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PROPOSITIONS 

i. In order to improve the reliability of environmental assessments with GIS and 
remote sensing, one should take into account the multiscale nature of 
observational data. 
(This thesis) 

2. Long time series of high spatial resolution images should be used in order to 
achieve an increased mapping accuracy for the remnants of semideciduous 
Atlantic forest. 
(This thesis) 

3. Propositions should be short, controversial, and significant suggestions that 
advocate changes rather than conclusive statements of facts and results. 

4. Data sets shall be made available "free of charge" for non-profitable studies 
concerning social and environmental issues. 

5. Social security should be rethought in order to stimulate motivation, tolerance 
and patience in the Dutch youth. 

6. Environmental degradation must be considered as threatening to humankind as 
terrorism has been during the past three months. 

Propositions belonging to the Doctoral Thesis entitled 
"Mapping and monitoring forest remnants: a multiscale analysis of spatio-temporal data " 

by Luis M. T. de Carvalho. 

Wageningen, December 10, 2001. 
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PREFACE 

About one decade ago, world leaders met in Brazil and formalised the 
global concern on environmental protection. At that time, forest ecosystems 
received alarming references and a number of research initiatives on the subject 
were encouraged. A whole chapter of the global action plan devised in Rio de 
Janeiro for the 21st century (the Agenda 21) is devoted to forests and 
deforestation and almost every other chapter relates to the primordial role of 
forest ecosystems in maintaining a healthy environment for mankind. The 21st 

century has arrived, but deforestation is still taking place indiscriminately all 
over the world. 

In Brasil, the strongly publicised destruction of forests took the wrong 
direction, giving emphases to charismatic areas in detriment of really 
endangered ecosystems. For example, a few scientific studies have dealt with the 
semideciduous variant of the Atlantic forest biome and little is known world­
wide about its destruction. The semideciduous Atlantic forests of Brazil are in an 
advanced stage of fragmentation and are subject to eminent threats, which can 
generate even more unrecoverable losses. 

The first large scale research project dealing with semideciduous Atlantic 
forest was initiated in 1998 by a cooperation among three outstanding institutes 
in Brazil: "Empresa brasileira de pesquisas agropecudrias" (EMBRAPA), 
"Universidade Federal de Lavras" (UFLA), and "Universidade de Brasilia" 
(UNB). The project, entitled "Estrategia para conservacdo e manejo da 
biodiversidade em fragmentos de florestas semideciduas", aims at defining a 
scientifically based strategy for the conservation and management of this 
ecosystem through the integration of knowledge derived from subprojects at the 
landscape, community, population, and molecular levels. 

Effective tools to study forest ecosystems at the landscape level are 
evolving rapidly with important contributions from remote sensing and 
geographic information technologies. Remotely sensed images cover large areas 
on the ground revealing multispectral, multiresolution, and multitemporal 
information, and hence are regarded as the most economic and effective way of 
gathering environmental data from regional to global scales. They are important 
data sources for the development and validation of ecological models, 
management activities and decision making. 



XII Preface 

The aim of the present contribution was to explore new methodologies for 
geoinformation processing and to solve problems related to forest management 
and research. Moreover, considering the project mentioned before, I intended to 
add information to aid the definition of such strategy within the framework of 
the subproject that studies forest remnants at the landscape and regional levels. I 
hope that you will find this thesis an interesting reading matter and the concepts 
useful to improve our capabilities of monitoring and protecting what still 
remains of the world forests. 

Wageningen, October 2001. 



CHAPTER ONE 

Introduction 

Recently, in July 2001, forests gained renewed interest at the world 
conference on global change in Bonn, Germany, mainly because of their role in 
important environmental matters such as carbon cycle, climate, and biodiversity. 
Even so, the definition of international goals and the creation of a common 
understanding, as achieved by the Vienna Convention1, have been characterised 
by considerable disagreement (Vuuren and Bakkes 1997). At local scales, forests 
also influence soil and water dynamics affecting not only ecological relations, 
but also social decision (Eden 1998). One basic requirement to quantify and 
model environmental processes is the availability of accurate maps of forest 
cover. Data acquisition at appropriate spatial and temporal scales is the keystone 
to achieve the mapping accuracy needed for development and reliable use of the 
so-called environmental models. 

In Brazil, ongoing initiatives have been producing valuable information 
on forest resources and especially concerning assessment and monitoring of 
deforestation the following are relevant references (INPE 1999, INPE 2000, 

The Vienna Convention and the Montreal Protocol on substances depleting the ozone layer 
defined an action program that is currently in implementation phase. This program has already 
demonstrated significant achievements concerning the production and consumption of CFCs. 
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SOS Mata Atlantica and INPE 1993, SOS Mata Atlantica et al. 1998, Souza and 
Barreto 2000, Alves et al. 1999). The Amazonian and the evergreen Atlantic 
forests have been the subject of regular research in many scientific fields (for 
exhaustive references see Goldsmith 1998, Brown and Brown 1992), whereas a 
few recent studies on community ecology deal with the Semideciduous Atlantic 
Forest (Oliveira-Filho and Ratter 1995, Oliveira-Filho et al. 1997, Carvalho et 
al. 2000, Carvalho and Oliveira-Filho 2000, Oliveira-Filho and Fontes 2000). 
Countries that still have natural forests left should look carefully at the sad 
experiences of others, which became aware too late that restoration is much 
more expensive than protection. The Netherlands for example, with its for long 
impoverished flora and fauna, has been one of the leaders on developing 
integrated ecological approaches for nature restoration, but they know that the 
long term success of these efforts is still not known. 

The semideciduous Atlantic forest is eminently more threatened than the 
Amazonian, less studied than its evergreen counterpart, and even more degraded 
than both are. In fact, the Brazilian Amazon forest is almost intact. Since 1977 
less than 5% of the area has changed to land cover types other than forest and 
more than 25% is already under conservation regimes (figure 1.1). On the other 
hand, because of its strongly fragmented state, the more fragile Atlantic rain 
forest systems would have lost about 50% of the species if we consider 
predictions based on island biogeographical theory (figure 1.1). Fortunately, up 
to now no scientific study has been able to indicate any of the threatened plants 
or animals as extinct. Indeed, many species considered extinct 20 years ago have 
recently been rediscovered (Brown 1991). It is true that rare species, which have 
never been described, are probably already gone and the current fragmentation 
of this biome is causing the elimination of local populations and erosion of 
genetic diversity. 

This thesis was motivated by problems that usually start with practical 

questions: 

- What is the spatial pattern of semideciduous Atlantic forest remnants? 

- How can one quantify this pattern? 

- How can one quantify changes in the pattern? 
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Evergreen and semideciduous forests 

Atlantic forest biome according to 
Federal Decree ne 750/93 
Conservation units 

— ( study site 

Figure 1.1 Approximate cover of forest formations in Brazil and Minas Gerais, 
conservation units in the Amazon region, and location of study site. Modified 
from INPE (2000), SOS Mata Atlantica (1998) and IBAMA (2000). 

1.1 Problem definition 

Advances in computer science have aided the proper extraction of relevant 

information from remotely sensed images as well as the effective use of 

geographical information systems (hereafter termed GIS) to store, analyse and 

present all sorts of georeferenced information. GIS allow the integration of 

different land attributes, including remotely sensed images, and offer new 

opportunities to develop and extend ecological models (Burrough and 

McDonnell 1998). 

However, advances in remote sensing, GIS and computational resources 
inevitably pose additional challenges. The current and upcoming production of 
high resolution (spectral, spatial) data sets plus the ever increasing time series 
that have been collected since the Seventies must be effectively explored. 
Although remote sensing time series of images are promising to detect and 
analyse changes at the Earth's surface, many logistic and practical problems 
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hamper the use of remote sensing for that purpose. These problems include 
geometric matching, calibration issues, cloud coverage, and finding effective 
change detection algorithms for specific purposes. This study aims to contribute 
to the improvement of land cover change detection and to provide practical 
examples. 

The integration and proper analysis of high-dimensional data sets are steps 
of utmost importance for environmental research. New conceptual models in 
environmental sciences, like the perception of multiple scales, require the 
development of effective implementation techniques. In GIS, large databases are 
being generated with contributions from all over the world in various data types, 
structures, measurement scales, spatial scales and for different purposes, which 
demand more flexible analysis tools. Improvements in computational 
capabilities open plenty of research opportunities to tackle these challenges, 
where the theoretical formulation of recent approaches like artificial intelligence 
and multiscale transforms have been developed together with the application 
fields. 

The study presented here is concerned, in general terms, with the 
investigation of adequate methods to deal with these new geoinformation 
analysis challenges and, more specifically, with the provision of knowledge and 
tools for forest related research using remote sensing and GIS. 

1.2 Research questions and objectives 

In order to answer the practical questions posed in the beginning of this 
chapter, one needs to know whether the available techniques of measurement 
and data analysis have the necessary capabilities. Thus, the following technical 
questions have to be addressed: 

1) What are the preprocessing requirements to the application of remotely 

sensed time series in environmental modelling? How appropriate are the 

existing preprocessing techniques? How appropriate are the temporal 

analysis tools for change detection and quantification? 

2) What kinds of landscape features derived with remote sensing are relevant 

to map semideciduous Atlantic forests? Can temporal information 

improve traditional multispectral classification? How appropriate are the 

classification tools? 
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3) To what extent can geoinformation processing be automated? 

4) Can artificial intelligence and multiscale methods improve over 

traditional techniques? 

Analysis of research questions 

In the following paragraphs, questions will be translated into statements of 
what has been stressed by the scientific community (axioms) and of what will be 
explored in this thesis (postulates). 

On time series analysis: 

Axiom la) Cloud cover limits time series analysis with data derived from 
optical remote sensors (Addink and Stein 1999, Addink 2001, Wang et al. 
1999, Guo and Moore 1993, Roerink et al. 2000). 

Axiom lb) Temporal analysis of remotely sensed images is sensitive to 
geometric registration (Dai and Knorram 1998, Townshend et al. 1992, 
Singh 1989, Gong et al. 1992, Stow 1999, Igbokwe 1999, Bruzzone and 
Prieto 2000). In order to reach subpixel accuracy, lots of ground control 
points must be defined in a time consuming and difficult task for most 
cases. 

Axiom lc) Temporal analysis is also sensitive to radiometric noise (Johnson 
and Kasischke 1998, Singh 1989, Schott et al. 1988, Hall et al. 1991, 
Elvidge et al. 1995). Differences in atmospheric transparency, sensor 
characteristics and vegetation phenology may yield misleading results. 

On mapping forests: 

Axiom 2a) The spectral information provided by single date remotely sensed 
images is often not enough to distinguish among objects with similar 
reflectance behaviour (Strahler 1980, Janssen and Middelkoop 1992, Hill 
and Foody 1994, Ma and Olson 1989, Skidmore 1988). Spectral overlap 
occurs mainly with coffee and exotic tree crops in the case of natural 
forests in general (Sayer and Whitmore 1990), and particularly, in the case 
of semideciduous Atlantic forests (Varona 2000, Raga 2001). Spectral 
confusion poses theoretical and practical challenges to the operational use 
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of satellite remote sensing for forest mapping at regional scales 
(Townshend et al. 1997). 

Axiom 2b) Classification of agricultural crops has been successfully improved 
with the addition of temporal data of production cycles (Clevers et al. 
1990, Ortiz et al. 1997, Vieira et al. 2000). 

Axiom 2c) In traditional probabilistic classification, a number of statistical 
assumptions about the data, that are not always true, must be defined 
(Atkinson and Tatnall 1997, Friedl and Brodley 1997). These 
discrepancies between analysis tools and available data might lead to poor 
performance and hence suboptimal results. 

On automation: 

Axiom 3) Large scale mapping projects demand a large degree of automation 
to be realised. Limitations in the available tools have prevented the 
operational use of remote sensing for large areas mapping (Townshend et 
al. 1997). 

On alternative techniques: 

Axiom 4) Data sets derived from multiple sources are increasingly available 
for environmental modelling. The development of analysis tools able to 
handle such a data set in one framework has been recognised (Townshend 
etal. 1997). 

List of postulates: 

Postulate 1) Temporal profiles should be modelled with nonlinear regression 
techniques for a more effective minimisation of cloud contamination and 
distortions caused by misregistration. 

Postulate 2) Long time series can be used to improve the separation of spectrally 
similar objects on the Earth's surface. It can be particularly useful to 
distinguish between natural and man-made land cover types. 

Postulate 3) Geographical data carry information at multiple spatial and 
temporal scales. Automation could be more effective if this multiscale 
nature is taken into account during processing. 
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Postulate 4) Artificial intelligence techniques and multiscale methods can 
handle the increasing amount of available data more effectively than the 
traditional techniques. 

Objectives 

A proper balance between practical issues and technical methods is 
required to investigate the usefulness of Earth observation techniques and GIS 
for forest mapping and monitoring. Two practical objectives are listed below, 
where the emphases are on solutions to problems that forest managers have to 
deal with: 

(1) to define a mapping strategy for semideciduous Atlantic forest in the "Vale 

do Alto Rio Grande", and 

(2) to develop a deforestation warning system to enable timely action to be 

taken. 

Considering these practical objectives as a starting point, other specific 
objectives of a more technical nature arise. These are the problems that 
geoinformation scientists have to deal with: 

(1) to investigate methods in order to separate spectrally similar land cover 
types by using other information sources and/or alternative image 
analysis methods, 

(2) to develop a strategy to preprocess and extract information (e.g., change 
detection) from long time series of high spatial resolution data, 

(3) to develop an automatic approach for detection and quantification of 

land cover changes using remotely sensed images. 
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1.3 Scope and organisation 

Although focused on remote sensing image processing, this thesis is 
fundamentally concerned with new and advanced data analysis methods and 
most of the techniques described here can be used virtually in any application 
field. Specifically, applications of multiscale wavelet transforms to analyse and 
process remotely sensed images were explored, since these techniques proved to 
be superior to others for answering some of the research questions. The core 
chapters were developed and applied to aid the solution of problems related to 
mapping forests and deforestation through the use of advanced tools for 
geoinformation gathering, feature extraction and knowledge discovery. 
Multiscale methods for processing 'hyperdimensional' and noisy remotely 
sensed data are proposed and exemplified in case studies within the "Vale do 
Alto Rio Grande", southeastern Brazil. 

The thesis is organised in eight chapters. Most of these individual chapters 
provide an extensive literature review on the subject and a comparison of 
existing techniques. A short overview of each chapter is elaborated in the 
following paragraphs and a schematic outline of the processing steps carried out 
in this study is illustrated in figure 1.2. 

Chapter 1 starts with a description of my reasons for embarking on this project 
followed by the definition of research questions and objectives. The 
chapter ends with an outline of the thesis contents. 

Chapter 2 brings a detailed description of the study site and of the Atlantic 
forest domain in Brazil with emphasis on its seasonal variant: The 
Semideciduous Atlantic Forest. 

Chapter 3 presents the theoretical background on geographical information 
processing with the basic aspects of remote sensing, multiscale analysis, 
and machine learning techniques. 

Chapter 4 presents a new method to denoise remotely sensed time series. In 
particular, to remove outliers due to the presence of clouds and associated 
shadows. 

Chapter 5 explores the use of a declouded time series of NDVI (Normalised 
Difference Vegetation Index) data, terrain elevation, slope and aspect, and 
spectral data to improve discrimination of forested areas. Additionally, 



Introduction Q 

classifiers based on artificial intelligence are compared to the traditional 
maximum likelihood classifier. 

Chapter 6 introduces a new approach to improve the results of digital change 
detection by discriminating changed sites according to size classes. The 
technique facilitates a rapid assessment of deforested areas to warn 
authorities and to enable a rapid response. 

Chapter 7 describes a compound procedure for automated GIS updating based 
on the approach developed in chapter 6, on image segmentation, and on 
subsequent classification. 

Chapter 8 evaluates the main outcomes of each chapter and of the thesis as a 
whole. It brings answers to the research questions as well as 
recommendations for future research and operational applications. 
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Main objectives: (1) Definition of a mapping strategy for semideciduous 
Atlantic forest in the "Vale do Alto Rio Grande" region. 
(2) Development of a deforestation warning system. 

Data preparation: preprocessing time series to eliminate corrupted 
observations, to facilitate further analysis, and to enable extraction of 
meaningful information. 

[Chapter four] 

Supervised classification: exploratory 
experiment on mapping forested areas 
using different sets of attributes and 
a number of algorithms for pattern 
recognition. 

[Chapter five] 

Multiscale change analysis: methodology 
development to improve digital change 
detection using remotely sensed images. 

[Chapter six] 

Automation of change detection: system development for GIS updating 
based on feature extraction with multiscale change analysis, segmentation 
with a region growing algorithm, and supervised classification of remotely 
sensed images that have undergone data preparation. 

[Chapter seven] 

Figure 1.2 Schematic outline of the main processing steps carried out in this thesis 
to achieve the given objectives. 
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An Area ofSemideciduous Atlantic Forest 

There are two different definitions of Atlantic forest currently in use. The 
more traditional one, the Atlantic forest sensu strictu, is defined by the areas of 
dense and open evergreen forests (Veloso et al. 1991) that occur along the 
Brazilian coast and extending 300 Km inland. The other definition {sensu lato), 
more complete and increasingly used nowadays, adds the seasonal 
semideciduous and the mixed umbrophilus (Araucaria forests) forests. 
Therefore, the Atlantic forest sensu lato is divided in approximately 45% of 
semideciduous forest, 18% of mixed forest, and 37% of evergreen forest. 

The semideciduous forest included in the sensu lato definition occurs 
between the evergreen Atlantic forest and the "Cerrado" (Brazilian savanna) 
domains. Up to now it has been called dry semideciduous forest (Rizzini 1979), 
subtropical forest (Hueck 1972), seasonal tropical forest (Andrade-Lima 1966), 
and tropical caducifolious forest (Veloso 1982) but no scientific consensus has 
been reached concerning a proper label. Recently, a meticulous study on floristic 
similarities among savanna woodlands, Amazonian, and Atlantic forests has 
shown that the semideciduous forest of southeastern Brazil is in fact a 
subdomain of the Atlantic forest (Oliveira-Filho and Fontes 2000). Hence, it will 
be called semideciduous Atlantic forest throughout this thesis. Another good 
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reason to call it this way is that if included in the Atlantic forest domain it will 
inherit world-wide charisma and the legal instruments of protection that the 
Atlantic forest already possesses. 

2.1 Historical aspects 

It is supposed that the Brazilian Atlantic forests have once covered about 
one million square kilometres (Mori et al. 1981), corresponding to almost 12% 
of the country's area. Unfortunately, only approximations can be obtained 
because deforestation started just after colonisation and in the nineteenth century 
most of the forest was already cut down. Rizzini (1979) suggests that its 
northern limit was located at about 5° S in the state of Rio Grande do Norte. Its 
southern limit is probably the current one, at about 30° S along the river Taquari 
in the north of the state of Rio Grande do Sul (Por 1992). Nowadays, estimated 
figures indicate that it has been reduced to less than 5% of the original cover and 
has become one of the most important examples of the radical destruction of 
tropical forests reported in any book concerned with the subject (e.g., Whitmore 
1990, Terborgh 1992, Whitmore and Sayer 1992). 

The area chosen to study the semideciduous Atlantic forest is located in 
the "Vale do Alto Rio Grande" region in the south of Minas Gerais, southeastern 
Brazil. The occupation of this region was characterised by four economic cycles 
(SEBRAE 1998), viz. gold mining, ranching and agriculture, coffee, and 
industrialisation. Gold mining in the eighteenth century was the first important 
activity in the region. Mining was soon abandoned giving room to ranching and 
agriculture. In the nineteenth century, the region was the main furnisher of cattle 
and working animals to the market of Rio de Janeiro, which was by that time the 
capital of Brazil (Filetto 2000). The main agricultural crops included cotton, 
tobacco and sugar cane. Later in this century, the culture of coffee was 
introduced and increased very fast to become one of the main causes of 
deforestation in the region (Oliveir-Filho et al. 1994). Nowadays, besides the 
increasing industrialisation, coffee and milk production form the main 
economical activities in the region. 

This complex land use pattern has major consequences for interpretation 
and automatic analysis of remotely sensed images. Problems related to spectral 
overlap, spatial variability, mixed observations (i.e., various land cover types 
represented with a single value), and the multiscale nature of the sensed scenes 



An area of semodeciduous Atlantic forest 13 

are increased considerably. In addition, forest distribution patterns are strongly 
related to human occupation as mentioned before. 

2.2 Physiographic characteristics 

The following items provide a description of the area chosen to study the 

semideciduous Atlantic forest (figures l.l and2.1). 

Location 

The study area shown in figure 1.1 is delimited by the coordinates 
21° 04'49" - 21° 47'05" S and 44° 01*31" - 45° 03'52" W (figure 2.1). This 
area was chosen because it is one of the study areas of the large scale project 
mentioned in chapter 1 and is very representative of the fragmented landscapes 
that occur in the semideciduous forest domain. 

45°00' W 

de S30 Jos6 

Serra de 
Sao Tom6 

45°00' W 

Figure 2.1 Water resources, urbanisation, and 
principal mountain chains of the study area. 
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Geology and lithology 

Arquean, Proterozoic, and Tertiary-Quaternary Litho-Stratigraphical 
geological units occur in the region (Lacerda 1999). Arquean units are composed 
of calcic alcaline potassic granulites, granitic granodioritic gneisses, mafic and 
ultramafic rocks, anfibolits and metabasalts of the greenstone-belt of Lavras and 
of the greenstone-belt of the Rio das Mortes. Proterozoic units are composed of 
a series of granitic granodioritic plutons and metasedimentary formations of the 
Serra de Bom Sucesso. Tertiary-Quaternary units are represented by alluvial 
covers (Lacerda 1999). Geology and lithology are perhaps the primary factors 
that will determine other physiographic aspects such as geomorphology, 
drainage network and distribution of soil types. All these factors have some 
impact on forest distribution and consequently on remote sensing observations 
as described in the items below. 

Geomorphology 

The "Vale do Alto Rio Grande" is characterised by gentle hills, with 
altitudes ranging, in most of the region, between 700 and 1000 m. However, 
altitudes between 1100 and 1400 m occur on the steeper ridges of the mountain 
chains shown in figure 2.1 (Oliveira-Filho et al. 1994). Additionally, flat areas 
are represented mainly by flood plains at the rivers' margins and by a few 
localised plateaus. It is supposed that geomorphology has an influence in the 
distribution pattern of forests in the region, since they determine the land 
suitability for agricultural practices. Besides, mountainous relief in combination 
with the position of the sun by the time of image generation affects the 
reflectance of terrain objects by forming shadows in the scene. 

Climate 

The climate of the region is classified as Cwb and Cwa types of Koppen's 
system (Koppen 1931), i.e. temperate to subtropical temperate climate with wet 
summer and dry winter. Although lying in the tropics, its altitude explains the 
Cwa and Cwb climate types (Eidt 1968). Data collected by the Meteorological 
Station of Lavras (21° 13' 40" S, 44° 22' 35" W, 900 - 950 m altitude) 
provided the following average figures for the period 1960 - 1992: annual air 
temperature of 19.03 °C with monthly temperatures ranging from 16.03 °C 
(July) to 21.82 °C (February); annual rainfall of 1517.0 mm (93% occurring 
between October and April) with monthly rainfall ranging from 19.2 mm (July) 
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to 293.3 mm (January). The deciduous nature of the forests in the region is 
certainly a reflex of this strong climatic seasonality described above, which in 
turn increases the variability of temporal remote sensing observations. 

Hydrography 

The main river in the study area is the "Rio Grande". After merging with 
the "Rio Parnaiba" in western Minas Gerais, the Rio Grande becomes the "Rio 
Parana", which is the main watercourse of the second largest river system of 
South America. Other important watercourses crossing the study area are the 
"Rio das Mortes" and the "Rio Capivari", besides a number of small 
contributors. Additionally, two artificial water reservoirs, Camargos and 
Itutinga, were built in the region to generate hydroelectric energy (figure 2.1). 
Semideciduous Atlantic forests are strongly related to gallery forest formations 
(i.e., that protect watercourses). The consequences for remote sensing 
observations is that a dendritic spatial pattern is evident from the drainage 
network, characterising a high complexity of forest boundaries associated with 
gallery forests. 

Soils 

The main soil types of the region are Latosols, Cambisols, Lithosols, 
Podzolic soils, Hydromorphic soils, and Alluvial soils (Brazilian Classification 
System). Latosols occur predominantly where the slope gradient is lower than 
12%, although Hidromorphic and Alluvial soils might occur at flooded plains 
where the slope gradient is lower then 3%. Podzolic soils occur where the slope 
gradient is higher than 12% and lower than 45%, although Cambisols and 
Lithosols might occur locally where the slope gradient is higher than 24% 
(Lacerda 1999). 

Soils are probably the most important natural factor that drives the 
distribution of forests in the region. Semideciduous Atlantic forests are very 
interspersed with savanna formations as a function of changes in soil fertility 
(Ratter 1992). 

2.3 Available data 

The main remote sensing data used in this thesis came from the Landsat 
Earth observation satellite program. One image from the Landsat Multi-Spectral 
Scanner (MSS) acquired in July 1981 and 27 images from the Landsat Thematic 
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Mapper (TM) acquired from 1984 till 1999 (table 2.1) were available for this 
study. Landsat TM images were purchased with three spectral bands, viz. red 
(band 3), near infrared (band 4) and mid infrared (band 5), except for the image 
of August 1998, which had all six TM optical bands included. The main reasons 
to use only three TM spectral bands were: (1) less amount of data to be analysed 
and consequently less disk space needed for storage, (2) the selected bands 
represent more than 80% of the spectral information (i.e., the excluded bands are 
highly correlated with the selected ones), and (3) the costs per scene were 
considerably reduced. Auxiliary data comprised orthophotos (1:10.000) and 
digitised contour lines with 20 m of vertical resolution. 

Table 2.1 Acquisition dates (day/month/year) of Landsat TM images used in this study. 

12/10/84 
09/06/85 
15/10/85 
16/11/85 
14/07/86 
03/11/86 
17/07/87 
13/03/88 
03/07/88 

04/06/89 
22/07/89 
26/10/89 
25/07/90 
23/04/91 
14/09/91 
30/07/92 
01/07/93 
05/08/94 

05/06/95 
31/01/96 
07/06/96 
28/07/97 
01/11/97 
16/08/98 
29/04/99 
19/08/99 
23/11/99 
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Geographical Information Processing 

Advanced tools for data gathering and analysis have been developed using 
techniques that resemble biological systems. Man-made devices measure 
physical quantities in an attempt to mimic sensing strategies found in nature. In 
fact, they have gone beyond biological sensors to register signals that range 
from molecules to outer space with ever-increasing capabilities for spatial, 
spectral, temporal and geometric resolutions. The way living beings perceive the 
environment to extract features of interest motivated the development of 
multiscale analysis tools, where the sensed signals are first evaluated as a whole 
and then searched for important structures in a range of 'size' classes. Finally, 
artificial intelligence approaches were developed based on the learning strategy 
of biological systems, which experiment with the features extracted from the 
environment and 'learn' or recognise patterns of events and relationships. 

Some peculiarities of modelling the signals sensed by these remote 'eyes' 
in a land observation context will be described in section 3.1. The chapter 
continues with a detailed description of one particular approach to feature 
extraction, the multiresolution wavelet analysis, which is presented in section 3.2 
and extensively used throughout the thesis. In section 3.3, methods used in 
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further chapters for pattern recognition and knowledge generation from 
geographical data will be briefly introduced. 

3.1 Sensing the Earth's surface 

One of the most basic and important procedures in geographical 
information sciences is appropriate data acquisition. This task has been 
accomplished with field surveys and remote sensing techniques. Remotely 
sensed data are generated by measuring devices that record a physical quantity 
of interest, which has interacted with the Earth's surface. It could be compared 
to the retina of the human visual system, forming images to be further processed 
by the brain. The measured radiation gives an indirect link with environmental 
variables of interest (e.g., tree density) through the use of state variables (e.g., 
vegetation indices) that can be estimated directly with remote sensing (Curran et 
al. 1998). Hence, remote sensing techniques provide an acquisition oriented data 
model representing conceptual views or images of the world (Molenaar 1996), 
which are structured in some way and subject to a number of processing routines 
in an attempt to increase our understanding of the environment. 

Reflectance value 

Figure 3.1 (a) Example of the discretization of a continuous field (i.e., the Earth's 
surface) illustrating the raster structure used to represent reflectance 
measurements. Each square in (b) has a unique value of reflectance. Image of 
the water reservoirs located within the study site. 
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A remotely sensed image represents a description of a region on the 
Earth's surface at one specific point in time. The radiation measurements are 
normally organised as a regular tessellation of cells, called pixels, each 
representing a mixed value of reflectance or emittance of an area on the ground 
(30 x 30m in the case of the image in figure 3.1). The set of adjacent pixels is 
then a discretization of a continuous field or surface of attribute values (e.g., 
reflectance), where the values are assumed to vary somewhat smoothly over a 
certain region (Burrough and McDonnell 1998). This statement describes a 
conceptual model of the real world known as the continuous field and a related 
data structure known as raster (Peuquet 1990), which are widely used in GIS. 
Because the raster is a collection of elements in a regular grid, it can be ordered 
in rows and columns, indexed accordingly and linked to a coordinate system. In 
this way, multivalued raster structures (Molenaar 1998) can be built to provide 
more complete characterisations using more than one attribute for each image 
pixel (figure 3.2), for instance, reflectance features sampled in various portions 
of the electromagnetic spectrum (multispectral images) or in different points in 
time (multitemporal images). 

Figure 3.2 Example of a multivalued raster representing different reflectance 
characteristics of terrain objects along the electromagnetic spectrum. Landsat TM 
(a) band 3, (b) band 4, and (c) band 5. 

The size of the sides of an image pixel defines the resolution of the raster. 
In principle, the smaller the pixel, the better the objects can be resolved in detail. 
The final geometric resolution of a raster is then a compromise between the 
required spatial detail and the amount of data to be acquired and processed. For a 
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complete specification of a given scene, the pixel size should be less than half of 
the size of the smallest detail to be evaluated (i.e., Nyquist rate) (Molenaar 
1998). However, an excessive increase in variability within 'homogeneous' 
terrain objects (e.g., a forest patch) may happen if very small pixels are used 
(Townshend 1981). 

3.2 Perceiving the environment 

In the last decades, much attention has been paid to the multiresolution 
characteristic of processes and patterns in general. Good examples are remotely 
sensed images, which provide different information and noise at various spatial 
scales. Analysts have become aware that image processing is considerably 
improved if the scenes are viewed at multiple resolutions because the 
information of interest might be characteristic of just a few scale levels. In this 
context, the capacity of perceiving scales might be the key for a better 
understanding of our landscapes and an aid to the automatic analysis of remotely 
sensed images. It is a common belief that biological visual systems first evaluate 
the overall scene (i.e., coarse information manifested at large scales) of reflected 
energy and then analyse edges and objects of interest (i.e., detailed information 
appearing at a range of scales). 

A note on scale 

The meaning of scale varies so much between and within disciplines that 
care should be taken to avoid terminological confusion. The ratio between a 
segment on a map and the corresponding segment on the Earth's surface is 
probably the oldest and the most popular notion of scale. Scale is also used to 
indicate the spatial extent of a study area. Comparing the two connotations 
above, a 'large scale map' provides more detailed and, consequently, 
voluminous information, which is usually limited to small geographical areas. 
On the other hand, a 'large scale study' covers a large geographical area and 
usually omits detailed information. Besides the two described concepts of 
cartographic scale (map scale) and geographic scale (extent or domain), other 
important notions of scale include the resolution (grain or sampling interval) and 
the operational scale. The term resolution is used to refer, for instance, to the 
size of the smallest observable object or to the pixel size, which defines, together 
with the geographic scale, the limitations to represent a given scene. Finally, the 
operational scale refers to the interval at which a phenomenon operates (Lam 
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and Quattrochi 1992). In this thesis, the meaning of scale will always be clear 
from the context and used mostly in the sense of resolution or geographic scale, 
where small scales present detailed information and large scales represent coarse 
views of the scenes or signals. 

These important aspects of scale are useful and obvious when we make 
observations as a function of space (i.e., position), but the same principles apply 
to the temporal, spectral or other dimensions of the world and are fundamental to 
their proper characterisation. Even so, the vast majority of techniques for 
geographical information processing have been driven by the 'fixed scale 
paradigm'. Regarding remote sensing and GIS, resolution-invariant methods 
have proliferated mainly because of simpler data structures and analysis (Csillag 
1997). In this framework, the information contained in the multiple scales of the 
data cannot be analysed or used separately yielding results that also combine the 
influence of variables that might be characteristic of just a few scale levels. 
Environmental processes operate at multiple scales generating patterns that have 
a multiscale nature as well. Like the real world they portray, remotely sensed 
data 'show' different or complementary information at different scale levels. 
This fact has important implications for analyses, representations and 
interpretations of data and accuracy. 

The almost infinite resolutions of our world in all of its dimensions have 
raised an increasing interest in scale issues, which are now recognised as 
fundamental to any research area. Nevertheless, only a few (under-development) 
tools exist, which are appropriate to derive and study the information contained 
in multiple scales of the data. 

Introduction to a potential tool 

We now come back to the device measuring a physical quantity of 
interest. In application fields ranging from chemometrics to astronomy, the 
device is a remote sensor and the physical quantity is the reflected 
electromagnetic energy, which is recorded in digital or analogue format usually 
as a function of space J{x,y), e.g. a raster. Lets pick, as an example, one line of 
our digital image and plot it (figure 3.3) as a function of just one variable j{t) to 
simplify presentation. 

One common way to extract information from this function is to compare 
it with a set of test functions. Basically, a high coefficient results from this 
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comparison where the function under evaluation is more similar to the test 

functions. Well-known sets of test functions are the dilations by a factor co of a 

single periodic function e" in Fourier transformations (Fourier 1822). 

a 0.1 

Figure 3.3 Plot of reflectance values referent to the white line of the image on top. 

The Fourier transform accurately reflects in a^ which frequencies occur in 

the input signal: 

«„ = </(0, *'•'>• (3.1) 

Where, i is the imaginary unit (i2 = -1) and < , ) stands for the inner (or scalar) 

product in the space L2 of square integrable functions. If h(t) and g(i) are two 

functions in L2, their inner product in the interval [a,b] is a measure of similarity 

between the two functions, which is defined by: 

(Kt),g(t))=[h(t)-g(t)dt. (3.2) 

Where " " stands for complex conjugate, such that the conjugate of a + ib is 

a - ib, with i being the imaginary part of the complex number ib. For example, 

using the complex conjugate of e"**, the inner product of equation (3.1) becomes: 

{f(t),eia)t)=lJ(t)-e-i"t dt 
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Besides the frequency localisation property mentioned above, practical 

applications require good time (or space) localisation as well. This requirement 

was partially achieved by the windowed Fourier transform (Gabor 1946), which 

uses pieces of periodic functions instead of infinite waves as test functions. 

However, sudden breaks between pieces might generate artefacts, especially in 

2D signals. Moreover, a choice has to be made concerning the size of the 

analysing pieces, generating a compromise towards local or, otherwise, global 

characterisation. The new set of test functions %t(0 in the wavelet transform 

goes a step further and tells us when (or where) each frequency component 

occurs more efficiently than the windowed Fourier transform. One of its aims is 

to provide an easily interpretable visual representation of signals. While Fourier 

coefficients in (1) have an index co related to the frequency, the wavelet 

coefficients are characterised by a parameter j , referring to a scale of octaves 

(doubling the frequency when A/ =1), and a positional parameter k: 

ajk={f(t),\lfjk(t)). (3.3) 

This comparison might operate in continuous time (on functions) or in 
discrete time (on vectors). The raster data structure presented before is strictly 
discrete and consequently, the wavelet transforms used here will also be discrete. 
Fortunately, multiresolution analysis and wavelet transforms have a strong 
connection with the discrete filters of signal processing, which will serve as the 
basis for the following presentation. 

The remainder of this section provides a textual overview of wavelet 
transforms and multiresolution analysis with emphasis on aspects used in further 
chapters. For a complete mathematical characterisation of wavelets, which is not 
the purpose and not even achievable in one section, a whole thesis would be 
necessary. Extensive literature exists on the subject and a few recent references 
will be recommended here. Strang and Nguyen (1997) bring a comprehensive 
introduction to the theory of wavelets and filter banks, whereas Prasad and 
Iyengar (1997) provide a basic mathematical background and some practical 
applications to image processing. Daubechies (1992) and Mallat (1998) present 
in-depth developments, whereas Starck et al. (1998) present application oriented 
material with numerous examples in various fields, including geoinformation 
sciences. 
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Digital filters and filter banks 

In signal processing, a digital filter is a time-invariant operator, which acts on an 
input vector (i.e., digital signal), producing a transformed vector by means of 
mathematical convolution. Let the operator be h = [1/2,1/2] acting on an input 
vector x, with TV elements. Then, the «th element of the transformed output vector 
y is computed from two consecutive elements of x: 

7(»)=Z*('M»-0-
Where, h(l) is the /* element in the operator. 

(3.4) 

This is the so-called moving average, because the output averages the 
current element x(n) with the previous one as the operator moves forward over x. 
The moving average smoothes out the bumps in the signal. It is also called 
lowpass filter because it reduces the high frequency components (i.e., the 
bumps) keeping only the low frequency components of the signal. Now, let the 
operator be g = [1/2, -1/2] acting on the same input vector x to produce another 
output vector. This operator computes "moving differences". It picks out the 
bumps or high frequencies in the signal and thus, is called highpass filter. Figure 
3.4 illustrates the convolution of the example signal with a lowpass and a 
highpass filter. 

0.25 

0.15 

0.05 

-0.05 

0.25 

0.15 

0.05 

-0.05 

Figure 3.4 (a) Line-profile of figure 3.3 with (b) respective low frequency (top) and high 
frequency (bottom) components. 
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These kinds of filtering operations are well known in geoinformation 
sciences and for long have been used to smooth images and enhance objects' 
edges (Burrough and McDonnell 1998), but they can do a lot more. The lowpass 
and highpass filters alone lack the desirable property of invertibility because one 
cannot recover x from y. Together, they separate the input x into complementary 
frequency bands that can be combined to recover the original signal. This 
combination is termed filter bank or quadrature mirror filters (QMF) (Esteban 
and Galand 1977), which only recently have gained attention from the 
geoinformation community and turned out to be extremely useful. The 
advantages are that the subband signals can be efficiently filtered, compressed, 
enhanced, transmitted, and then reassembled if so desired. Figure 3.5 illustrates a 
complete two-channel filter bank with analysis (decomposition), sub-band 
manipulation (e.g., filtering), and synthesis (reconstruction). 

, Analysis . Manipulation. Synthesis 

Input 
ha 

ga gs 
Output 

Figure 3.5 Schematic representation of a filter bank. 

Perfect reconstruction (i.e., output = input) is achieved if no 
manipulation is carried out and if the synthesis bank (hs and gs) is the inverse of 
the analysis bank (ha and ga). In this sense, the filter banks might be orthogonal, 
biorthogonal (h orthogonal to g, h and g independently orthogonal), 
semiorthogonal (h and g independently orthogonal, but spaces associated with h 
and g are not individually orthogonal) or even nonorthogonal (Stark et al. 1998). 

The novelty about wavelets and the key concept of "scale" come from a 
procedure of recursive implementation of the filter bank: signals are represented 
with variable resolutions when we apply the same transform (lowpass and 
highpass filtering) on the outputs of the analysis bank. If this process iterates, we 
move to coarser scales as far as desired, depending on the length of the input 
signal and on the objectives of the analysis. Usually, we consider only the 
outputs of the lowpass filter for iteration (figure 3.6), but other possibilities 
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exist; the complete tree (lowpass and highpass are iterated) and the wavelet 
packets (lowpass and/or highpass are iterated). 

Input 
image 

<— 
-Lowpass-

filter 
Overall 

-Highpass-
filter 

Detail 

-Lowpass-
filter 

-Highpass-
filter 

Overall 

Detail 

Wavelet "logarithmic" tree 

- ^ 

^ 
Complete binary tree Wavelet Packet tree 

Figure 3.6 Schematic representation of three possible structures 
for recursive implementation of filter banks. 

Wavelets and multiresolution 

In continuous-time, there exist a scaling function (j)(f), also known as the 
father wavelet, corresponding to the lowpass filter and a wavelet function w(t), 
also known as the mother wavelet, corresponding to the highpass filter. They 
both involve the sets of filter coefficients h{l) and g(l) from discrete time. The 
scaling function is produced by the so-called dilation equation, whereas the 
wavelet function is produced by the wavelet equation: 

Dilation equation: (j)\t)=2yh{l)(l){2t — l). (3.5) 

Wavelet equation: w(t)=2^g(l)<p(2t — l). (3.6) 

Considering the filter coefficients of our example (1/2, 1/2 and 
1/2, -1/2), we have the dilation equation and the wavelet equation from h and g: 

0{t) = </>{2t)+</>{2t-l) and w(t) = <p(2t)-</){2t-l). 
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In this case the dilation equation produces the box function and the 

wavelet equation produces the Haar function (figure 3.7). 

Hi) 

1 t *-. 0 
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Figure 3.7 The box function (top) and the Haar wavelets (bottom). 

Wavelet stands for 'small wave' (a pulse). In the case of the Haar 
wavelet (figure 3.7) it is a 'square' wave. It is one of the simplest wavelets and a 
standard example, which is used to demonstrate the principles in most textbooks 
because the idea is fundamental to all others. Alfred Haar introduced it almost 
70 years before the concept of "ondelette" (wavelet) was born in France (Haar 
1910). Again, the novelty concerns the recursive implementation and not the 
functions; wavelets might be piecewise constant functions, continuous piecewise 
linear functions, splines etc. 

The simultaneous appearance of t and It in the dilation and wavelet 
equations characterises its multiscale nature. Meyer (1989) introduces 
multiresolution using a metaphor: "From a subtle and complicated image, one 
may extract...a schematic version...being a sketchy approximation resembling 
the pictures one can find in cartoons. " Then, a set of better and better sketchy 
approximations of the original image resembles a multiresolution representation. 


