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Abstract

As the performance gap between processors and memory systems continues to in-
crease, memory and I/O subsystems are increasingly becoming the major bottleneck
for many I/O-intensive out-of-core applications. To address this problem, new mod-
els of parallel computation and new methods of program synthesis for out-of-core

computation are needed. This thesis presents our contributions in these two areas.

We first introduce the concept of resource metrics to characterize various models
of parallel computation. Based on this concept, we introduce a LogP-HMM model
for modeling parallel machines with multi-level memories and a communication net-
work. More specifically, LogP-HMM is a representative of a class of models that are
formed by combining a network model with a hierarchical memory model. We in-
troduce a variant of the LogP-HMM model, the LogP-UMH model, which combines
the LogP model with the UMH model. We present several near-optimal fast Fourier
transform (FFT) and sorting algorithms for both models.

We then introduce an algebraic method for synthesizing efficient parallel out-of-
core programs. This method uses tensor products to represent a class of algorithms
with recursive computational structures, known as block recursive algorithms. To
obtain the improved performance, we synthesize programs of the block recursive al-

gorithms for two variants of the LogP-HMM model, a single-processor multi-disk

iv



model, and a multi-processor multi-disk model. These two models share a common
property, namely that out-of-core data is distributed in a block-cyclic manner. We
introduce a methodology, based on tensor bases, to describe this data distribution on
multiple disks. We then derive efficient programs by the following steps. First, we
use a greedy or a dynamic programming algorithm to transform the tensor product
formulas of block recursive algorithms into an efficient form. Second, we synthesize
efficient programs by analyzing the structures of the m"Phemaﬁcal representations
for both the input computation and the data distribution.

We demonstrate the effectiveness of our approach by synthesizing parallel out-
of-core FFT programs for the CM-5 with the parallel file access. The experimental
results show that, the synthesized FFT programs with the parallel file access run up

to 10 times faster than the FFT programs with the serial file access.
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Chapter 1

Introduction

1.1 Motivation

Parallel computers, including distributed-memory machines, promise to provide ef-
ficient solutions for many important computationally demanding applications in ar-
eas such as seismic signal processing, computational fluid dynamics, and molecu-
lar dynamics [64]. Many of these applications, besides needing enormous comput-
ing power, also use enormous amounts of data. For example, applications in envi-
ronmental and earth science such as four-dimensional data assimilation require 100
Mbytes to 1 Gbyte of external data per run, whereas some applications in compu-
tational fluid dynamics require as much as I Tbyte of disk space [71]. This large
amount of data, henceforth called out-of-core data, may not fit into the main mem-
ory and thus needs to be stored on secondary storage. We call an application whose
memory requirement during the course of computation exceeds the aggregate mem-
ory space of processing nodes, an out-of-core problem. The programs for solving
out-of-core problems are normally I/O intensive since their execution may involve

multiple passes over out-of-core data.

However, over the last two decades, the performance of I/O subsystems has no-

|
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ticeablely lagged behind the advances of processors and communication networks.
For example, the performance of processors and communication networks has in-
creased about 30% to 50% each year. On the other hand, the performance of memory
and disk access has only improved about 3% to 5% each year. Moreover, the perfor-
mance gap between CPU and memory systems may become even larger in the near
future. Therefore, to effectively solve out-of-core problems, I/O efficient solutions
must be developed, a task requiring efforts from both software and hardware [71].

In the area of software there are various efforts in directions such as developing
parallel /O models, parallel file systems, parallel workload characterizations, and,
in particular, out-of-core data parallel languages and parallel compilers. It is well-
known that developing efficient in-core programs with the goal of optimizing com-
munications on parallel machines is in itself a difficult and error-prone procedure.
The task of developing efficient out-of-core programs with the goal of minimizing
the overhead including both in-core communications and I/Os is even more challeng-
ing. Techniques based on an efficient data distribution that minimizes the I/O over-
head, may not minimize the overhead of in-core communications simultaneously.
Therefore, there is a need to develop systematic methods, such as methods of pro-
gram synthesis, for assisting the development of efficient out-of-core programs.

To synthesize efficient out-of-core programs, it is necessary first to model I/O
subsystems as well as the entire memory hierarchy appropriately. Moreover, in the
larger vein, the accurate and flexible modeling of memory hierarchy plays a key role
in parallel algorithm design. A computational model hides the architectural details
from software designers, and guides the high-level design of parallel algorithms as
well as providing accurate estimations of performance. However, unlike sequential
machines, different parallel machines typically have very different architectures such

as different inter-connection networks and different configurations of /O subsys-



tems. Each architecture of the parallel machines has distinct properties on which the
performance of algorithms may depend. To design algorithms and portable software
to accommodate the specifics of various machines, one promising approach is to
build more detailed parameterized models of parallel computation [55, 59, 34]. How-
ever, current refined models inadequately address the costs of both network commu-
nication and memory hierarchy.

In this thesis, we present our efforts on two fronts: improved models of parallel
computation and automatically generating I/O efficient programs for an important
class of applications. We first develop a parallel model for distributed-memory ma-
chines, in which each processor has its own memory hierarchy. Then, we develop
methods for automatically generating efficient out-of-core programs of block recur-
sive algorithms for distributed-memory machines modeled by two variants of the
proposed parallel model. Lastly we demonstrate the effectiveness of our approach

by synthesizing efficient out-of-core FFT programs for the parallel machine CM-5.
In the next section, we present background relating to software support for out-

of-core computation.

1.2 Background

The awareness of the importance of [/O subsystems on the overall performance of
paralle! machines has spurred a large research interest in various aspects of out-of-
core applications [24, 16, 78, 29, 69]. In this section, we review these research efforts

in the areas of models, program synthesis, file systems, languages, compilers, etc.




























































































































































































































































































































































































































































































































































