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Abstract 
HEVC (H.265) standard is the latest enhanced video coding standard which was planned to improve the 
rendered specifications of its preceding standard MPEG-4 (H.264).

According to the H.265 “The main goal of the HEVC standardization effort is to enable significantly 
improved compression performance relative to existing standards—in the range of 50% bit-rate reduction 
for equal perceptual video quality” [2]. 

Intra-picture prediction is a tool in HEVC which “uses some prediction of data spatially from region-to-
region within a specific picture, but has no dependence on other pictures in the video frames” [2].

Intra-picture prediction of HEVC is the legacy of intra-frame prediction tool in H.264. Although both of 
them has the same approach in for spatial prediction of pictures based on spatial sample prediction 
followed by transform coding, H.265 intra-frame prediction uses much more developed features 
compared to H.264. 

An overview of the main features in intra-frame prediction of H.265 could be written as follows:

A quad-tree block division structure with respect to amount of details in an image 
33 Angular modes in angular prediction (just 8 different modes in H.264) 
Planar prediction for smoothing the sample surfaces [2] 

It’s worth mentioning that the quad-tree structure of H.265 intra normally uses square block with sizes in 
range 4, 8, 16, 32 and 64 (different block sizes based-on the level of granularity in the image), while in 
H.264 the processing units are up to macro-blocks of 16x16 samples.

Moreover, while this video coding standard splits images to one luma and two chroma parts, thesis 
focuses only on the implementation of intra-prediction on luma part of an image. 

This thesis aims at implementation of the intra-frame prediction of HEVC using MATLAB. All the steps 
of implementation process are listed as follows:

Converting RGB images to YUV colour-space and working on the luma part (or Y) 
Splitting images to square blocks ranging from 4 to 64 pixels 
Implementing intra-frame prediction algorithm 
Comparing intra-prediction output of H.264 and H.265 in square blocks with size 4 and 16 pixels 

This Thesis is organised in 3 main sections. The first and second sections revolve around literature review 
and definition of the concept of HEVC standard and intra-prediction respectively. The third section 
focuses on the implementation process and evaluation of the prediction algorithm. 

Finally, in the evaluation part, based-on statistical graphs derived from the output comparison of H.264 
and H.265 intra-prediction for different images, it has been demonstrated that H.265 by far has a better 
image quality than of the H.264.   
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1.  HEVC Standard Overview

1.1. Video Coding Basics [1]

Video coding has been developed in response to the demands in decreasing bitrates in video broadcasting 
in order to use communication resources more efficiently. Due to various applications and related data 
rates many algorithms have been developed so far. In one group of algorithms the video signals are coded 
regardless of the content. In the other group the regions and objects in a video sequence are identified and 
then coded. These two major groups are called waveform-based video coder and content-dependent video 
coder, respectively. 

The components involving in the video coding algorithms can be shown as in Figure 1.1. This model is 
based on the assumption about spatial and temporal correlation between pixels and sequences or 
considering the shape and the motion of objects. 

When it goes to encoder, the very basic step of the video coding process would be describing the video 
sequence using the defined parameters of related source model. In the case that the source model is 
statistically independent pixels, the parameters of the source model would be luminance and chrominance 
amplitudes of each pixel. In the other case, if the model is describing a scene as several objects, the 
parameters will be shape, texture, and motion of each object. In the quantization stage, the data are 
quantized according to suitable trade-off between bit-rate and distortion. The last step in the encoder is 
using lossless coding techniques in order to obtain binary code words. The resulting bit stream is carried 
over the communication channel. The decoder utilizes inverse methods for quantized binary coded bit-

Figure 1.1. Overview of video coding systems [1]
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streams. Then the synthesis block in the decoder computes the decoded video frame using the quantized 
parameters of the source model.

In continuation of this very short introduction of video coding, the High Efficiency Video Coding 
(HEVC) standard as the main focus of this document will be investigated in more details and in coming 
chapters the implementation of part of this standard (Intra-Frame prediction) using MATLAB will be 
covered.

1.2. HEVC Standard Overview

The High Efficiency Video Coding (HEVC) is the latest video coding standard which has come out of the 
Joint Collaborative Team on Video Coding (JCT-VC). Participants in this collaborative joint are ITU-T
Video Coding Expert Group (VCEG) and ISO/IEC Moving Picture Experts Group (MPEG). In previous 
cooperation between these two organizations two well-known standards H.262/MPEG-2 Video and 
H.264/MPEG-4 Advanced Video Coding (AVC) have been produced [2]. 

The H.264/MPEG-4 AVC enabled the technology in the applications that were not supported by 
H.262/MPEG-2. It was diversely used in the applications such as High Definition (HD) satellite, 
terrestrial and cable TVs, camcorders, mobile and Internet video, Blue-ray Discs and real-time 
conversational applications such as video chat and video conferencing [2]. 

As the legacy of AVC in order to address the increasing needs to high resolution video coding specially 
HD videos and 2K and higher resolutions, HEVC is designed to address all existing applications of 
H.264/MPEG-4 AVC, Meanwhile it contains many developments in comparison with previous standard. 
Among them the following can be mentioned [2]: 

”More flexibility in partitioning for all partition sizes
Higher flexibility in predicting the modes and transform block sizes  
Increased sophistication for interpolation and daglocking filters  
Increased sophistication for prediction and signaling of modes and motion vectors 
Increased use of parallel processing architecture” [3] 

Obviously, in expense of demanding higher processing power and more resources the compression ratio 
of this standard will be more and in accordance with today’s video processing demands. 

1.2.1. HEVC structure [3]

As it is shown in Figure 1.2, the HEVC architecture can be divided in two major parts, encoder and 
decoder. In the encoder part, every picture is partitioned in multiple units. In the next step, each unit is 
being predicted by intra-frame prediction or inter-prediction and the result is subtracted from the original 
unit. The residual is transformed mostly by Discrete Cosine Transform (DCT) and quantized in the next 
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step. At the end, transformed output, prediction information, mode information and headers are entropy 
encoded. In decoder every counter part of encoder blocks does the reverse operation to deliver the picture 
to the other end of the communication. 

1.2.1.1. Partitioning

HEVC utilizes high efficient and flexible block concepts: 

Coding Tree Unit (CTU), Coding Unit (CU), Prediction Unit (PU) and Tree Unit (TU) [4].  

A picture is divided into CTUs, which each of them contains luma Coding tree Blocks (CTB) and chroma 
CTBs [2]. The CTU in HEVC is analogous to macro-block in H.264/MPEG-4. 

Figure 1.2. Structure of an HEVC encoder and decoder [3]

Figure 1.3. CTU with the size 64x64 and the minimum CU size 8x8 [4]
(a) CTU partitioning
(b) Corresponding coding tree structure



9

1.2.1.2. Prediction [3]

The mechanism of prediction used in video frames coding is simply shown in Fig. 1.4. The first frame 
(0) uses intra-frame prediction in which the regions in one frame are obtained from the other partitions of 
the picture .The other frames are predicted using simultaneously inter and intra-frame prediction for each 
PU. The references for each frame are shown by arrows.

1.2.1.3. Transform and Quantization [3] 

The residual data after prediction is transformed by use of Discrete Cosine Transform (DCT) or Discrete 
Sine Transform (DST). The size of transform blocks varies from 32x32 to 4x4, in Fig.1.5 the size of each 
transform block is shown by size of the circle.   

As it is shown in Fig 1.5, 8x8 CU is transformed and quantized by 8x8 block transform. After scanning in 
zigzag order only four non-zero coefficient remain after prediction, transformation and quantization. In 
the case the lower-right CU is to be processed, after prediction, transform and quantization no residual 
data is left, so there is no transform coefficient to be encoded. 

Figure 1.4. Sequence of coded frames [3]
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1.2.1.4. Entropy Coding [2]

HEVC uses Context Adaptive Binary Arithmetic Coding (CABAC), while the core of algorithm remains 
unchanged during its application. Some aspects of its implementation in HEVC is described as follows:

Context Modeling: The important factor in increasing the efficiency of CABAC coding is finding out the 
suitable context modeling. 

Adaptive Coefficient Scanning: this is done in 4x4 sub-blocks for all Tree Block (TB) sizes. Three 
different coefficient scanning methods are shown in Fig.1.6. 

Coefficient Coding: HEVC transmit the position of the last non-zero transform coefficient, a significance 
map, sign bits and level for the transform coefficients.

Figure 1.5. CTU showing the range of transforms [3]

Figure 1.6. Three coefficient scanning methods [2]
(a) Diagonal up-right scan
(b)Horizontal scan
(c) Vertical scan
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2. Intra-Prediction Basic
Intra-frame prediction is based on finding the value of the pixels in accordance with the pixels in the 
neighbor blocks which are considered as the reference row or column for the current block. As this paper 
the main effort is based to compare intra-frame prediction in AVC and HEVC standard, it sounds 
important to describe the mechanism and mathematical view in both standards. In brief the difference 
which poses in first glimpse in the number of Intra-frame prediction in AVC and HEVC, as AVC uses 9 
prediction modes and HEVC is capable to utilize till 35 modes. The other effective factor to consider is 
the methods which are used to find reference samples and interpolating among them. 

2.1. Intra prediction In AVC/H.264 [6] 

Intra-frame prediction in AVC is done in macro-blocks. For every block in the current frame there is high 
correlation between samples in the block and the one in the adjacent blocks that makes the adjacent coded 
blocks as reference to current block.

AVC has defined three choices for sizes of the blocks, namely 16x16, 8x8 and 4x4. 

2.1.1. 4x4 luma prediction modes

As it is shown in Figure 2.1 the samples above and to the left named A-M are obtained from previously 
encoded and reconstructed blocks and are available in encoder and decoder to form prediction references, 
meanwhile Figure 2.2 shows the direction modes for a 4x4 luma block. 

Figure 2.1. A 4x4 luma block to be predicted [5]

Figure 2.2 Modes from 0-8 [7]
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The values of a, b…p pixels are predicted for all 9 modes as follows: 

Mode 0(vertical) Mode 1 (horizontal) Mode 2 (DC)

a,e,i,m = A
b,f,j,n = B 
c,g,k,o = C 
d,h,l,p = D 

a,b,c,d = I
e,f,g,h = J 
i,j,k,l = K 
m,n,o,p = L 

All the predicted pixels 
are equal to mean value 
of all references (A, 
B...L) 

Mode 3 (diagonal down-left) Mode 4 (diagonal down-right) Mode 5(vertical-right)

a = (A+2B+C+2)/4
b,e = (B+2C+D+2)/4
c,f,i = (C+2D+E+2)/4
d,g,j,m = (D+2E+F+2)/4 
h,k,n=(E+2F+G+2)/4 
l,o = (F+2G+H+2)/4
p = (G+3H+2)/4

d = (B+2C+D+2)/4
c,h = (A+2B+C+2)/4
b,g,l = (Q+2A+B+2)/4
a,f,k,p=(A+2Q+I+2)/4
e,j,o = (Q+2I+J+2)/4
i,n = (I+2J+K+2)/4
m = (J+2K+L+2)/4

a,j = (E+A+1)/2
b,k = (A+B+1)/2
c,l = (B+C+1)/2
d = (C+D+1)/2
e,n = (I+2E+A+2)/4
f,o = (E+2A+B+2)/4
g,p = (A+2B+C+2)/4
h = (B+2C+D+2)/4
i = (E+2I+J+1)/4
m = (I+2J+K+2)/4

Mode 6(horizontal-down) Mode 7(vertical-left) Mode 8 (horizontal-up)

a,g = (E+I+1)/2
b,h = (I+2E+A+2)/4
c = (E+2A+B+2)/4
d = (A+2B+C+2)/4
e,k = (I+J+1)/2
f,l = (E+2I+J+2)/4
o,i = (J+K+1)/2
j,p = (I+2J+K+2)/4
m = (K+L+1)/2
n = (J+2K+L+2)/4

a = (A+B+1)/2
b,i = (B+C+1)/2
c,j = (C+D+1)/2
d,k = (D+E+1)/2
e = (A+2B+C+2)/4
f,m = (B+2C+D+2)/4
g,n = (C+2D+E+2)/4
h,o = (D+2E+F+2)/4
l = (E+F+1)/2
p=(E+2F+G+2)/4

a = (I+J+1)/4
b = (I+2J+K+2)/4
c,e = (J+K+1)/2
d,f = (J+2k+L+2)/4
g,i = (K+L+1)/2
h,j = (K+2L+L+1)/4
k,m,l,n,o,p = L 

Figure 2.3. Modes from 0-8 for a 4x4 block in AVC intra-prediction [7]
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2.1.2. 16x16 luma prediction modes

In H.264, 16x16 macro-blocks take advantages of only four prediction modes (Figure 2.3) which are:

Vertical
Horizontal 
DC
Planemode 

Mode 0 (vertical) extrapolates values form upper samples (H) while mode 1 (horizontal) uses left column 
(H) for this purpose. Mode 2 (DC) calculate the mean value of H and V and uses for all pixels is 
prediction unit. For smoothly-varying luminance areas mode 3, that linear ‘plane’ function is fitted to 
upper and left-hand samples V and H [6]. 

2.1.3. 8x8 luma prediction, High profiles

The luma components with the block size of 8x8 are available only in the high profiles that use one of 9 
modes which were introduced in 2.1.1 [6]. 

In the H.265/AVC Fidelity Range Extensions (FRExt) amendment this higher profile are used in order to 
provide higher coding efficiency for higher-fidelity videos. The FRExt amendment uses the luma intra-
frame prediction concept which is developed from 4x4 block intra-frame prediction in version 1 [10]. 

Figure 2.4. Intra 16x16 prediction modes [5]
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2.2. Intra-prediction in HEVC/H.265

Intra-frame prediction in HEVC like AVC is based on prediction of pixels which were decoded in 
previous blocks and usually the process is followed by a discrete cosine transform (DCT) coding [8][9].

Many aspects are developed in HEVC in comparison with its ancestor counterpart, among them the first 
is supported range for block size. In AVC the block sizes exceeds up to 16x16, this size is  very small for
high definition frame and cannot contain some textures, in HEVC the coding block sizes are supported till 
32x32. The second factor to consider is number of angular prediction modes, AVC uses 8 angular, by 
increasing up to 33 in HEVC it led to increase the accuracy of in directional structure [9]. 

2.2.1. Reference Sample Handling [9] 

Like AVC, HEVC utilizes the basic set of samples that are located on top and left of the prediction block. 
In the current literature reference samples are noted by R(x, y) while the origin of the (x, y) is located on 
one pixel top and to the left of the block top-left corner. Similarly P(x, y) are the pixels that are to be 
predicted. 

In the case that in the left column reference is missed it can be compensated by replacing the value of the 
closest reference in below or in the case of absence that pixel in below the one on the top can be used.
Similarly for top reference row the value of the closest pixel from the left can be replaced. It should be

Figure 2.5. Block size NxN uses R(x, y) as reference in order to predict P(x, y) [9]



15

noted that if there is no reference sample, a nominal value average of the bit is assigned, for example 128 
for 8 bit data. 

What differentiates HEVC from AVC in referencing is that HEVC takes advantage of the additional 
samples in below-left side (R0,N+1 ,...R0,2N+1), while AVC only use left, above and above-right side 
sample references.

2.2.2. Angular Prediction [9]  

More angular prediction modes (33 Angular modes) compared to H.264 empowered HEVC to have 
higher coding efficiency in different video materials. However, the number of modes was selected 
considering the importance of a trade off between coding efficiency and less encoding complexity. 

Although more accurate prediction is highly desired, when it goes to choose between coding efficiency 
and less encoding complexity, it should be noted that better and more precise prediction would be in 
expense of greater computational power and resources. Put it in other words, higher accuracy in terms of 
hardware implementation results in larger silicon surface in the designed circuit which should be avoided 
or at least be based on best trade-off between the two mentioned parameters.

Blocks with the size from 4x4 to 32x32 are used in HEVC, and each supports 33 directional modes,
which is equal to 132 combinations for block sizes and directional modes.  

According to statistical observations in natural imagery, horizontal and vertical patterns occur more 
frequently. Consequently, small displacement parameters for near to horizontal and vertical directions 
lead to more precise prediction. Nonetheless, the displacement parameters get larger as it closes to 
diagonal directions which are less frequent patterns. Figure 2.6 shows the scheme of different angular 
prediction directions introduced in HEVC. In this figure H and V represent Horizontal and vertical 
respectively and the numbers beside them are displacement as 1/32 pixel fraction.

Figure 2.6. Angular prediction modes [9]
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The other important factor in angular intra-frame prediction is reference samples. By extrapolating of 
reference samples in the angular direction, predicted pixels are reconstructed. In order to simplify the 
reference handling, all the sample value within a picture are projected on single reference row or column. 
Left reference samples are used for modes 2 to 17 and above reference row for mode 18 to 34. 

In order to reduce complexity with keeping the compression fairly unchanged the following method can 
be utilized. In the case of horizontal directional mode the top reference row is extended by projecting the 
left reference column toward left, the same method is applied for horizontal mode left column. This 
method is shown in figure 2.7 for 8x8 block in which top referenced row is extended by samples from left 
column. Thin arrows are the direction of projecting the left reference sample to the above row and bold 
arrow is for prediction mode 23. 

In previous paragraphs by describing the angular mode prediction and reference sampling a concrete 
based is made for cornerstone of the current paper which is sample prediction in an arbitrary direction. 
The value of predicted sample P(x, y) is obtained by linear interpolation of reference samples.

where Wy is obtained by weighting of two reference sample in the direction of prediction mode, Ri,0 is 
reference sample, >> denoted bit shift to the right or on the other hand dividing by two and then flooring 
results, d is displacement tangent with resolution of 1/32 which ranges from -32 to +32, & denotes the 

Figure 2.7. Extension of above reference 
row by projecting the left column [9] 

(I)

(II)
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bitwise AND. Equation (I) and (II) shows the intra-frame prediction for the vertical cases (modes 18 to 
34) it’s obvious that for horizontal case the index and values of x and y should be swapped. 

2.2.3. Planar Prediction and DC Mode

In addition to intra angular modes HEVC uses two extra modes, DC and planar. Earlier one is the mean 
value of reference samples, and the latter is average of linear prediction of four corner reference samples, 
and it is used to prevent discontinuity in boundaries [2]. Summing up and put in mathematics words
equation (III) is obtained as follows [9]: 

(III)
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3. HEVC intra implementation using MATLAB

3.1. HEVC intra-frame prediction implementation process 

The considered set of images for this thesis were organized in 3 different resolutions ( : 480x640, 
: 720x1280, : 1080x1920) to implement and evaluate the HEVC intra-frame prediction 

outcomes. 

According to the standard features and process, the first important step in intra-frame prediction process is 
the quad-tree block decomposition which is in action with respect to a predefined threshold and the 
amount of details in different area of and image. i.e, in a quite flat area of an image without any special 
details, the quad-tree decomposition algorithm doesn’t pass the threshold, thus the block size could be 
64x64 pixels. For another area with more details, until the algorithm passes the threshold , the standard 
divides that area to smaller block sizes up to 4x4 block size.

While in this thesis, a fixed block size has been used at each instance of intra-frame prediction to be able 
to evaluate the flexibilty of HEVC intra-frame prediction with 35 modes in total and 33 different 
angualular modes and further perform a comparison between H.264 and H.265 standards. Moreover, this 
document only pivot around working on luma part of a RGB image.  

The first step of the standard implemention was to provide the means of dividing images to specific block 
sizes. Since the number of rows in selected resolutions for this thesis is not divisible by some block sizes 
(from 4x4 to 64x64), the block decomposing process may create some partial blocks. To avoid having 
partial blocks, the image has been padded to have be divisible both in rows and cloumns. This padding 
always happens at the bottom of an image due to less number of rows than columns in selected 
resolutions. 

It’s quite obvious that MATLAB reads each image in the format of a matrix. Therefore, in order to be 
able to process an image, this implementation made a specific function for block decomposition which 
used the (an inner function of MATLAB) to decompose the full matrix of an image to a number 
of small separate matrices which can be handled individually. 

As an example of the output of the written block decomposition function, an image with resolution 
1080x1920 needs 8 more rows to become a matrix virtually with 1088 rows and divisible to 64 to create 
64x64 blocks. 

Figure 3.1 is the process of coded decomposition function and  shows how the function works. 
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Figure 3.1. Decomposition function process flowchart
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After that the cell of separate small matrices from the original matrix of the image is created in the 
previous step, is the time for performing intra-frame prediction on the image. 

For this step like the previous step, a MATLAB function has been produced to carry out the whole 
process of intra-frame prediction.

The main input of this function is a cell of matrices which each of them is a small block with the pre-
defined dimension (separate matrix) is going to be decoded according to HEVC intra-frame prediction
algorithm.

The most important part of this section is to define the reference samples correctly. The importance of 
defining reference samples properly would be evident considering the boundries of the image which there 
is no neighbouring reference pixel available in those areas and similarly in some modes of 33 available 
angular modes with special need for extension of the reference vector.

As it has been explained in previous sections, there are two vectors of reference samples which come 
from the pixels of last row last column of above left, last row of above and above right, last column of left 
and below left blocks. 

For the blocks located in the boundaries of an image, i.e. blocks located in the first and last row and 
column of the cell of matrices of the image (decomposed image in previous step), it is proposed to use an 
average nominal value, e.g. 128 for images with 8-bit data [9].

However, according to so many simulations run for this standard with MATLAB, this thesis suggests to 
use the boundary pixels of the blocks located in the boundaries of the image,i.e. the first rows of the 
blocks located in the first cell row of  decomposed image as the reference rows for each block and the 
first columns of the the blocks located in the first cell column of decomposed image as the reference 
columns for each block in prediction. 

In the real-time en/decoders and as the original source of this standard, HM reference software, a Fast 
Encoding Algorithm has been introduced which is only for the means of shortening the time, memory and 
in total resource consumption of en/decoder. This algorithm works based on “finding N most promising 
candidate modes by the rough mode decision process” which evaluates all the available prediction modes 
with the following cost function: 

= + ·

and then a very precise cost function as full RD cost function would be used among those N candidates to 
find the best mode with respect to the minimun RD cost [9].

However, in this thesis for the simplification of the implementation the Sum of Absolute Errors (SAE) 
has been used as the cost function for selection of best prediction mode in the whole process and for the 
experimental reasons without using any fast encoding algorithms all available modes, has been evaluated 
for every single block and finally the mode with least SAE would be chosen as the best prediction mode 
for that specific block.
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The main stages of the coded intra-frame prediction function has been illustrated in the flowchart of 
Figure 3.3.  

Evidently, after the reference samples definition, in a loop, each block would be predicted with all 35 
modes and each prediction will be stored in a separate matrix. In the prediction process depending on the 
current mode in the loop, the vertical prediction function and its related parameters is used for mode 
between 18 to 34 and horizontal prediction function and its related parameters is uded for modes between 
2 to 17.  

Since having index zero in MATLAB is not possible, the mode zero (DC mode) is indexed as mode 
number one and mode number one (planar mode) is indexed as mode number 35 in order to cover all 35 
modes with respect to software constraints.

A very crucial point during the angular prediction process is to address properly the projected pixel 
locations which would have fallen outside the reference sample vector (row vector for vertical and 
column vector for horizontal prediction). 

A very simple and useful method for resolving this issue is to extend the row vector leftwards and column 
vector upwards using left reference column and top reference row respectively. According to JCTVC-
C046 report: 

“...when the angle value is negative, the main array is extended by projecting samples from the side array 
onto it according to the prediction direction. This projection entails copying a subset of the samples in the 
side array into the main array. During the prediction process only the extended main array is used and the 
same simple linear interpolation formula is used to predict all samples in the block” [10]. 

The main reference array in above paragraph, considering the prediction direction, refers to the top 
reference row in vertical angular prediction and left reference column in horizontal angular prediction
[11]. Main reference

Side reference

Current block

Extension of Main 
reference by copying
from the Side reference

Figure 3.2. Extension of main reference using side 
reference
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Figure 3.3. HEVC Intra-frame prediction function process flowchart
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Finall in the last step, it’s time to merge all predicted small blocks (separate matrices of a cell) to a single 
matrix and also remove the zero-padding added in the first step (block decomposition) and the output 
would be the decoded picture (predicted) with HEVC intra-frame prediction algorithm.
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3.2. HEVC Intra-frame prediction output analysis

The pictures in the following pages will show the result of the algorithm for an image in VGA resolution, 
although the algorithm has been tested on other two resolutions and evaluation of their outputs showed 
the same trend as of this image.

Furthermore, it should be noted that Sum of Absolute Errors (SAE) and Peak signal-to-noise ratio 
(PSNR) are two important parameters used in evaluation process in this thesis.

SAE is derived as the summation of absolute difference of every single pixel between the original and 
reconstructed images. Respectively, PSNR as a dimentionless parametere used mostly as a metric to 
compare the performance of an algorithm or different lossy compression methods [12]. 

Mathematically PSNR1 is defined as:

While RMSE is the root mean square error of MSE which correspondingly defined as: 

Furthermore, In order to find the best mode for a video/image, three metrics are normally used, which are
respectively, full reference (FR), Reduced Reference (RR) and No Reference (NR). In this paper finding 
the best mode for intra prediction is done using FR methods which essentially “are based on comparing 
distorted image/video with the original image/video and the entire original image/video is available as a 
reference” [13]. 

1 PSNR is defined as a logarithmic scale and it is expressed in decibels (dB)
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Figure 3.9. Prediction error (Residual) for 8x8 BlocksFigure 3.8. Predicted image with HEVC intra-
prediction
Fixed Block Dimension: 8x8  SAE = 4544  

Figure 3.5. Original Image (before intra-prediction) in RGB
Image Resolution: VGA (480x640)

Figure 3.4. Original Image (before intra-prediction) in luma
Image Resolution: VGA (480x640)

Figure 3.7. Prediction error (Residual) for 4x4 BlocksFigure 3.6. Predicted image with HEVC intra-
prediction
Fixed Block Dimension: 4x4  SAE = 2973  
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Figure 3.13. Prediction error (Residual) for 32x32 
Blocks

Figure 3.11. Prediction error (Residual) for 16x16 
Blocks

Figure 3.10. Predicted image with HEVC intra-
prediction
Fixed Block Dimension: 16x16 SAE = 6705

Figure 3.12. Predicted image with HEVC intra-
prediction
Fixed Block Dimension: 32x32 SAE = 9861

Figure 3.15. Prediction error (Residual) for 64x64 
Blocks

Figure 3.14. Predicted image with HEVC intra-
prediction
Fixed Block Dimension: 64x64 SAE = 14765
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Figure 3.16. Normalized SAE trend with increase in block size for 
the shown output image
Resolution: VGA (480x640)

From the output images above, evidently the result of the intra-frame prediction algorithm would be 
deteriorated with increase in the block size.

However, in the real-time en/decoder since the quad-tree block decomposition is in action, there is no 
fixed block size in the whole picture for the prediction and the size of blocks would be determined 
according to the amount of details and texture in the different area of the picture. Therefore, these outputs 
would be irrelevant when it comes to real world and as it has been said previously, these fixed block sizes 
are just for experimental purpose. 

Nevertheless, the first set of images (block size 4x4) show that due to the high flexibility of the HEVC 
intra-frame prediction algorithm, it would be seen nearly the same as the original picture if the algorithm 
be in effect with small block sizes since it can detect each single stroke of details in any area of the 
picture. The residual of a 4x4 block also shows this small difference between original picture and the 
predicted one. Although, the flat areas would have become combed, it’s because of the small block size in 
the area which would rather be in a bigger block size in a real en/decoder.

Moreover, it’s worth mentioning that the very smooth surface of real en/decoder output is also as a result 
of reference sample smoothing which will come sequentially after prediction process to deliver higher 
resolution. 
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Figure 3.17. PSNR trend with increase in block size for the shown 
output image
Resolution: VGA (480x640)

According to the above graph (Figure 3.16) the SAE of the whole picture after completed prediction, 
increases while the blocks increase in size even though it proves that the intra-frame prediction algorithm 
works finely (considering the 4x4 output which is the most accurate one). 

Moreover, it shows that the combination of quad-tree decomposition and HEVC flexible angular intra-
frame prediction algorithm is a really appropriate taken measure embodied in real en/decoder which 
results in high resolution encoded pictures nowadays. 

Additionally, the above graph which shows the PSNR of the shown output image in previous pages, 
demonstrate that the fidelity of the predicted picture wouldn’t be maintained with increase in the block 
size.
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Furthermore, the following graphs of grouped SAE and PSNR of different images and their related 
pictures (coming in following pages) demonstrate the consistency of the implemented HEVC intra 
algorithm performance, independent of the image resolution and amount of details in it.  

In other words, the same process as the previous one has been carried out on the following images and the 
results conformed to what have been attained from the previously demonstrated sample.

Figure 3.18. VGA_Image 1
Resolution: VGA (480x640)

Figure 3.19. VGA_Image 2
Resolution: VGA (480x640)

Figure 3.20. VGA_Image 3
Resolution: VGA (480x640)

Figure 3.21. VGA_Image 4
Resolution: VGA (480x640)

Figure 3.22. Normalized SAE trend with increase in 
block size for different images
Resolution: VGA (480x640)

Figure 3.23. PSNR trend with increase in 
block size for different images
Resolution: VGA (480x640)
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Figure 3.24. HD_Image 1
Resolution: HD-1080 (1080x1920)

Figure 3.26. HD_Image 3
Resolution: HD-1080 (1080x1920)

Figure 3.27. HD_Image 4
Resolution: HD-1080 (1080x1920)

Figure 3.25. HD_Image 2
Resolution: HD-1080 (1080x1920)

Figure 3.29. PSNR trend with increase in 
block size for different images
Resolution: HD-1080 (1080x1920) 

Figure 3.28. Normalized SAE trend with increase in
block size for different images
Resolution: HD-1080 (1080x1920)
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3.3. Comparison of Intra-frame prediction of HEVC and AVC

Similar to the HEVC intra-frame prediction which has been implemented using MATLAB, for the 
comparison purpose between this new standard and its older counterpart (AVC/H.264), AVC intra-frame 
prediction also was supposed to be implemented in MATLAB. 

Since the main focus of this thesis is on implementation of HEVC intra-frame prediction, the 
implementation of AVC intra-frame prediction will not be explained in this document. However, the main 
features and basics of its algorithm have been explained in the previous chapters. 

It’s noticeable that AVC intra-frame prediction of luma parts just has been defined on 4x4 and 16x16 
blocks. Intra-prediction of 8x8 blocks, in general profile of this standard, is just applicable to chroma part 
and not the luma part. Therefore, the comparison of the HEVC and AVC intra-frame prediction is only 
significant for 4x4 and 16x16 block sizes. 

The figure below shows the comparison of implementation of the two abovementioned algorithms on 
three different images in VGA, HD-720 and HD-1080 resolutions. 

As the graphs show, similar to what has been explained in previous section about HEVC intra-frame 
prediction, the algorithms of both HEVC and AVC intra-frame prediction are independent of image 
resolution and amount of details in that. 

Although in all three resolutions, for the smallest block size 4x4, the result of HEVC intra-frame 
prediction is slightly better than AVC’s, in 16x16 blocks it’s much more evident that due to higher 
flexibility and greater optimizations in HEVC intra-frame prediction, the output of the prediction process 
of HEVC is almost always significantly better than what AVC gives.

In fact, the more versatile block partitioning in HEVC intra-frame prediction along the optimized 
prediction algorithm, by and large, would give better result in final outputs and better compression rate 
which make HEVC as the best currently available video coding standard for new generations of high 
resolution images and videos. 

Figure 3.30. Normalized SAE trend with increase in
block size for VGA sample image for HEVC and AVC
Resolution: VGA (480x640)
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Figure 3.33 to 3.36 show also visually that the output of HEVC intra-prediction is really better than what 
AVC gives.

Figure 3.31. Normalized SAE trend with increase in block 
size for HD-1080 sample image for HEVC and AVC
Resolution: HD-1080 (1080x1920)

Figure 3.32. Normalized SAE trend with increase in block 
size for HD-720 sample image for HEVC and AVC
Resolution: HD-720 (720x1280)
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Figure 3.33. Predicted image with HEVC intra-prediction
Fixed Block Dimension: 4 SAE = 2973

Figure 3.34. Predicted image with AVC intra-prediction
Fixed Block Dimension: 4 SAE = 3052
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Figure 3.36. Predicted image with AVC intra-prediction
Fixed Block Dimension: 16 SAE = 12512

Figure 3.35. Predicted image with HEVC intra-prediction
Fixed Block Dimension: 16 SAE = 6705



35

3.4. Conclusion

The main goal of this thesis was to implement the HEVC intra-frame prediction in MATLAB and 
evaluate the output of its algorithm especially in comparison with what AVC gives as the output. 

As it can be seen from the provided figures and graphs, HEVC as the legacy of AVC gives better output 
quality owing to its flexible algorithm in terms of more angular modes (33 angular modes for HEVC 
compared to 8 angular modes for AVC intra-frame prediction ) and greater versatility in image 
partitioning or decomposition. 

It’s worth mentioning that outputs of HEVC intra-frame prediction are also completely independent of 
image resolution and amount of details in the input image. 

Although the result of all simulations shows that with increase in the block size, the accuracy of the 
prediction algorithm would plunge drastically, in real en/decoder it’s not significant to evaluate the 
HEVC intra-frame prediction results without considering the appropriate combination of flexible 
prediction algorithm and its smart quad-tree decomposition (smaller block size in high density areas of 
the picture and larger block size in more flat area of the picture). 
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