method were satisfactory
(refer Table 2). In the building-by-building count method, an overlap extent value of
100% will mean a very good building extraction performance. For the building-by-
building method to work, it is logical to define an overlap extent threshold value
above which a building is declared detected or not. Mckeown et al (2000) showed

that an overlap extent threshold value of 50% is adequate to assume that a building is
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detected. Average overlap metric values of 85 and 79 have been obtained in this
research (see Table 2). These results imply that on average each extracted building
has greater than 80% overlap with its corresponding building in the ground truth data

(see Figure 38). The performance of the proposed system is thus acceptable.
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CHAPTER 7

DISCUSSIONS AND OUTLOOK

The purpose of this chapter is to discuss the applicability, and limitations of the

proposed building extraction method.

‘A novel method of building detection and delineation from high-resolution aerial

images has been presented. The proposed building extraction system may be

implemented as a module on Digital Phétogrammetric Workstations. if a digital

surface model and an orthoimage are readily available, the method can be

implemented on any computer system. To improve its efficiency, the algorithms can

be integrated as a module within a GIS software package where processes like

overlaying, geo-referencing, evaluation by comparison with ground truth and other

data can easily be implemented because all data sets will be in one frame of reference.

The important features of the proposed system are that:

e It does not rely on shadows in the detection and delineation of buildings as is
usually the case in most existing building extraction systems.

e Approximate building contours are obtained automatically unlike other attempts
where they are obtained manually by digitizing approximate corner points.

e It does not directly use a DTM in generation of raised structure blobs. This works
under the assumption that the terrain is relatively flat. In the case of the sloping
terrain a DTM will be required which may be generated by the technique of gray

scale erosion of the digital surface model.
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¢ Building contour modification is carried out by the snakes and dynamic
programming optimization method. The method can work even in the presence of
contrast gaps, fragmented edges and other distortions because of the use of global

radiometric and geometric constraints.

All procedures of the proposed method are in principle automated. However, a
human operator is needed to assist the system by carrying out such functions as
setting thresholds e.g. the DSM segmentation global height threshold value and region
growing homogeneity criterion values; assessing the visual quality of intermediate
results and allowing the processing to continue or not, e.g. deciding if the results of
region growing and edge detection are satisfactory or not; assessing if final results are
acceptable or not and post editing of final building contours. Such use of a hurhan
operator within a system is considered minimal because visual assessments are easier

and quicker for humans than computer systems.

Most of the buildings detected are simple rectangular shapes. Very few buildings in
the study areas had complex figures of T, L, U or + shapes i.e. buildings with separate
building segments or wings. Such building shapes are difficult to extract by the
proposed method. This is because the method operates from centre points of DSM
blobs to do region growing and edge detection in the determination of approximate
building contours. In such complex building shapes the proposed system may not
work well because it will be necessary for each building wing to have its own blob
centre point. This is not possible in the proposed method, indeed, the possibility of
joining separately extracted building wings into one has not been explored yet. It can

therefore be stated that the proposed method is best suited for simple (preferably
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rectangular) shaped buildings of moderately complex and crowded informal

settlement areas like the study areas used in this project.

The time efficiency for the proposed method has not been evaluated. This is because
it is assumed that the method is expected to be run offline in which case time is not a
major constraint. The method is however at its infancy stage and so it requires further

innovations and improvements.
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CHAPTER 8

CONCLUSION

8:1 SUMMARY

The proposed building extraction method has not been able to extract all the buildings
in the study areas. This may be attributed mainly to scene and building complexity.
Under different scene imagining conditions, the method is expected to perform
differently. Development of a generic featu:ré extraction system, which is likely to be
robust enough to perform well in diverse scene conditions has been difficult to-date
and is a challenge to research groups. This implies the need for using multi-cue
algorithms in feature extraction. In multi-cue algorithms each extraction technique
provides information that can be added or assimilated into an overall interpretation of

the scene,

8:2 CONCLUSIONS

Images are usually acquired under different illumination conditions, time and viewing
angles. Variations to any of these factors lead to corresponding changes in image
qualities such as contrast, shadow effects and others which are leading cues in feature
extraction. It is recommended that the method of building extraction be determined
prior to the acquisition of images. It is logical to create structured images by
controlling the imaging process. In other words, the extraction method should be
considered as an issue when planning for the acquisition of images. By so doing
acquired images may have the necessary cues for building extraction. For example, if

an accurate and reliable DSM is not available it may be necessary to constrain the
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time of acquisition so as to get images with strong shadows that may aid in the

building extraction process.

Although the main aim of the proposed building extraction method was to achieve full
automation, it has been shown that some intervention by the human operator is still
essential, thus leading to the development of a semi-automatic building extraction
scheme. To this end it is reiterated that there is still a need for incorporating human
interaction in building extraction systems due to the limited success rates of full
automatic systems. Two types of interactions are required i.e. for on-line extraction
processes and for the post-editing of derived results. The level of human intervention
in the proposed system has been.kept as minimal as possible, making the system

automatic to a great extent.

It has been shown that the success of the snakes approach depends upon the initial
state of the building contour, i.e. the approximate building contour needs to be as
close to its true shape as possible. In the snakes approach, it is difﬁcult to manipulate
the approximate building contour to fit the expected contour if the difference in shape
between the two is significant. In addition to that, the snakes approach suffers from
computational complexity problems in dynamic systems like those with many degrees
of freedom. In the light of the above, it is concluded that the snakes approach can be
effective when applied after the human operator has manually determined the
approximate corner points of a desired feature. This can be achieved by screen
digitization of approximate corner points of the feature, which subsequently define the

contour’s initial state.
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The proposed method is unable to correctly delineate building lines. This indicates
that top-down strategies alone cannot effectively solve the problem of feature
extraction. This is because, in these strategies, the search space becomes big and
additionally elaborate object models are needed. One way to solve this problem could
be by applying combined strategies i.e. combining top-down and bottom-up
strategies. With combined strategies feature extraction can be carried out with
continued reference to the image data and dynamically depending upon the local
context knowledge of the objects. This seems to be the right way to approach the
problem of feature extraction, as even the human vision system is based on integration

of global and local context knowledge.

8:3 RECOMMENDATIONS

Owing to the limitations of the snakes approach, it is suggested that future work
should look into the use of simulated annealing strategy in building extraction.
Simulated annealing is analogous to the snakes approach with respect to energy
optimization. It approximates the principle of annealing in physics where a crystal is
cooled down from liquid to solid by the generation of sequences of states. The
process can be simulated and applied in feature extraction (Trinder, Maulik and
Bandyopadhyay, 2000). The method operates from the initial user delineated points
which are modeled by B-splines, a rectangular window containing both the spline and
the feature is defined and input into the simulated annealing process. The simulated
annealing approach is reported to be effective in road extraction, and it has proved to
be superior to the snakes approach in cases where the initial or approximate feature
delineation does not closely approximate the feature of interest (Trinder, Maulik and

Bandyopadhyay, 2000).
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