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History
UPC – Universitat Politècnica de Catalunya 1971

FIB (Computer Science Faculty) started in October 1977

DAC (Computer Architecture Department) started in 1978

CEPBA – European Center for Parallelism in Barcelona 1991
BSC – Barcelona Supercomputing Center 2005

Rectorate building
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Origins of task dependences
My take from this past July JLESC meeting at UIUC
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Origins of task dependences
From this past July JLESC meeting in UIUC
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1977 Kuck+
Intro dependency graphs



Tradition on Parallel Programming
The group started publishing on parallel programming (1989)
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Jesús Labarta, Eduard Ayguadé: GTS: Extracting Full Parallelism Out of DO Loops.
PARLE (2) 1989: 43-54



Motivation
Let’s help programmers with higher level abstractions
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ISA / API

Applications

Power to the runtime

PM: High-level, clean, abstract interface
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• StarSs family key concepts
• Sequential task-based program
• View of a single address/name space
• Execution in parallel: automatic
• runtime computation of 

dependencies
• Productivity and portability

• OmpSs is used for prototyping extensions to OpenMP
• Tasking
• data-dependences
• Heterogeneity
• Multiple address spaces
• …

• Mercurium compiler
• Nanos runtime system

StarSs

OmpSs COMPSs
PyCOMPSs

@ SMP @ GPU @ FPGA @ Cluster

Task-based programming

IBM Watson, NY, USA September 14th, 2017
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Influence of OmpSs on 
OpenMP



Time line
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Collaboration with OpenMP initiated in the 90’s



Tasking model
The big change...
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task generation waits for child tasks to finish (3.0)

task-based model, nesting of tasks (3.0)

#pragma omp task firstprivate(list)

{ code block }

#pragma omp taskwait

task priorities (4.5)

priority(value)

task generation cut-off (3.1)

final(expr)

root



Task dependences
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directionality for task arguments (4.0)

#pragma omp task depend(in: list, out: list, inout: list)

{ code block }



Prototyping task priorities
Determined that reducing the priority range may be important 
for some applications. E.g., merge-sort
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Taskloops
Chunks of iterations of one or more loops become tasks
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tasks out of loops and granularity control (4.5)

#pragma omp taskloop [num_tasks(value) | grainsize(value)]

for-loops

#pragma omp taskloop block(2) grainsize(B, B)
depend(in : block[i-1][j], block[i][j-1])
depend(in : block[i+1][j], block[i][j+1])
depend(out: block[i][j])

for (i=1; i<n i++)
for (j=1; j<n;j++) 

foo(i, j);

#pragma omp taskloop block(2) grainsize(B, B)
depend(in : block[i-1][j], block[i][j-1])
depend(in : block[i+1][j], block[i][j+1])
depend(out: block[i][j])

for (i=1; i<n i++)
for (j=1; j<n;j++) 

foo(i, j);

T T T T

T T T T

T T T T

T T T T



Taskgroups & task reduction
We used the taskgroup functionality to propose the task
reductions implementation
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#pragma omp taskgroup reduction(+: res)
{

while (node) {
#pragma omp task in_reduction(+: res)
res += node->value;

node = node->next;
}

}

#pragma omp taskgroup reduction(+: res)
{

while (node) {
#pragma omp task in_reduction(+: res)
res += node->value;

node = node->next;
}

}

#pragma omp taskloop grainsize(BS) reduction(+: res)
for (i = 0; i < N; ++i) {
res += foo(v[i]);

}



inout dependence chain

Strict in-order execution (in order of creation), 
with mutual exclusion
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for (i = 0; i < l.size(); ++i) {
#pragma omp task depend(out: l[i])
// T1 

}

for (i = 0; i < l.size(); ++i) {
#pragma omp task shared(x) depend(in: l[i]) 

depend(inout: x)
// T2

}

#pragma omp task shared(x) depend(in: x) // T3
for (i = 0; i < l.size(); ++i) {

...
}

for (i = 0; i < l.size(); ++i) {
#pragma omp task depend(out: l[i])
// T1 

}

for (i = 0; i < l.size(); ++i) {
#pragma omp task shared(x) depend(in: l[i]) 

depend(inout: x)
// T2

}

#pragma omp task shared(x) depend(in: x) // T3
for (i = 0; i < l.size(); ++i) {

...
}

T1

T3

T2

T2

T1
T1 T1

T2

T2



Commutative dependences
Relaxing inout dependence type
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for (i = 0; i < l.size(); ++i) {
#pragma omp task depend(out: l[i])
// T1 

}

for (i = 0; i < l.size(); ++i) {
#pragma omp task shared(x) depend(in: l[i]) 

depend(commutative: x)
// T2

}

#pragma omp task shared(x) depend(in: x) // T3
for (i = 0; i < l.size(); ++i) {

...
}

for (i = 0; i < l.size(); ++i) {
#pragma omp task depend(out: l[i])
// T1 

}

for (i = 0; i < l.size(); ++i) {
#pragma omp task shared(x) depend(in: l[i]) 

depend(commutative: x)
// T2

}

#pragma omp task shared(x) depend(in: x) // T3
for (i = 0; i < l.size(); ++i) {

...
}

T1

T3

T2

T2

T1
T1 T1

T2

T2



An alternative: concurrent
Further relax execution, now they may execute in parallel
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sumsum sum sum

...

BS

vec

printprint

... atomic access to result

double vec[N];
double result;

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

#pragma omp task in (vec[j;actual_size]) concurrent(result)
{  double local_result=0.0;

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

#pragma omp atomic
result += local_result;

}
}
#pragma omp task input (result)
printf (“TOTAL is %d\n”, result);
#pragma omp taskwait



Differences between concurrent and commutative
Execution and time variability of tasks
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Tasks timeline: views at 
same time scale

Histogram of tasks 
duration: at same 
scale

In this case, concurrent is more efficient … but tasks have more duration and variability



Multidependences
Sometimes applications have a variable number of data 
dependences
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for (i = 0; i < l.size(); ++i) {
#pragma omp task depend(inout: l[i])        // T1
{ ... }

}

#pragma omp task depend(in: {l[j], j=0:l.size()}) // T2
for (i = 0; i < l.size(); ++i) {
...

}

for (i = 0; i < l.size(); ++i) {
#pragma omp task depend(inout: l[i])        // T1
{ ... }

}

#pragma omp task depend(in: {l[j], j=0:l.size()}) // T2
for (i = 0; i < l.size(); ++i) {
...

}

T1 T1 T1 T1

T2

…

Defines an iterator with a range of values that only exists in 
the context of the directive. Equivalent to:
depend(in: l[0], l[1], ..., l[l.size()-1])



Multidependences
Sometimes applications have a variable number of data 
dependences
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// Each iteration execute 8 different 
kernels. For the sake of simplicity we 
only show one

for (int i = 0; i < threadnum; ++i) {
#pragma omp task out(y[i]) \
in({z[neighborhood[i][j]], \

j=0:neighborhood[i].size()
})

RebuildGridMT(i); 
}

Element in the corner: 
4 dependences

Element in the halo: 
6 dependences

Element in the center: 9 dependences

The number of dependences depend on the
position in the mesh

Multidependences increase programability! 



Multidependences
Comparing naive parallelization

Using parallelization with multidependences
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Multidependences
FEM app: matrix assembly phase
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#pragma omp parallel for 
{

compute();
#pragma omp critical
update();

}

Specify incompatibilities!!
Commutative 

+ 
multidependences



Multidependences
FEM app: matrix assembly phase
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NUM_DOMAINS = SIZE(domains)
DO I = 1, NUM_DOMAINS
NUM_NEIGHBOURS = SIZE(domains(I) % neighbours)
!$OMP TASK ...

COMMUTATIVE([domains(domains(I)%neighbours(J)),&
J = 1, NUM_NEIGHBOURS])

do kelem = 1, SIZE(domains(I)%elements)
assembly_element(domains(I)%elements(kelem))

end do
!$OMP END TASK

END DO

Specify incompatibilities!!
Commutative 

+ 
multidependencesHybrid execuction (MPI + OmpSs) gets

better performance than pure MPI!!



a++; b++;
#pragma omp task depend(inout: a) // T1.1

a += ...;
#pragma omp task depend(inout: b) // T1.2

b += ...;

z = ...;
#pragma omp task depend(in: a) depend(out: c) // T2.1

c = ... + a + ...;
#pragma omp task depend(in: b) depend(out: d)  // T2.2

d = ... + b + ...;

#pragma omp task depend(in:a, d) depend(out:e) // T3.1
e = ... + a + d + ...;

#pragma omp task depend(in:b) depend(out:f) // T3.2
f = ... + b + ...;

#pragma omp task depend(in: c, e) // T4.1
... = ... + c + e + ...;

#pragma omp task depend(in: d, f) // T4.2
... = ... + d + f + ...;

a++; b++;
#pragma omp task depend(inout: a) // T1.1

a += ...;
#pragma omp task depend(inout: b) // T1.2

b += ...;

z = ...;
#pragma omp task depend(in: a) depend(out: c) // T2.1

c = ... + a + ...;
#pragma omp task depend(in: b) depend(out: d)  // T2.2

d = ... + b + ...;

#pragma omp task depend(in:a, d) depend(out:e) // T3.1
e = ... + a + d + ...;

#pragma omp task depend(in:b) depend(out:f) // T3.2
f = ... + b + ...;

#pragma omp task depend(in: c, e) // T4.1
... = ... + c + e + ...;

#pragma omp task depend(in: d, f) // T4.2
... = ... + d + f + ...;

#pragma omp task depend(inout: a, b) // T1
{

a++; b++;
#pragma omp task depend(inout: a) // T1.1

a += ...;
#pragma omp task depend(inout: b) // T1.2

b += ...;
#pragma omp taskwait

}

#pragma omp task depend(in:a,b) depend(out:z,c,d) // T2
{

z = ...;
#pragma omp task depend(in: a) depend(out: c) // T2.1

c = ... + a + ...;
#pragma omp task depend(in: b) depend(out: d) // T2.2

d = ... + b + ...;
#pragma omp taskwait

}

#pragma omp task depend(in:a, b, d) depend(out:e, f)   // T3
{
#pragma omp task depend(in:a, d) depend(out:e)     // T3.1

e = ... + a + d + ...;
#pragma omp task depend(in:b) depend(out:f)        // T3.2

f = ... + b + ...;
#pragma omp taskwait

}

#pragma omp task depend(in: c, d, e, f) // T4
{
#pragma omp task depend(in: c, e) // T4.1

... = ... + c + e + ...;
#pragma omp task depend(in: d, f) // T4.2

... = ... + d + f + ...;
#pragma omp taskwait

}

#pragma omp task depend(inout: a, b) // T1
{

a++; b++;
#pragma omp task depend(inout: a) // T1.1

a += ...;
#pragma omp task depend(inout: b) // T1.2

b += ...;
#pragma omp taskwait

}

#pragma omp task depend(in:a,b) depend(out:z,c,d) // T2
{

z = ...;
#pragma omp task depend(in: a) depend(out: c) // T2.1

c = ... + a + ...;
#pragma omp task depend(in: b) depend(out: d) // T2.2

d = ... + b + ...;
#pragma omp taskwait

}

#pragma omp task depend(in:a, b, d) depend(out:e, f)   // T3
{
#pragma omp task depend(in:a, d) depend(out:e)     // T3.1

e = ... + a + d + ...;
#pragma omp task depend(in:b) depend(out:f)        // T3.2

f = ... + b + ...;
#pragma omp taskwait

}

#pragma omp task depend(in: c, d, e, f) // T4
{
#pragma omp task depend(in: c, e) // T4.1

... = ... + c + e + ...;
#pragma omp task depend(in: d, f) // T4.2

... = ... + d + f + ...;
#pragma omp taskwait

}

Introduction to weak dependences

Stony Brook, NY, USA September 18th-19th, 2017

Single-level tasks Nested tasks



Introduction to weak dependences
Single-level tasks
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Nested tasks

a++; b++;
#pragma omp task depend(inout: a) // T1.1

a += ...;
#pragma omp task depend(inout: b) // T1.2

b += ...;

z = ...;
#pragma omp task depend(in: a) depend(out: c) // T2.1

c = ... + a + ...;
#pragma omp task depend(in: b) depend(out: d)  // T2.2

d = ... + b + ...;

a++; b++;
#pragma omp task depend(inout: a) // T1.1

a += ...;
#pragma omp task depend(inout: b) // T1.2

b += ...;

z = ...;
#pragma omp task depend(in: a) depend(out: c) // T2.1

c = ... + a + ...;
#pragma omp task depend(in: b) depend(out: d)  // T2.2

d = ... + b + ...;

#pragma omp task depend(inout: a, b) // T1
{

a++; b++;
#pragma omp task depend(inout: a) // T1.1

a += ...;
#pragma omp task depend(inout: b) // T1.2

b += ...;
#pragma omp taskwait

}

#pragma omp task depend(in:a,b) depend(out:z,c,d) // T2
{

z = ...;
#pragma omp task depend(in: a) depend(out: c) // T2.1

c = ... + a + ...;
#pragma omp task depend(in: b) depend(out: d) // T2.2

d = ... + b + ...;
#pragma omp taskwait

}

#pragma omp task depend(inout: a, b) // T1
{

a++; b++;
#pragma omp task depend(inout: a) // T1.1

a += ...;
#pragma omp task depend(inout: b) // T1.2

b += ...;
#pragma omp taskwait

}

#pragma omp task depend(in:a,b) depend(out:z,c,d) // T2
{

z = ...;
#pragma omp task depend(in: a) depend(out: c) // T2.1

c = ... + a + ...;
#pragma omp task depend(in: b) depend(out: d) // T2.2

d = ... + b + ...;
#pragma omp taskwait

}



Weak dependences
Can we get the benefits 
of single level tasks with 
nested tasks?
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#pragma omp task depend(inout: a, b) wait(weak) // T1
{

a++; b++;
#pragma omp task depend(inout: a) // T1.1
a += ...;
#pragma omp task depend(inout: b) // T1.2
b += ...;

}
#pragma omp task depend(out: z) depend(weak,in: a, b) depend(weak,out: c, d) wait(weak) // T2
{

z = ...;
#pragma omp task depend(in: a) depend(out: c) // T2.1
c = ... + a + ...;
#pragma omp task depend(in: b) depend(out: d) // T2.2
d = ... + b + ...;

}
#pragma omp task depend(weak,in: a, b, d) depend(weak,out: e, f) wait(weak) // T3
{

#pragma omp task depend(in: a, d) depend(out: e) // T3.1
e = ... + a + d + ...;
#pragma omp task depend(in: b) depend(out: f) // T3.2
f = ... + b + ...;

}
#pragma omp task depend(weak,in: c, d, e, f) wait(weak) // T4
{

#pragma omp task depend(in: c, e) // T4.1
... = ... + c + e + ...;
#pragma omp task depend(in: d, f) // T4.2
... = ... + d + f + ...;

}

#pragma omp task depend(inout: a, b) wait(weak) // T1
{

a++; b++;
#pragma omp task depend(inout: a) // T1.1
a += ...;
#pragma omp task depend(inout: b) // T1.2
b += ...;

}
#pragma omp task depend(out: z) depend(weak,in: a, b) depend(weak,out: c, d) wait(weak) // T2
{

z = ...;
#pragma omp task depend(in: a) depend(out: c) // T2.1
c = ... + a + ...;
#pragma omp task depend(in: b) depend(out: d) // T2.2
d = ... + b + ...;

}
#pragma omp task depend(weak,in: a, b, d) depend(weak,out: e, f) wait(weak) // T3
{

#pragma omp task depend(in: a, d) depend(out: e) // T3.1
e = ... + a + d + ...;
#pragma omp task depend(in: b) depend(out: f) // T3.2
f = ... + b + ...;

}
#pragma omp task depend(weak,in: c, d, e, f) wait(weak) // T4
{

#pragma omp task depend(in: c, e) // T4.1
... = ... + c + e + ...;
#pragma omp task depend(in: d, f) // T4.2
... = ... + d + f + ...;

}
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Current trends within OmpSs
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OmpSs infrastructure
OmpSs toolchain
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OmpSs Application

Mercurium

GCC

Nanos
Extrae Instr.

OmpSs.elf

GPU code

SMP

GPU

OmpSs phase GPU phase

Code generation

Nvidia CC

Host code + Nanos calls

CUDA (.cu) files

Stub CUDA files KernelsObject files

Embedding



Execution Model (OmpSs + accelerators)

Global thread team created on startup

All threads get work from a task pool
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Task poolTask pool

Global thread teamGlobal thread team

Task pool

Global thread team



Implements & versioning
One single task two different implementations
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Task poolTask pool

Global thread teamGlobal thread team

Task pool

Global thread team

#include <scale.h>

#include <scale.cuh>

#define SIZE 100

int main (int argc, char *argv[])

{

. . .

scale_task(B,C,alpha,SIZE);

. . .

}

#include <scale.h>

#include <scale.cuh>

#define SIZE 100

int main (int argc, char *argv[])

{

. . .

scale_task(B,C,alpha,SIZE);

. . .

}

main.c

#pragma omp target device (smp)

#pragma omp task in([N] c) out([N] b)

void scale_task(double *b, double *c, double a, int N);

#pragma omp target device (smp)

#pragma omp task in([N] c) out([N] b)

void scale_task(double *b, double *c, double a, int N);

void scale_task(double *b, double *c, double a, int N){

for (int j=0; j < N; j++) b[j] = a*c[j];

}

void scale_task(double *b, double *c, double a, int N){

for (int j=0; j < N; j++) b[j] = a*c[j];

}

scale.h

scale.c

#pragma omp target device(cuda) implements(scale_task) ndrange(1,N,128)

#pragma omp task in([N] c) out([N] b) 

__global__ void scale_task_cu(double *b, double *c, double a, int size);

#pragma omp target device(cuda) implements(scale_task) ndrange(1,N,128)

#pragma omp task in([N] c) out([N] b) 

__global__ void scale_task_cu(double *b, double *c, double a, int size);

__global__ void scale_task_cu(double *b, double *c, double a, int N) {

int j = blockIdx.x * blockDim.x + threadIdx.x;

if (j < N) b[j] = a * c[j]; 

}

__global__ void scale_task_cu(double *b, double *c, double a, int N) {

int j = blockIdx.x * blockDim.x + threadIdx.x;

if (j < N) b[j] = a * c[j]; 

}

scale.cuh

scale.cu



OmpSs infrastructure
OmpSs toolchain
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OmpSs Application

Mercurium

GCC

Nanos
Extrae Instr.

OmpSs.elf

GPU code

SMP

GPU

OmpSs phase OpenCL phase

Code generation

OpenCL compiler

Host code + Nanos calls
OpenCL (.cl) files

Object files



OmpSs infrastructure
OmpSs transformations
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AutoVivado Tool

OmpSs Application

Mercurium

GCC

Nanos
FPGA dmalib
Extrae OMPT

OmpSs.elf

bitstream

SMP

FPGA

OS (Linux)
+

Platform Device Tree 
+

FPGA DMA driver

OmpSs phase FPGA phase

Code generation

Vivado HLS

Hardware
generation

Netlist
Task

Manager DMA 
engines

Host code + Nanos calls

Instrumentation

Interconnect Vivado



OmpSs autoVivado
Same kind of transformation for FPGAs

#define BS 128

void matrix_multiply(float a[BS][BS], float b[BS][BS],float c[BS][BS])
{
#pragma HLS inline

int const FACTOR = BS/2;
#pragma HLS array_partition variable=a block factor=FACTOR dim=2
#pragma HLS array_partition variable=b block factor=FACTOR dim=1

// matrix multiplication of a A*B matrix
for (int ia = 0; ia < BS; ++ia)
for (int ib = 0; ib < BS; ++ib) {

#pragma HLS PIPELINE II=1
float sum = 0;
for (int id = 0; id < BS; ++id)
sum += a[ia][id] * b[id][ib];

c[ia][ib] += sum;
}      

}

Zynq-7000 Family
2x Cortex-A9 cores + FPGA (32-bit platforms)

SECO AXIOM Board
Zynq U+ XCZU9EG-ES2

Trenz Electronics Zynq U+
TE0808 XCZU9EG-ES1

4x Cortex-A53 cores + FPGA (64-bit platforms)

Towards
Discrete FPGAs



OmpSs autoVivado
Mercurium compiler with autoVivado tool 
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#pragma omp target device(fpga) copy_deps onto(0,1)

#pragma omp task in(a,b) inout(c)

void matrix_multiply(float a[BS][BS], float b[BS][BS],
float c[BS][BS]);

…

for (i_b=0; i_b<NB_I; i_b++)

for (j_b=0; j_b<NB_J; j_b++)

for (k_b=0; k_b<NB_K; k_b++)

matrix_multiply(AA[i_b][k_b], BB[k_b][j_b], CC[i_b][j_b]);

…

bs

bs

NB_J

NB_I

bs

bs

34

FPGA



OmpSs autoVivado
Mercurium compiler with autoVivado tool 
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35

FPGA

#pragma omp target device(fpga) copy_deps onto(0,2)

#pragma omp task in(a,b) inout(c)

void matrix_multiply(float a[BS][BS], float b[BS][BS],
float c[BS][BS]);

…

for (i_b=0; i_b<NB_I; i_b++)

for (j_b=0; j_b<NB_J; j_b++)

for (k_b=0; k_b<NB_K; k_b++)

matrix_multiply(AA[i_b][k_b], BB[k_b][j_b], CC[i_b][j_b]);

…

BS

NB_J

NB_I

BS

BS

BS

BS

BS

BS

BS



Tracing facilities on the FPGAs
Tracing the internals... of the FPGA!!
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Results on matrix multiplication
On Xilinx Zynq Ultrascale+
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Conclusions and future work
We have long experience on improvements to parallel 
programming

OmpSs is publicy available at    

We will keep working with the OpenMP standard
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http://pm.bsc.es
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Thank you!
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