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Goals and MotivationGoals and Motivation

!! Motivations:Motivations:
ÐÐCell: Technology that promises exceptionallyCell: Technology that promises exceptionally

high performancehigh performance

!! Goals:Goals:
ÐÐTo set up a PS3 Cluster and evaluate itsTo set up a PS3 Cluster and evaluate its

performance using benchmarks andperformance using benchmarks and
applicationsapplications

ÐÐTo assess the complexity of programming aTo assess the complexity of programming a
Cell processorCell processor

ÐÐTo evaluate the cell processor for HPCTo evaluate the cell processor for HPC



BackgroundBackground
! Multi-core approach was deemed the next biggest change in

processor technology
! Formed from IBM, Sony (SCEI) and Toshiba Alliance in 2000
! Challenges to overcome:

Ð Memory Wall
" Streaming DMA architecture
" 3-level Memory Model: Main Storage, Local Storage, Register Files

Ð Power Wall
" High frequency at a low operating voltage with advanced power

management
Ð Efficiency Wall

" Highly optimized implementation
" Large shared register files, SIMD and deeper pipelines

! Design Center opened in March 2001
! Single Cell BE operational Spring 2004
! Playstation3 (PS3) first available on November 11th, 2006
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HardwareHardware

!! Hardware provided:Hardware provided:
ÐÐ8 PS3s8 PS3s

ÐÐ1 Front Node:1 Front Node:
"" AMD AMD OpteronOpteron 275 275

"" Dual core, dual processorDual core, dual processor

"" 2.2 2.2 GhzGhz

"" 1 MB Cache L21 MB Cache L2

ÐÐGigEGigE Switch, Network Cables, OS  Switch, Network Cables, OS cdscds, Mouse,, Mouse,
Keyboard, Monitor (RCA Support)Keyboard, Monitor (RCA Support)



HardwareHardware

!! Cell processor:Cell processor:
ÐÐ 1 PPE (Power Processing Element)1 PPE (Power Processing Element)

"" 64-bit PowerPC64-bit PowerPC
"" 32 KB 32 KB InstrInstr/Data L1 Cache, 512 KB L2 Cache/Data L1 Cache, 512 KB L2 Cache
"" SMP (2 threads)SMP (2 threads)
"" 3.2 GHz (SP: 25.6 3.2 GHz (SP: 25.6 GFlopsGFlops DP: 6.4  DP: 6.4 GFlopsGFlops))

ÐÐ 8 8 SPEsSPEs (Synergistic Processing Element) (Synergistic Processing Element)
"" 256 KB Local Store256 KB Local Store
"" 3.2 GHz (SP: 25.6 3.2 GHz (SP: 25.6 GFlopsGFlops DP: 1.83  DP: 1.83 GFlopsGFlops  )  )
"" 128-bit Vector Registers128-bit Vector Registers

ÐÐ EIB (Element Interconnect Bus)EIB (Element Interconnect Bus)
"" Interconnects PPE, Interconnects PPE, SPEsSPEs, Memory, I /O, Memory, I /O
"" Simultaneous Read/WriteSimultaneous Read/Write

ÐÐ MIC (Memory Interface Controller)MIC (Memory Interface Controller)
"" Interfaces to XDR MemoryInterfaces to XDR Memory
"" TheoriticalTheoritical B/W of 25.6 GB/s B/W of 25.6 GB/s



HardwareHardware

!! PS3PS3
ÐÐ Cell Processor Differs:Cell Processor Differs:

"" 6 6 SPEsSPEs (SP: 153.6  (SP: 153.6 GFlopsGFlops, DP: 11 , DP: 11 GFlopsGFlops))

ÐÐ HypervisorHypervisor: Virtualization Layer (: Virtualization Layer (GameGame  OSOS))
"" Hardware only accessible through this layerHardware only accessible through this layer

ÐÐ 256 MB of XDR (extreme data rate ) Memory (only ~ 200 MB256 MB of XDR (extreme data rate ) Memory (only ~ 200 MB
available)available)

ÐÐ nVidianVidia RSX Video Card (256 MB memory) RSX Video Card (256 MB memory)
"" 20 GB/s (write) and 15 GB/s (read)20 GB/s (write) and 15 GB/s (read)
"" Blocked by Blocked by HypervisorHypervisor

ÐÐ 60 GB60 GB
ÐÐ GigaBitGigaBit  Ethernet Switch Ethernet Switch
ÐÐ BluBlu-ray disc, etc.-ray disc, etc.



HardwareHardware

!! PS3 ClusterPS3 Cluster
ÐÐ8 PS3s in a Private VLAN (10.0.0.X)8 PS3s in a Private VLAN (10.0.0.X)

ÐÐGigEGigE between the Nodes between the Nodes

ÐÐDHCP Server on the Front NodeDHCP Server on the Front Node
"" IP Masquerading, hosts name setup, etc.IP Masquerading, hosts name setup, etc.

ÐÐAccessible Only through Front NodeAccessible Only through Front Node
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SoftwareSoftware

!! Installed on PS3:Installed on PS3:
ÐÐFedora Core 5Fedora Core 5

"" Linux Kernel v2.6.16: No built-in Cell BE SupportLinux Kernel v2.6.16: No built-in Cell BE Support

"" Recommended by IBM for SDK 2.0Recommended by IBM for SDK 2.0

"" Minimum Installation with Extra PackagesMinimum Installation with Extra Packages

ÐÐSDK 2.0SDK 2.0

!! Installed for PS3 cluster:Installed for PS3 cluster:
ÐÐMPICH2 (MPI 2.0 standard)MPICH2 (MPI 2.0 standard)

"" Compatibility Issues with PowerPC ArchitectureCompatibility Issues with PowerPC Architecture



SoftwareSoftware

!! SDK & Kernel RecompilationSDK & Kernel Recompilation
ÐÐTwo Different Compilers for PPE and SPETwo Different Compilers for PPE and SPE

ÐÐSDK Includes Compilers and Debuggers, SIMDSDK Includes Compilers and Debuggers, SIMD
Libraries, Full System  Simulator, etc.Libraries, Full System  Simulator, etc.

ÐÐKernel Needs to be Recompiled for Huge TLBKernel Needs to be Recompiled for Huge TLB
PagesPages

"" Improves PerformanceImproves Performance

"" Lower Translations from Virtual Addresses toLower Translations from Virtual Addresses to
Physical AddressesPhysical Addresses



SoftwareSoftware

!! Compile processCompile process
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Programming ModelsProgramming Models

!! Various models:Various models:
ÐÐ Function offload modelFunction offload model
ÐÐ Device extension modelDevice extension model
ÐÐ Computational acceleration modelComputational acceleration model
ÐÐ Streaming modelStreaming model
ÐÐ Shared memory multiprocessor modelShared memory multiprocessor model
ÐÐ Asymmetric thread runtime modelAsymmetric thread runtime model

!! Funct ion of f load model:Funct ion of f load model:
Performance-critical functions are offloaded to the SPE while the mainPerformance-critical functions are offloaded to the SPE while the main
program executes on the PPEprogram executes on the PPE

!! Comput at ional accelerat ion model:Comput at ional accelerat ion model:
      Most computationally intensive sections of code are executed on the Most computationally intensive sections of code are executed on the SPEsSPEs

and the PPE acts mostly as a system service facilityand the PPE acts mostly as a system service facility



CommunicationCommunication
!! Element Interconnect Bus (EIB)Element Interconnect Bus (EIB)

ÐÐ Heart of cellHeart of cellÕÕs intra-chip communications intra-chip communication
ÐÐ Runs at half of processor bandwidth with peak performance ofRuns at half of processor bandwidth with peak performance of

204.8 204.8 Gb/sGb/s
ÐÐ 4 rings, 2 clockwise and 2 counter-clockwise with 16 byte-wide4 rings, 2 clockwise and 2 counter-clockwise with 16 byte-wide

ringsrings



CommunicationCommunication

!! Intra-chip communication (3 types):Intra-chip communication (3 types):
ÐÐDMA, Mailboxes and SignalsDMA, Mailboxes and Signals

!! DMADMA
ÐÐUsed for I ntra-processor communicationUsed for I ntra-processor communication

"" PPE-SPEPPE-SPE
"" SPE-SPESPE-SPE

ÐÐData sent via the EIB busData sent via the EIB bus
ÐÐmfc_getmfc_get(..) , (..) , mfc_putmfc_put(..)(..)



CommunicationCommunication
!! A DMA transactionA DMA transaction

"" An address of the data in the main memory is received by SPEAn address of the data in the main memory is received by SPE

"" Data loaded from memory using the addressData loaded from memory using the address

"" Perform computationPerform computation

"" DMA back the data from LS to main memoryDMA back the data from LS to main memory



CommunicationCommunication

!! MailboxesMailboxes
ÐÐ32-bit messaged between PPE and SPE32-bit messaged between PPE and SPE

ÐÐOne inbound for SPE and two outbound toOne inbound for SPE and two outbound to
PPEPPE

ÐÐNot very efficient for block data transfersNot very efficient for block data transfers

ÐÐSimple to use for synchronizationSimple to use for synchronization

ÐÐspu_write_out_mboxspu_write_out_mbox(..) and(..) and
spu_read_out_mboxspu_read_out_mbox(..)(..)



CommunicationCommunication

!! Node-level communicationNode-level communication
ÐÐMPI is used, IMB benchmarksMPI is used, IMB benchmarks

ÐÐJumbo frames not supported by the kernelJumbo frames not supported by the kernel

ÐÐFrame size limited to 2308 bytesFrame size limited to 2308 bytes

ÐÐmpdringtestmpdringtest
 time for 1 loops =  1.22009587288 seconds time for 1 loops =  1.22009587288 seconds

ÐÐDMA Unit on the network card, allows dataDMA Unit on the network card, allows data
transfer without transfer without PPEPPEÕÕss intervention intervention
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Programming TechniquesProgramming Techniques

!! 25 Tips to Optimize for25 Tips to Optimize for
Cell (from IBM Cell (from IBM aritclearitcle) ) ÉÉ ....

ÐÐ Exploit SIMDExploit SIMD
ÐÐ Unroll and Pipeline LoopsUnroll and Pipeline Loops
ÐÐ Design for Limited LocalDesign for Limited Local

StoreStore
ÐÐ Understand theUnderstand the

Instruction Set and IssueInstruction Set and Issue
RulesRules

ÐÐ Initiate Initiate DMAsDMAs from the from the
SPESPE

ÐÐ Offload as Much WorkOffload as Much Work
onto the onto the SPEsSPEs as Possible as Possible

ÐÐ Choose a Partitioning andChoose a Partitioning and
Work Allocation StrategyWork Allocation Strategy
that Minimizes Atomicthat Minimizes Atomic
Operations andOperations and
Synchronization EventsSynchronization Events

ÐÐ Accommodate PotentialAccommodate Potential
Data Type DifferencesData Type Differences

ÐÐ Exploit MultithreadingExploit Multithreading
ÐÐ Stay On-ChipStay On-Chip
ÐÐ Avoid Avoid MicrocodedMicrocoded

OpcodesOpcodes
ÐÐ Self-Manage CacheSelf-Manage Cache
ÐÐ É É É ÉÉ É É É ..



AlgorithmsAlgorithms

!! Basic Basic algorthimalgorthim to split data into several  to split data into several SPEsSPEs::

        f or (i=0; i<f or (i=0; i< num_spesnum_spes ;  i++) {;  i++) {
          offset = size - ((          offset = size - (( num_spesnum_spes  - i)*(size/ - i)*(size/ num_spesnum_spes ) );) );
          for (k=0; k < SPU_SPLIT_NUM; k++) {          for (k=0; k < SPU_SPLIT_NUM; k++) {
              spu1_data[k] =               spu1_data[k] = data[k+offsetdata[k+offset ] ;] ;
          }          }
      }      }

EgEg: -  1024,  : -  1024,  SPEsSPEs = 4,  of f set :  0,  256,  512,  768 = 4,  of f set :  0,  256,  512,  768

!! Basic algorithm to Basic algorithm to ÒÒstitchstitchÓÓ calculated data from several  calculated data from several SPEsSPEs::

          f or (i=0; i<f or (i=0; i< num_spesnum_spes ;  i++) {;  i++) {
       offset = size - ((       offset = size - (( num_spesnum_spes  - i)*(size/ - i)*(size/ num_spesnum_spes ) );) );
       for (k=0; k < SPU_SPLIT_NUM; k++) {       for (k=0; k < SPU_SPLIT_NUM; k++) {
                      r esult[k+offsetr esult[k+offset ]  = spu1_result[k];]  = spu1_result[k];
       }       }
  }  }
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ApplicationsApplications

!! Fast Matrix MultiplicationFast Matrix Multiplication
(Dresden)(Dresden)
ÐÐ Demonstrates near peakDemonstrates near peak

performance of Cell SPperformance of Cell SP
ÐÐ Optimized Heavily to takeOptimized Heavily to take

advantage of Cell featuresadvantage of Cell features
ÐÐ  C =  C +  A *  B C =  C +  A *  B
ÐÐ Double buffering theDouble buffering the
   DMA for continuous   DMA for continuous
   data flow   data flow
ÐÐ Assembly coding to 64 x 64 matrixAssembly coding to 64 x 64 matrix

multiplication in 66104 cyclesmultiplication in 66104 cycles
ÐÐ 2048 float elements:2048 float elements:

"" 2048 * 4 = 8192 bytes limitation2048 * 4 = 8192 bytes limitation
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ApplicationsApplications

!! SobelSobel Edge Detection Edge Detection
ÐÐIncoming data manipulation using aboveIncoming data manipulation using above

algorithmalgorithm

ÐÐRecode Recode SobelSobel Edge Algorithm to make it more Edge Algorithm to make it more
vectorizablevectorizable friendly friendly

ÐÐManipulate data paths and keep the Manipulate data paths and keep the SPEsSPEs on on
several nodes fed with dataseveral nodes fed with data



ApplicationsApplications

!! SobleSoble Edge Edge
ÐÐConvolution MasksConvolution Masks

ÐÐOriginal algorithm:Original algorithm:
"" Multiply each elementMultiply each element

   with corresponding   with corresponding

   convolution mask value   convolution mask value

ÐÐCell algorithm:Cell algorithm:
"" Offset all the valuesOffset all the values

   from one pixel   from one pixel
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BenchmarksBenchmarks

!! Cell:Cell:
(Variable (Variable SPEsSPEs and Matrix Sizes) and Matrix Sizes)

     - Addition of Two Arrays     - Addition of Two Arrays
        - Normal (Just PPE)- Normal (Just PPE)
        - - VectorizedVectorized

     - Multiplication of Two Arrays     - Multiplication of Two Arrays
        - Normal- Normal
        - - VectorizedVectorized + Unrolled + Unrolled

          - Copy of Two Arrays- Copy of Two Arrays
        - Normal- Normal
      -   - VectorizedVectorized + Unrolled + Unrolled

     - Triad (Add, Multiply) + Copy     - Triad (Add, Multiply) + Copy
        - Normal- Normal
      -   - VectorizedVectorized + Unrolled + Unrolled

!! Cluster (Optimized):Cluster (Optimized):
       (Variable Nodes and Matrix Sizes)       (Variable Nodes and Matrix Sizes)

      - Normal (Just PPE)      - Normal (Just PPE)

      - Addition of Two Arrays      - Addition of Two Arrays

      - Multiplication of Two Arrays      - Multiplication of Two Arrays

      - Copy of Two Arrays      - Copy of Two Arrays

      - Triad (Add, Multiply) +  Copy      - Triad (Add, Multiply) +  Copy

!! PS3 Node ScalingPS3 Node Scaling

!! Comparison to a DesktopComparison to a Desktop
processorprocessor



Addition of Two ArraysAddition of Two Arrays
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Multiplication of Two ArraysMultiplication of Two Arrays
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Copying Two ArraysCopying Two Arrays

Copy
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Triad (Add, Multiply) +  CopyTriad (Add, Multiply) +  Copy
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Addition - Cluster
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Multiplication Multiplication ÐÐ Cluster Cluster

Multiplication - Cluster

0

2

4

6

8

10

12

14

16

18

1536 3072 6144 12288

Array Size

T
im

e 
(S

ec
o

n
d

s) 1 Node

2 Nodes

4 Nodes

8 Nodes



Copy - ClusterCopy - Cluster
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Triad Triad ÐÐ Cluster Cluster
!! Comparison to Desktop processor:Comparison to Desktop processor:

ÐÐ Nimbus: AMD Nimbus: AMD OpteronOpteron Processor 275 Processor 275
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OpteronOpteron 275  275 vsvs PS3 Cluster PS3 Cluster

~49x4.2192.69Triad + copy
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OpteronOpteron 275  275 vsvs Cell Processor Cell Processor

~5.9x32.75192.69Triad + copy

~8.4x4.1835.08Array
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~13x10.84140.13Array Copy

~8.6x16.31140.19Array Addition
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FutureFuture

!! To investigate more ways to optimize forTo investigate more ways to optimize for
cell processorcell processor
ÐÐSoftware managed cacheSoftware managed cache
ÐÐDMA List, etc.DMA List, etc.

!! To develop more applicationsTo develop more applications
!! To generalize algorithms for efficientTo generalize algorithms for efficient

management of datamanagement of data
!! To investigate some of the issuesTo investigate some of the issues

encountered during this experienceencountered during this experience



Future for CellFuture for Cell

!! IBM RoadrunnerIBM Roadrunner
ÐÐLos Alamos National lab in New MexicoLos Alamos National lab in New Mexico

ÐÐ16,000 AMD 16,000 AMD OpteronOpteron cores cores

ÐÐNew 65nm Cell ProcessorsNew 65nm Cell Processors

ÐÐExpected to Be First Expected to Be First PetaflopPetaflop Supercomputer Supercomputer
(~ 1.6 (~ 1.6 petaflopspetaflops))

ÐÐ1:1 Cell cores to 1:1 Cell cores to OpteronOpteron cores ratio cores ratio

ÐÐConnected using Connected using infinibandinfiniband



ConclusionConclusion

!! Cluster setup is similar to setting up anyCluster setup is similar to setting up any
other generic clustersother generic clusters

!! Cell cluster can provide a good scalableCell cluster can provide a good scalable
performanceperformance

!! Very steep learning curve forVery steep learning curve for
programming the cellprogramming the cell

!! Have to manipulate algorithms andHave to manipulate algorithms and
incoming data to take full advantage ofincoming data to take full advantage of
CellCell
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