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Abstract 

Multiple description coding (MDC) is a promising candidate for coding video 

information into multiple bitstreams, and it is a very useful technique for video 

transmission over error-prone packet-switched networks. The three-dimensional (3-D) 

set partitioning in hierarchical trees (SPIHT) algorithm and its multiple description (MD) 

extension, the spatial and temporal tree preserving 3-D SPIHT (STTP-SPIHT) algorithm 

have proved their efficiency in noiseless and noisy channels. In this thesis, we propose 

an error resilient domain-partitioning based MD video coding algorithm, which is an 

extension of the STTP-SPIHT method. We extend upon STTP-SPIHT by intentionally 

inserting a certain amount of redundant information into the multiple substreams of the 

encoded original video sequence in order to protect those wavelet coefficients in the 

approximation subband against transmission errors. At the receiver side, this redundant 

information, along with the other correctly received substreams, are used to predict the 

missing coefficients in the lost substream. The experimental results in the noiseless and 

noisy channels demonstrate that our proposed MD video coding system is more robust to 

random channel bit errors with little increase in its complexity and little loss in noiseless 

channel performance when compared to STTP-SPIHT. 
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Chapter 1: Introduction 

1.1 Motivation 

In today's information era, video streaming over the Internet has become a more 

and more important way for people to distribute information around the globe. Some 

examples which use this technology include teleconferencing, telemedicine, distance 

learning, and live webcasts. However, there are still many challenging technical 

problems that need to be solved in order to transport real-time video over the Internet 

while guaranteeing a required quality of service (QoS) level. 

In packet-switched networks, such as the Internet, packets are discarded at 

random when the number of packets sent exceeds transmission capacity without 

considering the relative importance of the packets. In other words, packet losses are 

inevitable in such networks. Retransmission of lost packets based on automatic repeat 

request (ARQ) is one of the most common techniques to protect data against packet 

losses; however, the additional round-trip delay is not suitable for real-time video 

applications. Additionally, since packet losses often result from buffer overflow in times 

of high network load, retransmitted packets will only add even more congestion to an 

already congested network. Therefore, it is more desirable to develop error-resilient and 

network-adaptive video coders in order to provide reasonable video quality at various 

network loss rates. 
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Most current standardized video coders, including Moving Picture Experts Group-

2 (MPEG-2) [1], MPEG-4 [2], H.263 [3], and H.264 [4] achieve high compression 

efficiency by using motion-compensated prediction to reduce the temporal and statistical 

redundancy between the video frames. However, this may result in error propagation, 

where errors due to packet loss in a reference frame propagate to all of the subsequent 

dependent frames leading to visual artifacts [5]. Without effective control of temporal 

error propagation, the reconstruction quality of the video sequence can become seriously 

degraded. Furthermore, these video coders lack desirable features required by today's 

video applications, such as low computational complexity and full embeddedness for 

progressive transmission. 

The three-dimensional (3-D) set partitioning in hierarchical trees (SPIHT) 

algorithm made a major breakthrough in video compression. It provides outstanding 

rate-distortion (R-D) performance with relatively low computational complexity. In 

contrast to the motion-compensated prediction video coding schemes, the 3-D SPIHT 

algorithm is an effective wavelet-based video codec which produces an embedded or 

progressive bitstream. The capability of progressive transmission makes it highly 

adaptive to channel capacity fluctuation under time-varying network conditions. With a 

progressive bitstream, the reception and transmission of code bits may be ceased at any 

point and decoded at lower rates. While the 3-D SPIHT coder has many advantages, it is 

quite fragile against bit errors in noisy communication channels. SPIHT-encoded 

bitstreams are highly susceptible to bit errors due to their dependence among wavelet 

coefficients in constructing a "significance map". A single bit error could potentially 

lead to loss of synchronization between the encoder and decoder execution paths, which 
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would lead to uncontrolled degradation of reconstructed video quality. Hence, it is 

essential to improve the error-resilience in the 3-D SPIHT algorithm in order to achieve 

robust video transmission over packet loss channels. 

There are various techniques which may be utilized to enhance the error-

resilience of video transmission over error-prone packet switched networks, and these 

techniques can be categorized as follows: source coding, channel coding, or error 

concealment. The focus of our thesis work is on source coding techniques, and examples 

of such techniques include multiple description coding (MDC) [6]-[8] and layered coding 

(LC) [9],[10]. In the following subsections, we will elaborate further on each of these 

coding techniques. 

1.1.1 Layered Coding 

Unlike traditional coding schemes that generate a single bitstream, MDC and LC 

generate two or more bitstreams. The main difference between MDC and LC lies in the 

dependency. In LC, one bitstream is sent as a base layer and the other bitstreams are sent 

as progressive enhancement layers. The base layer is the most critical layer, and it can be 

decoded independently of the enhancement layers. On the other hand, the enhancement 

layers are applied only to refine the base layer quality, and they are not useful by 

themselves. If the base layer is not received correctly, the information received from the 

respective enhancement layers is rendered useless. Moreover, an enhancement layer may 

be decoded only if the base layer and all the previous enhancement layers are received 

correctly. Therefore, this makes the performance of streaming applications that employ 

the layered representations sensitive to losses of base layer packets. As a result, the 
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delivery of the base layer must be guaranteed by using recovery mechanisms such as 

ARQ or forward error correction (FEC). As we can see, one major obstacle for the 

adoption of LC in practical networks is that to guarantee a basic level of quality, the base 

layer must be delivered almost error free. 

1.1.2 Multiple Description Coding 

MDC is another popular video coding technique which has been proposed for 

streaming over unreliable channels. In contrast to LC, multiple description (MD) coders 

encode the video data into multiple bitstreams also referred to as descriptions, and they 

are normally of equal importance. Each description alone can guarantee a basic level of 

reconstruction quality of the source, and every additional description can further improve 

that quality. This is a desirable property in the context of Internet transmission where 

none of the packets receive preferential treatment. The packets of each description are 

then potentially routed over multiple, disjoint paths. Each description is individually 

decodable so that loss of some of the descriptions will not jeopardize the decoding of 

those descriptions that are correctly received, and the quality of the decoded video 

improves with more descriptions received in parallel. In other words, MDC can provide 

adequate quality without requiring retransmission of any lost packets if at least one of the 

descriptions is received correctly. This characteristic of an MD coder makes it highly 

suitable for video transmission over unreliable networks. Hence, MDC has attracted a lot 

of attention as a promising candidate for error-resilient video transmission. The 

interested reader is referred to [11]-[13] for a more detailed comparison of the 

performance between MDC and LC. 
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A generic MD video codec for two descriptions is illustrated in Figure 1.1. The 

MD encoder creates two descriptions which are sent separately across two channels. If 

only one of the two descriptions is received, the two side decoders produce lower but 

acceptable quality reconstructions with side distortions Di and D2. When both 

descriptions are received, the central decoder produces a high-quality reconstruction with 

central distortion Do. 

Source ^ 
w 

Multiple 
Description 

Encoder 

Description 1 

w 

w 

Descrintion 2 

Channel 1 

Channel 2 

^ 
w 

fe 
w 

w 

Side 
Decoder 1 

Central 

Decoder 

fc. Side 
Decoder 2 

D, 
W 

Dn 
^ 
w 

D2 

1 • 

Multiple Description Decoder 

Figure 1.1: Two-description MD video codec. 

To date, several multiple-substream generation methods have been proposed for 

wavelet-based coders to obtain error-resilience at high packet loss rates. One such 

method was first proposed by Creusere for use with the embedded zerotree wavelet 

(EZW) algorithm, in which the wavelet coefficients of an image were partitioned into 

several groups and each group is then independently processed using an EZW coder 
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[14],[15]. This algorithm allows more uncorrupted information to reach the decoder 

because a bit error in any one group does not affect the others. Later, Alatan et al. 

demonstrated that the embedded image bitstreams can be delivered with error resilience 

maintained by demultiplexing the SPIHT bitstream into multiple classes [16]. These sub

classes are protected by different channel coding rates of the rate-compatible punctured 

convolutional (RCPC) coder [17] to improve the overall performance against channel bit 

errors. Extending upon Creusere's earlier work to 3-D SPIHT coders, Cho and Pearlman 

proposed a domain-partitioning based MD video coding scheme with the 3-D SPIHT 

algorithm, called the spatial and temporal tree preserving 3-D SPIHT (STTP-SPIHT) 

[18],[19]. In this MD approach, after wavelet decomposition, the 3-D wavelet 

coefficients are partitioned into two or more equal-sized groups according to their spatial 

and temporal relationship, and each group is then encoded independently using the 3-D 

SPIHT algorithm to create multiple embedded 3-D SPIHT substreams. They also applied 

the channel coding method proposed by Sherwood and Zeger [20] to every packet. The 

benefit of this domain-partitioning based MD video coding approach is that any bit error 

in the bitstream belonging to any one block does not affect the other blocks. As a result, 

this scheme achieves error resilience against transmission errors. 

1.2 Thesis Statement 

The objective of this thesis is to design a robust domain-partitioning based MDC 

system for video transmission by intentionally inserting redundant information to each 

description or substream so that the video sequence may be reconstructed in the presence 

of packet loss. We then conduct experimentation to demonstrate that our proposed video 
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coding algorithm provides more resilience to random channel bit errors over the existing 

domain-partitioning based MD video coding approach. 

1.3 Contributions 

In order to achieve the objectives described in the previous section, we make two 

main contributions, and they may be summarized as follows: 

• To achieve error resilience against channel errors, we propose a domain-

partitioning based MD video coding algorithm based on Cho and Pearlman's 

previous work for STTP-SPIHT video coding with the insertion of additional 

redundant information. The redundant data is inserted intentionally into the 

multiple substreams of the encoded original video sequence so that we can protect 

those wavelet transform coefficients in the lowest spatio-temporal frequency 

subband or approximation subband since that is where most of the signal energy 

is generally concentrated. 

• At the decoder side, the missing coefficients in the approximation subband of the 

lost substream can be recovered by using the additional redundant data along with 

the correctly received substreams. We then perform a comparative analysis of our 

proposed MD coding approach with the STTP-SPIHT coding scheme in the 

noiseless and noisy channels. The experimental results have demonstrated that 

our proposed algorithm achieves higher level of error resilience in noisy channels 

when compared to STTP-SPIHT. 
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Having defined the problem, the concluding section of this chapter describes the 

general organization of this thesis. 

1.4 Thesis Organization 

To facilitate a better understanding of the concepts, each chapter is preceded by 

an introduction highlighting its contents, and it concludes by providing a detailed 

discussion on relevant concepts. Thus, the remaining chapters in this thesis are organized 

as follows: 

• Chapter 2 presents a brief overview of the discrete cosine transform (DCT) based 

hybrid video coding, wavelet transform, the basic principles behind the EZW and 

SPIHT coding algorithms, as well as its extension to MD video coding. The MD 

coding scheme discussed in this chapter will then provide the basis for our 

proposed video coding algorithm. 

• Chapter 3 provides a detailed discussion on our proposed algorithm. We present 

the redundancy insertion methods, the modified 3-D SPIHT coder implementation, 

as well as the root subband recovery technique used to recover missing 

information. 

• Chapter 4 presents the simulation results from our proposed video coding 

algorithm in noiseless and noisy channels. 

• Finally, Chapter 5 presents our conclusions and several possibilities for future 

research work. 
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Chapter 2: Background Review 

2.1 Introduction 

To better understand the algorithms discussed in this chapter, as well as the MD 

video coding algorithm proposed in this thesis, some background information must be 

discussed. We begin this chapter by reviewing the DCT-based hybrid video coding. 

Next, we present an overview of the wavelet transform. This is followed by a brief 

discussion of EZW, which is a fully embedded wavelet coding algorithm with precise 

rate control and low complexity. We then introduce the two-dimensional (2-D) SPIHT 

algorithm along with its extension to 3-D SPIHT video coding approach. Finally, we 

examine the STTP-SPIHT method which is a very successful domain-partitioning based 

MD video coder built upon 3-D SPIHT. 

2.2 DCT-based Hybrid Video Coding 

The most widely used scheme for video compression is based on DCT-based 

hybrid video coding, which consists of motion-compensated prediction along with 

transform coding, and this hybrid approach is seen in most current video coding standards, 

such as MPEG-2 [1], MPEG-4 [2], H.263 [3], and H.264 [4]. In hybrid video coding, 
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there are generally two basic coding modes, namely intra-frame coding and inter-frame 

coding. 

In intra-frame coding mode, a video frame is divided into blocks of pixels known 

as macroblocks, and each macroblock is transformed by the DCT. The resulting 

transformed coefficients are then quantized and entropy coded. In inter-frame coding 

mode, a macroblock is predicted using motion compensation. To explain this further, 

each frame is first partitioned into macroblocks. Each macroblock is then temporally 

predicted from a best-matched block on a previously encoded frame, referred to as 

reference frame. To find the best-matched block in the reference frame, a specific block-

matching algorithm is used. The difference in motion between the current block and its 

matching block in the reference frame is defined as the motion vector. This process of 

motion vector determination is called motion estimation. Moreover, the prediction error 

or residue, which is the difference between the original and the predicted frames, is 

transformed with the DCT, and quantization is applied to the resulting transform 

coefficients. The quantized residue DCT coefficients as well as motion information are 

compressed by some entropy coding method and sent to the decoder. As we can see, 

fewer bits are required to code the prediction error and motion information than the 

original video frame. 

Although DCT-based hybrid video coding achieves high coding efficiency, it is 

highly susceptible to transmission errors. An erroneous reference frame may result in 

error propagation to subsequent frames. Additionally, motion-compensated prediction 

lacks full embeddedness for progressive transmission, and is thus unable to adapt source 

coding rate to channel capacity. Unlike motion-compensated prediction coding schemes, 
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the 3-D SPIHT algorithm is highly adaptive to channel fluctuations with its progressive 

transmission capability. Before we proceed with our detailed discussion of the 3-D 

SPIHT algorithm, we will first briefly describe the wavelet transform used in the SPIHT 

algorithm. 

2.3 Discrete Wavelet Transform 

Most image compression algorithms use some form of transform-based analysis. 

A typical image compression system is shown in Figure 2.1, and it consists of three 

operations at the encoding stage namely the wavelet transform, quantization, and entropy 

coding. Compression is accomplished by applying a linear transform to decorrelate the 

image data, quantizing the resulting transform coefficients, and finally entropy coding the 

quantized values. Over the years, a variety of linear transforms have been developed, and 

the most popular transforms used in image compression include the DCT and the discrete 

wavelet transform (DWT). 

^ 
w 

Wavelet 
Transform 

^ Quantization ^ Entropy 
Coding 

^ 

Figure 2.1: An image compression system. 

In the 1990's, the Joint Photographic Experts Group (JPEG) established its first 

international standard for still image compression where the encoders and decoders are 
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based on the DCT. DCT is well known to achieve relatively good results for moderate 

compression ratios. However at higher compression ratios, it results in perceptually 

discomforting blocking artifacts due to the block structure used in JPEG, and the human 

visual system (HVS) is very sensitive to the presence of these distortions. To completely 

eliminate the blocking artifacts found in DCT-based methods at high compression ratios, 

researchers began to incorporate the DWT as a transform tool in compression algorithms. 

The DWT has gained widespread acceptance as a powerful tool in audio and 

image processing, digital communications, and a wide variety of applications in many 

different fields. It is also increasingly used as an effective solution in image and video 

coding due to its characteristics of multiresolution analysis [21] and nonblock-based 

analysis, which are different from conventional usage of transforms such as the DCT. 

The multiresolution characteristic leads to superior energy compaction and visually 

pleasing compressed images. In addition, the nonblock-based structure of the wavelet 

transform completely removes the blocking artifacts. Therefore, these factors contribute 

to the use of DWT as a transform tool in state-of-the-art standards such as JPEG-2000 

image coding [22] and MPEG-4 still texture coding. For a rigorous mathematical 

description of wavelets, the interested reader is referred to the work by Mallat [23] and 

Daubechies [24]. 

Figure 2.2 depicts a multiresolution analysis and synthesis operation of a one-

dimensional (1-D) wavelet transform. As illustrated in Figure 2.2, the implementation of 

the forward 1-D DWT is best described as convolving an input signal with a lowpass (LP) 

filter and a highpass (HP) filter to produce a lowpass signal (approximation signal) and a 

highpass signal (detail signal), respectively, after a subsequent downsampling operation 
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by a factor of two. The lowpass and highpass filter pair used in the analysis stage is also 

referred to as the analysis filter bank. The reconstruction of the detail and approximation 

components is performed with an upsampling operation by a factor of two along with 

another pair of lowpass and highpass filters known as the synthesis filter bank. As we 

can see, the reconstruction operation is simply the inverse process of the forward 

decomposition. Finally, the output of the lowpass and highpass filters are summed 

together to yield the reconstructed signal. 

1 

Input Data 

w 

w LP 

HP ^f 1o \ . 

\ 

i 

V *̂ / 

L _ _ _ _ _ _ _ _ 

w 

LP 

HP 

Reconstructed 

Analysis stage Synthesis stage 

Figure 2.2: One-dimensional DWT analysis and synthesis filter bank. 

2.3.1 2-D Discrete Wavelet Transform 

The 1-D wavelet transform can be extended to a 2-D signal such as an image by 

performing a 1-D DWT along the rows and then the columns of an image. Figure 2.3(a) 

and (b) illustrate the analysis and synthesis filter bank structures of a 2-D wavelet 

transform, respectively. As shown in the analysis stage in Figure 2.3(a), one level of 2-D 
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wavelet transform decomposes an image into four frequency subbands: one lowpass 

subband (the approximation subband) called the LL subband, and three highpass 

subbands (the detail subbands) called the LH, the HL, and the HH subbands. Each 

subband is one quarter the size of the original image. In addition, the LL subband 

contains a coarse scale approximation of the original image, and the other three detail 

subbands LH, HL, and HH exploit image details across the different directions: LH for 

horizontal, HL for vertical, and HH for diagonal details. In the next level of the 

transform, we use the LL subband for further decomposition and replace it with four 

respective subbands. The wavelet transform may be applied recursively to the 

approximation subband to obtain decomposition at the coarser scales, yielding a 

hierarchical decomposition or pyramid representation. The synthesis stage in Figure 

2.3(b) shows the inverse process of the forward wavelet decomposition, where the 

original image is reconstructed from the approximation and detail subbands. 
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Figure 2.4 depicts an illustration of the approximation and detail subbands 

obtained from a two-level wavelet decomposition on an input image. The approximation 

subband produced by a 2-D wavelet decomposition contains the low frequency 

components of the image, whereas the detail subbands contain the high frequency 

components of the image. As we can clearly see, the approximation subband is 

essentially a good quality version of the original image at a smaller spatial resolution. In 

a multi-level wavelet decomposition, the spatial resolution of the approximation subband 

is divided by a factor of two at each level, producing increasingly smaller versions of the 

original image. Finally, the reconstruction operation is the inverse process of the forward 

wavelet decomposition. 
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Due to the computational complexity involved in constructing the wavelet 

transform, Sweldens proposed a new approach to construct the biorthogonal wavelets, 

known as the lifting scheme [25]-[27]. Generally, the lifting scheme consists of three 

steps: 1) split, 2) predict, and 3) update. The basic principle behind the lifting scheme is 

to attempt to predict the approximation data from the detail data and to update this in the 

first step (lifting step). In the next step, the detail data is then predicted from the 

approximation data (dual lifting step). 

A block diagram for this lifting-based implementation of the wavelet transform is 

illustrated in Figure 2.5. The forward wavelet transform using lifting involves a lazy 

wavelet, followed by alternating lifting and dual lifting steps, and finally a scaling. The 

same operations are reversed for the inverse wavelet transform using lifting. When 

compared with the standard implementation, there is significant reduction in 

computational complexity when implementing a lifting-based DWT [28]. In some cases, 

the number of operations can be reduced by a factor of two. Hence a lifting-based 

strategy is employed when implementing a DWT in this thesis. 
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Figure 2.5: Wavelet transform using lifting, (a) Analysis stage, (b) Synthesis stage. 

2.3.2 3-D Discrete Wavelet Transform 

The 2-D wavelet transform can be further extended to a 3-D wavelet transform 

along the time direction for a video sequence. The 3-D wavelet decomposition is 

computed by first applying 1-D transform along the temporal dimension until the 
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required number of temporal decomposition levels is obtained and then performing the 2-

D transform on each temporal-transformed frame up to the desired number of spatial 

decomposition levels. The temporal decomposition is based on the group of pictures 

(GOP) concept. In order to have a better understanding, let W^ Wy, and Wr denote the 

wavelet transforms along the two spatial (X9 Y) directions and one temporal T direction, 

respectively. The 3-D wavelet packet transform has a pattern of 

(Wj...Wr)(WxWy...WjWy). Figure 2.6 illustrates a total of 21 subbands obtained from 

the two-level 3-D wavelet packet transform. Two levels of temporal decompositions are 

applied on the GOP, followed by two levels of spatial decompositions applied on each 

temporal-transformed frame. 

Figure 2.6: A two-level 3-D wavelet packet transform [29]. 
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2.4 EZW Compression 

The introduction of the embedded wavelet zerotree image coding techniques 

developed by Shapiro made a major breakthrough under the transform-coding framework, 

and has generated a significant improvement in performance compared to previous image 

coding methods [30]. Zerotrees allow an efficient coding technique of coefficients that 

will result in embedded coding. According to Shapiro, the EZW algorithm is based on 

three key concepts: 1) exploiting the self-similarity inherent in the wavelet transform to 

predict the significant information across scales, 2) successive approximation 

quantization of the wavelet coefficients, and 3) lossless compression using adaptive 

arithmetic coding. 

To better explain the procedures involved in the encoding of the significance map 

in EZW, a flow diagram is illustrated in Figure 2.7. There are four symbols used in the 

algorithm: 1) a positive significant coefficient, 2) a negative significant coefficient, 3) a 

zerotree root, and 4) an isolated zero. Each coefficient will be assigned one of these four 

values. A zerotree root is defined as an insignificant coefficient for which all of its 

descendants are also insignificant. Additionally, an isolated zero is an insignificant 

coefficient as well, but the difference is that it has significant descendants. The zerotree 

is based on the hypothesis that if a wavelet coefficient at a coarse scale is insignificant 

with respect to a given threshold T9 then all wavelet coefficients of the same orientation 

in the same spatial location at finer scales are likely to be insignificant with respect to T. 

A wavelet coefficient c is said to be insignificant with respect to a given threshold T if 

Id < T . As a result, once a zerotree root has been encoded, all the descending 
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coefficients in the higher frequency subbands can be discarded, since they are predicted 

to be insignificant according to the hypothesis. 

The EZW algorithm then uses the bit plane coding method to encode the tree 

structure, yielding a fully embedded bitstream. The coding algorithm is typically 

performed in two passes: a dominant pass where significant coefficients are identified 

and a subordinate pass where such coefficients are refined. With an embedded bitstream, 

the encoder can terminate the encoding at any point, thus allowing a target rate or a 

distortion metric to be met exactly. Similarly, given a bitstream, the decoder can cease 

decoding at any point in the bitstream, and produces reconstructions corresponding to all 

lower-rate encodings. This property of being able to terminate the encoding or decoding 

of an embedded bitstream at any specific point is extremely useful in systems that are 

either rate or distortion constrained. Furthermore, this technique achieves excellent 

results with absolutely no training, no pre-stored tables or codebooks, and no prior 

knowledge of the image source. 

Since its invention in 1993, many enhancements have been proposed to make the 

EZW algorithm more robust and efficient. An improved version of the EZW coding 

algorithm, called SPIHT proposed by Said and Pearlman [31], is one of the most well 

known EZW derivatives. SPIHT adopts a similar concept as that of the zerotree structure 

of EZW but with a different parent-children relationship. According to Said and 

Pearlman, results produced from the SPIHT coding algorithm in most cases surpass those 

obtained from EZW due to the order of coding procedure and widely associated tree 

structure. The details of the 2-D and 3-D SPIHT algorithm will be described in the 

following section. 
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Figure 2.7: Flow chart for encoding a coefficient of the significance map. 
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2.5 SPIHT Algorithm 

2.5.1 2-D SPIHT 

In 1996, Said and Pearlman proposed a more efficient representation of the EZW 

algorithm, referred to as SPIHT [31]. SPIHT is a fully embedded wavelet coding 

algorithm known for its low computational complexity and excellent performance. This 

algorithm is very similar to Shapiro's original work. It essentially exploits the inherent 

similarities across the subbands in a wavelet decomposition of an image. Additionally, it 

generates an embedded bitstream which incorporates the concepts of ordering the 

coefficients by magnitude and transmitting the most significant bits first. This 

progressive property of SPIHT makes it adaptive to channel capacity fluctuation under 

time-varying network conditions. 

In the SPIHT algorithm, the image is first decomposed into a number of subbands 

by means of hierarchical wavelet decomposition as previously mentioned in section 2.3.1. 

The subband coefficients are then grouped into a tree structure known as a spatial 

orientation tree, which efficiently exploits the correlation between the frequency bands. 

Figure 2.8 illustrates the spatial orientation tree structure defined with two levels of 

wavelet spatial decomposition. The arrows in Figure 2.8 indicate the parent-children 

relationship in subband pyramid. The start of the arrow line is the parent coefficient, and 

the end of arrow indicates four children coefficients. 

The tree structure is defined in such a way that each node consists of 2 x 2 

adjacent wavelet coefficients, and each coefficient inside the node, except for those in the 

lowest frequency subband, has either no descendants (the leaves) or four descendants of 

the same spatial orientation in the next higher frequency subband. However, the 
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offspring branching rule is different for the lowest frequency subband (the tree roots), 

where one of the coefficients in each node, indicated by the star in Figure 2.8, has no 

descendants. Hence, the parent-offspring linkage, with the exception of the highest and 

lowest frequency subbands, can be defined as follows: 

0(i, j) = {(2i,2./), (2/,2y +1), (2/ +1,2./), (2/ + 1,2./ +1)} (2.1) 

where 0(ij) represents a set of coordinates of all the offspring of the wavelet coefficient 

at location (z, j). 

* • 

I \ 

• 

\ 

yy \ 

Figure 2.8: Parent-offspring dependency in 2-D SPIHT. 

Once the spatial orientation tree structure has been defined, the next step is to 

encode the wavelet coefficients to create an embedded bitstream. The SPIHT algorithm 

codes a wavelet by transmitting information about the significance of a wavelet 
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coefficient. A magnitude test is performed to decide whether a coefficient is significant 

or not. A coefficient is regarded as "significant" if its magnitude is greater than or equal 

to a given threshold; otherwise, it is called "insignificant". This set-partitioning test 

approach is based on the idea that, with a spatial orientation tree, if the magnitude of a 

parent coefficient in the lower frequency subband is insignificant, it is highly likely that 

the magnitudes of its descendants are also insignificant. Additionally, the aim is to locate 

the significant bits in each bit plane of the wavelet coefficients with the minimum tree 

cost; therefore, it is important to implement an efficient search algorithm. 

SPIHT employs the breadth first search (BFS) algorithm [32]. In other words, the 

search always begins from the highest energy bit plane level and continues down to the 

lowest energy bit plane. The scanning pattern of the subbands in a three-level transform 

can be demonstrated in Figure 2.9. For a three-level transform, the scan begins from the 

lowest frequency subband, denoted as LL3, and scans subbands HL3, LH3, and HH3, at 

which point it then continues on to the next level and so on. To generalize this for an TV-

level transform, the scan starts at LL̂ v, and scans HLN, LH^, and HH^ in this pattern. It 

then moves on to level (N-l) and the same pattern is applied. The scanning operation is 

performed in this fashion until we reach the highest frequency subband. Each coefficient 

within a given subband is scanned before any coefficient in the next subband. Moreover, 

the scanning of the coefficients is performed in such a way that no child node is scanned 

before its parent. 

In a practical implementation, the search path at every traversal of a bit plane is 

stored in three ordered lists in terms of types of the branches and the significance of the 

wavelet coefficients: a list of insignificant sets (LIS), a list of insignificant pixels (LIP), 

26 



and a list of significant pixels (LSP). In all three lists, each entry is identified by a 

coordinate (/, j). 

L/L/T, j i - L ^ 

* 
LH3 

LH 

HH, 

/ 

HL2 

/ 

HH2 

LHi / 

HL! 

HHj 

w 

Figure 2.9: Scanning order of subbands for encoding a significance map. 

The coding algorithm consists of the following three stages: initialization, sorting 

pass, and refinement pass. At the initialization stage, the coordinates of all the 

coefficients in the lowest frequency subband are added to the LIP; the coordinates of all 

the coefficients in the lowest frequency subband, with the exception of those which do 

not have descendants, are added to the LIS; and LSP is set as an empty list. In addition, 

the initial threshold Tis set to equal to 2n, and n is defined as follows: 

^ L l o g ^ m a x ^ c J } ) ] (2-2) 

where c, represents the wavelet transform coefficient at coordinate (/, j). 

27 



During the sorting pass, the coding algorithm first begins to sort all the elements 

in the LIP then in the LIS. Each wavelet coefficient inside the LIP is examined. If a 

coefficient becomes significant or \ctJ\ > 2", its sign is coded and its coordinate is 

moved to the LSP; otherwise, the coefficient remains in the LIP and no more bits are 

generated. Similarly, the sets in the LIS are sequentially evaluated. When a set is found 

to be significant in the LIS, it is removed from the list and partitioned into several new 

subsets and isolated coefficients. These isolated coefficients are examined again for 

significance. The new subsets with more than one element are added back to the end of 

the LIS, whereas the single-coordinate sets are added to the end of the LIP or the LSP, 

depending on whether they are insignificant or significant, respectively. This basically 

means that the significant coefficients are added to the end of the LSP, while the 

insignificant coefficients are added to the end of the LIP. 

After the sorting pass, the next step is to perform the refinement pass. The 

refinement pass refines the entries found in the LSP, except for those coefficients added 

in the most recent sorting pass, with one additional bit of precision. After the first 

iteration, the significance threshold is divided by two (n is decremented by one), and 

these two passes (sorting and refinement) are applied again at the lowered threshold. The 

process continues through successive halving of the threshold until a specified rate 

constraint or a distortion requirement is reached. 

The overall 2-D SPIHT encoding process is illustrated in Figure 2.10. The block 

diagram in Figure 2.10 shows that an original image is first passed through a wavelet 

transform, and the resulting wavelet coefficients are then grouped into a spatial 

orientation tree. In the next stage, the wavelet coefficients in each spatial orientation tree 
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are encoded in the sorting and refinement phases to create an embedded bitstream. The 

output bitstream is then further compressed with an entropy encoder to produce the final 

bitstream. 
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Coding 
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Figure 2.10: SPIHT coding process. 

Motivated by the outstanding performance of the 2-D SPIHT method in image 

compression, researchers have extended the concept to 3-D for video coding, which will 

be discussed in the next sub-section. 

2.5.2 3-D SPIHT 

The 3-D SPIHT scheme used for video coding is extended from the 2-D SPIHT, 

and is shown to have low complexity and high compression efficiency [33],[34]. 

Similarly, it is a wavelet-based coding algorithm, adopting the parent-children tree 

structure and bit plane coding. The sorting and refinement stages in the 3-D SPIHT 
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algorithm are similar to that of the 2-D SPIHT case, except 3-D SPIHT uses 3-D instead 

of 2-D tree sets. 

In the 3-D SPIHT algorithm, the first step is to apply wavelet transform on a 

number of consecutive frames called GOP in both spatial and temporal domains. As we 

recall from section 2.3.2, the 3-D wavelet decomposition is computed by first applying a 

1-D transform in the temporal dimension until the required number of temporal 

decomposition levels is obtained, and then performing the 2-D transform on each 

temporal-transformed frame up to the desired number of spatial decomposition levels. It 

is important to choose a suitable size for the GOP, since it has an immediate effect on the 

compression algorithm. Generally, a larger GOP results in better R-D performance, but 

requires longer coding delay and more memory [35] which may be unacceptable in real

time video applications. With smaller GOP sizes, the boundary effect becomes 

significant, that is the peak signal-to-noise ratio (PSNR) values decrease somewhat 

abruptly at the GOP boundaries [36]. As a result, this can potentially degrade the overall 

coding performance. The dip in PSNRs at the GOP boundaries will be discussed in 

further details in the next chapter. It has been demonstrated in [35] that a reasonable 

choice for the GOP size would be 16 frames. In our experimental setup, we also choose 

16 frames in each GOP. 

After the 3-D wavelet decomposition, the wavelet coefficients are then grouped 

into a 3-D tree structure. Figure 2.11 demonstrates the tree structure of the spatio-

temporal (s-t) relation for the 3-D SPIHT compression algorithm. The extension from the 

2-D case is to form a node in 3-D SPIHT as a cube consisting of 2 x 2 x 2 adjacent 

wavelet coefficients, and each coefficient inside the node, except for those in the highest 
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and lowest frequency subbands, has eight descendants in the next higher level. However, 

the offspring branching rule is different for the lowest frequency subband, where one of 

the coefficients in each node has no descendants. Hence, a simple extension of the 

parent-offspring linkage to 3-D hierarchical tree, except at the highest and lowest 

frequency subbands, can be defined as the following: 

0(i9j9k) = {{2i92j92k)9(2i92j + \92k)9 (2.3) 

(2/ +1,2 j 92k)9 (2/ + l,2y +1,2*), 

(2i92j92k +1), (2/ + l,2y,2A: +1), 

(2/,2y +1,2* +1), (2/ +1,27 +1,2* +1)} 

where 0{i9 7, *) represents a set of coordinates of all the offspring of the wavelet 

coefficient at location (z, 7, * ) . 
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Figure 2.11: Spatio-temporal orientation tree for 3-D SPIHT [36]. 

Furthermore, the coding procedure of the 3-D SPIHT is similar to that of the 2-D 

SPIHT: initialization, sorting pass, and then refinement pass. The only difference 

between 2-D and 3-D is the sorting of the tree structure. A video compression coding 

system based on 3-D SPIHT showing the encoding and decoding procedures is illustrated 

in Figure 2.12. The block diagram in Figure 2.12 consists of three parts: 3-D wavelet 

transform, 3-D SPIHT coder, and entropy coding. The basic procedure is that a segment 

of a video sequence to be coded is first subband transformed. After 3-D DWT 

transformation, the 3-D SPIHT algorithm is applied to the resulting multiresolution 

pyramid. Then, the entropy encoder can be selectively used to further compress the 

output bitstream. The decoder does exactly the same operations but in the opposite 
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direction: entropy decoding, then 3-D SPIHT decoding, and finally inverse wavelet 

transformation. 

This efficient source coding capability along with many desirable features, such 

as its full embeddedness for progressive transmission and low computational complexity, 

make the 3-D SPIHT an attractive candidate for multimedia applications. 
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Figure 2.12: 3-D SPIHT video coding system. 

2.6 STTP-SPIHT 

As we described from the previous section, the 3-D SPIHT coder has proved its 

efficiency and its real-time capability in video compression. However, one major 

drawback of the 3-D SPIHT algorithm is that the encoded bitstreams are extremely 

sensitive to data losses due to the dependence among wavelet coefficients in constructing 
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a significance map. A single-bit transmission error may lead to a loss of synchronization 

between the encoder and decoder execution paths, which would lead to a total collapse of 

decoded video quality. In other words, when a single bit error occurs in a bit conveying 

significance of a wavelet coefficient or a set of wavelet coefficients, the decoding 

algorithm deviates from the encoder's execution path, giving erroneously decoded data 

beyond the point of the error. Therefore, it is very important to improve the error-

resilience in the 3-D SPIHT algorithm so that we can achieve robust video transmission 

over packet loss channels. 

In recent years, numerous sophisticated MD video coders have been proposed in 

the literature to make video transmission resilient to channel errors. In this section, we 

will specifically present a very successful domain-partitioning based MD coding 

algorithm called STTP-SPIHT, and it provides the basis for our thesis. Cho and 

Pearlman developed the STTP-SPIHT coding scheme, derived from Creusere's earlier 

work with images [14],[15], for partitioning the 3-D wavelet transform coefficients into 

independent coding units, so that an error in any one unit does not affect the others 

[18],[19]. This method efficiently exploits the spatial similarity inside each frame as well 

as the temporal similarity between frames. 

The STTP-SPIHT coding method has been proven to provide excellent results in 

both noisy and noiseless channel conditions while preserving all the desirable properties 

of the 3-D SPIHT algorithm. The basic concept of this error resilient video compression 

algorithm is to partition the 3-D wavelet coefficients into some number P of different 

groups according to their spatial and temporal relationships, and each group is then 
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independently encoded using the 3-D SPIHT algorithm to create P independent 

embedded 3-D SPIHT substreams. 

In Figure 2.13, we demonstrate an example of partitioning the 3-D wavelet 

transform coefficients into four independent groups (P = 4), denoted by 'a', 'b' , 'c ' , and 

'd', and each group retains the same spatial-temporal tree structure as the 3-D SPIHT 

algorithm. The s-t blocks represented by 'a', 'b ' , 'c\ and 'd' correspond to the top left, 

top right, bottom left, and bottom right portions of the image sequences, respectively. 

Each of these s-t blocks is then independently encoded using the 3-D SPIHT algorithm, 

so that four independent embedded 3-D SPIHT substreams are created. Furthermore, 

these four bitstreams are interleaved in blocks to produce the final embedded STTP-

SPIHT bitstream. The advantage of coding the wavelet coefficients with multiple and 

independent bitstreams is that a single bit error affects only one of the P substreams while 

the others are received unaffected. This basically implies that any decoding failure in one 

substream only affects the associated s-t region in the GOP rather than the full extent of 

GOP. Thus, the wavelet coefficients represented by a corrupted bitstream are 

reconstructed at reduced accuracy, and those represented by the error-free streams are 

reconstructed at full encoder accuracy. As we can see, this substantially increases 

channel error robustness over a wide range of bit error rates. 
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Figure 2.13: Structure of the 3-D STTP-SPIHT video compression algorithm [19]. 
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2.7 Summary 

DWT has gained widespread acceptance as a transform tool used in compression 

algorithms due to its characteristics of multiresolution analysis and nonblock-based 

analysis, which are different from the conventional transforms such as the DCT. The use 

of DWT in image coding applications has become much more interesting after Shapiro 

proposed his popular zerotree structure. Furthermore, the wavelet zerotree image coding 

technique provided the basis for the development of the 2-D and 3-D SPIHT algorithms. 

Later, Cho and Pearlman proposed the STTP-SPIHT method which is more robust 

against channel bit errors in comparison to the 3-D SPIHT algorithm, and this coding 

method has direct relevance to our thesis. 

In the next chapter, we extend upon Cho and Pearlman's work [19], and propose a 

domain-partitioning based video coding algorithm which is more resilient to random 

channel bit errors. 
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Chapter 3: Proposed Algorithm 

3-1 Introduction 

In the previous chapter, we presented some useful background information which 

included the DCT-based hybrid video coding, the wavelet transform, the 3-D SPIHT 

algorithm, and the STTP-SPIHT coding scheme. In this chapter, we will present our 

proposed domain-partitioning based MD video coding algorithm which is derived from 

the STTP-SPIHT coding algorithm [19] presented in section 2.6. Although the STTP-

SPIHT coding method achieves higher resilience against random channel bit errors when 

compared to the 3-D SPIHT algorithm, it is still quite susceptible to very early decoding 

failure, which results in one or more small regions with lower resolution than the 

surrounding area. In some cases, these artifacts occur in an important region causing 

visual discomfort. To avoid this, early decoding errors should be prevented so as to 

guarantee a minimum quality of the whole region. 

As we recall from our previous discussions of the 3-D SPIHT algorithm in 

chapter 2, the earlier parts of the SPIHT-encoded bitstream contribute most to the 

reconstructed picture quality, and the later parts of the bitstream cannot be decoded 

without the earlier parts. Hence, the earlier parts of the bitstream for each GOP are much 

more important than the later parts. In other words, the wavelet coefficients inside the 

root subband are the most important among all the other coefficients since that is where 
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most of the signal energy is concentrated. A small error in the estimation of missing 

coefficients in the root subband may have a large impact on the overall distortion. 

Therefore, it is crucial to carefully protect these wavelet coefficients against transmission 

errors, and one common approach to achieve this goal is to inject additional redundancy 

into the multiple substreams or descriptions of the encoded original video sequence. 

Using these observations, we attempt to improve upon the STTP-SPIHT algorithm by 

intentionally inserting a certain amount of redundant data to protect those wavelet 

coefficients in the root subband, and this redundant information along with the correctly 

received substreams are then used to recover the missing coefficients of the root subband 

at the receiver side. However, redundant data also requires more bits to encode which 

results in reduced coding efficiency. Thus, our primary objective in designing our 

proposed MD video coder is to minimize redundancy while meeting an end-to-end 

distortion requirement that takes transmission loss into account. 

We will focus on describing three specific design issues associated with our 

proposed video coding algorithm, and these issues will be discussed in further details in 

the following sub-sections: 

1) The methods used to efficiently insert the additional redundancy in the MD coder 

so that the important wavelet coefficients in the root subband are well protected 

against transmission errors. 

2) The modifications made to the implementation of the conventional 3-D SPIHT 

encoder and decoder in order to accommodate for the additional redundancy that 

is inserted into the multiple substreams. 
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3) The recovery mechanism used to recover the missing coefficients in the root 

subband at the decoder side. 

3.2 System Overview 

Before we proceed to the discussion of our proposed framework, we should 

describe the notations and assumptions which will be used throughout this chapter: 

• For the purpose of all the illustrations and equations in this chapter, we choose to 

demonstrate the simplest scenario where four different substreams (P = 4) are 

created at the encoder. Furthermore, we assume that each GOP consists of 

sixteen frames (for the reasons stated in section 2.5.2), and the frames are 

spatially and temporally decomposed by three levels of wavelet decompositions. 

We also note that it is certainly possible to have higher values of P9 and we will 

illustrate the cases of P = 4 and P = 10 in our simulation results in the next 

chapter. 

• Let the symbol WCm represent the root subband, where JVC denotes the wavelet 

transform coefficients resulting from an s-t wavelet transform. The root subband 

is defined by the shaded gray area illustrated in Figure 3.1, which is composed of 

the lowest s-t frequency subband in a GOP. The root subband can also be referred 

to as the approximation subband (as mentioned in section 2.3.2). Hence, the 

wavelet transform coefficients for the four independent groups (P = 4) are 

represented by WCa, WCb, WCC, and WCd . 
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We create a new redundant data set using predictive coding, denoted by R , Rei, 

Re3, and Re4. 

We create another redundant data set which uses the predictive coding with a sub-

pixel correction shift, denoted by S , S , S , and S . 

JVC 

Figure 3.1: Illustration of the root subband. 

A general framework of our proposed MD video coding method can be illustrated 

in Figure 3.2. In this framework, we implemented two additional features: insert 

redundant data at the encoder side and root subband recovery at the decoder side. The 

sixteen-frame segments are sequentially processed by the 3-D wavelet transform which 

consists of a temporal transformation followed by a spatial transformation (t + 2D 
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structure). This basically means that all levels of temporal transformation are performed 

first on the GOP, and the spatial transformation is then applied to each temporal-

transformed frame. After the subband/wavelet transformation, the next stage is to 

partition the 3-D wavelet transform coefficients into some number P of different groups 

according to their spatial and temporal relationships. We then intentionally insert 

redundant information into each group in order to protect those wavelet coefficients in 

the root subband. Each group is encoded independently using the modified 3-D SPIHT 

algorithm, so that P independent embedded 3-D SPIHT substreams are created. The P 

substreams are then interleaved in appropriate fixed size units, such as packets, prior to 

transmission. We note that the implementation of the conventional 3-D SPIHT encoder 

and decoder has to be modified to account for the additional redundancy. We will 

describe the implementation details of the modified 3-D SPIHT coder used in our 

proposed algorithm in the next section. After transmitting the packets across noisy 

channels, the interleaved bitstream will be first de-interleaved, and each substream is 

decoded independently using the modified 3-D SPIHT decoder. By using the additional 

redundant data, the root subband recovery technique is then applied to recover the 

missing coefficients in the lost subbstream. After the substreams have been 

independently decoded, the decoded wavelet coefficients are reordered according to their 

spatial and temporal relationships. Finally, the inverse 3-D wavelet transformation is 

applied to produce the final reconstructed GOP. 
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Figure 3.2: General framework of proposed MD video coding method. 
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In the next section, we will discuss the design of our proposed MD video coder in 

further detail which includes domain partitioning, the use of predictive coding and sub-

pixel shifted predictive coding to efficiently insert the redundant data into the multiple 

substreams of the encoded original video sequence in order to protect the root subband 

against transmission errors, the modifications made to the conventional 3-D SPIHT 

encoder and decoder so that the coder can incorporate the redundant information, and 

finally the root subband recovery technique used at the receiver side to recover the 

missing coefficients in the lost substream. 

3.3 Error Resilient Multiple Description Coder 

3.3.1 Domain Partitioning 

In our proposed domain-partitioning based MD video coding algorithm, we first 

partition the 3-D wavelet transform coefficients JVC into P different groups according to 

their spatial and temporal relationships, which uses the same partitioning rule as that of 

the STTP-SPIHT coding method [19]. An example of partitioning the wavelet transform 

coefficients JVC into four different groups (P = 4) is illustrated in Figure 3.3. As we 

mentioned earlier in our system overview, we choose to only illustrate the case of P = 4 

for simplicity. The four independent groups are denoted by WCa, WCb, WCC, and WCd , 

and each of which retains the s-t tree structure of 3-D SPIHT [19]. The 3-D SPIHT video 

compression algorithm is just the case when P = 1. In the case of P = 10, the spatial 

dimensions of the root subband is 5 x 2 instead of 2 x 2. As was mentioned previously in 

chapter 2, by coding the wavelet coefficients with multiple and independent substreams, 
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the errors in any one of the P substreams are isolated and do not affect the other 

substreams. Additionally, missing coefficients in one lost substream can be estimated at 

the decoder from the other correctly received substreams. 

Each substreams has its own SPIHT header information. These headers are 

necessary for the receiver to decode the substreams correctly, and should be carefully 

protected from channel errors. The header information for each substream includes the 

following: the initial thresholds of video data and redundant data, the spatial and 

temporal decomposition levels, the dimensions of WC9 and the number of substreams P 

and the substream index. Moreover, as the number of substreams P is increased, the total 

size of the header information is also increased. In the case of lower bit rates, the 

increasingly significant size of overhead information compared to data information will 

be detrimental to video quality. One possible resolution is to use the concept of a global 

header [19]. Using this idea, we can place the common parameters in the global header. 

The benefit of using the global header is to reduce the overall size of the overhead 

information and to enable the encoder to use more bits to encode video sequence at the 

same bit rate. We assume in our thesis that the global header is received correctly at the 

decoder. 
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Figure 3.3: An example of partitioning the 3-D wavelet transform coefficients into 
four independent groups (P = 4). 
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3.3.2 Redundancy Insertion using Predictive Coding 

In the next stage, we need to insert the redundant information into each substream 

of the original video sequence in order to protect the important wavelet coefficients in the 

root subband JVCRS from channel errors. Typically, in a video sequence, the values of 

adjacent wavelet coefficients inside the approximation subband of each frame are highly 

correlated, and hence we can obtain a great deal of information about a coefficient value 

by inspecting its neighbouring coefficient values. This property is exploited in predictive 

coding where an attempt is made to predict the value of a given coefficient based on the 

values of its surrounding coefficients. Therefore, we propose to apply the concept of 

predictive coding [37]-[40], also known as differential coding, to calculate the redundant 

data set in our proposed algorithm, since this prediction method is computationally 

simple and efficiently exploits the inherent spatial correlation inside each frame to 

estimate the missing wavelet coefficients at the decoder. Essentially, predictive coding 

removes spatial redundancy between the adjacent coefficients inside each frame, and only 

encodes the difference between the neighbouring coefficients, referred to as the 

prediction error. The prediction errors tend to have a smaller dynamic range than that of 

the original coefficient values, and hence can be coded more efficiently [41]. As a result, 

we decide to insert the prediction error as the redundant information into the multiple 

substreams. The predictive coding concept is based on the principle that there is 

significant correlation among the neighbouring coefficients within each frame. Thus, at 

the receiver side, we can use the prediction residual along with the other correctly 

received substreams to predict the missing coefficients in the root subband of the lost 

substream. 
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In Figure 3.4, we illustrate three configurations used in our thesis to determine the 

prediction error, but other configurations are certainly possible as well. Again, for 

simplicity, we show the case for four different groups (P = 4). We specifically choose 

these three configurations so that all directions (horizontal, vertical, and diagonal) are 

considered when calculating the difference between adjacent coefficients inside each 

frame. The characters 'a', 'b ' , V , and 'd' represent those wavelet transform coefficients 

in the root subband. In addition, the arrows indicate how we perform subtraction 

between the two neighbouring coefficients. As we can clearly see from Figure 3.4, 

configurations 2 and 3 have a definite advantage over configuration 1 in their ability to 

reconstruct the missing coefficients in the root subband when both substreams a and b are 

lost or when both substreams c and d are lost due to transmission errors. One potential 

disadvantage of configuration 3 is that there is probably going to be less correlation 

between neighbouring coefficients in the diagonal directions because of the longer 

distance between them. 

Configuration 1 

a -j • b 

c \ • d 

Configuration 2 

a • b 

I 1 
c < d 

Configuration 3 

Figure 3.4: Three configurations used to determine the prediction error for the case 
of four independent groups (P = 4). 
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In configuration 1, the redundant data set, represented by R^1, i?e
a, 7?e

cl, and R^1, 

can be obtained by taking the difference between two adjacent groups of wavelet 

coefficients in the horizontal direction as indicated by the arrows: 

R™ = WCf -WCf (3.1) 

R™ = wCf - WCf 

Rc
e
l = WCf - WCf 

R™ = WCf - WCf 

where characters 'a', 'b ' , 'c ' , and 'd' represent the wavelet coefficients with spatial and 

temporal relationships as defined in Figure 3.3. 

Similarly, in configuration 2, the redundant data set can be obtained by taking the 

difference between two adjacent groups of wavelet coefficients in the horizontal or 

vertical direction: 

R^2=WCf-WCf (3.2) 

R^2 = WCf -WCf 

Rc
e
2 =wcf -WCf 

Rc
e
2 =wcf -WCf 

Finally, in configuration 3, the redundant data set can be obtained by taking the 

difference between two adjacent groups of wavelet coefficients in the horizontal or 

diagonal direction: 
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R^=WCf-WCf (3.3) 

R™ = WCf - WCf 

R^ = WCf -WCf 

R^3 = WCf -WCf 

3.3.3 Redundancy Insertion using Predictive Coding with Sub-Pixel Correction 

Shift 

We can further exploit the spatial correlation between neighbouring wavelet 

coefficients in each frame by making a modification to the calculation of prediction error, 

as stated above in section 3.3.2. This can be accomplished by performing a sub-pixel 

shift, in the direction of the arrows illustrated for the different configurations in Figure 

3.4, on one group of coefficients prior to calculating the difference between two 

independent groups. For example, in configuration 1, before we take the difference 

between groups 'b' and 'a' in the horizontal direction, we first perform a horizontal half-

pixel shift on group 'a'. Since the four independent groups 'a', 'b' , 'c ' , and cd' are sub-

sampled versions of the approximation subband, illustrated in Figure 3.5, a horizontal 

full-pixel shift in the approximation subband is equivalent to a horizontal half-pixel shift 

in the context of sub-sampled results. Similarly, in configuration 2, we can perform a 

vertical half-pixel shift when taking the difference between two different groups in the 

vertical direction. In configuration 3, the correction shift will be larger than half since the 

length in the diagonal direction is longer than that of the horizontal and vertical directions. 

Hence, we obtain another set of redundant data, represented by S. Furthermore, we will 
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call the sub-pixel shifted versions of configurations 1, 2, and 3 as configurations 4, 5, and 

6, respectively. 

a b a b a b a b 
c d c d c d c d 
a b a b a b a b 
c d c d c d c d 
a b a b a b a b 
c d c d c d c d 

Approximation Subband 

a a a a b b b b 
a a a a b b b b 
a a a a b b b b 
a a a a b b b b 

c c c c d d d d 
c c c c d d d d 
c c c c d d d d 
c c c c d d d d 

Divided into 4 Different Groups (P = 4) 

Figure 3.5: Sub-sampling of the approximation subband. 

In configuration 4, the new redundant data set, denoted by S , S , Se^ , and 

Se4 , can be calculated by taking the difference between one group of wavelet 

coefficients and its sub-pixel shifted neighbouring group of wavelet coefficients in the 

horizontal direction: 

Sf4 = WCf - horizontal _ half _ pixel _ shift(WCf) (3.4) 

Sc
e* = WCf - horizontal _ half _ pixel _ shift(WCf) 
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S^ = WCf - horizontal _ half _ pixel _ shift (JVC f) 

S^4 = WCf - horizontal _ half _ pixel _ shift (WCf) 

where the characters 'a', 'b' , 'c ' , and 'd' represent the wavelet coefficients with spatial 

and temporal relationships as defined in Figure 3.3. 

Similarly, in configuration 5, the new redundant data set S can be calculated by 

taking the difference between a group of wavelet coefficients and its sub-pixel shifted 

neighbouring wavelet coefficients in the horizontal or vertical direction: 

5 e " = WCf - horizontal _ half _ pixel _ shift(WCf ) (3-5) 

S « = WCf - vertical _ half _ pixel _ shift (WCf ) 

S^5 = WCf - vertical _ half _ pixel _ shift (WCf ) 

Sf5 = WCf - horizontal _ half _ pixel _ shift (WCf) 

Finally, in configuration 6, the new redundant data set S can be calculated by 

taking the difference between a group of wavelet coefficients and its sub-pixel shifted 

neighbouring wavelet coefficients in the horizontal or vertical direction: 

S^6 = WCf - horizontal _ half _ pixel _ shift (WCf ) (3.6) 

S£6 = WCRS _ diagonal _ sub _ pixel _ shift {WCf) 

S^6 = WCf - horizontal _ half _ pixel _ shift (WCf) 

5 ce = WCRS _ diagonai _ sub _ pixd _ shift (WQf ) 
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In both redundancy insertion methods described above, the prediction residual 

along with the multiple substreams are sent to the decoder for reconstruction of the video 

sequence. In the next chapter, we will perform a comparative analysis of the 

experimental results obtained by utilizing the two different redundant data sets R and S in 

the noiseless and noisy environments. Figure 3.6 demonstrates the basic structure of our 

proposed domain-partitioning based MD video coding algorithm. As we can see from 

Figure 3.6, the wavelet transform coefficients inside the redundant data set have no 

descendants along the spatial or temporal directions, since these wavelet coefficients are 

generated by the coefficients inside the root subband. Due to the additional redundancy 

inserted into the different substreams, we must modify the conventional 3-D SPIHT 

encoder and decoder to accommodate this change. In the next section, we will describe 

the implementation details of our modified 3-D SPIHT coder. 
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Figure 3.6: Structure of the proposed MD video coder. 
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3.3.4 Modified 3-D SPIHT Coder Implementation 

The 3-D SPIHT algorithm is applied to the different groups of wavelet transform 

coefficients so that P independent embedded 3-D SPIHT substreams are created. Since 

we have inserted additional redundant data to protect the root subband in each substream, 

we must modify the 3-D SPIHT encoder to accommodate this change. Conventionally, 

the 3-D SPIHT algorithm is applied only to those wavelet coefficients from the original 

video sequence. However, in our proposed MD coding algorithm, we modified the 3-D 

SPIHT encoder so that the 3-D SPIHT algorithm is applied to not only the wavelet 

coefficients in the original video sequence WC, but also to the wavelet coefficients in the 

redundant data, either R or S9 as shown in Figure 3.6. This additional redundant 

information is intentionally inserted into the multiple substreams to improve the 

resilience against transmission errors. 

As we stated earlier in section 2.5.2, the 3-D SPIHT encoder maintains three 

ordered lists for the wavelet coefficients in the original video sequence WCX where 

xE {a9b9c9d): a LIS, a LIP, and a LSP. We now modify the 3-D SPIHT encoder so that 

it maintains three additional ordered lists specifically designated for the wavelet 

coefficients in the redundant data Rx or Sx where xe {el9e29e39e4}: a LIS, a LIP, and a 

LSP. Similar to the conventional 3-D SPIHT algorithm, the modified version of the 3-D 

SPIHT encoder also consists of the following three stages: initialization, sorting pass, 

and refinement pass. At the initialization stage, the three ordered lists for the wavelet 

coefficients in WCX and the extra three ordered lists for the wavelet coefficients in Rx or 

Sx are all initialized in the same manner as the 3-D SPIHT algorithm, described in 
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section 2.5.2. In addition, the initial threshold n of the modified 3-D SPIHT encoder is 

now defined as follows for the redundant data set Rx: 

n=max(nWC9nR) (3.7) 

or for the redundant data set Sx 

n = max(nwc 9ns ) (3.8) 

where nwc , nR , and ns represent the initial thresholds for groups WCX, Rx, and Sx, 

respectively. The threshold n is simply the larger of nwc and nR . In the next step, we 

apply the sorting and refinement passes to the groups WCX and Rx separately so that the 

multiple groups are encoded independently at the same bit rate. After each pass, the 

bitstreams generated for the coefficients in Rx is concatenated to the end of the 

bitstreams generated for the coefficients in WCX. The refinement pass is performed in 

the same fashion where it refines the entries found in the LSP, except for those 

coefficients added in the most recent sorting pass, with one additional bit of precision. 

Similarly, once the refinement pass has completed, the current threshold is divided by 

two (n is decremented by one), and the sorting and refinement passes are applied again at 

the lowered threshold. The process continues through successive halving of the threshold 

until a specified rate constraint or a distortion requirement is reached. 
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3.3.5 Root Subband Recovery 

In this section, we will describe our root subband recovery algorithm at the 

decoder side. Due to transmission errors, we will sometimes lose a part or all of a 

substream. For example, let us consider a scenario where we lose an entire substream 

due to an early decoding error. As a result, all the wavelet transform coefficients in this 

particular substream are rendered useless, and hence they will all be set to zero. To 

restore most or all of the missing coefficients in the root subband of this one lost 

substream, we must use the other three correctly received substreams along with the 

redundant information, either R or S as discussed above in sub-sections 3.3.2 and 3.3.3. 

Mathematically, for configuration 1, we can recover the missing coefficients in the root 

subband of any corrupted substream by performing the following calculations: 

WCf =R™ +WCf 

WCf = R? +WCf 

WCf =i?f +WCf 

WCf =R^1 +WCf 

(3.9) 

/ / 
where WCRS = j WCf , WCf , WCf , WCf [ and R? = j R™ , R™ , R™ ? R™ 

represent the four different groups and the redundant data set reconstructed from the 

received substreams, respectively. 

Similarly, the missing coefficients in the root subband of lost substream can be 

recovered by the following calculations for configuration 2: 
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WCf =R™ +WCf 

WCf =R" +WC*S 

WCf =R™ +WCf 

WCf =R™ +WCf 

(3.10) 

For configuration 3: 

WCf =R™ +WCf ( 3 - U ) 

WCf =i?f3 +WCf 

WCf =R" +WCf 

WCf =R" +WCf 

In addition, in the case where we use the redundant data set S (the sub-pixel 

shifted version), we would then recover the missing coefficients in the root subband of 

the lost substream for configuration 4 with the following calculations: 

WCf = S£4 + horizontal _ half _ pixel _ shift(WCf ) 

WCf =S™ + horizontal_half _pixel_shift(WCf ) 

WCf =S^4 + horizontal_half _pixel_shift(WCf ) 

/ / / 

WCf = Sf4 + horizontal _ half _ pixel _ shift(WCf ) 

(3.12) 
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where WCRS' = Iwcf ', WCf9WCf9WCf\ and 5/ = is? , Sc
ej 9 S? , S?'\ 

represent the four different groups and the redundant data set reconstructed from the 

received substreams, respectively. 

Similarly, the missing coefficients in the root subband of lost substream can be 

recovered by the following calculations for configuration 5: 

WCf = S^5 + vertical _ half _ pixel _ shift(WCf ) 

WCf =S^5 + horizontal _half _ pixel _ shift (WCf ) 

/ / / 

WCf = S " + horizontal_half_pixel_shift(WCf ) 

/ / f 

WCf = 5 f + vertical _ half _ pixel _ shift (WCf ) 

For configuration 6: 

(3.13) 

WCf = S^6 + diagonal_sub _ pixel_shift(WCf ) ( 3 - 1 4 ) 

WCf = S^ + horizontal_half _pixel_shift(WCf ) 

/ / / 

WCf = S%6 + diagonal _ sub _ pixel _ shift(WCf ) 

WCf =S™ + horizontal _half _ pixel _ shift(WCf ) 
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3-4 Summary 

In this chapter, we introduced our proposed domain-partitioning based MD video 

coding algorithm to improve the error resilience of the 3-D SPIHT encoded bitstreams 

against transmission errors. The proposed algorithm is an extension to Cho and 

Pearlman's earlier work on the STTP-SPIHT algorithm [18],[19]. Furthermore, we 

presented the details around how we performed domain partitioning, redundancy 

insertion, modified 3-D SPIHT coder implementation, as well as root subband recovery. 

In the next chapter, we will conduct a series of experiments to investigate the 

performance of our proposed MD video coding algorithm under noiseless and noisy 

conditions. This is accomplished by performing a comparative analysis between the 

proposed algorithm and STTP-SPIHT. 
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Chapter 4: Simulation Results 

4.1 Introduction 

In this chapter, we conduct a series of experiments to examine the effectiveness of 

our proposed domain-partitioning based MD video coding algorithm. The simulation 

results obtained in each experiment of the proposed algorithm are then compared with 

those of the STTP-SPIHT video coder. We begin this chapter by describing the 

simulation parameters used in the various experiments. Next, we present a comparison of 

the simulation results in noiseless and noisy channels between our proposed algorithm 

and the STTP-SPIHT method, with respect to source coding efficiency and error 

resilience performance. 

4.2 Experimental Setup 

The 352 x 240 x 48 monochrome "Football" (frame number 0 - 47) and "Susie" 

(frame number 16 - 63) video sequences are specifically selected in the experiments, 

sampled at F = 30 frames per second (fps). The "Football" sequence has a relatively high 

level of motion, whereas the "Susie" sequence has a relatively low level of motion. We 

specifically chose these two monochrome video sequences because they are also the same 

sample video sequences used in Cho and Pearlman's earlier work on the STTP-SPIHT 
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algorithm [18],[19]. This way, we can make direct comparisons between our proposed 

algorithm and STTP-SPIHT based on the experimental results. 

In our test of error resilience, we assume that the channel is a binary symmetric 

channel (BSC) with transition error probability/?, as shown in Figure 4.1. In addition, we 

used 16 frames in each GOP, and applied a three-level wavelet transform using the 

popular Cohen-Daubechies-Feauveau 9/7-tap (CDF-9/7) biorthogonal wavelet filters [42] 

in both spatial and temporal domains with reflection extensions both at each image 

boundary and at the boundary of each GOP [36]. As we mentioned in section 2.5.2, a 

GOP of 16 frames provides a reasonable choice [35], since it results in better R-D 

performance than smaller GOP sizes, and at the same time it does not require the longer 

coding delay and more memory of the larger GOP sizes. In each of our test case 

scenarios, the 3-D wavelet transform coefficients from the original video sequence are 

partitioned into P different groups, and each group is independently encoded using the 

modified 3-D SPIHT algorithm at the same coding rate r, which we select as 1.0 bit per 

pixel (bpp) for our experiments. As a result, P independent embedded 3-D SPIHT 

substreams are created. In each of our experiments, the wavelet coefficients are 

partitioned into four or ten groups {P = 4 or P = 10). We note that it is certainly possible 

to choose higher values of P as well. 

In order to calculate the total transmission bit rate of each substream, denoted by 

BR9 we need to know the number of wavelet coefficients in the original video sequence 

WC of each frame. For instance, if the spatial dimensions of group WCa is Xfc x Y^c, 

the total transmission bit rate of substream a is defined as follows: 
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BRa = Xw
a

c x Y™ x F x r (4.1) 

Equation 4.1 can be generalized to calculate the total transmission bit rate for any other 

group. Hence, the total transmission bit rate of the video sequence is then simply defined 

as follows: 

BR = XWC xYwc xFxr (4.2) 

where X x Y denote the spatial dimensions of the original video sequence WC. 

Encoder Decoder 

Figure 4.1: Transition probability diagram of binary symmetric channel. 

As we mentioned earlier, we use one global header instead of using sub-headers 

for each substream, and we also assume that the SPIHT global header is not corrupted 
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from any bit errors. The bitstreams are partitioned into 200-bit equal length segments, 

and each segment is then passed through a cyclic redundancy code (CRC) parity checker 

to generate 16 parity bits. We use the same parameters as that of the STTP-SPIHT 

algorithm [19] to produce the results for our proposed coding algorithm in noiseless and 

noisy channels. Finally, the quality of the reconstructed video is measured based on the 

PSNR, which can be defined as follows: 

PSNR = 10\og 
^2552^ 

10 
KMSEj 

dB (4.3) 

where MSE denotes the mean-squared error between the original and reconstructed video 

sequences. All PSNR values reported in the case of noisy channels are averages over 50 

independent runs. 

4.3 Source Coding Efficiency 

In this section, we will perform a comparative analysis of our proposed domain-

partitioning based MD video coding algorithm and the STTP-SPIHT algorithm in 

noiseless and noisy channels. The proposed algorithm consists of two ways of inserting 

redundant information: predictive coding and predictive coding with a sub-pixel 

correction shift, as discussed in detail in sub-sections 3.3.2 and 3.3.3. 

First of all, we begin by considering the case where the channel is error-free, and 

all P substreams are received correctly at the decoder. Figure 4.2 and Figure 4.3 illustrate 

the frame by frame comparison of PSNR (dB) values for the six configurations of the 
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proposed MD video coding algorithm and STTP-SPIHT for the 352 x 240 x 48 

monochrome "Football" video sequence at a total transmission rate of 2.53 Mbps in 

noiseless channels for four and ten substreams (P = 4 and P = 10). Figure 4.4 and Figure 

4.5 illustrate the same scenario for the "Susie" video sequence. It is clear from Figure 4.2 

through Figure 4.5 that the PSNR values of the proposed coding algorithm are very close 

to those of STTP-SPIHT at the same coding rate, and this is true for both values of P. 

In addition, we can observe that the PSNR decreases at the GOP boundaries, and 

in our case, this occurs at the beginning and end of each 16 frame segment. The reason 

for this dip is partly due to object motion and partly due to the boundary extension for 

temporal filtering [34],[36]. These lower PSNR values reduce the average PSNR, and 

can potentially cause annoying jittering artifacts in video playback [43]. Some solutions 

have been reported in literature which may be applied to reduce the GOP boundary 

artifacts and improve the overall performance of the transform. The topic of reducing 

GOP-boundary artifacts in wavelet-based video coding is beyond the scope of this thesis. 

The interested reader is referred to [43]-[45] for additional details on those methods. The 

average PSNR values for four and ten substreams (P = 4 and P = 10) of the proposed 

algorithm and STTP-SPIHT are summarized in Table 4.1(a) and (b). 
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Figure 4.2: Frame by frame comparison of PSNR (dB) for "Football" video 
sequence in noiseless channels at a total transmission rate of 2.53 Mbps for P = 4. (a) 
Configurations 1 to 3. (b) Configurations 4 to 6. 
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Figure 4.3: Frame by frame comparison of PSNR (dB) for "Football" video 
sequence in noiseless channels at a total transmission rate of 2.53 Mbps for P = 10. 
(a) Configurations 1 to 3. (b) Configurations 4 to 6. 
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Figure 4.4: Frame by frame comparison of PSNR (dB) for "Susie" video sequence in 
noiseless channels at a total transmission rate of 2.53 Mbps for P = 4. (a) 
Configurations 1 to 3. (b) Configurations 4 to 6. 
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Figure 4.5: Frame by frame comparison of PSNR (dB) for "Susie" video sequence in 
noiseless channels at a total transmission rate of 2.53 Mbps for P = 10. (a) 
Configurations 1 to 3. (b) Configurations 4 to 6. 
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Table 4.1(a) and (b) demonstrate the average PSNR (dB) values of "Football" and 

"Susie" video sequences for the six configurations of the proposed MD video coding 

algorithm and the STTP-SPIHT algorithm, illustrated in Figure 4.2 through Figure 4.5. 

As we can see from the numerical results in Table 4.1, for both values of P (P = 4 and P 

= 10), the average PSNR values of the proposed algorithm are only slightly lower (less 

than 0.2 dB) than the STTP-SPIHT method. This very slight difference in the PSNR 

values is mainly caused by the additional redundancy that is inserted into the multiple 

substreams of the encoded original video sequence to protect those wavelet coefficients 

in the root subband. Also, we observe that the average PSNR values for the proposed 

algorithm using predictive coding with a sub-pixel correction shift is actually about 0.01 

to 0.02 dB higher than that of the plain predictive coding. Furthermore, a larger value of 

P results in even slightly lower PSNR values, and this is caused by the extra overhead 

information bits. Hence, as the value of P increases, the PSNR values would be 

successively lower. In summary, with additional redundancy, the source coding 

efficiency of the proposed algorithm is actually reduced slightly (about 0.1 dB) in 

comparison to STTP-SPIHT. In the next section, we will compare the proposed MD 

video coding algorithm to STTP-SPIHT in noisy channels to study the error resilience 

performance. 
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Table 4.1: Comparison of average PSNR (dB) of "Football" and "Susie" video 
sequences for P = 4 and P = 10 in noiseless channels at a total transmission rate of 
2.53 Mbps (best results shown in bold). 

(a) Football 

r(bpp) 

2.53 Mbps 

Configuration 1 
(dB) 

33.47 (P = 4) 
33.34 (P= 10) 

Configuration 2 
(dB) 

33.47 (P = 4) 
33.34 (P= 10) 

Configuration 3 
(dB) 

33.47 (P = 4) 
33.34 (P = 10) 

STTP-SPIHT 
(dB) 

33.61 (P = 4) 
33.46 (P= 10) 

r(bpp) 

2.53 Mbps 

Configuration 4 
(dB) 

33.49 (P = 4) 
33.35 (P= 10) 

Configuration 5 
(dB) 

33.49 ( P - 4 ) 
33.35 (P= 10) 

Configuration 6 
(dB) 

33.48 (P = 4) 
33.35 (P= 10) 

STTP-SPIHT 
(dB) 

33.61 (P = 4) 
33.46 (P= 10) 

(b) Susie 

r (bpp) 

2.53 Mbps 

Configuration 1 
(dB) 

44.50 (P = 4) 
44.46 (P= 10) 

Configuration 2 
(dB) 

44.50 (P = 4) 
44.46 (/>= 10) 

Configuration 3 
(dB) 

44.50 (P = 4) 
44.46(^=10) 

STTP-SPIHT 
(dB) 

44.60 (P = 4) 
44.56 (P = 10) 

r (bpp) 

2.53 Mbps 

Configuration 4 
(dB) 

44.51 (P = 4) 
44.47 (P= 10) 

Configuration 5 
(dB) 

44.51 (P = 4) 
44.47 (P= 10) 

Configuration 6 
(dB) 

44.51 (P = 4) 
44.47 (p= 10) 

STTP-SPIHT 
(dB) 

44.60 (P = 4) 
44.56 (P= 10) 

4.4 Error Resilience Performance 

We now proceed to do a comparison of the proposed MD video coding algorithm 

to STTP-SPIHT in noisy channels so that we can study the error resilience performance, 

which is the goal of this thesis. We will only recover the missing wavelet coefficients in 
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the root subband, and all other missing wavelet coefficients in the higher frequency 

subbands will simply be set to zero. In our simulation of error-resilient video 

transmission, we will again perform the experiments using the six configurations with P 

= 4 and P = 10, and present a comparative analysis to STTP-SPIHT. 

Figure 4.6 through Figure 4.11 illustrate the frame by frame comparison of PSNR 

values for the proposed video coding algorithm and STTP-SPIHT of the "Football" and 

"Susie" video sequences at a total transmission rate of 2.53 Mbps in noisy channels with 

bit error rates (BERs) of 10"3, 10"4, and 10"5 for four substreams (P = 4). Typically, 

wireless communication channels exhibit these BERs, as they are much more prone to bit 

errors than wired channels. These bit errors are generated randomly from the binomial 

distribution. It is clear from these figures that the PSNR values in the proposed algorithm 

case are much higher than those of STTP-SPIHT in the presence of channel bit errors, 

with configuration 5 offering the best results, and this is in accordance with what we 

expect in section 3.3.2. Moreover, the proposed algorithm using predictive coding with a 

sub-pixel correction shift (configurations 4, 5, and 6) in most cases has higher PSNR 

values than the proposed algorithm using plain predictive coding (configurations 1, 2, and 

3). This is due to the fact that with a sub-pixel correction shift, fewer bits are required to 

encode the redundant information, and hence more bits can be used to encode the video 

data. Similar to the noiseless case, we can observe that the PSNR decreases at the GOP 

boundaries. The average PSNR values for both P values (P = 4 and P = 10) of the 

proposed algorithm and STTP-SPIHT are summarized in Table 4.2(a) and (b). 
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Figure 4.6: Frame by frame comparison of PSNR (dB) for "Football" video 
sequence with BER = 10"3 at a total transmission rate of 2.53 Mbps for P = 4. (a) 
Configurations 1 to 3. (b) Configurations 4 to 6. 
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Figure 4.10: Frame by frame comparison of PSNR (dB) for "Susie" video sequence 
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Table 4.2(a) and (b) illustrate the average PSNR (dB) values of "Football" and 

"Susie" video sequences for the six configurations of the proposed MD video coding 

algorithm and the STTP-SPIHT algorithm, at a total transmission rate of 2.53 Mbps for 

both four and ten substreams (P = 4 and P = 10). As we can see from Table 4.2, the 

average PSNR values for the proposed algorithm are much higher than those of STTP-

SPIHT in the presence of channel bit errors, with configuration 5 offering the best PSNR 

results in each case. Configuration 5 outperforms all the other configurations mainly due 

to its efficient redundancy insertion structure and the sub-pixel correction shift. The 

improvement in the PSNR values is especially noticeable in the case for BER = 10"4, and 

it is around 4 dB higher in the fast motion "Football" video sequence and around 7 dB 

higher in the slow motion "Susie" video sequence. The simulation results show that the 

improvement is more significant in the "Susie" video. Additionally, we also demonstrate 

that a larger P value results in higher PSNR values, and this is true for any BER. 

Therefore, as the value of P increases, the PSNR values would also improve. 

Furthermore, by observing the numerical results in Table 4.2, we note that the proposed 

algorithm using predictive coding with a sub-pixel correction shift in most cases 

outperforms the proposed algorithm using plain predictive coding. 
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Table 4.2: Comparison of average PSNR (dB) of "Football" and "Susie" video 
sequences for P = 4 and P = 10 with different BERs at a total transmission rate of 
2.53 Mbps (best results shown in bold). 

(a) Football 

BER 

Configuration 1 
(dB) 

Configuration 2 
(dB) 

Configuration 3 

STTP-SPIHT (dB) 

lO"5 

25.09 (P = 4) 
Std Dev: 0.99 
27.35 (P= 10) 
Std Dev: 0.86 
25.23 (P = 4) 
Std Dev: 1.02 
27.70 (P= 10) 
Std Dev: 0.81 
25.07 (P = 4) 
Std Dev: 0.98 
27.22 (P= 10) 
Std Dev: 0.92 
24.19 (P = 4) 
Std Dev: 2.21 
26.71 (P= 10) 
Std Dev: 1.64 

io-4 

19.20 (P = 4) 
Std Dev: 1.40 
21.41 (P=10) 
Std Dev: 0.99 
19.33 (P = 4) 
Std Dev: 1.55 
21.49 (P= 10) 
Std Dev: 0.96 
19.02 (P = 4) 
Std Dev: 1.69 
21.16 (P= 10) 
Std Dev: 0.96 
14.98 (P = 4) 
Std Dev: 2.08 
17.91 (P= 10) 
Std Dev: 2.01 

10"J 

7.96 (P = 4) 
Std Dev: 0.86 
10.65 (P= 10) 
Std Dev: 1.13 
8.31 (P = 4) 

Std Dev: 0.66 
11.07(P=10) 
Std Dev: 1.13 
8.02 (P = 4) 

Std Dev: 0.92 
10.71 (P=10) 
Std Dev: 1.15 
7.24 (P = 4) 

Std Dev: 0.46 
8.70 (i5 =10) 
Std Dev: 0.55 

BER 

Configuration 4 
(dB) 

Configuration 5 
(dB) 

Configuration 6 

STTP-SPIHT (dB) 

\o-s 

25.27 (P = 4) 
Std Dev: 0.90 
27.69(^=10) 
Std Dev: 0.82 
25.31 (P = 4) 
Std Dev: 1.02 
27.76(^=10) 
Std Dev: 0.79 
24.62 (P = 4) 
Std Dev: 0.93 
26.78 (P= 10) 
Std Dev: 0.83 
24.19 (P = 4) 
Std Dev: 2.21 
26.71 (P= 10) 
Std Dev: 1.64 

IO"4 

19.41 (P = 4) 
Std Dev: 1.41 
21.44 ( P = 10) 
Std Dev: 0.95 
19.45 (P = 4) 
Std Dev: 1.51 
21.55 (P= 10) 
Std Dev: 0.94 
18.64 (P = 4) 
Std Dev: 1.63 
20.79 ( P = 10) 
Std Dev: 0.94 
14.98 (P = 4) 
Std Dev: 2.08 
17.91 ( P = 10) 
Std Dev: 2.01 

10"J 

8.12 (P = 4) 
Std Dev: 0.90 
10.75 ( P = 10) 
Std Dev: 1.09 
8.51 (P = 4) 

Std Dev: 0.70 
11.23 (P= 10) 
Std Dev: 1.13 
8.16 (P = 4) 

Std Dev: 0.94 
10.93 (P= 10) 
Std Dev: 1.19 
7.24 (P = 4) 

Std Dev: 0.46 
8.70 (P= 10) 
Std Dev: 0.55 
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(b) Susie 

BER 

Configuration 1 
(dB) 

Configuration 2 
(dB) 

Configuration 3 
(dB) 

STTP-SPIHT (dB) 

io-5 

32.24 (P = 4) 
Std Dev: 1.43 
37.00 (P= 10) 
Std Dev: 1.38 
32.30 (P = 4) 
Std Dev: 1.36 
37.20 (P = 10) 
Std Dev: 1.31 
31.91 (P = 4) 
Std Dev: 1.36 
36.90 (P= 10) 
Std Dev: 1.30 
31.85 (P = 4) 
Std Dev: 2.39 
35.12 (P= 10) 
Std Dev: 2.56 

io-4 

22.51 (P = 4) 
Std Dev: 2.45 
27.18 (P= 10) 
Std Dev: 1.93 
23.38 (P = 4) 
Std Dev: 2.25 
27.44 (P= 10) 
Std Dev: 1.65 
22.31 OP = 4) 
Std Dev: 2.78 
26.71 (P= 10) 
Std Dev: 1.91 
17.11 (P = 4) 
Std Dev: 2.82 
20.77 (P= 10) 
Std Dev: 2.14 

10"J 

8.49 (P = 4) 
Std Dev: 0.84 
11.70(P=10) 
Std Dev: 1.33 
8.83 (P = 4) 

Std Dev: 0.66 
12.13 (P= 10) 
Std Dev: 1.46 
8.55 (P = 4) 

Std Dev: 0.90 
11.78(P=10) 
Std Dev: 1.29 
7.78 (P = 4) 

Std Dev: 0.46 
9.55 (P= 10) 
Std Dev: 0.70 

BER 

Configuration 4 
(dB) 

Configuration 5 
(dB) 

Configuration 6 
(dB) 

STTP-SPIHT (dB) 

IO"5 

33.62 (P = 4) 
Std Dev: 1.71 
37.07 (P= 10) 
Std Dev: 1.29 
33.72 (P = 4) 
Std Dev: 1.70 
37.35 (P = 10) 
Std Dev: 1.26 
31.89 (P = 4) 
Std Dev: 1.39 
36.85 ( P = 10) 
Std Dev: 1.59 
31.85 (P = 4) 
Std Dev: 2.39 
35.12 ( P = 10) 
Std Dev: 2.56 

IO"4 

23.25 (P = 4) 
Std Dev: 2.35 
27.23 ( P = 10) 
Std Dev: 1.88 
24.04 (P = 4) 
Std Dev: 2.29 
27.73 (P = 10) 
Std Dev: 1.59 
21.72 (P = 4) 
Std Dev: 2.68 
25.89 ( P = 10) 
Std Dev: 1.87 
17.11 (P = 4) 
Std Dev: 2.82 
20.77 ( P = 10) 
Std Dev: 2.14 

IO"3 

8.62 (P = 4) 
Std Dev: 0.93 
11.87 ( P = 10) 
Std Dev: 1.36 
9.03 (P = 4) 

Std Dev: 0.72 
12.27 (P = 10) 
Std Dev: 1.46 
8.65 (P = 4) 

Std Dev: 0.96 
12.05 ( P = 10) 
Std Dev: 1.38 
7.78 (P = 4) 

Std Dev: 0.46 
9.55 ( P = 10) 
Std Dev: 0.70 
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To demonstrate the visual quality of the proposed method and STTP-SPIHT, the 

reconstructed frames (frame 9) in "Football" video sequence are illustrated in Figure 

4.12(a), (b), and (c). Figure 4.12(a) illustrates the reconstructed frame at a total 

transmission rate of 2.53 Mbps with channel BER of IO'5 using STTP-SPIHT (P = 4), 

and PSNR = 21.56 dB. The reconstructed frame using configuration 5 (P = 4) of our 

proposed algorithm is shown in Figure 4.12(b), and PSNR = 26.01 dB. Furthermore, 

Figure 4.12(c) illustrates the reconstructed frame using configuration 5 (P = 10), and 

PSNR = 27.06 dB. We can observe that the perceptual quality with the proposed 

algorithm is noticeably better than that of STTP-SPIHT. Additionally, the visual results 

improve as the number of s-t blocks P increase. 
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(a) 

(b) (c) 

Figure 4.12: 352 x 240 "Football59 sequence (frame 9) at 2.53 Mbps with BER = IO"5. 
(a) Reconstructed frame using STTP-SPIHT (P = 4), PSNR = 21.56 dB. (b) 
Reconstructed frame using configuration 5 (P = 4) of proposed algorithm, PSNR = 
26.01 dB. (c) Reconstructed frame using configuration 5 (P = 10) of proposed 
algorithm, PSNR = 27.06 dB. 

4.4 Summary 

In this chapter, we described the various experiments that were performed on the 

monochrome video sequences in the noiseless and noisy channels in order to determine 

the effectiveness of our proposed MD video coding approach. The comparative analysis 
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is performed with respect to source coding efficiency and error resilience performance. 

From our simulation results in the noiseless channels, we found that the source coding 

efficiency of the proposed algorithm is actually reduced by a small amount in comparison 

to STTP-SPIHT, but the reduction is very small and likely not perceivable. In the 

presence of bit errors, we can see that our proposed algorithm outperforms the STTP-

SPIHT method, and has proved to be much more robust to random channel bit errors. 

Furthermore, we have also shown that the proposed algorithm using predictive coding 

with a sub-pixel correction shift outperforms the plain predictive coding. 
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Chapter 5: Conclusions and Future Work 

5.1 Conclusions 

In this thesis, we presented an error-resilient domain-partioning based MD video 

coding algorithm for robust video transmission in error-prone packet switched networks. 

We improved upon the STTP-SPIHT algorithm by intentionally inserting a certain 

amount of redundant data into the multiple substreams of the encoded original video 

sequence in order to protect those wavelet transform coefficients in the approximation 

subband. At the receiver side, we can use this redundant information along with the other 

correctly received substreams to predict the missing wavelet coefficients in the lost 

substream. Specifically, the insertion of redundancy can be achieved with six 

configurations: three of them use predictive coding and the other three use predictive 

coding with a sub-pixel correction shift. 

We then demonstrate the effectiveness of our proposed MD video coding 

algorithm by performing extensive comparative tests with STTP-SPIHT on monochrome 

video sequences in noiseless and noisy channels, with respect to source coding efficiency 

and error resilience performance. Even though our proposed MD coding algorithm has a 

small loss in the noiseless channel performance in comparison to the STTP-SPIHT 

algorithm due to the additional redundant information, it has been shown to be more 

resilient to random channel bit errors than STTP-SPIHT with little increase in its 
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complexity. The simulation results also indicate that configuration 5 of our proposed 

algorithm outperforms all the other configurations due to its efficient redundancy 

insertion structure and the sub-pixel correction shift. 

5.2 Future Work 

As for future research, we would like to further investigate the following items: 

• We would like to explore the possibility of inserting redundancy not only from 

the wavelet transform coefficients in the approximation subband, but also from 

the higher frequency subbands. 

• To further improve the reconstructed video quality, we would like to consider 

integrating error concealment at the decoder side after most of the missing low 

frequency coefficients have been recovered. The error concealment techniques 

can be applied to wavelet coefficient in either low frequency or high frequency 

subbands. 
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