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Trends Are Moving Towards Multi-core

C

~

AThe er acore domputing is here, and application development
teams must embrace new programming approaches to reap the full performance
and economic benef it sirofastrrebboddre new h
- R . : programmers of all ki nds of applicati
multlple cores, breaking up functions into small sets of tasks that can be more easily
L farmed out to the next available processor core. 0 i ason Snell, Macworld.com?
/ ~ . : .
AThe i ntroduction of multicore processaojr

developers, who must now master the programming techniques necessary to capitalize

o on mul ticore pr oS iSHmdisy POt ent.i
fét he advantages of multicore techno\l€lo:
* Lower cost/performance ratio,
* Lower power consumption for similar performance,
* Reduced space requirements,
* Ability to integrate incompatible applications into one system, and
* Ability to tailor the pr ocess 0Contr@dHngnderingAgat t ur e

1 See
2 See
3 See
4 See
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http://www.forrester.com/Research/Document/Excerpt/0,7211,42975,00.html
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Microprocessor challenges CellBE.-enabl es fnAnext
& limitations advantages today

C Memory Wall
C Latency induced bandwidth Sets new power
limitations performance standard
C Power Wall Designed for realtime

C Mustimprove efficiency & I I processing

performance equally Enhanced security

capabilit
C Frequency Wall P y
C Diminishing returns from
deeper pipelines

Powerful rich media
Interaction PowerXCell 8i processor

A 65nm

A 9 cores, 10 threads

A 230.4 GFlops peak (SP) at 3.2GHz
A 108.8 GFlops peak (DP) at 3.2GHz
Cltds no longer about being the Gi g SRR Ne=NR e F Lkl

clever microarchitecture < :
L B A Upto 75 GB/s I/O bandwidth
Cltdéds about who can use difdctevelyrtospeed n s i y

up real workloads

The real story is that the measure of success for future processors is
changing (for the better)

Cell/B.E. Architecture combines a general-purpose Power Architecture core of modest performance with
streamlined processing elements greatly accelerating computationally intense workloads such as analytics,
multimedia and vector processing
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Cell/B.E. architecture reaches wide and deep 1 from
consumer products to high performance computing

Mini-
Roadrunner  poadrunner
Custom (16,000
PowerXCell 8i.
IBM BladeServer
(2 Cell/B.E. or =it
PowerXCell 8i)
Mercury 1u Dual Cell
) - Sony Cell/B.E.
Q owerXCell 8i Computing Unit
PCI card
... /A (Cell/B.E. + Host) (Cell/B.E. + GPU +
(Il wln 20 3'o|4|om AV I/O) -
Toshiba SCE PS3 Hl h
Sooree o (CellB.E. + GPU) g
(SPU6s. + Host) Performance
Consumer Business Enterprise Computing
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Whil e many applicabl e ar
IS structured, predictable data

Graphics & Video Applications
Transformation between viewpoint; time vs space;

4

i O O N N N N N N N N N N N N N N N N N N U

2D vs 3D

Data parallel algorithms image and volume

processing

Computational geometry surfaces and modeling

Image-based modeling and rendering

Global illumination and lighting
Ray tracing/Ray casting
Visualization of output
Advanced rendering
Advanced graphics

Image processing

Video processing

Rich media

High definition

loating Point Intensive Applications
Computer vision
Medical & bioinformatics
Scientific computing
Dynamics simulation
Numerical algorithms
Physics
HPC codes
FFT
Sonar
Seismic
Numeric algorithms
Stream processing

Ideal SPU Codes
A Structured, predictable data
A Multiple operations performed on data
A Easy parallelize and SIMDize
A Compute intense codes
A Code fits streaming model

Data Manipulation Applications
4 Audio and signal processing
4 Compression/decompression
4 Encryption/decryption
4 Secure transformation
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Roadrunner 0s Petafl op Ach

IBM's Roadrunner breaks petaflop
barrier, tops supercomputer list!

June 2008 : 1-100

The Green300 list uses measured power of the system if available, otherwise the peak power of the system is used. Systems where
peak power was used are represented in "orz)", while systems where measured power was used are represented in "black”.

Greens(i[i) " e
Total
Greensto - ToPs00
bl 17L0PS site Computer Power o
(kW)
illi INA-noi a1, BladeCenter QS22 Cluster,
Or one quadrillion floating-point IR o it
operations per second! BladeCenter QS22 Cluster
P P | R Fraunnofer [T PowerkCell 8i 2 Ghz Infiiband LRI
BladeCenter QS22L521 Cluster,
0] DOE/NNSALANL PowerXCell&i 32 Gh/Opteron DG~ 2345 50 1
18 GH  Volaie nfnband
4ArgonneNanona\ Laboratory Blue Gene/P Solufion 5
+ [EEERE D1vin Instute for Advanced Blue GenelP Soluion 15 %5

B Studies/ICHEC
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http://www.green500.org/lists/2008/06/ranks1-100.php
http://www.green500.org/lists/2008/06/ranks1-100.php
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Cell BE Programmability
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Leverage Your Existing Skills for Cell/B.E. Multi-core

A Reuse your existing parallel programming skills, models & standards
I e.g. SIMD, Vector Multimedia eXtensions, SSE, OpenMP, MPI, Pthreads, etc.

A Reuse your standard IT skills
I Cell/B.E. hardware plugs into your infrastructure.

AUse standard programming languages AUse standard operating systems
I C, C++, Fortran, Java!, Ada! iLinuxE Distributions, |
I WindRiver VxWorks -

AUse standard compilers & debuggers
I GNU toolchain for C, C++, Fortran, Ada,
including gdb
I XL C/C++ (including single source
compilers), XL Fortran

I Mentor Graphics Nucleus RTOS -

AUse common Development / IDE / CASE Tools
I vi/ emacs / common code editors

: ) ) _ I Eclipse IDE
AUse common libraries, algorithms & | RapidMind -
frameyvorks i Gedae -

I FFTW, BLAS, LAPACK, MASS, H.264,

JPEG, MPEG2, Image Processing,

Mercury SAL, Monte Carl o RNG, e

1 See charts for language support details and a complete listing of tools and libraries for Cell
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http://www.windriver.com/
http://www.mentor.com/
http://www.rapidmind.com/
http://www.gedae.com/
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Cell/B.E. Programming Approaches are Fully Customizable!

Increasing Programmer

Control over Cell/B.E. resources

Ty Decreasing programmer
S e attention to architectural details
qq:
L " oy —
(@) g _y
c 2. Assisted — —p
= Programming 3. Development
£ A Libraries, Tools
§> Frameworks A User tool-driven
5 A Hardware
abstraction
g r2.a&Assisiech Rrogramming 3. Development Tools
Advantag es /Best performance possible /Greatly reduced development time over AMinimum development time required
ANatived Programming
Best use of ANatilved resources /ASome degree of platform
AStill all ows some c ulsihndependancee of @A Nati vdo
resources
Limitations /Requires the most coding work of APerformance gains may not be as great as | /Performance gains may not be as
the three options with ANatived Programmregt as with fANat}
MRequires highest [ A€wmbnkdtolimitafomsaftfranvewadks and ACASE tool determines debugging
expertise libraries chosen capabilities and platform support
choices
Where it is /Embedded Hardware / Real-time AVast Majority of all applications ASimultaneous Deployments across
Applications multiple Hardware architectures
most useful
/Hardware resources / power / space AProgrammers pool / skill base is
/ cost are at a premium restricted to high level skills
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Increasing abstraction of hardware details

support may not be available from IBM
( . . . . . \
n Solutions/Applications Mentor Graphics Calibre nmOPC
- C SimBioSys eHITS
qC) -3 Broadcast International CodecSys H.264 Encoder
E S > /
&0 Libraries /DevelopmentTooIs ) Performance Tools
q>) _8 BLAS, LAPACK, FFT, SIMDMath, Gedae, RapidMind Multi-core Development Visual Performance Analyzer (VPA)
A MASS, MASS/V Monte Carlo RNG Platform, Eclipse IDE,
= Mercury SAL & PixL, Code Sourcery VSIPL++, M(_antor_Grapmcs ERElElEE
< : ; Wind River Workbench
L Image Processing, Mercury VSIPL-Lite, CmoWare CMP-DK Confi bl Mercury TATL
IGOLGI Veloce Encoder H.264/MPEG4-AVC mpivare § ontigurable
2 [ delelstel ATl T SR I Allinea Optimization and Profiling Tool
s | Open MPI, Open MP, Open CV, FFTW CmpWare SPU Scheduling Tool P :
= £ ( :
4 c Frameworks Hybrid debugger
§ < IBM Dynamic Application Virtualization (DAV), IBM Full System Simulator
< o ALF on Cell, Hybrid ALF Allinea Distributed Debugging Tool _ _
o 2 Mercury MCF i MultiCore Framework TotalView Debugger Hybrid Performance Tooling,
P Platform Computing Symphony XL C/C++ Single-Source Compiler ggaﬁ, F'?PRt'Pf‘l” Lock Analyzer,
© 2 _TerraSoft Solutions Y-HPC XL C/C++ Compilers, Fortran Compilers 'ming too
— 4 . )
< = System Services GNU Toolchain, C/C++ Compilers,
== DaCs on Cell, Hybrid DaCs, Software Managed Cache, Fortran Compilers, ADA Compiler,
© SPU Newlib, SPU Timer, Overlay Manager Java Compiler PDT, Cell Performance Counter
‘_; g Mercury PAS IBM Assembly Visualizer (asmvis) _ OProfile
o SPU Intrinsics, LibSPE2, Mercury SPE Assembly Development Kit
_Vector Multimedia Extensions NEEEAOY AN J
4 . \
Operatmg SyStemS Wind River VXWorks,
Red Hat Enterprise Linux 5.1/5.2, Mentor Graphics Nucleus RTOS
Fedora 7,
>TerraSoft Solutions Yellow Dog Linux <
Cell/B.E. Hardware Sony Playstation 3 R_uggedized Cell/B.E. processors
PCI & PCI Express card(s) Video game arcade(s)
Cell/B.E. Blades and IBM BladeCenter 1U server platform(s)
\RoadRunner supercomputer (IBM, LANL) Toshiba SpursEngine )
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Cell/B.E. Software & Tools

Note: 3" party offering support and open source

Cell Broadbana

Engine resource center:

Public information current as of May 2008

Legend

IBM Offering

31 Party Offering Open Source

10
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http://www.ibm.com/developerworks/power/cell
http://www.ibm.com/developerworks/power/cell/
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SDK 3.0 capabilities and features

A Product-level tested A Programmer productivity i development
I Eclipse IDE plug-ins

A Red Hat® Enterprise Linux® 5.1 support ) )
I Dual source XLC , Dual Source XLF i Fortran (beta),

A Platform support Single Source XLC (beta)

I QS217 Production Support I Cell/B.E. and Hybrid HPC software sample code

I Cell/B.E. Linux Enhancements i Enhanced GNU toolchain support

I IPMI support i GNU Fortran for PPE & SPE
I 1/O attached DDR2 Memory allocator / i GNU ADA (GNAT) for PPE

mapper and swap-space support . L
" IBM PowerExecutiveE sSu or t I gcc autovectorization and performance
PP enhancements

A Programmer productivity i performance A Programmer productivity - runtime

tools I Product Level ALF and DaCs for Cell/B.E.
i VPA'T Visual Performance Analyzer I Hybrid DaCS/ALF (Prototype)

' PDT i Performance Debugging Tool . I Productization of combined ppe/spe gdb debugger
I PDT Reporter: Lock Analyzer & Trace Analysis | SPE-side Software Managed Cache (from iRT

Tools technology)
| CodeAnalyzer A Market segment library enablement
I FDPR-Pro for Cell/B.E. I Highly optimized libFFT (binary only)
I Hybrid Code Analyzer I Highly optimized SIMD Math Libraries

I Hybrid System Performance and Tracing Facility I Highly Optimized BLAS, Monte Carlo Random Number

Generator
I Cell/B.E. Security Technology (prototype/preview)

Available now!
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Typical Multi-core Development Steps

Multi-core programming uses the same basic process regardless of the platform. Writing for Cell/B.E. can
speed up the code for any multi-core platform because it uses industry best practices for multi-core and
parallel programming.

- All multi-core platform effort

C] Cell Broadband Engine (Cell/B.E.) specific effort

Optimize
data locality / usage

Note: Depending on programming
approach & tools selected,

some steps may

be performed by the tool

3 Partition code
instead of the programmer. for PPE / SPEs

Reference: MIT Open Courseware for Cell - hiio //cag coalmitedu/ps2/leciures shiml
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http://cag.csail.mit.edu/ps3/lectures.shtml
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Cell Multi-core Programming Effort Roadmap

Requires mostly the same effort to port to any multi-core architecture.

I N
- N
Port app
Cell BE Port app to Power,
Porting & to Linux, = runon ->
Optimizing if needed PPE
AExploit Parallelism at Task
Level
A xploit Parallelism at
instruction / data level
o L Mata and Instruction
Locality Tuning
—

Writing for Cell BE speeds up code on all multi-core architectures
because it uses the same parallel best practices i Cell architecture

just gains from them because of its design.

© 2008 IBM Corporation
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Key Insights on Partitioning Code for PPE / SPEs

A Use the PPE as the control processor and SPESs to perform all the heavy computational

lifting.
I Off-load as much work onto the SPEs as possible.
A Exploit Cell/B.E. parallelism

I Run parallel tasks on separate SPEs

I Avoid using more threads than physical SPEs to limit context switching

I Create SPE contexts judiciously to limit unnecessary context creations
A Choose a partitioning and work allocation strategy that minimizes atomic

operations and synchronization events.

A Use the appropriate programming model to your application.

A Choose the fixed point data types carefully.

Cell/B.E. Parallelism Approaches

PPE-centric
Main app on PPE

Individual functions on SPE
SPEs wait to be given work by the PPE

Reference: IBM Redbook on
14

SPE-centric
Most of app code distributed

among SPEs
PPC core runs like a resource

manager for the SPEs
, Section'4.8

© 2008 IBM Corporation



http://www.redbooks.ibm.com/redpieces/abstracts/sg247575.html?Open
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Key Insights on Optimizing Memory Usage with Cell/B.E.

ASelect the data transfer mechanism based o
I Explicit DMA requests for predictable data access patterns

I Software managed cache for random unpredictable data access patterns with high data reuse.

A Overlap DMA transfer with computation using multi-buffering.

A Maximize data throughput by keeping memory alignment and transfers to multiples of
128 bytes.

A Use SPE-initiated DMA transfers rather than PPE-initiated DMA transfers.
I There are 8 SPEs and only 1 PPE

A Use the NUMA (Non-Uniform Memory Architecture) API for Linux to allocate memory on
the same processor on which the current thread runs.

A To reduce page table and TLB thrashing when significantly large data sets are
accessed, consider using Linux 6huge pages

For more information, see IBM Redbook on

|
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Scenario #1: Using Cell/B.E. processor as an accelerator

with Windows interoperability
Example Financial Application using Windows application

Host / Client Node Accelerator / Remote Compute Nodes

Microsoft Windows Option A: DAV Framework

Cell/B.E. Compute Nodes
IBM DAV IBM DAV —~

Infrastructure¢e¥ Infrastructurg

Y%
A 4

N Cell/B.E. Blade (Linux) BLAS
Excel spreadsheet Library

: (Installed (Installed On ' I

or other Wmdows/ Locally) Remote Node Cell/B.E. Blade (Linux) ca
Java application Cell/B.E. Blade (Linux)

_ N \| LAPACK
Option B: Under explicit control - Library

€ p( | Cell/B.E. Blade (Linux) call

Communicate \via Sockets / RPC ™, N=

Other Compute Nodes
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Scenario #2: Creating Cell/B.E. applications with frameworks -
Using ALF - Accelerator Library Framework

A Provides a simple user-level programming framework for Cell/B.E. developers
that can be extended to other hybrid systems.

A Employs an accelerator off-load programming model where computationally
intensive work are off-loaded onto the accelerators.

A Division of labor approach
I ALF provides wrappers for computational kernels

I Frees programmers from writing their own architecture-dependent code, including: data
transfer, task management, double buffering, data communication.

I ALF APIs are platform neutral!

A Manages data partitioning
| Efficient scatter/gather implementations
I Extensible to variety of data partitioning patterns
I Manages input/output buffers to and from SPEs (data transfer management)
I Dynamic load balancing for data parallel tasks
I Remote error handling

17 l © 2008 IBM Corporation
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Scenario #3: Using Cell/lB.E.asstand-al one wi t h ANati ve
Example: Accelerating Real-Time String Searching

AResearch prototype for parallel implementation of a string-searching algorithm

AString searching algorithms are used in search engines, network intrusion
detection, virus scanners, spam filters, content monitoring and many other uses

AiNatived programming approach
AUsed IBM SDK 3.0 for Multicore Acceleration
ATools used: compilers, gdb for debugging, IBM Assembly Visualizer

APrevious work from April 2008 IEEE Computer paper enhanced for efficiency
A13-16 Gbits per second achieved on 16 SPEs for large 200K pattern dictionary
ACell/B.E. programming notes

A10K lines of code for separate compiler function on x86

A11K lines of Cell/B.E. runtime analysis code with one file containing >
4,500 lines of the Cell/B.E. code

18 i © 2008 IBM Corporation
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Scenario #4: Programming to Cell/B.E. with Development Tools

Example cases using Gedae or RapidMind
A Cell/B.E. IDE

I Based on Eclipse/CDT i available free for development

I Supports IBM Full System Simulator and remote
execution

I Integrated performance analysis tools

A Gedae

I Case Study showing Gedae implementation taking < 1
day to port to Cell/B.E. using Gedae

I Benchmarks:

I Monte Carlo Black-Scholes
I Synthetic Aperture Radar (SAR)

A RapidMind Multicore Development Platform

I Case Studies (Real-time Ray Tracing, Crowd Simulation,
etc.)

I White Papers: Desktop Imaging, Financial Analysis
I Benchmarks:
:

Cell/B.E. IDE Screenshots

- | @ 6 @~ @~ =02

#include <s

int main(in
e  printf("l
return 0 [ Use Step Filters Shift+FS

P © Binaries

b Hincludes

b & pou-gnui2-debug
b (g heflo.c

)
©, Run Last Launched CulsF11

., Debug Last Launched F11 i

Run History
Run As
Run...

., . DebugHistory » - —
gﬂes:??t >1 ghs
» E

( INFO: The s: Q, External Tools

Problems & Con
Sim: Linux Consol

Writable Smart Insen 7:1

- [T HTHTH T T HL LA
arn g et grn, Ao wenng g e g g | || | || | | | | |
o [ T [T e o i

S0 o

SPU Performance Profiler
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IBM BladeCenter QS21

A Announcement: August 28, 2007

IBM BladeCenter QS22

A Announcement: May 13, 2008
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