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The RulesÊ 

There is no alternative to knowing what is going on 

between your code and the hardware 

Without performance modeling, 

optimizing code is like stumbling in the dark 
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Agenda 

ÁBasics of multicore processor and node architecture 

ÁMulticore performance and tools 

ÁAffinity enforcement 

ÁPerformance counter measurements 

ÁBasics and best practice for performance counter profiling 

ÁMicrobenchmarking for architectural exploration 

ÁRoadblocks for scalability on multicore chips 

ÁScaling properties and typical OpenMP overhead 

ÁBandwidth saturation in cache and main memory 

ÁSimple Performance Modeling: The Roofline model 

ÁOptimal utilization of parallel resources 

ÁProgramming for SIMD parallelism 

ÁProgramming in ccNUMA environments 

ÁCase study: The roofline model for a 3D Jacobi solver 

ÁUnderstanding performance characteristics 

ÁModel-guided optimization 

ÁCase study: sparse matrix-vector multiplication 

ÁWhat we can do if the roofline model ñdoes not workò 
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Multicore processor and system 

architecture ï an overview 

Performance composition 

Memory organization: UMA vs. ccNUMA 

Simultaneous Multi-Threading (SMT) 

Data paths in HPC systems 

Memory access 

Single Instruction Multiple Data (SIMD) 

Topology and programming models 
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There is no longer a single driving force  

for chip performance! 

Floating Point (FP) Performance: 
 

   P = ncore * F * S * n 
 

ncore  number of cores:  8 
 

F  FP instructions per cycle:  2  

 (1 MULT and 1 ADD) 
 

S  FP ops / instruction:    4 (dp) / 8 (sp)  

 (256 Bit SIMD registers ï ñAVXò) 
 

n   Clock speed :             2.5 GHz 

 

P = 160 GF/s (dp) / 320 GF/s (sp) 

 

Intel Xeon 

ñSandy Bridge EPò socket  

4,6,8 core variants available 

But: P=5 GF/s (dp) for serial, non-SIMD code  

Cray Workshop Performance for Multicore 

TOP500 rank 1 (1996) 
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Today: Dual-socket Intel (Westmere) node: 

Yesterday (2006): Dual-socket Intel ñCore2ò node: 

From UMA to ccNUMA  
Basic architecture of commodity compute cluster nodes 

 

Uniform Memory Architecture (UMA) 

Flat memory ; symmetric MPs 

But: system ñanisotropyò 

 

 

Cache-coherent Non-Uniform Memory 

Architecture (ccNUMA) 

HT / QPI provide scalable bandwidth at 

the price of ccNUMA architectures: 

Where does my data finally end up? 

On AMD it is even more complicated Ą ccNUMA within a socket! 

Cray Workshop Performance for Multicore 
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Back to the 2-chip-per-case age 

16 core AMD Interlagos ï a 2x8-core ccNUMA socket 

ÁAMD: single-socket ccNUMA since Magny Cours 

 

Á1 socket: 16-core Interlagos built from two 8-core chips 

   Ą 2 NUMA domains    

Á2 socket server  Ą 4 NUMA domains 

    

 

 

 

 

 

 

 

 

 

Á4 socket server: Ą 8 NUMA domains        

Á WHY? Ą Shared resources are hard to scale:  

 2 x 2 memory channels  vs. 1 x 4 memory channels per socket 

Cray Workshop Performance for Multicore 

Memory 

L3 

Memory Interface 

L2 

FP 

C1 C2 

L1D 

L2 

FP 

C1 C2 

L1D 

L2 

FP 

C1 C2 

L1D 

L2 

FP 

C1 C2 

L1D L1D L1D L1D L1D 

Memory 

L3 

Memory Interface 

L2 

FP 

C1 C2 

L1D L2 

FP 

C1 C2 

L1D L2 

FP 

C1 C2 

L1D L2 

FP 

C1 C2 

L1D L1D L1D L1D L1D 



8 

Cray XE6 (Hermit) ñInterlagosò 16-core dual socket node 

ÁTwo 8- (integer-) core chips per 

socket @ 2.3 GHz (3.3 @ turbo) 

ÁSeparate DDR3 memory 

interface per chip 

ÁccNUMA on the socket! 

 

ÁShared FP unit per pair of 

integer cores (ñmoduleò) 

Á2 128bit FMA FP units 

ÁSSE4.2, AVX, FMA4 

 

Á16 kB L1 data cache per core 

Á2 MB L2 cache per module 

Á8 MB L3 cache per chip  

(6 MB usable) 
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SMT Makes a single physical core appear as two or more 

ñlogicalò cores Ą multiple threads/processes run concurrently 

ÁSMT principle (2-way example): 

S
ta

n
d

a
rd

 c
o

re
 

2
-w

a
y
 S

M
T

 



10 

Another flavor of ñSMTò  

AMD Interlagos / Bulldozer 

ÁUp to 16 cores (8 Bulldozer modules) in a single socket 

ÁMax. 2.6 GHz  (+ Turbo Core) 

ÁPmax = (2.6 x 8 x 8) GF/s  

     = 166.4 GF/s 

Each Bulldozer module: 

Á2 ñlightweightò cores 

Á 1 FPU: 4 MULT & 4 ADD 

(double precision) / cycle 

Á Supports AVX 

Á Supports FMA4  

2 NUMA domains per socket 

16 kB 

dedicated  

L1D cache 

2 DDR3 (shared) memory 

channel > 15 GB/s 

2048 kB 

shared  

L2 cache 

8 (6) MB 

shared 

L3 cache  

Cray Workshop Performance for Multicore 
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Cray XC30 ñSandyBridge-EPò 8-core dual socket node 

Á8 cores per socket 2.7 GHz   

(3.5 @ turbo) 

ÁDDR3 memory interface with 4 

channels per chip 

ÁTwo-way SMT 

ÁTwo 256-bit SIMD FP units 

ÁSSE4.2, AVX 

 

Á32 kB L1 data cache per core 

Á256 kB L2 cache per core 

Á20 MB L3 cache per chip 

Cray Workshop Performance for Multicore 
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Latency and bandwidth in modern computer environments 

ns 

ms 

ms 

1 GB/s 

Cray Workshop Performance for Multicore 

We care about this 

region today 

Avoiding slow data 

paths is the key to 

most performance 

optimizations! 
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Interlude: Data transfers in a memory hierarchy 

ÁHow does data travel from memory to the CPU and back? 

ÁExample: Array copy A(:)=C(:)  

Cray Workshop Performance for Multicore 
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SIMD-processing ï Basics  

ÁSingle Instruction Multiple Data (SIMD) operations allow the 

concurrent execution of the same operation on ñwideò registers.  

Áx86 SIMD instruction sets: 

ÁSSE: register width = 128 Bit Ą 2 double precision floating point operands  

ÁAVX: register width = 256 Bit Ą 4 double precision floating point operands 

ÁAdding two registers holding double precision floating point operands  
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Challenges of modern compute nodes 

GPU #1 

GPU #2 

PCIe link 

Other I/O 

Core: 

SIMD vectorization  

SMT  

Socket: 

Parallelization 

Shared Resources 

Node: 

ccNUMA/data locality  
Accelerators: 

Data transfer to/from host 

Heterogeneous programming 

SIMD + OpenMP    + MPI +   CUDA, OpenCL,é  

Cray Workshop Performance for Multicore 

Where is the data? 
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Parallelism in modern computer systems 

ÁParallel and shared resources within a shared-memory node 

GPU #1 

GPU #2 

PCIe link 

    Parallel resources: 

ÁExecution/SIMD units 

ÁCores 

ÁInner cache levels 

ÁSockets / memory domains 

ÁMultiple accelerators 

    Shared resources: 

ÁOuter cache level per socket 

ÁMemory bus per socket 

ÁIntersocket link 

ÁPCIe bus(es) 

ÁOther I/O resources 

Other I/O 
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How does your application react to all of those details? 

Cray Workshop Performance for Multicore 
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Parallel programming models 
on multicore multisocket nodes 

ÁShared-memory (intra-node) 

ÁGood old MPI (current standard: 2.2) 

ÁOpenMP (current standard: 3.0) 

ÁPOSIX threads 

ÁIntel Threading Building Blocks 

ÁCilk++, OpenCL, StarSs,é you name it 

 

ÁDistributed-memory (inter-node) 

ÁMPI (current standard: 2.2) 

ÁPVM (gone) 

 

ÁHybrid 

ÁPure MPI 

ÁMPI+OpenMP 

ÁMPI + any shared-memory model 

All models require 

awareness of 

topology and affinity 

issues for getting 

best performance 

out of the machine! 
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Parallel programming models: 
Pure MPI 

ÁMachine structure is invisible to user: 

ÁĄ Very simple programming model 

ÁĄ MPI ñknows what to doò!? 

ÁPerformance issues 

ÁIntranode vs. internode MPI 

ÁNode/system topology 



19 Cray Workshop Performance for Multicore 

Parallel programming models: 
Pure threading on the node 

ÁMachine structure is invisible to user 

ÁĄ Very simple programming model 

ÁThreading SW (OpenMP, pthreads, 

TBB,é) should know about the details 

ÁPerformance issues 

ÁSynchronization overhead 

ÁMemory access 

ÁNode topology 


