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Chapter 1 

Introduction 

1.1 Visual inspection 

Human visual inspection is an indispensable par t of product manufacturing, if only 
for the looks-good feeling [63]. Human visual inspection does have its limitations 
though: it is restricted to "outside' properties of products, the human eye has a 
poor and variable resolution, fatigue of the inspector and distraction of the inspector. 
Visual inspection by humans also has several real advantages: simplicity, rapidity, low 
cost, minimal training, minimal equipment requirements and the ability of inspection 
during production or use. In many cases visual inspection is the most convincing 
inspection tool as well as the most simple. 

Wi th the ongoing progress in computer vision, we see a conversion of human visual 
inspection to automatic inspection. The s tandard argument against machine vision 
is tha t it takes a long time before a computer is suitably instructed for performing a 
visual inspection task, put t ing a strain on the development of new products that need 
to be inspected. However, the advantages of machine vision are tha t machines never 
get distracted, tired or ill. and if instructed properly, can perform the task faster 
and more reliably than humans can. The advantages justify research to improve the 
development cycle of machine vision applications. 

1.2 Modularization, standardization and generalization 
in general 

The wish to improve the development or production cycle of a certain product is not 
new. In li terature we find numerous aspects of the production cycle tha t are under 
scrutiny for improvement. According to [21], one of the primary goals of product 
development is the reduction of development cycle time. But not only the time it 
takes to develop a new product needs constant improvement, the market also demands 
higher quality and lower costs [155]. Furthermore, it becomes more important to offer 
a variety of products, thereby forcing production processes to be more flexible [100]. 
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Regardless of the type of product , there is a need for a larger variety of products of 
be t te r quality, with a shorter t ime to market . 

To actually improve the production process, in the past various solutions were 
developed. In [140] the improvement in the production process of rifles by Eli Whitney 
is taken as an example. In 1798. Whitney s tar ted to assemble rifles from standard 
pa r t s that could be interchanged among a variety of weapons. Each pari was designed 
according to rigorously defined standards and made by specialists. Other specialists 
would then assemble the par ts into the product . As a result, rifles could be produced 
much faster, overall quality was improved and costs were greatly reduced. The quality 
also improved with respect to maintainability and durability, since damaged rifles 
could now be repaired with standard replacement par ts . 

In this example of Whitney two principles to improve the production cycle are 
introduced: s tandardizat ion and modularization. Fai l s were standardized to fit in 
different rifles and at the same time to be used by other craftsmen. The production 
process was modularized by breaking it up into different subprocesscs. making a 
dist inction between manufacturing the various parts and assembling rifles. These 
two principles of modularization and s tandardizat ion are still being used. Modular 
product design and par ts commonality, or standardization, are approaches still used 
to counter the high production demands [73]. 

Apar t from standardizat ion and modularization, development processes can be 
enhanced in the long run by introducing the concept of generalization. For instance 
in the object-oriented paradigm for software design, the notion of inheritance is incor
porated, being a kind of generalization/specialization hierarchy [12]. In this object-
oriented approach, s t ructure and behavior common to different classes, can naturally 
migra te to a generic superclass. Generalization in this way enables reusability. 

Modularizing, s tandardizing and generalizing arc three design principles we use 
in the design of computat ional methods. Modularizing makes the development of a 
computa t ional method more manageable, breaking up a complex problem into smaller 
subproblems. In addition, it becomes easier to reuse different solutions to subproblems 
in other problems. To ensure reuse we need to standardize modules and communi
cation between modules, such that modules can easily be used in other settings. To 
ensure the reusability of the modules they should be designed as generic as possi
ble, yet specific enough to be of practical use. The three1 principles not only ensure 
reusability and thus cost effectiveness of a system or method, it also ensures tha t 
me thods can be upda ted or changed efficiently: it will be easy to change one module 
of the method without changing the rest of the modules. A design based on these 
principles will thus be flexible. 

1.3 Modularization, standardization and generalization 
in recognition methodologies 

Given the three principles for design, t he question is to what extent the design of a 
visual inspection system can be designed from those principles. In this section we 
propose1 a division of recognition methodology in as independent as possible1 modules. 
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Figure 1.1: The different steps to be performed by a machine vision system according to [54]. 

The interfaces between the modules should be as standardized as possible, where the 
modules themselves should be as generic as possible. 

A modular design for visual inspection tasks was suggested in [54], where it was 
claimed that every recognition methodology must pay substantial attention to each of 
the six steps, as depicted in figure 1.1. The steps indeed occur implicitly or explicitly 
in a variety of recognition methodologies (see [120. 52, 36, 56. 107]). We therefore 
take [54] as frame of reference. 

The first step in automated inspection is to obtain a good image of the object 
under investigation [6]. It is generally accepted that under the current practice of 
industrial image processing still a little effort spent on improving the quality of the 
raw image, is worth any amount of signal or image processing. 

The image acquisition step yields a variety of image types. The most common 
dimensions for the image are 2D. 2D video. 3D and 3D video. For the image data 
dimension, the most common types are binary, grey-level integer, grey-level double, 
color represented by three integers and color represented by three doubles. This 
diversity of image types puts a strain on the desire to reuse elements of one system 
in another one. since the output can hardly be standardized to one data type. 
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T h e second step in a machine vision system is the conditioning step according 
to [54]. The raw image of the image formation is vised to est imate the informative 
pa t t e rn on the basis of the observed image. A foremost example is noise suppressing, 
since noise can be seen as nnpatlerncd - and thus nninforniative - variations. In 
general the conditioning step will be dependent on the context. Hence it cannot be 
t rea ted generically. As an example of the conditioning s tep. [54] mentions the removal 
of tiny bright spots due to illumination of an uneven metal surface. The same spots 
however, may be the exact clue of the processing in other circumstances, for instance 
when looking for contact points on chips. The conditioning step does not involve a 
change in the logical da ta s t ruc ture from its input to its ou tput . Neither the interface 
between the image acquisition and the detection step nor the interface between the 
conditioning step and the next step in the process can be elegantly standardized. 

T h e next step, labeling, determines in what kinds of spatial events each pixel of 
the image part icipates . Examples of labeling operations are edge detection, corner 
finding, thresholding and identification of pixels participating in shape primitives. 
Although labeling does not change the logical data s tructure, it does change the 
region of interest of the image to the relevant pixels for each spatial event, making it 
easier to standardize the interface between the labeling step and the next step in the 
machine vision system. 

After labeling, the next s tep in a machine vision system is grouping. The labeling 
operat ion labels pixels with the kinds of primitive spatial events in which the pixel 
part icipates, while the grouping operation identifies events by collecting maximally 
connected sets of pixels of the same event. An important characteristic of the grouping 
operat ion is that it involves a change of logical data s tructure. In contrast to the 
output of the labeling process, the result of a grouping process can no longer be given 
in the data format of an image, or a set of images. An efficient da ta s t ructure for 
grouping processes in general should b e more than just a number of sets of pixels. 
Due to the change in d a t a structure, it is possible to s tandardize the interface between 
the grouping step and the next step. 

T h e step after the grouping process is called extraction. Here a list of properties 
for every set of pixels is computed as t he result of the grouping operation. Depending 
on the type of event the set of pixels is representing, the extraction process could 
for example calculate length, area, position or the diameter of the circumscribing 
circle. Apart from characteristics of t he events themselves, extraction also measures 
topological or spatial relationships between two or more groupings. The resulting 
da ta s t ructure of the extract ion step is different from its input data s tructure. Since 
the input can be s tandardized, the result of the extraction step can be standardized. 

T h e last step of a machine vision system is matching. In this matching process, 
sets of spatial events are sought that const i tu te imaged instances of some previously 
known objects. Apar t from this, the matching process consists of measurements of 
recognized objects or measurements of the relations between objects. The output of 
a single matching step consists of information about whether a model matches the 
given information as well as the parameters of the model in case of a match. 

Although we agree with [51] that every of the afore mentioned six steps is part of 
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Figure 1.2: The modules of a machine vision syster 

a recognition methodology, we choose to make a different division of the recognition 
process (see figure 1.2) for the modular design of our recognition method, based on 
three aspects: 

- whether a part is restricted to hardware or software implementation, 

- whether an interface between two different parts can be standardized and 

- whether a part can be replaced without having to change other parts. 

Since the image formation step is the only step restricted to hardware implemen
tation it is necessarily an independent module in our modular view of a recognition 
methodology. The conditioning step and the labeling step are interwoven, since in
formation that is regarded as noise in one application, can be relevant information in 
another application. Therefore the conditioning will always depend on the labeling 
process, making sense to condense the conditioning and labeling process in one mod
ule: detection. The grouping step can neither be merged with the detection module 
nor be merged with the extraction step. Since the interface to the detection phase 
and the interface to the extraction step can be respectively reasonably and well stan
dardized, the grouping step can be seen as an independent module: grouping. The 
extraction step and the matching process are dependent, since the information that 
is needed from the different groups is determined by the matching process, i.e. if the 
matching process changes, the extraction step has to change accordingly. Concluding, 
a machine vision system ideally consists of an image formation module, a detection 
module, a grouping module and a matching module. 

One of the keywords in the improvement of the production or development cycle 
is reuse. Designing a method in a modular way ensures that parts of the method are 
the same in different projects, provided that the interfaces between the modules are 
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standardized. To ensure the reusability of modules it pays of to design them as generic 
as possible, i.e. design them in such a way they can be used in different process 's . 

A generic method can be seen as a method not limited to a specific type of data. A 
generic grouping method should be able to handle the grouping of points into straight 
lines, but also into curves or other pat terns. A generic matching method should be 
able to look for different objects, with different models. The type of data should just 
be a parameter of the method. On the other hand, generic methods should not be 
methods with an unlimited purpose. To be able to design a method independently 
of the specific type of da ta , the task to be performed should be well defined and 
confined. 

Of course there is a limit to the genericity of a method. From a certain point on. 
me thods will be too abstract to be practically implementable as well as it will be hard 
to precisely define what the purpose of the method is. Furthermore there is a tradeoff 
between the flexibility of a design and its performance. Systems that arc built out of 
generic modules, all with standardized interfaces, will have the tendency to contain 
more overhead than systems designed specifically for one task. We assume that the 
performance barrier is more temporary than the design strategies. 

In this section we propose a subdivision into modules of a vision system in general. 
The proposed modules, as given in figure 1.2. are independent enough to be changed 
individually, without having to change other modules, partially because some of the 
interfaces can be standardized. Furthermore these modules cannot be split into sub-
modules that have the same level of independence. We conclude that for a modu
larization of vision systems our subdivision ensures the reusability of the modules in 
more cases then the subdivision as proposed in [54]. 

1.4 From engineering drawing to machine vision 

1.4.1 Engineering drawings as starting point for a recognition 
methodology 

In general if is impossible to develop a methodology for designing a machine vision 
system suitable for all kinds of inspection tasks. One of the many tasks one will 
encounter, is of modeling the kind of objects that should be inspected. We concentrate 
on objects that can be described by engineering drawings. An engineering drawing-
implies a complete specification of all the entities in the drawing, their characteristics 
and their relationships. The number of entities in a drawing is fixed, finis leaving no 
uncer ta inty about the geometry of the object in real life. 

Engineering drawings have their limitations. Not every object is suitable to be 
described by an engineering drawing. For instance fruits, a picture by Van Gogh 
and trees cannot effectively be described by an engineering drawing. Furthermore. 
not every aspect of an object can be specified in an engineering drawing. In general 
t ex tu re and color are not the kind of information that can be easily specified in these1 

kinds of drawings. 

Nevertheless, for describing the shape of objects, engineering drawings are unsur-
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Figure 1.3: An example of an engineering drawing. 

passed, as is shown by the fact that engineering drawings are the most commonly 
used instrument in the design process to describe objects. This sufficiently delineates 
the class we consider: industrial objects tha t originate from design. 

T h e language of engineering drawings is specifically useful in our modular approach 
to visual inspection, as the number of elements and relations used in an engineering 
drawing is bounded. This implies that we can develop a computational model for all 
different types of detection and grouping modules, as suggested in figure 1.2. They 
are the building blocks of a visual inspection system with which we can inspect every 
object described by an engineering drawing. 

When considering the example in figure 1.3. a number of important features of 
engineering drawings is apparent. Roughly speaking an engineering drawing may con
tain three types of information: basic entities (and information about these entities), 
relations between basic entities and tolerances. Examples of basic entities are points, 
lines and ares. In figure 1.3 the basic elements are circles, circular arcs and lines, 
given by the solid, thick lines. They form the actual shape of the object, see figure 
1.4 for the object tha t is modeled by the engineering drawing. Depicted information 
about those entities is for instance the diameter of a circle. As an example of the 
relation between the entities in figure 1.3 the relative position between circles is given 
by the angle of 45 degrees between the straight dashed lines. 

Besides basic entities and their relations, we observe a number of impor tant fea
tures and characteristics of engineering drawings to be incorporated in our vision 
method: reference points, tolerance and inspection order. 

Reference points are used to refer to entities in an engineering drawing, either to 
relate the entity to another entity, to give information about the inspection order (see 
figure 1.5). or to give additional information about the entity outside the engineering 
drawing. In figure 1.3. point A is used as a reference point, or reference object, that 
is used to give information about other parts of the object. In this case ir is used to 
describe the variation allowed for the center point of one of the holes. The rectangle 
with information in figure 1.3. prescribes tha t the center point of the circle (describing 
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Figure 1.4: An object corresponding to the engineering drawing as given in figure 1.3. 

the hole) may be anywhere in a tolerance circle with diameter 0.02. where the position 
of the tolerance circle is determined relative to A. The use of tolerance in engineering 
drawings opens the possibility to link physical objects to the ideal as depicted by the 
drawings while still being in accordance with specification. 

An engineering drawing not only gives a description of what an object should look 
like, it may also give the order in which the different parts of the object should be 
measured to check whether the object is according to specification or not. A different 
order in the choice of reference points may result in different objects that are accepted 
or not . Sec figure 1.5 for an illustration. 

Concluding, the language of engineering drawings as a modeling language of our 
vision methodology has the advantages that it covers a large class of objects that can 
be described, is precise in the sense tha t it leaves no uncertainty about the geometry 
of 1 he object in real life and is practically usable due to the limited number of elements 
used in the language and the incorporation of the notion of tolerance. 

1.4.2 From engineering drawing . .. 

Our methodology consists of two major parts: an off-line part for translating the 
engineering drawing into specific information to be used by the system, and an online 
par t for the actual system that has to inspect objects in images. An overview of the 
off-line part is given in figure 1.0. Ideally the off-line process should be performed 
systematically, maybe even automatically. As it will be hard to do so completely, it is 
be t te r to concentrate on automation of a few steps. For instance, to test which 
interpretat ion suits the situation best, one could use experimentation systems to 
determine the optimal interpretation, though we regard this beyond the scope of 
this text. 

T h e translat ion of the engineering drawing into a model to be used by the online 
par t is performed in two steps: a conversion s tep to give the various functional inter
pretations of the engineering drawing and a selection step to select the interpretation 
t h a t suits the si tuation best. 

A characteristic of engineering drawings is that they are multi-interpret able in 
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Figure 1.5: An illustration of the use of references to denote the inspection order, (a) A is the 

primary reference while B is the secondary reference. This means that for the calculation of the 

position of the center-point of the circle, line A is taken as the base, where the line B is derived 

according to model specification. The position of the center is calculated relative to the lines 

marked A and B in the lower left figure, (b) B is the primary reference while A is the secondary 

reference. Calculation of the center points goes analogue to the previous case, only relative to 

the lines marked A and B in the lower right figure. 

the way that an engineering drawing in general does not give a unique recipe for 
recognizing or inspecting an object. With respect to the interpretation of the drawing 
to extract a recipe from it we have a certain rendition space. Imagine a drawing of a 
square and the task to recognize the square from an image. One could think of more 
than one strategy, or recipe, to find the square in the image: one could first search 
for corners of 90 degrees after which one has to investigate whether the corners are 
connected with lines in the proper way. or one could search for lines in the image and 
investigate whether the lines arc connected and have the right angels between them. 
The conversion s tep therefore results in a collection of functional interpretations of 
the engineering drawing. 

The selection s tep chooses the most appropriate interpretation from the spect rum 

generated by the conversion s tep. Three types of information are used by this selec

tion: 
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Figure 1.6: The off-line part of 'From engineering drawing to computer vision'. 

- prior knowledge about the image, prior knowledge image. 

- information about the detectors, detector information, and 

- performance demands for the online system, performance demands. 

T h e prior knowledge about the image not only consists of information about the image 
format but also consists of information about for instance the lighting conditions and 
expected kinds of noise. The information about the detectors gives for each type of 
detector a list of specifications, most urgently what the operational performance of 
the detector is. The performance demands for the online part of the method translate 
in characteristics like for instance the tolerated miss detect ion rate or false detection 
ra te and the tolerated errors in the parameters. 

T h e selection step should also deliver relevant tuning information. This consists 
of the list of selected detectors to use a n d their parameters for the situation at hand. 
Both the information about the selected detectors and the object model will be used 
as input for the online system. 

1.4.3 . . . to machine vision 

An overview of the s t ruc ture of the online system architecture is given in figure 1.7. In 
this online part the steps given in section 1.3 form the core: the image formation step, 
or sensor detection, resulting in an image, the labeling or detection step resulting in a 
set of labeled images, the grouping step, resulting in a collection of object graphs and 
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Figure 1.7: The online part of 'From engineering drawing to computer vision'. 

the matching step, resulting in the matching result. The off-line step has determined 
which model and detectors to use in the online part. Where the format of the image 
and the labeled images is highly dictated by the application, as is the output of the 
matching step, the output of the grouping process is free to choose to a certain extent. 

In the ideal case all modules are taken from an available library, provided the 
operational circumstances coincide with those from the library. The inspection system 
would then simply be made by choosing the appropriate modules from a library, 
connecting the specific modules for a certain object and using the object parameters 
from the drawing in the matching module. The extent to which a library with a 
reasonable set of detector modules is sufficient to cover a reasonable set of drawings 
depends on the following parameters: 

- the entities occurring in an engineering drawing to be detected in an image. 

- the variability among different types of images to be processed, requiring differ
ent detectors for the same task and 

- the differences in performance demands. 

The number of different entities that are used in an engineering drawing is finite and 
relatively small. Whether the number of modules in the library is reasonable thus 
mostly depends on the last two points. But especially the performance demands can 
often be parameterized in an algorithm, for instance by increasing the number of 
iterations. Since the number of different image types and image formation situation 
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appears to be limited in industrial applications, we argue that it should be possible 
to design a library of modules that is sufficient for a large range of applications. 

1.5 Overview of this thesis 

In this introduction, three principles for design were put forward: modularization, 
s tandardizat ion and generalization. The boundaries of the various modules of a ma
chine vision system were discussed, resulting in a modularization of machine vision 
system. The need for standardization of the interfaces between the models was em
phasized, as a prerequisite for the reusability of the different modules. The genericity 
of a module can be seen as independent of the method with respect to a specific type 
of da ta , a specific application or a specific problem domain. A generic module assures 
flexibility, longevity and reusability, countering the risk that software renders useless 
when the problem statement slightly changes, when the years go by (or for modern 
IT-busincsses, when the months go by) or when a solution is needed in another type 
of application. Although needing a larger investment in the short term, a generic 
design of modules will pay of in the long run. 

On a coarse scale the goal of our research therefore can be stated as follows: 

Research possibilities and limitations of generic design for machine vision 
systems. 

Of course there is a limit to the genericity of a method. From a certain point 
on. methods will be too abstract to be practically implementablc. Also it will be 
hard to precisely define what the purpose of the method is. Furthermore, there is 
a tradeoff between the flexibility of a design and its performance. Generic methods 
should not be methods with an unlimited purpose. We limit ourselves to the domain 
of recognition and inspection of objects as specified by an engineering drawing. 

That brings us to refining the description of the main goal of this thesis as follows: 

Research possibilities and limitations of generic design for machine vi
sion systems for recognition and inspection of objects as specified by an 
engineering drawing. 

Some of the modules are application dependent by necessity. This holds specifically 
t rue for the image formation process, or sensor detection. It is therefore considered 
beyond the scope of this thesis. As an immediate consequence, also the detection 
module is purpose dependent , working directly on the image data . The interface 
between the detection and grouping s tep can be designed more generically. provided 
there is a good overview of the different detection modules. 

In l i terature we find many different methods to measure image properties. From 
our point of view, what is missing, is a handbook indicating what methods to use 
when. In chapter 2 we discuss the structure of such a handbook. 

We characterize and categorize measurement methods striving for a gen
eral description of measurement modules or detection modules. 
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The use of this characterization and categorization is twofold: it provides the needed 
overview to design the interface between the detection and the grouping modules and 
it enables us to effectively search for the proper measurement method from existing 
methods in literature, for a given situation or application. 

A large class of detectors is represented by morphological operations. As an aside, 
in chapter 3, a decomposition of the morphological dilation is presented for an im
portant class of structuring functions. 

in chapter 4 we investigate to what extent grouping modules can be designed 
generic. This translates in a search for design considerations for generic grouping 
algorithms: 

We aim to formulate considerations useful for the design of generic group
ing algorithm in machine vision 

In addition we investigate to what extent it is feasible to design an actual grouping 
method from these considerations. 

When there are generic clustering modules available for a diversity of machine 
vision applications, the problem arises how to measure the quality of the modules 
without violating their generic character. In other words: 

To -what extent is it possible to measure clustering quality, independent of 
an application? 

This is the central question of chapter 5. 
Once suitable detection modules are available, as well as grouping modules, chap

ter 6 presents a matching method to match models starting from engineering drawings. 
As matching is the last step in our framework, 

we illustrate possibilities and limitations of genericity encountered on the 
way front an engineering drawing to a computer vision algorithm. 

This concludes our search for genericity in machine vision modules. 




