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Digital Convergence
Various kinds of digital applications are converged

MP3MP3
AACAAC
AAC PlusAAC Plus
Dolby 5.1Dolby 5.1
WMAWMA
RealAudioRealAudio

AudioAudio

JPEGJPEG
MotionJPEGMotionJPEG
JPEG2000JPEG2000

Still ImageStill ImageMPEG2MPEG2
MPEG4MPEG4
H.264H.264
VCVC--11

VideoVideo

2D, 3D2D, 3D
Image baseImage base
Multi path   Multi path   
RenderingRendering

GraphicsGraphics

FlashFlash
HDDHDD
DVDDVD
BluBlu--ray Discray Disc

MediaMedia

Recognition, Recognition, 
SynthesisSynthesis

Voice, AudioVoice, Audio
ImageImage
BiometricsBiometrics

Information,Information,
CommunicationCommunication

WEB BrowserWEB Browser
XMLXML
JavaJava
Data baseData base
DLNADLNA

「Being Digital」 ’95, MIT

AESAES
DESDES
RSARSA
Elgamal Elgamal 
DRM DRM 

SecuritySecurity
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Required Performance
GOPS
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FAX
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MPEG2MP/ML MP/HL

VoIP modem

Word Recog.

Sentence Translation

GOPS: Giga Operations Per Second

100

Voice Translation

3D rendering

2D rendering

GraphicsGraphics
10Mpps 100Mpps

Face Recognition

Voice-print Rec. Video Recognition

MPEG4, H.264, DivX

3D image extraction

AAC

WMA Voice Recognition

Eye Recog.
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Real-Time Recognition & Motion Cnt.

Courtesy: Tohoku Univ. / Kameyama&Hariyama Lab

Ball Extraction

3D-Position Cal.

Joint Angle Cal.

Catching Robot
Camera x 2

Robot Manipulator

30
m

s

10GOPS < required

Trajectory Prediction
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Target of Our Project

• Processor level
– Heterogeneous Multicore

• Fine-grain level
– Arithmetic-intensive processing

• Software level
– Parallelizing Compiler

Parallel Processing on SoC
- High Performance/W and High Flexibility -



CMOS Emerging Technologies 2009 7

Target of Our Project
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RenesasRenesas
Waseda Univ.Waseda Univ.
Tokyo Institute of Tech.Tokyo Institute of Tech.
Tokyo Univ. of Agri. and Tech.Tokyo Univ. of Agri. and Tech.
Tohoku Univ.Tohoku Univ.

HitachiHitachi
Our ProjectOur Project

HighHigh--performanceperformance
MulticoreMulticore
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Media
proc.-a

Parallelism in H.264 CODEC

PLL

Audio DSP

Video CODEC
Interconnect Bridge

Video/Audio/Stream I/O
CPU
Peripheral

URAM

DSP RAM

interconnect 
buffer

PLL

Audio DSP

Video CODEC
Interconnect Bridge

Video/Audio/Stream I/O
CPU
Peripheral

URAM

DSP RAM

interconnect 
buffer

Iwata et al., VLSI 2008, 11.1

Full-HD H.264 CODEC
65nm, 7-Cu
162MHz
5.4x5.5mm

CPUThis CODEC

172mW
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Key is 
• Heterogeneous Parallelism 

2-3HGz

Stream
proc.

Media
proc.-a

32 op./cycle

Media
proc.-a
Media
proc.-b

Media
proc.-a
Media
proc.-c

32op./cycle 24op./cycle

> 150 op./cycle
per chip

CPU
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Architecture Model

CPU0

FV ctl.

LM/
DSM

CPUn

FV ctl.

DTU LM/
DSM

SPP0

FV ctl.

DTU LM/
DSM

SPPｍ

FV ctl.

DTU

SPPa

FV ctl.

SPPb

FV ctl.

On-chip
Shared Memory

(CSM)

• Low-power CPU Cores and Special-Purpose Processor (SPP) Cores on a Chip
• Local Memory (LM)/Distributed Shared Memory (DSM) and

Data Transfer Unit (DTU) included in a core
• Each Core is Frequency and Voltage (FV)-controllable

Chip

Off-chip
Main Memory

LM/
DSM DTU

LM/
DSM DTU LM/

DSM DTU
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Processor Cores

Flexibility HighLow
Low

High
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/m
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CPU

DSP

Media
Proc.

Highly
SIMD

Dynamic
Reconf.

Hardware
Acc.

SPP
FPU

DSMDSM
DTU

LMLM
16KB

ic
32KB

90nm, 8-layer
600MHz, 7.2mm2

1.08GIPS*1, 4.2GFLOPS*2

*1: Dhrystone 2.1
*2: Single-Precision

Basic 
core

dc
32KB

128KB

SH core

Seq
LMLM

40KB40KB

Conf.

Arithmetic
cells

90nm, 8-layer
300MHz, 4.5mm2

19.2GOPS*3, 91.4GOPS/W

*3: 16-bit Integer

Flexible Engine (FE)
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Power-Efficiency of SH core

* MIPS: based on Dhrystone 2.1
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Pipeline Stages of SH core

Execution

Ad-
dress

Data Load WB
Tag

Execution WB

-

WB

DecodeInstruction
Fetch

PreDecode

Basic

FPU

I1 D E M1 M2 S

Decode

D E1 E2 E3 E4 E5 E6 E7

Data Store

I2 I3
D E M1 M2 S

FPU
DSMDSM

DTU

LMLM
16KB
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32KB

Basic 
core

dc
32KB

128KB
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Flexible Engine (FE)

Crossbar Switch
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FE Performance

0 x2 x4 x6 x8 x10 x12 x14 x16
FIR Filter (5tap, 512pt)

FIR Filter (10tap, 512pt)

FIR Filter (128tap, 512pt)

FIR Filter (256tap, 512pt)

FIR Filter (512tap, 512pt)

FFT (64pt)

FFT (128pt)

FFT (256pt)

FFT (512pt)

FFT (1024pt)

8X8 DCT

Video Filter

64X64 Matrix Multiplication

Acceleration Ratio (FE vs. DSP)
(DSP cycles/FE cycles)
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Graphical Programming for FE
Algorithm
Equation
Program

FE Editor

Assembler &
Linker

FE simulator

Configuration Data

FDL*1 program

*1 FDL: Flexible Description Language

FE Editor



CMOS Emerging Technologies 2009 16

FE Compiler
for ( i = 0;  i < N;  i++ ) {
p[i] = 2*(a[i]+b[i])+

y[i]*(b[i]+b[i+1]);
q[i] = a[i]*b[i] + c[i];

}

for ( i = 0;  i < N;  i++ ) {
t1[i] = 2*(a[i]+b[i);
t2[i] = y[i]*(b[i]+b[i+1]);

}
for ( i = 0;  i < N;  i++ ) {
p[i] = t1[i] + t2[i];
q[i] = a[i]*b[i] + c[i];

}

loop1

DFG generation

loop2
Distribution

Loop

a[i]

t1[i]

b[i] 2

x

+

for  loop1
MLT

X

2x
ALU

a[i]

y[i]

t1[i]

t2[i]

b[i+1] y[i]

LM LM

MLT

X

D
ALU

+
b[i]

t2[i] Place &
Route

x

+

+

D

D

b[i+1]

for  loop1
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Prototype Chip (CPUx2+SPPx2)
600MHz, 7.2mm2

1.08GIPS*1, 4.2GFLOPS*2

Caches:32KB(i)+32KB(d)
LM:16KB, DSM:128KB

300MHz, 4.5mm2

19.2GOPS*3, 91.4GOPS/W
LM:40KB

90nm CMOS
8-layer
triple-Vth

*1: Dhrystone 2.1
*2: Single-Precision

CSMCSM
128KB

CPU0
(SH)

CPU1
(SH)

SPP0
(FE)

SPP1
(FE)

*3: 16-bit Integer

Ito et al., VLSI 2007
Shikano et al., JSSC 2008
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Filter bank

Quantization

Huffman coding

Bit stream generation

Evaluation using AAC Encoding

For SH
For FE

Preprocessing

Input Bit stream
generation 8%

Huffman
coding 4%

Quantization Filter bank

Profiling results on CPU

CSM
CSM

128KB

CPU0
(SH)

CPU1
(SH)

SPP0
(FE)

SPP1
(FE)CSM

CSM
128KB

CPU0
(SH)
CPU0
(SH)

CPU1
(SH)
CPU1
(SH)

SPP0
(FE)
SPP0
(FE)

SPP1
(FE)
SPP1
(FE)

57%32%

Output
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Gantt Chart for One Frame

SHSH

FEFE

Data
Transfer

Filter Bank

coefficient
calc.

Quantization

Huffman
coding

27

11
68

26
1

7

19
55

5
7

19
55

preprocessing

･･･

2.03 repetitions on average

15

post
proc.

time (Kcycles) Left channel R

502 kcycles: 27.1x encoding

185 (ave.) 185132 kcycles
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Speed

Power

Evaluation Results (AAC Encoding)
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Evaluation using Optical-Flow-Based Recognition

Courtesy: Tohoku Univ. 
Kameyama&Hariyama Lab

Optical-Flow (OF)
Extraction

OF Concatenation

Feature Extraction
from COF

Decision

Video Input

for every frame

for frame sequence

OF

COF

<
 1

00
m

s 
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Execution Time (ms)

0 500 1000 1500

SHx2+FEx2
600MHz,300MHz

SHx2+FEx1
600MHz,300MHz

SHx2
600MHz

SHx1
600MHz

Power Consumption (W)

1.0 1.5

Power

0.5

Evaluation Results (OF-Based Recognition)

61ms

2.0

Video:640x480
Window:20x20
Search:32x32
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Parallelizing Compiler for Heterogeneous Multicore

Global
Compiler

Program

Processor Inf.

CPU-Thread

Chip

Local 
Compiler

Macro task (MT) partitioning
Parallelism analysis
MT scheduling, Thread creation

Object code
generation

CPU
#0

CPU
compiler

CPU
#1

SPPa
#0

SPPa
#1

SPPa-Thread

SPPa
compiler
/library

SPPb
#0

SPPb
#1

SPPb-Thread

SPPb
compiler
/library

Based onBased on OSCAR compilerOSCAR compiler
(Waseda Univ./ (Waseda Univ./ 

Kasahara&Kimura Lab.) Kasahara&Kimura Lab.) 

Source + 
Multicore API*)

*) API: Application Programming Interface 
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1.3

1.3

1.2
1.1

1.3.1

1.3.2

1.3.3

1.3.4
1.3.5
1.3.6
1.3.7

void main(){
read_pcm( pcm[j][] );
for (j = 0; j < m; j++)

subbuf[j] = pcm[j+18*k];
poly_filt(pcm[], subband[]);

}
void poly_filt(&pcm, &subband){

t = (pcm[0] + x[m]) / 2;
for (j = 0; j < m; j++)

y[j] = pcm[j] * t;
for (j = 0; j < m; j++)

z[j] = pcm[j+18] * t;
pre_filter( t, z[j], q );
filter_a(subband, y[]);
filter_b(subband, z[]);
for (j = 0; j < m; j++)

subband[j]=(y[j] + z[j])/q;
}

• Generates macro task graph (MTG)

MTG
1.3

MT1.3.2
For SPP

MT1.3.3
For SPP

MT1.3.4
For CPU

MT1.3.5
For SPP

MT1.3.1
For CPU

MT1.3.6
For SPP

MT1.3

MT1.1
For CPU

MT1.2
For CPU

MT1.3.7
For CPU

Program
MT: 

Macro Task

Parallelism Analysis by Global Compiler
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Macro Task Scheduling

Data Transfer/Synchronization Codes 

• Assigns macro tasks on cores where finishing time earliest

1.1

1.2
1.3.1

1.3.2

1.3.4 1.3.61.3.5

1.3.7

CPU0 CPU1 SPP0 SPP1

1.3.3

Ti
m

e

MTG
1.3

MT1.3.2
For SPP

MT1.3.3
For SPP

MT1.3.4
For CPU

MT1.3.5
For SPP

MT1.3.1
For CPU

MT1.3.6
For SPP

MT1.3

MT1.1
For CPU

MT1.2
For CPU

MT1.3.7
For CPU

MT: 
Macro Task




