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ABSTRACT

COMPLEXITY REDUCTION OF H.264 USING PARALLEL PROGRAMMING

Sudeep Gangavati, M.S

The University of Texas at Arlington, 2012

Supervising Professor: K.R.Rao

The H.264 encoder provides for adaptive directional intra-prediction, motion-
compensated inter-prediction followed by transform, quantization, deblocking filtering and either
variable length encoding or arithmetic coding. All these blocks of the H.264 encoder make it
highly complex as compared to previous video coding standards. There is a need for measures to
reduce the complexity. This thesis aims at reducing the complexity of the .H.264 encoder by
reducing the encoding time of the H.264 standard while not sacrificing the video quality,
compression efficiency and bitrate by parallel programming. There are several parallel
programming models that can be used. The massively parallel Graphics Processing Units (GPUSs)
provided by NVIDIA Corp. are used in this thesis for parallel processing. The main focus of the
thesis is to reduce the time it takes for the motion estimation during the inter prediction. Motion
estimation is the most compute-intensive process of H.264 and involves basic mathematical
operations like subtraction and addition between the pixels of the reference frame and the frame
under prediction. The subtraction between the pixels, also known as the sum of absolute
differences (SAD) is done in parallel. The frame is partitioned into smaller 8 x 8 blocks and for
these blocks, threads are invoked on the GPU and all the calculations are done in parallel. The

largest macroblock has a size 16 x 16, if this is divided into 4 equal parts each of size 8 x 8, a set
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of threads called blocks are invoked that carry out the operation for each particular 8 x 8 block.
Up to 50% reduction in total time is observed for various input sequences of different
characteristics.

For implementation of the encoder, JM 16.0 reference software is used in this thesis. The
manual for this reference is available and provides reference of different encoder parameters,

syntax, and additional information regarding the best practices and configurations of the software.
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CHAPTER 1
INTRODUCTION

1.1 Introduction to digital video processing

The growth in digital signal processing technology, which started off with the theory of
basic digital filter design, has now experienced an explosion in DSP applications spurred by
significant advances in digital computer technology and integrated-circuit fabrication. Digital
image processing being a subarea of DSP has entered into many aspects of modern technology.
Since the early days, digital image sequence processing has been an attractive research area
because an image sequence contains more information than a single image frame. The direct
result of this growth, advancement, and application is the increased amount of digital data being
generated and calls for the development of effective techniques to handle this huge amount of
data. Modern data compression techniques has made it possible for the storage or transmission
of vast amount of data to efficiently represent images and videos.

The digital image and video technology, today, finds applications in a variety of places
from health industry to entertainment industry to telecommunications. Applications like
videoconferencing over mobile devices, HDTV broadcast, video content generation and
distribution has become an integral part of the modern life. With the advent of smart phones and
other mobile devices, video bandwidth requirement becomes important. To make this real time
video communications efficient, many different algorithms, compression techniques are being
developed. To compress a video, it has to be encoded at the transmitter and decoded at the
receiver. Video compression mainly involves the exploitation of redundancy present in the video.
Lossless compression reduces only the statistical redundancy and there is no loss of information.
The compression achieved by this method is less than lossy compression and the modern

algorithms employ lossy compression methods to achieve higher efficiency. Video compression
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algorithms strive for efficient compression and low distortion. There is trade-off between video
guality, computational complexity and the cost of hardware. Video data can be represented as a
sequence of still images also known as frames. The sequence of frames contains spatial and
temporal redundancy that the algorithms attempt to reduce to a smaller size. The information
present in a frame is mostly the same across the next or previous frames, and there is low
information change between the frames. One way of compression is to obtain the new
information which does not exist in the previous frames and store and transmit only that new
information and the amount of frame data can be reduce to a greater extent. The encoder is
responsible for the compression by applying different algorithms to the input video sequence
thereby creating a bit stream that can be either stored or transmitted. At the decoder, inverse
algorithms are applied to get back the original video sequence. Note that the quality of the
decoded video may not be as good as the transmitted video due to loss of information during the
compression process. The combined encoder and decoder are called as a video codec. Video
compression is a highly complex process and standards like MPEG-2 [1], H.264/AVC [1] [2] [3]
make it possible. Video compression generally involves the encoding of the first frame. Then this
frame is compared to subsequent frames and the difference between the first frame and the next
frame in the video sequence is encoded. This reduces the amount of information stored and sent.
This process of representing the transformation of a reference frame to the current frame is
termed motion compensation. The reference picture could be a previous frame or future one

within the video sequence. This is illustrated in Figure 1.1

earch window
Mutching block

“Mirotion vertor é Targot block

Carlier reference frame P-frame
Figure 1.1 lllustration of block based motion-compensation
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The H.264 video coding standard is the most widely used coding standard and was
developed by ITU-T (International Telecom Union-Telecom Standardization) Video Coding
Experts Group (VCEG) along with ISO/IEC Moving Picture Experts Group (MPEG) [4] [5]. H.264
provides better compression than any other standard and comes with a host of different profiles
and settings suitable for different applications. The standard has many built-in features that make
it complex requiring greater processing power. To have this standard take its place in practical
applications, complexity reduction has to be achieved without sacrificing the coding efficiency [6]
(71 8]

1.2 Thesis outline

Chapter 2 provides the introduction to video quality and formats along with a high level
description of H.264 / AVC Standard. The different tools, their configuration and profiles along
with their applications are discussed briefly.

Chapter 3 introduces the concepts of parallel programming. It starts off with
classification of parallel computers and then goes onto to explain different parallel programming
models and the criteria before developing any parallel program.

Chapter 4 discusses the basic NVIDIA GPU (Graphics Processing Unit) Architecture
and CUDA (Compute Unified Device Model) Programming Model. It also discusses the different
built-in functions that CUDA provides and the ways of implementing CUDA programs.

Chapter 5 discusses all the implementation details and algorithms that have been used
in the research work. It also discusses the experiments and the results. Here the analysis of the
results and a comparative analysis between different standard reference models like JM 16.0 [32]
is provided.

Chapter 6 outlines the conclusions and the further possible research. The configuration

files used by the JM 16.0 H.264 encoder for the generation of the bit streams are also given.



1.3 Concluding remarks

This chapter provides an introduction into the area of digital image and video
processing. It starts out by explaining how DSP evolved and applications of DSP. Later it explains
why and how digital video processing and coding is done. This chapter focuses on the most
widely used video coding standard, H.264 / AVC. All the internal modules of H.264 video codec

are explained in detail.



CHAPTER 2
OVERVIEW OF THE H.264 / AVC VIDEO CODING STANDARD

2.1 Video quality and formats

A ‘real world’ or a natural video scene most of the time consists of objects each of which
has their own characteristic dimensions, texture and illumination. The basic characteristics of a
typical video scene relevant to video processing are the spatial characteristics such as color,
shape of the objects, texture variation and temporal characteristics like changes in the
illumination, motion of objects. The natural video scene is spatially and temporally continuous. To
represent the video scene, the frames have to be sampled spatially and temporally as still frames
or part of the frames at regular intervals. Each element or sample termed as picture element or
pixel is represented as one or more values that indicate the brightness or luminance and color or

the chrominance. The sampling in the spatial and temporal domain is shown in Figure 2.1.

\
b

Qo 000
o 00

o 00

o 0 0

gpatial camp\es

-

e S e
»
Temporal sampies

Figure 2.1 Spatial and temporal sampling



2.1.1 Color spaces

Most digital video applications rely on the display of color video and so need a
mechanism to capture and represent color information. Color images need three numbers per
pixel to represent the color accurately. This method of presenting the color and brightness is
described as color space. In the RGB (Red, Green and Blue) color space, the color image pixel is
represented with three numbers that describe the relative proportions of the Red, Green and
Blue, the primary colors. Any color can be created by varying the proportions of these three
colors. The human visual system is less sensitive to color or chrominance than it is to luminance.
But in the RGB color space, all the three colors are equally significant and stored at same
resolution. To represent the color image more efficiently according to the human visual system,
the luminance component has to be separated from the chrominance component and the
luminance is at a higher resolution than chrominance. The Y: Cr: Cb color space is a way of
efficiently representing the color images. Y is the luminance (luma) component and can be
calculated as the weighted average of R,G and B :

Y =k.R + kg + kB 2.1

where k are the weighting factors. The color information can be represented as the difference

components, where each chroma component is the difference between R, G or B and the luma Y:

C:=R-Y
Co=B-Y (2.2)
Cg=G—Y

To completely describe a color image, Y, the luma component, and three color differences Cr, Cb
and Cg that represent the difference between the color intensity and the mean luminance of each
image sample.

An RGB image may be converted to Y: Cr: Cb after capture in order to reduce the
storage requirement and before displaying the image it is necessary to convert back to RGB.

Equations in 2.3 and 2.4 can be used to convert Y: Cr: Cb to RGB and RGB to Y: Cr: Cb.

6



Y = 0.299R + 0.587G + 0.114B
Cb=0.564(B - Y) (2.3)

Cr=0.713(R-Y)

R=Y+1.402Cr

G=Y-0.344Cb - 0.714Cr (24)

B=Y+ 1.772Cb
2.1.2 YCrCb sampling formats

There are three sampling formats supported by coding standards like H.264/AVC.

Starting with 4:4:4, in this sampling format all three components (Y: Cr: Cb) have the same
resolution and a sample of each component exists at each pixel position. In the 4:2:2 sampling
format, also referred to as YUY2, the chrominance components have the same vertical resolution
as the luma, but it has half the horizontal resolution. This means that for every 4 luminance
samples in the horizontal direction there are 2 Cr and 2 Ch samples. In the 4:2:0 sampling format,
also referred to as YV12, the chroma components have half the vertical and horizontal resolution

compared to luminance components.
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Figure 2.2 YCrChb sampling formats
2.1.3 Video quality
Video quality is subjective, influenced by many factors making it difficult to obtain a
common metric for the quality. Video quality, if measured objectively, typically gives an accurate
measure of quality, but these metrics do not reproduce completely the subjective experience a
human observer gets on watching the image. Generally PSNR (Peak Signal to Noise Ratio) and
SSIM (Structural Similarity Index) are the used as the objective metrics.
2.1.3.1 PSNR
Peak signal to noise ratio (PSNR) is the widely used objective quality metric. This is
measured on a logarithmic scale and also depends on mean squared error (MSE) between the
original and the impaired image or a video frame. Equation (2.5) formulates the calculation of
PSNR.

PSNRas = 10 log 10 ((27- 1)2 / MSE) (2.5)



2.1.3.2 SSIM
The Structural Similarity Index (SSIM) [12] is one of the most popular methods used to
assess the quality of an image. This metric actually compares the structural similarity between the
original and the decoded image or a video frame and generally ranges between 0 and 1.

2.2 Introduction to H.264 video coding standard

The H.264 Advanced Video Coding standard is block based motion compensation based
video codec standard developed by ITU-T VCEG and ISO/IEC MPEG. The main objective
behind the development of H.264 was to have a video codec that is capable of having higher
compression rates, high quality video, provide error resilience, and can be supported by the
modern communication networks. H.264 provides nearly 50% bitrate reduction when compared to
the previous standards like MPEG-2 and MPEG-4. It provides a high quality video at various
levels of bitrates. H.264 comes with robust tools that provide error resilience in case of packet
loss in networks. H.264 can be used to send the encoded bit stream across different networks
thereby making it network friendly. Due to these main reasons it finds applications in areas like:
Cable TV broadcasting, Video on demand services over networks, Video communications over
mobile devices, Video content generation and distribution. The basic block diagram of H.264
video codec is shown in Figure 2.3.

VIDEOQ EMCODER

video entropy
source pradiction transform oncoda _\\
- ™
comprenssd
H.264
syntax

video
. - . invarse nl‘l?rnpy
output ""__| reconstruct "_| transform ]"'_| decode ]

VIDEO DECODER

L. &

Figure 2.3 Basic block diagram of H.264 video codec [9]
From Figure 2.3, H.264 codec mainly consists of a prediction block where spatial and

temporal predictions are performed to exploit the redundancy between the frames. The process
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of temporal prediction consists of motion estimation and compensation. After the predictions,
transform operation is done on the residual data. This transformed data is then quantized to
compress and confine the data. After the quantization, the entropy encoding is done to further
compress the data and reduce the statistical correlation. Finally a bit stream is produced which
the decoder can use up to decode and produce the video sequence. H.264 provides a format or
syntax for representing the compressed video and information related to it. The H.264 syntax is
made up of series of packets or also called as Network Adaptation Layer Units (NAL Units).
These packets contain the parameters that are used by the decoder to correctly decode the video
data and slices, which are the coded video frames or can be parts of video frames. The NAL
Units are be classified into two as VCL (video coding layer) and non-VCL units. The VCL units
contain the data representing the values of the samples in the video pictures and the non-VCL
NAL units contain data that represents the information that enables decoder with the timing
information, header data and data that would make decoder process more efficiently. As
mentioned earlier, H.264 is a block based video coding standard. This means that the entire
picture frame can be divided into fixed size macroblocks ranging from 16x16 to 4x4. The
macroblocks are organized in slices representing a subset of a given picture that can be decoded
independently. H.264 defines five different types of slices : I, P, B, Sl and SP [9].

e Intra (I) slice- Describes a full still image containing reference only to itself. If an I slice is
to be coded then reference is made to this | slice itself and no other frames in the video
sequence are considered.

¢ Predictive (P) slice- Describes the slices that use one or more recently decoded slices as
reference. P frames usually require fewer bits than | frames but they are very sensitive to
transmission errors.

e Bi-predictive (B) slice — Describes the slices that are similar to P slices and differ in a way
that a previous and/or future | or P slices can be used for prediction. The use of B frames

increases latency.
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e S| and SP slices — Describes the switching slices used for transitions between two

different H.264 video streams.

Figure 2.4 |, P and B frames.

The H.264 encoder block diagram is given in Figure 2.4. There are two paths, the

forward path and the reconstruction path. The reconstruction path is responsible for the

reconstruction of the coded frames which will be used for prediction by the blocks in the forward
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Figure 2.5 The H.264 encoder block diagram [2]
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2.2.1 Intra prediction

Intra prediction is a prediction method where only the spatial redundancies are exploited.
Intra macroblocks are coded without referring to any data outside the current slice. Typically there
is a high relative correlation between the samples in the block and the samples that are
immediate adjacent to the considered block. Intra prediction uses samples from adjacent
macroblock which are already coded to predict the values in the current block. For an intra
macroblock, for the luma component the sizes can be 16 x16, 8 x 8 or 4 x 4. A single prediction
block is generated for each chroma component. Based on the intra macroblock sizes, there are
various possible prediction modes. For a 16 x 16 luma macroblock, there are 4 possible
prediction modes. For 8 x 8 and 4 x 4, there are nine possible prediction modes. For chroma
macroblock there are four possible prediction modes.

When a block size is chosen for the luma component, the intra prediction is created from
the samples that are above or to the left of the current macroblock or a combination of these.
These samples that are above and to the left of the current macroblock are already encoded and
reconstructed and are available to the encoder and decoder for prediction. The difference
between the prediction and the original macroblock is coded resulting in information that is much
less than the original values.

To predict a 4 x 4 luma blocks, H.264 offers 9 modes that includes a DC mode and

eight directional modes. This is shown in Figure 2.5.

0 (vertical) 1 (horizontal) 2 (DC) 3 (diagonal down-left) 4 (diagonal down-right)
[MATB[CIDIE[FIGIH MATBICIDIE[FIG[H] [MATB[C[D[E[FIGIH N(AIB[(,[D]EIFIGH MA[B[C[D[E[F]G[H]
) || — L Mean ‘ / ! \:
J [Jp——> I A [J7 \.
[K] K==t K (I ‘b / KIS S
[ ——s [k 5

5 (vertical-right) 6 (horizontal-down) 7 (vertical-left) 8 (horizontal-up)

[MA \ TD:EqF[G[H] B))/E]F J IB c]D]E]F[G]H}
1] (b /
% J///
z\\\\ q1/ ="

Figure 2.6 Intra prediction modes of 4 x 4 luma macroblocks [1]
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According the Figure 2.5, the samples from A to M are the neighboring samples which have been

encoded and reconstructed are used for the prediction of other samples within the macroblock.

QABCDEVFGH
Ilabcd
Jle £ gh
Kla 3 k1
Limnop

Figure 2.7 Block with samples from a till p are to be predicted [1]

Consider Figure 2.6 where in the macroblock with pixel values a till p are to be predicted
using the pixels above i.e. Q to H and to the left i.e. Q to L are to be used. Based on the mode
selected, the values of the pixels are predicted. If Mode 0 is selected then the pixel values a, e, i
and m are equal to A, the pixels b, f, j and n are equal to B and the same order continues for the
other pixels in the block.

For 16 x 16 luma blocks, for intra prediction there are 4 different modes as show in Figure

2.7.
0 (vertical) 1 (horizontal) 2(DC) 3 (plane)
H . = | o — H
x
L[| |[ = v S v Mean(H+V) v~
-
7
Yy v 3 > -

Figure 2.8 Prediction blocks for 16 x 16 block size[1]
The H.264 coding standard offers 4 prediction modes for a intra prediction of 16 x 16 luma blocks
including DC mode, horizontal, vertical and planar mode. Also H.264 offers 4 prediction modes

for 8 x 8 chroma blocks.
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2.2.2 Inter prediction

Inter prediction is another technique that H.264 uses to efficiently code the video. There
are two processes: motion estimation and motion compensation that takes the advantage of the
temporal redundancies that are present between the successive frames. Temporal prediction
typically involves the prediction of a frame by referring another frame in future or a past frame and
known as the reference frames. The whole prediction process involves selection of a prediction
region and generating a prediction block and subtracting this from the original block of samples to
form a residual that is then coded and transmitted.

Motion compensation is a process that is performed to compensate for the motion in the
rectangular blocks of the current frame. The process involves the following steps:

e Search for an area in the reference frame and find a matching block M x N
region. To do this, a comparison of the M x N block in current frame with some or
entire frame of the reference frame and finalizing on the M x N block that best
matches the block in current frame. To do the comparisons, the absolute
difference between the each pixel value in the original block and the
corresponding pixel in the block in the reference frame used for comparison. The
region that provides the lowest difference value is chosen as the best match.
This process is known as the calculation of SAD or sum of absolute differences.
The entire process of finding the matching block in the reference frame by using
the SAD computation is known as the motion estimation.

e The candidate region that was chosen as the best matching region becomes the
predictor for the current M x N block and is subtracted from the current M x N
block. A residual block is obtained.

e The residual block so obtained is further transformed, quantized and then

entropy encoded and transmitted. Also transmitted is the motion vector (MV)
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which is has the offset value between the current block and position of the

candidate region.

Each 16 x 16 P or B frame may be predicted after having them partitioned into sub blocks and
there can be four types of different sizes of sub blocks, 16x16, 16x8, 8x16, 8x8. Again each 8x8
partition can be divided into 4 partitions, 8x8, 8x4, 4x8 and 4x4. This is shown in Figure 2.8.
Generally, a large block size is appropriate for the areas that are homogeneous in a frame and

smaller block sizes are appropriate for detailed areas.

16x16 Bx16 16x8 / \ ExB

Sub-Macroblock 0 o1
Partitions: o 0|4 ; =
BxB 4x3 gx& 4x4

Figure 2.9 Macroblock partition sizes for inter prediction [1]

Motion compensation for a 16 x 16 block in H.264 is done for different block sizes as shown in
Figure 2.8. Motion vectors are calculated for every sub block that is used. As the block sizes can
be as small as 4 x 4 in a 16 x 16 macroblock, there could be 16 motion vectors transmitted for a
single macroblock. As the number of motion vectors are more when a 4 x 4 block is used, better

prediction can be achieved. The small blocks improve the ability to handle fine motion details.

2.2.2.1 Interpolating reference pictures

Each partition in an inter-coded macroblock is predicted from an area same in size in a
reference picture. The offset, motion vector, has quarter-pixel resolution for the luma component
and 1/8-pixel resolution for the chroma components. The sub-pixel prediction improves the
prediction performance and produces a smaller residual. In the luma component, the sub-pixel

samples at half-pixel positions are generated first and then interpolated from neighboring integer
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samples using a 6-tap filter with weights (1, -5, 20, 20, -5, 1)/32. After all the half-pixel samples
are obtained, each quarter-pixel sample is obtained by bilinear interpolation between neighboring

half or integer samples. This is shown in Figure 2.9.
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Figure 2.10 Half and quarter pel interpolations [9]

2.2.2.2 Skipped mode

P slice macroblock can also be coded in a mode known as the Skipped Mode. If a
macroblock has characteristics that allow its motion to be predicted from neighboring
macroblocks, then it can be skipped [11] [9]. If this mode is selected then no information is
transmitted for this macroblock. The reconstructed signal is computed similar to the prediction of
a macroblock with partition size 16x16.

2.2.2.3 Weighted prediction

Weighted prediction involves scaling of the samples of the motion-compensated
prediction data in a P or B slice macroblock. There are three types of weighted prediction in
H.264 : P slice macroblock with explicit weighted prediction, B slice macroblock with explicit
weighted prediction and B slice macroblock with implicit weighted prediction. Each prediction

sample is scaled by a weighting factor before the motion compensated prediction. In the explicit
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weighted prediction, weighting factor(s) are determined by the encoder and transmitted in the
header associated for the slice. In the implicit weighted prediction, the weights are determined
based on the temporal positions of the reference frames. If the reference frame is temporally
close to the current frame then a larger weighting factor is applied. A smaller factor is applied if
the reference frame is temporally further away from the current frame.  Weighted prediction
provides a means to control the relative contributions of reference frames to the motion
compensated prediction process.

2.2.2.4 Motion vector prediction

Encoding motion vectors for each partition can sometimes be an expensive task,
especially when small partition sizes are chosen. Motion vectors for neighboring partitions are
highly correlated most of the times and so each motion vector can be predicted from the
neighboring motion vectors which have been previously coded. A predicted vector MVp is formed
based on previously obtained motion vectors and MVD, the difference between the current vector
and the predicted vector is then encoded. To illustrate this consider E as a current macroblock,
macroblock partition or sub macroblock partition. A is a partition or a sub macroblock partition
immediately left of E and B is a partition or a sub macroblock partition immediately above E. C is
a partition or sub macroblock partition above and to the right of E. If there is more than one
partition immediately to the left of E, then the topmost of these partitions is chosen as A. If there
is more than one partition immediately above E, then the left most of these partitions is chosen as

B. This is shown in Figure 2.11.

Figure 2.11 Current and neighboring partitions of same size
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For partition sizes that are different from the current partition size of E, the choice of prediction
partitions is done based on the following and is illustrated in Figure 2.11.
e For partitions excluding 16 x 8 and 8 x 16 partition sizes, MVp is the
media of the motion vectors for A, B and C partitions.
e For 16 x 8 partitions, MVp for the upper 16 x 8 partition is predicted from
B and MVp for the lower 16 x 8 partition is predicted from A.
e For 8 x 16 partitions, MVp for the left 8 x 16 paritions is predicted from A

and MVp for the right 8 x 16 partition is predicted from C.

B C
A% 1GXE

E
16216

‘ aX4

Figure 2.12 Current and neighboring partitions of different sizes
e For skipped blocks, a 16 x 16 vector MVp is generated as if the block

were encoded in 16 x 16 Inter mode.

A bipredicted macroblock in B slice has two motion vectors, one for the past frame and
one for the future frame. The two motion vectors are predicted from neighboring motion vectors
that have same temporal direction. At the decoder, the MVp is formed in the same way and then
added to the MVD, the decoded vector difference. For skipped macroblock, there is ho decoded

vector and motion compensated macroblock is obtained using the MVp.
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Figure 2.13 Motion compensated prediction with multiple reference frames
2.2.3 Integer transform, Scaling and Quantization

After the intra and inter prediction, the prediction residual obtained is split into 4 x 4 block

or 8 x 8 blocks. These blocks are later converted to transform domain and then quantized.
H.264 uses adaptive transform block sizes of 4 x 4 and 8 x 8. The smaller block size helps in
reducing the blocking artifacts. The basic transform or ‘core transform’ is a 4 x 4 or 8 x 8 integer
transform, a scaled approximation to the DCT [13]. An additional M x N transform stage is further
applied to all resulting DC coefficients in the case of the luma component of a macroblock that is
coded using 16 x 16 intra prediction as well as in case of chroma components. For these
additional transform stages, separable combinations of the four-tap Hadamard transform and two-
tap Haar/Hadamard transform are applied.

The H.264 uses uniform quantizers to quantize the transform coefficients. Quantization is
another process where a significant amount of data compression is achieved. One of the 52
quantizer step scaling factors is selected for each macroblock by a quantization parameter. The
fidelity of the chroma coefficients is improved by using finer quantization step sizes compared to
those used for luma coefficients, particularly when the luminance coefficients are coarsely
guantized.

The quantized transform coefficients correspond to different frequencies with the top left

coefficient being the DC value. These coefficients are to be arranged in an array starting with the
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DC component. A single coefficient scanning pattern is available in H.264 for frame coding and is
done in a zigzag order as illustrated in Figure 2.14. The scan order is intended to group together

significant coefficients, i.e. non-zero quantized coefficients.

o
e
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Figure 2.14 Zigzag scan order in a 4 x 4 block [2]

2.2.4 Deblocking filter

The deblocking filter is used to remove blocking artifacts due to the block based encoding
pattern. This filter is applied after the inverse transform in the encoder before reconstructing the
macroblock and storing it in the decoded picture buffer for future predictions and in the decoder
before reconstructing and displaying the macroblock. The filter smoothens the block edges
thereby improving the appearance of the decoded frames. This filtered image is later used for
motion compensation of future frames and improves the compression performance. The filtering
is applied to vertical or horizontal edges of 4 x 4 blocks in a macroblock excluding edges on slice
boundaries. The luma deblocking filter process is done on four 16-sample edges and the chroma
deblocking filter process is performed on two 8-sample edges. The boundaries that are to be

filtered is shown in Figure 2.15
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Figure 2.15 Boundaries in a macroblock to be filtered [2]
The deblocking process is done at three levels [2]:
o At slice level : global filtering strength is adjusted to the individual
characteristics of the video sequence
o At block-edge level : filtering strength is made dependent on the inter
and/or intra prediction decision, motion differences and the presence of
coded residuals in the two participating blocks
e At sample level: sample values and the quantizer-dependent thresholds
can turn off filtering for each individual sample.
The filtering process not only reduces the blocking artifacts but also reduces the bitrate while
producing the same objective quality as the non-filtered video.
2.2.5 Entropy coding [1] [2]

Entropy coding is the last step in the video coding process. Entropy coding is based on
assigning codewords shorter in length to the symbols that occur more frequently and longer
codewords for symbols occurring less frequently. H.264 standard specifies two types of entropy
coding. The first method is the context adaptive variable length coding (CAVLC) and the second
method is the context based adaptive binary arithmetic coding (CABAC).

In H.264, many syntax elements are coded using the highly structured infinite-extent
variable length code called zero-order exponential Golomb code. A few syntax elements are also

coded using simple fixed length code representations. When using CAVLC, the encoder switches
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between different VLC tables for various syntax elements depending on the values of the
previously transmitted syntax elements in the same slice. Since the VLC tables are designed to
match conditional probabilities of the context, the entropy coding performance is improved from
that of schemes that do not use context based adaptivity.

By using CABAC, the entropy coding performance is further improved. It is basically based on
three components: binarization, context modeling and the binary arithmetic coding. This is shown

Figure 2.13.
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Figure 2.16 CABAC coding process overview.
The binarization enables efficient binary arithmetic coding by mapping non-binary syntax
elements to sequences of bits referred to as bin strings. The bins of a bin string can each be
processed in either an arithmetic coding mode or a bypass mode. Compared to CAVLC, CABAC
provide bit reductions upto 10-20 percent for the same objective video quality.
The characteristics of each coding method is explained below [14] :
1. Context adaptive variable length coding
i. No end block, but number of coefficients is decoded
ii. Coefficients are scanned backwards and contexts are built depending on
transform coefficient
iii. Transform coefficients are coded with the following elements: number of non-

zero coefficients, levels and signs for all non-zero coefficients, total number of
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zeros before the last non-zero coefficient, and number of successive zeros
preceding the last non-zero coefficient.
2. Context adaptive binary arithmetic coding
i. Exploits symbol correlations by using contexts
ii. Probability estimation is realized by the look up table
iii. Use of adaptive probability models for most symbols
2.2.6 H.264 profiles [1] [3]

The H.264 standard provides different profiles and levels that specify conformance points
and provide interoperability between encoder and decoder implementations within applications of
the standard and between various applications that have similar functional requirements. A profile
define a set of syntax features generating conforming bitstreams, whereas level places
constraints on certain key parameters of the bitstream such as maximum bit rate and maximum
picture size. There are three profiles in the first version ofH.264: Baseline, Main and Extended.
Also the fidelity range extensions include four additional high profiles for applications such as

content distribution and studio editing : High, High 10, High 4:2:2 and High 4:4:4.
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Figure 2.17 Profiles and levels in H.264 [1][2]
The High profile supports 8 bit video with 4: 2:0 sampling for applications using high
resolution. The High 10 profile supports 4:2:0 sampling with video that can be represented with
10 bit depth. The High 4:2:2 profile supports 4:2:2 chroma sampling and up to 10 bits per sample.

The High 4:4:4 profile to support up to 4:4:4 chroma sampling, up to 12 bits per sample. Figure
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2.14 discusses the different features present in different profiles. The Figure 2.14 also shows the
profiles that have common coding parts and specific coding parts. Some of the common parts
are:
e | Slice: Intra-coded slice, predicted from the values present within the
same frame
e P slice: Predictive coded slice, inter-prediction from previously decoded
reference pictures, using at most one motion vector and reference index
to predict the sample values of each block
e CAVLC for entropy coding
2.2.6.1 Baseline profile [1] [3]
The main features of this profile are :

e Flexible macroblock order (FMO) : macroblocks may not
necessarily be in the raster scan order. The map assigns
macroblock to a slice group.

e Arbitrary slice order (ASO): the macroblock address of the first
macroblock of a slice of a picture can be smaller than the
macroblock address of the first macroblock of some other
preceding slice of the same coded picture.

¢ Redundant Slice (RS): this slice belongs to the redundant coded
data obtained by same or different coding rate, in comparison
with previous coded data of same slice.

2.2.6.2 Main profile [1] [3]
The main features of this profile are:

e B slice: the coded slice by using inter-prediction from previously
decoded reference pictures, using at most two motion vector and

reference indices to predict the sample values of each block.
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Weighted prediction: scaling operation by applying a weighting
factor to the samples of motion-compensated prediction data in
P or B slice.

CABAC for entropy coding

2.2.6.3 Extended profile [1] [3]

The main features of this profile are :

Includes all parts of Baseline profile: flexible macroblock order
arbitrary slice order, redundant slice

Sl slice: coded slice for efficient switching between video
streams, similar to coding of a I slice

SP slice: the switched slice, similar to coding of an | slice

Data partition: the coded data is placed in separate data
partitions, each partition can be placed in a different layer unit.

B slice

Weighted prediction

2.2.6.4 High profile [1] [3]

The main features of this profile are:

Includes all parts of Main profile: B slice, weighted prediction,
CABAC.

Adaptive transform block size: 4 x 4 or 8 x 8 integer transform for
luma samples

Quantization scaling matrices: different scaling according to
specific frequency associated with the transform coefficients in

the quantization process to optimize quality.

Table 2.1 lists the different profiles and their applications along with

the requirements.

25



Table 2.1 Profiles and applications

APPLICATION H.264 Profile | Requirements

Broadcast television Main Coding efficiency, reliability,
low complexity, interlace

Streaming video Extended Coding efficiency, reliability
over a network

Mobile Video Baseline Coding  efficiency, low
latency, low complexity and
low power consumption

Video conferencing Baseline Coding efficiency, low

latency, low complexity

encoder and decoder
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CHAPTER 3
BASICS OF PARALLEL PROGRAMMING

3.1 Introduction to parallel computing [15]

Parallel computing [15] is a method of computation in which many calculations are
carried out simultaneously, based on the notion that large problems can be divided into smaller
chunks and then operated on concurrently in parallel. Parallel computing can be carried out in
different forms: bit level, instruction level, data level and task level parallel computing. Parallel
computing has been used in high performance computing but there has been an increase in the
interest and now parallel computing is being used wherever possible.

The basic idea behind parallel computing is to write a parallel program that can perform
operations in parallel. The parallel programs are generally complex to develop as one has to take
care of different conditions like race conditions, data dependency condition etc. Challenge also
lies in synchronization and communication among different subtasks.

Parallel computers can be classified according to the level at which the hardware supports
parallelism, with multi-core and multi-processor computers having multiple processing elements
within a single machine, massively parallel processors use many processors to work on the same
task. Specialized processors are sometimes used alongside traditional processors for
accelerating certain class of tasks for specific applications.
3.1.1 Serial programming [15][16]
Typically software written for serial computation has characteristics such as
¢ To be able to run on a single computer with single central processing
unit.
e The main task is broken down into discrete series of instructions.

e Instructions are executed sequentially, one after the other.
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e Only one instruction may execute at any instant of time.

A general scenario of serial computation can be illustrated with Figure 3.1 where the task or the

problem is solved by dividing into instructions that run serially.

problem

1
J |

Figure 3.1 Serial execution of a program [15]

instructions

1

i3 2

3.1.2 Parallel programming
In the simplest way, parallel computing refers to the use of multiple compute resources
to solve a computational problem. The problem is broken into discrete parts and these
parts are provided to the computing units which solve them concurrently. A general
scenario for parallel computation is shown in Figure 3.2 where the problem to be solved
is divided into instructions and multiple instructions are executed simultaneously

depending upon the number of available cores.
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Figure 3.2 Parallel execution of a program [15]

3.1.3 Limitations of serial computing
Physical and practical reasons pose significant limitations for building faster serial
computers:

o Transfer speeds — the speed of a serial computer directly depends on how
fast data can be moved through hardware. Transmission limit of copper wire
is about 9 cm/nanosecond. Increasing speeds necessitate increasing
proximity of processing elements.

e Limits to miniaturization - processor technology is allowing an increasing
number of transistors to be placed on a chip.

e Economic limitations — it is increasingly expensive to make a single
processor faster. Using a larger number of moderately fast commodity
processors to achieve the same (or better) performance is less expensive.

e Modern computer architectures rely on hardware level parallelism to improve
the performance using multiple execution units, pipelined instructions and

multi-core processors.
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3.2 Classification of parallel computers [15][16]

There are different ways to classify parallel computers. One of the more widely used
classification is called Flynn's Taxonomy [38]. Flynn's taxonomy distinguishes multi-processor
computer architectures according to how they can be classified along the two independent
dimensions of instruction and data. These dimensions can only have two states: Single or
Multiple. Flynn's taxonomy defines 4 types of classifications: 1.Single Instruction, Single data
(SISD) 2. Single Instruction Multiple Data (SIMD) 3. Multiple Instructions, Single Data (MISD)
4.Multiple Instruction, Multiple Data (MIMD)

3.2.1 Single Instruction Single Data (SISD)
In SISD computers, only one instruction and a data stream is being operated on a CPU
during one clock cycle. It is the oldest and most common type of computers. It differs from other

types of parallel computers as this is a serial computer.

load A
load B

C=A+B

awy

store C

A=B*2

store A

Figure 3.3 Single instruction single data flow [15][16]
3.2.2 Single Instruction Multiple Data (SIMD)
In this type, all processing units execute the same instruction at any given clock cycle.
Each unit can operate on a different data element. This type of computing is best suited for

problems with high degree of regularity like image processing.
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prev instruct prev instruct prev instruct
load A(1) load A(2) load A(n)
load B(1) load B(2) load B(n) “
3
C(1)=A(1)"B(1) C(2)=A(2)*B(2) C(n)=A(n)*B(n)} |*®
store C(1) store C(2) store C(n)
next instruct next instruct next instruct
S —" e ————— e —
P1 P2 Pn

Figure 3.4 Single instruction multiple data flow [15]

3.2.3 Multiple Instruction Single Data (MISD)

In this type of parallel computer, each processing unit operates on a data independently

through separate instruction streams. A single data stream is fed into multi-processing units.

prev instruct prev instruct prev instruct
load A(1) load A(1) load A(1)
C(1)=A(1)"1 C(2)=A(1)*2 C(n)=A(1)*n §
store C(1) store C(2) store C(n)
next instruct next instruct next instruct
R

Figure 3.5 Multiple instruction single data flow [15]

3.2.4 Multiple Instruction Multiple Data (MIMD)

In this type of parallel computer, every processing unit may be executing a different set of
instructions. Each processing unit may be working with a different data streams. These

executions can be synchronous or asynchronous, deterministic or non-deterministic.
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prev instruct prev instruct prev instruct
load A(1) call funcD do 10 i=1,N
load B(1) x=y*z alpha=w"*3 ~
C(1)=A(1)*B(1) sum=x*2 zeta=C(i) 3
store C(1) call sub1(i,j) 10 continue
next instruct next instruct next instruct
P1 P2 Pn

Figure 3.6 Multiple instruction multiple data flow [15]

3.3 Programming models for parallel computing [15][16]

Programming models for parallel computing exist as an abstraction above hardware and
memory architectures. There are several parallel programming models in use. These models are
not specific to any hardware architecture. Theoretically, any of these models can be implemented
on any underlying hardware. Some of the models are explained in the next few sections.

3.3.1 Shared memory

Tasks share a common address space in this programming model. Mechanisms like
locks / semaphores are used to control access to the shared memory. An advantage of this
model from the programmer’s perspective is that the notion of data “ownership” is lacking, so
there is no need to specify explicitly the communication of data between tasks. An important
disadvantage in terms of performance is that it becomes difficult to manage the data locality.

3.3.2 Threads

Thread programming model is a type of shared memory programming. In this model, a
single process can have multiple execution paths. Threads can be explained using the concept of
a single program that includes a number of subroutines. The main program would have several
subroutines. A number of threads can be created and assigned the task of processing each

subroutine parallely.
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3.3.3 Distributed memory / Message passing

In this model, multiple tasks reside on the same physical machine and/or across arbitrary
number of machines. Tasks exchange data through communications by sending and receiving
messages. Data transfer usually requires cooperative operations to be performed by each
process.
3.3.4 Data parallel model

In this programming model, operations are done on a particular data set. This data set is
organized into common structure, such as an array. A set of tasks, work collectively on different
partitions of the same data structure. A typical scenario for a data parallel programming model is

shown in Figure 3.7.

\ v /
\\ / .
do i=26,50 do i=m,n
A(i)=B(i)*delta A(i)=B(i)*delta
end do end do

—_J
task 1 task 2 task n

Figure 3.7 Data parallel programming model [15]

3.4 Considerations before developing a parallel program

The very first step in developing parallel software is to understand the problem at hand.
Starting with a serial program analysis, one needs to determine which part of the problem can be
actually parallelized. Few points that one needs to consider are the program’s hotspots,

bottlenecks in the program and the inhibitors to the parallelism.
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3.4.1 Program hotspots

The majority of scientific and technical programs usually have most of their work done in
few places. Profilers and performance analysis tools can help to identify these critical hot spots.
Hence the focus should be on parallelizing these hotspots and ignore the sections of the program
that account for less CPU usage.
3.4.2 Bottlenecks

Bottlenecks are the parts and areas that slow down or halt the parallelizable work. For
example, waiting on an 1/O is something that is going to slow down a program. In such cases, a
different algorithm should be used to reduce or eliminate unnecessary slow areas.

3.5 Concluding remarks

This chapter has provided an overview of different parallel programming paradigms,
parallel programming models, limitations, inhibitors and hotspots to be considered while
parallelizing. Next chapter focuses on describing the NVIDIA GPU Programming Model. It
explains, in detail, different modules of CUDA programming model, underlying architecture,
different system calls that will be used and environment considerations one needs to take care of

before using this model for parallel programming.
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CHAPTER 4
NVIDIA GPUS AND CUDA PROGRAMMING MODEL

4.1 GPU computing

Since the beginnings of the last decade, the scientific community has realized the large
amounts of computational power imbedded in the Graphics Processing Units (GPU) that has to
be used. Driven by its power integrated with a massively-parallel and multithreaded many-core
architecture, many areas of science and technology have benefitted by the use of the GPU in
addressing their advanced computational problems, which were previously thought of as
challenging and not feasible [21] [22].

The GPUs are not well suited to solve all types of problems [23], however there are many
kinds of applications that have achieved quite significant speed-up depending on the hardware
platform [21][22]. As seen in Figures 4.1 and 4.2, todays’ GPUs greatly outperform CPUs in their
arithmetic throughput and memory bandwidth and targeting a specific type of applications, which
most often has large arithmetic density i.e. with large amounts of mathematical operations for
memory access. These applications range from audio processing to image and video processing

to bioinformatics and visual computing [23][22].
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Figure 4.1 Memory bandwidth for the CPU and the GPU [22]
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Figure 4.2 Floating point operations per second for the CPU and GPU [22]

To use GPU in solving computational problems, a heterogeneous computing model must
be adopted. It basically combines the multi-core CPU along with a many-core GPU to form a
complete computing environment [24]. In this model as illustrated in Figure 4.3, the CPU is used
for executing the serial portions of the code and to control the flow of the algorithm. The GPU is
used to operate on the data parallel portions of the code that would take up significant amounts of
time when allowed to be processed by the CPU. The model requires the first step to be the
analysis of the problem at hand a priori to identify and separate out the parallel portions from the
serial ones and then modifying the flow of the operations in a proper manner to be able to
process stage by stage accurately and successfully. The serial portions of the algorithms are
written in normal high level programming language functions like C/C++ and the parallel portions

are written in GPU kernels. The C functions are executed on the CPU while the parallel kernels
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4.2 Heterogeneous computing model

are offloaded to the GPU for processing. This flow is illustrated in Figure 4.4.
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Figure 4.4 Problem decomposition for serial parts to be executed on CPU and parallel parts to be
executed on the GPU [25]

4.3 Compute Unified Device Architecture

CUDA was introduced by NVIDIA in 2006 and is the parallel programming framework for
general purpose computations. To make applications parallel, CUDA allows developers to

program in C/C++ with some extensions and poses a low learning curve for programmers already
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familiar with these programming languages. The extensions include allocating memory on the
GPU, copying data back and forth from GPU to the CPU, making an abstraction for processing
data in parallel on the GPU and synchronization and also for communicating between the threads
executing in parallel [26].

4.3.1 Programming model

The parallel code, which gets executed on the GPU, is written as a function which is
referred to as a kernel. When the kernel is launched, many threads share the same code and
they start executing in parallel. All the threads which are launched are referred to as grid and the
grid is divided into blocks of threads. A block of threads is a group of threads which is executed
about the same time on the GPU. They have a shared memory for communication and fast
access to the data between the threads, and it is also possible to synchronize execution between
the threads. The number of threads per block and the number of blocks per grid are important
decisions when programming using the CUDA framework since it affects the performance.

CUDA provides built-in variables for accessing the thread index and the block index for
the thread. These variables can be used in the CUDA kernel code to make each thread operate
on different parts of the data. The thread blocks are scheduled on the GPU by the hardware and
it is not possible to know when the thread blocks are executed in relation to one another. Hence it
is important to organize the threads such that each thread block can execute independent of each
other and thus the results of the computations do not depend on the execution order,

synchronization or communication between thread blocks as shown in Figure 4.5 [26][27].
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Figure 4.5 Thread grouped into blocks [27]

4.3.2 Scalability

CUDA addresses the situation of increase in the number of cores on the processors by
scaling the parallelism of an application. CUDA provides a hierarchy of thread groups as an
abstraction to the programmer, and the programmer needs to decompose the problem into sub-
problems which can be solved by a block of threads independently from other thread-blocks.
This enables automatic scalability when the CUDA program is executed on different GPUs. When
the program is executed on more cores, the run time environment schedules more CUDA blocks
to be executed concurrently. Each CUDA block can be executed on any core and in any order.
Thus, a CUDA program can scale across a wide range of different GPUs.
4.3.3 Memory model

The memory hierarchy of the GPU is similar to the most regular desktop CPUs. There is
large chunk of off-chip RAM (Random access memory) called the global memory and small
amount of fast on-chip memory known as shared memory. None of this memory is cached

[24][25]. This memory model is illustrated is illustrated in Figure 4.6 [27].
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Figure 4.6 CUDA memory hierarchy [27]

4.3.3.1 Global memory

Data which are transferred from the host CPU to the GPU device are first copied to the
global memory. This is the memory space on the GPU with the biggest size, and the highest
latency. It is accessible by all the threads and thread blocks, and hence useful for storing large
amounts of data and data that is needed to be accessed by all the threads in the different thread
blocks.

4.3.3.2 Shared memory

Shared memory is on chip fast memory with access latency which can be 100 times
lower than the access latency of global memory. The shared memory is used to speed up the
computations with fast memory access and for inter-thread communication between threads

within a block.
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4.3.3.3 Local memory

Local memory is allocated in the global memory and is private for each thread. The local
memory is used for arrays and data structures which are too big for registers or when the
registers are not available. Local memory has the same latency and memory bandwidth as those
of global memory.

4.3.3.4 Constant memory

Constant memory is a small chunk of cache memory residing on each multiprocessor.
The main advantage of having this memory is the fast access due to its low latency. Constant
memory can be read and written from the host CPU, but it is readable only by the threads running
on the device.

4.3.3.5 Texture memory

Texture memory can be read and written from the host, but it is only readable from the
device. It is capable of linear interpolation for one, two and three-dimensional arrays stored in the
texture cache memory.
4.3.4 Execution model

Threads are scheduled and executed in groups of 32 threads called as a warp. All
threads in a warp start at the same address in the CUDA program and are executed concurrently
in the hardware. Each thread in a warp has a separate instruction counter and maintains its own
register state. Thus it can branch out and execute independently of the other threads in the warp.
4.3.5 Performance considerations

The multiprocessor maintains the state of execution contexts such as program counters
and registers for the whole time of a warp. Context switches between different warps of threads
can be executed very fast by the hardware with no overhead.

4.3.5.1 Grid size and block size

The size of blocks per grid and size of the threads per block are important factors when

programming CUDA. The size of a block can be one, two or three dimensional and the size of the
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grid can be one or two dimensional. The multidimensional aspects of the blocks and grids are
used for allowing more easy mapping of multidimensional data structures to CUDA and do not
affect performance.

4.3.5.2 Data transfer between host and the device

The bandwidth between host and device is much lower than the bandwidth between the
GPU and the device memory. Hence the data transfer between the host and the device should be
minimized. Sometimes it may be preferable to run kernels on the GPU which do not show better
performance than running the same computations on the CPU, if it reduces the amount of data
transfer between the host and the device [27].

4.3.5.3 Divergent Warps

Threads are executed in groups of 32 threads. This group of threads is referred to as
warp and is executed at the same time on the hardware. Performance can be maximized if each
warp of threads should follow the same execution path. This is because threads can only run in
parallel on the hardware as long as their execution paths do not diverge. Control statements like
“if”, “while” or “for” cause the threads within a warp to follow different execution paths. In such
situations, the hardware cannot execute the different execution paths in parallel and they need to
be serialized. Hence, branching in the code can result in divergent warps which should be
avoided at all times [27].

4.4 Concluding remarks

This chapter has introduced the NVIDIA GPU architecture. It explains all the details about
the same and its memory hierarchy, execution model and CUDA programming model. Different
performance considerations are also explained in this chapter. The next chapter focuses on the
experimentation, description of the motion estimation algorithm and the results. Different plots

provided in the next chapter show a 50% reduction in the encoding time.
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CHAPTER 5
ALGORITHM, IMPLEMENTATION AND RESULTS

5.1 Motion estimation algorithm

The temporal prediction technique used in H.264 is based on motion estimation. The
basic idea behind motion estimation is that in most of the cases, neighboring and consecutive
video frames are similar except for the changes produced by the objects moving within the
frames. The process involves selecting a prediction region, generating a prediction block and
subtracting this from the original block of samples to form a residual. The macroblock to be
predicted can range in size from a complete macroblock 16 x 16 to 4 x 4 sub-blocks. The main
idea is to find a block in the reference frame that closely matches the block in the current frame
which is being predicted as shown in Figure 1.1. This is also known as the block matching
process. To achieve this, H.264 reference software JM 16.0 [32] uses several algorithms and one
such algorithm is the full-search algorithm.

On performing the time profiling, it is found that motion estimation alone takes around
90% of the time and it is the most dominating module within H.264. The intra prediction operation
takes up to 2 %, transforms and quantization take up around 5% and rest of the portion like
variable length encoding and frame statistics take up close to 3% of the total encoding time.

Motion estimation is the most compute intensive part of H.264. This is shown in Figure 5.1
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Figure 5.1 Time profiling of H.264 encoding operation
The block matching algorithm used in H.264 divides current frame into equal size blocks
also known as the source block. The objective of this algorithm is to find a candidate block in the
search region best matched to the source block. The relative displacement between a source

block and its candidate blocks are called motion vectors. This process is illustrated in Figure 5.2.

ideo Sequence

The reconstructed The current frame
reference frame

Figure 5.2 Block matching between reference frame and current frame
X: source block for block matching, B,: search area associated with x, MV: motion vector

Because the search is performed for all blocks of the current frame in the reference
frames confined within a search range, it is highly compute intensive. In determining which block
in the search area of the reference frame best matches for the block in the current frame, the

difference between the two blocks is taken and the block that provides lowest difference is
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chosen. This method is known as the sum of absolute difference (SAD) computation. The
equation 5.1 [30] gives all the parameters to calculate SAD. In this equation, I,; (m, n) is the pixel
value at (m, n) in the reference frame and I, (m + dx, n + dy) is the pixel value at (m, n) in the
current frame and dx, dy are the motion vectors in horizontal and vertical axes, N represents the

search range (default value is 32),

Xx+N-1y+N-1
SAD (dxdy) = Y. DIl (mn)=1,_ (m+dx,n+dy)| (5.1)
m=x n=y
(MVy, MVy) = min SAD(dx, dy) (5.2)

The motion-estimation algorithm in H.264 reference software allows selecting the search range to
either 8 or 16 or to a maximum of 32. Larger the search size, more the computations and better
the selection on the best matching block. Figure 5.3 shows the search area and the candidate

block.

:.. v

motion vector

original
macroblock

best matching
macroblock

search
window

Figure 5.3 Search area and the best matching candidate block
The standard flow for the motion estimation is shown in Figure 5.4. The process starts with
dividing the frame into 16 x 16 and then depending on the mode that is selected through the
configuration, the frame is divided further into 8 x 8 or other sizes supported by the JM software.
The searching loop takes a set of 8 x 8 blocks and searches for the best matching block by
computing the SAD between the current frame and the reference frame. Motion vectors are then

obtained once the most matching block is found out. As this whole process is computationally
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complex process, several attempts have been made to reduce the complexity. Authors in [41]
considers pyramid algorithm for the motion estimation. The authors consider motion vector
predicted to calculate the SAD cost. It has been reported that there is slight degradation in the
video quality. Rate-distortion is performance is not shown and there is no mention of how the
encoder performs in terms of the video quality and bitrate. The authors in [40], proposed a multi-
pass motion estimation algorithm. In this process, SAD is generated in two passes. The main
advantage of this method is that approximately 6 times speed up was achieved. Again the focus
is only on speed but rate and distortion performance are not considered. Similar work in [42],[44],
have attempted to reduce the complexity by utilizing different algorithms and techniques. The
main issues with the earlier work are that, they only consider speed up. Also, the rate-distortion
performance is not shown.
5.1.1 Theoretical estimation

In order to estimate the performance gain that can be obtained after parallel processing
motion estimation can be theoretically predicted using Amdahl's Law. Amdahl's law states that, if
P is portion of the code that can be made parallel and (1-P) is the portion of the code that cannot
be parallelized, then the amount of speed up that can be achieved is given by

1

- 5.3
(1-P)+ % &9

In the H.264 encoder code, motion estimation accounts to approximately 2/3" code. According to
the Amdahl's law, if code this is parallelized on a machine with 96 cores, then the approximate
speed-up that can be achieved is close to 2.2 times or 55% time reduction.

In this thesis, three techniques are used to address the issues of motion estimation
dominating other processes, degradation in the video quality and increase in the bitrate. CUDA
programming is utilized in order to map SAD calculation to the GPU and threads are created per
block and not per pixel. This aids in the process and keeps the encoder scalable. Utilize a better

search algorithm to maintain video quality. Combine SAD costs to save bitrate. Along with these
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techniques, shared and texture memory of the GPU is utilized for faster memory transfer since

shared and texture memory are the on-chip memories.
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Figure 5.4 Motion estimation flow
From Figure 5.4, it can be seen that the searching loop takes a set of 8 x 8 sub blocks,
compares this particular block with the reference frame within the search range and computes the

SAD and also the motion vector. This process can be broken down into discrete tasks and made
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parallel. The outer loop of motion estimation involves lot of memory transfer and memory
references since the block undergoes division and storage. This loop is not chosen for
parallelization. Therefore, in this thesis, focus is on parallelizing the search loop by modifying the

motion estimation flow. The modified flow diagram is shown in Figure 5.5.
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Figure 5.5 Modified flow diagram for motion estimation
The main idea in this thesis work has been to minimize memory references and make the
thread block creation dependent on the image frame. Memory transfer rates between the host
and GPU device poses a bottleneck for the speed-up that can be achieved. Advantages of
shared and texture memory of the GPU are considered while implementing the motion estimation

process parallely. Shared and texture memory reside on the chip and the access to these is
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faster as compared to the access to the global memory of the GPU. So instead of transferring the
data to the global memory of the GPU, data is transferred to the texture memory of the GPU. This
texture memory is cached into shared memory. The threads have direct access to the shared
memory. This aids in significant increase in the speed up. To minimize the bitrate, SADs for 4 8 x
8 blocks are combined into a single 16 x 16 block. And to enhance the video quality, according to
the studies done in [30], exhaustive full search algorithm is known to provide the best possible
video quality and this is chosen as the motion estimation block matching algorithm. This
exhaustive full search algorithm is highly computational, but chosen as it provides the best
performance.

Figure 5.4 depicts the search region and the candidate block that provides the best
match. From the figure, Rx and Ry are the search ranges in X and Y directions. For a macroblock
of size N x N, the total number of operations to find out the best matching block by computing
SAD is N® x (2R + 1)> and the number of operations increase enormously when a larger search

area is chosen.

B | |

(Curfent block |

Figure 5.6 Search area and the candidate block [30][31] [32]
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Figure 5.7 Search depiction for 352 x 288 CIF video [31]

This thesis aims at implementing the calculation of SADs algorithm on NVIDIA GPU hardware to

harness its processing power. The modified pseudo-code for the motion estimation is given in

Figure 5.6.

Motion-Estimation (CurrFrame, RefFrame)
B « No. of macroblocks in frame
While B # NIL
Divide 16 x 16 macroblock into 4 8 x 8 blocks
Block Ids to sub-blocks A1, A2, A3, A4
Motion_Vector « (0, 0)
While column range
While row range

SAD1 « COMPUTESAD (A1, CurrFrame, RefFrame) Offload to GPU
SAD2 « COMPUTESAD (A2, CurrFrame, RefFrame) to process in
SAD3 « COMPUTESAD (A3, CurrFrame, RefFrame) parallel

SAD4 < COMPUTESAD (A4, CurrFrame, RefFrame)

SAD«SAD1 + SAD2 + SAD3 + SAD4 |
If SAD < previous SAD

MBLOCKSAD « SAD
Motion_Vector« [MV]

Figure 5.8 Pseudo code of a section of modified motion-estimation algorithm

The strategy that has been adopted in this thesis is to offload all the computations that calculate

SAD to the graphics processor that executes all the functions given to it in a parallel fashion and

returns the result back to the host Intel CPU which continues with the encoding operation. By
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doing this operation, there is a significant reduction in the total encoding time. For each SAD
calculation, threads are invoked that do the calculation. The process of SAD implementation can
be explained from the pseudo code of the motion estimation. The motion-estimation module first
obtains the number of macroblocks of size 16 x 16 which is then divided further into 8 x 8
subblocks. Based on this, for a 352 x 288 frame, there will be 1584 threads created. Block Ids are
then assigned to the sub-blocks. The next part is the calculation of difference of the pixel values
for the block that resembles the reference block the most. There are four SAD compute functions
for each 8 x 8 sub-block. Then add all the SADs obtained to find the SAD of the 16 x 16
macroblock. This value is then compared to SAD previously computed for the macroblock and the
value is replaced if it is less than the previously computed value. After the computation of SAD,
motion vectors are calculated in a standard fashion according to the underlying algorithm.

5.2 Prediction structure [1][2]

The H.264 standard provides several options for the selection of reference pictures for inter
prediction. Figure 5.7 shows a prediction structure in which there are only | and P frames. This is
the low delay, minimal storage profile known as the Baseline profile. There are no B slices in the
Baseline profile as shown in Figure 2.14.

The very first frame is coded as an | slice and all subsequent frames are coded as P
slices. Since P slices are predicted from previous frames, the efficiency of the prediction is quite
low as only one prediction direction and one reference are allowed for each frame. The main
objective of using this type of prediction structure is to keep the latency as less as possible. |
slices can be inserted in between several P slices at regular intervals so as to limit the

propagation of the transmission errors and to enable random access to the coded sequence.

Figure 5.9 Prediction structure for low delay, random access applications
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5.3 Performance Metrics [33]

The results are analyzed and compared in terms of change in the encoding time (A Time),
change in PSNR (A PSNR), change in bitrate (A bitrate) and change in SSIM (A SSIM) [10]. A
conclusion is drawn finally based on the results obtained from the reduction of the encoding time
using task based and data based parallelism.

5.3.1 % Time reduction

Computational efficiency is measured by the amount of the time reduction in the
encoding which is computed as follows:

% Ti ducti Time taken by reference software — Time take by optimized software 100
ime reduction = - *
0 Time taken by reference software

5.3.2 % Bitrate

Bitrate (kb;ts) by reference software — Bitrate (kbslts) by optimized software
Abitrate(%) = bt * 100
Bitrate ( 5 ) by reference software

5.3.3 4 PSNR [33]

PSNR(dB)by reference software — PSNR(dB)by optimized software
*

APSNR (%) =
(%) PSNR(dB)by reference software

100

5.3.4 4 SSIM [33]

SSIM by reference software — SSIM by optimized software

ASSIM (%) =
(%) SSIM by reference software

5.4 Encoding specifications

The inputs to the encoder are the raw videos. The video sizes vary and generally the formats like
CIF (Common Intermediate Format) are used in video conferencing systems. QCIF means “
Quarter CIF”, which has one fourth of the area as that of CIF. The resolution of CIF is 352 x 288

and that of QCIF is 176 x 144. Figure 5.8 shows these formats.
52



283 lines / 2 v 176/ 2 s
&~ > g A
44 B
%« 1 ’/// 144 //‘

lines lines
360 pels 180 pels 180 pels
2 - 124 —
P
e % A
144 //// // L3 5!
1 z / / - / /7 /
nes / / // /] 7 A A 7 L /
B Z //// //// hn;s / // lines CEHA
180 pels 90 pels 90 pels
Y G, C,

Figure 5.10 CIF and QCIF formats

The various CIF and QCIF sequences [36] are used with a frame rate of 25 frames per
second. Comparison is done with the results of original JM 16.0 reference software [32] and the
results obtained on optimizing the software are shown based on the different metrics like total
encoding time, PSNR, bitrate and SSIM.
5.4.1 Configuring parameters and hardware specifications

5.4.1.1 Software

GOP structure is IPPP (No B frames), search range used for motion estimation is set at
32 for both CIF and QCIF,QP (quantization parameter) values are varied as 25 and 30. Number
of reference frames set to 5 and a total of 100 frames are encoded.

5.4.1.2 Hardware

The host processor is the Intel ® Core i5 CPU running at clock frequency of 2.3 GHz. The

total RAM is 4.0 GB. The graphics processor used is NVIDIA GeForce GT 550M with CUDA 5.0

53



programming model. The details of the graphics processor are given in Figure 5.9.
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5.4.2 Preview of the test sequences [35]

The test sequences used in this thesis are:

MPEG4
WORLD

Akiyo Carphone News

N

“

Container Foreman

Figure 5.12 Preview of the test sequences [35]
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5.5 Results

5.5.1 Results for QCIF and CIF video sequences

Table 5.1 Simulation results for QCIF video sequences for QP of 25

Test Sequence % Time reduction APSNR Abitrate ASSIM
Akiyo 51.17 0.0112 0.012 0.0214
Carphone 48.11 0.0356 0.007 0.0215
News 51.07 0.0244 0.087 0.010
Container 50.87 0.067 0.0144 0.032
Foreman 52.12 0.0981 -0.0156 0.0117
Table 5.2 Simulation results for CIF video sequences for QP of 30

Test Sequence % Time reduction APSNR Abitrate ASSIM
Akiyo 49.33 0.011 0.054 0.015
Carphone 46.94 0.019 0.008 0.0053
News 48.15 0.015 0.012 0.0052
Container 48.98 0.026 0.0144 0.0105
Foreman 50.078 0.013 0.009 0.0106
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5.5.2 Comparison of average encoding time

Comparison of average encoding time for QCIF sequences
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Figure 5.13 Comparison of encoding time for QCIF sequences
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Figure 5.14 Comparison of encoding time for CIF sequences
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5.5.3 Rate-distortion comparison for QCIF video sequences
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Figure 5.15 Rate-distortion plot of Akiyo sequence before and after optimization
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Figure 5.16 Rate-distortion plot of Carphone sequence before and after optimization
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Figure 5.17 Rate-distortion plot of News sequence before and after optimization
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Figure 5.18 Rate-distortion plot of Container sequence before and after optimization
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Figure 5.19 Rate-distortion plot of Foreman sequence before and after optimization
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5.5.4 Rate-distortion comparison for CIF video sequences
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Figure 5.21 Rate-distortion plot of Akiyo sequence before and after optimization
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Figure 5.22 Rate-distortion plot of News sequence before and after optimization
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Figure 5.23 Rate-distortion plot of Carphone sequence before and after optimization
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Figure 5.24 Rate-distortion plot of Container sequence before and after optimization
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Figure 5.25 Rate-distortion plot of Foreman sequence before and after optimization
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5.6 Discussion

The objective of this thesis is on reducing the complexity of the encoding process by
splitting the tasks between the host CPU and dedicated GPU. In order to be able to split the tasks
between CPU and GPU, there exist hot spots or portions which have to be identified. Once the
portions feasible for parallelization are identified, they are offloaded to GPU for parallel
processing.

The video sequences [36] used in this thesis are application specific. The Akiyo
sequence is rich in detailed still scenes useful for e-Learning type of applications which often time
are highly detailed. The Foreman sequence is rich in facial expression and lip-movements useful
for video conferencing type of applications. The Container is a sea-based video with
redundancies and slow motion. The Carphone is again rich in motion in central part of the video
again useful for video conferencing. The News is rich in motion and lot of lip-movement. It is
challenging for any video encoder to encode videos which involve lot of motions and in turn
increase the complexity. Computational complexity can be categorized based on the amount of
resources required for the execution, number of interactions of various elements in the software
or the amount of time or the speed with which a task is completed.

From the Tables 5.11 and 5.12, it can be observed that the time taken for the encoding
operation after GPU implementation is almost 50% less than the standard reference CPU
implementation of JM 16.0 [32] thereby reducing the time complexity. There is very less
performance loss due to the parallelization as various modules of H.264 reference software are
not modified and use the same computational logic that is used in the sequential version. From
Figures 5.13 to 5.17, it can be observed that the there is a slight reduction in the PSNR value
owing to the parallelization but the amount of reduction is of the order 0.1 dB which is insignificant
considering the time gain that is obtained on parallelization. The amount of encoding time gain
varies on the characteristics of the video. For a video with lots of motion, the encoder spends a

significant amount of time on finding the best macroblock match between the reference and
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current frames. For a video with less motion, it is fairly easy for the encoder due to the redundant
information and the time for finding out the macroblock match is less. The H.264 JM software [32]
also employs motion vector reuse techniques which reduce the bitrate.

Along with the reference software, the optimized results are also compared with standard NVIDIA
CUDA H.264 Encoder. The results show that the optimized encoder performs very close the
NVIDIA encoder as the NVIDIA encoder is highly optimized at all levels of H.264 and not just
motion estimation. The SSIM performance of the optimized software is quite close to the
reference software and even better than NVIDIA encoder in some cases.

As mentioned earlier, in this thesis, a variety of videos with different motion
characteristics are used for a fair comparison. The implementation strategy used in this thesis is
scalable. The optimized encoder can be used across various video resolutions viz. QCIF, CIF,
4ACIF, 720p, 1080p.

With parallelization there are certain limitations. Since all the threads work in parallel, in
case when the SAD value till kt" row (k<8) exceeds the current SAD, then there is no need to
compute further. But due to the concurrent processing, no best SAD is available until the thread is
done calculating. The search range is one of the important controlling factors for the performance.
With a lower search range, faster calculation for motion estimation can be seen since less search
range implies fewer numbers of blocks to be searched for. This search range cannot be modified
while encoding is in progress. Search range cannot be made adaptive.

As this is a hardware implementation, performance also varies on the type of hardware used to
run the software. With a device of higher computing capability, a better performance can be seen.

5.7 Concluding remarks

This chapter has provided the in depth details on the motion estimation and the amount
of resources used by this operation in the encoding process. It then presents and discusses the
results of the CPU and GPU implementation. From the different plots presented in this chapter, it

is clear that the optimized software provides nearly 50% encoding time reduction. Next chapter
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concludes the thesis based on the analysis of the results and goes on to provide details on the

extensions to the work done in this thesis.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
6.1 Conclusions

Due to the high level of computations involved in H.264 in general and motion estimation
in particular, significant speed-up was achieved on GPU using CUDA and CPU combined than on
CPU by data and task parallelization. As shown in Chapter 5, the implementation brings about
50% reduction in the encoding time with very less degradation in the video quality as compared to
the standard reference software JM 16.0 [32].

From Tables 5.11 and 5.12, it can be observed that there is close to 50%
encoding time reduction with negligible loss of PSNR and SSIM, with paltry increase in bitrate
and compression ratio.

Figures 5.13 through 5.17 provide the plots for the variation of PSNR versus
bitrate. The simulations were performed on both CIF and QCIF sequences. The quantization
parameter (QP) was varied and 25 and 30 were chosen for the simulations. Figure 5.18 provides
the SSIM values and it can be seen that there is a negligible reduction in the SSIM value and
hence the quality is almost the same compared to the output of reference software.

Massively parallel processing, though, it provides huge time gains, it is often very
complex to implement due to the data dependencies involved. This technique may not provide
desirable results if the task under consideration cannot be divided into discrete individual
problems but highly applicable when the task can be broken down into discrete problems that can
be operated on parallely. Along with the strategy used in this thesis, a further speed up can be
achieved if the group of pictures are processed parallely. But it will be difficult to break down the

data due to the dependencies and operate on them as it may be required to transfer data back
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and forth from CPU to the GPU and this transfer is going to be a serious bottleneck to the
performance due to the limited data transfer rate between the host CPU and GPU.

With a little modification in the code, the approach used in this thesis can be made
scalable to better hardware and higher video resolutions.

6.2 Future work

This thesis is based on the idea of data-parallelism by dividing data and operating on
them using the GPU. The thesis has focused on motion estimation part of the H.264 encoding.
There are several other parts of H.264 that can be parallelized like arithmetic encoding or filtering.
The speed up achieved in this thesis also depends on the type of GPU used. If a better GPU can
be made use of, then that would provide more time gain. As H.264 has several modules like Intra
prediction, transform, deblocking filtering, all these modules can be parallelized but it will be a
challenging process.

There are several algorithms [30] that can be used for motion estimation like
three step algorithm which can be used to decrease the encoding time. These algorithms can be
incorporated into H.264 encoder and later the encoder can be broken down into discrete tasks for
parallelization, which would give more time gain.

The next generation video coding standard High Efficiency Video Coding [45], currently
under development, is known to be highly complex, much more than H.264. HEVC can be
implemented using CUDA programming and attempts can be made to reduce the complexity.

This thesis focused only on the Baseline profile of H.264. Similar work can be carried

further for High and Main H.264 profiles.
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