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Chapter 1 

Video Compression 
 

1.1 Introduction 
 

The high bit rates that result from the various types of digital video make their 

transmission through their intended channels very difficult. Even entertainment video 

with modest frame rates and dimensions would require bandwidth and storage space far 

in excess of that available from CD-ROM. Thus, delivering consumer quality video on 

compact disc would be impossible. Similarly the data transfer rate required by a video 

telephony system is far greater than the bandwidth available over the Plain Old 

Telephone System (POTS). Even if high bandwidth technology (e.g. fiber-optic cable) 

was in place, the per-byte-cost of transmission would have to be very low before it would 

be feasible to use it for the staggering amounts of data required by High Definition 

Television (HDTV). Finally, even if the storage and transportation problems of digital 

video were overcome, the processing power needed to manage such volumes of data 

would make the receiver hardware very expensive. 

 

Although significant gains in storage, transmission, and processor technology 

have been achieved in recent years, it is primarily the reduction of the amount of data that 

needs to be stored, transmitted, and processed that has made widespread use of digital 

video a possibility. This reduction of bandwidth has been made possible by advances in 

compression technology. Advances in compression technology more than anything else 

have led to the arrival of video to the desktop and hundreds of channels to the home. 

 

It was recognized in the 1980s that video coding and transmission could become a 

commercially important application area. The development of video coding technology 

since then has been bound up with a series of international standards for image and video 

coding. 
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The aim of an image or video coding standard is to support a particular class of 

applications and to encourage interoperability between equipment and systems from 

different manufacturers. Each standard describes syntax or method of representation for 

compressed images or video data and the procedure for decoding this data as well as 

(possibly) a 'reference' decoder and methods of proving conformance with the standard. 

 

Two standards bodies, the International Standards Organization (ISO) and the 

International Telecommunications Union (ITU), have developed a series of standards that 

have shaped the development of the visual communications industry. They are the 

popular ISO coding standards, MPEG-1, MPEG-2 and MPEG-4, the ITU-T H.261, H.263 

standards, and the new AVC decoder jointly standardized by ITU and MPEG in the Joint 

Video Team (JVT) which is widely known as H.264/AVC.  

 

The ITU has concentrated on standards to support real-time, two-way video 

communications. The group responsible for developing these standards is known as 

VCEG (Video Coding Experts Group) and has issued: 

• H.261 (1990): Video telephony over constant bit-rate channels, primarily aimed 

at ISDN channels of p x 64 kbps. 

• H.263 (1995): Video telephony over circuit- and packet-switched networks, 

supporting a range of channels from low bit rates (20-30 kbps) to high bit rates 

(several Mbps). 

• H.263+ (1998), H.263++ (2001): Extensions to H.263 to support a wider range of 

transmission scenarios and improved compression performance. 

 

The ISO has issued standards to support storage and distribution applications, the 

group responsible for developing these standards is known as MPEG (Moving Picture 

Experts Group), who has issued: 
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• MPEG-1 (1993): Compression of video and audio for storage and real time play 

back on CD-ROM (at a bit rate of 1.4Mbps). 

• MPEG-2 (1995): Compression and transmission of video and audio programs for 

storage and broadcast applications (at typical bit rates of 3-5Mbps and above). 

• MPEG-4 (1998): Video and audio compression and transport for multimedia 

terminals (supporting a wide range of bit rates from around 20-30 kbps to high 

bit rates). 

 

Since releasing Version 1 of MPEG-4, the MPEG committee has concentrated on 

'framework' standards that are not primarily concerned with video coding: 

 

• MPEG-7: Multimedia Content Description Interface, use for describing 

multimedia content data, with the aim of providing a standardized system for 

content-based indexing and retrieval of multimedia information. 

• MPEG-21: Multimedia Framework, this standard will define key elements of this 

delivery framework, including content description and identification and content 

representation encouraging integration and interoperation between the diverse 

technologies that are required to create, deliver and decode multimedia data. 

 

After finalizing the original H.263 standard for video telephony in 1995, the ITU-T 

Video Coding Experts Group (VCEG) started work on two further development areas: a 

'short-term' effort to add extra features to H.263 (resulting in Version 2 of the standard) 

and a 'long-term' effort to develop a new standard for low bit rate visual communications. 

The long-term effort led to the draft 'H.26L' standard, offering significantly better video 

compression efficiency than previous ITU-T standards. In 2001, the ISO Motion Picture 

Experts Group (MPEG) recognized the potential benefits of H.26L and the Joint Video 

Team (JVT) was formed, including experts from MPEG and VCEG. JVT's main task is 

to develop the draft H.26L 'model' into a full International Standard. In fact, the outcome 

will be two identical standards: ISO MPEG4 Part 10 of MPEG4 and ITU-T H.264. The 

official title of the new standard is Advanced Video Coding (AVC); however, it is widely 

known by its old working title, H.26L and by its ITU document number, H.264/AVC. 
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1.2 Motion Estimation and Transform Coding 
 

Over the last several decades, researchers have searched for efficient ways to 

compress, or code, video sequences. The key aspect of this search centers on 

decorrelation. A sequence of images is highly correlated temporally as well as spatially. 

That is, temporal correlation is evident in the fact that subsequent frames in a video 

sequence usually appear almost identical. In most cases, only small portions of the scene 

change from frame to frame.  

 

To decorrelate a video sequence temporally, modern video coders employ motion 

estimation and motion compensation (ME/MC). ME/MC forms a prediction of the 

current frame using the frames which have been already encoded. Consequently, one 

needs to transmit the corresponding residual image instead of the original frame, as well 

as a set of motion vectors which describe the scene motion as observed at the encoder. 

Since the residual frame typically contains much less signal energy than the original 

frame, and since the motion vectors are relatively few, the total bit rate to code the 

motion-estimated frame is usually much less than to code each frame as a still image.  

 
 

After a video sequence has been decorrelated temporally, there usually exists a 

great deal of correlation between pixels of the same frame. To reduce this spatial 

correlation, modern video coders perform a reversible transformation in each residual 

image such that, in the transform domain, the energy of the image is relocated to an easily 

coded form. There are several methods to spatially transform an image, such as the 

Discrete Fourier Transform (DFT), the Discrete Cosine Transform (DCT), and the 

Discrete Wavelet Transform (DWT). Among them, the DCT is the most widely used 

transform because of its fast implementation, its early development, and its extensive use 

in still image compression. The traditional hybrid-coding architecture, which features 

ME/MC followed by a DCT, is widely employed in modern video-compression systems 

and an integral part of standards such as H.261, MPEG-1, MPEG-2, H.263 Version 1, 

H.263 Version 2 (H.263+), MPEG-4 and H.264/AVC.  
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However, given the promising performance of recent wavelet-based still-image 

compression algorithms, there has recently been interest in deploying ME/MC within 

such algorithms to produce wavelet-based video coders. It is hoped that wavelet-based 

video coding can not only increase coding efficiency, but also introduce a high degree of 

scalability into the coding scheme such that one compressed representation can be 

decoded at a variety of rates and fidelities. 

 

Briefly, a DWT is a multiresolution transform that uses the successive application 

of filters to produce low-resolution and high-resolution components, or subbands, of the 

original signal. For 2D images, a DWT produces a baseband (a low-resolution 

approximation to the image) and a variety of horizontal, vertical, and diagonal subbands 

of increasing resolution, as illustrated in Fig. 1.1. We can see that most of the energy in 

DWT-domain coefficients is packed into the lower-resolution bands.  

                                             
Figure 1.1: (a) Original image; (b) single stage wavelet decomposition [1]. 

 6



The most straightforward way to replace the DCT with a DWT in a typical video 

coder is to perform ME/MC in the spatial domain and to calculate a DWT on the 

resulting residual image. Figure 1.2 shows a video codec that uses a motion-compensated 

prediction. Image Encoder part of the video codec can be either DCT or DWT while the 

reverse of these transforms should be used in the Image Decoder part of the video codec.  

 

 

 
 

Figure 1.2: Video CODEC with motion estimation and compensation [1].   
 

Wavelet-based video coders can be classified as 2-D subband coders, that apply 

only a spatial wavelet transform, and 3-D subband coders that apply a spatio-temporal 

wavelet transform [2-4]. While the former category has not shown a great promise, the 

latter has been steadily improving and currently can achieve performance comparable to 

the best DCT-based coders. One particular improvement that recently raised expectations 

of 3-D wavelet coders is a combined use of lifting and motion compensation [5-6]. While 
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the application of lifting steps instead of transversal implementation reduces the 

computational complexity, the inclusion of motion compensation facilitates temporal 

subband decomposition along motion trajectories [7]. This reduces the wavelet 

coefficient energy in both subbands thus leading to more efficient compression. 

 

As recently shown [8], the use of motion compensation in lifting wavelet 

transform modifies its nature; a motion compensated lifting wavelet transform is 

equivalent to motion compensated transversal wavelet transform only if certain 

conditions on motion are satisfied. For example, for 2-2 (Haar) transform which is 

constructed simply from 2-sample sums and differences, this condition is motion 

invertibility, while for 5-3 transform which uses linear interpolation for the synthesis 

reconstruction of the baseband signal, in addition to invertibility, motion additivity is also 

needed.. An exact fulfillment of these conditions may not be possible for some motion 

models (e.g., block-based motion) and be computationally expensive for other models 

(e.g., deformable meshes). It is unclear what are the trade-offs in case motion 

invertibility/additivity cannot be achieved. If motion is constrained to be 

invertible/additive, it may not be very accurate and may result in less efficient motion 

compensation (poorer alignment of features). On the other hand, if the motion is not 

invertible but very accurate, the motion compensation error will be small, but since the 

lifting transform does not implement the corresponding transversal transform, subband 

decomposition may be inaccurate. It is unclear what happens between those two 

extremities, and how much an adjustment of motion transformation (accuracy, degree of 

departure from invertibility) may impact compression performance. 

 

In this thesis, motion compensated lifting-based wavelet transform was used 

during the implementations of the different ME/MC algorithms in the given video codec. 

The video codec used in this thesis was developed from a former Master’s thesis work at 

Blekinge Institute of Technology [9]. The algorithms which are proper for this kind of 

transform are implemented and tested in the temporal domain. 
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Chapter 2 

Motion Estimation Algorithms 
 

In video coding, a very efficient method for exploiting temporal correlation is by 

using motion compensated prediction between the frames. A number of motion-

estimation (ME) algorithms have been developed in order to provide efficient motion 

compensated prediction of scene motion between frames [1]. Motion estimation and 

compensation can dramatically improve the compression performance in video coding. In 

figure 2.1 the residual frame is found without motion compensation which means that the 

residual frame is found by directly subtracting the previous frame from the current frame. 

The video sequence used in this thesis is taken from a street in Ronneby, Sweden.  

 

(a) (b) 

(c) 

 
 Figure 2.1 (a) Current frame, (b) Previous frame, (c) Residual frame (No motion  

      Compensation)      

 9



 

 

         

In this thesis, ME algorithms are categorized as either block-based or mesh-based 

methods. The most widely used ME technique is block matching, in which the current 

image is divided into small blocks. The previous frame, called the reference frame, is 

searched for the best matching block for a given block in the current frame, and the 

resulting motion vector indicates the position of the best-matching block. To limit the 

computational complexity of the ME process, the search is usually limited to some 

window surrounding the block position in the reference frame.  

 

 Recently, mesh-based motion models have been investigated for motion 

compensated prediction in video coding. With this model, a mesh is first set up for one 

frame, and the corresponding nodes in another frame are then identified. The motion 

vectors of interior points within each element are determined by interpolating from the 

nodal displacements. 

 

In order to improve the performance of the motion estimation algorithms, 

researchers have proposed different methods which can be used together with either 

block-based or mesh-based algorithms. Variable block sizes, hierarchical search 

strategies, deformable irregular shaped regions and exploring the sub pixel positions in 

the reference frame are the methods which will be investigated in this thesis.  

2.1 Block Based Motion Estimation Algorithms 
 
 

The major video compression standards divide the current image into blocks of 

pixels and estimate the motion for each block separately. In order to estimate the motion 

of a particular block, the best match for the block in the reference frame is searched. 

Therefore, this approach to motion estimation is generally called block matching. In the 

popular video coding standards (H.261, H.263, MPEG-1, MPEG-2 and MPEG-4), motion 

estimation and compensation are carried out on 8 x 8 or 16 x 16 blocks in the current 
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frame. The best match for the current block is searched in the reference frame by using a 

matching criterion. There are a number of different possible matching criterions which 

can be used for finding the best match. Perhaps the most popular one is the sum of the 

absolute differences (SAD). For a block size of 16x16, it can be defined as: 
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where denotes the current frame and denotes the reference frame.  curB refB

The matching process is restricted to a particular search area within the reference 

frame. The search area should be large enough to capture the present motion. Thus, very 

active video sequences, such as television sports broadcasts, require a larger search area 

than less active video content, such as a video conferencing sequence. Once the best 

match is found, the displacement between the current block coordinates and the 

coordinates of the best match is found. This displacement is termed as a motion vector. 

The motion vector is represented by two components; a displacement in the horizontal 

direction and a displacement in the vertical direction. 

 
PSNR 

Peak Signal to Noise Ratio (PSNR) is a very popular method for comparing two 

different motion estimation algorithms in terms of visual quality. The PSNR value can be 

defined as: 

  
where the image is assumed to be represented by 8 bits per pixel and the MSE = Mean 

Square Error between the original image and the reconstructed one and is defined as: 

  
where  is the original frame, and  is the corresponding reconstructed frame of 

size N*M pixels, based on the obtained motion vectors.  

currI recconstI
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2.1.1 Full Search (Exhaustive Search) 

Ideally, the most straightforward approach for finding the best match in the 

reference frame is to simply search every position within the reference frame. Since the 

searching process is exhaustive, this guarantees that a minimum point in the matching 

function is found. A residual frame found by full search algorithm using the same frames 

as in the figure 2.1 is given in figure 2.2.  However, the process is very computationally 

expensive. Therefore, the searching process is generally made within a particular search 

area which is called as fast search. There are number of techniques for determining the 

search area in the reference frame. Some of these algorithms will be explained in the next 

sections. 

 
Figure 2.2: Residual frame after motion compensation by full search 

 

2.1.2 Three Step Search Algorithm 

The three step search method is a popular fast algorithm. It is a block based search 

technique. This algorithm is most widely known in its three-step form, the ‘three-step 

search’ (TSS), but it can be carried out with other numbers of steps (i.e. N-step search). 

The TSS algorithm is a simple and effective method used for motion estimation. It is 
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mainly used for motion estimation in low bit rate video compression applications such as 

videophone and video conferencing. The disadvantage of this technique is that it uses a 

uniformly allocated checking point pattern in the first step which makes it inefficient for 

the estimation of small motion. TSS algorithm can be defined as follows; 

1- Determine an initial step size ‘N’. Search for the best match in the origin (0,0) 

and the eight blocks at a distance of ‘N’ pixels away from the origin both in the vertical 

and horizontal directions  

2- Move the origin to the best matching point found in step 1. Set the step size to 

‘N/2’.  

3- Repeat step 1 and step 2 until the step size becomes smaller than one.  

 

One particular search path for three step search algorithm is shown in figure 2.3. 

The circle with a thicker border shows the best match in each step.  

 

Figure 2.3: Three step search [1] 
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2.1.3 One at a Time Algorithm 
One at a Time Algorithm is a simple, but effective fast block matching technique. 

During the horizontal stage, the point on the horizontal direction with the minimum SAD 

value is found. Then, starting with this point, the minimum SAD value in the vertical 

direction is found. The algorithm may be described as follows: 

1- Pick three points about the centre of the search window (horizontal).  

2- If the smallest SAD value is for the centre point, start the vertical stage, 

otherwise look at the next point in the horizontal direction closer to the point with the 

smallest SAD (from the previous stage) Continue looking in that direction till the point 

with the smallest SAD is the center point .  

3- Repeat the stages one and two, but choose the points in the vertical direction 

instead. 

One particular search path for the algorithm is shown in figure 2.4. 

 

Figure 2.4: One at a time search [1]  
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2.1.4 Logarithmic Search 
This algorithm was introduced at the same time that the Three Step Search was 

introduced and is closely related to it. This algorithm is known as “Logarithmic Search” 

because the multi-stage search is accomplished by successively reducing the search area 

during each stage until the search area is trivially small. Although this algorithm requires 

more steps than the Three Step Search, it can be more accurate, especially when the 

search window is large. The algorithm may be described as follows;  

 

1- Determine an initial step size ‘N’. Search the block in the origin (0,0) and the 

four blocks at a distance of ‘N’ pixels away from the origin both in the vertical and 

horizontal directions. The five positions form a ‘+’ sign.  

2- If the position of best match is at the centre, set N=N/2. If one of the other four 

points is the best match, then it becomes the centre and step 1 is repeated.  

3- When the step size becomes 1, all the nine blocks around the centre are chosen 

for the search and the best among them is picked as the best matching block. 

  One particular search path for the logarithmic search algorithm is shown in 

Figure 2.5.  

 

Figure 2.5: Logarithmic search [1] 
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2.1.5 Cross Search  
The basic idea in cross search algorithm is still a logarithmic step search, 

however, the main difference between this and the logarithmic search method presented 

before is the search locations picked are the end points of a "x" rather than a "+". The 

algorithm may be described as follows; 

1- The centre block is compared with the current block and if the distortion is less 

than a certain threshold, the algorithm stops.  

2- Pick the first set of points in the shape of an "x" around the centre. (The step 

size picked is usually half the maximum displacement) Move the centre to the point of 

minimum distortion.  

3- If the step size is bigger than 1 halve it and repeat step 2, otherwise go to step 4  

4- If in the final stage, the point of minimum distortion is the bottom left or the 

top right point, then evaluate distortion at 4 more points around it with a search area of a 

"+". If, however, the point of minimum distortion is the top left or bottom right point, 

evaluate the distortion at 4 more points around it in the shape of an "x".  

Two particular search paths for the cross search algorithm is shown in figure 2.6. 

 

Figure 2.6: Cross search [1] 
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2.1.6 Nearest Neighbors Search 
 In this search strategy, each motion vector is predicted from neighboring (already 

coded) motion vectors prior to encoding. The search origin is the median-predicted 

motion vector that is derived from previously transmitted motion vectors of spatially or 

temporally neighboring macroblocks. This makes it preferable to choose a vector close to 

this ‘median predictor’ position, for two reasons. First, neighboring macroblocks often 

have similar motion vectors (so that there is a good chance that the median predictor will 

be close to the ‘true’ best match). Second, a vector near the median will have a small 

displacement. The algorithm can be described as follows: 

 

1. Search the (0, 0) location 

2. Set the search origin to the predicted vector location and search this position. 

3. Search the four neighbouring positions to the origin in a ‘+’ shape. 

4. If the search origin (or location (0,0) for the first iteration) gives the best match, 

this is the chosen search result; otherwise, set the new origin to the position of the best 

match and go to stage 3. 

 

The algorithm stops when the best match is at the centre of the ‘+’ shape (or the 

edge of the search window has been reached). An example of a search sequence is shown 

in Figure 2.7.  

 

   
  
 Figure 2.7: Nearest Neighbors Search Algorithm [1]. 
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2.2 Hierarchical Search Algorithms 
 

To reduce the complexity of the motion search algorithms, coarse-to-fine 

hierarchical searching schemes have been suggested. This reduction in the computation is 

due to the reduced image size at higher level. The hierarchical search algorithms search a 

coarsely sub sampled version of the image first, followed by successively higher-

resolution versions until the full image resolution is reached. Hierarchical search can be 

used in both mesh based and block based algorithms. As a part of this thesis, a 

Hierarchical Block Matching Algorithm (HBMA) is implemented. In this method [10], 

the original image is named as level ‘0’ image. The original image downsampled by a 

factor of two is named as level ‘1’ image. The level ‘1’ image is down sampled again and 

named as level ‘2’ image (coarsest level). A general definition of the algorithm can be 

described as follows: 

 

1- Search the highest level image with the full search to find the best match. The  

    motion vector found by the full search is the initial ‘coarse’ motion vector.  

2-Search the next lower level one pixel around the position of the ‘coarse’ motion 

vector   and find the best match. 

3- Repeat stage2 until the best match is found at level 0. 

 

In the following pages, the HBMA is explained with the figures obtained during 

the implementation of the algorithm. In Figure 2.8 (a), (b), (c), current frame and the 

reference frame are shown in different resolutions. Residual frames calculated from the 

different resolutions are shown in Figure 2.8 (d), (e), (f), from the coarsest level to the 

original resolution. The motion vectors obtained from every resolution are shown in 

Figure 2.8 (g), (h), (i), from the coarsest level to the original level.  
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(g) 

(h) 

(i) 

 
Figure 2.8: Figures obtained in the  HBMA implementation. See text for  
                   explanation 
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2.3 Sub Pixel Motion Estimation 
 

So far in the block based models, we have assumed that the best match can be 

found at a region offset from the current block by an integer number of pixels. In 

practice, the displacement of an object between two subsequent frames in a video is not 

an integer number of pixels. Therefore, modern coding standards employ also fractional 

pixel motion estimation, in which motion vectors may point to candidate blocks placed at 

half-pixel (or sometimes quarter pixel) locations. As defined in most standards, the pixel 

values in these fractional candidate blocks are obtained by interpolating the nearest pixels 

at integer locations. As a part of this thesis, a half pixel motion estimation algorithm was 

implemented. In order to show the effect of searching the half pixel positions in the 

reference frame, the sub pixel algorithm is employed after the fast search and hierarchical 

block matching algorithms. The method can be explained as follows; 

1- Interpolate the whole reference frame by a factor of 2 to get a high resolution 

frame. 

2- Find the integer level motion vectors for each block either by fast search 

algorithm or hierarchical block matching algorithm in the normal resolution 

reference frame. 

3- Find the equivalent motion vector positions in the high resolution frame and 

search the eight neighbor pixel locations for to find a better match. 

4- Subtract the samples of the matching region (whether full- or sub-pixel) from 

the samples of the current block to form the difference block. 

 

The residual frames and the motion vectors found from integer level and half 

pixel level fast search algorithm is given in figure 2.9 and figure 2.10. In table 2.1, 

integer level algorithms and half pixel level algorithms are compared in terms of PSNR 

and execution time.  

 

The fast search ME algorithm used in all the implementations in this thesis is a 

combination of two different types of fast search strategies; one at a time search and 

nearest neighbor search. Basically, the algorithm searches for the best match for two 

different algorithms separately and decides for the favor of the one with the lowest SAD.  
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 Figure 2.9: (a) Current frame (b) reference frame (c) residual frame after fast 

                  search ME/MC (d) residual frame after half pixel fast search ME/MC 
 
 
 
 
 
Algorithm    PSNR    Execution Time 
HBMA Integer 34.2702 46.1550 seconds 
HBMA  Half pixel 35.0759 58.2730 seconds 
Fast Search Integer 35.2776 48.2100 seconds 
Fast Search Half Pixel 35.7803 57.1330 seconds 

 
Table 2.1: Comparison of the effect of the half pixel accuracy for fast search and   

HBMA in terms of PSNR and execution time. 
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Figure 2.10: (a) Motion vectors at half pixel accuracy (b) Motion vectors at 
        integer   accuracy 
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  2.4 Different Block Sizes  
 

In the block based ME/MC techniques, the motion compensation is usually done 

on the fixed 16x16 block size. However, this structure usually does not match the actual 

motion of the video and can create blocking artifacts. Better compression can be achieved 

by changing the block size in the ME/MC algorithm. In this part of the thesis, the 

affectivity of the block size in motion compensated prediction will be investigated. The 

comparison was made among two different block sizes. First one uses 16x16 block size 

whereas the second one uses 8x8 block size. In figure 2.11, the motion vectors obtained 

by the Hierarchical Block Matching Algorithm (HBMA) using 16x16 and 8x8 block sizes 

are shown.  

 

The comparisons were made for the fast search algorithm and hierarchical block 

matching algorithm separately using the same frames. The results are compared in terms 

of PSNR and execution time in table 2.2. The results show that about 1 dB better PSNR 

performance can be obtained by decreasing the block size while having a remarkable 

increase in the execution time. In the comparisons made for this thesis, 8x8 block size is 

chosen for the fast search algorithm whereas 16x16 block size is chosen for the HBMA. 

 

 

 

      PSNR   Execution time 
Fast Search with 16x16 block size 34,3165 21,1540   sec. 
Fast Search with 8x8 block size 35,2776 50,2050   sec. 
HBMA with 16x16 block size 33,8573 36,9210   sec. 
HBMA with 8x8 block size 34,6748 110,4310 sec. 
 
 
Table 2.2: The comparison of the block size effects to the ME/MC algorithms. 
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 Figure 2.11: (a) Motion vectors for 16x16 HBMA, (b) Motion vectors for 8x8  
                                  HBMA  
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2.5 Mesh Based Motion Estimation 
 

Mesh-based ME/MC techniques have been proposed as a promising alternative 

for the block-based methods that currently dominate video codecs. Block-based methods 

suffer from discontinuities and blocking artifacts due to the assumption of a translational 

motion model. Improved block matching techniques allow for other motion models, but 

still exhibits discontinuities at block boundaries. Two dimensional (2-D) mesh-based 

models provide a good alternative to motion estimation and compensation, as reported by 

several researchers [11-16]. They are simple enough for fast implementations (especially 

with the help of graphics processor cards), but powerful enough for describing the motion 

content accurately. In 2-D mesh-based methods, motion compensation within each mesh 

element (patch) is accomplished by a spatial transformation (affine, bilinear, etc.), whose 

parameters can be computed from node-point motion vectors. 2-D meshes can be 

classified as uniform (regular) meshes with equal size elements, and non uniform 

(hierarchical or content-based) meshes that adapt to particular scene content. 

 

Uniform meshes are suitable for “motion compensation by redesign”; that is, a 

new uniform mesh is overlayed on each frame, and motion vectors at the node points are 

estimated from frame k to k+1 for motion compensation. However, uniform meshes are 

often inadequate for motion rendition in the vicinity of object boundaries, where a patch 

may contain two or more different motions. A more fundamental approach to overcome 

the problem of mesh elements with more than one motion is to design a content-based 

mesh, which is not limited to a regular structure. However, content-based meshes are not 

suitable for motion compensation by redesign, because transmission of all node locations 

at each frame constitute an excessive amount of overhead. Therefore, motion 

compensation by a content-based mesh must be coupled with a forward tracking 

procedure, where a new mesh is designed only at selected key frames, and, in between, it 

is tracked by node point motion vectors estimated from frame k to k+1. Such a scheme 

works well except around occlusion boundaries, where reliable forward tracking is not 

possible with the available methods. 
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As a part of this thesis, ME/MC technique is implemented by using content based 

meshes. This method was introduced by Altunbasak Y. and Tekalm A.M [12] and will be 

explained in the next section. 

2.5.1 Occlusion-Adaptive, Content-Based Mesh Design and Forward 
Tracking 

The occlusion-adaptive mesh concept is introduced to overcome a fundamental 

limitation of standard mesh models in dealing with multiple motion and occlusion 

regions. Occlusion regions, classified as background to be covered (BTBC) and 

uncovered background (UB), may appear at the object boundaries (due to global object 

motion) or within objects (due to local motion or deformations). Therefore, an occlusion 

adaptive mesh should, have the following properties: i) no nodes are present within the 

BTBC region(s) in the temporally first frame since they will be covered in the next frame, 

hence no meaningful motion vectors can be computed for them; ii) nodes that are on 

object boundaries may be assigned more than one motion vector, since they are common 

to two or more objects; and iii) the mesh is redesigned within the UB region(s) in the 

temporally next frame for subsequent tracking of newly exposed regions. Accurate 

modeling of these regions using a mesh model requires placement of node points along 

them. The success of this scheme, however, depends on how reliable the BTBC and UB 

regions and the motion vectors in the vicinity of these regions can be estimated. The 

implemented mesh design algorithm will be explained in the rest of this section. The 

algorithm can be explained in two parts: 1- BTBC Region Detection, 2- Mesh Design. 

 

BTBC Region Detection  

 

The BTBC region(s) refers to clusters of pixels within the temporally first frame, 

which are covered in the temporally next frame. The boundaries of the BTBC region(s) 

can be estimated by thresholding the displaced frame difference, computed from the 

forward dense motion field estimated from frame k to k+1 . Clearly, the accuracy of the 

occlusion boundaries depends on the accuracy of dense motion estimates, especially in 

the vicinity of the occlusion regions. A dense motion field provides a number of 
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advantages over the traditional block-based motion models in interpreting the temporal 

correlation between video frames. In order to minimize the computational complexity,   

2-D dense motion estimation and occlusion detection are performed only over the 

changed regions (which can be easily detected from the frame difference). A summary of 

the BTBC detection algorithm is as follows. 

 

1- Calculate the frame difference (FD); and determine the change detection mask 

(CDM) by thresholding and post processing as follows. CDM is the estimate of 

which regions of the image actually underwent a large change in intensity 

between the two frames. 

a) Apply median filtering with a 5x5 kernel; 

b) Apply three successive morphological closing operations with a 3x3 kernel, 

followed by three morphological opening operations with the same kernel; 

c) Eliminate small regions which are smaller than a predetermined size. 

 

2- Estimate the dense motion field from frame k to frame k+1, within the CDM 

(e.g., using the method of Lucas–Kanade [17] or Horn–Schunck [18]). 

 

3- Motion compensate frame from frame k to k+1 to compute the predicted 

estimate using the estimated dense motion field. 

 

4- If the displaced frame difference, DFD, is greater than a predefined threshold, 

then label as an occlusion pixel. 

 

5- Perform post processing to form smooth BTBC region(s) as in Step 1. 

 

Now block correlation is performed at small intervals in the CDM, and the 

resulting coarsely sampled motion vector field is interpolated to a dense field and passed 

through N iterations of the Horn-Schunck algorithm. This smooth, dense motion estimate 

is used to perform motion compensated prediction of frame k from frame k + 1, and the 

resulting DFD is regarded as an indicator of model failure. It is thresholded and post 
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processed in the same way as the change detection mask before, and henceforth called the 

BTBC region. 

 

 

 

 

 

 

 

(a)      (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 (c)  

 

Figure 2.12: (a) Previous frame, (b) current frame, (c) Estimated BTBC regions  

        between frames (a) and (b)  

 

Node Generation and Mesh Design 

 

The node point generation algorithm relies on a combination of the intensity 

gradient of frame k and the energy in the displaced frame difference produced by motion-
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compensating frame k from frame k + 1 using the dense motion estimate generated 

during BTBC region detection above. At each iteration, one node point is generated at the 

highest-gradient ‘legal’ point left over, where ‘legal’ is defined by the iteration. This 

procedure can be defined as below: 

 

1- Initially, all pixels are defined ‘legal’ except for those in the previously 

computed BTBC, and the 1-norm of the image gradient is computed at all points:  

 
Here, DxI(x,y) and DyI(x,y) stand for the partials of the intensity with respect to x and y 

coordinates evaluated at the pixel (x,y). This is used as merit function for selecting node 

points, so that they, and thus the edges between them, tend to coincide with spatial 

boundaries in the image. 

 

 2- The mean-square DFD is computed: 

 
where the summation is over all currently legal points. 

 

3- The highest-C legal point is chosen as a node, with the constraint that it must 

not be closer to any other node than a given threshold. 

 

4- A circle is grown around this node point, just large enough for the encircled 

energy in the DFD to be greater than DFDavg. All pixels within this circle are made 

illegal. This makes sure nodes are not chosen too close together. 

 

5- Repeat the step 2 to step 4 until the required number of node points is reached, 

or there are no more legal points. Finally, the obtained set of node points is simply 

meshed using Delaunay triangularization [19]. Node points are first added along the 

border, so as to make the mesh cover the whole image area. 
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  Figure 2.13: (a) Selected node points (red color indicates the node  

                     points), (b) Designed mesh, (c) Motion compensated  

                     predicted frame        

          

 The implementation introduced in this thesis aimed to give a general idea about 

content based ME/MC method. In the last chapter, some ME/MC algorithms are 

introduced and tested in a video codec using a wavelet transform based on lifting. 

However, the motion compensation algorithm has to be invertible in order to be used in 

these kinds of codecs. Since content-based meshes are not suitable for motion 

compensation by redesign and they are not invertible, the implemented mesh based 

ME/MC algorithm could not be tested in the video codec.  
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Chapter 3 

Comparisons of Motion Estimation Algorithms 
 

 Different types of motion estimation algorithms have been introduced so far and 

some comparisons have already been made. In this part of the thesis, five different 

motion estimation algorithms have been tested in the temporal domain. The results have 

been compared in terms of three parameters; PSNR, average bit rate and execution time. 

PSNR is chosen as a parameter for quality, average bit rate is chosen as a parameter for 

required bandwidth and the execution time is chosen as a parameter for computational 

complexity.  

 The motion estimation algorithms which have been tested in the temporal domain 

are: 

 

• Fast Search ME Algorithm using 8x8 block size at integer level accuracy 

• Fast Search ME Algorithm using 8x8 block size at half pixel accuracy 

• HBMA ME Algorithm using 16x16 block size at integer level accuracy 

• HBMA ME Algorithm using 16x16 block size at half pixel accuracy 

• HBMA ME Algorithm using  8x8 block size at half pixel accuracy 

 

The above mentioned fast Search ME algorithm is a combination of two different 

types of fast search strategies; one at a time search and nearest neighbor search. 

Basically, the algorithm searches for the best match for two different algorithms 

separately and decides in favor of the one with the lowest SAD.  

 

 3.1 Scheme 1 
 

 In this section, the motion estimation algorithms have been compared in terms of 

PSNR which is chosen as a parameter for quality. The comparisons were made for two 

different situations; less motion and more motion. “Less motion” is the situation where 

the motion occurs in a small part of the frame whereas the “more motion” is the situation 
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where the motion occurs in considerably larger part of the frame. Two sample frames 

taken from the less motion and more motion situations are shown in Figure 3.1.a and 

3.1.b.  Five different ME algorithms have been tested for the same sequence of 30 frames 

and the PSNR value was calculated between the frames.  The results are shown in Figure 

3.2.a and 3.2.b.  

 
 
 
   

 
 

 
 Figure 3.1-a: Sample frames for the “less motion” situation 
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 Figure 3.1-b: Sample frames for the “more motion” situation. 
 
 
 
 
 In the figure 3.1-a, only one car is moving between the two frames and the 

moving object covers a relatively less space when comparing with the figure 3.1-b. The 

motion estimation algorithms give different PSNR performance for these two situations. 

The PSNR comparisons of these situations are given in the following two figures.  
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 Figure 3.2-a: PSNR comparison of ME Algorithms for the “less motion”   
                      situation 

 

 

 For the “less motion” situation, Fast Search ME Algorithm with 8x8 block size at 

half pixel accuracy gives the best PSNR Performance. Fast Search ME Algorithm with 

8x8 block size at integer level gives the second best PSNR performance for most of the 

frames and HBMA with 8x8 block size at half pixel accuracy gives the third best PSNR 

performance. The HBMA with 16x16 block size at integer level accuracy gives the worst 

PSNR performance.  
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 Figure 3.2-b: PSNR comparison of ME Algorithms for the “more motion” 

situation 

 

 For the “more motion” situation, Fast Search ME with 8x8 block size at half pixel 

accuracy again gives the best PSNR Performance. However, unlike the less motion 

situation, HBMA with 8x8 block size at half pixel accuracy seems to give the second best 

PSNR performance for most of the frames.  

 

 According to the results of these two comparisons, we can say that hierarchical 

search methods gains in its performance in relation to the fast search methods when there 

are fast and big motions in the frames.  
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3.2 Scheme 2 
 
 In this section, five different motion estimation algorithms are tested in a video 

codec using lifting based wavelet transform. First 4 seconds of the sample video is 

encoded and decoded with the video codec with 5 different ME algorithms. The number 

of bits needed for coding each second of video is calculated and this value is accepted as 

the average bit rate needed for transmitting this second of video. In addition, the average 

PSNR value is calculated for each second of video. The results of these two calculations 

can be seen on the following figure.  

29.4

 
 Figure 3.3: The trade off figure between PSNR and average bit rate  

 

 In order to have better compression and higher quality, the average bit rate needed 

for coding the video sequence should be low and the average PSNR value should be high. 

Therefore, the ME algorithm with the curve on the upper left part of the graph can be 

assumed to have the best performance. As can be seen from the figure, Fast Search ME 

Algorithm with 8x8 block size at half pixel accuracy gives the best performance in the 
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video codec. HBMA with 8x8 block size at half pixel accuracy can be assumed to give 

the second best performance followed by Fast Search ME Algorithm with 8x8 block size 

at integer level, HBMA with 16x16 block size at half pixel accuracy and the HBMA with 

16x16 block size at integer accuracy arbitrarily.  

3.3 Scheme 3 
 

In this section, the ME Algorithms are compared in terms of the execution time. 

Execution time required for calculating the residual frame and motion vectors is chosen 

as a parameter for computational complexity. PSNR values for each frame is calculated 

and another trade off figure between PSNR and the execution time is obtained. The 

calculations were done for the same 30 frames of a video sequence and the values for 

each frame are plotted. 
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Figure 3.4: Trade off figure between PSNR and the execution time for 30 frames 

of a video sequence 
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As can be seen from the figure 3.4, the fast search ME Algorithm with 8x8 

block size at half pixel accuracy gives the best PSNR performance but the fast 

search ME algorithm with 8x8 block size at integer accuracy and the HBMA with 

16x16 block size at integer accuracy have lower execution times. HBMA with 

8x8 block size at half pixel accuracy gives the second best PSNR performance but 

it has significantly more execution time which is not desired in a video coding 

system.  
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Chapter 4 

Conclusions 
 

In video coding, motion compensated prediction between the frames is a very 

efficient way for exploiting temporal correlation. Different motion estimation algorithms 

have been developed in order to provide efficient motion compensated prediction of 

scene motion between frames. In this thesis, full search, fast search, hierarchical search, 

sub pixel interpolation and mesh based motion estimation algorithms have been 

implemented. Comparisons are made both in the spatial and temporal domain, mainly in 

terms of Peak Signal to Noise Ratio (PSNR) and computational complexity. A video 

codec using lifting based wavelet transform is used for the comparisons in the temporal 

domain. 

 

It is shown that the sub pixel interpolation is an efficient way of developing the 

PSNR performance of the video codec and the fast search motion estimation algorithm at 

half pixel accuracy gives the best performance among all the tested algorithms. On the 

other hand, hierarchical search methods show more improvement in terms of  PSNR 

when there is a big or fast motion occurs between the frames of the video sequence but 

the half pixel fast search algorithm still gives the best performance in terms of PSNR. 

Although it was not tested in the temporal domain, it is shown that the motion estimation 

algorithms using content based meshes are capable of describing the motion of the 

moving objects and could be a good alternative for some applications such as sports 

video broadcasting or computer games.  
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4.1 Suggestions for Future Work 
 
 Motion estimation and compensation is a critical part of a video coding system 

and many researchers are trying to find new methods in this area. With regard to the 

research done for this thesis, some suggestions for future improvements are listed below; 

 

• Motion estimation and compensation can be done using regular shaped, 

deformable meshes for lifting based wavelet coders.  

 

• Motion estimation and compensation can be done in the wavelet domain.  

 

• Other quality measures than PSNR can be used.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 43



 
 
 
 
 

BIBLIOGRAPHY  
 
1- I. E. G. Richardson, 
“Video Codec Design”, ISBN: 0471485535. John Wiley and Sons Ltd., 2002 
 
2- J.R. Ohm, 
 “Three dimensional subband coding with motion compensation,” IEEE Trans. Image 
Process., vol. 3, no. 5, pp. 559–571, Sept. 1994. 
 
3- S.-J. Choi and J.W. Woods,  
“Motion-compensated 3-D subband coding of video,” IEEE Trans. on Image Process., 
vol. 8, no. 2, pp. 155–167, Feb. 1999. 
 
4- L. Luo, J. Li, S. Li, Z. Zhuang, and Y. Zhang,  
“Motion compensated lifting wavelet and its application in video coding,” in IEEE Int. 
Conf. on Multimedia and Expo, Aug. 2001. 
 
5- B. Pesquet-Popescu and V. Bottreau, 
 “Three-dimensional lifting schemes for motion compensated video compression,” in 
Proc. IEEE Int. Conf. Acoustics Speech Signal Processing, 2001, pp. 1793–1796. 
 
6- A. Secker and D. Taubman, 
“Motion compensated highly scalable video compression using an adaptive 3D wavelet 
transform based on lifting,” in Proc. IEEE Int. Conf. Image Processing, 2001. 
 
7- A. Secker and D. Taubman,  
“Lifting-based invertible motion adaptive transform (LIMAT) framework for highly 
scalable video compression,” IEEE Trans. Image Process., 2003.  
 
8- J. Konrad, 
“Transversal versus lifting approach to motion compensated temporal discrete wavelet 
transform of image sequences: equivalence and tradeoffs,” in Proc. SPIE Visual 
Communications and Image Process., Jan. 2004. 
 
9- J. Rihuete and J. Valero, 
“Video coding using wavelets: Study and implementation of Video Compression 
Schemes Using Lifting-based Wavelet Transform with Motion Estimation”, Master’s 
thesis work, Blekinge Institute of Technology,2004.  
 
10- Y. Wang, J. Ostermann and Y. Zhang, 

 44



“Video processing and communications”, ISBN: 0130175471, Prentice Hall, 2002 
 
11- Y. Wang and O. Lee, 
“Active mesh – A feature seeking and tracking image sequence representation scheme,” 
in IEEE Trans. Image Processing, vol. 3, Sept. 1994, pp. 610–624. 
 
12- Y. Altunbasak and A. M. Tekalp,  
“Occlusion-adaptive, content-based 2-D mesh design and tracking for object-based video 
coding,” IEEE Trans. Image Processing, vol. 6, pp. 1270–1280, Sept. 1997. 
 
13- O. Lee and Y.Wang, 
“Motion compensated prediction using nodal based deformable block matching,” J. Vis. 
Commun. Image Processing, vol. 6, no. 1, pp. 26–34, Mar. 1995. 
 
14- H. Brusewitz,  
“Motion compensation with triangles,” in Proc. 3rd Int. 64 kbit coding of moving video 
Conf., Rotterdam, The Netherlands, Sept. 1990. 
 
15- Y. Wang, O. Lee, and A. Vetro, 
“Use of two-dimensional deformable mesh structures for video coding, Part II—The 
analysis problem and a region-based coder employing an active mesh representation,” 
IEEE Trans. Circuits Systems Video Technol., vol. 6, pp. 647–659, Dec. 1996. 
 
16- Y. Altunbasak, A. M. Tekalp, and G. Bozdagi, 
“Two-dimensional object- based coding using a content-based mesh and affine motion 
parameterization,” in Proc. IEEE Int. Image Conf., vol. 2, Washington, DC, Oct. 1995, 
pp. 394–397. 
 
17- B. D. Lucas and T. Kanade, 
“An iterative image registration technique with an application to stereo vision,” in Proc. 
DARPA Image Understanding Workshop, 1981, pp. 121–130. 
 
18- B. K. P. Horn and B. G. Schunck,  
“Determining optical flow,” Artif. Intell., vol. 17, pp. 185–203, 1981. 
 
19- J. R. Shewchuk, 
“Triangle: Engineering a 2D quality mesh generator and Delaunay triangulators,” in 
Proc. 1st Applied Computational Geometry Workshop, PA, 1996, pp. 124–133. 

 45


	Contents
	Chapter 1
	Video Compression
	1.1 Introduction
	1.2 Motion Estimation and Transform Coding

	Chapter 2
	Motion Estimation Algorithms
	2.1 Block Based Motion Estimation Algorithms
	2.1.1 Full Search (Exhaustive Search)
	2.1.2 Three Step Search Algorithm
	2.1.3 One at a Time Algorithm
	2.1.4 Logarithmic Search
	2.1.5 Cross Search
	2.1.6 Nearest Neighbors Search

	2.2 Hierarchical Search Algorithms
	2.3 Sub Pixel Motion Estimation
	2.4 Different Block Sizes
	2.5 Mesh Based Motion Estimation
	2.5.1 Occlusion-Adaptive, Content-Based Mesh Design and Forw


	Chapter 3
	Comparisons of Motion Estimation Algorithms
	3.1 Scheme 1
	3.2 Scheme 2
	3.3 Scheme 3

	Chapter 4
	Conclusions
	4.1 Suggestions for Future Work

	BIBLIOGRAPHY

