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OUTLINE

NVIDIA Tesla M2050

 1.03 Tflops (single precision)

TOP 500 #1:  Tianhe-1A
14336 X5670(6 core Xeon) CPUs 
7,168 Nvidia Tesla M2050 GPUs.

186368 cores,       229376GB mem
2566 Tßops,     to build $88 million

TOP 500 #2:  Cray XT5-HE: 
±40000 Opteron (6 core) 2.6 GHz

224162 cores,       1759Tßops



3

How to use?
GPU is not COMPUTER in COMPUTER
GPU performs speciÞc tasks at higher speed than CPU
GPU act as co-processor. 

Typical usage:

• blind usage - via specialized library (CUBLAS, CUFFT,...)
Most of the peculiarities are hidden in the interface to the library. Limited additional knowledge 
is necessary. 
E.g. basic usage in Mathematica, Matlab etc.

• extensive usage - Monte Carlo methods, data processing etc.
Relatively simple algorithm has to be applied in the same way for wide variety of input data. 
UnmodiÞed algorithm can be compiled for GPU and run in parallel  on all available cores.
Limitations: limited size of the code, limited memory/registers, no I/O operations, no 3rd party 
libraries, ...

• intensive usage - sophisticated algorithms
specially tailored kernels, block matrix operations, sorting algorithms, image processing, data 
Þltering, numerical integration, Þnite elements, ...

Main 
code

GPU subroutine

GPU subroutine

GPU subroutine
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Power method for maximal eigenvalue  of a matrix.Power method for maximal eigenvalue  of a matrix.
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Example I - blind usage

Correct result is 

! max = n2

Power method for 
maximal eigenvalue of a matrix.

Execute algorithm

prepare data on CPU
A = DiagonalMatrix[1.0 Range[1, n]^2];
v = ConstantArray[1.0, n];

CPU

Intel Core2,  2x2.13GHz
[s]

dim

Do[v = A.v;
  ! = Sqrt[v.v];
  v *= 1/!,
  {100}];
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Ad = CUDAMemoryLoad[A]; 
vd = CUDAMemoryLoad[v];

A = DiagonalMatrix[1.0 Range[1, n]^2];
v = ConstantArray[1.0, n];

Needs["CUDALink`"]

Execute algorithm

Allocate 
GPU memory,
transfer data 

prepare data on CPU

Initialization

Collect data

Power method for 
maximal eigenvalue of a matrix. +
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Intel Core2,  2x2.13GHz
Nvidia 320M

CPU

GPU

[s]

dim

Do[
      vd = CUDADot[Ad, vd];
      λ = Sqrt[CUDADot[vd, vd]]; 
      MultBy[vd, 1/λ, n],
 {100}]

CUDAMemoryGet[vd]
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Power method for 
maximal eigenvalue of a matrix.
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Example I - blind usage

Execute algorithm

Allocate 
GPU memory,
transfer data 

prepare data on CPU

Collect data

   #include "mkl/mkl_cblas.h"
    float* h_A,* h_B, * h_C;
    

    h_A = (float*)malloc(n2 * sizeof(h_A[0]));
    h_B = (float*)malloc(N * sizeof(h_B[0]));
    h_C = (float*)malloc(N * sizeof(h_C[0]));

    for (i = 0; i < n2; i++) h_A[i] = 0.0f;
    for (i = 0; i < N; i++){ h_B[i] = 1.0f;h_C[i] = 1.0f;
                                       h_A[i*N+i]=(i+1)*(i+1); }
    

beta=0.0f; lambda=1.0f;
    for(i=0;i<100;i++){
          alpha=(1.0f)/lambda; 

   cblas_sgemv(CblasColMajor,CblasNoTrans,  N, N,
 alpha, h_A, N, h_B, 1, beta, h_C, 1);

   lambda=cblas_snrm2 (N , h_C, 1);
   tmp=h_B;h_B=h_C;h_C=tmp; 

    }

...
//Free memory
}

Correct result is 

! max = n2

Initialization
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Power method for 
maximal eigenvalue of a matrix.
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Execute algorithm

Allocate 
GPU memory,
transfer data 

prepare data on CPU

Initialization

Collect data

#include "cublas.h"

float *h_A,*h_B,*h_C;   // vectors in main memory
float *d_A,*d_B,*d_C;   // vectors in GPU memory

status = cublasInit();

h_A = (float*)malloc(n2 * sizeof(h_A[0]));
h_B = (float*)malloc(N * sizeof(h_B[0]));
h_C = (float*)malloc(N * sizeof(h_C[0]));

for (i = 0; i < n2; i++) h_A[i] = 0.0f;
for (i = 0; i < N; i++) h_B[i] = h_C[i] = 1.0f;
for (i = 0; i < N; i++) h_A[i*N+i]=(i+1)*(i+1);

status = cublasAlloc(n2, sizeof(d_A[0]), (void**)&d_A);
status = cublasAlloc(N, sizeof(d_B[0]), (void**)&d_B);
status = cublasAlloc(N, sizeof(d_C[0]), (void**)&d_C);

status = cublasSetVector(n2, sizeof(h_A[0]), h_A, 1, d_A, 1);
status = cublasSetVector(N, sizeof(h_B[0]), h_B, 1, d_B, 1);
status = cublasSetVector(N, sizeof(h_C[0]), h_C, 1, d_C, 1);

beta=0.0;lambda=1.0;
for(i=0;i<100;i++){
    alpha=(1.0f)/lambda;
    cublasSgemv('n',  N, N, alpha, d_A, N, d_B, 1, beta, d_C, 1);
    lambda=cublasSnrm2 (N , d_C, 1);
   tmp=d_B;d_B=d_C;d_C=tmp;
}

status = cublasGetVector(N, sizeof(h_C[0]), d_C, 1, h_C, 1);
...
//free memory

Correct result is 

! max = n2
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Example 1 - Timing
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notebook:
2 core 
Core2,  2.13GHz

(1600 !) 
Nvidia 320M

desktop: 
8 threads
i7 950, 3.07GHz

(1400 !)
Nvidia GT430

( ~ 70 !)

server:
16 threads
2x Xeon 5560, 2.8GHz
    (4000 !)
Nvidia Quadro 4000
     (800 ! )

 # of iterations: 400, single precision
CPU BLAS implementation: intelÕs MKL
GPU BLAS implementation: nvidiaÕs cudaBLAS

CPU

CPU

CPU

GPU

GPU

GPU

time [s]

time [s]

time [s]

matrix dimension
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__global__ void multby(Real_t * data, Real_t x, int length) {
   int index = threadIdx.x + blockIdx.x * blockDim.x;
   if (index < length)

  !    data[index] *=x ;
    };

Example 1 - simple kernel Vector scalar multiplyv := αv

void multby(Real_t * data, Real_t x, int length) {
 int index;
 for(index=0;index < length; index++)

  !    data[index] *=x ;
    }";

CUDA kernel

Standard CPU code

How it works?

All threads are executed ÒsimultaneouslyÓ
  i.e. order of execution is not assured.

Threads are executed in ÒwrapsÓ (32 threads)
    data range has to be checked in the kernel.

void multby(Real_t * data, Real_t x, int length) {
 int index;
#pragma openmp parallel for

 for(index=0;index < length; index++)
  !    data[index] *=x ;

    }";

Parallel CPU code

Sequential execution

Parallel execution on CPUs, 
using OpenMP compiler 
directives

A thread is identiÞed by its 
                Ò(block,thread) coordinatesÓ



Fast and extensive solution:
Data are assumed to be a harmonic function. 
To identify the instantaneous system 
parameters, each period of the measured data 
has to be Þtted by function

10

Motivation Example

δ + α sin(ωt+ ϕ)

 analysis of experimental data Example 2 - Extensive usage

- Very long records  (several hours @200Hz)
- Non-stationary
- Limited accuracy of the measurements 
- High accuracy necessary
- Frequency is dependent on actual amplitude

50 100 150 200

�0.06
�0.04
�0.02

0.02
0.04
0.06

Each wave of the measured data                       , where                    ,  is to be Þtted with αi sin(ωit + ϕi) + δif j = f (τj ) τj = j∆τ

1 2 3 4 5 6

! 1.0

! 0.5

0.5

1.0

-
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Initial approximation for each wave (interval                   )

Select individual waves:       are the time instants, where the data line crosses zero level upwards

10 20 30 40 50 60 70

! 0.06
! 0.04
! 0.02

0.02
0.04
0.06

We minimize

using Newton method.

Implementation in C is taken from Numerical Recipes:
procedures: ludcmp, lubksb (LU decomposition etc.)
                  newt               (Newton method) 

CUDA interface function looks out like:

�ti, ti+1 �

�

j:! j !" ti ,ti +1#

(fj − (αi sin(ωi(τj − ti) + ϕi) + δi))
2

ti

! ! = 0; " ! = max
" j !" t i,t i+1#

|f(#j )|; $! = (2%)/∆ti ; &! = f(ti )

Motivation Example  analysis of experimental data Example 2 - Extensive usage

int index = threadIdx.x + blockIdx.x*blockDim.x;
if (index<nans)
      newt(&(ANS[index*n]),n,tolx,tolf,&(data[nuly[index]]),&(t[0]),(nuly[index+1]-nuly[index]));

Result Dimension, tolerance pointer to  the data time (independent v.) # of samples

-
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Timing: 8.750857s

Equivalent code in Mathematica and Timing

Initp = Partition[Init, 4];
pp = 1; DistributeDefinitions[pp, zz, zz2i, Initp];
AbsoluteTiming[
 ffits = ParallelTable[
    PartOfData = #-{zz[[zz2i[[st]]]],0}&/@ zz[[zz2i[[st]];;zz2i[[st+pp]]]];
    ff=FindFit[PartOfData, b+a Sin[ ω τ- ϕ], 
                         Transpose[{{a, ω, ϕ, b}, Initp[[st]]}], τ];
    {a, ω, ϕ, b} /. ff
    , {st,1,(nans - pp)}];]

AbsoluteTiming[                                               ]

0.0 0.5 1.0 1.5

�0.15

�0.10

�0.05

0.00

0.05

0.10

0.15

newt � red, FindFit � green, init � Magenta

Timing: 0.424427s

CUDA code

ans = CudaNewt3[Init,  ,nwaves,   ,  , ndata];ti fj τj

SigniÞcant speedup

# samples: 983800, # periods 2949

Motivation Example  analysis of experimental data Example 2 - Extensive usage-



Numerical scheme in C:
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A Þnite difference equation can be constructed by superimposing a regular grid, with equal spacing 
the in x and y direction, over the region of interest. Laplace's equation can then be approximated 
at each grid point. The resulting equations are solved by iteration, with the previous approximation 
being the input to the next iteration.

Example 3 - intensive usage

∂2Φ

∂x2
+

∂2Φ

∂y2
= 0Laplace's equation takes the form of:

Φ(x + h, y) = Φ(x, y) + h
∂Φ

∂x
+

h2

2
∂2Φ

∂x2
+

h3

6
∂3Φ

∂x3
+ O(h4)

! (x ! h, y) = ! (x, y) ! h
! !
! x

+
h2

2
! 2!
! x2 !

h3

6
! 3!
! x3 + O(h4) Φ(x, y − h) = Φ(x, y)− h

∂Φ

∂y
+

h2

2

∂2Φ

∂y2
− h3

6

∂3Φ

∂y3
+ O(h4)

! (x, y + h) = ! (x, y) + h
∂!
∂y

+
h2

2
∂2!
∂y2 +

h3

6
∂3!
∂y3 + O(h4)

! (x, y + h) + ! (x, y ! h) = 2 ! (x, y) +
h2

2
! 2!
! y2

+ O(h4)Φ(x+ h, y) + Φ(x ! h, y) = 2Φ(x, y) +
h2

2

! 2Φ

! x2
+O(h4)

! (x, y) =
1

4
(! (x+ h, y) + ! (x− h, y) + ! (x, y − h) + ! (x, y − h)) +O(h4)

++

= =

Four point  numerical scheme: +

for(int i=1;i<N-1;i++)
for(int j=1;j<N-1;j++)

B[i,j] = 0.25*( A[i+1,j] + A[i-1,j] + A[i,j+1] + A[i,j-1] );

Laplace equation-
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Example 3 - intensive usage

src = "__global__ void Laplace_d(ßoat *A, ßoat *B, int N)
  {
     int i = blockIdx.x * blockDim.x + threadIdx.x ;
     int j = blockIdx.y * blockDim.y + threadIdx.y ;
    
     if(i>0 && i<N-1 && j>0 && j<N-1)
           B[i*N + j] = 0.25*(  A[i*N+j+1] + A[i*N+j-1] + A[(i+1)*N + j] + A[(i-1)*N + j] ;
    }";

Needs["CUDALink`"]

LaplacCuda = CUDAFunctionLoad[src,  "Laplace_d", {{_Real, _, "InputOutput"}, {_Real, _, "InputOutput"}, _Integer},
{32, 16}, "ShellOutputFunction" -> Print, TargetPrecision->ÓSingleÓ];

  A = ConstantArray[0.0, {m, m}];
  A[[All, 1]] += 1;
  iter=100;

  X = CUDAMemoryLoad[A];
   Y = CUDAMemoryLoad[A];

   Do[
     LaplacCuda[X, Y, m];
     LaplacCuda[Y, X, m],
     {iter/2}];

   Z = CUDAMemoryGet[X];
   CUDAMemoryUnload[X, Y];

Kernel source

Compile and load

Initial and boundary values

Load to GPU

Iterate

Retrieve results

Laplace equation-
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* % mcc -O -o  laplace laplace.tm */                                                                              
:Begin:                                                                                                            
:Function:      laplace                                                                                            
:Pattern:       MLLaplaceIter[A_?MatrixQ,iter_?IntegerQ]                                                           
:Arguments:     {A,iter}                                                                                           
:ArgumentTypes: {Manual}                                                                                           
:ReturnType:    Manual                                                                                             
:End:   
     
#include <math.h>                                                                                                  
#include "mathlink.h"                                                                                              
int main( int argc, char* argv[]) { return MLMain(argc,argv); }                                                    
                                                                                                                   

#deÞne A(r,s) Am[(r)+(s)*N]                                                                                       
#deÞne B(r,s) Bm[(r)+(s)*N]                                                                                       
                                                                                                                   

void Laplace_h(double *Am, double *Bm, long N, long M)                                                             
{                                                                                                                  
#pragma omp parallel for                                                                                        
   for(int i=1;i<N-1;i++)                                                                                          
    for(int j=1;j<M-1;j++)                                                                                         
        B(i,j) = 0.25*(  A(i+1,j) + A(i-1,j) + A(i,j+1) + A(i,j-1) );                                              
}
                                                                                                                  

void laplace(void) {                                                                                               
 long *dimensions;   char **heads;  long depth;  double *A,*B; int i, j,iter;                                                                                                    

 MLGetDoubleArray(stdlink, &A, &dimensions, &heads, &depth);   
 MLGetInteger(stdlink,&iter);                                                                                      
 

B = (double*) malloc(sizeof(double)*dimensions[0]*dimensions[1]);                                               
 for(int i=0;i<dimensions[0]*dimensions[1]; i++) B[i]=A[i];             

  for(int i=0; i<iter; i+=2){                                                                                      
     Laplace_h(A,B,dimensions[0],dimensions[1]);                                                                 
     Laplace_h(B,A,dimensions[0],dimensions[1]);                                                                 
  }                                                                                                                

 MLPutDoubleArray(stdlink, B, dimensions, heads, 2);                                                              
 free(B);                                                                                                          
 MLDisownDoubleArray(stdlink, A, dimensions, heads, depth);                                                       
} 

Return result and clean up

Iterate

Get args

Laplace kernel

Directive for OpenMP (parallel run on CPU)

mllap = Install["~/laplace_iter_omp"];
   A0 = B = Table[0, {n}, {n}];
   A0[[1 ;; n, 1]] = 1;
   A = A0;
   A = MLLaplaceIter[A, iter];
Uninstall[mllap];

MathLink 
template file

+
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Example 3 - Timing

100 iterations

400 iterations

Mathlink, scalar (1CPU)

Mathlink, parallel (2CPU)

CUDA kernel

Mathlink, scalar (1CPU)

Mathlink, parallel (2CPU)

CUDA kernel

Intel Core2,  2x2.13GHz
Nvidia 320M

CUDAInformation[]
   "Clock Rate" -> 950000
   "Compute Capabilities" -> 1.2
   "Multiprocessor Count" -> 6
   "Core Count" -> 48
   "Total Memory" -> 265027584
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Introduction

TOP 500 #1:  Tianhe-1A
14336 X5670(6 core Xeon) CPUs 
7,168 Nvidia Tesla M2050 GPUs.

186368 cores,       229376GB mem
2566 Tßops,     to build $88 million

TOP 500 #2:  Cray XT5-HE: 
±40000 Opteron (6 core) 2.6 GHz

224162 cores,       1759Tßops
SigniÞcant speedup for 
certain types of tasks 

Who use it?
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What do we pay?

Graphics Card Product cores Memory Clock ßops (single) Price

TESLA C2070 448 6.0GB ECC, 384-bit, 144GB/s1.15Ghz 1030 Gßops 3 400 !

Quadro 6000 (Fermi) 448 6.0GB ECC, 384-bit, 144GB/s0.95GHz 1030 Gßops 3 200 !

Quadro 5000 (Fermi) 352 2.5GB ECC, 320-bit, 120GB/s 1 800 !

Quadro 4000 (Fermi) 256 2.0GB, 256-bit, 89.6GB/s 0.95GHz 486 Gßops 800 !

Quadro 2000 (Fermi) 192 1.0GB, 128-bit, 41.6GB/s 500 !

GeForce GT 430 96 1.0GB, 128-bit, 25.6GB/s 1.4GHz 70 !

Hardware

Software

C/C++/FTN etc NVIDIA CUDA development toolkit free

Mathematica(tm) CUDALink included

MATLAB(tm) Parallel computation toolbox $$$

Skills

Parallel programming techniques, shared/distributed memory, etc.
C/C++ or other languages
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Theory

Graphics Card Processors (GPU)
 massive parallel processors
 equipped with fast memory
 several dozens to several hundreds computational cores per GPU
 dedicated GPUs for Ònumber crunchingÓ (no video output)

                                                                        NVIDIA Tesla M2050 ..  1.03 Tflops (single precision)

   ATI       INTEL     NVIDIA

Works on most modern GPUs

Programming standards:
Open CL              CUDA Compute 

UniÞed 

Device 

Architecture

Open 

Computing 

Language

proprietary, 
freely available

open industry 
standard
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Conclusions

• It is always difÞcult to reasonably balance the time, which is necessary for certain 
task, between long computation and tedious programming. 

• The great progress of the computer technology (driven mainly by the entertainment 
industry) enables the engineering community to solve fairly complex problems.

• Current GPUs are cheap devices with power of supercomputer. Using several GPUs 
one can build a terraßops supercomputer.

• This demands the engineers to adopt higher level of knowledge of programming 
techniques.

• High level programming packages like Matlab and Mathematica make this easier.

• NVIDIA CUDA programming toolkit offers API (Application programming 
interface), which hides the architectonical peculiarities of individual (NVIDIA) GPUs.

• OpenCL standard tries to cover wide variety of processor/GPU computation, not 
limited only to one vendor. 

• Parallel numerical algorithms have been studied for several decades, many robust 
algorithms are available.

• It appears, that current trend in the computer technology is to bind CPU and GPU 
closely together to remove bottleneck in GPU/CPU communication (Intel ÒSandy 
BridgeÓ,  AMD ÒFusionÓ). This trend offers new possibilities for high performance 
parallel computing.


