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This article is the third in a series about
parallel programming models on the
RS/6000 SP. The focus is on the features
of the data parallel model, which is most
often employed using the High Perfor-
mance Fortran (HPF) Specification.

he first article! in this series briefly
I introduced the IBM RS/6000 SP™

architecture and its parallel program-
ming models. Previous articles?3 discussed
the message-passing model and its standard
interface (MPI). This article describes an
alternative to message passing: the data par-
allel model. The industry-standard specifica-
tions for this type of model are known as
High Performance Fortran (HPF) and the
more recent Data Parallel C (DPC). This arti-
cle discusses the HPF implementation of the
data parallel model.

The data parallel model is not new. It
was predominantly used in the late 1980s
during the era of parallel computers with
the single instruction-multiple data (SIMD)
architecture. SIMD characterizes how com-
putations were carried out on this type of
machine. In essence, each parallel processor

would execute the same instruction simulta-
neously, but on different data. For example,
a large two-dimensional matrix could be
broken down into a “checkerboard” of
smaller submatrices. Different processors
could then operate upon these submatrices
in parallel. This data parallel model could
easily and naturally accommodate many
engineering and scientific applications.

The scientific/engineering community
quickly realized the need for a standard
language/interface specification, especially
for Fortran. The result was the HPF 1.0
specification, which appeared in 1992.4
During that same period, rapid changes
occurred in technology, which resulted in
the demise of the SIMD architected com-
puters in favor of more cost-effective and
general-purpose computers with multiple
instructions-multiple data (MIMD) architec-
ture, such as the IBM RS/6000 SP.

MIMD enables multiple processors to
operate on different instructions and differ-
ent data at the same time. However, as
described in the first article of this series,!
the programming model is independent of
the underlying hardware architecture.
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The data parallel model with HPF is as
applicable on today’s MIMD machines as it
was on the older SIMD machines. In fact,
three HPF compilers are available today for
use on the IBM RS/6000 SP: xIHPF (IBM),
pgHPF (Portland Group Inc.), and xHPF
(Applied Parallel Research Inc.). The HPF
Specification is now in its second revision
(HPF 2.0, 1996).

High Performance Fortran

HPF is a set of compiler directives that facil-
itate data parallel programming. Although
an in-depth discussion of HPF is beyond the
scope of this article, its fundamental com-
ponents consist of the following:

[J Data partitioning directives, such as
TEMPLATE, ALIGN, PROCESSOR, and
DISTRIBUTE

[J Data parallel execution features, such
as the FORALL statement

[1 Extended intrinsic functions; for
example, number_of_processors()

[ Extrinsic procedures; Sequence and
Storage Association

HPF allows the programmer a high-level
expression of parallelism. In the message-
passing model, the array elements of distrib-
uted data derive new offsets relative to the
local name spaces of each process. HPF is
based upon a global name space, where the
variables and arrays are manipulated from a
global perspective (as in a serial application).

HPF programmers do not have to deal
with the lower level nuances, such as
buffering and synchronization, as in the
message-passing programming model. HPF
programmers need only be concerned with
the distribution of data among the proces-
sors. The HPF environment performs the
necessary low-level operations in order for
this to occur. Therefore, the programmer
can concentrate on the physical/numerical
solution aspect of the application at hand.

On the RS/6000 SP, the HPF environ-
ment, not the user, transparently manages
the physical message passing between the
processors. Therefore, message passing can
be viewed as the “assembly language” of
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parallel programming. The data parallel
model provides a high-level language inter-
face to parallel programming. However, this
typically does not come without a cost. The
ease-of-use associated with HPF usually
results in sacrificing some degree of perfor-
mance, not unlike the classical difference
between high-level language programming
and assembly language programming.

Fundamentals of HPF
Data parallel programming generally con-
sists of three basic steps:

1. Create logical templates for the data
and decide how the data should be
partitioned. This should exploit the
natural parallelism inherent in the
application, not the computer.

2. Define virtual topologies for the
processors (for example, a two-
dimensional mesh or a three-
dimensional cube). Typically, these
topologies mimic the physical geo-
metries and exploit the natural sym-
metries of the application itself.

3. Map the templates onto the virtual
processor topologies. The HPF envi-
ronment will then provide the neces-
sary translation of operations onto
the physical processors during compi-
lation and runtime.

Let us consider how these steps are
implemented in HPF using a simple exam-
ple of rank sorting a vector of numbers. In
Fortran 77, the serial program to perform
this function is shown in Figure 1.

subroutine permute (key, rank, temp, n)
integer n, key(n), rank(n), temp(n)
doi=1,n

temp(i) = key(rank(i))

enddo
do i =1, n

key(i) = temp(i)
enddo

Figure 1. Rank sorting of a vector of numbers



Three vectors of length n are passed into
this subroutine. The key vector is reordered
according to the values in the rank vector.
Because of the indirect addressing involved,
it is necessary to introduce a temporary vec-
tor to hold the values of the keys as they are
being reordered. This keeps key values that
have not yet been reordered from being
overwritten. Lastly, the key vector is
updated from the temporary vector.

Parallelization with HPF

We want to parallelize this subroutine using
HPF. The first step is to identify the logical
structures to be partitioned, then determine
exactly how they should be partitioned. In
this example, all structures are in the same
form: a vector of length n. So, our logical
structure of partitioning can be represented
as t(n). HPF has three methods of parti-
tioning data:

[J BLOCK
b CYCLIC
L BLOCK-CYCLIC

The BLOCK scheme partitions a vector into
contiguous sub-blocks, each of length n/p,
where p represents the number of processors
available for this computation. The CYCLIC
scheme assigns each consecutive element of
the vector to a different processor, “round-
robin” style (for example, as in dealing
cards). The BLOCK-CYCLIC scheme is a com-
bination of the previous two schemes. It
assigns sub-blocks that are much smaller
than the n/p size in the BLOCK case to
processors round-robin style. We chose the
BLOCK scheme for our example.

The second step is to define a virtual
processor topology. This step is optional on
the RS/6000 SP, and the default topology is
a set of processors that are completely con-
nected. However, for illustration purposes,
we chose a linear array of processors p to
mimic the vector nature of our application.

Lastly, we map our variables onto our
virtual processor grid using the distribute
directive. The final parallel subroutine is
shown in Figure 2.

The template directive defines the fun-
damental logical structure of a partitioned

subroutine permute (key, rank, temp, n)
integer n, key(n), rank(n), temp(n)
Ihpf$ template t(n)
Ihpf$ align with t :: key, rank, temp
Ihpf$ processors p(number_of_processors())
'hpf$ distribute t(BLOCK) onto p
doi=1,n

temp(i) = key(rank(i))

enddo
doi=1,n

key(i) = temp(i)
enddo

Figure 2. Final parallel program

object. Since it does not allocate any stor-
age, there is no need to declare its type in
the program. The align directive is
optional here, but we use it to illustrate
good programming practice. Typically, the
arrays and vectors of more complex pro-
grams will require alignment due to varia-
tions in their declared sizes.

The processor topology is defined with
the processor directive. In this example, it
uses the HPF Extended Intrinsic function,
number_of_processors(), which returns
the number of physical processors
employed at runtime. Using this function,
the programmer does not need to hard-code
the program for any specific number of
processors. Rather, this program will func-
tion on any number of processors without
the need to recompile each time a different
number of them are used.

This application has been parallelized
with the addition of four comment-based
directives; therefore, this code still runs
unchanged on a stand-alone workstation. It
is simple to change the distribution of the
data among the processors and/or the
processor topology. For example, cyclic data
distribution among the processors requires
only that the BLOCK parameter be changed
to CYCLIC. As another example, introducing
a three-dimensional grid of 27 processors
can be obtained with the specification of
q(3,3,3).

More than one processor topology can
be defined concurrently. More complex
applications may require one topology
during one part of the computation and
another topology during another part of
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the computation. The reader should com-
pare and contrast these abilities with the
message-passing model. In general, these
data parallel constructs are not as easily
handled with the message-passing model.

FORALL Construct
The FORALL statement is another powerful
teature of HPF. It provides a convenient syn-
tax for simultaneous assignments to array
elements. Figure 3 shows some examples.
Note that the parallelism is implied. The
arrays can be physically partitioned via the
distribute directive. All of the necessary
interprocessor communication is transpar-
ently performed by the HDF environment.

Summary

Data parallel programming is a viable and
powerful model when used appropriately. In
particular, it should be used whenever regu-
lar structures of data are manipulated in a
static and predetermined way. Otherwise,
load-balancing issues arise, which would be
better handled by one of the other two pro-
gramming models.

To really appreciate the power of HPF,
you should attempt to parallelize the sim-
ple rank-sort programming example in this
article using the message-passing model
(for example, MPI). This example will be
reviewed again in the next article of this
series, which will discuss the Virtual
Shared Memory model.
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! A = Transpose of B
FORALL (i=1:m, j=1:n) A(i,Jj) = B(Jj,i)

I Assignment to diagonal elements
FORALL (i=1:n) A(i,i) = B(i)

I A of the second assignment uses values
I of the first assignment
FORALL (i=2:n-1, j=2:n-1)
ACi,j) = A(i,j-1) + A(i-1,7)
B(i,j) = A(i,J)
END FORALL

Figure 3. FORALL statement examples
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