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Abstract. This paper presents part of our efforts to design a language
giving support to the most common used programming patterns on dis-
tributed networks: farms, pipelines, data parallel loops and reductions.
The language follows the OpenMP syntax wherever there is one for that
pattern. In most cases, the OpenMP syntax is extended with additional
annotations. As a consequence, the parallelisation process can follow a
progressive approach. From the sequential program and through the use
of OpenMP directives we can produce a new parallel shared memory
version. From the OpenMP program and through the addition of supple-
mentary distributed memory directives, we also can, without destroying
the OpenMP program, produce a new parallel distributed memory ver-
sion. If this approach fails, the efficiency of the program can be improved
using a mix of the proposed skeletons with explicit MPI send/receive
operations. The computational results corroborate the feasibility of the
approach.

1 Introduction

It is not easy to program distributed memory parallel computers concisely to
make them work efficiently. To alleviate this situation, some authors have pro-
posed an “Skeleton based” approach [5,9]. Skeletons are software components
that reflect the common patterns of most parallel programs. A “good skele-
ton” is a carefully defined, reusable, parameterised programming form with pre-
packaged implementations for different parallel architectures. The gist idea is
that useful patterns of parallel computation and interaction can be packaged up
as “second order” constructs (i.e. parameterised by other pieces of code), perhaps
presented with reference to explicit parallelism, perhaps not. Implementations
and analyses can be shared between instances. Such constructs are “skeletons”,
in that they have structure but lack detail. The goal of the skeleton approach is
to develop a viable and formally well-founded methodology of parallel program-
ming based on a restricted set of frames/structures, avoiding when possible the
send/receive mechanism of conventional parallel programming. Dijkstra struc-
tured programming, with the inclusion of the for, while, repeat, etc skeletons,
rejecting the use of unstructured gotos is an analogy in the scope of sequential
programming.



Skeletons allow both the expression of task parallelism (exploited among
independent unrelated tasks) and data parallelism (exploited within the com-
putation of a single task). Moreover there is a need for skeletons allowing the
composition of other skeletons. Although there are many flavours of parallel
skeletons, it is clear the importance of these:

FARM/WorkQueuing, modelling a set of identical workers computing in par-
allel a stream of independent tasks.

— PIPE, exploiting pipeline parallelism in the evaluation of a cascade of stages.
— MAP /forall, modelling independent data parallel computations in which the
same function is applied to all the elements of a data array.

REDUCE, SCAN implementing parallel reduction and prefix computations
of the elements of an array by means of an associative and commutative
operator.

The names are obviously arbitrary; the ones here follow [9]. As with their
sequential counterparts, a good parallel skeleton oriented model has not only to
consider these but to allow the efficient nested combination of any of them: one
process inside the execution of a PIPE may want to call a MAP that itself calls
a REDUCE etc.

This paper presents part of our efforts to design a language giving sup-
port to the aforementioned skeletons. Although not integrated in the whole
system, a stand-alone PIPE skeleton is already developed [7]. Work on the
FARM/WorkQueuing skeleton is in progress [1]. Other authors have also proved
the feasibility of implementing this skeleton on distributed machines [4]. This
paper concentrates on the nesting of MAP /forall and reduction skeletons.

Section 2 contains an introduction to the syntax and semantic issues. In-
stead of choosing a new syntax we have preferred to follow the OpenMP syntax
wherever there is one for that skeleton. On the shared memory programming
area, OpenMP has landed as a new standard. It comes with support for the
MAP /forall skeleton (expressed through the for pragma), for a relatively limited
number of reductions and collective operations (MPI support in this area is by far
richer) and, although not included in the standard, the KAT group has proposed
and implemented extensions for the FARM/WorkQueuing skeleton [11].

The skeletons extend the OpenMP directives with new annotations. From
the programmer perspective, it means that parallelisation follows the progres-
sive path proposed by OpenMP. From the sequential program and through the
use of OpenMP directives we can, without destroying the sequential program,
produce a new parallel shared memory version. From the OpenMP program
and through the addition of supplementary distributed memory directives, we
also can, without destroying the OpenMP program, produce a new parallel dis-
tributed memory version. Still, if the efficiency is unsatisfactory, the programmer
can mix the use of the proposed skeletons with explicit MPI send/receive oper-
ations.

Section 3 introduces the MAP /forall skeleton, using two well known exam-
ples. The syntax, semantic and some implementation issues related with the



pipeline skeleton are discussed in section 4. Section 5 deals with the nesting of
skeletons. The computational results for the data parallel examples are presented
in section 6. Computational results for the pipeline skeleton can be found in [7].

2 The Computing Model

To explain the proposal we will introduce the One Thread is One Set of Proces-
sors model, abbreviated OTOSP. This (ideal) model facilitates the interpretation
of how we intend to map the skeletons on a distributed memory machine.

Let us imagine a machine composed of an infinite number of processors,
each one with its own private memory and a network interface connecting them.
The processors are organised in sets. At any time, the memory state of all the
processors in the same set is identical. An OTOSP computation assumes that all
the processors in the same set have the same input data and the same program
in memory. The initial set is composed of all the processors in the machine.
The only difference among the processors is an internal register, containing an
integer, the NAME (number) of the processor. Consider the code in figure 1.
Initially, the infinite processors are in the same set, represented by the root of

#pragma omp parallel for
#pragma llc result (ri+i, si[i]);
for(i=1; i<=3; i++) {

#pragma llc result(rj+j, sjl[j1);

1
2
3
4 Ce
5 #pragma omp parallel for
6
7  for(j=0; j<=i; j++) {

8

rj[jl = J_function(i, j, &sjl[jl, ...);
° }
10 ri[i] = I_function(i, &silil], ...);
11}

Fig. 1. Two nested for statements

the tree in figure 2. All the processors are executing the same (sequential) thread
and have identical values stored in their local memory. The parallel for in line
1 divides the set in three subsets.

After the execution of the loop, and to keep the coherence of the memory,
each processor exchanges with its two neighbours the corresponding results. This
is the meaning of the result directive at line 2. To inform the compiler about
the data that has been modified inside each iteration of the for. Its argument
is a list of pairs (pointer expression, size) specifying which variables have been
changed during iteration 7 of the loop.

Thus, processor 0 in the first set/thread executes iteration i=1 and at the end
of it, it sends si[1] bytes starting at the address pointed by ri+1 to processors 1



and 2 (across lines at the first level of the tree depicted in figure 2). Furthermore,
it receives si[2] bytes from processor 1 and stores these bytes in its local memory
starting at address ri+2. Analogously, receives si[3] bytes from processor 2
starting at the address pointed by ri+3. The same exchange is repeated among
the other corresponding triplets (3,4, 5), (6,7,8),.... You can easily visualise the
operation if you realize that any new nested for creates/structures the current
subset according as a M-ary hypercube, where M is the number of iterations in
the parallel loop. Thus, this first for produces “the face” of a ternary hypercubic
dimension, where every corner has two neighbours.

0,1,2,3,4,5,6,7,8 9,10, 11,12, 13, 14, 15, 16, 17, 18, 29, 20, 21, 22, 23,...

|
|
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Fig. 2. The mapping associated with the two nested fors in figure 1

The second nested for at line 5 requests for different number of threads by
the different threads/sets. The first thread/set (i = 1) executes a loop of size
2, and so the set is divided following a binary hypercube. The loop for the
second set (i = 2) is of size 3, and the processors in this subset are accordingly
divided in a ternary dimension. The last set (i = 3) executes a for of size 4,
and consequently the set is partitioned in 4 subsets. In this 4-ary dimension,
each processor is connected with 3 neighbours in the other subsets. Therefore,
at the end of the nested compound statement, processor 17 will send rj+1 to
processors 14, 20 and 23 and will receive from them rj+0, rj+2 and rj+3. The
same will occur with any of the quartets involved (across lines at the deepest
level of the tree depicted in figure 2).

Observe how the behaviour of OpenMP for shared variables is “mimicked”
through the additional information provided by the result directive.



An OpenMP compiler producing code for a shared memory machine simply
ignores the result directive and delivers a semantically equivalent program.

Unfortunately, an infinite machine, as the one described above, is only an
idealisation. Real machines have a restricted number of processors. This fact
complicates the actual mapping and introduces new problems, load balancing
being the most important. For the sake of simplicity, these issues will not be
discussed here.

3 Data Parallel Skeletons

Probably the canonical first example of any Parallel APT is the “computing 7"
program. Let us follow the traditions. The code in figure 3 shows the calculus
of 7 using the proposed language, llc. When compiled by an OpenMP compiler,
the pragma omp parallel for in line 5 indicates that the iterations of the loop
at line 7 can be splitted among the threads in the team. A block schedule is used
as default policy. In OpenMP the clause private forces the allocation of local-
storage for the variable t, so each processor works with its own local variable.
The clause reduction ensures that each processor works with a private local-
storage variable pi and that a reduction operation occurs at the end of the loop,
so the local values are summed on a shared global-storage object.

1 double t, pi=0.0, w;

2 long i, n = 100000000;

3 double local, pi = 0.0, w = 1.0 / n;
4 ...

5 #pragma omp parallel for reduction(+:pi) private(t)
6 #pragma llc reduction_type(double)

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

8 t =(i+ 0.5) * w;

9 pi += 4.0/(1.0 + t*t);
10 }
11 pi *= w;
12

Fig. 3. Implementation of = generator using llc

When compiled by lle, and as it occurs in the shared memory case, the loop
iterations are splitted among the processors. In fact, the clause private is kept
only for compatibility with OpenMP, since it is not required: all the storages
are private. The OpenMP clause reduction indicates that all the local values
of variable pi has to be added at the end of the loop. This operation implies a
collective communication among all processors in the group and the updating
of the variable with the result of the reduction operation. Since type analysis
has not been included in the current prototype of the compiler, the type of the



reduction variables has to be specified. This is the purpose of the (unnecessary
and therefore to be eliminated in future versions) pragma 11lc reduction_type
in line 6.

1 void compute(int np, int nd, double *box, vnd_t *pos, vnd_t *vel,

2 double mass, vnd_t *f, double *pot_p, double *kin_p) {
3 double x, d, pot, kin;

4 int i, j, k;

5 vnd_t rij;
6
7
8
9

pot = kin = 0.0;

#pragma omp parallel for default(shared)
private(i, j, k, rij, d) reduction(+ : pot, kin)
10 #pragma llc reduction_type (double, double)
11 #pragma llc result(f[i], nd)
12 for (i = 0; i < mp; i++) { /* potential energy and forces */

13 for (j = 0; j < nd; j++)

14 £[i1[31 = 0.0;

15 for (j = 0; j < mp; j++) {

16 if (4= 3 {

17 d = dist(nd, box, pos[il, pos[jl, rij);
18 pot = pot + 0.5 * v(d);

19 for (k = 0; k < nd; k++) {

20 fli1[k] = £[i1[k] - rij[k] * dv(d) /d;
21 }

22 }

23 }

24 kin = kin + dotr8(nd, vellil, vel[jl); /* kinetic energy */
25}

26 kin = kin * 0.5 * mass;
27  *pot_p = pot;

28 *kin_p = kin;

29 }

Fig. 4. The Molecular Dynamics code in llc

Reduction and result clauses can be combined as shown in figure 4. This
routine computes the forces and energies, given positions, masses, and velocities
of np particles corresponding to the Verlet algorithm [13,14] The code is a llc-
version of the fortran Molecular Dynamics (MD) code that can be obtained at
the official OpenMP web site [8].



4 Pipeline Skeletons

Figure 5 illustrates the use of pipeline directives. It shows a llc implementation
of a Dynamic Programming algorithm solving the Single Resource Allocation
Problem (SRAP) [6]. This optimization problem consists on finding the optimal
allocation of M units of an indivisible resource among N demanding tasks. Func-
tion f,(r) gives the profit obtained by the assignation of r units of resource to
the n-th task. Using Dynamic Programming, the SRAP problem can be reduced
to compute Gy_1 (M) using the equations: G, (r) = max{Gp_1(r — i) + f,(7) :
i €{0...r}}. The code srap takes as input the parameters N, M and the profit
function f(n, r). It fills in tables G[n] [r] and L[n] [r] with, respectively, the
best profits and the optimal decisions.

1 int srap(int N, int M, cost f, table G, table L) {
2 int r, n, i, s, decision_i, temp, pos, chunksize, buffersize;
3

4 #tpragma llc pipeline schedule(chunksize, buffersize)
5 #pragma llc result (&G[n] [0], M) (&L[n][0], M)

6 for (n = 0; n < N; n++) {

7 if (n == 0)

8 for (r = 0; r <= M; r++) {

9 G[0][r] = £(0, r); /* assume f is non decreasing */
10 #pragma llc send (&G[0][r], 1)

11

12 else

13 for (r = 0; r <= M; r++) {

14 #pragma llc receive (&G[n-1][r], &s)

15 temp = G[n-1][r];

16 pos = 0;

17 for (i = 1; i <= r; i++) {

18 decision_i = G[n-1] [r-i] + f(n, i);

19 if (decision_i > temp) {

20 temp = decision_i;

21 pos = i;

22 }

23 }

24 G[n][r] = temp;

25 #pragma llc send (&G[n][r], 1)

26 L[n] [r] = pos;

27 }

28 }

29 return G[N-1][M];

30 }

Fig. 5. Implementation of SRAP algorithm using llc



The pipeline directive used in line 4 has the following syntax:

#pragma llc pipeline [schedule(chuncksize, buffersize)] [weight w]
for-loop

such directive indicates that the processors in the current subset (the word subset
is used here in the sense explained in section 2) will be organized in a pipeline
with the same number of stages N than iterations has the associated loop at line
6.

Each subset replicates the execution of the code associated with a loop itera-
tion n. The use of the result and reduction clauses at line 5, ensures memory
consistency at the end of the pipeline.

The initial stage, task n==0, is coded from lines 7 to 11. Assuming that the
profit function is non decreasing, the optimal decision for any possible value r
of resource is given by £(0,r). Directive send at line 10 inserts an element in
the data stream to the next stage. Communication occurs between consecutive
subsets. The directive has no effect for processors in the last stage.

The rest of the stages perform the computation from lines 13 to 27. At line 14,
directive receive takes the values from the previous stage stream, and stores
them in G[n-1][r]. Value stored on variable s is discarded and must be the
constant sizeof (G[n] [r]). After computing a new value G[n] [r], it is sent to
the next stage at line 25.

At the end of the computation, the n-th thread has computed the n-th column
of matrices G and L. Directive result at line 5 forces the memory synchronization
of all processors in the current group.

Implementation on a real parallel machine with a finite number of processors
presents new problems. In particular the number of processors in each subset can
be different and again, load balancing becomes an important issue. The clause
weight (w) specifies an expression w that controls the number of processors
assigned to each stage. The neighborhood relationship is redefined to include
the situation when a processor has several neighbors in the next stage.

A second case corresponds to the usual situation when the number of stages is
larger than the number of processors in the current set. Each subset is composed
of a single processor and several stages have to be mapped onto it. In this case,
the load balancing and the locality of data have to be considered. The clause
scheduled (chunksize, buffersize) cyclically maps chunksize consecutive
iterations in the same physical processors and buffers messages using buffers of
size buffersize. This information allows the llc compiler to produce ”tiled”
code. The impact of tiling in the resulting performance can be seen in [7].

Observe that removing the llc directives from code srap leads to a valid
sequential-C program.

5 Nesting the Skeletons

Arbitrary nesting of pipelines and for directives is allowed: a pipeline stage could
contain a forall construct, and reciprocally, a forall iteration could execute
a pipeline construct.



Figure 6 presents the llc version of the Fast Fourier Transform (FFT) algo-
rithm [3]. The algorithm receives as input a pointer a to the original signal, the
number N of points of the signal, a vector W containing the roots of unity and a
value that indicates the stride between elements to be considered in the divi-
sion stage of the algorithm. The function returns a pointer A to the transformed
signal.

1 void FFT(Complex %A, Complex *a, Complex *W, unsigned N,
2 unsigned stride, Complex *D) {

3 Complex *B, *C;

4  Complex Aux, *pW;

5 unsigned i, n;
6
7
8
9

if (W == 1) {
A[0].re = a[0].re;
A[0].im = a[0].im;

10 }
11 else {
12 n = (N>>1);
13 B =D;
14 C=D + n;
15
16 #pragma omp parallel for
17 #£pragma llc result(D—+i*n, n)
18 for(i = 0; i <= 1; i++)
19 FFT(D+i*n, at+i*stride, W, n, stride<<l, A+i*n);
20
21 for(i = 0, pW = W; i < n; i++, pW += stride) {
22 Aux.re = pW->re * C[il.re - pW->im * C[i].im;
23 Aux.im = pW->re * C[i].im + pW->im * C[i].re;
24 A[i].re = B[i].re + Aux.re;
25 A[i].im = B[i].im + Aux.im;
26 A[i+n] .re = B[i].re - Aux.re;
27 A[i+n] .im = B[i].im - Aux.im;
28 }
20}
30 }

Fig. 6. Implementation of FFT algorithm using llc

Parameter D is an auxiliary vector used in the combination stage. The execu-
tion of the code in figure 6 is based in the nesting of parallel for statements.
Although nested parallelism is included in the OpenMP API [8], most current
OpenMP compilers for shared memory machines serialise nested parallel loops.
There are a few exceptions to this behavior [11,12,2].



Since it is an essential condition of the “Skeleton project” [9], llc allows
the nesting of MAP /forall skeletons. The pragma omp parallel for at line 16
produces a partition of the current group of processors. A binary partition in two
groups of the same size is performed to process the odd and even terms of the
input signal separately. The pragma 11lc result at line 17 ensures a coherent
view of the memory areas that have been modified in each subgroup.

When load balancing is an issue, a fair division of the group in equal size
subgroups is inadequate. What is required in these cases is to expand the work
sharing construct with a clause specifying either the group size or the weight
associated with the corresponding work unit (see [10]).

6 Computational Results

To test the performance of the current llc prototype, the three previous examples
in figures 3, 4 and 6 were run on a Cray T3E. The results are compared with
carefully optimised MPI versions of these codes.

Figure 7 presents the speedup curves. The code in figure 3 and the corre-
sponding MPI version, respectively labelled pi_llc and pi_ MPI, were run with
the parameter value N = 10%. Both curves shown linear speedup.

LLC versus MPI
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Fig. 7. llc versus MPI on a CRAY T3E

The number of particles for the MD algorithm was 8192. There were 10
simulation steps. The input signal for the FFT had 2%° complex points. Although
llc and MPI curves show comparable behaviours, there is a larger separation. The
reason being that the current prototype does not optimize the communications.
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