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In this thesis we addressthe problem of interprocedural analysison a dynamic application. We present a framework for performing partial analysis ahead of time and using
it to facilitate a large range of runtime analysesand optimizations. We demonstrate one
such analysisby performing swift, safeanalysisduring profiling of threaded, dynamically
Iinked, adaptively compiled applications. In our framework, we focus on one such language,Java; however)our techniquesare adaptable to others within this realm. We also
presentmodels for adaptive compilation utilizing our framework to verify compilation assumptions in the event of dynamic class loading. We present our system for performing
a subset of analysesahead of time by constructing a graph called a Compact Dataft,ow
Graph (CDG), of the object referencesused intraprocedurally. The CDG is designedto
be independent of the internal representation used by the runtime and general enough
to facilitate a large range of dynamic interprocedural analysis and optimizations. We
present our design and implementation of one such use of the CDG by using it to swiftly
construct a form of a unification points-to graph we call an Object Connectr,onGraph
(OCG), which is used to determine swiftly a set of method local allocations that could
be safely stack ailocated. We present results for the use of the OCG using a subset of
the threaded Java Grande benchmarks,and a set of small Java threaded applications.
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CHAPTER 1

INTRODUCTION

1.1

Object Oriented Languages and Java

Object oriented languageshave establishedthemselvesas an enabling technology for
Iarge enterpriselevel applications. Among the set of commonly used object oriented languagesin this domain is the Java programming languageintroduced by Sun Microsystems
in 1995 [1]. Like other object oriented languages,Java is based on the notion of a class.
A class is a user defined type that contains elements, called fields, and proceduresfor
manipulating those elements. Classesare polymorphic, meaning that a classcan inherit
from a parent class allowing it to have accessto fields within the parent class,specialize
a procedure to its needs even if the procedure is defined within the parent class, and
introduce additional fields and procedures. Java limits the number of parents to one
but places no limitations on the number of children a parent can have. The inheritance
allows a programmer to use the parent type of an object when writing code, relying on
the dynamic runtime type of the object instance to choosethe correct procedure. For
example, a scenerendering routine can be written to take objects of type shape calling
the procedure draw on each individual object. Then all drawable objects that inherit
from shape can be passedto the scenerendering routine, allowing their runtime types

to choosethe correct draw routine. In this way, the programmer can rely on the runtime type of the object instance for implementing the desired functionality. This form
of choosing the appropriate functionality based on runtime-type virtual-call resolution
is in contrast to the more traditional control structures used in languagessuch as C.
Due to this form of control, object oriented languagestend to contain a iarge number of
small procedure calls, each of which could have multiple potential targets based on the
dynamic resolution of the objects.
The Java language also incorporates features that increasethe level of programmer
flexibility. One such feature is the ability to dynamically locate and link in the necessary
class files only when the application first accessesthem. This allows a programmer to
changeindividual classesor evenintroduce new oneswithout the needto changethe entire
application. Additionally, Java has dynamic discoverymechanismssuch as introspection
and reflection which enable an application to dynamically discover the properties of a
class and instantiate an object of that class even if the the class did not exist when the
application was first written. This facilitates the incorporation of multiple packagesfrom
multiple independent software vendors as well as allowing the creation of applications
that can dynamically create new classesto suit changing user needs.
Java is also designedto be machine independent. It targets a virtual machine architecture allowing the application to be written, compiled, and tested for only one architecture
yet run on multiple targets. Furthermore, Java standardizesand simplifies interactions
that were traditionally dependenton the operating system or serverimplementation. The
thread model allows only one type of locking and a simple set of calls for accessingthose

locks as well as guaranteeing thread safety for a set of library procedures. The network
model defines a simple set of calis for establishing and using the desired network connections. The database model uses a simple set of library calls to abstract away database
design issues. These standard interfaces also allow programmers to easily incorporate the
use of packagesthat implement them into their appiications. Therefore, these features
further facilitate the integration of packagesfrom multiple independent software vendors.
On top of all of this, Java also uses a memory manager relieving the programmer
of the responsibility of tracking memory references and trying to free unused memory
when the last reference to it expires. Programmers can write their code without fear of
runaway memory usage growth. They rely on the virtual machine's memory manager to
track live memory locations and recover dead ones.
With the additional benefits also come additional overheads. To overcome some of
these overheads, Java relies on runtime optimizations to increase execution efficiency.
However, Java's dynamic properties limit the applicability of traditional static analysis
techniques. The lack of appropriate analysis techniques also limits the scope and aggressivenessof the optimizations applied. This thesis presentsthe design of our framework to
facilitate aggressiveruntime optimization by performing efficient and effective dynamic
application analysis.

L.2

Analysis and Optimization

Interprocedural optimization is a critical means to enhance performance for object
oriented languages.Since object oriented programs contain a large number of small procedure calls, most of the optimizations start by iniining procedure calls and optimizing
over what used to be the procedure boundaries. Most of these forms of optimizations
share a common assumption,that the set of classfiles used by the application is known.
They have a "closed-world" view l2l - l2ll. Based on this assumption, conservativecail
graphs are constructed and aggressiveoptimizations are performed. Significant performance gains have been achievedby using these techniques.
However,dynamically linked and loaded applications such as Java have the potential
to introduce new subclassesof a given classat any time. This violates the "closed-world"
assumption of static analysis. Some researcherhave tried to tackle the problem of the
elimination of the "closed-world" assumption by focusing on a subset of the application that can be consideredclosed

'.221,
[23]. This form of optimization restricts inlining

to only proceduresthat can be determined impossible to override at runtime. We call
these proceduresrnonomorphi,cprocedures,meaning one and only one implementation of
them exists within the application. The rnonomorphi.cproceduresare either f inal procedures,meaning no other classcan subclassthem or they can be proven to be "sealed"
procedureswithin a sealedpackageas defined in 1221.The optimizations and inlining of
ntonomorphic procedurescan be performed statically while allowing for additional runtime optimizations. In Chapter 5 we extend the notion of monomorphic proceduresvia

the use of our framework. We introduce the concept of context-basedmonomorphic proceduresand describethe advantagesand limitations imposed by restricting optimizations
to only this subset.
However, although there is some gain from the inlining of provable monomorphi,c
procedures,it has been shown that there are still substantial opportunities if more prGcedures are identified and inlined [10] - [12], [23] - [28]. Therefore, more aggressive
runtimes make assumptionsbased on some form of profile information and determine a
set of additional virtual calls that can be transformed from multiple potential call targets
to inlined proceduresguarded by control blocks. These proceduresare then inlined and
optimized along with their caller's code. Unlike the inlining of provable monomorphi,c
procedures,this secondset is not guaranteedto remain closedin the presenceof dynamic
class loading. This then leads to design concernsabout how to detect that the current
call graph and classhierarchy assumptionshave changedand what to do in the presence
of these changes.Both of these are addressedin our framework.
Sometimesit is beneficial to use known caliing context and perform swift, on-the-fly
analysis to enable first invocation optimizations. However,traditional forms of interprocedural analysis are too costly in both time and space for application to this analysis
domain. As a result, most runtimes that attempt to employ on-the-fly optimizations
restrict the analysis and scopeof the optimizations to a swift, safe, intraprocedural subset. Our framework is designedto enableefficient and effectiveon-the-fly interprocedural
analysisas well as provide more comprehensiveintraprocedural information. This combination enablesoptimizations previously believedto be too costly for runtime deployment.

In Chapter 4, we describe and show results for an implementation of our framework to
perform swift, safe, on-the-fly, interprocedural analysis.

1.3

Overview of Our System

The proposed dynamic optimization framework consists of three major building blocks:
the static analysisengine,the dynamic analysisengine,and the dynamic optimization engine. These are shown conceptuallywithin the correspondingportion of the Java runtime
in Figure 1.1.
The static analysis engine operates on each individual class file at compile time. It
produces a compact summary of each method, upon which the dynamic analysis engine
performs various types of efficient runtime analysis. The summaries become available
to the dynamic analysis engine through the standard annotation mechanism defined by
Java specification [29]. The verification of this annotation is important to uphold the
tight Java security model, and in Chapter 2, we present an approach for meeting this
constraint that incorporates the best of both worlds.
The proposed summary of a method is referred to as a Compact Datafi,ow Graph
(CDG). It is a dataflow graph since useful dataflow information can be easily extracted
from this graph. However, it contains more than just dataflow information.

It is a

compact graph since all internal units, such as local variables, are removed from the
graph. The details will be explained in Chapter 2.

Figure 1.1 An overview of the Dynamic Application Analysis Flamework.

1.3.1

Runtime architecture phases

At runtime, the dynamic analysis engine generates useful optimization tips in two
different modes. The two modes are defined as fi,rst mode, or in the same process as
the executing application, and secondmode, or in a separateprocessfrom the executing
application.
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Figure 1.2 A conceptualview of the phasesduring the lifetime of an application.
Figure 1.2 shows a conceptual view of an application's progressionthrough several
phasesduring its lifetime. In this figure, the horizontal lines can be thought of as different
processesexecuting over time. The top horizontal line is the main application while
the horizontal lines labeled Opti,mzzeri,nuokedare separateprocessesrunning in paraliel
with the actuai application. The vertical lines represent events. Some of these events
also involve a production and consumption of information, and therefore the vertical lines
indicate a direction of information flow. For example,the snapshotof the profile produces
information that is consumed by the runtime optimizer. When the runtime optimizer
completes,it produces new code and validation requirementsthat are consumedby the
Java runtime. The profiling of the application is continuous and our analysiscan also be
conducted in conjunction with it. This is the first mode of analysis. The analysisresults
produced here can either be instantly consumed,such as deciding on stack allocation of
a new object instance, or passedon to the optimizer for later consumption.
The runtime optimizer is considered a separate process with a static set of input
information. Analysis performed then is similar in concept to static analysis with the

added safeguardsto handle dynamic class loading. This is the secondmode of analysis.
The code being executedby the runtime can be in hasty erecut'ionmode, which we define
as interpreted or unoptimized code. This is shown below the timeline in Figure I.2. At
some point, the runtime decides that enough profile information has been generated
and "snap shots" the profile collected. We show these events as vertical lines crossing
the timeline in Figure 1.2. The runtime then invokes the runtime optimizer. Once the
runtime optimizer completes,it passesthe produced optimized code back to the runtime
along with any validation requests. This exchangeis shown as the vertical line marked
"validation registration" and "optimized code available," in Figure 1.2. The transferal
of the optimized code and validation requeststhen transitions the runtime into the next
phaseof code execution,mixed mode. In this phaseof execution,both optimized and unoptimized code coexist in the runtime. Note that the profiler is stiil running and whether
or not to restart the profiling, discarding all previously collected profile information, is
dependent on the particular runtime. In our framework, we now also transition back to
the first mode of analysis. At some point during the execution, an event occurs which
either significantly changesthe behavior of the application or forces a recovery from a
validation failure. At this point in our timeline in Figure 7.2, we assumethe event was
significant enough for the runtime to abandon optimized code and transition back to
hastEerecutton mode. The transition to hasty execution mode then starts the cycle over
again. In Chapter 5, we describethe rollback and recovery mechanismsnecessaryin the
event of validation failure.

L.3.2 First mode analvsis
The first mode of performing analysis,we define as occurring while the application is
running. The Java runtime executesa Java application and performs profiling at the same
time. Our analysis used during this phase has the advantageof being context sensitive
and knowing the exact calling context of the method. However, there are overheads
that can impede performanceand therefore can impact the strength of the analysis. For
example, if we use our framework to make swift decisionon whether to allocate an object
on the stack or the heap, we needto make this decisionat the point the object is allocated.
However,in order to decide,we need to analyzewhat will occur over the object's lifetime
to determine if the object has the potential to survive its allocating method. To do this,
we construct a quick, safe interprocedural analysis at the point the method containing
the allocation is executed. We describe an implementation of our framework for this
form of analysis in Chapter 4. The analysisconducted in this first mode is not restricted
to just this form of analysis. For example, it can be used to augment the profile data
by constructing the interprocedural results as the profile is being collected. Then when
the snap shot is taken, the context-sensitiveanalysis information is passed as part of
the input set for the optimizer. The profiling is ongoing and as such the first mode of
analysis for this example is consideredcontinuous. We describe several forms of first
mode analysis in Chapter 3.
If the analysisresults are consumedin the first mode, the optimized code is specialized
to a particular calling context. Therefore the optimized code has a very limited lifespan

10

and in some casesbecomessingle use. This means that the optimizations may be discarded after execution and regeneratedshould the same calling context be encountered
again. Therefore, not only must the analysis performed during in this mode be designed
efficiently, weighing the costs versus benefits, but also the choice of optimization and
overheadof implementing it. The structures we designedas part of our framework help
facilitate this form of analysis by reducing some of the overheads.

1.3.3

Second mode analvsis

The invocation of the runtime optimizer then brings us to the secondmode for analysis
generation. In the second mode, the dynamic analysis engine waits until the profiling
stagesnap shots. The profile, along with any output from first mode analysiscollection,is
then input to a separateprocessrunning the optimizer. The other inputs to this process
include the currently known class hierarchy, which is used to construct a call graph.
However, the second mode is not restricted to just a consumer of first mode analysis
results. Our framework can also be used in conjunction with various adapted techniques
developedin static algorithms to produce either context-sensitiveor context-insensitive
results. We discussfurther the differencebetween the analysis in the secondmode and
the first mode in Chapter 3. By performing the analysisand consumingthe results in the
secondmode, we avoid the extra overheadspaid to keep the analysis information up-todate dynamically during profiling. However,someoptimization opportunities can be lost
due to exact context information only present during the first mode. For example, notice
that we are now missing the exact type information of formals passedto a procedure,

11

that was presentduring the first mode. To enable aggressiveoptimizations, the optimizer
needs to incorporate safeguardsand modifications to handle the incompletenessof the
information due to the possibility of new classesbeing loaded into the system. We define
severalmodels of optimization and describethe necessarysafeguardsneededfor each in
Chapter 5. We also present our framework for validation, r rollback, and recovery based
on these models, defining what is meant by the uali,dati,onreg'istrat'ionon the timeline
in Figure 1.2. In order to enable context-sensitiveoptimization in the secondmode, we
need a system for identifying context and accessingthe correct version. We discussthe
restriction and potential design of such a system in Chapter 7 as part of future work.

1.3.4 Consumption of analysis results
The analysis results can be thought of as producing optimization tips. We classify
optimization tips as falling into severalmain categories. The first category is when the
optimization tip is absolutely valid for every possibleexecutionpath. We refer to this case
as always safe. In this case,we can perform optimization without any trouble; however,
the number of tips that fall under this subset is relatively small. The secondcategory is
when the optimization tip is conditionally safe since not every possible execution path
has been exposedyet. In this case,the lifespan of the optimized code can become short.
In the secondmode, if the optimizer choosesto perform aggressiveoptimization using
conditional tips, it also incorporates the appropriate validation checks. We break this
form of optimization into two subcategories: somet'imessafe rn which the optimizer
embeds the validation checksinto the optimized code, and speculat'iuelysafe in which

1.)
L L

the optimizer relies on validation and roilback in the runtime. The primary difference
between the two is the assumptions made about the state and stability of the class
hierarchy contained within the runtime at the time the optimizer runs. We describe this
further in Chapter 5. A combination of the two aggressiveoptimization techniques can
also be employed where some assumptions may be speculative while others are validated
in the code.

L.4

Primary Contributions

The primary contributionsof this work as follows.
An efficient and effective framework for dynamic application analysis and validation
of a subset of runtime optimizations in the presenceof dynamic class loading. We
present our framework for analysis and discuss the types of optimizations enabled
by it. We identify and classify the basic optimization models including the necessary validation, rollback, and recovery for each model. Our framework allows for
validation using the CDG to enabletechniquesthat swiftly verify the correctnessof
some of the optimization decisions with the potential to facilitate more aggressive
optimizations and expand the lifetime of the optimized code for the given application segment.

A graph that representsintraprocedural object instances and that is independent of
the detail of the internal runtime representation called a Compact Dataflow Graph
(CDG). We show that the CDG is a key mechanism for enabling a large range
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of efficient dynamic analysis and optimizations. The CDG efficiently represents
the important object instance information at the intraprocedural level and enables
swift propagation of results interprocedurally.

A designfor performing swift interprocedural analysisbasedon the use of the CDG.
This includes a call graph abstraction we call an Ad,apti,ueCall Graph (ACG). The
ACG differs from a traditionai call graph in two important ways. First, it is formed
using the procedure under consideration for optimization as the entry point and not
necessarilythe nain procedure which is the entry point for the entire application.
Second,it incorporates context information and representspoints within the call
graph that can change and therefore may require some additional adaptation.

An example use of the CDG for dynamic interprocedural analysis to guide optimization. We extract points-to relations from the CDG and develop an undirected
form of a unification points-to relation called an Object Connecti,onGraph (OCG).
The OCG is designedto facilitate swift interprocedural analysis in a running, dynamically loaded application. This representation can be created swiftly from the
information in the CDG and shows the power of the information representation
contained within the CDG. The OCG is designedalso to enable swift interprocedural propagation of the information, and in turn identify a subset of objects as
local to the allocating method. These object are allocated on the stack at the time
of allocation.

L4

o Classification of optimization strategiesbased on the consumption of information
generatedby the framework. We also identify and classify the types of validation
and recoverymechanismsneededfor the different strategies. We then give examples
of these strategiesand how they impact different optimizations.

The structure of the remainder of the thesis follows roughly the main componentsidentified in Figure 1.1. In Chapter 2, we present the construction and representationfor the
CDG, shown in Figure 1.1 as the section labeled i,ntraproceduralanalgsi,s.We address
the actual format of the annotations shown in the box labeled annotated Jaua classfi,les
in Appendix A. In Chapter 3 we describethe design of the dynamic analysis framework.
This includes descriptions of the sectionslabeled dynami,c classhi,erarchy,adapti,uecall
graph, i,nterproceduralanalgzer, and analys'isresults, in Figure 1.1. Also in Chapter 3,
we identify a set of optimizations that can benefit from the analysisresults generatedby
our framework and present an overview of how the intermediate structures may be used
to enable them. Next in Chapter 4, we present an actual implementation of one of the
dynamic analysis techniques. We introduce an intermediate representationdesignedfor
efficiency and present results for a set of benchmarks. This is followed by Chapter 5 in
which we present the framework for dynamic optimization and validation. We describe
the analys'isconsumer,uali,dati,onrequests,and uali,daforshown in Figure 1.1. We discuss
the basic structures used in the framework, classifythree primary optimization strategies,
and present an overview of what types of validation and rollback are required for several
types of optimizations under the different strategies. We follow this in Chapter 6 with
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a review of related researchboth in the realm of static analvsis and in the domain of
dynamic analysis. Finally, in Chapter 7 we discussthe future directions for this research.
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CHAPTER 2
INTRAPROCEDURAL ANATYSIS

Understanding the use and interactions of object instances within a dynamic ob
ject oriented application is essential to not only locating the correct target for a virtual
method call, but also to enabling a large subset of optimizations and validations. However, since the application is dynamically loaded and linked, the actual interprocedural
information may not be fully available until the application is running. Therefore, the
goal of our intraprocedural analysis is not only to discover the use and interaction between unique object instances, but to represent it in such a way as to facilitate the swift
connection and propagation of the information interproceduraily. In this chapter, we
describe our intraprocedural analysis and representation that are the building blocks of
our interprocedural analysis.

2.L

Overview

Conceptually we can view a procedure as shown in Figure 2.1. It has inputs - the
formals F0, Fr, and F2 - which represent unique object instances iocations entering a
method. It also has outputs, Ps, P1, and return value F-1, that are inputs to other
procedures. It can also create new object instances, such as objl and obj2, and use
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Figure 2.1 A conceptual view of a procedure.
properties associatedwith the object instances,such as lock. The procedurealso contains
a set of temporary locations where any of the object instancescan reside while in use.
However, what is missing from this view is how these locations shown in Figure 2.1
interact. The purpose of intraprocedural analysis is to analyze each method in such a
way as to discover the interactions and properties of these locations and then to distill
this information to remove the internal temporary locations from the representation.
This result is then representative of the method's effects on the unique object instances
it comes in contact with. The set of interactions between unique object instances are
then represented in such a way as to facilitate swift interprocedural propagation of the
information.
For example, given the conceptual view of our method shown in Figure 2.1, the
analysis first discovers the interaction shown in Figure 2.2(a). However, the goal of
our analysis is not only to discover this interaction and dataflow but to also reduce
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(a) Interactionsbetweenobjectsandtemporaries.

(b) Interactionsbetweenobjectsonly.

Figure 2.2 A conceptuai view of intraprocedural analysis.
it such that only the object instances are left.

Basically, we are not concerned with

the temporary locations used, since these are internal to the method. They can be
viewed as only temporary place-holders for the actual object instances. Instead, what
interests us is how the actual memory locations representing the object instances are
interconnected and used. This interaction and use is what defines not only the target of
virtual method calls, but how these locations can be laid out and optimized. F\rrthermore,
since temporaries are internal to the individual procedures, they are meaningless for
interprocedural propagation of information. The reduced version contains the relations
betweenthe unique object instancesused in the method, minus the temporary locations.
This representation is shown in Figure 2.2(b). We call this reduced graph a Compact
Datafiow Graph (CDG).
Context independence is maintained during the intraprocedural analysis by not including any calling context or application-specific information during this phase. Its
compact design and context independence allow persistence by utilizing the annotation
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Table 2.1 Definition of entries in a Dataflow graph.
Node symbols

Definition

n
(P-t,l)
I
(u,,1)
(f ,l)
(n,l)
(-1,1)
(t,l)
(L,I)

the zth formal of the method rn
lhe return value of the method m at line I
the object created at the line /
a definition of the variable u at line /
a field accessof the fleld / at line I
the nth formal of the method invoked at line I
the return variabie of the method invoked at line I
the throwing (t), of an exception at line I
the locking (L), of an object at iine I
th"""l""kt"g(4,ofanobjectatl

fU,/)

There are two types of edgesin the DG of the method rn:
4, F
dataflow (strong) edge
association(weak) edge

mechanismsprovided by the Java specifications[29]. F\rrthermore,the virtual machine
independenceis maintainedby representingthe CDG in terms of bytecodelevel information.

2.1.t

The Compact Dataflow Graph

We now examine the structure used to describe the intraprocedural relationships in
more detail. The locations in Figure 2.1 contain referencevalues and can be divided into
several fundamental types of nodes. These nodes in conjunction with their associated
edgesform the basis of the initiai dataflow graph. Table 2.1 lists the types of nodes and
edgespresent in a dataflow graph. They are defined in more detail as follows:
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Local Vari,able Nodes: Nodes representing a temporary variable name. These
are representedby nodes of type (r,l), where I is the bytecode line number that
defines the iocal variable location.

Fornr,al Value Nod,es: Nodes representing the formals to a method, these include
any object instance returned by the method. These are represented by nodes of
type Pt and (P-1, /), where P-1 representsa return value and I is the line number
it occurred at.

Parameter

Value Node: Nodes representing reference values passed to callee

methods. These are representedby nodesof type (n,l) and (-1, r), where (-1,1)
is a reference value returned from a callee method at line number l.

Allocation

Nod,e: Nodesrepresentingnew object instancesbeing allocatedwithin

the method. These are represented by nodes of type l, where I is the line number
the allocation occurred at.

Field

Nodes: Nodes representinga fieid associatedwith another object instance

within the graph. These are representedby nodes of type (f ,l), where / is the
constant pool identifier for the field and I is the line number the field was accessed
at.

Property

Nod,es: Nodes that represent a property associated with an accessof

a referencevalue. These are representedby nodes of type (t,t), (L,l), and (U,t),
where I is the use of a reference value to throw an exception, L is the locking of
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the monitor associatedwith a referencevalue, U is the unlocking on the monitor
associated with a reference value, and I is the line number at which the event
occurred.

o Global Nod,e: Nodes that represent an object instance that is globally visible
to all threads running within the application. In Java, these object instances are
associatedwith a classfile instead of the particular object instancesand are declared
using the static

key word. These nodes are representedin the graph by nodes

(g,l) where g is the identifier for the global and I is the line number the access
occurs at.

Under thesedefinitions,the locationste, tr, t2, t3, t4, tb, t6, and t7, shownin Figures2.1
and 2.2(a), become local uari,ablenodes. Locations Fo, Fr, F2, and F-1 becomeformal
aalue nodes. Locations P6 and P1 become parameter ualue nodes. Locations obj 1 and
obj2 become allocat'ionnodes. Location f becomesa field node and the location lock
becomesa property node. Note that property nodes differ from the other forms of nodes
in that they do not representthe flow ofdata or a connectionbetweenthe nodes. Instead,
they represent a property that is associatedwith a given accessto a node that may affect
the state of the reference value when the graph is used to perform analysis. Since our
goal is to provide an intraprocedural representation that accurately represents the usage
and interconnections between the unique object instances within a method, the property
nodes are necessaryto correctly representthe usageofthe object instances. For example,
knowing where and when an object instance is used to obtain a loclcas well as conveying
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the fact that the lock is associatedwith a given object instance is necessaryto identify
unnecessarysynchronization operations dynamically.
Although the analysis used to generate a CDG is performed on a bytecode representation of the method, m, it can be conceptually viewed as performing the following
steps.

1. Execute a reaching definition algorithm.

2. Construct an initial graph from the reaching definition.

3. Complete the initial graph by extending edgesaround temporary nodes, forming a
transitive closure on the initial graph.

4. Removetemporary nodes and edgesfrom the extended graph.

Two types ofedges are used in the graphs, a dataflow edge and an associationedge. The
dataflow edge represents the flow of data between two locations, while the association
edge is a means of attaching field locations and properties to their parent objects. Data
doesnot flow along an associationedge,and the edgedoesnot contain direction. TabIe2.2
gives the edgesused to connect the nodes within the graph for a set of source level style
expressions.To better explain an associationedge,refer to the third entry in Table 2.2,
I : a.f :: 'tr. This expression at line number I stores the value of tu in /, of object u.
Therefore, we denote the data flowing from tu to / with the dataflow edge, but denote
the relationship between u and / with an association edge. Association edges are also
used for properties associated with a reference value, such as the locking/unlocking of
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Table 2.2 Ruies to add edgesin initiai DGs. The l's representline numbers.
expresslon

edgesadded

l:u::newC}
l:u::u)

add a dataflow edgeI --+(u,l)

l : u . f: : w

for each definition (r.,1') reaching line I
add a dataflow edge (tr, l') ---+(u,l)
for each definition (o, /') reaching line I
add an associationedge (u, l')---(f ,l)
for each definition (r,l') reaching line I
add a dataflow edge (tu, l') --+(f ,l)

l: u:: w.f

for each definition (w,,1')reaching line I
add an associationedge (tr, l')---(f ,l)
add a dataflow edge (/, l) ---,(u,l)
I : u : : p ( w 0 , . , , w n ) add a dataflow edge (-1, l) ---+(u,l)
foreachi,:0...k
for each definition (wo,l') reaching line l,
add a dataflow edge (tu6,lt) ---+(i,.,1)
l : s y n c h r o n i z e ( w ) { for eachdefinition (*,1') reachingline l,
add an associationedge (tu, l')---(L,I)
ill
L
:)
add an associationedge (Tr.',
l')---(U,,1")
I : throw(w)
for eachdefinition (w,l') reachingline l,
add an associationedge (u, l')---(t,l)
where f representsthe state thrown

the reference'smonitor or the use of the object to throw an exception. These are shown
by the last two entries in Table 2.2.
The initial graph is then expandedinto an extended graph by extending edgesaround
local variable or intermediate locations, thus forming a transitive closure. The rules for
extending these edgesare shown in Table 2.3. They simply ailow the graph to bypass
any local variables used within the initial graph while still accurateiy representingthe
relationship and usageof the object instances.
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Table 2.3 Rules to add edgesto the initial graph to form the extended graph.
if n1 -+ n' and n' - n2
if n1 --+n' and n'---n2

add a dataflow edge n1

, n2

add an association edgeny--n2

where n' is a local variable node.

The first rule allows the data flowing from one object instance to another object
instance to be representeddirectly without the local variable node. The dataflow edge
between rL1and n' states that they can be considereddirect aliasesfor each other, and
likewisefor the edgebetweenn'and n2. Therefore,since TLr:nt andn' :T12, we know
: TL2.The next rule simply states that if an associationedgeexists on a local variable
TLL
node, it is extended with an associationedge to any node with a dataflow edge entering
the local variable node. Therefore, a relation between the two objects is maintained
even though no data flows betweenthem. This extension of the associationedgeenables
relations that are only associationsto local variable nodesto be associatedwith the object
instance nodes while maintaining the read/write direction of the access.Note that if no
edgesare leaving rz', then the relatiorrrll ---+n' * n2 has no effect on the object instances
n1 and n2. Therefore the node n' and its associatededgescan be safely removed from
the graph without loss of information.
After applying the rules in Table 2.3, the CDG is formed by removing the extraneous
temporary nodes and their related edgesfrom the graph. The edgesadded then capture
the relationships between the unique object instancesused in the method.
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1:
2z
3:
4z
5:
6:

class Clazz {
Clazz f;
static
Clazz

g;

<Clazz>(CTazz o) {
<object> (o) ;

8:
q '

void Hoe (Clazz o) {
Clazz a = new Clazz O ;
<Clazz>(a) i

10:
L1:
12:
rJ :
14:
15:
L6:
I7:

C|azz b = new ClazzO;
<Clazz> (b) ;
o.Foo(a,
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201
2L:
22:

b);

void Foo(Clazz o, Clazz
CTazz r = new Clazzo;
<Clazz>(rl;

p,

Clazz

q) t

25 i

24:.
25.
26t
272
28:
292
30:
31:
32:
34 Z

o.Bar(p,

q) t

)
void Bar(C7azz o, Clazz x, Clazz yll
Clazz z = new Clazz0;
< C l a z z >( z l i
z.f = x;
g = zi
I

Figure 2.3 Examplefor illustrating constructionof the CDGs.

2.2

CDG Formation

To better illustrate the formation of a CDG, we use the example in Figure 2.3. The
class in this example contains four methods: an initializer, <Cl.azz>, and three other
methods, Hoe,Foo, and Bar. In Java, the default method type is uirtual, meaning that an
object instance is used to locate the correct definition of the procedure. In the example
class in Figure 2.3, we have shown this object instance explicitly as the first parameter,
Clazz o, in each of the four procedures in the class. Therefore, for the call shown on line
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Figure 2.4 CDG construction steps for method Bar.
17, o .Foo(a, b), the object instance,o, maps to the first parameterin Foo's parameter
list, Clazz o. To illustrate the construction of a CDG, we use the method Bar. We also
show, but do not discuss,CDGs for the proceduresHoe, Foo, and (Clazz>,

which are

used in subsequent chapters.
Figure 2.4 constructs the CDG from the method Bar shown in Figure 2.3. The
bottom right side gives a legend for the different node types defined in this chapter.
We walk through the construction of the CDG in a forward progression although the
actual implementation uses a backward flow algorithm. The forward algorithm follows
the normal execution progression and is therefore easier for readers to follow. We present
the actual backwards algorithm performed on the bytecode representation of the method
in Appendix A.
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In Figure 2.4(a), the formals coming into the method Bar add three formal nodes
to the graph, Po, Pr, and P2. These are assignedto temporary locations, o, tr, and g,
adding three local variable nodes to the graph. Following the rule for formals given in
the fifth row of Table 2.2, (l:u :: p(w0,,...,wn)),we attach solid dataflow edgesbetween
the appropriate pairs. The creation of the new object at line 28 of Figure 2.3 adds an
allocation node labeled 28, shown in the upper right side of the graph. Its assignmentto
temporary location z adds a local variable node to the graph, labeled (2,28). They are
then connectedvia a dataflow edge as shown in Figure 2.4. The call to the initializer at
line 29 of Figure 2.3 is shown by the addition of the parameter node labeled (0,29) and
the dataflowedgeattachingthe local variablenode (2,28) to (0,29). The field assignment
at line 31 adds the field accessnode label"d ("f,31) to the graph, with two edgesattached
to it. The dashed edge associatesit with the local variable node labeled (2,28), and the
solid edge expressesthe dataflow from the local variable node labeled (r,27). Finally,
the assignmentinto static field location g adds the global node labeled (g,32) and the
dataflow edgeattaching the local variable node, (2,28), to it.
To form the extended graph in Figure 2.4(b),,we apply the rules for edgesgiven in
Table 2.3, extending around the local variable nodes. We next remove all local variabie
nodes from the graph along with any edgesincident on them, bringing us to the final
CDG given in Figure 2.a(c).
The construction of the CDGs for the remaining three methods shown in Figure 2.3
are simpler. Figures 2.5 - 2.7 show the construction of these graphs.
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2.3

File Annotations

The final step is the persistence of the information via the annotation mechanism
in the bytecode file format specifications given in [29]. Although the analysis can be
conducted at load time, it is flow sensitive with a worst case time complexity of O(ns),
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Figure 2.7 CDG construction for Foo in Figure 2.3.
where n is the number of basic blocks in the CFG. Note that when a method is a
single basic block, the complexity is linear. The flow sensitivity allows the dynamic
interprocedural analysis to be either flow-sensitive or flow-insensitive. For example, the
synchronization removal algorithm presented in [16] usesflow sensitive analysis to remove
extraneous synchronization operations even from thread,escap'ingreferences. Aithough
the work presented in [16] is based on a static, closed-world view of the Java application,
by including the flow sensitivity in the CDG we can enable similar techniques to be
employed dynamically.
However, Java is dynamically linked and loaded implying that, aside from the library
files that are part of the runtime, the class files used by the application may arrive from
outside sources at any time during the applications execution. Files obtained at runtime
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Figure 2.8 The percentageof unique methods in each benchmark that are from the
benchmark versus librarv classfiles.
may not contain the necessaryannotations. Even if the files do contain the annotations,
the cost of verifying their correctnessmay approach the cost of creating them.
Not all of the intraprocedural analysis needsto be conducted dynamically. A significant portion of the unique methods used by an application are from the runtime library.
Figure 2.8 shows,for the unique methods used in each of the examined set of programs,
what percentagecame from the program class files and what percentagewere from the
Iibrary class files. As can be seenfrom the graph, the percentageof methods unique to
the application specificportion of the program versusthe percentageof methods coming
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Table 2.4 Percentageof actual methods used that were single basic block.

Programs

Percentage Percentage
Programs
Library

47.6%

JGFCrypt
JGFLUFact
JGFSOR

47.7Y0

52.6%

55.07

JGFSeries
JGFSparseMatnult

JGFMolDyn
JGFRayTracer

64.3y
53.6%
695%

Heat

49.r%

Fib
MSort
NQueens

48.7Y
44.8%
il.\Y
33.3%
45.0%
50.0%
57.}Ta

BarrierJacobi

LU
MatrixMultlply
TotaI

52.0%
523%
52.0%
52.1%
52.2%
56.0%
52.1%
52.2%
54.0%
52.5%
47.7%
50.1%

54.r%
54.0Y0

52.3%

from the library classfile portion is relatively small. Furthermore, even for those methods
that are analyzeddynamically, a significant portion of them are single basic block, meaning the analysis for them is linear. Table 2.4 shows,for the programs investigated,what
percentage of the unique methods invoked by the application were single basic block.
This is divided in Table 2.4 into those that were program specific and those that were
part of the standard library files.
One solution to the security issue is to only statically persist the CDG in the library
files. Sincethe library fiies are under the control of the runtime and consideredpart of the
runtime, standard security measuressuch as sealedpackagesand signaturescan be used.
The file size expansionfrom annotating these files in a Java 1.2 library implementation
was measuredat 7L.28%.Any new program files loaded into the systemcan have the CDG
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constructed at either load time, or first invocation. For commonly used applications, some
of the annotations created by the runtime could be made persistent on the deployment
machine. Techniquessimilar to those we developed in [30], [31] could be used to recognize
version changes within these persistent files both at a coarse and fine grain level, thus
discarding and updating their CDGs only when necessary.
For the interested reader, Appendix A presents the actual analysis performed on the
bytecode representation of the method. The final result is compared to the conceptual
view presented in this chapter. Also presented is the actual format of the annotations
within the bytecode files. These sections are not necessaryfor understanding the remainder of the thesis, which requires only the conceptual view of the CDG.
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CHAPTER 3

DYNAMIC ANALYSIS: INTERPROCEDURAT
ANALYSIS

The key to optimizing a dynamically linked object oriented style application is the
ability to perform the interprocedural analysis assumingincomplete information. When
the application is dynamically linked, the call graph can only be assumedto contain a
partial set of the calls used within the running lifetime of the application. At any point
during the execution, the system can load a new class file and increasethe number of
potential targets for one or more points within the call graph. The dynamic analysis
framework must have a way to represent uncertainty and to perform analysesbased on
only partial information.
In addition to this uncertainty are concernsof time and space. With a dynamically
linked and adaptively compiled application, the analysis engine is competing with the
actual application for system resources.Therefore, the need for efficient use of memory
and processorresourceslimits the use of some static analysis techniques. Furthermore,
sincethe application can changebehavior at different phasesof execution, it is important
for the analysis engine that guides the optimizer to have the analysis results in a timely
fashion. Otherwise, an optimization may become obsoletebefore it can be applied, due
to newly loaded class files or changesin user behavior.

J+

In this chapter, we addressthe structures necessaryfor efficient dynamic interprocedural analysis. They include the class hierarchy representation already part of most
VMs, the dynamically adaptive call graph, and the connectingof intraprocedural analysis
results to arrive at an interprocedural solution. We present our designsand interfacesfor
each of these. Additionally, we discusshow our analysis framework can be used to provide the information necessaryto perform a set of optimizations shown to be beneficial
for Java style applications.

3.1

Class Hierarchy Representations

A ClassHi,erarchy(CH) representationis a structure used to representthe inheritance
relationships between class files. Java requires that all ancestorsof a new class file be
initialized before the class file is initialized [29]. To facilitate this ordering, most Java
virtual machinescontain someform of representationfor an application's currently known
class hierarchy. We do not assumeany particular structure for this representation,but
instead identify the types of information necessaryto implement our framework. The
primary information neededby the analysisengineis the ability of the VM's CH to return
results from two queries,parent of a given classfile, and children of the given class file.
Note that although Java has a single inheritance structure for class files, it does not
impose that constraint on interfaces. In fact, the number of interfaces that a class file
can implement is limited only by the size of the 16-bit interf ace-count field within the
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class file [29]. The part of the framework presentedin this thesis coversonly the single
inheritance structure used for classfiles but can be easily extended to include interfaces.

3.2

Adaptive Call Graphs

One important tool for performing interprocedural analysis is a graph of the callercallee structure within the application commonly called a call graph. This structure
usually encompassesthe entire application and contains multiple potential targets for
virtual call sites. For our framework, we adapted the traditional definition of a call
graph to better suit the dynamic application analysis problem. Instead of creating a
single call graph for the entire application, we create a partial call graph for a procedure
under analysis. Furthermore, based on context information known about the procedure
being analyzed, we represent call sites within the call graph as either single target or
unknown. We call our modified cail graph an Adapti,ueCall Graph (ACG) becauseit
adapts to a given procedure and context. We define an ACG as follows:
Definition

L An Adapti,ueCall Graph (ACG) r,sa call graph that ertendsfrom a root

procedure,m, to i,ncludethe potenti,alcalleesof m such that gi.uenthe calli,ngcontert of
m, the nodes i,n the ACG are of the followi.ng tgpes.
o Knoran, the calleehas only one potenti,altarget wi,thi,nthe gr,uencontert.
o Speculatiue, the calleehas two or more potentzaltargets wi,thi,nthe gi,uencontert.
To explain the ACG, we again use the example introduced in Figure 2.3, and subclass
it with the two new classesshown in Figure 3.1,,CIazzA and CLazzB. Since we have
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35: class
ClazzA extends Clazz {
36:
void Foo(Clazz o, Clazz p, Clazz q){
37:
Cl-azzA r = new ClazzAO,.
38:
r.<CIazz>O i
39;
Cl.azzP=r;
4O:
o. f.Bar(P, q) ;
4]-2
)
42: \
A A ,

44: class CTazzB extends Clazz I
45:
void Bar(Clazz o, CLazz x, Clazz y){
g=y;
46.
47:
)
48: ]
49l.

Figure 3.1 Examplesubciasses
for the classin Figure 2.3.

zgzEoo

5 z<Clazz>

(a) typeof Clazzo = ClMz

5 t<CLazz>

(b) type of Clazzo = ClazzA

(c) typeof Clazzo = ClazzB

Figure 3.2 ACGs for the three potential types of.CLazz o in Figure 2.3.
these classesin our CH, and the CH only contains loaded and initialized classes,all three
definitions for an object of type CLazz are available. Figure 3.2 shows three ACGs for
the root method Hoe for the three potential types of.C\azz o. In the figure, solid nodes
denoted known and dashed nodes denote speculati,aenodes. The edges specify the line
number at which each method was called.
Note that even though the class Clazz has several subclassesthat have been loaded
and initialized into the runtime, at profile time we know the exact type of CLazz o, the
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object used to call Hoe, as the Java runtime usesthe runtime object instance to locate
the correct method table and correct method resolution for Hoe. Therefore, since the
object instance value, Clazz o, shown explicitly in this example as the first parameter
to Hoe,is known, and this is also the object instanceused to call Foo, this method is also
definitively known. This fact is reflected by the use of a known node for Foo in all three
ACGs in Figure 3.2 .
Not all nodes in a first mode, profile time ACG can be classified as known. The
resolution of Bar is not known in the ACG in Figure 3.2(b). If the object o has the
runtime type CIazzA, the resolution of Bar dependson the object instancetype of its field,
f , as the implementationof Foo in CLazzAuseso. f to locate Bar (line 36 of Figure 3.1).
When performing and consuming analysisresults during execution,resolution of the field
type when constructing the ACG can require severalaccessesto memory to retrieve the
type. Additionally, the exact field must be tracked through the iCDG built in conjunction
with the ACG to be certain that it remains that type until the invocation site. Therefore,
since overheadis a factor during the first mode, this level of resolution is not viewed as
practical. Therefore, the ACG in Figure 3.2(b) shows Bar as a speculati,ue
node labeled
? : Bar.
The type of node in the ACG does not necessarilyremain the same if the interprocedural analysis is performed when the runtime optimizer runs (secondmode). At this
point, the calling context including the exact runtime type of the object is missing, making type determination difficult. The only information is on potential types, which can
be determined from the CH. Using the sameset of classfiles with the same CH defined at
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profile time, no assumptionscan be made about which of the three classfiles the object
instance Clazz o will beiong to. Therefore, both the instance of 20: Foo shown in the
first mode, profile time ACGs in Figure 3.2(a) and (c), and the instance of 36:Foo shown
in Figure 3.2(b), could be the target of the call to Foo. Additionally, potentially not yet
Ioaded subclassescould introduce additional targets. This uncertainty makes the node
for Foo in the secondmode ACG speculative. However,optimization is still possibleand
we address this further in Chapter 5.
There are invocation targets that are known single targets and remain monomorphic
even in the presence of dynamic class loading. These include i,ni,ti,ali,zers
and methods
declaredas f inal or static.

For i,ni,ti,ali,zers,
the object is being created of a known type

with a known descriptor. Therefore, there can be only one resolution for the ini,ti,ali,zer
call. For the caseof methods declared using the f inal key word, no subclasscan override
the method by definition of the use of the f inal modifier [29]. Methods declared with
the static

key word are resolved via the ciass object versus a given object instance.

Like fields declared as static,

there is only one implementation of them available, and

therefore the target is monomorphic.

3.3

Analysis Information

The interproceduralanalysisassumesthe availabilityof the CH, ACG, and CDG.
Basedon thesethree structures,the following types of analysescan be made.
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Figure 3.3 Final abstractsource-level
CDGs for the methodsin Figures2.3 and 3.1.
o Access i,nformati,on: When and how an object instance is accessed. For example,
whether it is read or written as well as where within the method the accessoccurred.

o Escapei,nformation: Whether or not a given object instance escapesa given scope
of control. At the thread level, this determines whether or not the object instance
becomesvisible to other threads. At the method level, this involves whether or not
the object instance lifetime extends beyond its allocating method.

o Property i,nforrnati,orz:Whether or not a particular object instance is used for a
locking operation or to throw an explicit exception.

The formation of the ACG is an iterative process that connects the CDGs for each
known node to form an i,nterproceduralCDG (iCDG). Super nodes are used to connect
formal and actual parameters at call sites, and are later replaced with edges. Figure 3.3

4A

(b) Object type Clazz o = ClazzA

(a) ObjecttypeClazzo = Clazz
(c) ObjecttypeClazzo = ClazzB

Figure 3.4 Resultsfrom interproceduralpropagationof the three types of.CLazzin
Figure2.3.
showsthe CDGs for the classfiles introduced in Figure 3.1. Figure 3.4 showsthe iCDGs
constructed in conjunction with their respectiveACGs shown in Figure 3.2. The super
nodes are explicitly shown in Figure 3.4 as the iarger, rounded-edgednodes containing
both a caller parameter node and its corresponding callee formal node. The speculative node shown in Figure 3.2(b), is reflected in Figure 3.4(b) by the three parameter
nodes((0, 40), (1, 40), (2, a0)) left open (not containedin supernodes).Recursive procedures are also connected via super nodes. Depending on the full type context
information passedwith recursivecalls, the CDG connectedwithin the iCDG can either
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be duplicated for a partially overlapping type context, or directly connected to the existing one for a fully overlapping type context. We constructed these ACG/iCDG, and
in general all ACG/iCDGs, as follows:
o Create root node in the ACG for the procedure being analyzed.
o For each procedure called by the root node:
- Add a known node for any provably monomorphic procedures
- Add a speculati,uenode for all others.
o Examine the CDG for the root node and promote any speculatiuenodes to known
nodes based on iCDG propagated context information.
o Form super nodes by connecting actual and formal parameters from the CDGs
correspondingto lhe known nodes in the ACG, into the iCDG.
o For each known node in the ACG not yet resolved, treat it as a roof node and
repeat the previous steps.
There are two types of information that need propagation across the interprocedural
boundary: state and edges. A reference value crossing an interprocedural boundary can
exist in one or more of the following states:
o Thread Escaping (T Esc.) A reference to it is accessiblefrom other threads.
o Method Escaping (M Esc.) The object out lives its allocating method.
o Thrown (Thr.) The object instance was thrown as an exception.

42

Used in Locking (Lck.) The object's monitor is currently locked by the current
thread.

o Read (R) The object instance or one of its fields was read.
o Written (W) The object instance or one of its fields was written.
A referencevaiue crossing an interprocedural boundary can become linked to other object
instancesvia field assignmentswithin the callee. This then adds edgesto the iCDG.
Edges are used to propagate state information between referencevalues and therefore
new edges forged by a callee procedure should be propagated back to the caller. The
level of refinement needed in the edge representation is dependent on the type of analysis
as weil as the phase at which the analysis is conducted. The interprocedural phase
propagates these new edges such that all state information is correctly propagated. We
refer to these new edgesas Li,nks.

3.4

Optimizations Enabled

The analysis can be used to drive optimization decisions. In this section we discuss
the generation of analysis results and which optimizations would consume the results.
We iilustrate this analysis result generation by demonstrating the construction of the
ACG/iCDG for each of the optimization types listed in Table 3.1. We defer discussion
of the actual optimization models until Chapter 5. In that chapter, we focus on the
optimization models that consume the analysis results presented. The aggressivenessof
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Table 3.1 Analysis neededbased on optimization.
formation
acc. I esc. I prop.

propagarlon

ln

optimization
stack alloc.
sync. removal
result caching
Iifetime
memory layout
code motion
race detect.

X

X
X
X
X
X
X

X
X
X
X
X

Link I T Esc.I tt esc.I rnr. I r,ct. I n/W
X
X

X
X

X

X
X

X
X
X
X

X

X
X
X
X
X
X

X
X

X

X

X
X

X
X
X

the optimization determines the level of validation necessarywith the dynamic loading
of new subclasses;therefore, we also leave discussionof the validation type and level for
each optimization until that chaoter.
The following subsectionscorrelate directly to the rows in Table 3.1. The columns in
this table are broken into two main sets, information and propagation. The information
set refers to the types of information that are contained within the CDG that is pertinent
to generating the analysis results for the given optimization. The propagation set refers
to the propagation of the information interprocedurally. For each optimization, it lists
what level of information propagation is neededto produce the correct analysis results.

3.4.1

Stack allocation of objects

Stack allocation of dynamically allocated objects is an optimization that reducesoverhead of not only accessdelays going through the main heap, but also reducesthe number
of short-lived object instances within the heap. This reduction of heap allocated object instancesreducesthe number of garbagecollection epics required by an application.
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Therefore, for applications containing a large number of method local allocations, this
optimization has been shown to contribute significantly to performance [15], [18].
In Table 3.1, we identified one type of "information" and two types of properties as
necessaryfor the interprocedural analysis result generation for this optimization. The
necessityto include escapeinformation stems from the need to determine if a reference
to the object instance being consideredfor stack allocation will exceedthe lifespan of its
allocating method. Therefore, the need for both method escaping (U. Esp. ) and new
edge information (f:.nt<) to perform the interprocedural analysis. In order to accurately
make this determination of escapingstate of an object, we need to propagate not only
the escaping state of the referenceswithin the iCDG, but also any new links forged.
For example, if an object being considered for stack allocation gets written into the
field of another object instance and that object instance exceedsthe lifetime of the
allocating method, then the information retained by the new link is necessaryfor the
correct determination of the method escapingstate of the original object instance.
Referring back to the two mode of analysis generation we described in Chapter 1,
identifying object instancesthat can be stack allocated can occur in either of thesemodes.
The fi.rst mode of analysisresult generationhas the advantageof the exact context being
known, but the disadvantageof the analysis potentially delaying the execution of the
code segmentsubstantially. Additionally, first mode analysis has the added potential to
swiftly identify object instances that are candidates for stack allocation at or prior to
the point of allocation even when the method is being executed for the very first time.
This enablesthe system to catch and reduce the overheadof short-lived object instances
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that occur infrequently as well as identify allocations whose state depends on calling
context information. However, the cost of performing the analysis during the profiling
stage needsto be low or it could outweigh any performancegained from the consumption
of its results.
The secondmode occurs after a profile has been collected and the runtime optimizer
is invoked. Although the application is executing at the same time that the optimizer is
running, the optimizer is considereda seperateand distinct processand the execution is
not stalled waiting for the analysisresults in order to continue. Rather, the secondmode
has a snapshot of the application as input but no exact context information. Therefore,
analysis performed during the second mode can alleviate some of the cost concerns;
however,it is missing the exact calling context information that was present during the
first mode. With the cost alleviation, the analysis can become more aggressive,and
consider items such as the escapingstate for all potential targets known to be present in
the class hierarchy and make a general aggressiveoptimized version of the code. It can
identify object instances that may exist across several interprocedural boundaries and
even have extended lifetimes as still meetine the criteria for stack allocation. The loss of
calling context information can causethe analysis results to add a ievel of conservation
due to the consideration of multiple potential targets for call site; however, this can be
mitigated by some forms of the optimization models coveredin Chapter 5.
In both cases)we define a stack allocatable obiect instance as follows.

+o

Definition

2 An obiect'instance'is def,nedto be stack allocatablei,f and only i,f the futl

li'feti'me of the object 'instance can be analyzed and no reference to the object ,i,nstance
suru'iuesthe li,feti,meof i,ts allocati,ngmethod.
Based on Definition 2, we then define the criteria for which an object instance is considered to survive its allocating method.
Definition

3 An object i,nstancei,s sai,dto surai,uethe li,feti,meof i,ts allocati,ngmethod,

or to be method,escaping, 'if one of the followi,ng euents occurs during i,ts li,feti,me.
o Global Escaping: A referenceto the object'instancebecomesaccessi,ble
ui,a a global
uariable.

o Reference Escap'ing: A reference to the object i,nstanceis stored i,n the address of
another object'instance,either through an ass'ignmentor as a fi,eld ualue wi,th,inthe
other object 'instance,and the other object i,nstance'sli,fet'imeerceedsthe allocat'ing
method.

o Return Escapi,ng: A reference to the object i,nstancei,s retumed from i,ts allocati,ng
method.
c (JnlsnownPath Escapi,ng: A reference to the object i,nstance crossesan i,nterprocedural boundary for whi,ch the current thread does not haue access(nati,ue methods,
methodswi,thout CDGs, passedi,n a call to another thread).
The first three - global escapi,ng,reference escap'ing,and return escaping- concern an object instancethat has a referenceto it existing beyond the allocating method. The fourth
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item, unknown path escap'ing,concerns an object instance whose full lifetime cannot be
analyzed becauseportions of it exist in code not accessibleto the analyzer.
The analysis varies based on whether it is conducted during the first or second mode.
To illustrate the information collected in each mode, we again use the example classfiles
given in Figures 2.3 and 3.1. The abstract, source-levelview of the CDGs from thesethree
class files is shown in Figure 3.3. We assumethat our Class Hierarchy (CH) contains
all three classes: CLazz, CLazzA, and CIazzB. Note that the CDG for the (object)
initializer called at line 6 of Figure 2.3 is simply the node (P6), which is included in the
figure.
In the first mode of analysis gathering, we have one of the three potential ACGs with
a root node of Hoe. The choice among the three is based on the calling context of Hoe,
mainly the type of the parameter Pe. In the first mode of analysis, the exact type is
known and the ACG will be one and only one of the three ACGs shown in Figure 3.2.
The correspondingiCDGs for the ACGs shown in Figure 3.2 are shown in Figure 3.4.
We reduce the iCDGs in Figure 3.4 by removing the super nodes from the graphs and repiacing them with their correspondingedgesand the resulting graphs are in Figure 3.5(a)(").
In Figure 3.5(a), the object instancescreated at line 14 and 2L are method local and
stack allocatable. The object instance created at iine 11, however,is found to be method
escapingdue to lhe global write node, (9,,32), now attached to it. This property was
propagated through the iCDG by first forming the new edge between the object instance
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Figure 3.5 Results from removing the super nodesfrom the iCDGs in Figure 3.4.
created at line 11 and the field accessoccurring at line 31, then propagating the write
to a global at line 32 through all edgesreachable from the global node.
When the runtime type of.CIazz o resolvesto C1.azzAin Figure 3.5(b) the solution
changes. The speculative nodes at line 40 in Figure 3.2(b), cause only the object instance at line 14 to be found as method Iocal and stack allocatable. The other object
instances allocated within the iCDG are unknown path escapingdue to the presenceof
the speculativenode in the ACG. This presenceis reflected in the iCDG in Figure 3.5(b)
by the parameter nodes remaining in the graph.
The allocation decision changes again when the runtime type of the object instance
is CIazzB, as can be seenin Figure 3.5(c). Here the objects created at lines 11 and 21
are found to be method local and stack ailocatable.
We present an actual implementation of our framework for first mode, profile time
method local analysis in Chapter 4.
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3.4.2

Synchronization

removal

In Java, synchronization is based on acquiring and releasingthe monitor associated
with a particular object instance or the monitor associatedwith a class instance. The
monitors are single threaded, meaning that only one thread can own a monitor at any
given moment. A monitor must be acquired upon entry to a procedure if the procedure
is declared with the synchronized keyword. It can also be acquired explicitly in the
code by use of the synchronized block structure. To avoid cluttering the libraries and
confusing programmers with synchronizedand unsynchronizedversionsof the files, the
Java runtime libraries made several library calls thread safe. In making the libraries
thread safe, they include the safest level of synchronization necessaryto limit accessibility by multiple threads in any potentially critical region. Additionally, Java packages
produced by IndependentSoftware Vendors (ISV), may also be identified as thread safe
and include the additional synchronization operations.
Although alleviating the programmer of some of the responsibility when writing
threaded applications, the thread safe guaranteescan add unnecessaryoverhead to an
application in the form of unneeded or redundant synchronization. Redundant synchronization occurs from attempts to reacquire an already owned monitor for an object
instance, through several nested layers of invocations. Although Java specifiesthat if
a given thread already owns a given particular monitor and executesanother synchronization block using the same monitor, then it does not reacquire the lock and must not
block in the attempt, the nested attempts still add overhead. Therefore, since only one
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thread is allowed to synchronizeon (i.e., own the monitor for) a given object instance at
any given point in the execution, the reacquisition of an already owned monitor can be
consideredsuperfluous.We also refer to theseredundant synchronizationblocks as nested
synchronization. Additionally, it is possiblefor a thread to synchronizeon a thread local
object instance, meaning an object instance visible to only one thread. Since no other
thread has accessto the object instance, no other thread can contend for the monitor
associatedwith it, and the synchronization is unneeded.
It is important to note that the identification of the locking operations as superfluous
(unneededor redundant) is based on recent developmentswithin the Java specifications.
In the original Java memory model, the acquisition of a monitor was tied to a memory
barrier forcing a thread to synchronizeits view of memory with that of the main memory.
Therefore, the above synchronizations,although superfluous,had side effectsthat made
their removal unsafe. This model is currently being revised and the current proposal only
requires that the memory changesbe visible to any thread that locks the same monitor
[32] - [34]. Under the proposed model, the side effects originally associatedwith the
nested and thread local synchronizationoperations are gone and the locking actions are
indeed superfluous. In the old model, if there were thread escapingvariables used by the
thread with the identified superfluouslocking operations, the synchronizationoperations
could not be fully eliminated, still requiring a memory barrier and main memory update.
The identification and elimination of superfluoussynchronization can occur at either
the two modes. During the first mode, the ability to know dynamically that a monitor
associatedwith an object is already held by a given thread, can be used to skrp nested
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synchronization operations. This property is tractable with the information contained
within the CDG. The locking information is contained within ihe CDG in the form of
the property nodes attached via associationedgesto the entries. This information can
also help the analyzer to determine swiftly that an object instance is thread local and
will remain thread local withtn a given synchronization region. Based on this, these
synchronization operation can be eliminated.
For example, Figure 3.6 shows a synchronizedversion of the class file introduced in
Figure 2.3. The CDGs for the synchronizedmethods in this classare shown in Figure 3.7.
The differencebetween these CDGs and the ones for the unsynchronizedversion of the
class file shown in Figure 3.3(a) is the addition of the locki,ng and unlocki,ngproperty
nodes. These nodes are connected via associationedges. Figure 3.8 shows the iCDGs
both before and after super node removal. The synchronization operations identified
as superfluousare the green highlighted property nodes in Figure 3.8(b), which are the
four center property nodes attached to the formal node Po and the two property nodes
attachedto the allocation node 21.
The synchronizationpair, {(tr,10), (U,18)}, acquire and releasethe monitor associated with the object instancerepresentedby node P6 (Figure 3.8(a)). Therefore,the
monitor pairs {(,L,20),(U,26)} and {(L,27), (y,33)} are nestedand superfluous.Referring back to the sourcecode for the method Hoe in Figure 3.6, these pairs correspondto
the calls to Foo and Hoe, respectively. For the superfluous thread local synchronization
pair, { (2, 23), (U,25)}, the determination is basedon the fact that the object instancefor
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l-:
2:
3:
4:
5:
6:
7:

class slmcClazz {
slmcclazz f;
static
slmcClazz g;
<syncClazz> (slmcClazz
o.<object>O;
]

o) {

6 :
t:,

1-0:
1-L:
12:
13:
L4t
L5:
15:
1 , 7:
1R.
L9:
20:
21-:
222
23 z
24:
25

slmchronized
void Hoe(s1mcC1azz o') {
slmcClazz a = new slmcClazz O ;
a.<slmcCLazz>O;
syncClazz b = new slmcClazzflt
b.<syncClazz>O;
o. Foo(a, b) ;
r
s\mchronized
void Foo(slmcClazz
o,
slmcClazz r = new slmcClazzO;
r.<syncClazz>ll i
slmchronized (r) {
o. Bar (p, q) ;
)

zo

p,

s)mcClazz

q) {

J

"

27:
282
292
30:
31:
3 2 :
342

slmcClazz

synchronized void Bar(slmcClazz
slzncClazz z = nevt slmcClazzp;
z.<symcClazz>O;

o,

slmcClazz

x,

symcClazz yl t

z.f = xi
g = z i
l

Figure 3.6 Synchronizedversion of the classfile from Figure 2.3.
which the monitor is acquired and then released, is not thread escaping and is therefore
inaccessibleby another thread.
It is important to note that in general, the iCDG alone is not sufficient to determine nested synchronization information. Although the iCDG contains all the locki,ng
atd unlocki,ng inf.ormation attached to the object instance associated with it, control
flow information is still needed to definitively determine that a synchronization pair is
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d) Bar(syncClazzo, syncclazzx, syncclazzy)

Figure 3.7 CDGs for the classfile shownin Figure3.6.
fully enclosedwithin another pair. Therefore,the iCDG is an enabling tool for this
determinationand not the onlv tool necessarv.

3.4.3

Caching of redundant callee results and call elimination

In object oriented languages, sometimes procedures are used simply to obtain the
value of a field of an object instance. For example, the call to size in the library class
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Figure 3.8 The interprocedural propagation result for the class in Figure 3.6.
file Vector simply returns the integer value store in the elenentCount field for the class
instanceit is called with. However,sinceVector is a growabletype, in order to cacheand
reuse the result stored in this location, the analysis must be able to determine whether
or not the Vector object instance has the potential to change. The information required
to make a decision is not only whether or not the given iCDG shows a change to the
value, but also the escapingstate of the object instance under analysis.
To illustrate, we introduce a growable list style class, ListClazz,
expands in size as more elements are added. List1l.azz

Figure 3.9, which

contains a field that indicates

its current size; however, the value stored in the field is also retrievable via a call to the
method size contained within the classfile.
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1:
2:
3:
4z
5:
6:
7z

class ListClazz{
ClazzNode C;
int s,.
<ListClazz>(ListClazz
o.s = 0;
]

o) {

d :

9z
10:
11-:
a2z
l-3:
L4l
15:

void add(ListClazz o, ClazzNode N) i
if(o.C == null)
o.C = N;
o.s = 1;
)else{
o.C.add(N);
o.s = o.s + l-t

l-o:
L7t
l-B:
1-9:

)
)
int

20:
2Lz
222
23:.
24t.
252
26t
27:
z6a
292

)
ClazzNode getElement(ListClazz
if(i < 0 ll i >= o.s){
return nulli
else if (i == 0)
return o.C;
else
return o.C.getElement(i);
t

3L:
32t
33:
34:
35:
36:
37:.
38:
39:
40:
4L:
42:
43t
44t
46t
472
48:.
49:
50:
5l- :
52.

size(ListClazz
return
o.si

o) {

o,

int

i) {

int

i){

)
class ClazzNode{
object D;
ClazzNode n,.
<C1azzNode>(ClazzNodeo) {
o.<object>O;
i
void add(ClazzNode o, ClazzNode x){
if(o,n == nu1l)
o.n = xi
else
o.n.add(x);
)
ClazzNode getElement(ClazzNode o,
i = i - 1;
== 0)
if(i
return o.ni
else
return o. n. getElement ( i ) t
)

Figure 3.9 Example list class.
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55:
56:
57:
58:
59:
60 :
br:
622

cl-ass ListclazzUser{
void append(ListClazzUser
o,
Listclazz
e, ListClazz
N) {
= 0; i<A.sizeor
for(inti
i++)t
ListClazz
X = A.getElement(i-);
N. add (X) ;
t
)

64:
65:
66:
572
58r
69 z
70:
7Ll.
72:
73:
74:
752

ListClazz
ListCopier(ListClazzUser
o,
ListClazz
B = new ListClazz;
<ListClazz> (B) ,.
for(int i = 0; i<A.size0;
i++){
ClazzNode N = new ClazzNode;
<ClazzNode> (N) ;
ClazzNode M = A.getElement(i)
t
N.D = M.D;

Listclazz

A) {

B.add(N);
i
return
Bt
)

/ o :
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78:
79:
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81:
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87:

ListClazz ListFlattener (ListClazzuser
ListClazz R = new ListClazz;
< L i s t C l a z z > ( R );

o, ListClazz

C[ ] ) {

for(int i = 0; i < C.length; i++) {
ListClazz T = o.ListCopier(Clil );
o.append(T,R);
]
return Rt
)
)

Figure 3.10 User class for the list classshown in Figure 3.9.
The ListCJ-azzcontains elementsof type ClazzNodealso shown in Figure 3.9. Cl.azzNode is a simple linked list node containing a data field, D, and a pointer to the next
node, n. Both classfiles have definitions for the sametwo methods, add and getElenent.
When the method add is called with an object of type ListClazz,

it proceedsto call

the method add with an object of type ClazzNode. The method add in ClazzNode is
recursive, calling itself with subsequentelements of the list until the last element is found,
adding the new element to the end of the list. The method getElenent is similar in its
calling pattern with the version in ListClazz calling the version in ClazzNode.

o/

To illustrate the use of the iCDG/ACG for determining whether or not the value
returned by size can be cached and reused,we introduce a user class for the list class.
This user class,shown in Figure 3.10, contains three methods: the method append which
appendsthe elementsin one list onto another list, the method ListCopier which creates
a new list then copiesthe elementsof the original list onto the new list, and the method
ListFlattener, which takes an array of lists and createsone long list out of them by calling
the other two methods. The CDGs from the intraprocedural analysis results for these
three classfiles, ListCl-azz, ClazzNode, and ListCIazzUser, are shown in Figure 3.11.
The interprocedural analysis builds the ACG/iCDG iteratively following the steps
describedin Section3.3. We walk through this processstarting with ListFlattener

as

our root procedure for the ACG and adding the CDGs for the known nodes at each step.
Figure 3.12 shows the ACG and correspondingiCDG starting from the root procedure
ListFlattener.

Note that in this figure, only the procedureListFlattener

initializer (ListClazz>

and the

are known nodes in the ACG and therefore onlv these two

CDGs are incorporated into the iCDG. Note also that we have assumedthat Ps, used
to resolveListFlattener,

is the exact type ListClassUser and not a subclass.This is

important since from the iCDG we notice that P6 is used for the resolution of append
and ListCopier.

In order to promote these nodesto known within the ACG, the type

of Ps must be definitively known.
Making the assumption that P6 is definitively known, we promote append and ListCopier to known nodesin the ACG and incorporate their CDGs into the iCDG. This new
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Figure 3.11 CDG formation from the classfiles in Figures 3.9 and 3.10.
version of the ACG/iCDG is shown in Figure 3.13. Note that we have also incorporated
the CDGs for the known nodes in the ACG correspondingto the initializer calls.
The speculative node add in the ACG of Figure 3.13 is resolved using the object
allocation node (65) and therefore definitively known by definition. To continue pro-
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Figure 3.12 Initial ACG and corresponding
iCDG for ListFlattener.
\F7
Y.

..i. .::"' .
{1sslhI

til , 821

Figure 3.13 ACG and correspondingiCDG after resolvingList0opier and append.
moting nodes, we make an additional assumptionthat the type of parameter & of
ListFlattener

is also definitively known. This is important since from the iCDG

in Figure 3.13, we observethat Pr is used to resolvethe speculativenodee,size and
getElenent. With the assumption concerningnode Pr and the obeervationconcerning
node (65), we promotethe nodesgetEleuent, add, and sige corurmtedto Li.stCopier,
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Figure 3.L4 ACG and corresponding
iCDG after resolvinggetElenent and add.
to knownnodes.We then incorporatetheir CDGs into the iCDG. The new ACG/iCDG
is shownin Figure3.14.
We next observefrom the iCDG in Figure3.14that the nodeusedto resolvesize and
getElenent in appendis the allocationnode (65). Furthermore,the nodeusedto resolve
add from appendis the allocationnode (78). Sincetheseare both allocationnodes,the
types are definitivelyknown and the speculativenodes,size, add, and getElenent can
be upgradedto knovrnin the ACG. We have performedthis upgradeand incorporated
their CDGs into the iCDG in Figure3.1.5.
To continuepromoting nodes,we againmakea type assumption.We assumethe type
of the field C accessed
from Ps is the exacttype C1azzNode.This allowsus to promotethe
speculativenodesgetElenent and add to known and incorporatetheir respectiveCDGs
into the iCDG. This new iCDG is shownin Figure3.16. This then leavestwo speculative
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Figure 3.15
and add.

ACG and correspondingiCDG after resolving the next tier getElenent

nodes in the ACG. For these two nodes, again we must make a type assumption, i.e.,
the field n of parameter node P6 is the exact type ClazzNode. With this assumption, we
can connect these two nodes as recursive nodes in the ACG and corresponding iCDG, as
shown in Figure 3.17. Since there are no more speculative nodes within the ACG and all
of the known nodes have been incorporated into the iCDG, this is also the final graph.
For the caching of the result return from size for the call to append made in the
method ListFlattener

at line 83, we need to determine where the object associated

with parameter node P1 is originating from. We have highlighted this node in the final
iCDG in Figure 3.17. Fbom this graph, we determine that the object passedas parameter
Pi is from the allocation node (65). Once the object definition is established, we then
need to determine two items about it, its escaping state and when the fieid s is written.
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Figure 3.16 ACG and correspondingiCDG after resolving the next tier getElenent
and add.
The graph with the super nodes removed and the s field nodes highlighted is shown in
Figure 3.18. As can be seenin this graph, only weak edgesare incident upon the node
(65). This means that only fields within the object are capabie of escapingand not the
base object itself, since none of the fields within the object are the sametype as the base
object and only weak edges are incident upon it.
To determine if the value of s changeswithin the body of the loop for the method
append we need two pieces of information.

The first, which points in the instruction

stream changethe value of s, needsto know when is s is written. We removed the read
only nodesfor s from the graph in Figure 3.18 and show the reducedgraph in Figure 3.19.
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Figure 3.17 Final ACG and correspondingiCDG.
Flom Figure 3.19 we discoverthat the write nodes attached to the node (65) , are (s,6) ,
(s,12), and (s,15). Next we need to determineif any of thesewrites to s occur in the
area where the cache result is of interest. The write nodes correspond to the writes in
the initializer and the method add, neither of which is called from within the body of the
for loop in append. Flom the escapinginformation and the changeinformation, we carr
determine it is safe to cachethe value returned by size.
There are severalimportant items to note with this example. First, the promotion of
severalof the nodes in the ACG was based on type assumptions. Although in general type
assumptions can prove unsafe, there are some caseswhere we can make these assumptions
and validate that they do indeed remain valid as new class files get loaded. For example,

64

Figure 3.L8 Final iCDG with super nodes removed.
if our class hierarchy only contains the class files used in this example and not any
subclassesfor them, then we could promote based on only one copy. However, if a new
subclassshould get introduced into the system, then the classhierarchy for this example
could change and this assumption may no longer be valid. In Chapter 5, we addresstype
assumption optimizations and the types of validation rollback and recovery necessary
when such assumption invalidations occur. Additionally, the optimization we discussed
as being enabled by the analysis requires that an optimized version of the entry method
be created which inlines the callee methods. Therefore, the optimization of caching the

bl)

Figure 3.L9 Final iCDG with field s readsremoved.
value returned by size is only valid in the inlined version. We discussthese types of
optimizationsand severaloptimizationmodelsfurther in Chapter5.

3.4.4

Lifetime-based optimizations

Lifetime-based optimizations are optimizations that recognize that even though an
object instance is no longer thread local, there is a portion of its lifetime prior to it
escaping in which thread local optimizations are still valid. This form of optimization
usesthe iCDG information to augment flow-sensitive information provided by the Control
FIow Graph (CFG) or other optimization structures.
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The primary differencebetween the analysisresults neededfor this type of optimization versusthe analysisresults used for the method local and thread local determination,
is its use of fl.owsensitive information requiring more than just the iCDG. For example,
rn thread local or method local determination, the analyzer may iust be interested in a
"safe" solution. The solution is therefore based on whether or not the obiect instance
in question ever escapesduring its lifetime. The answer therefore can use bidirectional
propagation and propagate an escaping property along the reversedirection of a data
flow edge. The solution is then "safe," but not flow sensitive. For lifetime-basedopti
mizations, the analyzer needsto considernot only the escapingstate but when within the
code stream the property changed. Therefore, information such as a global write, which
changesthe state of an object instance, should only be propagated along forward data
flow links to preservethe temporal information implicitly contained within the iCDG.
As an example, we introduce another version of the class ListCLazztJser in Figure 3.20.
This new class, ListClazzUser2, uses the other two class files shown in Figure 3.9,
ListClazz, and C1azzNode.It varies from the other version in that it contains a global
field Gon line 65. The ACG for the procedureFoolist is shownin Figure 3.21. The only
differencebetween this ACG and the one for append shown in Figure 3.11 besidesthe
line numbers and procedurename is the inclusion of call to the initializer, (ListClazz).
The CDG for Foolist

is shown in Figure 3.22, the super node connectediCDG is shown

in Figure 3.23, and lhe super node removedversion of the iCDG is shown in Figure 3.24.
Again we would like to determine if it is safe to cache the value returned by the call
to size within append. To determine the escapingstate of the allocation node (68)
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64:
65:
65:
672
68:
59:
702
71:
72:
73|
74:

class Listclazzuser2{
static
ListClazz

76:.

)

67:
68:
59:
7 0 :

G;

void FoolJist(Listclazzuser2
o, ListClazz
Listclazz N = new ListClazz0;
N.<Listclazz>O;
for(int i = 0; i <A.sizeQ;
i++){
ListClazzT=A.getB1ement(i);
N.add(T) ,
]
o.c = N;

Foolist(...
ListClazz N = nerrr...
N.<Listclazz>(l;
f o r ( i n t i = 0 ;

70: i

< A.size0;

70: i++ ) {
7L:
Listclazz
T = A.getElement(i)t
72:
N.add(T) ;

74: o.G = N;

CFG for Foolist

Figure 3.2O Another version of the class ListClazzUser
List1Lazz and C]-azzNode
shownin Figure 3.9.

that uses the classes

67 : Foolist

6 r<Li,stClazz>

46 : getEl

Figure 3.21 The ACG for the procedure Foolist
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Jv:aoo

shown in Figure 3.20.

v ( E)

1\

Figure 3.22 The CDG for the procedure Foolist

shown in Figure 3.20.

and whether it changesthe value of its field s within the region under analysis, we need
the iCDG and control flow. The region under analysis is first determined from the CFG
for the method Foolist,

shown on the right of Figure 3.20. Flom the CFG, it can be

determined that the region in which the value returned by size would need to remain
unchanged is lines 70-73. This determination is made similarly to the one in the previous
section, with the only writes to s occurring in the initializer and the call to add. Neither
of these writes are within the bounds of the current analysis. The determination of the
escapingstate of the allocation node (68) is again based on the region under analysis.
Although this node doesindeed escapeas observedby the strong edgeconnectingit to the
global node (G,74), this event does not occurring within the analysis region. However,
exclusion from the region is not sufficient. We also must determine if the event occurs
either prior to or after the analysis region. Flom the CFG, we can determine that the
strong connection to node (G,74) occurs after the region in question, and therefore it is
safe to still cachethe value returned bv size.
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Figure 3.23 The resulting iCDG from the interprocedural propagation in Foolist.
In general, the iCDG/ACG is a helping tool for this form of analysis. Note that
the traditional CFG and flow information was still needed. Furthermore, we have made
assumptions similar to those made in the prior analysis concerning known types which
also require additional validation of these assumption when new classfiles are loaded.

3.4.5

Memory layout for better data locality

The relationship betweenobject instancescan be used to provide hints to the memory
manager for potentially better memory layout. If two object instances are shown to be
connectedin some fashion, and one object instance contains a referenceto the other, it
may become desirable to place the two object instancesnext to each other in memory.
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Figure 3.24 The resulting iCDG after super node removal.
This information is contained within the CDG as the relation between obiect instances
via the associationedges.
This analysis can be conducted during both of the two modes. For example, referring
back to the class CLazz shown in Figure 2.3, the new object created at line 28 has a
field connection to the object created at line 11. This information could be used by the
memory manager to allocate these two object instances next to each other. Normally this
level of information would not be avaiiable to the memory manager. However, looking
at the interprocedural graph for Hoe shown in Figure 3.5(a), the connection between the
two allocations is clear. Even though these object instances were found to be method

nt 1l

escaping, the layout information can be used to guide the heap layout and improve
memory performance.

3.4.6

Code motion after inlining

Often, after inlining calleeswithin a method being optimized, it is desirableto move
instructions above other instructions, thus reordering the original execution order. This
movement can facilitate severaloptimizations such as eliminating duplication of work on
multiple iterations through a loop, or allowing other instructions to execute sooner,thus
reducing or eliminating potential stalls. To determine if it is safeto move and instruction,
the optimizer must have results from severalforms of analysis,including flow information
and points-to information. The information contained in the CDG is helpful to the
optimizer since a points-to relation can be extracted from it and escapinginformation
is also present. However, using the CDG to determine the connectionsbetween objects
and their escapingstates is not a separateform of analysis but rather an application of
analysisresults during the optimization of the code. Therefore,this particular application
of CDG information is coveredin Chapter 5.

3.4.7

lJnsafe sharing, potential

race determination

The information in the CDG can be viewed as the first step in implementing a race
detection system. The CDG contains all the necessaryinformation for the propagation
of locking properties, escapingstates, and flow information. The state information contained within the CDG is a first step in the solution for full race detection. The detection
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of races also needs temporal information such as when the locks are held and by which
thread. This form of detection in a dynamic application may need to be conducted as
the application is running since newly loaded ciassescan change the results of previous
detections, thus making a safe accessbecome a data race. The detection processitself
may interfere with the application in such a way as to change an assumed timing and
cause incorrect results. Even though the assumedtiming is actually a masked data race,
for server-side applications where remaining up is the most critical component, the exposure and potential premature termination of such a race could be problematic. The
problem of race detection and its correction is complex, and therefore the iCDG/ACG is
only part of the solution, the rest remaining part of future work.
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CHAPTER 4
SPECIFIC APPLICATION: OBJECT
CONNECTION GRAPHS

In Chapter2 we presentedthe CompactDataflowGraph (CDG), which summarizes
the useof referencevalueswithin a procedure.In Chapter3 we presentedthe designof the
dynamicinterproceduralanalysisengine,which employsan AdaptiveCall Graph (ACG)
in combinationwith the individual CDGsto createan interproceduralCDG (iCDG). We
showedhow the iCDG can be usedto providea wide rangeof analysisresults. In this
chapter,we presentan implementationof our frameworkto perform a subsetof analysis
outsidethe rangeof other dynamic analysissystems.

4.I

Problem Description

Several researchershave shown that if the worldview of a Java application is assumed
closed and no further class files will be loaded, fuli program analysis can identify as
much as g4Toof the object instances used in the application as being stack allocatable
[15], [25]. Furthermore, by stack allocating these object instances,these researchershave
shown that speedups as high as 44Yo can be achieved [15]. The analysis, referred to
as static analysis since it assumes a closed-world, static view of the application, must

74

determine the safe set of method local object instances based on traditional analysis
techniques. The determination of a safe set of method local object instances requires
the identification of all object instances that have the potential to exceedthe lifetime
of their allocating method or are method escaping. Although other researchershave
demonstrated through static analysis that a large portion of the object instances used
within an application are indeed method local, Java is dynamically loaded and linked.
Therefore, static full application analysis is not available.
Someresearchershave suggestedthat the static analysistechniquescould be employed
in a dynamic application during the runtime optimization phase. Even if a partial, safe
solution is determined during the optimizalion phase (secondmode), this solution can
be invalidated when new class files are loaded. On top of the invalidation problem, delaying method local determination and this form of optimization until the optimizing
phase could miss some potentially beneficial stack allocation opportunities. The loading
and initializing of new class files can involve the use of temporary object instancesthat
can be stack allocated. Initialization code tends to make liberal use of short-lived object instances. The same liberal use of short-lived object instances occurs in the early
portion of an application's execution, prior to the first run of the optimizer. During
this segment, a large portion of the application code is initialization code. Therefore,
identification of stack allocatable object instancesat the point of first allocation can help
the runtime capture these optimization opportunities. Performanceimprovementsfrom
stack aliocating these object instances include reducing if not eliminating the memory
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manager overhead. Additionally, the stack allocation can delay garbage coilection events
by reserving the memory for potentially longer-lived method escaping object instances.
There are severalobstacleswith the identification of stack allocatableobject instances
using first mode analysis. First, all new object instances in Java call an initializer,
meaning the analysis is interprocedural. Fhrthermore, Java does not restrict the actions
performed by an initializer, making the determination of escaping state dependent on
interprocedurai analysis. Second, we cannot assume control flow information is available or even within a reasonable cost bound to compute. The computation of control
flow information can become costly when factoring in the multiple paths of control and
potential targets in polymorphic languages. Thkd, the determination of the escaping
state of a particular referencevalue depends on points-to information concerning the referencesused within the region under analysis. Points-to information normally requires
control flow information for its derivation. Fourth, in order to reap any benefit from
the determination of stack allocatable object instances,the benefit of the optimization
must outweigh the cost of the analysis. Since the maximum determined static analysis
benefit was shown to be a speedup of 45% with an average of 24%, the analysis cost
shouid not exceed the averagebenefit. All of these factors have made the determination
of stack allocatable object instances using first mode analysis difficult and unattractive
to other analysis systems. However, our framework makes this form of analysis efficient
and attractive.
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4.2

Our Solution

Our framework provides a very efficient solution to this analysis challenge. The CDG
contains all the information concerning the use of referencevalues within a given method.
This enables swift extraction of points-to information for each method. Second, our
design of the ACG/iCDG system enablesswift, efficient propagation of interprocedural
analysis results. We can adapt this design to accommodateinterprocedural propagation
of points-to information as well. Although, control flow information is missing at the
time of analysis, the CDG was constructed using flow-sensitiveinformation. Therefore,
we are able to still capture a large percentageof the potentially stack allocatable object
instancesusing just the extracted points-to information and the efficient interprocedural
propagation. Finally, using our design, we are able to keep the costs below 22Tofor the
benchmarks we used, which is within the bounds set by the potential benefits of a 45%
performance improvement.

4.2.L

Definition

In Chapter 3, we defined the properties used to determine if an object instance is
method escaping as follows.

Definition

4 An object i,nstancei,s sai,d to surtsi.aethe li,feti,meof i,ts allocati,ngmethod,

or to be method escapi,ng,i,f one of the followi,ng euents occurs duri,ng its li,fet'ime:
o Global Escap'ing:A referenceto the object'instancebecomesaccessible
for any porti,on of i,ts li,feti,me,u'ia a global field.
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Figure 4.1 ReducedCDG examplefor the methodBar.
ReferenceEscapi,ng:A referenceto the object 'instanceis stored i,n the f,eld of
anotherobject'instance
whoseli,feti,me
erceedsthe allocati,ng
method.
Return Escapi,ng:
A referenceto the object'instance
i,sretumedfrom i,tsallocating
method.
UnknownPath Escapi,ng:
A referenceto the object'instance
crossesan i,nterproced,uralboundaryfor whichthe currentthreaddoesnot haaeaccess(nati,uemethod,s,
methodswi,thouti,ntraprocedural
analysisresults,passedin a call to anotherthread).

4.3

Extracting Points-To Information

Extracting a points-to relation from the CDG is straightforward.

First, property

nodes can be removed from the CDG since these do not represent dataflow. Second.field
nodes can be eliminated by making the relationship between the two reference values a
weak link, meaning they are not direct aliases for each other but one is reachable via
information contained within the other. To illustrate, Figure 4.1 contains the resulting
reduced CDG for the method Bar. This reduced CDG is formed by first adding a weak
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edgebetweennodes Pr and 28 and then removing the field node and its associatededges.
Figure 4.1(b) showsthe resulting CDG from this process. The final graph in Figure 4.1
is equivalent to a reversepoints-to relation with the addition of the weak edges.
The weak edgesare important when we later use the edge type to propagate class
types for swift method resolution when forming the ACG. Typ" information does not
propagate acrossweak edges. Therefore, if a weak edge is used to connect a parameter
node that is used for the resolution of a callee,the calleecannot be promoted to a known
node status in the ACG, and subsequentlyits intraprocedural information is missing.
The inclusion of speculative nodes causesthe object instancesto be marked as method
escapingdue to the unknown path, and this affects the analysis results.
The next simplification to our points-to relations is intended to reduce the cost of
the analysis. We choosein our representationto eliminate the direction from the edges.
This simplification gives a conservativeanalysis result in the sensethat it overestimated
the number of escapingobject instances. However,by eliminating direction, we are able
to propagate information more efficiently while identifying between 47% and 61% of the
the oracle method local object instances.
Figure 4.2 illustrates the conservativeaspect of direction elimination. In this figure,
we consideronly strong edges,but analogousresults occur with weak edges. The partial
reduced CDG in Figure a.z(a) showsthe CDG from an object allocation site. This object
allocation is passedinterprocedurally as two different callee parameters. The potential
callee graphs are shown in Figures 4.2(b) and (c). For the first interprocedural graph,
Figure 4.2(d), if parameter P4 escapes,then we also mark F1 as escaping since these
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c) Case3

e) CaseI and Case3

OCG propagation through the ACG for the type resolution CIazzB.

two are equivalent. This escaping state then propagates interprocedurally to P1 and
obj. However, since we do not have control flow information, we do not know if the
assignmentto P3 occurred before or after Fl escaped. Therefore, P3 is also marked as
escaping. Likewise for the assignmentto P2. This casedoes not hold in Figure 4.2(e). In
this case,if P4 escapes,then Fl also escapes.However,since P4 overwrote the reference
originally in F1, this escapinginformation doesnot propagateany further. Likewise,since
P3 overwrites F1, the lack of control flow information does not affect the propagation as
in the previous example, and this object instance also remains unaffected. By eiiminating
the direction from the edges, we arrived at the correct solution for Figure 4.2(d) when

80

OCG

n':

1: (n*,e*)

(j,t)l(Gw)l(c")l(l)l(Pr)l(P-,,D

e

;: an undi,recteded,geconnecti,ngnode ry wi,th nod,eni
ei,therstrong: (ru) - (ni), or wealc:(ru)- - -(ni)

(j,l)

:: the jth parameter to the method called at I'ine I

(-1, /)
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(4)

:: the i,thformal parameter to the method m.

(P-t,l)

:: the retum ualuefrom the methodm at li,nel.

Figure 4.3 Definition of the Object Connection Graph.

propagating escapinginformation, but an overly conservativeone for Figure 4.2(e), since
we must mark all of the entries escaping. Although this solution is not as precise,it is
still safe.
We call the new points-to relation that we extract from the CDG an Object Connecti,on Graph (OCG) to distinguish it from a traditional points-to relation. Likewise, the
corresponding interprocedural version is called an iOCG. The definition of an OCG is
given in Figure 4.3. Note that line numbers have been removed from all but the allocation
and parameter nodes. Although the line numbers aid in precision when used in combination with control flow information, the absenceof this information makes their inclusion
superfluous. The line number information retained in the allocation and parameter nodes
aids in the identification of the exact allocation operation within the method as well as
the appropriate call site for the ACG construction.
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Figure 4.4 OCGsfor Figure 2.3.
Figure 4.4 showsthe OCGs for the CDGs in Figures2.5 - 2.7. Note that for three
of theseOCGs - <-CLazz>,Hoe, and Foo - their OCGs are almost identicalto their
corresponding
CDGswith the only noticeabledifferencebeingthe transformationof the
directed edgesinto undirectededges.For the method Bar, the OCG is equivalentto an
undirectedform of the reducedCDG shownin Figure4.1(b).

4.4

Interprocedural Propagation

The next step in the determination of stack allocatable object instances is the prop
agation of information interprocedurally. There are four basic determinations we can
make based on the interprocedural propagation of the information contained within the
iOCG:

o method,escap'ingbased on intraprocedural information,

82

. n'Lethodesca,p,ing
based on interprocedural information,
o method local based on interprocedural information,
o cannot be decide due to the presenceof speculativenodes in the ACG.
All allocations call an initializer: thus, no object instance can be classifiedas method
local based solely on intraprocedural information. Also note that weak edgesor multiple
strong edges in the OCG can cause speculative nodes to remain in the ACG. Object
instances under analysis that pass into a speculative ACG node cannot be definitively
determined based on the information present. Therefore, by Definition 4, we define these
object instances conservatively as being unknown path escaping, making them method
escaping.
The steps for forming the iOCG are almost identical to the steps for forming the
iCDG. They are as follows:
1. Create root node in the ACG for the procedure being analyzed.
2. For each procedure called by the root node:
o Add a known node for any provably monomorphic procedures.
o Add a speculati,uenode for all others.
3. Create the iOCG with the OCG for the root node and promote any speculati,ae
nodes to known nodes based on iOCG information and current context.
4. Form super nod,esby connecting actual and formal parameters from the OCGs
correspondingto lhe known nodes in the ACG, into the iOCG.
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5. For each known node in the ACG not yet resolved, treat it as a roof node and
repeat the previous steps.

To illustrate the formation of the iOCG and the four resulting types of allocation
decisions,we again use the example application introduced in Figure 2.3 with the added
subclass,C1.azzL,introduced in Figure 3.1. The OCG for the method Foo from the class
frle, CLazzA,from Figure 3.1 is shown in Figure 4.5. It was derived from its corresponding
CDG shown in Figure 3.3 using the samemethod outlined in Section 4.3. Figure 4.6 walks
through the formation of the ACG/iOCG for the casewhere type used to resolveHoe is
CIazz. Later, we present the results for type Cl.azzA The ACG shown in Figure 4.6(a)
begins with the node Hoe. Since Hoe calls an initializer and initializers are by definition
also known, the ACG also contains a known node for <CLazz>. However, the node
Foo is initially speculative. The iOCG is created by connecting the OCGs for Hoe and
lC1.azz), the known nodes in the ACG. Examination of the iOCG reveals that a strong
edge connects nodes P6 and (0,17), meaning that the known type used to resolve Hoe
is also used to resolveFoo, and likewise for the initiaiizer (Object)
lC\azz).

called at line 6 in

In Figure 4.6(b), Foo has been promoted to known status and (0bject)
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Figure 4.6 Exampleof ACG/iOCG constrution.
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has been added as a known node. The resolution of Foo has added another node to
the ACG, Bar, which is speculative until the iOCG is examined. The OCGs for Foo
and <Clazz> are then added to the iOCG shown in Figure 4.6(b). Note that there is
only one copy of the node '-Cl.azz) in the ACG since the ACG contains the unique
methods called. However, the iOCG is context sensitive and representseach unique call
to a method; therefore, a new copy of the OCG for <Clazz)

is added to the graph.

By examining the new iOCG, it is discoveredthat a strong edge connects P6 from node
(0,24), meaning that the sameknown object instancetype usedto resolveFoo is now used
to resolve Bar. This allows Bar to be promoted to known status and its corresponding
OCG added to the iOCG. This is shown in Figure 4.6(c). Sinceall known nodesin the
ACG have been resolved (step 4 in the iOCG/ACG formation algorithm) the formation
of the iocG/ACG terminates.
Next, the super nodes are replacedwith direct edges,and the escapingstate produced
by the write into the global node is propagated up the graph. The final result showsthat
the objects allocated at lines 14 (from Hoe) and 21 (from Foo) are indeed method local and
stack allocatable,while the objects allocated at lines 11 (from Hoe) and 28 (from Bar) are
not. Note that the escapinginformation also propagatesalong the weak edges. Referring
back to the four potential determinations, the escaping states of the object instances
created at lines 14, 27, and 11, were determined by using interprocedural information.
However, the escapingstate of the object instance allocated at line 28 was known prior
to the incorporation of any interprocedural information due to the edge connecting it
with the global node, G.,.
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OCG propagation through the ACG for the type resolution CIazzA.

The next caseto consideris when a weak edgeis used to connect the parameter node,
Pe, for a virtual callee method. This case occurs when the runtime type of the object
instance used to resolveHoe is the type Cl.azzA.We show the ACG along with the iOCG
before and after super node removal in Figure 4.7. The construction processis similar
to that of the previous case. The key differenceis that in Figure 4.7(b), a weak edge
connects the formal node Pe with the node (0,40). Therefore, the node for Bar in the
ACG of Figure a.7@) remains speculative. The inclusion of a speculative node in the
final ACG meansthat when the escapingstate of the object instancesis determined from
the iOCG in Figure 4,7(c), only the escapingstate of the object instance allocated at
line 11 is definitively known. The other three object instancesused in Hoe - Pe and the
aliocations at lines 14 and 37 - are not decidable based on the iOCG information and
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are therefore method escaping becausethey are passedinto an unknown path the call to
Bar.
Weak edges are not the only case where during ACG/iOCG construction the type
of an object instance may no longer be considered definitively known. It is possible for
more that one execution path to reach a given cail. Therefore, it is possible for more
than one type to be associatedwith a node. If that node is the parameter node, Pe for
a virtual call, then the call node cannot be promoted from speculative to known in the
ACG. There are three types of nodes in an iOCG - formal, parameter, and allocation
nodes - and two types of edges- strong and weak. Based on these node and edge types,
we define the caseswhere a node type is no longer definitively known within the iOCG
as follows.

Deftnition

5 A nod,etype i,s no longer consi,dereddefi,ni,ti,uely
known wi,thi,nan iOCG i,f

one of the following condi,ti,onsi,s true:
o The node i,s di,rectlyconnectedto another node'in the i,OCG ui,aa weak edge.
e The node i,s di,rectly connected,to another node that 'is already of unknown type.

o The node i,s di,rectlyconnectedui,atwo or rnore strong edgesto nodes of tgpe formal
and/or allocati,on.
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4.5

Runtime Structures

In order to improve runtime efficiency,a compact internal representationis used for
the OCG and iOCG. Rather than representingthem as graphs with pointers, a table is
used, with each node representedas an entry in the table.
There are severalsteps when converting an OCG into the table representation. First,
the global nodes only convey a changein escapingstate of all nodes connectedto them.
Therefore,they can be removedfrom the graph and the attached nodesmarked as method
escaping.The removal of global nodesthen leavesonly three types of nodesremaining in
the graph: parameter, formal, and allocation nodes. Second,in order to facilitate swift
propagation, a transitive closure of the edgesis formed. However, the graphs contain
two types of edges,strong and weak. The rule for forming the transitive closure when it
comesto the two types of edgesis simply this: If a strong edgeexists along any branch of
a path traversedwhen forming the transitive closer,then the edgetype of the edgeadded
is a strong edge. This way, weak edgesoriginally incident on parameter nodes remain
incident on those nodes, and nodes that did not have at least one weak edge incident
upon them prior to forming the closure do not acquire a weak edge. Since the primary
purpose of the weak edgesis to convey during interprocedural analysis that the exact
type of an object instance is not definitively known, then the original edge still retains
this information and allows for correct propagation.
Figure 4.8 showsthe mapping for the nodes in the OCG into the table entries and bit
vector format. Paths between the nodes are representedusing bit vectors (li,nks). Each
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bit location representsan entry in the table, with the leftmost bit correspondingto the
top entry. A bit is set for each node reachablefrom the current entry (through one or
more edges). There are three additional bits for each entry in the bit vector field. The
first of these, W (weak), is set only for parameter nodes and indicates that the node has
a weak edge incident upon it. The secondbit, C (changed),is set during interprocedural
propagation to indicate that one or more of the bits within the bit vector has been set
and requires propagation. The final bit, E (escaped),holds the escaping state of the
entry.
For example, for the transitive closure formed from the OCG for the method Bar,
shown in Figure 4.8(a), there are three formals coming into this procedure: Pe, P1, and
P2. These are the first three entries in the table. The fourth entry is the allocation node
labeled 28. A parameter node labeled (0,29) is the fifth entry in the table. The edges
between the nodes are defined by setting the correspondingbits in the links bit vector.
For example, the edge between nodes P1 and 28 is shown by the setting of the second
and fourth bits (counting from the left) for both entries. The edgebetweennodes 20 and
(0,29) is shown as the setting of the fourth and fifth bits for those two entries. The edges
added by the transitive closureare representedby also setting the fifth bit for entry 2 and
the secondbit for entries 4 and 5. The remaining tables for the class Cl-azz are created
in a similar fashion and are also shown in Fisure 4.8.
Two properties of the OCG table representationenable swift interprocedural prok
agation of the escapinginformation. First, all interprocedural connectionsbetween the
graphs for each method occur at the parameter entries, and second,since all paths from
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each node are fully represented,the formal parameter entries for the callee method contain all the information that needs to be propagated to the caller. This information
consistsof either state bits, (W,C,E), or new connectionsbetweenthe actual parameters
of the caller. The interprocedural propagation is performed in two passes:a forward pass
to resolvespeculativenodesin the ACG, and a backward passto propagate state changes
from the forward pass. Weak edgesare propagatedduring the forward pass,caller-callee,
allowing an edge to be downgraded from strong to weak. The rule for edge downgrading
follows.

Definition

6 If a node of type parameter i,n the i,OCG has a weak edgedirectly i,nc'ident

upon i,t, then when the OCG for the calleei,saddedto the |OCG, all edgesdi,rectlyi,nci,dent
upon ang and all fonnal nodeswi,thi,nthe super node are downgradedto weak. If a node
of type F-1 (formal node of tgpe return) has a weak edgedi,rectlgi,ncidentupon r,t, then
all edgesconnectedto any and all parameter nodesw'ithi,nthe super node are downgraded
to weak.

Sinceweak edgesused to identify P6 nodes where the type is unknown are critical for
virtual ACG nodes and all ACG node resolution occurs on the forward pass, downgrading of edgesis only implemented during the forward pass. The downgrading of edges
only during the forward pass allows for the propagation of known type information and
enables safe, accurate method resolution based on known types. Formals representing
returns from the procedure are marked as escapingonly when the OCG table is the root
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Figure 4.9 Example of additional conservation from combined transitive closure and
edge downgrading.
table for an ACG, thus capturing return escaping events but not introducing additional
conservation by also marking callee return events.
The propagation of weak edge information and downgrading of edges adds an additional level of conservativenessis primarily an artifact of the transitive closure. Consider
the initial two OCGs shown in Figure a.9(a). The transitive closure shown in Figure 4.9(b) adds edges(F10, P16) and (F20, Pzd. When the OCGs are connectedto
form the iOCG in Figure 4.9(c), the edge from F'26 to P2s is downgradedfrom a strong
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edge to a weak edge because P1p has a weak edge incident upon it.

However, from

examination of the original OCG, it can be seen that P2s is actually from Obj2. Since
allocations are always known types, the parameter P2s should have been a known type
and the resolution of the virtual method called with it, likewiseknown. However,because
of the downgrading of the new edgeadded from the transitive closure,the parameter P2s
is no longer considereddefinitively known.
The propagation of information across the parameter connections is accomplished
with a parameter map, which maps the actual parameters of the callee to the formal
parameters of the calier. Its purpose is to perform the necessarymasking and shifting
of the links vector of the callee to the appropriate location of the correspondingactual
parameter node in the caller. These vectors can then be propagated from the callee to
the caller using a simple OR instruction. Any changesare then propagated within the
caller's OCG, also using simple OR instructions.
Figure 4.10 shows the propagation acrossthe call to Foo and its subsequentcall to
Bar. After all interprocedural interfaces occurring in Bar have been resolved: the ,E
bit on the second formal parameter of Bar is propagated to the table for Foo. This
change sets the E and C bits for the secondto last entry in the table for Foo. The C
bit indicates state changesthat require propagation. This change propagatesto all of
the nodes connectedto the changednode in Foo through the use of the link bit vector,
causing the E and C bits to be set on the second entry (the second formal parameter
into Foo). This information then propagates through the parameter mapping for the
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Figure 4.10 State propagation through the Parameter Maps (circles indicate changes
during iOCG formation).
interprocedural interface between Hoe and Foo, eventually setting the E and C bits on
the secondand third entriesin Hoe's table.
After lhe E bit has been fully propagated, a quick look at the two allocations in
Hoe's table show that the object instance at line 11 must be heap allocated since it is
escaping,but the object instance at line 14 can be stack allocated.

4.6

Experimental Setup and Results

To evaluate the effectivenessof our techniques, we used several benchmarks from the
Java Grande Threaded Benchmark Suite [35] and severalsmall threaded Java applications
from Doug Lea's book [36]. A description of the programs used can be found in Table 4.1.
The first sevenof these are from [35] and the last sevenare from [36].
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Table 4.1 Description of benchmarks and applications used.
Program

Threads Description

JGFCrypt

4

JGFLUFact

4

JGFSoT

a

JGFSeries

4

A

JGFSparseMatmult 4

JGFMolDyn

4

JGFRayT[acer
Heat

4

Fib

A
=

Msort

4

NQueens

4

BarrierJacobi

a

LU

a

MatrixMult

A

a

A

A

A

Performs the International Data
Encryption Algorithm (IDEA) on an array
of ltr bytes.
Solvesan NxN linear system using
LU factorization. Same as Linpack.
Perform 100 iterations of successive
over-relaxationon a NxN srid.
Computes the first N Fourier coefficients
of the function: f (r) : (r + 1)".
Performs a sparsematrix multiplication
algorithm using a compressedrow format.
Models partial interactions with boundary
conditions.
Rendersa 3D scenecontaining 64 spheres.
Simulates heat diffusion acrossa mesh.
Computes a Fibinacci number using
a specifiednumber of threads.
Parallel merge/quick sort on random numbers.
Positions N queenson an NxN board so that thev
can not attack each other.
Performs a cyclic barrier version of Jacobi
iteration on a mesh of the given size.
Decomposesa randomly filled matrix.
Matrix multiplication using parallel
divide-and-conquer.

Evaluating the effectivenessof an optimization on threaded applications posesseveral
problems. The timing and performanceof a threaded application dependson the timing
of the threads. Slight changesin timing between runs of the same application can cause
significant changesin performance by causing one or more threads to stall waiting on
resourcesthat during previous runs had been availableat the optimal time. Additionally,
virtual machine overheads,such as garbage collection, can affect performance of the
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application by occurring at different times. Complicating this data collection dilemma
further is the desire to evaluate the effectivenessof our techniquesin a state-of-the-art
Java runtime rather than a VM used solely for research.
To addresstheseissues,we choseto collect tracesof the benchmarksusing the production level HP Hotspot 1.0 VM [37] in interpreted mode. The use of the tracing mechanism
allowed us to capture the dynamic execution trace for these programs on a production
level runtime. We then use this trace to guaranteethat the execution order remains the
same for every run of the applications and evaluate the costs of our analysis based on
the same execution order. Furthermore, we guaranteethat garbage collection occurs at
the same point in the execution and evaluate the effectson memory of our system.
To handle the simulation of a virtual machine executing the trace lines, we built
a simulation of a Java runtime environment. Figure 4.11 shows an overview of the
Simulated Runtime. The key componentsof our Simulated Runtime are the Simulated
Execution Engine, the Thread States, the Memory Manager, and the Method Invoker,
with its associatedclass loader. A more thorough description of the simulator can be
found in Appendix B.
To explain the data collection processwe describebriefly the basic units of the simulated runtime that are pertinent to the collection of the data. The simulated execution
environment simulates the effects of each bytecode instruction encounteredby reading
the trace file line in execution order. It then applies the appropriate state changesto the
specifiedthread, loading and storing thread states as necessary.
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Figure 4.1L An abetract overview of the simul.atedruntime environrnent.
Invocationeare handled asrequeststo the rnethod invoker. \Mhena requestis reeeiwd
by the rnethod inrruker,it firet checksto seeif it has an initialized version of the mdhod
available. If it doe6not have one, it placesa requestto the cllaeeloeder. The classloeder
firet chscksits initialized claesfiles to seeif the requestedelaeeis availa,ble.If not, the
class}oad€'rloeds the qlascfiIe from a set of pre*nnotated classfiles. During simrlation,
these classfiI€s alvmysexiet. The claseloader locates the requestedrnethod and retwas
it to the method innoker. When the rnethod invoker receinesa new method from the class
I@der, it co-rnputeethe OeS for the rnethod basedon its CDG and store* the iaitialiaed
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method (the bytecode for the method, the clean CDG, and the clean OCG) in its table.
A copy is made of the initialized method and passedback to the simulated execution
environment.
The OCG of a newly invoked method returned from the method invoker is checked
by the simulated execution environment to seeif it contains allocation nodes. A Boolean
field is used to indicate whether or not a given OCG contains an allocation node. This
field is set at the time the OCG is constructed. If it does contain allocation nodes,
basedon the runtime object type used to locate the method and any known object types
in the thread's state for this invocation, the simulated execution engine constructs the
ACG/iOCG with this method as the root node. If the OCG does not contain allocation
nodes, nothing is done, and the only overheadis the check.
If the simulated execution environment encountersa bytecode instruction involving
a memory location, it processesthe request by also involving the memory manager. The
memory manager handles allocation requestsas well as field assignments.The simulated
memory representationcontains,for eachsimulated memory location, a table representing
referencedfields as well as the state of the memory location, indicating whether or not a
given memory location is method local. Each field is identified with its unique field ID
and contains a referenceto the simulated memory location it is referencinq.

4.6.L

Experimental results: potential benefits

In addition to the introduced conservativenessalreadv discussed.there is one more
level or conservation occurring in our implementation from our self-imposedbounding
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of the ACG/iOCG resolution. We stop the method resolution process in the forward
pass when we reach a speculative node that cannot be promoted or when we reach a
predetermined maximum resolution depth. We set the maximum resolution depth to six
basedon observedcall stack depths within the simulated runtime. While this constraint
allows us to bound the size of the ACG and guarantee termination of the ACG/iOCG
construction process,we do not always resolve the graph as precisely as we could have.
Any node in the ACG exceedingthe maximum resoiution depth remains speculativeand
therefore by Definition 4, unknown path escaping.
To evaluate the impact of level of added conservationas well as determine the effectiveness of the ACG/iOCG analysis technique, we also implemented an oracle version
of the algorithm. The oracle version used the full CDG and the actual executed calls
within the trace to determine method escap'ing.The full CDG still contains the direction
on the arcs and does not contain a transitive closure. FurthermoreTwe only updated
information within the iCDG as a given bytecode instruction is executed. This allowed
us to eiiminate any conservationintroduced by the absenceof control flow information
since we followed the exact execution flow of the application. In addition, we computed
the results at the point of execution, or after the object instance's full lifetime had been
explored, therefore making all nodes in the ACG known and the full call depth explored.
This eliminated the final loss of precision causedby the speculativenodes and the maximum resolution depth in the ACG/iOCG analysis. We consider the use of CDGs in
forming this version of the iCDG as an oracle result that is not achievablewith either
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Figure 4.12 Percentageof.method local tsing iOCG compared to oracle method.
runtime or static analysis. However, it does provide an upper bound for the evaluation
of our simplification.
In Figure 4.72 we compare the determination of method local allocations using our
iOCG method to the best possibleresults from the oracle method. The graph showsthe
percentageof method local allocationsfound using the iOCG comparedwith those found
with oracle'sperfect knowledge. To compute the information, we tracked the decisionas
fields in the simulated memory locations used by the memory manager, and the values
were collected by analyzing the memory locations collected at the first GC event. Note

101

that, on averageover the benchmarks,the quicker iOCG method is able to identify 53$%
of the method local allocationsidentified by the oracle method. This result indicates that
although we introduced additional conservation, we were able to identify a significant
portion of the actual method local memory locations.
Additionally, we tracked what percentage of the collected memory locations were
identified as method local based on each of the analysis methods. Figure 4.13 showsfor
each of the analysis methods, iOCG and oracle, what percentageof the total collected
memory can be stack allocated. An averageof 68.8% of the memory collected was identified as stack allocatable by the oracle analysis, compared ro 36.5%by the ACG/iOCG
technique. These results imply that the use of our technique within our framework could
reduce garbage collection events by as much as 30% by stack allocating these identified
object instances.
To understand how far the benchmark had progressedat the first GC event, we
also recorded the number of dynamic bytecode instructions execution by each of the
benchmarks at the time of the GC event. Table 4.2 contains these numbers. Note that
Heat, Fib, Msort, and NQueenscompleted execution entirely, and they also showed a
large percentageof the memory locations as method local.

4.6.2

Experimental results: estimated costs

To estimate the costs of our implementation, we compare the cost of the analysis
to the execution time of the application. The propagation of information through the
ACG/iOCG useslogical 0R operations. We recordedthe number of logical 0R operations
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Figure 4.13 Percentageof method local memory location collected using iOCG compared to oracle method.
performed in constructing the ACG/iOCG for each of the benchmarks,prior to the GC
event. We assert that the cost of each logical 0R operation with its associatedloads is
comparableto the execution of a single bytecodeinstruction and therefore considerthis a
fundamental measure. Note that in support of this assertion,most bytecode instructions
translate into more than one simple assemblyinstruction, somerequiring additional safety
checksby the virtual machine. In Figure 4.14 we show the ratio of the fundamental 0R
operations to the dynamically executedbytecode instructions for each benchmarks. This
cost averagesaround 20T0,which is within the analysis cost bounds we had set.
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Table 4.2
of GC.

The actual number of dynamic bytecode instructions executed at the time
Program

Dynamic instructions

JGFCrypt
JGFLUFact
JGFSoT
JGFSeries
JGFSparseMatmult

JGFMolDyn
JGFRayTracer
Heat
Fib

99,910,804
79,014,889
83,267,676
67,872,390
115,199,730
92,423,979
25,505,724

18,54r,123
4,299,037
7,206,937
6,199,075
99,877,803
64,816,366
98,195,473

Msort
NQueens
BarrierJacobi

LU
MatrixMult

To understand the values in Figure 4.74, we also tracked the ratio of method OCGs
that contained an allocation event versusthe total number of methods used bv the benchmarks. This method breakdown is shown in Figure 4.15. Becauseof the large number
of methods coming from the runtime library files, we have broken the methods with allocation percentageinto library methods and application/benchmark specific methods.
Note that for benchmarksthat allocate a large portion of temporary location but whose
percentageof benchmark specific methods to library methods is small (Figure 2.8), the
percentageof allocations is substantial. For example,in JGFSparseMatmult,which transforms sparsematrices into vector representations,lessthan 3% of the methods were from
benchmarks but more than 57% of those contained allocations. This relationship also
holds for the similar benchmark, JGFSor. For the JGFRayTracer,the benchmark meth-
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Figure 4.14 Percentageof OR operations to dynamic bytecode instructions.
ods also contain a large number of aliocations,but not as many are nxethod/ocol: because
it is computing the pixels for a sceneand passing some of the results back, the objects
tend to persist beyond their allocating methods. JGFCrypt, on the other hand, does not
contain a particularly large percentageof methods containing allocations compared to
the other benchmarks. However, these methods use a substantial number of temporary
structures to hold intermediate results, which can be stack allocated.
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4 . 7 Conclusion on iOCG
In this chapter we have shown how our framework is able to capture a significant
percentage of. method local stack allocatable object instances that traditionally remain
unidentified by most runtimes. Sincemost runtimes do not attempt to perform this level
of analysis until the first optimization epoch, these initialization object instances are
rarely if ever identified as stack allocatable and optimization opportunities are missed. If
identified early with a swift, safe, analysis method, their promotion to stack allocatable
objects could delay a GC event and potentially improve startup performance.
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CHAPTER 5
DYNAMIC OPTIMIZATTON VALIDATION AND
ROttBACK

Up until this point we have discussedhow the Dynamic Application Analysis Flamework can be used to generate analysis results in a dynamic application. However, the
structures and design of this framework are also applicable to the validation of optimizations enabled by the analysis results. In this chapter we classify models for optimization
and describe the types of validation that would be necessaryto enable each. We also
discuss the necessarymechanisms for rollback and recovery in the event of a validation
failure. In several cases,we show how the information contained within our framework
structures not only facilitates more aggressiveoptimizations but also enables a finer grain
of validation. By enabling this finer grain validation, some forms of optimizations have
the potential for longer dynamic lifespans.

5.1

Optimization Models and Validation

We start by first defining three types of optimization decisionsbasedon how the
optimizer decidesto use the information provided by the analysisengine. They are as
follows.

n7

Definition

7 Opti,mi,zati,on
deci.si,ons

ahaags safe: The opti,m'izati,onperformed by the optimizeris restricted to a proaable set of monomorphi,cclassesand proced,ures.Erecut'ion of the opti,m,izati,ons
enabledund,erthi,s model remai,nsafe euen in the presenceof dynami,c classloading.

sometimes

safe: The opt'im'izer assumes the class hi,erarchg (CH) i,s open. The

optimi,zer recogni,zes
the "speculati,ue"nodes i,n the ACG and opt'imi,zesbasedon
these poi,nts of opti,mi,zat'ion-timetarget nondetermi,ni,sm. Opti,mizati,onsenabled
under thi,smodel embedchecleswi,thi,nthe codeto determi,nedynami,callywhen i,t,is
safe to erecute along the optimi,zedcodepath.
o speculatiaelg

safe:

The opti,mizer assumes the class h'ierarchy (CH) i,s closed.

promotes speculati,uenodes wi,thi,nthe ACG to known
The opti,mizer aggressi,uely

.

nodes basedon i,nformati,onwithi,n the CH. It reli,eson uali,dati,onand recouery
mechani,smswi,thi,nthe r"untimei,f the closedCH assumpti,oni,sui,olated.It proui,des
the runti,me wi,th the necessaryi,nformati,onto prou'idethe desiredleuel of uali,dati,on
and recouery.

The actuai optimization of a given code region may use a combination of the three
types noting that the aggressiveness
of the optimization is correlated to the optimization
type. Therefore, optimizations based on the always safe model are not as aggressive
as those based on the speculatively safe model. However, the always safe model does
not require validation since it is always safe to execute the code optimized under this
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model even in the event of dynamic class loading. The sometimes safe and speculatively
safe models do require validation, and we classify validation into two main categories as
foilows.
o erecution

time:

The validation check is embedded in the executing code and

performed as part of the execution.
o load, time: The validation check is performed by the runtime as a new class file is
loaded.
The two types of validation are reiated directly to the two optimization types requiring
validation. The somet'ime safe model of optimization, which embeds validation checks
in the optimized code, is an example of.erecution time validation, while the speculati,aely
sale model, which relies on the runtime to handle validation, is an example of load ti,me
validation.

5.1.1

Always safe

As previously mentioned, the optimizations we focus on are based on interprocedural
analysis and use optimization tools such as inlining.

The determination of whether

an optimization is always safe is based on the type of the procedure being considered
for inlining and optimization.

We restrict always sale optimizations to monomorphic

procedures, which we introduced in Chapter 1. We define them more formally as follows:
Definition

8 A monomorphi,c procedure 'is any procedure that, wi,thi,n a g'iuen content,

can be proaen not to be redefi,nedi,n the presence of dynami,c class loadi,ngduring the er-
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ecuti,onof a dynam'icappli,cati,an
and'is a si,ngle-target
node i,n the ACG for the procedure
be'inganalyzed and opti,m,ized.

Therefore, in addition to procedures that were declared using the f inal key word or
procedures that are sealedwithin a sealedpackage 122],olher procedures can also qualify
as monomorphic. Initializers called by an allocating method are considered monomorphic
procedures becausethe type of the object instance being initialized is defined by its
allocating procedure and therefore definitively known. Furthermore, method resolution
using the same definitively known allocated object instance, are also single target and
monomorphic within the iCDG/ACG with respect to the given context. For an object
instance to be considered defini,ti,uelyknown wi,thi,na g'iuen contert, it must meet all of
the following criteria:

1. The object instance is allocated within the iCDG.

2. The object instance is only attached via a node or nodes of type write, to another
node in the iCDG that are also defini,ti,uelg
known.

3. The object instance is not attached to any node of type read that contains the
bytecode line number of a checkcast bytecode instruction.

4. The object instance remains enclosedwithin the iCDG under analysis.

Qualification 1 is a requirement because only object instances actually created within
the iCDG can be considered members of the given class and not one of its subclasses.
Qqalification 2 addressestype changes. If an object instance is written to by another
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object instance representedin the CDG that is also definitively known, then even though
the type may change, it still remains definitively known. Therefore, qualification 2 is
recursive in that in determining if a node rs defini,ti,uelyknown the optimizer may also
need to resolve attached nodes in the iCDG. Qualification 3 uses the information that
a checkcast bytecode instruction is actually representedin a CDG as a node of type
field read, as specifiedin Appendix A. Sincethe node in the CDG contains the bytecode
line number of the operation, a simple check for the bytecode type at that line number
can be used to qualify this. By performing the secondarybytecode check, we can avoid
eliminating all object instancesconnectedto read nodesfrom the set of definitivelv known
object instances. Qualification 4 simply addressesthe fact that we can only know the
definitive state of an object instance if we can analyzethe whole region where the object
instance is used. Therefore, any object instance escapingeither via an interprocedural
boundary into a speculativenode within the ACG or to another thread, cannot be fully
analyzedand therefore its state cannot be definitively known.
Figure 5.1 showsthe optimizing time ACG which assumesthe CH contains the three
versions of. C\azz shown in Figures 2.3 and 3.1. This ACG varies from the others in
that we have completed two potential targets for Foo and two potential targets for Bar
while still leaving a purely speculative node for each. The calls from Hoe to Foo and
subsequentlyBar are virtual calls located via a formal to Hoe which is not definitively
known. The only monomorphic proceduresshown in this ACG are the initializers. We
have distinguished these from the known nodes by using a double line around the node.
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L0 : Hoe

20:Foo,

Specualtive
45 : Bar,

Known

:<Clazz

Monomorphic

Figure 5.L The optimizingtime ACG for the versions of.CIazz in Figures 2.3 and 3.1.

500:
501:
502:
503:
504:
505r

public void Hoeuser (CLazz A, Clazz B ) {
C l a z z C = new Clazz O ;
<CLazz>O;

vvv

C.HoeO;
i

(a) ProcedureusingHoe

(b) CDG for HoeUser

Figure 5.2 Exampieuserfor the classC\azz from Figure2.3.
If we are optimizing Hoe based on the always sale premise, then only the initializer calls
at lines 12 and 15 are safe for inlining and optimizations.
In contrast, consider the casewhere the type for the object instance used to call Hoe
is definitively known by the optimizer. Figure 5.2(a) shows the procedure HoeUser that
calls the procedureHoe. If we are optimizing HoeUser,then the determination of inlining
candidatesis basedon Hoeuser's iCDG/ACG.
We step through the construction of the iCDG/ACG for HoeUser and identification
of ACG nodes as monomorphic, in Figure 5.3. First, starting with the CDG for HoeUser,

172

vvv

,E

^@
U-"I
EI
(a) Intitial graphswith Hoeand<Clazz>resol
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(b) GraphsafterFoo hasbeenupgradedto knownbasedon iCDG information

wv
A'

K2

nh

NI

7.:r
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(c) GraphsafterBar hasbeenupgradedto knownbasedon iCDG information

Figure 5.3 InterproceduralCDG for HoeUserin Figure 5.2.
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Figure 5.2(b), we connect the initializer called at line 502 and resolve the virtual call
to Hoe at line 504. Note that the call to Hoe and its subsequentnode in the ACG is
upgraded to monomorphic becausethe object instance used to resolve it is the same
one allocated at line 501. The next step is to connect the CDG for Hoe into the iCDG
which causesthe speculativenode Foo to be added to the ACG. TheseiCDG/ACG are
the graphs shown in Figure 5.3(a). Upon analysisof the iCDG in Figure 5.3(a) it is
concludedthat the same object instance that was used to resolvethe virtual call to Hoe
is also used to resolve the virtual call to Foo. This determination is made by following
the arc connectedto the parameternode, (0,17),and treating super nodesas extensions
of their attached arcs. The only node connectedto this parameter node (excluding super
nodes) is the allocation node, 501. This then causesthe node Foo in the ACG to be
upgraded to monomorphic and its correspondingCDG incorporated into the iCDG. This
is shownin Figure 5.3(b). The incorporationof Foo causesa new node to be addedto the
ACG, Bar, which is addedas a speculativenode. By analyzingthe iCDG in Figure 5.3(b)
it is observed that the same object instance used to resolve Hoe and subsequentlyFoo
is also used to resolve Bar. Therefore, Bar can be upgraded to monomorphic and its
correspondingCDG incorporatedinto the iCDG. This is shown in Figure 5.3(c). The
incorporation of Bar did not add any new nodes to the graph and the CDGs for all
of the known nodes have been incorporated into the iCDG; therefore, the iCDG/ACG
construction terminates.
The final ACG shown in Figure 5.3 contains all monomorphic nodes. This meansthat
all proceduresexecutedduring the execution of HoeUser are candidatesfor inlining and
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subsequentoptimizations. The final optimized code would remain valid at all times since
dynamic class loading cannot affect the monomorphic state of the nodes in this ACG.
In general, only a subset of the object instances in an iCDG can be classified as
defini,ti,uely
known and as such only a subset of the nodes in the ACG can be promoted
to monomorphic nodesand optimized using the alwayssale model. This make the always
safe model conservative,Ieaving many optimization opportunities unexploited.

5.1.2

Sometimes safe

The sorneti,messarfeoptimization model recognizesthat the CH is not closed and
can increasethe number of class files in it during execution. This causesthe inclusion
of speculative nodes for any nodes that are not monomorphic within the ACG. This
model is more aggressivethan the always safe model, choosingto optimize one or more
paths through the known nodes in the ACG. The optimizer also embeds the necessary
validation checksand recoverymechanismsin the optimized code to handle the multiple
potential execution paths.
For example,in Figure 5.1, if the profile showedthat the executionhad alwaysresolved
the call to Foo as Foo2,the optimizer under the somet'imessafe optimization model would
inline Foo2,but would embed a type checkas validation as early as possiblein the code to
determine the type of the object used to locate Foo. If the type check failed, it would redirect executionto the original version of the code. The validation checkunder this model
would be an erecuti,onti,me checksincethe validation is embeddedin the optimized code.
Note that for this example, there are actually two types that can result in the execution
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of Foo2, C|azz and,C1.azzBas shown in the ACGs of Figures 3.2. Therefore, since the
optimizer assumed the ACG for the unoptimized path could expand to yet unknown
classes,it would need to embed a double type'check for this inlining to direct only types
of.CLazz and CIazzB to the optimized segment.
However, checking the type at every execution of a method adds overhead even to
the optimized path. If the loading of a new class of the given type is a rare event, then
this overhead may be mitigated by a more aggressiveoptimization model.

5.1.3

Speculatively safe

Under the speculati,uely
sale optimization model, the CH is assumedclosed,meaning
this model assumesno new class files will be loaded into the svstem. The assumption
forces the registration of a validation check with the runtime. The actual registration of
the validation check can be delayed until after the optimizalion, allowing the optimizer
to potentially request a finer grain validation of specific properties of the newly loaded
class files.
For example, in Figure 5.1, only the two known nodes for Foo would be included in
the ACG. Although a type check would still be needed to determine the correct version
to execute,the set of types would be consideredclosed. Unlike the double check used in
the sometimes safe model, this optimization model would only need to check the single
type, CIazzA, that can resolve to Foo1. This model registers a validation request with
the runtime relying on the runtime to disqualify the optimized code should the closed
CH assumption become invalid.
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1"00; class ListcLazzA extends l,istClazz{
10L:
ClazzNodeA C;
r02.
l-03:
ClazzNode gfetElement(Listclazz o, int
104:
if(i < 0 ll i >= o.s ll i == 0)
1-05:
return o.C,.'
106:
ClazzNodeAX-o.C;
107:
for(int j = 0; j < i; j++){
108:
x = x.getNext0t
109:
)
110:
return X;
111:
)
1\2:
)

i){

l-l-J:

I74:
115:
lro:
L!7 z
118:
119:
7202

class
ClazzNodeA
ClazzNodeA n;

extends

ClazzNodeA getNext
return
o.ni
]

ClazzNode{

(ClazzNodeA

o) {

)

Figure 5.4 Subclassfor the list classin Figure 3.9.

5.L.4

Mixing optimization models

Sometimes speculatiaeoptimizations can be mixed with someti,messafe or always
sale optimizations. To illustrate the combining of sometimes safe and speculative models, Figure 5.4 introduces two new subclasses,ListClazzA and ClazzNodeA, for the
ciassesintroduced in Figure 3.9. The new ACG for the call to append is shown in Figwe 5.5. Additionally, we introduce a new user classfor these two versionsof ListCLazz,
IistBuilderDriver

shown in Figure 5.6. If the optimizer is optimizing listBuilder-

Driver, and the profile shows that the call to getElement always resolved to the version
at line 103 of Figure 5.4, then the optimizer under lhe somet'inxes
st,fe model could decide
to inline this version of getEtenent. However,sincethis is a virtual call, the ACG would
also have a speculative node for getElement. The optimizer upon deciding to inline the

rt7

103 : gelE

Figure 5.5 ACG for appendin Figure3.9 with the new subclasses
in Figure5.4.
100:
L01:
],02r
103:
l-04:
105:

void listBuilderDriver(listBuilder
ListClazz L = new ListClazz();
<ListClazz> (L) ;

o, ListClazz[]

lists)

t

ListClazzUser D = new ListClazztJser(l;
<ListC1azzUser>(D);

r-06:
L07:
1-08:
109:
11-0:

for(int
i = 0; i < lists.length;
D.append(lists Ii] , L) ;
)

i++) {

)

Figure 5.6 Driver class for the subclassesof ListClazz.
version of getElenent basedon the profile information, would also place a type checkfor
the ListCl azz lype when it is read from A at line 59 of Figure 3.9. The check would be
used to redirect to a normal invocation if the type is not ListCI azzA. This then classifies
this portion of the optimization as sometirnessafe.
Figure 5.7 highlights the sometimessafe portions of the optimized version of listBuilderDriver.

Now the optimizer could make a speculati,ue
decisionbasedon the loaded

versionsof getElenent and add. It could decidethis set is closedand to cachethe value
returned by the call to size in the for loop sinceneither ofthese causesthe value returned
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200:
2QL:
202:
203:.
204l.
205:
206:
207:.
208:
209:
21"0:
2ALt
zLz

I

2'J.3t
21,4:
21"5t
2L6z
zL I I

2I8t
2]-9 z
220 z
22Lt
222:
223:
224:
225:

void listBuilderDriver(listBuilder
o, IJistClazz[] lists) {
/ /inline
initializer
for ListClazz L
initializer
//inline
for ListClazzuser D
/ /check escaping state of li,sts t.o determine which loop
if(1ists
not escaping) {
tr---int temp = lists.length;
i SometimeSafe checks
for(int
i = 0; i < temp; i++) {
//inlined
append fron ListClazzuser
//assumed that append forrnal l- does not
/ / in caTI to getElement ( ) ;
/ /cache size result
int t_2 = listslil.sizeO;
for(int j = 0; j < t_2; j++){
//optimized version of loop
if (listslil
is ListClazz)
/ / o p t i m i z e d v e r s i o n o f getElement
and add
) else {
//original
code

)
)
)
)
else {
//original

code

)

Figure 5.7 Sometimessafe regions of optimizations for listBuilderDriver.

by size to changeacrossiterationsof the loop. If a new subclassof ListClazz is loaded
into the runtime, this optimization may no longer be vaiid. Therefore, the caching of the
return value of size would be speculati,aeand the optimizer would register a validation
request with the runtime for the class loader.
Figure 5.8 highlights the speculativeportions of the optimized versionof listBuilderDriver. Note that both the speculativeand sometimessafeoptimizations are intertwined
in this optimized code segment and the validation failure of the speculative optimization
disqualifies both of them.
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2 0 0 : void listBuilderDriver(listBuilder
o, Listclazztl
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else{
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code

225:

Figure 5.8 Speculativeoptimization in listBuilderDriver.

5 . 2 Validation Failure, Rollback, and Recovery
Up until this point, we have discussed the need for validation and what types of
validation are needed for each optimization model. However, validation could fail. In
the event of a validation failure, rollback and recoverv mav be necessarv.In this section.
we address the types of rollback and recovery needed to handle validation failures, how
these mechanisms are impacted by the state of the execution at the time of the validation
failure, and what type of information is neededby the runtime to recover from validation
failure events.
We start by identifying the following rollback mechanisms as facilitating the rollback
of the state of the application in the event of a validation failure.
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Code based, stubs: The replacement of entry instructions at the entry point of
what was previously a valid optimization with an unconditional jump to rollback
and recovery code.

On stack replacement:

The replacementon the call stack of return targets with

unconditional jumps to roilback and recovery code.
c Stack object instance flush'i,ng: The transferring of a stack allocated object
instanceto the heap.

The first two mechanisms are general and may be necessaryfor handling validation
failures acrossa wide range of optimizations. The third recovery mechanism is directly
related to a particular type of optimization, namely stack allocation of object instances
and therefore optimization type dependent. These rollback and recoverymechanismsare
not exclusiveto a particular type of validation and could require employment either with
erecut'ion time or load ti,me validation. For example. in an execution time validation
check, the validation failure event normally redirects either directly to an unoptimized
version of the code or first performs a rollback for some of the state prior to the redirect.
The rollback may include the flushing of stack allocated object instances. In the event of
a load time failure, not only could code stubs be used to redirect future execution of the
optimized region, but it may also be necessaryto flush stack allocated object instances
and even in some casesto reset and re-executeportions of the affected region. In the
remainder of this section we focus primarily on load time validation failure events since
execution time validation failures are directlv handled within the code.

r2l

Rollback/recoveryneeded

Figure 5.9 Abstract view of the necessaryfields in a validation registration.
Load time validation is handled by the runtime as new class files are loaded into the
system. To facilitate load time validation, we have developed an abstract structure we call
a aali'dati,onregi,strati,on.The format of.a aali,d,ati,onregi,strat'ionis shown in Figure 5.9.
The basic fields are the class file name for the class load event needing validation, the
type of validation, and the type of rollback and recovery needed. The type of validation
can either be a coarse grain validation such as the occurrence of the load event itself, or
a fine grain validation such as particular property of a field or method of the class loaded
by the load event.
For example, the caching of the return value for size described in Section 5.1.4,
was based on the assumption that the CH was closed. F\rrthermore, it was observed
that within the closed CH, none of the procedures called within the body of the loop
changed the value of size. If a coarse grain validation is used, then any loading of a new
subclass of ListClazz

is sufficient to trigger a validation failure event. However, our

framework is designed to do better than this. In our framework, fine grain validation
can be specified, requiring that a validation failure event only occur if the newly loaded
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subclassof ListClazz

contain a new version of getElenent and the new version affects

in some way the value returned by size. The validation of this information can be derived
from the CDGs for the newly loaded procedures. Most fine grain validation events use
the information in the CDG/ACG to perform the validation, meaning that in most cases,
without the CDG this type of fine grain validation would not be practical. Therefore,
the CDG/ACG can be viewed as an enabling technology for fine grain validation.
Validation failure from a load event could occur while the execution of the affected
region is in one of the following two states:
o prereg'ion:Not yet entered the affected optimized region of the application.
o in-regi,on: In the process of executing the affected optimized region of the application.

Note the absenceof a postregion state from the necessity for rollback and recovery. Since
the event affecting the validation failure occurred after the region had been executed, it
could not have affected that region of the program. If the region is to be re-executed,
then the state can be handled as preregion.

5.2.!

Preregion execution state

In the preregi,onexecution state, rollback is not necessarysince the region ofcode has
not yet been executed. Instead, the recovery mechanism can simply replace the entry
instruction for the image of the optimized code region with a stub redirecting future
callees to the unoptimized version of the code. It incurs the added overhead of the
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redirection; however,this overheadcan be mitigated, if not completely eliminated, at the
nexboptimization epic.
Figure 5.10 shows an abstract view of how this mechanismworks. The original code
after the optimizer runs is laid out in memory according Figure 5.10(a). Here we have
shown three optimized versions of the same region of code. Note that each optimized
version is branching to a continuation point, Ox1dff. Whether or not the code at the
branch target for the continuation point is optimized is immaterial, so we have not
specifiedit. Note also that the original code continues execution on through the branch
target (continuation code) for the three optimized segments. When a validation failure
event causesa stub insertion, the conceptual approach is to place a hard jump at the
entry point for the region. This is shown in Figure 5.10(b) with the jump to the starting
address of the block marked original. This jump instruction can overwrite the entry
instruction(s) in the block since the remainder of the block's instructions are now dead
code.
There are some additional assumptions made in this abstract representation. For
example, we assumethat the state of the program upon entry to each of the optimized
versions is identical to the state of the program should we have entered the original
code version. If it is not, then the stub must contain any necessarypatch code to bring
this state back to the state the program would have been in had the original code been
entered. For example,if one or more of the optimized versionsused stack allocated object
instances and these object instances were assumedheap allocated in the original code,
then the redirect may not be directly to the original version of the code. Rather, the
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optimized
version
lbranch

nnf

Ox1cff
i mi

zaA
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2
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goto

l"

branch 0x1df
goto Ox1cff
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branch 0x1df
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optimized
version
3

0x1-cf f

0x1-cf f
original
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0x1dff

0x1dff

b) Stubinsertion

a) Abstractcodeview

Figure 5.1-0 Abstract view of code spaceand insertion of redirection stub.
redirection stub would be to a patch code region that flushes the stack allocated object
instances prior to continuing. This patch code could be unique for each of the three
versions of optimized code shown in Figure 5.10. Since the redirection is in the target
entry point for the optimized region, all other code which had this target is unaffected
by the change.
Additionally, this model requires maintenance of the original code. However, most
runtimes do keep the bytecode version of the code available at all times. Therefore, as

125

long as the optimized code and the unoptimized code share the samememory model, call
stack and code space,this level of rollback is achievablein the system.

5.2.2 In-region execution state
The in-region execution state is a little more complex with the required rollback
and recovery being directly related to the aggressiveness
of the optimization. We have
identified two approachesto handling executingregionsof code when a newly loaded class
file causesa validation failure event. The first approach, continue executing, contends
that the event cannot affect the executing code and can only affect future entries into
the region. Therefore, do nothing to the executing code and just insert stubs in the
optimized region for new entries into the region. This is similar to the stub describedin
Section 5.2.7. However,we may be able to get more aggressivewith the optimizations if
we can roll back and re-execute. Therefore, the second approach, checkpoint, rollback,
and re-execute,contends that validation failures are rare events; therefore, the cost of
check-pointing,then rolling back the program's state and re-executingthe affectedregion,
is acceptable. This approach requires extra overhead and recovery code for executing
methods.

5.2.2.L

Approach 1: continue executing

This model allows the region to complete and is only concernedwith redirecting future
entries into the region. Note that this model contends that procedures are located via
a specific object or class instance. There is a limited means in which a referenceto an
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object instance can be obtained in an executing application. These iimited forms are as
follows.

1. Allocati,on: The actual creation of a new object.

2. Field, Access: The obtaining of an object reference via the reference stored in another object.

3. Global Access: The obtaining of an object referencevia the global field of a class
object.

4. Formal Parameter: The referencewas passedto the method via a formal parameter.

5. Callee Retum: The referencewas returned from a callee invocation.

Since this set is finite, and the behavior of the object instances is fuliy specified in the
CDG for each procedure, we are able to track the state of the object instancesinvolved
in the optimization. The main restriction placed on optimizations under this model is
that object instances involved in the optimization must be definitively known not to
escapeeither prior to or during the region being optimized. This means object instances
shared among threads or object instances crossing into speculative nodes in the ACG are
excluded from optimization.
To illustrate why this restriction is necessary,consider again the example class in
Figure 3.9 in which we introduce a user, producerQueue shown in Figure 5.11. At optimization time, the only implementation of ListClazzUser is the one shown in Figure 3.9.
The field Q of producerQueue is declared as static
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and by definition thread escapi,ng.

121: class producerQueue{
I22:
Listclassuser
C;
123:
static
Llstclazz
Q;
<producerQueue>(producerQueue
L24:
!25:
o.C = new Listclassuser0;
L26:
o.C.<ListClazzuser>O;
727:
o.Q = new ListClazz0)
L28:
o.Q.<Listclazz>(1,
rz>i
l
130:
131:
void add,fobs(producerQueue
o,
732'.
o.C.append(produceroueue.Q,

Y Y @

o){

ListClazz
,J);

J) t

134: )

\Aa x

(a) classfile

(b) CDG for addJobs

Figure 5.11 A user class for the classfile ListCIazzllser

in Figure 3.9.

Sincethe field Qis thread escapi,ng,
the items stored on it are not under the sole control of
the executing thread. Under the aggressivespeculative model, the optimizer may want
to inline append and subsequentlygetElenent then add. However, if while the application is running, a new subclassof ListClazz

gets loaded, the results from executing

the optimized code may vary from those of an unoptimized version. It is possible for
a new object instance of the new subclassof ListClazz

to be on the Q list. The new

subclass may use different versions of getElenent and/or add, meaning if the execution
of addJobs is allowed to complete, the result of the execution may not match the unop
timized version. Therefore, under this model, the determination that Q is escaping would
prevent the optimization.
In order to assurea reasonablelevel of reliability, optimizations based on this recovery
model are limited to reference fields known to be thread local and in some cases. the
stricter defini,ti,uely
known subset.
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5.2.2.2

Approach 2: checkpoint, rollback, and re-execute

The secondapproachenablesmore aggressiveoptimizations. The concept is to checkpoint the state of the executioq prior to entry to the region. If a validation failure event
occurs, roll back to the check-pointed state and redirect execution to the unoptimized
version of the code. This is similar in concept to the speculationmechanismsused in most
compilers and processors.As long as state has not been committed, this model works.
It does incur the cost of the checkpoint operation and may involve several checkpoints
and rollbacks for a given region.
To illustrate, we use again the producerQueueclassin Figure 5.11. Again we assume
the CH is closed. This time we perform the aggressivespeculativeoptimizations described
in Section 5.2.2.I that were prohibited under that model. Now the determinationthat
Q is escapingis not an automatic disqualification of the optimization. Instead, further
analysis is used to determine how involved the check pointing would need to be should a
rollback and recovery be necessary.
In the caseof producerQueue, we can observefrom the code that we are only making
a copy of Q and not affecting Q. This observationcan be extracted from examination of
the iCDG/ACG for addJobs. The iCDG is shown in Figure 5.12. To observethat Q
is only read, we can reduce the iCDG by removing all property nodes, then bypassing
and removing the field nodes. The steps and the final reduced version are shown in
Figure 5.13. From observationof Figure 5.13(e),it is seenthat there are only arcs leaving
the node Q. Therefore, we can accurately conclude that we only read Q. Additionally, Q

129

YI
I

ffi
wffi
I

i

-

/ l \
.

tl0.60x
n1ff
i(

",

'

r
- t
l(s,15f

"

l ( s , 121

.rtt'

,14|

l
l

\
I

t'

i

,

.

: ( c , 2 5|

,

t(c,1L

.ic,rc

-

tistclazz.add
Listclazz.size
getElement
Listclazz,
ClazzNode.add
ClazzNode. getElement
ListClazzuser.
append

Figure 5.12 The iCDG for the procedureaddJobsshownin Figure 5.11,.
is written to a field in formal node P1. Fbomthe information containedin the iCDG
of Figure 5.13(a),the optimizer can determinethat the necessarycheck-pointingis the
copying of the original contentsof the field C and its field n prior to executionof the
region. Then if a validation failure event occurs,the original valuesin thesefields can
be restored,any new objectscreated,discarded,and an unoptimizedversionof the code
re-executed.The validation registration for this optimized region would consist of the
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(a) initial iCDG with supernodesremoved

Ic,21,

\--l

(c) nodes(C,14) and (C,11) removed

Y V6D
*-------------\--l

(e) all field nodesremoved

Figure 5.L3 The intermediategraphsand final iCDG after removing field nodes.
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classfile names ListClazz and ListclazztJser.

It would also specify that the type was

coarsegrain since any new version of these class files could invalidate the optimization.
The rollback/recovery would specify both a code and a call stack entry. The code entry
would consistof the sameredirect to original version of the code discussedearlier. For the
call stack entries, a stub could be inserted at the previous return points in the optimized
code. This would then cover future entries into the region and returning entries.
For the caseof executing code, the runtime must be able to signal the execution that
a validation failure event has occurred. One way to signal the execution is by use of a
flag. The optimized version of the code could check the flag prior to a commit of the
state changes.If the flag is set, do not commit, but roll back to the original version and
re-execute. Note that since the optimized code entry point has been replaced with an
unconditional branch to the original code, the re-execution will automatically redirect
to the original. Since only the optimized version of the code would check this flag, the
setting of it would have no effect on the unoptimized version.
However,there may be no definitive way to determine if all optimized code segments
have completed executing without examining the call stacks of every thread. Therefore,
it may be difficult to determine when it is safe to clear the flag. For this reason, it may
be desirableto use a flag located within the code spaceof the optimized code segment.
Although these models cover the state of the runtime at the time of the validation
failure event, they do not fully discussthe intricacies of specific optimizations.
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5.3

Additional Optimization Examples

Optimization concernsand validation of optimizations can also be specificto the type
of optimization employed. In this section, we cover some of the types of optimizations
introduced in Chapter 3 and what forms of validation would be necessaryto enable aggressiveoptimizations. Additionally, we addressoptimization implementation concerns.
Where appropriate, we show how the information contained with the CDG could be
used to specify a fine grain validation, thus potentially expanding the lifetime of the
optimization.

5.3.1 Stack allocation of object instances
In Chapter 3 we introduced the use of the iCDG/ACG for the discovery of stack
allocatable object instances. In Chapter 4 we focused on the analysis necessaryfor
discoveringstack allocatable object instancesat first allocation. In this section, we now
address optimization implementation models and concerns for the implementation of
stack allocation optimizations.
First, if the runtime is using an interpreter based start-up, then the interpreter must
be stack allocati.onauare. This means that instructions such as getf ield and putf ield
that used to go through the memory manager to the heap, now need to be redirected
to use the stack. Ideally, we would like to replace these instructions with instructions
that are specific to the runtime's interpreter and identify these as stack allocations and
accesses.This can be accomplishedwithin the current bytecode code space. Note that
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in the Java Virtual Machine specification,only 205 of the available256 unique bytecodes
have been assigned[29]. This gives 51 available unique bytecodeswithin the instruction
space. The use of the unassignedbytecode space allows the runtime to replace in the
code array for the method, the original heap accessinginstruction with the new stack
local accessingversion. This can be done swiftly upon entry to the method if the CDG
is used. Sincethe CDG contains the bytecode addressof each accessby a heap-accessing
object instance, and it also associatesthesewith their given object instances,the runtime
has the necessaryinformation to implement this change. Furthermore, since the use
of the "special" instructions is internal to the runtime and not visible outside of it,
it does not affect other runtime implementations. Additionally, if future changes to
the Java specificationsuse this address space, the runtime will need to be redesigned
to accommodate the new instruction and at the same time the "sDecial" instructions
can be adapted. The original specifications showed a similar use of this unassigned
bytecode spacewith the use of the "quick bytecodes" by the original implementation of
the interpreter [38].
However,not all calling contexts have the same results. Referring back to Figure 3.5
in Chapter 3, the decision on which object instancesto stack allocate was based on the
type of the object instance used to locate Hoe. Therefore, the heap accessingbytecode
instructions that need replacement with stack accessingcounterparts are dependent on
the runtime type of Clazz o. Since the decision of which bytecodesto replace is made
based on calling context, then the code may only be appiicable to this one use.
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One way to handle this is to have a main code buffer for the original bytecodeimage of
the code. The class'smethod table would point to the main code buffer version. When an
analysissuch as the iOCG/ACG describedin Chapter 4 identifies stack allocatableobject
instances, a specializedversion of the method could be created - for example, copying
the main code buffer contents to a new memory location, replacing the instructions used
to accessthe now stack allocated object instance, and returning a pointer to this new
location. When the method's execution completes,since this was calling context specific,
the code spaceis collected. This can be done as a trigger on the call stack, thus allowing
the code space used to house the specializedversions to be collected. Collecting and
regeneratingthe optimized segmentscan prove expensive. Therefore, in Chapter 7, we
addresssome future work that may allow efficient context matching and reuse some of
the optimized methods.

5.3.1.1

Flushing of stack allocated object instances

For optimizalion time stack allocation decisionsdescribedin Chapter 3, the decision
is basedon the modei being used - always safe,sometimessafe,or speculative. However,
in the event of a validation failure, the object instance may need to be moved from the
stack to the heap. This can involve additional overheadboth in the implementation and
the design.
If object instanceshave been allocated on the stack instead of through the heap, then
when flushing the object instance, all referencefields must also be updated. Therefore,
the decision as to which object instancesto stack allocate needsto be weighed against
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the recovery cost of validation failure events including the expected failure frequency.
Therefore, once an object instance has been identified as stack allocatable, the next
important criterion for determining whether or not to stack allocate it is the type of
fields it contains. We ciassify the object type criteria for stack ailocation progressing
from easiestto implement and recover from to hardest, as follows:
1. All fields of the object are primitive values.

2. One or more referencefields in the object but all referencefields for the given object
instance point to stack allocated object instances.

3. One or more referencefields in the object and the referencefields may point to
stack or heap allocated object instances.
For the first case, all fields are primitive: should the object instance need flushing,
then only the stack allocated object instance is affected. Therefore, the flushing is a
simple copy from the stack to the heap. For the secondcase,all referencefields point to
other stack allocated object instances,then the flushing of one object instance may have
a rippie affect. For example, if other stack allocated object instances point to it, then
they also must be flushed to the heap for this property to be maintained. Note that the
efficient implementation of such a property may require the use of double-endedpointers
to keep track of a1l object instanceswith fields pointing to a given object instance. This
overheadcould mitigate any benefit from the optimizalion. The third casecomplicates
the secondeven further. Note that when the memory manager collects unused memory
locations, it often moves object instanceswithin the memory space. Under this model,
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even if an object instance that had been stack allocated should remain stack allocated,
then at every garbagecollection epic, the referencefields accessingheap allocated object
instanceswould needupdating. Therefore,when implementing a speculativeoptimization
model, it may be desirableto restrict stack allocated object instancesto case 1.
Although stack allocation of object instanceshas the potential to show significant performanceimprovement, care should be taken when applying the speculativeoptimization
model to this form of optimization so as to not mitigate the benefits.

5.3.2 Synchronization removal
In Section 3.4.2, we showedhow the iCDG could be used to identify redundant and
unnecessarysynchronization operations. FurthermoreTwe showed how these operations
could be eliminated. In this section we address the types of validation, rollback, and
recovery necessaryfor both the sometimessafe and speculativeoptimization models.
In the someti,messafe model, nested synchronization may be removed along one of
the paths but not the other path. This is becausethe other path is assumedunbounded,
meaning the set of potential targets for the calleecould expand at any instance. Furthermore, the expanded set has the potential of allowing to escapean object instance that
was thread-local based on the iCDG when the code was optimized. Therefore, in order
to enable aggressiveoptimizations, the someti,mesale model needsto checkthe escaping
state of referencespassedacrossthe calleeboundary to determine if it is safeto continue
in, or possibly even return to the optimized version of the code. This level of validation
can again be accomplishedusing the CDGs for the callees.
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Figure 5.14 A new subclassof syncClazz in Figure 3.6.
Figure 5.14 showsa new synchronizedclassfile that extendsthe syncClazz introduced
in Figure 3.6. At the time the optimizer runs, syncCLazz and syncCLazzAhave been
loaded by the runtime. While optimizing Hoe, the optimizer makes the decision under
the sometimessafe model, to inline the sync0lazzA version of Foo. The optimizer then
makes the decision to inline the context monomorphic version of Bar when the context
is from classesSyncClazz or SyncClazzA. Once inlined, the optimizer is able to remove
synchronization operations from the call to Foo, and Bar, as well as the synchronized
block within the syncC1.azzl implementation of Foo. However, the internal removal
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540:
541:
542:.

5r3:
5lt:
5t5:
516 r
517 t
5 1 8r
5{9:
550:
551:
552:
553:
554:
555:
556:
5 5 7:
558:
559:
560:
56L:
562:
563:
564:.

slmchronized Hoe(slmcClazz o) {
/ /same as before
//embedded check
if (o inetanccof
slzacClazzA)
versioD of, Foo fro
//ialined
I lsyacCLazzl
//enbcdded
chec*,
tf(o.f
inetsancoof, eyacClazzA I
o. f iaetaaceof
elzacClazz ) (
//no glracronization
block
q . r t
version
//inliaed
of Bar fron
I leytcCLazz
) else {
//embedded check failure
(r) t
slmchronized
q = r i
o.f .Bar(p,q);
)
)
) else t
//embedded check failure
o . F o o ( a , b );
)

Figure 5.L5 The conceptual view of the sometimessz,feinlined version of Hoe.
of the synchronization block is only done on one path. On the alternative path, the
synchronization is still present.
Figure 5.15 shows a conceptual view of the somet'irnessale optimization model for
this form of optimization. Note that there axe two embedded validation checks, one at
line 543 to determine if the inlined version of Foo is valid, and one on lines 547 and.
548 to determine if the inlined version of Bar is correct. For the second check. on the
vaiidation failure branch, the svnchronization block remains intact. The second branch
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57L:
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573:.
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575:
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577:
578:
579:.
580:

synchronized
Hoe(slmcClazz
o) i
/ /sane as before
check
//embedded
if (o instanceof
slmcClazzA) {
version
of Foo f
//inlined
/ / symcClazzA
//embedded
check

if (o. f instanceof
slmcCLazzA | |
o.f instanceof slmcClazz) {
block
/ /no symcronization
q =r,'
version of Bar from
//inlined
/ / syncClazz
i else {
//embedded check failure
if (lotllrrl
2 in thc CDG of Bar door
q = r ;
o.f .Bar(p,q);
)else {
synchronized(r) {

561-:
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5 9 1:
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5 9 3:
5 94 :

Sometimesafecheck
using CDG information
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qscaDo) (

r,

o.f .Bar(p,q);
)
)
)
a'l ca

F

//embedded check failure
o . F o o( a , b ) ;
)

Figure 5.16 The conceptualview of lhe someti,rnes
safeinlinedversionof Hoeutilizing
the CDG.
could havebeenoptimizedfurther by eliminating the synchronizationblock there as well
if the CDG for any new versionof Bar is checked.
Figure 5.16now showsa somet'inxes
safeversionof Hoewhich becomesmoreaggressive
by exploitingCDG information.In this versionwe performnot just a type checkon o. f ,
but in the event this type checkfails, we perform a property checkon the CDG of the
new versionof Bar. On line 580,the optimizedversionchecksthe CDG to seeif the new
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version of Bar still retains the property allowing the synchronization removal. If it does
not, then a version with the synchronization block is called.

5.3.3

Code motion after inlining

Sometimes even though an optimization is someti,me safe, the information in the
iCDG can be used to help guide code motion decisions. For example, in the sometimes
sale optimized version of Hoe shown in Figure 5.16, the assignmentq = r occurs in each
of the branches. F\rrthermore, from the CDG for the syn.cCJ.azzA
version of Foo shown in
Figure 5.14 it can be seenthat the value of r remains thread,localin the region preceding
the call to Bar. Therefore, the assignment statement can be moved out of the blocks
and above the first validation check at line 573. This new version of Hoe is shown in
Figure 5.17. The optimizer can employ similar usesof the CDG information to perform
code motion and potentially improve the level of optimization.

5.4

Conclusions

In this chapter we have presented many new concepts and ideas. We have classified
not only the types of optimizations but also deveioped models for validation, rollback,
and recovery. We have shown, in most cases,how the CDG, ACG, and subsequentiCDG
can be used to implement several forms of validation. We have motivated the design of
this validation, roilback, and recovery system with intuitive examples. In Chapter 7, we
discuss future work for implementing this portion of the framework.
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Figure 5.17 The new version of Hoe after code motion for Figure 5.14.
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CHAPTER 6
RETATED WORK

The research presented in this disseration builds upon the past research of several
researchers.First, in the field of program analysis severalof the techniques used here were
developed from research in the field of object oriented program anaiysis. Although the
majority of this work related to languagessuch as C+* or SmallTalk, it was still partially
applicable to this problem domain.

Additionally, over the past several years, many

researchershave mapped Java back into a "closed-world" model in order to explore the
opportunities for optimization. Some of these researchershave expanded into the realm of
dynamic analysis focusing on a subset of the problem set. In addition, we have designed
specific runtimes additions and therefore the design of Java runtime implementations is
also related to our work. In this chapter, we review the previous research most closely
related to the work here. We compare our work and design with the work of these
researchers.

6.1

Static Analysis

Research into the use and behavior of references within an application as been an
active topic for several years. The focus has ranged from trying to track the behavior
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of referencesin programs, to trying to determine an efficient cail graph for polymorphic
languages,thus reducing the analysis space. However, referencetracking or alias analysis can be complicated in object oriented languagesby the inclusion of referencefields
within objects. Deutsch, [7] presentsa technique for alias analysisthat actually attempts
to follow the fields within structures. It usesa numbering technique to identify the fields
and works well when the set of class files is closed. However, in a dynamically loaded
application, this assumption is not valid. Diwan et al. [39] describesa type based alias
analysis for modulo-3 programs and its extensions into Java. They start by showing
results for an analysisbasedonly on type information. They then apply severalimprovements from field disambiguation to, finally, flow sensitivity. They also demonstrate that
type information in strongly typed languagessuch as Java can be used to reduce the
conservativenessof assumptionswhen optimizing an incomplete program. Furthermore,
they show that parameter types can be used to eliminate potential aliasesfrom the set of
aliases. We have incorporated both the field disambiguation and the flow sensitivity in
the CDG representation. Furthermore, we do not try to eliminate potential aliases.This
is becauseour interprocedural analysis is dynamic, and in most casesthe elimination of
extraneousclassesis an artifact of the svstem.

6.1.1

Class hierarchy and call graphs

Restricting the input set of classfiles in a polymorphic application is critical in static
analysisin order to bound the analysisspace. Reducing the number of classfiles assumed
used by an application can also reduce the amount of conservationin the analysis and
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thus increase the precision of the results. DeFouw et al. [S] try to restrict the set of
class files needed for the call graph construction by computing a set of classesthat a
runtime variable can resolve to. They then use this to cull out unreachableprocedures
from the call graph. The method is successfulin reducing the size of the cali graph
when the full set of files used by an application can be assumedclosed. Grove et al. [10]
focus on the same problem space,reducing the number of targets in a call graph for a
polymorphic application. They studied Cecil and C++ appiications and found that the
target of virtual function calls within a given application tended to have a very peaked
distribution.

Furthermore, they discovered that this distribution remained relatively

consistent through several generationsof the application. Although static, this finding
may extrapolate to changesin a dynamic application. As such, the information could be
exploited to reduce some of the overhead in our system. We addressthis in our future
work section.
Bacon and Sweeney[12] comparedthree static methods of virtual function resolution:
unique name (UN), classhierarchy analysis (CHA), and rapid type analysis (RTA). The
UN is a Iink time algorithm and looks for unique names within the object files to eliminate those calls as being virtual. CHA usesthe statically declared types of the objects
in combination with the classhierarchy of the program to determine virtual method resolution. RTA improves upon CHA by using instantiated type information to reduce the
potential call sites in the graph. All three depend and require accessto the full code for
the application. The introduction of new subtypes or code dynamically to any of the
methods could cause the analysis results to be incorrect. For an application that has
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full code knowledge,the RTA performed the best of the three methods with comparable
costs to the CHA. As we addressedin Chapter 3 the dynamic nature of our problem
spaceautomatically culls a large portion of the class hierarchy for us. Although the full
dynamic class hierarchy may be too much for a smaller region of the application, the
use of CDG information when resolving targets in the ACG/iCDG construct eliminates
additional potential targets. Therefore, in our model, we do not attempt to employ these
techniques.
Calder and Grunwald [11] showed that profile information can accurately predict
targets of indirect function calls, thus reducing the costs of resolution. By resolving
the target of indirect calls via profiling, the calls for the common target can be inlined
with a check used for the uncommon branch. They showed that this aliows not only
the optimizations normally associatedwith inlining but also allows the branch target
hardware to predict the branch and eliminate the need to stall while the indirect call is
resolved. This is similar to our somet'imesale model of optimization. The interesting
finding in their work is the effect of the check on the branch target buffer (BTB), thus
suggestingthe costs may be mitigated by standard hardware features. We have not
examinedthis closelyand consideran investigation of exploiting the BTB and potentially
predicate registers in a given hardware design to facilitate some of the validation and
optimization models as future work.
Sundaresanet al. [21] build a call graph starting with a class hierarchy graph of all
the class files in the application. They approximate the runtime types of the receivers
when building the call graph. They refine RTA by using a reachability graph. The graph
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maps assignmentsto the types that can possibly reach a given node N. Therefore, a type
must not only be instantiated in the program but must also have a valid path to the
node in the call graph. They aiso collapsestrongly connectedcomponentsin their graph
using a set of types to represent the type of the new node. They show that with the
mapping back to class type and the collapsednodes, their analysis can be performed in
linear time. Again, their work hinges on a static "closed-world" view of the application.
There may be some gain during the construction of the ACG/iCDG by employing these
techniquesto further reduce the set of potential targets.
Grove et al. [14] developed a formal specification for call graphs based on a lattice modei. They then used this specificationto evaluate different context sensitive and
context insensitive call graph construction algorithms. They found, at the time, that
interprocedural analysis had a noticeable impact on Cecil applications but not as substantial an impact on Java applications. However, this work was conducted soon after
the introduction of Java as a programming language. Java applications have grown substantially in both size and complexity since this early work. They have also increasedin
the level and degreeto which they employ the polymorphic properties of the language
thus making their behavior closer to the Cecil programs studied in this work. They
did find that flow sensitivity improved the results but did not scale well with the level
of improvement versus the increasecomplexity. In our design, we incorporate the flow
sensitivity in the intraprocedural analysis phase. We then store information on all potential definitions that can reach a given use in our CDG representation. Combining this
with other techniques,the runtime can choosethe desiredamount of interprocedural flow
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sensitivity dependent on the cost constraints of the system. This allows the runtime to
incorporate a reasonablelevel of flow sensitivity into the particular analysis, scaling it
as desired. We have not done a cost/benefit analysis on how much gain there is from
different levels of flow sensitivity during the ACG/iCDG construction phase. This is
part of the future work. Grove et al. also found that interprocedural escapeanalysis
was sufficient in enabling allocation optimization. They also suggestedthere could be
a substantial gain from incremental algorithms not only for scalability but for handling
dynamic class loading features.

6.1.2 Interprocedural propagation
Object oriented programming styles tend to use polymorphism to implement control
decisions.This tends to make the program decisionlogic more call-basedthan languages
such as C. Therefore, the need for interprocedural analysis in order to optimize becomes
more critical. Researchinto the analysis of object oriented applications has centered
around the need for interprocedural analysis and the need to answer if not the general
question of how referencesor data behaves,then a specific question.
Burke [40] deals with interprocedural analysis in Pascal and Fortran style programs.
They use summary functions to representthe intraprocedural information and then propagate the information interprocedurally using the resulting summary function. The use
of intraprocedural summary functions is similar in concept to our use of CDGs. However, the information we include in the CDG goes beyond that of a standard summary
function, thus enabling a wider range of analysis and, ultimately, optimizations.
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Chatterjee et al. [2] use a similar approach with summaries of the intraprocedural
information. They adapt the approach to polymorphic languagesforming a class hierarchy and conservativecall graph for the interprocedural propagation phase. We take
a similar approach with our use of CDGs for the procedures and the combining of the
CDGs interprocedurally to find a solution. However, the dataflow element (dfelm) rsed
in their analysis representsonly points to pairs and potential pairs either intraprocedurally or propagated interprocedurally. They do not retain the information on the type
or use, which we do retain in the CDG. The additional information contained within
our CDG representationaliows us to utilize it for a wider range of analysis as detailed in
Chapters 3 and 5. Additionally, becausethey have a closedworldview, they combine the
information from all potential call sites at a given node in the call graph. We, instead,
only try to combine in this fashion in the speculative optimization model. In our other
models, we avoid combining the CDG information from multiple potential targets when
forming the iCDG. Goodwin [9] also addressesthe problem of interprocedural analysis.
He uses the analysis to compute live registers and thus improve register allocation in
an actual optimizer. He handles the dynamic portion of the application, such as calls
to dynamically linked libraries, conservatively.Since we delay the interprocedural phase
until runtime, our analysis can eliminate some if not all of this conservatism,making our
results potentiaily more precise.
However, sometimes a general solution is more than is necessary. Another form of
static analysis that is similar to the work we have done is that of program slicing. A
program slice is a form of analysis where the state of a program is examined at a given
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point in order to answer a specific question. This is similar in concept to the work we presented in Chapter 4 where we looked at a specific context of the execution state ro answer
the specific questionsconcerningstack allocation of object instances. Duesterwald et al.
[5] and Horwitz et al. l2 ] both present techniques to solve interprocedural equations
for specific answers by walking backwards through the call graph and terminating once
an answer is found. Reps and Rosay [6] describe a form of programming slicing called
chopping. They use the chop or slice of a program at a given point with a given state
to answer a specific question. They do assume that they have a closed worldview of the
application.

6.2

Java Specific Research

Early research into Java applications approached the problem by applying techniques
from earlier research into object oriented languages. They mapped the dynamic application state of Java back into a closed worldview of the application and focused on areas
that set Java apart from the other languages.

6.2.L

Escape analysis

One key concept soon surfaced as a delineating factor in Java applications and that
was the use of threads. Researchsoon focused on how to determine which object instances
were shared among threads and which remained local to a given thread. Blanchet [15]
published one of the first works in this area and used the term "escape analysis" to de-
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scribe his technique. One of his primary contributions is the use of height information to
representthe fields and relationships betweenobjects in a program. He then constructed
the full call graph for the application, and used a forward and reversetraversal algorithm
using iteration to settle strongly connectedsubgraphs. This is similar to how we settled
the strongly connectedcomponentsin the ACG/iCDG construction. The differencebeing that he is using a points-to relation and connecting the intraprocedural information
conservativelyrelying on the type height values to cull out extraneousprocedures. We,
on the other hand, contain more than just points-to information in the CDG. Therefore,
we only connect the components if the context matches and stop at a maximum depth
otherwise. His work focused on method local determination and stack allocation of object instances. One of the first works to show a performance improvement in this area,
his system was implemented in turbo-J which converts Java to C code. The main drawback of his work is that it assumesa closed worldview of the application when making
the height determination for the fields and the relationships between the objects. It is
not clear from this work how the technique can be adapted when the set of class files
may change. The dynamic changescould invalidate height assignmentsby enclosingnew
cyclic regions into the class hierarchy representationhe uses.
Aldrich et al. [20] also present a method of performing escapeanalysis on a closed
worldview of a Java application. They use the results of the escapeanalysisto eliminate
redundant synchronization. They are also able to eliminate synchronization on thread
local objects. They showed a significant performance gain could be achieved if these
redundant operations were discoveredand eliminated. Ruf [16] presentsa similar tech-
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nique using a closed-worldstatic view of a Java application to perform escapeanalysis
for synchronizationremoval. What made his work unique is that he does not restrict synchronization removal to only thread local object instancesbut also tracks *no u.tuutty
locks each unique object, whether or not it has escapedthe control of a single thread.
Becausehe usesa closedworldview, he is able to perform this level of determination, and
therefore can removesynchronizationfrom global objects that are provably only synchronized by one thread. The call graph he usesemploys a form of method specializationto
handle calling context by duplicating the method summary at each call site and unifying
it for both the caller and callee. This is similar in concept to our speculati,ue
optimization
portion of the mixed model describedin Section 5.1.4 of Chapter 5. He usescontext sensitivity in his alias analysis tracking, which allows him to do a better job of identifying
objects that are only synchronizedby one thread. We showed in Chapter 3 how our
CDG/ACG formulation could be used to perform a similar form of escapeanalysis on
a dynamic application. By using the CDG/ACG, the closed-worldassumption of these
previous researcherscan be relaxed. We then showedin Chapter 5 how our system enabled aggressiveoptimizations by incorporating the appropriate validation and rollback
mechanisms.
Rountev et al. [18] describe a method of doing points-to analysis for Java programs
in such a way as to annotate the information in the points-to graph to included more
detailed method and field information. By doing this, the authors show they can reduce
the space required to hold the points-to graphs since the field information results in
smaller graphs. With the smaller graph, they can also improve the accuracy of call
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graph construction over HfA since the method information allows for better resolution
of virtual function calls. They also show that the information can be used to identify
method local and thread local objects. They assumeaccessto the entire application code
and do not addressthe problems associatedwith dynamic class discovery. Although we
include more specific use information about the object instance, we also include field
information in the CDG. The points-to relation we derive from the CDG, as describedin
Chapter 4, folds out this information to enable a very swift interprocedural propagation.
However, becausethe field information is present, their form of points-to relation could
be derived from the CDG if so desired.
Choi et al. [25] describea method of performing escapeanalysisthat usesan abstraction called a connectiongraph to representthe interrelationshipsbetweenobjects. Nodes
in the graph contain a set of information pointers that point to fields of the object: a
points-to edge that is establishedat a creation point, and deferred edgesfor assignment
statements. A set of possible definitions for a variable are located by traversing all of
its deferred edgesuntil they terminate in points-to edges. They talk about the notion of
bottom graphs to handle methods for which they do not yet have an analysis, such as
native methods or methods not yet ioaded. They say they exploit the strong type system
in Java to resolvethese. Thev do not talk about how thev handle the dvnamic classfile
Iocation and creation in Java where a new subclasscould appear at any moment. This
would mean that almost all of the methods have the potential of being bottom methods.
They do not state how they handle the escapingvalue of object instancesthat could be
passedto bottom methods.
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Bogda and Hulzle [17] present an interesting method of performing a quick version
of coarse grain escape analysis. They ignore the control flow in the first pass, only
looking for certain types of expressions and setting an escaping property based on the
expression. They define the notion of s- escaping, that a reference is stored in a heap
object and therefore the referencevalue escapesthe stack. With this definition, they
identify expressions of the form x.f - y and y : x.f as s- escaping and propagate this
information to formal parameters of calls. The assignment must be to an already sescaping reference or to a ciass object (static). Exceptions are treated as s-escaping
and arrays are treated as one whole object. They perform the analysis on the OSUIF
intermediate representation, which has already transformed the code into expressiontrees
based on a static closure of the application. The static closure conservatively maps all
polymorphic call sites to the full set of legal methods for the resolution. The technique
provides a conservative and safe solution to the problem space. We have taken a different
approach in that we identify these types of expressionsas reference affecti,ngduring the
intraprocedural analysis phase. We, however, do not try to propagate properties during
this phase, but rather compactly represent the relations and properties in the CDG.
This enables our technique to not only improve precision by delaying the interprocedural
propagation until we have a ACG, but also to cover a wider problem space than their
solution.
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6.2.2

Static stability,

(6leaf"

class/procedure

determination

Some researchersfocused on how to discover portions of the Java application that
could not change in the presenceof dynamic class loading. They then optimized these
portions based on the provable stability of the code segments.
Ghemawat et ai. [41] performs a form of analysis restricted to individual class files,
called field analysi,s.Their analysis derives properties about fields in a given class file
using Java declarationssuch as public, protected, and private. They then examine every
load and store to a static single assignment(SSA) form of the methods within the class
file to determine such properties as never null or always class C, not a subclassof C.
They determine whether or not a field is always initialized, can be inlined, can be leaked,
etc. Then then use these properties to determine if a referenceescapesa method. In this
regard, their work is similar to our always sa/e optimtzalion model. The key differences
are that we perform our analysis and determination on a particular application's use of
the class files and do not restrict the analysis to a single classfile.
Zaks et al. [22] present a form of static analysis that exploits the Java package
security guaranteesto "seal" a set of calls. By extrapolating these security guarantees
into provable states for classesand methods within the package,they can devirtualize
call sites within the package. They construct a class hierarchy graph of each package,
then traversethe graph for a given method to determine whether or not it is sealed. Only
methods found not to escapethe packageare sealed. They showed a performance gain
from this form of optimization. This work is complementary to our work and part of
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what we use to define "leaf" procedures in the alwaEssafe optimization model described
in Chapter 5.
Sreedhar et al. [23] define a system that analyzes part of the application prior to
execution. Their analysis allows them to determine methods that can only resolve to
one possible target at runtime even if a new class is loaded, extant, and methods that
could have a different target at runtime if their type is different due to class loading,
nonextant. They also present a framework for how to identify where to place checksfor
nonextant methods so that the correct version of the code is called. This is similar to the
ACG known and speculati,uenodes and the always sale optimization model. However,
we make no assumptions about the application ahead of time. Therefore, we can handle
a fully dynamic application.

6.2.3

Addressing dynamic applications

Several researchershave also begun to study the problems associatedwith optimizing
a dynamic application. Whaley and Rinard 142]wre among the first to addressthe issues
of dynamic application analysis with the creation of the points-to escapegraph. This
graph is used to determine escaping information via a compositional points-to graph.
The program is represented with CFG that has only those statements that are relevant
to the analysis. This is similar to the representation we describe in Chapter 2 for the
intraprocedural phase of our analysis. They do not, however, discuss how they represent
exception controi flow or finally blocks within their CFG representation, but state in the
paper this is assumed correct. For interprocedural phase, Whaley uses a call graph to
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determine caller-calleepairs. The points-to graph contains nodes for each object creation
point, and there are severalfine grain variations on the node types describedin the paper.
It then representsinteractions between the nodes in the graph via edges. The algorithm
allows for the insertion of new information should an unknown callee become resolved.
They do not discusshow they concludethat a calleesite has obtained all potential callees,
handle dynamic classcreation, or how they adjust information in the presenceof behavior
changesin the application. The algorithm computes a safe solution using a join at call
sites. The points-to escapegraph is similar in concept to the CDG; however,the CDG
contains both finer grain detail for the object instances and flow sensitive information.
Furthermore, we do not restrict nodes in the CDG to just creation nodes. In this regard,
the points-to escapegraph is closerto a directed form of the OCG describedin Chapter 4.
Whaley later expanded this work to enable a form of partial method optimization [26].
They use profiling to identify rare code block as BBs that were not executedat all during
the profiling phase. They replacerare BBs with stubs that transition to interpreted code.
They ignore rare paths in their escapeanalysisand stack allocate objects that are method
local. If the object could escapealong the rare path and the execution traversesto the
rare path, then the objects are copied from the stack to the main heap and pointers are
updated. This approach is similar to what we discussedin Chapter 5 for Nhesomet'ime
sale model of stack allocation. We, however, addressnot only the concernsof a single
object flushing but also related objects.
Vivien and Rinard [43] present a system that uses the points-to escapegraph in a
dynamic optimizing runtime. They compute partial points-to escapegraphs that denote
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objects that escapetheir allocating method. They do this dynamically with resolution of
method information dynamically folded in. In their approach,each method has a pointsto escapesgraph for the objects it uses. Information from eachmethod is folded back into
the bigger picture. For methods not yet resolved, the objects are consideredescaping
and the method is marked as unresolved. The algorithm computes which unresolved
method could produce the best returns and analyzesthat one next. They perform the
analysison a CFG which has been preprocessedto contain only the referenceinformation,
assignments,field accesses(load and store), creations, and invocations. This is similar to
the CFG we use in Chapter 2. Each method is initially processedunder the assumption
that the parametersare unaliased. If parametersare found to alias, the nodes are merged
to conservativelyrepresentthe aliases.This is similar to our use of the CDG to construct
the OCG in Chapter 4. The primary differencebetweenthe OCG we use and the points-to
escapegraph used here is that we have removed direction from our graph, thus enabling
swift, dynamic decisionson first invocation.
Severalresearchershave applied the points-to escapegraph representation to static
analysis as well. Salcianu and Rinardl44) expand points-to escapegraphs to now cover
multiple threads executingtogether. The goal is to verify region basedallocation schemes
where objects used within the lifetime of regions of a group of threads do not exceedthe
region. This is common in many forms of parallel applications. The goal of this analysis
is to allocate the object instancestogether, thus freeing the whole block once the region
completes. Therefore, they look for referencesthat outlive a region, thus escapingthe
region, versus escaping a given thread. In this regard, it is similar to our use of the
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CDG/ACG information to provide hints to the memory manager for allocation. They
can also use the thread graph to discoverobjects that are shared between the treads but
only synchronizedby one thread or separatedby thread start barriers. This allows them
to eliminate synchronization on objects that intrathread algorithms could not identify.
Our CDG/ACG representationcould be used to perform a similar form of static analysis.
Souter and Pollock [45] use a modified version of the points-to escapegraph to study the
def-use association between aggregate members of classesin the calling context of a
class/application. An aggregate relation is when a class of type A contains fields of
class B. They used the modified version of the points-to escapegraph to compute and
represent the def-useinformation. They suggestthat the improved def-useinformation
computed by their annotations to the points-to escapegraph could be used to improve
program testing tools. This type of information is already contained within our CDG
representation. Therefore, the CDG could be employed in a similar fashion for program
testing.
Several researchershave also presented the use of partial information to perform
optimizations in a running application. They also suggestthat some form of validation
and rollback may be necessary. Pechtchanski and Sarkar [46] perform an optimistic
optimization on a partial call graph as then known by the application. This is similar
to our optimization models based on the ACG formulation as described in Chapter 5.
They use validation and have fix-up code for when the assumptionswere incorrect. They
do not give detail on their validation system and speak very abstractly about registering
requestsand performing corrections. This makesit difficult to understand how it actually

159

accomplisheswhat they claim it does. To perform a form of validation, they use a value
graph for type information. The graph is used for type inference. Since a graph is
constructed in a single linear pass, a graph of each new method executed is constructed
and folded into the global graph. If a type assumption used for an optimization is
violated, the code is invalidated and execution returns through unoptimized code. They
do not perform analysis with this representation but only use it for quick validation.
The information in the CDG can be used for the same purpose. However, the CDG
contains much more information and enablesa richer set of analysis and validation tools.
Therefore, our design solves a much larger problem space than the specific case value
graph. They also do not address the form of the validation or the mechanisms for
redirection to the unoptimized portion of the code.
Ishizaki et al. l 7] describea form of devirtualization of methods using a partial CHA
of the appiication. They "fix up" code when they discover a new class that overrides a
method that had been devirtualized and inlined into another method. Thev locate the
collision by use of a result cachethat contains not only the classresolution information,
but also addressinformation on which locations in the code stream need patching. They
patch the code stream by inserting a branch to redirect to the new virtual call. If code
motion was used around the inlined site, the redirect of the branch may include fix-up
code. This is similar in concept and design to our validation registration described in
Chapter 5. The primary differencesbetweenour design and their result cacheis our ability to specializevalidations to specificstate changesby use of the CDG. Furthermore, we
can specializethe rollback and recovery to the particular optimization. We also present
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a simpler design than the backward patching describedhere, with our use of redirection
stubs at the optimized code segmententry point. Although this adds overheadto the target sites,we assumethe overheadis mitigated by the next run of the optimizer during the
next optimization phase of the runtime. Therefore, we view this added overheadas only
temporary. We further addressthe need to check-point and roll back should a devirtualized method get overridden. However, we do not addressthe additional issuesinvolved
with interface definitions and leave that expansionto future work. They also keep track
of how many dynamically loaded classesimplement each interface. If only one class is
found to implement it at compile time for the given method, the interface invocation can
be weakenedto a virtual invocation with the potential of further weakening.

6.2.4

Enabling aggressive optimization through annotations

The use of annotations within classfiles has also been suggestedby other researchers.
Azevedo et al. [48] was one of the first published works to suggestthe use of annotations to improve code generation in a dynamic Java application. They present a set of
annotations to be derived from Java source code and annotated into the bytecode files.
They store the annotations using the attribute fields. We, on the other hand, do not
assumesourcelevel accessand derive our information from the bytecode representation.
We do, however, also exploit the attribute properties of a bytecode file to persistently
maintain our intra-procedural information. They store information such as register allocation, mapping it back to the bytecode stream. They are primarily concernedwith
quick code generation. We, on the other hand, use annotation to store information about
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the interrelations of referencefields within a method. Our goal is to enable swift runtime
optimization by amortizing the costsof dynamic runtime analysis. Krintz and Calder [49]
also suggestedthat annotation may benefit runtime code generation. Their goals were to
design a generaipurpose annotation that could be used by a wide range of optimizations
as well as reduce the size expansionof such an annotation. They reduce the size by using
a single Unicode character for the annotation type name in the constant pool and by
gzipping the annotations. Since all other VM wili silentiy ignore this annotation, only
theirs needsto know that it is in a gzip format. They annotate the entire class file, not
each method. They annotate information for global register allocation, flow graph construction, inlining, profile basedmethod priority (optimizing), and constant propagation.
Their annotations are application specific and cannot be used for library functions as of
this publication, but they plan to extend that. They are also runtime specific,while our
CDG is designedto be runtime independent.

6.2.5 Validation
Validation of threaded applications has been an active area of researchfor several
years. Recently, researchershave begun to addressthese concernsin Java applications.
Corbett [50] presentsthe design of a system that is capable of detecting unsafe sharing
and synchronization problems in multithreaded Java applications. They are capable in
their system to even identify globals as being "owned" by one thread. However,in order
to provide this level of provableresults, they rely on a closedworldview of the application
and assumefull application knowledge. They further assume,for simplification purposes,
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that all procedures have been inlined. To handle polymorphic call sites, they use test
casesfor type determination and target the correct inlined code. We briefly mention in
Chapters 3 and 5 how our researchcan also be expandedto perform this form of anaiysis.
Naumovich et al. [51] also present a model for checking concurrent Java applications.
His work deals primarily with checkingproperties in concurrent Java programs by using
a representationcalled a Tface Flow Graph (TFG). The TFG representsprograms as a
form of a CFG which contains only eventsthey wish to reasonabout. They then perform
the analysis on the TFG and prove properties about the concurrent Java application.
Again, this work assumesa closed-world,full-knowledgeview of the application.

6.2.6 Java runtime designs
Severalresearchershave discussedthe designof Java runtimes and although we do not
restrict our work to a particular runtime design,we do discussmodifications that may be
necessaryto utilize it. Therefore, the design of the Java runtimes is also related to our
work. Suganumaet al. [52] describea Java runtime that usesa Mixed Mode Interpreter
(MMI) intermixing the execution of interpreted code and compiled code. The MMI
runtime sharesthe execution stack and exception handling mechanismbetween the two
types of execution. The runtime uses profiling based not only on method counts but
also on loop counts to discover which methods or sections of methods are candidates
for optimization. They employ three levels of optimization in their dynamic runtime
compiler to offset the cost-benefitsof dynamic compilation. They do not addresshow
their optimized code deals with dynamic class loading. They only present optimization
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on a method boundary level with limited inlining, so it is possible that the dynamic
class loading issuesare never a concern. Our system of analysis and validation would
complementtheir designby potentially efficiently enabling more aggressiveoptimizations
in all three optimization level of their runtime compiler.
Burke et al. [53] presentsan overview of the IBM JatapenoJava VM written entirely
in Java. Jaiapeno uses a compile only approach to bytecode execution. All bytecode is
compiled into machine code prior to execution. It usesback patching to support dynamic
loading of classesafter compilation. The profiling system uses a context sensitive call
graph for maintaining information. The collectedprofile triggers the optimizing compiler
when certain thresholds are met. Their analysis and optimizations rely on severalverifiable bytecode guaranteessuch as the stack height and type, and every variable must be
defined before use. We make the same assumptionsin our analysis framework.
Kazi et al. [28] describe several types of systems for Java execution. They describe
details of very early Java execution systemsincluding very early generationsof the JIT
compilation architecture. They do give brief descriptions of Sun's Hotspot and IBM's
Jalapeno as the examples of dynamically optimizing environments. They also describe
somehardware implementationsof the VM, although most of theseprojects are no ionger
active. They report on other Java analysis and optimization tools such as automatic
parallelization tools similar in structure to the Fortran automatic parallelization tools.
They cover some of the work in improving specific Java features such as synchronization
and Remote Method Invocation (RMI) calls. They talk about Java's shortcoming for
numeric computations and briefly discuss GC implementation. They then evaluate the
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benchmarks available for Java research. Although not directly related to our work, this
paper gives a good overview of the then available Java related tools.

6.3 other Forms of object oriented optimizations
Besides the forms of analysis and optimizations already addressedin this section,
there are other forms of object oriented optimizations. Some of these, such as object
inlining, do not have a clear means of implementation in the presenceof dynamic class
loading. Object inlining, inlines the fields of one object that are themselvesobjects into
a parent object. It involves substituting the instances of the child object within the
application with the appropriate field accessesto the correspondingnew parent object.
Dolby and Chien [13] describe a technique for performing object inlining. This paper
formalizesthe definition of object inlining and gives examplesof its use. They define the
notion of dynamic one-to-one as the determination that for a given execution, a child
object field has one and only one mapping for a given parent object. They then define the
transformation as first locating within an execution trace all one-to-onemappings, then
creating the new parents and locating all child accessesthat must now be transformed.
Note that in the presenceof dynamic classloading, new child classescan be loaded at any
time. Furthermore, new users of the created inlined obiect could appear at any point,
making it difficult to track and update the code space.
Although Java has single inheritance for class files, it allows multiple interfaces to
be implemented. This is in essencea form of multiple inheritance that can complicate
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Java optimizations. Alpern et aI. l27l describe a method of overcoming the three main
obstaclesthey seeas inhibiting performancewith interface calls. They are dynamic type
checking, method dispatch, and inhibited compiler optimizations. They explain that unlike the single classinheritance structure in Java classfiles that allows a VM to exploit
the virtual method table offsetsto redirect subclassmethods by using the samesuperclass
offset - interfacescould be implemented by unrelated classesand thus have no consistent
offset. They present a coloring schemefor interface resolution that has conflict stubs
for coloring conflicts. The also discusshow type information can be used to virtaulize
interfacescalls and even devirtualize them with the potential of inlining. Although our
work can be extended to incorporate interface calls, we do not addressthe particulars in
this thesis. Primarily, inclusion of interfacesin our design affectsour runtime structures.
The representationof the interface hierarchy,the interface inheritance for classfiles, and
the ACG, all require adjustment to efficiently accommodate interfaces. However, the
design of the CDG remains unchanged.
Other forms of analysis and optimization are specificto Java. Aggarwal and Randall
[54] define a form of analysis called related field analysis. They say that related field
analysiscan be viewed as proving an invariant about related fields. They give an example
of a loop that steps though the elements of an array. They analyzefields of the same
class where field A is an array type and field B is an integer type. They then look to
prove a relationship between the two fields. They then use this analysis to eliminate
array bounds checks. The field relation information in the CDG can be used to facilitate
this form of analysis.
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Choi et al. [55] present a form of CFG construction for Java applications that groups
exceptionsthat may be thrown in a BB into one factor edgeconnectedto the appropriate
handler. In a normal CFG, control is broken at the potentially exception causinginstructions, and they are connectedto an appropriated intramethod handler or the exit block
for the CFG. They state that this modification could impact analysis techniques,especially backward propagation techniques. It does not complicate local forward analysis
but actually enablesmore optimizations becausethe BBs are larger in an FCFG than in a
traditional CFG. Becausewe used backward propagation for our intraprocedural analysis
described in Chapter 2, we did not employ this optimization to our CFG construction.
However,our intraprocedural analysiscan be performed in a forward traversal. By transforming the intraprocedural analysisto a forward propagation algorithm, we may be able
to take advantageof this optimization.
Fitzgerald et al. [56] use the detection of the construction of more than one thread of
execution as a means of detecting a multithreaded application. If they discoveronly one
thread, then they conclude that the application is single threaded and synchronizationis
unnecessaryand can be eliminated. They also determine an early region in an application
prior to the construction of the secondthread when the application is in singie threaded
mode. They then can eliminate synchronization from these regions as well. Their work
was performed on an earlier version of the Java runtime with earlier libraries. They did
not addressthe newer library code in which helper threads are spawned very early in
the application's lifetime. It is not clear how their work could be extrapolated to handle
these cases.
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Liang et al. [19] present an exploration and evaluation of constructing points-to
graphs using adaptations to Steensgaard'sand Andersen's algorithms. They explore
two methods of handling the "this" parameter; one method treats "this" as a formai
parameter and the other usesa simplification of field accesses
which maps instancesback
to the class to simplify the handling of "this." They use a constructed abstract syntax
tree representation of the applications to evaluate the effectivenessof the algorithms.
They evaluate the algorithms on three different approachesfor virtual call resolution,
class hierarchy analysis, rapid type anaiysis, and a method that starts from main and
discoversthe virtual targets that are correct at each call site. They call this method
FLY. They also rely on a user supplied model for handling container and table classes
such as the Vector and Hash tables in the Java libraries. They do not addresshow they
handle dynamic classresolution where the closurecannot be ascertained.They conclude
from their study that the best results come from applying Anderson's algorithm with
the field class mapping and either rapid type analysis or their on-the-fly analysis. Our
construction of the class hierarchy as the classesare loaded, and our on-demand ACG
construction, make our model similar to applying their FLY method. Therefore, their
results suggestthat our dynamic resolution may also be optimal.
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CHAPTER 7

CONCTUSIONS AND FUTURE WORK

In this dissertation we have describedthe design of a framework for performing analysis in dynamically linked and loaded applications. This framework divided the problem
space into intraprocedural and interprocedural analysis. For the intraprocedural analysis, we described our representationfor the interactions among referencevalues which
we called a Compact Dataflow Graph. For the interprocedural analysis, we presented
our design of an Adaptive Call Graph which differs from traditional call graphs in two
main ways. First, it is formed for the procedure being consideredfor optimization and
not necessarilythe whole application. Second,it distinguishesbetween call sites that are
known and those that remain speculat'ioewithin the graph. The ACG is then part of our
describedframework for efficient and effectiveinterprocedural analysis,which iteratively
forms the ACG in conjunction with the iCDG. We then presented an implementation
of our framework to solve the first invocation stack allocation analysis problem. We
demonstrated how information could be easily extracted from the CDG and formed an
intermediate structure that representedthe points-to information within the graphs. We
then simulated a Java runtime that we constructed and evaluatedthe effectivenessof our
design by using traces collected from a production level runtime.
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We expanded our framework beyond its application to the dynamic analysis domain
into validation and recovery. We started by defining three optimization models for dynamic application optimizations: always safe, sometimes safe, and speculative. Then
for each of these three models, we describedhow our framework helped implement each
model. Furthermore, we describedthe validation necessaryto enable aggressiveoptimizations, and the types of rollback and recovery neededin the event of validation failure.
Although in this dissertation we described our design of a new framework for interprocedural analysis, which presents a formable step in the construction of a dynamic
application analysis system, there is still a great deal of researchleft to be accomplished
within this domain.

7.L

Context-Specific Analysis Result Retention

In the implementation of our framework that we described in Chapter 4, we made
no attempt to maintain and reuseintermediate or even previous interprocedural analysis
results. In turn, this means we also do not have the ability to retain and reuse the
optimization results.
The design of a reusesystem consistsof severallayers, including storage,and locating
the correct optimized method versionsfor each context. The storage of multiple results
fbr a given method can be accomplishedvia a modification to the structure pointed to by
the method pointer. We show an abstract version of this modification in Figure 7.1. In
this modified method representation,an invocation of a method now takes an additional
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Figure 7.1 Theoretical modified method pointer to handle multiple context versions.
step besides the standard virtual table lookup. When an invocation for a given method
is made dynarnically, it is made with a certain context. This context is then matched
with the available contexts in the method representation. If a match is found, then that
version of the code is used with the default being the original code or Context 0 in
Figure 7.1.
The matching of a context is not as simple as Figure 7.1 implies. We made the
decision to discard intermediate analysis results not because of the new method representation design but rather becauseof the difficulty in recognizing what was meant by a
context. The context for which a given analysis result is valid can be rather complex. For
example, not only is the exact type of the object instances being passedinterprocedurally
important, but also how the fields within these object instance connect. The matching
of exact object instance types requires accessingthe memory representation of the object
instance and recovering its exact ciass type. Then this set or types require matching
with the stored copy or potential copies of the intermediate results. One technique we
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proposed for efficiently implementing such a system may be a class numbering scheme
similar to the one used by Blanchett [15]. However, we cannot implement a height system as simple as his since the class hierarchy is never assumedclosed and the height
values may require realignment with each newly loaded classfile. Instead, a system that
sequentially assignsa class id number to each newly loaded class file and then stores
that number within the runtime's representationfor that classmay be a viable solution.
Then when a new object instance of a given class is allocated, its memory representation contains the assignednumber for that class file. With this design, when the types
of the context require matching, the numeric values can be retrieved from the memory
representationsand matched with the stored context. This system would allow for even
don't care positions within the context identifiers shown in Figure 7.1.
However,there is more to a context than just the exact types of the object instance.
The analysis results often depend on the connections between the object instances as
well as their escapingstate upon entry. This level of matching is not a problem for our
framework. Note that in Chapter 4, we showed how the bit vector was used to pass
connection and state information acrossthe interorocedural boundaries. This same bit
vector approach could be used for the matching of the state information. The bit vector
associatedwith each pertinent type would also be part of the context identifiers shown
in Figure 7.1.
As future work, we hope to implement within the simulator several techniques for
matching context. We hope to be able to use the context matching to define an efficient
technique and be able to retain and reuse previous results.
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7.2

Quanti$ring the Validation

Framework

Our validation framework described in Chapter 5 has not as of yet been implemented.
We foreseethis framework as being potentially instrumental in the implementation of a
modified version of the Hot Spot detector developedby Merten et al. [57, 58]. With our
framework, it may be possibleto retain optimized hot spots even in the presenceof newly
loaded class files. It also may allow us to recognizewhen a currentiy active hot spot is no
Ionger valid due to the newly loaded class files. We hope to use the validation framework
in this way and measure its effectivenessin identifying potentially disqualified hot spots.
We hope to measure this in two ways: first, how effective our system is in identifying
which class file loads truly caused a hot spot disqualification and, second, how much
longer hot spots lived when the fine grain validation mechanisms are employed versus
straight class loading disqualification.

7.3

Accomidating Additional Java Features

Although we designed the analysis framework for use within the Java language, we
have not fully specified the design for additionai language features. This incorporation
should be fully explored before full incorporation of these techniques within a production
Java runtime. Among the Java language features yet to be fully specified are the use and
inheritance of the interface

definitions, and the use of the iCDG for interprocedural

exception tracking.
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However,Java exceptionsincur overheadthat is not necessarywhen used in this fashionfor example, the building of a stack trace that is discardedwhen the exception is caught.
The CDG representation does contain connectionsfor targets of potential interprocedural exceptions. However, we have not fully explored the use of the CDG to solve
this problem space. Therefore, we still need to determine if the inclusion of exit points
for all potential exception points when forming the CFG for the formation of the CDG
described in Appendix A, is necessaryfor the analysis of interprocedural exceptions. It
is not clear at this point whether or not this step is necessary,and further investigation
is still needed.

7.4

Additional Validation and Verification LJses

We believe that the validation system we described in Chapter 5 can be applied to
additional validation and verification domains. For example, the information contained
within the CDGs gives an accuraterepresentationof the intraprocedural object instance
usageand state. This information could also be used to solve harder validation problems
such as data race detection.

7.4.I

Race detection

The iCDG/ACG structures can be viewed as a first step in the design of a race
detection system. There are two ways of detecting races in an application: dynamically
or statically. In static race detection, a graph of the running threads with thread control
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boundaries is constructed. Flom this construction, properties are deduced about the
given threads. This requires fuli knowledge of the class files used by the application.
However, the appiications we are studying are dynamic. Therefore, it may not be possible
to build a static view of the application. Furthermore, since the class file input set to
the application could change at any time, the detection mechanism needs to be adaptive
as well.
The dynamic solution depends on the goal of the race detection system. For example,
in order to provide precision, the system may require far more overhead than is tolerable
in a running application. However, an alternative goal is to use race detection as a
means of providing stability to the system. For example, if the runtime can detect with
a reasonableamount of overhead that the application has a potential data race, then the
optimizer may choose not to optimize sacrificing performance for stability. Therefore, a
safe solution may be sufficient. To accomplish this, an intermediate structure similar to
the OCG we introduced in Chapter 4 may be needed. This use of the iCDG/ACG is
currently under investigation and therefore part of future work.

7.5

Extrapolation into Other Languages

Aithough our work was based on the Java language, we do not envision its use as
limited to just this language. Therefore, we view Java as a smaller subset of languages
such as C++.

In extrapolating this research into other languages, we foresee several
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challengesbut view them as adjusting the boundary conditions used in our problem
descriotion.

7.5.!

Eliminated boundarv conditions

One restriction within Java that could be considered a boundary condition is the
single inheritance structure on the class hierarchy. The class hierarchy in C++ is more
complex with multiple parents. However, since C+*

is statically linked and compiled

the solution is known. Therefore, what we discoverdynamically can be provided by the
annotations in the C++ executables.
Another boundary condition within Java that is absentin C**

is the use of a memory

manager. This boundary in Java makes is virtually impossible for even native code to
step into the spaceof another object instance and changeit. This imposition is basically
becausethe representation of the object instances in memory as well as their locations
and relative locations to each other, is under the control of the memory manager. This
means that a code segment using a pointer to memory cannot make any assumptions
about what will be located at a given offset from it. In C++, often pointers are used
to step through memory locations, making the linking and alias tracking problem more
difficult. It may not be possibleto sufficiently representthe links betweenobject instance
since the relation may be dependent on unknown offsets. However, by employing some
of the techniques developed in alias analysis of C and C++ programs, a conservative,
safe representationmay be achievable.
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7.6

Exploiting Hardware Specific Features

We conducted some early work on the evaluation of Java's eariy runtime implementations of certain hardware features [60]. At the time, we found that early Java interpreters
performed poorly on current hardware features such as Branch Target Buffers (BTBs).
Recently, some researchershave found that under the newer optimization models for Java
runtimes, this is not the case. They have suggestedthat certain forms of optimization
such as otr someti,messafe model even benefit, not suffering the full cost of the added
check. This is because the branch is almost always one path with the rare case being
the other, thus making it easily predictable by most branch prediction hardware. One
area of exploration for this research is the use of hardware features such as the BTB or
predicate registers to enable forms of validation. We plan to evaluate how the forms of
optimization proposed in our Dynamic Application Analysis Flamework map to these
hardware features, as well as how each model's validation, rollback, and recovery can be
enhanced by certain forms of underlying hardware structures.
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APPENDIX A
BYTECODE LEVET ATGORITHM AND
ANNOTATIONS

In Chapter 2 we presented a source-level abstraction to describe the formation of
the CDG. However, one primary assumption of our system is that we will only have
accessto a bytecode representation ofthe class file and not a source level version. Under
this assumption, the actual analysis used is designed to operate on a bytecode level
representation of the class files. F'urthermore, the final CDG is then written back out
using the annotation facilities provided by the Java specifications [29].
In this chapter, we describe the actual analysis for forming the CDG using only
the bytecode representation of the file. We present an example of this using the same
example method used in Chapter 2 for describing the source-level abstract version. We
then compare the resulting graphs, the abstract one in Chapter 2 and the CDG formed
from the the bytecode representation, and show that the two are equivalent. Finally, we
describe the format of the annotations added to the bvtecode files.
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A.1

Intraprocedural Algorithm for Forming CDG

The intraprocedural algorithm is performed in the following steps:
1. Form a traditional Control Flow Graph (CFG).
2. Adjust the CFG by breaking the Basi,cBlocks (BBs) and adding additional arcs
for Java specific language features.
3. Perform a linear pass over the graph to determine which temporary locations are
used by each instruction.
4. Remove any instruction not operating on a reference value.
5. Perform a flow-sensitive, iterative, backwards, dataflow propagation algorithm forming an intermediate graph.
6. Reducethe results to a CDG.
The CFG is formed utilizing traditional methods for CFG construction as given in
[61]. It usescontrol flow to determine the Basi,cBlock (BB) boundariesand then connects
the appropriate BBs. The main differencesbetween a traditionai CFG and the one used
here is we also represent internal exception flow and subroutine arcs which are part of
the Java language.

A.1.1

Breaking BBs for exceptions and subroutines

In the event of an exception, the exception handling mechanism within Java redi
rects control to the nearest enclosing handler that is capable of handling the particular
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Table A.1
StArtPC

ENdPC

Exception scoping example.
handlerPC type

0

20

23

myExceptionType

0

23

JJ

java.lang.Throwable

(a) Beforeparentexception

startPC

endPC handlerPC type

0

20

23

java.lang.Throwable

0

23

33

myExceptionType

(b) After parentexception

type of exception. For example, in Table A.l(a), the range covered by the handler for
nyExceptionType is from the bytecode instruction occurring at location 0 to the bytecode instruction ending before location 20. The handler for this exception starts with
the bytecode instruction occurring at line 23. A table similar to the one shown in Table A.1 is included in the bytecode file for each method containing a handler. When
an exception occurs, execution continues from the handler code forward, and does not
return to the point at which the exception occurred. Handlers can be contained within
the method (i.e., intraprocedural handlers), or in a caller method (i.e., interprocedural
handlers), with the degeneratecase of no handler. In the intraprocedural analysis phase
we are concerned with the intraprocedural exceptions and connect the appropriate arcs
for both explicit and implicit exceptions.
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The explicitly thrown interprocedural exceptions are also representedin our refined
CFG. For handler rangesthat enclosean invocation, we make a conservativeassumption
that any calleecoveredby its range can return to it and form the appropriate connections.
Although implicit exceptionsnot handled intraprocedurally can be viewed as method exit
points, we do not representthese exits in our refined CFG.
In the event of an implicit exception, the object creation for the exception object is
handled by the virtual machine and not representedwithin the bytecode for the method;
therefore,we rely on the interprocedural analysis and profiling of the running application
to detect these exceptions.
The exceptionarcs addedto the CFG are added in two phases. First, using the handler
ranges specifiedin the exception table for the bytecode file for the method (Table A.1),
the BBs are broken such that the range handled by a particular handler is completely
enclosedwithin a subset of BBs while maintaining the original control flow. These BBs
are then connected via a special exception arc to the specified handler. Note that in
locating the correct handler for a given exception type, the inheritance structure of the
exceptionsis also considered.
The secondphase breaks the BBs at the potential exception point, maintaining the
original control flow and adding a new arc to the appropriate handler. There are two
types of intraprocedural exceptionswe representwithin the CFG, implicit exceptionsand
explicit exceptions. Implicit exceptionsare exceptionsthat can be thrown by a subset of
the Java bytecode instructions. Table A.2 shows each set of bytecode instructions that
can causean implicit exceptionor error to be thrown, and which errors or exceptionsthey
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Table A.2 Potential implicit runtime exceptionsand errors thrown by specficbytecode
instructions.

4
TT

Bytecode

Runtime Exceotions

Runtime Errors

1

invokestatic

User Defined

Initialization errors
UnsatisfiedLinkError

2

invokespecial

UnsatisfiedLinkError

3

invokevirtual

A

invokeinterface

User Defined
NullPointerException
User Defined
NullPointerException
User Defined
NullPointerException

r

areturn
getstatic,
putstatic
checkcast
getfield,

6
7

8

instanceof
I
1 0 aaload, baload,

AbstractMethodError
UnsatisfiedlinkError
IncompatableClassChangeError
IllegalAccessError
AbstractMethodError
UnsatisfiedlinkError

IllegalMonitorSt ateException

(none)

(none)

Initialization errors

ClassCastException
NullPointerExceotion

(none)
(none)

(none)
NullPointerException
ArraylndexOutOfBoundsException

(none)
(none)

caload, daload,
faload, iaload,
Iaload, saload,
bastore, castore,
dastore, fastore,
iastore, lastore,
sastore
1 i arraylength
NegativeArraySizeException
t 2 aastore
NullPointerException
ArraylndexOut OfBoundsException
ArrayStoreException
(none)
1 3 new
T4 newarray,
NegativeArraySizeException
multianewarray
anewarray
ID
monltorenter
NullPointerException
lb
monttorexlt
NullPointerException
IllegalMonitorStateException
athrow
User Defined
NullPointerException
IllegalMonitorStateException
117
L I
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(none)
(none)

Initialization errors
(none)

(none)
(none)
(none)

can throw. We classify these instructions into 17 sets based on the types of exceptions
and errors each set throws. Due to the polymorphic properties of the Java language,
it is possible for a parent class of these exception types to also catch and handle the
thrown exception. Figure A.1 shows a graphical view of the exception and error class
hierarchy for the implicit exceptions and errors shown in Table A.2. This hierarchy is
part of the standard Java library files and the hierarchy is defined in [29]. Under each
exception or error shown in Figure A.1 we have specifiedwhich set in from Table A.2 is
capable of reaching a handler of the given classtype. Handlers of a parent type are valid
handlers for the exceptions and errors in Table A.2. The type of exception handled by
the handler connected by the exception arcs in the first pass, is used to define the set
of bytecode instructions that can reach it via throwing the appropriate type of implicit
exceptions. For example, if a BB is connectedvia an exception arc to a handler of type
ClassCastException, then the BB is broken at any checkcast instruction contained
within it and connectedfrom that point directly to the handler.
The reasonfor this breaking and direct connectionis that although the operand stack
has been emptied of all valuesexcept the exception object, the local variable locations are
still valid. It is possiblefor the handler code to affect the state of one or more of the local
variable values. This information needsto be collectedand transferedup the reversepath
from the handler. The reason for connectins the exact instruction that can throw the
exception directly to the handler instead of the end of the BB, is that the local variabies
could changefrom the point where the exception is feasibleand the actual end of the BB.
Therefore, in order to guarantee correctness,the exception point is connected directly
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AbstractMethodError
(3,4)
IllegalAccessError
(4)

LinkageError
(T,2,3,4,6,13
(L,6,13)
VirtualMachineErnor -

Throwable
(all)

OutOflVlemorvError
(13)

( 2 , 3 , 4 , 8 , L 0 , L 2 , ! 5 , L 6 ,t 7 |
IllegalMonitorStateException
(s,16,17)
ClassCastException
(7)
( 2 , 3 ,4 , 5 , 7 , 8 , r 0 , ( 2 , 3 ,4 , 5 , 7 ,8 , L 0
rL,12,14,15,
LI,12,:-4,L5,
L6,t7',)
L6,!7\

Figure A.1

IndexOutOfBoundsException -

(r0, L2\

ArraylndexOutOfBoundsException
(10,12)

A graphical hierarchy of the implicit bytecode exceptions.

to the handler by breaking the BB at any bytecode instruction that couid reach the
handler's exception type. The interprocedural exceptions are handled here by breaking
any BB containing a handler arc at any invocation bytecode instruction it contains and
adding an additional arc connectingit directly to the handler. These instructions are the
first four instructions listed in Table A.2. This connection is not precise but is safe. It is
possible to connect an invocation to a handler it can never reach. However, aithough we
include extraneous arcs, this can only increase the potential reachable uses for a given
definition and not reduce them since the original path is still included in the set. We
are able during the intraprocedural analysis propagation phase to cuil out some of the
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extraneous information added by these arcs. This will become clearer when we discuss
the intraprocedural analysis propagation.
The other type of exceptions are explicit exceptions thrown by using the key word
athrow. They can either be library exceptionslike the ones shown in the implicit set in
Table A.2, or user defined exceptionsthat can subclassfrom any point in the hierarchy
of library exceptions as long as throwable is the root of the hierarchy [29]. Therefore,
explicit exceptions aiways break a BB and are conservativelyconnectedto all enclosing
handlers for the BB stopping the scoping of the connectionsonly if the handler type is
an exact match for the exception thrown. This conservativeapproach can add additional
control flow arcs to the graph but will not remove any arcs. Therefore, it can only add
superfluousinformation which is safe though not precise.
Subroutines in Java bytecode files are regions of code that the regular execution
stream explicitly redirects execution to. At the end of the subroutine, execution returns
to the next instruction in the regular stream. Subroutine regions can either be explicitly
added by a programmer or implicitly added by the Java sourceto Java bytecodecompiler.
They are used primarily for freeing resourcesbefore continuing execution.
Subroutines can be called from multiple points within the Java method. Therefore
for the analysis, we use simple duplication of the subroutine blocks to avoid pollution
from connectionsto multiple streams that would occur if all streams were connectedto
one instance of the subroutine blocks.
This completes the first two steps in the analysis process. The next step identifies
the operand stack and/or iocal variable locations used by a given bytecode instruction.
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L.L.2

Reducing anyalysis bytecode and assigning arguments

To assignthe temporary locations used by each instruction we assumethat the bytecode is verifiable. This assumption can be lifted by simply performing the steps outlined
in [29] for bytecode verification. Verified bytecode guaranteesthat the operand stack
height will be the same upon entry to each BB no mater which path is used to reach
the BB. Furthermore, it guaranteesthat if a primitive value is written to a temporary
location, only a primitive value of the same type can be read from that location, and
likewise for referencevalues. Therefore, we can use a linear pass starting at the root BB
and traversing each BB only once to determine which temporary locations are used by
each instruction.
To reduce the number of instructions analyzed by the algorithm, we remove any
instruction that strictly usesprimitive values. This is safesincethese instructions cannot
operate on referencevalues or affect the contents of any temporary location containing
a referencevalue. Table A.3 gives the bytecode instructions that remain in the CFG
after this step. They are subcategorizedinto eighteen subcategories,based on the type
of instruction. The instructions account for 57 of the 202 assigned bytecodes, with
both aload-(n)

and astore-<n>

representing four distinct instructions each. The

percentageof these 57 instructions in the unique methods executedwithin the threaded
programs we used is given in Table A.4. The percentagecomes into play if portions of
the analysis are performed at load time. For example, if the application dynamically
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Table A.3

Referenceaffect events and their bytecode instructions.

catagory
pop
constant
swap
stores
dupli,cati,on
loads
ercept'ion
lock
unlock
allocation
array store

bytecode instructions
PoP,PoP2
Idc, ldc-w, 1dc2-w,aconst-nulI
swap
astore, astore_< n >
dup, dup-x1, dup-x2, dup2, dup2-x1, dup2-x2
aload, al-oad-< n )

athrow
monitorenter
monitorexit
nelr, newarf?1r, angll4rray, nultianewarray

aastore, bastore, castore, dastore, fastore,
iastore,Iastore, sastore

arcay load

aaload, baload, caload, daload, faload,
iaload, laload, saload, arraylength

field wri,te
field read

putfield
checkcast, getf ieId, instanceof
getstatic
putstatic
arerurn
invokestatic, invokespecial, invokevirtual,
invokeinterface

statzcread
stat'ic write

return
i,nuolte

Ioads an unannotated class file, the runtime may decide to create CDG dynamically for
each method used in the unannotated file.
The bytecodes listed in the eighteen subcatagoriesshown in Table A.3, are transformed into a structure called a ReferenceAffecti,ng Euent (RAE), denoting it as an
event that can affect a referencevalue within the method. The RAE contains information on which of the eighteen types it belongs to, the temporary locations it uses, and
some additional refining properties such as the bytecode line number it occurred at, a
field specifier and/or parameter locations.
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Table A.4
Table A.3.

Percentageof dynamic instructions containing the bytecode instructions in
Benchmark

Program

Library

JGFCrypt
JGFLUFact
JGFSOR

5r.2% 64.0%

JGFSeries

60.4%

JGFSparseMatnuIt
JGFMolDyn
JGFRayTracer
Heat
Fib

MSort
NQueens
BarrierJacobi
LU
MatrixMultiply
Total

51.27

64.0%

53.8Y0

63.9%

633%
69.27 63.9%
68.r% 63.9%
67.3Y0

63.9%

62.9%
70.7%
63/%
67.0%
54.4%
68.6%
65.2%

61.r%
63.7%
60.9%
67.0%
63.1%
63.6%

63.7%
63.6% 63.7Y0

The handling of implicit exceptionsby the analysis is further refined here. Implicit
exceptionscreate a new object instance of the exception type, empty the operand stack,
and then "throw" the exception for the new type. When we perform RAE transformation
on the bytecode, we also add an allocatr,onRAE for any implicit exception arc that may
reach a handler in the CFG. This RAE is added to the top of the handler block. For
explicit exceptions, the information accumulated during the analysis of the handler is
merged into the exception allocated location. For impiicit exceptions,this object instance
became live at this point and the information for the object instance is saved. This will
become clearer in the next section.
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This then completes the third and fourth steps of the analysis. To this point, all
passeshave been linear. It is the propagation step forming the intermediate graph that
is nonlinear.

Once transformed into an RAE representation,the intraprocedural analysis then
forms an intermediategraph by performing a reversedataflow propagationalgoritm.

A.1.3

Forming the intermediate graph

The static analysis operates on the RAE transformed CFG representation to form
an intermediate graph of the unique references used within the method. The graph
formed is defined in Table A.5. Note that this graph only assignsdirected field accessing
edgesand undirected use/define edgescalied property edges. The directed dataflow edges
are added in the next pass by transforming this intermediate graph. The direction for
the dataflow edges is defined by the property type. Note that property nodes have a
difierent meaning in this analysis than what was defined before. Property nodes actually
hold all define and use information for a given node. Therefore, only the connections
between fields needs to be represented as directed. The use and d,efine edges can be
added once the temporaries have been removed from the graph. In this way, all use and
defi,neinformation for each unique reference will have been merged into one location for
the reference instead of multiple temporary locations. This becomes clearer when the
next pass is described. The graph, iG, contains two types of nodes, n which are data
nodes, and P, which are property nodes. The property nodes contain all the use and
define information for a given data node. The data nodes can be viewed as temporary
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Table A.5

Definition of the intraprocedural analysis graph.

Symbol Definition
:(n*,e*rP*)
iG
:An edge connecting 2 nodes. Three types of edges
dirrected strong edge
{*, *}
*--}
dirrected weak edge
{--t,
undirrected weak edge
i-)'

(a

TLi

datanodes,{slulrl}

: property
nodes,
{(L, l)l(U,Dl(ft, l) I(W,l)l(Gr, l)l(Gr,l)l
(7,l) I@,t)l(F)l(Pi,l)|(c,/))

P

where I is the line number.

n6lype Definition
: 0,noperand,stack locat'ion:,i : 0, .., (mar-stack - I)
51
: a local uari,ablelocation: 'i : 0, .., (mar_local - I)
Ui
, x
i:: referenceualueknown used,in the methodbut not
resi,di,ng'in s or u

P type Definition
: a lock operat'ionoccuring at li,neI
(L,l)

(u,l)
(ft,l )

: an unlock operati,onoccuring at line I
: a r€ad,operati,onoccuri,ngat li,neI

(w,D

: a write operatton occuri,ngat li,neI
( G w , l ) : a write accessof a global uariable occuring at l,ineI
( G r , L ::: a read accessof a global uari,ableoccuring at li,neI
: a thrown ercepti,onoccuri,ngat li,neI
(T,l)

(A,l)
(F)
(Pi'l)

(",1)

: an allocati,onoccuri,noat li,neI
: the jth formal parameter to the method
::: the jth parameterto the method,calledat line I
: a constant ualue loadedat li,neI
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place holders for the use and define information concerning a given referencevalue. For
example, at the end of this propagation phase, a node, /s should have a property node
(Fs) attached to it. This is because,refering to Table A.5, F0 refers to the Oth formal
parameter to the method and the virtual machine specification state that this is passed
in local variable location zero 1291.Note that the property node, F6, would be the define
for the temporary location us and the transformation in the next pass will replace the
node ze with a new node correspondingto (Fo). A"V usesof zs will be connectedvia a
directed outgoing edgeto the new node (f's). This is explained further when we describe
this transformation in the next section.
The data nodes can be connected to other data nodes via a directed field accessing
edge, e. They can also be connected to a property node via an undirected property
edge, p. The data nodes can be of three types, either an operand stack location, s, a
local variable locatiorr) t/) or none of the above, r. The formal parameters passedto a
procedureare passedin local variabie locations as defined in [29]. The proceduremay use
additional local variable locations up to the maximum number specifiedin the method's
definition in the bytecode file; therefore, the intermediate graph is initialized with a node
location for eachof the z nodes. The operand stack nodesare actually temporary holders.
They correspondto the locations on the operand stack being used during the execution
of the procedure. The operand stack is guarenteednot to exceedthe value specifiedin
the bytecode representation of the method for the maximum stack height. Therefore,
the initialization of the intermediate graph also contains a node for each of the specified
stack locations. These define the initial work'ing set of.nodes for the graph. Note that
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by assuming verifiable bytecode, we are guaranteed that on entry to a procedure, the
operand stack is always empty. Since the algorithm performs a reversepropagation from
the exit points of the procedure up to the entry point, at the end of this pass, none of
the stack nodes should have edgesattached to them.
A referencevalue defined within the procedurewill have resided at one point in either
a node of type z or type s. It will not be present in the final set of these two types
of nodes. Therefore, we define the node set r, which holds the referencevalues defined
within a given method and the corrspondingedges.These new nodes) r ) are added to the
graph as neededduring the analysis. They are not present in the initial graph. When a
referencevalue residing during the analysis in a temporary location defined as the node
set z and s, is known to no longer reside there, a new node r is added to the graph and
all edgesthat were attached to the temporary node are now moved to the new node, r.
We therefore define "live" nodesin the graph as nodesthat have edgesattached to them.
Nodes without edges are simply part of the working set of nodes in the intermediate
graph. The final graph is defined as the subgraph containing only "live" nodes, obtained
at the entry point of the procedure. Therefore, upon completion of the reversetraversal,
only the z nodes correspondingto formals of the method and the r nodes should remain
in the set of live nodes in the final graph. If any other u or s nodes remain in the graph,
they are extraneousdata added by the conservativeedgesin the CFG introduced when
exception arcs were added, and can be removed. This is correct becausewe have assumed
the bytecode is verifiable and therefore guaranteedthat the only "live" locations in the
node set u, s, are the formals to the method.
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The reverse propagation algorithm can perform one of three potential actions on
the number of nodes within an intermediate graph, increasethe number, decreasethe
number, or allow the number of nodesto remain constant. To perform thesethree actions,
the algorthim usesthe functions add(ni), remoue(nt), and ki,ll(ni)/transfer(ni,ry). The
add(n1)function adds a new node, TLi,aild its corresponding edgesto the graph. The
remoue(na)function performs the inverse, removing a node, n4, a,nd its corresponding
edgesfrom the graph. Conversly,the ki.ll(n) function differs from the remoue(n;)function
in that it only breaks the edgescorrespondingto a node within the graph; it does not
remove the node ni from the graph. Note that the breaking of edges has the effect
of removing the node from the set of "live" nodes. It does, however, remain in the
working set. Therefore the ki,ll(niJ function does not change the number of nodes in
the intermediate graph. The transfer(ni,ni) function transfers the information from
one node, n4, Lo another node, ?q, thus neither increasing nor decreasingthe number of
nodesinthegraph. Wecanthendefinelhetransfer(ni,ni), functionasbeingcomposed
of two logical functions, copy(ni,ni) and ki,ll(n;). All three of these, copy(n6,ni), ki,ll(ni),
and transfer(ni,ni), are defined in Figure A.2. The transfer(ni,ni)first

copies the edge

information from node ni to node ni,then kills the edgesattached t"oni. With the four
basic functions, add(ni), remoue(n;), kill(ni), and transfer(n6,ni), we can describe the
effectson the intermediate graph, of processingeach RAE encounteredduring the reverse
traveral.
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copg(ni,ni){

v,b{
l{("u) --' (nk)} + (ni) --, (n*);
l{("u) +- (n&)} + (n) t-- (n*);
:{(",)...(P)} + (n).. .(P);
)
)
ki,tt(n6){

vk{
l{("n) --+ (nk)} + (n) - \ --* (r,o);
={("n) *- (n&)} =+ (q) +- \ - (nr);
:{("n)...(P)} + (n). .\... (P);
)
)
transf er(nt,ni){
copy(ni,ni);
ki,Il(na);
)
Figure A.2

Definition of the copy, ki,ll, and transfer operations.

Tables A.6 and A.7 contain the execution behavior and the effects of each RAE on
the intermediate graph. For example, the first rule in Table 4,.6 is for the P'"AEpop(s).
When a pop bytecode instruction is executed, it discards the top entry on the operand
stack. Therefore, when the reversetraversal analysisencountersa pop(si)RAE, it knows
that if the operand stack location represented in the working set by node s6 contains
any edges, these are from the conservative edges added to the CFG and are actually
extraneous information. This is true because this location was actually cleared in the
forward execution of the instruction and anv obiect reference that was loaded into it
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Table 4.6

Rules for adding nodes and edgesbased on RAE entries, part a.

RAE

Execution behavior/reverseanalvsis traversal effect

I : pop(s1)

^r ^
erecution order: clear contents u.l
5i
analysis effect: ki,ll(st)
erecution order: load,ci6 -- si
analysis effect: add(ri), tr anf er (si, r i),
add properiy edge: ?i) - -("oa,l)
erecut'i,on order: trade posi,tions,si ---+terrlp, sj + si,
temP ---+s,
analgsis effect: add(temp),tr anf er (si, temp)
tr anf er (si, s1),tranf er (t emp,si),r emoue(t emp)
enecution order: moue sj - ut
analgsis effect: ki,ll(s1),trans f er (ui, si)
enecution ord,er: copy(si,si)
analysi,s effect: transf er(si,s1)
enecution order: copy(ui, sr)
analgsis effect: transf er(si,ui)

I : constant(s1)

I : s w a p ( s i s, i )

I : store(ui,si)
I : dupli,cati,on(si,
si)
I : l o a d ( s 6u, i )
l: erception(s)

erecuti,on ord,er: emptyoperandstack,put si on stack,
transfercontrolto handler
analgsis effect:
addpropertyedgeand nod,e:(ro)- -(T,l)

I : Iock(s1)

erecution order: obtai,nlockfor si remoue(s6)
analysis effect: add property edgeand node:
( s n )- - ( L , l )

I : unlock(s1)

erecuti,on order: releaselock for si ren'Loae(si)
analgsis effect: add property edgeand node:
(r,) - -(U,I)
erecution order: addsiof type Aid
analgsi,s effect: add(ri), transf er(si,ri),
add property edgeand node: (r) - -(Aoa,l)

l: allocation(s)

arTaA store(si, si)

erecution order: n'Louesj to rnernory locati,onspeci,fiedbg si
3t + sjli'nderl
analysis effect: add to information s; and si
( s 3 )- - + ( s ; ) ;
add propertg edgeand node: ("0) - -(W,l);
("i) - -(W,l)

o id, is the index into the Constant Pool of.the classfile which uniquelv identifies the
obiect within the classfile.
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Table A.7

Rules for adding nodes and edgesbased on RAE entries, part b.

RAE
arraAload(si,si)

I : field wri,te(si,si)

Execution behavior/reverseanalvsis traversai effect
enecution order: place the contents of s{inder)
i,n stack locati,onsj sili,nder] - ri
analgsis effect: saue the i,nformati,onconcerning sj,
updateproperti,esof si add(r1,);transf er(si,r*);
(s1)--+ (r7,);
add property edgeand node: ("0) - -(R,I);
(rr) - -(R,I)
enecution order: moae si.i,d<- si
analgsis effect: (s1)--r (si);
add propertgedgeand node: ("0)- -(W,l);

( r r )- - ( W m , l )

I : field read(si,si)

erecution order: cop! si.'id ---+s3
analysis effect: add(rp); transf er(si,rr,);
add property edgeand node: (sa)--+ (s7);

( " 0 -) - ( R , t ) ; ( r r )- - ( & , a , t )
l : s t a t z cr e a d ( s a )

I : statrcwrite(si)

I : return(s1)

etecution order: copAGid ---,si
analgs'i,seffect: add(rp);transf er(srrn);
addpropertyedgeand node:("*) - -(Gri6,l)
enecution order: rnoaeGu + s,i
analysis effect:
addpropertgedgeand node:(s,) - -(Gw66,I)
erecuti.on order: mouecallee(s) ---+
caller(si)
analysis effect:
addpropertyedgeand node:(ro)- -(F-t,l)

l: i,nuoke
e n e c u t i o n o r d e r : V r : , i , . . n ; U: j , . . k :
(si : P-1,si: Pi,..sn: Pp)
caller (s,) --+callee(uy);callee(s1) --- caller (s)
analgsis effect: add(r*); transf er(sr,r^);
add propertgedgeand node: (r^) - -(P-r,l);
Yr :,i,..n :
add property edgeand node: (rr) - -(Pn,l)
where k i,s the kth parameter
method descri,ptor
analgsi,s effect: Vj : i,,..n :
(Fi,..F")F_\
add property edgeand node: (r) - -(F*,1)
where k i,s the leth formal
method attributes
(synchron'ized)

analgsis effect:
addpropertgedgeand node:(ro) - -(r, -1)

c i,d is the index into the Constant Pool of the classfile which uniquelv identifies the
object within the classfile.
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should have been transfered to another node before reaching this RAE. The analysis,
therefore,kilis any edgesleaving this node, thus removing it from the set of "live" nodes.
The size of the intermediate graph is defined by the number of data nodes contained
within it.

It can increase whenever new nodes are added to it.

Onlv data nodes of

type r can be added to a graph after initialization of the graph. There are six RAEs
in Tables ,{.6 and A.7 that add these types of data nodes. The bounding of this set is
discussedlater.
There are two additional entries in Table A.7 that were not specified in the set of
RAEs in Table A.3. They are the method descriptor, which is used to identify the
formals of the method, and the method attributes, which is used to assign additional
properties to the nodes. Both of these are processedon the final graph and only add
property nodes to the graph. The processingof the method descri,ptorhelps to eliminate
additional extraneousdata from the final graph. This is becauseonly the data nodes of
type u correspondingto formal parameters of the method were defined at entry to the
method. Any referencethat occupied a iegitimate data node of lype u that was defined
within the method and not defined as a formal, should have been transfered to a node
of type r by the analysis. Therefore, since we have assumedverifiable bytecode, we can
safely kill the edgesattached to any node z not identified as a formal to the method. If
the attribufes information definesthe method as ui.rtual and synchronized,this enables
the analysis to add the correspondinglocking and unlocking operations to the zs node.
This additional property information is used by some forms of interprocedural analysis
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access flags:
0
name index: 19, Bar
descriptor index: 18, (LCLazz;LCLazz;)Y
nax stack:
2
max locals:
4
code length:
18
0:
new cpfndex: 2, CIazz
3:
dup
4:
invokespecial Clazz (init)
OV
7:
astore-3
8:
aload-3
9:
aload-l
10: putfield cplndex: 6 class: CLazzfield:
13: aload-3
t4: putstatic cpfndex: 7 class: CLazz field:
L7: return

Figure A.3

f
g

Bytecode representationof Bar from Figure 2.3.

including idenitification of extraneous synchronization and identification of potential data
races.
To explain the analysis, we start with the simple case of a single BB method. The
algorithm for iterative settling of multpile BB CFGs will be presented later.
We start by using the same sample method, Bar from Figure 2.3. The bytecode
representation of Bar is shown in Figure A.3. Note that there is no control flow or
intraprocedural exception handler in this method; therefore, it contains only one BB.
Following the steps outlined, the temporary locations used by each bytecode instruction
are determined as in [29]. Then the RAEs for the method are formed. These are shown
in Figure A.4.
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methoddescriptor(Fo,Fr, F2)
0: allocati,on(ss)
3: dupli,cat'ion(ss,
s1)
4: i,nuoke(s1
: P6)
7: store(us,s6)
8: load(ss,us)
9: Ioad,(syu1)
70: field wri,te(ss,s1)
13: load(s6,4)
14: stati,cwri,te(ss)

Figure A.4

RAE representationof Bar from Figure A.3.

The graph is constructed by applying the rules in Tables 4..6 and A.7 to the RAEs in
Figure A.4 in a backwards dataflow analysis. By performing the analysis in a backwards
propagation, we are able to fold out the temporary locations as we compute the final
graph. Figure A.5 steps through this process. Property nodes are shown with dotted
circles while data nodes are shown in solid circles. The edgesfoliow the edge connection
convention given in Table A.5. For clarity, only nodes that are part of the "live" set of
data nodes are shown in the intermediate graphs formed during the RAE processing.
Starting at the bottom of the RAE representationfor Bar shown in Figure A.4, the
first RAE encounteredis the L4:stati,cwrite(ss). This adds the property node labeled
(Grr,14) to the graph and connects it via a property edge to the data node (se). The
GarTdenotes that this is a global property node which writes to a global location specified
by the information containedin the constantpool at location 7. The 14 is the line number
the global write occured at. The intermediate graph formed by processing this RAE is
shown in Figure A.5(a).
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/:\
lrn

@:O

I

,----r\:./

,!cio, , ra 1]
(a) 14: static write(s d

(g) 4:invoke(s,:$)

(j) method descriptor(F0,F,,4 )

Figure A.5

Graph construction for Bar in Figure A.4.

Progressingin the reversedirection up the list of RAEs shown in Figure A.4, the next
RAE, l3:load(ss,z3), simply transfers the information between two nodesin the working
set. It transfers the edgesconnected to node ss to node 23. It does not add any new
nodes to the graph. The intermediate graph formed from processing this RAE with the
graph from Figure A.5(a) as input is shown in Figure A.5(b).
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Progressingin the reversedirection, the next RAE, 7}:fi,eldwrite(sg,s1), forms a field
accessingedge between nodes ss and s1. It also attaches property nodes to each of these
- one to the parent object, s6, which simply specifiesit was involved in a write operation
at line 10, and one to the object stored in the field which gives the constant pool tndex
for the field zd, 6. Since we define the size of the graph as the number of data nodes
contained within the working set, the processingof this RAE did not affect the size. This
is because,as we previously stated, the nodes s and z are the intial working set of nodes
and the number of them is defined in the bytecode file for the method. It does not grow
or shrink in size during the analysis, and it constitutes the intial set of nodes, remaining
in the working set at all times. They can transistion to and from the li,ueset of nodes
but are never removed from the working set. They are removed from the graph only in
the final step, reducing the graph to only liue nodes,if they are not part of the lz,ueset.
The processingof this RAE added property nodes to the graph but no data nodes as
seenin Figure A.5(c).
The next RAE is the 9 : load(s1,z1). This performs a transfer, transfering the edges
attached to s1 to node 21. Becausewe only show "live" nodes in the intermediate graphs
in Figure A.5, node s1 is not shown in Figure A.5(d). Only node z1 is shown in the
intermediate graph obtained from processing this RAE. Note that s1 does remain in
the working set for the intermediate graph. Comparing the graphs in (c) and (d), the
incoming field accessingedgethat was pointing to node s1 is now moved to node /1 and
the property edgebetween nodes s1 and (W6,L0) is now moved to between nodes \

(w6,7a).
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and

Progressingup the RAEs for Bar, the next one encountered,8 : Ioad,(ss,o3),is also a
load RAE and performs a similar edge transfer as that performed by the previous load.
This can be seen by comparing graphs (d) and (e) in Figure A.5. The property edge
betweennodes s6 and (W,10) has been moved to now connect nodes us and (laz,10). The
node ss no longer has any edges attached to it and as such is not shown in the graph in
Figure A.5(e).
This RAE is followed in the reverseprogressionby the RAE 7 : store(us,ss). The
store RAE again performs a transfer, this time transferring the edgesfrom /B to s0. The
effectsof this transfer can be seenby comparing the intermediate graphs in Figure A.5(e)
and (f). The edgebetween nodes /3 and (Grr,14) and the edge between us and (W,,L})
now exist between these two property nodes and the data node ss. The node z3 no longer
has any edges attached to it and is therefore no longer in the "live" set and not shown
in Figure A.5(f).
The next RAE in reverse progression is 4:'inuolee(str Po). This RAE attaches a
property node to data node s1 making it "live" again. This property node idenitfies
the referencein data node s1 as being used as the Oth parameter to a callee called at
line number 4. The intermediate graph resulting from processing this RAE is shown in

FigureA.s(e).
The i,nuokeRAE is followed in reverse progression by 3 : dupli,cati,on(ss,s1) which
identifies data nodes s6 and s1 as being the same referenc value. Therefore, the processing
of this RAE transfers the edgesconnectedto s1 to s6. The effectsof this transfer on the
intermediate graph can be seenby comparing graph (g) and (h) in Figure A.5. Note that
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data node s1 no longer has any edgesattached to it, therefore removing it from the set
of "live" nodes.
The next RAE in reverseprogressionis 0 : allocati,on(so). An allocatzonRAE identifies a data location as becoming "live" at this point in the method. Since we are
traversing backwards,we do not know anything about the data node before this point in
executionorder and have accumulatedbehavior information about the referencethat was
stored into it at this point. We therefore need a new data node to hold this accumulated
information. We create a node 16 and add it to the graph. We then transfer the edges
connectedto node s6 to the new node rs, r€rnoving s0 from the set of "live" nodes. Note
that since we have added a data node to the working set, we have increasedthe size of
the intermediate graph. The effects of this on the intermediate graph can be seen by
comparingthe graphs (h) and (i) in Figure A.5.
Finally, we reach the method descri,ptorRAE which identifies which data nodesin the
set of z4nodesin our working set were live coming into the method. For this method, the
method descriptor(Fo,Ft,F2) identifiesthe data nodes r/g,r./y,andu2 as being "live" on
entry, respectively. We denote this in the intermediate graph by attaching the property
nodesFo, Ft, and Fz to their correspondingdata nodes. This can be seenin Figure A.5(j).
Note that the graph in Figure A.5(j) only has nodesof type ,/ correspondingto formals to
the method and nodesof type r among its "live" set. Sinceonly the "live" set of nodesis
shown, and we defined the final graph as the subgraph containg only "live" nodes reached
at the entry point of the method upon completion of the reversetraversal, this is also
the final graph for this method.
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Although not imediately obvious, the final graph of Figure A.5(j) contains the same
information contained in the CDG in Figure 2.a@). Both graphs show that formal
parameters 0 and 2 were not used within the method. This is shown in the CDG of
Figure 2.a@) by these nodes being unattached and in the final graph in Figure A.5(j)
by only having formal parameters property nodes attached to these data nodes. For
formal parameter 1, both graphs contain the sameinformation though in different forms.
The node labeled 28 in Figure 2.a@) is analogous to the data node labeled rs with
the property (Ar,0) attached in Figure A.5(j). The field node in Figure z.ak) labeled
(/,31) and attached via a field accessedge to node 28 and a dataflow edge to node P1,
is analagousto the field accessedge attaching data nodes rs and z1 with the properties
(W,10) and (1416,
10) attached to them, respectively.The use of node 28 as a parameter is
denotedby the dataflowarc to the node labeled(0,29) in Figure 2.a@). This represented
in the final graph of Figure A.5(j) by the property node labeled (Ps,4) attached to the
data node rs. The difference in the line number between these two entries is because
Figure 2.A@)is a source level graph while Figure A.5(j) is a bytecode level graph. The
invocation in the sourcecode at line number 29 is the sameinvocation that occurs at line
number 4 in the bytecode representation. Finally, the node representingthe dataflow of
the global write in Figure 2.a@) and labeled (g,32) is denoted in Figure A.5(j) as the
property node (G7, 14) attached to data node 16. Again, the variancein the line numbers
is due to the sourceversus bytecode representation;however,the accessis the same.
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0: formGraph(refinedCFG){
1:
workli,st:: initializeWorklist(refi,nedCFb;
2:
while (workli,st+ 0){
3:
BBi :: renoveNext(workli,st);
4:
testGraph,:UT:oGrlYiechi,ld(BB);
5:
if (- visited(BBj) ll testGraph{Gb){
6:
Goj :: G6ilJtestGraph;
g t!:: pr ocess( BBi) ;
7:
8:
Vi € pareni(BBj){
9:
it (G4 { G* UU BBi- eworkli,sD{
10:
worleli,st.append(BB6);
11:
)
12:
)
13:
)
74:
)
15: )

Figure .4..6 The algorithmfor processingCFG to form graph
Next we discussthe construction of this intermediate graph on a CFG containing
more that one BB. We will describethe transformationof the final graph into the actual
CDG in FigureA.5(j) after fully specifyingthis step.

4.L.4

lterative, backwards, dataflow algorithm

The iterative part of the backwards dataflow algorithm uses a worklist based algo.
rithm. It starts with the refined CFG reduced to an RAE representation and places the
BBs in the CFG in reverse topological order onto a worklist. The algorthim is given in
Figure .{.6. The algorithm iterates over the BBs on the worklist until no more property
or data nodes can be added to the graph and a final graph is formed. This final graph is
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the top graph of the entry BB for the method. We begin by defining the following two
terms:

Definition

I For a g'iuenBBi, G1i is the graph associ,atedwi,th the topmost poi,nt or

entry potnt for forward erecution of BBi. It ,is ini,ti,alizedto an empty graph.

Definition

LO For a g'iuenBB,;, G6i zs the graph associ,ated
wi,th the bottommostpoint

or the eri,t poi,ntfor forward erecut'ionof BBi. It i,si,nr,tr,ali,zed
to the joi,n of the top graph
of all of i,ts chi,ldren.

The algorithm starts by initializing the workli,st on line 2 of Figure ,4.6 by placing the
BBs in the refinedCFG on the worklisf in reversetopilogical order. Next it processes
each BB on the workli,st until the list is empty. To process a given BBi, it starts by
forming a join of the top graphs of all of its children BBs. This is shown on line 4 of
the figure. Then on line 5 of Figure 4..6, it performs a test to see if the BB has not
been visited or if the testGraph created from the join of the children's top graphs is not
a subset of the bottom graph of the BB. If either of these tests is true, it then initializes
the bottom graph of the BB to the join of its current bottom graph with the testGraph
and processesthe BB to arive at a new top graph. This is shown on lines 6 and 7 of
Figure A.6. It then checksfor each parent of the BB to make sure that its new top graph
is still a subgraph of the parent. If it is not and the parent is not already on the workl'ist,
it appends the parent to the end of the worklist to be reprocessed. This is shown on
lines 8-12 of Figure A.6. The algorithm only terminates when there are no further BBs
to processon the worklist.
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The key to proving termination of the algorithm lies in the proof that there is a
maximum saturation point for the join operation performed at line 4 of Figure .{.6. This
is becauseif the bottom graph of a BB currently being processedis not a subset, then
on line 6 of Figure ,{.6, the bottom graph of a given BB is always set to at least the join
of the result, thereby making it at least equal and, by definition, a subset. Therefore,
if the join forms a graph that saturates at a maximum point and cannot grow beyond
that point, then the bottom graph must be at least equal to that after it is set to the
result on line 6 and will not be reprocessed. The key properties in this proof are that a
join operation will only increase the number of entries in a graph and that the potential
number of entries is finite. Although the data nodes u and s are finite in size and distinct,
the graph size can increasewith the addition of data nodes of type r. Therefore, the join
operation must be capabie of recognizing that two data nodes of type r actually represent
the same object and can be merged into one.

Definition

11 Two nod,es,ni and ni, from two graphs G, and Gn are defi,nedto be

joi,nable i,f and, only i,f at least one of the fotlowi,ng i,s trae.
. ni : so and hj : so;a : 0, ,,,,(mar-stack - I),
. ni:

u 6 a n d n j : u b ; b : 0 , . . , ( m a r - l o c a l- 7 ) .

. ni:

r" and,ftj : rd and at least one of the followi,ng holils:
- r" has properig (P-t,I') and,16 has propertU(P-t,l').

TheE were both retumed,

from the same calleemethod,at the same li,nenumber.
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- r"has property (A*,1') and,16has propertA(A*,1'). They wereboth allocated,
with the same type at the same li,ne number.
- r" has properiy (Gr*,l')

and16 has property (Gr^,|').

They were both reail

from the same global locati,onat the same li,nenumber.
- r" has property (c,I') and,r4 has property (",1'). They were both i,ni,ti,ali,zed
to
the same constant referenceualue.
- r" has property (R*,1') and (n") --t

(r") and ra has proper-ty(R*,1') and

(n") --, (ra). They were both read,as the samefield from the same baseobject
at the same li,ne number.

As given in Table A.5, the size of the u and s nodes is finite. These are defined and
given in the method representation in the classfile. Refering back to the rules for adding
nodes to the graph as given in Figure 2.2, lhere are only a finite set of RAEs that can
add nodes of type r to the graph. Each of these adds a property field to the node which
is used to identify a join operation as given in definition 11. Therefore, since the number
of RAEs in a method is finite, and the number of RAEs that can increasethe size of the
nodes r is finite, and by definition 11 no two nodes r will have the same property after
the join, the maximum number of r nodes contained in the resulting joined graphs is also
finite. Therefore, the graph size is finite and has a saturation point.
The subset test at line 5 of Figure A.6 then tests for each node in testGraph lhat
there is a node in G6i that contains at least the same set of properties.
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Table A.8

Property nodes divided into "defines" and "uses."
define

use

constant
allocati,on
stat'ic read,
arcay load
field read
i,nuoke(si' Pq)

pop
swap
store
dupli,cation
load
ercept'ion
lock
unlock
array store
field,wri,te
stati,cwri,te
return
methodd,escriptor
methodattributes

The maximum size of the graph is a function of the number of "defines"that can
occur within a method. This is because"defines"are capableof addingdata nodesto
the graph. Therefore,we definethe sizeof the final graph as follows:

si,ze(fG) : nun'Lber(RAga.p,")

(A.1)

This states that the size of the final graph is a function of the number of "defi.ne" RAEs
contained within an RAE representation of a bytecode method. We further define a "define" RAE as one capable of adding a data node of type r to the graph. Table A.8 shows
the RAEs from Tables 4..6 and A.7 divided into "defines" and "uses." The RAEs capable
of adding data nodesof type r to the graph are the RAEs constant,allocati,on,array load,
fi,eld read, stati,c read, and

'inuoke. The i,naokeRAE only adds a data node of type r if it

2I0

returns a reference value. There is a theoreticai limit to the maximum potential size any
given graph could reach. This limit is defined by the limits given in [29]. The "define"
RAEs can be viewed as a function of the method descriptor and the size of the method.
The number of parameterspassedto a method is limited to 255 as specifiedin [29]. The
maximum size of a bytecode method is limited to 216by the size of the field specifying the
exception handler coverageranges in the bytecode file specifications[29]. Data nodes of
type r that are added to the intermediate graph have at least one "defi.ne" property node
attached to them. There are six RAEs capable of adding a data node of type r to the
graph as shown in Table A.8. The corresponding bytecode instructions for these RAEs
is shown in Table A.3. Of this set, the smallest size instruction is the ldc instruction,
which is two bytes in length [29]. Therefore, a completely theoreticai maximum size for
the intermediate graph, which is given by a theoretical bytecode method of the maximum
size with the maximum number of parameters and containing only instructions of type
Idc, is given by:

s,ize: (255+ 2'u12)x 215

(A.2)

This is purely a theoretical maximum limit to the potential size of a graph and in practice
the final graph is much smaller.

A.1.5

Connecting defines and usages

The current graph represents unique objects as data nodes and the usage and definitions for the objects as properties attached to the data nodes. In this phase, we simpiy
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definitions
(A,l)
(F)

::: an allocati,onoccuri,ngat li,neI
:;: the jth formal parameter to the method

(",1)

::: a constantualue loadedat li,neI

(P-r,D

::: the retum ualuefrom a methodcalledat li,neI
:: a r€ad accessof a global uari,ableoccuring at l,ine I

(Gr,l)
USES

(L,l)

::: a lock operati,onoccuring at I'ine I

(U,l)

::: an unlock operation occuri,ngat li,ne I

(R,l)

;:: a read,operati,onoccuri,ngat li,neI

(W,l)

::: a write operation occuring at li,neI

(Gw,I)

:;: a write accessof a global uariable occuring at li,neI
::: a thrown ercepti,onoccuring at li,neI
::: the jth formal parameter to the method called at li,ne I

(T,I)
(Pi,l)
Figure A.7

Property nodes broken into definition and usagenodes.

replace the objects with their "define" property node and attach the "use" property
nodes to it. Figure A.7 divides the property nodes from Table A.5 into "definitions" and
"uses." The formation of the final CDG is performed in the following steps:
1. Mark all "define" property nodes.
2. Attach all the remaining "use" property nodes to the "define" nodes via dataflow
edgesfrom the "define" property node to the "use" property node.
3. Move all field accessingedgesto corresponding "define" property nodes.
4. Remove all now extraneous data nodes (typ" r and z) from the graph.
Figure A.8 shows the steps for performing this final phase on the intermediate graph
from Figure A.5.
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(b) Step2: Attachremianingproperty nodes
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(c) Step3: Move field accessing
edges

@

(d) Step4: Removeextraneousnodes

Figure A.8 Final CDG formationfrom the graph for Bar in FigureA.5.

4.2

Annotations

The primary purpose of this section is to describe the format of the annotation used
to represent the CDG within classfiles. We focus primarily on the entries and what each
field means to enable users to read and understand the annotations.
To form the actual persistent annotation, the remaining nodes in the graph are sorted
into a table based on their bytecode order. The links between the entries are represented
in the table as offsets from the entry's location to the entry it is linking to. This table is
annotated into the classfiles.
The annotation used to represent the CDG in a classfile is designedto use a minimum
amount of space while still maintaining the information within the CDG. The CDG
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representsrelationships between nodes as directed edges on a graph. To convert this
graphical view into an annotation, the nodes in the CDG are placed in a table. The
edgesin the CDG are then representedas directed pointer to their correspondingentries
in the tabie. We order the nodesin the table starting at their bytecode address.Formals
to a method take up the first few entries in the table where their index into the table
directly matches their correspondingformal index. Edges to and from parameter nodes
then point to and from these entries. Forward edgesare then transformed into offsets
from the entry's location to the table entry it points to. The table entries are then
reduced in size and annotated into the classfiles.
Figures A.9 and A.10 show the format for each of the entries in the annotated table
representation. There are severalpoints to note about the entries. First, note that these
entries are variable length. The use of variable length entries allows the annotation to
use the minimum size for each type of entry instead of the maximum size needed to
handle any given entry in the set of entries. Second, edges are now offsets from the
current position. The offsets now point to where within the method bytecode stream
the object instance is first defined. This could be as a formal passedto the method, an
object created within the method, a field read within the method, a returned value from
another method, etc. The formals passedto the method are left as implicit entries at the
top of the table. The table starts indexing its bytecode entries at the maximum local
variable index value. This value is given as part of the method representation in the
bytecode file. The bytecode offset is an offset from the previous entry that corresponds
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Figure A.9 The format for the table entries used to annotate the CDG information
into a class file.
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Figure A.10 The format for the table entries used to annotate the CDG information
into a class file.
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to the distance in bytes within the bytecode array for the method between the previous
table entry and the current entrv.
The maximum addresslength for a bytecode addressis 16 bits as given in [29]. However, we are starting at the iowest indexed node and progressingforward. Therefore,
instead of representingan absolute addresswithin the table, we use an offset from the
previous bytecode address. Since the table entries are in ascendingorder, the value is
always positive. We choosea 6-bit size for this field based on several factors includine
the desireto maintain byte boundaries,the averagebytecode distance betweenentries in
the files analyzed and, finally, the size and desired representationfor entry types which
shared the field space. The 6-bit field size means the maximum differencebetween anv
two entries is limited to 63 bytes. However, it is possible for the distance between two
entries to be greater than 63 bytes. Under these conditions, a Bytecode Line Number
stub is used. The format of this stub is shown in Figure A.11. The stub contains a value
of 63 for the offset followed by a zeroed-out usagefield to denote it as a bytecode stub.
This gives the stub a total size of 16 bits or 2 bytes. When reading the accesstable and
a bytecode stub is encountered,the runtime simply adds the 63 to the offset of the next
entry. In this fashion, the stubs can be layered to provide any necessaryamount of offset
between two entries in the table.
One of the fields consistentacrossall of the entries in Figures A.9 and A.10 is a usage
field. This field contains a single bit representationof the type of access.It is 10 bits in
Iength, thus covering the ten potential types of accesses.Figure A.12 specifiesthe usage
type of each entry based on the bit location set. Noting that the bytecode addressstub
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Bytecode offset

zeroed

OJ

6 bits

Table index offset

L0 bits

zeroed
15 bits

index

4 bits

table

offset

zd DrEs

Figure A.11 The format for an index stub within the annotatedtabie.

Figure L.l2

Entry type specificationfor usagebit fields.

left this field cleared,this then completely specifiesthe locations in this field. This usage
value, in combination with the other field entries, determines the type and size of the
other fields in the entry. For exampie, if the Field Read bit is set, then the next field is
8 bits in length and contains the indexed offset into the table that is the offset from this
usage location to the location within the table where the object instance was defined. If
this field is set to zero, then the entry is for an array accessand the next field is the table
entry offset. For caseswhen the field is nonzero, it is followed by a lGbit constant pool
index. The entry in the constant pool for the given class file is an entry of type f ield
inf o which contains the information of the type of field. Therefore, this pair of values

2t8

at tribute_info
{
u2 attribute_name_index;
u4 attribut,e_length;
u1 infoIattribute_length]

//
//
; //

this
is fMPACT_AccessTable
Tength in bytes of the table
tabl-e

1

Figure A.13 The format of the attribute field usedto hold the table.
uniquelyidentifiesthe field type and memorylocation. Aithough the constantpool index
coversall possiblevalues,the 8-bit table index doesnot. Sincethe table index field is
finite in length,the offsetis +l-127 which limits the distancebetweena useand a define
in the table. This is again handled by the use of a stub the format of which is shown
in Figure A.11. Sincethe full bit spaceof the 10-bit usagefield is specified,we denote
that this is a table index stub by setting both the bytecodeoffset and the usagefields
to zero. In this fashion,it is distinguishedfrom the bytecodeindex stub and doesnot
requireexpandingthe usagebit spaceto accommodate
the type. Lookingat FiguresA.9
and A.10, there are four potential byte locations within a given entry that are offsets
into the the table. The next field, index, specifieswhich of thesefour locationsthe stub
is associatedwith. This then leavesa 28-bit field to representthe offset.
The table is annotated into the bytecodefile using the attribute info field which is
part of the method info field within the bytecodefile. The format of the attribute info
field as well as commentsidentifying what information is presentin eachfield, is shown
in FigureA.13.
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APPENDIX B
SIMUTATOR ARCHITECTURE

The simulator used to simulate a Java runtime consistsof four major parts. These
parts are labeled in Figure B.1. In this appendix we describeeach of these four main
sectionsin detail.

Simulated
Execution
Engine

Figure E}.1 An abstract overview of the simulated runtime environment.
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virtual
T9
TtO
19
T10
19
T10
T9
T10
19
rr.0

jobject spec.benchmarks.-205-raytrace.Face.cetvert(jint)
105900857
0
105900858
0
1.05900859
1
105900870
1
105900871
4
105900872
4
105900873
5
1059008?4
5
10s900875
6
105900875
6

(I)Lspec/benchmarks/_205_raytrace/point;

Figure 8.2 Sectionof the trace flle for the -227-mtrt benchmark from the SpecJVMg8
benchmark suite.

El.1 Simulated Execution Engine
The input to the Simulated execution engine is a line read from a trace file collected
from the HP Hotspot 1.0 VM. The line read consistsof two potential types, an invocation
line, which contains a full path resolved signature for the method invoked, or an execution
line, which contains a thread id (TID), the absolute number of the instruction and the
bytecode Iine number at which the instruction occurred. Figure B.2 gives a small section
from one of the SPECjvmg8 benchmarks [59]. The first line in this figure is an invocation
line. This line is actually a combination of the standard trace mechanism output and
a modification we made to record the actual method signature. If this is read from the
trace file, it is passedto the method invoker to recoverthe method.
The next line shown in Figure B.2 is a trace output of an execution of one of the lines
of bytecode. The format of this line consists of the thread ID, the absolute execution
order for the instruction, and the bvtecode line number in the method that the instruction
occurred at. We have also included a disassembledversion of the bvtecode for the method
GetVert in Figure B.3. The disassembledversion also contains the CDG table for this
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access flags: 1, public
name index: t6, GetVert
descriptor index: 9, (I)Lspec/benchnarks/_205_raytrace/point;
attribute
count: 2
attribute [0]
name index: 12, Code
nax stack: 2
max locals: 2
code length: 7
0:
aload_O
1:
getfield cplndex: 5
class : spec/benchnarks/_2O5_raytrace /Face
field:
Verts , [Lspec/benchnarks / _205-raytrace/point;
4:
iload_1
5:
aaload
6:
areturn
attribute [1]
name index: 26, IMPACT_AccessTabIe
number of entries: 3
Table[0]: (implied, Iocal variable 0)
Table [1] : (implied, local variable 1)
(1, field-read, table offset: -2, CP index: 5)
TabIe [2]
(4, field-read, Array, table offset: -1, table offset: 0)
Table [3]
(1, returned_by, table offset: -1)
Table [4]

Figure E|.3 Bytecode disassemblyfor the method GetVert.
method. This is shown at the bottom of the figure. The first two entries in the CDG table
correspondto the implied entries for the local variable locations describedin Appendix A.
The remaining three entries are the entries that were annotated in the bytecode file.
When the line is loaded, the simulated execution engine first checksto seeif the thread
ID matches the thread ID for the thread state it currently has loaded. If it does not,
it places a request to the thread state manager to recover the state for that thread
and switches its loaded state to correspond to that thread. The current state of the
thread that was previously loaded is passedto the thread state manager for storage. The
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absolute instruction order for the trace line is ignored by the simulator since it has no
bearing on the behavior of the simulator. The bytecode line number is then used to
accessthe internal representation for the CDG for the method representation for this
thread's context to see if there is an entry correspondingto this bytecode line number.
If there is, then the CDG is updated.
The updating of the CDG when a trace line correspondingto an entry is encountered,
variesdependingon the type of the entry and the type of analysisbeing simulated. For the
simulation of the use of the Object Connection Graph (OCG) describedin Chapter 4, the
CDG is updated only for the exact or oraclemethod. It is usedto track the exact escaping
state for the memory entries. To accomplishthis, each entry in the CDG has a pointer to
the memory location it uses. These are establishedeither when an allocation is reached
or when the OCG analysis is conducted by the method invoker. The memory locations
pointed to by the entries are allocated and controlled by the memory manager. Any
requestsfor new memory locations go through this manager. The format and tracking
information for the memory locations follows later in this appendix.
When an invocation entry is encountered,the call stack for the thread is updated to
reflect the call. The actual sisnature for method is constructed in the same fashion that
the virtual machine uses. The simulator recoversthe constant pool index corresponding
to the method type from the bytecode for the method. It then constructs the signature
basedon the constant pool entries. Sincewe are dealing with a trace file, we know exactly
which version of this method is subsequentlyexecuted,so object type resolution to locate
the method is not necessary.Instead, when the actual instructions correspondingto the
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callee method are encountered in the trace file, the signature stored on the thread's call
stack is compared with the actual method called to be certain they match.
The handling of return instructions is a little more involved than that of invocations.
When a return instruction is encountered in the instruction stream, a flag is set in the
thread's state to indicate that it executed a return. The return point is then verified
with the call stack entry for the method'prior to proceeding with the execution. The
verification of the return point is multileveled. First, the callee is verified to be certain
it is returning from the method the call stack claims was called. Then a look-ahead is
performed for the caller thread, to verify that the next instruction being executed follows
logically from the invocation instruction to the callee.
The primary reason for the invocation and return checksis that it is possible for calls
to native code methods to be interspersedwith calls to bytecode methods. The trace
file does not contain execution information on native methods. If a native method is
encountered in examining the call stack of a thread, then all objects passing across the
call interface are marked as escaping. This level of conservation insures that the results
will always be correct if not precise.
Once the CDG had been updated for the instruction, the simulated execution engine
proceeds to process the next line.
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8.2

Thread States

The thread states used in the simulator can be viewed as a database of the known
currently active threads based on the trace file being simulated. A thread becomes
active when its thread ID is first encountered during the processingof trace lines by
the simulated execution engine. A thread is only consideredno longer active when the
entire trace of the given benchmark has been processed. The thread states are stored
and accessedvia their unique thread IDs. This is the entry in the first column of the
execution trace line shown in Fieure B.2.
When a new thread state is created, it is initialized with a set of state information
unique to that thread. Figure 8.4 showsthe fields contained in each active thread state.
For eachthread, the state storesa referenceto the bytecoderepresentationofthe method
it is currently executing. Sincethread states are only created when a trace file execution
line is first encountered for the thread, it will always be initialized to a referenceto
the executing method. The only time this entry will not be set is if the thread state
has an empty call stack and the thread encounters a return bytecode statement from
its executing method. Even if this event occurs) the thread state will remain in the
thread state databaseuntil the entire trace for the benchmark has been processed.When
the thread is first encountered,a copy is made of the CDG table for the method it is
executing. A referenceis then placed in the thread state to this CDG table. The bytecode
line number within the current method is then recorded in this field of the thread state
shown in Figure B.4.
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Thread States

Figure B.4

The format of the thread state entries.

As the thread executeswithin the simulated execution engine, it can encounter allocation bytecodeinstructions. When such an event occurs,the simulated execution engine
places a request to the memory manager for a new memory location. A referenceto this
new location is stored in the correspondingentry for the current CDG table for the thread
as well as a referenceadded to the thread's view of main memory. These referencesare
folded into the CDGs for this thread along any invocation interfaces.
In addition to allocation bytecode instructions, the simulated execution engine can
encounter invocation instruction. When this occurs, a call stack entry is created and
pushed onto the bottom of the stack used to hold the thread's call stack. A referenceto
this call stack is contained in the thread's state as shown in Figure B.4. The fields in
the call stack entry are shown in Figure B.5. The first of these, the caller signature, is
the trace file invocation line for the method currently being executed. A referenceto the
method's current CDG table is also added to the call stack entry along with the bytecode
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caller signature
lastexecuted
BC line number

trace hle invocation line

caller's CDG table

shiftedbits from caller'sCDG entrv
locationof entrv in caller's CDG table
bits from callee'sCDG table

Figure E}.5 The format of the call stack entry.
line number within the method that the invocation instruction was encounteredat. Next,
the invocation signature is created by the simulated execution engine as detailed above.
This is stored in the top field of the callee signature. Finally, a mapping table is created
to facilitate the mapping of the caller parameters to the callee formals.
The mapping table contains an entry for each parameter slot identified by the callee's
method signature. For each one of the parameters passed,information is stored in this
table. The fields for each entry are also shown in Figure B.5. Although not an exact representation,the field shifted bits from the caller's CDG entry correspond to the
highlighted section of the example interface shown in Figure 4.10. Note that this field
also holds any state information being transferred acrossthe interface. The next field
is an index into the caller's CDG for the parameter being passed. This allows for swift
folding of any changesfrom a result of the invocation back into the caller's table upon
return. Note that since the parameter numbers correspond directly to their location
within the mapping table and these locations match exactly with their corresponding
locations within the callee's CDG, no index is needed for the forward mapping. If the
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entry in the caller's CDG shows that it expects a return value back, then a referenceis
created to hold the return value. The return value entry contains the same fields as a
parameter entry but is not contained in the mapping table since it does not directly map
to a known callee table entry.
The final field shown in Figure B.4 is the thread specific data. This field actually
holds several pieces of information. For example, when the simulated execution engine
simulates an execution line, it changesthe bytecode line number field in the thread state.
However, it may be necessaryto also know the previous bytecode iine number executed
by the thread. Therefore, it records this information in a field marked in the thread
specific data. Additionally when the execution line in the trace file correspondsto a
return statement, the simulated execution engine will want to know that the previous
instruction executed was a return. This is important for when the next line executed by
the given thread is encountered. Since the simulated execution engine will need to pop
the call stack and fold back in CDG table results, it needsto know that a call returned.
The thread specific data field is also used to track any thread specific analysis information. For example, if we are tracking exactly how many bytecode lines each thread
executes, then this information is stored here. It can also track items such as how many
bytecode instructions were executed since the last time this thread executed.
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Initialized Methods

Figure El.6 The format of the initialed methods used by the method invoker.

E|.3 Method Invoker
The method invoker is called by the simulated executionengineanytime an invocation
line is read from the trace file. An invocation line correspondsto the first line in the
sample trace file shown in Figure B.2. The method invoker keepsa table of all methods
it has initialized. Figure 8.6 shows an abstract view of this table. Entries in the table
are accessedvia the invocation line read from the trace file. This mapping is a one-to-one
mapping since we have modified the trace output to include the full method signature.
To illustrate this, we have broken the invocation line from Figure B.2 into its constituent
parts.
Table B.1 contains the labeled version of the invocation iine from the trace file. The
first field in an invocation line is the type of the method. There are only two types,
virtual and static. A virtual method is iocated via a method table oointer used with
the object instance it is called with, while a static method is located via a class file.
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Table B.1

Sample line showing fields in the invocation line from a trace file.

virtual

Tvpe
of
method

jobj ect

spec . benchmarks . _2 05_raytrace

Return
Tvpe

Exact path location of the class file

( j i n r ) ( I ) Lspec,/benchmarks
Parms

/_2 0 S_raytrace

. Face .

l6|-\f6rf

Method
name

/ Point ;

Actualmethoddescriptor

This is not critical for the simulator since we do not distinguish between the two types
in our method invoker. The next field is the trace mechanism'snotation for the return
type from the method. Note that for this method, the return type is jobject.

The

trace mechanism uses this return type for any reference type returned from a method
regardless of whether its an object or an array. This is one of the reasons we found
it necessaryto include the actual method descriptor in the trace output. This actual
method descriptor is shown as the last item in the labeled invocation line of Table 8.1.
The return type is specified at the end and is given as an object of type Point with
the full path information. Since the invocation line is from a trace file, it has already
been resolved to the exact version of the method invoked. Therefore, even though this
method is virtual, we know it is the version located in the Face class file which can
be found in the directory spec/benchnarks/-205-raytrace.

The name of the actual

method invoked follows the class file name. For this example, the method is GetVert.
This name, plus the actual descriptor, are what is used to form the method signature.
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This signature is used to make certain that an invocation or return on a thread's call
stack is indeed correct. The method name is followed in the invocation line by the formal
parameters to the method. This parameter listing uses the same ambiguous jobject
for any reference types, and therefore we ignore it when resolving methods. Finally,
the invocation contains the actual method descriptor for the method invoked during the
execution of this benchmark. This is obtained as the program is executing and output by
the trace mechanism. Note that the invocation line will be exactly the same every time
we invoke or execute part of this exact method. Therefore, we use the full invocation
line to accessthe initialized method in the table.
An initialized method consists of several fields. The first of these points to the byte
array for the bytecode for the method. This byte array is used by the simulated execution
engine. The next field points to a clean copy of the CDG table. This copy is what was
read in from the annotated class file. It does not contain any changes. This clean copy
is neededevery time the method is invoked. It is copied into the thread's state and then
any information is folded into the copied version. Finally, the initialized method can
contain pointers to other items that may be needed by the simulated execution engine.
For the simulation we ran, this included a clean copy of the OCG for the method and a
flag indicating whether or not the method contained an allocation.
There are times when the method invoker will not have an initialized copy of the
method requested in its table. When this occurs, the method invoker places a request
to the ciass loader for the method. The class loader will locate the requestedclass file
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Memorv Locations
Exact type name

Pointertomemory
locationof thefield

Figure B.7 Simulatormemoryformat.
and then the requestedmethod and return it to the method invoker. In this way, only
methodsactually invokedgo through the addedoverheadof initialization.

8.4

Memory Manager

The simulator keeps track of the unique memory locations used during the trace.
This tracking of memory locations is done primarily by the memory manager. Figure B.7
shows the format of the simulated memory. The memory locations are represented as
entries in a growable array. Each entry has the exact type name for the entry. When an
allocation request is receivedfrom the simulated execution engine, the memory manager
creates a new entry in the array and a return reference to it. When a field write occurs,
the simulated execution engine notifies the memory manager with the reference to the
memory location the field belongs to, an identifier for the field, and a reference to the
memory location being stored in the fieid. At that point, the memory manager usesthe
unique field name passedby the simulated execution engine to accessthe field in the field
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array. It then changesthe field pointer to point to the newly specified memory location.
If an entry does not exist in the field array, one is created.
The memory format shown in Figure 8.7 also contains an entry for state. For the
simulation we ran, we used three state values: one indicated whether the memorv location
was method escapingvia OCG analysis,another indicated whether the memory location
actually escapedduring execution, and the final state was used during garbage collection.
The garbage coilector used by the memory manager is a mark and sweep collector.
At the time a garbagecollection epic occurs, the collector placesa request to each thread
to mark as "live" any memory locations it knows about. The thread manager then goes
through the current CDG and all cali stack CDGs and marks all referenceswithin them
live. When all threads have marked their references live, the memory manager then
traverses the memory locations to mark any location reachable via a field link from a live
location aiso live. This process is iterative and completes when no further updates can
be made. The garbage collection uses the following steps.
1. Starting at the first location in the memory array,
If the location is live, check memory locations reachable via its field array.
If field reachable location is not live, mark it live and set changed state in
garbage collector.
2. When end of memory array is reached,
o If changed state is set clear it and start again at top of array.
r If changed it is not set, collect any memory location not marked as live.
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For the simulation we ran, the collected memory locations were then analyzed and
the results recorded.
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