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Video Codec Optimization for Dual-core Architectures

student : Chien-Tang Tseng Advisors : Dr. Chun-Jen Tsai

Department ( Institute ) of Computer Science and Information Engineering
National Chiao Tung University

Abstract

In this paper, we propose a dynamic task partitioning framework on dual-core
architecture (RISC and DSP) for thet MPEG-4 .Simple Profile video codec. Using a
dynamic task scheduler, an efficient . dynamic partitioning framework of video encoder
algorithm on dual-core architecture are developed.: Existing practices of embedded
software development on a dual-core platform either-assign a subtask to the RISC core
or the DSP core. However, since new generations'of RISCs are powerful enough for
computationally intensive task as well, the proposed framework will invoke both the
RISC and the DSP cores in parallel to complete a single subtask in a tightly-coupled
manner. To alleviate the communication overhead between the two cores, DMA is used
to transfer data between the MCU and the DSP. From the experiments, it is shown
that the proposed approach achieves higher performance than the conventional
approach where only one of the cores (either MCU or DSP) is used for each subtask.
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Chapter 1 Introduction

MPEG-4 Simple Profile (SP) is a visual coding standard which is suitable for low
bitrate, low delay applications such as those for mobile phones. The hardware
architecture of a mobile phone is usually composed of a MCU for light-weight control
tasks plus a DSP for computationally intensive tasks. DSP has been a crucial
component in mobile devices due to its excellent power/performance ratio for signal
processing tasks. However, new generations of mobile multimedia applications
involves complex blending of sophisticated control tasks and data-processing task. In
the meanwhile, the capability of the RISC core in the MCU has become more and more
powerful. Therefore, executing the whole signal processing tasks on DSP alone may not
be the most cost efficient ways anymore.

In this thesis, a dynamic task-partitioning dual-core framework for MPEG-4 video
SP encoder is presented. The TI OMAP processor comprised of a 16-bit DSP and a
32-bit RISC ARM core is used as.the target.architecture. The efficiency of the proposed
system is obtained by utilizing both processor, cores-in parallel to complete each codec
task (e.g. motion estimation). The ratio of task division between the RISC core and the
DSP core is determined dynamically at runtime by a control module. In order to
reduce the transfer overhead between.the RISC.core and the DSP core, a DMA is used
to move the data among various memory banks.

The organization of this thesis is as follows. In the rest of chapter 1, the
architecture of the TI-OMAP 1510/5910 processor and the PSI Innovator development
board used in this thesis is introduced. Chapter 2 presents some previous works on
dual core implementation of media codecs. The proposed dynamic task-partitioning
dual-core framework will be described in chapter 3. Chapter 4 discusses the
implementation of some of the codec modules using the hardware extension of the Tl
C5510 DSP core. In chapter 5, some experiment results are reported. Finally, chapter 6,
conclusions and future work will be given.

1.1 Introduction to the OMAP 1510 platform

As the wireless industry moves into a new century of differentiated services,
developer are seeking for better platforms for developing 2.5G and 3G wireless
applications. The Open Multimedia Application Platform (OMAP) which combines



high-performance, power-efficient processor cores with easy-to-use, open software
architecture is an intriguing platform for new mobile multimedia applications. These
features provide a powerful hardware and software foundation for the development of
innovative applications, and they help simplify development and thus save
time-to-market for new embedded system products.
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Fig 1 The Innovator-OMA! “ deyelopment board made by PSI

The OMAP1510 device is “efficient‘inmperforménce and power consumption for
wireless multimedia devices. The ARM core is Well suited for handling control code,
such as user interface, OS and applications: The DSP core is better suited for real-time
multimedia signal-processing.

The C55x DSP core architecture includes some extensions of the core functions
for multimedia-specific operations. C55x devices are the first family of TI DSPs with
such core-level multimedia extensions. The extensions include, Motion estimation,
discrete cosine transforms (DCT/IDCT), and pixel interpolation. Software developers
access the multimedia extensions through coprocessor-specific instructions that have
been added to the general C5500 instruction set. The combination of coprocessor and
general arithmetic instructions will get efficient execution and better performance.
These features will be examined in our implementation.

The OMAP1510 device, shown in Fig. 1, is based on two integrated
microprocessor cores: a C55x DSP and a high-performance ARM 9 core. There are on
chip caches for both processors which can reduce average fetch times to external
memory and eliminate the power consumption of unnecessary external accesses. And
the memory management units (MMU) for both cores provide virtual-to-physical
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memory translation and task-to-task protection. Low-power operating modes are
available to conserve power during periods when the OMAP device is not used
frequently or is not in use.

OMAP Core Timer (x3)
WDT
5« D3P |- | Interrupt controller
N Subsystem McBSP (x2)
—
I l GPIO
DMA ]‘7 — UART

Traffic controller | Tl-Enhanced sibox
Flash Memory I/F ) ARMI25 [
— Subsystem

SRAM Tirmer (3)
WwWDT
RTC

Interrupt controller
- - ‘ UART 12C HOST
[ LCD Controller J L Frame buffer __,| USB Host/Client Camera |{F
/ McBSP Memory Stick
SDMMC

Fig 2 OMAP 1510Architecture

In embedded systems, the- I/O bottleneck. is an important issue. The OMAP
platform adopts many techniques for improved I/O performance. There are two external
memory interfaces and one single internal_memory-port in the OMAP platform. The
first external interface supports a‘direct connection.to synchronous DRAM at up to 100
MHz; and the second external interface supports standard asynchronous memories
systems such as SRAM, FLASH or burst Flash devices. This interface is typically used
for program storage and can be configured as either 16- or 32-bit wide. The internal
memory port allows direct connection to on chip SRAM or embedded Flash memory
and can be used to save time and power for frequently accessed data, such as critical
OS routines or the LCD frame buffer. Finally, all three interfaces are completely
independent and allow concurrent access from either cores or the DMA units.

The OMAP platform also contains many interfaces for connecting to peripherals or
external devices. Each processor has its own external peripheral interface, which
supports both direct connections to peripherals and DMA from the processor's DMA
unit. The local bus interface is high-speed and bi-directional, and the controller of the
bus can be used to connect to external peripherals or additional OMAP devices.
Additionally, a high-speed access bus is available to allow an external device to share
the main OMAP system memory, both external and internal. And in order to support
common OS requirements, the OMAP platform includes on-chip peripherals such as
timers, general-purpose 1/0, a UART, and watchdog timers. A color LCD controller is

3



also included to support a direct connection to the LCD panel. The ARM DMA unit
contains a dedicated channel used to transfer data to the LCD controller from the frame
buffer, which can be allocated in either the external SDRAM or the internal SRAM.
The follow functional block diagram shows the detail architecture of OMAP
architecture.
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Fig 3 OMAP 1510 function block diagram

The OMAP platform includes an open software architecture that is needed to
support application development and provide a dynamic upgrade capability for
heterogeneous multiprocessor system designs. This architecture includes a framework
for developing software, which targets system design and application programmer
interfaces (API) for executing software on the target system. Additionally, in order to
simplify software development, the DSP software architecture was abstracted from the
general-purpose programming (GPP) environment. In the OMAP platform, this
abstraction is accomplished by defining an architectural interface that allows the GPP to
be the system master. And the DSPBridge interface consists of a set of APIs that
contain device driver interfaces which called DSPBridge interface. In our own design,
the architecture of DSPBridge interface has been referenced and thus implement our
proposed codec on dual-core architecture OMAP platform.
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1.2 Introduction to MPEG Video Codec

MPEG stands for "Moving Pictures Experts Groups™. It is a group working under
the directives of the International Standards Organization (ISO) and the International
Electro-Technical Commission (IEC). The groups work concentrates on defining
standards for the coding of moving pictures, audio and related data. MPEG video
compression is used in many current and emerging products. It is at the heart of digital
television set-top boxes, DSS, HDTV decoders, DVD players, video conferencing,
Internet video, and other applications. These applications benefit from video
compression in the fact that they may require less storage space for archived video
information, less bandwidth for the transmission of the video information from one
point to another or a combination of both.

MPEG-1 defines a framework for coding moving video and audio, significantly
reducing the amount of storage with minimal perceived difference in quality. In
addition a System specification defines how audio and video streams can be combined
to produce a system stream. This‘forms the basis.of the coding used for the VCD format.
MPEG-2 builds on the MPEG-1"specification, adding further pixel resolutions, and
support for interlace picture, better. ‘error recovery: possibilities, more chrominance
information formats, non-linear macroblock quantization and the possibility of higher
resolution DC components.

MPEG-4 is good for both low and high bit-rate applications, since it has good
error resilient coding and is capable of handle high quality video. The error resilient
coding and low bit-rate capabilities can be utilized for instance in mobile phones or
handheld computers with a wireless network connected to it. Other areas of usage can
be where you want both high and low bit-rate video, like on the web, where you want to
show a movie to the visitors.

Following MPEG-4 is the not yet finalized standard MPEG7. Metadata is added
to the content of the multimedia, that is names or labels are added to the objects
introduced in MPEG-4. This will allow advanced searching for certain content within
an MPEG-7 encoded media. With the ever so fast growing amounts of available media
this will become necessary sooner or later. There are drafts and proposals for the
standard but it has not yet been finalized. MPEG-21, the work on this standard started
in June 2000. It is aimed to identify and define the key elements needed to support the
multimedia delivery chain.



MPEG-4 provides a large and rich set of tools for the coding of audio-visual
objects. In order to allow effective implementations of the standard, subsets of the
MPEG-4 Systems, Visual, and Audio tool sets have been identified, that can be used for
specific applications. These subsets, called ‘Profiles’, limit the tool set a decoder has to
implement. For each of these Profiles, one or more Levels have been set, restricting the
computational complexity.

Generally speaking, MPEG-4 Simple Visual Profile provides efficient, error
resilient coding of rectangular video objects, suitable for applications on mobile
networks. It consists of several modules, including intra coding (I-VOP), inter coding
(P-VOP), motion compensation, resynchronization, variable length coding (VLC). And
it is compatible of H.263 baseline coding.

Fig 4 is the block diagram of a MPEG-4 encoder. The details functionality of the
blocks is described in the following paragraph.

m
Q VLC Buffer

Scan

Input
Pictures

Motion
Compensation

Motion
Estimator

U/

Coding
Mode
Decision

Framestore

Memory

Fig 4 MPEG4 encoding scheme

The “DCT” block stands for “Discrete Cosine Transform”, which is a function that
transforms image data in YCbCr format into frequency domain representation. After the
transform, the same information is presented in a form that is more suitable for
compression. In effect, the image is represented in a range of frequency components,
where higher frequency components denote ‘sharper' edges and changes in the image
and lower frequency components denote more gradual changes in the image.

The “Q” block stands for “Quantization”, which is a process whereby values after
the DCT block are divided by the quantization factor. The higher the factor, the higher
the compression ratio (and lower the image quality). The quantization factor is either
selected by the user or by the automatic rate control algorithm that is responsible for
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ensuring that the amount of data generated by the encoder is within the bounds set by
the transmission channel or storage device. The general aim is to provide the best image
quality that is permissible by the transmission channel or by the video quality selected
by the user on a storage device. The coefficients divided by the quantization factor are
then rounded according to certain rules, and as a result the higher the quantization
factor, the more often the result of the division is zero. This phase in the process causes
data rates to drop dramatically because the higher frequency components (depending on
the quantization factor and the image content) end up being rounded to zero. The
benefit of carrying out the quantization in the frequency domain, as opposed to in the
XY spatial domain, is that discarding the higher frequency components compromises
the sharp edges and contrast of the image (more or less depending on quantization),
which, when done within reason, is not easily perceived by the human eye.

Motion estimation is an important part of the codec. Whereas DCT and
guantization serve to compress the spatial aspects of one frame, motion estimation is
used to compress temporal redundancy, i.e., in the time domain over two consecutive
frames. Take a typical scene, from a feature.film for example. 25-30 consecutive frames
are displayed every second by the TV or film projector. However, chances are that
within an arbitrary one second ;sequence-most aspects of the image remain the same.
The background may not change at-all, the characters-remain the same and therefore the
consecutive frames are very similar.

The motion estimation performs‘a‘delta analysis between two consecutive frames
and determines whether areas of the image have changed or moved between the frames.
In many cases an area stays exactly as it was in the previous frame and therefore it is
sufficient for the encoder to inform the decoder to display this area as it was in the
previous frame. If the area moves in a certain direction, the motion estimation
algorithm directs the decoder to use the same piece of image as in the previous frame,
but to move it a certain amount in a defined direction. In practice this will be
accomplished by sending motion vectors within the MPEG4 bit stream. These vectors
will guide the decoder in choosing the appropriate portions of the previously decoded
frame to be used in the reconstruction of the current frame.

It should be clear that this vastly increases the compression rates. In fact, some
types of content can be compressed to an enormous extent due to the lack of movement
in the image. One example is the ‘talking head' type of content, such as a newscaster,
which results in a very compact MPEG4 stream. As one may expect, the motion
estimation is a very computationally intensive function. Searching through an image for
all the possible areas that could change place for every potential location requires a lot



of calculations. If we are concerning of real time application, there exists a very
restricted time limit to achieve real time constraint, only 1/15th to 1/30th of a second to
do this before the next frame arrives for processing.

Motion compensation performs the reconstruction of the frame based on the
received motion vectors, received delta frame data (different data between two
consecutive frames, see motion estimation) and the previously decoded image. So, if
delta data is received, the current frame is reconstructed by adding the delta frame data
to the data from the previously decoded frame in the specific locations indicated by the
received motion vectors.

As illustrated previously, the combination of motion estimation, cosine transform
and quantization alone can dramatically reduce the bit rate needed for digital video.
However, a few more steps are required before full MPEG4 compressed video stream is
at hand. As stated, MPEG4 compression works in a block level, i.e., 8 x 8 pixel blocks
(or matrices) are compressed at the same time. The output coming from the
quantization function is further processed by a Zigzag scan coder. This coder forms a
64 (8 x 8 pixel) element long vector out of the 8.x 8 matrix so that the low frequency
components will be placed at the*front of the vector:The reason for this action becomes
useful in the later stages of processing.

Next, the 64 element long vector:is analyzed. by the run-length encoder module.
The run-length encoder calculates thesnumber of consecutive zeros in the vector and
forms Run-Length Code (RLC) words based on the calculation. As noted before, after
the quantization there is a high probability of a significant amount of zeros in the 8 x 8
matrix (likely to be in the high frequency components) and there is no need to transmit
or store such information. So, one RLC word represents the number of zeros between
the consecutive non-zero elements in the vector. Also, the value of the last non-zero
element after the zeros is represented in one RLC word as well as the information as to
whether this value was the very last component in the vector. Thus, each RLC word
consists of three components.

The RLC words are then Huffman-coded using Variable Length Codes (VLC).
Basically this means that certain RLC words are given a specific bit pattern. The most
common RLC words are given the shortest VLC bit pattern. The VLC patterns are
specified in the MPEG4 standard and were generated based on the vast amount of video
test material.



Chapter 2 Previous work

The multimedia processing ability and the implementation of a MPEG-4 SP codec
on the OMAP platform is described in [3]. However, the system described in [3] utilizes
only the DSP core for the codec. Even though the performance numbers published in
[3] are higher than the numbers we have achieved, it is probably due to extensive use of
assembly codes and a more efficient C model to begin with.  With similar optimization,
it should be possible for the proposed method to achieve even better performance.
Another codec framework for dual-core architecture is described in [4], where an MP3
decoding system is implemented. In this paper, MP3 decoding algorithm runs on DSP
core, and RISC core acts as the mater of the system. The RISC core receives commands
such as: play, stop, previous, and next from the user interface and send a corresponding
instruction to the DSP core, and the RISC core will fall into an idle status. Upon
reception of an instruction, the DSP core will execute a function to complete the
requested task. Finally, when DSP core finished the task, it will assert an interrupt to the
RISC core to report current status. Fig.'5 shows the software architecture of this work.

{ DSP core start l ( RISC core start 1

Play / Stop / Prev /Next |

Decoder initialization Control
Give control signal
—
o No J:
~ Signal? >
—"<\H|g"a/-’ - IDLE
Yes
Corresponding Decoding G T ‘
Operation l
l Receive result
‘ Generate Interrupt }7

Fig 5 MP3 decoding system on dual-core architecture

As described in [4], the RISC core in this design play the operating system role, its
main duty is to communicate with peripherals, including 1/0O devices and storage
devices. The DSP core handle the complete MP3 decoding algorithm alone. This
dual-core architecture is a typical architecture generally adopted on most applications.

At close examination, the characteristic of audio processing and video processing
tasks is a little bit different. It is clear that audio processing are composed of mainly



signal processing tasks which need lots operation of multiplication and accumulate
(MAC). But in video processing, in addition to traditional signal processing tasks, it
also contains many sophisticated control operations such as the address generation unit
of motion estimation, interpolation and motion compensation. With new generations
of RISC cores for MCU, the cost/performance ratio for executing these tasks may not
be that far away behind the DSP cores. Therefore, in this thesis, we investigate the
efficiency of executing the codec tasks in parallel by both the RISC and the DSP cores.

In [5], an implementation of the H.263 visual codec is implemented on a
TMS320C6201 DSP. In this implementation, DCT, Quantization, Dequantization, and
IDCT are combined into a single module for efficient memory utilization. Table 1
shows the concept. This technique has been adopted in our implementation as well.

For(every macroblock in INTRA frame)

{
DCT_and_Quantize_Macroblock();  //DCT-transform
VLC_Code INTRA_Macroblock,to Stream(); //Coding
IDCT_and_InverseQuantize.Magcroblock();  //Reconstructing

Table 1 Combination of transform coding

In [5], the motion estimation.. search -method is Parallel hierarchical one
dimensional search (PHODS). This method has low computation complexity since
the x-component and y-component of motion vector are computed in one dimensional
space separately and later assembled into a complete motion vector. In our
implementation, in order to take advantage of the built-in hardware motion estimation
extension of TI C55x DSP, the four steps hierarchical search is used.

Video codec operation without DIMIA

{ In ]’ Codec “‘{Out] In [ Codec J Out
M L caey Jl o L@ Calc. (2) @)

» time
Video codec operation with DMA and dual buffer mechanism
[ Codec ) Codec ‘ Codec
{ Calc. (1) J Calc. (2) Calc. (3)
( In rOut\\[ In ] Out [ In }
(1 l 2 ORI ) 2 “@)
time

Fig 6 DMA and dual buffer mechanism on DSP

10



In [6], it presents an implementation of MPEG-4 video codec on a general DSP
core (NEC uPD77210). The paper analyzes the effects of different motion search
algorithms and discusses why DMA module can improve the transfer efficiency. The
paper also presents a concept of dual buffer mechanism to avoiding waiting transfer on
DSP core. The execution flow of its DMA module and dual buffer concept is shown in
Fig. 6.

In [8], the same concept of DMA module and dual buffer mechanism on DSP core are
mentioned again. Whenever there are dual buffers on the DSP core, the DSP core
should execute a task using the data in one of the buffer while a DMA is preparing in
parallel the data in the other buffer for the next task. As soon as the first job is
completed, the DSP core can move on to the next job using the other buffer without
waiting for the data.

A multi-core architecture is presented in [14]. The paper discusses how a
multi-core architecture is useful for multimedia processing applications. Multi-core
architecture is an attractive architecture for:multimedia processing as multimedia tasks
in general can be partitioned into stream, oriented, block oriented, and DSP oriented
functions, which can all be processed in-parallel. on:different cores. Each core can be
adapted towards a specific class of algorithms, and: individual tasks can be mapped
efficiently to the most suitable .core.In~—general,- parallelism can be employed at
instruction level (e.g., very long-instruction word, VLIW), data level (e.g., single
instruction multiple data, SIMD), or task level (e.g., simultaneous multithreading).
Another technique to accelerate multimedia processing is to adapt programmable
processors to specific algorithms by introducing specialized instructions for frequent
operations of higher complexity.
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Fig 7 Multi-core architecture

The multi-core architecture proposed in [14] is shown in Fig. 7, comprises three
programmable cores that have each been specifically optimized towards a particular
class of algorithms by employing different architectural strategies. The HiPAR-DSP is a
16-datapath SIMD processor core controtled by.a four-issue VLIW and is particularly
optimized towards high-throughput two-dimensional DSP-style processing, such as
FFT-intensive applications or filtering:-The second-core, the Stream Processor (SP),
consists of a scalar 32-Bit RISC “architecture."that is more optimized towards
control-dominated tasks such as bit Stream processing or global system control with a
particular focus on high-level language programmability. The Macroblock Processor
(MP), finally, has been designed specifically for the efficient processing of data blocks
or macroblocks that are typical for many video coding schemes. It has a heterogeneous
data path structure consisting of a scalar and a vector unit controlled by a dual-issue
VLIW, offers flexible sub word parallelism, and contains instruction set extensions for
typical video processing computation steps. This architecture provides multi-core to let
each processor to do suitable task for best utilization.
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Chapter 3 The Proposed Framework

In this thesis, MPEG-4 Simple Profile (SP) encoder is used as the experimental
target. MPEG-4 SP codec is a typical block-based motion compensated hybrid
transform codec composed of several modules including temporal predictive coding,
transform coding, quantization, and entropy coding. Some systems also implement
pre-processing and post-processing. The follow figure is the system architecture of
MPEG-4 Simple Profile visual encoder.
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Pre- Input ( ) | | Output Post-
Processing "1 Buffer | \_ DT — © V!:C Buffer | Processing
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IDCT
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Source sequence

Bit stream
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MC Frame
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Fig 8 Our MPEG4 encoding scheme

The code for OMARP is ported from an implementation for Intel IA32 architecture.
The original data structure of our codec processes frame data in 8-bit width pixels.
However, the DSP core, TMS320C55x, of the OMAP platform accesses data in 16-bit
width. Therefore, the data structure has to be modified accordingly to improve the
performance. To be more specific, each time DSP fetches pixel data from memory for
computation, it can’t just fetch one pixel alone if data is arranged in 8 bits per pixel. In
fact, it will also fetch the adjacent pixel. As a result, packing and unpacking between
8-bit pixel per pixel and 16-bit per pixel data formats has to be done whenever the
ARM core is exchanging data with the DSP core. Fig. 9 represents the difference fetch
behavior on ARM core and DSP core when the pixel of p2 needs to be processed.

13



p0 | p1 | p2 p3 | p4 | p5 | Pixelsinmemory

TN

p2 p2 | p3

l | p2 . pixel in 16-bit width

ARM Processing p2

l

DSP Processing

PX | 1 pixel in 8-bit width

Fig 9 Fetch data on ARM and DSP

Another approach to sovle the data access unit problem on OMAP is to use the
hardware extension of the TI C55x DSP. In C55x, there is a built-in hardware extension
module with the ability to process pixels in 8-bit width. However, if this strategy
adopted, our codec may spending lots time on developing corresponding function
module which uses the built-in hardware extension, and it will become harder to
maintain and modify because of itsireadability. In-spite of these concerns, it is no doubt
that it will increase the efficiency. So, this is, a tradeoff between developing time,
memory utilization, maintain cancern and efficiency.

3.1 Dual-core processing architecture

There are two computation cores, ARM and DSP, on the OMAP Innovator board.
Before using DSP core to improve our codec for better performance, it is essential to
design the dual-core control architecture first. The control architecture contains the
communication mechanisms between ARM and DSP. In our proposed architecture, each
type of subtasks in encoding a frame will be dispatched to ARM and DSP
simultaneously and executed in parallel. There is no need to pre-arrange the execution
order and the portion of tasks assigned to each core because the processing cores will
work asynchronously. So that ARM core can execute its job continuously without
waiting, and just need to handle the begin section and end section while corresponding
DSP event happens in the encoding loop.

Although the detail architecture of each module may be different, the general
architecture can be summarized in Fig. 10..
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Fig 10 Main phases of dual-core execution flow

Generally speaking, each codéc module ¢tan. be divided into three phases when
implemented on a dual-core platform.! In phase 1,-task units in each frame will be
defined; basically, a task unit can be defined as a block or a macroblock in each frame.
After task unit has been defined, the operations of this task will be specified, such as
motion estimation, interpolation;.and”sometimes -a series processing which contains
DCT, Quantization, de-Quantization, and IDCT.

In phase Il of the figure, since jobs to ARM or DSP have been defined and
assigned in phase |, then it will fetch data for computations. On the ARM side, source
input data for computation can be fetched directly. But on the DSP side, it should
transfer all input data from ARM side into DSP core’s memory for computations. There
are two transfer methods have been implemented on the Innovator board, one is transfer
by CPU directly, and the other one is transfer by DMA support. Obviously, transfer data
by DMA support will get better performance than transfer data by CPU. After each core
has received its input for computation, they start execute their jobs in parallel. ARM
core and DSP core can be communicated with each other by the mailbox to hold the
progress of executions.

In phase Il of this figure, after ARM and DSP have produced the computation
results, then the dual-core module start to receive and integrate these results from each
core at this stage. On the ARM side, the results can be integrated directly. On the DSP
side, when DSP core has completed its job, it will asserts interrupt to ARM, and thus
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control center can know the execution status of DSP core. An ARM interrupt routine
will be invoked to receive computation results from DSP for integration. Again, using
DMA module will improve the efficiency of transfer.

These three phases generally summarize the execution flow of our proposed
dual-core architecture. How to perform this dual-core architecture to improve each
computation intensive modules in our codec will be discussed detail in follow sections.

The main procedures for implementing these dual-core computation modules are
described as follows. First, adjust data structure and execution flow of each module to
fit dual-core architecture. It is because that if data structure doesn’t be defined properly,
it may just be able to execute one task at a time from the limit of control parameter, or
any other resource conflictions. And about the execution flow, if each task’s execution
flow with deep dependency from other task unit’s computation result, it may lead tasks
execute sequentially, not in parallel.

Second, since operations of .each:#function module are different, specific
corresponding signals and interrupt handlers. for each function module and its relational
operations must define well. After define/these contral signals and handler routine, such
information will be added intoZARM core’s interrupt.architecture and DSP core’s DSP
interface which manage receiving ARM core’s'signal and assign job to corresponding
function module.

Third, if DMA module is used to improve memory transfer in this dual-core
processing framework, then one must also define corresponding interrupt handler,
signals, and operations.

Following these procedure, almost all computation modules in the MPEG4 Simple
Profile encoder can be constructed to execute efficiently on dual-core architecture.

3.2 Pre-processing and Post-processing

This section describes the pre-processing and post-processing in our codec, and the
follow figure shows the detail behavior of these two processing. At this moment, our
codec implement without operation system support, so that loading program and test
sequences into the Innovator board is completely through the JTAG device. Loading
complete input sequence from HOST (PC) to memory on Innovator board will be
completed before encoding starts. This is because loading data through JTAG device
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transfers slowly, if reading each input frame from HOST in encoding loop, and then it
will spend most time on waiting transfer of frame. This condition should be resolved in
the future by using different input channel such as USB or SD/MMC card. After
completion of loading program and input sequence, adjust input sequence into proper
format for our codec input is performed and besides, the bit width concern between
ARM and DSP which mentioned before will also adjust here.

Source sequence

l JIAG /v Bit stream SJTAG |

Input frame Mpegd SP Host PC
(on SDRAM) Encoder
Format conversion \ —
Reconstruct | cp DMA Il@
frame

LZD Display

Fig 11 Pre-processing and Post-processing

About the post-processing block, after encoder has completed each frame in
encoding loops, it can be optionally shows the reconstructed frame for present purpose
by sending frame data into the:LCD display frame buffer and then the LCD dedicated
DMA will automatically transfer it to 1:CD display, module and show the image on the
screen. Since the output reconstructed frame was' based on YUV format, and LCD
display module was based on RGB module: As a result, in order to display, it should do
conversions of our reconstructed frame from YUYV color space into RGB color space.

Until after all of the encoding have finished, writing out the whole encoded bit
stream from Innovator board to HOST through JTAG starts. This is also because the
data transfer through JTAG is very slow, so this is a temporal method to avoid waiting.

3.3 Intra-frame processing

In the intra-frame processing, it encodes the input frame itself without any other
reference frames. According to the experiment result which the encoder compresses
sequential 150 frames in intra mode; the follow table shows the weightings between
each module in the intra-frame processing. Clearly, the intra macroblock encoding
(FDCT, Quantization, Dequantization, and IDCT) occupies most computation time of
all. So, it is no doubt to improve this module with DSP support for better performance
in the Intra-frame processing.
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Table 2 Intra frame encoding result

Qcif,150 I frames Execution time (ms) Percentage
Initialization 236 0.735
Coding 4111 12.793
Sequence conversion 1684 5.241
Prediction 2631 8.190
DCT/Q/Q™* /IDCT 22297 69.396
Total 30963 100
Encoding frame rate =4.7

3.3.1 Intra macroblock encoding

In order to let ARM and DSP execute its own tasks parallel and smoothly, it is
essential to define a task unit properly. As the Mpeg4 Simple Profile standard
mentioned, each frame was divided into macroblocks for encoding. As a result, with
adjust corresponding data structure and execution flow, and then, the encoder can
dispatch tasks on macroblock levelsin'scan lineorder in a frame.

After observe memory utHization from these four computation modules: FDCT,
Quantization, Dequantization and IDCT, respectively. Since their memory utilization
are relative between each other, 4t isn’t reasonable to just divide them to run in DSP
core individually, because it may cause memory transfer redundancy and wasting of
time while transfer the source macroblock data to DSP and just do one of these four
computation modules. As a result, our design is to combine these four computation
modules into one function module called intra macroblock encoding for best memory
utilization and thus reduce the transfer load.

The follow figure shows the execution flow and memory utilization in intra
macroblock encoding.
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Since task unit has been defined in intra macroblock encoding, and thus this
module can start dispatch jobs and execute them. The follow figure is our proposed
dual-core intra macroblock encoding architecture. And the follow two tables give some
descriptions of the control flow and the specification which DSP core treated in this
figure. At first, it divides input squrce frame into,macroblocks as task units, and then
dispatch the first task and macroblock data of this frame into DSP. And then ARM core
will do next job and fall into an encoding loop until-all tasks are completed. Since the
first job has been dispatched to-DSPR; DSP_core will-start work according to the signal
which ARM sent through mailbox. Each time while’'DSP core has completed its work, it
will assert an interrupt to ARM core.  Andthus, ARM core’s original job will be paused
and fall into the interrupt handler to receive the computation result from DSP. After
receiving and integrating the results from DSP, the control module will decide whether
to send next job to DSP or not. And then ARM will resume its original job in encoding
loop.
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Fig 13 Dual-core,intra macroblock encoding scheme

Table 3 Description of dual core | MB encoding module

Step Description
1 Process the frame in scanline order
2 Control module decide to dispatch job to DSP
3 Transfer MB data and control parameter to DSP
4 DSP enters | MB encoding
5 After I-MB coding, DSP asserts an interrupt
6 MCU executes handler routine
7 Control module decides next step
8 Integrate result from DSP.
9 Control module decides to let MCU do | MB encoding
10 Integrate the result from ARM
11 The encoding loop repeats, until all jobs have been completed
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Table 4 Specification of DSP | macroblock encoding

Specification of DSP I macroblock encoding
1.  One source macroblock data
B FourY data blocks (8*8*4*2 bytes)

DSP B One U data blocks (8*8*2 bytes)
Input B OneV data blocks (8*8*2 bytes)
2. QP parameter for DSP quantization
B 2 bytes

1. One Q coefficient macroblock data
B FourY data blocks (8*8*4*2 bytes)
B One U data blocks (8*8*2 bytes)
DSP B OneV data blocks (8*8*2 bytes)
output | 2. One reconstructed macroblock data
B FourY data blocks (8*8*4*2 bytes)
B One U data blocks (8*8*2 bytes)
B OneV data blocks (8*8*2 bytes)

The control module maintainedhere’ contains some important synchronous
parameters such as global status,finish flag;- ARM-core status and DSP core status.
Actually, the control module can be treated as.a synchronous control table. Each time
before job dispatched to DSP or ARM ;‘the control'module must be accessed first. In the
control module, it checks the global ‘progress status with the finish condition to decide
whether to dispatch job to DSP or ARM. If it decides to dispatch job, then we will
update DSP core or ARM core’s status with corresponding parameter such as MB axis,
CPU status, or even the profile information. By this way, after either ARM or DSP has
completed its job, integration module could thus know how to integrate the
computation result according to the status set before. The control module contains a
finish flag, if the global status matches the condition of the finish condition, it won’t
dispatch jobs, and it will set the finish flag to announce ARM core, and then intra
macroblock encoding finishes. With the support of control module, ARM and DSP can
avoid to do the same jobs in the execution flow, and thus hold the execution progress
exactly without out of control. The follow figure is the data structure and control flow
of control module.

21



Enter control module

!

Dispatch next job?

No l l Yes
Update AR
Update finish flag for DSP)
core status
Exit control module Update global
progress status

!

Exit control module

Fig 14 Control module

Control module plays an important role on this dual-core architecture; as a result,
there should be a protection mechanism to_promise that every time when either ARM
core or DSP core accessing the control module, it can’t be corrupted by any interrupt
events, or that it will lead bad results. This is because interrupt may assert any time, if
interrupt is asserted while control"module are ' modifying the control parameter, it will
cause that global status can’t be updated successfully, and thus the same task may be

dispatched more than one time.
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Fig 15 Protection of control module

The above figure shows protection scheme of the control module. Each time when
control module will be accessed, it will mask corresponding interrupt first, this will
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promise that control module can execute and update the global status without any
bother. Until finishing accessing control module, corresponding interrupts will be
unmask and work again.

Since that DSP has to do different functions for each need, construct an interface
as a bridge between ARM and DSP is essential. This DSP interface is implemented like
a shell; it starts when DSP core have enabled, it checks mailbox in repeat until ARM
send signal through mailbox. The detail execution flow of the DSP interface is shown in
the follow figure, which presents the relation between ARM core, DSP core, and DSP

interface.
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Interrupt <«— | Mailbox D1 | <— | Returnresult I macro black encoding
module
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Listen next signal

Fig 16 DSP:interface architecture

Each time when ARM dispatches task for DSP, it will write signals into the
mailbox which contains command for DSP. And then DSP interface will receive this
signal, and it will decode the command in the mailbox immediately. After DSP realizes
the content of the command, DSP will transfer its control into corresponding function
module to handle tasks. After function module has completed its jobs, it returns the
control to DSP interface. Then DSP interface write signal to the mailbox, and this will
also assert an interrupt to ARM. Then, ARM will check the information in the mailbox
for executing corresponding handler routine to receive computation result from DSP.

When ARM and DSP have completed its task in a frame, then it will integrate
computation result. Since each time when job dispatched to ARM or DSP, the control
module will record the corresponding the axis of this macroblock to control module,
and thus integration module can use this to construct our integration module. The
integration module is implemented by maintaining two buffers with identical size of
source frame, one is for storing quantized coefficient, and the other one is for storing
reconstructed frame. When either ARM or DSP complete its current job, it puts
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computation result into corresponding position into these two buffers according to the
axis in control module which we set before. By this way, ARM and DSP can do their
jobs in parallel without corrupt each other.

For reduce the transfer load, DMA module has been used to improve transfer
efficiency between ARM and DSP on our proposed architecture. Based on our original
design, transfer data to DSP and retrieve computation result from DSP was
implemented by CPU support. This implementation will cause CPU spending lots time
on handling memory movement and thus decrease ARM core’s processing ability.

The follow figure shows how DMA module improves the performance on
dual-core architecture. Instead of moving data by CPU directly, ARM will just need to
setup a DMA module for moving data. After ARM has setup the DMA control module
properly, DMA module transfers data immediately. When DMA is the transferring,
ARM can do its original job in parallel. After DMA module has finished its transfer,
DMA will assert an interrupt to ARM, so that ARM can hold the transfer status, and
decide what next to do.
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1

Processing !
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Fig 17 Improvement from DMA support

Our DMA architecture uses one system DMA channel. As a result, when receiving
two macroblocks under one channel, since two macroblocks may exist in two different
memory addresses and the DMA module’s control parameter seems not powerful
enough, so that our DMA control module will be accessed twice to get these two MB
results. The follow figure shows the transfer behavior of how DMA receives results
from DSP.
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And there is one concern that should-be notified that whether if the time interval of
setup DMA module will greater:than the time interval of moving data by ARM directly.
If yes, this design may decrease the eriginal performance. It is because that every time
when using DMA module to improve performance, it will also need to handle some
overheads. There are two factors in"the'DMA overheads; one is that before DMA
module really starts its transfer, DMA control parameter must set first. And the other
one is that after DMA module has complete its transfer, it will assert interrupt to tell
ARM about the fact. This will cause ARM pause its original job to handle DMA
interrupt routine and this will be the main overhead of using DMA module. Fortunately,
such worse case doesn’t happen in our architecture even in our minimum transfer unit.

In our implementation of using the system DMA module, we still have some
problems now. The problem is that when we set some reasonable control parameter to
drive DMA module, it will leads some strange conditions such as interrupt disable, or
makes DSP hardware extension set out of control. Although assign other control
parameter which is equal transfer result but different transfer behavior to resolve this
problem is possible. But it decreases some DMA performance; we will still pay
attention to this problem.
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3.4 Inter-frame processing

In inter-frame processing, it removes the temporal redundancy in current frame
and last frame. Although this processing can get great coding efficiency, but it also
costs more processing energy than intra-frame processing. Before we start improve this
inter-frame processing, we can see the experiment result in the follow table first. The
follow table shows the weightings between each module in the inter-frame processing.

Table 5 Inter-frame processing result

Qcif, 150 frames (IPPP...) Execution time (ms) Percentage
Initialization 236 0.140
Coding 767 0.456
Set edge 1027 0.610
Sequence conversion 1686 1.002
Prediction 70 0.042
Rate control 3464 2.058
Motion compensation 4375 2.600
I MB encoding 60 0.035
Interpolation 8693 5.166
Motion estimation 132649 78.831
DCT/Q/Q™* /IDCT 13328 7.921
Total 168270 100
Encoding frame rate =0.9

According to the weighting from table, it shows that interpolation module, motion
estimation module, and P macroblock encoding takes most percentage of all in the
inter-frame processing. As a result, these modules will be improved with DSP support
for better execution performance. Detail design of each module will be described in the
follow sections.
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3.4.1 Interpolation processing

In the MPEG4 standard, it not only computes motion vector for compressing on
pixel level, but also takes consider of the half-pixel level to find out better motion
vector for better coding efficiency. Since there are two modules: motion estimation,
motion complementation will reference the half pixel frame. As a result, at this moment,
this interpolation module will be implemented individually instead of on-the-fly
architecture. The follow figure and table shows out our proposed dual-core
interpolation module.

Dual core Interpolation module

ARM Side

Macro blocks DSF Side

DSP Interface

11
Q««. $1 Macro black with boundary l
(= : 4.
............................... - contral parameter
; i 3.
i -—

[ Contral module Dispatch job to DSF Interpolation

processing
& i
.
CMAP

Interpolation Interrupt
processing Interface
.

10§ l

processing

(" 7 | 8. ‘ Interpolation ‘
Interrupt Handler

Interpolated reference WBs

Fig 19 Dual-core interpolation processing scheme
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Table 6 Description of DSP interpolation processing module

Step

Description

[EEN

Process the frame in scanline order

Control module decides to dispatch next job to DSP

Transfer MB data and control parameter to DSP

DSP enters interpolation process

After interpolation, DSP asserts an interrupt

MCU executes handler routine

Control module decides next step

Integrate results from DSP

O | o | N0 b |w N

Control module decides to dispatch next job to MCU

=
o

Integrate results from MCU

-
[N

The encoding loop repeats, until all jobs have been completed

Table 7 Specification of DSP interpolation processing

Specification of DSP interpolation module

DSP
Input

1. One extension;source macroblock data

B OneY data macroblock (16*16*2 bytes)
2. Rounding parameter for DSP interpolation

B 2 hytes

DSP
output

1. Interpolated.macroblock in horizontal
B OneY data macroblock (16*16*2 bytes)

2. Interpolated macroblock in vertical
B OneY data macroblock (16*16*2 bytes)

3. Interpolated macroblock in horizontal and vertical
B OneY data macroblock (16*16*2 bytes)

Our proposed architecture of dual-core interpolation module is similar to the
architecture of dual-core 1 macroblock encoding which mentioned before. This is
because these modules were constructed based on the same communication architecture
DSP interface module between ARM and DSP. As a result, only the
main execution flow and main features of this dual-core interpolation architecture will

which adopts the

be discussed in the follow.
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Before this module start works, the task unit in each reference frame must be
defined first. It is similar as before that macroblocks in the reference frame will be
treated as task units. And there is one thing need to notify that since DSP core can’t see
the whole frame, so that ARM needs to prepare all relational data to DSP. Thus, since
our goal is to receive the computation results in macroblock level from DSP, transfer
content will includes not only the data of reference macroblock, but also the boundary
of this macroblock for computation need. The follow figure shows an example to
realize this condition. If results of 2x2 size blocks are expected, it needs to transfer a
3x3 size block to DSP for interpolation processing.

3x3 source block

P
R,

ool o
o= O =
©o|let ©
[ =
o
k.

5] DSP core
) Interpolation
@ Processing
Interpolation relation figure
| | }
NN [m] o 0
AA [mi] o O

2x2 interpolated blocks

Fig 20 Example‘of interpolation ‘processing on DSP

After task unit has been defined in this dual-core interpolation processing, then
this module can start to dispatch the first job to DSP; and then ARM will execute next
job and fall into a processing loop. Each time when DSP complete its job, DSP will
assert an interrupt to ARM. When ARM receives the interrupt event, it starts to receive
three interpolated reference macroblock computation results from DSP. After receiving
computation results, the control module will decide whether if dispatch next job to DSP.
Until all tasks in the reference frame have completed, then the encoder will exit this
dual-core interpolation module. By the way, the control module in this architecture is
similar to the control module in the dual-core I macroblock encoding module. Each
time when ARM and DSP want to clan a task to execute, control module will update the
global progress status and corresponding control parameters, and thus hold the
execution flow running exactly.
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Fig 21 DMA architecture for dual-core interpolation processing

Besides improving performance by, DSP, DMA module can also added to this
dual-core architecture to improve: transfer. Sinee there three interpolated reference
macroblocks need to be receive from DSP; some modifications are needed to let our
DMA control architecture to fit the need. The above:figure represents that how to use
system DMA module to receive three“interpolated -macroblocks from DSP with one
system DMA channel.

3.4.2 Motion estimation

In the video compression, motion estimation play an important role to reduce the
temporal redundancy that may exist within a video sequence, while spatial redundancy
is reduced by other techniques such as DCT. Generally speaking, it is the technique to
provide the sum of absolute difference (SAD) and the corresponding location (motion
vector) between a 16x16 reference block and some blocks in a reference frame for
video compression. Therefore, for an efficient video coding, a robust motion estimation
technique is required. The motion estimation usually takes a very long processing time
and thus, we will improve this module by dual-core processing. The follow figure
shows the dual-core motion estimation architecture.
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Dual core motion estimation module
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Fig 22 Dual-core motion estimation scheme

Table 8 Description of dual core motion gstimation processing module

Step Description
1 Process the frame inscanline order.
2 Control module decides to-dispatch next job to DSP.
3 Transfer MB data‘and control-parameter to DSP.
4 DSP executes Motion Estimation.
5 Do mode decision.
6 Continue to do motion estimation in block level.
7 Mode decision module set as intra mode, and asserts interrupt.
8 After motion estimation, DSP asserts an interrupt.
9 MCU executes handler routine.
10 Control module decides next step.
11 Integrate results from DSP.
12 Control module decide let ARM do motion estimation.
13 Do mode decision.
14 Continue to do motion estimation in block level.

15,16 | Integrate motion estimation computation result from ARM.
17 The encoding loop repeats, until all jobs have completed.
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Table 9 Specification of DSP motion estimation processing

Specification of DSP Motion Estimation module
1. One current macroblock
B One Y data macroblock (16*16*2 bytes)
2. Four reference frames
DSP B Reference frame (48*48*2 bytes)
Input B Reference frame in horizontal (48*48*2 bytes)
B Reference frame in vertical (48*48*2 bytes)
B Reference frame in horizontal and vertical
(48*48*2 bytes)
1.  One set of motion vector
B 4*2 bytes
DSP | 2. SAD result
output B 4 bytes
3. Motion Estimation execution status
B 2 Dbytes

The task units of each frame in this-dual-core motion estimation module are still
defined in macroblocks of the frame. Basically, this‘motion estimation can be divided
into two continuous sub-modules. One“is search in macroblock level, and the other is
search in block level, and there is'a mode decision” module in the middle of these two
motion search sub-modules. The functionality-of this mode decision module is to avoid
the condition that if motion vector we have found isn’t good enough for compressing, it
will take more bits on compressing this macroblock than encoding it by intra-coding
method directly. Generally speaking, in order to avoid wasting time on motion
estimation while current macroblock is more suitable for intra macroblock encoding
such as scene change condition, mode decision must works as early as possible.

And there will be a threshold for mode decision module to decide whether
continue to search in block level right after search in macroblock level or not. In the
current status, this threshold is decided by two factors, one is the deviation of current
macroblock, and the other is the SAD result calculated from search in macroblock level.
Each time while motion search in MB level has completed, it will fall into the mode
decision module, and then compare the SAD and the deviation value of current
macroblock to decide what mode it suits. The follow figure describes how mode
decision module works.
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Fig 23 Mode decision module

After brief description about the execution flow of motion estimation, then the
dual-core execution flow will be discussed. At first, control module dispatch the first
job to DSP including of current macroblock, reference frames and some control
parameters. And ARM will do next jobs and fall. into an encoding loop. As same as
architectures mentioned before, ARM and DSP will execute their jobs which dispatched
by control module in parallel. And after motion search has completed, it will return the
motion vectors, corresponding ‘SADs,.-and ME execution status if it executed in DSP.
The ME execution status records the résult of mode'decision module in the side of DSP
core. Through implement on proposed dual-core method, this most computation
intensive module takes full advantage of dual-core platform and thus become more
efficient than before. After integrating all computation results in this frame, it will then
encode the motion vector mode of these task units, and then the dual-core motion
estimation module finished.

About our motion estimation algorithm, in order to get balance between efficiency,
accuracy, and Tl DSP C55X hardware extension image library, we adopt the four step
hierarchy search algorithm. This motion search algorithm are adopted whether search in
macroblock level or search in block level. And the reference frame size as 48*48 pixels
and search range is from -16 to +16. The search pattern of our motion estimation
algorithm is shown in the follow figure and the detail algorithm is as follows.
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Fig 24 Four step hierarchy search algorithm

Step one: At first, search start at the position of (0, 0) motion vector. And then
searches nine search positions with distance eight, and decide the best match point
according to which SAD is minimal between these search points as the starting point
for next step search.

Step two: According to the best match-point decided by step one; it still searches
nine points corresponding to the starting_point with-distance four, and decide the best
match point as the starting point for next step search.

Step three: Same, according to the best match point decided by step two; it still
searches nine points corresponding to the starting point with distance two and then
decide the best starting point for next step search.

Step four: According to the best match point decided by step three; it still searches
nine points corresponding to the starting point with distance one. Then, we will choose
the best match point as the starting point for next step search — half pixel refine.

Step five: According to the best match point decided by step four; it will do half
pixel refine. It is like the search pattern in step four, but the reference frames will be

changed according to the corresponding search point when it performs search.

Final step: After these search, it returns the best motion vector and corresponding
SAD result, and then finish this motion search algorithm.
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DMA module also can be used to reduce transfer time in this architecture. Since
that our motion estimation algorithm searches in full pixel level and half pixel level.
ARM need to transfer full pixel reference frame and half pixel reference frames to DSP
for motion estimation processing. The follow figure shows the DMA transfer module
for dual-core motion estimation processing with one system channel.

ARM core
DA DA DA DA
Control madule Control madule Control madule Control madule
\ Interrupy' \ Interrupy' \ Interrupt/" \
Transfer Transfer Transfer Transfer
Reference frame Reference frame Feference frame Reference frame
In full pixel In harizontal Inwertical In horizontal
and wvertical

Transfer reference frames to DSP by System DMA l Interrupt

DSP core

Fig 25 DMA architecture for motion estimation processing

Besides above architecture, we~also_implement other method to improve
performance. We observe that each: time while job dispatched to DSP, DSP is in idle
status before transferring of all reference frames including of frames in half pixel to
DSP has completed. Since DSP has great computation performance, so that we use DSP
to computes reference frames in half pixel from reference frame in full pixel instead of
just stays in idle status. And from the experiment, this way will be faster than waiting
for receiving all reference frames in half pixel from ARM. The follow figure describes
this method.
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Fig 26 Motion estimation with on-the-fly architecture on DSP

Through this method, each time when dispatching jobs to DSP, it just needs to
transfer one reference frame in full pixel to DSP, and after DSP receives the reference
frame in full pixel, it interpolate this reference frame and thus gets three reference
frames in half pixel for motion estimation. The- follow table defines the inputs and
outputs of DSP module while implement this'method. And there are something need to
notify, there is a difference of the reference frame size we transfer to DSP has became
49 pixels * 49 pixels. This is foruinterpolation concern which mentioned in DSP

interpolation module before.

Table 10 Specification of DSP ME processing with interpolation on the fly

Specification of DSP Motion Estimation module
1. One current macroblock
B OneY data macroblock (16*16*2 bytes)
2. One reference frame
DSP Input
B Reference frame (49*49*2 bytes)
3. Rounding parameter for interpolation in ME
B 2 bytes
1.  One set of motion vector
B 4*2 bytes
2. SAD result
DSP output
B 4 bytes
3. Motion Estimation execution status
B 2 bytes
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Through this method, if DMA module is adopted to improve the transfer of
reference frame from ARM to DSP, its control architecture will become easier than
before. Since its need is just to transfer the reference frame in full pixel only, the
numbers of setting DMA control module will be decrease to just one time only.

3.4.3 Inter macroblock encoding

As same as | macroblock encoding in intra frame processing, there is also a
transform coding module in inter frame processing. And there are some differences
between these two encodings. First, in this P macroblock encoding, our input changes
as the residuals between current frame and last frame. Second, the control flow of P
macroblock encoding is more complex than | macroblock encoding. There are |
macroblock encodings and P macroblock encodings in the inter frame processing
according to result of the mode decision module in the motion estimation processing. In
order to handle these encodings in parallel and reasonable for transform coding of inter
frame, our design is to combine these two encodings in this architecture. As a result,
before we dispatch jobs to ARM or DSP,»we will check this macroblock’s feature for
executing proper function module. It also.means that we define the P macroblock
encoding as a series of processing of FDCT, Quantization, Dequantization, and IDCT
for the same reason of | macroblock encoding. The follow figure and tables shows and
describes the dual-core inter macroblockencoding architecture.

Dual core inter MB encoding module |

Macro blocks
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| DSP Interface
15, v 1 Macro block, 2 =~
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(\f;" contral pararmeter /4 \5-
! - =~ 2. B g \
[ Confrol moddle i Digpatn PO ReR I macro block | |P macro block]
- g encoding encoding
i / \13
_ OMaP * 5
|| I macro block | | P macro block Interrupt
| encoding encoding | | Interface
l 8.

12 14. - f
| | P
= 10 Inter MB processing |
- 1| Interrupt Handler

Info Integration
—_ | Reconstruct ME,

~ ~ 1
s Infra MB processing |1
l (1 coefficient f Interrupt Handler 1

chp

Fig 27 Inter macroblock encoding scheme
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Table 11 Description of dual-core P MB encoding module

Step

Description

[EEN

Process the frame in scanline order

Control module decide to dispatch next job to DSP

Transfer MB data and control parameter to DSP

DSP interface decide to do | MB encoding

After DSP completing | MB encoding, it asserts interrupt.

DSP interface decide to do P MB encoding

After DSP completing P MB encoding, it asserts interrupt.

MCU executes handler routine.

O | o | N0 b |w|N

Control module decides next step.

=
o

Integrate results from DSP.

-
[N

Control module decides to let ARM do | MB encoding.

-
N

Integrate the computation result from ARM.

-
w

Control module decides to let ARM do P MB encoding.

H
'S

Integrate the computation, result from ARM.

-
(€]

The encoding loop repeats, until all jobs have completed

Table 12:Specification of DSP-P'MB encoding

Specification of DSP P macroblock encoding

DSP Input

1. 'One source macroblock data
B “Four Y data blocks (8*8*4*2 bytes)
B One U data blocks (8*8*2 bytes)
B OneV data blocks (8*8*2 bytes)
2. QP parameter for DSP quantization
B 2 bytes

DSP output (transfer according to execution status)

1. One Q coefficient macroblock data
B FourY data blocks (8*8*4*2 bytes)
B One U data blocks (8*8*2 bytes)
B OneV data blocks (8*8*2 bytes)

2. One reconstructed macroblock data

B FourY data blocks (8*8*4*2 bytes)
B One U data blocks (8*%8*2 bytes)
B OneV data blocks (8*8*2 bytes)
3. P MB encoding execution status
B 2 bytes
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From the above execution flow figure, this module’s dual architecture is similar to
the dual-core intra | MB encoding with extra P MB encoding module. The main feature
of this P MB encoding is that it may decide whether to do Dequantization and IDCT or
not according to the status of quantization result. In the follow figure, it shows the
detail execution flow of these two transform encoding component in this dual-core
module. In the middle of the figure is the control module which decides either | MB
encoding or P MB encoding need to be performed. And the modules in left side and
right side show the detail execution flow of each module. And if P MB encoding is
performed, the condition of getting different amounts of DSP computation result will
occur, and thus, it will have less transfer of computation result from DSP than | MB
encoding.

l Blocks of a MB
. ) l

[ Biocks ot s MEB  Mode? O %

! /———\: . FDCT

@ 2 !

FDCT IMB P MB Quantize P MB encoding

L encoding| |lencoding l
- | MB encoding . :
Quantize ! Analyze Q coefficient
l Finish :
Dequantize ’/ \‘

l Dequantize | Completion

IDCT l

IDCT
Completion
Completion
QP, coefficients, QP coefficients,
reconstrictsd blocks, reconstructed blocks,
Finisf‘?xecumn status execution status
Finish

Fig 28 Execution flow in Inter macroblock encoding scheme

DMA module is still used to improve this architecture, there are two
implementation method for this module, one is as same as | macroblock encoding DMA
module which may have redundant transfer but has lower complexity on DMA handler,
and the other one is shown in the follow figure. There is an issue between these two
methods, since P macroblock encoding sometimes doesn’t reconstruct blocks from Q
coefficients, we may let DMA module ignores these transfers for efficiency. But if we
make our DMA module support the detection of whether transfer each block or not, our
DMA control module will become more complex and thus may decrease DMA
performance. This is because we should concern with the overhead of DMA module
and interrupt overhead. So that before we finalize our design, we reference the
implement results of these two methods, and find that the DMA module support
detection has better performance.
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Chapter 4 Implementation using DSP Hardware

Extension for Video Coding

The TMS320C55x DSP core was created with an open architecture that allows the
addition of application-specific hardware to boost performance on specific algorithms.
And the TI C55x IMGLIB is an optimized image/video processing functions library for
C programmers using TMS320C55x devices. It includes many C-callable,
assembly-optimized, general-purpose image/video processing routines. This library is
implemented by using the TI C55x hardware extension set, so that through this
IMGLIB library, we can utilize the max power of TI C55x easily. And these routines
are typically used in computationally intensive real-time applications where optimal
execution speed is critical. By using these routines, it will help us to achieve execution
speeds considerably faster than equivalent code written in standard ANSI C language.
In addition, by providing ready-to-use DSP functions, TI IMGLIB may shorten our
image/video processing application development time. The TI C55x IMGLIB contains
commonly used image/video processing routines. And it also provides source code for
us to modify functions to match-our specCific needs. There are many application fields it
provides, and since our focus is on the compressing application at this moment, so that
we will describe how to use this motian estimation, interpolation, FDCT, and IDCT
algorithms in TI IMGLIB library which implement in TI DSP hardware extension set.

4.1 FDCT module and IDCT module

In the TI C55x IMGLIB library, it provides DCT and IDCT algorithms which is
implemented in TI DSP C55x hardware extension set. We can use these two modules to
improve our design in I macroblock encoding, and P macroblock encoding. We can
instead our own FDCT and IDCT modules by Tl IMGLIB’s DCT and IDCT modules.
The follow two tables show the specification of FDCT and IDCT modules.
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Table 13 Specification of FDCT with HW extensions

FDCT for an 8x8 Image using built-in hardware extensions

Syntax void IMG_fdct_8x8(short *fdct_data, short *inter_buffer);
Inputs:
B fdct_data: Points to a short format array [0...63] containing
an 8x8 macroblocks row by row. Data format is Q16.0.
B inter_buffer: Points to a short format array [0...71] used as
a temporary buffer that contains intermediate results in the
Arguments
transform.
Outputs:
B fdct_data: Points to a short format array [0...63] containing
the results of 2-D DCT for the macro-block. Data format is
Q16.0.
The routine IMG fdct_8x8 implements the Forward Discrete Cosine
L Transform (FDCT) using built-in hardware extensions for an 8x8
Description

image block: Input terms are expected to be signed Q16.0 values,
producingrsigned Q16.0 results.

Table 14 Specification of IDCT with HW extensions

IDCT for an 8x8 image block using built-in hardware extensions

Syntax

void IMG _idct_8x8(short *idct_data, short *inter_buffer);

Arguments

Inputs:

B idct_data: Points to a short format array [0...63] containing
an 8x8 macro-block row by row. Data format is Q13.3.

B inter_buffer: Points to a short format array [0...71] used as
a temporary buffer that contains intermediate results in the
transform.

Outputs:

B idct_data: Points to a short format array [0..63] containing the
results of 2-D IDCT for the input block. Data format is Q16.0.

Description

The routine IMG_idct_8x8 implements the Inverse Discrete Cosine
Transform (IDCT) using built-in hardware extensions for an 8x8
image block. Input terms are expected to be signed Q13.3 values,

42




producing signed Q16.0 results.

After realizing these specifications, we can find that their input and output are
similar to our original design. So, in IMGLIB’s FDCT module, there should be a source
block data and one temp buffer for it, and then take it instead of our FDCT module
directly. But in IMGLIB’s IDCT module, there is one thing need to be notified that its
input data format is Q13.3, so that we must adjust our input of Q coefficients from Q16
format into Q13.3 format to fit the specification. The follow figure shows how to
perform format conversion from Q16 format to Q13.3 format by shifting.

Q16.0 format

Shift left 3 bits

!

Q13.3 format

. Bit which represents one integer

Fig'3 Format.conversion
After realizing corresponding background, the follow figure shows how to add
FDCT and IDCT hardware extension set modules into our I MB encoding, and P MB

encoding.
With IMGLIB support

Original design

Source
Source data
data

Finish

Finish
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Fig 31 Macroblock encoding with built-in hardware extension support

4.2 Interpolation module

There is an interpolation module in IMGLIB, it implements pixel interpolation for
a 16x16 source block located in reference window using built-in hardware extensions.
As a result, this module can be used to instead our original interpolation module for
accelerating computations.

Before we use this module, there is an issue need us to think. The design in our
visual encoder processes pixels in 16-bit width for the concern of processing in ARM
and DSP which we mentioned before. But this interpolation module in IMGLIB
processes two pixels data in 16-bit width. As a result, before we use this module, some
format conversion to fit its specification is needed, and this operations decrease
performance. But in the other hand, if we process pixels data in 8-bit width, this will
increase the complexity of function “modules in DSP side which don’t have
corresponding hardware extension set-stpport: So,: this exist a tradeoff. By the way,
FDCT and IDCT modules don’t have such issue; this is because they process source
data in 16-bit width in theory. And then; we can know its specification of this module
from the follow table.
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Table 15 Specification of Interpolation with HW extensions

Pixel Interpolation for 16x16 Image block using built-in hardware extensions
Syntax IMG_pix_inter_16x16(short *reference_window, short
*pixel_inter_block, int offset, short *align_variable);
Inputs:

B reference_window: Points to a packed integer format
buffer [0...1152] that contains a 48x48 image block row
by row. Must be doubleword aligned. Every four pixels
are packed into one 32-bit doubleword. Data format
Q16.0.

B offset: Specifies the top-left corner index of the 18x18
MBE (MBE=16x16 macroblock + extension) in
reference_window. Offset is even because of the

Arguments .
doubleword alignment.

B align. variable:Configures four alignment cases of the
MBE in the reference_window.

Outputs:

B pixel_inter block:Points to a packed integer format
buffer [0.:.612] that contains the 36x34 interpolated
result. Only the lower 33x33 part that corresponds to the
whole 36x34 interpolated zone is usually used. Every
four pixels are packed into one 32-bit doubleword.

The routine IMG_pix_inter_16x16 implements pixel interpolation
for a 16x16 source block located in reference_window using

built-in hardware extensions and it is useful in video compression.

. To implement full interpolation for the 16x16 source block, the

Description . .

18x18 MBE (MBE=16x16 macroblock + extension) is needed.
The full interpolated zone is composed of 36x34 pixels, but only
the lower 33x33 part corresponding to the full interpolated zone is

usually interested.

In this specification, we can see that it supports some align modes for us to use.
We can choose the align mode which is most fit for our architecture to implement. In
the format of input reference frame, it announces large space to put source data, and
just use the size of macroblock to interpolate. The purpose of this design is that, TI’s
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IMGLIB want to corresponding modules to help each other. So, this design will help
the motion estimation module to do half refine, since they have the identical size of
reference frame. But in our own design, we design the interpolation module as an
individual module, so there are some modifications need to be performed before using
this interpolation in IMBLIB.

Our interpolation IMGLIB's interpolation

® ®® ® @ ®
® @ @ @
1© © © ©

Specific input buffer
Source macro block !
[k
17 48
QT Interpolation Interpolated
1 in IMGLIB

17

v

Macro blocks

17
48

Fig 32 Interpolation precessing,with built-in hardware extension support

We can see the above figure to realize the execution flow of using IMGLIB’s
interpolation module. At first, we'need to adjust our input source macroblock from one
pixel in 16-bit width to two pixels in“16-hit width. And then put it into corresponding
position in the specific input buffer as the input of IMGLIB’s interpolation module.
Because there is a little difference of the computation behavior between these two
modules, so that we will shift right 1 pixel unit for exactness. And there are two
important control parameters which we must set by ourselves. The first one is the
rounding signal; it decides whether do rounding in this interpolation, the default value
in IMGLIB is enabling. The second one is the output format; it decides the arrangement
of the interpolation module’s output.

4.3 Motion estimation module

Motion estimation is the most time-consuming part in video compression
algorithms such as MPEG4 and H263. So that, it is no doubt that there will be a motion
estimation module in IMGIB. The follow table shows the specification of this motion
estimation module. And its motion estimation algorithm is as same as our motion
estimation algorithm: four step hierarchy search algorithm.
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Table 16 Specification of ME in HW extensions

Motion Estimation by 4-step search using built-in hardware extensions
IMG_mad_16x16_4step(short *src_data, short *search_window,
unsigned int *match);

Inputs:

B src_data: Points to a packed integer format buffer
[0...128] that contains 16x16 source data row by row.
Data format is Q16.0. Every two pixels are packed into
one 16-bit integer.

B search_window: Points to a packed integer format buffer
[0...1152] that contains the 48x48 search-window row
by row. Data format is Q16.0. Every two pixels are

Arguments packed into one 16-hit integer.

Syntax

Outputs:

B match [2]: The location of the best match block is
packed in match{0]: The upper halfword contains the
horizontal pixel position, and the lower halfword
contains the vertical pixel position of the best matching
16x16 block in the search window. The minimum
absolute difference value at the best match location is
packed in match [1].

The routine IMG_mad_16x16_4step implements the motion
estimation by 4-step (distance=8, 4, 2, 1) search using built-in
Description | hardware extensions. The 4-step search is a popular fast searching

technique. Input terms are packed in 16-bit integers and
doubleword aligned. Input and output data format is Q16.0.

Before using this motion estimation module to improve our codec, there are
something need to pay attentions. Generally, one often calculate the motion vectors by
comparing with the center point of the reference frame. But, in this built-in hardware
extension motion estimation module, it calculates the motion vectors by comparing
with the left top point of the reference frame. So some compensation to its motion
vector to fit our codec is needed. The follow figure shows the execution flow of our

47



motion estimation module with built-in hardware extension module.
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Fig 33 Motion estimation:with built-in-hardware extension support

From the above figure, it shows how/to add IMGLIB’s motion estimation module
to our architecture. Our own:mation estimation module is replaced by IMGLIB’s
motion estimation module with some adjust of inputs and outputs. And thus, it gets
better performance from the support.of built-in HW"extensions.

In fact, we just complete partial of the motion estimation module with built in
hardware extension motion estimation module. Because we face the conditions of
implementation time and little information about the instruction set of the
hardware extension set now. As a result, we just use the IMGLIB provided by TI, and
follow the rules provided by IMGLIB. So that since we haven’t know the detail
specifications and algorithms of remain motion search modules provided by IMGLIB,
we can’ add them into our motion estimation architecture. We will improve this
condition in the future.
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Chapter 5 Experimental results

Some experimental results are shown in this section. The QCIF version of the
Stefan sequence is used for the experiments. The first 150 frames of this sequence is
encoded and the target bit rate is set at 96 kbps. The test environment are configured
similarly to the general test environment which often used by TI on OMAP platforms.
The follow table shows the main features of the test environment in this experiment. On
the ARM side, the main program is stored in SDRAM, and the SRAM is used as the
frame buffer for the LCD controller. On the DSP side, main program sections are put in
the SARAM, and data sections are put on the DARAM. And the MPUI mode is set as
shared mode for ARM core to access DSP core’s memory.

Table 17 Setup of experiment environment

Experiment environment

ARM core 150 MHz
DSP core 150 MHz
Traffic controller 75MHz
System-DMA Noburst, 16-bit width

5.1 Experiment of Intra frame processing

5.1.1 Overall result

In this section, the main goal is to experiment with the I MB encoding module, and
the encoding mode of all frames are set as intra frame mode for intra frame processing
experiment. The implementation result and improvement will be shown step by step
here.

Execution with pure ARM core

At first, we see the experiment result of Intra frame processing. The follow table
shows the implementation result of execution on ARM core alone. Thus, we can know
the original performance of our codec which ported from PC on intra frame processing.

Table 18 Experiment result of pure ARM core

Qcif,150 I frames Execution time (ms) Percentage
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Initialization 236 0.735
Coding 4111 12.793
Sequence conversion 1684 5.241
Prediction 2631 8.190
DCT/Q/Q™* /IDCT 22297 69.396
Total 30963 100
Encoding frame rate =4.7

Execution with pure DSP core

The follow table shows the implementation result of execution on DSP core alone.
This illustrates the computation ability of the DSP core.

Table 19 Experiment result of pure DSP core

Qcif,150 I frames Execution time (ms) Percentage
Initialization 236 0.885
Coding 4123 15.455
Sequence conversion 1683 6.308
Prediction 2637 9.886
DCT/Q/Q™* /IDCT 16811 63.011
Total 26680 100
Encoding frame rate =5.6

Execution with pure DSP core, FIQ
The follow table shows the implementation result of execution using only the DSP

core with interrupt mode - FIQ. Through this experiment, it shows that the interrupt
mode improve the performance of our codec minor.

Table 20 Experiment result of pure DSP core, FIQ

Qcif,150 I frames Execution time (ms) Percentage
Initialization 236 0.886

Coding 4123 15.470
Sequence conversion 1683 6.314
Prediction 2637 9.895
DCT/Q/Q* /IDCT 16785 62.974
Total 26654 100
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Encoding frame rate = 5.6

Execution with pure DSP core, FIQ, HW extensions

The follow table shows the implementation result of execution using only the DSP
core with interrupt mode — FIQ. And the built-in hardware extension module of DCT
and IDCT are used for improving I MB encoding. Through this experiment, it shows
the outstanding performance from the support of hardware extension.

Table 21 Experiment result of pure DSP core, FIQ, HW extensions

Qcif,150 I frames Execution time (ms) Percentage
Initialization 236 1.158
Coding 4121 20.214
Sequence conversion 1683 8.255
Prediction 2638 12.941
DCT/Q/Q™* /IDCT 10519 51.598
Total 20388 100
Encoding frame rate'= 7.4

Execution with dual-core

The follow table shows the:implementation result of the proposed dual-core
architecture with interrupt mode — FIQ. And we also use the built-in hardware extension
module of DCT and IDCT for improving | MB encoding. It shows that this architecture
will increase efficiency if ARM core take a part to share the computation load from
DSP core. And the content of A/D in the follow table shows the ratio of tasks executed
on ARM core and DSP core.

Table 22 Experiment result of dual-core

Qcif,150 I frames Execution time (ms) A/D Percentage
Initialization 236 1.212
Coding 4133 21.227
Sequence conversion 1684 8.647
Prediction 2652 13.622
DCT/Q/Q/IDCT 9572 1:6.07 49,159
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Total 19471 100
Encoding frame rate = 7.7

Execution with dual-core, DMA

The follow table shows the implementation result of the proposed dual-core
architecture with interrupt mode — FIQ. DMA module is used to improve the transfer
between ARM core and DSP core. And we use the built-in hardware extension module
of DCT and IDCT for improving | MB encoding. Through this design, ARM can reduce
the transfer overhead from transfer data to DSP by ARM core support. Instead of
transfer completely by ARM core, we just let ARM core to set the DMA module for
transfer and then ARM core can continue its original job. And thus, since ARM have
more ability to handle its original jobs; we can see the condition that ARM executes
more jobs of all from the content of A/D.

Table 23 Experiment result of dual-core with DMA

Qcif,150 I frames Execution time (ms) A/D Percentage
Initialization 236 1.266
Coding 4128 22.147
Sequence conversion 1685 9.042
Prediction 2620 14.059
DCT/Q/Q™* /IDCT 8765 1:3.71 47.031
Total 18637 100
Encoding frame rate =8.0

Performance comparison

In the follow table, it lists main experiment result of Intra frame processing and
show the final improvement ratio on our dual-core architecture.

Table 24 Performance comparison

Dual-core
Module name ARM core DSP core Dual-core ) Improvement ratio
with DMA
DCT/Q/IQ™
22297 10519 9572 8765 2.54
/IDCT

From the above table, it shows that execution on DSP alone has higher efficiency

52



than execution on ARM core alone. But even though, dual-core architecture will still
have the ability to improve the performance. And from the experimental result, one can
also see that if the system does transfers complete by ARM core’s support, the
performance increase is minor. But if DMA modules are added to this dual-core
architecture, the system will have great improvement.

5.1.2 Profile for dual-core | macroblock encoding module

After seeing the general results of each module on intra frame processing, we will
further measure the detail execution status of each module for realizing each module’s
behavior and its bottlenecks for future improvements.

In the follow figure, it shows the main computation components of dual-core Intra
macroblock encoding module. The execution time of each module will be measured in
the follow table.

Pre- 1.
processing

3

Intra MB Overhead ]
Encoding '\q) \
On ARM - DMA handler 4 J

Intra MB
Encoding
On DSP

{- Dual core handler 51

4

Post- 8.
processing

Transfer to DSP 6.

Execution time
Receive from DSPT.

Fig 34 Profile for dual-core | macroblock encoding module

Table 25 Experiment result of profile | MB encoding

Number | Execution time (ms) Description
1 1253 Time in pre-processing
2 5286 Time in dual-core processing
3 682 Time in interrupt mode
4 343 Time in handling DMA handler
5 122 Time in handling Dual-core handler
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761 Time in transfer data to DSP by DMA
1520 Time in receive data from DSP by DMA
2191 Time in post-processing
A/D 1:4.18
Total time 8730

In the above figure, we can generally classify the sequentially execution time into
three sections. The first one is pre-processing section; in this section it perform the
operations of adjust the data format of this frame into proper format for intra MB
encoding.

And the second section is the main dual-core execution section in this |
macroblock encoding module, it lets ARM core, DSP core and DMA module executes
in parallel. And there is an interrupt mode component in the figure; this module is
accessed while either DMA or DSP asserts an interrupt and then the control of ARM
will fall into corresponding interrupt handler. Besides executing these handlers, there
are some overheads on handling thelinterrupt architecture, so that we can see the
overhead component in this interrupt modes/And by these experiment result, ARM core
execution time and DSP core execution time can thus:be calculated from the follow two
equations.

ARM core execution time = Execution time of ((2) — (3))
DSP core execution time = Execution time of ((2) - ((3) + (6) + (7)))

In the third section, we do format adjustment from the dual-core execution section
to proper format for later use.

As a result, we can compute these two execution times in the follow table.

Table 26 Calculated result of profile P MB encoding

o Execution time (ms)
Description
or Percentage
ARM core execution time 4604
DSP core execution time 2323
Pre-processing section percentage in this module 14%
Dual-core execution section percentage in this module 60%
Post-processing section percentage in this module 25%
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5.2 Experiment of Inter frame processing

5.2.1 Overall results

In this section, the experiments for inter frame processing is presented. The
encoder prediction pattern used here is IPPP.... The main focus here is to test the
interpolation module, the motion estimation module, and the transform/quantization
module. Since dual-core | MB encoding module has been tested before, it will set to
the fastest mode in this experiment.

Execution with pure ARM core

The follow table shows the implementation result of execution on the ARM core
alone. Thus, the original performance of this codec will be presented.

Table 27-Experiment result of pure ARM core

Qcif, 150 frames (IPPP...) Execution time (ms) Percentage
Initialization 236 0.140
Coding 767 0.456
Set edge 1027 0.610
Sequence conversion 1686 1.002
Prediction 70 0.042
Rate control 3464 2.058
Motion compensation 4375 2.600
I MB encoding 60 0.035
Interpolation 8693 5.166
Motion estimation 132649 78.831
DCT/Q/Q™* /IDCT 13328 7.921
Total 168270 100
Encoding frame rate =0.9

Execution with pure DSP core

The follow table shows the implementation result of execution on theDSP core
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alone.

Table 28 Experiment result of pure DSP core

Qcif, 150 frames (IPPP...) Execution time (ms) Percentage
Initialization 236 0.277
Coding 771 0.903
Set edge 1027 1.203
Sequence conversion 1686 1.975
Prediction 75 0.088
Rate control 3463 4.057
Motion compensation 4370 5.120
I MB encoding 60 0.070
Interpolation 6917 8.104
Motion estimation 54712 64.096
DCT/Q/Q™* /IDCT 10124 11.861
Total 83559 100
Encoding frame rate =1.8

Execution with pure DSP core; FIQ

The follow table shows thesimplementation result of execution using only the DSP
core with fast interrupt mode.

Table 29 Experiment result of pure DSP core, FIQ

Qcif, 150 frames (IPPP...) Execution time (ms) Percentage

Initialization 236 0.277
Coding 779 0.913
Set edge 1027 1.203
Sequence conversion 1686 1.975
Prediction 74 0.086
Rate control 3463 4.058
Motion compensation 4370 5.120
I MB encoding 58 0.068
Interpolation 6908 8.093
Motion estimation 54703 64.092
DCT/Q/Q™* /IDCT 10118 11.854

Total 85351 100
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Encoding frame rate =1.8

Execution with pure DSP core, FIQ, HW extensions

The follow table shows the implementation result of execution using only the DSP
core with fast interrupt mode and built-in hardware extensions.

Table 30 Experiment result of pure DSP core, FIQ, HW extensions

Qcif, 150 frames (IPPP...) Execution time (ms) Percentage
Initialization 236 0.309
Coding 783 1.024
Set edge 1028 1.344
Sequence conversion 1686 2.205
Prediction 73 0.095
Rate control 3464 4.530
Motion compensation 4373 5.719
I MB encoding 58 0.076
Interpolation 6695 8.755
Motion estimation 50745 66.362
P MB encoding 5409 7.074
Total 76466 100
Encoding frame rate =2.0

Execution with dual-core

The follow table shows the implementation result of execution on the proposed
dual-core architecture with fast interrupt mode and built-in hardware extensions.

Table 31 Experiment result of dual-core core

Qcif, 150 frames (IPPP...) | Execution time (ms) A/D Percentage
Initialization 236 0.324
Coding 768 1.053
Set edge 1029 1.411
Sequence conversion 1686 2.311
Prediction 72 0.098
Rate control 3464 4.749
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Motion compensation 4375 5.999
| MB encoding 58 0.080
Interpolation 6505 1:18.8 8.919

Motion estimation 48013 1:15.299 65.828
P MB encoding 4814 1:6.35 6.600
Total 72937
Encoding frame rate =2.0

Execution with dual-core, DMA
The follow table shows the implementation result of execution on the proposed

dual-core architecture with fast interrupt mode and built-in hardware extensions. And
DMA module is used to help the transfer between ARM and DSP.

Table 32 Experiment result of dual-core with DMA

Qcif, 150 frames (IPPP...) | Execution time (ms) A/ID Percentage
Initialization 236 0.461
Coding 787 1.537
Set edge 1027 2.006
Sequence conversion 1686 3.292
Prediction 74 0.145
Rate control 3464 6.764
Motion compensation 4370 8.534
| MB encoding 58 0.114
Interpolation 5026 1:2.96 9.816
Motion estimation 28209 1:4.31 55.088
DCT/Q/IQ /IDCT 4343 1:3.85 8.481
Total 51207 100
Encoding frame rate =2.9

Execution with dual-core, DMA, ME with interpolate on the fly

The follow table shows the implementation result of execution on our proposed
dual-core architecture with fast interrupt mode and built-in hardware extensions. And
DMA module is used to help the transfer between ARM and DSP. Besides, motion
estimation module which interpolates half-pixel reference frames on-the-fly is adopted
to reduce the load of transfer.
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Table 33 Experiment result of dual-core, DMA, enhanced ME

Qcif, 150 frames (IPPP...) | Execution time (ms) A/D Percentage

Initialization 236 0.556

Coding 803 1.891

Set edge 1025 2.414

Sequence conversion 1686 3.969

Prediction 70 0.164

Rate control 3464 8.156
Motion compensation 4375 10.302

| MB encoding 59 0.139
Interpolation 5185 1:3.12 12.209
Motion estimation 19212 1:6.59 45.238
DCT/Q/Q™ /IDCT 4430 1:3.82 10.430

Total 42468 100
Encoding frame rate =3.5

Performance comparison

And in the follow table, here lists some* experiment results of Inter frame
processing to show the improvement ratio of our dual-core architecture.

Table 34 Performance comparison

Dual-core Improvement
Module name ARM core DSP core Dual-core ) .
with DMA ratio
Interpolation 8693 6695 6505 5026 1.67
] o 28209
Motion estimation 132649 50745 48013 6.90
19212(0TF)
DCT/Q/Q /IDCT 13328 5409 4814 4343 3.00

From the above table, it shows that the dual-core architecture perform great
performance on inter frame processing. And after the use of DMA module, the
dual-core architecture becomes more efficient.

5.2.2 Profile for dual-core Interpolation module

The follow figure shows the main computation components of dual-core
Interpolation module with the fastest mode experimented before. And the follow table
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shows the execution time of each component in this module.
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Fig 35 profile for dual-core Interpolation module

Table 35 Experiment result of profile interpolation module

Number | Execution time (ms) Description
1 2106 Time in boundary interpolation
2 2919 Timein dual-core processing
3 808 Time.in.interrupt mode
4 444 Time in handling DMA handler
5 114 Time in handling Dual-core handler
6 541 Time in transfer data to DSP by DMA
7 1458 Time in receive data from DSP by DMA
A/D 1:2.95
Total time 5025

The operation of boundary interpolation is to interpolate the margin of each frame,
since its computation complexity is lower, so that in our implementation it is not
included in the dual-core execution modules. Besides, the transfer overhead may be
greater than the performance gain from execution with DSP support. The results are

shown in Table

36.
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Table 36 Calculated result of profile interpolation module

Description Execution time (ms) or Percentage
ARM core execution time 2111
DSP core execution time 112
Boundary interpolation section percentage 41%
Dual-core execution section percentage 58%

From the above tables, we can find that the transfer time of DMA is greater than
DSP core execution time. In fact, while we implement the dual-core interpolation
module in the early stage, we sometimes face the condition that the performance
decreases than execution on pure ARM core. Because the transfer overhead is very
large, so that we can take the computation complexity of this module as a frame of
reference before we implement other dual-core modules.

5.2.3 Profile for dual-core Motion Estimation module

The follow figure shows the main computation components of dual-core Motion
estimation module with the fastest'mode we experimented before. We have measured
the motion estimation and the motion:estimation; with interpolation on the fly modules.
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Fig 36 Profile for dual-core Motion Estimation module
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The operations of post processing here are deciding the motion vector mode of
each macroblock after motion estimation. At first, it shows the result of motion
estimation without interpolation on the fly on the DSP side.

Table 37 Experiment result of profile Motion estimation module

Number | Execution time (ms) Description
1 28303 Time in dual-core processing
2 1406 Time in interrupt mode
3 726 Time in handling DMA handler
4 292 Time in handling Dual-core handler
5 19269 Time in transfer data to DSP by DMA
6 499 Time in post processing
A/D 4.19
Total time 28803

Table 38 Calculated result of profileé Motion estimation module

Description Execution time (ms) or Percentage
ARM core execution time 26897
DSP core execution time 7628
Dual-core execution section percentage 98%
Post processing section percentage 1%

The results in the above table were calculated from the above table. It shows that
the transfer time is greater than the DSP core execution time. Obviously, this
implementation does not take full advantage of the DSP core. Therefore, we have
implemented another one motion estimation method.

The follow tables are the results of motion estimation with interpolation on the fly
on the DSP side.
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Table 39 Experiment result of profile Motion estimation module

Number | Execution time (ms) Description
1 18599 Time in dual-core processing
2 683 Time in interrupt mode
3 217 Time in handling DMA handler
4 292 Time in handling Dual-core handler
5 5810 Time in transfer data to DSP by DMA
6 489 Time in post processing
A/D 6.58
Total time 19088

Table 40 Calculated result of profile Motion estimation module

Description Execution time (ms) or Percentage
ARM core execution time 17916
DSP core execution time 12106
Dual-core execution section:percentage 97%
Post processing section percentage 2%

From the above tables, it illustrates that the.DSP core execution time increases and
the transfer time decreases. It also shows the"DSP core’s computation ability is much
greater than the transfer ability of system DMA in our experiment environment. As a

result, this method has been adopted as our final implementation.

5.2.4 Profile for dual-core P macroblock encoding module

The follow figure shows the main computation components of dual-core P

macroblock processing module with the fastest mode we mentioned before.
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We experimented with two different implementations of DMA control modules in
this thesis. The first one transfers all - memory section of the reconstructed frames from
DSP to ARM. This implementation has -lower complexity of DMA handler, but
increases the amount of redundant transfer. The ‘second implementation transfers
memory sections of the reconstructed frames from DSP to ARM according to its
encoding status. Although this approach makes:‘the DMA handler more complex, it
removes redundant data transfer.

The follow two tables show the result of transfer with redundant transfer.

Table 41 Experiment result of profile P MB encoding

Number | Execution time (ms) Description
1 4261 Time in dual-core processing
2 689 Time in interrupt mode
3 357 Time in handling DMA handler
4 126 Time in handling Dual-core handler
5 727 Time in transfer data to DSP by DMA
6 1452 Time in receive data from DSP by DMA
7 523 Time in post-processing
A/D 3.11
Total time 4785
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Table 42 Calculated result of profile P MB encoding

Description Execution time (ms) or Percentage
ARM core execution time 3572
DSP core execution time 1393
Dual-core execution section percentage 89%
Post processing section percentage 10%

And the follow two tables show the result of transfer without redundant transfer.

Table 43 Experiment result of profile P MB encoding

Number | Execution time (ms) Description
1 3813 Time in dual-core processing
2 742 Time in interrupt mode
3 397 Time in handling DMA handler
4 136 Time in handling Dual-core handler
5 756 Time in transfer data to DSP by DMA
6 895 Time in.receive data from DSP by DMA
7 526 Time in post-processing
A/D 3:74
Total time 4341

Table 44 Calculated‘result'of profile P MB encoding

Description Execution time (ms) or Percentage
ARM core execution time 3071
DSP core execution time 1420
Dual-core execution section percentage 87%
Post processing section percentage 12%

Obviously, it shows that the implementation which transfers data without
redundancy is more efficient, although the overhead of the DMA handler becomes more
complex than the other method, but its overall performance gain is better than the
implementation redundant transfer.
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Chapter 6 Conclusions and Future Works

From these experiments, one can see that the proposed dual-core codec partitioning
framework achieves better performance than using the DSP core alone. The thesis
also shows that data transfer overhead between the RISC core and the DSP core is
crucial to the performance of the system. Efficient use of DMA module for data transfer
also plays an important role in this framework. For future improvements, instead of
executing jobs at frame-level, data structures and execution flows of our codec should
be modified for execution at slice-level or macroblock-level. This allows the
combination of multiple function modules into one single module and reduces large
data transfer overhead. Fig. 38 shows this concept, the left-hand side of the figure
shows current execution flow, and the right-hand side shows the improved architecture
for future work.
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Fig 38 Architecture of future work

In our current design, motion compensation module is running on the RISC core
alone. With the above-mentioned modification, the motion estimatin/compensation
subtasks can be completely hosted on the same core (either RISC or DSP) without extra
data transfer overhead.

In addition, as demonstrated by many researches, employing dual buffer
mechanism on the DSP core can increase memory bandwidth greatly. This is a key
technique to improve system performance. It can be expected that we can also use
similar design to increase performance of our design, since one of the major bottleneck
of the proposed dual-core framework is from the limited memory bandwidth between
the RISC core and the DSP core.
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Finally, the research conducted in this thesis is a prelude to the design of a dynamic
scheduling kernel for asymmetric multiple processors (AMP) platforms. Based on the
experiments conducted in this thesis and the simple shell-like DSP command processor
developed for this work, one can design an AMP kernel that dispatch tasks to different
processor cores on the fly.
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