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Abstract

Compilation to bytecode paired with interpretation is often usedas a technique
to easily build prototypesfor new programming languages.Somelanguages,nclud-
ing Java, push this further and usethe bytecode layer to isolate programsfrom the
underlying platform. Current state-of-the-art commercialand researt Java virtual
madines implemen advanced just-in-time and adaptive compilation techniquesto
deliver high-performanceexecution of Java bytecode. Yet, experimerting with new
featuressud asadding new bytecodesor redesigningthe type systemcanbe a daunt-
ing task within these complex systems,when new features invalidate assumptions
on which the internal dynamic optimizing compiler depends. On the other hand,
simpler existing Java bytecode interpreters, written purely in high-level languages,
deliver poor performance. The main motivation behind this thesiswasto answer the
guestion: How fast can a portable, easily modi able Java bytecode interpreter be? In
order to addressthis question,we have designedand deeloped the SableVMresearb
framework, a portable interpreter-basedJava virtual madine written in portable C.

In this thesiswe intro duceinnovative techniquesfor implemerting an e cien t, yet
portable Java bytecode interpreter. Thesetechniquesaddressthree areas:instruction
dispatch, memory managemety and syndironization. Speci cally, we shov how to
implemert an inline-threadedenginein the presenceof lazy code preparation, without
incurring a high syndronization penalty. We then introducea logical partitioning of
runtime systemmemory that simpli es memory managemet) and a related sparse
interface virtual table designfor fast interface-methal invocation. We shov how to
e cien tly compute space-e cient garbagecollection mapsfor veri able bytecode We
alsopresen a bidirectional object layout that simpli es garbagecollection. Finally, we



introduce an improvemern to thin locks, eliminating busy-wait in caseof cortention.

Our experimerts within the SableVMframework shav that inline-threading[PR98]
Java delivers signi cant performanceimprovemen over switch and direct-threading,
that sparseinterface tables causeno memory loss, and that our map computation
algorithm delivers a very small number of distinct garbage collection maps. Our
overall performancemeasuremets shav that, using our techniques,a portable inter-
preter can deliver competitiv e interpretation performance,and even surpassthat of
a less-rtable state-of-the-art interpreter on somebendmarks.



Resume

La compilation encode-cctet combineeavecl'interpretation estunetechnique sou-
vert utiliseepour batir desprototypesde nouveauxlangagesCertainslangagesdont
Java, vont plus loin et utilisent la coude de code-cctet pour isoler les programmes
de la plate-forme sous-jacete. Les madinesvirtuelles de pointe recertes, pour Java,
incluent descompilateursjuste-a-tempsavanceset usert detechniqguesde compilation
adaptablespour o rir une haute performanced’'execution du code-cctet Java. Toute-
fois, I'experimentation de nouwellescaracteristiques,tellesl'ajout de nouveauxcodes-
octets ou la modi cation du systemede types, peut &tre une tache colossaldorsque
cesnouwelles caracteristiquesinvalident deshypothesessur lesquellede compilateur
optimiseur interne depend. D'autre part, les interpreteurs de code-cctet Java plus
simplesexistarts, ecrits avec deslangagesde haut niveau, o rent une faible perfor-
mance.La motivation principale de cette theseestde repondreala question: Jusqua
guel point un interpreteur de code-actet portable et facilement modi able peut-il &tre
rapide? Pour repondre a cette question,nousavonsconcu et deweloppe SableVM une
madhine virtuelle de Java portable, bassesur un interpreteur et ecrite en C portable.

Dans cette these nous introduisons de nouwelles techniques pour implemerner
un interpreteur de code-cctet e cace et portable. Ces techniques couvrert trois
sujets : I'envoi des instructions, la gestion de memoire et la syndironisation. Plus
speci quemert, nous montrons commen implemerer un engin lineaire inclusif en
presenced'une preparation paresseusalu code, sanspayer un colt elewe de syn-
chronisation. Puis nous introduisonsune division logique de la memoire du systeme
d'execution qui simpli e la gestionde memoire. Nous presetons une conceptionde
table virtuelle d'interfaceclairseneepermettant uneinvocation rapide desmethodes.



Nousmontrons commen calculere cacement descartesde ramassagale miettes peu
spacieusegour du code-cactet veri able. Nous presemons egalemen une disposition
bidirectionnelle des objets qui simpli e le ramassagedes miettes. Finalemert, nous
introduisonsune amelioration aux verrous legersqui elimine l'attente active en cas
de litige.

Nos experimertations au seindu cadre SableVMmontrent qu'une interpretation
lineaire inclusive [PR98]de Java o re uneamelioration signi cativ e de la performance
par rapport a uneinterpretation lineaireaiguilleeou directe; quelestablesd'interface
clairseneesne causeh pasde pertesde memoireet que notre calcul de cartesde ra-
massagegle miettes livre un tres petit nombre de cartes distinctes. Nos mesures
globalesde performancedemortrent qu'un interpreteur portable utilisant nos tech-
niques peut fournir une performancecompetitive, surpassan celle d'un interpreteur
de pointe moins portable pour certains programmestemaoins.
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Chapter 1
Intro duction and Contributions

1.1 Intro duction

1.1.1 The Java Virtual Machine

Over the last few years, Java [GJSBO0O]has rapidly becomeone of the most popular
general purpose object-oriented programming languages. The Java languagewas
designed,from the ground up, to provide platform independenceand security. This
is achieved by compiling Java programsinto class les which include type information
and platform independert bytecode instructions. On a speci ¢ platform, a runtime
system(or virtual machine[LY99]) loadsand links class les, then executesbhytecode
instructions.

The idea of compiling a languageto bytecode instructions and interpreting the
result is not new; it is in fact a relatively common practice usedin undergraduate
compilercoursedo limit the scope of term projects, andit is usedin languagereseart
projects to rapidly prototype systems. Bytecode is also often used as a meansto
isolate compiled programs from the underlying platforms, as illustrated by the P-
CODE systemfor PASCAL [Wir71], and in Caml [Cam]implemenations. The Java
programminglanguagepushedthis alittle further by specifyingthe bytecodelanguage
as a non-optional core componert of the system.

The virtual madine collaborateswith arich standard classlibrary to provide key

1



1.1. Introduction

serviceso Java programs,including threadsand syndronization, automatic memory
managemeh (garbagecollection), safey features(array bound cheds, null pointer
detection, code veri cation), re ection, dynamic classloading, and more.

We should note that there exist static compilersthat directly compile Java pro-
gramsto madine code (e.g. [GCJ,Har, Tob]). Yet, the constrairts of static and dy-
namic Java environmerts are quite di erent. Our researt focusessolely on dynamic
Java executionernvironmerts.

1.1.2 The Quest for High Performance

Early Java virtual madines were simple bytecode interpreters. Soon, the questfor
performanceled to the addition of Just-In-Time compilers(JIT) to virtual madines,
an idea formerly deweloped for other object-oriented runtime systemslike Smalltalk-
80[DS84]and Self-91[CUL89]. JITs rangefrom the very naive, that usetemplatesto
replaceeat bytecode with a xed sequenc®f native codeinstructions (early versions
of Kae [Kaf] did this), to the very sophisticatedthat perform register allocation,
instruction schedulingand other scalaroptimizations (e.g.[ATCL * 98,Kra98,SOT* 00,
YMP *99]).

JITs facetwo major problems. First, they strive to generategood code in very
little time, as compilation time is lost to the running application. Second,the code
of compiled methods residesin memory; this increaseshe pressureon the memory
managerand garbagecollector. Recen virtual macinesmostly overcometheseprob-
lems. The main trend is to usedynamic strategiesto nd hot execution paths, and
only optimize theseareas(e.g. [AAB* 00,CLS00,Hot]). HotSpot [Hot, PVCO01], for
example,is a mixed interpreter and compiler ervironment. It adieves high perfor-
manceby dynamically pro ling interpreted code to idertify hot spots, then compiling
and optimizing them. Jikes RVM [AAB*00,AAC* 99], on the other hand, always
compilesmethods (naively at rst), then usesadaptive online feedba& to recompile
and optimize hot methods. Thesetechniques are particularly suited to virtual ma-
chines executing long running programsin sener environmens. The optimizer can
be relatively slov and consistof a full- edged optimizing compiler using intermediate
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represemations and performing costly aggressie optimizations, as compile time will
be amortized on the long overall executiontime.

1.1.3 Portabilit y

While most Java programsenjoy platform independence the underlying virtual ma-
chine that providesthis independencas itself a programthat must interact with low-
level system-sci ¢ routines of the host platform. As we have seenin Sectionl1.1.2,
current state-of-the-art virtual madinesinclude sophisticatedfull- edged optimizing
compilers. It is important to designsud high-performancesystemsin a relatively
portable way, asit would be impractical and too costly to completely rewrite sud
optimizing compilersfor eat platform to which the systemis ported.

It is thus interesting to note that both the HotSpot and the JikesRVM virtual
madinesimplemert their optimizing compilersin the Java programminglanguage.in
fact, the JikesRVM virtual macdine goesa stepfurther andis completelyimplemerted
in Java, using a relatively complexmedanismto write a precomputedbootstrapping
imageto disk.

But, this doesnot meanthat the HotSpot and the JikesRVM internal optimizing
compilersare then automatically platform independen: Even though these compil-
ers can theoretically run on any systemthat provides a Java virtual madine, the
generatedoptimized code targets a speci ¢ platform. So,thesecompilersare useless
on a platform unlessa compiler bad-end is deweloped for that speci ¢ platform. In
the caseof JikesRVM, in particular, porting to a new platform requiresthe porter
to learn about the executable le format of the target platform for generatingthe
bootstrap image.

So,in summary even though the most complexparts of modern virtual macines
are usually written in Java, porting to a new platform requiresa signi cant dewelop-
mert e ort.



1.2. Researb Motivation and Objectives

1.1.4 Java Virtual Machine Overview

Before getting into the details of our researt, we presen a short overview of the

internal organization of a Java virtual madine. As illustrated in Figure 1.1, the

main componerts of a Java virtual madine are:

1.

ClassLoaders: Classloadersare usedto dynamically load application and li-
brary classesfrom a variety of sourcessud as the local le systemand the
network.

. Native Interface!: The native interface allows the virtual macine to call non-

Java routines in applications and classlibraries.

. Execution Engine: The executionengineis the heart of the virtual macine. It

executeshytecode instructions loadedthrough classloaders. There exist various
typesof executionenginessud as interpreters and just-in-time compilers.

. Memory Manager: The memory managerprovides a garbagecollectedheapfor

object instancesand managesthe memory usedto store other internal virtual
madine data structures.

. Services:This componen consistsof a collection of sub-compnerts providing

the necessarynternal virtual macdine support for standaid classlibrary features
sud asthreads and re ection.

1.2 Reseach Motivation and Objectives

1.2.1 Reseach Framework

Many academicreseart: projects have limited resources.Sometimes,the human re-

sourcesdedicated to a project are limited to a single graduate studert, or a very

small team of researbers. The dewelopmen e ort requiredto experimert with some

1The Java Native Interface (JNI) is a standard for dynamically linking Java and non-Java code.
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Applications and Class Libraries

Class Loaders Native Interface (JNI)

Memory Manager

Execution Engine Services

Threads
Reflection
Etc.

Java Virtual Machine

Figure 1.1: Java Virtual Machine Overview

languageextensions,n state-of-the-art adaptive Java virtual macine systems,might

involve rewriting key parts of highly sophisticated code optimizers. Sud dewelop-
mert e ort can easily be out of reat of a small researt team. Even using a simpler
template-basedust-in-time compilermight require more dewelopmen work than are-
searth teamwould like to invest, dueto the requiremen of writing assernbly language
for ead target platform.

One of the main objectivesof this researb is the dewelopmer of an openly avail-
able virtual madine suitable for performing researt experimerts with minimal de-
velopmen e orts. In order to achiewve this goal, this virtual madine must be easily
extensible,allowing experimerts with languagemodi cations and extensionssud as
rede ning the semartics of arrays, or adding newbytecode instructions for better sup-
porting functional languages. This resarch frameworkmust also be easily portable
to new platforms with minimal e ort, to allow performing experimerts on a variety
of systems.

Finally, the virtual madine must also deliver acceptableperformance, so that

5



1.2. Researb Motivation and Objectives

experimerts can be donerunning real-world applications, not only toy bendimarks.

1.2.2 Bytecode Interpreter

An interpreter-basedvirtual madine would seemto meet our portability and easy
modi cation goals. Interpreters written in high-level programming languageshave
the following advantages:

Understandingtheir internal structure requiresa very short learning curve.
They have easily modi able sourcecode.

It is usually possibleto trace their internal executionwith a debugger. This
helpswith learning the systemand modifying it.

High-level languageshelp increasethe portability to other systems,by hiding
low-level details sud asthe processorinstruction set.

The main drawbad of interpreter-basedsystemsis that they often deliver poor
performance,due to high instruction dispatch overhead.

Recerly, a new technique has beenintroduced, called inlined-threading [PR98],
that partly eliminatesdispatch overheadfor a subsetof instructions. This technique
has not beentested for Java before. As it looked promising in helping to achieve
our acceptable performance goal, we decidedto further investigate the use of this
technique in the context of an interpreter-basedJava virtual madine.

1.2.3 Specic Reseach Objectives

The speci ¢ objectivesof this researt are to:

designand implemert a portable and easilymodi able interpreter-basedvirtual
madine,

ewvaluate the relative performanceacdievable by a portable interpreter imple-
merting modern and innovative techniques,

6



1.3. Contributions

researb new memory managemeht techniques,

researb newtechniquesfor improving the performanceof Java virtual macines,
regardlessof their enginetype (interpreter, just-in-time compiler, adaptive op-
timizing system),and

measurethe performanceof the proposedtechniques.

A lessformal objective is to keepthe framework as simple as possible. As the
dewelopmen of a standards compliart Java virtual macine implemerting the Java
Native Interface (JNI) and the Invocation Interface requiresa signi cant amourt of
work, it is important to keepa simple virtual madine design. For example,we have
chosento implemert a simple semi-spacecopying collector, leaving the dewelopmen
of more advancedgenerationaltechniquesto future interestedusersof the framework.

1.3 Contributions

In this section,we list the cortributions of this thesis.

Onecortribution of this researt is of atechnical nature. It consistsof the researb
framework itself. In the courseof this researt, we have dewelopedthe SableVM[Sabb]
researb framework, a freely available, portable, exible, and e cient interpreter-
basedJava virtual madine. We think, that the relatively small source-cde size
of SableVM (approximately 55,000lines before macro expansions)and the clarity
and simplicity of its internal designmakesit an ideal tool for conducting small to
moderately sizedreseart projects on the Java virtual madine.

SableVMimplemerts 2 kinds of object layout, 3 a vors of threadedinterpretation,
provides a choice of using or not using signalsto detect someexceptions,has many
embeddeddebuggingfeatures,and can be easily stepped through, at executiontime,
using a traditional debugger.

Thus, the cortributions of this thesisare:

The dewlopmen and public releaseof the SableVMresearth framework.



1.3. Contributions

The introduction of innovative techniquesto allow inline-threaded interpreta-
tion of Java bytecode, without raceconditionsor high syndironization costsin a
multi-threaded environmert. Our experimerts shav that inline-threading Java
bytecode o ers signi cant speedimprovemern over that of traditional bytecode
interpretation.

The introduction of a logical partitioning of runtime memory that simpli es
memory managemet This memory partitioning allows SableVMto usea very
simple semi-spacecopying collector to managethe Java heap, and to usevery
simple partition-speci ¢ memory managersfor the rest.

The introduction of a sparseinterface method virtual table designthat reduces
the cost of interface method invocation to that of a normal virtual method
call. Appropriate for a dynamic loading ervironmert, this designusesa sim-
ple, yet very e ective strategy to recycle memory holesin the sparsetables.
Our experimertal results show that, on all testedbendymarks and applications,
including an interface-irtensive application, no memory lossresulted from the
sparsedesign.

The introduction of a simple and fast algorithm to compute space-e cient
garbagecollection mapsfor veri able bytecode. Our experimertal results shov
that at most 74 distinct garbagecollection maps of a total sizeof 1,776bytes
(lessthan 2Kb) were computed on tested bendamarks, with most bendamarks
requiring betweenapproximately 30 to 40 mapsead. The biggestapplication,
requiring 74 maps, had 39,653garbagecollection chedkpoints.

The introduction of a bidirectional object layout that groupstogether all refer-
ence elds for simpler garbagecollection tracing.

The introduction of an improvemern to thin locks [BKMS98] that eliminates
busy-wait in caseof cortention, without causingany overheadinto the object
layout.



1.4. ThesisOrganization

One of our most signi cant experimertal results, that courts as a cortribu-
tion, is that a carefully designed,yet simple and portable Java bytecode inter-
preter can achieve competitive performancewith a commercialstate-of-the-art
less-rtable interpreter. More speci cally, the inlined-threaded interpreter of
SableVMdoesdeliver competitiv e performanceto the o cial Java Developmen
Kit 1.4.0HotSpot cliernt interpreter, being sometimesfaster, sometimesslower.

1.4 Thesis Organization

The remainder of this thesisis structured as follows.

In Chapter 2, we descrike the problem of inline-threading Java in the presence
of lazy preparation and multi-threading, and we introduce our preparation sequene
techniqueto circumvent the problemand increasethe length of inlined instruction im-
plemertation sequencesln Chapter 3, we motivate and descrike a logical partitioning
of runtime memory among various partition-speci ¢ memory managers. We explain
how this partitioning simpli es memory managemet in SableVM In Chapter 4, we
introduce a sparseinterfacevirtual table designfor fast interface-metha invocation,
taking advantage of a partition-speci c memory managerto recycle memory holes
using a simple and fast algorithm. In Chapter 5, we discussthe traditional layout
of objects in Java and introduce a bidirectional layout for simplifying garbagecol-
lection tracing. In Chapter 6 we descrite the di cult y of computing precisegarbage
collection mapsin Java, then we introduce a simple and fast, yet e ectiv e algorithm
for computing space-e cient garbagecollection maps. In Chapter 7, we introducean
improvemernt to thin locks that eliminatesbusy-wait in caseof cortention. In Chapter
8, we discusshow portabilit y and extensibility are achieved in SableVM In Chapter
9 we descrike our experimertation setting, and preset our overall performancemea-
suremerts, with comparisonsto various other virtual madines. Finally, in Chapter
10, we discusspossiblefuture work and presem our conclusions.



Chapter 2
Fast Instruction Dispatch

In this chapter we discussthe core instruction dispatch medanism of SableVM
In fact, the SableVMframework o ers a choiceof 3 di erent avors of threaded inter-
pretation with distinct performance-prtability tradeo s?, but we will mainly focus
on the fastest avor: inline-threading.

In particular, we will introducethe necessaryechniquesto implemert an e cien t
inline-threadal interpreter engine,in the presenceof lazy code preparation and multi-
threading.

This chapter is structured as follows. In Section 2.1 we discusshow SableVM
di ers from pure bytecode interpreters by preparing and aligning bytecodes prior
to execution. Then, in Section 2.2 we descrike three existing instruction dispatch
techniquesand discusstheir e ciency-p ortability tradeo s. Next, in Section2.3 we
discussthe di cult y of applying threaded interpretation techniquesin a Java inter-
preter without paying a high syndironization penalty, and introduce techniquesto
solve the problem and increaseperformance. In Section 2.4, we presen our exper-
imental results. In Section 2.5 we discussrelated work. Finally, in Section 2.6, we
presem our conclusions.

YIn Chapter 8, we will explain how SableVM avoids sourcecode duplication while permitting easy
debuggingof instructions, by implemerting abstraction levels using the M4 macro processor.
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2.1 Preparation: Reducing Work at Runtime

2.1.1 Pure Bytecode Interpretation

Simplicity is usually the main motive behind the usageof a bytecode instruction set
by studerts and programming languageresearbers. Targeting stak-basedbytecode
instructions greatly simpli es compilation by eliminating the need for performing
registerallocation and isolating the compiler dewveloper from low-level system-sgci ¢
implemertation details sud asobject-code format. In addition, writing a pure byte-
code interpreter can often be donein a few hours of work (given a simple instruction
set and a knowledgeableprogrammer).

A typical bytecode interpreter loadsa bytecode program from disk using standard
le operations, and storesinstructions into an array. It then dispatchesinstructions
using a simple loop-enbeddedswitch statemen, asshavn in Figure 2.1.

char code[CODESIZE];
char *pc = code;
int stack[STACKSIZE];
int *sp = stack;

/* load bytecodesfrom le and store them in code[] */

/* dispatch instructions */

while(true)  {
switch(*pc++) {
case ICONST_1:*sp++ = 1; break;
case ICONST 2:*sp++ = 2; break;
case IADD: --sp; sp[-1]] += *sp; break;

case END: exit(0);
1}

Figure 2.1: Pure Switch-BasedBytecode Interpreter

11
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2.1.2 Precomputing and Aligning Data

The Java class le format is relatively complex. It includes, among other things, a
constant pool usedto store the most complexoperandsof bytecode instructions su
as strings and classnames. Bytecode instructions refer to classpool ertries using
a one or two byte immediate operand represeting an index into the constart pool.
Yet, Java bytecode instructions have no alignmert requiremen?.

Modern processoraisually have word sizedregisters,and most of memory hierar-
chy hardware is optimized for accessingaligned words (e.g.: single or multiple word
cade ertries, word aligned accesgo lower memory). Accessingoyte-sizeddata often
resultsin additional computation or hardware overheadfor extracting the appropriate
bits from the enclosingword.

In order to simplify computation, and to reduce run-time overhead, SableVM
doesnot directly interpret bytecode instructions. Instead, it precomputesan aligned
code array with word elemernts. Said di erently, SableVMtranslates bytecodesinto
wordoodes In the process,SableVMperforms seweral optimizations sud astranslat-
ing big-endian multi-b yte valuesinto platform-speci ¢ words, and eliminating some
constant-pool indirections by inlining valuesinto the code array.

Translating bytecodes also involves making many small adjustmerts sud as re-
computing relative branch targets. SableVMtakesthis opportunity to precomputea
variety of valuessud asabsolutebranc targets, to minimize run-time computation.
SableVMalso makesthe necessaryadjustmerts to exceptionand line number tables.

Finally, in order to presene portability to 32 and 64-bit big and little-endian
systems, SableVM does not assumeany particular word size or byte ordering. It
simply usesgenerictypessud as(void *) , andthe _svmt_.wordtype (which is de ned
in a system-sgci ¢ header le).

2Exception: The operands of the lookupswitchand the tableswitchinstructions include padding
to provide 32-bit aligned jump tables.
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2.2 Dispatch Types

In this section,we descrile three dispatch medanismsgenerallyusedfor implemen-
ing interpreters and discusstheir e ciency-p ortability tradeo s. The third meda-
nism is relatively new, and hasbeenintroducedby Piumarta and Riccardi [PR98].

2.2.1 Switching

As we have seenin Section 2.1, simple bytecode interpreters use a loop-enbedded
switch statemert to dispatd instructions.
This approad has somebene ts:

It is very simpleto implemert.

It is a very portable approad, asit requiresno platform or compiler-sgeci c
support.

It requiresno special preparation of the bytecode array.

But this approad has performancedrawbadks. Dispatching instructions is very
expensive. On ewry iteration, the dispatch loop fetches the next bytecode, looks
up the assaiated implemenation addressin a table, then transfers cortrol to that
address.A typical compilation of the dispatch loop requiresa minimum of 3 cortrol
transfer macdine instructions per iteration: oneto jump from the previousbytecode
implemertation to the head of the loop, oneto test whether the bytecode is within
the bounds of handled switch-casevalues,and oneto transfer cortrol to the selected
casestatemert. On modern processorsgcortrol transfer is one of the main obstacles
to performance[HP96], so this dispatch medanism causessigni cant overhead.

The main drawbadks of this switch-basedbytecode dispatch can be summarized
as:

High dispatdh overhead.

Bytecodes are not aligned, causing additional computation or hardware over-
head.

13
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2.2.2 Direct-Threading

An e ective technique to reduce dispatch overhead was popularized by the Forth
programming language. This technique has the name of threaded code. Note that
the word thread, in this cortext, hasnothing to do with the concurrert programming
technique (e.g. Java threads POSIX threadsg. Among the traditional threaded code
techniques,the most e cien't is direct-threading [Ert] 3.

Direct-threading improves on switch-baseddispatch by eliminating certral dis-
patch. This works as follows. In the executablecode stream, eat bytecode is re-
placed by the addressof its assaiated implemenation. Also, at the end of eat
bytecode implemertation, the code required to dispatch the next opcode is added.
This is illustrated in Figure 2.2.

I* code */

void *code[]] ={
&&ICONST_2&&ICONST_2,
&&ICONST_1&&IADD, ...

void **pc = code;

/* dispatch rst instruction */

goto **(pc++);

/* implementations */

ICONST_1:*sp++ = 1; goto **(pc++);

ICONST_2:*sp++ = 2; goto **(pc++);
IADD: --sp; sp[-1] += *sp; goto **(pc++);

Figure 2.2: Direct-Threaded Interpreter

Execution proceedsasfollows. The code array is initialized. Then the pc program
courter variable is initialized, pointing to the rst elemen of code. Then, dispatch
proceedsby jumping to the addressstoredin *pc by executingthe‘goto **(pc++); ‘

instruction. The target instruction ICONST is executed,then the next instruction is

3Inline-thr eading, which we discussin Section 2.2.3, is a recert technique, and thus does not
count as traditional.
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again dispatched by a singleindirect jump ‘goto **(pc++); |, and soon. This e ec-
tively eliminatesthe table lookup and the certral dispatd loop. A typical compilation

of this code yields a single cortrol transfer instruction per dispatc.

Direct-threading requires preparation of the code array, as the storage size of
an implemertation address(sizeof(void *)) is larger than that of the bytecode it
replaces.

Figure 2.2 usesthe lakel-as-valueGNU C extension,but direct-threading can also
be implemerted using a couple of macroscortaining inline asserbly.

Advantagesof direct-threading:

It is relatively simple to implemert.

It is directly supported by the widely ported the GNU C Compiler [GCC], yet
alsoimplemertable using other compilers.

It operateson aligned data.
The drawbadks of this approad are:

Porting to a new platform or compiler might require a little system-sgcic
asserbly programming, if the target compileris not the GNU C compiler.

It requirespreparation of the code array, prior to executingthe code, to convert
bytecodesinto wordcodes.

2.2.3 Inline-Threading

The last dispatch medanismwe surwey is that of inline-threading [PR98]. This tech-
nique improveson direct-threading by eliminating dispatch overheadfor instructions
within a basic black [ASU86].

The generalideais to identify instruction sequencesorming basic blocks, within
the code array, then to dynamically create a new implemertation for the whole se-
guenceby sequetially copying the body of eat implemenation into a new bu er,
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then copying the dispatch code at the end. Finally, a pointer to this sequencemple-
mertation is stored into the code array, replacing the original bytecode of the rst
instruction in the sequence.

Figure 2.3 displays a simpli ed example of creation of an instruction sequence
implemertation. Figure 2.4 shows the resulting instruction sequencemplemertation.
Note that Figure 2.4 is only an abstract source code represetation of the actual
inlined instruction sequencemplemertation.

/* Instructions */

ICONST_1_STARTsp++ = 1;
ICONST_1_ENDgoto **(pc++);

INEG_STARTsp[-1] = -sp[-1];
INEG_ENDgoto **(pc++);

DISPATCH_STARTDIO **(pC++);
DISPATCH_END:

/* Implement the sequence ICONST_I1NEG*/

size t iconst_size = (&&ICONST_1 END &&ICONST_1 START);
size_t ineg_size = (&&INEG_END &&INEG_START);
size_t dispatch_size = (&&DISPATCH_END&&DISPATCH_START);

void *buf = malloc(iconst_size + ineg_size + dispatch_size);
void *current = buf;

memcpy(current, &&ICONST_STARIconst_size);
current += iconst_size;

memcpy(current, &&INEG_STARTneg_size);

current += ineg_size;

memcpy(current, &&DISPATCH_STARdispatch_size);

I* Now, it is possible to execute the sequence using: */
goto **buf;

Figure 2.3: Inlining a Sequence

Inline-threading improves performanceby reducingthe overheaddue to dispatch.
This is specially e ective for sequence®f simple instructions sud as ICONSIL and
IADD which have a high dispatch-to-real-work ratio.

In [PR98], Piumarta and Riccardi experimerted with inline-threading on toy
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ICONST_1lbody: “*sp++ = 1;
INEGbody : sp[-1] = -sp[-1];
DISPATCHbody: goto **(pc++);

Figure 2.4: Inlined Instruction Sequence

bendimarks using a simple bytecode language, and achieved, in one case, 70% of
the speedof an equivalert optimized C program. Experimerts within an Objective
Caml bytecode interpreter shoved signi cant speedimprovemern in someconditions
(depending on bendmarks and platforms tested).

Processa Specic Concerns

Many modern processordiave distinct data and instruction cades. On sud systems,
an inline asserbly function is required in order to ensurethat the instruction cade
seesthe dynamically created sequencamplemertations. This instruction is simply
an architecture-speci ¢ cache- ush macine instruction, which cannot be expressed
in portable C.

The problem s that newly createdsequencemplemertations are written bad by
the processorto its data cache This data needsto be written badk to main memory
beforeit canbe seenby the instruction cache So, by usingthis function, we preven
the disastrousexecutionof potertially random memory cortent.

Limitations

Unlike direct-threading, which appliesuniformly to all instructions, inline-threading
presemns somelimitations. Not all instructions can be inlined. Theselimitations are
mainly causedby relative jumps. As inlined implemertations are copied elsewhere
in memory, the target of a relative jump within an implemertation might become
invalid.

The following list of instructions cannot be inlined:

Instructions that cortain C function calls, if the C compilerimplemerts the call
asa relative displacemen to the processor'sprogram courter (PC).
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Any instruction that causeshe C compilerto emit a hidden internal function
call, if this call is implemerted as a relative displacemen to the PC (e.g. this
happensfor long division, on the x86 platform using g).

Any instruction that cortains a jump to other than an absolutetarget address,
or a PC-relative one within the STARBnd ENDOabels of the instruction imple-
mertation.

The most obscureis the third classof instructions. This happens, for example,
on the x86 platform using ga version 3.1 with optimization on (gcc -O2) for any
instruction that contains conditionalssud as: if (condition) . It isaninconsisten
behavior that only shavs when using speci ¢ compiler options. For example, this
limitation doesnot show for conditionalswhen usinggcc -O0 on the sameplatform®.

We discovered this third limitation in our experimerts. The initial paper by
Piumarta and Riccardi [PR98] did not idertify this limitation ® nor the hidden calls
limitation.

In summary inlinability of an instruction implemertation is dependen on the
compiler, platform, and compiler-optionsused. Thus inline-threading requiresa care-
ful testing of ead instruction, to discorer whether it is inlinable or not, and under
which conditions.

Advantages and Drawbacks

Advantagesof inline-threading:

It completely eliminatesdispatch overheadfor all but the last instruction of in-
lined sequencesand canyield signi cant performanceimprovemert over direct-
threading.

It operateson aligned data.

4Further investigation revealedthat this problem is causedby reordering of basic blocks by the
ga 3.1 optimizer.

SOur tests indicate that this limitation does not show in gac 2.95, which they used for their
experimerts.
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Drawbads:

Preparation of the code array requiresmore work, including basicblock identi-
cation.

It canrequire one memory cacherelated inline asserbly function on someplat-
formsin addition to having all the requiremerts of direct-threading.

Inlined instruction sequencemplemertations cannot be traced normally using
a debugger(other than at the macine-cale level).

Porting to a new systemor compiler requirescareful testing of instructions to
assesgheir inlinabilit y.

2.3 Inline-Threading Java

In the previoussection,we described the idea of inline-threading. To our knowledge,
this technique hasnot beenappliedto Java interpretersbefore. In this section,we rst
explain the dicult y of applying inline-threading to Java bytecode, then introduce
new techniquesthat make it possible.

Even though someof the problemsand new techniquesdiscussedn this section
also apply to switch and direct-threaded interpreters, we will only focus on inline-
threading to simplify the text.

2.3.1 Conict: Lazinessand Multi-Threading
Lazy Loading and Preparation

In Java, classesare dynamically loaded. The Java Virtual Machine Speci cation
[LY99] allows a virtual madine to eagerly or lazily load classeqor anything in be-
tween). But this exibilit y doesnot extendto classinitialization ©. Classinitialization
must occur at speci ¢ executionpoints, sud asthe rst invocation of a static method

SClassinitialization consistsof initializing static elds and executing static classinitializers.
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or the rst accesdo a static eld of a class. Lazily loading classeshas many advan-
tages: it ssvesmemory, reducesnetwork tra c, and reducesstartup overhead.

As we have seen,inline-threading requiresanalyzinga bytecode array to determine
basic blacks allocating and preparingimplemenation sequencesand lastly preparing
a code array. As this preparationis time and spaceconsuming,it is advisableto only
prepare methods that will actually be executed. This can be adcieved through lazy
method preparation.

Performance Issue

Lazy preparation (and loading), which aims at improving performance,can posea
performanceproblem within a multi-threaded’ environment. The problem is that,
in order to prevert corruption of the internal data structure of the virtual madine,
concurrer preparation of the samemethod (or class)on distinct Java threads should
not be allowed.

The natural approad, for preverting concurrent preparation, is to use syndiro-
nization primitiv essud aspthread mutexe$. But, this approad canhave a very high
performancepenalty; in a naive implemertation, it addssyndronization overheadto
every method call throughout a program's execution, which is clearly unacceptable,
specially for multi-threaded Java applications.

One-Word Replacement

A clewer trick to avoid syndronization on every method call is to put a pointer to a
special preparation method in placeof a pointer to the real method to be executed,in
code arrays and virtual tables. The special preparation method usessyndironization
primitiv esand performs preparation, if it hasn't beendoneyet, then nally storesa
pointer to the real method into the calling code array or virtual table®.

"Note that multi-thr eading is a concurrert programming technique which is inherertly supported
in Java, whereasinline-thr eading is an instruction dispatch technique.

8POSIX Threads mutual exclusive locks.

9As we will explain later, this replacemen trick only works if there is a single word to change; if
two or more words are changed, a race condition occursin absenceof explicit synchronization.
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Broken Sequences

In the caseof inline-threading the lazinessproblemis ampli ed. An important perfor-
mancefactor of inline-threading is the length of inlined instruction sequencesLonger
sequenceseducethe dispatch-to-real-work ratio and lead to improved performance.
Lazy classinitialization mandatesthat the rst call to a static method (or accesgo a
static eld) must causeinitialization of a class. This implies (in a naive Java virtual
madine implemertation) that instructions sudh asGETSTATIRust usea conditional
to test whetherthe target classmust be initialized prior to performing the static eld
accesslf initialization is required, a call to the initialization function must be made.
The conditional and the C function call are, in light of the limitations identi ed in
Section2.2.3, potertial reasonsthat can prevent inlining of the GETSTATI@struc-
tion.

What we would like, is to usethe samereplacementrick asdiscussecearlier, using
two versionsof the GETSTATI@struction, asshown in Figure 2.5. But, unfortunately
this doesnot completely solve our performanceproblemt®.

Even though this technique eliminates syndironization overheadfrom most func-
tion calls, it inhibits the removal of dispatdh code in an instruction which has very
little real workto do. In fact, the costcanbe ashigh asthe executionof two additional
dispatches. To measurethis, we comparethe costtwo instruction inline-threadedin-
struction sequenceshat only di er in their respective use of ILOADand GETSTATIC
in the middle of the sequence.

Broken Sequence Cost

So, if we had the sequenceof instructions ICONST2-ILOAD-IADDve could build a
single inlined sequenceor thesethree instructions, adding a single dispatch at the
end of this sequenceCost: 3 realwork + 1 dispatch.

If, instead, we had the sequenceof instructions ICONST2-GETSTATIC-IADA
would not be allowed to create a single inlined sequencédor the three instructions.

ONote that, for simplicity, Figure 2.5 implements the integer static eld accessinstruction
GETSTATIAINT variant of GETSTATIC
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Syndironized GETSTATIC

Unsynchronized GETSTATIC

/* Pseudo-code */
GETSTATIC_INIT:
pthread_mutex_lock(...);

[* lazily load class */
[* conditional */
if (must_initialize)

/* function call */
initialize_class(...);

}

/* do the real work */
*sp++ = class.static_field;

/* replace by fast version */

code[pc -1] =
&&GETSTATIC_NO_INIT;
pthread_mutex_unlock(...) ;

[* dispatch */
goto **(pc++);

/* pseudo-code */
GETSTATIC_NO_INIT:

/* do the real work */
*sp++ = class.static_field;

[* dispatch */
goto **(pct++);

Figure 2.5: GETSTATIW/ith and Without Initialization
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This is becausejn the preparedcode array, we would needto put 3 distinct instruc-
tions: ICONST2GETSTATIONIT, and IADD wherethe middle instruction cannot be
inlined. Even though the GETSTATIOINIT will evertually be replacedby the more
e cient GETSTATIGQINIT, the performancecost will remain: 3 realwork + 3
dispatch.

So,the overheadof a broken sequenceanget ashigh astwo additional dispatces.

Two-Values Replacement

In reality, the problem is even a little deeper. The pseudo-ode of Figure 2.5 hides
the fact that GETSTATIONIT needsto replacetwo values, in the code array: the
instruction opcode and its operand. The idea is that we want the addressof the
static variable asan operand(not an indirect pointer) to achieve maximum e ciency,
asshown in Figure 2.6. But this pointer is unavailable at the time of preparation of
the code array, aslazy classloading only takesplacelater, within the implemertation
of the GETSTATIONIT instruction.

Fast Instruction Code Array
/* Initially */

GETSTATIC_NO_INIT: téETSTATIC_INIT]

nt *pvalue = (pc++)>pualue; | IPOINTER_TO_FIELD_INFO]

*sp++ = *pvalue;
} /* After first execution */

[* dispatch */

goto. **(pe+): [GETSTATIC_NO_INIT]

[POINTER_TO_FIELD]

Figure 2.6: Two-ValuesReplacemeth in Code Array

Replacingtwo valueswithout syndironization createsa race condition. Hereis a
short illustration of the problem. A rst Java thread readsboth initial values,does
the instruction work, then replacesthe rst of the two values. At this exact point
of time (before the secondvalue is replaced), a secondJava thread readsthe two
values(instruction and operand) from memory The secondJava thread will thus get
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the fast instruction opcode and the old eld info pointer. This can of courselead to
random execution problems.

2.3.2 Getting Longer Inlined Sequences

Beforeattacking the problem of two-valuesreplacemet, we intro ducesometechniques
to eliminate non-inlinable featuresfrom instruction implemertations. In other words,
using these techniques, we can eliminate conditionals and function calls from the
body of many instructions. This will increasingthe number of inlinable instructions,
leading to the computation of longerinlined sequencesin inline-threaded code.

Type-Speci ¢ Instructions

The rst technique is to split somebytecode instructions suc as GETSTATIGto
multiple type-speci ¢ versions.In Java bytecode, there is a single GETSTATI{Dstruc-
tion to accessstatic elds, yet there are eight primitive eld types (boolean, byte,
short, char, int, long, oat, and double), and referencetypes. As referencetypesare
created dynamically, we considerall referencetypesas a singletype: reference.We
call instructions such as GETSTATI®verladal instructions.

When SableVM preparesthe code array of a method, it replacesewery over-
loaded bytecode by the appropriate type-speci ¢ versionssud as GETSTATIONT
and GETSTATIRQEFERENCE

Here is the list of the most important overloaded Java bytecode instructions:
GETSTAT|QRUTSTATIGGETFIELDPUTFIELDNEWARRAYd ASTORBote that we
have included ASTORIR this list asit canoperate on both reference and addresstype
sta values.

Stop-The-W orld or Not

A Java virtual madine must provide a garbagecollector (GC). SableVMimplemerts
a precisecopying stop-the-worldgarbagecollector. A commonly used technique to
stop the world, is for eat Java thread to regularly chek a ag. This ag is raised
wheneer garbagecollection is needed.
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To ensurethat no thread getsinto an arbitrarily long loop without cheding for
GC requests,GC chedks are usually inserted in badkward brandh instructions. These
instructions are usually said to be garkage-ollection safe

As SableVM already has to analyze the code to detect basic blacks for inline-
threading, it alsotakesnote of basicblocks which cortain bytecode instructions that
include compulsory GC chedks. The following bytecode instructions have compul-
sory cheks: NEVWWEWARRAMEWARRMULTIANEWARRNYOKESTATIONVOKE-
VIRTUALINVOKESPECIAaNnd INVOKEINTERFAQHIly badkward branchesto basic
blocks which do not cortain sud instructions are consideredGC ched points.

Our techniqueis thusto provide two implemenations for branch instructions: one
with GC chedk, and onewithout GC ched. This allowsusto get an inlinable version
(with no GC chek), asshown in Figure 2.7.

GOT@HECK GOT@No Chek)
GOTO_CHECK:

/* Inlinable */
if (gc_requested) GOTO_START:
{

pc = (*pc)->addr;
}

pc = (*pc)->addr;

GOTO_END:

[* dispatch */
/* dispatch */ goto **(pc++);
goto **(pc++);

Figure 2.7: Branch Instruction With and Without GC Ched

Note that a brand instruction determinesthe end of a basic block, and is thus
always followed by a dispatdh. Inlining a branch instruction helps eliminating the
dispatch at the end of the previousinstruction.

A nicesecondarysidee ect of only adding chedks to a subsetof badkward branches
is a reductionin the number of GC points, and possiblyin the number of GC maps'*.

1\we discussgarbagecollection mapsin Chapter 6.
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Load, Link, and Initialize or Not

As we have discussedn Section2.3.1and illustrated in Figure 2.5, instruction split-
ting can also be applied to instructions that can causeclassloading, linking, and
initialization on their rst execution. Theseinstructions include'?: LDCSTRINGGET-
STATIC*, PUTSTATIE, GETFIELD, PUTFIELD, CHECKCASNSTANCEQINVOKE-
STATIC INVOKEVIRTUAINVOKESPECIAINVOKEINTERFAQEWANEWARRAYd
MULTIANEWARRAY

Note that we have not yet addressedthe two-values replacemen problem that
results from this splitting.

Using Signals

An additional technigueto increasethe length of inlinable instruction sequencess to
eliminate explicit cheds for NULL values.

This can be done in a portable manner using POSIX signalsand ISO C long
jumps. This NULL ched technique is relatively well known, and in usedin other
virtual madinessud asKae [Kaf]. The ideais to setup a signal handler to trap
segmetation faults, then to remove explicit NULL cheds from the code. NULL
pointers causesegmetation faults which are trapped by the signal handler, which in
turns resumesnormal executionusing a siglongjmp() call.

The advantage of signal-basedNULL chedsis that, in absenceof NULL pointers,
a chedk costs 0 madhine instructions. The drawbad is that signals can be very
expensiwe, asthey seldomare the most optimized part of Operating Systems.

In the context of an inline-threaded interpreter, signal-basedNULL cheds carry
the additional advantage of eliminating a conditional.

This is useful for instructions sud as GETFIELDas shown in Figure 2.8.

20verloadedinstructions are rst split into type-speci ¢ versions.
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Without Signals With Signals
GETFIELD_NO_INIT:
{ /* inlinable! */
int *instance = : .
(pc++)->instance: {GETFIELD_NO_INIT_START.
int offset = (pc++)->offset; int *instance =
if (instance == NULL) __(pct+)->instance;

int offset = (pc++)->offset;

* 1 *
f* throw exception */ *sp++ = instanceoffset];

|
) [* dispatch */

** .
/* dispatch */ goto **(pc++);

goto **(pc++);

Figure 2.8: Using Signals

2.3.3 Preparation Sequences
Problems and Incomplete Solution

Our two mostimportant problemsleft, at this point, are two-valuesrepla@ment and
shorter seguenes causedby the slow preparation versiont® of instructions sud as
GETSTAT|@s explainedin Section2.3.1.

Of course,there is a simple solution to two-valuesreplacemeh that consistsof
using indirection in the fast versionof instructions, as shown in Figure 2.9. Note how
this implemenation diers from Figure 2.6; in particular the additional fieldinfo
indirection. This simple solutions comesat a price, though: that of an additional
indirection in a very simpleinstruction. Furthermore, this solution doesnot solwe the
shorter sequencegroblem.

3We mean: the version which doesall necessaryrst execution preparation work, suc as class
loading, linking and initialization.
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Fast Instruction with Indirection Code Array
[* Initially */

GETSTATIC_NO_INIT:
{ [GETSTATIC_INIT]
int *pvalue = [POINTER_TO_FIELD_INFO]
(pc++)->fieldinfo->pvalue ;
*sp++ = *pvalue;
/¥ After first execution */

/* dispatch */ [GETSTATIC_NO_INIT]
goto **(pC++): [POINTER_TO_FIELD INFO]

Figure 2.9: Single-\alue Replacemeh of GETSTATIC

The Basic ldea

Instead, we proposea solution that solvesboth problems. This solution consistsof
adding preparation sequen@sin the code array.

The basicideaof preparation sequencess to duplicate certain portions of the code
array, leaving fast inlined-sequence the main copy, and usingslower, syndironized,
non-inlined preparation version of instructions in the copy. Single-\alue replacemen
is then usedto direct cortrol o w appropriately.

Single-Instruction Preparation Sequence

Preparation sequenesare bestexplainedusing a simpleillustrativ e example. We con-
tinue with our simpli ed GETSTATIEamplé4. We assumefor the momen, that the
GETSTATIG precededand followed by non-inlinable instructions, in the code array.
An appropriate instruction sequencevould be MONITORENTER-GETSTATIT-QMON
EXIT, asneither monitor instruction is inlinable.

Figure 2.10illustrates the initial content of a preparedcode array cortaining the
above 3-instructions sequence.The GETSTATI@reparation sequene appearsat the
end of the code array.

The initial cortent of the code array is as follows. After the MONITORENTRR

4\We assumethe reader has noticed that in reality, our GETSTATI@xampleis implementing the
type-speci c GETSTATIAONT overloadedversion.
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Original Bytecode Initial Content of Code Array

[MONITORENTER]*
OPCODE_1: [GOTOJ*

(@ SEQUENCE_1]
OPERAND_1:[NULL_POINTER]
NEXT 1 MONITOREXIT]*
MONITORENTER

GETSTATIC
INDEXBYTE1 SEQUENCE_JGETSTATIC_INITJ*
INDEXBYTE2 POINTER_TO_FIELDINFO]
MONITOREXIT @ OPERAND 1]
REPLACE]*
GETSTATIC_NO_INIT]

@ OPCODE_1]

GOTOJ*

@ NEXT_1]

Opcodes followed by a * are instructions.

Figure 2.10: Single GETSTATIEreparation Sequence

insert a GOT@struction followed by two operands: (a) the addressof the GETSTATIC
preparation sequene, and (b) an additional word (initially NULL) which will even-
tually hold a pointer to the static eld. At the end of the code array, we add a
preparation sequencewhich consistsof 3 instructions (identi ed by a *) along with
their operands.

Figure 2.11 shows the implemertation of four instructions: GOTCREPLACEKET-
STATICINIT, and GETSTATIGIQINIT . Notice that in the preparation sequencethe
GETSTATIGIQINIT opcode is usedas an operandto the REPLACIGstruction.

We usedlabels(e.g. SEQUENQE) to represen the addressof speci ¢ opcodes. In
the real code array, absoluteaddressesire storedin opcodessud as[@ SEQUENQCE.

Hereis how executionproceeds.On the rst executionof this portion of the code,
the MONITORENTiE&ruction is executed. Then, the GOT@nstruction is executed,
reading its destination in the following word. The destination is the SEQUENQE
label, or moreaccurately the GETSTATIONIT opcode, at the headof the preparation
sguene.
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GETSTATIANIT

GETSTATIGIQINIT

GETSTATIC_INIT:

fieldinfo_t *fieldinfo =
(pc++)->fieldinfo;

int **destination =
(pct++)->ppint;

pthread_mutex_lock(...) ;

/* lazily load and initialize
class, and resolve field
if not already done */

/* store field information
in code array */

*destination =
fieldinfo->pvalue;

/* do the real work */
*sp++ = *(fieldinfo->pvalue);

pthread_mutex_unlock(.. .);

}

[* dispatch */
goto **(pc++);

GETSTATIC_NO_INIT:
/* skip address */
pC++;
int *pvalue =
(pc++)->pvalue;
/* do the real work */

*sp++ = *pvalue;

[* dispatch */
goto **(pc++);

GOTO

REPLACE

GOTO:

void *address =
(pc++)->address;
pc = address;

[* dispatch */
goto **(pc++);

REPLACE:

void *instruction =
(pc++)->instruction;

void **destination =
(pc++)->ppvoid;

*destination =
instruction;
}

[* dispatch */
goto **(pc++);

Figure 2.11: Instruction Implemertations
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The GETSTATIONIT instruction then readstwo operands: (a) a pointer to the
eld information structure, and (b) a destination pointer for storing a pointer to the
resohed static eld. It then proceedsnormally, loading and initializing the class,
and resolving the eld, if it hasn't yet beendon€e®. Then, it storesthe addressof
the resolved eld in the destination location. Notice that, in the presen case,this
meansthat the pointer-to- eld will overwrite the NULL value at label OPERAND
Finally, it executesthe real work portion of the instruction, and dispatchesto the
next instruction.

The next instruction is a special one, called REPLACEvhich simply storesthe
value of its rst operand into the addresspointed-to by its secondoperand. In this
particular case,a pointer to the GETSTATIGIQINIT instruction will be storedat label
OPCODE overwriting the former GOT@struction pointer. This constitutes, in fact,
our single-valuereplacemen

The next instruction is simply a GOT@sedto exit the preparation sequene. It
jumps to the instruction following the original GETSTATI®ytecode, which in our
speci ¢ caseis the MONITOREXifstruction.

Future executions of the same portion of the code array will seea GETSTA-
TIC_NQINIT instruction (at label OPCODHE, instead of a GOTQ@o the preparation
saquene. Two-valuesreplacemen is avoided by leaving the GOT®perand addressin
place. Notice how the implemenation of GETSTATIGIQINIT in Figure 2.10di ers
from the implemenration in Figure 2.6, by an additional pc++ to skip the address
operand.

Some Explanations

Our single-instruction preparation sequencehas avoided two-values replacemen by
using an extra word to permanenly store a preparation sejuene addressoperand,
even though this addressis uselesafter initial execution.

This approad addssomeoverheadin the fast versionof the overlaaded instruction;
that of a program-courter incremen, to skip the preparation sequenceaddress.One

SEach eld is only resolved once, yet there can be many GETSTATI@structions accessingthis
eld. The sameholds for classloading and initialization.
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could easily question whether this gainsany performanceimprovemen over that of
using an indirection as in Figure 2.9. This will be answered by looking at longer
preparation sequences.

The strangestlooking thing is the usageof 3 distinct instructions in the prepa-
ration sequence.Why not usea singleinstruction with more operands? Again, the
answver liesin the implemenation of longer preparation sequenes

Full Preparation Sequences

We now proceedwith the full implemertation of preparation sequencesOur objective
is two fold: (a) we want to avoid two-valuesreplacemety and (b) we want to build
longerinlined instruction sequence$or our inlined-threadedinterpreter, for reducing
dispatdh overheadas much as possible.

To demonstrate our technique, we use the three instruction sequence: |ICON-
ST2-GETSTATIC-ILOAD

Figure 2.12 shaws the initial state of the code array. The content of the dynam-
ically constructed ICONST2-GETSTATIC-ILOIDNned instruction sequenceas well
as somerelated instruction implemenations are shovn in Figure 2.13. Finally, the
content of the code array after rst executionis shavn in Figure 2.14.

This works similarly to the single-instruction preparation sequence,with two
major di erences: (a) the jump to the preparation sequene initially replacesthe
ICONSD instruction, instead of the GETSTATI@struction, and (b) the REPLACIB-
struction storesa pointer to an inlined instruction sequene, overwriting the GOTO
instruction.

Hereis how executionproceedsin detail. On the rst executionof this portion of
the code, the GOT@nstruction is executed. Its destination is the ICONSTR opcode,
at the head of the preparation sequene.

Next, the ICONST instruction is executed. Next, the GETSTATIONIT instruc-
tion readstwo operands: (a) a pointer to the eld information structure, and (b) a
destination pointer for storing a pointer to the resoled static eld. It then proceeds
normally, loading and initializing the class,and resolvingthe eld, if it hasn't yet
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Original Bytecode Initial Content of Code Array

OPCODE_1: [GOTOJ*
[@ SEQUENCE_1]
OPERAND_1:[NULL_POINTER]
[INDEX]
NEXT_1:

ICONST 2
GETSTATIC SEQUENCE_{ICONST_2]*

INDEXBYTE1 GETSTATIC_INITJ*
INDEXBYTE2 POINTER_TO_FIELDINFO]
ILOAD @ OPERAND 1]

INDEX REPLACE]*
ICONST2-GETSTATIC-IL@}
@ OPCODE_1]

ILOADJ*

INDEX]

GOTOJ*

@ NEXT_1]

Opcodes followed by a * are instructions.

Figure 2.12: Full Preparation Sequence

ICONST2-GETSTATIC-ILOADNned Instruction Sequence

SKIP body . pc++;

ICONST_2body D o*spH+ = 2;

GETSTATIC_NO_INIBody: {int *pvalue = (pc++)->pvalue;
*sp++ = *pvalue;}

ILOAD body : {int index = (pc++)->index;
*sp++ = locals[index];}
DISPATCHbody . goto **(pc++);
SKIP GETSTATIGIQINIT
GETSTATIC_NO_INIT_START:
SKIP_START:
int *pvalue = (pc++)->pvalue;
*pc++, *sp++ = *pvalue;
SKIP_END:

GETSTATIC_NO_INIT_END:
[* dispatch */
goto **(pc++); [* dispatch */
goto **(pc++);

Figure 2.13: Inlined Instruction Sequence
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OPCODE_1:
OPERAND_1:
NEXT_1:

SEQUENCE _|

[ICONST2-GETSTATIC-IL@Y*
[@ SEQUENCE_ {$kipped)
POINTER_TO_FIELD{for

" TO_ GETSTATIC)
[INDEX] (for TLOAD)

ICONST_2]*
GETSTATIC_INIT]*
POINTER_TO_FIELDINFO]
@ OPERAND 1]
REPLACEJ*
ICONST2-GETSTATIC-IL@A
@ OPCODE_1]

ILOADJ*

INDEX]

GOTOJ*

@ NEXT_1]

Opcodes followed by a * are instructions.

Figure 2.

beendone. Then, it stores

tion. Finally, it executesthe real work portion of the instruction, and dispatchesto

the next instruction.

The next instruction is a REPLACRvhich simply storesa pointer to the dynami-
cally inlined instruction sequene ICONST2-GETSTATIC-ILOs#tDabel OPCODE over-
writing the former GOT@struction, and performing a single-valuereplacemen

Next, the ILOADNstructi
sguene.
Future executionsof the

Thus, we have achieved our goals. In particular, we have succeededt inlining an
instruction sequencegven though it had a complex two-modes (preparation / fast)

14: Code Array After First Execution

the addressof the resohed eld in the destination loca-

on is executed.Finally, the tail GOT@xits the preparation

sameportion of the code array will seethe ICONST2-GET-
STATIC-ILOADNstruction sequence(at label OPCODHE, as shown in Figure 2.14.
Notice that the inlined implementation of GETSTATISIQINIT in Figure 2.13 does
not add any overheadto the fast implemertation shavn in Figure 2.6.
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instruction in the middle, while avoiding two-valuesreplacemen All of this with
minimum overheadin post- rst executionof the code array.

Detailed Preparation Procedure

Preparation of a code array, in articipation of inline-threading, proceedsas follows:

1. Instructions are divided in three groups: inlinable, two-modes-inlinable (suc
as GETSTAT)Cand non-inlinable.

2. Basic blocks (determined by cortrol- o w and non-inlinable instructions) are
iderti ed.

3. Basicblocks of inlinable instructions, without two-modes-inlinableinstructions,
areinlined as explainedin Section2.3.

4. Every basic block cortaining two-modes-inlinableinstructions causesthe gen-
eration of an additional preparation sequene at the end of the code array, and
the construction of a related inlined instruction sequene.

The construction of a preparation sequene proceedsas follows:

1. Instructions are copiedsequetially into the preparation sequence.

Inlinable instructions and their operandsare simply copiedas-is.

The preparation version of two-modes-inlinableinstructions is copiedinto
the preparation sequencealong with the destination addressfor resohed
operands.

2. A REPLACIBstruction with appropriate operandsis inserted just after the last
two-modes-inlinableinstruction.

3. A nal GOTanstruction with appropriate operand is added at the end of the
preparation sequence.
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The motivation for adding the replace instruction just after the the last two-
modes-inlinableinstruction, is that it is the earliest safe placeto do so. Replacing
sooner could causethe execution (on another Java thread) of the fast version of an
upcoming two-modesinstruction beforeit is actually prepared. Replacinglater can
also be a problem, specially if someupcoming inlinable instruction is a conditional
(or unconditional) branch instruction. This is because,f the branch is taken, then
single-\alue replacemen will not take place, forcing the next executionto take the
slow path?®.

The constructionof aninlined instruction sequene cortaining two-modes-inlinable
instructions proceedsas follows:

1. The body of the SKIP instruction is copied at the beginning of the sequence
implemertation.

2. Then, all instruction bodies are sequetially copied.

3. Finally, the body of the DISPATCHdstruction is copiedat the end of the sequence
implemertation.

Note that a single preparation sequencecan cortain multiple two-modesinstruc-
tions. Yet, on the fast execution path, there is a single program-couner incremen
(i.e. SKIPbody) per inlined instruction sequence.

Adjusting Exception and Line Number Tables

Implemerting preparation sequenesinvolves mary little details related to computa-
tion of absolute addressesWe will only discussbrie y of the trickiest issue,that of
exceptionhandling within preparation sequences.

Java class les include exa@ption tableswhich determinethe ow of cortrol when
exceptionsare thrown. Each entry in an exceptiontable speci es: (a) an instruction

®Multiple executionsof the samepreparation sequen is allowed, but su ers from high dispatch
overhead. It can happen in the normal operation of the inline-threaded interpreter as the result of
an exception thrown before single-value replacemen, while executing a preparation sejuene.
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range using a start and end o set in the bytecode array, (b) a catch referencetype
(or any), and (c) an exceptionhandler address(an o set in the bytecode array).

When an exceptionhappens,the exceptiontable of the currertly executingmethod
is seartied sequentially for a matching ertry. Order does matter, asthere might be
more than one matching erntry in the table, yet the rst one must be chosen. If a
matching ertry is found, executionresumesat the speci ed exceptionhandleraddress.
If none is found, the current stadk frame is popped, and the processis repeated
recursiely.

The consequences that, in the presenceof preparation sequencesgxceptiontables
require someadditional preparation work. An ertry in the exception table might
specify a rangeof instructions which cortains two-madesinstructions. As preparation
sequencesare addedto the end of the code array, we have modi ed the structure of an
exceptiontable ertry to include two ranges:onerangein the lower part of the code
array, and onerangein the preparation part of the code array. To processexceptions,
the modi ed exceptiontable is simply seartied sequentially for a matching entry, as
usual, with the di erence that the program counter must be within one of the two
rangesfor an ertry to match.

An identical modi cation is applied to line number table ertries, which are used
to report line numbersin exceptionstadk traces.

2.4 Experimental Results

We have implemerted 3 a vors of threadedinterpretation in the SableVMframework:
switch-threading, direct-threading and inline-threading. Switch-threadingdi ers from
simple switch-basedbytecode interpretation in that it is applied on a prepared code
array of word-sizeelemeits. All of the techniquesintroducedin this chapter arein use
within the inline-threaded interpreter engine. Someof the techniquesare alsoin use
within the switch-threaded and direct-threaded engines,including single-instruction
preparation sequenes to avoid the problem of two-valuesreplacemen

The test ervironmert and choice of bendymarks is discussedin Chapter 9. In
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summary, we have performed our experimerts on a Pertium IV basedworkstation,
running SPECjvm98bendmarks and two object-orierted applications: Scot version
1.2.3"7 and SableCCversion2.17.3%,

2.4.1 Inlined Instruction SequencesCharacteristics

Table 2.1 shavs a rst set of measuremets. The main objective of these measure-
merts wasto quartify the proportion of inlinable instructions, within bytecode arrays,
and to measurethe averagelength of inlined sequences.

| benchmark || metho ds | instr. (bc) | seq. | inl. instr.  [ins./s. |
compress 411 (41) ] 16,886 (30,901)] 4,238] 12,263 (73%) 2.9
db 461 (40) | 18,283 (34,255)| 4,804 13,083 (72%) 2.7
jack 689 (49) | 33,695 (62,791)| 9,095] 23,678 (70%) 2.6
javac 1,238 (38) | 47,484 (101,027)]12,169] 33,415 (70%) 2.7
jess 892 (3I)| 27,220 (52,985)| 7,331] 19,025 (70%) 2.6
mpegaudio 581 (81)| 47,145 (76,509)]| 11,449 34,405 (73%) 3.0
mirt 588 (38) | 22,628 (42,037)| 5,896 15,833 (70%) 2.7
raytrace 583 (39) | 22,531 (41,863)| 5,876 15,758 (70%) 2.7
soot 3,475 (30) [ 104,781 (223,557)| 29,259| 67,030 (64%) 2.3
sablecc 1,701 (29) | 49,923 (93,335)[ 13,602] 32,723 (66%) 2.4

Table 2.1: Inlined Sequencegl)

Our measuremets were made only on methods that were actually executed. As
SableVM preparesmethods lazily (on rst executionof a method), we collected our
measuremets at runtime, just after the preparation of methods. Thus the shavn
numbers are preparation time numbers.

Columns of Table 2.1 cortain respectively: (a) the name of the executedbend-
mark, (b) the number of preparedmethods, and the averagenumber of instructions
per method in parertheses,(c) the total number of instructions of prepared meth-
ods, and the total number of bytecodes of theseinstructions in parertheses,(d) the
total number of inlined sequence®f all prepared methods, (e) the total number of

http://www.sable. mcdl |.c a/soot/
Bhttp://www.sablec c.org/
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inlined instructions, and the percenage of inlined instructions over the total number
of instructions, and (f) the averagenumber of instruction per inlined sequence.

Note that the number of instructions and bytecodesare di erent quartities; a sin-
gleinstruction can consistof multiple bytecodesrepreseting the instruction opcode
and operands.

In our measuremets, the averagelength of inlined instruction sequencesies be-
tween2.3 and 3.0. The ratio of inlined instructions is between 66% and 73% of all
instructions.

Table2.2shavsadditional characteristicsof inlined sequencesThe main objective
of these measuremets was to quartify the memory requiremert for storing inlined
sequencesand idertify the longestsequencen terms of number of instructions and
inlined implemertation size.

| benchmark [ seq. | distinct seq. | max.ins./s. [ max.size/s. ]
compress 4,238 850 (156K) 41 1,686
db 4,804 900 (155K) 22 999
jack 9,095| 1,174 (213K) 22 1,090
javac 12,169| 2,200 (426K) 25 999
jess 7,331 1,312 (234K) 22 999
mpegaudio || 11,449] 1,293 (251K) 85 3,469
mitrt 5,896 1,175 (198K) 32 1,362
raytrace 5,876 | 1,165 (196K) 32 1362
soot 29,259 2,906 (574K) 54 2,076
sablecc 13,602| 1,484 (277K) 22 999

Table 2.2: Inlined Sequence$2)

Columns of Table 2.2 cortain respectively: (a) the name of the executedbendh-
mark, (b) the total number of inlined instruction sequencesf all preparedmethods,
(c) the number of distinct inlined instruction sequences(d) the highest number of
instructions within a singleinlined sequenceand (e) the biggestimplemertation size
(in bytes) of a singleinlined sequence.

SableVMsares spaceby allocating a single copy for eadt distinct inlined instruc-
tion sequene. This provesvery e ective, specially for bigger bendimarks. For the
Smwt bendmark, in particular, SableVM does not use additional storage spacefor
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over 90% of inlined instruction sequencesThe total sizeof geruine inlined instruc-
tion sequencess 574K. If we divide this storagesizeby the total humber of inlined
instructions (67,030),found in Table 2.1, we nd that, on average,lessthan 9 bytes
of implemertation code is required per instruction in the Smt bendymark.

2.4.2 Performance Measurements

We have performed execution time measuremets with SableVM (within the test
ervironmert descrited in Chapter 9), to measurethe e ciency of inline-threading
Java, using our techniques.

In a rst setof experimerts, we have measuredthe relative performanceof the
switch-threaded, direct-threaded and inline-threaded engines. Results are shavn in
Table 2.3. To do these experimerts, three separateversionsof SableVMwere com-
piled with idertical con guration options, exceptfor the interpreter enginetype. In
particular, the usageof signalsto trap NULL pointer exceptionswasturned onin all
three versions.

benchmark switc h-threaded direct-threaded inline-threaded
(sec.)| (sec.) (sec.)

compress 317.72| 281.78 (1.13) | 131.64 (2.41) (2.14)
db 132.15] 119.17 (1.11) | 87.64 (1.51) (1.36)
jack 45.65| 46.78 (0.98) | 38.16 (1.20) (1.23)
javac 110.10| 105.24 (1.05) | 89.37 (1.23) (1.17)
jess 74.79| 68.12 (1.10) | 53.57 (1.40) (1.27)
mpegaudio 285.77| 242.90 (1.18) | 136.97 (2.09) (1.77)
mtrt 142.87| 115.34 (1.24) | 100.39 (1.42) (1.15)
raytrace 166.19| 134.06 (1.24) | 11355 (1.46) (1.18)
soot 676.06| 641.96 (1.05) | 548.13 (1.23) (1.17)
sablecc 40.12| 36.95 (1.09) | 26.09 (1.54) (1.41)

Table 2.3: Inline-Threading PerformanceMeasuremets (1)

Columns of Table 2.3 cortain respectively: (a) the name of the executedbendh-
mark, (b) the executiontime in secondsusing the switch-threaded engine, (c) the
executiontime in secondausingthe direct-threadedengine,and the speedupover the
switch-threaded enginein parerntheses,and (d) the executiontime in secondsusing
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the inline-threaded engine, and the speedup over both switch-threaded and direct-
threaded enginesrespectively in parertheses.

The Inline-threadel enginedoesdeliver signi cant performanceimprovemen. It
achieves a speedup of up to 2.41 over the switch-threaded engine. The smallest
measuredspeedup,over the fastestof the two other engineson a bendimark, is 1.15
onthe mtrt bendimark, whereit alsodeliversa speedupof 1.42over the slover engine.

It is important to note that the switch-threaded enginealready has someadvan-
tagesover a pure switch-basedbytecode interpreter. It bene ts from word alignmert
and other performanceimproving featuresof the SableVMframework. So, it is likely
that the performancegains of inline-threading over pure bytecode interpretation are
even bigger than those measuredagainst switch-threading. In Chapter 9, we mea-
sure the relative performanceof SableVM against a naively implemerted bytecode
interpreter.

In asecondsetof tests, we measuredhe speedof the inlined-threadedenginewhen
using signal-basedNULL pointer detection and when using explicit NULL cheds.
Resultsare showvn in Table 2.4.

benchmark explicit signal-based Sspeedup
NULL checks | NULL checks
(sec.) (sec.)
compress 166.41 131.64 1.26
db 92.10 87.64 1.05
jack 39.85 38.16 1.04
javac 91.29 89.37 1.02
jess 56.51 53.57 1.05
mpegaudio 14531 136.97 1.06
mtrt 96.02 100.39 0.96
raytrace 109.23 11355 0.96
soot 606.86 548.13 1.11
sablecc 28.04 26.09 1.07

Table 2.4: Inline-Threading PerformanceMeasuremets (2)

Columns of Table 2.4 contain respectively: (a) the name of the executedbend-
mark, (b) the executiontime in secondausingthe inline-threaded engineand explicit
NULL cheds, (c) the executiontime in secondausing the inline-threaded engineand
signal basedNULL pointer detection, and (d) the speedupacdieved by signal-based
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detection over explicit cheds.

Note that usingsignal-basedheds canhelp eliminate up to two dispatdheswithin
an instruction sequencepy making an instruction inlinable. The drawbad is that
signalsare costly, soif NULL pointer exceptionse ectively happen, the performance
of an application can be negatively a ected.

Our performancemeasuremets show that using signal-baseddetection can yield
signi cant speedup (up to 1.26 on compresy, but can also reduce performance (a
penalty of 4% on mtrt and raytrace).

2.5 Related Work

The most closelyrelated work to the work of this chapter is the work of I. Piumarta
and F. Riccardi in [PR98]. We have already discussedhe inline-threading technique
introduced in this paper in Section 2.3. Our work builds on top of this work, by
introducingtechniquesto dealwith multi-threaded executionenvironmerts, and inline
two-madesinstructions.

Inline-threading, in turn, is the result of conmbining the Forth-lik e threade inter-
pretation technique [Ert] (which we have already discussedn Section2.2.2) with the
idea of template-lasel dynamic compilation [APC* 96,NHCL98]. The main advan-
tage of inline-threading over that of template basedcompilation is its simplicity and
portabilit y.

A related systemfor dynamic code generationis that of voode, introducedby D.
Engler [Eng96]. The voode systemis an architecture-neutral runtime asserbler. It
can be used for implemerting just-in-time compilers. It is in our future plans to
experimert with voode for constructing an architecture-neutral just-in-time compiler
for SableVM o ering an additional choice of performance-mrtability tradeo .

Other closelyrelated work is that of dynamic patching. The problem of poten-
tial high cost syndironization costsfor concurret modi cation of executedcode is
alsofacedby dynamically adaptive Java systems. In [CLS00], M. Cerniac et al. de-
scribe a technique for dynamic inline patching (a similar technique is also descriked
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in [IKY *00]). The main idea is to store a self-jump (a jump instruction to itself)
in the executablecode stream before proceedingwith further modi cations of the
executablecode. This causesany concurrer thread executingthe sameinstruction
to spin-wait for the completion of the modi cation operation.

Our technique of usingexplicit syndironization in preparation sequenceandsingle
value replacemen has the marked advantage of causingno spin-wait. Spinning can
have, in somecasesa highly undesirableside e ect, that of almostdead-lacking the
system when the spinning thread has much higher priority than the code patching
thread. This is becausewhile it is spinning, the high priority thread doesnot make
any progressin code execution and, depending on the thread sdeduling policy of
the host operating system, might be preverting the patching thread from making
noticeableprogress.

2.6 Conclusions

In this chapter we have explainedthe di cult y of using the inline-threaded interpre-
tation technique in a Java interpreter. Then, we introducednew techniquesthat not
only make it possible,but also e ective. At the heart of our techniquesis the idea
of preparation seqguen@s which when conbined with other techniques, help increase
the length of inlined instruction sequenesand thus reducedispatch overhead.

We then presetted our experimertal results, shoving that an inline-threaded in-
terpreter engine,implemening our techniques, achieves signi cant performanceim-
provemers over that of switch-threaded and direct-threaded engines.
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Chapter 3
Logical Partitioning of Memory

Memory managemenh is a certral issuein the designof a Java virtual madine.
Many of the runtime servicesprovided by the virtual macdine have memory man-
agemen related requiremernts: garbage-collectecheap, Java stadks, dynamic class
loading, dynamic linking, JNI native referencesstructuresfor dynamic dispatc (e.g.
virtual tables), etc.

In this chapter we discussthe organization of memory in the SableVM runtime
ervironmert. In particular, we introducea logical partitioning of the runtime system
memorywhich allows the designof simpleand exible, yet e ective, partition-speci c
memory managers.

This chapter is structured asfollows. In Section3.1, we motivate logical memory
partitioning as a technique for simplifying the internal organization of a Java virtual
madine. In Section3.2, we introduce our partitioning of the Java runtime memory,
and discussthe related partition-speci ¢ memory managers.In Section3.3we discuss
related work, and nally in Section3.4 we preser our conclusions.
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3.1. Simplifying Memory Managemen

3.1 Simplifying Memory Management

3.1.1 The Price of Flexibility

One of the key featuresthat must be provided by a Java virtual macdine is a garbage-
collectedheapfor object instances. Yet, memory managemenin the virtual macdine
is much broaderthan simply providing an object heap;the virtual macdine must also
explicitly or implicitly managememoryfor local and global NI referencesinvocation
and native interface data structures, classand array information data structures, fat
locks, inlined instruction implemertations (for inlined-threading) or compiled code
(for just-in-time compilation), virtual tables, stacks and many other features.

Among the objectivesof the SableVMframework isto be easilymodi able and ex-
ible, allowing the researb on memory managemen techniques. It is thus important
that SableVM be compatible with various garbagecollection algorithms, including
precise,mostly-accurate,and conserative moving and non-movingalgorithms. Sud
exibilit y comesat a price.

Single Garbage-Collected Heap

A memory organizationthat would intuitiv ely seemsimpleis to allocate all (or most)

memory in the garbage-collectecheap. But, many allocated memory sectionshave

special requiremerts. For example,virtual tables cannot be allocated in a movable

heap,unlesspinning? is supported by the garbagecollectoror a complexcode patching

processs appliedewvery time avirtual table is moved. But either alternative addscom-

plexity to the virtual macine. Similarly, allocating stadk frameson the heap could

increasethe pressureon the garbagecollector by causingfrequert collections,unless
somespecial care is taken to minimize the pressure(e.g. generationalcollection or

special treatment for stadk frame allocation). In summary a singlegarbage-collected
heap comesat the cost of increasedcomplexity of the virtual madine.

1A pinned memory object is left in place by a moving garbagecollector.
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Using malloc() and free()

Another relatively intuitiv e memory organization is to managea separategarbage-
collectedheapfor object instances,and allocate all other memory using the malloc()
C library function. This organizationhasthe advantage of permitting the implemen-
tation of various garbagecollection algorithms including the simplest onessud as
copying collection without pinning. But sud organization can be expensiwe in both
spaceand time. On the space front, the costis that ewery allocated memory block
returned by malloc() requires someoverhead memory spacefor storing the block
size (and possibly additional information) in anticipation of future free() calls. As
marny allocated blocks are very small (e.g. JNI referencesare a few words long, and
someclassinformation related memory blocks can be as short as a singleword), this
overhead could be signi cant. On the time front, the costsare that malloc() and
free() calls causeglobal syndronization?, and that free() calls can get very ex-
pensive when many small blocks are freed successigly and incremernal aggregation
of freed memory takesplaceto ght memory fragmertation.

Reducing Complexity and Costs

As we have seen,maintaining a separategarbage-collectecheap for object instances
and using malloc() and free() for the rest increasesexibilit y without adding no-
ticeable complexity to the virtual machine architecture. The main problem related
to that approad is the C library overheadwhen managingsmall memory blocks.

malloc() and free() weredesignedasgeneralpurposememory allocation func-
tions. By studying the typical memory usageof various virtual macdine features,we
discover patterns in memory usage. For example,a Java stadk always allocatesand
freesits top frame Stadk framesare never accessedby other threads (except possibly
by a garbagecollection thread). It thus seemswasteful to pay the overhead of a
generalpurposememory managerfor allocating and freeing stadk frames. A similar
analysiscan be done of other features.

°Note that the virtual machine must be linked with the multi-threaded version of the C library
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Therefore,our solution for reducing overheadwithout increasingsystemcomplex-
ity isto partition the Java runtime memoryaccordingto usagepatterns, andto design
simple partition-speci ¢ memory managersthat take advantage of usagepatterns to
minimize overhead.

3.2 Logical Memory Partitions

We have studied the memory usagebehavior of the di erent virtual madine features,
and iderti ed distinct allocation and releasepatterns. Thesepatterns o er a natural
partitioning of the runtime memory that we presen in this section.

We rst draw a clear distinction betweenphysial and logical partitions, then we
introduce ead identi ed partition and discussits managemen strategy within the
SableVMframework.

3.2.1 Physical and Logical Partitions

We de ne a physial partition asa singlecortiguous segmehn of virtual memory man-
agedby a single memory manager. In cortrast, we de ne a logical partition as the
subsetof virtual memory which is managedby a single memory manager. Memory
in the subsetneednot be cortiguous.

Figure 3.1illustrates the di erence betweenphysical and logical partitions. In the
left sideof the gure, we seea partitioning of virtual memoryinto physical partitions,
eadt of which is cortiguous. In the right sideof the gure, we seethe physical layout
of a logical partitioning of the samememory On this side, ead logical partition is
not necessarilycortiguous. For example,the single Stacklogical partition is divided
into three distinct memory segmets.

Managing logical partitions, instead of physi@al ones,is very conveniert. It allows
for dynamically creating and deleting partitions, and for growing and shrinking them
without worrying about low-level memory layout details. For increasingthe portabil-
ity of the virtual madine, the standard malloc() and free() library functions are
usedaslow-level primitiv esby memory managersfor allocating and releasingaligned
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Native References

Stack Stack

Class Loading Data

... Other Partitions ...

Native References Native References

Garbage Collected Heap

... Other Partitions ... Class Loading Data

Stack

... Other Partitions ...

Class Loading Data
Class Loading Data

Garbage Collected Heap

Garbage Collected Heap Other Partitions

Stack

Physical Partitions Logical Partitions

Figure 3.1: Layout of Physical and Logical Partitions
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memory blocks3.

3.2.2 Thread-Specic Memory

Thread-speci ¢ memory consistsof all memory speci cally allocated by the virtual
madine for the internal managemen of ead Java thread.

This memory consistsprimarily of Java stadks, JNI local referenceframes, and
internal structures storing thread-speci ¢ data like stadk information, JNI virtual
table, and exceptionstatus.

This memory exhibits precise allocation and releasepatterns. Thread-specic
structures have a lifetime similar to their related thread. So, this memory can be
allocated and freed (or recycled)at the time of respective creation and death of the
underlying thread. Stadks do not conceptually su er from fragmenation, as they
grow and shrink on one side only. This property is sharedby JNI local reference
frames.

SableVM Implementation

SableVMallocatesthread structures on thread creation but doesnot releasethem at
thread death. Instead, it managesa freelist to recyclethis memory on future thread
creation.

Java stack memory is manageddi erently. For ead thread, an initial stad is
allocated (using malloc() ) at the time the thread is created. Then this stak is
expanded(usingrealloc() ) asrequiredby the computation. SableVMnewer shrinks
the sizeof a Java stak. It simply freesit on thread death. Initial allocation sizeand
growth are cortrolled through runtime parameters. A maximum stadk size can be
optionally speci ed; by default a stad is allowed to grow until memory exhaustion.
Note that all Java stak frame information, in SableVM is stored relatively (e.g.
o set to previous/next frame, instead of direct address),which enablesstads to be
moved.

3The ANSI/ISO C standard statesthat malloc() must return aligned memory [SAI* 90].

49



3.2. Logical Memory Partitions

The advantage of a stadk whosemaximum size can only grow, is simpler stack
memory managemenh at method call boundaries. It also simpli es the virtual ma-
chine usage asthe userneedsnot specify a maximum stad size,which canbedi cult
to do for eat thread of a multi-threaded application. There'sno needto managethe
potertial fragmertation of non-movable stacs. It would be possibleto allocate Java
stakk frameson the sharedgarbage-collectedlava heap but this would put unneces-
sary additional pressureon the garbagecollector, and it would not take advantage of
the highly regular allocation and releasebehavior of this memory

Some Measurements

In order to determinecompile-time default valuesfor initial stadk sizeand incremen,
we have measuredthe maximum stadk depth readed while executing ead of the
bendimarks iderti ed in Section2.4.

Table 3.1 shovs our measuremets. The deepest measuredstadk depth is 9612
bytes, which is surprisingly small.

| benchmark ] max. Java stack depth |

compress 2740Dbytes
db 2740bytes
jack 3356bytes
javac 7572Dbytes
jess 4756 bytes
mpegaudio 3684 bytes
mtrt 2896 Dbytes
raytrace 2896 Dbytes
soot 8408Dbytes
sablecc 9612Dbytes

Table 3.1: Stadk Depth

As the stad sizeis highly application (and input data) specic, we have cho-
sento set both compile-time default initial sizeand incremer to 64Kb. Of course,
thesevaluescan be overridden using command-lineoptions. SableVMs stak-related
command-lineoptions are:

-p sablevm.stack.size.min=SIZ E: Minimum sizein bytes.
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-p sablevm.stack.size.max=SIZ E : Maximum sizein bytes.

-p sablevm.stack.size.increme nt=SIZE : Maximum incremen sizein bytes.

For example,to setthe stadk incremen sizeto 32Kb, we would write the following
command:

\sablevm -p sablevm.stack.increment= 32763 Helloworld

3.2.3 Class-Loader-Specic Memory

Class-lader-spci ¢ memory consistsof all memory speci cally allocated by the vir-
tual machine for the internal managemen of eat classloader.

This memory consistsprimarily of the internal data structures usedto store class
loaders (except the related java.lang.ClassLoader instances,which are stored in
the garbage-collectedheap), classesand methods, and related information. This
includes method bodies in their various forms like bytecode, direct threaded code,
inlined threaded code, and compiled code (in the presenceof a JIT). It alsoincludes
virtual tables for dynamic method dispatd.

This memory exhibits preciseallocation and releasepatterns. It is allocated at
class-loadingtime, and at various preparation, veri cation, and resolution execution
points. The behavior of this memory di ers signi cantly from other memory in that
onceit is allocated, it must stay at a xed location, and it is unlikely to be released
soon. The Java virtual madine speci cation allows for potential unloading of all
classesof a classloader as a group, if no direct or indirect referencesto the class
loader, its classesand related object instancesremain. In sud a case,and only if a
virtual machine supports classunloading, all memory usedby a classloader and its
classesan be releasedat once.

Isolating the managemen of this memory is a distinctiv e feature of the SableVM
framework.

SableVM Implementation

SableVM managesthis memory on a classloader basis. In other words, eat class
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loader hasits own related memory manager.

A class-lader memory managerusesmalloc() to allocate chunks of memory and
providesits own allocator for distributing smallermemoryfragmerts. This hasmany
advantages.

It allows for the allocation of many small memory blocks without the usual cost
of memory spaceoverhead,discussedn Section3.1.1. Also, memory chunks can be
freed on classunloading without regard for internal sub-allocation, thus signi cantly
reducingthe number of free() calls and the related memory aggregationpenalty.

It alsoallows classparsing and decaling in one passwithout memory overhead,
by allocating many small memory blocks. This is usually not possible,asit is not
possibleto estimate the memory requiremen for storing internal classinformation
beforethe end of the rst pass. The usual alternatives (in absenceof a class-loader
speci ¢ memory manager)are to either pay a memory overheadfor allocating small
blocks usingmalloc() , or do 2 passesver the class le; onepassto computememory
requiremens, and the secondto extract the information and storeit in the allocated
memory But ewven then, the secondalternative doesnot solve the problem of many
small allocations which are required to store threaded or compiled code, and other
linking information computed lazily throughout execution.

Finally, and importantly, it allows for irregular memory managemen strategies:
it makesit possibleto return sub-areasof an allocatedblock to the allocator, if these
areasare known not to be used. We take advantage of this to allocate sparseinterface
method lookup tables without losing memory*.

A default chunk sizeand incremen, aswell asan optional maximum class-loader
memorysize,canbe speci ed onthe command-lin€. The compile-time default chunk
sizeand incremen have both beenarbitrarily setto 1Mb. Note that many applications
only usetwo classloaders: the special bootstrap classloade® and the application (or
system) classloader’. For running programs using marny user-de ned classloaders,

4This will be explainedin Chapter 4.

5The options are: -p sablevm.classloa der.h eap. siz e. [min| ma|i ncrement]= SIZE

5The bootstrap classloader is usedto load standard library classessudh as java.lang.*  and
java.io.*

"The application classloader is usedto load classesfound on the classgth.
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usersare encouragedo set default valuesappropriately.

3.2.4 Shared Memory

Shared memory consistsof remaining memory which is explicity managedby the
virtual machine®.

This memory consistsprimarily of the object instance heap (which is garbage
collected), global JNI referencesand global virtual madine information structures.

The allocation and releasebehavior of this memory exhibits no speci c pattern,
asit is highly application depender.

This memory is potertially allocated and modi ed by di erent threads while ex-
ecuting methods of classedoadedby various classloaders.

SableVM Implementation

SableVM managesthe object instance heap separately from other memory This
provides maximum exibilit y for testing various garbage collection algorithms. In
the currert versionof SableVM a precisebare-bonescopying garbagecollector (with
no pinning nor generations)is provided. Chapter 6 will discussthe algorithm to
compute the necessarymaps for precisegarbagecollection. The parametersof the
copying collector provided by SableVMcanbe cortrolled usingcommand-lineoptions.
In particular, minimum and maximum heap size, and incremern can be speci ed.
If no maximum is speci ed, SableVMwill potentially grow the heap untii memory
exhaustion. SableVMdoesalso shrink the heap. Its algorithm for determining heap
sizeaimsto keepthe heap1/3 full (as suggestedn [JL96]).

Most of the remaining memory is simply managedusing malloc() and free()
calls. Exceptionsto this include glolal JNI referenees (and similar small structures)
which have a special memory manager. This managerallocatesbig memory blocks,
divides them into small JNI referencestructures, and managesfree lists to avoid
free() memory aggregationoverhead.

8This excludesmemory which is not explicitly managedby the virtual machine.
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3.2.5 System Memory

Systemmemory is the remaining memory, on which we have essetially no cortrol.
It consistsof the memory usedfor virtual madine code (i.e. the executableitself),
native stadks, ANSI/ISO C's heap manager,and dynamically-linked native libraries,
aswell asany other uncortrollable memory

SableVM Implementation

As SableVMis written in portable C, it has no cortrol on the managemehn of this
memory Assenbly and systemspeci ¢ virtual madines can (and should probably)
managethis memory explicitly, in which caseit could be classi ed amongthe previ-
ouslyidenti ed partitions. For example,dynamically-linked native libraries would be
classi ed as class-loaderspeci ¢ memory,

The only attempt to cortrol this memory is the following. SableVM managesits
own Java stads (one per thread), and it doesnot usea C function call to implemert
Java method calls. Thus, it makesa minimal useof the native C stadk. Recursive C
function calls are only possiblethrough native JNI calls’.

3.3 Related Work

The traditional single-threadedruntime memory organization for procedural lan-
guages(C, Pascal,etc.) is asfollows. Executable code and constart data segmeis
arelaid out consecutiely at lower memory addressesThe remaining spaceis divided
betweenthe heap, growing bottom up, and the stak, growing top down, with free
spacein the middle [ASU86]. For multi-threaded applications, multiple stacks are
required (one per thread). POSIX threads creation parametersinclude an optional
stack sizeand assumeotherwise an implemertation speci ¢ default size[NBF96]. A
typical implemertation placesstadks sequetially (top down) reservingenoughspace

9A native JNI method is allowed to invoke the virtual machine interpreter which may in turn
call back the JNI native method.
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for eat stadk, and optionally guarding againstover ow using a protected page (for
causinga segmetation fault in caseof stadk over ow).

The most naive virtual macdines, like Ka e [Kaf], implement the simplest ap-
proach to memory managemehin C by using malloc() for all allocation, and using
a consenrative garbagecollector for freeing memory This approad seerely limits
potertial experimertation with garbagecollectiontechniques. Ka e providesno sup-
port for precisecollection, and alsoassumeghat objects cannotbe moved throughout
their life time. This latest assumptionallows Ka e to save someobject storageby
using object addressess hashcale.

Other more elaborate virtual madines, sud asJikesRVM which ertirely is writ-
ten in Java, usea singleheapto manageall memory[AAC* 99], exceptsystemmemory
usedto store the precomputedboot image. This approad would seemattractiv e, at
rst sight, but it has somedrawbads. Firstly, somememory areas, sud as JIT
compiled code, cannot be moved in memory, forcing the garbagecollector to either
be non-moving or to support pinning. Secondly this approad does not allow for
irregular memory managemeh where a single allocated block is not cortiguous (like
SableVMs sparseinterface tables). Finally, even if a memory block is pinned within
a generationalheap, it might still causesomeadditional work at garbagecollection
time. This is unlike SableVMs class-loaderspeci c memory which is newer traced at
garbagecollection time, regardlessof what garbagecollection algorithm is used.

3.4 Conclusions

In this chapter we have identi ed logical memory partitions exhibiting distinct allo-
cation and releasebehavior. We have discusseceadt partition and explainedhow the
SableVMframework managesmemory within it.

We have in particular identied a class-loaderspeci c memory partition. This
memory may not be moved, and it is either newer freed or freed all at once on class-
loader destruction. We have explainedhow SableVMtakesadvantage of this to sub-
allocate small memory blocks without spaceoverhead. We have briey merntioned
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that SableVM also permits irregular allocation strategies within this partition for
sparseinterface virtual tables. Using a speci c memory managemeh strategy for
class-loaderspeci c memory is a distinctiv e feature of the SableVMframework.

Using partition-speci ¢ memory managersallows SableVMto be extremely exible
(it is compatiblewith variousgarbagecollectionalgorithms, ranging from the simplest
to the most complexones). Thesemanagersminimize overheadeven though they use
relatively simple operational strategies.
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Chapter 4
Sparse Interface Virtual Tables

In this chapter we introducea sparsevirtual table designthat eliminatesthe over-
head of interface method invocation over that of normal virtual method invocation.
This designtakesadvantage of class-loaderspeci c memory management to recycle
holesin the virtual table using a very simple, yet e ective, algorithm. Our exper-
imental results shov a 100%recyclerate for sparsevirtual table holes, ewen in the
most interface intensive applications tested.

This chapter is organizedas follows. In Section 4.1, we discussthe traditional
organization of virtual tables in Java virtual macdines, and discussrelated perfor-
manceproblems. In Section4.2, we introduce our sparsevirtual table organization.
In Section4.3, we presen our experimertal results. In Section4.4 we discussrelated
work. Finally, in Section4.5, we presen our conclusions.

4.1 Traditional Virtual Table Organization

One of the distinctiv e featuresof object-oriented programminglanguagesyelative to
procedural programming languages,is virtual function calls (or polymorphic calls).
E cien tly implemerting polymorphic calls has beena very active researb eld. In
[Dri01], K. Driesensurveys most of the implementation techniquesthat have been
proposedand usedin various object-oriented programming languages.

1SeeChapter 3.
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In this section, we presen the traditional (and intuitiv ) organization of virtual
tablesfor implemening both virtual andinterfacemethod callsin Java. In the cortext
of this thesis, virtual metha calls and interface methal calls correspnd respectively
to the INVOKEVIRTUAId INVOKEINTERFAQAa bytecode instructions.

4.1.1 Virtual Tables for Single Inheritance

Java is a statically typed language(i.e. all variableshave compile-time types), but
its classesare dynamically loaded and linked at executiontime. Luckily, the Java
virtual madine speci cation imposesconstrairts on loadedclassegand bytecode) to
ensureproper runtime behavior.

Java supports singleinheritance of classes.This enablesthe e cien t implemerta-
tion of virtual function calls using virtual methal tables(or simply: virtual tables).

The virtual table of a classis an array of pointers to methods. Each virtual table
ertry points either to the implemertation of a method declaredin the classitself or
to the implementation of an inherited method that hasnot beenoverridden

The virtual table of a classC is constructed as follows. First, the virtual table
of the parert classP is built?, if it hasn't already beenbuilt3. Then, ead virtual
method of classC is assigneda unique o set into the virtual table. Ead virtual
method of C that overridesa virtual method of P or any ancestorof P is assigned
the sameo set asthe overridden method. All other virtual methods are assignedan
increasingo set starting at the maximum o set of inherited methods plus one. The
highest o set determinesthe sizeof the virtual table. The virtual table of C is lled
asfollows. First it is initialized with the cortent of the virtual table of its parert P.
Then, for eath method of C, a pointer to its implemertation is written in the virtual
table at the method's o set.

Figure 4.1illustrates the nal result. ClassParent declarestwo methodsa() and
b() , which are assignedo sets 1 and 2 respectively. Class Child declaresmethod
a() which overridesmethod a() of classParent, and method c¢() which is assigned

2UnlessC is java.lang.Object
3The rules for dynamic loading and linking in Java are relatively complex. A classcan be loaded,
yet not necessarilylinked. See[LY99] for details.
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o set 3.

Class Parent Class Child extends Parent
1{voida(){...} Y void a() {...}
2 void b(){... 3 voidc() {...

Parent VTBL Child VTBL

Parent obj = new Child();
obj.a();
obj.b();

Figure 4.1: Single Inheritance Virtual Table (VTBL)

Virtual tablesenablevirtual metha invocation in constart time, requiring a single
indirection. Virtual method invocation proceedsas follows. The o set of the called
method is usedto retrieve the method implemertation pointer from the virtual table.
The pointer is then dereferencedand the target method executed.In Figure 4.1, the
declaringtype of variable obj is usedto determinethe method o set (a() = 1, b()
= 2), but the actual method lookup is done using the virtual table of the instance
type (which is Child ). It is thus important that the o set remains the same for
overridden methods (such asa() ).

4.1.2 Virtual Tables for Interfaces

Java supports multiple inheritance of interfaces. The virtual table organization de-
scribed in section4.1.1doesnot work for multiple-inheritance. The problem is that
two distinct interfacesmight assigncon icting o sets to method signatures,sowhen
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a classimplemerts both interfaces,it can't determinea unique o set for its methods.
This is illustrated in Figure 4.2. Method a() is assignedo set 1 in interface Father
and method b() is assignedo set 1 in interface Mother. So,the systemcan't decide
whetherto put a pointer to the implemertation of a() orb() at o set 1in the virtual
table.

Figure 4.2 also illustrates the usual solution to this problem. The idea is to
resene the normal virtual table for implemerting virtual function calls only, and to
build interface virtual tablesfor implemening interface method calls. A single class
can have mary interface virtual tables; one per directly or indirectly implemerted
interface. Interface method invocation proceedsas follows. First, the list of interface
virtual tables is seartied to nd the appropriate interface virtual table, then an
interface-speci ¢ method o set is usedto lookup the implemertation pointer in that
table. For example,in Figure 4.2, to invoke method b() of interface Mother on an
instance of classChild , the list of IVTBL pointers attached to the normal virtual
table of classChild is seartied. Then, the Mother-specic o set of method b() ,
which is 1, is usedto lookup the implemenation addressof b() .

Many approadesare possiblefor represeting the list of interface virtual tables
of a class. One possibility is to usea plain linked list aswas donein early versions
of the Ka e virtual machine. A superior approad is to build an array of pointers
to interface virtual tables at a negative o set of the normal virtual table of a class
aswas donein Figure 4.2, then to usean e cient seart technique (binary seart /
hashing)to nd the appropriate interface virtual table.

Performance Issues

There aretwo performanceissuegelatedto usingal list of interfacevirtual tables. The
rst and mostimportant issueis that usingthis technique, the costof interfacemethod
lookup is not constant The costof an interfacemethod lookup growswith the number
of directly and indirectly implemened interfacesof a class. The secondproblem is
that the cost for searding for an appropriate IVTBL represets an overhead for
interface method calls over normal virtual calls which do not needto perform any
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interface Father interface Mother class Child implements Father, Mother
1 {a(); 1 { void b();
2 b0} 2 voidc();

Father 1 1

Mother |
Child-Father Child-Mother
Child \%\ IVTBL IVTBL

Mother obj = new Child();
obj.b();

Figure 4.2: Interface Virtual Tables(IVTBL)

seard to nd avirtual table.

4.2 Sparse Interface Virtual Tables

In this section, we introduce a sparseinterface virtual table layout that completely
eliminatesthe usual overheadof interfacemethod lookup over virtual method lookup.

The ideaof maintaining multiple interfacevirtual tablesin caseof multiple inheri-
tanceis reminiscen of C++ implemertations [ES90]. But, Java's multiple inheritance
hasa major semaric di erence: it only appliesto interfaceswhich may only declare
method signatureswithout providing animplemenation. Furthermore, if a Java class
implemerts two distinct interfaceswhich declarethe samemethod signature, this class
satis es both interfacesby providing a singleimplemenation of this method. (Unlike
Java, C++ allows the inheritance of distinct implemertations of the samemethod
signature).

We take advantage of this important dierence to rethink the data structure
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4.2. Sparselnterface Virtual Tables

neededfor e cien t interfacemethod lookup. Our ideasare basedon previouswork on
e cient method lookup in dynamically typed OO languagesusing of seletor-indexed
dispatch tables[Cox87,Dri93, VH94].

4.2.1 Basic Implementation

We assigna globally unique increasingindex* to eadh method signature declaredin
an interface. A method signature declaredin multiple interfacesis assigneda single
index. When the virtual table of a classis created,we alsocreatean interface virtual
tablethat grows down from the normal virtual table. This interfacevirtual table hasa
sizeequalto the highestindex of all methods declaredin the direct and indirect super
interfacesof the class. For every declaredsuper interface method, the ertry at its
indexis lled with the addressof its implementation. The executionof invokeinterfae
canthen proceedsimilarly and at the exactsamecostasan invokevirtual instruction.
The only di erence is that interfacemethod o sets are negative, while virtual method
0 sets are positive.

In the proposedorganization, the interfacevirtual table is a sparsearray of method
pointers (unlike the normal virtual table which is densg. As more interfacesare
loaded, with new interface method signatures(throughout program execution), the
amourt of free spacein interface virtual tables grows. In fact, the total size of all
interfacetablesis O(i m), wherei is the total number of interfaces,and m is the
total number of distinct interface methal signatures Most of this spaceis empty, and
could thus represen a signi cant lossof memory,

4.2.2 Filling the Holes

The traditional approad has beento use table compressiontechniquesto reduce
the amourt of lost free space[Dri93, VH94]. These techniques work well within
a statically compiled ervironmernt. Howeer, they are poorly adapted to dynamic
classloading environmernts like the Java virtual madine, as sud techniquesrequire

4In reality, we use a decreasingindex, starting at at -1, to allow direct indexing in the interface
virtual table
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4.2. Sparselnterface Virtual Tables

dynamic reorganizationof interfacevirtual tableswhennew classesand interfacesare
loaded[DriO1].

Our approad di ers. Instead of compressingnterface virtual tables, we simply
take advantage of our classloader memory managerto return the free spaceto the
memory manager. The freed memory is then usedto store all kinds of classloader
related memory In other words, we simply recyclethe free spaceof sparseinterface
virtual tables within the classloader. The organization of sparseinterface virtual
tablesis illustrated in Figure 4.3.

Method Ptr > class X methods
I I
I I
| . |
| ) |
Increasing ‘ ‘
Traditional
memory Method Ptr -
addresses Virtual
class A methods Table
Method Ptr
Method Ptr +2
java.lang.Object methods
Method Ptr +1
VTBL Ptr Class Info Ptr =~ Pointer to class informgtion
Returned to class loader
memory manager
Interface Method Ptr | -3
) Sparse
Increasing Interface
memory Method
addresses Lookup
Returned to class loader Table
memory manager
Interface Method Ptr | -8

Virtual table of class X extends ... extends A, implements Y, Z

Figure 4.3: Sparselnterface Virtual Table Layout
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Class Loader Memory Manager Internals

The internal designof a classloader memory manageris very simple. This memory
managerkeepsa constant sizearray of pointers to free memory blocks (called: free
array). In SableVM a free array hasonly 16 ertries®.

If it wasn't for sparseinterfacetables, a classloader memory managerwould only
needan alloc() function; it would not needa free() function®. Usually, a single
pointer is usedto managefree spaceas memory is allocated as a huge block using
malloc() then redistributed incremerally.

But, becauseof sparseinterfacetables, a free() function is addedwhich simply
puts pointers to returned blocks into the free array. No memory aggregationtakes
placeasholesin an interfacevirtual table cannotbe neighboring other freed memory.
If the free array over ows, the pointer to the smallest block is evicted’. alloc()
always takesmemory from the smallest,large enoughblock in the free array.

Our experimertal resultswill show later that this rather simple strategy is quite
e ective.

4.2.3 Guarding Against Pathological Cases

As interface usagein most Java programs rangesfrom very low to moderate, we
could arguethat it is unlikely that the free spacereturned by interfacevirtual tables
will grow faster than the rate at which it is recycled. Howewer, in order to handle
pathological caseswe also provide a very simple technique, which incurs no runtime
overhead, to limit the maximal growth of interface virtual tables$. To limit this
growth to N ertries, we stop allocating new interface method indices as soon as
index N is assignedto an interface method signature. Then, new interface method
signaturesare encaled using traditional techniques. The trick to make this possible
is to usedi erent opoodesto encale interface calls’, basedon whether the invoked

5This is a compile-time, easily modi able constart.

6SeeChapter 3 for explanations.

"The algorithm can be modi ed to usea linked list instead of an array to avoid memory loss.
8This is not currently implemented in SableVM

9SeeChapter 2 for instruction encading techniques.
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method signature has beenassignedan index or not. The traditional technique used
to handle over ow can safely ignore all interface methods which have already been
assignedan index.

4.3 Experimental Results

We have experimerted with our usualsetof bencdimarks'® to measurethe e ectiveness
of the proposedalgorithm for recycling holesin the sparsevirtual tables. Our results
are shovn in Table 4.1.

benchmark inter- | clas- | byte- sparse ivt holes loss
faces ses code (bytes) | (bytes) (bytes)

compress 16 134 30,901 2,552 1,848 (72%) 0
db 17 130| 34,255 2,984 2,212 (74%) 0
jack 17 178| 62,791 4,436 3,608 (81%) 0
javac 21 269 | 101,027 3,696 2,844 (77%) 0
jess 20 270| 52,985 30,340 28,504 (94%) 0
mpegaudio 24 167 | 76,509 5,296 4,504 (85%) 0
mtrt 18 155| 42,037 3,400 2,520 (74%) 0
raytrace 18 154 | 41,863 3,400 2,520 (74%) 0
soot 190 794 | 223,557 211,912 193,328 (91%) 0
sablecc 24 374| 93,335 129,340( 112,840 (87%) 0

Table 4.1: Sparselnterface Virtual Tables

Columns of Table 4.1 cortain respectively: (a) the name of the executedbend-
mark, (b) the number of loadedinterfaces,(c) the number of loaded classes(d) the
total number of prepared bytecodes, (e) the total sizeof all sparseinterface virtual
tablesin bytes, (f) the total size of free memory in sparsetables in bytes and as a
percenage value of the total sizeof sparseinterface tables, and nally (g) the total
number of unrecycledmemory bytes in sparsetable holes.

4.3.1 Discussion

A few noteworthy results are:

10SeeChapter 9 for details.
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Not a singlebyte of sparsetable holeswas lost.

Sparsetables corntain much free space: between 72% to 91% on averge in
tested bendimarks.

Our mostinterface intensivebendimark is St which loaded190interfaces(this is
much higherthan the averagenumber of interfacesloadedby usual Java applications).
Its total sparseinterface storagespaceis around 207Kb, and is smallerthan the size
of prepared bytecodes The sizeof preparedbytecodesis shovn asan indicator of the
total requiremen in classloader related memory In a virtual madine, classloader
memory alsoincludesthreaded-cale or just-in-time compiled code, aswell asvarious
data structures to store information about classes,nterfaces,arrays, methods and
elds. For example, Table 2.2 (of Chapter 2) shavs that the memory requiremert
for storing the inlined code sequence®f the Smt bendimark is 574K, more than 3
times the total sizeof interfacetable holes. So,it seemshis application could a ord
loading yet more interfacesand classesand keep lling the holeswithout di cult .

Of course,there could be somepathologicalcasesput they are unlikely to happen
in human written code. This is becauseJava interfacesare of limited use;they do
not provide an implemertation for the method they declare. The use of interfaces
is thus usually limited to those caseswhen single inheritance does not ful ll the
designer'sneeds. This is the casewith libraries like the Java Collection Framework
(java.util.* ).

One should also take into considerationthat the size of a sparseinterface table
of a classis determined by the highest method index of an interface implemerted
by that class. Assuminga total of 1000distinct interface method signatureswere
declaredin all interfacesof an application, then the virtual madine is likely to |l
all holes,aslong asthis class(or the next loaded class)requiresmore than 4Kb*? of
memoryfor storing compiledcode and other information. As virtual table preparation
happensearly in the classlinking process,beforelazy method preparation, there is
ample opportunity to recyclethe memory of holes. We estimate that aslong as no

1A little more than sizeof(void *)  1000.
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more than a few thousandsdistinct interface method signaturesare declaredin an
application, recycling of hole memorywon't be a problem.

4.4 Related Work

As we have said earlier, in [Dri01], K. Driesensurveys most of the implemenation

techniquesthat have beenproposedand usedfor e cien tly implemerting polymorphic
callsin variousobject-oriented programminglanguages.In this sectionwe will discuss
someof the closestwork to our sparseinterface virtual tables.

4.4.1 Selector Table Indexing

This technique is the simplestway of implemerting dynamic method lookup, and is
the basisof our sparseinterfacetables. It consistsof constructing a two-dimensional
table indexedby classand method signature. Both classesand method signaturesare
represeted by unigue, consecutie classor method signature codes. Unfortunately,
the resulting dispatch tablesis very large (O(class signatur es)), and very sparse.

Our sparseinterface tables breaksthis table into disjoint rows. Eac row is as
short asits highestnon-null ertry. Yet, we measuredbetween72%to 94%free space.

Becauseof its enormouscostin memory; this technique is not usedin real systems.

4.4.2 Row Displacement Compression

Row displacemeh compressioris a technique usedto minimize the lossof freespacen
seletor tableindexingtwo-dimensionaldispatch tables. The idea, originally deweloped
for compressingparsing tables in table-driven parsers[ASU86], is to break the two
dimensionalarray into rows, then to t rows into a one-dimensionalarray, so that
non-emply ertries overlap with empty ones.

In fact, slicing the two dimensionalarray can be doneeither on a classbasisor on
method signature basis. Chapter 4 of [Dri01] discussesvhy method-signature-based
slicing yields signi cantly better compressiornthan class-basedlicing.
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The biggestproblem of this technique, in the cortext of Java, is that it is poorly
adapted to dynamic loading environmernts. Implemerting method-signature-based
slicing, to obtain better compression,is particularly challengingin the presenceof
dynamic loading. It can require a complete reorganization of the compressedne-
dimensional table when a new interface is loaded that causesa conict (e.g. two
non-emply ertries overlap).

Our approad sidestepscompressiorby simply recycling memory for storing other
things, and our experimertal measuremets show that there is an ample amourt of
other datato storein the holesof sparseinterfacetables. Yet, our approad only works
well becausaet is limited to encaling interface methal dispatd tables (thus a limited
number of interfacesand method signatures). On the other hand, row displa@ment
compressionis much more appropriate for statically compiled, dynamically typed OO
languages.

4.4.3 Interface Metho d Table Hashing

In [ACFGO1] B. Alpern et al. proposean e cient interface method invocation for
Java. Their ideaisto assaiate a xed-size interface methal tablewith ead class,then
to use hashingto assaiate method signatureswith interface method table ertries.
Hashing collisionsare handled using custom-generatecton ict resolution stubs.

Their measuremets shav that this technique causelittle overheadfor interface
method calls over normal virtual method calls. Yet, there is someoverhead. Our
sparsetables completely eliminate this overhead,and are simpler to implemen. Fur-
thermore, our technique does not necessitatedynamically generating madine lan-
guageencaled stubs.

Yet, we beliewe this technique would be best usedin conjunction with our sparse
interface tables, to handle over ow in pathological cases(when a very high number
of distinct interface method signaturesare declared).
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4.5 Conclusions

In this chapter we introduced a sparse interface virtual table designthat completely
eliminates the overheadof interface method invocation over normal virtual method
invocation. We proposeda simple algorithm that takes advantage of a partition-
speci ¢ memory managerto recycleholesin the sparsetables.

Our experimertal results showv that this simple technique is highly e ective. In
all measuredbendmarks, including in the interface-irtensive Soot application, no
memory lossresulted from using sparsetables.
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Chapter 5
Bidirectional Object Layout

The Java heapis by de nition a garbage-collectedarea. A Java programmerhas
no cortrol on the deallocation of an object. Garbagecollectorscan be divided into
two major classestracing and non-tracing collectors. Non-tracing collectors(mainly
reference counting) cannotreclaim cyclic data structures, area poor t for concurrert
programming models, and have a high referencecourt maintenance overhead. For
this reason,Java virtual madine designersusually opt for a tracing collector.

There exist many tracing collectors[JL96]. The simplest models are mark-and-
sweep, copying and mark-compact. The commonpoint to all tracing collectors (in-
cluding advancedgenerational,conserative and incremeral techniques)is that they
must trace a subsetof the heap, starting from a root set, looking for reachableob-
jects. Tracing is often one of the most expensiwe stepsof garbagecollection [JL96].
For ewvery root, the garkage collector (gc) looks up the type of the object to nd the
o set of its reference elds, then it recursiwely visits the objects referencedby these
elds.

In this chapter we introduce a new bidirectional object layout that groups all
reference elds to allow simpleand e cient gctracing.

This chapter is structured as follows. In Section 5.1, we discussthe traditional
layout for object instances. In Section 5.2, we introduce our bidirectional object
layout. In Section5.3, we presei our experimertal results. In Section5.4 we discuss
related work. Finally, in Section5.5, we preser our conclusions.
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5.1 Traditional Layout

To provide ecient eld access,it is desirableto place elds at a constant o set

from the object header, regardlessof inheritance. This is easily achieved in Java
asinstance elds can only be declaredin classegnot in interfaces),and classesare
restricted to single inheritance. Fields are usually laid out consecutiely after the

object header,starting with super class elds then subclass elds, asshavn in Figure
5.1. When tracing sud an object, the garbagecollector must accesghe object's class
information to discover the o set of its reference elds, then accessthe superclass
information to obtain the o set of its referenceelds, and soon. As this processmust

be repeatedfor eat traced object, it is quite expensiwe.

There are two improvemeris that are usually appliedto this naive represetation.
First, reference elds can be grouped together in the layout of ead inherited class.
Secondly eat classcan store an array of o sets and courts of reference elds for
itself and all its super classes.This is shovn in Figure 5.2. The number of memory
accesseseededto trace an object, in this case,is n (the number of references)+
3 (virtual table pointer, ref o sets pointer, array size) + 2 * array size (ead array
elemen hastwo values: baseo set and referencenumber). Two nestedloops (and
loop variables)arerequired: oneto traversethe array, and onefor ead array elemen
(accessinghe related number of references).

5.2 Bidirectional Object Layout

We proposea new object layout that further reducesthe number of memory accesses
requiredto trace an object. Our solution is to group all referenceelds consecutiely.
To maintain the constarn o set property, we simply grow objects in both directions,
placing non-referenceelds after the object header,and referenceelds in front of it.
Figure 5.3 illustrates the layout of object instances. In the object instance layout,
the instancestarting point is possiblya referenceeld. The instancegrows both ways
from the object header,which is locatedin the middle of the instance. Referencesre
placedbeforethe header,and other elds are placedafter it. Figure 5.4 illustrates the
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layout of array instances.Array elemerts are placedin front or after the array instance
header,dependingon whether the elemen type is a referenceor a non-referencdype,
respectively.

The object headercontains two words (three for arrays). The rst is a lock word
and the secondis a virtual table pointer. We use a few low-order bits of the lock
word to encale the following information:

We set the last (lowest order) bit to one, to di erentiate the lock word from
the precedingreference elds (which are pointers to aligned objects, thus have
their last bit setto zero).

We useanother bit to encale whether the instanceis an object or an array.

If it is an array, we use4 bits to encale its elemen type (boolean, byte, short,
char, int, long, oat, double,or reference).

If it is an object, we use a few bits to encale (1) the number of reference
elds and (2) the number of non-referenceeld words of the object, (or special
over ow values,if the object is too big).

We also usetwo words in the virtual table to encale the number of reference- eld
and non-reference- eldwords of the object if the object is too big to encale this
information in the header.

5.2.1 Tracing Objects

At this point, we must distinguish the two ways in which an object instance can
be readed by a tracing collector. The rst way is through an object referencethat
points to the object header(which is in the middle of the object). The secondway
is through its starting point, in the sweep phaseof a mark-and-sweepgc, or in the
tospace scanningof a copying gc. In both cases,our bidirectional layout allows the
implemertation of simple and elegan tracing algorithms.

In the rst case,the gc accesseshe lock word to get the number of references
n (one shift, one mask). If n is the over ow value (big object), then n is retrieved
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from the virtual table. Finally, the gc simply tracesn referencesn front of the object
header.

In the secondcase the object instanceis readiedfrom its starting point in memory,
which might be either a referenceeld or the object header(if there are no reference
elds in this instance). At this point, the gc must nd out whether the initial word
is a referenceor a lock word. But, this is easyto nd. The gc simply needsto chedk
the state of the last bit of the word. If it is one,then the word is a lock word. If it is
zero,then the word is a reference.

So, for example,a copying collector, while scanningthe tospace needsonly read
words consecutiely, chedking the last bit. When setto zero,the discoreredreference
is traced, whensetto 1, the number of non-referenceeld words (encadedin the lock
word itself, or in the virtual table on over ow) is usedto nd the starting point of
the next instance.

In summary usingour bidirectional layout, a gc only accessethe following mem-
ory locations while tracing: reference elds and lock word, for all instances(objects
and arrays), and at mostthree additional accessefor objectswith many elds (virtual
table pointer and two words in the virtual table itself).

5.3 Experimental Results

We have experimerted with our usualsetof bencimarks' to measurethe e ectiveness
of the proposedlayout. Our results are showvn in Table 5.1.

Columns of Table 5.1 cortain respectively: (a) the name of the executedbend-
mark, (b) the total garbagecollection time using the traditional object layout, (c)
the total garbagecollection time using the bidirectional object layout, (d) the total
executiontime using the traditional object layout, and (e) the total executiontime
using the bidirectional object layout.

1SeeChapter 9 for details.
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benchmark gc (trad.) gc (bidir.) total (trad.) total (bidir.)
(sec.)| (sec.) (sec.)| (sec.)

compress 0.238] 0.238 (1.00) 129.58] 131.64 (0.98)
db 0.472| 0.479 (0.99) 89.91| 87.64 (1.03)
jack 0.115| 0.115 (1.00) 39.50| 38.16 (1.04)
javac 2.845| 2.875 (0.99) 89.45| 89.37 (1.00)
jess 0.273| 0.276 (0.99) 5457 53.57 (1.02)
mpegaudio 0.000| 0.000 ) 135.86| 136.97 (0.99)
mtrt 1.027] 1.029 (1.00) 97.52| 100.39 (0.97)
raytrace 0.679| 0.683 (0.99) 113.38] 113.55 (1.00)
soot 19.943] 20.021 (1.00) 552.04| 548.13 (1.01)
sablecc 0.172] 0.173 (0.99) 26.12| 26.09 (1.00)

Table 5.1: GarbageCollection Time

5.3.1 Discussion

Our resultsshow that garbagecollectiontime is not signi cantly a ected by the object
layout, for the tested bendimarks. Yet, object layout seemsgo have a bigger impact
on the overall running time of applications. In the db, jack, and mtrt bendimarks we
seea di erence of 3% or a little more. In absolutevalue, the di erence of execution
time is much biggerthan the di erence in garbagecollection time.

This is probably causedby the indirect e ect of the reversedlayout referene
arrays E ectiv ely, referencearrays grow down from the object header. It is thus
quite possiblethat the changeof accessorder of array elemens has somee ect on
the data cade.

54 Related Work

We now mertion somepreviousrelated work. The ideaof usinga bidirectional object

layout (without groupingreferenceshasbeeninvestigated[Mye95PW90] asa means
to provide e cien t accesgo instancedata and dispatd information in languagessup-
porting multiple inheritance (most speci cally C++). In [Bar88], Bartlett proposed
a garbagecollector which required grouping pointers at the head of structures; this

was not achieved using bidirectional structures, though.
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5.5 Conclusions

In this chapter we introduced a bidirectional object layout which groups reference
elds at the start of object instances. Sud a layout simpli es garbagecollection
tracing.

Our experimertal results showv that using a bidirectional object layout causesno
signi cant changeto the executiontime of garbagecollection, yet it can sometime
a ect the overall bendimark executiontime, probably due its impact on cade be-
havior.

This experimert illustrates the simplicity of implemerting and testing various
researb data structuresin SableVM
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Chapter 6
Space-E cient Garbage Collection Maps

The Java virtual madine speci cation hasa feature that makescomputing type-
preciseroot setsdi cult for type-precisegarbagecollection; it allows local variables
to have suboutine-call-sequence-sgri ¢ types. Existing algorithms for computing
garbagecollection maps of local variables and operand stack locations are relatively
complex,full-blown data- o w analysesand the resulting mapsare relatively spacious
(10% to 20% of code size) [ADM98, SLC99]. In this chapter we introduce a simple
algorithm that computesspace-e cient stack and local variable mapsfor type-precise
garbagecollection.

This algorithm is best suited for simple or small Java virtual madines, as it
reduces(a) the complexity of map computation, and (b) map storagespace.

On the other hand, this algorithm does not perform a live-variable analysis for
reducing unreclaimed garbage, and it can add a little runtime overheadto some
method calls.

This chapter is organizedas follows. In Section 6.1, we discussthe di cult y of
computing type-precisegarbagecollection mapsin Java. In Section6.2, we introduce
our algorithm. In Section6.3, we presen our experimertal results. In Section6.4 we
discussrelated work. Finally, in Section6.5, we presen our conclusions.
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6.1 Type-Precise Garbage Collection Maps

The objective of garbagecollectionis to reclaim spaceconsumedby objects that will
not be usedagain. Precisely computing the set of objects that will be reused,at a
certain point of program execution,is an undecidableproblem, as program execution
ow can depend on external data entry. Garbage collection algorithms compute,
instead, the set of objects which are readable from a root set, and recycle memory
usedby unreachableobjects.

There are two main approadiesto computing root sets. One approad is to com-
pute a precise root set which includes all local and global referene variables The
secondapproad, called conservative treats all local and global variables (regardless
of their type) as potertial roots.

Whether precise or consenative garbage collection is best suited for an envi-
ronmert or an application is still debated amongresearbers. The objective of the
SableVMframework is to permit as much experimertation as possible.In that goal,
it needsto support both typesof garbagecollection.

Supporting consenative garbagecollection is simple. The only requiremen is
not to hide pointers to objects in memory using arithmetic operations (e.g. xor). A
consenative garbagecollector analyzesthe cortent of an ambiguouslytyped variable
to detect whether the stored value looks like a valid object reference.If it does,the
garbagecollectorassumest likely is a referenceand acts accordingly A consenrative
garbagecollector can potentially retain more garbage,but practice has shaved this
not to be signi cant [BW88]. The simplicity of providing an ambiguousroot setmakes
it possibleto easily plug a general-purpseconsenrative collector into a system.

Supporting precisecollection, on the other hand, provesto be moredi cult, asa
type-preciseroot set should be provided to the garbagecollector. Usually, asis the
casein the SableVMframework, precisegarbagecollection is only allowed to happen
at predeterminedexecutionpoints. At thesegc locations, a map (usually encaled as
a bit array) is provided to the garbagecollector to distinguish betweenreferenceand
non-referencevariables.
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6.1.1 The Gosling Property

As Java classesare dynamically loadedand can originate from an untrusted source,
the Java virtual machine speci cation includesa bytecode veri er and statesthe rules
for ensuringthat no executedbytecode program causememory corruption or other
harm to the virtual madine.

Java bytecode is stack-lasal. For example, the Java statemert is
typically compiledto \iload 1 ; iload 2 ; iadd ; istore _0

The Java virtual madineimposesstrict constrairts on bytecode. In particular, the
Gosling property statesthat, using a simple data- ow analysis,it shouldbe veri able
that the stadk size of a bytecode instruction is constart and that the type of eah
local variable and stad location is appropriate, regardlessof the path takento read
that instruction. A more precisede nition of all virtual machine constrairts is given
in the Java virtual madine speci cation [LY99].

But, unfortunately, the Java designersallowed for one exceptionto the Gosling

property.

6.1.2 A Notable Exception: Subroutines

Java bytecode includestwo specialinstructions: jsr andret , that weremainly intro-
ducedfor implemerting the finally  construct of the Java programming language.
The jsr instruction jumps to an address(speci ed asoperand), and pushesa return
addressvalue on the operand stack The ret instruction jumps to the addressfound
in the local variable speci ed as operand. The code included within the target of a
jsr instruction and its ret statemert is usually called a subioutine?.

To allow for the asymmetrical treatment of the return address other bytecode
instructions are allowed to swap and duplicate addressvalueson the operand stad,
and the astore instruction is allowedto pop a return addressand storeit into alocal
variable, sothat it canlater be usedasoperandto aret instruction.

The rules for bytecode veri cation cortain an explicit exceptionto the Gosling

LUnlik e real subroutines, this code usesthe samelocal variables and operand stack asthe calling
method. No Java stack frame is pushedor popped on execution of jsr and ret instructions.
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property, allowing a local variableto hold a call seqguene speci ¢ type within a sub-
routine, aslong asthis variable is neither read or written within the said subroutine.

This highly complicatesthe computation and storage of stack maps, as whether
a local variable storesa referene value or not is dependert on the execution path
to read an instruction. To further complicate the problem, no traces are left on
the operand stack or in local variablesthat clearly determinethe jsr call sequence
that lead to the executionof an instruction. So, a simple bit array encaling is not
su cient for local variable gc maps within subroutines.

6.2 A Simple, yet E cient Algorithm

The problem that we faced, when designingSableVMwas that in order to precisely
compute gc maps we would have to encale a complete data ow analysis. As gc
mapsare even requiredfor code loadedusing the bootstrap classloader, this data ow
analysiswould have to be written in C, the implemenrtation languageof our virtual
macdhine. Furthermore, simple bit array gc mapswould not have beensu cien t.

The complexity of existing algorithms for computing precisegc maps motivated
our researb for a simpler algorithm.

6.2.1 The Basic ldea

While bytecode veri cation is an important part of a commercialvirtual macine, it
is not necessarilyasimportant within a researt framework. Yet, existing algorithms
to compute precisegc mapsdo most of the veri cation work.

An Important Assumption

In orderto simplify the algorithm, we decidedto make the reasonableassumptionthat
the code for which we would compute gc mapswould be veri able. In other words, if
veri cation wasappliedto this code, it would succeed.We sg that it is a reasonable
assumption, as code loaded by the bootstrap classloader is usually shipped with a
virtual madine, and can thus be pre-veri ed. Other code, loaded through system
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and user classloaderswritten in Java, can be analyzedat link time by a veri er also
written in Java?.

Splitting Locals

Given the veri able code assumption, we can devise a relatively simple algorithm
which takes advantage of the type precision of most Java bytecode instructions to
determinethe type of local variablesand stad locations.

In orderto eliminate the path-speci ¢ property of local variable types, we identify
all local variables which are usedto store both referenee and non-referene values.
Then we split eat of the identi ed local variablesinto two local variables: onewhich
only storesreferencevalues, and one which only stores non-referencevalues. The
proposedsplitting cancausean increasein the number of local variablesof a method,
but it greatly simpli es the computation of gc maps.

Single Locals Map

One of the most important consequencesf the splitting of local variablesis that,
after splitting, a singlelocal-variable gc map is required per Java method.

This can potentially saze much memory, as otherwise, a local variable gc map
would be required at every gc cheek point?.

A side e ect of using a single local map per method is that somereferenc lo-
cal variables will needto be initialized to null on method entry. This is because
the garbagecollector would not know otherwisethat the cortent of an uninitialized
referencelocal variable is garbage.

2Linking of code loaded by the bootstrap classloader cannot easily depend on executing other
Java code (chicken-eggproblem).

3Some virtual machines do a lazy computation of gc maps in an attempt to reduce storage
space[SLC99].
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Grouping References

The storage of local variable gc maps can be further reducedby grouping all non-
parameterlocal variablest. Doing so allows for encading the map in two parts: a bit
array for formal parameterlocal variables, and a single integer value indicating the
number of non-parameterreferencelocal variables.

Reducingthe sizeof the bit array makesit morelikely that other methods will use
anidentical bit array. This is usefulto reducememory consumption,whenmemoizing
bit maps, aswe explain later.

Also, having a singlenumber for non-parameterlocalssimpli es the initialization
of reference local variables. Parametervariablesneednot be initialized (they already
hold a value provided by the caller), so a simple loop can be usedto initialize the
remaining non-parameterreferenceto null on method ertry.

Operand Stack Maps

We also needto compute operand stack gc maps. One sudx map must be computed
for every gc cheek point®.

Luckily, many operand stadkk maps are small. For example,the operand stad is
usually empty on brand instructions. Also, the bit array needsto be only as big as
the highestindex of a referencevalue on the stad.

Having a small (or an empty) bit array increasesthe opportunities for sharing
stack mapsacrossdi erent locations.

Memoization

As the readermight have guessedy now, we maintain, in SableVM a certral repos-
itory of bit array gc maps This repository is implemerted as a splay tree®, ordered
by sizeand bit corntent.

4The formal parametersof a methods are mapped asthe rst local variables of a method frame.

SBackward branch instructions, method calls, and allocation instructions.

6A splaytree is a binary tree with caching property: the last accessedode is always made root
of the tree. The amortized cost for n tree operations is O(n logn).

85



6.2. A Simple,yet E cien t Algorithm

Example

Figure 6.1 illustrates the splitting and reordering of local variables. In this example,
we assumehere areno method parameters. First, the algorithm analysedocalsusage.
Then it splits localswhich are usedto store both referene and non-referene values.
Then it reorderslocals, assigninglowest numbersto reference variables. Finally, the
bytecode is rewritten to usethe newly assignedlocal variable numbers. Note how
local 0 becomedocal 1, and local 1 becomedocals0 and 2.

Original Byteco de

ICONST_M1
ISTORE_O
ACONST NULL
ASTORE_1
ILOAD_0
ISTORE_1

Locals Usage

Local 0: non-ref) no splitting.
Local 1: ref and non-ref) must be split.

Locals Splitting and Reordering

Local O: non-ref= 1
Local 1: ref= 0O, non-ref= 2

New Byteco de

ICONST_M1
ISTORE_1
ACONST _NULL
ASTORE_O
ILOAD_1
ISTORE_2

Figure 6.1: Locals Splitting and Reordering
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6.2.2 What is a Subroutine?

Now that we have exposedour main ideas, and before we give a detailed algorithm
description, we needto discussthe subioutine problem.
The Java languagespeci cation motivates the existenceof the jsr and ret in-

structions by explaining their usefor implemerting the |try f... g finally f... g

Java construct.

But, the veri cation rulesgoverning the useof jsr andret are stated in terms of
bytecode instructions, not in term of Java programming languageconstructs.

So, in the corntext of bytecode (which is not necessarilygeneratedby a Java
compiler), the concept of subioutine becomesmore dicult to grasp. In fact, the
wording usedin the Java languagespeci cation is ambiguous

This is best explained using someexamples. Figure 6.2 illustrates a casewhere,
in the courseof a data- o w analysis,two jsr instructions to the sametargetare seen,
without a ret instruction betweenthem (in the cortrol ow). The problem is that
the Java virtual madine statesthat subioutines may not be recursively called. Yet,
this example passesveri cation successfully(using the reference virtual madine by

@r L1
L1: %
3

ifeq L
L2:athrow )

Sun Microsystems).

Second JSR
to L1
without RET
in between!

Exception Table
From L1 to L3 handler is L4

Figure 6.2: SeeminglyRecursive Subroutine
By analyzing this examplefurther, we discover that a subroutine may be exited
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through exeptional cortrol ow, sud asthe explicit athrow instruction, in our ex-
ample. But, the problemremains: how canthe data- o w analyzerdeterminewhether
a subroutine is exited or not, whentaking an exceptionalcortrol ow?

In order to investigate this question, we have modi ed our examplea little. We
replacedthe secondjsr instruction by a return instruction (which endsa method).
The result is illustrated in Figure 6.3.

Ambiguous Subroutine

jsrL1

L1:...

ifeq L3
L2:athrow
L3:...

ret
L4:return

Is this
statement

part of the
subroutine?

Exception Table
From L1 to L3 handler is L4

Figure 6.3: Ambiguous Subroutine

This segmeh of code is legal and it is again acceptedby the reference virtual
madine veri er. In this example,the return instruction could aswell be within the
subroutine (return may be called from within a subroutine), or it could be outside
the subroutine. In either case,the veri cation constraints would be met. So, from a
pure bytecode point of view, the boundariesof subroutinesare ambiguous!

We shouldnote that it is possibleto write valid Java programsthat generatecode
which is similar to our examples,usingloopsand nestedtry-finally and try-catch
constructs.

So, to avoid pitfalls, we shall avoid using the ambiguous concept of subioutines
when describingour algorithm?.

“In order to prevent recursion, a data- o w analyzer can simply invalidate all copiesof the target
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6.2.3 Algorithm Description

We now give a precisedescription of our simple algorithm to compute gc maps. We
remind the reader of the requiremen that analyzedbytecode must be veri able in
order for our algorithm to work.

Data Structures

Our algorithm consists,in fact, of a simpli ed data- ow analysis,where ead state-
mert is only analyzedonce. This data- ow analysissimulates the execution of byte-
code instructions on an abstract method frame. The abstract method frame has an
operand stack and local variablesthat can only hold integer values. Integer values
storedin local variablesand stad locations have the following meaning:

-2: non-referencevalue
-1: referencevalue

0 or more: start o set of a subroutine

One important di erence betweenthe abstmact interpretation done by our data-
ow analyzer and real executionis the treatment of the jsr instruction. The real
instruction pushesthe addressof the return addresson the stack. Our data- ow
analyzerpushesthe subroutine start o set on the stad, instead.

In addition, a global structure using a few bits of storagefor ead local variable
is required. It recordswhether a local variable has been usedto store referenc,
one-wod-non-reference, and/or two-words-non-eferene?® values.

Another structure storesinstruction speci ¢ data. For example,it recordswhether
the stadk operandto an astore instruction is a referencevalue or a return address.

Of course,aswe said earlier, bit array gc mapsare memoizedusing a global splay
tree.

return address,stored in local variablesand on the operand stadk, when executingaret instruction.
8The operand stack must also handle 64-bit long and double values.
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Data Flow Analysis

A simple work-list algorithm is used. Initially , the rst bytecode instruction of the
analyzed method is pushedinto the work-list. On ead iteration, an instruction is
retrieved from the work-list, its executionsimulated within the abstract ervironmert,
then the instruction is marked asdone Then, all successomstructions (determined
by regular and exceptionalcortrol o w) which are not donenor already in the work-
list, are addedto the work-list. The algorithm executioncortinuesuntil the work-list
is empty.

This algorithm only analyzeseat statemert once. This is su cien t, asthe veri -
ability of analyzedbytecode ensuresthat the stadk layout we computethe rst time
an instruction is seenis valid and would be the sameregardlessof executionpath.

The abstract interpretation applied to the 200 bytecode instructions is fairly in-
tuitiv e, exceptfor the jsr andret instructions which we will discussin more details
later. This interpretation consistsof pushing or popping integer valueson or o the
stack, and updating appropriately the global local variable bits and the instruction
speci ¢ data. Figure 6.4 shows the pseudocode of the abstract interpretation for a
few bytecode instructions.

We will not descrike in details how to analyzeead of the 200 bytecode instruc-
tions. Instead, we invite the readerto look at our implemertation which canbe found
in the le src/libsablevm/prepare _code.c of SableVM[Sabb].

The only special treatmernt is the handling of jsr and ret instructions. The idea
is that in order to put the instruction following a jsr on the work-list, the operand
stac layout (and size)of the relatedret instruction must be known. As the data- ow
analyzer might not yet know whether there is a related ret instruction or not, jsr
simulation proceedsasfollows:

1. The jsr target address(or more precisely: o set) is pushedonto the abstract
operand stack.

2. If the target instruction has a related ret instruction on record, the operand
stack of this related instruction is usedin conjunction with the current local
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#define NON_REE2)
#define REF(-1)

case ACONST_NUbkt NEW
/* push a reference on stack */
stack[stack_size++] = REF;

}

case ISTORE_3or FSTORE_3
local_bits[3].used_as_nonr  ef = true;
stack_size--;

case LSTORE_®r DSTORE_3
local_bits[3].used_as_64bi t = true;

stack_size -= 2;

}
case ASTORE_3

if (stack[--stack_size] >= 0)

/* there's a jsr offset on the stack */
local_bits[3].used_as_no nref = true;

instruction->operand_is_ jsr_ off set = true;
[* save the jsr offset in the appropriate local */
locals[3] = stack[stack_size];

else

[* there's a reference on the stack */
local_bits[3].used_as_re f = true;

}

case IADD, ISUB, FADD, FSUB, MONITORENTER,
MONITOREXITor POP

/* one 32-bit value popped */
stack_size--;

}

Figure 6.4: Abstract Interpretation of SomeBytecode Instructions
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variable layout asan ervironment® for adding the instruction following the jsr
on the work-list.

3. If the target instruction doesn't have a related ret instruction on record, the
instruction following the jsr is addedto a pending-listin the target instruction
record.

Simulation of the ret instruction proceedsas follows:

1. The addressof the related jsr targetis retrieved from the speci ed local vari-
able.

2. This ret instruction is recorded as related to the jsr target instruction on
record.

3. All instructions on the relatedjsr targetpending-listare addedto the work-list,
with an appropriate ervironmert.

Operand Stack Maps

Operandstadk gcmapsare computedat ead gc check point asthe related instruction
is processed.
In order to simplify garbagecollection, pointers to the operand stackgc mapsare

always stored in the code array'® at , wherepc is the program courter value
seenby the garbagecollector.

Locals Splitting and Reordering

Oncethe data- ow analysisis nished, local variablesare split accordingto their us-
age. Non-parameterlocal variables are reorderedafter splitting sothat all reference
localsare rst and cortiguous. Finally, bytecode instructions are updated appropri-
ately, and local variable gc map information is storedin the method structures.

9This simulates the exceptionto the Gosling property.
10SeeChapter 2.
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6.3 Experimental Results

We performed two sets of experimerts. The rst set of experimerts measuredthe
total storagesizefor computedgc maps. The secondset of experimerts measuredhe
increasein number of local variablescausedby variable splitting. We have performed
our experimerts with our usual set of bendimarks'?.

6.3.1 Storage Size

The storagesize of a single garbagecollection map is composedof splay tree related

elds and a bit array. There are 5 splay tree related elds per map: paren, left, and
right pointers, bit array length, and bit array pointer. This takesa total of 20 bytes
of storageoverheadper gc map on the Linux/x86 platform. Our measuremets are
shavn in Table 6.1.

benchmark maps | maps size | check | metho ds | total size
points (bytes)

compress 27 644 bytes 5,016 411 22,352
db 28| 668byies 5,433 461 24244
jack 33| 788bytes 9,752 689 42 552
javac 711 1,700bytes | 15,449 1,238 68,448
jess 431 1,028bytes 8,804 892 39,812
mpegaudio 37 884 bytes 8,679 581 37,924
mirt 431 1,028bytes 6,849 588 30,776
raytrace 43| 1,028bytes 6,819 583 30,636
soot 741 1,776bytes | 39,653 3,475 174,228
sablecc 431 1,028bytes | 15,545 1,701 70,012

Table 6.1: GC Maps StorageSize

Columns of Table 6.1 cortain respectively: (a) the name of the executedbend-
mark, (b) the total number of garbagecollection mapsfor preparedmethods, (c) the
total storagesize (including overhead)for all garbagecollection maps, (d) the total
number of garbagecollection che& points in prepared methods, (f) the number of
preparedmethods, and (f) the total storagesizerelated to gc maps.

11SeeChapter 9 for details.

93



6.3. Experimertal Results

The total sizeincludesthe size of gc maps, the size of a per chedk-point 32-bit
pointer, and the sizeof a per method 32-bit integer.

Discussion

We were very pleasarly surprisedby the small number of distinct garbagecollection
maps. Evenin the biggestbendmark, Soot, which cortains near40,000ched points,
atotal of only 74 distinct mapsare computed. The total storagespacefor thesemaps
is lessthan 2Kb, most of which is memoizationdata structure overhead.

The following factors helped in reducingthe number of distinct garbagecollection
maps. First, we do not compute ched point speci c maps for local variables only
method-speci ¢ maps. Also, local variable bit arrays arelimited to formal parameters
of methods; all non-parameterlocals are grouped and a single integer is neededto
map them.

Even the total storage size numbers are quite low. Most of this spaceis usedto
store a pointer to the gc map at . For our biggest bendimark, the total
storagesizeis only 170Kb.

Given the small number of distinct gc maps, the total storagecould be dramat-
ically reducedby using, at ched points, a single byte of storage instead of a full
pointer, indexing into a global table of gc maps (allowing for up to 255maps+ one
value for over ow). The per method integer could also be stored using fewer bytes.
Yet, we do not think any of this necessarygiven the small total sizeof storageand
the complexity of storing single bytes in aligned code arrays.

6.3.2 Number of Local Variables

In our secondset of experimerts, we measuredthe increasein the number of local
variables. Our rst resultswereunexpected;they indicated a reduction in the number
of local variables, for many bendimarks. Suspecting a discrepancyin our code, we
veri ed our code, but it seemedsound. This prompted usto investigatethe problem.
We quickly discovered the causeof the reduction in number of local variables: our
algorithm getsrid of dead local variables.
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In other words, someof the Java compilersusedto compile the bytecode of our
bendmarks and classlibraries do emit bytecode which does not use all the local
variablesindicated by the max.locals value of the code attribute of methods. We used
the Jikes [Jik] compiler for compiling the classlibraries and the St and SableCC
bendmarks. We do not know which compiler was usedto compile the SPECjvm98
bendimarks.

So, we decidedto also measurethe increasein the number of live local variables.
Our results are shown in Table 6.2.

| benchmark [ bytecode locals | increase [livelocals | increase |
compress 1,092| -7 (-0.6%) 1,056 29 (2.7%)
db 1,260 -9 (-0.7%) 1,212| 39 (3.2%)
jack 1,771] -6 (-0.3%) 1,703| 62 (3.6%)
javac 4,040] 44 (1.1%) 3,750] 334 (8.9%)
jess 2,225] 2 (0.1%) 2,063| 164 (7.9%)
mpegaudio 1,663| -11 (-0.7%) 1,606 46 (2.8%)
mtrt 1,648| -12 (-0.7%) 1593 43 (2.7%)
raytrace 1,636| -12 (-0.7%) 1582 42 (2.7%)
soot 8,517 60 (0.7%) 7,663 | 914 (11.9%)
sablecc 3,711] 18 (0.5%) 3,303 ] 426 (12.9%)

Table 6.2: Local Variable Count

Columns of Table 6.2 cortain respectively: (a) the name of the executedbendh-
mark, (b) the total number of local variables of prepared methods (before splitting),
(c) the increasein local variables after splitting, expressedin absolute value and
percertage, (d) the total number of live local variables of prepared methods (be-
fore splitting), and (c) the increasein live local variablesafter splitting, expressedn
absolutevalue and percenage.

Discussion

While we think that Java compilersshould be xed not to generatedead local vari-
ables, a virtual madine must nonethelessexecuteveri able bytecode generatedby
any compiler.

We expected an increasein the number of local variables, due to splitting. The
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raw result values(including deadvariables) did not indicate a signi cant increaseor
reduction in the total number of variables.

We think that measuremets on live variables are better indicators of the side
e ects of our proposedalgorithm, as most modern virtual madinesinclude just-in-
time compilersor adaptive optimizers that most likely ignore deadlocal variables.

So, when we measurethe e ect of splitting on live local variables, we notice a
more signi cant increasein the number of local variables, as expected. In the bigger
bendimarks, the increasereadesup to 13%.

The noticeableincreasein number of local variablescould be an important factor
to consider before adopting our algorithm in a high-performance system, as more
local variables could lead to higher register pressure. Furthermore, dewlopers of
high-performancesystemslikely have the resourcesto implemert more complex gc
map computation algorithms.

6.4 Related Work

There has beenmuch researb done on various technique for garbagecollection. In
[JL96], R. Jonesand R. Lins review most of the literature on the subject. In this
section,we simply review related work speci cally on computing gc mapsin the Java
virtual maadine.

In [ADM98], O. Agesenet al. introduceda data ow analysisover a reducedtype
lattice to compute stadk mapsand recordlocal variable usagecon icts in subroutines.
Their technique recordsprecisecon ict information:

ref-uninit: The local variable holds a referencevalue in somecall sequenceand
is uninitialized on another.

ref-nonref. The local variable holds a referencein somecall sequenceand a
non-referencevalue on another.

ref-nonref-uninit: The local variable holds a referencein somecall sequencea
non-referencevalue on another, and is uninitialized on another.
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Using this information, their technique then splits only thoselocal variablesinvolved
in ref-nonref and ref-nonref-uninit con icts. Also, the bytecode is modi ed to add
null initialization to local variablesinvolved in ref-uninit and ref-nonref-uninit con-
icts. In the paper, O. Agesenet al. do not explicitly addressthe details of handling
long and double types.

This technique is more precisethan the technique introduced in this chapter as
it minimizesthe number of split local variables,and only initializes a subsetof non-
parameter referencelocal variables. But, on the other hand, this technique is more
complex to implemert, as it requires a full data- ow analysis, and it potentially
requiresmore storagespacefor stadk maps. Unfortunately, the paper doesnot report
the total storagesizerelatedto stack maps. They did say that they do not compress
(or memoize)stadk maps.

Another interesting result of this paper, is that adding livenessanalysis has no
signi cant impact on the size of reaable objects in heap for most bendxmarks.
The only exceptionto this wasin a bendymark speci cally constructedto challenge
garbagecollectors.

In [SLC99], Stichnoth et al. introduce a technique to support garbagecollection
at ewery instruction, instead of at speci ¢ garbagecollection chedk points. Their
technique requiresa full data ow analysis. They usean original technique to deal
with the jsr/ret  problem. Instead of splitting variablesand rewriting the bytecode,
they usea gc-time recursive recovery technique to deducethe type (and liveness)of
variables. Their rationale for supporting garbagecollection at every instruction is
that it reduceslatency in multi-threaded applications (yet they have not reported
any timings to support this conjecture),and a simpler designfor the virtual machine.
We dispute both of thesereasons,in the cortext of their technique.

We think that the latency of readiing a gc ched point is negligible,aslong asa
chedkpoint is presen in ewvery loop iteration. In [ADM98], O. Agesencomputedthat
there is a gc ched point every 7.9 bytecodeson average.

We also think that the di cult y of computing the type of variables at garbage
collection time outweighs, by far, the di cult y of specializing bak-branchesin code
arrays. The constan-time (per branch instruction) overhed of specializingbranches
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is paid only once,at method preparation time, while the overheadof type recovery
(linear worst case,in the sizeof method) must be paid at every garbagecollection.

This paper alsoproposesa rather complexencaling of gc mapsto compresghem.
This compressionusesHu man encaling to store the delta of ead instruction, and
usessajuential bit streamsto store gc maps,sothat no bit is wasted. All this encaling
increasesthe complexity of garbagecollection, as bit streamsmust be decaled for
ead inspected method frame on the Java stack.

Interestingly, the paper reports absolutevaluesfor the sizeof compressedjc maps.
Speci cally, it reports a total sizeof 22,920bytes for the compressbendymark (com-
paredto 22,352in SableVM and 93,385bytes for the javac bendimark (comparedto
68,448bytes in SableVM). It should be noted that SableVMs gc maps are accessed
in constart time using a pointer at |pc - 1| which accourts for most of the total
storagespace. The storagesizefor gc mapsalone,in SableVM is lessthan 2Kb for
the javac bendimark. In cortrast, using Stichnoth's technique, retrieving a gc map
is a complex, non-constar-time operation.

6.5 Conclusions

In this chapter we have introduceda simpleand e ectiv e techniqueto computespace-
e cient gc maps. By assumingthat it is fed veri able bytecode, the algorithm per-
forms a simple analysisof bytecode to compute stadk mapsand split local variables
accordingto their usage. Storage spaceis reducedby reordering local variablesin
methods, and using a singlelocal variable map per method.

This techniqueis best suited to simplervirtual madines,and might not be appro-
priate for more complexhigh-performancevirtual madines,unlessadditional analysis
is doneto reduceinitialization overheadand local variable splitting (using an analysis
similar to [ADM98]).

Our experimertal results show that the number of distinct gc mapscomputed by
our algorithm is very low. In our biggestbendmark, which has near 40,000ched
points and 3,475methods, only 74 distinct bit mapswere necessary
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Chapter 7
Spin-Lock-Free Thin Locks

The Java virtual macdine, in collaboration with the standard libraries, provides
a multi-threaded executionenvironment to Java programs. Syndironization between
threads is provided through recursive mutual-exclusive locks (called monitors in the
Java virtual madine speci cation [LY99]). The bytecode instruction set speci cally
includes the MONITORENTER and MONITOREXIT instructions which respec-
tively acquireand releasea lock. Also, methods canbe declaredsynchionized, causing
the virtual madine to automatically acquirea lock on method ertry and releasdt on
method exit. Locks are assaiated with object instances;more precisely every object
instancehasits own lock which can be acquiredand releasedby running threads.

Most of the Java standard library classesand methods are thread-safe In other
words, theseclassesand methods make an extensiwe useof syndironization to protect
internal data in multi-threaded programs.

To fully implemert the semarnics of the recursive locks of Java, a naive imple-
mertation would include a POSIX mutex, a POSIX condition variable and an integer
recursioncourt into every object instance. This would add at leastthree wordsto ev-
ery object instance. To signi cantly reducethis overhead,early Java virtual machine
implemertations useda global hashtable to store lazily-createdlocks. On ewery lock
and unlock operation, the global hashtable is accessedo retrieve the lock assai-
ated with the object instanceunder syndironization. To presene the integrity of the
hashtable, a global lock must be acquired and releasedon ewvery access.This global
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7.1. Thin Locks

syndironization causessigni cant executionoverhead.

To improve the e ciency of the lock and unlock operations, various approades
were deweloped, sut as the use of thread-local lock cadesto reducethe number
of costly global syndironization operations. In 1998, a very elegam algorithm was
introduced by D. Bacon (and then improved by T. Onodera), to eliminate the need
for a global hashtable. Its main ideais to add a bimodal lock word in every object
instance. The two modesof a lock are: thin and fat. In the thin mode, no additional
storageis required for the lock. In the fat mode, the lock word cortains the address
of a full lock structure (mutex, condition variable and recursioncourt) . The state
of the lock word is indicated by its most signi cant bit; whenthis bit is set, the lock
word is in the fat mode.

In this chapter we introduceanimprovemen to Onodera'sbimodal eld locking al-
gorithm [OK99], which is amodi ed versionof Bacon'sthin lock algorithm [BKMS98]
without busy-wait transitions from thin to fat mode.

This chapter is structured asfollows. In Section7.1 we discussthe related work,
namely Bacon and Onodera's algorithms. In Section7.2, we introduce our improve-
merts to eliminate Bacon'salgorithm busy-wait without adding storageoverheadto
object instancesas does Onodera's solution. Finally, in Section 7.3, we presemn our
conclusions.

7.1 Thin Locks

7.1.1 Bacon Algorithm

Bacon'sthin lock algorithm can be summarizedas follows. Each object instancehas
a oneword lock in its headef. To acquirethe lock of an object, a thread usesthe
compare-and-swapatomic operation to comparethe currert lock value to zero, and
replaceit with its thread identi er. If the lock valueisn't zero,this meansthat either

IMore precisely the lock word includes the index in somedata structure of the full lock, as not
enoughbits are available in the lock word to store an address.

2This is a simplied explanation of the algorithm. In reality, only 24 bits of that word are used
for locking on 32 bit systems. 8 bits remain free for other uses. Refer to [BKMS98] for details.
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7.1. Thin Locks

the lock is already in ated, in which casea normal locking procedureis applied, or
the lock is thin and is already acquired by somethread. In the latter case,if the
owning thread is the currert one, a nesting court (in the lock word) is increased.
If the owning thread is not the currert one, then there is contention, and Bacon's
version of the algorithm busy-waits, spinning until it acquiresthe lock. When the
lock is nally acquired, it is in ated 3. Unlocking non-in ated locks is simple. On
eat unlock operation, the nesting court is decreased.When it reatesO, the lock
word is replacedby zero, releasingthe lock.

The advantages of this algorithm are that a single atomic operation is needed
to acquire a thin lock in absenceof cortention, and more importantly, no atomic
operation is required to unlock an object®.

Performance Improvements

Due to the thread-safenature of the Java libraries, even single-threadedJava ap-
plications may spend a signi cant portion of their executiontime performing useless
syndironization. In [BKMS98], Baconmeasuredhat replacinga normal heavy-weight
implemertation of Java monitors by thin-lo cks yields a median speedupof 1.22and a
maximum speedupof 1.7 on a set of real programs which is a signi cant performance
improvemen.

7.1.2 Onodera's Proposed Improvement

Onodera proposeda technique to eliminate the busy wait in caseof cortention on
a thin lock, using a single additional bit in ead object instance. The role of this
contention bit is to indicate that someother thread is waiting to acquirethe currert
thin lock. Onodera's algorithm di ers from the Bacon's algorithm at two points.
First, whena thread fails to acquirea thin lock (becauseof cortention), it acquiresa
fat monitor for the object, setsthe contention bit, cheds that the thin lock was not

3The lock is in ated sothat future contention on the samelock won't causebusy wait.
4Unlik e Agesen'smeta-lack algorithm [ADG * 99] which requiresan atomic operation for unlocking
objects.
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7.2. Eliminating Busy-Wait Without In ating Objects

releasedthen puts itself in a waiting state. Second,whena thin lock is releasede.g.
lock word is replacedby zero), the releasingthread cheds the cortention bit. If it is
set, it in ates the lock, and noti es all waiting threads’.

An Expensive Bit

The overheadof Onodera'’s algorithm over Bacon'sis the cortention bit test on un-
locking, a fairly simple operation, and the one bit per object instance. This bit has
the following restriction: it must not residewithin the lock word. This is a problem.

It is important to keepthe per-object spaceoverheadaslow as possible,as Java
programstend to allocate many small objects. It is now common practice to use 2
word headersin object instances;oneword for the virtual pointer, and the secondfor
the lock and other information. The cortention bit cannot residein either of these
two words (putting this bit in the virtual table pointer word would add execution
overheadto method invocation, eld accessand any other operations dereferencing
this pointer). As objects needto be aligned on a word multiple for the atomic
operation to work, this one bit overhead might well translate into a whole word
overheadfor small objects. Furthermore, it is likely that the placemen of this bit
will be highly type dependen, which complicatesthe unlocking test.

7.2 Eliminating Busy-Wait Without In ating Objects

Our solution to the expensiwe bit problem is to put the contention bit in the thread
structure, instead of in the object instance. This simple modi cation hasthe advan-
tage of eliminating the per-object overheadwhile maintaining the key properties of
the algorithm, namely, fast thin lock acquisition with a single atomic operation, fast
thin lock unlocking without atomic operations,and no busy-wait in caseof cortention.

To adiieve the desired result, we modify Onodera'’s algorithm as follows. In
SableVM ead thread has a related data structure cortaining various information,

5This is a simplied description. Pleaserefer to the original paper [OK99] for details.
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7.2. Eliminating Busy-Wait Without In ating Objects

like stadk information and exception status. In this structure, we add (a) the con-
tention bit, (b) a contention lock®, and (c) a linked list of (waiting thread, object)
tuples. Then we modify the lock and unlock operation as descriked in the following
two subsections.

7.2.1 Modications to the Lock Operation

The lock operation is only modi ed in the caseof contention on a thin lock.

When a thread x; fails to acquirea thin lock on object z, due to cortention (be-
causethread y; already ownsthe thin lock), then (1) thread x; acquiresthe cortention
lock of the owning thread (y;), and (2) setsthe contention bit of thread y;, then (3)
cheds that the lock of object z, is still thin and owned by thread y;. If the ched
fails, (4a) the contention bit is restoredto its initial value, the contention lock is
releasedand the lock operation is repeated. If the ched succeeds(4b) the tuple (X,
Z,) is addedto the linked list of thread y;, then thread x; is put in the waiting state,
releasingthe cortention lock of thread y;. Later, when thread x; wakesup (because
it was signalled),it repeatsthe lock operation’.

7.2.2 Modications to the Unlock Operation

The unlock operation is modi ed to ched the contention bit of the currently exe-
cuting thread. This ched is only donewhen a lock is actually released(as locks are
recursiw), after releasingthe lock.

When the lock of object b, is releasedby thread y;, and if the cortention bit of
thread y; is set, then (1) thread y; acquiresits own cortention lock, and (2) iterates
over all the elemens of its tuple linked list. For ead tuple (X, z,), if (zo = k),
thread x, is simply signalled. If (z, 8 k,), the lock of object z, is in ated 8 (if it is

5The contention lock is a simple non-recursive mutex.

"After releasingthe contention lock of thread y; that was automatically re-acquired on wake-up
due to POSIX thread sematriics.

8Notice that thread y; necessarilyowns the lock of object z,, as only one lock (the lock of by)
has beenreleasedby thread y; sinceit last clearedits contention bit and emptied its tuple list.
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thin), then thread x; is signalled. Finally, (3) thread y; emptiesits tuple linked list,
clearsits cortention bit, and releasests cortention lock.

7.2.3 Explanations

Our technique is bestexplainedusing an exampleof two threadsT1 and T2 executing
the program segmets in Figure 7.1. We assumethat T1 hassucceededt acquiring
the thin lock of both 01 and 02 (and still owns them) and that T2 tries to acquire
the lock of 01. As it is already owned by T1, there is cortention®.

Thread 1 (T1) Thread 2 (T2)

éynchronized (o1)

synchronized  (02) J* execution point */

synchronized (ol)
[* execution point */ }

Figure 7.1: Contention Example

The goal of our algorithm is to avoid busy-wait in sud a situation. Our strategy
isto try to put T2 to sleepwhile making sureit will be awaked by the thread owning
ol when either 01 is unlocked or it is in ated.

To avoid any possibledeadlak on thread cortention locks, our algorithm was
designedso that a thread newer acquiresmore than a single thread cortention lock
at any time.

Going to Sleep Safely

We want to put T2 to sleepon the cortention lock of the current owning thread of 01,
which is T1. This will be safeif we can guarartee that T1 will e ectively awake T2

9To simplify the text, we will say ol instead of the lock of ol
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whenreleasingor in ating ol. To make surethis happens, T2 acquiresthe cortention
lock of T1 and setsits cortention bit, then it veri es that T1 still ownsol. If T1 does
e ectively still own ol, then we are assuredthat it will seea raised cortention bit
whenit later unlocks or in ates 01, thus T2 can safelygo to sleepon the cortention
lock of T1. If T1 is not the owner anymore, T2 undoesall modi cations and repeats
the processwith the new owning thread of o1.

One could arguethat T2 could end up chasing other threads, but this will only
happen if the scheduling priority of T2 waslow enoughto let the other threads have
enoughtime to acquireol, do their work and releaseol beforeT2 hastime to setthe
cortention bit and ched the thin lock. If this is the case,then the priority of T2 is
low enoughasnot to starve the system.

Awaking Other Threads

The secondpart of our algorithm consistsof awaking other threads when a lock is
releasedor in ated.

Our designgoal is to keepthe unlocking code as simple as possible,to minimize
overheadin the frequerily executedunlock operation.

When a thread T1 releasesa lock 02, it cheds its own thread cortention bit.
If it is unset, T1 resumesnormal execution, as no other thread is sleepingon its
cortention lock. If it is set, T1 acquiresits own contention lock, then (a) awakes
all other threads waiting on 02 and (2) in ates all other locks under contention and
currertly owned by T1 (such asolin our example), and awakes all threads waiting
on theselocks. Finally, T1 resetsits cortention bit and releaseghe contention lock
and resumesnormal execution.

Why not awake a single thread waiting on 02, instead of all of them? Because,
in order for our algorithm to work, the other waiting threads must sleepon the
corntention lock of the thread owning 02. As thesethreads are currerntly sleepingon
the corntention lock of T1, and T1 is not the owner of 02 anymore, they must be
awaked sothat they can goto sleepon the contention lock of the new owner of 02.

Why in ate other locks than 02? Because,if T1 did not in ate them, it would
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haveto keepits cortention bit raised,causinghigher overheadto all unlock operations
on T1 aslong as cortention existson a thin lock owned by T1.

Note that T1 ownsits cortention lock at the time it resetsits cortention bit. This
ensuresthat no other thread will modify it concurrerily.

7.3 Conclusions

The technique introducedin this chapter aimsto solwe a speci ¢ problemin an oth-
erwise elegan existing technique for e ciently locking and unlocking objects in a
Java virtual madine. The technique might seemrelatively simple, yet it has a sig-
ni cant impact on a virtual madine robustnessin multi-threaded environmens, by
preverting spin-locking on cortention. An earlier solution had been proposed, but
it cameat a high costin object storage space,potentially adding a complete word
to object instances. Our solution elegarly avoids object instancein ation by using
thread-speci ¢ storagefor cortention-related data structures.
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Chapter 8
Portabilit y and Extensibility

In this chapter we discussthe varioustechnical aspectsof the SableVMframework.
In particular, we discussthe issuegelatedto portabilit y and extensibility of SableVM

8.1 Portabilit y of SableVM

In order to write a highly portable virtual madine, we had to be very careful in
our usageof the ISO C language. In particular, we avoided all languagefeatures
with implementation-de ned, unde ned or unspeci e d behavior [SAI" 90]. But unfor-
tunately, e cien tly implemerting someJava featuresdo require using a few system
dependern features.

We discusshow we isolatedall systemspeci ¢ features,then discusssomerequired
architecture-lewel featuresand state somelimitations of the current implemertation.

8.1.1 System-Specic Files

All system-sgci c codeis isolatedin three specic les of SableVM These les are:

src/libsablevm/include/jn i_sy ste m_spcif ic.h
src/libsablevm/system.h
src/libsablevm/system.c
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They cortain the de nitions for size-sgci ¢ integer and oating-p oint types, as
well asfunctionsto retrieve and set platform-speci ¢ headerbits (lock-word) of object
instances. They alsocontain the only two inline asserbly functions descriked later in
this chapter. Porting SableVMto a new platform consistsmainly of modifying these
three les.

Porting to Alpha Platform

It only took GrzegorzB. Prokopski, a new SableVM user, lessthan 24 hours, and
lessthan 50 lines of commerted code to port the framework to the 64 bit Alpha
architecture!. The unied di is shovn in Appendix B. This is quite impressie for
an e cient virtual madine. In fact, most of the work, which consistedof de ning the
appropriate typedef declarationsfor Alpha-speci ¢ types,took only a few minutes.
Most of the remaining time was spernt in a discussionbetween Mr. Prokopski and
the author, to explain the need for an asserbly-written compare-and-swapatomic
operation, and in waiting for answerson the debian-alpha mailing-list [Deb].

Other Ports

Basedon feed-ba& from users,SableVMis also known to run on the FreeBSD/x86,
Debian/ia64 (Intel's new Itanium processor),Debian/PowerPC, and Debian/ARM
platforms. The PowerPC processor,n particular, hasa di erent byte ordering than
the Intel x86 processor.All of theseports were doneby SableVMusers.In all cases,
the di is short, and it took only a few hoursto make the port.

8.1.2 Architecture-Level Features

The main challengein porting SableVMis that it requirestwo architecture-speci c
instructions, on modern processorswhich are not expressiblein the C language.

1He did not implemert the iush assenbly function required for the inline-threaded engine; but
the direct-threaded and switch-threaded enginesworked well within 24 hours of his rst attempt at
porting the system.
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Compare-And-Swap

The rst required architecture-speci ¢ instruction is a compare-and-swapoperation,
which is sometimesprovided as-is by the processor,or must be constructed as a
sequencef processor-spci ¢ madine instructions.

This operation is necessaryfor the operation of thin locks This instruction is
implemerted in the system.c le, and must be adaptedfor every new platform.

IFlush

Another architecture-speci ¢ instruction is required for getting inline-threading to
work on processorswith distinct instruction and data cades. This i ush instruction,
descrikedin Section2.2.3is unnecessarytherwise(i.e. no inline-threading, or uni ed
cade).

As usual, this function is alsoimplemerted in the system.c le.

8.1.3 Limitations of the Current Implementation

We should mertion a limitation of our current implemertation related to multi-
processoisystems.Correctly and e cien tly implemerting the Java semarics on mod-
ern multi-pro cessorssystemsrequiresthe usageof architecture-speci ¢ cade-related
instructions. This is becausemodern multi-pro cessoisystemsimplemen variousweak
memory models An investigation of this problem revealedthat there are few sim-
ilarities betweenthe various architectures. For example, various architectures have
di erent semarics for memory barriers. We thus decidedto postpone the researt
on this issueto future work.

8.2 Extensibility

Oneof the important goalsof our work wasto dewelop an easily madi able framework.
Yet supporting variousinterpreter enginesand implemerting nearly idertical features
canleadto code growth and duplication.

109



8.2. Extensibility

To avoid this, many systemsuse C macros. Unfortunately, the C preprocessor
hasmany limitations, sud as macroscannot generatenew macros. Also, while using
complexmacrosis an e ectiv e techniqueto reducecode growth and duplication (good
for maintenance), it hasthe marked disadwantage that reading complex macro code
is di cult, and the syntax for multi-line macrosis inelegarn.

A more unfortunate consequencef using complex macrosis the loss of clear
debuggablecode, which canbe traced through usinga debugger,queryingfor variable
values,etc.

For this reasorf, we decidedto usethe GNU m4 [M4] general purpose macro
processor.

8.2.1 Abstraction Levels Using m4

We deeloped a set of usefulm4 macros. Using the macros,we only needto provide
a single implemertation for a bytecode. The macro processordoes all the work of
generatingmultiple versionsof this code into separate les.

To compile SableVM a Make le rst invokesthe m4 processorand then invokes
the C compiler on the generatedcode.

Interestingly, we were ableto de ne m4 macroswhich look like legitimate C code
to a C indenter program. So, by giving the extension.m4.c to macro les, we are
able to fool text editors to think that the code is actually C code, and thus get C
syntax coloringduring dewvelopmen. Another advantageis that we canalsoapply the
GNU indent program on this sourcecode to get a uniform indentation style across
the application.

For the samplebytecode instruction implemertation showvn in Figure 8.1, the m4
processorautomatically generatesmany implemenations of this code, one of which
is shawvn in Figure 8.2.

Notice how the generatedsourcecode is commerned, and appropriate for reading
and debugging.

2After su ering from the dicult y to debug complex C macrosin an early implementation of
SableVM..
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I
5 s e e e
m4svm_instruction_head (ACONST_NULLSVM_INTRP_FLAG_INLINEEBLO);
stack[stack_size++].re  fere nce = NULL;
m4svm_instruction_tail 0;
Figure 8.1: SourceCode
I
ACONST_NULL T
5 T s e e

case SVM_INSTRUCTION_ACONST: NU
env->vm->instructions[  inst r]. param_ount = 0;
/* implementation address */ ] ]
env->vm->instructions[  inst r]. code.im plementatio n = &&START_ACONST_NULL;

env->vm->instructions[ inst r]. inli ned_code.i mplemenati on =
&&INLINED_START_ACONSTLLN

/* code size */ ) o )
env->vm->instructions[ inst r]. inli ned size =
((char *) &&END_ACONST NULL{char *) &&INLINED_START_ACONSILNU

/* can the implementation be relocated? */
env->vm->instructions[ inst r]. flag = SVM_INTRP_FLAG_INLINEABLE

break;

START_ACONST_NULL:
#ifndef NDEBUG

if (env->vm->verbose_instr uctions)
_svmf_printf  (env, stdout,
"[verbose instructions: executing @\%pACONST_NULL]\n",
(void *) (pc - 1));
#endif

INLINED_START_ACONST LNUL
/* instruction body */

stack[stack_size++].re  fere nce = NULL;
END_ACONST_NULL:

/* dispatch */
goto *((pc++)->implementation );

Figure 8.2: GeneratedCode
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8.2.2 Debugging SableVM

One interesting aspect of the SableVMframework is that the executionof the virtual

madine can be easily traced using a debugger. The usageof m4 for the generation
of commental sourcecode doesreally help providing a very accessiblegasyto learn
system,asnew usersneednot understandthe m4 code; they cansimply look through
the commernted generatedcode, and trace it using a debugger.

Figure 8.3 shows a debugging sessionwithin the DDD debugger[DDD]. The
IADDbytecode instruction body is being executedwithin the switch-threaded engine
of SableVM Notice how the debuggerdisplays the operand stackcortent on the right
part of the gure, andthe value of C local variablesvaluel, value2, and stack _size
on the left part. In the bottom part, we seethat line 4165is about to be executed.

Figure 8.3: DebuggingSession

Sud a preciseand clear trace of the execution of a bytecode instruction is not
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available to dewelopers working with compiler-basedJava virtual madines.

8.3 Conclusions

We have designedSableVMto be portable. As the implemertation of somefeatures
areintrinsically platform dependen, we have isolated all the platform-speci ¢ source
codein well iderti ed source les.

In orderto ensureeasymaintenanceand extensibility, we have usedthe GNU m4
macro processono generatecommerted code, avoiding sourcecode duplication. We
have, in fact, deweloped a set of elegah m4 macroswhich canbe conveniertly hidden
in otherwiselegitimate looking C code.

We do think that the architecture of SableVM acdieves our goals of portability
and extensibility.
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Chapter 9
Overall Performance Measurements

In this chapter we presen our overall performancemeasuremets, comparingthe
running times of various bendimarks on SableVMand other virtual madines. The
test platform, the virtual macinesand the bendimarksdiscussedn this chapter were
alsousedfor performing experimerts in precedingchapters.

This chapter is structured as follows. In Section 9.1, we descrile the platform
usedin our tests. In Section9.2, we discussour choice of comparative Java virtual
madines. In Section 9.3, we discussour choice of bendmarks. In Section 9.4, we
presen our experimertal results. Finally, in Section9.5, we presen our conclusions.

9.1 Test Platform

We have performedall our experimerts on a single 1.5GHz Pertium 4 basedsystem,
with 1.5 Gb of RAM, 256 Kb of cadhe memory and a 7,200RPM hard disk, running
Debian/Gnu Linux with kernel version2.4.18. All daemonprocessesvereturned o
during the tests.

All execution time measuremets are basedon (system + user) time returned
by the GNU time command, and are the averageexecutiontime of 3 runs of eadt
program.
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9.2 Virtual Machines

In this chapter we comparethe performanceof SableVMto other virtual macdines. We
have chosentwo setsof virtual madinesto comparewith: interpreters and compiler
systems.

9.2.1 Interpreters
Ka e Interpreter

We have chosento comparethe performanceof SableVMwith that of the interpreter
of Ka e virtual madine (versionl1.0.7),asit is oneof the most popular open-source
virtual maadines.

The Ka e interpreter is a naive Java bytecode interpreter. The designersof Ka e
did not try to optimize its performance.They dewted most of their time building an
e cient just-in-time compiler. The Ka e virtual macine doesnot support precise
garbagecollection; instead, it relies on the Boehm-Weiser consenrative collector for
C.

JDK 1.4.0 Interpreter

We have also chosento compareSableVMwith a state-of-the-art interpreter. To do
so, we selectedthe HotSpt Client VM interpreter included within the JDK 1.4.0for
Linux (build 1.4.0-b92).

This interpreter hasto berelatively e cien t, asit is usedby the mixed mode high-
performanceHotSpot engine. It bene ts from all the highly sophisticated HotSpot
framework features, including e cient heap allocators and generational collection.
The interpreter is known to be partly codedin asserbly languagé.

Note: To selectthe interpreter engine,we usedthe command.

1We cannot assertof this claim, aswe have not signeda non-disclosureagreemen to get access
to the sourcecode of the system.
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9.2.2 Compiler Systems
Jikes RVM (Baseline, Semi-Space)

We selectedthe most basiccon guration of the JikesRVM (version2.1.1for Linux),

so that we could comparethe performanceof SableVMs inline-threaded engine to

that of a simple just-in-time compiler, using a similar semi-spacecopying garbage
collector.

Open Intel Platform

We alsocomparesSableVMwith Intel's ORP version1.0.9, pre-pakagedfor Debian.
We selectedORP asit is another open-sourcevirtual madine usingthe GNU Class-
path classlibrary. ORP usesa JIT engine,and is written in C++.

Kae (JIT3)

We also comparedSableVMwith the moste cient Ka e (version1.0.7)just-in-time
compiler engine,to be fair after comparing SableVMto its slow interpreter engine.

JDK 1.4.0 (Mixed-Mo de)

Finally, we comparedthe performanceof SableVMto that of the Client HotSpot VM
(build 1.4.0-b92),in mixed mode execution. This virtual madine is a state-of-the-art
system,aiming at achieving the highest performancein a client environmert.

9.3 Benchmarks

We have selectedthe SPECjvm98 [SPE] bendimarks, as they are widely used for
collecting experimertal measuremets in researt papers on Java virtual machines.
We should note that none of the results shavn in this thesisrepresem o cial SPEC
performancemeasuremets, aswe have not followedthe o cial run rulesof the SPEC
committee. We have run unmodi ed SPECjvm98 programs, but we used custom
wrapper scripts to collect the various measuremets.
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We have also chosentwo bendimarks deweloped by the Sable Researb Group
of McGill University, Soot 1.2.3 [Soo] and SableCC 2.17.3[Saba], for their highly
object-oriented design,and their useof Java interfaces.

Soot is a bytecode analysisand optimization framework. In our test, we gave the
javac SPECjvm98bendmark classesasinput to Soot?.

SableCCis a compiler generator(or compiler compiler) that generatedDFA-based
lexers,LALR(1) table-basedparsers,and a completesetof Java classegsourcecode)
for building and traversing abstract syntax trees. In our tests, we gave SableCCthe
grammar of Simple C* asinput?.

9.4 Results

We now presett our overall comparative performancemeasuremets. For thesetests
we useda versionof SableVMwith aninline-threadedengine,signal-basecdull cheds,
bidirectional layout, and precisesemi-spacecopying collector. All running times are
expressedn secondsand arethe averageCPU time (i.e. user+ systemtime) of three
runs of the bendimarks. For ewery virtual madine, other than SableVM we also
show the speedupadieved by SableVMover the measuredvirtual madine between
parertheses.

Our rst setof experimerts comparedSableVMto other interpreters, namely the
Ka e interpreter version 1.0.7 and the JDK 1.4.0 HotSpot Client VM interpreter.
Resultsare showvn in Table 9.1.

Our secondset of experimerts comparedSableVMto compiler-basedvirtual ma-
chines, namely the Jikes RVM (baseline,semi-space)|ntel's ORP virtual madine,
Kae's JIT3 engine,and JDK 1.4.0HotSpot Client VM (mixed-mode). Resultsare
shavn in Table 9.2.

2Command: java soot.Main -d newClasses --app -W spec.benchmarks. 213 javac.Main
3This grammar can be found on the SableCCweb site, along with other grammars.
4Command: java org.sablecc.sabl ecc.SableCC simplec.sablecc
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Kae JDK
benchmark SableVM interpreter interpreter
(sec.) (sec.) (sec.)

compress 131.64] 1048.35 (7.96) | 175.87 (1.34)
db 87.64| 364.87 (4.16) | 82.82 (0.95)
jack 38.16| 307.70 (8.06) | 30.46 (0.80)
javac 89.37| 405.75 (4.54) | 49.94 (0.56)
jess 53.57| 297.94 (5.56) | 39.25 (0.73)
mpegaudio 136.97| 677.88 (4.95) | 141.19 (1.03)
mtrt 100.39| 351.08 (3.50) | 46.67 (0.46)
raytrace 113.55| 382.97 (3.37) | 45.28 (0.40)
soot 548.13| failed (O |390.68 (0.71)
sablecc 26.09| failed ) 26.64 (1.02)

Table 9.1: Comparative Performance

:SableVMvs. Interpreters

Jik es Kae JDK
benchmark SVM RVM ORP JIT3 1.4.0
(sec.)| (sec.) (sec.) (sec.) (sec.)

compress 131.64] 43.77 (0.33) | 15.22 (0.12) | 18.24 (0.14) | 19.47 (0.15)
db 87.64| 48.88 (0.56) | 27.88 (0.32) | 41.90 (0.48) | 28.86 (0.33)
jack 38.16| 24.08 (0.63)| 7.01 (0.18) | 50.92 (1.33) | 6.78 (0.18)
javac 89.37| 36.00 (0.40) | failed () | 46.67 (0.52) | 15.25 (0.17)
jess 53.57| 29.67 (0.55)| 6.74 (0.13) | 38,56 (0.72) | 6.61 (0.12)
mpegaudio || 136.97| 34.94 (0.26) | 6.84 (0.05) | 32.82 (0.24) | 10.60 (0.08)
mtrt 100.39] 20.00 (0.20) | 6.73 (0.07) | 32.93 (0.33) | 5.33 (0.05)
raytrace 113.55| 18.90 (0.17) | 5.85 (0.05) | 31.69 (0.28) | 4.51 (0.04)
soot 548.13| 483.02 (0.88) | failed (O | failed | 68.97 (0.13)
sablecc 26.09| 19.78 (0.75) | failed (O | failed Q) 6.58 (0.25)

Table 9.2: Comparative Performance: SableVMvs. Compilers
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9.4.1 Discussion

First, we should stressthat comparingdi erent virtual macineson total execution
time is not always very accurate,asthe running time of Java applicationsis often de-
penden onthe e ciency of standard classlibrary code. It would be nearly impossible
to abstract library executionrunning time out of the total executiontime. So, one
must be very careful beforedrawing conclusionsfrom executiontime measuremets.

Results in Table 9.1 shav that SableVM is signi cantly faster than a naively
implemerted bytecode interpreter. It adiieves a speedupranging from 3.37to 8.06
over Ka e's interpreter engine.

Also, results in Table 9.1 shov that SableVM achieves comparableperformance
with a state-of-the-art Java interpreter (JDK 1.4.0), by getting a speedupranging
from 0.40to 1.34. This is quite an achievemer for a relatively simple and highly
portable virtual madine, with a very basic non-generationalcopying garbagecollec-
tor, which doesnot do any fancy optimizations for exceptionhandling, multi-threaded
heapallocation, and other features.

Of courseresults in Table 9.2 remind us that SableVMs engineis clearly an in-
terpreter, not a compiler. For the raytrace bendimark, SableVMis more than 25
times slowver than the JDK HotSpot VM Client (mixed-mode). Yet, when compared
with a relatively naive just-in-time compiler engine,suc asthe JikesRVM's baseline
compiler, SableVMacdievesa deceh comparative performance. On the Smt bendh-
marks, it achieves88% of the performanceof JikesRVM (baseline),and on SableCC
it achieves 75% of JikesRVM (baseline).

Also, SableVM performs relatively well (consideringit is an interpreter) against
the Ka e JIT3 engine.In fact, it outperformsit by 33% on the jack bendhmark. We
have not iderti ed, at this point, the reasonfor the bad performanceof Ka e on this
speci ¢ bendimark. We do not think it is normal for an interpreter to outperform
a compiler-basedvirtual madine unless compile-time overhead (and code storage
space)justi es it, which is not the casehere (as indicated by the running times of
other compiler-basedvirtual madines).

For many bendimarks, SableVM adieves more than a third of the performance
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of a naive JIT (JikesRVM). It alsoadieves33% or more of the performanceKa e's
most e cient JIT for a majority of bendimarks. Given the huge di erence in the
complexity of compiler-basedsystemsand a highly-portable interpreter, we think
that the performanceof SableVMo ers an attractiv e (portability and simplicity)-
performancetradeo for doing researt within the Java virtual madine.

9.5 Conclusions

Our experimertal results shav that SableVMlargely outperformsa naive Java byte-
codeinterpreters,and o ers comparative performanceto a state-of-the-artinterpreter
usedwithin a modern mixed-mode adaptive system.

The performanceof SableVMis largely inferior to that of modern adaptive sys-
tems, but it is not too far from the performanceof a naive just-in-time compiler
on somelarge bendhmarks. Overall, SableVMo ers, in our view, a very attractive
(portability and simplicity)-performancetradeo .
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Chapter 10
Future Work and Conclusions

In this last chapter we discussfuture work on SableVMand presen our overall
conclusions.This chapter is structured asfollows. In Section10.1,we discussvarious
future researb averues,and in Section10.2,we presen the overall conclusionsof this
thesis.

10.1 Future Work

10.1.1 SableVM in the Field

The rst part of our future work hasalready started. It consistsof releasingSableVM
publicly, gathering feedba& from the researb comnunity, and establishingnew re-
seart and dewelopmen collaborations.

We hopeto further dewelopthe alreadystarted collaboration betweenthe SableVM
and the GNU Classpath projects for building stable and robust Java virtual macine
and libraries.

We also seekto attract other researb projects to mergetheir work within the
SableVMframework, when possible,to reduceduplication of e ort. We think that
our work on building arobust Java virtual madine researt infrastructure canbene t
them, and freethem to concertrate their developmen e orts only on their specialized
parts.
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We alsohope to attract graduate studerts to work speci cally onimproving parts
of SableVM by implemerting existing and innovative techniques. For example, the
current heap allocator of SableVMis rather naive, and usesa global lock on ewvery
object instance allocation. Improving SableVMs allocator is a suitable project for
early graduate courses covering garbagecollection and memory managemenh

10.1.2 Proling Memory Usage

A longerterm project is to build acompletememorypro ling framework, in SableVM
asatool for both researbersand Java develogrsto better understandmemoryusage
in Java programs.

10.1.3 Investigate Compilation to V-CODE

Our experimertal results have shovn, without any doubt, that SableVMs interpreter
enginedoesindeedperform asan e cien t interpreter, but that it is often muchslower
than just-in-time and adaptive engines.

Even though achieving the absolute highest performanceis not the main goal of
our researt, we would like to investigatethe performancewe could achieve by adding
a retargetablecompiler engine,basedon V-CODE [Eng96]. This would provide a new
level of performance-mrtability tradeo to usersof the SableVMframework.

10.2 Conclusions

In this thesis, we have introduced the SableVMreseart framework. The objective
of our researb wasto designand implemen a portable and easily modi able virtual
madhine that could be usedfor researt on variousaspectsof Java bytecode execution.
We alsowanted to ewaluate the performanceacievable by sud a portable system.
More speci cally, in this thesiswe introduceda preparation sequene technique to
allow the e cien t implementation of an inline-threadel interpreter enginein a multi-
threaded environmert. Then we introduced a logical partitioning of the runtime
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memory of a Java virtual madine that greatly simpli es memory managemet) and
opensinteresting opportunities for further optimizations. Onesud optimization, that

we also introduced, is the implemenation of sparse interface virtual tables without

memory loss. Our technique takes advantage of the class-l@ader specic memory
managerto recycle the memory holesin the sparsetables. We also introduced a
simple technique for computing space-e cient maps for precise (or type-accurate)
garbagecollection. Then we introduceda bidirectional layout that simpli es garbage
collection tracing, and we introduceda technique to eliminate spin locking from thin

locks.

Our experimertal results shoved that inline-threading Java code yields signi -
cant performanceimprovemert over both traditional switch basedinterpretation and
direct-threaded interpretation. They alsoshaved that our simple technique for recy-
cling sparseinterfacetable holesis highly e ective, resulting in no memorylossacross
all our tests. Our results shaved that our technique for computing gc maps builds
very few distinct bit maps, only 74 maps for near 40,000gc ched points (approxi-
mately 1 bit map per 535 ched points). This algorithm, though, causesan increase
of up to 13%in the number of live local variablesdueto splitting. Our measuremets
showved that the object layout has no signi cant impact on garbagecollection time,
but can sometimesa ect total executiontime of bendimarks positively or negatively.

Finally, our overall comparative performancemeasuremets shoved that a highly-
portable, simple-to-mdify virtual madine implemerting the techniquesproposedin
this thesiscan achieve comparableperformanceto a state-of-the-artinterpreter-based
virtual macine, and is signi cantly fasterthan a naively implemened Java bytecode
interpreter. They alsorevealedthat, while sud an interpreter greatly under-performs
high-performanceadaptive systems,it still o ers an acceptableperformancerelative
to naive just-in-time compilers.

The portability of SableVMwas demonstratedby the simplicity of porting it to
other platforms. In particular, porting SableVMto the Debian/Alpha systemtook
lessthan 24 hours and lessthan 50 lines of code.
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Appendix A
A Mini SableVM User Guide

This appendix lists a minimal set of commandsto get SableVMup and running.

A.1 Getting and Compiling SableVM

SableVM can be downloaded from [Sabb]. The full distribution consistsof three
compressedar archives:

sablevm-x.y.z.tar.gz !: This le cortains the sourcecode of the SableVM
virtual madine.

sablevm-class-library-x.y ~ .z.t ar.g z: This le corntains the sourcecode of
the Java classlibraries deweloped by the GNU Classpathproject, slightly mod-
ied for SableVM

sablevm-native-library-x. y.z. tar. gz: This le corntains sourcecode of the
native C implemenations of native classlibrary methods, dewloped by the
GNU Classpathproject.

Here are the stepsto compile and install SableVM

1. Download the three les of the distribution.

Ix.y.z standsfor the version number.
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2. Uncompressthe sablevm-x.y.z.tar.gz le.
3. Readthe README le.

4. Follow instructions in the INSTALL le.

A.2 Customizing SableVM

The procedure, for customizing and recompiling the SableVMvirtual madine (not
its classlibraries) is the standard GNU procedure:

$ cd sablevm-x.y.z
$ ./configure  --help
/* manyoptions shown */
$ .Jconfigure  [options]
$ make clean
$ make
$ make install

Here are the SableVMspeci ¢ con guration options:

--enable-debuggin g-features
Add compiler and runtime checks
--disable-signals  -f or-excepti ons
Do not use signals to detect some exceptions
(NullPointerExcep ti on, ArithmeticExcept ion, etc.)
--with-gc=TYPE Use given garbage collector (none,copying)
--with-obj-layout =TYHE Use given object layout (bidirectional,tr aditi onal)
--with-threading= TYPE Use given interpreter threading flavor
(inlined,direct,s witch)

A.2.1 Advanced Customization

Within the configure.ac le, there are two options which can be enabledby un-
commetting the appropriate line?.

dnl *** uncommentif you want to insert a magic value in every object instance for debugging ***
dnl AC_DEFINE(MAGIC,1,put'SableVM" in every Instance)

dnl *** uncommentto print some statistics on VMexit ***
dnl AC_DEFINE(STATISTICS,pri nt statistics on VMexit)

2The line-commernt delimiter is: dnl .
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The rst option is very helpful for debugging garbage collectors, as it causes
SableVMto insert a magic value in ewery object instance header,and to ched that
this value is not corrupted at key points, sud aswhen a referenceis pushedon the
operand stack, or when garbagecollection is done.

The secondoption addsvarious courters in SableVMand causest to write a set
of statistics to the standard output at the end of its execution.

A.3 Running SableVM

As long asthe SableVMexecutableis located in one of the directories on the PATH
it can be started by simply typing:

$ sablevm --help
Usage: sablevm [OPTION]... CLASSNAMERGUMENT]...

-c, --classpath="PA TH set class path
-p, --property="NAM E=VAIUE set system property
-v, --verbose enable all verbose options
-g, --quiet disable all verbose options
-s, --verbose-class enable verbose class loading
-S, --no-verbose-cl ass disable verbose class loading
-g, --verbose-gc enable verbose garbage collection
-G, --no-verbose-gc disable verbose garbage collection
-j, --verbose-jni enable verbose JNI
-J, --no-verbose-jn i disable verbose JNI
-y, --copyright display copyright
-Y, --no-copyright do not display copyright
-L, --license display license information and exit
-V, --version display version information and exit
Help options:
-?, --help Showthis help message
--usage Display brief usage message
$ sablevm HelloWorld
Hello world!

$ sablevm --classpath=hell o02ja r HelloWorld2
Hello again, world!

By default, SableVMseartesfor application classesn the padkagedirectory tree
rooted at the currernt userdirectory. The --classpath option canbeusedto explicitly
specify a set of directoriesand *.jar archivesto be seartied. This parameterdoes
not a ect the seart and loading of bootstrap classes
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A.3.1 Advanced Command-Line Options

Advanced command-line options can be speci ed through the --property  option.
System properties are usedto specify the various parametersof internal SableVM
modules, sud asthe garbagecollector. The list of recognizedsystemproperties vary
depending on the featurescompiledinto SableVM

The currert list of supported systempropertiesis:

sablevm.boot.cla ss. path:
bootstrap class lookup directory

sablevm.boot.lib rar y. path:
bootstrap native library lookup directory

sablevm.stack.si ze. min
sablevm.stack.si ze. mx
sablevm.stack.si ze.in crement:
stack parameters
sablevm.classloa der.heap.siz e.min
sablevm.classloa der.heap.siz e.max
sablevm.classloa der.heap.siz e.i ncrement:
class loader memoryparameters
#if defined (_SABLEVM_NO_GC)

sablevm.heap.size :
maximumheap size

#elif defined (_SABLEVM_COPY) GC
sablevm.heap.size .min
sablevm.heap.size .max
sablevm.heap.size .i ncrement:

heap parameters

#endif /* defined (_SABLEVM _NO)G€

#if !defined(NDEBUG)
sablevm.verbose.m et hods
sablevm.verbose.i nstr uctio ns:

verbose execution trace

#endif

Example:

sablevm --property="sabl evm.verbose. meho ds=tr ue" HelloWorld

Additional system properties can be easily created using m4 macrosin the le
src/libsablevm/vm _args.m4.c.
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Appendix B
Alpha Port Dis

This appendix lists the unied di s of the SableVMport to the Debian
GNU/Lin ux operating systemon the Alpha processor.

B.1 jni_system_specic.h

---  srcl/libsablevm/include/ jni _system_specif ic.h 6 Aug 2002 10:27:22 -0000 1.3
+++ src/libsablevm/include/ Jni _system_specif ic.h 15 Aug 2002 04:48:53 -0000 14
@@8,15 +8,17 @@

u = unsigned intger, s = signed integer, f = float, d = double
8,16,32,64 = 8 hits, 16 bits, .
So, "u8" meansan 8 bits unsigned integer. */

+

+/* alpha and i386 are identical here */

+
-#if  (defined (__i386__) &&defined (__GNUC_))
+#if ((defined (__alpha__) || defined (__i386__)) &&defined (__GNUC_))

#define JNICALL
#define INIEXPORT

B.2 system.h

--- srcl/libsablevm/system.h 6 Aug 2002 10:27:22 -0000
+++ src/libsablevm/system.h 15 Aug 2002 04:48:53 -0000
@@48,7 +48,7 @@

*/

-#if  (defined i386 && defined GNUC
+#if E(defined (Calpﬁ)_) Il defined(_(;i386 3 && defined (__GNUC_))

[* inline" is now an official keyword since the latest C standard (1999).
So, it is a reasonable assumption to expect a target compiler to
@@63,19 +63,36 @@
*

I
hrw

* | guess that on most architectures, an "unsigned int" is a "word".
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*/

+
+#if defined (__i386)
+

typedef

#define
#define

-*  FFI
-#define
-#define

/* see
#define
#define
#define

_svmt_u32 _svmt_word;

SVM_WORD_SIZE /* size in bytes */
SVM_WORD_BIT_COBRT/* size in bits */

specific  types */
ffi_type_float32 ffi_type_float
ffi_type_float64 ffi_type_double

commentsat the head of this file */

SVM_ALIGNMEMT

SVM_ALIGNMENT_POWER 2 " SVM_ALIGNMENT_POWAERVM_ALIGNMENT
SVM_PAGE_SIZ4996

+
+#elif defined (__alpha_)
+

+typedef
+

+#define
+#define
+

+/* see
+#define
+#define
+#define
+

+#endif
+
+* FF

+#define
+#define

_svmt_u64 _svmt_word;
SVM_WORD_SIZE /* size in bytes */
SVM_WORD_BIT_COBMNT/* size in bits *

commentsat the head of this file */

SVM_ALIGNMERST

SVM_ALIGNMENT_POWER 2 ™ SVM_ALIGNMENT_POWARVM_ALIGNMENT
SVM_PAGE_SIZE1 92

specific  types */
ffi_type_float32 ffi_type_float
ffi_type_float64 ffi_type_double

/* Does ">>" behaves as a "signed" or "unsigned" shift when
applied to a signed argument? | personally think that the C

B.3 system.c
--- srcl/libsablevm/system.c 6 Aug 2002 10:27:22 -0000 1.3
+++ src/libsablevm/system.c 15 Aug 2002 05:17:13 -0000 15
@@5,7 +533 @@

* modification  of SableVM. *

* kK

Kok ok ok ook ok ok ok ok ok kK ok ok ok ok ok ok kK k% X X K Kk Kk %/

-#if (defined (__i386_ ) &&defined (__GNUC_))
+#if ((defined (__alpha__) || defined (__i386__)) &&defined (_ GNUC_))

@@33,19 +59,45 @@
_svmh_compare_and_swagvolatile svmt_word *pword, _svmt_word old_value,

~svmt_word new_value)

{
+ [* Yes, someinline assembly source code... Unfortunately, this

+ cannot be expressed in C. *
+#|f defined (__i386_
/* Onthe ia32, cmpxchgl has a side effect. Whenswapping fails,

the foIIowmg variable contains the value that is currently in
*pword (presumably different  from old_value). */

_svmt_word current_value;

“svmt_u8 result;

- [* Yes, someinline assembly source code... Unfortunately, this
- cannot be expressed in C. */
+/* *INDENT-OFF**

__asm___ volatile__  ("lock\n\t"
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"ecmpxchgl %3, %1\n\t"

"sete  %0"
M"=q" (result), "=m" (*pword),
Mt (new_value), "m" (*pword),
"memory");

+/* *INDENT-ON**/
+#endif
+

+#if (defined (__alpha_))

+ register _svmt_word result, tmp;
+
+/* *INDENT-OFF**/
+ __asm___ volatle__  ("1: mb\n\t"
+ " Idq_| %1,%4\n\t"
+ cmpeq %1,%5,%0\n\t"
+ beq %0,3f\n\t"  /*
+ mov %3,%1\n\t"
+ stg_c %1,%4\n\t"
+ beq %21,2f\n\t"
+ mb\n\t"
+ " br 3f\in\t"
+ "2: br 1b\n\t"
+ "3:  nop"
+ =&r" (result?, "=&r"  (tmp),
+ Mr* (new_value), "m" (*pword),
+/* *INDENT-ON**/
+#endif
return result ? JNI_TRUE: JNI_FALSE;
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"=a" Ecurrent_value)
"a" (old_value)
/* make sure */
/* load *pword into tmp (reg,<= mem)*/
/* result = (*pword == tmp) */
nothing to do if they differ(0) - jump away */
/* copy tmp<=newso that we don't lose it */
/* *pword = new_value (reg,=> mem)*/
[* store could fail! (%1 overwritten!) */
/* make sure */
/* were done */
/* goto "again" */

m" (*Fword)
r"  (old_value));
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