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Abstract

Loop transformations are becoming critical to exploiting parallelism and data lo-
cality in parallelizing and optimizing compilers. This document describes the Lambda
loop transformation toolkit, an implementation of the non-singular matrix transforma-
tion theory, which can represent any linear one-to-one transformation.

Lambda has a simple interface, and is independent of any compiler intermediate
representation. It has been used in parallelizing compilers for multiprocessor machines
as well as optimizing compilers for uniprocessor machines.
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1 Introduction

Loop transformations are becoming critical to exploiting parallelims and data locality in
parallelizing and optimizing compilers. This document describes the Lambda loop transfor-

mation toolkit. The toolkit is an implementation of the non-singular matrix transformation
theory described in [6, 8].

The main benefit of this loop transformation theory is that it provides an approach
to tackling the so-called ‘phase-ordering problem’, i.e. for many problems it is difficult to
decide the sequence of the primitive transformations such as loop interchange, loop skew-
ing, loop reversal [13], and loop scaling [8] should be performed. The loop transformation
theory, generating the unimodular matrix approach [2, 12], provides a framework to rep-
resent compound transformations of these primitive transformations. In fact, this theory
can represent any linear one-to-one transformation, of which the primitive transformations
mentioned above are special instances. This linear transformation theory has been extended
to handle loop aligment [1]. Other research on compound transformations can be found in
recent publications [4, 9, 10, 11]. This toolkit has been used in parallelizing compilers for
multiprocessor machines [3, 7] as well as optimizing compilers for uniprocessor machines [5].

Lambda has a simple interface, and is independent of the intermediate representation
used in the compiler. There are four modules: the data dependence module, the transfor-
mation module, the code restructuring module, and the utility module.

Lambda is a research software, and distributed freely in the interest of advancement of
science. Due to its experimental nature, no warranty or liability are provided. A reasonable
level of support approriate to a research project may be expected.

The document is organized as follows. Section 2 gives a brief review of the non-singular
transformation theory. The data types and routines for handling data dependences are
described in Section 3. The routines for constructing loop transformations are presented in
Section 4. Section 5 shows the functions to restructure loops with a non-singular transfor-
mation. The utility functions such as print routines in Section 6 are helpful in the debugging
process. Some examples of using these routines are given in Section 7. We summarize in
Section 8.

2 A Linear Loop Transformation Theory

In this section, we briefly review the linear transformation framework developed in [8].
This transformation theory is based on the use of integer lattices as the model of loop nests
and the use of non-singular matrices as the model of loop transformations.

Consider the iteration space in Figure 1(a), which is derived from the loop nest in
Figure 1(c) where i is the outer loop and j is the inner loop. The outer loop is not parallel

because of the data dependence ( ; ) For coarse-grain parallelism, it is preferable to have

a parallel outer loop, i.e. an outer loop that does not carry data dependences. This can be
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Figure 1: Loop transformation for coarse-grain parallelism

accomplished by the loop transformation below:
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The iteration space in Figure 1(b) is the transformed iteration space; in this iteration
space, loop u is a parallel loop as shown in Figure 1(d). It is possible to obtain this transfor-
mation by a sequence of simple loop transformations like skewing and interchange, but it is
non-trivial to determine the order in which these transformations must be applied to achieve

the desired effect. The matrix-based approach permits the generation of the transformation
matrix from the dependences, and thereby produces the composite transformation directly.

Given a loop nest and a non-singular matrix that represents a legal transformation of the
loop nest, it is non-trivial to generate the code for the transformed program. Fortunately,
we have shown that the Hermite normal form of the transformation matrix can be used
to solve this problem. The details of code generation may be found in a related paper [8].
This paper also gives a completion procedure which, given some initial rows of a desired
transformation matrix, produces a complete transformation matrix that represents a legal
restructuring of the original loop nest.

This framework can be used in a number of applications such as restructuring for ma-
chines exploiting coarse-grain or fine-grain parallelism, for exploiting spatial and temporal



data locality and for enhancing data reuse.

3 Data Dependences

3.1 Data Types

A data dependence can be specified with either distance or direction. A distance is repre-
sented by an integer constant, and a direction is represented by the following symbols.

typedef enum {
LA_dK,
LA_dLT,
LA_dLEQ,
LA_dEQ,
LA_dGEQ,
LA_dGT,
LA_dDQOT,
LA_dLG,
LA_dSTAR,
LA_dSIZE
} LA_DIR_T;

LA_dK represents distance, where its value is stored in another variable. The data type
for a dependence is a structure with two fields.

typedef struct _la_dep {
LA_DIR_T dir;
int dist;

} LA_DEP_T;

#define LA_DEP_DIR(dep) ((dep) .dir)
#define LA_DEP_DIST(dep)  ((dep).dist)

A data dependence vector is a vector (array) of dependences pointed by the field vector.
The field nezt is used to form a dependence matrix with a linked list.

typedef struct _vector {
LA_DEP_T * vector;
struct _vector *next;
} *LA_DEP_V_T;

#define LA_DEP_V_VECTOR(v) ((v)->vector)
#define LA_DEP_V_NEXT(v) ((v)->next)



And a dependence matrix is a linked list of dependence vectors. The matrix has a header
that contains the dimension (dim) and the size (size) of the dependence matrix, i.e. the
number of dependence vectors in the matrix, in addition to the linked list of dependence
vectors.

typedef struct _la_dep_m {
LA_DEP_V_T vectors;
int dim;
int size;

} *LA_DEP_M_T;

#define LA_DEP_M_VECTORS(D) ((D)->vectors)

#define LA_DEP_M_DIM(D) ((D)->dim)
#define LA_DEP_M_SIZE(D) ((D)->size)

3.2 Routines

There are routines provided to operate on the dependences, some of which are listed here. A
legal dependence vector should be lexicographically positive. A data dependence analyzer
may return a dependence vector with illegal components, i.e. not lexicographically positive.
la_dep_legal deletes the illegal components. For example, the dependence vector (x, 1)
becomes (<, 1) and (=, 1). The illegal component (>, 1) is deleted.

e Creates a dependence vector.
LA_DEP_V_T la_dep_vec_new( int dim );

dim is the length of the dependence vector, i.e. the number of loops. This routine
allocates an array of size dim, and returns the pointer to the vector (array).

e Frees a dependence vector.
void la_dep_vec_free( LADEP_V_.T d );
e Creates a dependence matrix.
LA_DEP_M_T la_dep_matrix_new(int dim, int size);

This routine allocates the header for the dependence matrix. The dimension (dim)
and size (size, usually zero for initialization) must be provided. The pointer to the
vectors is nulled.



e Deletes the illegal components from a dependence matrix.
LA_DEP_M_T la_dep_legal(LA_DEP_M_T D);

e Eliminates redundant data dependences.
LA_DEP_M_T 1a_dep_no_redundant(LA_DEP_H_T D);

This routine is quite useful. The dependence vectors in a loop nest tend to be similar;
in fact many of them will be the same. The size of the dependence matrix tends to
decrease significantly after the redundant vectors are eliminated.

4 Constructing Transformations

4.1 Data Types

A matrix type is a two dimensional matriz, which is an array of arrays. The row_size is the
number of rows, and the col_size is the number of columns in the matrix. The type can
represent any rational matrix A/d, where A is an integer matrix, and d is the denominator.
The field denom contains the integer denominator.

typedef struct _la_matrix {
int ** matrix;
int rovw_size;
int col_size;
int denom;
} *LA_MATRIX_T;

#define LA_MATRIX(T) ((T)->matrix)
#define LA_MATRIX_ROWSIZE(T) ((T)->row_size)
#define LA_MATRIX_COLSIZE(T) ((T)->col_size)
#define LA_MATRIX_DENOM(T) ((T)->denom)

e To create a matrix structure with rowsize and colsize, we can use the following routine.
It allocates memory space for the two dimensional matrix, and sets the right values
to fields row_size and col_size.

LA_MATRIX_T la_matrix_new(int rowsize, int colsize);

e Create a matrix struct. No space is allocated for the matrix pointed by the field
matriz.





































































