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Abstract In loops, some arrays are referenced with induction variables. To paral-
lelize such kind of loops, those induction variables should be substituted. Thus, those
array references that were substituted are formulated as nonlinear expressions. The
goal of data alignment is to intelligently map the computations and data onto a set
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of virtual processors which are organized as a Cartesian grid (or a femplate in HPF
terms), and to provide data locality for parallelizing compilers so that data access
communication costs can be minimized. Most data alignment methods are mainly
devised to align the referenced arrays using linear subscripts or quadratic subscripts
with n loop index variables, and the methods are well developed. Seldom work, how-
ever, is researched on the nonlinear expressions of index variables. This paper pro-
poses a new communication-free data alignment technique to align the referenced
arrays using exponential subscripts with n loop index variables or other complex
nonlinear expressions. The experimental results using SPEC95FP Benchmarks point
out that the techniques proposed in the paper can improve the execution time of the
subroutines in these benchmarks.

Keywords Parallelizing compiler - Communication-free alignment -
Communication optimization - Loop optimization - Data dependence analysis - Load
balancing

1 Introduction

For scientific and engineering applications, scalable parallel systems based on dis-
tributed memory multicomputers have been increasingly applied [1, 5, 16, 17, 37].
In such systems, the programmers (or compilers) must be responsible for distributing
the computations and data in a program over processors and manage communications
among tasks. Thus, carefully arranging the computations and data locality in a pro-
gram can improve its throughput. This allows us to determine which computations
are to be distributed onto which processors and what data should be stored locally
for the corresponding computations to access with little or no communication cost
[5, 32]. As the multicore architectures are being used and developed widely by ven-
dors and academia, the data alignment issues become a hot topic in multicore parallel
programming [9, 11, 12, 34, 38].

Induction variable is a scalar integer variable, which is used in a loop to simulate
do-variables: it is incremented or decremented by a constant amount with each iter-
ation. Every induction variable can be replaced by a linear or a nonlinear function
in the form of do-variables. The transformation is called induction variable substi-
tution. Consider a typical do-loop shown in Fig. 1(a), which is frequently used in
some real scientific computations such as FFT transform, where K is an induction
variable in the two-nested loop. If the induction variable substitution is performed
for K, the result after the transformation can be observed as shown in Fig. 1(b). In
Fig. 1(b), each array reference contains two raised to the power of the outer loop
index /. No existing data alignment method can be applied to solve the problem of
communication-free data alignment for the case in Fig. 1(b). Therefore, an efficient
and precise method for solving the problem of communication-free data alignment
for arrays with exponential references is highly important.

In this paper, we offer the alignment techniques to properly map the loop iteration
space that implies the computation instances, to the virtual processors. The array
elements are respectively referred using exponential subscripts of multiple loop index
variables so that no or little communication cost for data accesses is yielded. Based
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K=2 K=2
DOI=1,N,1 DOI=1,N,1
DO J =1, 2**], 1 DO J =1, 2**], 1
K=K+1 K=2**1+]
§: X(K)=Y(K) * Z(K) S: XQ*¥* I+ =YR**I+])*ZQ2 **1+1])
ENDDO ENDDO
ENDDO ENDDO
Figure 1(a): A do-loop Figure 1(b): After an induction variable substitution for

the induction variable K

Fig.1 A sample do-loop of a FORTRAN program

on elementary linear algebra operations, our alignment methods reduce the mapping
problem of the computations and array elements into the problem of determining a
null space basis for a matrix. By solving this null space basis, the presented methods
can readily decipher the desired mapping functions.

The rest of this paper is organized as follows: in Sect. 2, the main communication-
free data alignment notions are introduced and existing famous methods for solving
the problem of communication-free data alignment are also briefly described. The
theoretical explanations and practical applications of our data alignment techniques
are proposed in Sect. 3. The experimental results which reveal that our method can
be used to improve the execution time of the subroutines in FFT programs in TFFT2
Benchmark in SPEC95FP Benchmark [18, 29, 33] are presented in Sect. 4. Finally,
brief conclusions are drawn in Sect. 5.

2 Background

The approach to solving the problem of general communication-free data alignment
has been developed [4, 17, 20, 23, 30]. Most of the methods are based on elementary
linear algebra. Existing methods and notions of communication-free data alignment
problem are briefly introduced in this section.

2.1 Preliminary data alignment notion

To properly allocate computations and data in a program over multiple processors
usually involves two phases called alignment and distribution. First, the alignment
phase intelligently maps computations and data onto a set of virtual processors, which
are organized into a Cartesian grid (or a femplate in HPF term), to provide data lo-
cality in a program. The distribution phase then folds the virtual processors to the
physical processors according to feasible distribution strategies. Our primary concern
in this paper is the alignment.

In general, the complete communication-free data alignment framework consists
of three primary phases in terms of elementary linear algebra [2]. Firstly, identify the
constraints on the data mapping and computation. In this phase, the data accesses in
a program are inspected and formulated as a system of equations in which the un-
knowns can be utilized to compute the virtual processors for the computations and
data to be mapped onto. Each equation in the system is actually equal to a con-
straint on the data mapping and computation. Any solution to the system figures out
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a so-called communication-free data alignment, which enables the required data ele-
ments for a processor to perform a computation to be mapped onto its local memory.
Through this, no communication cost owing to data access occurs, and thus optimizes
the data locality in a program [32]. Different data access patterns, such as array sub-
script patterns, will produce various equation systems. Therefore, the data alignment
framework must take data access patterns into account to achieve a communication-
free data alignment.

Accordingly, the second phase of the framework is to distinguish the constraints
(or equations) that need to be intentionally left unsatisfied to reserve parallelism in the
computations. Allowing unsatisfied constraints will result in communication costs.
Hence, the constraints left unsatisfied should be those that generate as little commu-
nication as possible. Finally, in the third phase, the remaining constraints are solved
to decipher the computation and data mapping functions. Solving the remaining con-
straints in terms of linear algebra is equal to determining the null space basis for a
matrix. The programmer eventually made basis on the alignment results requirements
to provide codes ahead of the nested loops for replicating or broadcasting data onto
the processors so that no further communication is needed within the nested loops.

2.2 Existing known methods for solving the alignment problem

Many researchers over the past several years have paid attention to maximize par-
allelism and minimize the communication cost for any given program run on paral-
lel multiprocessors. For distributed memory parallel machines, the problem on data
space of communication-free partition along hyperplanes was considered by Ra-
manujam and Sadayappan [32]. For this problem, a matrix-based formulation was
proposed to identify the existence of communication-free partitions for data arrays.
An algorithm based on Gaussian elimination was introduced by Feautrier [10], which
computes a placement function for the problem of data and code distributions among
the processors. When mapping affine loop nests onto distributed memory parallel
computers, for the data and computation alignment problem, an access graph to
model affine communications more adequately was presented by Dion and Yves [7].
For a program with nested loops, data access pattern analyzing approaches was pro-
posed by Lam et al. [24, 25] and was used to enable the program to run on a paral-
lel machine in a communication-free manner with certain constraints. On the other
hand, for multidimensional redistribution, Guo et al. [13—-15] focused on the auto-
matic generation of communication routines. For multistatements in perfect and im-
perfect loops, Shih et al. [35] confirmed the problem on communication-free partition
statement-iteration and data spaces along hyperplanes. The necessary and sufficient
conditions for communication-free hyperplane partitions were proposed. If the com-
munication cost for performing do-loops is larger than a threshold value, as noted
by Lee [26], it was proven that data redistribution is necessary for executing a se-
quence of do-loops. An expression-rewriting framework to produce communication
sets for arrays in loops with block-cyclic distribution was presented by Hwang and
Lee [21]. Efficient methods were offered by Hsu et al. [19, 20] and were used to
finish the block-cyclic array redistribution which allows a processor not to construct
send/receive data sets for a redistribution. Ozcan et al. proposed a memetic algorithm
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(MA) to find the best number of processors and the best data distribution method to
be used for each stage of a parallel program [28].

A linear algebra framework proposed by Kandemir et al. [22, 23] automatically
figures out the optimal data layouts expressed by hyperplanes for each array reference
in a program. An efficient method presented by Boudet et al. [3] solves the alignment
problem by considering the alignment and distribution of data arrays while at the
same time considering the preservation of parallelism for a given program. An align-
ment technique offered by Bau et al. [2] was applied to align referenced arrays using
linear subscripts with one loop index variable in a communication-free manner. New
communication-free alignment methods were proposed by Chu et al. [6] and Chang
et al. [4] and were utilized to align the referenced arrays using linear subscripts with
three loop index variables.

For array references with quadratic subscripts or linear subscripts in a general n
do-loops, two new data alignment technologies were proposed by Chang et al. [5]
and Wu et al. [36]. The techniques properly map the loop iteration space that implies
the computation instances and the array elements, which are respectively referenced
onto the virtual processors so that there is no communication cost for data access.
Moreover, the proposed alignment techniques do not consider the data dependences.
In this approach, there will be two principal advantages. First, the difficulty of align-
ment can be decreased, enabling our techniques to be applied more broadly than other
methods. Second, the original data dependences (if it existed) are likely eliminated
or reduced by the resulting alignment function because the dependent iterations and
their required data could be mapped onto the same temple element. This fact might
benefit the exploitation of parallelism in the distribution phase.

3 The proposed alignment techniques for referenced arrays with exponential
subscripts

For referenced arrays in a loop, linear expressions with constant coefficients are the
most common subscript patterns. Petersen and Padua [31] pointed out that there are
5,242 linear cases with symbolic coefficients, 6,503 nonlinear cases, and 4,304 cases
with references containing arrays in the analyzed Perfect Benchmarks. These were
obtained by counting the number of feasible directions of the potential dependences.
For data alignment, with our counting criteria for the number of exponential cases,
which is the number of the nested loops including arrays with exponential references,
it was discovered by Reilly [33], Paek [29] and Hoeflinger [18] that several important
loops in the TFFT2 programs in the SPEC95SFP Benchmarks consist of arrays with
exponential references after induction variable substitution, scalar expansion trans-
formations, and/or inlining substitutions. These results indicate that the number of
arrays with exponential subscripts might be attainable to certain extent. However, no
existing method can solve the problem of communication-free data alignment for the
arrays referenced using exponential subscripts. Our communication-free data align-
ment methods for aligning the referenced arrays using exponential subscripts with
multiple loop index variables are proposed in this section. To avoid complications,
the description for our methods is restricted to formulating and solving the equation
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system. For unsatisfied constraints, however, the discussion related is not considered
in this study. The features and time complexity analysis to our techniques are pro-
vided as well.

3.1 Arrays with exponential references

Assuming that there exist g statements containing ¢ arrays, each with one or more
(say m) dimensions, referenced using exponential subscripts enclosed with a gen-
eral n nested do-loop. In order to align the data elements for multidimensional ar-
rays, a general approach is to use one dimension among others for each array as the
alignment basis. The data alignment for multidimensional arrays is considered as the
data alignment simply for the adopted dimension of the arrays in the following dis-
cussions. Assuming that a reference function for the adopted dimension of an array
A, for 1 <e <t in this common loop is R4, = ag,1211 + .- +ag,n21" +beh +
~oo+benly + fe, where I, I, ..., I, are index variables of the general loop and
Qe 1y~ Qensbe1,-..,ben are coefficients, which in general are integers or fractions
in the exponential cases, and f, is an integer constant. In treating the exponential ref-
erences, we can extend an iteration vector i as i = [2/,..., 2" iy, ..., i,]Y, iy is an
index value of [, for 1 < v <n and T is the transposition operation in the iteration
space of this general n nested do-loop. The alignment constraints require the proces-
sor performing iteration i, which stands for a computation instance, to own A.(Rg,).
From our proposed methods, if there exist two or more distinct references (either read
or write) to an array, each of the distinct references will be selected as the alignment
constraints respectively for this array without considering their data dependences.

Consider an example in Fig. 2, where there is a statement containing three different
one-dimensional arrays A, B, and D (i.e., t =3 and m = 1). For an iteration vector i
(=1[2/,27,i, j17), the alignment constraint demands that the processor performing
the iteration i must own A(R4), B(Rp), and D(Rp), where Ry = 204 J, Rp =
2!+ J,and Rp =21 + J.

Assuming that C is the computation mapping function to map the loop iteration
space onto the virtual processors and D4, is the data mapping function to map the
array elements of A, onto the virtual processors. The alignment problem can be for-
mulated as: Find C and D4, such that Vi € iteration space of this loop:

C(@i) = Da,(Ra,). 3.1

To map the computations and array elements in a communication-free manner, our
alignment methods considered the array subscript patterns that are deemed here as
generalized exponential subscripts. Therefore, C and D4, will be formulated using
our technique as follows:

N ’

RAe = RAel + fe(RAf = [ae,la <oy len, b€,17 e be,n])» (3.2)
Fig. 2 The FORTRAN do-loop DOI=1,N,1
extracted from TFFT?2 programs DOJ=1.2**[ 1

in the SPEC95FP Benchmarks Sit AQ**I+J)y=BQ** [+J)* D2 ** [ +.J)

ENDDO
ENDDO
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ci)=C'i+co, (3.3)
and
Dy, (Ra,) = D;;e(RAe) +dy = D;&e(R,Aei + fe) +do. 3.4

From (3.3) and (3.4), (3.1) can be converted into the following equation:
C/i—i—co:D;‘E(R;‘ei—i-fe)—i-do. (3.5

Without loss of generality, (3.5) can be reduced to (3.6):

e ey ] = an S T[] (36)

Let C =[C’ cl, Da, = [D);, dol, Fa, = [Rée ];e] and i’ = [;], (3.6) can be trans-
formed into the following equation:

Ci' =Dy, Fai. (3.7)

From (3.7), to determine C and Dy, is to solve the equation C = Dy, Fa, (or C —
Dy, Fa, =0) after i’ is eliminated, where 0 is a zero matrix. Such an equation can be
represented, without loss of generality, in block matrix form [2] as follows:

[C DAE][_II:A }:0. (3.8)

Here, I is an identity matrix, and 0 (zero matrix), C, D4, and F4, are square matrices
with the same size as I. By expressing (3.8) in the form of UV = 0 and determining
a null space basis for VT, the alignment problem is therefore reduced to the standard
linear algebra problem of determining a null space basis for a matrix.

Clearly, to construct C, Dg4,, and F4, as square matrices for the nested do-loops
with different numbers of loop index variables, (3.3) and (3.4) have to be adjusted. For
example, suppose that there is only one index loop variable /; for this do-loop, that
is, Ra, = ae,12i1 + be.1i1 + fe, then our alignment technique originally formulates
C(i) and D4, (R4,) as follows:

Ci) = 12" + i1 + o
and

Da,(Ra,) =di(ae,12" + be1i1 + f.) + do.

However, in addition to constructing C and D4, as square matrices, our alignment
technique also considers enabling C and Dy, to be easily determined by construct-
ing F4, in a form that allows the Gaussian elimination for echelon reduction to be
performed effortlessly to simplify the calculation for the aforementioned null space
basis. The above equations are subsequently adjusted as follows:

Cli)=(c1.1+ca1+c3.1)2" 4+ (c1a+ca2+c32)iz+ (c13+c23+¢33)
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and

Da,(Ra,) = (di1 +do1 +d3.1)(ae, 12" + be 1it + fo) + (dip +dap +d32)
+(d13+d23 +d3,3)(2i' +i1+ 1).

Using our technique, the above equations are reduced to the following equation:

c1,1 €12 €13 21 diyg dip di3 ae1 ben fe 2h
1 €2 3 i1 | =|dy1 drp doj 0 0 1 i
€31 €32 €33 1 d31 dzp d33 1 1 1 1

This makes C and D4, into 3 x 3 square matrices. Continuing with this notion, the
alignment constraint for the iteration space of this n nested do-loop can be formally
expressed, using our technique as:

C1,1 C1,2 C1,2n+1 2!

- €21 €2t Con4d :
i= . :

: in

Contl1,1  Contl,2 “+* Contl2n+tl 1

The alignment constraint for an array A., 1 < e <t, in the general loop can be repre-
sented as:

el de2 " ben fe 9il
dii - dioe 0 o -~ 0 1 .
Dy Fai = . - : 1 | :
A1t Al ontd . f
1 1 1 1

Therefore, the alignment problem can be restated as: Find C and D4, such that Vi €
iteration space of this loop:

Ci'= Dy, Fa,i.
Here, i = [i,1]T, as mentioned. The above equation can be reduced to (3.8) to deter-
mine C and D4, as described. This requires the column vector i’ on both sides of the
equation to be eliminated to make (C — D4, Fa,) equal to 0 for any i’. To do this, we

require the following lemma.
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12 M. Guo et al.

Lemma 3.1 Let P; be a p x 1 matrix for 1 <i <2n,w a p-elements column vector,
0 a p-elements zero vector, and y; a scalar variable for 1 <i <2n. Then

2917

Zyn
Vyi [Pr PyPyy1--Pywl| y1 | =0 << P =0

Yn

_l_
for1l <i<2n, and w=0.
Proof
[ o)1
o
[P~ PyPyyr---Pyyw]l| y1 | =0
Yn
_l_
F o
pi,1 0 Pnl P11 v P2l WH ¥
P12 ' Pn2 Pn+l2 cc Pwm2 W2 2
= Vy ) ) i ) yi | =0
Pi,p = Pnp DPn+l,p - DPap Wp :
Yn
._1_.
2pra4 2 put F V1Pt Yapon1 + Wi
2 p1o+ -+ 27 P+ ViPag12 -+ YuPon2 + w2
<~ Vy,- . =0

2y1pl,p +"‘+2y"pn,p +V1Pn+1,p+ -+ YnDPonp +Wp
= Vyi 2P+ 42" P+ yiPapi+ ot v Pa+w=0.

We have now proven that

Vyi 2P 4 42 Py Popi o+ P W =0
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=) Assume that there exist certain P;’s # 0 (e.g., Py, Py, Py, and P; #0) and w # 0
and some y;’s # 0 (e.g., y4, yr, ys» and y; # 0) such that

2% P, + 2P+ 2Py + 2" P, +w=0.
Because all y;’s can be any value, we have
2%t P, 4 0¥ P 4 2% P42 P+ w=0.
That is,
2% P, +2" P, +2% Py +2" P, + w42 P, =0.
This means that
P, =0.

This contradicts the assumption. Similarly, we have P, =0, Py =0, P, = 0 and
w = 0. Therefore, we have

Pi=-=P=Py1=-=Pyp=w=0.
<) The (if part) is trivial Il
From Lemma 3.1, (3.7) can be rewritten as
C=Dy,Fa,. 3.9

For 1 < e <t, the equation system of (3.9) can be converted into the following matrix
equation (3.10):

I 1 I
—Fy, 0 0
[CDA, -+ Dal| 0 - D=0 - o (3.10)
: 0
0 0 —Fy,

Here,Iisa (2n+ 1) x (2n + 1) identity matrix, 0 is a (2n 4 1) x (2n + 1) zero matrix,
and[0 --- O]isa(n+1)x ((2n+ 1) x t) zero matrix.

To solve the matrix equation [Ulsxm[V1nxn = [Olsxn, in which [Ulsx,, is un-
known and [V],,x, is known, we can first transform V into a “rank-revealing” form
by performing the required rank-preserving operations—elementary row and column
operations. The notion behind this is to obtain a matrix into a form in which its rank
can be determined by inspection [2, 8]. One way to achieve this is to perform inte-
ger preserving Gaussian elimination [8, 27], wherein the matrix rows or columns are
systematically manipulated by elementary row or column operations to yield a matrix
in echelon form, thus enabling us to obtain the following factorization (suppose that
V e Z™" and rank(V) =r):
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14 M. Guo et al.

R R
[H Timscm [V1msn[Plaxn = |: (1)’1 (1)2:| .
mxn

Here, H is an m x m invertible matrix representing the row operations, P isann X n
unimodular matrix representing the column operations, and Rq 1 is an r X r upper
triangular invertible matrix. It is a property of this factorization that the transposition
of the last m — r rows of H spans the null space of V. Accordingly, we can obtain
the solution for [U |« as follows:

U=H{r+1:m,1:m).

This means that only H, the composition of row operations, has to be determined
during the elimination.

Considering the example in Fig. 2, the alignment constraint for the iteration space
of this loop can be formally expressed as:

ci,1 €12 €13 Cl4 Cl5 2!
€1 €2 €3 €4 €25 2/
Ci'=|c31 2 33 34 €35 1
C41 €42 C43 C44 C45 J
¢s,1 €52 €53 C54 C55 1

The alignment constraints for arrays A, B, and D can be correspondingly represented
as:

_xl,l X12 X13 X14 x1,5_ 1 0 0 1 07 [2/7
X21 X202 X23 X24 X25 0O 0 0 0 1 27
DaFAl = X3,1 X32 X33 X34 X35 1 1 1 1 1 I |,
X4,1 X42 X43 X44 X45 1 1 1 11 J
| X5,1 X52 X53 X54 X575 | _l 1 1 1 l_ L1 ]
il vz yi3 yia wis|[1 0 0 1 0][2f
21 Y22 Y23 Y24 Y25 (|0 0 0 O 1| f2/
DpFpi'=| y3,1 Y32 Y33 Y34 Y35 1 1111 I
Y41 Y42 Y43 Y44 V45 L1111 J
| ¥s.1 ¥s2 ¥s3 ysa yss || 1 1 1 1 1]| 1]
and
21,1 212 21,3 2.4 25 1 0 01 0 2!
22,1 222 23 24 225 0 0 0 0 1 27
DpFpi = 231 232 233 234 235 1 1 1 1 1 1
741 242 743 44 245 I 11 11 J
75,1 252 3253 354 255 1 1 1 1 1 1
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Communication-free data alignment for arrays with exponential references 15

The alignment problem can be expressed as follows: Find C, D4, Dp, and Dp such
that V(1, J) € iteration space of this loop:

C=DuFy,
C = DyFg, (3.11)
C=DpFp.

The equation system of (3.11) can be converted into the following matrix equation:

I I I
—F4 0 0o |
[C Dy Dp Dp] 0 —F3 0 =[0 0 O0]. (3.12)
0 0 —Fp

Here, I is a 5x5 identity matrix and 0 is a 5x5 zero matrix. According to the above-
mentioned method, a solution matrix of (3.12) is

[C Dy Dp Dpl]

1 001010O0O0O0O1O0O0OO0OO0OT1O0TO0OO0ODO
00001010O0O0O0O0O1UO0OO0O0OO0OT1IO0O0OTO0O
=1 1111001O0O0O0OO0OT1O0O0O0O0OT1O0O0
111110001 O0O0OO0OO0O1O0O0O0OO0OT1O0
11 111000O0T1O0O0O0O0OT1TO0OO0OO0OO0T1
This gives us
1 0010 1 00 0O
0 00 01 01000
C=|1 111 1|, Da={0 0 1 0 0f,
I 1.1 11 00010
I 1.1 11 0 00 01
1 00 00 1 00 0O
01 00O 01 00O
Dp=]0 0 1 0 O and Dp=|0 0 1 0 O
000 10 00010
0 00 01 0 0 0 01

We then obtain the mappings of computations and data as follows:

1 00 1 0][2f 2l
0000 1|2/ 1
ci=|111 11 [ |=|2"+2+1+7+1],
1 1 1 1 1 J 2Ll 1+ T +1
1 11 1 1 1 20427 41+ 7+1
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=2l +2/ +1+7+1
2042/ T +T+1
27 +27 + T+ T +1

=2l +2/+1+J7+1
20427 414+ T +1
|27 +27 +T4+T+1

1 0

0 1
DsFsi=1[0 0
00

_0 0

1 0

0 1
DpFpi'=10 0
0 0

_() 0

and
DpFpi

Il
I
cocoo~—

S OO~ O

SO = OO
O = O OO

2047

1

0

SO = OO

0
0
1
0

2047

1

SO = OO

el N eleNe]

-0 O O O

0

- o O O

2l 4 g

1
=|21427 4+ 1+J+1
2042 T4+ T+1
2P+ 2/ 14T +1

—_ o O OO

—_— O =

—_ = O =

—_— = O =

—_—_—_—0 O

—_—— = O O

_—— = O O

—_—_——0 O

—_—— = OO

—_— = OO

—_— = O =

—_— = O

—_— = O

[ S

—_— = = O

\]
~

—_— N~

—_— = O

Therefore, using our alignment, iteration (I, J) is mapped onto the virtual processor
(2" + J) and the corresponding A, B, and D array elements are mapped into the same
virtual processor. The Align statements adopted to describe the alignment relation for
the array elements among A, B, and D are represented as follows:

Align A(2" + J) with T (2" + J),

Align B(2" + J) with T(2" + J), and

Align D(2" + J) with T (2" + 7).
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Communication-free data alignment for arrays with exponential references 17

Here, the virtual processors are supposed to be organized as a one-dimensional tem-
plate T. Since no loop-carried output-dependences exist for array A and that the
required data elements (the written data element of array A and the corresponding
read data element of arrays B and D) for a computation are mapped into the same
template element, this nested loop can be executed in parallel without interprocessor
communication.

3.2 Array subscripts with a, 1 * J * 2L-1 4 Qe * 2L-2 4 ae3*x K +aes

Assume that there exist g statements containing ¢ arrays of m-dimensions which
are referenced using subscripts with the patterns a, 1 * J * 2L-1 4 e * 2L-2 4
ae3* K +ae 4, where L, J, and K are loop index variables. Suppose that a reference
function for the adopted dimension of an array A, for 1 <e <t in a general loop is
Ra,=ae1 % J * 2L-1 4 e, * 2L-2 4 ae3* K +ae 4, where L, J, and K are index
variables of the general loop and a, 1, a2, and a, 3 are coefficients, which in general
are integers or fractions in the case, and a, 4 is an integer constant.

We consider that two different one-dimensional arrays (i.e., t =2 and m = 1), ref-
erenced using nonlinear subscripts, are enclosed with a depth-four nested loop in the
example shown in Fig. 3. For an iteration vectori (i=1[/, L, J, K ]T), the alignment
constraints require the processor performing the iteration i to own A(R4) and B(Rp).
The primary notion of our method to align referenced arrays using nonlinear sub-
scripts is the same as the previous technique in Sect. 3.1, except that C and Dy,
are formulated in different patterns. However, in dealing with the nonlinear cases,
more subtle but nontrivial adjustments on (3.3) and (3.4) are required to construct
C, D4, and F4, as square matrices for the nested do-loop with different numbers of
loop index variables. Similar to the exponential case, the alignment problem can be
described as: Find C and D4, such that Vi € iteration space of this loop:

Ci' = DAEFAei/.

In this case,i= [/, L, J, K]T and i’ =[J % 2L=D 2(L-2) g l]T. The alignment
constraint for the iteration space of this general loop can be formally expressed as

DO [=0,2%*(M - 1)
DOL=1,(1+M)/2
DOJ=0,2%(1 +M~L)— 1)
DOK=1,2%%(L - 2)

AR+ J* 2 %% (L= 1) +2 %% (L= 2)) = BK+J* 2 %% (L — 1)+ 2 ** (L - 2))...
ENDDO
ENDDO
ENDDO
ENDDO

Fig.3 The FORTRAN do-loop extracted from TFFT2 programs in the SPEC95FP Benchmarks
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follows, using our alignment technique:

L—1
C1,1 €12 €13 Cl4 Jx2 &0
ci €21 €2 €3 C24 2(E=2)
i= *
€31 €32 €33 C34 K
C41 €42 C43 C44 1

The alignment constraint for an array A,, 1 < e <t¢, in the general loop can be repre-

sented as:
di1
dy,1
Dy Fai = ’
A.T'A, ds.1
ds

dip diz dig || Ge1 Gep Ge3 Ges J x2E=D
dro dr3 dra 0 0 0 1 2L-2)
d3o d33 dia 1 1 1 1 K
dap daz daa 1 1 1 1 1

Similar to the discussion in the previous subsection, the column vector i’ on both
sides of the equation, Ci’ = D4, F4,, is required to be eliminated for any i’. For this
type of loops, we require the following lemma.

Lemma 3.2 Let P; be a 4 x 1 matrix for 1 <i <3, w be a four-element column
vector, 0 be a four-element zero vector, and y, be a scalar variable for 1 < z < 4.

Then

Vy, [P

y3 % 202D
2002-2)
P, P3 wj =0 < P =0
ya
1

for1<i <3, and w=0.

Proof

[Pr P, P3

< Vy,

— Vy,

— Vyz

@ Springer

y3 %2021
2(2-2)
w] =
Y4
1
[ pi1 p21 p3a wi | [y3x2027D
P12 P22 P32 w2 2022 —0
P13 P23 P33 w3 V4 -
| P14 P24 P34 W4 1

3 % 2(21=1) Pl + 2()’2_2)p2,1 +yaxp3 1+ w
y3 #2027 D s py 5 42027 py o 4y ke pa +ws

| y3# 2027 D s py 4 42027 py 4+ 3y % p3 g + wy
y3>|<2(y2_1)>|<P1 —|—-~~+2(y2_2)*P2+y4*P3+W:0.
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We have now proven that
Vyz y3x* 20270 P+ 20272) P+ ysxP3s+w=0
& Pi=P=P=w=0

=) Assume that there exists certain P;’s # 0 (e.g., P> and P;3 # 0) and w # 0, and
some y;’s # 0 (e.g., (y2 and y4 # 0) such that

202=D 4 p, + yax P3+w=0.
Because all y.’s can be any value, we have
202D+ Pyt vk P3+w=0.
That is,
2027 5 Py 4 ygx P34+ w4 20272 5 Py =0,

This means, P, = 0, which contradicts the assumption. Similarly, we have P; = 0
and w = 0. Therefore, we have

Pil=P,=P;=w=0.
<) The (if part) is trivial. O

Again, similar to the linear equation, the equation system in this case can eventu-
ally be converted into the following matrix equation:

I I
—Fy, - 0
[C Da, --- Dyl : N : =[0 --- 0].
0 o —Fy,

Here, I is a 4 x 4 identity matrix, 0 is a 4 x 4 zero matrix, and [0 --- 0] isa 4 x ((4) x 1)
zero matrix. Note that in solving the above matrix equation, each row with fraction
elements in each F4, can be first multiplied by a factor so that it will only have integer
elements. In the example in Fig. 3, the alignment constraint for the iteration space of
this loop can be formally expressed as

1,1 €12 €13 Cl4 y3 20270

cii= | @21 @2 a3 4 2022
€31 €32 €33 C34 Y4
C4,1 €42 C43 C44 1

The alignment constraints for arrays A and B can be respectively represented as

x1q X12 x13 xia |[1 1 1 07 [ ys*2027D
DoF4i = | 1 22 *23 %24 00 0 1 202-2)

X3,1 X32 X33 X34 1 1 11 V4

X41 X42 X43 X4.4 1 1 1 1 1
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and
Y1 Y12 Y13 V14 1 1 10 y3 % 20270
DpFpil = | Y21 Y22 Y23 )24 0 0 0 1 202-2)
yiroy32 o ya3 ysa (11 11 V4
Y41 Y42 Y43 Y44 1 1 1 1 1

The alignment problem can be expressed as follows: Find C, D4, and Dp such that
Y, L, J, K) € iteration space of this loop:

{C = DpFjy,

C=DgFp. (3.13)

The equations system of (3.13) can be converted into the following matrix equation:

I I
[C Ds Bpl| —Fa 0 =[0 O0]. (3.14)
0 —Fp

Here, I is a 4 x4 identity matrix and 0 is a 4 x4 zero matrix. According to the method
stated in Sect. 3.1, a solution matrix of (3.14) is

111010001000
0001 0T100O0T1TU0O0
(€ Da Dsl=11 | 1 1 001000710
1 11100010001
This gives us
1 110 1 000 1 000
0 0 0 1 0100 0100
=11 111 Pa=loo 1 0] ™ Pr=1g 10
1111 00 0 1 0 0 0 1
We can obtain the mappings of computations and data as follows:
1 1 1 0[Jx2¢D Jx20=D 4 ol=2) 4 g
ci—|0 0 01 2=2 1
o111 K T T2 D 428D L g |
1111 1 Jx 2D 4 o= 4 g 4
1 0 0 O[1 1 1 O[Jx2ED
, |0 1.0 0[]0 0 01 2(L=2)
DaFat=14 6 1 of|1 1 1 1 K
(000 0 1|1 1 11 1

J 20D 422 4 g
1
J#2=D 2= 4 g 4]
| J%2@-D 420D L g4
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and
1 0 0 01 1 1 0][Jx2"D
, |01 0 o0||0 0 O 1 2(L-2)
DeFet=14 o 1 ofl1 1 1 1 K
(0000 ][l 1 11 1

J #2070 22 4 g
1
Jx 27D 4 2= 4 g 4]
| J %200 420D 4 g 41

Hence, using our alignment, iteration (I, L, J, K') is mapped into the virtual proces-
sor (J %2 % x(L — 1)+ 2**x(L —2)+ K) and the corresponding A and B array
elements are mapped onto the same virtual processor. The Align statements adopted
to describe the alignment relation for the array elements of both A and B are repre-
sented as follows:

AlignA(J*Z**(L—1)+2**(L—2)+K)
with T'(J % 2% (L — 1) + 2% %(L — 2) + K) and

AlignB(J*Z**(L—1)+2**(L—2)—|—K)
with T(J % 2% (L — 1) + 2% x(L —2) + K).

Here, the virtual processors are supposedly organized as a one-dimensional tem-
plate T'.

3.3 Features of the proposed techniques

In principle, our techniques have the following features.

Theorem 3.1 [fthe alignment function of the template and the reference functions of
the written arrays are in common form, i.e., the multiple of the nonconstant items of
the former is equal to the multiple of the nonconstant items of the latter, then there
are no distributed data updates for writing these arrays.

Proof We provide the proof for the exponential cases and similarly, the proof for
other nonlinear cases can be obtained. We first propose the condition for two de-
pendent iterations to be mapped onto the same template element. Let the alignment
constraint for the iteration space of an n nested do-loop be expressed as

21

cL1 cl2 o Clontl :

2

y €21 €22 ottt €220+ _
Ci = . . . 1
Contl,l Contl1,2 t0 Contl2nl :

In
_1_
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And the alignment constraint for the written array A, in the general loop can be
represented as

i
el Ae2 - be,n fe :

di 1 e dong 0 o --- 0 1 2in

DpFai=| : : L
dopi1,1 o dong1 241 : c : : :

1 1 1 1 iy

_1_.

And Ci' = D4, Fa,i'. Take any element of Ci’ for example, cx 1 * 2/ + -+ + ¢k, *
2 4 Chpal ¥ dpsl + oo+ Choon * o + Crons1 for 1 <k < (2% n + 1), as the
template alignment function by which the template elements are determined for
the corresponding iterations (computations) and their required data to be mapped
onto, then two dependent iterations, ij = [2/°1, ..., 2% iy y41,..., 01,20, 1] and
i =[221,...,227 iy yi1, ..., 0224, 1], which both access to the same element of
array A., will be mapped onto the same template array element.

It is obvious that two iterations i; = [2/1°1,...,2iln, i1,n+1>---,01,20, 1] and
ip =[221,...,2%2% i5,01,...,i2.20, 1] can be mapped onto the same template ele-
ment if and only if cg 1 * 2/01 4 - 4 g % 200 A Cppal K i1pgl + o+ Choon *
100 + Ckont1 = Ck1 % 220 4 oo g * 227 4 Cp gy * idgt e+ Choon *
i2.0n + ckont1 for 1 <k < (2% n+1). Due to Ci' = Dy, Fa,i, for two iterations
ip =21, .., 2l iln+4ls---511,20, 1]andip = [2i21, ... 202, 041 -5 02,20, 11,
ifae,l * 2111 + st den * 2t +be,1 *¥I 1+ +be,n ®101,00 + fe= Qe,1 % 2021 +
st Qep ¥ 202n be,l *ipp+1 + -0+ be,n * 020n + fe, then Ck,1 * 2L 4 4
Chon * 2100+ Chop1 * i1 o+ Chon ¥ i1.20 + Chong1 = Ck1 %220 4o cpp %
2i2n 4 Ckont1 * 12041 + -+ 4 Ck,2n * i2,2n + Ck,2n+1. For two dependent iterations
ip =21, ..., 2l iln+gls---501,20, 1]andip = [2i21, ... 202, 041 ---si2,2n, 11,
they access to the same data element of array A,, that is, a, 1 * 201 4.4 Aen *
20t + bet kit pgt + -+ bey ¥i120 + fo=ae * 2021 + -+ depn * 2020 +
be1 * i pt1 + -+ 4 bepn * i224 + fo. Therefore, the two dependent iterations,
ip =201, .., 2l iln+4ls---511,20, 1]andip = [2i21, ... 202, 041 ---s 02,20, 11,
will be mapped onto the same template array element. Similarly, for other nonlinear
cases, the steps of proof are the same. Thus, it is inferred that two dependent iter-
ations, wherein both write the same element of array A., will be mapped onto the
same template array element to avoid the distributed data updates in writing the same
data element of array A,. O

From Theorem 3.1, it is apparent that our proposed techniques are not one-to-one
mappings but rather many-to-one mappings because dependent iterations with the
properties described in Theorem 3.1 will be mapped onto the same template element.
Thus, the size of the template array could have a smaller order than the iteration
space. On the other hand, the mappings of the read-only arrays will not inflect the
correctness of the execution; it is generally helpful to replicate multiple copies of a
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read-only data element onto the processors requiring that data element for computa-
tion, so that no further inter-processor communication is required within the nested
loops.

As mentioned, our proposed alignment techniques do not consider the data depen-
dences. In this approach, there are two principal advantages. First, the difficulty of
alignment can be decreased, enabling our techniques to be more broadly applicable
than other methods. Second, the original data dependences (if it existed) are likely
eliminated or reduced by the resulting alignment function because the dependent it-
erations and its required data could be mapped onto the same temple element. This
fact might benefit the exploitation of parallelism in the distribution phase.

3.4 Time complexity

The proposed alignment techniques reduce the problem of mapping the computations
and data in a program to the standard linear algebra problem of determining a null
space basis for a matrix. This includes three main phases: The first phase involves
determining, according to the alignment constraints, the value for each element in the
matrix V. The second phase involves applying Gaussian elimination to determine a
basis for UT, the null space of VT. The third phase involves extracting the solution
matrices U.

Suppose that V is an m x n matrix and its rank is r, where r is at most the minimal
value of m and n. The worst-case time complexity to determine the values for all
of the elements of V is O(m x n). Determining a null space basis for VT using
Gaussian elimination requires O (r x m x n + r3) arithmetic operations. The worst-
case time complexity to determine a basis for U7 is accordingly O (r x m x n +r3).
Since U = H(r +1:m, 1 : m), the worst-case time complexity to extract the solution
matrices U from H is clearly O (m? —r x m). Hence, the worst-case time complexity
for the presented techniques is O (m x n +r x m x n +r3 +m? —r x m), which is
similar to the method proposed by Bau et al. [2].

4 Experimental results

We have experimented with the proposed alignment techniques on certain codes
extracted from the TFFT2 programs in the SPEC95FP Benchmarks on our PC-
cluster environment. Our PC-cluster includes a master, a PC with one P4 (Pentium 4)
1.8 GHz CPU and 256 MB main memory, and 10 slaves, wherein each has one P4
1.5 GHz CPU and 128 MB main memory. The operating system is RedHat Linux
7.1 with the installed parallel software package—MPI-1.2.2.2. We hand-coded these
extracted code segments in MPI (Message Passing Interface) with C language and
executed them sequentially and in parallel with our MPI environment, respectively.
The code segments extracted from the TFFT2 programs in the SPEC95FP Bench-
marks contain referenced arrays using exponential subscripts and other complex non-
linear subscripts, as shown respectively in Tables 1 and 2. The code segment in Ta-
ble 1 contains three do-loops. The first do-loop in Table 1 is only used for evaluating
the performance of every machine tested, so it is not considered in searching for align-
ment functions for those arrays in statements S and S,. Those arrays in statements
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Table 1 The extracted code segment and the data alignments with our technique in Sect. 3.1

DOP=1,N,1

DOI=1,M,1
DOJ =12/ 1

S1: AQ*xxI +J)=rl1%sl —r2%s2+ COS(ti) Align AQ I + J) with T2 %I + J).
Sy B2 xl +J)=r2xsl+rl*xs24 SIN(ti) Align B2 x*I + J) with T (2 %I + J).

ENDDO
ENDDO

ENDDO

Table 2 The extracted code segment and the data alignments with our technique in Sect. 3.2

DO =0,2%(M—1)

DOL=1,(1+M)/2
DOJ=0,2%+((1+M—L)—1)

DOK = 1.2 %(L —2) Align A(K+J #2%x(L—1)+2

#%(L —2)) with T(K + J %2 %%
(L —1)4+2x%(L —2)).
Align B(K +J #2%*(L—1)+2
sk(L —2)) with T (K + J %2 %%
(L —1)+2%%(L—2)).

S1: A(K+J %2%x(L —1)4+2%x(L —2)) =tl+12—sin(pi)
Sy: B(K +J % 2% %(L — 1) + 2% x(L —2)) =3 — 4 + cos(pi)
ENDDO
ENDDO

ENDDO
ENDDO

S1 and S for the second do-loop and the third do-loop have no data dependence such
that they can intrinsically be executed in parallel. Our proposed method in Sect. 3.1
can align the arrays of this code segment in a communication-free manner which does
not cause interprocessor communication.

On the other hand, the code segment in Table 2 contains four do-loops. The first
do-loop in Table 2 is also only used to evaluate the performance of every machine
tested. Hence, it is not considered in searching for alignment functions for those
arrays in statements S7 and S,. Those arrays in statements S; and S, for the second
do-loop, the third do-loop, and the fourth do-loop have no data dependence such that
they can intrinsically be executed in parallel. Our proposed method in Sect. 3.2 can
align the arrays of this code segment in a communication-free manner which does
not cause interprocessor communication.

The corresponding sequential and parallel run times for the code segments in
Tables 1 and 2 are shown correspondingly in Figs. 4, 5, and 6. Figures 4 to 6 re-
veal that the difference between the sequential and parallel run time is significant.
This is because these tested code segments are computation-intensive such that the
cost for finally receiving the computed results appears less significant. Generally,
a computation-intensive nested loop which can be aligned in a communication-free
manner should well benefit from parallelism.
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Fig. 4 The overall sequential and parallel run times for the extracted code segment in Table 1
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Fig. 5 The overall sequential and parallel run times for the extracted code segment in Table 2
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Fig. 6 The overall sequential and parallel run times for the extracted code segment in Table 2

5 Conclusions

Generally, a single nested loop is the main program section to be parallelized. The
data alignment, which reduces the interprocessor communication to avoid undermin-
ing the benefits of parallelism, is often discussed on a single nested loop basis. On the
other hand, to reduce the communication for a program with multiple parallelizable
nested loops, a data alignment focusing on the whole program may be essential. How-
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ever, the alignment entirely based on the whole program is extremely complicated
because various factors, e.g., data dependences across the nested loops, the iteration
spaces for different nested loops, and the data access patterns for each nested loop,
etc., have to be considered. Alternatively, an intuitive way for aligning data arrays
over multiple nested loops is to align the data arrays with the proposed techniques
for each individual single nested loop. It is possible that large amounts of communi-
cation will occur in this way because the data arrays might have to be remapped onto
the template elements and redistributed over the processors across the nested loops.
Nevertheless, whether the time to run the program in the above approach is benefi-
cial or not might depend on the characteristics of the program. For example, if the
program computation is enormous, the communication cost might become relatively
less significant for the program execution. The executed program can perhaps obtain
an effective speedup.

For the referenced arrays, linear expressions appeared with the most frequency
and most data alignment methods were used mainly to align the array references with
linear subscripts. Based on the study of Reilly [33], Paek [29] and Hoeflinger [18] and
our survey, the number of arrays with exponential subscripts or other complex non-
linear subscripts might be attained to a certain extent. However, the data alignments
for the arrays with exponential subscripts or other complex nonlinear subscripts were
previously rarely discussed. In this paper, we propose two alignment techniques to
properly map, in a communication-free manner, the computations and array refer-
ences with exponential subscripts or other complex nonlinear subscripts onto the
virtual processors. Our alignment techniques, which are based on elementary lin-
ear algebra, reduce the alignment problem to the problem of determining a null space
basis for a matrix. By simplifying the process of solving the null space basis, the pro-
posed techniques can easily determine the desired mapping functions. Apparently,
many different mapping functions can be obtained by different linear combinations
of the null space basis. Furthermore, because dependent iterations with the proper-
ties described in Theorem 3.1 will be mapped onto the same template element, the
proposed techniques are not one-to-one mappings.
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