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    ABSTRACT  

 

H.264/AVC is the state-of-the-art video coding standard which promises 

to achieve same video quality at about half the bit rate of previous standards 

(H.263, MPEG-2). This tremendous achievement in compression and 

perceptual quality is due to the inclusion of various innovative tools. These 

tools are highly complex and data intensive as a result poses very heavy 

computational burden on the processors. De-blocking filter is one among them, 

it is the most time consuming part of the H.264/AVC reference decoder. 

In this thesis, a performance analysis of the de-blocking filter is made on 

Intel Pentium 4 processor and accordingly various optimization techniques have 

been studied and implemented. For some techniques statistical analysis of video 

data is done and according to the results obtained optimization is performed and 

for other techniques SIMD instructions has been used to achieve the 

optimization. Comparison of optimized techniques using SIMD with the 

reference software has shown significant speedup thus contributing to the real 

time implementation of the de-blocking filter on general purpose platform. 
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1. INTRODUCTION 
 
       A picture is worth thousand words 
                                                                     ---Unknown 

1.1 Problem Statement: 
 
 Today video based applications have become very popular as a result 

many new products are flooding the market every day. Each application is very 

different from the other but the basic commonality among them is video. Video 

signals can be of two types Analog video and Digital video. Even though 

Analog video signal gives impeccable quality its use is drastically reduced due 

to large storage size which results in storage and transmission problems. 

Therefore the focus of today’s research is Digital video, which has gained lot of  

significance due to the advances made in digital electronics, as a result storage, 

transmission and processing of digital video has become very convenient.  

Although the advances made in digital electronics are quite remarkable 

but even the present day systems and channels are inadequate to support the raw 

video data. For example a Digital Versatile Disk (DVD) can store only a few 

seconds of raw video data at television quality resolution and frame rate; 

therefore compression techniques are needed for efficient use of storage and 

transmission resources. Video Compression is a technique which reduces the 

amount of data used to represent the video images. Since 1980’s lot of research 

has been done and various techniques like lossy compression, lossless 

compression etc have been developed. As the video technology became 

popular, more and more commercial products started coming into the market. 

Due to the differences in various products compatibility became an issue and as 

a result standards have been developed.  
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Standards were developed by various organizations like MPEG, VCEG, 

and JVT etc. Since 1990’s many standards have been published, this has not 

only improved the video quality but also improved the compression ratio. Most 

recent video coding standard is H.264/AVC [1]; it provides good quality video 

content at about half the bit rates of MPEG-2, H.263 [2]. This tremendous 

improvement in performance and quality is due to the inclusion of various new 

tools which give higher compression and better perceptual quality. Prominent 

among them are Context Adaptive Binary Arithmetic Coding (CABAC), 

variable block size motion compensation, in-loop de-blocking filter etc. These 

tools are highly complex and time consuming as a result higher computational 

capabilities are needed for real time implementation. Apart from that any 

implementation must also comply with the standard in terms of encoded bit 

stream and decoder. 

For efficient implementation it is necessary to optimize the codec. A 

codec is made of an encoder and decoder. H.264/AVC standard defines only 

decoder; therefore encoder can be optimized in several different ways unless 

and until it gives encoded bit stream which could be decoded by any compliant 

decoder. Since a decoder is strictly defined in the standard and each product 

based on H.264/AVC technology must comply with the standard, as a result it 

becomes a bit difficult to optimize the decoder. Nevertheless many techniques 

have been proposed in the literature to optimize the decoder [3]. Most of them 

were proposed especially for DSP or VLSI and very few methods have been 

proposed for general purpose processors. 

To implement H.264/AVC decoder on commonly used general purpose 

platforms such as Intel Pentium 4 requires significant speed optimization in 

terms of computational implementation and memory bandwidth requirements. 
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So, instead of optimizing the whole decoder which takes more time and 

resources, it is better to optimize those parts of the decoder which are more 

computationally intensive. In a decoder, the most time consuming part is the de-

blocking filter, it is highly adaptive and as a result places very heavy burden 

over the decoder in terms of computational complexity. It easily accounts for 

about one third of the total computational complexity of the whole decoder [4]. 

Therefore, the aim of this thesis is to optimize the de-blocking filter using 

various optimization techniques like general software optimization, Single 

instruction multiple data (SIMD).  

1.2 Scope of Thesis Work: 

 In this thesis, all the optimization algorithms are implemented for High 

profile H.264/AVC decoder on general purpose platform (Intel Pentium 4). 

High profile is targeted towards the applications using high-resolution video, 

and various high end consumer applications like video streaming or movie play 

back needs only decoders. Therefore, speed up of the high profile decoder is 

very necessary to efficiently implement these applications. Thus the scope of 

this thesis has been limited to High profile H.264/AVC decoder. 

It is important to note that, various algorithms which are presented in this 

thesis (except the fast algorithm) are proposed by scholars and researchers, 

which are listed in the references. Taking a cue from these proposed ideas, I 

have tried to improve upon them by implementing a fast algorithm. 

1.3 Outline of Thesis Work: 

 The structure of the thesis is as follows. Chapter 2 discusses briefly about 

H.264 and de-blocking filter. Chapter 3 describes the details of Optimized 

Boundary strength derivation algorithms and their results. Chapter 4 presents 
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the details of SSE2 optimization algorithms and results. Finally Chapter 5 gives 

Conclusion and future work. 
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2. BACKGROUND AND RELATED WORK 

 
2.1 Overview of H.264:  

H.264/AVC [1] is the state-of-the-art video coding standard developed by 

Joint Video Team (which comprises of ITU-T VCEG and ISO/IEC MPEG). 

Primary aim of H.264/AVC project was to develop a standard which provides 

same video quality at about half the bit rates of previous standards like MPEG-

2, H.263 etc. Additional goals were lowering the complexity and increasing the 

flexibility so that the standard can be applied to wide variety of applications 

over different networks and systems. 

  Its first version was released in May 2003 under the name H.264/AVC 

by ITU-T. Since then many versions has been released which has improved the 

standard in a variety of ways. These new versions are known as Fidelity range 

extensions (FRExt). The draft for FRExt was completed in September 2004. 

Scalable video coding (SVC) [1] is another aspect of H.264/AVC project which 

has gained a lot of popularity. The aim of SVC is to use a single bit-stream 

which could serve different networks and different devices [5]. SVC extension 

was completed in November 2007. 

In sync with previous standards, H.264/AVC defines only the syntax of 

encoded bit-stream and the method of decoding it. But this limitation of 

standard provides maximum freedom to optimize implementations in a manner 

appropriate to specific applications [2]. Fig 2.1 shows the scope of H.264/AVC 

standard. 
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Fig 2.1: Scope of video coding standardization [2] 
 

Since the first video coding standard (H.261), the functional blocks of the 

basic video coding algorithm remains the same. But the major difference lies in 

the details of each functional block. As a result each new video coding standard 

became more comprehensive and complex. Hence the video coding algorithm 

of H.264/AVC is also similar to previous standards but with an exception of de-

blocking filter. Now let’s have a look at the codec (enCOder and DECoder pair) 

of H.264/AVC; starting with the encoder. 

2.1.1 Encoder: 

 A video encoder is a device or software which performs compression 

over the bit-stream; as a result the size of the encoded bit stream greatly reduces 

in size. Before elaborating more about video encoder, some basic terms of 

video processing are introduced which will help a lot in explaining various 

functional blocks of the encoder afterwards. 

• Video Stream: A video stream consists of large number of still images, 

when these images are run at a rate of 25/30 frames per second a video is 

formed. These still images can be classified as frames or fields depending 

upon the procedure of scanning. 
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Fig 2.2 Basic encoding structure of H.264/AVC for a Macroblock [2] 
 

• Macroblock (MB): Macroblock is special word in video coding used to 

describe a small region in a frame or field (usually the size of a MB is 

16x16 pixels). Therefore, each frame/field is divided into large number of 

macroblocks.  
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• Pixel (PICture ELement): is the smallest piece of information in a frame/ 

image. 

Any video coding technique tries to reduce the size of the encoded bit stream 

by removing the redundancy present in the video sequence. Any video sequence 

has three types of redundancies temporal, spatial and statistical. To reduce 

temporal redundancy, similarities between the neighboring video frames are 

exploited by constructing a prediction of current frame. Normally a prediction 

is formed using one or two previous or future frames and is improved by 

compensating differences between different frames. The output of this whole 

process is a residual frame. These residues are processed by exploiting 

similarities between the neighboring pixels to remove spatial redundancy. 

Reduction is achieved by applying a transform (like DCT) and quantizing their 

results. The transform converts the sample into another domain where they are 

represented as transform coefficients; these coefficients are quantized to remove 

insignificant values, thus leaving a small number of coefficient values which 

provides more compact representation of residual frame. To remove statistical 

redundancy, an encoder uses various techniques (Huffman coding, Arithmetic 

coding etc) which assign short binary codes to commonly occurring vectors. 

Due to the reduction of redundancies the size of encoded bit-stream greatly 

reduces in size. Therefore, any video encoder consists of these three functional 

modules.  

Fig2.2 shows the H.264/AVC encoder, as is evident from the figure that 

H.264/AVC Encoder has a decoder loop incorporated in it. The main reason for 

including the decoder is to provide reference pictures which are very necessary 

for the prediction process. Therefore the encoder has two data flow paths, 

forward path and backward or reconstruction path.  
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• Forward path:  Here the normal encoding process is executed. An input 

frame is processed in terms of MB’s (16x16). Depending upon the type 

of MB, prediction technique is selected. There are two types of prediction 

techniques, intra prediction and inter prediction. In intra prediction, 

prediction is calculated from the samples of same frame which are 

previously encoded, decoded and reconstructed, whereas in inter 

prediction, prediction of current frame is calculated from the Motion 

compensation prediction of reference pictures which could be either 

previous or future frames. So when an ‘I’ MB is processed intra 

prediction is selected and when a ‘P/B’ MB is processed inter prediction 

is selected. Inter prediction techniques relies upon the motion estimation 

and motion compensation techniques for accurate prediction. These 

techniques are very instrumental in reducing the temporal redundancy 

between the frames. 

The goal of motion estimation technique is to find a best match for a 

block of current frame in reference frame. To find the best match, a 

search is performed in the reference frame. This search is carried out by 

comparing the block in current frame with the blocks in search area 

(usually centered on and around the current block position) of reference 

frame. The block or area which gives the lowest residual energy is 

considered as the best match region. Thus chosen best match region is 

called as ‘predictor’ for the block in current frame. In motion 

compensation, predictor is subtracted from the current block resulting in 

residues. 

So obtained residues are block transformed, scaled and quantized to 

obtain quantized coefficients. These quantized coefficients along with 

 
 21 



control data and motion vector information is entropy coded. Entropy 

encoded coefficients along with side information necessary for decoding 

each macro block at the decoder constitutes the encoded bit stream. 

• Reconstruction path: Here decoding and reconstruction of encoded 

frames is performed. To reconstruct the encoded frames, quantized 

coefficients are scaled (De-quantized) and inverse transformed to obtain 

residues which are added with the prediction to obtain unfiltered frame. 

This unfiltered frame contains blocking artifacts; blocking artifacts arise 

mainly due to the usage of block based integer DCT (Discrete Cosine 

Transform). To smooth out these blocking artifacts, de-blocking filter is 

applied over the frame. These filtered frames are stored as reference 

frames. 

2.1.2 Decoder: 

When the decoder receives the encoded bit stream, it entropy decodes 

them to produce a set of quantized coefficients which are reordered, scaled and 

inverse block transformed to obtain residues. Using the header information 

received in the encoded bit-stream, decoder generates the prediction. Residues 

are added to the prediction to obtain the unfiltered version of the original frame. 

Unfiltered frame contains blocking artifacts which deteriorates the video 

quality. 

De-blocking filter is applied over the unfiltered frame to remove the 

blocking artifacts and enhance the video quality of filtered frame. Filtered frame 

are stored as reference frames which are utilized in prediction process. 
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Fig 2.3: H.264 Decoder [9] 

2.2 De-Blocking Filter: 

 De-blocking filter is an integral part of the H.264/AVC standard. It is 

implemented as an in-loop filter; as a result it should be included in both 

encoder and decoder. 

 De-blocking filter is a highly adaptive low pass filter. It filters the 

blocking artifacts and improves the quality of the references frames thus 

eventually improving the perceptual quality of the whole video sequence. 

Blocking artifacts arise due to two reasons, first due to the usage of block based 

integer DCT in intra and inter frame prediction error coding and second due to 

motion compensated prediction [4]. Even though small 4x4 samples transform 

size used in H.264/AVC reduces the problem, a de-blocking filter is still an 

advantageous tool to increase the performance. 

2.2.1 Overview of De-block filter Process: 

De-blocking filter consist of two sub-modules, first the Boundary 

Strength module and second the Edge filtering Module. These modules provide 
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the block edge level and sample level adaptability to the de-blocking filter. Fig 

2.4 shows the de-blocking filter process.  

 In a decoder, an unfiltered frame is provided to the de-blocking filter 

which filters the image on MB basis. In a frame, each MB is referenced with its 

address; MB address and additional parameters are provided to the boundary 

strength module for further processing.  Boundary strength module assigns 

appropriate boundary strength for each edge. Boundary strength values ranges 

from 0 to 4. Depending upon this boundary strength value filtering is performed 

by the edge filtering module. 

 Filtering is performed in two modes; Strong filtering mode and Standard 

filtering mode. When the Boundary strength value is equal to 4, Strong filtering 

is performed and when the Boundary strength value is equal to 1, 2 or 3 

standard filtering is performed. Similarly when the Boundary strength value is 

equal to 0 no filtering is performed. 

 

Edge between 
two blocks Evaluate BS Filter the EdgesStart

Next edge

Next MB

Next frame

Stop

 

Fig 2.4: Overview of De-blocking filter Process 
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2.2.2 Boundary Strength Module: 

Block modes and conditions Bs 

One of the blocks is Intra coded and the edge between two blocks 

is a macro block edge. 

4 

One of the blocks is Intra coded and the edge between two blocks 

is not a macro block edge. 

3 

None of the two blocks is intra coded and one of the blocks has 

coded residuals. 

2 

None of the two blocks is intra coded; 

None of the two blocks contains transform coded coefficients; 

Each block is predicted from different reference pictures or 

different number of reference pictures or any of the blocks have a 

motion vector difference of one luma sample or more. 

 

1 

Otherwise 0 

Table 2.1: Boundary Strength Derivation Conditions [4] 
 

Main function of this module is to define boundary strength (BS) value 

for each 4x4 block boundary and provide edge level adaptability to the filter. 

BS value depends on the modes and coding conditions of the two adjacent 

blocks. Table 2.1 specifies conditions for selecting different BS values. 

  To derive a BS value for any edge, conditions starting from the top of the 

table are evaluated and whichever conditions satisfies its corresponding BS 
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value is assigned to the edge. In the table, intra coding blocks are given highest 

BS value because strongest blocking artifacts are mainly due to intra prediction 

error coding, thus it is very necessary to filter them in strong filtering mode. 

The BS values for chroma are not calculated separately instead they are copied 

from the values calculated for corresponding luminance edges. 

2.2.3 Edge Filtering Module: 

The edge filtering module is considered as the kernel of the de-blocking 

filter. It not only filters the edges based on BS values but also provides sample 

level adaptability. This adaptability is provided by successfully differentiating 

between the artifacts and true edges. Thus to differentiate; sample values across 

each edge needs to be analyzed.  

In order to obtain identical results there should be a perfect match 

between the encoder and decoder in filtering process, thus filtering must be 

done in a specific order. Filtering is performed in raster scan order on MB basis. 

A luma MB contains four horizontal and four vertical edges as shown in the fig 

2.5.  In a luma macro block first horizontal filtering is performed on vertical 

edges, starting from vertical edge ‘a’ and proceeding towards vertical edge ‘d’. 

Then vertical filtering is performed on horizontal edges starting from the edge 

on the top i.e. edge ‘e’ and proceeding downwards till edge ‘h’. After filtering 

luma block, chroma blocks are filtered, here also vertical edges are filtered first 

and then horizontal edges are filtered.  
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Fig 2.5: Filtering order in Luma and Chroma macro blocks [9]                   
• Filter Decision: To filter the samples across an edge many parameters 

needs to be analyzed. Now consider one line of samples inside two 

neighboring 4x4 blocks as p0, p1, p2, p3, q0, q1, q2, q3, where the edge 

lies between the samples p0 and q0 as shown in the figure 2.6   Then the 

decision to filter these samples is as follows. 

i. BS > 0        (2) 

ii. |p0 – q0| < α and | p1− p0| < β and |q1− q0 | < β             (3) 

Filtering does not take place for an edge whose BS is equal to zero. 

Therefore the first condition for performing filtering is BS must be 

greater than zero. In the next condition pixel differences are compared 

with threshold values (α & β), these threshold values are dependent on 

average quantization parameter (QP) of two blocks. The effect of this 

condition is to switch off the de-blocking filter when there is a significant 

change (gradient) across the edge in the original image. When QP is 

small, it means less quantization error, as a result anything other than 

very small gradient across the edge is most likely due to image features 

thus it should be preserved and so the values of α and β are set lower. 

Similarly when QP is large, blocking distortion becomes more  
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        Fig 2.6: One dimensional visualization of a block edge [4] 
significant, therefore threshold values are set higher so that more 

boundaries are filtered. 

• Filtering: Filtering is performed in two modes Strong filtering mode and 

Standard filtering mode. Due to strong filtering at the most 3 pixels on 

either of the edge are affected and due to standard filtering at the most 2 

pixels on either side of the edge are affected. Apart from that, β value is 

used to check two additional conditions which define spatial activity 

between the luminance samples [4].  

                       | p2 −p0 | < β     (4) 

                      | q2 − q0 | < β     (5) 

When these conditions are satisfied, the strength of filtering is greater. 

• Standard Filtering Mode: In this mode, filtered values p’0 and q’0 are 

calculated as 

                                   p’0 = p0 + ∆0                                            (6) 

                                   q’0 = q0 − ∆0                (7) 

where p0 and q0 are unfiltered pixel values of block P and Q and ∆0 is 

calculated by clipping ∆0i value. The value of ∆0i is computed based on 

the sample values across the edge which is given in the equation below. 

         ∆0i  = (4(q0 − p0) + (p1 − q1) + 4 ) >> 3    (8) 
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Note: The symbol (>>) specifies a right shift i.e., after substituting 

appropriate pixel values, resultant value obtained after arithmetic 

operations is right shifted by 3 bits 

The values of pixels p1 and q1 are modified only when the conditions (4) 

or (5) is true. If condition (4) is true then filtered value p’1 is calculated as 

    p’1 = p1 + ∆p1                                          (9) 

Similarly if condition (5) is satisfied then q’1 is calculated as 

q’1 = q1 + ∆q1                                          (10) 

The values of ∆p1 and ∆q1 are obtained by clipping the values of ∆p1i and 

∆q1i   

         ∆p1i  = (p2 +  ((p0 + q0 + 1) >> 1) − 2p1)) >>1   (11) 

         ∆q1i  = (q2 +  ((q0 + p0 + 1) >> 1) − 2q1)) >>1   (12) 

After calculating this intermediate values ∆0i , ∆p1i and ∆q1i  clipping 

operation is performed on them so as to reduce the effect of blurring. 

Different procedures for clipping are used for interior and edge samples. 

Clipped values can be given by the equations below. 

 ∆p1 = Min (Max (−c1, ∆p1i  ), c1 )     (13) 

 ∆q1 = Min (Max (−c1, ∆q1i  ), c1 )     (14) 

 ∆0 = Min (Max (−c0, ∆0i  ), c0  )     (15) 

Where c1 is determined based on the table indexed in two dimensions, 

IndexA is used in one dimension and Bs is used in another dimension. c0 

is first set equal to c1 then incremented by 1 for each of conditions (4) and 

(5) that holds true. For chroma, only p0 and q0 are filtered. These pixels 
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are filtered in the same way as luma pixels, except that the clipping value, 

c0 is set equal to c1 plus one. 

• Strong Filtering Mode: For luma filtering, based upon the picture content 

selection is made between very strong 4- and 5- tap filter or a weaker 3-

tap filter. Strong filters modify up to 3 pixels on either side of the edge 

whereas weaker filter modifies just one sample on either side of the edge. 

Stronger filter is selected only when the below condition holds true. 

                    | p0 − q0 | < (α >> 2) + 2  (16) 

When the two conditions (4) and (16) holds true, filtered values are 

calculated according to the equations given below. 

p’0 = (p2+2p1+2p0+2q0+q1+4) >> 3  (17) 

p’1 = (p2+p1+p0+2q0+q1+2) >> 2  (18) 

p’2 = (2p3+3p2+p1+p0+q0+4) >> 3  (19) 

Otherwise, if either (4) or (16) holds false, or for chroma filtering only p0 

is filtered, which is calculated as 

p’0 = (2p1+p0+q1+2) >> 2  (20) 

The q values are modified in a similar manner by substituting p with q in 

above equations and the test conditions to determine the type of filtering 

would be (5) and (17). 

2.3. Related Work:   

 In the literature many techniques have been proposed to optimize the de-

blocking filter [10]-[24], among them only those has been selected which deals 

with the optimization on general purpose processors [6],[7],[8]. All these 

techniques have been studied and implemented in this thesis and their 
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performance is compared with the implemented fast algorithm and JM 

reference software. In this section only the main idea behind those techniques 

will be presented, their design and implementation details will be elaborated in 

the next chapters. 

 According to [4], de-blocking filter is highly adaptive and 

computationally very intensive. This adaptability leads to the emergence of 

branches in implementation. Since branches cost a lot on modern processors, 

static algorithm [6] proposes to optimize the filter by reducing the number of 

branches without affecting its adaptability. Similarly, the ICME algorithm [7] 

proposes an ingenious method to avoid branches altogether. The main idea of 

ICME algorithm is to use an equation instead of branches to perform boundary 

strength calculation. SIMD algorithm [8] takes a new approach to address the 

problem of computational complexity in de-blocking filter. It uses SIMD 

instructions provided by Intel to speed up the edge filtering module. 

All these algorithms reported an impressive performance improvement 

when compared to reference software i.e. JM software. Since these algorithms 

were tested on the previous versions of the JM software like JM 8.2 and JM 

10.2, an effort is made in this thesis to implement them on the latest version i.e. 

JM 13.2 to see whether they give similar performance improvement. 
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3. Boundary Strength Derivation Algorithms 

 

According to the profiling results [6] on Intel Pentium 4 for H.264 High 

profile decoder, the de-blocking filter consumes about 30-35% of the whole 

decoding process, as a result it is the most time consuming part of the H.264 

decoder. The main reason for more time consumption is its adaptability at 

various levels and small 4x4 block size. 

Since the whole decoding process is defined by the standard and de-

blocking filter is also a part of it, no compromise can be made in terms of 

reducing its adaptability. So the only solution that remains to improve the de-

blocking filter is to optimize it without compromising its adaptability.  

In this chapter, the design, implementation and results of Boundary 

strength derivation algorithms will be discussed. 

3.1 Static Algorithm:  

 On any processor the penalty posed by branches is very high and it is 

highly desirable to reduce the number of branches for efficient implementation. 

In reference software (JM 10.2 [26]), boundary strength evaluation is highly 

conditional, as a result more conditional branches appear in the implementation. 

These conditional branches break the instruction level parallelism and pose a 

heavy penalty over the performance of de-blocking filter. Fig3.1 shows the 

boundary strength algorithm of the reference software. 

Instructions in a program can be executed either sequentially or in 

parallel. To increase the throughput modern processors execute instructions in 

parallel using pipelined technology.  
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Fig 3.1: BS derivation tree of H.264 High Profile (JM 10.2 version) [6] 
 

A pipeline consists of certain number of stages where each stage corresponds to 

a single step in instruction execution process like fetch, decode, execute etc. As 

the processor technology advanced, pipelines also became larger; as a result 

prediction of a branch became expensive. Even though modern processors 

today have a very effective mechanism to avoid any mis-prediction of a branch 

(according to Intel the average prediction rate of Pentium III is 90% whereas for 

Pentium 4 it is 94% [27]) still any branch mis-prediction is very costly due to 

very long instruction pipeline. According to [28] Intel Pentium 4 which uses 

“Net Burst Micro Architecture”, the instruction pipeline is much larger than 

previous processors like Pentium III (Pentium 4 has 20 stage pipeline, whereas 
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Pentium III has got 10 stage pipeline) thus for a single mis-predicted branch all 

the instructions from this 20 stages needs to be flushed out in order to start 

instruction execution from the correct branch. 

         Therefore, static algorithm aims to optimize the boundary strength 

module by reducing the number of branches to evaluate any BS value, thereby 

reduces the penalty caused due to the mis-prediction of the branches. The main 

idea behind this algorithm is to exploit the biased statistical distribution present 

in any video stream and replace the more frequent computations with operations 

requiring fewer or simpler operations like table-look-up. Thus, BS Statistics has 

been collected from six high definition video bit streams. The bit rates are set to 

8Mbps and 5 reference frames are used. Table 3.1 summarizes the BS 

distribution. In the table 3.1, the case of BS equal to zero is more frequent and 

to derive BS = 0, five to six branches needs to be traversed in the BS derivation 

tree. This implies, to compute something which is more frequent large number 

of branches needs to be evaluated.  

 

  ALL SEQUENCES  I SLICE    PSLICE BSLICE 

   BS=0  61.74%       0.75%   10.08%  50.91% 

   BS=1  5.62%        0    0.78%    4.84% 

   BS=2  22.36%        0    8.6%  13.76% 

   BS=3  6.77%     4.64%   1.15%    0.98% 

  BS=4  5.51%    1.76%    1.01%     0.74% 

Table 3.1: Distribution of BS values [6]  
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Therefore the tree structure is not optimal in terms of computational 

complexity. To reduce the computational complexity, the tree needs to be 

restructured according to the statistics. Another point that needs attention is that 

different slices have different statistics, therefore different tree structures needs 

to be implemented for each slice. Thus Huffman tree structures are generated 

for each slice.  
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   Fig 3.2: Huffman tree structure for I slice BS derivation [6] 
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Fig 3.3: Huffman tree structure for P slice BS derivation [6] 
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As can be seen from fig 3.2 Huffman tree for I slice is very small, it is 

because I slice contains intra coded macro blocks which needs to be filtered 

very strongly. Therefore the BS distribution table shows values for only BS 

equal to 0, 3 and 4. From fig 3.3 and 3.4 it is evident that the trees for P and B 

slices are largely similar with an exception of BS=2 case. The reason is that a P 

slice is predicted from only one frame whereas a B slice is predicted from two 

frames as a result more number of combinations of motion vectors and 

reference indices needs to be analyzed. Thus to improve the performance Bs=2 

in B slice is kept before BS=0 condition. 
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Fig 3.4: Huffman tree structure for B slice BS derivation [6] 
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       Fig 3.5: H.264 true edge detection process for an edge [6] 
 

 Other modification suggested to improve the performance further is to 

simplify the true edge detection process in edge filtering module. To detect a 

true edge pixel differences needs to be compared with threshold (α & β) values. 

If the condition holds true then filtering is performed. Fig 3.5 shows the true 

edge detection process of H.264/AVC standard. To perform filtering three 

branches which compares the pixel differences with threshold values must hold 

true. To reduce the branches static algorithm proposes a simple equation which 

simplifies the true edge detection process. After simplification, true edge 

detection of an edge can be summarized as in the figure below. 
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       Fig 3.6: Proposed true edge detection process by Static Algorithm 
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3.2. ICME Algorithm:  

 This algorithm proposes a novel idea of using a simple equation to 

calculate the Bs value thus avoiding the branches altogether. Apart from that, it 

also introduces some minor modifications in the algorithm based on the Bs 

statistics collected which further improves the performance. 

 This algorithm makes use of the statistics collected for static algorithm, 

where the statistics were different for different slices. Therefore different 

equations were suggested for different slices. As a result branches were 

completely avoided. The general boundary strength calculation equation can be 

summarized as 

Bs = (!(CIs Slice Boundary || CIs 8x8 transform boundary)) * (CIs Intra MB*(3+ !CIs MBBoundary) +(! 

CIs Intra MB) * (CCBP condition * 2 + ( !CCBP condition) * CMVcondition))    (21)[5] 

where the expression x*y means the output equals to y when the left Boolean 

variable is 1, otherwise the output is 0. Logical operators have same meaning as 

defined in C language. Other variable definitions are as follows, 

CIs Slice Boundary                 = 1 (if the boundary is the slice boundary) 

CIs 8x8 transform boundary   = 1 (if the boundary is inside 8x8 transform block) 

CIs Intra MB                  = 1 (if P or Q is intra coded) 

CIs MBBoundary             = 1 (if the boundary is a MB boundary) 

CCBP condition              = 1 (if either of two CBP’s of P and Q equals to 1) 

CMVcondition  = 1 (if two reference frames of P and Q are different or the 

motion vector difference is large enough to be regarded as having non- 

continuous motion). 
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Fig 3.7:  ICME Algorithm tree structure for Bs calculation. 
 

 Other minor modifications proposed are simplified calculation of 

CMVcondition for B slices, applying different branches over each slice, unrolling of 

Bs derivation process to 4x4 boundaries and for B- slice applying one separate 

branch to check CCBPcondition is 1.              

3.3. Implementation Details: 

3.2.1. Simulation Environment: 

• Hardware:     Intel Pentium 4 with 1.25 GB RAM (with SSE2 

support) 

• Software:      JM 13.2 version 

• Languages:    C and C++ 

• OS:    Microsoft Windows XP Professional Version 2002, 

Service Pack 2 
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• Video Sequences: 

1. Qcif:                       foreman, container, silent 

2. Cif:                         Paris, mobile, tempete 

3. High definition:     Big Ships, Night, City, Crew, Shuttle Start 

3.2.2. Encoder Settings: 

 This section describes the H.264 Encoder settings for the generation of test 

streams used. Here only the detail settings of files using IBBP prediction 

structure are provided, for other prediction structure details refer [29]. 

  Table 3.2: Encoder Settings for QCIF and CIF 

Sequences: 

QCIF 

CIF 

 

Foreman, Container, Silent 

Foreman, Mobile, Paris, 

tempete  

Encoder JM 13.2 version [25] 

Profile 100 (high profile) 

Number of Frames to be encoded 300 

Prediction structure IBBP 

Number of B Frames 2 

Frame Skip 2 

B list0  and List1References 2 and 1 
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Number of Reference frames 4 

CABAC 1(enabled) 

Bi-directional motion estimation for B 

slice 

On 

Transform size 8x8 Enabled 

Slice mode 0 

RDO optimization 1(enabled) 

Motion vector search range 32 

FME 0 

Quantization parameter:  

I Slice 

P Slice 

Q Slice 

 

22, 27, 32, 37 

23, 28, 33, 38 

24, 29, 34, 39 

Input file format .yuv 

Output file format .264 
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Table 3.3: Encoder Settings for High definition (720p60) 

Sequences Big Ships, City, Crew, Night, 

Shuttle Start  

Encoder JM 13.2 version [25] 

Profile 100 (high profile) 

Number of Frames to be encoded 300 

Prediction structure IBBP 

Number of B Frames 2 

Frame Skip 2 

B list0  and List1References 2 and 1 

Number of Reference frames 4 

CABAC 1(enabled) 

Bi-directional motion estimation for B On 

Transform size 8x8 Enabled 

Slice mode 0 

RDO optimization 1(enabled) 

Motion vector search range 64 
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FME  3 

Quantization parameter:  

I Slice 

P Slice 

Q Slice 

 

22, 27, 32, 37 

23, 28, 33, 38 

24, 29, 34, 39 

Input file format .yuv 

Output file format .264 

    

3.2.3. Static Algorithm: 

Most of the major issues regarding this algorithm have already been 

elaborated in the design section. But some issues regarding the implementation 

can be summarized using code. These issues are related to calculation of 

various variables required for the evaluation of branches. Since these variables 

are used multiple times in the branches they need to be evaluated multiple times 

which wastes lot of time. Therefore, all the necessary variables are evaluated at 

the beginning of the algorithm and then their values have been used in 

conditional branches. Below is an excerpt from the code. 

If (P slice) 

{ 

MB_Edge = (Edge == 0); 

Inter_MB =( (MBQ !=(any intra coded blocks)) || (MBP !=(any intra coded blocks))); 

Same_ref_pic = (ref_pic_P0 == ref_pic_q0); 
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NonZero_Transform_Coeff = ( MBQ || MB P) ; 

Motion_vec_diff = (( |MVxp0 – MVxq0| >3) | ( |MVyp0 – MVyq0| >3) ) ; 

 

If(Inter_MB and !NonZero_Transform_Coeff and Same_ref_pic and !Motion_vec_diff) 

BS = 0; 

Elseif(Inter_MB and NonZero_Transform_Coeff) 

BS = 2; 

Elseif(!Inter_MB and !MB_Edge ) 

  BS = 3; 

  Elseif(!Inter_MB) 

   BS = 4; 

   Else 

BS=1; 

} 

  Fig 3.8: Static Algorithm Pseudo code for deriving BS value of P slice 

The code for B and I slices has been written in a similar manner. 

3.2.4 ICME Algorithm: 

 During implementation, the proposed general BS expression needs to be 

modified depending upon the type of Slice. So the appropriate modifications are 

as follows. 

• BS expression for I slice: 

BS = (! CIs Slice Boundary) * (CIs Intra MB*(3+ !CIs MBBoundary))   (22) 
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• Bs expression for P slice: 

BS = (!(CIs Slice Boundary || CIs 8x8 transform boundary))*(CIs Intra MB*(3+ !CIs MBBoundary) 

+(! CIs Intra MB)*(CCBP condition *2 + ( !CCBP condition)*CMVcondition))  (23) 

• BS expression for B slice: 

BS = (!(CIs Slice Boundary || CIs 8x8 transform boundary)) * (CIs Intra MB*(3+ !CIs MBBoundary) 

+(! CIs Intra MB* CMVcondition))        (24)   

 Apart from that the motion vector difference (CMVcondition) calculation for 

B slice is also simplified a lot. In the standard, to calculate motion vector 

difference several combinations of motion vectors and reference pictures needs 

to be evaluated which dramatically increases the complexity. Therefore this 

algorithm proposes an equation which solves the complexity problem to a great 

extent. The motion vector difference equation can be summarized as below. 

CMVcondition = (( |MVxp0 – MVxq0| >3) | ( |MVyp0 – MVyq0| >3) | ( |MVxp1 –  MVxq1| 

>3) | ( |MVyp1 – MVyq1| >3) | (refp0 != refq0) | (refp1 != refq1)) && ( |MVxp0 – 

MVxq1| >3) | ( |MVyp0 – MVyq1| >3) | ( |MVxp1 – MVxq0| >3) | ( |MVyp1 – MVyq0| 

>3) | (refp0 != refq1) | (refp1 != refq0))      (25) [5] 

Below is an excerpt from the code which shows how these equations are used. 

If (P slice) 

{ 

MB_Edge = (Edge == 0); 

Inter_MB =( (MBQ !=(any intra coded blocks)) || (MBP !=(any intra coded blocks))); 

Same_ref_pic = (ref_pic_P0 == ref_pic_q0); 

NonZero_Transform_Coeff = ( MBQ || MBP) ; 

Motion_vec_diff = (( |MVxp0 – MVxq0| >3) | ( |MVyp0 – MVyq0| >3) ) ; 
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BS = (!Inter_MB * (3 + (MB_Edge)) + Inter_MB *(NonZero_Transform_Coeff *2 +(! 

NonZero_Transform_Coeff) *(! Same_ref_pic || Motion_vec_diff))); 

} 

   Fig 3.9: ICME Algorithm Pseudo code for Deriving BS value of P slice 

The code for B and I slices has been written in a similar manner. 

3.3. Testing:   

To test the algorithms, following tests have been considered.  

• Timing performance: here the timing obtained from various modules of 

different algorithms are analyzed for timing gain. Time gain in 

percentage is defined by the formula given below. 

Time gain (%) = ((x-y)/x) * 100      (26) 

Where x: Reference software algorithm time 

            y: Static or ICME algorithm time 

•  Optimization test: here arithmetic and logical operations for different 

algorithms are manually counted and compared with the reference 

software to see the amount of optimization achieved (only for Algorithm 

1 and Algorithm 2). 

3.4. Results:  

In this section, the timing and optimization results of static and ICME 

algorithms for Boundary strength module will be presented. To consider the 

results, the first criteria is conformity to reference software i.e. the decoded bit 

stream of the algorithm is same as the decoded bit stream of the reference 

software. To effectively monitor the timing performance of various 

implemented algorithms, several timing functions are used. These timing 
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functions provide the execution time for decoder, de-blocking filter and its sub 

modules for each algorithm. 

 All the results are achieved after simulating each algorithm 100 times. 

These results are presented using different formats (QCIF, CIF and 720p60) 

with different Quantization parameters (22, 27, 32 and 37).  

3.4.1. Timing Results for Boundary strength module:  

3.4.1.1 Comparison with JM10.2:  

QCIF:  
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Fig 3.10: Timing performance of Foreman (QCIF) for BS module 
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Timing performance of static and ICME algorithms for Container
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Fig 3.11: Timing performance of Container (QCIF) for BS module 
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Fig 3.12: Timing performance of Silent (QCIF) for BS module 
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CIF: 

Timing performance of static and ICME algorithms for foreman(cif)
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Fig 3.13: Timing performance of Foreman (CIF) for BS module 
 

Timing performance of static and ICME algorithms for Paris(cif)
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Fig 3.14: Timing performance of Paris (CIF) for BS module 
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Timing performance of static and ICME algorithms for Mobile(cif)
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Fig 3.15: Timing performance of Mobile (CIF) for BS module 
 

Timing performance of static and ICME algorithms for Tempete (cif)
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Fig 3.16: Timing performance of Tempted (CIF) for BS module 
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720p60: 

Timing performance of Static and ICME Algorithms for Bigships(720p60)
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Fig 3.17: Timing performance of Bigships (720p60) for BS module 

 

Timing performance of Static and ICME Algorithms for City (720p60)
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Fig 3.18: Timing performance of City (720p60) for BS module 
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Timing performance of Static and ICME Algorithms for Crew (720p60)
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Fig 3.19: Timing performance of Crew (720p60) for BS module 

 

Timing performance of Static and ICME Algorithms for Night (720p60)
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Fig 3.20: Timing performance of Night (720p60) for BS module 
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Timing performance of Static and ICME Algorithms for Night (720p60)
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Fig 3.21: Timing performance of Shuttle Start (720p60) for BS module 

 

Analysis: 

 When compared to the Boundary strength module of JM10.2 reference 

software, the timing performance of static and ICME algorithm is far better, 

particularly ICME algorithm which has shown large speedup. All the sequences 

(QCIF, CIF, 720p60) showed similar timing gain. This significant improvement 

in execution timing is due to the modifications proposed by the algorithms. In 

the static algorithm, reduction in branches reduces the penalty posed on the 

processor thus leading to 50-60% timing gain for Boundary strength derivation 

module whereas for ICME algorithm evading branches and simplification of 

boundary strength derivation module  results in tremendous increase in timing 

performance. 
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3.4.1.2: Comparison with JM13.2: QCIF:  
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Fig 3.22: Timing performance of Foreman (QCIF) for BS module 
 

Timing performance static and ICME algorithms for container(QCIF)
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Fig 3.23: Timing performance of Container (QCIF) for BS module 
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Timing performance static and ICME algorithms for silent(QCIF)
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Fig 3.24: Timing performance of Silent (QCIF) for BS module 
 

CIF: 

Timing performance static and ICME algorithms for foreman(CIF)
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Fig 3.25: Timing performance of Foreman (CIF) for BS module 
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Timing performance static and ICME algorithms for paris(CIF)
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Fig 3.26: Timing performance of Paris (CIF) for BS module 
 

Timing performance static and ICME algorithms for mobile(CIF)
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Fig 3.27: Timing performance of Mobile (CIF) for BS module 
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Timing performance static and ICME algorithms for tempete(CIF)
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Fig 3.28: Timing performance of Tempete (CIF) for BS module 

 

720p60: 

Timing performance static and ICME algorithms for BigShips(720p60)
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Fig 3.29: Timing performance of Bigships (720p60) for BS module 
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Timing performance static and ICME algorithms for City(720p60)
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Fig 3.30: Timing performance of City (720p60) for BS module 
 

Timing performance static and ICME algorithms for Crew(720p60)
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Fig 3.31: Timing performance of Crew (720p60) for BS module 
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Timing gain for Night(720p60)
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Fig 3.32: Timing performance of Night (720p60) for BS module 
 
 

Timing performance static and ICME algorithms for Shuttlestart(720p60)
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Fig 3.33: Timing performance of Shuttle start (720p60) for BS module 
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Analysis: 

 When compared to JM13.2 Boundary strength algorithm, both static and 

IMCE algorithms shows very poor performance. It is because static and ICME 

algorithms just concentrated on reducing branches and reducing arithmetic & 

logic operation, as a result memory access got increased thus leading to poor 

performance. Whereas, JM13.2 BS algorithm is highly optimized in terms of 

number of branches used, arithmetic & logic operations performed and number 

of memory access performed for deriving each BS value. Apart from this there 

are other minor modifications like unrolling of the loop for each 4x4 block 

boundary for inter prediction, early detection of intra blocks etc which has also 

contributed to the poor performance of static and ICME algorithms. 

3.4.2. Optimization Results:  

 The Optimization results of algorithms deals with the amount of 

reduction achieved in branches, arithmetic and logical instructions when  

Algorithm Branch operation Arithmetic operation Logic operation 

JM 10.2       4.6          9        62.9 

Static Algorithm      1.77         7.5        40 

ICME Algorithm      0.55         2.46        7.85 

JM 13.2      1.26         1.987        7.868 

   Table 3.4: Optimization Test Results 
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compared to reference software for deriving BS value at each pixel position. 

These results are presented only for static and ICME Algorithms. 

 From the table 3.4, it is evident that static and ICME algorithms were 

able to achieve considerable optimization when compared to JM10.2 reference 

software. But when compared to JM13.2, Static uses large number of arithmetic 

and logic operations. ICME algorithm has similar number of arithmetic and 

logic operation but its timing performance is bad. It is because ICME algorithm 

uses an equation to calculate motion vector difference, this equation uses all the 

pairs of motion vectors regardless of how many reference pictures and how 

many motion vectors are used, as a result lot of memory access is performed, 

which could have been avoided. This leads to decrease in timing performance 

when compared to JM13.2 boundary strength algorithm.   

3.5 Conclusion: 

 In this chapter, various algorithms for the optimization of boundary 

strength module have been discussed. The results of static and ICME 

algorithms have been compared with older and newer version of the JM 

reference software. Due to reduction in branches and arithmetic & logic 

operations both algorithms showed significant speedup when compared to the 

older version (JM10.2) of reference software. But when compared to the newer 

version (JM13.2) of reference software the performance of static and ICME 

algorithms was very poor. The main reason for their poor performance is 

increase in memory access. Due to increase in memory access these algorithms 

took more time for boundary strength derivation. Apart from that minor 

modifications in JM 13.2 boundary strength algorithm like unrolling of loop 

and early detection of intra blocks etc also contributed to the decrease in 

performance. 
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4. SSE2 Optimizations 

 

This chapter presents the design, implementation and results of 

algorithms which have used SSE2 instructions to achieve edge filtering module 

speedup. 

4.1. Introduction to SSE2 instructions: 

Streaming SIMD Extension 2 (SSE2) instructions are an extension to 

SIMD instructions. These instructions are provided by Intel processors to 

support DSP and multimedia applications. SIMD instructions have evolved 

from MMX technology which was introduced in 1997 by Intel. Since then 

many extensions have been introduced with latest being SSE4. SSE instructions 

are supported by only Intel 64 and IA-32 processors, to detect whether any 

processor supports SSE instructions CPUID instruction should be used. More 

about CPUID can be seen in [32].  

Before elaborating further about the instructions, let’s have a look at the 

IA-32 architectural support for SIMD instructions. As can be seen in the fig 4.1, 

Intel has provided large number of registers suitable for variety of applications. 

There are eight XMM registers (128 bits) to be used for SSE/SSE2/SSE3 and 

SSE4 instructions. Similarly Eight MMX registers are provided for MMX 

instructions. MXCSR, a special purpose control register which contains IEEE 

flags and mask bits. Apart from that, eight general purpose registers are 

provided to do the normal processing. EFLAGS are provided to indicate the 

results of operations performed by the general purpose registers. 
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SSE2 instructions operate on packed double precision floating point 

operands and on packed byte, word, double word and quadword located in 

XMM registers. Data type arrangement in SSE2 registers is shown in fig 4.2. 

These instructions are classified into four sub groups; 

1. Packed and scalar double precision floating point instructions 

2. Packed and single precision floating point conversion instructions. 

3. 128-bit SIMD Integer instructions 

4. Cacheability control and instruction ordering instructions 

 

     

 
 
 
 
 
 
 
 
 
 
 
 
SIMD REGISTER 
FILE 

Eight XMM Registers (128 bits) 

MXCSR 
(32 bits) 

Eight MMX Registers (64 
bits) 

Eight GPRs 
(32 bits) 

EFLAGS 
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FP 
MMX/SS
E2/SSE3 

   FP 
 
MOVE  

  L1 DATA CACHE (8 KB 4-WAY) 

Fig 4.1: Architectural Support for MMX and SIMD extensions [ 30]  
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Packed Byte 

Byte Byte Byte Byte Byte Byte Byte Byte Byte Byte Byte Byte Byte Byte Byte Byte 

    Packed Word 

       word     word        

  

     word     

 

 word        

    

 

word Word word Word 

    Packed Double Word 

      Double word         Double word      Double word      Double word 

    Packed Quad Word 

                    Quad Word                  Quad Word 

   Fig 4.2: SSE2 Data types [31] 

Each sub groups has its own sub groups, in this thesis only 128-bit SIMD 

integer instructions are used so let’s focus on these instructions. For more 

information about other sub groups refer [32]. 

4.1.1. Integer SIMD instructions: 

These instructions are further classified as: 

1. Arithmetic instructions 

2. Logic instructions 

3. Shift instructions 

4. Comparison instructions 

5. Miscellaneous instructions. 

To explain how SSE2 operations are performed, examples of various 

instructions are presented, particularly those which are used in the thesis. The 

convention and syntax for writing SSE2 instruction are as follows, 
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• Intrinsic convention: In a convention, the rule to write any SSE2 

instruction is elaborated. Any SSE2 instruction must define two things, 

first what operation it performs and second on what type of data it will 

perform those operations. Equation below specifies the rule 

  _mm_< intrin_op>_< suffix >     (27) 

Where intrin_op specifies the basic operation performed by the 

instruction like addition, subtraction etc and suffix specifies type of data 

like byte, word or quadword etc. 

• Intrinsic syntax: Equation below specifies the syntax for any SSE2 

instruction. 

  Data_type   intrinsic_name (parameters)   (28) 

E.g:   _m128i _mm_add_epi16(_m128i a, _m128i b) 

A data type specifies which instruction(whether MMX or SSE) and what 

is its type, For example _m128i means this instruction is SSE type (since 

SSE instructions use 128 bit registers) and ‘i’ specifies that this is a SSE2 

integer expression. Data type is followed by intrinsic name which is 

elaborated in intrinsic convention also, it specifies the operation and on 

what data this operation should be performed; in the example add 

symbolizes addition and epi16 symbolizes word (since word is 

represented with 16 bits). Finally, the parameters over which the 

operations needs to be performed.  

• Arithmetic Instructions: These instructions are very useful in 

performing parallel arithmetic operations over the data. Arithmetic  
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    X7     X6     X5   X4    X3     X2     X1     X0 

 

      Y7        Y6        Y5      Y4       Y3       Y2        Y1        Y0 

 

 

     X7+Y7      X6+Y6      X5+Y5     X4+Y4    X3+Y3       X2+Y2      X1+Y1       X0+Y0 

              Fig 4.3: Addition using SSE2 instructions 

operations include addition, subtraction, multiplication, evaluating 

maximum and minimum etc. For example, 

  _mm_add_epi16(X, Y): Adds the 8 signed or unsigned 16-bit integers in 
X to the 8 signed or unsigned 16-bit integers in Y. For simplicity assume X 
is an array consist of eight 16 bit integers (X0, X1, X2, X3, X4, X5, X6, and 
X7) and similarly Y also has eight 16 bit integers (Y0, Y1, Y2, Y3, Y4, Y5, 
Y6, and Y7). To perform addition these numbers are loaded into SSE2 
registers as shown in the fig 4.3 and addition of all the numbers is performed 
simultaneously. 

Similarly, subtraction, multiplication and other arithmetic operations are 

performed. 

• Logical Instructions: There are four logical instructions provided by 

SSE2: and, andnot, or and Xor.  

_mm_and_si128(X, Y):  Computes the bitwise AND of the 128-bit value in 

X and the 128-bit value in Y. The return value of this instruction is given as  

 Return value(R) = X & Y       (29) 

Similarly other logical operations like or and xor are performed. 
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Fig 4.4: Shift left using SSE2 instructions 

• Shift instructions: Basically there are two types of shift, left shift and 

right shift. Depending upon the type of shift and data type, shift 

instructions can be used. For example, 

_mm_slli_epi16 (a, count): Shifts the 8 signed or unsigned 16-bit integers 

in ‘a’ left by ‘count’ bits while shifting in zeros. Consider ‘a’ an array 

consisting of eight 16 bit integers (3, 4, 5, 6, 7, 8, 9, 10) and let the count 

value be 2. The result of this instruction is summarized by the fig 4.4. 

Similarly, other shift instructions are performed 

• Comparison instructions: Comparison instructions are generally used to 

compare the equality or inequality of the variables. Several comparison 

instructions are provided depending upon the data type by SSE2. For 

example, 

_mm_cmpgt_epi16 (a, b): Compares the 8 signed 16-bit integers in ‘a’ with 

the 8 signed 16-bit integers in ‘b’ for greater than. Consider ‘a’ and ‘b’ as an 

array of eight 16 bit integers. The comparison between ‘a’ and ‘b’ results in 

either 0 or -1. The operation is summarized in figure 4.5.  

 

Sll Sll Sll Sll Sll Sll Sll Sll 
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    10     9       8     7      6      5       4         3 

 

       20        2        0       100          1          39           889           2 

 

 

     0     -1      -1      0           -1            0          0         -1 

   Fig 4.5: Comparison using SSE2 instructions 

There are other miscellaneous instructions provided which further enhances the 

utility of SSE2 instructions like pack and unpack operations etc. 

Note: For simplicity parameters are assumed to be array of integers, these 

parameters could also be loaded with individual variables.  

4.2 SIMD Algorithm:  

 This algorithm aims to speed up the Edge filtering module by using SSE2 

instructions. In a frame, each macroblock (16x16) has 4 horizontal and 4 

vertical edges and each edge consist of 16 lines of pixels, to filter each line 8 

pixels across the edge needs to be accessed. Fig 4.6 describes pixel naming 

across an edge in a macroblock. 

 H.264 standard describes the filtering in a sequential way i.e. loading 8 

pixels of each line and filtering them. As a result more time is consumed by the 

edge filtering module. To speed up the module it is necessary to introduce some 

parallelism in the filtering process. This parallelism could be achieved by using 

SSE2 instructions.  

 

 

 

cmpgt cmpgt cmpgt cmpgt cmpgt cmpgt cmpgt cmpgt 
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Fig 4.6: a) Edges in a macro block    b) pixel naming across an edge [8] 
 
 The basic idea of this algorithm is to filter half a macro block i.e. 8 line 

of pixels in a macro block edge at a time [8]. To do so, some modifications 

need to be done to the original algorithm defined by H.264 standard. The 

original edge filtering algorithm is summarized by the fig 4.7. H.264 edge 

filtering algorithm has lot of branches; these branches provide sample level 

adaptability to the filter by differentiating a blocking artifact from an image 

feature. Thus to make an efficient code using SSE2 instructions it is very 

necessary to remove these branches. Therefore SIMD algorithm proposes a 

simple technique which reduces the branches. In this technique, filtering is 

performed simultaneously for 8 lines of pixels of a macroblock edge; while 

filtering the results of all possible branches are calculated and stored in different 

registers. Based upon the results of branches stored, appropriate filtered values 

are selected and stored. Fig 4.8 shows the flow chart of SIMD algorithm. 
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Fig 4.7: H.264 High profile Edge filtering process 
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Fig 4.8: SIMD Algorithm for Edge filtering process 
 
 Even though most of the branches present in original H.264 edge filtering 

algorithm has been avoided in this algorithm, certain branches like branch to 

ascertain the direction of filtering is not scrapped because the vertical filtering 

process is quite different from the horizontal filtering process. Compared to 

vertical filtering horizontal filtering is quite simple because in horizontal 

direction filtering of rows is performed whereas in vertical direction filtering of 

columns is performed. Thus to perform filtering in horizontal direction rows of 

pixels can be easily loaded from memory whereas in vertical direction due to 

memory alignment it is not possible to do such loading. Therefore, after loading 

a particular block transposition is performed to obtain appropriate columns for 
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filtering. Similarly, after filtering is over, transposition is performed again to get 

back the original position of the pixels. 

• Horizontal filtering process: First pixels in 8 lines of pixels are loaded in 

8 XMM registers. After loading, filtering is performed simultaneously on 

all XMM registers. While filtering various conditions like spatial activity, 

pixel differences and BS values are calculated and stored in separate 

registers. Based on the conditions stored selection of filtered results is 

made. Then selected pixels are stored to memory. 

• Vertical filtering process: To vertically filter the edges between two 

macro blocks, pixels in 8 lines of pixels are loaded in the 8 XMM 

registers. After loading, transposition of pixels is performed to obtain 

appropriate columns. These transposed pixels are filtered simultaneously, 

at the same time various conditions like spatial activity, pixel differences, 

and BS values are calculated and stored in separate registers. Selection 

process is done in two stages; in the first stage selection of filtered pixels 

is performed based on the Bs value and spatial activity. Second stage of 

selection is performed after transposition of thus filtered and selected 

pixels; this selection is based on pixel difference values. Finally, the 

selected pixels are stored appropriately. 

4.3. Fast Algorithm:  

Main aim of this algorithm is to improve the Edge filtering module. This 

algorithm also uses SSE2 instructions to speed up the filtering. Basic idea 

behind this algorithm is to filter quarter macro block at a time i.e. to filter 4 

lines of pixels of a macro block edge simultaneously.  

During our investigation of the Boundary strength module it has been 

observed that all the positions at the edge between 4x4 blocks are assigned 

same Bs values. The main reason for same assignment of BS values is, in 
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H.264/AVC standard the smallest block size that could be processed is 4x4 

block. As a result boundary strength module cannot assign individual BS values 

to each line of pixel position. Thus there is a similarity of BS values among the 

4 positions of an edge. This point is exploited by the fast algorithm to simplify 

SIMD algorithm.  

In SIMD algorithm, due to filtering 8 pixels simultaneously, various 

functional blocks have become very complex like transposition, filtering of 

pixels and selection of filtered results etc. Therefore this algorithm tries to  
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Fig 4.9: Fast Algorithm Edge filtering Process. 
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simplify them and aims to improve on SIMD algorithm. The details of 

simplification can be seen in the fig 4.10. Even though Fast Algorithm 

introduces one extra branch, but this small modification simplifies the whole 

algorithm. 

Consider an edge between two macro blocks which consist of 16 lines of 

pixels. Our aim is to filter quarter macro block i.e. 4 lines of pixels at a time, so 

each macro block edge can be divided into 4 sub block edges each having 4 

lines of pixels. In this algorithm also, horizontal filtering is quite simple when 

compared to vertical filtering. In vertical filtering due to memory alignment 

pixels needs to be transposed before and after filtering whereas in horizontal 

filtering no transposition of pixels is performed. The filtering procedure is as 

follows: 

• Horizontal filtering: First 4 pixels at each pixel position from P and 4 

pixels at each pixel position from Q sub block are loaded into XMM 

registers. These loaded pixels are filtered and at the same time pixel 

differences, BS values and spatial activity is calculated. Filtered pixels 

are selected based upon the conditions of pixel differences, BS value and 

spatial activity. Finally, these selected values are stored. 

• Vertical filtering:  To perform vertical filtering of a sub block edge, 4 

pixels at each pixel position from P and 4 pixels at each pixel position 

from Q sub block are loaded into XMM registers. Transposition of 

loaded pixels is performed to obtain appropriate columns for further 

processing. Filtering of transposed pixels is performed and at the same 

time pixel differences, BS value and spatial activity is calculated which 

are used for selection. Selection process is done in two stages; in first 

stage selection of filtered pixels is performed based on the BS value and 

spatial activity. Second stage of selection is performed after transposition 
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of thus filtered and selected pixels; this selection is based on pixel 

difference values. Finally, selected pixels are stored appropriately. 

4.4. Implementation Details: 

4.4.1 SIMD algorithm: 

Since SIMD algorithm focuses on Edge filtering module therefore the BS 

calculation is left as a serial operation. To perform filtering 8 pixels across the 

edge are loaded in XMM registers. Each loaded pixel has a precision of 16 bits 

as a result 8 pixels gets a perfect fit into single XMM register which has 128 bit 

capacity.  
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Fig 4.10: Transpositions of pixels in 8x8block 

Another reason to load the pixels with increased precision is to avoid clipping 

and over flow of results. Loading and storing of pixels is done using unaligned 
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respectively) which loads and stores 8 pixels simultaneously in both vertical 

and horizontal direction.  

Transposition is performed by just using various unpack instructions (like 

_mm_unpacklo_epi16, _mm_unpacklo_epi32, _mm_unpacklo_epi64 etc). Fig 

4.9 shows the procedure to perform transpose. In the figure 4.10, filtering is 

performed for an edge between P and Q blocks. Each pixel is named with a 

subscript and superscript specifying the pixel position and the line to which it 

belongs respectively. After transposition, appropriate line of pixels is selected. 

Filtering of thus selected line of pixels is performed using SSE2’s parallel 

arithmetic, logic, shift and comparison instructions (_mm_add_epi16, 

_mm_and_epi16 etc.). These filtered pixels are selected using various variables 

which store the results of the conditional checks. The method of selection is 

summarized below using pseudo code. 

Q0=_mm_or_si128(_mm_and_si128(aq2,Q0_path1),_mm_andnot_si128(aq2, 

Q0_path2) )          (29)  

In the above code, the value of Q0 is set based on the combination of values 

from Q0_path1 and Q0_path2. The selection element is based on the value of 

aq2. Due to filtering 8 pixels at a time selection of filtered variables have 

become very complex in this algorithm. This complexity problem has been 

simplified by the fast algorithm. 

4.4.2Fast Algorithm: 

In this algorithm, BS calculation is also done sequentially. To perform 

filtering 4 pixels at each side of the edge are loaded in XMM registers. Each 

loaded pixel has a precision of 16 bits. Loading and storing of pixels is done 

using unaligned load and store instructions (_mm_loadl_epi64, 
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_mm_storel_epi64) which loads and stores 4 pixels simultaneously in both 

vertical and horizontal direction. The procedure of loading pixels in SSE2 

registers is shown in fig 4.11. Transposition is performed by just using unpack 

instructions (like _mm_unpacklo_epi16, _mm_unpacklo_epi32 etc). Since fast 

algorithm works with 4x4 blocks, thus transposition uses less instructions as a 

result becomes quite simple and fast. Fig 4.12 provides an excerpt from the 

code for transposition. 

 

 

 

  

 

 

 

 

Fig 4.11: loading of pixels in SSE2 register  

sse2_transpose(__m128i *Q,__m128i*P) 
{ 
   __m128i  tmp0q,tmp1q,tmp2q,tmp3q; // temporary variables 
   __m128i  tmp0p,tmp1p,tmp2p,tmp3p; // temporary variables 
   __m128i  temp = _mm_setzero_si128(); 
 
   tmp0q = _mm_unpacklo_epi16(Q[0],Q[1]); 
   tmp1q = _mm_unpacklo_epi16(Q[2],Q[3]); 
   tmp0p = _mm_unpacklo_epi16(P[0],P[1]); 
   tmp1p = _mm_unpacklo_epi16(P[2],P[3]); 
    
   tmp2q = _mm_unpackhi_epi32(tmp0q,tmp1q); 
   tmp3q = _mm_unpacklo_epi32(tmp0q,tmp1q); 
   tmp2p = _mm_unpackhi_epi32(tmp0p,tmp1p); 
   tmp3p = _mm_unpacklo_epi32(tmp0p,tmp1p); 

P3  P2  P1  P0  Q0  Q1   Q2   Q3 

                

                

                

0 0 0 0  P0  P1  P2  P3 
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   P[3]= _mm_unpackhi_epi64 (tmp2p,temp); 
   P[2]= _mm_unpacklo_epi64 (tmp2p,temp); 
   P[1]= _mm_unpackhi_epi64 (tmp3p,temp); 
   P[0]= _mm_unpacklo_epi64 (tmp3p,temp); 
   Q[3]= _mm_unpackhi_epi64 (tmp2q,temp); 
   Q[2]= _mm_unpacklo_epi64 (tmp2q,temp); 
   Q[1]= _mm_unpackhi_epi64 (tmp3q,temp); 
   Q[0]= _mm_unpacklo_epi64 (tmp3q,temp); 

} 

 Fig 4.12: Pseudo code for transposition of two 4x4 blocks. 

Q0 path1

0 0 1 1 0 1 1 00 0 1 1 0 1 1 0

115124110103105908983 115124110103105908983 

115110104101110958886 115110104101110958886 

&

&

=

=

012411001059000 012411001059000 

11500101008886 11500101008886 

or 115124110101105908886 115124110101105908886 

Q0 path 2

aq

Q0

!

 

Fig 4.13: Selection of Pixels using SSE2 registers 
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Filtering of transposed pixels is performed using SSE2’s parallel arithmetic, 

logic, comparison and shift instructions (_mm_add_epi16, _mm_and_epi16 

etc). These filtered pixels are selected using various variables which store the 

results of the conditional checks. The method of selection is same as the SIMD 

algorithm but could be summarized better using diagram 4.13.    

In the fig 4.13, Consider a line of pixels Q0 containing 8 pixels, after 

filtering, the value of Q0 is given by two paths Q0_path1 and Q0_path2 (since 

there are two modes in filtering). Then the selection of Q0 is performed 

depending upon the value of aq. After selection of appropriate filtered values, 

pixel values are stored to memory. 

Note: Fast algorithm has been simplified due to various reasons. Prominent 

among them is introduction of a branch to ascertain whether BS = 0, this branch 

could also be introduced in SIMD algorithm to further enhance the performance 

of SIMD algorithm. 

4.5. Results:  

In this section, the results of SIMD and fast algorithms for edge filtering 

module is presented. Since the edge filtering module is similar in older and 

newer versions of JM reference software, therefore newer version of software 

has been selected for comparing the performance of algorithms. All the results 

are achieved after simulating each algorithm 100 times. These results are 

presented using different formats (QCIF, CIF and 720p60) with different 

Quantization parameters (22, 27, 32 and 37).  
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4.5.1 Timing Results: 

4.5.1.1. Comparison with JM13.2: QCIF: 
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Fig 4.14: Timing performance of Foreman for Edge filtering algorithm 

Timing performance of SIMD and fast algorithms for container(QCIF)
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Fig 4.15: Timing performance of Container for Edge filtering algorithm 
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Timing performance of SIMD and fast algorithms for silent(QCIF)
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Fig 4.16: Timing performance of Silent for Edge filtering algorithm 
 

CIF: 

Timing performance of SIMD and fast algorithms for foreman(CIF)
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Fig 4.17: Timing performance of Foreman for Edge filtering algorithm 
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Timing performance of SIMD and fast algorithms for paris(CIF)
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Fig 4.18: Timing performance of Paris for Edge filtering algorithm  

Timing performance of SIMD and fast algorithms for mobile(CIF)
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Fig 4.19: Timing performance of Mobile for Edge filtering algorithm 
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Timing performance of SIMD and fast algorithms for tempete(CIF)
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Fig 4.20: Timing performance of Tempete for Edge filtering algorithm 
 

720p60 (High definition): 

Timing performance of SIMD and fast algorithms for BigShips(720p60)
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Fig 4.21: Timing performance of Big Ships for Edge filtering algorithm 
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Timing performance of SIMD and fast algorithms for City(720p60)
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Fig 4.22: Timing performance of City for Edge filtering algorithm 
 

Timing performance of SIMD and fast algorithms for Crew(720p60)

0

10

20

30

40

50

60

Crew_720p60_22B Crew_720p60_27B Crew_720p60_32B Crew_720p60_37B

tim
e 

ga
in

 in
 p

er
ce

nt
ag

e

time gain(JM13.2-SIMD alg.) time gain(JM13.2- fast alg.)  
Fig 4.23: Timing performance of Crew for Edge filtering algorithm 
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Timing performance of SIMD and fast algorithms for Night(720p60)
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Fig 4.24: Timing performance of Night for Edge filtering algorithm 
 

Timing performance of SIMD and fast algorithms for Shuttlestart(720p60)
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Fig 4.25:  Timing performance of Shuttle Start for Edge filtering algorithm 
 

Analysis: 

 When compared to the JM13.2 Edge filtering algorithm, SIMD and fast 

algorithm has shown significant speedup. This increase in performance is due to 
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the parallel filtering operation performed using SSE2 instructions. All the video 

sequences showed similar pattern in timing results.  

Results also shows that in most cases fast algorithm achieves more gain 

compared to SIMD algorithm. It is because fast algorithm simplifies the SIMD 

algorithm by filtering 4x4 blocks and introduces one branch which evaluates BS 

value. This branch helps in avoiding redundant filtering operations when BS = 0 

and the use of small 4x4 blocks simplify various functional blocks of the fast 

algorithm like for transposing of pixels fast algorithm needs less number of 

instructions thus resulting in simple and fast method of transposition. Apart 

from that loading, storing, filtering and particularly selection of filtered has 

been simplified a lot in fast algorithm. Another point which demands attention 

here is with the increase in QP, both algorithms showed increase in the timing 

performance. Because as the QP increases, threshold values (α and β) also 

increases, as a result only those boundaries which contain high content activity 

are filtered.   

4.6. Conclusion: 

 In this chapter, various optimization algorithms for edge filtering module 

has been discussed. The results of SIMD and fast algorithms showed significant 

timing gain when compared to JM13.2 edge filtering algorithm. Main reason for 

the improvement is parallel filtering of lines of pixels using SSE2 instructions. 

Thus, SSE2 instructions could be used and exploited for achieving large 

speedup for de-blocking filter. 

 

 

 

 
 86 



  5. Conclusion and Further Work 

5.1. Conclusion: 

 De-blocking Filter is the most time consuming part of the H.264 High 

Profile decoder. The process of De-block filtering specified in the H.264/AVC 

standard is sequential thus not computationally optimal. In this thesis various 

optimization algorithms have been studied and implemented. When compared 

to JM13.2 boundary strength algorithm, Static and ICME algorithms are quite 

primitive as a result no performance gain is achieved, in fact there is a decrease 

in performance. This dismal performance is due to various reasons, prominent 

among them are increased memory access, unrolling of loop to 4x4 boundary 

and early detection of intra blocks.  

When it comes to the optimization algorithms of Edge filtering module 

both the algorithms (SIMD and fast algorithm) showed significant improvement 

in performance when compared to JM13.2 edge filtering algorithm. This 

improvement is mainly due to the parallel filtering operation done in edge 

filtering module. Therefore, by using SSE2 instructions large speed up could be 

achieved on general purpose processors like Intel, while keeping the 

conformance with the standard.  

5.2. Future Work:  

 All the algorithms were implemented on reference software of 

H.264/AVC, to implement these algorithms on SVC (Scalable Video Coding) 

more investigation of algorithms needs to be done. 
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