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Abstract

According to Moore's law, the number of transistors that ¢aneffectively placed on an
integrated circuit doubles every eighteen months. Howelser to the current methodology, the
productivity of IC design cannot increase correspondingty Il this gap, new methodologies
which can increase the designer's productivity are needdddeling at higher levels of ab-
straction and the use of System Level Design Languages (Slikd SpecC or SystemC, are
promising approaches to solve this problem.

In this report, we demonstrate the modeling of a H.264 decedample of an industry-
sized multi-media application. We rst describe the esiséfeatures of the H.264 algorithm
and its original reference implementation as sequentialb@ec We then recode the reference
code into a system-level speci cation model with expliefinresentation of module hierarchy,
connectivity, and testbench. Finally, we present a cleatesy model suitable for design space
exploration and an initial platform model for implementati with integrated hardware and
software components. All models of the H.264 decoder harediecessfully validated against
the initial reference C code.
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Abstract

According to Moore's law, the number of transistors that can be effdgtplaced on an integrated
circuit doubles every eighteen months. However, due to the curréhbowogy, the productivity of
IC design cannot increase correspondingly. To Il this gap, new ndtemies which can increase
the designer's productivity are needed. Modeling at higher levels dfradison and the use of
System Level Design Languages (SLDL), like SpecC or SystemQ@punisipg approaches to solve
this problem.

In this report, we demonstrate the modeling of a H.264 decoder example ioHustry-sized
multi-media application. We rst describe the essential features of the Halgdrithm and its
original reference implementation as sequential C code. We then recedeférence code into a
system-level speci cation model with explicit representation of modulaicigy, connectivity, and
testbench. Finally, we present a clean system model suitable for desiga egploration and an
initial platform model for implementation with integrated hardware and softwaramonents. All
models of the H.264 decoder have been successfully validated agaiistitieeference C code.

1 Introduction

What is the essence of Design? Design is the process of model creatidime gtarting point,
the designer has two things on his hand: one is the idea (later formally cafledcsion), another
is the available resources (libraries are one example). The desigrers to build a "bridge” to
connect these two things, so later on, the manufacturer can "walk” ontthigdge” freely.
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During this creative process, often a large mount of intermediate desigrtsemted. How and
when to create these intermediate designs depends on the design methottofolggrd, or even
impossible, to nd the best. However, it is this freedom that de nes thetisigaof this process.

1.1 Electronic System Design

The Electronic System Designer has two things at his handapiilecation andtransistors. The
application can be a mobile phone or an engine controller. The transistoused 10nm technology
or 32nm technology. The Electronic System Designer's job is to build adbkfithy implementing
the speci cation of the electronic system by use of transistors with speatlertelogy.

According to Moore's Law: the number of transistors that can be effegtiplaced on an in-
tegrated circuit doubles every eighteen months. This means the numbenbinetions of these
transistors increases even faster. Meanwhile, one product's time-tetriardecreasing due to
erce competition. It is a great challenge for the designer to explore thessible combinations in
an ef cient way.

However, some lessons can be learned from RTL design. When autoRHEtedesign methods
came out, it greatly increased the design productivity. The designer cprthmam applications
by playing with adders, multiplexers or registers instead of AND gates or &Bs. Now a
higher level of abstraction, higher than RTL, would be a reasonablé@olBy applying this so-
called system level, the designer can start the complex systems from momcabsimponents,
like processors memories and IPs. These higher abstractions, latemndoe ce ned down to RTL
automatically or manually.

1.2 SpecC

SpecC|[5] is an approach targeting this higher level of abstraction.dBasANSI-C, additional
features to facilitate the system level design are provided. With thesedsathie system designer
can describe the desired system at a higher level than RTL. The det#ils imiplementation can
be ignored at the speci cation stage, and are re ned later.

The features of SpecC that can facilitate system level design include:
Data types event, signal, time, bit vectors
Classesbehavior, channel, interface

Statementssequential, concurrent, pipelined, FSM

A detailed explanation of these features can be found/in [4]



2 H.264 Decoder Algorithm

Before we model the H.264 example application at the system level usin@ Specdescribe the
background and some essential features of this algorithm.

2.1 H.264 Background

The H.264 and the MPEG-4 Part 10, also named Advanced Video Codifg)(gtandard, is
jointly developed by ITU and ISO. It is a video compression standard withntieat to provide
high quality video at a lower bit rate than previous standards. Anothertiotdh264 is to satisfy
a variety of video compression applications, from high bit rate to low bit fede) high resolution
to low resolution. These applications can be classi ed into 7 pro les [9]:

Baseline Pro le

Main Pro le

Extended Pro le

High Pro le

High 10 Pro le

High 4:2:2 Pro le

High 4:4:4 Predictive Pro le
An implementation of the H.264 decoder uses a .264 le as input. In this sect®millvrst go
through the bit stream structure of a .264 le and then review the algorithirFh264 decoder.
2.2 Brief Description of Input and Output Data Formats

H.264 is designed as a simple and straightforward video coding, which idabtampletely de-

couple the transmission time, the decoding time, and the sampling of slices anésidiur.264

decoder takes a .264 le as input and outputs a raw YUV video stream. &bedihg process
speci ed in H.264 is unaware of time, and the H.264 syntax does not cdoymation such as the
number of skipped frames [7].

2.2.1 H.264 Bitstream Formats

The bitstream of .264 le can be in either NAL unit stream format or byte strémmat. The NAL
unit stream format is conceptually the more basic type which is composedegfugisce of NAL
units. Usually NAL units can be extracted from byte stream format by besy@ unique pre Xx.
An NAL unit speci es a generic format for use in both packet-oriented bitstream systems.
Figure 1 illustrates the structure of a basic NAL unit.

The elements of an NAL unit are as follows:



NAT Header | Slider Header | Flag | Macroblock | Macroblock

Figure 1: Structure of an NAL unit

NAL Unit Header: 1 byte long, indicates the type of the bitstream and prionisl le
Slice Header: contains authentication bits
Flag: Start of the Data

Macroblocks: contains data information; Each macroblock is comprisedeofi6x16 luma
array and, when the video format is not monochrome, two corresportirgna sample
arrays. When macroblock-adaptive frame/ eld decoding is not in useh enacroblock rep-
resents a spatial rectangular region of the picture.

2.2.2 YUV Bitstream Formats

The input of a H.264 encoder and output video of a H.264 decoderadingirb.yuv formats. The
source and decoded pictures (frames or elds) are each compriseteair more sample arrays of
chrominance and luminance. In ISO standard, the variables and terncsatesgavith these arrays
are referred to as luma (or L or Y) and chroma for convenience. TheWUX stands for luma,
which is brightness, or lightness. U and V provide color information. In Yiddeo stream, there
are three types of sampling for luma and chroma:

4:2:0 sampling: each of the two chroma arrays has half the height and halidtreof the
luma array.

4:2:2 sampling: each of the two chroma arrays has the same height and haifithef the
luma array.

4:4:4 sampling: each of the two chroma arrays has the same height and witith lamma
array.

Figure 2, Figure 3, and Figure 4 present the above three types of sgmphnframe, respec-
tively.
2.3 H.264 Decoder Structure

The structure the of H.264 Decoder is depicted in Figure 5. The complreisks® streams, from the
network or other media, are rstly entropy decoded and reordereen Tie decoded data X will be
de-quantized and de-transformed, which means the output datadin time domain again. In the
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Frame

XOX XOX XOX
X X X X X X
XOX XOX XOX
X X X X X X
XOX XOX XOX
X X X X X X

Guide:
X — Location of luma sample
0 — Location of chroma sample

Figure 2: Format 4:2:0 luma and chroma samples in a frame [7]

Frame

R RR
X X X X X X
BRREER
X X X X X X
YRR R
X X X X X X

Guide:
X — Location of luma sample
O — Location of chroma sample

Figure 3: Format 4:2:2 luma and chroma samples in a frame [7]



BRERRE
BRI R X
BRERRE
R R X
BRREERRE
BRER R X

Guide:

X ~ Location of luma sample
0O — Location of chroma sample

Frame

Figure 4: Format 4:4:4 luma and chroma samples in a frame [7]

nal stage, the time domain data D'are motion compensated, and the reconstructed video appears

after the lter.

n-1
(reference)

(1 or 2 previously
encoded frames)

MC

Intra
prediction

Fl e

Filter

A

T

Q'

Reorder

le——

Entropy
decode

[ NAL

Figure 5: AVC decoder structure [8]



3 Reference C Implementation of H.264 Decoder

A speci cation model of a system is often not developed from scratch. iStdkes time for the
designer to build the whole system speci cation. Today, embedded systsigng are usually based
on C reference source code. There are a great variety of C soodes for different algorithms
from the free software organization on the internet. The embedded syg&®igner can pick up
those reference source codes, then recode them into SpecC SLBYstem exploration. Thus,
designers can put more attention on system speci cation rather than writemg gource code line
for the algorithm.

3.1 Reference C Implementation of H.264 Decoder

SpecC SLDL is a superset of the C Language. It is compliant with ANShClwmeans that every
ANSI-C program is SpecC program as well. It will be much easier to modiftiugce code in C
than developing the speci cation from scratch.

For this project, we use the H.264/AVC JM Reference Software [6] asfieeance implemen-
tation of our H.264 decoder speci cation model in SpecC. The H.264/AVO&drence software
is provided by the joint video team (JVT). The version we use is JM 13.0.

The H.264/AVC JM Reference Software consists of both the encodeo@@mand the decoder
(Idecod) for the H.264 standard. Our work focus on the decoder\ertvill consider the encoder
as an optional extension for the future.

Table 3.1 shows the properties of the reference source code in C.

Properties of the JM decoder reference C code

Total number of the source les 33

Total number of the header les 36

Number of the source code lings 30K
Number of functions 462

Table 1: Properties of the JM decoder reference source code

The reference source code is just a software decoder of H.264astwithout ensuring the
realtime decoding ability. It can be compiled and run on Windows, Unix, MacQiSFaeeBSD
operating system platforms. Our work is done on Linux kernel 2.6.

3.2 JM H.264 Decoder Code Structure

The whole expansion of the decoder's function call tree of JM referende is depicted in Figure 6.
Comparing with the structure graph in the Figure 5, ¢éhéropy decodingblock andreordering
block are implemented in the function:

read_one_macroblock()

( decode_one_slice

( decode_slice



( decode_one_frame()
( main() .

Thede-quantizing block, de-transforming block andmotion compensationblock are imple-

mented in the function:
decode_one_macroblock()
( decode_one_slice

( decode_slice

( decode_one_frame()

( main() .

The detailed structure of the functidecode_one_macroblock()
urel 7. This function performs the key functionality of the H.264 standagdairse in H.264 each
frame is processed in units of macroblocks. For different types of robaks, which are indicated
by mb_type , different transform functions are applied. These functions camwined in Figure 7

as well as listing 1.
if (IS_NEWINTRA (currMB))

intrapred_luma_16x16();
iMBtrans4x4();
intra_cr_decoding();

}
else if  (currMB->mb_type == 14MB)
{

intrapred();

intra_cr_decoding();

itrans();

else if (currMB->mb_type == 18MB)
{
intrapred8x8();
intra_cr_decoding();
itrans8x8();
}
else if ((img->type == P_SLICE) && (currMB->mb_type == PSKIP))
perform_mc();
else if  (currMB->mb_type == P16x16)
{
iTransform();
perform_mc();
}
else if (currMB->mb_type == P16x8)

iTransform();
perform_mc();

else if (currMB->mb_type == P8x16)

iTransform();
perform_mc();

else

perform_mc();

is demonstrated in Fig-

Listing 1: Macro-block processing



Figure 6: Main root expansion of the JM H.264 decoder function call tree



Figure 7: Expansion of decodme macroblock of the JM H.264 decoder function call tree
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3.3 Make C Code SpecC compliant

The rst step to built the speci cation model is to make the reference C cqueeS compliant.
Since the reference code is not ANSI-C compliant, which is a featurdctestr of the SpecC
compiler, we have to make modi cations to the reference code in order to maksstthe SpecC
compilation.

Some of the modi cation issues are listed below:

Local variable initialization: In SpecC, variable initializations at the time of datilam are
restricted to constants. Some of the local variables in the functions are indi@&ether
former declared variables or variable addresses. Such local vari@tdenanually modi ed
by separating the declaration and initialized.

Global variable initialization: Due to the same restriction, global variables wdnielinitial-
ized at the time of declaration are recoded for initialization and declaraticaratety. For
global variables, the modi cation approach is different from that of laeaiables since we
cannot assign the value outside any function scope. We create a funatimth264 scinit()
and put it at the beginning of the program for global variable initialization.

Function pointer elimination: Function pointers can be used to simplify codk,agieplace
large switch statements. When dereferenced, a function will be invokeéssing zero or
more arguments. However, SpecC does not support function pointersodts ambiguity
for high level synthesis. Modi cations are necessary done to eliminate ghesters. When
using the function pointer, we will rst assign different function calls torider different con-
ditions. Then, when such a pointer is dereferenced, different fursctian be invoked without
considering the conditions. We eliminate function pointers by adding conditanrches for
different function calls instead of dereferencing function pointersuféi® shows an example
of how to eliminate function pointers in C.

Macro de nition conversion: Iifunction.h the fundamental arithmetic operations are de ned
as macros. Some of them deal with the input parameters multiple times. Howéezrever

a parameter is passed as increments/decrements expression of a véralslemantic of
the source code will be changed in ANSI-C. Figure 9 shows the differbetween macro
de nition and function call for certain arithmetic operation. Since macro d@ns are not
perfect, they are rewritten as function calls.

Inline function elimination: SpecC does not support inline functiomdine is a reserved
keyword of SpecC. Thus, the keywarkine is removed from inline function de nitions.

Source and header les renaming: The reference C source codeés@0dsource les whose
post x is .c. We rename them with the same name and post xedsbyo identify them as
SpecC source code. The reference C source code includes 3& Headvhose post x is
.h. Since SpecC compiler will automatically generate header les for eachCSpearce le
with the same name post xed bz, we rename the original header le to be post xed lsih

11



Figure 8: Example describing how to eliminate function pointers

Figure 9: Example describing the difference between arithmetic operatiom mad function call

12



Header les ANSI-C compliant recoding: Three of the standard librarlasgeval.h,
hugevalf.h, hugevall.h are not ANSI-C compliant due to the initialization of enumerated
variables. We recoded them and converted them to user include les dnhsfesystem in-
clude les.

3.4 Simulation Result

After our compliance changes, the JM C reference code could be corapitiidin on Linux kernel
2.6. The decoder inputs are:

test.264The h.264 stream le. It can be a movie or a static picture.

decoder.cfgThe con guration le for the decoder. It provides the con gurationanfnation
like the name of the input/output le, decoder rate, NAL mode, output chromestyetc. The
whole content of the test decoder con guration le is listed in Appendix A.1.

testrec.yuv The reference YUV le used to see whether the decoding process lisatar
not by being compared with the output YUV le . This reference le is in YUbriat.

The decoder output is:
testdec.yuvThe output YUV le.

The decoder will display some information for each frame decoded, ingjudame number
(FRAMB), frame type, picture numbeP(QC), quantization paramete@p), signal to noise ratio of
Y, U and V chroma componentS rY, SnrU, Snr) output chroma typeUV), system decoding
time (time), etc. If the decoding execution is correct, all the SNRs for Y, U and Mmanents
should be 0.

Appendix A.2 shows the simulation output of the JM reference implementation withest
le. It shows that the decoding execution is correct by those zero SalReg. The total number
of frames in the test le is 299 and the system decoding time is 3.5 secondsmeabn the host
machine (PC with Intel(R) Pentium(R) 4 CPU 3.00GHz).

13



4 H.264 Decoder Speci cation Model

The speci cation model in SLDL is the starting point for system level desigtuiting architec-
ture exploration, communication re nement, pro ling, performance evalumtend so on. The
speci cation captures all the functionality of the system but hides the impletiemtdetails. The
speci cation model is an abstract model with the features for system leggjd and is based on
the C reference implementation code. Since the speci cation model is the ihthe aext-step
design exploration, goodspeci cation model is very essential. References [3] and [2] talk about
the important features of a good speci cation model:

Computation and Communication Separation: In SpecC SLDL, computation units are
modeled as behaviors, and communication units can be modeled as chanoblsearation
allows easy plug-n-play module exploration in the speci cation model. It alsokisyafor
ef cient communication synthesis and design space exploration.

Modularity: Modularity is required by the decomposion of the system functionality allowing
to build the system hierarchically.

Granuality: Granuality is determined by the size of the leaf behaviors. The higher the num-
ber of leaf behaviors, the greater the possibility for design space etiglor On the other
hand, the smaller the granuality is the more complex the system speci cation wiirbper
granuality is a key feature of a good speci cation model.

Implementation details: The speci cation model is an abstract system description which
should not have any implicit and explicit implementation details. Abstracting awaleimp
mentation details provides more feasibility for design space exploration in thestagee.

Concurrency: Concurrency is the essence of hardware components. Any paraltgido-
ality in the system should be considered to run concurrently for a moreeet architecture
implementation.

4.1 H.264 Decoder Speci cation Model Creation

The SpecC speci cation model is built based on the JM C reference impleticent&Ve mostly
follow the hierarchy of the reference code and wrap behaviors dicapto their functionality. The
guide rules for the speci cation model building are listed below:

Separate those system calls, which are not synthesizable in hardwareallkc(), printf(),
fopen(), fclose(), read(), write(jrom the main decoder algorithm.

Create behaviors in top-down fashion according to the referenceesoade. The granularity
of the behaviors is not smaller than those functions correspondinglgsepted in the H.264
algorithm block diagram.

Behaviors are built manually according to the rules above by inserting tloei€escode func-
tions.
Our initial speci cation model consists of 37 behaviors. The top level inetuttiree behaviors:

14



stimulus: The module which provides the stimulus to the decoder. It parses the aatigu
le, opens the input stream le and the output YUV le, and deals with memdigaations.
It prepares and feeds the data that the main decoder needs.

decoder: The module which executes the H.264 decoding algorithm (design under test,
DUT). Itis the central part of our speci cation model. In this behaviogréhare functional
subbehaviors for H.264 decoding, including motion estimation, motion predici@nopy
decoding, slice and macroblock decoding, space transformation, etc.

monitor: The module which monitors the status of the decoding process. This module it re
ceives the decoding information of each frame and displays it at the same tiemed&coding
the following frames. It will also receive the decoded data and store it ietodikput le.

These three behaviors build up the testbench of our speci cation modelreFlgushows the
structure of this testbench. Figure 11 shows the whole spanned befid@archy tree.

4.2 Simulation Result

We compiled our H.264 decoder speci cation model on Linux kernel 2.6gycE& Compiler (SCC)
V.2.2.1 . The speci cation model could be compiled into an executable prograhruns well on
Linux 2.6.

Appendix A.3 shows the simulation output of the H.264 speci cation model withest le. It
shows that the decoding execution is correct by those zero SNR valuesotal number of frames
in the test le is 299 and the system decoding time is 4.9 seconds real-time ondtra&chine (PC
with Intel(R) Pentium(R) 4 CPU 3.00GHz).

15



Figure 10: Top level testbench of H.264 decoder speci cation model
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[— h264dec_DUT

--- b_decode_slice

b_decode_one_slice
b_decode_one_maachl

- b_Inv_Resadiurans_4x4
- b_Inv_Resadiurans_8x8
- b_decode nipenb

- b_iMBtrangx

----- bvIResidual_trans_4x4
raits4x4

braibs_sp

------ b_iTransform

|-b_Inv_Residual_trans_4x4
--}-b_itrans4x4
-+—b_itrans_sp

------ b_Bt#tans8x8

-A~b_itrans8x8

raits4x4

braihs_sp_cr

intra_ceading
btrapred_chroma

- b:imramdminaﬁlexls
- b_itrans4x4

- b_perform_mc

- b_preparegedt_params

b_exit_macroblock

b_read_one_macrokloc
- b_start_macroblock

|------ h264dec_monitor

b_dispFramelnfo

b_outputBuffer

h264dec_stimulus

------ b_decode_one_frame

b_exit_picture

b_store_picture_in_dpb

- b_alloc_stbte_picture

- b_find_snr

- b_flush_diteoutput

bloal storable_picture

b_iter picture

------ b_write_pi

b_read_new_slice

b_alloc_storable_tpie

b_exit_picture

- b_store_piet_in_dpb

b_call storable_picture

mdi_snr

—————— bugh_direct_output

-+—b_alloc_storable_picture

-\—b_write_picture

—————— b_iter picture

------ b_store_picture_in_dpb

- b_alloc_stbte_picture

- b_find_snr

- b_flush_direstitput

b aall storable_picture

_iter_picture

------ b_write_pice

Figure 11: Behavioral hierarchy tree of H.264 decoder speci catiodeho
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5 H.264 Decoder Exploration Model

5.1 Exploration Model

The H.264 speci cation model is built for system level design exploratioa.use System-on-chip
Environment (SCE) for further modeling, analysis, synthesis and validaB&E is a tool with a
graphical user interface (GUI) and a set of tools which facilitate the sykeel design ow [1].
The tool set includes a pro ling tool, several re nement tools, estimatiotstand so on.

A clean speci cation model is needed for SCE to do the further exploratiork wA clean
speci cation model is the one in which only the leaf behaviors contain the @ aad all the child
behaviors are composed eithergarallel (usingpar statement), or ipipeline (using pipe state-
ment), or inFinite State Machine (FSMtyle (usingfsmstatement), or sequentially [2]. However,
the speci cation in Section 4 is not yet a clean exploration model.

We will discuss how to build the clean exploration model in Section 5.2

5.2 Exploration Model Cleaning

For those non-leaf behaviors, we have to clean timgim functions by wrapping those statements
into sub-behaviors and put the newly built sub-behaviors patio fsm, pipelinepr segstatements.
Since we do not explore the parallelism of the model yet, we model eackibehdo Finite State
Machine (fsm¥ashion. We divided the statements into ve categories and clean them imetliffe
manners:

common statements: Common statements are those trivial, uncompound statements like
variable assignments, function calls, etc. For these statements, we simplyhenapnto a
leaf sub-behavior with proper input/output ports.

if-branch: If-branches usually contain one branch condition statement and one obranch
statements. We could recode the branches into different states and l&tdsechange ac-
cording to the condition statement. Figure 12 shows an exampielasnch cleaning.

for-loop: For-loops usually contain an iteration variable and a for-loop iteration.bdt
for-loop will rst initialize the iteration value, change the value per iterationl @heck the
value to see when to terminate. We clean for-loops into several states byedtffsub-
behaviors, one sub-behavior for iteration variable initialization, oneb&itavior for the iter-
ation body, one sub-behavior for iteration variable changing and tetgriinénation condition
to determine the state transition. Figure 13 shows an examplerftwop cleaning.

while-loop: While-loops are somewhat similar to the for-loops. The execution of the while-
loop body is determined by the while-loop conditions. We clean the while-loogeisithilar
manner as for-loop cleaning. The while-loop body (while-loop conditicenging is done

in the loop body) is wrapped as a sub-behavior and a dummy sub-belimvimated for
condition checking ilsmstatement. Figure 14 shows an examplevbile-loopcleaning.
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Figure 12: Example for if-branch cleaning
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Figure 13: Example for for-loop cleaning
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Figure 14: Example for while-loop cleaning
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switch cases:Switch cases are used for simplifying the if-branches under multiple differe
possible conditions. Switch cases could be recodedifratseif-elsestatements and then
clean itas whatis done for if-branches. Figure 15 shows an exam@eitch casesleaning.

Figure 15: Example for switch cases cleaning

The body of thdf-branches, for-loops, while-loopsnd switch casesnay not be clean them-
selves, in other words they may contain both statements and behavior ereciiie could apply
our clean approach recursively to make them totally clean.

5.3 H.264 Decoder Exploration Model

We manually clean our H.264 decoder speci cation model which is discuss&ction 4 in
bottom-up fashion. Figure 16 shows a non-leaf behavior tree befoaaiote and after cleaning.
A clean behavior hierarchy signi cantly is more complex than the original one
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Figure 16: A non-leaf behavior before and after cleaning

Our clean exploration speci cation model consists of 173 behaviors.eAgix A.5 shows the
whole spanning behavior tree of our clean H.264 decoder model.

5.4 Simulation Result

We compiled our H.264 decoder clean exploration model on Linux kernddy2SpecC Compiler
(SCC) V.2.2.1. The model could be compiled and runs well on Linux 2.6.

Appendix A.4 shows the simulation output of the H.264 speci cation model witttest le. It
shows that the decoding execution is correct by those zero SNR valesotal number of frames
in the test le is 299 and the system decoding time is 4.1 seconds on the hoshméelr with
Intel(R) Pentium(R) 4 CPU 3.00GHz).

23



6 H.264 Decoder Initial Platform Model

In designing a video chip, one of the key questions is how to partition thevaaedand software
S0 as to maximize performance and minimize cost. In order to reduce the megalltion time,
those behaviors which consume a high amount of time, have to be identi etchapded to high-
speed hardware.

In this section, we will base on the speci cation model in Section 5, partition gfeviors
onto Processing Elements (PE), and build an initial H.264 platform model. W&@QEetool to
carry out above tasks.

6.1 Processing Elements Mapping

Current embedded multimedia applications are more and more implemented assprdeased
systems. For this initial platform model of H.264 decoder, we select a gsocdrom the PE
library provided by the SCE tool as the software component. At this instahRd_7TDMI
with 100MHz maximum clock frequency is our choice and we map the whole Do d.
We simulate this pure software implementation with a 299 frame length H.264 videonstk
176 144 frame size and identify four critical time consuming behaviaidns4x4, hitrans8x8,
b_decodeone macroblock, and lintrapredchroma shown in Figure 17. Total system time is esti-
mated at 43s for pure software implementation, which is clearly beyond the 10 seceatitme
requirement.

Figure 17: Computation pro le of the time consuming behaviors
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The timing and computation quantities of above four behaviors that take tlestargrt of total
system time are shown in Figure 18, 19, 20 and 21.

Figure 18: Timing and computation quantities aitkans4x4

Figure 19: Timing and computation quantities oitians8x8

We proceed to speed our system up with custom hardware. The selecthdahe element
is HW_Standard from the SCE PE library and its clock frequency is set to 200Mie map
b_itrans4x4, hitrans8x8, hdecodeonemacroblock, and lintrapredchroma onto four copies of
the hardware unit and summarize the PE allocation and software/hardaréit®p for this initial
H.264 platform model in Table 2.

6.2 Architecture Re nement

Then we perform architecture re nement with SCE tool and evaluateeabow guration. Figure
22 shows the behavior tree after architecture re nement and Figure 2®dtas the hierarchical
structure of the re ned model. For the same H.264 le, we now obtain an estihexiecution time

of the software/hardware codesign model oféBbseconds. Taking into account the 299 frames in
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Figure 20: Timing and computation quantities aflecodeone macroblock

Figure 21: Timing and computation quantities airttrapredchroma

PE Clock Frequency Mapped Behavior
Software | ARM_7TDMI 100MHz H264.DUT
Hardware| HW_Standard 200MHz b_itrans4x4
Hardware| HW_Standard 200MHz b_itrans8x8
Hardware| HW_Standard 200MHz b_decodeone macroblock
Hardware| HW_Standard 200MHz b_intrapredchroma

Table 2: Software/hardware con guration of initial platform model
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the test system, our decoding speed results itiffy9, which is slower than the frame rate of 30fps
required by National Television System Committee (NTSC) in United States.

However, there is still room to improve this initial platform model. We have the iolig
choices to increase the decoding speed to meet the NSTC requirement:

enhance the clock frequency of PEs (but this way the power consunpitidre higher)
nd a better hardware and software partition so as to achieve betterpenfce
parallize some parts of the program which consume a large amount of time
change the software component into a more powerful one

We will address these and other improvements in the near future.

Figure 22: Behavior tree of H.264 decoder after architecture re némen

Figure 23: Hierarchical structure of initial platform model after architexte nement
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7 Conclusion and Future Work

In this project, we have successfully translated the H.264 decoder freorSpecC. The original
sequential algorithmic description of the system is replaced by a structigietekiel speci cation.
Computation and communication information are isolated and encapsulatectegparThe
relationship between them can be re ned during the later design spaderatigm. Based on
different target systems, different topology of these encapsulateghutation elements can be
tried. The optimal one will be chosen as the target architecture, and lateindre synthesized into
lower level description language, such as VHDL or Verilog.

For future work, we plan to synthesize the high level speci cation onto @ABoard to test
the integrity of the process. Based on the real data obtained from thedra;dadjustments can
be made to re ne the high level model. Power characteristics can also leel &oldhe high level
speci cation. With this information, the trade off decision of the system archite can be made
earlier and more accurate at the higher level.
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A Appendix

A.1 Decoder con guration le decoder.cfg

test.264 ... H.264/AVC coded bitstream

test.dec.yuv ... Output file , YUV/RGB

test.rec.yuv ... Ref sequencefdr SNR)

T Write 4:2:0 chroma component®r monochrome streams

r NAL mode (0=Annex B, 1: RTP packets)

o SNR computation offset

2 Poc Scale (1 or 2)

500000 L. RateDecoder

104000 L. Bdecoder

73000 L Edecoder

leakybucketparam.cfg ........ LeakyBucket Params

2 Err Concealment(0:Off ,1: Frame Copy,2: Motiomnpy)

2 Reference POC gap (2: IPP (Default), 4: IbP [/ IpP)

2 POC gap (2: IPP /IbP/IpP (Default), 4: IPP with fra
skip = 1 etc.)

o Silent decode

This is a file containinginput parameters to the JVT H.264/AVC decoder.
The text line following each parameter is discarded by the decoder.

For bug reporting and known issues see:
https ://ipbt.hhi.de

A.2 Simulation result of the JM C reference code

JM 13.0 (FRExt)

Decoder config file : decoder.cfg
Input H.264 bitstream . test.264
Output decoded YUV : testdec.yuv
Output status file :log.dec
Input reference file : testrec.yuv

POC must = framé& or field# for SNRs to be correct

Frame POC Pig QP snrY SnrU Snrv Y:U:V Time(ms)
00000(IDR) 0 0 28 0.0000 0.0000 0.0000 4:2:0 10
00002( P ) 4 1 28 0.0000 0.0000 0.0000 4:2:0 11
00001( b ) 2 2 30 0.0000 0.0000 0.0000 4:2:0 12
00004( P ) 8 2 28 0.0000 0.0000 0.0000 4:2:0 9
00003( b ) 6 3 30 0.0000 0.0000 0.0000 4:2:0 9
00006( P ) 12 3 28 0.0000 0.0000 0.0000 4:2:0 11
00005( b ) 10 4 30 0.0000 0.0000 0.0000 4:2:0 13
00008( P ) 16 4 28 0.0000 0.0000 0.0000 4:2:0 10
00007( b ) 14 5 30 0.0000 0.0000 0.0000 4:2:0 9
00010( P ) 20 5 28 0.0000 0.0000 0.0000 4:2:0 11
00009( b ) 18 6 30 0.0000 0.0000 0.0000 4:2:0 13
00012( P ) 24 6 28 0.0000 0.0000 0.0000 4:2:0 9
00011( b ) 22 7 30 0.0000 0.0000 0.0000 4:2:0 9
00014( P ) 28 7 28 0.0000 0.0000 0.0000 4:2:0 11
00013( b ) 26 8 30 0.0000 0.0000 0.0000 4:2:0 13
00016( P ) 32 8 28 0.0000 0.0000 0.0000 4:2:0 10
00015( b ) 30 9 30 0.0000 0.0000 0.0000 4:2:0 9
00018( P ) 36 9 28 0.0000 0.0000 0.0000 4:2:0 12
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00257( b ) 514 2 30 0.0000 0.0000 0.0000
00260( P ) 520 2 28 0.0000 0.0000 0.0000
00259( b ) 518 3 30 0.0000 0.0000 0.0000
00262( P ) 524 3 28 0.0000 0.0000 0.0000
00261( b ) 522 4 30 0.0000 0.0000 0.0000
00264( P ) 528 4 28 0.0000 0.0000 0.0000
00263( b ) 526 5 30 0.0000 0.0000 0.0000
00266( P ) 532 5 28 0.0000 0.0000 0.0000
00265( b ) 530 6 30 0.0000 0.0000 0.0000
00268( P ) 536 6 28 0.0000 0.0000 0.0000
00267( b ) 534 7 30 0.0000 0.0000 0.0000
00270( P ) 540 7 28 0.0000 0.0000 0.0000
00269( b ) 538 8 30 0.0000 0.0000 0.0000
00272( P ) 544 8 28 0.0000 0.0000 0.0000
00271( b ) 542 9 30 0.0000 0.0000 0.0000
00274( P ) 548 9 28 0.0000 0.0000 0.0000
00273( b ) 546 10 30 0.0000 0.0000 0.0000
00276( P ) 552 10 28 0.0000 0.0000 0.0000
00275( b ) 550 11 30 0.0000 0.0000 0.0000
00278( P ) 556 11 28 0.0000 0.0000 0.0000
00277( b ) 554 12 30 0.0000 0.0000 0.0000
00280( P ) 560 12 28 0.0000 0.0000 0.0000
00279( b ) 558 13 30 0.0000 0.0000 0.0000
00282( P ) 564 13 28 0.0000 0.0000 0.0000
00281( b ) 562 14 30 0.0000 0.0000 0.0000
00284( P ) 568 14 28 0.0000 0.0000 0.0000
00283( b ) 566 15 30 0.0000 0.0000 0.0000
00286( P ) 572 15 28 0.0000 0.0000 0.0000
00285( b ) 570 0 30 0.0000 0.0000 0.0000
00288( P ) 576 0 28 0.0000 0.0000 0.0000
00287( b ) 574 1 30 0.0000 0.0000 0.0000
00290( P ) 580 1 28 0.0000 0.0000 0.0000
00289( b ) 578 2 30 0.0000 0.0000 0.0000
00292( P ) 584 2 28 0.0000 0.0000 0.0000
00291( b ) 582 3 30 0.0000 0.0000 0.0000
00294( P ) 588 3 28 0.0000 0.0000 0.0000
00293( b ) 586 4 30 0.0000 0.0000 0.0000
00296( P ) 592 4 28 0.0000 0.0000 0.0000
00295( b ) 590 5 30 0.0000 0.0000 0.0000
00298( P ) 596 5 28 0.0000 0.0000 0.0000
00297( b ) 594 6 30 0.0000 0.0000 0.0000
Average SNRall frames

SNR Y(dB) : 0.00

SNR U(dB) : 0.00

SNR V(dB) : 0.00

Total decoding time : 3.557sec (84.060 fps)
Exit JM 13 (FRExt) decoder ,ver 13.0

A.3 Simulation result of the SpecC speci cation model

JM 13.0 (FRExt)

Decoder config file : decoder.cfg
Input H.264 bitstream . test.264
QOutput decoded YUV ;. testdec.yuv
Output status file :log.dec
Input reference file . testrec.yuv

POC must = framé& or field# for SNRs to be correct
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00298( P ) 596 5 28 0.0000 0.0000 0.0000 4:2:0 15
end decoding
Average SNRall frames

SNR Y(dB) : 0.00

SNR U(dB) ;. 0.00

SNR V(dB) : 0.00

Total decoding time : 4.924sec (60.723 fps)

Exit JM 13 (FRExt) decoder ,ver 13.0
A.4 Simulation result of the SpecC clean exploration model

JM 13.0 (FREXxt)

Decoder config file : decoder.cfg

Input H.264 bitstream : test.264

Output decoded YUV ;. testdec.yuv

Output status file :log.dec

Input reference file . testrec.yuv
POC must = framé& or field# for SNRs to be correct

Frame POC Pig QP SnrY SnrU snrv Y:U:V Time(ms)
00000(IDR) 0 0 28 0.0000 0.0000 0.0000 4:2:0 12
00002( P ) 4 1 28 0.0000 0.0000 0.0000 4:2:0 13
00001( b ) 2 2 30 0.0000 0.0000 0.0000 4:2:0 14
00004( P ) 8 2 28 0.0000 0.0000 0.0000 4:2:0 11
00003( b ) 6 3 30 0.0000 0.0000 0.0000 4:2:0 10
00006( P ) 12 3 28 0.0000 0.0000 0.0000 4:2:0 13
00005( b ) 10 4 30 0.0000 0.0000 0.0000 4:2:0 15
00008( P ) 16 4 28 0.0000 0.0000 0.0000 4:2:0 11
00007( b ) 14 5 30 0.0000 0.0000 0.0000 4:2:0 11
00010( P ) 20 5 28 0.0000 0.0000 0.0000 4:2:0 12
00009( b ) 18 6 30 0.0000 0.0000 0.0000 4:2:0 16
00012( P ) 24 6 28 0.0000 0.0000 0.0000 4:2:0 10
00011( b ) 22 7 30 0.0000 0.0000 0.0000 4:2:0 10
00014( P ) 28 7 28 0.0000 0.0000 0.0000 4:2:0 12
00013( b ) 26 8 30 0.0000 0.0000 0.0000 4:2:0 15
00016( P ) 32 8 28 0.0000 0.0000 0.0000 4:2:0 12
00015( b ) 30 9 30 0.0000 0.0000 0.0000 4:2:0 11
00018( P ) 36 9 28 0.0000 0.0000 0.0000 4:2:0 13
00017( b ) 34 10 30 0.0000 0.0000 0.0000 4:2:0 15
00020( P ) 40 10 28 0.0000 0.0000 0.0000 4:2:0 12
00019( b ) 38 11 30 0.0000 0.0000 0.0000 4:2:0 11
00022( P ) 44 11 28 0.0000 0.0000 0.0000 4:2:0 12
00021( b ) 42 12 30 0.0000 0.0000 0.0000 4:2:0 16
00024( P ) 48 12 28 0.0000 0.0000 0.0000 4:2:0 11
00023( b ) 46 13 30 0.0000 0.0000 0.0000 4:2:0 11
00026( P ) 52 13 28 0.0000 0.0000 0.0000 4:2:0 13
00025( b ) 50 14 30 0.0000 0.0000 0.0000 4:2:0 14
00028( P ) 56 14 28 0.0000 0.0000 0.0000 4:2:0 14
00027( b ) 54 15 30 0.0000 0.0000 0.0000 4:2:0 12
00030( P ) 60 15 28 0.0000 0.0000 0.0000 4:2:0 13
00029( b ) 58 0 30 0.0000 0.0000 0.0000 4:2:0 15
00032( P ) 64 0 28 0.0000 0.0000 0.0000 4:2:0 13
00031( b ) 62 1 30 0.0000 0.0000 0.0000 4:2:0 11
00034( P ) 68 1 28 0.0000 0.0000 0.0000 4:2:0 13
00033( b ) 66 2 30 0.0000 0.0000 0.0000 4:2:0 15
00036( P ) 72 2 28 0.0000 0.0000 0.0000 4:2:0 14
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00275( b ) 550 11 30 0.0000 0.0000 0.0000 4:2:0
00278( P ) 556 11 28 0.0000 0.0000 0.0000 4:2:0
00277( b ) 554 12 30 0.0000 0.0000 0.0000 4:2:0
00280( P ) 560 12 28 0.0000 0.0000 0.0000 4:2:0
00279( b ) 558 13 30 0.0000 0.0000 0.0000 4:2:0
00282( P ) 564 13 28 0.0000 0.0000 0.0000 4:2:0
00281( b ) 562 14 30 0.0000 0.0000 0.0000 4:2:0
00284( P ) 568 14 28 0.0000 0.0000 0.0000 4:2:0
00283( b ) 566 15 30 0.0000 0.0000 0.0000 4:2:0
00286( P ) 572 15 28 0.0000 0.0000 0.0000 4:2:0
00285( b ) 570 0 30 0.0000 0.0000 0.0000 4:2:0
00288( P ) 576 0 28 0.0000 0.0000 0.0000 4:2:0
00287( b ) 574 1 30 0.0000 0.0000 0.0000 4:2:0
00290( P ) 580 1 28 0.0000 0.0000 0.0000 4:2:0
00289( b ) 578 2 30 0.0000 0.0000 0.0000 4:2:0
00292( P ) 584 2 28 0.0000 0.0000 0.0000 4:2:0
00291( b ) 582 3 30 0.0000 0.0000 0.0000 4:2:0
00294( P ) 588 3 28 0.0000 0.0000 0.0000 4:2:0
00293( b ) 586 4 30 0.0000 0.0000 0.0000 4:2:0
00296( P ) 592 4 28 0.0000 0.0000 0.0000 4:2:0
00295( b ) 590 5 30 0.0000 0.0000 0.0000 4:2:0
00298( P ) 596 5 28 0.0000 0.0000 0.0000 4:2:0
end decoding

Average SNRall frames
SNR Y(dB) 0.00
SNR U(dB) 0.00
SNR V(dB) 0.00
Total decoding time 4.096sec (72.998 fps)

Exit JM 13 (FRExt) decoder ,ver 13.

0

A.5 Clean behavioral hierarchy tree

Main

j h264decDUT

j b_decodeslice

j b_decodeone.slice

S e

S e

I
]
i

b_changeplane.JV
b_computecolocated
b_computecolocatedJV
b_decodeone.macroblock
j b_Inv_Residualtrans 4x4
b_Inv_Residualtrans 8x8
b_decodeipcm_mb
b_decodeone.macroblocksubl
b_decodeone.macroblocksub10

b_decodeone.macroblockdummy.initl
b_decodeone.macroblocksublQendl
b_decodeone_.macroblocksublQinitl
b_decodeone.macroblocksublQsubl
b_decodeone.macroblocksublQsub2
b_decodeone.macroblocksublQsub3
b_decodeone.macroblockdummy.init
b_decodeone.macroblocksublQsub3.end
b_decodeone.macroblocksublQsub3.init
b_decodeone.macroblocksublQsub3subl
b_decodeone.macroblocksub1Qsub3.sub2
b_perform_mc
b_decodeone.macroblocksublQsub4
b_decodeone.macroblockdummy.init
b_decodeone.macroblocksublQsub4.end
b_decodeone.macroblocksublQsub4.init
b_decodeone.macroblocksublQsub4.subl
b_decodeone.macroblocksublQsub4.sub2
b_perform_mc
b_decodeone.macroblocksublQsub5
b_iTransform
b_iMBtrans4x4
j b_.Inv_Residualtrans.4x4
j b_itrans4x4
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b_itrans_.sp
init
loopend
loopinit
loopnotsmb
b_Inv_Residualtrans.4x4
b_itrans4x4
b_subloopnotsmb1l
b_subloopnotsmb2
b_subloopnotsmb3
n b_subloopnotsmbinit
loopsmb
j b_itrans.sp
n b_subloopsmb
n outloopctrl
b_iMBtrans8x8
b_itrans8x8
b_subiMBtrans8x81
b_subiMBtrans8x82
init
b_iTransform.init
b_iTransformsub1l
b_iMBtrans4x4
j b_Inv_Residualtrans.4x4
j b_itrans4x4
j b_itrans_sp
i init
J
]
J.

[

loopend

loopinit

loopnotsmb
b_Inv_Residualtrans.4x4
b_itrans4x4
b_subloopnotsmbl
b_subloopnotsmb2
b_subloopnotsmb3
b_subloopnotsmbinit

S e

j loopsmb
j j b_itrans_sp
j n b_subloopsmb
n outloopctrl
b_iMBtrans8x8
j b_itrans8x8
j b_subiMBtrans8x81
j b_subiMBtrans8x82
n init
b_iTransformdummy_.init
b_iTransformsub2
b_iTransformsub3
b_iTransformdummy_sub3.init
b_iTransformend
b_.iTransform.sub3.init
b_iTransform.sub3.subl
b_iTransform.sub3.sub2
b_iTransformdummy.initl
b_iTransformdummy.init2
b_iTransformsub3.sub2end1l
b_iTransformsub3.sub2end2
b_iTransformsub3.sub2initl
b_iTransformsub3.sub2.init2
b_iTransformsub3.sub2subl
b_iTransformsub3.sub2sub2
n b_itrans4x4
b_iTransformsub3.sub3
b_iTransformdummy.initl
b_iTransformdummy.init2
b_iTransformsub3sub3.endl
b_iTransformsub3.sub3.end2
b_iTransform.sub3.sub3.initl
b_iTransform.sub3.sub3.init2
b_iTransform.sub3.sub3.subl
b_iTransform.sub3.sub3.sub2
b_itrans4x4
n b_itrans.sp.cr
b_iTransformsub3 sub4
b_itrans4x4
n b_itrans.sp.cr
b_perform_mc
b_preparedirect-params
b_decodeone.macroblocksub2
b_decodeone.macroblocksub3
j b_decodeone.macroblocksub3.subl
j b_decodeone_.macroblocksub3.sub2

O e e e e e e e e e s s e s e s e s s e

O e e e e e e e e e e s s e S e e e

e G G G S O U U O

47



e G U U UG G U U U U U S

b_iMBtrans4x4
b_Inv_Residualtrans.4x4
b_itrans4x4
b_itrans_sp

T ——

i
n

S e e e

I T L ———

T LSy ———

init
loopend

loopinit

loopnotsmb

loopsmb

b_Inv_Residualtrans 4x4
b_itrans4x4
b_subloopnotsmbl
b_subloopnotsmb2
b_subloopnotsmb3
b_subloopnotsmbinit

b_itrans_.sp
b_subloopsmb

outloopctrl
b_intra_cr_decoding
b_intra_cr_.decodingdummy.init
b_intra_.cr.decodingend
b_intra_cr_decodinginit
b_intra_cr.decodingloop.init
b_intra_cr.decodingsub1l

b_intra_cr.decodingdummy.initl
b_intra_cr.decodingdummy.init2
b_intra_cr.decodingsublendl
b_intra.cr_.decodingsublend2
b_intra.cr.decodingsublinitl
b_intra.cr.decodingsublinit2
b_intra.cr.decodingsublsubl
b_intra.cr.decodingsublsub2
b_itrans4x4

b_intra.cr.decodingsub2
b_intra.cr.decodingsub3

b_intra_cr.decodingdummy.initl
b_intra_cr.decodingdummy.init2
b_intra.cr_.decodingsub3.end1
b_intra_cr.decodingsub3.end2
b_intra_.cr_decodingsub3.initl
b_intra_cr_decodingsub3.init2
b_intra_cr.decodingsub3.sub1l
b_intra_cr.decodingsub3.sub2
b_itrans4x4

b_itrans_sp-cr

b_intrapredchroma

b_itrans4x4

b_itrans_.sp-cr

b_intrapredluma.16x16
b_decodeone.macroblocksub4
b_decodeone.macroblockdummy.initl
b_decodeone.macroblockdummy.init2
b_decodeone.macroblockdummy.init3
b_decodeone.macroblocksub4.endl
b_decodeone.macroblocksub4.end2
b_decodeone.macroblocksub4.initl
b_decodeone.macroblocksub4.init2
b_decodeone.macroblocksub4.subl
b_decodeone.macroblocksub4.sub2
b_decodeone.macroblocksub4.sub2subl
b_decodeone.macroblocksub4.sub2sub2
b_itrans4x4
b_decodeone.macroblocksub4.sub3
b_Inv_Residualtrans.4x4
b_decodeone.macroblocksub4.sub3.subl
b_decodeone.macroblocksub4.sub4
b_intra_cr_decoding
b_intra_cr_.decodingdummy.init
b_intra_.cr.decodingend
b_intra_cr_.decodinginit
b_intra_cr_.decodingloop.init
b_intra.cr.decodingsubl

b_intra_.cr.decodingdummy.initl
b_intra_cr_.decodingdummy.init2
b_.intra_cr.decodingsublendl
b_intra_cr.decodingsublend2
b_intra_cr_.decodingsublinitl
b_intra_cr.decodingsublinit2
b_intra_cr.decodingsublsubl
b_intra.cr.decodingsublsub2
b_itrans4x4

b_intra.cr.decodingsub2

48



S e e e e e o s s

S e o o e s e s o ot s s s S s S s S s s s s S o e o, S s s

N

j b_intra.cr.decodingsub3

j j b_intra_cr.decodingdummy.initl
j j b_intra_.cr.decodingdummy.init2
j j b_intra_cr_.decodingsub3.endl

j j b_intra_cr.decodingsub3.end2

j j b_intra_cr.decodingsub3.initl
j j b_intra_cr.decodingsub3.init2
j j b_intra_cr.decodingsub3.subl

j j b_intra_cr.decodingsub3.sub2

j j b_itrans4x4

j n b_itrans_.sp-cr

j b_intrapredchroma

j b_itrans4x4

n b_itrans_.sp-cr

b_intrapred

b_decodeone.macroblocksub5

b_decodeone.macroblockdummy.initl
b_decodeone.macroblockdummy.init2
b_decodeone.macroblocksub5.end
b_decodeone.macroblocksub5.init
b_decodeone.macroblocksub5.subl
b_decodeone.macroblocksub5.sub2

j b_decodeone_.macroblocksub5.sub2subl

n b_itrans8x8
b_decodeone.macroblocksub5.sub3

j b_Inv_Residualtrans.8x8

n b_decodeone.macroblocksub5.sub3.subl

b_decodeone.macroblocksub5.sub4

b_intra_cr_decoding

b_intra_cr_.decodingdummy.init

b_intra_.cr.decodingend

b_intra_cr-decodinginit

b_intra_cr_.decodingloop.init

b_intra.cr.decodingsubl
b_intra_cr.decodingdummy.initl
b_intra_cr.decodingdummy.init2
b_intra.cr_.decodingsublendl
b.intra.cr_.decodingsublend2
b_intra_cr_decodingsublinitl
b_intra_.cr_decodingsublinit2
b_intra_cr.decodingsublsubl
b_intra_cr.decodingsublsub2
b_itrans4x4

b_intra_cr.decodingsub2

b_intra.cr.decodingsub3
b_intra_cr.decodingdummy.initl
b_intra_cr.decodingdummy.init2
b_intra.cr_.decodingsub3.end1
b_intra.cr_decodingsub3.end2
b_intra.cr.decodingsub3.initl
b_intra.cr.decodingsub3.init2
b_intra.cr.decodingsub3.subl
b_intra.cr.decodingsub3.sub2
b_itrans4x4
b_itrans_.sp-cr

j b_intrapredchroma

j b_itrans4x4

n b_itrans_sp.cr

b_intrapred8x8

e T T S S ———

S e e e

b_decodeone.macroblocksub6

b_decodeone.macroblocksub6.subl
b_decodeone.macroblocksub6.sub2
b_perform_mc

b_decodeone.macroblocksub?7

b_decodeone.macroblocksub7.subl
b_decodeone.macroblocksub7.sub2
b_iTransform
j b_iMBtrans4x4
b_Inv_Residualtrans.4x4
b_itrans4x4
b_itrans_sp
init
loopend
loopinit
loopnotsmb
b_Inv_Residualtrans.4x4
b_itrans4x4
b_subloopnotsmb1l
b_subloopnotsmb2
b_subloopnotsmb3
n b_subloopnotsmbinit
j loopsmb

49



e S G G G O U U O U

5 —

j j b_itrans.sp
j n b_subloopsmb
n outloopctrl

b_iMBtrans8x8
b_itrans8x8
b_subiMBtrans8x81
b_subiMBtrans8x82
init
b_iTransform.init
b_iTransformsub1l
b_iMBtrans4x4

5 ———

b_iMBtrans8x8

]

j j b_Inv_Residualtrans.4x4
i j b_itrans4x4

i j b_itrans.sp

j i init

] j loopend

| j loopinit

j j loopnotsmb

j i j b_Inv_Residualtrans 4x4
i i j b.itrans4x4

j i j b_subloopnotsmb1
j i j b_subloopnotsmb2
j i j b_subloopnotsmb3
j j n b_subloopnotsmbinit
j j loopsmb

i i j b_itrans.sp

i i n b_subloopsmb

j n outloopctrl

]

i j b_itrans8x8

j j b_subiMBtrans8x81

j j b_subiMBtrans8x82

j n init

n

b_iTransformdummy_.init
b_iTransformsub2
b_iTransformsub3
b_iTransformdummy_sub3.init
b_.iTransformend
b_iTransform.sub3.init
b_iTransformsub3.subl
b_iTransformsub3.sub2
b_iTransformdummy.initl
b_iTransformdummy.init2
b_iTransformsub3.sub2endl
b_iTransformsub3.sub2end2
b_iTransform.sub3.sub2initl
b_iTransform.sub3.sub2init2
b_iTransformsub3.sub2sub1l
b_iTransform.sub3.sub2sub2
b_itrans4x4
b_iTransformsub3 sub3
b_iTransformdummy.initl
b_iTransformdummy.init2
b_iTransformsub3.sub3.endl
b_iTransformsub3.sub3.end2
b_iTransform.sub3.sub3.initl
b_iTransform.sub3.sub3.init2
b_iTransformsub3sub3subl
b_iTransformsub3.sub3.sub2
b_itrans4x4
n b_itrans.sp.cr
b_iTransformsub3.sub4
b_itrans4x4
b_itrans_.sp-cr
b_perform_mc

b_decodeone.macroblocksub8

b_decodeone.macroblockdummy.init
b_decodeone.macroblocksub8end
b_decodeone.macroblocksub8.init
b_decodeone.macroblocksub8subl
b_decodeone.macroblocksub8sub2
b_decodeone.macroblocksub8sub3
b_iTransform
b_iMBtrans4x4

j b_Inv_Residualtrans.4x4

j b_itrans4x4

j b_itrans_sp

j init

j loopend

j loopinit

j loopnotsmb

j j b_Inv_Residualtrans.4x4

50



e T G G G U G U U U U P

]
n

[
=1

5 ———

i
I
!
!
!
!
J.

n

e T U U U S U S U S

n

O e e e e e e e e T e e e e s e S e e e e
=1

loopsmb

b_itrans4x4
b_subloopnotsmb1l
b_subloopnotsmb2
b_subloopnotsmb3
b_subloopnotsmbinit

b_itrans_sp
b_subloopsmb

outloopctrl

b_iMBtrans8x8

b_itrans8x8
b_subiMBtrans8x81
b_subiMBtrans8x82

init

b_iTransform.init
b_iTransformsub1l

b_iMBtrans4x4

S

b_Inv_Residualtrans.4x4

b_itrans4x4

b_itrans.sp

init

loopend

loopinit

loopnotsmb
b_Inv_Residualtrans 4x4
b_itrans4x4
b_subloopnotsmb1
b_subloopnotsmb2
b_subloopnotsmb3
b_subloopnotsmbinit

loopsmb
b_itrans_.sp
b_subloopsmb

outloopctrl

b_iMBtrans8x8

b_itrans8x8
b_subiMBtrans8x81
b_subiMBtrans8x82
init

b_iTransformdummy.init

b_iTransformsub2
b_iTransformsub3

b_iTransformdummy.sub3.init
b_iTransformend
b_iTransform.sub3.init
b_iTransformsub3.subl
b_iTransformsub3.sub2

b_iTransformdummy.initl
b_iTransformdummy.init2
b_iTransformsub3.sub2endl
b_iTransformsub3.sub2end2
b_iTransform.sub3.sub2initl
b_iTransform.sub3.sub2init2
b_iTransformsub3.sub2sub1l
b_iTransformsub3sub2sub2
b_itrans4x4

b_iTransformsub3.sub3

b_iTransformdummy.initl
b_iTransformdummy.init2
b_iTransformsub3.sub3endl
b_iTransformsub3.sub3 end2
b_iTransformsub3.sub3.initl
b_iTransform.sub3.sub3.init2
b_iTransformsub3.sub3 subl
b_iTransform.sub3.sub3.sub2
b_itrans4x4

b_itrans_.sp-cr

b_iTransformsub3 sub4

b_itrans4x4

5 —

b_itrans_.sp-cr
b_perform_mc

b_decodeone.macroblocksub9

b_decodeone.macroblockdummy.init
b_decodeone.macroblocksub9.end
b_decodeone.macroblocksub9.init
b_decodeone.macroblocksub9.subl
b_decodeone.macroblocksub9.sub2
b_decodeone.macroblocksub9.sub3
b_iTransform

b_iMBtrans4x4

j b_Inv_Residualtrans.4x4

j b_itrans4x4

51



2 G G G U g U U U O Y

P
j j

j j

j j

j i _
j ] j
j j j
j ] j
j j j
j ] j
j ] n
j i _
j j j
j j n
] n

j j

j j

i j

] n

i

J. .

j i _
j ] j
j j j
j ] j
j ] j
j ] j
j j j
j j i
j j j
j j j
j j j
j j j
j j j
j j i
j j i
j j j
j j j
j j n
j i .
j ] j
j ] j
j ] j
j j n
] n

j
J. .

! ]

! ]

! !

! !

! ! .
! ! !
! ! !
! ! !
! ! !
] ! ]
! . ]
! ! ]
] ! ]
] J n
] ) .
] ] ]
! ] !
! ] !
! ! !
! ! !
! ! !
! ! !
! ! !
! ! ]
! J n
] n

b_itrans_.sp

init
loopend

loopinit

loopnotsmb

loopsmb

b_Inv_Residualtrans.4x4
b_itrans4x4
b_subloopnotsmb1l
b_subloopnotsmb2
b_subloopnotsmb3
b_subloopnotsmbinit

b_itrans.sp
b_subloopsmb

outloopctrl

b_iMBtrans8x8

b_itrans8x8
b_subiMBtrans8x81
b_subiMBtrans8x82

init

b_iTransform.init
b_iTransformsubl

b_iMBtrans4x4

S e

i
n

b_Inv_Residualtrans.4x4
b_itrans4x4

b_itrans_sp

init

loopend

loopinit

loopnotsmb

b_Inv_Residualtrans.4x4

b_itrans4x4
b_subloopnotsmbl
b_subloopnotsmb2
b_subloopnotsmb3
b_subloopnotsmbinit
loopsmb
b_itrans_sp
b_subloopsmb
outloopctrl

b_iMBtrans8x8

b_itrans8x8
b_subiMBtrans8x81
b_subiMBtrans8x82
init

b_iTransformdummy_.init

b_iTransformsub2
b_iTransformsub3

b_iTransformdummy_sub3.init
b_iTransformend
b_iTransform.sub3.init
b_iTransformsub3 sub1l
b_iTransformsub3.sub2

b_iTransformdummy.initl
b_iTransformdummy.init2
b_iTransformsub3.sub2end1l
b_iTransformsub3.sub2end2
b_iTransformsub3.sub2initl
b_iTransformsub3.sub2.init2
b_iTransformsub3.sub2subl
b_iTransformsub3.sub2sub2
b_itrans4x4

b_iTransformsub3.sub3

b_iTransformdummy.initl
b_iTransformdummy.init2
b_iTransformsub3sub3.endl
b_iTransformsub3.sub3.end2
b_iTransform.sub3.sub3.initl
b_iTransform.sub3.sub3.init2
b_iTransform.sub3.sub3.sub1l
b_iTransform.sub3.sub3.sub2
b_itrans4x4

b_itrans.sp.cr

b_iTransformsub3 sub4

b_itrans4x4

n b_itrans.sp.cr

b_perform_mc
b_iMBtrans4x4

b_Inv_Residualtrans 4x4

b_itrans4x4
b_itrans_.sp
init

52



N ———

loopend

loopinit

loopnotsmb

i
]
]
]
J
n

loopsmb

j
n

b_Inv_Residualtrans.4x4
b_itrans4x4
b_subloopnotsmb1l
b_subloopnotsmb2
b_subloopnotsmb3
b_subloopnotsmbinit

b_itrans.sp
b_subloopsmb

outloopctrl

b_iTransform

b_iMBtrans4x4

b_Inv_Residualtrans 4x4

b_itrans4x4

b_itrans_sp

init

loopend

loopinit

loopnotsmb
b_Inv_Residualtrans.4x4
b_itrans4x4
b_subloopnotsmb1
b_subloopnotsmb2
b_subloopnotsmb3
b_subloopnotsmbinit

loopsmb
b_itrans_.sp
b_subloopsmb

outloopctrl

b_iMBtrans8x8

J
!
j
j
j
j
J. .
j j
j j
j j
j ]
i j
] n
i j
] n
n
J
i
J
n

b_itrans8x8
b_subiMBtrans8x81
b_subiMBtrans8x82
init

b_iTransforminit
b_iTransformsubl

J. .
j j
j j
j ]
j j
j ]
j ]
j i
j j
j j
j j
j j
j j
j i
j i
j j
J ]
] n
J. .
j j
j ]
i j
] n
n

b_iMBtrans4x4
b_Inv_Residualtrans.4x4
b_itrans4x4
b_itrans_sp
init
loopend
loopinit
loopnotsmb
b_Inv_Residualtrans.4x4
b_itrans4x4
b_subloopnotsmbl
b_subloopnotsmb2
b_subloopnotsmb3
n b_subloopnotsmbinit
loopsmb
j b_itrans_sp
n b_subloopsmb
outloopctrl
b_iMBtrans8x8
b_itrans8x8
b_subiMBtrans8x81
b_subiMBtrans8x82
init
b_iTransformdummy.init

b_iTransformsub2
b_iTransformsub3

e T Ty ———

b_.iTransformdummy_sub3.init
b_iTransformend
b_iTransform.sub3.init
b_iTransform.sub3.subl
b_iTransform.sub3.sub2
b_iTransformdummy.initl
b_iTransformdummy.init2
b_iTransformsub3.sub2end1
b_iTransformsub3.sub2end2
b_iTransform.sub3.sub2initl
b_iTransform.sub3.sub2init2
b_iTransformsub3.sub2sub1l
b_iTransformsub3.sub2sub2
b_itrans4x4
b_iTransformsub3.sub3
b_iTransformdummy.initl
b_iTransformdummy.init2

53



]

e T G G G G U U U U U U P

n
h264decmonitor

]

n

n

J

U U

n

[T -

b_dispFramelnfo
b_outputBuffer
h264decstimulus
b_decodeone._frame

j b_exit_picture

[ RS ——

P T Ty

i
I
!
!
!
]
!
i
n

5 e

b_iTransformsub3.sub3.end1
b_iTransformsub3.sub3.end2
b_iTransform.sub3.sub3.initl
b_iTransform.sub3.sub3.init2
b_iTransformsub3sub3subl
b_iTransformsub3.sub3.sub2
b_itrans4x4
b_itrans_sp-cr
b_iTransformsub3.sub4

b_itrans4x4
b_itrans_.sp-cr

b_intra_cr_decoding

i
I
]
]
]
]
]
i
n

i
!
!
!
!
!
!
!
i
n

S e e e e e s s s e S e e

b_intrapred
b_intrapred8x8

b_intra_
b_intra.

b_intra_cr.decodingdummy.init
b_intra.
b_intra.
b_intra_
b_intra.

cr.decodingend
cr.decodinginit
cr.decodingloop-init

cr.decodingsubl
b_intra_cr.decodingdummy.initl
b_intra_cr.decodingdummy.init2
b_intra_cr.decodingsublendl
b_intra_cr_.decodingsublend2
b_intra_cr_decodingsubdlinitl
b_intra_cr_.decodingsubl.init2
b_intra_cr.decodingsublsubl
b_intra_cr.decodingsublsub2
b_itrans4x4

cr.decodingsub2

cr.decodingsub3
b_intra_cr.decodingdummy.initl
b_intra_cr.decodingdummy.init2
b_intra_cr_.decodingsub3.endl
b_intra_cr-.decodingsub3.end2
b_intra.cr_.decodingsub3.initl
b_intra.cr_.decodingsub3.init2
b_intra_cr_.decodingsub3.subl
b_intra_cr_.decodingsub3.sub2
b_itrans4x4
b_itrans.sp.cr

b_intrapredchroma
b_itrans4x4
b_itrans_.sp-cr

b_intrapredluma-16x16

b_itrans4x4
b_itrans8x8
b_perform_mc

b_preparedirect.params
b_decodeone_slice.dummy1l
b_decodeone_slice.dummy?2

b_decodeone.slice_sub1l
b_decodeone.slice_sub2
b_decodeone.slice_sub3
b_decodeone.slice_sub4
b_decodeone_slice.sub5
b_decodeone_slice.sub6
b_ercWriteMBMODEandMV
b_exit_macroblock
b_exit_slice
b_readone.macroblock
b_setref_pic.num
b_start macroblock

b_decodeslice.dummy1l
b_decodeslice.dummy2
b_decodeslice.subl
b_decodeslice.sub2
b_fill -wp_params
b_decoderwait_begin.decslice
b_decodecrwait_finish_decslice

b_store.picture.in_dpb

b_alloc_storablepicture

_storablepicture

b_find_snr
b_flush_direct.output
j b_alloc

n b_write

b_write_picture

_picture

54



dispFrame
outputBuf

b_read.new.slice

j b_alloc_storablepicture

j b_exit_picture

j n b_store.picture_.in_dpb

j j b_alloc.storablepicture

i j b_find_snr

j j b_flush_direct.output

j j j b_alloc_storablepicture
j j n b_write_picture

j n b_write_picture

n

b_store_picture.in_dpb

j b_alloc.storablepicture

j b_find_snr

j b_flush_direct.output

j j b_alloc_storablepicture
j n b_write_picture

n b_write_picture

55



	1 Introduction
	1.1 Electronic System Design
	1.2 SpecC

	2 H.264 Decoder Algorithm
	2.1 H.264 Background
	2.2 Brief Description of Input and Output Data Formats
	2.2.1 H.264 Bitstream Formats
	2.2.2 YUV Bitstream Formats

	2.3 H.264 Decoder Structure

	3 Reference C Implementation of H.264 Decoder
	3.1 Reference C Implementation of H.264 Decoder
	3.2 JM H.264 Decoder Code Structure
	3.3 Make C Code SpecC compliant
	3.4 Simulation Result

	4 H.264 Decoder Specification Model
	4.1 H.264 Decoder Specification Model Creation
	4.2 Simulation Result

	5 H.264 Decoder Exploration Model
	5.1 Exploration Model
	5.2 Exploration Model Cleaning
	5.3 H.264 Decoder Exploration Model
	5.4 Simulation Result

	6 H.264 Decoder Initial Platform Model
	6.1 Processing Elements Mapping
	6.2 Architecture Refinement

	7 Conclusion and Future Work
	References

