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Abstract

Parallel programming is facilitated by constructs which, unlike
the widely used SPMD paradigm, provide programmers with a
global view of the code and data structures. These constructs could
be compiler directives containing information about data and task
distribution, language extensions specifically designed for paral-
lel computation, or classes that encapsulate parallelism. In this
paper, we describe a class developed at Illinois and its MATLAB
implementation. This class can be used to conveniently express
both parallelism and locality. A C++ implementation is now un-
derway. Its characteristics will be reported in a future paper. We
have implemented most of the NAS benchmarks using our HTA
MATLAB extensions and found during that HTAs enable the fast
prototyping of parallel algorithms and produce programs that are
easy to understand and maintain.

1 Introduction

This paper describes a class of objects, hierarchically tiled ar-
rays (HTAs) [4], which can be used to represent both tiled par-
allel computations and sequential computations tiled for locality
enhancement. Hierarchically tiled arrays are a natural extension
of the array type of Fortran 90 and MATLAB™ and, as a result,
can be used to write very readable parallel code in these languages.

The HTA class is the result of our efforts to develop a parallel
implementation of MATLAB™ . Although there have been many
MATLAB™ extension proposals [6, 13, 20], none, seemed to us,
enabled a natural representation of parallel algorithms. We de-
cided to use an extension of a MATLAB™ object called cell array,
to represent both sequential and parallel tiled computations. This
led to the design of hierarchically tiled arrays. However, although
HTAs were inspired by a MATLAB construct and its first imple-
mentation was in MATLAB, HTAs can be implemented in any OO
language. In fact, a C++ implementation is now underway.

In simple terms, hierarchically tiled arrays (HTAs) are arrays
whose elements are tiles. Tiles contain either conventional arrays
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or lower level hierarchically tiled arrays. The main motivation be-
hind the design of HTAs is that, for many algorithms and program
implementations, tiles have proven convenient to attain locality in
sequential computations [21] and represent data distribution and
communication in parallel algorithms [2, 8, 10, 18]. To repre-
sent parallel computations, the highest level tiles of a HTA are
distributed across the processors of a parallel machine. Communi-
cation can then be represented as assignments between distributed
HTAs and parallel computation as operations on the distributed
tiles.

HTAs are intended for explicit parallel programming and, as
a result, HTA programs are more complex than implicitly parallel
codes implemented in languages such as HPF. This is the price that
must be paid for an environment that does not require sophisticated
compiler algorithms and give the programmer direct control over
parallelism and communications. On the other hand, codes based
on HTAs are higher level than MPI codes and, as will be seen in
the examples presented in this paper, the representation of parallel
operations as array assignments and expressions imposes an struc-
ture on parallel programs similar to that imposed on conventional
codes where goto loops are replaced with structured constructs
like for and while loops. Thus, HTAs force structured parallel
programs which are better in terms of productivity than the more
unstructured, or assembly-like, forms that can arise when using
message passing libraries like MPI.

HTAs can be implemented by extending the language, which
would require modifying the compiler, or by implementing a new
class in an object-oriented language. For the work reported in this
paper we followed the later approach and used the OO capabilities
of MATLAB™ to implement HTAs. Thanks to operator overload-
ing, the syntax of HTA operations in MATLAB™ is as compact
and readable as the syntax of conventional array operations.

Similar to other programming systems, like pC++ [5], that en-
capsulate parallelism in method invocations, HTA operations are
invoked from a single control thread, which in our current im-
plementation is a conventional MATLAB™ program. Conceptu-
ally, we could think of the control thread as executing on a (se-
rial) workstation that takes care of all non-HTA operation includ-
ing user interaction. The HTAs can be assumed to be stored in
a parallel co-processor that execute operations on these objects.
If we view programs this way, we avoid the potential problems
of SPMD programming, where explicit communications could be
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Figure 2: Construction of an HTA by partitioning an array-(a). Map-
ping of tiles to processors-(b)

an unpartitioned array. This element can also be accessed by se-
lecting the bottom-level tile that contains it and its relative position
within this tile: ¢{2,1}{1,2} (1, 2). A third expression repre-
senting C (5, 4) selects the top-level tile {2, 1} that contains the
element and then flattens or disregards its internal tiled structure:
c{2,1}(1,4).

2.1.3 Binary Operations and Assignments

We generalize the notion of conformability of Fortran 90 for
use on HTA operations. When two HTAs are used in an expres-
sion, they must be conformable. That is, they must have the same
topology (number of levels and shape of each level), and the corre-
sponding tiles in the topology must have sizes that allow to operate
them. In fact, the operation actually takes place tile by tile, and the
output HTA has the same topology as the operands.

An HTA can also be conformable to an array and it is always
conformable to a scalar. In the first case, the array is operated with
each one of the lowest-level tiles of the HTA, provided that the
tiles and the array are conformable in the Fortran 90 sense. That
is, they have the same shape. When the other operand is a scalar,
it is operated with each scalar component of the HTA. Again, the
output HTA has the same topology as the input HTA.

The rules for assignments to HTAs are similar to those regu-
lating binary operations. When a scalar is assigned to a range of
positions within an HTA, the scalar is replicated in all of them.
When an array is assigned to a range of tiles of an HTA, the array
is replicated to create tiles. Finally, an HTA can be assigned to
another HTA (or a range of tiles of it).

2.2 A Paradigm with a Global Unified View

The HTA programming model corresponds to that of a global
view language where the programmer specifies the overall behav-
ior of the algorithm rather than focusing on the behavior on a per
processor basis. Data are also global and are handled in a uni-
fied way. The HTA programming model provides a deterministic
semantics: each statement is completed before the next one be-
gins its execution; and the right hand side of assignments is eval-
vated before assignment takes place. As a result, programmers
need not specify synchronization or be concerned with deadlocks
or race conditions. Thus, HTA syntax and semantics are simpler
and cleaner than those of SPMD approaches. The downside is that

asynchronous overlap cannot be explicitly stated using the current
HTA operations, but much of this overlap can be achieved auto-
matically with the appropriate implementation (see last paragraph
of Section 3).

HTAs improve programmers’ productivity, since they can use
familiar programming languages and sequential modules, perhaps
with small changes. So, programmers can write parallel programs
the same way they write sequential programs and they can gradu-
ally migrate sequential applications to parallel forms.

HTA syntax makes communication explicit, since computa-
tions involving tiles located in different processors will result in
tiles movement. This provides a simple, but powerful performance
model. This is something missing from HPF [12, 15] and other
similar global view parallel programming approaches.

3 Implementation

HTASs can be added to any object-based or object-oriented lan-
guage. We chose the MATLAB™ environment as the host for our
first implementation because it is a linear algebra language with
a large base of users who write scientific code. Also, MATLAB
is an object oriented language designed to be extensible. Third
party developers can provide so-called foolboxes of functions for
specialized purposes.

We wrote a toolbox that contains the HTA class with its meth-
ods, such as hta (the constructor of the class), circshift, and
other methods that overload standard MATLAB™ operators and
functions. Methods that do not involve communication were writ-
ten in MATLAB™ to simplify code development. Small meth-
ods used very frequently were written in C for performance rea-
sons. The communication between the processors is implemented
using MPI [11]. Our framework requires that all the processors
participating in the system have a copy of MATLAB™ and the
HTA toolbox. Since MATLAB™.is interpreted, our library-based
implementation suffers from the overheads that a compiler could
easily remove [3, 19].

Our approach presents programmers a global view of the code.
However, to implement our toolbox, the resulting code follows the
SPMD execution model for efficiency. In our implementation, all
processors execute the same program. Scalar variables, arrays and
non-distributed HTAs are replicated in each processor. Distributed
HTAs are also created in every processor, even in those that do not
own tiles of the HTA. In this latter case, processors will only keep
information about the structure of the HTA. When a unary opera-
tion on a distributed HTA is executed, each processor acts on the
tiles of the HTA it owns. In the case of binary operations, the tiles
of'the right operand not co-located with the tiles of the left operand
are copied (using MPI primitives). Then, the processors that own
the tiles of the left operand perform the desired operation and store
the resulting tiles. In this way, the HTA resulting from a binary op-
eration has always the same mapping as that of the left operand.
Of course, when the HTAs to operate are mapped in the same way,
there is no communication. Similar communication occurs when
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