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Main Parallel Language Features1 Data parallelism (SIMD)2 Task parallelism (MIMD)Thread 
reation (spawn, 
obegin, futures...)Thread termination (�nish, . . . ).3 Syn
hronizationMutual ex
lusion in a

esses to shared resour
esJoin operations (�nish, . . . )Colle
tive barrier syn
hronizationPoint-to-point syn
hronization4 Memory modelsShared memoryMessage passingPGAS (Partitioned Global Address Spa
e) [Yeli
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Response to the Many/Multi
ore Challenge
Cilk, X10, Habanero-Java, Chapel, OpenMP, (OpenCL)Data and task parallel exe
ution modelsExpli
it parallelismHigh-level parallel abstra
tionsNew 
onstru
ts for syn
hronizationRi
h memory models
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Mandelbrot Set ComputationM = {
 ∈ C/ limn→∞ zn(
) < ∞}wherez0(
) = 
zn+1(
) = z2n(
) + 
.
for (row = 0; row < height; ++row) {

for (col = 0; col < width; ++col) {
z.r = z.i = 0;
/* Scale c as display coordinates of current point */
c.r = r_min + ((double) col * scale_r);
c.i = i_min + ((double) (height-1-row) * scale_i);
/* Iterates z = z*z+c while modulus(z) < 2, or maxiter is reached */
k = 0;
do {
temp = z.r*z.r - z.i*z.i + c.r;
z.i = 2*z.r*z.i + c.i; z.r = temp;
++k;

} while (z.r*z.r + z.i*z.i < (2*2) && k < maxiter);
/* Set color and display point */
color = (ulong) ((k-1) * scale_color) + min_color;
XSetForeground (display, gc, color);
XDrawPoint (display, win, gc, col, row);

}
}LCPC2012 / D.Khaldi, P.Jouvelot, C.An
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Cilk [Blumofe et al., 1995℄
cilk: fun
tion 
apable ofbeing spawned in parallel
spawn: 
hild thread 
reation
sync: lo
al barrier
inlet:Lo
al to a Cilk fun
tionUses the result of aspawned fun
tion
abort:Allows to stop a spe
ulativeworkCalled inside an inletCauses all spawned 
hildrento terminateLo
k: cilk_lockinit,
cilk_lock, cilk_unlock

cilk char *compute_next(char *elt);
cilk char *find(char *elt)
{

char *newElt;
inlet void isFound(char *res)
{

if(res == searched_elt)
abort;

}
nextElt=compute_next(elt);
isFound(spawn find(nextElt));
sync;
return nextElt;

}
cilk int main()
{

char *elt = initElt();
char *result = spawn find(elt);
sync;
return 0;

}LCPC2012 / D.Khaldi, P.Jouvelot, C.An
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Cilk Implementation of the Mandelbrot Set (-nproc P)
cilk int main(){

...
cilk_lock_init(display_lock);
for (m = 0; m < P; m++)

spawn compute_points(m);
sync;

}
cilk void compute_points(uint m) {

for (row = m; row < height; row +=P)
for (col = 0; col < width; ++col) {

do {
temp = z.r*z.r - z.i*z.i + c.r;
z.i = 2*z.r*z.i + c.i; z.r = temp;
++k;

} while (z.r*z.r + z.i*z.i < (2*2) && k < maxiter);
color = (ulong) ((k-1) * scale_color) + min_color;
cilk_lock(display_lock);
XSetForeground (display, gc, color);
XDrawPoint (display, win, gc, col, row);
cilk_unlock(display_lock);

}
} 0 + row ∗ Prow number 1 + row ∗ P2 + row ∗ P3 + row ∗ P 0 thread101LCPC2012 / D.Khaldi, P.Jouvelot, C.An
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X10 [Charles et al., 2005℄ and Habanero-Java(HJ) [Cavé et al., 2011℄
async <stmt>: asyn
hronous thread 
reation
finish <stmt>: barrier on 
hild threads 
reated within stmtParent a
tivity is 
on
urrent with 
hildren's a
tivities

finish {
async { // Compute oddSum in child activity

for (int i = 1 ; i <= n ; i += 2 )
oddSum.val += i;

}
// Compute evenSum in parent activity
for (int j = 2 ; j <= n ; j += 2 ) evenSum += j;

} // finish

future f: future task 
reationf will runf.force() waits the 
ompletion of f , and yields its value
future<int> f = future {fib(10)};
int i = f.force();

atomic(HJ:isolated): atomi
ity for a set of instru
tionsLCPC2012 / D.Khaldi, P.Jouvelot, C.An
ourt, F.Irigoin / September 12, 2012 9/17



X10 (HJ) Implementation of the Mandelbrot SetData Distribution: Pla
es
finish {

for (m = 0; m < place.MAX_PLACES; m++){
place pl_row = place.places(m);
async at (pl_row) {
for (row = m; row < height; row+=place.MAX_PLACES){

for (col = 0; col < width; ++col) {
do {

temp = z.r*z.r - z.i*z.i + c.r;
z.i = 2*z.r*z.i + c.i; z.r = temp;
++k;

} while (z.r*z.r + z.i*z.i < (2*2) && k < maxiter);
color = (ulong) ((k-1) * scale_color) + min_color;
atomic {

XSetForeground (display, gc, color);
XDrawPoint (display, win, gc, col, row);

}
}

}
}

} } 0 + row ∗ pla
e.MAXPLACESrow number 1 + row ∗ pla
e.MAXPLACES2 + row ∗ pla
e.MAXPLACES3 + row ∗ pla
e.MAXPLACES 0 pla
e.pla
es(...)101LCPC2012 / D.Khaldi, P.Jouvelot, C.An
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Point-to-Point Syn
hronization: a Hide-and-Seek GameHJ: Phaser, X10: Clo
k, Cilk?Clo
k/Phaser: operates in phases of exe
utionEa
h phase should wait for pre
edent ones to pro
eed
next: thread suspension until all 
lo
ks/phasers whi
h it isregistered 
an advan
eClo
k/Phaser advan
ement ⇒ all tasks registered with it exe
ute a
next

//X10
finish async {
clock cl = clock.make();
async clocked(cl) {
count_to_a_number();
next;
start_searching();
}
async clocked(cl) {
hide_oneself();
next;
continue_to_be_hidden();
}

}

//Habanero-Java
finish async{
phaser ph = new phaser();
async phased(ph) {
count_to_a_number();
next;
start searching();

}
async phased(ph) {
hide_oneself();
next;
continue_to_be_hidden();

}
}

//Cilk
cilk void searcher() {
count_to_a_number();
//missing
point_to_point_sync();
start_searching();
}
cilk void hidder() {
hide_oneself();
//missing
point_to_point_sync();
continue_to_be_hidden();
}
void main() {

spawn searcher();
spawn hidder();

}LCPC2012 / D.Khaldi, P.Jouvelot, C.An
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Chapel [Chamberlain et al., 2007℄Stru
tured-task parallel 
reation: cobegin{stmt1;stmt2;...;stmtn}Loop variant of the cobegin statement:
coforall index in 0..n do stmtUnstru
tured task-parallel 
reation: begin{stmt}
sync variable: (full or empty) + valueReading empty, writing full variable: thread suspensionWriting empty: atomi
 state 
hange to fullReading full: value 
onsumption and atomi
 state 
hange to emptyUsed for futures when 
ombined with begin

var F$: sync real;
//empty
begin F$ = AsyncCompute();
//full
OtherComputation();
ReturnResults(F$);
//emptyAtomi
 se
tions: atomic{stmt}LCPC2012 / D.Khaldi, P.Jouvelot, C.An
ourt, F.Irigoin / September 12, 2012 12/17



Chapel Implementation of the Mandelbrot SetData Distribution: Lo
ales
coforall loc in Locales do

on loc {
for row in loc.id..height by numLocales do {

for col in 1..width do {
do {

temp = z.r*z.r - z.i*z.i + c.r;
z.i = 2*z.r*z.i + c.i; z.r = temp;
k = k+1;

} while (z.r*z.r + z.i*z.i < (2*2) && k < maxiter);
color = (ulong) ((k-1) * scale_color) + min_color;
atomic {

XSetForeground (display, gc, color);
XDrawPoint (display, win, gc, col, row);

}
}

}
}

} 0 + row ∗ numLo
alesrow number 1 + row ∗ numLo
ales2 + row ∗ numLo
ales3 + row ∗ numLo
ales 0 lo
.id101LCPC2012 / D.Khaldi, P.Jouvelot, C.An
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OpenMP [http://www.openmp.org℄Dynami
 s
heduling (omp task)Task instan
e generated ea
h time en
ounteredImmediate s
heduling on the same thread or postponement andassignement to any threadStati
 s
heduling (omp section): Con
urrent exe
ution of theen
losed se
tions
omp barrier: for the innermost en
losing parallel region
omp taskwait: Suspension on the 
ompletion of 
hild tasksgenerated sin
e the beginning of the 
urrent task
atomic and critical

#pragma omp parallel
{

#pragma omp single nowait
{

// initial root task
#pragma omp task
{

// first child task
}
#pragma omp task
{

// second child task
}

} }

#pragma omp parallel
{

#pragma omp sections
{

#pragma omp section
{

// first child task
}
#pragma omp section
{

// second child task
}

} }LCPC2012 / D.Khaldi, P.Jouvelot, C.An
ourt, F.Irigoin / September 12, 2012 14/17
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OpenMP Implementation of the Mandelbrot Set
P = omp_get_num_threads();
#pragma omp parallel shared(height,width,scale_r,\

scale_i,maxiter,scale_color,min_color,r_min,i_min)\
private(row,col,k,m,color,temp,z,c)

#pragma omp single
for (m = 0; m < P; m++)

#pragma omp task
for (row = m; row < height; row+=P){

for (col = 0; col < width; ++col){
do {

temp = z.r*z.r - z.i*z.i + c.r;
z.i = 2*z.r*z.i + c.i; z.r = temp;
++k;

} while (z.r*z.r + z.i*z.i < (2*2) && k < maxiter);
color = (ulong) ((k-1) * scale_color) + min_color;

#pragma omp critical
{

XSetForeground (display, gc, color);
XDrawPoint (display, win, gc, col, row);

}
}} 0 + row ∗ Prow number 1 + row ∗ P2 + row ∗ P3 + row ∗ P 0 thread101LCPC2012 / D.Khaldi, P.Jouvelot, C.An
ourt, F.Irigoin / September 12, 2012 15/17



Atomi
ityOpenMP: atomi
 vs 
riti
al, HJ: isolated vs atomi
In OpenMP, atomic works faster than the critical dire
tiveMany atomi
 operations 
an be repla
ed with pro
essor 
ommands(GLSC)
//OpenMP
#pragma omp parallel for shared(x, index, n)
for (i=0; i<n; i++) {
#pragma omp atomic

x[index[i]] += f(i); // index is supposed injective
}

isolated: Weak atomi
ity model of Habanero-JavaAtomi
ity with respe
t to the entire program (strong) or only toother atomi
 statements (weak)
//Habanero-Java-Thread 1
ptr = head;//non isolated statement
isolated {

ready = true;
}

//Habanero-Java-Thread 2
isolated {

if(ready)
temp->next = ptr;

}LCPC2012 / D.Khaldi, P.Jouvelot, C.An
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Con
lusionTask Syn
hronization Data MemoryLanguage 
reation Task join Point-to- Atomi
 se
tion parallelism modelpointCilk spawn syn
 � 
ilk_lo
k � Shared(MIT) abortX10 asyn
 �nish next atomi
 forea
h PGAS(IBM) future for
e (Pla
es)Habanero- asyn
 �nish next atomi
 forea
h PGASJava (Ri
e) future get isolated (Pla
es)Chapel begin � syn
 syn
 forall PGAS(Cray) 
obegin atomi
 
oforall (Lo
ales)OpenMP omp task omp taskwait � omp 
riti
al omp for Sharedomp barrier omp atomi
OpenCL Enqueue Finish events atom_add, EnqueueND- MessageTask EnqueueBarrier ... RangeKernel passingTaxonomy ⇒ programmersDesign solutions ⇒ language designersParallel exe
ution and memory models ⇒ automati
 
onversiontoolsSPIRE: A Sequential to Parallel Intermediate RepresentationExtension [Khaldi et al., 2012℄LCPC2012 / D.Khaldi, P.Jouvelot, C.An
ourt, F.Irigoin / September 12, 2012 17/17
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OpenCL [http://www.khronos.org/opencl℄
ClEnqueueNDRangeKernelKernel exe
ution on a devi
eMultiple work-groups exe
ution in parallel
ClEnqueueTaskEvent obje
t handlingKernel exe
ution on a devi
e using a single work-itemCoarse grained syn
hronization: clEnqueueBarrierFine grained syn
hronization: ClEnqueueWaitForEventsAtomi
 operations: atom_add(), atom_sub(), atom_xchg(), atom_inc()...

//create queue enabled for out of order (parallel) execution
commands = clCreateCommandQueue(context, device_id,

OUT_OF_ORDER_EXEC_MODE_ENABLE, &err);
...
// no synchronization
clEnqueueTask(command_queue, kernel_E, 0, NULL,NULL);
clEnqueueTask(commands, kernel_A, 0, NULL, NULL);
clEnqueueTask(commands, kernel_B, 0, NULL, NULL);
clEnqueueTask(commands, kernel_C, 0, NULL, NULL);
clEnqueueTask(commands, kernel_D, 0, NULL, NULL);
// synchronize so that kernel E starts only after kernels A,B,C,D finish
clEnqueueBarrier(commands);
clEnqueueTask(commands, kernel_E, 0, NULL, NULL);

http://www.khronos.org/opencl


OpenCL Implementation of the Mandelbrot Set
__kernel void kernel_main(complex c, uint maxiter, double scale_color,

uint m, uint P, ulong color[NPIXELS][NPIXELS]) {
for (row = m; row < NPIXELS; row+=P) {

for (col = 0; col < NPIXELS; ++col) {
//Initialization of c, k and z
do {

temp = z.r*z.r-z.i*z.i+c.r;
z.i = 2*z.r*z.i+c.i; z.r = temp;
++k;

} while (z.r*z.r+z.i*z.i<(2*2) && k<maxiter);
color[row][col] = (ulong) ((k-1)*scale_color);

}
}

}
cl_int ret = clGetPlatformIDs(1, &platform_id, &ret_num_platforms);
ret = clGetDeviceIDs( platform_id, CL_DEVICE_TYPE_DEFAULT, 1,

&device_id, &ret_num_devices);
cl_context context = clCreateContext( NULL, 1, &device_id, NULL, NULL, &ret);
cQueue=clCreateCommandQueue(context,device_id,OUT_OF_ORDER_EXEC_MODE_ENABLE,NULL);
P = CL_DEVICE_MAX_COMPUTE_UNITS;
memc = clCreateBuffer(context, CL_MEM_READ_ONLY , sizeof(complex), c);
// ... Create read-only buffers with maxiter, scale_color and P too
memcolor = clCreateBuffer(context, CL_MEM_WRITE_ONLY,

sizeof(ulong)*height*width,NULL,NULL);
clEnqueueWriteBuffer(cQueue,memc,CL_TRUE,0,sizeof(complex),&c,0,NULL,NULL);
// ... Enqueue write buffer with maxiter, scale_color and P too
program = clCreateProgramWithSource(context, 1, &program_source, NULL, NULL);
err = clBuildProgram(program, 0, NULL, NULL, NULL, NULL);
kernel = clCreateKernel(program, "kernel_main", NULL);
clSetKernelArg(kernel, 0, sizeof(cl_mem),(void *)&memc);
// ... Set kernel argument with memmaxiter, memscale_color, memP and memcolor too
for(m = 0; m < P; m++){

memm = clCreateBuffer(context, CL_MEM_READ_ONLY , sizeof(uint), m);
clEnqueueWriteBuffer(cQueue, memm, CL_TRUE, 0, sizeof(uint), &m, 0, NULL, NULL);
clSetKernelArg(kernel, 0, sizeof(cl_mem),(void *)&memm);
clEnqueueTask(cQueue, kernel, 0, NULL, NULL);

}
clFinish(cQueue);
clEnqueueReadBuffer(cQueue,memcolor,CL_TRUE,0,space,color,0,NULL,NULL);
for (row = 0; row < height; ++row)

for (col = 0; col < width; ++col){
XSetForeground (display, gc, color[col][row]);
XDrawPoint (display, win, gc, col, row);

}
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