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PART 1 Outline: Fundamentals (July 30th)

The task construct Pre-determined data-sharing attributes

B Deferring (or not) a unit of work (executable for any member of the team) B threadprivate variables are threadprivate (1) #pragma omp task [
#pragma omp task [clause[[,] clause]...] 1Somp task [clause[[,] clause]...] u dynamlc Storage duration Ob]eCtS are shared (malloc, new,... ) (2) int x = MN;
{structured-block} ..structured-block.. B static data members are shared (3) // Scope of x: private

! d task . o }
Semp end tas B variables declared inside the construct
B Where clause is one of: i . .
- static storage duration variables are shared (4) #pragma omp task o
- private(list) - if(scalar-expression) . ) . ) { catic int v
—> automatic storage duration variables are private (5) 7/33:;?‘;;; chared
- firstprivate(list) - mergeable CGutoffiStrategies B the loop iteration variable(s). .. }
- shared(list) Data Environment -» final(scalar-expression)
int A[SIZE]; o int *p; o class foo { e
- default(shared | none) | - depend(dep-type: list) Synchronization #pragma omp threadprivate(a) static int s = MN;
p = malloc(sizeof (float) *SIZE) ; 3
. . - - 7R
- in_reduction(r-id: list) - untied 4pragma omp task #pragma omp task #pragma omp task
- . . : { { {
- allocate([allocator] list) -> priority(priority-value) Taskischeduling // A: threadprivate // *p: shaved foo A.s; // sifoo: shared
Miscellaneous } } }
- detach(event-handler) — affinity(list)

Tasking use case: Fibonacci (recursion)

T « o e The taskloop Construct
) iE Cam b b a £ ) eetemntmrs R
Tasking Use Cases i ootk s = o much perslefsm?
fooeem = o ey ® TR B Task generating construct: decompose a loop into chunks, create a task for each loop chunk
f—— ‘::-“ #pragma omp taskloop [clause[[,] clause]..] 1Somp taskloop [clause[[,] clause]..]
’ i {structured-for-locops} ..structured-do-loops..
J 1Somp end taskloop
| i :
S OperMP f— OperMP Where clause is one of
; > shared(list) - if(scalar-expression)
Tasking use case: Cholesky (synchronization) Tasking use case: saxpy (blocking)

> private(list)

- final(scalar-expression) Cutoff Strategies

= Complex synehrenization paniems. o iemteimenn, Tt
5

% Spiting camputaltional phisses

= Difficult to determing grain
1 sngle eraticn 3 e

—> firstprivate(list)

- mergeable

3 tashwmit o bashgroup far [ &= 0; a4SEEE; LeeTE) ( 3 wiwie locys D s panaliding
L L CRELEELL . A o -
3 N o cods arsiyss e s s s ® Manualy ensiorm the cose - lastprivate(list) Data Environment - untied
= Improving gragrammaLiy v : ¥ biasing e Scheduler(R/H)
B : i - default(sh | pr| fo | none) - priority(priority-value)
o = It alsn improwes composabilit (e Tp———rry = OpenhiP taskloog shlpr|m p y(p Y

- reduction(r-id: list) - collapse(n)

4

épragme cop eaak
e s s
R « - nogroup Miscellaneous
)

I e — OpenMP P — - grainsize(grain-size) - - allocate([allocator] list)
Chunks/Grain
- num_tasks(num-tasks)
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Slides and Exercises

B https://tinyurl.com/openmp-umt-tasking

2021 Tasking UMT

[] MNombre
OpenMP-UMT-Exercises.tar.gz
m OpenMP-UMT-Tasking-1.pdf

m OpenMP-UMT-Tasking-2.pdf
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PART 2 Outline: Performant Tasking

B Cutting-off strategies
- Motivation

- If-, final- and mergeable- clauses
B Task dependences
- Motivation

- What's in the spec: depend clause, deps on taskwait and dependable objects

- The data-flow philosophy
B More on performant tasking

* These slides are part of the tutorial “Mastering Tasking with OpenMP”; presented at SC and ISC conferences. Authors: Christian
Terboven, Michael Klemm, Xavier Teruel, and Bronis R. de Supinski. All of them members of the OpenMP Language Committee.
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Cutoff clauses and strategies
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Parallel Brute-force Sudoku

B This parallel algorithm finds all valid solutions

6 8111 15114 16 first call contained in a
15|11 16|14 12 - (1) Search an empty #fpragma omp parallel
13 9|12 3|16{14| |15(11[10 field tpragma omp single
2| |16 11 15(10] 1 such that one tasks starts the
15111110 16| 2113| 8] 9l12 execution of the algorithm
1213 a1 5/ 6| 2 3 11710l ® (2) Try all numbers:
5 6| 1|12 9] I15[11|10] 7|16 3 B Check Sudoku #fpragma omp task
2 10 |11] 6 5 13 9 _ - _ needs to work on a new copy
10| 7|15[11|16 12(13 6 ® |f invalid: Sklp of the Sudoku board
9 1 2| [16]10 11 B If valid: Go to
1 4] 6] 9(13 71 |11 3|16 next field
16(14 7| |10[{15] 4| 6| 1 13| 8
11{10[ |15 16| 9(12(13 11 5| 4
12| | 1] 4] 6] |16 11]10 ® (3) Wait for completion ~ fPregma omp taskwait
5 al12113] 110 111 2 14 wait for all child tasks
3|16 10 7 6 12
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Performance Evaluation

Sudoku on 2x Intel Xeon E5-2650 @2.0 GHz

mm Intel C++ 13.1, scatter binding == speedup: Intel C++ 13.1, scatter binding
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Performance Analysis

Event-based profiling :

E Metric tree

’i call tree | Flat view |

Every threadis ex *
W e e |

5.088038e7 Visits

103.547101 Time |
[J 0.000000 Minimum
7.165572 Maximun
127.000000 max a

ki

: 17 I$omp parallel @sudok

L+ [ 0 task_root
& [ 1.077944e7 |fomp tas
[ 1.077944e7 1fomp
[ 1.077936e7 I$omp
80 I$omp atomic @
80 I$omp atomic @sudok
[ 1.854197e7 l$omp paralle

Ak

= [ - machine Linux

& [ - node cluster-phi.rz.F I

B [ - Process

- [ 1.357093e6 M
- [ 1.359940e6 O
- [0 1.3162094e6 O
- [ 1.289513e6 O
- [ 1.318732e6 O
- [ 1.38453%e6 O

- O 1.384840e6 O
L [F 1 3RR4RN=R 0

If you have enough paralelism, stop creatin more tasks!!
if-clause, final-clause, mergeable-clause

I E N nzlatlvely in your program code

5.088038e7 Visits

103.547101 Time (
] 0.000000 Minimum
7.165572 Maximum
127.000000 max a

iy

L+ (] 0.000000 task_root
46.229420 1$omp task
0.000051 |$omp atomic @

57.317553 l$omp parallel

0.000076 |$omp parallel €

... in ~¥5.7 seconds.
average duration of a task is ~4.4 us
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A

£} [] - machine Llnux

& [ - node cluster-phi.rz.F |

= [ - Process

— [0 5.787572 Mast
- [0 5.767037 OMF
- [0 5.770846 OMF
- [0 5.793451 OMF
— [ 5.794502 OMF
- [ 5.775753 OMF
— [ 5.770343 OMF
- [0 5.769917 OMF

[ system tree ‘E] Box < | |

L

Tracing provides more details:

6.80's 6.855 6.905 6.955 7.00s 7.055 7.10s 7.15
Master thread : : ! : : !

'$omp parallel @sudoku cpp:174 . v . .
W
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i
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o
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Duration: 0.16 sec
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Tasks get much smaller down the call-
stack.
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Performance Evaluation (with cutoff)

Sudoku on 2x Intel Xeon E5-2650 @2.0 GHz

Intel C++ 13.1, scatter binding Intel C++ 13.1, scatter binding, cutoff
=—speedup: Intel C++ 13.1, scatter binding =>=speedup: Intel C++ 13.1, scatter binding, cutoff
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The i £ clause

B Rule of thumb: the if (expression) clause as a “switch off” mechanism

—> Allows lightweight implementations of task creation and execution but it reduces the parallelism

B If the expression of the if clause evaluates to false

—> the encountering task is suspended int foo(int x) {
printf (“entering foo function\n”);
— the new task is executed immediately (task int res = 0;
#fpragma omp task shared(res) if(false)
dependences are respected!!) {

res += x;
—> the encountering task resumes its execution } | |
printf (“leaving foo function\n”);

once the new task is completed ;

. DI
S This is known as undeferred task Really useful to debug tasking applications!

B Even ifthe expression is false, data-sharing clauses are honored

10 Ope_nl\/IP Tasking, Part 1: Fundamentals OpenMP
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The £inal clause

B The final (expression) clause
- Nested tasks / recursive applications

—> allows to avoid future task creation - reduces overhead but also reduces parallelism

B If the expression of the final clause evaluates to true

- The new task is created and executed normally but in its context all tasks will be executed immediately

by the same thread (included tasks)
e == false e == true
#fpragma omp task final (e) v

{ ...0 ““
#fpragma omp task .." “.‘ -
{ .. 1 2 : e I
#pragma omp task | igode_B; i
{ .. #C.1; #C.2 .. } | Code_C; !
#fpragma omp taskwailt > | code_cl; :
) S | code_c2; !
OC B
B Data-sharing clauses are honored too! O

Xavier Teruel
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The mergeable clause

B The mergeable clause
- Optimization: get rid of “data-sharing clauses are honored”

— This optimization can only be applied in undeferred or included tasks

B A Task that is annotated with the mergeable clause is called a mergeable task

— Atask that may be a merged task if it is an undeferred task or an included task

B A merged task is:

- Atask for which the data environment (inclusive of ICVs) may be the same as that of

its generating task region

B A good implementation could execute a merged task without adding any OpenMP-
related overhead

12 Ope_nl\/IP Tasking, Part 1: Fundamentals OpenMP
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Example: Fibonacci
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Fibonacci: without cutoff

int fib(int n) { Fibonacci - Scalability (2 NUMA Nodes x 24 Cores, N=42)
N 1 10 1 1 1 1 1 1 I I 1

1f (n < 2)
return n;

100
90
80

int resl, res2; 20

fpragma omp task shared(resl) 60
resl = fib(n-1);

50

Time (s)

40

#pragma omp task shared(res2) 30

res?2 = fib(n-2);

20
10

0 1 1 1 1 1 1 1 | 1
0 5 10 15 20 25 30 35 40 45 50

Threads

fpragma omp taskwait

icc 2018.0
return resl + resZ2;

no cutoff —@—
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Fibonacci: 1 £ clause

int fib(int n) {
if (n < 2)
return n;

int resl, res2;
fpragma omp task shared(resl)

resl = fib(n-1);

#pragma omp task shared(res?2)
res?2 = fib(n-2);

fpragma omp taskwait

return resl + res?2?;

OpenMP Tasking, Part 1: Fundamentals
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if(n > 30)

if(n > 30)

Time (s)

Fibonacci - Scalability (2 NUMA Nodes x 24 Cores, N=42)
120 I I I I 1 1 1 1 1

100

80

60

40

20

O 1 1 1 1 1 1 L | 1
0 &5 10 15 20 25 30 35 40 45 50

Threads

icc 2018.0

no_cutoff —@—
if clause —3—
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Fibonacci: manual optimization

int fib(int n) { 100
if (n < 30)
return fib serial(n);

10 |

int resl, res2;

fpragma omp task shared(resl) e S L
=

resl = fib(n-1); =

#pragma omp task shared(res?2) 0.1 F

resz2 = fib(n-2);

0 01 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
Threads

fpragma omp taskwait

icc 2018.0
return resl + res?2?;

} no_cutoff —@—
if clause ——
man cutoff ——

OpenMP Tasking, Part 1: Fundamentals OpenMP
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Task dependences
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Motivation

B Task dependences as a way to define task-execution constraints

Lo s = 0 OpenMP 3.1 Lt o = 0y OpenMP 4.0
fpragma omp parallel ffpragma omp parallel
fpragma omp single fpragma omp single
{ {
@® #pragma omp task @® #pragma omp task depend(in: x)
std::cout << x << stc d::endl;

Task dependences can help us to remove
#pragma omp taskwait  “gtrong” synchronizations, increasing the look
® iprogna omp task ahead and, frequently, the paralelism!!!!

X++; X++;
} }

end (inout: x)

OpenMP 3.1 B

OpenMP 4.0 I t1 ——AH_I7
- —

OpenMP Tasking, Part 2: Performant OpenMI
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D Task’s creation time

|:| Task’s execution time




Motivation: Cholesky factorization

void cholesky(int ts, int nt, double* a[nt][nt]) {
for (int k = 0; k < nt; k++) {

// Diagonal Block factorization
. Q000
potrf(alk][k], ts, ts);
00000
// Triangular systems Q000
for (int 1 = k + 1; 1 < nt; i++)
#pragma omp task ©0 0
@ trsm(alk]l[k], alk][i]l, ts, ts) 000000
}
#pragma omp taskwait ©o
. . 00
// Update trailing matrix
for (int 1 = k + 1; i < nt; i++) @)
for (int j = k + 1; j < 1i; Jj++
@
fpragma omp task
@ dgemm (a[k] [1], alk][j], aljll=m 7 —
}
#pragma omp task
@svrk(alkl[i], ali]lli]l, ts, ts);
}
#pragma omp taskwait
}
}
OpenMP 3.1

OpenMP Tasking, Part 2: Performant
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void cholesky(int ts, int nt, double* a[nt] [nt]) {

for (int k = 0; k < nt; k++) {
// Diagonal Block factorization
#pragma omp task depend(inout: al[k][k])
Opotrf(alk] [k], ts, ts);

// Triangular systems
for (int 1 = k + 1; 1 < nt; 1i++) {
#pragma omp task depend(in: alk][k])
depend (inout: alk][i])
@ trsm(alk][k], alk]l[i], ts, ts);
}

// Update trailing matrix
for (int 1 = k + 1; 1 < nt; 1i++) {
for (int 7 = k + 1; j < i; J++) {
#pragma omp task depend(inout: al[j][i])
depend(in: alk][i], alk]l[3])
@ dgemm (a k] [1], alk][j]l, aljllil, ts, ts);
}
#fpragma omp task depend(inout: a[i][il])
depend (in: aflk][1i])
.syrk(a[k][i], alil[i]l, ts, ts);
}

OpenMP 4.0

OpenMP




Motivation: Cholesky factorization

void cholesky(int ts, int n
for (int k = 0; k < nt; k
// Diagonal Block facto
potrf(alk] [k], ts, ts);

// Triangular systems

for (int i = k + 1; i <
#pragma omp task

. trsm(alk] [k], alk][i]

}

#pragma omp taskwait

// Update trailing matr
for (int i = k + 1; i <
for (int 7 = k + 1; j
#pragma omp task
@ dgemm (a[k] [1i], alk]
}
#pragma omp task
@svrk(alk]l[i]l, ali]li]
}

#pragma omp taskwait

OpenMP Tasking, Part 2: Performant
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Cholesky - Scalability (2 NUMA Nodes x 24 Cores, N=8192, TS=256)

T T T
depend tasks —e—
tasks —a—

10

15

20

25
Threads

30

35 40 45 50

pble* a[nt] [nt]) {
fion @,
E:alk] [k]) ‘//ﬂ
® 900
L++) “j!(
£ alk] [k])
A [k][1])
ts);
E++) | 9
J++) |
rnout: aljllil])
[k1[1]1, alkl([3])
n[jl[1], ts, ts);
but: al[i][i])
<1 [1])
ts);
OpenMP 4.0

Using 2017 Intel compiler
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What’s in the spec: a bit of history

OpenMP 4.0 OpenMP 4.5

* The depend clause was added * The depend clause was added to the
to the task construct target constructs

« Support to doacross loops

OpenMP 5.0 OpenMP 5.1
« 1value expressions in the depend clause * New dependency type:
« New dependency type: mutexinoutset inoutset

lterators were added to the depend clause
The depend clause was added to the taskwait

Dependable objects

OpenMP Tasking, Part 2: Performant OpenMI
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What’s in the spec: syntax depend clause

depend ( [depend-modifier, ] dependency-type: list-items)

where:
- depend-modifier is used to define iterators

- dependency-type maybe: in, out, inout, inoutset, mutexinoutset and

depob]j
- A list-item may be:

« C/C++: A lvalue expror an array section depend(in: x, v[i], *p, w[10:10])

« Fortran: A variable or an array section depend (in: x, v(i), w(l0:20))

OpenMP Tasking, Part 2: Performant Op MP
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What'’s in the spec: sema depend clause (1)

B Atask cannot be executed until all its predecessor tasks are completed

B |f a task defines an in dependence over a list-item

—> the task will depend on all previously generated sibling tasks that reference that list-item in an out or
inout dependence

B |f a task defines an ocut/inout dependence over list-item

—> the task will depend on all previously generated sibling tasks that reference that list-item in an in, out or

inout dependence

OpenMP Tasking, Part 2: Performant Op MP
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What'’s in the spec: sema depend clause (1)

B Atask cannot be executed until all its predecessor tasks are completed

B If a task defir,_, .~

) #
> the taskwill ¢,

#fpragma omp task depend (inout:
.}

inout deper [

#fpragma omp task depend(in:

m |f atask defir =

fpragma omp task depend(in:

- the taskwillc ...

0;
omp parallel
omp single

}

}

X)

X)

inout dep6f fpragma omp task depend (inout:

{ ...

OpenMP Tasking, Part 2: Performant
24 .
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}

X)

X)

//T1

//T2

//T3

//T4

emin an out or

eminan in, out or
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What'’s in the spec: sema depend clause (2)

B Settypes: inoutset & mutexinoutset

IEHI

int x = 0, vy =0, res = 0;

ffpragma omp parallel

fpragma omp single

{
#fpragma omp task depend (out: res)
res = 0;

#fpragma omp task depend (out: x)
long computation (x);

#pragma omp task depend(out: y)
short computation(y);

#pragma omp task depend(in: x) depend (mnbtegkinoasget/TBes)

res += XxX;

fpragma omp task depend(in: y) depend (mntekinoesgel/Tées)

res += y;

ffpragma omp task depend(in: res)
std::cout << res << std::endl;

}

OpenMP Tasking, Part 2: Performant
Xavier Teruel

//TO

//T1

//T2

//T5

//T3

//T4

1. inoutset property: tasks with a mutexinoutset

dependence create a cloud of tasks (an inout set) that
synchronizes with previous & posterior tasks that
dependent on the same list item

2. mutex property: Tasks inside the inout set can be
executed in any order but with mutual exclusion

OpenMIP




What'’s in the spec: sema depend clause (3)

B Task dependences are M List items used in the depend
defined among sibling tasks clauses [...] must indicate identical
or disjoint storage

//testl.cc //test2.cc
x = 0; al[l00] = {0};
#fpragma omp parallel fpragma omp parallel
#pragma omp single fpragma omp single
{ {
#pragma omp task depend(inout: x) //T1 #pragma omp task depend(inout: a[50:99]) //T1
{ compute (/* from */ &a[50], /*elems*/ 50);
#pragma omp task depend (inout: x) //Tl.1
x++; #fpragma omp task depend(in: a) / /T2
print (/* from */ a, /* elem */ 100); DO
#pragma omp taskwait } . .
} \ 4

#fpragma omp task depend(in: x) //T2
std::cout << x << std::endl;
}

O

OpenMP Tasking, Part 2: Performant OpenMI
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What'’s in the spec: sema depend clause (4)

M [terators + deps: a way to define a dynamic number of dependences

std::1list<int> list = ...;
int n = list.size();

fpragma omp parallel
#fpragma omp single
{
for (int 1 = 0; 1 < n; ++1)
#fpragma omp task depend(out: list([i]) //Px
compute elem(list[i]);

#pragma omp task depend(ihera@®®y (j=0:n), in : list[j]) //C
print elems (list);

}

Equivalent to:
depend (in: 1list([0], list[1l], .., list[n-11])

OpenMP Tasking, Part 2: Performant Op MP
Xavier Teruel en -




What’s in the spec: deps on taskwait

B Adding dependences to the taskwait construct

—->Using a taskwait construct to explicitly wait for some predecessor tasks

- Syntactic sugar!

OpenMP Tasking, Part 2: Performant
Xavier Teruel

x=0, vyv=20;

#fpragma omp parallel
#pragma omp single

{

#pragma omp task depend(inout: x) //T1
X++;

#fpragma omp task depend(in: vy) / /T2
std: :cout << y << std::endl;

#pragma omp taskwait depend(in: x)

std::cout << x << std::endl;

OpenMIP




What’s in the spec: dependable objects (1)

B Offer a way to manually handle dependences

- Useful for complex task dependences
— It allows a more efficient allocation of task dependences
—-New omp depend t opaque type

-3 new constructs to manage dependable objects
2 #pragma omp depob] (obj) depend (dep-type: list)
2 #pragma omp depob] (obj) update (dep-type)

2 #pragma omp depobj (obj) destroy

OpenMP Tasking, Part 2: Performant OpenMI
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What’s in the spec: dependable objects (2)

B Offer a way to manually handle dependences

x = 0y
#pragma omp parallel
#fpragma omp single
{
#pragma omp task depend(inout: x) //T1
X++;

#pragma omp task depend(in: x) / /T2
std::cout << x << std::endl;

OpenMP Tasking, Part 2: Performant
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x = 0;

#pragma omp parallel
#pragma omp single

omp depend t obj;
#fpragma omp depobj (obj) depend(inout: x)

#pragma omp task depend (depobj: obj) //T1
X++;

#fpragma omp depob] (obj) update (in)

#pragma omp task depend (depobij: obj) / /T2
std::cout << x << std::endl;

#pragma omp depobj (obj) destroy

OpenMIP




Philosophy: data-flow model

B Task dependences are orthogonal to data-sharings

- Dependences as a way to define a task-execution constraints

- Data-sharings as how the data is captured to be used inside the task

// testl.cc // test2.cc
x = 0y x = 0y

ffpragma omp parallel #fpragma omp parallel
#fpragma omp single #fpragma omp single
{ {

#pragma omp task depend(inout: x) \ #pragma omp task depend(inout: x) //T1

firstprivate(x) //T1 X++;
X++;

#pragma omp task depend(in: x) \
#pragma omp task depend(in: x) //T2 firstprivate(x) //T2
std::cout << xXx << std::endl; std::cout << x

} }

OK, but it always prints ‘0" :( We h a data-race!!

OpenMP Tasking, Part 2: Performant ( ’p MP
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Philosophy: data-flow model (2)

B Properly combining dependences and data-sharings allow us to define
a task data-flow model

-~ Data that is read in the task - input dependence

- Data that is written in the task - output dependence

B A task data-flow model

—~>Enhances the composability

—~>Eases the parallelization of new regions of your code
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Philosophy: data-flow model (3)

//testl vl.cc
x =0, vy = 0;
#fpragma omp parallel
fpragma omp single
{
#fpragma omp task depend (inout:
{
X++;
y++;
}
#fpragma omp task depend(in: x)
std::cout << x << std::endl;

// '

#pragma omp taskwait
std::cout << y << std::endl;

OpenMP Tasking, Part 2: Performant
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X)

//T1

//T2

//testl v2.cc

#
#
{

//testl v3.cc

— =

//testl v4.cc
x =0, yv=0;
fpragma omp parallel
#pragma omp single
{
#pragma omp task depend(inout: x, y) //T1
{

X++;
y++;
}
#pragma omp task depend(in: x) / /T2
std: :cout << x << std::endl;
#pragma omp task depend(in: y) //T3

std::cout << y << std::endl;

If all tasks are properly annotated,
we only have to worry about the
dependendences & data-sharings of the new task!!!
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Summary

B Cutt-offs, may allow to control task granularity
—> Trade-off among overhead and amount of parallelism
B Dependences, may allow to avoid strong synchronization

—Increase the look-ahead and the amount of parallelism

B More on performant tasks

—> Affinity clause, reduce runtime by improving data locality (hint)

- Cancellation, avoid unneeded execution of tasks (when possible, e.g., pruning)
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Thanks!
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Slides and Exercises

B https://tinyurl.com/openmp-umt-tasking

2021 Tasking UMT

[] MNombre
OpenMP-UMT-Exercises.tar.gz
m OpenMP-UMT-Tasking-1.pdf

m OpenMP-UMT-Tasking-2.pdf
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