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ABSTRACT 

Image compression has been developed through many years in order to approach 

the lower limit of compression ratio bounded by the entropy at the lowest possible system 

cost. Compression techniques such as JPEG, JPEG-LS and JPEG2000 were accepted as 

the International Compression Standards for continuous-tone images because of their 

excellent performance.  In 2009, JPEG-XR was announced a a new image standard for 

lossy and lossless image compression. However, because ofthe compatibility issues such 

as its non- compatibility with previous standards or non-Microsoft products, JPEG-XR 

are not  broadly employed. The previous standards are still employed for both lossy and 

lossless image compression. Wavelet-based codecs such as JPEG2000 provide abundant 

functionalities and excellent compression efficiency compared to other codecs but with 

more complexity. A wavelet-based algorithm, BCWT, has been developed in order to 

offer very low complexity while still providing the excellent compression efficiency and 

functionalities found in JPEG2000. It provides excellent performance, but several 

limitations hinder its practical application. 

In order to solve the limitations of the BCWT application, in this dissertation, a 

‘set to zeros’ method and a ‘zero tree detection’ algorithm are proposed and incorporated 

in the BCWT algorithm, which greatly enhance the compression ratio while reserving the 

algorithm’s advantages without significantly increasing its complexities. An efficient 

line-based lossless BCWT with very low computational cost is proposed to extensively 

meet the lossless requirements for specific occasions. For further improvement of the 

compression ratio, statistical models are investigated so that the adaptive arithmetic 

coding technique can be effectively applied to the output bit-stream. Tests and analysis 

results show that the improved BCWT algorithm consumes less memory and 

computational resources and obtain higher compression ratio without significant increase 

of the system complexity as compared to the original BCWT. The improved BCWT 

algorithm and the proposed lossless version have been successfully applied to industrial 

embedded applications.   
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

In 1975, Steven Sasson at Eastman Kodak attempted to take the first picture with 

his just-invented digital camera. It took 23 seconds to record an image as 0.01 megapixel 

black and white pixels onto a cassette tape. The first true digital camera, the Fuji DS-1P, 

was produced in 1988, and a 16 MB internal memory card was used to store the images. 

The digital media in modern applications such as digital cinema and film editing need 

images with much higher resolution. Compression techniques are indispensable in order 

to store or transmit these pictures and videos. For example, each frame of the popular 

1080p format of high-definition television (HDTV) has a resolution of 1920x1080, i.e., 

2,073,600 pixels per frame. If the image has RGB color components with of 8-bit pixel 

depth, a memory of 6,220,800 bytes is required to hold the image, which means that a 

digital camera with 16 MB of memory capacity can only maintain two frames of 

uncompressed HD video. Hundreds of thousands of such frames are contained in a 

typical video. With the recent appearance of pictures or videos of super high resolution, 

e.g. 22 Megapixel SLRs or full aperture 4K video with a resolution of 4096x3112, 

compression techniques face ever stiffer challenges. 

Data compression techniques have improved steadily since Samuel Morse 

invented the telegraph in 1838. They are still an open research topic today. In 1949, 

Claude Shannon developed information theory [1], proving that data cannot be 

compressed beyond a knowable point without any information loss. The average code 

length has a lower bound given by the entropy of the data.  

For a discrete dataset, the Shannon entropy is defined as Eq. 1.1 [2]. 

   
1

x x

x

H X p log p


                                                                (1.1) 

Here, X is a discrete random variable. The discrete probability distribution 

function P (X = x) = Px for x =1, 2 ... , and x is the sample value of X. 

http://en.wikipedia.org/wiki/Discrete_random_variable
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The entropy in a continuous dataset is defined as  

              log x

I

xH X p p dx                                                         (1.2) 

Here, px is the continuous probability density function on an interval I. 

In [3], for a probability density function px on a finate set {x1, x2,..., xn}, the 

maximum entropy can be derived from Eqs. 1 or 2.  

                logH X n                                                                      (1.3) 

The equality can be obtained only if X meets the uniform distribution, i.e., px = 

1/n for all x. 

Therefore, for a finite data set such a color or binary image set, a uniform 

distribution of the variable X gives the maximum possible entropy value. In this case, the 

dataset is difficult to compress because the samples tend to be unrelated to each other and 

minimum redundancy exists in the dataset. On the other hand, if the variable in the finite 

dataset has non-uniform distribution, the compression process can become more efficient. 

As discussed later, only two samples, i.e., 0 and 1, exists in the BCWT output bit-stream. 

In order to efficiently apply the entropy coding techniques, we can partition the dataset 

into different portions to form the non-uniform distributions of 0 or 1 and then compress 

the bit-stream. 

1.2 Image Compression Methods and Formats  

An image can be regarded as a dataset with all samples in integer form. Video can 

be considered as an image dataset with time as an additional dimension. Color images 

have multiple components in one color space, such as RGB, YUV, YCbCr, CMYK, etc. 

The image components are often spatially or temporally correlated.  The objective of 

image compression is to reduce the redundancies or irrelevances in images. For example, 

for lossy compression, the irrelevant noise ignored by the human visual system can be 

removed by a low-pass filter.  

The popular image compression methods and formats [4] are summarized in Fig. 

1.1. In Fig. 1.1, the International Image Standards are listed in the boxes. JPEG, 
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FPEG_LS, JPEG2000 and JPEG-XR, are accepted as the international standards in 

chronological order for continuous-tone still image compression. Because the BCWT 

algorithm falls into this catalog, in this dissertation, we will discuss the implementation 

of these codecs and compare the BCWT algorithm with them.  

CCITT Group3

CCITT Group4

JBIG (or JBIG1)

JBIG2

Image compression methods and formats

Still image Video

Binary Continuous tone

JPEG

JPEG-LS

JPEG2000

JPEG-XR

DV

MPEG-1/H.261

MPEG-2/H.262

MPEG-4/H.263

MPEG-4 AVC/

H.264

HEVC/H.265
TIFF BMP

GIF

PDF

PNG

TIFF

AVS

HDV

M-JPEG

QuickTime

VC-1/WMV9

 

Fig. 1.1 Popular image compression methods and formats 

1.3 Several Definitions in Image Compression 

Several key definitions are necessary to understand image compression 

performance. 

1. Compression ratio (CR) measures the compression efficiency.    

   
                            

                             
                                           

2. In digital communication systems, bit rate (BR) refers to the number of bits that 

are transmitted per second. In image compression, BR gives the average number of bits 

per pixel (bpp). 

                                                                                              

In Eq. 1.5, depth means the number of bits in one pixel of the original image. A 

gray scale image usually has a depth of 8 bits, while an RGB image is often represented 

with a depth of 24 bits. 

http://en.wikipedia.org/wiki/Bit
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3. Peak signal-to-noise ratio (PSNR) is an objective fidelity measurement of the 

reconstruction quality of lossy image compression.   

             
    

 

   
              

    

    
                                

Here, MSE is mean squared error as defined in Eq. 1.7. MAXI  means the 

maximum possible value of a pixel in an image. For example, when a gray scale image 

has 8-bit depth, MAXI  is set to 255.  

    
 

  
                                                                          

   

   

   

   

 

In Eq. 1.7, m and n are the numbers of rows and columns of an image. I and K are 

the original and reconstructed image, respectively. With lossless compression, MSE is 

equal to 0, and PSNR is infinity.  

4. The structural similarity (SSIM) is another method of objective fidelity 

measurements [5, 6]. It is designed to reduce the inconsistency between human visual 

perception and traditional metrics like PSNR and MSE. The SSIM metric is calculated 

for various windows with common size N×N in an image. The measure between two 

windows x and y is defined as follows [5]. 

           
                   

   
    

        
    

     
                                     

Here,       are the averages of x and y;   
    

   are the variances of x and y;     

is the covariance of x and y.       are two variables to stabilize the division with a weak 

denominator that are determined by the dynamic range of the pixel values [5].  

The above expressions are not independent from each other. All of them are used 

to measure the compression efficiency or quality from different perspectives. For 

example, both BR and CR indicate the compression efficiency, although CR is 

considered as a more practical measurement when the bit rate becomes very low. For the 

compression of any image, higher PSNRs and SSIMs generally come with lower CRs. 

Thus, tradeoffs between compression and quality must be considered carefully for a 
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specific application. As seen in following chapters, other factors such as algorithm 

complexity, memory consumption and coding/decoding speed are also important in 

practical applications. 

1.4 Various Lossless Techniques for Image Compression 

Image compression is classified into lossy and lossless modes.  Lossy 

compression aims to obtain high CRs (as high as 200:1 in JPEG2000) [7]with acceptable 

distortion, while lossless compression emphasizes the quality of perfect reconstruction at 

drastically mitigated CRs (generally around 2:1) [8]. Lossless compression techniques are 

often required in applications where all the original information must be preserved, such 

as medical images, satellite images, archiving pictures and other works of art, etc.  

Lossless compression schemes are often divided into two stages: modeling and 

coding [9-11]. In practical image compression applications, two competing criteria are 

considered. One emphasizes the effects of CR on retention of detail, while the other 

highlights the algorithm complexity or cost. For example, higher lossless CRs are 

desirable when thousands of large historical or medical images are stored in archive. In 

other applications, a less expensive camera with tolerable lossy compression could attract 

more users. Lossless image coding often employs spatial domain techniques such as 

Context based Adaptive Lossless Image Codec (CALIC) [12], Portable Network 

Graphics (PNG) [13], Lossless JPEG [14], JPEG_LS [11] etc, prior to applying lossless 

frequency domain techniques. Lossless JPEG uses simple prediction based on 2D 

Differential Pulse Code Modulation (DPCM). CALIC and JPEG-LS apply non-linear 

predictors in order to provide better coefficient decorrelation. The highly complex 

Gradient Adjusted Predictor (GAP) and moderately complex Median Adaptive Predictor 

(MAP) are used in CALIC and JPEG-LS, respectively. These non-linear predictors bring 

extra compression gain but higher computational costs. The development of 

miscellaneous lossless frequency domain transforms resulted in the appearance of 

lossless techniques such as BZIP2 with Burrows Wheeler Transform (BWT) [15, 16], 

JPEG's variations with integer Discrete Cosine Transform (DCT) [17, 18], set 

partitioning in hierarchical trees (SPIHT) with S+P transform [19, 20], JPEG2000 with 

integer Wavelet Transform (WT) [21] and JPEG eXtended Range (JPEG-XR) with two-
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stage lapped biorthogonal transform (LBT) [22], etc. The transform based techniques 

compute and encode the prediction residuals from a large, non-causal neighborhood [9].  

JPEG-XR based on a Microsoft technology known as HD Photo, was accepted as 

the new image coding standard by the International Standard ISO/IEC in 2009. It offers 

several key improvements such as a wider dynamic range over traditional JPEG and 

some of the features from JPEG2000, with less computational complexity. Microsoft 

Open Specification Promise (OSP) allows the implementation of the specification of 

JPEG-XR without licensing fees. Nevertheless, some compatibility issues remain for 

non-MS products. Consequently, JPEG-XR is not widely adopted. Based on wavelet 

transform which is naturally scalable and suitable for embedded coding, the standard of 

JPEG2000 provides more abundant and flexible features than JPEG-XR. For example, 

the PCT transform designed for 4x4 block in JEPG-XR provides two-level 

decomposition for decorrelation while the DWT transform in JPEG2000 can offer a 

flexible number of level decomposition. In [23], the author compared various current 

compression techniques and standards including JPEG-XR and claimed that JPEG2000 

was the best image codec available from lossless compression efficiency and 

functionality perspectives.  

Wavelet-based coding techniques like JPEG2000 provide de-correlated 

coefficients for efficient encoding based on the wavelet tree structure and can avoid the 

blocking artifacts typically found in block transform coding such as DCT in JPEG [21]. It 

can offer excellent flexibility in terms of scalability in resolution and distortion. 

However, when the image size is very large, the wavelet-based algorithms such as 

JPEG2000 consume significant internal buffer memory; typically all of the wavelet 

coefficients from all levels must be calculated and stored before any encoding takes 

place. In order to decrease memory usage, wavelet coefficients in JPEG2000 are 

partitioned into blocks for encoding by Embedded Block Coding with Optimal 

Truncation (EBCOT) [24] which is capable of individually encoding code-blocks.  

1.5 Motivation of the Dissertation 

Although EBCOT has excellent rate-distortion performance, the system 

complexity significantly increases the implementation costs. BCWT [25] is another 

http://en.wikipedia.org/wiki/JPEG
http://www.iciba.com/consequently
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wavelet-based technique. It exploits the merits of wavelet-based codecs like JPEG2000 

but offers significantly lower complexity and memory cost and higher processing speed. 

BCWT introduces a new coding principle using the maximum quantization of 

descendants (MQD), from three levels represented in a concise bitmap. BCWT provides 

the advanced features in JPEG2000 such as progressive coding [25], bit-rate control [26], 

region-of-interest coding [27, 28], etc and solves several performance bottlenecks found 

in SPIHT such as tree-scanning, bit plane coding and dynamic list management [20, 25]. 

This new technique significantly reduces the complexity and memory requirements of 

previous wavelet-based codecs. Unlike most wavelet-based forward encoding algorithms 

including SPIHT and EBCOT, a one-pass backward coding mechanism is used in 

BCWT. The wavelet coefficients in BCWT are encoded from the lower wavelet levels 

first, inherently tracking the order in which DWT decomposition determines those 

coefficients. The memory is now reused to hold the coefficients of higher levels as soon 

as the coefficients for the lower levels have been encoded. A line-based implementation 

of the BCWT algorithm proposed in [29] further reduces the buffer size. BCWT offers 

similar rate-distortion performance to SPIHT because essentially similar coefficients are 

encoded, although the order in which they are computed differs significantly. The BCWT 

algorithm provides comparable compression performance with JPEG2000 at very low 

cost. With the control parameter called quantization level set to 0, a near-lossless 

performance with peak signal-noise-ratio (PSNR) of more than 50 dB has been obtained. 

The near-lossless performance of BCWT meets the requirement of high fidelity for most 

occasions. However, perfect reconstruction is required in many specific applications, 

which provides the motivation for the research on developing the lossless BCWT 

presented here. 

1.6 Contributions 

In the dissertation, a line-based lossless BCWT algorithm is proposed. Lossless 

techniques are incorporated into the codec so that lossless performance can be obtained. 

Although the existing BCWT algorithm can provide excellent performance, in order to 

meet the requirements of practical applications, some improvements for the BCWT 

algorithm are further provided. For example, the existing lossy codec does not handle the 
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extended area well when an image needs padding. The CR often greatly deteriorates 

because the coefficients from all regions including the padding are sent for encoding, 

which can results in very low efficiency. The CR can be improved when the padded areas 

are processed appropriately. Arithmetic entropy coding is often employed in the last 

encoding stage in order to increase the CR in codecs such as JPEG2000 and SPIHT; it 

will be applied to the BCWT algorithm when we investigate modeling different sections 

of the BCWT output bit-stream. Moreover, the existing software is implemented with 

high-level languages such as Java and .NET in order to manage the resources 

automatically. Only advanced hardware platform and operation systems can provide an 

adequate environment, and resources are heavily occupied. One of the most significant 

features of the BCWT algorithm is that it is highly suitable for image compression in 

embedded applications because the algorithm consumes very few resources. Therefore, 

we also seek to decrease the overhead brought by the high level languages in order to 

make full use of the advantages of the BCWT algorithm. For example, we can implement 

the software in 'C' for embedded application.  

The contributions in the dissertation can be summarized as follows. 

1. A lossless line-based BCWT algorithm is proposed, which sustains all the 

advanced features in the original lossy version and provides lossless effect at very low 

memory cost. 

2. 'Set to zero' algorithm and tiling scheme are proposed to solve the coding 

redundancy for the image with extended size for the lossless and lossy modes. 

3.'Zero tree detection' algorithm is proposed to remove the coding redundancy of 

zero trees for the lossless and lossy modes. 

4. Statistic models are built according to the binary distributions of different 

sections in the BCWT output bit-stream. An adaptive binary arithmetic coder is 

separately applied to the sections under their corresponding models.  

5. A concise version of software is implemented for embedded application. 

6. An image acquisition and compression system is created which proves that the 

BCWT algorithm is very suitable for embedded applications. 
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1.7 Organization of the Dissertation 

The dissertation has been organized as follows. The introduction of the 

background and the motivation of developing lossless BCWT are described in chapter 1. 

Chapter 2 presents several state-of-the-art lossless image compression techniques and 

standards, namely, lossless JPEG, JPEG-LS, JPEG-XR, JPEG2000 and SPIHT. Chapter 3 

introduces the lossy BCWT algorithm with advanced features such as progress coding, 

ROI, rate control design etc. The algorithms of 'set to zeros' and 'zero tree detection' are 

introduced to the lossy algorithm inorder to improve performance. Chapter 4 proposes a 

new line-based lossless BCWT algorithm with the incorporation of the algorithms for 'set 

to zeros' and 'zero tree detection. An adaptive arithmetic entropy algorithm is applied to 

the BCWT algorithm. Chapter 5 describes the BCWT software implementation and 

provides the possible solutions for the embedded application.  In Chapter 6, an image 

acquisition and compression system is built within an embedded system. Finally, Chapter 

7 presents the conclusions of the dissertation and suggests some future work. 
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CHAPTER 2 

LOSSLESS IMAGE COMPRESSION ALGORITHMS AND STANDARDS 

2.1 Review of the Lossless Image Compression Algorithms and Standards 

In this chapter, an overview is provided for several lossless image compression 

techniques and standards.  Lossless SPIHT is introduced in order to compare it with 

BCWT. It will be seen that the encoding structures of the two algorithms are the same but 

their coding orders are different.  

As introduced in [9] and [11], in lossless image compression, the modeling stage 

and the coding stage are interleaved together.  

The modeling stage is based on the strategy provided by Sunset [11] and involves 

three components. 

1. Prediction step: Guess the value of current symbol based on the past values. For 

example, in lossless JPEG, the neighboring samples already coded in the image are used 

to predict the current sample based on a scheme called differential pulse code modulation 

(DPCM).     

2. Context determination:  Create an appropriate context for the current symbol. 

The context is a function of a causal template.  

3. Probabilistic modeling: Build a model for the prediction residual conditioned 

on the context of the current pixel. The prediction residual is obtained from the difference 

between the real value and the predicted value.  

The coding stage uses probabilities from the modeling stage and converts the 

input symbols (prediction errors or residuals) into the codeword. Entropy coding like 

Golomb-Rice, Huffman coding or arithmetic coding is often used in the coding stage. 

Based on the context in the previous stage, the residues can be directly coded or further 

processed before the entropy coding. For example, in JPEG-LS, bias correction and 

remapping of the negative residues are used before applying the Golomb-Rice algorithm. 

The decoder reverses the procedures to decode the bit-stream.  
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2.2 Miscellaneous lossless compression techniques and standards 

2.2.1 Lossless JPEG standard 

Predictor Entropy encoder

Original 

image

Compressed 

image

Table 

specifications

Lossless encoder

  

Fig. 2.1 Simplified block diagrams for lossless JPEG 

Lossless JPEG was created in 1993 as an addition to the original JPEG[30], with a 

different technique; DPCM replaces DCT. The two stages in the lossless JPEG are clearly 

illustrated in block diagrams of Fig. 2.1 [14].  

c

b x

a Current 

position

 

Fig. 2.2 Lossles JPEG causal template 

Table 2.1 Predictors for Lossless Coding 

Selection 

value 
0 1 2 3 4 5 6 7 

Prediction None b a c a+b-c 
b+(a-

c)>>1 

a+(b-

c)>>1 

(a+b)

>>1 

 

The template for the prediction in lossless JPEG is shown in Fig. 2.2. The current 

sample value to be coded is at the position x. The predictor combines up to three 

predicted neighboring samples at the location of a, b, and c. All 8 possible predictor 

candidates for x are shown in Table 2.1. The first predictor, zero, means no prediction 

and is used for differential coding in the hierarchical mode of operation. After the 

samples are predicted, the residues are calculated by subtracting the predictor value from 

the original pixel value. The probability of the residues obeys a Gaussian normal 
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distribution concentrated around zero.  Afterwards, the residues are entropy-coded by 

using either Huffman coding or arithmetic coding. 

Lossless JPEG can provide reasonable lossless effect but it is not very widely 

used because the linear functions in the prediction are not sufficient to decorrelate the 

samples. Nonlinear predictors can provide higher order decorrelation and offer better 

compression performance. 

2.2.2 JPEG-LS 

In order to improve the compression efficiency of lossless JPEG, JPEG-LS was 

developed and accepted as an ISO/ITU standard for low-complexity lossless and near-

lossless image compression. Its core algorithm is based on LOw COmplexity LOssless 

COmpression for Images (LOCO-I) algorithm proposed by Hewlett Packard (HP) in 

2000 [11]. It combines the simplicity of Huffman coding with the improvement of using 

context modeling and adaptive prediction.  

c
b x

d
e

a
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predictor
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Run 
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Fig. 2.3 JPEG-LS block diagram 
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Fig. 2.4 JPEG-LS causal template 

The prediction and modeling units in LOCO-I are based on causal template 

depicted in Fig. 2.4. The prediction approach is a variation of median adaptive prediction 
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in which the predicted value is the median of a, b, c pixels. The predictor is obtained 

using the following algorithm. 

    
                             
                            
                                 

                                                    

In Eq. 2.1, b is chosen as the predictor of x when there is a horizontal edge above 

the current location. Value a is chosen when a vertical edge in the left of the current 

location. Prediction (a + b − c) is chosen when the area is smooth. After the prediction 

step, the distribution of prediction residuals can often be approximated by a Laplacian 

distribution of two-sided exponential decay.  Due to integer-value constraints and 

possible bias in the prediction step, there is a dc offset around the center zero in the 

distribution. The bias can be corrected by a process called bias cancellation so that the 

statistic model can be simplified and a single parameter is used to sufficiently 

characterize the distribution. 

According to the causal template of JPEG-LS in Fig. 2.4, the context is built on 

the differences: g1 = d − a; g2 = a − c; g3 = c − b, and g4 = b − e. The four gradients 

reflect the local variations round the sample. For simplification, the contexts in JPEG-LS 

only use three gradients, i.e., g1, g2 and g3 to reduce the number of the contexts to 365.   

In the regular mode of JPEG-LS, after bias cancellation for the prediction 

residuals, the prediction residuals are remapped to non-negative integers, forming a 

geometric distribution. Because Golomb-Rice (GR) coding can effectively handle the 

geometric distribution, the algorithm is employed to encode the remapped residues. 

A “run” mode of JPEG-LS in Fig. 2.3 is used when zero gradients are detected in 

a smooth region. In this case, the Golomb-Rice coding is switched off because with at 

least one bit per symbol, it is inefficient for encoding the residues of low entropy 

distributions. A run of predictor 'b' in Fig. 2.4 is used to encode the following residues 

until a new symbol appears or the end of the line has been reached.  

JPEG-LS performs very well on compound documents with the ability to function 

in multiple modes. It works well for cost-sensitive applications that do not require any 
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JPEG-2000 advanced features such as progressive bit-streams, error resilience, region of 

interest coding (ROI), etc.  

2.2.3 JPEG-XR 

The HD Photo image format was announced by Microsoft Corp. in 2007. It was 

claimed that HD Photo offered compression with up to twice the efficiency of JPEG and 

provides higher-quality images with half of the file size of JPEG [31]. In 2009, JPEG-XR 

[22], a formal standard for HD-photo, was approved by International Telegraph Union 

(ITU) and became the latest International Standard for image compression. 

The objective of JPEG-XR is to support the encoding of wide range of color 

format, maintain compatibility with existing formats, and simplify device 

implementation. JPEG-XR works in both lossless and lossy modes, and offers many of 

the advanced features in JPEG-2000, such as ROI, bit-rate control, etc. It outperforms 

other compression codecs and technologies by minimizing objectionable spatial artifacts 

and preserving high frequency detail.  
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 (a) JPEG-XR encoder 
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(b) JPEG-XR decoder 

Fig. 2.5  Block diagram of lossless JPEG-XR codec 

The block diagram for the lossless JPEG-XR codec is shown in Fig. 2.5. It is 

similar to the traditional image-coding paradigm: color conversion, transform, coefficient 

scan, scalar quantization and entropy coding. The main blocks of JPEG-XR include the 
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transformation stage and the coefficient-encoding stage. A reversible integer-to-integer-

mapping lapped bi-orthogonal transform (LBT) is employed as its decorrelation engine. 

The basic unit in JPEG-XR is more fine-grained than in JPEG. It uses a 4 x 4 block of 

pixels instead of the 8 x 8 block used in JPEG. A hierarchical form of the coding 

structure in JPEG-XR is used. For example, an image is divided into tiles. Then each of 

the tiles is cut into several macroblocks (MB). Each MB is divided into a set of 4 x 4 

blocks.  

Following the diagram flow in Fig. 2.5, the processes on each block are explained 

in detail as follows.  

The lossless forward color transform from RGB space to YUV space in JPEG-XR 

is: 

                                         

                                                                                                          (2.2) 

                                                

The lossless reverse color transform is: 

                                                  

                                                                                                           (2.3) 

                                       

It can be seen that four additions and two shifts are used to implement both the 

forward and reverse color transform.  

The LBT includes two basic operators, the photo core transform (PCT) and the 

photo overlap transform (POT). Each operator employs a reversible lifting-based 

structure. The PCT is similar to the DCT and is performed inside each 4x4 block. POT is 

a more complex pre-filtering procedure designed to exploit the correlation across the 

boundaries of blocks. POT is performed not only inside each macro-block but also along 

the boundaries with adjacent macro-blocks. POT can solve the blocking artifacts 

observed in traditional block transforms like DCT.   

The two-level PCT is the core transform of the LBT. Each MB of 16 × 16 

samples comprises  16 blocks of 4 x 4. In the first level, PCT is applied to each block. A 
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DC coefficient is produced from each block, and the other 15 produced coefficients are 

called the high-pass coefficients. Sixteen DC coefficients from 16 blocks form a block of 

4 x 4 samples. Then the 2nd level of PCT is applied to this block. One DC coefficient and 

15 low-pass coefficients are again produced. The two-level transform in JEPG-XR 

provides better coefficient decorrelation than one-level DCT in JPEG.  In JPEG2000, a 5-

level DWT is commonly used to decorrelate the DC band.  

After the LBT transform, a quantization process is used to rescale the coefficients. 

In the lossless coding mode, the quantization parameter (QP) is set to one so that no 

quantization thresholding is performed and no information is lost. In lossy compression, 

the QPs are set to different values for different bands to achieve a tradeoff between the 

CR and image quality. The QPs in the high frequency band are usually set much higher 

than in the low frequency and DC band. 

An adaptive prediction is involved prior to the entropy coding. Different selection 

schemes of reference samples are applied for the prediction of DC, low-pass and high-

pass coefficients.  

In the last stage of the encoder, JPEG-XR directly writes coefficient bits to the 

bit-stream or uses adaptive entropy coding beforehand. For example, the plain bits, 

coming from the LSBs of coefficients, are directly sent to the bit-stream without entropy 

coding in order to speedup the process. An adaptive Huffman coding is applied to the 

remaining MSBs.  

2.2.4 JPEG2000 

Wavelet-based JPEG2000 [21] was created by the JPEG committee in 2000 to 

supersede the DCT-based JPEG standard. The block diagram of the JPEG2000 codec is 

shown in Fig. 2.6; the codec follows similar flow to JPEG-XR [22]. The JPEG2000 

standard offers the richest set of features but comes at a price of much complexity. 

In the preprocessing step, the value of each sample is adjusted by subtracting one-

half of the dynamic range of all samples so that the dynamic range is centered about 0. In 

the decoder, the original dynamic range is restored by adding the subtracted value in the 

postprocessing step. In order to obtain lossless performance, the reversible color 



Texas Tech University,  Bian Li,  May 2014 

 

17 
 

transform (RCT) and the 5/3 integer to integer transform are used in the next two stages. 

The two lossless transforms will be introduced in the lossless BCWT algorithm of 

chapter 4. The DWT in the core of the JPEG2000 structure can eliminate the 

"blockiness", which is a common side effect of DCT compression [21]. 
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(a) JPEG2000 encoder 
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(b) JPEG2000 decoder 

Fig. 2.6 Block diagram of lossless JPEG2000 codec 
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Fig. 2.7 Encoding procedures for each tile 

As in JPEG-XR, the image is color transformed and then partitioned into tiles that 

are transformed and encoded separately. All subsequent operations such as wavelet 

transform, quantization, and entropy coding are performed independently on each tile. 

The coding procedures for each tile are shown in Fig. 2.7. First, DWT is applied to each 

tile. Then, QPs are chosen to threshold the DWT coefficients in each band to achieve a 

desired level of image quality; lossless compression can be obtained with QP equal to 0. 

Next, each sub-band is split into basic entropy coding units called Coding Blocks (CB). 

Finally, entropy coding is performed on each coding block.  
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Pass 1: Significant coding

Pass 2: Magnitude refinement 

coding

Pass 3:Clean-up coding

 

Fig. 2.8 The tier-1 coding flow 

The entropy coding called EBCOT is the core of JPEG2000. EBCOT uses an 

embedded coding scheme which encodes and transmits the most valuable information as 

early as possible so that the reconstruction will best be represented if truncation of the 

bit-stream occurs. Each CB in Fig. 2.7 has equal size in each sub-band (typically 64 x 64 

or 32 x 32) except for those at the edges of the image. The CB does not reference other 

blocks in the same or other sub-bands. Therefore, JPEG2000 potentially allows parallel 

processing for each block and spatial random access of the ROIs. EBCOT is divided into 

2 parts, the tier-1 coding and the tier-2 coding. The tier-1 coding starts for each CB and 

includes three coding passes, as shown in Fig. 2.8, namely, significance propagation, 

magnitude refinement and cleanup pass.  

EBCOT is a bit-plane coding technique. The samples in the CB are scanned in the 

order shown in Fig. 2.9. Each pass involves a scan through the code-block samples in 

stripes of height 4. Information for each bit-plane is coded for each sample in only one of 

the passes. In the significance propagation pass, a bit is coded if the sample is not 

significant, but at least one of its eight connected neighbors is significant. In the 

magnitude refinement pass, if the sample is significant in the previous bit plane, the bit of 

the sample in the current bit plane is coded. The final pass is the clean-up pass, which 

codes all bits that are not coded in the first two passes. In each pass, a single binary-

valued symbol is encoded using an adaptive arithmetic coder such as zero coding and 

sign coding. A single Run Length Coding (RLC) primitive can be used to efficiently code 

the non-significant bits in the clean-up pass. The probability models used by the coder 

evolve within 18 different contexts: 10 for significance coding, 5 for sign coding, and 3 
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for refinement coding. As illustrated in Fig. 2.9, the state and sign of 8 neighboring 

samples around the sample P form the specific context. 

 

Fig. 2.9 Stripe-based coding scan in the tier-1 coding 
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Fig. 2.10 Stripe-based coding scan in the tier-1 coding 

The three passes in the EBCOT algorithm are explained as follows. Starting from 

the MSB bit plane as shown in Fig. 2.10, the bits are all coded with a clean-up pass 

because no significant samples are already available for the highest bit plane. In Fig. 

2.10, we assume the MSB of the samples in the location (1, 1) and (2, 5) is 1 and the 

MSB in the other locations is zero. Thus, the samples in the two locations are significant. 

Next, the bit plane next to the MSB plane is encoded. In (a) of Fig. 2.11, the already 

significant samples in the location (1, 1) and (2, 5) are shown in the squares. In the first 

pass, the 16 neighboring samples around the two locations should be encoded. Along the 

coding process in the stripe-based order, if a sample in one of the 16 locations becomes 

significant, the subsequent neighboring samples around this location should be also 

encoded. For example, in Fig. 2.11, the sample in the location (2, 2) becomes significant. 

The samples in location (3, 2), (1, 3), (2, 3) and (3, 3) are subsequently encoded in the 

first pass. The samples belong to the first pass are indicated in gray in (b) of Fig. 2.10.  
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(a)  Two samples are already significant            (b) Significance propagation pass 

Fig. 2.11 The first pass in the next to MSB bit plane 

In Fig. 2.12, the bits in the squares from the significant samples in MSB bit plane 

belong to the refinement pass. They are entropy coded in the second pass. The clean-up 

pass encodes the bits that are not yet encoded in the previous two passes. The samples 

involved in this pass are shown in Fig. 2.13 indicated with gray. The bits in column 7 are 

coded with RLC because they are all zeros while the others are coded with Zero Coding 

(ZC) and Sign Coding (SC). 
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Fig. 2.12 The 2nd pass in the next to MSB bit plane 
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Fig. 2.13 The 3rd pass in the next to MSB bit plane 

Following the tier-1 coding, the tier-2 coding organizes the output bit-stream for 

Post-Compression Rate-Distortion OPTimization (PCRD-OPT). The tier-2 coding allows 

JPEG2000 to have many of the desired codec features including rate scalability and 
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progressive recovery. For example, when the function of rate control is applied, in order 

to achieve rate scalability through different quality layers, in the tier-2 coding, the coding 

passes containing the most important data can be maintained, while the coding passes 

associated with finer details can be discarded.  

From the discussion of JPEG2000, the three passes in tier-1 coding and different 

functionalities in tier-2 coding significantly increase the complexities of the algorithm. 

2.2.5 Lossless SPIHT 

The SPIHT coder [19, 20] is a highly refined version of the EZW algorithm [32] 

and is a powerful image compression algorithm proposed by Amir Said in 1996. The 

codec follows the general block diagram introduced in previous sections. The algorithm 

of BCWT develops some ideas from the SPIHT algorithm.  

2.2.5.1 S+P Transform  

S+P transform is used for both the lossy and lossless SPIHT codec.  

Assume a sequence of integer samples C[n], n = 0, ..., N - 1, where N is an even 

number. The S transform for the sequence can represented by [20]: 

                                                                        

                         
 

 
                                   

In Eqs. 2.5 and 2.6,       and      are the average of sum and difference of two 

integer neighbors of the calculated sample. Thus, they represent the low or high 

frequency components between neighboring local samples. All the calculations involve 

only shift and/or additive operations. Note that in the S transform, the correlation of 

samples is not fully explored. For example, in the high-pass components, a residue 

correlation is caused by aliasing from the low frequency components [20]. Hence, the P 

transform is employed for further decorrelation. A new parameter    in the high 

frequency band is defined to replace      in Eq. 2.6. 
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In Eq. 2.7, the general form of the estimation       is expressed as: 

         

  

     

           

 

   

                                               

Here                  . Other parameters in the equation such as       can 

be estimated with 3 different schemes: minimum entropy, minimum variance, and 

frequency domain design as introduced in [19]. Some experimental results for the 

parameter's selection are shown in Table 2.2. In the table, predicator A has the lowest 

computational cost.  Predicator B is appropriately used for natural images. Predicator C is 

used for smooth medical images. 

Just like two-dimensional DWT, the S + P transform can be implemented by 

applying the one-dimensional S+P transform to the image in rows and columns 

successively to obtain 2D decomposition. 

After S+P transform, the coefficients form a wavelet-tree like structure and are 

sent to the SPHIT coder for coding. 

Table 2.2 Coefficients of the predictors for S+P transform 

predictor 
parameters 

α-1 α0 α1 β1 

A 0 1/4 1/4 0 

B 0 2/8 3/8 2/8 

C -1/16 4/16 8/16 6/16 

2.2.5.2 SPIHT Coding  

Like JPEG2000, the SPIHT algorithm uses bit plane coding. By setting a 

decreasing order of threshold associated with each bit plane, the successively algorithm 

partitions the samples into three sets based on the significance of the coefficient 

magnitudes. SPIHT is optimized for progressive image transmission and can produce a 

fully embedded coded bit-stream.  
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The execution path of the algorithm is defined by the results of the comparisons 

of its branching points. BCWT uses similar coding structure to SPIHT but different order 

of calculation. In order to compare them clearly, the SPHIT algorithm is given as follows 

[19].  

Three ordered sets are used to store the significance information of the samples. 

LIS: list of insignificant sets. 

LSP: list of significant sets. 

LIP: list of insignificant pixels. 

      : A set of coordinates of all the offspring of      . 

      : A set of coordinates of all the descendants of     : Type A 

                    : A set of coordinates of all the leaves of     : Type B 

      : A set of all tree roots (nodes in the highest pyramid level). 

1) Initialization:  

                                

     LSP= Set to be empty 

     LIP = All (i , j) in H 

     LIS = Descendants of Roots (i, j) 

2) Sorting Pass: 

    2.1) LIP Process 

           2.1.1 for each coeff (i, j) in LIP 

                     2.1.1.1 Output Sn(i,j) 

        2.1.1.2 If Sn(i,j) = 1 

                                  2.1.1.2.1 Output sign of coeff (i,j) 

                                  2.1.1.2.2 Move (i,j) to the LSP 

       2.2) LIS Process 

                  2.2.1 for each set (i,j) in LIS 

                           2.2.1.1 if type A 

                                        2.2.1.1.1 Send Sn(D(i,j)) 
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                                        2.2.1.1.2 If Sn(D(i,j))=1 

                                                      2.2.1.1.2.1 for each (k,l  ∈ O i,j) 

                                                      2.2.1.1.2.1.2 output Sn(k,l) 

                                                      2.2.1.1.2.1.3 if Sn(k,l) = 1, then add (k,l) to the LSP and output 

sign  

                                                      2.2.1.1.2.1.4 if Sn(k,l) = 0, then add (k,l) to the end of the LIP 

                          2.2.1.2 else type B 

                                        2.2.1.2.1 Send Sn(L(i,j)) 

                                        2.2.1.2.2  If Sn(L(i,j)) =1 

                                                           2.2.1.2.2.1 add each (k,l  ∈O i,j) to the end of the LIS as an 

entry of type A 

                                                           2.2.1.2.2.2 remove (i,j) from the LIS 

3) Refinement Pass: 

    3.1) LSP Process 

            3.1.1 for each element (i,j) in LSP except those just added above  

                     3.1.1.1 Output the nth most significant bit of coeff. 

4) Update: 

     4.1 Decrement n by 1 

     4.2   Go to Step 2. 

The coefficients from S+P transform are split into a quad-tree structure. The 

compression gain is obtained through exploring the redundancies among coefficients in 

each tree. BCWT uses a similar idea for compression. For example, the set of LIS 

includes the descendant sets of different nodes. Each set has a quad tree structure. 

According to Clause 2.2 in the SPIHT algorithm, i.e., the LIS Process, when a high bit 

plane is scanned, if no sample becomes significant in the set, only a single bit of '0' is 

coded for all samples instead of each bit per sample in the bit plane. Therefore, the 

coding scheme brings compression gain. Note that in the algorithm, a '0' still must be 

coded for each bit plane even though no sample is significant at any bit plane in the set. 

In SPIHT, this redundancy is unavoidable because the SPIHT algorithm employs bit 
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plane scanning with the order from the highest bit plane to the lowest bit plane. Because 

the BCWT algorithm does not use the bit plane coding scheme, the redundancy can be 

avoided. A 'zero-tree detection' technique proposed later can effectively handle the 

problem by coding only one '0' in the top node instead of the whole zero tree.  

As discussed, the BCWT algorithm [25] essentially uses the same structure as 

SPIHT but develops its coding scheme with backward coding tactics to avoid the 

bottlenecks in SPIHT. In the SPIHT algorithm, all the coefficients are traversed through 

and scanned repeatedly in each bit plane. All the coefficients must be held, and a large 

memory space is used for the coefficient storage. In BCWT, the bit plane coding is 

completely abandoned. Instead, a backward scheme is employed and only a few 

coefficients will be saved. For example, the BCWT encoding process can start once the 

coefficients of any ancestor and its descendants from 3 continuous levels are available. 

The memory can be reused for coding the coefficients in the other levels after the current 

coefficient coding is finished. Thus a huge memory savings takes place. As seen in the 

algorithm, three dynamic lists used in SPIHT put heavy costs on memory management. 

For example, at high bitrates, the operations on the lists increase exponentially. The 

process of dynamically allocating and deallocating the memory of the lists keeps the 

processor busy. In the BCWT algorithm, there are no lists. Instead, concise fixed MQD is 

used to manage and encode the coefficients. 

2.3 Comparisons of the Lossless Compression Techniques and Standards 

 

Fig. 2.14 A palmprint image 

http://www.iciba.com/%E7%9B%B4%E7%B3%BB
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In [33], the performances of lossless compression algorithms are compared based 

on palmprint  images downloaded at http://www4.comp.polyu.edu.hk/~biometrics/.  One 

palmprint image is shown in Fig. 2.14. The result is shown in Table 2.3. 

Table 2.3 Experimental performance under different lossless compression algorithms 

Lossless algorithm Time (ms) CR BPP (bit per pixel) 

LJPEG 768 1.8823 4.2501 

JPLS 760 2.3773 3.3651 

JPXR 746 1.9237 4.1586 

JP2k(Jas) 1283 2.2190 3.6052 

JP2K(Kdu) 993 2.5077 3.1901 

S+P 1110 1.3923 5.7458 

In the table, LJEG, JPLS, JPXR, JP2K(Jas), JP2K(Kdu), and S+P respectively 

stand for Lossless JPEG, JPEG_LS, JPEG_XR, JPEG2000 with Jasper and Kakadu 

implentations, and  SPIHT algorithm, respectively. In Table 2.3, JPEG_LS and 

JPEG2000 with Jasper and Kakadu have the better compression performance. SPIHT 

showed the worst performance for this image partly because the S+P transform cannot 

deal very well with the boundary of the palmprint background.   

In [23], different image datasets are used to compare the compression efficiency 

(in bpp) of lossless standards. In Table 2.4, JPEG2000 has the lowest bit rates. The 

authors in [23] conclude that JPEG2000 gives the best lossless compression efficiency 

and most functionality among all of the current lossless codecs. 

Table 2.4 Compression efficiency of lossless image compression standards 

Codec Bike Green Oahu_northcoast P10 Rokuonji woman 

LJPEG 14.67 18.66 12.12 10.79 13.70 14.16 

JPLS 13.63 17.30 11.05 9.49 12.12 14.14 

JPXR 12.69 16.68 10.47 8.86 11.90 12.15 

JP2k  11.78 16.51 9.56 7.13 10.99 11.33 

2.4 Conclusions 

In this chapter, we overviewed the current lossless image compression standards 

and the SPIHT algorithm. Their core coding schemes are analyzed in detail. The 

comparisons of the lossless codecs show that wavelet-based JPEG2000 is a superior 

codec for compression efficiency and functionality, but it comes with the highest 



Texas Tech University,  Bian Li,  May 2014 

 

27 
 

complexity. In later chapters, the wavelet-based BCWT algorithm will be introduced and 

compared with these codecs. 
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CHAPTER 3 

LOSSY BCWT ALGORITHM AND ITS IMPROVEMENTS 

3.1 Review of the codec of the Lossy BCWT Algorithm 

The BCWT algorithm was developed by Texas Tech University’s CVIAL in 2005 

[34], with advanced features gradually added to the codec [25-29, 35-37]. The first 

BCWT algorithm was proposed by Guo, a lossy version that uses the control parameter 

QP or qmin to make the tradeoff between image quality and compression efficiency. When 

qmin is set to 0, a near-lossless effect can be obtained in the algorithm.  

The block diagram for the codec is shown in Fig. 3.1, which follows the general 

procedures of image codecs discussed before. The following sub-sections will give more 

detail about the design flows. 

Output 

Image

Forward Color 

Transform if multiple 

components

Forward Wavelet 

Transform

 BCWT 

Encoder

Inverse Color Transform 

if  if multiple 

components

Inverse wavelet 

Transform

BCWT 

Decoder

Input 

Image 

Transmission or storage

Encoder

Decoder

Output 

Stream

Input 

Stream

Bit-stream 

reverse

 

Fig. 3.1 Block diagram of the BCWT codec 

3.1.1 Irreversible Color Transform  

The  color transform is applied if the input image has multi-components (color 

image). It transforms one color coordinate such as RGB into another one such as YCbCr. 

The color transform is used to reduce the correlations among the original color 

components. In JPEG-LS, a simple (R-G, G, B-G) representation provides 25%~30% 

compression gain over the respective RGB representations [11]. The forward and inverse 

color transform are defined in Eqs. 3.1 and 3.2 [21].  It is a Irreversible Color Transform 



Texas Tech University,  Bian Li,  May 2014 

 

29 
 

(IRCT) because the round-off errors are caused by the floating coefficients in the 

equations. 

Forward:     

Y   =    0.2989* R  + 0.5866 * G + 0.1145* B;  

Cb  =  - 0.1687* R  -  0.1687* G  +  0.5000* B + 127.5;  

Cr   =    0.5000* R  -  0.4183* G   -   0.0816* B + 127.5;                                                  

Inverse:       

R  =     Y  +  1.4022  * (Cr  - 127.5);  

G  =     Y  -  0.3456   * (Cb - 127.5) -  (Cr - 127.5); 

B  =     Y  +  1.7710  * (Cb  - 127.5)                                                                                  

3.1.2 Irreversible Wavelet Transform  

The wavelet transform uses 9/7 DWT transform. The Daubechies 9/7 

biorthogonal filter coefficients [38] are shown in Table 3.1, which include 9 high-pass 

and 7 low-pass filter coefficients. It is also a Irreversible Wavelet Transform (IRWT) 

because of the floating numbers. 

Table 3.1 Daubechies 9/7 biorthogonal filter coefficients. 

n hn (Analysis LP coeff.) gn (Analysis HP coeff.) 

0 0.8526986790089 0.7884856164059 

±1 0.3774028556128 -0.4180922732216 

±2 -0.110624404418 -0.0406894176092 

±3 -0.0238494650196 0.0645388826287 

±4 0.0378284555073  

By applying convolution to the input sample sequences as shown in Eqs. 3.3 and 

3.4, we can get the decomposition outputs in the low frequency and high frequency band. 
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Here    (summation) and    (difference) are the low-frequency and high-

frequency decomposition coefficients. In Eq. 3.3, in order to get each low frequency 

output coefficient, nine multiplications and eight summations are required. In Eq. 3.4, 

seven multiplications and six summations are need for each high frequency output 

coefficient. 

In order to increase the calculation efficiency, a lifting scheme based 1-D 9/7 

decomposition was introduced to BCWT for DWT decomposition in [37]. In [39], there 

are three steps in the general lifting scheme: splitting step, prediction step and update 

step. The three steps are described in Fig. 3.2. The input samples SJ are separated to 2 sets 

of samples according to the even and odd locations. Then, the high-frequency component 

is predicated using the sample and its neighboring samples. In the last update step, the 

low-frequency component is produced to preserve the sample's global properties.  

Split

-

Predicition Update

+

SJ

dJ+1

SJ+1

 

Fig. 3.2 The lifting scheme: split, predict and update 

The DWT transform employed in BCWT uses the lifting scheme. Fig. 3.2 

illustrated the three steps. The constants in Fig. 2.3 are listed in Table 3.2.   
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Fig. 3.3 A lifting scheme based 1-D 9/7 decomposition 
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Table 3.2 Constants used in 9/7 decomposition with lifting scheme 

Parameter

s 
α β γ δ Ɩ 1/Ɩ 

Values  
−1.58613434

2 

−0.0529801185

4 

0.882911076

2 

0.443506852

2 

1.14960439

8 

0.86986445

2 

In Fig. 3.3, in order to achieve the one-level line-based wavelet transform using 

lifting scheme, five buffers are used to calculate a coefficient. The formulae are shown in 

Eq. 3.5. Note that only three multiplications and four summations are respectively used to 

produce each high-frequency coefficient X and each low-frequency coefficient Y. 

Therefore, the lifting scheme needs less computation than the traditional convolution 

method.  

(C E)I D      

(H M)L I      

1/X L   

( )M E N     

(L )Q M R     

Y Q                                                     (3.5)  

3.1.3 BCWT Encoding 

After the DWT decomposition, the coefficients in each high-frequency sub-band 

of each level are prepared for BCWT encoding. The simplified algorithm for encoding 

one BCWT unit is described as follows [25].  

              1. If (i,j) is in level 3 sub-band,  vu
lkOvu

lk qmjiOlk ,
),(),(

, max:),(),(


  

                2.  lk
jiOlk

jiL mq ,
),(),(

),( max


  

                3. If min),( qq jiL  , ),(),( jiOlk  : 

               3.1. If min, qm lk  , ),(),( lkOvu  : 

         3.1.1. If min, qq vu  , output )sign( ,vuc  

         3.1.2. Output   lkm

qvucB ,

min,  

               3.2. Output   ),(

min, ),max(,
jiL

lk

q

qmlkmT  
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                 4.   ),(,
),(),(

, ,maxmax jiLlk
jiOlk

ji qqm


  

                 5. If min, qm ji  , output   ji

jiL

m

qqjiLqT ,

min),( ),max(),(  

The definitions of the terms and symbols in BCWT algorithm are described 

below. 

    : The wavelet coefficient at coordinate      . 

O     : A set of coordinates of all the offspring of      . 

      : A set of coordinates of all the descendants of      . 

              O     : A set of coordinates of all the leaves of      . 

 
otherwise,  

1 if,  

1

log ,,2
,










 jiji

ji
cc

q  : The quantization level of the coefficient ci,j. 

 lk
jiOlk

jiO qq ,
),(),(

),( max


  : The maximum quantization level of the offspring of (i, j). 

 lk
jiLlk

jiL qq ,
),(),(

),( max


  : The maximum quantization level of the leaves of (i, j). 

qmin : The minimum quantization level. Any bit below qmin will not be present at the encoder 

output. 

                ∈            : The maximum quantization level of the leaves of      . 

The node in the Maximum Quantization levels of Descendants (MQD) map is denoted as      

and defined as: 

       
                                       

                                          
  

Based on the above expression,        can be expressed in terms of the offspring nodes of      

by 

                 ∈             

The BCWT algorithm uses the same quad-tree structure as the SPIHT algorithm, 

while a backward coding scheme is employed in BCWT. The BCWT encoding process 

produces two types of bit-streams. One is the coefficient bit-stream, and the other is the 

MQD bit-stream. The coefficient bit-stream comes from Clause 3.1, which encodes the 

coefficient bits and the sign bit. Compared with SPIHT, this part of BCWT is essentially 

equivalent to the LIP Process and LSP Process in SPIHT. The MQD bit-stream results 
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from Clause 3.2 and Clause 5, which encode the difference of quantization levels of the 

coefficients. The two clauses are equivalent to LIS Process for type-B and LIS Process 

for type-A in SPIHT. Specifically, Clause 3.2 in BCWT algorithm encodes the difference 

of the quantization levels between qL(i ,j) and max (mk,l, qmin), which is equivalent to LIS 

Process for type-B node.  Clause 5 in BCWT encodes the difference of quantization 

levels between mi,j and max (qL(i,j), qmin), which is equivalent to LIS Process for type-A. 

For example, if a current set is not significant in the two previous continuous bit-planes 

and it becomes significant in the current bit-plane, according to Clause 5 in the BCWT 

algorithm, codeword '001' outputs to the MQD bit-stream. In SPIHT, two '0' and one '1' 

are coded, but they are distributed into different locations in the bit-stream of SPIHT. The 

BCWT decoder, by extracting the coded information in the MQD bit-stream, can deduce 

the original quantization levels of the coefficients. By assigning the number of bits 

decided by the deduced quantization level to each coefficient, the coefficient can be 

decoded correctly.  

MQD map

Wavelet 

coefficients

n-1

n

n-1

n-2

 

Fig. 3.4 An example of a coding unit in HH sub-band 

As discussed in Chapter 2, a redundancy exits in the SPIHT algorithm. Even 

though a root and all its descendants are zeros, one zero in each bit plane is encoded. 

Because BCWT uses similar coding structure but does not use bit-plane coding, more 

redundancy exists. In BCWT, a zero in each node is encoded, and thus more zeros enter 

the bit-streams than in SPIHT. A 'zero tree detection' technique proposed in this 
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dissertation efficiently handles the redundancy. i.e., only one '0' is encoded for the whole 

zero tree.  

An example for BCWT encoding process in an HH sub-band is shown in Fig. 3.4. 

The nodes in the 25 gray boxes form one BCWT Coding Unit (CU), consisting of twenty 

wavelet coefficients and five MQD map nodes. Four MQD nodes in n-1 level in the 

MQD map are used to encode the 16 wavelet coefficients in the n-2 level. The four 

wavelet coefficients in n-1 level and the 4 MQD nodes are used to create one MQD node 

in the n level. With the backward scheme, once the coding for all CUs in one level is 

finished, the wavelet coefficients are no longer required and can be released from 

memory. The internal memory buffers are used to store the coefficients in the next level. 

Similarly, the MQD buffers are used to save the next-level MQD nodes. In this scheme, 

the coefficient and MQD buffers are reused. In the traditional wavelet-based codecs such 

as SPIHT, with forward coding, the coefficients of the entire wavelet tree must be kept in 

memory and repeatedly scanned in the bit-planes of each level. Therefore, the backward 

coding method is much more memory-efficient. Moreover, in the overall encoding 

process, BCWT can start coding the units at level 3, while the forward codecs do not start 

until all wavelet coefficients are prepared and stored. Thus, the BCWT algorithm also 

offers less latency. 

An image "Bike" has been tested for the performance comparison of BCWT, 

SPIHT, LTW and JPEG2000. The test results of coding speed, PNSR and memory usage 

are shown in Table 3.3 [25]. BCWT exhibits the lowest coding time among the tested 

codecs and provides a slightly higher PSNR than SPIHT and slightly lower PSNRs than 

LTW and JPEG2000. 

Table 3.3 Coding time and PSNR for 'Bike' image at different BR 

Bitrate 

(bpp) 

BCWT SPIHT LTW JPEG2000 

Encoding Time 

(ms) 

PSNR(dB) Encoding Time 

(ms) 

PSNR(dB) Encoding Time 

(ms) 

PSNR(dB) Encoding Time 

(ms) 

PSNR(dB) 

0.203 162 27.59 590 27.52 143 28.20 2187 28.01 

0.413 172 31.32 810 31.28 212 31.98 2266 31.78 

0.775 187 35.25 1090 35.23 319 35.97 2391 35.60 

1.362 234 39.47 1610 39.43 522 40.28 2500 39.56 

2.253 297 44.30 2410 44.21 750 45.27 2673 43.86 
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3.2 Features in BCWT 

3.2.1 Resolution Scalable Coding of BCWT Algorithm 

Level 0

Level 1

Level 2

Level 3

Level 4

Level 5

Encoding 

order

Decoding 

order

 

Fig. 3.5 Progressive coding of BCWT algorithm 

Tree structures are used in BCWT as shown in Fig. 3.5. Each node has four child 

nodes. In the backward coding scheme, the bits are encoded in the order from lower level 

to higher level in the tree, and the LL sub-band is encoded last. In the decoder, the 

forward decoding scheme is employed. The LL sub-band must be decoded first. Thus, the 

bit-stream must be inverted before transmission or storage as shown in Fig. 3.1. After the 

LL sub-band is decoded, the decoder decodes the high frequency components of wavelet 

coefficients from the highest level. If the decoder stops decoding, a smaller and coarser 

version of the original image is still reconstructed with interpolation. If the decoding 

process later resumes, a larger version with more details is produced. If the whole bit-

stream is decoded, a full resolution of the reconstructed image is reached. From the 

analysis, the resolution scalable feature is easy to obtain in the BCWT algorithm.  

3.2.2 Fine-grained Bitrate Control 

BCWT provides a coarse BR control by adjusting the minimum quantization 

level, qmin. Because qmin must be an integer, it is impossible to obtain a precise BR if the 

same threshold of qmin is set for all coefficients. In [26], two fine-grained BR control 

methods are proposed. One is a method based on dual minimum quantization level, qmin1 

= q0 + 1 and qmin2 = q0. In this method, some coefficients are encoded with qmin1 = q0+1, 

while the remaining coefficients are encoded with qmin2 = q0. A Quality-Index (QI) is used 

to achieve fine-grained BR control and defined in Eq. 3.6. 

C

C
qQI

2
0                                                                         (3.6) 
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As shown in Fig. 3.6, C is the total number of wavelet coefficients. C2 is a 

parameter used to switch from q0 to q0 + 1. The controlling parameter QI is decided by the 

proper ratio of C2 and C2.  

 

Fig. 3.6 Fine-grained BR method based on dual minimum quantization level 

However, in practice, it is hard to determine the parameter C2 because the relation 

between QI and final BR is image-dependent.   

A finer rate control method based on coding histogram is proposed in  [26]. It is a 

two-pass coding solution. For example, in (a) of Fig. 3.7, during the first pass, BCWT 

perform a “pseudo-encoding” with qmin set to 0 to obtain a bit plane histogram of the 

coefficients. As shown in (b) and (c) of Fig. 3.7, q0 is estimated through the histogram 

and determined from the following inequality. 

00 1 qtq NNN 
  ,                                                            (3.7) 

where Nt is the target number of bits and 
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Fig. 3.7 Example of BCWT two-pass encoding based on coding histogram 

In order to obtain the target CR, q0 is equal to 1 in the example. During the second 

pass, a true encoding uses qmin = q0 as the threshold for the coefficients. 
0

( )q tN N bits in 

the first section, i.e., (d.1) in the figure, are discarded. Discarding is equivalent to set qmin 

= q0 +1 for this section. In the second pass, for section (d.2), an encoding using qmin = q0 

is performed and all bits are preserved. The final histogram after the thresholding 

operation is shown in (e). By paying for the additional encoding time for the "pseudo-

encoding" procedure, the fine bit rate control is obtained with this method.  

Table 3.4 shows that the first method has no speed penalty and is about 2 times 

faster than JPEG2000. With the second method, a speed penalty ranges from 40% to 

56%, but the method is still faster speed than JPEG2000. Compared with JPEG2000, 

BCWT performs slightly poorly in PSNR at 1.00 bpp and below, but slightly better at 

1.50 bpp and above. 

Table 3.4  Encoding time and PSNR 

Bitrate 
(bpp) 

Quality-
index 

Encoding Time (ms) PSNR(dB) 

BCWT 
JPEG2000 BCWT JPEG2000 

Bitrate QI 

0.50 4.898831 343 219 422 33.15 33.81 

1.00 3.616604 343 234 422 38.03 38.84 

1.50 2.796753 344 235 422 41.31 40.80 

2.00 1.948839 359 250 437 42.97 42.82 

2.50 1.747084 375 265 453 44.05 43.81 

3.00 1.572971 391 281 468 45.49 44.72 
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3.2.3 Random Access Region of Interest (ROI)  
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Fig. 3.8 The stages for ROI in BCWT 

Random access to high quality regions of interest (ROI) is an important feature, 

particularly in viewing important areas within very large images. The nodes in the 

wavelet tree structure can constitute a Base Block Unit (BBU). The BBUs are spatially 

independent from each other. ROI is formed from a number of these BBUs in a specific 

area. By encoding and decoding these BBUs, the ROI is produced. The basic size (BS) of 

a BBU in the BCWT algorithm is defined as BS = 2
N-n+3

, where N is the total level of 

wavelet decompositions, and n is the current decomposition level. The ROI coding can be 

performed either on the encoder or the decoder side. Fig. 3.8 illustrates a method to 

obtain a ROI feature on the encoder side [28]. In this method, the block diagram is 

divided into three stages. 

1. Input part 

In the input, a descriptor file and ROI coordinate are used to provide the 

information to encode the ROI. The descriptor file holds the information of the BCWT 

coding blocks, such as the sizes or the exact positions in the bit-stream. The overhead of 

this file depends on the number of BCWT coding blocks for the image. The ROI 

coordinate gives the exact locations of the area to be encoded. 

2. Core parser part 
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In the core parser, in the stage of wavelet ROI mask generation, the wavelet 

coefficient regions associated with ROI are found and masked for each level in all sub-

bands. In the next stage, i.e., the stage of wavelet tree branch mask generation, the 

complete branch regions for all of the ROI masks are calculated. In the stage of BCWT 

unit coordinate mapping, the wavelet regions are translated into the corresponding 

BCWT unit locations. The parser stage is the core stage. Here, the information from the 

descriptor file and the BCWT bit-stream enables construction of another bit-stream that 

only contains ROI. The following branch decoder decompresses the concatenated bit-

stream from the parser to obtain wavelet coefficients within the ROI masks. All non-ROI 

coefficients outside of the masks are set to zero. Then, the coefficients within the masks 

are encoded again for the real output. 

3. Output part 

In the core parser part, the ROI bit-stream is coded. In the output stage, the ROI 

bit-stream is reversed before the storage or transmission.  

With this approach, the computational load on the decoder side is significantly 

reduced. Combined with the simple and fast BCWT encoding scheme, the design method 

offers a feasible solution for client-server ROI on-demand applications. 

Because the ROI process happens in the encoder side, the image must be encoded 

twice in order to send out the coded ROI bit-stream. The transmission cost is saved 

because only the necessary bits for the ROI are transmitted. However, when different 

ROIs are needed, the user has to send out the request for the ROI to the server each time 

and wait for the new ROI bit-stream to transmit back for decoding. In [27], a new method 

is proposed to process the ROI with BCWT on the client side. In the server, the encoder 

organizes the BCWT tree into BCWT forest and sends them out in a single encoded bit-

stream. In the decoder, a desired ROI can be selected and adjusted by the user. BCWT 

only decodes the BCWT forests that contain relevant wavelet coefficients. This method 

provides more views conveniently for the client. The large image is only encoded and 

sent one time, and the user can randomly access the ROIs as soon as it arrives.  
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3.2.4 The Line-based BCWT Algorithm 

The line-based BCWT is proposed in [37]. It uses the general BCWT algorithm 

but modifies the architecture to achieve higher memory efficiency.  

Level 

N-1 

Buffer

Level 2 

Buffer

Level 1 Buffer

Level 0 Buffer

Input Image Lines

h

h

h

h

LLN-1, LHN-1, HLN-1,HHN-1

LH2,HL2,HH2

LH1,HL1,HH1

LH0,HL0,HH0

 

Fig. 3.9 Memory allocation for an N-level line-based wavelet transform 

In Fig. 3.9, the line buffer in different levels has the same height, h. In [37], each 

line buffer has a height of 5. In this architecture, at any point in time, only a few lines are 

buffered and involved in the calculations. In each level, DWT transform is performed 

horizontally for 5 lines. Then the vertical DWT is performed on the transformed 

coefficients from the 5 lines. The output coefficients in the high frequency sub-bands 

LH0, HL0 and HH0 are sent into the BCWT buffers to be encoded. The coefficients in the 

LL sub-band are prepared for the next-level decomposition. Note that the length of the 

line buffers in the next level is halved, while their height remains the same because the 

same number of coefficient lines in each level is required to trigger the vertical DWT. 

This scheme is applied through level N-2; when the DWT transform in level N-1 is 

finished, the coefficients in the LL sub-band are encoded. 

Fig. 3.10 shows the output order after line-based wavelet transform in one high 

frequency sub-band. Each block represents one concatenated line. The number in the 

block indicates the order of the output of each concatenated line. After outputting five 

concatenated lines (blocks 1~5) in the high frequency band from level 0, the 

corresponding coefficients will trigger the wavelet transform in level 1 and output a 

concatenated line in level 1. After two concatenated lines are produced in level 1 (blocks 
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6 and 9), a BCWT CU is formed using 20 coefficients from the blocks in the dashed box. 

i.e., blocks 6 and 9 each provide two coefficients and blocks 1, 2, 3 and 4 each offer 4 

coefficients. The BCWT encoder can now encode these 20 coefficients with the encoding 

algorithm as previously introduced. After the encoding of all BCWT CUs in the four line 

buffers is finished, the buffers can be reused to save the next coefficient lines for 

encoding. The MQD line buffers are reused with a similar scheme. Therefore, the line-

based BCWT can save substantial memory compared to the general BCWT architecture. 

However, the line-based BCWT becomes more complex because of the irregular output 

order of the wavelet coefficients in the line scheme.  

 

 

Fig. 3.10 The order of the output lines in the line-based wavelet transform. 

3.3 Improvements of the BCWT Algorithm 

The BCWT algorithm is time and memory efficient and can offer comparable rate 

distortion performance with other standards such as JPEG2000. BCWT includes the 

advanced features for specific applications. However, some issues exist that can decrease 

the efficiency of the BCWT algorithm. 

1. A redundancy exists in the encoding algorithm of both SPIHT and BCWT.  A 

'zero tree detection' technique is proposed to solve the problem for BCWT. 

2. The BCWT algorithm cannot efficiently compress images with arbitrary sizes, 

and the CRs drastically decrease. A tiling scheme and 'set to zero' algorithm are 

respectively proposed to handle this issue. 
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3.3.1 'Zero Tree Detection ' Method 

As shown in Fig. 3.11, if the coefficients of a node and all its descendants are 

zeros, the node and its descendants form a zero tree.  In the original BCWT algorithm’s 

Clause 3.1, each of the zeros is encoded and sent to the output bit-stream.   

0000

0

0

0 0000

0000

0

Node with non-zero coefficient

Node with zero coefficient 
 

Fig. 3.11 Zero trees in the wavelet coefficients 

In fact, if we only encode the top node in each tree by using a specific flag, the 

redundancy can be eliminated. In order to achieve the goal, a zero tree unit is introduced 

and defined as one parent and four offspring, all of which have wavelet coefficients of 0; 

the MQD of the parent is labeled with       , which  is set to -1.  Similar to Fig. 3.11, in 

Fig. 3.12, the coefficients of the nodes and their descendants equal to 0 are enclosed in 

the circles. The parents’ MQD map entries are labeled with 'flag_0', which is marked 

with black or slanted bars within the squares. Only the 'flag_0' indicators for the topmost 

parents of the zero trees, i.e. the nodes with slanted bars, are encoded and transmitted. 

Therefore, many coded bits are saved. The method is called 'zero tree detection' 

technique. Accordingly, in the decoder, a received 'flag_0' for any node causes 0 to be 

assigned to the coefficients for that node and all its descendants. The decoding speed is 

improved by directly assigning 0 to all nodes in the zero trees because no additional 

decoding process is involved.  

Node with flag_0 to be coded

0

Node with non-zero coefficient

Node with flag_0 not to be coded

 

Fig. 3.12 'Zero tree detection' technique 
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Fig. 3.13 Typical histogram of coefficients in one typical high frequency band. 

The spike at zero reaches 44682 and the total count of the coefficnents is 262144. 

This 'zero tree detection' method saves many coding bits, because the histograms 

of the coefficients in the high frequency bands typically have a zero-mean Gaussian-like 

distribution. The coefficients of 0 take up the largest proportion of all the coefficients and 

have the more opportunity to form zero trees than the other coefficients. A practical 

example is shown in Fig. 3.13; in a high frequency sub-band, the frequency of occurrence 

at zero is 44682, which is more than 17% of the total 262144 coefficients. Moreover, the 

lossy thresholding operation associated with the quantization level results in increasing 

numbers of zeros. With the 'zero tree detection' technique, the zeros are effectively 

handled. Therefore, the ‘zero tree detection’ method benefits the BCWT algorithm with 

the enhancement of the CR.  Importantly, as introduced later, the ‘zero tree detection’ 

method significantly benefits the CR after we apply ‘set to zeros’ to extended areas 

resulting from arbitrary image dimensions.  

The 'zero tree detection' technique can be incorporated into the simplified BCWT 

algorithm introduced in chapter 2. 

                 1. If (i,j) is in level 3 sub-band,  vu
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In the above algorithm, Clause 3.1 encodes the coefficients and outputs to a 

coefficient bit-stream. Clause 3.2 and 5 encode the truncated MQD difference and output 

to a MQD bit-stream. Note that the 'zero tree detection' technique is applied in the 

algorithm. For example, if                in Clasue 3., i.e. a zero tree exists, the 

encoding steps for coefficients and MQD differences are skipped.  

3.3.2. Tests of the 'Zero Tree Detection ' Method  

3.3.2.1. Test set of pure black images and pure white images 

 

                                

(a) Image in white                     (b) Image in black  

Fig. 3.14 Test images 

Two sets of images were prepared for testing. One set included a pure black 

image and a pure white image, both with size of 512x512.  The other set included a pure 

black image and a pure white image, but with size of 1024x1024. The test results are 

shown in Table 3.5 and 3.6. The CRs significantly increase after applying the 'zero tree 
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detection' technique. For example, when using six-level DWT with the 1024x1024 black 

image, the output file size decreases from 172 kilo bits to 1kilo bits.   

Table 3.5 Encoded sizes with the original algorithm 

Image Size 
 Black image White image 

1024x1024 
level 6 5 4 3 6 5 4 3 

Bit-stream length(Bits) 172,329 172,897 174,785 180,801 172,585 173,921 178,881 197,185 

512x512 

level 6 5 4 3 6 5 4 3 

Bit-stream length(Bits) 43,127 43,269 437,41 45,254 43,191 43,525 44,765 49,341 

 

Table 3.6 Encoded sizes with the 'zero tree detection' technique 

Image Size 
 Black image White image 

1024x1024 
level 6 5 4 3 6 5 4 3 

Bit-stream length(Bits) 337 1,025 3,393 11,329 625 2,177 8,001 29,761 

512x512 

level 6 5 4 3 6 5 4 3 

Bit-stream length(Bits) 129 301 893 2,887 201 589 2,045 7,485 

 

Table 3.7 Encoded sizes using JPEG2000 

Image size  Black image White image 

1024x1024 
level 6 5 4 3 6 5 4 3 

Bit-stream length(Bits) 502 479 456 433 502 479 456 433 

512x512 

level 6 5 4 3 6 5 4 3 

Bit-stream length(Bits) 501 478 455 432 501 478 455 432 

The test results from JPEG2000 for the same set of images are shown in Table 

3.7. In the table, for six-level DWT, the CRs from the improved BCWT algorithm are 

slightly better than from JPEG2000. The encoded size of the white image is larger than of 
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the black image probably because the DC coefficients in the LL band of the white image 

are larger than of the black image.    

3.3.2.1. Test set of real images 

                     

(a) Gray building (512x512)          (b) Gray building (1024x1024) 

Fig. 3.15 Test  images 

Table 3.8 CRs with the original and the improved BCWT algorithm 

Images 

512x512 

 

1024x1024 

 

Original  Improved  

CR% 

Original Improved  

CR% 

CR PSNR CR PSNR CR PSNR CR PSNR 

qmin 

3 6.51 38.96 6.733 38.96 22.3 9.40 40.22 9.77 40.22 37 

2 3.74 44.24 3.96 44.24 22 5.22 44.90 5.57 44.90 35 

1 2.42 49.21 2.60 49.21 18 3.08 49.37 3.43 49.37 35 

0 1.75 58.64 1.853 58.64 10.3 2.03 58.67 2.20 58.67 17 

 

The test set of images for the second test consist of real images. It includes 

building images with size of 512x512 and 1024x1024, as shown in Fig. 3.15. The results 

are shown in Table 3.8. The CRs are enhanced around 10%~ 40% after applying the 'zero 

tree detection' technique, while the PSNRs remain unchanged. Note that the higher qmin 

results in improvement of CR percentage because more zeros are detected by the new 

technique. 
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3.3.3 Tiling Scheme and 'Set to Zeros' Algorithm 

As described in [27, 28], the feature of ROI is based on the BBUs that organize 

and encode the coefficients effectively. In the decoder, ROI can be positioned around one 

or more BBUs. Each BBU can be decoded separately. In Section 3.2.3, the BS of each 

BBU is defined as 2
N-n+3

. For example, for a six-level wavelet decomposition, BS = 512 

and the BBU has a size of 512x512 in level 0. If the image extent is exactly divisible by 

the BBU, the image has an optimal size. Otherwise, the image is symmetrically extended 

around the border in order to form integer multiples of the BBU. In the previous BCWT 

implementation, all DWT coefficients were sent for BCWT encoding. This strategy 

sometimes brings the drastic decrease of CR if the amount of padding is extensive.  

A set of 'Boat' images is provided for the test. In Fig. 3.16, one image has a size of 

512x512, and the other has 530x710. We test the CRs with decomposition levels 

changing from 3 to 6 with qmin = 0. Accordingly, the BS is 64, 128, 256 and 512 in levels 

3 through 6, respectively. The 512x512 image can be exactly divided by the BU in each 

level. The 530x710 image requires extention at every level. The image must be extended 

to size 1024x1024. The padded image is shown in Fig. 3.17. The compression 

performances for the two images are tested with BCWT, and the results are shown in 

Table 3.8 and Fig. 3.18. 

                                         

(a) Image with size of 512x512                   (b) Image with size of 530x710 

Fig. 3.16 Test 'Boat' images 
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Fig. 3.17 Extended image with size of 1024x1024 for 6 level decomposition 

Table 3.9 Performance comparison for image with optimal and non-optimal size 

DWT levels 2 3 4 5 6 

Boat (512 x512) 

CR 1.934 2.16 2.227 2.24 2.25 

PSNR 51.29 51.27 51.26 51.26 51.26 

at (530 x710) 

CR 1.852 1.916 1.838 1.625 0.971 

PSNR 51.33 51.34 51.3 51.29 51.29 

 

 

Fig. 3.18 Performance comparison for image with ideal and non-idea size 

From Table 3.9 and Fig. 3.18, for the 512 x512 image, increase in the number of 

decomposition levels results in better CRs. This improvement occurs because the 

correlations of coefficients in the LL band decrease with higher level decomposition. For 

the image with size of 530 x 710, the best CR appears at 3-level decomposition. This 
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peak happens because, with BS = 64, the image was padded to a size of 576 x 704 with a 

Padding Ratio (PR) of 1.08. i.e., (576 x 704) / (530 x 710) = 1.08. The PR from 3-level 

decomposition is much smaller than the PR in 4-level, 5-level and 6-level 

decompositions. The CR for the level 2 was a little lower than in level 3 due to the 

inadequate DWT decomposition.   

3.3.3.1 Tiling Scheme 

In order to efficiently encode an image with non-optimal size, a tiling scheme is 

introduced. The basic idea is described as follows. The input image is cut into different 

tiles of the largest possible optimal sizes and smaller remainders.  Depending on the size 

of each tile, different level decomposition is separately applied to each tile. As discussed 

before, higher level decomposition results in better decorrelation. Thus, the major tile 

with the largest optimal size uses the possible highest level of decomposition. The 

remaining tiles receive lower level decomposition, so they don't need nearly as much 

padding to fix.   

In the tiling scheme, the image is decomposed into tiles based on the BS at 

different DWT level. The main steps are explained as follows. 

1. The BS at DWT level from 6 down to 2 is 512, 256, 128, 64 and 32, 

respectively. The decomposition starts from level 6. Extract out the largest 

size that is the multiple integer of the BS in the possible highest level. 

Then move to the lower level, and extract out the largest multiple integer 

of the BS in the lower level from the remaining blocks. Repeat this 

process until level 2 is reached. For example, 1920 can be decomposed as 

1920=3*512+256+128=1536+256+128. 

2. If the size of the remaining block is less than 16, which is less than the 

minimal required coding size in the LL band, the residual value is 

combined into the DWT from one level up. For example, 

2160=2048+64+32+16. The remaining strip of 16 is combined into one 

level up.  The decomposition becomes 2160=2048+64+48.  

3. For the decomposed tiles from steps 1 and 2, combine any tiles that belong 

to the same decomposition level.  In the previous example, 64 and 48 both 

http://www.nciku.cn/search/%09en/detail/inadequate/1706756
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belong to DWT level 3. The final decomposition for 2160 is thus 

2160=2048+112.  

For example, according to the tile rule, the 'Boat' image of 530x710 can be cut 

into 4 tiles as shown in Fig. 3.19 with sizes of 512x512, 512x198, 18x512 and 18x198. 

Different wavelet decomposition levels will be applied to each tile according to the tile 

size. The chosen levels and the test results are shown in Table 3.10. Compared with Table 

3.9, after applying tiling scheme, the CR comes to 2.08, which is much better than the 

CRs in Table 3.9. In Table 3.10, when the image tiles are too small and not of an optimal 

size (sizes smaller than 32), the CRs are very low. These small tiles often have relative 

large PR. Therefore, we can bypass the small tiles and send them out directly into the bit-

stream. The codec speed is also improved without requiring the encoding process for 

those small tiles.  

 

(a) 'Boat' image of 530x710                             (b) 'Boat' image cut into 4 tiles 

Fig. 3.19 Using the tiling scheme for the 'Boat' image 

Table 3.10 Results by using the tiling scheme 

Tile size 512x512 512x198 18x512 18x198 530x710 

Level 6 3 2 2 Combined 

PSNR 51.3 50.02 49.67 48.87 51.16 

CR 2.28 1.91 1.004 0.885 2.08 

From the test, after applying the tiling scheme, the CR for the images with non-

optimal size is significantly improved. However, the computation cost increases 
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significantly. The encoder must cut the original image into different tiles according to the 

tiling rule and each tile has to be processed separately with its optimal level 

decomposition. The tile information must be encoded into the file header. In the next 

section, a proposed 'set to  zeros' method will significantly improve the compression 

performance with much higher efficiency. 

3.3.3.2 'Set to Zeros' Method 

In order to avoid the complexity of partition in tiling method, the 'set to zeros' is 

introduced as another solution. As discussed before, we must mirror pad the image if its 

dimensions are not exactly divisible by the BS. As shown in Fig. 3.20, after DWT, the 

spectral coefficients from the padded area still fall in the area because of the spatial 

locality in wavelet transform. Moreover, because the wavelet coefficients are symmetric, 

the mirror padded coefficients for all four bands after the wavelet transform are mirror 

reflections of the coefficients inside of the image along the edges.   

LL

HHHL

LH

Padded area

Original image Padded area

Padded area

Padded area

Padded area

Wavelet 

transform

 

Fig. 3.20  Padded/extended area separated to 4 padded areas after DWT 

Instead of directly encoding the coefficients in the extended area as with the 

original BCWT algorithm, which will bring extra bit costs, we use a ‘set to zeros’ method 

to zero the coefficients in the padded area after each level of wavelet transform. When the 

decoder performs the inverse wavelet transform, we mirror pad the coefficients along the 

edges to recover the ‘zeroed’ coefficients, so that all coefficients in the decoder are 

identical to the ones in the encoder before we applied the ‘set to zeros’ padding. As we 

move to higher level wavelet transform, we similarly apply the mirror padding to the 

coefficients along the appropriate edges in the LL band. The ‘set to zeros’ method in the 

padded area significantly saves coding bits for padded images. It also works very 

efficiently with the ‘zero tree detection’ method. 
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When applying the ‘set to zeros’ method, the boundary conditions must be 

considered carefully in order to recover the image correctly. For simplification, the 

following example illustrates padding an image or coefficients in the LL band and 

performing the 9/7 DWT transform with lifting scheme only in 1-D horizontal direction 

with 6-level decomposition. 

In Fig. 3.21, we assume that the image has 530 columns (column #0~#529). 

Because n is 0 and N is 6, BS is equal to 512. Thus, the base block in level 0 has a size of 

512x512. Thus, 494 columns are extended. As shown in Fig. 3.21, we can mirror pad the 

samples around column #529. Because only columns #530~#532 are needed to obtain 

output coefficients in column #529, the samples in #530, #531 and #532 are respectively 

copied from the samples in #528, #527 and #526. Then, we set the samples in the 

columns from #533 to #1023 to be 0. In this case, only 3 columns are mirror padded. 

After step 1 of prediction, samples in #531 are predicted by samples in #530, #531 and 

#532. The samples in #532 are set to be zero because we do not need them anymore.  
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Fig. 3.21 Even edge number for 9/7 DWT with lifting scheme 

Following the same procedure, after the step 2 and step 3 of prediction, the 

samples in #531 and #530 are sequentially set to be zeros. In the output of this example, 

only the samples in columns #0 ~ #529 are kept. The other 494 columns in the padded 

area are all set to zero. The low frequency coefficients in the even columns (i.e., #0, #2 ... 

#528) in the output can be used for the next level decomposition.  
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Fig. 3.22 Odd edge number for 9/7 DWT with lifting scheme 

A similar strategy is applied for the 265 columns in the level 1 horizontal 

decomposition. The BS is changed to 256 in level 1, and 247 extra columns are needed. 

Notice that there are 265 columns, which is an odd number. In this case, we need to 

mirror pad 4 columns instead of 3 in level 0.  The samples in the extended columns #265, 

#266, #267 and #268 are copied from those in columns #263, #262, #261 and #260, 

respectively. The samples in the other 243 columns in the extended area are set to be 

zero. The level 1 decomposition is performed with the same procedures as in level 0. 

After DWT, the four padded lines are set to zeros. Similar procedures are applied to the 

remaining levels of wavelet transform. With the ‘set to zeros’ method, the extended 

columns are all filled with zeros after the horizontal DWT. 

The same scheme can be applied to the wavelet transform in the vertical direction 

so that all the extended area in both directions is filled with zeros.  

The 530x710 'Boat' image in Fig. 3.16 is used to test and compare the CRs before 

and after applying the 'set to zero' method with qmin=0 in all tests. The results are shown 

in Table 3.11. From Table 3.11, the CRs are improved after applying the 'set to zero' 

method. Note that only the 'set to zero' method is applied in the test. 
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Table 3.11 CRs for the 'Boat' image with 530x710 with two methods 

DWT level  3 4 5 6 

Original method 
CR 1.916 1.838 1.625 0.971 

PSNR 51.34 51.3 51.29 51.29 

Set to zeros method 
CR 1.96 1.90 1.72 1.17 

PSNR 51.34 51.3 51.29 51.29 

'Set to zeros' & 'Zero tree 

detection' methods 

 CR 1.94 2.02 2.048 2.05 

PSNR 51.34 51.3 51.29 51.29 

JPEG2000 
CR 2.567 2.564 2.565 2.565 

PSNR 51.62 51.70 51.71 51.71 

Next, we apply the additional 'zero tree detection' technique to detect the zeros 

from the 'set to zeros' technique. The test results are shown in Table 3.11. The 'zero tree 

detection' technique significantly increases the CRs. More zero trees are detected and 

skipped by the encoder. Note that in the 3-level decomposition, the CR applying two 

methods is lower than the CR from applying only 'set to zeros' method. In the 3-level 

decomposition, only a small area is extended and not many zero trees are formed in that 

area. Moreover, in 3-level decomposition, the zero trees have maximum height of 3. It is 

very possible that the cost for encoding the 'flag_0' exceeds the cost for directly encoding 

the zero nodes. The CR of 2.05 after applying the two methods is very close to the CR of 

2.08 obtained from the combination of optimal tiles in the tiling method. Applying the 

two methods has much less complexity than the tiling method.  

3.4 Conclusions 

In this chapter, we reviewed the lossy BCWT versions with some advanced 

features. Several methods are proposed to improve the compression performance of the 

lossy BCWT.  The test results show that the 'set to zeros' method and the 'zero tree 

detection' techniques can significantly enhance the CR and have much less complexity 

than the tiling method.  
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CHAPTER 4 

THE LINE-BASED LOSSLESS BCWT ALGORITHM 

4.1  Introduction 

As introduced in chapter 1, the BCWT algorithm of [25] is lossy even though qmin 

is set to 0. In order to meet the requirement of lossless compression, an efficient line-

based lossless BCWT algorithm is introduced in this chapter. The proposed lossless 

BCWT technique is compared with two well-known wavelet-based precursors, 

JPEG2000 and SPIHT. The proposed lossless BCWT employs the reversible color 

transform (RCT) [21] and the reversible 5/3 filter-tap for wavelet transform with lifting 

scheme [40, 41], as in lossless JPEG2000. The lossless BCWT algorithm preserves all of 

the advanced features from the lossy version, such as region of interest (ROI), bit control, 

progressive coding, line-based scheme, etc, and provides new techniques to improve the 

performance of both lossy and lossless modes, namely the 'set to zeros' and 'zero tree 

detection' algorithms. To reduce memory consumption compared to the existing lossy 

mode, the line-based encoding scheme is applied exclusively, including the LL sub-band 

and the level N-1 high-frequency sub-bands. As in SPIHT and JPEG2000, an entropy 

coding technique can be employed to further improve the lossless CR at the cost of 

additional complexity. The entropy coding technique can be applied to lossy mode 

without any additional modification. 

4.2 Lossless BCWT Architecture  

Forward Lossless Color 

Transform if multiple 

components

Forward Lossless 

Wavelet Transform

Lossless BCWT 

Encoder

Arithmetic Entropy 

Encoder(optional)

Inverse Lossless Color 

Transform if multiple 

components

Inverse Lossless 

wavelet Transform

Lossless BCWT 

Decoder
Arithmetic Entropy 

Decoder(optional)

Input 

Image 

Output 

Image

Transmission or storage

Encoder

Decoder

Line based

Line based

Output 

Stream

Input 

Stream

Bit-stream 

Reverse

 

Fig. 4.1 Line based Lossless BCWT codec architecture 
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The proposed image codec architecture of the lossless BCWT algorithm is shown 

in Fig. 4.1. Under the control of the line-based scheme, an image is imported to the 

encoder line by line. After the forward RCT (for color images) and lossless DWT, BCWT 

starts encoding the wavelet coefficients and produces a coded binary stream, followed by 

an entropy coding stage. If the CR has high priority for the given application, arithmetic 

entropy coding is also applied. If high speed or low complexity is the primary 

consideration, the entropy coding is ignored. Before the transmission or storage of the bit 

stream, the coded stream is reversed so that the LL sub-band and high level sub-bands 

can be decoded first. The decoder performs the reverse lossless operations of the encoder 

and fully recovers the original image. The lossless and lossy BCWT modes share the 

same architecture because the core algorithms of BCWT are essentially the same. The 

main differences between the two modes are caused by the different number and 

significant digits of the DWT tap coefficients. The storage buffers and the encoding 

orders will be modified accordingly. This common architecture simplifies the integration 

of the two modes, which is very suitable for resource-limited applications.       

4.2.1 Lossless Transformations 

As discussed before, the color transform and DWT transform are used to decrease 

the redundance by decorrelating the coefficients. In the line based lossless BCWT codec 

architecture shown in Fig. 4.1, in order to obtain the lossless effect,  the reversible color 

transform (RCT) and reversible DWT transform (RDT) are employed before admittance 

to BCWT encoder.  

4.2.1.1 Reversible Color Transform  

In the lossless BCWT codec, the Reversible Color Transform (RCT) from 

JPEG2000 is employed as defined in equation 4.1 and 4.2.   

Forward:     

 Y   =     floor (R/4+G/2+B/4)    

CB  =   - G + B    

CR   =     R  -  G                                                                                                     (4.1)  

Inverse:       
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 G   =    Y -  floor (CR /4+ CB /4)    

 R   =    CR + G  

 B     =    CB + G                                                                                                    (4.2)  

In Eq. 4.1, RGB components in RGB color space are transformed to Y, CB and CR 

components in a modified YUV color space. In Eq. 4.2, R, G and B components are 

transformed back from Y, CB and CR. Note that operands in Eqs. 4.1 and 4.2 are all 

integers. Only integer operations are involved. For example, the division by 2 or 4 is 

simple bit shift. This feaure  is very suitable for hardware implementation. 

After the color transform, the three components are respectively sent to the 

subsequent algorithms and processed independently. In the following sections, we only 

consider one component or a gray image in order to simplify the discussion.  

4.2.1.2 The 5/3 Wavelet Transform with Lifting Scheme 

Table 4.1 Integer to integer wavelet transforms [42] 

Name Description / References 

5/3 5/3, (2, 2), interpolating, [43] 

TS Two-Six Transform <-> 2/6, (3, 1), [44] 

SPB S+P Transform with Predictor B <-> IIR synthesis filters, [20] 

M-9/7 9/7, (4, 2), interpolating, [45] 

TT Two-Ten Transform <-> 2/10, (5, 1), [46] 

C-5/11 5/11, (4, 2), [47] 

A-5/11 5/11, (2, 2), [43] 

6/14 6/14, (3, 3) [48] 

SPC S+P Transform with Predictor C <-> IIR synthesis filters, [20] 

T-13/7 13/7, (4, 4), interpolating, [45] 

C-13/7 13/7, (4, 2), interpolating, [48] 

FBI FBI Fingerprint Transform$9/7, (4, 4) [38] 
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 Many reversible wavelet transforms, such as variations of integer to integer 

wavelet transform, exist. In [42], the performances of more than 10 reversible integer to 

integer wavelet transforms are compared. The transforms are decribed in Table 4.1. In the 

table, x/y indicates that a transform is associated with a filter bank having low-pass and 

high-pass analysis filters of lengths x and y. The notation (x, y) indicates that the 

analyzing and synthesizing wavelets have x and y vanishing moments.  

As shown in Table 4.2, the 5/3 transform yields the best results for images with a 

relatively greater amount of high-frequency content (e.g., the images compnd2 and 

target) and provides comparable results for other images.   

Table 4.2 Lossless compression results in [42] 

Image 5/3 TS SPB M-9/7 TT C-5/11 A-5/11 6/14 SPC T-13/7 C-13/7 FBI 

aerial2 5.243 5.251 5.234 5.221 5.233 5.223 5.226 5.229 5.263 5.217 5.222 5.233 

bike 4.415 4.436 4.416 4.406 4.425 4.407 4.401 4.429 4.453 4.397 4.402 4.456 

cafe 5.194 5.215 5.191 5.177 5.201 5.178 5.175 5.217 5.228 5.175 5.186 5.220 

cmpnd2 2.254 2.606 2.655 2.753 2.732 2.770 2.686 2.855 2.787 2.775 2.797 2.906 

gold 4.476 4.501 4.496 4.476 4.496 4.471 4.467 4.490 4.537 4.473 4.477 4.518 

sar2 7.610 7.625 7.626 7.615 7.627 7.616 7.610 7.627 7.662 7.612 7.616 7.611 

target 2.129 2.234 2.237 2.256 2.314 2.247 2.213 2.355 2.249 2.250 2.243 2.546 

woman 4.394 4.406 4.381 4.366 4.386 4.367 4.372 4.385 4.408 4.362 4.368 4.420 

Mean 5.222 5.239 5.224 5.210 5.228 5.210 5.209 5.230 5.259 5.206 5.212 5.243 

Moreover, as shown in Table 4.3, the 5/3, TS, C-5/11 and A-5/11 transforms are 

truly multiplierless. When one-level wavelet decomposition is performed in one 

dimension, the 5/3 transform needs the lowest number of operations, i.e. 5 additions and 

2 shifts. With this transform, the computational time and storage buffers can be saved. 

Therefore, the 5/3 integer to integer wavelet transform is employed for the 

implementation of the lossless DWT transform within the lossless BCWT 

implementation. The analysis and synthesis coefficients of the 5/3 wavelet [49] are given 

in Table 4.4. Note that it is a symmetrical bi-orthogonal wavelet. 
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Table 4.3 Computational complexity 

Transform Adds Shifts Multiplies Total 

5/3 5 2 0 7 

TS 5 2 0 7 

SPB 7 3 1 11 

M-9/7 8 2 1 11 

TT 7 2 2 11 

C-5/11 10 3 0 13 

A-5/11 10 3 0 13 

6/14 10 3 1 14 

SPC 8 4 2 14 

T-13/7 10 2 2 14 

C-13/7 10 2 2 14 

FBI 12 4 4 20 

Table 4.4 Le Gall 5/3 filter coefficients 

 Analysis filter coefficients Synthesis filter coefficients 

k Low-pass filter High-pass filter Low-pass filter High-pass filter 

 2 -1/8   -1/8 

 1 +2/8 -1/2 1/2 -2/8 

0 +6/8 1 1 +6/8 

 1 +2/8 -1/2 1/2 -2/8 

 2 -1/8   -1/8 

The lifting scheme of the 5/3 filter-bank includes only one predict-and-update 

step and can be expressed as the following [40, 50]: 

Forward:        

       
    

          
        

     
       

     
            

      
                                              (4.3)          

 

Inverse:              

        
     

          
        

         
        

     
          

         
                                                    (4.4) 

 

Eqs. 4.3 and 4.4 describe the forward and inverse 5/3 wavelet transforms. When 

considering the one-level forward wavelet transform with lifting scheme in Eq. 4.3, 

   
       

  are split coefficients at the even and odd positions in level 0. The high-

frequency coefficient    
  in level 1 is the difference between the sample at the odd 
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location and the rounded-down average of the two closest neighbors. The updated low-

frequency coefficient    
  is the summation of the sample at the even location and the 

rounded-to-nearest average of the two closest neighbors. If the next level DWT transform 

is required, the low-frequency coefficients   
  are separated as a new set of   

         
  and 

used for the next level decomposition. Note that as in the color transform, all lifting steps 

only involve integer additions/subtraction and bit shifts. No multiplications or divisions 

are required. 

4.2.2 Line-based 5/3 wavelet transform with lifting scheme 

Input line by line

1-D 

horizontal 

DWT

1-D vertical DWT

Ouput

Image 








LH coeff.s

HL coeff.s HH coeff.s

LL coeff.s

             

L band H band

 

Fig. 4.2 Line-based discrete wavelet transform (DWT) 

As shown in Fig. 4.2, the line-based lossless wavelet transform can be described 

as follows. The image data is read into the buffer line by line. A 1-D wavelet transform is 

performed horizontally for each line. After sufficient horizontal coefficient lines have 

been transformed to populate the vertical filter, the line-based transform applies a second, 

vertical, 1-D wavelet transform. As introduced later, 3 coefficient lines are sufficient to 

start a 5/3 wavelet transform. After the transform, low frequency data is retained for 

additional filtering; high frequency data is transmitted immediately. The retained low 

frequency information is again filtered horizontally. As soon as sufficient low frequency 

data is available to populate the taps for a second level of vertical filtering, again vertical 

filtering is applied, high frequency data is transmitted immediately, and low frequency 

data is accumulated for yet additional filtering. 
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Fig. 4.3 One-level 5/3 wavelet transforms 

After the 1-D horizontal transform, the line-buffers are filled with the transformed 

coefficient-lines. As shown in Fig. 4.3, at least 3 such line-buffers are required for the 1-

D vertical transform. For example, to begin the vertical transform, the high-pass 

coefficient-line in node E can be calculated as soon as the coefficient lines in nodes A, B 

and C are available. Then the buffer holding node B now is used to hold E, enabling 

calculation of node D based on nodes A and E. Now, the buffer holding node A is used to 

hold D. At this point, the three buffers hold nodes C, E and D. After a rounding to nearest 

operation for D, we replace it with node F. The low-pass output in node F is shifted out. 

The buffer holding node F can be used to store a new coefficient line for node H. Nodes 

H, C and E are available, but we have no buffer to hold node I. We can partially calculate 

node J and K by using node H, C and E. After that, the buffer holding node H is used to 

hold node J, and the buffer holding node C is to hold node K. We then round down the 

samples in node E to get the high-pass output in G; this buffer is then reused to hold the 

new coefficient line in node I. The three buffers hold a new line in node I and the 

partially computed results in node J and K. Next, the contribution from node I is added to 

the partial results in nodes J and K. The following operations in nodes I, J and K follow 

as the previous operations in nodes C, E and D. By continuing the process, the wavelet 

transform for the remaining samples can be implemented. As per this discussion, only 3 

line buffers are necessary for the lifting scheme.  
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Special attention must be paid to the boundary conditions in the transform. 

Generally, 8 different situations exist, as discussed in detail below. Four cases are 

involved in the forward transform, i.e., the horizontal transform, the first 3 rows, the 

middle rows and the last row in the vertical transform. The other four cases exist in the 

reverse transform, i.e., the first 2 rows, the middle rows and the last 3 rows in the vertical 

transform and the horizontal transform. 

For the forward transform, we first need to perform the line based horizontal 

wavelet transform to get the high and low frequency components in the horizontal 

direction. Then we perform the vertical transform when sufficient horizontally 

transformed lines are ready.  

1. Horizontal wavelet transform 

Horizontal wavelet transform is executed line by line. Assume 8 columns in one 

line as shown in Fig. 4.4. According to equation 1, we can perform the 5/3 wavelet 

transform in the horizontal direction. 
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1 1

Input data # 0 # 1

1

# 2 # 3 # 4 # 5
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Fig. 4.4 Horizontal 5/3 forward transform 

After the horizontal wavelet transform, lines 0, 2, 4 and 6 are the output of the 

low frequency components, while lines 1, 3, 5 and 7 are the output of the high frequency 

components.  Before putting them into the vertical transform, we need to reorder them so 

that the low frequency components and the high frequency components are grouped 

separately. In the example, the group of the lines 0, 2, 4 and 6 and the group of lines 1, 3, 

5 and 7 are formed. 

2. Vertical wavelet transform 
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In the vertical wavelet transform process, only three line buffers are required to 

hold and release the different coefficient lines as discussed in Section 5.3.2.   

As shown in Fig. 4.5, after the horizontal DWT of the first three rows is finished, 

we can perform the vertical wavelet transform for the rows and get the output in rows 0 

and 1. In order to perform the vertical transform at the starting edge of the image, a copy 

from row 1 is used to calculate the output for row 0. 

-1/2

1

 # 0 # 1

1

# 2

-1/2

1/4 1/4

1

0 1 2

1

0

1

1

Samples

Rows

Input data from 

horizontal transform

Output data

+1/2

0



 

Fig. 4.5 Vertical 5/3 forward transform for the first 3 rows 

In Fig. 4.5, after the vertical DWT, the coefficients for LL and LH bands are 

produced in line buffer 0. The coefficients for HL and HH bands are produced in line 

buffer 1. We immediately send the transformed coefficients in LH, HL and HH bands for 

BCWT encoding. The coefficients in the LL band are held for the next level 

decomposition.  

 

Fig. 4.6 Vertical 5/3 forward transform for the middle rows 

In Fig. 4.6, the steps for processing the middle rows are similar to those in Fig. 

4.5. Each time, we get two lines for output. 
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Fig. 4.7 Vertical 5/3 forward transform for the last row 

For the last vertical transform, only one horizontally transformed row works as 

input. As shown in Fig. 4.7, in order to perform the lifting scheme, line buffer 2 holds a 

copy of buffer 0. After similar steps as before, the wavelet decomposition in this level is 

implemented. 

3. 5/3 inverse wavelet transform 

In the decoder, according to Eq. 4.4, the 5/3 wavelet transforms are inversely 

performed in order to restore the original signals. The vertical inverse 5/3 wavelet 

transforms are performed first, followed by the horizontal inverse transforms.  
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Samples
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-1/2
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Fig. 4.8 Vertical 5/3 inverse transform for the first 2 rows 

The transform for the first 2 rows is performed as shown in Fig. 4.8. After the 

transform, only the line in buffer 0 is output for the inverse horizontal transform. Line 1 

is shifted to the line buffer 0 for the next vertical transform. 
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Fig. 4.9 Vertical 5/3 inverse transform for the middle lines 

The transforms for the middle lines are performed as shown in Fig. 4.9. Two lines 

are output for the inverse horizontal transform.  

 

Fig. 4.10 Vertical 5/3 inverse transform for the last 3 lines 

In Fig. 4.10, the last 3 lines are processed and output for the inverse horizontal 

transform. 
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Fig. 4.11 Horizontal 5/3 inverse transform 
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In the inverse horizontal transform, the vertical transformed coefficients must be 

reordered so that the low-frequency coefficients and high-frequency coefficients are 

interleaved. Then the inverse horizontal transform is performed on the coefficients as 

illustrated in Fig. 4.11. After this step, the original samples are fully recovered.  

4.2.3 'Set to Zeros' Method for 5/3 Wavelet Transform 
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Fig. 4.12 Even edge number for 5/3 DWT 

The 'set to zeros' method is applied to the 5/3 wavelet transform and compared 

with the 9/7 wavelet transform. In Fig. 4.12, the same image is used for 6 level 

decomposition with the edge column number at #529. The BBU in level 0 still has a size 

of 512x512, and 494 columns are extended. Different from the 9/7 transform, only one 

column is mirror extended, instead of three. The samples in column #530 are copied from 

#528, while the other samples in the extended columns are set to zeros. After the DWT, 

the samples in #530 are also set to zeros so that all 494 extended columns are zeros. 265 

columns in the outputs at the even locations (i.e. #0, #2 ... #528) are used for the next 

level decomposition. As discussed per the  9/7 DWT, 247 extra columns are needed for 

DWT in level 1. As shown in Fig. 4.12, because the edge number is odd, this time, we 

need to mirror pad 2 columns (instead of 4 columns in the 9/7 transform) and to set the 

other 245 columns to zeros. After DWT, the two padded lines are set to zeros. Similar 

procedures are applied to the remaining levels of wavelet transform and the DWT in the 

vertical direction so that all the extended area is filled with zeros.  
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Fig. 4.13 Odd edge number for 5/3 DWT with lifting scheme 

Table 4.5 Test of 'Boat image' with size of 530x710 

Method 
Without ‘Set to be zeros’ method  Using ‘Set to be zeros’ method  

DWT Level 

5/3 integer DWT 5/3 integer DWT 

CR PSNR CR PSNR 

6 0.911 Inf 1.11 Inf 

3 1.73 Inf 1.784 Inf 

The 'Set to zeros' method is tested for the 'Boat' image with size of 530x710 with 

6 and 3 level decomposition. The results are shown in Table 4.5. The CRs are improved 

after applying the 'set to zeros' method. 

4.2.4 Line-based lossless BCWT algorithms 

4.2.4.1 Line-based lossless BCWT mechanism 
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Fig. 4.14 Output order of the line-based 5/3 wavelet transform 
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The basic implementation of line-based BCWT mechanism is described in the 

lossy line-based BCWT in Chapter 3. Because a different wavelet transform is used in the 

lossless algorithm, the output order of the coefficient lines from DWT transform has to be 

modified accordingly. In Fig. 4.14, after the output of three concatenated lines (blocks 1, 

2, and 3) in level 0, one line (block 4) in level 1 is created. Each two additional lines in 

level 0 (blocks 5 and 6 or blocks 8 and 9) produce an output for level 1 (blocks 7 or 10). 

When three output lines (blocks 4, 7 and 10) in level 1 are available, the output of one 

line in level 2 (block 11) is then calculated.  

In the line-based lossless BCWT, the encoding mechanism is more 

computationally efficient than the forward mechanism and more memory and time 

efficient than the line-based lossy BCWT. With the line-based lossy BCWT algorithm, 

when two lines (blocks 4 and 7) in level 1 and four lines (blocks 1, 2, 3 and 5) in level 0 

(shown in the dashed box) are produced, a CU can be formed. Notice that at that time, 

five lines (blocks1, 2, 3, 5 and 6) are formed in level 0 instead of the 7 lines from lossy 

line-based BCWT. Thus only five buffers are needed to store the coefficient lines in level 

0 for encoding. The same number of buffers is used for other levels because of the similar 

mechanism. After the CU is formed, we immediately encode the output coefficients for 

the LH, HL and HH sub-bands regardless of the number of levels of the total 

decomposition. In a forward encoding mechanism such as SPIHT, one cannot start 

encoding until at least two output lines in the uppermost level have been obtained. Thus, 

use of a 6-level wavelet decomposition for the SPIHT algorithm, requires that the 

encoder cannot begin at any level before the calculation of 2 coefficient-lines in level 5. 

The previous output lines in all lower levels must be stored, which drastically increases 

the memory usage and delays the potential start of encoding. The detailed procedures for 

the line-based BCWT algorithms are illustrated in the following sections. Noted that in 

Fig. 4.14, the lossless BCWT coding starts after the first 7 lines pass through the 2D line-

based DWT, while the lossy BCWT coding can only start after the first 9 lines pass 

through [37]. Thus the lossless BCWT can start earlier, and less memory is needed to 

hold the intermediate DWT coefficients.  
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4.2.4.2 The procedures of line-based lossless BCWT algorithms  

The procedures of line-based DWT and BCWT are shown in Fig. 4.15. There are 

three different cases generally involved in BCWT encoding.  
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  Fig. 4.15 General procedures of line-based DWT and BCWT 

4.2.4.2.1. Encode the level 0 to level N-2 high frequency sub-bands. 

Encoding the high frequency sub-bands from level 0 to level N-2 provides the 

bulk of the BCWT encoding effort. Three line buffers are necessary to implement a 

vertical 5/3 wavelet transform with lifting scheme for DWT levels from 0 to N-1. In the 

following BCWT encoding, 5 coefficient line buffers in levels from 0 to N-2 are used to 

store the wavelet coefficients. Two MQD line buffers from level 2 to N-1 are prepared to 

encode the coefficients lines. The MQD line buffers in level 1 are not necessary because 

the MQDs can be directly calculated from the level 0 coefficients. The MQD line buffers 

in level 1 are still drawn in Fig. 4.15 for the convenience of discussion. 

The procedures to encode the high-frequency coefficients in LH, HL and HH sub-

bands from level 0 to level N-2 are described as follows. After the vertical DWT, lines of 

coefficients in LH, HL and HH sub-bands are sequentially sent to the coefficient line 

buffers in the corresponding levels, while lines in the LL sub-band are sent to the next 

level DWT buffers one by one. According to the discussion in the last section, if 5 lines 

in the coefficient line buffers in level 0 and 2 lines in level 1 are filled, the BCWT coding 
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process can be activated. As shown in the gray boxes in Fig. 4.15, 20 coefficients 

including 2x2 coefficients in level 1 and 4x4 coefficients in level 0 form a BCWT coding 

unit (CU). 2x2 MQDs in level 1 are calculated based on the 4x4 coefficients in level 0. 

The 2x2 coefficients in level 1 and the 2x2 MQDs are used to encode the 4x4 coefficients 

in level 0 and produce a MQD in line buffer 0 of MQD level 2. After that, by right 

shifting one CU along the lines, a similar process can be applied to the new CU. A new 

line of MQDs in buffer 0 of MQD level 2 are formed after encoding the last CU. Because 

the encoding process for the four coefficient lines in level 0 is finished, the four lines are 

discarded. The line in buffer 4 is shifted to buffer 0, and the buffers from 1 to 4 are 

released to receive new coefficient lines. With the same procedures, another new MQD 

line is formed in buffer 1 in MQD level 2. Recursively applying the DWT and encoding 

process, the coefficients in the LH, HL and HH sub-bands from level 0 to level N-2 can 

be encoded. The algorithm for this procedure can be explained as follows.  

The definitions for the terms and symbols in the algorithm follow those in Refs. 

[25] and [37]. 

      : A BCWT coding unit with its root at coordinate      . 

    : The wavelet coefficient at coordinate      . 

O     : A set of coordinates of all the offspring of      . 

      : A set of coordinates of all the descendants of      . 

              O     : A set of coordinates of all the leaves of      . 

       
                                                                                                   

                                -                                                                                                       
  

                ∈            : The maximum quantization level of the offspring of      . 

                ∈            : The maximum quantization level of the leaves of      . 

The node in the Maximum Quantization levels of Descendants (MQD) map is denoted as      

and defined as: 

      
                                       

                                          
  

    : binary code of      , e.g.,           . 
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    : binary code with a single one at the nth right-most bit (   ), e.g.,              , 

             . 

   
 
 : section of binary code b, starting from the nth and ending at the mth right-most-bit 

(     ), e.g.,           
 

     ;           
 

      . 

    All 3 high frequency sub-bands at level  . 

Algorithm to encode level 0 to level N-2 high frequency sub-bands: 

           ∈               

    1.1. If       is in level 2 sub-band, 

                 ∈ O                   ∈             

                        ∈             

    1.3. If               ,       ∈ O     : 

                       ∈ O     : 

                     1.3.1.1. If         , output sign (    ) 

                     1.3.1.2. Output         
    

 
  

           1.3.2. Output                
    

  

                          ∈                      

     1.5. If            , output                
       

  

       . If      , go to step 1. 

The main difference between the lossless BCWT algorithm and the lossy BCWT 

algorithm discussed in Chapter 3 is that there is no qmin in the lossless algorithm because 

the coefficients in all bit-planes are required to keep in order to obtain the lossless effect.  

4.2.4.2.2. Encode level N-1 high frequency sub-bands. 

As shown in Fig. 4.15, the LL sub-band and the high-frequency sub-bands are 

produced from the DWT level N-1 decomposition. The previous line-based BCWT 

algorithm in [37] encoded the coefficients together without using the line-based scheme. 

To save memory, we can also use the line-based scheme to encode these coefficients. In 

this section, we will discuss the algorithm to encode level N-1 high frequency sub-bands. 
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Because the DC coefficients in the LL sub-band are generally larger in magnitude than 

the high-frequency coefficients, some bits can be saved by encoding them separately. 

In Fig. 4.16, because the DWT ends at level N-1 and no high-frequency 

coefficients will be output in level N, the full CU of 20 coefficients cannot be formed. 

Thus, the encoding procedure for level N-1 is different from other levels.  

 
  
 0

1Level N-1 

Coefficient line buffer MQD line buffer

 

 qmax

0

 
  
 0

1

 

Fig. 4.16 Encode the high frequency sub-bands in level N-1 

As shown in Fig. 4.16, when two lines are available in level N-1, we start 

encoding the two coefficient lines immediately. Thus, only two line buffers are required 

in this level. Correspondingly, the number of MQD line buffers in level N is reduced to 

one. After the MQD line is produced, qmax is set to be the maximum value of the MQD 

line and encoded with a maximum quantization level Qmax, which is preset to 4. After 

the coefficients in level N-1 are encoded, the two coefficient line buffers and the MQD 

line buffer are reused in encoding new coefficient lines. The algorithm including the 'zero 

tree detection' technique can be described as follows. 

Algorithm to encode level N-1 high frequency sub-bands: 

                   ∈    
               ∈    

       :      includes every 2 lines in sub-

bands. 

     1.1. Output         
    

 
  

 2.                ,       ∈    and       ∈ O     : 

                            

     2.2.                             

     2.3. Output             
    

  

     2.4. If            : 
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           2.4.1. If        , output sign (    ) 

           2.4.2.Output         
    

 
  

           2.4.3. Output            
    

            

  

           2.4.4.                , output                
    

  

4.2.4.2.3. Encode DC coefficients in LL sub-band. 
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1LLN-1 

 Coefficient line buffer
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Fig. 4.17 Encode the LL sub-band 

The DC coefficients in the LL sub-band are independently encoded in our 

algorithm. The procedures of the algorithm are shown in Fig. 4.17. Like the encoding 

process of the high-frequency coefficients in level N-1, two coefficient line buffers and 

one MQD line buffer are used to encode two-line DC coefficients each time. Note that 

the 'zero tree detection' technique is also applied in the algorithm. 

Algorithm to encode LL sub-band: 

                   ∈    
        :      includes every 2 lines in LL sub-band. 

      1.1. Output         
    

 
  

2.                ,       ∈    and       ∈ O     : 

      2.1.                     

     2.2. Output             
    

  

     2.3. If            : 

          2.3.1. If        , output sign (    ) 

  2.3.2.Output         
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4.2.5 Tests for ‘Zero Tree Detection’ Algorithm and ’Set to Zero’ Method 
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 (a) Image ‘Bike’  (1024x1024)                              (b) One of the test images (640x640)  

Fig. 4.18 Test images 

The 'zero tree detection' algorithm and 'set to zeros' method embedded in the 

lossless BCWT algorithm were tested by using six-level DWT transform with the raw 

‘Bike’ image shown in (a) of Fig. 8. The test images start from the left top corner in the 

‘Bike’ image, with cropped size of 512x512 to size of 1024x1024, increasing with a step 

size of 64x64. Altogether, 9 images with different sizes are tested. As discussed 

previously, the images must be extended if their sizes are not exactly divisible by 512 in 

both directions. Only the test images with size of 512x512 and 1024x1024 are not 

extended, while other images are extended as needed. For example, the extended area of 

one test image with size of 640x640 is shown in (b) of Fig. 4.18. 
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a. Before applying 2 proposed methods      b. After applying 2 proposed methods 

Fig. 4.19 CRs with different test sizes 
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Fig. 4.19 shows the test results of lossless CR before and after applying the ‘zero 

tree detection’ and ’set to zeros’ methods. In the left half of Fig. 4.19, observe that the 

test images without extension get lossless CRs around 1.6. When the image has original 

size of 576x576, the CR falls below 1.0, because the unnecessary coefficients in the 

largest extended areas are encoded. Thus, the codec does not obtain any compression 

gain at all in this case. After applying the ‘zero tree detection’ and ’set to zeros’ methods, 

the previous images are tested again. In the right side of Fig. 4.19, note that all test image 

have a lossless CR around 1.6. The small range of the CRs is caused by the image’s 

inherent information variation. Therefore, the methods work as expected, and the extra 

extended area does not degrade the performance. 

4.2.6 Memory Consumption 

According to Fig. 4.15, for an 8-bit monochrome image with size of w×h, if N 

level DWT is used, for level 0 to N-1, DWT buffer length =      and BCWT or MQD 

line buffer length =        , where n is the current level.  

In practice, the BCWT or DWT coefficient uses a buffer with 2-byte elements 

because the coefficient takes up less than 2 bytes. 1/2 byte is enough to describe the 

quantization level of a coefficient. The memory usage for DWT transform can be 

calculated as follows: 

          
        bytes. 

In Fig. 4.15, 5 line buffers are used for storing the BCWT coefficients from level 

0 to level N-2, and 2 line buffers are used for storing the MQDs from level 2 to level N-1. 

The respective buffer sizes are expressed as follows: 

              
        bytes (BCWT coefficients), and 

                
          bytes (MQDs). 
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In Fig. 4.16, the memory consumption of coefficient line buffer and MQD line 

buffer for BCWT encoding of LH, HL and HH sub-bands in level N-1 is given by:  

       bytes (coefficient line buffer), and 

            bytes (MQD line buffer).   

In Fig. 4.17, the memory consumption of coefficient line buffer and MQD line 

buffer for holding and encoding (DC) coefficients in LL sub-band is: 

       bytes (coefficient line buffer), and  

           bytes (MQD line buffer).  

Therefore, the memory for encoding LL sub-band and LH, HL and HH sub-bands 

in level N-1 is          bytes. In the implementation of [29], the memory cost for these 

portions is           bytes. To compress an image of 512x512 with 6-level 

decomposition, internal memory of around 75% (392 bytes) is saved with applying the 

line-based scheme everywhere. 

The total memory usage for the line-based lossless algorithm is:        

         bytes. For simplification, we can approximate memory consumption using 

only the first term. i.e.,        bytes. Compared with the lossy line-based version in [29], 

memory of around     bytes is saved in total.  

4.2.7 Adaptive binary Arithmetic Coding (AC) 

The topic of arithmetic coding (AC) was introduced in 1960s. In 1976, the finite-

precision AC was proposed by Pasco [51] and Rissanen [52], which led to the rapid 

development of the technique. In 1979, Rissanen [53] and Langdon [54] separately 

published the finite-precision algorithms suitable for hardware implementations.  
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AC provides nearly optimal CR bounded by Shannon's entropy [55, 56] and is 

more efficient and flexible than Huffman coding. Arithmetic coding can compress on-

the-fly data symbol by symbol with constant use of memory. It makes use of the uneven 

probability distributions of the source symbols and explores the high order dependencies 

to shorten the average code length. The compression CR performance heavily depends on 

the probability estimation of each symbol.  

If different portions of the data have different probabilities, models should be 

separately built and used to encode the different portions. For example, we randomly 

produced two binary datasets. As shown in (a) of Fig. 4.20, one dataset has P1 around 

90%. The other one in (b) has P1 around 70%. With AC, CRs of 2.16 and 1.12 are 

separately produced for (a) and (b), and the average CR is 1.64. If we apply arithmetic 

coding to the combined dataset shown in (c), a CR of only 1.38 is obtained. This example 

shows that building separate models for the portions with different probability 

distributions in the dataset can improve CR.    

       

(a) Probability of 1 is 90%   (b) Probability of 1 is 70%     (c) Combination of (a) and (b) 

Fig. 4.20 Model tests for dataset with different distribution 

Entropy coding is often in the last stage of an image codec such as JPEG2000 and 

SPIHT. AC can be employed in the BCWT algorithm to encode the output BCWT bit-

stream. By analyzing the BCWT algorithm and observing the bit-stream, we found that 

the bit-stream has different distribution in different portions. An ideal codec will exhibit 

P0 and P1 of 50%. 

For example, a 1024x1024 image is encoded with BCWT using six-level 

decomposition. The probability of 1 (P1) in the total binary bit-stream is shown in (a) of 

Fig. 4.21. Four portions with similar distributions around 0.6 are seen in the stream. The 
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first of the 4 portions is extracted in (b). From (b), in the coefficient bit-stream, P1 

decreases from level 0 to level 6, with 45% in level 0, 42% in level 1, 40% in level 2, etc. 

However, in the MQD bit-stream, P1 increases from level 0 to level 6, with 62% in level 

1, 69% in level 2, etc.  Because different probability exists in each level for the 

coefficient or MQD bit-stream, different models should be created to improve the 

average CR.  

   

in level 0

 in level 1

in level 1

 in level 2

MQD 

bit-stream 

Coefficient bit-stream 

 in level 3

 in level 4,5

in level 2

in level 3,4,5

 

(a) Total output bit-stream P1                        (b) A quarter of the bit-stream P1 

Fig. 4.21 The probability of 1 in BCWT bit-stream  

The uneven distribution of 0 and 1 can be explained as follows. According to 

clause 1.3.1.2 of the BCWT algorithm in section 4.2.4.2, the coefficient from each of 4 

children is coded with the same fixed bit length of mk,l. Because mk,l is the maximum 

quantization level of the 4 children and their descendants, statistically more zeros than 

ones enter the coefficient bit-stream because the most significant bits (MSBs) tend to be 

zeros if the quantization levels of any of the children's coefficients are smaller than the 

assigned bit length of mk,l. For example, if mk,l = 3, the 4 children are: 8, 2, -7 and 1. 

According to the algorithm, without considering their signs, the coded coefficient bits: 

        
         ;         

         ;          
         ;         

           In this case, the 

MSB from each coded child is: 1, 0, 0 and 0. The zero takes up ¾, while one takes only 

1/4. Moreover, larger dynamic range within the coefficients at higher DWT levels results 

in higher proportion of zero in the MSBs. Thus, the distribution of 1/0 in the coefficient 

bit-stream is different at each DWT level.  
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Furthermore, the MQD bit-stream is even less equally distributed. The MQD bit-

stream comprises the bits to code the MQD differences. From the coding syntax in 

Clause 1.3.2 and 1.5, if the MQD difference is 0, one bit, e.g. '1', is sent to the MQD bit-

stream. If the MQD difference is 1, two bits, e.g. '01', is sent to the MQD bit-stream and 

so on. Note that even though the MQD difference is 1, '0' and '1' contribute to the bit-

stream equally. As mentioned previously, in practice, 4 bits of MQD are sufficient to 

encode every coefficient so that the MQD difference is not larger than 4. Therefore, if 6-

level decomposition is used, in at least in 2 levels, only '1' is sent to the MQD bit-stream. 

Thus, many more ones than zeros are observed in the MQD bit-stream. Because MQD is 

the maximum quantization level of all its descendants, the quantization level of a 

coefficient in a higher level is often equal to the maximum level of its descendants. 

Therefore, the MQD difference is often 0, and only '1' is sent to the bit-stream. 

Consequently, more '1’s' appears in the higher levels, as shown in Fig. 4.21. 
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Fig. 4.22 Binary arithmetic entropy coding workflow diagram 

As shown in Fig. 4.22, in order to improve the compression efficiency, a different 

coefficient model for each level should be used to encode the coefficient bit-stream or the 

MQD bit-stream in the corresponding level. Altogether, 2N+1 models are created, the 

high frequency coefficient sub-bands from level 0 to N-1, the LL sub-band, and the MQD 

sub-bands from level 1 to level N. 

Witten's algorithm [57] is used for the practical implementation of the adaptive 

arithmetic coding. In the coding procedures, bits under the same model are sequentially 

coded. The base range is represented by 32 bits. i.e., 0x7FFF FFFF. 
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The definition and initialization of the terms and symbols in the algorithm: 

HALF: half of the base range. Constant 0x4000 0000. 

QUARTER: a quarter of the base range. Constant 0x2000 0000.  

3_4_ QUARTER: 3/4 quarter of the base range. Constant 0x6000 0000. 

m:  One of the 2N+1 models, i.e., Coeff_0, ... , Coeff_N-1,Coeff_LL, MQD_1, ..., MQD_N; 

high(m): Current upper bound of interval in model m. Initialized with 0x7FFF FFFF. 

low(m): Current lower bound of interval in model m. Initialized with 0. 

bits_to_follow(m): number of scaling times in model m. Initialized with 0. 

sum(s, m): sum of input s in model m. s = 0, 1. Initialized with 0. 

total(m): sum of input symbols in model m. Initialized with 0. 

MSB(n): operation of extracting the MSB of a number n. 

EOC: end of coding. 

Algorithm of adaptive arithmetic coding for integer implementation: 

1. Read one bit s in the bit-stream; decide m 

2. If s is not empty:   

    2.1. range(m) = high(m) -  low (m) + 1; 

           2.1.1. If s = 0: high(m)  = high(m) + floor(range * sum(s, m)/total(m)) - 1; low(m)  = 

low(m)  

           2.1.2. If s = 1: low(m)  = low(m) + floor(range * sum(s, m)/total(m)); high(m)  = 

high(m)  

            2.1.3. sum(s, m) += 1; total(m) += 1 

               W             <      Q AR ER              Q AR ER             HA F    

high(m)      < HALF) 

                   2.1.4.1. If h       <      Q AR ER              Q AR ER   

                                2.1.4.1.1. high(m)  = (high(m) - QUARTER) << 1 +1 

                                2.1.4.2.2. low(m)  = (low(m) - QUARTER) << 1 

                  2.1.4.3.3. bits_to_follow(m) += 1 

                                                     HA F     p      
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                                   2.1.4.2.1. While (bits_to_follow(m) > 0): Output(1); bits_to_follow(m) -= 1 

                                   2.1.4.3. If high(m) <HALF: output(1) 

                                   2.1.4.3.1. While (bits_to_follow(m) > 0): Output(0); bits_to_follow(m) -= 1 

     2.2. Go to step 1. 

3. If bits_to_follow(m) = 0: Output(low(m)); EOC 

4. b = MSB(low(m));  Output(b) 

    4.1. While (bits_to_follow(m) > 0): Output(1- b)); bits_to_follow(m) -= 1 

    4.2. Output(low(m)); EOC 

The probability distribution of '1' in the output bit-streams of BCWT is shown in 

(a) of Fig. 4.23. After applying the AC, as expected, the probability of '1' becomes around 

0.5 as shown in (b) of Fig. 4.23. In the specific example shown in Fig. 4.23, after 

applying AC, the data length decreases from 166440 bits to 164096 bits. A CR of 1.014 

can be obtained. The AC technique works bit by bit (serially) for each stream, which can 

affect the execution speed and does not parallelize well. However, each model is 

independent and can be separated and parallelized by streams for faster coding. 

          

(a) Before applying AC                                       (b) After applying AC 

Fig. 4.23 Probability distribution before and after applying AC 

4.3 Lossless performance comparisons 

As introduced in Chapter 2, SPIHT uses the S+P wavelet transform to obtain the 

integer coefficients, while BCWT uses the 5/3 wavelet transform. The 5/3 transform is 

more computationally efficient than the S+P transform, because only 2 lifting steps are 

used in the 5/3 lifting scheme, while 3 steps are required for the S+P. Thus, the 5/3 
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wavelet transform takes less coding time. Moreover, with regard to lossless compression 

ratio, the performance of the 5/3 wavelet transform offers better or very close 

performance to that of the S+P transform. As tested in [58], better lossless compression 

ratios for most of these images can be obtained with the 5/3 wavelet transform. The line-

based lossy BCWT uses much less internal memory than the line-based lossy SPIHT [29, 

37]. Because SPIHT can only start encoding after coefficients in the top (last) level have 

been produced, much larger buffers are required for storage of coefficients from all of the 

lower levels. As tested in [37], for five-level wavelet decomposition, compressing images 

with sizes of 512x512 and 4096x5120 by lossy BCWT requires only 15.4% and 1.8% of 

the internal buffer memory required for lossy SPIHT, respectively. Similar memory 

comparison result would be expected for comparison of their lossless versions because 

they respectively inherit the core encoding strategies from their lossy versions. When 

considering the DWT transforms, as analyzed in [59], 5 DWT buffers are used for the 

forward S+P lifting scheme, which are the same number of buffers in the lossy transform 

in SPIHT, while only 3 buffers are used for 5/3 transform. Thus, slightly less memory is 

used for 5/3 wavelet transform. We can calculate the memory usages  as shown in Table 

4.6 in a moderate case as introduced in [34]. For a five-level DWT decomposition with 

the previously derived memory consumption, BCWT buffers require only 1.2%~10% of 

the line-based lossless SPIHT buffer size. Note that the memory usage in SPIHT 

increases with higher-level DWT decomposition as discussed previously. From the above 

discussion, we expect the line-based lossless BCWT to obtain similar or better 

compression ratios for most images, with less encoding time and much less memory 

usage than for the line-based lossless SPIHT algorithm. 

Table 4.6 Comparison of internal memory usage (kilobytes) 

Image size 
Line-based lossless 

BCWT 

Line-based lossless 

SPIHT 

Line-based lossless JPEG2000 

Block size of 64x64 Block size of 32x32 

512x512 21.8 223 198 102 

1024x1024 43.7 910 396 204 

2048x2560 87.5 3676 792 408 

4096x5120 175.1 14776 1584 816 

Lossless JPEG2000 compression is an extension of lossy JPEG2000 [21], with 

significant similarity to lossless BCWT. Both lossless techniques use the same 5/3 
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wavelet transform and RCT in place of 9/7 irrational coefficient wavelet transform and 

lossy color transform. In Table 4.6, we compare the memory usage for the line-based 

BCWT against JPEG2000 with block size of both 64x64 and 32x32 for different images. 

The memory usage for line-based JPEG2000 is discussed in [37], which is affected by the 

coding block size in JPEG2000’s EBCOT algorithm. The memory usage of the line-

based 5/3 wavelet transform is calculated with the equations in Section 4.2.6. The line-

based BCWT only requires about 11% (64x64 block size) or about 21% (32x32 block 

size) of the buffers used in line-based JPEG2000.  

The CRs and runtime for the two algorithms are compared with a C language 

implementation in our lab for the line-based lossless BCWT algorithm. Jasper (Version 

1.900.0) at http://www.ece.uvic.ca/~frodo/jasper/ is used to test the performance of 

lossless JPEG2000. The tests are performed on a personal computer with Intel Duo-Core 

2.67 GHz CPU and 1 Gigabyte of memory. The same set of images “Barbara” 

(512×512), “Lena” (512×512), ”Bike” (2048×2560) and “Woman” (2048×2560) used in 

[37] are tested with five-level wavelet decompositions. Note that all the images are raw 

format containing abundant information, so that the compression performances can be 

well compared, although the resulting compression ratios are not very high because of 

their high image entropies. The results of the comparison between BCWT without AC 

and JPEG2000 are shown in Table 4.7.  

Table 4.7 Comparison of CR and encoding time (ms) without AC 

Image size Lossless BCWT without AC Lossless JPEG2000 Comparison of BCWT with 

JPEG2000 

 CR Run time CR Run time CR % Run time % 

Barbara(512×512) 1.575 56 1.671 234 -5.75 -76.1 

Lena(512×512) 1.754 55 1.853 218 -5.34 -74.8 

Bike(2048×2560) 1.652 933 1.767 4539 -6.51 -79.4 

Woman(2048×2560) 1.667 912 1.773 4415 -5.98 -79.3 

Table 4.8 Comparison of CR and encoding time (ms) with AC 

Image size Lossless BCWT with AC Lossless JPEG2000 Comparison of BCWT with 

JPEG2000 

 CR Run time CR Run time CR % Run time % 

Barbara(512×512) 1.596 175 1.671 234 -4.49 -25.2 

Lena(512×512) 1.781 178 1.853 218 -3.89 -18.3 

Bike(2048×2560) 1.678 2162 1.767 4539 -5.03 -52.4 

Woman(2048×2560) 1.6966 2115 1.773 4415 -4.34 -52.1 
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In Table 4.7, lossless BCWT saves 75~80% of the run time compared with 

JPEG2000, with CRs that are not much worse (in the range of 5~6.5%) than with lossless 

JPEG2000. Table 4.8 shows the comparison between BCWT with AC and JPEG2000. 

With the additional operation of AC, the CRs get improvements to within 3~5%, with run 

time improvement still 20~60%. Note that in the current AC algorithm, in order to save 

memory, we have not used the multiplication free method or look-up tables [60] for 

speedup. Arithmetic coding for each model’s set of coefficients in BCWT can also be 

parallelized to some extent. Significant speedup can be expected if the above approaches 

are applied with the cost of additional memory or multiple processors.  

Downloaded at http://www.imagecompression.info/lossless/, several benchmark 

images with non-ideal large sizes are used to test the BCWT algorithm without AC and 

the latest International Standards for lossless image compression such as JPEG_LS, 

JPEG_XR, JPEG2000 with Jasper and JPEG2000 with Kakadu. JPEG_LS can be found 

at http://spmg.ece.ubc.ca/research/ jpeg/jpeg_ls/ jpegls.html and JPEG2000 with Kakadu 

at http://www.kakadusoftware.com/ and JPEG_XR at http://www.itu.int/rec/T-REC-

T.835-201201-I. Note that except for BCWT and JPEG with Japser, the other 3 codecs 

have been heavily and continuously optimized. The test results are shown in Table 4.9. 

Table 4.9 Comparison of CR and encoding time (s) for BCWT and the lossless image 

codecs 

Image size Lossless BCWT 
without AC 

JPEG2000 with 
Jasper 

JPEG2000 with 
Kakadu 

JPEG_LS JPEG_XR 

 CR Run time CR Run time CR Run time CR Run time CR Run time 

artificial(3072x2048) 5.83 0.675 6.71 3.675 6.72 0.196 10.0

3 

0.133 3.21 0.188 

building(7216x5412) 2.05 6.763 2.17 49.5 2.19 2.636 2.22 2.369 2.06 1.479 

big_tree(6088x4550) 1.96 4.531 2.09 36.15 2.11 1.929 2.14 1.702 2.01 1.026 

bridge(2749x4049) 1.79 1.971 1.90 15.853 1.91 0.846 1.93 0.699 1.85 0.402 

cathedral(2000x3008) 2.02 1.030 2.15 8.033 2.16 0.428 2.24 0.387 2.04 0.219 

deer(4043x2641) 1.61 1.850 1.73 18.84 1.75 1.003 1.72 0.771 1.69 0.496 

firework(3136x2352) 4.29 1.071 4.84 5.399 4.85 0.288 5.46 0.313 3.07 0.356 

flower(2268x15212) 3.14 0.568 3.63 3.472 3.65 0.185 3.93 0.206 2.95 0.181 

hdr(3072x2048) 3.02 0.999 3.40 5.752 3.42 0.306 3.68 0.395 2.86 0.250 

From Table 4.9, for the compression aspect, the BCWT algorithm can obtain 

comparable CRs with other codecs. For example, it can obtain comparable or better CRs 

than JPEG_XR, although it takes more time for coding. Note that after the optimization 

http://www.imagecompression.info/lossless/
http://spmg.ece.ubc.ca/research/%20jpeg/jpeg_ls/%20jpegls.html
http://www.kakadusoftware.com/
http://www.itu.int/rec/T-REC-T.835-201201-I
http://www.itu.int/rec/T-REC-T.835-201201-I
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of JPEG2000, the JPEG2000 with Kakadu runs much faster than the JPEG2000 with 

Jasper and has a comparable speed with other codecs. We can expect that BCWT can also 

obtain significantly speedup after such optimization. In Table 4.9, the spatial based 

JPEG_LS obtains slightly better CRs that other codecs in most cases. It is well known 

that the results of performance comparison for image codecs can vary with different test 

image sets. For example, in Ref. 15, JPEG2000 provides better CRs than the other 

standard codecs discussed here. Because the wavelet-based algorithms such as JPEG2000 

and BCWT can provide more advanced features such as embedded coding [24, 61], they 

can be employed in more specific applications.  

From the above discussion, the lossless BCWT provides comparable CRs with the 

standard image codecs. Compared with the popular wavelet-based codecs, BCWT offers 

great savings in buffer size and computational complexity, which make it very suitable 

for resource-limited applications.  

4.4 Conclusions 

In this chapter, a line-based lossless BCWT algorithm is proposed. It utilizes the 

backward coding mechanism to encode the wavelet coefficients in only one pass through 

the data, tracking the natural order of buffer calculation in wavelet decomposition. The 

line-based lossless BCWT codec implementation is more time and memory efficient than 

the previous line-based lossy BCWT codec. The test and analysis results show that the 

line-based lossless BCWT algorithm uses much less computational resource and requires 

smaller buffers than line-based lossless SPIHT and JPEG2000, while still providing 

competitive CRs with other standard codecs. An arithmetic entropy coding option is 

provided. The 'set to zero' padding method and 'zero tree detection' technique have been 

introduced to the lossless BCWT in order to improve the performance of the images with 

non-ideal size; the new features make the line-based lossless BCWT algorithm more 

attractive.  
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CHAPTER 5 

BCWT IMPLEMENTIAON  

The BCWT codec is an image compression technique with very low memory 

consumption, fast encoding and comparable CR with other popular codecs. It is very 

suitable for resource limited embedded system. In this chapter, the structure of BCWT 

software is discussed in detail, and a concise 'C' version of the BCWT codec is created. 

Possible solutions for the lossy and lossless DWT are provided for hardware 

implementation.   

5.1 BCWT Software Implementation  

Lossless and lossy BCWT modes share the core algorithm as shown in Fig. 5.1. It 

is convenient for us to integrate both modes together. In order not to lose the generality, 

we will emphatically discuss the mechanism of the lossy BCWT because the lossless 

BCWT follows the same procedures but with simpler implementation. 

Horizontal 5/3 DWT 

transform

Split to low, high pass data

3 line buffer filled?

Sent to LH,HL, HH cefficient 

buffer

Sent LL to next level DWT 

buffer 

Vertical 5/3 DWT transform

Shift the buffers and discard 

the processed data

Coding unit formed?

BCWT encoding

BCWT bit-stream

Input one line to BCWT buffer

Need next-level DWT? 

Next-level 

DWT and 

BCWT 

One level DWT and 

BCWT encoding

LH,HL, HH cefficients

LL coefficients

Horizontal 9/7 DWT 

transform

Split to low, high pass data

5 line buffer filled?

Sent to LH,HL, HH cefficient 

buffer

Sent LL to next level DWT 

buffer 

Vertical 9/7 DWT transform

Shift the buffers and discard 

the processed data

Coding unit formed?

BCWT encoding

BCWT bit-stream

Input one line to BCWT buffer

Need next-level DWT? 

Next-level 

DWT and 

BCWT 

One level DWT and 

BCWT encoding

LH,HL, HH cefficients

LL coefficients

 

(a) Lossless BCWT                                                       (b) Lossy BCWT 

Fig. 5.1 Core architectures of lossless and lossy BCWT modes 
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5.1.1 Mechanism of the Lossy BCWT Software 

The current BCWT codec was implemented with high-level languages .net and 

Java. The implementation of the high-level languages is relatively simpler and more 

understandable than of the low-level languages. 

Here, a simple example illustrates the implementation of the lossy BCWT 

software. In Fig. 5.2, an input color image with size 64x64 is compressed with the BCWT 

algorithm using a 3-level DWT transform.  

 

Fig. 5.2 A color image with size of 64x64 

All the processes are divided into different tasks as shown in Fig. 5.3. 

 

Fig. 5.3 Tasks in the task list 

Altogether 24 tasks are listed, which are divided into different stages as follows. 

Here, components 1, 2 and 3 refer to color components Y, Cb and Cr.   
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o Stage 1. Preparation 

 Task[0]:  The progress for the encoding or decoding.  

 Task[1]:  Get one line from the image. 

o Stage 2. Color transform  

 Task[2]:  Do the color transform if it is a color image.  

o Stage 3. DWT transform 

 Task[3-5]: DWT transform for Component 1.  

 Task[6-8]: DWT transform for Component 2.   

 Task[9-11]: DWT transform for Component 3.  

 Tasks[3], [6] and [9] are for the level 0 transform. 

 Tasks[4], [7] and [10] are for the level 1 transform. 

 Tasks[5], [8] and [11] are for the level 2 transform. 

o Stage 4.  BCWT encoding 

 Task[12-15]: BCWT encoding  for Component 1.  

 Task[16-19]: BCWT encoding  for Component 2.  

 Task[20-23]: BCWT encoding  for Component 3.  

 Tasks[12], [16] and [20] are used for the BCWT encoding for band 

LL coefficients. 

 Tasks[15], [19] and [23] do BCWT encoding for bands LH,HL and 

HH in the bottom level. 

 Tasks[14], [18] and [22] do BCWT encoding for bands LH,HL and 

HH in the middle level. 

 Tasks[13], [17] and [21] do BCWT encoding for bands LH,HL and 

HH in the top level. 

All the tasks are organized in order and executed based on the line-based scheme. 

After one task is finished, the next task is prepared and executed if the condition is 

satisfied. For example, in task 3, five of six line buffers are used for the vertical wavelet 

transform.  The DWT transform cannot start until the five line buffers are filled. 

5.1.2  Buffer Synchronization in Line-based DWT 
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0 1 2 3 4 5

0 1 2 3 4 5

0 1 2 3 4 5Level 0

Level 1

Level 2

 

Fig. 5.4  Six buffers in each level 

The line-based mechanism in the DWT transform introduces complexity in the 

buffer synchronization. For clarification, an example of the 3-level DWT transform is 

provided. As shown in Fig. 5.4, six line buffers in each level are used to store the 

horizontally transformed DWT line coefficients.  

 

Fig. 5.5 Synchronization of DWT output  in each level 

In Fig. 5.5, the purple boxes indicate that the buffers are filled with horizontally 

transformed coefficients. After the five buffers are filled in one level, the vertical 

transform is performed. Coefficient lines in the high frequency sub-bands are output for 

coding, and a coefficient line in the LL sub-band gets into the line buffer of the next 

level. For example, in step (b) of Fig. 5.5, the image data gets into the line buffers 1, 2, 3, 

4 and 5 and the line buffer 0 is used to save the intermediate data.When the line buffers 1, 

2, 3, 4 and 5 in level 0 are filled, a vertical DWT transform produces a coefficient line in 

the LL sub-band, which enters buffer 1 of level 1 as shown in step (c) of Fig. 5.5. Then, 

buffer 0 in level 0 stores the line from buffer 2 and lines in buffer 3, 4 and 5 are shifted to 

buffer 1, 2 and 3. After buffer 4 and 5 in level 0 to be filled with new lines in step (d), the 

transform produces another coefficient line in step (e). Recursively apply the same 

scheme to each level until DWT transform in all levels is completed. During the process, 
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the transformed line coefficients in the high frequency sub-bands are successively sent to 

BCWT line buffers for encoding.  

5.1.3 Example of the BCWT Encoding Algorithm 

32
16 16

1
6

1
6

Extended area

 

Fig. 5.6. Input image with extended area 

81 183 181 124 95 44 50 128 111 251 255 15 165 138 136 38 

184 47 203 195 98 32 19 168 90 96 54 110 12 46 99 201 

122 224 227 67 49 222 19 35 10 35 67 87 214 142 20 10 

184 211 167 231 189 106 89 236 50 236 6 120 65 151 231 50 

170 72 16 149 180 199 11 80 95 117 185 40 121 243 217 12 

120 236 45 245 134 80 0 131 132 253 184 205 47 119 8 149 

100 74 46 214 53 86 150 163 123 10 178 154 64 61 251 133 

223 13 115 126 190 34 107 100 192 11 11 40 52 13 35 59 

37 205 28 184 126 247 225 120 53 161 188 44 169 58 85 86 

56 23 87 35 178 180 36 21 80 206 188 149 80 132 80 174 

165 130 195 247 161 237 41 26 108 70 32 19 73 124 203 92 

110 5 47 65 159 35 111 3 64 36 232 36 118 28 209 164 

171 50 162 45 110 181 236 72 76 220 172 39 126 106 221 182 

221 191 89 83 98 52 99 78 4 176 103 56 189 133 53 17 

249 130 37 24 178 210 168 40 104 216 38 11 199 168 102 138 

119 134 132 161 69 47 28 229 218 200 33 25 52 161 105 141 

Fig. 5.7 Pixel values for the input image 

In Fig. 5.6, a randomly produced gray image with size of 16 x 16 is used as an 

input. In order to illustrate the 'set to zero' method in the BCWT encoding, 3-level 

transform is used with qmin = 1. For simplification, we use 5/3 DWT to obtain the integer 

coefficients. Because 3-level decomposition is used, the BS is equal to 32. We need to 

extend the image as shown in Fig. 5.6. The pixels for the original image are given in Fig. 

5.7. 

After the DWT transform, the coefficients are shown in Fig. 5.8. The '0' in bold 

means all zeros in the extended area in each level. The quantization levels of the wavelet 
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coefficients are shown in Fig. 5.9. A zero-detect flag value of '-1' in bold means that the 

quantization level of zero is -1. Fig. 5.10 illustrates the MQD map of the wavelet 

coefficients in LL, LH, HL and HH sub-bands in each level. When encoding, only the '-1' 

in the highest level is encoded. Note that 5/3 DWT transform is used in this example. The 

coefficients in LL sub-band are close to those in other high-frequency sub-bands. While 

when 9/7 DWT transform is used, the coefficients in LL sub-bands are much larger than 

those in other high-frequency sub-bands. Separately encoding the LL sub-bands can 

deliver better performance. 
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Fig. 5.8 Wavelet coefficients 
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Fig. 5.9 Quantization levels of the wavelet coefficients 
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Fig. 5.10 MQD map in LL, LH, HL and HH sub-bands 

5.1.4 BCWT Algorithm with 'C' implementation 

A concise 'C' version of the BCWT codec has been implemented. The 

redundancies associated with the high-level languages are removed. After cross 

compilation, it can be directly applied into different embedded platforms.  

5.2 The Hardware Implementation of the BCWT Algorithm 

The DWT takes up the most of the computation resources in the BCWT codec 

because the numerical computations in BCWT mainly happen in this stage. We can 

implement the DWT in hardware to save a significant amount of time. In the following 

sections, we will discuss the schemes for FPGA implementation of DWTs for images 

with up to 10-bit depth. 

5.2.1 A Scheme for Lossless 5/3 Wavelet Transform 
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Fig. 5.11 Stages in the 5/3 DWT with lifting scheme 
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The 5/3 DWT with lifting scheme can be split into 2 stages for pipeline 

implementation of a low-pass output as shown in Fig. 5.11. In each stage of the structure, 

a common basic computation unit can be constructed, which includes two inputs and one 

output. To obtain one low-pass output, 2 basic computation units are used through the 

datapath. For example, in Fig. 5.11, intermediate node F is the output from the 

calculation of nodes A, B and C. Node H contains the low-pass output, which is 

calculated from the nodes F, A and F. The inner structure of the computation units in the 

datapath that produce the low-pass output can be designed as shown in Fig. 5.12.  In Fig. 

5.11, only one stage of the same computation unit is required to produce a high-pass 

output. For example, node G contains the high-pass output, which is calculated from 

nodes C, D and E. 

C BA

F

a b c

d

a b c

d

-1/2

1/4

+
1/2

H

I0

 

Fig. 5.12 The stages constructed by 2 basic computation units 

Experimental results show that for 10-bit images, the transformed coefficients 

have 18-bit precision. During the computation of the DWT transform, enough precision 

in each step should be maintained so that the 10-bit images can be processed correctly 

and recovered.  

The inner structure design of a basic computation unit is shown in Fig. 5.13. A 

stage selector is used to select the stage for the basic computation unit, and the selected 

constants are used in the computation. Coefficients a, b and c are given 18-bit precision 

within the basic computation unit. The intermediate precision of 19 bits is shown in Fig. 
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5.13. The result is converted back to 18-bit precision before output. For FPGA 

implementation, the time sequences and the data flow must be carefully arranged.  

a b c

18 bits 18 bits 18 bits

+

x

d

19 bits

+
19 bits

19 bits
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1/4 -1/2
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MUX

0 1/2
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Fig. 5.13 The inner structure of a basic unit 

5.2.2 A Scheme for Lossy 9/7 Wavelet Transform 

          1. Coefficient conversion from floating point to fixed point.  

The floating-point representation is popularly used in various computer systems to 

describe real numbers defined by the IEEE 754 standard [62] and stored as a sign, 

exponent, and mantissa, which allows for the representation of both very large and very 

small numbers. Although the floating-point representation can be efficiently handled in 

most computer processors, the floating-point operation has several limitations [63].  

 Floating-point operation is much slower than integer operation. In a typical 

PC, it takes about 2.5 times as long to execute a floating-point arithmetic 

instruction as to do the integer instruction.  

 Floating-point operation often results in inexact behavior. For example, it is 

questionable to compare two floats for equality after even simple operations 

have been performed on them. 

 Errors brought by rounding operations for floating points can possibly 

accumulate and propagate.  

 Low-cost embedded microprocessors and microcontrollers are often lack a 

floating point unit (FPU) to provide silicon support. 
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Given the limitations of floating-point arithmetic, fixed-point arithmetic operation 

is usually preferred in low cost embedded systems with real-time requirements. Fixed-

point numbers use integers and integer arithmetic to approximate real numbers with fixed 

resolution. The binary or decimal fixed-point representation uses a specific number of 

bits. Compared with an FPU, the hardware to manipulate integer representations is less 

costly but offers limited dynamic range for data. In image compression, the input pixel 

values are integers. The intermediate data produced by arithmetic operations fall into a 

narrow dynamic range. Therefore, the fixed-point representation is suitable for the 

application of image compression. 

Table 5.1 Conversion of the filter constants from floating point to fixed point 

Parameters α β γ δ Ɩ 1/Ɩ 

Floating point 

approximations 
−1.586134342 −0.05298011854 0.8829110762 0.4435068522 1.149604398 0.869864452 

Fixed point 

approximations 
-6497 -217 3616 1817 4709 3563 

In the lossy mode, floating-point filter coefficients are employed in the 9/7 

wavelet transform. The floating-point decomposition coefficients result from the DWT 

operations. In order to implement the lossy mode in FPGA, we convert floating-point 

numbers to fixed-point representations. A scale factor with 12-bit shift is used for the 

conversion of the floating-point filter constants. The converted constants shown in Table 

5.1 are valid for both forward and inverse transform. 

           2. The fixed-point implementation of 9/7 DWT. 

The following scheme for the fixed-point implementation of the 9/7 DWT is 

provided by Chirp Inc. and implemented in FPGA circuits in mobile phone applications.  

The computation stages for 9/7 DWT with lifting scheme are shown in Fig. 5.14. 

For the fixed-point implementation, the operations of DWT transform are modified as 

shown in Fig. 5.15. Four basic computation units and one output unit are connected in 

series. As in the 5/3 implementation, each basic computation unit includes three inputs 

and one output. 
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Fig. 5.14 Stages in the 9/7 DWT with lifting scheme 
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Fig. 5.15 Fixed-point implementation of 9/7 DWT 

The inner structure of a computation unit is shown in Fig. 5.16. As in the basic 

computation unit of 5/3 DWT, different precisions are used to sufficiently represent the 

data. The data precisions are the same for each DWT level. The only differences among 

blocks in each stage come from the constants (α, β, δ and γ). The structure of the output 

stage is different from the other stages, which is illustrated in Fig. 5.17. 
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Fig. 5.16 Inner structure of a basic computation unit in the 9/7 DWT 
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Fig. 5.17 Inner structure of the output block in the 9/7 DWT 

5.3 Conclusion 

In this chapter, we discussed the approaches for the software and hardware 

implementation of the BCWT algorithms. The BCWT codec is discussed in detail with 

practical examples for the core algorithms, i.e., the line-based mechanism of the DWT 

and the BCWT algorithm. The proposed 'zero detection' method is clarified with an 

example. The BCWT software is implemented with a concise 'C' version. In the FPGA 

hardware implementation, the pipeline architectures are proposed to decrease the time 

delay for the DWTs. The 5/3 DWT and the 9/7 DWT are separately discussed for the 

implementations of their fixed-point representation. The lossy scheme is implementation 

in an FPGA and is used for real-time image compression. 
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CHAPTER 6 

AN EMBEDDED APPLICATION OF BCWT  

In this chapter, an image acquisition and compression system is built on an ARM 

+ Linux platform of the ZedBoard. The image is acquired by the system in real-time and 

compressed with the BCWT lossless algorithm.   

6.1 ZedBoard Hardware Description 

ZedBoard with Zynq-7000 SOC enables a wide range of applications with the 

supporting functions and necessary interfaces. The Zynq-7000 platform allows designers 

to create hardware from descriptions written in C, C++, or SystemC with Vivado HLS. It 

can offer a comprehensive collection of operating systems such as the free open-source 

Linux, Android and FreeRTOS solutions from Xilinx and commercial operating systems 

[64]. The ZedBoard hardware configurations are shown in Fig. 6.1 and Fig. 6.2. 

 

Fig. 6.1 Zynq-7000 All Programmable SoC Boards 

 Processor: Zynq-7000 AP SoC. 

 Memory :  512 M Bytes (MB) DDR3, 256 M Bits (Mb) Quad-SPI Flash 

and 4 GB SD card  
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 Communication:  Onboard USB-JTAG Programming, 10/100/1000 

Ethernet, USB OTG 2.0 and USB-UART. 

 Clocking: 33.33333 MHz clock source for processing system (PS) and 100 

MHz oscillator for programmable logic (PL).  

 Display: HDMI output, VGA output and OLED display  

 Configuration and Debug: Onboard USB-JTAG interface and Xilinx 

Platform Cable JTAG connector. 

 General Purpose I/O:  8 user LEDs, 7 push buttons and 8 DIP switches. 

 

Fig. 6.2 ZedBoard hardware configuration 

6.2 ZedBoard SOC 

The features in the Zynq-7000 SoC are shown in Fig. 6.3 and summarized as 

follows. 

 Dual ARM Cortex™-A9 MPCore 

 Unified 512kB L2 Cache 

 256 kB on-chip Memory 
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 DDR3, DDR3L, DDR2 and LPDDR2 Dynamic Memory Controller 

 2x QSPI, NAND Flash and NOR Flash Memory Controller 

 2x USB2.0 (OTG), 2x GbE, 2x CAN2.0B 2x SD/SDIO, 2x UART, 2x SPI, 

2x I2C, 4x 32 bits GPIO 

 RSA Authentication of First Stage Boot Loader, AES and SHA 256 bits 

Decryption and Authentication for Secure Boot 

 Dual 12bit 1Msps Analog-to-Digital converter 

 Advanced Low Power 28 nm Programmable Logic: 

 4 6.25 Gbps Transceivers in Z-7015 

 User IOs (Multiplexed + SelectIO) 

 

Fig. 6.3 Block diagram of Zynq-7000 all programmable SOC 

Table 6.1 Memory map in Zynq-7000 All Programmable SoC 

DDR Memory

PL Peripheral 1

PL Peripheral 2

PL Peripheral 3

Fixed I/O 

Peripherals

Reserved

0X0000 0000

0X4000 0000

0X6000 0000

0X8000 0000

0XE000 0000

0XF000 0000

Programmable 

registers access

Reserved

0XF800 0000

0XFA00 0000

Quad-SPI linear 

address

256KB OCM

0XFC00 0000

0XFFFC 0000

0XFFFF 0000  
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The Zynq-7000 SoC supports a 4 GB address space as described in Table 6.1 

[65]. 

6.3 Operation System (OS) 

Three types of OS can run on the ZedBoard system. Linux OS, i.e., a simplified 

Ubuntu system, is used for the resource management and service in our application. 

1. Standalone or bare-metal system. 

On the ZedBoard, a standalone or bare-metal system [66] can be chosen in order 

to avoid the overhead of an OS. This software system typically has no OS and does not 

need or offer many of the features in an OS. The standalone system is not often employed 

because the increasing processing speed in the hardward results in the significant 

decrease of the overhead of the OS. 2.  Linux OS. 

Linux is a popular open-source OS [67]. It can be built from the open-source 

repositories for many embedded designs like our project. It has many real-time 

characteristics and is regarded as a protected OS although it is not inherently a real-time 

OS. The Linux kernel requires a file system to boot. 

3. Real-Time OS. 

A Real-Time Operating System (RTOS) offers the deterministic and predictable 

responsiveness required by timing sensitive applications and systems. It should be able to 

process data typically without buffering delays.  

6.4 Boot and Configuration  

The Zynq-7000 All Programmable (AP) SoC devices support secure and non-

secure boot processes [66] as follows.  

1. Stage-0 Boot (BootROM). 

BootROM configures one of the ARM processors and the necessary peripherals to 

start fetching the First Stage Bootloader (FBSL) boot code from one of the boot devices. 

The programmable logic is not configured by the BootROM. The BootROM is located in 

the internal boot ROM, which is not writable. 
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2. First Stage Bootloader. 

The FSBL starts after the boot. It is loaded into the On-Chip Memory (OCM) by 

the BootROM. The FSBL does several simple initialization steps for the Processing 

System (PS), such as setting up a clock generator. It also has board-specific modifications 

that perform several initialization steps for various on-board devices. For instance, the 

FSBL for the ZedBoard will toggle the reset pin of USB-OTG to perform a reset before 

Linux gets loaded. 

The FSBL has responsibilities as follows. 

 Initializing with the PS configuration data that Xilinx Platform Studio 

provides 

 Configuring Programmable Logic (PL) using a bit-stream (if provided) 

 Loading second stage bootloader (SSBL) or bare-metal application code 

into DDR memory 

 Starting execution of the second stage bootloader or bare-metal 

application 

3. Second Stage Bootloader  

The SSBL is optional and user-designed. For example, U-Boot in our project is 

used as the Linux bootloader. Table 6.2 lists the Linux boot image partitions of the Zynq-

7000 AP SoC [66].  

Table 6.2 Linux Boot Image Partitions for Zynq-7000 AP SoC 

FSBL Partition 

Bit-stream Partition 

U-Boot Partition 

Linux Zimage Partition 

Linux Device Tree Partition 

Linux Disk Image Partition 

Fig. 6.4 shows the boot process order for running Linux application [67]. The 

BootROM loads the FSBL, and then FSBL loads the bit-stream (optional) and U-Boot. 

After that, U-Boot loads the compressed Linux kernel, device tree and the Ram Disk by 
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running the compressed Linux image (zimage). The Linux kernel is a piece of embedded 

standalone software running on the hardware [67]. It provides a standardized interface 

and is informed of every detail about the hardware on which it is working so that 

application programmers can utilize all hardware resources without knowing those 

details. The Linux kernel uses the data structure known as Device Tree Blob (DTB) for 

hardware description. The Device Tree Source (DTS) file, based on DTB, is a source file 

that creates the device tree data structure passed to the kernel during kernel boot. A Ram 

Disk, much faster than a conventional file system, is used to manipulate files at high 

speed.  

Boot ROM

Load & run FSBL

Load bitstream

Load and run U-

boot

Load Linux 

Kernel (zimage)

Load Device Tree

Load Ram Disk

Run Linux Kernel

 

Fig. 6.4 Boot process for running Linux application on Zynq-7000 AP SoC 

        

(a)  Boot files                                             (b) Linux file system 

Fig. 6.5 Boot files and Linux file system 
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In order to run our application, we build a Linux OS. The building procedures are 

summarized as follows [67, 68]. 

1. Compile and install busybox  

2. Create the directories such as /bin, /sbin, /usr/bin, /usr/sbin, etc 

3. Create the directory '/lib' by using the cross compiler 

4. Build the directory '/etc' 

5. Created and compress a ramdisk file that can be run in the ZedBoard 

A Linux system is built on the ZedBoard for our application. The boot files are 

shown in (a) of Fig. 6.5. The Linux file system is shown in (b) of Fig. 6.5. The 

application will run on the Linux system. 

6.5 Hardware and Software Design Flow 

 

XPS- PS configuration

System wizards

ARM platform 

configuration(IPs)

ISE-Programmable logic

User Programmable logic

Programmable logic 

implemenation

SDK-software

FSBL/BSP 

generation

Application

development

OS(Linux 

system) 

Software

Hardtware

 

Fig. 6.6 Hardware and software design tool Flow 

The general design tool flows for hardware and software development on the 

ZedBoard are shown in Fig. 6.6. In the hardware part, the Xilinx Platform Studio (XPS) 

in the Embedded Development Kit (EDK) configures the hardware settings and captures 

information about the PS and peripherals. XPS can capture hardware platform 

information, including Board Support Package (BSP) libraries, and programs the PL. The 

PlanAhead tool is used to create the User Constraint File (UCF) and to generate bit-
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stream. The produced '.bit' file is exported to the ZedBoard for FPGA programming via a 

USB-JTAG interface [69]. For software programming, the Xilinx Software Development 

Kit (SDK) is used to create the user applications. It includes a GNU-based compiler 

toolchain (GCC compiler, GDB debugger, utilities, and libraries), JTAG debugger, flash 

programmer, drivers, libraries and IDE for C/C++ development and debugging.  

6.6 The application in the ZedBoard platform 

In this section, we will discuss the procedures for an application of image 

acquisition and compression based on the ARM-based embedded Linux system in 

ZedBoard.  

ZedBoard Linux Shell

Linux Kernel
USB peripherals

SD card

User programs

Image data

HDMI display
HDMI 

Video

Processing System (PS)

Programmable Logic (PL)

AXI4-Lite

GPIOLed output

 

Fig. 6.7 Architecture of the image acquisition and compression system 

The architecture of the image acquisition and compression system is shown in 

Fig. 6.7. A SD card in the ZedBoard is used for non-volatile external memory storage and 

to boot the Zynq-7000 AP SoC. The files in the SD card start the boot stages, and a Linux 

system is established after the boot processes. The USB peripherals include a USB-

UART bridge circuitry, a USB-JTAG interface and a USB-On-The-Go (USB-OTG) 

interface.  A Cypress CY7C64225 USB-to-UART Bridge device connects the ZedBoard 

to a host computer. The JTAG port, with a Micro B USB connector, allows programming 

and debugging. The I/O operations are performed via the USB-OTG interface. A USB 

camera is plugged into the USB side of the interface. A driver program in the Linux 
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kernel enables the camera to acquire images. The user programs are established on the 

top of the Linux OS. In the application, the BCWT algorithm is compiled with the ARM 

cross compiler "arm-xilinx-linux-gnueabi-gcc". Data is sent for display on a HDMI 

screen via AXI bus [70-72] and ADV7511 transmitter.  

6.6.1 Hardware Platform and Peripheral Implementation of the Application 

 

Fig. 6.8 Hardware configuration 

The default hardware configuration of the ZedBoard is used in the application. 

The connections of the peripherals are shown in the Fig. 6.8. A USB hub is connected to 

the USB-OTG interface. A webcam, mouse and a USB disk are plugged into the hub. A 

display screen is connected to the HDMI port in the ZedBoard, and the ZedBoard is 

connected to a host computer via the USB-UART interface for debugging.  

6.6.2 Software Design 

The flow chart including the procedures for the application is shown in Fig. 6.9. 

In the flow chart, the functions and parameters are marked on the right side of the 

corresponding blocks. After building the Linux system according to the steps in Section 

6.4, a driver framework called Video4Linux2 (V4L2), supporting USB webcams, is used 

for image capture and processing in our system [67]. The procedures in flow chart are 

described as follows.  
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First, open the device file and initialize parameters for the webcam such as the 

size and format of the acquired image. We chose 640x480 as the resolution and YUYV 

(YUV 4:2:2) as the format. Then use the embedded function 'ioctl(fd, 

VIDIOC_REQBUFS, &req)’ to set the number of request buffers. The function 'mmap' is 

used to perform the memory mapping to map the system space to user space so that the 

user can obtain images and process the data. The acquisition starts when the function 

'ioctl (fd, VIDIOC_STREAMON, &type)' is executed. One acquired frame is extracted 

from the buffers by using the function 'ioctl(fd, VIDIOC_DQBUF, &buf)'. After that, the 

buffers are updated with the function 'ioctl(fd, VIDIOC_QBUF, &queue_buf)'.   

Open device

Configuration

MMAP

Image acquisition

Extract a frame

Update the 

buffers

Done?

Remove MMAP

Close device

open(FILE_VIDEO, O_RDWR)

ioctl(fd,VIDIOC_QUERYCAP,&cap)

ioctl(fd,VIDIOC_S_FMT,&fmt)

ioctl(fd,VIDIOC_S_PARM,&setfps)

ioctl(fd,VIDIOC_REQBUFS,&req)

ioctl(fd,VIDIOC_QUERYBUF,&buf)

mmap(NULL, buf.length, PROT_READ| 

WRITE,MAP_SHARED,fd,buf.m.offset)

ioctl(fd,VIDIOC_STREAMON,&type)

ioctl(fd,VIDIOC_DQBUF,&queue_buf)

Call BCWT functions

ioctl(fd,VIDIOC_STREAMOFF,&type)Stop acquisition

munmap(buffer[i].start, buffers[i].length)

close(fd)

Compression

ioctl(fd, VIDIOC_QBUF, &queue_buf)

no

yes

 

Fig. 6.9 The design flow chart of the image acquisition and compression system 

The procedures for processing the acquired images are illustrated in Fig. 6.10. In 

our application, four frame buffers are used to store the acquired pictures. When a frame 

is extracted from one of the buffers through the function 'DQBUF', the remaining frames 

are shifted one buffer position, as shown in the figure. After that, a new frame from the 

USB camera fills in the empty buffer with the function 'QBUF'. 
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3 2 1 0

3 2 1

3 2 1

4 3 2 1

ioctl(fd,VIDIOC_DQBUF,&queue_bu

f)

ioctl(fd, VIDIOC_QBUF, &queue_buf)

Fill 4 frame buffers are 

shift buffers 

0 Image compression

4

Camera 

 

Fig 6.10 Procedures for the image acquisition 

6.7 Test Procedures and Result Analysis  

 

Fig. 6.11 Serial Port setting with Minicom 

As introduced, the USB-UART interface is used to for communication between 

the host computer and the ZedBoard. As shown in Fig. 6.11, the 'minicom' tool is used to 

set parameters such as USB port = ttyACM0 and baud rate = 115200.  

 

 

Fig. 6.12 The webcam detected 
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After the boot procedures, Linux system is loaded. From Fig. 6.12, the 'video' file 

appears in the directory '/dev', which means that the webcam is successful detected. We 

can use it to collect the images. 

The acquired image can be transferred and displayed on a screen via HDMI 

connection. In Fig. 6.13, an image is shown in the screen. Here QT, a cross-platform GUI 

software, is used to build the frame to display the image [73].   

The BCWT algorithm is used for the image compression. After the compression 

for one image is finished, a similar procedures are applied to the next frame until all the 

frames are compressed. After all tasks are finished, the function 'ioctl (fd, 

VIDIOC_STREAMOFF, &buf_type)' and the function 'close (fd)' are successively used 

to stop the acquisition and close the webcam and exit. 

 

Fig. 6.13 One extracted image in the HDMI display 

The test result of an image compression is shown in Fig. 6.14. In testing, the 

average CR from applying the lossless BCWT algorithm is around 2.5~3.5. The run time 

for one frame with size of 640×480 is about 25~40 ms, which means that the BCWT 

algorithm in the Zedboard can process 25~40 such frames per second. The BCWT 

execution file only requires 65.5 KB of disk space, which is only 1/15 of the space of 

1.01 M bytes for JPEG2000 with Jasper.  
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Fig. 6.14 The output for the application of image acquisition and compression 

6.8 Conclusion 

In this chapter, we proposed an embedded BCWT application. In the application, 

a Linux OS is built on an ARM board. An image acquisition application is created on the 

embedded platform. BCWT is used for image compression. The results show that the 

BCWT algorithm can be suitable for real-time embedded application, because it 

consumes very modest resources and offers a fast speed even without optimization.  
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CHAPTER 7 

GENERAL CONCLUSIONS AND FUTURE WORK 

7.1 Summary  

In the chapters of this dissertation, different techniques are proposed and 

implemented for the BCWT codec with practical application in mind. 

In Chapter 3, after reviewing the lossy BCWT algorithm, a 'set to zero' method 

was proposed and developed to avoid the deterioration of CR for images with non-

optimal dimensions. Subsequently, a 'zero tree detection' technique was proposed and 

developed to improve the compression performance by skipping coding of the zero trees. 

The test results show that the CRs for images with non-optimal size are significantly 

improved after the incorporation of the two methods. 

In Chapter 4, a lossless BCWT algorithm is proposed and developed with detailed 

description. The line-based scheme is applied to improve the performance. Differing 

somewhat from the lossy version, the line-based scheme is modified and applied to the 

coefficients in the LL band and the high-frequency bands of the highest level in order to 

reduce memory consumption. The RCT and 5/3 integer DWT in JPEG2000 are used in 

the lossless BCWT algorithm. The 'set to zero' method and 'zero tree detection' technique 

are incorporated to improve the compression performance. Because the different portions 

of BCWT output bit-streams have different 0/1 distributions, separate statistical models 

are created according to the portions of bit-streams with different probabilities. The 

adaptive entropy arithmetic coding technique is applied to the portions under their 

corresponding statistical modes. The results show that the proposed lossless BCWT 

algorithm is more time- and memory- efficient than the lossy BCWT algorithm of [26, 

29]. It has comparable compression performance, with great savings in buffer size and 

computational complexity compared with other wavelet-based codecs and the current 

international standards for lossless image compression. 

In Chapter 5, the mechanics of the BCWT software are discussed with more 

details. A concise 'C' version of the BCWT codec is implemented with faster speed and 
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lower resource consumption. Fixed-point representations for 5/3 DWT and 9/7 DWT are 

proposed for FPGA hardware implementation.  

In Chapter 6, BCWT is incorporated into an application on an embedded ARM 

and Linux platform. It can acquire and compress images in real time. The application 

indicates that the BCWT algorithm can be conveniently applied to embedded system. 

The BCWT codecs including the proposed lossless version and the improved 

lossy version in this dissertation have been successfully customized in industry. With the 

demonstrated performance, the codecs can compete with any other current image codecs. 

7.2 Future Work 

For future research, multiple areas can be taken into consideration, although the 

BCWT algorithm has been successfully adopted and applied in different platforms.  

1. In the lossy BCWT algorithm, only a single fixed threshold parameter of 

qmin is used universally for encoding the wavelet coefficients. A rate and 

distortion cost function can be created with qmin as one of the parameters. 

Thus, optimal values of qmin can be chosen for different regions in sub-

bands at each level. This method can improve the rate-distortion 

performance for lossy compression.   

2. The BCWT algorithm organizes the wavelet coefficients under a quad-tree 

structure for encoding, i.e., each internal node has exactly four children. 

The structure can be adaptively changed according to the gradients of an 

image in the local area. For example, in a smooth region with low 

gradients, a parent can own more than four children.  

3. For the implementation of the arithmetic entropy coding technique, a 

table-based and multiplierless method can be employed to speed up the 

codec's process. 

4. The line-based BCWT algorithm is already memory efficient. However, a 

point-based BCWT algorithm can be used to further save the memory. For 

example, in the line-based mechanism, the horizontal wavelet transform is 

applied to all the pixels in the line before a vertical transform starts. In fact, 
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for the 5/3 or 9/7 wavelet transform, only 3 or 5 points are respectively 

needed to produce a wavelet coefficient in one horizontal direction with 

the lifting scheme. Therefore, in the point-based BCWT algorithm, we do 

not have to finish the DWT transform for the whole 3 or 5 lines before a 

vertical transform starts. That is to say: only 1 coefficient instead of all 

coefficients in each of 3 or 5 horizontal lines is required to implement a 

vertical DWT transform. With this method, the internal buffers can be 

reused in each line and a considerable amount of memory will be saved. 

However, more attention must be paid to the output order of the 

coefficients in each DWT level because the point-based BCWT algorithm 

makes the algorithm more complex. 

5. The BCWT algorithm can be optimized through the use of assembly 

language, parallel programming, lookup tables (such as for the color 

transform), etc. 
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