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Abstract

High-level programming languages like Java, C#, or Python rely on memory
management systems that allocate and free objects automatically. A Java
Virtual Machine (JVM) is responsible to execute compiled Java code. Sev-
eral JVM implementations are available that include ongoing improvements
throughout many years with reductions in execution time and memory foot-
print as well as the addition of new features. JVM implementations are large-
sized projects that consist of many files, classes, and functions. Changing or
extending the code can be a difficult and time consuming task. Therefore,
simulators that reproduce desired JVM operations are available. They can
be used to implement and test new features in little time. As with the Java
Virtual Machine, a simulator requires instructions as form of input files with
information on what operations to perform. These files are called trace files
and they are generated with an instrumented JVM. Relevant operations are
captured and printed into a file while running the JVM.

This master’s thesis focuses on the generation of trace files that represent

JVM operations as realistically as possible. At the start of this project, two

i



types of trace file generators already exist. Unfortunately, both of them con-
tain errors that lead to a false JVM representation. Thereby, results gathered
from simulators are unreliable. A new form of trace file generation is required
that is able to produce correct inputs for a simulator. The project presented
in this thesis captures JVM operations directly from IBM’s J9 Java Virtual
Machine’s bytecode instructions. In addition, a comparison between previ-
ous and new trace files and their different effects on the simulator is part of

this thesis.
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Chapter 1

Introduction

1.1 Motivation

Java Virtual Machines (JVM) [15] are responsible for executing Java pro-
grams that have been compiled to the standard Java bytecode. These vir-
tual machines are the connection between physical hardware and the virtual
execution environment that supports device-independency. Java code can be
executed on any device, independent of hardware or the operating system,
as long as a JVM implementation is available.

The demand for Java-developers and software implemented in Java is greater
than ever. According to the TIOBE index [5], Java is the most popular pro-
gramming language since May 2015. In order to keep up with the fast growing
and rapidly changing field of software development, the Java programming

language as well as the underlying system, the JVM, have to develop further.



New features and improvements have to be provided with every new version
in order to remain competitive.

Two of the largest manufacturers of JVMs are Oracle and IBM. Their JVM
implementations are large-sized projects that have been around for decades
and consist of many files, classes, functions, and much code. Every new re-
lease of the Java programming language entails a new JVM release. Research
and improvements on Java Virtual Machines include reductions in execution
time and memory footprint as well as the addition of new features and poli-
cies.

Therefore, working with these projects, getting an overview of the code and
changing or extending it can be a difficult and time consuming task. Es-
pecially the outcome of new features or algorithms may be not beneficial
enough for future use.

Java Virtual Machine simulators are able to reproduce desired JVM opera-
tions. They simulate a dynamic memory management system with a heap,
allocation and mutation of objects, and they perform garbage collection. A
memory management simulator has to perform only these operations, and
thus is much simpler than a JVM implementation. Therefore, implementing
and testing new features can be done in less time compared to a JVM im-
plementation.

A simulator requires instructions as form of input files that contain opera-
tions that have to be performed. These files are called trace files and are

roughly comparable to JVM’s compiled bytecode. Trace files are generated



with an instrumented JVM. Relevant operations are captured during the ex-
ecution of the JVM and are printed into trace files. They can also be created
by using a synthetic trace file generator with a specified number and ratio of
operations.

The goal of this master’s thesis is to generate realistic trace files that re-
produce JVM operations as closely as possible. The best simulator is not
able to deliver trustworthy results if its input does not match a true JVM
implementation.

The approach presented in this thesis captures operations from bytecode
instructions. Therefore, the bytecode interpreter of IBM’s J9 JVM was in-
strumented in order to capture references from the stacks to the heap (root-
pointers). In case all root operations are directly performed by the bytecode
interpreter, monitoring them can guarantee to find all root additions and
deletions. Thus, it is possible to provide trace files that represent a JVM

realistically.

1.2 Problem Statement

The main challenge of this project is not simply to generate trace files, it
is to guarantee the correctness and comparability to the JVM. Two types
of trace file generators preceded this work. The GarCoSim simulator was
used for this project. It is able to execute and generates results with these

trace files. Unfortunately, both trace file versions contain errors that lead to



a false JVM representation and thus results gathered from the simulator are
unreliable. Their flaws are discussed in Section 2.5.2 and Chapter 3.

The approach presented in this thesis collects operations directly from byte-
code instructions. All relevant functions, that are part of the bytecode in-
terpreter, have to be examined. Operations have to be captured and printed
into the trace file. Only if all reference creations and deletions are correctly

monitored, can trace files be considered accurate.

1.3 Thesis Organization

This thesis consists of seven chapters. Chapter 2 gives the background of
this work. This includes the Java programming language as well as the Java
Virtual Machine. Dynamic memory management and garbage collection is
explained on the basis of four standard collectors. Lastly, the GarCoSim
Framework is presented with its simulator and trace file generation process.
Groundwork about flaws in preceding trace files as well as the search for
their errors is presented in Chapter 3. The design for a realistic trace file
generator is laid out in Chapter 4 followed by its implementation and experi-
mental setup in Chapter 5. Results are presented and evaluated in Chapter 6.

Finally, the conclusion and proposal of future work is discussed in Chapter 7.



Chapter 2

Background

This chapter explains relevant information that is necessary to understand
the remainder of this thesis as well as related topics about this project. The
outline of the Java Programming language in Section 2.1 is followed by the
Java Virtual Machine in 2.2. An overview of dynamic memory management
in general is shown in Section 2.3. The four standard garbage collection
policies mark-sweep, mark-compact, copying GC, and reference counting are
described in 2.4. The GarCoSim Framework is an important part of this

thesis and is presented lastly in Section 2.5.

2.1 The Java Programming Language

Java is a modern object-oriented programming language created by a team

lead by James Gosling and was announced in 1995 [19]. Based on C/C++ [10],



it is classified as a high level language. Details of lower levels, like the un-
derlying hardware and memory addresses, are invisible to the programmer.
Furthermore, the task of allocating and freeing objects manually is of no
concern to the programmers due to an automated memory management sys-
tem. Compared to lower level languages such as C or Assembly, Java is easy
to learn and advanced data structures can be built in little time. This is
accomplished by many features, libraries, and APIs that are improved and
extended with every new Java version. Additionally, an extensive amount
of Java-compatible frameworks help developers. Java’s latest edition, SE 8§,
introduces, among other new features, lambda expressions, a new javascript
engine called Nashorn, as well as new date and time APIs [6].

According to the TIOBE index [5], Java was the most popular program-
ming language in September 2016 with a popularity of about 19%. This
index is calculated by multiple different measures, including search terms on
Google, Bing, YouTube, or Yahoo!. Also, the number of professional pro-
grammers, available courses, and third party vendors are taken into account.
An overview of the ten most popular programming languages over the last 15
years is shown in Figure 2.1. As displayed, between 2012 and early 2015, C
was the most popular programming language ahead of Java. Only recently,
Java was able to make it back to the top of the list. This is mainly due to
the fast growing sector of smartphone applications for which Java is supe-
rior compared to C. After more than 20 years of existence, the importance

and demand for applications written in Java is still highly relevant and not



expected to drop soon.
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Figure 2.1: TIOBE Programming Community Index [5]

2.2 The Java Virtual Machine

In order to run a Java-program, a virtual machine is required that performs
necessary operations and communicates with the underlying hardware. The
Java Virtual Machine (JVM) is a computing machine and operates in similar
manner as operating systems like Windows, Linux, or Mac OS. Whether
a virtual machine is used to run an operating system (for example with
VirtualBox) or compiled Java code, the advantages are usually the same as

shown in [21] and [14]:

e Independent

“Write once, run anywhere.” This popular slogan created by Sun Mi-



crosystems portrays one of the most important features of virtual ma-
chines: Java code can be developed on any system, compiled into the
standard Java bytecode, and is expected to execute on any operat-
ing system that is capable of running a JVM. Thereby, Java code is

independent of hardware or the underlying system.

e Secure
Java applications are running in an isolated environment; therefore
making them more secure and protected against misuse and attacks
like malware or computer viruses. During execution, the JVM accepts
solely certain inputs that follow the predefined instruction set and de-
nies malicious instructions. Furthermore, the Java language itself does
not allow unsafe operations like pointer arithmetic, thereby making it
impossible for programmers to access and change memory areas di-

rectly.

Various JVM implementations are available for almost every operating sys-
tem since anybody can design and implement a JVM. However, the Java
Virtual Machine specification [15], constituted by Oracle, has to be satisfied.
One of the most important requirements is that every JVM implementation
has to be capable of processing bytecode instructions and correctly perform-
ing the operations. Two of the most popular Java Virtual Machine imple-
mentations are Oracle’s HotSpot and IBM’s J9. They are differentiated by,

for instance, garbage collection policies and the heap layout.



As the Java language improves and changes with every new edition, the Java
Virtual Machine has to change as well. JVM implementations have to adapt
in order to execute compiled Java code from new Java releases. Apart from
this, other main goals for designing efficient and competitive Java Virtual
Machines deal with optimizing throughput, decreasing execution time, and
the reduction of the memory footprint of applications in execution.

Many JVM features are independent from the Java language and how to im-
plement and utilize them is up to the developers. Garbage collection is one
example. Every JVM implementation requires a dynamic memory manage-
ment system that includes automated garbage collection (GC). What kind
of GC policy is implemented, when to trigger a collection cycle, or how to
organize the heap is up to the JVM developers. Specific settings, like the
type of garbage collector, can often be chosen by users themselves. One
example of a GC policy: IBM’s latest JVM implementation features a GC
algorithm, called balanced [20]. It splits the heap into up to 2048 regions
and only collects a subset with each occurring collection cycle. The benefit
is a single GC cycle takes less time since only a portion of the heap is col-
lected. Furthermore, each collection takes roughly the same amount of time
and they are relatively short. The downside is an overall longer execution
time on average compared to other collectors. This is due to overall more

GC cycles as wells as the overhead introduced by balanced.



The JVM itself is not capable of parsing Java code [15]. It solely has to
process a certain binary code, called the class file format. It is obtained by
compiling Java code with a Java compiler (for instance Javac, developed by
Oracle). Each bytecode represents an instruction used directly by the JVM
on a lower level compared to Java code. These instructions deal among oth-
ers with object creation and mutation, but mainly on how to operate the

stack.

Java code

!

Java compiler

!

Bytecode
\ 4
JVM JVM JVM
A A A
\ 4 \J Y
Windows Linux Mac OS

Figure 2.2: Executing Java Source Code

Figure 2.2 gives an overview of the JVM environment when executing a
Java program: at first, Java-code needs to be compiled into the class file
format. Depending on the underlying operating system, a different JVM

implementation is required to run the program. The JVM is communicating

10



with the underlying hardware, which provides memory and CPU time.

2.2.1 JVM Internals

This section explains the internal, abstract architecture of every JVM as de-
scribed by the Java Virtual Machine Specification, Java SE 8 Edition [15].
The run-time stack areas and heap as well as their inner components are pre-

sented in the following. Figure 2.3 gives an overview of the main components.

11
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Run-time data areas are used by the JVM during execution. Some of these
areas are created during startup, others belong to threads and therefore are
created at the same time as the dependent thread.

Every JVM thread is associated with a stack created at the same time as
the thread starts [8]. The stack is used as an execution area and is only
operated by pushing and popping values in a last in, first out manner. A
stack can be dynamic or fixed size. In case a thread requires a larger stack, a
StackQuerflowError is thrown and, depending on the JVM implementation,
the stack might grow. On method invocation a stack frame is created. It is
used by the current method and is destroyed at the moment of return. Each

frame contains the following parts:

e Return value
The return value is passed back to the method that invoked the current

method that is being executed.

e Local variable array
This array contains all local variables that are used by the method.
Variables are primitive types as well as references to objects on the

heap.

e Operand stack
The operand stack is used to execute the current method by performing
necessary operations. For example, the addition of two int variables a

and b. In case a and b already reside on top of the stack, they first need

13



to be popped off the stack. Afterwards, a and b can be added together
and the result is pushed on top of the stack for further operations. The

result may also be stored inside the local variable array.

e Class reference
The method holds a reference to its own class data as well as constant

values that may be needed during execution.

The native stack shown in Figure 2.3 is not a mandatory component and
typically only part of a JVM implementation if a C-linkage model for a Java

Native Interface (JNI) Invocation APT is used.

During startup, the heap is created as one of the first run-time data areas. It
is shared among all Java Virtual Machine threads and used as memory area
to allocate all class instances and arrays. Solely primitive data types, such as
int, float, or double are put directly on the stack. Methods access objects on
the heap by keeping references to them on the stack. All of these references
together make up the so called root set. Depending on the garbage collection
policy, the heap can be one contiguous space or divided into multiple areas.
Figure 2.3 shows, for example, a heap layout used by a type of copying collec-

tor called generational. More on garbage collection is presented in Section 2.4

Objects used by the JVM itself are considered to be alive during most of

the execution and are allocated in a special area called the Non-Heap mem-

14



ory. The method area for example stores class-structures as well as code for
methods and constructors. It also contains the run-time constant pool with
several kinds of constants such as literals or method and field references.

Java Virtual Machine specification Version 7 does not specify whether the

method area has to be garbage collected or not.

2.3 Dynamic Memory Management

Automatic dynamic memory management is one of the biggest improvements
for programming languages and is nowadays an essential component for soft-
ware developers [13]. Providing a system that is able to allocate, deallocate,
and to create references between objects automatically facilitates the work
for programmers and, in general, promotes better code. Since first described
in a paper in 1960 by McCarthy [17], continuous research, development, and
improvements followed throughout the years. Thereby, two main goals are
a decrease in execution time as well as the memory footprint of running
programs.

Like the name suggests, dynamic memory management is responsible for
managing the memory of running applications. The system executing the
application (for example a JVM running a Java program) has to parse and
process the program’s code. The Java bytecode [15] instructs the JVM what

operations to perform. The bytecode consists of several different instructions,

15



whereby many describe creation and mutation of objects. These are the core

components of dynamic memory management [13] as it is used in the JVM:

e Object Allocation
An object is allocated on the heap by a specific thread and is initially
only accessible through the thread’s root set. Depending on the de-
ployed GC policy (Section 2.4) a specific algorithm decides where and
how to store the object. Before doing so, enough space has to be avail-
able. If this is not the case, a garbage collection cycle or heap expansion

is triggered.

e Object References
Objects are able to point to other objects, thus creating connections
between parents and their children. Previously created references can
be updated (or mutated) to point to a new destination. All of these
references combined make up the object graph of a running application.
An object is only accessible (or alive) if it is reachable by a path from

the root set.

e Garbage Collection
In case not enough space is available to satisfy an allocation, a garbage
collection is triggered. The task of the collector is to remove dead ob-
jects and only to keep those who are still alive. An object is considered
to be dead as soon as it is no longer reachable by any other live object.

Some GC policies might trigger their collection cycle before the whole

16



heap is occupied. This usually results in a longer collection time in
total since more individual GC cycles are required. The benefit is a
shorter collection time per cycle on average compared to whole-heap
collectors. Applications that require a short response time can benefit

vastly from such policies.

2.4 Garbage Collection (GC) Policies

Various garbage collection algorithms with different procedures and heap
layouts are available in a JVM. Which GC policy is being used is up to the
developers or users themselves. Benefits and drawbacks between different GC
algorithms have to be considered. Variations exist in the collection time, the
amount of available memory, elapsed time until dead objects are collected,
fragmentation, and others. Depending on the kind of application and the
environment, different aspects might be more or less important.

This section gives a brief overview of the four basic GC policies: mark-sweep,
mark-compact, copying GC, and reference counting. Java Virtual Machine
implementations use garbage collection policies that originated from these
basic types. Modern GC implementations are more powerful and efficient
compared to the standard types.

Most of the information presented in this section is gathered from the Garbage

Collection Handbook [13].
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2.4.1 Mark-sweep

One of the simplest and first implemented GC policies is mark-and-sweep
garbage collection. The collection cycle is usually triggered when the heap is
fully occupied, meaning no more memory is available to allocate new objects.
The algorithm consists of two distinctive phases: the marking phase and the
sweeping phase. The first phase walks the whole object graph, starting from
the roots, and flags all reachable objects. The second phase simply frees
every memory location on the heap that has not been marked thus making
it reusable again. The major advantage of this algorithm is its simplicity:
mark-sweep can be described only with a few lines of pseudo-code and the
implementation is straightforward. Furthermore, the required collection-time
is relatively short compared to other collectors. The main drawback of this
algorithm is fragmentation of the heap. After collection, live objects remain
at their original memory location. Thereby, each occurring collection cycle
may cause new gaps between objects on the heap. This results inevitably
in longer allocation times. The allocator has to find a free gap in order
to allocate an object. Walking the whole heap and searching for free slots
requires much time. Especially a first fit algorithm that starts every search
at the beginning of the heap can take up a big portion of the execution time.
The problem can be decreased through the use of more efficient algorithms.
Next fit, for example, remembers the last allocation point on the heap and
starts the next occurring search for a free slot at this location. This decreases

the required time, but available memory chunks might never be used. An
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optimal solution that solves fragmentation without moving objects does not

exist.

2.4.2 Mark-compact

Mark-compact solves the main drawback introduced by mark-sweep. In or-
der to avoid fragmentation, a compaction algorithm is included to the mark-
sweep policy. This is accomplished by rearranging (copying) all live objects
to one side of the heap. By doing so, the allocator only needs to check if
enough memory is available. The location for new objects is always after the
last allocation (this algorithm is called bump pointer allocation).

Similar to mark-sweep, this algorithm operates in different phases. The first
phase is the marking phase. The following phases can differ between differ-
ent mark-compact algorithms. However, a copying phase is always included.
Since objects are moved, their parents might point to outdated addresses on
the heap. So another required phase involves updating outgoing references.
Several different mark-compact algorithms exist that offer variations on how
to move objects on the heap.

One example is the often deployed Lisp 2 collector [13]. This relatively fast
algorithm does little work in each of its phases at the cost of additional mem-
ory usage. Every object requires an extra slot that stores the address where
it is being copied to (called forwarding pointer). Furthermore, the heap needs
to be split into two regions: one contains all live objects, while the other one

is used as a copy-to reserve. The pseudo-code for this policy with its three
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phases is presented in Algorithm 1.

After marking all live objects (not part of the pseudo-code), a new copy-to
location has to be found for every object. This is done by first iterating
through the heap-region that contains the objects. In case an object is
marked as alive, its forwarding pointer is updated to the current address
of the copy-to reserve and the copy-to pointer moves forward by the size of
the current object. The next phase is responsible to update all root and
parent references. At first, all roots are updated according to the forwarding
pointer. Afterwards, the same is done for all heap-objects. The last phase
reallocates live objects by moving them to their forwarding address.

This algorithm solves the problem of fragmentation but increases the mem-
ory overhead by splitting the heap into two regions and by using a forwarding
pointer. Furthermore, the garbage collector has to perform more operations
compared to mark-sweep. The major advantage is relatively short allocation

time throughout the whole execution.

2.4.3 Copying GC

As presented, mark-sweep works fast and simple, but promotes fragmenta-
tion. Mark-compact on the other hand eliminates fragmentation, but requires
multiple passes and a comparably longer collection time. The next approach,
copying GC, tries to solve both of these issues by copying live objects directly.

Similar to mark-compact, the major drawback of this algorithm is a heap that

20



Algorithm 1 Lisp 2 Algorithm

function compACT
coMPUTELOCATIONS(HeapStart, HeapEnd, HeapStart)
UPDATEREFERENCES(HeapStart, HeapEnd)
RELOCATE(HeapStart, HeapEnd)

function COMPUTELOCATIONS(start, end, toRegion)
scan = start
free = toRegion
while scan < end do
if ISMARKED(scan) then
FORWARDINGADDRESS(scan) = free
free = free + S1ZE(scan)

scan = scan + SIZE(scan)

function UPDATEREFERENCES (start, end)
for each fld in Roots do
ref = *fld
if ref not equal null then
*fld = FORWARDINGADDRESS(ref)

scan = start
while scan < end do
if ISMARKED(scan) then
for each fld in POINTERS(scan) do
if *fld not equal null then
*ld = FORWARDINGADDRESS(*fld)

scan = scan + SIZE(scan)

function RELOCATE(start, end)
scan = start
while scan < end do
if ISMARKED(scan) then
dest = FORWARDINGADDRESS(scan)
MOVE(scan, dest)
UNSETMARKED(dest)

scan = scan + SIZE(scan)
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has to be split into two parts of the same size; thus cutting the amount of
available memory in half.

A simple implementation of a copying GC algorithm is presented in the
following;:

At startup, the heap is split into two parts of equal size called fromspace and
tospace. Figure 2.4 shows an example heap layout with five objects. New
objects are allocated in tospace by simply incrementing a bump pointer. A
GC cycle is triggered as soon as tospace does not offer any more free memory
to satisfy the next allocation. As displayed, the bump pointer points to the
far end of tospace, thus a GC is triggered with the next occurring allocation.

The collection cycle performs the following tasks:

1. At first, the roles of fromspace and tospace are switched by swapping

the labels of the regions as shown in Figure 2.4 (b).

2. The copying phase begins by traversing the whole object graph, starting

from the root pointers either in a depth-first or breath-first manner.

3. Every live object is copied into tospace directly (objects O1, O2, and

05). A bump pointer is used to determine the current tospace-location.

4. A forwarding reference is added for every object in fromspace (marked
as black pointers). Since old copies are no longer needed, any space can
be used to store the forwarding pointer, thus no additional memory
is wasted. Figure 2.4 (b), shows copied objects in tospace marked

with a star. Parents in the new region are still pointing to children in
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fromspace (for example Object 1). Objects O3 and O4 have not been

copied since they are not reachable by any live parent or from the roots.

. After copying all live objects into tospace, every reference has to be
updated. This is done by once again traversing the object graph start-
ing from the roots. However, this time every reference from a parent
to a child is updated according to the forwarding pointer address. The

same is done for root pointers as well.

. Figure 2.4 (c¢) shows the final outcome: all live objects are copied into
tospace and references are updated correctly. The collection phase
is completed and new objects can be allocated at the current bump
pointer location. Fromspace will be used again for the next collection
cycle. Many collectors choose to zero out old objects in fromspace for

safety reasons.

2.4.4 Reference Counting (RC)

Reference counting is the only GC policy presented in this thesis that does

not follow a tracing algorithm approach. A tracing collector finds live objects

by traversing the object graph. RC operates directly on reference changes.

Tracing collectors might keep dead objects for a long period of time before

freeing them. Reference counting collects dead objects as soon as they are

no longer reachable. In order to do so, objects keep an additional slot that

stores the number of incoming references. The reference count is updated
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directly on mutation.

Every write operation activates the write barrier. A simple pseudo-code for
a RC implementation is shown in Algorithm 2. Function process represents
the write barrier. An object, that lost an incoming reference is passed as
oldChild. A newly created pointer to an object leads to an increase of the
reference count for child. Depending on the write barrier-implementation,

both o0ldChild and child can be null.

Algorithm 2 Reference counting

function PROCESS(oldChild, child)
if child then INCREASEREFERENCECOUNT(child)

if 0ldChild then DELETEREFERENCE (0ldChild)

function DELETEREFERENCE (object)
if object then DECRESEREFERENCECOUNT(object)
if GETREFERENCECOUNT(object) == 0 then
children = GETCHILDREN (object)
while children do
child = GETNEXTCHILD(children)

DELETEREFERENCE(child)
FREEOBJECT(0bj)

DeleteReference is called inside the write barrier to decrease the reference
count. In case the count drops to zero, the object is deleted. Before doing
so, all children have to be traversed and their reference count is decreased as
well. This might trigger a chain reaction, leading to the deletion of multiple
objects.

Advantages of this algorithm are relatively short collection times and the

removal of unreachable objects at the moment of death. The downside is
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mainly an increased memory usage due to the additional reference count
field. Furthermore, this policy promotes fragmentation in case no additional
compaction algorithm is included.

Another major problem with reference counting is object-cycles that cannot
be captured. Objects that are pointing to each other without any incoming
reference from other reachable objects are considered to be dead. Unfortu-
nately, their reference count never drops to zero and so they are not deleted.
Advanced cycle-detection algorithms, as for instance the recycler [7], are able
to detect cycles and remove dead objects. The cost is a complex algorithm

with more overhand and an even longer execution time.

2.5 The GarCoSim Framework

Various Java Virtual Machine implementations have been available (for ex-
ample Oracle’s HotSpot, initially released in 1999 [4]). These systems are
complex and consist of much code (possibly also written in diverse and out-
dated languages). Programming, experimenting, and testing new features
can be a complicated and time consuming task. Furthermore, testing new
code for correctness and efficiency, comparing different policies and algo-
rithms, or running benchmarks require a lot of work and time. The outcome
might not be assessable during development and in case improvements are
not sufficient much effort may result in no improvements. One way to tackle

this problem is by using a simulator that reproduces desired JVM behavior.
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By working with a JVM simulator, implementing new features and testing
them, as well as evaluating, can be relatively easy and requires little effort.
If results are promising, changes can be ported to a JVM implementation.

This requires the simulator to operate at a realistic level. Only then changes
and features implemented in the simulator are expected to lead to the same
results in the JVM. For example: a new garbage collection policy imple-
mented in the simulator leads to a significant reduction in execution time
compared to other collectors. Similar results are expected when adding the

new collection policy to the JVM.

JVM simulator implementations are able to reconstruct heap activities and
perform garbage collection. Dieckmann and Hélzle [9] implemented a trace
file generator alongside a JVM simulator. However, instead of developing
a JVM testing tool for new algorithms, their work focused on the analysis
of the memory usage of the SPECjvm98 benchmark suite [3]. First, trace
files (simulator input) are generated with an instrumented Sun JDK1.1.5 VM
while executing a benchmark. In a second phase, the simulator (programmed
in Java) parses and executes the trace file. Allocation, pointer assignments,
and garbage collection is simulated while statistics are computed and gath-
ered. Experimental results presented in Dieckmann’s and Holzle’s work cov-
ers among others heap size and object lifetimes, comparison between instance

objects and arrays as well as size and alignment of objects.
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The GarCoSim Framework [18] is used as part of this project. It is capable of
parsing memory management instructions and to simulate heap operations.
This framework contains two separate parts: the simulator itself as well as
a trace file generator. The generator is able to produce synthetic trace files
that can be used as input for the simulator. Trace files are comparable to the
JVM class files: a set of instructions with information on what operations
to perform. Synthetic trace files consist of randomly generated instructions.
Some parameters as ratio between allocate, read, and reference operations
can be specified. The trace file generator itself is not relevant to this project
and thus not further discussed in this thesis. However, more details on the
trace file structure, how to generate them from Java applications, and in-
formation about the simulator is presented in the following sections. The

GarCoSim framework is available on GitHub [2].

2.5.1 Trace Files

The GarCoSim simulator requires instructions as input that determine what
operations to perform on the heap. A set of these are found in trace files [16].
Table 2.1 gives an overview of all valid instructions. Attributes of trace file
operations are presented in the following:

e Ti: iis a thread id (i >= 0)

e Oj: jis an object id (j >=1)

e Cj: jisaclassid (j >=1)

e Sk: k is the size of a object in bytes (k >0)
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MM Operations Notation | Usage

Allocation Ti Oj Sk NI Cj

Add a reference of an object to the rootset a thread Ti Oj

Store/write a primitive field into an object Ti Oj Ix(/Fm) Sn Vo
Store/write a static primitive field into a class object Ti Cj Ix(/Fm) Sn Vo
Store/write an object reference field into an object Ti Pj #k Ol Fm Sn Vo
Store/write a static object reference field into a class object Ti Cj Ix(/Fm) Ol Sn Vo
Read a primitive or a reference field from an object Ti Oj Ix(/Fm) Sn Vo
Read a static primitive or reference filed from a class object Ti Cj Ix(/Fm) Sn Vo
Delete an object reference from the rootset of a thread Ti Oj

= =0 g ®®n 4o

Table 2.1: The trace file instructions

e NI: 1is the no. of reference slots in an object (1 >= 0)
e Ix(/Fm): x(/m) is the index(/offset) of a filed in an object (x(/m) >= 0)
e Sn: n is the size of a field in an object (n >= 8)

e Vo: o is either 0 or 1 represents the field type either non-volatile or volatile

e Pj: jis an object (Parent) id (j >= 1)

Ol: lis an object (Child) id (1 >= 1)

#k: k is the slot number of a reference field in an object

The simulator is started with a trace file as input and parses the file line
by line. Objects are allocated, references are created and may be removed
later on. As with the JVM, the simulator is capable of performing garbage
collection in case no more space is available—or sooner, depending on the
specified GC policy.

Out of the nine available operations, four are essential to simulate a func-

tioning heap:

e Allocation (a)

Objects are allocated from one specific thread. Both object and thread
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are identified by their ID. Further attributes are the object size given
in bytes and the class ID. Names of all classes and threads are stored
in additional files together with their attributes. Every object has a
certain number of reference slots available—the number is specified
after the index ‘N’. For instance: an object allocated with five slots

can store up to five outgoing references to children simultaneously.

Reference operation (w)

Reference operations create connections between parents and children.
Only if the specified slot number ‘k’ is valid (the parent has enough
outgoing slots available) and the child can be found on the heap, a
pointer is created. A reference operation can also point to object zero.
This leads to the deletion of any previously stored reference in the given

slot.

Root set addition (+)

A root set addition is created for the specified object.

Root set deletion (-)

A root reference is removed for the specified object.

Trace files are generated by running Java applications with an instrumented

JVM. Java programs used in this approach are typically the DaCapo [1] and

Standard Performance Evaluation Corporation (SPEC) [3] benchmarks.

Figure 2.5 gives an overview of subsystems and files that are part of the trace

file generation process.
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Java application
(benchmark)

Instrumented JVM

Trace file

Raw trace file

Postprocessor

Class file

The instrumented JVM used in this approach originates from IBM’s J9 Java
Virtual Machine in version 9. It has been modified to print operations during
execution to an output file, the raw trace file. Modifications were inserted
at every location of the JVM code that deals with object allocation or mu-
tation. Additional information as object-sizes, class names, or thread names

are captured as well.

Object allocations, read and store operations as well as references between
objects are printed directly into raw trace files as they are executed by the

JVM. This is a short example with two allocated objects and a reference

operation:

Figure 2.5: Generating trace files
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a ‘(main)” O1 S112 N9 int
a ‘(main)’ O2 S32 N1 int
w ‘(main)’ P2 #0 O1

Unfortunately, the instrumented JVM is not able to capture root set addi-
tions or deletions directly at execution time. It is solely possible to capture
the current state of the roots for all threads at predefined moments during
execution. This is an example for a root dump:

root 2:

‘(main)’ O1

‘(main)’ O3

‘(main)’ 04

Objects O1, O3, and O4 are all accessible directly from the roots by thread

‘main’ at the moment this dump was generated.

2.5.2 Post-Processing

The simulator is not capable of parsing raw trace files. The reason is root
dumps: the raw file contains information about the current state of the roots.
However, the simulator requires exact points for a root set addition or dele-
tion to be able to execute the operation. In order to solve this problem,

post processing was added to the generation process. It is responsible for
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transforming root dumps into root set additions and deletions.

Two post-processors are available with two different algorithms that are able
to generate the missing root set additions and deletions. The following task
is performed by both post-processors in similar manner:

As shown above with example lines of a raw trace file, threads and classes are
specified by their names (for example ‘main’ or ‘int’). In order to minimize
the size of trace files (some are larger than 100GB), thread and class names
are replaced by identification numbers. The corresponding names are put
into an additional class and thread file. This makes trace files faster to parse
by the simulator as well.

Objects are only accessible by incoming references. To be able to access newly
allocated objects, both post-processors add one additional root set addition
for every object immediately after allocation. This initial root reference is
removed eventually. The moment of removal is the main difference between

post processor 1 and 2. They are presented in the following subsections.

2.5.2.1 Post Processor Version 1

The first post processor solves the root dump conversion problem by keep-
ing root pointers to objects as long as they are accessed in the trace file.
The processing-procedure is explained in the following with a small example.
Thread and class names are already converted into IDs and initial root set

additions were added to every allocated object:
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a T1 O1 S112 N9 C1
+ T1 01

aT1 02 832 N1 C1
+ T1 02

w T1 P2 #0 O1

The next root dump consists only of object O1:
root 2:

‘main’ 01

Post processor 1 keeps track of objects that are accessible by root pointers.
Up to the root dump, both objects one and two are accessible by their initial
root reference. O1 is part of the root dump, O2 is not. No changes are nec-
essary for O1 since it is already accessible by the roots and simply remains
in the root set. Object two on the other hand is not part of the root dump
and thus it is no longer accessible through the roots. As result, a root set
deletion is printed into the trace file:

a T1 O1 S112 N9 C1

+ T1 01

aT1 02832 N1 C1

+ T1 02

w T1 P2 #0 O1

-T1 02
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w T1 P2 #0 00

The next occurring operation after the root dump is the creation of a ref-
erence from O2 to O0. Creating a reference to the nonexistent object zero
results in the removal of any previously stored reference in the appropriate
slot. This already shows the problem of root dumps: object two is no longer
accessible by any incoming reference after its root set deletion. At this point
of time it is garbage and could be deleted by the collector (for instance, a ref-
erence counting policy would delete object two immediately). Unfortunately,
02 is yet required for another write operation.

In order to keep object two alive as long as it is accessed, the newly created
trace file is processed two additional times.

The first pass locates the last access to every object and stores this informa-
tion. In the previous example, this is the last write operation for O2. The
second pass moves the root set deletion after the last access. Object one is
removed from the roots as well:

aT1 01 5112 N9 C1

+ T1 O1

a Tl 02832 N1 C1

+ T1 02

w T1 P2 #0 O1

-T1 01

w T1 P2 #1 O0
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-T1 02

This solves the problem of losing objects prematurely since every object is
accessible by its root pointer as long as it is used in further operations. How-
ever, this leads to an unrealistic and inflated root set compared to the JVM.
The garbage collector is able to access all of these objects with one step only

by traversing the root pointers.

Figure 2.6 shows the number of objects per traversal depth level from a trace
file generated by the first post processor. Level 1 objects are accessed by one
step only, these are the root pointers. Level 2 objects are accessed by parents
that are accessed themselves by root pointers. The levels in this example go
up to 18. The simulator that generated these results used the mark-sweep
garbage collector with a breadth-first traversal algorithm. In order to count
depth levels during GC, small modifications were applied to the simulator.
Traversal depth levels shown in this example originate from a small Java
program. Actual results on benchmarks are presented in Chapter 6.

The majority of objects are actually not directly accessible by root pointers.
The reason behind these results is how and when post processor 1 prints the
last root set deletion. Every object that is used in read or write operations
is accessible by a root pointer. However, objects can be alive but never be
used again. For example, a live parent has a reference to a child object. The

child is never used in the trace file but it is still alive through its parent’s
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Figure 2.6: Traversal depth levels

pointer. In other words, all objects that show a higher traversal depth level

than one are not involved in future operations in the trace file.

2.5.2.2 Post Processor Version 2

The second approach of post-processing attempts to solve the problem in-
troduced by post-processor 1. The solution is to compare every root dump
to the previous one. With this comparison, it is possible to determine if an

object was added, deleted, or already part of the current root set:
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e An object that is part of the current root dump but not part of the
previous one is added to the roots. The root set is considered to be

empty at the first line in the trace file.

e An object that is both part of the current and the previous root dump

was already added to the roots. No operation is required.

e An object that was part of the previous root dump but not part of the

current root dump is removed from the roots.

This approach does not require additional processing phases. Compared to
the first post-processor, the new procedure is more realistic and accurate.
Root references are not kept to every live object during the whole execution.
Mistakes can only occur between two root dumps: it is not possible to de-
termine if an addition or deletion happened right after a previous dump or
momentarily before the next root dump—an inaccuracy that has negligible
consequence for the simulator.

Unfortunately, the simulator is not able to operate on the new trace files. Ex-
ecuting the simulator with trace files generated by post-processor 2 results
sooner or later in accesses to objects that are already deleted. An object is
allocated and accessed correctly until it becomes garbage (no more incoming
references). The object is deleted by the garbage collector. Later on, during
execution, this object is accessed again in the trace file. Obviously, the sim-
ulator is not able to find the deleted object and the simulation results into

termination with an error message. The exact reason and origination behind
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this problem is discussed in Chapter 3.

2.5.3 Simulator Implementation

The GarCoSim simulator is capable of simulating a dynamic memory man-

agement system. It does so by parsing trace files and performing operations

on the heap. It is developed in C4++ and aims to be highly modular, thus

making it easy to add new collectors, allocators, or write barriers. Figure 2.7

shows the basic class diagram with notable functions. It is far from being

complete; some classes and many functions were deliberately excluded to

provide a clear illustration.

Simulator

getNextLine()
doNextStep()

Memory Manager

allocateObjectToRootset()
setPointer()
requestRootAdd()
requestRootDelete()

Allocator Basic
E
allocate() Real
L] 4 NextFit
| | allocate()
Object
setPointer() I Collector
I collect()

WriteBarrier

Reference
CountingWB

process()

P RecyclerWB

process()

Figure 2.7: Simulator Class Diagram
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The simulator is started via command line arguments with several different
options available. The desired collector (mark-sweep, copying, recycler), al-
locator (basic, real, next fit) as well as the write barrier (reference counting,
recycler, none) can be specified. Further required arguments are the trace
file location and the initial heap size. Depending on the collection policy,
the heap is able to grow during execution. Invoking the simulator with a
heap size of 1000 bytes, next fit as the allocator and mark-sweep as collector
without a write barrier may look like this:

./traceFileSim exampleFolder/example TraceFile.trace -h 1000 -a nestFit

-¢ markSweep

After initializing all required components, the simulator instance starts to
parse the trace file by reading line after line. Depending on the current oper-
ation, the appropriate memory manager function is called. This is the main
component of the project and is connected to the allocator, collector as well
as the write barrier.

In order to allocate an object, the specified allocator is called with the re-
quired size as an argument. If enough memory is available to satisfy the
allocation, the object is allocated. The memory manager then creates the
object with all specified arguments. In case no memory is available, the al-
locator returns null and a collection cycle is triggered. The collect function
of the specified collector is called by the memory manager and dead objects
are removed in order to continue with the allocation. If not enough memory

is available to satisfy the second allocation for the same object, the whole
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simulation is aborted with an out-of-memory error message.

Reference changes are directly created by the memory manager. In case a
write barrier is selected, it is called during reference operations.

After execution, a log file is created that contains statistics including every
collection cycle with info about the number of freed and live objects, GC

duration, or occupied memory in bytes.
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Chapter 3

Searching for Zombies

The objective of this project is to generate correct trace files and to avoid
flaws of post processors 1 and 2. In order to so, at first trace files in previous
versions are examined. The source of the error is actually located in raw
trace files as will be revealed later in this chapter. In order to solve errors of
trace files, at first the root of the problem needs to be revealed and examined.
This includes an investigation on zombie objects to understand why they are

part of trace files and to determine their origin.

What is the real source of error of processed trace files and, more impor-
tant, what part of the generation process is responsible for the flaws? It is
impossible to produce accurate trace files as long as this question remains
unanswered. In order to find a solution, it is necessary to take a second look

at post processing as well as the raw trace files.
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It is easy to see that post processor 1 is not able to generate reliable inputs
for the simulator. As presented in Section 2.5.2.1, every allocated object is
accessible through the root set as long as it is used in future operations in
the trace file. The last root deletion is always printed after the last access to
an object, thus resulting in an overloaded root set. No matter how correct
the input may be, flawed trace files are always the result. Therefore, post
processor 1 will no longer be considered as a viable option or as basis for this

project.

The error source of post processor 2 cannot be explained this easily. All that
is known at this point is trace files contain objects that are accessed after they
become garbage—the so-called zombie objects. In theory, the second post
processor should be able to generate accurate trace files. Testing showed,
running it with artificially created input always results in flawless output.
The problems must reside in raw trace files. Therefore, post processor 2 is
not able to produce a correct outcome with the currently available raw trace
files. Another algorithm for post processing might be able to generate correct
trace files. However, it still has to make some assumptions in order to work

around the flaws of raw trace files.
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3.1 Raw Trace Files Examination

The zombie objects have to be detected in order to be able to investigate
the problem in more depth. Only then, can zombies be traced back to their
origin—the instrumented JVM. By now, it is known that zombies reside in
raw trace files and are simply transferred into processed trace files. A slightly
modified GarCoSim simulator is able to find almost all zombie objects in trace
files.

To achieve this, the reference counting policy (see Section 2.4.4) is used. As
soon as an object’s reference count drops to zero it becomes garbage and is
deleted. Every object that is accessed but already deleted by the reference
counting policy must be a zombie. Read, write, store, and root operations
are monitored and in case access to a dead object occurs, its ID is stored. At
the end of the execution, all of the saved IDs are printed into a log file—the
zombie objects are detected.

This approach cannot guarantee to detect every single zombie object. A pure
reference counting algorithm is not able to detect cycles. For example, three
objects are pointing to each other but are not reachable from the roots or any
other object. They are unreachable, and thus garbage. However, their refer-
ence count never drops to zero and those objects will not be deleted. It could
be possible to extend reference counting with a cycle detection algorithm, as
for instance with the recycler. This policy is able to find all unreachable

objects, including those in cycles, with a cyclic reference counting algorithm.
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This was not done for the following two reasons:

e Trace files generated by the instrumented JVM have huge file sizes.
For example, lusearch from the DaCapo benchmark suite results into a
trace file with a size of over 56 GB with more than three billion lines of
operations. Running these files with the simulator is a time—consuming
task that can last up to days. Extending the reference counting policy
with cycle detection that is able to detect dead objects immediately at
the moment of death increases the already long execution time expo-

nentially.

e [t is simply not necessary to be aware of every single zombie object. The
goal is to reveal zombies and their origin in the instrumented JVM. The
information on the actual amount of zombies is merely an additional,

although interesting statistic.

The modified simulator was used to detect zombie objects in trace files that
were generated by the instrumented JVM. The Java programs used to gen-
erate the raw trace files are benchmarks from the DaCapo-9.12-bach suite.

Table 3.1 shows the amount of zombies as a percentage of allocated objects.

Zombies range between 0.06% up to 8.67% compared to the total amount of
allocated objects. Only if trace files do not contain any zombie objects, the
simulator can guarantee to execute without faults. One access to a deleted

object is enough to abort execution.
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Allocated Zombie Zombie

Benchmark ) .
objects objects percentage
avrora 1,972,773 4,585 0.23%
batik 1,181,050 22,888 1.94%
fop 3,039,465 133,353 4.39%
luindex 407,841 35,353 8.67%
lusearch 13,326,074 7,486 0.06%
pmd 7,642,402 9,976 0.13%
xalan 6,661,173 160,102 2.40%

Table 3.1: Zombie objects of the DaCapo-9.12-bach benchmarks

Zombie objects are successfully revealed in various trace files. The next step
is to investigate their origin in order to detect their cause. To reveal how and
why unreachable objects are accessed, a sample of zombies was examined
directly in raw trace files. One example is presented in the following. These
are the operations for object 142 from the raw trace file generated by the fop
benchmark:

a ‘(main)’ 0142 832 N1 java/lang/String

a ‘{(main)’ 0143 S24 NO char

w ‘(main)’ P142 #0 0143

s ‘(main)” P142 F20

r ‘(main)’ 0142 F2/

root 2:
‘(main)’ 0140

‘(main)” 0142
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r ‘(main)’ 0142 FO
root 2:

‘(main)” 0140

r ‘{(main)” 0140 FO
r ‘(main)’ 0142 F20

Several operations occur between allocation up to the moment object 142
becomes a zombie at the last shown line. Some unnecessary operations have
been removed that do not deal with the relevant object. This applies also
for repeating read operations that do not add any useful information. The
total number of lines between allocation and zombie creation is 242 in the

raw trace file.

Object 142 is allocated as a String. Every String object has an associated
char array, which is allocated as well. They are connected by one reference.
According to the first root dump, O142 is directly accessible from the roots.
This is the only reference that keeps object 142 alive. The following read
operation can be executed by the simulator. Unfortunately, O142 is not part
of the next root dump. At this moment, a root delete is printed into the
trace file and the garbage collector (for instance reference counting) might

delete it immediately. The next read operation tries to access the already
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deleted object without success.

All of the examined zombie objects show similar characteristics that can be

grouped and outlined into these three states:

1. A zombie object is allocated. It can be part of the next occurring root

dump but does not have to be.

2. At some point the object is not reachable anymore. It has no live parent
pointing at it and is not part of a root dump. The garbage collector

might delete it.

3. Write, read, or root operations try to access the already dead object.

3.2 Missing Root Operations

The reason for zombie objects in processed trace files has now been presented
and examined. However, the question remains: why are zombie objects part
of raw trace files and what part of the instrumented JVM is responsible for
their creation? Zombie objects appear to be dead at some point in the trace
file but are accessed later again. This indicates that the zombie object was
never dead up to the moment of the access operation. In order for an object
to be alive it has to be accessible by an incoming reference.

Three explanations are possible that describe reasons for missing references:
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1. Not all write operations are captured, and thus objects lack incoming

pointers.

2. Missing root additions: the periodically printed root dumps are not

complete, root pointers are missing.

3. JVM internal references keep objects alive but are not captured in trace
files. This explanation includes all possible internal connections, such

as references and data structures.

Zombie objects occur in trace files because of missing references that would
keep them alive. The three presented explanations about the origination of
zombies cover all the possibilities of missing references. Therefore, out of
these three explanations, at least one must be the cause of zombie objects.
In the following, missing root additions as well as JVM internal references
are proven to be the cause of zombies. This is done by eliminating the other
explanation of missing write operations. Furthermore, the reasoning behind
missing root pointers is given.

In order to verify that all write references are captured as well as no oper-
ations are printed falsely, the already implemented instrumented Java Vir-
tual Machine was examined. Write, read, and store operations are captured
through J9’s object access barrier. This class consists of roughly 100 func-
tions that all create references or return values for all types of objects and
date types supported by the JVM. With an enabled access barrier, the JVM

performs all object accesses inside the barrier. All that needs to be done is
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to ensure that every relevant operation in the access barrier is monitored.

Every function was examined and tested thoroughly while stepping though
the JVM in execution using the GNU Debugger. Fortunately, most of these
functions are rather simple and operations are performed with a couple of
lines only. During examination, no absence of read or write operations was
discovered. Captured references between objects were observed; especially
accesses to known zombies were investigated to guarantee their correctness.
Nothing unusual or incorrect was discovered during these observations of ref-

erences to zombie objects.

This examination excludes missing write operations as reasons behind zom-
bies. The second explanation for zombie objects is missing root additions.
Root dumps are printed periodically into raw trace files. The hypothesis
is root pointers are not captured completely during the creation of a root
dump. Triggering a root dump results in the iteration of every stack’s root
set in order to find all of its root pointers. IBM’s J9 has a built-in stack iter-
ator that traverses all slots for every thread. It was used in this approach to
print the root dumps. The iterator is only reliable if it guarantees to find all
references from stacks to heap. Investigation as well as literature suggests it
is not. The reason for missing root pointers is references from native C/C++
code. These operations are hidden from root dumps and are not captured in
the instrumented JVM. This leads to the absence of some root pointers, and

thus the creation of zombies.
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This observation corresponds with Dieckmann’s and Hoélzle's work [9] pre-
sented in Section 2.5. They found several objects in trace files that appear
to be dead (unreachable) but are still used later on in operations. This is due
to pointer stores from C code that have been ignored, since the JDK 1.1.5
VM used in their approach contains too many places that directly manipu-
late Java objects. In order to remove zombies, their solution is to resurrect

zombie objects in the simulator in case they are accessed after deletion.

The third potential reason for zombies are JVM internal operations on spe-
cific objects. Several hash-tables and similar data structures are used to store
references to immutable or immortal objects that are never deleted. Classes
are one example. During class loading, before the first object of a certain class
is initialized, the class itself has to be created. These class objects are stored
in the constant pool, a part on the heap that is usually not garbage collected.
Class objects are accessible by JVM internal data structures through static
references. These connections are not captured in the instrumented JVM.
Another example is String objects. Strings are immutable objects that can
be garbage collected but are always accessible through an internal String ta-
ble in case their content (the character array) is reused.

This concludes the investigation of the origin of zombie objects.
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Chapter 4

Design

The goal of this chapter is to sketch an outline that describes the necessary
steps that were performed as part of the implementation in order to create
accurate trace files. As presented in Chapter 3, reasons behind the origination
of zombie objects are missing root pointers, references from native C-code as
well as internal JVM data structures. This chapter describes a new approach
that is able to generate realistic trace files that do not contain any zombie
objects.

It is organized as follows:
1. The requirements section 4.1 lists all challenges that need to be solved

by the new instrumented JVM on the basis of findings in Chapter 3.

2. Section 4.2 presents the advanced instrumented JVM with the detection
of root set operations on a bytecode level. Further design decisions that

minimized the amount of zombies are shown as well.
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3. The zombie removal processor removes all remaining zombie objects
that might reside in trace files. It is presented in Section 4.3. This
processor is the final part of the system and its output is a zombie free

trace file that is usable by the simulator.

4.1 Requirements

The main drawback of the previous instrumented JVM with post processing
is the extraction of root references out of root dumps. On this basis, a
correct representation is difficult, if not impossible. Information of reference
changes between two root dumps is lost and cannot be recovered. Therefore,
the approach presented in this thesis captures root additions and deletions
on occurrence, thus eliminating the post processing step. Complete trace
files are created directly by executing the instrumented JVM. However, post
processing is still partly required to transform class- and thread names into
identification numbers and to perform similar tasks.

The new instrumented JVM has to accomplish three main tasks:
e All root additions and deletions have to be captured on occurrence.

e In order to keep internal JVM objects alive, the initialization of class
objects during class loading and similar operations have to be moni-

tored.

e References as well as root set additions and deletions originating from
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native C code have to be captured.

4.2 Instrumented JVM Version Bytecode

In this section, the design for the new instrumented JVM (named version
bytecode) is presented. The main component and core for this design is the
extraction of root set additions and deletions from bytecode instructions.
The new approach revealed several issues that complicated the generation of

zombie free trace files. They are discussed later in this chapter as well.

4.2.1 Monitoring Bytecode Instructions

In order to capture root set additions and deletions on occurrence, JVM’s
bytecode instructions [10] are monitored. The Java Virtual Machine Spec-
ification (Java SE 8 Edition) lists 149 instructions in total. An instruction
consists of a one-byte opcode specifying the operation to be performed. It
may have zero or more operands that supply arguments or data that are used
by the operation. The inner loop of a JVM is the bytecode interpreter. It is
responsible to parse the class file, where all of the bytecode instructions of a
compiled Java program are found. One after the other, every single instruc-
tion is executed by the JVM through the bytecode interpreter. It performs
appropriate operations, calls JVM internal functions, and manipulates the
stack. Required values during execution are stored by pushing and loaded

by popping off stack slots (more details on the stack can be found in Sec-
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tion 2.2.1). During execution, the stack is filled with relevant data and grows
or shrinks as needed. Depending on the current bytecode instruction, values

are pushed or popped off the stack.

Pushing a reference to a heap-object on the stack creates a root set addition.
Popping that pointer later on results in a root set deletion. Out of the total
149 bytecode instructions, some manipulate the root set and some do not.

Here are three examples:

e iadd: addition of two int values.
Two int values are popped of the top of the stack. They are added
together and the result is pushed onto the stack. The root set is not

manipulated.

e dup: duplicate the top stack value.
The top value on the stack is duplicated and pushed onto the stack.
An addition to the root set only occurs, if the pushed value is a pointer

to an object on the heap.

e laload: load long value from array.
The reference to an array as well as the array-index are already located
on top of the stack. First, both reference and index are popped off.
Afterwards, the long value at the index of the array is retrieved and
pushed onto the stack. The popped reference to the array results into

a root set deletion.
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IBM’s J9 Java Virtual Machine includes a class called Bytecodelnterpreter.
Fortunately, all bytecode instructions are executed through this single class.
In addition to the 149 instructions defined by the JVM Specification, the
Bytecodelnterpreter class contains several helper functions. They are called
directly from bytecode instructions and perform additional tasks.

Bytecode instructions either push or pop values on the stack. Some do both,
while others do neither. All instructions were examined and in case references
to heap objects are pushed or popped, the relevant operation has to be
printed into the trace file. Table 4.1 shows the numbers of push and pop
operations that manipulate the root set, including bytecode instructions as

well as helper functions.

Push Pop Push & Pop Neither
41 19 5 269

Table 4.1: Numbers of examined bytecode instructions and helper functions.

Out of the total 334 functions found in the Bytecodelnterpreter class, 65 are
relevant to this project. All of these functions were modified in order to print
root set additions or deletions into the trace file. Several functions, as for
instance the previously presented pop instruction, can be executed with any
data type. It might be a number, character, reference to a function or a

root pointer. In order to capture only root references, the value is compared
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against the base and top heap address. Solely if the value falls in between
these two addresses, it is classified as a reference to the heap and the root set
operation is printed. Regular numbers, as for instance integers, cannot fall
in this range. This is due to the required size of integers and pointers: an
integer requires a size of 4 bytes, while a reference requires 8 bytes in IBM’s
J9 JVM. It is not possible for a 4 byte number to fall in between the heap

base and top.

4.2.2 Root References outside the Bytecode Interpreter

The Bytecodelnterpreter class is not the only location in IBM’s J9 Java Vir-
tual Machine that performs root set operations. During work on this project,
several classes, functions, or macros were discovered that add and remove
root set references. Especially monitoring three macros that either push or
pop one single object helped to significantly decrease the amount of zombies.
These macros are used heavily in many functions throughout the J9 JVM.
Further root set additions and deletions occur in JNI (Java Native Interface)
helper functions and classes. The JNI enables Java programs to execute and
call native applications written in languages such as C or C++. These classes
and functions were located and monitored.

Finally, code that is mainly used during the JVM initialization phase manipu-
lates the stack. Particularly the initial class loading that has to be performed

before a class is available to be used results into several root set additions.
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4.2.3 Locking

Bytecode instructions are, if solely considering the context of garbage collec-
tion (GC) as interruptions, atomic operations. All operations triggered by
the initial instruction have to be completed before a safe collection of dead
objects can occur. In case a GC cycle is performed during an instruction,
provisions have to guarantee not to delete objects prematurely.

One example to illustrate this problem is the allocation of a String object.
The J9 JVM allocates alongside every String object a corresponding char-
acter array. For instance the sequence of letters “zombie” stored as String
object in a Java program is externally accessed by the String object. Inter-
nally, “2ombie” is stored in a character array. During initialization of String
objects, several operations are performed between String and character ar-
ray as well as to other internal objects. The String is only accessible (alive)
after it is returned to the bytecode instruction and added to the root set.
A garbage collection during the initialization might delete the String object
prematurely and leaves the current execution in an inconsistent state. Sev-
eral bytecode instructions trigger the allocation of objects, whereby an object
is only then accessible after it is returned and added to the roots. IBM’s J9
prevents this scenario from happening. The simulator does not have mecha-
nisms to prevent the premature deletion of objects while parsing a trace file.
In order to solve this problem, locking was introduced in the instrumented
JVM as well as in the simulator. Every bytecode instruction that triggers

the allocation of an object and adds this object to the root set after a return
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was extended by locking. A locking operation is printed into the trace file
before a relevant function call. The lock is released by an unlock operation
after the print of the root set addition.

The simulator was extended to be able to parse locking operations. In case
a GC is triggered by an allocation during a locked period, operations that
already have been performed during the locked period are reverted. The cur-
rent point of execution is set back in the trace file before the locked period
and the garbage collection can be performed safely. Statistics on the numbers

of locked and unlocked lines in trace files is presented in Chapter 6.

4.2.4 Zeroing Out Stack Slots

IBM’s J9 JVM pops off stack slots by moving the stack pointer (sp) one slot
ahead. The popped off value remains in the stack slot, only the stack pointer
moves. The value in this slot is never used again by the JVM but it might
get overwritten at some point.

During work on the J9 JVM it was discovered that several stack slots are
popped off twice without ever accessing the value in the corresponding slot.
Figure 4.1 gives an example explaining the problem and gives the solution.
Object 42 resides on the stack and is already popped off in Figure 4.1 (a),
as result a root set deletion is printed into the trace file. The stack pointer
moves forward but eventually jumps in front of the already popped off stack
slot as shown in Figure 4.1 (b). In case the stack pointer now jumps from

this slot further down the stack (for example during a function return) the
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same slot is popped off a second time (Figure 4.1 (c)). A simple solution to
this problem is zeroing out popped off stack slots by replacing the original

value with zero as indicated in Figure 4.1 (d).

<—sp

042 042 042 ><

<—sp <—sp
<sp

(a) (b) (c) (@

Figure 4.1: Example of zeroing out stack slots.

It is important to clarify that the JVM never accesses a popped off value
twice. Multiple root set deletions from one stack slot only occur during the
return of a function. The stack pointer jumps several slots down the stack
and by doing so removes a whole stack frame. Values in these slots are never
accessed directly. However, in order to capture all root set deletions, the
instrumented JVM has to examine every slot and print a root set deletion
for root pointers. By doing so, the instrumented JVM might access a stack
slot twice, while the value is only used once by the JVM. Zeroing out stack

slots each time a value is popped off prevents this from happening.
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4.3 Zombie Removal Processor

Many modifications and additions to IBM’s J9 were included in order to at-
tempt to capture all root set operations. Unfortunately, it was not possible
to remove all zombie objects within the instrumented JVM for every given
input. Too many locations in J9’s code operate on the stack and manipulate
the root set. The instrumented JVM in version bytecode cannot guarantee
to generate zombie free trace files. The final number of remaining zombies
in trace files generated from the DaCapo benchmark suite is presented in

Chapter 6.

A system was required that is able to remove zombie objects from the gen-
erated trace files. The proposed solution in this project uses the simulator
together with a further processing step to remove the last zombie objects.
The simulator was already modified to be able to capture zombies in trace
files (see Section 3.1). It is used as part of the zombie removal system. An
additional processing step was included that removes zombie objects. Fig-
ure 4.2 shows the final system from Java application to the generation of a

zombie free trace file.
The zombie detection simulator uses reference counting to detect zombies. It

generates a file that contains the lines at which the zombie objects actually

become zombies (the first access to a dead object). This file, together with
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Java Application P Instrumented JVM Thread File
(Benchmark)

Class File
Y /

Raw Trace File > Post Processor —
Trace File
(contains Zombies)
Y
Trace File | Zombie Removal |« Zombie File  |«— Zombie Detection
Simulator

Figure 4.2: Final trace file generation process

the trace file, are the inputs for the zombie removal processor.

This processor removes zombies objects in two steps:

1. The first pass locates the last root set deletion for every zombie object

before it actually becomes a zombie.

2. In a second pass, the whole trace file is copied unmodified except for
one small change: the already located root set deletions are omitted

and simply ignored.

The following example demonstrates the algorithm:
1: a T1 O1 8112 N9 C1

2: + T1 01

3:r T1 01
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J: - T1 01
5:r T1 01

Object one becomes a zombie at the last read operation (line 5). This line
number is printed into the zombie file by the zombie detection simulator.
The zombie removal processor locates the last root set deletion before O1
becomes a zombie (at line 4). The last step is to copy every line, whereby
the last root set deletion for every zombie object is omitted:

1: a T1 O1 S112 N9 C1

2: + T1 01

3:r T1 01

5:r T1 01

The number of zombie objects that were removed by the zombie removal

processor is presented in Section 6.1.

This approach removes all zombie objects. Unfortunately, yet another prob-
lem remains in trace files: negative root counts. A few objects have more
root set deletions than root set additions, and thus resulting into a negative
root count. This relates to the zombie objects. Not all root set operations
are captured entirely within the instrumented JVM. Since some root pointers
are missing, it can happen that more root set deletions than additions are

captured for one object.
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The zombie removal processor performs another step that removes root set
deletions that lead to a negative root count. Here is an example with a neg-
ative root count for one object :

1: a T1 O1 8112 N9 C1

2: + T1 01

3:aT1 028112 N9 C1
4: + T1 02

5:w T1 P2 #0 O1

6: - T1 O1

- T1 01

Object 1 is removed from the roots at line 7 for a second time with only
one initial root addition. It is accessible by object 2 (line 5), and thus not
a zombie. The zombie removal processor counts the root set additions and
deletions for every object while copying each line. In case the root count
drops below zero, the appropriate line is omitted:

1: a T1 O1 8112 N9 C1

.+ T1 01

caT1 0285112 N9 C1

2
3

J: + T1 02
5:w T1 P2 #0 01
6

:-T1 01

64



The number of removed root set deletions that resulted into a negative root

count is presented in Section 6.2.

The final outcome is a zombie free trace file with slight modifications com-
pared to the original trace file generated directly by the instrumented JVM
version bytecode. Advantages and disadvantages of this approach are dis-

cussed in Chapter 7.
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Chapter 5

Experimental Setup

This chapter gives an overview of the software and hardware together with
the experimental setup of this project. Implementation details of the instru-

mented JVM, the post processors, as well as the simulators are presented.

5.1 Instrumented JVM

IBM’s J9 Java Virtual Machine was used in its most recent release as the
basis for this project. This is the precise JVM version number:

Java(TM) SE Runtime Environment (build pra6490ea-20161205_06)

IBM J9 VM build 2.9, JRE 9 Linux amd64-64 12150101-000000

(JIT disabled, AOT disabled)

JIVM - be3a7je

OMR - 4963113
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JCL - 2016112802 based on Oracle jdk-9+113

Both instrumented JVMs (root dump and bytecode version) are implemented
on the basis of this Java Virtual Machine. The original instrumented JVM
that preceded this work was implemented with IBM’s J9 in build 2.7. Dur-
ing work on this project, both JVM instrumentations were ported to the
latest release in 2.9. The reason for this migration was mainly due to as-
sembly code in version 2.7. Many operations that manipulate the stack are
performed within assembly code, including root set additions and deletions.
These operations made the capture of root pointers particularly difficult and
were enough reason to do the migration. IBM’s J9 JVM in version 2.9 has
few lines of assembly code. Almost all of the old code was migrated to C or
C++. No root set additions or deletions were discovered from assembly code

during work on this project in version 2.9.

The instrumented JVM itself was executed inside a virtual machine created
with Vagrant. This was the most convenient way to run the JVM on one CPU
only. A major drawback during work on this project was the multi thread-
ing nature of the JVM implementation. Especially the locking instructions
(Chapter 4.2.3) often interfered with each other. Setting up the JVM on a
Vagrant virtual machine with only one CPU decreased the overall locking
levels significantly (more on locking levels in Section 6.3).

This is the precise Vagrant version number with its operating system:
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Vagrant 1.8.6 VM
Ubuntu 14.04.5 LTS (GNU/Linux 3.13.0-108-generic ©86-64)
1 CPU

The DaCapo benchmarks were all executed with the same JVM command
line arguments in both instrumented JVMs:

-Xjuvm:default -Xint -Xms16g -Xmax16q -Xgcpolicy:optthruput -Xgcthreads1
-Xgc:alwayscallwritebarrier -XX:-PackedObject

-jar dacapo-9.12-bach.jar benchmarkName -s small

The initial and maximum memory were both set to 16 GB in order to pre-
vent garbage collection. The option Xint disables the Just-In Time (JIT) and
Ahead-Of-Time (AOT) compilation. Optthruput is a mark-sweep collector
with a disabled concurrent mark phase. The application only stops executing
if an allocation request cannot be satisfied. This policy was selected in order
to prevent any kind of interaction by the garbage collector. The number of
GC threads was set to one. Packed objects are disabled, while write barriers
are enabled in order to capture read and write operations.

The DaCapo benchmarks (fop in the previous example) are all executed with
their small size option (-s small) in order to reduce file size and processing

time of trace files.

One last implementation detail is the object identification number in trace
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files. As presented in examples in previous chapters and sections, objects
have a unique ID. However, objects in raw trace files do not have these IDs.
They are identified by their address on the heap, which is printed into the
raw trace file. Assigning and keeping identification numbers during the exe-
cution of the instrumented JVM is not a trivial task. Storing an ID directly
with the object on the heap alters the original heap layout since every object
requires one additional slot. An off heap data structure, such as a map, that
stores all addresses and corresponding IDs, would be a possibility. However,
a much simpler and faster solution is to transform addresses into identifica-
tion numbers during post processing. While parsing the raw trace file, a map
stores every address with its corresponding ID starting from one. Objects
are printed into the processed trace file with their assigned ID.

Another problem that is solved during the transformation of addresses is the
initial JVM heap expansion. IBM’s J9 JVM always starts executing with an
initial heap size. At some point, during startup, the heap expands to the size
specified by Xms [11]. Heap expansion can only be performed after a garbage
collection cycle. The initial GC results in the deletion of some objects on the
heap. Newly allocated objects can be placed at previously used locations. As
a consequence, an object can have a previously used address in an allocation
operation in the trace file. A new ID is assigned to this object. Since the
old object is already garbage collected in the J9, any future access to this
address has to be to the new object and the new ID is used.

Verbose logs [12] show the initial heap expansion as well. A verbose log gives

69



information about GC cycles together with the heap size. The initial garbage

collection, as well as the heap expansion, was found in the verbose log file.

5.2 Post Processor Version 1

The first post processor (Section 2.5.2.1) preceded this work. It was used
as part of the results chapter, in order to reveal changes in new trace files.
Post processor 1 is implemented in C++ and consists of two phases that are

separated in two programs:

1. raw2zombie transforms raw trace files into processed trace files that
might contain zombie objects. Thread and class files are generated as

well.

2. zombie2tracefile moves root set deletions artificially below the last

access for every object.

Addresses are transformed into identification numbers with a separate script
implemented in Python 3.4.5. Both post processors use this script to trans-

form addresses.

5.3 Post Processor Version 2 and 3

Both post processors in version 2 (Section 2.5.2.2) and 3 (Section 4.3) are

implemented in Python 3.4.5. Post processor 2 was used as part of the zombie
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search and raw trace file examination in Chapter 3. Trace files generated by
the second post processor are not usable by the simulator due to remaining
zombie objects. Post processor 3 transforms raw trace files created by the
instrumented JVM in version bytecode (Section 4.2) into trace files that
might contain zombie objects.

Post processors 2 and 3 have several independent processing steps that can
be connected via pipes. All individual steps can be executed automatically
by calling a bash script. Both post processors use the same Python programs
except for approximateRootsets.py, which is only used by processor 2.

The five individual processing steps are the following:

1. processThreads.py generates the thread file.
2. processClasses.py generates the class file.
3. transformIDs.py transform addresses into identification numbers.

4. formatLines.py removes arguments that are not required in the pro-

cessed trace file.

5. approximateRootsets.py replaces root set dumps found in its input

trace file with approximated root set additions and deletions.

5.4 GarCoSim Simulator

The GarCoSim simulator (Section 2.5) is implemented in C++ and is able

to simulate a JVM heap together with allocation, mutation, and garbage
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collection. After execution, a log file is generated with information about the
specified collector, allocator, write barrier, and heap size. Every GC cycle
is printed with statistics for the number of freed and live objects as well as
the amount of free and used heap. The simulator is started by executing
traceFileSim.

Seven command line options are available:

1. The trace file path has to be the first argument when calling trace-
FileSim.

2. heapsize specifies the heap size in bytes. The default heap size is
600,000 bytes.

3. logLocation specifies the location of the log file. The default location

is the path of the trace file.

4. collector followed by the collection policy specifies the garbage collec-
tor. Available collectors are: markSweep, traversal, and recycler. The

default is traversal.

5. traversal specifies the traversal order during garbage collection. Avail-
able options are breadthFirst and depthFirst. The default is breadth-

First.

6. writebarrier followed by either recycler or referenceCounting activates

the write barrier. It is disabled by default.
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7. finalGC activates the final GC. It is performed after the last operation

in the trace line.

5.5 Zombie Detection Simulator

The zombie detection simulator (Sections 3.1 and 4.3) is an extension of
the GarCoSim simulator and implemented in C++. It features additional
command line arguments that enable the detection of zombies as well as the
generation of statistics that are required for the results.

These are the five available options:

1. catchZombies activates the detection of zombie objects. This option
can only guarantee to catch all zombie objects with an enabled reference

counting write barrier.

2. countTraversalDepth counts the traversal depth for every object
during garbage collection. A log file is generated after execution that

gives overall statistics about the traversal depth.

3. countRootPointers counts the number of root pointers per object
during a garbage collection cycle. A log file gives details about the

overall root count statistic.

4. findNegativeRoots captures objects with more root set deletions
than additions. The appropriate objects are printed into a log file

together with the final number of negative root pointers.
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5. printLockingStatistics generates a log file with information about
locking. The total number of locked and unlocked lines as well as

locking levels are given.

5.6 Zombie Removal Processor

The zombie removal program (Section 4.3) is implemented in Python 3.4.5
and eliminates zombie objects by removing relevant root set deletions. It
requires three input arguments: a trace file that contains zombie objects, a

corresponding file with lines for zombies, and a path for the output trace file.
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Chapter 6

Results

This chapter presents results and statistics on the final trace files generated by
the DaCapo-9.12-bach benchmark suite. At first, statistics on the new trace
files in version 3 are presented. The numbers of removed zombie objects and
deleted root pointers are given. Furthermore, statistics on locking operations
are presented. Finally, Section 6.4 shows several comparisons between trace

files in versions 1 and 3.

6.1 Removed Zombie Objects

Trace files generated by the new instrumented JVM contain a small portion of
zombie objects. Table 6.1 shows the number of remaining zombie objects that
were found by the zombie detection simulator. These objects are artificially

kept alive by the zombie removal processor. Zombie objects are shown as
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quantity and percentage dependent on the number of allocated objects.

Allocated Zombie Zombie

Benchmark . .
objects objects percentage
batik 570,544 1,220 0.21%
fop 654,380 5,961 0.91%
luindex 162,256 325 0.20%
lusearch 1,435,083 40,047 2.79%%
pmd 211,390 1,121 0.53%
xalan 653,039 1,672 0.26%

Table 6.1: Remaining Zombie objects

The lusearch benchmark resulted in the highest number of zombie objects
with more than 40,000 and 2.79%. Apart from lusearch, the number of
zombies is manageable with less than 1% compared to the number of allocated

objects.

6.2 Negative Root Set Count

This section gives results on the removal of root pointers that led to a negative
root count. Due to the zombie object problem, and thus the absence of
root pointers, some objects show a higher number of root set deletions than
additions. For example an object with one root set addition and two deletions
shows a negative root count. It is not possible to have more root set deletions
than additions per object. These negative root pointers were removed in the

zombie removal processor.
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Removed root
Benchmark sot deletions Percentage
batik 15,002 0.0098%
fop 22,792 0.0173%
luindex 4,369 0.0094%
lusearch 4,364 0.0013%
pmd 9,542 0.0166%
xalan 13,396 0.0055%

Table 6.2: Negative root pointer deletions

Table 6.2 shows the numbers of removed root set deletions due to negative
root pointers. The percentage of removed root set deletions compared to the
overall number of root set deletions is presented as well. This percentage

shows how small the number of removed root pointers really is.

6.3 Locking Statistics

Trace files in version 3 had to be extended by locking. These operations
are required in order to keep objects alive until they are added to the roots.
Statistics on the number of locked and unlocked lines are shown. Further-
more, locking levels are presented. Due to multi threading and function calls
within functions, locks can be printed multiple times from different code
locations before the unlock operation is reached. Therefore, locking levels
can be greater than one at certain lines in the trace file. Locking levels are

counted as the lock is set to the appropriate value. Fortunately, most of
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the trace lines remain unlocked. Thus, the effect on the garbage collector is

acceptable.
Table 6.3 shows the number of unlocked compared to locked lines as per-
centage per benchmark. Furthermore, Figure 6.1 shows the locking levels

averaged over all benchmarks.

Unlocked lines Locked lines

Benchmark
percentage percentage
batik 70.84% 29.16%
fop 58.21% 41.79%
luindex 74.07% 25.93%
lusearch 85.81% 14.19%
pmd 48.95% 51.05%
xalan 78.05% 21.95%

Table 6.3: Locked and unlocked lines

6.4 Trace File Comparisons

This section gives multiple comparisons between former (version 1) and new

(version 3) trace files.

6.4.1 File Size and Operation Count Statistics

The following tables show how trace file versions differ in file size as well as

in the number of root set operations. As expected, trace files in version 3
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Figure 6.1: Locking levels averaged over all benchmarks

show a much higher number of root set additions and deletions. In fact, root
set additions and deletions increased on average by 269 times. This is a big
factor but shows how many root set operations were missing in former trace
files. Post processor version 1 has to extract root additions and deletions
from root dumps. Information about root pointers in between two dumps is
lost. The Java Virtual Machine executes operations mainly from and on the
stack. Many of these operations involve adding and deleting root pointers.

Trace files in version 1 lack these operations. This explains the big difference

79



of root set operations between the two trace file versions.

Every benchmark is compared between version 1 and 3. The percentage

of root additions and deletions compared to the overall number of root op-

erations is presented as well.

The optimal outcome for the ratio of root

additions and deletions is 50% each. This would indicate that every root

pointer is popped off at the end of execution. The percentages of root opera-

tions in the following tables show how close trace files in version 3 are to the

50% mark. The ratio from version 1 to 3 for file size as well as the number

and percentage of root pointers is included as well.

batik Version 1 Version 3 Ratio
File size 5.48 GB 7.88 GB 1.438
Root additions 591,005 | 154,190,729 260.896
Root deletions 568,419 | 153,214,641 269.545
Root additions percentage 50.97% 50.16% 0.984
Root deletions percentage 49.03% 49.84% 1.017
Table 6.4: batik Comparisons
fop Version 1 Version 3 Ratio
File size 3.33 GB 5.83 GB 1.751
Root additions 674,820 | 132,667,212 196.596
Root deletions 652,488 | 131,773,678 201.956
Root additions percentage 50.84% 50.17% 0.987
Root deletions percentage 49.16% 49.83% 1.014

Table 6.5: fop Comparisons
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luindex Version 1 Version 3 Ratio
File size 1.46 GB 2.24 GB 1.534
Root additions 171,100 46,719,839 273.056
Root deletions 158,761 46,423,746 292.413
Root additions percentage 51.87% 50.16% 0.967
Root deletions percentage 48.13% 49.84% 1.036
Table 6.6: luindex Comparisons
lusearch Version 1 Version 3 Ratio
File size 11.0 GB 17.1 GB 1.555
Root additions 1,443,473 | 339,722,226 235.351
Root deletion 1,433,072 | 339,096,789 236.622
Root additions percentage 50.18% 50.05% 0.997
Root deletions percentage 49.82% 49.95% 1.003
Table 6.7: lusearch Comparisons
pmd Version 1 Version 3 Ratio
File size 1.54 GB 2.52 GB 1.636
Root additions 224,897 57,787,026 256.949
Root deletions 208,374 57,622,578 276.534
Root additions percentage 51.91% 50.07% 0.964
Root deletions percentage 48.09% 49.93% 1.038

Table 6.8: pmd Comparisons
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xalan Version 1 Version 3 Ratio
File size 797 GB 12.3 GB 1.543
Root additions 689,374 | 246,011,035 356.861
Root deletions 658,498 | 245,047,181 372.130
Root additions percentage 51.15% 50.10% 0.979
Root deletions percentage 48.85% 49.90% 1.021

Table 6.9: xalan Comparisons

6.4.2 Traversal Depth During GC

The traversal depth during garbage collection shows how far the collector has
to go down the object tree in order to reach all live objects. Objects that are
accessible by the roots are level one. Children of root objects are level two,
and so on. The collection cycle, that generated these results, was triggered
at the end of execution. Table 6.10 shows the traversal depth averaged over
all reachable objects during GC. The percentage change from version 1 to

version 3 is presented as well.

Benchmark Version 1 Version 3 Difference
batik 10.43 2.10 -79.87%
fop 5.78 1.98 -65.74%
luindex 3.81 1.84 -51.71%
lusearch 13.83 2.47 -82.14%
pmd 6.11 2.28 -62.68%
xalan 3.81 2.52 -33.86%

Table 6.10: Traversal depth during GC

The results show a significant reduction of the traversal depth of trace files

in version 3. This outcome was not expected at the beginning of this project.
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Rather the opposite was anticipated:

Trace files in version 1 are generated with post processor 1. This post pro-
cessor removes the last root set reference for every object after its last access
in the trace file. Every object is accessible directly by the roots as long as
it is used in further operations. This artificial root set manipulation keeps
objects accessible longer by the roots than they really are compared to the
JVM. Therefore, the traversal depth should be lower compared to the JVM
implementation.

The anticipated result of new trace files was a higher traversal depth com-
pared to the previous version. Objects are no longer artificially kept alive in
the root set. Root set deletions are printed into the trace file as soon as they
occur in the JVM.

The final result showed that the opposite has happened: the traversal depth
levels are much lower in the new trace files compared to the previous ver-
sion. These low traversal depth numbers are due to the absence of root
set deletions that are not captured correctly in the instrumented JVM. Ta-
bles 6.4 to 6.9 show the number of root additions compared to root deletions
for both version 1 and 3. The ratio of root set operations is closer to 50% in
version 3 trace files in all benchmarks. However, due to the vast increase of
root set operations in new trace files, more root set entries are found in new
trace files with merely the same number of allocated objects.

Tables 6.11 and 6.12 give more insight about the reason for low traversal

depth levels. Table 6.11 shows results of version 1 trace files and Table 6.12

83



of version 3. The first column gives the number of allocated objects. These
numbers differ between the two versions. Every execution with the instru-
mented JVM with the same input and arguments results in a slightly different
output. Therefore, the number of allocations can be different in every exe-
cution. The root set pointers at the end of execution are presented as well.
This number is calculated by subtracting the root set deletions from root set
additions. It shows how many pointers remain in the root set at the end of
execution. The last column shows the ratio of root set pointers per allocated
objects. This ratio clarifies how big the difference between the two trace file

versions really is.

Benchmark AHOC,& ted RO(.)t set Ratio
Objects pointers
batik 570,423 22,586 0.0396
fop 654,430 22,332 0.0341
luindex 162,360 12,339 0.0760
lusearch 1,435,073 10,401 0.0072
pmd 211,421 16,523 0.0782
xalan 664,503 30,876 0.0465

Table 6.11: Root set pointers version 1

The number of root set pointers is significantly higher with trace files in ver-
sion 3 compared to version 1. On average, every object in version 1 trace files
is accessible by 0.0469 root pointers at the end of execution. With version 3

trace files the average number is 1.2652, an increase by a factor of 26.96. This
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Benchmark Alloga ted ROF)t set Ratio
Objects pointers
batik 570,544 976,088 1.7108
fop 654,380 893,534 1.3655
luindex 162,256 296,093 1.8249
lusearch 1,435,083 625,437 0.4358
pmd 211,390 164,448 0.7779
xalan 653,039 963,854 1.4760

Table 6.12: Root set pointers version 3

increase of root set pointers in version 3 compared to version 1 decreases the
traversal depth level significantly, since more objects are directly accessible
by the roots.

This analysis solely takes the number of root set additions and deletions from
trace files into account. Root set entries that are created in the simulator
by static reference operations from class objects are not considered in Ta-
bles 6.11 and 6.12. These static class operations add a root set entry to a

specified object in every thread’s root set.

6.4.3 Root Count During GC

The root count during garbage collection is a similar statistic compared to the
traversal depth. The incoming root pointers per object are counted during
the final GC at the end of execution. Objects that show the same number of
root pointers are added together. Table 6.13 shows the root count averaged
over all objects. The difference from version 1 to version 3 is presented as

well.
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Benchmark Version 1 Version 3 Difference
batik 9.05 6.29 -30.50%
fop 7.64 5.55 -27.36%
luindex 3.75 5.90 57.33%
lusearch 5.03 2.72 -45.92%
pmd 5.49 3.45 -37.16%
xalan 4.45 16.04 260.45%

Table 6.13: Average root count during GC

The luindex and xalan benchmarks in version 3 are the only benchmarks
with a higher average root count compared to version 1. Both luindex and
xalan showed a couple of objects during the final garbage collections with a
root count of more than 10,000. The highest root count for one object was
discovered in the xalan benchmark with 51,331 root entries. These objects
are responsible for the overall increase of the average root count. The highest
root count in the xalan version 1 benchmark is 711. In version 1, only the
benchmarks batik and fop show two objects each with a higher root count

than 1,000.
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Chapter 7

Conclusions and Future Work

The goal of this thesis was to generate realistic trace files that can be used as
input for a JVM memory management simulator. The approach presented in
this work captures operations within an instrumented IBM’s J9 JVM. The
main challenge was the correct representation of the root set. Therefore, the
bytecode interpreter was monitored in order to capture root additions and
deletions.

Unexpected conditions, such as root operations outside the bytecode inter-
preter, references from internal JVM data structures, and the necessity of
locking operations, complicated this project. Most of the implementation
time on this project went into the fight against zombie objects. Numerous
work cycles dealt with detecting locations in the J9 that are responsible for
the creation of zombie objects. The final version of the instrumented JVM

captures most root set operations, and thus the number of zombies was min-
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imized.

Unfortunately, it was not possible to remove every zombie object. Thereby,
the final project was extended by a zombie removal processor. With this
relatively minor distortion of the original layout of root pointers, trace files
are usable by the simulator.

A comparison between former and new trace files showed a significant change
in the traversal depth during garbage collection. As explained in Section 6.4.2,
at the beginning of this project, a higher traversal depth was expected with
new trace files compared to the previous version. The traversal depth of trace
files in version 3 is around two, and thus lower than expected.

The relatively small remaining number of zombie objects in raw trace files,
and thus the required removal of root set deletions is the final result. It is
questionable that it is possible to remove all zombie objects inside the in-

strumented JVM for every given input with the presented approach.

It is difficult to say whether newly created trace files in version 3 are closer
to the actual JVM implementation compared to trace files in version 1. Both
versions come with flaws: version 1 keeps every object artificially alive in the
root set, whereas version 3 trace files have a low traversal depth level due to
too many root set additions. It is fair to say that neither trace file version
represents a JVM completely realistically. The presented approach in this
thesis showed how difficult it really is to capture all root operations in the

JVM correctly.
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There are some possibilities for future work around the generation of re-
alistic trace files. One approach that might be able to deliver better results
is the generation of trace files with a simpler and smaller JVM implemen-
tation compared to IBM’s J9 JVM. A possible downside of these trace files
might be that they do not represent a competitive JVM implementation.
Another project could be the extension of the synthetic trace file genera-
tor. If benchmarks can be analyzed in order to find out their effects on a
JVM implementation, the trace file generator might be able to create trace
files that correspond to benchmarks and the JVM. Finally, a different setup
or extension of the instrumented JVM could improve results. For example,
garbage collection could be forced periodically within the JVM. By doing
S0, objects that are already garbage are detected. This information could be

used during post processing.
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