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1. INTRODUCTION

Garbage collection (GC), or automati c storage reclamation , has many well-
know n software engineerin g benepts [Wilson 1992]. It 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. It is therefor e no surprise

that even though C and C++ do not mandat e GC as part of the languag e dep-
nition , many C and C++ programmer s use it for reclaimin g memory or for leak
detection. It is also no surpris e that 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 sincreased popularit y of garbage collection makes
it moreimportan t than ever tofull y understan d th e tradeoff s between different

garbage collection alternative s.

An ideal garbage collector or leak detector would identif y all heap-allocated
objects! that are not dynamical ly live. A dynamically-liv e heap object is onethat
wil | beused in th efutur e of thecomputation . Mor e operationall y, a dynamically-
live heap object is one that can be reached by followin g pointer s that wil | be
dereferenced in the futur e of the computatio n (dynamical ly-liv e pointers). In
order to retai n only dynamically-liv e objects, the ideal garbage collector must
exactly identif y what memory location s contain dynamically-liv e pointer s. Un-
fortunatel y, areal garbage collector or leak detector can not know what pointers
wil | be dereferenced in th e future ; thu s it may use compiler support to identify
an approximatio n to dynamically-liv e pointer s. The higher the accuracy of the
compiler support, th e fewer objects wil | the garbage collector or leak detector
identif y as dynamicall y liv e and th e more effective wil | it be at reclaimin g dead
objects.

Ther earetwodimension s of accuracy: th e extent towhi ch th e garbage collec-
tor can distinguis h pointer s from non-pointer s (type accuracy) and th e extent
to which the garbage collector can identif y live pointer s (liveness accuracy).
Althoug h these tw o dimension s of accuracy are orthogonal , prior work has con-
sidered liveness accuracy only as an extension to type 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 benebt from livenes s accuracy. Moreover, prior work has considered only
simpl e livenes s accuracy: liveness of scalar local variable s usin g intraprocedu-
ral analysi s. In thi swork , we treat 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 einsight sint ohow tobuil d and use garbage collectorsand leak detectors
for both safe and unsafe languages.

Weuse anovel run-tim eanalysi stoconduct thi sstudy. Therun-tim eanalysis
examines a trac e of a program execution to extract an optimisti c approximation
for differen t levels of livenes sand typ einformation . We provid e thi sinformation
to a modibPed BoehmbDemersB\Weiser garbage collector [Boehm et al. 2002],
whi ch uses liveness and typ e accuracy informatio n durin g garbage collection.

1We usetheterm objecttoinclud 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 that our approach most likel y computes a tight approximatio n by
comparin g the result s for two differen t run s of our benchmark s. Our approach
allow s us to experiment wit h a wider range of accuracy schemes more easily
than the 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 language s and executed on
many architecture s, and thu s increases the applicabilit y of our results. We
report result s for C, C++, and Eiffe | program s.

Our result s demonstrat e that liveness accuracy signibcantl y improves a
garbage collector or leak detector @abilit y toidentif y garbage objects. Our most
accurate liveness scheme, which is interprocedura | and analyzes records and
arr ays, reduces th e reachabl e heap size by up to 62% for our benchmar k pro-
grams compared to a garbage collector that does not use liveness or type infor-
mation . We show that our most accurate liveness scheme enables th e garbage
collector to free objects in a timel y fashion compared to explicit deallocation.
Type accuracy, on th e other hand, does not enable a garbage collector to collect
many mor e objects for our benchmar k run s. However, thi s does not mean that
typ e accuracy is useless for garbage collection; to the contrar y, typ e accuracy
is necessary for copying garbage collection. We bnd that simpl e liveness anal-
yses (e.g., intraprocedura | analysi s of local variable s [Agesen et al. 1998]) are
largel y ineffectiv e for our benchmar k runs. In order to get a signibcant benebpt
one must use a more aggressive liveness analysi s that is interprocedura | and
can analyz e global variable s. We validat e our result s using two run s of several
benchmar k program s.

The remainder of the arti cle is organized as follows: Section 2 debnes ter-
minology. Section 3 furthe r motivate s thi s work . Section 4 describes our algo-
rithm sfor computin g typ e and livenessinformation . Section 5 describes our ex-
perimenta | methodology. Section 6 presents th e experimenta | result s. Section 7
discusses th e usefulness of our approach in debugging garbage collectors and
leak detectors. Section 8 reviews prior work in the area. Section 9 concludes
the arti cle.

2. BACKGROUND

A garbage collector or leak detector identibe s unrea chabl e objects usin g a reach-
abilit y traversal startin g from local and global variable s of th e program. 2 Al
objects not reached in th e reachabilit y tr aversal are dead and can be freed. In
order toidentif y th e greatest number of dead objects, only liv e pointers, that is,
pointer s that wil | be dereferenced in the futur e, must be tr aversed. Unfortu-
nately, withou t knowledg e of th e futur e of the 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 the set of live pointer s. In other words, a realisti ¢ reacha-
bilit y tr aversal may treat a nonpointe r or a nonliv e pointer as a live pointer,
and may therefor e fail to bPnd all dead objects. The accuracy of a reachability
traversal is it s abilit y to accuratel y identif y liv e pointer s.

2For simplicit y, we only discuss tracin g nongenerationa | collectors.
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p1:int anint D random (:::);
p2: int ptr D (int )(malloc (: :3));
p3: hcode using optri

p4: ptr D null ;

Ps:ii:

Fig. 1. Type accuracy example.

Tablel. Pointer sin Thre e Hard ware Platforms

[ Type | SPARC Solaris | Pentium Linux | Alph a UNIX |
void * 0Oxef5c0aa0 0x08360000 0x0000000140080000
charf] n239 nnl0 n160 n8 6 n0 n0 n0 n0 n0 n1 @n8 nO n0
int i 279180640 137756672 1 1074266112
long i 279180640 137756672 5369233408
Roat i 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 whether or not th e reachabilit y tr aversal can distin-
guish pointer s from nonpointer s. Livenes s accuracy determine s whether or not
th e reachabilit y tr aversal can identif y variable s whose valu e wil | be derefer-
enced in th e futur e. Both dimension s requir e compiler support.

Figur e 1 illustrate sthe usefulness of typ e accuracy. Let us suppose th e vari-
ables anint and ptr hold th e same valu e (bit pattern ) at program point pz even
though one is a pointer and the other is an integer. If a reachabilit y tr aversal
is not typ e accurate, it will bPnd that the object allocated at p, is reachable at
point ps since anint Opoints toQit . If, instead , th e tr aversal was typ e accurate,
it would not treat anint as a pointer and could reclai m th e object allocated at
p2 (garbage collection) or report a leak to the programme r (leak detection).

Table | describes what pointer s look like in three different hardware
platforms 3: SPARC Enterpris 3500 runnin g Solari s 2, Pentium runnin g Linux
2.2 kernel, and Alph a runnin g Digita | 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 the al-
locator for the BoehmbDemersbWeiser collector [Boehm et al. 2002] durin g a
run of a benchmark program (bc).* The table also shows what that address
translate s to when interprete d as a strin g, int, long, or Roat. In other words,
thi s tabl e shows, for thre e hard ware platform s, the kin d of values a strin g, int,
long, or Boat must have in order for it to be misidentibe d as a pointer by a con-
servativ e garbage collector. That the OintOand ORoaOrows for Alph a contain
tw o value s each because Alph a pointer s occupy 64 bits whereas an int or Roat
only require s 32 bits.

From thi s tabl e, we see that the strin g interpretatio n of the pointer yields
nonsensical string s for all thre e hard ware platform s. Therefor e, we thin k that
it isunlikel y that a conservativ e garbage collector wil | mistak e a text strin g for
a pointer. When pointer s are interprete d as integer s, we see that on the Alpha

3When we refer to hard ware platfor m we mean not just the architectur e but also th e operating
system and th e standar d librarie s on the machine.

4These addresses are not th e same as th e lowest addresses returne d by system malloc : the BDW col-
lector trie stoplace objects at high addressestoavoid unnecessary retentio n duetoit s conservatism.
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Pe: Tree mast D parse);
p7: CFG acfg D translate (ast);
pg: hcode that does not use asti

Fig. 2. Liveness accuracy example.

tw o adjacent integer s must have appropriat e values in order to be interpreted
as a pointer. Thus, it is unlikel y that integer s wil | be mistake n for pointer s on
the Alpha.® On the other hand, pointer s map to only a single (though large
magnitude ) integer on the Pentium and SPARC; thus, it is more likel y that
a conservativ e garbage collector wil | retai n dead objects on these hard ware
platform s.

Figur e 2illustrate sth e usefulness of liveness accuracy. Let us suppose parse
return s an abstract syntax tre e and that after pg ast holds the only pointer to
the tree. Let us suppose that the variable ast is not dereferenced at or after
program point pg (in other words, it is dead). A reachabilit y tr aversal that does
not use liveness informatio n wil | not detect that the data structur e returned
by parseis garbage at program point pg. On the other hand, a reachability
tr aversal that uses liveness informatio n wil | bnd that ast is dead at program
point pg and wil | reclaim the tree returne d by parse (garbage collection) or
report it as a leak tothe programme r (leak detection).

A major hindranc e to both type and liveness accuracy is that they require
signibpcant compiler support. For typ e accuracy, compiler s must preserve type
informatio n throug h all compiler passes and communicat e th e typ e information
toth e reachabilit y tr aversal [Diwan et al. 1991]. For liveness accuracy, compil-
ers must conduct a livenes s analysi sand communicat e th e livenes s information
toth e reachabilit y tr aversal. Unlik e typ e information , compiler s do not need to
preserve liveness informatio n throug h their passes if they conduct th e liveness
analysi s just before code generation.

3. MOTIVATION

Prior work has focused almost exclusivel y on one aspec of accuracyNth e abil-
ity to distinguis h pointer s from nonpointersNan d has considered liveness only
as an afterthought . By separatin g the two aspects of accuracy, we can iden-
tif y accuracy strategie s that are different from any that have been proposed
before and are wort h explorin g. For exampl e, consider th e problem of garbage
collectin g C program s. Prior work has simply noted that 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, it is not true
wit h respect toth e livenes s dimension . A collector for C and C++ program s that
considers all variable s wit h appropriat e values to be pointer s would improve
(both in efbciency and effectiveness) if it knew which variable s are live; vari-
ables that 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 their value.

Table Il enumerate s a few of th e possible variation s in each of the two di-
mensions of accuracy. We partitio n livenessaccuracy int othre e sub-dimensions:

SExcept if integer s are used to implemen t nonnumeri ¢ data lik e bit vectors.
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Table Il . Some Combination s of Type and Liveness Accuracy

Type Accuracy
Livenes s Accuracy none partial full
none o] fole] o]
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], Diwan et al. [1992], and Tardit i et al. [1996].

(i) whether the analysi s is intraprocedura | or interprocedural ; (i) whether the
analysi s computes liveness for stack variable s or also for global variables ; and
(iii ) whether th e analysi s analyze s only scalar variable s or also arr ay elements
and record Pelds (aggregates). If prior work has proposed a particula r combi-
natio n of accuracy, th e tabl e also references some of the relevant prior work.
If many papers have proposed a particula r combination , we cite only a few of
the relevant papersin thetable.

From this table we see that many of the possibilitie s are unexplored in
the literatur e. Several of the unexplored combination s have signibPcant po-
tentia | for advancing the state of the art in leak detection and garbage col-
lection. For example, consider the accuracy combination marked (a) which
uses weak liveness informatio n but no type information . This scheme could
be useful for improvin g th e effectiveness of leak-detector s and garbage collec-
tors 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 signibcant complexity to the
compiler.

Thi s arti cle attempt s to better understan d th e usefulness of differen t kinds
of accuracy so that 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 the intuitio n behind our analyses for computin g liveness and
typ e information . Section 4.2 describes the framewor k in which we conduct
our analyses. Sections 4.3 and 4.4 give detail s of the analyses for type 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 make our study widely applicabl e and useful, we wanted to explore the
impact of a broad range of liveness and typ e accuracy schemes for programs
writte n in many differen t styles and languages.® Since even a singl e accuracy
schemeisdifbcult toimplemen t [Diwan et al. 1992], it was clearl y infeasibl e to
implemen t numerou s accuracy schemes for several languages. Thus, we use a
differen t approach. Rather than modifyin g compiler sto compute typ e and live-
ness information , we analyz e traces of program run s to compute th e informa-
tion . Our trac e analysi s for typ e informatio n is analogous to a Bow and context
insensitiv etyp einferenc ein a compiler. Our trac e analysi s for livenes s informa-
tion is analogoustoa Bow and context sensitiv e liveness analysi sin a compiler.

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

4.2 Framework

Figure 3 describes our experimenta | framework . We convert C, C++, and
Eiffe | program s to the SUIF- 1 intermediat e representatio n [Stanfor d Unive r-
sity 2002; Wilson et al. 1994]. We then instrumen t the SUIF representation

tomake callsto a run-time trace generation library , lin k and run th e program

(Run-1). Run-1 output s a trac e which we analyz e to compute and output type
and liveness information . Then, we lin k the same instrumente d program with

empty stubsinstead of th etrac e generatio n librar y and wit h a modiped Boehmb
DemersbWeiser (BDW) garbage collector [Boehm et al. 2002]. The garbage col-
lector in Run-2 uses the liveness and typ e informatio n from th e trac e analysis
toidentif y liv e pointer s.

6This arti cle presents result s for program s writte n in thre e languagesN C, C++ and Eiffel . Also,
our benchmar k suit e include s program s writte n both wit h and withou t garbage collection.
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Tablelll . Trace Events

[Event | Example | Description |

assign(lhs,rhsq, :::, rhsy) xDyCz Assigns a valu e computed from locations rhsy :::rhsp
to Ihs. Weusethi s patter n for assignment s, parameter
passing, and for returnin g values from procedures.

addr-assign(lhs) xD &y Assigns an address to lhs. This is really a special
case of assign that is particularl y useful for the type
analysi s.

use(rhs) priex Use of location rhs. A pointer dereference is a use.

Also passing a parameter to an external function isa
use of the parameter.

TEED) Call toa procedure. We use assign eventstorepresent
parameter passing.

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

p D malloc (:::) | Allocat e a heap object and assign pointer to Ihs.

call (call-site, callee)

return () v f ()

allocation (lhs)

Table Il | gives the most importan t eventsin atrace. The trac e also contains
other eventsthat we omit for brevity : for exampl e, th etrac e also contain s events
that give informatio n about all local and global variable s. The trace makes
all assignment s explicit : it represents implici t assignment s due to parameter
passing and retur n as explicit assignments. Events use location descriptors
to represent memory locations (e.g., Ihs in an assign). A location descriptor
uniquel y identibe s a location in a heap object, global variabl e, or activation
record. For example, if ther e are two invocation s of a procedure containin g a
variable v, we wil | create two location descriptor s for th e variabl e.

Since register s are not visibl e at the SUIF level, our trace refers only to
memory locations. To correctly handl e thi s limitation , we force all variables
to reside in memory; register s serve only as scratch space and never contain
pointer s to objects that are not also reachable from pointer sin memory.

Our methodology assumes that the two runs are identica | wit h respect to
variabl e allocatio n (heap, global, or stack), have the same object layout, and
the same stack layout. To ensure these propertie s, we use exactly the same
binarie s for the two run s but lin k them to differen t librarie s.

4.3 Approach for Type Accuracy

To obtain type information , we analyze the trace in a single forward pass.’
Table 1V describes th e actions our analysi s take s on each kin d of trace event.

In order tomak e our typ eanalysi srealisti cand comparabletoatyp eanalysis
in a compiler, we weaken it in two ways. First , th e typ e analysi s uses variables
rathe r than location descriptor s for th e stack variable s. In other words, it does
not distinguis h between differen t instance s of a stack variabl e. Second, th etype
analysi syield s Bow and context insensitiv e result s. In other words, if a variable
contain s a pointer at one point in the execution, then we assume that it may
contain a pointer whenever the variabl e isin scope in th e execution.

“Actuall y our implementatio n does thi s analysi s onlin e rathe r than using the trace.
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Table IV. Type Analysis

| Event | Action |
assign(lhs, rhsq,:::,rhsy) | isPointer (lhs) A isPointer (rhs1) or ::: or isPointer (rhsp)
addr-assign(lhs) isPointer (Ihs) A true
use(rhs) ignored
call (call-site , callee) ignored
return () ignored

allocation (I hs) isPointer (Ihs) A true

Thetyp e analysi s output s a tabl e for each call and allocatio n in th e program.
The entrie sin these table s identif y stack variable s and location descriptor s for
global and heap location s that contain pointer s.

4.4 Approach for Liveness

To obtain liveness information , we analyze the trace in reverse, much lik e a
traditiona | backward-Bow liveness analysi sin a compiler. The analysi s working
backwards ref3ects th e fact that liveness depends on th e futur e, not th e past, of
th e computation.

Lik ein atraditiona | data-Row livenes s analysi s, ther earetwomain eventsin
our run-tim e analysis : uses and debnition s. Uses, such as pointer dereferences,
mak e a memory location liv e at point s immediatel y before th e use. Debnition s,
such as assignment s, mak e the debPned memory location dead just before the
debnition . Therun-tim eanalysi sis parametrize d sothat it can simulat earange
of realisti c stati c analyses.

Our algorith m maintain s three data structures: currentlyLive, live-
nessToOutput, and homeCallSite . For each location descriptor °, the valu e of
current lyLive () indicate swhether it islive at the current point in the analysi s.
The data structure livenessToOutput collects liveness informatio n that wil | be
output at the end of the program . For a stack variabl e, we need to know all
th e stati c call sites withi n the enclosing procedure where the variabl e is liv e.
Thus, for a stack variabl es, thevalue livenessToOutput (s) © fcsy, :::, cs,gisthe
set of stati c call sites (in th e enclosin g procedure) where sis liv e.® Analogously
to stack variable s, for global location s we can keep tra ck of all stati c call sites
in the program where the global is live. However, it is more compact to keep
tra ck of thi s informatio n only at th e allocatio n sites. Thus, for a global location
descriptor g, thevalue livenessToOutput (g) ~ fp1,:::, pmgistheset of dynamic
allocatio n sites where gislive. Note that theinformatio n we output for globals
is slightl y more accurate than that for stack variable s because we output 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 the output of the analysi s manageable. For each stack lo-
cation descriptor, homeCallSite (x) gives theretur n PC for th e activatio n record
instanc e containing x.

8This means that we provid e th e garbage collector only wit h context-insensitiv e liveness informa-
tion for stack variable s. Whil e our analysi sis context-sensitiv eand could have produced context sen-
sitiv e output , we decided against thi s because no existin g garbage collectors use context-sensitive
GC tables.
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Table V. Liveness Analysis

Event | Action

assign(lhs,rhsy, :::,rhsy) | If isLive (lhs) ~ true , set currentlyLive(rhsq),:::,

current lyLive (rhsy) to true . If none of the rhs; refersto the
same location as |hs, set current lyLive(lhs) to false .
addr-assign(lhs) current lyLive (lhs) A false

use(rhs) current lyLive (rhs) A true .

call (call-site , callee) For external calls, set current lyLive (") totrue for each

externall y visibl e location descriptor " . Regardless of whether or
not the call isto an external routin e, for each stack location s with
isLive (s) ~ true add homeCallSite(s) to livenessToOutput of the
variabl e corresponding to s.

return () Initializ e data structure s.

allocation (lhs) For each global location g with isLive (g) = true , add dynamic
allocatio n site 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 oab;
void g()f
1: return ;
g
void f ()f
int oc; =o uninitialized o=
if (::0)f
2: b=&c;
3 f0;
elsef
4: ob = &a;
5: g0);
6: tiioob g
¢]
7. return ;
¢}

Fig. 4. Recursive call example.

Our analysi s never directl y reads the current lyLive Rags, but instead uses
th e function isLive, which default s to

proc isLive (") f return currentlyLive(’); g

In Section 4.4.1, we describe how isLive helpsto obtain selective liveness.

Table V gives the actions that th e liveness analysi s perform s on each event.
The actions 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 hereis that = must be
live prior to any potentia | dereference of the value it contains; that is, a use,
assign to another liv e location, or call of an external functio n that sees".

The actions for calls and allocation s make sure that the liveness analysis
is context sensitiv e and also updat e the livenessToOutput table. For example,
consider a run of the code segment in Figur e 4 where f calls itsel f recursively
just once. Consider the most recent invocatio n of f (which must be in the else
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Table VI. Processing a Trace of the Exampl e Program

[ Event | Comment (Line) | Analysi s action |
return () f return sto main (@)

return () f return sto f ()

use(cy) deref ofob ™ ¢; (6) || currentlyLive(ci) A true

use(b) deref of b (6) || currentlyLive(b) A true

return () g return sto f 1)

call (5, g) f calls g (5) || add homeCallSite (c,) to livenessToOutput (c)
addr-assign(cy) assigntoab” ¢ (4) || currentlyLive(c;) A false

use(b) deref of b (4) || currentlyLive(b) A true

call(3, f) recursiv e call to f (3) || nolocals liv e, nothin g happens!
addr-assign(b) assign to b (2) || currentlyLive(b) A false

call (¢¢¢, f) main calls f

proc isLive (°)f
if C 2 Stack and " 2 ScalarVars)
the n return current lyLive ();
else retur n true ;

g

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

branch, since in thi s example, f recurses just once). The expression rab deref-
erences th e variable cbut from thepreviouscall to f. Thus, c from th e previous
invocation of f is live at the recursiv e call to f. However, even though n©ob
dereferences c, it does not dereference th e most recent instanc e of c and thu s,
cisnot live at thecall to g.

Let us consider what happens when we apply our method to th e execution
of the code in Figure 4. Table VI shows an event trace (in reverse order) of
th e above program along wit h the actions our liveness analysi s wil | tak e. For
someevents (such asreturns) ,wedonot list any action s sincethese events serve
to simply initializ e auxiliar y data structure s. Durin g th e trac e generation , we
create two location descriptor s for stack variable c: c; for th e brst instantiation
of f and c; for th e secord instantiatio n of f. Note, however, that our algorithm
adds to the livenessToOutput (c) on behalf of ¢; and not on behalf of c;. Thisis
correct and accurat e since c; is not dereferenced (or assigned to a variabl e that
is dereferenced) in thi s run.

4.4.1 SelectivelLiveness. We consider thre edimension sthat determin e the
accuracy of liveness: (i) the region of memory for which we have liveness infor-
mation (stack, heap, and globals), (i) whether we compute liveness only for
scalar variable s or also for record Pelds and arr ay elements (i.e., scalar, record,
or record and arr ay (aggregates)), and (iii ) whether we compute liveness infor-
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 the accuracy level
of the brst two dimension s. For example, to compute liveness informatio n for
scalars in the 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 where we
do not want liveness informatio n to be always live. When computin g liveness
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informatio n for arr ays and records, we treat arr ays and records effectivel y as
a collection of scalar variable s, wit h each instanc e of an array or record giving
rise to new instance s of their component variable s.

By changin gwhat callsaretoexternal routine s, we can select th e precision of
th e thir d dimension . For example, if we wish to mimi cintraprocedura | analysi s,
then we consider all calls as being to external routine s. The action for the
call() -event in Table V wil | therefor e mak e all externall y visibl e location s (heap
location s, global location s, or stack location s whose address gets taken) liv e at
all calls. For interprocedura | analysi s, all calls are to nonexterna | routine s. We
handl e librar y routine s by providin g stubs that mimi c their behavior.

4.5 Limitations

The two main limitation s of our approach particularl y wit h respect to liveness
accuracy are: (i) it isa limi t study and thu s not guarantee d to expose the real-
izable potentia | of liveness, and (ii) our instrumentatio n may pertur b program
behavior and thu sinfBuenc e our result s. Theremainde r of thi s section discusses
these tw o limitation sin detail.

Our result s are an upper bound on the usefulness of liveness information
because our analysi s has perfect alia s information , and because a location may
not be livein a particula r run, even though ther e exists a run where it is live.
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 two input s and compared th e result s across the input s.
Section 6.5 presents these result s. Also, we spent signibPcant tim e manually
inspectin g the output of our liveness analysi s when it yielded a signibcant
benebt. Whil e our manual inspection was not exhaustiv e (or anywher e close),
we found no situation s wher e the result s of our liveness analysi s were specibc
only to a particula r run.

The methodology that we use to obtain our data inBuences th e result s itself
because we force all local variable s to live on th e stack, even when they could
otherwis e have been allocate d in register s. Register allocatio n in a conventional
compiler may useits own liveness analysi sand may reuse th e registe r assigned
toavariabl e if that variabl eis dead. Thus, at garbage collection tim e the dead
pointer is not around anymor e. I n other words, th e compiler is passing liveness
informatio ntothegarbage collector implicitl y by modifyin gth e coderathe r than
explicitl y. Since register allocator s typicall y use only intraprocedura | liveness
analysi s of scalars, thi s effect wil | be at most as stron g as our intraprocedural
livenes s scheme for scalars on th e stack.

5. EXPERIMENTAL METHODOLOGY

Section 5.1 describes the different levels of accuracy we consider in this
paper. Section 5.2 describes the 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 VII shows th e schemes for which we report result s in thi s paper along
wit h abbreviation s for the schemes. The entrie s in the tabl e are pair s, where
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Table VIl . Schemes Evaluated

Type Accuracy
Livenes s Accuracy none full
none (N, N) (T,N)
intraprocedural stack scalars (N, iscalary (T jscalary
scalars C records (N, ifecordy (T jrecord)
scalars C records C arrays | (N,i299) (T, i299m)

stack C globals | scalars (N, iggéﬂar) (T, iggalar)
scalars C records (N, ifecordy (T jrecord)
scalars C records C arrays | (N,isg k) (T,isg" )

interprocedural stack scalars (N, 1 SSCa|af )y (T, SSCalar )
scalars C records (N, | fecordy (T ' record)
scalars C records C arrays | (N, 189 (T, 1399

stack C globals | scalars (N, |SSgcaIar) (T, |Ssgcalar)
scalars C records (N, 1ggcord) (T jecorg

scalars C records C arrays | (N, Ifgggr) 'T, Isagggr

the brst element gives the level of type accuracy ((N, § are schemes wit h no
typ e accuracy and (T, § are schemes wit h ful | typ e accuracy) and th e secord el-
ement givesth e level of liveness accuracy. The Ointraprocedural Gconbgurations
(Gig assume the worst case for all externall y visibl e variable s (globals and lo-
cals whose address has been taken ) whil e th e Ointerprocedural Oconbgurations
(¢ 19) analyz e across procedur e boundarie s for externall y visibl e variable s. The
Oscalar€conbguration s compute livenes s informatio n only for scalar variable s,
th e Orecord©conbguration s for scalar and record belds, and the OaggregateO
conbguration s for scalars, record belds, and arr ay elements. The Ostak Ocon-
pguration s (¢ €) compute liveness informatio n only for stack variable s whereas
th e Ostak and globals Q¢ agg) conbguration scomputeit for location son th e stack
and for staticall y allocated variable s. Whil e th e abbreviation s from Table VII
identif y accuracy levels, we wil | sometimes use them to mean the number of
bytes occupied by reachabl e objects when using that accuracy level.

In additio n to th e above conbguration s, we experimente d wit h partia | type
accuracy, that is, typ e informatio n for differen t regions of memory (stack, heap,
globals). We found these conbguration s to be of negligibl e value; thu s, we omit
their result sin the remainde r of the arti cle.

Notethat we donot consider liveness for th e heap. Toseewhy, let usimagine
what it would mean in our context. If we had accurate liveness informatio n for
heap-allocate d aggregates, we might , for example, know that even though a
heap slot contain s a pointer, th e slot wil | not be dereferenced in th e futur e. But
gettin g thi sinformatio n poses at least tw o challenge s. It woul d be hard to com-
pute heap liveness wit h an analysi s, and it would be hard to use heap liveness
in a garbage collector. To compute heap livenes s would 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 site and th e information
may therefor e get to be very large. This would be difpcult to communicat e to,
let alone use in, a garbage collector. With our trace-based approach, we could
of course have obtained heap liveness information , but given the difbculties
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Fig.6. Memory Management Schemes. Each nodein thi sgraph isa memory management scheme.
An edgeindicate sthat th e schemewit h th elower vertica | positio n is strictl y weaker tha n th e scheme
wit h th e higher vertica | position.

described above, our result s would have been a very loose upper bound. Thus,
we omitte d a study of heap liveness from thi s arti cle.

Figur e 6 presents 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 make the bgure more readable and because typ e accuracy offered
littl e benebt in our benchmar k program s (Section 6),iwe omit th e differen t com-
bination s of typ e accuracy and liveness accuracies e.g., T,ig% . Although
we collected data for all the schemes in Figur e 6, we present result s for only
th e schemes that offer some improvement over schemes that are immediately
below them in the lattic e. These schemes are marke d by solid circles. For ex-
ample, we fggind that enhancin g intraprocedura | analysi s wit h record analysi s,

N ’ii “aw’d g insignibcan t benebt over intraprocedura | ane}lysi s of sgalars
only "N, i@ " and thu s we do not report furthe r result sfor ' N, iec .

5.2 Metrics

To conduct our measurements, we execute Run-2 (Figur e 3) multipl e times
for each benchmark , once for each accuracy scheme. We execute all our runs
on Pentium-base d workstation s.° To facilitat e comparisons between different
schemes, we trigge r th e reachabilit y tr aversal at the same tim e for each level
of accuracy. For thi s study, we trigge r a reachabilit y tr aversal every A=n bytes
of allocation where A is the total allocatio n throughou t the benchmark run
and n D 50.2° Thus, for each program and accuracy scheme, we end up with

9In Section 6.4, we see that typ e accuracy yield s differen t benebts on differen t architecture s.
10However, a given benchmark run may have much fewer than 50 reachabilit y tr aversals if it
allocate s a number of objects that are larger 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 two liveness schemes, we subtract their vectors
to determin e how they compare at each tr aversal. We reduce our metri cto a
singl e number by reportin gth e average of th e elements of th e differenc e vector.
Here is an example for our metri ¢, where for simplicit y we assume n D 3.
Let the conservativ e garbage collector (N, N) encounter (100, 200, 200) bytes
in reachgble heap objects after its thre e collections. Let our strongest scheme
T,1&% encounter (100, 180, 160) bytes in reachable heap objects after its
thre e collection s. We write . ¢
(N,N)j T, 1200

(N, N)

avg

to mean ~

A i ¢
1 (N N)j T,15%
n (N, N);

. |
: !
(N,N)j 'T,1200

1 C ¢eeC ,
(N, N)n

whi ch is
1

H . . .
1100 1OOCZOO| 1800200| 160 D 10%

3 100 200 200

in our concrete example. In other words, wit h stron g accuracy, th e heap would
on average be 10% smaller after garbage collections.

An alternativ e metri cis to measure th e heap size (includin g fragmentation
and GC data structures ) or th e process footprin t instead 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 extensions to
th e BoehmbDemersBWeiser collector increase the 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
that perform signibcant heap allocation . Second, we picked program s that we
thought would demonstrat e the differenc e between accurate and inaccurate
garbage collection. For example, we picked anagram since it uses bit vectors,
which may end up lookin g lik e pointer s to a conservativ e garbage collector.
Third , we picked program sthat span a wid e variet y of programmin g styles and
languages.

Table VII | describes our benchmar k program s. Mai n data structures gives
th e data structure s most commonly used in the benchmark s based on code in-
spection. Table I X gives informatio n about our benchmar k program s and their
input s. Language gives the source languag e of the benchmar k programs. We
have benchmark s in thre e differen t languages. Lines gives the number of lines
in th e source code of th e program (in cludin gcommentsand blank lines). Total al-
location givesthenumber of bytesallocate d throughou t th e execution of th e pro-
gram. Workload describes how we ru n each benchmark . Two of our benchmark s,
gctestand gctest3, are designed to test garbage collectors [Bartlet t 1988, 1989].
These benchmark s both allocat e objects and create garbage at a rapid rate.
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Table VIII . Benchmar k Descriptions

[Name | Description | Main data structures

Program s using gc:
gctest3  ||Syntheti ¢ stress test for Bartlett ® collector.
gctest Syntheti c stress test for Bartlett @ collector.

List s and arr ays
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 bnder similar to GNU grep. DFAs

xerces ||XML 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 belds

ks Kernighan-S chweiker t graph partitione r. Graphs
ft Find s minimu m spannin g trees. Graphs
yacr2 Yet another channel router for circuit layout. Arr ays and structures
bc GNU bc calculator. Abstract syntax trees
gzip GNU gzip compression tool. Huffma n trees
roboop |[|Robotics simulatio n package. Matrices
eon Probabilisti cray tracer. Object graph
ijpeg Imag e compression and decompression. Variou s imag e repn.
Table IX. Benchmar k Statistics
[ Name [Language | Lines [Total allocation | Workload

gctest3 C 85 2200004 | loop to 20,000

gctest C 196 1123180 | only repeat 5 in listtest2

bshift Eiffel 350 28700 | scales 2 through 7

erbt Eiffel 927 222300 | 50 trees wit h 500 nodes each

ebignum Eiffel 3137 109548 | twic etheincluded test-stub

li C 7597 9030872 | nqueens.lsp,nD 7

gegrep Eiffel 17185 106392 | '[A-Za-z]Cnj [AZa-Z]C' t

xerces C++ 48 452 387632 | Macbeth, act |

anagram C 647 259512 | words < input.in

ks Cc 782 7920 | KL-2.in

ft C 2156 166832 | 1000 2000

yacr2 C 3979 41380 | input4.in

bc C 7308 12382400 | bnd prime s smaller 500

gzip C 8163 14180 | -d texinfo.tex. gz

roboop C++ 11806 587544 | 10

eon C++ 30115 54540 | Kajiya , 10x10

ijpeg C 31211 148664 | testinput.ppm -G

The benchmarks bshift , erbt, ebignum, and gegrep are Eiffe | program s that we
translate d int o C using the GNU Eiffe| compiler SmallEiffel . The benchmarks

xerces roboop, and eonare C++ program s that we translate d int o C using EDG
[Edison Design Group 2002]. We made minor modibcation s to xercesand eonto
get them to work wit h our infrastructur e. Many of our benchmark s (in cluding

all Eiffel programs) were writte n wit h garbage collection in mind and some
even included a garbage collector as part of the program (e.g., li and xerces. We
modibed these program s to use our garbage collector instead of their own.
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Fig. 7. Accurate and conservativ e garbage collection versus free. We present result s for bench-
mark sthat use explici t deallocatio n and for whi ch ther eis a differenc e between explici t deallocation
and (N, N).

Due to the prohibitiv e cost of our analyses,** we had to pick relativel y short
runs for most of the programs. However, for those program s where we were
able to do both shorter and longer run s, we found littl e differenc e between the
tworuns as far as our result s are concerned (Section 6.5).

6. RESULTS

We now present experimenta | 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 explicit 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 reclaim the
most objects? (Section 6.3)

(4) Does the benebt of type accuracy depend on the 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 compargs th e performanc e of our most inaccurat e ((N, N)) and ac-
curate T, 1599  collectors to explicit deallocation. The height of the (N, N)
versus free bar presents th e average differenc e between th e bytes retaine d by

11Some of these benchmark s tak e over 24 hours on a 850-MH z Athlo n wit h 512 MB of memory to
run all the conbguration s.
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(N, N)and explici t deallocgtio n as a percentage of the bytesretaine d by (N, N).
The height of the " T, 159 versus freg bar presents th e average differenc e be-
tween the bytes retained by T, 159 and explicit deallocation as a percent-
age of the bytes retained by (N, N). A negativ e bar in Figur e 7 indicate s that
garbage collection frees fewer bytes than explicit deallocation . A positiv e bar
means that garbage collection frees more bytes than explici t deallocation.

Figur e 7 gives the data qnly for benchmark s that use explici t deallocation.
Also, since (N, N), T, 159 , and explici t deallocatio n collect exactly the same
number of objects for anagram, ks, and ft, we omit these program s.

From thi s bgure, we seethat explici t deallocatio n is better than conservative
garbage collection ((N, N)) for pve of thegine benchmark s that use explicit
deallocation . The performance of T, 159 is more impressive : it Pnds leaks
in at leggt two benchmark programs (yacr2 and bc). In the other programs,

T, 189 isstill closein performanc etoexplicit delallocatio(p .Thus, asfar asre-
claimin g memory or detectin gleaksisconcerned, T, I compares favorably
to explicit deallocation whil e (N, N) is much worse than explicit deallocation.

6.2 Usefulness of Accuracy

Section 6.2.1 compares th e abilit y of typ e accurate, liveness accurate, 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 Type Accuracy for Reclaimin g Objects. In
thi s section, we investigat e th e individua | and cumulativ e benepts of typ e and
liveness accuracy. Figur e 8 compares reachabilit y tggversals using typ e accu-
racy only ((T, N)), liveness accuracy only,, N, 159, and both typ e accuracy
and the best liveness accuracy T, 1589 . The bars of this graph present the
differen?e betwegn th? bytes getained by (N, N) and the bytes retaine d by
(T,N), N,IE9 ;and T, 1599 asapercentage of thebytesretaine dby (N, N).
As wit h Figure 7, the data in Figur e 8 is an average across all th e reachability
traversals in a program run.

From Figure 8, we see that just adding type informatio n to a reacha-
bilit y traversal yields modest improvement s for only thre e program s (gzip,
roboop, and ijpeg). In comparison, ther e is a signibcant benebt to using live-
ness informatio n in a reachabilit y tr aversal. We also see that ther e is no ben-
ebt to adding typ e informatio n to liveness for identifyin g garbage objects. In
other words, th e informatio n that th e aggressive liveness analysi s computes is
sufpcient for identifyin g live pointer s in our benchmark runs. Note, however,
that type informatio n is necessary in environment s that use copying garbage
collection.

From Figur e 8, we also see that, for six out of the seventeen benchmarks
(gctest3, gctest, li, anagram , ks, ft), there is no benebt from any kind of ac-
curacy at least for our runs. (Some of the subsequent graphs will omit these
benchmark s in order to mak e them more readabl e.)

Whil e Figur e 8 shows that accuracy enables a garbage collector to collect
more bytes on average, it does not say whether the leaks in a conservative
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Fig. 8. Benebts of liveness and typ e accuracy.

Fig. 9. For how long are objects leaked?

collectorgare short lived (e.g., (N, N) collects exactly the same objects as

T, 159" but one ga(Ebage collection later) or long lived (e.g., ther e are some

objects that |T, 199" freesthat (N, N) never identibe s as u.nreacha@le).

Figur e 9 addresses th e natur e of the improvement that lT, 199" provides
over (N, N) for those of our program s that benebt the most from accuracy. A
point (x,y) in Figur e 9 says that y% of th e leaked objects are leaked for x% or

fewer garbage collections. For example, in benchmark gzip 50% of th e objects
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Fig. 10. Percentage of stack slots that th e garbage collector must examine.

leaked by (N, N) 'in relatio n to IT, I§§9’¢¢ are leaked for up to 40% of the
garbage collection s (recall that we trigge r garbage collection approximatel y 50
time s for each benchmar k program) . Curves that remain low unti | they get to
thefar right of the graph (e.g., bshift ) indicat e benchmark swhere (N, N) leaks
objects for a signibcant portio n of overall program execution. Such leaks are
likel y to cause real memory problems in long-runnin g program s.

6.2.2 Usefulness of Liveness and Type Accuracy for Reducing Effort. Be-
sides enablin g a garbage collector or leak detector to identif y more garbage
objects, accuracy can also reduce the amount of work for root (i.e., global and
stack) processing. A conservativ e collector must look at all stack and global
location s to bPnd pointer s whil e an accurate collector has tables that allow it to
skip examinin g many location sthat are not liv e or not pointer s. Whil e accurate
collection wil | most likel y inspect fewer location s, it wil | incur the overhead of
decoding th etables; weignor etabl e decoding overhead in thi sstudy. Figure s 10,
11, and 12 give the percentage of stacl, global, and heap location s that garbage
collectors using (T,N) and T, I_Q;”‘gg‘-llr would have to examine; in contrast, a
conservativ e collector must examin e all stack and global location s.

From these bgures, we see that even though typ e accuracy does not reclaim
many mor e objects than conservativ e collection, it does signibcantl y reduce the
work for the garbage collector. Liveness accuracy furthe r reduces th e number
of memory slots that a garbage collector or leak detector must examine. The
benebt of liveness accuracy is most prominent in the stack (Figur e 10).

Thebenebt 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 accurate garbage collectors free up
mor e objects tha n conservativ e collectors, ther e are fewer slotsin th e heap with
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Fig. 11. Percentage of global slots that th e garbage collector must examine.

Fig. 12. Percentage of heap slots that the garbage collector must examine.

accurat e collectors than wit h conservativ e collectors. We see that program s for
whi ch liveness accuracy reclaim s many more bytes than typ e accuracy (e.g.,
bshift in Figur e.8) are ajgoth e ones wher e ther e is the most differenc e between

the(T,N)and 'T, 129" bars in Figur e 12.
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Fig. 13. How much liveness do we need (average)? We omit benchmark s for which there is no
benebt from liveness.

6.3 Strength of Liveness Analysis

The priog sectipns presgnted result s for our most aggressive livenes s schemes,

T,1&% and "N, 159 . Since more accurate liveness informatio n is more dif-
bcult toimplemen t and expensive to compute, it is importan t to determin e the
point of diminishin g retur n for liveness. In this section, we investigat e how
powerful th e liveness analysi s needs to be before it is useful.

Figur e 13 gives the impact of the liveness accuracy on th e garbage collector
or leak detector @ abilit y to identif y dead objects. For each benchmark , it has 8
bars. Each bar gives theresult for one level of liveness. The brst four bars give
th e benebt of liveness analysi s for stack variable s only and th e next four bars
give the benebt of liveness analysi s for global and stack variable s. Figur e 14 is
simila r toFigur e 13 except that it gives th e benept of differen t levels of liveness
accuracy at the point wher ethenumber of liv e bytesin th e conservativ e scheme
isat its maximum . Thus, Figur e 14 gives a sense of the maximu m memory size
reductio n due to livenes s accuracy when compared to conservativ e collection.

Figures 13 and 14 present result s only for liveness levels that offer some
benebt (Section 5.1). Also, Figure s 13 and 14 present data only for benchmarks
wher e livenes s accuracy is useful.

From Figur e 13, we see that intraprocedura | stack liveness affects only four
benchmark s (ebignum, gegrep, gzip, and roboop) and th e benebts are small.
Thi sis consistent wit h behavior observed by Agesen et al. [1998]. Addin g inte r-
procedural 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 signibcantl y improves
the result s for roboop. Note that doing just interprocedura | analysis of stack
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Fig. 14. How much liveness do we need (maximum) ? We omit benchmark s for which there is no
benept from liveness.

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

The majorit y of the benebt of liveness analysi s comes from analyzin g global
variable s (see secord set of four barsin 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 around for the entir e lifetim e of the program and thus a
dead pointer in a global variabl e wil | have a much bigger impact on reacha-
bilit y tr aversal than a dead pointer in a (relativel y short lived) local variabl e.
However, even for global variable s, livenes s analysi s yield s littl e benebt unless
the liveness analysi s is interprocedura | and analyzes records. The cumulative
impact of aggregate and interprocedura | analysi sis greater than th e sum of the
part s. For example, in benchmark bshift th e benebt of interprocedura | analysis
is 3% and th e benebt of analyzin g aggregates intraprocedurall y is 0%, but the
benebt of addin g both is 43%.

Figur e 15 illustrate s how the combined effect of analyzin g aggregates and
interprocedura | analysi sisgreater than th e sum of their part s. In thi sexample,
sis aglobal record. Assumethat th e belds of s are used consistentl y wit h their
types. If we analyze procedure f using an interprocedura | analysi s without
records then we would have to conclud e that th e tw o Pelds of s may contain live

. o i
12e do not present result s for thi s conbguratio n since it perform sthe sameas N, iscalar -,
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struct f int =@i; int @ j;gs;
void f ()f

g0);
¢}

Fig.15. Exampl e of thesynergy between analyzin g aggregatesand doinginterprocedura | analysi s.

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

pointer s at the call to g since the analysi s is conservativ e about record pelds
(it assumes all record Pelds are always live). |f we analyz e procedure f using
an intraprocedura | liveness analysi s that analyze s records, then once again we
would have to conclud e that th e Pelds of s may contain liv e pointer s at th e call
to g since theintraprocedura | analysi s assumes th e worst case for calls. Only
when we analyz e procedure f using an interprocedura | liveness analysi s that
analyzes aggregates are we able to determin e that th e belds of s do not contain
liv e pointer s. i ¢ i ¢

For many programs, N, Isrgc"’d and N, 159 have similar performance
(ebignum, yacr2, bc, gzip, ijpeg, eon, and roboop plus all the benchmgrk s that
do not benebt from liveness), vvihi ch is gpcouraging since N, IS’SCO“‘ requires
analysi s of only records while "N, 1299 require s analysis of records and ar-
rays. Arr ays are much harder toanalyzeandit is unlik?l y that @ny reasonable
compiler analysi s would approach the performanc e of N, Isaggr .

For th e aboveresult s, we assumed that all livenes s analyses, intraprocedural
and interprocedural , had informatio n that allowed them to precisely analyze
librar y calls. Figur e 16 presents result s simila r to Figur e 13 except that we
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computed these result swhil eassumin gth eworst case about standar d librarie s.
Comparin g Figures 16 and 13 we see that precise informatio n about library

routine s makes a signibcant differenc e in one program, roboop. Information

about librar y routine salso helps bve other program stoa smaller extent (bshift ,
erbt, gegrep, gzip, and eon).

6.4 Type Accuracy and Underlying Architecture

From Section 2, we know that 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 the underlyin g architectur e (e.g., 32-bit or
64-bit) , typ e informatio n may have a different benebt if the program is run
usin g a differen t memory layout or architectur e.

To investigat e th e effects of memory layout on the usefulness of typ e accu-
racy, weran our program sfour time s each wit h a differen t heap startin gaddress
(0x10000000, 0x20000000, 0x40000000, and 0x80000000). We observed small
variation s in our four runs but even then the benebt of typ e accuracy for re-
claimin g objects was small: no more than 3% for any of our program s and 0%
for most of the program s. The run 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 the SPARC, we found type
accuracy to be more importan t than on the Pentium . Type accuracy improved
th e effectiveness of garbage collection for several benchmark s, including gctest,
bc, ft, yacr2, bshift, li , gzip, and ijpeg. Some benchmark s showed major improve-
ment: 25% (gzip) and 35% (ijpeg). We suspect that some of the image data in
ijpeg is being interprete d as pointer s and therefor e garbage collection of ijpeg
benepts greatl y from typ e accuracy. On th e Alpha , th e improvemen t duetotype
accuracy was even less than on the Pentium , wit h only one benchmark, gzip,
showin g non-trivia | benebt from typ e accuracy.

Our result s suggest an idea for strengthenin g leak detectors: runnin g a pro-
gram using 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 runs wil | expose more leaks than a
singl e run.

6.5 Validation of Our Methodology

Our approach extract s liveness informatio n from a single run of the program
and thu siit is possible that th e liveness informatio n is specibconly tothat run.
Also, therun sweuseareshort since our liveness analyses are quit e slow. I n this
section we present number s for a secord run of several benchmar k program s.
We trie d to pick run s that were longer and performe d more allocatio n than our
origina | runs: bshift (104 248 bytes), gegrep (453 756 bytes), gzip (20 240 bytes),
roboop (1929 864 bytes), and yacr2 (76 376 bytes).

Table X givesthestack and global location sthat aredifferen t between th e jwo

run s as a percentage of total stack and global location s when using 'N 1&g If
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Table X. Number of Stack and Global Location s That are Different 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
ozip 2075 34 | 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 thetworuns,
we counted that location as OdifferentO The total stack and global location s are
in the Count columns. The result s for other levels of accuracy are simila r or
better.

From Table X, we see that there is littl e differenc e between the liveness
informatio n for our tworuns. To see whether these small difference s tranglate
int o diffegen t behavior, we also measured the retaine d bytes of ‘T, 159 and

N, [&§9 . We found that the result s were identica | for the two runs in terms
of the relativ e usefulness of the different accuracy schemes. The number of
bytes that each liveness scheme was able to identif y as garbage was of course
differen t between thetworuns. Thus, it islikel y that our run-tim e methodology
is computin g a tigh t approximation.

6.6 Summary of Results

To summariz e, our result s show that as far as reclaimin g objects in our bench-
mar k run sis concerned, typ e accuracy or weak livenes s accuracy schemes, such
asonesimplemente din current systems, yield littl e or nobenepbt. Type accuracy
does, however, reduce the work of the reachabilit y tr aversal by allowin g it to
ignor e most memory slots. The benebpts of typ e accuracy depend greatl y on the
memory layout and the underlyin g hard ware ar chitecture : we found that the
benebt of typ e informatio n in reclaimin g objects is much greater on a SPARC
32-bit workstatio n than on th e Pentium-base d workstation swe used for th e ma-
jorit y of thi s study. Aggressive liveness analyses, particularl y onesthat analyze
globals records and are interprocedural , promis e signibPcant improvement s.

Figure 17(b) shows the experimenta | relationshi p between the accuracy
levels. Figure 17(b) is a subset of Figure 6 containin g only the solid nodes,
but wit h a differen t interpretatio n of vertica |l position (th e horizonta | position
has no signibcance). For each scheme S in Figur e 17(b), the vertical position
corresponds to the metri ¢ avgfM)2%, which is explained in Section 5.
The horizonta | lines in Figure 17(b) Ie.g., between IT, 159 and "N, 1599
connec accuracy schemesthat differ in strengt h only theoreticall y but insignif-
icantl y in our experiment s.

7. EXPERIENCES

Besides demonstratin g that certain 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 ustoidentif y leaksin the BDW collector [Boehm et al. 2002]. The BDW
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Fig. 17. Theoretical (a) and experimenta | (b) strengt h of accuracy schemes.

collector is a matur e and extremel y useful tool that has been used heavil y by a
larg e user communit y for over 10 years and ther e are even commercial leak de-
tection product s that are based on thi s collector [Dion and Monier 2002]. Thus,
we were surprise d to bPnd any leaks in thi s collector. Our experience leads us
to believe that experiment s such as ours may be valuabl e to implementor s of
garbage collectors and leak detectors in Pne tunin g their systems.

Broadly speakin g ther e are two kind s of bugs in a garbage collector or leak
detector: (i) it can incorrectl y identif y an in-us e object as garbage and (ii) it can
fail toidentif y a dead object. The existence of a bug of th e brst kind , particularly
in a garbage collector, wil | probably be exposed quickly since freein g an object
that is stil | in use wil | cause th e program to exhibit unexpected behavior or to
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crash. The existence of a bug of the second kin d is much harder to detect since
it does not cause the program to crash: it just causes the program to use more
memory. Since most programmer streat a garbage collector as a black box, they
wil I not be able to tell whether theleak isduetoa bugin the garbage collector
or whether it is due to an unfortunat e pointer in their own code. All bugs we
found in the BDW collector were of kin d (ii).

How did our experiment s help usin bPnding leaks in the BDW collector? We
experimente d wit h a wid e range of variation s in the BDW collector, some of
which minor (such as intraprocedura | liveness of local scalar variables) and
some signibcant (such as ones involvin g interprocedura | analysis) . We discov-
ered the leaks when we saw behavior in one of our variation s that did not
mak e sense. For instanc e, in one case, we found that incorporatin g intrapro-
cedural liveness of global and local variable s found many more dead objects
than intraprocedura | liveness for just local variable s. When we trie d to imag-
ine how such a situatio n could happen, we ended up wit h contrive d examples
that seemed unlikel y toappear in real program s. Thus, we investigate d further
and found th e source of the problem: the BDW collector was mistakenl y using
some of its own global variable s as roots. When we provided liveness informa-
tion for globals to the BDW collector it circumvente d BDW & mechanism for
Pndin 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 | methodology provide s implementor s of
thesetoolswit h an additiona | mechanis m for identifyin g potentia | performance
problems.

8. RELATED WORK

In thi s section, we review prior work on comparin g differen t garbage collec-
tion alternative s, type and liveness accuracy for compiled languages, and leak
detection.

Rejemo and Runcima n [1996] describe heap problin g, whi ch they usetotune
thei r application s. Rejemo and Runciman & approach is to provid e heap proble
informatio n to programmer s who can use it to tun e the memory usage of their
application s. Rejemo and Runcima n introduc e th e notio n of OdragQwhi ch is the
tim e between the last real use of an object and the tim e at which it is deallo-
cated. Their notion of Odrad@)is stronger than our strongest liveness analysis
sinceit isderive d from exact informatio n on when a heap object islast accessed.
Our basic goals are similar : we are also tryin g to reduce the memory footprint
of program s and are using problin g technique s to accomplish our goals. How-
ever, for Rejemo and Runciman , th e proPlin g tools provid e informatio n to pro-
grammer s whereas, for us, they provid e informatio n to designers of memory
managers.

In work concurrent to ours, Shaham et al. [2000] evaluat e a conservative
garbage collector using a limi t study. They bnd that th e conservativ e garbage
collector is not effectivein reclaimin g objectsin a timel y fashion. However, un-
lik e our work, they do not demonstrat e if an accurat e collector would be more
effective in reclaimin g objects. In their follow-u p work, Shaham et al. [2001]
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investigat e manual optimization s (such as dead-code eliminatio n and insertion
of nil assignments) toimprov e th e performanc e of thei r garbage collector; these
optimization s were guided by their limi t study. Shaham et al. [2001] also dis-
cuss whi ch compiler analyse s would be needed to automat e their optimization s.
Thus, Shaham et al. [2001] and our work have simila r goals. Our work differs
from Shaham et al.® [2001] work in that we determin e the needed compiler
analyses automaticall y rather than manuall y.

Bartlet t [1988], Zorn [1993], Smith 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 versions of his mostly copy-
ing garbage collector that differ in stack accuracy. Zorn [1993] compares the
BoehmbDemersbWeiser collector to a number of explicit memory management
implementation s. Smith and Morriset t [1998] describe a new mostly copying
garbage collector and compare it to the BoehmbDemersBWeiser collector. All
these studie s focus on th e total heap size. Measurin g th e total heap sizeis use-
ful for comparin g collectors wit h the same accuracy, but makes it difbcult to
tease apart the effects of fragmentation , allocator data structure s, and accu-
racy. Since we are countin g bytesin reachabl e objects instead of total heap size,
we are able tolook at th e effects of garbage collector accuracy in isolatio n from
the other effects. Agesen et al. [1998] investigat e the effect of intraprocedu-
ral local variabl e liveness on the number of reachabl e bytes after an accurate
garbage collection . Besides intraprocedura | 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 tothei r efbciency. Zorn [1991] looks
at th e cache performanc e of differen t garbage collectors. We do not look at run-
tim e efbciency but instea d concentrat e on th e effectiveness of garbage collectors
in reclaimin g objects.

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

Henderson [2002] describes how to compil e type-safe language s to C without
givin g up typ e accuracy. The resultin g C program, which can be compiled to
machin e code using a conventional compiler, can safely use a copying garbage
collector.

Diwan et al. [1992], Agesen et al. [1998], and Stichnoth et al. [1999] consider
how to perform accurate garbage collection in compiled type-safe languages.
Diwan et al. [1992] describe how th e compiler and run-tim e system of Modula-3
can support accurate garbage collection. Agesen et al. [1998] and Stichnoth
et al. [1999] extend Diwan et al.® work by incorporatin g liveness accuracy
and allowin g garbage collection at all points and not just safe points. Even
thoug h these papers assume type-safe languages, typ e accuracy is stil | difbcult
to implement , especially in th e presence of compiler optimization s. Our work
identibe s what kind s of accuracy are useful for reclaimin g objects, which is
importan t for deciding what kind s of accuracy to obtain by compiler analysi s.
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Also, our approach can be used in its current form for identifyin g leaks in both
type-safe and unsafe languages.

Hasting s and Joyce [1992], Dion and Monier [2002], and Geodesic Sys-
tems [2002] describe leak detectors based on the BoehmbDemersbWeiser col-
lector [Boehm and Weiser 1988]. The BoehmbDemersBWeiser collector can also
be used as a leak detector [Boehm et al. 2002]. Our scheme uses more accurate
informatio n than theseleak detectors, and is thu s capable of Pndin g more leaks
in program s.

Region-based memory management [Tofte 1998] uses a compile-tim eliveness
analysi s of objects to determin e wher e to automaticall y insert deallocation s in
the 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 theimpact 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 accuracyN type accuracy and liveness accuracyNw e are able
to identif y interestin g new accuracy schemes that have not been investigated
in the literatur e. Our novel methodology, which uses a trace-based analysi s,
enables us to experiment wit h a wid e rang e of liveness schemes.

Our experiment s reveal that liveness can have a signibcant impact on the
abilit y of a garbage collector or leak detector in identifyin g dead objects. How-
ever, we show that the simpl e liveness schemes are largel y ineffectiv e for our
benchmar k runs: we need to use an aggressive liveness scheme that incorpo-
rate s interprocedura | analysi s of global variable s before we see a signibcant
benebt. Also, in our benchmar k runs, we found that , whil e typ e accuracy can
signibcantl y reduce the work of the reachabilit y traversal, it has a negligible
impact on a garbage collector ® abilit y to reclai m objects.
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