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1. Parallel Computing

Solves large scale problems using parallel
machines & supercomputers within a
reasonable time

Weather prediction, environment, aircrafts,
biomedicine, human DNA, protein structure,
education

Same as high performance computing
Massively parallel & highly parallel machines

Execution time= computation time +
communication time

Load balancing & reduction of communication
overheads






Outline of Parallel Computing

Applications with Parallel programming

mass data & mass using MPI or OpenMP

calculations

Algorithms: How Parallel software: compiler,

to solve problems debugger, evaluator, OS

‘< >‘ P P P
p|lp p [ ]
M| | M M M M| M| M




OpenMP

MPI

OS@

M| M| M| M




Monumental Works

 ASCI Red (Intel) achieved 1Teraflops in 1996

— 9216 200M PenPros, 580GB memory, 800MB/sec,
1.8Teraflops(peak)

 DeepBlue won Kasparov, the chess champion, Iin
1997
— Started 1985, 50000 moves/sec
— 200000000 moves/sec in 1997
— IBM RS/6000 SP2
— 32 Power2 super chips, 512 coprocessors

« Earth Simulator achieved 35.86Teraflops in 2002

— World'’s fastest at the top500 supercomputers in June
2002. !



« ASCI Red ( ) 1 Teraflops 1996

— 200M PenPro 9216 ,580GB , B00MB/sec,
1.8Teraflops( )
 DeepBlue Kasparov
1997
— 1985 , 50000 /sec

— 200000000 /sec,1997
— IBM RS/6000 SP2
— Power2 super chip 32 , 512

. 35.86Teraflops 2002
— TOP500 2002 ©



Recent Trends

Distributed shared memory
Multi-threading: thread-level parallelism
~PGA(Field Programmable Gate Array)
PC cluster, SMP cluster

Hybrid parallel programming

Grid computing

Multi-core processor




FPGA(Field Programmable Gate Array)
PC SMP
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2. HPCC Project

High performance computing act 1991

Grand Challenges: High Performance Computing
& Communications(1992,1993)

Toward a National Information
Infrastructure(1994)

Technology for the National Information
nfrastructure(1995)

—oundation for America’s Information
~uture(1996)

Advancing the Frontiers of Information
Technology(1997)

Technologies for the 215t Century(1998)
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2. HPCC

« HPC 1991

(1992,1993)

. 21 (1998)

(1994)
(1995)
(1996)
(1997)
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Networked Computing for the 215t
Century(1999)

Information Technology for the 215t Century: A
Bold Investment in America’s Future(2000)

Information Technology: The 21st Century
Revolution(2001)

Networking and Information Technology
Research and Development(2002)

Strengthening National, Homeland, and
Economic Security(2003)

Advanced Foundations for American
Innovation(2004)

Networking and Information Technology
Research and Development(2005-2007)
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(2001)

(2003)

2004
2005-
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Real World Computing Project

1992~2002, MITI, 700 million dollars
Flexible information processing

Development of PC clusters

— 15t 1996 Pen 160M 32PCs

— 2nd: 1998 PenPro 200M 128PCs, Myrinet

— 31d: 1999 Pen 16PCs + Alpha21264 16PCs

— 4%: Dual Pen 933M 512PCs, Myrinet, Gigabit
Ethernet

PAPIA(Parallel Protein Information Analysis)
system

15



1992 ~2002
PC

-1 : 1996
— 2 1998
-3 1 1999
-4 : 2001

700

Pen 160M 32

PenPro 200M 128 , Myrinet
Pen 16 + Alpha21264 16
Dual Pen 933M 512 , Myrinet,

Glgablt Ethernet

(PAPIA)
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3. Research Fields of Parallel
Computing

Applications

— Weather prediction, fluid dynamics, digital image
processing, data mining, n-body problems

Algorithms

— Divide & conquer, processor farms, process
networks, iterative transformation

Software

— Parallel programming languages & environment,
parallelizing compiler, parallel OS

Hardware
— Processor, memory, I/O, interconnection networks

17
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4. Typical Parallel Machines

e ILLIAC , Univ. of lllinois
— Pioneer of parallel machines, 1972
— 64(PE+PEM), mesh, SIMD

— Semiconductor memory, ECL, multilayer printed
circuit board

— Matrix calculations, differential equations

e Connection machine, Thinking machines corp
— 1985, CM-1, 65536 1bit PEs
— Binary 12 dimension hypercube, 16PEs><4096
— 1987, CM-2, FPU
— 1992, CM-5, 1024 SPARC chips

19



4.

e |[LLIAC

— 64(PE+PEM),

, ECL,

, 1972
, SIMD

— 1985 , CM-1, 65536 1 PE

-2 12
— 1987
— 1992

, CM-2, FPU
, CM-5, 1024

, 16PE><4096

SPARC
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e Transputer, Inmos corp.
— 1979, Inmos corp. was built by British government
— Processor, memory, link on a chip
— Building blocks of parallel machines
— 1985, T414, integer
— 1988, T800, floating
— 1994, T9000, virtual channels, superscalar

o AP-1000, Fujitsu
— 1991, 16 1024 cells, SPARC

— Torus+broadcast+synch networks
— AP-1000+, AP-3000(1995)

21



. ~ Inmos
— 1979 | Inmos

— 1985 |, T414, integer
— 1988 , T800, floating

— 1994 , 179000, ,
 AP-1000,

—1991 ,16 1024 , SPARC

— + +

— AP-1000+, AP-3000(1995 )
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« KSR-1, Kendall Square Research
— 1991, virtual shared memory parallel machine
— 1 terabytes virtual address space
— ALLCACHE memory, on demand data transfer
— COMA: Cache Only Memory Architecture
 Cenju-3, NEC
— 1993, max 256 PEs, VR4400
— Multistage network(baseline network)
— 1997, Cenju-4, VR10000

 Exemplar, HP
— 1996, PA8000, 16CPU/node
— Distributed shared memory parallel machine

— Cc-NUMA(cache coherent Non-Uniform Memory
Access)

23



e KSR-1,

— 1991

-1

— ALLCACHE ,

— COMA: Cache Only Memory Architecture
 Cenju-3, NEC

— 1993 256 PEs, VR4400

= ( )

— 1997 , Cenju-4, VR10000
 Exemplar, HP

— 1996 , PA8000, 16CPU/

— Cc-NUMA(cache coherent Non-Uniform Memory
Access)
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e Enterprisel0000, Sun
— UltraSPARC, 4 64 processors
— 4 processor SMP per node

— 16><16 crossbar switch for data & address bus
— Cc-NUMA

 Blue Gene, IBM
— 1999-
— Dual PowerPC440/node, 1024 nodes/rack
— 512MB SDRAM/node, 3D torus network
— 2004.11 Blue Gene/L 70.72 Teraflops, world fastest

— 2005.10 65536 processors, max 360 Teraflops,
actual 280 Teraflops

— 2010 Blue Gene/P 1 Petaflops, 2012 10 Petaflops
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e Enterprisel0000, Sun
— UltraSPARC, 4 64
— 4 SMP /
— 16><16

— Cc-NUMA

 Blue Gene, IBM
— 1999-
— Dual PowerPC440/ , 1024 /
— 512MB SDRAM/ , 3D
— 2004.11 Blue Gene/L 70.72 Teraflops,
— 2005.10 65536 , 360 Teraflops,
280 Teraflops
— 2010 Blue Gene/P 1 Petaflops, 2012 10 Petaflops e
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(c) Distributed shared memory

P||P P

M| M| M| M

(b) Shared memory

Shared & enlarged

(d) Virtual shared memory
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UMA and NUMA

Uniform Memory Access Non Uniform Memory Access
-memory access time IS constant - memory access time is
variable
-SMP: Symmetric Multiprocessor
PP P P||P P
( )
- M| H M - M
M M M| M
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UMA and NUMA

-SMP(Symmetric Multiprocessor)
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KSR-1: a virtual shared memory machine

cache

Cache

= ] directory

ring

*ALLCACHE memory
*Physical address space
- 32MB><32=1GB
*Virtual address space
- 1 Terabytes
«1000 times bigger address space

31



KSR-1.:

cache

Cache

= ] directory

ring

ALLCACHE

- 32MB><32=1GB

1000
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Interconnection Networks

o Static (direct) networks
— Directly connected via links

— Ring, mesh, torus, tree, hypercube, pyramid, fully
connected, ...

e Dynamic (indirect) networks
— Connected via switching elements
— Crossbar, shuffle exchange network, omega network,

« Communication performance
— Bandwidth
— Latency

— Total number of links .
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Detalls of Interconnection
Networks

Refer to CSE431 Computer Architecture
_ecture 27 Network Connected Multr’s
Prof. Mary Jane lrwin, PenState Univ.

Adapted from Computer Organization and
Design, Patterson & Hennessy, 2005
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CSE431 Computer Architecture
27 Network Connected Multi’s
Mary Jane Irwin , PenState Univ.

2005
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PC Cluster

 Beowulf
— The Beowulf project 1993
— 16PCs(80486), 1GFLOPS, 1994
— Built from commodity hardware & software
— Ethernet, TCP/IP, MPI

e SCore

— Global operating system

— High communication functions, single system image,
high availability, seamless environment/parallel
programming

— Myrinet, PM, MPITCH-SCore

— Shared memory parallel programming support:
OpenMp 37



PC

— 1993
— 16PCs(80486), 1GFLOPS, 1994

— Ethernet, TCP/IP, MPI

e SCore
— RWC 1995

/
— Myrinet, PM, MPITCH-SCore
— : OpenMp



PC Cluster in HPC Lab 2000 Autumn~

Server Host
-Pentium3 450MHz
-256MB SDRAM
-13.0GB HDD

Ethernet Switch
-maximum bandwidth: 100Mbps
-maximum latency: 80jus

Compute Host (16PCs)
-Pentium3 500MHz
-512MB SDRAM

-6.4GB HDD

Myrinet-2000 Switch
-maximum bandwidth: 2Gbps
-maximum latency: 9jus
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Server Host
-Pentium3 450MHz
-256MB SDRAM
-13.0GB HDD

Ethernet Switch
-maximum bandwidth: 100Mbps
-maximum latency: 80jus

Compute Host (16PCs)
-Pentium3 500MHz
-512MB SDRAM

-6.4GB HDD

Myrinet-2000 Switch
-maximum bandwidth: 2Gbps
-maximum latency: 9jus
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Raptor PC Cluster 2003~

[SCore Cluster System Software 5.8.3}

RaptorO0 RaptorQ7

Gigabit Ethernet
Switch

CPU: Xeon 2.8GHz
Memory: 2GB | Pentium4 3.2GHz |

| 2GB RAM
' 50GB HDD

| MPI:MPICH-SCore | = —/

HDD: 500GB
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Diplo: SMP Cluster 2006~

[Rocks Cluster System 4.2 }
DiploO0 Diplo03

Tarbo

Gigabit Ethernet
Switch

CPU: Dual Xeon 3GHz
Memory: 4GB
HDD: 500GB

 Dual Xeon 3GHz
 Dual Xeon 3GHz |

MPI: MPICH 1.2.7 [ 4GB RAM
OpenMP: Intel C/C++ Compiler 9 :
320GB HDD

S =




5. Earth Simulator

Global warming, El Nino

Temperature increases 2 degrees & the
surface of the sea rises 50 cm in 2100

High precision weather prediction: 1 10 km
per mesh

1000 times bigger memory capacity &
computing power are required

Actual performance 5 Teraflops & peak
performance 40 Teraflops

Started 1997, and completed in Feb. 2002
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2100

Teraflops
1997

2 50cm
1 10km/
1000
5 Teraflops
, 2002 2

40
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8 processors per node & 640 nodes in all

8 Gigaflops per processor & 64 Gigaflops per
node

10 Terabytes memory in all & 16 Gigabytes
shared memory in each node

35.86 Teraflops for Linpack, the best in the
world

ASCI White system 12.3 Teraflops in 2000

Each node consists of 8 arithmetic processors,
16GB shared memory, a remote control unit
and an /O processor

Arithmetic processor consists of vector
processors, a scalar processor and a memory,,
access unit



8 / 640
8 GFlops / 64 GFlops
10TB

35.86 Teraflops (Linkpack
Top500

2000  ASCI White system 12.3
Teraflops

/
16GB

)

16GB+

(AP)=

+
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Crossbar switch: max 12.3GB/sec
Simulator building: 50m><65m><17m

83200 cables & total length is 2800 km

Parallelism = vector processing in AP &
shared memory parallel processing in a
node & distributed memory parallel
processing among nodes

MPI, HPF, OpenMP, Hybrid

47



12.3GB/sec
:50m>=<65m>=<1/m
83200 2800 km

MPI, HPF, OpenMP,

48



http://ascii24.com/news/i/hard/article/2002/06/14/636530-000.htm|
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Processor Node Cabinet Interconnection Network Cabinet

http://www.es.jamstec.go.jp/esc/jp/index.html °1
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System Configuration

Interconnection Network (fullcrossbar, 12.3GB/s x 2)

Arithmetic Processor #1

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

53
http://www.es.jamstec.go.jp/esc/eng/index.html



w k7—2 (Full Crossbar Switch 12.3GB/s X 2)
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Arithmetic Processor (AP)

Vector Unit: 8 sets o
- 6 different type of vector pipelines

» 72 vector rﬂgistarﬁ (256 vector elements) Chlp |_S| BGﬂopS

« 17 mask registers (256 bits)
0.15um CMOS technology
L 20.79mm x 20.79mm
|V T ep (s 60 Million trangister
> Logical 5185 pins
> Marinly Clock frequency: 500MHz

e b .* — Power dissipation 140W (Typ.)
lq' Divide

il

Secalar Unit l
| Scalar . Scalar Pipslines

Ragstar

ControlUnik

o
L
oL
¥
L& ]

=T
=
5
=
=
as

-_—
=
(1)

=

Scalar Unit

< d-way super scalar

* 64KB instruction cache

* 64KB data cache

- 128 general purpose register
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(AP)

1 LSI: 8Gflops
0.15um CMOS
20.79mm x 20.79mm
6000
5185
500MHz
140W (Typ.)
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Processor Node (PN)

[nterconnection Netwaork

Bandwidth : 256GB/s |
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Main Memory System (16GB)
128M bits Full-Pipe Line Memory, 2048-way banking scheme
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Construction of Interconnection Network

Interconnection Network

o | Uni Dista Switch Unit] Data Switch Uit Cata Switch Unit
antrol Lint 40y i nqo7

Metwork Unit
32 x Main Mermory Unit

=

-
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3 =
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PM #0 PN #6538
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System Performance

Peak Performance / AP  8Gflops

Total number of APs 5120
Peak Performance / PN 64Gflops
Total number of PNs 640
Shared Memory / PN 16GB
Total Peak Performance 40Tflops 64Gf><640
Y Total Main Memory 10TB
Systam Dk P
wese @D @
e ES E—
5 T

I Interconnection Network

1k
AVLE

3

c
User Disk

=

http://www.es.jamstec.go.jp/esc/eng/index.html 'L
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Milestones of Development

In July 1996, the promotion of research & development for the
Earth Simulator was reported to the Science Technology Agency,
based on the report titled "For Realization of the Global Change
Prediction" .

In April 1997, the budget for the development of the Earth
Simulator was authorized. The Earth Simulator Research and
Development Center was established. The project started.

The conceptual system design of the Earth Simulator proposed by
NEC Corporation was selected by bidding.

Manufacturing the Earth Simulator started in March 2000.

At the end of February in 2002, all 640 processor nodes (PN's)
started its operation for check up. The Earth Simulator Center
(ESC) started the actual operation in March, 2002.

http://www.es.jamstec.go.jp/esc/jp/index.html 63



1996

1997

1997

2000

2002

11

640

http://www.es.jamstec.go.jp/esc/jp/index.html
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6. Parallel Programming

e C, Fortran+Directives
— Optimizing compiler, additional information by a
user
« HPF(High Performance Fortran)
— HPF1.0(1993), HPF2.0(1997)
— Data division by a user & others by a compiler
— Research on optimizing compiler

o PVM(Parallel Virtual Machine)
— 1989 Oak Ridge Lab, Ver.2(1991), Ver.3(1993)
— Easy parallel programming on LAN

— Dynamic process management, resource
management

65



6.

e C, Fortran+

« HPF(High Performance Fortran)
— HPF1.0(1993 ), HPF2.0(1997 )

o PVM(Parallel Virtual Machine)

— 1989 Oak Ridge , Ver.2(1991 ),
Ver.3(1993 )

— LAN

66



 MPI(Message Passing Interface)
— The MPI Standard(1994), MPI1-2(1997)
— MPMD: Multiple Program Multiple Data
— Standard message passing library

e OpenMP

— 1997 shared memory parallel programming
model

— Parallel directives, runtime libraries, environment
variables

— Fork-join model, processor-farm algorithm

— Parallelization is done by a user, but simple loops
can be automatically parallelized

— Portability

67



« MPI(Message Passing Interface)
— The MPI Standard(1994 ), MPI-2(1997 )
— MPMD: Multiple Program Multiple Data

e OpenMP
— 1997

— Fork-join ,



e Posix thread

— Thread based on Posix, portable operating system
Interface determined by IEEE

— Multithreads: multiple threads run on one process

— Address space(program code & data area) is
shared among threads. Each thread has PC, a
stack pointer and a stack.

— Creation & deletion of threads, synchronization
among threads, mutual exclusion

— Each thread is executed by each processor

— Programming is extremely difficult. For experts
only.

69



e Posix
— |IEEE

OS

PC
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c rortran+  HIStory of Parallel Programming Languages

directives PVM1.0 1989

[—NO__/j PVM2.0 1991
portability

HPF1.0 PVM3.0 1993

MPI standard 1994

Pthread 1996

HPF2.0 MPI-2 OpenMP 1997

C/IC++ 1.0 1998

Fortran 1.1 1999

Fortran 2.0 2000

HPF for the C/C++ 2.0 2002

Earth Simulator MPICH V2.5 combined 2005

onaniy

Conventional Data-parallel Message passing Shared memory 71



C, Fortran+

-

HPF1.0

HPF2.0

HPF for the
Earth Simulator

PVM1.0
PVM2.0
PVM3.0
MPI standard

MPI-2

MPICH

)

Pthread
OpenMP
C/C++ 1.0
Fortran 1.1
Fortran 2.0
C/C++ 2.0
V2.5 combined

1989
1991
1993
1994
1996
1997
1998
1999
2000
2002
2005
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Hybrid Parallel Programming
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/. Parallel Algorithms

Divide & conquer

— Divides a problem into subordinate problems which are
themselves recursively solved by dividing them further.

Processor farms

— Divides a problem into a number of independent
computations and the results of these computations are
combined.

Process networks

— Divides a computation into stages with the data flowing
through the stages. Stages operate synchronously.

Iterative transformation

— Objects are transformed until the termination conditions
are satisfied through several iteration steps.
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SPMD vs. MPMD

PO P1 Pn PO P1 Pn

Single Program Multiple Data Multiple Program Multiple Data

Single program runs on eDifferent programs run on
all PES different PES

e|Instruction sequencing e<Master & slave programs
may be different

79



SPMD vs. MPMD

PO P1 Pn PO P1 Pn

Single Program Multiple Data Multiple Program Multiple Data

. PE . PE
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Data Division

« Block division
— Suitable for data parallelism

— Divides the whole data into multiple
equal sized blocks

— number of blocks = number of PEs
e Cyclic division
— Unequal loads on the data area

— Divides the whole data into small
blocks

— Each small block is cyclically
allocated to PEs

Four PES

81




PE

PE

PE
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8. Application Fields

o Computational fluid dynamics
— Atmospheric and oceanic modeling
— Weather forecasting, pollution transport
— Wind tunnel, airflow prediction

e Structural and filed analysis
— Prediction of new semiconductor materials
— Protein structure
* N-body problems
— Evolution of galaxies comprising millions of stars

— Astronomical simulation
— Molecules, atoms and quarks

83






 High performance interfaces

— High quality rendering

— Image analysis, pattern recognition
* Very large databases

— Data mining

— Multi-media database

e Systems biology

— Aims at system-level understanding of
biological systems

— Understanding of structure, dynamics, control
methods and design ones of the system

85
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9. Grid Computing

 Distributed, high performance computing and
data handling infrastructure

— Geographically and organizationally dispersed,
heterogeneous resources

— Just as we plug into the electrical power network,
we plug into the Internet/Intranet
 The layered Grid architecture
— Applications

— Programming tools/PSE:Problem Solving
Environment

— Common services
— Fabric/infrastructure

87



Environment)

/

/PSE(Problem Solving
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What is grid?

Grid is named for high-voltage power line network conducting electricity. (power grid)
The next-generation infrastructure to enjoy various information service through
networks safely, stably and simply by only connecting with information outlets as we
can get necessary electric power anytime and anywhere by plugging in.

“ Safely “ care for the security

“ Stably “ possible to provide virtual resources when needed

“ Simply “ users can access information service without worrying about what happen
over the network

89



Grid

http://www.jpgrid.org/about/index.html
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Definition of grid

Grid is an infrastructure to build Virtual Computer and Virtual Organization
dynamically if necessary by virtualizing and integrating resources such as calculations,
data, experimental devices, sensors and human beings on wide area networks.

The checklist of grid

1 coordinate the distributed resources out of central control
2 use the open standard protocols and interfaces

3 provide the high quality service which could not get simply

Company A Laboratory B University C

Virtual organization

VO-1

Virtual organization

VO-2 91



Organization

N -

Grid

Virtual Computer Virtual
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B
(]}

http://www.jpgrid.org/about/index.html
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Classification of grid

Grid in the narrow sense

Grid

Data grid (Very large scale

data processing service)

Business grid

(High-reliability web service)

PC grid

|:| Application of science and technology

|:| Application of business

T Application looking ahead the future

Computing grid q
(High speed computing serviceQ\_,

(Use of idle PCs) N

Application

Meta computing

Virtual machine center service

l

Bio-informatics, accelerator,
astronomy etc. Analysis of large
scale experimental data

__________________________________________

-

Intra-grid with intra-company PCs

—>

SETI@HOME etc.
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Grid

FEEOS » K

O a-F a8 ek
(EmEstEt - E 30D

Ty
(RIS - v B — )

sz e

(el o - ERD

PCAY w I

(i P Coon iR

) srssdeo A

[ ] Eviaenkm

{ ............. }ﬁi&ﬁmﬁmm

http://www.jpgrid.org/about/index.html

F A 1A

HE Qb a—F 404

Rt e 7 - H -3

o DS - Frrar

— | AR ERT - YoRIR
_ S — \
—+ HU e PRS-
1 _'.E'H. ..................................................................................... .-'E
S —————— .
| " . i
_+§H$mﬁ$mmm¢$mﬁﬁmt ;
~—| EEMAPCLCEZ A RS w
—+| SETI@®@HOME#; »

94



Applications

— Data-intensive, on-demand, distributed,
collaborative & high-throughput computing

Programming tools/PSE

— Language, compiler, visualization, remote
service/communication library, PSE

Common services

— Scheduler, security, remote data access,
resource management, information,
communication, fault tolerance

Fabric/infrastructure
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IPSE

PSE
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Development, preparation &
standardization of middleware are the
center of Grid activity

— Globus Toolkit

Problems of Grid

— Network infrastructure, security, scheduling,
load balancing

Adaptability to applications
— Multi-discipline, embarrassingly parallel
— Extension of PC clusters & MPPs

Examples
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— Globus Toolkit

- PC
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10. Summary

Parallel computing is to solve very large scale
problems within a reasonable time using the fastest
machines at that time. Research fields cover a wide
range of issues such as parallel machines, parallel
programming, parallel algorithms and applications.

Future issues
e Parallel programming software
o Parallel programming education

e Collaboration between researchers on
parallel computing and the target
application fields
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