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production system. This necessarily quick evolution resulted in a software architecture that 

must be improved from the perspective of software maintainability. Specifically, the pattern 

recognition function, a key feature of the YieldStar software, became too intertwined with a 

third-party library. This report describes a project that analyzes current dependencies on 

that library. Moreover, it contains an extensive domain analysis, focused on both pattern 

recognition as well as software maintainability. Further, it describes designs of various 

approaches enhancing the software maintainability with respect to this third-party library. 

Finally, the project concludes with several descriptions of future improvements. 

 

Keywords 

 

Software maintainability, engineering, design, architecture, SOLID, TUE, PDEng, Software 

Technology, ASML, YieldStar, pattern recognition, Cognex VisionPro, OOTI, refactoring 

 

Preferred  

reference 

Towards a modular software architecture for YieldStar’s pattern recognition functionality. , 

September 2016. (2016/042) 

 

 

 

 

  

Partnership This project was supported by ASML and ASML. 

 

Disclaimer 

Endorsement 

Reference herein to any specific commercial products, process, or service by trade name, 

trademark, manufacturer, or otherwise, does not necessarily constitute or imply its 

endorsement, recommendation, or favoring by the ASML or ASML. The views and opinions 

of authors expressed herein do not necessarily state or reflect those of the ASML or ASML, 

and shall not be used for advertising or product endorsement purposes.  

 

Disclaimer  

Liability 

While every effort will be made to ensure that the information contained within this report is 

accurate and up to date, ASML makes no warranty, representation or undertaking whether 

expressed or implied, nor does it assume any legal liability, whether direct or indirect, or 

responsibility for the accuracy, completeness, or usefulness of any information. 

 

Trademarks Product and company names mentioned herein may be trademarks and/or service marks of 

their respective owners. We use these names without any particular endorsement or with the 

intent to infringe the copyright of the respective owners. 

 

Copyright Copyright © 2016. ASML. All rights reserved. 

 No part of the material protected by this copyright notice may be reproduced, modified, or 

redistributed in any form or by any means, electronic or mechanical, including 

photocopying, recording, or by any information storage or retrieval system, without the prior 

written permission of the ASML and ASML. 



 

  



i 
 

Foreword 
The ASML YieldStar metrology machine is a relatively new product of ASML. This 

machine, including its software, has rapidly evolved from a prototype to a mature 

product operating in the production environment of ASML’s customers. 

 

Pattern recognition is a key feature of the YieldStar software and is used in multiple 

applications such as critical dimensions (CD), overlay, and other wafer quality 

measurements.  It is also used during YieldStar system build and calibration. The 

rapid evolution of the machine and its software has had impact on the software 

architecture. As a result, the usage of the third-party pattern recognition software has 

become too intertwined with other parts of the software architecture. This has a 

negative impact on the maintainability and testability of our software.  We need a 

modular architecture. 

 

Ronald took on this challenge and described how intertwined the usage of the pattern 

recognition functionality currently is. His work also includes the identification of the 

weak spots in the current software that complicated the migration to a modular 

architecture.  The road toward a proposal for modular design not only provided a 

solution for the “pattern recognition issue” but also taught us valuable lessons for 

future modularization projects.  

  

Ir. Albert-Jan Nijsten 

Manager YieldStar Machine Software group. ASML 

September 2016 
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Preface 
This report presents the “Towards a modular software architecture for YieldStar’s 

pattern recognition functionality” project, that was carried out by Ronald van Zon 

at ASML Netherlands B.V., Eindhoven, The Netherlands. The project is a nine-

month graduation assignment that is part of a two-year post-master Professional 

Doctorate in Engineering (PDEng) program. The PDEng programs focus on 

technological design and are given under the banner of 4TU.School for 

Technological Design, Stan Ackermans Institute. The specific Software 

Technology PDEng program (also known as the “OOTI” program) is offered by 

the Eindhoven University of Technology. 

 

The goal of the project is to investigate current dependencies on the pattern 

recognition library and to propose steps to modularize pattern recognition 

functionality. The project is part of a larger effort to further improve the software 

architecture. Therefore, lessons learned from this project can be valuable to 

successive projects. 

 

This report is mainly intended for readers with a technical background. In 

particular, there are parts focused on software engineering and design, parts on 

pattern recognition, and parts on software maintainability. Moreover, the report 

contains parts that describe supporting activities for the project, such as planning, 

stakeholder analysis and retrospections. Below, the table depicts what parts are 

specifically interesting for different groups of readers. 

 

Reader Chapters 

Software engineer/designer Problem analysis 

Domain analysis 

System requirements 

System architecture 

Project managers Introduction 

Stakeholder analysis 

Project management 

Project retrospective 

Conclusions 

Pattern recognition experts Introduction 

Problem analysis 

Domain analysis 

 

 

Ronald van Zon 

September 2016 
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Executive Summary 
Software maintainability is a broad topic in software engineering. Especially in 

large projects, that involve tens or hundreds of software engineers over many 

years, it is difficult to address maintainability aspects. Moreover, the exact benefit 

of investing in maintainability while being under pressure to add new features or 

to solve critical bugs is difficult to quantify. Therefore, decisions on this tradeoff 

are not made perfectly every time. 

 

Improving the quality of the software architecture is of great importance to 

YieldStar’s software department. There is continuous improvement of the 

software development process and also more sophisticated software engineering 

principles are adopted. Still, improvements can be made to the software 

architecture from a maintainability perspective. One way to achieve this is to 

strive towards a modular software architecture.  

 

Currently a third-party pattern recognition library, hereafter called the library, is 

used in many places. This is in itself is not a problem, however, the current 

architecture in which the library is used is considered bad from maintainability 

perspective. Earlier effort to solve this was made by creating a wrapper and an 

abstraction layer, but the current state is still inadequate: 

 

1) Parts of the software are still directly coupled with the library. 

2) Clients of the library have to deal with extra complexity that actually 

does not belong to them. It also results in extra dependencies within the 

YieldStar organization. 

3) The function pattern recognition is not separately identifiable. This 

means hard to reuse current pattern recognition functionality. 

 

Among other challenges, this situation leads to an increase in time for designing 

and implementing new features of bugfixes. Further, it makes the software less 

testable. 

 

This report describes analyses and (re)designs to provide insights in how to tackle 

these problems in follow-up projects. In particular, this report describes a focus 

on modular software architecture and design. The analysis provides insight in the 

current dependencies on the library and shows that previous effort does not 

completely separate the YieldStar software architecture from the library. 

Moreover, the various (re)designs reduce the dependency on the library and 

provide handles to completely separate the user interface from the library. 

Moreover, it provides an abstraction of pattern recognition that can also be used 

in different parts of the YieldStar software architecture. 

 

The performed analysis and (re)designs show the benefits obtained during this 

project. The user interface can, with additional effort, be separated from the 

library. Moreover, insight is gained in the current dependencies on the library and 

a pattern recognition module is created that can be used by other clients. 

 

We recommend completely separating the user interface from the current user 

interface-specific library wrapper. This does not only bring many technical 

advantages, but it also reduces coupling between the machine software and user 

interface software groups in the organization. We further recommend to 

industrialize the pattern recognition module and to use it with the various other 

clients.  
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1.Introduction 
This chapter introduces the project, its scope, goal, and context. The outline section 

of this chapter gives a brief overview of the topics discussed in the rest of the report. 

1.1    Context 
This project was conducted by the author, as part of his Professional Doctorate in 

Engineering (PDEng) program. The PDEng degree program in Software Technology 

is provided by the Department of Mathematics and Computer Science of Eindhoven 

University of Technology in the context of the 4TU.School for Technological 

Design, Stan Ackermans Institute.  

 

The PDEng program is a two-year, third-cycle (doctorate-level) engineering degree 

program during which the trainee focuses on strengthening his/her technical and non-

technical competencies related to the effective and efficient design and development 

of software for resource-constrained software-intensive systems, such as real-time 

embedded or distributed systems, in an industrial setting. In particular the focus is on 

large-scale project-based design and development of this kind of software. 

 

The project was initiated by ASML Netherlands B.V., hereafter called ASML, a 

company that produces lithography machines used for the production of integrated 

circuits (ICs). These machines are produced mainly for customers in the 

semiconductor industry. 

1.2    Lithography 
The process of producing integrated circuits (ICs) entails many steps. One of those 

steps (and likely the most complex one) involves a lithography process. A 

lithography process, in this semiconductor context, entails exposing a wafer to light 

in order to print small structures on this wafer. A wafer is a disc of silicon on which 

the small structures are printed throughout the various steps. These small structures, 

in the end, form the ICs (after various other steps outside of the lithography process).  

 

ASML is producing machines with which lithography processes can be performed on 

wafers. Current state-of-the-art machines that are produced for this purpose are 

branded under the name of TWINSCAN (depicted in Figure 1). 

 

Important characteristics of such a machine are the throughput (i.e., the number of 

wafers that can be processed per time unit), reliability (i.e., what percentage of time 

is the machine able to operate) and various quality metrics such as Overlay (OV), 

Critical Dimension (CD), and Focus (F). These quality metrics, in short, describe 

how well the lithography process in the TWINSCAN machine was performed. This 

is important, since the quality and capabilities of the resulting ICs are affected by 

this. 

 

Figure 1 Left enclosed area depicts a TWINSCAN machine. Right enclosed area 

depicts a YieldStar machine 
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1.3    YieldStar 
The YieldStar machine of ASML is a metrology tool, which is a tool that can perform 

measurements. The measurements it performs are to actually compute metrics such 

as OV, CD and F. These measurements are performed after the lithography process is 

finished. To perform these measurements, a wafer can be transferred from a 

TWINSCAN machine to a YieldStar machine (respectively from the left to the right 

in Figure 1). This transferal is done in the “track,” machines between the 

TWINSCAN and YieldStar machine. Whether a wafer is actually transferred to a 

YieldStar machine or not depends on many factors. For example, throughput and 

quality requirements dictate which wafer, and the number of wafers, that get selected 

for measurements. 

 

The YieldStar machine is not only used to measure quality aspects of the lithography 

process, but also to adjust the lithography process in the TWINSCAN machines.  

By processing the quality aspects, valuable information is gathered that can be used 

as a feedback loop to the TWINSCAN machine. The YieldStar machine basically 

measures and reports the quality aspects, while other tools process them so that the 

lithography process in the TWINSCAN machines can be adjusted. One example of 

this would be adjustment for a drift in hardware imperfections. 

 

Important characteristics of the YieldStar machine are throughput and reliability. Of 

particular importance to the YieldStar machine is its market environment. It has 

strong competition that results in a tight connection between the technology roadmap 

of the customers and the roadmap of future generations of YieldStar machines.  

Further, the YieldStar machine is quite a young product and hence relatively early in 

its product lifecycle. The lifecycle of a product can generally be divided into four 

stages: Introduction, Growth, Maturity, and Decline. The YieldStar machine can be 

considered to be in the Growth stage. This has implications for the market 

environment, as well as for the technical view on the project. Many new features are 

required, demanding more and more software engineers to create them. 

1.4    Modular software architecture 
The focus of the project is on the software architecture for the YieldStar machine. As 

described in Section 1.3, the YieldStar machine is currently in a demanding market 

environment. This environment requires reliable machines and thus reliable software. 

Further, the increasing complexity of the machine, together with an increasing 

number of software engineers working on the software, requires focus on the quality 

of the software architecture and code base. A high quality software architecture will 

help with the coordination, testing, designing, and implementing of future 

developments. 

 

The aim of this project is to improve maintainability of YieldStar’s software 

architecture, as one of the aspects of improving software quality. Further, the 

approaches taken to do so and in general techniques, methods, or tools that help to 

directly improve the software quality are within the scope of this project. 

Specifically, the aim of the project is: 

 

 Modularize a particular element of functionality: pattern recognition. 

 Make YieldStar’s software architecture less dependent on the third-party 

pattern recognition library. 

 Serve as a case study for later refactoring and restructuring studies. 

1.5    Related work 
A similar case study was performed by Lindung Manik, also as part of his PDEng 

program (Manik). The case study he performed looked at the modularity of the 

software architecture, and focused on the part that is involved in computing the CD 

quality metric. His case study is closely related, since it addresses challenges with 
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analyzing a huge code base and trying to decouple heavily coupled code. The 

difference, however, is the focus on a different part of the software architecture. 

Further, the aim of his project was to mostly analyze and partly design, while this 

project’s aim is to analyze, mostly design and partly implement a module. 

1.6    Outline 
The next chapter describes the various stakeholders in this project. After this 

analysis, a problem analysis is depicted in Chapter 3, including the problem and 

goals treated in this project in more detail. The problem analysis is succeeded by a 

domain analysis that describes the relevant background and context so the problem 

domain can be fully understood. Next, Chapter 5 describes identified requirements 

relevant for this project. These requirements are then turned into an architecture, 

described in Chapter 6. Insight in verification and validation effort is given in 

Chapter 7. The report continues then with three project-wide chapters, regarding 

conclusions, the actual project management applied and a project retrospective, 

respectively in Chapter 8, 9, and 10. 
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2.Stakeholder Analysis 
This chapter describes an analysis of the stakeholders involved in the project. It 

organizes the various stakeholders in five groups, each with a different set of interests 

and level of involvement in the project.  

Project steering group 
Albert-Jan Nijsten, Marcel Peeters and Tanir Ozcelebi form the project steering 

group (PSG). They are the primary stakeholders who are concerned with the results 

of this project.  

 

Ad Aerts is not part of the project steering group, but rather controls and monitors the 

project from the perspective of the OOTI program. 

YieldStar software development group 
The entire YieldStar software development group is an important stakeholder of the 

project, because members will be directly affected by the results. Moreover, the 

findings can be of interest to them. 

External architects involved 
This project crosses several organizational boundaries. The results of the project are 

mainly related to software design and therefore architects in different groups are 

important. Parts of their domain might be affected by results of this project. 

Local expertise 
In order to get up to speed quickly and to be able to discuss designs and 

implementations it is important to have local expertise. These stakeholders have 

worked at, or are currently working on pattern recognition functionality, possibly 

linked with parts of the user interface. 

User Interface 
Several stakeholders, mostly outside the group in which this project is performed, are 

important for their knowledge of the user interface. This relates to actual users of the 

user interface, and to the team that is actually designing and implementing the user 

interface. 
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3.Problem Analysis 
In the first chapter, an introduction to the problem studied in this project is given. 

First, the context of the YieldStar machine is given. Next, an introduction in the 

pattern recognition functionality is described, after which the current software 

architecture is described. 

3.1    Context 
When the lithography process is finished in the TWINSCAN machine, the 

corresponding wafer can be transferred to the YieldStar machine. When the wafer is 

inside the YieldStar machine, it is subject to several steps, in general called the life of 

a wafer (depicted in Figure 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to measure the quality aspects of the printed structures on a wafer, the 

sensors measuring those metrics must be positioned very accurately above the wafer. 

To do so, several steps are performed: namely edge, coarse and fine alignments. 

After those steps, measuring and reporting steps are performed, to actually measure 

the quality metrics and report them. The wafer is transferred to the wafer exchange, 

after which the wafer leaves the YieldStar machine. 

 

The first step in this aligning process, the edge alignment, aligns the wafer “roughly” 

with the sensors. After this, a coarse alignment is performed, in which the wafer is 

positioned more accurately, but still with a relatively large error margin. The third 

and final step is to perform a fine alignment. During this step, a precise (enough) 

positioning is required. 

 

To be able to perform a coarse and fine alignment, the system 

uses so-called marks on a wafer. A mark is an artificial structure 

printed on a wafer (depicted in Figure 3) with the purpose to be 

recognized later on (in, for example, the YieldStar machine).  
The recognition of marks is crucial for completing the life of a 

wafer in a proper way. If some marks cannot be recognized, the 

wafer might not be fully aligned, leading to a wafer reject. A 

wafer reject means that a wafer leaves the YieldStar before the 

actual measurements could be completed. 

 

In Figure 4 a grid is depicted on top of a wafer (denoted by the 

circle). The grid specifies various fields. A field is a rectangular area on the grid. 

These fields are used to specify a certain area of interest on the wafer. More 

specifically, the recognition of marks for the purpose of alignment is done in a 

specific field. A field is also associated with marks used for either coarse or fine 

alignment. The marks printed on a wafer should be the same across various fields. 

Multiple fields, and thus multiple marks on different places on the wafer, help with 

alignment steps. In Figure 4, six fields are marked for this purpose. In general, 

recognizing marks in more fields yields better results. 

Figure 3 An example 

of a mark 

Figure 2 The life of a wafer 

sd Dynamic View

YieldStarTrack (T-systems) or 

Wafer Handler (S-

systems)

Swap wafers

Wafer 

Exchange

Wafer
Edge alignment Coarse alignment

Fine alignmentMeasuring/reporting

Wafer
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3.2    Mark recognition 
In order to recognize the marks on a wafer, a picture is made of a region inside a 

specific field. This picture is further processed for corrections and enhancements to 

correct, for example, for hardware imperfections. These hardware imperfections 

come from such issues as the small misalignment of the wafer with the sensors, the 

sensors themselves, various lenses, dust, and steps in the production process. 

 

The resulting picture can contain virtually any kind of structure. Further, those 

structures can be subject to distortions like rotations, skewing, translations, and 

occlusions. In order to recognize the marks we are interested in, and thus ignore other 

structures, pattern recognition software is used. This software recognizes the specific 

mark among other (similar) marks and when the mark is subject to distortions. 

Further, the pattern recognition software is also used to determine the center position 

of the mark. With this center position, for example, further alignment can be 

performed (during the coarse and fine alignment).  

 

A mark can be interpreted as a pattern. In order for the pattern recognition software 

to recognize patterns (and thus marks) in the picture, first a training phase is 

performed. In this phase, the important aspects of a pattern are “learned.” When this 

phase is done, a recognition phase can be started, in which the “learned” aspects are 

used to recognize an unseen pattern. During the training phase, the pattern 

recognition software can also take into account possible distortions; for example, the 

training can be performed such that any rotation of the mark in an unseen picture still 

results in recognition. 

 

Since pattern recognition is not one of the core competencies of ASML, a third-party 

library is used to implement the necessary tools. This library, called Cognex 

VisionPro, hereafter called the library, contains various techniques for performing 

pattern recognition. The pattern recognition functionality from this library is directly 

used to recognize marks on wafers. 

 

Important characteristics of this library for the use in YieldStar are: 

 Performance: recognition should take on the order of milliseconds. Further, 

in general memory is scarce. This means that the library should consume the 

least possible amount of memory. 

 Flexibility: pictures taken from parts of the wafer can look completely 

different due to hardware imperfections in either the measuring process or 

Figure 4 Grid on top of a wafer. Green fields are used for fine 

alignment, while blue fields are used for coarse alignment. 
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the actual lithography process. Therefore, the robustness of the library 

against distortions should be configurable. The reason why this should be 

configurable is because this gives operators the freedom to recognize exotic 

marks on a wafer, while still having a strict enough specification of how the 

mark should look. 

 Understandability: different types of users are interacting with this library, 

among which are software engineers, support engineers, and (indirectly) 

operators. The extensiveness of the library can make it difficult for users to 

understand the behavior of the library as well as being able to work with it.  

3.3    YieldStar software architecture 
The processes and steps described above are much more complex than described, and 

moreover, there are many more features that the YieldStar provides. This makes the 

corresponding software architecture large and complex. Due to increasing 

developments, the software architecture is still growing in size and complexity. To 

support future developments of the software, an overall design and architecture is 

needed. More specifically, a maintainable architecture is required.  

 

The YieldStar software group has a focus on software quality, and in specific on 

software maintainability. The means to achieve (better) maintainability is using 

design principles (explained in Section 4.3.2), adhering to design best practices, 

performing code reviews, extensive testing and sharing knowledge.  

 

A general software engineering best practice is that it is considered bad for 

maintainability when software is dependent on a third-party library. This was the 

case for the Cognex VisionPro library: its functionality was directly used in various 

parts of the architecture. The reason why this is considered “bad” is for several 

reasons: 

 Users of pattern recognition functionality, but not of the library itself, will 

be tightly coupled with the library and its concepts. These dependencies can 

either be explicit or implicit, both of which are undesired. 

 Analyzability and understandability of the architecture decreases, as 

software engineers have to understand the concepts exposed by the library, 

even when that is not strictly required for the functionality they are working 

on. 

 When the third-party needs to be replaced, changes occur in all uses of that 

library as opposed to a central location. 

 The API of a third-party library might provide too much functionality, 

something one would want to encapsulate. 

 Users of the third-party library will implicitly change their design and 

implementation to fit with the library. This means that some of the logic is 

driven by the third-party library as opposed to what is actually needed for 

this user. 

This problem was recognized before the start of this project, and already effort has 

been spent to improve on the situation. A general strategy to prevent direct 

dependence on a third-party library is to create a wrapper. A wrapper is an 

encapsulation in the architecture (depicted in Figure 5), such that the wrapper itself is 

dependent on the library, but any user of the wrapper (for example, Client1 and 

Client2) is not (directly) dependent on the library. When the corresponding library 

would have to be replaced, the idea is that only the wrapper implementation would 

change, leaving the users of the wrapper and the wrapper interface itself untouched.  

 

The wrapper actually consists of two layers. First, there is a layer, denoted by 

“Wrapper” that hides the library itself. This layer makes sure that no clients are 

directly connected to the library. Further, it does not provide all information and 
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functionality that the library does (information hiding and encapsulation). It also 

serves as the provider of functionality with which the second layer can be 

implemented.  

 

The second layer, denoted by “WrapperInterface,” is an abstraction layer. The 

purpose of that layer is to abstract away from the concepts used in the library. The 

result of this is that clients of the library express their solution in abstract terms, 

instead of the concepts used in the library. This reduces implicit dependencies on the 

library. It also increases the probability that clients would have to change less when a 

new third-party library is chosen for pattern recognition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4    Modularizing pattern recognition 
The before-mentioned effort of introducing a wrapper and abstraction is great from 

the perspective of software maintainability. The question is, however, to what extent 

the dependency of the architecture on the library is removed? Are there, for example, 

still clients that use the library directly (i.e., without using either the abstraction or 

the wrapper)? How well is the abstraction layer actually abstracting away from the 

concepts used in the library? Are there still implicit dependencies on the library? 

 

Other important aspects from the perspective of maintainability are whether the 

pattern recognition functionality can be reused in a different context, is easily 

testable, and is understandable. By only introducing a wrapper, these problems are 

not solved directly. To achieve these qualities, one can modularize the pattern 

recognition functionality (as modularity is one way to achieve maintainability).  

 

Apart from the actual modularization itself, the case study to do so is an interesting 

case for improving software quality. As described in Section 1.4, improving the 

quality of the software is important. Outside the scope of this project, other projects 

will be executed to improve the software quality. This case study might help in those 

projects as a reference point. 

class Wrapper

Library

Client1 Client2

«interface»

WrapperInterface

WrapperImplementation

Figure 5 Wrapper for a library 
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3.5    Design Opportunities 
Several design opportunities can be identified, which are already hinted at in the 

previous section. 

3.5.1.  Maintainability 

One of the main drivers to execute this project is to improve the maintainability of 

the pattern recognition functionality. The maintainability quality is very hard to 

capture in a single metric, and that is why we propose several metrics, each of which 

focusses on a certain aspect of maintainability. 

 

Metrics: 

1. Code size (SLOC / IL code lines) 

2. Code complexity (McGabe) 

3. Expert’s opinion (scale [1-5]) 

a. 1: not maintainable 

b. 2: maintainable with difficulty 

c. 3: maintainable 

d. 4: easily maintainable 

e. 5: perfectly maintainable 

4. Conformance with the design guidelines, such as SOLID (number of 

violation cases) 

5. Abstraction hierarchy depth (integer, where smaller is better) 

6. Coupling/cohesion 

7. “illegal” dependencies (number) 

a. “illegal” would mean (in general) cyclic dependencies, or those 

dependencies that make the YieldStar Software dependent on (parts 

of) the pattern recognition library 

b. “illegal” would also include those dependencies that are violating 

current abstraction hierarchy, or a newly proposed abstraction 

hierarchy (e.g., wrapper, wrapper helpers, and clients) 

3.5.2.  Genericity 

As mentioned earlier, the pattern recognition functionality is used in various places in 

the system. One advantage of modularizing this functionality is that it could be 

reused in different settings. Another aspect of genericity is whether the abstraction of 

the module (used to separate clients from the actual library) is “good” enough to 

support different pattern recognition libraries. For example, if the current library 

would be replaced by another library, would the abstraction of the module have to 

change? Ideally, it does not matter what library is, in the end, used to implement 

pattern recognition, as long as the implementation adheres to the interfaces described 

by the abstraction. 

Again it is difficult to capture genericity in a single metric, so we propose several 

metrics. 

 

Metrics: 

1. Expert’s opinion (scale [1-5], taken from (Stan Ackermans Institute)) 

1: The solution is not even adequate for a subset of the problem domain 

2: The solution is only adequate for a subset of the problem domain 

3: The solution is adequate for the entire problem domain 

4: The solution is applicable for the entire problem domain and beyond 

5: The solution is applicable in the entire problem domain and other well‐
described domains 

2. Reusability: can a different pattern recognition library be put under the 

abstraction layer, so that the clients of that abstraction layer are still able to 

run? 

[yes/no] with argumentation 

[yes/no] with a proof-of-concept 
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3. Are the refactoring/restructuring techniques and best practices applicable on 

other parts of the code base? 

[yes/no] with argumentation 

 

3.5.3.  Realizability 

The designed approach must be implementable. Above all, it must be possible to 

implement the design in a production environment, rather than keeping the design 

merely as an advice.  

 

Metrics: 

1. Technical realizability: the proposed approach seems implementable 

a. The design can be implemented with current techniques: Visual 

Studio 2015, C# 6.0. 

2. Economical realizability: the proposed approach is implementable within an 

accepted economic cost 

a. The number of man-hours needed to implement the design is below 

or above a certain threshold (to be determined). 

b. (depending on the number of tests available) The number of man-

hours needed for extra tests to be written (or existing tests to be 

modified) in order to “properly” test the design. 

Grading: 
Since both aspects are essential for the realizability of the design, both metrics must 

yield a “satisfactory” mark. 

3.5.4.  Other design qualities 

Two design opportunities that are considered not important for this project are 

inventiveness and functionality. This project does not contribute many innovative 

ideas. Many of the principles that could be applied already exist and are sufficient to 

achieve the goal. Further, the aim of the project is not to research and develop new 

techniques, but the focus is rather on redesigning a part of the architecture. Since this 

architecture comprises a production system, one could even argue against using 

innovative and new techniques, as they will have a much smaller “track record” and 

therefore using them would be more risky.  

Also regarding functionality, this project does not contribute much. In effect, the 

project does not deliver any new capabilities to perform pattern recognition or to 

automatically restructure parts of the architecture. The focus is on redesign to 

enhance maintainability, which is a quality attribute. 
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4.Domain Analysis 
As already shortly described in the previous chapter, the domain in which the project 

resides is mainly pattern recognition and software maintainability. This chapter 

describes these domains in more detail and specifically touches upon the relevant 

parts needed for a solution to the problem. 

4.1    Introduction 
Two domains are of particular interest for this project: pattern recognition and 

software maintainability. Studying pattern recognition is important because it helps 

to understand the used third-party library. Further, it is necessary to be able to 

provide an abstraction form this library. This can only truly be done when there is a 

better understanding of the pattern recognition domain and other pattern recognition 

libraries. 

Studying software maintainability is important because the redesigns that this project 

entails aim at improving maintainability. Moreover, studying this field gives insight 

in possible ways to actually measure maintainability and improvements envisioned in 

this project. 

4.2    Pattern recognition 
The domain of pattern recognition is very broad: from two-dimensional pictures to 

three-dimensional moving objects in a video. Therefore, we limit this domain 

analysis to the part that is actually used in this project. This part could be described 

by contour-based shape matching of two-dimensional objects in pictures. 

 

The goal of the algorithms in this domain is to recognize certain objects (e.g., marks) 

in a picture. These objects contain geometric patterns (also called features) that are 

captured in pictures. In order to be able to recognize these geometric patterns, the 

algorithms first have to “learn” these patterns. This is done in a training phase. A 

training phase, in this particular context, entails the detection and processing of 

(interesting parts of) the geometric patterns in a picture. A requirement is usually that 

the picture captures the objects in an ideal way, to make sure that training can be 

done with least amount of noise. The detected and processed patterns are then stored 

to be used for later recognition. 

 

After this training phase, a recognition phase is performed. This phase consists of the 

actual recognition of objects in a picture. It uses the gathered information about the 

relevant geometric patterns from the training phase to detect the objects in a picture.  

 

Important to note here is that the object captured in two pictures might appear 

significantly different. The object can be rotated, scaled, skewed, and even cluttered. 

Moreover, in the context of taking pictures of a very small part of a wafer, the object 

might appear different because of changes in color, contrast, and surroundings. These 

various factors cannot be completely predicted and this is one of the most 

challenging problems in recognizing objects in this context. In Figure 6, a 

simplification is shown that depicts the influencing factors on the appearance of an 

object on a wafer. 
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Figure 6 Domain model of pattern and influencing factors of its appearance 

4.2.1.  Cognex VisionPro domain analysis 

The Cognex VisionPro library is studied on a conceptual level. The reason to not 

study it on an implementation level is that that would occlude the analysis with 

specific details not interesting for the creation of a generic interface. In Figure 7 we 

provide an overview model of the concepts used in the library. We zoom in on 

relevant parts in upcoming paragraphs and figures. 
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1
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class Domain Model
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Figure 7 Domain model of Cognex. 
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The library uses the notion of a Tool. A tool groups together much functionality 

available to the user of the library. Examples are setting training- and recognition 

parameters. Further, specifying training- and recognition images as well as the 

specific algorithm desired to train and recognition can be done here. 

 
As described earlier there are two steps in pattern recognition: training and 

recognition. The training step can be performed in largely two different ways. The 

first is image-based training, and the second is shapemodel-based training (depicted 

as respectively “ImageTrainMode” and “ShapeModelTrainMode” in Figure 7). 

When using image-based training, one provides an (close to) ideal picture of an 

object to be detected. Then, the selected algorithm will try to recognize the 

interesting geometric patterns, also called features. This is “easy”, since one only 

provides the algorithm with an example picture containing the object. Possible 

drawback of this method is that the algorithm might select features that are actually 

not representing the object of interest. 

The shapemodel-based training relies on a geometric model, instead of a picture. This 

model captures the object of interest using geometric primitives, such as lines, 

rectangles, and circles. The advantage of this method is that the algorithm will be 

provided with only interesting information, namely the geometric model, instead of 

“noise” from a picture. A possible drawback of this approach is that one needs to 

construct this geometric model first. Moreover, one also cannot use image 

information such as resolution. 

 

Another interesting concept in the library is the notion of a TrainRegion. A train 

region specifies a particular part of an image that should be used for training (and a 

SearchRegion is the equivalent for recognition). Especially for the training step this 

is important, because one wants to specify a certain object in a picture (and not detect 

geometric patterns everywhere in a picture). This train region is also referred to as 

Region of Interest. 

 

For many applications it is important to obtain information about relative distances 

and angles after recognition. For example, one wants to know what the distance 

between a mark and the edge of the picture is. In order to get such information, one 

needs to specify a certain reference point, an origin. This origin specifies a certain 

coordinate system from which distances and angles can be computed. The origin 

(depicted in Figure 7 as PatternOrigin) is together with a search region a train 

parameter. 

4.2.2.  Halcon domain analysis 

The pattern recognition library of MVTec Software GmbH, hereafter called Halcon, 

supports a wide range of pattern recognition functionality, among which shape based 

pattern matching. This library is studied to obtain a more generic view of pattern 

recognition. This more generic view on pattern recognition allows us to separate 

what is Cognex VisionPro (and perhaps YieldStar) specific and what is intrinsic in 

pattern recognition. The focus of this domain analysis is on the (high-level) structure 

and concepts of Halcon, rather than the dynamic aspects. 

 

Unsurprisingly also Halcon uses both a training and recognition steps to perform 

actual pattern recognition. Next to that, also Halcon provides basically two groups of 

methods to perform training: image-based and shapemodel-based (as depicted in 

Figure 8). The library introduces the notion of a ReferenceImage that together with a 

certain RegionOfInterest, can be reduced to a TemplateImage. This is similar to the 

currently used library, where one can specify a training image and specifying a 

certain region of interest that is used to focus the training algorithm. 

Further, Halcon contains a shapemodel concept that can be created using geometric 

primitives. Another important part of Halcon is that it contains a PointOfReference 

concept, which is similar to currently used library’s Origin concept. 
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4.2.3.  OpenCV domain analysis 

Next to Cognex VisionPro and Halcon, we studied an open-source variant as well. 

The current (open-source) leader on pattern recognition is OpenCV. This library 

contains many algorithms for various purposes, among which algorithms for contour-

based shape matching of two-dimensional objects in pictures. 

 

An advantage of studying an open-source library versus studying proprietary libraries 

such as Cognex VisionPro and Halcon is that an open-source library should already 

provide some kind of abstraction. This, because it needs to provide and support 

various algorithms (that are designed for different purposes) under a single API. 

Therefore, studying this open-source library can help to gain an impression of a 

possible abstraction of pattern recognition techniques. 

 

What is clear from the analysis (depicted in Figure 9) is that OpenCV contains the 

most important notions described above for Cognex VisionPro and Halcon. Also 

OpenCV contains a notion for a region of interest and an image that can be used for 

training and recognition. A few remarkable differences, however, is that there is no 

distinction between image-base and shapemodel-based training. Both are treated in 

the exact same way. Moreover, the library does not contain a separate concept for 

specifying an origin. Instead, it uses a homography to relate found features in the 

training image and recognition image (a similar technique is also available in 

Halcon).  

Different from Cognex VisionPro and Halcon, but expected from an open-source 

library, is the possibility to use different algorithms for different steps in the 

recognition process: for feature detection, extraction and matching.  

4.2.4.  Conclusion 

Having studied three different pattern recognition libraries, it is possible to identify 

common concepts. These concepts are denoted below, as they will help to create an 

abstraction of pattern recognition later on. 

 Training and recognition phase: there is no possibility to recognize 

geometric features without having some information about these features 

beforehand (i.e. there can be no recognition phase only). In all libraries this 

information about geometric features is obtained during a training phase. 

 Region of Interest (ROI): it is important for training on a particular picture, 

because pictures usually contain many geometric features that are of no 

interest to training algorithms. 

 Image-based and model-based input: both Cognex VisionPro and Halcon 

have different notions for input. First, there is image-based input that uses 

images for the training phase. A particular downside of this approach is that 

images can contain noise (other geometric features). This is circumvented 

by the second approach: model-based input, where a model of the geometric 

features is used. This model contains nothing but the model itself and is thus 

free of noise, but does not contain metadata that is present in images. 

The OpenCV library does not have a separate notion for model-based input, 

but could handle that type of input by just treating it like image-based input. 

 Homography: in all libraries there is an approach to relate the position, 

orientation, and scaling of a pattern in a train image to the matched pattern 

in a recognition image. 

In both Halcon and OpenCV there is an explicit notion of a homography. In 

the Cognex VisionPro library there is no explicit notion of a homography. 

Instead, during the training phase an origin is defined. This origin is then 

used as a reference point in a matched pattern (and is thus the basis for a 

homography). 
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 Settings: all libraries have multiple algorithms that can be tuned and 

configured for specific usages. This is for both the training and recognition 

phase. 
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Figure 8 Domain model of Halcon. 
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class Algorithm Domain Model
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Figure 9 Domain model of OpenCV. 
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4.3    Software maintainability 
As described earlier, the focus of this project is on actually improving the 

maintainability of the YieldStar software. A more specific goal is to modularize the 

pattern recognition functionality and to remove the dependence on the library. In this 

section we describe what software maintainability actually entails, and which of 

those aspects are relevant for this project. 

4.3.1.  ISO 25010 

The ISO 25010 (ISO) standard describes that software maintainability entails the 

following five quality attributes: modularity, reusability, analyzability, modifiability 

and testability. Below we quote descriptions of these quality attributes. 

  

1. Modularity: Degree to which a system or computer program is composed 

of discrete components such that a change to one component has minimal 

impact on other components. 

2. Reusability: Degree to which an asset can be used in more than one system, 

or in building other assets. 

3. Analyzability: Degree of effectiveness and efficiency with which it is 

possible to assess the impact on a product or system of an intended change 

to one or more of its parts, or to diagnose a product for deficiencies or 

causes of failures, or to identify parts to be modified. 

4. Modifiability: Degree to which a product or system can be effectively and 

efficiently modified without introducing defects or degrading existing 

product quality. 

5. Testability: Degree of effectiveness and efficiency with which test criteria 

can be established for a system, product or component and tests can be 

performed to determine whether those criteria have been met. 

Next to the quality attributes described by the ISO 25010 standard, there are also 

engineering principles and best practices that can be used as a guideline for designing 

maintainable software. These are addressed in next section. Moreover, an important 

aspect of improving maintainability of software in an industrial setting is to be able to 

justify the effort spent to do so. One way to clarify the benefits of improving 

maintainability is to measure certain aspects (e.g., coupling) of the software. This is 

described in the last section of this chapter. 

4.3.2.  Design/architecture principles 

Designing and programming in object-oriented languages provides much flexibility. 

With this flexibility also come challenges, especially when an object-oriented 

software system is extended and maintained by tens of software engineers. Every 

software engineer will come up with a different object-oriented design to solve a 

problem. When all these solutions are combined into one system, where other 

software engineers extend and maintain those solutions, the overall design of the 

system might become suboptimal. In (Martin), this is called a “rotting design”. From 

a perspective of software maintainability, a set of guidelines were created to prevent 

a design from “rotting”. These guidelines, focused on organizing a design on the 

granularity of classes, were grouped into the acronym SOLID. We describe them 

below. 

 

 

 

 

 

 

 



 

22 
 

 Single Responsibility Principle (SRP) 

A class should have only a single responsibility (i.e. only one potential 

change in the software's specification should be able to affect the 

specification of the class). 

 Open/Closed Principle (OCP) 

Software entities should be open for extension, but closed for modification. 

 Liskov Substitution Principle (LSP) 

Objects in a program should be replaceable with instances of their subtypes 

without altering the correctness of that program. 

 Interface Segregation Principle (ISP) 

Many client-specific interfaces are better than one general-purpose interface. 

 Dependency Inversion Principle (DIP) 

Depend upon Abstractions. Do not depend upon concretions. 

The principles should be used as guidelines, as opposed to ground-truth. In some 

cases one might decide against a principle because of good reasons. In general, 

however, these guidelines should help a designer/developer to create (more) 

maintainable software. Further, these guidelines can be used in refactoring effort to 

increase maintainability of legacy software. In addition to the SOLID guidelines, 

there are more principles that are concerned with a higher level of granularity, 

namely packages. In accordance with (Martin) we group the following three 

principles as the Package Cohesion Principles below. 

 

 Release Reuse Equivalency Principle (REP) 
“The granule of reuse is the granule of release”: a general criterion for 

grouping classes into packages is reuse. On the other hand, packages are 

used as a unit of release. Therefore, by grouping classes into packages, both 

release and reuse play the same role. 

 Common Closure Principle (CCP) 

“Classes that change together, belong together”: dependencies between 

packages make managing, testing and releasing those packages difficult. To 

contain changes inside packages, classes that change together should be 

grouped together. 

 Common Reuse Principle (CRP) 

“Classes that aren’t reused together should not be grouped together”: a 

dependency on a package means a dependency upon everything in that 

package. Therefore, classes that do not belong to that package should be 

excluded. 

 

Besides these principles, there are three other principles grouped as Package 

Coupling Principles. 

 

 Acyclic Dependency Principle (ADP) 

“The dependencies between packages must not form cycles”: testing, release 

and reuse of packages with cyclic dependencies requires much effort, as the 

number of transitive dependencies explodes. 

 Stable Dependencies Principle (SDP) 

“Depend in the direction of stability”: there should be flexible and stable 

packages in an architecture, and the flexible packages should depend on the 

stable packages. To measure the “stability” of a package a metric was 

defined (Martin). 

 Stable Abstractions Principle (SAP) 

“Stable packages should be abstract packages”: because of SDP, packages 

depend on more stable packages because they are less flexible. In order to 

be able to extend these stable packages, they should be more abstract. To 

measure abstractness a metric was defined (Martin). A graph depicting 

instability versus abstractness helps making tradeoffs between the various 

principles. 
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4.3.3.  Measure maintainability 

In the current software engineering practice (in industry) there is not so much focus 

on quality aspects like software maintainability. Sometimes this is the case because 

of a lack of understanding of the importance of maintainability. In other cases, this is 

because the benefits of maintainability are not immediately clear. Improving 

maintainability usually competes for budget and time with bug fixing and new 

features. Since those activities have immediate, and often measurable, pay-off (happy 

customers, direct sellability, etc.), and because they are sometimes marked as 

“critical”, the tradeoff is made to postpone maintainability improvements. 

To help put maintainability tasks on the agenda, and to analyze (beforehand or 

afterwards) the actual impact, research effort has been spent to come up with metrics. 

Some of those metrics are listed below. 

 

 Size: number of code lines (LOC or SLOC), comments, files, components, 

packages, assemblies 

 Complexity: Halstead, McGabe 

 Modularity: cohesion, coupling, afferent (fan-in), efferent (fan-out) 

 OO-specific complexity: inheritance, abstractness, Coupling Between 

Object classes, Number Of Children, Weighted Methods per Class, Lack of 

Cohesion of Methods, Tight class cohesion, Loose class cohesion 
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5.System Requirements 
Previous chapters describe the problem and domain. In this chapter we will describe 

both high-level as well as specific requirements for a solution to this problem. These 

requirements are both functional as well as non-functional and according to relevance 

they are prioritized. 

5.1    Introduction 
As described in Section 6.2, restructuring all of YieldStar’s pattern recognition 

functionality cannot be done in the timespan of this project. Therefore, various 

discussions with stakeholders resulted in a few case studies, in which we would 

attack the problem in a smaller scope. There are multiple case studies chosen. 

Restructuring part of the user interface and the design of a pattern recognition 

module. 

 

The requirements are grouped per case study and prioritized where relevant. For 

prioritization the MoSCoW method is used. The method distinguishes requirements 

by Must-haves, Should-haves, Could-haves and Wont-haves, which are denoted by 

M, S, C and W, respectively. 

5.2    User Interface 
Users of the YieldStar machine can operate the machine via a graphical user 

interface. This interface uses pattern recognition functionality. A certain component 

of the user interface is heavily coupled with pattern recognition functionality. This 

component uses a display component (called CogDisplay) to gather training settings 

from and show recognition information to the user. This CogDisplay type is provided 

by the library. To decouple the user interface from the library, we designed and 

implemented our own display component, the PatternRecognitionDisplay (PRD) that 

basically replaces the CogDisplay. We depict the requirements for the PRD below. 

5.2.1.  PatternRecognitionDisplay 

The CogDisplay is currently used in two different use cases. The first use case entails 

a user that wants to view a picture (on which recognition is performed) with the 

corresponding training input. The requirements identified from this use case are 

depicted in Table 1. The second use case entails a user that wants to view a picture 

and specify the training input used for training and recognition of patterns. The 

requirements for this use case are depicted in Table 2. 

Both use cases will be supported by the PatternRecognitionDisplay. We group the 

requirements of the component by each use case. 

Use case: view picture and training input 

 

Table 1 Requirements for view-essential functionality of the PRD 

ID Description Priority 

R2.1 The control must be able to display a picture (used for training 

or recognition). 

M 

R2.2 The control must be able to display the origin on the 

corresponding position in the picture. 

M 

R2.3 The control must be able to display the Region of Interest on 

the corresponding position in the picture. 

M 

R2.4 The control must be able to display masked areas in the picture. M 

R2.5 The control must not rely on a (license) dongle for providing its 

functionality. 

M 
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Use case: view picture and edit training input 

 

Table 2 Requirements for edit-essential functionality of the PRD 

ID Description Priority 

R2.6 The control must allow the user to zoom in and out on the 

picture. 

 There will not be functionality to zoom out further 

than the point where the displayed picture fits entirely 

in the control. 

 There will be functionality to zoom to subpixel level. 

 Next to mouse wheel zooming, zooming with only a 

mouse with buttons is required. 

M 

R2.7 The control must allow the user to “pan” over the picture (i.e. 

while having a certain zoom, be able to focus on a different part 

of the picture). 

M 

R2.8 The control must be able to display coarse and fine features. M 

R2.9 The control should have a ruler or display for coordinates, so 

that pixels can be related easily to physical geometry. 

 Coordinates can be displayed via two numbers. 

 A ruler would need to be adjusted accordingly while 

zooming. 

W 

R2.10 The control must allow the user to specify a Region of Interest. M 

R2.11 The control must allow the user to specify the origin. M 

R2.12 The control must allow the user to mask certain parts of the 

picture. 

 This masking should be done via rectangles (multiple). 

M 

 

Next to specific use cases that generate requirements, there are also requirements 

induced by the current software architecture, depicted in Table 3. 

 

Table 3 Extra requirements identified for the PRD 

ID Description Priority 

R2.13 The control must be implemented using WPF instead of 

WinForms. 

M 

R2.14 The control should use the MVVM pattern, so that it aligns 

with other user interface controls. 

S 

R2.15 The control should be extendable: 

 Different pattern recognition libraries require different 

shapes for Region of Interest, features and masked 

areas. Further, they require different logic for training 

and actual recognition. 

S 

5.3    Modularizing pattern recognition 
By creating a replacement of the CogDisplay, the user interface becomes less 

dependent on the library. As described in Section 6.2, another ingredient of pattern 

recognition that is coupled inside the user interface is the use of the wrapper 

interface. The idea is to replace this interface by a central pattern recognition module. 

This module can then be used for non-user interface parts as well. Further, because 

pattern recognition is not YieldStar specific, this module might be used in different 

projects as well. 

To construct such a module, we identified below requirements. 
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Table 4 Requirements identified for the pattern recognition module and the 

corresponding service 

ID Description Priority 

R3.1 The module must be exposed using a WCF service. This 

service and module will reside in MachineControl. 

M 

R3.2 The module must contain an abstract interface, i.e., an interface 

that: 

 Hides the library. 

 Encapsulates pattern recognition (inner workings). 

This should result in minimizing the amount of pattern 

recognition knowledge outside the module (i.e., clients 

of the module). 

M 

R3.3 The module must be testable in isolation M 

R3.4 The module could be reusable in a different context (outside the 

user interface) 

C 

R3.5 The module must be extendable, i.e., extra pattern recognition 

functionality can be added 

M 

R3.6 The module should be designed according to the guidelines 

described by the SOLID principles 

S 
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6.System Architecture 
Previous chapter discusses the functional and non-functional requirements of this 

project. In this chapter we discuss the architectural reasoning and design decisions 

that resulted in a design to satisfy the identified requirements. 

6.1    Introduction 
In order to describe the overall architecture, the 4+1 architecture view model of 

Philippe Kruchten is used (Kruchten). This view model addresses the architecture of 

a software system in different, concurrent views to address different concerns. The 

following views are prescribed: 

 Logical view – functionality of a software system translated into objects, 

their relationships and related responsibilities. 

 Development view – software management viewpoint of a software system 

 Process view – addresses the dynamic aspects of a software system, i.e., the 

various processes, threads, communication between those, and related 

quality attributes. 

 Physical view – the software system from a system engineer’s perspective, 

with elements as software and hardware relations.  

 Scenarios – usually described as use cases to describe the interactions 

between users, objects and processes. 

6.2    IST-SOLL analysis of library dependencies 
The architecture described in previous section provides no information about where 

the library is actually used. Further, it also does not provide information where 

pattern recognition functionality is used.  

This section contains an analysis of explicit dependencies on the library. Further, it 

describes an ideal goal from the perspective of becoming independent on the library 

and modularizing pattern recognition functionality. Since that ideal goal is not 

feasible within the budget of this project, an intermediate goal is described as well. 

This method is also called IST-SOLL analysis. Such an analysis contains three parts: 

the current state (IST), the ultimately desired goal (SOLL) and a realistic goal. 

6.2.1.  IST analysis 

In Figure 10, a context diagram is depicted. This diagram shows the current explicit 

software dependencies of the software on the library. In fact, the block YieldStar 

Functionality consists of many sub-blocks, each with its own dependencies on the 

library, wrapper and abstraction layer. Another note that must be made here is that 

the block User Interface is actually part of the functionality that the YieldStar 

delivers. It is drawn separately, however, because this part will be one of the focus 

points later in the project. Moreover, it is shown separately to stress that there exists a 

duplicate wrapper layer that is using directly the library assemblies and also the other 

wrapper. 

6.2.2.  SOLL analysis 

Having explained the current state of the YieldStar software dependencies on the 

library, we will give a high-level overview of what a desired architecture would look 

like (the “SOLL” part of the IST-SOLL analysis). Note that this architecture is not 

described according to the 4+1 view model. In fact, we only give an abstract 

representation of this architecture. The reason is twofold: first it would require much 

effort to give such a wide view on the architecture, and second, the analysis for the 

current state is mostly performed on this abstract level. 

 

In Figure 11, this architecture is described. The major changes that need to be further 

designed and implemented are: 
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 The realization of the Pattern Recognition module. This module should get 

its own assembly and namespace to enable its reusability and independence. 

 The separation and division of current interfaces in the abstraction layer. 

This separation must be done for every client that uses pattern recognition 

functionality (the Interface Segregation Principle as described by SOLID). 

Upon identifying multiple similar (enough) clients, interfaces can be 

grouped. 

 The introduction of a user interface adapter that basically contains a user 

interface-specific interface. Moreover, this contains replacements for 

library-specific user interface controls that are currently used. 

 Only dependencies are allowed on this Pattern Recognition module, with a 

preference for using the abstraction layer (and not the wrapper layer). This 

means that various pattern recognition tools have to be replaced by tools that 

do not directly depend upon the library. Further, many building blocks have 

to be “rewired” to use the new module. 

Note that this is a very high-level description of the desired architecture and that 

many details would have to be investigated. This diagram does, however, provide 

handles to determine a focus area and a certain scope to realize this goal. This more 

feasible goal is depicted in Figure 12. There, we focus on improving the simulation 

capabilities, redesigning a particular part of the user interface, and the creation of the 

Pattern Recognition module. In particular, we do not refactor any of the YieldStar 

Functionality and we do not refactor the entire user interface (hence the remaining 

dependencies on the library assemblies).  
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Figure 10 Context diagram showing the explicit dependencies on the library. Representing the “IST” in the IST-SOLL analysis. 
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Figure 11 Diagram showing the explicit dependencies on the library when an ideal architecture has been realized. Representing the "SOLL" in 

the IST-SOLL analysis. 
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Figure 12 Diagram showing the explicit dependencies on the library for the architecture that is defined as goal in this project. 
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6.3    Library independence aspects 
As described in previous section, the current software architecture is dependent on 

the library via many explicit dependencies. Further, there are many implicit 

dependencies in the software, as well as non-software dependencies. Below we give a 

short overview of identified dependencies. 

 

 No thorough analysis has been made for the dependencies regarding 

dynamic aspects of the system. For example, there are no statistics on the 

performance of the library, or optimizations in parts of the software that are 

needed because of shortcomings of the library. 

 There is no single point of documentation about the library. Much 

knowledge is scattered, amongst team members and documents. 

 When using functionality of the library a license dongle is needed. A license 

dongle is a device that provides the system with appropriate license 

information (i.e. identifying the user of the library as an authorized user).  

This has large implications on the usage of the YieldStar software. Since 

many parts are dependent on the library, many parts need this dongle to 

actually be usable. 

 Among implicit dependencies, there are name-dependencies. These 

dependencies will not do any harm if the library would be changed, or when 

code is refactored, but they might be confusing for software engineers. 

 As there is no easy way to become completely independent of the library, 

there is an organizational risk. For example, if the company of the library 

would go bankrupt, the library would not be further maintained. If in that 

case a bug is detected in the library, there are basically two options: some 

containment in the YieldStar software (e.g., workaround), or using a 

different library. This latter option is one of the motivations to become less 

dependent on the library. 

A third, more sustainable option is to get a source code escrow. With this, 

when the company would go bankrupt, the source code is released to 

ASML, after which bugs could be solved directly in the library itself. 
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7.Verification & Validation 
The previous chapters focus on describing the analysis and (re)design of software on 

various abstraction levels. In order to check whether the right product is built in the 

right way, we focus on two perspectives: verification, which checks whether the 

product is built right, and validation, which checks whether the right product is built. 

7.1    Verification 
Verification of a software product means to evaluate whether that product is 

engineered properly. This entails the design, implementation, tests and 

documentation of that product. 

 

The different parts of this project, the PRD and the pattern recognition service are 

verified on different levels. There were no unit tests created for the PRD to reduce 

development time. Further, the graphical interface was tested by hand. Feedback on 

the PRD was gathered during several meetings, one of which with the prospective 

user. Moreover, a knowledge transfer session was performed to inform a part of the 

user interface team about this component. After that session, a quick informal code 

review was performed. 

 

The pattern recognition service was verified by manual testing. Also for this part no 

unit tests were created to reduce development time. Further, design of this part was 

reviewed. 

7.2    Validation 
Validation of a software product means to evaluate whether the right product is 

engineered. This can be done by two perspectives: on the functional and on the non-

functional requirements. For the PRD the functional requirements are validated (a 

simple demo is enough). The non-functional requirements are more difficult to 

validate, as there is no single design that is “best” to satisfy those requirements. By 

validating the design with other engineers a subjective validation is performed. The 

same holds for the pattern recognition service.  
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8.Conclusions 
This chapter describes the results achieved during the project and puts them in the 

perspective of related stakeholders. Further, it discusses future work as extension of 

the project. 

8.1    Results 
The focus of this project was to make YieldStar’s software architecture less 

independent on the library. Further, the pattern recognition functionality should be 

modularized. All the analysis and redesign done to achieve these goals also serve as a 

case study for later projects. 

 

In order to make the software architecture less dependent on the library, it should 

first be visible what parts of the architecture are actually dependent on the library. To 

do so, an analysis was made of the current software dependencies on the library. This 

analysis made clear what building blocks are actually dependent on the library 

directly and indirectly via a wrapper and an abstraction layer. The analysis is not 

complete, however, because of implicit dependencies and a huge number of 

dependencies in general. A full dependency graph would be incomprehensible. Still, 

the analysis gives a good overview of the current dependency on the library (from a 

static software perspective). 

 

From the analysis, a goal for this project was defined, as well as an ideal goal (which 

is out of the scope of this project). The place and the need for a pattern recognition 

module also become clear from the analysis. Moreover, it became clear that the user 

interface is tightly coupled with the library. Also, it became clear that there is an 

entire user interface specific library wrapper is present. To actually decouple the user 

interface from the library and pattern recognition specific concepts, the project 

contributed two results. The first is the PRD that replaces a library specific user 

interface component. This component was integrated in the user interface and will be 

industrialized so that it can be released. The second is the creation of the pattern 

recognition module. On top of that module a service was created, so that pattern 

recognition functionality is available in the user interface (or any other client that 

connects to this service). The module itself can be reused for other types of clients 

that not necessarily need a service to communicate with (e.g., the wafer align 

building block). 

8.2    Future work 
As described earlier, this project contributed important results to the software 

architecture. What also became clear, however, is that there are still many 

improvements that are left untouched. We list them below. 

 

 The user interface can be made completely decoupled from the library, by 

replacing the current CogDisplay components with the newly created PRD. 

This PRD component can, now it is developed inside ASML, be readily 

extended with all kind of interesting functionality. 

Further, the pattern recognition service provides pattern recognition 

functionality to the user interface. With this, the user interface specific 

library wrapper can be removed. 

 The pattern recognition module created focuses on providing pattern 

recognition functionality to the user interface and to other possible clients 

(e.g., the wafer align building block). Apart from this functionality, there are 

many other tools that provide some additional or related functionality. These 

functions could also be incorporated in the pattern recognition module, or 

perhaps be part of the pattern recognition service. 

 A specific problem that is present in many large software projects is 

evaluating tasks on the tradeoff of software maintainability versus new 

features and critical bugfixes. To provide insight, one could try to quantify 
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this. The challenge is to have meaningful metrics and to be able to interpret 

and relate them adequately. An effort could be made to see what (process) 

data is present in YieldStar’s development process to support those metrics.  

 To support actual future development of the pattern recognition module, and 

perhaps service, it could be interesting to assign ownership. With this, it 

becomes clear throughout the organization where to obtain knowledge about 

pattern recognition, where to find help for using pattern recognition 

functionality and where the corresponding (software) interfaces are 

maintained.  

 Currently all available library documentation is scattered over multiple 

sources. It is helpful for both new as well as experienced engineers to have a 

single source for library documentation. 
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9.Project Management 
This chapter describes the management process and tools that were used to 

successfully execute this project. The overall philosophy was to maximize time for 

performing tasks, while still spending sufficient effort in the management process. 

9.1    Introduction 
In order to determine the scope and goal of the project, regular Project Steering 

Group (PSG) meetings were planned. This group consisted of Albert-Jan Nijsten, 

Marcel Peeters, Tanir Ozcelebi and myself. During those meetings, the progress since 

the last meeting, new topics, and a new planning were discussed. This planning was 

then discussed from both the perspective of the OOTI program, as well as of the 

perspective of ASML. 

 

Initially, a backlog was created to provide an overview of all tasks. Together with a 

priority, a short description and an effort estimation the tasks were planned for one 

“sprint”, which was the period between two successive PSG meetings. This approach 

worked well for planning up to the next sprint, but did not give much insight in the 

scope and goals of the project. To provide that overview, milestone trend analysis 

was performed, described in next section. 

 

Prioritization of tasks was done in a risky-first manner. For example, to design and 

implement the PRD, the most risky (unknown and possibly a breaking feature) tasks 

were done first, to make sure to not spend unnecessary time on infeasible tasks. This 

is also in accordance with the “fail-fast” principle. 

9.2    Milestone Trend Analysis 
The goal milestone trend analysis (MTA) performed in this project was to visualize 

the important milestones and tasks. Moreover, it should visualize how they would be 

completed or shifted over time. This gives information of what blocking tasks are, 

which tasks are on time and which not, and which tasks might be added or dropped. 

This MTA is depicted in Figure 13. The MTA already shows added milestones, 

finished, dropped and delayed milestones.  

 

For several reasons this analysis was not performed until the end of the project. First, 

updating the visualization of this analysis is a tedious task. Second, adding, removing 

and shifting milestones make the visualization cluttered. This visualization works 

really well for clearly-defined projects, in which the milestones are more or less set. 

While performing this analysis, the project was not yet in that phase. Third, this 

visualization does not give information about tasks that are dependent on each other. 

9.3    Timeline planning 
To provide advantages of a visualization of milestones and tasks, but to overcome the 

disadvantages of the MTA, another approach was to use timelines. These timelines 

are basically a Gantt chart that depicts important tasks and deadlines. They also 

provide information when a task will start and end. Such a timeline is depicted in 

Figure 14. 

 

This approach was found successful and effective. Without much effort a nice 

visualization of important milestones and tasks can be made. Further, it provides 

insight in when and for how long a certain task is executed. Moreover, it proved a 

valuable way to communicate the project status and planning to interested 

stakeholders. 
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Figure 13 Milestone Trend Analysis during first half of the project 
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Figure 14 Timeline of final phase of the project 



 

44 
 

  



 

45 
 

10. Project Retrospective 
The reflection described in this chapter is based on the author’s perspective. The 

reflection also serves as input for future projects within a similar environment and 

with a similar goal. Moreover, the design opportunities that were defined in the 

beginning of the project are revisited. 

10.1    Reflection 
The project comes with various challenges. One of these challenges is to analyze the 

dependencies on the library. This is not an easy task because of the vast size of the 

code base, usage of advanced techniques such as dependency injection, and implicit 

dependencies. Because of this, no analysis can really be made “complete”. 

Furthermore, not all dependencies that are found are actually interesting to 

report/visualize. Many can be grouped together or are present at a too detailed level. 

The approach taken to overcome these challenges was to raise the abstraction level to 

building blocks, and use them to create a visualization. With this high-level 

overview, it was possible to zoom in on specific parts of the architecture and to study 

that in more detail.  

 

Another challenge was to balance the tradeoff of studying versus trial and error in 

designing the PRD using WPF. At the moment, I was unfamiliar with WPF’s 

possibilities and constraints. I basically used a “fail-fast” principle in designing the 

PRD: find the most risky/unknown feature and try to quickly implement it. Then, 

later, redesign the PRD with the already implemented features. This worked nicely to 

reduce risk, but it cost much time to get acquainted with WPF concepts. By first 

studying these concepts separately from the PRD, the overview development time 

could have been reduced. This is, however, hard to state, since it is difficult to know 

upfront what concepts of WPF one has to grasp to construct the PRD. 

 

Overall, the project was a very meaningful and challenging experience to exercise 

many of the design aspects that come with real-world software projects. Managing 

expectations, managing the project itself and analyzing and designing in such a large 

code base is a good environment to exercises one’s skills.    

10.2    Design opportunities revisited 
In the problem analysis, three design opportunities are listed: maintainability, 

genericity, and realizability. Throughout the project, much focus has been put on 

maintainability aspects, by using the various design principles. Further, by studying 

different pattern recognition libraries, a more generic view on pattern recognition was 

obtained. By performing IST-SOLL analyses, the realizability of the goal of the 

project was explicitly addressed.  





 

47 
 

Glossary 
 

Term Definition 

PRD PatternRecognitionDisplay: the user interface component designed to 

replace the CogDisplay from the Cognex VisionPro library. 

library The Cognex VisionPro library 

PDEng Professional Doctorate in Engineering 

WCF Windows Communication Foundation 

WPF Windows Presentation Foundation 
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