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Abstract—

This paper presents some static analyses to detect the portion of a
data structure accessed in a region of the program, such as a loop nest.
Each analysis returns a seél of data access descriptors summarizing,
through a set of approximations, the data accessed in the region. The
analyses have been defined through an abstract interpretation frame-
work. The paper reviews several previously defined abstract domains
and shows that none of them is suitable for the analysis of interest,
Then, a new domain is proposed and its integration with existing ones
is defined. The integration is defined through a systematic approach
to combine abstract interpretations. Using this approach, an analyzer
has been automatically generated from the analysis specification. The
application of the analysis to some cases of interest is shown as well.

Keywards— dala access descriptor, abstract interpretation, optimiz-
ing compiler, loop transformation, abstract domain

I. INTRODUCTION

The problem of determining the portion of a data structure
accessed in a region of the program, such as a loop nest or
a procedure, has been recently deeply investigated. Several
proposals have been presented that are characterized by I'.!'lc
definition of an analysis computing a data access descrip-
tor. The descriptor summarizes the data accessed in a region
through an approximation of the accesses performed in the
region. This kind of analysis has originally been proposed to
expose coarse grain parallelism [B90), for in§tance to detect
a set of loop nests or of procedure calls which may be ex-
ecuted in parallel, and for array privatization ﬂwﬁst]v
to eliminate memory related dependencies. Descriptors have
recently been exploited also to oplimize communication pat-
termns generated by compilers for distributed memory archi-
tectures [HPP96] and to define symbolic dependence tester.

The alternative static analyses that return access -:'ilcscng
tors mainly differ because of the adopted approxim “"0“""'? ;
hence, they achieve distinct trade offs between the precision
of the analysis and its complexity. Current approaches ilal:'.
be roughly classified into two groups: the first one mcl:J e.s
proposals that bound the computational cost of the anal y:ls
by returning a coarse approximation of the accessed rcgm ; :
The analysis proposed in [GS90], for instance, dctem?hm::
rectangular regions and therefore cannot exactly d“‘c" ne i
gions accessed by triangular o trapezoidal 100pS: ©
other hand its implementation is straighlforwmﬂ-

The Regular Section Analysis [CK88) and its extension,
the Bounded Regular Section Analysis [HK91], are based on
a symbolic analysis which returns a set of regular array ac-
cesses paltterns, such as rows, columns and diagonals.

The Data Access Descriptor approach [B90] introduces
Simple Regions, regions whose boundaries can be either par-
allel to any coordinate axis or form a 45 angle with respect
to them. The data access descriptor also includes information
describing how the region is traversed and how the descriptor
may be redefined in the context of an enclosing region.

The approaches in the second group [TIF86, HMALLSYS,
CI95] include analyses which return more precise results,
but are characterized by a larger computational cost. These
proposals summarize data access through a set of linear re-
straints. This set is returned by an analysis of the scalar val-
ues of the program. In particular, the analyses are focused
on the subscripts which includes induction variables of the
loops in the considered region. The first of such proposals
[TIF86] is based upon the convex polyhedral theory, hence,
it is rather expensive. This approach has been recently ex-
tended in [CI95] by considering a data flow analysis of the
array values and by defining both over and under approx-
imations of a region. Under approximations are -.-_xpluucd
to compute the difference of two regions, such as in array
privatization analysis. The FIAT/Suif project [HMALL95]
proposes 4 more flexible solution through a set of operators
on access descriptors. Furthermore, the operalors are applied
provided that they introduce no loss of information and are
computationally inexpensive. - _

The major drawback of the proposals in the first class is
that they often introduce “ad hoc™ algorithms whose goal
is to return information for a predefined set of upphcn:mnf.
Furthermore, these algorithms are not fully integrated mlu_ a
data flow analysis of the whole program. As a ““"{;:’:“_l““l"“-f;
the analysis often turns out o be not general, L:.qu rl
can be applied only to gonstricts Sﬂ!lil)‘l{ig uh plnrm..u u:] u.

ditions. [B90], for instance, cunsid_cm .oc-ps where
of v::ilfl;l bounds of the loops and the subscripls mciudg only
. indexes or symbolic variables. Symbolic variables
m;r]eu;;:“t fur-exnmph‘u loop induction variables of enclosing



ons or parameters passed to a procedure. .
g:P the ﬁ!l;te_r hand, thpe:' adoption of the analyses In the ‘secund
Class in a real world compiler is, at the moment, questionable
because of their large computational complexity. _

This paper presents a new analysis based upon an abstract
interpretation approach [CCTT, CH78] which integrates
the data access descriptors and the data flow analysis of
the whole program. The analysis does not restrict the class
of loops which can be analysed. As an example, it can be
applied to loops including conditional statements Of o sul:]-
scripts including any variable of the progrant. The analysis
is based on the definition of a numeric domain describing
the integer ranges of the variables and of a symbolic domain
defining a set of linear restraints among them. With respect
to other proposals, we adopt a systematic approach based
on the abstract interpretation framework, which reduce
the complexity of the analysis and enables the automatic
generation of an analyzer implementing the analysis. The
complexity of the analysis is reduced because of a modular
definition of the domains. The numerical properties of
the variables, rs. their relations, are described by different
domains: the connection between the domains is considered
only in the definition of their reduced product and of the
abstract operators. The analysis has been implemented
through PAG[AMO95], a tool for the automatic generation
of analyzers from abstract interpretation based specifications.

[B9S] proposes a symbolic dependence tester based
on an analysis which presents some similarities with our
approach. A single abstract structure, the symbolic range,
describes both the numerical properties and the relations
among the variables: this increases the complexity of the
analysis. Furthermore, neither the abstract domain definition
nor the correctness proofs are presented. We recall that
the definition of an abstract domain is essential to exploit
automatic analyzer generation tools. Finally, the definition
of the abstract operators is based on the manipulation and
the simplification of arbitrary complex symbolic expressions
[HP96]. On the other hand, our analysis computes integer
ranges for the variables, and a simple symbolic calculus
suffices to relate the symbolic domain and the numeric one.

First, the paper reviews a set of abstract interpretation do-
mains proposed in literature, and shows that none of them
is suitable for our purposes. Then, a new abstract domain is
proposed and its combination with existing domains is de-
fined: the combination is specified according to the general
methodology described in [CCT7).

II. THE ARSTRACT INTERPRETATION APPROACH

a ml:. aj}st.racl :m'lcrprelation approximates program proper-
ues by evaluating a program on a simpler, and computer-

representable, domain of descriptions of "¢y,

Crega

gram states. This implies the definition of 4, Pro.
dinr

FPTOY].

mate(abstract) semantics defined on an abstrac doma:
exhibits a structure, i.c. an ordering, which is ["|“'u
present in the richer structure associated to progry L EH
tion. To define an abstract interpretation, a relatioy, 'r:-f,-._:‘:""
the concrete and the abstract domains of the progray
be defined. According to the Cousots approach, ih;. , el
is defined through a pair of functions, the absrg
tion o and the concretization function v, that define 4 :
Connection [CC77]. The definition of a Galois €y,
guara,mﬂ'.s that both e and A are monotonic, that i
duces an approximation, while the concretization fupg;
does not introduce any loss of information. When (ke
lois Connections between the concrete and the absiracy 4.
main has been defined, any concrete fixpoint can be
imated by.an.abstract fixpoint through an approximation
the concrete semantics function, Thus, an abstract ;--;uh.-.q;__..;_".
tion framework is characterized by an abstract domain which
has a Galois Insertion with the concrete semantic domain ang
by an Approximate Semantic Function. This function
duces, for each instruction, an abstract operator that defines
its behavior on the abstract domain.

The framework also requires that the abstract sen
satisfies a correctness condition: each state produced by ap-
plying an instruction 1 1o a concrete state ¢ is approximuied
by the abstract state which is returned by the absiraci
tor that corresponds to ¢ when it is applied to the abstiraction
(obtained by the application of o) of c.

Finally, the termination of the analysis is guaraniced b
considering some finiteness properties of the abstract do
main. The abstract domain may be finite, or it may salish
the ascending chain condition, which states that ascencing
chains are bounded. If the abstract domain docs not salisi;
any of these conditions, an infinite number of steps may
required to ensure the convergence to the least fixpoint !
may also be the case that the number of steps 15 not i
nite, but is so large that the analysis becomes impractic?
In this case alternative techniques have to be const
speed up the fixpoint computation: for instance 4
ing/narrowing”™ operator may be defined.

dered 10

e

II1. ANALYSIS OF EXISTING DOMAINS

NIng existing

This section evaluates the feasibility of expl
domains. We will assume that a set of auxilia
introduced into the program to be analysed where
of each of these variables is a function of array SU&™ |uiess
We have to introduce, at least, the assignments "'1_”“' i l|L
of the subscripts to a set of auxiliary variables. Each &
sis returns some properties of auxiliary variables i by &
on the adopted abstract domains. The regions “".'m'\c.i S0P
reference can be deduced through the analysis of thes¢ |

|- i i
y variables
the 1,'_1|lEL'

I“Tn.".lrl:h

el |
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erties, As noted in [B9O], a larger set of program properties

may be deduced through further auxiliary variables whose

il rnayhﬁ- for instance, the sum and the difference of the

A The Domain af!ufervals

An analysis to detect the interval of values that each vari-
able may assume in each point of a program has been de-
fined in [CCT7]. This domain may be exploited to describe
any kind of array data accesses, but, it often returns a coarse
ap'p_mximalinn for triangular or trapezoidal loops.

Nevertheless, as we will show in section V., better results
my.be.aghievad'when the analysis is combined with a rela-
tional analysis, i.¢. an analysis able to detect some relations
among the variables of the program.

Figure 1 shows the abstract domain of intervals, Int de-
fined for a program including only one variable. In this case,
the concrete domain is (P(Z), C), while the abstract domain
includes the set of all integer intervals; the abstraction func-
tion a(S), S € P(Z) is defined as follows

a(5) = [ Min(x)

TES

,Max(y)
yeS

while the concretization function is defined as follows:
Y(iaB) = {zlze Z)A(a<z <b)
The abstract operators are defined according to the interval

arithmetic. As an example, our analysis is defined in terms
of the following operators on intervals:

lab+led] = [e+eb+d
o) = [cd] = la—db—¢
[abj=[c.d] = [min(ac,ad,be,bd),maz(ac, ad, be, bd)]

Since the abstract domain is infinite, a widening 7 and a
narrowing £ is defined; in the following we will exploit the
definition given in [CCT77].

Given a reference to an array A, the analysis compuies a1
interval of values for each subscript in the reference and for
the sum and the difference of the references. These inter-
vals define the region accessed by an array reference. The
analysis cannot capture the relation between the induction
variables. Hence, as shown in the following example, it may
return a rectangular region even if the program ACGRAsES- N
triangular or trapezoidal region.

Example I1L.1 Consider the loop:

for [ ;=1 to 10 do
for J =/ to 15-1do
All, J ;=

0] H1] (62]

A 0] o1 1,2]
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Fig. 1. The Interval Domain

the program is initially modified by introducing the auxil-
iary variables 8§1,54.53,54 that are equal 1o, respectively, the
value of the two subscripis, their sum, and their difference.
The region returned by the analysis is the left one in Fig 2,
while the right one describes the exact region accessed by
the loop. Notice that the analysis refurns a coarse approxi-
mation, because it does not exploit the relationship between
the values of J and I due to the upper bound of the innermost
loop. @

s; A 52

14 14
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Fig. 2. Region retumed by the interval analysis

B. The Domain of Linear Restraint

As discussed in [B90] the bounds of the region accessed
in a loop are often parallel to the axes or to the bisecting
lines. Nevertheless, the following example shows that, in
come cases, the region is more complex:

Example IIL2 Consider the loop
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Fig. 3. Regions Returned by Linear Restraints and Int » Bisectors

The analysis based on the linear restraint domain [CH78]
can describe exactly this kind of regions because it returns
a set of linear restraints among the variables of the program.
Hence it can returns the exact region accessed by the previous
. loop.

" The analysis is very accurate, but its cost is large because
‘each convex polyhedra is represented both through its frame
and as a system of linear restraints. Furthermore, conver-
sions from one representation to the other are often required
because the complexity of the implementation of an abstract
operator depends upon the adopted representation. This im-
plies that a convex hull is computed to convert the frame rep-
resentation into the linear restraint one while the conversion
of a system of linear restraints into a frame requires the ap-
plication of the pivot method.

IV. THE DOMAIN OF BISECTORS

A detailed examination of current domains shows that,
while the analysis of interest requires a relational analysis,
the linear restraint domain is too complex for this pﬁrpnsm.

Hence, we introduce a new domain by defining a set of
samplc restraints and by integrating this domain with that of
’fhe nlervals. The implementation of the operators of interest
18 straightforward,

Let us consider a program that use

. s only two variable
In this case, the domain includes line s.

ar restraints which de-

seribe one of the regions that results by cutting
through bisecting lines: for this reason we cal| th;s -
the Bisectors Domain.

For the sake of conciseness, here we will shqy, Bt
subset of the domain, including the restraints Correspy |]|I:L
to the bisecting line X =Y . The domain is shown ; 5

Piang
Main

I F 15

4. where X2Y means that there may be any kind of rl;-‘::'.i-i:tL
ship between X and Y. :

The full specification of the Bisectors Domaiy | fivn

in [L98] and it includes the restraints corresponding e
bisecting line X = =Y as well. The specificaiiqy s
been partitioned by defining the domain corresponding
the two bisectors separately. Then the domains are ¢y
bined by defining their reduced product. We will desey
this methodology in Section V.

£%

I

Fig. 4. The domain of bisectors

Since the analysis returns only equality, less than or greater
than relations between the variables, it is obviously less o
pressive than the linear restraint one. However iis combina
tion with the analysis of intervals increases s expressive
ness and it can return meaningful information in several red
cases.

Before defining the domain, we stress that the domamn b
itself cannot be exploited for region analysis and that this
definition has to be considered only as a first step o Gelie
the combined analysis of section V. \

Since we assume that the program includes two variabies
whose values belong to Z, the concrete domain 1s defined 85
(P(ZxZ), C) The definition of the abstraction function i+ 11¢
following:

s [lié
Definition IV.1 Let us consider a set A € P(ZxZ) :
ab.ﬂmcti&nﬁuwﬁon o PI{ZXZ) _y Bisector, is definee

as follows:
Rl fA=0
X=Y Vg e A is
X>Y ifvi j) e Ai>j
a(A) =< X>Y if¥i.j) € A i>jVisi
X <Y ifv(ij) € Ai<i
XY ifvi,j)e AigjVisj
L i othenwise



nIV.2 Let us consider a pair iabl
. #%E Eﬁge‘_tar; the _cancmﬁzal?gn v;;:lnc“it:
: P(ZxZ) is defined as follows

( {G)tei€Z €L, i=]) ifX=Y
) {(i.)tei€Z,j€2,i>j) ifX>Y
y tf{ﬂfﬂr—'i {{i,j)"ﬂ"e Z,'j e 1< J} t'f XzY
ey S {i’hﬂtﬁ-ez.se Z,i<j} ifX<y
e m if XY
e L“ if L

’ﬂmmﬁmchansdeﬁne a Galois Connection[1.98].

The kernel of the analysis is the definition of an abstract
sperator for each instruction of the program.
First we consider the abstract operator corresponding to in-
yertible assignments, i.e. assignments where the new value
of the assigned variable is a function of its old value. The
most general form of an invertible assignment(we consider
linear expressions only) is:

X =aX+bY +c

where a, b, ¢ are integer constants.

" In the most general case, no information can be returned
by the abstract operator because the relation between X and
Y after the assignment depends upon both the relation be-
tween them before the assignment and their signs. This inf?r-
mation will be available when we combine this domain with
the intervals one. For now, we can notice that the abstract in-
vertible assignment operator returns meaningful information
only if the assignment has the following structure:

Xi=X+e¢

In this case, the relationship existing between X “,"d Tafler
an assignment A is deduced from the mlaupnshlp between
(hem before A by considering the sign of ¢ as follo¥s:

» if ¢ is positive we have that:

velation before A relation after A
X=Y X=X
X>YouX2Y X3Y
X<YoaX<Y X
XY X7Y

o (he case where ¢ is negative is analogous:

o if c=0 the relation does not change.

Non invertible assignment :

Let us consider now a non-invertible assignment
assignment of the form:

X:=aY +b

that is an

aXandY after the

Also i Jlationship betwee } )
so in this case, the relationship gl ‘nformation

assignment depends on their sign: meanin
can be obtained only in the following Case*

P, ey i

:Zeu;:: ;{a;f:‘rdﬁgc;;:l;;mmgnmcnl, the following relation be-
e ifbis positive,then X > Y
® ifbis negative,then X <Y
e ifb=0,then X =Y
Meaningful information for further cases is deduced from the
combination of this analysis with the interval one.
Linear Equality or Inequality Tests
Let us now consider a lincar equality or inequality test
P(X,Y); the corresponding abstract test returns the relation
that results from the application of the abstraction function
to the set of values denoted by P(X,Y).

Example IV.1 Consider the test X < ¥ + b where b is
positive, the abstract operator relfurmns X7Y. If the test is
X = Y +b, where b is positive, X > Y is returned o

The abstract domain has been extended to an arhitrary
number of variables, but, in order to limit its complexity.
the resulting analysis only returns restraints between pairs of
variables. Hence, the elements of the extended domain are a
set of restraints, where each restraint belongs to the bisector
domain and it involves only one pair of variables.

The abstract operators may be easily deduced from those
presented in the previous sections by considering the transi-
tive closure of the restraints returned by the operators.

Example V.2

The abstract interprelation of the non-invertible assignment
X := Y + 2 when the input state is {¥ > Z,XTY, X1Z)
computes the restraints Y s Z:X > Y.X?Z, then
returns the transitive closure of these restraints thux ob-
taining ¥ > zZX > Y, ¥ = Z. If the ab;h_rm':
state is {X = Yy & 4LX. S Z) m‘n‘d rh:: assign-
ment is Y:=Y+3. the resalt is {Y > XYZX < &)

¢
V. COMBINING DOMAILINS

This section shows how more powerful analyses are de-
fined by combining the domains in the previous sections.

A. The Direct Product Int x Bisectors

[CCT9] propases a sel of mclhndt_:luglcs to combine d._;-
mains. The simplest one 15 the Direct Product H.p-l'_ltuﬂq_h
where a pair of analyses Ay, Ag are combined by l.lLlIl‘Illtl.l'Iﬁ a
domain that is the cartesian product of those of, Icspcc‘l.:'y:‘_u:;-j
4, and Aa. The ahstraction retums the pair of abstrac :

;.miﬁ @, a2 by applying respectively, the abstraction function

jzall ion returns the in-
.. The concretization function re
WA M L brained by the concretization of the

. it

.cction of the values : _
t-:r?u. as. Bach abstract operator returns the pair obtained
pair ay, 02



analysis. Actually, the domain It Bisector retumsam
precise approximation for triangular or e

by separately applying the correspon

defined by Ay, 1s. Az 0 1, 75, 0z Even if this approach 15

cation of the original analysis, it does not define an optimal

bination of the domains. This is shown in the following ex-
ample. : Y 5

Sxample .1 ek )
Let’s consider again the program defined in example I11.2.
The bisector analysis cannot detect that § > i when the ar-
ray is accessed, because this relationship depends on the sign
of i. Hence, the same result of the interval analysis is re-
turned T

B. The Reduced Product Int » Bizsectors

A more refined approach combines the analyses through
their Reduced Product. This approach defines a reduction op-
erator: given an element (ay, a2) belonging to the cartesian
product of the domains of the original analyses, the reduc-
tion operator may refine both a; and a; by considering the
intersection of the concretizations of a;, rs. a2 and then by
reabstracting the result through the comresponding domains.
The reduced domain is produced by reducing each element
in the cartesian product of the original domains.

To specify on optimal analysis we have to redefine the ab-
siract operators to exploit the information conveyed by each
domain.

In the following, we show the reduction and the ab-
stract operator with respect to the simplified bisector domain
shown in section 4.

The reduction operator

o : Bisector x Int x Int — Bisector x Int x Int

is applied to a triple (R. . I;, I;,), where I, = [m., M,],
I, = [my, M,]. This operator may return a more precise
relation or it may resirict the bounds of the intervals. We
show only some cases of reduction: let m = m.a'i'{m,,my};
M = min(M;, M,)

a(X =Y. I, I,)= L1 if (TN 1y) =0

a{)t: =YL, L)= X=Y,[m M][m M if [I:nf:;;éﬁ

o e o S TS B B ifMz <

“%i 2Yil, )= L,L,1 if M:-_'(f:l”y

olX > Y, Iz, )= X > Y [m M. if (7

ROV XSVET. ot i fn:f.‘ljﬂ e
T r

The values returned by the operator when X < v

s or X <
Y can be trivially deduced from the previous cases. o

Example V.2 Consider the reduction of the siate

rHpLuin "_‘_-.(}_" il“_'l_" 0~ SPI

o(X > Y, [2,50], 20, 70])

the interval values of X and Y are sketched in the followjng
e intz

= |

2 30

int,,
1 ; {
I
20 70

Since X > Y, all the values of X belonging 1o [2,20] can
be discarded, because any value in this interval is not larger
than any value of Y Furthermore, the values of Y belonging
10 [50, 70] can be discarded as well, because any value of ¥
in this interval is not lower than any value of X. Hence,the
reduction operator returns the triple

o(X > Y,[2,50],[20,70]) = X > Y, [21,50], (20, 49]
Let us now consider the reduction of the triple:
(X =¥, [17,20}, [3,15])

Since the intervals do not intersect, any value of X is larger
than any value of Y . The reduction operator may now return
a tighter relation between the variables X and 'Y as follows

a(X > Y, (17,20],[3,15]) = (X > Y, [17,20],[3,15])

%

As far as concerns the abstract operators, we will show
only one case of invertible assignment; the full analysis is
given in [L98]. Let us consider the assignment

e e

The corresponding abstract operator A is applied to an ab-
stract state, (R,y,I., I,), where I, = [m., M.} Iy =
[my, M) and Rqy is the relation between X and Y. The 0p-
erator returns a triple whose elements describe, respectively,
the relation between X and ¥ and the intervals of the values
of X and of ¥ after the assignment. Some cases returned by
the operator are the followin g

AXSY L. I)= > (I, - LYN[L, 4o0), 7, My <0
g(-r_ >IN = (Iz — fy}ﬂ[-l,+m}|. Iy ifmy >0
AE;:‘C E 1‘}:.1;.}") = 2 o= L)IN[0,+oo), Iy if My < 8
AxE = 2 (I )00, +00), y  iTMy X0

..Y,f:.fp)= Sl[n:;?ni Ty “'myzl]
AX =Y., )= 3, [0,0] I, irM, <0

The other cases may be easily deduced.



Cxalm 1@’?.3 ﬁf’lﬂmmr the abstract state:

X>Y,L=[-13,-10,1, = [-20,—2]
it can be tightened by the reduction operator as follows:
:K }Y: [_131 _-1{}]7 I, = [__20: “'11]

When appm to the previous triple, the abstract invertible
assignment exploits the relation existing between X and Y
10 deduce that the new value of X will be positive. Hence'
the new interval of X is computed as follows: }

Iﬂmx = (I: — Iy) N1, +c0) =
([~13,-10] — [-20, —9]) N [1, +o0)=
[—2,10] N [1, +00)=[1, 10],

while the interval for Y is not modified. The relation X > Y
is prgfg_ne._i by the assignment, because the value of Y is
negative. Hence, the operator returns the triple:

Example V.4 Let us consider again the example 111.2: now
the analysis is able to deduce that, in any access, Jaas
by exploiting the positiveness of i. Furthermore the anal-
ysis deduces that 2 < i < 8 4 < j < 16, The con
cretization of these restraints returns their intersection. The
interval analysis returns the rectangular region shown in
the right size of Fig 3; the Int * Bisectors analysis re-
turn the grey region. We can notice that the exaci region
is defined by a bound that is not parallel to a bisecting
lines: - this bound.is approximated by the one Sz > S
O

VI. APPLICATIONS

This section shows that the analysis can [0 deduce infor-
mation that can be e’xplnit'cd' in the parallelization of Tcal pro-
grams even if the exact range of values of the subscripts can-
not be deduced at compile time.

Consider the following program

.fOI‘ 35— 'Btﬂ 10 dD
for J := I + 1te11do
tis AT = ) =
oA P =T =
by introducing gsul
ues of the subseripls,
o direct prod-

AL first the program is transformed
of auxiliary variables recording the val
their sum and their difference. Consider now th ?
uct I'nt % Bisectors: il returnsan aFPm"i’“_“". he region
gions accessed by iy and ig. The region for i 1S 1‘13 l:m‘;g[u
Ry shown in the upper part of Figure 9 FI.“S m; :m vion
symmetrical to Ry with respect to the ux?t‘- op. 1 1n1ct!r,in.‘£i|
returned for ia is the region Riz plus the wiangle sY™

the array region ana
whole program an
of programs with respe

dita ACCESSES analysis We

to R;» with respect - :
not disjoint, nc}PUan[;"c:jr];::(i:nj?sBkoS“'];r e
Consider now the domain J n? *SS;E'G
SP]:I'T‘Idi“E analysis returns an exact rtsu]: siE:t t;rz:cclhe Wfri:m-
while 4 2o . , 1€, 17 accesses Ry,
Paralleiztzcﬁliﬁefl‘i} f‘:pte e I Jaand s, the bounds
i ng lines are obtained by considering the
rvais returned by the analysis for the sum and the differ-
ence of the subscripts. In this case, the analysis does not in-
troduce any approximation. By applying the operators on the
reduced domain, the analysis detects that J > I whenever
Li.'le loop body is evaluated, and it can exploit this informa-
tion when evaluating the subscripts. In particular, while the
value of the subscript I — J is negative, the value of J — I is
i:i]Wﬂ}'S positive, Since the regions accessed by the references
1; and ig are disjoint, the two accesses may be performed in
parallel. Several transformations may be applied to the previ-
ous loop according to the desired granularity. As an example,
the loop may be transformed as follows:

parsection
for ] :=6to10do
forJ:=T+1tolldo
iy AT+ J. I - < e
for [ ;= 6to 10do
forJ:=I+1tolldo
i AT+ JJ-1]=..
endparsection

A finer grain of parallelism may be achieved by exccut-

ing the iterations of the outermost loop sequentially and the
iteration of innermost ones in parallel.

Let us suppose now that the previous program has been

modified as follows:

forl := 6 to 10 do
forJ:=1+ lto 1l do
i;:A[f+J,f—J'—C-']: .
it: AI+JJ- I+C)i=..

Suppose that the analysis Ints Bisectorsdetectsthat C €

[0,2] each time the loop is executed: in this case 1}, rs. 13
L] i :

access the regions Ry, 15, Ry s
Fig.
exac . e
detect that the regions are disjoint.

hown in the lower part of

5. Even if each region is now an approximation of the
{ region referred by each instruction, the analysis can

This example shows that our approach naturally integrales
lysis with a data flow analysis of the
d it supports the analysis of a ncher set
ot to most of existing approaches

VIl CONCLUSIONS

in this paper is the kernel of the

P n, 1 ﬂ'_‘{_‘."n‘l:d
The pml"uml pres have defined for the paralielizing
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13 21 =
D
A
=
: 13 21
/ S1

Fig. 5. Regions Computed by the analysis

compiler developed within the PQE2000 [V98] project to de-
tect coarse grain parallelism. The whole specification of the
analysis requires about one hundred lines of PAG specifica-
tion code. We are now testing the analysis on a set of signi-
ficative benchmarks. The first results show that the approx-
imation returned by the analysis convey useful information
mainly if the array references include coupled subscripts. In
this case the analyzer can exploit the relations existing among
the variables in the subscript. We plan to extend the analysis
both by refining the domains and by defining their compo-
sition with other abstract domains. For instance, we are go-
ing to extend the bisector domain to include bounds parallel

to the bisecting lines and we will exploit arithmetic congru-
ences to describe non convex regions.
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