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Abstract. Multi-dimensional arrays with linear subscripts occur quite frequently in real programs. For multi-
dimensional linear arrays under variable bounds as well as any given direction vectors, the generalized Lambda
test is an efficient and precise data dependence method to check whether there exist real-valued solutions. In
this paper, we propose a multi-dimensional generalized interval test—a polynomial-time dependence test that can
be applied towards testing whether there are integer-valued solutions for multi-dimensional linear arrays under
variable limits and any given direction vectors. Experimental results with benchmark showing the effects of the
multi-dimensional generalized interval test over the generalized Lambda test are also presented.
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1. Introduction

The question of whether multi-dimensional array references with linear subscripts may
be parallelized/vectorized depends upon the resolution of those multi-dimensional array
aliases. The resolution of multi-dimensional array aliases is to ascertain whether two ref-
erences to the same multi-dimensional array within a general loop may refer to the same
element of that multi-dimensional array. If the two references to the same multi-dimensional
array within a general loop do not refer to the same element, then the general loop can be
executed in parallel. Otherwise, it will be executed sequentially. This problem in general
case can be reduced to that of checking whether a system of m linear equations with n
unknown variables has a simultaneous integer solution, which satisfies the constraints for
each variable in the system. It is assumed that m linear equations in a system are written as

a Xy taipXo+ -+ a1 Xpmr +a, Xe =aip

(1.1)
am,IXI + am,ZXZ +--- 4+ am,n—IXn—l + am,an = dm,0,
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DOJ=1,10
DO1=1,10
8§: A(I+10%(J-1), I+10*(J-1)) = B (I+10*(J-1), I+10%(J-1))
ENDDO
ENDDO

Figure 1. A nested do-loop in Fortran language.

where each g, ; is a constant integer for 1 <i < m and 0 < j < n. It is postulated that the
constraints to each variable in (1.1) are represented as

r—1 r—1
Pr,O+ZPr,sXs S Xr < Qr,0+ ZQr,sst (12)
s=1 s=1

where P, o, O,0, Prs and O, are constant integers for 1 < r < n. That is, the bounds for
each variable X, are variable.
If each of P, ; and Q, is zero in the limits of (1.2), then (1.2) will be reduced to

Po<X, <Qro, wherel <r <n. (1.3)

That is, the bounds for each variable X, are constants. Let us use an example to make clear
the illustrations stated above. Consider the nested do-loop in Figure 1.

The lower and upper bounds of the first (outer) loop and the second (inner) loop are,
respectively, 1 and 10. Therefore, the bounds of the do-loop are constants. This do-loop
executes 100 iterations by consecutively assigning the values 1,2, ..., 10 to J and I and
executing the body (the statement S) exactly once in each iteration. The net effect of the
do-loop execution is then the ordered execution of the statements:

AL, 1) = B(1, 1)
A(2,2) = B(2,2)

A(100, 100) = B(100, 100).

To ascertain whether two references to the multi-dimensional array A may refer to the same
element of A we have to check if the following two linear equations

10XX1—10XX2+X3—X4=0
10x X —10x Xo4+X3—X4=0

have a simultaneous integer solution under the constant bounds 1 < X;, X, < 10, and
1 < X3,X4 <10.



A POLYNOMIAL-TIME DEPENDENCE TEST 113

There are several well-known data dependence analysis algorithms applicable for one-
dimensional arrays under constant bounds or variable bounds: the GCD test [1-3, 30],
Banerjee’s method [1-3], the I test and the direction vector I test [17, 20, 23-25], the
extended I test and the generalized direction vector I test [5, 7] and the interval reduction test
[15]. There are also several well-known data dependence analysis algorithms applicable for
multi-dimensional arrays under constant bounds or variable bounds: the generalized GCD
test [1-3], the Lambda test [19], the generalized Lambda test [8], the multi-dimensional I
test [9], the Power test [31] and the Omega test [26]. There are several well-known data
dependence analysis algorithms applicable for arrays with linear subscripts with symbolic
coefficients or with non-linear subscripts under symbolic bounds: the infinity Banerjee test
[3, 22], the Range test [4], the infinity Lambda test [6] and the access range test [13, 21].

In this paper, the extended I test and the generalized direction vector I test [5, 7],
the Lambda test and the generalized Lambda test are integrated to check whether m lin-
ear Eq. (1.1) under variable bounds and any given direction vectors have integer-valued
solutions (A dependence testing method determining if there exist integer-valued solu-
tions is more precise than that determining if there exist real-valued solutions). A the-
oretical analysis explains that we take advantage of the trapezoidal shape of the con-
vex sets derived from m linear equations under variable limits and any given direction
vectors in a data dependence testing. An algorithm called the multi-dimensional gen-
eralized interval test has been implemented and several measurements have also been
performed.

The rest of this paper is proffered as follows. In Section 2, the summary accounts of the
extended I test and the direction vector I test, the Lambda test and the generalized Lambda
test are presented. In Section 3, the theoretical aspects and the worst-case time complexity of
the multi-dimensional generalized interval test are described. Experimental results showing
the advantages of the multi-dimensional generalized interval test are given in Section 4.
Finally, brief conclusions are drawn in Section 5.

2. Background

The summary accounts of the extended I test and the direction vector I test, the Lambda
test and the generalized Lambda test are introduced briefly in this section.

2.1. The extended I test and the generalized direction vector I test

A linear equation with the bounds of (1.2) as well as any give direction vectors will be
said to be integer solvable if the equation has an integer solution satisfying the bounds of
each variable. Definitions 2.1 and 2.2, respectively, define direction vectors and interval
equations [3, 17].

Definition 2.1 A vector of the form 6 = (61, ..., 64) is termed as a direction vector. The
direction vector (6y, ..., 6,) is said to be the direction vector from S;(i) to S(j) if for
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1 <k <d, ixbji, i.e., the relation 6y is defined by

= ifiy = ji,
O = . .k J.k
> ifip > ji,
% the relation of i; and j; can be ignored, i.e., can be any one of {<, =, >}.
Definition 2.2 Letay,...,a,_1,a,, L and U be integers. A linear equation
aXi1+aXo+--+a, 1 X1 +a,X, =[L, U], 2.1

which is referred to as an interval equation, will be used to denote the set of ordinary
equations consisting of:

aX1+aXo+---+a, X1 +a, X, =L
aIXI +a2X2 +-- 4+ anflxnfl +anxn =L+1

aXi+aX +- -+ a1 Xy +a, X, =U.

In the following, Definition 2.3 states the definition of the set of all integer intervals.
Definition 2.4 describes the definition of the set of all interval equations. Definition 2.5
introduces the definition of the set for the length of the right-hand side interval on every
interval equation in the set of all interval equations.

Definition 2.3 Suppose that the constraints of X, for | < r < n are equal to the bounds of
(1.2). Let [by + Z’r’:l b.X,, co+ Z'::l ¢, X, ] represent the set of all the integer intervals for
every X, to satisfy the bounds of (1.2), where by, co, b, and ¢, for 1 < r < n are integers.
The set of all the integer intervals, A, is denoted to be equal to

r—1

Pro+ Z Prsys < yr = Qro
s=1

{ |:b0 + Xn:bryrv co + Xn: Cr)’r:|
r=1 r=1

r—1
+ Z Qrsys forl <r < n}

s=1

Definition 2.4 Suppose that the constraints of X, for 1 < r < n are equal to the bounds
of (1.2). Let

L=b0+ibrX, and U=c0+ic,X,,
r=1 r=1
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where L < U, and by, co, b, and ¢, for 1 < r < n are integers. Let ay, ..., a,_1, a, be
integers. The following interval equation

alxl +a2x2+"'+an—lxn—l +aan = [La U]7 (22)

which is referred to as a variable interval equation, will be used to denote the set of all the
interval equations inferred from every variable X, under the bounds of (1.2). The set of all
the interval equations I' is denoted to be equal to

{alyl + -+ apyYn = |:b0 + Zbryh co+ Zcryr:|
r=1 r=1

r—1 r—1
Pr,0+ZPr,sys < Yr < Qr,0+ZQr,sys fOI'] <r Sn}
s=1 s=1

Definition 2.5 Suppose that the constraints of X, for 1 < r < n are equal to the bounds
of (1.2). Let K represent the left-hand-side expression > »_, a,X,, L = by + > »_,; b, X,
and U = ¢p + Zle ¢ X, in the Eq. (2.2), where L < K < U, and by, ¢y, a,, b, and ¢,
for 1 <r < n are integers. The set Q2 for the length of the right-hand side interval on every
interval equation in the Eq. (2.2) is denoted to be equal to

r—1

Pr,O + Z Pr,s)’s S Vr f Qr,O

s=1

{1 +(co—bo)+ Y (cr = b)y)

r=1

r—1
+> 0nys forl=rs n}
s=1

A variable interval Eq. (2.2) will be said to be integer solvable if one of the equations
in the set, which it defines, is integer solvable. The immediate way to determine this is
to test if an integer in between L and U is divisible by the GCD of the coefficients of the
left-hand-side terms. If each of b, and ¢, is zero for 1 < r < n, then the set of all the
interval equations I" only contains one interval equation. The set I" will be said to be integer
solvable if one of the interval equations in the set I is integer solvable. If

n n
bo + Zbr)’r >co + Zcr)’r
r=1 r=1

in every interval equation in the set I', then there are no integer solutions for the set I". If

n n n n
Zaryr < b0+2bryr or Zaryr > CO+ZCVYr
r=1 r=1 r=1 r=1
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in every interval equation in the set I', then there are no integer solutions for the set I'. If the
expression of the left-hand side for one of the interval equations in the set I is zero items,
then the set I will be said to be integer solvable if and only if

b0+ibryr <0< C0+icryr'

r=1 r=1

It is easy to see that a linear Eq. (1.1) is integer solvable if and only if the only interval
equation in the set

al X1 +arXo+ -+ a1 Xuo1 +a, X, = [ao, apl)

is integer solvable.

In light of the extended I test [5] and the generalized direction vector I test [7], if there
is the coefficient g, for one item in a variable interval Eq. (2.2) with a small enough value
to justify the movement of the item to the right, then the item is moved to the right and
the value of the right-side interval is changed. Repeat the processing until the number of
the item in the left-side in the variable interval Eq. (2.2) is reduced to zero. The two tests
generate three possible results when they are used to determine integer solutions of the
variable Eq. (2.2). The first generated result of ‘yes’ means that the variable Eq. (2.2) has
integer solutions, and the second generated result of ‘no’ means that there are no integer
solutions for the variable Eq. (2.2). The third generated value of ‘maybe’, on the other hand,
shows that the variable Eq. (2.2) has a solution which satisfies the limits on all the variables
which the two tests have managed to move to the right-hand side of the variable Eq. (2.2),
and might still have a solution which satisfies the limits on the rest of the variables.

2.2.  The Lambda test and the generalized Lambda test

Coupled references are groups of reference positions sharing one or more index variables
[19, 31]. Geometrically, each linear equation in (1.1) defines a hyperplane 7 in R" spaces.
The intersection S of m hyperplanes corresponds to the common solutions to all linear
equations in (1.1). Obviously, if S is empty then there is no data dependence. Inspecting
whether § is empty is trivial in linear algebra [3]. In general, the Banerjee inequalities and
the Banerjee Algorithm [5] are, respectively, first applied to test each hyperplane in (1.1)
under the bounds of (1.3) or in (1.1) with the bounds of (1.2). If every hyperplane intersects
V, then the Lambda test or the generalized Lambda test are employed to simultaneously
check every hyper-plane with bounds of (1.3) or (1.2), respectively. The tests form linear
combinations of coupled references that eliminate one or more instances of index variables
when direction vectors are not considered. While direction vectors are considered, the two
methods generate new linear combinations that use a pair of relative index variables.

3. The multi-dimensional generalized interval test

Given the data dependence problem of multi-dimensional arrays with linear subscripts
with variable bounds and any given direction vectors, we propose a multi-dimensional
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generalized interval test (generalized I test and generalized direction vector I test). The
multi-dimensional generalized interval I test examines a system of linear equations and
deduces whether the system has integer-valued solutions. The linear equations have to be
first transformed by the multi-dimensional generalized interval test to their corresponding
variable interval equations. It is straightforward that the linear equations are integer solvable
if and only if its corresponding variable interval equations are integer solvable.

Assume that there are m variable interval equations written as

a X1 +apXo+ -+ a1 Xao1 +ar X,

r r=n r=n
- bg“+Zb9>xr,ca“+265”’“]
L r=1 r=1

am,IXI + am,ZXZ +---+ am,nlenfl + am,an

B r=n r=n
— bgﬂ) + Z b,(am)er c(()’") + ZC,(,m)Xr:| ,

r=1 r=1

(3.1)

where each a; ., bg), bw, cg) and ¢ is a constant integer for | <i <mand1 <r <n.
The constraints to each variable in (3.1) are postulated to be

r—1 r—1
Pr,O + Z Pr,sXs < Xr < Qr,O + Z Qr,sXSs (32)
s=1 s=1

where P.o and O, are constant integers for 1 < r < n, and Xy_; and Xy satisfy
constraints of direction vectors for for 1 < k < d, where d is the number of common
loops. Let F; be the i-th variable interval equation in (3.1). Geometrically, F; consists of
14+ = b$) + Y0, (¢ — bD)y, linear equations, where

r—1 r—1
Pr,O + Z Pr,sys S yr S Qr,O + Z Qr.sys fOI' 1 S r f n,

s=1 s=1

in which each linear equation is parallel each other. Hence, F; contains 1 + (c(()i ) — bg )) +
Y, (@ — bWy, hyperplanes in which each hyperplane is parallel each other. The in-
tersection S of m variable interval equations corresponds to the common solutions to all
variable interval equations in (3.1). Obviously, if S is empty then there is no data depen-
dence. The bounds of (3.2) and any given direction vectors define a bounded convex set V
in R". If any of variable interval equations in (3.1) does not intersect V, then obviously S
can not intersect V. However, even if every variable interval equation in (3.1) intersects V/, it
is still possible that S and V are disjoint. It is assumed that two variable interval equations in
(3.1), respectively, intersect V. But the intersection of them is outside of V. If one can find a
new variable interval equation which contains § but is disjoint from V, then it immediately
follows that S and V do not intersect. The following theorem is an extension of Theorem 1 in
[6] and guarantees that if S and V are disjoint, then there must be a variable interval equation
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which consists of $ and is disjoint from V. Furthermore, this variable interval equation is
a linear combination of equations in (3.1). On the other hand, if S and V intersect, then no
such linear combination exists.

Theorem 3.1 SNV = & ifand only if there exists one variable interval equation, B, only
consisting of one linear equation, which corresponds to a linear combination of equations

in (3.1) :

m N m m
Z)\i*ﬁi,X = Zki*ai,oaz)ﬁ*di,o ,
i1 i1 im1

where

r=n r=n
by + Y bOX, <aig< ) +Y VX, forl <i<m,

r=1 r=1

such that BNV = @ - (a;, )?) denotes the inner product of d; = @j1,...,ai,) and
X=X, ..., Xn).

Proof: (<) The variable interval equation, 8, contains S and is disjoint from V. So we
can immediately derive that S is disjoint from V.

(=) For the convenience of the proof, (3.1) are rewritten as A * Y = o,
where

1
—dapo dii S W
.| X
A= , Y= ,
_am,O am,1 st Amon (m)x(n+1)
Xn

(n+1)x1

O is am * 1 zero matrix, and

r=n r=n
bg) + Z bﬁ’)X, <ajp < cg) + Zcf’)X,
r=1 r=1

for1 <i < m. We can let

S={X1,....X): AY =0}, V = {(X1...., X») : Pro

r—1 r—1
+ Xl: P)‘,XXS = Xr = Qr,(] + 2]: Qr,sXx for 1 <r=n and X2k—1 and X2k
s= s=
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satisfy constraints of direction vectors for for 1 < k < d, where d is the number of com-
mon loops}, S = {(1, X1,..., X,) : V(X1,..., X,) € S}, and V' = {(1, Xy, ..., X,) :
Y(X1, ..., X,) € V}. Because SN V=@, we can infer SNV =

We leta = Span(bl,..., m) whereb = (—aip, a1, -- a,n)VC caand D € S,
we can obtain the inner product of C and D as follows

m R N
= <Z )\,,’ * bl', D>
i=1
=M(—a10+ a1 X1+ +a . Xy)
+--- 1+ )\-m(_am,O + am,le +--- am,an)
= 11(0) + -+ - + 1, (0)
=0.
Therefore, we can at once derive that « is the orthogonal complementary space of S”. For
any Z in V', consider P 7, the projection of ZonS. Since ||P 7 — Z|| is a continuous

function on V" and V' is bounded, there must be exist Zo in V’ such that ||P 7~ ZO|| =
ming_y, ||P 7 — Z|| This is the minimum distance between S” and V’. Since Zo P Z
is orthogonal to §’, it must be in «. Hence, the equation (Zo 2 Zos DL = 0 is a linear
combmatlon of equations in (3.1), i.e., ZO - P Zo = A1 % bl + -+ Ay *x by,. The equation
(ZO PZO, ) = 0 is actually equal to

m R m
<Z)Li *51'1 X> = Z)\,i * dj -
i=1 i=1

Therefore, the equation,

m . m
Z)\[*ﬁi,X :Z)\q’*ai,Oa
i=1 i=1

is transformed to one new variable interval equation,

<ZA * dj, > |:ZA *a,O,Z/\ *a,01|

Let B be the new variable interval equation. Hence, we can immediately conclude that the
new variable interval equation, 8, which contains S. Since (Zo — Pz,, Z) > 0 for any Zin
V'’ (Refer to [6].), so each element X in V satisfies

<Z}\ *d;, >>ZA * dj .

Therefore, we can at once derive NV = . d
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An array (A, ..., A,) in Theorem 3.1 determines one variable interval equation that
contains S. There are infinite number of such variable interval equations. The tricky part
in the multi-dimensional generalized interval test is to examine as few variable interval
equations as necessary to determine whether S and V intersect. We start from the case of m
= 2, both for convenience of presentation and for practical importance of two-dimensional
arrays [12].

3.1. The case of two dimensional array references

In the case of two dimensional array references, two variable interval equations in (3.1) are
r=n

Fi = b“) - Z bPX,, ) + Z <1>X
and

r=n

F= b(2)+Zb<2>X,,c(2> Z <2>X

where F; = a;1 X1+ - -+ a; X, for 1 < i < 2. An arbitrary linear combination of the
two variable interval equations can be written as Ay Fy + A2 F> = [Ag % aj0+ A % a20, A1 *
a0+ Ay xaso], where

r=n
by + ) bUX, a0 < ¢+ Zc<‘>x and
r=1 r=1
r=n r=n
2 2
B+ S HOX, <anp < @4 30X,
r=1

The domain of (A1, A,) is the whole R? space. Let Foo =M+ M0F =[A xao+
Ak a0, Ay kayo+ A xazpl, thatis Fy 5, = —(Arar 0+ A2az0) + (Arar1 + Azaz ) X1 +

-+ (Mar, + Max )X, = 0. By [19], Fy, s, is viewed in two ways. With (A1, A7)
fixed, Fj, ,, is a linear function of (X, ...,X,) in R". With (X, ...,X,) fixed, it is a
linear function of (A, A,) in R2. Furthermore, the coefficient of each variable in Fy i, 1s
a linear function of (Ay, A) in R?, ie., WO = Ajay; + Ayay, forl <i < nor &9 =
Ai(arpi—1 +ai1.2) +r(azpi—1 +aza) for 1 <i < d. The equation ¥ = 0,1 <i <n,
is called a W line in R?. The equation ®) = 0,1 <i < d, is called a ® line in R?.

A nonempty set C C R™ is a cone if eh € C foreach & € C and & > 0 [30]. It is
obvious that each cone contains the zero vector. Moreover, a cone that includes at least one
nonzero vector A must consist of the‘ ‘ray”’of x namely {sk | & > 0.}. Such cones can clearly
be viewed as the union of rays. By [19], there are at most n W lines and n/2® lines which
together divide R? into at most 37 regions. Each region contains the zero vector. Any one
nonzero element X and the zero vector in the region form the ray of x, namely {EX | e > 0}.
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Therefore, each region can be viewed as the union of the rays. It is very obvious from the
definition of cone that each region is a cone [30].

In the following, Lemmas 3.1 to 3.6 are extended from [35, 7, 8, 17, 19]. Definitions 3.1
to 3.2 are cited from [19] directly.

Lemma 3.1 Suppose that a bounded convex set V is defined simply by the limits of (3.2).
(The dependence directions will later be taken account of.) If Fy,,», = [A1 % a0 + Ay *
@20, M % arg + Aok asol is (Pro + Y02y PrsXs < X, <00 4+ Y02) Qrs X, for 1 <
r < 2n)—integer solvable for every (A1, A2) in every WV line, then F),,, = [M * a0 +
o #axo, b karo+ Ak azolisalso (Pro+ Y 0_ ProXy < X, Qo+ Yos) Ori X, for
1 < r < n)—integer solvable for every (A1, Xy) in R2.

Proof:

1. From the extended I test in [5], because F),,,, = [A1 * a1 0+ A2 xaz0, A1 * a1 0+ Ao *
aZ,O] is (Pr,O + Z:;% Pr,sXx = Xr SQr,O + Z;;i Qr,xXS for 1 <r = n)—integef
solvable for every (11, Az) in every W line, there must be at least one element in V such
that Fyo,— a*xaio+ i *kazg) = 0.

2. Wehave that Fy,,5, — (A1 *a;0+ A2 *xaz)=0 for any point (1;, A2) on every W line
according to the assumption of the lemma. It is immediately concluded that F; ,;, =
(A1 % @104 Aok azg, A *aro+rakarolis (Po+ Yois) PrsXs < X, < Qro+ 2 0r,
0O, sX, for 1 < r < n)—integer solvable for every point (A, A,) on the boundaries of
each cone.

3. Every point in each cone can be expressed as a linear combination of some points on the
boundary of the same cone, as being a well-known fact in the convex theory. Any point
(X5, L¢) inacone is assumed to be capable of being represented as (eA; +T A3, Ay + Thy),
where (A1, A») and (X3, A4) are points in the boundary of the cone and ¢ > 0 and 7 > 0.
Because

Frso(X1, ..., X)) — (Asaro + A6a2,0) = Fonvoas,enotrrg(X1s oo oy Xp)
—(eA1 +TA3)a10 — (A2 + TAg)az
=& x (Fun(X1, ..., Xy) — (Mago + A2a20)) + T % (Fu 0, (X1, ..., X0)
— (A3a1,0 + Aaa20))
=ex0+7x%x0
=0,

we thus secure that F,,, = [As x aj0 + Ae * a2.0, A5 * aj0 + Ae * azol 1s (P +
ZZ;} P X, <X, <00+ ZZ;} Q,sX, for 1 < r < n)—integer solvable for any
point (As, Ag) in each cone. Of course it is also true in the whole R? space. Therefore,
for any point (A, A7) in R? space, Fy,,,, = [A1 *x a0+ Ay x azo, A1 * a1 0 + Az * az ]
is (P.o + Z;;i PX; <X, <Q,0+ Z;;{ 0,sX; for | <r < n)—integer solvable
in R" space.
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O

Lemma 3.2 Suppose that a bounded convex set V is defined by the limits of (3.2) and any
given direction vectors. If F,,,, = [A ®* a0 + Ay % azo, A1 *xay o+ Ay x az 0l is (Payo <
Xok— 10k Xok < Qoo for1 <k <d,and P.g < X, < Q,0, for 2d +1 < r < n)—integer
solvable for every (A1, Xy) in every ® line, then F),,;, = [A1 *xa10 + da * az0, A1 * aro +
Ao *x ar ol is also (Poro < Xok—10k Xox < Qopofor 1 <k <d, and P,p < X, < Q,0, for
2d + 1 <r < n)—integer solvable for every (A1, Ay) in R2,

Proof: Similar to Lemma 3.1. O

It is indicated from Lemmas 3.1 to 3.2 that variables in one variable interval equation
can be moved to the right if the coefficients of variables have small enough values to
justify the movement. If all coefficients for variables in one variable interval equation have
no sufficiently small values to justify the movements, then Lemmas 3.1 to 3.2 can not
be applied. While every variable in a variable interval equation can not be moved to the
right, Lemmas 3.3 to 3.6 describe a transformation using the GCD test which may enable
additional variables to be moved.

Lemma 3.3 Suppose that a bounded convex set V is defined simply by the limits of (3.2).
Let g = ged(har + A2azy, ..., May, + Aoaz ). If (1/8) * Fy o, = [[(M * aro + A2 *
a20)/87, LA % aro + Ao x az)/gllis (Pro+ Yis) PrsXs < X, <00+ Y 0) Ori X,
for 1 < r < n)—integer solvable for every (A, Ay) in every WV line, then (1/g) %
Fi,= [T x a0 + A& x a20)/81, (A1 xaio0+ A2 *ax0)/gll is also (Pro +
Z;;i P.X; <X, <00 + Z:;} 0,sXs for 1 < r < n)—integer solvable for every
(A1, A2) in R2.

Proof: Similar to Lemma 3.1. |

Lemma 3.4 Suppose that a bounded convex set V is defined by the limits of (3.2) and
any given direction vectors. Let g = ged(Aay | + Aaz i, ..., AMar, + Araz ). If (1/8)*
Fyn =M *ar0+2r2%a20)/g1, LA *x ar0 + A2 % az0)/g11is (Paro < Xok— 10 Xox <
Quo forl < k < d, and P,y < X, < Qro, for 2d +1 < r < n)—integer
solvable for every (A1, A2) in every @ line, then (1/g) x Fy,,», = [[(A1 * a10 + A2 *
a2,0)/81, LA % ay 0+ Ax * azo)/gllis also (Paro < Xok— 10k Xk < Qoo forl <k <d,
and P,y < X, < Q,0, for2d + 1 < r < n)—integer solvable for every (1, Ay) in RZ.

Proof: Similar to Lemma 3.1. O

Lemma 3.5 Suppose that a bounded convex set V is denoted simply by the limit of
(3.2). Let g = ged(Marg + Aaxy, ..., Mai, + Aay,). Given a line in R* cor-
responding to an equation aly + bhy = 0, if Fy,,,= [A*aio0+Arrxag, Al *
arotrzxazolor(1/g)* Fy o, = [[(A1 % a0+ Aaxaz0)/g1, L(A1 * ay o+ Az *az0)/gl]
is (Pro+ Z;;{ P Xy <X, <00 + Zf_;i 0,sXs for 1 < r < n)—integer solvable
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in R" space for any fixed point (A0, Xg) # (0,0) in the line, then for every (A1, A7)
in the line, F)Ll,)L2 = [)\.1 * dyo + )\.2 * 112,0,)\.1 * dy0 + )\2 * 612.0] or (l/g) * F')Ll,)L2 =
[[(h1%a104+raxa20)/g1, LA % aro + A * az0)/glisalso (Po+Y ') PrsX, < X, <
Oro+ ZZ;; 0, X, for 1 <r < n)—integer solvable in R" space

Proof: Similar to Lemma 3.1. O

Lemma 3.6 Suppose that a bounded convex set V is denoted by the limit of (3.2) and any
given direction vectors. Let g = gcd(M a1, + Aaz 1, ..., Aar, + Aaaz ). Given a line in
R? corresponding to an equation ai, + bi, = 0, if Fojon, = [A1 % a10+ Xaxazo, A *
aro + Az x azol or (1/g) * Fy = [[(A1 * ar0 + A2 * a20)/g1, LA *x aro + Az *
a2,0)/811 is (Pauo < Xok—10k X < Quoforl <k <d, and P,y < X, < Oy, for
2d 4+ 1 < r < n)—integer solvable in R" space for any fixed point (19, Ag) # (0, 0) in the
line, then for every (A1, Ay) in the line, Fy,;, = [A1 * a1 0+ A2 % az0, M1 *x a0+ A2 *xaz ]
or (1/g)* Fy 5, = [[(M % a0+ Arxa20)/g1, L(A1 * ar,0 + A2 * az0)/ g1 is also (Py o <
Xok— 10k Xok < Qoo forl <k <d,and P,y < X, < Qo, for 2d + 1 < r < n)—integer
solvable in R" space

Proof: Similar to Lemma 3.1. O

Definition 3.1 Given an equation of the form aA; + bA, = 0 where a, b are not zero
simultaneously, a canonical solution of the equation is defined as follows:

(A1, A2) = (1,0), ifa=0;

(A1, 22) = (0, 1), if b = 0;

(A1, A2) = (b, —a), if neither of a, b is zero.
(A, M) = (1, 1), if both of a and b are zero.

Definition 3.2 The A set is denoted to be the set of all canonical solutions to W equations
and ® equations. Each element, (1, A,), in the A set corresponds to one variable interval
equation F; 5, = [A1 *ajo+ Ax xaxo, A % a0+ Ay xazpl.

By [19], there are at most n\W equations and 5 ® equations if V' is denoted by the bounds
of (3.2) and any given direction vectors. Each of W and ® equations generates a canonical
solution according to Definition 3.1. Each canonical solution forms a new variable interval
equation, only containing the only linear equation in light of Definition 3.2. Obviously, new
variable interval equations tested are at most % if V is defined by the constraints of (3.2)
and any given direction vectors.

The multi-dimensional generalized interval test is employed to simultaneously check
every variable interval equation. It examines the subscripts from two dimensions, and then
figures out the A set from W and ® equations. Each element in the A set determines a new
variable interval equation. The new variable interval equation is tested to see if it intersects
V, by moving variables in one variable interval equation as done in the generalized direction
vector I test [7] for testing each single dimension.
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We now use an example to explain how the multi-dimensional generalized interval I test
works. Consider the following equations

X1+ X, = 10
X —X,=-2

subject to the bounds and given direction vectors
1<X, <100, 1<X,<100 and X, < X».

According to in Definition 2.1, the constraints for X; and X, will be redefined by 1 <
X1 <99,and 1 4+ X; < X, < 100. According to Definition 3.1, the I" equations have one
canonical solutions (0, 1). According to Definition 3.2, one canonical solution (0, 1) yields
the following variable interval equations:

X1 — Xy =[-2,-2] (Ex1)

According to Definition 2.4, the set of all the interval equations W for the variable interval
equation (Ex1) is equal to

{X; — X, = [—2, —2]|every variableX, satisfies its bounds forl < r < 2}.

The set €2 for the length of the right-hand side interval on every variable interval equation
in the set I' is {1}. Therefore, the maximum element in the set 2 is one. It is obvious from
Definition 2.4 that the set I is integer solvable if the only variable interval equation in the
set I is integer solvable. The coefficient for X, satisfies the assumption of the extension
of the direction vector I test [7]: (1) =1 <0,(2) =1 <0=<0,(3) —1 <0 <0 and (4) the
absolute value of the coefficient is equal to one. The extension of the direction vector I test
is applied towards moving the term X to the right-hand side of the only variable interval
equation in the set I'. The new set I'; in light of the extension of the direction vector I test
and Definition 2.4 is

{X, =[X1 — 1, 98]|every variable X, satisfies its bounds for 1 < r < 1}.

Now the set 21 for the length of the right-hand side interval on every interval equation
in the set I'; is equal to {100 — X ;|1 < X; < 99}. The maximum element computed by the
Banerjee algorithm [1] in the set €2; is 99. When the maximum element is 99, the value for
Xjisequalto 1. Because X; = land 1 < X; <99, s0 X; —1 < X; <98 hold. Therefore,
there exists a constant interval equation in the set I'; satisfying the given limitations. The
coefficient for X satisfies the assumption of the extension of the direction vector I test: (1)
1>0,21>1=>0,31=>0 >0, and (4) the value of the coefficient is less than 99.
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The extension of the direction vector I test is employed toward moving the term — X to the
right. The new set I'; is

{0=[-1,98-X][1 =X, =99}

The expression of the left-hand side on the variable interval equation in the set I'; is reduced
to zero items. The variable interval equation in the set I'; is integer solvable because
—1 <0 <98 — X, hold for 1 < X; < 99. Therefore, the multi-dimensional generalized
interval test in light of Lemmas 3.1 to 3.6 infers that there is integer-valued solution.

3.2.  The case of multi-dimensional array references

We take account of m interval equations in (3.1) with m > 2 for generalizing the multi-
dimensional generalized interval test. All m variable interval equations are assumed to be
connected; otherwise they can be partitioned into smaller systems. As stated before, we can

hypothesize that there are no redundant equations. An arbitrary linear combination of m
variable interval equations in (3.1) can be written as

where

r=n r=n
by +> bX, <aipg< cf'+ ) X, forl<i<mand (d,X)

r=1 r=1

denotes the inner product of @; = (a; 1, . .., a;,) and X = (X1, ..., X,).
Assume that

m m
8 =ng<Zk, *ai,l, ...,Z)\.l‘ *ai,n>.
i=1

i=1

It is to be determined whether

or
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is (Pro + Z;;{ P X, <X, <0,0+ Z;;{ 0,sX; for 1 < r < 2n)—integer solvable in
R" space for arbitrary (A, ..., Ay),or it is to be tested if

or

S [ Yallt ey

is (Po,o < Xok—16k Xk < Onoforl <k <d,and P.g < X, < Q,p, for2d +1 <
r < n)—integer solvable in R" space for arbitrary (A, ..., A,;). By [19], the coefficient
of each variable in F;, _;  is a linear function of (A, ..., A,) in R™, which is @ =
Z;’zl djaj; for 1 <i < nand @V = ZTzlkj(aj,Zi_l +ajy) forl <i < d. The
equation W =0, 1 <i <n,iscalled a W equation (also called A line). The equation
& =0,1<i <d,is called a ® equation (also called A line).

The following Lemmas are extended from [5, 7, 8, 17, 19].

Lemma 3.7 Suppose that a bounded convex set V is defined simply by the limits of (3.2).
Let

m m
g:ng(Z)\., *ai,l,...,Z)\i *a,-,n).
i=1

i=1

If

m m
Fy = E Ai % aj o, E Ai * 4
i=1 i=1

[ YARTSTA

is (P.o + Zz;i PX, <X, <0,0+ Zz;{ 0,5 X, for 1 < r < n)—integer solvable for
every (Ay, ..., Ay) in every X line, then

or
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o[ (]

is also (P + Z;i PsXy <X, <Qro0+ Z;l Q0,5 X; for 1 <r < n)—integer solvable
for every (A1, ..., Ay) in R™ space.

or

Proof: Similar to Lemma 3.1. O

Lemma 3.8 Suppose that a bounded convex set V is defined by the limits of (3.2) and any
given direction vectors. Let

m m
g = ng (Z)\.,‘ XAj1yeees Z)\.i *(li.n).
i=1

i=1

If
or

is (Pok,o < Xok— 16k Xok < Quoforl <k <d,and P,y < X, < Oy, for2d +1=<r <
n)—integer solvable for every (Ay, ..., Ay) in every X line, then

or

[ YARTESTA

is also (Pyo < Xox—16Xok < Quo for 1 < k < d, and P,y < X, < Q,o, for
2d + 1 <r < n)—integer solvable for every (A1, ..., Ay) in R™ space.



128 CHANG, CHU AND WU

Proof: Similar to Lemma 3.1. O

Lemma 3.9 Suppose that a bounded convex set V is defined simply by the limits of (3.2).
Given a line in R™ which crosses the origin of the coordinates and let

i=1

m m
8 =ng<Z)x,‘ * a1, ...,Z)\.,‘ *(l,‘_,,).
i=1

If

or

o[} (/]

is(P,,o+Z;;} P.sX; <X, < Qr,O‘FZZ;} Qs X forl <r < n)—integer solvable in R"
space for any fixed point (A9, .. ., X(,L) # (0, ..., 0) in the line, then for every (A1, ..., Apm)
in the line,

or

is also (P, + ZZ;} P X, <X, <Q,0+ ZZ;; 0,5 X, for 1 <r < n)—integer solvable

in R" space
Proof: Similar to Lemma 3.3. O
Lemma 3.10 Suppose that a bounded convex set V is defined by the limits of (3.2) and

any given direction vectors. Given a line in R™ which crosses the origin of the coordinates
and let

m m
g :gcd(ZAi *dq, ...,Zk,- *ai,,,>.
i=1

i=1
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If

or

e YA RV

is (Po,0 < Xok—10k Xop < Qopofor 1 <k <d,and P.o < X, < Qy0,for2d +1=<r <
n)—integer solvable in R" space for any fixed point (A0, .. ., )»531) #(0,...,0)in the line,
then for every (Ay, ..., Ay) in the line,

or

is also (Poro < Xox—16i Xk < Ompo for 1 < k < d, and Py < X, < Q,0, for

2d + 1 <r < n)—integer solvable in R" space.
Proof: Similar to Lemma 3.3. O

The details of the multi-dimensional generalized interval test in the general case is not
considered here since the discussion is similar to the case of m = 2.

3.3.  The algorithm

For convenience of presentation, the extended I test [5] and the extended direction vector I
test [7] are called as the extended interval test. We now summarize the illustration into an
algorithm. The algorithm is described below.

Input: M interval equations (3.1), the constraints (3.2) to each variable in (3.1) and a set of
A values (Aq, ..., Ap).

Output:

no: Equations (3.1) under the constraints (3.2) have no integer-valued solutions.
yes: Equations (3.1) under the constraints (3.2) have infeger-valued solutions.

maybe: The proposed method cannot conclude whether Egs. (3.1) under the constraints
(3.2) have integer-valued solutions.
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Method:

Step 1. According to (Ay, ..., A,), We can obtain a new interval equation,

where (a;, f() denotes the inner product of @; = (a; 1, ..., a;,) and X = (X1, ..., X,).

Step 2. The extended interval test is applied to deal with the new interval equation.

Step 3. If the extended interval test finds there exists an integer solution, then a result of yes
is returned and the processing is terminated. Otherwise, go to Step 4.

Step 4. If the extended interval test determines there exist no integer solutions, then a result
of no is returned and the processing is terminated. Otherwise, go to Step 5.

Step 5. The extended interval test cannot be applied to determine if there exists an integer
solution. A result of maybe is returned and the processing is terminated.

If the proposed method returns a result of yes or no, then that result is accurate; i.e., a
returned value of yes means that the equations have integer-valued solutions and a returned
value of no means that the equations have no integer-valued solutions. A returned value of
maybe, on the other hand, means that the proposed method does not derive whether the
equations have integer-valued solutions.

3.4.  Time complexity

The main phases for the multi-dimensional interval test include (1) calculating A values and
(2) examining each variable interval equation. A values are easily determined according to W
equations, @ equations and Definition 3.1. It is clear that the time complexity to computing
a A value is O (y) from Definition 3.1, where y is a constant. Each X\ value corresponds to
one variable interval equation. Each variable interval equation is tested to see if it intersects
V, by moving variables in left-hand side of one variable interval equation to right-hand
side of the variable interval equation as done in the generalized I test and the generalized
direction vector I test for one single dimension [5, 7]. The worst-case time complexity for
them is O(n® + y ok n? + n?) [5, 7], where n is the number of variables in variable interval
equations. Hence, the time complexity of for the multi-dimensional generalized interval
test examining one variable interval equation is derived to be O(n® + y * n?> 4+ n? + y).
The number of variable interval equations checked in the multi-dimensional generalized
interval test is at most

]'[(Ui—L,-+1)*< ! )
iy m—1
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where m is the number of original coupled references and L; and U; are lower and upper
bounds in right-hand side of original variable interval equations for 1 < i < m, in light of
statements in Sections 3.1 and 3.2 and [19]. Therefore, the worst-case time complexity for
the multi-dimensional generalized interval test is immediately inferred to be

n m
0([m_1]*(n3+y*n2+n2+y)* (H(U,-—L,»—i—l))).

i=1

Two-dimensional arrays with linear subscripts appear quite frequently in real programs
[27]. As the lower and upper bounds are initially the same in right-hand side of an initial
variable interval equations in coupled references in real programs, therefore, the number
of variable interval equations examined in each two-dimensional array tested is at most %
according to statements in Section 3.1. If the multi-dimensional generalized interval test is
applied to deal with two-dimensional arrays, then their worst-case time complexity is

3
O<§*(n3+n2*y+n2+y)).

The worst-case time complexity for the Lambda test and the generalized Lambda test dealing
with the same array is, respectively,

o(Za(nes)) wa o(Ze(rss))

However, in general, the efficiency of the multi-dimensional generalized interval test is only
slightly poorer than that of the generalized Lambda test, the Lambda test, the extended I
test and the generalized direction vector I test because the number of variables, n, in the
variable interval equations tested is generally very small.

4. Experimental results

We tested the multi-dimensional generalized interval test and performed experiments on
Personal Computer Intel Pentium IV through the benchmark codes cited from [11, 18, 28].
515 pairs of array references were observed to have linear subscripts. Meanwhile, it is also
noticed that all of the loop lower bounds are constants and all of the loop upper bounds are
variable bounds having at least one symbolic constant (unknown at compile time). Therefore,
in order to test the multi-dimensional generalized interval test those symbolic constants are
assumed to be constants 100. The choice of 100 is arbitrary. In [22] it is reported that,
for the Perfect Benchmarks, data dependence testing results (i.e., number of dependences,
independences and unanalyzable subscripts existed in the codes) obtained for the original
symbolic constant bounds are quite close to that for the assumed constant bounds. This means
that our assumption to the constant, 100, does not change the dependence results (features)
existed in the original benchmark codes. The multi-dimensional generalized interval test is
only applied to test those arrays with linear subscripts and under variable bounds.
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Table 1. Testing capability of the multi-dimensional generalized interval test and the generalized Lambda test
for 515 pairs of linear benchmark array references

Pairs of The number of The number of

arrays integer-valued non-integer-valued Accuracy
Testing method tested solutions solutions Maybe* rate
The proposed method 515 6 36 473 8.1%
The generalized Lambda test 515 0 36 479 7.0%

Maybe*: The testing methods can not generate definitive results for these arrays tested.

The results obtained (Table 1) reveal the multi-dimensional generalized interval test
determined that there were 36 integer-valued solutions and 6 non-integer-valued solutions.
This implies that there were definitive results for 42 pairs of linear arrays. The “accuracy
rate” in Table 1 refers to, when given a set of linear subscripts with variable bounds, how
often the multi-dimensional generalized interval test detects a case where there is a definitive
solution. Let b be the number of the coupled subscripts with variable bounds found in our
experiments, and let ¢ be the number that is detected to have definitive solutions. Thus
the accuracy rate is denoted to be equal to ¢/b. In our experiments, 515 pairs of array
references checked were found to have linear subscripts with variable bounds, and 42 of
them were found to have definitive solutions. So the accuracy rate for the multi-dimensional
generalized interval test was about 8.1%.

We also implemented the generalized Lambda test based on [8] to compare their effects
with that of the proposed method. The generalized Lambda test was applied to resolve
the same 515 pairs of multi-dimensional coupled arrays. It is very clear from the result
shown in Table 1 that the generalized Lambda test determined that there were definitive
solutions for 36 pairs of linear coupled arrays. Let d be the number of the coupled sub-
scripts with variable bounds found in our experiments, and let e be the number that is
detected by the proposed method and is not checked by the generalized Lambda test to
have definitive solutions. Thus, the improvement rate is denoted to be equal to e¢/d. In
our experiments, 515 pairs of array references were found to have linear subscripts with
variable bounds, and 6 of them were found by the proposed method and were not found
by the generalized Lambda test to have definitive solutions. So the improvement rate of
the multi-dimensional generalized interval test over the generalized Lambda test was about
1.2%. In our experiments, 6 of them are from six different subroutines. This implies that
the speedup of the six different programs can be significantly improved by the proposed
method.

5. Discussions and conclusions

The study in [26] stated that (1) the cost of scanning array subscripts and loop bounds to build
a dependence problem was typically 2 to 4 times of the copying cost (the cost of building a
system of dependence equations) for the problem, and (2) the dependence analysis cost for
more than half of simple arrays tested was typically 2 to 4 times of the copying cost, but the
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dependence analysis cost for other simple arrays and all of the regular, convex and complex
arrays tested was more than 4 times of the copying cost. Based on such results we can figure
out that, for simple arrays, the analysis cost of data dependence for parallelizing/vectorizing
compilation occupies generally about 29% to 57% of total compiling time. But, for complex
arrays the analysis cost of dependence testing takes more than 57% of total compiling
time. Therefore, enhancing on dependence testing performance may result in significant
improvement on compiling performance of a parallelizing/vectorizing compiler.

For finishing dependence analysis of a pair of arrays tested with different direction
vectors, the number of the execution to the proposed method is 3", where 7 is the number of
common loops in a general loop. For the other testing methods, the number of the execution
for dealing with the same problem is also 3”. In real programs, the number of arrays checked
is very huge. This indicates that compiling time for finishing dependence analysis of a real
program is to exponentially increase.

When testing multi-dimensional array references with linear subscripts and constant or
variable bounds, the Lambda test and the generalized Lambda test can determine whether
real-valued solutions exist. As we know in dependence analysis a testing strategy concluding
the existence of real-valued solutions may sometimes lose the precision and results in
false dependency. In this paper we propose the multi-dimensional generalized interval
test. The multi-dimensional generalized interval test can ascertain whether integer-valued
solutions exist for array references with linear subscripts and variable bounds and any given
direction vectors. Obviously, the significance of the multi-dimensional generalized interval
test lies in that it enhances the testing precision, eliminates the possible false dependency
and exploits the degree of loop parallelization and vectorization. This is to say that after
false dependency are removed in a program from the proposed method a compiler can
generate efficient optimized codes for improving the efficiency of the execution for the
program.

The Power test is a combination of Fourier-Motzkin variable elimination with an exten-
sion of Euclid’s GCD algorithm [31]. The Omega test combines new methods for eliminating
equality constraints with an extension of Fourier-Motzkin variable elimination [26]. The
two tests currently have the highest precision and the widest applicable range in the field of
data dependence analysis for testing arrays with linear subscripts. However, the cost of the
two tests is very expensive because the worst-case of Fourier-Motzkin variable elimination
is exponential in the number of free variables [26, 31]. Wolfe [31] found that using Fourier-
Motzkin variable elimination for dependence testing takes from 22 to 28 times longer than
the Banerjee test. Wolfe also indicated that the Lambda test is a very precise and effi-
cient method for testing two-dimensional coupled arrays with constant bounds. Banerjee
and Kleanthis [1-3, 20, 25] also indicated that the Omega test is a precise but inefficient
method. The Range test [4] and the access range test [13, 21] currently have the highest
precision and the widest applicable range for checking nonlinear arrays in the field of data
dependence testing.

According to the time complexity analysis, the multi-dimensional generalized interval
test performs slightly poorer than that of the generalized Lambda test, the Lambda test, the
extended I test and the generalized direction vector I test. Therefore, it is suggested that
depending on the application domains and environments, the multi-dimensional generalized
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interval test can be applied independently or together with other famous methods to analyze
data dependence for linear-subscript array references.
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