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Summaryy and Discussion 

SomehowSomehow I cannot believe that there are any heights that cannot be scaled by 
aa man who knows the secrets of making dreams come true. This special secret, 
itit  seems to me, can be summarized in four C's. They are curiosity, confidence, 
courage,courage, and constancy, and the greatest of all is confidence. When you believe 
inin a thing, believe in it all the way, implicitly and unquestionable. 

byby Walt Disney (1901-1966) 

Summary y 
Thiss thesis is concerned with software design for image processing. The intention in 
thiss thesis is not to cover all aspects of software development for image processing 
butt to concentrate efforts on the underlying concepts of mathematical morphology 
andd present a new approach to morphological software development. Mathematical 
morphologyy is the science of shape and structure, based on set-theoretical, topological 
andd geometrical concepts. It provides a set of tools for image processing and analysis 
thatt has been used to a wide number of applications. Mathematical morphology 
extractss information about the geometrical structure of an object by transforming 
itt through its interaction with another object called the structuring element. As a 
nonlinearr branch of image and signal processing, mathematical morphology represents 
aa rupture with classical linear processing and facilitates the application of various 
mathematicall  concepts and evolving disciplines to image processing. 

Thee goal of this thesis is to combine both theory and practice in such a way as to 
producee reliable, precise, and generic algorithm representations in order to overcome 
thee combinatorial explosion of code needed to deal with all possible kinds of data 
structuress and image types. Algorithms should be written with the guarantee that 
thee desired implementation should be written once, process data in an abstract way, 
andd be efficient at the same time. 

Thee fundamental requirements any morphological software should have are de-
rivedd from a review of some of the most used software packages and image libraries 
withh respect to mathematical morphology including Mmach, Mmorph, Micromorph, and 
Visi log.. This makes it possible to characterize their deficiencies. For instance, al-
gorithmss are designed and implemented for every single data type, which leads to 
specificc implementations and to a variety of similar algorithms. In addition, code 
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needss to be written for every single data type, generating code proliferation, lack of 
reuse,, and maintenance problems. These aspects call for software for mathematical 
morphologyy that has to be generic and should support a large variety of data types. 

Forr instance, a typical image library with 40 operators (see tables 1.1 and 1.2) even 
forr mathematical morphology alone, when combined with 20 image data types, leads 
too a combinatorial explosion of code needed to deal with all possible combinations. 
Thiss induces several problems in terms of maintenance, extensibility, and testing. 

Therefore,, the focus of this thesis is to find a proper answer for the following prob-
lem:: How can generic programming be applied to mathematical morphology in order 
toto obtain generic, reusable, and theoretically compliant software while maintaining 
veryvery good processing speed? 

Inn other words, the fundamental requirements any morphological software should 
havee are summarized as follows: 

1.. There should be support for a large variety of image data types. The pixel 
valuee may be scalar, a two-dimensional vector, or a three-dimensional vector. 
Independently,, the data array may be two-dimensional or three-dimensional. 
Yett independently the individual data may be captured as byte, char, in teger, 
short,, f l oa t, and double. In effect, this results over 20 different image data 
types.. See table 1.2; 

2.. The software should be implemented using generic constructions in order to 
avoidd code proliferation and lack of reuse; 

3.. The software should reflect the theory, i.e. the gap between programming and 
thee theory about mathematical morphology should be as small as possible. In 
addition,, the orthogonality of the operators in theory should be mapped in 
software; ; 

4.. The software should consider speed, regardless the need for genericity. 

Thee results obtained in the thesis are discussed per chapter in the following para-
graphs: : 

Chapterr 2 A Generic Programming Paradigm for Image Processing: This 
chapterr gives an overview of the current approaches to abstraction and reuse in 
thee field of image processing. The Programmer's Imaging Kernel System (PIKS) 
ass well as other non-standard packages like SCIL-Image, the Image Understand-
ingg Environment (IUE), and the Khoros System are discussed. It also provides 
aa brief overview about the evolutionary approach taken from specific code im-
plementationss towards generic ones. The generic programming paradigm is 
describedd as a way to obtain effective solutions for image processing problems 
withh respect to design and implementation. Generic programming provides ef-
fectivee solutions to support a large variety of image data types. Therefore, the 
firstfirst requirement for morphological software is fulfilled. This chapter shows how 
genericc programming can be effectively used to solve common image processing 
problemss in design and implementation by means of C++ and Standard Template 
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Libraryy (STL). Therefore, the second requirement for morphological software is 
fulfille dd as well. This chapter describes the outline of an implementation in a 
novell  image processing library called Horus. 

Thiss chapter shows that generic operators and operations on images are con-
structedd according to the rules set by generic programming. These operators 
andd operations constitute the set of elementary patterns that is needed in an 
imagee processing library. Image processing patterns give flexibilit y to choose 
appropriatee representations and facilitates the development of more abstract 
algorithms. . 

Chapterr 3 The Complete Lattice Framework: This chapter explains math-
ematicall  morphology from the point of view of complete lattices. Pixel and 
imagee lattice frameworks are described. The complete lattice is needed to fulfil l 
thee third requirement for morphological software. Erosions and dilations with 
aa finite support are also described since they are often used in mathematical 
morphology.. This chapter also shows that the supports for erosion and dilation 
aree as tightly coupled as the erosion and dilation themselves. For a translation 
variantt adjunction, the support of the erosion and dilation are not trivially re-
latedd and thus a redundant characterization for the adjunction needs to be used 
byy giving both supports for erosion and dilation. 

Thiss chapter claims that if an image processing algorithm does not fit into the 
completee lattice framework, it is out of the scope of mathematical morphology. 
I tt briefly addresses the parallel pattern (see chapter 4) and concludes that many 
off  the well known morphological algorithms used in practical image processing 
aree based on iterations of erosions and dilations using sequential and queue-
basedd implementations, which are covered in chapters 5 and 6 respectively. 

Afterr preparations, the generic programming paradigm can be applied to math-
ematicall  morphology in chapters 4, 5, and 6 in the form of parallel, sequential, and 
queue-basedd patterns. 

Chapterr 4 The Parallel Pattern: This chapter provides the fundamental con-
ceptss of the parallel implementation based on the complete lattice framework. 
Thee generic pattern is completely characterized by its components namely the 
iterator,, the pixel lattice, and the adjunction and serves as the basis for the con-
structionn of the parallel pattern. It also addresses the flat morphology, including 
structuringg elements, structuring element decomposition wherever possible to 
obtainn fast algorithms. This chapter gives some examples on the application of 
thee parallel pattern for scalar and non-scalar lattices including grey-scale and 
colorr images. A parallel pattern implementation based on the Horus library 
structuree is also described, including a solution to the border problem. 

Thiss chapter discusses the applicability of a general theory for mathematical 
morphology,, well established in the complete lattice framework, in the con-
structionn of the generic pattern for morphological algorithm representations. 
Thee generic pattern was constructed with the three basic building blocks namely 
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thee iterator, the pixel lattice and the adjunction and was applied in the effective 
implementationn of algorithms and applications. It was also demonstrated that 
manyy algorithms in the literature are all reduced to the parallel pattern (see 
tablee 4.1). 

Chapterr 5 The Sequential Pattern: This chapter introduces the necessary foun-
dationss needed to describe the sequential pattern, including concepts like im-
ages,, pixels, and pixel sequencing. Next, the iterative morphological operators 
aree discussed. This chapter introduces the sequential implementation for ero-
sionss and dilations. Such algorithmic constructions are considered as a step to-
wardss the achievement of the fourth requirement (i.e. that the software should 
considerr speed, regardless the need for genericity), which is fulfilled in chapter 
6.. This chapter presents two classical examples of the application of the se-
quentiall  design pattern namely, the distance transform and the morphological 
reconstruction.. It is also proven in this chapter that erosions and dilations, when 
implementedd according to the sequential implementation, achieve idempotence 
afterr a certain number n of iterations for any sequencing operator. 

Thee morphological sequential pattern provides a useful and efficient way for 
thee development of morphological operators and applications (see table 5.1). 
Suchh pattern gives a certain number of common rules that can be used to pro-
ducee well-designed algorithms as well as implementations. A sequential pattern 
comprisess some important aspects of the reuse of morphological building blocks 
originatedd from the complete lattice framework. It also makes clear that there 
aree special cases when performance is degraded due to large number of scans 
neededd to reach stability. Such cases may be dealt effectively by the queue-based 
pattern. . 

Chapterr 6 The Queue-based Pattern: This chapter discusses the general class 
off  algorithms that can be implemented using queue-based constructions. These 
algorithmss share a number of characteristics that are used to provide a generic 
representationn for queue-based algorithms. They include: the use of total or-
deringg relation, a queue-based data structure, two-step structured algorithms, 
aa wavefront propagation interpretation, iteration until stability, and the origin 
includedd in the structuring element support. In this chapter, queue-based algo-
rithmss are used in conjunction with the generic pattern representation in order 
too provide a queue-based pattern construction, which leads to fast algorithm 
implementationss addressing each pixel only once. Therefore, the fourth require-
mentt for morphological software is fulfilled. This chapter gives examples of mor-
phologicall  operators and operations constructed using a queue-based pattern. 
Thee examples covered are contour processing, morphological reconstruction, and 
watershedss for grey-scale and color images. 

Thiss chapter identifies that a generic representation for queue-based algorithms 
utilizess wavefront propagation. I t implies that the action of the morphological 
operatorr is closely associated with the notion of connectivity and is based on 
aa kind of growing process, where the information is propagated through the 
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image.. Two possible generic representations for queue-based algorithms were 
introducedd in order to describe the queue-based pattern. These representations 
aree characterized whether the data-driven propagation is embedded or not in the 
initializationn step. The queue-based pattern is constructed in order to provide 
flexibilityflexibility  in terms of requirements for queue-based algorithms and govern their 
effectivee implementation (see table 6.3). 

Discussion n 

Thee first fundamental requirement any morphological software should have is that 
thee software should provide support for a large variety of image data types (See table 
1.2).. To that end, generic programming is employed in such a way that algorithm 
constructionss are made independent of image data types. Generic programming is 
basedd in finding the most abstract representations of efficient algorithms, data types 
andd data structures. It concentrates on searching for a generic set of requirements 
thatt lead algorithms to perform efficiently. The essential point of this programming 
methodd is that many different algorithms need the same set of requirements and 
theree are vast collections of implementations for these requirements. It also assumes 
thatt sets of fundamental principles guide the utilization, operation, and application 
off  software components and that these components can be engineered and grouped 
followingg a component-based approach. Moreover, it is also possible to use the same 
principless into software design for image processing. 

Thee second fundamental requirement any morphological software should have is 
thatt the software should be implemented using generic constructions in order to avoid 
codee proliferation and lack of reuse. Due to the versatility of generic programming, 
onee does not need to rely on specific implementations for every variation of a general 
algorithm.. This means that generic algorithms grouped in a small number of patterns 
aree sufficient to implement functionality analogous to a traditional image processing 
library.. In addition, the combinations of different software design paradigms such 
ass component-based development and object-oriented design have been proving very 
attractivee and effective. The essential point is to use objects and components to deal 
withh functionality and represent their relationships in accordance with the needs of 
aa particular application. The question remains when to apply which pattern? In 
addition,, is there a limited set of patterns? This is discussed in chapters 4, 5, and 6. 

Thee third fundamental requirement any morphological software should have is 
thatt the software should reflect the theory, i.e. the gap between programming and the 
theoryy about mathematical morphology should be as small as possible. In addition, 
thee orthogonality of the operators in theory should be mapped in software. In classical 
imagee processing, an image is most often regarded to be the map from a spatial 
domainn E to a set of pixel values V. The modern way of constructing morphological 
algorithmss is a two-step process based on pixel lattices and image lattices. Such 
constructionn works as follows: firstly, a partial ordering on the set of pixel values 
iss defined. The ordering < compares elements from V, i.e. pixels values; secondly, 
erosionss and dilations are defined in the context of pixel lattice, working on pixel 
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values.. Then, pixel lattices are lifted to the domain of images thereby constructing 
completee lattices of images. 

Thee fourth fundamental requirement any morphological software should have is 
thatt the software should consider speed, regardless the need for genericity. In order 
too fulfil l with this requirement, three possible pattern constructions are presented in 
chapterss 4. 5, and 6. In chapter 4, the parallel pattern is introduced. This pat-
ternn speeds up computations by using structuring element decomposition and fast 
algorithmicc constructions. Chapter 5. deals with the sequential pattern. Sequential 
implementationss provide a straightforward basis to reason upon new techniques to go 
faster,, leading to the development of efficient sequential morphological algorithms. In 
chapterr 6, the queue-based pattern is presented. This is one of the most powerful and 
oftenn used software construction in morphological image processing and is established 
onn queue-based algorithms. 

Itt is important to stress that all the algorithmic patterns for morphological image 
processing,, namely the parallel, the sequential, and the queue-based find its proper 
usee in several applications. Every pattern has its own advantages and its own draw-
backs.. No single technique suffices to design and devise efficient morphological im-
plementations.. For instance, every structuring element will fit the parallel pattern 
without,, structuring element decomposition. A list of examples for the parallel pat-
ternn ranges from flat and non-flat erosions and dilations, to thinnings, thickenings, 
andd inf-reconstructions and sup-reconstructions. Despite of the versatility the parallel 
patternn provides in terms of structuring element usage, it has a severe cost in terms of 
performance.. Within the same parallel pattern, structuring elements are eligible for 
decomposition.. This helps to speed up the performance by a factor proportional to 
thee gain in pixels in the structuring element. Sequential and queue-based representa-
tionss are particularly suited for sequences of iterated operations avoiding a complete 
passs through the image for each iteration. The gain in speed for the sequential pat-
ternn is in the reduction of n passes through the image to A: passes, where k might 
bee equal or bigger than 2, depending on the image data. The queue-based pattern 
posess restrictions on the use of structuring element in terms of connectivity rules. 
Thee gain of the queue-based pattern is in the reduction of n passes through the image 
too addressing only the affected pixel set. In this regard, queue-based patterns are 
optimal.. Nevertheless, not every structuring element is suited neither for a sequential 
norr for a queue-based pattern. Hit-or-miss, thinnings, thickenings, and skeletons are 
somee of the examples that do not fit in these patterns. 

Basedd on the theoretical and experimental results, it is concluded that by sat-
isfyingg all the necessary requirements for morphological software constructions, the 
problemm statement set in this thesis finds its proper answer: generic programming, 
whenn applied to mathematical morphology, produces generic and reusable code au-
tomaticallyy providing support for a broad class of data types, data structures, and 
algorithms. . 
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Perspectives s 

AA large number of operators and operations in mathematical morphology were in-
vestigatedd in this thesis. They all fit in one of the patterns presented, namely the 
parallel,, sequential, or queue-based pattern. The list of morphological operators may 
bee at least covered by one of the three patterns introduced in this thesis because it 
iss built from erosions and dilations. All the other operators are instantiations and 
combinationss thereof: conditional erosion and dilation, distance transform, geodesic 
distancee transform, opening, closing, center filter, and the alternate sequential fil-
teringg (ASF), area opening and area closing, opening and closing by reconstruction, 
inf-reconstructionn and sup-reconstruction, regional minima and maxima, valley and 
peakk removal, ASF by reconstruction, minima imposition, hole filling,  morphologi-
call  gradient, opening and closing top-hat, open and close by reconstruction top-hat, 
ultimatee erosion, morphological skeleton, sup-generating (hit-miss), inf-generating, 
intersectionn of inf-generating operators, union of sup-generating operators, and adap-
tivee threshold, thinning and thickening, conditional thinning and thickening, skeleton 
byy influence zones (SKIZ), watersheds, and many others. 

Vann Herk (see chapter 4) has proposed not a new morphological operator but a 
specificc algorithm to efficiently compute erosions and dilations for the case of linear 
structuringg elements (linear segments). The performance gained by this algorithm 
iss related to the recursive computation of the structuring element decomposition, 
whichh needs three min/max operations per image per pixel whatever the length of 
thee structuring element. Van Herk's algorithm represents an exception for the set of 
threee patterns that were discussed in this thesis. Whereas every known operator can 
bee implemented into one of the three patterns described in this thesis, Van Herk's al-
gorithmm shows that some specific implementations aimed at computational efficiency 
requiress a fourth pattern when implemented for all data types. Other fast algorithms 
forr special cases may be unsuited for implementation using the three patterns de-
scribed. . 

Thiss thesis not only provided a set of patterns for mathematical morphology. 
Thesee patterns are more general in the sense that they can be also applied to linear 
theory.. For example, linear shift-invariant neighborhood operators (e.g. convolutions) 
cann be implemented using a parallel or a sequential pattern. Region growing and 
segmentationn are examples of applications for the queue-based pattern. 




