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Foreword 

In 2001, long before the shops were filled with large flat screen digital TVs, developments at Philips 

Semiconductors (now NXP Semiconductors) were advancing well. Architects and managers were 

planning high performance products that would hit the market 3~7 years in the future. Part of that 

dream has, of course, come true with advanced TVs now commonplace and at modest prices. 

Beneath the covers of todayôs elegant TVs lies a dramatic increase in technical complexity. This 

continuous growth in complexity has been driven by customer demand for more channels, extended 

connectivity, higher picture quality and larger screen sizes. This has, in turn, created a major 

challenge for the global providers of TV technologies. 

One of the important factors for the architects at Philips was to avoid these new generation TVs 

behaving like PCs. Typical customers would not accept strange messages on the screen from some 

embedded operating system or worst still a blue screen followed by a reboot, many customers would 

not even know what a reboot was! Maintaining robust product behavior was of paramount 

importance to Philips even under this sharp increase in complexity. 

In todayôs competitive climate it is essential to deliver new and enhanced products almost every 6 

months. This puts an incredible pressure on the development staff. Evolutionary improvements to 

design methods and tools will, at a certain stage, impose boundaries on the ability to deal with this 

increasing design complexity and need for shorter time-to-market. At a certain point in time 

revolutionary new techniques need to be introduced to keep up with this ever rising complexity at 

affordable costs. 

With this is mind chief architects from Philips knew that the then current ñBest in Classò practices 

being used would cope for products being planned for some years to come, but for how long? The 

increasing complexity not only was driving the need for more and more highly skilled design staff, it 

also was leading to a significant increase in product test and verification effort. To help limit this 

growth in resource demand Philips, together with ESI, defined the Trader project (Television Related 

Architecture and Design to Enhance Reliability). Trader was conceived to provide techniques to 

ensure that, in spite of reducing product design cycles and increasing design complexity, customers 

would continue to receive the highest quality of service. 

The concept was to add improvements to all stages of the product creation process. To achieve this, 

research groups from Philips, the Technical University Delft, Technical University Eindhoven, the 

University of Twente, the University in Leiden and IMEC from Belgium came together to explore 

ways to enhance the reliability of future television and consumer products. Studies were carried out 

on how customers perceived the behavior, both good and bad, of state-of-the-art technology related 

consumer products such as digital TV. This knowledge helped to prioritize the wide range of 

possible features in products and understand what customers find most important. Architectures were 

designed which allowed system óglitchesô to be caught, handled and hidden from customers. 

Rigorous test and diagnostic techniques were developed to shorten the product test and verification 

phases. Used together, these techniques could help create advanced products that, to a certain degree, 

would be aware of their own behavior. Armed with a built-in strategy to correct themselves they 

could then ensure that the customer experience would not be compromised. 

This book marks the end of the Trader project. It describes the various directions explored and 

results obtained. Whilst the overall vision was to combine the set of research results to create system 

awareness, each individual piece of work has the potential to be used standalone and still yield 
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beneficial gains for companies such as NXP Semiconductors. Looking back we can ask ourselves 

what key lessons have we learnt? The main lesson is that, within an organization, it is not possible to 

be expert in all fields and working with external partners can bring added advantages. Trader used 

the domain of digital television as its focus and this is a field in which NXP Semiconductors is a 

world leader. Outside of our core competencies, the external research groups within the Trader 

project brought us significant benefits by exploring new architectures, development methodologies 

and furthering our understanding of customer behavior in their use of consumer electronics. These 

factors will help shape the way future consumer products are conceived and brought effectively to 

market. 

NXP Semiconductors is happy with the results of this project. Trader has demonstrated how 

collaborative research can be used to bring innovative ways of thinking into our organization and 

achieve breakthrough results. We expect, where appropriate, to continue this way of working as an 

excellent way of bringing benefits to our organization and the technology ecosystem of which we are 

part.  

 

René Penning de Vries 

Senior Vice President and Chief Technology Officer  

NXP Semiconductors 

Eindhoven, the Netherlands 

September 2009 
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Preface 

It has now become the tradition that every four-year project led by the Embedded Systems Institute 

is concluded with a book that contains an overview of the obtained results. This book is the fourth 

volume in a series that started in November 2006. It is also the first book describing a project in the 

series of six Bsik projects (Besluit Subsidies Investeringen Kennis-infrastructuur) that ESI started in 

2004.  

This book describing the Trader project addresses the challenges of maintaining or even further 

improving the reliability of high-volume consumer products in the face of increasing complexity. 

The Trader project was carried out by the Embedded Systems Institute, NXP Home, NXP Research, 

Delft University of Technology, Eindhoven University of Technology, University of Twente, Leiden 

University, IMEC and TASS. The project started in 2004 and finished mid 2009. 

Concerns about system reliability are present both in society and in industry. The omnipresence of 

embedded systems will be accepted by society only if a wide belief develops that embedded systems 

can genuinely be relied upon. Manufacturers and users of embedded systems realize that they can 

only survive if the products are inherently reliable. It is a shame to see that in many market segments 

products become less reliable when the level of embedded software increases. This is why reliability 

is one of the central themes of the ESI Research Agenda. Following the ESI approach to applied 

research, the Trader project was organized as an industry-as-laboratory project, where industry 

provides the experimental platform to develop and validate new methods, techniques and tools. ESI 

is unique in the application of this research format to the problems of embedded systems 

engineering. It has proven to be most successful in producing substantial results leading both to 

industrial innovation and high-quality academic output. 

Trader is the first project for which we have been fortunate enough to have NXP as the carrying 

industrial partner. Investigating new reliability methods and testing them in the fast changing world 

of digital television, has put an extra challenge on consolidation and transfer of results. It also gave 

the project participants a valuable challenge to constantly validate whether the new concepts and 

methods were applicable to this dynamic marketplace. All participants have shown great 

commitment and their contributions have led to the success of the Trader project, for which I would 

like to thank them. NXP and the Dutch Ministry of Economic Affairs provided the financial basis for 

carrying out the project, and their support is gratefully acknowledged. We hope that with this book 

we can share the most important results and insights with a wider industrial and scientific 

community. 

 

Prof. dr. ir. Boudewijn Haverkort  

Scientific Director & Chair 

Embedded Systems Institute 

the Netherlands 

September 2009 
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Chapter 1  

 

Introduction  
Author : Jozef Hooman 

Abstract: The reliability of high-volume products, such as consumer electronic devices, is 

threatened by the combination of increasing complexity, decreasing time-to-market, and 

strong cost constraints. The Trader project addresses these issues by developing methods 

and techniques to optimize reliability. These include improvements at development time, 

but also techniques to maintain a high level of reliability after product release. We present 

a runtime awareness concept, which aims to minimize any user exposure to product-

internal technical errors, thereby improving user-perceived reliability. This chapter 

provides an overview of the main concepts and the project results. 

1.1 Context 

In the Trader project, academic and industrial partners collaborated to optimize the dependability of 

high-volume products, such as consumer electronic devices. The project partners involved were: NXP 

Semiconductors, NXP Research, Embedded Systems Institute (ESI), TASS, IMEC (Belgium), University 

of Twente, Delft University of Technology, University of Leiden, and Design Technology Institute (DTI) 

at the Eindhoven University of Technology. The project started in September 2004, with a duration of 

five years, and included seven PhD students and two postdocs. The so-called Carrying Industrial 

Partner (CIP) of this project was NXP Semiconductors, providing the project with a focus on 

multimedia products. NXP provided the problem statement and proposed relevant case studies, 

which in the case of Trader were mainly taken from the TV domain.  

The problem statement of Trader is based on the observation that the combination of increasing 

complexity of consumer electronic products and decreasing time-to-market pressures will make it 

extremely difficult to produce totally reliable devices that meet the dependability expectations of 

customers. 

A current high-end TV is already a very complex device which can receive analog and digital input 

from many possible sources, using many different coding standards. It can be connected to various 

types of recording devices and includes many features such as picture-in-picture, Teletext, sleep 

timer, child lock, TV ratings, emergency alerts, TV guide, and advanced image processing. 

Moreover, there is a growing demand for features that are shared with other domains, such as photo 

browsing, MP3 playing, USB, games, databases, and networking. As a consequence, the amount of 

software in TVs has seen an exponential increase from 1 KB in 1980 to more than 20 MB in current 

high-end TVs. The hardware complexity is also increasing rapidly, for instance, to support real-time 

decoding and processing of high-definition images for large screens and multiple tuners. To meet the 

hard real-time requirements, a TV is designed as a system-on-chip with multiple processor cores, 

various types of memory, and dedicated hardware accelerators. 
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At the same time, there is a strong pressure to decrease time-to-market. To be able to realize products 

with many new features quickly, components developed by others have to be incorporated quickly 

into an existing architecture. This includes so-called third-party components, e.g., for audio and 

video decoding. Moreover, there is a clear trend towards the use of downloadable components to 

increase product flexibility and to allow new business opportunities (selling new features, games, 

etc.). Given the large number of possible user settings and types of input, exhaustive testing is 

impossible. Also, the product must be able to tolerate certain faults in the input stream. Customers 

expect, for instance, that products can cope gracefully with deviations from coding standards or bad 

input quality. 

Although companies invest a lot of attention and effort to avoid faults in released products, it is 

expected that without additional measures both internal and external faults are serious threats to 

product dependability. The cost of non-quality, however, is high; it leads to many returned products, 

damaged brand image, and reduced market share. 

1.1.1 Trader goal 

The main goal of the Trader project is to improve the user-perceived dependability of high-volume 

products. The aim is to develop techniques that can compensate and mask faults in released products, 

such that they satisfy user expectations. The main challenge is to realize this without increasing 

development time and, given the domain of high-volume products, with minimal additional hardware 

costs and without degrading performance. Hence, classical fault-tolerance techniques that rely 

heavily on redundancy (e.g., duplication or even triplication of hardware and software) and require 

many additional resources are not suitable for this domain. 

1.1.2 Terminology 

In this book, the terminology of [Avizienis, 2004] is adopted. A failure of a system with respect to an 

external specification is an event that occurs when a state change leads to a run that no longer 

satisfies the external specification. An error is the part of the system state that may lead to a failure. 

For instance, an error can be a wrong memory value or a wrong message in a queue. A fault is the 

adjudged or hypothesized cause of an error which is not part of the system state. Examples of faults 

are programming mistakes (e.g., divide by zero) or unexpected input. Reliability is the probability 

that a system satisfies an external specification, i.e. does not lead to any failure, during a certain time 

period under certain operating conditions. 

1.2 Approach 

In this section we describe our approach, starting with a short explanation of the industry-as-

laboratory approach and the main case studies in Section 1.2.1. Research on the user perception of 

reliability is described in Section 1.2.2. An overview of work on reliability improvements during the 

development process can be found in Section 1.2.3. The Trader vision on runtime awareness is 

explained in Section 1.2.4. Related work can be found in Section 1.3. 
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1.2.1 Industry -as-lab & Trader case studies 

Similar to other ESI projects1, we have followed in Trader an industry-as-laboratory approach 

[Potts, 1993]. This means that there is a frequent interaction between industrial problem owners and 

solution providers to avoid that researchers are solving problems that have already evolved in 

industry. Research results are studied in the intended industrial context as soon as possible to 

investigate the applicability and the scalability of solution strategies under the relevant practical 

constraints. Successful solutions immediately get industrial credibility which makes a transfer into 

industry easier. Moreover, the industry-as-lab approach enables academic researchers to collect 

realistic experimental data on their approach. Industrial application of their research usually leads to 

new insights, e.g., on unrealistic assumptions, scalability, or exceptional cases, and this often 

stimulates new research. 

In the Trader project, most of the case studies were taken from the TV domain as provided by NXP 

Semiconductors. To become familiar with this domain and to analyze the possibilities of dealing 

with failures, we started with an existing analog TV in which a few systematically reproducible 

faults were injected. A number of input scenarios, i.e., sequences of key presses on a remote control, 

led to lock-up failures in Teletext. The project team investigated a number of solutions to detect and 

to correct these failures. During later phases of the project, techniques have been applied to more 

complex digital TVs that were under development at NXP. To experiment with long-term recovery 

techniques that would require architectural changes and code modifications, we also used the open 

source media player MPlayer [MPlayer, 2007]. This allows code adaptations, fault-injections and 

runtime experiments without the need of dedicated development environments and special hardware.  

1.2.2 User perception 

The aim of the work on user perception of reliability is to capture user perceived failure severity, to 

get an indication of the level of user-irritation caused by a product failure. The research has 

investigated the influence of failure and user characteristics using consumer experiments in a TV 

laboratory and a web-based experiment. During the laboratory experiments on function importance, 

it turned out that also failure attribution has a significant impact. That is, in case of a failure it makes 

a difference whether a user blames the TV or assumes there are external causes for the failure. For 

instance, in an experiment users ranked image quality as important and a motorized swivel, which 

can be used to turn the TV, as much less important. When injecting failures in these functions, 

however, users often turn out to be very tolerant concerning bad image quality (which is attributed to 

external sources), but they get very irritated if the swivel does not work correctly. An overview of 

this research can be found in Chapter 2. 

1.2.3 Design-time improvements 

We give an overview of Trader research that aims at reliability improvements during the 

development of the system, starting with the work described in this book: 

 Chapter 3 discusses robustness strategies to deal with variations in the interpretation of the 

Teletext standard by broadcasters and TV set manufacturers. These different interpretations 

are caused by omissions in the Teletext standard, especially concerning the dynamic 

behavior, i.e., dealing with changes in the content of pages. 

 Chapter 4 presents results on the use of a tool like QA-C which checks whether a piece of C 

code conforms to a certain coding standard such as MISRA. Since these code analysis tools 

                                                             

1 See http://www.esi.nl/projects/ 
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often produce a large number of non-conformance warnings, it is important to identify the 

most important violations and the most relevant coding rules. To this end, historical data at 

NXP has been analyzed to determine the correlation between faults in the code and rule 

violations.  

 Chapter 5 describes the application of stress testing in the TV domain. The main idea is to 

take away shared resources (such as CPU cycles or bus bandwidth) artificially, to simulate 

the occurrence of errors or the addition of an additional resource user. The study of the effect 

of such overload situations on the system behavior and its fault-tolerant mechanisms has 

shown to be very useful in the TV domain. In addition, this chapter also presents 

visualizations of CPU usage and bus bandwidth that provide useful insight in system 

behavior. 

 Chapter 6 discusses reliability improvements by the use of aspect orientation to prevent 

scattering and tangling of concerns, such as exception handling, initialization, and thread 

usage, in the software. To deal with aspect-orientation in a resource-constrained environment 

and to conform to the Koala component model of NXP, a new language called AspectKoala 

has been defined. 

 Chapter 7 presents a method for the early detection and removal of requirements errors, 

which are an important source of unreliability and project failures. The approach is based on 

executable models of dynamic system behavior and can also be used include the high-level 

system architecture, which makes it possible to check consistency and conformance to the 

requirements. 

 Chapter 9 describes the spectrum-based fault localization technique which can be used to 

improve the efficiency of the debugging process. This technique indicates for a particular 

problem which part of the code most likely contains the error. This technique has been 

applied successfully to a number of case studies, including a number of problem reports at 

NXP. 

Finally, we mention two other Trader activities that are not represented in this book, but have been 

published elsewhere: 

 An approach for early reliability analysis of software architectures has been defined [Sözer, 

2007-a]. 

 An introduction to software fault tolerance has been written, describing the main concepts 

and a large number of design patterns for error detection and error recovery [Deckers, 2005]. 

1.2.4 Runtime awareness 

Looking at a number of failures of consumer electronic devices, it is often the case that a user can 

immediately observe that something is wrong, whereas the system itself is completely unaware of the 

problem. Systems are often realized in a way that corresponds to the open-loop approach in control 

theory; for a certain input, the required actions are executed, but it is never checked whether these 

actions have the desired effect on the system and whether the system is still in a healthy state. 

The long term vision of the Trader project is to ñclose the loopò and to add a kind of feedback 

control to products. By monitoring the system and comparing system observations with a model of 

the desired behavior at runtime, the system gets a form of runtime awareness which makes it possible 

to detect that its customer-perceived behavior is (or is likely to become) erroneous. In addition, the 

aim is to provide the system with a strategy to correct itself. The main ingredients of such a runtime 

awareness and correction approach are depicted in Figure 1.1. 
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Figure 1.1 Adding awareness at runtime 

The four main parts of this approach are: 

 Observation: observe relevant inputs, outputs and internal system states. For instance, for a 

TV we may want to observe keys presses from the remote control, internal modes of 

components (dual/single screen, menu, mute/unmute, etc), load of processors and busses, 

buffers, function calls to audio/video output, sound level, etc. 

 Error detection: detect errors, based on observations of the system.  

 Diagnosis: in case of an error, find the most likely cause of the error. 

 Recovery: correct erroneous behavior, based on the diagnosis results and information about 

the expected impact on the user. 

Note that for complex systems it will not be feasible to include a complete model of the desired 

system behavior, but the approach allows the use of partial models, concentrating on what is most 

relevant for the user. Moreover, we can apply this approach hierarchically and incrementally to parts 

of the system, e.g., to third-party components. Typically, there will be several awareness monitors in 

a complex system, for different components, different aspects, and different kinds of faults. 

In the next sections, we give an overview of the Trader research on the main parts of the runtime 

awareness concept. 

Observation 

A number of techniques to observe relevant aspects of the system have been investigated. This 

includes: 

 Monitoring and visualization of CPU usage and bus bandwidth, as described in Chapter 5. 

 Instrumentation of software with observation code, for instance, by means of aspect-oriented 

techniques as presented in Chapter 6 or based on the cfront parser for ANSI C as mentioned 

in Chapter 10. 
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Error Detection 

Within Trader, a number of techniques for runtime error detection have been developed: 

 A method to detect runtime errors using models of desired behavior is described in Chapter 8. 

An experimental Linux-based framework has been developed in which a software application 

and a (partial) specification of its desired behavior can be inserted. 

 Fault screeners, which are generic invariants that are checked at runtime, are presented in 

Chapter 9 as a simple error detection method with a low overhead. 

 An approach which checks the consistency of internal modes of components turned out to be 

effective in detecting a number of injected faults in the Teletext part of an analog TV [Sözer, 

2007-b].  

Diagnosis 

A technique for runtime diagnoses based on program spectra is explained in Chapter 9. This 

technique can be implemented with a low overhead in terms of time and space. Chapter 9 also 

compares spectra-based diagnosis with model-based techniques. 

Recovery 

Two recovery techniques have been studied in Trader: 

 Chapter 11 presents a method for resource management which allows runtime decisions 

between resource usage and user-perceived quality. For instance, it has been demonstrated 

that in case of overload situations (e.g., due to intensive error correction on a bad input 

signal), an image processing task can be migrated from one processor to another, leading to 

improved image quality. 

 Chapter 12 defines a framework for local recovery which makes it possible to recover 

separate units of a system in isolation. Moreover, a systematic approach for the 

decomposition into recoverable units is proposed. The framework has been applied 

successfully to the MPlayer.  

1.3 Related work 

Traditional fault-tolerance techniques such as Triple Modular Redundancy and N-version 

programming are not applicable in our application domain of high-volume products, because of the 

cost of the required redundancy. Related work that also takes cost limitations into account can be 

found in the research on fault-tolerance of large-scale embedded systems [Neema, 2004]. They apply 

the autonomic computing paradigm to systems with many processors to obtain a healing network. 

Similar to our approach is the use of a kind of controller-plant feedback loop. Related work on 

adding a control loop to an existing system is described in the middleware approach of [Parekh, 

2006] where components are coupled via a publish-subscribe mechanism. A method to wrap COTS 

components and monitor them using specifications expressed as a UML state diagrams is presented 

in [Shin, 2006]. The analogy between self-controlling software and control theory has already been 

observed in [Kokar, 1999]. Garlan et al. have developed an adaptation framework where system 

monitoring might invoke architectural changes [Garlan, 2003]. Using performance monitoring, this 

framework has been applied to the self-repair of web-based client-server systems. Our approach is 

also inspired by other application domains, such as the success of helicopter health and usage 

monitoring [Cronkhite, 1993]. 
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Chapter 2  

 

User Perception of Product 

Failures 
Authors: Jeroen Keijzers, Ilse Luyk 

Abstract:  Currently, the field of consumer electronics is one of the most challenging 

environments with respect to product design. Due to the combination of the continuous 

influx of new technology and the economic effects of globalization, it is now possible to 

create products with a functionality that was unimaginable even one product generation 

ago against a price level that opens huge markets on a global level in a very short time. 

However, the combination of technically sophisticated products and global markets is no 

guarantee for customer satisfaction. 

The complexity of current software-based consumer electronics and increasing customer 

expectations result in increasing numbers of consumer complaints on new products in the 

consumer electronics industry [Den Ouden, 2006]. Analysis of these complaints indicates 

that to an increasing degree the root-cause of the complaint cannot be retrieved by the 

consumer electronics companies [Brombacher, 2005]. Current product defects do not only 

represent violations of the product specifications, but also unconsidered customer 

requirements and unexpected product behavior. Consequently, software-based consumer 

electronics nowadays require a design oriented New Product Development (NPD) process 

which focuses on the user of the product. 

This chapter deals with the research on the possibilities to incorporate the user perspective 

into the development process of consumer electronics. The first Section (2.1) describes the 

need for this user focus in the development process in more detail. In Section 2.2, the 

overall research model is presented. Subsequently, in the third and fourth section the 

approaches and results of two different research focus areas are presented. Lastly, in 

Section 2.5 the implications of this research for the consumer electronics industry are 

presented together with some directions for further research. 

2.1 The user perspective in consumer electronics 

2.1.1 Trends in consumer electronics industry 

Not too long ago, the field of consumer electronics was far more predictable. The development 

process of the simple and analog hardware-based consumer electronics products of the 1980's/1990's 

was mainly driven by static product roadmaps that were cost oriented and had a strong focus on 
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product manufacturing optimization. The main goal was to make products that complied with 

technical specifications.  

Therefore, in this period, product defects were mainly specification violations and the customer 

dissatisfaction level could be defined in terms of the required number of product repairs in the after-

market. However, the complexity of current software-based consumer electronics and the increasing 

customer expectations result in increasing numbers of consumer complaints on new products in the 

consumer electronics industry [Den Ouden, 2006]. Analysis of these complaints indicates that to an 

increasing degree the cause of these complaints cannot be retrieved (also referred to as óNo-Failure-

Foundô (NFF) [Brombacher, 2005], see Figure 2.1. 

 

Figure 2.1 Percentage NFF of total product failures in modern high-volume consumer electronics 

[Brombacher, 2005] 

Current product defects do not only represent violations of the product specifications, but also 

unconsidered customer requirements and unexpected product behavior. Consequently, consumer 

electronics nowadays require a design oriented development process focusing on the user of the 

product. The focus in the product development process has shifted from a specification focused 

manufacturing approach to a user focused design approach.  

This shift in focus of the product development process has, as a logic consequence, resulted in a 

simultaneous increase in the level of market uncertainty over the nature and extent of customer's 

need for new products. This higher market uncertainty results in increased information requirements 

of the current product development processes. Literature review has been conducted to investigate 

the potential contribution of existing quality methods on market uncertainty reduction in the 

development process of consumer electronics products [De Visser, 2008]. It was revealed these 

methods are incapable of dealing with market uncertainty due to the combination of lacking user-

orientation and confined completeness and specificity. Particularly, the unknown impact of quality 

problems on user dissatisfaction limits the potential contribution of these methods to the quality 

improvement decision making process. For a more elaborate discussion on the limitations of existing 

quality methods in consumer electronics, please refer to [De Visser, 2008]. 

Consequently, in order to deal with the increased market uncertainty for consumer electronics, 

existing quality methods from literature and practice should be complemented with a user-oriented 

impact assessment of the identified quality problems (and the accompanying quality improvement 

decisions). The combination of the existing quality methods with an accompanying user-oriented 

impact assessment would lower the market uncertainty in the design process [De Visser, 2008]. 

Eventually, this approach contributes to a decreasing number of consumer complaints in consumer 

electronics.  
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This analysis combined with the general aim of this research, results in the formulation of the 

following research question: 

How to predict the impact of (potential) product quality problems on customer 

dissatisfaction in consumer electronics industry? 

2.1.2 User perceived failure severity 

Based on insights presented in consumer behavior literature, the following concept is defined that 

captures the user impact of quality problems in consumer electronics [De Visser, 2008]: 

User Perceived Failure Severity (UPFS) is the level of irritation experienced by the user 

caused by a product failure 

The UPFS concept expresses the impact of product quality problems on customer dissatisfaction in 

consumer electronics. Insight into the expected/predicted UPFS resulting from a certain design 

decision would reduce uncertainty in the product development decision making process and decrease 

the number of product complaints. UPFS is an emotion measurement and therefore depends on a 

certain stimulus (product failure) and individual- and environmental characteristics. UPFS can be 

measured with a combination of existing measurement scales from emotional- and behavioral 

research [De Visser, 2008]. 

The proposed user-oriented approach for impact assessment of the identified quality problems will 

be based on the formulation of a theory-based UPFS prediction model. The combination of the 

existing quality methods with an accompanying UPFS assessment will lower the market uncertainty 

in the design process. Eventually, this approach contributes to a decreasing number of consumer 

complaints in consumer electronics. For a more elaborate discussion on these scientific 

contributions, please refer to [De Visser, 2008]. 

2.2 Research model 

This section focuses on developing a research model for UPFS prediction in consumer electronics. 

This model is based on the results of a first exploratory consumer experiment, literature from 

different scientific fields, and an expert validation session with people from academia and consumer 

electronics industry [De Visser, 2008]. The starting point for this research model is a high-level 

UPFS model based on emotion theory. Subsequently, this high-level model is developed into two 

more detailed UPFS prediction models, resulting in the so-called theory-based UPFS prediction 

models. 

2.2.1 The theory-based UPFS prediction model 

This section describes the development of an UPFS prediction model in consumer electronics. As 

indicated earlier, the adjusted UPFS model is based on the analysis of the results of a UPFS 

consumer experiment, literature from different scientific fields (e.g. quality and reliability, medicine, 

marketing and safety) and a validation session with people from academia and industry with a 

background in product reliability, usability, product development and testing. The starting point for 

this model is the emotional response model from consumer behavior theory, as the original definition 

of UPFS is based on this model. This model is shown in Figure 2.2 below.  

In the previous section, UPFS is defined as the level of irritation experienced by the user as caused 

by a product failure. In this definition, UPFS is characterized as an emotion measurement and 



12 User Perception of Product Failures 

therefore depends on a certain stimulus (product failure) and individual and environmental 

characteristics [Chaudhuri, 2006].  

 

Figure 2.2 Emotional response model from consumer behavior theory [Manrai, 1991]. 

The direct translation of the emotional response model from consumer behavior theory into a high-

level UPFS model is illustrated in Figure 2.3. In this high-level model, a product failure is indicated 

as the stimulus of the emotional response (UPFS). Consequently, the characteristics of this failure 

directly influence the intensity of this emotional response. Besides the stimulus, several individual 

and environmental characteristics influence the emotional response as well. In the context of this 

UPFS model, individual characteristics correspond to the personal traits of the product user. In other 

words, the characteristics of a user directly influence the level of UPFS. In this high-level UPFS 

model, the environmental characteristics correspond to the use conditions in which a user operates 

the product. These use conditions also directly influence the level of UPFS. 

 

Figure 2.3 High-level research model for UPFS prediction. 

The scope of this high-level UPFS model is rather broad. This research mainly focuses on two areas: 

1. The investigation of the influence of the stimulus (failure characteristics) on UPFS. 

2. The investigation of the influence of the user characteristics on UPFS. 

The environmental characteristics (use conditions) are treated as extraneous variables. An extraneous 

variable is a variable that is not of interest in the study, but which might have influence on the 
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relationships being studied [Stangor, 1998], [Goodwin, 2005]. In order to restrict the influence of 

these extraneous variables on UPFS in this research, these variables should be kept as constant as 

possible. This research focus is also represented in Figure 2.3 by the solid arrows from failure 

characteristics and user characteristics to UPFS and the dotted arrow from the use conditions to 

UPFS. 

This high-level model describes the expected influence of the failure characteristics on UPFS in 

general. However, in order to predict the UPFS resulting from a certain product failure, the 

relationships between the individual failure characteristics and UPFS should be explicated. The 

exploration of these relationships is presented in the next section. 

The two above mentioned focus areas, failure characteristics (focus area 1) and user characteristics 

(focus area 2), are also the key research areas of two different Ph.D. projects. These projects are 

conducted partly in parallel. However, the research objectives of both projects contribute to the 

overall understanding of UPFS in consumer electronics. The next two sections describe the different 

research approaches and findings for both focus areas. Subsequently, in Section 2.5 these findings 

are combined into general research implications and suggestions for further research. 

2.3 Focus area 1: Failure characteristics 

This section describes the research in focus area 1, failure characteristics. In the first section, a more 

detailed research model is presented to investigate the influence of failure characteristics on UPFS. 

Subsequently, in the second section, the research methodology of this focus area is explicated. 

Lastly, in Section 2.3.3, the major findings of the research within this focus area are presented. 

2.3.1 Detailed research model focus area 1 

In order to develop a more detailed research model for focus area 1, the potentially influential failure 

characteristics should be determined. The combination of different information sources (related 

literature, an explorative consumer experiment and an expert validation session) resulted in the 

identification of eight hypothetical failure characteristics [De Visser, 2008]. Table 2.1 gives an 

overview of these failure characteristics together with a description and their expected relation with 

UPFS.  

A positive influence is expected of Failure Frequency, Failure Impact, Failure Solvability and 

Function Importance on UPFS. In other words, a higher level of these failure characteristics is 

expected to result in a higher level of UPFS. A negative influence is expected of Failure 

Reproducibility and Failure Workaround on UPFS. This means that a higher level of these failure 

characteristics is expected to result in a lower level of UPFS. For Failure Moment in Use process, the 

hypothetical relation implicates that a failure earlier in the use-life of the product results in a higher 

level of UPFS. The direction of the expected relation between Failure Attribution and UPFS is 

unknown at this moment. For a more elaborate discussion on the expected influence of the failure 

characteristics on UPFS, please refer to [De Visser, 2008]. 
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Failure 

Characteristic 

Description Hypothesized relation 

with UPFS 

Failure Attribution The cause to which users attribute the 

failure 

Positive
1
 

Failure Frequency Number of failures per time unit under 

standardized use conditions 

Positive 

Failure Impact The percentage loss of the product use life 

in which the failure occurs 

Positive 

Failure Moment in 

Use Process 

The degree of repeatability of a failure by 

the user 

Negative
2
 

Failure 

Reproducibility 

The degree of repeatability of a failure by 

the user 

Negative 

Failure Solvability The required effort a user should take after 

failure occurrence to normal functioning 

of the product (excluding the failed part of 

the function) 

Positive 

Failure Work 

Around 

The degree in which the failure occurrence 

can be prevented by the user by operating 

the product differently 

Negative 

Function 

Importance 

The relative importance of the function 

affected by the failure 

Positive 

 
1 In this case a positive relationship implies: A failure that is internally attributed results in a higher level of 

UPFS than a externally attributed failure 
2 In this case a negative relationship implies: A failure earlier in the use life of a product results in a higher 

level of UPFS 

Table 2.1 Overview of the identified failure characteristics. 

The combination of the high-level research model and the identified failure characteristics results in 

the detailed research model shown in Figure 2.4. As mentioned before, given the time and resource 

constraints of this research project, the complete validation of the theory-based UPFS model within 

this project is unfeasible. Furthermore, the validation of the complete model requires a gradual 

approach in which the (combined) added values of all failure characteristics to the model are 

evaluated.  

However, this research starts small-scale with investigating the influence of two of these failure 

characteristics on UPFS. In this research, Function Importance (FUI) and Failure Attribution (FA) 

are selected to be evaluated because the influence of these variables on UPFS is expected to be 

substantial. In other words, the influence of FUI and FA as independent variables on UPFS as 

dependent variables is investigated. For a more elaborate discussion on the selection of these two 

failure characteristics, please refer to [De Visser, 2008].  
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User PerceivedFailure Severity

Failure Characteristics:

Failure Frequency

Failure Impact

Failure Work Around

Failure Solvability

Failure Reproducibility Function Importance

Failure Moment in Use Process

Extraneous

Variables:

Use Conditions

User 

Characteristics

Failure Attribution

Figure 2.4 Detailed research model for research focus area 1. 

2.3.2 Research methodology focus area 1 

In order to investigate the influence of these failure characteristics on UPFS, two consumer 

experiments are executed: 

1. Function Importance (FUI) Experiment: concentrates on investigating the influence of FUI 

on UPFS. 

2. Failure Attribution1 (FA) Experiment: concentrates on investigating the influence of FA and 

FUI on UPFS 

For both consumer experiments a between-subject design is used to investigate the influence of the 

independent variables on UPFS. For the measurement of the experimental variables (FUI, FA and 

UPFS) different validated measurement scales are applied [De Visser, 2008]. Both experiments are 

performed in a controlled environment according to a strict experimental protocol in which 

participants are confronted with different failure scenarios. Between these different experimental 

failure scenarios, the levels of the independent variables are varied. Subsequently, the emotional 

response (UPFS) of the test participants to these failure scenarios is measured. Based on these 

measurements, the influence of FA and FUI on UPFS can be statistically determined [De Visser, 

2008].  

Only university students are selected as test subjects for both experiments. Students are a relatively 

homogenous group, which minimizes variability within the conditions of the experiment. 

Participants are selected using convenience samples of students from the Eindhoven University of 

Technology. For the FUI experiment, 25 students participated in the experiment. For the FA 

experiment, 149 students completed the experiment.  

Different professionals from the consumer electronics industry contributed to the definition and 

implementation of the failure scenarios within the consumer experiments. The contribution of these 

professionals resulted in realistic failure scenarios with different levels of FUI and FA. For more 

                                                             

1  The name ñFailure Attribution Experimentò may be a bit confusing, since both Failure Attribution (FA) and Function 

Importance (FUI) are selected as independent variables for this experiment. However, the name of this second 

experiment refers to the addition of the FA variable in this experiment. 
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information about the research methodology and measurement scales that are used in this research, 

refer to [De Visser, 2008]. 

2.3.3 Research findings focus area 1 

The FUI consumer experiment resulted in the following research results: 

 Within the context of this first consumer experiment, the reliability of the UPFS 

measurement scale is established. The most common, and the best index for reliability is 

known as Cronbachôs alpha (symbolized as Ŭ) [Stangor, 1998]. The Cronbachôs alpha is a 

measure that assesses the consistency of the entire measurement scale and ranges from  

Ŭ = 0.00 (indicating that the measure is entirely error) to Ŭ = 1.00 (indicating that the measure 

has no error). A general rule of thumb indicates that Ŭ = 0.70 is considered the minimum 

required Cronbachôs alpha value for a measurement scale to be considered reliable [Stangor, 

1998]. The UPFS measurement scale has a Cronbachôs Ŭ value of 0.83, which makes it a 

valid measurement scale for UPFS research [De Visser, 2008]. The validation of this 

measurement scale makes it possible to perform research into the perceived irritation level 

that is caused by different product failures. Moreover, the UPFS measurement results of this 

experiment can now be used to investigate the relation between FUI and UPFS. 

 Based on the experimental results, the hypothesis ñThere is no significant difference in UPFS 

between failures with different levels of function importance (FUI)ò should be rejected. Thus, 

the positive relationship between FUI and UPFS as presented in Table 2.1 is demonstrated. 

However, it is important to mention that the difference in UPFS level is not very significant 

( > 0.01). Although the FUI of a failure influences the UPFS, the significance of this effect is 

rather low.  

 One remarkable additional result of this experiment relates to the assumed causes of the 

failures (FA) by the test participants. The influence of FA on UPFS was not examined in this 

consumer experiment. Therefore, in order to limit the influence of FA on UPFS, the failure 

attribution was controlled. In the design of the failure scenarios, both failure scenarios were 

designed to be internally attributed (cause of the failure was the product not its environment). 

Within the debriefing phase of the experiment, test participants were questioned about the 

cause of the experienced failure scenario. The results of this debriefing phase indicate that 

there is a difference in experienced failure attribution among the failure scenarios. In other 

words, the perceived cause by test participants was different for the two failure scenarios. 

This difference in perceived FA between the failure scenarios could have contributed to the 

relative small effect size of FUI on UPFS. Therefore, the investigation of the influence of 

FUI on FUI requires another consumer experiment in which the influence of FA is 

distinguished and investigated. 

Based on the research findings of this first experiment, the second (FA) experiment is performed. 

This FA consumer experiment resulted in the following research results: 

 The results of this FA experiment demonstrate that the influence of FUI on UPFS is not 

significant. Consequently, the hypothesis ñThere is no significant difference in UPFS 

between failures with different levels of function importance (FUI)ò cannot be rejected. The 

first FUI consumer experiment did identify a significant influence of FUI on UPFS. 

However, in this FA experiment this significant influence is not confirmed. A possible 

explanation for this absence of this signification relation between FUI and UPFS in this FA 

experiment is the difference in experimental approach [De Visser, 2008]. 
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 The results of this FA experiment confirm that the influence of FA on UPFS is significant. 

Consequently, the hypothesis ñThere is no significant difference in UPFS caused by 

internally or externally attributed failuresò should be rejected.  

 The experimental results indicate that the interaction effect between FUI and FA is also not 

significant. Consequently, this insignificance of the interaction effect between FA and FUI in 

this experiment validates the significance of the relation between FUI and UPFS in the first 

(FUI) experiment. That is, the absence of this interaction effect implies that the lack of FA 

control in the previous experiment did not bias the experimental outcomes and the relation 

between FUI and UPFS.  

The combination of both experiments contributed to the partial validation of the detailed research 

model for research focus area 1 (Figure 2.4). Moreover, based on the results of the two consumer 

experiments a validated UPFS research approach has been developed. For a more elaborate 

discussion on this research approach, please refer to [De Visser, 2008].  

2.4 Focus area 2: User characteristics 

This section describes the research in focus area 2, user characteristics. In the first section, a more 

detailed research model is presented to investigate the influence of user characteristics on UPFS. 

Subsequently, in the second section, the research methodology of this focus area is explicated. 

Lastly, in Section 2.4.3, the major findings of the research within this focus area are presented. 

2.4.1 Detailed research model focus area 2 

The research conducted in focus area 2, focuses on the investigation of the relation between user 

characteristics and UPFS. Because a fault in the product development process does not automatically 

lead to a consumer complaint for each individual user or user group, this research considers different 

stages between (potential) product development faults and UPFS, as shown in the detailed research 

model in Figure 2.5 below (derived from [Oliver, 1996], [Kanis, 2005] and [Verbeek, 2006]). In 

other words, product failures only have a meaning when they occur and are perceived by a user 

during user-product interaction in a product usage context. It should be noted that the extraneous 

variables shown in this model include both the failure characteristics and use conditions as shown in 

Figure 2.3 in Section 2.2.1. Due to time constraints this Ph.D. project mainly focused on the 

investigation of the relation between certain user characteristics and the occurrence of user-product 

interaction problems and user-perceived failures. 

Research has shown that because of the growing diversity of user groups the most common 

differentiation of users and users groups on demographic and market segmentation profiles is no 

longer sufficient for product design evaluation [Kujala, 2006] [Shih, 2004]. Consequently, as 

discussed by Dillon et al. [Dillon, 1996], this research uses a differentiation of users on a deeper 

level of user characteristics which is taken from the research field of consumer behavior. Such 

characteristics are more universal across user groups and could therefore enable a more reliable 

prediction of user perception of product failures. Although also on this level many different potential 

differentiators can be found [Kujala, 2006], an explicit choice was made for this research project to 

mainly focus on consumer knowledge. In this context consumer knowledge is a concept which refers 

to both the number of product related experiences which are stored by a user and subsequently the 

ability to perform product-related tasks successfully [Alba, 1987]. This differentiation is interesting 

for analyzing user-perceived failures because research shows that a differentiation on consumer 

knowledge accounts for differences in product usage and cognitive structure and analysis [Alba, 

1987] [Brucks, 1985] [Shih, 2004]. 
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Figure 2.5 Detailed research model for research focus area 2 

2.4.2 Research methodology focus area 2 

To investigate the effect of consumer knowledge on the propagation of product development faults 

to user-perceived failures, two experiments are conducted: 

 A laboratory experiment to investigate the effect of consumer knowledge on the occurrence 

of user-product interaction problems. 

 A web-based experiment to investigate the effect of consumer knowledge on FA (which is a 

manifestation of a user-perceived failure). 

For both experiments a between-subject design approach is used. In the laboratory experiment the 

effect of consumer knowledge on the occurrence of user-product interaction problems is investigated 

by asking users to perform three different tasks with varying levels of complexity on an innovative 

LCD television. Subsequently, usability measurements, usage patterns and user-perceived failures 

were recorded. In the web-based experiment, the effect of consumer knowledge on FA is 

investigated by confronting users with simulated product failures of an innovative LCD television in 

a video-based scenario. Subsequently, several measurements of FA and control variables were 

recorded. It is important to note that, similar to the research performed in focus area 1, all the 

product-related tasks and failure scenarios were carefully selected and designed based on input and 

reviews from industry experts. More information on the design and use of failure scenarios for 

evaluating user perception of product failures and the design and use of failure attribution 

measurements can be found in [Keijzers, 2009-a] and [Keijzers, 2009-b]. 

Since the goal of this research focus area is to account for diversity in different levels of consumer 

knowledge on complex consumer electronics, for both experiments a very diverse group of 

participants was selected (e.g. differences in age, educational background, experience with using 

technology etc.) (see also [Keijzers, 2009-c]). In the laboratory experiment, 29 participants took part 
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in the experiment. Subsequently, in the web-based experiment, out of the 407 completed 

questionnaires 363 were usable for further analysis2. 

2.4.3 Research findings focus area 2 

The main findings of the laboratory experiment used for analyzing the effect of consumer knowledge 

on the occurrence of user-product interaction problems are (based on a multivariate analysis of 

variance): 

 Overall, for two out of the three tasks, a main effect of consumer knowledge on effectiveness 

and efficiency (i.e. time, number of steps and number of returns to a higher level of the menu 

for each task) is observed (p < 0.05) [Keijzers, 2009-c]. In other words, users with a higher 

level of knowledge were able to complete more tasks and completed the tasks faster with 

fewer problems. 

 In-depth analysis of the usage patterns revealed that consumers with a lower level of 

knowledge use more irrelevant steps, use more loops and show a larger diversity of usage 

patterns, which does not contribute to completing a certain task. Consequently, they 

encountered more as well as different user-product interaction problems than consumers with 

a higher level of knowledge [Keijzers, 2009-c]. These results indicate that consumer 

knowledge can be a relevant additional contrast factor for selecting of participants in 

consumer tests. 

The main findings of the web-based experiment used for analyzing the effect of consumer 

knowledge on FA are (based on a multivariate analysis of variance): 

 First of all, the results show that there is a significant effect of consumer knowledge on how 

users attribute the product failures shown in the failure scenarios (p < 0.001). Although users 

with a higher level of knowledge are not necessarily more correct in terms of attributing the 

product failure to the correct physical cause, they are more extreme in their attributional 

response and are less satisfied with product quality than users with a lower level of 

knowledge. 

 Secondly, the results also confirmed a significant effect of age on FA on (p < 0.05), but this 

effect is considerably less strong than the effect of consumer knowledge and only present for 

perceived picture quality (i.e. consumers with a higher age are more satisfied with the picture 

quality than consumers with a lower age). 

 Finally, the results show that users attributed the failures shown in the scenarios differently 

than designers did. Since most television users are not familiar with the presence and 

properties of software in modern TVs, they attribute product failures to causes which are in 

accordance with their expectations and mental model of the product [Keijzers, 2009-b]. In 

other words, this validates the use of an experimental approach using failure attribution to 

investigate how users perceive product failures and to help designers better understand and 

diagnose user-perceived failures and complaints from a user point of view. 

The combination of both experiments helps to gain more insight into the effect of consumer 

knowledge on the propagation of product development faults to user-perceived failures as shown in 

Figure 2.5. More information on the measurement and in-depth analysis of the effect of consumer 

knowledge and information on follow-up experiments can be found in [Keijzers, 2009-c]. 

                                                             

2  44 questionnaires were excluded from further analysis due to either missing answers or not meeting the defined 

review criteria such as not having watched the failure scenarios completely. 



20 User Perception of Product Failures 

2.5 Research implications and further research 

Based on the results presented in the previous sections, this section is concerned with general 

research contributions and recommendations for further research. This section is organized as 

follows. Section 2.5.1 gives an overview of the major research contributions and implications. 

Subsequently, recommendations for further research are given in Section 2.5.2. 

2.5.1 Research contributions and implications 

In the beginning of this chapter it was explained that in order to deal with the increased market 

uncertainty for consumer electronics, existing quality methods from literature and practice should be 

complemented with a user-oriented impact assessment of the identified quality problems (and the 

accompanying quality improvement decisions). The first step into predicting the user-oriented 

impact of product quality problems was the definition of the UPFS concepts. Subsequently, a high-

level research model was formulated that was the starting point for two research focus areas: failure 

characteristics and user characteristics. The research in both areas has resulted in some overall 

research contributions and implications about the prediction of UPFS for consumer electronics. 

The UPFS prediction model 

The UPFS prediction model is introduced to gain insight into the impact of quality problems on user 

dissatisfaction in order to reduce the number of consumer complaints after product introduction. 

Literature review related to consumer behavior and emotion provided the basis for the UPFS model. 

In this model, user dissatisfaction (UPFS) is modeled as a function of not only product related 

characteristics (failure characteristics) but also of user related characteristics (use conditions and user 

characteristics). This model was partially validated by conducting four consumer experiments. The 

application of these parts of the model in the NPD process of consumer electronics can potentially 

reduce market uncertainty in the design decision making process. 

UPFS research methodology 

First of all, the results of both experiments conducted in focus area 1 indicate that it is possible to 

measure the level of user perceived irritation that is caused by a product failure in consumer 

electronics in a reliable way.  

Moreover, based on the results of the experiments in both focus areas, a UPFS experimental 

approach has been developed. By the application of this approach, future UPFS research can be 

performed reliably. The building blocks of this approach are: 

 The UPFS measurement approach; experimental results confirmed the reliability and validity 

of UPFS measurement scale as a tool to measure the dependent UPFS variable in future 

UPFS experiments. 

 The FUI and FA measurement approaches; experimental results demonstrated the ability of 

the FUI and FA measurement scales to measure these variables in a reliable and valid way. 

 Measurement and differentiation of users with respect to their level of knowledge  

of consumer electronics; experimental results demonstrated the reliability and validity of 

consumer knowledge measurement scales to give more insight beyond differentiation  

of consumers on demographics. 

 The scenario-based approach to analyze user perception of product failures; experimental 

results demonstrate both the effectiveness and efficiency of analyzing consumer perception of 

product failures with the use of specifically designed failure scenarios together with industry 

experts. These scenarios can be used in both laboratory and web-based experiments and 
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complement existing consumer tests which mostly do not cover user perception of product 

failures. 

 The control for extraneous variables; based on literature and analysis of the different 

experimental results, this research identified different (groups of) extraneous variables in 

UPFS research and approaches to control them. 

Valorization 

Both the UPFS prediction model and the UPFS experimental approach can add value to the product 

development process of companies within the consumer electronics industry. Although valorization 

of the research results is not the primary goal of this research, the business context provided by the 

Trader project required constant consideration for both the business and practical perspective in this 

research. In the near future, the implementation of parts of this research into consumer electronics 

practice is therefore considered to be attainable. 

2.5.2 Recommendations for further research 

The previous section summarized the main results of this user perception research. Notwithstanding 

the important contributions of this work, the research results also trigger the formulation of new 

research directions. Therefore, in the following, recommendations for future research are discussed. 

Further validation of the UPFS model variables 

The validation of the complete UPFS model requires a gradual approach in which the (combined) 

added values of all failure and user characteristics to the model are evaluated. This research has 

investigated the influence of two of these failure characteristics (function importance and failure 

attribution) on UPFS. Furthermore, this research investigated the influence of user characteristics 

(i.e. consumer knowledge and age) on different stages of the propagation of product development 

faults to (potential) consumer complaints. However, in future research the influence of other user and 

failure characteristics on UPFS should be investigated together with the interaction effects between 

these user and failure characteristics. This validated UPFS model can then be used to predict the 

UPFS for different user groups that is caused by specific product failures. In other words, product 

design decisions can then be taken by predicting its influence on the UPFS levels combined for all 

target customer groups. 

Formalization of the UPFS experimental protocol 

Based on the results of these consumer experiments a UPFS research approach has been developed. 

This research approach consists of validated tools to measure UPFS, function importance, failure 

attribution, relevant user characteristics and extraneous variables. Currently, the formalization of this 

research approach is improved by generating a ready-for-use experimental protocol. Such a protocol 

should consist of a practical experimental handbook complemented with the required variable 

measurement tools and (straightforward) variable analysis tools.  

This ongoing further formalization of the UPFS approach into a full experimental protocol makes it 

easier to implement in actual product development processes. Moreover, this ready-to-use protocol 

should lower the threshold for product designers to evaluate the influence of certain design decisions 

on the occurrence of user-perceived failures and subsequently on the user dissatisfaction level. 

Eventually, the application of this protocol in different consumer electronics companies should result 

in a large knowledge base on the impact of different failure- and user characteristics on UPFS. 

Implementation of the UPFS model in the NPD process 

The above mentioned results illustrate that market uncertainty can be potentially reduced with the 

application of the UPFS prediction model in the NPD process of consumer electronics products. 
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However, the actual implementation of the UPFS model and the accompanying experimental 

approach into the NPD process of consumer electronics requires some additional research.  

The first version of this UPFS prediction model is mainly theory based. The previous section 

suggested the improvement of the practical applicability of the model and the experimental 

approach: the UPFS experimental protocol. But the actual implementation of the UPFS model in the 

NPD process requires several additional research steps. Therefore, in future UPFS research, the 

following questions should be answered: 

 In what phase of the NPD process of consumer electronics products is the application of 

UPFS model most useful?  

 Which people involved in the NPD process of consumer electronics products should adopt 

the UPFS model in their daily practice? 

 Who should be hold responsible for the incorporation of the user perspective into the 

development process? 

 How can the UPFS knowledge base be made accessible for all these involved people? 

These theoretical and organizational issues should be dealt with in future UPFS research. 
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Chapter 3  

 

End-to-end reliability of 

Teletext 
Authors: Piërre van de Laar, Teun Hendriks, Koen van Langen, Mathijs Opdam 

Abstract: Teletext was developed in the UK in the early 1970ôs to communicate textual 

information from TV broadcasters to their viewers, for display on demand. As a low-cost 

technology, with the information carried inside a TV signal, it has seen tremendous 

adoption throughout Europe and Asia. The vast majority of TV sets sold in these areas by 

various suppliers can display Teletext information by virtue of a built-in Teletext decoder. 

In this chapter, we examine the Teletext standard, and the impact on end-to-end reliability 

of a major technology evolution halfway through the life of this standard, namely the 

introduction of local storage memories in the TV sets. This evolution changed the Teletext 

information access paradigm from óview when transmittedô, to óview cached informationô. 

We review a specific aspect of the Teletext standard which became more relevant due to 

this paradigm shift, and compare a number of local robustness strategies to safeguard the 

end-to-end reliability as perceived by the viewer. 

3.1 Introduction  

The radio and television broadcast industry is one of the longest running example of a system of 

systems. Millions of television sets of various set makers can receive TV signals from numerous 

broadcasters serving almost all countries throughout the world. The Teletext standard [BBC, 1976] 

[ETSI, 2003] was an interesting development: its definition meant a significant step in the 

information flexibility of connecting systems. Whereas the analog TV broadcast format standard 

definition (be it PAL, SECAM, or NTSC) is purely a matter of a fixed sequence of image lines on a 

display, the Teletext standard defines a structure in which information is partitioned in content 

magazines, pages and sub-pages, i.e. a logical data model. In Teletext, broadcasters have 

considerable freedom to choose which pages to transmit, in which order, and with which repetition 

rate. 

This chapter presents a brief overview of the Teletext standard. Taking the perspective of a TV 

viewer, we report on our experimental verification of error occurrence in real-life Teletext broadcasts 

and their impact on various, commercially available TV sets. Based on the observed failures in end-

to-end communication, we compare different TV-local robustness strategies and analyze them to 

show their impact on the end-to-end reliability as perceived by the TV user. This chapter ends with 

conclusions. 
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3.2 Teletext 

Teletext was developed in the UK in the early 1970ôs to broadcast any sort of information to its 

audience. It has seen tremendous adoption throughout Europe and Asia. In those parts of the world, a 

large majority of TV broadcasters provide a Teletext service: e.g., news, weather, sports, and TV 

guide information. Currently all but the utmost low-end televisions sold in Europe and Asia can 

display Teletext pages. Teletext has proven to be a reliable text news service during events such as 

the September 11, 2001 terrorist attacks, during which the web pages of major news sites became 

inaccessible due to unexpected demand [Wikipedia, 2008]. 

 

Figure 3.1 A Teletext page according to the original standard (a.k.a. level 1) 

The original Teletext standard (a.k.a. level 1) [BBC, 1976] supported Teletext pages consisting of 24 

rows of 40 characters, chosen from a limited set of characters, in a fixed color palette. Figure 3.1 

shows such a Teletext page. Since then, Teletext has evolved considerably. Later versions of the 

standard, amongst others, extended the character repertoire (level 1.5), increased the color palette, 

provided side panels for additional text and graphics (level 2.5), and introduced different font styles 

and proportional spacing (level 3.5) [ETSI, 2003]. 

3.2.1 The Teletext conceptual information model 

Magazines and pages 

Teletext partitions information into eight magazines. Examples of magazines are TV Guide, news, 

sporting news, economic news, and weather forecasts. A magazine contains a number of pages. For 

example, a sporting news magazine typically contains pages for basketball, soccer, baseball, and 

hockey. A Teletext page is identified by a number consisting out of three digits of which the most 

significant digit specifies the magazine number. A page number is typically fixed to a subtopic 

within a magazine. For example, page 201 typically gives the TV schedule of today, and page 888 

provides subtitles. 
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Pages and sub-pages 

When the information of a subtopic doesnôt fit on a single screen, the information is distributed over 

a number of sub-pages. A page with sub-pages is also called a rotating page. The viewer is typically 

notified by the broadcaster of the available information by using the notation x/y, meaning x
th
 sub-

page of y sub-pages in total. And, the television often presents a sub-page navigation bar when 

multiple sub-pages are available. The amount of available information on a news item is generally 

not fixed but may change over time. For example, the traffic information report may contain no 

reports at all during the night. At the onset of the morning rush hour the first reports start to fill a first 

page, to grow to multiple sub-page as the morning rush hour reaches its peak, finally to reduce again 

to a single page with a few or even no reports during midday. A traffic information report page can 

thus change from a single page to a page with sub-pages, and again back to a single page. 

3.2.2 Teletext performance 

Pages in a magazine are broadcasted after one another. The order of the pages is not specified by the 

Teletext standard, but left open to the broadcaster. Since the broadcaster is aware of the content, 

performance can be optimized [Ammar, 1987-a] [Ammar, 1987-b] [Vaidya, 1999]. For this reason, 

the Teletext standard provides a number of features to support a broadcaster in achieving the desired 

performance [ETSI, 2003]. A broadcaster must organize its transmission such that TVôs can provide 

an optimal performance to their viewers given their capabilities, e.g. with and without local storage 

memory. One aspect of the performance is the access time of the different Teletext pages. To control 

the access time, both objective and subjective, Teletext provides, amongst others, the following 

concepts: 

 Rolling headers inform the users about the pages being received, and positively influence the 

subjective access time. Rolling headers require a sequence in the numbers of the broadcasted 

pages. 

 Out of sequence broadcasts enable that popular pages, like the start page, can be broadcasted 

more frequently than the other pages without interfering with the rolling headers. Out of 

sequence broadcasts reduce the objective access time for the popular pages. 

Other aspects of the performance include the time available to read the information and robustness 

for bad reception. These aspects are, for example, addressed by the Teletext standard, by allowing a 

sub-page of a rotating page to be repeated. In other words, three sub-pages can be broadcasted as 

either 1,2,3, or 1,1,2,2,3,3, or 1,1,1,2,2,2,3,3,3, etc. 

3.2.3 Teletext navigation and presentation 

The amount of information that can fit on one Teletext screen is limited. When the amount of 

information cannot be presented on one screen, some form of navigation is necessary. On the 

Internet, we see two approaches. On the one hand, web browsers provide sliders for large web pages 

that enable the users to change the part of the information that is visible. On the other hand, most 

website builders divide the information of their website in sufficiently small parts, which do nicely 

fit onto a single screen, while providing additional navigational pages and links.  

The lay-out of a Teletext page is fixed. The first line contains the header information: typically the 

name of the broadcaster, the current page number, the date, and the clock-time. Lines 2 till 24 

contain plain text. When present, line 25 contains four differently colored, human-readable keywords 

representing hyperlinks. The hyperlinks can be followed by pressing the associated colored button on 

the remote control. Like hyperlinks on the internet, Teletext does not guarantee that the target exists, 

and that the content is reflected by the keyword used. 
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 Figure 3.2 Screen showing a combination of information 

The information presented on one screen typically is a mixture of different kinds of information, see 

Figure 3.2. A part of the screen is used for navigational purposes. Another part of the screen might 

be reserved for commercial advertisements. A third part of the screen contains the information the 

user is interested in. Note that this part is sometimes even built up out of different parts. 

3.2.4 A major technology evolution: impact on Teletext decoders 

Since the introduction of Teletext in the early 1970ôs, the price of memory has considerably dropped. 

This has enabled a new kind of Teletext decoders that stores broadcasted pages. These so-called 

page-collecting decoders were already envisioned early on [Chew, 1977] [Tanton, 1979], and 

provide the Teletext viewer a requested page directly from memory instead of having to wait for the 

page to be transmitted. This improvement in access time to Teletext pages has a negative side effect: 

the possibility that obsolete information is presented to the Teletext viewer. Hence, such decoders 

must maintain consistency between broadcasted and stored information, i.e. a decoder needs to 

implement a page obsolescence policy. Note that the change in the information access paradigm 

from óview when transmittedô to óview cached informationô made the dynamics of Teletext content 

more relevant. Whereas originally the Teletext receiver had to keep only the Teletext page being 

watched up-to-date, now all Teletext pages in the cache must be kept up-to-date. 

In the context of a standards process, typically one observes that the possibilities of such a 

technology change are exploited as a competitive product advantage first. Companies do not wait for 

an evolution of the standard. Net consequence often is that such a change is never standardized 

anymore. After various products with proprietary technology have hit the market, each exhibiting a 

slightly different behavior, a common standards extension often is not feasible anymore. 
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3.3 Experimental study of Teletext decoders 

This section reports on a study we did to chart the variety of interpretations of the standard by 

broadcasters and TV set manufacturers. Our focus is the variety of realizations of Teletext pages 

local storage in TV sets, and their information obsolescence handling policies. Here we report our 

findings concerning the handling of Teletext pages with and without subpages. The purpose of this 

study was to evaluate the differences in handling policies, to study broadcaster practices (including 

potential standards interpretation issues), and to get the requirements for a robust local strategy that 

has best empirical quality with respect to information availability and obsolescence. 

3.3.1 Experimental setup 

For this experimental study, we used a number of televisions from various brands. On the one hand, 

we looked for inconsistencies caused by different interpretations of the Teletext standard. On the 

other hand, we looked for failures in keeping the broadcasted and stored information identical. For 

the latter case, we looked at the Teletext pages available to the TV viewer when the television was 

tuned to the same channel for several hours. This amount of time is sufficiently large for the 

broadcasted information to have undergone changes. And this amount of time is still realistic in a 

user context, since watching Teletext after a movie (including commercial breaks) would give 

similar experiences. We compared the Teletext pages available to the TV viewer with the pages 

present in the actual broadcast. To determine the currently broadcasted pages, we either used a TV 

without memory to store Teletext pages, or we erased the stored Teletext pages from the televisionôs 

memory either by zapping to another channel and back; or by turning the TV off and on again 

(power cycling). 

We took pictures of the screens of those TVs when we observed a problem. Note that we highlighted 

areas of interest in those pictures using a simple drawing tool. 

3.3.2 States of a Teletext page 

 

Figure 3.3 Transitions and states of a Teletext page. 










































































































































































































































































































