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ABSTRACT of the processor, but a program on a ROM. Our customization ap-

We propose a heterogeneous processor architecture and its desigﬂroa':rt‘)liS delet.ic?g ugnbece?saryhunéts withgut.adding _TeW har:dvyarT.
methodology to shorten the design period of the SoC. It enables It ena €s rapid and bug-lrée hardware design eastly. Physical-
fast implementation of a system LSI including an embedded CPU level designers have plenty of time to optimize a physical layout

and peripheral functional blocks. Each functional block of the sys- Ibui!t from the n%tlist é)f the_prolqelsst())_r._ fCo_mp_ared fto hardwire%
tem under design is implemented to a customized processor, in- ogic, processor based SoC is a little bitinferior in performance an

stead of a peripheral hardwired logic. We customize processors POWer consumption. But processor based SoC dramatically short-
by deleting unneccesarry functionalities, without adding new fea- ens a design period. It is also an excellent advantage to correct bugs

tures. This eables rapid and bug-free design. Although area, powerandhghange fgnctiona!itiej of th(ﬁ product after Shg’meﬁg he di
and performance of the proposed architecture are a little bit inferior ; This pap_err] 1S Iorganlze kas fo ovxis._ Section 2 escribes the Ifl-
to those of hardwired logics, the design period of the processor is erences with related work. We explain proposed design methodol-

considerably minimized, since the ROM pattern (software) and the ogy in Sect. 3. S_ection 4 explains the e_lrchitecture _of the customized
layout pattern (customized processor, i.e. hardware) can be inde-Processor and its performance. Section 5 describes our proposed
pendently designed in parallel architecture optimization results for JPEG encoding system. Fi-

nally, we conclude this paper in Sect. 6.

1. INTRODUCTION

According to the process minimization, huge number of transis- 2. RELATED WORK
tors are integrated on a single die. On the other hand, it is very  As Application Specific Instruction set Processors(ASIP), PEAS—
important to shorten the time to market. We have to develop effi- 11l [8,9], Xtensa [10], etc. are proposed. Valen—C [11] is proposed
cient design methodologies for SoCs. as a variable-bit width processor. Almost all ASIPs consist of a pro-
In order to accelerate the design period of SoCs, several system-cessor core with built-in accelerators. It is necessary for the ASIP
level design languages are proposed such as SystemC [1]or SpecC [Belf to operate the whole application, which includes system con-
Most of these languages are based on C/C++ language. C/C++ igtrol, function for OS, etc. A certain level of versatility is required
widely used in the software development, so there are much of in ASIP. It becomes difficult to optimize the bit width of ALU,
reusable design properties. Behavioral synthesis is going to beregister, etc. in ASIP, because it is assumed to perform the whole
used to develop commercial LSIs, where untimed behavioral de- function of application by a single ASIP. Therefore, compared with
scriptions are synthesized to timed RTL or gate-level. Many of hardwired logic, it is greatly inferior to hardwired logics in respect
behavioral-level hardware modeling methods have been proposedof area or power consumption. The amount of energy consumption
[3-7]. may become about 100 times larger than hardwired logics.
However, in almost all behavioral synthesis systems, it is very  As for the instruction level parallelism (ILP), embedded pro-
hard to synthesize pointers, recursive function calls and so on thatcessors have capabilities of executing 4 instructions in parallel at
are frequently used in software design. According to process mini- most. If more and more parallelism is required, independent func-
mization, it takes an awful long time for a physical design after be- tional blocks must work in parallel. MeP(Media Embedded Pro-
havioral synthesis. A physical implementation for the description cessor) [12] is a customizable processor core for embedded sys-
must be re-created whenever the behavioral description is modifiedtems. It is capable of optimizing its configurations and appending
because of bugs or specification changes. Therefore, the physicabpplication-specific extensions for specific applications.
design cannot be started until the RTL or behavioral description is  In our proposed methodology, we divide an application program
fixed. into some functional blocks. A system consists of two or more
Embedded SoCs for mobile/low-power applications consist of connected processors each of which is specialized to each specific
a general-purpose embedded processor and peripheral hardwiredunction. Enhancing the degree of parallelism lowers operating fre-
accelerators that execute specific functions. In this paper, we pro-quency and the whole power consumption is reduced. In each pro-
pose an SoC architecture, in which hardware accelerators are im-cessor, only a single function in the applications is executed. It is
plemented as “heterogeneous processors.” Each specific functionpossible to effectively optimize the bit width of ALUs or registers
thread written in software is mapped to a customized processor,and so on. As compared with the general homogeneous multipro-
which can be fixed at the early stage of the design. If a designer cessor architecture, it is possible to reduce the overhead of area or
finds bugs on the software, it does not influence on physical design power consumption remarkably.
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Figure 2: Proposed SoC architecture that consists of a main CPU
and customized processors.

4. Physical designs of the processors and detailed design of
software do in parallel

3. PROPOSED SYSTEM ARCHITECTURE

AND DESIGN FLOW Fig. 3 shows how to extract parallelism from a specification pro-
gram. First, we describe the program that fulfills specification in
3.1 Architecture of the Entire System the conventional C. From the simulation of the specification pro-

A tional SoC architect is sh in Fig. 1. in which gram using ISS, the amount of processing time of each function in
\ conventional S0t architecture 1S shown in Fig. 1, in which - 5 program can be estimated. The specification program is divided
peripheral accelerators are _attached toa general-purpo_se PrOCESSQhig several functional blocks described in SystemC. SystemC is
through a bus. They work in parallel to accelgrate agien work. used only as a framework that describes parallelism. Each thread/-
Bottleneck f_unct|ons are usually m_apped to pe_rlpheral CII’CU!tS. We function is written with the conventional ANSI-C. Each functional
have t.o design them on RTL or untimed beha\_/loral level, W.h'Ch ar€ plockis mapped on a customized processor. Figure 4 shows the op-
very t'Tne.'C%nSl.Jm'ng tgsak;sr.] AItF??Egh bﬁhgwolril synthteils short;] timization flow of a functional block, which consists of customiz-
ens a logic design period than + a physical design takes much ;o processor and its assigned program code. Simulation of the

longer time in the current sub-micron era. In order to correct a bug, functional block by the ISS tells us required computing unit, bit

It Ils nt(;cessary todgo bf;]detol Ioglcgrgeha\r/ll_?ral Ievgl. tituted width, execution time, and etc. Cumulative simulations by chang-
n the proposed methodology , S0% architecture IS constitute asing a parameter bring up the combination of the optimal param-

shown in .F'g' 2. Peripheral c_lrcu_lts are |mplemepted W't.h Proces- aters. From a processor description and the parameters, an RTL
sors specialized to each function instead of hardwired logics(Fig. Défescription for an optimized processor is generated and then its

If a general A,[S.lp Is used as at pslrlpfheral Er%cdes;or,l 'tts. aréa an ogic synthesis and physical design are going on. Each processor is
power consumption aré unacceptable for embedded SOIUtoNS, CoM+,, 4 mjze by removing unnecessary units, instead of adding new

pared with those of hardwired logics. Our proposed method divides hardware. This customizing method prevents adding a bug into the
a system into a smaller block and it is assigned to a very small pro- system

gesso_t V(;/c_a ddestlg_r|1 a grot?tipe of a customized processor, which is While physical design is proceeding, software executed on the
escribed in detailin sect. 4. customized processor is going to be polished. Several trivial bugs

3.2 Proposed Design Flow of the software on those customized processors can be fixed by just
The proposed SoC design flow is going on as follows. Lerglc?ecslggrROM patterns without changing physical layout of the

1. Describe a specification program in the conventional C.

2. Rewrite the program in SystemC, in which a designer ex- 4. ARCHITECTURE OF THE PROPOSED
tracts parallelism to separate a program into thread/functional CUSTOMIZED PROCESSOR, AND ITS
levels. PERFORMANCE EVALUATION

3. Fix organizations of customized processors to meet the spec- In our proposed methodology, it is indispensable to make each
ifications of all required functions. processor as small as possible, since functions or threads are exe-
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cuted on multiple processors. This section explains the outline of 0 ,
the customized processor and the performance. We call it Minute Area[mm?]
Unifunctional Processor, abbreviated as MiU—Processor. Figure 5: Comparison of area and operating frequency of proces-

. sors.

4.1 Architecture
The proposed customized processor has a subset of the SH-2 [13]

instruction set. The instruction set of SH-2 processor has 62 cate- S ) o ) )

gories, 142 instructions. In MiU-Processor, we have implemented the processor is divided into essential instructions, which cannot be

47 categories, 104 instructions except for system control, OS andemoved, and the other removal 23 ones. We customize a processor

so on. Its feature is as follows. by deleting unnecessary features from the template processor rather
than adding features. So, it is not necessary to newly describe the
e Described in the SystemC RTL. hardware for acceleration, compiler, ISS and so on, which con-

] o ] tributes to shorten verification time considerably.
e Conventional 5-stage pipelined Harvard Architecture.

e Bit widths of the ALU and registers and number of registers 4.2 Performance Evaluation of MiU-Processor

are variable. Ta_ble 1 describes a result of logic synthgsis and physical design
of MiU-Processor. We use a 018 CMOS library [14].
e Subset of an SH-2 instruction set. Figure 5 shows area, operating frequency and power consump-

tion of MiU—Processor compared with ARM [15], MIPS [16] and
SH3-DSP [13]. In terms of an operating frequency, MiU-Processor
is almost same as other processors. Its area is 0.4%h#OMHz,
which is the smallest. Power consumption is 0.25 to 0.37 mW/MHz.
This is pretty lower than MIPS, and almost equivalent to ARM.

e 23 instructions can be removed to minimize the area.

MiU—-Processor has several different features compared with the
original SH-2. Its memory architecture is the Harvard style Its reg-
ister file has a capability to write data to a single register, while

the original SH-2 has a dual-port register file. Thus the following 4 3 Performance Variation by Changing Pa-
change was given to the compiler in order to cope with these con- rameters of MiU—Processor

straints. To evaluate area of the processor, it is synthesized to vary the fol-
e Postincrement is forbidden. lowing parameters: number of registers, organization of the ALU,
and so on. Clock frequency is set to 166MHz.

Table 2 shows area of the processor by changing data-path width
and number of general-purpose registers. It shows the area with
all computing units. The processor with 32-bit data path is almost
twice larger than that with 16-bit data path. Since register file oc-

It is described in SystemC RTL with several macro parameters cupies about 40 % of the processors in the case of 16 registers. The
for optimization. Its processor organization is varied according to area is also reduced so as to reduce the number of general-purpose
giving parameters, such as bit width and/or the number of regis- registers.
ters. Bit width of addition/subtraction, multiplication and logical Table 3 shows areas by varying the organization of ALU. Data-
operations can be changed independently. The instruction set ofpath width is 32-bit and the number of general-purpose registers is

e In the case of PC-relative addressing, data memory is ac-
cessed considering the value of PC is 0.

e Only delayed branch is supported.



Table 2: Area(mm) by varying data path width and # of registers. ~ Table 4. Area and number of cycles of the customized processors
and the hardwired logics from behavioral synthesis for processing

Data path width # of registers a 16x 16 macro block.
8 12 16
gg 84218 ggg 823 Area | Power| # of cycle [ Design Period
(mn?) | (mw) (day)
YCC | MiU-Proc. 0.23| 19.3 15,600 0.5
Table 3: Area(mr) by varying organization of ALU. HWlogic | 0.14] 14.1 8,400 2.0
DCT | MiU-Proc. 0.28| 233 20,500 1.0
Area HW logic 0.30| 15.3 8,900 35
Minimum set 0.39
No multiplier 0.41
= S::/(If:c?fd:g :r%nZLfltt)liE[)“rr?Lrjltiplier 82% 17] to synthesize hardwired logics from behavioral descriptions. A

0.18:m CMOS library [14] is used for synthesis. Clock frequency
is setto 166MHz.
Table 4 shows the number of cycles and area (including ROM/

16. The minimum set in the table means no additional instructions, RAM area). Note that the number of cycles is for processing a
such as multiplication, multi-bit shift operations, string matching Single macro block(1§ 16). The areas of the processors are almost
and so on. This result shows the bit width of the multiplier consid- S&Me or about twice larger than those of the hardwired logics. The

erably affects the area. But the area is almost the same by adding?f0c€SSors consumes about half as larger power, while the number
the other instructions. of cycles are about 2.5 times larger than the hardwired logics.

Next, we evaluate the design period, which means the time from
algorithm C/C++ source codes to functional verification and power
estimation. The procedure is as follows in our proposed method.

5. CASE STUDY : JPEG ENCODING SYS-
TEM

To evaluate the performance of MiU-Processor, we design a Mo-
tion JPEG encoding system with interconnected peripheral proces-

1. Parameter analysis from a specification program and logic
synthesis of the processor

sors. It consists of the following blocks (processors) as in Fig. 6. 2. Software optimization
e YCC(Color Space Conversion:RGB to Y-Cb-Cr) 3. Functional verification, power estimation and so on
e DCT(Discrete Cosine Transform)/Quantization On the other hand, it becomes the following procedures in behav-

ioral synthesis.

Huff E i
¢ Huffman Encoding 1. Modifying a specification program to be synthesizable by a

All the peripheral processors are connected in series through behavioral synthesis tool
FIFO.
The whole of this Motion JPEG encoding system is described
in SystemC. SystemC is used only as a framework to describe par- 3, Functional verification, power estimation and so on
allelism. Inside each thread/function, conventional C descriptions
can be used. Therefore, each functional module can be used nofs for the design and verification period, however, our processor
0n|y as a program code Cross_comp”ed to MiU_Processor’ but a|soneeds Only for several hours. On the other hand, it takes at least
as a test bench for verification. several days to design and evaluate circuits with behavioral syn-
First’ we compare performance of the customized processorsthesis. In the method Using behavioral Synthesis, it takes |0ng in
with the circuits generated from behavioral synthesis. Note that changing description and verifications. Changing description into
both the C codes on the processor and used for the synthesis aréynthesizable one may be difficult, like Huffman encoding. It must
produced from the same specification C programs. Here, YCC andtake several more days with RTL.
DCT are used for comparison, since Huffman encoding seems to  Table 5 shows performances of peripheral processors and whole
be too complex for behavioral synthesis. Motion JPEG encoding system. Parameters such as data path width,
The RTL description of the processor is synthesized through the number of registers and etc. of each processor are not optimized for
Synopsys SystemC Compiler [6]. On the other hand, we use a €ach specific function. The Motion JPEG program itself is not op-
behavioral synthesis tool called Bach from SHARP Corporation [3, timized. The number of cycles in the table is for compressing a
CIF(352x288) image by JPEG. Area and number of gates include
size and number of gate of Memory. The area of ROM and RAM
[ R | Il is converted to that of the NAND2 gate.
The number of gates is 31.8k, which is about 3/4 of the Motion
JPEG LSI designed in RTL [18] in Table 7. Our system compress
—Y Space | HHFQ (| ociQ [HEEs-{| encoang [ 8 frame/s at 150MHz, about 1/4 of performance compared with
e ASIC [18] that enables 30 frames/s at 18MHz. But it takes within
one day to design whole system (Table 5) from the specification
Figure 6: Block diagram of JPEG encoding system with Unifunc- programs.
tional Processor. Then we optimize software programs, data path width, number
of registers and the size of memory. Table 6 shows area, # of gates

2. Behavioral synthesis and logic synthesis

Data Color Huffman

I I
| rom | | rom |




Table 5: Area, # of gates, and etc. of peripheral processors in JPEG # of gate

encoding system before optimization. A RTL[18]@18MHz
40k [ o
. Area Design
Function (mim?) # of gates | # of cycle perigd I;I\ %:§g§t§? ) |
vce 0.61 104k | 14.0M | <0.5day sk L intial Desion
DCT/Q 0.61 10.4k 18.4M | <0.5day O
Huffman 0.63 11.0k 14.8M 0.5day b
N rocessor
l Total [ 1.85 [ 31.8k [ 18.4M [ 1'Oday‘ Doubling the numl‘)‘ér‘pf Customization
20k [~ peripheral processors\.~~~
Data path| # of registers] ROM RAM - o
YCC 32bit 16 0.8kB 4.5kB Program Acceleration
DCT/Q 32bit 16 1.8kB 0.3kB 10k | | N
Huffman 32bit 16 4.6kB 0.5kB 40ms B0ms 120ms’
[Total | = —[  72kB| 5.3kB|
JPEG encoding Time

Figure 7: Performance of Motion JPEG encoding system using
Table 6: Area, # of gates, and etc. of peripheral processors in JPEGUnifunctional Processor.

encoding system after optimization.

i Area Design Table 7: Performance of Motion JPEG encoding system designed
Function (mm?) #ofgates | #ofcycle period in RTL [18] and Unifunctional Processor array e ’
YCC 0.23 4.7k 9.9M | 0.5day
DCT/Q 0.28 5.7k 12.IM| 1day | | Manual Design]  MiU-Processor|
Huffman 0.63 11.0k 12.7M | 1.5day # of gate(core) 40k 34.4k

[Total | 1.14] 21.4k]  12.7M] 3.0day] RAM 2.1kB 1.8kB
Image size VGA CIF
Data path| # of registers ROM RAM Frame rate | 30 fps(@18MHz)| 24 fps(@150MHz)
YCC 16bit 8 0.6kB | 0.3kB
DCT/Q 16bit 16 1.5kB | 0.2kB
Huffman 32hit 16 4.6kB | 0.4kB
[ Total [ = = 6.7kB | 0.9kB | timized to a set of given operations, which are conventionally im-

plemented in specified hardwired logics. Although the area, power
and performance of the processor are little bit inferior to those of
hardwired logics, the processor is flexible to a trivial software mod-
and etc. of Motion JPEG encoding system, which consists of opti- ification. A system designer can fix the processor RTL code at the
mized MiU-Processors and software codes. The number of gatesvery arly stage of the design flow from a scratch C code of the
is 21.4k, which is 40% smaller than the system without optimiza- target function. When a software designer modifies the software
tion. It is because we reduce data path width of YCC and DCT/Q code, itis influenced only in a ROM pattern of the processor, not in
processors to 16 bits. The number of cycle is 20% smaller by op- its physical design, which must be designed carefully to meet the
timizing program codes for the instruction set of each processor. design rule and the timing requirement. _
Compared with hardwired logics [18], the number of gates is al- e customize the processors for these three operations: RGB
most half. Our system compress 12 frame/s at 150MHz, about 1/3t0 Y-Cb—Cr conversion, Discrete Cosine Transform (DCT), Huff-
of performance compared with [18]. By doubling the number of Man encoding, which constitute a Motion JPEG encoding system.
peripheral processors, its area becomes equal and the penalty of hey are compared with hardwired logics from behavioral synthe-
the cycles is reduced to half. Table 7 shows performance of Mo- Sis- Consequently, area and the number of cycles of each processor
system. Figure 7 describes encoding time and number of gates inMotion JPEG encoding system, our system compress 12 frame/s
each design stage. at 150MHz, about 1/3 of performance compared with circuit de-
Here we discuss the design period. By our method, it is possible Signed in RTL [18]. On the other hand, the design time of the pro-
to complete the whole system design within one day. We accelerateP0osed architecture is quite shorter than the hardwired logic, since
the functions on each processor by polishing the software code andthe software (ROM pattern) and the hardware (layout pattern) can
at the same time synthesize all the processors within another twobPe designed simultaneously. _ _
days. Therefore, it takes only three days to complete the logic level If there is a severe requirement for the given operations, hard-
design of the whole system. wired logics must be used to meet the specifications. The proposed
method may not be applied to data-intensive applications in which
the data-level parallelism is very high such as motion estimation.
6. CONCLUSION But if the given operations contain so many threads or functions,
We propose an SoC architecture, with “heterogeneous proces-each of which has very little data-level parallelism, the proposed
sors,” in which functional blocks are implemented as customized design methodology is very effective to implement an LSI that
processors, not as hardwired logics. We have implemented a cus-meets a given specification in very short design period.
tomized processor core described in SystemC-RTL. It can be op- At the point of area and performance, a circuit by our proposed



method is a little bit inferior to those from hand—coded RTL and [18] S. Okada, Y. Matsuda, T. Watanabe, and K. Kondo. A
behavioral synthesis. But our method promotes rapid design. It is
very effective in the first model of a product. In the LSI market, the

profit from each chip is the highest at the early stage. Our proposed
method fits the design of the first model. After it is launched to the

market, each processor is gradually replaced to hardwired logic for
performance, area, power and so on. With our proposed method,
we can change system specification and functionality. These fea-

tures enable bug correction and addition of functionality after prod-
uct shipment. For example, by applying to networking equipment,

it becomes possible to change a communication protocol or a secu-

rity program.
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