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Preface

This book addresses the automatic parallelisation of regular loop computations in-
volving dense data structures. In order to achieve parallel code which is architecture-
independent, scalable and of analytically predictable performance, scheduling in the
bulk-synchronous parallel model of computation is considered.

Our parallelisation approach combines two types of scheduling in a novel way.
A class of parallelisation techniques termed template-matching scheduling is used to
build the parallel version of certain loop computations starting from predefined, highly
optimised schedule skeletons. A more complicated technique called generic loop nest
scheduling tackles the parallelisation of nested loops whose structure matches none of
the recognised computation templates.

A collection of template-matching parallelisation methods is developed in the
book. This collection builds on recent advances in automatic parallelisation and
architecture-independent parallel programming, and includes two categories of sche-
duling techniques. The subset of techniques belonging to the first category is dedicated
to the parallelisation of uniform-dependence perfect loop nests. The second category
of techniques addresses the parallelisation of several loop constructs that appear fre-
quently in imperative programs and comprise non-uniform dependences.

We also introduce a new scheme for the parallelisation of generic, untightly nested
loops. This scheme comprises four steps: data dependence analysis, potential paral-
lelism identification, data and computation partitioning, and communication and syn-
chronisation generation. Due to the new algorithms employed in its last three steps,
the scheme is able to identify coarse-grained potential parallelism, and to map it effi-
ciently on the processor/memory units of a general purpose parallel computer.

The effectiveness of architecture-independent loop parallelisation is assessed
through a series of case studies addressing the parallelisation of several scientific com-
puting problems. For each problem, the best known parallel solution is compared with
the one obtained using the automatic scheduling techniques, as well as with the paral-
lel schedule generated by a research tool that implements a subset of these techniques.
This study reveals that the new parallelisation approach is feasible, and can be suc-
cessfully applied to many scientific computations involving dense data structures.

Except for a few minor corrections, this book represents the author’s University of
Oxford D.Phil. thesis.
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Glossary of Notations

Arithmetic

|x| the absolute value of x

[x] the ceiling of x (y € Zsuch thaty— 1 <x <y)

|x] the floorof x (y € Zsuchthaty <x<y+1)
ged(x1,x2,... ,%,) the greatest common divisor of xy, X, ... , Xp
min{x;,xz,... ,%,} the minimum of xy, x3, ..., X,

max{xj,x2,...,X,} the maximum of x;, x2, ..., X,

x mody the remainder of the integer division of x by y

Sets

{} the empty set

{x1,%2,- .. ,xn} the set containing elements x, x2, ..., X,

#X the number of elements in set X

A,B,C,... sets

N the set of natural numbers ({0, 1,2,...})

Z the set of integer numbers ({...,~2,-1,0,1,2,...})
xeX set membership

{xeT|P(x)} set comprehension (the set of all x in T such that P(x) holds)
PA the powerset of 4 ({X | X C 4})

x.y theset {k€ Z |x <k <y}, wherex,ye Z

XCY set inclusion (Vx € Xex € Y)

X\Y set difference ({x € X |x ¢ Y})

XUy setunion ({x |x€ XVx€Y})

xny set intersection ({x € X |[x € Y})

XxY the Cartesian product of sets X and ¥ ({(x,y) [ x € XAy € Y})
Logic

- negation (not x)

xVy disjunction (x or y)

xAy conjunction (x and y)



xiv Glossary of Notations

x=>y implication (if x, then y)
Vx € X o pred universal quantification (pred holds for all x € X)
dx € X e pred existential quantification (pred holds for at least one x € X)

Linear Algebra

ABC,... matrices

A = [a},a,,...,a,] matrix A has columns aj, a3, ..., a,

A=la;,] matrix A has elements a; ;

AT the transpose of matrix A

detA the determinant of matrix A

rank A the rank of matrix A

In the n X n identity matrix

v, X, ... vectors

X=[x1,X2,...,%;|7 the n-dimensional vector x has elements xi, x3, ... , X5

(x1,%2,-- - ,Xn) the point of coordinates xj, X, ... , X, in an n-dimensional space
diag(x1,x2,...,Xx,) the matrix I,[x1,x,...,xk]T

span{v!,v2,...,v"} the vector space spanned by the vectors v!, v, ..., v*

N* the vector space of x-dimensional vectors with natural elements
Asymptotic Notation

O(f(n)) {g(n)|3(c>0,n9>0) e¥n>nyeg(n) <cf(n)}

o(f(n)) {g(n)|Ve>003ny>0eVn>noeg(n)<cf(n)}

Q(f(n)) {g(n)|3(c>0,n9>0) @¥n>noecf(n)<g(n)}

o(f(n)) {g(n)|Vc>003ng>0eVYn>ngecf(n) <g(n)}

0(f(n)) {g(n)|3c1>0,c2>0,np>0)eVn>ngec;f(n)<g(n)<cf(n)}

Automatic Parallelisation and the BSP Model

ab,c,... arrays

d,d!,d%,d% ... distance vectors

footprint(a) the footprint of array a

g the BSP communication parameter

G dependence graph

i,81,02,03,... loop indices

i the index vector of a perfect loop nest (i = [i},i2,... ,ik|T) or
an iteration point of a perfect loop nest (i = (i1,i2,... ,ix))

I the iteration space of a perfect loop nest

K the number of loops in a perfect loop nest

Li,hh,... loops in a computer program

the BSP synchronisation parameter
loop nest

=
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p

S, 81,8, 8, ...
S185;

5138,

S516°S5;

S16*S,

v,vl v2 V3, ...

the number of processor/memory units of a BSP computer
statements in a computer program

flow data dependence between statements S; and S>
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output data dependence between statements S; and S,
generic data dependence between statements .S} and S
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