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Abstract

The popularity of flat-panel displays (FPDs), including plasma display panels (PDPs)
and liquid-crystal displays (LLCDs), has given rise to the need to streamline their
production. FPDs are increasingly replacing cathode-ray tube (CRT) screens, and are at
a critical juncture where high availability and lower prices will drive further customer
adoption. As a result, FPD manufacturers such as Pioneer, NEC, Fujitsu, Matsushita
and Sony are currently making large investments to drive their costs down. Currently
one of the most important, time-consuming and costly phases of FPD production is the
inspection process, in which automated optical inspection and image processing
techniques are used to identify production defects. Historically, the digital signal
processor (DSP) functions required by this application would be implemented in DSP
hardware processors. However, much higher speed DSP functions can be built using
programmable logic, which retains the needed flexibility of DSP processors while
achieving several magnitudes of a performance advantage compared to normal

multi-DSP processor systems.

This thesis presents a part of the research work at VITEC ( V Technology Co., Ltd.,
website: www.vtec.co.jp ) on developing a prototype automatic inspection system for PDP.
The main efforts of the research are placed on investigating algorithms for image
skeletonization, as well as the detection, extraction, and classification of defects. To this
end, automatic defects detection using binarization, DRC (design rule check) logic

design, binary morphology, skeletonization, and ADC (automatic defect classification)

111



techniques are implemented. In this study, based on a wealth of image data provided by
PDP manufacturers, new algorithms for inspection and classification have been
developed. An attempt has been made to develop algorithms using advanced field
programmable gate array (FPGA) modules. The developed inspection algorithms have
been successfully installed in the PDP manufacturing process at Panasonic and Pioneer
Company. The ADC software has been installed in Panasonic PDP production line and is
used to help reduce the cost for quality control in the production line. In this
environment, the ADC software can reduce the inspection time from three minutes to

fifteen seconds per 50 inch PDP panel.
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1 Introduction

Over the past few years machine vision has consolidated its early promise and has
become a vital component in the design of advanced manufacturing systems. An
important application of machine vision — automated assembly line inspection — can be
performed using vision systems employing dedicated algorithms. An obvious use of
inspection is to check products for quality so that defective products may be rejected or
modified to satisfy a quality index. Also, one can measure specific parameters to classify
particular defects. Plasma display panels (PDPs) must be inspected on the production
line to ensure quality control. PDPs are expected to represent the next generation of
displays in the new century. PDPs are an improvement over traditional cathode-ray
tubes (CRTs) since they produce a clearer image and occupy less space. Automated
machine vision procedures to find defects in PDP panels will save considerable time and
money. Defects in the PDPs take on many forms and different techniques that classify

each of these various defects must be developed.

Current PDP inspection equipment takes a long time to detect major defects because it
requires the collection of a statistically confident sample. The challenge for future
inspection and yield management solutions will be to produce predictive systems that
have sufficient sensitivity and repeatability to prevent defect excursions by
automatically alerting the user to potential problems or modifying equipment

parameters before significant yield loss occurs. To effectively accomplish this, the



various components must be closely integrated into an overall yield management
solution. Linking these elements through intelligent software algorithms will result in a
system with close interaction that will provide users with immediate, powerful data

feedback.

The related emerging technology that is already beginning to have a huge impact on
PDP yield enhancement is automatic defect classification (ADC) [24]. ADC replaces
manual microscope classification inspections performed by engineers and technicians,
providing higher performance in classification accuracy and repeatability (by reducing
subjectivity and classification error), and significantly increases the overall throughput.
ADC can be performed during a single pass inspection working together with an
inspection machine, through a second-pass classification on an inspection system output,

or off-line on a review station.

An ideal inspection system would detect the defect features and provide the information
on how to repair it in a short time. To do this economically, we need to identify the defect
types and their relationship with the production line, so that cost-effective defect
inspection systems can be built. The system can only seek specific problems at specific
times. More detailed defect information require reducing the speed of the production
equipment and will generate longer inspection times. New solutions be required to
provide cost-effective defect detection, classification, and control for very small defects
and finer geometry. Using a wealth of image data provided by PDP manufacturers (eg.,
Panasonic, Pioneer, NEC, etc.) a new skeletonization algorithm for inspection and
classification be developed. This is the purpose and the target of this research work

aiming at reducing the production line cost.



1.1 System Overview

In the PDP production line (Figure 1), there are two machines working in series: a PDP
pattern inspection machine and a review station. The PDP pattern inspection machine
is used to detect all possible defects located in the PDP glass panel. The pattern
inspection system uses a 4k line CCD camera and high performance image processing
system to realize real-time inspection. The review station is used to characterize the
extent of a particular defect and to decide whether or not remedial action is warranted.
The review station uses a color NTSC array CCD camera to obtain images for review.
The review station requires automatic defect classification software to reduce the review
time relative to manual operation. Design efforts to improve both of these components

will be presented in this thesis.

Yield
control
server
—{ ] ] [
Pattern L_l{E_J
Review system ; inspection
¢ system ¢

. | | |

Data PC Data PC
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Server for
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Figure 1 PDP inspection and review station in the production line



In the production line, the inspection machine processes the PDP first. The type and
coordinates of each defect are passed to the review station. The review station will
automatically make the decision about whether or not the PDP can be repaired, based on

the nature of the defects.

1.2 Thesis Objectives

The overall objective of this thesis is to design an improved means to automatically
identify objects in PDPs and implement this methodology in a real-world environment.

To achieve this overall goal, the following objectives will be accomplished.

® Skeletonization is a critical part of inspecting the PDP images for defects.
Shortcomings of current skeletonization algorithms restrict their use in real-world
applications. This thesis will demonstrate these shortcomings and recent improved

means of performing skeletonization.

® The automatic defect classification component of existing PDP inspection systems is
unable to consistently detect all possible defects in PDP images. As a result,
considerable manual intervention is required. This thesis will demonstrate
improved means to characterize these defects and completely remove any manual

needs.

® The algorithms will be implemented and tested on an industry PDP assembly line.
This will demonstrate that the proposed algorithms will improve the throughput

and detection rate compared to the current systems.



1.3 Thesis Organization

Chapter 2 will present the background knowledge about PDP and PDP inspection. In
Chapter 3, the new skeletonization algorithm for PDP inspection will be introduced in
detail. Chapter 4 cover the topics on automatic defect classification (ADC) of PDPs after
the inspection procedure. Chapter 5 presents research conclusions and gives some
suggestions for future work. Some knowledge related to PDPs is added and figures from
simulation and real world are added for better understanding of the thesis as a set of

appendices.



2 Background

2.1 Overview of PDP Inspection

Many important applications of vision are found in the manufacturing and defense
industries. In particular, the areas in manufacturing where vision plays a major role are
inspection, measurement, and assembly. The emphasis among these topics closely
reflects the manufacturing needs. In most mass-production manufacturing facilities, an
attempt is made to achieve 100% quality assurance of all parts, subassemblies, and
finished products. One of the most difficult tasks in this process is that of inspecting for
visual appearance --- an inspection that seeks to identify both functional and cosmetic
defects. Advances in computers (including high speed, large memory, and low cost),
image processing, pattern recognition, and artificial intelligence have resulted in
important functionality and cheaper equipment for industrial image analysis. This
development has made the electronics industry active in applying automated visual
inspection to manufacturing/fabricating processes of printed circuit boards, photomasks,
etc. PDP inspection technology is a relatively new application in the semiconductor

inspection field.

Human operators monitor the results of many process steps required to fabricate a PDP.
They simply inspect the work visually against prescribed standards. The decisions made
by these human inspectors often involve subjective judgement, in addition to being labor

intensive and therefore costly, whereas automatic inspection systems remove the



subjective aspects and provide potentially faster, quantitative, and objective
assessments. These automatic systems do not fatigue. Applied at each appropriate step
of the assembly process they can determine a defect, reduce rework costs, and make
electrical testing and repairing more efficient. All of this means improving quality at a
lower cost. Over the years many researchers [25, 26, 27] have emphasized the

importance of automatic inspection systems in the electronics industry.

The major PDP manufacturing stages and process steps involve bare-board fabrication
(glass based), electrode pattern printing, rib pattern design, loaded board assembly, and
soldered board process. The increase in automated production line technology has
rapidly initiated substitutes for human visual inspection. These automatic systems have
been produced with distinct and limited capability for covering the fault spectrum at
each significant stage of PDP manufacture. Today the machine vision community
considers automatic PDP inspection to be a very useful industrial visual inspection
application. Every PDP panel built today has been automatically inspected. The main

reasons that automatic inspection is used in PDP production include the following.

1. The automatic inspection machines relieve human inspectors of tedious tasks.

2.  Manual inspection is slow and costly.

3. Some inspection procedures such as fluorescent paint patterns are not suitable for
human eyes to inspect, because the ultraviolet light source is used for such
inspection systems. The human can not inspect ultraviolet images because

ultraviolet light is harmful to human health.

4. With the aid of magnifying lens, the average fault-finding rate of a human being is



about 90% (reported by a Panasonic PDP manufacturer). However, with further
development of PDP technology, the electrode pattern’s design will become smaller
and smaller. Given that this can be on the order of micrometers, it is very hard to

manually inspect even using a magnifying lens.

5. The industry has set quality levels so high that sampling inspection is not

applicable.

6. Production rates are so high that manual inspection is not feasible.

7. Tolerances are so tight that manual visual inspection is inadequate.

Most vision systems for automated industrial inspection are custom designed, so they
are only suitable for one specific application. With regards to PDP, the companies NEC,

Panasonic and Pioneer all use similar manufacturing processes.

2.2 PDP Introduction

To understand PDP quality control and defect inspection, knowledge of PDP
architecture is helpful. Compared to CRT, a PDP has virtually unlimited screen size, a
thin and light weight construction, distortion free images, self-lighting, and a wide
viewing angle. As an example, consider the specification of a PDP built by NEC. NEC’s
color PDP has an AC-type structure (Figure 2). The PDP is composed basically of two
sheets of glass set a few hundred microns apart. Between the glass substrates, there are
pixels containing cells which are filled with inert gases (xenon, neon, etc.). The cells are
each coated on the bottom with a different color of phosphor --- red, green or blue. Thin

electrodes can be found at the top and bottom of the glass substrates.
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Figure 2 PDP structure [22]

2.3 PDP Quality Control System Components

In this section, the most commonly used terminology in this field will be briefly defined.
This section also identifies the major components of an inspection system. Most of the
defects and techniques of defect analysis are typical for PDP systems. It is worth
mentioning that some of these techniques would be used in other types of inspection
systems such as those used for printed circuit boards and LCDs. The following outlines
some of the major components involved in automated visual inspection system:

hardware systems and inspection algorithms.



2.3.1  PDP Inspection Hardware

Industrial PDP visual inspection ideally requires a cost-effective off-the-shelf system.
This means that it should be designed to take into account operation speed, reliability,
ease of use, and modular flexibility, in order to adapt to different inspection tasks. The
main hardware components of the inspection system are the material and
component-handling system, illumination system, image acquisition system, and the

processor.

The illumination system provides suitable lighting and viewing conditions to facilitate
inspection, avoiding the need for additional complex image processing algorithms. Many
researchers have pointed out the importance of lighting techniques [5,6,7]. The main
parameters that characterize the suitability of an illumination system to acquire a
quality image are: (a) intensity, (b) uniformity, (c) directionality, and (d) spectral profile.
The relative importance of these parameters and the degree to which each one must be
controlled are largely governed by the surface characteristics of a given PDP and the
constraints imposed by the camera. For some special patterns of PDP such as phosphor,

a special UV light source is needed.

Images are usually acquired by use of a camera or a digitizer that acts as a sensor. There
are several types of cameras available (eg. CCD, laser scanners) and the determination
of the appropriate type is dictated by use. The line scan camera can be used for high
speed inspection purposes, eg., Dalsa’s line scan camera (http:/www.dalsa.com). Every
camera has its own microprocessor system to support functions such as automatic focus,

automatic exposure, and real-time digitization facilities.

10



The processor system usually consists of a high speed computer. The commercially
available inspection system Cyberscan (made by Avvida Systems Inc. Canada) uses a
high speed parallel processing system. In this system all algorithms are realized by

FPGA (field programmable gate array) hardware, so it can process the data in real-time.

Any adequate vision system must have sufficient resolution to detect the potential faults
under inspection. The pixel size of the smallest fault to be detected should be at least
twice that of the vision system. For example, a two micrometer minimum fault size
requires a one micrometer system pixel size. A smaller pixel size usually means a
smaller field of vision if no compensating techniques are employed (multiple cameras,
etc.). The resolution range of the PDP inspection systems employed here is 3.5
micrometres to 15 micrometres. So given a 42-inch PDP panel approximately 50GB of

data must be processed in about 60 seconds.

2.3.2  PDP Inspection Techniques

Since PDP inspection behaves like most general pattern inspection systems, some

common image processing techniques should be mentioned here.

Image Enhancement

Image enhancement involves aspects such as noise removal, edge enhancement, and
contrast enhancement. Thresholding and convolution are examples of picture processing

(processing over the entire image) techniques used for image enhancement.

11



Feature Extraction

The decision regarding what features are to be considered depends on the nature of the
object to be identified. Features provide data reduction while preserving the information
required for the inspection. Once an image has been clearly segmented into discrete
objects of interest, the next step in the image analysis process is to measure the
individual features of each object. Many features can be used to describe an object. Most
of the procedures used for feature extraction involve edge detection, line tracing, and

shape description techniques.

Model-Based System

The most common inspection technique is the model-based process [28, 29], which
performs inspection by matching the part under inspection with a set of predefined

models.

Modeling

Modeling involves training, in which the user uses a model part to teach the system the

features to be examined, their relations, and their acceptable tolerances.

Detection/Verification

The detection process consists of matching the extracted features from the image under
inspection with those of the predefined model. A typical detection procedure involves
simple comparison, such as image subtraction. The detection process becomes very
complex if the image to be inspected is noisy and features could occur at random

positions and orientations. Detection using representative features and their

12



relationships provide a way to inspect a part and locate defects on the basis of
measurements taken from key features. These methods are usually computationally

intensive.

Boundary Analysis

Models of accurate boundaries are compared with those of the PDP patterns being

inspected. Fourier Descriptors are an often used method for boundary analysis [8].

Morphological Operator

Thinning, contraction, and expansion are basic transformation operations. These
operations are defined using neighborhood connectivity relations. An expansion sets all
background pixels in an image to foreground pixel value, if any one of the neighboring
pixel values 1s equal to the foreground pixel value. Thinning reduces an entity to its
skeleton, a simplified version contained in the original entity that retains the basic
shape of an entity. Unlike expansion or contraction, thinning maintains the connectivity
of an entity and preserves its holes (none are removed or added). There are several
different definitions and implementations of these operations that can be found in some

image processing textbooks [9,10,11], or recent published papers [12,13].

Morphology [21, 22] refers to a branch of nonlinear image processing and analysis. The
basic idea is to probe an image with a structuring element and quantify the manner in
which the structuring element fits (or does not fit) within the image. The operations of

dilation, erosion, opening, closing, etc., are used in this type of image processing.
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2.4 Algorithms Related to PDP Quality Control
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Figure 3 Image processing engine of PDP inspection system

There are two algorithms currently working in the image processing engine of the PDP
inspection system (Figure 3): AB compare and design rule check (DRC). All algorithms
are implemented using a parallel processing system. The skeletonization algorithm
should be added to improve the inspection system. These three components will now be

described.

2.4.1 DRC Algorithm

The DRC (design rule check) algorithm is used to detect very small defects such as bite
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and protrusion (see Ch. 4.2 for a description of these defects). The DRC algorithm is a set
of morphological operators, as shown in Figure 4. This algorithm can only detect very
small defects such as mouse bite, protrusion, and very thin shorts and opens, but can not
detect wide shorts and opens. It is necessary for DRC to work together with other

algorithms such as skeletonization to detect relatively larger defects.
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Figure 4 DRC algorithm

2.4.2 AB Compare

AB Compare is a very popular algorithm used for inspection of products that are made
up of a series of repeating patterns. The best example of this is in the semiconductor
industry. AB Compare is used to verify the pattern integrity on semiconductor wafers

after the patterning process. A typical 300 mm semiconductor wafer will have 100s of
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small repeating and identical die positions. On a perfect wafer every die position would
have the exact pattern as all others. Therefore by comparing adjacent die positions
(position A to position B) you can determine if one or both of the die have potentially
defect areas. By comparing a third position (position C) one can determine which die if
any in positions A and B was defective. However, common defects are easy to miss using
this method and also it does not work if the pattern is not a repeating one like a
patterned semiconductor wafer. As shown in Figure 5, the defects can be detected by
comparing part A with part B, and part B with part C, and part C with part A, the
difference will be defects. It can be realized by image delay with the help of image

processing hardware.
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Figure 5 AB compare algorithm
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2.4.3  Skeletonization (Proposed)

Development of a skeletonization algorithm is proposed to compensate for the deficiency
of the DRC and AB Compare algorithms for PDP inspection for the relative big open and
short defects, especially with respect to the terminal part of the PDP panel. As shown in
Figure 6, if the DRC algorithm is combined with an appropriate skeletonization

algorithm, the relative big open and short defects will be detected by feature point based

identification.
o E S;Ii‘p.halﬂg;e Difference between original
and morphology
Minute defects,
T » cracks/protrusions,
minute shorts,
mimite open
I
Morphology
skeeleton Feature satmpling

Large defects,

shorts exceeding
line widths,opens
exceeding spaces

Figure 6 Proposed means of using a skeletonization algorithm

2.5 Current Situation of PDP Quality Control System

As discussed in Chapter 1, the quality control system in PDP production line includes

two parts: the inspection system and the review station. The current inspection system
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is unable to detect large defects found in the PDP panel. A skeletonization algorithm is
proposed to deal with this problem. The review station is unable to automatically
classify defects. An algorithm to perform automatic defect classification will be
presented. Hence, the two systems are briefly described. Details of the solution are

found in Chapter 3 (Skeletonization) and Chapter 4 (Automatic Defect Classification).

2.5.1 Advanced Skeletonization Algorithm for PDP

Inspection

V Technology (VTEC) is a company that specializes in the design of automated optical
inspection systems. Please refer to Appendix B.1 for more details about VTEC. These
systems are designed to inspect various products, ranging from lottery tickets to

state-of-the-art flexible circuit and PDP technologies.

Skeletonization is an image processing technique that reduces complex, thick-lined
images to a series of single pixel lines which accurately represent the original shapes.
This procedure is especially useful to simplify automated applications requiring simple
shape analysis and continuity checking by reducing the amount of redundant image

data.

At VTEC, skeletonization is a key process used to detect defects during plasma display
panel (PDP) inspection, ball grid array (BGA) inspection, printed circuit board (PCB)
inspection and flexible circuit (FLEX) inspection. In the systems developed, the majority
of the algorithms used are implemented on an RCON Module (Reconfigureable Module) -

a part of the proprietary, generic image analysis platform. The "skel" module, which
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executes the skeletonization algorithm during an inspection, is realized using an RCON

and is designed to be used as one of the many stages of an image inspection pipeline.

The skeletonization team was responsible for the development of the necessary
algorithms, firmware and software to provide fast and accurate image skeletonization
and skeleton analysis. Most of this functionality had to be implemented in hardware due
to speed requirements. The details of the hardware implementation are proprietary and

as a result they are not discussed here.

The skeletonization algorithm was implemented in hardware and a basic "personality"
was written for the RCON, but it was missing some of the required functionality. The
author began working on this project with the development of an advanced
skeletonization personality for the RCON. Debugging portions of the host side software
was also employed in an application of this work. The work concluded with the research

and design of a new algorithm to perform the skeletonization.

2.5.2 Automatic Defect Classification Software for PDP

Review Station

Contamination-induced defects (eg. dust, etc.) are a major source of yield loss in the
semiconductor industry. Defect detection, review and analysis are critical steps toward
understanding and eliminating these sources of yield loss. Automatic defect detection on
PDP must be accomplished at high speed and with high sensitivity. However, defect
review and analysis are currently performed manually. This is costly because manual

defect classification is generally more time and labor intensive than the inspection itself,
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even when only a small number of defects is reviewed. Moreover, manual classification is

frequently inaccurate and inconsistent due to human error and bias.

Automatic defect classification (ADC) is an emerging defect management technology
that uses computer-based artificial intelligence to replace human defect classification.
ADC can reduce manufacturing costs by improving review station productivity and
increasing data accuracy [27]. By providing faster defect review and classification,
larger defect sample sizes can be collected to identify a statistically significant source of
yield loss. Additional sampling can help minimize the risk of missed yield excursions.
Since ADC is computer-based, it has the potential to provide greater classification
accuracy and reproducibility. Most important, ADC technologies may alleviate the
burden of defect review on manufacturing staff, allowing them to focus on eliminating

the root causes of yield loss.

The goal of the ADC project is to accelerate the development of ADC technologies for
in-line defect inspection and review applications. The ADC program has been installed
on a review station. The systems consist of commercially available optical microscopes
equipped with ADC software. They have been evaluated against a comprehensive set of
performance metrics including accuracy, repeatability, and speed. The evaluation has
been accomplished in the manufacture of PDPs and the first customer was Matsusita

Electric Industrial Co., Ltd. (National/Panasonic).
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3 New Skeletonization Algorithm for
PDP Inspection

3.1 Introduction

Skeletonization is a process designed to reduce objects in any binary image to a set of
single pixel lines that are an accurate representation of the overall original shape [9, 10].
Research has been conducted in the field of image processing to determine various

methods to efficiently perform skeletonization.

Various optical inspection systems developed at VTEC utilize skeletonization as a key
process in the computerized detection of manufacturing defects. By reducing complex
images to a simple set of basic features, including intersections and endpoints, defect

analysis can be performed more easily.

The purpose of this investigation is to research the development of a new skeletonization
algorithm. This was prompted by the shortcomings of the existing skeletonization
procedure which prevented it from correctly skeletonizing circles. The goal of this
research 1s to provide a new technique that properly reduces circles to dots and more
accurately maintains the shapes of objects during the skeletonization process. The new

algorithm has been designed to replace the existing one at VTEC.

Here, the concept of skeletonization, some of its background theory and two existing
algorithms currently in use are discussed. The design criteria for a new skeletonization

algorithm, its development, and the outline of some application-specific modifications
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which can be made to deal with various input and output requirements as discussed.

3.2 Background

3.2.1 Skeletonization Overview

A skeleton can be defined as a connected set of medial lines along the limbs of a figure[1].
Skeletonization describes a thinning process designed to operate on binary images and
reduce them to a set of single pixel lines. To obtain a skeleton of the original image,
successive passes of a skeletonization algorithm are applied until the output from this

operation does not change from the input.

-
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= Qriginal Object
=== Resulting

Figure 7 Ideal skeletons

For example, take the simple region shown in Figure 7. Each of the resulting lines is a

medial axis within the given section of the region. That is, each lies in the middle of a
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region, equidistant from the boundaries of that region.

This description defines an ideal skeleton, which is intuitively pleasing, but a direct
implementation using the ideal skeleton method is very difficult and computationally
intensive [2]. Instead, an iterative or recursive technique is often implemented which
simplifies the process but only approximates the skeleton. Many such implementations
are possible, but typically they work by repeatedly stripping layers off the outside of

shapes in a binary image until a skeleton is obtained.

Though most iterative or recursive methods do not yield ideal skeletons, for most
purposes, the results are still useful and describe the original images quite well. For
example, the results obtained by processing the above images with such a technique

may look like those shown in Figure 8 [11].

= Qriginal Object
==m: Resulting

Figure 8 Non-ideal skeletons
Skeletonization eliminates redundant information while retaining only the topological
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information about the shape of the form [1]. This is ideal when a machine must process
the image. The information that is removed is often not necessary to the analysis and

eliminates confusion and complexities in the original image.

In a large number of applications, analysis of every pixel of the skeleton is not necessary.
As a result, the skeletonization engine actually eliminates the majority of the data and
returns only those "features" of the skeleton which are needed for processing. For this

application, the only points of interest are line endpoints and intersections.

3.2.2  Skeletal Bias

Skeletal bias refers to the asymmetric results of skeletonization which can occur if
preference is given to a certain direction over others during the thinning process. Ideally,

the stripping action would be performed symmetrically around the object.

In practice, the image is often processed in a normal forward raster scan - starting in the
top left and moving row by row to the bottom right. The result of this process is to
produce a highly distorted skeleton, made up of lines along the right-hand and bottom

edges of objects [1]. An example is shown in Figure 9.
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= Original Object
=== Resulting

Figure 9 Example biased skeleton

3.2.3  Parallel Algorithms

Algorithms can be implemented in a parallel fashion, such that, for each stage,
skeletonization is performed on all pixels simultaneously. As Belanger discusses in his

United States Patent, there are several advantages to a parallel approach [3].

Advantages of Parallel Algorithms

There are two inherent advantages when using a parallel implementation. Since a
parallel operation works on all pixels at the same time, they often work from all
directions at the same time. This means that there is no resulting skeletal bias. Also,
parallel algorithms are often suited for direct implementation in hardware. This can
increase the efficiency of the processing significantly over a microprocessor-based

solution.
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Disadvantages of Parallel Algorithms

There are three disadvantages in using a parallel skeletonization algorithm. First, the
complexity of the implementation is an obvious disadvantage. Second, designing a
parallel skeletonization algorithm can be more difficult than designing a sequential
algorithm. For instance, a parallel algorithm which works from all directions at the
same time, such as that described in Belanger's Patent [3], can be tricky to implement in
field programmable gate array (FPGA), though easily implemented in a discrete fashion.
The third fundamental problem with some parallel algorithms results from the fact that
each block of the image is being examined independently, yet concurrently. Since a given
block does not have a view of the neighboring, overlapping blocks, it cannot ascertain
whether the current point can be safely removed. Even if the ability to "spy" on adjacent
blocks was implemented, the resources required to do so and the amount of logic

necessary to determine the resulting action outweighs the benefits gained.

3.2.4  Sequential Algorithms

In most cases, designers choose to implement sequential algorithms to meet the needs of
computational requirements time or to suit the requirements of their application.
Sometimes, the implementation cannot be distinguished as purely parallel or

sequential.

Advantages of Sequential Algorithms

In practice, images are rarely provided as one solid block, where every pixel is received

at the same time. Raster images are commonly used, which are usually presented by
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scanning from left to right and top to bottom. Sequential algorithms can be designed to
take advantage of this fact and process each small section of the image as it arrives. This
saves time and allows the implementation to be used as part of a pipeline which

continuously skeletonizes input images.
Disadvantages of Sequential Algorithms

The main disadvantage of sequential algorithms is the resulting bias in the skeleton.
Since the image is accessed in an orderly, often rastered fashion, the direction of this
scanning can often affect the output of the process. Algorithms must be designed,

specifically, to avoid this inherent skeletal bias.

3.3 Existing Implementations

There are two algorithms which have been implemented and tested. The first is the
Zhang and Suen Two Step Approach [4] and the second is the Davies' Four Step
Approach [1]. Both of these are commonly used skeletonization algorithms and have
been implemented directly from their textbook descriptions. Each works by examining
the image, one 3x3 region at a time, and mathematically determining whether to keep or

remove the center pixel.

3.3.1 Zhang and Suen Two Step Approach [4]

This was the first algorithm to be implemented and tested. Developed in 1984, this
approach strips pixels from the outside of a binary object - first from the northwest and

then from the southeast. Figure 10 shows the regions contained in cycle 1 and cycle 2.
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Figure 10 Zhang and Suen approach

There is a fundamental problem with this approach, namely, it skeletonizes a circle to
become a cross but not a dot. Skeletonization of a circle to a dot is important because
only one feature is required for one object in defect inspection systems. Hence, further
research to improve this approach was not conducted. The mechanics of this algorithm
will, therefore, not be described in any further detail here. Gonzalez and Wintz[2]

provide a full development of this approach.

Since this algorithm requires only two cycles to strip an entire set of pixels from the
outside of an object, it is considered quite "fast." In practice, this means that in n passes

through the image, circuit traces of width n+1 pixels or less can be fully skeletonized.

This algorithm works well only with non-rotated rectangular based shapes which are
approximately aligned with the object axes. For example, circuit traces tend to be
composed of straight lines, with 90° bends. These are, therefore, rectangular shapes. The
circular pads at the ends of these traces or the ball contacts of a BGA (Ball Grid Array)
do not skeletonize well with this procedure. Cycle one removes the top and left side of a

square and cycle two removes the bottom and right side of a square. This is sufficient for
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maintaining the shape of square lines, but other shapes are not preserved nearly as well

through this skeletonization process.

Another problem found, experimentally, with this algorithm is the complete erosion of
2x2 squares. This means that any object which starts as a 2x2 square or becomes a 2x2
square during the skeletonization process will disappear completely from the image.

This presents a potentially significant problem for the final image analysis stages.

3.3.2 Davies’ Four Step Approach [1]

The four step approach, described by Davies[1], is the algorithm currently in use by
Avvida Systems Inc. This algorithm has fewer problems than the Zhang and Suen
approach and so research was conducted to improve this algorithm. Some details of this

process will be described because they are the basis for the new approach.

Crossing Number

The crossing number y (chi) is a quantity used by the thinning algorithm when
determining pixel deletion. The crossing number of any particular 3x3 neighborhood is
defined as the total number of 0-to-1 and 1-to-0 transitions encountered while travelling
once around the eight bits bordering the neighborhood [1]. In essence, it is a
measurement of twice the number of possible connections joining this 3x3 region to the

surrounding ones.

Davies presents a discussion of various methods for determining y. His final definition of

¥ is defined in Figure 11.
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b1 b2 | bs
ba bs | be
bz bs | by

% = (bz!=bs)+ (bs!=bs)+ (bs!=bs)+ (bs!=bz )+
2 * ((~bz & b1 & ~bs) + (~bz & bs & ~bs) +
(~bs & b7 & ~bs) + (~bs & by & ~bs) )

bi binary pixel in the given neighbourhood, i=1 to 9, i#5
~ binary negation

& binary AND

I= returns false=0 and true=1

bs binary pixel considered for deletion

Figure 11 Definition of y in Davies’ approach [1]

Neighbourhood Sum

The neighborhood sum o (sigma) is another quantity used in the thinning algorithm to
determine if a given pixel should be removed. o is the sum of the eight pixels around the

outside of the current 3x3 neighborhood (See Figure 11).

If the value of ¢ is equal to 1, the current pixel is the endpoint of a line. If endpoints are

to be preserved, a pixel cannot be deleted if 6=1.
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b1 | b2 | bs
bs | bs | be
b7 | bs | be

6 =Dbi1+ b2+ bs+ bs+ b+ br+ bs+ by

Figure 12 Calculation of ¢ in Davies’ approach [1]

Details of Davies' Approach

Davies' approach is based on the two quantities defined above. A pixel will be removed
only if 6#1 and y = 2. These criteria ensure that endpoints of lines are preserved and
that the pixel being examined is not a vital connecting point between two parts of the

object. The reasoning behind these criteria is explained in more detail in [1].

These conditions are necessary, but not sufficient, to allow removal. Since no removal
order is specified, there is no way to ensure that the skeleton created will be unbiased.
Davies presents a method that allows the removal of points from only one direction at a
time. One set of four cycles involving the removal of pixels from one direction per cycle is
depicted graphically in Figure 13. This method allows points to be removed in parallel

while preventing skeletal bias.
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Figure 13 Step-by-step example of Davies 4-step approach

This is done by adding a third criterion to the existing two (c#1 and y = 2). Davies
developed what are called "directional points." For example, a north point is defined in

Figure 14.

—
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where background=0, foreground=1 and don't care=X

Figure 14 Davies' definition of a north point

South, east and west points are defined similarly. Skeletonization is then applied by
repeatedly removing north, south, east and west points until the output image does not

change. The exact ordering of removal has a very minor effect on the final output. These
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three criteria are evaluated for each point considered for removal. This yields a four

step approach which is executed repeatedly.
Advantages of this Approach

Davies' approach has several advantages. It works relatively well with all kinds of
shapes, though not perfectly. It does not consume 2x2 objects as does the Zhang and
Suen algorithm. It can be configured to absorb or leave endpoints depending upon the

requirements of the application.
Problems with this Approach

With this approach, circles do not skeletonize to dots since they do not remain circular
during the skeletonization process. Instead, they become diamond shaped and then
these diamonds skeletonize to crosses. Figure 15 depicts the results of skeletonizing a
circle with Davies' algorithm. As it shows, diagonals are removed more quickly than the
horizontal and vertical directions. Once the tips of the diamond protrude, the shape is

skeletonized to a cross as shown.

> Denotes one or more stages of skeletonization

Figure 15 Skeletonization problem with Davies' algorithm

As mentioned earlier, the Zhang and Suen approach can completely skeletonize circuit
traces of width n+1 pixels or less in n passes. This process has half that efficiency and

requires Zn to accomplish the same amount of skeletonization.
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3.3.3  Belanger Method

Belanger describes a different approach that can skeletonize 2n+1 pixels in n passes in
his United State Patent[3]. This is twice as efficient as the Zhang and Suen approach [4]
and four times as efficient as the Davies' approach in [1]. This process uses a "look
ahead" technique which could not be implemented in the existing hardware. As a result,

this algorithm was not investigated any further.

3.4 Research and Implementation Details

3.4.1 Design Criteria

There are three main criteria that the new algorithm must meet.

e The algorithm must be at least as "fast" as the existing algorithm (ie. Davies
4 step approach [1]). This means it may take no more than four passes to

erode a single layer.

e The algorithm must skeletonize circles to dots. This requires that, as the
algorithm executes, circles remain circular. This implies most of the shapes

are preserved throughout the process.

Algorithm Hardware Restrictions

The new algorithm must be implemented in a static manner, such that the output from

any given 3x3 region must always be the same regardless of the content. This means
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that a static skeletonization lookup table can be generated for all possible 3x3
neighborhoods to specify the output. The hardware implementation of the algorithm is

the reason for this restriction.

The method used for applying the skeletonization algorithm is fixed in hardware. This
means that only some parameters can change, namely the skeletonization lookup tables.
There is no "look ahead" or information exchanged between adjacent processing
elements as is done in [3]. This restricts the algorithm to processing each 3x3

neighborhood as a separate entity.

Due to the hardware's design, there is also a limit of 64 skeletonization passes (cycles)
per skeletonization module. The skeletonization lookup table is individually
configurable for each of these 64 passes. Davies' algorithm has been implemented

successfully under all these conditions, so it was used as the basis of the new approach.

3.4.2 The Modified Four Step Algorithm

To produce an unbiased skeleton and obtain a set of truly medial lines, it is critical that
pixels be removed as evenly as possible from the outer boundary of objects [1]. Research
was conducted using Davies' approach [1]. An attempt was made to improve upon the

existing algorithm rather than developing an entirely new procedure.

As was touched upon in a previous section, Davies' algorithm skeletonizes pixels faster
in diagonal directions than in horizontal and vertical directions. Davies' definition of
directional points (for example, north or south points) is "wide" and includes the

diagonals. For example, a northeast point falls into his definition of both a north and an
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east point. This means that diagonals may be consumed in two of the four stages,
whereas horizontal and vertical directions are included in only one cycle. This accounts
for the shape alteration that is apparent in Figure 15 and the resulting error in

skeletonization.

A modification was made to the definition of a directional point. Instead of defining the
directional points to include the diagonals, as Davies' did, only the horizontal and

vertical points were included. This yielded the strict definition of a north point found in

Figure 16.
X0 X 01010
X1 |X X|11]X
X|1|X X|11]X
(a) (b)

(a) Davies' North Point; (b) Strict North Point

where background=0, foreground=1 and don't care=X

Figure 16 Definition of a strict north point

Tests were done using these newly defined strict direction points. Now, instead of
consuming diagonals in two of the four cycles, diagonals were not consumed at all. This
yielded an output as depicted in Figure 17. This output was then compared to that of the

original algorithm as presented in Figure 15.

I

Figure 17 Skeletonization with strict directional points
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These outputs appear to be geometric opposites of one another. One consumes diagonals
quickly while the other consumes horizontal and vertical directions quickly. This was
the motivation behind the development of the final algorithm. If these algorithms are
combined, each can cancel out the negative effect of the other - in essence, preserving the

overall shape of the image.

Experimentally, it was determined that the best results were obtained if these two
techniques were combined in a 2:1 ratio. This yielded a three stage approach which is
shown in Figure 18. Stages 1 and 2 are both Davies' existing algorithm, and stage 3 is

the modified approach.

Stage 1 Stage 2 Stage 3

Figure 18 The three stage approach

This leads to a twelve step (each stage requires four steps) procedure defined as one
cycle. Unfortunately, the hardware implementation only allows for sixty-four steps. This
means that only four steps of the last cycle will be completed (given five cycles), yielding
results with slightly distorted shapes. A large amount of deformation does not occur as a

result of these four steps and so there is no need for compensation.

Appendix C includes a series of artificially-created and real-world test images as well as

their skeletonized results. It contains both the outputs obtained using the original
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skeletonization from Davies' approach [1] and the modified algorithm.

The existing Davies' technique can completely skeletonize circuit traces of width n+1
pixels or less in Zn passes. This process has the same efficiency as that method requiring

2n to accomplish the same amount of skeletonization.

Problems With This Approach

There are some problems remaining with this approach. Depending on the order of the
skeletonization process (N-S-E-W, N-W-S-E, etc.) objects which should skeletonize to
single pixels, such as a 5x5 square, will not. Instead, small lines of 2x1 pixels or 3x1
pixels will remain. Once the object reaches this size, it is a single pixel line, and if it is
decided that endpoints are not to be consumed, these lines will not skeletonize any
further. Allowing endpoint consumption during the last several cycles can compensate
for this quite easily. Note that this problem exists with the Zhang and Suen approach as
well as the Davies’ approach presented early. As shown in Figure 40, the relative big
ellipses in the middle of artificially-created image do not maintain their shape very well.
Their aspect ratio is changed. This was caused by the last cycle of the skeletonization in

which only four steps are implemented.

The other known shortcoming becomes apparent after a very large number of cycles
(>512). After this point, very large circles (diameter > 1024) begin to look octagonal. The
algorithm processes the image by using two variations (normal and strict) of each of four
directions (north, south, east and west). These eight combinations produce the eight
sides of the octagon. This problem does not affect objects after a small number of cycles.

This algorithm will be sufficient, since the typical configuration, normally involves only
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64 passes (cycles). It is possible that there may have to be some modifications to this

design if operations involving more than 512 skeletonization cycles are required.

3.4.3 Application Specific Modifications

Depending on the input and output requirements of the skeletonization module, several
alterations can be made to the first and last stages of the algorithm to properly process

the image and reduce the bandwidth required to analyze the results.

Stringers

A single erroneous pixel can produce confusing skeletonization results. An incorrect
pixel on the boundary of an object may result from various sources: image noise,
digitization error or even binarization techniques. For the majority of image processing
applications, a single pixel of error does not have a significant effect. This may not be the

case with skeletonization.

If an erroneous pixel lies on the border of an object that is being skeletonized, the process
may yield incorrect medial lines. If the algorithm is designed in such a way that
endpoints are passed through to further stages, this erroneous pixel may be considered
an endpoint of a line and as such will generate a medial line starting at a point which

may not lie along any medial axis. This is called a stringer.

For example, a filled circle should skeletonize to a dot. If there is a pixel or two which lie
along the circumference of this circle, it may be skeletonized to a line. An example of this
appears in Figure 19. As is shown, the resulting skeleton does not accurately represent

the original shape.
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- Denotes one or more stages of skeletonization

Figure 19 Example of applying the new skeletonization method to a stringer
Compensating for Stringers

Modifications can be made to the algorithm to help compensate for noisy input images,
thus preventing the occurrence of stringers. Since performing smoothing can be
computationally intensive and difficult, especially on binary images, the skeletonization
can be altered to compensate for noise effects. Erroneous points are usually seen as
endpoints (c = 1) to the algorithm and so they are never deleted. The algorithm can be
allowed to consume these during the first few cycles by removing the endpoint
restriction to allow pixel removal even if ¢ = 1. This modification should not have
destructive effects on the output image since, in the first few stages, most objects will be
relatively large and so few true endpoints will exist. This compensation method is used

in the skeletonization algorithm that was implemented.
Condensing Output

The final skeletonized image is often processed in order to perform some form of analysis.
The final stage of the inspection is an analysis of this skeletonized image. Since this step
is computationally difficult it is performed on a host computer, so the skeletonization

output must be transferred to the host for analysis.
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Instead of transferring the entire skeletonized image, which would be time consuming
due to the size of image and the bandwidth available, the final stage of the
skeletonization process performs feature point classification. Since the analysis of these
features only requires the knowledge of a given 3x3 neighborhood, this can be performed
in the existing skeletonization architecture. This stage reduces the image to a set of
feature codes. For example, in the analysis of circuits, the only points of interest are the
endpoints or intersections of traces. These main defect categories permit the detection of
circuit breaks or shorts or solder splashes. All other skeleton pixels can be eliminated,
reducing the image to feature codes consisting of endpoints, T-junctions and cross or
X-like intersections. Examples of these are shown in Figure 20. For more detailed

features see Figures 21-23, which depicts feature points with associated direction codes.

0|00 0O(01|O 0(110 101

0 10 1 1 1 1 1 1 0 1 0

0O(0]|1 0O(11/0 0(110 101
(a) (b) (c) @

(a) Endpoint, (b) T-junction, (c) cross-intersection and (d) X-intersection

where background=0 and foreground=1

Figure 20 Example skeleton features

After skeletonization, only 3x3 regions with at least one foreground pixel are sent. Also
the spatial coordinates of the 3x3 blocks are passed from the inspection machine to the

review station.
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3.4.4  Detailed Description of the Algorithm

The skeletonization look-up tables (LUTs) must be implemented in hardware. Input to
the LUT is a 9-bit address representing the bits in the 3 X 3 area as defined as Figure 12.
The output from the LUT is a single bit indicating whether the centre pixel (b5) should
be retained (1) or removed (0). This LUT is the binary decision used in industry. The
option of the skeletonization is also designed, how many stages at the end should cause
end-points to be shortened. This permits removal of spider-web-like appearance of
skeleton and reduces the total number of features. The parameter of
consume-end-points is 0 for no end points removal and 32 for removal on every pass.
Referring to Appendix D, subroutine one is the logic design to generate skeletonization
look-up tables. Subroutine two is the modified four step skeletonization (12 cycle

approach).

3.5 Conclusion of Skeletonization

A new 3-stage process was designed by interleaving the approach currently in use with a
new one. The details and reasoning behind the developed algorithm are presented in
this chapter. This new procedure reduces circles to smaller circles or dots, depending on
the circle diameter and the number of applied skeletonization passes. This chapter also
outlines some application-specific modifications that can be made to the general
algorithm to handle various types of input and output requirements. Appendix C

illustrates additional test images and results based on new skeletonization algorithm.
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It is concluded that the new algorithm has many advantages over existing algorithms. It
overcomes the disadvantages of the original. This new method is superior to previous
methods and has met the design criteria without loss of efficiency. Its benefits include its
ability to correctly skeletonize circles and to be realized in the existing hardware. It 1s
recommended that this new three stage process replace the existing single stage

skeletonization technique in all future systems.

There are still some small problems remaining with this skeletonization algorithm. But
it can be compensated by allowing endpoint consumption during the last several cycles

in the algorithm design procedure.
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Feature Point Patterns After Skeletonization
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Figure 21 Feature points after skeletonization-part one
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Figure 22 Feature points after skeletonization-part two
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Figure 23 Feature points after skeletonization-part three
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4 Automatic Defect Classification (ADC)
for PDP Electrode Pattern

Quality control on a PDP panel production line is a very important factor to improve
product reliability. To meet the needs of quality control in every PDP manufacturing step,
an inspection system is needed for checking and detecting the defects on the PDP panels.
There are inspection machines from a number of different vendors currently on the
market. Since PDP inspection machines are in the very early stage of their development,
there are still many outstanding problems. The following related problems need to be

resolved:

(1) The current inspection systems find the typical defects successfully but are unable to

detect complex or abnormal defect types.

(2) Due to the misreported defects by the inspection machine, judgement is needed for
the next step in the processing, namely modification. Such judgement requires
considerable operator time, because each defect must be confirmed manually. The

degree of human error depends on the ability and experience of the operator.

(3) On average, it takes about 3.5 seconds to manually review and confirm one defect. If
the line-target total time is two minutes, only about 35 defects can be confirmed by
one operator. Since there are about fifty to sixty defects that a panel normally has,
this motivates the need for an automated review station to meet the needs of the

throughput requirements.
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In the future, the production line will be automated and also the system will be robot
controlled motivating the use of an automatic review station. In the meantime, the
automatic defect review, classification, and modification algorithms will play a very
important role in the review station system. The new function is called automatic defect

classification (ADC).

4.1 Defect Definition of Electrode Pattern

There are many types of defects for electrode pattern of PDP, which can be classified as
open, short, bite, protrusion, pinhole and island. There are illustrated in the following
figures. These figures represent a Panasonic PDP pattern. They are taken using the
NTSC CCD camera of the review station and have a size of 640 x 480 pixels. These

images are stored in JPEG format.

The open defect shown in Fig. 24 (a) is usually caused by a broken tracer. The black
defect in Fig. 24(b) is caused by two or more connected tracers. This white defect shown
in Fig. 24 (c) causes the tracer’s width to become narrow. This defect is caused by print
problem or dust. This black defect in Fig. 24 (d) is caused by the width of the tracer
becoming too big. This white defect shown in Fig. 24 (e) is usually caused by dust, which
cause an extra-pattern to appear on the panel. This black defect shown in Fig. 24 (f) is

also usually caused by dust.
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(a) open defect
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(f) island defect

Figure 24 Sample defect type of Panasonic PDP panel

4.2 Logic Design for ADC

The functionality of ADC will include the following items:

(1) Defect Relocation
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After inspection, the defect’s spatial coordinates are not accurate due to error, such as
the mechanical tolerance error of the machine. This will cause the defect to be not
exactly located at the center of the review field by the review CCD camera. So coordinate
relocation is needed for ADC, which means the defect inspection algorithm (used in the
inspection system) is still needed for ADC. We must develop the new defect detection

algorithms based on the images in the review system.
(2) Defect Classification

After defect relocation, the defect will be classified into one of the following types: short,

open, bite, protrusion, pinhole or island.

4.3 Related Algorithms

The ADC can be described using the flowchart in Figure 25. The corresponding results

are shown in Figure 26.

(1) Original Image (2) Binary Image

A 4

A 4

(4) Recover Pattern < (3) Skeletonization and

Cut/Short Identification

A 4

(6) Blobs and Defect

(5) Binary Difference o
Classification

A 4

Figure 25 Flowchart of ADC
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Figure 26 Defect location and classification example for trace of PDP

The electric trace of PDP pattern is a straight line pattern as shown in Figure 26. The

review station locates the defect; the ADC relocates the defect. When located by the
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review station, the CCD will take the image and transfer to buffer automatically. After
automatic image binarization, then the image can be skeletonized. Based on the Hough
transformation [1] and feature point of the trace, the perfect patterns can be recovered.
With the help of comparison of the perfect pattern and the original binary pattern, the
binary defects can be detected. These related algorithms will next be described in more

detail.
(1) Original Image

The original image is taken by the NTSC CCD camera of the review station, the image

size is 640 x 480 pixels. This image will be used for binarization in the next step.

(2) Automatic Binarization [23]

Automatic binarization of the image is the basic method of image segmentation. The
method introduced here is based on the cluster separation according to the maximum
separability value for the threshold selection given the image histogram. The

separability of the image cluster separation is defined in a continuous sense as:

_ o5
n() = =

T

where o, (f)and o, represent the combined variance of the two clusters and the image
respectively. Since O'? is a constant for the image, the maximum of the 7(#)is based on
the maximum of O'; (?) . Briefly, the term O'; (¢) and can be represented discretely by a

binary weighted function:

O-zza(k) = o, (14, _/uT)2 + o, (4, _/UT)2
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where:
n, is the grey level of pixel 1.

255
n.
— — 1
Vezn o Py
k 255
w, = Zpi , W= Zpi
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Finally, the variance of the clusters can be expressed as [23]:

k ) 1 1 k 255. 1 k 2
zm[ _Nznj_szzn

2
Op (k) = | & | &
N>~ n|l-—>n,
Rk 2
Then we take the &£ value as the threshold for the image binarization when the variance

of the two clusters taken is the maximum.
(3) Skeletonization and Cut/Short Identification

With the help of the image skeleton, the same skeletonization procedure developed in
chapter 3 is used. Feature points can be obtained such as end, tee, cross or dot (see
Figures. 21, 22, and 23). The purpose of this technique is used to identify large defects
such as cut and short (refer to Figure 24 (a) and (b) ). Also, small island defects become
one dot after skeletonization. Subroutine three in Appendix D is the detailed logic design

for large defect classification.
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(4) Recover Patterns

With help of the Hough transformation after skeletonization, the direction of the PDP
trace is known. Also the feature points of the trace along every trace can be obtained.
Based on the direction of the trace and the feature points of every trace, the perfect

patterns can be recovered.

(5) Binary difference

Based on the recovered perfect pattern, difference of two images (b) and (d), the binary

defects can be detected. Considerable edge noise remains as shown in Figure 26(e).

(6) Blobs and Defect Classification

After image difference, the binary image can be blob analyzed using many different
algorithms. Many of the object’s features can be computed based on boundary
information using chain-codes. These include moments [8], and boundary length and
area based on a discrete version of Green’s theorem [20]. Also the Fourier descriptors [1]
are used for shape analysis. These methods are useful to analyze small blobs identified
in the PDP pattern. If some small blobs on the view image are found, they can be

considered as dust or anomalous.

So far, some methods for object recognition based on global feature measurements such
as skeleton’s feature points, object’s area, size as well as shape measurement techniques
have been considered. Furthermore, several assumptions should be made concerning the
PDP images. First the normal or perfect pattern for PDP should not contain curved

boundaries or edges, which means boundaries and edges should be approximately
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straight lines. Second, if the defect occurs in a PDP pattern, its boundary should have
some damage or distortion. As a result, to detect defects with the help of boundary

descriptors is possible.

Here the linear regression and local description length method is used for detecting the
bite and protrusion defects. Another useful idea is that some small acceptable defects
could be also detected with the computation of the maximum residual based on linear

equation regression for the electric trace of PDP.

A mathematical model of the linear regression can be described as follows. Given the

local boundary coordinates such as (x,,.y,),(x,,»,),L ,(x,,y,), then we have an

equation:

y,=ax,+b+e, (t=12,L ,n)

Ordinary least squares estimators of @ and b are given by

_ Z('xt _)_C)(yt _)_/)
a=
Z('xt _)_C)z

b=y—-ax

Based on the above equation, the local maximum residual can be computed according to
the value of the local residuals, the defects can be judged as acceptable or not acceptable.
If the residual is bigger than a given threshold, the defect is deemed not acceptable,
otherwise the defect is accepted. Also, the defect type can be classified by its shape or

whether or not it is a white or black defect.

So the comprehensive algorithms are used for different kind defect classification.
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4.4 Examples of ADC

Figure 27 illustrates an example of an open and short defect detected using
skeletonization. The open defect is constructed by two end feature points, and the short

defect is bridged by two tee feature points.

Figure 27 Open and short defect by skeletonization

Figure 28 Island defect by blob analysis

Figure 28 shows an example of an island defect using Fourier descriptors of blob

analysis techniques. Usually the small blob of the black defect is the type of island which
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is caused by dust.

Figure 29 shows additional details of many kinds mouse bite and protrusions which are
caused by screen printing problem during the manufacturing process. Based on the
figures we can see that even the very small bite and protrusions can be detected by the

same boundary descriptors.
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Figure 29 Bit and protrusion ADC based on boundary descriptors
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4.5 Successful Application and Evaluation

Two successful examples applying the skeletonization algorithm are presented here. The
first example is the design for a special inspection algorithm for the Panasonic PDP
research center. The second successful application is a field known as glass mask

inspection.

4.5.1 New PDP Pattern Inspection & Simulation Results

Defect inspection is performed in a simple manner. For every feature point, with the
help of their feature type and feature directions, the surround feature points are
searched. If targets are found, the direction code may or may not be matched by one of
the codes (see Figs. 21, 22, 23). In this manner, several types of defects can be identified
eg. open, short. This methodology is designed especially to detect electrode defects in

PDPs.

The simulation results can be seen in Figure 30. In this example, the PDP pattern was
designed by PDP research center of Panasonic. It is very successful application of
feature point matching after skeletonization. The logic is that searching the feature
points along the vertical direction, once the feature point found, check its direction code
to look it is matching point or not. Also some conditional connection judgement is used

for the detect inspection.
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Figure 30 Conditional defect results detected by the simulation program.
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4.5.2  Defect Inspection for Complex Patterns

C4D Reference Image Inspection Image

skeletan
Process
End
Join
Points
Detect

Feature Point Compare

Figure 31 Feature point compare method for more complex pattern

Comparing with the size of PDP panel, glass mask is relative small. So we can register
the perfect pattern based on CAD data (reference image), and using the same
skeletonization algorithm to obtain the feature points. During inspection, the raw

image (inspection image) can be skeletonized in real time, also its feature points can be
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detected in real time. Comparing the feature points of the registered CAD reference
image with the feature points of the inspection image after skeletonization, defects such
as shorts or opens can be detected. Figure 31 illustrates successful application based on

feature point detection after skeletonization.

4.5.3 Real-World Implementation

Shown in Appendix B is a PDP inspection machine and review station designed and
manufactured by V Technology Co., Ltd. The inspection algorithms have been
successfully installed in many PDP inspection machines. The ADC software described in
this paper has been installed in this review station shown. Appendix C shows some
real-world test images as well as their skeletonization results based on the developed
algorithm. I spent many months at V Technology Co., Ltd to debug and test the

algorithm and delivered to the production line in 2001 and 2002.

The developed skeletonization algorithm has enhanced the ability of PDP inspection
machine. The throughput has been enhanced from three minutes per 50 inch PDP panel
to fifteen seconds. And ADC software is installed in review station to improve location
accuracy of the defect from seven micrometre to one micrometre. The review station can
now automatically make decisions about whether or not the PDP can be repaired based

on the nature of the defect.
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5 Conclusions and Future Work

In this thesis, a new 12-step approach to skeletonization has been developed. This
algorithm has made improvement and has met the required design criteria. This
produces a more desirable output in which circles are properly skeletonized to dots
instead of crosses. This 12-step procedure has been implemented using the existing
hardware and skeletonization lookup tables. Simple modifications can be made to
handle noise input and generate condensed, application-specific output. There are two
shortcomings of this new method, first, circles are reduced to 2x1 or 3 x1lines, instead
of single pixels. The second weakness is only apparent after a large number of
skeletonization passes. After 512 cycles, circles in the image begin to becomes
octagon-shaped. This, however, does not present a problem in the 64 passes used for
PDP inspection which are realized by FPGA module. The ADC software is implemented

in the host computer, which improve the judgement speed of the review station.

5.1 Conclusions

® The new skeletonization algorithm has been demonstrated to be an improvement
over existing techniques. The algorithm has been successfully implemented within a
PDP inspection machine used by popular PDP manufacturers eg. Panasonic, NEC,

Pioneer, etc.

® The new skeletonization algorithm works parallel with existed DRC and AB
compare methods, hundred percent of the defects on the PDP panel can be detected

by a PDP inspection machine.
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Skeletonization method usually is complex and computational slow. In this case, the
algorithm was implemented by FPGA module (Flex) of Altera Corporation [30]. And

also implemented by Altera FPGA module Stratix [31] recently.

The discussed algorithms for ADC works well for defect detection and classification.
Defects such as cut, bite, short, protrusion, pinhole, and island are properly

identified on a PDP review station.

The new algorithms of skeletonization and ADC have been used in the real world

systems for PDP inspection machine and review station by V Technology Co., Ltd.

5.2 Future Work

With the development of PDP technology, the PDP pattern will be modified in the
future, so modified inspection algorithms will be required. The existing methods are

expected play an important role in the inspection of PDPs.

The ADC software currently only supports PDP electrode patterns. For any color

PDP patterns, new ADC algorithms will need to be developed for the review station.

The new algorithm will be used for PCB inspection systems.
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Appendix A: Frequently Asked
Questions about PDP

A.1. What is screen size?

Screen size usually refers to the diagonal size (in inches) of effective display area. Screen
size is calculated as follows.
Screen size of CRT is prescribed by the whole tube diagonal.
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A.2. What is display pixel?

One pixel consists of the set of R.G.B. unit. The Pixel is also called Cell.

52 pixels
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A.3. What is pixel pitch?

Defined as the distance from one pixel to the next pixel.
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A.4. What is Effective Display Area?

Displayable area of the screen (H, V)
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A.5. What is Display Aspect Ratio?

Ratio of Vertical and Horizontal screen size. Current TV's aspect ratio is 4:3 or 16:9.

16

A.6. What is grayscale?

Different steps of brightness level. Grayscale is explained as follows...

21 =2 grayscale
22 =4 grayscale
24 =16 grayscale
26 = 64 grayscale

28 =256 grayscale

e

(8 grayscale)

The power of two also determines the number of lines of input data required.

A.7. What is the number of colours?

256 grayscales for each of R, G, B means 16.7 million colours
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A.8. What is the brightness?

Unit of the luminance of display. Spot brightness is the peak brightness at the centre of
the dot. Surface average brightness is the averaged brightness of lighting dot and

non-lighting dot in the measured circle area. PDP uses cd/m2 unit as brightness

A.9. What is the contrast ratio?

Lighding Hon-lighting Ratio of the brightness of lighting and

non-lighting. There is a distinction
between dark room contrast and room

(day- light) contrast

ulnlaiufufet=Talu}ululala]
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A.10. What is Colour Temperature?

A display may be characterised by specifying
the temperature (in units of kelvin, K) of a
black body radiator that appears to have the
same hue. A more complete specification is
provided by the chromaticity coordinates of
the display's spectral power distribution. In
: the diagram, B is the area of visible light
1 a 10 defined by NTSC.

Chromaticity Diagram

A.11. What is viewing angle?

Horizontal Vertical The angle from which the display can be

correctly seen without discoloring or
g brightness difference.
E

=1

~:~| .
0 .
=

A.12. What is the difference between interlaced and

non-interlaced displays?
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Interlace scanning Mon-nterace scanning
(progressive)

TV screen TV screen

A.13. What is the difference between Analogue

Interface and Digital Interface?

Analogue _/\ With the analogue interface an

\/_ analogue signal changes value
E m continuously. With digital, data

P 0 changes in two steps, 0 or 1.
Digital e
"ot o
e [ 5w
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A.14. What is digital RGB?

Digital RGB signal means each R,G,B

Input signal LN .
R 1 I data has two steps, L.e. “0” or “1”. Eight
colours can be displayed by
G : combination of “0” and “1” of each
R,GB data. Number of colours can be
B : ; increased by increasing the number of
E ; ! ; input signals
oisplay [ [ [T
colors
R G B

A.15. What is analogue RGB?

R _/”/lll 1 o Analogue RGB signal means each
R,G.B data has continuous data. Display
G . //l‘. colors are defined by the brightness
: : level and combination of R,GB data.
B ///‘l— Analogue RGB is suitable for multi
i i 5 colour display.
o, 0 D O
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Appendix B: PDP Inspection Machine
and Review Station of V Technology Co.,
Ltd.

B.1. V Technology Co., Ltd. (www.vtec.co.jp)

V Technology has been rapidly growing at an incredible pace according to the market
growth since its establishment in 1997 as a manufacturer of inspection, measurement,
review, and repair systems for flat-panel displays (PDP, LCD and FED), the key devices
in IT and multimedia technologies. The market of flat-panel display devices will reach
$100 billion (whereas $51 billion in 2000). The market of flat-panel itself will get up to

$83 billion (whereas $22 billion in 2000).

LCD & PDP manufacturing requires inspection machines available for 8-9 inspection
layers. V Technology is the first manufacturer in the world having fully completed a
series of inspection system which gives advanced and highly available total yield
management solution. Their robust total solution and expansion of capital investment
will expedite growth in the inspection system market. Furthermore, they will reinforce

their sales & service support channel in Taiwan, Korea and China.
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B.2. PDP Inline Pattern Inspection System

Figure 32 PDP pattern inspection system
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B.3. PDP Review Station

Figure 33 PDP review station
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Appendix C: Test Images and Results
Based on New Skeletonization Algorithm
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Figure 34 C.1 Circle with donuts image
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Figure 35 C.2 Multi-connection line with circle image
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Figure 36 C.3 Circle with connection line image
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Figure 37 C.4 Square with line image
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Figure 39 C.6 Line image with circle
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Appendix D: Detail Logic Design of the
Related Algorithms
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Subroutine one: Generate Skeletonization Look-up

Tables

for (bits = 0; bits < 512;bits + +)
for (i =0,mask =1;i < 9;i + +, mask = mask << 1)
bli] = (bits & mask)?1:0;
end i
end bits
for (i=0;i<64;i++)
n = sum of bits around outside
n =b[0]+ b[1]+ b[2]+ b[3]+ b[4] + b[5]+ b[6] + B[ 7]+ b[8];

if (b[4]==0)
out =0;
elseif (n==0)

out =1; that's a dot
elseif (n==1) end point case
if (consume end points > (64 —1))
out =0;
else
out =1
end if
else
if (cross _number == 0|| cross _number > 2)
out =1;
else
do four step approach
Call subroutine two
end if
end if
end i
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Subroutine two: Modified Four Step Skeletonization

(12 cycle approach)

for (i=0;i<64;i++)

x=1%12

if( (x=0&&!H[0]&&!P[1] & & H[2] & & D[7])
| (x=1&&!5[0] & & !b[3] & & !5[6] & & !D[5])
| (x=2&&!5[2] & & !D[5] & & 'h[8] & & 'b[3])
| (x=3&&!H[0]&&!D[7T] & & !D[8] & & !h[1])
| (x=4&&!b[1] & &!DH[7])
| (x==5&&!'h[3] & & b[5]
| (x=06&&!h[5] & & !b[3]
| (x=7&&!H[7] & & b[1]
| (x=8&&!p[1] & & !H[7]
I (x=9&&!h[3] & & H[5]
| (x==10& & !5[5] & & !b[3])
| (x=11&&!5[7]&&!D[1]) )

out =0;

[
[

)
)
)
)
)
]
esle
out =1;

end if

end i
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Subroutine three: Logic Design for Defect

Classification Based on Feature Points

Logic 1: Searching end points (searching points) based on end
point (main point)

Coordinate System

[\

O~ (O

o))
(O~

v

Some Parameter Definition

(xy,,) is the coordinates of main point
(x,,»,) is the coordinates of searching points

7, is the OPEN_SEARCH_RANGE parameter from GUI

r, = \/(xp —xo)2 +(y, - yo)2 is the searching field

CASE 0:

Searching condition:

Searching range: 90 degree
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x, <X,
X, + (Vg —x)) <y, <—x,+(x) + )
r, <7,

Searching range: 180 degree
x, <X,
r, <rn

CASE 1:

A

Searching condition:

Searching range: 90 degree
X, <X,
yp < yO
r, <rn

Searching range: 180 degree

X, <—=y,+X,+¥,
Y, <—=X,+Xx,+,

}’p <r

CASE 2:

v
>

Searching condition:

Searching range: 90 degree
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yp_(yO_x0)<xp<_yp+('x0+y0)
yp<y0
r, <7ty

Searching range: 180 degree

yp>y0
l”p<l”0

CASE 3:

Searching condition:

Searching range: 90 degree
X, > X,
yp < yO
r, <rn

Searching range: 180 degree
X, <y,+X,= Y,

Yp <X, =X+ Vo
r, <r

CASE 4:

v
>

Searching condition:

Searching range: 90 degree
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X, > X,
—x, + (X +y)) <y, <x,+(¥, —X,)
r, <7,

Searching range: 180 degree
X, > X,
r,<rn

CASE 5:

> X
Searching condition:
Searching range: 90 degree
X, > X,
yp > y()
r, <r
Searching range: 180 degree
X,>=y,+x,+Y,
Y, >=X,+x,+Y,
r, <r
CASE 6:
Y
A
3\ 271
4 Q
5 7
> X

Searching condition:

Searching range: 90 degree
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=y, t(xg+ty)<x,>y,—(yy—x)
yp >y0
r, <r,

Searching range: 180 degree
yp > y()
r, <rn

CASE 7:

v
b

Searching condition:

Searching range: 90 degree
x, <X,
yp > y()
r, <r

Searching range: 180 degree

X, <y, +X —Y
Yp 2 X, =X TV
r, <t
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Logic 2: Searching end points (searching points) based on tee
point (main point)

TEE

Searching condition:

Searching range: 360 degree

r, <r
{if (H < Projection _ignore range) p is not defect

Logic 3: Searching tee points (searching points) based on tee point
(main point)

Searching condition:

Searching range: 360 degree

r, <1
if (Point pis TEE) p is a defect
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Logic 4: Searching tee & cross points (searching points) based on
cross point (main point)

A

Y ROSS

H rQ

CROSS

Searching condition:

Searching range: 360 degree

r, <r,
{lf (Point p is TEE or CROSS) p is a defect

Logic 5: Dot point can be taken as a kind of defect
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