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Abstract

This paper presents an analysis and transformation for individual
object reclamation in Java programs. First, we propose a unique-
ness inference algorithm that identifies variables and object fields
that hold unique references. The algorithm performs an intra-
procedural analysis of each method, and then builds and solves
set of inter-procedural uniqueness dependencies to find the global

solution. Second, our system uses the uniqueness information to

automatically instrument programs with explicit deallocation of in-
dividual objects. A key feature of the transformation is its ability
to deallocate entire heap structures, including recursive structures
when their root objects are freed. This is achieved by generating ob-
ject destructors that recursively free all of the unique object fields.
Our experiments show that the analysis is effective at reclaiming a
large fraction of the objects at a low analysis cost.

Categories and Subject DescriptorsD.3.4 [Processork Com-
pilers, Memory management; F.3.83dmantics of Programming
Languagek Program Analysis

General Terms Languages, Performance.

Keywords Unigueness inference, compile-time memory manage-
ment, individual object deallocation, program transformations.

1. Introduction

Compile-time memory management approaches use static analy-

sis to conservatively estimate object lifetimes and reclaim objects
as soon as they are no longer needed. Existing compile-time mem
ory management techniques includtack allocatiorj21, 9], which

places objects on the run-time stack so that they are automatically

reclaimed as methods returregion inference[18, 4, 7] which
groups objects into regions and deallocates regions all at once;
andindividual object reclamatiorj17, 5, 10], which instruments
programs with free statements to reclaim single object instances.

This paper is concerned with the last approach. Compared to stackygmetimes use the term *
or region allocation, individual object deallocation has several ap- a0t o unique field may be

pealing properties. First, it requires a standard malloc-free runtime
support. No other runtime mechanisms, such as region allocation
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or manipulating region handles, needs to be supported. Second, it
requires less changes to programs compared to passing region han-
dles across methods. Finally, it is more flexible than region and
stack allocation, because it allows objects allocated at the same site
to have different lifetimes and be collected at different points. How-
ever, freeing an entire heap structure when its root becomes un-
|reachable has been a challenging problem for previous individual
object deallocation approaches.

In this paper we use the notion ahiquenesso enable the
deallocation of single objects in Java programs. A reference is
unique if itis unaliased, i.e., no other memory location points to the
same object. When a unique reference is overwritten or becomes
dead, the target object can be freed.

This paper makes two contributions. First, it proposes a novel
uniqueness inferencalgorithm that computes variable and field
uniqueness in a flow-sensitive fashion, in the presence of tempo-
rary stack and heap sharing. The analysis combines a local analy-
sis of each method with a lightweight global uniqueness constraint
system. Second, the paper shows how to use the uniqueness infor-
mation in afree transformationin particular, the analysis uses field
uniqueness information to generatestructor methodthat recur-
sively traverse and deallocate entire heap structures at once. We
give a brief overview of each of these contributions below.

1.1 Uniqueness Analysis

Our analysis computes unique information for variables and fields.
We use a relaxed notion of uniqueness that doesn’t require variable
of fields to be unique throughout their lifetime. More precisely,
uniqueness ilow-sensitivei.e., variables and fields may be unique

at some points but not at others. Furthermore, uniqueness can be
recoveredn spite of temporary stack or heap sharing. In particular,
unique fieldsan be temporarily shared with local variables or even
other fields inside a method; however, they must be truly unique
at method boundaries (method calls, entry, and exit points). We
'weakly unique field” to emphasize the
temporarily shared.

Both flow-sensitivity and uniqueness recovery are achieved us-
ing a must-alias dataflow analysis that precisely tracks sharing of
fields and variables at each point. In addition, temporary stack shar-
ing is also permitted for the duration of method calls, when unique
references are passed to non-escaping parameters. The necessary
escape information is provided by an existing escape analysis [6].

The uniqueness inference algorithm that we propose in this
paper consists of two steps:

¢ A local must-alias dataflow analysiEach method is analyzed
exactly once. The analysis computes must-alias sets at each
program point. The analysis results grarameterizedn the
(unknown) uniqueness of parameters and fields at method entry.



¢ A global constraint-based uniqueness propagatibime analy-
sis uses the parameterized dataflow results to derive constraints
of the form fi — f2, showing that field or parametés is
unique only if f1 is. The analysis then performs a simple traver-
sal of the constraint graph to propagate sharing information.

Once the global constraints are solved, the analysis can determine,
for each program poinp and each variable or field, whether

x is truly unique atp. Because the global constraint resolution
component is very lightweight, the analysis is mostly modular.

1.2 Free Transformation

After computing the uniqueness information, the compiler inserts
free statements to deallocate single objects whenever unique field
references are overwritten; or when unique variables die. The anal-
ysis ensures that field deallocation is performed only at points
where fields are truly unique.

The uniqueness analysis also provides a general solution to the
structure deallocation problem. Our solution is based on destructor
methods. The destructor of an object is called right before the ob-
ject is freed, and is responsible for deallocating all of the object’s
unique fields. If the fields themselves have destructors, those will
be recursively called. Hence destructors automatically “walk” the
entire structure and deallocate all objects that are transitively reach-
able through unique references. The recursive nature of destructors
makes them capable of deallocating recursive data structures, too.

1: class Token {

2: ValueVector[] facts; /* unique */
3: int size = 0;

4: Token(ValueVector firstFact) {

5: facts = new ValueVector[5];

6: facts[size++] = firstFact;

7: }

8: void AddFact(ValueVector fact) {
9: if (size >= facts.length) {

10: ValueVector[] vv;

11: vv = new ValueVector[size+3];
12: System.arraycopy(facts,0,vv,0,size);
13: free(facts);

14: facts = vv;

15: }

16: facts[size++] = fact;

17: }

18: /* Destructor that frees unique fields */
19: void destroy() {
20: free(facts);

1: }
22: }

We have implemented the proposed analysis and transformationF

igure 1. Example 1: clasSoken. The code in italics is inserted

in Soot [19] and applied it to the SPECjvm98 benchmarks. The by our compiler. The destructatetroy() frees the array field
compiler automatically instruments programs with free statements when the current object is freed.

and destructor methods. Transformed programs are executed in a
modified version of the Jikes RVM [2] that supports explicit object
deallocation. On average, the uniqueness analysis takes about 7 sec-
onds per benchmark and the instrumented programs free about 60%
of the total memory. Variable uniqueness accounts for reclaiming
40% of the memory and field uniqueness for the remaining 20%.
The proposed analysis is both efficient enough to be practical, and
precise enough to reclaim a substantial amount of memory.

The rest of the paper is organized as follows. Section 2 presents
several examples. Section 3 presents the uniqueness analysis and

23: void runTestsVaryRight (Token 1t) {

24: for (int i=0; i<right.size(); i++) {

25: Token rt = right.elementAt(i);

26: Token nt = appendToken(lt,rt);

27: if (runTests(1lt, rt, nt)) {

28: for (int j=0; j<succ.length; j++) {

29: Successor s = succl[jl;

Section 4 presents the free transformation. Next, Section 5 presents 30: s.node.CallNode(nt, s.callType);
experimental results. Finally, we discuss related work in Section 6 31: }
and conclude in Section 7. 32: }
33: else if (nt!=null) {
2. Examples 34: nt.destroy();
) i . 35: free(nt);
This section presents several examples that illustrate the features of gg. }
the uniqueness analysis and transformation. .
37: }
2.1 Unique Fields 38: ¥
Figures 1 and 2 show code fragments frgess one of the Figure 2. Example 2: a method that usesken objects. The code

SPECjvm98 benchmarks. The code in Figure 1 shows a classi" italics is inserted by our compiler.

Token containing a set of “facts” stored in the array fieflcts.
The constructor at lines 4-7 builds a new token with one initial
fact, and methodiddFact at lines 8-17 adds one fact to the to-
ken, resizing the array if necessary. The code in italics is inserted
automatically by our compiler.
Our analysis determines that the fieddcts in classToken
is unique, i.e., it holds the only reference to the array object it
points to. At lines 5 and 14 this field is assigned fresh, unaliased
new arrays. Note that after the assignmgadtts = vv at line 14,
facts is unique becausev is dead and is no longer an alias of
facts. The other accesses facts at line 6 and 16 (as well as
in other parts of the program) read the array contents, but do not
create aliases of this field. Hence, they do not affect its uniqueness.
Knowing thatfacts is unique, the compiler performs the fol-
lowing transformations:

¢ Field deallocation.At line 14, the unique fieldacts is being
updated. Hence the last reference to the array object is removed
and the array can be freed. The compiler inserts a statement
free(facts) before the assignment.

¢ Destructors methods.The compiler adds a destructor method

destroy() to class Token. The destructor of a class frees all
of unique fields of that class. If the unique fields themselves
have destructors, their destructors are recursively called before
deallocating the fields (this is not the case in this example). The
destructor methodestroy will be called each time aoken
object is freed in the program.



1: Id lookup(String s, boolean sunique { 1: class Elem {
2 Id i = table.get(s); 2 Elem next; /* unique */
3 if (1 == null) { 3 Object data;
4 i = new Id(s); 4
5 table.put(s, i); 5 void destroy() {
6: 6: if (next !=null) {
7 else if (sunique) 7: next.destroy();
8 free(s); 8 free(next);
9 return ij; 9
10: } 10: }
11: }

Figure 3. Example 3: Calling-context-sensitive deallocation.

12: class List {
13: Elem head; /* unique */

2.2 Flow-Sensitive Variable Uniqueness 14:
Figure 2 shows a methathnTestsVaryRight that manipulates 15: void add(Object o) {
Token objects. The method uses several token varialilesrt, 16: Elem e = new Elem();
and nt. Of particular interest is tokemt, which is assigned 17: e.data = o;
at line 26 the return value ofppendToken(1lt,rt). Method 18: e.next = head;
appendToken is an allocator methodthat always returns fresh 19: head = e;
objects. Thereforeyt is unique right after the assignment. 20: }

Next,nt is passed to the catunTests(1t,rt,nt) atline 27. 21:
During this call,nt is temporarily shared with the parameter of  22: void reverse() {
runTests and possibly with other local variables of that method.  23: Elem x = head;
However,runTests doesn’tescapats last parameter, i.e., doesn’t 24: Elem c,p = null;
store this reference into memory locations that outlive the call. 25: while (x !'= null) {
Hence,nt is again unique after the call. On the true branch of 26: ¢ = x.next;
the if statementat is passed t@allNode (line 30). This method, 27: X.next = p;
however, escapes its first parameter, placing this reference into a 28: P = X;
long-lived heap field. Henceyt is no longer unique at the end of 29: X = c;
the true branch. On the false branch, thougiremains unique and 30: }
also becomes dead. The compiler automatically inserts a statement 31: head = p;
free(nt) atline 35 to deallocate the object, but only after calling  32: }
its destructont .destroy () that will free its unique fields. 33:

Note that the uniqueness of variahleis a flow-sensitive prop- 34: void destroy() {
erty:nt is unique at lines 27 and 34, but not at lines 31 or 37. The  35: if (head !=null) {
compiler identifies these facts using a dataflow analysis that tracks 36: head.destroy();
the aliasing state aft through the program, identifying the points 37: free(head);
wherent is unique. Escape information and information about al-  38: }
locator methods is provided by an escape analysis that we have 39: }
developed in prior work [6]. 40: }
2.3 Calling-Context Uniqueness Figure 4. Example 4: a linked list example. Destructors recur-

. . sively deallocate the entire list.
In addition to path-dependence, uniqueness may also depend on y

the calling context of the current method. Distinguishing between
calling contexts where arguments are unique or shared can providegych as insertion or removal operations when these fields might be

additional opportunities for memory reclamation. temporarily shared with other variables or even other heap fields.
Consider the example in Figure 3 taken from jaeacbench- oy analysis allows unique fields to be temporarily shared, but

mark. The code uses an if statement: on the true branch, the Oblec?equires them to be unique at method boundaries.

passed through parameteis placed into a long-lived table via a - Figure 4 shows a linked list example. Cla&Ssmn represents list

put operation; on the false branch, the ot_)ject i_s not used. The abil- glements having fieldsata andnext. ClassList points to the list

ity to deallocates depends on the context in which methiagbkup head element via fieldead. For simplicity, we consider just two

is called: the object can be safely deallocated on the false branchmethods forList: methodadd, which inserts an element at the
only when the method is passed a unique reference into this pa-peginning of the list; anateverse, which reverses the list. In this
rameter. Note that callers abokup cannot deallocate this object example, bothead andnext are weakly-unique: they are unique

because they would not know which branch is taken insig&up. at all points except duringdd andreverse.
Our compiler identifies such a situation and augments the 1o identify weakly-unique fields, the compiler performs an
method signature with an boolean flag indicating whethds intra-procedural dataflow analysis of each method. Figure 5 shows

unique when calling this mgthod. The compiler automatically aug- the analysis of methoddd; the analysis foreverse is similar,
ments all calls tdlookup with the appropriate value at each call ¢ requires a fixpoint computation for the analysis of the loop.
site. Finally, freeings is performed only after testing this flag. The analysis result at each point is shown in the right part of Fig-

. . . ure 5 and consists of several must-alias sets at each program point.
2.4 Weakly-Unique Fields and Temporary Heap Sharing The expressions in each set point to the same objectpinsg[ancep;) fur-
Certain data structures, such as linked lists or trees, have fields thathermore, they represeal references to that object. Each set can
are unique most of the time, except during destructive operations be thought of as an abstraction of an object instance — the object



1: void add(Object o) { {*.head}"** {o}°
2: Elem e = new Elem(); {e}+ {*.head}te {o}°
3: e.data = o; {e}t {*.head}?* {e.data, o}°
4: e.next = this.head; {e}t {e.next, this.head}"™® {this.head}™® | {e.data, o}°
5 this.head = e; {this.head, e} | {e.next}e {this.head}™* | {e.data, o}°
6: //all locals are dead {*.head}" {*.next} {*.head}™ {x.datal}®
7: }

() (b) (©) (d)

Figure 5. Analysis of methodadd. The computed alias sets are shown at each line. Superscripts represent conditions regarding the
uniqueness of fielthead and parametes at method entry. The columns show alias sets for different objects: (a) for the new object; (b)
for the head of the current list; (c) for the head of another list; (d) for the parameter object.

(o) () Field or parameter {+.data}’. The analysis ofeverse (not shown here due to lack
o of space) will indicate thaiead is shared if and only ifiext is.
l g l — Dependences from add Assuming that no other methods accéssd or next, the
Vi analysis concludes that these are unique everywhere except the
- = Dependences from reverse bodies ofadd andreverse. The uniqueness afata depends on

whether the calls tadd pass unique references farif there exists

a call site where> is passed a shared reference, then noeell

Figure 6. Uniqueness dependences &dd andreverse. be marked shared, and the uniqueness dependene@ata will
make the fieldlata shared, too.

2.5 Recursive Destructors and Recursive Deallocation

that the set points to. When a set contains a single reference, tha>""c€ the compiler identifies that the fieltisad andnext are
reference is unique. weakly unique, the compiler inserts a destructor in each class, as

The elements in each set are either variablesof field ex- shown in Figure 4. The destructor bist (lines 34-39) destructs

pressions, which include variable-field expressiond ( the field and frees the head element; a_nd the destructblef (lines 5-10)
¥ of variablez), anonymous-field expressions f, the field f of destructs and frees the next list element. As a result, whenever a

an arbitrary object), and negated-field expressiang,(i.e., the List object is freed, its destructor will “walk” the entire list and

field f of an object other tham). For instance, the s&.next recursively free all of the list elements. If thiata field is deter-
this.head)} at line 4 shows tha;t next andth’is head boint t;) mined to be unique, then it can also be freed inlthet destructor.

the same object instance, and there are no other references to thatggtrstﬁﬂz];zrvncggﬁlg m?;l:zi‘itetllggdziseti:?é?)r()sr::i?yn:r:l:rrecdaI|Ed in con-

object. Similarly,{*.head} at line 1 models an arbitrary object

that is pointed to only byiead. . .
The computed dataflow facts are parameterized by the unique-3- Uniqueness Analysis

ness of parameterand fieldhead at the beginning of the method.  This section describes the uniqueness analysis algorithm in detail.

The analysis tags each dataflow fact with a uniqueness con-

dition, shown using superscripts. For instance, the tagged set3.1 Language

{enext, this.head}"" indicates thae.next and this.head We assume a simple program model where each method is repre-

are the only aliases to their target, but only if fiakehd was unique  sented using a flow graph whose nodes are assignments of the form:
at the beginning of the method.

The analysis initializes the dataflow facts at the beginning of loc = exp
the method with an alias set for each parameter and each field thatrhe left and right hand side expressions have the following syntax:
the method explicitly loads. Each set is tagged with the appropriate
condition: { x.head}**** represents an arbitrary head element, and loc = x|a.f
{o}° represents the parameter. The analysis then computes how exp == loc|null|new C|m(yo,..,yn)
these sets change in the method body. The analysis also buildsHere,z € V ranges over variableg, € F over fields,C' over
new alias sets at allocation sites, sucheas new Elem() at classes, andn € M over methods. Variables include method
line 2, where the alias sefte}™ is created. The superscript parameterd’» C V, denotedp, .., pn. For virtual methodsp, is
indicates that the alias set does not depend on the uniqueness ofhe reference to the receiver object. Locations are either variables
any parameter or field. At line 4, when the program loads from or instance field accessesf. Arrays are modeled as a special field
this.head, we perform a case analysis, splitting the imprecise “[1”, and all static fields are modeled with a special global variable
set {*.head}"™® into {this.head}** (the head of the current  g¢. To simplify the presentation, we assume that all expressions
list) and{this.head}"*** (the head of some other list). After that, have reference types, and that methods always return a value. Other

precise alias sets can be computed for each of the two cases. Java constructs are modeled in the standard way: a throw statement
Finally, the analysis inspects the sets at the end of the function. “throw x”is modeled just like an assignmentoto a static field;

If a set containing fieldf; is tagged with another fielgf, the catching an exceptioncatch(Exception x)” is represented as

analysis derives a uniqueness dependeface» fi; showing that loading the exception from a static field to a local variable; and

the uniqueness of; depends on that of.. In other words, iff> a return statementréturn x” is modeled as an assignment to

is shared, then so i . Figure 6 shows the uniqueness constraints a special return variablerét = x”. Constructors are treated the

for this example. The analysis generates two constréietsd — same as all other methods; they are called right after the object is

next due to the sef+.next}"*** at line 6; ando — data due to allocated.



3.2 Uniqueness Abstraction The abstractiom, at the entry of a method is defined by:

The uniqueness analysis uses a two-level memory abstraction: a Ao = {{p:i}¥* | piis an argument
global flow-insensitive abstraction, and a local flow-sensitive ab- U {{x.f}' | f appears on some load stint
straction. The combination of these abstractions allows us to de- u {{¢}"}

scribe precise uniqueness information.

Figure 7. Analysis Initialization: includes a set for each external

Global Abstraction The global abstraction consists of two com- ;
reference used in the method.

ponents: a set describing unique references, and a relation
describing uniqueness restrictions.
) Besides possible references shown in the local abstractjon
* The sel/ C VpUF holds parameters and fields thatare weakly e check that the location has no references from callers of the
unique. Fields and parameters notlinare conservatively as- ¢\ rrent method by ensurirign, f) ¢ E.
sumed to be shared at all program points. Fields and parame-
ters inU must be unique at the entry and exit of methods that 3.3 Uniqueness Dataflow Analysis
access them. Fields i may be shared at the boundaries of
methods that don't access them; those methods are specified b
the relationE below. Thus, temporary sharing of element#/in
is expressed by the local abstraction and by the reldfion

The goal of the dataflow analysis is to compute the local abstrac-
tion at each program point. Partial information computed by this
dataflow analysis will be used later in Section 3.4 to construct the
global abstraction.

* The relation” C M x U matches methods and unique fields. Even though our formalisms are presented at the level of an
A pair (m, f) € E indicates thatf is not accessed (read or  entire abstraction, our analysis operates at the level of individual
written) inm, but might be shared at the boundariesin spite sets and tracks each set independently from the others.
of being labeled uniquef( < U). Hence,E can be though of Figure 7 presents the initial abstractioh at the entry of a
modeling “exceptions” to the uniqueness property. method. The abstraction includes a set for each external reference

] » read in the method (i.e., parameters and fields loaded). An initial
Local Abstraction For each method, the local flow-sensitive ab-  set(« ¢}/ describes objects pointed by a reference from felt
straction consists of a set of tagged sétser program point. Every ¢ is unique, this set represents in fact all references to the object.

tagged set’ € A contains expressions of the form: At each statement, the analysis determines how the abstraction
en=x|af|Tf| *.f changes_ using set ;ransformers. Figure 8 presents the analysis trans-
fer function for assignments.
wherex € V are variablesy. f are field expressions that occur in Consider the abstractiod before an assignment; = eo.
load and store statements of the methagf, represents an expres-  For each set’ in A, the analysis first makes sure that it knows
sion ending in fieldf, whose source is nat; and,*. f is a single if e; and e, reference the object described kY. We use the

field expression whose source is unknown. Each sepresents an relation F' to make this information precise. The analysis then
object instance and the expressions in the set represent referenceapplies a set transformérto the resulting sets. The set transformer
to that object. The tag gives additional meaning to this set. The updates the information in these sets to incorporate the effects of
possible tags on a set are: the assignment. Finally, we update the tag information uging
and we introduce new sets according to the specificati@H.ifio
te=LIfIpi| T simplify the presentation, we omit the tag annotation whenever it is
Atag L means that* containsall references to the object it repre- ~ Unchanged by the set transformer. ) ,
sents. In particular, when a set contains one single expression, To illustrate how the analysis works, lets consider several kinds
that expression holds a unique reference to the object. Th¢ tag ©f @ssignments:
says that’ contains all references to the objexctly if the field f
was unique at the entry of the method and at all method calls. Sim-
ilarly, sP* contains all references to the objecpifwas unique at
the method’s entry and all method calls. A fagneans that not all
references to the object are known, hence the object may contain
additional references.

e Variable nullificationz = null. The analysis removesfrom
its set, and adjusts each set that contains an expresgsfafor
z.f), for any fieldf. It would be unsafe to just remowef from
those sets. To keep the algorithm simple, the analysis doesn’t
attempt to reason abowus aliases, and instead it conservatively
represents this reference using.

Combined Abstraction The combination of these abstractions e Allocation x = new C. The analysis first nullifiese, and
can express when a field, variable or parameter is in fact truly ~ generates a new sét} to represent the new object.
unique. Consider a program popmin a methodn, an letA be the
local abstraction at that program point. Given a variable or param-
eterz, we can say that is unique ap when the object pointed by

x has no additional references:

e Copyz = y. After nullifying =, the analysis adds it to the set
that containg.

Field nullify y.f = null. The analysis simply removas f

uniqueVatz, p) = Vs € A. from the.sets where it appears. Note that nuIIify@pg” might
_ also nullify another expression f if y andz are aliased. For
z€s = (s={a}) ANteUU{L} ; X i . .
o . ) ) this reason we introduce the case analysis described with the
This is when all sets” in the local abstraction that mentian function F,. ;. Consider whens = {z.f}, the operationF,
contain a single expressiga = {z}) and the tag indicates there will transforms into two sets{y.f} and{7.f}. Finally the set
are no additional references talite U U {_L}). transformerT” produces two setg,} and{y.f}, as a result.

Similarly, a fieldf is unique at a program poipt if an objecto
pointed by the fieldf at that point has no additional references:
uniqueField f,p) = (m, f) ¢ E A
Vst € A,z e (VU {x}). Field loadz = y.f. The analysis transforms sets at loads by
zfes = (s={zf}) NteUU{Ll}] movingz to the sets referenced lyf.

Field storey.f = x. The analysis nullifieg. f and then adds it
to the set that containa



For an assignment; = e2 the transfer function is The transfer function for a method call is:

[er = e2] A= (IoTo Foy 0 Fo, (A) UG [& = m(yo, -yn)A = (I © T (A)) U G,
where: where:
F. is arelation that performs a case analysis on the expressions - B Toey, returnedm, p;)
Fo;y = {(s,8)|x.fesVT.feEs} . {(s;s)} otherwise
U {(s,s={z.ftU{z.f})|2f€s Na.f ¢ s}
U {(s,s={zftuf{z.fH)|zfesna.f¢s} I, = {(s',s")|y: €s A storegm,p;)}
wherez € (VU {*}) U {(s5,s")|3z.2.f €s A |s| > 2 Areadgm, f)}
F. = {(s,s)|foranys} whene =z ore ¢ loc U {(s', s') | otherwisg
T is a relation that transforms sets. For any figld F:
T Gm = {{z}*|freshim)}
={(s, - E?f‘ %1 f;‘é‘ 2 _ ) {{z}7 | retSharedm) }
U{er | ez € s} - X .
Ufsf|(z.fEsVT.fES) A er =a})} Figure 9. Transfer function for a method call. The predi-
i ) o catesfreshim), storegm, p;), readgm, f), returnedm, p;), and
I updates the tag information: retSharedm) summarize the effects of the call.
I = {(s's])|g€s}
U {(ss)) |z €s} : .
U {(st,sT)|zfes A zfes Aa#z) The transfer function for the method call behaves like an alloca-
U {(St’ s') | otherwise tion site if the callee returns a fresh new object. Otherwise, it acts
’ _ like an assignment = y; if the method returns the same object
G are new sets generated by the assignment: pointed by its formal argument;. Since method calls are points
G = {{er}|es=new} where the program leaves a method boundary, the transfer function

sometimes updates the tag of objects that are accessed during the
- - - - call. This includes objects pointed by an actygland the method
Figure 8. Transfer function for assignments. We lift all trans- s known to add references to. Or similarly, the object is pointed

former I to its power-domain as follows(A) = {H(s) | s € by some reference via fielf, which is used during the call.
A}. All transformers except keep the original tag on each set.

3.4 Global Constraints

The transformel evaluates if some satshould be considered ~ The global abstraction is generated from inspecting the results of
a shared object, for example if it was stored in a static field, in an the flow-sensitive analysis. The compiler deduces a set of con-
array or too many fields point into it. In all such cases, the analysis Straints from the analysis results. From solving the constraints, we
updates the set tag tb. can compute the global abstraction.

At any program point the abstraction contains no pair of similar ) ) )
sets. Two sets are similar if they have the same tag and the same sefveakly Unique References (U).Figure 10 presents the possi-

and number of variables and fields: ble constraints generated by our analysis. The constraints are for-
o i mulated in terms of the tags used to annotate the dataflow facts.
si sy et =12 AsiNV =50V A Hence the constraints mention parameters, fieldgnd T. The
Vi Heflafesi} = aef|af € s} tag T, static references and array fields are assumed to be shared.
The join operation of two similar sets maintains the original tag The most precise solution to the constraints will always include
and merges the expressions as follows: 1 € U*. The set of weakly unique fields and parameters is
U=U"-{l}.
siUsz = ((s1Ns2) Ulsfla.f €siny.f € s2}) Since th{e ;nalysis allows temporarily sharing within method
Finally at merge points, our analysis computes the following boundaries, constraints are generated when leaving a method, either
abstraction: at the exit point or when calling other methods. Consider a'set
AjUAs = {s1Usa|s1~s2 Asi €Ay Asa€ Ap) in the abstraction at the exit point of a methodsjfcontains two

or more elements, we must consider all its references as shared. If

st contains a single reference, sayf, we generate the constraint

t ¢ U* = f ¢ U". This constraint models three cases. First, if
Method calls are handled specially, using method summaries to the set is tagged., then it was derived from an allocation site and

describe the effects of the call. Figure 9 shows the rules to handle z. f is a unique reference. Second, if the set is tagged with a/field

a method call: = m(yo, .., ¥.) in our analysis. The analysis uses then the fieldf is weakly unique only ifs is also unique. Finally,

five predicates to describe the effects of the call, an implementation if the set is tagged’, thenz. f is considered to be shared.

of these predicates is presented later in Section 3.5.2: A similar, but more precise reasoning can be done at method

calls. Unlike constraints at the exit point, the analysis doesn’t make

) fields shared if the sef. before a call represents an object that is

2. returnedm, p;): methodm returns the same object referenced not accessed during the call. Virtual calls are modeled by using an

@] {81|S1€A1/\V52€A2.810082}
U {s2|s2€ Aa A Vs1 € A1 .81 % s2}

1. freshim): methodm returns a fresh new object or null.

by the formalp;. additional constraint: a parameter of a child method is shared when
3. storegm, p;): methodm may create external references to the the same parameter is shared the parent method. _
object pointed by formal parametgy. We solve these constraints with a simple reachability algorithm.

We construct a graph where nodes are tags and edges represent
constraints. Implication constraints ¢ U* = b ¢ U™ are
5. retSharedm): the return value of methoek is shared. represented by an edge — b. Sharing constrainta ¢ U* are

4. readgm, f): calls to methodn may read fieldf.



The set of weakly unique fields and parameteid is U* — { L},
whereU™ is the maximal set that satisfies the following constraints:

Constraints fofT, arrays and static fields:
T¢U", [N¢U*, g¢U”

For each set! € A at the end of each method:

pi €U if [se] > 2Ap; € se
f ¢ur if [se] >2Az.f € se
t ¢U " =p; ¢U" if se ={p:i}
t ¢U = f ¢U" ifsc={zf}

For each set’ € A before a call ton(yo, .., yn):

f ¢Uu” if |sc] > 2Ax.f € sc Areadgm, f)
(m,f)e E if [se] >2Az.f € sc A\ -readm, f)

t ¢U" =p"¢U" if sc ={yi}

t ¢U = f ¢U" ifsc={x.f} A readdm, f)

Constraints modeling virtual calls:
p? ¢ U" = pf ¢ U" coverridesp

Constraints modeling uniqueness exceptions:
(m, f) € E= (m/,f) € E mcallsm’ orm’ overridesm

Figure 10. Global constraint system.

represented by a special edge— a. Weakly unique fields and
parameters are those not reachable from

Uniqueness Restrictions (E). Figure 10 also presents constraints
for the uniqueness exceptions relatidh Consider an object
represented by’ before a call ton. If o is pointed by a fielgf and

by some additional references, but it is not accessed during the call,
then we impose thdtn, f) € E. Moreover, if a methodh satisfies

(m, f) € E, so does any methaa’ that is transitively invoked by

m or that overridesn. Hence, if(m, f) ¢ E, an object pointed by

a field f within a methodn cannot have additional references from
callers ofm. Based on the observation thaadgm, f) implies

(m, f) ¢ E, our implementation approximatésusingreads

3.5 Enhancements and Analysis Details

This section presents several enhancements and details of the algo-

rithm presented so far.

3.5.1 \Variable Liveness

Thei-th attribute in the sequence models objects reachable through
i levels from the parameter. Objects beyondiHevels are marked

as escaped usinglavalue. Objects denoted with the same attribute
may be aliases. We call this sequence of attributes the signature of
a method. For example, the method:

void set (x) { this.f

x; }
has the following 2-level signature:
Set : (al,a2) X (Ozz) — 1

Here,a; corresponds to the receiver object, anfdto any of the
objects that is pointed by some field of the receiver. The signature
indicates that the parametemay alias a field of the receiver (they
share the attributers) and, hence, it indicates that the parameter
may be stored in the receiver.

More generally, the signatures can also describe points-to rela-
tions, accessed fields and read/write effects. We have omitted these
features to simplify our presentation.

The five predicates used by the analysis in Section 3.3 can be
computed from thé&-level summaries as follows:

e fresh(m) is true when the return value is unaliased with any
other reachable object. This holds if the return attribute at level
0is notT and doesn't occur elsewhere in the signature.

returnedm, p;) is true when a single parameter is aliased with
the return value. This holds if the attributemfat level 0 is not
T, and the only other position in which it occurs is the return
attribute at level O.

storegm, p;) is true when the parameter could be stored in a
field reference that outlives the lifetime of. This may hold if
the attribute op; atlevel O is either or occurs elsewhere in the
signature. In the methagkt above, for example, the signature
reveals that the parametermay be stored since its attribute
(a2) appears also in the receiver attrib(te , az).

readgm, f) is true if f is accessed during a call t@. This

can be answered when field information is available in the
signature. In particulaieadgm, f) is true if the fieldf appears

in any points-to relation of the signature. When the signatures
contains aT value, readgm, f) holds whenf is listed the
method'’s accessed fields.

e retSharedm) is true if the return value ofn is shared, i.e.,
when the return attribute at level O is eithErit also appears at
levels greater than 0, or it appears more than twice.

3.5.3 Open World Semantics for Library Analysis

Live variable information can be used to improve the analysis: To be able to analyze library classes separately, once for all bench-
when a variable& becomes dead at a program point, the uniqueness marks, we use apen worldsemantics where the analysis conserva-
analysis models this fact using a nullificatien= null. Nullifica- tively assumes that method parameters and public fields are shared.
tions lead to smaller alias sets and allow the Compller to deallocate Hence, in |ibrary code, uniqueness properties can be derived On|y

objects earlier.

Liveness information also helps identifying when unigqueness is
being transferred between variables: if a unique varialdecopied
into another variablg, andxz becomes dead after this use, then the
uniqueness of: is passed on tg. Passing unique references to
methods is usually done in this manner. Thus, liveness information
plays an important role in identifying unique method parameters.

3.5.2 Using Escape Summaries

As discussed earlier, we use the method escape summaries deve
oped in our previous work [6] to approximate the effects of method

calls. We briefly describe the method summaries and discuss how

they are used in the current uniqueness analysis.
For a given constant, a k-level method summary assigns a
sequence of attributes to each parameter and to the return value.

for private fields and local variables.

3.5.4 Java Features

The compiler uses a conservative treatment for exceptions, multi-
threading, and calls by reflection. All of these constructs have com-
plex control-flow that the uniqueness analysis cannot easily reason
about. All objects that are thrown, passed to child threads, or passed
as arguments to calls by reflection are conservatively marked as
shared by the uniqueness analysis and the transformation will not
Ialttempt to free them.

4. Transformation

This section presents how to use the results of the uniqueness
analysis to enable the deallocation of objects. The compiler uses



the predicatesiniqueVafx, p) anduniqueField f, p) presented in condUniqueVafz, p) = —uniqueVafz, p) A
Section 3.2 to free objects referenced by unique variables and VstcA.x€s = (s={z}) Nt=p, €¢Vp—-UU{L}
unique fields. We denote bastmt andstmte the program points

before and after a statement, respectively. _ Whenever a c_Ie_ad variabiesat_isfiescondUniqueVa(ra:,p) we
introduce a conditional deallocation:

4.1 Free on Unique Variables if (p1_unique && ... && p,_unique) free(x);

The compiler inserts dree(x) instruction in the program right  \wherep, , .., p,, are the set of parameters on whick uniqueness

after the last use of a unique variaklen other words, th&ree is depends on; ang;_unique is a boolean argument added to the

inserted when a unique variable dies. There are two situations whenmethod signature.

this can happen: Each call to an extended method must be updated to use the

] ] ) ) new method signature. We passmaue value forp; unique when
* A unique variable dies after a statemestitnt. The compiler the corresponding actual parameigris both unique and dead

insertsfree (x) after the statement whemiqueVa(z, estmt) at the call site. Otherwise, we pas$adlse parameter. Note this
holds at the point before the statement, artiecomes dead on  transformation cannot be combined with the open world semantics
stmt. from Section 3.5.3. Thus, we don’t apply this transformation to

An exception to this rule is when the statement is a method call, library code.

x is passed as a parameter to the call and the callee expects

a unique parameter im’s position. In such case, the callee 5, Results
capturesthe unigue reference and the free will be inserted later

inside the callee. We have implemented the analysis presented in this paper in a pro-

) ) ) ) ) totype compilation system for Java built using the Soot infrastruc-
A unique variable dies on an outgoing control edije unique ture (version 2.2.2) [19]. Free-instrumented programs generated by
variable dies on one, but not all outgoing branches, then it can gur compiler were executed in Jikes RVM (version 2.3.5) [2]. The
be freed on the one branch where it dies. More precisely, if there ryn-time system of Jikes has been extended to support the explicit

is a control edge from statemestint to statementtmt’, the deallocation of objects vidree. We evaluated benchmark pro-
compiler inserts &ree (x) statement just beforemt” if: x is grams from SPECjvm98 using the GNU Classpath Java libraries
unique aftestmt, i.e.uniqueVatz, stmte); z is live afterstmt; (version 0.14) [8]. Experiments were performed on a 2 GHz Pen-
andz is dead beforetmt’. tium machine with 1GB of memory and running Linux FC 6.

4.2 Free on Unique Fields 5.1 Experimental Methodology

In the case of a store assignmenf = e, the compiler inserts a ~ Our compiler performs a bytecode-level transformation that com-
free(x.f) instruction right before the store when it determines piles standard Java bytecodes into programs that cotftede

that f is truly unique at that poinuiniqueField f, o(z. f = e)). instructions andiestroy () destructor methods. We applied our
compiler to the SPECjvm98 bencmhmarks. We also analyzed li-
4.3 Adding Destructors and Calls to Destructors brary classes from thfava.lang java.util, andjava.io packages

. ) . . .__using theopen worldsemantics explained in Section 3.5.3.
The analysis also takes advantage of field uniqueness information 9 P P

to enable the recursive deallocation of entire structures. For eachInstrumenting Libraries Since Jikes RVM itself is written in Java
class that has at least a unique field, the compiler adigsauctor instrumenting Java library code in Jikes is a non-trivial task. To
methoddestroy () that frees each unique field. include the transformed libraries, one must rebuild Jikes with the
Finally, for eachfree (x) instruction such that’s class has a extended libraries. Jikes is compiled with the help of an external
destructor method, the compiler introduces a call to the destructor JVM, and some of the library classes are used and compiled in this
x.destroy(). Such calls must be guarded by checks that ensure process.
is not null. Destructors can occur within destructors. This enables ~ This compilation strategy introduces two main difficulties. First,
the automatic deallocation of entire structures, including the deal- the external JVM does not recognifeee instructions. Hence,

location of recursive structures such as lists or trees. we can't includefree statements directly in the library code. Our
The compiler can insert calls o destroy () only if the fields solution to this problem was to replace theee (x) instructions in

traversed by the destructor are truly unique at the point before the libraries with indirect calls that are resolved dynamically.

the free (x) instruction. To check this, we compute a e} of A second difficulty is introduced from calling destructor meth-

fields accessed by each destructor method. TheDgeincludes ods. The external virtual machine loads some critical classes from

all fields directly freed by the destructor, but also those fields its internal library (e.g. Object, String, Thread), and some other
accessed by destructors called within the destructor itself. The call classes are taken from the transformed libraries. The internal

to x.destroy() is added only when all fieldg € Dy are truly classes have no extensions and thus have no destructor methods.

unique, i.euniqueField f, e (free(x))). Hence, we must ensure that the transformed libraries do not call
destructors of such critical classes.

4.4 Calling-Context Uniqueness Transformation We have been able to integrate the transformed libraries in Jikes

RVM baseline compiler. However, the Jikes RVM build process
fails when compiling the optimizing compiler with the extended
libraries. We haven't determined the reason for this problem.

We extend our transformation to support calling-context unique-
ness, as illustrated in the example from Section 2.3. Our compiler
performs such a transformation via a restricted form of unique-
ness polymorphism: we will perform different actions depending Method summaries As mentioned earlier, we use method escape
on the uniqueness of the method arguments. We define a predicatsummaries [6] to approximate method call effects. Method sum-
condUniqueVafz, p) to formalize when a variable is condition- maries have two parametets:the heap depth limit, artd the field

ally unique at program point. We sayz is conditionally unique if branching factor limit. In these experiments, we have usesd 2

it is not truly unique, but it would be if all method parameters were andb = 2 for the libraries, and = 4 andb = 15 for the bench-
unique: marks.



Program App. size Analysis Frees on Num Dest Fields
Classes / Meth| time (sec) Program x (CC) z.f Dest. Called| total/unique
compress 12 44 0.6 compress 6 (0 14 8 9] 19 12
jess 151 690 6.6 jess 289 (26) 40 17 41 84 40
raytrace 25 176 29 raytrace 107 (5) 8 5 2| 41 7
db 3 34 1.9 db 53 (1) 8 1 4 7 1
javac 176 1190 194 javac 373 (21) 29 16 2| 200 25
mtrt 26 180 3.0 mtrt 106 (5) 8 5 2| 41 7
jack 56 316 14.1 jack 197 (8) 14 5 1| 64 11
Total SPEC| 449 2630 48.5 Total SPEC| 1237 (66) 121 57 61 456 103
Libraries 538 5426 29.7 Libraries 946 — 73 27 33| 640 54
Table 1. Analysis times Table 2. Counts of instructions added and unigue fields identified.

For native methods, we manually wrote escape signatures that By just freeing unique variables, the system can collect about
describe their behavior. We manually identified methods called 40% of the memory in these programs (coluiar + CC). This
by reflection and marked their formal arguments as shared. Due number includes savings from the calling-context uniqueness trans-
to the imprecision of the escape analysis, some method sum-formation, which only contributes for 4% of the savinggarac
maries were overly imprecise, for example fisject.equals By adding deallocation of field expressionsf the analysis can
andHashtable.get. We manually changed these summaries to reclaim an additional 15% of memory (columifield). This im-

express the fact that these methods do not escape their argumentsprovement is most noticeable @mpressanddb. In compressour
tool recognized two weakly unique array fields that are initialized,
5.2 Compilation Statistics temporarily shared, and nullified inside a loop.dbthe analysis
Table 1 s th . d vsi ing ti Th also recognized a weakly unique array field. The field is often al-
abie 1 presents the program sizes and analysis running Umes. 'N§, e pefore performing an operation, and nullified after the op-

library statistics are only for the packages we have analyzed. Theeration completes. The analysis successfully deallocates the arrays

analysis times are given in seconds and indicate that the analysis iSsach time the fields are nullified.

eff|dC|ent anld sca1l_eh§ V‘{.e”' Qn avglrag;e, ;[I:]e analysis tt.akes o'%8 getc- The column+App Destshows the savings of including destruc-
onas per class. This ime IS simifar to the average ime Needed 0y, i the application code. The benefit of using destructors is il-

load a classtfllg, which ISI aboutl 0.1 iecon(tis. Methotd Sumr:na”eslustrated by thgessprogram, where our analysis can claim an ad-

Were computed previously, analysis Umes to Compute Such SUmM- 44 3694 of the allocated memory. This destructor is exactly the

maries is around 30 seconds for the entire Java libraries [6]. Theseexample we illustrated earlier in Section 2

nurjllbslrs gre nottln:;]Iudted meabIt?[_l. de b iler. Th Deallocations within the libraries slightly improve the results in
able = counts the transformations made by our comptier. 1he javac andjack, where an additional 2% of memory is reclaimed

columns show the number of frees on variables, frees on field ex- (column+Lib). Calling the generated library destructors from the

pressions, destructor methods, anq calls to destructors. Varlableapplication code didn’t improve the results. We believe the savings
deallocations are an order of magnitude more frequent than deal-

h > ; h from the libraries are quite low because fields of commonly used
location on field expressions. Only 5% of the variables are freed d Y

‘na th li toxt UNi ¢ . " | classes are not identified as unique. This is partially because the
using the ca |ng-’cc_)n ext uniqueness transtormation (col@n open worldsemantics are too conservative. For example, the array
The libraries don't include this transformation because obihen

- . field of Vector is not private, and thus is not labeled unique.
world semantics. About 70.% of the frees are inserted after a state- To illustrate the potential of destructors in the libraries, we have
ment, the other 30% are inserted on control flow edges, i.e. the

X ; . i manually extended thBtring and StringBuffer classes with
deallocations occurs in a single branch of a conditional. destructors (columrString annoj. The destructors reclaim the
Many destructors are never called. A fgw destructors were not character array used in these classes. Our analysis does not generate
called because the conditidm, f) ¢ E failed. For example, 7 yhose gestructors because the arrays are not always unique in the
calls injavacwere omitted for this reason. In contraetssanddb GNU library implementation, but their sharing can be modeled.
have destructors that are called in several program points.

X . Generally the character arrays are unique, but when call-
The right portion of the table shows the tOt‘f’“ ””.”?ber of non- ing StringBuffer.toString (typically the last operation per-
static reference fields, and the number of those identified as unique¢yrmed on a buffer) the implementation sometimes shares the
On average, about .22% of the fields in the SPECJV_m98 programs StringBuffer array with the newstring, instead of duplicat-
are identified as unique. The results show that unique references i

i . fh f | d|ng the array. When sharing the array, $eringBuffer sets a
are not uUncommon In Some ot these programs, 1or €xample, arouny, a4 flag indicating that its array is shared. Hence, the array in
half of the application fields are uniquejessandcompress

StringBuffer can be freed when the sharing flag is false. The

. array inString can be freed when tt8tringBuffer that created

5.3 Memory Savings the string is dead.

Table 3 shows the amount of memory collected with the free state-  Our manual extensions consisted of: adding a destructor to

ments inserted by our compiler. Note that all of the deallocated ob- StringBuffer that conditionally frees the array based on the

jects are freed when they are still reachable from variables or fields, shared flag, calling this destructor whenegsetingBuffers are

hence a dynamic collector could not have collected them earlier.  freed, adding a destructor saring that unconditionally frees the
The first column in the table shows the total memory allocated array, and calling this destructor only when it is safe to do so.

by a program, and the subsequent columns show the percentage of hese changes had an important impagairacandjack. In javac

this memory collected by our analysis. Each column adds some fea-we observed a 18% improvement: 7% from adding the destructor

tures with respect to the previous column, hence numbers increaseof StringBuffer and 11% fromString. Interestingly, 5% of

from left to right. the String savings are possible because of the calling-context



Total % Mem Freed Geometric Mean
Program | Mem | Var +Field +App +Lib +String 5 FIeetMS -
(Mb) | +CC Dest annot] 0 4 MS —=— |
compresy 111 | 0% 80% 80% 80% 80% i
jess 305 | 26% 26% 62% 62% 629 =z 3
raytrace 161 | 80% 80% 80% 80% 809 5
db 81 | 55% 80% 80% 80% 809 3
javac 240 | 16% 16% 16% 18% 369 £ 2
mtrt 170 | 75% 76% < 76% T77% 779 £ 15
jack 314 | 30% 30% 30% 32% 549 £ )
Avg. — | 40% 55% 60% 61% 679 § 1.25
1
Table 3. Memory reclaimed by analysis feature. 1 1.161.33 166 2 3 4 5

Size (normalized w.r.t min heap)

uniqueness deallocation. jack we saw a 15% improvement from

StringButfer and 7% fromString. Figure 11. Performance comparison using a mark and sweep col-

lector with and without frees.
Impact of Method Summaries Reducing the precision of the

summaries can have a considerable negative impact. This is be-
cause with less precision, the analysis assumes that more methodre “destroyed” and can no longer be used. This is a strong notion
arguments escape and more fields are accessed during method callgf uniqueness that disallows temporary sharing. Several researchers

For example, generating application signatures with 2 will re- have relaxed this notion by allowing temporary stack sharing. For
duce the average savings from 60% down to 49%. If we remove the instancelentparameters in AliasJava [1] abdrrowedparameters
summaries completely, the overall savings would drop to 22%. proposed by Boyland [3] allow unique variables to be temporarily

shared for the duration of a method call. Similarly, #iias decla-
ration in Cyclone [12] introduces scoped regions where temporary
We measured the runtime overhead of our transformations usingsharing to the unique reference is allowed. None of the above ap-
a version of JikesRVM with an optimizing compiler which inlines proaches allow temporary heap sharing for unique references.
free statements. Since we haven’t been able to integrate the libraries
in the optimizing compiler version of JikesRVM, we evaluated the Aliasing Inference Most of the above work is concerned with
runtime overhead without |ibrary transformations. proposing Ianguage features, and less with static analyses to infer
To evaluate the performance impact, we have compared the run-them. Aldrich et al. [1] present an algorithm capable of inferring
ning times of the programs with explicit deallocation generated by uniqueandlentreferences. Unlike our analysis, their algorithm is
our compiler against running those programs in a system with no flow-insensitive and cannot identify references that are unique at
memory reclamation (where frees are ignored and garbage collec-S0me, but not all of the points in the program. Their analysis cannot
tion is turned off). identify the flow-sensitive uniqueness in Figure 2 or the weakly
The overhead of instrumenting programs with frees and destruc- unique fields in Figure 4.
tors was less than 6% for all applications and around 1.07%, on  In work performed concurrently with ours, Ma and Foster de-
average. Fojessexplicit memory reclamation actually improved ~ veloped UNO [13], a system to infer reference uniqueness and ob-
the overall performance by 5%. We believe that this is due to data ject ownership for Java. They also divide the inference problem
locality. We have also measured the relative overhead of adding de-in two phases: a local intra-procedural flow-sensitive analysis and
structors on top of having only free statements. On average suchan inter-procedural constraint-based analysis. Unlike our system,
overhead is 0.3%. We believe this overhead is low because our ap-UNO’s local analysis is a may-alias analysis and does not perform
plications have few calls to destructors. strong updates on heap fields. As a result, unique field references
Our transformations can be combined with a garbage collec- can never have heap Sharing. In contrast, our local analysis is a
tor to reduce the overall run-time overhead. Figure 11 presents Must-alias analysis that allows unique references to have tempo-
the performance comparison of combining frees with mark and rary heap sharing.
sweep (Free+MS) against running the applications without an . ,
frees FEI\/ES). The p?ot ghows the ge%metric?rﬁ)ean of the results og- Shape Analysis Shape analyses [22] are advanced static analyses
tained from each application. The plot is normalized with respect to c@Pable of identifying the “shapes” of recursive heap structures,
the minimum size used to run the applications with MS. Overall, it SUCh as trees or acyclic lists, and distinguish them from similar
shows that on average an application can run 8% faster when using>tructures with cycles or sharing. Shapes are closely related to the
frees, and up to 33% faster when restricted to small heaps. notion of uniqueness since unique referen_ces are the distinguishing
These numbers briefly illustrate the potential of a hybrid ap- 2SPect that characterizes the lack of sharing or cycles. Shape anal-
proach. However, integrating static memory reclamation and mod- YS€S Use powerful abstractions and dataflow analysis algorithms to
ern dynamic collectors (e.g. copying, generational) is a non-trivial [dentify that shapes are preserved in spite of destructive operations
task. This problem is not in the scope of this paper, but could be a that might cause temporary sharing. Existing shape analyses ab-

5.4 Performance Impact

possible direction of future work stractions include shape graphs [15], 3-valued logic structures [16],
' or local abstractions of single cells [11, 5]. The must-alias analy-
6. Related Work sis presented in this paper is, in fact, a form of shape analysis. The

alias set abstraction can be regarded as an abstraction of the object
Linear Types and Unique ReferencesThere have been multiple  that the aliases point to; hence, it is a form of the tracked cell ab-
proposals to extend programming languages with the concept of straction similar in spirit to those that we proposed in our earlier
unique references or linear types [20, 14, 12]. The values of suchwork [11, 5]. Alias sets are, however, a simpler representation that
references can be used only once; hence, the variables being readaptures reference counts, hit, and miss expressions all at once.



Compile-Time Memory ManagementApproaches to compile-
time memory management include stack allocation of objects [21,
9], region-based memory management [18, 4, 7], and individual
object deallocation [17, 5, 6, 10]. As mentioned at the beginning
of the paper, individual object reclamation allows more flexible
object lifetimes, requires fewer program changes, and little run-
time support. Reclaiming entire structures is more challenging,
but the work in this paper proposes a promising solution to this
problem.

Individual object deallocation using shape analysis has been
explored in the work of Shaham et at. [17] and in our previous
work [5]. The analysis of Shaham is based on shape analysis using
3-valued logic and is intra-procedural only. Our shape analysis [5]
is inter-procedural and tracks single object instances through the
program. The tracked object analysis is less restrictive (it doesn’t
require uniqueness invariants to hold at method boundaries), but
is significantly more expensive. Experiments on the same set of
benchmarks show that the inference analysis in this paper is an or-
der of magnitude faster (49 seconds instead of 11 minutes to ana-
lyze all the benchmarks) while enabling similar memory savings.
For one benchmarlfgsg, the analysis proposed in this work can
reclaim substantially more memory via object destructors. The cur-
rent analysis is more efficient because the must-alias analysis is
only intra-procedural.

We have previously developed a simple uniqueness analysis that
computes uniqueness only for variables and cannot identify unique
fields [6]. That analysis is less powerful and reclaims less memory.
The escape and effect summaries developed in that work are how-

ever used in our current, enhanced uniqueness analysis. Guyer et

al. [10] also proposed a static analysis for individual object recla-
mation. They combine flow insensitive points-to analysis to com-
pute connectivity method summaries, with a flow-sensitive livenes
analysis. Due to the points-to abstraction, their analysis cannot free
objects placed in heap fields.
Except for [5], none of the above approaches to individual

object deallocation can free entire heap structures; the analysis
in [5] cannot deallocate recursive structures.

7. Conclusions

We have presented a novel, scalable uniqueness inference algo-

rithm that computes uniqueness information for variables and

fields. The analysis is flow sensitive and can recover uniqueness
in spite of temporary stack and heap sharing. We have applied the
uniqueness analysis to the compile-time deallocation of single ob-
jects using statements and destructor methods for collecting entire

heap structures with unique references. Our results shows that the
uniqueness analysis is scalable and enables the reclamation of d19l

large fraction of the allocated memory.
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