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1. INTRODUCTION

Garbage collection (GC), or automati c storage reclamation , has many well-
know n software engineerin g beneÞts [Wilson 1992]. I t eliminate s some mem-
ory management bugs, such as danglin g pointer s. Furthermor e, unlik e explicit
deallocation , GC improve s modularit y by eliminatin g memory management
philosophie s from th e interface s between modules. I t is therefor e no surprise
tha t even thoug h C and C++ do not mandat e GC as par t of th e languag e deÞ-
nition , many C and C++ programmer s use it for reclaimin g memory or for leak
detection. I t is also no surpris e tha t many newer programmin g languages (e.g.,
Java [Goslin g et al. 1996], Modula- 3 [Nelson 1991], SML [Milne r et al. 1990]) re-
quir e garbage collection . Thi s increased popularit y of garbage collection makes
it more importan t tha n ever to full y understan d th e tradeoff s between different
garbage collection alternative s.

An ideal garbage collector or leak detector woul d identif y al l heap-allocated
objects1 tha t arenot dynamical ly live . A dynamically-liv eheap object is one that
wil l beused in th e futur eof th ecomputation . Mor eoperationall y, a dynamically-
liv e heap object is one tha t can be reached by followin g pointer s tha t wil l be
dereferenced in th e futur e of th e computatio n (dynamical ly-liv e pointers). In
order to retai n only dynamically-liv e objects, th e ideal garbage collector must
exactl y identif y what memory location s contai n dynamically-liv e pointer s. Un-
fortunatel y, a real garbage collector or leak detector can not know what pointers
wil l be dereferenced in th e future ; thu s it may use compiler suppor t to identify
an approximatio n to dynamically-liv e pointer s. The higher the accuracy of the
compiler support , th e fewer objects wil l th e garbage collector or leak detector
identif y as dynamicall y liv e and th e more effectiv e wil l i t be at reclaimin g dead
objects.

Ther e are tw o dimension s of accuracy: th e extent to whi ch th e garbage collec-
tor can distinguis h pointer s from non-pointer s (type accuracy) and th e extent
to whi ch th e garbage collector can identif y liv e pointer s (liveness accuracy).
Althoug h these tw o dimension s of accuracy are orthogonal , prio r work has con-
sidered liveness accuracy only as an extension to typ e accuracy. Since type
accuracy is only possible for program s writte n in type-safe languages, garbage
collectors and leak detectors for unsafe languages (such as C and C++) could
not yet beneÞt from liveness accuracy. Moreover, prio r work has considered only
simpl e liveness accuracy: liveness of scalar local variable s usin g intraprocedu-
ra l analysi s. In thi s work , we trea t th e tw o dimension s of accuracy orthogonally
and explor e them both individuall y and in many combination s. Our work yields
valuabl e insight s int ohow tobuil d and usegarbagecollectors and leak detectors
for both safe and unsafe languages.

Weusea novel run-tim eanalysi s toconduct thi s stud y. Therun-tim eanalysis
examines a trac e of a progra m execution to extrac t an optimisti c approximation
for differen t levels of liveness and typ e information . Weprovid e thi s information
to a modiÞed BoehmÐDemersÐWeiser garbage collector [Boehm et al. 2002],
whi ch uses liveness and typ e accuracy informatio n durin g garbage collection.

1We use th e term object to in clud e any kin d of contiguousl y allocated data record, such as C structs
and arr ays as well as objects in th e sense of object-oriente d programmin g.
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We show tha t our approach most likel y computes a tigh t approximatio n by
comparin g th e result s for tw o differen t run s of our benchmark s. Our approach
allow s us to experimen t wit h a wider rang e of accuracy schemes more easily
tha n th e alternativ e approach of implementin g and comparin g many accuracy
schemes in a compiler. Our approach also allow s us to conduct our experiments
easily on program s writte n in many programmin g languages and executed on
many architecture s, and thu s increases th e applicabilit y of our result s. We
repor t result s for C, C++, and Eiffe l program s.

Our result s demonstrat e tha t liveness accuracy signiÞcantl y improve s a
garbage collector or leak detectorÕs abilit y to identif y garbage objects. Our most
accurat e liveness scheme, whi ch is interprocedura l and analyzes records and
arr ays, reduces th e reachabl e heap size by up to 62% for our benchmar k pro-
gram s compared to a garbage collector tha t does not use liveness or typ e info r-
mation . We show tha t our most accurat e liveness scheme enables th e garbage
collector to free objects in a timel y fashion compared to explici t deallocation.
Type accuracy, on th e other hand , does not enable a garbage collector to collect
many more objects for our benchmar k run s. However, thi s does not mean that
typ e accuracy is useless for garbage collection ; to th e contrar y, typ e accuracy
is necessary for copying garbage collection . We Þnd tha t simpl e liveness anal-
yses (e.g., intraprocedura l analysi s of local variable s [Agesen et al. 1998]) are
largel y ineffectiv e for our benchmar k run s. In order to get a signiÞcan t beneÞt
one must use a more aggressive liveness analysi s tha t is interprocedura l and
can analyz e global variable s. We validat e our result s usin g tw o run s of several
benchmar k program s.

The remainde r of th e arti cle is organized as follows : Section 2 deÞnes ter-
minolog y. Section 3 furthe r motivate s thi s work . Section 4 describes our algo-
rithm s for computin g typ e and liveness information . Section 5 describes our ex-
perimenta l methodology. Section 6 present s th e experimenta l result s. Section 7
discusses th e usefulness of our approach in debugging garbage collectors and
leak detectors. Section 8 review s prio r work in th e area. Section 9 concludes
th e arti cle.

2. BACKGROUND

A garbagecollector or leak detector identiÞe s unrea chabl eobjects usin g a reach-
abilit y traversal startin g from local and global variable s of th e program. 2 All
objects not reached in th e reachabilit y tr aversal are dead and can be freed. In
order to identif y th e greatest number of dead objects, only liv epointers, tha t is,
pointer s tha t wil l be dereferenced in th e futur e, must be tr aversed. Unfortu-
natel y, withou t knowledg e of th e futur e of th e computatio n it is impossibl e to
identif y liv e pointer s accuratel y. Thu s, reachabilit y tr aversal s use conservative
approximation s to th e set of liv e pointer s. In other words, a realisti c reacha-
bilit y tr aversal may trea t a nonpointe r or a nonliv e pointe r as a liv e pointe r,
and may therefor e fai l to Þnd al l dead objects. The accuracy of a reachability
tr aversal is it s abilit y to accuratel y identif y liv e pointer s.

2For simplicit y, we only discuss tracin g nongenerationa l collectors.
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p1: int anint D random (: : :);
p2: int ptr D (int )(malloc (: : :));
p3: hcode using ¤ptr i
p4: ptr D null ;
p5: : : :

Fig. 1. Type accuracy exampl e.

Table I . Pointer s in Thre e Hard ware Platforms

Type SPARC Solaris Pentiu m Linux Alph a UNIX

void * 0xef5c0aa0 0x08360000 0x0000000140080000
char[] n239 n n10 n160 n8 6 n0 n0 n0 n0 n0 n1 @n8 n0 n0
int ¡ 279180640 137756672 1 1074266112
long ¡ 279180640 137756672 5369233408
ßoat ¡ 6.809955EC28 5.476863E-34 2.652495E-315 2.125

Ther e are tw o dimension s to accuracy: type accuracy and liveness accuracy.
Type accuracy determine s whethe r or not th e reachabilit y tr aversal can distin-
guish pointer s from nonpointer s. Livenes s accuracy determine s whethe r or not
th e reachabilit y tr aversal can identif y variable s whose valu e wil l be derefer-
enced in th e futur e. Both dimension s requir e compiler support.

Figur e 1 illustrate s th e usefulness of typ e accuracy. Let us suppose th e vari-
ables anint and ptr hold th e same valu e (bit pattern ) at progra m point p3 even
thoug h one is a pointe r and th e other is an integer. I f a reachabilit y tr aversal
is not typ e accurat e, i t wil l Þnd tha t th e object allocated at p2 is reachabl e at
point p5 since anint Òpoints toÓit . I f, instead , th e tr aversal was typ e accurat e,
i t woul d not treat anint as a pointe r and could reclai m th e object allocated at
p2 (garbage collection ) or repor t a leak to th e programme r (leak detection).

Table I describes what pointer s look lik e in thre e differen t hard ware
platforms 3: SPARC Enterpris e3500 runnin g Solari s 2, Pentiu m runnin g Linux
2.2 kernel , and Alph a runnin g Digita l UNI X 4.0D. For each of these hard ware
platform s, th e tabl e shows th e valu e of th e lowest address returne d by th e al-
locator for th e BoehmÐDemersÐWeiser collector [Boehm et al. 2002] durin g a
ru n of a benchmar k progra m (bc).4 The tabl e also shows what tha t address
translate s to when interprete d as a strin g, int , long, or ßoat. In other words,
thi s tabl e shows, for thre e hard ware platform s, th e kin d of values a strin g, int,
long, or ßoat must have in order for i t to be misidentiÞe d as a pointe r by a con-
servativ e garbage collector. That th e ÒintÓand ÒßoatÓrows for Alph a contain
tw o values each because Alph a pointer s occupy 64 bit s whereas an in t or ßoat
only require s 32 bit s.

From thi s tabl e, we see tha t th e strin g interpretatio n of th e pointe r yields
nonsensical string s for al l thre e hard ware platform s. Therefor e, we thin k that
i t is unlikel y tha t a conservativ e garbage collector wil l mistak e a text strin g for
a pointe r. When pointer s are interprete d as integer s, we see tha t on th e Alpha

3When we refer to hard ware platfor m we mean not just th e architectur e but also th e operating
system and th e standar d librarie s on th e machin e.
4Theseaddresses arenot th esameas th e lowest addresses returne d by system malloc : th eBDW col-
lector trie s toplaceobjects at high addresses toavoid unnecessary retentio n due to it s conservatism.
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p6: Tree ¤ast D parse();
p7: CFG ¤cfg D translate (ast);
p8: hcode tha t does not use asti

Fig. 2. Livenes s accuracy exampl e.

tw o adjacent integer s must have appropriat e values in order to be interpreted
as a pointe r. Thu s, i t is unlikel y tha t integer s wil l be mistake n for pointer s on
th e Alpha. 5 On th e other hand , pointer s map to only a singl e (thoug h large
magnitude ) integer on th e Pentiu m and SPARC; thu s, i t is more likel y that
a conservativ e garbage collector wil l retai n dead objects on these hard ware
platform s.

Figur e 2 illustrate s th e usefulness of liveness accuracy. Let us supposeparse
return s an abstrac t synta x tre e and tha t after p6 ast holds th e only pointe r to
th e tre e. Let us suppose tha t th e variable ast is not dereferenced at or after
progra m point p8 (in other words, i t is dead). A reachabilit y tr aversal tha t does
not use liveness informatio n wil l not detect tha t th e data structur e returned
by parse is garbage at progra m point p8. On th e other hand , a reachability
tr aversal tha t uses liveness informatio n wil l Þnd that ast is dead at program
point p8 and wil l reclai m th e tre e returne d by parse (garbage collection ) or
repor t i t as a leak to th e programme r (leak detection).

A major hindranc e to both typ e and liveness accuracy is tha t they require
signiÞcan t compiler support . For typ e accuracy, compiler s must preserve type
informatio n throug h al l compiler passes and communicat e th e typ e information
to th e reachabilit y tr aversal [Di wan et al. 1991]. For liveness accuracy, compil-
ers must conduct a liveness analysi s and communicat e th e liveness information
to th e reachabilit y tr aversal . Unlik e typ e information , compiler s do not need to
preserve liveness informatio n throug h thei r passes if they conduct th e liveness
analysi s just before code generation.

3. MOTIVATION

Prio r work has focused almost exclusivel y on one aspect of accuracyÑth e abil-
it y to distinguis h pointer s from nonpointersÑan d has considered liveness only
as an afterthought . By separatin g th e tw o aspects of accuracy, we can iden-
tif y accuracy strategie s tha t are differen t from any tha t have been proposed
before and are wort h explorin g. For exampl e, consider th e problem of garbage
collectin g C program s. Prio r work has simpl y noted tha t C is unsafe and thus
th e garbage collector must be conservativ e (typ e inaccurate) . Althoug h thi s is
tru e wit h respect to th e pointer/nonpointe r dimensio n of accuracy, i t is not true
wit h respect to th e liveness dimension . A collector for C and C++ program s that
considers al l variable s wit h appropriat e values to be pointer s woul d improve
(both in efÞciency and effectiveness) i f i t knew whi ch variable s are live ; vari-
ables tha t are not liv e need not be considered as pointer s at garbage collection
tim e even if they appear to be pointer s from thei r valu e.

Table I I enumerate s a few of th e possible variation s in each of th e tw o di-
mensions of accuracy. Wepartitio n liveness accuracy int o thre esub-dimensions:

5Except i f integer s are used to implemen t nonnumeri c data lik e bit vectors.
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Table II . Some Combination s of Type and Livenes s Accuracy

Type Accuracy
Livenes s Accuracy none partia l full
none ¤ ¤¤ ¤
intraprocedural stack scalars (a) y

scalars C records
scalars C records C arr ays

stack C globals scalars
scalars C records
scalars C records C arr ays

interprocedural stack scalars
scalars C records
scalars C records C arr ays

stack C globals scalars (b)
scalars C records
scalars C records C arr ays

¤See Boehm et al. [1991].
¤¤See Bartlet t [1988] and Colnet et al. [1998].
¤See Appel [1990] , Hudson et al. [1991] , and Ungar [1984].
ySee Agesen et al. [1998] , Alper n et al. [2000] , Di wan et al. [1992] , and Tardit i et al . [1996].

(i ) whethe r th e analysi s is intraprocedura l or interprocedural ; (ii ) whethe r the
analysi s computes liveness for stack variable s or also for global variables ; and
(iii ) whethe r th e analysi s analyzes only scalar variable s or also arr ay elements
and record Þelds (aggregates). I f prio r work has proposed a particula r combi-
natio n of accuracy, th e tabl e also references some of th e relevan t prio r work.
I f many papers have proposed a particula r combination , we cit e only a few of
th e relevan t papers in th e tabl e.

From thi s tabl e we see tha t many of th e possibilitie s are unexplore d in
th e literatur e. Several of th e unexplore d combination s have signiÞcan t po-
tentia l for advancin g th e stat e of th e ar t in leak detection and garbage col-
lection . For exampl e, consider th e accuracy combinatio n marke d (a) whi ch
uses weak liveness informatio n but no typ e information . Thi s scheme could
be useful for improvin g th e effectiveness of leak-detector s and garbage collec-
tor s for type-unsaf e languages such as C and C++. Schemes (a) can also be
useful for type-safe languages if we do not need a copying garbage collector.
Scheme (b) can be useful for type-safe languages if we want to improv e an
existin g type-accurat e collector withou t addin g signiÞcan t complexit y to the
compiler.

Thi s arti cle attempt s to better understan d th e usefulness of differen t kinds
of accuracy so tha t author s of garbage collectors and leak detectors can make
more informe d decisions.

4. ALGORITHMS FOR LIVENESS AND TYPE INFORMATION

Section 4.1 gives th e intuitio n behin d our analyses for computin g liveness and
typ e information . Section 4.2 describes th e framewor k in whi ch we conduct
our analyses. Sections 4.3 and 4.4 give detail s of th e analyses for typ e and
liveness information , respectivel y. Section 4.5 discusses th e limitation s of our
approach.
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Fig. 3. Framework.

4.1 Intuition Behind Our Approach

To mak e our stud y widel y applicabl e and useful , we wanted to explor e the
impact of a broad rang e of liveness and typ e accuracy schemes for programs
writte n in many differen t style s and languages.6 Since even a singl e accuracy
scheme is difÞcul t to implemen t [Di wan et al. 1992], i t was clearl y infeasibl e to
implemen t numerou s accuracy schemes for several languages. Thu s, we use a
differen t approach. Rather tha n modifyin g compiler s to compute typ e and live-
ness information , we analyz e traces of progra m run s to compute th e informa-
tion . Our trac e analysi s for typ e informatio n is analogous to a ßow and context
insensitiv e typ e inferenc e in a compiler. Our trac eanalysi s for liveness informa-
tio n is analogous to a ßow and context sensitiv e liveness analysi s in a compiler.

Our approach is easier tha n actuall y implementin g differen t kind s of accu-
racy since at ru n tim e, when we writ e our traces, we have perfect aliasin g and
contro l ßow information . Moreover, at ru n tim e we do not have to worr y about
preservin g any informatio n throug h late r optimizatio n passes. The remainder
of Section 4 describes th e algorithm s in detai l and discusses thei r limitation s.
Detail s of th e algorith m are not necessary for understandin g th e rest of the
arti cle and thu s Sections 4.2, 4.3, and 4.4 may be skipped.

4.2 Framework

Figur e 3 describes our experimenta l framework . We convert C, C++, and
Eiffe l program s to th e SUIF- 1 intermediat e representatio n [Stanfor d Unive r-
sit y 2002; Wilson et al. 1994]. We then instrumen t th e SUI F representation
to mak e call s to a run-time trac e generation library , lin k and ru n th e program
(Run-1 ). Run-1 output s a trac e whi ch we analyz e to compute and outpu t type
and liveness information . Then, we lin k th e same instrumente d progra m with
empty stubs instea d of th e trac egeneratio n librar y and wit h a modiÞed BoehmÐ
DemersÐWeiser (BDW ) garbage collector [Boehm et al. 2002]. The garbage col-
lector in Run-2 uses th e liveness and typ e informatio n from th e trac e analysis
to identif y liv e pointer s.

6Thi s arti cle present s result s for program s writte n in thre e languagesÑ C, C++ and Eiffel . Also,
our benchmar k suit e in cludes program s writte n both wit h and withou t garbage collection.
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Table III . Trace Events

Event Example Description

assign(lhs,rhs1, : : : , rhsn) x D y C z Assigns a valu e computed from locations rhs1 : : : rhsn

to lhs. Weusethi s patter n for assignment s, parameter
passing, and for returnin g values from procedures.

addr-assign(lhs) x D & y Assigns an address to lhs. Thi s is reall y a special
case of assign tha t is particularl y useful for th e type
analysi s.

use(rhs) : : : ¤x : : : Use of location rhs. A pointe r dereference is a use.
Also passing a paramete r to an externa l functio n is a
use of th e paramete r.

call (call-site , callee) ! f (: : :) Cal l to a procedur e. We use assign events to represent
paramete r passing.

return () ! f (: : :) Retur n from a procedur e. We use assign events to rep-
resent th e retur n of values. (For a longjm p, we gener-
ate several return -events.)

allocation (lhs) p D malloc (: : :) Allocat e a heap object and assign pointe r to lhs.

Table II I gives th e most importan t events in a trac e. The trac e also contains
other events tha t weomit for brevity : for exampl e, th e trac ealsocontain s events
tha t give informatio n about al l local and global variable s. The trac e makes
al l assignment s explicit : i t represent s implici t assignment s due to parameter
passing and retur n as explici t assignment s. Event s use locatio n descriptors
to represent memory location s (e.g., lhs in an assign). A locatio n descriptor
uniquel y identiÞe s a location in a heap object, global variabl e, or activation
record. For exampl e, i f ther e are tw o invocation s of a procedur e containin g a
variable v, we wil l create tw o location descriptor s for th e variabl e.

Since register s are not visibl e at th e SUI F level , our trac e refer s only to
memory location s. To correctl y handl e thi s limitation , we force al l variables
to reside in memory ; register s serve only as scratch space and never contain
pointer s to objects tha t are not also reachabl e from pointer s in memory.

Our methodology assumes tha t th e tw o run s are identica l wit h respect to
variabl e allocatio n (heap, global , or stack), have th e same object layout , and
th e same stack layout . To ensure these propertie s, we use exactl y th e same
binarie s for th e tw o run s but lin k them to differen t librarie s.

4.3 Approach for Type Accuracy

To obtai n typ e information , we analyz e th e trac e in a singl e forward pass.7

Table IV describes th e action s our analysi s take s on each kin d of trac e event.
In order tomak eour typ eanalysi s realisti cand comparabl e toa typ eanalysis

in a compiler, we weaken it in tw o ways. First , th e typ e analysi s uses variables
rathe r tha n location descriptor s for th e stack variable s. In other words, i t does
not distinguis h between differen t instance s of a stack variabl e. Second, th e type
analysi s yield s ßow and context insensitiv e result s. In other words, i f a variable
contain s a pointe r at one point in th e execution , then we assume tha t i t may
contai n a pointe r whenever th e variabl e is in scope in th e execution.

7Actuall y our implementatio n does thi s analysi s onlin e rathe r tha n usin g th e trac e.
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Table IV. Type Analysis

Event Action

assign(lhs, rhs1, : : : , rhsn) isPointer (lhs) Ã isPointer (rhs1) or : : : or isPointer (rhsn)
addr-assign(lhs) isPointer (lhs) Ã true
use(rhs) ignored
call (call-site , callee) ignored
return () ignored
allocation (l hs) isPointer (lhs) Ã true

The typ e analysi s output s a tabl e for each call and allocatio n in th e program.
The entrie s in these table s identif y stack variable s and location descriptor s for
global and heap location s tha t contai n pointer s.

4.4 Approach for Liveness

To obtai n liveness information , we analyz e th e trac e in reverse, much lik e a
traditiona l backward-ßow liveness analysi s in a compiler. The analysi s working
backwards reßects th e fact tha t liveness depends on th e futur e, not th e past, of
th e computation.

Lik e in a traditiona l data-ßow liveness analysi s, ther eare tw omai n events in
our run-tim e analysis : uses and deÞnition s. Uses, such as pointe r dereferences,
mak e a memory location liv e at point s immediatel y before th e use. DeÞnition s,
such as assignment s, mak e th e deÞned memory location dead just before the
deÞnition . Therun-tim eanalysi s is parametrize d so tha t i t can simulat ea range
of realisti c stati c analyses.

Our algorith m maintain s thre e data structures: current lyLive , live-
nessToOutput , and homeCallSite . For each location descriptor ` , th e valu e of
current lyLive (` ) indicate s whethe r i t is liv e at th e curren t point in th e analysi s.
The data structure livenessToOutput collects liveness informatio n tha t wil l be
outpu t at th e end of th e program . For a stack variabl e, we need to know all
th e stati c call sites withi n th e enclosin g procedur e wher e th e variabl e is liv e.
Thu s, for a stack variabl es, th e value livenessToOutput (s) ´ fcs1, : : : , csngis the
set of stati c call sites (in th e enclosin g procedure) where s is liv e.8 Analogously
to stack variable s, for global location s we can keep tra ck of al l stati c call sites
in the program wher e th e global is liv e. However, i t is more compact to keep
tra ck of thi s informatio n only at th e allocatio n sites. Thu s, for a global location
descriptor g, th e value livenessToOutput (g) ´ f p1, : : : , pmgis th e set of dynamic
allocatio n sites where g is liv e. Not e tha t th e informatio n we outpu t for globals
is slightl y more accurat e tha n tha t for stack variable s because we outpu t dy-
nami c allocatio n sites for globals and stati c call sites for stack location s. We do
thi s in order to keep th e outpu t of th e analysi s manageable. For each stack lo-
cation descripto r, homeCallSite (x) gives th e retur n PC for th e activatio n record
instanc e containing x.

8Thi s means tha t we provid e th e garbage collector only wit h context-insensitiv e liveness informa-
tio n for stack variable s. Whil eour analysi s is context-sensitiv eand could haveproduced context sen-
sitiv e output , we decided against thi s because no existin g garbage collectors use context-sensitive
GC table s.
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Table V. Livenes s Analysis

Event Action

assign(lhs, rhs1, : : : , rhsn) If isLive (lhs) ´ true , set current lyLive (rhs1), : : : ,
current lyLive (rhsn) to true . I f none of the rhs i refer s to the
same location as lhs, set current lyLive(lhs) to false .

addr-assign(lhs) current lyLive (lhs) Ã false
use(rhs) current lyLive (rhs) Ã true .
call (call-site , callee) For externa l call s, set current lyLive (` ) to true for each

externall y visibl e location descriptor ` . Regardless of whethe r or
not th e call is to an externa l routin e, for each stack location s with
isLive (s) ´ true add homeCallSite(s) to livenessToOutput of the
variabl e correspondin g to s.

return () Initializ e data structure s.
allocation (lhs) For each global location g with isLive (g) ´ true , add dynamic

allocatio n sit e to livenessToOutput (g). For each stack location s
with isLive (s) ´ true add homeCallSite (s) to livenessToOutput of
th e variabl e correspondin g to s. Set current lyLive (rhs) to false .

int a;
int ¤¤b;
void g()f

1: return ;
g
void f ()f

int ¤c; =¤ uninitialized ¤=
if (: : :)f

2: b = & c;
3: f ();

else f
4: ¤b = & a;
5: g();
6: : : : ¤¤b : : : ;

g
7: return ;

g

Fig. 4. Recursiv e call exampl e.

Our analysi s never directl y reads the current lyLive ßags, but instea d uses
th e function isLive , whi ch default s to

proc isLive (` ) f return current lyLive (` ); g

In Section 4.4.1, we describe how isLive helps to obtai n selective liveness.
Table V gives th e action s tha t th e liveness analysi s perform s on each event.

The action s for assign and use are simila r to th e correspondin g transfe r func-
tion s of a compile-tim e liveness analysi s. The intuitio n here is that ` must be
liv e prio r to any potentia l dereference of th e valu e it contains ; tha t is, a use,
assign to another liv e location , or call of an externa l functio n tha t sees` .

The action s for call s and allocation s mak e sure tha t th e liveness analysis
is context sensitiv e and also updat e the livenessToOutput tabl e. For exampl e,
consider a ru n of th e code segment in Figur e 4 where f call s itsel f recursively
just once. Consider th e most recent invocatio n of f (whi ch must be in the else
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Table VI . Processing a Trace of th e Exampl e Program

Event Comment (Line) Analysi s action

return () f return s to main (7)
return () f return s to f (7)
use(c1) deref of ¤b ´ c1 (6) current lyLive (c1) Ã true
use(b) deref of b (6) current lyLive (b) Ã true
return () g return s to f (1)
call (5, g) f calls g (5) add homeCallSite (c1) to livenessToOutput (c)
addr-assign(c1) assign to ¤b ´ c1 (4) current lyLive (c1) Ã false
use(b) deref of b (4) current lyLive (b) Ã true
call (3, f ) recursiv e call to f (3) no locals liv e, nothin g happens!
addr-assign(b) assign to b (2) current lyLive (b) Ã false
call (¢¢¢, f ) main calls f

proc isLive (` )f
if (` 2 Stack and ` 2 ScalarVars)

the n return current lyLive (` );
els e retur n true ;

g

Fig. 5. isLive when computin g liveness for scalars in stack.

bran ch, since in thi s exampl e, f recurses just once). The expression ¤¤b deref-
erences th e variable c but from thepreviou s call to f . Thu s, c from th e previous
invocatio n of f is liv e at th e recursiv e call to f . However, even though ¤¤b
dereferences c, i t does not dereference th e most recent instanc e of c and thu s,
c is not liv e at th e call to g.

Let us consider what happens when we apply our method to th e execution
of th e code in Figur e 4. Table VI shows an event trac e (in reverse order ) of
th e above progra m along wit h th e action s our liveness analysi s wil l tak e. For
someevents (such as returns) , wedonot lis t any action s since theseevents serve
to simpl y initializ e auxiliar y data structure s. Durin g th e trac e generation , we
create tw o location descriptor s for stack variable c: c1 for th e Þrst instantiation
of f and c2 for th e second instantiatio n of f . Not e, however, tha t our algorithm
adds to the livenessToOutput (c) on behalf of c1 and not on behalf of c2. Thi s is
correct and accurat e since c2 is not dereferenced (or assigned to a variabl e that
is dereferenced) in thi s run.

4.4.1 SelectiveLiveness. We consider thre e dimension s tha t determin e the
accuracy of liveness: (i) th e region of memory for whi ch we have liveness info r-
matio n (stack, heap, and globals), (ii ) whethe r we compute liveness only for
scalar variable s or also for record Þelds and arr ay element s (i.e., scalar , record,
or record and arr ay (aggregates)), and (iii ) whethe r we compute liveness info r-
matio n intraprocedurall y or interprocedurall y. We now describe how we vary
th e above dimension s in th e algorith m from Section 4.4.

By changin g th e implementatio n of isLive we can select th e accuracy level
of th e Þrst tw o dimension s. For exampl e, to compute liveness informatio n for
scalars in th e stack we use th e implementatio n of isLive in Figur e 5. In other
words, we assume those regions of memory and kind s of variable s wher e we
do not want liveness informatio n to be always liv e. When computin g liveness
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informatio n for arr ays and records, we trea t arr ays and records effectivel y as
a collection of scalar variable s, wit h each instanc e of an arr ay or record giving
ris e to new instance s of thei r component variable s.

By changin g what call s are to externa l routine s, we can select th e precision of
th e thir d dimension . For exampl e, i f we wish to mimi c intraprocedura l analysi s,
then we consider al l call s as being to externa l routine s. The action for the
call() -event in Table V wil l therefor e mak e al l externall y visibl e location s (heap
location s, global location s, or stack location s whose address gets taken ) liv e at
al l call s. For interprocedura l analysi s, al l call s are to nonexterna l routine s. We
handl e librar y routine s by providin g stubs tha t mimi c thei r behavior.

4.5 Limitations

The tw o mai n limitation s of our approach particularl y wit h respect to liveness
accuracy are: (i) i t is a limi t stud y and thu s not guarantee d to expose the real-
izable potentia l of liveness, and (ii ) our instrumentatio n may pertur b program
behavior and thu s inßuenc e our result s. The remainde r of thi s section discusses
these tw o limitation s in detail.

Our result s are an upper bound on th e usefulness of liveness information
because our analysi s has perfect alia s information , and because a location may
not be liv e in a particula r run , even thoug h ther e exist s a ru n wher e it is liv e.
To reduce th e possibilit y of havin g larg e error s of thi s sort , we ran a selection
of our benchmark s on tw o input s and compared th e result s across th e input s.
Section 6.5 present s these result s. Also, we spent signiÞcan t tim e manually
inspectin g th e outpu t of our liveness analysi s when it yielded a signiÞcant
beneÞt. Whil e our manua l inspectio n was not exhaustiv e (or anywher e close),
we found no situation s wher e th e result s of our liveness analysi s were speciÞc
only to a particula r run.

The methodology tha t we use to obtai n our data inßuences th e result s itself
because we force al l local variable s to liv e on th e stack, even when they could
otherwis e have been allocated in register s. Register allocatio n in a conventional
compiler may use it s own liveness analysi s and may reuse th e registe r assigned
to a variabl e i f tha t variabl e is dead. Thu s, at garbage collection tim e th e dead
pointe r is not aroun d anymor e. In other words, th e compiler is passing liveness
informatio n to th egarbagecollector implicitl y by modifyin g th ecoderathe r than
explicitl y. Since registe r allocator s typicall y use only intraprocedura l liveness
analysi s of scalars, thi s effect wil l be at most as stron g as our intraprocedural
liveness scheme for scalars on th e stack.

5. EXPERIMENTAL METHODOLOGY

Section 5.1 describes th e differen t levels of accuracy we consider in this
paper. Section 5.2 describes th e metric s we use to measure th e usefulness of
accuracy. Section 5.3 describes our benchmar k program s.

5.1 Accuracy Levels in This Article

Table VI I shows th e schemes for whi ch we repor t result s in thi s paper along
wit h abbreviation s for th e schemes. The entrie s in th e tabl e are pair s, where
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Table VII . Schemes Evaluated

Type Accuracy
Livenes s Accuracy none full
none (N , N ) (T , N )

intraprocedural stack scalars (N , i scalar
s ) (T , i scalar

s )

scalars C records (N , i record
s ) (T , i record

s )
scalars C records C arr ays (N , i aggr

s ) (T , i aggr
s )

stack C globals scalars (N , i scalar
sg ) (T , i scalar

sg )

scalars C records (N , i record
sg ) (T , i record

sg )

scalars C records C arr ays (N , i aggr
sg ) (T , i aggr

sg )

interprocedural stack scalars (N , I scalar
s ) (T , I scalar

s )

scalars C records (N , I record
s ) (T , I record

s )
scalars C records C arr ays (N , I aggr

s ) (T , I aggr
s )

stack C globals scalars (N , I scalar
sg ) (T , I scalar

sg )

scalars C records (N , I record
sg ) (T , I record

sg )

scalars C records C arr ays (N , I aggr
sg )

¡
T , I aggr

sg

¢

th e Þrst element gives th e level of typ e accuracy ((N , ¢) are schemes wit h no
typ e accuracy and (T , ¢) are schemes wit h ful l typ e accuracy) and th e second el-
ement gives th e level of liveness accuracy. The Òintraprocedural ÓconÞgurations
(¢, i ¢

¢) assume th e worst case for al l externall y visibl e variable s (globals and lo-
cals whose address has been taken ) whil e th e Òinterprocedural ÓconÞgurations
(¢, I ¢

¢) analyz e across procedur e boundarie s for externall y visibl e variable s. The
ÒscalarsÓconÞguration s compute liveness informatio n only for scalar variable s,
th e ÒrecordsÓconÞguration s for scalar and record Þelds, and th e ÒaggregateÓ
conÞguration s for scalars, record Þelds, and arr ay element s. The ÒstackÓcon-
Þguration s (¢, ¢¢s) compute liveness informatio n only for stack variable s whereas
th eÒstack and globalsÓ(¢, ¢¢sg) conÞguration scompute it for location son th estack
and for staticall y allocated variable s. Whil e th e abbreviation s from Table VII
identif y accuracy levels, we wil l sometimes use them to mean th e number of
bytes occupied by reachabl e objects when usin g tha t accuracy level.

I n additio n to th e above conÞguration s, we experimente d wit h partia l type
accuracy, tha t is, typ e informatio n for differen t regions of memory (stack, heap,
globals). We found these conÞguration s to be of negligibl e value ; thu s, we omit
thei r result s in th e remainde r of th e arti cle.

Not e tha t we do not consider liveness for th e heap. To see why, let us imagine
what i t woul d mean in our context . I f we had accurat e liveness informatio n for
heap-allocate d aggregates, we might , for exampl e, know tha t even thoug h a
heap slot contain s a pointe r, th e slot wil l not be dereferenced in th e futur e. But
gettin g thi s informatio n poses at least tw o challenge s. I t woul d be har d to com-
put e heap liveness wit h an analysi s, and it woul d be har d to use heap liveness
in a garbage collector. To compute heap liveness woul d requir e a stron g pointer
analysi s, whi ch is often prohibitivel y expensive. Furthermor e, a stron g pointer
analysi s may create many instance s of each allocatio n sit e and th e information
may therefor e get to be very larg e. Thi s woul d be difÞcul t to communicat e to,
let alone use in , a garbage collector. Wit h our trace-based approach, we could
of course have obtaine d heap liveness information , but given th e difÞculties

ACM Transaction s on Programmin g Languages and Systems, Vol. 24, No. 6, November 2002.

606 ² M. Hirzel et al.

Fig. 6. Memor y Managemen t Schemes. Each node in thi s graph is a memory management scheme.
An edgeindicate s tha t th eschemewit h th e lower vertica l positio n isstrictl y weaker tha n th escheme
wit h th e higher vertica l position.

described above, our result s woul d have been a very loose upper bound. Thu s,
we omitte d a stud y of heap liveness from thi s arti cle.

Figur e 6 present s accuracy schemes organized as a lattic e. The order is by
strength , wit h th e strongest scheme at th e top and th e weakest scheme at the
bottom . To mak e th e Þgure more readabl e and because typ e accuracy offered
littl e beneÞt in our benchmar k program s (Section 6), we omit th e differen t com-
bination s of typ e accuracy and liveness accuracies

¡
e.g.,

¡
T , i aggr

sg

¢¢
. Although

we collected data for al l th e schemes in Figur e 6, we present result s for only
th e schemes tha t offer some improvemen t over schemes tha t are immediately
below them in th e lattic e. These schemes are marke d by solid cir cles. For ex-
ampl e, we found tha t enhancin g intraprocedura l analysi s wit h record analysi s,¡ ¡

N , i record
sg

¢¢
gave insigniÞcan t beneÞt over intraprocedura l analysi s of scalars

only
¡ ¡

N , i scalar
sg

¢¢
and thu s we do not repor t furthe r result s for

¡
N , i record

sg

¢
.

5.2 Metrics

To conduct our measurement s, we execute Run-2 (Figur e 3) multipl e times
for each benchmark , once for each accuracy scheme. We execute al l our runs
on Pentium-base d workstation s.9 To facilitat e comparisons between different
schemes, we trigge r th e reachabilit y tr aversal at th e same tim e for each level
of accuracy. For thi s stud y, we trigge r a reachabilit y tr aversal every A=n bytes
of allocatio n where A is th e tota l allocatio n throughou t th e benchmar k run
and n D 50.10 Thu s, for each progra m and accuracy scheme, we end up with

9In Section 6.4, we see tha t typ e accuracy yield s differen t beneÞts on differen t architecture s.
10However, a given benchmar k ru n may have much fewer tha n 50 reachabilit y tr aversal s i f it
allocates a number of objects tha t are large r than A=n bytes.
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a vector of approximatel y 50 number s representin g th e reachabl e bytes found
at each tr aversal . To compare tw o liveness schemes, we subtrac t thei r vectors
to determin e how they compare at each tr aversal . We reduce our metri c to a
singl e number by reportin g th e average of th e element s of th e differenc e vector.

Her e is an exampl e for our metri c, wher e for simplicit y we assume n D 3.
Let th e conservativ e garbage collector (N , N ) encounter (100, 200, 200) bytes
in reachabl e heap objects after it s thre e collection s. Let our strongest scheme¡
T , I aggr

sg

¢
encounter (100, 180, 160) bytes in reachabl e heap objects after its

thre e collection s. We write

avg
(N , N ) ¡

¡
T , I aggr

sg

¢

(N , N )

to mean

1
n

Ã
(N , N )1 ¡

¡
T , I aggr

sg

¢
1

(N , N )1
C ¢¢¢C

(N , N )n ¡
¡
T , I aggr

sg

¢
n

(N , N )n

!

,

whi ch is
1
3

µ
100 ¡ 100

100
C

200 ¡ 180
200

C
200 ¡ 160

200

¶
D 10%

in our concrete exampl e. In other words, wit h stron g accuracy, th e heap would
on average be 10% smalle r after garbage collection s.

An alternativ e metri c is to measure th e heap size (in cludin g fragmentation
and GC data structures ) or th e process footprin t instea d of bytes in reachable
heap objects. These are useful metric s but unfortunatel y not ones we can mea-
sure easily in our infrastructur e since our instrumentatio n and extension s to
th e BoehmÐDemersÐWeiser collector increase th e memory requirement s of the
host program.

5.3 Benchmarks

We used thre e criteri a to select our benchmark s. First , we picked programs
tha t perfor m signiÞcan t heap allocation . Second, we picked program s tha t we
though t woul d demonstrat e th e differenc e between accurat e and inaccurate
garbage collection . For exampl e, we picked anagram since it uses bit vectors,
whi ch may end up lookin g lik e pointer s to a conservativ e garbage collector.
Third , we picked program s tha t span a wid e variet y of programmin g style s and
languages.

Table VII I describes our benchmar k program s. Mai n dat a structures gives
th e data structure s most commonly used in th e benchmark s based on code in-
spection. Table IX gives informatio n about our benchmar k program s and their
input s. Language gives th e source languag e of th e benchmar k program s. We
have benchmark s in thre e differen t languages. Lines gives th e number of lines
in th esourcecodeof th eprogra m (in cludin g commentsand blan k lines). Total al-
location gives th enumber of bytes allocated throughou t th eexecution of th epro-
gram. Workload describes how weru n each benchmark . Twoof our benchmark s,
gctest and gctest3, are designed to test garbage collectors [Bartlet t 1988, 1989].
These benchmark s both allocat e objects and create garbage at a rapi d rat e.
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Table VIII . Benchmar k Descriptions

Name Description Mai n data structures

Program s usin g gc:
gctest3 Syntheti c stress test for Bartlett Õs collector. List s and arr ays
gctest Syntheti c stress test for Bartlett Õs collector. List s and trees
bshift Measurement s on Barrel-shifte r topology. Doubly-linke d lists
erbt Test for red-bla ck-tre e package. Red-black trees
ebignum Test for arbitrar y precision number s package. Arr ays
li Lis p interprete r. Cons cells
gegrep Patter n Þnder simila r to GNU grep. DFAs
xerces XM L parser wit h implementatio n of Document Object Model. Document Object Model
Program s usin g explici t deallocation:
anagram Anagra m generator. List s and bit Þelds
ks Kernighan-S chweiker t graph partitione r. Graphs
ft Find s minimu m spannin g trees. Graphs
yacr2 Yet another channel route r for circui t layout. Arr ays and structures
bc GNU bc calculato r. Abstrac t synta x trees
gzip GNU gzip compression tool. Huffma n trees
roboop Robotics simulatio n package. Matrices
eon Probabilisti c ray tracer. Object graph
ijpeg Imag e compression and decompression. Variou s image repn.

Table IX . Benchmar k Statistics

Name Language Lines Total allocation Workload

gctest3 C 85 2 200 004 loop to 20,000
gctest C 196 1 123 180 only repeat 5 in listtest2
bshift Eiffel 350 28 700 scales 2 throug h 7
erbt Eiffel 927 222 300 50 trees wit h 500 nodes each
ebignum Eiffel 3 137 109 548 twic e th e in cluded test-stub
li C 7 597 9 030 872 nqueens. l sp, n D 7
gegrep Eiffel 17 185 106 392 ' [ A- Za- z] Cn¡ [ A- Za- z] C' t
xerces C++ 48 452 387 632 Macbeth , act I

anagram C 647 259 512 wor ds < i nput . i n
ks C 782 7 920 KL- 2. i n
ft C 2 156 166 832 1000 2000
yacr2 C 3 979 41 380 i nput 4. i n
bc C 7 308 12 382 400 Þnd prime s smalle r 500
gzip C 8 163 14 180 - d t exi nf o. t ex. gz
roboop C++ 11 806 587 544 10
eon C++ 30 115 54 540 Kajiya , 10x10
ijpeg C 31 211 148 664 t est i nput . ppm - GO

The benchmarks bshift , erbt, ebignum , and gegrepare Eiffe l program s tha t we
translate d int o C usin g th e GNU Eiffe l compiler SmallEiffel . The benchmarks
xerces, roboop, and eonare C++ program s tha t we translate d int o C usin g EDG
[Edison Design Group 2002]. We made mino r modiÞcation s to xercesand eon to
get them to work wit h our infrastructur e. Man y of our benchmark s (in cluding
al l Eiffe l programs ) were writte n wit h garbage collection in min d and some
even in cluded a garbage collector as par t of th e progra m (e.g., li and xerces). We
modiÞed these program s to use our garbage collector instea d of thei r own.
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Fig. 7. Accurat e and conservativ e garbage collection versus free. We present result s for bench-
mark s tha t useexplici t deallocatio n and for whi ch ther e is a differenc ebetween explici t deallocation
and (N , N ).

Due to th e prohibitiv e cost of our analyses,11 we had to pick relativel y short
run s for most of th e program s. However, for those program s wher e we were
able to do both shorte r and longer run s, we found littl e differenc e between the
tw o run s as far as our result s are concerned (Section 6.5).

6. RESULTS

We now present experimenta l result s to answer th e followin g question s about
th e usefulness of liveness for garbage collection and leak detection:

(1) How does garbage collection compare to explici t deallocation ? (Section 6.1)
(2) Does accuracy improv e th e effectiveness of garbage collection ?(Section 6.2)
(3) How much accuracy does a garbage collector need in order to reclai m the

most objects? (Section 6.3)
(4) Does th e beneÞt of typ e accuracy depend on th e underlyin g architecture

and memory layout ? (Section 6.4)
(5) Does our methodology yiel d vali d results ? (Section 6.5)

6.1 GC Versus Explicit Deallocation

Figur e 7 compares th e performanc e of our most inaccurat e ((N , N )) and ac-
curate

¡ ¡
T , I aggr

sg

¢¢
collectors to explici t deallocation . The heigh t of th e (N , N )

versus free bar present s th e average differenc e between th e bytes retaine d by

11Some of these benchmark s tak e over 24 hour s on a 850-MH z Athlo n wit h 512 MB of memory to
ru n al l th e conÞguration s.
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(N , N ) and explici t deallocatio n as a percentageof th ebytes retaine d by (N , N ).
The heigh t of the

¡
T , I aggr

sg

¢
versus free bar present s th e average differenc e be-

tween th e bytes retaine d by
¡
T , I aggr

sg

¢
and explici t deallocatio n as a percent-

age of th e bytes retaine d by (N , N ). A negativ e bar in Figur e 7 indicate s that
garbage collection frees fewer bytes tha n explici t deallocation . A positiv e bar
means tha t garbage collection frees more bytes tha n explici t deallocation.

Figur e 7 gives th e data only for benchmark s tha t use explici t deallocation.
Also, since (N , N ),

¡
T , I aggr

sg

¢
, and explici t deallocatio n collect exactl y th e same

number of objects for anagram , ks, and ft , we omit these program s.
From thi s Þgure, we see tha t explici t deallocatio n is better tha n conservative

garbage collection ((N , N )) for Þve of th e nin e benchmark s tha t use explicit
deallocation . The performanc e of

¡
T , I aggr

sg

¢
is more impressive : i t Þnds leaks

in at least tw o benchmar k program s (yacr2 and bc). In th e other program s,¡
T , I aggr

sg

¢
is stil l close in performanc e to explici t deallocation . Thu s, as far as re-

claimin g memory or detectin g leaks is concerned,
¡
T , I aggr

sg

¢
compares favorably

to explici t deallocatio n whil e (N , N ) is much worse tha n explici t deallocation.

6.2 Usefulness of Accuracy

Section 6.2.1 compares th e abilit y of typ e accurat e, liveness accurat e, and con-
servativ e collectors in reclaimin g objects. Section 6.2.2 compares how much
work each kin d of collector needs to do at garbage collection tim e.

6.2.1 Usefulness of Liveness and TypeAccuracy for Reclaimin g Objects. In
thi s section, we investigat e th e individua l and cumulativ e beneÞts of typ e and
liveness accuracy. Figur e 8 compares reachabilit y tr aversal s usin g typ e accu-
racy only ((T , N )), liveness accuracy only

¡ ¡
N , I aggr

sg

¢¢
, and both typ e accuracy

and th e best liveness accuracy
¡ ¡

T , I aggr
sg

¢¢
. The bars of thi s graph present the

differenc e between th e bytes retaine d by (N , N ) and th e bytes retaine d by
(T , N ),

¡
N , I aggr

sg

¢
, and

¡
T , I aggr

sg

¢
as a percentageof th ebytes retaine d by (N , N ).

As wit h Figur e 7, th e data in Figur e 8 is an average across al l th e reachability
tr aversal s in a progra m run.

From Figur e 8, we see tha t just addin g typ e informatio n to a reacha-
bilit y tr aversal yield s modest improvement s for only thre e program s (gzip,
roboop, and ijpeg). In comparison , ther e is a signiÞcan t beneÞt to usin g live-
ness informatio n in a reachabilit y tr aversal . We also see tha t ther e is no ben-
eÞt to addin g typ e informatio n to liveness for identifyin g garbage objects. In
other words, th e informatio n tha t th e aggressive liveness analysi s computes is
sufÞcient for identifyin g liv e pointer s in our benchmar k run s. Not e, however,
tha t typ e informatio n is necessary in environment s tha t use copying garbage
collection.

From Figur e 8, we also see that , for six out of th e seventeen benchmarks
(gctest3, gctest, li , anagram , ks, ft ), ther e is no beneÞt from any kin d of ac-
curacy at least for our run s. (Some of th e subsequent graph s wil l omit these
benchmark s in order to mak e them more readabl e.)

Whil e Figur e 8 shows tha t accuracy enables a garbage collector to collect
more bytes on average, i t does not say whethe r th e leaks in a conservative
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Fig. 8. BeneÞts of liveness and typ e accuracy.

Fig. 9. For how long are objects leaked?

collector are short live d (e.g., (N , N ) collects exactl y th e same objects as¡
T , I aggr

sg

¢
but one garbage collection later ) or long live d (e.g., ther e are some

objects that
¡
T , I aggr

sg

¢
frees tha t (N , N ) never identiÞe s as unrea chable).

Figur e 9 addresses th e natur e of th e improvemen t that
¡
T , I aggr

sg

¢
provides

over (N , N ) for those of our program s tha t beneÞt th e most from accuracy. A
point (x, y) in Figur e 9 says tha t y% of th e leaked objects are leaked for x% or
fewer garbage collection s. For exampl e, in benchmark gzip 50% of th e objects
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Fig. 10. Percentage of stack slots tha t th e garbage collector must examin e.

leaked by (N , N )
¡
in relatio n to

¡
T , I aggr

sg

¢¢
are leaked for up to 40% of the

garbage collection s (recal l tha t we trigge r garbage collection approximatel y 50
time s for each benchmar k program) . Curve s tha t remai n low unti l they get to
th e far righ t of th e graph (e.g., bshift ) indicat e benchmark s wher e (N , N ) leaks
objects for a signiÞcan t portio n of overal l progra m execution . Such leaks are
likel y to cause real memory problem s in long-runnin g program s.

6.2.2 Usefulness of Liveness and Type Accuracy for Reducing Ef fort. Be-
sides enablin g a garbage collector or leak detector to identif y more garbage
objects, accuracy can also reduce th e amount of work for root (i.e., global and
stack) processing. A conservativ e collector must look at al l stack and global
location s to Þnd pointer s whil e an accurat e collector has table s tha t allow it to
ski p examinin g many location s tha t are not liv e or not pointer s. Whil e accurate
collection wil l most likel y inspect fewer location s, i t wil l incu r th e overhead of
decoding th e tables; we ignor e tabl edecoding overhead in thi s stud y. Figure s 10,
11, and 12 give th e percentage of stack, global , and heap location s tha t garbage
collectors usin g (T , N ) and

¡
T , I aggr

sg

¢
woul d have to examine ; in contrast , a

conservativ e collector must examin e al l stack and global location s.
From these Þgures, we see tha t even thoug h typ e accuracy does not reclaim

many more objects tha n conservativ e collection , i t does signiÞcantl y reduce the
work for th e garbage collector. Livenes s accuracy furthe r reduces th e number
of memory slots tha t a garbage collector or leak detector must examin e. The
beneÞt of liveness accuracy is most prominen t in th e stack (Figur e 10).

The beneÞt of accuracy in th e heap (Figur e 12) comes from tw o sources. First,
as wit h stack and global variable s, accuracy allow s a garbage collector to skip
nonpointe r or nonliv e slots. Second, since accurat e garbage collectors free up
more objects tha n conservativ e collectors, ther e are fewer slots in th e heap with
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Fig. 11. Percentage of global slots tha t th e garbage collector must examin e.

Fig. 12. Percentage of heap slots tha t th e garbage collector must examin e.

accurat e collectors tha n wit h conservativ e collectors. We see tha t program s for
whi ch liveness accuracy reclaim s many more bytes tha n typ e accuracy (e.g.,
bshift in Figur e 8) are also th e ones wher e ther e is th e most differenc e between
th e (T , N ) and

¡
T , I aggr

sg

¢
bars in Figur e 12.
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Fig. 13. How much liveness do we need (average)? We omit benchmark s for whi ch ther e is no
beneÞt from liveness.

6.3 Strength of Liveness Analysis

The prio r sections presented result s for our most aggressive liveness schemes,¡
T , I aggr

sg

¢
and

¡
N , I aggr

sg

¢
. Since more accurat e liveness informatio n is more dif-

Þcult to implemen t and expensive to compute, i t is importan t to determin e the
point of diminishin g retur n for liveness. In thi s section, we investigat e how
powerfu l th e liveness analysi s needs to be before it is useful.

Figur e 13 gives th e impact of th e liveness accuracy on th e garbage collector
or leak detectorÕs abilit y to identif y dead objects. For each benchmark , i t has 8
bars. Each bar gives th e resul t for one level of liveness. The Þrst four bars give
th e beneÞt of liveness analysi s for stack variable s only and th e next four bars
give th e beneÞt of liveness analysi s for global and stack variable s. Figur e 14 is
simila r to Figur e 13 except tha t i t gives th e beneÞt of differen t levels of liveness
accuracy at th e point wher e th e number of liv e bytes in th e conservativ e scheme
is at it s maximum . Thu s, Figur e 14 gives a sense of th e maximu m memory size
reductio n due to liveness accuracy when compared to conservativ e collection.

Figure s 13 and 14 present result s only for liveness levels tha t offer some
beneÞt (Section 5.1). Also, Figure s 13 and 14 present data only for benchmarks
wher e liveness accuracy is useful.

From Figur e 13, we see tha t intraprocedura l stack liveness affects only four
benchmark s (ebignum , gegrep, gzip, and roboop) and th e beneÞts are small.
Thi s is consistent wit h behavior observed by Agesen et al. [1998] . Addin g inte r-
procedura l analysi s to analysi s of local variable s slightl y improve s th e results
for gegrepand addin g analysi s of records and aggregates signiÞcantl y improves
th e result s for roboop. Not e tha t doing just interprocedura l analysi s of stack
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Fig. 14. How much liveness do we need (maximum) ? We omit benchmark s for whi ch ther e is no
beneÞt from liveness.

scalars or intraprocedura l analysi s of local aggregates12 does not improv e per-
formanc e for roboop but doing both has a synergisti c effect.

The majorit y of th e beneÞt of liveness analysi s comes from analyzin g global
variable s (see second set of four bars in Figur e 13). The relativ e importanc e of
local and global variabl e liveness is not too surprising : unlik e local variable s,
global variable s are aroun d for th e entir e lifetim e of th e progra m and thu s a
dead pointe r in a global variabl e wil l have a much bigger impact on reacha-
bilit y tr aversal tha n a dead pointe r in a (relativel y short lived ) local variabl e.
However, even for global variable s, liveness analysi s yield s littl e beneÞt unless
th e liveness analysi s is interprocedura l and analyzes records. The cumulative
impact of aggregate and interprocedura l analysi s is greater tha n th e sum of the
part s. For exampl e, in benchmark bshift th e beneÞt of interprocedura l analysis
is 3% and th e beneÞt of analyzin g aggregates intraprocedurall y is 0%, but the
beneÞt of addin g both is 43%.

Figur e 15 illustrate s how th e combined effect of analyzin g aggregates and
interprocedura l analysi s is greater tha n th e sum of thei r part s. In thi s exampl e,
s is a global record. Assume tha t th e Þelds of s are used consistentl y wit h their
types. I f we analyz e procedure f usin g an interprocedura l analysi s without
records then we woul d have to conclud e tha t th e tw o Þelds of s may contai n live

12We do not present result s for thi s conÞguratio n since it perform s th e same as
¡

N , i scalar
s

¢
.
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struct f int ¤ i ; int ¤ j ; gs;
void f ()f

g();
g

Fig. 15. Exampl eof th esynergy between analyzin g aggregatesand doing interprocedura l analysi s.

Fig. 16. How much liveness do we need (assumin g worst case about librar y calls)?

pointer s at th e call to g since th e analysi s is conservativ e about record Þelds
(i t assumes al l record Þelds are always live) . I f we analyz e procedure f using
an intraprocedura l liveness analysi s tha t analyzes records, then once again we
woul d have to conclud e tha t th e Þelds of s may contai n liv e pointer s at th e call
to g since th e intraprocedura l analysi s assumes th e worst case for call s. Only
when we analyz e procedure f usin g an interprocedura l liveness analysi s that
analyzes aggregates are we able to determin e tha t th e Þelds of s do not contain
liv e pointer s.

For many program s,
¡
N , I record

sg

¢
and

¡
N , I aggr

sg

¢
have simila r performance

(ebignum , yacr2, bc, gzip, ijpeg, eon, and roboop plu s al l th e benchmark s that
do not beneÞt from liveness), whi ch is encouragin g since

¡
N , I record

sg

¢
requires

analysi s of only records while
¡
N , I aggr

sg

¢
require s analysi s of records and ar-

rays. Arr ays are much harder to analyz e and it is unlikel y tha t any reasonable
compiler analysi s woul d approach th e performanc e of

¡
N , I aggr

sg

¢
.

For th e above result s, we assumed tha t al l liveness analyses, intraprocedural
and interprocedural , had informatio n tha t allowed them to precisely analyze
librar y call s. Figur e 16 present s result s simila r to Figur e 13 except tha t we
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computed these result s whil eassumin g th eworst caseabout standar d librarie s.
Comparin g Figure s 16 and 13 we see tha t precise informatio n about library
routine s makes a signiÞcan t differenc e in one program, roboop. Information
about librar y routine s also helps Þve other program s to a smalle r extent (bshift ,
erbt, gegrep, gzip, and eon).

6.4 Type Accuracy and Underlying Architecture

From Section 2, we know tha t th e usefulness of typ e informatio n for reclaiming
objects depends on what pointer s look lik e. Since th e appearance of pointers
depends on memory layout and on th e underlyin g architectur e (e.g., 32-bit or
64-bit) , typ e informatio n may have a differen t beneÞt i f th e progra m is run
usin g a differen t memory layout or architectur e.

To investigat e th e effects of memory layout on th e usefulness of typ e accu-
racy, weran our program s four time s each wit h a differen t heap startin g address
(0x10000000, 0x20000000, 0x40000000, and 0x80000000). We observed small
variation s in our four run s but even then th e beneÞt of typ e accuracy for re-
claimin g objects was small : no more tha n 3% for any of our program s and 0%
for most of th e program s. The ru n wit h startin g address of 0x20000000 showed
th e most improvemen t from typ e accuracy.

To investigat e th e effects of architectur e on th e usefulness of typ e accuracy,
we ran several of our benchmark s on a 64-bit Alph a workstatio n runnin g OSF
and a 32-bit SPARC workstatio n runnin g Solari s. On th e SPARC, we found type
accuracy to be more importan t tha n on th e Pentium . Type accuracy improved
th e effectiveness of garbage collection for several benchmark s, in cluding gctest,
bc, ft , yacr2, bshift , li , gzip, and ijpeg. Somebenchmark s showed major improve-
ment : 25% (gzip) and 35% (ijpeg). We suspect tha t some of th e image data in
ijpeg is being interprete d as pointer s and therefor e garbage collection of ijpeg
beneÞts greatl y from typ e accuracy. On th e Alpha , th e improvemen t due to type
accuracy was even less tha n on th e Pentium , wit h only one benchmark, gzip,
showin g non-trivia l beneÞt from typ e accuracy.

Our result s suggest an idea for strengthenin g leak detectors: runnin g a pro-
gram usin g a leak detector (such as Purif y [Hasting s and Joyce 1992]) multiple
time s wit h differen t startin g memory addresses and on differen t architecture s.
The combined informatio n from multipl e run s wil l expose more leaks tha n a
singl e run.

6.5 Validation of Our Methodology

Our approach extract s liveness informatio n from a singl e ru n of th e program
and thu s it is possible tha t th e liveness informatio n is speciÞc only to tha t run.
Also, th e run s weuseareshort sinceour liveness analyses arequit eslow. In this
section we present number s for a second ru n of several benchmar k program s.
We trie d to pick run s tha t were longer and performe d more allocatio n tha n our
origina l runs: bshift (104 248 bytes), gegrep(453 756 bytes), gzip (20 240 bytes),
roboop (1 929 864 bytes), and yacr2 (76 376 bytes).

TableX gives th estack and global location s tha t aredifferen t between th etwo
run s as a percentage of tota l stack and global location s when using

¡
N , I aggr

sg

¢
. I f
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Table X. Numbe r of Stack and Global Location s That are Differen t as a
Percentage of Total Stati c Stack and Global Locations

Stack Global
Benchmark Count % different Count % different

bshift 1574 0.2 10469 0
gegrep 19327 0.4 34220 0
gzip 2075 3.4 84158 0.6
roboop 46330 0 10970 0
yacr2 586 3.0 384 0

a stack or global location had a differen t liveness at any point in th e tw o run s,
we counted tha t location as ÒdifferentÓ. The tota l stack and global location s are
in the Count column s. The result s for other levels of accuracy are simila r or
better.

From Table X, we see tha t ther e is littl e differenc e between th e liveness
informatio n for our tw o run s. To see whethe r these smal l difference s translate
int o differen t behavior, we also measured th e retaine d bytes of

¡
T , I aggr

sg

¢
and¡

N , I aggr
sg

¢
. We found tha t th e result s were identica l for th e tw o run s in terms

of th e relativ e usefulness of th e differen t accuracy schemes. The number of
bytes tha t each liveness scheme was able to identif y as garbage was of course
differen t between th e tw o run s. Thu s, i t is likel y tha t our run-tim e methodology
is computin g a tigh t approximation.

6.6 Summary of Results

To summariz e, our result s show tha t as far as reclaimin g objects in our bench-
mar k run s is concerned, typ e accuracy or weak liveness accuracy schemes, such
as ones implemente d in curren t systems, yiel d littl eor nobeneÞt. Typeaccuracy
does, however, reduce th e work of th e reachabilit y tr aversal by allowin g it to
ignor e most memory slots. The beneÞts of typ e accuracy depend greatl y on the
memory layout and th e underlyin g hard ware architecture : we found tha t the
beneÞt of typ e informatio n in reclaimin g objects is much greater on a SPARC
32-bit workstatio n tha n on th ePentium-base d workstation s weused for th ema-
jorit y of thi s stud y. Aggressive liveness analyses, particularl y ones tha t analyze
globals records and are interprocedural , promis e signiÞcan t improvement s.

Figur e 17(b) shows th e experimenta l relationshi p between th e accuracy
levels. Figur e 17(b) is a subset of Figur e 6 containin g only th e solid nodes,
but wit h a differen t interpretatio n of vertica l positio n (th e horizonta l position
has no signiÞcance). For each scheme S in Figur e 17(b), th e vertica l position
corresponds to th e metri c avg (N ,N )¡ S

(N ,N ) %, whi ch is explaine d in Section 5.2.
The horizonta l line s in Figur e 17(b)

¡
e.g., between

¡
T , I aggr

sg

¢
and

¡
N , I aggr

sg

¢¢

connect accuracy schemes tha t diffe r in strengt h only theoreticall y but insignif-
icantl y in our experiment s.

7. EXPERIENCES

Besides demonstratin g tha t certai n kind s of liveness can be valuabl e in iden-
tifyin g dead objects, our experiment s also had an unexpected side effect: they
enabled us to identif y leaks in th e BDW collector [Boehm et al. 2002]. The BDW
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Fig. 17. Theoretica l (a) and experimenta l (b) strengt h of accuracy schemes.

collector is a matur e and extremel y useful tool tha t has been used heavil y by a
larg e user communit y for over 10 years and ther e are even commercial leak de-
tectio n product s tha t are based on thi s collector [Dio n and Monie r 2002]. Thu s,
we were surprise d to Þnd any leaks in thi s collector. Our experience leads us
to believe tha t experiment s such as ours may be valuabl e to implementor s of
garbage collectors and leak detectors in Þne tunin g thei r systems.

Broadl y speakin g ther e are tw o kind s of bugs in a garbage collector or leak
detector : (i ) i t can incorrectl y identif y an in-us e object as garbage and (ii ) i t can
fai l to identif y a dead object. The existence of a bug of th e Þrst kind , particularly
in a garbage collector, wil l probabl y be exposed qui ckl y since freein g an object
tha t is stil l in use wil l cause th e progra m to exhibi t unexpected behavior or to
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crash. The existence of a bug of th e second kin d is much harder to detect since
it does not cause th e progra m to crash: i t just causes th e progra m to use more
memory. Since most programmer s trea t a garbage collector as a black box, they
wil l not be able to tel l whethe r th e leak is due to a bug in th e garbage collector
or whethe r i t is due to an unfortunat e pointe r in thei r own code. Al l bugs we
found in th e BDW collector were of kin d (ii).

How did our experiment s help us in Þndin g leaks in th e BDW collector? We
experimente d wit h a wid e rang e of variation s in th e BDW collector, some of
whi ch mino r (such as intraprocedura l liveness of local scalar variables ) and
some signiÞcan t (such as ones involvin g interprocedura l analysis) . We discov-
ered th e leaks when we saw behavior in one of our variation s tha t did not
mak e sense. For instanc e, in one case, we found tha t incorporatin g intrapro-
cedural liveness of global and local variable s found many more dead objects
tha n intraprocedura l liveness for just local variable s. When we trie d to imag-
in e how such a situatio n could happen, we ended up wit h contrive d examples
tha t seemed unlikel y to appear in real program s. Thu s, we investigate d further
and found th e source of th e problem : th e BDW collector was mistakenl y using
some of it s own global variable s as roots. When we provide d liveness informa-
tio n for globals to th e BDW collector i t circumvente d BDW Õs mechanis m for
Þndin g roots in global variable s and thu s avoided thi s problem.

To summariz e, garbage collectors and leak detectors are notoriousl y hard
to writ e and debug. Our experimenta l methodology provide s implementor s of
these tools wit h an additiona l mechanis m for identifyin g potentia l performance
problem s.

8. RELATED WORK

In thi s section, we review prio r work on comparin g differen t garbage collec-
tio n alternative s, typ e and liveness accuracy for compiled languages, and leak
detection.

R¬ojemo and Runcima n [1996] describe heap proÞlin g, whi ch they use to tune
thei r application s. R¬ojemo and Runciman Õs approach is to provid e heap proÞle
informatio n to programmer s who can use it to tun e th e memory usage of their
application s. R¬ojemo and Runcima n introduc e th e notio n of ÒdragÓ, whi ch is the
tim e between th e last real use of an object and th e tim e at whi ch it is deallo-
cated. Thei r notio n of ÒdragÓis stronger tha n our strongest liveness analysis
since it is derive d from exact informatio n on when a heap object is last accessed.
Our basic goals are similar : we are also tryin g to reduce th e memory footprint
of program s and are usin g proÞlin g technique s to accomplish our goals. How-
ever, for R¬ojemo and Runciman , th e proÞlin g tools provid e informatio n to pro-
grammer s whereas, for us, they provid e informatio n to designers of memory
manager s.

In work concurren t to ours, Shaham et al. [2000] evaluat e a conservative
garbage collector usin g a limi t stud y. They Þnd tha t th e conservativ e garbage
collector is not effectiv e in reclaimin g objects in a timel y fashion . However, un-
lik e our work , they do not demonstrat e if an accurat e collector woul d be more
effectiv e in reclaimin g objects. In thei r follow-u p work , Shaham et al. [2001]
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investigat e manua l optimization s (such as dead-code eliminatio n and insertion
of ni l assignments ) to improv e th e performanc e of thei r garbage collector ; these
optimization s were guided by thei r limi t stud y. Shaham et al. [2001] also dis-
cuss whi ch compiler analyses woul d be needed to automat e thei r optimization s.
Thu s, Shaham et al. [2001] and our work have simila r goals. Our work differs
from Shaham et al.Õs [2001] work in tha t we determin e th e needed compiler
analyses automaticall y rathe r tha n manuall y.

Bartlet t [1988] , Zorn [1993] , Smit h and Morriset t [1998] , and Agesen
et al. [1998] compare differen t garbage collection alternative s wit h respect to
memory consumption . Bartlet t [1988] describes version s of hi s mostl y copy-
in g garbage collector tha t diffe r in stack accuracy. Zorn [1993] compares the
BoehmÐDemersÐWeiser collector to a number of explici t memory management
implementation s. Smit h and Morriset t [1998] describe a new mostl y copying
garbage collector and compare it to th e BoehmÐDemersÐWeiser collector. All
these studie s focus on th e tota l heap size. Measurin g th e tota l heap size is use-
fu l for comparin g collectors wit h th e same accuracy, but makes it difÞcul t to
tease apar t th e effects of fragmentation , allocato r data structure s, and accu-
racy. Since we are countin g bytes in reachabl e objects instea d of tota l heap size,
we are able to look at th e effects of garbage collector accuracy in isolatio n from
th e other effects. Agesen et al. [1998] investigat e th e effect of intraprocedu-
ra l local variabl e liveness on th e number of reachabl e bytes after an accurate
garbage collection . Besides intraprocedura l local-variabl e liveness we also con-
sider many other kind s of liveness.

Several papers (Attanasi o et al. [2001] , Fitzgeral d and Tardit i [2000] , Hi cks
et al. [1997] , Smit h and Morriset t [1998] , and Zorn [1993]) compare different
memory management schemes wit h respect to thei r efÞciency. Zorn [1991] looks
at th e cache performanc e of differen t garbage collectors. We do not look at run-
tim eefÞciency but instea d concentrat eon th eeffectiveness of garbagecollectors
in reclaimin g objects.

Boehm and Shao [1993] describe a techniqu e for improvin g typ e accuracy
for heap objects withou t compiler suppor t whi ch require s a moderat e amount
of programme r support . Boehm and Shao do not repor t any result s for the
effectiveness of thei r scheme.

Henderson [2002] describes how to compil e type-safe languages to C without
givin g up typ e accuracy. The resultin g C program , whi ch can be compiled to
machin e code usin g a conventiona l compiler, can safely use a copying garbage
collector.

Di wan et al. [1992] , Agesen et al. [1998] , and Sti chnot h et al. [1999] consider
how to perfor m accurat e garbage collection in compiled type-safe languages.
Di wan et al. [1992] describe how th e compiler and run-tim e system of Modula-3
can suppor t accurat e garbage collection . Agesen et al. [1998] and Sti chnoth
et al. [1999] extend Di wan et al.Õs work by incorporatin g liveness accuracy
and allowin g garbage collection at all point s and not just safe point s. Even
thoug h these papers assume type-safe languages, typ e accuracy is stil l difÞcult
to implement , especially in th e presence of compiler optimization s. Our work
identiÞe s what kind s of accuracy are useful for reclaimin g objects, whi ch is
importan t for decidin g what kind s of accuracy to obtai n by compiler analysi s.
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Also, our approach can be used in it s curren t form for identifyin g leaks in both
type-safe and unsafe languages.

Hasting s and Joyce [1992] , Dion and Monie r [2002] , and Geodesic Sys-
tems [2002] describe leak detectors based on th e BoehmÐDemersÐWeiser col-
lector [Boehm and Weiser 1988]. The BoehmÐDemersÐWeiser collector can also
be used as a leak detector [Boehm et al. 2002]. Our scheme uses more accurate
informatio n tha n these leak detectors, and is thu s capable of Þndin g more leaks
in program s.

Region-based memory management [Tofte1998] usesa compile-tim eliveness
analysi s of objects to determin e wher e to automaticall y inser t deallocation s in
th e code. In thi s paper we focus only on liveness analysi s of local and global
variable s and not heap-allocate d objects.

9. CONCLUSIONS

We describe a detaile d investigatio n of th e impact of liveness and typ e accuracy
on th e effectiveness of garbage collectors and leak detectors. By separatin g the
tw o dimension s of accuracyÑ type accuracy and liveness accuracyÑw e are able
to identif y interestin g new accuracy schemes tha t have not been investigated
in th e literatur e. Our novel methodology, whi ch uses a trace-based analysi s,
enables us to experimen t wit h a wid e rang e of liveness schemes.

Our experiment s reveal tha t liveness can have a signiÞcan t impact on the
abilit y of a garbage collector or leak detector in identifyin g dead objects. How-
ever, we show tha t th e simpl e liveness schemes are largel y ineffectiv e for our
benchmar k runs : we need to use an aggressive liveness scheme tha t incorpo-
rate s interprocedura l analysi s of global variable s before we see a signiÞcant
beneÞt. Also, in our benchmar k run s, we found that , whil e typ e accuracy can
signiÞcantl y reduce th e work of th e reachabilit y tr aversal , i t has a negligible
impact on a garbage collectorÕs abilit y to reclai m objects.
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