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Abstr act

We propose a flow-sensitive context-insensitive
alias analysisin Javathat is more efficient and precise
than previous analysesin C++. For that, we propose a
reference-set alias representation. Second, we present
the propagation rules for the reference-set alias repre-
sentation. Third, for the type determination, the type
table is built with reference variables and all possible
types of the reference variables. Fourth, we propose an
algorithm in a popular iterative loop method with a
structural traverse of a CFG Finally, we show that our
reference-set representation has better performance
for the alias analysis algorithm than the existing
object-pair representation.

1. Introduction

Java has become a popular language because it is
platform independent and object-oriented. More specif-
ically, in Java, objects are accessed by references, con-
sequently, there might be many aliases in a piece of
Java code. An dlias situation is said to have occurred
when an object is bound by more than two names.
Recent studies[1, 2, 3, 4, 5, 6, 8, 9, 13] have analyzed
aliases to avoid side effects statically because codes
with alias information are useful and better candidates
for high performance computing such as parallelizing
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compiler as well as compiler optimization. With
detected aliases information, we may avoid race condi-
tions, context switch and communication overhead for
parallelizing compilers.

Previous studies [2, 3, 4, 5, 6, 8, 9] proposed dias
analyses for C/C++ by representing the alias relation
with objects because of the concepts of pointers and
pointer-to-pointer in C/C++. This research aims at
improving the efficiency and the accuracy based on the
safety of the alias information detected. However, the
representation of aias relations is not sufficiently opti-
mized to apply to Java. Thus, we have proposed
referred-set representation [1] that makes a more effi-
cient and precise analysis for Java than previous meth-
ods. However, it might have a large time complexity in
the usage of the computed alias set. Thus, in this paper,
we propose an aternative alias relation, reference-set
representation by extending our reference-pair repre-
sentation which isapair of reference variables[13].

Our alias analysis in Java presents four contribu-
tions for the efficiency and preciseness without losing
its safety. First, we analyze the existing alias represen-
tationsin C++ [2, 3, 4, 6] in order to apply to Java. Sec-
ond, we introduce the reference-set representation to
present an alias information in Java. Third, we propose
more precise data propagation rules of aliases for the
reference-set representation. Finally, based on existing
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Figure 1. Relation between a pointer and
an object in C++
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algorithms [1, 6, 13], our calling graph, control flow
graphs and a type table, we propose a more precise and
efficient flow-sensitive alias analysis algorithm.

In this paper, section 2 presents the differences
between C++ and Java and introduces the reference-set
alias representation for Java. Section 3 describes the
structures of our agorithm. Section 4 explains our
propagation rules for intraprocedural and interproce-
dural analyses. Section 5 showsthe aias analysis algo-
rithm. Section 6 computes the complexities of our and
existing algorithms. Section 7 shows the experimental
results of the reference-set and existing object-pair rep-
resentations. Finally, the conclusion is presented.

2. Alias Relation Representation in Java
2.1. Differences between C++ and Java

Naming of an object should be considered to repre-
sent aliases in C++ and Java. In C++, static objects
declare object names. Also, dynamic objects and
pointer-valued objects have their own names for an
dias analysis. A pointer variable name is a name to
point an object that contains the address of a pointed-to
object. In Figure 1 (@), pointer variable name p is nam-
ing a pointer-valued object that contains its address
value. Dereferenced pointer p is naming the object that
is pointed to by p. A variable name p that is not a
pointer is haming an object that contains the address of
the variable. There exist alias relations among pointer-
valued objects because of pointer-to-pointer relation-
ships. Therefore, in the previous studies[5, 6, 7], when
pointer p points to an object of v, the alias relation is
represented as <*p, v>. Figure 1 (b) shows that a
pointer points to another pointer variable that compli-
cates the dlias anaysis, where a box depicts a pointer-
valued object and a circle is a non-pointer object.
Those dlias relations are represented as <*p, g> and
<*q, r>.

Existing dias relations in C++ are similar compact
[5, 6, 7] and points-to [2, 3, 4] representation. In this
paper, we cal them as object-pair representation
because those are a pair of objects. Those relations save
spaces by representing al alias relations without using
an exhaustive set. Those relations can be used in Java.
However, there are some problems to use those repre-
sentations because only references are used to name
objects in Java. A reference is a variable that refers to

<p, r><q, r><r.d, v>
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Figure 2. Difference between a pointer in C++ and a
reference in Java

<*p, r> <*q, r> <*r, v>

an object as a pointer in C++. There are no pointer-to-
pointer concepts and no pointer operations in Java. An
object in Javais created dynamically so that the object
becomes an anonymous object that does not have its
own name. Thus, each object needs its own naming by
binding a reference name and an object name in an
aliasrelation.

In Figure 2 (a), if there is an assignment statement
*p = w, the value of the addressed val ued object named
by p is changed to the value of the addressed valued
object bound by w. Thus, the object pointed by r is
changed via <*p, r>. Therefore, <*r, v> can be killed
and anew aliasrelation <*r, w> is generated.

In Figure 2 (b), an alias relation via compact repre-
sentation in Java is shown. If there is an assignment
statement p.d = w, the addressed value of the reference
p.dis changed so that <p.d, r.d> isinferred and p.d and
r.d are considered as an aias of the same address-val-
ued object. However, if v and r.d are recognized as an
alias of the same address-valued object in <r.d, v>, an
object referred to by the reference v is changed and the
wrong alias relations <r.d, w> and <v, w> are gener-
ated. For the correct relation, <r.d, v> should be killed
and <r.d, w> should be generated. The wrong result
comes from the fact that, in Java, a reference name is
used for naming an object without a dereferencing
operator such as * in C++, To obtain a right result in
this example, r.d should be recognized as a memory
location that contains its addressed value in <p.d, r.d>.
Also, r.d should be recognized as an object that is
referred to by the reference r.d. To solve this problem,
an alias relation for an address-valued object should be
presented by extending a compact representation. Oth-
erwise, a data flow equation for aliases should recog-
nize the difference. Therefore, reference names for an
alias relation should be meant as dereferencing and the
<p.d, r.d> dlias relation for the alias computation
should be analyzed differently.

2.2. Reference-Set Representation

For a more precise alias analysis in object-oriented
languages, the type information of the objects accessed
are needed and this information can be collected more
safely viadiasinformation [2, 3]. It is known as atype



Figure 3. The relationships between reference and
objects

inference. The type information can be used for over-
ridden methods resolution in Java. The more precise
the type information, the more precise aias anaysis
becomes.

In this section, the reference-set representation is
proposed to improve the efficiency of the alias compu-
tation and the type inference.

Reference-set: a set of alias references that consist of more than
two references which refer to an object; R; = {ry, rp, ..., rj}: for
each |, initially j > 2 and r; is a reference for an object; whenr;
and ry arein the same path and qualified expressions with a field
f, rj and ry can be represented with a R;.f with a reference-set R,
for an object i; During data flow computing in an alias analysis,
j > 1 when passing and passing back an object at a call site.

The alias set contains the entire alias information at
the statement.

Alias set: a set of reference-sets at a statement s; Ag= {Ry, Ry,
R}

In astatement s of a program, each reference-set and
alias set for the alias relation in Figure 3 are repre-
sented as follows.

Ry = {a, b} R, = {Rl.e c,d}
As={Ry, Ry, Ry}

An dlias analysis algorithm computes the alias sets
in a program. Each statement collects an alias set from
its predecessor and updates it with the statement itself
and passes the resulting alias set to its successor(s).
Since the alias computation should be iteratively done
until the alias sets and a calling graph have converged
for the program, it affects the efficiency of the whole
algorithms. For example, there is an assignment state-
ment a = g in Figure 3. It means that the reference a
refers to an object that the reference g refersto. There-
fore, the element a of the reference-set Ry is killed and
the elements a should be copied to the reference-set R,.
The time complexity of this computation depends on
the space complexity of each representation. Thus, the
efficiency of whole agorithms is improved via refer-
ence-set representation.

Ry={fh g}

3. Data Sructures

Aliases can be computed with data-flow equations.
For the computation of the aliases, we define our data-
flow equations, calling graph (CG), and control flow

graph (CFG) in this section. A type table contains al
possible types of reference variables.

A CG is needed to compute the alias set of an inter-
procedural analysis between a calling and a called
methods at acall statement. Our CG is a directed graph
defined as < Neg Ecg Nmain™ Where Neg is a set of
nodes and each node is a method shown one timein a
CG even though it may be called many times; where
Ecg isaset of directed edges connected from caller(s)
to calleg(s) and one edge is connected even though a
caller may invoke the callee many times and all edges
are connected when many callers invoke one callee;
Nmain 1S the main method that executes initialy in a
Java program. During our algorithm proceeds, our CG
grows as in the previous works [4, 5, 6, 7] by adding
nodes.

CFGs can be used to compute the alias sets of the
intraprocedural propagations. Our CFG is a directed
graph defined for each method as <Ncrg Ecrg Nentrys

Neyit>, Where Nerg is @ set of nodes with Ny, Neyt,
and each statement of the method; Ecgg is the set of

directed edges that represent the control and alias set
information between a predecessor and a successor
statements; Ny represents the entry node of the

method; Net represents the exit node of the method.

In our CFG seven node types are proposed based on
their purposes: Entry that is the Neyy of the CFG, Exit
that is the ng,;; node, Assignment statement, Call state-
ment, Return Statement, Flow construct node (if, while
etc.), and Merging nodes.

The flow construct node is a node which signifies
the start of the if or while clause. In an If node, each
clause is branched from the node. All the branched
clauses are merged into a merging node. In a while
node, a merging node is not necessary and a directed
edge is connected from the last node of the while loop
to the flow construct node.

Reference variables dynamically refer to objects in
Java. Thus, the types of a reference variable are deter-
mined statically at the type declaration and dynami-
caly during the processing of the algorithm. A type
table is built during the process and it contains three
columns: the reference variable, its declared type, and
its overridden method types. Type inference can be
processed with a type table which contains the declared
and dynamic types of each reference variable. The
declared type represents static and shadowed variable
type information of a reference variable. The dynamic
types represent possible overridden method types of
the reference variable. Types of each reference variable
can be given in a constant time.



4. Propagation Rules of Alias Information

The propagation and computation of alias informa-
tion is made through the nodes in a CFG of each
method. Let in(n) and out(n) be the input alias set of a
node n transferred from predecessor nodes and output
alias set held on exit from a node n respectively.

in(n) = [7out(pred(n))
out(n) = Trans(in(n)) = Modgen [Mody(in(n))]

In this equation, pred(n) represents a predecessor
node of the node n. Mod,;;; denotes the alias set modi-
fied after killing some reference-sets of in(n) and Mod-
gen 1S the subsequent alias set after generating the new

reference-sets on Mod,).

4.1. Rulesfor Intraprocedural Analysis

The propagation rules for intraprocedural analysis
are described below for every CFG node type except
an entry and a call statement node type. The rule con-
sists of premises and conclusions divided by a horizon-
tal line. The premise can have the form of conditional
implication that is interpreted as follows: when agiven
condition holds, the implied equation has a meaning
and can be solved. When all premises hold, the equa-
tions in the conclusions are solved for out(n).

First, we define a flow construct and a merging node
type rule as follows: npeq is @ predecessor set of node
n. Given Nyeq , oUt(N) of node nisthe union of all pre-
decessor node sets.

in(n) = pDun out(p)
Npred * Predecessor node of n

[Flow Construct/Merging Node]
out(n) = in(n)

The next rule concerns the node type of an assign-
ment statement.

in(n) = out(Nyeq)
Noreg : Predecessor node of n
x= LHS
y=RHS
Oi,j R,ROInn) - [Mod,(in(n) = {R | kill xO R}
4R [ kill R.f OR whenq O R and x= q.f}]
[fin(n) = in(n) - Mod,,(in(n))] O [KILL(in(n)) = {x,R.f}],

Ok R 0in(n) — [Modge(in(n)) = {Re | Re= Ry

OKILL(in(n)) wheny O R3] O[in(n) = in(n) — Mod,,(in(n))],
[Assignment Node]

out(n) = Mod,,(in(n)) O Modgey(in(n)) O in(n)

LHS and RHS respectively stand for the left hand
side and the right hand side of an assignment statement.
KILL(in(n)) is a reference-set of references killed by

Mod,;,(in(n)). out(n) of the node n is a union of Mod-
wi(in(n)), Modgen(in(n)), and in(n).

In order to show how the above rule can be applied
to dlias analysis, we analyze an assignment statement
a.e = f.hin astatement of Figure 3. Initially, reference-
set R1, R2, R3 and alias set in(n) are expressed as fol-
lows for the statement:

R1 = {a, b} R2 = {Rl.e c, d}
in(n) = {R1, R2, R3}

Because LHS is a qualified expression related to
both R1 and R2, Mod,;(in(n)), in(n), and KILL(in(n))
are computed as follows:

R1 = {a, b} and R2 = {R1.¢, c, d} then R2 = {c, d}
Mod, (in(n)) = {R2} in(n) = {R1, R3} KILL(in(n)) = {R1.e}

Since R3 includes RHS, Mod,e,(in(n)) and in(n) are
computed as follows:

Modye(in(n) = {R3| R3= R30I {RL.e} = {RLe, f.h, g} = {R3}
in(n) = {R1}

Finaly, out(n) is the union set of Mod,,(in(n)),
Modge,(in(n)), and in(n) as follows:

out(n) = Mod,(in(n)) 0 Modye,(in(n)) O in(n) = {R2, R3, R1}
when R1 = {a, b}, R2 = {c, d}, R3= {Rl.¢ f.h, g}

The rule for the return statement node type is pre-
sented as follows with the reference-set of a return
variable r. In the rule, LOCAL stands for a local vari-
able set defined in a method M such as loca variable
and formal parameter variables.

R3= {f.h, g}

in(n) = out(Ngreq)
Noreg © Predecessor node of n
M: callee, LOCAL(M) = {v| visalocal variable of M}
Oi R Oin(n) for r: return reference
- [Mod,(in(n)) = {R | kill x O R for x 0 LOCAL(M)}]
O[R ={R | kill xO R, for x J LOCAL(M) whenr O R}],
[Return Node]

out(n) = Mod,;(in(n))
The next isthe rule for an exit node type.

in(n) = pDun out(p)
Noreg : predle node of n
M: callee, LOCAL(M) = {v| visalocal variable of M}
O R Oin(n)
- [Mody,(in(n)) = {R | kill x O R; for x 0 LOCAL(M)}]
in(n) = in(n) — Mod,,(in(n))],

[Exit Node]
out(n) = Mod,,(in(n)) O in(n)

4.2. Rulesfor Interprocedural Analysis

Interprocedural propagation rules should be consid-
ered for a call statement node and an entry node. The
dataflow of an alias set in a call statement denotes that
an aliasinformation of the statement is propagated to a
called method and it affects an alias information of the



called method. The affected information are passed
back to the call statement of the calling method after
computing the alias set of the called method. The alias
set from the called method modifies the dias set of the
call statement when the return aias set includes non-
local variables and actual parameters.

We virtually divide a call node into a precall node
and a postcall node to simplify the computation of a
call statement. A precall node collects an alias set from
a predecessor node of a current call node and computes
its own alias set out(n) with the collected set. Thisalias
set is propagated to the entry node of the called
method. During the propagation, the reference-sets for
references which are inaccessible from the called
method are killed. Since this set is an input of the post-
call node and is not modified, it does not need to prop-
agate to the called method. The out(n) of the precall
node is not propagated to the postcall node because the
called method might modify the set. As in previous
approaches[2, 3, 4], if we do not kill the alias relations
affected by the called method for the subsequent analy-
sis, it might build nonexistent call relations and cause
the subsequent analysis to become inefficient.

A postcall node collects the modified kill set of the
precall node and exit nodes alias set of all possible
called methods. The following rule computes an out set
of aprecall node.

in(n) = out(Nyeq),
Nyreg - Predecessor node of n
RHS= E.M,,
RHS= M,
0i, a = theith actual parameter of the callee M,
0i, f; = the ith formal parameter of the callee M,
0i, R(a;) O in(n)
-[Rpas(@) = {&;, fi}] O[R(&) = R(&) ~ Rpass(@)].,
RHS= M. 0i, R(g) Oin(n), visanonlocal variablein the callee,
M¢ - [R(V) = R(v) = {V}] D[Rpass(V) = {V}]
PASSMo) = O Rpass(@y), Rpass(W},
RHS= E.M, 0i, R(&) Oin(n) Of,
R(E..f) Tin(n)
- [R(Ecf) = R(EcH — {Ecf}] O[Rpase(Ecf) = {Ec.f}]
[PASSMp) = I Rpass(@): Rpass(Ec-H}]
[Precall Node]

out(n) = in(n)

PASS(M,) represents the set of actual, formal param-
eters and non-local variables in a called method M.
Roass(dy) is a set of reference variables accessible by a

called method when passing from a caller to the called
method M. Rpas(V) is a set of non-local variables

accessible by a called method in the called method M..

In the following propagation rule of an entry node,
the propagated set can be computed as in an assign-
ment statement node. PRECALL(M,) is a precall node

of call statement nodes that invoke this called method

node. This set can be computed by considering ingoing
edges of the called method M. in a CG. An entry node
merges alias sets from the precall nodes and then prop-
agates the merged set to its subsequent node.

PRECALL(M,) : a precall node of the callee M,
inn)= 0O PASS(p)

p Ll PRECALL(M)

[Entry Node]
out(n) = in(n)

Therule of the postcall node is defined as follows.

in(n) :p u%lmu OUt(nprecaJI)
Norecarl - @ Precall node of n
RHS= E.M; -
FIELD(E,) = {f| fisafield namein an object referred by E},
RHS= M, - FIELD(Ey) = O,
RHS= new M; - FIELD(Ey) = [T A(r),
EXIT(M) = {e| eisan exit alias set from a possible callee
method M},
LHS= [0,0Rgase DEXIT(M)
- [Roassh = Rpassp —{V| visalocal variableinthe callee Mc}]
OEXITM) = O Rpasels
LHS# [0,0Rgassh Elou'to(ngtAﬁrn node)
- [Roassh = —-{v|visalocal variablein the callee M}]
HEXITM) = O Ryasels
0i R 0 EXIT(M), 0j R Din(n) — [R | R = R 0 R wheni=i]
PEXIT(Mg) = EXIT(Mg) - R] O[in(n) = in(n) - R],
exit(RH9 = O out(e) O O out(precallnode) 0 O Ry,
e EXIT(M,) P U e for all i
LHS=0- out = exit(RHS),
LHS=x, 0i,j R, R 0 exit(RHS), R(RHS) Dexit(RHS)
- Mod,(exit(RH9) = {R | kill x 7R} O {R | kill R.f IR,
when g R and x = q.f}] O[KILL(exit(RHS) = {x,R;.f}]
O[exit(RHS) = exit(RHS) — Mod,, (exit(RHI)],
R(RHS) O exit(RHS) - [Modyen(exit(RHS))
= {R(RHY) | R(RHS) = R(RHY) U KILL(exit(RHS))]
O[exit(RHS) = exit(RHS) — Mod,,(exit(RHS))]
O[out = Mod,,(exit(RHS)) O Mod,,(exit(RHS)) O exit(RHS)]
[Postcall Node]

out(n) = out

Exit(RHS) is aset of exit nodes of all possible called
methods as explained before. We can compute
exit(RHS) in a CG by integrating all out(precall node)
and outgoing edges from callers and their exit nodes.
Out isan dias set of the exit node of acallee.

If we assume the Figure 4 (a) as a status after exe-
cuting a statement s, the alias set A of the statement s

is:
As= {Ra, Ry}
where R, = {af, b, ¢, Rs.f} and Ry = {R,.f, ¢}
After executing the call statement t in Figure 4 (b),

the result aias set of its precall node can be computed
in the following sequence of rule applications:

in(t) = {Ry, R},
RHS = a.update(c),



a.update(c);//statement t

void update(Obj i){
b=i.f; // statementu
}

@ (b)

Figure 4. Example of an interprocedural analysis

a=c¢fi=1i,

Roas(&) = {C, 1}, R(&) = Ry = Ry - {c} = {af, b, Ry.f}

or R@) = R3= R3-{c} = {Rx.f},

R(af) = Ry= Ry - {af} = {b, Ryf} and Ryo(af) = {af},

PASS(a.update) = {Rpasq(&;), Rpas(@f)}

out(t) = {Ry, Ra}

The PASS(a.update) of the precall node propagates

to the entry node of the callee update(). The result aias
set of the exit node can be computed as follows:

Roass(@) = {C. i}, Rpass(af) = {af},

Rpass(8) = Rpass(af) = {¢, i, af} = Ryass(Rp) for Ry,
Roass(@) = {C, i} = Ryass(Rg) for R,

in(u) = {Rpass(Ro), Rpass(Ra)}

R(b) = {b, i f, cf},

out(u) = updateeyt = {R(D), Rpass(Ro), Rpass(R3)}

The result set of the postcall node at the statement t
is computed with the exit aias set of the update() and
the propagation rule of the postcall node as follows:

in(t) = out(tprecan) = {Ro, R} where R, = {b, c.f}, Rg= {c.f},

FIELD(a) = {a.f},

EXIT(update) = updateet = {R(D), Rpass(Ro), Rpass(Ra)}:

where Ryas(Ro) = {C, i, af} and Roas(Re) = {c, i},

R(b) = Ryassy = {b: €.}, Rpasen(Ro) = {c, af}, Ryasen(Ra) = {c}
for the caller,

EXIT(update) = {R(b), Rpassh(R2), Rpassh(Ra)}

Ro = Ry [ Ryase [ Ruase(Ro) = {b, Raf, cf, ¢, af},

Rg = Ry 0 Roasey 0 Roaseh(Ra) = {Rof, b, cf, ¢},

Thus, out(t) = {R,, Ra}

5. Alias Analysis Algorithm

Figure 5 represents our aias analysis agorithm.
This algorithm is adapted on the interprocedura type
analysis algorithm [6]. It is one of iterative methods for
interprocedural data flow analysis based on a CG [10].
The iterative algorithm executes its computation by
visiting all nodes of a CG in order until fixed point of
the data status and nodes are achieved.

Our agorithm traverses each node of a CG in a
topological order and a reverse topological order in
order to possibly shorten the execution time for the
fixed point [5, 6, 7]. The ending point in our algorithm
means that the topology of a CG and alias set out(n) are
not changed anymore.

Algorithm AliasAnalysis
construct an initial CG with main method;
repeat {

for each method T.M ONg,

alternating between topological and reverse topological order {
for each node n ONcsg (v in structural order {
if nisacall statement node {
if (RHS= E.M) {
compute the set of inferred types
from the reference-set for E;

compute the set TYPES resolved
from the inferred types and class hierarchy;

} eseif (RHS= M) {

TYPES = {T};
} elseif (RHS= new M) {

TYPES = {Mg};
%f LHS exists

TYPESanie(LHS) = TYPES,¢(RHS);

for each typet OTYPES{
if tMgisnotin CG

create a CG node for M

if no edge from T.M to t.M_ with alabel n
connect an edge from T.M to t.M,

with alabel n;

compute out(Nprecayr) for aprecall node Nyreca;
compute out(Npostcayy) for a posteall node Npostall;
} else{
if nisan assignment statement node
TYPESahie(LHS) = TYPES3(RHS);
if nisamerging statement node
TYPES he(LHS) = TYPES 4ye(LHS) + TY PES 3y (RHS);

compute out(n) using data-flow equation
and propagation rule;

}

}
} until CG and alias set for every CFG node converge

Figure 5. Alias Analysis Algorithm

The set TYPES represents the possible class types
for acallee to build a safe CG. TYPES(r) is a set of
dynamic types of areference variable r in atype table.
Thereferencer also maintainsits static type in the type
table. Inner loop isfor intraprocedural aias analysisfor
each method. While proceeding the inner loop, each
node of the CFG of amethod is traversed with comput-
ing an alias set of each node and the computed alias set
is propagated to the next node. Each node in our algo-
rithm is visited on structural order for this. Structural
order is defined that while visiting nodes from an entry
node to an exit node, for the if flow construct node,
each branch is traversed first then finally its merging
node is visited. We improve the efficiency with the
structural order than the previous work [6].

When the method of a call statement node is an
overridden method, its resolution should be considered
for the safety of the alias set. It is not possible to pre-
cisely predict the dynamic overridden method stati-
cally. However, we can store all possible types of each
reference into a type table during computation. Thus,
we can safely predict all possible methods invoked
with the type table. If the method is defined in a type



inferred by this type inference, the method defined is a
resolved method. By adding all possible methods to the
CG viathe searching, we can update the CG.

An dias set of each node can be computed as a
result alias set out(n) with type information and our
data-flow eguations of the propagation rules.

6. Complexity of Algorithm

Our agorithm has three outer loops. For the most
outer loop, R, and A, are the number of reference-sets
and the maximum number of aliased reference vari-
ables for each reference-set. We can estimate the worst
time complexity of the loop as O(R, x A, x Ey) - Egg iS
the number of edgesin aCG.

For the second outer loop, the time complexity
becomes O(N) if Ny is the final number of nodesin a
CG. For the most inner loop, the time complexity is
O(Nctg) if Nerg is the maximum number of nodes in a
CFG that consists of the maximum number of nodes.

The time complexity of a set of inferred types is
O(R,) when R, isthe number of reference variablesin a
program code.

The time complexity for the possible method resolu-
tion is O(T, x H) when T; is the maximum number of
subclasses for a superclass and H is the maximum num-
ber of the levels in its hierarchy. The time complexity
for the resolution of overridden methods and the updat-
ing of a CG is O(T; x (H + Ngg + Cp)) when C is the
maximum number of call statements to invoke same
caled methods in a calling method. The worst time
complexity of a precall and a postcall nodes is O(R, x
R) when R, is the maximum number of reference-sets
propagated and R is the maximum number of reference
variablesin R,on acal statement.

Therefore, the worst time complexity of the main
algorithm is O(R, x Ar X Egy X Neg X Negg X (R X R Ry +
Ti x (H+ Neg + Cp)).

7. Experimental Results

We have executed benchmark codes on alias analy-
sis agorithms with the reference-set and the existing
object-pair representations [2, 3, 4, 6, 7]. The dias
analysis systems are built on JavaCC (Java Compiler
Compiler) [11] and JTB (Java Tree Builder) [12]. Jav-
aCC is the parser generator and JTB is a syntax tree
builder to be used with the JavaCC parser generator. It
automatically generates a JavaCC grammar with the
proper annotations to build the syntax tree during pars-
ing [12]. The syntax tree is extended by adding the data
structures of reference-set and object-pair representa
tions with class structures of TT and CFG [13]. We

Table 1: Characteristics of Benchmark

Num Num Num of Num of
of of methods | overrid.
classes | lines /const. methods
Dynamic CG 5 54 7 4
Binary Tree 5 154 8/2 1
Ray Tracer 12 1,213 53/13 4
Table 2: Characteristics of hosts
Kottos Ceng Asadal
Host Type RS6000 Sun4 Windows 2000
(O] AlX4 Sun0S5.6 Windows NT
Java VM JDK-1.1.1 JDK-1.2.1_02 JDK-1.2.2

have executed three benchmark codes on the systems:
Dynamic CG, Binary Tree, and Ray Tracer. The charac-
teristic of each code is presented in Table 1. Dynamic
CG iswritten in C++ initially by Carini [6] and adapted
in Java by ourselves. It has conditional statements and
overridden methods. Binary Tree is provided by Proac-
tive group [14]. The binary tree contains many condi-
tional statements and recursive calls that generate
potential aliases dynamically. Both can be used to mea-
sure the safety, preciseness, and efficiency of the algo-
rithms. Ray Tracer is one of Java Grande's benchmarks
to measure the performance of a 3D raytracer [15].
Table 2 presents properties of the hosts for those
benchmark codes.

Figure 6 presents the execution times of Dynamic
CG For al hosts, the execution time of reference-set is
faster than object-pair because our Type Table has
more efficient structure to search possible types of
methods than Carini’s [6]. Figure 7 is the execution
times of Ray Tracer. It implies that the benchmark
codes such as Ray Tracer, which do not contain many
aliased references among objects and which isfor VM
performance measurement, do not have any big differ-
encein the execution time of aliasanalysisfor any dias
representation. Figure 8 and Figure 9 shows that the
execution time of reference-set is faster than object-
pair. Figure 10 presents that the execution time of ref-
erence-set is much faster than object-pair on Ceng and
Asadal respectively. For Kottos, object-pair is not mea-
surable because the execution time is too long.

8. Conclusion

We propose the flow sensitive dias analysis algo-
rithm with reference-set alias representation for Java by



adapting existing alias analyses [6, 7] for C or C++.
The algorithm is more precise and efficient than previ-
ous studies [2, 3, 4, 6, 7] by using the reference-set
alias representation, the structural traverse of a CFG
and the data propagation rules for the representation. It
also does not negatively affect the safety and precise-
ness of the analysis.
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Figure 6. Execution Time of Dynamic CG
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Figure 7. Execution Time of Ray Tracer
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Figure 8. Execution Time of Binary Tree at Depth 1
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Figure 9. Execution Time of Binary Tree at Depth 2
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Figure 10. Execution Time of Binary Tree at Depth 6
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