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Abstra t

This paper presents a ombined pointer and es ape analysis algorithm for Java programs. The algorithm is based on
the abstra tion of points-to es ape graphs, whi h hara terize how lo al variables and elds in obje ts refer to other
obje ts. Ea h points-to es ape graph also ontains es ape
information, whi h hara terizes how obje ts allo ated in
one region of the program an es ape to be a essed by another region. The algorithm is designed to analyze arbitrary
regions of omplete or in omplete programs, obtaining omplete information for obje ts that do not es ape the analyzed
regions.
We have developed an implementation that uses the esape information to eliminate syn hronization for obje ts
that are a essed by only one thread and to allo ate obje ts
on the sta k instead of in the heap. Our experimental results
are en ouraging. We were able to analyze programs tens
of thousands of lines long. For our ben hmark programs,
our algorithms enable the elimination of between 24% and
67% of the syn hronization operations. They also enable the
sta k allo ation of between 22% and 95% of the obje ts.
1

Introdu tion

This paper presents a ombined pointer and es ape analysis algorithm for Java programs and programs written in
similar obje t-oriented languages. The algorithm is based
on the abstra tion of points-to es ape graphs, whi h hara terize how lo al variables and elds in obje ts refer to
other obje ts. Ea h points-to es ape graph also ontains esape information, whi h hara terizes how obje ts allo ated
in one region of the program an es ape to be a essed by
another region.
A key on ept underlying this abstra tion is the goal
of representing intera tions between analyzed and unanalyzed regions of the program. Points-to es ape graphs make
a lean distin tion between obje ts and referen es reated
within an analyzed region and those reated in the rest of
the program. They therefore enable a exible analysis that
is apable of analyzing arbitrary parts of the program, with

the analysis result be oming more pre ise as more of the
program is analyzed. At every stage in the analysis, the
algorithm an distinguish where it does and does not have
omplete information.
1.1

Analysis Uses

Java presents a lean and simple memory model: on eptually, all obje ts are allo ated in a garbage- olle ted heap.
While useful to the programmer, this model omes with a
ost. In many ases it would be more eÆ ient to allo ate
obje ts on the sta k, eliminating the dynami memory management overhead for that obje t. A similar situation holds
for the Java syn hronization model. Con eptually, every
Java obje t omes with a lo k. Ea h syn hronized method
ensures that it exe utes atomi ally by a quiring and releasing the lo k in its re eiver obje t. But the lo k overhead is
wasted when only one thread a esses the obje t | the lo ks
are required only when there is a possibility that multiple
threads may attempt to a ess the obje t simultaneously.
In this paper we dis uss the use of our analysis results to
eliminate unne essary syn hronization and to enable sta k
allo ation of obje ts. The basi idea is to use the analysis information to determine when obje ts do not es ape
threads and methods. If an obje t does not es ape from its
allo ating thread to another thread, the ompiler an transform the program to eliminate syn hronization operations
on that obje t. If an obje t does not es ape a method, the
ompiler an transform the program to allo ate it in that
method's a tivation re ord instead of in the heap. Our experimental results show that the algorithms an eliminate a
signi ant number of heap allo ations and syn hronization
operations.
1.2

Analysis Properties

Our analysis has several important properties:





It is an interpro edural analysis. It is designed to ombine analysis results from multiple methods to obtain
pre ise points-to and es ape information.
It is a ompositional analysis. It is designed to analyze
ea h method on e to produ e a single parameterized
analysis result that an be spe ialized for use at all of
the all sites that may invoke the method.1

1 Re ursive methods require an iterative algorithm that may analyze methods multiple times to rea h a xed point.



It is a partial program analysis in two senses. First, it
is designed to analyze ea h method independently of
its allers. Se ond, it is apable of analyzing a method
without analyzing all of the methods that it invokes,
with the analysis result be oming more pre ise as more
of the invoked methods are analyzed.

Be ause the analysis is ompositional and an analyze
pie es of the program independently of their allers and
allees, it is espe ially appropriate for dynami ally loaded
programs. Our urrent implementation runs in a dynami
ompiler and analyzes libraries independently of appli ations. When the ompiler loads an appli ation, it retrieves
the previously omputed analysis results for the libraries and
uses these results in the analysis of the appli ation.
1.3

Basi

be a e ted by unanalyzed regions of the program. Our algorithm is designed to analyze arbitrary regions of omplete
or in omplete programs, obtaining omplete information for
obje ts that do not es ape the analyzed regions.
1.4

Contributions

This paper makes the following ontributions:





Approa h

The analysis is based on an abstra tion we all points-to
es ape graphs. The nodes of this abstra tion represent obje ts; the edges represent referen es between obje ts. The
abstra tion also ontains information about whi h obje ts
es ape to other methods or threads. For example, an obje t es apes if it is returned to an unanalyzed region of the
program or passed as a parameter to an unanalyzed method.
For ea h method, the analysis produ es a points-to esape graph that hara terizes the points-to relationships reated within the method and the intera tion of the method
with the points-to relationships reated by the rest of the
program. The analysis represents these intera tions, in part,
by maintaining a distin tion between two kinds of edges: inside edges, whi h represent referen es reated inside the urrently analyzed region, and outside edges, whi h represent
referen es reated outside the urrently analyzed region.
Similarly, there are two kinds of nodes: inside nodes,
whi h represent obje ts reated inside the urrently analyzed region and a essed via inside edges, and outside nodes,
whi h represent obje ts that are either reated outside the
urrently analyzed region or a essed via outside edges. Outside edges represent intera tions in whi h the analyzed region reads a referen e reated in an unanalyzed region. Inside edges from outside nodes or nodes rea hable from outside nodes represent intera tions in whi h the analyzed region reates a referen e that the unanalyzed region may
read.
Edges between inside nodes represent referen es reated
within the urrently analyzed region. If the inside nodes
do not es ape, they have no intera tion with the rest of
the program and their edges in the points-to es ape graph
ompletely hara terize the points-to relationships between
the obje ts represented by these nodes. Be ause points-to
es ape graphs re ord the intera tions of methods with their
allers, the analysis an re over omplete information about
obje ts that es ape the urrently analyzed method but are
re aptured in the aller.
Our analysis is ompositional | it analyzes ea h method
independently of its allers. Unlike all other pointer and esape analysis algorithms that we know of, our algorithm is
also apable of analyzing a method independently of methods that it may invoke. When the algorithm skips the analysis of a potentially invoked method, it re ords that all
obje ts passed as parameters to the invoked (but not analyzed) method es ape from the s ope of the analysis. This
es ape information allows the algorithm to learly identify
both those obje ts for whi h it has omplete points-to information and those obje ts whose points-to relationships may

Analysis Algorithms: It presents a new ombined
pointer and es ape analysis algorithm. The algorithm
is ompositional and is designed to deliver useful information without analyzing the entire program.

It presents an analysis approa h
that expli itly di erentiates between referen es and
obje ts from analyzed and unanalyzed regions of the
program. This approa h allows the algorithm to apture the intera tions between these regions, and to
learly identify where it does and does not have omplete information about the extra ted relationships.

Analysis Approa h:



Analysis Uses:



Experimental Results:

It presents two optimizations enabled by the extra ted points-to and es ape information: syn hronization elimination and sta k allo ation.
It presents experimental results from a prototype implementation of the algorithms. These results show that the algorithms an
eliminate a signi ant amount of syn hronization operations and heap allo ations.

The remainder of the paper is organized as follows. Se tion 2 presents examples that illustrate how the analysis
works. Se tion 3 des ribes how the analysis represents the
program and the analysis obje ts that the algorithm uses.
Se tion 4 presents the intrapro edural analysis, and Se tion 5 presents the interpro edural analysis. In Se tion 6 we
present an abstra tion relation that hara terizes the orresponden e between points-to es ape graphs and the obje ts
and referen es that the program reates as it runs. Se tion 7 presents the syn hronization elimination and sta k
allo ation transformations. Se tion 8 presents the experimental results from our implementation. Se tion 9 dis usses
related work; we on lude in Se tion 10.
2

Example

In this se tion we present several examples that illustrate
how our analysis works.
2.1

Return Values

Figure 1 presents a omplex number arithmeti example.
The add method adds two omplex numbers, storing the
result in a newly allo ated omplex number obje t and returning the new obje t. The multiply method operates similarly, but multiplies the numbers instead of adding them.
Be ause ea h method returns the new obje t, the new obje t
es apes from the method.
The multiplyAdd method multiplies its two arguments,
then returns the sum of the produ t and the re eiver. In this
ase, only the add result es apes | the temporary result
from multiply is ina essible outside of the multiplyAdd
method. It is therefore possible to generate a spe ialized
version of the multiply method that expe ts the storage for
the result obje t to be allo ated on the sta k of its aller.
It would then generate the result into the sta k-allo ated

}

lass omplex {
double x,y;
omplex(double a, double b) { x = a; y = b; }
omplex multiply( omplex a) {
omplex produ t =
new omplex(x*a.x - y*a.y,x*a.y + y*a.x);
return(produ t);
}
omplex add( omplex a) {
omplex sum = new omplex(x+a.x,y+a.y);
return sum;
}
omplex multiplyAdd( omplex a, omplex b) {
omplex produ t = a.multiply(b);
omplex sum = this.add(produ t);
return(sum);
}

publi
lass Server extends Thread {
ServerSo ket serverSo ket;
int dupli ateConne tions;

Figure 1: Complex Number Example
}

Server(ServerSo ket s) {
serverSo ket = s;
dupli ateConne tions = 0;
}
publi void run () {
try {
Ve tor onne torList = new Ve tor();
while (true) {
So ket lientSo ket =
serverSo ket.a ept();
new ServerHelper( lientSo ket).start();
InetAddress addr =
lientSo ket.getInetAddress();
if ( onne torList.indexOf(addr) < 0)
onne torList.addElement(addr);
else dupli ateConne tions++;
}
} at h (IOEx eption e) { }
}

Figure 3: Server Example

Figure 2: Analysis Result for multiplyAdd
obje t rather than dynami ally allo ating a new omplex
obje t to hold the result.
Figure 2 presents the analysis result for the multiplyAdd
method. The nodes in this graph represent variables and
obje ts; the edges represent referen es. The parameter variables a and b point to nodes that represent the parameter obje ts; the variable this points to a node that represents the re eiver. Be ause these obje ts are reated outside the method, the orresponding nodes are outside nodes.
Note that the analysis assumes that the parameters are not
aliased. If the analysis result is used at a method invoation site where the parameters are aliased, the mapping
algorithm presented in Se tion 5 merges the two parameter
nodes before it uses the analysis result. This me hanism
ensures that the algorithm an analyze the program under
the assumption that di erent parameters and obje t elds
are not aliased, but use the analysis results in ontexts ontaining aliases.
The produ t and sum variables point to nodes that represent the new omplex number obje ts allo ated, respe tively, in the multiply and add methods. The algorithm
represents obje ts allo ated within the analyzed region of

the program with nodes that orrespond to the obje t reation site. So, for example, produ t points to the node that
represents obje ts reated at the obje t reation site inside
multiply. Be ause this node represents obje ts reated inside the analyzed region, it is an inside node.
The node that produ t points to is a essible only via
the lo al variable produ t. We therefore say that this node
is aptured. As soon as the multiplyAdd method returns, all
of the obje ts that this node represents will be ina essible.
It is therefore legal to tie the lifetime of the obje t to the
lifetime of the method invo ation, and allo ate the obje t
on the a tivation re ord of the multiplyAdd method.
The multiplyAdd method returns the obje t that sum
points to. Even though the obje t es apes this method, it
may be re aptured by a method above multiplyAdd in the
all hain. The analysis maintains enough information to
re ognize su h situations.
2.2

Thread-Private Obje ts

The next example illustrates how the analysis an dete t
thread-private obje ts, or obje ts that are a essed by only
one thread. The goal is to eliminate syn hronization operations on thread-private obje ts. The ode in Figure 3
implements a simple server. The server waits for in oming
onne tion requests on the serverSo ket . Whenever it gets
a request, it reates a new ServerHelper thread to servi e
the new onne tion. The server ounts the number of dupli ate onne tions | i.e., the number of times it onne ts
to a lient that it has previously onne ted to.
To orre tly ompute this ount, the server maintains a
list of the Internet addresses of lients that it has onne ted
to. Whenever it re eives a new request, the server he ks
the list to determine if it has previously onne ted to the
lient. If so, it in rements dupli ateConne tions , whi h is
the ount of the number of dupli ate onne tions that the
server has established. If not, it inserts the Internet address

of the lient into the list so that it an dete t any future
dupli ate onne tions from this lient.
In this example, the server uses a Ve tor to hold the
list of Internet addresses. This lass is thread safe | its
methods are guaranteed to exe ute atomi ally even when
on urrently invoked by di erent threads. Thread safety is
an important property. Without it, multithreaded programs
an fail in very subtle ways be ause of data ra es, or unanti ipated intera tions between threads that on urrently a ess
the same obje t.
The problem with atomi operations is the overhead from
the syn hronization operations that make the methods exe ute atomi ally. In our example, the standard implementations of indexOf and addElement a quire and release the
lo k in their re eiver obje t. This overhead is espe ially
regrettable when, as in our example, the Ve tor is a threadprivate obje t.
The analysis of the run method in our example pro eeds
as follows. The algorithm rst analyzes the invoked methods
to obtain a points-to es ape graph for ea h method. Ea h
graph summarizes how the method a e ts the points-to relationships between obje ts and how the obje ts it reates
and a esses es ape to other threads or to the aller. In
our example, the new lientSo ket obje t es apes to the
ServerHelper thread. The indexOf and addElement methods may hange the obje ts that the re eiver points to, but
they do not hange the es ape status of the re eiver.
Based on this information, and on its analysis of the run
method, the analysis determines that the onne torList
obje t is aptured within the run method, and is a essible
only to the run method's thread. The syn hronization in the
addElement and indexOf methods is therefore redundant.
The ompiler an generate spe ialized, syn hronization-free
versions of these methods. The generated ode for the run
method invokes these spe ialized versions, and the omputation exe utes without syn hronization overhead for the
Ve tor obje t.
It is also possible to address the problem of syn hronization overhead for thread-private obje ts by providing
the programmer with two implementations of ea h lass: a
thread-safe implementation with syn hronization (used for
obje ts shared between threads), and a thread-unsafe implementation with no syn hronization (used for thread-private
obje ts). The JDK 1.2 olle tions API takes this approa h.
The problem with this approa h is that it ompli ates the
API and burdens the programmer with the responsibility
of determining whi h obje ts are thread safe and whi h are
not. The last problem an be ome espe ially severe for programmers maintaining multithreaded programs. If a hange
makes a previously thread-private obje t a essible to multiple threads, the programmer must sear h the program to
manually repla e the thread-unsafe version with the threadsafe version.
2.3

lass multisetElement {
Obje t element;
int ount;
multisetElement next;

}

multisetElement(Obje t e, multisetElement n) {
ount = 1;
element = e;
next = n;
}
syn hronized boolean he k(Obje t e) {
if (element.equals(e)) {
ount++;
return(true);
} else return false;
}
syn hronized multisetElement insert(Obje t e) {
multisetElement m = this;
while (m != null) {
if (m. he k(e)) return this;
m = m.next;
}
return new multisetElement(e, this);
}

lass multiset {
multisetElement elements;
multiset() {
elements = null;
}
syn hronized void addElement(Obje t e) {
if (elements == null)
elements = new multisetElement(e,null);
else elements = elements.insert(e);
}
}

Figure 4: Multiset Example

Re ursive Data Stru tures

We next present an example that illustrates how our algorithm deals with re ursive data stru tures. Let us assume
that in the previous example, the server would like to ount
the number of onne tions from ea h lient, instead of simply ounting the number of dupli ate onne tions. In this
ase, the server ould use the multiset lass in Figure 4,
whi h implements a multiset as a list of elements. Ea h element has a ount of the number of times it is present in the
multiset.
If the server used a multiset instead of a Ve tor, the

Figure 5: Analysis Result for insert

analysis of the run method in Figure 3 would still re ognize
the multiset obje t as thread-private. In this se tion, we
fo us on the treatment of re ursive data stru tures in the
analysis of the insert method for multisetElement s.
Figure 5 presents the analysis result at the end of the
insert method. The this variable points to the re eiver
node, whi h represents the re eiver obje t, while e points to
a parameter node, whi h represents the parameter obje t.
Both nodes are outside nodes. The other nodes represent
obje ts reated or a essed during the exe ution of insert.
The next edge from the re eiver node points to a node that
represents all obje ts referen ed by the m.next eld at the
load statement m = m.next, whi h loads the referen e from
m's next eld ba k into m. The edge is an outside edge, beause it points to a node that represents an obje t allo ated
outside the s ope of the analysis of insert, and it points
to an outside node. In parti ular, it points to a load node,
be ause there is one of these nodes for ea h load statement
in the program.
There is also an outside edge from the load node ba k
to itself. As the loop in the insert method walks down
the list, it traverses the referen es in the next elds of the
nodes. Be ause all of these referen es are loaded at the same
statement, the outside edges that represent the referen es
point to the same outside node, and there is y le in the
graph. This me hanism ensures that the analysis terminates
for programs that manipulate re ursive data stru tures.
The remaining node represents the new multisetElement
obje t that insert may allo ate to hold the new multiset
entry. This node has an inside edge (from the next eld)
to the re eiver node, and an inside edge (from the element
eld) to the parameter node. These edges represent referen es to these nodes reated during the exe ution of insert.
3

Analysis Algorithm

The algorithm analyzes the program at the granularity of
methods. The analysis of ea h method in orporates information from the method and from some subset of the methods that it invokes. The ombination of the urrently analyzed method and all of the analyzed methods that it invokes
is alled the urrent analysis s ope.
3.1

Program Representation

The algorithm represents the program using the following
analysis obje ts. There is a set l 2 L of lo al variables
and a set p 2 P of formal parameter variables. There is
one formal parameter variable for ea h formal parameter
of ea h method in the program. Together, the lo al and
formal parameter variables make up the set v 2 V = L [ P of
variables.
There is also a set l 2 CL of lasses and a set op 2 OP of
methods. Ea h method has a re eiver lass l and a formal
parameter list p0 ; : : : ; pk . We adopt the onvention that
parameter p0 points to the re eiver obje t of the method.
Finally, there is a set f 2 F of obje t elds. Obje t
elds are a essed using syntax of the form v:f. Stati lass
variables are a essed using syntax of the form l:f.
The algorithm represents the omputation of ea h method
using a ontrol ow graph. The nodes of ontrol ow graphs
are statements st 2 ST. The algorithm analyzes only those
statements that a e t the points-to and es ape information.
We assume the program has been prepro essed so that all
statements relevant to the analysis are in one of the following
forms:








A opy statement l = v.



An obje t reation site of the form l = new l. There
are two kinds of obje t reation sites:

A load statement l1 = l2 :f.
A store statement l1 :f = l2 .
A global load statement l = l:f.
A global store statement l:f = l.
A return statement return l, whi h identi es the return value l of the method.

{

{



If l inherits from the lass Thread, then the obje t reation site is also a thread reation site.
If l does not inherit from the lass Thread, then
the obje t reation site is not a thread reation
site.

A method invo ation site of the form
l = l0 :op(l1 ; : : : ; lk ). Ea h method invo ation site
orresponds to a method invo ation site m 2 M .

The ontrol ow graph for ea h method op starts with the
enter statement enterop and ends with an exit statement
exitop .
The analysis represents the ontrol ow relationships between statements as follows: pred(st) is the set of statements that may exe ute immediately before st, and su (st)
is the set of statements that may exe ute immediately after
st. There are two program points for ea h statement st,
the program point st immediately before st exe utes, and
the program point st immediately after st exe utes.
The interpro edural analysis uses all graph information to ompute sets of methods that may be invoked at
method invo ation sites. For ea h method invo ation site
m, allees(m) is the set of methods that m may invoke.
Given a method op, allers(op) is the set of method invo ation sites that may invoke op. The urrent implementation
obtains this all graph information using a variant of lass
hierar hy analysis [13℄, but the algorithm an use any onservative approximation to the a tual all graph generated
when the program runs.
3.2

Obje t Representation

The analysis represents the obje ts that the program manipulates using a set n 2 N of nodes. There are several
kinds of nodes:





There is the set NI of inside nodes, whi h represent
obje ts reated within the urrent analysis s ope and
a essed via referen es reated within the urrent analysis s ope. There is one inside node for ea h obje t
reation site; that inside node represents all obje ts
reated within the urrent analysis s ope at that site.
NT is the set of thread nodes, or inside nodes that
orrespond to thread reation sites. Sin e ea h thread
orresponds to an obje t that inherits from the lass
Thread, thread reation sites are also obje t reation
sites, and NT  NI .
There is the set NO of outside nodes, whi h represent obje ts reated outside the urrent analysis s ope
or a essed via referen es reated outside the urrent
analysis s ope.



There is the set CL of lass nodes. Con eptually, ea h
lass node represents a stati ally allo ated obje t whose
elds are the stati lass variables for the orresponding lass.

Both O and I are graphs with edges labeled with a eld
from F . We de ne the following operations on nodes of the
graphs:
edgesTo(O; n)
edgesFrom(O; n)
edges(O; n)
O(n)
O(n; f)

The set NO of outside nodes is futher divided into the
following kinds of nodes:









There is a set NP of parameter nodes. There is one
parameter node for ea h formal parameter in the program. Ea h parameter node represents the obje t that
its parameter points to during the exe ution of the
analyzed method. When the analysis starts, ea h of
the method's formal parameter variables points to its
orresponding parameter node. The re eiver obje t is
treated as the rst parameter of ea h method.
There is a set NG of global nodes. There is one global
node for ea h stati lass variable l:f in the program.
Ea h global node represents the obje ts that its stati
lass variable may point to during the exe ution of
the urrent method. When the analysis of the urrent method starts, ea h a essed stati lass variable
points to its global node.
There is a set NL of load nodes. There is one load
node for ea h load statement in the program. When
the load statement exe utes, it loads a value from a
eld in an obje t. If the loaded value is a referen e, the
analysis must represent the obje t that the referen e
points to. Ea h load node represents all of the obje ts
whose referen es are loaded by the orresponding load
statement.

) is a set of outside edges.
Outside edges represent referen es reated outside the
urrent analysis s ope, either by the aller, by a thread
running in parallel with the urrent thread, or by an
unanalyzed invoked method.
L

G

 I  (V [ (N  F))  N is a set of inside edges.

Inside
edges represent referen es reated inside the urrent
analysis s ope.

e:N!2

is an es ape fun tion that re ords the
set of unanalyzed method invo ation sites that a node
es apes down into.

rN

M

is a return set that represents the set of obje ts that may be returned by the urrently analyzed
method.

0

0

0

0

0

0

0

0

0

3.4

Rea hability and Es aped Nodes

We identify two di erent kinds of es ape information, with
the distin tion based on when an obje t be omes a essible outside the urrent method. If an obje t was reated
outside the urrent analysis s ope or was a essed via a referen e reated outside the urrent analysis s ope, the obje t
is already a essible to other parts of the program. In this
ase we say that the obje t has es aped or is es aped.
If an obje t has not es aped but will be returned by the
method to its aller, we say that the obje t will es ape.
An obje t has dire tly es aped the urrent method in all
of the following situations:



 O  (N  F)  (N [ N

0

0

0

The analysis represents ea h array with a single node.
This node has a eld elements, whi h represents all of the
elements of the array. Be ause the points-to information for
all of the array elements is merged into this eld, the analysis
does not make a distin tion between di erent elements of the
same array.
A points-to es ape graph is a quadruple of the form hO; I; e; ri,
where

0

0

0



Points-To Es ape Graphs

0

The following operation removes a set S of nodes from a
points-to es ape graph. hO ; I ; e ; r i = remove(S; hO; I; e; ri),
where
O = O [fedges(O; n):n 2 S g
I = I [fedges(I; n):n 2 S g
n 62 S
e (n) = e;(n) ifotherwise
r =r S

There is a set NR of return nodes. There is one return
node for ea h method invo ation site in the program.
Return nodes are used to represent the return values
of invo ations of unanalyzed methods.

3.3

= fhn ; ni 2 Og [ fhhn ; fi; ni 2 Og
= fhn; n i 2 Og [ fhhn; fi; n i 2 Og
= edgesTo(O; n) [ edgesFrom(O; n)
= fn :hn; n i 2 Og
= fn :hhn; fi; n i 2 Og





A referen e to the obje t was passed as a parameter
into the urrent method.
A referen e to the obje t was written into a stati lass
variable.
A referen e to the obje t was passed as a parameter to
an invoked method, and there is no information about
what the invoked method did with the obje t.
The obje t is a thread obje t.

An obje t has es aped if it is rea hable via some sequen e of
obje t referen es from a dire tly es aped obje t. An obje t
is aptured if it has not es aped.
Given our abstra tion of points-to es ape graphs, we an
formalize the on epts of rea hability and es aped nodes as
follows. A node n is dire tly rea hable from a node n in a
graph O if n = n , hn; n i 2 O or 9f:hhn; fi; n i 2 O. A node
n is rea hable from a node n in O if n = n or there exists a
sequen e n0 Æ    Æ nk su h that n = n0 , n = nk , and for all
0  i < k, ni+1 is dire tly rea hable from ni in O. Finally,
a node n is rea hable from a set of nodes S in O if there
exists a node n 2 S su h that n is rea hable from n in O.
We de ne rea hable(O; S; n) if n is rea hable from S in O.
Given a points-to es ape graph hO; I; e; ri, a node n dire tly es apes if n 2 NP [ NR [ NT [ CL or e(n) 6= ;. We
de ne es aped(hO; I; e; ri; n) if n is rea hable in O [ I from
a node that dire tly es apes, and aptured(hO; I; e; ri; n) if
not es aped(hO; I; e; ri; n).
0

0

0

0

0

0

0

0

0

4

Intrapro edural Analysis

The algorithm uses a data ow analysis to generate a pointsto es ape graph at ea h point in the method. The analysis
of ea h method starts with the onstru tion of the pointsto es ape graph hO0 ; I0 ; e0 ; r0 i for the rst statement in the
method. Given a method op with formal parameter list
p0 ; : : : ; pk and a essed stati lass variables l1 :f1 ; : : : ; lj :fj ,
the initial points-to es ape graph hO0 ; I0 ; e0 ; r0 i is de ned as
follows.





In I0 , ea h parameter pi points to its orresponding
parameter node npi . The formal parameter p0 points
to the re eiver obje t of the method; the node np0
represents the re eiver obje t in the analysis of the
method.
I0 = fhpi ; npi i:0  i  kg
In O0 , ea h a essed stati lass variable li :fi points
to its orresponding global node n li :fi .

O0 = fhh

li ; fi i; n li :fi i:1  i  j g

 For all n, e0 (n) = ;.
 r0 = ;.
Note that the algorithm analyzes the method under the assumption that the parameters and a essed stati lass variables all point to di erent obje ts. If the method may be
invoked in a alling ontext in whi h some of these pointers
point to the same obje t, this obje t will be represented by
multiple nodes during the analysis of the method. In this
ase, the mapping operation des ribed below in Se tion 5
will merge the orresponding outside obje ts when it maps
the nal analysis result for the method into the alling ontext at the method invo ation site. Be ause the mapping
retains all of the edges from the merged obje ts, it onservatively models the a tual e e t of the method.
On e it has nished onstru ting the initial points-to esape graph, the analysis ontinues by propagating pointsto es ape graphs through the statements of the method's
ontrol ow graph. The transfer fun tion hO ; I ; e ; r i =
[[st℄℄(hO; I; e; ri) de nes the e e t of ea h statement st on
the urrent points-to es ape graph. Most of the statements
rst kill a set of inside edges, then generate additional inside
and outside edges. In this ase, the transfer fun tion has the
following general form:
0

I = (I Kill ) [ Gen
O = O [ Gen
0

0

I

0

0

0

KillI = edges(I; l)
GenI = flg  I (v)
I = (I KillI ) [ GenI
0

4.2

S = fn2 2 I (l2 ):es aped(hO; I; e; ri; n2 )g
S = [fI (n2 ; f):n2 2 I (l2 )g
E
I

If SE = ; (i.e., l2 does not point to an es aped node),
S = SI and the transfer fun tion simply kills all edges from
l1 , then generates inside edges from l1 to all of the nodes
in S .
KillI = edges(I; l1 )
GenI = fl1 g  S
I = (I KillI ) [ GenI
If SE 6= ; (i.e., l2 points to at least one es aped node), S =
SI [fng, where n is the load node for the load statement. In
addition to killing all edges from l1 , then generating inside
edges from l1 to all of the nodes in S , the transfer fun tion
also generates outside edges from the es aped nodes to n.
0

I

Copy Statements

A opy statement of the form l = v makes l point to the
obje t that v points to. The transfer fun tion updates I to
re e t this hange by killing the urrent set of edges from l,

Load Statements

A load statement of the form l1 = l2 :f makes l1 point to the
obje t that l2 :f points to. The analysis models this hange
by onstru ting a set S of nodes that represent all of the
obje ts to whi h l2 :f may point, then generating additional
inside edges from l1 to every node in this set.
All nodes a essible via inside edges from l2 :f should
learly be in S . But if l2 points to an es aped node, other
parts of the program su h as the aller or threads exe uting
in parallel with the urrent thread an a ess the referen ed
obje t and store values in its elds. In parti ular, the value
in l2 :f may have been written by the aller or a thread
running in parallel with the urrent thread | in other words,
l2 :f may ontain a referen e reated outside of the urrent
analysis s ope. The analysis uses an outside edge to model
this referen e. The outside edge points to the load node for
the load statement, whi h is the outside node that represents
the obje ts that the referen e may point to.
The analysis must therefore onsider two ases: the ase
when l2 does not point to an es aped node, and the ase
when l2 does point to an es aped node. The algorithm
determines whi h ase applies by omputing SE , the set of
es aped nodes to whi h l2 points. SI is the set of nodes
a essible via inside edges from l2 :f.

KillI = edges(I; l1 )
GenI = fl1 g  S
I = (I KillI ) [ GenI
GenO = (SE  ffg)  fng
O = O [ GenO

O

Figure 6 graphi ally presents the rules that determine the
sets of generated edges for the di erent kinds of statements.
Ea h row in this gure ontains four items: a statement, a
graphi al representation of existing edges, a graphi al representation of the existing edges plus the new edges that the
statement generates, and a set of side onditions. The interpretation of ea h row is that whenever the points-to es ape
graph ontains the existing edges and the side onditions are
satis ed, the transfer fun tion for the statement generates
the new edges.
4.1

then generating additional inside edges from l to all of the
nodes that v points to.

0

0

4.3

Store Statements

A store statement of the form l1 :f = l2 nds the obje t to
whi h l1 points, then makes the f eld of this obje t point
to same obje t as l2 . The analysis models the e e t of this
assignment by nding the set of nodes that l1 points to,
then generating inside edges from all of these nodes to the
nodes that l2 points to.
GenI = (I (l1 )  ffg)  I (l2 )
I = I [ GenI
0

Figure 6: Generated Edges for Basi Statements

4.4

Global Load Statements

A global load statement of the form l = l:f makes l point
to the same obje t that l:f points to. The analysis models
this hange by killing all edges from l and generating inside
edges from l to all of the nodes that l:f points to.
KillI = edges(I; l)
GenI = flg  (O [ I )( l; f)
I = (I KillI ) [ GenI
0

4.5

Global Store Statements

A global store statement of the form l:f = l makes the
stati lass variable l:f point to the same obje t as l. The
analysis models this hange by generating inside edges from
l:f to all of the nodes that l points to.
GenI = fh l; fig  I (l)
I = I [ GenI

4.9

Control-Flow Join Points

To analyze a statement, the algorithm rst omputes the
join of the points-to es ape graphs owing into the statement
from all of its prede essors. It then applies the transfer
fun tion to obtain a new points-to es ape graph at the point
after the statement. The join operation is de ned as follows.
hO1 ; I1 ; e1 ; r1 ithO2 ; I2 ; e2 ; r2 i = hO; I; e; ri, where O = O1 [
O2 , I = I1 [ I2 , 8n 2 N:e(n) = e1 (n) [ e2 (n), and r = r1 [ r2 .
The orresponding partial order for points-to es ape graphs
is hO1 ; I1 ; e1 ; r1 i v hO2 ; I2 ; e2 ; r2 i if O1  O2 , I1  I2 , 8n 2
N:e1 (n)  e2 (n), and r1  r2 . The bottom points-to es ape
graph is h;; ;; e ; ;i, where e (n) = ; for all n.
The analysis of ea h method produ es analysis results
(st) and (st) before and after ea h statement st in the
method's ontrol ow graph. The analysis result satis es
the following equations:
?

(enterop ) = hO0 ; I0 ; e0 ; r0 i
(st) = tf (st ):st 2 pred(st)g
(st) = [[st℄℄( (st))

0

4.6

0

4.7

Return Statements

A return statement return l spe i es the return value for
the method. The immediate su essor of ea h return statement is the exit statement of the method. The analysis
models the e e t of the return statement by updating r to
in lude all of the nodes that l points to.
r = I (l)
0

4.8

0

Obje t Creation Sites

An obje t reation site of the form l = new l allo ates a
new obje t and makes l point to the obje t. The analysis
represents all obje ts allo ated at a spe i
reation site
with the reation site's inside node n. The transfer fun tion
models the e e t of the statement by killing all edges from
l, then generating an inside edge from l to n.
KillI = edges(I; l)
GenI = fhl; nig
I = (I KillI ) [ GenI

Exit Statements

The transfer fun tion for an exit statement exitop produ es
the nal analysis result for the method. This result is used,
at all all sites that may invoke the method, to ompute
the e e t of the method on the analysis of its aller. The
primary a tivity of the transfer fun tion is to remove information from the points-to es ape graph that should not be
visible to the aller. The algorithm rst omputes the set
S of nodes that are not rea hable from the stati lass variables, the parameters, or the return values. It then removes
these nodes from the points-to es ape graph.
S = fn 2 N:not rea hable(O [ I; CL [ P [ r; n)g
hO ; I ; e ; r i = remove(S; hO; I; e; ri)
The analysis uses the rea hability information at method
exit points to bound obje t lifetimes. If an inside node is
not rea hable from the stati lass variables, the parameters,
the return values, or a thread obje t, then all of the obje ts
it represents (i.e., all of the obje ts allo ated at the orresponding obje t allo ation site within the urrent analysis
s ope) are ina essible both to the method's aller and to
other threads. When the method returns, these obje ts are
ina essible to the rest of the omputation. It is therefore
legal to allo ate these obje ts in the a tivation re ord of the
method and to a ess the obje ts without syn hronization.
0

0

0

0

?

0

The nal analysis result of method op is the analysis result
at the program point after the exit node, i.e., (exitop ).
As des ribed below in Se tion 5.3, the analysis solves these
equations using a standard worklist algorithm.
4.10

Strong Updates

Our analysis models the exe ution of statements that update
memory lo ations by adding edges to the nodes that represent the updated lo ations. There are two possible kinds of
updates: weak updates, whi h leave the existing edges in
pla e, and strong updates, whi h remove the existing edges.
Be ause strong updates leave fewer edges in the points-to esape graph, they may produ e more pre ise analysis results.
In the analysis presented so far, updates to lo al variables
are strong and all other updates are weak.
The analysis an legally perform a strong update whenever the updated node is aptured and represents exa tly
one updated memory lo ation when the program runs. For
a store statement of the form l1 :f = l2 , this ondition is
satis ed whenever l1 points to a single aptured node n,
n represents a single obje t, and f represents a single loation in that obje t. The last ondition is satis ed unless
f = elements, the spe ial eld identi er for array elements
dis ussed in Se tion 3.2.
4.10.1

Strong Updates for Singular Nodes and Fields

The node n is singular if it represents one obje t. This is the
ase, for example, if n is an inside node that orresponds to a
statement exe uted at most on e within the urrent analysis
s ope. The eld f is singular if it represents a single lo ation
within an obje t. Given these de nitions, we an provide
the following de nition of I for the transfer fun tion of a
store statement l1 :f = l2 . With this de nition, the transfer
fun tion for store statements performs strong updates.
0

(

edgesFrom(n; f) if I (l1 ) = fng; n; f singular;
and aptured(hI; O; e; ri; n)
;
otherwise
GenI = (I (l1 )  ffg)  I (l2 )
I = (I KillI ) [ GenI
KillI =
0

4.10.2



Summary Nodes

It is possible to extend the obje t representation so that ea h
inside node would represent only the last obje t allo ated at
the orresponding allo ation site. All other nodes allo ated
at this site would be represented by a summary node. With
this approa h, the analysis would perform strong updates for
all inside nodes, and weak updates only for summary nodes.
Similar approa hes have been proposed for intrapro edural
shape analysis algorithms [24, 12℄.
4.11

An Optimization for Stati

Class Variables

In the absen e of information about how parallel threads a ess stati lass variables, the extra ted analysis information
imposes no limit on the lifetimes or points-to relationships
of obje ts rea hable from these variables. The implemented
ompiler therefore adopts a more ompa t representation
for the points-to relationships involving nodes that represent these obje ts. Instead of re ording the spe i set of
stati lass variables that may point to a node, the analysis
simply re ords that at least one does. This representation
redu es the size of the points-to es ape graph without redu ing the amount of useful information.
5

Interpro edural Analysis

At ea h method invo ation site, the analysis has the option
of either skipping the site or analyzing the site. If it analyzes
the site, it olle ts the nal analysis results from all of the
potentially invoked methods, maps ea h analysis result into
the points-to es ape graph from the program point before
the method invo ation site, then merges the mapped results
to derive the points-to es ape graph at the point after the
method invo ation site. If the analysis skips a method invoation site, it marks all of the parameters as es aping down
into the site.
5.1

Skipped Method Invo ation Sites

The transfer fun tion for a skipped method invo ation site is
de ned as follows. Given a skipped method invo ation site
m of the form l = l0 :op(l1 ; : : : ; lk ) with return node nR
and a urrent points-to es ape graph hO; I; e; ri, the pointsto es ape graph hO; I ; e; r i = [[m℄℄(hO; I; e; ri) after the site
is de ned as follows:
I = (I edges(I; l)) [ fhl; nR ig
90  i  k:n 2 I (li )
e (n) = ee((nn)) [ fmg ifotherwise
0

0

0

0

The return node nR is an outside node used to represent the
return value of the invoked method.
5.2

Analyzed Method Invo ation Sites

Given an analyzed method invo ation site m of the form
l = l0 :op(l1 ; : : : ; lk ) and a urrent points-to es ape graph
hO; I; e; ri, the new points-to es ape graph hO ; I ; e ; r i =
[[m℄℄(hO; I; e; ri) after the site is de ned as follows:
hO ; I ; e ; r i = tfmap(m; hO; I; e; ri; op):op 2 allees(m)g
We next present the mapping algorithm for method invo ation sites. We assume a method invo ation site m of the
form l = l0 :op(l1 ; : : : ; lk ) and an invoked method op with
formal parameter list p0 ; : : : ; pk and a essed stati lass
variables l1 :f1 ; : : : ; lj :fj . There are three points-to esape graphs involved in the algorithm:
0

0

0

0

0

0

0

0



5.2.1

The old graph is the points-to es ape graph hO; I; e; ri
at the point before the method invo ation site.
The in oming graph is the nal analysis result
hOR ; IR; eR ; rR i = (exitop ) for the invoked method.
The mapping algorithm produ es the new graph
hOM ; IM ; eM ; rM i = map(m; hO; I; e; ri; op).
Overview

Con eptually, the algorithm rst builds an initial mapping
! 2N from the nodes of the in oming graph to the
nodes of the old graph. For ea h outside node n in the inoming graph, (n) is the set of nodes from the old graph
that n represents during the analysis of the invoked method
op. This initial value of  maps global nodes, parameter
nodes, and load nodes to their orresponding nodes in the
new graph. It builds the mapping for load nodes by tra ing
orrelated paths in the old graph and the in oming graph.
Ea h path in the old graph onsists of a sequen e of inside
edges; the orresponding path in the in oming graph onsists of the sequen e of outside edges that represent the orresponding inside edges during the analysis of the method.
The algorithm then builds the new points-to es ape graph
hOM ; IM ; eM ; rM i = map(m; hO; I; e; ri; op). The algorithm
starts by initializing the new graph to the old graph hO; I; e; ri.
It then uses the mapping  to map nodes and edges from the
in oming graph into the new graph. The mapped nodes represent obje ts allo ated or a essed by the invoked method.
The mapped edges represent referen es that the invoked
method reated or read. During the mapping pro ess, edges
are mapped from pairs of nodes in the in oming graph to
orresponding pairs of nodes in the new graph. In this ase
we say that the nodes in the new graph a quire the edges
from the nodes in the in oming graph.
As part of the mapping pro ess, the algorithm extends
 so that if the algorithm maps a node n from the in oming
graph into the new graph, n 2 (n). In this ase we say
that n is present in the new graph.
We next des ribe the roles that the di erent kinds of
nodes in the in oming graph play in the analysis, and dis uss
how these roles a e t ea h node's presen e in the new graph,
its e e t on the mapping , and the edges that are mapped
into the new graph.

:N

n2N

P : If n is a parameter node, it represents the
nodes that the orresponding a tual parameter points
to. These nodes should a quire n's edges, but n itself
should not be present in the new graph.
(n) is the set of nodes in the urrent graph that the
orresponding a tual parameter points to.

 n2N

G : If n is a global node, it represents the obje ts
that the orresponding stati lass variable points to.
These nodes should a quire n's edges, and n should be
present in the new graph. Note that n is also es aped
in the the new graph.
(n) is the set of nodes in the urrent graph that the
orresponding stati lass variable points to. Note that
n 2 (n).

 n2N

L : If n is a load node, all of the nodes that it represents should a quire its edges. If n may represent an
obje t reated outside the analysis s ope of the aller
or an obje t a essed via a referen e reated outside

that s ope, it and its edges should also be mapped into
the new graph.
The basi idea is that n should be present in the new
graph only if an es aped node would point to it |
there should be no outside edges from aptured nodes.
The analysis determines if n should be present by examining all of the nodes in the in oming graph that
point to n. There are two ases:
{

If at least one of these nodes (say n ) is present
and es aped in the new graph, n should also be
present, and there should be an outside edge in
the new graph from n to n.
If at least one of these nodes is mapped to an esaped node (say n ) from the old graph, n should
be present, and there should be an outside edge
in the new graph from n to n.
0

0

{

mappings and edges. Figure 9 graphi ally presents the generated mappings and edges for some of the ru ial rules.
Ea h row in this gure ontains four items: an inferen e
rule, a graphi al representation of existing edges and mappings, a graphi al representation of the existing edges and
mappings plus the new edges and mappings that the rule
generates, and a set of side onditions. The nodes on the
bottom row of ea h graphi al representation are from the
in oming graph, while the nodes on the top row are from
the new graph. The interpretation of ea h row is that if the
existing edges and mappings are present in the in oming
graph and new graph, and the side onditions are true, then
the inferen e rule generates the new edges and mappings.
0  i  k; n 2 I (li )
n 2 (npi )

0

(1)

1ij
2 ( li )

0

In both ases, n is es aped in the new graph. (n)
in ludes the set of nodes in the old graph that n represented during the analysis of the method. And n 2
(n) if n is present in the new graph.

(2)

li

hhn1 ; fi; n2 i 2 O ; hhn3 ; fi; n4 i 2 I;
n3 2 (n1 ); n1 62 N
n4 2 (n2 )
R

(3)

I

 n 2 N : If n is an inside node, it and its inside edges
I

should be present in the new graph if the obje ts that
it represents are rea hable in the aller. The analysis
determines if n should be present by examining all of
the nodes in the in oming graph that point to it. As
for load nodes, there are two ases:
{

Figure 7: Initial Rules for 

OO
I
e(n)  e (n)

0

R

0

R

h inferen e rule is written in the standard form
1; : : : ;
0
1; : : : ;

k
j

whi h imposes the onstraint that if all of
all of 01 ; : : : ; 0j must be true.

1; : : : ;

k

are true, then

M

R

0

M

R

(7)

0

M

(8)
(9)
(10)

Figure 8: Rules for  and hOM ; IM ; eM ; rM i
Initial Rules

The initial set of ontraints, Rules 1 through 3, set up the
initial mapping  so that all outside nodes in the in oming
graph are mapped to the nodes in the old graph that they
represent during the analysis of the invoked method op.





Rule 1 maps ea h parameter node npi to the nodes
I (li ) in the old graph that it represents during the
analysis of the method.3
Rule 2, along with Rule 3, ensures that ea h a essed
global node is mapped to the nodes in the old graph

3 Re

0

M

I

R

5.2.3

2 Ea

M

(6)

M

: If n is a return node (these nodes represent
return values from invoked but unanalyzed methods),
the onditions are the same as for inside nodes.

Figures 7 and 8 present a formal spe i ation of the onstraints that the mapping  and the new points-to es ape
graph hOM ; IM ; eM ; rM i must satisfy. The onstraints are
spe i ed as a set of inferen e rules that the nal mapping
and points-to es ape graph must satisfy.2
Con eptually, many of these inferen e rules start with an
existing mapping and set of edges, then generate additional

R

R

R

Constraints for the Mapping Algorithm

(5)
I

M

A primary di eren e between load nodes and inside
nodes is that load nodes are present in the new graph
only if they are es aped in that graph. Inside nodes
are present if they are rea hable, and an be either
es aped or aptured in the new graph.
If an inside node n is present in the new graph, (n) =
fng. Otherwise (n) = ;.

5.2.2

(4)

M

hhn1 ; fi; n2 i 2 I ; n 2 (n1 ); n2 2 N [ N
n2 2 (n2 )
hhn1 ; fi; n2 i 2 O ; n 2 (n1 );
es aped(hO ; I ; e ; r i; n)
hhn; fi; n2 i 2 O ; n2 2 (n2 )
n 2 r \ (N [ N )
n 2 (n)
e (n) =
6 ;; n 2 (n)
m 2 e (n )
[f(n):n 2 r g  I (l)

0

 n2N

rr

hhn1 ; fi; n2 i 2 IR
((n1 )  ffg)  (n2 )  IM

If at least one of these nodes (say n ) is present
in the new graph, n should also be present, and
there should be an edge in the new graph from n
to n.
If at least one of these nodes represents a node
(say n ) in the old graph, n should be present,
and there should be an edge in the new graph
from n to n.
0

{

edges(l)  IM

M

M

all that the method invo ation site has a tual parameters
the method has formal parameters p0 ; : : : ; pk , and npi
is the parameter node for pi .

l0 ; : : : ; l k ,

Figure 9: Generated Edges and Mappings for Inferen e Rules



that it represents during the analysis of the method.4
Rule 3 maps outside nodes to the nodes that they represent during the analysis of the method, mat hing
outside edges in the in oming graph with orresponding inside edges in the old graph. The onstraint starts
with a node n1 from the in oming graph that already
maps to a node n3 in the old graph. It then mat hes
edges from these two nodes to nd a load node n2 from
the in oming graph that represents a node n4 in the
new graph during the analysis of the method. The
onstraint maps n2 to n4 .

inside edges into the new graph take pla e inside mapNode,
it is responsible for ensuring that the new graph ontains
the right inside edges.
The ontrol stru ture of the algorithm is based on three
worklists. Ea h worklist orresponds to one of the rules that
map nodes from the in oming graph to the new graph. Ea h
worklist entry ontains a node n from the new graph and
an edge hhn1 ; fi; n2 i from the in oming graph. All worklist
entries have the property that n 2 (n1 ).
When the algorithm pro esses the worklist entry, it he ks
to see if it should update the mapping for n2 . The details
of the he k depend on the spe i worklist.



Rules 1 through 3 map outside nodes only. Rule 6, however, may map an inside node into the new graph. It is
important that Rule 3 does not mat h outside edges from
these inside nodes against inside edges in the old graph. The
reason for this restri tion is that inside nodes represent obje ts that were allo ated inside the urrent analysis s ope.
These obje ts did not exist when the analyzed method was
invoked. Any outside edges from inside nodes therefore represent referen es reated either by threads running in parallel with the urrent analysis s ope, or by unanalyzed methods invoked by the urrent analysis s ope. In either ase
the referen e did not exist when the method was invoked.
Be ause all inside edges in the old graph existed when the
analyzed method was invoked, the outside edge in the inoming graph did not represent these edges.
5.2.4

Remaining Rules

Rule 4 initializes the new graph to in lude the old graph.
Rule 5 maps inside edges from the in oming graph into the
new graph. There is an inside edge between two nodes in
the new graph if there is an inside edge between their two
orresponding nodes in the in oming graph.
Rules 6 through 8 map nodes from the in oming graph
into the new graph. Rule 6 maps an inside or return node
into the new graph if it is rea hable from a node that is
already mapped into the new graph. Rule 7 maps a load
node into the new graph if it is rea hable from an es aped
node that is already mapped into the new graph. Finally,
Rule 8 maps an inside or return node into the new graph if
it is returned by the method.
Rule 9 ensures that all nodes passed into unanalyzed
methods are marked appropriately in the es ape fun tion.
Rule 10 makes l (the lo al variable that is assigned to the
value that the method returns) point to the nodes that represent the return value of the method.
5.2.5

Constraint Solution Algorithm

Figures 10 and 11 present an algorithm for solving the onstraint system in Figures 7 and 8. The algorithm dire tly
re e ts the stru ture of the inferen e rules. At ea h step it
dete ts an inferen e rule ante edent that be omes true, then
takes a tion to ensure that the onsequent is also true.
The mapNode(n1 ; n) pro edure is invoked whenever the
algorithm maps a node n1 from the in oming graph to a
node n in the new graph. It rst updates the es ape fun tion eM (n) to re e t any new es ape information. It then
maps new inside edges both to and from n to re e t the
orresponding inside edges from the in oming graph. Rule 5
is the only onstraint that maps inside edges from the inoming graph into the new graph. Be ause all insertions of
4 Re

all that the method a esses stati
lass variables
and that n li :fi is the global node for li :fi .

l0 :f0 ; : : : ; lj :fj ,





The worklist WE orresponds to Rule 3, whi h mat hes
outside edges from the in oming graph against inside
edges in the old graph. All edges in this worklist are
outside edges. To pro ess an entry from this worklist,
the algorithm mat hes the edge hhn1 ; fi; n2 i from the
worklist against all orresponding inside edges
hhn; fi; n4 i in the old graph. For ea h orresponding
edge it maps n2 to n4 .
The worklist WI orresponds to Rule 6, whi h maps
inside nodes into the new graph. All edges in this
worklist are inside edges. To pro ess an entry from
this worklist, the algorithm extra ts the node n2 that
the worklist edge points to, and maps n2 into the new
graph.

The worklist WO orresponds to Rule 7, whi h maps
outside nodes into the new graph. All edges in this
worklist are outside edges. To pro ess an entry from
this worklist, the algorithm inserts a orresponding
outside edge hhn; fi; n2 i into the new graph and maps
n2 into the new graph.
There is a slight ompli ation in the algorithm. As the
algorithm exe utes, it periodi ally maps inside edges from
the in oming graph into the new graph. Whenever a node
n1 is mapped to n, the algorithm maps ea h inside edge
hhn1 ; fi; n2 i from the in oming graph into the new graph.
This mapping pro ess inserts a orresponding inside edge
from n to ea h node that n2 maps to; i.e., to ea h node in
(n2 ). The algorithm must ensure that when it ompletes,
there is one su h edge for ea h node in the nal set of nodes
(n2 ). But when the algorithm rst maps hhn1 ; fi; n2 i into
the new graph, (n2 ) may not be omplete. In this ase,
the algorithm will eventually map n2 to more nodes, inreasing the set of nodes in (n2 ). There should be edges
from n to all of the nodes in the nal (n2 ), not just to
those node that were present in (n2 ) when the algorithm
mapped hhn1 ; fi; n2 i into the new graph.
The algorithm ensures that all of these edges are present
in the nal graph by building a set Æ (n2 ) of delayed a tions.
Ea h delayed a tion onsists of a node in the new graph and
a eld in that node. Whenever the node n2 is mapped to a
new node n (i.e., the algorithm sets (n2 ) = (n2 ) [ fn g),
the algorithm establishes a new inside edge for ea h delayed
a tion. The new edge goes from the node in the a tion to
the newly mapped node n . These edges ensure that the
nal set of inside edges satis es the onstraints.
0

0

0

5.3

Global Fixed-Point Analysis Algorithm

Figure 12 presents the global xed-point algorithm that the
ompiler uses to solve the ombined intrapro edural and interpro edural data ow equations. It maintains a worklist of
pending statements. At ea h step, it removes a statement

Initialize analysis results
for all st 2 ST do
(st) = (st) = h;; ;; e ; ;i
for all op 2 OP do
(enterop ) = hO0 ; I0 ; e0 ; r0 i
Initialize the worklist
W = fenterop :op 2 OPg
while (W 6= ;) do
Remove a statement from worklist
W = W fstg
Pro ess the statement
(st) = tf (st ):st 2 pred(st)g
(st) = [[st℄℄( (st))
if (st) hanged then
Put potentially a e ted statements
onto worklist
W = W [ su (st)
if st  exitop then
W = W [ allers(op)

mapNode(n1 ; n)
if hn1 ; ni 62 D then
(n1 ) = (n1 ) [ fng
D = D [ fhn1 ; nig
Update eM (n) to satisfy Rule 9
if (eR (n1 ) 6= ;) then eM (n) = eM (n) [ fmg
Update IM to satisfy Rule 5
IM = IM [ (Æ (n1 )  fng)
for all hhn1 ; fi; n2 i 2 IR do
IM = IM [ fhn; fig  (n2 )
Æ (n2 ) = Æ (n2 ) [ fhn; fig
Update worklists for Rules 3,6 and 7
WE = WE [ (fng  edgesFrom(OR ; n1 ))
if (n1 = n) then
WI = WI [ (fng  edgesFrom(IR ; n1 ))
WO = WO [ (fng  edgesFrom(OR ; n1 ))

?

0

Figure 10: Pro edure for Mapping One Node to Another

Initialize worklists
WE = W I = W O = ;
Initialize new graph to satisfy Rule 4
hOM ; IM ; eM ; rM i = hO; I edges(l); e; ri
Map parameter nodes to satisfy Rule 1
for 0  i  k do
for all n 2 I (li ) do mapNode(npi ; n)
Map lasses to satisfy Rule 2
for 1  i  j do mapNode( li ; li )
Map return values to satisfy Rule 8
for all n 2 rR \ (NI [ NR ) do mapNode(n; n)
done = false
while not done do
done = true
if hoose hn3 ; hhn1 ; fi; n2 ii 2 WE su h that
n1 62 NI then
WE = WE fhn3 ; hhn1 ; fi; n2 iig
Map nodes to satisfy Rule 3
for all hhn3 ; fi; n4 i 2 I do mapNode(n2 ; n4 )
done = false
else if hoose hn; hhn1 ; fi; n2 ii 2 WI su h that
n2 2 NI [ NR then
WI = WI fhn; hhn1 ; fi; n2 iig
Map inside node to satisfy Rule 6
mapNode(n2 ; n2 )
done = false
else if hoose hn; hhn1 ; fi; n2 ii 2 W0 su h that
es aped(hOM ; IM ; eM ; rM i; n) then
WO = WO fhn; hhn1 ; fi; n2 iig
Map outside edge and outside node
to satisfy Rule 7
OM = OM [ fhhn; fi; n2 ig
mapNode(n2 ; n2 )
done = false
Update IM (l) to satisfy Rule 10
IM (l) = [f(n):n 2 rR g
Figure 11:

Constraint Solution Algorithm for  and

hO ; I ; e ; r i
M

M

M

M

0

Figure 12: Fixed-Point Analysis Algorithm
and updates the analysis results before and after the statement. If the analysis result after the statement hanged,
it inserts all of its su essors (or for exit nodes, all of the
allers of its method) into the worklist.
The order in whi h the algorithm analyzes methods an
have a signi ant impa t on the analysis. For non-re ursive
methods, a bottom-up analysis of the program yields the full
result with one analysis per method. For re ursive methods,
the analysis results must be iteratively re omputed within
ea h strongly onne ted omponent of the all graph using the urrent best result until the analysis rea hes a xed
point.
It is possible to extend the algorithm so that it initially
skips the analysis of method invo ation sites. If the analysis
result is not pre ise enough, it an in rementally in rease
the pre ision by analyzing method invo ation sites that it
originally skipped. The algorithm will then propagate the
new, more pre ise result to update the analysis results at
a e ted program points.
6

Abstra tion Relation

In this se tion, we hara terize the orresponden e between
points-to es ape graphs and the obje ts and referen es reated during the exe ution of the program. A key property
of this orresponden e is that a single on rete obje t in
the exe ution of the program may be represented by multiple nodes in the points-to es ape graph. We therefore state
the properties that hara terize the orresponden e using an
abstra tion relation, whi h relates ea h obje t to all of the
nodes that represent it.
As the program exe utes, it reates a set of on rete
obje ts o 2 C and a set of referen es r 2 R  (V  C) [
((CL  F)  C) [ ((C  F)  C) between obje ts. At ea h point
in the exe ution of the program, it is possible to de ne the
following sets of referen es and obje ts:

R

reated by the urrent exC is the set of referen es
e ution of the urrent method and all of the analyzed
methods that it invokes.

R


urrent exeR is the set of referen es read by the
ution of the urrent method and all of the analyzed
methods that it invokes.

CR is the set of obje ts rea hable from the lo al variables, stati lass variables, and parameters by following referen es in RC [ RR .



R

I = RC \ (CR  F  CR ) is the set of inside referen es. These are the referen es represented by the set
of inside edges in the analysis.

RI is the set of outside
O = (RR \ (CR  F  CR ))
referen es. These are the referen es represented by the
set of outside edges in the analysis.





Rea hable obje ts are represented by their allo ation
sites. If o was reated at an obje t reation site within
the urrent exe ution of the urrent method or analyzed methods that it invokes, and o is rea hable (i.e.
o 2 CR ), n 2 (o), where n is the obje t reation site's
inside node.
Ea h obje t is represented by at most one inside node:
{



{
{

hv; oi 2 R implies O(v) \ (o) 6= ;
hh l; fi; oi 2 R implies O( l; f) \ (o) 6= ;
hho1 ; fi; o2 i 2 R implies
((o1 )  ffg)  (o2 ) \ O =
6 ;
O

O

O

All inside referen es have a orresponding inside edge
in the points-to es ape graph:
{
{
{



I

All outside referen es have a orresponding outside
edge in the points-to es ape graph:
{



n1 ; n2 2 (o) and n1 ; n2 2 N implies n1 = n2

hv; oi 2 R implies I (v) \ (o) 6= ;
hh l; fi; oi 2 R implies I ( l; f) \ (o) 6= ;
hho1 ; fi; o2 i 2 R implies
((o1 )  ffg)  (o2 ) \ I =
6 ;
I

I

I

If an obje t is represented by a aptured node, it is
represented by only that node:
{

n 2 (o) and aptured(hO; I; e; ri; n) implies
(o) = fng

Given this property, we de ne that an obje t is aptured if it is represented by a aptured node. All referen es to aptured obje ts are either from lo al variables or from other aptured obje ts:
{

{

n 2 (o), aptured(hO; I; e; ri; n), and hv; oi 2 R
implies v 2 L

n2 2 (o2 ), aptured(hO; I; e; ri; n2 ), and
hho1 ; fi; o2 i 2 R implies 9n1 2 N:(o1 ) = fn1 g
and aptured(hO; I; e; ri; n1 )

The points-to information in the points-to es ape graph
ompletely hara terizes the referen es between obje ts represented by aptured nodes:
{

R

It is always possible to onstru t an abstra tion relation
  C  N between the obje ts and the nodes in the pointsto es ape graph hO; I; e; ri at the urrent program point.
This relation relates ea h obje t to all of the nodes in the
points-to es ape graph that represent the obje t during the
analysis of the method. The abstra tion relation has all of
the properties des ribed below.

These properties ensure that aptured obje ts are rea hable only via paths that start with the lo al variables.
If an obje t is aptured at a method exit point, it will
therefore be ome ina essible as soon as the method
returns.

7

aptured(hO; I; e; ri; n1 ); aptured(hO; I; e; ri; n2 );
n1 2 (o1 ); n2 2 (o2 ) and hhn1 ; fi; n2 i 62 I implies
hho1 ; fi; o2 i 62 R

Optimizations

For optimization purposes, the two most important properties are that the absen e of edges between aptured nodes
guarantees the absen e of referen es between the represented
obje ts, and that aptured obje ts are ina essible when the
method returns. In this se tion we dis uss two transformations, sta k allo ation of obje ts and syn hronization elimination, that the es ape information enables.
7.1

Syn hronization Elimination

If an obje t does not es ape a thread, it is legal to remove
the lo k a quire and release operations from syn hronized
methods that exe ute on that obje t. The bene t of this
transformation is the elimination of syn hronization overhead 5
To apply the transformation, the ompiler generates a
spe ialized, syn hronization-free version of ea h syn hronized
method that may exe ute on a aptured obje t. At ea h all
site that invokes the method only on aptured obje ts, the
ompiler generates ode that invokes the syn hronizationfree version.
An issue that the ompiler must deal with is the distan e in the all graph between the method that aptures
the obje t and the syn hronized method. In addition to
removing syn hronization operations from the syn hronized
method, the ompiler must also generate spe ialized versions of all methods in the all hain from the apturing
method to the method ontaining the all site that invokes
the syn hronization-free version. Our spe ialization poli y
imposes no limit on the number of spe ialized methods |
it applies the transformation whenever possible.
A nal problem is nding the paths in the all graph that
go from aptured obje ts to syn hronized methods. The
ompiler solves this problem by augmenting the analysis to
re ord, for ea h node in the points-to es ape graph, paths in
the all graph that lead to syn hronized operations on the
obje ts represented by that node. For aptured obje ts, the
ompiler an use this information to tra e a path from the
aptured obje t down to the all sites that invoke syn hronized methods on that obje t.
7.2

Sta k Allo ation of Obje ts

If an obje t does not es ape a method, it an be allo ated
on the sta k instead of in the heap. One bene t of this
transformation is the elimination of garbage olle tion overhead. Instead of being pro essed by the olle tor, the obje t
5 To preserve the semanti s of the Java memory model on ma hines
that implement weak memory onsisten y models, the ompiler may
need to insert memory barriers at the original lo k a quire and release
sites when it removes the a quire and release onstru ts.

will be impli itly olle ted when the method returns and the
sta k rolls ba k. Another bene t is better memory lo ality
be ause the sta k frame will tend to be resident in the a he.
Finally, if the ompiler an pre isely ompute the lo ation
of the obje t on the sta k, it an generate ode that a esses
the obje t elds dire tly in the sta k frame.
The largest potential drawba k of sta k allo ation is that
it may in rease memory onsumption by extending the lifetime of obje ts allo ated on the sta k. Be ause this problem may be espe ially a ute for allo ation sites that reate
a stati ally unbounded number of obje ts on the sta k, our
implementation allo ates obje ts on the sta k only if the allo ation site will be exe uted at most on e per invo ation
of the allo ating method, or the method that ontains the
obje t allo ation site.
In the simplest ase, a aptured obje t does not es ape
its allo ating method. In this ase, the ompiler an simply repla e the normal obje t allo ation instru tion with a
spe ial instru tion that allo ates the obje t on the heap.
If an obje t es apes its allo ating method, but is re aptured within a aller (dire t or indire t), it may be possible to allo ate the obje t on the sta k of the method that
aptures the obje t. In addition to requiring that sta kallo ated obje ts ome from allo ation sites that are exeuted at most on e per invo ation of the allo ating method,
the ompiler also requires that the allo ating method be invoked at most on e for ea h all site in the aptured method
that leads to the allo ating method.
If the allo ation site satis es this restri tion, the ompiler
generates a spe ialized version of the allo ating method. Instead of allo ating the obje t itself, the spe ialized version
takes, as a parameter, a pointer to preallo ated spa e in the
apturing method's a tivation re ord. The allo ation site
is transformed to initialize the obje t at the given lo ation,
rather than to allo ate it in the heap. As for the syn hronization elimination transformation des ribed above, the ompiler must generate spe ialized versions of all methods on
the all hain from the apturing method to the allo ating
method.
For this transformation to interoperate orre tly with
the rest of the system, the garbage olle tor must re ognize sta k-allo ated obje ts. The re ognition me hanism is
simple | it examines the address of the obje t to determine if it is allo ated on a sta k or in the heap. During
a olle tion, the olle tor still s ans sta k-allo ated obje ts
normally. But it does not attempt to move or olle t sta kallo ated obje ts.
8

Experimental Results

We have implemented a ombined pointer and es ape analysis based on the algorithm des ribed in Se tions 4 and 5. We
implemented the analysis in the ompiler for the Jalape~no
JVM [8℄, a Java virtual ma hine written in Java with a few
unsafe extensions for performing low-level system operations
su h as expli it memory management and pointer manipulation.
8.1

Compiler Stru ture

The analysis is implemented as a separate phase of the
Jalape~no dynami ompiler, whi h operates on the Jalape~no
intermediate representation. To analyze a lass, the algorithm loads the lass, onverts its methods into the intermediate representation, then analyzes the methods. The nal
analysis results for the methods are written out to a le.

This approa h provides ex ellent support for dynami ally
loaded programs. It allows the ompiler to analyze a large,
ommonly used pa kage su h as the Java Class Libraries
on e, then reuse the analyze results every time a program is
loaded that uses the pa kage. It also supports the delivery
of preanalyzed pa kages. Instead of requiring the analysis
to be performed when the pa kage is rst loaded into a ustomer's virtual ma hine, a vendor ould perform the analysis
as part of the release pro ess, then ship the analysis results
along with the ode.
When the Jalape~no ompiler generates ode for a dynami ally loaded lass, it uses the information in the analysis le
to apply the sta k allo ation and syn hronization elimination optimizations des ribed above.6 One unusual feature
of the system is that the analysis is applied to the ompiler
and virtual ma hine during the bootstrap pro ess. The entire system, in luding the dynami ompiler and the virtual
ma hine as well as the appli ations, therefore exe utes with
the optimizations applied.
8.2

Ben hmark Set

Our ben hmark set in ludes four programs. Java 7 is the
standard Java ompiler. Java up8 is a ya -like parser generator for Java. Javalex9 is a lexi al analyzer generator for
Java. Pbob is a transa tion-pro essing ben hmark designed
to quantify the performan e of simple transa tional server
workloads written in Java.
We hose these appli ations in part be ause they are all
omplete programs in regular use. We therefore expe t them
to exhibit realisti obje t reation and a ess patterns. They
were also hosen to test the s alability of our analysis. With
the asso iated (and analyzed) lass libraries, all three programs are on the order of tens of thousands of lines of ode,
and many existing pointer analysis algorithms are impra tial for programs of this size. Figure 13 presents the number
of lines of ode and the total sizes of the lass les for these
appli ations. JVM is the Jalape~no virtual ma hine.
Ben hmark
java
java up
javalex
pbob
JVM

Lines of
Code
10,574
8,159
18,370
70,536

Class File
Size (bytes)
87,801
157,057
95,229
253,752
456,494

Figure 13: Ben hmark Chara teristi s
We staged the analysis of the appli ations as follows.
We rst analyzed the virtual ma hine and the standard libraries, writing the analysis results out to the appropriate
les. We then analyzed the appli ation ode, reusing the
analysis results from the standard libraries.

Ben hmark
java
java up
javalex
pbob

Number of
Number of
Syn hronization Syn hronization
Operations
Operations
Before
After
Optimization
Optimization
4,583,013
2,925,653
1,004,409
330,952
2,038,945
1,058,456
205,198,941
155,764,374

Figure 14: Number of Syn hronization Operations Before
and After Optimization
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Figure 15: Per entage of Eliminated Syn hronization Operations
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Sta k Allo ation

Figure 16 presents the dynami number of heap allo ated
obje ts for all of the appli ations both before and after the
sta k allo ation optimization. Figure 17 plots the per entage of obje ts allo ated on the sta k. On e again, the analysis a hieves reasonable results, allo ating between 22% and
95% of the obje ts on the sta k.
Figure 18 presents the total size of the heap allo ated
obje ts for all of the appli ations both before and after the
sta k allo ation optimization. Figure 17 plots the per entage of memory allo ated on the sta k instead of in the heap.
The relative amount of obje t memory allo ated on the sta k
is losely orrelated with the number of obje ts allo ated on
the sta k.
6 The

urrent version of the Jalape~no JVM does not support sta k
allo ation. All obje ts are therefore allo ated on the heap. The ompiler does, however, generate all of the spe ialized methods ne essary
to support sta k allo ation. The ompiler fully implements the synhronization elimination optimization.
7 See the pa kage sun.tools.java in the standard Java distribution.
8 Available at www. s.prin eton.edu/ appel/modern/java/CUP/
9 Available at www. s.prin eton.edu/ appel/modern/java/JLex/

javacup

javalex

pbob

Figure 17: Per entage of Obje ts Allo ated on the Sta k

Syn hronization Elimination

Figure 14 presents the dynami number of syn hronization
operations for all of the appli ations both before and after the syn hronization elimination optimization. Figure 15
plots the per entage of eliminated syn hronization operations. The analysis a hieves reasonable results, eliminating
between 24% to 64% of the syn hronization operations.
8.4

Figure 16: Number of Heap-Allo ated Obje ts Before and
After Optimization

100%

javac

8.3

Ben hmark
java
java up
javalex
pbob

Number of
Number of
Heap-Allo ated Heap-Allo ated
Obje ts
Obje ts
Before
After
Optimization
Optimization
2,845,485
2,033,525
1,913,594
1,495,141
4,389,452
214,803
56,708,490
39,751,260

Ben hmark
java
java up
javalex
pbob

Size of
Size of
Heap-Allo ated Heap-Allo ated
Obje ts
Obje ts
Before
After
Optimization
Optimization
81,573,448
60,843,884
54,089,120
43,038,640
107,347,648
8,887,836
25,950,641,024 18,046,027,560

Figure 18: Total Size of Heap-Allo ated Obje ts Before and
After Optimization (bytes)

100%
80%
60%
40%
20%
0%
javac

javacup

javalex

pbob

Figure 19: Per entage of Obje t Memory Allo ated on the
Sta k

9

Related Work

In this se tion, we dis uss several areas of related work:
pointer analysis, es ape analysis, and syn hronization optimizations.
9.1

Pointer Analysis

Pointer analysis for sequential programs is a relatively mature eld. Flow-insensitive analyses, as the name suggests,
do not take statement ordering into a ount, and typi ally
use some form of onstraint-based analysis to produ e a
single points-to graph that is valid a ross the entire program [2, 27, 26℄. Flow-insensitive analyses extend trivially
from sequential programs to multithreaded programs. Beause they are insensitive to the statement order, they trivially model all of the interleavings of the parallel exe utions.
9.1.1

Flow-Sensitive Analyses

Flow-sensitive analyses take the statement ordering into a ount, typi ally using a data ow analysis to produ e a pointsto graph or set of alias pairs for ea h program point [25, 22,
28, 18, 10, 20℄. One approa h analyzes the program in a topdown fashion starting from the main pro edure, reanalyzing
ea h potentially invoked pro edure in ea h new alling ontext [28, 18℄. This approa h exposes the ompiler to the
possibility of spending signi ant amounts of time reanalyzing pro edures. It also ommits the ompiler to an analysis
of the entire program and is impra ti al for situations in
whi h the entire program is not available.
Another approa h analyzes the program in a bottom-up
fashion, extra ting a single analysis result for ea h pro edure. The analysis reuses the result at ea h all site that
may invoke the pro edure. Sathyanathan and Lam present
an algorithm for programs with non-re ursive pointer data
types [25℄. This algorithm supports strong updates and extra ts enough information to obtain fully ontext-sensitive
results in a ompositional way. Chatterjee, Ryder, and
Landi des ribe an approa h that extra ts multiple analysis
results; ea h result is indexed under the alling ontext for
whi h it is valid [9℄. Our approa h extra ts a single analysis
result for alling ontexts with no aliases, and merges nodes
for alling ontexts with aliases. The disadvantage of this
approa h is that it may produ e less pre ise results than
approa hes that maintain information for multiple alling
ontexts. The advantage is that it leads to a simpler algorithm and smaller analysis results.
Many pointer and shape analysis algorithms are based
on the abstra tion of points-to graphs [24, 18, 28℄. The
nodes in these graphs typi ally represent memory lo ations,
obje ts, or variables, and the edges represent referen es between the represented entities. A standard te hnique is to
use invisible variables [20, 18, 28℄ to parameterize the analysis result so that it an be used at di erent all sites. Like
outside obje ts, invisible variables represent entities from
outside the analysis ontext. But the relationships between
invisible variables are typi ally determined by the aliasing
relationships in the alling ontext or by the type system.
In our approa h, the relationships between outside obje ts
are determined by the stru ture of the analyzed method |
ea h load statement orresponds to a single outside obje t.
This approa h leads to a simple and eÆ ient treatment of
re ursive data stru tures. Another di eren e between the
approa h presented in this paper and other previously presented approa hes is the expli it distin tion between inside
and outside edges.

9.1.2

Pointer Analysis for Multithreaded Programs

Rugina and Rinard re ently developed a ow-sensitive pointer
analysis algorithm for multithreaded programs [23℄. The key
ompli ation in this algorithm is hara terizing the intera tion between multiple threads and how this intera tion affe ts the points-to relationship. The analysis presented in
this paper simply sidesteps this issue. It generates pre ise results only for obje ts that do not es ape. If an obje t es apes
to another thread, our algorithm is not designed to maintain pre ise information about its points-to relationships. It
is important to realize that this is a key design de ision that
allows us to obtain good es ape analysis results with what
is essentially a lo al analysis.
Corbett des ribes a shape analysis algorithm for multithreaded Java programs [12℄. The algorithm an be used
to nd obje ts that are a essible to a single thread or obje ts that are a essed by at most one thread at any given
time. The goal is to use this information to redu e the size
of the state spa e explored by a model he ker. The algorithm is intrapro edural, and does not address the problem
of analyzing programs with multiple pro edures.
9.2

Es ape Analysis

There has been a fair amount of work on es ape analysis
in the ontext of fun tional languages [4, 3, 29, 14, 15, 5,
19℄. The implementations of fun tional languages reate
many obje ts (for example, ons ells and losures) impli itly. These obje ts are usually allo ated in the heap and
re laimed later by the garbage olle tor. It is often possible
to use a lifetime or es ape analysis to dedu e bounds on the
lifetimes of these dynami ally reated obje ts, and to perform optimizations to improve their memory management.
Deuts h [14℄ des ribes a lifetime and sharing analysis for
higher-order fun tional languages. His analysis rst translates a higher-order fun tional program into a sequen e of
operations in a low-level operational model, then performs
an analysis on the translated program to determine the lifetimes of dynami ally reated obje ts. The analysis is a
whole-program analysis. Park and Goldberg [3℄ also des ribe
an es ape analysis for higher-order fun tional languages.
Their analysis is less pre ise than Deuts h's. It is, however, on eptually simpler and more eÆ ient. Their main
ontribution was to extend es ape analysis to in lude lists.
Deuts h [15℄ later presented an analysis that extra ts the
same information but runs in almost linear time. Blan het [5℄
extended this algorithm to work in the presen e of imperative features and polymorphism. He also provides a orre tness proof and some experimental results.
Baker [4℄ des ribes an novel approa h to higher-order
es ape analysis of fun tional languages based on the type
inferen e (uni ation) te hnique. The analysis provides esape information for lists only. Hannan also des ribes a
type-based analysis in [19℄. He uses annotated types to des ribe the es ape information. He only gives inferen e rules
and no algorithm to ompute annotated types.
9.3

Syn hronization Optimizations

Diniz and Rinard [16, 17℄ des ribe several algorithms for performing syn hronization optimizations in parallel programs.
The basi idea is to drive down the lo king overhead by oales ing multiple riti al se tions that a quire and release the
same lo k multiple times into a single riti al se tion that
a quires and releases the lo k only on e. When possible, the
algorithm also oarsens the lo k granularity by using lo ks

in en losing obje ts to syn hronize operations on nested obje ts. Plevyak and Chien des ribe similar algorithms for
redu ing syn hronization overhead in sequential exe utions
of on urrent obje t-oriented programs [21℄.
Several resear h groups have re ently developed syn hronization optimization te hniques for Java programs. Aldri h,
Chambers, Sirer, and Eggers des ribe several te hniques for
redu ing syn hronization overhead, in luding syn hronization elimination for thread-private obje ts and several optimizations that eliminate syn hronization from nested monitor alls [1℄. Blan het des ribes a pure es ape analysis based
on an abstra tion of a type-based analysis [6℄. The implementation uses the results to eliminate syn hronization for
thread-private obje ts and to allo ate aptured obje ts on
the sta k. Bogda and Hoelzle des ribe a ow-insensitive esape analysis based on global set in lusion onstraints [7℄.
The implementation uses the results to eliminate syn hronization for thread-private obje ts. A limitation is that the
analysis is not designed to nd aptured obje ts that are
rea hable via paths with more than two referen es.
Choi, Gupta, Serrano, Sreedhar, and Midki present a
ompositional data ow analysis for omputing rea hability
information [11℄. The analysis results are used for syn hronization elimination and sta k allo ation of obje ts. Like
the analysis presented in this paper, it uses an extension
of points-to graphs with abstra t nodes that may represent
multiple obje ts. It does not distinguish between inside and
outside edges, but does ontain an optimization, deferred
edges, that is designed to improve the eÆ ien y of the analysis. The approa h lassi es obje ts as globally es aping,
es aping via an argument, and not es aping. Be ause the
primary goal was to ompute es ape information, the analysis ollapses globally es aping subgraphs into a single node
instead of maintaining the extra ted points-to information.
Our analysis retains this information, in part be ause we
anti ipate further thread intera tion analyses (for example,
extensions of existing pointer analysis algorithms for multithreaded programs [23℄) that will use this information.
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Con lusion

This paper presents a new ombined pointer and es ape
analysis algorithm for obje t-oriented programs. The algorithm is designed to analyze arbitrary parts of omplete
or in omplete programs, obtaining omplete information for
obje ts that do not es ape the analyzed parts.
We have implemented the algorithm in the IBM Jalape~no
virtual ma hine, and applied the analysis information to
two optimization problems: syn hronization elimination and
sta k allo ation of obje ts. For our ben hmark programs,
our algorithms enable the sta k allo ation of between 22%
and 95% of the obje ts. They also enable the elimination of
between 24% and 67% of the syn hronization operations.
In the long run, we believe the most important on ept
in this resear h may turn out to be designing analysis algorithms from the perspe tive of extra ting and representing
intera tions between analyzed and unanalyzed regions of the
program. This on ept leads to representations, su h as the
points-to es ape graphs presented in this paper, that make a
lean distin tion between information reated lo ally within
an analyzed region and information reated in the rest of
the program outside the analyzed region.
These representations support exible analyses that are
apable of analyzing arbitrary parts of the program, with
the analysis result be oming more pre ise as more of the
program is analyzed. At every stage of the analysis, the

algorithm an distinguish where it does and does not have
omplete information. As developers ontinue to move to
a model of dynami ally loaded, omponent-based software,
we believe this general approa h will be ome in reasingly
relevant and ompelling.
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