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Abstract

In this paper, we propose an extension to the

OpenMP programming model in order to express

precedence relations among tasks originated from

work{sharing constructs. Our proposal is based on

the de�nition of a name space that identi�es the

work parceled out by the work{sharing construct.

Then the programmer de�nes the precedence rela-

tions using this name space. The proposal is de-

scribed with a set of synthetic examples and a LU

kernel. Four di�erent parallel strategies for this LU

kernel are studied and compared. The paper shows

that the amount of parallelism that can be exploited

using the new directives and clauses is larger than

the parallelism that is exploited using the current

OpenMP speci�cation.

1 Introduction

Parallel architectures are becoming a�ordable

and common platforms for the development of

computing-demanding applications. Users of such

architectures require simple and powerful program-

ming models to develop and tune their parallel ap-

plications with reasonable e�ort. These program-

ming models are usually o�ered as library imple-

mentations or extensions to sequential languages

that express the available parallelism in the applica-

tion. Standard language extensions are de�ned by

means of directives and language constructs (e.g.

OpenMP [4], which is the emerging standard for

shared{memory parallel programming).

In general, the parallelism that the user can express

using these language extensions corresponds to sim-

ple task graphs, with loosely coupled tasks. Numer-

ical codes in science and engineering usually present

enough parallelism to consider their parallelization,

but usually the available parallelism is organized in

complex task graphs with tight relationships among

the tasks. This parallelism is not directly express-

able with the annotations in these language exten-

sions. For example, pipelined execution schemes

are very common in these applications, and repre-

sent an important example of the aforementioned

lost of parallelism caused by the limitations of the

parallel language extensions. The available paral-

lelism in such codes depends on the precedence re-

lations that may exist between the tasks involved

in the pipelined structure in successive iterations of

an iterative outer loop.

The programmer has to de�ne complex synchro-

nization data structures and statements in order to

exploit this parallelism. The proposal in this pa-

per tries to face this problem, proposing an exten-

sion to the OpenMP programming model in order

to express precedence relations among tasks origi-

nated from work{sharing constructs. The proposal

is based on the de�nition of a name space that iden-

ti�es the work parceled out by the work{sharing

construct. Then the programmer de�nes the prece-

dence relations using this name space.

Other research projects targeting the exploitation

of multiple levels of parallelism focus in integrating

task and data parallelism using di�erent program-

ming models (MPI+OpenMP, HPF, etc.) [2, 5].

The paper is organized as follows. Section 2 de-

scribes the extensions to the OpenMP programming

model proposed in this paper when dealing with a

single level of parallelism. This section uses a num-

ber of synthetic examples to present the syntax and

semantics of the proposed extensions. Section 3

adds the support for multiple levels of parallelism.

Section 4 applies the proposed extensions to a LU

kernel, and analyzes di�erent parallelization strate-

gies that are originated when using the extensions.

Finally, conclusions are presented in Section 5.

2 Extension to OpenMP

In this section, we present an extension to the

OpenMP programming model that allows the spec-

i�cation of precedence relations among the threads

that participate in the execution of a parallel con-

struct.

In the fork/join execution model de�ned by

OpenMP [4], a program begins execution as a sin-

gle process or thread. This thread executes sequen-

tially until a PARALLEL construct is found. At this

time, the thread creates a team of threads and it
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becomes its master thread. All threads execute

the statements enclosed lexically within the parallel

constructs. Work{sharing constructs (DO, SECTIONS

and SINGLE) are provided to divide the execution of

the enclosed code region among the members of a

team. All threads are independent and may syn-

chronize at the end of each work{sharing construct

or at speci�c points (speci�ed by the BARRIER di-

rective). Exclusive execution mode is also possible

through the de�nition of CRITICAL regions.

The SECTIONS directive is a non{iterative work{

sharing construct that speci�es that the enclosed

sections of code (each one delimited by a SECTION

directive) are to be divided among threads in the

team. Each section becomes a task which is exe-

cuted once by a thread in the team. The DO work{

sharing construct is used to divide the iterations

of a loop into a set of independent tasks, each one

executing a chunk of consecutive iterations.

Our proposal can be divided into two parts. The

�rst one consists in the de�nition of a name space

for the tasks generated by the OpenMP work{

sharing constructs. The second one consists in

the de�nition of precedence relations among those

named tasks.

2.1 The NAME clause

The NAME directive is used to provide a name to a

task that comes out of a work{sharing construct.

In a SECTIONS work{sharing construct, the NAME

directive is used to identify each SECTION:

C$OMP SECTIONS

...

C$OMP SECTION NAME(name_ident)

...

C$OMP END SECTIONS

The name ident identi�er is supplied by the pro-

grammer and follows the same rules that are used

to de�ne variable and constant identi�ers.

In a DO work{sharing construct, the NAME di-

rective only provides a name to the whole loop:

C$OMP DO NAME(name_ident)

...

C$OMP END DO

The number of tasks associated to a DO work{

sharing construct is not determined until the as-

sociated do statement is going to be executed. De-

pending on the number of available threads and the

chunk size applied in the loop scheduling, the loop

is broken into a di�erent number of parallel tasks.

We propose to identify each iteration of the paral-

lelized loop by the identi�er supplied in the NAME

clause plus the value of the loop induction variable

for that iteration. This means that the name space

for a parallel loop will be big enough to name each of

the iterations of the loop. The programmer simply

de�nes the precedences at the iteration level. These

precedences are then translated to task precedences,

depending on the iterations that each task is exe-

cuting.

2.2 The PRED and SUCC clauses

and directives

Once a name space has been created, the program-

mer is able to specify a precedence relation between

two tasks using their names. This is done by the use

of the PRED and SUCC clauses or directives:

[C$OMP] PRED(task_id[,task_id]*) [IF(exp)]

[C$OMP] SUCC(task_id[,task_id]*) [IF(exp)]

PRED is used to list all the tasks names that must

complete their execution before executing the one

a�ected by it. The SUCC directive is used to de�ne

all those tasks that, at this point, may continue

their execution. The IF clause is used like the al-

ready existent clause in the OpenMP programming

model. Expression exp is evaluated at run{time in

order to obtain a boolean value that determines if

the associated PRED or SUCC clause applies.

As clauses, PRED and SUCC apply at the begin-

ning or end of a task (because they appear as part

of the de�nition of the work{sharing itself). The

same keywords can also be used as directives, in

which case they specify where the precedence rela-

tion has to be ful�lled. Code before a PRED directive

can be executed without waiting for the predecessor

tasks. Code after a SUCC directive can be executed

in parallel with the successor tasks.

The PRED and SUCC constructs always apply in-

side the nearest work{sharing construct where they

appear. Any work{sharing construct a�ected by a

precedence clause or directive has to be named with

a NAME clause.

The task id identi�er is used to identify the par-

allel task a�ected by a precedence de�nition or re-

lease. Depending on the work{sharing construct

where the parallel task was coming out from, the

task id identi�er presents two di�erent syntax:

task_id = (name_ident) | (name_ident,expression)

When a task id is only composed by a

name ident identi�er, the parallel task corresponds

to a task coming out from a SECTIONSwork{sharing

construct. In that case, the name ident corre-

sponds to an identi�er supplied in a clause NAME

that is annotating a SECTION construct. When the

name ident is followed by an expression, the paral-

lel task corresponds to a chunk of work of a paral-

lelized loop. The evaluation of the supplied expres-
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Figure 1: Task graph for Example 1.

sion must result on an integer value that is identi-

fying a concrete iteration of the loop. The prece-

dence relation is de�ned to the chunk of work con-

taining the iteration pointed out by the expression

evaluation. In order to specify precedences over all

the chunks of the parallelized loop, the programmer

is allowed to substitute the expression by the ALL

clause. Any (name ident,ALL) construct is indi-

cating that one of the work{sharing constructs in-

volved in the precedence relation is a DO construct,

and that all of the loop chunks of work are de�n-

ing/releasing a precedence.

Some simpli�cations are possible to ease the pro-

cess of writing parallel code. First of all, when NAME

is used as a clause of a SECTION, the programmer

may avoid writing the SECTION keyword. Second,

the precedences between chunks of the same parallel

loop, might be de�ned without supplying any name

to the DO construct. The PRED and SUCC clauses

and directives simply express the precedences be-

tween the iterations of the parallel loop. Finally, in

some cases the speci�cation of both PRED and SUCC

is redundant; in these cases, the programmer may

omit one of them.

In the rest of this section we provide a set of

examples that will help to understand the use of

the proposed extensions.

Example 1:

Figure 1 shows a task graph composed of four tasks

and an estimation of their execution time. The

speci�cation of this task graph using OpenMP in-

curs some loss of parallelism, due to the barrier syn-

chronization required to enforce some precedences

(which is more restrictive than the synchronization

required to enforce it). Figure 2 shows the resulting

OpenMP code and the estimated execution time.

Figure 3 shows the speci�cation of the task graph

using the extensions proposed in this paper. Notice

that each precedence edge in the original task graph
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Figure 2: OpenMP annotations for Example 1.

has been translated into a PRED clause associated to

a named section (NAME directive). The use of both

PRED and SUCC is redundant in this case, so one of

the two could be omitted.
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!$OMP PARALLEL SECTIONS

!$OMP END PARALLEL SECTIONS

S1

S2

S3

S4

!$OMP NAME(S2) SUCC(S3,S4)

!$OMP NAME(S4) PRED(S2)

!$OMP NAME(S1) SUCC(S3)

!$OMP NAME(S3) PRED(S1,S2)

Figure 3: Extended OpenMP annotations for Ex-

ample 1.

Example 2:

Figure 4 shows another task graph in which the

precedence between tasks S2 and S4 is satis�ed in

the middle of the execution of task S2. Similarly,

this precedence is de�ned in the middle of the ex-

ecution of task S4. The use of the PRED and SUCC

clauses incurs in some loss of parallelism.

In this case, the programmer could rede�ne the

tasks by partitioning tasks S2 and S4 and specify-

ing the apropiate precedences. The use of the PRED

and SUCC directives allows a clean de�nition of the

precedences while keeping the granularity of the ini-

tial tasks. Figure 4 shows the parallel annotations

to exploit all the available parallelism.
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Figure 4: Task graph and extended OpenMP anno-

tations for Example 2.

Example 3:

Figure 5 shows a task graph in which pairs of tasks

synchronize at multiple points during their execu-

tion. In this case, the sections named S1 and S2

have more than one point where precedences are de-

�ned and released. The execution model for PRED

and SUCC directives assumes that they match at

runtime. In this example, the �rst point where a

precedence is de�ned in S2 matches the point where

the �rst precedence is released in S1.

S2.2S1.2

S2.1

TASK GRAPH

S1.3

S2.3

S1.1

S1 S2

!$OMP PARALLEL SECTIONS

S1.1

S1.3

S1.2

!$OMP PRED(S2)

!$OMP NAME(S1)

!$OMP SUCC(S2)

!$OMP SUCC(S2)

!$OMP PRED(S1) 

S2.1

S2.2

!$OMP PRED(S1) 
!$OMP SUCC(S1) 

!$OMP END PARALLEL SECTIONS

!$OMP NAME(S2) 

S2.3

Figure 5: Task graph and extended OpenMP anno-

tations for Example 3.

Example 4:

Consider the source code in �gure 6. The �rst loop

executes N iterations and the second loop executes

2*N iterations. The two loops are sequential. How-

ever, some parallelism exists between the two loops.

Assume that dependences imply that iteration i of

the �rst loop has to precede the execution of iter-

ations 2*i and 2*i+1 of the second loop, as shown

in the task graph in the same �gure. The execution

of these two loops can be easily pipelined with the

use of the extensions proposed in this paper.

1

2

0

i

Task Graph

...

enddo

...

do i= 1, 2*N
enddo

Source Code

do i = 1, N 1

3

....

....
....

2*i

2*i+1
....

0

Figure 6: Source code and task graph for Example

4.

Figure 7 shows the parallel code annotated with

the proposed extensions. In this case, PRED and

SUCC clauses are included in an iterative do con-

struct. As in the previous example, the e�ect of

these directives is matched at runtime, ensuring

that the precedence relations are correctly ful�lled.

This requires the use of an IF clause to enforce the

execution of the SUCC clause every two iterations of

the second loop.

...
...

!$OMP END PARALLEL SECTIONS

enddo

do i= 1, 2*N
!$OMP NAME(S2)

enddo

do i = 1, N

!$OMP NAME(S1)

!$OMP PARALLEL SECTIONS

!$OMP PRED(S1) IF(mod(i,2) .eq. 0)

!$OMP SUCC(S2)

Figure 7: Extended OpenMP code for Example 4.

Example 5:

Figure 8 shows a loop with cross{iteration depen-

dences. Although the loop is not completely par-

allel, it is possible to exploit some amout of paral-

lelism if precedences are guaranteed.

Each iteration of the loop is identi�ed with the

value of the loop induction variable. To express a

precedence, the clause PRED is provided with only

one argument, an expression whose evaluation re-

turns a value in the iteration space. This expres-

sion depends on the loop induction variable and

determines the iteration that the current iteration



depends on. The precedences between iterations

are translated to precedences between the chunks

of work once the number of processors is known at

runtime. This means that the programmer has not

to be aware of how the work is going to be sched-

uled; only the precedences in the iteration space

have to be supplied. Figure 9 shows the annotated

OpenMP program using the extensions proposed in

this paper. The PRED clause is used with one argu-

ment indicating, for each iteration i, which itera-

tion precedes its execution.

3 Nested Parallel Constructs

In this section, we extend the previous proposal in

order to handle situations in which nested paral-

lelism is de�ned by the user. When the de�nition

of precedences appear in the dynamic extend of a

nested parallel region caused by an outer PARALLEL

DO, multiple instances of the same name de�nition

(given by a NAME clause/directive) exist. In order

to di�erentiate them, the name ident is extended

with the induction variable of the parallel loop that

causes the replication:

name_ident[:ind_var]+

Therefore, the task id construct might take the fol-

lowing syntax:

task_id = (name_ident[:{expr|ALL}]*) |

(name_ident[:{expr|ALL}]*,{expr|ALL})

The expression that is extending the name ident

construct will be evaluated at run{time. Its evalua-

tion must result in an integer value contained in the

iteration space of the parallelized loop that caused

the multiple instances of the same name de�nition.

The precedences apply to the chunk of work that

will execute the iteration pointed out by the ex-

pression. As in the case of the precedence de�ni-

tion over chunks of work de�ned by a parallel loop,

enddo
a(i)=a(N-i-1)*2 +1

do i = 0,N-1

Iter N-1

Iter(i) Iter(N-i-1)

Iter 1Iter 0 Iter 2 Iter i

Iter N-i-1Iter N-3Iter N-2

Figure 8: Precedences between loop iterations in

Example 5.

!$OMP DO PRED(N-i) IF(i .gt. N/2)

!$OMP ENDDO

do i = 0,N-1
a(i)=a(N-i-1)*2 +1

enddo

Figure 9: Extended OpenMP annotations for Ex-

ample 5.

the ALL clause might be used to refer to all the

parallel tasks generated by the multiple instances

of the same named work{sharing construct. Exam-

ple 8 will present this situation. Notice that the

name ident might be extended with more than one

loop induction variable, depending on the loop nest-

ing level of the NAME clause where the name ident

appeared.

Example 6:

Consider the code in �gure 10 and its associated

task graph. The body of the loop consists of two

function calls (foo1 and foo2). As it is shown in

the task graph, both function invocations can be

executed in parallel. The precedence between the

execution of foo1 in iteration k and the execution

of the same function in iteration k+1 precludes the

parallel execution of the loop. Figure 11 shows the

possible annotations with the current OpenMP set

of directives. Notice that only the inner level of par-

allelism is exploited, while the do statement remains

not parallelized. The corresponding task graph to

this parallelization is also shown in the same �gure.

...

do k = 1,N

enddo

call foo1()
call foo2()

...

foo2

...

k=2

k=1

foo1
k=2

foo1
k=N

foo2
k=N

foo1 foo2
k=1

Figure 10: Source code and task graph for Example

6.

However, it is possible to pipeline the execution

of the iterations of the loop if we provide the mech-

anisms to enforce this precedence. Figure 12 shows

the annotated extended OpenMP code. Notice that

the �rst task is identi�ed with sect foo1:k, being

:k the replicator of the name sect foo1. This name

is used to specify the precedence relations through

the PRED and SUCC clauses.



...

foo1
k=2

...

foo2
k=2

...

foo1
k=1

foo1
k=N

foo2
k=1

foo2
k=Nenddo

!$OMP END PARALLEL SECTIONS

call foo2()
!$OMP SECTION

call foo1()
!$OMP SECTION
!$OMP PARALLEL SECTIONS

do k = 1,N

Figure 11: OpenMP annotations for Example 6.

!$OMP PARALLEL DO

!$OMP END PARALLEL SECTIONS

!$OMP SECTION

enddo

call foo2()

do k = 1,N
!$OMP PARALLEL SECTIONS
!$OMP NAME(sect_foo1:k) PRED((sect_foo1:k-1)
!$OMP& SUCC((sect_foo1:k+1))

call foo1()

Figure 12: Extended OpenMP annotations for Ex-

ample 6.

Example 7:

Figure 13 shows another example where the user

can exploit multiple levels of parallelism. In this

example, two execution paths exist. One of them

works with array A and the other one works with

array B; array elements computed in the �rst loop

are used in the second loop. This originates a prece-

dence relation between the chunks that appear in

the parallelization of these two loops.

call foo_x(B)

A(i)=A(i)+1

Loop B

Loop A

B(i)=B(i)+A(i)+1
foo_w(A)

foo_v(A)

foo_x(B)

foo_y(B)

call foo_v(A)
do i=1,N

enddo
call foo_w(A)
call foo_y(B)
do i=1,N

enddo

Figure 13: Source code and task graph for Example

7.

Figure 14 shows the annotated parallel code us-

ing the current OpenMP speci�cation and the ac-

tual task graph that it represents. Notice that this

parallel code exploits the parallelism between the

calls to routines foo v and foo y working on ma-

trices A and B. The same for the calls to routines

foo w and foo x. The two parallel loops in the code

have to be executed in sequence with the implicit

barriers introduced by the parallel constructs.

enddo
A(i)=A(i)+1

enddo
B(i)=B(i)+A(i)+1

do i=1,N

...

...

do i=1,N

foo_x(B)

!$OMP PARALLEL DO

!$OMP PARALLEL DO

!$OMP PARALLEL SECTIONS
!$OMP SECTION

!$OMP SECTION

!$OMP END PARALLEL SECTIONS

call foo_y(B)

call foo_v(A)

!$OMP PARALLEL SECTIONS
!$OMP SECTION

!$OMP SECTION

!$OMP END PARALLEL SECTIONS

call foo_x(B)

call foo_w(A)

BARRIER

BARRIER

BARRIER

BARRIER

foo_v(A) foo_y(B)

foo_w(A)

Figure 14: OpenMP parallelization for Example 7.

Figure 15 shows the parallel code using the ex-

tensions proposed in this paper. Two sections are

de�ned, one for each execution path. The loops

inside each section can also be parallelized with

a PARALLEL DO construct. In order to specify the

precedences between the loop chunks, the loops are

annotated with the NAME clause. PRED and SUCC

clauses are �nally used to express the precedences

between chunks. Notice that in this case it is not

necessary to replicate the name given to the paral-

lel loops because its de�nition is not included in an

outer parallel loop.

call foo_y(B)
do i=1,N

enddo
call foo_x(B)

B(i)=B(i)+A(i)+1

!$OMP PARALLEL DO NAME(b) PRED(a,i)

!$OMP SECTION

call foo_w(A)

!$OMP PARALLEL SECTIONS
!$OMP SECTION

call foo_v(A)
!$OMP PARALLEL DO NAME(a) SUCC(b,i)

do i=1,N
A(i)=A(i)+1

enddo

!$OMP PARALLEL SECTIONS

Figure 15: Extended OpenMP parallelization for

Example 7.

Example 8

Consider the source code and its correspondent task

graph in �gure 16. The outer loop is completely par-

allel and some parallelism is available between each

loop iteration and the call to routine foo1. The

di�erent calls to routines foo2 and foo3 performed

during the loop execution and the computations in

the foo1 routine can be overlapped. The calls to



... ...

... ...
...

... ......
... ... ...

call foo1(A) foo2(B,1) foo2(B,2) foo2(B,i)

foo4(A,B,1,1..N)
foo3(A,B,1,1..N)

foo4(A,B,2,1..N)
foo3(A,B,2,1..N)

foo4(A,B,i,1..N)
foo3(A,B,i,1..N)

call foo3(A,B,i,j)

call foo1(A) 
do i=1,N

call foo2(B,i)
do j=1,N

enddo
enddo

call foo4(A,B,i,j)

Figure 16: Source code and task graph for Example

8.

routine foo4 can not be executed before the com-

putations in the foo1 routine have terminated.

!$OMP PARALLEL 

!$OMP SECTIONS

!$OMP NAME(sect_foo1) SUCC(loop_foo3:ALL,ALL)

call foo1(A) 

!$OMP SECTION
!$OMP PARALLEL DO

do i=1,N

do j=1,N

call foo2(B,i)

!$OMP PARALLEL DO NAME(loop_foo3:i)

!$OMP END PARALLEL 

!$OMP END SECTIONS

enddo

enddo

call foo4(A,B,i,j)

!$OMP PRED(sect_foo1)
call foo3(A,B,i,j)

Figure 17: Extended OpenMP parallelization for

Example 8.

The current OpenMP de�nition would only allow

the exploitation of the loop parallelism. The paral-

lelism between the calls to routines foo1, foo2 and

foo3 could not be exploited. Figure 17 shows the

source code with the new directives and clauses to

express all the amount of parallelism in the origi-

nal task graph. Notice the use of the ALL clause

to name all the tasks coming out from the nest of

the PARALLEL DO directives. Notice the use of the

ALL clause as an argument of the SUCC clause in the

de�nition of the named section sect foo1. This is

necessary because the precedence that is releasing

is de�ned for all the chunks of each of the di�erent

instances of the inner loop.

4 Putting it all together:

blocked LU

In this section, we present a �nal example in which

the proposals presented in this paper are used. The

program computes a blocked LU decomposition [3]

on a two dimensional matrix structured in a num-

ber of blocks. Di�erent parallelization strategies are

analyzed.

The original source code of the application is

shown in Figure 18. Four di�erent procedures are

executed on each block of the matrix: lu0, fwd,

bdiv and bmod.

        do kk=1,NB

          do jj=kk+1,NB
           call fwd(A,kk,jj)

         enddo
         do ii=kk+1,NB

         call lu0(A,kk)

          call bdiv (A,ii,kk)

         enddo

         do jj=kk+1,NB
            call bmod(A,ii,jj,kk)

          enddo
        enddo

Figure 18: Source code for blocked LU computa-

tion.

Depending on the value of the loop induction

variable kk of the outer loop, a call to one of

the mentioned routines is made for each block

in the matrix. Figure 19 shows the computa-

tion for each iteration with an input matrix com-

posed of 16 blocks. In iteration kk, the block

(kk,kk) is processed by lu0. Procedure fwd

works on all the blocks (kk,kk+1...N), being

N the number of blocks in one row of the ma-

trix. Procedure bdiv works on all the blocks

(kk+1...N,kk). Finally, procedure bmod works on

the blocks (kk+1...N,kk+1...N).

kk=1 kk=2

kk=3 kk=4

lu0

fwd

bdiv

bmod

Figure 19: Execution of four iterations of the LU

program.

Figure 20 shows the task graph for one iteration

of the outer kk loop. The computation in routine

lu0 always precedes any other computation. After



lu0, all the bdiv and fwd computations can be exe-

cuted in parallel. This means that both loops imple-

menting these computations are completely paral-

lel. Finally, routine bmod has to wait for the comple-

tion of the fwd computation working on the block in

the same column where the bmod routine is invoked.

... ...

... ... ...

...

...

lu0

fwd

bdiv

bmod

Figure 20: Precedence relations in one iteration of

the LU computation.

The application can also exploit some parallelism

across successive iterations of the outer kk loop.

Once the bmod computation on a block (k+1,k+1)

in the k iteration is �nished, the lu0 computation

in iteration k+1 can start. Once the bmod compu-

tations over blocks (k+1...N,k+1) in iteration k

�nish, the bdiv computation over the same blocks

in iteration k+1 can also start. The same for the

bmod computations on blocks (k+1,k+1...N) in it-

eration k and the fwd computations on the same

blocks in iteration kk+1.

In this section we describe four parallelization

strategies for the code. The �rst two will focus on

the exploitation of the parallelism inside one itera-

tion of the outer loop. The additional parallelism

between iterations of the outer loop is exploited

in the last two versions. These four versions are

called sections, sections+do, do+sections, and

do+sections+do.

4.1 sections version

This version de�nes a parallel region inside the

body of the outer loop. Three named sections are

de�ned by the use of the NAME directive inside a

PARALLEL SECTIONS construct. Figure 21 shows

the extended OpenMP code for this version and

Figure 22 the associated task graph. The named

section lu0 is de�ned with two successors: the

named sections bdiv+bmod and fwd. These prece-

dences appear in the task graph annotated with the

(1) and (2) labels, respectively. Finally, the sec-

tion fwd is releasing a precedence de�ned with sec-

tion bdiv+bmod. This corresponds to precedence re-

lation between the computations performed in the

fwd stage and the computations performed in the

bmod stage. These precedences appear in the task

graph as the precedence edges labeled with (3).

!$OMP PARALLEL SECTIONS

         call lu0(A,kk)

          do jj=kk+1,NB
           call fwd(A,kk,jj)

         enddo

do ii=kk+1,NB
          call bdiv (A,ii,kk)
         do jj=kk+1,NB

            call bmod(A,ii,jj,kk)

        do kk=1,NB

          enddo

(3) 

        enddo
!$OMP END PARALLEL SECTIONS

         enddo

!$OMP NAME(lu0) SUCC(fwd,bdiv+bmod) (2) (1) 

!$OMP NAME(fwd) PRED(lu0) (2) 

!$OMP NAME(bdiv+bmod) PRED(lu0) (1) 

!$OMP SUCC(bdiv+bmod) (3) 

!$OMP PRED(fwd) IF(ii.eq.kk+1)

Figure 21: Extended OpenMP code for the

sections version of LU.

......

...
...

......
...

lu0

fwd

bdiv+bmod

(2) (1)

bdiv

bmod

bdiv

bmod

bmod

bmod

bmod

(3)

Figure 22: Task graph for the sections version of

LU.

4.2 sections+do version

Compared to the previous version, this version

also exploits the loop{level parallelism inside each

named section. Figure 23 shows the extended

OpenMP annotations for this version. The same

precedences in the sections version are expressed

between the named sections. The precedences that

were nested to the loops inside the sections, are now

expressed in terms of the chunks of iterations in

the parallelized loops. The parallel loops have been

named in order to express the appropriate prece-

dences. Notice that the ALL construct is used in

the de�nition of the precedences between the fwd

and the bmod computations performed in the same

k iteration. This is necessary due to the fact that

the name de�nition for the bmod loop identi�er

is nested to a parallelized loop, causing many in-

stances of the same parallelized loop. As each chunk

of the fwd loop loop is releasing a precedence to one

chunk of a concrete instance of the bmod loop loop,



!$OMP PARALLEL SECTIONS

         call lu0(A,kk)

!$OMP PARALLEL DO NAME (fwd_loop)
          do jj=kk+1,NB

           call fwd(A,kk,jj)

         enddo

!$OMP PARALLEL DO
         do ii=kk+1,NB

          call bdiv (A,ii,kk)
!$OMP PARALLEL DO NAME(bmod_loop:ii)

        do kk=1,NB

         do jj=kk+1,NB

(3)
            call bmod(A,ii,jj,kk)

          enddo
        enddo

!$OMP END PARALLEL SECTIONS
         enddo

!$OMP NAME(lu0) SUCC(fwd,bdiv+bmod) (1) (2)

!$OMP NAME(fwd) PRED(lu0) (2)

(3)!$OMP SUCC(bmod_loop:ALL,jj)

!$OMP NAME(bdiv+bmod) PRED(lu0) (1)

!$OMP PRED(fwd_loop,jj) 

Figure 23: Extended OpenMP code for the

sections+do version of LU.

... 
... 

... 
... 

... 

lu0

(1) (2)

fwd

fwd_loop

(3)

bdiv+bmod

bdiv

bmod_loop

Figure 24: Task graph for the sections+do version

of LU.

the use of the ALL clause allows the speci�cation of

such synchronizations. Figure 24 shows the corre-

sponding task graph for this parallelization. The

precedence edges corresponding to the precedences

between the named sections are labeled with num-

bers (1) and (2). The precedences between the

loop chunks are labeled with the number (3).

4.3 do+sections version

This version exploits the same amount of paral-

lelism than the sections version inside each it-

eration of the outer loop. In addition, the outer

loop is now parallelized using a PARALLEL DO con-

struct and inserting new precedence clauses to en-

sure that the precedences between the computa-

tions in successive iterations of the outer loop are

guaranteed, as shown in Figure 25. Notice that

the names de�ned in each named section have been

replicated using the induction variable of the outer

loop. Precedences between work{sharing constructs

(7)

!$OMP NAME(fwd,kk) PRED(lu0:kk) (2)

!$OMP PRED(bdiv+bmod:kk-1) IF(kk.gt.1) (5)

!$OMP SUCC(bdiv+bmod:kk) (3)

!$OMP NAME(bdiv+bmod:kk) PRED(lu0:kk) (1)

!$OMP PRED(bdiv+bmod:kk-1) IF(kk.gt.1)(4)

!$OMP PRED(fwd:kk) IF(ii.EQ.kk+1) (3)
!$OMP PRED(bdiv+bmod:kk-1) IF(kk.gt.1) (6)

!$OMP SUCC(fwd:kk+1) IF(ii.eq.kk+1 .and. kk.lt.NB) (5)

(2)

!$OMP SUCC(bdiv+bmod:kk+1) IF(jj.eq.kk+1 .and. kk.lt.NB) (4)
!$OMP SUCC(bdiv+bmod:kk+1) IF(ii.gt.kk+1 .and. jj.gt.kk+1 .and. kk.lt.NB) (6)
!$OMP SUCC(lu0:kk+1) IF(kk.lt.NB)(7)

!$OMP PRED(bdiv+bmod:kk-1)

!$OMP PARALLEL DO
        do kk=1,NB
!$OMP PARALLEL SECTIONS

         call lu0(A,kk)

          do jj=kk+1,NB

           call fwd(A,kk,jj)

         enddo

         do ii=kk+1,NB

          call bdiv (A,ii,kk)
         do jj=kk+1,NB

            call bmod(A,ii,jj,kk)

          enddo
        enddo

!$OMP END PARALLEL SECTIONS
         enddo

!$OMP NAME(lu0:kk) SUCC((fwd:kk),(bdiv+bmod:kk)) (1)

Figure 25: Extended OpenMP code for the

do+sections version of LU.

...
...

...

...

...
...

... ...

lu0

fwd
bdiv+bmod

(2) (1)

lu0

bdiv+bmodfwd
(3)

(7)

(5)

(5)

(4)

(6)

Figure 26: Task graph for the do+sections version

of LU.

in the same iteration are represented with solid lines

in the task graph shown in Figure 26. Precedences

between work{sharing constructs in di�erent itera-

tions are represented with dashed lines. The �rst

group of precedences are labeled with numbers (1),

(2), (3) and the second group of precedences are

labeled with numbers (4),(5), (6) and (7).

4.4 do+sections+do version

Finally, this version exploits all the available par-

allelism in the application: inside each iteration of

the outer loop and across successive iterations. The

parallelism inside each iteration is speci�ed with the

use of the PARALLEL SECTIONS and the PARALLEL

DO constructs. The precedences between lu0, fwd,

bdiv and bmod are expressed with the de�nition

of three named sections lu0, fwd and bdiv+bmod.



(2) (1)
!$OMP PRED((bmod_loop:kk-1:kk),kk) IF(kk.gt.1) (7)

(2)!$OMP NAME(fwd:kk) PRED(lu0:kk)

!$OMP PRED((bmod_loop:kk-1:kk),jj) IF(kk.gt.1) (5)

!$OMP SUCC((bmod_loop:kk:kk),jj) (3)

!$OMP NAME(bdiv+bmod:kk) PRED(lu0:kk) (1)

!$OMP PRED((bmod_loop:kk-1:kk),ii) IF(kk.gt.1) (4)

!$OMP PRED((fwd_loop:kk),jj) IF(jj.eq.kk+1)(3)
!$OMP PRED((bmod_loop:kk-1),jj) IF(kk.gt.1) (6)

!$OMP NAME(lu0:kk) SUCC((fwd:kk),(bdiv+bmod:kk))

(7)

!$OMP SUCC((fwd_loop:kk+1),jj) IF(ii.eq.kk+1 .and. kk.lt.NB)

!$OMP SUCC((bmod_loop:kk+1:ii),jj) IF(jj.gt.kk+1 .and. ii.gt.kk+1 .and. kk.lt.NB)

!$OMP SUCC(bdiv+bmod:kk+1) IF(jj.eq.kk+1 .and. kk.lt.NB) (6)

(5)
(4)

!$OMP PARALLEL DO
        do kk=1,NB
!$OMP PARALLEL SECTIONS

         call lu0(A,kk)

!$OMP PARALLEL DO NAME(fwd_loop:kk)
          do jj=kk+1,NB

           call fwd(A,kk,jj)

         enddo

!$OMP PARALLEL DO NAME(bdiv+bmod_loop:kk)
         do ii=kk+1,NB

          call bdiv (A,ii,kk)
!$OMP PARALLEL DO NAME(bmod_loop:kk:ii)

         do jj=kk+1,NB

            call bmod(A,ii,jj,kk)

          enddo
        enddo

!$OMP END PARALLEL SECTIONS
         enddo

!$OMP SUCC(lu0:kk+1) IF(jj.eq.kk+1 .and. ii.eq.kk+1 .and. kk.lt.NB)

Figure 27: Extended OpenMP code for the

do+sections+do version of LU.

...

... ... ...
...

...

......

...

...

... ... ...

...

...

......

(1)
lu0

(2)

fwd

fwd

(5)

(2)
lu0

(1)

(3)

(3)

bdiv+bmod

bdiv+bmod

bdiv_loop

(4)

bmod_loop

bmod_loop

bdiv_loop

(7)(6)

Figure 28: Task graph for the do+sections+do ver-

sion of LU.

Inside sections fwd and bdiv+bmod, the loop{level

parallelism is exploited. These loops have been also

named because their chunks of work are a�ected

by precedences. The parallelism between consecu-

tive iterations of the outer loop is speci�ed with the

PARALLEL DO construct in the outer do statement.

Figure 27 shows the extended OpenMP annotations

for this version.

Notice that the PRED and SUCC clauses refer to

named work{sharing constructs where their names

have been replicated using the loop induction vari-

able of the outer loop, as in the previous ver-

sion. Figure 28 shows the task graph associated

to this parallelization. Solid lines correspond to

precedences between work{sharing constructs in the

same iteration. They are labeled as (1), (2) and

(3). Dashed lines correspond to precedences be-

tween work{sharings in di�erent iterations, labeled

as (4), (5), (6) and (7).

5 Conclusions

In this paper, we have presented a set of new di-

rectives and clauses for the OpenMP programming

model towards the de�nition of precedence relations

between the work{sharing constructs in a parallel

region. Although our proposal is not closed, many

interesting examples have been described in which

complex task graphs and pipelined structures ap-

pear. The current speci�cation of OpenMP does

not provide direct support to this kind of paral-

lelization strategies. The programmer has to de�ne

its own synchronization structures and statements

in order to exploit this parallelism. The extensions

are applied to a blocked LU decomposition kernel.

The usefulness of the proposed extensions is shown

with this example. Four di�erent parallel strategies

are presented for the LU code, each one exploiting

di�erent portions of all the available parallelism.

The full proposal is currently being implemented

on top of the OpenMP NanosCompiler [1].
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