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ABSTRACT 

We are now in a rapid growth digital age. Different kinds of digitized applications 

are affecting people’s daily life in different ways. We are communicating through digital 

communication systems; precious moments of our lives are captured by using digital 

cameras and stored in digital recording media. Digital television programs, digital music 

and digital movies entertain and improve the quality of our lives. We are also studying, 

doing research, running businesses and managing our schedules using digitized tools and 

forms. All of these digitized applications generate tremendous amounts of information 

every day. We need to archive the important information because of their enduring value. 

However, the storage of digital information over time is a complex and difficult task. 

Selecting reliable digital archiving media, choosing suitable digital archiving methods, 

and using appropriate file formats for digital archiving are essential elements for 

achieving this task.  

Many companies and organizations have invested in finding reliable and affordable 

storage media for digital archiving since the end of the last century. Compact Disc 

Recordable (CD-R) quickly became one of the most popular choices for preserving 

digital information because CD-R can provide reliable back up at a reasonable price. 

Nevertheless, recent studies revealed that CD-R as a recording media for long term 

information archiving is not as reliable as we wish [4].  Its recording media may suffer 

from lost data because of possible damage from heat, humidity and light.   

In order to improve the performance of CD-R for long term digital archiving, there 



13 
 

 
 

has been some research on hardware and software solutions to address this potential 

problem. Still most existing improvements have limitations either in the need of changing 

current CD-R standards or significant changes in current optical media drives.  

The objective of this research is to design and implement a novel system that 

advances the state of the art in digital archiving using CD-R, especially in the area of 

digital image storage. The design proposes robust image storage methods for CD-Rs 

based on the JPEG2000 standard. These storage methods combine the virtual block 

interleaver, Reed Solomon codes, and the error resilience tools of JPEG2000 effectively 

to protect the images on CD-Rs against errors caused by possible physical damage.  

To demonstrate the feasibility of the proposed digital data storage methods, numerous 

experiments are conducted. The results show that the robust digital archiving methods for 

CD-R are useful and efficient. 
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CHAPTER 1 

INTRODUCTION 

1.1. Motivation 

The rapid growth of digitized applications has generated tremendous data, which has 

made the preservation of important digital data over long periods of time more and more 

important. Traditional information archiving methods (using paper or microfilm) are 

robust against the lapse of time.  Today, some ancient books are still telling us some old 

stories even after thousands of years. Digital archiving media have not passed tests for 

such a long period of time as those ancient books.  However, they can store massive 

digital information in a relatively small volume and can be indexed in a relatively short 

period of time.  Optical disks including CD-R, tapes, and hard drive disks are the most 

popular choices for digital data archiving among which, CD-R is commonly adopted in 

our daily lives because of its portability, strong error correction ability, high storage 

capacity, and low cost.    

CD-R was invented by Philips and Sony around the year 1988[1]. The related 

standards were first published in the “Orange Book” [1] in 1990. The file system and 

information indexing methods of CD-R are described in the ISO 9660 [27] standards.  

After the invention of CD-R, people were excited about its properties as a reliable 

storage media. The storage data are read and written through a laser beam which is 
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focused on the reflective layer of the disk [1]. So there is no surface touch during the 

reading and writing procedures. The disks may not suffer from surface wearing problems 

like tapes or hard disks. The chemical materials for recording data, the metal reflective 

layer and the plastic protective layer were intended to last for more than 100 years [32]. 

The sophisticated error detection and correction methods, which are embedded in the 

recording data, help to preserve the integrity of the storage data [1]. All these advantages 

made the CD-Rs a reliable choice for data archiving. People are using them for archiving 

almost everything today. From the beginning of this century, millions of disks are 

manufactured and sold every year. 

However, the life span of CD-Rs is not as originally assumed. Data on the disks may 

not be readable after many years of storage. Songs on disks may not be played by the 

music player. Some news and magazines have even claimed that some CD-Rs cannot last 

longer than a few years based on their observations and tests [30-35]. In order to 

understand the lasting qualities of CD-Rs, some research has been done to investigate the 

aging of CD-Rs. Shahani et al [4] study this process using two methods: an accelerated 

aging method and a natural aging method.  

In the accelerated method, CD-Rs are tested in an environment with high temperature 

and high humidity for repeated periods of 500 hours to 2000 hours. Different elements of 

the tested disks are checked after each testing period. On the other hand, in the natural 

aging method, CD-Rs are stored in a natural environment. The test disks are kept in dry 

and cool rooms and are subjected to normal daily wear. Every 3 to 5 years, the qualities 

(readability, uncorrectable errors, and distribution of burst errors) of those disks are 
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checked by scientists using specific equipment. The updated testing results can be found 

on their official website at http://www.loc.gov/preserv/. 

So far, the results from the above accelerated aging tests show that chemical changes 

in the recording layer may generate uncorrectable data errors (see Figure 1.1). 

 

Figure 1.1: Effects of damage on the data (from Shahani et al [4]). 
 

Akhavan et al [5] investigated the effects of intense light sources on CD-Rs. Their 

result shows that white light has different effects on different types of recording materials. 

Among all test disks, Pthalocyanine CD-R disks are robust against light exposure. 

Slattery et al [6] tested disks under the conditions of increased temperature, humidity, and 

direct strong white light. Their results showed that harsh environments may generate data 

defects on CD-Rs. And disks from different manufactures have different stability under 

the harsh environment. These results prove that harsh environments or long-term storage 

may result in severe data damage on CD-Rs.  

At the same time, some researchers are trying to develop methods to increase the 

longevity of optical disks. Byers [28] suggested some efficient methods for the protection 

and use of optical disks: 1. Grab the optical disks through either the outer edge or the 

http://www.loc.gov/preserv/�
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center hole.  2. Make sure there is no dust, finger marks or hairs on the surface of the 

disks.  3. Store the disks in a cool, dry and dark environment.  4. Keep the disks in their 

protective cases or boxes, etc. However, these methods may only delay the effects of 

aging on those discs.  

Some methods have also been proposed to extract data from unreadable disks and 

correct errors in the recovered data. Many of these are discussed below, and need the help 

of special hardware or are not compatible with current standards. The motivation of this 

dissertation is to provide robust data storage methods that significantly increase the error 

correction capability of CD-R based on normal optical disk drives following current 

standards.  

1.2. Organization and Contributions 

This dissertation studies the problem of robust data storage with CD-Rs for long term 

data archiving.  

In Chapter 2, relevant background information involved in the data format 

development, comparison, and experiments in the following chapters is provided. The 

background includes the structure and standards of CD-Rs, the file structure and error 

resilience of TIFF and the JPEG2000 image format, as well as error correction codes and 

channel models that are employed or discussed in the dissertation.  

In Chapter 3, a robust data storage method and related data recovery method are 

proposed based on standard disk drive hardware. This data storage method employs a 

newly designed data interleaving strategy and Reed Solomon codes. It provides extra 
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protection for the important parts of the disk system, such as the volume descriptor, the 

path tables and the directories. This may help to increase the access speed for damaged 

data files.  

In Chapter 4, four digital image storage formats and their related data recovery 

methods are proposed. The first format is based on the uncompressed TIFF image format 

because of its strong error resilience characteristics. In this format, Reed Solomon codes 

are adopted to defend the weak parts of uncompressed TIFF images, such as file headers, 

Image File Directories, etc. The improved image storage format provides better 

performance against data defects. The second format is based on the JPEG2000 file 

format. In order to get even better results than the improved TIFF image storage format, 

the high compression efficiency and error resilience of the JPEG2000 standard, together 

with the high erasure correction ability of Reed-Solomon codes are exploited to provide a 

robust image storage method based on the JPEG2000 image format. In the third image 

storage format, a Joint Source-Channel Coding (JSCC) approach is adopted to provide 

different amounts of protection for different sections of JPEG2000 images. In the fourth 

image storage method, lossy JPEG2000 images with high quality are used as the image 

storage file format instead of the lossless JPEG2000 images. Like in the third format, 

more important image parts gain more protection on the disk.    

In brief, the contributions of this dissertation include: 

1) A robust data storage method is proposed for general digital data files. A new 

interleaver is designed to provide enough interleaving depth for stored data bytes. 

Reed-Solomon codes are adopted to maintain the integrity of the archived 
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information. At the same time, extra backup is provided for disk system 

information, such as the volume descriptor, path tables, directories, etc., to 

provide quick access to saved data files. 

2) A robust image storage method is proposed based on the uncompressed TIFF 

image file format. The weak and important parts of TIFF files are defended by 

Reed-Solomon codes. This method effectively protects stored TIFF images 

against burst errors caused by disk defects. 

3) A robust image storage method is proposed based on the lossless compressed 

JPEG2000 image file format. This method adopts the previously mentioned 

interleaver and Reed-Solomon codes to provide equal protection for all parts of 

the JPEG2000 images.  

4) A robust image storage method is proposed based on the lossless compressed 

JPEG2000 image file format. Based on the channel model of damaged CD-Rs, 

this method provides more protection to more important parts of the JPEG2000 

images.     

5) A robust image storage method is proposed based on the lossy compressed 

JPEG2000 image file format. Based on the JSCC approach, more important parts 

of the lossy compressed JPEG2000 images gain more protection from the extra 

Reed Solomon codes.  
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CHAPTER 2 

 BACKGROUND 

This chapter describes the definitions, standards and background information about 

the Compact disc Recordable (CD-R) disks, the JPEG2000 image file format, the TIFF 

image file format, Reed-Solomon error correction codes, and digital information 

transmission and storage environment models. These are essential elements required to 

understand the robust data and image storage methods proposed in subsequent chapters. 

Section 2.1 introduces the basic standards, file systems and the error correction methods 

of CD-R; Section 2.2 discusses some basic channel models to describe digital 

communication and storage environments; Section 2.3 describes the standards and file 

formats of the uncompressed TIFF image file format; Section 2.4 introduces the 

standards, file formats and error resilience tools of JPEG2000.  

2.1 Compact Disc Recordable 

Compact Disc Recordable (CD-R) (see Figure 2.1) is a kind of optical disk for 

recording digital data files or digital music. The CD-Rs from the market are “empty” 

disks and can be written by laser beam with specific frequency and power. Special 

chemical changes happen at the recording layer during the data writing procedure. This 

change is a kind of irreversible change. Once the data are written, they are not erasable. 

The recorded data can be read by low power laser beam many times until there are 
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uncorrectable errors on the disk. So, CD-R is a type of “write once and read many times 

disk” [1]. The attributes of CD-R are decided by the unique chemical characters of the 

compound materials in its recording layer [4]. 

At the beginning of 1990s, engineers built the recording layer of CD-Rs using 

Cyanine dye [1].  With the development of material technology, media manufactures 

have begun to use new chemical compounds Phthalocyanine dye or Azo dye to form the 

recording media of CD-Rs since the beginning of this century. These new materials are 

more stable compared to Cyanine dye [4]. 

The quality and the longevity of CD-R are affected by many important elements, 

such as the type of chemical compounds in the recording layer, the thickness of the 

recording dyes, the materials used in the reflective layer, and the thickness of the 

reflective layer. In this dissertation, the discussion is focused on only CD-Rs with 

standard thickness in both recording media layer (by using Phthalocyanine dye or Azo 

dye as recording materials) and reflective layer (by using aluminum alloy for the 

reflective layer). 
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Figure 2.1: A CD-R disk. 

2.1.1 Basic CD-R Standards 

A standard CD-R disk is a multilayer optical disk 1.2 mm thick and 120 mm in 

diameter. It usually has four layers: polycarbonate layer, recording layer, reflective layer 

and protective layer (see Figure 2.2). Different layers make different contributions for 

data archiving. The polycarbonate layer contains a spiral groove to help the laser beam 

find the correct locations during the writing and reading procedures. The spiral groove, 

which is also called the pregroove, contains a wobble frequency. The wobble frequency 

contains the information of the Absolute Time In Pregroove (ATIP), which is used to help 

the laser beam stay on track and in writing data at a constant rate. The recording layer is a 

very thin layer of organic dye. The transparency of dye may be altered by the writing 

laser to record the digital data. The reflective layer is a thin layer of silver, silver alloy or 

gold. The protective layer is a layer of photo-polymerizable lacquer.  



23 
 

 
 

 

 
Figure 2.2: Standard CD-R contains four different layers (from Orange Book [1]). 

 

Digital data are saved sequentially on the data recording layer along the data 

spirals. According to the physical standards of CD-R [1], the width of one data track is 

0.5 𝜇𝜇𝜇𝜇 and the distance between the neighbored two data tracks is 1.6 𝜇𝜇𝜇𝜇. Each data bit 

on the disk is around 0.277 𝜇𝜇𝜇𝜇 long and 0.5 𝜇𝜇𝜇𝜇 wide. From these, we can see that a 

small defect on the disk may affect many data bits. For example, a small scratch on the 

disk may be 0.2 to 0.3 mm long and 0.01 mm wide. If this scratch is along the data track, 

it will affect 5400 bits on the disk. If there is a black dot on the disk with diameter 0.01 

mm. There are around 3000 bits destroyed because of this black dot. At the same time, 

small defects are easily generated by daily usage, such as scratch, finger mark, dust, black 

dots, etc. On the other hand, some random errors may be generated by some random 

effects of the system, such as the instability of the laser beam, noise generated by other 

electrical circuits, data defects generated during the writing procedure, etc. The CD-R 

standards adopt a complex error detection and correction strategy to correct the burst 

errors generated by those physical defects or random noise. In order to make 

improvements to current normal CD-R, we need to understand its abilities and limitations 

against different kinds of errors. 
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2.1.2 Error Correction Methods of Normal CD-Rs 

In order to protect the integrity of storage data on disks, the CD-R standards adopt 

sophisticated Reed Solomon codes for error detection and correction [7]. The encoding 

procedure and decoding procedure of CD-R are reviewed below to illustrate how burst 

errors are corrected in a standard CD-R system.  

Add Header, EDC, and Intermediate Bytes; P & Q encoding; Add Sync;  
Generating sector of 2352 bytes.

CIRC Encoding; Generating a sector with 98 F2 Frames (32 bytes)

Add Control Byte at the beginning of each F2 Frame;
Generating sector with 98 F3 frames (33 bytes)

EFM Modulation; Adding Sync and Merging Bits at the head of each Frame;
Generating physical sector with 98 physical sector frames (588 bits)

Data 2048 
Bytes

2352 Bytes

3136 Bytes

3234 Bytes

Data saved on CD-R

57624 Bits

Bits in byte 12 to byte 2351 are put into a 16 bits scrambler;
Generating a sector of 98 F1 frames (24 bytes)

 

Figure 2.3: Encoding Procedure of CD-R. 
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Standard CD-R encoding comprises five steps (see Figure 2.3). Step 1: 4 bytes 

header, 4 bytes Error Detection Code (EDC) and 8 intermediate bytes are added to each 

data group of 2048 bytes. From the resulting 2064 bytes, even numbered bytes and odd 

numbered bytes are grouped into two data matrices each of size 24 × 43 . The two 

matrices are double encoded by Reed-Solomon (RS) codes. First, (26, 24) P encoding is 

applied to each 24 byte column to yield an intermediate matrix of size 26 × 43. Secondly, 

(45, 43) Q encoding is applied diagonally to the intermediate matrix. Twelve sync bytes 

are added to the head of the generated data to identify the beginning of a sector, which is 

the smallest addressable data unit on CD-R. These sectors have three different layouts 

depending on the settings of the CD-R mode byte (00h, 01h or 02h). These three layouts 

are shown in Figures 2.4, 2.5 and 2.6. The leading 12 bytes of each sector layout 

comprise the fixed synchronization pattern. Among these three sector layouts, we only 

discusses layout mode (01h) in this dissertation because this is the sector layout used for 

digital data CD-Rs.   

12 Sync Bytes

Header

Sector Address Mode(00)

2336 bytes

 

Figure 2.4: Sector Layout Mode (00h) (from ECMA-130 [7]). 
 

12 Sync Bytes

Header

Sector 
Address Mode(01)

User Data

2048 Bytes

EDC Intermed
iate

4 bytes

P Q

8 bytes 172 
bytes

104 
bytes  

Figure 2.5: Sector Layout Mode (01h) (from ECMA-130 [7]). 
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12 Sync Bytes

Header

Sector Address Mode(02) 2336 bytes

User Data

 

Figure 2.6: Sector Layout Mode (02h) (from ECMA-130 [7]). 
 

Step 2: The sectors are preprocessed by a 16 bit scrambler. The bit scrambler is 

reset every time it detects the 12 synchronization bytes at the beginning of every sector. 

Bits in byte 12 to byte 2351 of the sector are rearranged by a parallel block synchronized 

scrambler, which has a feedback polynomial x15 + x + 1 as shown in Figure 2.7. This bit 

scrambler is used to preprocess the power density spectrum of the bit stream. Each 

scrambled sector is split into 98 F1 Frames of 24 bytes.  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

+

+
Input Data

Output

Bit Clock

 

Figure 2.7: Bit Scrambler (from the ECMA-130 [7]). 
 

Step 3: F1 Frames are processed by the Cross Interleaved Reed-Solomon Codes 

(CIRC) encoder, which is constituted of three interleavers and two RS encoders: C2 (28, 
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24) and C1 (32, 28). First, interleaver I delays bytes 0, 1, 2, 3, 8, 9, 10, 11, 16, 17, 18, and 

19 of each F1 frame by 2 frames. Next, the C2 encoder adds 4 parity bytes to each F1 

frame to make 28 byte C2 frames. Then, interleaver II spreads the 28 bytes of each C2 

frame over 108 data frames by delaying the nth byte of each C2 frame 4(n-1) frames. The 

C1 encoder generates 4 parity bytes for each interleaved frame to make 32 byte C1 

frames. Finally, interleaver III delays the odd bytes of each C1 frame by 1 frame to 

produce F2 frames.  

Step 4: A control byte is added to the beginning of every F2 frame to produce F3 

frames of 33 bytes. 

Step 5: Each byte (8 bits) of each F3 frame is transformed by the Eight-to-

Fourteen Modulation (EFM) code into 14 channel bits to make at least 2 zeros and at 

most 10 zeros between two ones. 3 merging bits are added after each 14 bits. 24 sync bits 

and 3 merging bits are added to the head of each modulated frame to make a 588 bit 

physical sector frame. 98 continuous physical sector frames are grouped together to form 

a physical sector with 57624 channel bits. 

From the previous discussion, we know that the smallest data unit on a CD-R is a 

data frame. And the smallest addressable data unit of CD-R is a sector.   

The decoding procedure of CD-R is an inversion of the encoding procedure. First, 

every physical sector frame is demodulated to form a F3 frame by removing the sync bits 

and transferring every byte to 8 bits. Next, all control bytes are removed from F3 frames 

and deinterleaver III is applied to produce C1 frames. The errors inside each C1 frame 

may be detected and corrected by the C1 decoder using 4 parity bytes. If the number of 



28 
 

 
 

error bytes is larger than two, no correction is attempted. In this case, the remaining 28 

bytes are marked with a C1 flag. The outcome data frames with 28 bytes are processed by 

deinterleaver II.  The bytes with C1 flag may be corrected by the C2 decoder when the 

number of such bytes in a deinterleaved frame is less than 5. Otherwise, they are marked 

with a C2 flag (see Table 2.1). After the processes of deinterleaver I and the descrambler, 

the generated data frames are combined together to form sectors of 2352 bytes. For each 

sector, the 2340 bytes after the 12 sync bytes are divided equally into two subsectors. 

Each subsector contains 26 Q words of 45 bytes. The Q decoder may correct at most 2 

errors with C2 flags in a Q word. Or, it may mark those flagged bytes with Q flag. Each 

of the resulting subsectors contains 43 P words of 26 bytes. The P decoder may correct up 

to 2 errors with Q flags within each P word. If there are still uncorrectable errors in the 

sector, this sector may be abandoned by the normal CD driver (see Table 2.2).  

 

Table 2.1: CIRC Decoding Strategy. 
Deinterleaver I 
C1 decoder 

If  
    Bytes containing errors are less than three, 

                    Then 
Correct those bytes with errors; 

                Else 
        Mark all bytes in current word with C1 erasure flags. 

End if 
End 
Deinterleaver II 
C2 decoder 
  If  
                Bytes marked by erasure flags are less than five, 
                    Then 
  Correct those C1 erasures; 
                 Else 
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          Mark those bytes having C1 erasure flags with C2 erasure flags. 
 End if 
End 
 

Table 1.2: Q & P Decoder Decoding Strategy. 
Deinterleaver III 
Descrambler 
Q decoder 

If  
    Number of C2 erasures is less than three, 
        Then 

Correct those two C2 erasures; 
                Else 

        Mark those bytes having C2 erasure flags with Q erasure flags. 
End if 

End 
 
P decoder 
  If  
                Number of Q erasures is less than three, 
                    Then 
  Correct those Q erasures; 
                 Else 
          Report uncorrectable errors to the system. 
 End if 
End 

2.1.3 Properties of Reed Solomon Codes 

CD-R adopts multi-layer Reed Solomon (RS) codes for error correction of the 

storage data. The reliability of recovered data from CD-R depends on the error correction 

ability of these RS codes. In order to discuss the error correction ability and limitation of 

normal CD-Rs, some basic properties of RS codes are reviewed in this section.  

RS codes are widely used for error correction in the fields of digital communication, 

digital multimedia applications and digital data storage, such as wireless communication, 

CD-R, DVD, music CD, ADSL, etc. The RS encoder adds parity codes to a block of data 
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to form a RS code word based on the RS encoding algorithm. The error detection and 

correction ability of RS codes is based on the characteristics of the errors.  

Assume that a RS code word contains n symbols each of s bits. The maximum n is 

n = 2s − 1. For example, if a symbol has 8 bits, a RS word can contain at most 255 such 

symbols. The length of a RS code word can be shortened by inserting a number of zero 

symbols into the encoder space. Those zeros are not transmitted through the 

communication channels. They are reinserted at the RS decoder. For Example, the C1 

encoder of CD-R uses RS codeword containing 28 symbols (each symbol contains 8 bits), 

which can be generated by inserting 227 zero symbols at the encoder. Each codeword 

contains 28 symbols, of which 24 symbols are data and 4 symbols are parity. A RS 

codeword with k data symbols and (n-k) parity symbols is represented by RS (n, k) and 

its minimum code distance is 𝑑𝑑𝜇𝜇𝑚𝑚𝑚𝑚 = 𝑚𝑚 − 𝑘𝑘 + 1. A typical RS (n, k) codeword is shown 

in Figure 2.8.  

DATA (k symbols) PARITY (n-k symbols） 

 

Figure 2.8: Data structure of a RS word. 
 

 Some or all bits in a symbol being in error counts as one symbol error. The RS 

codeword generated by C1 encoder can be specified as RS (28, 24), which can correct up 

to two (8 bit) symbols with errors.   

 If the position of an error symbol is known, it is called an erasure. The decoding 

procedure of RS codes can correct up to 2t erasures. In CD-R multi-layer, RS codes and 
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data interleavers are used to protect the integrity of the stored data. The possible locations 

of errors can be provided by previous RS decoders. If the current RS decoder cannot 

correct all the errors in one RS word, it will add a special flag to all the symbols in this 

codeword and pass them to the RS decoder of the next layer. The subsequent RS decoder 

may process those symbols with flags as erasures. The data protection design of CD-R 

using data interleaver and multi-layer RS codes gained great success. The whole error 

detection and correction system can correct burst errors up to 7000 bits, which is almost 2 

mm along the data spiral track. Such a strong ability can effectively prevent the stored 

date from the burst errors generated by dust, finger marks, small scratches, or small 

accidents during reading procedure.  

In general, various factors may lead to errors in the data stored on the CD-R. The 

sophisticated interleaving and error correction system of the CD-R standard is designed 

for random errors and short burst errors which are generated by signal disturbance during 

the reading/writing procedure or small surface defects due to careless usage in daily life. 

Harsh environments or long-term storage may result in severe burst errors [4-6]. When 

such errors exceed the error correction capacity of CD-R, the data stored on the disk will 

suffer unrecoverable loss [4]. Entire disks could be unreadable in this case.  

2.1.4 File System of CD-R 

Digital information is stored on CD-Rs as digital files, such as digital image files, 

digital video files, digital audio files, etc. These digital files are written on a CD-R disk 

according to the standard ISO9660 [27]. ISO9660 is supported by almost all computer 
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operating systems (Windows, Mac OS, UNIX, etc.). We will discuss the file directory 

structure and some basic characteristics of the ISO9660 standard in this section. 

According to ISO9660, a digital data storage CD-R contains five parts: Empty Sectors, 

Volume Descriptors, Path Tables, Directories and Digital Files.  These five parts are 

saved sequentially on the disk (see Figure 2.9).  

Part 1:
16 Empty Sectors

Part 2:
Volume 

Descriptors

Part 3:
Path Tables

Part 4:
Directories

Part 5:
Digital Files

 

Figure 2.9: Disk format for CD-R storing digital files in the normal way. 
 

The first part is called Empty Sectors, which contains sixteen blank sectors 

(32768 bytes). The second part contains a series of Volume Descriptors, which describe 

the contents and types of information stored on a disk.  Each Volume Descriptor occupies 

one sector. Every disk contains two or more Volume Descriptors: the Primary Volume 

Descriptor (describing the structure of the CD-R file system), the Terminating Volume 

Descriptor (indicating the end of the Volume Descriptor sequence), and some other 

Volume Descriptors to describe the system information of the whole disk. Among these 

Volume Descriptors, the primary one describes some important information of the whole 

disk, such as the identifier of the system, the identifier of the volume, the number of total 

sectors, the size of each sector, the length of the Path Table, the beginning sector for the 

path table, etc.  

The third part is Path Tables. The location of each Path Table is specified by the 
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Primary Volume Descriptor. The information stored in this part is used for quick directory 

searches. Each Path Table contains a group of records. Each record is mapped in a file 

directory on a disk. All the directories are recorded in the Path Table in a prescheduled 

way. The arrangement of the file directories looks like a tree (see Figure 2.10). Each 

directory is associated with a specific level number by the Path Table. The root directory 

is in level 1. The level number of each directory (except the root directory) is its previous 

directory’s level number plus one. The location of the directories with smaller level 

numbers always precedes the location of the directories with larger level numbers in the 

related Path Table. If two directories have the same level numbers, their relative locations 

can be decided by their previous directories’ level numbers. If two directories are under 

the same previous directory, their relative locations depend on their names (in 

alphabetical order).  
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Root Directory

Directory 1 Directory 2 Directory 3

Director 1.1 Directory 1.2 Directory 3.1

Director 3.1….1

Directory 3.1….1.1 Directory 3.1….1.2

Level 1

Level 2

Level 3

Level n

Level n+1

......

 

Figure 2.10: File Directories. 
 

The fourth part contains Directories. The information of this part can also be used 

for files or directory indexes. Each directory record consists of the important information 

of the related directory or file, such as the length of this directory in bytes, the locations 

of the related directory or file on the disk, the size of the directory or file, the generation 

time, the attributes, etc.  

The fifth part contains the Digital Data Files. These files are saved in the sectors 

specified by the directories and paths. They can be indexed by the information in Path 

Tables or Directories. If those two parts are ruined, some of the files can still be accessed 

by matching the special pattern of their file headers (like JPEG2000 image files).   
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2.2 Channel Models 

The information in our daily lives can be digitized by different digital applications. 

The generated digital data are transmitted or stored through different methods, such as 

wireless channels, wire cables, optical cables, optical disks, etc. Those data transmission 

channels or data storage media may generate remarkable effects on the object digital data. 

Previous researchers [9] have set up mathematical models to illustrate the characteristics 

of those transmission channels or storage media.  Based on these channel models, 

specific methods may be developed to maintain the integrity of the object data in 

different environments. In this section, some commonly used channel models are 

discussed.  

2.2.1 Channels without Memory 

If the output of a system 𝑦𝑦(𝑡𝑡) only depends on its current input 𝑥𝑥(𝑡𝑡) (not on 

previous or future inputs), this system is a memoryless system: 𝑦𝑦(𝑡𝑡) = 𝑆𝑆(𝑥𝑥(𝑡𝑡)) [9]. A 

communication channel with such a property is called a memoryless channel. This model 

(memoryless channel model) is a simplified channel model for system analysis. In this 

model, the environmental noises may affect the transmission data independently: 

𝑦𝑦(𝑡𝑡) = 𝑆𝑆(𝑥𝑥(𝑡𝑡) + 𝑚𝑚(𝑡𝑡)) , where 𝑚𝑚(𝑡𝑡)  represents the channel noise at time t and it is 

independent with 𝑥𝑥(𝑡𝑡). 

According to the characteristics of the input and output signals, the memoryless 

channel can be classified as discrete input/continuous output channel, discrete 

input/discrete output channel, continuous input/continuous output channel, and 
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continuous input/discrete output channel. For instance, the additive white Gaussian noise 

channel model is used to describe the discrete input/continuous output channels. In this 

channel model, the input signal is from a finite and discrete collection. On the other hand, 

the output signal is from negative infinity to positive infinity.  The noise signal is a white 

Gaussian signal with a zero mean.    

𝑦𝑦(𝑡𝑡) = 𝑥𝑥(𝑡𝑡) + 𝑚𝑚(𝑡𝑡),    𝑚𝑚(𝑡𝑡)~𝑁𝑁(0, 𝛿𝛿2)         (2.1) 

If both the input signals and the output signals are 0 or 1, the channel is discrete 

input and discrete output. In the Binary Symmetric Channel (BSC), the input signal may 

be received incorrectly with probability 𝑝𝑝; and the receiver may get the correct input with 

probability 1 − 𝑝𝑝.  

P(y(t) = 0|x(t) = 0) = 1 − p; P(y(t) = 1|x(t) = 0) =                               (2.2) 

P(y(t) = 0|x(t) = 1) = p; P(y(t) = 1|x(t) = 1) = 1 − p.    

Input Output

0

1

0

1

1-p

1-p

p

p

 

Figure 2.11: BSC channel. 

2.2.2 Channels with Memory 

If the output of a channel is decided not only by its current input but also by its 

previous inputs, it is a channel with memory [9].  This channel model is more suitable to 

describe the complex characters of digital archiving media than the channels without 
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memory. 

2.2.2.1 Gilbert-Elliot Channel 

The Gilbert-Elliot (GE) channel model is a memory channel model with two 

Markov states – a good state and a bad state [9]. In the good state, the system may 

transfer to the bad state with probability 𝑃𝑃𝐺𝐺𝐺𝐺 , or stay in current sate with probability 

(1 − 𝑃𝑃𝐺𝐺𝐺𝐺). In the bad state, the system may transfer to the good state with probability 𝑃𝑃𝐺𝐺𝐺𝐺 , 

or stay in current sate with probability (1 − 𝑃𝑃𝐺𝐺𝐺𝐺). Let 𝑃𝑃𝐺𝐺  be the probability of bits with 

errors in the good state; Let 𝑃𝑃𝐺𝐺 be the probability of bits with errors in the bad state. 

The average probability of bits with errors in the whole system is:  

𝑃𝑃� =  𝑃𝑃𝐺𝐺
𝑃𝑃𝐺𝐺𝐺𝐺

𝑃𝑃𝐺𝐺𝐺𝐺 +𝑃𝑃𝐺𝐺𝐺𝐺
+ 𝑃𝑃𝐺𝐺

𝑃𝑃𝐺𝐺𝐺𝐺
𝑃𝑃𝐺𝐺𝐺𝐺 +𝑃𝑃𝐺𝐺𝐺𝐺

       (2.3)  

2.2.2.2 Packet Erasure Channels 

A packet erasure channel is a popular memory channel model to describe the data 

transmission over different kinds of networks [9].  In such a data transmission channel, 

all the transmission data are divided into packets with their prescribed styles and sizes. 

Each data packet has a special sequence number depending on its relative sequence in the 

whole data. The receiver may either receive a correct data packet without errors or lose 

the whole packet. The receiver may detect the lost packets by calculating the numbers of 

current received packets and the numbers of the expected packets at the end of the 

transmission procedure or after the prescribed delay time. If the receiver gets a packet 

containing uncorrectable errors, it will dump this packet, record the relative packet 

number, and process this packet as a lost packet.  According to the transmission protocol, 

the receiver may request the retransmission of those lost packets or may not.  
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2.3 Tagged Image File Format (TIFF) 

Tagged Image File Format (TIFF) was first proposed by Aldus and Microsoft in the 

middle of the 1980’s [36] [48]. As one of the most widely used digital image formats, 

TIFF format has several advantages: 

1. TIFF is supported by all current existing computer operating systems and 

hardware platforms, such as Mac, Windows, UNIX, etc. 

2. TIFF is widely adopted by different kinds of applications, such as email, 

printouts, scanning, PowerPoint, word, web design, digital cameras, video 

games, faxing, and other applications.  

3. TIFF supports different kinds of images, such as black and white images, gray 

scale images, palette color images and full color images.  

4. TIFF provides different kinds of compression schemes to save storage space. It 

can use lossless algorithms like PackBits and Lempel-Ziv-Welch (LZW) 

compression to get lossless compressed TIFF images.  

5.  TIFF is adopted as a standard image format by most commercial image 

processing software on the market. 

6. TIFF is supported by all computer file systems and image display hardware.  

7. TIFF has a simple and robust file structure.  

8. TIFF has flexible definitions of its special TAGs. Any organization or person 

can add specific definitions of some special TAGs to the TIFF standard.    

9. The algorithms for both encoder and decoder of TIFF are easy to be realized 

using computer programs.  
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10. Both encoding and decoding procedures of TIFF images are fast. 

The basic uncompressed TIFF image file structure consists of three main parts 

[48]: the file header, one or more Image File Directories (IFD), and the image data. The 

file header contains some essential information of the TIFF image file such as the byte 

order (Little Endian or Big Endian), TIFF file identifier, and the offset of the first IFD 

(see Figure 2.12 part A). An IFD contains a number of entries; each of which is called a 

TAG with codes to describe some important characters of the image or the offset to the 

related descriptor. Each IFD contains at least one and at most 65536 12-byte field entries. 

There is an offset of the next IFD at the end of the current IFD, if there is more than one 

IFD for the image file (see Figure 2.12 part B). The image data part of a TIFF file is 

divided into strips, whose offsets are recorded in the standard IFD entry StripOffsets. 

Each strip contains a number of scan lines of the image (see Figure 2.12 part C).  
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Byte Order 42 Offset of 0th IFD

Number of 
Directory 
Entries

Directory Entry 
0

Directory Entry 
1 ... Offset of Next 

IFD

TAG Type Count Value or Offset

0111H

0th IFD

Directory Entry

Counts Offset 0 Offset 1 ... Offset n

Directory Entry for 
StripOffsets

Image Data 
for Strip 1

Image 
Data for 
Strip 0

Image 
Data for 
Strip n

Part A: File Header

Part B: IFD Entries

Part C: Image Data

 

Figure 2.12: File Structure of a TIFF image. 
 

Different parts of an uncompressed TIFF image file have different susceptibilities 

to bit errors. The file header and the IFD parts are quite sensitive to bit errors. Bit errors 

in the file header may cause the whole image to be unrecognizable to a decoder. Bit 

errors in the IFD parts may cause serious image degradation by ruining some important 

information for the decoder to detect. Figure 2.13 shows a TIFF image with errors in the 

IFD entry StripOffsets. This directory entry specifies the offsets of the image strips within 

the file. Errors in this entry can make the TIFF decoder fail to find the correct addresses 

of image strips. (The decoded images were produced by using Adobe Photoshop CS3 
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V10.0.1.). The content of the bottom part in Figure 2.13 is almost unreadable. The 

decoder cannot generate correct pixels to display even though the related image data part 

may not contain errors.  

 

Figure 2.13: Errors in the IFD part StripOffsets. 
 

The image data part, which contains the individual pixel intensities, is quite 

resilient against bit errors. Bits errors in the image data part do not propagate. Specifically, 

one bit error in this part can only affect one pixel. So, we can say that the effects of bit 

errors in a uncompressed TIFF image are dependent on their locations. Accordingly, 

special protections may be needed for image header and IFD parts to maintain the image 

quality of TIFF images in a noisy environment.  
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2.4 JPEG2000 

JPEG2000 is the latest image compression standard [49]. It can provide both 

lossless and lossy compression for still images. Comparing to other popular image 

standards like TIFF, JPEG, and BMP, JPEG2000 has such advantages: 

1. JPEG2000 provides more efficient compression performance.  Even with lower 

bit rates, it provides images with higher image quality than the JPEG standard 

(fewer artifacts in the image).  

2. JPEG2000 supports multiple resolution image representation.  

3. JPEG2000 provides different organizations for the codestreams, which can be 

organized according to the resolution of an image, the size of an image, or the 

accuracy of pixels. When the users receive small parts of the codestream, they 

may get a view of the objective image with lower quality or smaller size. The 

more of a codestream that is decoded, the higher image quality that can be 

achieved.  

4. JPEG2000 supports both lossless and lossy compression. They can be obtained by 

using different types of discrete wavelet transforms. For digital image archiving, 

lossless JPEG2000 images are discussed in this dissertation. However, lossy 

JPEG2000 images with high image quality can also contribute significantly to 

digital image storage. 

5. JPEG2000 provides random spatial access in a codestream. It also supports 

storage of an image with different qualities for various image parts.  
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A JPEG2000 encoder partitions an image into spatial frequency subbands by using 

the Discrete Wavelet Transform (DWT). Every subband is further divided into 

codeblocks. The codeblock is the smallest independent coding element of JPEG2000. For 

a quantized codeblock, binary arrays with one bit from each magnitude coefficient are 

known as bitplanes. Each bitplane is encoded by an arithmetic encoder in three coding 

passes [49].  

Each resolution in the wavelet domain is partitioned into precincts. The compressed 

data of each precinct are grouped into packets, which are the fundamental units of the 

codestream. Each packet has two parts, a packet header and a packet body. A packet 

header contains necessary information for the decoder to decode every codeblock in the 

packet. A packet body contains compressed image data from each codeblock within a 

precinct. Packets are collected together following the main and tile headers, which 

contain critical information for the decoder. A special marker, End of Codestream (EOC), 

is used to mark the end of the codestream. The JPEG2000 codestream structure is 

illustrated in Figure 2.15 (In JPEG2000, an image may be optionally divided into non-

overlapping tiles prior to compression. For simplicity, we encode an image as a single tile. 

This has insignificant impact on the discussion). 

.  
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JPEG2000 Image Codestream

Main Header
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Tile Body

Packet Header

Packet Body

Packet Header
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Figure 2.14: The hierarchical structure of JPEG2000 codestreams. 
 

In order to provide some error resilience for JPEG2000 codestreams, the 

JPEG2000 standard provides some intrinsic error resilience tools. In this dissertation, we 

employ the error resilience tools “RESTART”, “ERTERM” and “Packed Packet Headers” 

[49]. When the error resilient tool “RESTART” is adopted, the arithmetic encoder restarts 
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at the start of each coding pass to generate a separate codeword. When the error resilient 

tool “ERTERM” is used, the JPEG2000 encoder generates an expected termination at the 

end of each codeword. By using those tools together, a decoder can detect the first 

corrupt coding pass within a codeblock with high reliability. The decoder is then able to 

decode all “good” coding passes within each codeblock, and discard any damaged coding 

passes at the end of a codeblock. Thus, the effects of bit errors do not propagate across 

codeblock boundaries. Bit errors in the main, tile or packet headers can cause significant 

damages to a decoded image. Therefore the tool “Packed Packet Headers” is used to 

extract all the packet headers. The removed packet headers are stored in the main header.  

This does not decrease inherent sensitivity to bit errors. Nevertheless, by collecting all 

sensitive data at the beginning of the file, it is easier to protect the header information via 

FEC, as described later in the dissertation.  
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CHAPTER 3 

A ROBUST DATA STORAGE METHOD FOR CD-R 

3.1 Introduction 

We are in an era of digital data. Massive amounts of digital information are generated 

by digital forms, multimedia applications, software logs, UPC scanners, GPS transceivers 

and other digital equipment every day. Meanwhile, these data have value in a wide 

variety of settings. Reliable and affordable media are needed for archiving these digital 

data. Compact Disc Recordable (CD-R) has become one of the most popular choices for 

digital data archiving because of its strong error correction ability, high storage capacity 

and low cost.   

As discussed in Section 2.2.1, the CD-R standard adopts sophisticated error detection 

and correction methods in both encoding and decoding procedures. Current CD-R drivers 

can correct burst errors up to 7200 bits. When errors exceed the error correction capacity 

of CD-R, data stored on the disc may suffer unrecoverable loss [1]. Entire disks can be 

unreadable in this case. Several studies have proposed hardware and software solutions to 

mitigate such losses. 

Kasanavesi et al [10] built a CD data recovery system. This system uses a high power 

electron microscope to obtain images of CD fragments. Information for CD data tracks is 

extracted from contiguous CD fragment images using image processing methods. 

Channel words with 17 channel bits are recovered from the CD data track information. 
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Data bytes are retrieved from those recovered channel words following the decoding 

procedure of CD-R. This system can effectively recover data from CDs with severe 

defects. However, the data recovery process of this system is very slow. In order to 

improve the efficiency of damaged CD data recovery, Milster et al [12] designed a CD 

data recovery system with a spin stand and a closed loop control circuit. This system 

contains an optical head assembly to read laser head position based on the focus error 

signal and track error signal generated by the laser head. When the laser head finishes 

extracting information from the current CD fragment, the optical head assembly is 

relocated to read information from other CD tracks. The extracted information is 

recovered to data following the CD decoding procedure. This system can recover the data 

of an entire disk within 40 hours, which is 50000 times faster than the microscope based 

system.  

Kannan et al [13] introduced wavelet processing into the data recovery procedure of 

[12] to preprocess the derived analog signal. This process can effectively filter the noise 

component from the analog signal. It effectively improves the performance of the whole 

data recovery system.  

Masood [14] proposed a data recovery system which can extract designated sectors 

from the optical disk using X3B11 format. This system searches the selected sector for 

the sync pattern of data bits in the related data area of the disk. If the sync pattern is 

found, the whole sector may be read and decoded. If the sync pattern can not be found, 

the system may search the related neighbor areas of the disk and extract all the possible 

data frames of the selected sector.  
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Hu et al [15] proposed a new EFM decoding method based on a disk drive which can 

read the information of erroneous data and EFM modulation criteria. If the 14 channel 

bits of a channel word can be decoded using a normal EFM decoder, the generated 8 bits 

are passed to the next stage of the decoding procedure. Otherwise, the new EFM method 

looks up the erroneous data in the extended EFM table to find the closest 8 data bits. This 

method effectively improves the data reliability of the disk reading procedure.  

Takeda [16] presented an optical disk device to reliably reproduce the address 

information of an optical disk. For an optical disk, a sector contains the address 

information in header for random access. Normal disk drives split the reflective laser 

from the target disk into two components along the radial direction. Output signals are 

generated from these two light components. In order to improve the reliability of the 

reproduced address information, the system proposed in [16] reproduces the address 

information based on the summation signal when there is a focus deviation; and on the 

difference signal when the optical disk it tilted.  

Howe et al [17] proposed a new data storage format for CD-R. In this format, each 

sector contains 4096 bytes of data. 608 bytes of parity code are generated by a Reed 

Solomon Product-like code. The resulting 4704 bytes are grouped into 7 subsections 

based on the newly designed interleaving methods. Each subsection sets up a data matrix 

with 24 columns and 28 rows. First, 4 bytes of parity are generated for each row using a 

Reed Solomon (RS) (28, 24) encoder. Then, 4 bytes of parity are generated for each 

column with a RS (32, 28) encoder. After adding control bytes and EFM transformation, 

the sectors are saved along the disk track without interleaving.  
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Wu [18] proposed a procedure to increase the efficiency of defect management. The 

normal disk drive may stop the writing/reading procedure when it meets a defect block of 

the optical disk. In [18], a specific place of the disk is reserved as spare space. If there is 

no defect block on the disk, the spare space is left empty. If a block with defects is 

detected during the writing procedure, the laser head is moved from its current position to 

the spare area to write the related spare block. Then, the laser head is moved to the head 

of the block right after the defective one to continue the writing procedure. During the 

reading procedure, the disk drive reads the information in the spare space in advance and 

saves it in memory. When bad blocks are detected, related information is found in the 

memory without changing the position of the laser head.  

Tran [19] proposed a more reliable sector header searching method for optical disks. 

This method uses a search window with size bigger than one sector. Thus, there is at least 

one sector header in this window. This header is used as the reference header to locate the 

target sector. If the located sector is validated to be the target sector, all the information in 

it is read by the disk drive. Otherwise, the search window is moved to other possible 

areas for the target sector.  

Gaedke et al [20] designed bit clock recovery based on digital signal processing 

algorithms. The analog signals are first extracted using an oversampled frequency. The 

resulting signals are converted to digital signals and saved in the related memory. The 

digital signal sequence in the memory is scanned for possible sync patterns using a cross-

correlation algorithm. The bit frequency is recovered based on the distance between 

adjacent sync positions and predefined sync frame structure. Then, the signal sequence in 
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the memory is converted to a new sequence based on the recovered bit frequency.  

W. G. Bliss et al [56] proposed a disk storage system. In this system the storage data 

are first encoded using a RLL (d, k) encoder. This encoder has a long k constraint, which 

may support high code rates. Then the encrypted storage data are coded by an ECC coder 

such as RS coder. In the process for data extraction, the proposed interpolated timing 

recovery procedure can tolerate a longer RLL k constraint because it is less sensitive to 

noise in the read signal and not affected by the variations of the system. A sequence 

detector is used to detect an estimated binary sequence from the synchronous sample 

values. The estimated binary sequence output by the sequence detector is buffered in a 

data buffer. Error detection and correction are processed in the data buffer.  

K. Kim [57] proposed data recovery equipment for an optical disk data recovery 

system. This apparatus can recover digital data from the preprocessed analog signals. The 

data recovery system contains an A/D converter, a first adder, a digital noise processor, a 

digital amplifier, a Viterbi detector, a digital signal edge detector, and a standard 

frequency generator. The data recovery procedure is shown here. First using the A/D 

converter transfer the received analog signals to digital signal based on reasonable 

sampling frequency, which is generated by the standard reference clock. Second, search 

the asymmetric errors in the digital RF signal. Third, correct all the detected asymmetric 

errors in the digital RF signal until there are no errors left. Fourth, check the correctness 

of the reference sequence (the sampling frequency).  Fifth, correct the errors in the 

reference sequence based on the frequency and phase of the oscillator. Sixth, adjust the 

quantization level of the digital RF signal. Seventh, adjust the quantization level of the 
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digital RF signal with the reference sequence. Eighth, obtain correct bit information from 

the corrected digital RF signal with suitable quantization level. Ninth, decode the bits 

information and correct the possible errors using the encrypted data correction codes. 

Last, save the correct bits into the specified locations for future usage. This equipment 

effectively corrects possible errors in the extracted RF signals from the optical disks. It 

can provide reliable recovered digital data for the users.  

H. Park et al [58] proposed a digital clock recovery circuit which contains a digital 

binarization circuit and low pass filter. This system can correct asymmetry of an analog 

signal read from an optical disc; binarize the corrected analog signal; analyze the 

corrected binarized signal, and recover a system clock signal from the analysis results.  

The digital clock recovery circuit contains an analog-to-digital (A/D) converter, an 

asymmetry corrector, a frequency error detector, a phase error, a digital low pass filter, 

and a clock. This circuit recovers a system clock signal locked to a received signal by a 

phase locked loop (PLL), comprising converting a received analog signal into digital data 

and providing digital data corrected by a binarization level which traces the center value 

of the received analog signal, detecting a frequency error from the corrected digital data, 

detecting a phase error from the corrected digital data, and low pass filtering the phase 

error and providing the low pass filtered phase error to a control voltage of the PLL 

together with the frequency error.   

H. Park et al [59] proposed an apparatus for reproducing a good-quality binary signal 

from an RF signal detected from an optical storage medium using multi sensor system. 

The apparatus contains n detectors to read signals from an optical medium and a 
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controller which selects one of the n detectors and converts the read signal into a binary 

signal using the selected detector. This apparatus uses multiple detection units to perform 

multiple functions: the first detector detects the RF signal using an analog method; the 

second detector performs a Viterbi decoding and detects the RF signal.  

S. Konishi et al [60] proposed an aberration correction control apparatus or tilt control 

apparatus for the data recording operation as well as the data reproducing operation. The 

system contains a tilt control apparatus for controlling to minimize an error of an 

orthogonal shift; digital data reproduction equipment which can reproduce the digital data 

on an optical disk; an aberration control apparatus for controlling to minimize an 

aberration contained in a spot of a light beam irradiated from an optical pickup onto the 

optical disk. The tilt control apparatus has an orthogonal shift detector, an inclination 

drive unit, and a drive control unit. The optical disk apparatus comprises: an optical beam 

generator, an A/D, and an adaptive equalizer. The tilt control apparatus contains an 

orthogonal shift detector, an inclination drive unit, and a drive control.  

N. Takeya [61] proposed a reading apparatus for optical recording medium, which 

can perform track counting accurately in the presence of cross talk of RF signals. This 

reading apparatus for optical recording media comprises track counting means for 

counting a number of signals crossing a slice level as a number of tracks. The signals are 

an added signal or a subtracted signal of a top envelope and a bottom envelope of an RF 

signal read out from a signal recording area of the optical recording medium. This 

apparatus also provides slice level calculating means for detecting an upper limit level 

and a lower limit level of the added signal or the subtracted signal. 
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All these previous methods may recover some data from a damaged CD-R. However, 

they need the help of special hardware or are incompatible with existing standards. 

3.2 Robust Data Storage Method 

In this section, we propose a robust data storage method that significantly increases 

the error correction capability of CD-R while maintaining four desirable properties: 1. It 

is designed for use with standard CD-R hardware; 2. A disk in “normal condition” can be 

decoded using normal driver software; 3. Access time for reading is not increased when 

the disk is in normal condition; 4. Data reliability is significantly increased when the disk 

has serious defects. 

Our Robust Data Storage Method (RDSM) contains a Virtual Logic Block (VLB) 

interleaver and extra error protection codes. As discussed below, this scheme effectively 

converts long burst errors into many occurrences of single errors or short burst errors.  

In the recording area of a 702 Mb CD-R, there are 359565 sectors. In RDSM, we 

leave Sectors 0 to 15 blank according to the standard ISO 9660. Sectors 16 to 357015 

store the CD-R file system information (which consists of volume descriptor, path tables, 

directories, etc.) and the data files. Sectors 320616 to 357015 contain extra parity for both 

the system information and data files. The remaining sectors, beginning with sector 

357016 are used to back up copies of the disk file system information. The overhead 

associated with RDSM is less than 11%.  
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Part 1: 16 empty 
sectors

Part 2: Volume 
descriptor Part 3: Path tables Part 4: Directories Part 5: Data Files Part 6: Parity for 

each VLB

Part 7: Backup of 
Path Tables & 

Directories

 0                       15 16                                                                                                              320615 357016320616      357015

 

Figure 3.1: Disk format for RDSM. 
 

The disk format for RDSM is illustrated in Figure 3.2. Parts 1 to 5 are written as 

specified by ISO9660. If there are no uncorrectable errors in these parts, data files can be 

read using normal disk driver software. If uncorrectable errors occur during the reading 

procedure, specially designed disk driver software is used to lower the rotation speed of 

the disk drive and extract all the information on the disk sector-by-sector using the raw 

reading method. Extra parity codes in Part 6 are used to recover uncorrectable errors in 

the previous parts. 

The interleaving depth of the standard CD-R is not long enough for severe burst 

errors. In order to improve the data reliability of CD-R, we designed a VLB interleaver 

with very long interleaving depth. Bytes inside each VLB come from different locations 

of the disk. Each VLB contains 255 data bytes from different sectors of the disk. Of these, 

229 bytes are from the data file area, and 26 bytes are parity bytes generated by a Reed 

Solomon (RS) encoder with n = 255, k = 229, s = 8 (which has minimum distance d =

n − k + 1 = 27, and so can correct 13 errors or 26 erasures). The design of the scheme is 

based on currently popular 702 MB data CD-R. Adjustments to meet the needs of other 

CD-R capacities are straightforward.  

There are 2867200 VLBs on a 702 MB CD-R. We use  V[C][D]  to denote the  Dth  
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byte of the Cth  VLB and S[A][B] to denote the Bth  byte of the Ath  sector. Let ⌊. ⌋ denote 

FLOOR, and % denote MOD. The interleaver then assigns bytes to VLBs as follows: 

When 0 ≤ D < 30 , let E = ⌊D/5⌋ × 7000 + D%5 × 2 , then V[C][D] = S�E +

⌊C/2048⌋%2 + �⌊C/2048⌋/2 � × 10 + 16�[C%2048]. 

When 30 ≤ D < 60, let E = ⌊(D − 30)/6⌋ × 8400 + (D − 30)%6 × 2, then V[C][D] =

S�E + ⌊C/2048⌋%2 + �⌊C/2048⌋/2� × 12 + 42016�[C%2048]. 

When 60 ≤ D < 95, let E = ⌊(D − 60)/7⌋ × 9800 + (D − 60)%7 × 2, then V[C][D] =

S�E + ⌊C/2048⌋%2 + �⌊C/2048⌋/2� × 14 + 84016�[C%2048]. 

When 95 ≤ D < 135 , let E = ⌊(D − 95)/8⌋ × 11200 + (D − 95)%8 × 2 , then 

V[C][D] = S�E + ⌊C/2048⌋%2 + �⌊C/2048⌋/2� × 16 + 133016�[C%2048]. 

When 135 ≤ D < 180 , let E = ⌊(D − 135)/9⌋ × 12600 + (D − 135)%9 × 2 , then 

V[C][D] = S�E + ⌊C/2048⌋%2 + �⌊C/2048⌋/2� × 18 + 189016�[C%2048]. 

When 180 ≤ D < 230 , let E = ⌊(D − 180)/10⌋ × 14000 + (D − 180)%10 × 2 , then 

V[C][D] = S�E + ⌊C/2048⌋%2 + �⌊C/2048⌋/2� × 20 + 252016�[C%2048]. 

When 230 ≤ D < 252 , let E = ⌊(D − 230)/11⌋ × 15400 + (D − 230)%11 × 2 , then 

V[C][D] = S�E + ⌊C/2048⌋%2 + �⌊C/2048⌋/2� × 12 + 42016�[C%2048]. 

When 252 ≤ D < 255, let E = (D − 252) × 1400 + ⌊C/2048⌋%1410, then V[C][D] =

S[E + 352816][C%2048]. 

 

For example, of the 255 bytes in the 3rd VLB, the first 229 bytes are from data files. 

Among these bytes, the 0th byte is the 3rd byte of sector 16; the 1st byte is the 3rd byte of 
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sector 18; the 2nd byte is the 3rd byte of sector 20; the 4th byte is the 3rd byte of sector 22; 

the 5th byte is the 3rd byte of sector 7016; the 6th byte is the 3rd byte of sector 7018; the 7th 

byte is the 3rd byte of sector 7020; the 8th byte is the 3rd byte of sector 7022; the 9th byte is 

the 3rd byte of sector 7024; …;  and the 228th byte is the 3rd byte of sector 308032. The 

next 26 bytes are used to store the parity generated by the RS encoder. Among these 

parity bytes, the 229th byte is the 3rd byte of sector 308034; the 230th byte is the 3rd byte 

of sector 322016; …; and the 254th byte is the 3rd byte of sector 355616. 

In the standard disk data format, data bytes are interleaved and protected along a data 

track, yielding robustness against defects in the radial direction. For example, a scratch in 

the radial direction may generate short burst errors on each data track it passes through. 

Such short burst errors can be corrected by the usual error correction methods of CD-R. 

However, the standard data format can only correct burst errors along a data track up to 

7100 channel bits (around 1.97 mm) because of limited interleaving depth. Any scratch 

which extends more than 1.97 mm along a data track may generate uncorrectable errors.  

In RDSM, we significantly increase the interleaving depth especially along a data track. 

Indeed, the physical distance between two bytes along a track in RDSM is at least 32 mm.  

The deinterleaver operates as follows: 

When 16 ≤ A < 42016, let F = (A − 16)%7000, G = ⌊(A − 16)/7000⌋ × 5 + F%10, 

then  S[A][B] = V[(2 × ⌊F/10⌋ + F%2) × 2048 + B][ ⌊G/2⌋ ]. 

When 42016 ≤ A < 84016, let F = (A − 42016)%8400, G = ⌊(A − 42016)/8400⌋ ×

6 + F%12, then  S[A][B] = V[(2 × ⌊F/12⌋ + F%2) × 2048 + B][ ⌊G/2⌋ + 30]. 

When 84016 ≤ A < 133016 , let F = (A − 84016)%9800 , G = ⌊(A − 84016)/
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 9800 ⌋ × 7 + F%14 , then  S[A][B] = V[(2 × ⌊F/14⌋ + F%2) × 2048 + B][ ⌊G/2⌋ +

60]. 

When 133016 ≤ A < 189016 , let F = (A − 133016)%11200 , G = ⌊(A − 133016)/

11200⌋ × 8 + F%16 , then  S[A][B] = V[(2 × ⌊F/16⌋ + F%2) × 2048 + B][ ⌊G/2⌋ +

95]. 

When 189016 ≤ A < 252016 , let F = (A − 189016)%12600 , G = ⌊(A − 189016)/

12600⌋ × 9 + F%18 , then  S[A][B] = V[(2 × ⌊F/18⌋ + F%2) × 2048 + B][ ⌊G/2⌋ +

135]. 

When 252016 ≤ A < 322016 , let F = (A − 252016)%14000 , G = ⌊(A − 252016)/

14000⌋ × 10 + F%20 , then  S[A][B] = V[(2 × ⌊F/20⌋ + F%2) × 2048 + B][ ⌊G/2⌋ +

180]. 

When 322016 ≤ A < 352816 , let F = (A − 322016)%15400 , G = ⌊(A − 322016)/

15400⌋ × 11 + F%22 , then  S[A][B] = V[(2 × ⌊F/22⌋ + F%2) × 2048 + B][ ⌊G/2⌋ +

230]. 

When 352816 ≤ A < 357016 , let F = (A − 352816)%1400 , G = ⌊(A − 352816)/

1400⌋, then  S[A][B] = V[F × 2048 + B][ G + 252]. 

3.3 Experimental Results and Analysis  

In this section, we introduce simulation procedures and compare the recovery 

results of disks using different data storage formats. In the simulation, a matrix with 

359450 rows and 3234 columns is used to simulate the data saved on a CD-R. Each row 

represents a section on the disk. Each element of the row represents one channel byte of 
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the corresponding section. Defects on the disk are mapped to this matrix according to the 

physical standard of CD-R. Bytes with errors are flagged. If the errors can be corrected 

by the standard error correction procedures, the error flags are removed. Otherwise, the 

error flags are passed to the extra RS decoding and VLB deinterleaving procedures. This 

procedure is described in terms of the following 4 steps (see Figure 3.3): 

Error 
Flagging

CIRC 
Decoding

ECC 
Decoding 

VLB 
Decoding

Er
ro

r

No 
Error

Er
ro

r
Successful 

Data 
Recovery

Er
ro

r

Failed Data 
Recovery

No 
Error

No 
Error

 

Figure 3.2: Experimental procedure. 
 

Step 1: Flag errors on the simulation disk. Permanent defects on the CD-R such as 

scratches and dye degradation are modeled by flagging all bytes within a specified shape 

with fixed, prescribed size [22-24]. In this paper, rectangles are used to mimic disk areas 

caused by scratches; and circles are used to mimic disk areas caused by dye layer 
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degradation (see Figure 3.4). The locations and orientations of defects are generated 

randomly on the disk. Positions of damaged bytes in the simulation matrix are obtained 

from the exact physical locations of the defects. When the synchronization bits of a 

channel frame are flagged, all bytes in the channel frame are flagged.  

Scratch Dye degradation
 

Figure 3.3: Different shapes representing different defects. 
 

Step 2: The matrix with error flags is passed to the standard CIRC decoder. The 

error flags are removed for any errors that can be corrected by the CIRC decoder. If all 

errors are corrected by the CIRC decoder, the simulation procedure records one 

successful recovery for each data format (standard data format and RDSM format) and 

processing returns to Step 1. If there are still errors in the matrix, the simulation 

procedure moves to Step 3. 

Step 3: The matrix with error flags is passed to the standard ECC decoder. The 

error flags are removed for any errors the can be corrected by the P and Q decoders. If all 

the errors are corrected by the ECC decoder, the simulation procedure records one 

successful recovery for each data format and processing returns to Step 1. If there are still 
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errors in the matrix, the simulation procedure moves to Step 4. 

Step 4: The matrix with errors is passed to the extra RS code decoder and VLB 

deinterleaver. If the remaining errors can be corrected by the parity codes inside each 

VLB, the error flags are removed. The simulation procedure records a successful 

recovery for RDSM format and a failed recovery for the standard format. Otherwise, the 

simulation procedure records a failed recovery procedure for both formats and returns to 

Step 1. This process is repeated until Step 1 has been visited 10,000 times.  

In Experiments 1 to 4 discussed below, rectangular shaped scratches with 

different lengths are simulated on the simulation disk. Scratches with 0.1 mm width are 

tested in Experiment 1 (see Figure 3.5); scratches with 1 mm width are tested in 

Experiment 2 (see Figure 3.6); scratches with 5 mm width are tested in Experiment 3 (see 

Figure 3.7); and scratches with 10 mm width are tested in Experiment 4 (see Figure 3.8). 

 In these four experiments, we see that when scratches are small, errors can be 

corrected on most of the disks using the normal disk format. For example, when the 

scratch is 0.1 mm wide and 1 mm long, all the errors can be corrected. When the 

scratches become larger, more and more disks contain uncorrectable errors when using 

the normal disk format, especially when the scratch is in the lateral direction.  When the 

width of the scratches reaches 5 mm, the normal disk format contains uncorrectable 

errors for almost all disks. In every case, the errors on the disk using RDSM format can 

all be corrected. The experimental results demonstrate that RDSM is robust against even 

very large scratches. In fact, all information on the disk can be recovered even for very 

serious scratches (10 mm wide and 100 mm long).   
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In Experiments 5 to 7, multiple circular shaped defects with different sizes are 

tested on the simulation disk. Experiment 5 tests the effects of multiple 1 mm circular 

defects (see Figure 3.9); Experiment 6 tests the effects of multiple 2.5 mm circular 

defects (see Figure 3.10); and Experiment 7 tests the effects of multiple 5 mm circular 

defects (see Figure 3.11). 

In these three experiments, when there are small numbers of small circular defects, 

errors on most of the disks can be corrected using the normal disk format. For example, 

when the disk contains five 1 mm radius circular defects, more than 98% of the disks 

contain no errors after the standard error correction procedure. When the size of defects 

becomes larger, or when the number of defects becomes larger, more and more disks 

contain uncorrectable errors when using the normal disk format. All the disks using the 

normal data format contain uncorrectable errors when the defect radius exceeds 2.5 mm. 

On the other hand, more than 95% of the disks using RDSM format contain no errors 

after the error correction procedure, even when the disk contains twenty circular defects 

with radius 2.5 mm. The experimental results demonstrate that the RDSM data format is 

robust against multiple circular defects.  
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Figure 3.4: Experiment 1 - Disk recovery results for a disk with a single 0.1mm 
width scratch. 

 

 

Figure 3.5:  Experiment 2 - Disk recovery results for a disk with a single 1mm width 
scratch. 
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Figure 3.6:  Experiment 3 - Disk recovery results for a disk with a single 5mm width 
scratch. 

  

Figure 3.7:  Experiment 4 - Disk recovery results for a disk with a single 10mm 
width scratch. 
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Figure 3.8: Experiment 5 – Disk recovery results for disks with multiple 1 mm 
circular defects. 

 

Figure 3.9: Experiment 6 – Disk recovery results for disks with multiple 2.5 mm 
circular defects. 
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Figure 3.10: Experiment 7 – Disk recovery results for disks with multiple 5 mm 
circular defects. 

3.4 Conclusions 

In this chapter, a robust data storage format for CD-R is proposed. This data 

format combines a VLB interleaver and RS codes to effectively protect data files on CD-

Rs against errors caused by physical defects. The related data recovery procedure is able 

to correct many errors which can not be corrected by normal disk drivers. Based on the 

results of our experiments, this data format is found to be more suitable for long time data 

archiving or for data archiving in harsh environments compared to the normal data format. 

This method may be adopted for reliable digital data archiving without any changes to 

currently widely used disk drives. Data files can be read using normal disk driver when 

the number of errors is within the error correction capacity of CD-R standards. 
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CHAPTER 4 

ROBUST IMAGE STORAGE METHODS 

4.1 Introduction 

Today, various multimedia applications produce tremendous numbers of images that 

contain important information and need to be well-preserved for the future. To meet the 

current increasing needs for image storage, efficient and reliable methods need to be 

developed. The challenge is how to choose image file formats not only with high 

efficiency in storage space and good image quality, but also with the ability to combat 

errors caused by storage media defects.  

Among currently widely used image file formats such as PGM, GIF, BMP, TIFF, 

JPEG2000, JPEG, PNG, etc., the uncompressed Tagged Image File Format (TIFF) is 

recommended by the National Archives for its advantages of lossless image quality, wide 

range of usage, and its resilience against errors caused by storage media defects or 

transmission channel noise [36]. However, bit errors in specific portions of a codestream 

may cause decoding failure of the whole TIFF image. Meanwhile, bit errors in some 

portions of a JPEG2000 codestream may also cause serious information loss due to its 

context-based entropy coding system [49]. Different error protection methods, such as 

Equal Error Protection (EEP) and Unequal Error Protection (UEP), have been adopted to 

increase the error resilience of JPEG2000 codestreams [43]-[49]. 
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EEP methods generally protect an entire image with the same level of error 

correction ability while UEP methods protect different parts of the image with different 

amounts of error correction codes. For a quality scalable codestream produced by 

JPEG2000, UEP may produce better results than EEP under the same total rate or file size 

because UEP may better protect the more important parts of the codestream. 

Joint Source Channel Coding (JSCC) has been broadly investigated to find optimized 

error defense methods to transmit JPEG2000 images over noisy communication channels 

or packet erasure networks. For the Binary Symmetric Channel (BSC), Banister et al [37] 

used the Viterbi Algorithm to optimize error protection for JPEG2000 codestreams using 

channel packets with fixed size. Turbo codes were adopted to prevent errors. Chuu et al 

[38] used Reed-Solomon codes to protect JPEG2000 images, which are transmitted under 

an iteratively optimized transmission rate. Hamzaoui et al [39] employed a restricted 

searching method for rate allocation with reduced complexity. Wu et al [40] improved 

Banister’s rate allocation method by adopting the intrinsic error resilience tools of 

JPEG2000 for both source packets and channel packets with prescribed packet size. For 

the packet erasure channel, Stankovic et al [41] developed a fast iterative improvement 

algorithm to gain sub-optimal error protection with negligible memory requirement. 

Bilgin et al [42] designed a packetization strategy to improve the transmission of 

JPEG2000 over packet erasure networks. In other work, Bilgin et al [43] effectively 

combined the JPEG2000 intrinsic error resilience tools, FEC and packetization strategy to 

increase the error resilience of JPEG2000 codestreams over packet erasure networks. 

Thie et al [44] optimally assigned elements of scalable codestreams to transmit data 
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packets based on fixed packet size and constrained coding complexity in erasure channels 

with high packet loss rates. Sanchez et al [45] allocated specific channel protection to 

each code stream packet according to its mean energy to increase the error resilience of 

JPEG2000 codestreams over Rayleigh fading channels. Thomos et al [46] protected 

JPEG2000 codestreams over Rayleigh wireless channels using error correction codes 

generated by both Turbo codes and RS codes together with the intrinsic error resilience 

tools of JPEG2000. Sanchez et al [47] protected ROIs of JPEG2000 images at low bit 

rates over noisy channels using a specially designed UEP technique.  

In this chapter, a novel method for storing JPEG2000 still images on Compact Disc 

Recordable (CD-R) disks is proposed. This scheme effectively combines a carefully 

designed interleaver with Forward Error Correction (FEC) and the intrinsic error 

resilience tools of JPEG2000. Both UEP and EEP methods are proposed to protect the 

JPEG2000 image data on the disk. For the UEP method, we adopt the FEC allocation and 

dynamic programming algorithm proposed by Wu et al [38] based on the statistics of the 

error rate of the damaged CD-R. For images recovered from damaged CD-R media, 

JPEG2000 images protected by both methods provide better performance than 

uncompressed TIFF images. In the image recovery, the UEP scheme achieves better 

performance than the EEP scheme because it effectively applies more protection for more 

important codestream sections.  

Considering our experimental results, we conclude that the methods proposed in this 

chapter efficiently increase the error resilience of all stored images on CD-R and the 

number of images as well, which makes JPEG2000 a suitable image format for long term 



69 
 

 
 

digital archiving.  

This chapter is organized as follows: Section 4.2 introduces the proposed image 

storage methods for CD-R. Simulation results and comparisons among different storage 

methods are presented in Section 4.3. In Section 4.4, we provide a brief summary of this 

chapter. 

4.2 Robust Image Storage Methods on CD-R 

In this section, disk formats for image storage on CD-R using TIFF or JPEG2000 are 

presented.  

Improved Image Storage Methods Using TIFF 

In this section, extra protection is provided to the path table and directories with 

backup copies and error correction parity codes. This may prevent the loss of TIFF 

images from ruined path tables or directories. The disk format for TIFF Image Storage 

(TIS) is illustrated in Figure 4.1.  

Part 1:
16 Empty Sectors

Part 2:
Volume Descriptor

Part 3:
Path Tables

Part 4:
Directories

Part 5:
Image Files

Part 6:
Backup of Path 

Tables & 
Directories

 

Figure 4.1: Disk format for uncompressed TIFF image storage. 
 

To improve robustness we use RS codes to protect the file header and IFD parts of 

TIFF images. The related parity codes are stored after each image as separate files. With 

the help of the existing error detection and correction methods of CD-R, uncorrectable 

errors on CD-R are marked as erasures. The added RS codes may be used to correct 
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erasures in the file header and IFD portions of the damaged images. The disk format of 

the Improved TIFF Image Storage (ITIS) is illustrated in Figure 4.2. 

Part 1:
16 Empty Sectors

Part 2:
Volume Descriptor

Part 3:
Path Tables

Part 4:
Directories

TIFF 
Image

1

Part 6:
Backup of Path 

Tables & 
Directories

Parity 
for 

TIFF 
Image 

1

TIFF 
Image

2

Parity 
for 

TIFF 
Image 

2

TIFF 
Image

n

Parity 
for 

TIFF 
Image 

n

...

Part 5: Images and Parity

 

Figure 4.2: Improved disk format for uncompressed TIFF images. 
 

Image Storage Methods Using JPEG2000 with Equal Error Protection  

To protect images on CD-R even under severe cover-layer scratches or serious 

storage media layer degradation, we may take advantage of the highly efficient lossless 

compression of JPEG2000. Typically, the file size of a lossless compressed image is 

around 59% of the size of an uncompressed TIFF file. Even with a moderate amount of 

extra error correction overhead, a disk using JPEG2000 can still store more images than 

one using uncompressed TIFF files.  

To combat severe burst errors on CD-R, we designed a scheme which includes a 

Virtual Logic Block interleaver and extra error protection in Chapter three. The basic data 

unit for this interleaver is called a virtual logic block (VLB).  

In the recording area of a 702 MB CD-R, there are 359565 sectors interleaved and 

stored. Sectors 0 to 15 are left blank for a data disk according to the standard ISO 9660. 

Sectors 16 to 357015 store the CD-R file system information, which consists of volume 

descriptor, path tables, directories and the image files. In our scheme, sectors 320616 to 

357015 store the parity codes for both the system information and images. The parity 



71 
 

 
 

codes are generated based on the VLB interleaver and RS codes. Sector 357016 is the 

start of a back up of the disk file system information and its parity. The disk format of 

EEP JPEG2000 Image Storage (EJIS) is illustrated in Figure 4.3.  

Part 1: 16 empty 
sectors

Part 2: Volume 
descriptor Part 3: Path tables Part 4: Directories Part 5: Image 

Files
Part 6: Parity for 

each VLB

Part 7: Backup of 
Path Tables & 

Directories

 0                       15 16                                                                                                              320615 357016320616      357015

 

Figure 4.3: Disk format for JPEG2000 images using EEP. 
 

Generally, each VLB contains 255 data bytes from different sectors of the CD-R. 229 

bytes are from the image data area, and the other 26 bytes are parity bytes generated by a 

RS encoder with 8,229,255 === skn  (which can correct 13 errors or 26 erasures). For 

example, there are 255 bytes in the 3rd virtual block. As previously described, the first 

229 bytes are bytes from images, among which, the 0th byte is the 3rd byte of sector 16, 

the 1st byte is the 3rd of sector 18, … and 228th byte is the 3rd byte of sector 308032. The 

next 26 bytes are used to store the parity generated by the RS encoder. The 229th byte is 

stored in the 3rd byte of sector 308034, the 230th byte is stored in the 3rd byte of sector 

322016,… and the 254th byte is stored in the 3rd byte of sector 355616. 

This scheme provides the same amount of protection to all sections of JPEG2000 

images. The design of the scheme is based on the model of currently popular 702 Mb data 

CD-R. It is easy to make adjustments to meet the needs of CD-R in various capacities. 

When all errors can be corrected by normal error correction schemes, CD-R drivers 

read and decode the images in the normal way. If there are uncorrectable errors, our 
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specially designed disk driver may extract all information from the CD-R sector by sector 

using the raw reading method. Information in Part 8 is used to recover the file system. 

The RS parity codes from sectors 320616 to 357015 may be used to correct the erasures 

in the VLBs.  

Image Storage Methods Using JPEG2000 with Unequal Error Protection  

To gain even better performance than the EJIS, we may allocate more protection for 

important sections of JPEG2000 images. For this purpose, we first analyze the channel 

conditions of damaged CD-R’s. The Gilbert-Elliot (GE) model [53][54] is adopted to 

illustrate the distribution of burst errors on CD-R’s caused by different types of defects. 

The GE model is a simple Markov chain with two Markov states: a good state and a bad 

state as shown in Figure 4.4.  

Good Bad

Pgb

Pbg

Pgg Pbb

 

Figure 4.4: The GE channel model. 
 

Here, the GE channel model is used to describe the distribution of errors that cannot 

be corrected by the regular error correction schemes of CD-R. Denote Ge as the byte error 

rate of the good state; Be as the byte error rate of the bad state; bgP as the probability of 
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going from good state to bad state; gbP as the probability of going from bad state to good 

state; bbP as the probability of staying in the bad state; ggP as the probability of staying in 

the good state. The good state corresponds to sectors with no uncorrected errors, 0=Ge . 

The bad state corresponds to sectors that contain uncorrected bit errors. The values for Be , 

bgP , gbP , bbP  and ggP  are calculated from the statistical results of extensive simulations. 

The Byte Error Rate (BER) of the damaged CD-R is then: B
bggb

gb e
PP

P
BER ×

+
= . 

Based on the experiments in Chapter 3, the LVB interleaver with sufficient 

interleaving depth can successfully convert long burst errors from each sector into single 

errors or into burst errors with short lengths in each VLB. In this way, we may consider 

the channel model for the damaged CD-R using the VLB interleaver as a memoryless 

channel.  

In this paper, the dynamic programming based optimization algorithm proposed by 

Wu et al [40] is used to find the optimized error protection method for lossless 

compressed JPEG2000 images with error resilience tools “RESTART” and “ERTERM”.  

Assume that each stored image may have n layers. The information of generated 

channel rate and code stream length for each layer is saved in the JPEG2000 

“COMMENT” marker segment. It gets the same kind of channel protection as the main 

header part. The normal decoder may still decode the codestream.  

After finding the optimized rate allocation scheme for each image, the images and 

their related parity codes are saved on CD-R using the UEP JPEG2000 Image Storage 
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(UJIS) (see Fig. 4.5). Assume that the channel code rate is nrrr ,...,, 21 for each layer, where 

max21 ... Rrrr n ≤≤≤≤  (The highest channel rate maxR here is carefully chosen and fixed for 

all images to guarantee the interleaving depth of the LVB interleaver.) The code stream 

length for each layer is nLLL ,...,, 21 . For layer )1( nii ≤≤ , the total length is 
i

i
r

L including 

parity codes. The length of parity codes for this layer is )11( −
i

i rL . The RS encoder 

generates parity code iPr for layer i with length )11(
maxRr

L
i

i − first. nPr,...,Pr,Pr 21  for the 

related image are stored sequentially as a single file in Part 6 of the disk. Denote CL  as 

the length of all the parts from Part 2 to Part 6. Parity codes with length )11(
max

−
R

LC are 

generated by RS encoder and VLB interleaver and saved in Part 7. In this method, for 

each virtual block, the first )255( maxR− bytes are from the previous 5 parts and the next 

maxR  bytes are parity codes generated by the RS encoder. The disk format of UEP 

JPEG2000 Image Storage (UJIS) is illustrated in Figure 4.5. 

Part 1:
16 empty sectors

Part 2:
Volume descriptor

Part 3:
Path tables

Part 4:
Directories

Part 5:
Image files

Part 7:
Parity for each 

VLB

Part 8:
Backup of path 

tables & 
directories

Part 6:
Parity for more 

important layers of 
the images.

Pr1 for 
Image 1

Pr2 for 
Image 1 ... Prn for 

Image 1 ... Pr1 for 
Image m

Pr2 for 
Image m ... Prn for 

Image m

Parity File 1 Parity File m

 

Figure 4.5: Disk format for JPEG2000 images using UEP. 
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A normal CD-R driver may read and decode the images in the normal way when it 

can correct all errors on the disk. When there are uncorrectable errors, our specially 

designed disk driver may extract all information on the disk, sector by sector, using the 

raw reading method. Information in Part 8 is used to recover the file system. Parity codes 

in Part 7 are used to recover the erasures of each VLB. If there are still errors in images, 

parity codes in Part 6 may be used to recover the more important parts of the ruined 

images. The JPEG2000 error resilience tools can mitigate the effect of any remaining 

errors. 

4.3  Experimental Results and Analysis 

In this section, we compare images recovered from damaged CD-Rs using different 

storage schemes. The test images are randomly selected from a group of standard gray 

scale images, including “woman,” “cat,” “bike,” etc. (The storage methods may be 

applied to color images without modification). The selected images are encoded into 

either uncompressed TIFF images or losslessly compressed JPEG2000 images. Kakadu 

V6.0 is used as the encoder and decoder for JPEG2000 images. Photoshop CS3 V10.0.1 

is used as the encoder and decoder for TIFF images. Rectangular shaped scratches or 

circular shaped recording media degradation are simulated using methods described in 

Chapter 3. These are used to simulate the effect of defects on stored images as illustrated 

in Figure 4.6. The average PSNR is used to compare the quality of recovered images 

using different schemes. Each scheme is tested for each channel condition 10,000 times.  

In our experiments, the images are stored on CD-Rs using four different schemes: 
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ordinary TIFF Image Storage (TIS), Improved TIFF Image Storage (ITIS), EEP 

JPEG2000 Image Storage (EJIS) and UEP JPEG2000 Image Storage (UJIS). For both 

EJIS and UJIS, the average size of the JPEG2000 image including parity is around 65% 

of the TIFF image file size. For UJIS, the rate allocation is based on the largest BER of 

all tested channel conditions. Thus, in the experiments, actual channel conditions may 

mismatch the channel conditions assumed in the encoding process.  

 

Pick images from the image group. 

Store selected images on the simulation 
disk using the image format under test

Add defects on the simulation disk

Decode images using normal image 
decoder

Calculate the average MSE of the recovered 
images and calculate the corresponding 

PSNR 

repeat

Try to recover data using normal disk error 
correction

Try to recover errors using extra parity if 
normal method fails

 

Figure 4.6: Simulation procedure to calculate average PSNR of recovered images 
from damaged CD-R. 
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Experiment 1: Scratches 

In the first experiment, errors caused by various sized scratches were tested on the 

simulation disk. The results are shown in Table 4.1. The average PSNR of ITIS was 

always higher than that of TIS. Both the EJIS and UJIS schemes were able to perfectly 

recover all image data caused by a single large scratch, resulting in infinite PSNR values.  

Table 4.1: The average PSNR of recovered images from CD-R with a single large 
scratch. 

 

 PSNR (dB) 

Scratch Size  TIS ITIS EJIS UJIS 

Width 1mm Length 10mm 34.11057 34.7026 Infinity Infinity 

Width 1mm Length 20mm 31.4644 32.7888 Infinity Infinity 

Width 1mm Length 30mm 30.37218 32.07141 Infinity Infinity 

Width 1mm Length 40mm 30.18866 32.04206 Infinity Infinity 

Width 1mm Length 50mm 30.14948 31.95256 Infinity Infinity 

Width 5mm Length 20mm 23.14938 23.82745 Infinity Infinity 

Width 5mm Length 30mm 22.36647 23.18154 Infinity Infinity 

Width 5mm Length 40mm 21.52102 22.45307 Infinity Infinity 

Width 5mm Length 50mm 20.83162 21.82661 Infinity Infinity 

Width 10mm Length 30mm 18.88334 19.65639 Infinity Infinity 

Width 10mm Length 40mm 18.30367 19.09351 Infinity Infinity 

 

Experiment 2: Multiple 2.5 mm Circular Defects 

In the second experiment, errors caused by multiple circular defect areas with a radius 

2.5 mm (see Table 4.2) were tested. Such defects are intended to model the dye 

degradation on the recording layer of CD-R. In this experiment, EJIS and UJIS still 

showed better performance in all situations, in comparison to TIS and ITIS. UJIS gave 



78 
 

 
 

the best results among the four schemes because it provides extra protection for more 

important sections of the JPEG2000 codestream. In the worst channel condition (forty 

randomly positioned 2.5mm circular defects), the average PSNR of the recovered images 

using UJIS was 1.7 dB higher than that from EJIS. 

Table 2.2: The average PSNR of recovered images from CD-R with multiple 2.5 mm 
circular defects. 

 

 PSNR (dB) 

Defect Numbers  TIS ITIS EJIS UJIS 

5 26.90921 26.95126 Infinity Infinity 

10 23.92142 24.06845 Infinity Infinity 

15 22.1221 22.11234 Infinity Infinity 

20 20.80324 20.94744 64.1102 64.18629 

25 19.78187 19.96234 43.85594 43.94255 

30 18.99053 19.21639 31.75161 32.30811 

35 18.33617 18.51299 24.81813 25.94001 

40 17.80748 17.96507 20.18934 21.88589 

 

Experiment 3: Multiple 5 mm Circular Defects 

The third experiment dealt with errors caused by multiple circular defect areas with 

radius 5 mm and the results are given in Table 4.3. As in experiment 2, UJIS performed 

best among the four schemes. In the worst channel condition (ten 5mm circular defects), 

the average PSNR of the recovered images using UJIS was 1.3 db higher than that from 

EJIS. 

Table 4.3: The average PSNR of recovered images from CD-R with multiple 5 mm 
circular defects. 
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 PSNR (dB) 

Defect Numbers TIS ITIS EJIS UJIS 

1 27.66661 28.49471 Infinity Infinity 

2 24.97066 25.3007 Infinity Infinity 

3 23.17012 23.518 Infinity Infinity 

4 22.04141 22.28587 Infinity Infinity 

5 21.18209 21.38599 62.49293 62.51979 

6 20.38917 20.58112 50.54445 50.49652 

7 19.86713 20.031 36.74042 37.33068 

8 19.27091 19.34116 28.47492 29.34787 

9 18.79661 18.89116 23.71787 24.73287 

10 18.42675 18.50516 20.58112 21.81593 

In addition to average PSNR, it is interesting to consider the cumulative distribution 

of PSNR values. Figure 4.8 shows such distributions. In each graph, the X-axis denotes 

PSNR, and the Y-axis denotes the percentage of images achieving that PSNR or a lower 

PSNR. For example in Figure 4.8 (d), when there were 20 circular defects with radius 2.5 

mm on the disk, nearly 90% of the images using TIS had PSNR below 35 db. On the 

other hand, more than 95% of the images using EJIS had PSNR above 65db. This implies 

that almost all recovered JPEG2000 images were of high quality in this situation. An 

example JPEG2000 image with a PSNR of 65 dB is shown in Figure 4.7. 
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Figure 4.7: JPEG2000 with errors (PSNR=65db). 
                    

 

         (a) 5 circular defects with radius 2.5 mm; (b)10 circular defects with radius 2.5 mm;                   
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       (c) 15 circular defects with radius 2.5 mm (d) 20 circular defects with radius 2.5 mm;      

 

        (e) 25 circular defects with radius 2.5 mm;(f) 30 circular defects with radius 2.5 mm;      
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      (g) 35 circular defects with radius 2.5 mm; (h) 40 circular defects with radius 2.5 mm;      

 

          (i)1 circular defect with radius 5 mm;           (j) 2 circular defects with radius 5 mm;      
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           (k) 3 circular defects with radius 5 mm;       (l) 4 circular defects with radius 5 mm;      

 

          (m) 5 circular defects with radius 5 mm;      (n) 6 circular defects with radius 5 mm;          
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         (o) 7 circular defects with radius 5 mm;        (p) 8 circular defects with radius 5 mm;      

 

        (q) 9 circular defects with radius 5 mm;       (r) 10 circular defects with radius 5 mm;      

Figure 4.8: Comparison of TIS and EJIS. 
 

Experiment 4: Performance of EJIS with Differing Amounts of Parity 

In the three experiments above, the average file size of JPEG2000 images (including 

Parity) was only about 65% of that needed for TIFF images. In the fourth experiment, the 
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performance of EJIS with differing amounts of parity was simulated. All lossless 

JPEG2000 images were saved on the CD-Rs with 40 radius 2.5mm circular defects. The 

results of this experiment are illustrated in Figure 4.9. In this figure, the X-axis denotes 

the file size of the JPEG2000 image (with parity) relative to the related uncompressed 

TIFF file size. The Y-axis denotes the average PSNR of images recovered from the 

damaged CD-Rs. The experiment started from the situation in which JPEG2000 images 

were stored on the disk without any extra protection (0 parity). The average JPEG2000 

image file size in this case was about 58% of the average file size for TIFF images. The 

average PSNR of recovered JPEG2000 images was 1dB lower than that of recovered 

TIFF images. When parity is added to the JPEG2000 images, a critical point is reached 

after which the JPEG2000 image quality improves rapidly. When the total size of the 

JPEG2000 codestream with parity reached 71% of the TIFF file size, EJIS recovered all 

images perfectly.  
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Figure 4.9: Comparison of TIS and EJIS with increasing parity 
 

Experiment 5: Performance of EJIS with Lossy JPEG2000 (58% of TIFF File Size) 

Figure 4.8 (h) indicates that when a disk has serious defects, more than 95% of the 

images stored on it contain uncorrectable errors. This means that most stored images are 

not lossless anymore. Furthermore, in this situation 90% of the recovered images are of 

low quality (PSNR lower than 35 db). JPEG2000 provides high quality lossy 

compression which yields smaller file sizes than in the lossless case. When lossy 

JPEG2000 images are stored on CD-Rs, more parity can be used to protect them for a 

given total file size.  

In the fifth experiment, lossy JPEG2000 images were saved on CD-Rs with 

increasing amounts of parity. As in experiment 4, 40 radius 2.5mm circular defects were 
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present. This experiment maintained the total size of lossy JPEG2000 images and their 

parity equal to 58% of the TIFF image file size. In other words, the total size is the same 

as the lossless image with no additional parity. The result is illustrated in Figure 4.10, 

where the X-axis denotes the channel coding rate, and the Y-axis denotes the average 

PSNR of the images recovered from the damaged CD-Rs.  

 

Figure 4.10: Lossy JPEG2000 (58% of TIFF file size) with increasing channel 
coding rate 

 

When the channel rate is increased the corresponding decrease in parity causes more 

uncorrectable channel errors. On the other hand, more data is allocated to the compressed 

image data, thereby decreasing the distortion due to lossy compression. The optimal trade 

off occurs when the channel coding rate is 211/255, achieving an average PSNR of 49.7 

dB. In this situation, all recovered images on this disk are of high quality. An example of 
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the “woman” image with PSNR 49dB is shown in Figure 4.11 

 

Figure 4.11: Lossy JEPG2000 (PSNR=49db). 
 

The lossy JPEG2000 images are not as good as the lossless ones on an undamaged 

CD-R. However, on severely damaged CD-Rs, the lossy JPEG2000 images achieve better 

performance for a given file size. This indicates that lossy JPEG2000 images may be a 

good choice for storing images on CD-Rs for a long period of time or in a harsh 

environment. 

Experiment 6: Performance of EJIS with Lossy JPEG2000 (65% of TIFF File Size) 

The final experiment repeats experiment 5, but with a total size equal to 65% of 

the TIFF images. When the channel rate is to 211/255, all the images on the disk can be 

recovered perfectly. The result is shown in Figure 4.13, where the x-axis denotes the 

channel coding rate. The y-axis denotes the average PSNR of the images recovered from 

the damaged CD-R. An example of the “woman” image with PSNR 54 dB is shown in 
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Figure 4.12. 

 

Figure 4.12: Lossy JPEG2000 (PSNR=54db). 
 

 

Figure 4.13: Lossy JPEG2000 (65% of TIFF file size) with increasing channel 
coding rate. 
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4.4  Conclusions 

In this chapter, EJIS and UJIS, which are robust image storage methods for CD-Rs 

based on the JPEG2000 standard, were proposed. Both methods combine the VLB 

interleaver, RS codes and the error resilience tools of JPEG2000 effectively to protect 

images on CD-Rs against errors caused by physical defects. Both methods were found to 

be more suitable for long time image archiving compared to the methods using 

uncompressed TIFF format. In UJIS, the JSCC method was adopted to form the quality 

layers in JPEG2000 and provide appropriate protection over each layer. This makes UJIS 

perform better than EJIS especially for seriously damaged disks. The proposed image 

storage method using lossy JPEG2000 can also provide significant value for image 

recovery from CD-Rs with severe defects. 
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CHAPTER 5 

DISCUSSION AND CONCLUSIONS  

In this dissertation, the problem of data loss caused by defects in CD-R is studied. A 

robust data storage method is proposed in Chapter 3. The goal is to provide reliable 

protection for stored data  against serious errors caused by physical defects or the 

degradation of recording layer material. This method combines the virtual block 

interleaver and Reed Solomon error correction codes in an effective way. When normal 

optical disk drivers cannot extract the target files, the proposed data recovery method can 

be used to read and recover ruined data from damaged disks. The newly designed disk 

driver extracts the raw data from the disk and uses the extra RS codes to recover the lost 

data in the corrupted parts of the disk. 

For digital image archiving, four digital image storage methods are proposed in 

Chapter 4. The first method adopts uncompressed TIFF as the image storage file format. 

RS codes are used to protect the weak and important parts of each TIFF image, such as 

file header and Image File Directories. This method effectively prevents information loss 

and image quality degradation caused by the bit errors in those important parts of TIFF 

images. The second method through the fourth method are all based on the JPEG2000 

file format, because of its high compression efficiency and error resilience tools. The 

second method provides equal error protection over the whole lossless compressed 

JPEG2000 image using RS codes. Related image recovery methods are proposed to 
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correct errors in the JPEG2000 data stream using error correction codes. The recovered 

images have higher image quality than the ones using the TIFF image format. The third 

method adopts a JSCC approach to provide different amounts of protection for different 

sections of JPEG2000 images. This method effectively increases the image quality of 

recovered images especially under harsh circumstance, because this method reasonably 

allocates more protection on the more important parts of images based on the GE channel 

model of the corrupted discs.  

JPEG2000 provides high quality lossy compression which yields smaller file sizes 

than in the lossless case. When lossy JPEG2000 images are stored on CD-Rs, more parity 

can be used to protect them for a given total file size. Therefore, the forth method uses 

lossy JPEG2000 images as the digital image archiving file format. The stored lossy 

JPEG2000 images may have lower quality than the lossless ones or the uncompressed 

TIFF images. However, when the CD-Rs contain uncorrectable errors, especially serious 

long burst errors, almost all the archived images on the disk contain bit errors. The stored 

lossless JPEG2000 images and TIFF images are not lossless anymore. In such a situation, 

the stored lossy JPEG2000 images achieve better performance for a given file size. This 

indicates that high quality lossy JPEG2000 images may be a good choice for storing 

images on CD-Rs for a long period of time or in a harsh environment. 

  Bilgin et al [56] proposed a decode strategy for corrupted JPEG2000 code streams. 

If there are errors in a coding pass, the normal decoder may discard all the remaining 

coding passes in the current codeblock. The strategy of [56] may fully or partially decode 

some or all upcoming coding passes even when there are errors in the current coding pass. 
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This method may save more information from the codestream. Possible improvements to 

our scheme could be achieved by incorporating the method of [56] into the robust image 

storage methods based on the JPEG2000 image format.  
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