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Presentation Overview	


l  Introduction 
l  needs of programming model for GPU clusters 

l  Programming model for GPU clusters 
l XcalableMP: PGAS language for clusters 
l XcalableMP-ACC: GPGPU extension of XcalableMP 

l  Implementation of XcalableMP-ACC compiler 
l  benchmark: N-Body problem solver 

l  Conclusion 
l  future work 
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l  Accelerators 
l GPU (Graphics Processing Unit), Intel MIC, etc ... 
l many-core architecture 

l  GPGPU, GPU computing 
l  general-purpose computation on graphics hardware 
l NVIDIA CUDA, OpenCL 

l programming GPUs with modern programming languages 
l based on C, C++ and Fortran 
l  targetting a single GPU, multiple GPUs in a single node 

l  Clusters with accelerators 
l  hot topic in High Performance Computing area 
l GPU clusters in TOP500 

Background	
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Objective	


l  Parallel programming with GPU clusters 
l  hybrid parallel programming 

l  inter-node parallelism + thread-level parallelism (on GPU) 
l data transfer (between nodes, CPU and GPU, and GPUs) 

l MPI + CUDA 

l  Problem: high programming cost 
l  XcalableMP-ACC 

l  easy and  highly productive programming model 
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XcalableMP (XMP)	


l  C & Fortran based language extension for clusters 
l  Spec proposed by XcalableMP Specification WG 
l  Execution model 

l SPMD（Single Program Multiple Data）	


l  single thread per process 

l  Explicit parallelism 
l  no virtual shared memory, automatic comm (RMA, sync) 

l  Directive-based programming model 
l OpenMP-like directives for distributed memory 
l  incremental parallelization from the serial code 
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Sample Code of XMP	
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int A[YMAX][XMAX]; 
#pragma xmp nodes p(XPROCS, YPROCS) 
#pragma xmp template t(0:XMAX-1, 0:YMAX-1) 
#pragma xmp distribute t(BLOCK, BLOCK) onto p 
#pragma xmp align A[i][j] with t(j, i) 
 
int main(void) { 
  int sum = 0; 
#pragma xmp loop (i, j) on t(j, i)  
  for (int i = 0; i < YMAX; i++) { 
    for (int j = 0; j < XMAX; j++) { 
      A[i][j] = func(i, j); 
      sum += A[i][j];  
    } 
  } 
#pragma xmp reduction(+:sum) 
} 

data distribution	


work mapping	


inter-node communication	
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Data Parallelization in XMP	


l  Data distribution and work sharing using template	
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#pragma xmp nodes p(4)   declare node set 

#pragma xmp template t(0:99)   declare template 

#pragma align A[i] with t(i)   distribute array : owner of t(i) has A[i] 

#pragma xmp distribute t(BLOCK) on p  distribute template : block distribution 

template t(0:99) 
0 100 

double A[100]; 
0 100 

p(1) p(2) p(3) p(4) 
0 100 25 50 75 

p(1) p(2) p(3) p(4) 　　A[] 
0 100 25 50 75 

#pragma xmp loop on t(i) 
  for (int i = 0; i < 100; i++) 
    A[i] = func(. . .);	
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Inter-node Communication in XMP	
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#pragma xmp shadow A[*]   (declare shadow region) 

l  Broadcast, reduction, etc – typical inter-node comm 
l  Array synchronization with shadow region 

l  shadow region: duplicated area for inter-node comm	


#pragma xmp reflect (A)                  (sync shadow region)	


#pragma xmp align A[i] with t(i)   (distribute array) 

A[]	


p(1)	


p(2)	


p(3)	


p(4)	
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XcalableMP-ACC (XMP-ACC)	


l  GPGPU extension of XcalableMP 
l XcalableMP: PGAS programming language for clusters 
l  new directives for GPGPU 
l  describes data allocation, data transfer, task offloading 

l  Targetting mult-node GPUs 
l multi-node GPUs: GPUs within one node, GPU clusters 
l XMP supports for cluster computing + XMP-ACC 

l  Highly productive programming model 
l OpenMP-like directive-based programming model 
l  small modification from the serial code	
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XMP-ACC Programming Model	


l  XMP directives + new directives for GPGPU 
l XMP directives: for cluster computing 

l data distribution, inter-node communication 

l XMP-ACC directives: for GPU computing 
l data replication on GPU memory 
l  task offloading onto GPU 
l data transfer between CPU and GPU	
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XMP Code of N-Body	


old	


new	


old	
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CPU p(1) 

CPU p(2) 
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double old[N], new[N];	

#pragma xmp nodes p(2) 
#pragma xmp template t(0:N-1) 
#pragma xmp distribute t(BLOCK) on p 
#pragma xmp align [i] with t(i) :: old, new 
#pragma xmp shadow [i] :: old, new 
#pragma xmp reflect (old) 
#pragma xmp loop on t(i) 
for (int i = 0; i < N; i++) { 
  double f = 0; 
  for (int j = 0; j < N; j++) 
    f += calc_force(old[i], old[j]); 
  new[i] = calc_position(f, old[i]); 
}	
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Data Replication on GPU	
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GPU 

CPU p(1) 

GPU 

CPU p(2) 

double old[N], new[N];	
 •  acc replicate directive 
#pragma xmp acc replicate (var-list) 
{ 
} 
#pragma xmp reflect (old) 
#pragma xmp acc replicate (old, new) 
{ 
#pragma xmp loop on t(i) 
  for (int i = 0; i < N; i++) { 
    double f = 0; 
    for (int j = 0; j < N; j++) 
      f += calc_force(old[i], old[j]); 
    new[i] = calc_position(f, old[i]); 
  } 
}	
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replication scope	


processed by CPU	
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processed by GPU	
processed by CPU	


Work Offloading onto GPU	
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•  extended loop directive 
#pragma xmp loop on-ref  acc {clause} 
  for (int i = 0; i < N; i++) . . . 
 
#pragma xmp reflect (old) 
#pragma xmp acc replicate (old, new) 
{ 
#pragma xmp loop on t(i) 
  for (int i = 0; i < N; i++) { 
    double f = 0; 
    for (int j = 0; j < N; j++) 
      f += calc_force(old[i], old[j]); 
    new[i] = calc_position(f, old[i]); 
  } 
}	


double old[N], new[N];	
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•  acc replicate_sync directive 
#pragma xmp acc replicate_sync clause 
clause ::= in (var-list) | out (var-list) 
 
#pragma xmp reflect (old) 
#pragma xmp acc replicate (old, new) 
{ 
#pragma xmp acc replicate_sync in (old) 
#pragma xmp loop on t(i) acc 
  for (int i = 0; i < N; i++) { 
    double f = 0; 
    for (int j = 0; j < N; j++) 
      f += calc_force(old[i], old[j]); 
    new[i] = calc_position(f, old[i]); 
  } 
#pragma xmp acc replicate_sync out (new) 
}	


Data Transfer between CPU and GPU	
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Compiler Implementation	


l  XMP-ACC compiler 
l  based on Omni XcalableMP Compiler 
l  supports NVIDIA GPUs (CUDA architecture) 
l  source-to-source translator 

l  translates C code + XMP-ACC directives to MPI + CUDA code 
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Performance Evaluation	


  GPU Cluster Node Configuration	


CPU	
 AMD Opteron Processor 6134 × 2 (8 cores × 2 sockets)	

Memory	
 DDR3-1333 2GB × 2 (4GB)	

GPU	
 NVIDIA Tesla C2050 (GDDR5 3GB)	

Network	
 InfiniBand (4X QDR)	

OS	
 Linux kernel 2.6.18 x86 64	


MPI	
 OpenMPI 1.4.2	


GPU Backend	
 NVIDIA CUDA Toolkit v3.2	


16	


l  Benchmark 
l N-Body problem solver 

l  Evaluation environment 
l Linux GPU cluster (1 ~ 4 nodes) 
l  one XMP-ACC process to one node	
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XMP-ACC Code of N-Body	
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#pragma xmp align [i] with t(i) :: mass, velocity, position 
#pragma xmp shadow [*] :: mass, velocity, position 
#pragma xmp acc replicate (mass, velocity, position) 
{ 
#pragma xmp acc replicate_sync in (mass, velocity) 
  for (int t = 0; t < TIME_STEP; t++) { 
#pragma xmp reflect (position) 
#pragma xmp acc replicate_sync in (position) 
#pragma xmp loop on t(i) acc 
    for (int i = 0; i < N; i++) 
      . . . // update velocity, position 
#pragma xmp acc replicate_sync out (position) 
  } 
}	
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Performance of N-Body (GFLOPS)	
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Double precision 
Iteration = 10 
Scalable performance 
up to 4 nodes	
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Performance of N-Body (Speed-ups)	
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l  compared with the serial version 

60x speed-ups per node 
by adding 14 directives! 
(serial ver: 105 lines)	
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Related Work	


l  OpenMPC, OMPCUDA 
l GPGPU extension of OpenMP 

l  PGI Accelerator Compilers, HMPP Workbench 
l  provides directives for GPGPU 
l  has the similar syntax to XMP-ACC 

l  Unified Parallel C 
l  extends PGAS model for GPGPU 
l  supports one-sided communication from/to GPU memory 
l  requires significant modifications from the serial code 
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Conclusion	


l  XcalableMP-ACC 
l GPGPU extension of XcalableMP PGAS language 
l  target: multi-node GPUs (GPU clusters) 
l  highily productive programming model 

l OpenMP-like directives 
l describes task offloading, data replication, data transfer 

l  XcalableMP-ACC compiler implementation 
l  achieved scalable performance in N-Body 
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Future Work	


l  Direct data communication between GPUs 
l  shadow reflect among GPUs 
l  lower programming cost & more efficient 

l  Asynchronous data transfer & kernel execution 
l  General programming model 

l  to support other devices (AMD GPU, Intel MIC, etc ...)	
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#pragma xmp acc replicate_sync out (x) 
#pragma xmp reduction (+:x) 
#pragma xmp acc replicate sync in (x) 
 
#pragma xmp acc reduction (+:x)	



