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ABSTRACT

We presernt a points-to analysis that aims at enabling loop-
baseddependenceanalysisin the presenceof Java references.
The analysis is basedon an abstraction called element-wise
points-to (ewpt) mapping. An ewpt mapping summarizes, in
a compact represertation, the relation betweena pointer and
the heapobject it points to, for every instance of the pointer
inside a loop and for every array element directly accessible
through this pointer. Such instance-wise and elemert-wise
information is especially important for loop-based depen-
dence analysesand for a language where multi-dimensional
arrays are implemented as arrays of pointers. We describe
an iterativ e algorithm to compute ewpt mappings. We also
presert techniques to remove objects from ewpt mappings
for destructiv e updates.

The points-to algorithm was implemented and evaluated
on a set of benchmark programs. We demonstrate that ewpt
information can signi cantly improve the precision of de-
pendenceanalysis. In many cases,the dependenceanalysis
reports no false dependencesdue to array accesses.
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1. INTRODUCTION

If Java is to be used for high performance computing, we
must enable classical loop optimizations for it. Due to the
rigid exception semartics of Java and its pervasive use of
pointers, two problems need to be solved before loops can
be optimized: nding accurate loop-based dependencesin
the presenceof pointers and identifying large exception-free
regions.

In the presenceof pointers, a loop-based dependencetest
needsto relate pointers from di er ent program points aswell
as pointers from di er ent loop iterations. However, existing
pointer information abstractions are either unable or not
precise enough to satisfy these two requirements. Let us
examine the two most commonly used pointer abstractions:
alias relation and store-basedpoints-to set.

Alias relation, often computed as alias pairs or access
paths, indicates whether two pointers may refer to the

same memory location at a given program point. The

limitation of alias pairs is that they only capture alias

relations among pointers at the same program execu-
tion point. Therefore, they are not suitable to rep-

reserting pointer information for dependenceanalyses
which require to relate pointers acrossdi eren t execu-
tion points [9].

A store-basedpoints-to set' captures the set of mem-
ory locations [4] or anchors [9] that a pointer may
point to at any given static program point. Although
points-to sets can relate pointers from dierent pro-
gram points, when dealing with pointers inside loops,
they can not accurately capture the aliasing among
pointers from dierent iterations. The following code
fragment illustrates the scenario where points-to sets
are not adequate for loop-based dependenceanalysis:

for =0; i <m;i++) {

InQ

nxn=

p
p. ;
q = new Object();

b wWNE

}

In this example, there is no output-dep endence over
statement 3 acrossdierent iterations of loopi. To

1Some pointer analysesuse points-to sets to model the re-
lation between pointers and accesspaths. We refer to such
points-to relation as store-lesspoints-to sets.



discover this, it is necessaryto know that p at state-
ment 3 points to a di erent object on ead iteration
of the loop. To the best of our knowledge, no exist-
ing pointer analysis is able to compute and represert
points-to information for ead loop iteration instance
of a pointer.
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Figure 1: 2-dimensional
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Java array

In Java, multi-dimensional arrays are implemented as
trees of one-dimensional arrays (seeFig. 1). This fea-
ture intro duces new types of pointers whose points-to

sets must be captured precisely. Consider an access
plilfl in a double-nestedi-j loop. In order to com-
pute the points-to set of p[i] for any value of i, one
needsto capture precise points-to setsfor all elemerts

of p.

This paper preserts an instance-wise points-to analysis to
summarizes precise points-to information for all instances
of a pointer inside a loop and for all elemens of a pointer
array. The algorithm was implemented and evaluated on a
small set of benchmarks. The results demonstrate that our
points-to analysis can signi cantly improve the precision of
dependenceanalysis.

Con tribution
contributions:

. In summary, the paper makesthe following

It proposesthe element-wise points-to mapping ab-
straction that summarizes points-to information for
pointer instancesand array elemert pointers in a single
form. It alsointroducesa precise heap haming scheme
which include loop iteration vectorsin the heap names.

It proposesa store-basedpointer analysis that is suit-
able for loop-baseddependencetests and for analyzing
pointer arrays.

It preserts a technique to remove objects from ewpt
mappings for destructiv e updates. This technique can
help to identify redundant null-p ointer chedks on heap-
residing pointers.

Organization . The rest of the paper is organized as fol-
lows. Section 2 gives an overview of the analysis. Section
3 describes our assumptions on the use of some language
features and intro duces basic notations. Section 4 preserts
the transfer functions and Section 5 givesthe iterativ e algo-
rithm. Section 6 describeshow to remove objects from ewpt
mappings for destructive updates. Section 7 discussesthe
applications of the analysis and experimental results. Sec-
tion 8 outlines somerelated work and Section 9 concludes.

2. OVERVIEW OF THE METHOD

In this method, heap objects are named by newstatement
and iteration vectors that uniquely identify the statement
instance that allocates the heap object (i.e., instance-wise
properties). The method is basedon the ewpt mapping ab-
straction. Treating all referencesuniformly as array refer-
encesof somedimensions, an ewpt mapping captures objects
pointed to by individual elemerts of an array as a mapping
(i.e., elemert-wise properties).

Consider the control-o w graph in Fig. 2 and program
point 4 in iteration i (denoted as4(i)). The object pointed
to by an arbitrary array elemert a[x] at 4(i) can be repre-
serted by the following ewpt mapping,

PointsTo(a[x]) = fhnull ;x > ii;N¢[x];x iig;
where

N:[x] denotes the object allocated by statement t at
iteration x.

hN¢[x];x i represerts a setthat, for a given x, eval-
uatesto N¢[x] when x i, and evaluates to an empty
set at other points.

hnull ;x > ii represerts a set that evaluates to the
null object when x > i, and evaluates to an empty
set at other points.

The points-to algorithm is an iterativ e xed point algo-
rithm. For illustration purposes,we showv next and in Ta-
ble 1 the step-by-step output of ewpt mappings when ap-
plying our algorithm to the example in Fig. 2. Program
points are labeled numerically along the control- o w edges
in Fig. 2.

Point 1, a = new Complex[n]. Variable a points to Ns which
represerts the object allocated by s. When rst allo-
cated, elemerts of Ns are initialized to null , hence,
a[x] points to null for0 x < n.

We assumethat array bounds conditions, such as0

X < n, are implicit in ewpt mappings. For conciseness,
the rest of the paper usesnull instead of hnull ;0

X < ni in ewpt mappings.

Point 2, for (...) , rst iteration.

Point 3, b = new Complex(). Variable b points to N;[i] that
is the object allocated by statement instance t (i).

Point 4, afi] = b. This statement makeselemert a[i] point
to N¢[i], while other elemerts of a still point to null .
Hence,

PointsTo(a[x]) = null ;N [i];x = ii
The ewpt mapping aboveis then converted to an equiv-
alent form

PointsTo(a[x]) = null ;AN [x];x = ii:

This transformation is necessaryto presene the pre-
cision of the algorithm during the next step (point 2,
seconditeration). 2

2The two represertation, hN([i];x = ii and hN¢[x];x = ii
will become hN[i ];x = i i and hN¢[x];x = i i, during
the next step. The latter represertation (with minimum
occurrencesof i ) preservesbetter precision.



|s: a = new Complex[n] |
| 1

| for (i=0; i<n; i++) l_\
| 2

b = new Complex() |

|t:

Figure 2: Constructing

Point 2, for , second iteration.

()
i is incremented, occurrences of i
mappings are replaced by i
of any iteration beforei. This transformation is called

aging.

Sinceloop variable
in previous ewpt
, which denotesthe value

Point 3, b = new Complex(). Variable b points to N¢[i].
Note that, object N([i] allocated at the previous it-
eration of the loop becameN¢[i ] after aging.

Point 4, afi] = b. The statement makesa[i] point to N¢[i],
and leavesother elemerts of the array unchanged. Hence,
PointsTo(a[x])
null ;AN¢[X];x =0 i PAN¢[x]; x = ii
null ;AN [x];x 2 fi;i gi:

Point 2, 3, and 4, third iteration.

Point 5. ewpt mappings at point 4 and 1 are merged. Oc-
currencesof i are substituted by its last value (n 1)
sincei is not live after the loop. This transformation
is called binding.

This example reveals sewral important features of the
pointer analysis.

Heap objects are named by allocation statement in-
stances. This naming scheme automatically encodes
instance-wise information into the points-to informa-
tion represertation. In addition, using namessuch as
hN [x]; X ii, ewpt mappings are able to precisely
represert the fact that an object is attached at a par-
ticular region of an array.

Loop counters may occur in the ewpt mappings and are
handled by aging and binding. Aging may intro duce
approximation but is neededfor the convergenceof the
algorithm. It is the widening operator of the iterativ e
algorithm.

The analysis does not remove any heap names from
ewpt mappings for heap assignmerns (i.e., no destruc-
tive updates). As a result, null is always presert in
PointsTo(a[x]). A technique to enablekills for destruc-
tive updates will be preserted in Section 6.

3. BASIC DEFINITIONS

This section describesour assumptions on the use of some
language features and intro duces basic notations.

1-dimensional

The xed point isreached.

at program point 4 iteration i

ng é 7777777 | outer part
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array of ComplexOb jects

3.1 Input Program Format

Without loss of generality, we assumethat reference as-
signmerts of the source program comply to the forms given
in Fig. 3. More complicated accessesan be converted into
these forms by introducing temporaries. In fact, reference
accessessupported by Java byte-code comply with these
forms.

Stac k Assignmen t

1. p =nul
2. p=newCls ()
3. p=newCls[m_1] ::: [m_k] ::: []
4 p=q
5. p=ga
6. p = qle]
Heap Assignmen t
7. pa=94q
8. ple] =q

Metho d Invocation
9. p = g.foo( );
10. g.bar( );

Figure 3: Reference assignmen ts

Control statements are loops and conditionals. For while
loops, we create a loop counter before the analysis. These
convertions allow the use of notation s(f), for statement
instances, where s is a statement label and { is the iteration
vector of s.

3.2 Location, Object and Reference

A location is a place in memory where a primitiv e data
typeis stored. An object is an aggregation of locations and
is named by a newstatement instance. More precisely,

Given an allocation statement instance s(§), Ns[H{] de-
notes the object created by s({).

One complication comesfrom the allocation of multi-
dimensional arrays. In general, a statement s in form
ofp = newCls[mi] [mk] [ ]n is equivalent to,

p = new Cls[m1][] 0;

for (i1 =0; i1 <ml;il++) {
plil] = new Cis[m2](] [;
for (2 =0; 2 <m2;i2++) {
pli1][i2] = new Cls[m3][] 0;



Iter : | PrgmPts PointsT o(a) | PointsT o(b) Poin tsT o(a[x])
1 Ns null null
1 2 Ns null null
3 Ns N [i] null
4 Ns Nt [i] null ;EN[i;x =11 ) null ;AN¢[x];x = ii
2 2 Ns Nefi ] null ;AN¢[xX];x =i i
3 Ns Nt [i] null ;AN([xX];x =0 i
4 Ns N [i] null ;AN¢[x];x 2 fi ;igi
3 2 Ns Ne[i ] null ;AN [x];x =i i
3 Ns N [i] null ;AN([X];x =0 i
4 Ns N [i] null ;AN¢[x];x 2 fi ;igi
| | 5 | Ns [ null ;N¢[n 17 null ;AN([X[;0 x n 1

Table 1: The step-b y-step output

To name these objects uniquely, for statement s, we
create pseudonamess:, " ranging from 1to k, to repre-
sert the allocation site of objectsnew Clsim-J[ ] [ ]
in the above loop. We \virtually" replace s by the
above loop by expanding the current iteration space
{4 by ° dimensions: Ns. [§ %], where % is a vector of
length °, represerts the object allocated by statement
instance s ({; %) in the expanded iteration space.

Ns[f]:a denotesthe location occupied by eld a of ob-
ject Ns[l.

A referenceis a strongly typed pointer to an object. It
never points inside an object. The dimensionof a reference
is the number of \[ ]" in its type declaration. The dimension
of a non-array referenceis 0.

Consider a referencep of n dimensions. Reach (p) denotes
all objects that canbereached from p. Objects in Reach (p)
are further divided into two parts:

Skeleton part contains all objects pointed to by p with
lessthan n subscripts, i.e., p[x1] [Xx] wherek < n
(seeFig. 2).

part contains all objects that can be reached from
p with n subscripts, i.e., p[x1] [Xn].

Intuitiv ely, the skeleton part of p captures the backbone of
the array referenced by p, whereasthe outer part captures
the leaf objects. Objects in the skeleton part are necessarily
array objects.

3.3 Element-wisePoints-to Mapping

Givena referencep of n dimensions, the following element-
wise points-to mappingsare de ned for p:

Outer

We de ne mapping px for 0 k < n. The domain of
p« is a set of k-tuples that contains all subscripts of p
of length k. The value of px(x), where x is a k-tuple,
is the set of all objects that p[x] may point to. Due
to Java's strong typing, these objects must have the
sametype as p[x], and they necessarily belong to the
skeleton part of p.

If the last dimension of p is of referencetype, we de ne
an additional mapping p,. For any n-tuple, %, the
value of p, (%) is the set of all objects that may be
reachal through p[x]. These objects can be of any
type and dimension (since they may not be directly

of the analysis

pointed to by p[¥]), and they necessarilybelongto the
outer part of p.

We call px the ewpt mapping of p at level k. Consider
the setscomputed in Table 1. There, PointsTo(a) is ao, and
PointsTo(a[x]) is ai.

4. TRANSFER FUNCTIONS

The points-to algorithm views every referenceassignmen
as a transfer function of ewpt mappings. For easeof under-
standing, this section preserts the transfer functions without
specifying the represenation of ewpt mappings and the im-
plementation of the operations used. A concrete implemen-
tation of the transfer functions will be preserted in Section
5.

4.1 Stack Assignments

ters of the loops surrounding s. Assume that p has ewpt
mappings from level O to level n. The transfer function of
ead of the stack assignmerts is as follows:

p = null : Since accessesattempted via a null pointer
generate an exception, p[x1]  [Xk] refers to nothing,
i.e., it mapsto the empty set. Hence,

fnull g Q)
1k n:

Po()

o
~
—~
x
&
x
=~
~
|

p = new CIs() : p is necessarily 0-dimensional. It has
only one ewpt mapping, po. Hence,

Po() = fNs[i1;:::;ialo: 2

p =newCls[m;] [m][ 1«2 [ In: This statement
rst allocates a n-dimensional array, assigningit to p.
Then, it allocates (n  1)-dimensional arrays, m; of
them, and assignthem to p[x1]. Repeating the same
process,until it allocates (n * + 1)-dimensional ar-

rays, and assigningthem to p[x1;:::;Xx: 1]. Elements
of these (n * + 1)-dimensional arrays (referenced by
p[x1;:::;x 1]) are initialized to null . Elements of



null arrays are . Hence,

Po() = fNsliz;:i:;ialg (3)
pc(X1;::5xk) = FNg[ia;:iiria;Xe; i Xelg;
1 k ° 1
p(x1;::;x) = fnull g
Pe(Xe;:iisxk) = 5T+ 1 koo
p =q p[xi] [xx] points to the same objects as

g[x1] [x«x] does. Hence,
Pe(X1;iiiiXk) = Gk(Xa;::ixk); O ko ni (4)

p = g.a: p[xa] [xk] points to the same objects as
g.a[ x1] [x«] does. The legality of g.a implies that
g is of 0 dimension. Then, go() contains all objects
that can be reached by g, including those pointed to
by g.a. This transfer function is consenativ e.

pc(X1;::0xk) = p(); 0k n: (5)

type as p and must be of (n k) dimensions, a re-
nement of the above transfer function is to assignto
p« those objects in ¢ that are of (n k) dimensions.

p = g[e] : The type rules ensurethat q has one more
dimension than p. Hence,

G+ (€;X1;::55%k); Ok n: (6)

4.2 HeapAssignments

Since a heap location may be accessedthrough dieren t
references,one heap assignmen may change the ewpt map-
pings of sewral referencesat the sametime. For example,
considerthe assignmern in Fig. 4. Sincethe location of p[e]
can be reached from both p and r, after p[e] = q, both p1
and r will change.

stack heap stack heap

plel=q

Figure 4: Heap assignmen ts

Statemen t of the form p.a = g. Consider any reference
r that can reach the location of p.a. Supposethat r is of n
dimensions. Sincep cannot possibly point to an array, if p.a
can be reached from r, it must bein the outer part of r (i.e.,
rn). It may seemat rst that the reachability condition is
However, if the intersection is
null , p.a cannot be reached by r becausenull.a is not a
valid location. Hence, the correct reachabilit y condition is

The assignmen may also remove objects from r, ; however,
there is not enough information to nd them. Consena-
tively, we add Reach(q) to all mappings that can reach the
location of p.a.

All in all, let r% ber, after the assignmen. The transfer
function is

rn(X1;::05xn) [ fhReach(q); ig  (7)

where is the system of constraints obtained by imposing
the condition

For example, if  is computed by imposing the condition
Ns[x1;x2]\ Ngs[n;n] 6 fnull g, after simpli cation, we have
fXx1 = n;x2 = ng.

Statemen t of the form p[e] = g. Consider any reference
r that may reach the location of p[e] . Supposethat r isofn
dimensions, p is of m dimensions, then g must be of (m 1)
dimensions.

If the location of p[e] belongsto the skeleton part of
r, p must point to one of the subarrays of r, call it
rfus] [un].® Then, the following condition must be
satis ed:

rn(us;::i;un)\ po() 6 fnull g

In this case,the eect of p[e] = qis to replace sub-
arrays of rf us]  [un]le] with subarrays of g. That
is to replace rf u1]  [unlle]l Xn+2] [Xn+1+ «] by
AdlXn+2] [Xn+1+ k]. All in all, for all k such that 1+
h+k m,

where is the system of contraints got by imposing
the condition

the location of p[e] , which is the same as the caseof
p.a = g. Hence, the transfer function is (7).

4.3 Handling Loop Counters

There are two transformations to be applied on loop coun-
ters in ewpt mappings. The rst one is aging, which is ap-
plied at every program point that follows a back-edge of a
loop. It re ects the fact that i hasbeenadvanced. Consider
a loop counter i. Aging would replace i in the mappings
by i 1. However, this may generate an in nite number
of terms, such asi, i 1,i 1 1, etc., during the it-
erative process. To limit the number of forms that aging
may generate, we intro duce a symbol i that represerts the
value of the loop counter in any iteration beforei. Then,
during aging, occurrencesof i in the mappings are replaced
by i . This may intro duce approximation in the algorithm.

3Since the dimension of this subarray (i.e., n  h) must be
the same as the dimension of p (i.e., m), we can further
determine h: h=n m provided that n m.



A better scheme is to k-limit the number of forms that a
loop variable can be agedinto. Readerscan refer to [20] for
details.

The secondtransformation is binding, which is applied at
any program point that follows a loop exit edge. This is
to ensure that ewpt mappings at dierent program points
contain only variables that are in scope at those points. For
simplicity of presertation, loop counters are initialized to O
and have a step of 1. Consider a loop variable i. If the
last iteration of i is n, during binding, occurrencesof i in
the mappings are replaced by n, and occurrencesof i are
replaced by arange [0;n  1]. In the caseof unknown loop
bounds,i andi arereplacedby that represens any pos-
itiv e integer value.

4.4 Inter-procedural Analysis

We would like to extend our method to programs with
method invocations:

p = q.foo( );
g.bar( )

The secondcasecovers both void methods and methods
returning a non-pointer type. We assumethat virtual meth-
ods and overloaded methods have beenresolved by a previ-
ous passof the compiler. We also assumethat each method
usesdistinct local variables and distinct formal parameters.
All of this can be obtained by quali cation.

In the iterativ e algorithm, whenever a method call is en-
countered, we jump to the rst statement of the method
after executing a prelude similarly, when encourtering a
return statement, we execute a postlude and jump to the
statement following the invocation. In essencethe interpro-
cedural analysis is both context-sensitive and o w-sensitive.

During the prelude stage, actual parameters in the
calling context are mapped to the formal parameters
in the callee context. This can be done by executing
\virtual" assignmens:

formal = actual

Sincethe ewpt mappings of the actual parameters may
contain loop counters from the calling context, which is
not visible from the callee, we replace such loop coun-

ters in the ewpt mappings of formal parameters by
\*". 4

The postlude of a method assignsthe value returned
by the method, if any, to the left-hand side reference
in the invocation.

Since heap objects referencedby the caller may be passed
to the callee, any structural update to these objects needs
to be re ected to the caller. In other words, the transfer
functions of heap assignmert (in Section 4.2) need to be
augmerted to re ect the interprocedural context. This is
done by making the ewpt mappings of the callers visible to

4A more precise handling of method invocation would be to
virtually inline the callee into the calling context, i.e., vir-
tually inlining the callee's iteration spaceinto the caller's.
However, such a scheme would fail in the presenceof re-
cursive method calls. In fact, this gets down to a more
fundemental problem of devising a store-based analysis for
recursive programs.

the callee. For example, transfer functions (7) and (8) now
apply to ewpt mappings of all referencesfrom both the callee
method and methods of its calling chain.

In a really modular analysis, methods should be assai-
ated not to ewpt, but to ewpt transformers. The design of
such an analysis is left for future work.

5. THE ITERATIVE ALGORITHM

The iterativ e framework requires transfer functions and
a meet operation. The meet operation is set-union. The
transfer functions are described in Section 4. This section
gives a concrete implementation of these transfer functions
by de ning the represertation of ewpt mappings and pro-
viding the operations in the transfer functions basedon this
represertation.

5.1 Symbolic Name

The algorithm operateson tables called ewpt tables. Each
entry of an ewpt table contains a set of heap namesin the
following format:

i Xk = Ad+k; A; BI

X1;:::;Xx are the parameters of any ewpt mapping at
level k where k is called the rank of the heap name;
A = fas;:::;aq4+ kg is asetof (d+ k) bound variables;

B is another set of bound variables that can be re-
named at will. The size of B is bounded by 2d (see
the de nition of below).

A is a system of constraints over A with at most one
constraint pera 2 A. Let e be asubscript expressionin
the program and i bethe counter of aloop surrounding
s. Constraints in o take one of the following forms:

{ a=¢€li blwhereb2 B.

{ a=€]i u] whereu is the last value of i.

{ €li 0] a ¢ u 1] with the same con-
ventions.

The notation e[x
rencesof x in eby y.

g IS a system of constraints over B. For each b2 B,
the constraint is either of the form b2 iorb2 i where
i is the counter of a loop surrounding s. Redundant
variables in B are removed: 1) when both b2 i and
c2ibelongto s, bin g isreplacedby c, and bis
removed from B; 2) when bdoesnot occurin 4, it is
removed from B. These rules ensurethat B contains
no more than 2d variables.

y] stands for substituting occur-

The above represertation is called the standad format.
Heap namesin the standard format are called symbolic names

5.2 Transfer Functions
There is a one-to-one correspondence between any ewpt

mapping px and ewpt[p,k]. That is symbolic namesin ewpt[p,K]
lowing table entry

ewpt[p,1] = fnull ;MNs[a1];x1 = az;a1  nig
represerts the mapping

p1(x) = fnull ;Ng[x];x nig:



p = null ewpt[p,0] fnull g
1 k n:ewptlpk]
p = new CIs() ewpt[p,0] Ns[ai;:::;aq];a = briiag = by 2 015000 by 2 gl
p = new Cls[m,] ewpt[p,0] hNs[as;:::;ad;ar = bujiii;a0 = bysbn 2 0050005 by 2 igi
M ]+ [ 1n |1 k ° 1:ewpt]pk] PNg [ar;:::;ag; X Xk ];ar = boyiiijag = by 2045000 bg 2 igi
ewpt[p,’] fnull g
“+1 k n:ewptlpkK]
p=q 0 k n:ewptlpk] ewptqk]
p =g.a 0 k n:ewptpk] ewpt[q,0]
p = qle] 0 k n:ewptpk]l ewptlgk+l](e)
pa =q 8r;n = rank(r) :
ewpt[r,n]  ewpt[r,n] t hReach(q);ewpt[r,n]\ ewpt[p,0] 6 fnull gi
ple] =q 8r;n = rank(r);m = rank(p), f h=n m O:
ewpt[r,h+1+k] ewpt[r,h+1+k] t hewpt[q,K](Xn+2 ;:::; Xh+1+ k);
ewpt[r,h] \ ewpt[p,0] 6 fnull g;xn = ei
ewpt[r,n]  ewpt[r,n] t hReach(q);ewpt[r,n]\ ewpt[p,0] 6 fnull gi

Table 2: Transfer functions of ewpt tables

Derived directly from (1) - (8), Table 2 gives the trans- k(Xm+1 ;070 Xm+1+ k) Substitutes x; by Xi+m in
fer functions based on the ewpt table represertation where 1 i
s denotes the current statement and i1;:::;iqg denote the
counters of the loops that surround s. Table 2 also uses

x for any
k. The resulting symbolic name is of rank
(k + h+ 1). For instance, given

seweral operations applied to sets of symbolic names. These v = MNs[a;x. = aja = ii;
operations are de ned below. All but the rst one are de- then,
ned on symbolic names, but can be extended to setsin the
usual way. vi(Xz2) = Ng[a]; x2 = a;a = ii:
Let Ak be a set of symbolic namesand ¢ be a symbolic
name. Both are of rank k. Act « adds k to setAx. The resulting setis simplied by

removing common names. Furthermore, if a symbolic
name subsumes another, the latter is removed from
the resulting set. For instance, given

k(€e) binds a subscript expression, e, to the rst parameter
of «, X1. The resulting symbolic name is of rank (k

1). Given = hNgl[ai;:::;aq]; «i, this operation
eliminates x; from by adding the constraint x; = e 1 = hNg[c];x1 = ¢c;c< i
to . The computation is performed in three steps: A1 = fhNsfalixi= aa  iig:

1. If the system is unfeasible, it returns

2. Else, from the new constraint x; = e, we deduce
ag+1 = €fi b]. This constraint is addedto A
i ag+1 wasnot constrained in . If it was con-
strained, then there are two constraints for ag+1 ,
which is forbidden in the standard format. There-

then,
At 1 =1fhNg[d];x1 = d;d iig:

In this example, the resulting set represerts the same
mapping as Ai (after intermediate variables are re-

. (IR named).
fore, we choseto ignore one of them. This is in
fact a widening operation. Since the new con- k\ 06 fnull g solvesasystemof constraints overxa;:::; Xk
straint always de nes a singleton set while the k(X1;:05X) V0 6 fnull g: Consider
old one may de ne a range, we choseto replace BN A e .
the old constraint with the new one. K = MNs[awiiiagl
o = MN[as;:::5aq]; Toi:

3. Finally, the parameters of ¢ are shifted: [x»
X1; ;Xk Xk 1]. This substitution will gener-
ate a symbolic name of rank (k 1).

To give an example, suppose

1= WNg[a;bl;x1 = a;x2 = bja i;b jg;
then,
1(i+ 1) =
1(i 1) = MNg[ab;xs=ba=1i 21,b ji:

This operation is alsousedto compute the points-to set
of an array elemert from ewpt mappings, for instance,
to compute read-sets/write-sets of a reference access
for dependenceanalysis.

The operation returns falsewhen s 6 t, i.e., objects in

k and o are created by dierent statements. Oth-
erwise, it returns °= [ To. Again, °needsto
be simplied: unfeasible constraints are represened

by false and if somevariable in A has more than one
constraints, the most preciseoneis kept and the others
are discarded.

Consider the following example,

2(X1;X2) = MNs[ar;az];xa = ag;
X2 = az;ax i;a2<ji
o) = MNs[e;elici=iic =i
8() = MNg[a;ejca=ic=i:



then,

2\ o6 fnull g ) false

2\ 96 fnull g ) fxi= aiXs < ag;

ar=ibax<jo:

Reach(g) computes all objects that can be reached from
referencevariable g. It can be computed as the union
of all ewpt entries of g, removing constraints over the
parameters of those symbolic names.

Finally, the handling of loop counters is explained. Consider
aloop counter i with an upper bound u. Aging is performed
by replacing i by i in all symbolic names. Binding is per-
formed as follows,

Foreah b2 i in B, bin A isreplaced by u;

Consider any b with a constraint b2 i in B. If b
occurs in any constraint a= ein a,thena= eis
replacedby elb 0] a eb u 1]

It can be cheded that operations on symbolic namespre-
sene the standard format. Hence, the number of symbolic
namesin a given program is nite. This is the key for the
convergence proof of the algorithm. Due to space limita-
tions, this proof is omitted. It can be found in full in [20].

5.3 CostAnalysis

A rough estimate of the complexity of the analysis is the
product of the following factors:

the number of program points;

the number of ewpt mappings at eac point;

the number of iterations to reach a xed point;
the number of symbolic namesin each mapping.

The secondfactor can be easily computed. Let d;i be the
dimension of the i-th referencein the program. The number
of ewpt mappings is

Ne = (di + 1):
|

To estimate the iteration count, let us consideraging rst.
Since ead loop counter i in the ewpt mappings is aged to
i at the end of a loop body, it may take up to 2 itera-
tions to reach a xed point plus one more iteration to test
it. The iteration count also depends on how fast modi ca-
tions can be propagated. While forward modi cations are
propagated instantly, it may need seweral iterations to do
backward propagations. Consider the following example:

0 for(i=0; i<n; i++) {
1 p=gq

2 q=r

3 r = new Cls();
4}

3 iterations are needed until the eect of statement 3 is
propagated back to p. An upper bound of the number of
iterations in a m-nested loop would be m times the number
of pointer assignmernts in the loop body.

We have already proved in [20] that the number of sym-
bolic namesis nite. Although likely to be an overestimate,
this givesan upper bound on the number of symbolic names

in an ewpt mapping. In practice, we can limit the size of
symbolic namesin an ewpt mapping to reduce the cost of
the analysis.

One may wonder about the complexity of the operations
on symbolic names. The complexity of these operations can
be treated as a constant, although they may be quite ex-
pensive in practice. It is worth to mention, however, that
symbolic namesin ewpt mappings at level 0 are essefially
points-to sets. Operations on them are inexpensive setunion
and intersection. They become expensive only when ewpt
mappings at a level greater than 0 (for true array elemert
accesseshpre involved.

6. ADDITION AL KILLING

This section preserts a technique to remove objects from
ewpt mappings in heap assignmers. There are two reasons
why the iterativ e algorithm performs no kill on heap assign-
ments:

Tokill on heap assignmen, one needsmust-alias infor-
mation, whereasewpt mappings capture may-points-to
information.

To kill an object from a particular array elemernt may
involverestricting the constraint part of symbolic names.
Then, aging that replacesa set by its super-set (i.e.,
replacingi 1byi ) is not safeany more.

The additional killing is performed after the iterativ e al-
gorithm is terminated. As opposedto widening, this is the
narrowing part of the points-to analysis. The technique is
basedon proving the solidity of objects. An object is solid if
all its reference elds are not null . Here, we focus on how to
remove null from ewpt mappings. However, the technique
can be easily extended to a generalkilling scheme. Consider
the example in Fig. 2. At program point 5, the following
ewpt mappings are computed,

ap () = Ns

ai(x) = fnull ;AN([x];0 x < nig:

Since a points to Ns, a[x] and Ns:[x] ought to point to the
same objects. Hence, if object Ns is solid, a[x], for any
possible x, must not be null . This meansthat null can
be removed from a;. In general, if an ewpt mapping, p«,
contains only solid objects, null can be removed from pg+1 .
The solidity of an object can be proved in two steps:

Step One Pointer assignmerts in the program are converted
to pseudo assignments. For every statement in form
of | = r, the following pseudoassignmen ( ) is con-
structed,

Location(l)  PointsTo(r);

where Location(l) and PointsTo(r) are computed us-
ing the ewpt mappings from the previous iterativ e al-
gorithm. A pseudo assignmen is a must-assignmentif
its left-hand-side is a singleton non-null location.

For example, the following pseudo code is generated
from the code in Fig. 2,

a Ns;

for (i =0; i<n; i++) {
b N¢[i];
Ns:[il  Ne[i];



Step Tw o To provethat anobject is solid, one considersall
pseudo statements that assignto a eld of the object.
A must-assignment geneiates a non-null eld if the
right-hand-side (rhs) of the assignmert contains no
null . An assignmen whoserhs contains null kills a
non-null eld. For array elemerts, the Gen and Kill
sets are summarized as intervals over loops. Finally,
if every eld of an object doesnot point to null , the
object is solid.

7. APPLICATIONS AND RESULTS

The transfer functions wereimplemented in Java and javac
was augmerted to drive the xed point computation. We
evaluate the analysis and demonstrate that ewpt mappings
can be usedto improve dependencetest, loop parallelization,
and exception optimization.

7.1 The Benchmarks

The experimental results are reported based on running
the analysis over eight Java programs, as given in Table 3.
All benchmark programs useeither multi-dimensional arrays
or one dimensional object arrays. Six of them are numerical
codes that would benet from classical loop optimizations.
Program listtbl  is an arti cial example that constructs an
array of linked lists in a loop, and is included in the bendc-
mark becauseit shows an interesting pattern of reference
assignmernts.

The inter-pro cedural scheme of the analysis was not im-
plemented; instead, we inlined method calls and commerted
out system calls that had no side-e ects in the programs.
Table 3 giveslengths of the programs before and after inlin-

ing.®

7.2 Costand Precision

The points-to analysis is applied to the sewven benchmark
programs. Analysis time is measuredon an Ultra SPARC5
with a 270MHz processor,using java from SUN JDK1.2.2
with jit enabled. Table 4 summarizesthe measuremer for
each program: \Prgm Pts" gives the number of program
points where ewpt mappings were computed; \time" gives
the actual analysis time; and \ewpt/ja vac" gives the per-
certage of the analysis time in a plain javac compilation.

Program | Prgm Pts Analysis Time
time (ms) | ewpt/ javac
listtbl 10 9 0.1%
cmatmul 25 162 2.1%
shallow 73 259 3.4%
cholesky 19 195 2.6%
sor 18 184 2.5%
lufact 40 168 2.9%
moldyn 53 77 1.0%
euler 299 2440 25%

Table 4: Analysis cost

Overall, the analysis time of the rst sewen programs is
fairly small (0.1%- 3.4% of a plain javac compilation). The
analysis time of euler (25% of javac compilation) is much

5I_ufa_lct _is smaller after inlining becauseof somedead code
elimination done during inlining.

higher becauseeuler involvesswitching the four sub-arrays
of a 2-dimensional array ug. As a result, the ewpt map-
pings of ug contains 18 symbolic names, whereas, in other
benchmarks, most ewpt mappings contain about 2 symbolic
names. This suggeststhat a reasonablek-limiting on the size
of ewpt mappings can help reduce analysis cost on irregular
assignmeri patterns.

To measure the precision, we cheded the output ewpt
mappings obtained. For array references, the ewpt map-
pings were fairly precise. In particular, the mappings of
ug in euler capture correct points-to information due to
the switching of elemerts. Furthermore, using the \killing"
technique, the analysis is able to remove all of redundant
null from the mappings of array elemerts.

7.3 DependencéAnalysis

Three versions of dependencetests were implemented us-
ing di eren t pointer information. All of them usethe Omega
library [15] to determine the dependences.

type collects read- and write-sets assetsof types. Two
accessesre reported dependert if their typesare com-
patible and at least one of them is a write. Two array
accessesa[x] and b[y] are dependert if a and b are
of compatible types, and if x and y may denote the
sameo set. The latter condition is determined by the
Omegallibrary .

flat assumesno aliasing between dierent array ele-
ments (i.e., arrays are at FORTRAN-lik earrays) and
no aliasing betweenarrays of di eren t names. For non-
array references,it usesatype-basedanalysis asin the
previous test. Note that, flat is basedon an unsafe
assumption about array aliasing, henceit givesa lower
bound of the number of array-induced dependencesin
the program.

ewpt computes read- and write-sets as sets of heap
locations from ewpt mappings. Details can be found
in [20]. Dependencetesting on heap locations is the
sameas that on FORTRAN arrays.

Table 5 gives the statistics collected for the three im-
plementations. Only dependencesdue to conicts of heap
locations were reported, and at most one dependence was
reported between any pair of statements. Note that ewpt
reports fewer dependencesthan flat . This is becauseal-
though flat assumesperfect information about arrays, it
is quite consenativ e about non-array objects; whereasewpt
has information on both typesof objects.

It is worth mentioning that using conventional points-to
analysesin place of type would not improve the dependence
test signi can tly, due to their lack of ability to disambiguate
dierent elemerts of an array.

Table 5 also shows the number of parallel loops detected
by ewpt and type. The actual number of parallel loops is
given in real . We assumethat conicts due to stack lo-
cations can be handled by techniques such as scalar priva-
tization. Overall, ewpt is able to detect all actual parallel
loops, whereas parallel loops detected by type are mostly
initialization loops.

7.4 Exception Analysis

A Java virtual machine automatically performs two run-
time chedks { the null-p ointer and the array bounds check {



Program Description Lines (inlined) Source
listtbl constructing an array of linked lists | 15 -
cmatmul complex matrix multiplication a7 -
cholesky cholesky factorization of a matrix 38 IBM
shallow complex shallow-water simulation 197 (218) IBM
sor successie over-relaxation routine | 40 Java Grande
lufact LU factorization routine 287 (153) Java Grande
moldyn molecular dynamics simulation 234 Java Grande
euler computational uid dynamics 915 (2028) Java Grande
Table 3: The benchmarks
Program Dependences Parallel Loops 8. RELATED WORK
. type | at [ ewpt | type [ ewpt | real We compare our work with researd in three areas: anal-
listtbl S 3 2 0 1 1 yses of heap-directed pointers, dependenceanalysesin the
cmatmul 8 3 3 3 7 Y presenceof pointers, and Java exception analysis.
cholesky 10 4 4 5 6 6
shallow | 1092 | 152 | 152 6 17 | 17 Pointer Analysis . There are two approachesto compute
sor 6 5 5 3 4 4 properties for heap-directed pointers. The rst one is re-
lufact 72 45 | 45 9 11 | 11 ferred to as store-basel becauseheap locations are named
moldyn 2 0 0 17 19 | 19 statically, using either the pointer type [7, 18, 2], or the al-
euler 12559 | 2489 | 2489 | 36 55 | 55 location site [19]. Our points-to analysis is store-based, but

Table 5: Dep endences and parallel loops

Program | bound-ched | null-chedk safeloop
ewpt | type | ewpt | type | ewpt | real

listtbl 0 2 0 3 2 2
cmatmul 0 13 0 13 7 7
cholesky 0 19 0 19 8 8
shallow 0 278 0 278 | 20 20
sor 0 17 0 17 7 7
lufact 22 57 0 57 6 15
moldyn 2 2 0 8 22 24
euler 12 507 0 705 | 57 60

Table 6: Redundan t checks and safe loops

for eadh indirect load. Restricted by the exception seman-
tics of Java, an instruction cannot be moved acrossa point
where exceptions may occur. Therefore, it is important for
high-level optimizers to identify regions that are free of ex-
ceptions. One particular problem is to eliminate redundant
null-p ointer chedks for pointers residing in array cells (e.g.,
plil ). Since ewpt mappings can tell whether an accessis
null , or is out-of-bounds, they can be exploited to improve
Java exception analysis. For instance, if mapping p1 con-
tains no null , the compiler can prove that accessto pli]
can not throw any null-p ointer exception.

Table 6 givesthe number of array bounds and null-p ointer
chedks identied as redundant as well as the number of
exception-free loops (safe loops). Some redundant array
bounds cheds are undetected becauseour implementation
is not able to compare symbolic expressions. On the other
hand, all null-p ointer cheds in the benchmarks have been
identied asredundant dueto the analysis' ability to remove
null from ewpt mappings.

Spointers stored on the heap are heap-residing pointers;
those stored on the stack are stack-residing pointers.

it usesa more precise naming scheme. We name objects by
their allocation statement instances In many cases,naming
heap objects using allocation sites is a good cost/precision
trade-o. However, for loop-baseddependencetests it is im-
portant to distinguish di eren t objects created by the same
allocation site. Furthermore, our points-to analysisis able to
compute points-to information for individual array elemerts
that most others cannot.

Another store-basedapproach is Rugina et. al. [16]. The
bulk of this paper is concerned with the determination of
accessregionsin arrays. The usual region analysis is gener-
alized to casesin which bounds must be expressedas poly-
nomials in the parameters. Our aim here is quite dierent.
We focus on the way pointers refer to dynamically allocated
arrays. We cannot expect addressescreated by new state-
ments to be represertable by polynomials. Conversely, when
an array is allocated, our analysis can only build polyhedral
regions, and Rugina et. al. work is more general than ours.

As opposedto the store-basedapproach, a store-lessanal-
ysis directly computes alias properties without naming heap
objects. These properties could be alias pair information
[6, 8, 3] or shape information [12, 17, 9]. The shape of a
pointer tells us whether a pointer refers to a list, a tree,
etc. It is the \store-less" counterpart of the elemert-wise
information that our analysis captures. Although the work
by Deutsch [6] is store-less, our work shares one common
feature with his. Both analysestry to summarize properties
of unbounded objects in one symbolic form. His work uses
symbolic accesspaths, whereasours usesewpt mappings (or
symbolic names).

Dep endence Testing with Pointers. Dependencetests
that are basedon store-lesspointer analyses[11, 10, 13] rep-
resert read/write sets as sets of accesspaths. Accesspaths
from di erent program points cannot be compared as they
do not have any assciated points-to information. Therefore,
these dependencetests are applicable only to loops with no
pointer assignmeris.

Like our points-to analysis, Ghiya and Hendren [9] also
address pointer analysis in the context of dependencetest-



ing. Their analysis aims to enhance store-less schemes so
that they can be used for dependencetests. Our scheme
aims to improve the precision of store-based analyses for
iteration-based dependencetests. They are able to handle
pointers to at arrays, but not array elemerts of pointer
types since their points-to analysis is not elemert-wise. In
addition, they cannot handle dependencesin a loop with
pointer assignmens as their scheme is not instance-wise.
Chambers et al. [2] addressdependenceanalysis for Java
in the presenceof exceptions, multi-threading, and dynamic
class loading. They use a type-based points-to analysis.
They do not focus on getting precise information for loop

iterations or array elemerts.
Overall, no previous work can decide that the following
loop carries no dependenceover statement 3.

1 for (i = 0; i<n; i++) {
2 p = new...;

3 pa = ..,

4 }

The fact that p points to a new object at ead iteration
cannot be abstracted by either shape or alias information.
Our analysis can do this becauseof the instance-wisenaming
of objects.

Exception Analysis . Bodik, Gupta, and Sarkar [1] pro-
poseda method to eliminate exception cheds basedon par-
tial redundancy elimination. Lacking precise pointer in-
formation, their method only remove partially redundant
chedks for heap-residing references. Our points-to analy-
sis, on the other hand, is able to directly remove redundant
chedks basedon ewpt mappings.

Moreira, Gupta, and Midki [14] exploited exception-free
regions for numerical Java programs. However, they did not
addressthe techniques to identify such regions.

9. CONCLUSION AND FUTURE WORK

This paper preserts an iterativ e algorithm that computes
points-to information for instances of referencesand ele-
ments of referencearrays as ewpt mapping. Such pointer in-
formation can be usedto enable a preciseloop-baseddepen-
dencetest in the presenceof Java references. We also pro-
posea technique to perform kills on ewpt mappings for heap
assignmens. This technique can help identify redundant
null-p ointer cheds for heap-residing pointers. We obtain
promising results with a reasonable cost when using ewpt
information on dependenceanalysis and exception analysis.

This work can be extended in many directions. The in-
terpro cedural algorithm is neither e cien t nor precise. One
possible solution is that when an ewpt mapping is likely to
be changed, instead of carrying it around, abstract it into
boolean properties such asthe injectivit y of the mapping (or
combnessas coined in [5]), which are much more lightweight
and reach convergencefaster. The challenge, then, is how to
combine a store-based scheme with a store-lessabstraction
to improve the precision of the inter-pro cedural analysis.

Consider the following example:
bar(Cls[] f) {
for (..i..) for (..j..)
s:  bar(a[i]); t: flil = new Cls();

A precise naming scheme needsto distinguish instances
of t from dierent invocations of bar() (i.e., dierent in-
stances of s). One method is to nest the iteration space

of t inside that of s, i.e., s;t(i;j), then name the object
allocated by t(j) in the calling context of s(i) as Ns:[i; j].
The challenge then is to devise such a store-based naming
scheme for recursive programs.

We would also like to explore other application of the
analysis such as heap optimizations. Since ewpt mappings
capture preciselinks betweenreferences,objects and alloca-
tion sites, it is possible to use them for garbage collection,
object layout optimization (e.g., attening arrays), and ob-
ject priv atization.
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