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Abstract 0 Nowadays, System-on-Chip (SoC) systems are begpmore and more complex and need more time to mod-
el, simulate and verification. To reduce the comipyeof the system and to boost development timaewa design methodol-
ogy is required. Along with SystemC library, mué#isel abstraction design methodology is proposethaskey concept in
SoC design. In this paper, the authors apply tlthodology to model and simulate a JPEG encodeguike combination of
SystemC and VHDL to explore the architecture anglément the design into hardware components. Caoesgly, some
parts of the JPEG encoder has successfully syatitegsind implemented using FPGA tools. In conclydio® design method-
ology gives designers a fast way and step-by-stexplore the hardware architecture, simulate emleément the system.
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design is implemented using different views or difnt
levels of abstraction in a heterogeneous environmen
SystemC, a C++ class template library for hardwdee

VLSI design environmen{2] in which the design can be scription, is selected because it is easy to leand has
consistently developed through different designpstefor

example, architecture exploration, hardware-sofeva
partitioning, RTL coding, synthesis and verificatioln
current design methodology, the algorithm is oftda-
signed using Matlab or C/C++ or some other simwati
tools for architecture exploration and evaluatiomhile

1. Introduction

Recently, there is a high demand for a heterogeseou

very fast simulation speed in comparison with HDL,
which is suitable for architecture exploration afithc-
tional description of the system. However, one disan-
tage of SystemC is that there are few tools suppgrt
SystemC hardware synthesis. Therefore, VHDL isin¢id

to translate the SystemC model to hardware comptmen

the behavior and RTL descriptions of the design useype SystemC model is the reference model and isl use
hardware description languages such as VHDL or deri

The difference in the development environment irctea
design step leads to the difficulty to reuse thesliation ronment that can help maintain the consistency ujgto
result and the inconsistent behavior of the sysb&atween the whole design steps.

each step. A heterogeneous environment can help to

co-simulate with VHDL to verify the functionalityfahe
model. SystemC and VHDL create a heterogeneous-envi

maintain the consistency of the design between edeh The remaining part of this paper is organized aofes.

velopment cycle and reuse the work more efficientlhis
creates a unified process from algorithm level he test-
ing of the final chip and reduces the time to madrkEo
create a heterogeneous system, it is necessary foew
language providing fast simulation capability. lddation,
this language should be able to be used for alparite-
velopment and hardware/software co-design, shouéd b
supported by EDA vendor and can do co-simulationhwi

In the second section, some background about JPEG
standard, especially baseline profile of this stamd is
briefly presented. Multi-level design methodologyliwbe
discussed in sectio®. Section 4 is the system architec-
ture of both SystemC model and the VHDL one. Aftleat,

the implementation result of VHDL in FPGA tool (Xlx

ISE 10.1) is shown in sectiof. Finally, conclusions and
remarks will be given in sectio6.

HDL. It is the reason why SystemC has been propased 5 JpEG Standard

response these requirements.
) ) ) ] After the announcement by Joint Photographic Expert
In this paper, a multi-level design methodologypire-

sented through a practical work of a JPEG encodsang
SystemC and VHDL. Multi-level design means that the

Group [1], JPEG has become the most popular image
compression standard. JPEG is a source coding tgqakn
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Figure 1: Baseline JPEG encoder.

widely used in digital cameras and the storage igfitel

images on computers, as well as the transmissiothege
images in the network. The goal of this standardtas
support a variety of applications for the compressiof

continuous-tone still images with good performanramed
adjustable compression ratios.

JPEG standard defines four modes of operation: Se-

guential lossless mode, sequential DCT-based mode,
gressive DCT-based mode, hierarchical mddg Among

these modes of operation, sequential DCT-based mode

with 8-bit input sample and Huffman entropy encoglin
mechanism, so called baseline profile, is used iasim
applications. The JPEG system in this paper focuses
baseline profile only because of its popularity agaod
performance.

guantization table. Finally, the inverse DCT is &pd
and the approximation of the source image data bis o
tained at the output of the decoding process.

Baseline profile is a lossy compression mechanism,
because of the finite precision of DCT and quanti@a
process, as well as the reverse one, while theagjgar-
dering and entropy encoding is lossless.

3. Multi-level Design Methodology

Multi-level design was born to meet the increaselip
complexity of the hardware system. Multi-level dgsi
can help to model complex hardware/software efficig
in term of both modeling time and simulation speeidich
will reduce the time to market and the design coite
hardware and software system can be developed falpa
lel and then co-simulated in the same design systhm

Figure 1 presents the block diagram of the baselinethis method, the design will be seen at differeendls of

profile JPEG encoder system. Firstly, the sourcagmis
divided into 8x8 blocks. After that,
passed through the Forward Discrete Cosine Tramsfor

these blocksea

[6] (FDCT) module. The transformed data are themamu
tized using a quantization table. In the next stelpe
quantized block is read in a zigzag order to creatédata
model for entropy encoding. The entropy encodingpst

includes a Run-Length Coding (RLC) process and a

Huffman coding procesf5]. RLC will extract the number
of consecutive zero coefficients in a zigzag-orakebdock
followed by a non-zero coefficient. Finally, Huffmaen-
coder will do variable length coding on this infoabton,
and the encoded data is obtained at the outputhef t
Huffman encoder.

The decoding process is just the reverse of theodnc
ing processes. At first, the coded data are paskeaugh
an entropy decoder. Then, entropy decoded dateeds-r
dered by the zigzag reordering process. After thag
data is multiplied with the quantization coeffictsnin a

abstraction in temporal, data representation, comicar
tion and concurrency. Levels of abstraction arefetdnt

in how detailed they are. The more abstract the ehdd,
the less detailed it is. Take algorithmic level fastance.

In this level, the algorithms are focused, whileetheal
hardware implementation or the communication mecha-
nism is not considered.

However, different languages support different lisve
of abstraction. Grant Martin Brian Bailegt al. in [3]
show the levels of abstraction in different langeaglt is
clear that VHDL and Verilog is more suitable forsteib-
ing low level abstraction which means the detaileatd-
ware description, while pure C and C++ have verghhi
level of abstraction, but these languages are ebeztige-
guentially. This makes C/C++ hardly used to deserib
hardware components. As a result, to have high ll@fe
abstraction, we have to use different languagesijclvh
lead to the interoperability and consistency praibde



To overcome the disadvantages of pure C/C++ in hard
ware description and create a heterogeneous sysgmst,
temC, a C++ library to described hardware, was déad-
ized in 2005 by IEEH6] and now are supported by EDA
vendors. SystemC with the advantages of C and Cret a
now added support in temporal, data representation,
communication and concurrencj8]. The algorithm can
be written in C++ and then the parallel nature afdware

components are described in SystemC in untimed rmann

4. System Architecture

After considering the baseline profile specificatiahe
design is explored using a multi-level design metble
ogy in a heterogeneous design system. The diffetent
els of abstraction of the baseline profile JPEGaer are
considered and
translate into VHDL.

implemented using SystemC and then

4.1. SystemC blocks

This model and test procedures can be reused infdhe Fifo Fifo
. . Read Image & - - .
lowing design steps. 88 block division > FoeT | Quantizer
‘(Fﬁo
3 s Fifo Fifo Fifo .
! ! Compressed Data [ Hurman g RIC  |e— Zig2ag
s s -~ encoding | ordering
E E
M M
Cc C H . H
> - > VHDL Model ‘. > Figure 3: SystemC architecture of JPEG encoder.
R R
f . In the first phase, the algorithms or the functibtyaof
P P
E £ the system is focused. However, this descriptiomisd-
eled in parallel as the nature of the hardware esystAt
SystemC Model this level of abstraction, the functionality of déaproc-

Figure 2: Verification of VHDL model by reusing
SystemC model.

In this work, multi-level design method is used lwihe
help of SystemC to fast describe the JPEG systemré¢o
ate an executable specification and architecturplama-
tion with high level abstraction of data and comnua:
tion. The executable specification means that thecdip-
tion can run as a normal computer program. Withsthi
specification, the design can be run and testedouit the
dependency of tools with fast simulation speed. the
architecture exploration phase, the design is rdirby
adding more realistic factors into the executabpedfi-
cation consistently. By doing this, the design ip®red
step by step, and the problems in the design aeatitied
as soon as possible.

In our design, first a highly abstracted model with
complicated C++ data structure and high level commu
cation between SystemC modules is created. Nex$, hi
model is refined into lower levels of abstractionithv
timing information and realistic communication intaces.
Finally, the SystemC modules are translated intoDI{H
and SystemC models is used to verify VHDL modeldun
tionality. Because of the difference between thest8y;nC
is needed to

models and VHDL models, a wrapper

co-simulate SystemC and VHDL as in Figure 2.

essing block in Figure 3 is described using C++{8yeC
to create an executable specification. In this mopdee
data types and the communication between thesekkloc
are highly abstracted and not close to the realdivare
implementation. For examples, the data passing u@ho
these blocks are the instances of a data strucotdran
8x8 block, while the communication is done by using
FIFOs and blocking read and write. Consequentlye th
advantages of this are short modeling time and &stu-
lation speed. Data partitioning procedures and dste
are reused for the next steps. This description oann-
tegrated into other description to form a virtudagiorm
for software development.

In the second phase, the SystemC model is refired t
the closer behavior of hardware. The communicatisn
turned from blocking reading and writing into sdria-
terface. A clock signal and handshaking signal adeled.
At each clock, an element of an 8x8 block is read o
written. Since the FIFOs are removed, the buffehesne
is inserted (if necessary). The control proceduiE®
changed due to the change in the communication iarch
tecture but the behavior of the system must folltve
algorithmic model. This model is more realistic andn
be used to interface with the model in VHDL for tieg
purpose.



4.2. VHDL models

Using the method mentioned in secti® some Sys-

temC module has already translated into VHDL cotlee
first module is converted into VHDL is FDCT. Thisom-

ule reuses the MDCT model by Michal Krepa on open-

cores.org because of its efficiency. The architeetof

this module is shown in Figure 4. The 2-D ForwartD
crete Cosine transform is done by using two 1-D DCT

transformations with the help of a transposed RAN.
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Figure 4: FDCT module.

The architecture of the quantization module is dntr
duced in Figure 5. Two ROMs contain the pre-calteth

value of the inversion of quantization coefficientEhe

quantized value is computed by multiplying this wal

with the output of DCT transform.
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Figure 5: Quantization architecture.

The next module implemented in VHDL is the zigzag

ordering module. This module is simple as in Figérelt

uses a double buffer scheme. When a buffer is emittthe

other is read. The read operation is in the zigaeder.
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Figure 6: Zigzag architecture.
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Figure 7: Run-length Encoding block diagram.

Based on the zigzag scanned value, the run-length e
coding module use the value of a counter to deteem
it has to do Differential Pulse Coded ModulationAOM)
for DC component or counting the consecutive number
zero of AC component as described in Annex F seactio
F.1.4 of [4]. If the run-length of consecutive zeros is
greater than fifteen and the end of block is noacteed,
further processing is required to write the outputmore
than one cycle. Therefore, a FIFO is used to buttes
run-length value and to easily processing the otitpu

The final module is the Huffman encoding (Figure 8)
This module contains two parts. The first part mon
the output of RLC module to determine the codeward
cording to predefined AC and DC tables. The secpadt
is to make the variable length word into a finitedeword
to send to the output.
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Figure 8: Huffman encoding architecture.



5. Implementation result

The VHDL models mentioned in sectiof.2 were si-
mulated using ModelSim 6.5 and then synthesizedXby

linx ISE 10.1 with Virtex-5 XC5VLX30 FPGA device.
The synthesis result is shown in Table 1. This dasi
needs 4,524 slice registers among 19,200 of theradlve

chip, which is 23 percent. The total number of slicUTs
is 3,654 (19 percent in total). The overall occupiEices
are 1,643 in quantity (34 percent). The total Memnased

in this design is 1Rb which is approximately one percent

of the overall available on-chip memory. The syrdized
model can run at the maximum speed of Wt&.

Table 1. Synthesis and implementation summary

Resour ce Used Available | Utilization
Slice Register 4,524 19,200 23%
Slice LUTs 3,654 19,200 19%
Occupied Slices 1,643 4,800 34%
Bonded IOBs 20 220 9%
Block RAM/FIFO 1 32 3%
BUFG/BUFGCTRLSs 2 32 6%
Memory used Kb) 18 1,152 1%
DSP48Es 6 32 18%

After synthesis, the design is co-simulated withsSy

temC model with the help of some wrappers as inuFég2.

The simulation result is then compared with the eur
SystemC model. The obtained result shows that the d

signed model functions as expected.

6. Conclusion

Multi-level design methodology has shown its benefi

in hardware/software co-design. With SystemC, tlene
plex System-on-Chip system now can
step-by-step by multi-level design method in a hege-

neous system. With this methodology, the hardways- s

tem, as well as its software, can be developedadmajel
consistently. Multi-level design methodology hasoped

its strength in the modeling flow of hardware and/o

software system.

To conclude, in this paper, we have presented a- mul

ti-level design applied in the practical work of daling a
JPEG encoder. Multi-level design method with théphef
SystemC is discussed along with its advantages disd

advantages. The system are successfully implemeirted
SystemC and then translated into VHDL. The systaerp

be explored

sented in sectio has been successfully implemented in
FPGA using Xilinx ISE 10.1.
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