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Abstract

In this paper, we present a method to construct
a loop transformation that simultaneously reshapes
the access patterns of several occurrences of multi-
dimensional arrays along certain desired access di-
rections.  First, the method determines a direc-
tion through the original iteration space along which
these desired access directions are induced. Subse-
quently, a unimodular transformation is constructed
that changes the iteration space traversal accordingly.
Finally, data dependences are accounted for. In par-
ticular, this reshaping method can be used to improve
data locality in a program.

1 Introduction

It is well known that the performance of programs
heavily depends on the degree of locality exhibited
by the accesses in the program. If a program exhibits
good temporal and spatial locality, most memory ref-
erences will be to data present in the cache. Since
the speed of processors and main memory tend to
grow apart more and more, good locality is of ever
greater importance to performance. It is therefore
important to be able to restructure the program in
such a way that locality is improved. The traditional
way to improve locality is by blocking or tiling iter-

ation spaces. In this approach the iteration space is
cut up into pieces so that each piece only refers to a
subset of the array that fits into the cache. Several
approaches try to estimate the amount of locality in
inner-loops, for example by means of windows [10],
to drive heuristic strategies for applying blocking,
permutation and fusion of loops [10, 8, 7, 11]. Re-
cently, sophisticated multilevel blocking algorithms
have been devised that take into account registers
and multilevel caches [15]. Other approaches try to
construct unimodular loop transformations. In the
context of NUMA architectures, Li and Pingali [14]
construct a transformation for access normalization
in order to to localize array references; (affine) in-
dex functions are mapped onto target loop indices in
such a way that inner target loops only refer to array
elements local to the processor. Wolf and Lam [19]
present an advanced method incorporating estimates
of locality that includes unimodular transformations
and tiling. Recently, algorithms that compute both
computation and data decomposition have been pro-
posed proposed [1, 2]. These algorithms, however,
focus on communication minimization rather than
cache behavior optimization, like the present paper.
More recently, approaches that try to rearrange the
layout of arrays for improving data locality have been
proposed [16]. Note that this last approach is differ-
ent from the previously cited ones in that the loop
structures in the program remain unaffected.



In this paper, we present a novel approach to im-
proving spatial locality, namely, we want to reshape
access patterns of arrays. The objective is to reshape
access patterns so that they become either column-
wise or row-wise, depending on whether column-
major (e.g., Fortran), or row-major storage of arrays
is used. In this approach, the iteration space of a loop
nest is transformed in such a way that the innermost
loop will access arrays along columns or rows, respec-
tively. In case of column-major storage, this means
that the first index expression in an array reference
should contain the loop index of the innermost loop,
and the other index expressions should not. If we are
able to reshape access patterns in this way, then obvi-
ously the locality of a program will be improved. We
present a general method to construct a valid loop
transformation that simultaneously reshapes the ac-
cess pattern of several occurrences of (possibly dif-
ferent) multi-dimensional arrays along certain desired
access directions. The method can be successively ap-
plied to each individual loop nest, thereby improving
the efficiency of the program as a whole.

As far as the authors are aware, the present ap-
proach is new. In a number of cases, the proposed
construction yields a loop interchange, like the strate-
gies reported in [8]. The difference is that in our
case this interchange is computed, whereas in [8] is
selected by a heuristic. The construction in [14] con-
structs a transformation based on affine access func-
tions present in the loop, like our approach. How-
ever, in the latter work an entire index expression
is mapped onto one loop index in the target loop.
This means, in general, that all index expressions in
one array reference in the target loop may refer to
this loop index. This should be contrasted to our
approach in which only one index expression will re-
fer to the innermost loop index, namely, the leftmost
expression in case of column-major storage. This is
obviously preferable for locality purposes. An inter-
esting extension of the present work is to study how
the techniques of blocking and reshaping access pat-
terns can be combined. Reshaping access patterns
could be used as a preprocessing transformation for
the blocking algorithms cited above: the transformed
loop will have ‘compact’ reference windows in inner
loops.

Improving data locality is only one application of
access pattern reshaping. We are able to present the
construction of the transformation in a general set-
ting: the transformation reshapes each access pattern
along an arbitrary preferred access direction. This
means that we are able to reshape access patterns so
that they become column-wise, row-wise, along a di-
agonal, or along an arbitrary other line through the
array. There are several reasons for taking this ap-
proach.

First, enforcing column-wise or row-wise access are
just special instances of the same technique. There-
fore, this technique can be incorporated in compilers
for arbitrary languages.

Second, in [16] a notion of data transformation
is discussed that changes the layout of an array
and propagates this change throughout the program.
Such a data transformation is given by a non-singular
matrix D. In that paper, it has been observed that
loop transformations and data transformation are, in
a certain sense, the dual of each other: given a data
transformation D and a loop transformation U, an
access matrix W is transformed to DWU™!. Since
we are able to transform a loop so that the accesses
to an array will be diagonal-wise, for instance, after
this transformation the layout of the array can be
skewed by means of a data transformation so that
the accesses become column-wise in the transformed
array. In this way, the access to an array can be made
column-wise, even if a single loop or data transforma-
tion cannot be found that does the job. The precise
connection between data and loop transformations as
well as how they can be used together for improving
locality will be the topic of future research.

Finally, the reshaping method has been used in
a completely different context, namely, in the auto-
matic conversion of a dense program into semanti-
cally equivalent sparse code [5]. Because the entries
in a sparse storage scheme can usually only be gen-
erated efficiently along one particular direction, here
it is important to be able to change the access direc-
tion along arbitrary preferred directions before sparse
storage schemes are selected by the compiler. In [6],
a preliminary version of the reshaping method of this
paper (restricted to two-dimensional arrays) has been
used for this purpose.



The outline the paper is as follows. Preliminaries
are given first in section 2. The reshaping method is
presented in section 3. In section 4 we explore how
this reshaping method can be used to enhance data
locality in perfectly nested loop and we provide some
measurements. Finally, we state some conclusions in
section 5.

2 Preliminaries

In this section, we first give some definitions. There-
after, we discuss the effect of applying a unimodular
transformation to a perfectly nested loop on the order
in which the iterations of this loop are executed.

2.1 Definitions

We will use the following definitions [3, 20, 21]. The
relation ‘<3’ on Z? is defined as follows, where 7,7 €
Zland 1<k <d:
T=k] © i1 =1 tk-1 = Jr—1,0k < Jk
The lexicographical order ‘<’ on Z? is defined
in terms of this relation:

<7 © F1<k<d: V=<7

We have "< 7] if either 7 < 7" or = . The relations
‘-, ‘=" and ‘>’ are defined similarly.

In this paper, we will use the framework of uni-
modular transformations [3, 9, 13]. Given a per-
fectly nested loop with stride-1 DO-loops, index vec-
tor T = (I1,...,14), and iteration space IS C Z9,
any combination of loop interchanging, loop skewing
and loop reversal (see e.g. [17, 20, 21]) that trans-
forms this loop into another loop with index vector
I' = (14,...,1)) and iteration space IS’ C Z? can
be modeled by a linear transformation U : IS — IS’
that is defined by a d x d unimodular matrix U.! This
means that an iteration 7€ 1S is mapped to an iter-
ation 7 € 15" as follows:

T =U7

LAn integral matrix U that satisfies det(U) = =41 is called
a unimodular matrix.

We assume that all data dependences occurring in
the original loop are represented by a set of dis-
tance vectors D C 2% where deD implies that a
statement instance executed during iteration 7 € I.S
depends on an instance executed during iteration
7€ IS, where 7= 7+ d. Note that d = 0 holds
for all d € D.

Application of a loop transformation defined by U
is valid if and only if Ud = 0 holds for all d € D.
Converting the original loop with index vector I into
the target loop with index vector I’ is implemented
by (i) rewriting the loop-body of the original loop ac-
cording to T = U~'T’, and (ii) generating new loops
that induce a lexicographical traversal of the target
iteration space. If the original iteration space IS can
be represented by an integer system AT < 5, the sec-
ond step consists of generating loop bounds that in-
duce a lexicographical traversal of all discrete points
in AU-'T" < b. This generation is usually accom-
plished using Fourier-Motzkin elimination.

Fourier-Motzkin elimination [3, 20] can be used to
test the consistency of a reasonably small system of
linear inequalities AZ < 5, or to convert this system
into a form in which the lower and upper bounds of
each variable x; are expressed in terms of the vari-
ables x1,...,x;—1 only. Consistency indicates that
the system has at least one rational solution, and can
be used as a necessary (but not sufficient) condition
under which an integer solution exists. An extension
to Fourier-Motzkin elimination that can test for the
existence of integer solutions is given by the Omega-
test [18].

2.2 Iteration Space Traversal

Because iterations in both the original and target it-
eration space are traversed in lexicographical order,
a unimodular transformation effectively changes the
order in which iterations are executed. Since the in-
dex vectors of the original and target loop are related
as I' = UT, we can make the following observations:

(a) Let @ € Z? denote the first row of U. Then, for
fixed I} = i}, the more inner DO-loops of the
target loop execute iterations in IS’ that corre-
spond to all iterations of IS in the hyperplane
{TezYai-T=i}.



AN
)/ AN
/
/ N U
/
/ \\ _ -7 \\
AN AN
/ N N\ ’
/ —- 2 2
/ _—— — ——
/ /”/./-” | Ve
/ —= '
L |
Iy Original Iteration Space r Target Iteration Space

Figure 1: Application of a Unimodular Transformation

(b) Let @' € Z? denote the last column of the inverse
matrix U~!. Then, for fixed I} =if,..., I, | =
i!,_, the innermost DO-loop of the target loop
successively executes iterations in 1.5’ that corre-
spond to iterations of 1.S along a single straight
line with direction .

Inner loop concurrentization methods [4, 12, 20] ex-
ploit the first observation by enforcing a successive
traversal of hyperplanes in the original iteration space
in successive iterations of the outermost DO-loop of
the target loop such that all iterations in each indi-
vidual hyperplane are completely independent. The
second observation, on the other hand, forms the ba-
sis of the reshaping method presented in this paper.

EXAMPLE: Consider the following matrices:

1 1 1 0 1 0
U= 1 0 0 U-t = 0 0 1
01 0 1 <1 <l

These unimodular matrices define the following loop
transformation:
D0 I} = 0, 100

D0 I, = 0, MIN(50,I})
DO Ij = MAX(0,I}-I5-50),

D0 I; =0, 50
DO I, = 0, 50 - I;
DO I3 = 0, 50

+ MIN(50-I,,1)-1/
B(I1,I2,I3) g ’ ’ 5507 2/ 1 2)
ENDDO B(I;,T5,T1-T5-T5)
ENDDO ENgggDD
ENDDO

ENDDO
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Figure 2: Traversal of the Original Iteration Space

The transformation of the original iteration space
IS into the target iteration space 1.5’ is illustrated in
figure 1. In figure 2, we illustrate how the original
iteration space IS is effectively traversed after the
transformation.

Observation (a) reveals that because the first row of
Uis (1,1,1), for fixed I} = i} the target loop executes
all iterations corresponding to iterations of 1.5 in the
plane I + Iy + I3 = ’Lll



For fixed I} = i} and I} = i}, the target loop ex-
ecutes all iterations that correspond to iterations in
the intersection of planes I1+I5+I3 =4} and I; = 4.
Observation (b) reveals that this intersection forms a
straight line with direction (0,1, 1), i.e., the last col-
umn of U . For example, the iterations (0,0, 1) and
(0,1,0) in IS are mapped to the successively executed
iterations (1,0,0) and (1,0,1) in I15".

3 Reshaping Access Patterns

First, we state the objective of reshaping. Thereafter,
we present the reshaping method in detail.

3.1 Objective of Reshaping

Suppose that the subscripts of an occurrence of a n-
dimensional array in a perfectly nested loop with in-
dex vector T = (I1,...,I4)" are represented by the
following affine transformation F : Z¢ — Z™:

F(H)=6+WT

The last column of W is called the access direc-
tion 7 € Z™ of this occurrence: the array is tra-
versed along lines with direction # = W (0,...,0,1)T.
Any loop transformation defined by a d x d unimod-
ular matrix U changes this access direction by re-
placing the original subscripts F(I) = @ + WT with
F'(I')=¢+WU™'T".

We say that a loop transformation reshapes the ac-
cess patterns of this occurrence along a preferred ac-
cess direction § € Z"™, if this latter vector and the
resulting true access direction 7' € Z" are linearly
dependent. This implies that the following equation
holds for some A.

7 =wU=0,...,0,1)T =X-7
——
d—1

We can use the following proposition, which says
that the collection of all vectors that are linearly de-
pendent on § are given by the kernel of S(5).

Proposition 3.1 Let 7,5 € Z™, where § # 0. Let k
be the least index such that s, 0. Then, IAF=X-§
iff S(3)7 =0, where S(3) is the following (n<1) x n
matriz:

—8k—1

- _ sk
S(8) = —Sk41 Sk
—8n Sk
PROOF ‘=’ Suppose ¥ = A-§,orry = A-51,...,7 =

A - Sp. Then necessarily A = /s, since by assump-
tion s, # 0. Substituting 7 /s, for A and rewriting
yields the second equation.

‘<" Conversely, suppose S(§)7 = 0. This can be
rewritten to s - 1r; <s;-r, = 0forall 1 < i < n.
Hence, for all i, r; = (r/sk) - s;- Hence, by setting
A = ri/sk, we infer that there exists a A such that for
all i, ri:)\-si. []

Note that we allow reshaping that results in ‘scalar-
wise’ access patterns (which will improve temporal lo-
cality), since the equation is trivially satisfied for the
vector 7 = (.

3.2 Method of Reshaping

In this section, we present a general method to con-
struct a valid unimodular transformation that simul-
taneously reshapes the access patterns of m occur-
rences of, possibly different, multi-dimensional arrays
in a single perfectly nested loop with index vector
T = (I1,...,14)7 along certain preferred access di-
rections. We assume that the ¢th occurrence is a n;-
dimensional array with subscripts Fl(f) =¥+ W;I
(W; is a n; x d matrix) and that the preferred access
direction for this occurrence is given by §; € Z™.

We also assume the data dependence structure of
this loop is represented by a set D C Z¢ of depen-
dence distance vectors.

3.2.1 Preferred Iteration Directions

According to proposition 3.1, a loop transformation
defined by a d x d unimodular matrix U reshapes
the access patterns of the ith occurrence in the loop
along the preferred access direction §; € Z™i, if the
last column @ € Z¢ of the inverse matrix U ' satisfies
the following objective:

S(5) -W;a=0



After application of such a transformation, the
original iteration space is effectively traversed along
straight lines with the direction @ € Z? (cf. observa-
tion (b) in section 2). Therefore, this vector is referred
to as the preferred iteration direction.

All access patterns are reshaped simultaneously if
& € Z% satisfies S@ = 0 for the following objective
matrix:

Wi

S(3m) W,

Since the elements in each row or column of a uni-
modular matrix must be relatively prime, any integer
solution of S&@ = 0 with ged(ayq,...,aq) = 1 may be
used as preferred iteration direction, which gives rise
to the following set A C Z%:

A={d@ec 2z Sa=0and ged(ay,...,aq) =1}

Using the integer echelon reduction algorithm of [3,
p32-39] to compute the unimodular matrix R such
that RST is in echelon form (yielding r = rank(S) as
side-effect), all integer solutions of the homogeneous
integer system S@ = 0 are given by the following
formula for arbitrary A\; € Z [3, p59-66]:

7/\d)R ]T

S]]

= 10,0, Arp1s - (1)
——

r

This observation provides a simple condition for the
existence of a (possibly invalid) unimodular transfor-
mation that performs the preferred reshaping;:

Proposition 3.2 There exists a d X d unimodular
matriz U for which the last column & € Z% of U™!
satisfies Sa = 0 for some n x d matriz S if and only
if rank(S) < d.

If r = d, then the reshaping method fails. If, on
the other hand, r < d holds, then the last d <r rows
of R form a basis of the linear subspace consisting of
all solutions of the homogeneous system.

We now have to choose a vector @ € A for con-
structing a unimodular matrix U~! having a as its
last column.

It is not immediately obvious which @ to choose:
there may be infinitely many solutions with compo-
nents that are relatively prime, and we want to find
one such that eventually we can construct a corre-
sponding valid transformation. We have found that
for practical cases, it is sufficient to restrict our at-
tention to the set of basis vectors:

A'={a=10,...,0,1,0,...,00R|" | r < k < d}
N——

k—1 d—k

If none of these can be used to construct a valid
transformation (see the next section), the reshaping
method fails.

However, there remain cases in which this heuristic
fails because access patterns can only be reshaped
using an « € A A,

3.2.2 Construction of Valid Transformation

For any & € A’, we can use a completion method [3][5,
p15-19] to construct a d x d unimodular matrix U for
which the last column of U ! consists of this preferred
iteration direction.

Given these unimodular matrices, we can exploit
the fact that for any (d < 1) x (d 1) unimodular
matrix ¥ and integer z € {1, 41}, the following V'
is still a unimodular matrix for which the last column
of the inverse is +da:

vl o= Ut y=hoo
0
0 ... 0 z

Consequently, if for a given & € A’ and correspond-
ing U we can construct a unimodular matrix ¥ and
integer z € {&1,+1} that define a matrix V' with
vd = 0 for all d e D, then a valid transformation
performing the preferred reshaping has been found.



Otherwise, another & € A’ is tried until either this
construction is successful, or the set A’ has been ex-
hausted. In the latter case, the reshaping method
fails.

For D = (), the construction is trivial, since we can
use the loop transformation defined by V- = U (viz.
Y =1 and z = 1). Otherwise, we define the following
set D CD:

D={deD|Ud=(0,...,0,)", N e 2}
——

d—1

The set of dependence distance vectors D can be
partitioned into D and D <D. We will see that de-
pendence distance vectors in the former set determine
the selection of the integer z € {&1, +1}, whereas de-
pendence distance vectors in the latter set must be
dealt with during the construction of the matrix Y.

Lemma 3.1 Given adXx d_ynimodular matriz U and
a iet D C Z¢ where each d € D satisfies d = 0 and
Ud=(0,...,0,\)T for some \ € Z, then either:

1. for all d € D we have Ud = 0, or
2. for all d € D we have Ujj 0.

PROOF Assume that there are d_;, dy € D such that

e Ud, = (0,...,0,A\1)T for \; > 0, and

o Udy=(0,...,0,X)7 for Xy < 0.

Obviously, d; = U~'(0,...,0,X;)T implies that
both di = A, -@ and dy = s - hold for a fixed 7 # 0,
namely, for ¥ equal to the last column of U~'. This
is in contradiction with the assumption that both Jl
and Jz are lexicographically positive. Consequently,
either:

1. foralld € D, Ud = (0,...,0,\)7T
ie., Ucft 6, or

for some A > 0,

2. foralld € D, Ud = (0,
ie., Ucfj 0.

.,0, )T for some X < 0,

[

This lemma provides a convenient method to select
a suitable integer z € {<1, +1}.

Proposition 3.3 Given a d x d unimodular matriz

U and a set D C Z4 where each deD satisfies Jt 0

and Ud = (0,...,0,\)T for some A\ € Z, then for

any (d<1) x (d<1) matriz Y there exists an integer

z € {<:>1 +1} such that (2) defines a matriz V' with
d>0f0ralldED

PRrROOF Since the first d <1 components of Vd are
zero for any d € D and any matrix Y, the proposition
follows dlrectly from Lemma 3.1: We select z = <1 if
Ud < 0 for any de D, and z = 1 otherwise.

Using Proposition 3.3, we have found a method for
finding the required z € {<1,+1}. In order to con-
struct the unimodular matrix Y, only the dependence
distance vectors in D<D need to be used. Let U con-
sist of the first d <1 rows of the unimodular matrix
U:

h
I
-

Because for any unimodular Y and d € D D the
inequality YUJ;A 0 holds, we have to find a unimod-
ular matrix Y that satisfies the following constraint
for all d € D &D:

YUd >0 (3)

Such a matrix Y does not always exist. For in-
stance, for U = (1,<1) and a set of remaining de-
pendence distance vectors D <D = {(1,0)7,(0,1)T},
neither Y = (+1) nor Y = (1) satisfies the objec-
tive.

We use the following property [3]:

Proposjtion 3.4 Given a set Dy C Z41 with d=0
for all d € Dy, then there exists a (d <:>1) (d <:>1)
unimodular matriz F such that Fd =1 for all de
Dy.

Consequently, if there exists a unimodular matrix
Y that satisfies equation (3) for all d € D <D, then
this proposition implies that another unimodular ma-
trix V e_;cists such that the constraint Yﬁci>—1 0 holds
for all d € D<D. Hence, we can safely focus on find-
ing this latter matrix Y directly.



First, we determine whether there is a vector i €
Z4-1 with ged(yy,...,y4-1) = 1 such that the in-
equality ¥ - Ud > 0 holds for all d € D <D. This
problem is equivalent to finding a suitable solution of
the following system of inequalities, where the rows
of the integer matrix M are formed of the vectors Ud
for all d € D &D:

(I <l
SV N
Yd—1 <l
We use Fourier-Motzkin elimination to test the con-
sistency of this system. The construction of Y fails if
the system is inconsistent (e.g. we have 1 < y; and
y1 < <l for the example above). If the system is con-
sistent, however, any rational solution ¢" (which can
be obtained as side-effect of the elimination) can be
scaled to an integer solution of which the components
are relatively prime (viz. ¥ = A-§" for A equal to the
least common multiple of the denominators).
Eventually, a matrix completion method as de-
scribed in [3][5, p15-19] is used to construct a uni-
modular matrix V with ¥ € 29! as its first row.
Obviously, YUd > 0 holds for all d € D <D.

3.3 Summary

Summarizing, the following steps are applied. First,
we construct the objective matrix S using the sub-
scripts and preferred access directions. If rank(S) =
d, then the reshaping method fails (proposition 3.2).
Otherwise, for each preferred iteration direction & €
A’, a corresponding d x d unimodular matrix U of
which the last column of U~! is equal to this direc-
tion is constructed and the following steps are applied
until either the method succeeds or this set has been
exhausted, in which case the reshaping method fails:

e Select z = 1 if Ud < 0 for any d € D or select
z = 1 otherwise (Proposition 3.3).

e Find a iy € 297! with ged(y1,...,yq—1) = 1 such
that - Ud > 0 for all d € D <D.
If this vector 7 € Z¢~! exists, then a completion

method [3][5, p15-19] is used to construct a unimod-
ular matrix Y with this vector as first row.

The resulting matrix ¥ together with ¥ ~! and in-
teger z € {&l,+1} define matrices V and V! ac-
cording to (2) such that Vd = 0 holds for all d € D.
Hence, application of the loop transformation defined
by this matrix is valid and reshapes the access pat-
terns of each ¢th occurrence along the preferred direc-
tion §; € Z2.

EXAMPLE: Consider the following triple loop:

D0 I; = 10, 15

D0I> =1, 3
DO Iz = 10, 15

AC I; + 3xIs + I3, I; + I3) =
B(2%I; + Iz, 2*I3 ) =
C( Iy - 3xI2 I3) =
ENDDO
ENDDO
ENDDO

We assume that the data dependences of this loop
are represented by the following set:

D ={(1,0,0)",(0,1,0)",(0,0,1)",(3,1,6)"}

Now, suppose that row-wise access patterns are de-
sired for these three occurrences, i.e. 3; = (0,1)T for
1 <4 < 3. Reshaping the access patterns accordingly
seems to be a non-trivial task at first sight. However,
the reshaping method proceeds as follows.

First, the objective matrix S is constructed:

O =IO N = =
o gg N OO W
—= OO ===

Echelon reduction of ST yields the following form
for E = RST:

1
<l

1 1 0 0 0 1 2 1
011 |=]110 3 0 <3
0 00 3 1 <6 11 0
Because rank(S) = 2, all integer solutions of the
homogeneous system S& = 0 are given by & =
[(0,0,X3)R]T for arbitrary A3 € Z. Hence, we have
A" = {(3,1,6)T}. The following matrices are
constructed with a completion method as described

in [3][5, p15-19]:



<l 3 0 <l 0 3
U= 0 6 1 Ut = 0 0 1
010 0 1 «6

Let U denote the matrix consisting of the first
2 rows of U. Then D = {d € D|Ud = 0} is equal
to {(3,1,<6)T}. Since U(3,1,<6)T = (0,0,1)T, we
select z = 1.

Finding an integer vector § € Z? such that /- Ud >
0 foralld € DoD is equivalent to solving the follow-
ing system of linear inequalities:

=) 0 ol
3 <6 ( y1 ) <[ e
0 el Y2 ol

Obviously, this system is consistent, and a solution
(1,1)" can be used directly for 4. The following ma-

trices results:
0 &1
-1 _
=(1 )

11
Y= ( <l 0 )
These matrices and z = 1 give rise to the following
V and VL

1 31 0 <1 3
V=1 &1 3 0 Vi=10 0 1
010 1 1 <6

Application of the loop transformation defined by
V yields the following target loop in which row-wise
access patterns result for all occurrences:

D0 I} = 23, 39
DO I, = MAX(-12,I}-15,16-I}), MIN(-1,I}-30,33-I})

DO Ij = MAX([(I}+I,-15)/6],[(I5+10)/3]),

+ MIN(| (I}+I5-10)/6], [(I,+15)/3])
ATy , If - 3%I3) =
B(I} - I,, 2%I3) =
U r r r
C( - I, I} + I, - 6%I3) =
ENDDO
ENDDO
ENDDO

4 Improving Data Locality

Because Fortran uses column-major storage of arrays,
accessing arrays along columns enhances the spatial
locality of a program. Hence, a straightforward ap-
proach to improve the performance of a program is to
apply the reshaping method to each perfectly nested
loop in a Fortran program, where we set the preferred
access direction of each multi-dimensional array to
(1,0,...,0)T. If the reshaping method fails for a par-
ticular loop nest, either because the reshaping is im-
possible or because data dependences prohibit the re-
shaping, then we can simply continue with the next
perfectly nested loop in the program, or we can re-
apply the reshaping method to the same loop with a
smaller set of occurrences, for example, by discarding
an occurrence with unique subscripts before occur-
rences having identical subscripts. If the reshaping
method still fails, another occurrence is discarded un-
til reshaping is successful or all occurrences have been
discarded.

Below, we present some experiments that have been
conducted on an SGI Indy 4600. All fragments are
compiled by the native FORTRAN compiler using the
flag -02. Although in the experiments the value of N
varies, the actual shape of each array is kept constant
(and this shape envelops the parts that may be ac-
cessed for all values).

EXAMPLE: Consider the following implementa-
tion of the operation C «— C + AB.

DO I; =1, N
DO I, =1, N
DO I3 =1, N
C(I;,I2) = C(I1,I2) + A(I;,I3) * B(Iz,Iz)
ENDDO
ENDDO
ENDDO

First, we construct the objective matrix S using
the preferred access direction 5 = (1,0) for all oc-
currences:

01



Hence, the objective matrix has the following form:

O = O O

o O OO
— O ==

Echelon reduction of ST yields the following form
for E = RST:
1 101 010
0010 00 1 |s”
0 00O 1 00
Because rank(S) = 2, we obtain the set A’ =
{(1,0,0)T}. Under the assumption that the data de-
pendences due to the accumulation of elements in ar-

ray C may be ignored, the following matrices can be
used directly to apply the appropriate reshaping:

01 0 0 01
U= 0 01 Ult=(1100
100 0 1 0

This transformation gives rise to a simple loop per-
mutation where I; becomes the index of the outer-
most DO-loop. In figure 3, we show the execution
times of the original and reshaped version for varying
values of N.

EXAMPLE: Consider the following triple loop in
which some three-dimensional arrays and some two-
dimensional arrays are referenced:

DO I; =1, N
DO I, =1, N
DO I3 =1, N
C(Iy,I2,I3) = B(I1,I3,I2) - D(I3-I;1,I3) * A(I1,Iy)
ENDDO
ENDDO
ENDDO

The objective matrix S is constructed as illustrated
below:
010

0 01 We

We
Wy
Wiy

oS O
— O

O =

10
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Figure 3: Computation of C' +— C' + AB

Hence, the resulting objective matrix has the follow-
ing form:

010
0 01
0 01
5= 010
0 01
100

Echelon reduction of ST, however, reveals that
rank(S) = 3, indicating that making all access pat-
terns column-wise is impossible. However, after we
discard the occurrence of A from consideration (which
is simply implemented by discarding the last row of
S), then the rank(S) becomes 2 and the reshaping
method can be applied successfully. In this case, the
same loop permutation as in the previous example
results, making all except the access patterns of A
column-wise. In figure 4, we show the performance
improvement obtained by this transformation.

Finally, we briefly sketch an extension to our ap-
proach that is given by iterating the construction.
First observe that, in case of column-wise reshap-
ing, all reshaped access matrices become of the form,
where wyq # 0:
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Figure 4: Performance of first Triple Loop
w11 Wi,d—1 Wid
w21 waqg-1 0O
W= . .

We1 We,d—1 0
or:

w11 wyg—1 0

wa1 wag—1 0

W = )
We1 We,d—1 0
Ideally, in the later case we would like to make

wa,g—1 = 0,...,w,4—1 = 0 as well. In order to ob-

tain this form we re-apply the reshaping method to
all occurrences for which W has a zero last column.
First, we construct a (d ©1) x (d 1) unimodular
transformation V' using the method from section 3
with as input the reduced access matrices of these oc-
currences, formed by dropping the last column from
the original access matrices. Subsequently, this loop
transformation is applied to the d<1 outermost loops.
Likewise, we construct a (d <2) x (d <2) unimodular
transformation V' for handling the next iterator, and
so on. It is easy to see that in this way we can obtain
an ‘ideal’ access matrix, as described above.

11

EXAMPLE: Consider the following triple loop:

DOI, =1, N
DO I, =1, N
DO I3 =1, N
A(I1+I2,I2,11-I3) = B(I3,I2) * C(I1-I3,I2)
ENDDO
ENDDO
ENDDO

Making the access patterns of all these occurrences
column-wise gives rise to the following objective ma-
trix:

0 1 0
1 0 <1
§= 01 0
01 0

Echelon reduction of ST yields the following form
for E = RST:

0
<l

1 11 01 0
0 00 00 1 ]8T
0 000 1 0 1

Because rank(S) = 2, we obtain the set A’
{(1,0,1)T}. Since there are no data dependences in
the loop, the following matrices can be used directly
to apply the reshaping:

1 0 & 0 0 1
U= 01 0 U-l= 010

1 0 0 <l 001
Applying the loop transformation defined by these

matrices results in the fragment shown below:

DO I} = 1-N, N-1
DO I, =1, N
DO I = MAX(I}+1,1), MIN(I}+N,N)
A(I4+15,15,11) = B(I5-I7,I5) * C(I},I5)
ENDDO
ENDDO
ENDDO

The resulting access matrices reveal that column-
wise access patterns have been obtained for both the
occurrences of A and B:

=
0

011
1 00



The access patterns of C, on the other hand, have
become scalar-wise. In fact, this occurrence is ac-
cessed along rows in the outermost two loops:

(1 32)

Applying the reshaping method to the reduced ac-
cess matrix gives rise to the following objective ma-
trix:

0

1 0
0

01

10

S=(0 1)(0 1):(0 1)
Hence, we obtain A’ = {(1,0)*}, which gives rise
to a simple loop interchanging of the outermost two

T ()

In figure 5, we show the execution time of the orig-
inal, first reshaped, and final reshaped fragment for
varying values of N. This experiment clearly shows
how an extra iteration of reshaping can be used to
further improve the performance of a loop. More-
over, the experiment shows that the overhead asso-
ciated with evaluating MIN and MAX functions is out-
weighted by the improvements obtained with respect
to the memory hierarchy.

01
10

01
10

5 Conclusions

In this paper, we have presented the construction
of a valid transformation of a perfectly nested loop
that simultaneously reshapes the access patterns of
several occurrences of multi-dimensional arrays along
certain desired access directions. In particular, we
have shown how this reshaping method can be used
to improve data locality in programs. If for a particu-
lar loop nest the reshaping method fails, the compiler
re-tries the reshaping method with a smaller collec-
tion of occurrences. Moreover, we have shown that in
some cases, iterating the reshaping method can fur-
ther improve performance.

Note that in this paper we have focused on improv-
ing spatial locality by making loops refer to neighbor-
ing elements in successive iterations.
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Figure 5: Performance of second Triple Loop

Obviously, this method can be combined with
methods that are aimed at enhancing temporal local-
ity, like loop blocking. Moreover, future research will
be aimed at combining the reshaping method of this
paper with the framework of data structure transfor-
mations presented in [16].

References

[1] J.M. Anderson and M.S. Lam. Global optimiza-
tions for parallelism and locality on scalable par-
allel machines. In Proc. SIGPLAN Conf. on
Programming Language Design and Implemen-
tation, pages 112-125, 1993.

B. Appelbe, S. Doddapaneni, and C. Hardnett.
A new algorithm for global optimization for par-
allelism and locality. In Proc. 7th Ann. Workshop
on Languages and Compilers for Parallel Com-
puting, 1994.

U. Banerjee. Loop Transformations for Restruc-
turing Compilers: The Foundations. Kluwer
Academic Publishers, Boston, 1993.



[4]

[5]

U. Banerjee. Loop Parallelization. Kluwer Aca-
demic Publishers, Boston, 1994.

A.J.C. Bik. Compiler Support for Sparse Matrix
Computations. PhD thesis, Leiden University,
1996.

A.J.C. Bik, PM.W. Knijnenburg, and H.A.G.
Wijshoff. Reshaping access patterns for gener-
ating sparse codes. In Proc. 7th Ann. Workshop
on Languages and Compilers for Parallel Com-
puting, volume 892 of Lecture Notes in Computer
Science, pages 406—422. Springer Verlag, Berlin,
1995.

F. Bodin, C. Eisenbeis, W. Jalby, T. Montaut,
P. Rabain, and D. Windheiser. Algorithms for
data locality optimizations. APPARC Deliver-
able CoD2, 1994.

S. Carr, K.S. McKinley, and C.-W. Tseng. Com-
piler optimizations for improving data locality.
In Proc. 6th Int. Conf. on Architectural Support
for Programming Languages and Operating Sys-
tems, 1994.

M.L. Dowling. Optimal code parallelization us-
ing unimodular transformations. Parallel Com-
puting, 16:157-171, 1990.

D. Gannon, W. Jalby, and K. Gallivan. Strate-
gies for cache and local memory management by
global program transformations. J. Parallel and
Distributed Computing, 5:587-616, 1988.

K. Kennedy and K.S. McKinley. Optimizing for
parallelism and data locality. In Proc. ICS, 1992.

L. Lamport. The parallel execution of DO loops.
Comm. of the ACM, 17(2):83-93, 1974.

W. Li and K. Pingali. Access normalization:
Loop restructuring for NUMA compilers. In
Proc. 5th In’l Conf. on Architectural Support for
Programming Languages and Operating Systems,
pages 285-295, 1992.

W. Li and K. Pingali. A singular loop transfor-
mation framework based on non-singular matri-
ces. Int’l J. of Parallel Programming, 22(2):183~
205, 1994.

13

[15]

[16]

J.J. Navarro, A. Juan, and T. Lang. MOB forms:
A class of multilevel block algorithms for dense
linear algebra operations. In Proc. ICS, 1994.

M.F.P O’Boyle and P.M.W. Knijnenburg. Non-
singular data transformations: Definition, valid-
ity, applications. In Proc. 6th Workshop on Com-
pilers for Parallel Computers, 1996.

D.A. Padua and M.J. Wolfe. Advanced compiler
optimizations for supercomputers. Comm. of the
ACM, 29(12):1184-1201, 1986.

W. Pugh. The Omega test: A fast and practical
integer programming algorithm for dependence
analysis. Comm. of the ACM, 8:102-114, 1992.

M.E. Wolf and M.S. Lam. A data locality op-
timizing algorithm. In Proc. ACM SIGPLAN
91 Conf. on Programming Languages Design and
Implementation, pages 3044, 1991.

M.J. Wolfe. High Performance Compilers for
Parallel Computing. Addison-Wesley, 1996.

H. Zima and B. Chapman. Supercompilers for
Parallel and Vector Computers. ACM Press,
New York, 1990.



