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Preface

This monograph evolved from my Ph.D dissertation completed at the
Laboratory of Computer Science, MIT, during the Summer of 1986. In
my dissertation I proposed a pipelined code mapping scheme for array
operations on static dataflow architectures. The main addition to this
work is found in Chapter 12, reflecting new research results developed
during the last three years since I joined McGill University—results based
upon the principles in my dissertation. The terminology dataflow soft-
ware pipelining has been consistently used since publication of our 1988
paper on the argument-fetching dataflow architecture model at McGill
University [43].

In the first part of this book we describe the static data flow graph
model as an operational model for concurrent computation. We look
at timing considerations for program graph execution on an ideal static
dataflow computer, examine the notion of pipelining, and characterize its
performance. We discuss balancing techniques used to transform certain
graphs into fully pipelined data flow graphs. In particular, we show how
optimal balancing of an acyclic data flow graph can be formulated as a
linear programming problem for which an optimal solution exists. As a
major result, we show the optimal balancing problem of acyclic data flow
graphs is reduceable to a class of linear programming problem, the net-
work flow problem, for which well-known efficient algorithms exist. This
result disproves the conjecture that such problems are computationally
hard.

The second part of the book concentrates on the development of
a pipelined code mapping scheme for static dataflow computers. The
key to our scheme is the pipelined mapping of array operations. Af-
ter source and object languages are defined, our basic pipelined code
mapping scheme is formulated, and the optimization of array operations
is presented, each in an algorithmic fashion. The major result here is
that a class of program blocks (expressible in forall or for-construct
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expressions) can be effectively mapped into pipelined data flow graphs,
including blocks having conditional and nested structures like those fre-
quently encountered in numerical computation. Our mapping technique
uses both global and local optimization, unified by our pipeline prin-
ciple. Our treatment of array operations is unique in the sense that
information about overall program structure guides code generation, al-
lowing the massive parallelism within array operations to be exploited
by the architecture in a fine-grain manner. Although the second part
of the book concentrates on the formulation of a pipelined code map-
ping scheme, other related optimization techniques are described which
improve the performance of data flow graphs.

The next part of the book addresses issues which are extensions to
our work. One important extension is the construction of a compiler
based upon pipelined code mapping. A discussion of the structure of
application programs (the program block graphs shown in Figure 1.4)
and their relationship to pipelined mapping schemes can be found in the
first half of Chapter 11. There we outline the structure of a possible
compiler which incorporates the principles developed from our research.
Much interesting work remains to be done in this area, and our discussion
suggests topics for further research. Another aspect, discussed in the
last part of Chapter 11, is the impact of pipelined code mapping on the
machine design.

The final part of the book is devoted to the analysis of the compiling
schemes described in this monograph. We investigate the effects of soft-
ware pipelining using realistic models having finite, as opposed to infinite,
resources. Our target architecture is the McGill Dataflow Architecture
(MDFA) which employs a conventional pipelined architecture to achieve
pipelined instruction execution and a data-driven instruction scheduling
mechanism to exploit fine-grain parallelism . Unlike many other dataflow
architectures, the instruction execution phase of the MDFA is compa-
rable to conventional von Neumann architectures, and the mechanism
for fine-grain synchronization and scheduling is separate from the pro-
cessing element, facilitating the study of compiler/architecture impacts
on the fine-grain parallelism and avoiding the peculiarities of processing
elements of particular architectures.

Although this book is based on the static dataflow model, I have
long been convinced that our work could be extended to other dataflow
models. In this regard, I am pleased that dataflow software pipelining,
combined with VLIW scheduling techniques, has also been recently used
in static loop scheduling for dynamic dataflow machines [23].
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Foreword

Parallel computation is now a major theme of computer science re-
search, multiprocessor computers are becoming practical tools for sci-
entific computation, and the use of computer systems executing myriads
of concurrent transactions over local and long distance data networks is
widespread in commerce. The importance of parallel computing stands
in contrast with the dismal state of software technology for parallel com-
putation: There is no generally accepted practical programming lan-
guage or methodology for expressing programs for parallel computation;
and there is no portability of programs between different models of par-
allel computers. Most present applications of parallel computation use
operating system facilities for the coordination of concurrent activities,
because practical programming languages offer no way of expressing pro-
grams to allow for parallel execution, but merely bring crude operating
system mechanisms into the language.

In contrast to current practice in sequential programming, there is a
chasm between the expectations for parallel computation on one hand,
and the achievable performance and attractiveness of the programming
environment on the other.

Then why is parallel processing so popular? The explanation lies in
the amazing reduction in the size and cost of computing hardware over
the past two decades, the absence of a matching increase in the speed
of hardware components, and in the increasing appetite of commerce
for networks of computers for transaction processing and information
management in distributed organizations.

At MIT our work on computer system architecture starting in the
1960s has taken the view that computer architecture should strive to
simplify the construction of software. The goal in our development of
dataflow concepts was to provide a program execution model compati-
ble with the sound principles of structured programming and language
design that were then gaining recognition. The resulting formalism has
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a strong kinship to the ideas of functional programming Both dataflow
and functional programing view a computational module as represent-
ing a mathematical function where the absence of side effects improves
understandability and makes it easy to tell which parts may be executed
concurrently.

The benefits of these developments will soon be realized in the area
of large-scale scientific computation, where there is less to be lost in
departing from convention and more to be gained in performance and
programmer productivity. The work Dr. Gao reports in this volume is
playing a major role in this forthcoming revolution in scientific compu-
tation. It recognizes the prominent role played by arrays in high per-
formance numerical computation, and develops tools for implementing
computations on arrays with high performance within the framework of
dataflow computer architecture and functional programming languages.
It is an important contribution to bridging the chasm of programmability
and performance for parallel computers.

At the time Gao joined the MIT dataflow research team in 1980, we
had just taken up the challenge of applying dataflow ideas to real world
problems of scientific computation in a collaboration with the Lawrence
Livermore National Laboratory. The design of the Val programming
language had been completed to provide a functional language tool for
writing numerical codes for analysis to determine the performance to
be expected from a dataflow computer. An implementation at MIT
by Ackerman and Brock had just become available. Upon his arrival
at MIT, Gao became immediately involved in analyzing an important
NASA benchmark program as expressed in the Val language. This is re-
markable because Gao had left mainland China only a short time earlier
and was just beginning to be comfortable with English.

The aspect of parallel computation that became Gao’s thesis research
is the structure of dataflow machine code that would lead to efficient im-
plementation of the loops contained in important scientific codes. These
loops often construct array values, and are of two basic kinds: parallel
and sequential. In a parallel loop that constructs an array, each element
is defined independently of all others in the array, and all elements may
be computed in parallel. In a sequential loop there are dependences—each
array element is defined in terms of elements defined in previous cycles
of the loop. These correspond to mathematical recurrences.

The first form had been incorporated into the design of Val as the
”forall” expression. Gao’s work shows how to set up ”software pipelines”
that support efficient execution of these computations on dataflow com-



puters. He also shows how recurrences may be efficiently implemented
and introduces a new kind of array constructor expression that provides
a natural way of writing such array definitions in the functional pro-
gramming style.

The work in this book will help bring the benefits of functional pro-
gramming into the practice of scientific computing for the first time, an
event that could mark the beginning of revolutionary changes in the way
programs are built and the machines that run them are organized.

Jack B. Dennis

M.IT.
Cambridge, Massachusetts
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