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uIt|/ Many-core Everywhere
= Multi-core from embedded to supercomputers

» Consumer Electronics (Embedded)

Mobile Phone, Game, TV, Car Navigation, Camera,
IBM/ Sony/ Toshiba Cell, Fujitsu FR1000,

Panasonic Uniphier, NEC/ARM MPCore/MP211/NaviEngine,
Renesas 4 core RP1, 8 core RP2, 15core Hetero RP-X,

Plurarity HAL 64(Marvell), Tilera Tile64/ -Gx100(->1000cores),

. DARPA UHPC (2017: 80GFLOPS/W)

| > PCs, Servers

Intel Quad Xeon, Core 2 Quad, Montvale, Nehalem(8cores),
Larrabee(32cores), SCC(48cores), Night Corner(50 core+:22nm),
AMD Quad Core Opteron (8, 12 cores)

SCAR Type Multi-core Chip by Renesas in - -
METI/NEDO Multicore for Real-time Consumer > WSs, Deskside & nghend Servers B
Electronics Project (Leader: Prof.Kasahara) IBM(Power4,5,6,7), Sun (SparcT1,T2), Fujitsu SPARC64fx8

» Supercomputers
Earth Simulator:40TFLOPS, 2002, 5120 vector proc.
BG/Q (A2:16cores) Water Cooled20PFLOPS, 3-4AMW (2011-12),
BlueWaters(HPCS) Power7, 10 PFLOP+(2011.07),
Tianhe-1A (4.7PFLOPS,6coreX5670+ Nvidia Tesla M2050),
Godson-3B (1GHz40W 8core128GFLOPS) -T (64 core,192GFLOPS:2011)
RIKEN Fujitsu “K” 10PFLOPS(8core SPARC64VI111fx, 128GGFLOPS)

High quality application software, Productivity, Cost

performance, Low power consumption are important
(Nov.14.2011) Top 500 No. 1 Riken Ex, Mobile phones, Games
Fujitsu “K” 705,024 cores Compiler cooperated multi-core processors are

Peak 11.28 PFLOPS, (88,128procs) .. :
LINPACK 10.510 PFLOPS (93.2%6) promising to realize the above futures
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BREHEOSCARI /SR 2

7 —XTIF¥

RECZFRATILFIAFRP2 SHAASOTIEH,

Core#6

Core#4

DDRPAD

AP ERETILFATFLSIFYIEE

Core#3

Core#’7

Core#5

7°AtA 90nm CMOS, 8@*4l, 3F&Vth
FyTHAR 104.8mm?2 (10.61mm x 9.88mm)
BREL 1.0V-1.4V(37), 1.8/3.3V(I/O)
EMERR# | 600MHz
CPUtRE 8640 MIPS (Dhrystone 2.1)
FPUTERE 33.6 GFLOPS
-CPUBICHIILI-BIEBER
-CPUa7 D/ AYI%EEILETS
R)—TFE—F
- CPUa7 DO—8D /Ay I%EFIE
THRF vy aaE—L Y
2%=Sa ki HBFTEELESA N R)—TE—F

-CPUO7 D ERHEEELTS
ZIVEREHRE—F

-URAMESFDCPUa7 D EIR
HHREELETELO1—LER
EEE—F

ISSCCO8FZK: ISSCCO8 Fm X EFE S 4.5, MLITO, et al., “An 8640 MIPS SoC with Independent Power-off Control of
8 CPUs and 8 RAMs by an Automatic Parallelizing Compiler”

10
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— o -‘.._hag‘g; ——

Q2::QCORGCEAAA:: |2

{EBRRRAEE

4 S WkROMTO

270 9~ OWYHT

JREBRE (FV) S RIS

- m.::-uhnnxm-nwt‘uznntmn
- ~Gh

"GO0 PGl
v

{ECH W H1E

»~Go G

T v e s Ty -T2 - T Vv b4
- - e Vs | | = v A .
- — | = -

T3 - -'uh' -

Time me e
. F LA MY E I IR 7= T - N 2 T EE A 99

»~Go L] ]

Vi
]
- .
Tone Dead Line Tone

|l

v

f ot RN ey
G PG

PG GO G
. -
T
fp— v i
i =
ead Low Time Dead Lire

D




FRRIE 2R 3 5]
IW—THiFDRFREWZSH-0HIC

XD IL—T 54k 4R 4 i 4 2 4 36 B
i B{L ] gEIL—T T TN .
%ff—fﬁﬁfﬂ@gS% : ,§IJ1tEJ-ﬁE)l/_7o ﬁ;k)l/—jo
i ETRBED5% || ETERID5%
ﬁ%ﬁ“’_j 197 Aty 178tyY
EITRFEI D 5%

207 Atz yH5 Tilfi 51| AL I8

x|

% [ £ 3 =100/(95/20+5)

=100/(4.75+5) = 10.26 {Z

=

E [ £ 3=100/max(95/19,5)
=100/5 =20 1&




Generation of coarse grain tasks

sMacro-tasks (MTs)
> Block of Pseudo Assignments (BPA): Basic Block (BB)
> Repetition Block (RB) : natural loop
> Subroutine Block (SB): subroutine

' — BPA —+ Near fine grain parallelization ! :EEA

: : |8

| L Loop level parallelization BPA: | [-BPA

1 I 1
Program -—— RB < Near fine grain of loop body ’:RB : :@E

J I el 0 e

I I _ I — RB

| _— - | BPA | SR

i - — Coarse grain RB | BPA

! . parallelization SB — |—RB

1 | - 1 __ SB

----------

fotal st Layer 2nd, Layer . 3. Layer




Earliest Executable Condition Analysis for
coarse grain tasks (Macro-tasks)

Data Dependency
""""""" Control flow
) Conditional branch
1 BPA
.............. BPA Block of Psuedo
""""""""" Assignment Statements )
2 BPA 3 BPA RB Repetition Block Q ¥
4 BPA \
"""""""""" 7 RB
BPA | - A .
------------------- g / BRA
AL 1 |-§ B '
15 BPA 7 RB L e
’ :' RB é ;
: 15 L n
BP.
12
0 RB s Data dependency
""""" Extended control dependency ’
O conditional branch w13
»,»»"'~.~ OR ~~~‘ ~.~:‘--.:‘f:-—

> Original control flow

14 ERB A Macro Flow Graph
L= A Macro Task Graph




Main

Automatic processor assignment in su2cor

Using 14 processors

SWEEP
"
[ |
[} LY
' \,
/
’ 1 1,14
i = I" ------ ""' [ ]

A
vy

[1,14]

[1,14] Rl N

Nrc, Nre = [PG,PE]

Coarse grain parallelization within DO400 of subroutine LOOPS

LOOPS

: e
1] st

e ' SB
RB
DO RB RB| |RB RB
900 D D D

O O O RB

400 400 400

[1,14] [1,14] [1 ,14]\

—

[1,14]

——

Triply nested loop

N E N

[2,7]

INT4V

[7.1]



MTG of Su2cor-LOOPS-D0O400

Coarse grain parallelism PARA_ALD =4.3

mm DOALL g Sequential LOOP —1SB mmBB 17



Data-Localization
Loop Aligned Decomposition

* Decompose multiple loop (Doall and Seq) into CARs and [LRs
considering inter-loop data dependence.

— Most data 1n LR can be passed through LM.
— LR: Localizable Region, CAR: Commonly Accessed

C RB1(Doal 4 N ( Y N ( 8 =
50 1 101 LR @R LR CAR LR
A(l)=2*1 DO 1=1,33 DO 1=34,35 DO 1=36,66 DO 1=67,68 DO 1=69,101
ENDDO | |

| DO 1=1,33

C RB2(Doseq) N q
DO I=1,100 DO I=34,34
B(1)=B(I-1) - A\

+A()+A(+1) DO 1=35,66
ENDDCT % N DO |=67,67

RB3(Doall //\\ DO I=68,100
DO 1=2,100 S E—
C(1)=B(I)+B(I-1) DO 1=2,34 DO 1=35,67 DO 1=68,100
ENDDO N AN A A J X ~

C




Data Localization

S
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=
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dig3 21 30
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Data Localization Group

W
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MTG after Division A schedule for two processors



Data Layout for Removing Line Conflict Misses
by Array Dimension Padding

Declaration part of arrays in spec95 swim

before padding after padding
PARAMETER (N1=513, N2=513) PARAMETER (N1=513, N2=544)
) =5«
COMMON U(N1,N2), V(N1,N2), P(N1,N2), COMMON U(N1,N2), V(N1,N2), P(N1,N2),

UNEW(N1,N2), VNEW(N1,N2),
PNEW(N1,N2), UOLD(N1,N2),

UNEW(N1,N2), VNEW(N1,N2),
PNEW(N1,N2), UOLD(N1,N2),

1 1
*  VOLD(N1,N2), POLD(N1,N2), *  VOLD(N1,N2), POLD(N1,N2),
2 CU(N1,N2), CV(N1,N2), 2
*  Z(N1,N2), H(N1,N2) *

CU(N1,N2), CV(N1,N2),
Z(N1,N2), H(N1,N2)

A
\4
A
A4

4MB 4MB

1 I padding
g B 7

Box: Access range of DLGO

.

20



Power Reduction by Power Supply, Clock Frequency
and Voltage Control by OSCAR Compiler

» Shortest execution time mode

Ordinary scheduled results

PGO PG1
1 MT2 | T
MT1 | | vful | |®
VAull 0
]
:
MT3 | [m
N P Vifull | |
Time

* Realtime processing mode with dead line constraints

Ordinary scheduled results

Time

PGO PG1
MTI1
Vfull MT2
V-full -
_______ Dead Line

FV control
PGO PGi1

MT1
V:full

Time

BREEE

—_— .

FV control

Power control

PGO | PG1

MT1 .

V:full m

B

3%

)]

Time '

Power control
PGO PG1




An Example of Machine Parameters for

the Power Saving Scheme

 Functions of the multiprocessor

— Frequency of each proc. is changed to several levels
— Voltage iIs changed together with frequency
— Each proc. can be powered on/off

o State transition overhead (Example: not for RP2)

state FULL MID LOW OFF
frequency 1 1/2 1/4 0
voltage 1 0.87 0.71 0
dynamic energy 1 3/4 1/2 0
static power 1 1 1 0

FULL

state MID LOW OFF state FULL | MID LOW | OFF
FULL 0 40k 40k 80k FULL 0 20 20 40
MID 40k 0 40k 80k MID 20 0 20 40
LOW 40k 40k 0 80k LOW 20 20 0 40
OFF 80k 80k 80k 0 OFF 40 40 40 0

delay time [u.t.]

energy overhead [uJ]




Power Reduction Scheduling

PGO 1 PGl | PQG2 | | |
MT1 11 : Phase 1 PGl I PG | PG2 | PG3
M3 MTI |-|
MT2 : < : MT4 l |
— \ Phase 2 MT?2 MT3 MT4
MTS [} MTe || —= I mm !
Ty MI7_ MT5 || |
: [ MT8 Phase 3 MID : MT6 : MT7
L] Marmi | IR | 2 | VTS
¥ GivenDeadLine time

200N

L OON —

SOONMN <1
clc

Fig. 6. V /F control of applu(dproc.)



OSCARAV/N\ASMNBEIERT H5<ILFITAPI

3rd layer

Centralized
scheduling

code

SECTION

T6| 17

(OpenMPE#:) FIFH. BB<ILFITLA
W5 TATSLDA A=
SECTIONS
Ist layer SECTION
Distributed ‘ ‘ ‘
N ued 1 TO T T2) 1,3
/) T~ scheduling MT1_1
DOALL
Ll s MT1 2
MTI 4 SB Fd
RB - —— >l I|I | | I I | | II | | .
) N e 1 4 1 1 4 1
\\ | | III | | | | I' | |
N 131 1.?.2 1 1 2
| | 1 I?I 3l l1 1 3!
141 144 144
R _O_ ) j I T
/ﬂ"\\ \/ ‘ v v \/
142143144 2nd layer _ V .
Thread groupO

B |

[1.3 1]

1.3 1]

[1.3 2|

[1.32|]| e

[1.3 3]

1.3 3]

[1.3 4]
1

1.3 4|

[1.3 5|

1.3 5]

[1.3 6]
| |

11.3 6|
| | | |

vy

END SECTIONS

~—

Thread group1

!

24
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v

v

OSCAR API V2.0 RX—E&
Fortran & C D22 DR +2EVMERX

it 5| 24T API y T —RERIEAPI

» parallel sections (*) » dma_transfer

» flush (*) » dma_contiguous_parameter
» critical (*) » dma_stride_parameter

» execution » dma_flag_check
AEYBEBAPI » dma_flag_send

» 7OtZL—A3API

» accelerator_task_entry
» Fyafl{HAP

» threadprivate (*)
» distributedshared
» onchipshared

» cache_writeback
RIAPI » cache_selfinvalidate O e
> groupbarrier » complete_memop ¢ E2METRX
& N HI{EHAPI » noncacheable » accelerator task
» fvcontrol » aligncache > oscar comment

» get_fvstatus
A4 —API

» get_current_time

(*) OpenMP$ERX
OSCAR: Optimally Scheduled Advanced Multiprocessor



speedup ratio
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IBMY—/\p5500_L TDOSCARM FI{ba> /1S5 D ERE

Two Quad-Core modules

7Oty Ha7-<IILFatyH I R TF LA LETHREFE

speedup ratio

S = DD W A U N N X O

DIL—TiFHEIZRL., 2.7 BEDEZERIE &—

@ JL—THiFE o ;-_
m TIILFITLA AL g“——.g

GX adapters share PCIX slots 4 and 5

JIJ””...“]

tomcatv swim su2cor hydro2d mgrid applu turb3d apsi fpppp wave5S swim mgrid applu apsi
spec95 spec2000
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Performance of OSCAR Compiler on AMD 12-
core SMP Based on Opteron 6174

14.00

12.00 & Intel Composer XE 2011 WOSCAR |

10.00

8.00

6.00

+ JJH...N

ttttttttt im ‘ su2cor ‘hyd Zd‘ mgrid ‘ applu ‘ urb3d ‘ apsi ‘ fpppp ‘ wave5

swim ‘ mgd‘ applu ‘

SPEC95

* OSCAR Compiler gives us 2.2 times speedup on the
average against Intel Composer XE 2011

SPEC2000
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speedup ratio
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Performance of OSCAR Compiler Using the multicore API
on Fujitsu FR1000 Multicore
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3.38 times speedup on the average for 4 cores against

a single core execution
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Performance of OSCAR Compiler Using the Developed API on
4 core (SH4A) OSCAR Type Multicore
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3.31 times speedup on the average for 4cores against 1core
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Performance of OSCAR compiler on
NEC NawEnqme(ARI\/I NEC MPcore)
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Compile Opiion : -O3
OSCAR compiler gave us 3.43 times speedup against 1 core for Fortran
and 3.13 for C on ARM/NEC MPCore with 4 ARM 400MHz cores
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Speedup Ratio

2

2
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0.5

Performance of OSCAR Compiler & API on
ARMv7-cores Qualcomm MSM8960 Android 4.0 for
Smart Phones
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_ m 1PE
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AACENC MPEG2 DEC OMPM equake MPEG2 ENC
Application

1.81 times speedup by 2 cores on the average against 1 core



Low-Power Optimization with OSCAR API

Scheduled Result Generate Code Image by OSCAR Compiler
by OSCAR Compiler void void
VCO VClI main_ VCO() { main VCI() {

#pragma oscar fvcontrol ¥

- ( (OSCAR CPU(),0))

#pragma oscar fvcontrol ¥
(1,(OSCAR_CPU(),100)) $
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Intel Stamp Size Solar Powered Processor “Claremont” Announced In
Intel IDF 2011 September 13
“Haswell” on Market in 2013

Bl#t&H CTO Dr. Justin Rattner
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OSCAR API Version 2.0Tx

151707 5 LOVER A RIREL:

ATAVZFAKREDVZFPARIILFATT7—XTIOFF
REBEaA7+7591E5L—2(RH9B—/SIMDIGPUE) A=——aF7 (/ae—L 2 RHE)

VC(0),VPC(0) VC(1),VPC(1) VC(n),VPC(n)

Network Interface

F—

Network Interface

LPM LDM

o _

Memory
Interface

aJ>bhO—FEU
roesL—%
({EEDCPUNS
DMA HI{EH ] AE

_/
<

> bO—3f4E
roezL—4

VC(n+m+l J

,c
VC(n+1), VC(n+2), VC(n+m+1)
k VPC(n+1 : VPC(n+2 m—
ALw RZEFETURLDT
VPCESZIFITIRN

]

DTU
— Data Transfer Unit
LPM

— Local Program
Memory

LDM
— Local Data Memory
DSM

— Distributed Shared
Memory

CSM

—  Centralized Shared
Memory

FVR

— Frequency/Voltage
Control Register
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Y.Yuyama, et al., "A 45nm 37.3GOPS/W Heterogeneous Multi-Core SoC”,
ISSCC2010
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An Image of Static Schedule for Heterogeneous Multi-core with
Data Transfer Overlapping and Power Control

CPUO CPU1 CPU2 CPUS3 DRPO
CORE | DTU CORE | DTU CORE DTU CORE DTU CORE DTU
(AA 1T+l LOAD | ~ ~ = 7 T LOAD
MTGH1 LOAD LOAD
: MT1-1 —5ap MT1-2
| SEND SEND
|
| MT1-3 MT1-4
! SEND
e LOAD SEND LOAD )
MTG2 MT2-1 LOAD LOAD LOAD MTG3
LOAD LOAD LOAD
SEND MT3-1 LOAD LOAD
MT2-2 MT2-3 —oao
SEND LOAD — SEND | |
SEND LOAD - =
MT3-2 COAD =
MT3-3 SEND
SEND
MT2=7 MT3-4
- MT3-6 SEND
SEND MT3-5
MT2-8 SEND
STORE
STORE MT3-7 MT3-8
STORE
A STORE J v
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Cluster 0

LCPGO
PCR3

| PCR2
| PCR1

| PCRO

A=

J Core 3 -
- _Cuu: 2 . ) - 5
o Core 1 - g
Cora 0 . 4:..;..._.. o
CPU FPU | [ L) $
i§ |Cccr| bs || 3
16K BAR | 16K || S
IL?:M DTU OL%Z:M } ‘:.{
! | _— ] 7

URAM 64K

EaXMEDT=H5aT LI LED/\—K-abe—L oS Stk L
mm) YO YTT7IZ&BaE—L I HIHANE

.

LBSC

Vo

DBSC

On—chip system bus (Super

b

cSM |
128K

FLAW

DPRI SDRAM

1 (SNC)

Snoop controller

Core 7

SRS
LAY R/BIL/BKRKRP2 (SH-4AOT7 87 EHE)

[
-

>

Cf._.'n:. (i1

Core 5

4 | ILRAM

etp | | Core 4

CPU F
1§ | CCR]
16K | BAR |

8K | DTU

URAM 64K

PU

DS
16K

OLRAM
| 32K

-

Cluster 1

| LCPG! |

\ PCR? ||

\ pcm,\

.}ipcesj

.ijPCR4j

—aAF7IZEIT=Y b0z 7 X vy aae—L 2 Xl fE

v

Process 90nm, 8-layer, triple-Vth,
Technology | CMOS
Chip Size 104.8mm?
(10.61mm x 9.88mm)

CPU Core 6.6mm?
Size (3.36mm x 1.96mm)
Supply 1.0V-1.4V (internal),
Voltage 1.8/3.3V (I/0)

| Clock 600MHz, 300MHz,
frequency 150MHz, 75MHz
Power 17 (8 CPUs, 8 URAMSs,
Domains common)

M. Tto, et al., "An 8640 MIPS SoC with Independent Power-off Control of 8 CPU and 8§ RAMS
by an Automatic Parallelizing Compiler”, ISSCC2008
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8.9times speedup by 12 processors 55 times speedup by 64 processors

Intel Xeon X5670 2.93GHz 12 core SMP IBM Power 7 64 core SMP
(Hitachi HA8000) (Hitachi SR16000)
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LCPC 2012

The 25t International Workshop on Languages and Compilers for Parallel Computing
(Tentative) http://www.kasahara.cs.waseda.ac.jp/Icpc2012/

September 11 - 13, 2012
Green Computing Systems Research and Development Center,
Waseda University, Tokyo, Japan

SRS AT A0Ses
- - O a — S e R LATHSRBESE = —

GCGREEN COMPUTING SYSTEMS RESEARCH AND DEVELOPMENT CENTER

The LCPC workshop is a forum for sharing cutting-edge research on all aspects of parallel languages, compilers and related topics including runtime
systems and tools. The scope of the workshop spans foundational results and practical experience, and all classes of parallel processors including

concurrent, multithreaded, multicore, accelerated, multiprocessor, and tightly-clustered systems. Given the rise of multicore processors, LCPC is
particularly interested in work that seeks to transition parallel programming into the computing mainstream.

General Chair Post workshop optional tour
* Hironori Kasahara, Waseda University on September 14:
Program Chair “K” Kobe Supercomputing Center

* Keiji Kimura, Waseda University



Keynote Speakers in LCPC 2012: 9/11-13Waseda Univ.

Prof. David J Kuck Prof. Arvind
(Univ. lllinois, Intel) (MIT)

IEEE Computer Society IEEE Computer Somety
Computer Pioneer Award 2011 4

Invited Speakers

Prof. Monica Lam:Stanford U., Prof. Rudolf Eigenmann: Purdue U.
Prof. Alex Nicolau: UC Irvine, Dr. Utpal Banerjee: UC Irvine Prof.
David Padua:UIUC, Prof. Lawrence Rauchwerger:Texas A&M

Keynote Speakers(Alphabetical order)

Prof. Arvind, MIT

Dr. David Kuck, Intel, Professor Emer. UIUC
Prof. Yoichi Muraoka, Waseda U.



CS Multicore STC: Leadership Team

Chair FTs PM BoG “Angel”

Hironori Kasahara ? (to be hired)

Conferences Standards Education Body of Knowledge
Publishing Web Portal Newsletter

<Confidential> STC: Strategic Technical Committee l |f‘
|IEEE CSHON AT D30 FDAD—DOTHD
®commuter  TVFIATHBHAN2012.6 151 RISESNELL,

Advancing Technology

society A TRENDRFYIERS, EHNARES NELOEBLE.
M. B, HEEHRET A THLEDET .
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