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Simulating “Earth” on Super computer

Supercomputer Simulation:
- can visualize T
- can virtually experiment SaER
- can forecast the future oy

Howaver, currant supercomputers are rgot

anough for further analysis of problemg on Each CPUs executas
Planet Earth their share of
computation

B ".:.- 1. L - g :
LN .1 / ] : gt
{Monh amendcan 24nours Frecipitalion)

\

—>

Power
x 640

The Earth 40TFLOPS
Simulator 102002

MEC SK-6/8A

NEC



Development Organization and Schedule

Research and De_velopment

NEC
Main Contractor for
Design and Manufacturing

NEC

1997 1938 1599 2000 2000 2002

Hardware System ‘
Concoptusl design 3
Basic design

Design of parts and padcaging |
R&D for parts and packaging ‘
Detasled design

Manufacturelinstallation

Software System [center routine]
BasichDetanl design
Program developmant&test

Peripheral Devices
Facilities (Buildings) |

Operation ‘

(Courtesy of JAMSTEC/Earth Simulator Center)



System and Hardware

The Earth Simufator Céi

NEC



Earth Simulator System

MDPS
System Peak Performance 40TFLOPS
Total No.of Arithmetic Processors(APs) 5,120
Peak Performance/AP 8GFLOPS
Total No.of Processor Nodes(PNs) 640
(8APs/Node:64GFLOPS/Node)
Total Main Memory Capacity 10TBytes
Disk Storage 940TBytes

NEC Mass Storage 1.5PBytes



Central Subsystem

Interconnection Network 640 x 640 crossbar switch

Q_) 12.3 [sec 2

Main memory Main memory Main memory
System 16GB System 16GB System 16GB

Arithmetic Processor #0
Arithmetic Processor #1
Arithmetic Processor #7
Arithmetic Processor #0
Arithmetic Processor #1
Arithmetic Processor #7
Arithmetic Processor #0
Arithmetic Processor #1
Arithmetic Processor #7

Processor Node #0 Processor Node #1 Processor Node #639

NEC

(Courtesy of JAMSTEC/Earth Simulator Center)



Processor Node

From/To
Interconnection Network
l T LAN
AP AP AP 0o AP I
#0 #1 #2 #7 RCU 10P 8
N4 Z User/Work
Disks
S = S S = S s e 0000 0 0 g g g
= = b= = = = = S S S

Main memory System (MS) (Capacity : 16GB)

128Mbit DRAM developed for ES (Bank Cycle Time : 24nsec)
2048-way banking scheme

N E‘ (Courtesy of JAMSTEC/Earth Simulator Center)




Arithmetic Processor (AP)

Vector Unit: 8 sets -

- 6 different type of vector pipelines
- 72 vector registers (256 vector elements)
- 17 mask registers (256 bits)

© Vector Unit

% A sats Mask Registar Magx

fuf Logical

! Multiply

Vector
l * Divide
Scalar Unit l

Scalar
Ragister

m

MainMemory Access ControllUntt

Scalar Pipslines

Sealar Unit
- 4-way super scalar
* BAKB instruction cache
- 64KB data cache

N E‘ (Courtesy of JAMSTEC/Earth Simulator Center) SIEE g e AOTFDECTAISEE



Connection between Cabinets

LZT# MSX

9¢T# MSX

128 XSW's
64 Cabinets
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v# MSX

&# MSX

¢# MSX

T# MSX

0# MSX

83,200

PN-IN Electric Cables ;: 640 x 130

9€9# Nd

640 PN'’s
320 Cabinets

G# Nd

v# Nd
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T# 10X

0# 10X
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0# Nd
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Data Pathsin I nter connection Networ k(I N)

Processor Node Interconnection Network Processor Node
4 N\

N E c (Courtesy of JAMSTEC/Earth Simulator Center)



Earth Simulator Building

System Disks N aeaE <t
: Mass Storage System

..Q-User Disks

——ay .
==3_ | Interconnection Network
=== Cabinets (IN Cabinets)

Processor Node Cabinets
(PN Cabinets)

Air Conditioning &
System

Power Supply /
System Double Floor

S (Floor height 1.5m)
Y

N Ec (Courtesy of JAMSTEC/Earth Simulator Center)



| nter-node Communication Cables

i |




Cross-Sectional View of the Earth Simulator Building

T r v v ®v © ®Uw @
o

PN /IN Cabinets

@j <= Alr Return Duct > Eﬁ

Free Access Floor

L e i -- e J

Air
Conditioner Power
Supply

N E‘ (Courtesy of JAMSTEC/Earth Simulator Center)




One Chig Vector ProcrgAPz

VPP _|_ VPP
#3HT | HOMA

VPP VPR
#2/#6 | #1/45 W SPU

(Courtesy of JAMSTEC/Earth Simulator Center)

0.15u CMOS

8 layers copper interconnection

20.79mm  20.79mm

60million Tr

5185pins

Clock Frequency :500M Hz(1GHz)
NEC Power Consumption:140W (typ.)



AP Package

Heat sink

Clock Cannector Arithmetic

Pracessor

Build-up printad
circuit board
115mm 100mm

MMLU Interface

Connactar Power Connector

NEC

(Courtesy of JAMSTEC/Earth Simulator Center)
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Operation System Overview

v Operation and management system for huge

distributed memory system
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Operating System Overview

fSUPER-UX "\ ESOperating System

Operating System and Language

for SX series
Vector processing A
Parallel processing for Shared memory EXtend Scal abl I |ty
Parallel processing for Distributed memory
Batch system (NQS) (up to 640nodes)
High performance 1/0 '
Cluster management v" Processors performance

\ v 1/0O performance

v v’ Specification limits

Add the function for the Earth Simulator

v’ Efficient execution environment for highly parallel job
v’ Single system image (SS)

» Operation management
K » Batch job environment for highly parallel program /

NEC




Operating System Overview
Characterl stics of the ES Operating Svstem

( Efficient execution environment for highly parallel programs
v" High speed inter-node communication function utilizing IN
v Global address space between PNsusing IN
¥ HPF compiler, MPI library

J
/Si ngle System Image (SSl) \
for system administrator :

v Super Cluster System for system operation management
» Two level cluster control (16nodes/cluster, 40cluster/system)
> Resource management function of whole system (Node/ IN / disk / tape)

for end users :
v' Batch job environment for highly parallel job (NQSII,MDPS)

k v Automatic file migration /

Ve
NEC




Multi-node parallel program execution environment

v'OS provides the global address space between PNS (memory protection proof)
v'"MPI library transfers data directly using IN data transfer instructions, without
systemcall

User User User
progrim program program
MPI Library MPI Library MPI Library
overhead ‘x / Global address sphce Non overhead
OS kernel (—4 OS kernel OS kernel

| nterconnection Network (IN)

NEC



OEeration management

S Cluster L Clusters ,/

OSKerne

.....

Oper ation/management
System

NEC

CCS: Cluster Control Station \
SCCS: Super Cluster Control Station




Execution of |lar ge scale '| ob

Large distributed parallel jobs

dividing the system

NEC



Node Allocation

S-nodes (14 nodes) L-nodes (624 nodes)
O O 0O
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Job Execution Flow

Request

L-Batch Queue

)

Node
Allocation

Node schedule

o)

{Stage—OUT}

."“’ ime
Waiting H Stage-IN ]/

m —_ A
)

NEC



M Pl M essage Passing | nterface

v’ Standard specification of message passing
library for parallel processing

v"Common API specification (platform-
Independent)

v’ Library procedure interface which can be
caled from C C++ Fortran programs

v May,1995 MPI-1.1 specification release

v July, 1997 MPI-1.2 and MPI-2 specification
release

v ES supports full MPI (MPI-2) specification
NEC



M PI data transfer
MPI library selects appropriate communication

procedure

v Intra-node: memory copy using vector load and vector store instructions
v’ Inter-node: datatransfers directly using IN data transfer instructions

MPI process |

\

| ntra-node communi cation

| nter-node communication

Shared memory

A

5

IN

/ /
Data / [ Node A
Memory copy

Communication

by MPI library

Node B




HPF High Performance Fortran

v’ Extension of Fortran language for distributed-
memory parallel computer system

v' Defacto standard
v' Easy to write, high portability Fortran + directives

—
Specify only data mapping on
distributed memory

DIMENSION A (10000,10000)
IHPF$ DISTRIBUTE A(*,BLOCK)

IHPF$ INDEPENDENT
DO J= 1, 10000
DO = 1, 10000
A(,J) =0.0
END DO
END DO

Array A ——»]

I l
Declaration that next loop is
aparallel executable loop

NEC



HPF High Performance Fortran

The 3 Phases of parallel program devel opment:
(a) Data partitioning/allocation to the parallel processor

(b) Computation divide/scheduling to the parallel processor

(c) insert the communication code
HPF automates (b), (c) phases

MPI HPF
(a) Data mapping/allocation manual manual
(b) Computation divide/scheduling manual automatic
(¢) Insert the communication process manual automatic
The case of typical isotopic ssmulation :
Modify L
Add directives
Parallelization whole " ! 50'/"
program (about 5%)
Performance 100% About 70-80%

NEC
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Basic Performance Data

Peak Performance

System Perfor mance 40TFLOPS

Per Node(8APS) 64GFL OPS

Per Processor 8GFLOPS
Bandwidth

Memory to Processor 32GB/sec

Per Node(8 SMP) 256GB/sec

| nter-node Per node 12.3GB/sec 2

LINPACK(HPC)

Sustained Performance 35.86TFL OPS(87.5% efficiency)
MPI Start-up cost internode intranode
MPI_Get 6.684 s 1.27u s

N Ec MPI_Put 6.36 1.35



| nter node Communication Bandwidth

14

12 —+—Read
-=—\Write /
10 /

[GB/sec]

Bandwidth
(o]

0

0.000001 0.00001 0.0001 0.001 0.01 01 1 10 100
Transfer Data Size [MB]

(Courtesy of JAMSTEC/Earth Simulator Center)
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60.0

Control Unit 500

N
o
o

Time (M sec)
]
o

200

AP AP
SREG]

M

0.0

Master node Node

NEC

Barrier Synchronization

——without GBC
—=—with GBC

2 4 8 16 32 64

The number of Processor Nodes

(Courtesy of JAMSTEC/Earth Simulator Center)



NEC

Application Perfor mance

Global Atmospheric Simulation :26.58TFL OPS(66.5%)
Direct Numerical Simulation of Turbulence :16.4TFLOPS(41.0%)
Three-dimensional Fluid Simulation :14.9TFLOPS(38.3%)

for Fusion Science with HPF

Earth Simulator Performance by Groups Nodes/GFLOPS

15000
14000 F
13000 |
12000 |
11000 |
10000 |

0 100 200 300 400 500 600
Modes (Courtesy of JAMSTEC/Earth Simulator Center)

Blue: Ocean and Atmosphere Red: Solid Earth
Green: Computational Science /02 Epoch-Making




Application Results



Precipitation(312km,T42L 24) Precipitation(10.4km,T1279L 24)

AFES{Kun) T4ZL24 Sy JAN/S11 ) AFES(Kuc) TIZ79L96 Sy JAN/07 127 hour

FEalRER) 1 L8y ) £
g ; - 2 g e ¥y
anopshat of PROP(g/mese2 /5 ¥ Snapshot of Precipilalion PRCP{g/m=s2 s}

NEC Courtesy of: Earth Simulator Center
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Copyright :JAMSTEC/Earth Simulator Center > |
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Future Technological Challenges

for Peta Flops Computing



History of High Performance Computers

P Aggr egate Systems Per for m7€e
100T Earth Simulator & ASCI X
ASCI Q
10T AsCI White &> _
SX-5 d PR50005 ps00061 _
» VPP800 M AsCl Blue Increas ng

1T T exea TIE Parallglism
0 N';?T’a}g‘;g *‘ VPP500 SR2201/
Q. 100G CM- 5 x 3R /
o ] \ 4
= 106 R = o )\Sl ngle CPU Perfdrmance

e
P
1G 10GHz
100M - R L A 1GHz
o * ¥ —CPU Freguencies
10M ' : 100MHz
1M L 1 10MHz
1980 1985 1990 1995 2000 2005 2010
Year

NEC



Faster the Speed, Morethe Parallel

The L argest configuration in SX-3 The Earth Simulator

40TFlops/5120Cpu

ZZG-FI ops/4Cpu
1990 —> 2002

10Years

NEC



Evolution of SX Seriesfor 20 years

'83 ‘03 Magnification
CPU Performance 1.3GFLOPS 8 GFLOPS x 6
40TFLOPS x3 104
System Performance 1.3GFLOPS (Earth Simulator)
#of CPUs 1 5120 x 5,120

(Earth Simulator)

Total

. 256MByte
Memory Capacity ytes 10Tera Bytes x4 104

(Earth Simulator)

CPU Size 2.0'“ x 1/6,750
2cm
# of chips per cpu 2,250chips 1 Chip x 1/2,250
<+— 180cm—>» ’
* 1
. 200
Memory Size
y CT x 1/4,000
o Egt g - I 2Carriers
= SX-2 m
- x 49Cabinets 1 —
. T = l =- gF
I UEC +«<— 80m ——



Will thistechnological evolution continue?
Arethereany problemsor difficultiesto overcome?

|f so, what arethey?

NEC



Do We Need a Peta Flops Computer?



Application Areas and Required Performance

Performance Required

i
10PFL OPS-} /
/
/
i '. . i i New Materia D%
1PFLOPS — e = /
. cti Structural AMy"sis
for Compogite Material
100TFLOPS eoorrisgle)
/ .
] yﬁo Technologies
4
10TFLOPS_ |

| | Mem(
NF:EEDS 10PB i



Capacity Computing and Capability Computing

N T T

—IEAY o
O \?/ﬁ‘ _
O | O

LU
PC Cluster / Blade Server > <____ Vector / SX

Capacity Computin Capability Computin
Yo P y P gﬁ Yo P y P g

Goals Workload and Throughput Many| | G0als High Speed Execution of Single
Jobs per time Job
Many Small Problems Large and Critical Problem — Grand
Parallel or Cluster Machine based on gha"e]?!ﬁ: o Mo bandwidh
Microprocessor owerful Processor and Highbandwidt
/ \WNetwork J

NEC



System Configuration and User View

M

CPU

Single CPU SMP(Shared Memory

P |[P]

[P |

NW

—

Is o

) Cluster/Multinode

N

%

(Parallel/Distributed Memory)  Grid
OS _ Single OS SMP 0S Cluster OS(SSI) Middle
Ili’/lrodgrlammlng Serial/Vector Auto Parallel/Open MP MPI/HPF Grid/MPI
ode

i Computing > .
Operating . 4
Environment ComiEUing Computing
Programming
for Capability
Computing Easy Difficult
Operation <
Management Easy Difficult

NEC



Highly Efficient Capability Computing

NW
o o
Memory Memory Memory
4> - 4> d> 4> -
CPU CPU CPU CPU CPU CPU

NEC

\

S Powerful CPU

c|> mmmp LowLatency

« High Throughput

High Bandwidth
|nterface




Capability Computing To Increase Sustained Performance

Technological Issues I
Performance(GFLOPS)

« Amdahl’s Law 1000
Importance of Single CPU’s Performance800 I
‘ 10GFLOPS/CPU
. . . - 100 CPUs

(Ex.) To achieve20% efficiency of Peak Speed(1TF)
- 10GF/CPU 100CPUs=»96% of Parallelism  f | LGFLOPS/CPU \ 77777
- 1GF/CPU 1000CPUs=»99.6% of Parallelism 1000 CPUSs
* To Increase CPU Performance %0 o1 9 o3 o1 o B o o a0,

- Device(LSI)Technology Parallelism(%)

- Memory Performance Bandwidth

* To Increase Performance of Parallel Processing

- High Scalability and High Efficiency by High Speed CPU
- Small Scale Parallel Processing High Bandwidth SMP
- Large Scale Parallel Processing High Performance Communication MPI
High Speed Synchronization Mechanism
NEC
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Road Map of Semiconductors

100 Technology Node —[100
(DRAM half pitch) /\
MTr/chip
1000 _|
_ |50
10 |—
500 —
|20
Gbits/chip
200 |
1 = —10
1 1 1 1 1 1 1 1 1 1 1 1 1 ]

‘04 '05 '06 ‘07 '08 '09 10 11 '12 '13 '14 15 16
Roadmap for Semiconductors(ITRS2003)



0.5um

0.1pm

Technology Node

10nm

NEC

Device Technoloqy

Road Map of LSI CMOS Process

%50n m N\

= 90nrh \

(1GHz) |:| %nm \ 45nm
i SX-7
K(l_lGqu E |:|

00 01 02 03 04 05 07 08 09 10

International Technology Roadmap
for Semiconductors (ITRS) 2003

Technoloqical Issues

Ultra-finer Elements

Problems to Overcome

: : Lower Power — High-
Higher Density > { High Speed Lo
Lower Voltage—— Finer Process




Power Reduction of LSI

Increase of Power Consumption

Leak power

Power

Operating Power

90nm | 65nm | 45nm

Power=a C Vdd? f + loffleak lgadleak Vdd

On Power Off Power
S I - I .
| ncrease of operating Power due to Speed Increase | ncrease of Leak Current dueto Finer Process
and Finer Process Gate Length. > loff lek?
Performance 1 = Frequency 1 Gate Insulation | > lgaeleak?
Pattern Pitch 1 = Capacitance C 1t
Counter Plan

Counter Plan
Operating ratio by clock gating a |
Lowk material Capacifance by Lowk material(C)!

Vtdynamic control Stand by Vtt  : loff leak!
Highk gate insulation material : | gaeleak!

Gate length
«—

| off leak
Vdd T drain gate
I_q %F V gatL' I gate leak % gat'e insulation thikkness
HIGH L”%N = ) cource  |source 5:@5 drain
. M T | off leak
Gn I —> 0 amaas »
gate leak

Operating Current  leak current
NEC



Cooling Technology

2
e
@)
~~
Micro Channel Three Dimensional Cooling
) godooOooooooooO
e | |
Z
= Micro Channel Liquid Cooling
= Component Technology
DG_) /\ Liquid Cooled Board
Liquid Cooled Package
> Vapor Chamber Component Technology Micro Fin Heat Exchanger
< Channel Process
—= ) ) Long Life Pump
8 AirCooling Anti-Erosion
O

NEC



Signal Transmission

Electrical [Transmission Signal of
Signal

100G

No eye in

electrical
_ transmission

------- Transmlssj---------------------------- Optical @

Transmission Speed bps
o
®

------------------------------------------- Slqnal L] Eve [usgrrm snsyast
_______________________________________________________________________ e s s meenmnmnad S fficient
Electrical Transmission Region 20Gbps| | e inoptical
1G . . , 1 m Lt transmission
2000 2005 2010 {




Optical Interconnection

e High Density Optical Interconnection by Multi-Layer Wave Guide

e Optical Cross Interconnection

X/IRX
Interposer Interposer
_ _ Socket Socket
Optical data link Xx 100
Optical data link 4 D
Optical data link
Optical data link S~/
Optical data link Mirror

Power Ground—

NEC



Internal Chip Configurations

PIM (Processor in Memory)
| nsufficient Memory for Numerical Intensive Applications

M (P)34 __ GB/GFLOPS
Commodity Product such as Media Processor ,Home/l ndustry
Equipment

U -P Core +Special Engines
Special Engines GraphicsVideo/DSP/Image/FFT
Commodity Products such as M obile Phone,Home/l ndustry
Equipment,and Cars

U -P Coret+Vector Engine/Multiplepy -P Cores
HPC for Scientific/Engineering Use
High-end/Affordable HPC

(M -P Core VLIW/Superscalar/Multithread)

NEC
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Challen

>10,000CPUs

.

Operation and Resource M anagement
Huge Volume of Data Management
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O0000000000000000000
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O0000000000000000000
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O0000000000000000000
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Support of Development Environment(Compiler and Tools)
for Ultra Large Scale Parallel Processing System

Reliability, Availability and Serviceability

NEC



Post Silicon



Top View of an EJ-MOSFET

lower gate  upper gate

-

— <«—2mm

v :" o
200nm: — 3 Lg

/
field

n+ region

200 nm

8nm <L, ;<100 nm
Tox=5nm

NEC



Clock frecuency

Post Silicon & Post Switch ?77?

new structure device

Post SW

Q-comp.

100 50
Gate length (nm)

10




Carbon-Nanotube Field-Effect Transistors

ePossible application: low-cost, low-power LS, rf drivers
ePosition-controllable on-wafer growth (catalyst CVD)

eEXxtremely high transconductance:

0,=8.7 mStube
(5800 pS/mm)

S nFET: 1000~1200 pS/pum
pFET: 400~600 puS/pm

V506 Vo 0.6V 1
0.2 V step

Vgue=0V

Io (KA)
A




Quantum Entangled Statein a Solid State Device

Quantum Beat from Entangled Two Qubits,
as predicted  (published in Nature, Feb.20, 03)

L]

Sample

Capacitive coupling

5 -
z ]\HMM
=l
- 5 First quinit wu
g - - | I l =
Creg
. I'I. A
— L ] r
z.L "ll. f N '}'l‘| Hhﬂlﬂ’ﬁ.ﬂ.,m’l.].ﬂﬂuu‘ .I ’
- 2 I|‘| sacond quibi Il-.'lll'l L |II
. ; ! I N T
Super conductor-Based Device o0 D02 04 06 08 10 © 10 20 30
Pulse length At {nisec) FiSHz;

Next Step  Fundamental 2 Bit Logic Gate Operation (C-NOT)
— Provides Universal Gate, combined with 1 Bit Gate

2 Bit Logic Gate Controlled-NOT Control B\if T/arget Bit  C-NOT Operation
Control Bit Al BJ| Al B
A— 1 A [o]ofofo [10) — 111)
r_]l_\ , 0 1) 01/ 1
B—®—B 1lol 11 ‘OO) ., ‘OO)
in TargetBit out 1] 101l o0 - | N
NEC Truth Table Target bit isflipped only if control bitis1




Post Silicon Technology

1 Silicon technology miniaturization
Possible down to 5nm
1/30 of the Earth Simulator Technology

[0 Not easy to get high performance and low power
Key technology : Parallel architecture
Post scaling solution

1 Post Silicon
CNT Tr., Atomic switch
Quantum computing

NEC



What will be the Future?

| Believe the Evolutional Development
In these 10 years.

The More Parallism,the Mor e Difficulties will
Increase in HW Volume, Operations and
Programming

NEC



Conclusion
——Nine Lessons L earned in the Design of CDC6600(N.R.Lincoln) —

It’s Really not as much Fun Building a Supercomputer asit is
Simply Inventing One

| esson 9

The Success or failure of any new supercomputer development
Isfinally going to rest on the ability and willingness of usersto
adapt to the strange world of parallel processing, and the
consequent need to restructure algorithm,if not total processes.

NEC



