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Agenda


• Hybrid model MPI/OmpSs
• MPI/OmpSs handson


• Slides and MPI/OmpSs source code: /tmp/tutorial_ompss_PATC_MPI_OmpSs.ppt
• /tmp/tutorial_PATC_MPI_OmpSs.tar.gz
• Contact:  pm‐tools@bsc.es
• Source code available from http://pm.bsc.es/ompss/
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Hybrid MPI/OmpSs


PATC training, Barcelona, May 2012                                                                                           ‹#›


MPI + StarSs hybrid programming


• Why?


– MPI is here to stay.


– A lot of HPC applications already written in MPI.


– MPI scales well to tens/hundreds of thousands of 
nodes.


– MPI exploits intra‐node parallelism while StarSs can 
exploit node parallelism.


– Overlap of communication and computation through 
the inclusion of communication in the task graph
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MPI + StarSs


• Performance: Overcomes the too synchronous structure of 
MPI/OpenMP, propagating the dataflow asynchronous 
behavior to the MPI level.


• Flexibility: making the application malleable
– Introduces the possibility of flexible resource management in 
otherwise rigid process structure of MPI or MPI/OpenMP


– Supports automatic fine grain load balance, reaction to faults 
and dynamic system level resource management policies.


• Productivity: Allows for very flexible overlap with simple 
code structures


• Portability: Offers incremental parallelization even for 
heterogeneous systems
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Hybrid MPI/StarSs


• Overlap 
communication/computa
tion


• Extend asynchronous 
data‐flow execution to 
outer level


• Linpack example: 
Automatic lookahead


…


for (k=0; k<N; k++) {


if (mine) {


Factor_panel(A[k]);


send (A[k])


} else {


receive (A[k]);


if (necessary) resend (A[k]);


}


for (j=k+1; j<N; j++) 


update (A[k], A[j]);


…


#pragma css task inout(A[SIZE])
void Factor_panel(float *A);


#pragma css task input(A[SIZE]) inout(B[SIZE])
void update(float *A, float *B);


#pragma css task input(A[SIZE])


void send(float *A);


#pragma css task output(A[SIZE])


void receive(float *A);


#pragma css task input(A[SIZE])


void resend(float *A);


P0 P1 P2


V. Marjanovic, et al, “Overlapping Communication and Computation by using a Hybrid MPI/SMPSs Approach” ICS 2010







BSC, see IPR notice Spring / Summer 2012


PRACE Training @ BSC 5


PATC training, Barcelona, May 2012                                                                                           ‹#›


Hybrid MPI/SMPSs
• Overlap 
communication/computati
on


• Extend asynchronous data‐
flow execution to outer 
level


• Linpack example: 
Automatic lookahead


#pragma css task inout(A[SIZE])
void Factor_panel(float *A);


#pragma css task input(A[SIZE]) inout(B[SIZE])
void update(float *A, float *B);


#pragma css task input(A[SIZE])


void send(float *A);


#pragma css task output(A[SIZE])


void receive(float *A);


#pragma css task input(A[SIZE])


void resend(float *A);


…


for (k=0; k<N; k++) {


if (mine) {


Factor_panel(A[k]);


send (A[k])


} else {


receive (A[k]);


if (necessary) resend (A[k]);


}


for (j=k+1; j<N; j++) 


update (A[k], A[j]);


…
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Hybrid MPI/SMPSs
• Performance


– Higher at smaller problem sizes


– Improved Load balance (less processes)


– Higher IPC


– Overlap communication/computation


• Tolerance to bandwidth and OS 
noise
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mxm: Original MPI codefor( i = 0; i < processes; i++ ) 
{


stag = i + 1; rtag = stag;
indx = (me + nodes - i )%processes;
shift = ((offset[indx][0]/BS)*nDIM*BS*BS);
size = vsize*l;
if(i%2 == 0) {


mxm ( lda, sizes[indx][0], lda, hsize, a, b, (c+shift) );
MPI_Sendrecv (a, size, MPI_DOUBLE, down, stag, rbuf, size, MPI_DOUBLE, up, rtag, comm, &stats );


} else {
mxm (lda, sizes[indx][0], lda, hsize, rbuf, b, (c+shift) ); 
MPI_Sendrecv (rbuf, size, MPI_DOUBLE, down, stag, a, size, MPI_DOUBLE, up, rtag, comm, &stats );


}
}


C A B


rbuf


void mxm ( int lda, int m, int l, int n, double *a, double *b,
double *c )


{
double alpha=1.0, beta=1.0;
int i, j;
char tr = 't';
dgemm(&tr, &tr, &m, &n, &l, &alpha, a, &lda, b, &m, &beta, c, &m);


}


C A B
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Mod2am: Original MPI codefor( i = 0; i < processes; i++ ) 
{


stag = i + 1; rtag = stag;
indx = (me + nodes - i )%processes;
shift = ((offset[indx][0]/BS)*nDIM*BS*BS);
size = vsize*l;
if(i%2 == 0) {


mxm ( lda, sizes[indx][0], lda, hsize, a, b, (c+shift) );
MPI_Sendrecv (a, size, MPI_DOUBLE, down, stag, rbuf, size, MPI_DOUBLE, up, rtag, comm, &stats );


} else {
mxm (lda, sizes[indx][0], lda, hsize, rbuf, b, (c+shift) ); 
MPI_Sendrecv (rbuf, size, MPI_DOUBLE, down, stag, a, size, MPI_DOUBLE, up, rtag, comm, &stats );


}
}


C A B


rbuf


void mxm ( int lda, int m, int l, int n, double *a, double *b,
double *c )


{
double alpha=1.0, beta=1.0;
int i, j;
char tr = 't';
dgemm(&tr, &tr, &m, &n, &l, &alpha, a, &lda, b, &m, &beta, c, &m);


}
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MPI+StarSs example – Matrix multiply


• Typical hybrid paralelization:
– Parallelize computation phase. 
– Serialize communication part.


• How to overlap of communication and computation?
– Using double buffering and
– Asynchronous MPI calls


• Easier with StarSs...
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for( i = 0; i < processes; i++ ) 
{


stag = i + 1; rtag = stag;
indx = (me + nodes - i )%processes;
shift = ((offset[indx][0]/BS)*nDIM*BS*BS);
size = vsize*l;
if(i%2 == 0) {


mxm( lda, sizes[indx][0], lda, hsize, a, b, (c+shift) );
callSendRecv (a, size, down, stag, rbuf, up, rtag);


} else {
mxm (lda, sizes[indx][0], lda, hsize, rbuf, b, (c+shift) );
callSendRecv (rbuf, size, down, stag, a, up, rtag);


}
}


Mod2am: Overlap communication and 
computation with StarSs


#pragma omp task input ([size]a) output ([size]rbuf)
void callSendRecv (double *a, int size, int down, int stag, double *rbuf, int up, int rtag)
{


MPI_Status stats;
MPI_Sendrecv( a, size, MPI_DOUBLE, down, stag, rbuf, size, MPI_DOUBLE, up, rtag, MPI_COMM_WORLD, &stats );


}


#pragma omp task input([m*l]a, [l*n]b) inout([m*n]c)
void mxm ( int lda, int m, int l, int n, double *a, double *b,


double *c )
{


double alpha=1.0, beta=1.0;
int i, j;
char tr = 't';
dgemm(&tr, &tr, &m, &n, &l, &alpha, a, &lda, b, &m, &beta, c, &m);


}


C A B


rbuf
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Problems taskifying communications


• Problems:


– Possibly several concurrent MPI calls


• Need to use thread safe MPI
– Reordering of MPI calls + limited number of cores  potential source of 


deadlocks


• Need to control order of communication tasks


• Use of sentinels if necessary
– MPI task waste cores (busy waiting if communication partner delays or long 


transfer times)


• An issue today, may be not with many core nodes.
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Pingpong


for(i = 0; i < NUM_OF_ITE; i++){


for(j = 0; j < SIZE_OF_ARRAY; j+=BLOCK_SIZE)
compute(&array[j], BLOCK_SIZE);
reduce(&array[0], &sum, BLOCK_SIZE);       
communication (partner, &array[0], &array[SIZE_OF_ARRAY-BLOCK_SIZE], BLOCK_SIZE);


for(j = 0; j < SIZE_OF_ARRAY-BLOCK_SIZE; j+=BLOCK_SIZE)
shift(&array[j+BLOCK_SIZE], &array[j], BLOCK_SIZE);


}


BLOCK_SIZE


#pragma omp task inout([n]local_array) 
void compute(double *local_array, int n); 


#pragma omp task input([n]local_array) inout([1]sum)
void reduce(double *local_array, double *sum, int n);


#pragma omp task input([n]bufsend) output([n]bufrecv) 
void communication(int partner, double *bufsend, double *bufrecv, int n);


#pragma omp task input([n]array_right) output([n]array_left)
void shift(double *array_right, double *array_left, int n);
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Task Dependence Graph
• Each process executes the same code


– Not all dependences shown


compute


reduce


communication


shift


...


antidependence


...


...


antidependence


...
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MPI/OmpSs environment


• Compiling and running


– Use of regular mcc compiler (or imcc) 


– Link with MPI library


– Use scripts to submit job to queues 


• Generating traces


– compile with ‐‐instrument


– export NX_INSTRUMENTATION=extrae


– Need to preload instrumentation library 


• We are instrumenting at the same time MPI and OmpSs
• LD_PRELOAD=“/gpfs/apps/NVIDIA/PM/extrae/lib/libnanosmpitrace.so:/opt/mpi/bullxmpi/1.1.11.1/lib/li


bmpi.so"
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MPI/OmpSs hands‐on
• Starting code: pingpong_ompss/pinpong_ompss.c 


– MPI code, with OmpSs pragmas


– Compile using Makefile


– Execute and generate trace with the my_job.sh script


• mnsubmit my_job.sh
– Analyse the generated tracefile


• Regular cfgs


• Specific cfgs in MPI_OmpSs directory


• Specific cfgs for MPI in mpi directory
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MPI/OmpSs hands‐on
• Starting code: mxm‐simple/matmul.c 


– MPI code, non completed OmpSs pragmas


– Create first basic version that enables to overlap communication with computation


• Complete the inlined compiler directives to the functions 
cblas_dgemm and MPI_Sendrecv


• Compile using Makefile


• Execute and generate trace with the my_job_mxm_s.sh 
script


– msub my_job_mxm_s.sh


• Analyse the generated tracefile


• Execute and generate traces with different processors counts 
(MPI processes and OMP_NUM_THREADS)
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MPI/OmpSs hands‐on
• Starting code: mxm‐nested/matmul.c


– Complete required compiler directives to obtain a version with nested tasks


– Compile 


– Execute and generate tracefile 


– Analyse the generated tracefile
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MPI/OmpSs hands‐on
• Starting code: nbody


– Complete required compiler directives to obtain a version with MPI and OmpSs with 
CUDA tasks


– Compile 


– Execute and generate tracefile 


• The job script compares the result


• Check that the result is correct 


• If it is not correct ‐> think about missing taskwaits!!! 
– Analyse the generated tracefile
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Conclusions


• Future programming models should:
– Enable productivity and portability
– Support for heterogeneous/hierarchical architectures
– Support asynchrony  global synchronization in systems with large 


number of nodes is not an answer anymore
– Be aware of data locality


• OmpSs is a proposal that enables:
– Incremental parallelization from existing sequential codes 
– Data‐flow execution model that naturally supports asynchrony
– Nicely integrates heterogeneity and hierarchy
– Support for locality scheduling
– Active and open source project: 


http://pm.bsc.es/ompss 
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OmpSs and GPUs support


Xavier Martorell
Programming Models / Computer Science Dept.
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May 23rd-24th , 2012


Outline


• Motivation


• OmpSs


• Examples


– BlackScholes


– Perlin noise


– Julia Set


• Hands-on
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Motivation


 OpenCL/CUDA coding, complex and 
error-prone


 Memory allocation


 Data copies to/from device memory


 Manual work scheduling


 Code and data management from the host


Motivation


 Memory allocation


 Need to have a double memory allocation
 Host memory


 Device memory


 Different data sizes due to blocking may make the 
code confusing


h = (float*) malloc(sizeof(*h)*DIM2_H*nr);


r = cudaMalloc((void**)&devh,sizeof(*h)*nr*DIM2_H);


h


devh
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Motivation


 Data copies to/from device memory
 copy_in/copy_out


 Increased options for data overwrite compared to 
homogeneous programming


h


devh


cudaMemcpy(devh,h,sizeof(*h)*nr*DIM2_H,
cudaMemcpyHostToDevice);


Motivation


• Complex code/data management from the host
Main.c


// Initialize device, context, and buffers
...
memobjs[1] = clCreateBuffer(context, CL_MEM_READ_ONLY | CL_MEM_COPY_HOST_PTR,


sizeof(cl_float4) * n, srcB, NULL);
// create the kernel
kernel = clCreateKernel (program, “dot_product”, NULL);
// set the args values
err = clSetKernelArg (kernel, 0, sizeof(cl_mem), (void *) &memobjs[0]);
err |= clSetKernelArg (kernel, 1, sizeof(cl_mem), (void *) &memobjs[1]);
err |= clSetKernelArg (kernel, 2, sizeof(cl_mem), (void *) &memobjs[2]);
// set work-item dimensions 
global_work_size[0] = n;
local_work_size[0] = 1;
// execute the kernel
err = clEnqueueNDRangeKernel (cmd_queue, kernel, 1, NULL, global_work_size,


local_work_size, 0, NULL, NULL);
// read results
err = clEnqueueReadBuffer (cmd_queue, memobjs[2], CL_TRUE, 0, 


n*sizeof(cl_float), dst, 0, NULL, NULL);
...


__kernel void
dot_product (


__global const float4 * a,
__global const float4 * b,
__global float4 * c)


{
int gid = get_global_id(0);
c[gid] = dot(a[gid], b[gid]);


}


kernel.cl
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Proposal: OmpSs


• OpenMP expressiveness


– Tasking


• StarSs expressiveness


– Data directionality hints (input/output)


– Detection of dependencies at runtime


– Automatic data movement


• CUDA


– Leverage existing kernels


OmpSs: execution model


• Thread-pool model


– OpenMP parallel “ignored”


• All threads created on startup


– One of them (SMP) executes main... and tasks


– P-1 workers (SMP) execute tasks


– One representative (SMP to CUDA) per GPU


• All get work from a task pool


– Work is labeled with possible “targets”
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OmpSs: memory model


• A single global address space


• The runtime system takes care of the 
devices/local memories


– SMP machines: no need for extra runtime 
support


– Distributed/heterogeneous environments
• Multiple physical address spaces exist


– Versions of the same data can reside on them


• Data consistency ensured by the runtime system


OmpSs: the target directive


• Specify device specific information


– Clauses
• Device: which type of device to use (smp, gpu...)


• copy_in, copy_out, copy_inout: data to be moved 
in and out of the device memory


• copy_deps: copy the data specified on the 
dependency clauses (input/output/inout) of the 
task


• implements (on development): specifies alternate 
implementations


#pragma omp target [clauses]
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float a[N];
float b[N];
float c[N];


for (J=0; J<N; J+=BK) {
#pragma omp target device(cuda) copy_deps
#pragma omp task input (a[J;BK], b[J;BK]) output (c[J;BK])


{
for (j=J; j < J+BK; j++) c[j] = a[j] + b[j];


}
#pragma omp target device(cuda) copy_deps
#pragma omp task input (c[J;BK])...


{
for (j=J; ...)     ...   = c[j];


}
}


OmpSs example


OmpSs example


• Invoking a CUDA kernel from an OmpSs task


for (j = 0; j < img_height; j+=BS) {
#pragma omp target device (cuda) copy_deps
#pragma omp task output (out[ j ; rowstride ])
{
dim3 dimBlock;
dim3 dimGrid;
dimBlock.x = BS;
dimBlock.y = BS;
dimBlock.z = 1;
dimGrid.x = img_width/dimBlock.x;
dimGrid.y = img_height/dimBlock.y;
dimGrid.z = 1;


cuda_perlin <<<dimGrid, dimBlock>>> (&output[j*rowstride], time, j, rowstride);
} } 


Important restriction:
- No data accesses in this host code


We recommend:
- Set block/grid and invoke kernel







BSC, see IPR notice Spring / Summer 2012


PRACE Training @ BSC 8


OmpSs: the target directive
• Example of alternative implementations
#pragma omp target device (smp) copy_deps
#pragma omp task input ([size] c) output ([size] b)
void scale_task (double *b, double *c, double scalar, int size)
{
int j;
for (j=0; j < BSIZE; j++)


b[j] = scalar*c[j];
}


#pragma omp target device (cuda) copy_deps implements (scale_task)  
#pragma omp task input ([size] c) output ([size] b) 
void scale_task_cuda(double *b, double *c, double scalar, int size)
{
dim3 dimBlock;


dimBlock.x = threadsPerBlock;


dim3 dimGrid;  
dimGrid.x = size/threadsPerBlock+1; 


scale_kernel<<<dimGrid,dimBlock>>>(size, 1, b, c, scalar); 
}


OmpSs: Summary of directives


#pragma omp task [ input (...)] [ output (...)] [ inout (...)] [ concurrent (...)]


{ function or code block }


To compute dependences To allow concurrent execution of 
commutative tasks


Wait for sons or specific data availability Relax consistency to main program


#pragma omp taskwait [on (...)] [noflush]


Task implementation for a GPU device
The compiler parses CUDA kernel invocation syntax


Support for multiple implementations of a task


Ask the runtime to ensure data is accessible in the 
address space of the device


#pragma omp target device ({ smp | cuda })     \
[ implements ( function_name )]           \


{ copy_deps | [ copy_in ( array_spec ,...)] [ copy_out (...)] [ copy_inout (...)] }
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OmpSs: reducing data transfers
• Sometimes there is a need to synchronize...


– but no need for data output at that point
void compute_perlin_noise_device(pixel * output, float time, unsigned int 
rowstride, int img_height, int img_width)
{


unsigned int i, j;
float vy, vt;
const int BSy = 1;
const int BSx = 512;
const int BS = img_height/16;


for (j = 0; j < img_height; j+=BS) {
#pragma omp target device(cuda) copy_out(output[j*rowstride;BS*rowstride])
#pragma omp task


{
dim3 dimBlock, dimGrid;
dimBlock.x = (img_width < BSx) ? img_width : BSx;
dimBlock.y = (BS < BSy) ? BS : BSy;
dimBlock.z = 1;
dimGrid.x = img_width/dimBlock.x;
dimGrid.y = BS/dimBlock.y;
dimGrid.z = 1;


cuda_perlin <<<dimGrid, dimBlock>>> (&output[j*rowstride], 
time, j, rowstride);


}
}


#pragma omp taskwait noflush    // a later taskwait will force
} // the data to be consistent


Outline


• Motivation


• OmpSs


• Examples


– BlackScholes


– Perlin noise


– Julia Set


• Hands-on
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• Use of input/output/inout


#pragma omp target device(cuda) copy_deps
#pragma omp task input ( \


[global_work_group_size]   cpflag_fptr, \
[global_work_group_size]   S0_fptr, \
[global_work_group_size]   K_fptr, \
[global_work_group_size]   r_fptr, \
[global_work_group_size]   sigma_fptr, \
[global_work_group_size]   T_fptr) \


output ([global_work_group_size]    answer_fptr)
void bsop_ref_float (


unsigned int cpflag_fptr[],
float S0_fptr[],
float K_fptr[],
float r_fptr[],
float sigma_fptr[],
float T_fptr[],
float answer_fptr[])


{
// kernel code


}


6 inputs


1 output


256 256


OmpSs BlackScholes


6 inputs


1 output


256 256


chunksize = 256;
for (i=0; i<array_size; i+= chunk_size ) {


...
elements = min(i+chunk_size, array_size ) - i;


#pragma omp target device(cuda) copy_in( \
cpf    [i;elements], \
S0    [i;elements], \
K      [i;elements], \
r       [i;elements], \
sigma [i;elements], \
T      [i;elements]) \


copy_out (answer[i;elements])
#pragma omp task firstprivate(local_work_group_size, i)


{
dim3 dimBlock(local_work_group_size, 1 , 1);
dim3 dimGrid(elements / local_work_group_size, 1 , 1 );
cuda_bsop <<<dimGrid, dimBlock>>>


(&cpf[i], &S0[i], &K[i], &r[i], &sigma[i], &T[i], &answer[i]);
}


}
#pragma omp taskwait


BlackScholes
• Use of copy_in/copy_out/copy_inout







BSC, see IPR notice Spring / Summer 2012


PRACE Training @ BSC 11


• Use of copy_in/copy_out when no need for 
dependence checking


for (i=0; i<array_size; i+=local_work_group_size*vector_width) {
int limit = ((i+local_work_group_size)>array_size) ?


array_size - i : local_work_group_size;
uint * cpflag_f = &cpflag_fptr[i];
float * S0_f   = &S0_fptr[i];
float * K_f    = &K_fptr[i];
float * r_f    = &r_fptr[i];
float * sigma_f = &sigma_fptr[i];
float * T_f     = &T_fptr[i];
float * answer_f = &answer_fptr[i];


#pragma omp target device(cuda) copy_in( \
[global_work_group_size]   cpflag_f, \
[global_work_group_size]   S0_f, \
[global_work_group_size]   K_f, \
[global_work_group_size]   r_f, \
[global_work_group_size]   sigma_f, \
[global_work_group_size]   T_f) \


copy_out ([global_work_group_size]   answer_f)
#pragma omp task shared(cpflag_f,S0_f,K_f,r_f,sigma_f,T_f,answer_f)
{


// kernel code
}


6 inputs


1 output


256 256


OmpSs BlackScholes


1024


for (j = 0; j < img_height; j+=BS) {


#pragma omp target device(cuda)  copy_deps
#pragma omp task output (output[j*rowstride:(j+BS)*rowstride-1])


{
dim3 ...
...
cuda_perlin <<<dimGrid, dimBlock>>> (&output[j*rowstride], time, j, rowstride);


}
}


#pragma omp taskwait


OmpSs Perlin Noise


j = 0
j = 1
j = 2


... 
1023
... 
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OmpSs Perlin Noise
• Variables and functions can also be “targeted”


#pragma omp target device(smp,cuda)
int perm[512] = {


151, 160, 137, 91, 90, 15, 131, 13, 201, 95, 96, 53, 194, 233,
7, 225, 140, 36, 103, 30, 69, 142, 8, 99, 37, 240, 21, 10, 23,


...
};


#pragma omp target device(smp,cuda)
float grad(int hash, float x, float y, float z)
{


int h = hash & 15;            // Convert low 4 bits of hash code
float u = (h < 8) ? x : y;    // into 12 gradient directions.
float v = (h < 4) ? y : (h == 12 || h == 14) ? x : z;


u = (h & 1) == 0 ? u : -u;
v = (h & 2) == 0 ? v : -v;
return u + v;


}


• Coding
i = 0 i = BS i = 2*BS i = 3*BS
i = 0 i = BS i = 2*BS i = 3*BS


j = 0
j = 1
j = 2


... 


512


512                               BS = 128 elements
... 


for (j = 0; j < img_height; j+=BSY) {
int offset = j;
out = (struct pixel_group_s *) &outBuff[compute_frame][j*rowstride*4];


#pragma omp target device(cuda) copy_in (jc) \
copy_out([output_size]   out)


#pragma omp task shared(out, jc) \
firstprivate(currMu, rowstride, BSx, BSY, offset, ntasks)


{
// kernel


}
}
#pragma omp taskwait


OmpSs Julia Set
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• Julia Set CUDA kernel task


i = 0 i = BS i = 2*BS i = 3*BS
i = 0 i = BS i = 2*BS i = 3*BS


j = 0
j = 1
j = 2


... 


512


512                               BS = 128 elements
... 


#pragma omp task shared(out, jc) \
firstprivate(currMu, rowstride, BSx, BSY, offset, ntasks)


{
dim3 dimBlock (BSx, 1);
dim3 dimGrid (rowstride/4/dimBlock.x,       // /4 due to vector size


BSY/dimBlock.y);


compute_julia_kernel <<<dimGrid, dimBlock>>> (
currMu, (uchar16 *) out, rowstride, jc, offset


);
}


OmpSs Julia Set


• Julia Set CUDA kernel


i = 0 i = BS i = 2*BS i = 3*BS
i = 0 i = BS i = 2*BS i = 3*BS


j = 0
j = 1
j = 2


... 


512


512                               BS = 128 elements
... 


#pragma omp target (cuda)
__global__ void compute_julia_kernel (const float4 muP,


uchar16 * framebuffer,
int rowstride,
const struct julia_context jc,
int offset)


{ ...
i = blockIdx.x * blockDim.x + threadIdx.x;
j = blockIdx.y * blockDim.y + threadIdx.y;
...
fragmentShader4(rO, curr_dir, mu, epv,


light, jc->maxIterations, renderShadows, &pcolors);
framebuffer[(j*rowstride)/4 + i] = pcolors;


}


OmpSs Julia Set
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C/C++/Fortran


Mercurium compiler


• Transforming


– Directives to
runtime calls


• Compiling


– Natively with the
Nvidia compiler


• Embedding


– Object files with CUDA
embedded on host files


Hands-on


• Enter Minotauro {mt1, mt2}.bsc.es


• Copy/unpack the file


– tar zxf /tmp/tutorial_PATC_ompss+gpus.tar.gz


• Enter the “tutorial_PATC_ompss+gpus” directory


• There is a “env.sh” file to setup environment for compiling and 
executing:    source ./env.sh


• Each application directory has a Makefile


– Compile using “make”


• It uses mcc / mcxx / mnvcc / mnvcxx --ompss


• Execute using the provided “job.sh” script


• It uses NX_GPUS=N to specify the number of GPUS


• NX_INSTRUMENTATION=extrae to get traces
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Hands-on


• Look at the application and the Makefile


• Search for places to set directives


– We've set some hints... or even correct directives on 
some places!!!


• Taskify + annotate data and code needs


• Compile and run


– Each directory has...


• job.sh to be submitted to the queuing system for 
execution


• Get traces and compare execution with one and two GPUs


• Suggested: bsop, perlin_noise, stream, nbody and 
multisort
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INTELLECTUAL PROPERTY RIGHTS 
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the materials for his/her use for non‐commercial and 
research purposes. 


• The User may not commercially use the material, unless 
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PRACE TRAINING COURSE
under


PRACE Advance Training Centre at 
BSC


BSC‐CNS  http://www.bsc.es/


PRACE project   http://www.prace‐ri.eu/


PRACE Training Portal http://www.training.prace‐ri.eu/


PATC @ BSC Training Program


http://www.bsc.es/marenostrum‐support‐services/hpc‐trainings/prace‐
trainings
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Programming with StarSs


Computer Sciences Research Dept.


BSC


PATC training, Barcelona, May 2012                                                                                           ‹#›


Agenda


• StarSs overview
• OmpSs syntax
• OmpSs environment
• Single node handson
• Hybrid model MPI/OmpSs
• MPI/OmpSs handson


• Slides and single-node source code: /tmp/tutorial_ompss_PATC_single.ppt 
• /tmp/tutorial_PATC_singlenode.tar.bz2
• /tmp/StarSs hands_PATC.pdf
• Contact:  pm-tools@bsc.es
• Source code available from http://pm.bsc.es/ompss/
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• Task based. Asynchrony, data-flow.


• Simple linear address space
• Malleable


• Nicely hybridizes (MPI/StarSs)


• Natural support for heterogeneity


The StarSs family of programming models


StarSsCellSs


SMPSs


GPUSs


GridSs


ClearSpeedSs


ClusterSs


OmpSs


ClusterSs


COMPSs


@ SMP @ GPU @ Cluster
Key concepts:


•Sequential program


•Directionality annotations on 
tasks arguments


Key objectives:


•Same program any platform


•Productive  / Incremental 
programming
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The StarSs  “Granularities”


StarSs


OmpSs COMPSs


@ SMP @ GPU @ Cluster


Average task Granularity:


100 microseconds – 10 milliseconds                    1second  - 1 day


Language binding:


C, C++, FORTRAN                                               Java, Python


Address space to compute dependences:


Memory                                                                Files, Objects
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StarSs: history/strategy/versions


C, C++, Fortran
OpenMP compatibility (~)
Contiguous and strided args. 
Separate dependences/transfers
Inlined/outlined pragmas
Nesting
Heterogeneity: SMP/GPU/Cluster
No renaming,
Several schedulers: “Simple” locality aware sched,…


OMPSs


C, No Fortran
must provide directionality argument
ovelaping &strided
Reshaping strided accesses
Priority and locality aware scheduling


SMPSs regions 


must provide directionality argument
Contiguous, non partially overlapped
Renaming
Several schedulers (priority, locality,…)
No nesting
C/Fortran
MPI/SMPSs optims.


Basic SMPSs 


Evolving research since 2005
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StarSs: the potential of data access information 


• Flat global address space seen by programmer


• Flexibility to dynamically traverse  dataflow graph 
“optimizing”


• Concurrency. Critical path


• Memory access: data transfers performed by run time


• Opportunities for runtime to


• Prefetch


• Reuse


• Eliminate antidependences (rename)


• Replication management


• Coherency/consistency handled by the 
runtime
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void Cholesky( float *A ) {
int i, j, k;
for (k=0; k<NT; k++) {


spotrf (A[k*NT+k]) ; 
for (i=k+1; i<NT; i++) 


strsm (A[k*NT+k], A[k*NT+i]); 
// update trailing submatrix
for (i=k+1; i<NT; i++) {


for (j=k+1; j<i; j++)
sgemm( A[k*NT+i], A[k*NT+j], A[j*NT+i]);


ssyrk (A[k*NT+i], A[i*NT+i]);
}


}


StarSs: data-flow execution of sequential programs


#pragma omp task inout ([TS][TS]A)
void spotrf (float *A);
#pragma omp task input ([TS][TS]T) inout ([TS][TS]B)
void strsm (float *T, float *B);
#pragma omp task input ([TS][TS]A,[TS][TS]B) inout ([TS][TS]C )
void sgemm (float *A, float *B, float *C);
#pragma omp task input ([TS][TS]A) inout ([TS][TS]C)
void ssyrk (float *A, float *C);


Write
Decouple


how we write
form


how it is executed


Execute
TS


TS
NB


NB


TS


TS
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StarSs tasks


• Task


• Computation unit. Amount of work (granularity) may vary in a wide range (microseconds to 
milliseconds or even seconds), may depend on input arguments,…


• Once started can execute to completion independent of other tasks


• States:


• Instantiated: when task is created by main program. Dependences are computed at the 
moment of instantiation.


• Ready: When all its input dependences are satisfied, typically as a result of the completion of 
other tasks 


• Active: the task has been scheduled to a processing element. Will take a finite amount of time 
to execute.


• Completed: the task terminates, its state transformations are guaranteed to be globally visible 
and frees its output dependences to other tasks.
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StarSs vs OpenMP


void Cholesky( float *A ) {
int i, j, k;
for (k=0; k<NT; k++) {


spotrf (A[k*NT+k]);
#pragma omp parallel for
for (i=k+1; i<NT; i++) 


strsm (A[k*NT+k], A[k*NT+i]); 
// update trailing submatrix
for (i=k+1; i<NT; i++) {


#pragma omp task 
{
#pragma omp parallel for
for (j=k+1; j<i; j++)


sgemm( A[k*NT+i], A[k*NT+j], A[j*NT+i]);
}


#pragma omp task 
ssyrk (A[k*NT+i], A[i*NT+i]);
}
#pragma omp taskwait


}
}


void Cholesky( float *A ) {
int i, j, k;
for (k=0; k<NT; k++) {


spotrf (A[k*NT+k]);
#pragma omp parallel for
for (i=k+1; i<NT; i++) 


strsm (A[k*NT+k], A[k*NT+i]); 
for (i=k+1; i<NT; i++) {


#pragma omp parallel for
for (j=k+1; j<i; j++)


sgemm( A[k*NT+i], A[k*NT+j], A[j*NT+i]);
ssyrk (A[k*NT+i], A[i*NT+i]);


}
}


void Cholesky( float *A ) {
int i, j, k;
for (k=0; k<NT; k++) {


spotrf (A[k*NT+k]);
#pragma omp parallel for
for (i=k+1; i<NT; i++) 


strsm (A[k*NT+k], A[k*NT+i]); 
for (i=k+1; i<NT; i++) {


for (j=k+1; j<i; j++) {
#pragma omp task 
sgemm( A[k*NT+i], A[k*NT+j], A[j*NT+i]);


}
#pragma omp task 
ssyrk (A[k*NT+i], A[i*NT+i]);
#pragma omp taskwait


}
}


}
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OmpSs syntax
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OmpSs = OpenMP + StarSs extensions


• OmpSs is based on OpenMP + StarSs with some differences:


• Different execution model


• Extended memory model


• Extensions for point-to-point inter-task synchronizations


• data dependencies


• Extensions for heterogeneity


• Other minor extensions
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Execution Model


• Thread-pool model


• OpenMP parallel “ignored”


• All threads created on startup


• One of them starts executing main


• All get work from a task pool


• And can generate new work
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Memory Model


• From the point of view of the programmer a single naming space 
exists


• From the point of view of the runtime, different possible scenarios


• Pure SMP: 


• Single address space


• Distributed/heterogeneous (cluster, gpus, ...):


• Multiple address spaces exist


• Versions of same data may exist in multiple of these


• Data consistency ensured by the implementation
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OmpSs: Directives


#pragma omp task [ input (...)] [ output (...)] [ inout (...)] [ concurrent (...)]


{ function or code block }


To compute dependences To allow concurrent execution of 
commutative tasks


Wait for sons or specific data availability Relax consistency to main program


#pragma omp taskwait [on (...)] [noflush]


Task implementation for a GPU device
The compiler parses CUDA kernel invocation syntax Support for multiple implementations of a task


Ask the runtime to ensure data is accessible in the 
address space of the device


#pragma omp target device ({ smp | cuda })     \
[ implements ( function_name )]           \


{ copy_deps | [ copy_in ( array_spec ,...)] [ copy_out (...)] [ copy_inout (...)] }
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Main element: inlined tasks


• Pragmas inlined


• Applies to a statement


• The compiler outlines the statement (as in OpenMP)


int   main   (    )
{


int X[100];


#pragma  omp   task
for (int i =0; i< 100; i++) X[i]=i;


#pragma omp taskwait 


... 
}


for
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Main element: inlined tasks


• Pragmas inlined


• Standard OpenMP clauses private, firstprivate, ... can be used  


int   main   (    )
{


int X[100];


int i=0;
#pragma omp task firstprivate (i)
for ( ; i< 100; i++) X[i]=i; 


}


int   main   (    )
{


int X[100];


int i;
#pragma omp task private(i)
for (i=0; i< 100; i++) X[i]=i; 


}
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Main element: outlined tasks


• Pragmas outlined: attached to function definition


• All function invocations become a task


• The programmer gives a name, this enables later to provide several implementations 


#pragma  omp   task
void   foo (int Y[size], int size) {
int j;


for (j=0; j < size; j++) Y[j]= j;
}


int main()
{
int X[100];


foo (X, 100) ;
#pragma omp taskwait 
...
}


foo
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Main element: outlined tasks


• Pragmas attached to function definition


• The semantic is capture value 


• For scalars is equivalent to firstprivate


• For pointers, the address is captured


#pragma  omp   task
void   foo (int Y[size], int size) {
int j;


for (j=0; j < size; j++) Y[j]= j;
}


int main()
{
int X[100];


foo (X, 100) ;
#pragma omp taskwait 
...
}


foo
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Synchronization


#pragma omp taskwait


• Suspends the current task until all children tasks are completed


void traverse_list ( List l )
{


Element e ;
for ( e = l-> first; e ; e = e->next )
#pragma omp task
process ( e ) ;


#pragma omp taskwait
}


1 2


3 4


...


Without taskwait the subroutine will return 
immediately after spawning the tasks 


allowing the calling function to continue 
spawning tasks
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Defining dependences


• Clauses that express data direction:


• input


• output


• inout


• Dependences computed at runtime taking into account these clauses


#pragma omp task output( x )
x = 5; //1
#pragma omp task input( x )
printf("%d\n" , x ) ; //2
#pragma omp task inout( x )
x++; //3
#pragma omp task input( x )
printf ("%d\n" , x ) ; //4


1


2


3


4


antidependence
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Defining dependences


#pragma omp task input (*px) 
void do_print (int *px) { 


printf(”from do_print %d\n" , *px ) ;
}


int main()
{
int x;


x=3;


#pragma omp task output( x )
x = 5; //1
#pragma omp task input( x )
printf(”from main %d\n" , x ); //2
do_print(&x); //3
#pragma omp task inout( x )
x++; //4
#pragma omp task input( x )  
printf (”from main %d\n" , x ); //5


}


1


2


4


5


3


non-taskified:
executed 
sequentially
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Defining dependences


}


#pragma omp task input (*px) 
void do_print (int *px) { 


printf(”from do_print %d\n" , *px ) ;
}


#pragma omp task input (x) // compiler warning, input clause discarded


void print_do (int x) { // value captured at instantiation time
printf(”from print_do %d\n" , x ) ;


}


int main()
{
int x;


x=3;
#pragma omp task output( x )
x = 5; //1
#pragma omp task input( x )
printf(”from main %d\n" , x );//2
do_print(&x); //3
print_do(x); //4
#pragma omp task inout( x )
x++; //5
#pragma omp task input( x )
printf (”from main %d\n" , x );//6
}


Output:


(4) from print_do 3


(2) from main 5


(3) from do_print 5


(6) from main 6


1


2


5


6


3


4
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Defining dependences


#pragma omp task input (*px) 
void do_print (int *px) { 


printf(”from do_print %d\n" , *px ) ;
}


#pragma omp task input (x) // compiler warning, input clause discarded
void print_do (int x) { 


printf(”from print_do %d\n" , x ) ;
}


int main()
{
int x;


x=3;
#pragma omp task output( x )
x = 5;//1
#pragma omp task input( x )
printf(”from main %d\n" , x );//2
do_print(&x);//3
print_do(x);//4
#pragma omp task inout( x )
x++;//5
#pragma omp task input( x )
printf (”from main %d\n" , x ) ;//6
}


but also:


(2) from main 5


(4) from print_do 3


(3) from do_print 5


(6) from main 6


1


2


5


6


3


4
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Defining dependences


#pragma omp task input (*px) 
void do_print (int *px) { 


printf(”from do_print %d\n" , px ) ;
}


#pragma omp task input (x) // compiler warning, input clause discarded
void print_do (int x) { 


printf(”from print_do %d\n" , x ) ;
}


int main()
{
int x;


x=3;
#pragma omp task output( x )
x = 5;//1
#pragma omp task input( x )
printf(”from main %d\n" , x );//2
do_print(&x);//3
print_do(x);//4
#pragma omp task inout( x )
x++;//5
#pragma omp task input( x )
printf (”from main %d\n" , x ) ;//6
}


and also:


(2) from main 5


(3) from do_print 5


(4) from print_do 3


(6) from main 6


depending on actual 
schedule


1


2


5


6


3


4
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Defining dependences


#pragma omp task input (*px) 
void do_print (int *px) { 


printf(”from do_print %d\n" , *px ) ;
}


#pragma omp task input (x) // compiler warning, input clause discarded
void print_do (int x) { 


printf(”from print_do %d\n" , x ) ;
}


int main()
{
int x;


x=3;
#pragma omp task output( x )
x = 5;//1
#pragma omp task input( x )
printf(”from main %d\n" , x );//2
do_print(&x);//3
print_do(x);//4
#pragma omp task inout( x )
x++;//5
#pragma omp task input( x )
printf (”from main %d\n" , x ) ;//6
}


and even:


(2) from main 5


(3) from do_print 5


(4) from print_do 5


(6) from main 6


• because there is no 
dependence to 4


• the value of x is captured at 
instantion time 


• other tasks may alter the value 


• in this case, execution of 1 
before instantiation of 4


1


2


5


6


3


4
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Synchronization


#pragma taskwait on ( expression )


• Expressions allowed are the same as for the dependency clauses


• Blocks the encountering task until the data is available


#pragma omp task input([N][N]A, [N][N]B) inout([N][N]C)
void dgemm(float *A, float *B, float *C);
main() {
(
...


dgemm(A,B,C); //1
dgemm(D,E,F); //2
dgemm(C,F,G); //3
dgemm(A,D,H); //4
dgemm(C,H,I); //5


#pragma omp taskwait on (F)
prinft (“result F = %f\n”, F[0][0]);


dgemm(H,G,C); //6


#pragma omp taskwait
prinft (“result C = %f\n”, C[0][0]);
}


1 2


35


6


4
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Task directive: array regions


• Indicating as input/output/inout subregions of a larger structure:


input (A[i]) 


 the input argument  is element i of A 


• Indicating an array section:


input ([BS]A) 


 the input argument  is a block of size BS from address A 


input (A[i;BS])


 the input argument is a block of size BS from address &A[i]


 the lower bound can be omitted (default is 0)


 the upper bound can be omitted if size is known (default is N-1, being N the size)


input (A[i:j])


 the input argument is a block from element A[i] to element A[j] (included)


 A[i:i+BS-1] equivalent to A[i; BS]
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Examples dependency clauses, array sections


int a[N];
#pragma omp task input(a)


int a[N];
#pragma omp task input(a[0:N-1])
//whole array used to compute dependences


=


int a[N];
#pragma omp task input(a[0:3])
//first 4 elements of the array used to compute dependences


int a[N];
#pragma omp task input(a[2:3])
//elements 2 and 3 of the array used to compute dependences


int a[N];
#pragma omp task input(a[2;2])
//elements 2 and 3 of the array used to compute dependences


=


=


int a[N];
#pragma omp task input(a[0;N])
//whole array used to compute dependences


=
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Examples dependency clauses, array sections


int *a;
#pragma omp task input(a[0:N-1])
//whole array used to compute dependences


int *a;
#pragma omp task input(a[0:3])
//first 4 elements of the array used to compute dependences


int *a;
#pragma omp task input(a[2:3])
//elements 2 and 3 of the array used to compute dependences


int *a;
#pragma omp task input(a[2:N-1])
//elements 2 to N-1 of the array used to compute dependences
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Examples dependency clauses, array sections (multidimensions)


int a[N][M]; 
#pragma omp task input(a[2:3][3:4])
// 2 x 2 subblock of a at a[2][3]


int a[N][M]; 
#pragma omp task input(a[2:3][0:M-1])
//rows 2 and 3 


int a[N][M]; 
#pragma omp task input(a[0:N-1][0:M-1])
//whole matrix used to compute dependences


int a[N][M]; 
#pragma omp task input(a[0;N][0;M])
//whole matrix used to compute dependences


=


int a[N][M]; 
#pragma omp task input(a[2;2][3;2])
// 2 x 2 subblock of a at a[2][3]


=
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Examples dependency clauses, array sections (multidimensions)


int (*a)[M]; 
#pragma omp task input(a[2:3][3:4])
// 2 x 2 subblock of a at a[2][3]


int (*a)[M]; 
#pragma omp task input(a[2:3][0:M-1])
//rows 2 and 3 


int *a; 
#pragma omp task input([N][M]a)
//whole matrix
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Examples dependency clauses, array sections


#pragma omp task input ([n]vec) inout (*results)
void sum_task ( int *vec , int n , int  *results);


void main(){
int actual_size;


for (int j; j<N; j+=BS){ 
actual_size = (N- j> BS ? BS: N-j);
sum_task (&vec[j], actual_size, &total);
}


}


BS


results


vec


< BS


dynamic size of argument
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Examples dependency clauses, array sections


for (int j; j<N; j+=BS){
actual_size = (N- j> BS ? BS: N-j);


#pragma omp task input (vec[j;actual_size]) inout(results) firtprivate(actual_size,j)


for (int count = 0; count < actual_size; count ++)
results += vec [j+count] ;


}


BS


results


vec


< BS


dynamic size of argument


PATC training, Barcelona, May 2012                                                                                           ‹#›


Examples dependency clauses, array sections


#pragma omp task input([n*4] pl, [n*4] pr ) output([n*4] pn) 
void loop1_task(int n, double *pl, double *pr, double *tl, double *tr, double *pn)
{


double t1, t2;
int i;


for (i = 0;  i < n;  i++)
{


t1 = pl[0] * tl[0] + pl[1] * tl[1] + pl[2] * tl[2] + pl[3] * tl[3];
t2 = pr[0] * tr[0] + pr[1] * tr[1] + pr[2] * tr[2] + pr[3] * tr[3];
pn[0] = t1 * t2;


t1 = pl[0] * tl[4] + pl[1] * tl[5] + pl[2] * tl[6] + pl[3] * tl[7];
t2 = pr[0] * tr[4] + pr[1] * tr[5] + pr[2] * tr[6] + pr[3] * tr[7];
pn[1] = t1 * t2;


t1 = pl[0] * tl[8] + pl[1] * tl[9] + pl[2] * tl[10] + pl[3] * tl[11];
t2 = pr[0] * tr[8] + pr[1] * tr[9] + pr[2] * tr[10] + pr[3] * tr[11];
pn[2] = t1 * t2;


t1 = pl[0] * tl[12] + pl[1] * tl[13] + pl[2] * tl[14] + pl[3] * tl[15];
t2 = pr[0] * tr[12] + pr[1] * tr[13] + pr[2] * tr[14] + pr[3] * tr[15];
pn[3] = t1 * t2;


pl += 4;
pr += 4;
pn += 4;


}
}


Not all parameters 
necessary in the 
dependence clauses


for( iPattern = 0; iPattern < g_ds.nPattern; iPattern += TASK_ITERATIONS)
{


int n = (g_ds.nPattern - iPattern > TASK_ITERATIONS ? TASK_ITERATIONS: g_ds.nPattern -
iPattern);


loop1_task(n, pl, pr, tl, tr, pn);
pn  = pn  + 4 * n;


pl  = pl  + 4 * n;
pr  = pr  + 4 * n;


}
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Examples dependency clauses, array sections


for( iPattern = 0; iPattern < g_ds.nPattern; iPattern += TASK_ITERATIONS)
{
int n = (g_ds.nPattern - iPattern > TASK_ITERATIONS ? TASK_ITERATIONS: g_ds.nPattern -


iPattern);
#pragma omp task input (pl[iPattern*4;n*4], pr[iPattern*4;n*4]) \


output (pn[iPattern*4;n*4]) firstprivate (n) private (i)
for (i = iPattern;  i < iPattern+n;  i++)


{              
t1 = pl[i*4+0] * tl[0] + pl[i*4+1] * tl[1] + pl[i*4+2] * tl[2] + pl[i*4+3] * tl[3];


t2 = pr[i*4+0] * tr[0] + pr[i*4+1] * tr[1] + pr[i*4+2] * tr[2] + pr[i*4+3] * tr[3];
pn[i*4+0] = t1 * t2;


t1 = pl[i*4+0] * tl[4] + pl[i*4+1] * tl[5] + pl[i*4+2] * tl[6] + pl[i*4+3] * tl[7];
t2 = pr[i*4+0] * tr[4] + pr[i*4+1] * tr[5] + pr[i*4+2] * tr[6] + pr[i*4+3] * tr[7];
pn[i*4+1] = t1 * t2;


t1 = pl[i*4+0] * tl[8] + pl[i*4+1] * tl[9] + pl[i*4+2] * tl[10] + pl[i*4+3] * tl[11];
t2 = pr[i*4+0] * tr[8] + pr[i*4+1] * tr[9] + pr[i*4+2] * tr[10] + pr[i*4+3] * tr[11];
pn[i*4+2] = t1 * t2;


t1 = pl[i*4+0] * tl[12] + pl[i*4+1] * tl[13] + pl[i*4+2] * tl[14] + pl[i*4+3] * tl[15];
t2 = pr[i*4+0] * tr[12] + pr[i*4+1] * tr[13] + pr[i*4+2] * tr[14] + pr[i*4+3] * tr[15];
pn[i*4+3] = t1 * t2;


}
}
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Examples dependency clauses, array sections


#pragma omp task input([NB][NB]A, [NB][NB]B) inout([NB][NB]C)
void matmul(double *A, double *B, double *C, 
unsigned long NB)
{


int i, j, k;


for (i = 0; i < NB; i++)
for (j = 0; j < NB; j++)
for (k = 0; k < NB; k++)


C[i][j] +=A[i*NB+k]*B[k*NB+j];
}


NB


NB


DIM


DIM


NB


NB


void compute(unsigned long NB, unsigned long DIM, 
double *A[DIM][DIM], double *B[DIM][DIM], double *C[DIM][DIM])
{


unsigned i, j, k;


for (i = 0; i < DIM; i++)
for (j = 0; j < DIM; j++)
for (k = 0; k < DIM; k++)
matmul (A[i][k], B[k][j], C[i][j], NB);


}
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Examples dependency clauses, array sections


#pragma omp task input([NB]A, [NB]B) inout([NB]C)
void matmul(double  (*A)[NB], double (*B)[NB], double (*C)[NB], 
unsigned long NB)
{


int i, j, k;


for (i = 0; i < NB; i++)
for (j = 0; j < NB; j++)
for (k = 0; k < NB; k++)


C[i][j] +=A[i][k]*B[k][j];
}


NB


NB


DIM


DIM


NB


NB


void compute(unsigned long NB, unsigned long DIM, 
double *A[DIM][DIM], double *B[DIM][DIM], double *C[DIM][DIM])
{


unsigned i, j, k;


for (i = 0; i < DIM; i++)
for (j = 0; j < DIM; j++)
for (k = 0; k < DIM; k++)
matmul ((double (*)[NB])A[i][k], (double (*)[NB])B[k][j], 


(double (*)[NB])C[i][j], NB);
}
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Examples dependency clauses, array sections


void matmul(double *A, double *B, double *C, 
unsigned long NB)
{


int i, j, k;


for (i = 0; i < NB; i++)
for (j = 0; j < NB; j++)
for (k = 0; k < NB; k++)


C[i][j];+=A[i*NB+k]*B[k*NB+j];
}


NB


NB


DIM


DIM


NB


NB


void compute(unsigned long NB, unsigned long DIM, 
double *A[DIM][DIM], double *B[DIM][DIM], double *C[DIM][DIM])
{


unsigned i, j, k;


for (i = 0; i < DIM; i++)
for (j = 0; j < DIM; j++)
for (k = 0; k < DIM; k++)


#pragma omp task input([NB][NB]A[i][k], [NB][NB]B[k][j]) inout(NB][NB]C[i][j])
matmul (A[i][k], B[k][j], C[i][j], NB);


}
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Examples dependency clauses, array sections


void matmul(double  (*A)[NB], double (*B)[NB], double (*C)[NB], 
unsigned long NB)
{


int i, j, k;


for (i = 0; i < NB; i++)
for (j = 0; j < NB; j++)
for (k = 0; k < NB; k++)


C[i][j] +=A[i][k]*B[k][j];
}


NB


NB


DIM


DIM


NB


NB


void compute(struct timeval *start, struct timeval *stop, unsigned long NB, unsigned 
long DIM, 


double *A[DIM][DIM], double *B[DIM][DIM], double *C[DIM][DIM])
{


unsigned i, j, k;


for (i = 0; i < DIM; i++)
for (j = 0; j < DIM; j++)
for (k = 0; k < DIM; k++)


#pragma omp task input([NB][NB]A[i][k], [NB][NB]B[k][j]) inout(NB][NB]C[i][j])
matmul ((double (*)[NB])A[i][k], (double (*)[NB])B[k][j], 


(double (*)[NB])C[i][j], NB);
}
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Examples dependency clauses, array sections


#pragma omp task input([NB][NB]A, [NB][NB]B) inout([NB][NB]C)
void matmul(double  *A, double *B, double *C, unsigned long NB)
{


int i, j, k;


for (i = 0; i < NB; i++)
for (j = 0; j < NB; j++)
for (k = 0; k < NB; k++)


C[i*NB+j] +=A[i*NB+k]*B[k*NB+j];
}


void compute(unsigned long NB, unsigned long DIM, double *A, double *B, double *C)
{


unsigned i, j, k;


for (i = 0; i < N; i+=NB)
for (j = 0; j < N; j+=NB)
for (k = 0; k < N; k+=NB)
matmul (&A[i*N+k*NB], &B[k*N+j*NB],&C[i*N+j*NB], NB);


}


NB


N
N = total size of matrix
NB = block size
DIM = number of blocks
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void flat_cholesky( int N, float *A ) {
float **Ah;
int nt = n/BS;
Ah = allocate_block_matrix();
convert_to_blocks(n, nt, A, Ah);
blocked_cholesky (nt, Ah);
convert_to_linear(n, bs, Ah, A);
#pragma omp taskwait
free_block_matrix(Ah)


}


converting from standard row-wise matrix association to blocked


void convert_to_block( int n, int nt, float (*A)[n], float *Ah[nt][nt]) 
{


for (i=0; i<nt; i++)
for (j=0; j<nt; j++) gather_block (n, bs, A, i, j, Ah[i][j]]);


} 


void convert_to_linear(int n, int bs, float *Ah[nt][nt], float (*A)[n]) {
for (i=0; i<nt; i++)


for (j=0; j<nt; j++) scatter_block (n, bs, A, Ah[i][j], i, j);
}


N


N


Local memory 
management
Temporary work arrays


#pragma omp task input ([n]A) output ([bs][bs]bA)
void gather_block (int n, int bs, float (*A)[n], int I, int J, float *bA);
#pragma omp task input ( [bs][bs]bA) concurrent([n]A)
void scatter_block (int n, bs, float (*A)[n], float *bA, I, J);


BS


BS


BS


BS


NB


NB
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converting from standard row-wise matrix association to blocked


BS


BS


BS


BS


NB


NB


N


N


void gather_block(int n, int bs, float (*Alin)[n], int I, int J, 
float *bA)


{
int i, j;


for (i = 0; i < bs; i++)
for (j = 0; j < bs; j++) {


bA[i*bs+ j] = Alin[I+i][J+j];
}


}


void scatter_block (int n, bs, float (*A)[n], float *bA, I, J)
{


int i, j;


for (i = 0; i < bs; i++)
for (j = 0; j < bs; j++) {


Alin[I+i][J+j]= A[i*bs+ j];
}


}


#pragma omp task input ([n]A) output ([bs][bs]bA)
void gather_block (int n, int bs, float (*A)[n], int I, int J, float *bA);
#pragma omp task input ( [bs][bs]bA) concurrent([n]A)
void scatter_block (int n, bs, float (*A)[n], float *bA, I, J);
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Concurrent


#pragma omp task input ( ...) output (...) concurrent (var)


• Less-restrictive than regular data dependence 


•  Concurrent tasks can run in parallel


• Enables the scheduler to change the order of execution of the tasks, or even 
execute them concurrently 


•  alternatively the tasks would be executed sequentially due to the inout 
accesses to the variable in the concurrent clause 


• Dependences with other tasks will be handled normally


• Any access input or inout  to var will imply to wait for all previous 
concurrent tasks  


• The task may require additional synchronization


• i.e., atomic accesses


• programmer responsibility: with pragma atomic, mutex, ...
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Concurrent


sumsum sum sum


...


BS


vec


print


...
atomic access to total


#pragma omp task input ([n]vec ) concurrent (*results)
void sum_task (int *vec , int n , int  *results)
{


int i ;
int local_sum=0;


for ( i = 0; i < n ; i ++)
local_sum += vec [i] ;


#pragma omp atomic  
*results += local_sum;


}


void main(){
for (int j=0; j<N; j+=BS) sum_task (&vec[j], BS, &total);
#pragma omp task input (total)


printf (“TOTAL is %d\n”, total);
}
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Hierarchical task graph


• Nesting


• Tasks can generate tasks themselves 


• Hierarchical task dependences


• Dependences only checked between siblings


• Several task graphs


• Hierarchical


• Implicit taskwait at the end of a task waiting for its children 


• Different level tasks share the same resources 


• When ready, queued in the same queues 


• Currently, no priority differences between tasks and its children 
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#pragma omp task input([BS][BS]A, [BS][BS] B) inout([BS][BS]C) 
void block_dgemm(float *A, float *B, float *C);


#pragma omp task input([N]A, [N]B) inout([N]C)
void dgemm(float (*A)[N], float (*B)[N], float (*C)[N]){
int i, j, k;
int NB= N/BS;


for (i=0; i< N; i+=BS)
for (j=0; j< N; j+=BS)


for (k=0; k< N; k+=BS)
block_dgem(&A[i][k*BS], &B[k][j*BS], &C[i][j*BS]);


}


main() {
(
...


dgemm(A,B,C);
dgemm(D,E,F);
#pragma omp taskwait


}


Hierarchical task graph


Block data-layout 


BS
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#pragma omp task input([BS][BS]A, [BS][BS] B) inout([BS][BS]C) 
void block_dgemm(float *A, float *B, float *C);


#pragma omp task input([N]A, [N]B) output([N]C)
void dgemm(float (*A)[N], float (*B)[N], float (*C)[N]){
int i, j, k;
int NB= N/BS;


for (i=0; i< N; i+=BS)
for (j=0; j< N; j+=BS)


for (k=0; k< N; k+=BS)
block_dgem(&A[i][k*BS], &B[k][j*BS], &C[i][j*BS]);


}


main() {
(
...


dgemm(A,B,C);
dgemm(D,E,F);
dgemm(C,F,G);
#pragma omp taskwait


}


Hierarchical task graph


Block data-layout 


BS
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Heterogeneity: the target directive


• Directive to specify device specific information:


#pragma omp target [ clauses ]


• Clauses:


• device: which device (smp, gpu)


• copy_in, copy_out, copy_inout:


• consistent copy needed in the device, may require a transfer


• copy_deps: same as above, to copy data specified in input/output/inout clauses


• implements: specifies alternate implementations


• Not only for tasks, also to indicate to the compiler that a given function or kernel is 
specific of a device


#pragma target device (smp) copy_deps
//#pragma target device (smp) copy_in ([size] c) copy_out([size]b)
#pragma omp task input ([size] c) output ([size] b)
void scale_task (double *b, double *c, double scalar, int size)
{
int j;
for (j=0; j < BSIZE; j++)


b[j] = scalar*c[j];
}
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Heterogeneity: the target directive


• Directive to specify device specific information:


#pragma omp target [ clauses ]


• Clauses:


• device: which device (smp, gpu)


• copy_in, copy_out, copy_inout: data to be moved in and out


• copy_deps: same as above, to copy data specified in input/output/inout clauses


• implements: specifies alternate implementations
#pragma omp target device (cuda) copy_deps implements (scale_task)  
#pragma omp task input ([size] c) output ([size] b) 
void scale_task_cuda(double *b, double *c, double scalar, int size)
{


const int threadsPerBlock = 128;
dim3 dimBlock;
dimBlock.x = threadsPerBlock;
dimBlock.y = dimBlock.z = 1;


dim3 dimGrid;  
dimGrid.x = size/threadsPerBlock+1; 


scale_kernel<<<dimGrid,dimBlock>>>(size, 1, b, c, scalar); 


}
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Avoiding data transfers


• Need to synchronize


• No need for synchronous data output 


void compute_perlin_noise_device(pixel * output, float time, unsigned int 
rowstride, int img_height, int img_width)
{


unsigned int i, j;
float vy, vt;
const int BSy = 1;
const int BSx = 512;
const int BS = img_height/16;


for (j = 0; j < img_height; j+=BS) {
#pragma omp target device(cuda) copy_out(output[j*rowstride;BS*rowstride])
#pragma omp task


{
dim3 dimBlock, dimGrid;
dimBlock.x = (img_width < BSx) ? img_width : BSx;
dimBlock.y = (BS < BSy) ? BS : BSy;
dimBlock.z = 1;
dimGrid.x = img_width/dimBlock.x;
dimGrid.y = BS/dimBlock.y;
dimGrid.z = 1;
cuda_perlin <<<dimGrid, dimBlock>>> (&output[j*rowstride], 


time, j, rowstride);
}


}
#pragma omp taskwait noflush
}


Executed in 
the host


Host 
address 
space
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Example sentinels


#pragma omp task output (*sentinel)
void foo ( .... , int *sentinel){ // used to force dependences under complex 


structures (graphs, ... )


...
}  


#pragma omp task input (*sentinel)
void bar ( .... , int *sentinel){ 


...
}  
main () {


int sentinel;


foo (..., &sentinel);
bar (..., &sentinel)


}


• Mechanism to handle complex dependences


• when difficult to specify proper input/output clauses


• To be avoided if possible


• the use of an element or group of elements as 
sentinels to represent a larger data-structure is valid


• however might made code non-portable to 
heterogeneous platforms if copy_in/out clauses  
cannot properly specify the address space that 
should be accessible in the devices


foo


bar
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Mercurium Compiler 


• Recognizes constructs and transforms them to calls to the runtime


• Manages code restructuring for different target devices


• Device-specific handlers


• May generate code in a 
separate file 


• Invokes different back-end 
compilers 
 nvcc for NVIDIA
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Runtime structure


• Support to different programming models: OpenMP (OmpSs), StarSs, Chapel


• Independent components for thread, task, dependence management, task scheduling, ...


• Most of the runtime independent of the target architecture: SMP, GPU, tasksim simulator, cluster


• Support to heterogeneous targets 


•  i.e., threads running tasks in regular cores and in GPUs


• Instrumentation


• Generation of execution traces


NANOS API


Task
Management


trace


In
st


ru
m


en
ta


tio
n


Architecture Interface


Application
(StarSs, OmpSs, ...)


Data
Coherence


& 
Movement


Thread
Management


Task
Scheduling


GPUSMP Cluster tasksim


Dependence
Management


Scheduling
Policies


dep.
aware


Bf


local.


...


Paraver


SimTrace
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OmpSs Environment


code Mercurium
(compiler)


transformed
code


Native
compiler


Object
code


Nanos++
(runtime)


Executable


Extrae


Trace
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Compiling


• Compiling


frontend --ompss  -c bin.c


• Linking


frontend --ompss -o bin bin.o


• where frontend is one of:


mcc C


mcxx C++


mnvcc CUDA & C


mnvcxx CUDA & C++


mfc Fortran (In development)
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Compiling


• Compatibility flags:


• -I, -g, -L, -l, -E, -D, -W


• Other compilation flags:


-k Keep intermediate files


--debug Use Nanos++ debug version


--instrument Use Nanos++ instrumentation version 


--version Show Mercurium  version number


--verbose Enable Mercurium verbose output


--Wp,flags Pass flags to preprocessor (comma separated)


--Wn,flags Pass flags to native compiler (comma separated)


--Wl,flags Pass flags to linker (comma separated)


--help To see many more options :-)
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Executing


• No LD_LIBRARY_PATH or LD_PRELOAD needed


./bin


• Adjust number of threads with OMP_NUM_THREADS


OMP_NUM_THREADS=4 ./bin
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Nanos++ options


 Other options can be passed to the Nanos++ runtime via NX_ARGS


NX_ARGS=”options” ./bin


--schedule=name Use name task scheduler


--throttle=name Use name throttle-policy


--throttle-limit=limit Limit of the throttle-policy (exact meaning depends on 
the policy)


--instrumentation=name Use name instrumentation module


--disable-yield Nanos++ won't yield threads when idle


--spins=number Number of  spin loops when idle


--disable-binding Nanos++ won't bind threads to CPUs


--binding-start=cpu First CPU where a thread will be bound


--binding-stride=number Stride between bound CPUs







BSC, see IPR notice Spring / Summer 2012


PRACE Training @ BSC 31


PATC training, Barcelona, May 2012                                                                                           ‹#›


Nanox helper


• Nanos++ utility to


• list available modules:


nanox --list-modules


• list available options:


nanox --help
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Schedulers


• Available schedulers for --schedule option


• default


• centralize queue, LIFO scheduler, follows dependency edges


• bf


• centralized queue, FIFO scheduler


• dbf


• multiple queues, FIFO scheduler with work-stealing


• affinity


• multiple queues, uses copy-information to decide which thread to schedule to


• wf


• multiple queues, work-first approach with work-stealing


• Several options to modify behavior


• Example


NX_ARGS=”--schedule=bf” ./exec
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Throttle policies


• Available policies for --throttle option


• num-tasks (default)


• stop creating tasks if more than limit * #threads are in flight


• taskdepth


• stop creating tasks if recursion depth is bigger than limit


• idlethreads


• stop creating tasks if no thread is idle


• readytasks


• stop creating tasks if more than limit * #threads tasks are ready


• Example


NX_ARGS=”--throttle=taskdepth --throttle-limit=4” ./exec
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Tracing


• Compile and link with --instrument


mcc --ompss --instrument -c bin.c


mcc -o bin --ompss --instrument bin.o


• When executing specify which instrumentation module to use:


NX_ARGS=”--instrumentation=extrae” ./bin


• Will leave trace files in executing directory


• 3 files: prv, pcf, rows


• Use paraver to analyze







BSC, see IPR notice Spring / Summer 2012


PRACE Training @ BSC 33


PATC training, Barcelona, May 2012                                                                                           ‹#›


Reporting problems


• Compiler problems


• http://pm.bsc.es/projects/mcxx/newticket


• Runtime problems


• http://pm.bsc.es/projects/nanox/newticket


• Support mail


• pm-tools@bsc.es


• Please include snapshot of the problem
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Programming methodology


• Correct sequential program


• Incremental taskification


• Test every individual task with forced sequential in-order execution


•  1 thread, scheduler = FIFO, throtle=1


• Single thread out-of-order execution


• Increment number of threads


• Use taskwaits to force certain levels of serialization
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Visualizing Paraver tracefiles


• Set of Paraver configuration files ready for OmpSs. Organized in directories


• Tasks: related to application tasks


• Runtime, nanox-configs: related to OmpSs runtime internals


• Graph_and_scheduling: related to task-graph and task scheduling 


• DataMgmgt: related to data management


• CUDA: specific to GPU
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Tasks’ profile


• 2dp_tasks.cfg


• Tasks’ profile 


threads


tasks’ types


gradient color, 
indicates given estadístic:
i.e., number of tasks instances 


control window:
timeline where each 
color represent the 
task been executed
by each thread


light blue: not executing
tasks


different colours
represent different 
task type
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Tasks duration histogram


• 3dh_duration_task.cfg


threads


time intervals


gradient color, 
indicates given estadístic:
i.e., number of tasks instances 
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Tasks duration histogram


• 3dh_duration_task.cfg


control window: 
task duration
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Tasks duration histogram


• 3dh_duration_task.cfg


3D window: 
task type
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Tasks duration histogram


• 3dh_duration_task.cfg


3D window: 
task type


chooser: 
task type
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Threads state profile


• 2dp_threads_state.cfg


threads


runtime state


control window:
timeline where each 
color represent the 
runtime state of each
thread 
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INTELLECTUAL PROPERTY RIGHTS 
NOTICE:


• The User may only download, make and retain a copy of 
the materials for his/her use for non‐commercial and 
research purposes. 


• The User may not commercially use the material, unless 
has been granted prior written consent by the Licensor to 
do so; and cannot remove, obscure or modify copyright 
notices, text acknowledging or other means of 
identification or disclaimers as they appear.


• For further details, please contact BSC‐CNS patc@bsc.es





