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Wetenschappelijke kennis is een eigenschap 

Iemand heeft namelijk wetenschappelijke kennis 
wanneer hij zijn overtuiging op een welbepaalde wijze verkregen heeft, 
dat wil zeggen, wanneer hij met de principes goed bekend is; 
want als hij die principes niet beter kent dun de conclusie 
zal hij die wetenschappelijke kennis slechts bij toeval bezitten. 

Aristoteles, Ethica Nicomacheal 

Scientific Knowledge is a quality 

Namely, a man  knows a thing scientifically 
when he possesses a conviction arrived at in a certain way, 
and when the first principles on which that conviction rests are known to him with certainty- 
for unless he is more certain of his first principles than of the conclusion dmwn from them 
he will only possess the knowledge in question accidentally. 

Aristoteles, Ethica Nicomachea2 

'Vertaald door Christine Pannier en Jean Verhaeghe, Aristoteles in Nederlandse vertaling. 
Historische Uitgeverij, Groningen, 1999. 

2~ranslated by H. Rackham, Aristotle in 23 Volumes, Vol. 19. Harvard University Press, 
Cambridge MA; William Heinemann Ltd., London, 1934. 
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Abstract 

This report is on the handling of disc defects in optical disc drives. The goal of 
the research is to investigate how the influence of disc defects can be character- 
ized and utilized on the servo level, in order to achieve playability improvement. 
After a general introduction on optical disc drives, three aspects of the problem 
are treated in detail. 

From extensive measurements and theirasubsequent analysis we show how 
disc defects influence various servo signals. Especially the MIRN signal proves 
to be indicative for the occurring changes in laser light reflection caused by disc 
defects. 

Based on these observations we present a classification method that groups 
the numerous disc defects in a limited set of distinctive clusters. The classi- 
fication is obtained from a hierarchical clustering structure that is based on a 
geometric dissimilarity measure. Mapping the affected MIRN signals to a spe- 
cific property space provides the input for this algorithm. Finally the defect 
classes are represented by fitted polynomial functions in order to achieve the 
desired data reduction. 

The last aspect we discuss is that of disc defect detection. We present a 
detection algorithm, based on the principle of maximum likelihood. A simple 
'block form' defect reference model proves to give the best results with respect 
to detection speed and reliability. Next to the detection of disc defects we 
discuss the closely related subject of disc defect identification. An identification 
algorithm that is based on the derived classification method is developed. The 
presented results form the basis for an integrated detection algorithm. This 
algorithm can be used to initiate countermeasures that will improve playability 
with respect to disc defect. 

vii 
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Introduction 

The topic of this report is the handling of disc defects in optical disc drives. 
In this introductory chapter the motivation for the work is given and the main 
topics addressed in this report are positioned within the field of optical stor- 
age systems. After a general overview of the optical disc system in Section 1.1 
the foundation of the work is laid by introducing the term playability in Sec- 
tion 1.2. The research topics are defined more specifically in Section 1.3. Next 
in Section 1.4 the research objectives are presented and the problem definition 
is derived. Finally the outline of the report is given in Section 1.5. 

1.1 Optical disc system 

We start this report by introducing the optical disc system. Next to a short 
history of the development of optical disc drives, a brief overview of various 
existing disc standards is given. Then we turn our attention to the system 
architecture and discuss various components of the drive that are of particular 
interest for the work presented in this report. For more detailed information on 
optical disc drives and disc standards the interested reader is referred to [11,28, 
49,501. 

1.1.1 History and standards 

A good thirty years ago it was hard to  believe that the contents of an entire 
encyclopedia could be stored on a plastic disc. Not only the availability of 
massive data recording technology for everyone was unimaginable but so was 
the idea of processing that amount of data as a part of everyday life. This 
situation changed after 1970 when several previous discoveries were brought 
together that formed the onset of the digital revolution. The development of 
both hardware and software technology gained momentum, leading the way for 
the evolution of what is nowadays called the per~onal computer. Closely related 
to this evohtion is the development of mass storage devices that was triggered 
by the increasing demands for better and larger recording media. The storage 
capacity increased rapidly, the recording devices became smaller and faster and 
novel media were introduced. 
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In 1972 Philips announced the technique of storing audio recordings on an  
optical disc. The theoretical foundation for the optical read out of data was 
already laid in 1953 by the work of Hopkins on optical diffraction theory [8]. 
In 1978 Philips and Sony reached an agreement on the signal format and error- 
correction methods for optical recording. This collaboration resulted in the 
i:tr~ducticr, ~f the Cempact Disc Digital budie system ir, 1980, ~ h i c h  wzs 
adopted as a standard in 1981. Since the establishment of the CD-DA stan- 
dard, currently referred to as 'Red Book', some other standards have been set. 
Examples of these spin-offs are the standards for CD-ROM (Yellow Book, 1983), 
CD-R (Orange Book - part 11,1990) and CD-RW (Orange Book - part 111,1996). 
Additional details can be found in [43-471. Next to the increased number of op- 
tical recording applications also the access times dropped and the data transfer 
rate grew. 

A good example of the success of the optical disc is the rapid computer mar- 
ket penetration in the nineties of CD-ROM drives, after its initial introduction 
in 1985. Advantages of the medium that made this possible are in the first 
place the portability of the optical discs and the relative insensitive to dust and 
climatic variations. This makes the medium suitable for porting data and appli- 
cations between computers and users. In this respect, one of the main strengths 
of the compact disc was its accepted standardization, which can be translated 
into world-wide compatibility. Other advantages are the absence of any degra- 
dation of the data taking place during playback and the fact that the plastic 
discs can be produced in high volumes against very low costs when compared 
to hard-disks, for example. 

Another milestone in the development of optical storage systems was the in- 
troduction of the digital versatile disc (DVD) in 1997. Due to advances in laser 
design and optics, together with the experience gained in disc manufacturing, a 
smaller and more compressed pit pattern on a tighter track pitch became pos- 
sible [15]. Combined with the improved efficiency of the data modulation, data 
formatting and better error correction techniques, this resulted in a disc with 
a 7 times larger storage capacity (4.7 GB) when compared to a compact disc 
(650 MB). From then on the progress in DVD technology showed great resem- 
blance with the compact disc developments. This resulted in a new milestone 
in 2001 when Philips introduced the first DVDtRW audio/video recorder into 
the market. On the subject of adopting one particular standard no consensus 
is reached yet [16-191, in contrast with the CD-DA standard, but it is widely 
believed that the DVD rewritable technology will dominate the optical storage 
market for the coming years. However, new technologies are already waiting 
4- UV 4 .a, 1, ,,e~. ,, v KT-+ .,, ~ - 1 ,  VLALJ h*rchov .=, ,,,,, aA7r , v zt ,~, , ,~~,~, ,  nnomon+~ in ..* nnn.Jont;nng! ,L.,LVLl q$,iC$ disc SYS- 

tems such as the Blu-ray disc [31] and SFFO discs [I] are expected, but also 
other optical storage concepts like magneto-optical recording, multilevel optical 
recording and fluorescent and holographic storage are emerging [51]. 

1.1.2 System architecture 

The optical disc drive consists of a number of mechanical, optical, electronic and 
software components that together form the optical disc system. In general the 
drive can be divided into a basic engine and a data path. A block diagram of the 
system is shown in Figure 1.1. The bus of control signals forms a symbolical link 
between the two elements. The basic engine performs the actual data read out, 
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1.1. OPTICAL DISC SYSTEM 

system Lid-- 

decoder B 
Control signals 

Data path Basic engine 
4 ,i 

Figure 1.1: Simplified diagram of the optical drive system architecture [49]. 

while the data path processes this data for further use. The data path not only 
implements specific drive functionality but it also serves as an interface between 
the basic engine and the host system. Note that the encoding electronics and 
write strategy blocks are only implemented in drives that are capable of writing 
data to  the disc. 

An optical disc carries a continuous spiral of impressed pits that represent 
the digitally encoded data. For standard CD and DVD discs this pit pattern 
is normally generated in an injection moulding process during disc production. 
For recordable and rewritable discs the pit structure is generated differently [33]. 
The read out of the data on the rotating disc is performed without any mechani- 
cal contact. An optical pickup unit (OPU) sends a laser beam to the information 
layer and receives back a reflected beam. This beam has been optically modu- 
lated as a result of destructive interference caused by the geometrical structure 
of the disc. See also Figure 1.2. The optical pickup unit consists of various 
components. Among these are a semiconductor laser and optical elements like 
lenses and mirrors to guide the laser beam. In addition a photodetector is used 
to transform the received optical power into photocurrents. 

Next to the high-frequency (HF) signal carrying the information recorded 
on the disc, several servo signals can be derived from these photocurrents. For 
instance by properly processing the photocurrents, signals can be obtained for 
positioning of the laser beam along the disc radius and keeping the laser beam 
focussed on the information layer of the disc. More information on different 
methods do derive these position error signals can be found in 181. 

The actual positioning of the laser beam on the information track, both in 
radial and vertical direction, is accomplished by two actuators that are driven 
by a control current from the servo controller. The positioning of the laser spot 
is depicted schematically in Figure 1.3. An additional servomotor is used t o  
perform large radial displacements along the disc. Usually this electromechani- 
cal construction is designated as a two-stage or sledge-actuator servo system. 
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(a) Information track 

metallic layer \ r e  a c 

(b) Disc cross-section 

Figure 1.2: Geometrical data representation on an optical disc. 

I I 

Figure 1.3: Simplified servo implementation in optical disc drives. 

The high-frequency signal is lead into the channel decoder. Here the encoded 
data stored on the disc is regenerated and error detection and correction takes 
place to  increase the data reliability. Furthermore the decoder regulates the 
speed of the disc motor to maintain a constant linear reading velocity along 
the track at different radii. The digital signal output coming from the channel 
decoder is further processed in the data path to make it suitable for usage by 
the host system. Here additional error detection and correction is performed 
and the retrieved data is stored in sectors. More detailed information about 
data formats can be found in the various disc standards mentioned, while [ll] 
give more insight in the implementation basics of the data encoding and error 
correction algorithms. 

A firmware program running in the engine micro-controller governs the func- 
tionality of all electromechanical components. The communication between host 
system and drive is supervised by the data path firmware. More and more a 
common micro-controller is used however, to supervise the activities of both the 
basic engine and data path. Other electronic components, like memory modules, 
laser power control and power amplifiers to drive the various motors are needed 
next to  a disc eject mechanism and its control electronics [49]. Audio and video 
processing components such as digital-to-analogue converters and audio ampli- 
fiers are other optional components. To conclude Table 1.1 gives an overview of 
various important system parameters for both the CD and DVD system. 
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Table 1.1: Characteristic parameters for an optical disc system. 

Parameter CD DVD 

Laser wmelength 780 nm 650 nm 
Numerical aperture 0.45 - 0.60 - 
Substrate thickness 1.2 mm 0.6 mm 
Track pitch 1.6 pm 0.74 pm 
Reading velocity (CLV) 1.3 m/s 3.49 m/s 
Channel bit rate 4.32 Mbls 26.2 Mb/s 

1.2 Playability 

1.2.1 Performance and playability 

The optical disc system, briefly described in the previous paragraph, is a com- 
plex mechatronic system. Mechanical, electronic and software components are 
integrated in order to achieve the high levels of accuracy that are inherent in op- 
tical storage systems. The complexity of the system, the technical requirements 
and the interactions between different elements inevitably leads to  trade-offs 
during the design. The resulting optimization with respect to technical perfor- 
mance is further complicated by functional and economic considerations. To a 
great extend these aspects are influenced by the consumer and his contempla- 
tions to  buy a certain optical disc drive. 

Besides appearance, functionality and prize, an important motivation to buy 
a certain drive is its ability to play back all sorts of discs without any problems. 
In the highly competitive market of optical storage systems, the ability of a 
drive to play back more different discs can get a drive producer an edge on its 
competitors. In this context the term playability can be defined as follows. 

Playability i s  the ability of a non-ideal optical disc system t o  play 
back a disc without noticeable errors a t  the user side. 

This implies that a data system should deliver error free information and that 
an audio/video system must be allowed to perform error concealment to mask 
errors that cannot be prevented or removed. 

The presented definition of playability addresses the performance of an optical 
disc drive in a broad and general way. Throughout the whole system we can 
find aspects of the drive design that influence its playability. Roughly these 
aspects can be divided in four groups [52]. The first group deals with the optics 
of the drive, where it must be noted that the optical disc itself forms a part 
of the system. Examples are the quality and ageing of the optical disc and 
possible optical distortions in the light path. Also the coupling between radial 
and focus direction present in the optical pickup unit and influences of ambient 
temperature and humidity on the optics can have their influence on playability. 
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The second group deals with the electro-mechanics and drive control such 
as the performance of the focus, tracking and tilt control. Other aspects are 
the positioning of the disc on the turntable, the occurrence of external shocks 
or vibrations and out-of-range signals. The ambient temperature and humidity 
can also affect the electronics and mechanical components and therefore the 
p!ayahiBtjr =f the drke. 

The third group of aspects influencing playability are those found in the read 
channel of the optical disc drive. For instance the delay characteristics of the 
HF-signal, analogue-to-digital conversion and the equalization and bit detection 
performance. Other important playability aspects are the error detection and 
correction performance and audio and video error concealment algorithms. 

Finally there is a group containing various other aspects not previously men- 
tioned. Among these miscellaneous aspects are the printed circuit board (PCB) 
design, the routing of supply lines and the design of flexible connectors and ter- 
minals. Also the radiation of high-frequency generators and lines can influence 
playability by interfering with other drive components. 

These examples show that playability is intertwined with almost all ele- 
ments of the optical disc system and we note that several of these aspects are 
closely interrelated. Hence designing an optical disc system that exhibits good 
playability performance requires an integral design approach, where the design, 
production and integration of all drive components are optimized with respect 
to playability. 

This 'design for playability' approach has become of even greater importance 
with the introduction of DVD. The improvements of the DVD system compared 
to the CD system not only resulted in an increased storage capacity but it also 
made the system more sensitive to influences that can endanger the playability of 
optical disc drives. Although a lot of research is done on the aspects mentioned 
and serious improvements are achieved already, still a lot remains to be done [27, 
42,56,59,61]. Not only the understanding on each of the individual aspects needs 
to be extended further, also more knowledge is needed on how to combine these 
insights so the optimization of playability can be integrated in the design. 

1.3 Disturbances 

Disturbances are closely related to optical disc systems and playability. Un- 
wanted influences like some of the aspects mentioned in 1.2.2, will inevitably 
act upon the optical disc system and hence affect the systems capability to play 
back discs c~rred!y. I:: a br~ader emtext the f~!!~wi=g c m  b e  said abmt sys- 
tems and disturbances. In loose terms a system is an object in which variables 
of different kinds interact and produce observable signals. The observable sig- 
nals that are of interest to us are usually called outputs. The system is also 
affected by external stimuli. External signals that can be manipulated by the 
observer are called inputs. Others are called disturbances and can be divided 
into those that are directly measured and those that are only observed through 
their influence on the output. The distinction between inputs and measured 
disturbances is often less important for the modelling and analysis of the sys- 
tem [35]. The system concept is presented schematically in Figure 1.4. The 
term itself implies that disturbances are unwanted, especially those who cannot 
be measured directly, since they result in unintended outputs of the system. 
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1.3. DISTURBANCES 

environment I " 

Figure 1.4: A system with output y, input u, measured disturbance w and 
unmeasured disturbance v. 

However several strategies are available to counteract the influence that distur- 
bances can have on the system behavior. The most important one is to apply 
feedback that actively controls the system behavior through actuators that are 
driven by a combination of sensors and a dedicated control algorithm. Another 
method is to apply an extra input to the system that is designed in such way 
that the combined influence of this extra input and the disturbance on the sys- 
tem, result in the desired output behavior. This method, usually designated as 
feedforward, requires knowledge of the disturbance and the influence of inputs 
on the system in order to be effective. A third way to counteract disturbances 
is to detect whenever a disturbance is about to enter the system and prevent 
this from happening. For instance by replacing the affected system input with 
a dummy input that is completely free of disturbances. 

Both the feedback and detection strategies are incorporated in an optical 
disc drive to assure the proper functioning of this system. In Section 1.3.1 we 
specify and discuss typical disturbances for an optical disc drive. The focus will 
lay on one particular group of these disturbances, namely disc defects. Then 
the implemented strategies to deal with them are discussed in Section 1.3.2. 

1.3.1 Disturbances in optical disc systems 

For optical disc systems numerous disturbances can be identified. Some of them 
are generated inside the system and are caused by a bad design or they are the 
result of production inaccuracies, like for instance the optical distortions in the 
light path and the insufficient shielding of high-frequency lines. Examples of 
disturbances that are influencing the system from outside are external shocks 
and vibrations and the ambient conditions like temperature and humidity. 

Next to the internal and external disturbances mentioned a third group of 
disturbances can be identified, namely the group of disturbances that has to 
do with the quality of the optical disc. This quality can severely deteriorate 
due to incorrect or incautious handling of the discs by the user or the quality 
is bad from the start when the discs are poorly produced. One can think of 
scratches, dirt spots and fingerprints that arise on the polycarbonate substrate 
or the anomalies and impurities that are included in the substrate layer. These 
latter become of increasing importance again with the fast growing number of 
piracy discs entering the market. 

From now on, we will call the disc related features we mentioned above 
disc defects. These defects, that are locally present on a disc, will distort the 
reflection of the laser beam. Hence they result in abnormal photoelectric signals 
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Time [s] 

-0.1 1 I I 
0 1 2 3 4 5 6 

Time [s] lo-= 

Figure 1.5: Example of a high-frequency signal (upper part) and a radial error 
signal (lower part), influenced by a disc defect. 

that in turn will affect the generation of HF and servo signals and the behavior 
of all drive elements relying on these signals. See also Figure 1.5. Hence we 
treat these disc defects as disturbances according to the formal definition given 
above. The HF signal is further influenced by the geometry of the impressed 
pits and the sequence in which they appear on the disc. Anomalies in this 
pit/land structure are of a different origin and hence they will be excluded from 
the group of disturbances called disc defects. The following definition of the 
term disc defect will be used throughout this report. 

Disc defects are those features locally present o n  or  in a n  optical 
disc that result in diflerent behavior of servo signals than what can 
be expected from the geometry of the  information track and the di- 
mensions or  shape of the disc. 

Note that phenomena such as eccentricity, tilt and skew are excluded by this 
definition. This because these features are directly related to the track geometry 
or the disc dimensions and shape. They can also be caused by for instance the 
clamping of the disc inside the drive. 

The reason that disc defects are identified as a distinct group of disturbances 
is the following. While disc defects arise due to external influences (dropping 
the disc e.g.) they form an integral part of the system since the disc itself is 
a part of the optical drive. Moreover it is noted that the development of these 
features is of a random nature but as soon as a disc defect is present on the disc 
and this disc is entered into an optical drive, the signal disturbance it will cause 
is mostly deterministic. These aspects of disc defects somewhat obscure the 
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Figure 1.6: Disc defects as external disturbances for the optical drive system. 

reason why we regard disc defects as disturbances. The diagram in Figure 1.6 
justifies the approach by introducing the concept of an ideal standard disc in 
the servo implementation scheme. In this diagram disc defects are modelled as 
external disturbances, denoted by d, which represent the influence of the defect 
on the amplitude and phase of the outgoing optical wavefront. The external 
disturbances vl . . .us represent all other disturbing phenomena. Although this 
diagram helps to understand how disc defects disturb the optical drive system, 
it is of little practical use since no methods are available yet to describe the 
exact form of the signal d in the optical domain. 

1.3.2 Dealing with disc defects 

As already mentioned earlier there are methods to deal with disturbances that 
are influencing a system. An optical disc drive is equipped with several servo 
controllers that must assure the correct positioning of the laser spot on the 
information track. The way in which the servo tries to achieve accurate track- 
ing is by constantly adjusting the laser position through an actuator in order 
to keep the positioning error equal to zero. The control algorithm determines 
how the actuator should be driven, based on the momentary error [36]. During 
the design of these controllers the specifications for tracking performance and 
playability with respect to disc defects inevitably lead to a tradeoff. Namely, 
for accurate tracking we want the controller to respond strongly to large posi- 
tion errors, which can be achieved by using a high bandwidth controller. Disc 
defects aiso resuir; in, sometimes large, position errors. Since these errors are un- 
reliable, ideally the controller should not respond to them at all, which implies 
a low bandwidth controller. Even the use of more sophisticated controllers, for 
example those that use gain switching [6,24] or a track observer [2,48], cannot 
improve the playability with respect to disc defects enough without sacrificing 
tracking performance. This is simply due to  the fact that as soon as a disc 
defect occurs the photo-electric signals become severely distorted. These initial 
distortions can already influence the system in such a way that it stops func- 
tioning properly. More general we can state that for certain controlled systems 
disturbances exist that endanger the proper functioning of the system due to  
the severe response to these disturbances at their onset. 
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Therefore an accurate and fast detection mechanism is needed that can ini- 
tiate proper actions in time and so preventing disturbances from influencing the 
system in a way that makes recovery impossible. A detection mechanism that 
is currently used monitors the total amount of reflected laser light. Whenever 
the reflected light intensity drops rapidly below a certain amount, a defect is 
detected [XI. As 2 respcse the p~sitien errer signds me ztificidy set t~ ?ere 
to prevent the controller from responding to false information. This detection 
however is not fast enough to prevent false position errors from influencing the 
controller at the start of the defect. This can already result in severe actuator 
drift that makes it hard to restart and continue tracking at the correct position 
when the defect is passed. Hence, in order to improve playability with respect 
to disc defects, next to improved position controllers also faster mechanisms for 
detection are needed in order to cross those disc defects. 

Next to timely information on the occurrence of a disturbance it is also 
valuable to know what type of disturbance is entering the system. With this 
information available it becomes possible to select those countermeasures that 
yield the best results for a particular disturbance. Often however no adequate 
disturbance modelling techniques are available and the number of possible dis- 
turbances is infinitely large. In those cases the identification of disturbances can 
be based on a limited set of disturbance classes with whom new disturbances 
can be compared. Based on the outcome of this comparison, estimates can be 
made on the type of disturbance and its corresponding properties, that can be 
used in selecting a proper strategy to counteract its influences. When these 
disturbance classes are available they also can be used to design more specific 
and hence more accurate detection mechanisms for disturbance classes. This 
will further enhance the playability of optical disc drives. 

1.4 Research objectives 

The research is conducted at the Emerging Technologies & Systems laboratory 
(ETS) of the business group Philips Optical Storage, which is a part of Philips 
Components N.V. The primary goals of ETS are the development of first of a 
kind products in the field of optical storage and the development towards im- 
plementation of new technologies. In this process Philips strives for improved 
'design for playability' in order to extend its market share in the fast grow- 
ing DVD-player market. With respect to playability the available insights and 
theoretical knowledge on the handling of disc defects however fall short. This 
research aims to extend these &sights m b  to sketch the technobgica! ozt!ines 
for further developments in this field. Hence the work presented in this report 
is mainly of an exploratory nature and the scope extends beyond the area of 
optical storage systems. 

A precondition for the feasibility of 'design for playability' is the availability 
of fundamental knowledge and understanding of the limiting factors, possible 
interrelations and ways to deal with them. In this report the focus will be on 
several aspects of one of the influencing factors, namely disc defects as stated 
in the following problem definition. 

How can the influence of disc defects be characterized and utilized on  
the  basic engine level in order t o  achieve playability improvement? 
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More precisely, the objectives of this research are the following. 

0 Investigation of the impact of disc defects on selected servo signals. 

0 Development of a classification for disc defects based on available signals. 

0 Initiate improvements of defect detection. 

However, this research will also concentrate on the implementation aspects of 
classification and detection methods in order to complete the outlines for fur- 
ther development. Although the research is conducted from the perspective of 
optical disc drives the objectives can be placed in the more general context of 
disturbances in data signals and controlled systems. Therefore the results will 
be generalized without loosing focus on optical disc drives where possible. 

1.5 Outline 

The report is organized as follows. First the impact of disc defects on measurable 
signals in an optical disc drive is investigated. Experiments are conducted and 
their results are analyzed and discussed in Chapter 2. In Chapter 3 the concept 
of classification is presented. Next to a formal treatment, the development of 
an application for disc defects is discussed. Chapter 4 addresses the subject of 
disturbance detection in general and possible methods for disc defect detection 
in particular. Here we also deal with the implementation aspects of classification 
and detection methods in optical disc drives. Finally, conclusions are drawn and 
directions for future research are given in Chapter 5. 
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Defect measurements 

An essential step in disc defect classification and detection is to  understand 
how disc defects influence the various available signals in an optical disc drive. 
After some observations on the physical changes that disc defects induce on the 
system we proceed pragmatically by doing experiments and analyzing the results 
in order to gain these insights. The first benefit of this approach is that it will 
extend the understanding of the way in which disc defects manifest themselves 
in the signals under study. These insights can be useful in the continuing efforts 
to model disc defects and their influences. Secondly it will provide a vast amount 
of data that can easily be used in the research on disc defect classification and 
detection. 

In this chapter, the used experimental set-up is presented in Section 2.1. In 
Section 2.2 we briefly discuss how disc defects can influence the system from a 
physical point of view. This section also deals with the issue of selecting rep- 
resentative disc defects and signals suitable for our experiments. In Section 2.3 
we briefly address various practical issues concerning disc defect measurements. 
Furthermore some results of the conducted experiments are presented and eval- 
uated. The chapter is ended with a discussion in Section 2.4. 

2.1 Experimental set-up 

To study the behavior of signals under the influence of disc defects an experi- 
mental set-up was installed at the ETS laboratory of Philips Optical Storage in 
Eindhoven. A picture of the set-up is shown in Figure 2.1. The key element of 
the set-up is the optical drive. We choose to use the DVD+RW VAE 8010/01 
video recorder engine as platform for the experiments. The main application 
area of this platform is DVD video recording in the DVD+RW format but it is 
also compliant with the CD-DA, Video-CD and DVD standards. The choice for 
this particular platform was made since it is the most recently developed optical 
disc drive that includes the latest technologies. Also full support is available 
within ETS for this drive. Because the influences of disc defects on the data 
path will not be considered during this research, the set-up is only equipped 
with a basic engine that consists of a DVD loader and a PCB. A diagram of 
the electrical design can be found in Appendix A where all the key components 
of the engine are shown. Additional information on the drive can be found 
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Figure 2.1: Photograph of the experimental set-up 

in [5,7,22]. The basic engine is connected to the CE4779 test print that pro- 
vides all necessary interfaces to control the engine. Furthermore this circuit 
provides easy access to numerous internal signals of the drive. Also it provides 
connectors for both the internal and drive power supply. The actual control 
of the basic engine is performed from within the POS Test Tool program [20] 
that runs on a desktop computer. Communication between computer and basic 
engine takes place through the S2B interface [57]. The actual measurements 
are done with a Fluke 200 MHz CombiScope, type 3394B. This digital oscillo- 
scope is connected to a computer through an RS232 serial interface. On this 
computer the Flukeview CombiScope 2.0 for Windows program makes it possi- 
ble to retrieve measurement data from the oscilloscope for storage and further 
processing. 

A few remarks can be made about the set-up with respect to the type of 
experiments that are conducted with it. First the use of an oscilloscope limits 
the number of signals that can be measured simultaneously, depending on the 
type of scope that is used. In our set-up this limitation is dealt with by using two 
oscilloscopes that are connected through the trigger outputs and inputs of the . . 
tc7e dexces :r, ~ r d e r  $9 syjmchr~nize the time bases ef beth devices. The del2- J' 
introduced by the connecting line is negligible when a sufficiently short BNC 
cable is used that is properly connected to the input and output ports. Another 
limitation is the absence of a coupling between the oscilloscope and the drive 
control. Without this coupling it is not possible to start and stop measurements 
at exactly known locations on the track of the optical disc. Future versions 
of the POS Test Tool program will provide this coupling and hence making 
more accurate measurements possible. Also care must be taken that all the 
internal settings of the basic engine are correct so that they will not influence the 
measurement results. In our set-up the SPIDRE pre-processing IC is equipped 
with a dropout concealment block [32]. This process will scale down servo 
signals whenever their amplitude exceeds a prefixed limit, for instance caused 
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disc mwement , 

Figure 2.2: Local disc defect approaching the laser beam. 

by a disc defect. In this way divisions by zero are prevented in the current 
normalizer circuits of the IC. Since we are just interested in these phenomena 
the dropout concealment scaling factor is set to its lowest value, effectively 
reducing the influence of the whole concealment process on the measurements. 
More information on this issue can be found in Appendix A. Finally we note 
that the signal pre-processor adds an offset to the position error signals that 
assures a signal lying between the IC supply voltage levels (0 and 5 or 3.3 V). 
During the analysis of error signals this offset must be taken into account in 
order to get meaningful results. 

2.2 Disc defect signals 

2.2.1 Physical observations on disc defects 

Before we start with our experiments it is wise to take a moment and look into 
the physical aspects of the optical disc drive and what role disc defects play in 
it. A disc defect that is locally present on an optical disc will sooner or later 
enter the laser beam that is used to retrieve the data stored on the disc. This is 
graphically depicted in Figure 2.2. When this happens the reflected laser beam 
becomes distorted since the geometry of the defect influences this reflection or 
even blocks the incident and reflecting laser beams. These observations are 
further clarified by Figures 2.3 and 2.4. 

Figure 2.3 shows the height profile of a scratch on an optical disc. By 
comparing this profile with the normal flat substrate surface it can be seen that 
the reflected laser light most probably will behave differently due to scattering 
and random deflections. Figure 2.4 shows a picture of the reflected light in the 
pupii piane of the OPU iens whiie a scratch passes the iaser beam. it shows that 
parts of the pupil plane are dark due to the blocking effect of the scratch, which 
would not be the case when all light would get reflected. A similar picture with 
a black dot placed in the laser beam is shown in Figure 2.14. 

The photodetector is usually divided in several parts that all generate sep- 
arate photocurrents. By adding and subtracting these currents, signals can be 
derived that contain information on how the laser beam is positioned relative 
to the information track. More detailed information on the generation of these 
signals can be found in [8,25,49]. From the above observations it becomes clear 
that the configuration of the photodetector plays an important role in the way 
disc defects manifest themselves in servo signals carrying position information. 
The distortions induced by a disc defect make this position information un- 
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(a) 3D view (b) Height profile 

Figure 2.3: AFM measurement of a scratch on an optical disc. 

(a) Imaging set-up (b) Pupil plane image for a scratch 

stationaly 
DVD disc 

Figure 2.4: Influence of a disc defect on the light reflection, seen from the pupil 
plane of the objective lens; in the horizontal dark areas the light is blocked by 
the scratch [23]. 
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Figure 2.5: Artificial disc defects on standard test discs. 

reliable. Signals however that are derived from the total amount of reflected 
light-by summing all the separate photocurrents-are independent from the 
photodetector configuration and hence more reliable. Due to this independency 
the modelling of these signals under the influence of disc defects, is less compli- 
cated and although research is continued, already some interesting results are 
obtained [23,25]. 

2.2.2 Selection of defects and signals 

In order to limit the number of experiments and the amount of data that will be 
generated, we carefully select a representative set of disc defects and signals t o  
monitor during the experiments. This selection of a limited number of different 
disc defects is necessary since it is practically impossible to cover all different 
defects possibly present on an optical disc. For example one can easily make 
a dozen of scratches on a disc and none of them would have exactly the same 
shape. As a start we will use the various standardized defects that are used in 
optical disc drive development for testing purposes [lo]. Although the different 
ways in which the drive generates and processes signals for CD and DVD discs 
we limit ourselves to DVD test discs. Not only are the results of this research 
of greater importance for the more sensitive DVD systems but conclusions can 
relatively easily be extrapolated to the CD case. 

The standard disc defects we will investigate are black dots of different sizes, 
normal and heavy fingerprints and artificiai scratches. T i e  first two artificiai 
disc defects are produced by printing a single dot or a pattern of small dots on 
the substrate surface. For a heavy fingerprint the printed mesh is finer than for a 
normal fingerprint. This simulates a greasier, more spread out fingerprint on the 
substrate surface. The scratch is made by deliberately damaging a triangular 
area of the substrate surface with an abrasive tool. See also Figure 2.5. 

Another standard 'disc defect' is the so-called wedge. This defect is used 
to simulate a damaged information layer, for instance caused by a scratch on 
the very thin protective layer at the disc's label side. However this defect is 
generated by replacing the normal data pattern with a random pit-land pattern. 
This electronic representation of a bad information track falls outside the stated 
definition of disc defects and hence wedges will not be taken into account. 
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With the above mentioned set of standardized disc defects already quit some 
different experiments can be conducted by varying the size of the defect and 
measuring on different locations inside the defect. For example we can measure 
signals when the outer edge of a black dot just falls within the laser beam and 
when the dot falls completely inside or even over the laser beam. In addition 
n~e  extended the set, of disc defects with scme realistic nnes tEzt are made by 
deliberately abusing some new discs. These discs, now containing various radial 
and tangential scratches, dirt spots and fingerprints make the set of defects more 
representable and they can help to assess the validity of the artificial defects 
that only emulate reality. Another realistic but quit uncommon disc defect is 
a so-called white dot. At present no test discs are available for these defects 
that show a higher light reflection when compared to their surroundings. By 
placing some dots on a blanc DVDfRW disc before writing data to that area 
and removing the dots after the writing, these white dots can be simulated 
easily. More detailed information about the various defects used during the 
experiments can be found in Appendix D. 

The photodetector of the OPU generates a number of photocurrents, depend- 
ing on the exact.configuration of the detector. Ideally we would measure these 
currents directly since this would rule out the influence of all signal processing 
steps and hence give us complete control on the way in which we generate the 
signals of interest from these currents. For DVD discs these currents however 
are not directly available on the test print and since these currents are in the 
order of several micro amperes in magnitude, measuring them directly on the 
engine PCB is not feasible. Signals that are available on the test print are the 
various servo signals such as the normalized radial and focus error (REN and 
FEN respectively), the normalized mirror (MIRN) signal that is a measure for 
the total amount of laser light received by the photodetector, the normalized tilt 
signal and of course the HF signals and various derivatives used in the engine 
decoder and data path. From preliminary experiments and previous research it 
became clear that both the MIRN and HF signal behavior show the most direct 
relation with incoming disc defects [25]. We note however that the latter con- 
tains a high frequency component that carries the digital data. This component 
can be regarded as noise when investigating disc defect influences that occur in 
a lower frequency range. Next to the MIRN signal we also want to monitor the 
behavior of the REN and FEN signals since these signals are directly involved 
in the positioning of the laser spot and reducing the influence of disc defects 
on this positioning is precisely what we are aiming at. From Section 2.2.1 it 
becomes clear that the REN and FEN signals are not reliable during the oc- 
currexe of a disc defect. The f& that the laser spet pesitie~? is adjwted by 8 
closed-loop control system increases this uncertainty. Hence care must be taken 
when analyzing measurements of these signals. 

2.3 Measuring defect signals 

In this section we give an overview of the experimental results by presenting 
and discussing various characteristic measurements. This overview is preceded 
by a brief discussion of various practical aspects of the conducted experiments. 
Also some remarks will be made about the way in which the data is stored and 
archived since this will become handy when we start to deal with disc defect 
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classification. 

2.3.1 Practical issues 

The signal measurements are conducted at a sampling frequency f, of 500 kHz 
and for each signai 5 i2  sampies are taken. This resuits in a totai measuring 
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comparison of measurements possible. Although it is possible to elongate the 
measuring time by taking in more samples, all experiments are conducted with 
the same acquisition length to limit the amount of data and required processing 
time. In order to start the measurements, we use the output signal of the 
currently implemented defect detector (DEFO) as trigger signal. By including 
a certain amount of 'pre-trigger' data in the time series, the slow response of 
the detector will not lead to any loss of information. In cases where no accurate 
triggering is possible with the DEFO signal, we apply a trigger based on the 
MIRN signal. 

All measurement results, from which we will present only a small portion, 
are retrieved from the oscilloscope and stored in Matlab data files, since this 
program provides extensive capabilities for numerical data processing. By using 
the 'structure' data format not only the time series can be stored but in com- 
bination also various measurement settings and additional comments on the 
experiments are saved [26]. This makes it easy to  identify particular measure- 
ments when the number of experiments grows. The data for each measurement 
is stored in separate files that are named following a strict convention. By using 
this convention it is possible to automate the process of data retrieval for a large 
number of experiments. The benefits of this approach become even more clear 
in the next chapter. Appendix A gives some more information on the accuracy 
of the performed measurements and on the relation between measured signal 
voltages and the corresponding physical quantities. 

2.3.2 Measurement results 

In Figure 2.6 the MIRN, REN and FEN signals are shown under the influence 
of an artificial black dot, together with the DEFO signal. The graph of the 
MIRN signal that represents the amount of reflected light can be interpreted as 
follows. The high MIRN level corresponds to the situation where the maximum 
amount of light is reflected, while for the low level it holds that practically no 
light is received by the photodetector. Due to internally generated signal offsets 
we wiii focus our anaiysis on the reiative MIRN ieveis and their differences. 
Since the absolute MIRN levels are dependent on the signal processing and the 
type of disc that is used, these values can differ and hence are of less use for our 
research. 

Close examination of the graphs shows that the response of the detector 
is late, since already significant changes can be observed in the servo signals 
before the detector becomes active. Furthermore the FEN signal shows a large 
response at the begin and end of the defect, most likely caused by the asymmet- 
ric distribution of the light that is reflected onto the photodetector. The fact 
that both peaks are positive cannot be explained yet. Also note that the error 
signals are not placed around zero due to the added offset mentioned earlier. 
Finally we observe an oscillatory behavior of the FEN signal after the defect 
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Figure 2.6: REN, FEN and MIRN signals during a 900 pm middle black dot; 
vertical gray line represents DEFO signal. 

', 

detector switches off again. When the defect detector is active the laser posi- 
tion controller is put in open-loop by replacing the real (but unreliable) error 
signals with zero, which effectively implies a holding of the last control action. 
Inevitably this action results in an initial error when the control loop is closed 
again, caused by for instance tilt and actuator drift [2,48]. So the oscillations of 
the FEN signal actually represent the step response of the control-loop to this 
sudden change of the error from zero to a particular non-zero value. 

The measurement on a 1000 pm white dot is shown in Figure 2.7. The MIRN 
signal rises as we would expect and to some extend the white dot MIRN signal 
is the inverse of the black dot signal. At the end of the defect, where the MIRN 
signal drops to its normal level, a small extra bump can be observed, which 
is probably caused by the laser power adjustment that reacts on the varying 
MIRN level. Possibly the fact that the edges of this selfrnade defect are not 
perfectly smooth also contributes to this phenomenon. Since the current defect 
detector only reacts on drops in the MIRN signal, the DEFO signal is useless 
for white dots and hence it is not shown. 

The signals resulting from an artificial scratch with a width of 920 pm are 
presented in Figure 2.8. The response of the MIRN, REN and FEN signals t o  
this defect are very similar to those during a black dot. This resemblance will 
be discussed in more detail in Chapter 3. 

Figure 2.9 shows the measurement results on a normal artificial fingerprint. 
Note that the drop in amplitude for the MIRN signal is much less severe than it  
is the case for a black dot or scratch. The small oscillations of the MIRN signal 
during the defect are explained from the fact that small reflection variations 
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Figure 2.7: REN, FEN and MIRN signals during a 1000 p m  middle white dot. 
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Figure 2.8: REN, FEN and MIRN signals during a 920 p m  artificial scratch; 
vertical gray line represents DEFO signal. 
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Figure 2.9: REN, FEN and MIRN signals during a normal fingerprint. 

occur due to the pattern of small dots that represent the fingerprint. See also 
Figure 2.5. Both the REN and FEN responses are noisy but no extreme errors 
seem to occur during the passage of the simulated fingerprint. 

Figure 2.10 shows the results for a measurement with a random scratch. 
From the signal responses we can conclude that this realistic scratch probably 
has a more jagged geometry and in fact consists of two intertwined scratches. 
The rise of the MIRN signal above the normal level cannot be explained. 

Before we finish the overview of the conducted disc defect measurements 
a few characteristic measurements are presented. Figure 2.11 shows the same 
rise in the MIRN signal at the end of a 1320 pm scratch as mentioned above. 
Close examinations of the defect and pupil plane pictures have not yet come up 
with a definite explanation for this phenomenon. Probably the phenomenon is 
caused by the small focus offset during normal operation, which is deliberately 
introdwed in compliance with_ other design considerations. Therefore it is pos- 
sible that locally the laser beam is better focussed on the scratched substrate. 
Another possible explanation is that the stowage of some substrate material a t  
the edge of the defect locally results in a slightly higher reflection of the laser 
beam. See also Figure 2.3. 

Figure 2.12 illustrates the consequence of the so-called 'shadow effect'. Not 
only will a disc defect block the reflected laser light that is leaving the substrate 
but it also prevents laser light from entering the substrate towards the reflective 
mirror. This latter results in the appearing of an extra 'shadow' of the disc 
defect. In the pupil plane of the lens this results in two dark areas that are placed 
symmetrically around the center of the lens. See also Figures 2.13 and 2.14. 
When the defect moves further inside the laser beam these two dark areas start 
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Figure 2.10: REN, FEN and MIRN signals during a realistic scratch; 
vertical gray line represents DEFO signal. 
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Figure 2.11: Unexplained increase of the MIRN signal at the end of a scratch. 
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Figure 2.12: Increased MIRN level as a result of the 'shadow effect'. 

to overlap, effectively reducing the total dark area. This results in a small 
increase of the MIRN signal when the defect is positioned exactly in the center 
of the laser beam. More information on this phenomenon can be found in [23,25]. 

2.4 Discussion 

We finish this chapter with some concluding remarks. First we recall the limita- 
tions of the experimental set-up we discussed. It will be of great help for further 
experimental work on disc defects when an automated set-up becomes available. 
Performing measurements on exactly specified disc locations in an automated 
way improves accuracy and reproducibility of the experiments. In addition we 
assumed that setting the dropout concealment gain to its lowest value would . . eliminate its: ir,f,ue~ce m the measuremer,t results. A. check ef this assxxptien 
is recommended, as well as a more thorough investigation of the influence of 
the pre-processing on the signals of interest. These insights can help to better 
understand observations and relate them to features of the disc or drive. 

With the selection of signals we limited ourselves to a small set of servo 
signals. As mentioned before, measuring the photocurrents from the detector 
sections is preferable since it offers much more flexibility during the subsequent 
analysis. With the collection of a representative set of disc defects we also 
have limited ourselves. An extensive study to the different disc defects that 
occur regularly in practice and collecting measurements for such a large set of 
defects will provide valuable information for continued defect modelling efforts. 
Moreover it is possible to assess from this data, which defects are the most 
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Figure 2.13: Construction of shadow zones in the pupil plane [23]. 

Figure 2.14: Shadow zones in the pupil plane for a 600 ,urn black dot [23]. 
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CHAPTER 2. DEFECT MEASUREMENTS 

common ones and which ones are the so-called 'killing' defects that are the 
most difficult to handle for an optical disc drive. This could lead to paying extra 
attention to these defects during further developments of optical disc drives. 

The discussion of the measurement results show that the behavior of the 
MIRN signal can be explained reasonably well by physical reasoning. Still a lot 
=Gre research is needed in mizr  t~ M y  understam! the  kfiuences thzt digere& 
defects have on the optical reflection and hence the various electronic signals. 
The examination of the measurement results also reveals several similarities and 
dissimilarities between the investigated signals for different disc defects. These 
findings will be the subject of the next chapter. 
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Defect classification 

Timely knowledge of the type of disc defect that is influencing the optical disc 
drive can help to  improve servo performance and hence playability. This in- 
formation makes it possible to select or adjust control strategies and other 
countermeasures to eliminate influences of disc defects on the system. Since 
parametric models of signals affected by disc defects are not yet available, es- 
timation methods like for instance a Kalman filter, cannot be used to identify 
disc defects. 

Identification of disc defects by comparing new signals with a database of 
known defect signals resolves this problem as long as the database contains 
enough measurements. Given the enormous number of possible disc defects the 
feasibility of this method is limited by the available memory for the database 
and the speed of algorithms to search through the stored data. The size of a 
database with reference signals can be reduced by identifying a limited number 
of classes that each describe a large group of defect signals in the whole data set. 
These defect classes can also be used to design more specific defect detection 
strategies. Such detectors only have to detect particular groups of disc defects 
instead of having one detector looking for the occurrence of all possible defects. 

In this chapter we discuss the concept of disc defect classification in detail. 
The whole disc defect classification process is schematically presented in Fig- 
ure 3.1. Section 3.1 starts with a formal discussion on classification and its 
objectives. It also gives a short overview of possible classification approaches. 
In Section 3.2 we develop a disc defect clustering method and we discuss in 
detail the various steps taken. The results from the clustering algorithm are 
presented in Section 3.3 and the method is validated. Section 3.4 deals with 
the development of representative descriptions of the revealed defect classes. 
Finally some concluding remarks on these subjects are made in Section 3.5. 

3.1 Classification 

Aristotle (384-322 B.C.) has been recognized as the first scientist to introduce a 
scientific meaning to the concept of classiification. In one of his many biological 
works Aristotle defines the concept as follows. "Groups that only differ in 
degree, and in the more or less of an identical element that they possess, are 
aggregated under a single class; groups whose attributes are not identical but 
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Figure 3.1: Disc defect classification flowchart. 
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3.1. CLASSIFICATION 

analogous are separated." [3] This definition reveals the essence of classification, 
namely that classes are formed by making a distinction between identical and 
analogous attributes. A further distinction between groups under a single class 
is based only on a degree or quantitative measure. 

3.1.1 Definitions and purposes 

A modernized definition of classification that c!ear!y indicates its purposes is 
the following [38]. 

Classification is the actual or ideal arrangement together of those 
which are like, and the separation of those which are unlike; the 
purpose of this arrangement being primarily 

1. to shape and keep knowledge; 

2. to analyze the structure of phenomena; and 

3. to relate different aspects of a phenomenon in question to each 
other. 

In relation with our research objectives the following can be said about the 
definition and purposes of classification. With respect to disc defect classifica- 
tion the first purpose can be explained as the ability to describe all possible 
defects with a limited set of classes. By doing so information on all defects 
can be preserved without the need to actually store all individual pieces of in- 
formation. The second and third purpose indicate that classification can help 
in understanding how and why disc defects influence an optical disc system in 
the way that we observe. Furthermore it reveals how we can counteract these 
influences and whether we need different strategies to achieve this. More di- 
rectly the following is said in literature: "In practice, classification, as any kind 
of knowledge, is used for prediction and control. Prediction of behavior of a 
member of class is based on description of this class imprinted in interrelations 
among the variables. Control actions can be undertaken in a reasonable way 
when the class reaction can be predicted." [38] 

Since we intend to derive a structured arrangement of disc defects based on 
experimental data, the term clustering is introduced that limits the classification 
scope to the area of data sets [38]. 

Clustering is a mathematical technique designed for revealing clas- 
sification structures in the data collected on real-world phenomena. 

The purposes of clustering are primarily the same as of classification in general. 
These purposes are to analyze the structure of the data, to relate different 
aspects of the data to each other and to assist in classification design. 

3.1.2 Clustering techniques: an overview 

Now the formal concepts of classification and clustering are introduced, we give a 
brief overview of various clustering methods. In literature normally two major 
kinds of classification structures are identified, namely hierarchical and non- 
hierarchical. The non-hierarchical methods are further subdivided into non- 
overlapping and overlapping clustering, according to the resulting cluster struc- 
tures. The first one, also called partitioning, is well defined while the latter 
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Figure 3.2: Classical taxonomy of clustering methods 1381. 

still has not been systematized. For the hierarchical classifications we identify 
conceptual classification and systematics as the two major kinds. The concep- 
tual classification corresponds to that considered by Aristotle and defined with 
the top-bottom sequential divisions by nominal variables. Formally a nominal 
variable maps the entities of a class into its categories (values) in such a way 
that any entity corresponds to one and only one category. This top-down clas- 
sification is a so-called divisive method. The systematics is defined bottom-up 
or agglomerative and, usually, lacks the unambiguously dividing variables. In 
this hierarchical classification small classes are combined into larger ones due 
to their empirical similarity with regard to various and/or different attributes. 
The presented division of classification methods corresponds with the classical 
taxonomy of clustering methods as shown in Figure 3.2. An updated classifi- 
cation of different clustering methods can be found in [38]. Here we suffice by 
giving some examples of clustering methods. 

We already mentioned the partition as a non-hierarchical, non-overlapping 
cluster structure. A set of nonempty subsets S = {Sl, . . . , S,) is called a 
partition if and only if every element i E Z belongs to one and only one of 
these subsets called classes; that is, S is a partition when Ur=l S, = 1, and 
S,nS, = 0 for r # s.  

The other clustering method we mentioned is the hierarchy. This structure 
will form the basis of the disc defect classification that we treat in more detail 
in Section 3.2. In general a hierarchy is a set SK = {Sh : h E X} of subsets 
Sh Z, h E X, called clusters and satisfying the following conditions: 

2. for any Slj S2 E Sxj either they are non-overlapping (Sl n S2 = fl) or one 
of them includes the other (divisive: S1 C S 2  or agglomerative: S 2  C Sl) ,  
all of which can be expressed as S1 n S 2  E (0, S1, S 2 ) ;  

3. for each i E Z, the corresponding singleton is a cluster, { i )  E S1<. 

Note that this hierarchy concept corresponds to the genuine Aristotelean notion 
of classification. Moreover, the hierarchy corresponds to the basic way in which 
the human mind handles all kinds of complex technical phenomena. Other clus- 
tering methods are that of discriminant functions [9] and, closely related, that 
of neural networks [37,60] or methods that use probabilistic distributions [29]. 
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An example of the latter is the maximum likelihood approach, which will be 
treated extensively in Chapter 4. There it will also become clear that in essence 
the problem of disturbance detection is a clustering problem. See also [4,9,29]. 

3.2 Disc defect clustering 

As mentioned we want to classify disc defects and use the results tc  identify new 
disc defects by comparing them with the known reference defects derived from 
the classification. This approach relaxes the need for accurate physical models 
of disc defect and their influence on measurable signals. In addition it also 
drastically reduces the amount of data that is needed for defect identification. 
Finally the approach of classification also provides us with the required selection 
criteria to identify defects. 

We intend to use measurements of servo signals that are affected by various 
disc defects for this purpose. Therefore, according to the definitions in the pre- 
vious paragraph, we actually need to develop a clustering algorithm. From the 
resulting arrangement of disc defect measurements in distinct groups, we then 
can derive a formal disc defect classification. Note that these classes themselves 
are part of a larger classification. In Chapter 1 we already defined disc defects 
as a particular group of disturbances in optical disc systems. In this report we 
will not further investigate whether the classification scope we present, can be 
extended to cover the whole range of disturbances we identified in Section 1.3.1. 

3.2.1 Signal processing 

In the subsequent analysis we primarily focus on measurements of the MIRN 
signal. The physical understanding on how this signal is influenced by disc de- 
fects helps in the development and the validation of a clustering algorithm. The 
unreliability of the REN and FEN signals and the lack of physical understanding 
of their behavior during disc defects, further justifies the focus on the MIRN 
signal. In Section 3.3 we briefly come back to this subject. 

We expect the MIRN signal to be locally 'constant' when there are no se- 
vere disturbances such as shocks or disc defects present. This assumption can 
be confirmed by examining the measurement results presented in Chapter 2. 
Those graphs however also show that the measurements are corrupted with 
noise. It is assumed that the observed noise is a combination of measurement 
noise, internally generated system noise and quantization noise caused by the 
analogue-to-digital conversion in the measuring device. In order to remove this 
noise, which can obscure the phenomena we are interested in, we start by filter- 
ing the measurements. 

For the filtering of the time series we use an anti-causal, zero-phase digital 
filter implementation. The benefit of this type of filtering is that it makes it 
possible to eliminate all phase shifts introduced by the filtering. By further 
choosing a gain at low kequencies equal to one, the exact shape of the signal 
is preserved. The general processing scheme for this filter implementation is 
depicted in Figure 3.3. The reversing of the filtered time series and filtering this 
sequence again removes all phase shifts introduced in the first filter passage. 
Note that the time reversing of the filtered sequence also introduces the non- 
causality mentioned. Hence this type of zero-phase filtering is only possible 

Confidential 



CHAPTER 3. DEFECT CLASSIFICATION 

H(z) time 
H(z) H reverse 

Figure 3.3: Anti-causal, zero-phase filtering process. 
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Figure 3.4: Reducing noise and preserve shape with zero-phase filtering. 

with time series that are completely available off line. Hence this method t o  
remove measurement noise can not be used in an online clustering algorithm. 
Figure 3.4 shows the result of the whole filtering process on a particular defect 
measurement. 

From the measurement results presented in Chapter 2 we also note that, 
for most disc defects, the largest part of the time series is unaffected. Since 
we are only interested in the part of the MIRN signal that deviates from its 
normal 'constant' level, these constant parts of the measurement are removed. 
This is done by selecting the region of interest for each measurement by hand. 
Not enough information is available to exactly define the begin and end of the 
affected regions automatically. However with some physical insight, objective 
inspection of the data and common sense the selection can be made relatively 
accurate as shown in Figure 3.5. This d i ~ i s i ~ r ,  betweer, the mrma! ax! disturbed 
MIRN behavior also offers us the possibility to determine the DC offset of the 
measured signals and remove it from the time series. This is done by determining 
the average value of the normal signal regions and subtracting this offset value 
from the complete time series. 

3.2.2 Describing defect signals 

From literature [38] it appears that the clustering method depends on the kind 
of input data that is available. In our case we want to cluster a set of time series. 
However we believe that it is not wise to use these time series directly. First of 
all the length of the time series depends heavily on the type of disc defect and 
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Figure 3.6: Properties used to describe the signals of interest. 

The first characteristic property is the mean value of the disc defect sig- 
nal. This value is particularly useful to distinguish between defects that have a 
higher and lower reflectivity than the normal disc. For a black dot with a lower 
reflectivity than the normal disc, the mean value will be below zero while it will 
be positive for a white dot. The second characteristic parameter is the dura- 
tion that, more conveniently, can be expressed through the number of measured 
samples when the sample time of the measuring device is known. The third 
property is the peak value of the disc defect signal. To make a fair comparison 
between values for all disc defects, the absolute peak value is taken. Otherwise 
the peak value for a white dot would always be higher than it would be for a 
black dot. This is undesirable since we are mainly interested in the different be- 
havior of signals compared to the normal situation. Finally we divide the signal 
into a fixed number of amplitude bands and count the number of samples that 
fall within each band. See also Figure 3.6. The resulting values for each ampli- 
tude band complete our set of characteristic parameters. It is not likely that all 
these signal properties yield a value in the same order of magnitude. Therefore 
we add weighting factors to all parameters in order to obtain a balanced set of 
signal properties. 

It is worth noting that the division of the signal in discrete amplitude bands 
shows a resemblance to the amplitude distribution of a signal [9]. This amplitude 
distribution is based on the computations of the probability density function. 
In the limit, this p.d.f. describes the percentage of time for which the signal lies 
within a certain amplitude range. For a signal y(t) we have 

p(y) = lim Prob{y < Y(t) I Y + AY) = 
Ay-0 A~ 

where Ty is defined by Figure 3.7. This relation can be helpful in linking the 
suggested signal description to the more general methods we mentioned. Fur- 
thermore the similarity with (3.1) can form a good starting point in finding a 
mathematical justification for the proposed set of characteristic properties. 
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Figure 3.7: Amplitude probabilities for signals [9]. 

Formally we can summarize the results of this section as follows. Let Z 
denote the set of all possible time series for the MIRN signal. The subset 
AN c Z is formed by L time series of length N,  representing all MIRN signals 
that are affected by disc defects and disc defects only. This subset contains all N- 
dimensional vectors y, = (yTl, y,2, . . . , yrN), representing the affected MIRN 
time series in Z. The index r can be seen as a label that uniquely identifies the 
corresponding element i E Z. Next pl,  p2, . . . , pm span a space B in Rm, where 
pj, j = 1, 2, . . . , m are the m different descriptive properties for the elements 
in Z. We can now define the mapping F: AN c Z + B that maps the time 
series of interest (domain) to a set of descriptive signal properties (range). This 
mapping can be further specified by defining the functions f j  : AN C Z -+ pj, 
j = 1, 2, . . . , m. From the selected set of characteristics we discussed earlier, 
these functions are defined as follows. 

where k is the running variable representing the sample instant, N is the total 
number of samples in the affected region of the signal and the index r indicates 
on which element of AN C Z the mapping is performed. The number of descrip- 
tive properties m is defined by the number of amplitude bands that is used in 
the discrete amplitude distribution. See (3.5) and (3.6). Wl, W2, . . . , Wm are 
the weighting factors that can be used to balance the signal mapping. 
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Figure 3.8: Geometric interpretation of signal mapping and clustering for n = 2. 

3.2.3 Clustering algorithm 
With the mappings presented in (3.2) to (3.6) L different m-dimensional prop- 
erty vectors p, = (fi(yr), fi(y,), . . . , fm(y,)), r = 1, 2, .. . , L can be con- 
structed. These row vectors can also be interpreted as unique points in B, 
representing the corresponding MIRN time series in Rm. In general, clustering 
is the process of distinguishing separate groups of similar data. In analogy t o  
the geometric interpretation of the MIRN signal mapping, clustering can be seen 
as the identification of different groups of closely spaced data points. This is 
depicted graphically in Figure 3.8 for the two-dimensional case. For the various 
clusters (S1, S2 and S3 in Figure 3.8) it holds that the geometrical distances 
between points within one cluster are much smaller than the distances between 
points belonging to separate clusters. 

A clustering method that directly uses this geometric interpretation of sim- 
ilarity is agglomerative hierarchical clustering. The input for this clustering 
method is a so-called dissimilarity entity-to-entity matrix, where each entity is 
considered as a single cluster or singleton, denoted by Sh, h E li. Note that H 
is the set of all cluster labels and that each h is uniquely related to one clus- 
c-- w-- -- --- ---.., ...A :-..n-nh:n 1 nl..n+ r:,m T nh;on+o +hn cot w hrrlrle vzl. L u I  an a&uuzrati.t;vc hkcl(L-llrulbaii ~ I U D U ~ L U L ~  uI u u u p b u o ,  u u b  0-u L. u w l u o  

2L - 1 labels, where the first L elements correspond to the original entities or  
singletons. The dissimilarity matrix can easily be derived from the mapped data 
points by calculating the distance between every pair of objects in the data set. 
From literature various definitions for vector distances are available [55]. 

City Block distance 
m 
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Minkowski metric 

A more generai notation. -i%en p = 1 it represents the City Biocb dis- 
An-,-.,. 
ballLC, m b  when p = 2, this metric is e g a l  to the the 9~cLdea:: distame. 

The indices r and s denote the labels for the corresponding clusters. The most 
widely used distance measure is the Euclidian distance, usually denoted as 
lip, - pTll. Also note the similarity of the above distance measures with the 
concept of vector norms [12]. With the above distance measures a dissimilarity 
matrix D = [d,,] with r , s  = 1,2,. . . , L, can be constructed. Note that D is 
symmetric and the elements of its main diagonal are zero. With the dissimilarity 
matrix available the main steps of the algorithm are as follows. 

Step 1 Find the minimal value d(r*,s*), r* # s* in the dissimilarity matrix, 
and form the merged cluster Sh = S,* U S,*, h E 'H. 

Step 2 Transform the dissimilarity matrix by substituting one new row (and 
column) h for the rows and columns r*, s*, with its dissimilarities defined 
as 

d(r, s) = F({sTi, {&Il lT1 k)  (3.10) 

with r, s E {1,2,. . . , h) n {r*, s*)'. F is a fixed dissimilarity function and 
IT, 1, define the number of objects in cluster ST and S, respectively. If the 
number of clusters obtained is larger than 2, go to Step 1, else End. 

The function F defines the dissimilarity between the merged clusters. Since 
these clusters can contain more than one object, the distance measures, as 
defined in (3.7) to (3.9), cannot be used here. Several popular methods to  
define the inter-cluster distance or dissimilarity are presented below [38,55]. 

Nearest neighbor (Single linkage) uses the smallest distance between ob- 
jects in the two clusters ST and S,. 

Fxthest neighbor (Complete Enhge) uses the largest dista~ce bztweer, 
objects in the two clusters. 

d(r, S) = max IIpSj - pTill, i € ( 1 . .  . l )  3 E ( 1 . .  1 (3.12) 

Average linkage uses the average distance between all pairs of objects in the 
two clusters S, and S,. 
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Figure 3.9: Graphical representation of a hierarchical cluster tree. 

Centroid linkage uses the distance between the centroids of the two groups 
ST and Ss. 

d(r, S )  = IFs - i rTl (3.14) 

where: 

and ps is defined similary. 

Ward linkage uses the incremental sum of squares; that is, the increase in the 
total within-group sum of squares as a result of merging clusters ST and 

where dz (r, s) is the squared distance between clusters ST and S, defined 
in the Centroid linkage by (3.14). 

The results of the agglomerative hierarchical clustering method can be rep- 
resented graphically as a tree. An example of such a hierarchical cluster tree or 
dendrogram is shown in Figure 3.9. In such a graph the numbers at the hori- 
zontal axis represent the indices of the original singletons and they are called 
leaf nodes. The links between the objects are represented by the connecting 
horizontal lines, called interior nodes. The height of the vertical link lines in- 
dicate the distance between the linked objects. Note that disproportionately 
long vertical lines can indicate that the corresponding objects are combined in- 
correctly. With this graphical representation of the cluster tree we can easily 
define an arbitrary number of clusters C by drawing a horizontal line in the 
dendrogram. All the leaf nodes-representing the entities-that are connected 
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below this line belong to one particular cluster c E C with C = (1, 2, . . . , C). 
For the example shown in Figure 3.9, three clusters can be defined by drawing 
a dividing line such that it only bisects three vertical lines in the tree. This 
results in the clusters S1 = {1,3,4), Sz = {2,5) and the singleton S3 = 6. 

The presented linkage methods will all give the same or almost the same 
results, when applied to well-structured data. When the structure of the data is 
somewhat hidden or compiicated, the methods may give quit different results. 
In the latter case the single a ~ d  complete linkage methods represent the two ex- 
tremes of the generally accepted requirement that the 'natural' clusters must be 
internally cohesive and, simultaneously, isolated from the other clusters. Single 
linkage clusters are isolated but can have a very complex chained and noncohe- 
sive shape. In contrast the complete linkage clusters are very cohesive, but may 
not be isolated at all. The other three methods result in a trade-off between 
cohesiveness and isolation of the resulting clusters. 

In the next paragraph we will show the results of the agglomerative hierar- 
chical clustering when applied to the mapped disturbance signals under study. 
The Matlab Statistical Toolbox provides an implementation of the algorithm 
that differs slightly from the presented form. For instance to save space and 
computation time, the dissimilarity data is formatted as a vector. Also various 
extra matrices are constructed in order to generate a dendrogram that presents 
the clustering results graphically. More detailed information on the implemen- 
tation aspects of the algorithm can be found in [55]. 

3.3 Cluster results and validation 

In this section we present the results of the disc defect clustering, obtained with 
the agglomerative, hierarchical algorithm. From the various options presented 
in Section 3.2.3 we select the Euclidean distance measure and Ward linkage 
method. The Euclidean distance measure is selected since it is easy to calculate 
and its geometrical interpretation is straightforward. The Ward linkage method 
is chosen since it provides a good trade-off between cluster cohesiveness and 
isolation. When compared to similar methods (average and centroid linkage) the 
Ward linkage appears to result in the most logical clustering based on analysis of 
the corresponding defect signals and their physical interpretation. More detailed 
information about the selection of the distance measure and linkage method is 
provided in Appendix B. 

The results of the clustering process for the set of reference measurements 
(see Appendix D for a complete overview) is shown graphically in Figure 3.10. in  
the dendrogram we observe two inconsistent links, denoted by A and B. The first 
one links the artificial scratch of 1320 pm to, among others, the quarter black 
dots while we would expect them to be linked to the 1120 and 1420 pm artificial 
scratches. Figure 3.11 reveals the cause of this inconsistency. It appears that the 
MIRN signal has been normalized differently during the measurements with the 
1320 pm scratch. After removing the DC offset and comparing different scratch 
measurements, the lowest MIRN level will be higher for the 1320 pm scratch. 
From this one could conclude that this particular scratch reflects more light 
than others, which is not true in reality. This MIRN level difference is however 
adequately translated by the signal mapping and hence this particular scratch 
is placed in another cluster. During new measurements the phenomenon kept 
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Figure 3.10: Dendrogram of the disc defect clustering; Euclidean distance, Ward 
linkage, W, = 1, m = 1, 2, . . . , 14. 

reappearing so most likely the cause lies in a local variation of the reflection 
of the test disc. In our further analysis we will carefully check wether this 
phenomenon influences the clustering results. 

The second inconsistency we observe in the dendrogram is related to the 
different fingerprints in our defect database. The clustering algorithm assigns 
a disproportionally large difference to the normal fingerprints and the heavy 
fingerprint, indicated by the relatively long vertical lines below B. Although the 
two types of fingerprints clearly differ, these differences are considered to be less 
significant than, for example, those between a small edge black dot and a large 
radial scratch. See also Figure 3.12. The cause of this inconsistency lies in the 
different amplitude drops of the MIRN signal for normal and heavy fingerprints 
respectively. Due to the long duration common to fingerprints, a high number of 
samples will fall inside one particular amplitude band. The amplitude difference 
for normal and heavy fingerprints causes this high property value to appear a t  
a different column in the property vector. The effect of this on the distance 
between objects is shown graphically in Figure 3.13. In order to reduce the 
mentioned inconsistency we must make the property vector more robust for 
small amplitude variations. This can be done by adjusting the weighting factor 
in (3.3). The value for the weighting factor is determined by trial and error. 
The resulting value Wz = 5 yields a more balanced mapping and hence the 
clustering results are more in line with our interpretation of the defect signals. 

Another clustering 'mistake' is the combination of black dots and white dots 
in one cluster. Based on visual inspection and physical interpretation of the 
corresponding defect signals, we would place these defects in separate clusters. 
In Section 2.3.2 we argued that these two types of defects are more or less 
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Figure 3.11: Different MIRN normalization for 1320 pm artificial scratch mea- 
surements. 
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(a) Normal and heavy fingerprints (b) Black dot edge and radial scratch 

Figure 3.12: Comparing normal and heavy fingerprints, edge black dots and 
radial scratches. 
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(a) Sensitive vectors (3, 15) and (b) Robust vectors (5, 8) and (8, 5) 
(15, 3) 

Figure 3.13: Dissimilarities caused by unbalanced mapping. 

opposites. The obvious difference between the two types of defects is shown 
again in Figure 3.14. Although this phenomenon does not result in inconsistent 
links in the dendrograa it is closely related to the fingerprint c2se we discussed. 
The only signal property suitable for making a distinction between higher and 
lower reflection is the signal mean value from (3.2). The other properties are 
all based on the absolute MIRN signal and hence give similar results for both 
black dots and white dots as can be seen from Figure 3.14. By adjusting the 
weighting factor in (3.2), a better distinction between black dots and white dots 
is achieved. By trial and error the weighting factor in Wl . fi (y,) is determined, 
yielding Wl = 1 lo4. 

The clustering results from the adjusted algorithm are depicted graphically 
in Figure 3.15. Comparing this result with the previous dendrogram in Fig- 
ure 3.10 shows that the added weighting factors indeed reduce the inconsistency 
significantly. Table 3.1 summarizes which disc defects are grouped together in 
the different clusters that are selected in the dendrogram. From this table i t  
becomes clear that with the adjusted algorithm also the 1320 pm scratch is 
clustered according to our expectations. As we mentioned before we can easily 
alter the number of clusters by shifting the bisecting line up or down in the den- 
dr~gram. Table 3.2 shows which clusters are ccmbir,ed when a smaller rxrnrn1?er 
of clusters is selected. Both from Table 3.2 and the dendrogram in Figure 3.15 
the existing hierarchy in the disc defect database becomes clear. Actually two 
major clusters can be identified. One with all middle black dots and artificial 
scratches and the other holding all the other defects. In both these large groups 
a further subdivision of disc defect types can be made, which is clearly depicted 
by the step-like linkage in the right and left parts of the dendrogram. Close 
examination of the various combinations of disc defects shows that this clus- 
tering is according to our expectations, based on physical interpretation of the 
different disc defects. 
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Time [s] x 1 0" 

Figure 3.14: Different signal behavior for black dots and white dots. 

Entities 

Figure 3.15: Consistent dendrogram of the disc defect clustering; seven clusters 
selected, Euclidean distance, Ward linkage, Wl = 1 . lo4, Wz = 5. 
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Table 3.1: Objects in disc defect clusters. 

Cluster Objects 

S1 middle black dot 700 pm 
middle black dot 900 pm 
scratch 420-820 pm 

S2 middle black dot 1100 pm 
scratch 920-1120 pm 

S3 scratch 1320-1520 pm 

S4 edge black dot 700-900 pm 
quarter black dot 700-900 pm 
scratch at  R = 32 mm 

Ss scratch 320 pm 
scratch at  R = 32 mm 
scratch at  R = 35 mm 

S6 all white dots 

S7 a11 fingerprints 

Table 3.2: Combining disc defect clusters. 

Number of clusters Combined clusters 
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Figure 3.16: MIRN signals for clustered disc defects. 

The measured MIRN signals, corresponding to the disc defects in each cluster 
are shown in Figure 3.16. Note that the correlation between all signals in the 
same cluster is optimized to prevent the differences in used pre-trigger time 
and defect duration from cluttering the general view. Figures 3.17 and 3.18 
show the corresponding radial and focus error signals respectively. In these 
figures we observe that the REN and FEN signals also reveal some characteristic 
distinctions between the various clusters. The dissimilarities however are far less 
distinct than those for the MIRN signals. Applying the clustering algorithm to 
the REN and FEN signal therefore does not give satisfactory results. However 
the results make us believe that with a different or extended set of mapping 
functions, specifically chosen for the REN and/or FEN signals, better clustering 
results can be obtained with the REN and FEN signals. Another possibility 
that could lead to even better and distinctive disc defect clusters is to use a 
combination of the mappings for the MIRN, REN and FEN signals. 

3.4 Cluster modelling 
Now the disc defect clusters are available, one step of the classification process 
remains. The clusters themselves are nothing more than distinctive groups of 
similar defect signals. These groups of defect signals fulfill the second and third 
purpose of classification as mentioned in Section 3.1.1. The ciata reduction we 
strive for as indicated by the first purpose of classification is however not yet 
achieved. In this section we discuss how we can obtain an adequate description 
for each cluster that answers to this classification objective. 
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Figure 3.17: REN signals for clustered disc defects. 
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Figure 3.18: FEN signals for clustered disc defects. 
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The most suitable class description is that of a signal or model from which 
such a signal can be derived. Not only is it easy to compare graphs of different 
signals qualitatively but a signal, or better a time series, can be used directly 
in mathematical computations. A class description in words for example, lacks 
this possibility. The problem now is to derive a representative signal (or model) 
that adequately describes all the signals belonging to one cluster. Inevitably a 
trade-off must be made between the accuracy of the desciipiioii for iiidividiid 
signals and its gene~a! validity for the whole cl~ster. 

A straightforward method for this task is to fit a function to the time series 
in the cluster (see Figure 3.16) that approximates the data according to some 
criterion. The key issues for this approach are the choice for a general form 
of the function and the selection of a suitable criterion. The most widely used 
criterion is the sum of the squares of the errors between the fitted function 
and the data points. Methods using this criterion are usually denoted as least 
squares (LS) methods. 

Preferably the function or model structure is based on (physical) laws that 
relate the signals to the system that generates them. When such a structure is 
unavailable a more general structure must be used. Examples of such general 
function structures are the Fourier and Prony decomposition that approximate 
the data with a sum of sinusoidal or complex exponential functions respec- 
tively [9,13,35]. Other possibilities are to approximate the data with polyno- 
mials [34] or splines [14]. 

3.4.1 Least squares polynomial fitting 

To obtain descriptive signals for each disc defect cluster we will apply a least 
squares polynomial fitting method. The function structure of a polynomial is 
given in (3.17). 

The values of the parameters el, . . . , are determined in such a way that 
the sum of the squared errors y(t) - Q(tl0) are minimized. This results in the 
following cost function that must be minimized in order to find the correct 
parameter values. 

1 1  ê hs = arg min - - [y(t) - ~ ( t  1e)I2 N 2  
t=l 

The LS method has many advantages, the most important one being that the 
global minimum in (3.18) can be found efficiently and unambiguously (no local 
minima other than the global ones exist). Another benefit of this method in 
the context of disc defect classification is the ability of the method to deal with 
numerous time series y(t). We not only want to find a function that accurately 
describes one particular signal in the cluster, we also want this function to be the 
optimal one when we consider all signals present in the cluster. In Appendix C 
we show that the polynomial least squares method has this capability. 

We choose a polynomial to approximate the defect signals in the first place 
because we lack a parametric function structure that is based on a disc defect 
model. Fourier and Prony decomposition are not usable since the disc defect 
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signals hardly show any periodic behavior, except for the small oscillations we 
observed in the MIRN signals during the passage of a fingerprint. A good 
alternative would be to use splines for the approximation when a spline fitting 
algorithm is available that can deal with several signals simultaneously. 

When applying the least squares polynomial fitting routine, a choice must be 
made Em the mder of the  pclym=.,ia! in (3.1?). The vzhe  fer lz rmst he chosen 
sufficiently high to accurately approximate the distinct signals of all disc defect 
clusters. Due to the fact that this order appears as an exponent in (3.17) a high 
order can result in numerical inaccuracies. Therefore it is wise to normalize the 
time vector t = kT,, k = 0, 1, . . . , N - 1 and T, = l lf , ,  according to: 

in order to prevent calculations with extremely large or small numbers. In this 
formula 2 denotes the mean value of the time vector and at is its corresponding 
standard deviation. 

A general disadvantage of the LS method is the fact that the estimated 
parameters 6;' only converge to the real values 19 when the observed data 
actually has been generated by 

1 ell u e measidre- That is, when the chosen function sii-uciure is perfect and w'l - '1 
ments are only corrupted with purely white noise. This is obviously not the 
case for our clustered disc defect signals. In the first place the concept of white 
noise only exists in theory and more important, our clusters contain signals 
for which the mutual differences are based on physical differences rather than 
random disturbances. Therefore no guarantee exists that the fitted functions 
are the optimal ones. This lack of mathematical proof however becomes of less 
importance when the database of defect signals is chosen large enough. In that 
case each cluster will contain a sufficient number of signals to obtain an accurate 
approximation. 

The results of the fitting with a polynomial of degree n = 15 are shown 
in Figure 3.19. From this figure we conclude that the time series obtained 
from the fitted polynomial functions describe the disc defect classes reasonably 
well. However, due to the nature of the fitted function, we observe some small 
oscillations in the resulting signal that are not present in the original time 
series. Especially at the edges of the defect signal these deviations can become 
significant when we tend to iise the defect dasa signals for detection. For t h t  
purpose the begin and end regions of the signal must be known as accurately 
as possible. Applying a fitting routine that uses splines could resolve this since 
splines offer the possibility to impose demands on the slope of the fitted signal 
in regions where additional accuracy is desired [14]. 

3.4.2 Class validation 

Now the classification of our set of reference disc defects is complete we can 
perform some tests in order to validate the method. This is done by applying 
the property mapping from Section 3.2.2 to the derived class signals and do the 
same for some well-known, new defect measurements. Then we calculate the 
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Figure 3.19: Multivariate 1 5 ~ ~  order polynomial fit for clustered disc defect 
signals. 
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Figure 3.20: Various test measurements used for class validation. 
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Table 3.3: Euclidean distance between property vectors of class signals and test 
measurements A, . . . , F from Figure 3.20. 

Class Signal 
A B C D E F 

Table 3.4: Correlation between class signals and test measurements. 

Class Signal 
A B C D E F 

Sl U Sz 0,983 0,850 0,854 0,274 0,332 0,738 

distance between the property vector of the test measurement and those of the 
various defect classes, using the Euclidean distance as we did in the clustering 
algorithm. The cluster to which the test measurement belongs should yield 
the smallest distance value. An extra check is performed by calculating the 
correlation between the test signal and the various class signals. This time the 
correct class must result in the highest correlation coefficient. The signals we 
used for these tests are shown in Figure 3.20 and the resulting distances and 
correlation coefficients are summarized in Tables 3.3 and 3.4. By comparing 
these values with our expectations based on visual inspection of the test signals, 
we conclude that the classification process performs well. 

3.5 Discussion 

In this chapter we introduced the concepts of classification and clustering. With 
these concepts data reduction can be achieved in such a way that a large set of 
disc defects can be described by a limited set of defect classes. This approach 
makes defect identification and selection of required countermeasures feasible. 
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3.5. DISCUSSION 

Several steps are required in order to classify disc defects. The pre-filtering 
of the measured reference signals must be performed in an anti-causal way to 
prevent changes in the signal shape from occurring. For an online implementa- 
tion this anti-causal filtering is impossible and hence other methods are required 
then to deal with noise. Furthermore the affected regions of the measured sig- 
nals are selected by hand since no accurate selection or detection mechanism is 
avaiiabie. This process is not oniy time consuming when the database is iarge, it 
also requires good knowledge of disc defect signals in order to select the regions 
of interest correctly. Finally this method inevitably introduces some uncertain- 
ties about the exact begin and end of disc defects. Applying improved detection 
methods during the pre-processing are therefore highly desirable. 

The next step in the classification process is to describe the measured signals 
with a limited set of characteristic properties. Accurate models for signals that 
are affected by disc defects would be the best solution, but without them still 
a usable set of properties can be found. Through fine-tuning with weighting 
factors, a logical clustering result can be obtained with those signal properties. 
We note that the signal mappings are specifically selected and hence only usable 
for one particular signal. This becomes clear from tests where we apply the 
clustering algorithm, designed for MIRN signals, to the corresponding REN 
and FEN measurements instead. We believe however that the results can be 
improved when better mappings for the REN and FEN signals are applied. 
Clustering based on the REN and FEN signals, perhaps even in combination 
with the MIRN signal, then seems possible. Another point of attention is the 
lack of any mathematical proof that the used signal mapping is optimal, and 
usable for all different MIRN signals observed during disc defects. 

For the clustering algorithm we chose the hierarchy as the general cluster 
structure. Within this general structure various possible dissimilarity measures 
can be applied, which makes the method very flexible. Again the choice for one 
particular method is based on trial and error, intuition and physical insight. A 
mathematical justification of these choices would give the presented algorithm 
a more solid foundation. 

When the disc defect clusters are determined the final step is to describe each 
of those clusters with one general signal. These signals represent the different 
disc defect classes that are identified in the database. Although a polynomial 
fitting routine gives quit usable results, other fitting methods that can describe 
the set of measurements inside a cluster more accurately are desirable. Espe- 
cially the approximation of the begin and end regions by these class signals 
requires improvement. Finally we note that the disc defect classes we identify 
are just examples of possible classes. The presented classification process should 
be applied to a much larger database of disc defect measurements in order to 
obtain more realistic defect clusters. 
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Various control strategies are available in order to improve playability with re- 
spect to disc defects. The succes of all these techniques depends on the ability 
to detect those specific disturbances in time to take the required countermea- 
sures. When information on the type of defect is available it further becomes 
possible to select the most suitable strategy. This detection and, closely related, 
identification of disc defects are the subjects of this chapter. 

Section 4.1 starts with a general discussion of the detection problem. We 
introduce two detection concepts and we discuss aspects that are specificaiiy 
related to the detection and identification of disc defects. In Section 4.2 one 
possible detection method is worked out in more detail and a method for disc 
defect identification will be discussed. Simulation results for this particular 
detection method are presented in Section 4.3. Here we also discuss various 
issues relevant for the implementation of a detection mechanism in optical disc 
drives. The chapter is closed with a discussion in Section 4.4. 

4.1 The detection problem 

4.1.1 Concept and general structure 

Within the scope of our research we can define detection more precisely as the 
detection of abrupt changes in a dynamical system from observable signals that 
it generates. In general the need for detection frequently occurs in the following 
cases: 

1. the change detection is a part of the modelling of a signal or system, as it  
is typically the case in pattern recognition; 

2. the change detection is the core of the monitoring of a given control system 
(e.g. sensor or actuator failure detection) ; 

3. the change detection acts as a complement to adaptive identification pro- 
cedures in case of non smooth changes. 

For all these cases both off-line and on-line applications exist. We will focus on 
the on-line detection problem since this is of a greater practical importance for 
playability improvement. 
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transition source b decision , mechanism 
H1 

Figure 4.1: General str~icture of the detection problem $81. 

The structure of the detection problem which we wili deal with is the foilow- 
ing. Given a signal record (yl, y2, . . . , y,), decide which of the two hypotheses 
Ho or H1 is true: 

Ho : ( y ~ ,  y2, . . . , 9,) follows the model SOJJ 
H1 : there exists a time instant r ,  2 5 r 5 n,  such that 

(yl, . . . , ykd-l) follows the model Se,o 
(ykd, . . . , ya) follows the model Se,l 

Here Se is a family of models parameterized by the vector 8. See also Fig- 
ure 4.1. These models and the signal record together form the 'source' block in 
Figure 4.1. The transition mechanism maps the hypotheses for a given source 
into an observation space. This mapping follows from the criteria to which the 
detection must comply. The selection of the valid hypothesis is done by applying 
a decision rule to the mapping result. 

Note the silbtle difference of the above signal record with the iilentioned time 
series in Chapter 3. When we would choose the record length n equal to that of 
the whole time series N,  the detection structure would prohibit the search for 
multiple detections between 0 and N. By choosing the size of the observation 
window n 5 N, a sequential search for individual detections can be performed 
in each part (yk, yk+l, . . . , yk+,), k = 0, n + 1, 2n + 1, . . . , N of a complete 
time series. Note that in this chapter the symbol i represents an index instead 
of an element of a set. 

For online detection it is important to realize that we are always dealing 
with a causal system. This implies that it is impossible to detect an anomaly 
precisely at the moment that it occurs. Some delay At is inherently present 
between the detection at t = kd and the actual occurrence at t = kd - At of the 
anomaly. The goal of a detection system now is to detect a change as quickly as  
possible after it has occurred, in order that, at  each time instant, at most one 
change has to be detected between the previous detection and the current time 
point n. 

p - 1 1 - .  ----- 1  C L -  ,.-. ,..:c.. L - C  -.--I. C L -  ,+-,+:A, ,,,Ll,, ~ l l ~ l l y  w e  L C ~ L L ~ L A  b l L c  &JaLl by uct,weeLl bllc dcbeLbluLL pluuLclLL a d  das- 
sification or identification. In both cases the behavior of a dynamic system, 
represented by a signal, is compared with known types of behavior. Based 
on this comparison a decision is made according to some rules. For detection 
the decision is whether there is an anomaly present or not while in the case 
of classification or identification we decide to which class the behavior (signal) 
belongs. 

The generalized form of the above detection structure is the so-called mul- 
tiple filter structure as depicted in Figure 4.2a. The observations y(k) with 
k = 1, 2, . . . , N, are processed by a bank of filters, each of which is based on a 
particular hypothesis. For instance in the mentioned structure Filter 1, associ- 
ated with Ho, assumes no change has occurred and Filter 2, which is associated 
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mechanism 

iilter i-i 

(a) Multiple filter structure (b) Residual filter structure 

Figure 4.2: General structures for the detection of signal changes [4]. 

with HI assumes that a particular type of change has occurred at a certain time 
instant. The outputs of the filters, y, represent signals that should typically be 
small if the corresponding hypotheses are in fact correct. The decision mecha- 
nism is therefore in essence based on determining which of the filters is doing 
the 'best' job of keeping the corresponding y's small [4]. 

Another general structure for the detection of abrupt changes is the residual- 
based structure, also illustrated in Figure 4.2b. In this case a filter is designed 
based on the assumption that no abrupt change has occurred or will occur. The 
filter produces a prediction 6 of the observed signal y, based on this assumption 
and the history of the observed signal. Tnis prediction is subtracted from the 
actual signal to produce a residual signal y. If no abrupt change has occurred, 
y should be small. Consequently deviations from this behavior are indicative 
for anomalies, and it is on this fact that the decision mechanism is based [4]. 

4.1.2 Defect detection and identificakion 

In the previous section we mentioned three cases in which the need for detection 
of abrupt changes arise. For disc defect detection in optical disc drives both the 
second and third reason apply. Since our goal is to prevent that erroneous 
information will influence the operation of the system, disc defect detection 
can be seen as an alarm that initializes appropriate countermeasures. Known 
countermeasures all adjust or completely replace the servo controller in one way 
or the other, effectively adjusting the tracking mechanism of the read out unit. 
This is in line with the third reason we mentioned. 

From the goal we stated, various requirements can be derived which a disc 
defect detection mechanism must meet. In the first place the detection time 
should be as short as possible. Second we require the highest possible accuracy 
or reliability. It will be clear that those requirements are by nature conflict- 
ing. The search for an optimal detection algorithm with respect to speed and 
accuracy is further complicated by the robustness demands. Despite the vast 
amount of different disc defects and the lack of information on other influencing 
parameters (disc reflection, temperature, substrate thickness e.g.) the detection 
algorithm must satisfy the first two requirements. 

Next to timely detection of a disc defect, we also want to know the type of 
disc defect. With the general multiple filter structure from Figure 4.2a both 
the detection and identification of disc defects can be combined. This can be 
achieved by formulating a hypothesis for each filter that assumes the presence of 
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one of the defect types that we wish to distinguish. The same can be achieved 
with the residual filter structure when several of these filters are used in paral- 
lel. The resulting defect classes S,, c E C of a classification like we discussed in 
Chapter 3, can form a good starting point in formulating the required hypothe- 
ses. 

Ijecoupling of the detection and identification of disc defects is also possible. 
This iTp!ies th& TE need m e  dgnrithm th l t  is dde tc! detect all different types 
of disc defects. This relaxes the need for fast defect identiification and hence 
its accuracy can be improved. However the chance of false alarms during the 
defect detection increases. Since the detector must be able to detect all defects 
its resolution will be reduced. This makes it harder to distinguish disc defects 
from other signal distortions. However when the countermeasures initiated by a 
defect detection do not endanger the proper functioning of the drive in case of a 
false alarm, the decreased reliability of the detector becomes of less importance. 

4.2 Disc defect detection method 

Independent from the type of detection method and structure, the goal of disc 
defect detection implies the need for an on-line algorithm. Off-line detection 
is not feasible due to the stringent demands on startup times for optical disc 
drives. There is simply no time to scan the whole disc and memorize the location 
of all disc defects 'off-he9 before the actuai data read out starts. However for 
the selection of affected signal regions as mentioned in Chapter 3, an off-line 
detection algorithm would suffice. 

Various on-line detection methods that fit one of the general forms of Fig- 
ure 4.2 have been developed 141. In this section we present a disc defect detection 
method that is based on the well-known concept of maximum likelihood (ML). 
The corresponding theory is treated extensively in literature and already work 
is done on implementing detectors of this kind in radar and hard-disk drive ap- 
plications [29,58]. The method leads to a detector that is easy implementable 
on-line and that is closely related to defect classification. 

4.2.1 Maximum likelihood detection 

The method we will discuss here uses the MIRN signal as input. The task of the 
detector will be to detect whether the influence of a defect, represented by the 
set of defect classes Sc, is present in this signal. For the sake of clarity we only 
consider two possibilities. The first is that no defect is present and the second is 
that a defect, represented by S,, is present. As discussed in the previous section 
the detector can easily be extended to cover all defect types by using several 
detectors in parallel. 

We start by defining the two corresponding hypotheses Ho and HI for the 
disc defect detection problem. The null hypothesis Ho states that no disc defect 
is present and HI is true when a disc defect is present. The observations of the 
MIRN signal u ~ d e r  the two hypotheses are: 
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with i = 1, 2, . . . , N determining the detection window y(t,) = (y(t, + l), 
y(t, + 2), . . . , y(t, + N)). The MIRN signal is modelled as a stochastic process 
y(t) = p(t) + v(t) with a purely deterministic part p(t) and a stochastic part 
v(t). The signal yc(k) denotes the defect signal obtained from 'S,, and t, is 
the defect arrival time. The observations of the MIRN signal and the defect 
signal are jointly represented as the source in Figure 4.1. Attached to the two 
hypotheses are the two conditionai probability densities py(t,)l~o(yiHoj and 
p ~ ( ~ , )  p1 (Yl&l). They define the cha~ce  on zespeciively 6 and HI,  given the 
actual observations of y,. 

In order to determine which of the two hypotheses is true a decision rule is 
needed. The requirement for such a rule is that it maximizes the reliability of 
the decision for a given detection time. Stated differently it must minimize the 
detection time for a given level of reliability. We now assume that the chance 
of a false alarm1 and that of a missed detection2 are directly related to the 
detection time or, with a given sample time, the size of the detection window. 
In that situation the likelihood ratio test yields an optimal decision rule with 
respect to those criteria [29,39,58]. It is defined as: 

where HI is accepted when the ratio in the left-hand side of (4.3) is greater 
than the threshold q. Else HI is rejected, indicating that no defect is detected. 
See also Appendix C. The likelihood ratio forms the probabilistic transition 
mechanism while the threshold comparison is the decision rule according t o  
Figure 4.1. 

For simplicity we now assume that the normal, unaffected MIRN signal is an 
uncorrelated, zero-mean stochastic process (Gaussian white noise) with variance 
A. In that case the likelihood ratio test for the presence of a disc defect is: 

which can be written in the form of a simple discrete time FIR-filter. The 
detector then becomes: 

where TH denotes a new threshold value. A complete derivation of the final 
form of the detector can be found in Appendix C. 

The assumption that the unaffected MIRN signal can be described by Gaus- 
sian white noise is not a very realistic one. A more realistic representation can 
be obtained by incorporating the coloring of the noise for the quasi-stationary 
MIRN signal. The required changes in the FIR-filter of (4.5) are specified in 
literature [58]. However, for reasons of simplicity, we continue to use the white 
noise assumption in the remainder of this chapter. 

'Rejecting Ho when it is true; type I error 
2Accepting Ho when it is false; type I1 error 
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Figure 4.3: Straight line approximation for the reference signal edges. 

The choice of the threshold value TH and the detection window size N de- 
pend on the requirements of detection speed and reliability. These requirements 
on their turn depend on other elements of the optical disc drive such as the used 
control strategy during disc defects, the data decoding and error correction algo- 
rithms. More research and experimental validation are needed on the integrated 
system in order to determine suitable values for these important parameters. 

4.2.2 Some intuitive adjustments 

The FIR-filter from (4.5) forms the core of the maximum likelihood detector. 
Basically the output of this filter is a multiplication of N samples of the input 
signal with N corresponding samples of the assumed defect reference signal. 
We already suggested to use the time series 3, as reference signals y,(k) in c 
parak! detedicr, 5lters. Ir, Chapter 3 we mentioned that the edges ~f these 
time series, obtained from fitted polynomials, are not very accurate. Another 
disadvantage of these signals is that they hardly show any deviations from the 
normal MIRN signal during the first few samples. When using these signals in 
the suggested detector this will result, when N is chosen small as required by 
the demands for fast detection, in an output that will hardly show any change 
when a defect is present. Therefore we decide to approximate the edges of the 
fitted defect signal with a straight line as depicted in Figure 4.3 for one of the 
reference signals. 

All the models are adjusted like we discussed and simulations are done with 
the resulting FIR-filter. For one of these simulations the resulting output of the 
filter is shown in Figure 4.4. We remark that this output is approximately 20 
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Figure 4.4: FIR-filter output for defect class reference signals; 700 ,urn quarter 
black dot, N = 10. 

times higher than for the initially used defect class models with the smooth edges 
(gray line in Figure 4.3). The actual detection takes place by searching for the 
time instant where one of the output signals reaches the threshold level TH. The 
figure further shows that for all defect models y,(k) the filter gives a significant 
output. From this observation we conclude that the distinctive capabilities of 
the various filters (one for each defect class as identified in Chapter 3) is low. 
Further investigations show that, independent of the class to which a test signal 
belongs, the reference signal for S1 U S2 results in the highest filter output and 
that for S7 in the lowest. 

From the above we conclude that a combined defect detection and iden- 
tification approach does not give satisfactory results. More accurate models, 
especially at the starting edge of the affected signals and better knowledge of 
the noise coloring and probability distributions could possibly improve the per- 
formance. However we now chose another approach. We observe that the slope 
of the reference signal y,(k) in the detection window is the feature that deter- 
mines the amplitude of the FIR-filter response. In the first N samples it appears 
that the reference signal for the defect class S1 U S2 has the steepest slope of all 
signals. See also Figure 4.4 where the output of the FIR-filter is shown for the 
different reference signals. 

The idea now is to model the defect with a signal that has an infinitely 
steep slope. The amplitude of this 'block form' defect model can be chosen a t  
will, as long as the corresponding threshold value is adjusted accordingly. The 
new defect model is depicted in Figure 4.5. Simulation results with this new 
reference signal are shown in Figure 4.6. Here we clearly show the improvement 
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Figure 4.5: Reference signal with infinite slope for defect detector. 

in detection speed that can be achieved by using this abstract defect model. 
Note that when the amplitude of the block form defect signal is chosen equal t o  
one, the output of the FIR-filter is reduced to a simple summation of N samples 
of the incoming MIRN signal. 

4.2.3 Disc defect identification method 

The choice for the 'infinite slope' reference signal also implies that an extra 
algorithm is needed to identify the exact type of disc defect whenever one is de- 
tected. A logical choice is to use the MIRN signal mapping we developed for the 
defect clustering algorithm. As soon as a defect is detected by the defect filter, 
we start to construct the property vector p for the incoming MIX?? signal. See 
also Section 3.2.2 and 3.2.3. Initially only N samples of the signal are available 
but for each new sample extra information becomes available and hence the esti- 
mates of the various properties become more accurate. For the reference signals - 
Sc this procedure can be performed off-line, resulting in c property matrices or 
look-up tables, denoted by PC. Each row n, n = 1, 2, 3, . . . of such a matrix 
holds the property vector for the first N + n - 1 samples of the corresponding 
reference signal. At each time instant k we now can calculate the Euclidean 
distance between the property vector p of the input signal and those of all the 
class reference signals PC,,, c E C. When the number of available samples is suf- 
ficiently high, one of these distances will become significantly smaller, thereby 
identifying the occurring disc defect on-line. 
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1.4 I 

old detector + : 

Figure 4.6: FIR-filter output for block form reference signal; 700 um quarter 
black dot, N = 10. 

4.3 Detection performance 

In this section we present a simulation model of the defect detection and identi- 
fication algorithm that we discussed in the previous section. With this model we 
try to assess whether the intuitive design choices we made, result in an improved 
defect detector. Next to the validation of the method we also discuss various 
practical issues that are of importance for the integration of the algorithm in 
optical disc drives. 

4.3.1 Simulation results 

The simulation model of the defect detection and identification algorithm is 
made in Simulink. As much as possible we restrict ourselves to the use of 
elementary blocks like summation points, switches, comparators and unit delay 
blocks. This approach results in a basic model for which translation to a real 
hardware implementation is relatively easy. Details about the simulation model 
can be found in Appendix E. 

In Figure 4.7 the simulation results are shown for a quarter black dot of 
900 pm. The graph shows that the new detector responds about 30 ps faster 
to the defect than the currently implemented detector. This improvement in 
detection speed goes at the cost of some 'false' alarms. As discussed in Sec- 
tion 4.2.1 an optimal threshold value can be determined that gives the best 
trade-off between detection time and false alarms. Due to the lack of infor- 
mation, these calculations are omitted here and a suitable threshold value is 
determined through trial and error. The effect of this is shown in Figure 4.8 
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Figure 4.7: ML detector simulation result for a 900 pm quarter black dot; N = 
10, TH = 0.5. 

where the simulation results are depicted for a random scratch. In this case the 
new defect detector produces numerous false alarms, which could be improved 
by using a better TH value. However we note that the detection of the actual 
defect (between sample number 50 and 225) seems more accurate than with the 
old detector. 

Experiments with other values for the detection window size N revealed 
no significant changes in the resulting outputs of the simulation model. The 
corresponding result of the implemented identification algorithm for the black 
dot simulation is shown in Figure 4.9. From this graph it becomes clear that 
in approximately 45 ps the correct defect type-the class to which the defect 
belongs-can be determined. 

4.3.2 Validation 

Simulation results already showed that the maximum likelihood detector with 
the block form reference signal performs equally good or better than the cur- 
rently used detector. However we also want to compare the results of the de- 
tector with the simple case in which defects are detected whenever the MIRN 
signal itself passes a certain threshold level. In order to do this we adjust the 
threshold levels for both methods so that no false alarms will occur during the 
simulation. With these TH values we then compare the resulting detection times 
for the ML detector and the direct method. We perform simulations for several 
different test defects, where for each defect three different MIRN measurements 
are used. The results of these comparisons are summarized in Table 4.1. From 
this table we can conclude that the ML detector gives an output signal with a 
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Figure 4.8: ML detector simulation resuit for a scratch at R = 32 mm; N = iO, 

Figure 4.9: Defect identifier simulation result for a 900 pm quarter black dot; 
N = 10, TH = 0.5, Euclidean distance measure. 

Confidential 



CHAPTER 4. DEFECT DETECTlON 

Table 4.1: Detection time difference for ML and direct threshold methods; (for 
negative values ML detection is faster). 

Test defect Experiment 1 Experiment 2 Experiment 3 

edge black dot 700 p m  -24 ps -20 ps -24 ps  
~ ~ n c t e r  det prr. -30 CJs -?n .." ps -10 pE 

middle black dot 1100 pm 0 bs  -14 ps -6 ps 
scratch 520 p m  -4 ps  -2 ps -14 ps  
scratch 1020 p m  -3 ps 4 PS -2 ps 
scratch 1520 p m  -2 ps 0 PS 0 PS 
scratch at R = 3 2 m m  -62 ps -64 ps -1 

scratch at R = 3 2 m m  0 Ps -16 ps -2 ps 
scratch at R = 3 5 m m  -12 ps -4 ps -16 ps  
edge white dot 1000 pm -12 ps -16 ps -14 ps  
middle white dot 1000 pm -28 ps  -28 ps -10 ps 
normal fingerprint -134 ps -50 ps -40 ps 
heavy fingerprint 0 Ps -10 ps  -24 ps  
realistic fingerprint -38 ps  0 Ps -32 ps 

Time difference unknown since no detection occurred for the direct threshold method 

with the TH value, required to  prevent false alarms. 

better signal-to-noise ratio. Therefore the threshold level can be set lower in 
this case, yielding faster detection. From the experiments we also conclude that 
in all cases the identification algorithm indicates the correct defect class for the 
test measurements, within half of the total defect duration time. 

4.3.3 Implementat ion 

The simulation model is constructed in such a way that it can form the basis 
for the actual implementation of the algorithm. The most important issue that 
requires attention during implementation is the offset cancellation of the MIRN 
signal. During simulations we use MIRN signals from which the DC offset is 
removed. See also Section 3.2.1. Tests with the simulation model show that 
the method is very sensitive to these offsets in the MIRN signal. As discussed 
in Section 3.2.1 the offset can be determined by calculating the average value 
ef the MIEK signa! when it is unzffected by any disturbances. 111 a ~ ?  911-line 
implementation the required mean value can be calculated from a fixed number 
of unaffected samples and it can be updated repetitively. Furthermore a good 
initial offset value must be available that, for instance, is determined during the 
drive's initialization sequence. 

Another issue that must be taken into consideration when implementing a 
detector in a (re-)writable drive is the laser power adjustment. When an optical 
disc drive switches from write mode to read mode or vice versa, the laser is 
switched between high and low power. This adjustment causes a severe change 
in the MIRN signal level to which a defect detector, incorrectly, will react. An 
easy way to deal with this phenomenon is to ignore the defect detector output 
for a short period of time whenever a laser power adjustment takes place. 
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4.4 Discussion 

In this chapter we discussed the concept of detection in general and disc defect 
detection in particular. Various general detection structures are possible and the 
detection and identification tasks can be combined or can be treated separately. 
Numerous methods are availabie from literature to fili in the various blocks of 
a detection dgoijthm, within the framework of the chosen genera! structttre. 

An important issue in detection is the trade-off betweer, cletectior, speed and 
reliability. We introduced the likelihood ratio test to obtain an optimal solution 
for detection with respect to these criteria. In this method various assumptions 
are made about the statistical properties of the signals under consideration. 
Verification and possible adjustments of these assumptions is required in order 
to achieve a real optimal solution. In the case of disc defect detection this comes 
down on collecting more statistical data on the occurrence, type and shape of 
disc defects. 

The most important observation is that detection and identification essen- 
tially imply comparing observations with known types of behavior. Determining 
and describing the behavior during anomalies which we want to detect, there- 
fore forms the basis of a successful detection and identification algorithm. The 
reference signals for the found defect classes provide the required information 
for the identification part of the algorithm. The actual defect detection with 
the maximum likelihood method however proved to perform better with a single 
'block form' reference signai. More research is needed to fuliy understand why 
the ML detector performs better with this abstract defect model. Although sim- 
ulation results look promising, also more work on the improvement of the defect 
class reference signals is required to obtain an optimal and robust identification 
algorithm. 

In our work we focussed on on-line detection methods. Our goal is namely t o  
implement it in an optical disc drive in order to improve playability with respect 
to disc defects. The on-line character of the presented detection method brings 
in some extra difficulties, the most important one being the DC cancellation. 
Furthermore care must be taken during the integration into an optical disc 
drive that the detection algorithm works properly in combination with other 
drive functionalities. 

Finally, the causality of on-line detection implies a detection time greater 
than zero. Therefore control systems must be robust for initial errors that occur 
between the occurrence and actual detection of anomalies. It is worth noting 
that this limitation can partly be resolved for periodic defects by incorporating 
defect prediction, based on accurate detection of the anomaiy when it first 
occurs. Another possibility is to look ahead and using some sort of 'pre-scanning' 
system that detects disturbances before they start to influence the main system. 
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Conclusions 

In this report we investigated how the influence of disc defects can be charac- 
terized and utilized in order to achieve playability improvement for optical disc 
drives. The aim was to investigate the impact of disc defects on selected servo 
signals and to develop a classification for disc defects based on these signals. 
Furthermore we initiated the improvement of disc defect detection and identi- 
fication. In Section 5.1 conclusions are drawn with respect to these objectives. 
Suggestions for further research are presented in Section 5.2. 

5.1 Conclusions 

In Chapter 2 we investigated the impact of disc defects by analyzing measure- 
ment results of selected servo signals. Next to the actual measuring and analysis 
of the results, also the selection of representative signals and defects was treated. 
From this research we can conclude that: 

0 Measuring servo signals under the influence of disc defects is no trivial 
task as became clear from Section 2.1 and 2.3.1. 

0 For most of the analyzed defects designated test discs are available but 
to obtain a more representative set realistic defects are incorporated as 
mentioned in Section 2.2.2. 

Disc defects alter the amount of reflected light that reaches the photo 
detector. In Section 2.2 and 2.3.2 we showed that the result of this can be 
observed most clearly and directly in the MIRN signal. 

0 The influence of disc defects on the MIRN signal is, in contrast to other 
servo signals, reasonably understood as became clear from Section 2.2.1 
and 2.3.2. 

0 However some observed phenomena in the MIRN signal remain unex- 
plained as discussed in Section 2.3.2. 

Chapter 3 dealt with the development of a disc defect classification. It was 
based on the measurements and subsequent analysis of signals as discussed in 
Chapter 2. All the steps of the classification process were treated extensively. 
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With respect to the research objectives the following can be concluded about 
disc defect classification: 

0 The hierarchy is a suitable disc defect classification structure as discussed 
in Section 3.1 and 3.3. 

0 With a combination of signal theory and physical insight, an usable map- 
p i ~ g  of defect i m ~ s l i r e r n e ~ t s  i;;to a property space is obtained, ~hic!: is 
prese~tted in Section 3.2.2. 

0 As shown in Section 3.3, the Euclidean distance and Ward linkage are 
geometric dissimilarity measures that are usable in distinguishing different 
types of disc defects. 

0 The developed classification method did not give satisfactory results when 
applied to other servo signals as became clear in Section 3.3. 

0 The fitted polynomials that were used to describe the defect classes, pre- 
sented in Section 3.4.1, are far from perfect but usable in classifying new 
disc defects as followed from Section 3.4.2. 

The detection and, closely related, the identification of disc defects were dis- 
cussed in Chapter 4. We introduced concepts of detection and worked out 
a detection method in more detail that is based on the principle of maximum 
likelihood. Fro= this the fcllowing caa be ccacluded .&out disc defect det,ectior, 
in general and the presented approach in particular: 

0 Detection is a form of classification or identification as became clear in 
Section 4.1. 

0 Causality in on-line detection methods implies a trade-off between detec- 
tion speed and reliability as was shown in Section 4.1.1. 

0 The method of maximum likelihood presented in Section 4.2.1, provides a 
manner to obtain an optimal performing detection algorithm with respect 
to speed and reliability. 

0 The reference signals describing the obtained defect classes are not suit- 
able for usage in a detection structure with multiple ML detectors, which 
followed from Section 4.2.2. 

0 Disc defect detection was improved by using a single ML detector that 
is based on a 'biotic form' defect reference modei iiike we discusseci in 
Section 4.3.1 and 4.3.2. 

o The investigated detection method is very sensitive to signal offsets in the 
MIRN signal as mentioned in Section 4.3.3. 

0 On-line disc defect identification based on the defect clustering algorithm 
from Chapter 3 seemed accurately and fast enough for real time imple- 
mentation as discussed in Section 4.2.3 and 4.3. 
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5.2 Recommendat ions 

Based on the results of this research and on the open issues remaining in the work 
of disc defect modelling, classification, and modelling the following directions 
for further research are suggested. First of all it is recommendable to extend 
the disc defect database to obtain a truly representative set of defects that are 
---~..n+-rr\rl 4- mg14+~r  Tm thk n r n n n c c  o n  o.+nmntnrl  m o n m > & n m  n m n n r i - r m  n r i l l  
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be of great help in collecting the required data. Furthermore, an hproved 
off-line detection mechanism to accurately select affected regions of measured 
signals in a reproducible way would be beneficial. 

From our understanding of the drive physics we explained the behavior of 
the measured servo. However there are still phenomena observed in servo signals 
that cannot be explained. To extend the insight in the influence of disc defects 
on those signals the efforts t o  derive models for servo signals should be continued. 
These models can also provide a more accurate mapping of the signals into a 
property space from which defect clusters are derived. In this context it is also 
recommended to further investigate the suggested signal property mapping and 
look for a mathematical justification for using this specific mapping. Finally 
improved signal models can be used to generate more accurate signals that 
describe the identified defect classes. 

We introduced the concept of maximum likelihood and discussed how this 
can be used for disc defect detection. After initial simulations we replaced the 
reference signais obtained from the defect classification with a simple 'block 
form7 reference model. The results obtained with the latter suggest that this 
method yields a better performing maximum likelihood detector. More research 
is needed to confirm these observations. Further more research is needed to 
justify the various assumptions that are made. Then a truly optimized detection 
and identification algorithm can be designed. Of course such a method should 
be thoroughly tested and validated after it is integrated in an optical disc drive. 
Finally this research shows that there are various ways to approach the issues of 
classification and detection. An open mind towards methods and ideas, different 
from the ones presented in this report, is the only way to reach the final goal of 
guaranteed optimal performance of optical disc drives with respect to playability. 
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Experiment a1 issues 

A. 1 Technical details 

A block diagram of the electrical design with all the key components of the 
basic engine is presented in Figure A.1. Important components are the SPIDRE 
preprocessing IC and the MACE 3 digital servo IC. The first normalizes the 
various photodetector currents and constructs the various servo input signals. 
The latter implements the control loops and defect detector. More information 
on these and other components can be found in [5,7,22,30,32,36]. 

The normalizing circuits (NORM) of the SPIDRE preprocessing IC are 
equipped with a dropout concealment circuit N. This circuit with input cur- 
rents Il and I2 produces the following dropout-concealment current Io:  

where IDoc is a dropout-concealed scaling current that is chosen according t o  
the modulation depth of the signal to be normalized, produced by the DOC 
circuit of the IC. The NORM block has one dropout-concealment circuit that 
delivers various IDoc currents, IDoc, through IDoc,, for the normalizer cir- 
cuits. The dropout-concealed scale currents IDoca, i = (1, . . . , 4) are defined as 
-TDOC, = GDOCINir where IN ,  are programmable reference currents and GDoc 
is defined by: 

GDoc = 1, CAN > IT (-4.2) 

CAN 5 IT G ~ o c  = - 
IT 

(A.3) 

where IT is the threshold level for dropout-concealment with which the normal- 
ized sum current CAN is compared. If CAN drops below IT the scale factor 
GDoc will decrease linearly with CAN in order to prevent 'dividing by zero'. 
There is a threshold ITW for write and a threshold ITR for read. The currents 
IN,, ITW and ITR are programmable via the serial bus [32]. 

The engine is controlled through the POS Test Tool (POS-TT) program [20]. 
See Figure A.2. This program is equipped with a scripting language that makes 
it easy to automate the initialization of the drive. 
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Figure A.l: Electrical scheme with key components of DVD+RW VAE8010/01 
basic engine. 
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A.2. MEASUREMENT ACCURACY 

Figure A.2: Screenshot of the POS-TT program. 

Through the interface it is also possible to directly adjust the register settings 
of the various IC's, for example to adjust the dropout-concealment settings [57]. 
All used hard- and software is summarized in Table A.1. 

A.2 Measurement accuracy 

A few things can be said about the measurement accuracy from a technical point 
of view. First we check wether the vertical resolution of the measuring device 
is sufficient to accurately describe the phenomena that we are interested in. 
The oscilloscope is equipped with 16-bits analogue-to-digital converters. With 
a full-scale voltage range of -0.5 to +0.5 V this yields a theoretical resolution of 

Table A. 1: Equipment used during experiments. 

Device Type 

Optical disc drive DVD+RW VAE8010/01 video recorder engine 
Test print Test PCB CE4779 DVD+RW engine L2 
Measuring device Fluke PM3394B 200 MHz Combiscope 
Probes Fluke PM9010 10:l Passive Probes 
Power supply AFX 9660SB 0-30 V 0-3 A, DC dual-out 

Interfaces MOVX V1.O, S2B V1.O, IDE V1.O 
Test software POS-TT Version RP.01.15a 
Measurement software Flukeview Combiscope for Windows Version 2.0 
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1165536 E 1.53.10-~ V. The manufacturer guarantees a resolution of 1164000 = 
1.56. V. Since the are mainly interested in the large voltage differences- 
difference between complete and no reflection corresponds to approximately 
0.2 V-this resolution is more than sufficient. 

Another issue is the so-called multiplexing of the oscilloscope. The oscillo- 
scope retrieves the samples at one time instant in pairs for two channels. Since 
the oscilloscope is only equipped with two A/D-converters it is not possible 
to process all four channels at exactly the same time instant. With a simple 
experiment we check wether the time delay introduced by this multiplexing is 
significant or that it can be neglected. We apply a single square wave signal 
to all input channels and zoom in on the resulting measurement. From this we 
observe that the delay between the two channel pairs is 1 sample period at the 
most. This 2-  s time delay can easily be neglected since the phenomena we 
are investigating last approximately 200-1000 times longer. In a similar fashion 
we can check the delay between the trigger instants of two coupled oscilloscopes 
(when more than four channels must be measured). This delay is also 2 .  s 
at the most and therefore negligible. 

A.3 Relations between voltage and distance 

Although the measurements of the REN and FEN signals must be considered to 
be unreliable, it is useful to know what the measured voltages physically mean. 
A rough estimate for the relation between the measured error signals in volts and 
real position errors in meters can be obtained from a simple experiment. When 
the REN and FEN signals are measured in open-loop we assume that these 
signals periodically reach their maximum values due to the present periodic 
disturbances (eccentricity and tilt respectively). For the experimental set-up 
we used these measurements are shown in Figure A.3 and A.4. The following 

be used to derive the relation between voltage and distance. 

Radial : Vpp - .f: d 
3 

Focus : Vpp - 0.81s 

the peak-to-peak voltage in the presented graphs. For the 

rules of thumb can 

where V,, denotes 
radial lo& d denotes the track pitch, which is equal to 0.74 pm for a DVD disc. 
Note that the estimate is only valid when the radial error signal is generated 
according to the differential phase detection (DPD) method. The parameter 
is denotes the length of the S-curve as the ~ha~aeteristic imasiireiiieiit of the 
open-loop focus error is usually called. For our set-up the typical length is 7 pm. 
The approximation applies to the astigmatic focussing method. The estimates 
for the voltage-distance relations are now 

Radial : 1 V - 1.64 - 10-6 m 

Focus : 1 V - 11.5.10-6m 

where we used averaged Vpp values in both cases. 
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V = 0.3 V 
PP 

1.14 I I I I I 

Time [s] x 

Figure A.3: Open-loop measurement of the radial error signal (DPD). 

I I 

04 0.006 0.008 0.01 
Time [s] 

Figure A.4: Open-loop measurement of the focus error signal (S-curve). 
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Appendix B 

Clustering algorithm design 

In Chapter 3 we presented various possible distance measures and linkage meth- 
ods for the agglomerative hierarchical clustering. Here we discuss the quantita- 
tive and intuitive considerations that led to the choice for the Euclidean distance 
measure and Ward linkage method. In Section B.1 we discuss the selection of 
the most suitable distance measure. The choice of the linkage method for the 
clustering algorithm is treated in Section B.2. 

B. 1 Distance measures 

There are several possible distance measures that can be used to indicate the 
dissimilarity between the entities (MIRN signals mapped into a property space). 
They are: 

1. Euclidean distance (p = 2); 

2. CityBlock distance (p = 1); 

3. Minkowski metric with p = 3; 

4. Minkowski metric with p = 4. 

Higher orders for the Minkowski metric are omitted. For each linkage method 
the several distance measures result in similar dendrograms for our database of 
disc defects. The are depicted in Figures B.1 to B.5. The different dendrograms 
are discussed in more detail in the next section. Also refer to Section 3.2.3 
for more information on interpreting dendrograrns. In order to make a better 
comparison between the four distance measures we introduce the cophenetic 
correlation coeficient.  This coefficient is a measure for the distortion of the 
obtained clustering, indicating how readily the data fits into the structure sug- 
gested by the algorithm. I t  is defined as 

where dT, is the distance between objects r and s defined by the distance mea- 
sure. d(r, s) is the distance between clusters r and s defined by the linkage 
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Figure B.l: Dendrograms for various dissimilarities and Single linkage. 

method. z,, and z(r, s )  are the average values of d,, and d(r,  s)  respectively. 
Basically p, is a measure for the correlation between the linking of objects in 
the cluster tree and the dissimilarity of the original objects. The closer the 
value of the cophenetic correlation coefficient is to one, the better the clustering 
solution. More information can be found in [55] .  

In Table B.l the average cophenet values of the cluster outputs are shown 
for the different dissimilarity measures. These p, values are determined for 
each dissimilarity measure by calculating p, for all five linkage methods and 
taking the average value. From the table it becomes clear that the Euclidean 
distance measures results in the highest average cophenet value. Further we 
note that the resulting coefficients for the City Block and Minkowski distances 
are only slightly lower. This could be expected since the distance measures 
are closely related to each other. Next to the high cophenet value the normal 
Euclidean distance is the easiest to calculate and its geometrical interpretation 
is most straightforward. 'We therefore decide to use the Buclidean distance as  
the dissimilarity measure in the disc defect clustering algorithm. 

B.2 Linkage methods 

From the dendrograms for the Single linkage method in Figure B.l we conclude 
that this linkage method does not give satisfactory results. The defect classes 
that can be obtained from these cluster trees are clearly isolated, as can be seen 
from the long vertical lines in the right parts of the dendrograms. However 
this distinction is achieved at the cost of the cohesiveness of the clusters. The 
left parts of the dendrograms represent a disproportionately large cluster that  

Confidential 



B.2. LINKAGE METHODS 

Euclidean distance 

City Block distance 

Minkowski distance (p=3) 

*OO0 l 
$'OOt - .- +, 1 1  
.: 1000 
* 
6 

500 

0 
Entities 

Minkowski distance (p=4) 

Figure B.2: Dendrograms for various dissimilarities and Complete linkage. 
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Figure B.3: Dendrograms for various dissimilarities and Average linkage. 
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Figure B.4: Dendrograms for various dissimilarities and Centroid linkage. 
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Figure B.5: Dendrograms for various dissimilarities and Ward linkage. 
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Table B.l: Cophenet correlation coefficient for disc defect clusters. 

Distance - 
PC 

Euclidean 0,3997 
City Block 0,3535 
Minkowski (p=3) 0,3833 
Minkowski (p=4) 0,3766 

contains a mixture of various defects. This inconsistency is not in line with the 
distribution of defect types in the reference database. Therefore we discard the 
single linkage method as option for the disc defect clustering algorithm. 

Based on the dendrograms for the remaining linkage methods alone, it is 
difficult to select the most suitable method. We therefore investigate which disc 
defects are grouped into clusters and which ones are placed in separate ones 
to make a well-considered decision. The contents of the cluster, obtained with 
the different linkage methods and the Euclidean distance measure, are given in 
Table B.2. Since the outcomes with the Centroid linkage method are exactly 
the same as for the Average linkage method, only the results for the latter are 
shown. It must be noted that the contents of the clusters becomes exactly the 
same for all linkage methods when only four different clcsters are selected. 

From Table B.2 we observe that all linkage methods, except the Ward 
method, place the 900 p m  middle black dot in the same cluster as the three 
largest artificial scratches. Investigation of the corresponding signals shows that 
the MIRN signals for these large scratches look more like those of the 1100 p m  
black dot and 920-1120 p m  scratches. See Figure B.6. For the Average and 
Centroid linkage methods we further note that they both result in two separate 
clusters for normal and heavy fingerprints. From the discussion in Section 3.3 
we conclude that this is not in line with physical reality. While all methods 
yield similar results for a small number of different clusters, only Ward link- 
age produces logical clusters when the number of clusters is increased. Due t o  
its logical subdivision and flexibility we therefore decide that the Ward linkage 
method is the most suitable for our disc defect classification. 
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Table B.2: Contents of clusters for various linkage methods; Euclidean distance. 

Complete Average Ward 

S1 scratch 420-820 pm scratch 420-1120 pm scratch 420-820 pm 
black dot 700 pm black dot 700 pm black dot 700 pm 

biack dot YO0 pm black dot 1100 pm - 

Sz black dot 1100 pm heavy fingerprints black dot 1100 pm 
scratch 920-1120 pm scratch 920-1120 pm 

S3 black dot 900 pm black dot 900 pm scratch 1320-1520 pm 
scratch 1320-1520 pm scratch 1320-1520 pm 

Sq black dot 700 pm black dot 700 pm black dot 700 pm 
black dot 900 pm black dot 900 pm black dot 900 pm 
black dot 1100 pm black dot 1100 pm black dot 1100 pm 
scratch at 32 mm scratch at 32 mm scratch at 32 mm 

Ss scratch 320 pm scratch 320 pm scratch 320 pm 
scratch at 32 mm scratch at 32 mm scratch at 32 mm 
scratch at 35 mm scratch at 35 mm scratch at 35 mm 

Ss white dot 500 pm white dot 500 pm white dot 500 pm 
white dot 1000 pm white dot 1900 pm white dot 1000 pm 

S7 normal fingerprint normal fingerprint normal fingerprint 
heavy fingerprint heavy fingerprint heavy fingerprint 
realistic fingerprint realistic fingerprint realistic fingerprint 

Note 1: edge and quarter black dots in S4; middle  black dots in S1, S 2 ,  S3. 

Note 2: realistic edge scratches a t  R = 32 mm in S4; others in Ss. 

Note 3: edge and middle  white dots both in S6 .  

(a) Middle black dot 900 p m  and ar- (b) Middle black dot 1100 p m  and 
tificial scratches 1420-1520 p m  artificial scratches 1420-1520 p m  

Figure B.6: Comparison of black dot and artificial scratch signals. 
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Mat hemat ical theory 

C. 1 Multivariate least squares 

Here we show how to construct the inputs for a least squares algorithm in order 
to obtain a optimal solution for multiple time series. The function structure 
that we will fit to the data is that of a polynomial of degree n with coefficients 
81, 82, . . . , On, The row vectors containing the time series in the set A: 
(for instance all I time series belonging to defect class c) are put in a matrix: 

with t = 1, 2, . . . , N. The polynomial coefficients are grouped as: 

The polynomial approximation of the real signal y(t) is given by: 

The least squares criterion function for the polynomial (C.3) is defined as: 

With (C.l), ((3.2) the polynomial function (C.3) that approximates all time 
series y(t) in the set A: can be written as: 



APPENDIX C. MATHEMATICAL THEORY 

where cpT is the Vandermonde matrix: 

where t i  = t i  = . . . = t f ,  i = 0, 1, . . . , n. The least squares estimate now 
follows from: 

In Matlab this optimal solution can be found with the command: 

theta-LS = polyf it (phi, y , n) 

where phi is the Vandermonde matrix (C.6), y is given by (C.l), and n is the 
degree of the fitted polynomial [54]. 

C.2 Maximum likelihood detection 

C.2.1 The method of maximum likelihood 

We start by giving the definition of the likelihood function and the maximum 
likelihood estimator [39]. 

Suppose that X is a random variable with probability distribution 
f (x, 0), where 0 is a single unknown parameter. Let XI ,  22 ,  . . . , x, 
be the observed values in a random sample of size n. Then the 
likelihood function of the sample is: 

Note that the likelihood function is now a function of only the un- 
known parameter 0. The maximum likelihood estimator of 0 is the 
value of 0 that maximizes the likelihood function L(0). 

In the case of a discrete random variable, the interpretation of the likelihood 
function is clear. The likelihood function of the sample L(0) is just the proba- 
bility: 

P ( X  = XI, X = xa, . . . , X = x,) (C.9) 

That is, L(0) is the probability of obtaining the sample values XI,  x2, . . . , x,. 
Therefore, in the discrete case, the maximum likelihood estimator is an estima- 
tor that maximizes the probability of occurrence of the sample values. 

The likelihood ratio principle is easy to illustrate. Again we consider the 
random variable X with probability distribution f (x, 0). We wish to test the 
hypothesis Ho : 0 is in Ro versus Hl : 0 is in R1, where Ro and R1 are disjoint 
sets of values (such as Ho : p 1 0 versus HI : p < 0). Let XI, 52, . . . , xn be 
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the observations in a random sample. The joint distribution of these sample 
observations is: 

f ( x 1 , ~ 2 ,  . . . , x  n , Q ) = f ( ~ l , O ) . f ( ~ , Q ) . . - . . f ( ~ , 0 )  (C.10) 

The likelihood ratio principle for test construction consists of the following 
steps [39] 

Find the iargest vaiue of the ii'keii'hood for any 0 in 520. This is done by 
finding the maximum likelihood estimator 0 restricted to values within Slo 
and by substituting this value of 0 back into the likelihood function. This 
results in a value of the likelihood function that we will call L(Ro) .  

Find the largest value of the likelihood for any 0 in 01. Call this the value 
of the likelihood function L(R1). 

Form the ratio 

The ratio r ]  is called the likelihood ratio test statistic. The test procedure calls 
for rejecting the null hypothesis Ho, when the value of this ratio r] is small, say, 
whenever r]  < k ,  where k is a constant. Thus, the likelihood ratio principle 
requires rejecting Ho when L(R1)  is m c h  larger than L ( R c ) ,  which would in- 
dicate that the same data are more compatible with the alternative hypothesis 
H1 than with the null hypothesis Ho. Usually, the constant k would be selected 
to give a specified value for a, the type I error probability1. 

C.2.2 MLE detection filter 

The hypotheses Ho and Hl are defined according to (C.12) and (C.13) with 
yn(ts + k ) ,  i = 1, 2, . . . , N, the samples of a white noise stochastic process with 
variance A. 

Ho : Y (ts + k )  = yn (t, + k )  (C.12) 
HI  : y ( t s + k )  = y n ( t s + k ) + y c ( k )  ((2.13) 

The likelihood ratio test statistic follows from the general form (C.11), yielding: 

We assume that the probabilities for each hypothesis are normally distributed. 
The resulting probability densities are: 

1 
~ y ( t , + k ) l ~ ~  (y ( t s  f k ) l H ~ )  = - exp (- (~t,+k - 2X Y C ( ~ ) ) ~  (c .16)  dzzi 

"he probability that the null hypothesis Ho is rejected when it is true. 
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Since the samples y,(ts f k) are statistically independent, the joint probability 
density of the vector y(ts), follows from the product of the individual probability 
densities. Thus: 

Substituting (C.17) and (C.18) in (C.14), cancelling common terms and taking 
the logarithm, we obtain: 

From this equation the likelihood ratio test given by (4.4) in Chapter 4 can be 
derived easily [58]. 

Confidential 



Disc defect database 

The used optical discs and the defects that are on them, are summarized in 
Table D.1. For each defect ten measurements are conducted in order to reduce 
the influence of occasional disturbances or other measurement faults. 

Table D.l: Equipment used during experiments. 

Disc Defects 

CVP02.18A black dots 700, 900 and 1100 pm 
artificial normal fingerprint 
artificial heavy fingerprint 

CVPO2.70 artificial radial scratches 320, 420, . . . , 1120 ,urn, 
1320, 1420 and 1520 ,urn 

LVPO1.09 S1 realistic radial scratch at R = 35 mm 

LVPO 1.09 S4 realistic normal fingerprint 

LVPO1.09 S5 realistic radial scratch with dirt at R = 32 mm 

DVD+RW S7 white dots 500 and 1000 ,urn 

For the black dots, measurements are done 
at different locations. See Figure D.1. The 
measurements for each location are denoted 
by edge black dot, quarter black dot and Mlddle Or 
middle black dot respectively. The same ap- -- ---------- 

Quarter 
- - - - -- - - plies for the realistic radial scratch with dirt Edge 

on the LVP09.01 S5 test disc. Since the dirt 
(dried coffee and dust) is not uniformly dis- Figure D.l: Spot locations. 
tributed over the scratch measurements are 
conducted at three different locations. In total this collection of disc defects 320 
measurements are conducted. For each defect type the reference measurements 
of the MIRN signal are shown in the figures below. 
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Figure D.2: MIRN signals for a 700 p m  edge black dot. 

Time [s] 

Figure D.3: MIRN signals for a 700 p m  quarter black dot. 
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Figure D.4: MIRN signals for a 700 pm middle black dot. 
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Figure D.5: MIRN signals for a 900 pm edge black dot. 
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Figure D.6: MIRN signals for a 900 p m  quarter black dot. 
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Figure D.7: MIRN signals for a 900 p m  middle black dot. 
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Figure D.8: MIRN signals for a 1100 p m  edge black dot. 
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Figure D.9: MIRN signals for a 1100 pm quarter black dot. 
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0.8~  ! I I I I I 
I I I I 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 'l 
Time Is] x 

Figure D.lO: MIRN signals for a 1100 ,urn middle black dot. 

Figure D.ll: MIRN signals for a 320 ,urn artificial scratch. 
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Figure D.12: MIRN signals for a 420 p m  artificial scratch. 

Time [s] 

Figure D.13: MIRN signals for a 520 p m  artificial scratch. 

Confidential 



APPENDIX D. DISC DEFECT DATABASE 

Time [s] 

Figure D.14: MIRN signals for a 620 p m  artificial scratch. 
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Figure D.15: MIRN signals for a 720 pm artificial scratch. 
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Figure D.16: MIRN signals for a 820 pm artificial scratch. 
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Figure D.17: MIRN signals for a 920 pm artificial scratch. 
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Figure D.18: MIRN signals for a 1020 pm artificial scratch. 

Time [sj 

Figure D.19: MIRN signals for a 1120 pm artificial scratch. 
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Figure D.20: MIRN signals for a 1320 p m  artificial scratch. 
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Figure D.21: MIRN signals for a 1420 p m  artificial scratch. 
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Figure D.22: MIRN signais for a 1520 pm artificial scratch. 
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Figure D.23: MIRN signals for the edge of realistic radial scratch with dirt at 
R = 32 mm. 
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Figure D.24: MIRN signals for the quarter of realistic radial scratch with dirt 
a t  R = 32 mm. 
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Figure D.25: MIRN signals for the middle of realistic radial scratch with dirt 
at R = 32 mm. 
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Figure D.26: MIRN signals for realistic radial scratch at R = 35 mm. 
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Figure D.27: MIRN signals for a 500 pm edge white dot. 
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Figure D.28: MIRN signals for a 500 pm middle white dot. 
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Figure D.29: MIRN signals for a 1000 p m  edge white dot. 

Time [sj 

Figure D.30: MIRN signals for a 1000 p m  middle white dot. 
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Figure D.31: MIRN signals for normal artificial fingerprint. 
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Figure D.32: MIRN signals for heavy artificial fingerprint. 

Figure D.33: MIRN signals for normal realistic fingerprint. 
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Detector simulation model 

Here we present the most important elements of the Simulink model that is used 
to simulate the behavior of the maximum likelihood defect detector. 

Figure E.l: Root level diagram of the ML defect detector simulation model. 

Figure E.2: FIR-filter of the ML defect detector simulation model. 
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e 
defo 

Figure E.3: Threshold comparator of the ML defect detector simulation model. 

Figure E.4: Mean value calculation of the ML defect detector simulation model. 
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Figure E.5: Sample counter of the ML defect detector simulation model. 
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Figure E.6: Peak value calculation of the ML defect detector simulation model. 
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Figure E.7: Amplitude distribution calculation of the ML defect detector sim- 
ulation model. 
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Figure E.8: Euclidean distance calculation of the ML defect detector simulation 
model. 
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