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Abstract 
This report presents the results of the research performed at the System Test and Release 
department of Assembléon in Veldhoven (the Netherlands), concerning the early reliability 
comparison between software-releases. From an intensive data-analysis causes are found for 
the differences that were experienced between the reliability performance calculated from test
results and the performance experienced after the release. The output of the analysis then 
delivered a framework as a guide for comparing the reliability performance of software 
releases. 
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Executive summary 
In this summary some information is described encrypted as this information is confidential. 
This report describes the graduation project that is performed at the department 'System Test 
and Release' (STAR) of Assembléon in Veldhoven. The STaR department is responsible for 
the verification and validation of Assembléon products and continuously improves the way of 
working to make the time to market shorter and keep competitive product quality. 

Assembléon develops, assembles, markets and distributes a diverse range of Surface Mount 
Technology (SMT) placement equipment and provides a broad range of related services. 
Assembléon ranks among the leaders in the design and manufacturing of surface-mount pick
and-place equipment for the global electronics industry. Assembléon offers three different 
series of products: the A, M and X-series. In this research only the A-series, more specific the 
AX3 and AX5, are considered. These two machines deliver integrated functionality across a 
single, common platform and are most suitable for higher placement rates between 45,000 
components per hour ( cph) and 150,000cph. 
Assembléon continually upgrades the machines that are sold to their customers with new 
software releases. The new software-releases need to be developed under great time-pressure 
and the monitoring of the reliability is an important aspect during this phase. Reliability is an 
important issue in today' s production environment and thus also very important for 
Assembléon. The performance, expressed as the reliability, of the machines is calculated 
according to the SEMI-Elû standard. The results acquired from the tests during development 
do not correspond with the performance as experienced during production at the customers. 

The project can be positioned within the research that is performed at the department Quality 
and Reliability Engineering (QRE) at Eindhoven University of Technology. Within this 
department, the sub-program Reliability, Availability, Maintainability and Safety using 
uncertain data (RAMSJ overlaps the research proj eet. 
The main topic considered in the sub-program RAMS is: Development of methods and tools to 
predict and optimize the product reliability during the early stages of product development. 

This research focuses on ' early reliability comparison'. The aim of this research is to find the 
causes of the differences between the estimation of the performance of the software that is 
calculated after testing and the performance that is experienced in the field after the release, 
and develop a method that can describe in a short period of time whether a new release 
performs as reliable as or better than the old and existing release. 

Concerned literature 
The failure rate is the most common used reliability metric. When the failure rate is constant, 
its reciprocal value is the Mean Time between Failure (MTBF) when the considered system is 
repairable. According to the SEMI-Elû standard, MTBF is defined as 'Mean (productive) time 
between failures; the average time the equipment is performing its intended function between 
failures ' . When the failure rate is not affected by the system' s age a Homogeneous Poisson 
process (HPP) can be used and exponential times between failures model appropriate. When 
the failure rate changes with system age the Nonhomogeneous Poisson process (NHPP) needs 
to be used. 
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Collected data 
Data is collected from the system integration test level till the end of the Beta test level, which 
is the release of the software. The reference sites and roll-out customers are customers where 
an intermediate version of a new software-release under development is used during 
production to test the performance of the new software-release. From some customers also data 
after the release is captured. Data from the customers is delivered in the form of an eventlog
file where every event is recorded. A data-analyst used to screen those files to capture the 
failure data. A failure is defined when 'the machine needs to be shut down due to 
malfunctioning'. These failures are categorized in start-up failures, crashes, hang-ups, failure
errors and unk:nown failures. This last category was added when a shutdown cause was not 
found but when the machine was started up within ten minutes after the last shutdown. 
Parallel to my research a new tool was developed that captures the failure data straight from 
the machine and so no manual screening is necessary anymore. Therefore, in the future more 
failure-data will be available for calculation and comparison. 

Calculation methods 
Before the start of this project Assembléon calculated a separate MTBF for software and a 
MTBF for hardware. Calculations for the software MTBF were based on the operation time on 
the machine divided by the number of failures caused by software. This differs from the SEMI
E 10 standard as for this norm the productive time is used. The hardware MTBF was calculated 
with the estimated time that machines in a region were operating divided by the number of 
spare-parts that were retumed from that region. The values of both MTBF calculations were 
then combined to present a total MTBF. After findings from this research and the development 
of the new tool the MTBF is calculated differently now. A system MTBF will in the future be 
presented where software and hardware MTBF are not considered separately anymore but 
where all experienced failures are taken into consideration. However, for the comparison 
between the performances of software releases the effect of hardware failures on the 
performance of software releases should not influence the decision about the performance of 
the software. It should be investigated whether it is possible to use a separate performance
indicator for only the software when a comparison is made. For the investigation to the 
performance of the machines first all failures are however taken into consideration. 

Analysis for field data 
The data that is collected from the customers is used for the investigation to the causes of the 
differences between the estimation of the performance of the software that is calculated after 
testing and the performance that is experienced in the field after the release. First an analysis of 
the available information had been performed to understand the available data and the present 
situation. A Mean Cumulative Function (MCF) was graphically presented with on the x-axis 
the days and on the y-axis the average amount of failures. This MCF is the average of the 
cumulative plots across all the individual systems at risk at any point in time. When the 
performance of the systems is compared to this MCF it can be seen what machines perform 
according to this MCF and what machines show a different performance. One machine that 
performed better and one that performed worse were compared to investigate the diff erence in 
the time definition that was used. As Assembléon used operation time and the SEMI-Elü 
standard uses productive time, these two time definitions were investigated. From this 
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investigation it is concluded that it is better to use productive time for MTBF-calculations in 
order to present a better value for the performance of the machines. 
This productive time was used for further analysis. For a further analysis data from ten 
machines was collected. For these machines the performance was graphically presented. From 
these graphs it was assumed that machines perform different from each other. In order to 
deliver strong conclusions about this suspected difference the data is statistically analyzed. 

Statistical analysis 
A statistica! analysis is performed on the data to: 

investigate what value can be used to present the reliability performance 
investigate if this value can be used for all the systems and thus if the suspected 
difference in performance is significant 
investigate how different releases or machines can be compared 

It is expected that the failure rate can be presented with a Poisson distribution and therefore an 
important assumption is that the probability of more then one failure in a subinterval is zero. 
This means that start-up failures need to be treated separately. These failures occur after the 
same productive time as the last failure as there has been no productive time since that last 
failure. These failures are therefore presented separately with the start-up ratio which is defined 
by number of start-up failures divided by the number of start-ups of the machine. 
For finding a correct value to use to present the reliability performance it is investigated what 
model can be used to describe the failure rate. This can be tested visually with the use of the 
MCF. When the MCF forms a straight line then a HPP model can be used. A convex or 
concave shape of the MCF shows that a NHPP model should be used. Whether to use the HPP 
or NHPP model can also be determined by performing a Laplace trend test to test for evidence 
of trend. From this test it is concluded that there is no evidence for trend and therefore the data 
(time between failures) is tested for exponential fit. With a goodness of fit test it is shown that 
the failure rate is Poisson distributed and that the Times between Failures are therefore 
exponentiall y distributed. 
Based on this exponential distribution confidence intervals for the MTBF are calculated. When 
these intervals are presented in an overview then it can be easily seen what machines perform 
equally or perform different. When a difference is suspected it can be statistically tested if this 
difference is significant by performing a hypothesis test for a difference in means. Also an 
analysis of variance can be performed to test if the data for all machines can be grouped 
together. 

Influencing factors 
From the analysis of the customer-data a big variation was seen between the performances of 
different machines. This variation can be caused by different factors on the machines and 
therefore a selective factor-analysis was performed, where factors were investigated where 
information was available for. For these factors assumptions were made for the influence of 
these factors on the performance of the machines. Four different hypotheses were derived from 
these assumptions and were further investigated. For investigating the relation between 
different variables a quantity called the correlation coefficient was calculated which showed if 
there was any evidence for a strong negative or positive relation. Also a hypothesis test for 
difference in means was used to investigate the effect of a certain option on the data. One 
sample with this option and one sample without this option can be compared with the 
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hypothesis test to investigate if there is a significant diff erence in the performance between 
both samples. From the investigation of the four hypotheses different conclusions were made. 
Failure type x is concluded to be related to the number of robots. When more robots are used 
an increase in the number of failure type x is experienced. 
Failure type y is related to the use of setting x. When setting x is used on the machine then it is 
concluded that more failures type y occur. This failure type also showed a relation with the 
number of manual stops on the machine. As it is concluded that the number of manual stops 
has a strong relation with the number of failures type y it can be assumed that the higher 
number of manual stops that machines with setting x have, results in a higher number of 
failures type y on those machines. 
Finally it is concluded that the number of hardware changes (swaps) on the machines seriously 
affects the MTBF. These hardware changes go together with more failure types x and z. It is 
assumed that most hardware changes are performed because a hardware defect occurred. 
Therefore, when the performance of a new software release needs to be compared to a prior 
release the effect of hardware failures should be deleted from the data before calculations are 
performed in order to get the unbiased performance of the new software. It seemed however 
really hard in practice to delete the hardware failures from the data as sometimes not enough 
information about the failure cause is available or when the cause cannot be found. As not 
enough is known about the hardware failures at this moment, for the calculation of the 
performance both hardware and software failures are taken into consideration. The best 
comparison between the performances of software release can therefore take place between 
machines that have the same value for the Mean Time between Swaps, which is an indicator 
for the number of changes that occurred per productive time. 

Overall Conclusions 
lt is concluded from the analysis that the failure-data can be modeled as a Homogeneous 
Poisson process, which means that the MTBF is a good value to present the reliability 
performance. It is however also concluded that the performance of the machines differs 
significantly and therefore a single value for the MTBF is not representative for the reliability 
performance of all systems. 

Three important causes were found for the differences between the calculated reliability 
performance (MTBF) ( after tests) before the release and the performance experienced in the 
field after the release. 
- The first cause is that not all failures were taken into account with the old method of 
calculation. The new method should include all failures that are experienced by the customer. 
- The second cause is the use of operation time instead of productive time for MTBF
calculations. As the customer experiences the performance during actual production and not 
the performance when the machine is e.g. in stand-by mode it is better to use productive time. 
- The last cause is the significant difference that is found between machines. As it is concluded 
from the analysis that a single value for the MTBF is not representative for the reliability of all 
systems this means that when a value is presented there will be customers that perform 
significant different than the calculated value. 
As with the new tool more data will be recorded, per software release tables should be made 
that give an overview of the levels of the influencing factors on the machines and an overview 
of the performance of the machines. A hypothesis test for a difference in means should be 
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performed to test whether there is a significant difference between the performances of two 
releases. Because significant differences between the performances of different machines were 
concluded it is important that when releases need to be compared, this comparison is done 
between machines that perform equally. When the performance of a new release needs to be 
compared to the performance of the last release it is the best to compare data that comes from 
the same machine that did not have a change in influencing factors since the last release. When 
this data is not available then another machine should be chosen from the overview that 
performed equally with the machine that delivers data from the new release. When there is no 
machine that can be found that shows an equal performance then a comparison cannot be 
performed as it is not correct to compare releases between machines with a different 
performance. The presented framework in this report can be used as a guide to a correct 
comparison. As only a few influencing factors are concluded at the moment this framework 
cannot be perfectly used until more influencing factors are investigated. 

Recommendations 
As a new tool is now in use, it is possible to capture and analyze a lot more data in the future. 
The data was not always stored in a central place and it was not always known where to find 
certain data. The new tool will make use of a central database so this aspect is improving. It is 
however recommended that this data-storage will be kept central so that it is clear for all 
involved parties where to find what sort of data. It is also important that data is collected from 
as many machines as possible. With the collected data tables should be made per release to 
collect important information about the influencing factors and performances of the machines. 
The influencing factors are very important for a good comparison between releases. At this 
moment only a few influencing factors are known and therefore it does not necessarily mean 
that two machine perform equally when all levels for the influencing factors are the same. It is 
recommended that Assembléon is alert for influencing factors of the MTBF. When a factor is 
assumed then information needs to be recorded regarding this factor. Depending on what kind 
of factor is assumed to be of influence a different investigation can be performed. A correlation 
coefficient can be calculated when the influencing factor can be presented with a certain value. 
Hypothesis tests and an analysis of variance can be used when there are only two levels of a 
factor, e.g. the presence or non-presence of a factor on the machine. 
As the number of manual stops seemed to be important for the number of failure type y it is 
recommended to carefully keep track of this number of manual stops and further investigate 
the causes of these manual stops. The number of manual stops is now set as an influencing 
factor hut this can possibly be investigated in more detail to find the underlying causes for 
manual stops. 

As the research for influencing factors was just very basic in this research, for further research 
this influence will be a very interesting research area. In the literature more and more is written 
about studies for operational profiles. Operational profiles give a quantitative characterization 
of system-usage in practice. When testing is driven by operational profiles, functions that are 
used often in practice are allocated more test time. In this way also intemal tests can deliver 
useful data on the performance as the use at the customers can be copied. For further research 
the investigation to these operational profiles might be very interesting. These operational 
profiles might also give more insight in possible influencing factors of the MTBF. 
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1. lntroduction 
The role of software has increased enormously in modem society. Quality, reliability and 
customer satisfaction are primary objectives for software developers and are important 
aspects for software development. Today's competitive environment demands increasingly 
high reliability performance at lower cost. Consequently, there is a need to develop modeling 
strategies that will support decisions as how the reliability can be improved in an effective 
and efficient way [ ANS99]. 
The software development process is a complex and time-consuming task where uncertainty 
remains about the performance of the software development process because it is hard to 
measure the quality of this development process. Therewith uncertainty remains about the 
performance of the final product (the software). 

Software reliability is one of the most important characteristics of software quality. The 
purpose of a software reliability prediction is to predict the reliability performance of a 
software product at the time ofrelease [LA W03]. 
How to predict the reliability performance of software is also an issue at Assembléon, the 
company where this research project is done. The machines developed by Assembléon are 
upgraded with new software releases at their customer sites, as and when Assembléon comes 
out with new software releases. Hence the company is in quest of a method which can help 
them to know if a new release performs as reliable as or even better than the latest release. In 
a shorter time. 

The new software-releases need to be developed under great time-pressure and the 
monitoring of the reliability is an important aspect during this phase. 

Reliability is an important issue in today's production environment and is also very important 
for Assembléon. Assembléon's vision on reliability, as found on their website, proves this: 
"Original Equipment Manufacturers. Original Design Manufacturers. Electronic 
Manufacturing Services. Different production requirements, one common need: absolute 
reliability. 
Assembléon has a complete range of solutions designed and built around proven platforms, 
to ensure long-term reliability. Our average times between repairs or failures are world 
class. " 

This interest for reliability forms an overlap with the research that is performed at the 
department Quality and Reliability Engineering (QRE) at Eindhoven University of 
Technology. Within this department, the sub-program Reliability, Availability, 
Maintainability and Safety using uncertain data (RAMSJ overlaps the research project. 

The main topic considered in the sub-program RAMS is: Development of methods and tools 
to predict and optimize the product reliability during the early stages of product 
development. 

This thesis will focus on 'early reliability comparison'. In the next chapter a short summary 
will be given about Assembléon, the company where the research takes places. Furthermore, 
a detailed description of the project, its research questions and the project approach in this 
report is given. 
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2. Project Environment and Description 
In this chapter the environment where the project was performed is described. Also, the 
information about the company 's organization and its products is given. A detailed project 
description is then given together with the research questions that wil! be investigated. The 
project approach wil! finally be described for this report. 

2. 1. Assembléon 
The project is performed at the department 'System Test and Release' (STAR) of 
Assembléon in Veldhoven. Assembléon, formerly known as Philips Electronic 
Manufacturing Technology (EMT), is a 100% subsidiary of Royal Philips Electronics. The 
STaR department is responsible for the verification and validation of Assembléon products 
and is continuously improving the way of working to make the time to market shorter and 
keep competitive product quality. 

Assembléon develops, assembles, markets and distributes a diverse range of Surface Mount 
Technology (SMT) placement equipment and provides a broad range of related services. 
Assembléon ranks among the leaders in the design and manufacturing of surface-mount pick
and-place equipment for the global electronics industry. 

The development focus is platform-based and tries to ensure compatibility between past, 
present and future solutions. They strive to provide their customers with the most flexible 
and cost effective means to cope with the fast changing product mix and varying batch 
demands of the electronics manufacturing industry. 
Assembléon's goal is to contribute towards a seamless manufacturing supply chain, which 
deals efficiently with fast changing market dynamics by offering flexible, performance
guaranteed, integrated solutions. 
Customers of Assembléon are Original Equipment Manufacturers (OEM's), Original Design 
Manufacturers (ODM's) and Contract Equipment Manufacturers (CEM's), using 
Assembléon's machines to place Surface Mount Devices and a great variety of electronic 
components on Printed Circuit Boards (PCBs ). PCBs are used in most modem electronic 
applications, including mobile telephones, computers and consumer and automotive 
electronics 

Assembléon headquarters as well as the research and development centre is based in 
Veldhoven, the Netherlands. Assembléon has a strong global presence with a broad network 
of sales and support offices in Asia-Pacific, USA and Europe. 
Through this global company network, Assembléon can offer its customers direct support 24 
hours a day, 365 days a year. 

2.1.1. Sales and Service Organization 
Next to products, a key success factor of the company is the strength of the regional Sales 
and Service centers, whose close cooperation provides a full global sales and service 
network. 
With its own highly skilled sales and support staff, Assembléon is fully equipped to sell 
added value products and services needed in the high and ultra high volume market. 
A strong and professional agent and representatives network provides Assembléon with a 
high qualified indirect sales force for the Medium Volume market. 
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The regional service organizations have regional call centers providing 7 days per week, 24 
hours per day full service both on call basis and contract basis. In addition to Assembléon's 
own service staff, the company also manages directly an additional service staff at selected 
certified service providers. This complete service staff is trained regularly on the Assembléon 
products and gets additional training when new products are introduced to the market. 

The regional sales and service centers are located in: 
Atlanta, USA, covering the Americas network 
Veldhoven, the N etherlands, covering Europe, Middle East and Africa, with sub 
offices in the most of East and West European countries 
Hong Kong, Shanghai, Singapore covering Asia 

2.1.2. Products 
Assembléon offers three different series of products: the A, Mand X-series. 
Manufacturing a great variety of electronic goods with a more limited shelf life means faster 
product changeovers, fluctuating volumes and shorter times-to-market. Increasing product 
complexity and the trend to electronics modules makes it very useful to choose the right line 
setup to suit all applications. 

Pick & Place solutions require the flexibility and versatility to mix-and-match large or small 
batches, with a low or high product mix, at increasingly demanding quality levels, while still 
keeping operating costs low. This is a characteristic of the A-Series. 

The A-series consists of the modules AX-201 , AX-301 and AX-501. These three modules 
introduce integrated functionality across a single, common platform and are most suitable for 
higher placement rates between 45,000 components per hour ( cph) and 150,000cph. 

The M-Series places a wide range of components - including chips, complex and odd-form 
components and is seen as the optimum solution for manufacturing flexibility in medium to 
large batch, high product mix environments. It handles both complex components and odd 
forms with equal ease and is ideally suited for production tasks needing placement rates 
between 8,500 cph and 40,000k cph. 

The X-Series is a cost-effective, Pick & Place platform for low- to medium-volume 
manufacturing at up to 20,000 components per hour (cph). Machines are easily optimized for 
ultra-high feeder count, and large boards. 
The multipurpose X-Series places a very wide range of components. It is seen as the most 
cost-effective, all-in-one solution for small to medium batch, high product mix environments 
where placement rates between 6,800 cph and 20,000k cph are sufficient. It is well-suited to 
production of large boards and the handling of odd-size components. 

For this research, only one of the series mentioned above is considered, namely the A-series. 
In more detail, only the AX-301 and AX-501 are examined as the AX-201 is brand-new and 
therefore does not have any history data that can be evaluated. The machines are shortly 
called AX3 and AX5 at the department and in the rest of the report. The words 'machines' 
and 'systems' are used interchangeably during this report hut mean the same. A detailed 
description of the concepts of the AX-series is given in appendix A. 
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All these systems are updated with new software releases regularly ( about one or two times a 
year) after being sold to the customers. In the following paragraph, the problems with new 
releases of software that Assembléon is facing, is explained. 

2.2. Project Description 
The role of software has increased enormously in modem society as outlined in the 
introduction. Quality, reliability and customer satisfaction are primary objectives for software 
developers and are important aspects for software development. 
The software development process is a complex and time-consuming task where uncertainty 
remains about the performance of the software development process as it is hard to measure 
the performance of the development process. Therefore uncertainty about the performance of 
the final product is remaining. The uncertainty should be at a minimum level at the point of 
the release and therefore Assembléon tests its software thorough before releasing it. Because 
Assembléon wants the time to market to be as short as possible the tests should deliver 
results under great time pressure. 

Normally Assembléon releases one or two new software versions per year. The customers 
that use the AX3 or AX5 machines can then upgrade the software on their systems. This is 
however not mandatory. Assembléon wants to find a method that can describe in a short 
period of time whether a new software release performs as reliable as or better than the 
existing release. 
The measurement of the reliability of these releases is done based on the SEMI ElO-standard 
[SEM04]. The results acquired from the tests during development do not correspond with the 
results experienced during production at the customers. This means that the performance of 
the software ( and so the system) during the production at customer sites is different than the 
performance that is resulted from the test results. It also seems that the performance of the 
systems differs significantly among other and older software releases and between different 
customers. In order to deal with the varying performance it needs to be investigated where 
these differences come from. There might be a need for examining possible factors that are 
causing the varying performance. 
lt is clear that Assembléon deals with a problem where differences are faced between their 
test-results and the results during actual production. The causes of these differences have to 
be found and further examined. In the future it should be known if the performance of new 
software at the time of a release performs at least as reliable as the existing software release. 
Therefore the project description of this thesis is: 

Find the causes of the differences between the estimation of the performance of the software 
that is calculated after testing and the performance that is experienced in the field after the 
release, and develop a method that can describe in a short period of time whether a new 
release performs as reliable as or better than the old and existing release. 

The research methodology is given in the next paragraph. 
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2.2.1. Research questions 
Research questions help as a guide in order to find a good solution for the project description. 
Answering the right research questions will result in a solution for the experienced problem. 
At the start of the project the following questions were defined that will be investigated: 

Question 1: What causes the differences between the calculated reliability performance 
and the performance experienced in the field? 
Targets: - Investigate the present method used to calculate the reliability performance. 

- Investigate what the differences between the two performance-values are. 
- Investigate what the causes of these diff erences are. 

Question 2: Is it possible to calculate a value that represents the reliability performance 
that is valid for all the machines? 
Targets: 

Question 3: 
Target: 

- Investigate what value can be used to present the reliability performance. 
- Investigate if this value can be used for all the systems. 

How can different releases be compared? 
- Investigate a method that is statistically correct for comparing the reliability 
of two different releases. 

During the research project it became clear that, when using the same version of the 
software, the performance of the systems can still vary between different customers. 
Therefore the following question needs to be answered. 

Question 4: What factors have influence on the performance of the systems? 
Targets: - Investigate what can be possible factors for the varying performance. 

- Investigate what influence these factors have. 
- Include these influences in the model/framework of question 5. 

Questions 5: How can the findings of prior questions lead to a model/framework that can 
be used for Assembléon? 
Target: - Combine the findings into a framework that, if followed step by step, 

compares the reliability of two different releases and determines if a new 
release performs as reliable as or better than the existing release. 

The project approach in the next paragraph shows how these questions will be answered 
during the project. 
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2.2.2. Project Approach 
The research questions and targets from paragraph 2.2.1 specify the overall target of this 
project that has to be realized. This paragraph describes the project approach that is used as a 
guide throughout the project in order to realize the specified overall target. 

A literature study is performed to get a good insight in the basic principles of the reliability 
theory. Chapter 3 will summarize the literature that is used as a basis for the further 
research. 

After a thorough literature study the present methods and processes at Assembléon are 
investigated and summarized in chapter 4. This concerns the first target of question 1. 

When the present situation is clear, data needs to be captured and necessary data will be 
analyzed. Chapter 5 summarizes the performed data collection and analysis. From this 
analysis the targets of research questions 1, 2 and 3 can be answered. The answer to the last 
target of question 1 answers the first part of the project description: 'Find the causes of the 
differences between the estimation of the performance of the software that is calculated after 
testing and the performance that is experienced in the field after the release ', and is 
described in the last paragraph of chapter 5. 
During the research of the first three questions, question 4 derived. In chapter 6 different 
factors will be investigated from which the targets of question 4 can be answered as complete 
as possible. The final paragraph of chapter 6 will then use the solutions to the prior questions 
as the input for aframeworkfor comparison of the reliability of different release. This is the 
final target of question 5. 

Chapter 7 will present the conclusions and recommendations and will therefore get back to 
all the research questions. 
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3. Literature 
Before a first analysis was started, literature was studied concerning reliability. Among 
different literature that was studied, reliability definitions, statistica! models and the division 
of reliability into software- and hardware reliability were important as a basis for further 
research. In this chapter information about these topics is summarized. 

3. 1. Genera/ Literature 
Different standards can be used for defining the reliability. Assembléon uses the SEMI-Elû 
standard [SEM04], in which reliability means 'the probability that the equipment will 
perform its intended function, within stated conditions, for a specific period of time'. There 
are also other standards like the IEEE-standards, which is for example used at NASA. The 
definitions of reliability are more or less the same among these standards. 

The best way to understand reliability metrics is to become familiar first with the different 
terms, parameters and metrics used in reliability issues. According to Crow [CRO0l], failure 
rate is the most common reliability metric. Therefore it is important to understand some basic 
concepts about failure rates. The failure rate itself is either time dependent or time
independent. In discussing a time dependent failure rate, we need to specify the time at which 
the failure rate is given. The failure rate is also referred to as the instantaneous failure rate ( or 
hazard rate). When the failure rate is given over a time interval, it is referred to as an average 
hazard rate. Additionally, the failure rate over a specified time interval may be time
independent. When it does not change with time, the hazard rate is constant or simply called 
a constant failure rate. When the failure rate is constant, its reciprocal value is the Mean Time 
to Failure (MTTF). According to Musa [MUS87], the term mean time to failure (MTTF) is 
used in the hardware reliability field and to a decreasing extent in software reliability. It is 
the average value of the next failure interval. The term MTTF is used in the context of 
discrete components or non-repairable systems. If the system is repairable, the term MTBF 
(Mean Time between Failures) is used in place of MTTF. This MTBF is often used for 
software reliability. The use of terms like MTTF and MTBF is attractive because ' larger' 
indicates 'better'; a high value for the MTBF of a system means that this system performs 
better then when this system has a low value for the MTBF. It is therefore an easy-to-use 
indicator for the performance. 
According to [CRO0l], Mean Time between Failure (MTBF) is the expected length of time a 
system/unit will be operational. MTBF is the inverse of the failure rate when the failure rate 
is constant. As the systems investigated for this project are repairable, the MTBF will be used 
in this report and will be described in more detail in the next paragraph. Paragraph 3 .3 will 
then summarize some theory about repairable systems. 

3.2. Mean Time between Failure 
Monitoring the reliability of complex systems does not necessarily require complicated 
models. The reliability for repairable systems is, as stated in the previous paragraph, often 
reported in terms of summary statistics such as Mean Time between Failures (MTBF), which 
is exactly what Assembléon uses. 
The MTBF is the average time between failures. For calculations of the MTBF it is assumed 
that a system is renewed after each failure, and then returned to service immediately after 
failure. 
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According to [WIK07] a common misconception about the MTBF is that it specifies the time 
( on average) when the likelihood of failure equals the likelihood of not ha ving a failure. This 
is only true for certain symmetrie distributions. In many case, such as the (non-symmetrie) 
exponential distribution, this is not true. 

There are critica! assumptions involved in stating the MTBF. According to Trindade and 
Nathan [TRI05] the primary consideration is that the repairable systems have recurrence 
events that follow a single distribution for the time between events, which means that the 
failures follow a renewal process. If a stable number needs to be presented for the MTBF 
then another assumption is that the times between events are independent and exponentially 
distributed with a constant rate of occurrence, resulting in a homogeneous Poisson process 
(HPP). 
So, strict reliance on the MTBF without full understanding of the implications can result in 
missing developing trends and therefore draw incorrect conclusions. 

The MTBF is the quantity that Assembléon used at the start of this project. [WIK07] states 
that there are many variations of MTBF, such as mean-time-between-system-abort (MTBSA) 
or mean-time-between-critical-failure (MTBCF). Such categorization is used when it is 
desirable to differentiate among types of failures . For example, in an automobile, the failure 
of the radio does not prevent the primary operation of the vehicle, so that it may be desirable 
to differentiate the failure rates of critica! versus non-critica! failures. Mean-time-to-failure 
(MTTF) is sometimes used instead of MTBF in cases where a system is replaced after a 
failure, whereas MTBF denotes time between failures where the system is repaired. 

The term MTBF is used in hardware reliability when repair or replacement is occurring. 
Assembléon uses the MTBF according to the SEMI-ElO norm [SEM04]. For the SEMI-ElO 
norm MTBF is defined as follows: 'Mean (productive) time between failures; the average 
time the equipment performed its intended function between failures. It is the productive time 
divided by the number of failures during that time. Only productive time is included in this 
calculation. Failures that occur when an attempt is made to change from any state to a 
productive state are included in this calculation.' Using the MTBF therefore requires that the 
user not only has the capability of capturing failure information, but also tracks and 
categorizes total time accurately. 

The assumptions mentioned before by Trindade and Nathan [TRI05], e.g. that the repairable 
systems have recurrence events that follow a single distribution for the time between events, 
need to hold when the MTBF is used. When the MTBF is used then there are different 
methods available for 'predicting' or 'estimating' the MTBF. 'Predicting' and 'estimating' 
are often used with the same meaning, which is not correct. Methods that predict the MTBF 
calculate a value based only on a system design, usually performed early in the product 
lifecycle. These methods are useful when field data is scarce or non-existent. The prediction 
should tell something about the performance at a time-point in the future. 

When sufficient field data exists, estimation methods should be used instead of prediction 
methods. Methods that estimate the MTBF calculate a value based on an observed sample of 
similar systems. These observations are based on real products that are experiencing actual 
usage in the field and a calculated value gives the ( estimated) performance at this time. 

Assemblêon 8 
Leaders in Electronic Manufacturing Technolom, 



Early Reliability Comparison 
T u / e technische tJ!ii\fl!fSiteit ('Ïtidhoven 

As mentioned in paragraph 3 .1, statistica! methods for monitoring and calculating software 
reliability are similar to those used in monitoring a repairable system. Therefore, the next 
paragraph will summarize important theory about repairable systems. 

3.3. Repairable systems 
According to Meeker and Escobar [MEE98] software reliability data often consist of a 
sequence of times of failures ( or some other specific event of interest) in the operation of the 
software system. For monitoring the reliability of these software systems, the same statistica! 
methods that are used for a repairable system can be used. Software reliability data is 
collected for various reasons, including assessment of the distribution of times between 
failures, tracking the effect of continuing efforts to find and correct software errors, making 
decisions on when to release a software product, and assessing the effect of changes to 
improve the software development process. 

According to Trindade and Nathan [TRI05] repairable systems like computers or servers 
consist of processing hardware, operating systems and application software, storage, and a 
variety of third party subsystems. These systems are often modeled as complicated stochastic 
processes. 

In [CRO90] the reliability of repairable systems is examined. Crow states that the 
homogeneous Poisson process (HPP) is equivalent to the widely used Poisson distribution 
and exponential times between system failures model which is appropriate when the system's 
failure intensity is not affected by the system's age. A useful extension of the homogeneous 
Poisson process is the nonhomogeneous Poisson process (NHPP) which allows for the 
system failure intensity to change with system age. The Poisson process is further explained 
in paragraph 3.5. 

As stated in paragraph 3 .1 failure rate is the commonly used metric on reliability. The failure 
rate can be denoted by failures per hour. When this rate is constant it can be presented as a 
homogeneous Poisson process with intensity À (=the failure rate). 
If the time interval is infinitesimally small, then À~t is approximately the probability of an 
event occurring in any interval of length ~t regardless of the time t at the beginning of the 
interval. In terms of a repairable system, this implies that the system is not improving and 
also not wearing out with age, but is maintaining a constant intensity of failure. 

A generalization of the homogeneous Poisson process which allows for a change or trend in 
the intensity of system failure is the Nonhomogeneous Poisson process with intensity 
function u(t). This intensity u(t) may depend on the age tof the system. 
Different models exist in literature to describe a NHPP. These models are not described in 
this report as it is shown in paragraph 5.2 that Assembléon's failure process represents a 
HPP. 
Therefore the (more complicated) NHPP models will not be further investigated. 
According to [TRI05] the analysis of repairable systems is made more difficult because of 
the effects of constant changes in the software and firmware from patches and upgrades to 
newer versions, training, environmental issues, changes in operators and systems 
administrators, and so on. It seems that Assembléon also experiences this difficulty. 
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In the literature the terms software and hardware reliability are aften used separately and in 
the previous paragraphs these terms were also used next to each other. Therefore the next 
paragraph describes both terms in more detail. 

3.4. Software vs. Hardware Reliability 
Software reliability is not as well defined as hardware reliability. Software cannot be seen or 
touched, hut it is essential to the successful use of computers and machines. lt is necessary 
that the reliability of software should be measured and evaluated, as it is in hardware. As said 
by Musa, Iannino and Okumoto [MUS87], software and hardware component reliabilities 
may be combined into system reliability. For Assembléon it is important how customers 
experience their products. Therefore, both software and hardware reliability is important 
because the performance that the customer experiences is the system reliability. In the past 
Assembléon used a separate MTBF for hardware and for software as will be explained in 
more detail in paragraph 4.2.2 hut nowadays the total system reliability is used. The project
description focuses on the performance of a software release hut hardware reliability should 
still be considered. Hardware and software reliability share many similarities and some 
differences, which will be made clear in this paragraph. 

Different methods can be used to characterize reliability like mean time between failure 
(MTBF) and mean time to failure (MTTF) as explained in the previous paragraphs. 
For examining the reliability it is necessary that the used definitions are clear for all the 
people involved. Here some important definitions used in this report will be described. 

According to Rosenberg et al. [ROS98] the terms errors, faults and failures are aften used 
interchangeable, hut they have different meanings. In software, an error is usually a 
programmer action or omission that can results in a fault. A fault is a software defect that 
causes a failure, and a failure is the unacceptable departure of a program operation from 
program requirements. 
In this project the term ' failure ' will be widely used. For Assembléon, when considering the 
MTBF, a ' failure ' is described as every time that the machine has to be unwillingly tumed 
off in order to be able to continue production. lt can be a hardware related or a software 
related problem that causes the machine to break down. There is no clear definition of when 
a failure is hardware or software related and the cause cannot always be found. Chapter 4 
will describe this problem in more detail. 

Rosenberg [ROS98] also stresses that it is important to recognize that there is a difference 
between hardware failure rate and software failure rate. For hardware this failure rate is 
shown in the left graph of Figure 3-1, where the x-axis represents the phases in the product's 
life and the y-axis shows the failure rate. When a product is first manufactured, the initial 
number of failures is high hut then decreases as the faulty components are identified and 
removed. The product then enters the useful life phase, where few or none failures are found. 
As the product physically wears out, the failure rate starts to increase. When data needs to be 
compared between different releases it should be assumed that the hardware behaves as in the 
useful-life phases. In that case the hardware does not affect the performance of the software 
release. 
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Figure 3-1 : Failure Rates [ROS98] 

Software however, has a different failure rate. For software, the failure rate is at the highest 
level at integration and test as can be seen in Figure 3-1. As software is tested, errors (that 
can result in a failure) are identified and removed. This removal continues at a slower rate 
during its operational use because once software is released it cannot be constantly updated; 
the number of errors continually decreases, assuming no new errors are introduced. However, 
this last assumption is often not true as will be seen in the research for Assembléon. During 
their integration and test-phase there are also still new features added. These features can 
introduce new errors, where the assumption that no new errors are introduced is violated. As 
will be seen in chapter 4 and 5 the data that will be used for this research comes from the last 
part of the integration & test-phase. 

There are many development factors that determine the reliability performance of the 
software. These factors are sometimes hard to define. Some factors can be the type of 
software documentation that is used, the complexity of the software, the presence of 
prototyping, the test methodology, the environment and so on. The last one mentioned, the 
environment, has further aspects like how the environment interfaces with software, 
hardware and humans, or the variability of input data. These aspects are probably important 
aspects in the case of Assembléon as the systems tested at the customers do not have the 
same degree to which the software interfaces with other software (the additional parts), with 
various hardware (amount and types of robots) and with humans (different users). It is not 
known yet how these factors influence the software but this will be investigated in chapter 6. 

For many systems, software reliability has become an important limiting factor in system 
reliability. According to Meeker and Escobar [MEE98], software reliability differs from 
hardware reliability in at least one important way. Hardware failures can generally be traced 
to some combination of a physical fault and a physical/chemical degradation that progresses 
over time, perhaps accelerated by stress, shocks, or other environmental or operating 
conditions. Software failures, on the other hand, are generally caused by inherent faults in the 
software that are usually present all along (although a new fault can be introduced during the 
process of fixing an existing fault). Actual failure may not occur until a particular set of 
inputs is used or until a particular system state or level of system load is reached. The state of 
the software does not change without intervention. 

For investigating the perfonnance and the behavior of the failures Assembléon's data need to 
be analyzed. This analysis should begin with analytical and graphical tools that do not 
require strong model assumptions. Such methods allow the data to be interpreted without 
distortion that might be caused by using inadequate model assumptions. The Mean 
Cumulative Function is an example of a tool to use without making strong model 
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assumptions. A Mean Cumulative Function (MCF) can be graphically presented with on the 
x-axis the days and on the y-axis the average amount of failures. According to [TRI05] a 
MCF is the average of the cumulative plots across all the individual systems at risk at any 
point in time. This MCF will be further explained in chapter 5. 
Further analysis on the underlying process can investigate if a Homogeneous or Non
homogeneous Poisson model (HPP or NHPP) can best describe the situation. This 
investigation can be done using simple plots as described by Trindade and Nathan [TRI05] 
and further explained in paragraph 5.2 or by performing a Laplace trend test to find an 
evidence for trend as explained in paragraph 5.2 and by the model given by Ascher and 
Hansen [ASC98] (Figure D-1 in appendix D). Because the Poisson process forms the origin 
for both HPP and NHPP models, the next paragraph will describe its definitions and 
assumptions. 

3.5. Poisson distribution 
According to Montgomery [MON99] the definition of a Poisson process is as follows: 
Given an interval of real numbers, assume counts occur at random throughout the interval. If 
the interval can be partitioned into subintervals of small enough length such that 

( 1) the probability of more than one count in a subinterval is zero, 
(2) the probability of one count in a subinterval is the same for all subintervals and 

proportional to the length of the subinterval, and 
(3) the count in each subinterval is independent of other subintervals, 

then the random experiment is called a Poisson process. If the mean number of counts in the 
interval is µ >O (also called the recurrence rate), the random variable X that equals the 
number of counts in the interval has a Poisson distribution with parameter µ, and the 
probability mass function of X is 

X - µ 

fx(x) = µ xe 
x! 

(x = 0,1,2, ... µ>O) (1) 

According to Chatfield [CHA83] is the Poisson distribution an important discrete 
distribution, which is named after a French mathematician. lt has two main applications; 
firstly for describing the number of failures which occur in a certain time interval, and 
secondly as a useful approximation to the binomial distribution when the binomial parameter 
p is small. The first one is interesting for the research project and will be further examined. 

In the Poisson process, the µ is the mean of the Poisson distribution and the variance is equal 
to this mean. According to Meeker and Escobar [MEE98] is a homogeneous Poisson process 
(HPP) a Poisson process with a constant recurrence rate µ. From the HPP an exponential 
distribution is obtained by considering 'interoccurence times' rather than the number of 
failures. These interoccurence times are the 'times between failures' in the case of 
Assembléon. This time has to be further defined. lt can be e.g. operation time or productive 
time. Assembléon used operation time in the past but paragraph 5.1.1 will show that 
productive time between failures is better to use for Assembléon. 
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The probability density function for the exponential distribution is given by 

fr(t) = µe-µ1 (t 2: 0 andµ > 0) (2) 

the cumulative distribution function of the exponential distribution is given by 

Fr(t) = 1- e-µ1 (t 2: 0 andµ> 0) (3) 

As stated by Chatfield [CHA83] is the exponential distribution used to describe the 
distribution of failure times for studying the reliability of a product when the occurrence rate 
is constant and a HPP is used. 

When a certain distribution for the times between failures or the occurrence rate is suspected, 
then it is useful to perform a goodness of fit test. In paragraph 5-3 it is described how this is 
done with the data used for this research. When it is known what distribution can be used to 
describe the failure times or failure rate then different statistica! calculations can be 
performed with the data. A hypothesis test can e.g. be performed to see if there 1s a 
significant difference between two different machines or two different releases. 

Before an analysis of the data can be performed, it is attempted to give a clear view on how 
the testing process is performed at Assembléon and what present methods are used to 
calculate the performance in the next chapter. It is also described how and what data is 
collect ed. 
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4. Testing Process at Assembléon and Methods Used 
This chapter describes the way that the testing process is performed at Assembléon. Also the 
methods that were used to calculate the MTBF are explained. lt is then summarized how the 
data is collected. lt is necessary to form a clear view on what testing is done and where the 
data that will be analyzed is collected from. 

4.1. Test Project Goals 
The test strategy [INT06] describes the way of working to achieve the goals of the test 
project. First the goal of a test project should be clear. According to [INT06] are the basic 
goals of a test project given below: 

• Preventing defects 
• Finding defects 
• Measuring the quality of the product 
• Prediction of the quality behavior of the product in the field 

Tests are performed to get confidence in the product performance and to give an indication of 
risk areas. Emphasis is on early defect prevention and detection to achieve a short time to 
market. The quality of the product is compared to a reference quality (the specification of the 
product). The results from the tests are reported and should indicate with what quality a 
product is delivered/released. From the reported results it can be seen what the remaining 
risks are at the point of a release. The quality of the release can be given with an estimation 
of the reliability, based on the MTBF. 
The test levels can be presented schematically by using a single V model showing the 
different levels (see Figure 4-1). The specification phase is the left part of the V. In this phase 
the specifications for the product (software) are defined. The model shows the different 
specifications that are set, e.g. the user requirements specifications, the system performance 
specifications and the system design specifications. The bottom part of the V shows the 
implementation phase with its main aspect, the realization of the modules. The test phase is 
the right part of the V. This is where the integration and system tests take place. On the right 
side of Figure 4-1 the responsible persons or department are shown. As explained in chapter 
2, this research is done at the STaR department. This department is responsible for the 
system integration tests and the Alfa and Beta tests. As seen in the V-model are the customer 
tests performed at the Beta test level. According to this model is the Alfa test level performed 
intemally. However, the reliability can best be calculated from real data from the field. 
Therefore, during the Alfa test level an intermediate software version is already installed in 
the field at some customers. In practice, to shorten the time to market some test levels are 
performed parallel. lt can therefore occur that Assembléon already installs an intermediate 
version of the software at the customer before the Alfa test level is reached. Data from these 
tests is also monitored and used for calculations. 
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Figure 4-1: Single V-model showing the different test levels and responsible persons 

The test process for STaR is part of the Product Creation Process (PCP). This PCP is an 
intern document that describes all the phases, objectives and sub-processes performed during 
the creation of a product. Figure 4-2 shows the part of the PCP where STaR operates and 
what activities are performed between the different milestones. 

MSO MS 1 MS2 MS3 MS4 MS 5 MS6 MS7 MS8 MS9 
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System integration test with 
proto modules 
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Early system va lidation with customer tests 

System lntegration Test Specif~tioii!;)jil Systcm Alfa Test Rcsults 

System Alfa Test Report 
-," Functîonal Test Resülts 

Functional Test Specification SystcmBeta Tm Report 

Figure 4-2: STaR processes of the PCP 

As seen in Figure 4-2, the STaR work field goes till milestone 9. After this milestone the new 
software will be released and this is where their activities stop. The data collection of some 
customers will still continue to see the behavior of the new release. The collection of the data 
that is used for my research starts from milestone 4, where 'early system validation with 
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customer tests' starts. At this point only one customer tests the software. Later, around 
milestone 7, more customers join the testing process. 

4.2. Present Methods used at Assembléon 

4.2.1. Failure and Time Definition 
Because the number of failures on the machines determines the reliability performance of 
those machines it needs to be well defined for this research what a failure is. Assembléon 
looks at the functioning-process of the machine from the customer's point of view. When the 
machine is not functioning according to the way the customer expects it to function this is a 
problem that concerns Assembléon. When the machine needs to be shut down due to 
malfunctioning this is seen as a failure. This definition of failure will be used in this research 
because it is better to understand and to interpret than the more theoretica! definition 
according to [SEM04]: 'any unscheduled downtime event that changes the equipment to a 
condition where it cannot perform its intended function. Any part failure, software or process 
recipe problem, facility or utility supply malfunction, or human error could cause the failure.' 
Different failures that can occur will be described later in this paragraph. First it is good to 
understand the different time states that the machine can be in as these states are important 
for the categorization of different failures. Figure 4-3 shows how the different time-states are 
defined according to the SEMI-Elü norm [SEM04]. 

Non-Scheduled 
Time 

- Unworked shifts,days 
- lnstallation, modification 

rebuild or upgrade 
- Off-line training 
- Shutdown/Start-up 

Engineering 
Time 

- Process experiments 
- Equipment experiments 
- Software qualification 

Total Time 

Uptime 

Productive 
Time 

- Regular Production 
- Work for third party 
- Rework 
- Engineering runs 

Figure 4-3: SEMI E10 Summary ofîime 
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- No operator 
- No product 
- No support tool 

Unscheduled 
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- Maintenance delay 
-Repair 
- Change of 

consumablesl chemicals 
- Out-of-spec input 
- Facilities related 

Downlime 

Scheduled 
Downtime 

- Maintenance delay 
- Production test 
- Preventive maintenance 
- Change of 
consumables/ chernicals 

• Setup 
- Facilities related 

In the figure it is seen how the definitions of time are related. The machine can be in six 
different time-states according to this scheme (the grey squares in Figure 4-3). However, for 
Assembléon, the state Engineering time is not defined on the machines and only the other 
five states can occur. This means that the machine can be in the states: Non-Scheduled Time 
(NST), Productive Time (PRD), Standby Time (SBY), Unscheduled Downtime (UDT) and 
Scheduled Downtime (SDT). The time that the machine is in a certain state is recorded in a 
'Ramdata-file'. In these files the times are captured per hour and therefore per hour of the 
day it can be seen how long the machine was in every state during that hour. These 
'Ramdata-files' are however not available for all machines and for all measured weeks so 
these files are not used for the data analysis that is performed in this report. Thereby from 
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these files the exact time of a failure cannot be seen and therefore no 'time between failures ' 
can be captured. Therefore another tool is used for the data collection which will be 
explained in more detail in paragraph 4.2.3. This tool does however not capture the times as 
defined in Figure 4-3 . Figure B-1 in appendix B shows an example of the captured times 
from this tool. The up- and downtimes are used different; the sum of those two times is the 
total time and not the operation time as Figure 4-3 would suggest. The uptime in this tool is 
the time that the machine is tumed on and the downtime is the time that the machine is tumed 
off. The Non-Scheduled time and Operations time together form the total time as is also 
defined in Figure 4-3 , hut these times are polluted as sometimes too much time is counted as 
Non-Scheduled time which then becomes too high and therefore Operations Time becomes 
too low. The productive time is however exactly the same as the SEMI-E 10 norm defines. As 
for the analysis in this report only the productive time was used from this tool the difference 
for the other times will not influence the results. Next to the productive time it is from this 
tool captured what the last states were that the machine was in before it was shut down. 
These last states that the machine was in before it was shut down are important for the 
decision if the reason for a shutdown was a failure or not. This last state together with the last 
information that is captured from the log files can categorize the shutdown. Figure B-2 in 
appendix B shows the different rules that are used to categorize the reboot causes. A 
shutdown (or reboot) can be categorized as a normal shutdown, a power interrupt (the 
machine is not connected to the power-supply anymore and immediately shuts down) or a 
failure. Only the failures are interesting for this research as the amount of failures that occur 
determines the reliability performance of the machines. The failures can be further 
distinguished. The different reboot causes that are considered as a failure are shown in red in 
Figure B-2 and are startup error, startup crash, startup hangup, standby crash, productive 
crash, unrecoverable error, repeatable error and hangup. For this research the startup error, 
startup crash and startup hangup are grouped as start-up failures. The standby crash and 
productive crash are grouped as crash. The unrecoverable and repeatable errors will be 
described as failure-errors in the rest of the report as there are also errors that can occur 
without causing a shutdown of the machine. 
The different types of failures are described in Table 4-1 
Failure Type Description 
Start-up The machine has to be unwillingly shutdown before the start-up process is 

finished. 
Crash Monitoring process detects a software process crash resulting in a stop of the 

application which causes the machine to shutdown. Because standby crash 
and productive crash are grouped together it does not matter what the last 
state is that the machine was in before shutdown. 

Hang-up Some process crashes hut the monitoring process does not detect it, which 
means that another process is waiting for a signa} that is not coming. Nothing 
is responding anymore. The machine was in the state PRD or UDT at the 
moment of shutdown. 

Failure-error An error occurred when a certain action that is necessary for the production 
cannot be performed or an error occurred that keeps coming back and cannot 
be solved without a shutdown. The last state that the machine was in is UDT. 

Unknown Machine is shutdown in the state SBY, NST or SDT hut the machine is 
tumed on again within 10 minutes. Here the reason of shutdown is unknown 
hut is suspected as necessary. 

Table4-1: Failuretypes 
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The unknown failure is a special category that was added as a failure. As it takes 
approximately 15 minutes to start up the machine it is assumed that a shutdown will only be 
done if it is absolutely necessary or if it is for example the end of a working day. Therefore, it 
is assumed that if a machine was shut down while being in one of the states SBY, NST or 
SDT and was turned on within 10 minutes this is for this research also regarded as a failure. 
It is then assumed that the machine was shut down unwillingly and is thus experienced as a 
failure for the customer. 
When the failures are categorized in different failure types it is possible to examine the 
failure types separate. If e.g. the occurrence of crashes on a machine needs to be further 
investigated then the Mean Time between Crashes (MTBC) can be used instead of the 
MTBF. 
The failures mentioned in this paragraph can be caused by hardware, by software or a 
combination of both. For the performance of the system all the occurred failures are 
important. In the next paragraph it is discussed how Assembléon defined a different software 
and hardware reliability. 

4.2.2. Software and Hardware Reliability 
As said in paragraph 3 .1, the definition for reliability according to SEMI E 10 [SEM04] is the 
probability that the equipment will perform its intended function, within stated conditions, 
for a specific period of time. Assembléon characterizes the reliability with the Mean Time 
between Failures (MTBF). According to SEMI ElO this means: productive time/number of 
failures that occur during productive time. 
Before the start of this project Assembléon used different methods to calculate the MTBF for 
software and the MTBF for hardware. Calculations for the software MTBF were based on the 
operation time instead of the productive time. Therefore the reliability of the software was 
measured according to: operations time on the machine/number of failures that occurred 
during that operations time. 
A log file showed when a machine was tumed off and then the reason of the shutdown was 
found by examining the log file. Only failures that were certainly caused by software were 
used to calculate the MTBF for software-failures. 
The reliability of the hardware used to be calculated in a different way than the software 
reliability. The calculation of hardware reliability was done considering spare-parts that were 
retumed. Every region keeps track of the amount of retumed spare-parts. It is known how 
many machines are in use in a certain time period; the number of machines can be multiplied 
with the average time a machine is in the operation state. Then the number of spare-parts 
retumed divided by the total time the machines are in use gives the MTBF for the hardware. 
It needs to be mentioned that it is also possible that an occurred hardware failure can be 
solved at the production floor of the customer. If e.g. a cable comes loose this is a hardware 
defect hut this could be repaired immediately. When this defect is the cause of a failure hut 
since no spare-part is retumed and the log file does not show a software failure then this 
failure is not taken into consideration for the calculation of the MTBF. As not all failures are 
taken into consideration for the MTBF this is a cause of the experienced difference as 
described in the project description. In paragraph 5.3 this is further described. 
When a value for the total system MTBF needed to be presented in the old situation, the 
calculations were performed as follows: 

1 1 1 
-----+ =----
MTBFsoftware MTBFhardware MTBF system 

(4) 
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Suppose that the MTBFsoftware = 50 hours and the MTBFhardware = 100 hours. According to 
these MTBF values, when the machine has operated 100 hours you would except that two 
software failures occurred and one hardware failure, and thus in total 3 failures after 100 
hours. This would give a MTBFsystem= 100/3 = 33.33 hours. The same would follow from the 
formula: 

1 1 1 
-+-=--
50 100 33.33 

It is sometimes hard to make a clear distinction between software and hardware failures and 
it is already seen that not every failure is now taken into consideration. Therefore 
Assembléon decided that in the future the total system reliability of their machines needed to 
be presented instead of different values for the hardware and software MTBF. However, for 
examining the performance of a new software release, hardware related failures should not 
influence the decision about the performance of the release. When during the testing period a 
lot of hardware fails and therefore the performance of the total system seems worse, then this 
decrease of the system-performance should not necessarily mean that the new software 
release performs worse than is predecessor. As for the machines that are used for the analyses 
in the next chapter no information was available on when hardware changes occurred it was 
not possible to link certain failures to the occurred hardware defects and thus also not 
possible to delete all hardware failures from the data. In paragraph 6.2.5 influence of the 
hardware changes on the MTBF is further examined. However, for the analyses performed in 
chapter 5 all failures are taken into consideration. As these analyses primarily investigate the 
performance of the systems and not yet the performance of the software release it is no 
problem that the hardware failures are also considered. 
The next paragraph will explain how data is collected from the tests and what data will be 
used for the analyses. 

4.2.3. Data Collection 
Only data from tests at the customers are used for reliability calculations. As seen in Figure 
4-2, when the early validation with customer tests starts the data is recorded from these tests. 
So, in practice, there are already tests in the field since the system integration test level. This 
testing continues till the release when it is decided that all specifications are met. 
The customers that are used from the beginning, for the tests of the first intermediate 
software version, are called the reference sites. Agreements are made between Assembléon 
and these customers, which results in a win-win situation for both parties. It is known that 
customers are not too fond of testing because this can result in a lack of production. But the 
positive thing is that during the testing period there is a development team situated at the 
customer so every failure can be solved immediately. It can also happen that errors in the 
software that cause problems for the customer can have special attention so these errors can 
be solved within the new release. As time goes, some new test-customers (called roll-out 
customers) are added where the latest intermediate software version will be installed and 
tested. 
The data from all customers that test the intermediate software are combined to calculate the 
software MTBF for a new software release. Research question 2 will be further investigated 
in the next chapter to see if it is correct to combine the data from all customers. The data
collection used to be done manually at the start of this project and therefore information was 
scarce at the beginning of this project. In the rest of this paragraph it is attempted to describe 
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how this data-collection was done in the past, how the data-collection was performed for this 
research and how the data-collection will change in the future. 
On every machine an eventview-logging tool is installed. Every event that occurs on the 
machine is logged in this tool. This logging is very detailed and for almost every second an 
event is logged. One can imagine how big these log files are. At the end of each week a 
zipped file of this eventviewer is sent to the STaR department and this data can then be 
examined. A small view of one of these files is given in Figure C-1 in appendix C. These 
large files were scanned by a data analyst who took out the data that he needed for e.g. 
reliability calculations or for making pareto-graphs for errors. Collected information was e.g.: 
occurrence date and time of the failure, customer and machine id, software version, type of 
failure, location of the failure, the last error that occurred before the failure occurred and the 
last state the machine was in. Another tool read the 'Ramdata-file', as explained in paragraph 
4.2.1, that captured the time that the machine was in a certain state. From the log files and 
'Ramdata-files' it was known how long the machines were in every time state during the 
tested period and how many failures occurred during this period. Data that was captured from 
this method in the past was used for a first analysis of the field data to understand the present 
situation as described in the next chapter. It became clear during this analysis that the 
available data did not give very detailed information about the occurred failures. From this 
information it was e.g. not possible to capture the productive time between failures. As fora 
more thorough research these times between failures were necessary, different and extra data 
needed to be collected. 
At the start of this research, the department was developing a new tool that delivers 
information like occurrence date and time of failures, types of failures and productive time 
between the failures immediately from the machine. The data does not need to be scanned 
manually anymore which saves a lot of time. This tool was installed near the end of this 
research project. For the meantime during my research a temporary tool was used that 
worked as the tool under development. This tool transferred historica! data into an xml-file 
where all the needed information about failures was captured. A view of the xml-file from 
this tool is shown in Figure C-2 in appendix C. This temporary tool was used for my research 
to be able to collect a great amount of history data. 
As the information in the xml-file still contained a lot of data that was not necessary for my 
research, a small tool was developed by me with which only the information that was needed 
for my research was captured. This information contains the date and time of every 
shutdown, the productive time on the machine till every shutdown, the software version used 
on the machine and the type of shutdown. This type of shutdown was categorized, with the 
rules as explained in paragraph 4.2.1 and Figure B-2 in appendix B, as normal shutdown, 
power interrupt or failure. The failures were further categorized into start-up failures, 
crashes, hang-ups, failure-errors and unknown failures. Figure C-3 shows a view of this data. 
From the occurred failures it was not defined if these failures were hardware or software 
related failures. Detailed information about occurred hardware defects is necessary to link a 
certain failure with a hardware defect and this information was not available for the machines 
used for the analysis. Therefore for the first analyses performed in the next chapter all 
failures are taken into account. As this analysis was used for a global understanding of the 
performance of the machines used for the research it was not yet a problem that also the 
hardware related failures were included. 
From this chapter it should now be clear how failures are defined and what failures are taken 
into consideration for the first analysis. What time is best to use for calculations will be 
investigated in the next chapter. 
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5. Analysis of field data 
A first analysis of the field data is given to understand the present situation. When the 
situation is clear the data is statistically analyzed. This analysis wil! answer the targets of 
research question 2 and 3. From the analysis in this chapter the causes of the differences 
between the estimation of the performance of the software that is calculated afier testing and 
the performance that is experienced in the field cifter the release as explained in the project 
description are found and these wil! be described in the last paragraph. 

5. 1. First Analysis 
With a first analysis it is possible to understand the present situation. Before a thorough 
analysis is clone, it is good to examine what sort of data is available and how much 
information from this data can be used. The data presented in this report is confidential and 
therefore there are no values shown. Due to anonymity of the customers the different 
customers are presented with a letter. When there is a number behind this letter then there are 
more examined machines at the same customer. 
As explained before, the data-collection used to be clone manually which was the cause that 
not a lot of data was available. From the available data, information was collected from 
different machines that were testing different software versions until the final release. To get 
some insight on when machines join the testing and which version is tested, Figure 5-1 1s 
made. 
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Figure 5-1: Software versions over time 

The x-axis in Figure 5-1 shows the date and on the y-axis the different software versions are 
shown that are installed at the customers A, I, H2, E4, E3 and C 1. The software versions are 
all different ( consecutive) versions during the development of a new release. Between two 
consecutive versions the changes made in the software can differ from just solved errors to 
inserted new options. Version 12 was the last version tested before the new release carne out. 
This graph gives a view on how the situation was for the last months before the latest 
software was released (February to May). The white dots show the moments in time when 
different machines joined the tests. On the y-axis it can be seen what software versions were 
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used during those tests. From this overview it is clear that during the development of new 
software different intermediate versions are tested over time. In this situation from version 9 
till version 12 the only difference between the versions is that some errors that occurred were 
solved. It is assumed that the performance of the software does not change significantly since 
version 9 and therefore data from version 9 till 12 on these machines could be used to 
calculate the reliability performance of the new release. For the analysis performed in this 
chapter the reliability performance is investigated for the total system and not for the 
software release as there was no detailed information available yet to filter out the software 
performance. Therefore for this global analysis all failures are taken into consideration. 
Figure 5-1 does not show the performance of the machines. For a good view on the 
performance of the different machines that are examined over time, Figure 5-2 was made to 
see this performance. 

Date 

Figure 5-2: Mean Cumulative Failures 
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For every machine a cumulative plot is shown with on the x-axis the date and on the y-axis 
the cumulative amount of failures . According to Trindade and N athan [TRI05] a cumulative 
plot is a plot of failures versus time for a single system. Only five different machines are 
presented as the other machine (Cl) <lid not produce fora long period of time and therefore 
<lid not deliver much failure-data. Furthermore a Mean Cumulative Function (MCF) was 
calculated (the thick light dotted line) with on the x-axis the days and on the y-axis the 
average amount of cumulative failures. According to [TRI05] is a MCF the average of the 
cumulative plots across all the individual systems at risk at any point in time. It can then be 
seen what machines perform according to this MCF and what machines show a different 
behavior. 
In Figure 5-2 the occurred failures are not related to the time that is measured (e.g. operation 
or productive time). When occurred failures are related to the time measured it is better to see 
the performance of the machine. If the failures are related to the date and the machine has not 
been used on certain days then this can not be seen from the graph in Figure 5-2 and a wrong 
interpretation of the performance can be the result. 
Because Assembléon used operation time for MTBF calculations and the SEMI E-10 norm 
[SEM04] uses productive time it was decided to study what difference those two times can 
cause. 
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5.1.1. Operation time vs. Productive time 
Two different machines that were measured the same amount of operation time and used the 
same software versions hut performed different than the MCF, were used for the comparison 
between the use of operation time and productive time. One machine that performed better 
than the MCF (1) and one that performed worse (H2) is shown in underlying Figure 5-3. The 
left graph shows the operation time, the right graph shows the productive time. 
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Figure 5-3: Comparison operation time and productive time. Continuous lines are the times and the dotted lines are the failures. The black lines are !rom 
customer I and the light lines !rom customer H2 

The x-axes in Figure 5-3 show the weeks that were monitored. The left y-axes show the 
cumulative time in hours (the continuous lines) and the right y-axes show the cumulative 
amount of failures (the dotted lines). From the left graph it can be seen that the cumulative 
operations time for both machines during the monitored weeks is almost the same. Figure 5-3 
also shows that the machine at I has a significant lower amount of failures (black dotted line). 
To find the difference between the operation time and the productive time the right graph 
shows the same sort of information only now according to the productive time. From the 
right graph it can be seen that at H2 the productive time is significant higher than at 1. lt was 
already concluded that also the amount of failures at H2 is higher. From this it can be 
concluded that the failures for these machines can better be related to the productive time 
than to the operations time, which is rational because a failure is more likely to occur when 
the machine is actually producing. 

For some machines the operation time is almost the same as the productive time as there is 
continuous production. In such a case there is no big difference in using operation time 
instead of productive time. However, the comparison of the two different time states shows 
that in cases where the productive time is much lower than the operation time the amount of 
failures should be related to this productive time instead of the operation time. When 
calculations for the MTBF are based on the operation time instead of productive time the 
MTBF will have a higher value if the operation time is much higher than the productive time 
as the number of failures is the same. A customer is however more interested in how a 
machine performs during production so the MTBF should be expressed in productive time 
between the failures. This difference is further explained in paragraph 5.3. For the rest of the 
analysis the productive time will be the used time-state for MTBF calculations. Although the 
productive time is used, failures that are occurring during another state than productive time 
(e.g. stand-by time) will still be taken into consideration. This does however not occur often 
and therefore the productive time will be a good time state to relate the number of failures to. 

The analyses performed until now were based on the data that was available from the manual 
data-analysis as performed in the past. As this data was not very detailed, more and different 
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data needed to be collected for a further analysis. With a combination of the temporary tool 
and my own developed tool the failure-data from 10 machines was collected. This 
information contained the date and time of every shutdown, the productive time on the 
machine till every shutdown, the software version used on the machine and the type of 
shutdown. This information was transferred into the format of Table 5-1 (values are 
imaginary values). 

Productive time 
between start-up and 

Date and time Type shutdown shutdown (hrs) Failures cum. Prod. time cum. 
2006-05-26 
9:19:48 PM Crash 23.56 1 23.56 
2006-05-28 
7:56:58 AM Normal 28.05 1 51 .61 
2006-06-01 
12:31:40 AM Fa il ure-Error 42.19 2 93.80 

Table 5-1 : Example of format 

Further research to the causes of the differences between the estimation of the performance 
of the software that is calculated after testing and the performance that is experienced in the 
field after the release as explained in the project description is performed with this data. In 
order to perform a correct research with the available data, a short analysis has been 
performed for a single customer first to form a good understanding of the available data. 
After this single customer the collected data from the other customers was analyzed to 
investigate if it is correct to use the MTBF as a value to represent the reliability performance 
of the machines and if this value can then be used to represent the performance of all 
machines. 

5.1.2. Analysis of Customer-data 
Customer E was chosen for a first analysis of the new collected data as there was a lot of data 
available from this customer. At this customer four machines are used as can also be seen in 
Figure E-1 in appendix E, which are called El, E2, E3 and E4. These machines use the same 
software version, the same amount of robots and have the same configuration and are 
therefore good to compare as most factors are equal. With the first analysis, a start is made 
with the investigation of research question 2 from paragraph 2.2.1, to see if it is possible to 
present one value for the performance of all machines. As it is assumed that the four 
machines are comparable it is expected that in such a case it is correct to use a single value 
for the reliability performance of the machines. Also research question 1 is a little further 
explored as next to the different use of time-definitions there might be other important causes 
for the differences between the estimation of the performance of the software that is 
calculated after testing and the performance that is experienced in the field after the release 
as explained in the project description. 
It is expected that a single value for the performance of the systems at customer E can 
represent the performance for all machines. However, when a plot is made for the different 
machines where the cumulative amount of failures is shown against the cumulative 
productive time on the machine (showed in Figure E-1) it seems that the machines show a 
different performance. Therefore it is suspected that a single value to represent the overall 
reliability performance might not be correct. It should therefore be further (statistically) 
examined if it is correct to conclude that machines perform differently. Before this is 
examined statistically in paragraph 5.2 it is first investigated if the collected data from the 
other machines gives the same assumption. The performance of all 10 machines where data 
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was captured from is shown in Figure 5-4 to see if the different performance of the machines 
at customer E is also visible for the other machines that delivered data. 

Mean Cumulative Function 
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Figure 5-4: Mean Cumulative Function and Performance of all Machines 

The x-axis in Figure 5-4 represents the cumulative productive time that was measured since 
the machine joined the testing and on the y-axis the cumulative number of failures is shown. 
Per machine the performance is shown from the beginning till the end of the measurement. 
For customer A newer versions/updates were installed during this measurement. 
Although a lot of customers are shown it shows a clear view on the performance of the 
different systems. The dotted line represents the Mean Cumulative Function (MCF) as 
explained earlier in this chapter. The MCF was used by [TRI05] and is comparable to the 
Nelson-Aaien estimator which is explained in more detail in [RAU04]. The number of 
failures at a certain time is divided by the number of machines operating at that particular 
time resulting in the MCF. According to Lawson, Wesselman and Scott [LAW03] can the 
MCF be used to visually determine if the data represents a HPP or a NHPP (as described in 
paragraph 3.3). If the cumulative plot fonns a straight line, the failure intensity function µ(t) 
is constant, which is an indication that the data represents a HPP. If, on the other hand, the 
cumulative plot looks like a concave or convex sequence of points, it indicates that the data 
comes from a NHPP. The MCF in Figure 5-4 forms a straight line indicating a HPP. This 
would mean that it is correct to use the MTBF as a value to represent the reliability 
performance of the machines. In paragraph 5.2 this will be statistically proven. 

As it can be seen in Figure 5-4, the machines all show a quite different performance. From 
the graph some strong assumptions can be made. For example A, E2 and Hl show a worse 
performance than the mean performance and E 1 and E4 show a better performance. It needs 
to be investigated whether this difference in performance is significant. This will attempt to 
answer research questions 2 and 3. For question 2 it needs to be investigated if the 
performance of two different machines can be described with one value and for research 
question 3 it needs to be investigated how to compare different releases. If a correct statistica! 
method is found to answer question 3 to compare different releases, this method can also be 
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used to compare two different machines. If from this comparison it can then be concluded 
that their performance diff er when the same release is used on both machines then one single 
value will not be representative. This investigation is described in paragraph 5.2. 
lt needs to be mentioned that in Figure 5-4 not all the machines use the same version of the 
software. As mentioned before, customer A installed different intermediate versions during 
the measured time period. As the software release is assumed to have influence on the MTBF 
a comparison for different performances of the machines can be done when only data with 
the same software version is used. The used data for this analysis in this paragraph was 
therefore only good for an impression of the different performance of the machines hut no 
valuable calculations can be performed with this data. Therefore, for further research, data 
from the latest software release has been collected from three different customers with in 
total 16 machines. Data from these machines is used for further (statistical) analysis. 
First the underlying statistical distribution of the failure rate or times between failures needs 
to be investigated. If the type of distribution is the same for the different machines then it is 
possible to compare the performance of the machines statistically with hypothesis testing, 
which is explained in more detail in the next paragraph. 

5.2. Statistica/ Analysis of the Data 
With a statistical analysis of the data it is attempted to answer the targets of research question 
2 and 3. These targets include the investigation to a correct value that can be used to present 
the reliability performance of the machines and the investigation if this value can be used for 
all the machines. lt will also investigate a method that is statistically correct for comparing 
reliability performances. 
In paragraph 3.5 the Poisson distribution was explained. Different literature like [LA W04], 
[WEL95] and [TRI05], among others, assumes that failure data most likely follow a Poisson 
distribution. The first rule of the Poisson distribution as seen in paragraph 3.5 is: the 
probability of more than one count in a sub interval is zero. This means that it is not possible 
to have more than one failure in a subinterval. However, start-up failures occur during the 
start-up process and therefore there has not been any productive time yet. This way more 
than one failure can occur at the same moment of productive time. When e.g. a failure occurs 
after 100 hours of productive time the machine needs a restart; when during the start-up of 
the machine a start-up failure occurs, this failure is then also recorded at 100 hours of 
productive time. This means that if start-up failures are taken into account the first rule is 
violated. Therefore start-up failures need to be treated separately and for further calculations 
these failures are left out of the data. Start-up failures can only occur when a machine is 
started up and therefore these failures should be related to the number of start-ups of the 
machine instead of the amount of productive time. In paragraph 6.2.2 it will be explained in 
more detail how these start-up failures will be taken into account. 
For the analysis in paragraph 5.1.2 the available historical data from several machines was 
used. At the start of this project the latest release was just brought out on the market. Parallel 
to the performed first analysis data from this latest software release was collected. The data 
comes from 16 machines at three different customers. Customer A uses one machine; B, C 
and D are three comparable production lines with 4 machines at the same customer and 
customer G uses 3 machines. To visualize the performance of the 16 machines a similar 
graph as Figure 5-4 is made in Figure 5-5. For this graph only the crashes, hang-ups, failure
errors and unknown failures are used as failures; the start-up failures are removed. As there is 
still no detailed information about hardware failures, the data includes both software and 
hardware failures and therefore the analysis still concerns the performance of the total 
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system. Figure 5-5 shows the cumulative productive time in hours on the x-axis and the 
cumulative amount of failures on the y-axis. As mentioned before, all data is from the same 
software release. 
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Figure 5-5: Failures vs Productive Time of all machines 

Instead of calculating the MCF to test if for the analyzed data the assumed HPP model can be 
used, according to Ascher and Hansen [ASC98] , a Laplace test can be performed to test if 
there is an evidence for trend. The procedure followed by Ascher and Hansen is given in 
Figure D-1 in appendix D and the calculations and results are shown in appendix F. It is 
concluded that for almost all machines there is no evidence for trend. Two systems show a 
slightly significant trend. However, all the data used for this research is treated as there is no 
significant trend for the f ailure rate. When there is no significant evidence for trend, 
according to Ascher and Hansen [ASC98] a goodness of fit test should be performed to test 
for exponential fit . When the interarrival times are exponentially distributed, this means that 
the failure rate is Poisson distributed and a HPP model can be used. 
This goodness of fit test as explained in [CHA83] and [MON99], among others, has been 
performed on the data of the machines using the latest software release. Appendix G-1 
describes how the goodness of fit should be performed. It also shows an example of the 
calculation for goodness of fit and all the calculated values. From this test it can be 
concluded that from 15 of the 16 machines examined, the failure rate is Poisson distributed 
with 90% confidence. One machine (Dl) only has 10 data-points ; therefore for this machine 
a goodness of fit-test is hard to perform as the expected frequencies are too low ( <5 
[MON99]). However, for further examination the failure rate for all 16 machines is treated as 
Poisson distributed and therefore it is concluded that a HPP model can be used. lt can 
therefore be concluded that the MTBF is a correct value to use to present the reliability 
performance. With this conclusion the first target of research question 2 from paragraph 2.2.1 
is answered. 
From Figure 5-5 it is seen that, even when the same software version is used, every machine 
shows a different performance. As the failure intensity follows a Poisson distribution this 
means that, according to [CHA83], the Times between Failures are exponential distributed. 
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Now it is possible to calculate the MTBF per machine and its confidence interval based on 
this exponential distribution. Figure 5-6 shows the outcomes of these calculations. 

90% conlidence linits 

f t---_,_-+-------~-+------+----_,_-+------;---+----~-+------,------{ ~----~ 
i5 1- average MTB F per line 

:- ■ MlBF per machine 

~ - - total MTBF average 
:i; 

+- ~- - -
1 1 

1 1 

A 81 82 83 84 C1 C2 C3 C4 01 02 03 04 G1 G2 G3 

Customer 

Figure 5-6: 90% confidence limits lor the MTBF 

Figure 5-6 presents the MTBF per examined machine and its 90% confidence limit. On the x
axis the different machines are given. On the y-axis the MTBF value is given . The dots in the 
figure represent the value for the MTBF and the vertical black lines are the 90% confidence 
intervals. Appendix H describes how these intervals are calculated. 
lt is seen that the difference of the MTBF between the machines is big. With an overview of 
the statistica! confidence intervals it is easy to see between what machines a significant 
difference can be expected. If the intervals of the MTBF for two machines do not overlap 
then a significant difference is expected. A hypothesis test for a difference in means can be 
performed as described by [MON99] , among others, to test if this difference is significant. 
From Figure 5-6 it is e.g. seen that the MTBF values of machine D2 and D3 differ but that 
the intervals overlap. lt is therefore expected that the difference is not significant based on 
this data. Between machine D3 and D4 a significant difference is expected from this figure. 
Therefore a hypothesis test should be performed for these machines . Appendix I describes 
how such a test can be performed and appendix 1-1 and 1-2 show an example on how the 
calculations for the hypothesis tests are performed. It is from these calculations concluded 
with 95% confidence that there is no significant difference between the MTBF of D2 and D3 
but that there is a significant difference between the MTBF of D3 and D4. These results from 
the hypothesis test give an answer to the targets of research questions 2 and 3. For question 3 
it is concluded that the hypothesis test as described in this paragraph and appendix I is a good 
method to compare the reliability performance between releases or machines statistically. It 
was already concluded for the first target of question 2 that the MTBF is a good value to use 
to present the reliability performance. The hypothesis test was performed to test for a 
significant difference in MTBF between machines . As from this test it is proved that some 
machine differ from each other it can be concluded that a single value to represent the 
reliability is not representative for all machines, which answers the second target of question 
2. Chatfield [CHA83] describes another method of testing the hypothesis that there is no 
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difference between a number of treatments (in this case different machines). This can be 
done by performing an analysis of variance (ANOV A) as described by, among others, 
[CHA83] and [MON99]. For this test an F-ratio needs to be calculated that can be compared 
to a critical value for this F. Appendix J summarizes theory and calculations for ANOV A. In 
a statistical program (like Excel) this value can be calculated. When this is done for the 
Times between Failures for all machines used for Figure 5-6 this results in Table 5-2. 

Source of Variation ss df MS F P-va/ue F crit 
Between Groups 5676923 15 378461.5 4.139226 3.68E-07 1.688263 
Within Groups 41876281 458 91432.93 

Total 47553203 473 

Table 5-2: Analysis of Variance. 

As the calculated F (4.139) is bigger then the Fcrit (1.688), the hypothesis that there is no 
difference can be rejected which means there is a significant difference between the MTBF 
of the different machines. Therefore it can be concluded that a single value for the MTBF 
does not give a good representation of the reliability perfonnance for all machines. 

This can also be concluded from the fact that the total MTBF average (the horizontal dotted 
line in Figure 5-6, calculated with total time/total number of failures of all data) for the 16 
machines under investigation does not lie in all confidence intervals. This means that if one 
single value will be used to present the performance of a software release then for some 
machines this value will be overestimated and for others underestimated. 
When a new release is under development, test-results from machines that deliver data are 
used to calculate a value for the performance of the new release. The machines on which the 
release is tested differ per release. From Figure 5-6 it can be seen that it depends from what 
machines the data for the calculation is used. If e.g. the release from Figure 5-6 was only 
tested at machine A, B4, C4 and D4 then an estimation of the MTBF, given by the average 
value of the machines, would have given a value that is lower than what the other machines 
experience. Data from e.g. only B 1, C 1 and D 1 would have given an estimation that is higher 
than what the other machine experience. 

Research question 4 will be further investigated in chapter 6 to see what different factors 
might cause this difference between the MTBF of the different machines and to examine 
what influence these factors have. 

After the analysis in this chapter it is concluded that a HPP model is a good model to use for 
the calculation of the reliability performance and therefore the MTBF is a good indicator for 
the performance. It is however also concluded that there is a significant difference in the 
performance of the different machines and therefore a single value of the MTBF to present 
the reliability performance is not representative. After the analysis in this chapter the first 
part of the project description: "Find the causes of the differences between the estimation of 
the performance of the software that is calculated after testing and the performance 
experienced in the field after the release" can be answered. This also answers the last target 
of research question 1. The next paragraph describes the different causes that are found. 
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5.3. Causes of the Differences 
To find the causes of the differences as explained in the project description it was first 
necessary to form a good definition of the two situations where differences are experienced. 
Differences are experienced between, on the one hand, the estimation of the performance of 
the software (after testing and) before the release; and on the other hand the performance 
experienced in the field after the release. What the customers experience in the field is the 
total system performance. The customers are dissatisfied every time when the machine fails. 
Por the customer it does not matter if the failures were hardware- or software related. Three 
important causes that are found will be described now. 

1) Por calculating the MTBF, Assembléon used to filter out the failures that were not 
caused by software from all the failures that occurred. With the remaining failures a 
software-MTBF was calculated. As explained in paragraph 4.2.2 a value for the 
hardware-MTBF was calculated from the spare-parts that are retumed. The two 
values from software-MTBP and hardware-MTBP were then combined into a total 
system-MTBF. However, not all the failures that are filtered out result in a spare-part 
that is retumed. Some failures cannot be distinguished as either a hardware or 
software failure and might be solved after restarting the machine. These failures are 
then not considered for the software MTBF and neither for the hardware-MTBF. The 
customer, however, does experience this failure as his machine has to stop its 
production and needs time to restart. When failures that are assumed not be caused by 
software and failures that do not involve the return of a spare-part are simply being 
left out of the data then too few failures are taken into consideration for the 
calculation of the MTBF. This means that a calculated value for the reliability 
performance will be higher than the actual value for this performance, which is what 
the customer experiences. It is clear that when a representative value has to be 
calculated all failures that a customer actually experiences as a failure should be 
taken into the calculation. It can be considered not to take all failures as there are also 
failures that can be caused by e.g. bad maintenance which is the customer's own 
responsibility. lt is however hard to track these kind of failures. 

2) Another point why the estimated value does not correspond with the customer's 
experience has been explained in paragraph 5.1.1. It seemed to be important what 
type of time-state is used. A customer experiences a failure when he wants to produce 
and the machine is not working. For the customer it does not really matter that the 
machine operates well when it is in standby-mode. When a machine is tumed on but 
not used (standby) then the chance of failures is small. The productive time is then 0 
while the operation time will be greater than 0. As concluded from paragraph 5.1.1, 
when the MTBP is calculated with 'Operation Time/number of failures' and the 
machine is often 'not producing' a value for the MTBF will be larger than when this 
value is calculated with 'Productive time/number of failures' since then operation 
time is much higher than the productive time and the number of failures is the same. 
However, the customer is experiencing the time that the machine is actually 
producing and wants to know how many failures can occur during this production. 
When the operation time is used to calculate the MTBF this will, as in point 1 above, 
give a too high value for the estimated MTBP. Only when test-results are used from 
machines that are constantly producing, this value would be the same as the value 
calculated with productive time. Only in that case the calculated value is equal to the 
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performance that the customer experiences. As this will rarely be the situation the 
productive time should always be used to make better estimations. 

3) It is concluded in paragraph 5.2 that the considered machines show a different 
performance. Figure 5-6 showed that a single value for the MTBF is not 
representative for all the machines. If a single value is presented for the performance 
of a release then it is seen that some machines show a significantly different 
performance. In the next chapter it will be further examined what might cause this 
different performance. As explained in paragraph 5.2, when data from machines with 
a high MTBF is used for the calculation of a total MTBF-value then this value can be 
too high. A lot of customers will then experience a MTBF that is lower. The other 
way around is the same, when data from machines with a low MTBF is used then a 
calculated value will be too low. This is however a minor problem compared to when 
the calculated value is too high. lt is concluded that a single value of the MTBF does 
not represent the reliability performance for all machines. This means that, even when 
the causes as described by point 1 and 2 are solved, it is not possible to calculate a 
single MTBF value from test-results to represent the estimated performance in the 
field. 

Assembléon experienced a difference between the estimation of the performance of the 
software that is calculated before the release ( after testing) and the performance experienced 
(in the field) after the release. Above points show three important causes for these 
differences. When all the data is taken into consideration and when the productive time is 
used to calculate a value of the MTBF from the test-results then this value of the MTBF will 
lie closer to the experienced performance in the field. It is however not possible to give one 
value for the performance in the field as there is too much variation between the different 
machines at the different customers. This variation will be further investigated in the next 
chapter. The chapter will describe what factors are expected to be of influence. These factors 
will be further analyzed for the investigation to the variation between different machines. 
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6. Factors of influence and Framework for Comparison 
After the performed analysis, different scenarios for further research can be thought of This 
chapter wil! first describe the chosen scenario followed by its investigation. For this 
investigation different factors that might cause a variation in the performance of different 
machines are further analyzed. Finally the results of this investigation wil! be used as input 
for a framework that is made as a guide for comparing different software releases. 

6. 1. Chosen Design Scenario 
After the analyses from chapter 5 it had to be defined which direction to examine further for 
this research project. Therefore different scenarios for further research were investigated. 
After weighing the advantage and disadvantages of every scenario the final path for this 
project was chosen. In chapter 5 a big variation was seen between the performances of 
different machines. This variation can be caused by different factors on the machine and 
therefore one of the different areas of research that was thought of included an intensive 
factor analysis. With this factor analysis the influence of different factors on the MTBF 
should be investigated. There was however not enough information available for an intensive 
factor analysis. Therefore a selective analysis seemed more valuable, where only factors were 
investigated where information was available for. These factors are further explained in the 
next paragraph. 
A comparison between two software releases can only be performed when there is not too 
much variation in the performance of the machines that deliver data from these software 
releases. Therefore, the initial objective of the project, the development of a method that can 
describe in a short period of time whether a new release performs as reliable as or better 
than the old and existing release, should include the results from the factor analysis. As not 
all factors will be investigated a model to compare the performance of a new release to the 
old and existing release will not be complete. Therefore a framework will be made that tells 
how data should be analyzed in order to compare the reliability of different releases as good 
as possible. 
For the analyses performed in chapter 5 to the performance of the machines also hardware 
failures were taken into account. However, a value of the performance of the release is most 
reliable when failures caused by defective hardware are removed from the data as these 
failures do not say anything about the performance of a software release. Therefore, in the 
framework the effect of hardware failures on the MTBF should be filtered out such that the 
actual performance of the software release can best be compared. It was already concluded 
that it is very hard to link certain failures to hardware defects. In paragraph 6.2.5 the effect of 
hardware changes on the MTBF will be further examined as it is assumed that this is an 
influencing factor. The next paragraph will describe what other factors will be investigated 
that seem to be of influence on the variation of the MTBF between different machines. 

6.2. Factors of influence 
Because it was decided to investigate factors that were expected to influence the variation of 
the performance, a brainstorm-session was hold at Assembléon to find these assumed factors. 
From this brainstorm-session different factors that seemed to be important were defined. 
Some factors are e.g. age and version of the hardware, number of change-overs, number and 
types of robots. Table K-1 in appendix K shows all the different factors with the types of 
levels that were defined in the brainstorm-session. All these different factors can have 
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different levels on all the different systems. Even on a single system these factors can vary 
over time. The used data is historica! data from the customers. It is therefore not possible to 
make a test-case that can be performed to test different levels of the factors. The customers 
perform their normal production runs and deliver data from those runs. Because this 
delivered data has to be used for further investigation to the influence of the factors it is not 
possible to vary a single factor where all other factors are fixed. For that reason, it should be 
investigated how to calculate the influence of a factor. The results from Figure 5-6 show an 
interesting area of research. Machines Bl-B4, Cl-C4 and Dl-D4 are three different 
production lines at the same customer hut every machine shows a different performance. 
Therefore data from these machines will be used to investigate different factors. From the 
defined factors it was studied what information from these factors was available. The number 
of robots, the number of Component Vision (CV)-cameras, the number of manual stops and 
the number of hardware changes were factors where information could be collected from. 
Together with Assembléon employees that have knowledge of the machines, it was now 
decided what influence was assumed for these factors on the performance. From this it was 
assumed that: 

when more robots are used more start-up failures occur 
when more CV-cameras are used more crashes occur 
when more manual stops occurred more failure-errors occur 
when more hardware is changed the MTBF decreases 

These assumptions will be further investigated in the next paragraph. 

6.2.1. Hypotheses 
From the assumptions that were described in the last paragraph four different hypotheses are 
made as a guide to the research of the influence of different factors on the performance. 
These hypotheses are: 
1. The number of start-up failures is related to the number of robots. 
2. The number of crashes is related to the number of Component Vision-cameras. 
3. The number of failure-errors is related to the number of manual stops. 
4. The number of failures is related to the number of hardware changes. 

According to Chatfield [CHA83] when you want to see if two variables are inter-related you 
should find a measure of the degree of association or correlation between them. The 
correlation is said to be positive if 'large ' values of both variables tend to occur together, and 
is said to be negative if 'large' values of one variable tend to occur with 'small' values of the 
other variable. The correlation is high if the observations in a scatter diagram lie close to a 
straight diagonal line. The most important measure of the degree of correlation between two 
variables is a quantity called the correlation coefficient. In appendix L it is described in more 
detail how this coefficient is calculated. The four different hypotheses are now investigated 
consecutively. 

6.2.2. Hypothesis 1: Nr. of start-up failures is related to the nr. of robots. 
It is assumed that more start-up failures occur when more robots are installed on the machine. 
An AX5-machine consists of 20 slots. A small robot can be placed in such a slot. A big robot 
uses two slots. Therefore the machine can consist of maximum 10 big robots or 20 small 
robots. It can also be a combination of small and big robots, as e.g. 8 small robots and 6 big 
robots. Not all the slots need to hold a robot, soa machine can also consist of e.g. just 6 small 
robots and 4 big robots. This is, however, not often the case as most customers will maximize 
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their production lines. The AX3-machine produces equally as the AX5-machine but consists 
of 12 slots. Therefore a maximum of 12 small robots or 6 big robots (or a combination) can 
be installed. For further information appendix A explains the machine in more detail. 
As already stated in paragraph 5.2, start-up failures should be considered separate. For the 
start-up failures it is better to look at the number of times that the machine was started up and 
then investigate the ratio of: start-up failures/number of start-ups. This ratio will in the rest of 
the report be denoted as the start-up ratio. As defined in Table 4-1 there is a start-up failure 
if: the machine has to be unwillingly shut down before the start-up process is finished. 

The used data includes one customer with three production lines (B, C and D). For these lines 
the hardware-versions and age, the options like SVS Pro and Speedpack and the operator 
skills are the same. The number of robots installed at the machines differs. Therefore data 
from these lines can form a good input for examining the relation that the number of robots 
have with start-up failures. Calculations of the start-up ratios results in underlying Figure 6-1. 

Start-up failures/number of start-ups 

B1 B2 B3 B4 C1 C2 C3 C4 D1 D2 D3 D4 

Machines 

Figure 6-1 : Start-up failures/number of start-ups ratio 

The x-axis shows the different machines and the y-axis represents the start-up ratio defined 
by start-up failures/number of start-ups. The numbers above the machines show the number 
of installed robots. The B1 , B4, Cl , C4, Dl and D4 machines are AX3-machines; the others 
are AX5-machines. The start-up ratios for the 1 st and 4th (AX3) machines in a production line 
are lower then for the 2nd and 3rd (AX5) machines. It is therefore assumed that the start-up 
ratios for the AX3 machines are lower then for the AX5 machines. The ratios for machines 
C4 and Dl lie however close to the ratios of the AX5 machines in their production line. No 
detailed information about hardware defects is known but these defects could be a cause for 
more start-up failures on those machines. The AX5-machines mostly use 20 small robots and 
therefore it is suspected that if more robots are used the ratios becomes higher. 
As explained in paragraph 6.2.1 a correlation coefficient can be calculated to investigate if 
there is a relation between the number of robots and the start-up ratio. First it is good to make 
a scatter plot to see if the observations form a straight diagonal line. Figure 6-2 shows this 
plot. The different production lines are shown with different shapes. 
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Number of robots 

Figure 6-2: number of robots plotted against start-up ratio 

It seems from Figure 6-2 that observations with a large number of robots lay together with a 
high(er) ratio of start-up failures, and that observations with a low number of robots lay 
together with a low( er) start-up ratio. Therefore the correlation coefficient is calculated and a 
test is performed to see if this coefficient is significantly different from zero. This is done for 
the total number of observations and for the different production lines separately. Appendix 
L-1 shows this calculation. It is concluded that the correlation between the number of robots 
and the start-up ratio is significant with 95% confidence. Only if production line D is 
evaluated separately, then for this production line it cannot be concluded with 95% 
confidence that there is a correlation. This was already expected as machine D 1 shows a high 
start-up ratio withjust a few robots installed. 
Next to this correlation the difference in start-up ratios between the AX5-machines and AX3-
machines will be examined. According to [NIS07] it is possible to describe the start-up ratios 
with the binomial distribution. A binomial experiment is defined by Montgomery [MON99] 
as a random experiment consisting of n repeated trials such that 
1) the trials are independent, 
2) each trial results in only two possible outcomes, labeled as "success" and "failure", and 
3) the probability of a success in each trial, denoted as p, remains constant. 
In our case every start-up of the machine can be seen as an independent trial. This trial can 
result in a successful start-up of the machine or a shutdown (start-up failure). 

In our case we are interested in the probability of a failure instead of a success and therefore 
it is assumed that the probability of a failure remains constant with p = certain value. It is 
expected that the start-up ratios for AX5 machines (that use more robots) can be described by 
a binomial distribution with value p 1 and that the start-up ratios for AX3 machines (with less 
robots) can be described by a binomial distribution with a lower value (p2). A goodness of fit 
test can be performed for the start-up ratios of AX5 machines to test the null-hypotheses: the 
start-up ratio is described by a binomial distribution with value pi• 
An average value for the start-up ratio of the AX5 machines is calculated by the total number 
of start-up failures on those machines divided by the total number of start-ups. This average 
value will be denoted as Pi· It is now tested with a goodness of fit test as described in 
appendix G-2 if the AX5 machines (B2, B3, C2, C3, D2, and D3) can be described by a 
binomial distribution with value Pi• The calculated values from this test are shown in Table 
G-2. It is concluded that all AX5 machines can be described by a binomial distribution with 
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value p 1 with 95% confidence. The same calculations are performed for the AX3 machines to 
investigate if the AX3 machine (Bl, B4, Cl, C4, Dl and D4) can be described by a binomial 
distribution with value p 2 with 95% confidence. The results are shown in Table G-3 and it 
can be concluded that machines B 1, B4, C 1, D 1 and D4 can be described by a binomial 
distribution with value p 2• Machine C4 cannot be described by this binomial distribution but 
for the investigation if AX5 machines have a higher start-up ratio than the AX3 machines, 
the start-up ratio for these AX3 machines will be described by a binomial distribution with 
valuep2. 
As it is suspected that more start-up failures occur when there are more robots installed it is 
expected that the start-up ratio for the AX5 machines is significantly higher than value p 2• 

This can be tested by perfonning a hypothesis test on a binomial proportion as described by 
Montgomery [MON99], among others. This hypothesis test on a binomial proportion is 
described in more detail in appendix I-4. Appendix I-5 shows the calculation-results. From 
these results it can be concluded that most machines (B2, B3, C3, D2 and D3) have a 
significant higher start-up ratio than the AX3 machines with value p 2 as start-up ratio with 
95% confidence. 

As it is now concluded that for this customer AX5-machines that use more robots have a 
higher ratio of start-up failures, it was attempted to validate this with data from other 
machines. Customer E also uses AX5-machines with 20 small robots (El , E2, E3 and E4). 
The ratio for the start-up failures is calculated for these machines and is tested first for 
goodness of fit to see if the start-up ratio for these machines can be described by a binomial 
distribution with value p 1• Results are shown in Table G-4. It is seen that for all four 
machines the null hypothesis is accepted and therefore the start-up ratio can be described by 
a binomial distribution with that value p 1• A hypothesis test is then performed to test if the 
start-up ratio of these machines is significantly bigger then for the AX3 machines. The 
results are seen in Table I-2 and it is concluded that all 4 machines at customer E have a 
start-up ratio that is significant higher than value p 2 with 95% confidence. 

For an extra validation start-up data from one other customer was collected. This customer 
(G) uses three AX5 machines but not with 20 small robots. For one time period the machines 
are using 7 big robots and 6 small robots, at a certain point they switch to 8 big robots and 4 
small robots. If this data is split up then there would be too little data to perform calculations 
so the machines are treated as AX5 machines with 7 big robots and 6 small robots (= 13 in 
total) as this is used the largest time period. It is expected that the ratio for these machines 
will be lower than p 1 as less robots are installed. First a goodness of fit test is performed to 
see ifthe start-up ratios for these machines (Gl , G2, and G3) can be described by a binomial 
distribution with value p 1 (see Table G-5). It is concluded that the start-up ratio for these 
machines cannot be described by a binomial distribution with value p 1 but that it can be 
described with a binomial distribution with value p 2• This was not expected as the AX3 
machines use fewer robots than Gl , G2 and G3 soit was expected that the Gl , G2 and G3 
machines have a higher p-value than p 2• When a hypothesis test is performed to test if the 
start-up ratio for the machines at customer Gis significantly smaller thanp1 and significantly 
bigger than p 2 it is concluded that the start-up ratio is significantly smaller then p 1 but equal 
to p2 with 95% confidence. 
When the number of robots would be the only influencing factor on the number of start-up 
failures then the start-up ratio for the machines at customer G would lie somewhere between 
p 1 and p2• As the machines at customer G show a different start-up ratio than what is 
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expected it seems that, next to the number of robots, another factor is of influence on the 
start-up ratio. Possible factors could be the age and last upgrade-status of the hardware or the 
installation of extra options like SVS-Pro and Speedpack. Information for these factors was 
not available and this statement is therefore not further investigated. When in the future this 
data is available a same sort of analysis can be clone to examine the effect of other factors. 
However, the main purpose for this statement was to examine if there was a significant 
relation between the number of robots and the ratio for start-up failures. This resulted in the 
conclusion that there is a correlation between the number of robots and the ratio for start-up 
failures with 95% confidence but as all machines perform differently and also other factors 
seem to be of influence a single value for the start-up ratio regarding to the amount of robots 
cannot be given based on the existing data. When information about other factors that might 
be of influence becomes available in the future the same analysis and calculations can be 
performed on that data. 

6.2.3. Hypothesis 2: Nr. of crashes is related to the nr. of CV-cameras. 
The AX3 and AX5 machines use robots that align their components with laser-techniques. A 
special robot can be installed on the machine that uses Component Vision (CV)-cameras to 
align components. The advantage of laser is that it is significant faster than with a camera; 
therefore more components per hour can be placed. The variety of the components that can 
be placed with laser is however smaller. The maximum length a component can have is 
smaller with laser than with camera. The camera can also check for inconsistencies of the 
component. With laser-techniques the surface and shape of the component is measured and 
then the component is placed on the exact location. With a 
CV-camera the component can also be checked on its 
quality. An example of a component that can be placed is 
seen in Figure 6-3. This component has little legs on two 
sides. With a CV-camera it can be checked if these legs are 
in the right shape and if they are not bent or broken. If the 
requirements are not met then the component is rejected. 
Without a CV-camera it cannot be checked if e.g. the legs 
are straight. Some components have for example a little 
hall on the bottom with which it needs to be placed on the 
board. Laser-techniques cannot locate if the hall is in the 
right spot, whereas the CV-cameras can. Figure 6-3: example of components 

However, it is assumed that on machines that use CV-cameras for their component alignment 
more crashes occur than on other machines. Production lines B, C and D all use one machine 
that is fully equipped with robots using CV-cameras. It is then expected that those machines 
have significant more crashes than the other machines. 
To investigate that those machines have more crashes, infonnation needs to be collected 
about the occurrence of crashes on the machines. It is not enough just to know how many 
crashes occurred on a machine. In order to be able to compare between different machines 
the number of crashes needs to be related to the productive time on the machine. Therefore 
the Mean Time between Crashes (MTBC) is a good indicator as for this value the number of 
crashes on a machine is related to the productive time and can therefore be compared 
between machines. Machines with a lower MTBC have more crashes per productive time 
than machines with a higher MTBC. It is now expected that the MTBC is significant lower 
for B4, C4 and D4 (the machines that use CV-cameras). Fora clear view on the situation the 
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MTBC is calculated per line for the four different machines in that line. Figure M-1 in 
appendix M shows this. lt is seen that on every line the 4th machine (B4, C4 and D4) has the 
lowest MTBC. This was already expected. 
To test if the MTBC for the machines with CV is significant different than for the machines 
without CV the data is split up first. The data from the machines that use CV-cameras is 
grouped together as well as the data from the other machines. lt is proved that it is correct to 
group the data with an analysis of variance as explained in appendix J. Table J-1 shows the 
calculated results when all data is taken together. As the F-values is bigger than the Fcrit for 
a=0.05 it is concluded that the MTBC is significantly different among the machines. Table 
J-2 and Table J-3 show the calculated results per group. As both F-values are smaller than the 
Fcrit for a=0.05 it is proved that the MTBC-values do not differ significantly among the 
machines in a group. Now the dataset of the machines with CV can be compared with the 
dataset of the machines without CV. The analysis can be performed as in paragraph 5.2 but 
now the Times between Crashes will be used instead of the Times between Failures. First a 
goodness of fit test as explained in G-1 is performed to see if the crash intensity follows a 
Poisson distribution with 95% confidence. From this test it is concluded that both datasets 
follow a Poisson distribution and therefore the Times between Crashes are exponentially 
distributed. Now a 90%-confidence level for the 
MTBC can be calculated as in paragraph 5.2. The 
result from this calculation is seen in Figure 6-4. 
As the intervals of the two different datasets do { 
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not overlap and therefore the MTBC of machines 
with CV-cameras do not lay in the 90% 
confidence limits for machines without CV
cameras a significant diff erence in MTBC for 
machines that use CV-cameras and machines that 
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do not use CV-cameras is suspected. A hypothesis Figure 6-4: 95% Confidence limits lor the MTBC 

test, as described in appendix I, has been 

1 • MTBC I 

performed on the data. The results are shown in appendix 1-3. lt is concluded that there is 
strong evidence that the MTBC between the groups is significantly different with 95% 
confidence. 

As the variable 'number of CV-cameras' could not be influenced, only data from machines 
with the same number of CV-cameras was available. Therefore the investigation does not 
deliver a detailed relation between the number of CV-cameras and the number of crashes. As 
not the number of CV cameras was investigated but the presence or non-presence of CV
cameras on the machine, it can therefore be concluded that on machines that are equipped 
with CV-cameras more crashes occur then on machines without CV-cameras. With this 
conclusion it is however not proved that the CV-cameras do cause these crashes. lt can also 
be the case that with CV-cameras different other actions are performed that cause the 
crashes. lt needs to be mentioned that, as was also the case for hypothesis 1, there are 
possibly more factors that are of influence on the amount of crashes but it can be concluded 
that machines that use CV-cameras have more crashes. 

6.2.4. Hypothesis 3: Failure-errors are related to manual stops. 
During the production several errors can occur. For example, the robot fails to pick a 
component. Such an error does not stop the machine from producing and no intervention 
from the operator is necessary as the robot tries it again. When this error occurs again the 
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machine needs some kind of intervention from the operator and the production stops. This is 
called a manual stop. A manual stop is an error for which manual intervention is necessary in 
order to continue production. This intervention can vary from just pressing a button to 
finding and repairing defective parts (e.g. a cable that carne loose). It is assumed that when 
more manual stops occur also more failure-errors occur. In paragraph 4.2.1 a failure-error is 
defined if an error occurred when a certain action that is necessary for the production cannot 
be performed or if an error occurred that keeps coming back and cannot be solved without a 
shutdown of the machine. For the investigated time period it is examined how many manual 
stops occurred and what the relation is with the amount of failures caused by failure-errors. 
The number of manual stops is recorded per week. Therefore it is not possible to link every 
failure-error exactly to the number of manual stops around that failure-error. To perform a 
good comparison between different machines the number of failure-errors needs to be related 
to the productive time on the machine. Therefore the Mean Time between Failure-errors 
(MTBFE) is a good indicator for the number of failure-errors on a machine that can be 
compared between machines. Machines with a lower MTBFE have more failure-errors per 
productive time than machines with a higher MTBFE. To perform a correct calculation the 
average number of manual stops and the Mean Time between Failure-errors (MTBFE) for 
every machine are calculated. The Figures N-1/N-3 in appendix N give a graphical summary 
of the collected data. 
It is expected that on machines with more manual stops also more failure-errors would occur. 
Therefore the machines with the highest number of manual stops are expected to have the 
lowest MTBFE, which would imply a negative correlation. For a better overview the 
calculated values are given in Table N-1 in appendix N. 
In this table rank numbers are assigned to the machines per production line. The machine 
with the lowest number of manual stops was assigned rank 1 and the machine with the 
highest number of manual stops was assigned rank 4. This was also done for the MTBFE, 
where the highest MTBFE was assigned rank 1 as a higher MTBFE means a better 
performance. When there is a strong correlation, the rank numbers should correspond. If it is 
analyzed per production line it is seen that for production line D the rank numbers 
correspond but for the other two production lines the rank-numbers for the manual stops do 
not correspond with the rank-numbers for the MTBFE. From this it is assumed that the 
hypothesis that there is a relation between the number of manual stops and the number of 
failure-errors is not correct. A scatter plot is made to visually look for this relation. The plot 
is given in Figure 6-5 and shows the correlation between MTBFE and manual stops. 

correlation MTBFE vs. manual stops 

Number of manual stops 

Figure 6-5: Nr. of manual stops plotted against MTBFE 

On the x-axis the number of manual stops is 
given and on the y-axis the MTBFE in hours. 
If there is a strong relation between two 
factors then a correlation plot shows that the 
data-points are lying around a straight 
(diagonal) line. The plot in Figure 6-5 does 
not show a strong correlation but it is best to 
calculate a correlation coefficient as explained 
in appendix L. Appendix L-2 shows the 
results for the calculation. It can be concluded 
that there is no relation between the number of 
manual stops and the number of failure-errors . 

As it is still assumed that on machines with more manual stops more failures occur the 
relation between the number of manual stops and other failures can be investigated. Start-up 
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failures do not occur during production time. Hang-ups do not occur frequently so there is 
very little data available from these failures and hang-ups are therefore hard to investigate. 
Therefore only the relation between the number of manual stops and the number of crashes 
will be further investigated. Data from crashes that is also used for hypothesis 2 is used to 
compare the occurrence of crashes with the number of manual stops. An indicator for the 
number of crashes will be the MTBC. If the number of manual stops is plotted against the 
MTBC instead of the MTBFE then Figure 6-6 is the result. 

u 
m 
~ 

correlation MTBC vs. manual stops 

Figure 6-6: Nr. of manual stops plotted against MTBC 

From this plot it seems that there is a strong 
negative correlation between the number of 
manual stops and the MTBC. Therefore for 
this data a correlation coefficient is calculated. 
The calculations are shown in appendix L-2. 
From the statistical test it can be concluded 
that there is a negative relation between the 
number of manual stops and the MTBC with 
95% confidence. This negative relation means 
that machines with a higher number of manual 
stops have a lower value for the MTBC and 
therefore more crashes per productive time. 

From the investigation for hypothesis 3 it can be concluded that there is no relation between 
the number of manual stops and the number of failure-errors . There is however a relation 
found between the number of manual stops and the MTBC which means that machines with 
more manual stops have also more crashes. This last conclusion is interesting in combination 
with hypothesis 2. For hypothesis 2 it was already concluded that machines that use CV
cameras have more crashes. It was however not proved that the CV-cameras caused these 
crashes. For the investigation of hypothesis 3 it is seen that the three machines with the 
highest number of manual stops are the three machines that use CV-cameras. A more 
detailed look at the types of manual stops showed that the main difference for the types of 
manual stops between those three machines and the other machines consist of manual stops 
that are related to CV-actions. As it is concluded that the number of manual stops has a 
strong relation with the number of crashes it can be assumed that the higher number of 
manual stops that machines with CV-cameras have, results in a higher number of crashes on 
those machines. It should be noted that here it is also not proved that those manual stops are 
the causes for the crashes. More manual stops mean e.g. also more human-intervention. 
Incorrect human intervention could also be a cause for more crashes. 

6.2.5. Hypothesis 4: Nr. of failures is related to nr. of hardware changes 
Defective hardware can be the cause for a shutdown of the machine. When the performance 
of a new software release needs to be measured then the failures caused by hardware should 
not influence the decision if the new release performs better or not. Sometimes the machine 
needs to be started up and shut down several times before a hardware defect is detected. This 
increases the amount of failures and therefore decreases the MTBF. The failures that occur 
due to the defective hardware should not be taken into consideration when the performance 
of a software-release needs to be measured. It should be investigated how failures that are 
certainly cause by defective hardware should be deleted from the data when the performance 
of a software release needs to be measured to compare this performance with the 
performance of an older and existing release. The investigation of hypothesis 4 can 
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contribute to the effect that hardware failures have on the reliability performance and thus the 
MTBF. A hardware failure is often followed by a hardware change. Sometimes the machine 
needs several reboots before it is concluded that defective hardware is the cause and this way 
more failures occurred before hardware is changed. A hardware defect can sometimes be 
repaired without changing the defect hardware hut mostly the hardware is changed and then 
repaired offline. A hardware change is often called a hardware swap in practice and these 
terms will be used interchangeably in this report hut mean the same. Because a hardware 
change is mostly performed when certain hardware is defect it is investigated what the 
relation is between the number of hardware changes and the number of failures. For the 
measured period it is recorded how many hardware changes occurred. This value will be 
compared with the number of failures during that period and this can be compared for 
different machines. The problem is that, except for two customers, there is no detailed 
information available when hardware changes occurred. lt is known what spare-parts are 
retumed hut these spare-parts cannot be linked to a specific failure on a specific machine 
anymore. For customer E this information was tracked very detailed and therefore data from 
this customer, with 4 AX5-machines, is used for the investigation. Also for customer A this 
information is available. Therefore assumptions that will be made from investigating 
customer E can be validated on the data of customer A. The new developed tool that is 
mentioned in paragraph 4.2.3 will also keep track of hardware changes. This means that in 
the future this information will be recorded. 
Per machine from customer E a list was available with the dates and times that a hardware 
swap occurred and a short description of the experienced defect. This information was linked 
with failures that occurred before the hardware was changed and it was manually 
investigated what failures were related to the defective hardware. Because very different 
causes for defects and failures can occur it is not possible to link the failures automatically to 
hardware defects. A manual research should always be done when the failures caused by 
defective hardware should be removed. This is however hard to do in practice. Therefore 
after the hypothesis has been further investigated it will also be investigated how the 
influence of hardware failures can best be removed when a comparison between software 
releases needs to be perfonned. 
For this hypothesis the relation between the number of hardware swaps and the number of 
failures is investigated. The number of hardware swaps and the number of failures should be 
related to the measured time in order to be able to compare between different machines. 
Therefore the correlation between 'average time between swaps', which will be called Mean 
Time between Swaps (MTBS), and the MTBF is calculated. These calculations can be 
performed as for hypotheses 1 and 2 in appendix L-1 and L-2. In the appendix these 
calculations are described step by step. These calculations can however also be performed in 
a statistica! program, like Excel, to save time. First a small scatter plot for the machines of 
customer E is made in Figure 6-7. The MTBS 
is shown on the x-axis; on the y-axis the MTBF 
is presented. The dots represent the four 
machines at customer E. There are only four 
observations from this customer hut three 
observations seem to form a straight line. There 
is only one other customer where data from 
hardware swaps is available from. The 
assumption that there is a correlation between 
the MTBS and the MTBF can be tested by 
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Figure 6-7: Average time between swaps plotted against MTBF 
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adding the data of this customer. The triangular shape in Figure 6-7 is the observation from 
customer A. This customer <lid not test for a great amount of productive time hut if the 
MTBS is related to the MTBF it is seen that this triangle would lay around the same line as 
the observations from customer E do. As from this plot it is assumed that there is a 
correlation between the hardware swaps and the MTBF the correlation coefficient is 
calculated. All the calculated coefficients and an explanation can be found in appendix L-3. lt 
can be concluded from these calculations that there is a positive relation between the MTBS 
and the MTBF. 

As a result of the investigation for hypothesis 4 it can be concluded that there is a relation 
between the number of failures (represented by the MTBF) and the number of hardware 
swaps (represented by the MTBS). lt is also interesting to investigate if there is a relation 
between hardware changes and a certain type of failure. Therefore the relation between 
hardware swaps and crashes, failure-errors and start-up failures is also investigated. To 
perform this investigation a correlation coefficient is also calculated for the relation between 
the MTBS and the MTBC, MTBFE and start-up ratios to see if these values have a relation 
with the hardware swaps. The results are seen in appendix L-3. lt is concluded that: 

there is no relation between the MTBS and MTBC 
there is a positive relation between the MTBS and the MTBFE 
there is a negative relation between the MTBS and the start-up ratio 

As the number of hardware swaps is related to the number of failure-errors (represented by 
the MTBFE) it can be assumed that the type of failure after which most hardware swaps 
occur are the failure-errors. This can be explained as when failure-errors occur it is often not 
known what the cause of these failures is. When trying to solve the problem often hardware 
is changed. When the machine functions properly again after this change then it can be 
assumed that the changed hardware was the cause of the failure and this failure could be 
removed when calculating the software performance. However, this changed hardware does 
not have to be the cause for the failure as just a restart of the machine could have been 
enough to make the machine function properly again. This would mean that the failure is 
removed unjustified. 
The negative relation between the average time between swaps and the start-up ratio implies 
that when more hardware swaps have occurred (and the lower the MTBS is) the higher the 
start-up ratio is. This means that before (and after) a hardware swap more start-up failures 
occur. This is easy to explain because when a machine shuts down due to a failure and the 
cause is unknown then it is possible that the machine will be started up several times with 
sometimes a start-up failure as result before a hardware defect is found. 

As it is concluded that hardware defects (that are followed by hardware swaps) do influence 
the MTBF, the influence of hardware failures should be removed when software releases 
need to be compared. From the investigation to the link between hardware defects and the 
types of failures it was concluded that the failures cannot be automatically linked to a 
hardware change as there are very different causes for the defects and failures that can occur. 
The deletion of hardware related failures should therefore be done manually as the variety of 
different defect-situations is big and knowledge about the causes is necessary. In practice, 
this deletion cannot be performed as sometimes not all information is available anymore or 
because the failure-causes are unknown. The analysis performed for this hypothesis should 
be performed for more machines to investigate if the effect of hardware changes is equal for 
all the machines as now only 5 machines were investigated. A possible solution to present a 
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better value for the reliability performance of a software release is to define a factor with 
which the MTBF increases when hardware failures are removed. When the effect of the 
hardware changes is investigated for more machines then it might be possible to calculate a 
factor with which the MTBF can be multiplied to calculate a better estimation for the 
performance of the software release. However, when a comparison between the 
performances of two software-releases needs to be performed this corrected MTBF cannot be 
used. As seen in paragraph 5.2 and appendix I, when a hypothesis test for a difference in 
means is performed it is necessary to know the times between failures. For calculations with 
this hypothesis test, the mean value of the times between failures (µ, = MTBF), the variance 
of the times between failures (S2

) and the number of failures (n) should be known. With an 
example it is attempted to explain why this hypothesis test cannot be performed correctly 
anymore when a corrected value for the MTBF is used. Suppose that for a software release 6 
failures occurred after 75 hours. The times between failures are 15, 10, 5, 20, 15 and 10. This 
gives µ (MTBF) = 75/6 = 12.5 hours, S2 = 27.5 and n = 6. Suppose that a correction factor for 
the MTBF when hardware failures are deleted is 20% then the new MTBF without hardware 
failures would be 12.5 x 1.2 = 15 hours. When this software version needs to be compared 
with another release it is now only known that the MTBF = µ = 15, but the other values S2 

and n are unknown. If for example a hardware failure occurred at the 3rd failure and this 
failure is removed then the new times between failures are 15, 15 (= 10+5), 20, 15 and 10 
with µ = 15, S2 = 12.5 and n = 5. Although the µ is the same as after the correction (15) the 
variance and the number of failures changed and therefore calculations for a hypothesis test 
change. With this example it was explained that a correction of the MTBF might give a good 
value for the performance of the software but that a hypothesis test for a difference in means 
cannot be performed correctly anymore. Therefore a correction factor is no good solution to 
remove the effect of hardware failures when a comparison needs to be performed between 
software releases. As mentioned before, with the new tool described in paragraph 4.2.3, the 
hardware changes are recorded per machine. As it is assumed that a hardware change mostly 
occurs after a hardware defect the last failure before the change could be automatically 
deleted from the data. However, it was already described that the changed hardware <lid not 
have to be the cause of the failure and therefore a failure is deleted unjustified. It can also 
occur that it took a few times of restarting the machine before a failure cause was found and 
this means that more hardware failures should be removed than just the last one before the 
change. Also hardware can be changed when a hardware upgrade is performed and then no 
failures occurred at all. Therefore automatically deleting the last failure before a change is no 
good solution either. As at this moment not enough is known about the hardware failures, the 
best way to deal with the effect of hardware defects on the performance of software releases 
the best method is to compare between machines that have an equal value of the MTBS. How 
to select a machine with an equal value will be explained in the steps of the framework 
described in the next paragraph. 

Different factors were in the last paragraphs examined for the four different hypotheses. 
Unfortunately, due to a lack of information, more factors could not be examined. With 
information that is collected in the future more factors should however be investigated for a 
better understanding of the varying performance. Although a very precise comparison cannot 
be performed until most influencing factors are known the next paragraph will present a 
framework that presents steps that should be perfonned as a guide to a correct comparison. 
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6.3. Framework tor Comparison 
The aim at the start of this research-project was to develop a method that can describe in a 
short period of time whether a new release performs as reliable as or better than the old and 
existing release and therefore a framework will be presented that can be used as a guide in 
comparing different releases. The analysis from chapter 5 and the different conclusions from 
the hypotheses investigated in this chapter form the input for this framework. However, until 
the influence of more factors is known this framework cannot be perfectly used in practice. 
An ideal situation would have a single value for the MTBF that is representative for all 
machines that can be compared between releases. The research for this report showed 
however that it is not correct to use a single value to describe the performance for all 
machines. 
As the new tool that was mentioned in paragraph 4.2.3 is now in use by the department, it is 
from now on possible to capture a lot more data from machines at the customers. With the 
new tool it is easy to collect and store a big amount of data from every software release. Per 
release available information needs to be captured. In different tables an overview of the 
settings and performances of the machines can be collected. A table should be made like 
Table 6-1, where per release the level of the influencing factors on the machines that 
delivered data is collected. Furthermore a table needs to be made like Table 6-1, where per 
release the performance of the software release is given per machine. At the moment only a 
few influencing factors are known so more factors that are assumed to be of influence need to 
be examined in the future. lt will be explained in paragraph 6.3 .1 how this can be done. A 
table where the level of the influencing factors is captured should be like Table 6-1. 

Software release Influencing factors 
Machine ID Nr. of CV- Nr. of manual Nr. of hardware ... add 

cameras stops changes (MTBS) more 
Unique ID per machine Number Number Number ... 

(number or code) 

Table 6-1: Overview influencing factors 

When one or more of the influencing factors changed during the data-collection of a software 
release on a machine a new row in the table should be made. For example "_ 2" can be added 
to the machine ID. 
Another table should be made with the performance data of the machines per release. For 
every row of machine ID's from Table 6-1 a row should be made in this table. Table 6-2 
gives an example of the format of the table. 

Software version 
Machine ID I MTBF I Lower limit MTBF I Upper limit MTBF I MTBS I MTBC I MTBFE 

a 1 b 1 C 1 d 1 e 1 f 1 g 

Table 6-2: Overview performance data 

At the location of the letters in Table 6-2, the values are defined as follows: 
a) Machine ID: the same machine ID 's as used in Table 6-1, this can be unique numbers or 
codes with which a certain machine at a certain customer is described 
b) MTBF: total productive time on the machine/number of failures on the machine (start-up 
failures should be removed) 
c) Lower limit MTBF: can be calculated as explained in paragraph 5.2 and appendix H 
d) Upper limit MTBF: can be calculated as explained in paragraph 5.2 and appendix H 
e) MTBS: total productive time on the machine/number of hardware swaps on the machine 
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f) MTBC: total productive time on the machine/number of crashes on the machine 
g) MTBFE: total productive time on the machine/number of failure-errors on the machine 

lt is decided to take both hardware and software failures (except all start-up failures) into 
consideration for the MTBF in this table as not enough is known to delete hardware failures 
from the data. It is now assumed that machines with an equal MTBS have the same influence 
of hardware-failures. How these tables should be used for the framework will be explained 
for the steps in the framework from Figure 6-8. 

Next to the MTBF the start-up ratio gives a different indication of the performance of the 
software. When e.g. the MTBF does not change, but the start-up ratio has decreased fora 
new software release then this release has improved because less start-up failures have 
occurred. Therefore the start-up ratio will also be included in the framework. 
Figure 6-8 presents the framework that can be used as a guide for comparison. It is assumed 
that a new release is compared with the last software release. The first 5 steps are general 
steps that need to be performed when data is collected. These general steps will be described 
first as these steps always needs to be done when new data becomes available. These steps, 
as used in the framework of Figure 6-8 are: 
1. Collect the following data from a machine that uses the release you want to compare with 

another release: 
a) Date and time of shutdowns 
b) Type of shutdowns (normal, power interrupt, start-up, crash, hang-up, failure-error, 

unknown) 
c) Productive time between every start-up and shutdown of the machine 
d) Date and time of hardware swaps. 
With above data all necessary calculations can be made. 

2. Count the number of start-up failures and the number of start-ups of the machine and 
divide the number of start-up failures by the number of start-ups of the machine, this 
delivers the start-up ratio. When this ratio is known the start-up failures can be deleted 
from the data. This ratio should be saved per release for every machine that delivered 
data. 

3. Put the remaining data that will be used for further calculations in the format as in Table 
6-3 (the values are imaginary values). 

Productive time 
between start-up and 

Date and time Type shutdown shutdown (hrs) Failures cum. Prod. time cum. 
2006-05-26 
9:19:48 PM Crash 23.56 1 23.56 
2006-05-28 
7:56:58 AM Normal 28.05 1 51 .61 
2006-06-01 
12:31:40 AM Failure-Error 42.19 2 93.80 

Table 6-3: Example of format 

4. From Table 6-3 a graph has to be made with on the x-axis the cumulative productive time 
and on the y-axis the cumulative number of failures. The slope of the graph is the MTBF. 

5. Determine the level of the influencing factors and calculate the MTBS, MTBC, MTBFE, 
MTBF and upper and lower confidence limit for the MTBF as described earlier in this 
paragraph. These values need to be added to Table 6-1 and Table 6-2 per software 
release. 
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Per release the Tables 6-1 and 6-2 should be updated constantly when new information about 
that release is collected. The new tool can transfer this information immediately into the 
required format so this update does not require a lot of work. When the tab les are updated the 
other steps from the framework in Figure 6-8 can be followed. These steps are described 
under the framework. 

General steps 
1-5 

l 
yes History data 

no available from . 
~ 

same machine? (6) 

,, 
History available no 

Influencing factors 
no 

from last release to . still the same as for . 
~ ~ 

compared with? (7) other release? (9) 

yes yes 

, ,, 
Influencing factors . 
still the same? (8) ~ 

no 
,, 

yes 
yes 1 

1 

~ Step 11 -
1 

,i, 

1 no 
no 

, Step 10 . 
1 

yes 
~ 

~ , ,, 
No correct comparison 

1 

Steps 12-13 1 possible 

Figure 6-8: Framework for comparison 

6. Examine if history data from the machine that delivers data from the new release is 
available. lf history data is available, go further with step 7. lf it is not available go to 
step 11. 

7. Is the existing history-data available for the last release? lf it is available go further with 
step 8. lf it is not available go to step 9. 

8. Are the influencing factors from Table 6-1 still the same for the new releases as they 
were for the last release? If the influencing factors are still the same go to step 12. lf they 
are not go to step 11. 

9. Are the influencing factors from Table 6-1 still the same for the new releases as they 
were for the release where history data is available for? lf the influencing factors are still 
the same go further with step 10. lf they are not go to step 11. 
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10. When for the new release the influencing factors on the machine still have the same level 
as for the release where history data is available from hut which is not the last release, a 
combination of Table 6-1 and Table 6-2 needs to be used. For the available release it 
should be looked up what other machines have the same level of influencing factors. The 
machine ID ' s with equal influencing levels from Table 6-1 should be selected in Table 6-
J. For the selected machines it should be looked up from which machines data is also 
available for the last release. The machines that do not deliver data from the last release 
can be removed from the selection. From the machines that are left over in the selection 
the machine that performs most equal as the machine under consideration needs to be 
selected. Appendix O shows an example on how the most equally performing machine 
can be selected. When a machine is found that performs equally and has information 
from the last release go to step 12. When no machine can be selected that performs 
equally or when no equally performing machine does deliver data from the last release 
then no correct comparison can be performed. It can therefore not be decided from the 
data of the new release if the release performs as reliable as or better than the old and 
existing release. 

11. Select a machine from Table 6-1 that has the same level of the influencing factors. If a 
machine is found with the same level of the influencing factors go to step 12. It should be 
noted that at this moment, as there are just a few influenci ng factors known, it does not 
necessarily mean that those machine perform equally. Therefore the comparison that will 
be performed can just be used for an impression hut not for a final decision. If there is no 
machine found with the same level of influencing factors a comparison cannot be 
performed as it is not correct to compare releases between machines with a different 
performance. 

12. When the data from the two releases that need to be compared is available then compare 
the graphs, which are made for step 4, of the two releases. An example is shown in Figure 
6-9. These graphs can be compared to see if the new release shows an improvement for 
the MTBF. From the example in Figure 6-9 it seems that release y performs worse than 
release x. This comparison can be done 
statistically by perfonning a hypothesis test 
as explained in paragraph 5.2 and appendix 
I. From this comparison it can then be 
concluded if the new MTBF is significantly I 
different then the existing MTBF. If there is ] 

~ a significant diff erence and a one sided test 
is performed it can be concluded if the 
performance of the new release is better or 
worse than the last release. If there is no Prod. nme (hrs cum.) 

r===;i 
l:...:....:.... 

significant diff erence found then the new Figure 6-9: Example of comparing graphs trom different releases 
release is as reliable as the old release. When 
not enough data is available (n1 + n2 < 40 [WIK07]) it is not possible to statistically 
conclude a significant difference. The behavior of the graph as in the example in Figure 
6-9 can then be used for an impression. 

13. Next to the MTBF, the new start-up ratio can be compared with the existing one. When 
n* p (number of start-ups times the start-up ratio) > 5 ([WIK07]), then it can be tested 
with a goodness of fit test as described in appendix G-2 if the new start-up ratio can be 
described with the value of the start-up ratio of the existing release. If the hypothesis is 
rejected then this means that the new ratio has either improved or gotten worse. If the 
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hypothesis is accepted then the difference is not significant. Then the existing start-up 
ratio of the old release can also be used for the new release. 

6.3.1. lmprovements for the framework 
Some remarks need to be made on this framework. At the moment only a few influencing 
factors are known. Therefore, when the few influencing factors are the same for two 
machines it should not necessarily mean that those machine perform equally. The research to 
influencing factors should continue in the future and Table 6-1 should be improved with 
more influencing factors. When a factor is assumed to be of influence on the MTBF then 
information needs to be recorded regarding this factor. In this chapter different calculation 
methods for finding significant relations and significant differences were used that can also 
be performed for investigating new expected factors of influence. Different factors that were 
not possible to investigate during my research due to a lack of data and a lack of time hut are 
assumed to be of influence are the use of SVS Pro and the number of change-overs (when 
there is a switch between placement programs during production). From this chapter two 
different methods of research can be used for the investigation of suspected factors: 

Research to the influence of the presence of a certain option, like the use of SVS Pro, 
can be examined, as was explained in paragraph 6.2.3 and appendix I, with a 
hypothesis test for difference in means. Here the data needs to be grouped such that 
one group delivers data from machines without the specific options and one group 
delivers data from machines with the specific options. If data from different machines 
is used in one group then it should be tested with an analysis of variance first if it is 
correct to group the data of those machines. 
Research to a level defined with a number, as the number of change-overs (when 
there is a switch between placement programs during production), can be examined 
as was done in paragraph 6.2.4 and appendix L. For this research data from different 
machines is necessary. The levels of the influencing factors that are known should be 
equal on the machines that deliver data to perform the best investigation. When more 
machines deliver data it can be better concluded if there is a significant relation 
between two variables, as for example the number of manual stops and the MTBFE. 
For the two different variables a correlation coefficient can be calculated as was 
explained in paragraph 6.2.4 and appendix L. From this calculation it can be defined 
if there is a significant positive or negative relation between two variables. 

When new influencing factors are found these factors need to be added to Table 6-1. As there 
are probably very many influencing factors on the MTBF this table can be constantly 
improved. 
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7. Conclusions and Recommendations 
In this chapter the conclusions are summarized per research question that was defined at the 
start of the project. According to the conclusions drawn from this research some 
recommendations are given for the future and for future research. 

7. 1. Conclusions 
At the start of the project, research questions were defined as a guide to the performed 
research. Conclusions can be drawn from the answers to the targets of these questions. 

Question 1: What causes the differences between the calculated reliability performance 
and the performance experienced in the field? 
Target: - Investigate the present method used to calculate the reliability performance. 

Bcfore this research started the calculation of the performance was done based on two 
separate values of the MTBF. One value was presented for the software MTBF and one value 
for the hardware MTBF. These values were then combined when the performance for the 
total system had to be presented. The hardware MTBF was calculated based on returned 
spare-parts and the software MTBF was based on the failures that were certainly caused by 
software. The cause of every failure was determined after a manually research of the log 
files. When this research-project started a new tool was under development. During this 
development results from this research were included in this tool. This new tool delivers 
MTBF data straight from the machine. A total system MTBF can be presented from this tool. 

Target: - Investigate what the differences between the two perfonnance-values are. 

In the past, for every release a value was calculated that had to represent the total MTBF. 
This was given in hours and was based on the operation times. From the close contact with 
some customers it was understood that this calculated value was not the value that was 
experienced at the customer sites. At the start of this project the value that Assembléon used 
to present the performance of the last release was given to me as well as an overview of the 
performance of one big customer. It was seen that at this customer much more failures were 
experienced than what the MTBF-value that Assembléon presented for the performance of 
the last software release would suggest. It was not further investigated what the exact 
difference was; it was assumed from the start that a difference was there and causes needed 
to be found for this diff erence. 

Target: - Investigate what the causes of these differences are. 

Three important causes were found during this investigation: 
Not all failures were taken into account due to the method of calculating. 
Operation time was used for calculations instead of productive time, while the 
customers experience this productive time instead of the operation time. 
Significant differences between the performances of the systems were found which 
means that a single value cannot represent the MTBF for all systems. 
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Question 2: Is it possible to calculate a value that represents the reliability that is valid for 
all the machines? 
Target: - Investigate what value can be used to present the reliability. 

It is concluded that the failure rate is constant for the investigated data and therefore the 
failure rate is time-independent. The data can be represented with a homogenous Poisson 
process (HPP). This means that the MTBF, which was already used, is a good value to 
present the reliability. It is the best to base this MTBF on productive time instead of 
operation time. For a total system MTBF all the failures that were experienced need to be 
taken into account. The software and hardware MTBF should not be presented separately 
anymore because such a value is not complete enough. It is also concluded that start-up 
failures should not be taken into account for calculating the MTBF; these failures should be 
taken separate. The start-up ratio, calculated by number of start-up failures/number of start
ups of the machine presents the performance of the start-up process of the machine. A high 
ratio means that the start-up process of the machine often ends in a start-up failure. 

Target: - Investigate if this value can be used for all the systems. 

It is concluded that there is a significant difference between the systems used at the 
customers. A single value for the MTBF is therefore not representative for the reliability of 
the systems. The height of the single value for MTBF also depends on what machines are 
used for the calculation of that value. This was also seen as a cause for the difference 
between the experienced performances. A single value could maybe be used intemally just to 
see if a certain system performs above average or below average. This value should then 
include the data from all available machines. 

Question 3: How can different releases be compared? 
Target: - Investigate a method that is statistically correct for comparing the reliability 
of two different releases. 

In this research the data that was used could be analyzed using a HPP-model as there was no 
evidence for trend and the times between failures were exponentially distributed. When there 
is an evidence for trend then NHPP-models should be used which area lot more complicated. 
It can be assumed that the HPP-model can be used for all data. To be absolutely sure about 
this assumption a Laplace-test and a goodness of fit test should be performed on the data as 
described in appendix F and G. 
Assuming a HPP model can be used, the MTBF of two releases can be compared with a 
hypothesis test for difference in means. As the different machines sometimes perform 
significant different from each other the best comparison can be done when the data from the 
releases that need to be compared comes from similar machines with similar levels for the 
factors that are of influence on the MTBF. Also the effect of hardware failures should be 
removed as much as possible from the data in order to compare the performance of different 
software releases. As this is hard at the moment, a comparison should be made between 
machines with the same influence of hardware changes, which is indicated by the Mean Time 
between Swaps. 
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Question 4: What factors have influence on the performance of the systems? 
Target: - Investigate what can be possible factors for the varying performance. 

After a brainstorm session different factors were defined. Because of the limited availability 
of detailed data and the limited time it was only possible to examine factors where 
information was available from. The investigated factors were the number of robots, the use 
of CV-cameras, the number of manual stops and the number of hardware changes on the 
machine. 

Target: - Investigate what influence these factors have. 

The number of robots is of influence on the start-up process. When more robots are installed 
the start-up ratio is higher. It is however concluded that this is not the only influencing factor 
for the start-up process. 
It is shown that the use of CV-cameras decreases the Mean Time between Crashes and 
therefore more crashes occur when these cameras are used. Also a relation between the 
number of manual stops and the number of crashes was concluded. Machines that use CV
cameras also have more manual stops. It is assumed that this is the cause of the increased 
number of crashes on those machines. 
The effect that hardware changes have on the MTBF is significant. This means that machines 
with more hardware changes show a lower value for the MTBF. There is also a relation 
between the number of hardware changes and the ratio for start-up failures and between the 
number of hardware changes and the Mean Time between Failure-errors. This means that 
machines with more hardware change show more start-up failures and more failure-errors. 

Target: - Include these influences in the model/framework of question 5. 

The influence of the investigated factors is taken into consideration for the framework that is 
developed. It is important that the level of the influencing factors is the same for the two 
datasets that are compared. This is therefore included in the framework. 

Questions 5: How can the findings of prior questions lead to a model that can be used for 
Assembléon? 
Target: - Combine the findings into a framework that, if followed step by step, 
compares the reliability of two different releases and determines if a new release performs as 
reliable as or better then the existing release. 

Paragraph 6.3 describes the framework that compares the reliability of two different software 
releases. For the framework it is assumed that all data follows a HPP model and therefore the 
MTBF is a representative value for the performance of a machine. It is important that the 
machines that deliver data of the two software releases that need to be compared perform 
equally. Therefore in the framework steps are included to check which machine needs to be 
used to compare with. The influencing factors should be the same on both datasets that are 
used for comparison. As at this moment only a few influencing factors are known a good 
comparison cannot always be performed. In the future more influencing factors need to be 
investigated to improve the framework. The recommendations in the next chapter will also 
describe this in more detail. 
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7.2. Recommendations 
As mentioned throughout this report Assembléon is now using a new tool with which it is 
possible to capture and analyze a lot more data in the future. During this project some 
findings that were presented were already taken into consideration for the development of the 
tool. This new tool uses for example the productive time instead of the operation time that 
was used for the old method. The use of graphs with the cumulative productive time and the 
cumulative number of failures is also included in this tool. This paragraph will describe some 
recommendations for a better data collection, for performing a better comparison between 
software releases and for further research. 

Better data collection 
During my research I experienced some difficulties in finding relevant data. The data was not 
always stored in a central place and it was not always known where to find certain data. The 
new tool will make use of a central database so this aspect is improving. lt is however 
recommended that this data-storage will be kept central so that it is clear for all involved 
parties where to find what sort of data. lt is important that data is collected from as many 
machines as possible. With the collected data tables should be made per release as explained 
in paragraph 6.3 to collect important information about the influencing factors and 
performances of the machines. The influencing factors are very important for a good 
comparison between releases and will be further described in the following recommendation. 

Performing a better comparison 
If the framework presented in this report is used in combination with the new tool then a 
comparison between the performance of a new software release and the old and existing 
release can be performed. A good comparison can only be performed when the performance 
of the machines under consideration is the same. This means that the influencing factors 
should be the same for the data from the new release and for the data from the last release ( or 
the release which with the new release is compared). At this moment only a few influencing 
factors are known and therefore it does not necessarily mean that two machine perform 
equally when all levels for the influencing factors are equal. It is recommended that 
Assembléon is alert for influencing factors on the MTBF. When a factor is assumed then 
information needs to be recorded regarding this factor. In chapter 6 different calculation 
methods for finding significant relations and significant diff erences were used that can also 
be performed for investigating new expected factors of influence. Different factors that were 
not possible to investigate during my research due to a lack of data and a lack of time hut are 
assumed to be of influence are the use of SVS Pro and the number of change-overs (when 
there is a switch between placement programs during production). 
As the number of manual stops seemed to be important for the amount of crashes it is 
recommended to carefully keep track of this number of manual stops and further investigate 
the causes of these manual stops. The number of manual stops is now set as an influencing 
factor hut this can possibly be investigated in more detail to find the underlying causes for 
these manual stops. 

Further research 
In this research it was concluded that there is a significant difference between the reliability 
performances of the machines. As the research for influencing factors was just very basic in 
this research, for further research this influence will be a very interesting research area. In the 
literature more and more is written about studies for operational profiles. Operational profiles 
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give a quantitative characterization of system-usage in practice. When testing is driven by 
operational profiles, functions that are used often in practice are allocated more test time. In 
this way also intemal tests can deliver useful data on the performance as the use at the 
customers can be copied. For further research the investigation to these operational profiles 
might be very interesting and these operational profiles might also give more insight in 
possible influencing factors of the MTBF. 
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Appendix A: Concepts and specifications of Assembléon 
AX-series 

Since Assembléon markets a diverse range of Surface Mount Technology (SMT) placement 
equipment, each placement equipment is based on its own concepts. These concepts depend 
on equipment properties such as production capacity ( cph), placement accuracy (nm) and 
component range. In this appendix, the specifications and concepts of the Assembléon AX5 
and AX3-series are treated as these are the series that were investigated. For specifications of 
the complete placement equipment range of Assembléon, the reader is referred to [ASS07]. 
The AX-series was developed for the high-volume chipshooting segment (45k cph to 
150k cph) and can be divided in the 5-segment frame AX-5 and the 3-segment frame AX-3. 
Below, the separate modules of the AX-series (see Figure A-1), e.g. base (A), transport 
module (B), pick & place module (C) and trolleys (D), are described. 

Figure A-1: AX-5 

(A) Base 
The base offers accommodation for controllers, electronics, wiring etc. On the base the 
transport module, feeder trolleys and the various placement robots can be mounted, as 
depicted in Figure A.1 . All electrical and moving components are safely placed behind 
protection covers. The base is a welded sheet steel assembly, resulting in a stiff construction. 
The base is composed of either three (AX-3) or five (AX-5) sections, flanked by a left and 
right transport section. The base is height adjustable, to meet the production environment. 
The base has interfaces to the pick and place modules, the transport module and the feeder 
trolleys. 
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(B) Transport module 
The main function of the transport module is transporting boards through the machine. The 
function of the transport rails is to transport, guide and support the boards. The front 
transport rail is at a fixed position and the rear transport rail is adjustable in width. The 
function of the tnn1sport beam _is to support, clamp, and move boards. The transport module 

.• .. . ·"'•"'"' .,, . . . ,·. ifcçmtroJle~ bxJ~~/!~fl:~:5,)rt C.,Ol}t~pll.~r: . : . ,· -

§!r~~~;ç?·::~{~i\1fti;ë;~iäi;f :•;2:~-~-.--. ;·,-.·-~~:t~1t~;~:t:Bi'J{;~;~, 
-. The pick and plàce m()dule con.sists-of roûr rti.odiiÏ:àr ·pruts: -· -:"',·. · . . : · 
• Robot: The main functicm is to pÖsitiort the placé:n,1.e_nfheatl in X an.cl y· d1rectibn over the 
work area of the pick and place module. · . - . . . . _ . . . . 
• Placement head: The main function is to pick, place and measure s'.MD comppn~nts. lt is 
also capàble to 'see' markers in the work area. Each placement head carries ·a board 

· . alignment camera. . _ 
• Placement controller: The m4in function is to control the pick and place process óf the pick 
and place module. . . . 
• Toolbit exchange unit: 
The main functions are: 
- Storage of toolbits, used by the placement head. 
- Providing features to enable vacuum and light level calibration. 
- Providing a dump bin for components. 

(D) Trolleys 
The trolley forms the interface between the feeders and the base. Feeders are placed on the 
trolleys and the trolleys are mounted on the base. The trolley is designed to realize a quick 
change-over to another feeder set-up. The base interface on the trolley enables that the trolley 
is lifted by the trolley lift and it guarantees that the trolley is mechanically correctly 
positioned on the base. On an AX-3 three trolleys can be mounted, and five trolleys on an 
AX-5. 
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Appendix B: Examples of failure and time categorization 

Figure B-1 : Captured Times 
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Figure B-2: Failure Definition (red = failure), on the left the different reboot causes are shown; the definilions on the top are events that can be found in the 
overview as in Figure B-1. The combination of the events that are found and the last state the machine was in before reboot defines the reboot cause. 
Example trom Figure B-1 : the overview shows AX Sesion & Date Time, Startuplniliation, StartupReady, ShutdownGUI and ShutdownAX. The reboot cause 
can now be a Normal Shutdown, Unrecoverable Error or Repeatable Error, depending on the last state the machine was in before the shutdown. 
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Appendix C: Data views 
. ,. 
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Figure C-1: View of Eventlog 
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Appendix D: Repairable system analysis procedure 
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Figure D-1 : General procedure lor analyzing failure data of a repairable system [ASC98] 

Explanation to Figure D-1: 
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According to Ascher and Hansen [ASC98] this figure is a general procedure for analyzing 
failure data of a repairable system. The analysis should start with a validation of the data to 
see if there are no inconsistencies or errors in the data. The nature of the data also needs to be 
understood; if e.g. the data comes from one or multiple machines or what the units of 
measurements are. A visual examination of the data should then be performed as was dorre in 
e.g. Figure 5-4 and 5-5. With a visual presentation of the data the behavior of the data can be 
seen. Sometimes a clear evidence for trend can already be concluded from this. With a 
Laplace Trend test ( as explained in Appendix F) it can be statistically examined if there is 
any evidence for trend. If there is an evidence for trend then a NHPP model should be used, 
these models are not further investigated in this report. If there is no evidence for trend then a 
test for exponential fit should be performed to see if the interarrival times can be described 
with an exponential distribution. A goodness-of-fit test (as explained in Appendix G) can be 
performed to see if the interarrival times fit to an exponential distribution. If they fit then a 
HPP model can be used. If they do not fit then other RP (renewal process) models should be 
used. 

63 Assemhlêon 
Leaders in Electronic Manuracturing Tectinology 



T u /e té(hnische unh,ersitl!ÎI elndhOV!!n 

Early Reliability Comparison 

Appendix E: Machine performances 
.,.,. 

Cum. failures agáinst cum. proäuctive time 

Prod. Time (Hours cum.) 

Figure E-1 : Failures versus productive time tor customer E 
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Appendix F: Laplace Trend test 
The Laplace Trend test, as described by [MEE98], among others, tests the hypothesis that a 
trend does not exist within .-thê data. The Laplace Trend test .can determine whether the 

- . . < 
,,. system is deteriorating, improving, or if there is no trend ät aH. Calculate the test statistic, U, 

using the following ç:quation [WEI9.7] , • 
N 

-~ " L,X; 
. ·..!.::L_ _ T 
-· N i U=-~=~ 

T/1 
~UN 

where: 
. T = total operating time ( termination time) 

Xi = age of the system at the ith successive failure 
N = total number of failures 

The test statistic U is approximately a standard normal random variable. The critical value is 
read from the Standard Normal tables with a given significance level, a. 
From the Standard Nonnal tables with a significance level of 0.10, the critical value is equal 
to l.645. If -1.645 < U < 1.645 then accept the hypothesis of no trend. However, when U < -
1.645 then an improving trend would exist and if U > 1.645 then a deteriorating trend would 
exist. In such a case NHPP models should be used. 

When this value is calculated for the considered machines in 5.3 then the following values in 
table x.1 are the result. 

Machine u Significant trend? 
A 1.64 No 
Bl -1.52 No 
B2 0.09 No 
B3 0.47 No 
B4 1.29 No 
Cl 0.06 No 
C2 0.91 No 
C3 0.36 No 
C4 -1.41 No 
Dl -0.02 No 
D2 0.49 No 
D3 -2.15 Yes 
D4 -1.09 No 
01 -0.51 No 
02 -1.70 Yes 
03 -0.93 No 

Table F-1: results individual Laplace tests 
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Appendix G: Goodness of fit-test 

G-1: Goodness of fit-test fpr Pqisson distribution 
··-t~J- ·- :' .{ - . ., .... :<- . ..., - ~:. --~..... . . 

According·to ·[MON99J.and ·[CHA83] the-test procedu~e requires ~-r_andpinsample of size N 
_ from the population whose probability is unknown. These N observatiohs are arranged in a ·· 

·_,,, .- _. · frequency.histogram, having k bins orèlass intervals. Let O; be the observed frequency in the 
· _ ith class interval, denoted E;. The test statistic is 

X~ =± (O; -'E;)2 -
i=i . E; 

If the population follows the hypothesized distribution, X2
0 has appro~imately a chi-square 

distribution with k ~ p - l degrees of freedom, where p represent the number of parameters of 
the hypothesized distribution estimated by $ample statistics. When the sample size increase 
the test becomes stronger. We would reject the hypothesis that the distribution of the 
population is the hypothesized distribution if the calculated value of X2 

0 > X2 
a, k-p-I • 

Calculation steps: 
1. Group the Times between Failures in one column 
2. Calculate the cumulative ofthese failures 
3. Divide the total time into time-intervals of equal length (when a long time 1s 

measured it is better to make bigger time periods) 
4. Count the number of failures (x) in every time-interval 
5. Calculate average number of failures in the specified time interval with 

µ=(total number of failures(N)/total time)* length of time-interval 
6. Count the number of time-intervals with (x) failures and make a table: 

Number of failures (x) in Number of periods with 
a specified time-period x failures 
0 ... 
1 ... 
... . .. 
Total N 

µ x X e-µ 
7. Calculate Poisson probabilities with P( X) = 1 X. 
8. Calculate Poisson frequencies with n*P(x): 

Number of failures Number of periods Poisson Poisson 
(x) in a specified with x failures probabilities frequencies 
time-period 
0 ... P(0) n*P(0) 
1 ... P(l) n*P(l) 
... ... . .. . .. 
Total Il 1.0 Il 
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9. Make table: 
,. 

X Observed frequency ( Oi) Expected frequency (Ei) 
0 ... .N*P(0) 
1 ... N*P(l) 
.. . ... . .. 

·=---

· 10. When the expected frequency for a certain x is less than a certain value combine the 
result with the prior x (as seen in the example below). According to [MON99] there is 
no general agreement regarding the minimum value of expected frequencies hut are 
the values of 3, 4 and 5 widely used as minimal. 

2 Lk (0. -E.)2 _ l l 

11. Calculate X o -:-- i=l Ei 

12. If X2 
0 > X2 

a, k-p-l then we reject füe hypothesis that the distribution of the population is 
the hypothesized distribution 

Example from data, customer B4: 

-µ = (N/total time)* length of time-interval= 52/1872 * 20 = 0.56 

Number of failures Number of periods Poisson Poisson 
(x) in 20 hours with x failures probabilities frequencies 
0 56 0.5737605 53 .93349 
1 30 0.3187487 29.96238 
2 5 0.0885393 8.322699 
3 1 0.0163958 1.541206 
4 1 0.0022771 0.214052 
5 1 0.000253 0.023783 
6 0 2.343E-05 0.002202 
Total 94 1 94 

Make a table with Observed and Expected frequencies with data from x = 2 or more failures 
combined: 

X Observed frequency ( Oi) Expected frequency (Ei) 
0 56 53.93349 
1 30 29.96238 
2 8 10.10174 

x 2 = (56-53.93)
2 + (30-29.96)2 + (s-10.10)2 =0_52 0 53.93 29.96 10.10 

X\ k-p-l = 4.61 , for a=0.10 and k-p-1 = 3-0-1 = 2. (p=0) as pis not estimated by sample 
statistics hut the true value for all existing data. 

As 0.52 < 4.61, the data fits a Poisson distribution. 
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The following table G-1 gives the calculated values for all 16 machines: 

observed 
Machine value 

A--c., Q.56 ·. · 
8T . 0704· . --:'~-- :-· 

82 1.23 
.. . - · (_ 

83 2.72 
84 0.52 
C1 4.24 
C2 0.5 
C3 0.58 
C4 2.46 
D1 Too little data. 
D2 2.21 
D3 1.31 
D4 3 
G1 3.77 
G2 4.38 
G3 0.35 

Table G-1 

G-2: Goodness of fit-test tor Bi nom ia/ distribution 
According to [CHA83] in order to perform an adequate goodness of fit-test for the binomial 
distribution n*p 2: 5. This means that the number of start-ups times the start-up ratio needs to 
be bigger then ( or equal to) 5 in order to get an adequate approximation. 
The following steps need to be taken to perform a goodness of fit-test to see if the start-up 
failures can be described by a binomial distribution: 

1. Count the total number of times the machine had to start-up CNtotaI) and count the total 
number of times a start-up failure (FtotaI) occurred for a specified group. In the 
example for hypothesis 1 in 6.2.2. a group can be the AX5-machines. The total 
number of successes is Stotal = Ntotal - Ftotal 

2. Calculate Prailure_total = Ftotal / Ntotal, Psucces_total = 1 - Prailure_total 
3. Now you want to test if a machine can be described by a binomial distribution with 

value Praiiure_total, so you test: 
Ho : Prailure_machine = Pfailure_total 

4. This test can be solved with the formula for goodness of fit test x~ = f ( O; - E; )2 
;=I E, 

5. This formula needs to be filled in with the known values, which are: 

xi = (Ofailure -Efailure )2 + (Osucces -Esucces )2 

E Jailure E succes 

with, 
Fmachine = start-up failures on the machine= Ojailure 

Nmachine = number of start-ups on the machine 
Smachine = start-up successes of the machine= Nmachine - Fmachine = Osucces 

Ejailure = Nmachine * Prailure_total 
Esucces = Nmachine * P succes_total 
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6. if X2 o < X2 
a, k-I we can accept the null hypothesis that the start-up ratio for that 

machine can be described by a binomial distribution with value Pfailure_total 

Example from 6.2.2.: 

In total the AX5- machines were started up 346 times and 114times this start-up failed. 
Therefore Pfailure_total = 0.33 and Psucces_total = 1-0.33 = 0.67 
We take machine B2 as an example. We want to test if B2 can be represented by a binomial 
distribution with value Pfailure_total =0.33. 
B2 was started up 77 times and experienced 27 start-up failures. Therefore 
Ojailure = 27 
Osucces = 77-27 = 50 
Ejailure =Nmachine * Pfailure_total= 77 * 0.33 = 25.41 
Esucces = Nmachine * P succes_total = 77 * 0.67 = 51.59 

x 2 = (27-25.41)2 + (50-51.59)
2 

=0.1 5 0 25.41 51.59 

As X2o.os, 1 = 3.84, and 0.15 < 3.84, B2 can be represented by a binomial distribution with 
value Pfailure total =0.33. This value will be called p 1 in the report. 
The calculated X2 

0 values for the AX5 machines are given in underlying Table G-2: 

Machine XLo-value 
B2 0.156198 

B3 1.039106 
C2 1.69968 
C3 0.083522 
D2 0.215151 
D3 0.025489 

Table G-2: calculated X2o values tor all AX5 machines when P1,;1ure_tow1 =0.33 = p, 

As all AX5 machines have a X\-value that is smaller than 3.84 the start-up ratio can be 
described by a binomial distribution with value p 1 with 95% confidence. 

When the AX3 machines are tested against the hypothesis that they can be represented by a 
binomial distribution with value Pfailure total =0.17 (value p2 in the report) the underlying Table 

2 -
G-3 shows the calculated X O values for the AX3 machines: 

Machine X\-value 
B1 0.325765 

B4 0.144107 

C1 0.224459 

C4 3.560394 

D1 0.008365 

D4 2.380387 

Table G-3: calculated X2o values tor all AX3 machines when P1a;1u'8_tow1 =0.17 = p2 
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The X2 
0-value for the machines B 1, B4, C 1, D 1 and D4 are smaller than 3 .84 and therefore 

the start-up ratio for these machines can be described by a binomial distribution with value p 2 

with 95% confidence. 

The X2
0-value is also calculated for the machines of customer E and G for both p 1 as p 2• 

Results are shown in Table G-4 and Table G-5 

X2o-value, X2o-value, 
Machine withp1 withp2 
E8 1.358127 3.42606 
E9 2.094611 6.508164 
E 10 1.494562 6.19734 
E 11 0.121004 5.902558 

Table G-4: calculated X2o values for customer E with value p, and p1 

X.!0-value, XLo-value, 
Machine withp1 withp2 
G1 7.415452 0.456604 
G2 8.535626 0.060241 
G3 6.305508 0.04 

Table G-5: calculated X2o values for customer G with value p, and p1 

It can be concluded that the start-up ratio of the machines at customer E can be described by 
a binomial distribution with value p 1 with 95% confidence as the X2

0-values are smaller than 
3.84 for this value. With this 95% confidence level, machine E8 can also be described as a 
binomial distribution with value p2. 
The start-up ratio of the machines at customer G cannot be described as a binomial 
distribution with value p 1 as the X2o-values are bigger than 3.84. The start-up ratio of these 
machines can however be described as a binomial distribution with value p 2 as the X2

0-values 
are smaller than 3.84. 
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Appendix H: Confidence Interval 
According to [MEE98] the inter-arrival times of failures, which is the same as the times 
between failures (TBF), would be independent and come from an exponential distribution: 

t 
F(t; 0) = 1- exp(-

0
), where 0 is the mean time between failures. 

The corresponding homogeneous Poisson process has a failure rate À=l/0. 
An approximate 100(1-a) % likelihood-based confidence interval for 0 can be calculated 
which is the set of all values of 0 such that 

- 2 log[R( 0)] ~ x(~-a ;l) 

Or, equivalently, the set defined by 

R(0) 2 exp[X<~-a;I) /2] 

R(0) is the relative likelihood function given by R(0) = L(~) 
L(0) 

where ê is the maximum likelihood (ML) estimate of 0. 

L( 0) can be calculated with 

L( 0) = IT [ exp( - t J-I ) - exp( - !J_) { 1 

j=l 0 0 
Where dj is the number of ' time between failures' in interval j 

Calculation steps for the calculation of a confidence interval: 
1. The data needs to be divided into intervals running from O to a value that covers the 

largest Time between Failures. These intervals can have an equal length hut this is not 
necessary. When e.g. the Times between Failures vary from 0 to 4000 and only a 
couple of points have a large value it can be decided to chose smaller intervals in the 
beginning, as e.g. 0-100, 100-300, 300-500, 500-1000, 1000-2000, 2000-4000. This 
depends on how the data-points are spread throughout the range. According to 
[MEE98] the choice of intervals does not seriously affect the calculations. 

2. Count the number of Times between Failures in every interval and put this into a 
table: 

Time Time between Failures 
Interval Endpoint Frequency of Occurence 
Lower Upper 
0 ... count 

3. Calculate ê. This can be done using a statistica! program like statgraphics hut this 
can also be done by using the table from 2 as the input for the formula for L( 0) in 

excel and calculate the value for 0 that maximizes L( 0). 

4. When 0 and ê are known then R(0) = L(~) can be calculated. 
L(B) 

5. When R(0) is known then the wanted confidence-interval can be estimated with 

R(0) 2 exp[X~-a;I) /2] 
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Example from data, customer B3: 

Times between Failures (hours) Times between Failures (hours) 
0.003611 23.40472 
0.01 23.44778 
0.056111 24.10778 
0.089444 26.07556 
0.104444 41.14611 
0.106944 44.65611 
0.373056 53.68222 
0.854444 72.29889 
1.226389 91.76667 
5.701111 110.0903 
6.419167 116.1789 
8.711389 120.0042 
9.641944 161.6344 
16.95583 166.2311 
18.30583 216.0131 
21.20639 243.3858 
22.67972 268.915 

Total time= 1915.48, number of failures = 34, therefore 0 = 1915.48/34 = 56.34 
The table from step 2 is as follows: 

Time Time between Failures 
Interval Endpoint Frequency of Occurence 
Lower Upper 
0 1 8 
1 2 1 
2 5 0 
5 10 4 
10 20 2 
20 30 6 
30 40 0 
40 60 3 
60 80 1 
80 100 1 
100 150 3 
150 200 2 
200 300 3 

Calculation of 0 delivers 0 = 56.8. 

A 95% confidence limit is wanted, so this means that Xc~-a;lJ = 3 .84. 

The set for 0 is then given by [ 43.2; 76.6] which is the confidence interval for the MTBF. 
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Appendix 1: Hypothesis test fora difference in means 
This appendix will describe how to perform a hypotheses test for a difference in means when 
the variances are not equal as described by, among others, [MON99]. 
We consider the test of hypothesis on the diff erence in means between two normal 
distributions. The normality assumption is required to develop the test procedure, hut 
moderate departures from normality do not adversely affect the procedure. 
When H0 : µ 1 - µ2 = L'.io is true then the statistic 

- -
• X1 -X2 -~o 

to=--====-
S2 s 2 
_ ] + -2 
n1 n2 

is distributed approximately as t with degrees of freedom given by 

if the null hypothesis H0 : µ 1 - µ2 = L'.io is true. 

Where X\ and l\ = the MTBF (orµ) for sample 1 and 2, and 

S 1
2 and S; = sample variances of sample 1 and 2, and 

n1 and n2 = the number of failures for sample 1 and 2 

Altemative hypothesis Rejection criteria 
H1 : µ1 - µ2 # Lio to • > to.12,v or to• <- to.12,v 

H1 : µ1 - µ2 > Lio 
* 

to > la,v 

H1 : µ1 - µ2 < L'.io • 
to < - fa,v 

J-1: Hypothesis testing tor machine D2 and D3 
lt is expected that there is no difference between machine D2 and D3. The calculation steps 
for hypothesis testing are shown below: 

- - 2 2 
X 02 =98.23 , Xm =69.65, S02 =4777.156, Sm =8569.18, nD2 = 14, nm =22. Thesevalues 

can be calculated in a statistica! program, like Excel. 
Machine D2 is treated as machine 1 and D3 as 2. 
l.Ho :µ1-µ 2 =0 
2. As it is assumed that the MTBF of D2 is bigger than the MTBF of D3 a one-sided test can 
be performed and therefore H1 : µ 1 > µ2 
3. a = 0.05 
4. The test statistic is 
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_ l + -2 

5. Degrees of freedom calculated from v ~ ( ~: )' ('!: ) 2 - 2 delivers v ~ 3 5. J 9c,3 5. 

-'-----'-- + -'-----'--

(

s 2 8 2 )
2 

n, +1 n2 + 1 

6. Therefore, since a = 0. 05, we would reject H0 : µ1 = µ2 if to* > to.05,35 = 1.690. 
When it is not known if µ 1 is bigger or smaller than µ2 a two sided test can be performed and 
then we would reject Ho: µ1 = µ2 if to* > to.025,35 = 2.030 or to* <- to.025,35 = -2.030. 

7. Calculations, using the sample data, give 

t; = 98.23-69.65-0 =1.057 
4777.156 8569.18 
---- +---

14 22 
8. Conclusion: since t; = 1.057 < 1.690 we are unable to reject H0 : µ1 = µ2 at the a = 0.05 

level of significance. With 95% confidence it can be concluded that there is no strong 
evidence that the MTBF for the machines D2 and D3 is different. 

J-2: Hypothesis testing tor machine D3 and D4 
The same analysis as shown in I-1 has been dorre between the machines D3 and D4. 

· - - 2 2 
W1th Xm= 69.65, XD4 = 26.51, Sm= 8569.18, SD4 = 732.585, nm = 22, nD4 = 64, the test 

statistic is here t; = 2.155 and v = 22. Therefore, since a = 0. 05, we would reject H0 : µ 1 = µ2 

if t/ > to.os,22= 1.717. 
Conclusion: since t; = 2.155 > 1.717 we are able to reject H0 : µ 1 = µ2 at the a = 0.10 level of 

significance. This means there is strong evidence that the MTBF for the machines D3 and D4 
is different. 

1-3: Hypothesis testing tor machines with CV and without CV 
The same analysis as shown in I-1 has been dorre between the machines with and without 
CV-cameras. Machines with CV are denoted as 1 and machines without CV as 2. 
With X,= 95.99, X 2 = 167.58, S1

2 = 3640.303, SJ= 30822.12, n,= 82, n2 = 60, the test 

statistic is here t; = -4.3 and v = 70. Therefore, since a = 0.05, we would reject H0 : µ 1 = µ2 if 
* to <- to.os,70 = -1.671. 

Conclusion: since 1; = -4.3 < -1.671 we are able to reject H0 : µ 1 = µ2 at the a = 0.05 level of 

significance. This means there is strong evidence that the MTBC for the machines with CV
cameras is different then MTBC for machines without CV-cameras 
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1-4: Hypothesis tests on a binomial proportion 
For a binomial distribution a hypothesis test is performed a little different then the tests 
described above. The calculation steps for this hypothesis tests are as follows: 

1. The parameter of interest is p and is in our case the start-up ratio. 
2. Ho: p=po 
3. H1 :p f po, or 

p >Po' or 
p <po 

4. a = 0.05 

_ x-np0 

5. Zo - ,J npo (l - Po) ' 

where x = number of start-up failures, n = number of start-ups 
6. Reject when: 

Altemative hypothesis Rejection criteria 

H1 :p f- Po zo > za12, or zo < -za12 
H1 :p > po Zo > Za 
H1 :p <po Zo < -Za, 

1-5: Hypothesis test for paragraph 6.2.2 

1. The parameter of interest is p and is in our case the start-up ratio. 
2. Ho: p=p2 
3. H1: p > P2 
4. a = 0.05 

where x number of start-up failures, n = number of start-ups 

6. Reject when Zo > Zo.os- Zo.os= 1.645. 

Results of the calculations performed for the AX5 machines are given in underlying table I-1 
Machine zo-value 
B2 4.075217 
B3 4.940263 
C2 1.156608 
C3 2.911044 
D2 1.700603 
D3 2.999154 

Table 1-1 : calculated l.iJ values for all AX5 machines when p~=0.17 

For machines B2, B3, C3, D2 and D3 is the z0-value bigger than 1.645 and therefore the null
hypothesis is rejected and H 1: p > p 2 is accepted at a 95% confidence level. This means that 
the start-up ratios of these machines are bigger than for the AX3 machines (p2). Machine C2 
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does however accept the null-hypothesis and therefore does its start-up ratios not differ from 
the start-up ratio of AX3 machines. 

When the same calculations are performed for the AX5 machines of customer E, Table I-2 is 
the result: 
Machine zo-value 
E1 1.850962 
E2 2.55111 
E3 2.489446 
E4 2.429518 

Table 1-2:: calculated Zo values tor the AX5 machines of customer E when p~ = 0.17 

It is concluded from these result that all values are bigger then 1.645 and therefore for every 
machine the start-up ratio is significantly higher then value p2 at a 95% confidence level. 

When the same calculations are performed for the AX5 machines of customer G but now 
. b h 1 d T ble I-3 is the result: agamst ot va ue p2 an Pi , a 

zo-value zo-value 
Machine forp= p2 forp= pi 
G1 -0.81235 -3.05755 
G2 -0.42716 -3.3504 
G3 0.013704 -2.93965 

Table 1-3:: calculated Zo values for the AX5 machines of customer G when p~ = 0.17 and p1 = 0.33 

It is concluded from these result that all values in the first column are smaller then 1.645 and 
therefore for every machine the start-up ratio is equal to value p 2 at a 95% confidence level. 
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Appendix J: One-Way ANOVA 
The model deals with specific treatment levels and is involved with testing the null 
hypothesis H0 : µ1 = µ2 = ... µa where µi represents the level mean. For the calculations 
performed for Assembléon instead of treatment levels we use the different machines that 
deliver data as it is examined if there is a diff erence between those machines. 
Basically, rejection of the null hypothesis indicates that variation in the output is due to 
variation between the machines and not due to random error. If the null hypothesis is 
rejected, there is a difference in the output of the different machines at a significance a. 
More theory about the analysis of variance can be found in [CHA83], [MON99], [WEI07], 
among others. Theory from [WEI07] has been used for this appendix. 

Inputs 
Required inputs to perform a one-way ANOVA are the number of machines being 
compared, a, and the number of 'times between failures' at each machine, n; (with i = 1, 2, 
... , a). Typically, a value for the risk factor, a, should be chosen which represents the Type 
1 error (which means that the null hypothesis is rejected while it is actually true) probability 
the user is willing to live with. 

Once this information has been obtained, the actual results of the experiments need to be 
entered. Ideally, an input grid based on the values of a and n1 (withj = 1, 2, ... n;,) would 
facilitate the input of this information. The experiment result data will be denoted as, y;,1 
where, 
i = 1, 2, ... , a is the number of levels being tested, in this case the number of machines. 

j = 1, 2, ... , n; is the number of replicates at each level, in this case the number of 'times 
between failures' that are measured. 

The resulting input grid would appear like the following: 

Replicate 1 Replicate 2 ... Replicate 
Factor Level 1 Yl,1 Yl,2 Yl,J Yl,n1 
Factor Level 2 Y2,1 Y2,2 Y2,J Y2,n2 

... .. . .. . _Yi· . 
l ,) 

.. . 

Factor Level a Ya,1 Ya,2 ... Ya,na 

Note that the number of replications at each level need not be equal, or that n1 need not be 
equal to n2, and so forth. 
The total number of data points for a given data set will be calculated as, 

Data Analysis 
In ANOV A analysis, the output of each experiment, or observation, is thought to consist of 
variations of an overall mean value. These variations can have two sources: variation due to 
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the factor or level and variation due to random error. The model used for the data in 
ANOV A analysis follows the form, 

Y .. =µ+r . +& .. 
Ij l Ij 

where, 

µ = the overall mean, 

îi= the level effect, and ·•'. 

Eij= the random error component. 

Since the purpose of this analysis is to determine if there is a significant difference in the 
MTBF of the machines, the null hypothesis can also be written as Ho = t 1 = t 2 = ... = îa = 0. 

The sum of the responses over a level is denoted as, 
n; 

Yi. = LYu 
J =l 

and the MTBF is denoted as, 

Y- . =Y;. 
1. 

n; 

The grand sum of all responses is denoted as, 

Y.. = f fyij 
i=l j=I 

and the overall mean of the data is, 

y =L .. N 

The analysis is broken down into "sums of squares" that measures the variability due to the 
levels and due to the errors. Mathematically, the sum of squares is an unscaled, or 
unadjusted measure of dispersion. When scaled for the number of degrees of freedom, it 
becomes the variance, the sum of squares per degree of freedom. The general fonn is, 

SST = SS L + SS E 

where, 

SSr= the total sum of squares, 

SSL = the sum of squares due to the levels, and 

SSE= the sum of squares due to the errors. 

The equation for the total sum of squares, which is a measure of the overall variability of 
the data, is, 
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The equation for the sum of squares for the levels, which measures the variability due to the 
levels or factors, is, 

SS - ~ (Yi. )2 (Y.. )2 
l - L...J 

i=I ni N 

With SSr and SSL known, SSE can be calculated by subtracting SSL from SSr, or SSE = SSr -
SSL. The SSE term measures the variability of the data due to random error. 

There are degrees of freedom terms associated with each of the sums of squares. The 
degrees of freedom are given by, 

dfL = a-l 

dfE = N-a 

dfr = N-l 
Mean square values are calculated by dividing the sum of square tenns for the level and 
error by their respective degrees of freedom value. These values represent the variance of 
the level and error components of the data. Mean square values for levels and errors are, 

MS - SSL 
l-

a-l 

MSE = SSE 
N-a 

With the formulas above, the F0 can be calculated, where 

F, = MSL 
0 MS E 

is F-distributed with degrees of freedom a - l and N - a. Therefore, if, 

Fo > FcRir 
where, 

F CRJT = Fa ,a- 1,N-a 

then the null hypothesis is rejected and it can be concluded that some of the variability of 
the data is due to diff erences between the machines. 

Output 
The general format for output for this type of analysis is an ANOV A table, which contains 
basic information about the analysis: 
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Source of Sum of Degrees of Mean F 
Variation Squares Freedom Square Values 

Betwee n levels SSL dfL MSL 
Error (wit hin levels) SSE dfE MSE Fo 

Total SSr dfr FcRIT 

Underlying tab les show the calculation result from Excel for different groups of machines: 

Source of Variation ss df MS F P-va/ue F crit 
Between Groups 696144.4 11 63285.86 3.52108 0.000201 1.850888 
Within Groups 2785881 155 17973.42 

Total 3482025 166 

Table J-1: ANOVA results lor all machines 

Source of Variation ss df MS F P-value F crit 
Between Groups 217598.7 8 27199.84 0.82645 0.581932 2.062739 
Within Groups 2501273 76 32911.49 

Total 2718872 84 

Table J-2: ANOVA results lor machines without CV 

Source of Variation ss df MS F P-va/ue F crit 
Between Groups 10256.83 2 5128.414 1.42352 0.246975 3.112260 
Within Groups 284607.7 79 3602.629 

Total 294864.6 81 

Table J-3: ANOVA results lor machines with CV 
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Appendix K: Factors of influence 

Factor Level types 
Hardware - vers1on V ersion number 

- age Number (Months) 
- reliability Number 

Number of change-overs Number 
Number and types (big/small) of robots Number of big robots 

Number of small robots 
Number of camera's (Component Vision) Number 
Options - SVS Pro Yes/No 

- BI Yes/No 
- Speedpack Yes/No 
-R2L Yes/No 

Operator skills Low/medium/high skilled 
Product complexity: - package (amount, complexity) Easy/medium/hard 

- feeder type Width (mm) 
- local vs. distributed Local/ distributed 
- fiducials ( amount, shape) Number 
- board size Width X Length (mm) 

Number of manual stops Number 
Automatics Number 
Empty cycles Number 
Cycle time Number (sec) 
OEE (overall equipment efficiency) Number (%) 

Table K-1 : Factors of influence 
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Appendix L: Correlation Coefficient 
According to [CHA83 ], when n pairs of measurement, (xi, Yi), are made on two random 
variables X and Y, then the observed correlation coefficient is given by 

L (xi - x)(yi - y) 
r=~;;========,r===== 

✓{lf (xi -x) 2 ]! (yi - y) 2 D 
lt is often useful to perform a significance test to see if the observed correlation coefficient is 
significantly different from zero. This can be tested with 

r,J(n-2) 

.J(l-r2) 

This coefficient can be easily calculated with statistica! programs like Statgraphics and 
Excel. 

L-1 hypothesis 1 
When it is calculated for the total observations, the following data and calculations are used: 
n = 12, x= 0.23, y=l2.75, xi= start-up ratio for machine i, Yi = number of robots on 
machine i. 

Start-up Nr. of 
(xi- x)2 Machine ratio . robots (xi- x) (yi- y) (xi- x)(yi- y) 

B1 0.20 11 -0.030 -1.750 0.052 
B2 0.31 18 0.080 5.250 0.422 
B3 0.39 20 0.157 7.250 1.140 
B4 0.16 5 -0.073 -7.750 0.565 
C1 0.15 5 -0.088 -7.750 0.683 
C2 0.25 18 0.016 5.250 0.082 
C3 0.31 20 0.074 7.250 0.539 
C4 0.21 6 -0.020 -6.750 0.132 
D1 0.21 4 -0.028 -8.750 0.241 
D2 0.24 20 0.007 7.250 0.050 
D3 0.26 20 0.023 7.250 0.164 
D4 0.12 6 -0.119 -6.750 0.804 

I 4.874 

Table L-1 

From this table it follows that: 

r = 4
·
874 = 0 798 

.J{(0.067)(556.250)} . 

Then it is tested if this coefficient is significant different from zero with 

0.798✓(12-2) 
/ 2: t a / 2 n-2 

v(l-0.798 2
) • 
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0.799../(12-2) 
to.02s.10 = 2.228 and / = 4.19 

\1 (1- 0. 7992
) 

so therefore, as 4.19 2: 2.228, the correlation between the number of robots and the ratio of 
start-up failures is significant at the 95% level. 

If the correlation coefficient is calculated separately per production line then the following 
values for rare the result: 
Line B: 0.966 
Line C: 0.892 
Line D: 0.743 
t 0_025,2 = 4.303. The smaller sample size you use the higher r needs to be in order to show a 
significant correlation. For the different lines the following values are the result: 
Line B: 11. 73 > 4.303 
Line C: 6.24 > 4.303 
Line D: 3 .51 < 4.303 
For Line B and C are the calculated values bigger than to.025,2 = 4.303 and therefore the 
correlation between number of robots and the ratio of start-up failures is significant for those 
production lines at the 95% level. This means that even with a small sample the correlation is 
strong. For production line D however, is the correlation not significant because the 
calculated value is smaller than to.025,2 = 4.303 

L-2 hypothesis 3 
Number of manual stops and MTBFE 
n = 12, x = 0.23, y =12.33 

Nr. of manual 
stops MTBFE (x;- x) 

B1 491 185 -384.083 

B2 719 103 -156.083 
B3 887 125 11 .91667 
B4 1569 263 693.9167 
C1 286 246 -589.083 
C2 727 385 -148.083 

C3 877 96 1.916667 
C4 1580 167 704.9167 
D1 161 1839 -714.083 
D2 605 479 -270.083 
D3 956 235 80.91667 
D4 1643 108 767.9167 
) 

Table L-2 

From this table it follows that: 

r = -1327783 = _0 505 
.J{(2698507)(256 l 945)} . 

(y;- y) (x; - x )(y; - y) (x;- x)2 -)2 (y;- y 
-167.583 64365.97 147520 28084.17 
-249.583 38955.8 24362.01 62291.84 
-227.583 -2712.03 142.0069 51794.17 
-89 .5833 -62163.4 481520.3 8025.174 
-106.583 62786.47 347019.2 11360.01 
32.41667 -4800.37 21928.67 1050.84 
-256.583 -491.785 3.673611 65835.01 
-185.583 -130821 496907.5 34441 .17 
1486.417 -1061425 509915 2209435 
126.4167 -34143 72945.01 15981.17 
-117.583 -9514.45 6547.507 13825.84 
-244.583 -187820 589696 59821.01 

-1327783 2698507 2561945 

Then it is tested if this coefficient is significant different from zero with 
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-0.505.)(12-2) 

✓0-(-0.505) 2 ) 
2 ta / 2,n-2 

t - 2 228 d -0.505.)(12-2) = 1.85 
o.02s,10 - • an 
. ✓ (1 - (-0.505)2

) 

so therefore, as 1.85 :'.S 2.228, there is no correlation between the number of manual stops and 
the number failure-errors with 95% confidence. 

Number of manual stops and MTBC 
When the same test is performed hut now between the number of manual stops and the 
MTBC, then the calculated value for r = -0.93. 

d - 0.93.j (12 - 2) 
to.02s.10 = 2.228 an i--;=====1 = 8.00 

✓(1-(-0. 93) 2 ) 
so therefore, as 8.00 > 2.228, there is a correlation between the number of manual stops and 
the number crashes with 95% confidence. 

L-3: hypothesis 4 
For the investigation ofhypothesis 4 the following data is used: 

Time Hardware 
Machine measured swaps MTBS MTBF MTBC MTBFE Start-up ratio 

E1 3525 20 176.25 125.89 352.50 440.63 0.26 
E2 3610 30 120.33 61.19 277.73 150.44 0.26 
E3 3585 26 137.88 81.49 512.21 132.80 0.27 
E4 2894 22 131 .55 131.53 2893.70 321.52 0.31 
A 304 10 30.4 8.44 60.73 17.86 0.36 

Table L-3: investigated variables 

A verage time 
between swaps MTBF MTBC MTBFE Start-up ratio 

Averaqe time between swaps 1.000 
MTBF 0.881 1.000 
MTBC 0.237 0.631 1.000 
MTBFE 0.833 0.918 0.415 1.000 
Start-up ratio -0.863 -0.561 0.087 -0.511 1.000 

Table L-4: correlation coefficients tor all variables 

As there are only 5 observations the correlation coefficient needs to be high in order to 
conclude that the coefficient is significantly different from zero. As the value for t 0.025,10 = 

2.228 and n=5 it is also possible to calculate r from r~ ~ t 
~ a / 2,n-2 

From r~ ~ 2.228 it can be calculated that when r 2: 0.789 there is a relation between 
.j(l-r2) 

two variables with 95% confidence. 
This means that from Table I-3 it can be concluded that there is a relation between: 

- Average time between swaps and MTBF (positive) 
Average time between swaps and MTBFE (positive) 

- Average time between swaps and start-up ratio (negative) 
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Appendix M: MTBC per production line 
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Figure M-1: MTBC per production line 
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Appendix N: MTBFE and manual stops per production line 
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Figure N-1 : MTBFE and number of manual stops per week Line B 
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Figure N-2: MTBFE and number of manual stops per week Line C 
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MTBFE and manual stops Line D 
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Figure N-3: MTBFE and number of manual stops per week Line C 

The histograms in Figures N- l /N-3 show the number of manual stops per week per 
machines. The straight line shows the average value of this number on the left y-axis. The 
dotted lines represent the MTBFE. The value of this line is shown on the right y-axis. 

Manual stops Rank MTBFE (hrs) Rank 
B1 491 1 185 2 
B2 719 2 103 4 
B3 887 3 125 3 
B4 1569 4 263 1 
C1 286 1 246 2 
C2 727 2 385 1 
C3 877 3 96 4 
C4 1580 4 167 3 
01 161 1 1839 1 
02 605 2 479 2 
03 956 3 235 3 
04 1643 4 108 4 

Table N-1 : Average number of manual stops and MTBFE data 
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Early Reliability Comparison 

Appendix 0: Selection of equally performing machines 
In this appendix an example is explained on how a machine can be selected that performs 
most equally as the machine that is under consideration for the comparison in the framework. 
Suppose that data from new release 3.0 on machine X needs to be compared with release 2.0 
and that the last used software release on machine X was 1.0. For release 3.0 on X there were 
no CV cameras used, average number of manual stops is 300 and the MTBS is 1475 hours. 
The framework will be followed to perform a good comparison. Step 6 is answered with 
'yes' because there is history-data available from machine X. Step 7 is answered with 'no' 
because there is no history-data available from the last release to compare with (2.0). For step 
9 it needs to be checked if the influencing factors are still the same for machine X. From 
underlying Table 0-1 it can be checked what the influencing factors were for release 1.0 on 
machine X. As there are still no CV-cameras used, and the number of manual stops and 
MTBS is almost equal it is decided that the influencing factors are still the same and step 9 
can be answered with yes. Only the number of CV-cameras has a defined level that can be 
easily compared between machines. The other factors will probably not be exactly the same 
and it therefore comes to the user's decision of these factors change. Therefore, in the future, 
the levels of these factors might need to be further defined after some more investigation. 
For step 10 it has to be looked up what machines have the same level of influencing factors. 
Underlying table shows the collected information on influencing factors of the different 
machines as was explained for table 6-1 in paragraph 6.3. 

Release 1.0 Influencing factors 
Machine ID Nr. of CV-cameras Nr. of manual stops MTBS ... add more 
1 - 300 1500 ... 
2 5 600 1400 
3 - 350 1550 
4 - 50 2500 
5 6 700 1200 
X - 280 1525 

Table 0-1 

It is decided that only machines 1 and 3 have the same levels for the influencing factors as 
machine 4 has a very much lower value of manual stops and a very much higher value of 
MTBS and therefore a different performance is expected for this machine. 
Now, machine ID 1 and 3 should be selected from the table that was explained by table 6-2 
in paragraph 6.3. Underlying table gives the values that are found in table 6-2. 

Software Release 1.0 
Machine ID MTBF Lower limit MTBF Upper limit MTBF MTBS MTBC MTBFE 
1 al bl cl dl el f1 
3 a3 b3 c3 d3 e3 f3 
X aX bX cX dX eX fX 

It should now be looked up if machine 1 and 3 deliver data from release 2.0 with which 
release 3.0 needs to be compared. For this example it is given that both machines deliver data 
for release 2.0 so now a machine needs to be selected that performs most equally as machine 
X. It should first be checked if aX lies in between bl and cl and b3 and c3. When aX does 
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not lie within the limits of a machine, this machine will be removed. From the machines that 
are left over it should be selected what machines performs most equally. To select the best 
machine for every machine the difference with machine X should be calculated. This can be 
done with laX - ail + ldX -dil+ leX - eil + IJX - fll, where i = the machine ID. The machine 

with the lowest value from this formula can be selected as the most equal performing 
machine. 
As at this moment there are not a lot of influencing factors known it is very hard to select a 
machine from table 6-1 from which it can be assumed that it performs equally as the machine 
under consideration. Therefore in the future more investigation needs to be performed to find 
more influencing factors. 
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