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Abstract

Video compression technology is being introduced as one of the main features of

the current and next generations of broadband networks. H.264 Advanced Video

Coding (AVC) is the most applicable and efficient compression standard. As hu-

man eyes are very sensitive to the motion activities, an error occurring in the

motion region significantly degrades the video performance. In recently proposed

techniques, the motion activity of frames has been evaluated by the pixel lumi-

nance difference or number of blocks moved between consecutive frames. These

techniques have a high complexity, as their calculations must be done at pixel

level. In H.264/AVC standard, a video frame is divided into sub-macroblocks,

where each sub-macroblock has a number of pixels located in square or rectangu-

lar shapes. This thesis proposes a new concept to evaluate the motion activity of

video frames, which is called motion energy. It is related to the distance of the

sub-macroblock moved between consecutive frames and its size. Indeed, the mo-

tion energy concept uses parameters that are directly related to motion activities.

Hence, it is more accurate than previously proposed techniques, when luminance

is applied in the determination of motion activities.

Thesis also introduces new multi-level error protection techniques for the video

bitstream formatted by the Group of Pictures (GOP). Frames of a GOP are un-

equally protected by their motion energies, which are estimated from previous

GOPs. The proposed techniques improve the video performance, while maintain-

ing the same overhead existing in other conventional error protection techniques.

As delay is not generated in determining the importance of frames by different

estimation methods, proposed techniques can be applied for real-time video trans-

mission systems.
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Chapter 1

Introduction

1.1 Background

The main aim of a communication system is the efficient transmission of infor-

mation from the source to destination. Wireless transmission is introduced as

one type of communication systems, which transmits data through the air envi-

ronment. Wireless technologies, together with their multimedia services such as

audio and video, have entered to all human life aspects, such as home security,

automation, entertainment, health care and so on.

Figure 1.1 shows the fundamental parts of a wireless communication system. At

both transmitter and receiver, different stages are conducted to provide a reli-

able delivery of information. If the original information is in analogue form, it is

digitised and then considered as an input for the source encoder. At the source

encoder, the redundant information is reduced as much as possible, while the im-

portant feature of the original source is maintained. This is known as the data

compression stage, where its output is generated as a bitstream. Channel encoder

transforms the bitstream into encoded blocks by adding redundant bits used for

error recognition and correction. This approach is called Forward Error Correct-

ing (FEC) coding, which is introduced as a low cost and effective technique for

protection of bitstreams against noise during transmission [2]. The modulator con-

verts the bitstream into Radio Frequency (RF) signals by adding high-frequency

carrier signals. They are transmitted to the air and interfered by unwanted signals

generated from a variety of resources. At the receiver, the inverse process of the

1
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Figure 1.1: Communication system block diagram.

transmission is conducted in order to recover the original signals. The RF signals

are de-modulated to extract the transmitted bitstream. Then, it is processed at

channel decoder to detect and correct errors occurring during transmission. Next,

the corrected bitstream is decompressed to retrieve the original form of source

signals.

In the early generations of wireless transmission systems (the first and second

generations (1G and 2G)), due to limitation in transmission speed, it was im-

possible to cover high-bandwidth services such as graphic images and videos [3].

The requirement of a faster transmission speed led to the development of the

third generation (3G). Some video services supported by 3G are mobile television,

video on-demand, video conference and tele-medicine. This generation created a

significant improvement of data rate in fixed applications compared to 2G ser-

vices. However, 3G only supports low-quality videos in mobile applications [3].

The fourth generation (4G) was developed to effectively support real-time video

services over Internet Protocol (IP) [4]. The fifth generation (5G) of wireless net-

works has been developed and planned to be commercialised by 2020. In 5G, the

transmission speed is expected to be hundreds of times faster than current 4G

networks. This will be suitable for transmission of massive information, including

High Definition (HD) movies and multi-party video conferencing services [5].

Video services are amongst the most important features of next generations of

wireless communication systems. As many applications share the same transmis-

sion medium (wired or wireless), the bandwidth for each application is limited.

Hence, in video services, it requires finding techniques that reduce the amount

of transmitted information, while the video quality is maintained. The Moving

Picture Experts Group (MPEG) [6] and H.26x [7] are introduced as the two most

important video compression standards. Although they are different in encoding
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and transmission protocols, characteristics of their compression are similar. In

both techniques, video bitstreams are provided in different frames, where a frame

is defined as the single picture that is shown as a part of a video [8]. In order to

minimise the overall number of information, only the difference between two con-

tinuous frames is transmitted [7]. The corporation of two video coding standard

groups forms a new standard called H.264 Advance Video Coding (AVC), which

obtained higher compression ratio at the same video quality compared to previous

standards [7]. It is widely used in many video applications, where the bandwidth

shared for each application is limited [9].

1.2 Outstanding issues of relevant works

Low bit rates and high compression efficiency are recognised as important specifi-

cations of wireless video transmission systems. In video applications, H.264/AVC

standard is represented as a reliable technique covering these two criteria, because

of its superior compression efficiency [10].

In H.264/AVC standard, a very high compression rate is obtained by a significant

improvement in predicting the information of video frames. A small amount of

the encoded video information is transmitted based on the difference between the

original and predicted frames. Thus, video frames are highly correlated with each

other. As information of the current frame is predicted from its previous ones,

an error appearing in a frame can propagate to other frames, which significantly

degrades the video performance [11]. This means the compressed information is

very sensitive to any error occurring during transmission. In order to mitigate the

effect of channel noise, error resilience methods are introduced to recover erroneous

areas of H.264/AVC video frames. In one method, damaged areas are concealed

and interpolated from their neighbouring areas [12]. However, when neighbour-

ing areas are also lost, these concealment methods are not effective. In another

method, redundant information is added into the video bitstream in order to re-

construct areas lost during transmission [13]. In this method, the length of a video

bitstream is increased due to the added redundant information. As resilience tools

in the H.264/AVC standard are applied only for separated frames, they cannot

effectively respond to the severe noise occurring in consecutive frames [14]. Hence,

the implementation of these resilience tools for damaged frames is inefficient.
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There are several techniques to mitigate the impact of noise in wireless transmis-

sion systems, which are constructed in channel coding stage. Automatic Repeat

reQuest (ARQ) and Forward Error Correcting (FEC) are two of the most common

error protection techniques [15, 16]. In ARQ, the transmission system guarantees

the error-free delivery of video information based on a feedback channel for re-

questing and re-sending damaged frames. This generates delays for re-sending the

information, which is not suitable for applications that require a low latency in

transmission. In this case, FEC technique is more suitable, since re-transmission

is not required. It is recognised that error control formed by FEC technique has

the main role in correcting errors and recovering video frames lost in transmis-

sion [17, 18]. In this technique, the redundancy added to the original bitstream

would decide the error correction capacity of the code [2]. An original bitstream

is divided into blocks, which contains a number of bits called message bits. The

redundancy added into message bits forms total transmission bits. This defines

the code rate, which is the ratio between information and total transmission bits.

In general, the error correction capacity of an FEC code is improved, when its

rate is reduced. In this case, a larger bandwidth is required for the transmission

of video bitstreams. As a result, it is not sufficient to apply only one code rate for

the whole video bitstream.

In order to compromise the video quality with the characteristics of the transmis-

sion system, an FEC code with different rates is utilised for protecting different

parts of the video bitstream based on their importance. This forms Unequal

Error Protection (UEP) technique. By allocating unequal protection levels for

video frames, the overall code rate for transmission is optimised. In H.264/AVC

standard, a frame is constituted by different macroblocks. Each macroblock is

constructed by a 16 × 16 pixels, where a pixel is defined as the smallest element

of a digital image. There are several methods for evaluating the significance of

different parts of video bitstreams. As H.264/AVC bitstreams are structured by

video frames, the importance of video frames can be determined based on pre-

diction techniques [19, 20]. Frames predicted by themselves are more important

than others, since it is impossible to recover erroneous areas by their lost neigh-

bours. In contrast, frames predicted from previous ones are less important, where

damaged areas can be recovered by using their references from previous frames.

Determination of frames’ significance based on their prediction methods is not

sufficient, since any error occurring in the motion region will significantly affect
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the video quality [21]. The significance of frames based on their motion activities

can be determined by parameters such as Mean Squared Error (MSE) [22] and

Sum of Absolute Difference (SAD) [23], which require high computations in their

implementation.

Some methods evaluate the motion activity of video bitstreams by using the mo-

tion information extracted during encoding. They prevent the complexity in de-

termining important frames based on motion activities. In this case, motion vec-

tors, which express motion activities of sub-macroblocks in successive frames, are

utilised to determine the frame importance1 [24]. Frames are more important,

when they have larger motion vector magnitudes than others. In another method,

the protection level of a frame is evaluated by considering the difference between

original and predicted version of its motion vectors [25]. Regions inside a video

frame having large differences are protected more than others. It is recognised

that not only are motion vector magnitudes important to determine the motion

activity of a video frame, but also sizes of constituted sub-macroblocks inside a

video frame [26]. Indeed, large sub-macroblocks with small motion vector mag-

nitudes may produce high motion activities and vice versa [26]. As a result, the

evaluation of the significance of frames just by motion vector magnitudes is not

efficient.

To summarise, UEP is an appropriate error protection technique for video bit-

streams, which provides optimum overall code rates for transmission systems.

Motion activity is an important parameter in determining protection levels of

video frames. Hence, it is necessary to find a suitable method for extracting im-

portant parts of the video bitstream based on a more accurate analysis of the

motion activity.

1.3 Aims of the Thesis

It is recognised that recent error protection techniques for video bitstreams are ei-

ther ineffective or large bandwidth-occupied. Hence, a new approach in protecting

different parts of video bitstreams and estimating error propagation of successive

frames is conducted in this thesis.

1Each macroblock can be constituted by several sub-macroblocks.
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As mentioned in above, motion vector is introduced as an important parameter in

the recovery of video frames at decoder. When a motion vector of a block is lost,

its corresponding region in a frame is distorted. In addition to motion vector, size

of the block plays another major role in distortion level of the video frame. In order

to properly determine the importance of frames, a new parameter named motion

energy is defined, which is directly related to motion vector magnitudes and sizes

of blocks. Considering the newly defined parameter, different UEP techniques will

be presented. Protection levels allocated for frames are conducted by analysing the

variation of motion energies between consecutive frames. Then, motion-energy-

based UEP is applied for Group of Pictures (GOP), which is introduced as an

important tool for prohibiting error propagation between frames. This will form

a novel multi-level error protection technique for video bitstreams at both frame

and GOP levels.

The aims of thesis are summarised as follows:

• Present a new definition for determining the significance of video frames.

• Provide new UEP techniques for H.264/AVC video frames based on motion

energy concept.

• Propose a new multi-level error protection technique based on the motion

energy estimation of video frames and GOPs in order to prevent random

errors occurring in separated and continuous frames.

1.4 Organisation of the thesis

Chapter 2 begins with the background knowledge of H.264/AVC standard. All

functional blocks of video encoder and decoder are presented. The structure of

H.264/AVC video bitstream is considered, as it is useful for the recognition of

different parts of videos utilised in UEP techniques. Some resilience tools, which

conceal errors appearing in video frames, are also introduced.

Chapter 3 explains basics of error control coding. An important class of FEC

codes called block codes is introduced. Then, the structure of Low Density Parity

Check (LDPC) codes represented as low complex and high performance types
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of block codes is explained. A puncturing technique applying in product codes

constituted by two LDPC codes is presented.

Chapter 4 provides a new UEP technique for H.264/AVC video bitstreams based

on data partitioning and motion level of frames [27]. In data partitioning, the

compressed video information of a frame is separated into three partitions includ-

ing partitions A, B and C. The importance of partitions is evaluated depending on

their influences in the recovery of video bitstreams affected by channel noise. As

partition A includes motion information, the size of this partition expresses the

motion level of the frame. Error protection levels applied for video bitstreams are

allocated based on the importance of constituent partitions and motion informa-

tion sizes of frames. The video performance of the proposed technique is compared

with other conventional UEP techniques.

Chapter 5 improves the evaluation method of a frame’s motion activity by defin-

ing the motion energy of sub-macroblocks. It is calculated as the product of

motion vector magnitude and sub-macroblock size. A two-level UEP technique

is proposed in which the protection level of frames is determined by the concept

of motion energy [28]. The extraction of high-importance frames is analysed in

order to confirm the performance of proposed techniques in comparison with other

conventional ones. Another multi-level error protection scheme based on motion

energy is applied for frames, which reduces the overall overhead for transmitted

video bitstreams [29]. The importance of frames is determined by calculating the

variation of motion energies between frames. Then, simulation results are provided

to confirm the video performance of the proposed technique.

Chapter 6 introduces new multi-level error protection techniques for video frames

based on the correlation of macroblocks inside a frame [30]. As thresholds are re-

quired to separate the significance of macroblocks, three different methods for

calculating threshold values are proposed. They are different in the determination

of neighbouring areas having high correlation to the considered macroblocks. The

motion energy obtained by the neighbouring area is utilised as references in the

threshold calculation. Multi-level error protection techniques for video bitstreams

are conducted based on the significance of frames and macroblocks evaluated by

different threshold calculation methods [31]. Analysis and simulation results are

done to verify the video quality and overhead constructed by the proposed tech-

nique.
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Previous proposed techniques presented different UEP schemes for video frames

and macroblocks under the condition of errors occurring in separated frames. How-

ever, as the compressed video information is highly correlated between consecutive

frames, an error in a frame can be drifted to other frames and degrades the per-

formance of the video bitstream.

Chapter 7 encounters the issue of error propagation in consecutive frames by

providing a hierarchical error protection technique for video bitstreams [32–34].

Group of Pictures (GOP) is an effective tool of H.246/AVC standard in preventing

the error drifting phenomenon [35]. A GOP consists of successive frames in which

the first frame is encoded by itself. Consequently, errors occurring in previous

GOPs cannot propagate to the current one. In order to provide a hierarchical

protection for video bitstreams with GOP structure, the protection levels of frames

and GOPs are evaluated by their motion energies. For GOP, instead of generating

a transmission delay equal to the length of one GOP, different motion energy

estimation methods for the current GOP based on previous ones are presented. In

the first method, motion energy of the current GOP is predicted as the weighted

average of motion energy of previous ones [32]. The second estimation method

applies Lagrange polynomial [33]. A modification for motion energy estimation

of GOPs based on Lagrange polynomial is also presented [34]. The multi-level

error protection technique is formed based on the motion energy of frames and

GOPs, which optimises the overall code rate and does not generate any delay for

transmission systems.

Chapter 8 concludes the thesis and provides suggestions for future works.
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Chapter 2

Video Format Basics and H.264

Advanced Video Coding standard

This chapter initially reviews basics of videos and issues of the uncompressed

video techniques. Then, the structure of videos compressed by H.264 Advanced

Video Coding (AVC) standard is introduced. The chapter explains constituents of

this standard including encoding, decoding and the syntax for interfacing between

compressed video bitstream and transmission network. Different error resilience

tools available in H.264/AVC and video quality metrics are also presented.

2.1 Video format basics

In traditional visual electronic systems, such as televisions and computers, RGB is

a colour model for displaying images. In RGB, a colour is displayed by combining

three colour components, including red, green and blue [36]. These components

have the same importance in generating a colour. Another model can be expressed

by its brightness, which forms Y CrCb video colour format [37]. Y component

represents the brightness (or luminance) of a colour. It ranges from very dark to

very bright scales. Two other components (Cr, Cb) represent the chrominance,

which is the difference between R, B and Y components.

11
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Y,Cb, Cr components can be retrieved from RGB as follows [37]:

Y = krR + kgG+ kbB (2.1)

Cr = R− Y (2.2)

Cb = B − Y (2.3)

In Equation 2.1, luminance is calculated as the weighted average of RGB com-

ponents, in which kr, kg, and kb are the weights of red, green, and blue colours

contributing to the average value, respectively. Hence, kr + kg + kb = 1 must

be satisfied. kr, kg, and kb are predetermined values, which are calculated by

experiments. As human eyes are more sensitive to brightness than colours of an

object, this feature can be exploited in order to reduce the number of bits used

for digitising videos [38]. Instead of using the same resolution applying in RGB

model, the luminance component can be determined with higher resolution than

others. Thus, Y CrCb is more efficient than RGB in terms of the number of bits

utilised in video encoding.

A picture is constructed from a number of physical elements with specific colours.

The smallest element of a picture is defined as a pixel, or picture element. Each

pixel has a square shape, which contains three components (RGB or Y CrCb) [38].

The action of measuring values of colour components in a pixel is called sampling.

Therefore, a sample includes values of three components in a pixel. There are sev-

eral sampling patterns for Y CrCb components in video applications. For example,

4:4:4 sampling means that three components (Y : Cr : Cb) of each pixel are sam-

pled with the same resolution. Other patterns, including 4:2:2 and 4:2:0, utilise a

lower number of chrominance components to construct a picture compared to the

Y component. In 4:2:2 sampling pattern, there are two (2) Cr and two (2) Cb for

every four (4) luminance. It means the number of each chrominance component

equals to a half of the number of luminance in a picture. In 4:2:0 sampling pattern,

number of samples for Cr and Cb is one-fourth of the Y component. Figure 2.1

shows the 4:2:0 sampling pattern for each picture in the video. This pattern is

commonly applied in video applications that demand a high efficiency in encoding,

such as video conferencing, digital television and media storage.

A frame is formed by a two-dimensional array of pixels [38]. The frame size

is defined depending on the number of pixels allocated in the array. Table 2.1
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Figure 2.1: 4:2:0 sampling pattern of a video frame.

shows different frame formats of video sequences. Standard Definition (SD) frame

formats, such as Common Intermediate Format (CIF), 4CIF, Quarter CIF (QCIF)

and Sub-QCIF, are applied in mobile video applications, where the transmission

bandwidth is limited. High Definition (HD) frame formats, such as 720p, 1080i

and 1080p, exist in applications that require a video quality higher than SD video

formats [38].

In video structure, a frame consists of all samples of video components inside a

picture. A field is defined as the half of samples of a picture, which includes either

odd or even rows of pixels in a video frame. There are two sampling methods

for the video components, which are represented as the progressive and interlaced

samplings [38]. In the progressive sampling, the whole frame is sampled at the

same period. It is observed that human eyes cannot perceive changes of a video

frame in a short period. In the interlaced sampling, two fields (odd and even rows)

of the frame can be sampled at different period. This method provides a higher

coding efficiency, when its sampling rate is reduced by a half compared to the

progressive sampling. However, the motion appearing in progressive sampling is

smoother than interlaced one [38].

Increasing the resolution will improve the video quality, which is suitable for en-

tertainment and research applications. In this case, the transmission bandwidth

for video services does not meet the large changes of the resolution. This limits

implementation of high-resolution videos and it is essential to compress videos for

practical applications.
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Table 2.1: Video frame formats.

Format
Luminance resolution
(horizontal × vertical)

Sub-QCIF 128 × 96

Quarter CIF 176 × 144

CIF 352 × 288

4CIF 704 × 576

720p 1280 × 720

1080i 1920 × 1080

1080p 1920 × 1080

p: progressive sampling
i: interlaced sampling

2.2 H.264/AVC Video Coding Standard

Video compression is the process of compacting the digital video bitstream by

a certain algorithm. It can be achieved by removing redundancy in continu-

ous frames, while a good video performance obtained by decompression is main-

tained [39]. Redundancy is introduced as the same information appearing in con-

secutive frames, which are ignored in transmission. At the receiver, these ignored

information can be recovered by using the same information available in previous

frames. This forms lossless compression technique, in which decoded video infor-

mation is identical to the original one. Compression ratio in the lossless compres-

sion is low since in most cases, the same information may not occur in successive

frames. On the other hand, lossy compression technique provides a higher com-

pression ratio by removing unnecessary information of video frames, which do not

have any effect on the viewer’s perception of the video performance [39]. Hence,

the decoded video information in the lossy compression is not identical to the

original one.

The H.264/AVC video coding standard is introduced as a lossy compression tech-

nique, which is utilised in different applications from video telephony to broadcast

of High Definition Television (HDTV) [12]. It inherits most features of previ-

ous standards, such as MPEG-4 and H.263. However, in this standard, all func-

tional blocks of the encoder and decoder are significantly improved. It is demon-

strated that with the same video quality, the video compression ratio obtained by
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Figure 2.2: Block diagram of H.264/AVC video encoder [1].

H.264/AVC is twice the MPEG-4 standard [1].

Figure 2.2 shows the block diagram of the H.264/AVC video encoder [1]. A video

frame is divided into macroblocks, which consist of a number of 16 × 16 pixels. A

macroblock can be constituted from its sub-macroblocks (or blocks, in abbrevia-

tion) with sizes ranging from 4 × 4 to 16 × 16 pixels. These blocks are encoded

in intra or inter modes. In intra mode, blocks are predicted from previously trans-

mitted blocks of the same frame. In inter mode, a predicted picture is obtained

from reference pictures. The motion vector of a block is estimated, which involves

the corresponding position of the block in reference frames. Motion vectors are

used in the motion compensation prediction, which generates predicted blocks.

The difference between the original and predicted blocks, which is called a predic-

tion error signal, is transformed, quantised and entropy-encoded. The transforma-

tion is implemented in order to reduce the spatial redundancy of prediction error

signals. By applying Discrete Cosine Transform (DCT), error signals are trans-

formed into coefficients in frequency domain [40]. As a characteristic of DCT, most

of coefficients with large values tend to be concentrated at low-frequency positions,

whereas high-frequency coefficients are very small values [1]. In the quantisation

process, each coefficient is divided by an integer value [41]. Quantisation reduces

the accuracy of transformed coefficients by a Quantisation Parameter (QP). A

high value of QP means more coefficients are rounded to zero, which results a high
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Figure 2.3: Block diagram of H.264/AVC video decoder [1].

compression at the expense of a low video quality. In contrast, a low value of QP

leads to more non-zero coefficients. A better video performance is achieved with

these QPs in a lower compression efficiency.

Zero coefficients can be easily encoded by a very small number of bits in further

steps of encoding. Quantised coefficients and motion vectors are converted into

binary patterns in entropy coding. This process is done to reduce the number of

bits represented for quantised coefficients.

In order to reconstruct the encoded frame for storage purposes, quantised coeffi-

cients are inversely transformed and added to the predicted blocks. These recon-

structed blocks are filtered to reduce the distortion appearing at block edges and

are reserved in the memory as references for next frames.

Figure 2.3 shows the block diagram of the H.264/AVC video decoder [1]. The

received bitstream is decoded at the entropy decoder, which regenerates quantised

coefficients and motion vectors of macroblocks. Quantised coefficients are inversely

transformed and added to the prediction signals to recover macroblocks. Each

recovered macroblock is filtered by deblocking filter. These filtered macroblocks

are applied for displaying or recording purposes.
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2.2.1 Structure of H.264/AVC Compressed Video Bitstream

2.2.1.1 Profiles and Levels

H.264/AVC standard is constructed by advanced algorithms, aiming to be matched

with requirements of different applications. As each application requires different

factors such as bit rates, resolutions and performances, the decoding of the video

bitstream is conducted depending on users’ purposes. In order to standardise

different decoding algorithms, the H.264/AVC standard defines profiles and lev-

els, which are instructions of the video formed based on the specification of the

transmission system.

A profile is defined as a set of instructions of video coding parameters, such as

prediction modes (Intra or Inter modes), partitions of a macroblock, and entropy

coding methods. Several profiles are standardised to adapt the requirements of

many video applications. However, these profiles are derived from three basic ones,

which are named Baseline, Main and Extended profiles [7].

Baseline profile is the simplest profile, which supports prediction modes for Intra

coded (I) and Predictive (P ) frames. I frames utilise their own information for

calculating predicted frames, while P frame is predicted using previous ones [12].

This profile is subject to applications requiring the low complexity and delay.

Main profile supports all frame types in Baseline profile. It also supports Bi-

directional (B) frames, which are predicted from previous and succeeding frames.

This profile provides the best video quality at the expense of higher complexity.

Extended profile applies data partitioning tool, in which each frame is divided into

three parts, including partitions A, B, and C [42]. Partition A contains headers

and motion information of frames, while partitions B and C consist of intra-coded

and inter-coded coefficients of video frames, respectively.

In H.264/AVC, different levels are defined to specify limitations of video trans-

mission speeds, storage capacity of the decoder, maximum decoding rates, frame

sizes and minimum compression ratio [7]. The combination of profiles and levels

specifies all restrictions applying for the video bitstream and provides different

options for encoding and decoding regarding to their complexity and applications.
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Figure 2.4: Network Abstraction Layer in H.264/AVC.

2.2.1.2 H.264/AVC Syntax

In H.264/AVC, motion vectors and encoded video coefficients are combined into

a bitstream. However, the format of this bitstream is not compatible with differ-

ent network transmission protocols. In order to provide a communication method

between compressed video bitstreams and different transmission systems, two sep-

arated layers are defined for video information. The first layer, which is called

Video Coding Layer (VCL), includes all of encoding and decoding information

of the compressed video. Network Abstraction Layer (NAL) is constructed as

the second layer for the transmission of videos, which provides the syntax for the

interface between video bitstreams and communication networks [7].

NAL consists of different NAL Units, which is shown in Figure 2.4 [38]. There are

two types of NAL Units, i.e., Video Coding Layer NAL (VCL NAL) and non VCL

NAL units. The VCL NAL unit contains encoded video information. Non VCL

NAL includes setting information for configuring the decoder. Slices are introduced

as VCL NAL Units. A slice is defined as a group of macroblocks [7]. A frame

can be divided into one or many slices. Instantaneous Decoder Refresh (IDR)

slice is the first slice of a video bitstream, which is encoded by intra-coded mode.

Sequence Parameter Sets (SPS) and Picture Parameter Sets (PPS) are represented

as non VCL NAL units. SPS consists of information about the profile and level,

the size and rate of frames applied in the video bitstream. PPS provides the

setting information of each frame, such as number of slices per frame, Quantization

Parameter (QP), and the number of reference pictures stored in the memory buffer.

In general, a video bitstream is started by SPS followed by PPS, IDR and other

slices, which is shown in Figure 2.4.
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Figure 2.6: Structure of a macroblock in a slice.

A slice is called an access unit, which is extracted from the network abstraction

layer [7]. Figure 2.5 shows the structure of a slice in NAL [38]. Each slice is spec-

ified by its header followed by video information. The slice header contains the

setting information covering all macroblocks of the slice. It includes macroblock

type, the frame number and its partitions. Each slice contains coefficients of Mac-

roBlocks (MBs). A skipped macroblock, which contains no data, indicates that

compressed video information is not presented in this macroblock. It is applied,

when the considered macroblock is identical to its reference [7].

Figure 2.6 shows the structure of a macroblock inside a slice [38]. The first part

of a macroblock represents its type (I, P or B). The next part includes the

configuration information of prediction mode for macroblocks (inter- or intra-coded

modes). If inter-coded mode is selected, motion vectors and the information for

selecting reference frames are added into this part. The encoded block pattern

indicates which sub-macroblocks contains non-zero coefficients. QP represents the

quantization parameters for sub-macroblocks. Non-zero quantised coefficients are

stored in the residual data. In skipped macroblock mode, the residual data does

not exist.

2.2.2 Error Resilience tools in H.264/AVC standard

H.264/AVC standard provides a very high compression efficiency for videos trans-

mitted over limited-bandwidth networks. As compressed video information in
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continuous frames is highly correlated to each other, it is very sensitive to noise.

Error drifting is known as one of the most serious errors, which can affect several

video frames [43]. Some error resilience tools are introduced in H.264/AVC, which

recover original video bitstream. Redundant slices (RS), data partitioning, Flex-

ible Macroblock Ordering (FMO), and Group of Pictures (GOP) are introduced

as efficient resilience tools in this standard [44].

2.2.2.1 Redundant Slices (RS)

A redundant slice supports information that is useful for the recovery of the origi-

nal slice at the decoder [45, 46]. It is inserted into an encoded slice. At decoder, it

is truncated, if the original slice is successfully decoded. Otherwise, the redundant

slice will replace the damaged slice, which is lost during transmission. Alterna-

tively, original slices can be separated into groups according to their estimated

distortions [47]. Those groups having the lowest impact on the distortion are ig-

nored. Instead, ignored slices are replaced by redundant ones in order to improve

the resilience for important groups.

The redundant slice tool can be applied to improve the quality of video delivered

over noisy channel at the expense of increasing the number of transmitted bits.

This consequently degrades the bandwidth usage for the transmission system.

2.2.2.2 Data Partitioning

Data partitioning is another error resilience tool that can recover damaged slices.

As mentioned in above, in this tool, a slice is divided into three partitions [7].

Partition A contains the header and motion vectors of the slice. Partitions B and

C include intra-coded and inter-coded coefficients, respectively. These partitions

can mutually support each other, when one of them is lost or damaged during

transmission.

As partition A contains motion information of a slice, it is highly intolerant to

noise [48]. Hence, it is very difficult to reconstruct the slice when partition A

is lost. Partition B is less sensitive to noise than partition A, since intra-coded

coefficients in partition B can be recovered by the interpolation from neighbouring

areas of the damaged slice. Apart from partitions A and B, partition C contains
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the least sensitive data, i.e. inter-coded coefficients, which is easily concealed from

its reference.

In order to improve the video performance in the error-prone environment, UEP

techniques can be applied for bitstreams based on different protection levels of

partitions [49–52]. Since partition A is more important than other partitions,

it is transmitted through a layer having higher priority than partitions B and

C. In addition, different partitions can be encoded in parallel in order to reduce

the transmission delay [51, 52]. This feature allows them to be applied in real-

time video transmission [52]. Each partition is considered as an access unit in

NAL. Hence, the overhead is increased due to headers inserted to the beginning

of partitions.

2.2.2.3 Flexible Macroblock Ordering

In H.264/AVC standard, Flexible Macroblock Ordering (FMO) is utilised when a

frame contains more than one slice group [7]. This tool is available in Baseline and

Extended profiles. Different modes of FMO introduced in H.264/AVC standard

are illustrated in Figure 2.7.

In interleaved mode, macroblocks of each row inside a frame is assigned into dif-

ferent slices. In dispersed mode, neighbours of a macroblock are allocated in

different slices. In background/foreground mode, different regions are selected as

background and foreground of a frame. They are located in different slices and

independently transmitted. In out-box mode, a rectangular area of macroblocks

is created, starting from the centre of the frame. Then it follows the spiral around

the centre until a desired size of the slice is achieved. These macroblocks are

located in slice 0, while others are designated in slice 1. In raster scan mode,

macroblocks are grouped into slice by a scan order from left to right and top to

bottom (horizontal scan). Similarly, a slice is formed by selecting macroblocks

in a scan order from top to bottom, and then from left to right (vertical scan),

which is provided in wipe mode. The last mode of FMO conducted in H.264/AVC

standard is explicit mode. In this mode, macroblocks of different groups are freely

selected [53].

The allocation of macroblocks in different modes is determined by a MacroBlock

Allocation Map (MBAMap) [7]. Except Explicit mode, other modes only use
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Figure 2.7: Structure of Flexible Macroblock Ordering.

MBAMap at the beginning of a video sequence to indicate the slice group of each

macroblock. On the other hand, MBAMap is inserted into the beginning of every

frame in explicit mode, which results a higher overhead for video transmission

system in comparison with other modes [54].

FMO can be applied to improve the error resilience of video bitstreams. For in-

terleaved and dispersed modes, the damaged region is recovered by interpolating

successfully decoded macroblocks in neighbouring areas, which are located in other

slices [55–57]. Other modes in FMO tool can be utilised in the error protection of

video bitstreams by applying different protection levels for slices based on their sig-

nificance. In the background/foreground mode, Region of Interest (ROI) methods

are proposed in order to select macroblocks allocated in slices. ROIs can be deter-

mined based on motion activity and the boundary of objects in specific regions of a

frame [58]. It can also be selected based on the variation of motion activity inside

a video frame [59]. Neighbouring macroblocks with the same level of motion activ-

ity are grouped in the same ROI. These ROIs are mapped to different video slices

and are encoded by background/foreground mode of FMO tool. Explicit mode is

applied, when macroblocks are allocated in different slices based on macroblocks’

importance. The significance of a macroblock is determined using the estimated

distortion caused by an error occurring in the considered macroblock [60]. In these

techniques, important slices (or ROIs) are protected more than other slices.
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Figure 2.8: Group of Pictures Prediction Structure.

FMO is introduced as an effective error resilience tool applied in H.264/AVC.

However, its flexibility comes with a certain overhead generated by headers and

Macroblock Allocation Map inserted to slices.

2.2.2.4 Group of Pictures (GOP)

Group of Pictures (GOP) structure is applied to prevent the error propagation in

successive frames. A GOP is started with an I frame, followed by several B and

P frames. As I frame can be completely decoded by itself, an error appearing in

a previous frame cannot be drifted to other frames in next GOPs [61].

Figure 2.8 shows the structure of a GOP formed by an I, several P and B frames.

P frame is predicted either by previous P or I frames. Each B frame is predicted

from previous and next I and/or P frames. This structure introduces a high

compression efficiency, as B frames require a lower number of encoded information

in comparison with P frames [8]. The disadvantage of this structure is the delay in

decoding of B frames, which involves previous and succeeding frames. In Figure

2.8, B1 frame is predicted from I0 and P3 frames. The decoder must receive I0

and P3 before decoding B1 frame. As a result, a delay in receiving three frames

is generated for the receiver. As this structure requires two references instead

of one, more memory spaces in the decoder are demanded. Alternatively, GOP

with ”IPPP...” structure is commonly used in real-time video applications, such as

video conferencing with low latency requirements [62]. As P frames are encoded

using its previous ones, delay is not generated for the transmission network by this

structure.

In conclusion, different structure of GOPs can be configured depending on the

complexity and latency of the transmission system.
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2.2.3 Video Quality Metrics (VQM)

In order to evaluate the performance of videos transmitted over communication

systems, it is necessary to design criteria for measuring the video quality. Two

criteria that can be used are subjective and objective quality assessments [63, 64].

In subjective quality measurement, the video quality is determined using the view-

ers’ perception [65]. Viewers evaluate tested videos by grading the quality score.

It depends on the viewer’s opinion, such as the brightness of the scene shown in

video frames, the smoothness of motion, and distortion appearing in consecutive

frames. This method requires expensive costs and time consuming to carry out

tests with different viewers. In addition, the result can dramatically vary depend-

ing on the situation of tests, such as the viewing environments, viewer’s perception

and attitude [66]. These factors make difficulties to accurately assess the video

quality.

Instead of using the real human observation, objective quality measurement method

utilises algorithms to estimate video quality in a similar way that an observer can

perceive the video performance [67]. One of the most widely used method is Peak

Signal to Noise Ratio (PSNR). In video coding technique, PSNR is a technical

term of the ratio between the possibly highest energy of an image sample and the

average energy of the noise affecting to an image [68]. It is defined as follows:

PSNR , 10log10
(2n − 1)2

MSE
(2.4)

The highest energy of an image sample is possibly drawn when all bits are ‘1’,

which is represented by (2n− 1)2 (n is the number of bits per image sample) [68] .

The energy of the noise is called Mean Squared Error (MSE), which is calculated

as the average of squared errors between the original and impaired frames. It is

given by [69]:

MSE =
1

MN

M−1∑
i=0

N−1∑
j=0

[O(i, j)− I(i, j)]2 (2.5)

where O(i, j) and I(i, j) are the pixel data at position (i, j) of the original and the

processed video frames, respectively. M and N are the height and the width of a

frame.
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PSNR is commonly used in the evaluation of video performance because of its sim-

plicity. However, it has some limitations in the estimation of video quality [70].

For example, this method requires the original frame for comparison. In communi-

cation systems, the original frame may not be available. In addition, PSNR takes

into account all pixels into the calculation of video quality. This is different with

the subjective quality measurement, in which some specific regions of a frame are

more important than others based on different perceptions of human.

Recently proposed works improve objective quality metrics so as to approach the

subjective quality measurement. Some of good video quality metrics include Video

Quality Metric (VQM) [70], Moving Pictures Quality Metric (MPQM) [71], Struc-

tural Similarity Index Metric (SSIM) [72], and Noise Quality Measure (NQM)

[73]. These metrics provide different mathematical models of human perception

on video quality. VQM is one of the most effective methods, which achieves a very

high similarity with subjective quality methods [74]. In this method, perceptual

features of video frames are extracted from both original and processed video se-

quences. These features include motion activities of a frame, the valid region that

is visible to viewers, brightness and colours of an image, and the delay time gen-

erated during transmission. By comparing these extracted features between the

original and processed video sequences, quality parameters are determined. VQM

score includes the linear combination of mentioned parameters, which produces

output values that vary from zero (no perceived impairment) to one (maximum

perceived impairment).

The measurement of video quality is necessary in evaluating the performance of

compressed video transmitted over the network. Subjective quality assessment

provides a good metric for determining video quality at the expense of high cost

of implementation. On the other hand, traditional objective quality measurement

is done at very low cost, but results a poorer performance compared to subjec-

tive ones. Recent objective quality evaluation methods, such as VQM and SSIM,

provide a very high efficiency in determination of video quality by modeling the

human perception of video performance into mathematical algorithms. They are

introduced as reliable methods for estimating video quality in different video ap-

plications.
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2.3 Conclusions

This chapter introduced the basic knowledge of video formats and the structure

of the H.264 Advanced Video Coding standard. The syntax for interfacing com-

pressed video bitstreams with the transmission network based on Network Ab-

straction Layer is also provided. Some common error resilience tools available in

H.264/AVC standard and different video quality metrics are discussed.



Chapter 3

Channel Coding Techniques

Information transmitted over wired or wireless networks are affected by the channel

noise, which degrades the performance of the transmission system. Channel coding

is applied to protect the original information. An important class of channel codes

is the block code, which divides the original information into blocks for protection

purpose. Block codes are suitable for protecting video information, which are

constructed by packets. This chapter introduces a useful form of block codes

with low density in their structure. Indeed, it presents cyclic Low Density Parity

Check (LDPC) codes, which are widely applied in communication systems due

to their binary structure, simplicity in decoding and near-optimal error correction

performance. The chapter also explains the structure of product codes represented

as an effective type of concatenated codes and an iterative algorithm for decoding

of their constituent decoders constructed by cyclic LDPC codes with Euclidean

Geometry (EG) properties.

3.1 Basics of linear block codes

In binary transmission systems, the information is in the format of binary dig-

its, which are called bits. Channel coding is applied to protect bitstreams from

noise, which detects and corrects errors occurring during transmission by adding

redundancy to the original information [75].

27
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Block coding is one of the most important channel coding techniques. In block

coding, a bitstream is divided into input messages. Each message, which is denoted

by u, contains k information bits. As a result, there are 2k cases of input messages.

The channel encoder transforms an input message u to an n binary-digit form

(n > k), which is called a codeword (v) [2]. As a proof of the Shannon limit theory,

there exist certain channel coding techniques to protect input messages from noise,

if their code rate ( k
n
) is less than the capacity of the network bandwidth [2]. This

theory determines the limitation of the error correcting capacity of codes based on

their code rates. As a result, n and k are important parameters for evaluating the

performance of codes. There are 2k distinct codewords required for encoding 2k

input messages. The set of 2k codewords is called a block code. The complexity

of the encoder increases by the length of an input message.

A block code is defined as a linear one, in which the sum of any two codewords is

also a codeword. The sum of two bits of different codewords is done by applying

the modulo− 2 addition, which is ruled as follows [76]:

0 + 0 = 0

1 + 1 = 0

1 + 0 = 0 + 1 = 1

In the linear block coding, the linear combination of different codewords is also a

codeword [2]. This means that an n-dimensional vector of the codeword v can be

generated by a linear combination of k independent codewords g0, g1, ..., gk−1. It

is expressed by [2]:

v = u0g0 + u1g1 + u2g2 + ...+ uk−1gk−1 (3.1)

where ui is the ith bit of the input message (0 ≤ i ≤ k − 1). Equation 3.1 can be

arranged in a matrix form, which is given as follows:
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Figure 3.1: The systematic form of a linear block code.

[
v0 v1 ... vn−1

]
=

[
u0 u1 ... uk−1

]


g0

g1

...

gk−1



=
[
u0 u1 ... uk−1

]
︸ ︷︷ ︸

u


g00 g01 ... g0,n−1

g10 g11 ... g1,n−1

... ... ... ...

gk−1,0 gk−1,1 ... gk−1,n−1


︸ ︷︷ ︸

G

or v = uG (3.2)

where gi = (gi,0, gi,1, ..., gi,n−1) is the ith independent codeword (0 ≤ i ≤ k − 1).

G is called the generator matrix of a linear block code. It is observed that the

encoding complexity is reduced, since the encoder of a linear block code stores

only k rows of the matrix G.

In order to simplify the channel decoding, a structure of the linear block code

called systematic one is presented [2, 77]. Figure 3.1 shows the structure of a

systematic block code. It includes (n − k) redundant bits (or parity check bits)

followed by k bits of the input message. As an input message is separated from

parity check bits, it can be easily extracted at the decoder.

In systematic block coding, the matrix G can be formed as follows [2]:
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G =


g0

g1

...

gk−1

 =


p00 p01 ... p0,n−k−1

p10 p11 ... p1,n−k−1

... ... ... ...

pk−1,0 pk−1,1 ... pk−1,n−k−1

∣∣∣∣∣∣∣∣∣∣︸ ︷︷ ︸
P

∣∣∣∣∣∣∣∣∣∣
1 0 0 ... 0

0 1 0 ... 0

... ... ... ... ...

0 0 0 ... 1


︸ ︷︷ ︸

Ik

(3.3)

In this equation, the matrix G is built from the combination of two sub-matrices

P and Ik. P is an k × (n − k) matrix, which provides parity check bits of k

independent codewords. Ik is defined as a k × k Identity matrix, which satisfies

the following conditions:

Ii,j = 0 if i 6= j

Ii,j = 1 if i = j
(3.4)

From Equations 3.2 and 3.3 , the codeword v is calculated as:

v = u[P |Ik] (3.5)

Let u = (u0, u1, ..., uk−1) and v = (v0, v1, ..., vn−1) be the input message and

codeword of an (n, k) linear block code, respectively. From Equations 3.3 and 3.5,

different elements of the codeword v are calculated as:

vj = uj−n−k (n− k ≤ j ≤ n− 1) (3.6)

and

vj = u0p0,j + u1p1,j + ...+ uk−1pk−1,j (0 ≤ j ≤ n− k − 1) (3.7)

Equations 3.6 and 3.7 show that the first n−k bits of the codeword v are the com-

bination of the input message’s elements and parity check bits, which is followed

by a k-bit input message u. As a result, v is demonstrated as a codeword of the

systematic block code.

Another useful matrix for the linear block code is the parity check matrix (matrix

H), which is constructed as an (n − k) × n matrix. Matrix H is defined as an
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orthogonal matrix of the matrix G [2]. Orthogonality is a feature of the multiplica-

tion of two vectors, which produces a zero vector. In this case, each row of matrix

H is orthogonal to any rows of matrix G, or G.HT = 0. Hence, in systematic

block codes, matrix H is formed by:

H = [In−kP
T ] =


1 0 0 ... 0

0 1 0 ... 0

... ... ... ... ...

0 0 0 ... 1

∣∣∣∣∣∣∣∣∣∣︸ ︷︷ ︸
In−k matrix

∣∣∣∣∣∣∣∣∣∣
p00 p10 ... pk−1,0

p01 p11 ... pk−1,1

... ... ... ...

p0,n−k−1 p1,n−k−1 ... pk−1,n−k−1


︸ ︷︷ ︸

PT

(3.8)

P T is the transpose of matrix P . If gi and hj are denoted as the ith row of matrix

G and the jth row of matrix H, the multiplication between them is:

gi ∗ hj = pij + pij = 0 (3.9)

This equation confirms that each row of G is orthogonal to each row of H, or

G.HT = 0 is proved.

As represented in Equation 3.2, the codeword v is created by a linear combination

of different rows of matrix G (v = uG). Hence, G.HT = 0 will lead to v.HT = 0.

Consider the jth row of matrix H (0 ≤ j ≤ n− k − 1), v.HT = 0 will lead to:

vj + u0p0,j + u1p1,j + ...+ uk−1pk−1,j︸ ︷︷ ︸
ε

= 0 (3.10)

By adding ε in each side of Equation 3.10, the following equation is formed:

vj + u0p0,j + u0p0,j + u1p1,j + u1p1,j + ...

+ uk−1pk−1,j + uk−1pk−1,j = u0p0,j + u1p1,j + ...+ uk−1pk−1,j

(3.11)

or

vj = u0p0,j + u1p1,j + ...+ uk−1pk−1,j (3.12)
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This equation is the same as Equation 3.7. It means that a linear block code can be

generated from the matrix H. In addition, matrix H can be used to detect errors

at the receiver by examining the result of v.HT . When its result is a vector with

all zero elements, original input messages are successfully received. Otherwise, the

error has occurred at the received codeword.

The received and error vectors are denoted by r = [r0 r1 ... rn−1] and e =

[e0 e1 ... en−1], respectively. As error is added to the codeword, the received

vector r is the sum of the codeword and error vectors, which is given by r = v+ e.

A received vector S = [s0 s1 ... sn−k−1] is determined by:

S = rHT (3.13)

Replace r by v + e, Equation 3.13 is re-written as:

S = (v + e)HT

= vHT + eHT

= eHT (3.14)

S is called the syndrome vector of a codeword [2]. In order to determine the

syndrome, n elements of vector e must be calculated. Hence, the computational

complexity of the decoder is increased by the length of the codeword. To simplify

this calculation, different error patterns and their corresponding syndromes are

predetermined. At decoder, errors are detected and corrected by comparing the

calculated syndrome with its error pattern. This can be done by using a lookup

table saved in the memory of the decoder or by a hardware circuit.

Table 3.1 shows the predetermined error patterns and their syndrome calculated

for a (6,3) linear block code. In order to design a decoding circuit for this code,

all elements of syndrome vector S and e must be determined. From this table, the

syndrome S is calculated as:
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Syndrome Error pattern
s1 s2 s3 e1 e2 e3 e4 e5 e6

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

Table 3.1: Syndrome and error pattern for (n,k) codeword.

S = [s1 s2 s3] = r.HT = [r1 r2 r3 r4 r5 r6]×



1 0 0

0 1 0

0 0 1

1 1 0

0 1 1

1 0 1


(3.15)

Hence, elements of syndrome S are:


s1 = r1 + r4 + r6

s2 = r2 + r4 + r5

s3 = r3 + r5 + r6

(3.16)

The logic states for all elements of error patterns can be easily drawn from the

Table 3.1. They are expressed by:



e1 = s1.s2.s3

e2 = s2(s1.s3.s1.s3)

e3 = s1.s2.s3

e4 = s1.s2.s3

e5 = s1.s2.s3

e6 = s1.s3

(3.17)
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Figure 3.2: A decoding circuit of (6,3) block code.

The decoding of (6,3) block code is conducted based on Equations 3.16 and 3.17,

which is shown in Figure 3.2.

It is observed that the complexity of decoding circuit is directly related to the

length of codeword and the number of erroneous bits in the error pattern. Hence,

it is necessary to find methods to reduce the complexity of the decoder, while

increasing the error correcting capacity of the linear block code.
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3.2 Minimum distance and error correcting ca-

pacity of a block code

The minimum distance is an important parameter in determining the error-detecting

and correcting capacity of a block code. Consider a codeword v = (v0, v1, ..., vn−1),

its Hamming weight, which is called w(v), is defined as the number of non-zero

elements in this codeword [2]. The Hamming distance between codewords v and

v′ is defined as the number of their different bit positions, which is denoted as

d(v, v′) [2].

As a feature of modulo-2 addition, a sum of two different binary bits would result

in the value of 1 and vice versa. Hence, the distance between two codewords v

and v′ equals to the Hamming weight of two codewords. This is expressed by:

d(v, v′) = w(v + v′) (3.18)

The minimum distance of a block code (dmin) is defined as the lowest Hamming

distance between any two different codewords [2]. This means two different code-

words in a block code have at least dmin different positions. Any error patterns of

dmin − 1 or less errors cannot convert one codeword to another one. The received

codeword affected by an error pattern of dmin−1 or less errors is not a codeword of

the block code. Hence, the error detecting capacity of a block code with minimum

distance dmin is dmin − 1.

The error-detecting capacity of a block code can be higher than dmin − 1. There

are 2k distinct codewords in a block code and 2n− 1 cases of error patterns. If an

error pattern is identical with one of 2k codewords, that codeword will transform

to another one. There are still 2n−2k cases of error patterns, which cannot change

a codeword to another one. This means the decoder can detect 2n − 2k cases of

error patterns. The error correcting capacity of an (n, k) linear block code (t) is

determined by [2]:

t =

⌊
dmin − 1

2

⌋
(3.19)
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3.3 Cyclic Codes

The error-correcting capacity of a block code is generally improved when the num-

ber of bits in a codeword increases. In this case, the length of a codeword and the

number of rows in matrices G and H also increase. This increases complexity of

encoding and decoding of block codes. Cyclic codes are formed in order to reduce

this complexity by using the algebraic calculations to construct a block code.

Considering vector v = [v0 v1 ... vn−1] with n elements, the one-bit (v(1)) and i-bit

(v(i)) cyclic shifts of this vector are determined as follows [2]:

v(1) = [vn−1 v0 v1 ... vn−2] (3.20)

v(i) = [vn−i vn−i+1 ... vn−1 v0 v1 ... vn−i−1] (3.21)

An (n, k) linear code is called a cyclic code if every cyclic shifts of a codeword in

this code is also a codeword [2]. A codeword of a cyclic code can be displayed as

a polynomial in the following form.

v(X) = v0 + v1X + v2X
2 + ...+ vn−1X

n−1, and

v(i)(X) = vn−i + vn−i+1X + vn−i+2X
2 + ...+ vn−1X

i−1 + v0X
i + ...+ vn−i−1X

n−1

Theorem 1. v(i)(X) is the remainder of dividing X iv(X) by Xn + 1.

Proof:

X iv(X) = v0X
i + v1X

i+1 + v2X
i+2 + ...+ vn−i−1X

n−1 + vn−iX
n

+ vn−i+1X
n+1 + ...+ vn−1X

n+i−1

=

v(i)(X)︷ ︸︸ ︷
vn−i + vn−i+1X + ...+ vn−1X

i−1 + v0X
i + v1X

i+1 + ...+ vn−i−1X
n−1

+ vn−i(X
n + 1) + vn−i+1X(Xn + 1) + ...+ vn−1X

i−1(Xn + 1)

= q(X)(Xn + 1) + v(i)(X)

(3.22)

where q(X) = vn−i + vn−i+1X + ...+ vn−1X
i−1. Equation 3.22 demonstrates that

v(i)(X) is the remainder of the division of X iv(X) by (Xn + 1).

Let g(X) = 1 + g1X + ... + gr−1X
r−1 + Xδ be the non-zero code polynomial of

minimum degree in an (n, k) cyclic code. It is proven that a binary polynomial
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of degree n − 1 or less is a code polynomial, when it is a multiple of g(X) [2]. It

means:

v(X) = a(X)g(X) (3.23)

where a(X) is a polynomial of degree n− δ − 1 or less.

The number of polynomials of degree n − 1 or less, which are multiples of g(X),

is 2n−δ. These polynomials form all code polynomials of the (n, k) cyclic code

[2]. There are 2k code polynomials in an (n, k) linear block code [2]. This leads

to 2n−δ = 2k or δ = n − k. As a result, (n − k) is the minimum degree of code

polynomials in a cyclic code or g(X) = 1 + g1X + ...+ gn−k−1X
n−k−1 +Xn−k.

Therefore, each code polynomial v(X) in an (n, k) cyclic code can be expressed

by [2]:

v(X) = u(X)g(X) (3.24)

= (u0 + u1X + ...+ uk−1X
k−1)g(X) (3.25)

Coefficients of u(X), i.e. (u0 u1 ... uk−1) are the k digits of the input information.

This means a code polynomial can be created by multiplying the input message

u(X) by g(X). In this case, g(X) is called the generator polynomial of (n, k) cyclic

code.

The generator polynomial is demonstrated as a factor of Xn+1 [2]. For any (n, k),

there exists an (n, k) cyclic code if a generator polynomial can be found as a factor

of Xn + 1. This is an important feature in constructing cyclic codes.

3.4 Systematic Cyclic Codes

A systematic codeword of an (n, k) linear block code is expressed by:

v = [p0 p1 ... pn−k−1 u0 u1 ... uk−1] (3.26)

where pi (0 ≤ i ≤ n− k − 1) and uj (0 ≤ j ≤ k − 1) are the parity check bits and

input message, respectively.
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As a result, a systematic code polynomial of the codeword v is formed as follows:

v(X) = p(X) +Xn−ku(X) (3.27)

where p(X) is the polynomial of parity check bits with degree n − k − 1 or less.

Xn−ku(X) is the (n− k) cyclically right shifted version of u(X). In order to find

the parity check polynomial of a systematic code, u(X) is firstly multiplied by

Xn−k. Then, its result is divided by g(X) as follows:

Xn−ku(X) = q(X)g(X) + p′(X) (3.28)

where q(X) and p′(X) are the quotient and remainder, respectively. The degree

of p′(X) must be less than n− k. By adding p′(X) to both sides of this Equation,

a systematic form of an (n, k) cyclic code is given by:

p′(X) +Xn−ku(X) = q(X)g(X) = v′(X) (3.29)

As v′(X) is the multiple of g(X) and q(X), it is determined as a codeword. The

structure of a systematic cyclic code polynomial is divided into two parts. The

first part, i.e. p(X), includes the remainder of the division of Xn−ku(X) by g(X).

The second part of the polynomial is the (n − k) shift version of u(X). There-

fore, the encoding of a systematic cyclic code can be conducted by a linear shift

register, which is shown in Figure 3.3. First, SW1 and SW2 are turned on the

upper level. Message bits u(X) is shifted to the right with (n − k) bits. It is

equivalent to Xn−ku(X). After shifting (n − k) bits, there are n − k bits of

p0, p1, ..., pn−k−1 stored in the shift register, which are the remainder of the divi-

sion of Xn−ku(X) by g(X) [2]. At this time, SW1 and SW2 are switched to the

lower level. p(X) is shifted to the output. It forms a systematic code v(X) with

v(X) = (p0 p1 ... pn−k−1 u0 u1 ... uk−1).

The systematic cyclic form of v(X) can be generated by polynomial h(X). It is

determined by [2]:

Xn + 1 = g(X)h(X) (3.30)

As g(X) is a polynomial of degree n−k, h(X) is formed as a polynomial of degree

k, which is given by:

h(X) = h0 + h1X + ...+ hkX
k (3.31)
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Figure 3.3: The encoding circuit of an (n, k) systematic cyclic code.

From Equation 3.23, v(X) = a(X)g(X) is obtained. By multiplying each side of

this Equation by h(X), a new form of this equation is expressed as follows:

v(X)h(X) = a(X)g(X)h(X) (3.32)

From Equation 3.30, this equation is re-written by:

v(X)h(X) = a(X)(Xn + 1) (3.33)

= a(X) +Xna(X)

Since the degree of a(X) is k − 1 or less and degree of Xna(X) is n or larger, the

powers of Xk, Xk+1, ..., Xn−1 do not appear in a(X)+Xna(X). Hence, the powers

of Xk, Xk+1, ..., Xn−1 do not also occur on the left side of the equation 3.33. This

means:

k∑
i=0

hivk+j−i = 0 0 ≤ j ≤ n− k − 1 (3.34)

As h(X) has degree k, hk must be 1. Equation 3.34 is re-written as:

vj =
k−1∑
i=0

hivk+j−i 0 ≤ j ≤ n− k − 1 (3.35)
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Figure 3.4: The encoding circuit of an (n,k) systematic cyclic code by h(X).

In the systematic form of a codeword, (v0 v1 ... vn−k−1) are the first (n− k) parity

check bits and (vn−k vn−k+1 ... vn−1) are k bits of the input message. The parity

check bits of a codeword can be computed by Equation 3.35. Figure 3.4 shows the

encoding circuit created by h(X). Its operation is explained as follows:

1. Gate 1 is on and gate 2 is off. The input message u(X) is right-shifted k bits

into the shift register. It is also presented in the output of this step. The

shifts of input message are equivalent to obtain (vn−k vn−k+1 ... vn−1) at the

output.

2. Gate 1 is off and gate 2 is on. By observing the information at the point P ,

the below equation is obtained. That is:

vn−k−1 = h0vn−1 + h1vn−2 + ...+ hk−1vn−k

vn−k−1 is also pushed to the output at this step. Hence, (vn−k−1 vn−k

vn−k+1 ... vn−1) are stored at the output.

3. While gate 1 is still off and gate 2 is on, by shifting the register one bit to

the right, the following equation is obtained. It is:

vn−k−2 = h0vn−2 + h1vn−3 + ...+ hk−1vn−k−1

At this stage, (vn−k−2 vn−k−1 vn−k vn−k+1 ... vn−1) are presented at the out-

put.



Chapter 3. Channel coding techniques 41

4. By repeating the step 3 in (n− k) times, all parity check bits are computed.

Finally, (v0 v1 ... vn−k−1 vn−k ... vn−1) are obtained at the output.

The encoding complexity of a cyclic block code mostly depends on the number

of elements in g(X) and h(X) having values of ’1’s, since the multiplication and

division applied in the encoding are valid at positions of these elements.

3.5 Low Density Parity Check Codes

Low Density Parity Check (LDPC) codes are introduced as a class of linear block

codes, which is firstly presented by Gallager in the 1960s [78, 79]. However, they

were not interested by other researchers and practitioners until 1990s. It is mainly

because of the limited computational capacity of computers at their discovery

time. The rediscovery of LDPC codes in the late 1990s demonstrates that these

codes can provide a very high error performance with only a fraction of decibel

away from the Shannon limit [80, 81]. As decoding of LDPC codes is non trellis-

based, it is implemented by a low-complexity iterative decoding algorithm. This

differs from codes with trellis-based decoding, where each state of a codeword is

determined after searching all available branches in the trellis diagram [82].

LDPC code is an (n, k) linear block code, whose parity check matrix H contains

a small number of ’1’s compared to the matrix size. The density of matrix H is

defined as the ratio between the number of ’1’s with the total number of bits in

the matrix. As the low density is one of the main features of these codes, the

complexity of encoding and decoding is reduced compared to general block codes.

A (J,K) regular LDPC code is formed by a parity check matrix, which J and K

are the number of ‘1’s in each column and row of the matrix, respectively. The

number of 1’s in common between any two columns or rows is not greater than

one. Another important feature of LDPC codes is that J and K are much smaller

than the length of the code and the number of rows in matrix H, respectively

[83, 84]. This guarantees the characteristic of low density. If the number of ’1’s in

a column is different from each other, the code is an irregular LDPC code.
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Consider an (15,7) cyclic block code, its parity check matrix H is given as fol-

lows [2]:

H =



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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



(3.36)

In this matrix, J = K = 4 and the density of this matrix is equal to 0.264.

3.5.1 Tanner Graph

Tanner graph is a graphical diagram of LDPC codes structures, which is used in

decoding of these codes [85]. A Tanner graph contains two groups of nodes. The

first group includes variable nodes (v − nodes), while the second one has check

nodes (c− nodes). Each v − node is related to a codeword’s element of the linear

code. As a result, an (n, k) code requires n v − nodes. Each c − node represents

a row of the parity check matrix. Edges connecting a c − node to v − nodes

determines the parity check sum equation of the appropriate row of matrix H.

This means a check node i is connected to a variable node j if hij of matrix H

equals 1.

Consider a (10,5) linear block code with four ‘1’s in each row and two ‘1’s in each

column. Its parity check matrix is given as follows:
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Figure 3.5: Tanner graphs of linear block codes.

H =



1 1 1 1 0 0 0 0 0 0

1 0 0 0 1 1 1 0 0 0

0 1 0 0 1 0 0 1 1 0

0 0 1 0 0 1 0 1 0 1

0 0 0 1 0 0 1 0 1 1


(3.37)

Figure 3.5 shows the Tanner graphs of the (10,5) and (15,7) codes determined by

parity check matrices provided in Equations (3.37) and (3.36). It is observed that

edges of the Tanner graph connecting a check node sj to v−nodes describe which

received codeword’s elements are related to the jth element of the syndrome vector

S [2]. On the other hand, edges starting from a given variable node vi indicate

the syndrome vector’s elements, which are influenced by the ith element of the

received vector v. The relationship between c− nodes and v− nodes is utilised in

the iterative decoding of LDPC codes. Depending on the calculation of c− nodes
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in each step, v − nodes are adjusted in order to provide a better syndrome vector

for the next step, i.e., less number of syndrome elements having a value of ’1’.

These steps can be repeated to recover the original input message. The decoding

is stopped when it correctly recovers the original message or the number of steps

reaches the maximum available number of iterations at decoder.

3.5.2 Constructions of LDPC codes

LDPC codes can be constructed as either random (unstructured) or systematic

(structured) codes. Random LDPC codes are built based on the theoretical spec-

ification, which are found by computers. These codes provide a very good error

performance that is close to Shannon limit, especially for long codes [86]. For

example, (495,433), (1998,1777) and (4376,4095) random LDPC codes are very

strong ones presented in [86]. As random LDPC codes are not structured by spe-

cific rules, the complexity of encoding is extremely high. This is because a large

number of multiplications are required in order to compute a codeword based on

an input message and a large-size generator matrix. In addition, non existence of

short cycles is not guaranteed in unstructured LDPC codes. Indeed, the decoding

performance is significantly reduced, when short cycles are available in Tanner

graph [87]. A cycle in a Tanner graph refers to a finite set of connected edges,

where the edge starts and ends at the same node [86]. Figure 3.6 shows matrix H

of an (7,4) cyclic code. In this figure, some of 4-cycles are presented as rectangular

dash shapes. Overall, there are 21 4-cycles in this code.

Alternatively, LDPC codes can be constructed with the systematic structure of

linear block codes [2]. Encoding of these codes can be easily done by linear shift

registers. Iterative decoding can be effectively applied on LDPC codes. One

of the important families of structured LDPC codes is the combinatorial code.

Instead of searching very long codes, short LDPC codes with good performance are

combined to form a long code with similar features of their component codes [88].

However, there are not many combinatorial codes, which satisfy the condition of

an LDPC code. Other structured LDPC codes are represented as finite geometry

codes. These codes do not have 4-cycle in their Tanner graph, which can be

efficiently decoded by iterative decoding techniques [89]. An important class of

finite geometry codes is Euclidean Geometry (EG) codes, which is constructed by
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Figure 3.6: 4-cycles in matrix H of (7,4) cyclic code.

Euclidean Geometry concept. As a result, encoding of EG codes can be done by

linear feedback shift registers [2].

3.5.3 Euclidean Geometry LDPC Codes

EG codes are constructed based on the structures of planes, lines and points

contained in a multiple dimensional Euclidean Geometry space. In coding theory,

this space is defined as the Galois field. In the next section, properties of the

Galois field and its application in constructing EG codes are introduced.

3.5.3.1 Basic properties of a Galois Field GF(2s)

In previous section, block codes are constructed in the binary field including two

values of ‘0’ and ‘1’. This forms the Galois Field of two elements, which is denoted

as GF(2). All calculations in GF(2) are done based on the modulo-2 arithmetic.

Binary field GF(2) and its extension GF(2s) play an important role in coding

theory, which are widely used in digital transmission and storage systems. In

GF(2s), all calculations are implemented in modulo-2s [2].

A polynomial p(X) is a primitive polynomial over GF(2s), when it dividesX2s−1+1

but does not divide any polynomial Xn+1 (1 ≤ n < 2s−1) [2]. A list of primitive

polynomials is given in Table 3.2.
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Table 3.2: List of primitive polynomials [2].

s s
3 1 +X +X3 14 1 +X +X6 +X10 +X14

4 1 +X +X4 15 1 +X +X15

5 1 +X2 +X5 16 1 +X +X3 +X12 +X16

6 1 +X +X6 17 1 +X3 +X17

7 1 +X3 +X7 18 1 +X7 +X18

8 1 +X2 +X3 +X4 +X8 19 1 +X +X2 +X5 +X19

9 1 +X4 +X9 20 1 +X3 +X20

10 1 +X3 +X10 21 1 +X2 +X21

11 1 +X2 +X11 22 1 +X +X22

12 1 +X +X4 +X6 +X12 23 1 +X5 +X23

13 1 +X +X3 +X4 +X13 24 1 +X +X2 +X7 +X24

Let α be the primitive element in GF(2s), which satisfies the condition of α2s−1 =

1 [2]. The set F includes a finite number of elements, which is given by:

F = {0, 1, α, α2, ..., α2s−2} (3.38)

Elements of set F are proved as distinct ones [4]. Hence, 2s − 1 elements of

GF(2s) can be expressed by set F , which is called powers of α. If α is a root of

the polynomial p(X), i.e. p(α)=0, any element of GF(2s) can be represented by

distinct polynomials of α. Table 3.3 gives the three representations of elements in

GF(24) generated by the primitive polynomial p(X) = 1 +X +X4.

The minimum polynomial of an element in GF(2s) is the one having the smallest

degree over GF(2s) and the considered element is its root [2]. Let φ(X) be the

minimal polynomial of an element β in GF(2s) and e be the smallest integer such

that β2e = β. The minimal polynomial is formed by:

φ(X) =
e−1∏
i=0

(X + β2i) (3.39)

All minimum polynomials of elements in GF(24) are given by Table 3.4. They are

applied in determining the Least Common Multiple (LCM) of different polynomi-

als [2].
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Table 3.3: The three representations of elements in GF(24) generated by
primitive polynomial p(X) = 1 + X + X4 [2].

Power Polynomial 4 tuple
0 0 0000
1 1 1000
α α 0100
α2 α2 0010
α3 α3 0001
α4 1 + α 1100
α5 α + α2 0110
α6 α2 + α3 0011
α7 1 + α + α3 1101
α8 1 + α2 1010
α9 α + α3 0101
α10 1 + α + α2 1110
α11 α + α2 + α3 0111
α12 1 + α + α2 + α3 1111
α13 1 + α2 + α3 1011
α14 1 + α3 1001

3.5.3.2 Constructions of Euclidean Geometry codes

An m-dimensional Euclidean Geometry (EG) over the finite Galois field GF(2s)

(denoted by EG(m, 2s)) includes 2ms m-tuples p = (P0, P1, ..., Pm−1). p is called a

point in EG(m, 2s) or GF(2ms). Pi (0 ≤ i ≤ m− 1) is presented as an element of

GF(2s).

Two independent points p1 and p2 define a unique line L(p1, p1 + p2). If a pi point

of the line L(p1, p1 + p2) satisfies the following condition:

pi = p1 + αp2, α ∈ GF (2s) (3.40)

then, there are total 2s points on the line L(p1, p1 + p2) [84]. Consider a point

p satisfying the condition of Equation (3.40), 2ms − 1 other points in EG(m, 2s)

can be divided into subsets of 2s − 1 points. Each subset forms a distinct line of

EG(m, 2s), which contains the point p. Hence, the number of lines intersecting on

a point p of EG(m, 2s) is (2ms − 1)/(2s − 1). As each line including that point

(point p) consists of 2s points, 2ms points in GF(2ms) generate 2ms

2s
= 2(m−1)s points

ps. The number of total lines in EG codes is the total number of lines containing

all points ps, which is the value of 2(m−1)s(2ms − 1)/(2s − 1) [84].
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Table 3.4: Minimal polynomials of the elements in GF(24) generated by
p(X) = 1 + X + X4 [2].

Elements Minimal Polynomials
0 X
1 X + 1

α, α2, α4, α8 X4 +X + 1
α3, α6, α9, α12 X4 +X3 +X2 +X + 1

α5, α10 X2 +X + 1
α7, α11, α13, α14 X4 +X3 + 1

Consider an incident matrix H = [hi,j], its rows are related to (2(m−1)s− 1)(2ms−
1)/(2s−1) lines not containing the origin 0 (point 0), while its columns are related

to the 2ms − 1 points other than the origin. An element hi,j = 1 if the jth point is

included in the ith line of EG(m, 2s) and other elements have hi,j = 0. Based on

the structure of EG(m, 2s), matrix H has three properties as follows [84]:

1. Every row of matrix H has 2s elements with the value of ’1’s. It is corresponding

to a number of points in a line of EG(m, 2s).

2. Every column contains (2ms − 1)/(2s − 1) − 1 elements having the value of

’1’, which involves the number of lines intersecting on each point p of EG(m, 2s),

except the origin.

3. Any two rows of matrix H have at most one ’1’ in common. It is because two

independent lines in EG(m, 2s) have at most one point in common.

Matrix H with above-mentioned properties defines the parity check matrix of EG

linear block codes [84]. The property three guarantees that there is not any short

cycle occurring in the Tanner graph of matrix H, which improves the iterative

decoding performance. EG codes satisfy the definition of an (J,K) LDPC code,

which includes (1) each column contains J ’1’s, (2) each row contains K ’1’s and

(3) no two rows have more than than one ’1’ in common [2].

EG codes can be constructed as cyclic codes, whose generator polynomials are

derived from the properties of Euclidean geometry. An m-dimensional finite ge-

ometry is generated from a finite number of elements called points, or 1-flats.

Points in the finite geometry can be divided into subsets of identical structure.

Each subset including µ points is called an µ-dimensional hyperplane or µ-flat

(1 ≤ µ < m). All µ-flats in EG(m, 2s) can be associated with a linear block code,

which referred to the (µ, s)th-order EG code [90].
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The generator polynomial of an (µ, s)th-order EG code is provided in terms of its

roots in GF(2ms). Let h be a non negative integer with condition of h < 2ms,

which can be formed as follows:

h = δ0 + δ12s + δ222s + ...+ δm−12(m−1)s (3.41)

where 0 ≤ δi < 2s and 0 ≤ i < m. The 2s weight of h is defined as:

W2s(h) =
m−1∑
i=0

δi (3.42)

Let h(l) (0 ≤ l < s) be the remainder resulting from dividing 2lh by 2ms − 1, that

means:

2lh = q(2ms − 1) + h(l) (3.43)

with 0 ≤ h(l) < 2ms−1. Let α be the primitive element of GF(2ms). The generator

polynomial g(X) of the (µ, s)th order of EG code with length 2ms− 1 has αh as a

root if and only if [91, 92]:

0 < max
0≤l<s

W2s(h
(l)) ≤ (m− µ− 1)(2s − 1) (3.44)

Let H be the set of non negative integer h that satisfies Inequation 3.44 and T be

the total number of elements in H . The generator polynomial is constructed as:

g(X) = 1 + a1X + a2X
2 + ...+ aTX

T (3.45)

where ai (1 ≤ i ≤ T ) is a binary value of 0 or 1. As αhi (hi ∈ H) is a root of g(X)

and α is a root of a primitive polynomial p(X) of GF(2ms), the following system

of equations is formed. That is:

g(αh1) = 0

g(αh2) = 0
...

g(αhT ) = 0

p(α) = 0

(3.46)



Chapter 3. Channel coding techniques 50

Table 3.5: Generator polynomials of some EG codes [2].

n k Generator polynomial

15 7 427
63 37 520476221

255 175 445517751622574414531551341
1023 781 4202223402123234242212240434744404036050316300117363

04464446137162575234221412341
4096 3357 7316222107175203012122171362602111257561360071325513

3261404054322260451500114421260675777101367306745261
3460704413625732600024334526121432241222042202121222
0422123202123204121234240434241402242412222424123214
34320224221422342222143402122224043

There are T + 1 parameters including ai ((1 ≤ i ≤ T ) and α. By resolving

Equations of 3.46, all elements of g(X) are determined [2].

Another option for determining all elements of g(X) is given by the following

rules. First, the minimum polynomial of each αh (h ∈ H) is calculated by Equation

3.39. Then, g(X) is calculated as the least common multiple of calculated minimal

polynomials [2]. An example of the construction of g(X) polynomial with m = 2,

s = 2 and µ=0 is presented. In this case, the Euclidean geometry EG(2, 22) over

GF(22) contains 24 points. Let α be a primitive element in GF(24). 0 ≤ h < 15 is

considered to construct the polynomial g(X).

The Equation 3.44 is rewritten as follows:

0 < max
0≤l<2

W22(h
(l)) ≤ 3 (3.47)

The values of h that satisfy this condition are 1, 2, 3, 4, 6, 8, 9, 12. Hence, g(X)

has α, α2, α3, α4, α6, α8, α9, α12 as its roots. As it is shown in Table 3.4, elements

α, α2, α4, α8 have the same minimal polynomial φ(X) = 1 + X + X4. Similarly,

elements α3, α6, α9, α12 have the same minimal polynomial φ(X) = 1 +X +X2 +

X3 +X4. The generator polynomial of (0,2)th order EG code of length 15 is:

g(X) = (1 +X +X4)(1 +X +X2 +X3 +X4)

= 1 +X4 +X6 +X8
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It is observed that the (0,2)th order EG code is an (15,7) cyclic code [2]. Some

generator polynomials of EG codes are given in Table 3.51.

3.6 Decoding of LDPC Codes

There are different decoding techniques for LDPC codes. They are categorised

into two types including hard- and soft-decision decoding [2].

In hard decision decoding, a bit (or an element) of a received vector is recognised

by a fixed state , i.e. either the binary state of ’1’ or ’0’. In contrast, the state of a

binary bit can be determined based on a range of voltages in soft-decision decoding.

For example, bit ‘0’ state can be expressed by its voltage ranging from -1 to 0 volt,

while bit ‘1’ is represented by 0 to 1 volt [2]. This means soft-decision decoding is

more flexible than hard-decision one in determining bits’ states of received vectors.

However, implementation of the soft decision decoding is more complex, since

probability calculations with non integer values are used in estimating bits’ states

of the received codeword. Three popular algorithms for decoding LDPC codes are

Bit Flipping Algorithm (BFA) , Sum Product Algorithm(SPA), and additional

extrinsic-intrinsic information algorithm. BFA is considered as a hard-decision

technique, while the two others are represented for soft-decision ones.

3.6.1 Bit Flipping Algorithm

Bit Flipping Algorithm (BFA) was developed by Gallager, when he proposed the

structure of LDPC codes in the 1960s [78]. In Equation 3.13, the syndrome vector

of an LDPC code is calculated as:

s = rHT (3.48)

When s is zero, the received vector r is recognised as the correct input message.

Otherwise, BFA is utilised in order to recover the original message. BFA considers

bits of the received vector which influence non-zero elements of the syndrome

vector. By flipping the bit that has the most effect on the syndrome vector, this

1The generator polynomial is given in octal representation.
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algorithm will reduce the number of non-zero elements of the syndrome vector.

This procedure is repeated until the calculated syndrome is zero. It is defined in

different steps as follows:

1. Compute the syndrome vector S by Equation 3.13. If all elements of S equal

to zeros, the received vector is considered as the correct one and the decoding

is stopped. Otherwise go to step 2.

2. Find the number of failed syndrome bits for each received bit. It is denoted

by fi , i = 0, 1, ..., n− 1.

3. Determine positions of received bits that generate the largest fi.

4. Flip bits of the received vector having the largest failed syndrome bits.

5. Repeat steps 1-4 until all syndrome bits are zeros or the algorithm reaches

the maximum allowable number of iterations.

3.6.2 Sum Product Algorithm

The Sum Product Algorithm (SPA) is a soft-decision iterative decoding technique,

which is very efficient for LDPC codes [2]. Similar to Bit Flipping Algorithm, in

this technique, erroneous bits of the received vector are adjusted in order to recover

the original input message. SPA applies the probability calculation to estimate

errors occurring in elements of the received vector. At the end of each step, the

received vector is modified, which is used as a soft-input for the next iteration.

This process is repeated until all syndrome bits are zeros or the decoding reaches

the maximum available number of iterations.

Consider an (n, k) LDPC code specified by a parity check matrix H with J rows,

including h1, h2, ..., hJ , where:

hj = (hj,0, hj,1, ..., hj,n−1) 1 ≤ j ≤ J (3.49)

For 1 ≤ j ≤ J , the following set is defined as:

N(j) = {l : hj,l = 1, 0 ≤ l < n} (3.50)
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and for 1 ≤ i ≤ n

M(i) = {k : hk,i = 1, 1 ≤ k < J} (3.51)

It is observed that N(j) lists column positions with hj,l = 1 of the jth row, while

M(i) indicates row positions having hk,i = 1 in the ith column of matrix H.

A posterior probability of bit i of the input message recovered under the condition

of the received bit is calculated as [2]:

Pr{ci = 1|yi} =
1

1 + e
−2ayi
σ2

(3.52)

In this equation, ci and yi are the original and received ith bits, respectively. a

represents the magnitude of a signal waveform for transmitting binary bits of 0 or

1. σ is the channel noise variance, which is a constant. The value of σ is related

to the signal and noise powers of the transmission system [2].

A useful probability for the SPA is defined as follows:

Qji(b) = Pr{ci = b|y, {sj′ = 0, j′ ∈M(i)\j}}

= αjiPr{ci = b|yi}
∏

j′∈M(i)\j

Rj′i(b) (3.53)

where 1 ≤ j < J and 1 ≤ i ≤ n are considered in this equation. b is the bit

state (0 or 1) used in the probability calculation. αji is a constant value in this

equation. Another important probability for the iterative decoding is determined

as [2]:

Rji(0) =
1

2
+

1

2

∏
i′∈N(j)\i

[1− 2Qji′(1)] (3.54)

and

Rji(1) = 1−Rji(0) (3.55)

The sum product algorithm is summarised in the following steps:

1. For i = 1, ..., n, compute Pr{ci = 1|yi} by Equation 3.52. For j = 1, .., J ,

initiate Qji(1) = Pr{ci = 1|yi} and Qji(0) = 1 − Qji(1), for all i and j having

hji = 1 in the matrix H.
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2. Compute the values of Rji(b) (b = 0, 1) by using Equations 3.54 and 3.55 for

all i and j having hji = 1 in the matrix H.

3. Update the values of Qji(b) and the constant αji for the next step by Equation

3.53.

4. For i = 1, ..., n, calculate Qi(1), Qi(0) and αi from the three following

equations: 
Qi(1) = αiPr{ci = 1|yi}

∏
j∈M(i)

Rji(1)

Qi(0) = αiPr{ci = 0|yi}
∏

j∈M(i)

Rji(0)

Qi(1) +Qi(0) = 1

(3.56)

5. Determine the hard-decision state of the ith bit. If Qi(1) > Qi(0), the ith bit is

decided as 1. Otherwise, it has the value of 0.

6. Calculate the syndrome s = rHT . If it is zero vector, the estimated codeword

c is produced and the algorithm is completed . Otherwise, go to step 2.

The sum product algorithm is recognised as an effective iterative decoding tech-

nique. It is demonstrated that the SPA applied for decoding LDPC codes con-

verges very fast [2]. After a few iterations, the number of uncorrected errors is

small. As a result, SPA is utilised for applications that require a low latency in

transmission. However, its complexity is high, as many computations with real

values of probabilities are used [2].

3.6.3 Iterative decoding based on extrinsic and intrinsic

information

This technique provides a low complexity in recovering the damaged bits of re-

ceived vectors. The soft input message is called the direct (or intrinsic) information

R. In each iteration, an additional information ε is added to R forming a new

estimation for the received codeword’s elements. ε is the indirect (or extrinsic)

information, which means that it is independently calculated with the considered

codeword’s elements.
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There are several techniques to compute the extrinsic information ε. However,

they are formed by high-complexity computations, such as logarithm and hyper-

bolic tangent [2]. As a result, it is essential to approximate these calculations in

order to reduce the complexity of decoding.

Consider an (n, k) code C. A code C⊥ is called a dual code of C if and only if any

codeword in C is orthogonal to any codeword in C⊥ and vice versa [2]. If H is the

parity check matrix of C, H can be used as the generator matrix of C⊥ (G⊥). As

G and G⊥ are orthogonal matrices and a codeword is a linear combination of the

input message and its generator matrix, any codeword in C with generator matrix

G is orthogonal to any codeword in C⊥ having generator matrix G⊥.

Let B be a set of minimum weight codewords of C⊥. Bm denotes a subset of B

including codewords with a ’1’ at the position m .

A set of elements’ positions (except element m) having a value of ’1’ in a minimum

weight codeword b is denoted as Im(b). It can be expressed as:

Im(b) = {l| l ∈ supp(b), l 6= m} (3.57)

For each element m of the received codeword, its extrinsic information εm is

approximated based on the information of the dual code C⊥, which is independent

of the code C and obtained by:

εm =
∑
b∈Bm

∏
l∈Im(b)

tanh(yl) (3.58)

where yl is the lth element of the received codeword. To summarise, a received

codeword of the (n, k) code is estimated by applying the following algorithm:

1. Initiate R(0)
m = ym, for all m ∈ [1, n].

2. Initiate the iteration number i = 0 and set the maximum number of iteration

(max no iter).

3. For m = 1 to n, compute ε(i)
m by Equation 3.58.

4. For m = 1 to n, update:

R(i+1)
m = R(i)

m +ε(i)
m (3.59)
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Figure 3.7: Structure of a product code.

5. Decide the hard-decision state of all codeword’s elements based on R(i+1)
m

(m ∈ [1, n]).

6. If i is equal to max no iter, stop decoding. Otherwise, go to the next step.

7. Check syndrome vector S of the codeword. If S = 0, stop decoding. Other-

wise, increase i one unit and go to step 3.

The iterative decoding based on extrinsic and intrinsic information provides a

high performance in decoding LDPC codes, while applying a lower complexity

compared to the sum-product algorithm [2].

3.7 Product Codes

Product coding is a technique for constructing long and powerful codes from short

component codes. Let C1 and C2 be (n1, k1) and (n2, k2) linear block codes, re-

spectively. An (n1n2, k1k2) linear code can be formed as a matrix of n1 columns

and n2 rows. Each row is a codeword in C1 and each column is a codeword in C2.

The code with this structure is called the product code C1 × C2, which is shown

in Figure 3.7 [2].
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In this structure, the k1k2 bits in the upper right side of the matrix are input

messages. The parity check bits of C1 are in the upper left side of the matrix,

while bits at the lower right corner are constructed as parity check bits of the

column code C2. The check bits of row code C1 are encoded by the column code

C2, which form parity check bits in the lower left corner of the matrix.

The product code is encoded by two steps. The k1k2 information bits are arranged

into the input message region of the matrix. In the first step of encoding, the input

message is encoded by row code C1. This forms k2 rows and n1 columns of the

matrix, which is shown as the upper parts of the matrix in Figure 3.7. The second

step is conducted by encoding all n1 columns by column code C2. This process

generates the matrix with n1 columns and n2 rows. Another option for encoding

the product code is that the input message can be firstly encoded by column

code C2, then applies the row encoding by C1. The codeword C1 × C2 can be

transmitted either column by column or row by row. If d1 and d2 are minimum

weights of codes C1 and C2, the minimum weight of C1 × C2 code equals to the

value of d1d2. Similar to a single linear block code, the error correcting capacity

of the product code is d1d2−1
2

[2].

Figure 3.8 shows the diagram of an iterative decoding of a product code. First,

the received codeword r is decoded by the row decoder in C1. Then, extrinsic

information is added to every row codeword to form the soft output of the code

C1. This soft output is processed as the input of the column decoder. Similarly,

the extrinsic information is added to update the states of codeword’s elements in

C2. As a result, the estimated codeword is decoded in C1 × C2. The syndrome S

of codewords in C2 is examined. When S = 0, the estimated codeword is correct

and decoding is stopped. Otherwise, the next loop is implemented in order to

correct the received codeword. The updated soft output r̂ in C1 × C2 is utilised

as the input of the row decoder in the next iteration. Decoding is stopped when

the number of iterations reaches its maximum value.

Product coding is presented as an effective technique in constructing long codes.

It improves the error correcting capacity of the code by combining two short

component codes. Iterative decoding can be efficiently applied for the product

code with a low delay generated in the transmission system. The complexity of

the product code can be reduced by applying two identical component codes in

encoding and decoding.
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Figure 3.8: Decoding of a product code.

3.7.1 Punctured product EG-LDPC code

Puncturing is a method for generating different code rates. In this method, some

bits of the codeword are skipped during transmission. To achieve a good perfor-

mance of the punctured code, the skipped bits are only limited to the parity check

bits of the codeword [2]. The punctured product code rate is calculated as:

R =
k1k2

n1n2 −M
(3.60)

where M is the total number of punctured bits.

Figure 3.9 shows the structure of a punctured product code. P and P ′ are par-

ity check bits for the rows and columns of the product code, respectively. X is

the punctured parity check bit, while I is the original bitstream. Puncturing is

accomplished for the first k2 rows. Depending on the row order, either even or

odd parity bits are punctured. A similar puncturing structure is performed on n1

columns. For each row and column, only M/(n1 + k2) bits are punctured to form

the required rate.

3.7.2 Errors in current cellular networks

Random errors exist in all current cellular networks including 3G/4G and Code

Division Multiple Access (CDMA) [93]. In channel coding technique, random error

is usually modeled as the Additive White Gaussian Noise (AWGN), which is added
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Figure 3.9: Structure of the punctured product codes.
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Figure 3.10: The channel model of a transmitted signal.

to the original signal and it is emitted at all frequencies of the visible spectrum,

i.e., the white noise [94]. In compressed video application, a random error can

cause the loss of motion information, which generates a high distortion in video

frames [95]. Hence, random errors are considered as the main noise source, which

are modeled in simulations throughout this thesis.

The channel model is shown in Figure 3.10, where x(t), y(t) and n(t) are the input,

output and noise signals in a transmission system. ρ is calculated by [96]:

ρ =

√
2r10

Eb/N0
10 (3.61)

where r is the code rate used in the channel coding. The Energy per Bit to Noise

(Eb/N0) is commonly used in Forward Error Correcting (FEC) coding. It takes

into account the signal transmission power and the noise level that affects the
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Figure 3.11: BERs of (63,37)(63,37) EG-LDPC punctured product code.

original signal [2]. As a result, a large value of Eb/N0 means a low noise occurring

in the transmission system.

Figure 3.11 shows the Bit Error Rate (BER) of the (63,37) × (63,37) EG-LDPC

punctured product code in terms of Eb/N0. The iterative decoding with intrinsic

and extrinsic information is used in the decoding of the EG-LDPC codes [2].

Maximum 100 iterations is considered for the sum product decoding algorithm.

The Figure gives the results of the punctured code with different rates necessary

for the proposed technique. As expected, the punctured code with other rates

provides a lower performance compared to the full-rate one.

3.8 Conclusions

Channel coding is an important technique for correcting erroneous information

transmitted over wired or wireless networks. This chapter explained the structure
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of block codes, which is introduced as an important class of channel codes. An

effective form of block codes is the linear code, which reduces the complexity of

encoding and decoding by its special structure. LDPC codes are introduced as

linear block codes, whose parity check matrices are sparse. Euclidean Geometry

codes are considered as structured LDPC codes, which improves the decoding

performance by providing a free short-cycle in their codes’ structures. The product

code is utilised to construct a long code by combining two component ones, while

it significantly improves the error correcting capacity of the code. Next chapters

will introduce different error protection techniques for H.264/AVC video bitstream

by applying product EG-LDPC codes. A puncturing technique is used to generate

different code rates for unequal error protection of video bitstreams.





Chapter 4

Unequal Error Protection of

H.264/AVC Video Bitstreams

based on Data Partitioning and

Motion Information of Slices

This chapter presents UEP techniques for video bitstreams compressed by H.264-

/AVC standard, which are implemented in two protection levels. The first level

is conducted based on specifications of data partitioning recognised as one of the

most important and conventional error resilience tools for wireless video trans-

mission systems. The second level is applied by determining the size of motion

information, which is allocated to the most important partition of a frame or slice.

Suitable Forward Error Correcting (FEC) codes with different rates are applied

for partitions according to their significance. Conducted simulations confirm that

proposed techniques significantly improve the performance of video bitstreams,

while maintaining a similar overall code rate as other UEP techniques.

4.1 Introduction

UEP is recognised as one of the most effective techniques to maintain the quality of

video bitstreams transmitted over the noisy environment [19]. It applies different

FEC code rates on parts of the video bitstream depending on their importance.

63
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Several UEP techniques are proposed based on the specification of H.264/AVC

standard and wireless transmission systems.

A UEP technique for the non-prioritised transmission network is formed by Mul-

tiple Description Coding (MDC). In this technique, video bitstreams are generally

encoded by different code rates and then transmitted through different channels.

At decoder, the information received from different channels mutually supports

each other to recover the original bitstream [97]. MDC is proposed for video bit-

streams in the combination with redundant slices, which is an error resilience tool

for H.264/AVC standard. In this technique, the first channel is allocated for trans-

mission of video bitstreams, while redundant slices are transmitted through the

second channel [98]. If some parts or the whole video frame are damaged, the de-

coder replaces damaged areas with the corresponding contents of redundant slices.

Another UEP technique is conducted based on concatenated codes constituted by

Cyclic Redundancy Check (CRC) and Rate Compatible Punctured Convolutional

(RCPC) codes [99]. It is constructed to cope with random and burst errors in

wireless transmission systems. Key points in this UEP technique are determining

the optimum number of slices and their relevant code rate. The code rate applied

for slices is assigned to produce the minimum distortion for the video bitstream.

Compressed video bitstreams can be unequally protected by Fountain codes, which

are represented as rateless codes suitable for erasure channels [100]. These codes

apply a low number of parity bits, which optimise the transmission bandwidth.

Fountain codes are effectively implemented in Scalable Video Coding (SVC), which

split the video bitstream into different sub-streams transmitted through different

layers [101]. Layers are set with different priorities and unequally protected. This

provides a good error protection for the compressed video bitstream with a low

Bit Error Rate (BER) at the expense of a higher coding complexity compared to

other UEP techniques.

Another UEP technique is formed by allocating protection levels for different video

frame types [102]. In a video bitstream, I and P frames are protected higher

than B frames as they are references for other frames. Alternatively, a UEP is

applied on different slices based on their significance evaluated by Slice Sorting by

Relevance (SSR) technique [103]. SSR determines the contribution of slices in the

distortion of continuous frames [104]. Although this technique provides a reliable
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performance for the compressed video bitstream, it applies a transmission delay

due to the sorting slices in continuous frames.

UEP technique can be applied based on the motion activities of different parts

of a video bitstream. As luminance is different in video frames according to the

appearance of objects, the variation of luminance is related to the movement of

objects between successive frames [22]. It can be used as a parameter to determine

the motion activities of different parts of the video bitstream.

In one technique, the luminance difference between two frames is calculated by

the Mean Squared Error (MSE) of all pixels between two consecutive frames [22].

It is expressed by:

MSE(m) =
1

W.H

W∑
j=0

H∑
i=0

[Xm(i, j)−Xm−1(i, j)]2 (4.1)

where Xm(i, j) and Xm−1(i, j) are luminance values of the pixel (i, j) in the mth

and (m−1)th frames, respectively. In this equation, W and H represent the width

and height of the video frame, respectively.

In order to determine the motion activity of a video frame, its MSE is compared

with a threshold value. As successive frames are correlated to each other [22],

previous frames can be used as references for determining the motion activity of

the current one. Indeed, the threshold is calculated by averaging MSEs of previous

frames, which is given as follows [22]:

TH =
1

N

N∑
j=0

MSE(m− j) (4.2)

In this equation, N is the number of previous frames used in the estimation. A

frame is evaluated as a high motion activity one, when its MSE is larger than TH.

Another method to calculate the difference between consecutive frames is done by

the Sum of Absolute Difference (SAD), which is expressed by [105, 106]:

SAD(m) =
W∑
j=0

H∑
i=0

|Xm(i, j)−Xm−1(i, j)| (4.3)
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The threshold value in determining the importance of frames based on SAD is

calculated by Equation 4.2. Similar to MSE method, protection levels of video

frames are evaluated according to their importance [105, 106]. The computational

complexity generated by MSE and SAD are high, since all pixels in two different

video frames are considered in calculation.

Conducting a UEP based on the significance of a group of continuous frames

forms another protection technique [107]. Video frames in each group are initially

divided into two sub-groups represented as the first-half and second-half frames.

It is recognised that earlier frames in a group have more influences in the error

propagation of successive frames. As a result, first-half frames are protected higher

than frames of the another sub-group. In each sub-group, frames are further

divided into high- and low-importance groups depending on their sizes. More

protection is assigned for large-size frames compared to small-size ones. Simulation

results demonstrate an improvement on the video performance. However, this UEP

technique does not provide a reliable protection for frames having a high number

of motion information concentrated in a small area, as these frames have sizes

similar to other frames with none or low motion activities [108]. Therefore, the

error protection of relevant frames will be done in the same level as other frames.

In this case, the video performance is degraded since some regions of a frame are

not properly protected.

Data partitioning is one of the most important error resilience tools, which is pro-

vided by H.264/AVC standard. In this tool, compressed video information of a

slice is separated into three partitions including partitions A, B and C. The im-

portance of partitions is different depending on their influences in the recovery of

original video bitstreams affected by channel noise. Partitions A are more impor-

tant than other partitions since they contain the motion and header information

of slices. Conventionally, UEP techniques are applied for slices with data parti-

tioning structure by providing a protection level for partitions A higher than other

partitions [50, 109]. These techniques do not consider motion activities in different

slices. In order to provide suitable error protection levels for high motion-activity

regions of frames, this chapter will introduce two UEP techniques for H.264/AVC

video bitstreams based on data partitioning and motion information of slices. As

motion information is stored in partition A, the size of this partition reflects the
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motion activity of the slice. Generally, slices having large partitions A are pro-

tected more than others. This forms a multi-level error protection for the video

bitstreams. The first technique provides two protection levels only for B slices

based on their motion information indicated in partitions A, while P slices are

protected by only one protection level. In the second technique, both B and P

slices are protected by two levels.

4.2 Two-level UEP for B slices

(MOTION INFO SIZE1)

The motivation of this technique is derived from a previous work, which presents

a UEP technique based on different types of frames [110]. In compressed video

bitstreams, P slices are protected more than B ones, since its has more effect on

the video performance [12].

In this work, a frame is divided into slices and data partitioning is applied to all

slices of the video bitstream. Partitions of a P slice are protected by only one

code rate, which is lower than the code rates of B slices. This means that only one

protection level of UEP is applied for P slices. All B slices apply a lower protection

levels than P slices. B slices having a low number of motion information can be

protected less than others. This forms the two-level UEP technique for B slices

(MOTION INFO SIZE1).

In partition A, the information of macroblock types, prediction modes and motion

vector information (motion information) exist. The information of macroblock

types and prediction modes have the fixed length. In contrast, the number of

motion information varies in different slices. An analysis is done for determining

the size of partitions A in video bitstreams. In this analysis, only one slice per

frame is applied. Figure 4.1 shows sizes of partitions A in different video sequences.

It is shown that they are varied in consecutive frames depending on the motion

activity of the frame. This confirms a proportional relationship between the motion

activity and size of partition A [22]. Human eyes are sensitive to the high motion-

activity area of a frame, as any error in that area becomes very considerable [21].

Hence, slices having a high number of motion information are protected more than

others.
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Figure 4.1: Sizes of partition A for QCIF Foreman and Akiyo sequences.

In order to determine the protection level applied for each slice of B frames, a

threshold is applied to separate the importance of slices. It is defined as the

averaged size of all partitions A in a frame, which is given by:

TH =
1

num slice

num slice∑
k=1

Sk (4.4)

where Sk is the size of partition A for the kth slice. num slice represents the

number of slices in a frame. Slices, whose motion information size is greater than

the threshold value, are evaluated as high-importance ones.

Another analysis is done to examine the impact of threshold on determination of

slices’ significance. Figures 4.2 and 4.3 show the results of this analysis for QCIF

Akiyo and Foreman video sequences. The video sequence is encoded by 9 slices per

frame. In QCIF Akiyo sequence, partitions A and threshold values for the 46th,

47th and 48th B frames are provided. At the 4th slice of the 47th frame, the size of

partition A is approximately twice of other partitions. It is also greater than the

calculated threshold value, i.e., 98 bits. Hence, the high-importance protection

level is applied for this slice. Similar results are obtained for QCIF Foreman video

sequence.
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Figure 4.2: Sizes and thresholds of partitions A of QCIF Akiyo sequence.

 

0

50

100

150

200

250

300

350

400

50th 51st 52nd

Si
ze

s 
o

f 
P

ar
ti

ti
o

n
s 

A
 (

B
it

s)
 

Frame number 

Slice 1

Slice 2

Slice 3

Slice 4

Slice 5

Slice 6

Slice 7

Slice 8

Slice 9

TH=212.8 
TH=186.4 

TH=205.8 

Figure 4.3: Sizes and thresholds of partitions A of QCIF Foreman sequence.



Chapter 4. UEP based on Data Partitioning and Motion Information 70

Tables 4.1 and 4.2 show the protection level of different B frames for CIF Stefan

and 1080p Pedestrian area video sequences with “IBBBBBPBBBBBP” format.

In this analysis, three slices per frame are applied at the encoding of the video

bitstream. In both tables, the percentage of high importance slices is greater than

the low importance ones. This expresses the existence of high motion activities.

Therefore, the threshold calculated by averaging sizes of all slices provides a good

result for the evaluation of motion activity in a video frame. This forms a multi-

level error protection for difference slices encoded with data partitioning tool.

4.3 Two-level UEP for P and B slices

(MOTION INFO SIZE2)

In MOTION INFO SIZE1 method, only one error protection level is considered

for P -slice partitions. Partitions A of P slices have different sizes depending on

their motion activities. Therefore, more protection considered for the long parti-

tions A of P slices will improve the performance of the UEP technique. This forms

another UEP technique, which applies two error protection levels for partitions A

of both P and B slices. Similar to MOTION INFO SIZE1, the significance of

each slice is determined by a threshold value, which is used in allocating protec-

tion levels for different slices. Calculation of this threshold value is determined by

Equation 4.4.

Figures 4.4 and 4.5 illustrate the size of partitions A and threshold values for

the 6th frame recognized as a P frame in QCIF Foreman and QCIF Akiyo video

sequences. In this analysis, a frame is divided into 9 slices. In Foreman sequence,

there are four partitions in the 6th P frame, whose sizes are greater than the

threshold value of 107 bits. Hence, they are protected more than other partitions,

whose sizes are less than the threshold value. Similarly, for QCIF Akiyo sequence,

sizes of partitions A in the 4th, 5th, 6th and 8th slices of the 6th P frame are greater

than the threshold value. Hence, they are evaluated as high-importance slices.

The MOTION INFO SIZE2 provides more protection for high motion areas of

P frames, while it reduces the protection for the low motion areas compared to

MOTION INFO SIZE1 technique. In this case, low motion areas of P frames

are still protected higher than the highest protected areas of B frames. This forms
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Table 4.1: Importance of B slices in CIF Stefan sequence.

Frame num. Slice Partition A size Threshold Importance

2
1 2198

2122.67
High

2 1984 Low
3 2186 High

3
1 1789

1786.00
High

2 2001 High
3 1568 Low

4
1 3215

2615.67
High

2 2654 High
3 1978 Low

5
1 2365

2334.00
High

2 2201 Low
3 2436 High

6
1 3102

2438.33
High

2 1978 Low
3 2235 Low

8

1 2678
2433.33

High
2 2264 Low
3 2358 Low

9
1 2765

2255.67
High

2 2034 Low
3 1968 Low

10
1 1867

2617.67
Low

2 3297 High
3 2689 High

11
1 2133

2690.00
Low

2 2678 High
3 3259 High

12

1 2315
2552.00

Low
2 2654 High
3 2687 High

14
1 2348

2509.00
Low

2 2215 Low
3 2964 High

15
1 2247

2591.67
Low

2 2654 High
3 2874 High

16
1 2349

2468.33
Low

2 2751 High
3 2305 Low

17
1 1908

2286.33
Low

2 2307 High
3 2644 High

18
1 1862

2115.33
Low

2 1974 Low
3 2510 High
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Table 4.2: Importance of B frames in 1080p Pedestrian area sequence.

Frame num. Slice Partition A size Threshold Importance

2
1 11234

12870.00
Low

2 12784 Low
3 14592 High

3
1 19562

18078.67
High

2 17893 Low
3 16781 Low

4
1 14782

16925.67
Low

2 18432 High
3 17563 High

5
1 20192

18156.33
High

2 18345 High
3 15932 Low

6
1 16548

18773.00
Low

2 20314 High
3 19457 High

8
1 20354

18809.00
High

2 19475 High
3 16598 Low

9
1 18564

15605.00
High

2 15687 High
3 12564 Low

10
1 22654

21088.00
High

2 21034 Low
3 19576 Low

11
1 18648

17874.67
High

2 17652 Low
3 17324 Low

12
1 21064

19825.00
High

2 20015 High
3 18396 Low

14
1 19486

19049.33
High

2 19205 High
3 18457 Low

15
1 24618

22573.00
High

2 21035 Low
3 22066 Low

16
1 19584

19920.67
Low

2 19637 Low
3 20541 High

17
1 19658

19496.33
High

2 18674 Low
3 20157 High

18
1 21658

19951.00
High

2 19648 Low
3 18547 Low
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Figure 4.4: Partitions A of the 6th frame of QCIF Akiyo sequence.
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Figure 4.5: Partitions A of the 6th frame of QCIF Foreman sequence.
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Table 4.3: Channel code rates for MOTION INFO SIZE1 method.

Partition
Slices in P frame Slices in B frame

One level High Low
A 0.37 0.4 0.45
B 0.4 0.42 0.47
C 0.47 0.48 0.52

Table 4.4: Channel code rates for MOTION INFO SIZE2 method.

Partition
Slices in P frames Slices in B frames
High Low High Low

A 0.34 0.37 0.4 0.45
B 0.38 0.42 0.42 0.47
C 0.45 0.47 0.48 0.52

another multi-level unequal error protection for the H.264/AVC video bitstream,

which maintains the high video performance and optimizes the bandwidth usage

of the transmission system.

4.4 Simulation results

Simulations are accomplished to evaluate the performance of H.264/AVC video

bitstreams protected by the proposed techniques. They are compared with other

motion activity based UEP techniques including MSE [22], SAD [111] and Equal

Error Protection (EEP) techniques. JM 18.0 Reference Software is applied in

encoding and decoding of the H.264/AVC video bitstream [97]. The frame rate

applied in simulations is set at 30 frames per second. In simulations, video se-

quences with “IBBBBBPBBBBBP...′′ format are considered. Three hundred

(300) frames of each video sequence are used in the loop of 200 times for calcu-

lating the average of Peak Signal-to-Noise Ratios (PSNR) [63] and Video Quality

Metric (VQM) [70].

Tables 4.3 and 4.4 illustrate the rates of (63,37) × (63,37) EG-LDPC punctured

product code, which unequally protects different partitions of B and P slices from

Additive White Gaussian Noise (AWGN) [2]. For EEP technique, the code rate is

set to the average rate utilised in UEP technique1. The error concealment method

is not used in the simulation in order to avoid its effects to the video performance,

1For all simulations of this chapter, the code rate of EEP is set to 0.475.
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when different UEP techniques are compared with each other. Zero padding is

applied by adding a number of zeros to the end of each slice to produce the slice

length of k1 × k2, which is the size of input message of the product code.

4.4.1 Optimal number of slices applied in UEP technique

A simulation is conducted in order to determine the optimal number of slices in

a frame that provides a good video performance. Figures 4.6, 4.7, 4.8, and 4.9

show the performance of QCIF Aikyo, QCIF Foreman, CIF Stefan, and 1080p

Pedestrian area video sequences at different Energy per Bit to Noise (Eb/N0).

Eb/N0 is commonly used in Forward Error Correcting (FEC) coding technique. It

takes into account the signal transmission power and the noise level that affects the

original signal [2]. As a result, a large value of Eb/N0 means a low noise occurring

in the transmission system. The number of slices is set from 2 to 9. It is observed

that for n ≥ 7, the PSNR has a greater change (0.5% to 1.2%) compared to other

values of n. This is obtained at the expense of 5.2% decrease in the code rate.

4.4.2 Comparison between different UEP techniques

The optimal video performance is obtained when the number of slices per frame is

set from 4 to 6 (4 ≤ n ≤ 6). Hence, n = 5 is selected for the comparison between

different UEP techniques in all simulations.

Figures 4.10, 4.11, 4.12 and 4.13 show PSNR results for different video sequences.

Generally, MOTION INFO SIZE2 technique provides the best error protection

for video bitstreams. In Akiyo sequence, its PSNR produces 2.6 dB, 3.2 dB and 4.7

dB better performance than MSE, SAD and EEP, when Eb/N0 is greater than 5.0

dB. In addition, MOTION INFO SIZE1 improves the video quality by 2.3 dB,

2.9 dB and 4.4 dB compared to MSE, SAD and EEP, respectively. Similar results

are obtained for QCIF Foreman, CIF Stefan and 1080p pedestrian area sequences.

PSNR results of these video sequences show that MOTION INFO SIZE2 pro-

vides the best performance in comparison with other techniques. It is observed

that MOTION INFO SIZE1 and MOTION INFO SIZE2 applied a similar

overall code rate compared with other UEP techniques.
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Figure 4.6: Video performance of QCIF Akiyo sequence with different number
of slices in a frame.
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Figure 4.7: Video performance of QCIF Foreman sequence with different
number of slices in a frame.
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Figure 4.8: Video performance of CIF Stefan sequence with different number
of slices in a frame.
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Figure 4.9: Video performance of 1080p Pedestrian area sequence with differ-
ent number of slices in a frame.
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Figure 4.10: PSNR results of QCIF Akiyo sequence with different Eb/N0.
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Figure 4.11: PSNR results of QCIF Foreman sequence with different Eb/N0.
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Figure 4.12: PSNR results of CIF Stefan sequence with different Eb/N0.
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Figure 4.13: PSNR results of 1080p Pedestrian area sequence with different
Eb/N0.
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Table 4.5: VQM scores for UEP techniques with different Eb/N0 values.

Video sequence UEP technique Eb/N0 (dB)

4 5 6 7 8 9 10

QCIF Akiyo

EEP 0.809 0.701 0.615 0.576 0.532 0.513 0.498
MSE 0.721 0.559 0.487 0.432 0.394 0.391 0.39
SAD 0.668 0.523 0.431 0.386 0.382 0.374 0.371

MOTION INFO SIZE1 0.622 0.444 0.367 0.302 0.273 0.256 0.247
MOTION INFO SIZE2 0.581 0.406 0.31 0.249 0.216 0.209 0.203

QCIF Foreman

EEP 0.954 0.812 0.713 0.675 0.619 0.594 0.548
MSE 0.866 0.714 0.622 0.575 0.554 0.513 0.488
SAD 0.809 0.617 0.521 0.489 0.465 0.422 0.412

MOTION INFO SIZE1 0.716 0.541 0.432 0.389 0.356 0.322 0.306
MOTION INFO SIZE2 0.681 0.495 0.396 0.322 0.294 0.284 0.273

CIF Stefan

EEP 0.963 0.825 0.774 0.684 0.633 0.574 0.478
MSE 0.952 0.721 0.623 0.566 0.515 0.427 0.384
SAD 0.884 0.682 0.596 0.533 0.463 0.401 0.344

MOTION INFO SIZE1 0.726 0.563 0.452 0.378 0.291 0.233 0.203
MOTION INFO SIZE2 0.675 0.489 0.396 0.301 0.224 0.185 0.173

1080p Pedestrian area

EEP 0.915 0.822 0.716 0.602 0.521 0.447 0.378
MSE 0.832 0.678 0.594 0.522 0.436 0.386 0.356
SAD 0.766 0.622 0.519 0.452 0.396 0.336 0.286

MOTION INFO SIZE1 0.675 0.526 0.457 0.362 0.289 0.243 0.206
MOTION INFO SIZE2 0.642 0.489 0.391 0.288 0.222 0.194 0.176

Table 4.5 illustrates VQM performance of different video sequences in terms of

Eb/N0 values. VQM is a nominal value ranging from zero to one, where zero ex-

presses no perceived impairment and one represents the maximum impairment of

videos [70]. This Table expresses that the proposed techniques (MOTION INFO-

SIZE1 and MOTION INFO SIZE2) provide a better video quality compared

to other motion-activity based UEP ones. For Pedestrian area, at 5.0 dB, VQM

values of MOTION INFO SIZE2 are 0.037, 0.133, 0.189 and 0.333 lower than

MOTION INFO SIZE1, MSE, SAD and EEP techniques. This proves that

MOTION INFO SIZE1 and MOTION INFO SIZE2 are more efficient than

other UEP techniques.

Figures 4.14 and 4.15 illustrate the video performance of QCIF Akiyo video se-

quence. It is conducted at Eb/N0 = 5.2 dB. Errors occurring in the 18th frames

encoded by EEP and MOTION INFO SIZE1 are successfully corrected by

MOTION INFO SIZE2 technique. Similarly, MOTION INFO SIZE2 gives

the best video quality at the 4th frame of QCIF Akiyo sequence. The same conclu-

sion is achieved for the 47th and 58th frames of QCIF Foreman sequence, as shown

in Figures 4.16 and 4.17. All simulation results prove that bothMOTION INFO-

SIZE1 and MOTION INFO SIZE2 techniques improve the video quality,
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Figure 4.14: The 18th frame of Akiyo sequence decoded by (a) EEP, (b)
MOTION INFO SIZE1 and (c) MOTION INFO SIZE2.

Figure 4.15: The 4th frame of Akiyo sequence decoded by (a) EEP (b) MO-
TION INFO SIZE1 and (c) MOTION INFO SIZE2.

Figure 4.16: The 47th frame of Foreman sequence decoded by (a) EEP, (b)
MOTION INFO SIZE1 and (c) MOTION INFO SIZE2.

Figure 4.17: The 58th frame of Foreman sequence decoded by (a) EEP, (b)
MOTION INFO SIZE1 and (c) MOTION INFO SIZE2.

while a similar number of overheads with other motion-based UEP techniques

is applied.



Chapter 4. UEP based on Data Partitioning and Motion Information 82

4.5 Conclusions

This chapter introduced reliable unequal error protection techniques for H.264/

AVC video bitstreams based on motion information of slices, which is proportional

to the size of partitions A constructed by data partitioning tool. Proposed tech-

niques protect the slices having a high number of motion information. As a result,

video sequences become more robust to the channel noise, while a higher video

performance is used in the comparison with other conventional motion-based UEP

techniques. Slice structure applied in the proposed technique produces a high com-

plexity in encoding of video bitstreams, as a header is inserted to the beginning of

each slice. This requires a high bandwidth for transmitting video information over

networks. Hence, it is necessary to find another error protection technique for the

video bitstream applied at frame level in order to reduce the overhead generated

during encoding. In addition, the motion activity and size of sub-macroblocks

must be considered in the allocation of protection levels, as they have effects on

the distortion of frames.



Chapter 5

Motion Energy based Unequal

Error Protection for H.264/AVC

Video Bitstreams

In chapter 4, UEP techniques are introduced based on the size of motion in-

formation in partition A of a slice structured by the data partitioning tool. The

movement of different sub-macroblocks between consecutive frames and their sizes

are not considered in these techniques. In order to consider the effect of sub-

macroblock sizes and their movement, motion energy is defined as a parameter to

precisely evaluate the motion activity of video frames. Considering this definition,

UEP techniques are presented for video bitstreams depending on the frame type.

Simulation results show that proposed techniques significantly improve the video

quality, while maintaining a similar overall code rate in comparison with other

UEP techniques. In addition, as the information of movement and size of a sub-

macroblock are extracted during encoding, a low complexity is obtained for their

implementations.

5.1 Introduction

In H.264/AVC, the compressed video bitstream is very sensitive to an error in

a frame, which can be drifted to successive frames [112]. This generates a high

distortion in video performance. Hence, UEP can be conducted in correspondence

83
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with the distortion of frames. A distortion model for continuous frames based on

the transmission bit rate is applied to determine the significance of frames [113].

Frames having higher distortion than the average value are protected more than

others. This technique requires a delay for calculating the total distortion of

frames.

A frame can be divided into several slices in the video bitstream. A UEP technique

is proposed by determining distortion depending on the number of slices lost during

transmission [114]. The distortion of a slice is estimated as the difference between

the original and predicted versions of the lost one. Different protection levels are

evaluated by predetermined thresholds of slices’ distortion. As video sequences

have different textures and motion levels, predetermined threshold values cannot

properly respond to the allocation of protection levels of the video bitstream.

Alternatively, slices can be separated into groups according to their estimated

distortions [115]. Those groups having the lowest impact on the distortion are ig-

nored. Instead, ignored slices are replaced by redundant ones in order to improve

the resilience for important groups. Different FEC code rates can be applied to

protect prioritised slices based on the estimation of distortion [62]. At decoder, cor-

rected ones are used to update reference frames in order to stop error propagation

in consecutive frames. Other techniques propose Rate-Distortion Optimization

(RDO) models [116, 117]. In these techniques, different optimisation schemes are

conducted in order to allocate suitable bit rates for slices according to their es-

timated distortion. Error protection levels applied for slices are also determined

based on their types, positions and size of headers inserted to video frames [118].

Delay is not generated for transmission systems by mentioned UEP techniques.

However, as video quality is improved by increasing the number of slices in a

frame, the amount of inserted headers for recognising their beginning in a video

bitstream will significantly rise. This consequently degrades the bandwidth usage

of the transmission system.

In compressed video bitstreams, motion information is very important in the re-

covery of a frame in decoder [21]. An error of motion information can affect

many frames, which significantly degrades the video quality. There are several

techniques, which mitigate errors of the motion information propagating in con-

tinuous frames. In one technique, those slices, which are highly corrupted due to

an error propagating in consecutive frames, are protected more than others [119].
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This technique requires a delay equal to the length of several frames involved

in the calculation of the error propagation. The significance of frames based on

motion activities can also be evaluated by the total Motion Vector Magnitudes

(MV MAGNITUDE) [120] or differences between the actual and predicted mo-

tion vectors [25, 121]. The motion vector magnitude of a macroblock used in

determining the motion activity is expressed by [120]:

MV (x, y) =
√
x2 + y2 (5.1)

where (x, y) is the value of motion vector in X and Y dimensions. To determine

the motion activity of a macroblock, a threshold for separating macroblocks into

high and low importance groups is calculated as the average of motion vector

magnitudes of all macroblocks in a frame. This threshold is calculated by:

TH =
1

N

N−1∑
i=0

MV (xi, yi) (5.2)

where MV (xi, yi) is the motion vector magnitude of the macroblock i of a video

frame. N is the total number of macroblocks in a frame. Macroblocks having

motion vector magnitudes larger than the threshold value are allocated in the

high importance slice and vice versa [120]. In this case, motion vectors can be

extracted during encoding. As simple calculations are required in determining

protection levels, these techniques are generally suited for video applications with

low complexity.

In chapter 4, a UEP technique is proposed based on data partitioning tool [27].

As the motion information of a slice is mainly located on partition A, the motion

activity of a slice is evaluated by the length of this partition (MOTION INFO

SIZE). Therefore, protection levels are formed according to the length of par-

titions A. This technique provides a good solution for protecting slices having

high motion activities in the expense of increasing the number of overheads for

recognising the slices.

Previous works have introduced different UEP techniques based on the motion

information of video frames. However, the influence of motion vectors and sizes of

sub-macroblocks in the distortion of video frames is not considered. It is found that

the existence of an error in sub-macroblocks with large movement, i.e., long motion
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vector magnitude, generates high distortion. This is confirmed by a significant

reduction of correlation between actual and concealed sub-macroblocks [122]. In

general, motion vector magnitudes of sub-macroblocks are not proportional to

their sizes [26]. This concludes that motion activity of a sub-macroblock is not

only set by the motion vector magnitude, but also its size. Indeed, it is determined

by the product of the above-mentioned parameters (motion vector magnitude and

size of the sub-macroblock), which defines the motion energy of a sub-macroblock.

In this chapter, a UEP technique is proposed based on motion energy of mac-

roblocks, which is calculated as the total motion energies of constituted sub-

macroblocks. A method for determining a threshold, which separates the signifi-

cance of macroblocks, is presented as the average of motion energy of the closest

neighbouring macroblocks. UEP technique can be applied for video bitstreams

at macroblock or frame levels. At macroblock level, macroblocks of a frame are

grouped into high- and low-importance slices. Then, grouped macroblocks are

unequally protected by reliable Forward Error Correcting (FEC) codes. At frame

level, the significance of a frame is determined based on the majority of mac-

roblocks having the same importance. Simulation results show that with similar

channel code rates, the UEP formed on the basis of motion energy is more effec-

tive than other well-known motion-activity estimation techniques, while a similar

number of overheads is applied.

5.2 Motion-energy-based UEP techniques for

H.264/AVC video bitstreams

In H.264/AVC standard, a macroblock is constituted by its number of sub-macro-

blocks [7]. The motion vector of a sub-macroblock represents its displacement

between two successive frames [12]. Figure 5.1 illustrates the motion vector of

the sub-macroblock k at the frame i, which is predicted by the sub-macroblock

k′ of the frame (i − 1). There are many conventional error concealment methods

for macroblocks. In one method, when the content of a sub-macroblock is lost,

its motion vector is predicted by motion vectors of its neighbours. If the motion

information of neighbouring sub-macroblocks is lost, the content of the decoded

sub-macroblock will be replaced by the one, which is identically positioned in the
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Figure 5.1: Motion vector of a sub-macroblock.

previous frame [7]. In Figure 5.1, the concealed version of the sub-macroblock k of

the frame i is the sub-macroblock k′ of the frame (i−1). In this case, the distance

between sub-macroblocks k and k′ (d) equals the motion vector magnitude of the

sub-macroblock k.

In order to determine the distortion of the predicted sub-macroblock, i.e., sub-

macroblock k′, its correlation with sub-macroblock k is examined. The correlation

between two sub-macroblocks with the size of M ×N is given by [7]:

ρ =

∑M−1
x=0

∑N−1
y=0 Ik(x, y).Ik′(x, y)∑M−1

x=0

∑N−1
y=0 [Ik(x, y)]2

(5.3)

where Ik(x, y) and Ik′(x, y) are luminance values of the pixels located at the posi-

tion (x, y) of sub-macroblocks k and k′, respectively. An analysis is conducted to

determine the relationship between the correlation of sub-macroblocks and their

distance (d). It is conducted for 300 frames of QCIF Foreman and CIF Stefan video

sequences. In each frame, the correlation of an arbitrary 4 × 4 sub-macroblock

with others is calculated. Figure 5.2 shows the correlations of sub-macroblocks

versus the frame number and distance. It is shown that the correlation between

sub-macroblocks is indirectly related to their distance. This means that distortion

of the predicted sub-macroblock is increased based on the amount of motion vector

magnitude.

It is also recognised that not only are motion vector magnitudes important to deter-

mine the motion activity of sub-macroblocks, but also sizes of sub-macroblocks [26].

Considering these parameters, the motion energy (ME) is defined as follows [28]:

MEk , SBLCKk .MV k (5.4)
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Figure 5.2: Correlations between sub-macroblocks with different distances (a)
Foreman, (b) Stefan.

Table 5.1: Assigned values for different sub-macroblock sizes in ME calcula-
tion.

sub-macroblock size (pel.× pel.) Assigned value (SBLCK)
4× 4 1

4× 8 or 8× 4 2
8× 8 4

8× 16 or 16× 8 8
16× 16 16

where SBCLKk is an assigned value for the size of the kth sub-macroblock. Table

5.1 describes values of SBLCK for different sub-macroblock sizes. MVk represents

the motion vector magnitude of the sub-macroblock k. Based on the definition of

motion energy of the sub-macroblock, different UEP techniques applied at mac-

roblock and frame levels are formed for video bitstreams.
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5.2.1 Motion energy based UEP technique at macroblock

level (ME MB)

The motion energy of a macroblock is calculated as the sum of motion energies of

its sub-macroblocks. This is given by:

MEMB =
num sub macroblock∑

k=1

MEk (5.5)

where num sub macroblock is the number of sub-macroblocks inside a macroblock.

In order to determine protection levels for macroblocks, a threshold value is used to

separate their importance. It is formed by averaging motion energies of the nearest

neighbouring macroblocks of the considered one. Figure 7.10 shows positions of

neighbouring macroblocks in a frame. The number of neighbouring macroblocks

can vary depending on the position of the considered macroblock. Hence, the

threshold value for a macroblock is given as follows:

TH =

num MB∑
n=1

MEMBn

num MB
(5.6)

where MBn is the nth neighbouring macroblock of a frame. num MB represents

the number of neighbouring macroblocks of the considered one. Macroblocks are

evaluated as high-importance ones, when their motion energies are higher than

their threshold values.

Table 5.2 shows the motion energy and the importance of macroblocks for the

79th frame of the CIF Stefan video sequence. It is observed that a large sub-

macroblock can be determined as a low-importance one. This situation occurs

at the 32nd and 265th macroblocks. Despite having the largest size of these sub-

macroblocks (16× 16), their motion vector magnitudes are small1. Consequently,

motion energies relevant to these motion vectors are not higher than the threshold

value. As a result, they are evaluated as low-importance sub-macroblocks. This

is an expected outcome since these macroblocks belong to the smooth regions of

the frame.

1 MV32 = 7.07, MV265 = 6.08.
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Figure 5.3: Neighbouring and examined macroblocks in a video frame.

In order to allocate macroblocks into different slices based on their significance,

Flexible Macroblock Ordering (FMO) tool with explicit mode is applied [53]. In

this case, macroblocks with the same importance are grouped into a slice. Con-

stituents of each slice are recognised by the Macroblock Allocation Map (MBAMap),

which is inserted into the beginning of each video frame. Slices are unequally pro-

tected by a suitable FEC channel code with different rates. At decoder, the order

of macroblocks in a frame is determined by the MBAMap.

The UEP technique applied at macroblock level can efficiently protect different

regions of a frame. However, the size of the overhead is increased by inserting

a number of MBAMaps for frames [53]. In order to prevent this overhead, a

motion-energy-based UEP technique applied at the frame level is introduced in

the following section.

5.2.2 Motion energy based UEP technique at frame level

(2LEV FR)

Protection levels of video frames are evaluated by motion energies of macroblocks

calculated by Equation 5.5. The significance of macroblocks is determined by

comparing their motion energies with threshold values obtained by Equation 5.6.

Then, the number of high- and low-importance macroblocks (num hi imp and

num lo imp) are calculated. The importance of a frame is determined based on

the majority of macroblocks having the same importance2.

2If num hi imp > num lo imp, the frame has high importance and vice versa.
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Table 5.2: Importance of macroblocks of the 79th frame of CIF Stefan se-
quence.

MB
position

Constituents of MB
(number of sub-MB)

ME TH Importance

17 16x8 (2) 160.79 146.74 High

32 16x16 (1) 113.13 158.92 Low

134 16x8 (2) 244.46 302.81 Low

162 8x8 (3), 8x4 (2) 172.4 196.25 Low

183 16x16 (1) 162.5 114.78 High

229 4x4 (4), 4x8 (6) 421.6 387.35 High

265 16x16 (1) 97.32 139.77 Low

319 8x8 (3), 8x4 (2) 689.3 498.54 High

368 16x16 (1) 342.7 215.93 High

An analysis is conducted to verify the impact of motion energy applied at mac-

roblock and frame levels. Table 5.3 shows the percentage of high- and low-

importance parts (macroblocks and frames) in 300 frames of different video se-

quences. It is recognised that the percentage of high-importance parts evaluated

at frame level is larger than those at macroblock level. This means that more

macroblocks are highly protected at frame level. The percentage of frames hav-

ing high-importance is significantly increased with high-motion-activity video se-

quences compared to ME MB method. This percentage increases 7.3% in 1080p

rush hour sequence, while there is 8.3% increase in blue sky sequence.

The video performance provided by the 2LEV FR technique is improved accord-

ing to the increase of high-importance parts of video bitstreams. In addition, the

overhead obtained at frame level is lower than macroblock level, as headers are

not applied in this case. The FEC code with different rates is applied in order to

provide different error protection levels for frames.

5.2.3 Simulation results

The performance of ME MB and 2LEV FR is verified and compared with other

conventional motion-based UEP techniques including MSE [123], SAD [105],

MO- TION INFO SIZE2 [27], MV MAGNITUDE [124] and EEP techniques.
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Table 5.3: Percentage of high and low-importance parts of different video
sequences.

Video sequence

Percentage of MBs
(ME MB)

Percentage of frames
(2LEV FR)

High
Imp.

Low
Imp.

High
Imp.

Low
Imp.

CIF Stefan 47.68 52.32 51.3 48.7

1080p
Pedestrian
area

52.8 47.2 53.62 46.38

1080p
rush hour

59.14 40.86 65.48 34.52

1080p riverbed 54.25 45.75 56.41 43.59

1080p bluesky 50.68 49.32 58.93 41.07

Various video sequences with different frame sizes and motion activities are en-

coded as IPPP... formats with the rate of 30 frames per second. One slice per

frame is applied for encoding different video sequences. Video bitstreams are un-

equally encoded by using (63,37) × (63,37) EG-LDPC punctured product code,

which are transmitted over AWGN channel. The setting for encoding and decod-

ing of this punctured product code is presented in section 4.4. Two different code

rates (0.354 and 0.425) are set for P frames based on the importance of mac-

roblocks or frames. For EEP technique, the code rate is set to the average rate

utilised in UEPs3.

5.2.3.1 Simulations of UEP techniques at macroblock level

Figures 5.4, 5.5, 5.6 and 5.7 show the video performance in terms of PSNRs for

different sequences. In all video sequences, ME MB has the best performance.

For 1080p Pedestrian area, the video quality is improved by 1.74 dB and 0.98 dB

in comparison with MV MAGNITUDE and MOTION INFO SIZE2 tech-

niques, respectively. In CIF Stefan sequence, ME MB also provides the best

PSNR. At Eb/N0= 6.0 dB , it shows 1.82 dB, 0.87 dB and 0.48 dB better per-

formance than SAD, MV MAGNITUDE and MOTION INFO SIZE2 tech-

niques, respectively. For QCIF Foreman video sequence, the highest PSNR is

3For all simulations, the code rate of EEP is set to 0.385.
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Figure 5.4: PSNR results of QCIF Akiyo sequence with different Eb/N0s.
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Figure 5.5: PSNR results of QCIF Foreman sequence with different Eb/N0s.
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Figure 5.6: PSNR results of CIF Stefan sequence with different Eb/N0s.
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Figure 5.7: PSNR results of 1080p Pedestrian area sequence with different
Eb/N0s.
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also obtained by ME MB technique. Its video quality achieves 0.6 dB to 2.1 dB

better than other techniques. Similar results are obtained for QCIF Akiyo video

sequences. These also show the percentage of overhead of different techniques com-

pared to the EEP technique, which is recognised by ov symbol. It is confirmed

that the proposed technique applies an overhead similar to other UEP techniques.

5.2.3.2 Simulations of UEP techniques at frame level

Figures 5.8, 5.9, 5.10 and 5.11 show Video Quality Metric (VQM) values of different

video sequences in terms of Eb/N0s. It is observed that VQM values of 2LEV FR

outperform other UEP techniques. For 1080p pedestrian area sequence, their

values provide 6.8%, 10.6%, 19.6% and 27.1% better than MOTION INFO

SIZE2, MV MAGNITUDE, SAD and MSE at Eb/N0 = 6.0 dB. In CIF Ste-

fan, VQM values obtained by 2LEV FR have 8.2% to 33.47% better than other

UEP techniques. For QCIF Foreman and Akiyo video sequences, 2LEV FR also

gives the best video quality. Their VQM values achieve 6% to 35.2% better than

other techniques. In all video sequences, simulation results confirm that 2LEV FR

gives the best video performance.

It is observed that similar overheads are applied for different UEP techniques. As

a result, 2LEV FR can be applied for video sequences, which are different in their

sizes and motion activities.

5.2.3.3 Comparison of UEP techniques based on FMO and non-FMO

tool

Table 5.4 shows the PSNR difference (∆PSNR) of video sequences for various

Eb/N0s based on the motion energy evaluated at macroblock and frame levels

(ME MB and 2LEV FR). In all video sequences, the video performance ob-

tained by 2LEV FR is better than ME MB. At 6.0 dB, the difference is obtained

from 0.64 dB to 0.81 dB for 1080p video sequences including pedestrian area,

rush hour, riverbed and bluesky. For CIF Stefan and Paris sequences, 2LEV FR

provides 1.21 dB and 0.82 dB of PSNRs better than ME MB. Similarly, ∆PSNR is

achieved at 0.54 dB and 0.84 dB for QCIF Foreman and Akiyo. Overall, 2LEV FR

outperforms ME MB in all video sequences.
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Figure 5.8: VQM results of QCIF Akiyo sequence with different Eb/N0s.
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Figure 5.9: VQM results of QCIF Foreman sequence with different Eb/N0s.
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Figure 5.10: VQM results of CIF Stefan sequence with different Eb/N0s.
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Figure 5.11: VQM results of 1080p Pedestrian area sequence with different
Eb/N0s.
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Table 5.4: PSNR difference of various video sequences.

∆PSNR = PSNR2LEV FR − PSNRME MB

Eb/N0

(dB)
4 5 6 7 8 9 10

QCIF
Foreman

0.61 0.60 0.58 0.54 0.53 0.53 0.53

QCIF
Akiyo

0.89 0.87 0.84 0.80 0.79 0.78 0.78

CIF Paris 0.98 0.86 0.82 0.79 0.78 0.75 0.75

CIF
Stefan

1.24 1.32 1.21 1.07 0.96 0.67 0.64

1080p
Pedestrian
area

0.86 0.78 0.73 0.64 0.51 0.35 0.27

1080p
rush hour

0.74 0.77 0.81 0.73 0.71 0.69 0.68

1080p
riverbed

0.41 0.58 0.67 0.72 0.63 0.61 0.55

1080p
bluesky

0.66 0.68 0.72 0.77 0.68 0.59 0.57

Table 5.5 shows overhead differences (in percentage) between previous motion-

based and 2LEV FR techniques. As expected, UEP techniques with FMO tool

(ME MB and MV MAGNITUDE) have overheads more than others. For

1080p bluesky sequence, ME MB generates an overhead of 9.04% higher than

2LEV FR technique. This table also shows that a low overhead is obtained for

MSE and SAD. However, PSNRs and VQM values of MSE and SAD is much

lower than 2LEV FR, as shown in figures 5.4 to 5.11.

In summary, the motion-energy-based UEP technique applied at frame level out-

performs the one at macroblock level, while it utilises a lower overhead for protect-

ing the video bitstream. These simulations utilised the motion energy calculated

for P frames. In the next section, the definition of motion energy is extended

for different video frame types including P and B frames. A multi-level error

protection technique is applied for these frames, which optimises the overall code

rate utilised for the FEC code and improves the performance of different video

sequences.
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Table 5.5: Overhead difference (%) between previous motion-based UEP and
2LEV FR techniques.

Video sequence (a) (b) (c) (d)

CIF Stefan 7.24 7.65 2.06 1.44

1080p Pedestrian area 4.04 4.22 0.28 0.15

1080p rush hour 3.18 3.36 0.14 0.19

1080p riverbed 7.25 8.53 2.58 1.65

1080p bluesky 7.46 9.04 1.93 1.87

(a) MV MAGNITUDE
(b) ME MB
(c) MSE
(d) SAD

5.3 Application of motion energy on multi-level

error protection techniques for different video

frame types

In H.264/AVC, a P frame is predicted from its previous P frames (Pprev) [38].

Therefore, motion vectors of P frames represent the displacement of sub-macroblocks

between two next frames. Figure 5.12 shows motion energies calculated for P

frames of the video sequence. Considering all sub-macroblocks having motion

information, the motion energy of a P frame is calculated by [29]:

ME =
K∑
k=0

MEk (5.7)

=
K∑
k=0

SBLCKk .
√
δ2
xk

+ δ2
yk

(5.8)

where K is the number of sub-macroblocks in a frame.

Unlike P frames, B frames can be predicted by previous and next frames. B frames

are not used as references for the prediction of other frames [125]. Hence, motion

energies of B frames are limited to movement of sub-macroblocks transferred from

their previous and succeeding P frames. Figure 5.13 shows the relationship of
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Figure 5.12: Motion energy for P frames.

motion energies between B and a previous P frame. Motion energy of the kth sub-

macroblock of the ithB frame (Bi) moved from its reference, i.e. Pprev, is given as

follows [29]:

ME(Pprev Bi)k = SBLKk .MVk(forward) (5.9)

where i > 0 andMVk(forward) is the motion vector magnitude of kth sub-macroblock

in the reference Pprev frame. By using a recursive method, motion energy for the

movement of the kth sub-macroblock from the (i − 1)th frame to the ith frame is

calculated by the following equation:

MEik = ME(Pprev Bi)k
−ME(i−1)k (5.10)

where MEik and ME(i−1)k are the motion energies of the ith and (i− 1)th frames,

respectively. By definition, ME0k is set to zero (ME0k , 0).

Motion vectors of Bi frames can also be predicted from a next reference, i.e. Pnext

frame. This is shown in Figure 5.14. Similar to frames predicted by their previous

P frames, the motion energy of the kth sub-macroblock of a Bi frame moved from

a next P frame is determined by:

ME(Pnext Bi)k
= SBLKk .MVk(backward) (5.11)

where MVk(backward) is the motion vector magnitude of sub-macroblock k in the

next reference.

As mentioned, a P frame is referenced by its previous P frames. Motion energy

for the kth sub-macroblock moved from the Pprev to Pnext frame is calculated by:

MEPnextk = SBLKk .MVPprevk (5.12)
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Figure 5.13: Motion energy for B frames with reference from previous P
frame.
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Figure 5.14: Motion energy for B frames with reference from succeeding P
frames.

Based on Equations 5.11 and 5.12 , the motion energy of the kth sub-macroblock

of a B frame moved from a previous P frame is given by:

ME(Pprev Bi)k
= MEPnextk −ME(Pnext Bi)k (5.13)

Again, motion energy of the kth sub-macroblock in Bi frame moved from Bi−1

frame is calculated by the recursive method introduced in Equation 5.10. Based

on motion energy of a sub-macroblock obtained from Equations 5.9, 5.10, and

5.13, the motion energy of a B sub-macroblock is determined by averaging its

backward and forward motion energies.

Table 5.6 gives the motion energies of the first 40 B frames of different videos. It

is observed that the motion energies are different in video frames. QCIF Akiyo

video sequence has the lowest motion energy since it is recognised as a low motion-

activity video. In contrast, 1080p Pedestrian area provides the highest motion

energies, which expresses a high motion activity inside its video frames. As motion

energy is indirectly related to the distortion of video frames [28], a reliable error

protection technique is required to effectively protect different frame types with

high motion energies and optimise the bandwidth usage of the transmission system.
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Table 5.6: Motion energies of B frames calculated for different video sequences.

Frame Num. (a) (b) (c) (d)

1 138 96 545 1427
2 197 47 423 2132
3 165 82 654 2246
4 146 54 728 1863
5 97 68 521 1834
6 102 74 438 1423
7 112 51 449 1198
8 124 62 478 1765
9 138 83 503 1567
10 92 86 526 1645
11 134 91 678 1689
12 184 53 432 1762
13 201 46 490 1789
14 118 82 543 1804
15 74 73 623 1823
16 62 61 645 1854
17 81 55 675 1889
18 83 31 592 1954
19 99 28 543 1974
20 69 48 521 1723
21 77 55 634 1462
22 98 67 434 1790
23 102 69 523 1925
24 66 72 589 2145
25 58 72 657 2189
26 78 81 666 1834
27 106 83 523 1888
28 137 64 512 1654
29 131 53 478 1423
30 65 44 445 1560
31 74 46 569 1608
32 86 41 591 1737
33 121 48 502 1793
34 134 66 567 1703
35 59 74 622 1524
36 48 76 654 1904
37 97 81 512 1857
38 110 67 543 1662
39 125 45 435 1697
40 101 54 597 1703

(a) QCIF Foreman
(b) QCIF Akiyo
(c) CIF Stefan
(d) 1080p Pedestrian area
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5.3.1 Multi-level error protection for video frames based

on motion energy (MULTI LEV FR)

The amount of motion energy expresses the motion activity of the relevant frame.

Hence, frames with high motion activities are more important than the ones with

low motion activity and require higher protection. For this purpose, a number of

thresholds can be applied to classify the importance of frames in terms of motion

activities.

In general, the threshold value of N next frames (TH) is determined by the average

of motion energies of N previous frames. This is given by:

(TH)l =
1

N

(l−1)N∑
α=(l−2)N+1

MEα (5.14)

where l > 1 and represents the lth N successive frames4.

Figure 5.15 shows motion energy and threshold values for the first 40 frames of

QCIF Foreman and CIF Stefan videos with IBBBBBP... format. Two previous

frames, i.e., N = 2, are used for the threshold calculation of 40 consecutive frames.

It is realised that motion energies of some frames are much higher or lower than

the threshold value. In addition, motion energies of other frames are very close

to the threshold value. For example, motion energy of the 6th frame of Stefan

video is 438, which is much lower then the threshold value of (TH)3 = 691. The

motion energy of the 28th frame of Foreman video is 137, which is almost twice

the threshold value of (TH)14 = 68. This represents a high difference between

calculated motion energies and the threshold value. Therefore, it is expected that

by allocating more protection to frames having motion energies much higher than

the threshold value, the video quality will be improved. This requires implementing

a UEP technique formed by more than two protection levels. For this purpose,

high- and low-importance frames are further divided into sub-levels. For example,

they can be protected by four levels named as Very High (V H), High (H), Low

(L) and Very Low (V L) levels.

4(TH)l is the threshold for N frames from position (l−1)N +1 to lN . For the first N frames,
(TH)1 is set to zero.
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Figure 5.15: Motion energies and thresholds of QCIF Foreman and CIF Stefan
video sequence.

Figure 5.16 shows frames’ positions in a video bitstream. The ones represented

by the same colours have the same significance. For example, Fi−4 and Fi−1 are

categorised as the same level of importance, which are different with four other

frames.

For any frame, the changing rate (Di) of motion energy is proportional to the

difference between motion energies of the considered frame and its nearest previous

one having the same importance. It is defined as:

Di ,
MEi −MEj

MEj
(5.15)

Di represents the changing rate of the frame i (Fi) on the basis of frame j (Fj)

recognised as the nearest previous frame with the same importance. Based on

threshold values of motion energies and their changing rates obtained from Equa-

tions 5.14 and 5.15, the following algorithm is implemented, which determines the

significance of frames:

1. Set i = 1 , l = 1, N = 2, and (TH)l = 0.
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Figure 5.16: Frames position and their relevant changing rates.

2. Calculate the motion energy of the ith frame from Equations 5.8 to 5.13

(MEi).

3. Check the frame position and compute its threshold value from Equation

5.14.

(a) If i > lN , increase l by one unit. Compute the threshold value (TH)l

for the next N frames based on Equation 5.14. Go to Step 4.

(b) If i ∈ [(l− 1)N + 1, lN ], use (TH)l as the threshold value for frame Fi.

Go to Step 4.

4. Compare MEi with the calculated threshold (TH)l.

(a) If MEi ≥ (TH)l, frame Fi is evaluated as the high-importance frame.

Save MEi value in high-importance frame list.

(b) If MEi < (TH)l, frame Fi is evaluated as low-importance frame. Save

MEi value in low-importance frame list.

5. Determine the nearest frame to the frame Fi having the same importance

(Fj). Calculate motion energy of the frame Fj (MEj) and consequently

changing rate between MEi and MEj given by Equation 5.15 (Di).

6. Compute the average of changing rate of N previous frames having the same

importance with frame Fi (DAV G).

7. Compare Di with DAV G.

(a) If Fi is the high-importance frame:

i. If Di ≥ DAV G, frame Fi is determined as the very high importance

frame.

ii. If Di < DAV G, frame Fi is evaluated as the high importance frame.

(b) If Fi is the low-importance frame:

i. If Di ≤ DAV G, frame Fi is determined as the very low importance

frame.
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Table 5.7: Percentage of Foreman video frames having different significance
levels.

Video sequence Frame importance

Very High High Low Very Low
QCIF Foreman 22.15% 23.96% 27.69% 26.20%

QCIF Akiyo 22.54% 26.43% 25.45% 25.58%
CIF Stefan 27.12% 25.97% 23.06% 23.85%

1080p Pedestrian area 26.34% 26.54% 22.84% 24.28%

ii. If Di > DAV G, frame Fi is evaluated as the low importance frame.

8. Repeat Steps 2 to 7 for other frames.

Table 5.7 shows the percentage of different protection levels for video sequences,

which are evaluated by MULTI LEV FR technique. For video sequences with

high motion activities including CIF Stefan and 1080p Pedestrian area, the per-

centage of frames having very high and high importance are greater than ones

with low importance. In contrast, the number of frames with low and very low

importance in QCIF Foreman and Akiyo sequences is higher than others having

high importance. This proves that a higher number of motion activities existing

in CIF Stefan and 1080p Pedestrian area in comparison with QCIF Foreman and

Akiyo sequences.

5.3.2 Simulation results

The video quality obtained by MULTI LEV FR is compared with other UEP

techniques including MSE [123], SAD [105], MOTION INFO SIZE2 [27],

MV MAGNITUDE [124], 2LEV FR and EEP techniques. Different video

sequences are encoded with IBBBBBP... format. Again, settings for the (63,37)

× (63,37) EG-LDPC punctured product code are presented in section 4.4. Table

5.8 describes code rates used in different UEP techniques. In this table, the code

rates applied for B frames are recognised by (∗), while others are applied for P

frames.

Figures 5.17, 5.18, 5.19 and 5.20 show VQM values for video sequences protected

by different UEP schemes in terms of Eb/N0. Overall, MULTI LEV FR out-

performs other UEP techniques at different Eb/N0s. For QCIF Foreman video,
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Table 5.8: Code rate for unequal error protection techniques.

Method
High-importance Low-importance

Very high High Low Very low

MULTI LEV FR
0.334 0.37 0.40 0.45

(0.38∗) (0.40∗) (0.43∗) (0.47∗)

2LEV FR
0.354(0.39∗) 0.425(0.45∗)

ME MB

EEP 0.450

MULTI LEV FR gives 4.02% to 38.14% better VQM values than others. Simi-

lar results are achieved for QCIF Akiyo and CIF Stefan video sequences. For 1080p

Pedestrian area, it shows 6.4% and 41.22% better performance than 2LEV FR

and EEP techniques, respectively. At Eb/N0= 10 dB, the video quality given by

MULTI LEV FR has a value of 0.076. This means that 1080p Pedestrian area

sequence is almost recovered at the decoder without impairment of its video qual-

ity.

Table 5.9 shows PSNR results of UEP techniques at different bit rates. MULTI

LEV FR technique effectively protects all video bitstreams at different bit rates,

which produces a better video performance than other UEP technique. In 1080p

rush hour sequence, its PSNR has approximately 1.0 dB better than 2LEV FR

at the bit rate of 1000 kbps. For 1080p Pedestrian area, MULTI LEV FR pro-

vides 0.48 dB to 3.65 dB higher than 2LEV FR , MOTION INFO SIZE2,

MV MAGNITUDE and SAD techniques. Similar results are produced for other

video sequences presented in Table 5.9. It is proven that proposed techniques ob-

tain a better video performance at different Eb/N0s and bit rates in comparison

with other conventional techniques.

Figure 5.21 illustrates the performance of QCIF Foreman video sequence at Eb/N0 =

5.2 dB. Errors occurring at the 56th frame encoded by EEP and 2LEV FR meth-

ods are successfully corrected by MULTI LEV FR method. The same conclusion

is achieved for the 59th frame of Carphone video sequence, which is shown in Figure

5.22. Similarly, Figure 5.23 shows the performance of the 47th frame of Foreman

video at Eb/N0 = 5.2 dB. MULTI LEV FR has a better performance than

2LEV FR since it evaluates a higher number of frames as high-importance ones.
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Figure 5.17: VQM results of QCIF Akiyo sequence with different Eb/N0s.
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Figure 5.18: VQM results of QCIF Foreman sequence with different Eb/N0s.
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Figure 5.19: VQM results of CIF Stefan sequence with different Eb/N0s.
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Figure 5.20: VQM results of 1080p Pedestrian area sequence with different
Eb/N0s.
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Table 5.9: PSNR results with different bit rates.

Bit rate (kbps) 500 1000 2000 2500 3000

QCIF Foreman

SAD 28.03 29.82 33.02 34.21 35.06
MV MAGNITUDE 28.11 30.14 33.24 34.47 35.39
MOTION INFO SIZE2 28.32 30.33 33.86 35.06 35.78
2LEV FR 28.56 31.16 35.34 36.33 37.12
MULTI LEV FR 28.79 31.45 35.96 36.87 37.47

QCIF Akiyo

SAD 28.24 29.67 32.26 33.52 34.02
MV MAGNITUDE 28.33 29.88 32.64 33.92 34.36
MOTION INFO SIZE2 28.36 30.15 33.15 34.17 34.78
2LEV FR 28.42 31.21 34.26 35.69 36.25
MULTI LEV FR 28.45 31.47 34.54 36.11 36.84

CIF Stefan

SAD 30.45 32.21 35.26 36.32 37.28
MV MAGNITUDE 31.23 32.69 35.98 36.85 37.78
MOTION INFO SIZE2 31.34 33.06 36.09 37.25 38.11
2LEV FR 31.76 33.62 36.81 37.84 38.67
MULTI LEV FR 32.22 34.16 37.13 38.09 38.92

1080p Pedestrian area

SAD 31.42 32.67 34.45 35.04 35.48
MV MAGNITUDE 32.44 33.76 35.36 36.21 36.67
MOTION INFO SIZE2 32.51 34.04 36.08 36.56 36.93
2LEV FR 32.61 34.55 36.72 37.33 37.78
MULTI LEV FR 32.65 34.96 37.1 38.03 38.09

1080p rush hour

SAD 30.12 31.86 33.47 33.85 34.18
MV MAGNITUDE 32.04 33.73 36.14 37.21 38.02
MOTION INFO SIZE2 32.15 33.94 36.72 37.61 38.33
2LEV FR 32.44 34.32 37.52 38.76 39.07
MULTI LEV FR 32.67 34.86 38.13 39.16 39.41

1080p riverbed

SAD 30.91 32.62 34.77 35.58 36.03
MV MAGNITUDE 31.52 33.46 35.78 36.32 36.65
MOTION INFO SIZE2 31.76 33.72 36.23 36.54 36.99
2LEV FR 33.77 35.03 37.06 37.28 37.39
MULTI LEV FR 33.85 35.42 37.68 37.92 38.13

1080p bluesky

SAD 29.85 31.66 34.18 34.89 35.26
MV MAGNITUDE 30.12 32.09 34.74 35.68 35.94
MOTION INFO SIZE2 30.22 32.71 35.33 36.01 36.18
2LEV FR 31.07 34.11 36.06 36.54 36.83
MULTI LEV FR 33.71 34.95 36.58 37.11 37.26
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Figure 5.21: The 56th frame of Foreman sequence decoded by (a) EEP , (b)
2LEV FR, and (c) MULTI LEV FR (Eb/N0 = 5.2 dB).

Figure 5.22: The 59th frame of Carphone sequence decoded by (a) EEP , (b)
2LEV FR, and (c) MULTI LEV FR (Eb/N0 = 5.2 dB).

Figure 5.23: The 47th frame of Foreman sequence decoded by (a) EEP , (b)
2LEV FR, and (c) MULTI LEV FR (Eb/N0 = 5.2 dB).

5.4 Conclusions

This chapter presented efficient unequal error protection techniques for H.264/AVC

video bitstreams based on motion energy. The proposed UEP technique can be

applied at macroblock or frame levels. In this case, a threshold value for separating

macroblocks and frames to high and low-importance levels is presented. Simula-

tion results confirm that the proposed technique outperforms other conventional

ones, while a similar overhead is applied for the video bitstream. In addition, a

multi-level error protection technique based on motion energy in the frame level is
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proposed in order to optimise the overall code rate and improve the video perfor-

mance. As reliable threshold values are required to allocate appropriate protection

levels for frames, the next chapter will investigate different algorithms for deter-

mining the threshold, as well as the corresponding UEP techniques utilised for

video bitstreams.



Chapter 6

Modified UEP techniques of

H.264/AVC video bitstreams

based on the importance of

macroblocks

This chapter presents three methods for determining the threshold value, which

is required for recognising the significance of macroblocks. References used in the

threshold calculation for a macroblock are selected from the neighbouring area

having a high correlation with the considered macroblock. Conducted analysis

and simulation results confirm that the multi-level error protection technique with

proposed thresholds significantly improve the video performance, while a similar

overhead is applied in comparison with other UEP techniques.

6.1 Introduction

In previous UEP technique, the significance of a macroblock is evaluated based on

its Activity Value (AV ), which is defined as the absolute difference between the

predicted and original motion vectors of a macroblock [126] . The macroblock’s AV

is then compared with the average of AV obtained from neighbouring macroblocks

in order to determine its importance. Neighbouring macroblocks are located at the

left and upper sides of the considered macroblock. Similarly, the motion activity

113
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of a macroblock is measured based on the standard deviation of motion vector,

which verifies the similarity between macroblocks located in the same position of

the current and previous frames [127]. The significance of frames is evaluated by

predetermined threshold values, which separate macroblocks of a frame into three

protection levels.

Alternatively, the importance of a macroblock is determined based on the Rate-

Distortion (RD) function [128]. It is calculated as the difference between the

encoded and concealed versions of the macroblock. Similar to the technique pre-

sented in [127], three significance levels of macroblocks are constructed on the basis

of predetermined thresholds. Motion activity of a macroblock can be determined

by the variance of luminance values of a macroblocks [129]. This technique also

uses a predetermined threshold value for determining importance of macroblocks.

Another technique deals with error propagation of macroblocks. Macroblocks hav-

ing a high effect on the performance of continuous frames are highly protected [97].

The protection level of a macroblock is determined by its contribution to the over-

all distortion of successive frames caused by error propagation.

The main similarity between above-mentioned techniques is that predetermined

thresholds are required in the evaluation of the significance of macroblocks. As

macroblocks have different motion activities, it is more suitable to apply adaptive

threshold values for determining their importance. Conventionally, the threshold

value is calculated as the the average of motion activities in reference macroblocks.

References are selected by macroblocks in previous frames having the same position

with the considered one [130, 131]. Other techniques use macroblocks at the

cardinal directions of the considered ones as references. This forms a diamond

shape of neighbouring area for evaluating the threshold value (DIAMOND) [132,

133]. Figure 6.1 shows diamond-shape neighbouring area of a macroblock. The

estimated threshold value of a macroblock is different depending on the number of

macroblocks applied in each cardinal direction. An algorithm is proposed to find

the optimum number of macroblocks used in the estimation of threshold values.

However, it is observed that neighbouring macroblocks having a higher distance to

the considered one produce a lower correlation compared to other macroblocks [23].

As a result, the threshold value based on references in DIAMOND is not accurate.

Another technique is proposed to determine the neighbouring area by using eight

(8) neighbouring macroblocks surrounding the considered one as references [134,
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Figure 6.1: Diamond-shape neighbouring macroblocks in threshold calcula-
tion.

135]. In chapter 5, a UEP technique is proposed based on the threshold cal-

culated by averaging motion energies of mentioned neighbouring macroblocks

(2LEV FR) [29]. Simulations show that the extraction of important macroblocks

by 2LEV FR is better than other conventional techniques. It is recognised that

correlations between neighbouring and considered macroblocks are not equal in all

directions provided by 2LEV FR. Hence, a new definition of the neighbouring

area and the corresponding error protection are required.

This chapter extends the results introduced in chapter 5 [29] and presents new

techniques for determining the significance of macroblocks based on their neigh-

bouring areas. In comparison with the eight neighbouring macroblocks, the newly

defined neighbouring areas have a higher correlation with the considered mac-

roblock. Hence, motion activities of pixels positioned at these areas provide a

better estimation for the protection levels of macroblocks. Based on the protec-

tion levels of macroblocks obtained from analysis of two continuous frames, the

importance of video frames is determined. This forms an unequal error protection

with four levels.
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Figure 6.2: Determination of neighbouring macroblocks in threshold estima-
tion.

6.2 Modified Unequal Error Protection for the

H.264/AVC Video Frames with Macroblocks’

Motion Energy Estimation

In chapter 5, a threshold for separating the significance of a macroblock is deter-

mined by averaging the motion energies of its neighbouring macroblocks (2LEV

FR). These macroblocks are recognised as the closest macroblocks having a high

correlation with the considered one. There are maximum eight neighbouring mac-

roblocks. In this section, instead of considering the whole neighbouring mac-

roblocks, the threshold is calculated with a limited number of neighbouring ones.

They are related to the four closest macroblocks to the considered ones, which

are previously encoded (UNEQU DIST ). In H.264/AVC standard, these neigh-

bouring macroblocks are used to recover the considered one, when it is lost during

transmission [7]. Figure 6.2 shows the position of previous neighbouring and the

examined macroblocks. The threshold value for macroblock k of the frame i (TH i
k)

is given as follows:

TH i
k =

1

M

M∑
l=1

MEi
l (6.1)

where M is the number of the previously encoded neighbouring macroblocks and

l is their position. For the first macroblock of a frame, since there is no previous

macroblock available for threshold calculation, its threshold is set as the motion

energy of the first macroblock of the previous frame. This is because macroblocks

with the same position in two consecutive frames are highly correlated to each

other [4].
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Table 6.1: Percentage of macroblocks having different importance in CIF
Stefan video sequence.

Frame num. Percentage of macroblocks

2LEV FR UNEQU DIST
High Low High Low

1 22.46 77.54 22.84 77.16
2 17.35 82.65 56.27 43.73
3 37.84 62.16 38.12 61.88
4 36.72 63.28 36.44 63.56
5 32.42 67.58 33.66 66.34
6 18.74 81.26 38.63 61.37
7 33.47 66.53 46.25 53.75
8 15.68 84.32 15.25 84.75
9 17.89 82.11 24.16 75.84
10 18.45 81.55 37.89 62.11
11 23.9 76.1 23.91 76.09
12 35.56 64.44 52.29 47.71
13 46.57 53.43 46.46 53.54
14 57.91 42.09 56.21 43.79
15 62.33 37.67 64.15 35.85
16 66.74 33.26 60.45 39.55
17 66.31 33.69 66.31 33.69
18 47.16 52.84 49.25 50.75
19 37.12 62.88 48.26 51.74
20 36.71 63.29 37.14 62.86
21 44.95 55.05 56.17 43.83
22 55.23 44.77 61.22 38.78
23 59.44 40.56 58.49 41.51
24 69.65 30.35 72.19 27.81
25 71.18 28.82 70.05 29.95
26 27.43 72.57 32.45 67.55
27 32.14 67.86 49.13 50.87
28 17.82 82.18 34.16 65.84
29 28.43 71.57 49.16 50.84
30 39.11 60.89 40.32 59.68
31 45.67 54.33 44.89 55.11
32 44.56 55.44 45.61 54.39
33 56.79 43.21 56.82 43.18
34 62.14 37.86 62.18 37.82
35 64.23 35.77 67.65 32.35
36 66.72 33.28 58.38 41.62
37 61.21 38.79 77.21 22.79
38 50.98 49.02 51.08 48.92
39 47.82 52.18 49.27 50.73
40 44.56 55.44 43.56 56.44

overall 43.03 56.97 49.8 50.2
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Table 6.1 shows the percentage of macroblocks having different importance evalu-

ated by 2LEV FR and UNEQU DIST techniques, which is done for CIF Paris

video sequence. It can be seen that at some frames, such as 2nd, 6th and 28th

frames, a greater number of macroblocks is evaluated as high-importance ones in

UNEQU DIST technique. As a result, the whole number of high-importance

macroblocks in a video sequence evaluated by UNEQU DIST is higher than the

2LEV FR technique.

In order to provide a high protection for video bitstreams and optimise redundan-

cies, Forward Error Correcting (FEC) codes are applied at the frame level. Hence,

it is necessary to propose a method for calculating the importance of frames, which

are unequally protected by different code rates. Firstly, the significance of different

macroblocks in the frame i is evaluated. Secondly, macroblocks are divided into

two groups determined by a threshold value introduced in Equation 6.2. Then, the

total motion energies of different groups in frame i are calculated, including mo-

tion energy of high-importance (MEi
Hi) and low-importance macroblocks (MEi

Lo).

The frame i is determined as a high-importance one, when MEi
Hi > MEi

Lo and

vice versa. If MEi
Hi ≈MEi

Lo
1, an additional step is applied, which calculates the

changing rate of total motion energy of high-importance or low-importance groups

(Di
X). This is given by:

Di
X =

MEi
X −MEi−1

X

MEi
X

(6.2)

where X represents the high- or low-importance of a macroblock. Then, the chang-

ing rate of the high importance group (Di
H) is compared with the low-importance

one (Di
L). If Di

H ≥ Di
L, frame i has high importance and vice versa. In conclusion,

an algorithm for determining the importance of frames is formed as follows:

1. Calculate the motion energy of macroblock k of the frame i (MEi
k).

2. Calculate the threshold value (TH i
k) of macroblock k based on Equation 6.1.

(a) IfMEi
k ≥ TH i

k, the kth macroblock is determined as the high-importance

one.

(b) If MEi
k < TH i

k, the importance of macroblock is low.

1This condition is formed when the difference between motion energies of groups is less than
or equal to 10.



Chapter 6. UEP techniques of H.264/AVC video bitstreams based on the
importance of macroblocks 119

3. Repeat steps 1 and 2 for all macroblocks of the frame i.

4. Compute the total motion energies of high- and low-importance groups

(MEi
Hi and MEi

Lo) of the frame i.

(a) If MEi
Hi > MEi

Lo, frame i is evaluated as a high-importance frame.

(b) If MEi
Hi < MEi

Lo, frame i is evaluated as a low-importance frame.

(c) If MEi
Hi ≈MEi

Lo, compute the changing rate Di
H and Di

L from Equa-

tion 6.2.

i. If Di
H ≥ Di

L, frame i is the high-importance frame. Otherwise, it

is the low-importance frame.

5. Repeat steps 1 to 4 for other frames.

6.2.1 Simulation results

The performance of UNEQU DIST technique is verified and compared with

other conventional UEP techniques including MSE [123], SAD [105], MV MAG-

NITUDE [124], 2LEV FR [29], AV , DIAMOND and EEP. Different video se-

quences are encoded by “IPPP...” format with the rate of 30 frames per second.

Specifications for the FEC code utilised in unequally protecting video bitstreams

are presented in section 4.4. Two error protection levels are set for high- and

low-importance frames by the rates of 0.334 and 0.4, respectively.

Figures 6.3, 6.4 , 6.5 and 6.6 show the performance of different UEP techniques in

terms of the bit rate for video sequences. Results are obtained at Eb/N0 = 5.0 dB.

In all video sequences, UNEQU DIST has the best performance. For the QCIF

Foreman video sequence, it improves the video quality from 0.67 dB to 4.21 dB at

the bit rate of 2000 kbps. UNEQU DIST reduces 11.4% of overhead (ov) used

for channel coding compared to the 2LEV FR. In 1080p Pedestrian area video

sequence, the UNEQU DIST also provides the best PSNR. With the bit rate of

1000 kbps, it shows 0.44 dB to 2.54 dB better performance than other techniques.

The UNEQU DIST gives 0.49 dB better quality than the 2LEV FR, while the

number of stuff bits used in channel encoding is reduced by 1.95%. Similar re-

sults are achieved for QCIF Akiyo and CIF Stefan, when the UNEQU DIST

outperforms other techniques at different bit rates.
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Figure 6.3: PSNR results of QCIF Foreman sequence vs. bit rate.
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Figure 6.4: PSNR results of QCIF Akiyo sequence vs. bit rate.
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Figure 6.5: PSNR results of CIF Stefan sequence vs. bit rate.
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Figure 6.6: PSNR results of 1080p Pedestrian area sequence vs. bit rate.
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Figures 6.7, 6.8, 6.9 and 6.10 show the performance of different videos in terms

of Eb/N0, which are encoded with the bit rate of 1000 kbps. For CIF Stefan

video sequence, UNEQU DIST gives the best video performance. Its PSNR has

0.72 dB to 6.37 dB greater than other techniques at Eb/N0 = 6.0 dB. In 1080p

Pedestrian area, the obtained results are similar to CIF Stefan video sequence,

where UNEQU DIST provides 4.13 dB, 3.79 dB, 2.86 dB, 2.05 dB, 1.72 dB and

0.63 dB better than MSE, SAD, MV MAGNITUDE, AV , DIAMOND and

2LEV FR methods, respectively.

For video sequences with lower resolution and motion activities including QCIF

Foreman and Akiyo sequences, simulation results also prove that the proposed

technique improves the video quality in terms of Eb/N0. These results express a

good video performance of UNEQU DIST for video sequences at different bit

rates and Eb/N0s.

Figure 6.11 illustrates the performance of QCIF Carphone video sequence at Eb/N0

= 5.0 dB. Errors occurring at the 86th frame encoded by 2LEV FR, MV MAG-

NITUDE and SAD methods are successfully corrected by UNEQU DIST me-

thod. The same conclusion is achieved for the 73rd frame of the QCIF Foreman

video sequence, which is shown in Figure 6.12. Simulation results confirm that the

proposed technique extracts high importance frames better than other techniques.

As a lower number of macroblocks is involved in the threshold calculation, the

processing time in determining motion energy of macroblocks is reduced. This

feature will consequently improve the efficiency of the transmission system.

6.3 Multi-level error protection technique of

H.264/AVC video bitstreams based on mac-

roblocks’ importance

Figure 6.13 shows the neighbouring area determined by UNEQU DIST presented

in the previous section. The distance between the macroblock ’1’ (the examined

macroblock) and ones positioned at cardinal directions (macroblocks ’2’ and ’4’)

is OE = 3M
2

. This is shorter than the distance between the macroblock ‘1’ and

macroblocks at diagonal directions (macroblocks ’3’ and ’5’), i.e., OB = 3M
√

2
2

.
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Figure 6.7: PSNR results of QCIF Foreman sequence vs. Eb/N0.
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Figure 6.8: PSNR results of QCIF Akiyo sequence vs. Eb/N0.
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Figure 6.9: PSNR results of CIF Stefan sequence vs. Eb/N0.
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Figure 6.10: PSNR results of 1080p Pedestrian area sequence vs. Eb/N0.
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Figure 6.11: The 86th frame of the Carphone sequence decoded by (a) SAD
(32.56 dB), (b) MV MAGNITUDE (32.97 dB), (c) 2LEV FR (33.19 dB),

and (d) UNEQU DIST (36.33 dB).

Figure 6.12: The 73rd frame of the Foreman sequence decoded by (a) SAD
(33.21 dB), (b) MV MAGNITUDE (34.87 dB), (c) 2LEV FR (36.41 dB),

and (d) UNEQU DIST (37.12 dB).
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Figure 6.13: Neighbouring macroblocks in UNEQU DIST .

It is observed that the correlation between pixels is reduced with the distance

[122]. As a result, the correlation is not equal in different directions evaluated by

UNEQU DIST .

The correlation between two M ×M macroblocks is given by [23]:

ρ1 =

∑M−1
x=0

∑M−1
y=0 I(x, y).I ′(x, y)∑M−1

x=0

∑M−1
y=0 I2(x, y)

(6.3)

where I(x, y) and I ′(x, y) are the luminance values of the pixel (x, y) of the exam-

ined and neighbouring macroblocks, respectively. In each macroblock, the origin

point (0, 0) is positioned at the lower-left corner of the macroblock. An analysis is

done to verify the correlations of macroblocks at cardinal and diagonal directions.

Tables 6.2 and 6.3 give the correlations between macroblocks in QCIF Foreman

and CIF Stefan video sequences. Different macroblocks with their neighbouring

areas are considered in the 79th and 82th frames of Foreman and Stefan sequences,

respectively. It can be seen that the correlation calculated for the considered mac-

roblocks with ones at diagonal directions are less than those of cardinal directions.

At the 46th macroblock of the 79th frame of Foreman sequence, the correlation

with macroblocks at diagonal directions is reduced by 17.1% in comparison with

other macroblocks at cardinal directions. Similarly, it is reduced by 21.6% at

the 129th macroblock of the 82th frame of Stefan sequence. It confirms that

macroblocks having higher distance with the examined one will provide less corre-

lations than others. Hence, it is necessary to find neighbouring area having a high

correlation with the considered macroblock, which provides a good estimation for

the threshold value.
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Table 6.2: Correlations between neighbouring macroblocks of QCIF Foreman
sequence.

MB num.
Correlation

neighbouring MBs 2 or 4 neighbouring MBs 3 or 5

18 0.792 0.579
25 0.684 0.624
37 0.537 0.516
46 0.644 0.479
59 0.513 0.504
68 0.721 0.647
74 0.668 0.588

Table 6.3: Correlations between neighbouring macroblocks of CIF Stefan se-
quence.

MB num.
Correlation

neighbouring MBs 2 or 4 neighbouring MBs 3 or 5

45 0.841 0.654
79 0.722 0.623
86 0.709 0.553
129 0.642 0.426
207 0.691 0.515
294 0.576 0.496
371 0.648 0.607

6.3.1 Neighbouring area determined by macroblocks hav-

ing the equal distance to the considered macroblock

In order to form a neighbouring area having a high correlation with the considered

macroblock, different blocks with equal distance are constructed as in Figure 6.14.

In this Figure, the size of macroblocks having greater distance, i.e., macroblocks

at diagonal directions, is changed. As a result, four new sub-macroblocks are

obtained. Macroblocks at cardinal directions and sub-macroblocks at diagonal

directions are combined to form a new neighbouring area for the macroblock ’1’.

In this case, the dimension of the newly constructed sub-macroblocks , i.e., W×W ,

is calculated as follows:

FB = OB −OF =
3M

2
−
√

2M

2
=

(3−
√

2)M

2
(6.4)
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Figure 6.14: Positions of sub-macroblocks in correlation calculation of
EQU DIST .

HB is a side of the square FHBG, which is shown in Figure 6.14. Hence:

HB =
FB√

2
=

(3−
√

2)M

2
√

2
(6.5)

The width and height of the sub-macroblock (W ) are:

W = dHBe ≈ d0.56Me (6.6)

As new sub-macroblocks have different sizes from others, a modification is con-

ducted on Equation 6.3 to determine correlations between the considered mac-

roblock ‘1’ and diagonally positioned sub-macroblocks ‘3’, ‘5’, ‘7’ and ‘9’. This is

given by:

ρ2 =

∑L1−1
x=K1

∑L2−1
y=K2

I(x, y).I ′(x, y)∑L1−1
x=K1

∑L2−1
y=K2

I2(x, y)
(6.7)

where K1, L1, K2, L2 are related to the dimension of different sub-macroblocks

and given in Table 6.4. Equation 6.3 can be expressed based on the correlation
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Table 6.4: Parameters designed for calculating correlation.

Sub-macroblock K1 L1 K2 L2

’3’ M −W + 1 M 0 W
’5’ M −W + 1 M M −W + 1 M
’7’ 0 W M −W + 1 M
’9’ 0 W 0 W

obtained from Equation 6.7. For example, the correlation between macroblocks

’1’ and ’3’ provided by UNEQU DIST is:

ρ1 =

[ α︷ ︸︸ ︷
M−1∑

x=(M−W+1)

W−1∑
y=0

I(x, y).I ′(x, y) +

C1︷ ︸︸ ︷
M−W−1∑
x=0

W−1∑
y=0

I(x, y).I ′(x, y) +

C2︷ ︸︸ ︷
M−1∑

x=M−W

M−1∑
y=W

I(x, y).I ′(x, y)

]/

[ β︷ ︸︸ ︷
M−1∑

x=(M−W+1)

W−1∑
y=0

I2(x, y) +

C3︷ ︸︸ ︷
M−W−1∑
x=0

W−1∑
y=0

I2(x, y) +

C4︷ ︸︸ ︷
M−1∑

x=M−W

M−1∑
y=W

I2(x, y)

]
(6.8)

or:

ρ1 =
α + C1 + C2

β + C3 + C4

(6.9)

Correlation of sub-macroblocks ’1’ and ’3’ provided by EQU DIST can be repre-

sented by:

ρ2 =
α

β
(6.10)

An analysis is done to verify the values of ρ1 and ρ2. One hundred frames of

CIF Stefan and QCIF Foreman video sequences are used in this analysis. In each

frame, a random macroblock and its resized neighbouring macroblock positioned

at the top left diagonal direction is considered. As it is shown in Figures 6.15 and

6.16, values of ρ2 are greater than ρ1 for all examined macroblocks. Hence, the

EQUAL DIST provides neighbouring macroblocks having a higher correlation

with the considered one in comparison to UNEQU DIST .



Chapter 6. UEP techniques of H.264/AVC video bitstreams based on the
importance of macroblocks 130

 

0

0.2

0.4

0.6

0.8

1

1.2
1 6

1
1

1
6

2
1

2
6

3
1

3
6

4
1

4
6

5
1

5
6

6
1

6
6

7
1

7
6

8
1

8
6

9
1

9
6

C
o

rr
e

la
ti

o
n

 

Frame Number 

ρ1 ρ2 

Figure 6.15: Correlation between macroblocks and neighbouring area formed
by UNEQU DIST and EQU DIST methods for CIF Stefan video.
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Figure 6.16: Correlation between macroblocks and neighbouring area formed
by UNEQU DIST and EQU DIST methods for QCIF Foreman video.
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Figure 6.17: Arc-shape neighbouring areas and zig-zag scanning structure
utilized in ARC.

6.3.2 Neighbouring areas determined as arc shapes

EQUAL DIST provides neighbouring macroblocks having higher correlation with

the considered macroblocks in comparison to UNEQU DIST . However, pixels in

the neighbouring area (square shape) do not have equal distance to the centre of

the examined macroblocks. This means that the correlation is not equal between

pixels, which reduces the effectiveness in the estimation of threshold value. In

order to provide an equal distance for pixels at any direction, the neighbouring

area can be formed in the arc shape. Figure 6.17 shows the structure of arc-shape

neighbouring areas of an M ×M macroblock. Since different neighbouring areas

are symmetrical with 45 degrees, the area of the arc-shape sector OAB is given

by:

SOAB =
πR2

8
(6.11)

The area of the triangle OPQ is:

SOPQ =
M2

8
(6.12)
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Hence, the area of the section PQAB is given by:

SPQAB = SOAB − SOPQ (6.13)

=
πR2

8
− M2

8
(6.14)

As defined before, each neighbouring section must have a similar number of pixels

with the examined macroblock. That is:

SPQAB = SMacroblock (6.15)

πR2

8
− M2

8
= M2 (6.16)

and the radius of the arc is:

R =

⌈
3√
π
M

⌉
(6.17)

As a result, the correlation between an arc-shape neighbouring area and the ex-

amined macroblock is determined by:

ρ =

∑M2−1
l=0 I(l).I ′(l)∑M2−1
l=0 I2(l)

(6.18)

where I(l) and I ′(l) are values of lth pixel in the macroblock and its neighbouring

area, respectively. In this equation, pixels with the same zig-zag scanning order

are involved. The scanning of square-shape macroblock and arc-shape are started

from the top left and ended at the bottom right2. Figure 6.17 also shows zig-zag

scanning of the M ×M macroblock and one of its arc-shape neighbours.

Figures 6.18 and 6.19 show the correlation between macroblocks and their neigh-

bours for 100 frames of CIF Stefan and QCIF Foreman video sequences defined

by UNEQU DIST , EQU DIST , and ARC methods. In each frame, a random

macroblock is selected for calculating its correlation with neighbours. It is clearly

shown that the correlation formed by ARC is higher than UNEQU DIST and

EQU DIST methods. This means that the ARC provides the best prediction for

2Arc shape also has M2 pixels since it has the same area as the square-shape macroblock.
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Figure 6.18: Correlation between macroblocks and their neighbouring areas
of Stefan video.
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Figure 6.19: Correlation between macroblocks and their neighbouring areas
of Foreman video.



Chapter 6. UEP techniques of H.264/AVC video bitstreams based on the
importance of macroblocks 134

Table 6.5: Multiple protection level decision for macroblock.

Changing rate
The kth MB importance by threshold

High Low

Di
k ≥ Di−1

k V ery high Low

Di
k < Di−1

k High V ery low

the importance of macroblocks. This is accomplished by calculating the threshold

value defined as the average of motion energies of pixels that are positioned in the

neighbouring area of the examined macroblock. The threshold value relevant to a

macroblock with the size M ×M is expressed by:

TH =

∑K
l=0MEl
K

SMacroblock

=

∑K
l=0MEl
K

M2 (6.19)

where MEl and K are the motion energy of the lth pixel and the total number of

pixels in neighbouring areas, respectively3.

The threshold value obtained from Equation 6.19 divides macroblocks into high

and low importance levels. The categorised high and low importance macroblocks

are further examined to form a multi-level importance for macroblocks. For this

purpose, the motion energy of two macroblocks having the same position at two

continuous frames are compared with each other. Again, this leads to determine

the changing rate of motion energies of the macroblocks as follows [31]:

Di
k =

MEi
k −MEi−1

k

MEi
k

(6.20)

where MEi
k and MEi−1

k are the motion energies of the kth macroblock in frames

i and i− 1, respectively. Table 6.5 gives four protection levels of macroblocks. In

this Table, Di−1
k represents the changing rate of the (i− 1)th frame.

3In this case, motion energy of pixels are determined from Equation 5.4, when SBLCK is set
to the value of one (1).
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Similar to 2LEV FR, the protection level of a video frame is evaluated based on

the majority of macroblocks having the same importance. In summary, a multi-

level error protection for video frames is formed based on the below algorithm [31]:

1. Calculate the motion energy of macroblock k of the frame i (MEi
k) from

Equation 5.4.

2. Calculate the threshold value (TH i
k) of macroblock k from Equation 6.19.

3. Determine the significance of the macroblock k:

(a) IfMEi
k ≥ TH i

k, the kth macroblock is determined as the high-importance

one.

(b) If MEi
k < TH i

k, the macroblock is categorized as the low-importance

one.

4. Calculate the changing rate of the macroblock k by Equation 6.20 (Di
k) and

determine its protection level provided in Table 6.5.

5. Repeat steps 1 to 4 for all macroblocks of the frame i.

6. Determine the importance of frame based on the major of macroblocks hav-

ing the same importance.

7. Repeat steps 1 to 6 for other frames.

6.3.3 Simulation results

The proposed multi-level error protection technique is evaluated with different

threshold estimation methods including UNEQU DIST , EQU DIST and ARC.

Simulations for video sequences are done by comparing the performance of the pro-

posed and previous conventional UEP techniques including SAD, MV MAGNI-

TUDE, AV , DIAMOND, 2LEV FR and EEP techniques. Different video se-

quences are encoded by ”IBBBBBP...′′ format with the rate of 30 frames per

second. The product code constituted by two cyclic EG-LDPC codes is applied

to unequally protect the video frames by different code rates [2]. The allocation

of code rates for different frames is specified in Table 5.8.
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Figures 6.20, 6.21, 6.22 and 6.23 illustrate the video quality of UEP techniques

in terms of Eb/N0. Eb/N0 is set in the range of 3.6 dB to 10.0 dB. In all video

sequences, the arc-shape neighbouring area technique provides the best video per-

formance. For Stefan video sequence, ARC improves the video quality with 0.62

dB, 1.38 dB, 2.08 dB and 3.12 dB better than EQU DIST , UNEQU DIST ,

2LEV FR and DIAMOND techniques at Eb/N0= 6.0 dB. ARC also achieves

the best PSNR for QCIF Foreman video sequence. It has 0.47 dB to 3.78 dB of

PSNR better than other techniques. Similar results are obtained for 1080p Pedes-

trian area and QCIF Akiyo sequences. It is recognised that proposed techniques

(UNEQU DIST , EQU DIST and ARC) outperform previous conventional UEP

techniques. Their PSNRs have approximately 1.95 dB better than others.

In order to confirm the performance of UNEQU DIST , EQU DIST and ARC

in different bit rates utilised in video transmission system, other simulations are

conducted for video sequences in terms of the bit rate ranging from 500 kbps

to 3000 kbps. Figures 6.24, 6.25, 6.26 and 6.27 show the video quality achieved

by different UEP schemes. It is shown that PSNRs of the proposed techniques

(UNEQU DIST , EQU DIST and ARC) are superior to other ones from 1.94

dB to 5.47 dB in all video sequences. In Pedestrian area sequence, the video

performance obtained by ARC has 0.63 dB to 3.14 dB better than other UEP

techniques. At the bit rate of 2000kbps, ARC provides 5.31% of PSNR higher

than EQU DIST . This means that the threshold value predicted by ARC is

more accurate than EQU DIST . In CIF Stefan video, ARC outperforms other

methods, which provides 0.54 dB, 1.16 dB, 1.48 dB, and 2.24 dB better than

EQU DIST , UNEQU DIST , 2LEV FR, and DIAMOND, respectively. For

Foreman video, the multi-level error protection techniques with different thresh-

old calculations obtain a high PSNR in comparison with others, which achieves

around 8.30% better quality compared to the conventional UEP techniques. Sim-

ilar results are obtained for QCIF Akiyo and CIF Stefan videos.

Figures 6.24, 6.25, 6.26 and 6.27 also show the percentage of overheads applied

for different UEP schemes in comparison with EEP technique. It is observed that

the overhead for UNEQU DIST , EQU DIST and ARC is very similar to ones

generated for AV , DIAMOND, MV MAGNITUDE and SAD. This means

that proposed techniques provide a better video quality, while applying a similar

complexity compared to other UEP techniques. Threshold values determined by
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Figure 6.20: PSNR results of QCIF Foreman sequence vs. Eb/N0.
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Figure 6.21: PSNR results of QCIF Akiyo sequence vs. Eb/N0.
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Figure 6.22: PSNR results of CIF Stefan sequence vs. Eb/N0.
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Figure 6.23: PSNR results of 1080p Pedestrian area sequence vs. Eb/N0.



Chapter 6. UEP techniques of H.264/AVC video bitstreams based on the
importance of macroblocks 139

ARC provides the best extraction of high-importance frames utilised in the error

protection scheme.

Figure 6.28 illustrates the video performance of QCIF Carphone video sequence at

Eb/N0= 4.6 dB. Errors occurring at the 53rd frame protected by UNEQU DIST ,

MV MAGNITUDE, and EEP are successfully corrected by ARC. At this

frame, ARC provides 1.10 dB, 4.54 dB and 7.03 dB better than UNEQU DIST ,

MV MAGNITUDE, and EEP techniques, respectively.

6.4 Conclusions

This chapter presented modified multi-level error protection techniques for the

video bitstreams on the basis of motion energy. This is accomplished by deter-

mining the threshold value, which separates the significance of frames in the video

bitstream. References used in the calculation of the threshold for a macroblock

are determined as the neighbouring area, which has a high correlation with the

considered macroblock. Conducted analysis and simulation results confirmed that

the proposed technique provides a better video quality than other motion-based

unequal error protection techniques, while a similar overall code rate (overhead) is

applied. Although the current frame is properly protected by the proposed UEP

techniques, the impact of error propagation in successive frames is not considered

in these techniques. In the next chapter, UEP techniques are conducted by es-

timating the motion activities of succeeding frames in order to provide suitable

protection levels and prevent the error propagation in consecutive frames.
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Figure 6.24: PSNR results of QCIF Foreman sequence vs. bit rate.
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Figure 6.25: PSNR results of QCIF Akiyo sequence vs. bit rate.
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Figure 6.26: PSNR results of CIF Stefan sequence vs. bit rate.
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Figure 6.27: PSNR results of 1080p Pedestrian area sequence vs. bit rate.
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Figure 6.28: The 53th frame of Carphone sequence decoded by (a) EEP (28.74
dB), (b) MV MAGNITUDE (31.23 dB), (c) UNEQU DIST (34.67 dB), and

(d) ARC (35.77 dB) (Eb/N0 = 4.6 dB).



Chapter 7

Multi-level error protection for

H.264/AVC video bitstreams

based on the motion energy

estimation of group of pictures.

With the growth of multimedia communication systems, applications of com-

pressed videos transmitted over wireless networks have been increased. The error

protection for video bitstreams is still a challenging task due to its sensitivity

to the channel noise. Works introduced in chapters 4, 5 and 6 provide a high

efficiency in protecting video bitstreams at the frame and slice levels. As video

frames are related to each other, a single error in a frame can propagate to other

frames of the video bitstream. This will result a significant deterioration in the

video quality. In H.264/AVC standard, Group of Pictures (GOP) is an efficient

tool to prevent error propagation in continuous frames. This chapter introduces

a multi-level error protection technique for H.264/AVC video bitstreams based on

the motion energy estimation of GOPs. Three estimation methods are presented,

which provide a significant improvement of video performance in comparison with

other conventional GOP-based UEP techniques. As the motion energy is predicted

from previous GOPs, a transmission delay is not generated, while a similar overall

code rate to previous techniques is obtained.

143



Chapter 7. UEP based on GOP’s motion energy estimation 144

 

I I P P B B B B B B 

….. 

Figure 7.1: An example of video frames with GOP structure.

7.1 Introduction

A variety of error resilience methods are proposed in order to protect the video

bitstreams from transmission errors. In H.264/AVC standard, Group of Pic-

tures (GOP) is an effective tool for preventing the error propagation in successive

frames [12]. A GOP includes one Intra-coded (I) frame and some other inter-coded

frames. Figure 7.1 shows an example of a GOP structure utilised in H.264/AVC

standard. There are one I, four B and one P frames presented in a GOP. As the

I frame is the first frame of a GOP and independently decoded by itself, errors

occurring in previous GOPs are not transmitted to the current one.

Earlier frames in a GOP are more important frames as they are references of the

latter ones. Hence, a higher protection level can be applied for earlier frames [61,

136]. In addition, frames of a GOP are divided into different slices. Each slice

contains macroblocks having the same importance determined by their positions

in a video frame. It is also concluded that macroblocks closely located in the

beginning of a video frame are more important than others [61]. As the synchro-

nisation information of a video frame is inserted to the macroblocks positioned at

the beginning of the frame, errors occur in these macroblocks will cause the loss of

synchronization [61]. In this case, decoding is stopped until the next video frame

is received. In this technique, the division of slices in a frame reduces the cod-

ing efficiency of the video bitstreams, since added slice headers will significantly

increase the number of transmitted bits.

The determination of the significance of slices in a GOP can be done by analysing

their error propagation [97]. In this method, a random error is added into a

macroblock and its propagation path to other frames is predicted. The prediction

of error propagation path is done based on the correlation of motion activities

between frames. Then, macroblocks generating large error propagation paths are
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allocated in high important slices, which are highly protected by FEC codes. An-

other UEP technique for different video frames is proposed based on the GOP

distortion [113]. This is implemented using a Rate-Distortion (R-D) model. In

general, the R-D model for a GOP is expressed by:

J(D, r) =

num frame∑
k=0

Dk + λ.r (7.1)

where Dk and D are distortions of the frame k and a GOP, respectively. λ is

called a Lagrangian multiplier, which is predetermined based on the bandwidth

and speed limitation of the transmission system [137]. r is the bit rate applied

for video frames in a GOP and num frame is the number of frames inside a

GOP. J(D, r) represents the total distortion (D) of a GOP, which is related to

its bit rate (r). In this equation, the distortion of each frame (Dk) is calculated

based on the variation of luminance between frames. By solving this optimisation

function, the optimum bit rate for video frames are obtained. In addition, suitable

error protection levels are applied for frames of a GOP based on their calculated

distortions. This technique requires a delay equal to the size of one GOP in order

to compute the error propagation of macroblocks.

In another GOP-based UEP technique, macroblocks of a frame with high motion

activities are protected more than others [120]. An algorithm is constructed to

determine high motion-activity macroblocks. First, macroblocks containing differ-

ent sub-macroblocks are considered as candidates for high motion-activity mac-

roblocks, since they contain more details of movement than other macroblocks.

Then, Motion Vector Magnitudes (MV MAG) of these macroblocks are calcu-

lated and compared with the average motion vector magnitude of all macroblocks

of a frame. If MV MAG value is larger than the calculated average value, the

macroblock is determined as a high-importance macroblock. Otherwise, they are

evaluated as low importance ones. In addition, the significance of a frame in a

GOP is estimated by distortion of the GOP, when error occurs in the relevant

frame. As a result, multi-level protection for different macroblocks in a GOP is

constructed based on motion levels of macroblocks and importance of frames [120].

Alternatively, a UEP is formed by the importance of different slices in a GOP.

A priority model for evaluating slices’ significance is proposed [118]. It takes

into account the impact of slices’ types, positions of their headers, and the error
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propagation on the distortion of video sequences. The error propagation of a

video slice is estimated based on its position in a GOP. Different protection levels

are assigned for slices depending on their calculated priority values. Another

technique for preventing the error propagation in a GOP is proposed based on a

modified Reed-Solomon (RS) code, which is applied for real time video streaming

applications [17]. RS parity packets of the current frame are generated by using

the information of the current and all previous frames of the GOP. At the decoder,

these parity packets will recover the lost macroblocks of the current and previous

frames. As macroblocks in previous frames are corrected, errors from these frames

do not propagate to the current frame. However, the processing time for recovering

latter frames is increased, when a higher number of previous frames are considered.

In one technique, redundant slices are added to GOPs of a video bitstream in order

to reconstruct slices lost during transmission [138]. Different protection levels are

allocated for slices according to the GOP distortion caused by the slice loss. The

distortion of a GOP is determined as the total distortions of its macroblocks. For

each macroblock, its distortion is calculated regarding to the transmission bit rate

and errors generated by the motion compensation in H.264/AVC encoding. A

larger redundancy is added for slices having high effects to the GOP distortion. In

this technique, the size of the video bitstream is increased due to redundancies used

in slice construction. Alternatively, slices can be separated into groups according

to their estimated distortions (SLICE DIST) [47]. Those groups having the lowest

impact on the GOP distortion are ignored. Instead, ignored slices are replaced by

redundant ones in order to improve the resilience for important slices. This will

optimise the size of the video bitstream. However, as video quality is improved

by increasing the number of slices in a GOP, the amount of inserted headers for

recognising the beginning of slices in a video bitstream will significantly rise. This

consequently degrades the bandwidth usage of the transmission system [139].

Recently, a real-time UEP technique for GOPs is proposed. In this technique, pa-

rameters necessary for evaluating the protection levels of slices are predetermined

from previous slices (SLICE PRED) [140]. Hence, a delay is not required to collect

information for determining the significance of slices. Slices can be prioritised by

their contribution in the estimation of GOP distortion, which is evaluated based

on the difference between the original and reconstructed slices during encoding.

Different FEC code rates are applied to protect prioritised slices. At the decoder,
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corrected slices are used to update reference frames in order to stop error propa-

gation in the relevant GOP. The division of a frame into different slices requires

added headers to recognise the beginning of slices. This significantly reduces the

overall code rate for transmission of video bitstreams.

Previous works presented different UEP schemes for video frames, slices or mac-

roblocks inside a GOP. However, the importance of GOPs is not considered in

those techniques. It is recognised that total motion activities of a GOP are differ-

ent from others [141]. As a result, error protection levels must be properly provided

for GOPs according to their motion activities in order to improve the quality of

videos delivered over transmission systems. In previous chapters (Chapters 5, 6

and 7), the motion energy is determined as an effective method to evaluate the

motion activities of macroblocks, slices and frames. In this chapter, the definition

of motion energy is extended to the GOP level, which evaluates the GOP’s mo-

tion activity. Different motion energy estimation methods for a GOP are proposed

based on its previous ones. They are effectively applied in the multi-level error

protection of H.264/AVC video bitstreams, while a delay is not generated for the

transmission system.

7.2 Motion energy estimation based on previous

GOPs

In the H.264/AVC standard, a macroblock is constituted by its number of sub-

macroblocks. The motion vector of a sub-macroblock represents its displacement

between two consecutive frames. As mentioned in Equation 5.4, the motion energy

of a sub-macroblock is defined as the product of its motion vector magnitude and

size [28]. It is expressed as followed:

MEsub MBα , SBLCKα .MVα (7.2)

where SBLCKα and MVα are the size and the motion vector magnitude of the αth

sub-macroblock, respectively. Then, the motion energy of a frame is determined by
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total motion energies of its constituent sub-macroblocks, which is given as follows:

MEframe =
num sub MB∑

α=1

MEsub MBα

=
num sub MB∑

α=1

SBLCKα .MVα (7.3)

where num sub MB is the number of sub-macroblocks inside a frame. Conse-

quently, the motion energy of a GOP is calculated as motion energies of its frames.

This is represented by:

ME =

num frame∑
β=1

MEFrameβ (7.4)

where num frame is the number of frames positioned in one GOP.

The motion energy obtained from Equation 7.4 requires a delay equal to the size of

one GOP for collecting motion energies of all frames. Hence, it cannot be applied

to determine the significance of GOPs in video applications that demand a low

latency in transmission.

In real-time video applications, the motion energy of a GOP is conventionally

predicted as the average of motion energy of previous ones (AV G). It is given by:

M̂Ej =

n∑
m=1

MEj−m

n
(7.5)

where MEj−m and 1
m

(1 ≤ m ≤ n) are the actual motion energy and the weight

factor of the (j −m)th GOP. n is a constant value and represents the number of

previous GOPs used in the estimation of the jth GOP.

It is recognised that the correlation between the current and previous GOPs is re-

duced by increasing the temporal distance [142]. Hence, previous GOPs positioned

closer to the current one are more important than others in the motion energy es-

timation. The motion energy of a GOP is predicted based on the weighted average

(WAVG), which considers the contribution of previous GOPs to the average value
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Figure 7.2: Temporal distances between GOPs.

based on their positions [32]. It is represented by:

M̂Ej =

n∑
m=1

wm.MEj−m

n∑
m=1

wm

(7.6)

In this equation, wm is the weight of the motion energy of the (j −m)th GOP,

which is inversely proportional to the temporal distance Tm [142]. That is:

wm =
λ

Tm
(7.7)

where λ is a constant value. Figure 7.2 shows the temporal distance T between

two next GOPs. The temporal distance between the jth and (j −m)th GOPs is

given by:

Tm = mT (7.8)

This concludes:

wm =
λ

mT
(7.9)
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Figure 7.3: Temporal positions of different GOPs and their correspondent
motion energies.

Applying Equations (7.6) and (7.9), the estimated motion energy of a GOP is

obtained by:

M̂Ej =

n∑
m=1

λ
mT
.MEj−m

n∑
j=1

λ
mT

=

n∑
m=1

1
m
.MEj−m

M∑
m=1

1
m

(7.10)

In Equation (7.10), a normalized value of the weight wm is introduced as Ωm,

where Ωm = 1
m

.

Figure 7.3 shows the temporal positions of GOPs and their correspondent motion

energy in a video bitstream. In this Figure, the (j − k)th GOP is temporally

positioned at xj−k = (j−k)T (1 ≤ k ≤ n). The correlation between the lth frames

positioned at two different GOPs is calculated by [142]:

Cl(xj ,xj−k) =

H∑
dx=0

W∑
dy=0

I lxj(dx, dy)I
l
xj−k

(dx, dy)

H∑
dx=0

W∑
dy=0

[I lxj(dx, dy)]
2

(7.11)

In this equation, luminance values of a pixel at the position (dx, dy) of the lth

frame in different GOPs are considered, i.e. I lxj(dx, dy) and I lxj−k(dx, dy). H and
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W are the height and width of a video frame. Consequently, correlation between

two different GOPs is given by:

C(xj ,xj−k) =
M∑
l=1

Cl(xj ,xj−k) (j > k) (7.12)

where M is the total number of frames inside a GOP.

Correlations between GOPs are reduced with their temporal distances [142]. Hence,

for the GOP positioned at xj−1, the following condition is satisfied:

C(xj ,xj−1) ≥ C(xj ,xj−2) ≥ ... ≥ C(xj ,xj−n) (7.13)

The normalised correlation between two GOPs located at positions xj−1 and xj−k

is defined by:

C̃(xj ,xj−k) ,
C(xj ,xj−k)

C(xj ,xj−1)

(1 ≤ k ≤ n) (7.14)

The average value of normalised correlations given by Equation 7.14 is calculated

as follows:

¯̃C(xj ,xj−k) =

n∑
i=1

C̃(xj−1−i,xj−k−i)

n
(7.15)

Figures 7.4 and 7.5 show the normalised correlation C̃(xj ,xj−k) between the jth and

(j−k)th GOPs of CIF Stefan and QCIF Foreman video sequences (k = 2, 3, 4). The

GOP structure is formed as ”IPPPP”. Three hundred frames of QCIF Foreman

and CIF Stefan video sequences are used in the analysis, which are equivalent to

60 GOPs. From these analysis, it is concluded that
¯̃C(xj ,xj−k) is almost equal to

the normalised weight of motion energy of the (j − k) GOP, i.e. the value of Ωk
1.

This is expressed by:

¯̃C(xj ,xj−k) ≈ Ωk (7.16)

1Ω1=1, Ω2=0.5, Ω3=0.33, Ω4=0.25.
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Figure 7.4: Normalized correlation of previous GOPs of CIF Stefan sequence.

Figure 7.5: Normalized correlation of previous GOPs of QCIF Foreman se-
quence.
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Tables 7.1 and 7.2 show the results of estimated motion energy by different meth-

ods for QCIF Foreman and 1080p Pedestrian area video sequences. Motion ener-

gies of GOPs are obtained by WAVG and AV G techniques. In order to evaluate

the performance of the estimation methods, Mean Squared Error (MSE) between

the estimated and actual motion energies of GOPs is determined. This is expressed

by [7]:

MSE =

S2∑
j=S1

(MEj − M̂Ej)
2

S2 − S1 + 1
(7.17)

where S1 and S2 are positions of the first and last GOPs, respectively. MEj and

M̂Ej are the actual and estimated motion energies of the jth GOP.

It can be seen that WAVG provides a lower MSE than AV G method in both video

sequences. This means that it provides a better estimation of motion energy for

the considered GOP compared to AV G. As the motion energy is estimated from

previous GOPs, the proposed method does not produce any delay for determining

the protection levels of GOPs.

As a characteristic of the weighted average, the estimated value is always in the

range of minimum and maximum values of previous GOPs. Hence, when a sig-

nificant change in the current GOP occurs beyond this range, WAVG method

does not properly respond. In this case, the estimated value is not accurate. This

occurs in the 11th and 21th of QCIF Foreman, which is shown in Table 7.1. This

also appears in the 10th, 13th and 21th of 1080p Pedestrian area sequence. Hence,

another efficient estimation method is required in order to allocate suitable error

protection levels for important frames and GOPs.

7.3 Motion energy estimation for GOPs by La-

grange polynomial

Lagrange polynomial is introduced as an effective approximation method [143],

which uses statistical information of the reference points (previous GOPs) to pre-

dict the current point (current GOP). In Lagrange polynomial, the influence of

each previous point to the current one is automatically adjusted depending on the
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Table 7.1: GOPs’ motion energy estimation for QCIF Foreman sequence.

GOP No. AV G WAV G Actual

5 3123.05 3005.07 3063
6 3768.87 3845.78 3800
7 3785.45 3678.92 3661
8 4023.14 4500.68 4477
9 4832.56 3891.05 3914

10 3783 3942.63 4212
11 4012.8 4098.25 2668
12 3786.4 3465.98 3887
13 3831.6 3695.73 2939
14 3524 3313.01 3251
15 3391.4 3263.81 4115
16 3372 2884.23 2780
17 3394.4 3233.99 3768
18 3370.6 3490.28 3117
19 3406.2 3334.93 3815
20 3519 3549.34 3755
21 3447 3619.32 4954
22 3881.8 4236.14 3453
23 3818.8 3860.55 4098
24 4015 4024.92 3125

MSE 428,472.6 378,617.62 0

statistical value. Based on statistical characteristics, Lagrange polynomial can be

applied for the recovery of motion vectors of lost macroblocks in H.264/AVC video

bitstreams [144, 145]. In this case, Lagrange polynomial is used to predict motion

energy of a GOPs from a fixed number of its previous ones (FIXED LP ) [33]. It

is expressed by:

L(x) =
n∑

m=1

yj−mLj−m(x) (7.18)

where

Lj−m(x) ,
n∏
k=1
k 6=m

x− xj−k
xj−m − xj−k

(m = 1, .., n & j > n) (7.19)

In Equation 7.18, yj−m is considered as the actual motion energy of the (j −m)th

GOP, which is temporally positioned at xj−m = (j − m)T . T represents the

temporal distance between two successive GOPs. n is the number of previous
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Table 7.2: GOPs’ motion energy estimation for 1080p Pedestrian area se-
quence.

GOP No. AV G WAV G Actual

5 13487.24 12897 11235
6 11023.45 11235.56 14564
7 13523.56 14342.12 15432
8 12784.34 13997.65 14782
9 15231.88 12312.36 15789

10 16336.47 15110.17 13231
11 12782.33 12993.43 14523
12 14751.4 14500.39 13212
13 14307.4 13893.33 11254
14 13601.8 12668.46 10934
15 11630.32 11884.62 13456
16 12675.8 12587.39 14572
17 12685.6 13321.19 15672
18 13177.6 14303.28 14521
19 13831 12786.45 14231
20 14592.34 14507.15 13567
21 14512.6 14155.98 15423
22 14967.56 14735.59 14293
23 15785.93 14446.48 13895
24 13123.57 14195.79 15224

MSE 425849 316754 0

GOPs utilised in Lagrange polynomial. The motion energy of the GOP positioned

at xj is obtained by:

M̂Ej = L(xj)

=
n∑

m=1

yj−mLj−m(xj)

=
n∑

m=1

yj−m

 n∏
k=1
k 6=m

k

k −m

 (7.20)

An analysis is done in order to verify the accuracy of the proposed method. QCIF

Foreman and 1080p Pedestrian area video sequences with 20 GOPs formatted by

”IPPPP” are analysed. The number of previous GOPs is set to the value of

five (n = 5). In Figures 7.6 and 7.7, motion energies determined by Lagrange

Polynomial (FIXED LP ) and Weighted Average (WAVG) are compared with
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Figure 7.6: Estimated motion energy of GOPs in QCIF Foreman sequence.

actual ones. For WAVG method, the estimated motion energy with five previous

GOPs (n = 5) derived from Equation 7.10 is expressed by:

M̂Ej = 0.45yj−1 + 0.226yj−2 + 0.149yj−3+

0.113yj−4 + 0.056yj−5

(7.21)

In this equation, only positive weights of previous GOPs are contributed. However,

the weighted average is in the range of minimum and maximum values of previous

GOPs. As a significant change in the current GOP occurs beyond this range,

WAVG method does not properly respond. For example, this situation is observed

at the 12th, 14th, 16th, and 22nd GOPs of QCIF Foreman, which is shown in Figure

7.6.

For FIXED LP method, the approximated motion energy derived from Equation

7.20 is:

M̂Ej = 5yj−1 − 10yj−2 + 10yj−3 − 5yj−4 + yj−5 (7.22)

Despite WAVG method, FIXED LP includes positive and negative values. Ta-

ble 7.3 shows the difference (δME) between actual and estimated motion energies

of FIXED LP and WAVG methods in QCIF Foreman video sequence. The
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Figure 7.7: Estimated motion energy of GOPs in 1080p Pedestrian area se-
quence.

difference is calculated as follows:

δME =
|M̂Ej −MEj|

MEj
(7.23)

This Table confirms that FIXED LP method provides a better estimation than

WAVGmethod. However, two outstanding issues existing in FIXED LP method,

which could be introduced as (1) how to choose an optimum number of previous

GOPs that provides a good estimation and low complexity, and (2) how to se-

lect previous GOPs highly correlated to the current one, which can be used as

references in Lagrange polynomial.

7.4 Motion energy estimation based on highly

correlated GOPs

The motion energy estimation by Lagrange polynomial is modified so as to provide

a better prediction of GOPs’ motion energy in comparison with FIXED LP

method [33]. The optimum number of previous GOPs having high correlation to
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Table 7.3: Differences between actual and estimated motion energy of GOPs.

GOP j Actual FIXED LP δME WAVG δME

6 3063 3054.25 0.003 3005.07 0.019
7 3800 3785.23 0.004 3845.78 0.012
8 3661 3681.25 0.006 3678.92 0.005
9 4477 4465.12 0.003 4500.68 0.005

10 3914 3924.56 0.003 3891.05 0.006
11 4212 4265.98 0.013 3942.63 0.064
12 2668 2700.21 0.012 4098.25 0.536
13 3887 3956.22 0.018 3465.98 0.108
14 2939 3045.67 0.036 3695.73 0.257
15 3251 3195.62 0.017 3313.01 0.019
16 4115 3869.25 0.060 3263.81 0.207
17 2780 2768.33 0.004 2884.23 0.037
18 3768 3655.89 0.030 3233.99 0.142
19 3117 3078.75 0.012 3490.28 0.120
20 3815 3794.16 0.005 3334.93 0.126
21 3755 3625.44 0.035 3549.34 0.055
22 4954 5021.35 0.014 3619.32 0.269
23 3453 3527.89 0.022 4236.14 0.227

the current one is investigated. They are selected as references in predicting the

motion energy of the current GOP.

7.4.1 The optimum number of previous GOPs used as ref-

erences in Lagrange polynomial

In order to find the optimum number of previous GOPs used in Lagrange poly-

nomial, Lebesgue constant method is applied. It is introduced as a conventional

method for determining the performance of the approximation, which is given

by [146]:

Λn = max
x∈[xj−n,xj−1]

n∑
m=1

|Lj−m(x)|︸ ︷︷ ︸
Λn(x)

(7.24)

where Λn(x) is called Lebesgue function.



Chapter 7. UEP based on GOP’s motion energy estimation 159

From Equation 7.19, Λn(x) is expressed by:

Λn(x) =
n∑

m=1

∣∣∣∣ n∏
k=1
k 6=m

x− xj−k
xj−m − xj−k

∣∣∣∣ (7.25)

For x ∈ [xj−n, xj−1], by putting x = (j − t)T (1 ≤ t ≤ n), Equation 7.25 is

re-written as:

Λn(t) =
n∑

m=1

∣∣∣∣ n∏
k=1
k 6=m

(j − t)T − (j − k)T

(j −m)T − (j − k)T

∣∣∣∣
=

n∑
m=1

∣∣∣∣ n∏
k=1
k 6=m

k − t
k −m

∣∣∣∣ (7.26)

A lower bound of Lebesgue constant is given by [46]:

Λn ≥
1

2n2

max1≤m≤n |wm|
min1≤m≤n |wm|

(7.27)

where wm is:

wm =
1

n∏
k=1
k 6=m

(xj−m − xj−k)

=
1

T
× 1

n∏
k=1
k 6=m

k −m

︸ ︷︷ ︸
w′m

(7.28)

Hence, Inequation 7.27 can be expressed by:

Λn ≥
1

2n2

max1≤m≤n |w′m|
min1≤m≤n |w′m|︸ ︷︷ ︸

Λbound

(7.29)
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Table 7.4: Lebesgue constants and lower bounds.

n w′1 w′2 w′3 w′4 w′5 w′6 w′7 Λn Λbound

3 0.5000 1.0000 0.5000 1.25 0.1111

4 0.1667 0.5000 0.5000 0.1667 1.62 0.09375

5 0.0417 0.1667 0.2500 0.1667 0.0417 2.23 0.119

6 0.0083 0.0417 0.0833 0.0833 0.0417 0.0083 3.11 0.1300

7 0.0014 0.0083 0.0208 0.0277 0.0208 0.0041 0.0014 4.55 0.2040

Table 7.5: Comparison of actual and estimated motion energies of GOPs in
CIF Paris sequence.

GOP
MEj M̂Ej

j n =
7

δME n =
6

δME n =
5

δME n =
4

δME n =
3

δME

6 3566 3540 0.007 3704 0.039 3252 0.088

7 4875 5005 0.026 4979 0.021 5117 0.05 4803 0.015

8 5304 6500 0.225 7630 0.438 6734 0.27 6976 0.315 6904 0.302

9 4532 -1175 1.259 151 0.966 1581 0.651 2875 0.363 4123 0.09

10 3214 10849 2.375 6468 1.012 3517 0.094 1549 0.518 1654 0.485

11 2134 -576 1.269 3678 0.725 2181 0.022 2643 0.239 2567 0.203

12 2231 814 0.635 1358 0.391 2205 0.012 2985 0.338 1292 0.421

13 3214 5498 0.71 4625 0.43 4599 0.431 3945 0.227 3679 0.145

14 3894 766 0.803 2177 0.441 3562 0.085 3006 0.228 2944 0.224

15 3423 4233 0.236 1516 0.557 2184 0.362 3701 0.081 2259 0.34

16 2546 3440 0.351 1533 0.398 1294 0.492 2258 0.113 1801 0.293

17 2136 4866 1.278 4853 1.272 2401 0.124 3054 0.43 3569 0.671

18 2599 -988 1.38 1729 0.335 3194 0.229 5321 1.047 5134 0.975

19 3786 4149 0.959 3279 0.133 3874 0.023 4341 0.147 5129 0.355

20 4652 5412 0.163 5905 0.269 4993 0.073 5548 0.193 5697 0.225

The estimation is more accurate, when its Lebesgue constant is closer to the lower

bound [146]. The maximum values of Λn(t) (1 ≤ t ≤ n) must be determined in

order to calculate Lebesgue constant. Table 7.4 shows Lebesgue constants and

lower bounds of different number of previous GOPs (3 ≤ n ≤ 7). It is observed

that Λn is significantly increased with the number of data points and is far beyond

its lower bound Λbound . This means that, with a low number of previous GOPs

(n ≤ 5), a better approximation for defining data points of Lagrange polynomial

is expected.
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Figure 7.8: Motion energies of GOP estimation with different number of pre-
vious GOPs in 1080p Pedestrian area.

An analysis is conducted in order to confirm the impact of Lebesgue constant.

Table 7.5 shows estimated motion energies of GOPs and their differences with ac-

tual values (δME) in CIF Paris sequence. The difference is calculated by Equation

7.23. In this analysis, a GOP is formed by one I and four P frames (IPPPP ).

Motion energies of GOPs are estimated with a different number of previous GOPs

(3 ≤ n ≤ 7). It is observed that for n ≤ 5, FIXED LP method provides a good

estimation for GOPs’ motion energy. This confirms the effect of Lebesgue constant

in Lagrange polynomial, where a good estimation can be achieved with a small

number of previous GOPs.

Figure 7.8 shows similar results obtained for 1080p Pedestrian area video sequence.

Again, it is confirmed that a limited number of data points (n ≤ 5) yields a good

estimation of motion energy obtained by Lagrange polynomial.

However, it is not guaranteed that the fixed number of previous GOPs always

provides good estimation. For CIF Paris video sequence, as indicated in Table

7.5, at some positions, better motion energy predictions are achieved with values

of n = 3 or n = 4. This situation occurs at the 9th, 13th, 15th, and 16th GOPs.

This means the impact of some previous GOPs can reduce the accuracy of the

estimation method. In order to find GOPs having a good effect on the prediction,

their motion energies and correlations with the current GOP are examined. Indeed,

instead of selecting all of n previous GOPs as data points of Lagrange polynomial,



Chapter 7. UEP based on GOP’s motion energy estimation 162

some of those having high correlation with each other are utilised. This method

is introduced in the following section.

7.4.2 Motion energy of GOPs estimated by Lagrange poly-

nomial with reliable points (RELI LP )

The correlation between the jth and (j − k)th GOPs is generally determined by

Equation 7.11, where the jth GOP is the current one. In this section, it is modified

to compute the correlation between previous GOPs. It is obtained as:

Cl(xj−1,xj−k) =

H∑
dx=0

W∑
dy=0

I lxj−1
(dx, dy)I

l
xj−k

(dx, dy)

H∑
dx=0

W∑
dy=0

[I lxj−1
(dx, dy)]2

(7.30)

where l is the order number of a frame in a GOP. Consequently, correlation between

two previous GOPs is given by:

C(xj−1,xj−k) =
M∑
l=1

Cl(xj−1,xj−k) (j > k) (7.31)

where M is the total number of frames inside a GOP.

Similarly, the normalised correlation between two GOPs located at positions xj−1

and xj−k is derived from Equation 7.14. It is given by:

C̃(xj−1,xj−k) ,
C(xj−1,xj−k)

C(xj−1,xj−2)

(2 ≤ k ≤ n) (7.32)

Table 7.6 shows results of C̃(xj−1,xj−k) (3 ≤ k ≤ 5) for CIF Paris sequence with

30 GOPs formatted by ”IPPPP” (M = 5). It is recognised that the correlation

between GOPs is reduced by increasing their temporal distance [142]. These results

match with the definition of Lebesgue constant value, in which a limited number

of previous GOPs highly correlated with each other can provide an optimised

prediction for the current one.
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Table 7.6: Analysis of C̃(xj−1,xj−k) (k=3,4,5).

GOP j C̃(xj−1,xj−3) C̃(xj−1,xj−4) C̃(xj−1,xj−5)

5 0.487 0.347 0.257

6 0.495 0.336 0.246

7 0.468 0.302 0.197

8 0.436 0.284 0.212

9 0.523 0.358 0.237

10 0.476 0.338 0.241

11 0.531 0.347 0.201

12 0.462 0.356 0.194

13 0.544 0.361 0.220

14 0.493 0.302 0.277

15 0.505 0.344 0.214

16 0.426 0.303 0.239

17 0.534 0.322 0.235

18 0.522 0.324 0.236

19 0.526 0.318 0.235

20 0.436 0.289 0.192

21 0.531 0.298 0.263

22 0.509 0.344 0.248

23 0.520 0.357 0.218

Calculated correlations between GOPs are utilised to select ones as reliable points

in the Lagrange polynomial. At least two previous points must be used to form

the Lagrange polynomial [147]. For a GOP located at xj, its nearest GOPs, i.e.,

the GOPs positioned at xj−1 and xj−2 (k = 1, 2), are always selected as the two

most reliable points2. Other previous GOPs, i.e., xj−k (3 ≤ k ≤ n), are selected,

when their correlation with the one located at xj−1 is greater than the threshold

value. It is calculated by:

¯̃C(xj−1,xj−k) =

n∑
i=1

C̃(xj−1−i,xj−k−i)

n
(7.33)

2From Eq.(7.32), C̃(xj−1,xj−2) = 1, or two GOPs located at xj−1 and xj−2 have the highest
correlation compared to other GOPs.
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Table 7.7: Analysis of GOP motion energy and reliable points for Lagrange
polynomial utilised in CIF Paris sequence.

GOP j

C̃ (
x
j
−
1
,x
j
−
3
)

¯̃ C (
x
j
−
1
,x
j
−
3
)

C̃ (
x
j
−
1
,x
j
−
4
)

¯̃ C (
x
j
−
1
,x
j
−
4
)

C̃ (
x
j
−
1
,x
j
−
5
)

¯̃ C (
x
j
−
1
,x
j
−
5
)

The set K Reliable M̂Ej M̂Ej MEj

GOPs FIXED LP RELI LP ACTUAL

1 - - - - - - - - - - 3752

2 - - - - - - - - - - 4108

3 0.514 - - - - - - - - - 3597

4 0.508 0.514 0.366 - - - - - - - 4008

5 0.487 0.511 0.347 0.366 0.275 - - - - - 3685

6 0.495 0.503 0.336 0.357 0.246 0.244 1,2,5 1,4,5 3540 3574 3566

7 0.468 0.501 0.302 0.350 0.197 0.261 1,2 5,6 4979 4834 4875

8 0.436 0.494 0.284 0.343 0.212 0.244 1,2 6,7 6734 4986 5304

9 0.523 0.490 0.358 0.341 0.237 0.242 1,2,3,4 5,6,7,8 1581 4314 4532

10 0.476 0.493 0.338 0.339 0.241 0.241 1,2,5 5,8,9 3517 3147 3214

11 0.531 0.491 0.347 0.338 0.201 0.234 1,2,3,4 7,8,9,10 2181 2209 2134

12 0.462 0.498 0.356 0.340 0.194 0.225 1,2,4 8,10,11 2205 2276 2231

13 0.544 0.497 0.361 0.347 0.22 0.221 1,2,3,4 9,10,11,12 4599 3426 3214

14 0.493 0.507 0.302 0.352 0.277 0.219 1,2,5 9,12,13 3562 4011 3894

15 0.505 0.501 0.344 0.341 0.214 0.227 1,2,3,4 11,12,13,14 2184 3580 3423

16 0.426 0.507 0.303 0.342 0.239 0.221 1,2,5 11,14,15 1294 2644 2546

17 0.534 0.486 0.322 0.333 0.235 0.229 1,2,3,5 12,14,15,16 2401 2377 2136

18 0.522 0.500 0.324 0.326 0.236 0.237 1,2,3 15,16,17 3194 2663 2599

19 0.526 0.496 0.318 0.319 0.235 0.240 1,2,3 16,17,18 3874 3699 3786

20 0.436 0.503 0.289 0.322 0.192 0.232 1,2 18,19 4993 4644 4652

21 0.531 0.497 0.298 0.317 0.263 0.227 1,2,3,5 16,18,19,20 3644 3819 3955

22 0.509 0.518 0.344 0.316 0.248 0.232 1,2,4,5 17,18,20,21 3895 4258 4211

23 0.52 0.513 0.357 0.320 0.218 0.235 1,2,3,4 19,20,21,22 4201 4117 4028

MSE 931407.9 19658.56

(-) not available values.

As a result, Equation 7.20 is modified in order to estimate the motion energy of

the jth GOP with reliable points. This is given by [34]:

M̂Ej =
∑

all (m∈K)

yj−m

 ∏
all (k∈K)
k 6=m

k

k −m

 (7.34)

where K is the set of reliable points utilised in the Lagrange polynomial. It is

expressed by:

K = {1, 2} ∪ {k : (3 ≤ k ≤ n) & C̃(xj−1,xj−k) ≥
¯̃C(xj−1,xj−k)} (7.35)



Chapter 7. UEP based on GOP’s motion energy estimation 165

In order to verify the accuracy of the proposed method, the performance of CIF

Paris video sequence structured by GOPs and ”IPPPP” format is examined. Five

previous GOPs (n = 5) are applied to compute the average of normalised correla-

tion with the considered jth GOP. Table 7.7 shows the selection of reliable GOPs

used in RELI LP method. First, for each GOP, correlations between previous

GOPs C̃(xj−1,xj−k) (3 ≤ k ≤ 5) are calculated by Equation 7.32. These correlations

are compared with their threshold values (
¯̃C(xj−1,xj−k)) given by Equation 7.33.

Then, the set K of reliable points is determined by Equation 7.35. The motion

energy of each GOP (M̂Ej) is estimated using reliable GOPs included in set K.

It is observed that the number of reliable points utilised in RELI LP method is

reduced by increasing the motion energy of GOPs. In this case, there is a large

displacement of macroblocks between GOPs. This leads to a high luminance dif-

ference between GOPs [22]. As a result, their correlation is significantly reduced

with temporal distance. In this Table, C̃(xj−1,xj−3), C̃(xj−1,xj−4), and C̃(xj−1,xj−5) val-

ues for the 7th, 8th and 20th GOPs are considerably lower than their threshold

values. Hence, only the closest GOPs to the examined one, i.e., GOPs at positions

xj−1 and xj−2, are selected as reliable points.

Table 7.7 also shows the comparison of motion energy estimated by FIXED LP

(n = 5) and RELI LP methods. In order to evaluate the performance of the

estimation methods, Mean Squared Error (MSE) between the estimated and actual

motion energies of GOPs is determined by Equation 7.17. The Table confirms that

RELI LP achieves lower MSE than FIXED LP method. This demonstrates

that RELI LP provides a better estimation than FIXED LP method.

7.4.3 Bi-directional prediction of GOP’s motion energy by

Lagrange polynomial

In on-demand and prerecorded video bitstreams, the information of previous and

next GOPs are used to predict the current one. This means a bi-directional

prediction of motion energy of GOPs can be applied in Lagrange polynomial

(RELI LP 2dir). Reliable GOP points are selected by modifying RELI LP

method.

Let n1 and n2 be the number of previous and next GOPs, respectively. The set of

reliable GOP points can be easily obtained by modifying the condition provided
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(a) CIF Paris (b) 1080p Pedestrian area

(c) QCIF Foreman (d) QCIF Akiyo

Figure 7.9: Comparison between motion energy of GOPs estimated by differ-
ent methods.

in (7.35). The set of reliable points for the jth GOP is determined as follows:

K = { k : (−n1 ≤ k ≤ n2 & k 6= 0)

& C̃(xj ,xj+k) ≥
¯̃C(xj ,xj+k)} (7.36)

Figure 7.9 shows the estimated motion energy of GOPs conducted in CIF Paris,

1080p Pedestrian area, QCIF Foreman and QCIF Akiyo sequences. In all video

sequences, MSEs obtained by RELI LP 2dir are lower than RELI LP and FIX

ED LP methods. However, for Pedestrian area sequence, the estimated motion

energies obtained by RELI LP and RELI LP 2dir are very similar at some

points, such as the 9th, 14th and 18th GOPs. For CIF Paris sequence, results

of RELI LP and RELI LP 2dir are also similar. For video sequences with lower

motion activities including QCIF Foreman and QCIF Akiyo, RELI LP 2dir is

also better other methods.

The slight improvement of RELI LP 2dir method is achieved at the expense of

increasing the complexity. In the RELI LP method, only previous GOPs are
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involved in the estimation by Lagrange polynomial, while in the RELI LP 2dir

method, previous and succeeding GOPs are considered in the prediction.

7.5 Multi-level error protection technique for

GOPs and frames

Motion energies estimated by Lagrange polynomial are used in the determination

of the significance of GOPs. A multi-level error protection technique is applied for

the video bitstream based on the importance of GOPs and frames. By predicting

the importance of the succeeding GOP from previous GOPs, the multi-level error

protection technique allocates the appropriate error protection levels for frames of

a GOP. In contrast, UEP technique at frame level only provides protection for the

current frame without considering the impact of succeeding frames. As a result,

the error protection technique applied in GOP level outperforms the one in frame

level.

Motion energies of the first n GOPs are not predicted, since there is not enough

information for calculating their normalised correlations. Hence, the highest pro-

tection level is considered for them. The significance of other GOPs is determined

by calculating the changing rate between motion energies of the current and former

ones. This is given by [18]:

∆MEj =
M̂Ej −MEj−1

MEj−1

(7.37)

∆MEj is compared with a threshold value to determine the significance of GOPs.

As consecutive GOPs are highly correlated to each other, the changing rates of

these GOPs are also correlated. As a result, the changing rate of previous GOPs

can be used as the references for evaluating the current one. In this work, the

threshold is calculated as the average of changing rates of the two previous GOPs,

which are highly correlated to the current one. It is given by:

TGOP =
∆MEj−1

+ ∆MEj−2

2
(7.38)
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In conclusion, an algorithm for determining the significance of a GOP based on

WAVG, FIXED LP , and RELI LP techniques is formed as follows:

Algorithm I Determining the importance of a GOP.

1. Set the number of previous GOPs used in the estimation (n), and the number

of frames in a GOP (M).

2. For 1 ≤ j ≤ n, set the jth GOP as the high-importance one3.

3. Estimate motion energy of the jth GOP (j > n).

(a) Find the set K of reliable points (apply only for RELI LP ).

i. For 1 ≤ k ≤ 2, xj−k is a reliable point (or k ∈ K).

ii. For 3 ≤ k ≤ n,

A. Calculate C̃(xj−1,xj−k) from Equations 7.30, 7.31, and 7.32.

B. Calculate
¯̃C(xj−1,xj−k) from Equation 7.33.

C. If C̃(xj−1,xj−k) ≥
¯̃C(xj−1,xj−k), xj−k is a reliable point (k ∈ K).

(b) Calculate actual motion energy of the (j −m)th GOP (yj−m ) (m ∈ K
is applied when RELI LP is implemented and 1 ≤ m ≤ n is used in

other methods).

i. Determine motion energy of a frame from Equation 7.3.

ii. Determine motion energy of the (j − m)th GOP as total motion

energies of its frames.

(c) Calculate M̂Ej from Equation 7.34 (RELI LP ), Equation 7.20

(FIXED LP ) and Equation 7.10 (WAVG).

4. Determine ∆MEj and TGOP from Equations 7.37 and 7.38, respectively.

(a) If ∆ME ≥ TGOP , consider the jth GOP as the high importance one.

(b) If ∆ME < TGOP , the jth GOP is considered as the low importance one.

5. Repeat steps 2 to 4 for other GOPs.

3There is not enough information of correlations for predicting motion energy of the first n
GOPs.
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Figure 7.10: Neighbouring and examined macroblocks in a video frame.

The estimated motion energy of GOPs is used to determine the hierarchical pro-

tection levels of its frames. It is evaluated by motion activity of frames and the

importance level of the relevant GOP. Motion activity of a frame is evaluated

by motion energies of macroblocks [29]. The importance of a macroblock is de-

termined by comparing its motion energy with a threshold value. An optimal

threshold value is calculated by averaging motion energy of neighbouring areas

of the macroblock, which is shown in Figure 7.10 [29] . Neighbouring areas are

conventionally related to the closest macroblocks to the considered one. It is

proved that neighbouring macroblocks have the highest correlation to the exam-

ined one [29]. Motion energies in neighbouring areas can be used as references for

evaluating the motion activity in the examined macroblock. Hence, the threshold

value of a macroblock is calculated as:

TMB =

num MB∑
p=1

MEMBp

num MB
(7.39)

whereMEMBp is the motion energy of the pth neighbouring macroblock. num MB

represents the number of neighbouring macroblocks utilised in the threshold calcu-

lation. A macroblock is determined as the high-importance one, when its motion

energy is greater than its threshold. This separates macroblocks into high and low-

importance groups. The number of macroblocks in high-importance (num hi imp)
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Figure 7.11: Multiple protection levels applied for video frames.

and low-importance (num lo imp) groups are calculated. The importance of a

frame is determined based on the majority of macroblocks having the same im-

portance.

Different protection levels applied for frames are evaluated by the significance of

GOPs and frames, which is shown in Figure 7.11. As a result, an algorithm for

evaluating protection levels of frames inside a GOP is formed as follows:

Algorithm II Determining protection levels for M frames

inside the jth GOP.

1. Set num hi imp = 0 and num lo imp = 0.

2. Determine the significance of the jth GOP by Algorithm I.

3. For 1 ≤ l ≤ M , compute MEMB and TMB from Equation (7.39) for all

macroblocks of the lth frame.

(a) If MEMB ≥ TMB, the macroblock has the high importance. Increase

num hi imp one unit (num hi imp = num hi imp+ 1).

(b) If MEMB < TMB, the macroblock has the low importance. Increase

num lo imp one unit (num lo imp = num lo imp+ 1).

4. Determine the protection level of the lth frame.

(a) If num hi imp ≥ num lo imp, the lth frame is evaluated as the high-

importance one.

(b) If num hi imp < num lo imp, the lth frame is evaluated as the low-

importance one.
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Table 7.8: Punctured EG-LDPC code rates for different frames of a GOP.

Frame importance

GOP importance level

P frame I frame

Low High Low High

High 0.42 0.37 0.36 0.334

Low 0.45 0.4 0.36 0.334

(c) Evaluate the protection level for the lth frame from the chart provided

in Figure 7.11.

5. Repeat steps 3 to 4 for other frames of the jth GOP.

Finally, a high-performance FEC code formed by different rates is applied to con-

stitute a multi-level error protection for GOPs of the H.264/AVC video sequences.

7.6 Simulation results

Simulations are accomplished to evaluate the performance of H.264/AVC video

bitstreams protected by the proposed methods including WAVG, FIXED LP ,

RELI LP and RELI LP 2dir. They are compared with other GOP-based UEP

techniques includingMB POS [61], MV MAG [120], SLICE DIST [47], SLICE

PRED [140] and Equal Error Protection (EEP ). Specifications for the EG-

LDPC code utilised in unequally protecting video bitstreams are presented in

section 4.4.

Table 7.8 illustrates the code rates applied for different video frame types and

GOPs. Four different code rates are set for P frames on the basis of the significance

of frames and GOPs. For I frames, only two protection levels are applied based

on importance levels of their relevant GOPs, as motion information utilised for

determining motion activities of I frames cannot be extracted [23]. For EEP

technique, the code rate is set to the average rate utilised in UEPs4.

Simulations are conducted to confirm the optimum number of previous GOPs used

in the estimation. In these simulations, PSNRs of video sequences are calculated

4For all simulations, the code rate of EEP is set to 0.385.
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Figure 7.12: PSNR results of CIF Paris sequence with different number of
previous GOPs applied in Lagrange polynomial.

3.5 4 4.5 5 5.5 6
31

32

33

34

35

36

37

38

39

40

41

P
S

N
R

 (
dB

)

Eb/N0 (dB)

 

 

n=2, rate=0.380
n=4, rate=0.374
n=5, rate=0.367
n=6, rate=0.376
n=7, rate=0.378

Figure 7.13: PSNR results of CIF Stefan sequence with different number of
previous GOPs applied in Lagrange polynomial.
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Figure 7.14: PSNR results of 1080p Pedestrian area sequence with different
number of previous GOPs applied in Lagrange polynomial.
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Figure 7.15: PSNR results of 1080p blue sky sequence with different number
of previous GOPs applied in Lagrange polynomial.
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over different Energy per Bit to Noise ratios (Eb/N0). Figures 7.12, 7.13, 7.14

and 7.15 show PSNR results of CIF Paris, CIF Stefan, 1080p Pedestrian area, and

1080p blue sky video sequences based on Eb/N0 [49], in which motion energies

of GOPs are predicted by different number of previous ones (n = 2, 4, 5, 6, 7). It

is confirmed that the best video quality and optimal code rates are achieved for

video sequences with different motion activities by using 4 or 5 previous GOPs

(n = 4, 5). In order to compare the proposed and other techniques, n = 5 is set

for all simulations.

7.6.1 Simulation results of video sequences with GOPs for-

matted by ”IPPPP” (one I and four P frames)

Figures 7.16, 7.17, 7.18, and 7.19 illustrate the video performance based on differ-

ent Eb/N0s. For RELI LP 2dir, the number of previous and next GOPs are set

as n1 = n2 = 5. In general, the video performance provided by different proposed

techniques including WAVG, FIXED LP , RELI LP outperforms other UEP

techniques.

At low Eb/N0 (3.6 dB to 6 dB), RELI LP outperforms other methods. For

example, at Eb/N0 = 5.2 dB, CIF Paris video sequence provides 0.53 dB, 1.46

dB, 2.31 dB, 2.58 dB and 4.17 dB better than FIXED LP , WAVG, MB POS,

MV MAG, and EEP methods, respectively. For 1080p Pedestrian area video

sequence, PSNRs provided by RELI LP and RELI LP 2dir are also greater

than others. It is observed that PSNRs of RELI LP 2dir and RELI LP are

very similar in CIF Paris sequence. It is because the estimated motion energy

obtained by these methods are very close to each other, as it is shown in Figure

7.9(a). In 1080p Pedestrian area, PSNRs provided by RELI LP 2dir are slightly

greater than RELI LP method (0.08 dB), as the estimation of motion energy by

the bi-directional prediction is better than another one in terms of MSEs shown

in Figure 7.9(b). For CIF Stefan and 1080p blue sky sequences, PSNR results

obtained by FIXED LP , RELI LP provides 0.54 to 1.04 dB greater than other

UEP techniques.

For Eb/N0 > 6.0 dB, PSNRs of different techniques are gradually closer to each

other. Consider the (63, 37) × (63, 37) EG-LDPC product code applied in this

work, the bit error rate (BER) of less than 10−7 is obtained when Eb/N0s are set
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Figure 7.16: PSNR result of CIF Paris video sequence (3.6 dB ≤ Eb/N0 ≤
10.0 dB).
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Figure 7.17: PSNR result of CIF Stefan video sequence (3.6 dB ≤ Eb/N0 ≤
10.0 dB).
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Figure 7.18: PSNR result of 1080p Pedestrian area video sequence (3.6 dB ≤
Eb/N0 ≤ 10.0 dB).
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Figure 7.19: PSNR result of 1080p blue sky video sequence (3.6 dB ≤
Eb/N0 ≤ 10.0 dB).
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larger than 6.0 dB [2]. This means that less errors occurring in the video bitstream

in this range. Hence, the video performance of different schemes is similar to each

other.

Figures 7.16, 7.17, 7.18, and 7.19 also show the overall code rates (rate) obtained

by different techniques. For each technique, the importance of frames and GOPs

are calculated based on their proposed algorithms. Then, different protection levels

are applied for frames and GOPs based on their significance, as they are provided

in Figure 7.11. The corresponding code rate of a protection level is given in Table

7.8. As shown in these figures, overall code rates achieved for video bitstreams are

similar in different techniques.

Figures 7.20, 7.21, 7.22 and 7.23 show averaged PSNRs of GOPs of CIF Paris,

CIF Stefan, 1080p Pedestrian area and 1080p blue sky sequences. For EEP tech-

nique, PSNRs are significantly fluctuated in different GOPs. That is because

of an unsuitable protection for high-importance GOPs. In contrast, RELI LP

has the least fluctuated PSNRs, and consequently provides the best video qual-

ity. Other proposed techniques including WAVG and FIXED LP also give a

higher performance in different positions of GOPs in comparison with MV MAG,

SLICE DIST , SLICE PRED and EEP .

Table 7.9 shows the performance of video sequences with different bit rates. It

is confirmed that RELI LP and RELI LP 2dir outperform other methods in

all video sequences. Overall, the simulation results provided in Figures 7.16 to

7.22 and Table 7.9 demonstrate that the highest performance are achieved by

RELI LP 2dir in video sequences. However, RELI LP method uses a lower

complexity than RELI LP 2dir, while both of them provide a similar video qual-

ity for different sequences.

Other proposed techniques including WAVG and FIXED LP also have better

PSNR values compared with previous techniques represented as EEP , MV MAG,

MB POS, SLICE DIST and SLICE PRED . Hence, it is demonstrated that

WAVG and FIXED LP and RELI LP provide a good video quality for different

sequences in terms of Eb/N0s and bit rates.
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Figure 7.20: Average PSNR of different GOPs in CIF Paris sequence
(Eb/N0 = 5.0 dB).
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Figure 7.21: Average PSNR of different GOPs in CIF Stefan sequence
(Eb/N0 = 5.0 dB).
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Figure 7.22: Average PSNR of different GOPs in 1080p Pedestrian area se-
quence (Eb/N0 = 5.0 dB).
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Figure 7.23: Average PSNR of different GOPs in 1080p blue sky sequence
(Eb/N0 = 5.0 dB).
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Table 7.9: PSNR results of different video sequences (Eb/N0= 5 dB).

Video Seq. Method
Bit rate (kbps)

500 1000 2000 3000

CIF Stefan

MV MAG 34.33 35.54 37.22 37.73

MB POS 34.48 35.91 37.64 38.11

WAVG 35.1 37.12 38.94 40.22

FIXED LP 35.73 37.64 39.93 40.99

RELI LP 35.84 37.91 40.11 41.14

RELI LP 2dir 35.88 37.94 40.18 41.21

CIF Paris

MV MAG 33.01 34.83 36.36 37.79

MB POS 33.09 34.87 36.91 38.17

WAVG 33.76 35.74 38.82 39.81

FIXED LP 33.76 35.78 38.92 40.01

RELI LP 33.91 36.18 39.51 40.67

RELI LP 2dir 33.93 36.21 39.55 40.70

Pedestrian

MV MAG 32.04 33.25 35.07 35.84

1080p MB POS 32.08 33.65 35.29 36.14

WAVG 32.56 34.71 36.94 38.02

FIXED LP 32.71 34.98 37.22 38.54

RELI LP 32.91 35.33 37.85 39.03

RELI LP 2dir 32.96 35.37 37.89 39.12

1080p blue-sky

MV MAG 33.12 33.97 35.82 36.42

MB POS 33.25 34.18 36.09 36.67

WAVG 33.54 34.98 36.33 36.96

FIXED LP 33.81 35.44 36.82 37.34

RELI LP 34.00 35.76 37.24 37.95

RELI LP 2dir 34.06 35.84 37.28 37.98
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Table 7.10: GOP structures with different sizes.

GOP size (M) Structure of GOPs

2 IPIP...

4 IBPB IBPB...

6 IBBPBB IBBPBB...

8 IBBBPBBB IBBBPBBB...

10 IBBBBPBBBB IBBBBPBBBB...

12 IBBBBBPBBBBB IBBBBBPBBBBB...

14 IBBBBBBPBBBBBB IBBBBBBPBBBBBB...

7.6.2 Simulation results of video sequences with different

GOP sizes

This simulation is conducted in order to confirm the performance of RELI LP ,

FIXED LP and WAVG for video bitstreams with different GOP sizes.

Table 7.10 shows the structure of video frames with GOP sizes varying from 2 to 14.

Each GOP is formed as the combination of one I and several P and/or B frames.

As P frames are references for B frames in a GOP, P frames must be encoded

earlier than B frames. As a result, frames in a GOP are not transmitted in the

viewing order. As the motion energy of a GOP is predicted from its previous ones,

the importance of the current GOP is not determined by its frames. This means

that the order of frames transmitted in a GOP does not affect the performance

of the estimation method. Figures 7.24, 7.25, 7.26 and 7.27 illustrate the video

performance of CIF Paris, CIF Stefan, 1080p Pedestrian area, and 1080p blue sky

sequences with different GOP sizes at Eb/N0 = 5.0 dB. The same source bit rate of

1000 kbps is used for different UEP techniques. The video performance obtained by

RELI LP , FIXED LP and WAVG outperforms other UEP techniques. Results

obtained by simulations for two video sequences are similar. Starting from a low

PSNR at M = 2, the PSNR gradually increases and reaches the maximum value

at M = 4 or M = 6. Then, the video performance is reduced when the number of

frames in a GOP is set more than six (6).

In H.264/AVC standard, P frames are more important than B frames. Hence,

an error occurring in a P frame has more effects than another. With M = 2, P

frames appear in the bitstream more frequently than other structures of GOPs
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Figure 7.24: PSNRs of CIF Paris sequence with different GOP sizes (Eb/N0 =
5.0 dB).
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Figure 7.25: PSNRs of CIF Stefan sequence with different GOP sizes
(Eb/N0 = 5.0 dB).
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Figure 7.26: PSNRs of 1080p Pedestrian area sequence with different GOP
sizes (Eb/N0 = 5.0 dB).
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Figure 7.27: PSNRs of 1080p blue sky sequence with different GOP sizes
(Eb/N0 = 5.0 dB).
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shown in Table 7.10. They are more sensitive to the channel noise. This results

the lowest PSNR for video bitstream with the GOP size M = 2. For larger sizes

of a GOP (M = 4, 6), the probability of errors for P frames is reduced. This

consequently improves the video performance. However, when M is set more than

6, the number of B frames is increased. In this case, an error appearing in a P

frame can propagate to a higher number of B frames in comparison with M ≤ 6.

This degrades the performance of different video sequences. Hence, 4 ≤M ≤ 6 is

selected as the optimum GOP sizes.

At Eb/N0 = 5.0 dB, PSNR results of CIF Paris sequence with GOP sizes of 4 and

6 (n = 4, 6) provided in Figure 7.24 are close to the one with GOP size of 5 in

Figure 7.16. The same conclusion is obtained for 1080p Pedestrian area sequence.

As a result, with a similar GOP size, the order of frames transmitted in a GOP

does not affect the performance of RELI LP , FIXED LP , and WAVG.

7.7 Conclusions

A GOP-based multi-level error protection technique is proposed for H.264/AVC

video bitstreams. Frames of a GOP are unequally protected based on their motion

activities, which are estimated from previous GOPs. Three different estimation

methods are proposed in order to minimise the delay generated by calculating

GOPs’ motion activities. In the first method, the motion energy of the current

GOP is predicted as the weighted average value of previous ones. The second

method applied Lagrange polynomial to approximate the current GOP’s motion

energy. In the third method, a modified Lagrange polynomial is constructed by us-

ing highly correlated GOPs as its data points. Conducted analyses and simulation

results confirm that the proposed techniques provide a better video performance

for different video sequences compared to conventional GOP-based UEP tech-

niques, while it maintains a similar number of overheads (overall code rate) for

the video transmission system.



Chapter 8

Conclusions and Future Works

8.1 Conclusions

Multi-level error protection techniques based on motion activities of different parts

of video bitstreams are introduced in this thesis. Protection levels applied for video

bitstreams are evaluated by motion energy, which is related to motion vectors and

sizes of constituted sub-macroblocks in a frame. Video bitstreams are protected at

macroblock, frame and GOP levels. Different motion energy estimation methods

are conducted in order to prevent the error propagation occurring in continuous

frames. The main contributions of the thesis are introduced as follows:

1. Found a new parameter called motion energy, which is effectively applied in

evaluating the motion activities of frames and GOPs of compressed video bit-

streams.

2. Proposed new adaptive threshold calculation methods, which are efficient in

separating the importance of different parts of video bitstreams.

3. Proposed new and effective motion energy estimation methods based on La-

grange polynomial in order to predict the motion activity of successive video

frames.

In this thesis, I proposed motion energy parameter to evaluate the importance

of video bitstreams, since previously proposed methods were not effective in the

determination of motion activities of H.264/AVC video frames. The proposed

185
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method also minimised the computation time used for the evaluation, when mo-

tion energies are extracted during encoding. My work also resolved the issue

of finding effective threshold values used in determining the importance of video

frames. Depending on the features of videos, threshold values are adaptively ad-

justed in order to respond the changes of scenes and motions of continuous frames.

These proposed thresholds are generated more flexible than previously proposed

methods, when predetermined thresholds are fixed values. The motion energy es-

timation method is also the important contribution of this thesis. By using this

method, motion activities of successive frames are accurately predicted. This is

very important for allocating suitable protection levels of next frames in real time

video transmission without generating any delay during encoding and decoding.

Below is the detailed conclusions obtained for different works conducted in each

chapter.

Chapter 1 presented the fundamental knowledge of the transmission system and

the outstanding issues of previously proposed techniques in error protection of

compressed video bitstream. The chapter also provided aims of the thesis and

peer-reviewed publications of this research.

In order to conduct UEP techniques for H.264/AVC video bitstreams over wireless

networks, Chapter 2 reviewed the basic knowledge of videos including definitions

of pixel, frame, field and colour components constructed in a video sequence.

Then, the structure of video compressed by H.264/AVC standard was introduced.

The important error resilience tools available in H.264/AVC standard were also

discussed in this chapter.

Chapter 3 related to the channel coding, which are applied in error protection

techniques for the video bitstream. The structure of linear block codes repre-

sented as an important class of channel codes is explained. An effective type of

block codes, i.e., LDPC codes formed by Euclidean Geometry (EG) property is

presented. Hard- and soft-decision iterative decoding techniques for LDPC codes

are expressed. In order to form suitable length of a block code for different video

frames, the product code is constituted by two component EG-LDPC codes. A

puncturing technique is also investigated to provide unequal error protection levels

for different parts of the video bitstream.
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Chapter 4 was started by reviewing previously related UEP techniques for the

compressed video bitstream. Some disadvantages in implementing previous works

were discussed. One of disadvantages was the high transmission bandwidth re-

quired for delivering the video bitstream over networks, when headers are inserted

to the beginning of each frame. In addition, these techniques did not provide

proper protection levels for regions with high motion activities of a frame. In

this chapter, a UEP technique based on data partitioning of slices was presented.

Different protection levels were allocated depending on the significance of parti-

tions and the size of motion information located in partition A of a slice. An

investigation in the optimum number of slices was also conducted. Simulation re-

sults confirmed that the proposed technique outperformed other UEP techniques.

However, similar to previous techniques, the slice structure produced a high com-

plexity in encoding of the video bitstream. In addition, the movement of different

sub-macroblocks between consecutive frames and their sizes were not considered

in the proposed technique. It is proven that a frame with sub-macroblocks having

high motion levels and sizes produces a large distortion, when error occurs in these

sub-macroblocks.

In chapter 5, motion energy of a sub-macroblock was defined based on its size and

motion vector magnitude, which evaluates the motion activity of video frames. By

applying this definition, UEP techniques were presented for video bitstreams at

macroblock or frames levels. Simulation results confirmed that the UEP technique

at frame level outperforms other conventional UEP techniques, while a similar

overhead is applied. This chapter also presented a multi-level error protection

technique based on motion energy of frames, which optimised the overall code

rate and improved the video performance.

Chapter 6 extended results obtained from chapter 5 by providing a modified

multi-level error protection technique for video bitstream based on different thresh-

old estimation methods. It is accomplished by comparing the motion activities of

macroblocks with their neighbouring area. Macroblocks having motion activities

higher than their neighbours are highly protected. A multi-level error protection

technique was formed by modifying the UEP introduced in Chapter 5. It is con-

firmed that the proposed technique significantly improved the video quality, while

a similar overall code rate for different video bitstreams is applied.



Chapter 8. Conclusions and future works 188

Chapter 7 applied the GOP tool, which is an effective tool in preventing the

error propagation in consecutive frame. A multi-level error protection technique

was formed based on motion activities of frames and the estimation of motion

energy of GOPs. Three estimation methods including weighted average, Lagrange

polynomial and the modified version of Lagrange polynomial were introduced,

which improved the video performance in comparison with other GOP-based UEP

techniques. In these techniques, motion energy was predicted from previous GOPs

having a high correlation to each other. Hence, a transmission delay was not

generated and the overall bit rate obtained by the proposed technique was similar

to previous ones.

8.2 Future work

This thesis proposed different error protection techniques for H.264/AVC video

bitstreams based on motion activities of frames and macroblocks. In simulations,

random error is considered as the main noise source of video bitstreams, which is

modeled by an additive white Gaussian noise channel. Burst errors appearing in

wireless transmission system are much less than random errors. However, their oc-

currence seriously degrades the performance of video bitstreams, since compressed

frames are highly correlated to each other. As the characteristic of burst error

is different with the random error, a further study can be conducted in order to

improve the performance of video bitstreams affected by these errors. Finding a

reliable channel code, particularly in the form of a LDPC code, suitable for the

correction of both errors will be investigated in the future. Construction of an

unequal burst error correction technique based on the newly proposed codes and

the concept of motion energy can also be followed.

Moreover, application of motion energy in protecting video bitstreams compressed

by High Efficiency Video Coding (HEVC) standard [148] can be considered. As

HEVC provides a better prediction of motion vectors compared to H.264/AVC,

an efficient extraction of important parts in a video bitstream based on motion

energy is expected. Since motion energy of a frame is extracted during encoding,

it does not generate any delay for the video transmission system. In addition,

motion information utilised in calculating motion energy is still the key parameter
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of the current and next video coding standards. As a result, motion energy param-

eter can be considered in the future video coding standards in order to efficiently

evaluate the importance of frames and GOPs of video bitstreams. The proposed

techniques will provide a high performance for compressed video information with-

out increasing the bandwidth of transmission system. They can also be applied

in video streaming and conferencing, where the bandwidth available for each user

is limited. The next step of work will be testing of proposed UEP techniques in a

real-time video transmission system.
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