Abstract

Just-In-Time (JIT) compilation is an acceleration technique that has played a central role in
order-of-magnitude performance improvements of Java applications that run on high-end desk-
top computers and server workstations. In their pursuit of more speed, modern Java implemen-
tations have steadily grown in complexity, and as a result, resource consumption has escalated.
The imbalance of this tradeoff must be addressed in order to bring the concept of JIT com-
pilation to resource-constrained devices in a cost-effective manner. This text addresses this
situation. A framework for JIT compilation that specifically caters to the resource constraints
of new generations of small devices is presented. Preliminary results obtained from a prototype
implementation show average speedup of 5.5 over a conventional interpreter-based Java imple-
mentation, with only a 15% increase in the static memory footprint and an adjustable, highly
predictable dynamic footprint.
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Chapter 1

Introduction

The Java platform has shown a lot of promise in supporting the development and deployment of
next-generation wireless devices and embedded systems. The adoption of Java reflects the com-
puter industry’s general move towards standards-based, reusable middleware, fueled by the de-
sire to reduce costs and time-to-market. However, the high-level, platform-independent nature
of Java entails runtime overhead not found in previous generations of development languages,
and this overhead can be significant on platforms where memory and processing power is lim-
ited compared to the high-end desktop and server market. High performance at low footprint is
crucial if dynamic languages like Java are to succeed on a diversity of platforms. Addressing
this concern, this text presents a lightweight performance-enhancing mechanism suitable for
Java runtime environments that are faced with significant memory limitations.

1.1 Background and Motivation

Whereas the 1990s belonged to the desktop computer, the new decade sees the exponential
growth of a different class of computer. Wireless, mobile devices, such as cell phones and
PDAs, have quickly become an integral part of everyday life throughout the world. Furthermore,
in addition to the devices we see and normally think of as computers, there are now equally
small and even smaller computers embedded in just about every electronic appliance in our
homes, work offices — and, perhaps within another decade, in our bodies [NWO1]. This situation
— computers being anywhere and everywhere — is labeled as ubiquitous [TBS99, [Cora], or
pervasive [NWO1], computing.

Despite their small physical size and cheap price, these devices are increasingly expected to
deliver functionality and performance comparable to desktop computers. This is a natural evo-
lution, as the user base becomes comfortable with the new technology. However, just as Moore’s
Law is not a law of nature, but rather a result of the relentless, collective efforts of the semi-
conductor industry, it is not a given that the implementers of small-scale devices will be able
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to continue to meet ever more sophisticated customer demands at an affordable price. Addi-
tionally, in a seemingly absurd twist, even as project complexity increases the time-to-market is
forced to new lows, in order for companies to stay afloat in a highly competitive market.

In addition to more complex functionality becoming commonplace in this new wave of devices,
they are also expected to be more dynamic than previous generations. Rather than hardwired
circuitry that can only perform a single, narrow task, these devices implement a computation
model very similar to a desktop computer: A general-purpose processor, memory, and a com-
bination of general- and special-purpose software that runs on top, backed up by an operating
system and additional domain-specific hardware. By accessing a network, the functionality of
the device can be upgraded or customized as appropriate, in a seamless and transparent way.
This allows a device to adapt and grow over time. Traditional implementation paradigms have
proved incapable of supporting the development and deployment of such systems. Thus, the
industry has looked towards new solutions.

Java is an attractive alternative for a number of reasons. Java is platform-independent, meaning
that implementation of common behaviour can be moved to and shared by many similar de-
vices, with practically all devices sharing a common core; this in turn provides for a high level
of interoperability among devices. Java, due to its high-level, object-oriented nature, allows
developers to abstract away from the details of hardware and low-level driver software, thus fa-
cilitating design reuse and the ability for applications to remain unaffected by the fluctuations in
device and network technology. Java is secure, avoiding by design many of the security pitfalls
inherent in previous generations of development platforms. Due to its success on the desktop
computer, Java already enjoys a large base of developers whose competence can be leveraged.
Furthermore, concerted standardization efforts are continually making the Java platform more
relevant and easily accessible to a diversity of manufacturers and developers.

In order to achieve platform independence, the Java platform depends on an abstraction layer
that masks the details of the underlying platform-specific software and hardware. The imple-
mentation of such a layer has an inherent price in terms of space and time overhead. Thus, a
considerable challenge is associated with the adoption of Java on platforms where resources are
scarce even before Java is factored into the equation. Due to the relentless miniaturization of
many classes of device, manufacturers cannot simply sit on the fence and wait for Moore’s law
to kick in, either. First of all, price is a prime consideration, and it takes some time for memory
prices to decline to the point where mass production of a small device with large memory be-
comes affordable; by that time, someone else might have already captured a large market share.
Second, instead of getting more memory, heavily miniaturized devices may depend on Moore’s
law only to enable further shrinking in physical size, leaving memory capabilities relatively
constant over a long time. Third, Moore’s Law does not apply to battery life [Mic03].

Java implementations targeting high-end desktop and server systems have focused intently on
speed, which has come at a high cost in terms of added complexity and the memory consump-
tion that comes with it; this development may be viewed as a natural consequence of more
and more resources becoming available to these classes of computer. However, the new gen-
erations of wireless and mobile devices are characterized first and foremost by small physical
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size, modest computing power and limited power supply; essentially, resources are bounded,
not unbounded. Existing Java technology cannot simply be moved to these new platforms,
because the resources needed to support such complex technology are not available. Imple-
menting high-performance Java while catering to the premise of resource constraints requires a
rethinking of the concepts that underlie performance enhancement, and an attention to memory
concerns from the very beginning. The tradeoff between footprint and performance must be
attacked in a way that avoids the escalation of system complexity in favour of speed.

1.2 Purpose

This work addresses the need for high performance in Java environments running on systems
with so little memory that state-of-the-art Java implementation technology targeting desktop and
server systems is not feasible to implement or port in a straightforward fashion. The purpose of
the proposed system is to significantly accelerate the performance of a Java runtime environment
targeting platforms with limited memory, without blowing the already highly stressed memory
budget. Rather, the memory overhead due to the acceleration technique is intended to be low
and predictable, so that the resulting system may be used on platforms with limitations similar
to those of the original virtual machine. Accelerating the performance of the Java runtime
environment yields faster response times for existing applications, which enhances the user
experience on interactive platforms, such as mobile phones, and may even be critical in real-
time embedded systems, such as hospital equipment. Furthermore, acceleration allows new
applications to contain more sophisticated and performance-demanding features than what was
previously possible.

1.3 Approach

The most effective way of improving the performance of Java implementations is to address the
mechanism for execution of the Java instruction set (bytecode). The proposed system intends to
enhance performance by introducing a well-known technique, Just-In-Time (JIT) compilation,
into the execution engine of an interpreter-driven virtual machine. To reduce implementation ef-
forts, existing Java virtual machine technology is leveraged. In recent years, several open-source
projects enabling further research into virtual machine technology have surfaced, including ef-
forts from major forces in the industry like IBM [IBM], Intel [Corb|] and Sun. In this project,
Sun’s K Virtual Machine (KVM) [Mic00] forms the backbone of the system. KVM has suc-
cessfully been used in several related projects, both academic [Sha02, iea05] and commercial
[Cora]. KVM is the reference implementation for Sun’s Connected Limited Device Configura-
tion (CLDC) [Mical platform, intended for use in resource-constrained environments; the “K”
in KVM refers to machines that have hundreds of kilobytes of RAM, rather than tens or hun-
dreds of megabytes. KVM offers all the basic services that are required of a virtual machine,
and is thus a complete infrastructure upon which extensions, such as the one described in this
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text, may be built. Furthermore, since KVM already addresses memory concerns, it provides
a set of conventions and policies for memory management that serve as the basis of further
low-overhead implementation.

Following implementation, the potential of the acceleration technique will be evaluated by run-
ning a set of Java applications with the new technique enabled. The results will be compared
against the results achieved by running the applications on the original KVM, and the improve-
ments (or lack thereof) will be quantified and used to decide on future directions.

1.4 Scope

The work concerns the design, implementation and empirical assessment of a low memory
footprint acceleration technique for Java bytecode execution. The solution includes the inte-
gration of the acceleration technique with an existing virtual machine. Memory behaviour and
power utilization, while certainly of high interest, are outside the scope; low footprint and high
performance are the main concern. Real-time considerations are not explicitly addressed.

1.5 Outline

The rest of this text is structured as follows. Chapter 2 gives an introduction to resource-
constrained systems, and the motivations for bringing Java to such platforms. Subsequently,
the focus turns to the challenges of implementing Java with low memory footprint while main-
taining sufficient performance. Chapter 3 presents a lightweight architecture that addresses
the performance of an existing virtual machine intended to run in little memory. Chapter 4 de-
scribes the implementation of a prototype that adheres to the architectural specification. Chapter
5 presents experimental results that have been obtained from the prototype. Finally, chapter 6
summarizes the important findings and suggests future work.
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Chapter 2

Background

This chapter gives an overview of the central issues concerning the adoption of Java in resource-
constrained environments, and the potential solutions that exist. The chapter is laid out as fol-
lows. Section [2.1] gives an introduction to systems where one or more of the resources memory,
processing power and energy supply are limited, and offers a discussion of the principal differ-
ences between these classes of systems and the desktop computer. The financial and technical
challenges faced by manufacturers and developers of ever more sophisticated generations of
resource-constrained systems are highlighted, as are the primary paths that have been taken in
recent years in order to meet these challenges. This leads into the motivation for using Java.
Section gives an overview of the Java platform, devoting particular attention to the branch
of Java that caters to resource-constrained environments. The principal components of the Java
runtime environment (JRE), the infrastructure that supports the execution of Java applications,
are presented. The challenges that concern efficient implementation of the JRE and its core
component, the Java virtual machine (JVM), are discussed. Section @ discusses how a crucial
component of the JVM, bytecode execution, can be accelerated. Particular attention is given
to Just-In-Time (JIT) compilation, a highly effective, but proportionally complex, acceleration
technique. The difficulties of adopting JIT compilation techniques in a low-memory environ-
ment are discussed. Section [2.4] contains a thorough discussion of levels of granularity, a very
important matter in JIT compilation, and one that will be revisited often in subsequent chapters.
Finally, section concludes the chapter with a discussion of related work.

2.1 Resource-Constrained Devices

It seems that wireless, mobile computing is becoming more pervasive by the minute — one can
almost smell it. After all, it does not seem all that long ago that a cellular phone was something
privileged, rich businessmen got to carry around in a heavy backpack. Today, a similar apparatus
is so small that the only way of operating it might very well be by pinning a particular pixel on
a tiny display. This relentless miniaturization [NWOI] is not likely to come to a halt anytime
soon.
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2.1.1 Smaller, Cheaper, More Advanced

Not only have devices shrunk in physical size and become affordable to laymen, however. The
level of sophistication of even the tiniest computing device — and, along with it, the sophistica-
tion of end users — has grown at an unprecedented rate. Increasingly, functionality that we have
become used to finding on desktop computers is making its way to smaller devices [D.M9§]]
that we did not associate with online connectivity only few years ago; users now expect to be
able to access multimedia and read email on their phone. This also illustrates the trend that
functionality which was previously associated with separate devices are now being combined
in the same device [[Coral.

On the technical level, this revolution can be attributed to the convergence of the computer,
telecommunication and associated industries [Mic03, IDSCSO03]. It is this convergence that
enables the smooth interaction between so many conceptually diverse applications; today, or at
least in the near future, “everything is connected to the Internet” [Mic00]. A major result of
this convergence is that small devices are not only becoming similar to desktop computers in
terms of functionality, but also in terms of the underlying architecture and hardware. Whereas
these devices previously implemented much of their functionality directly in hardware, there
has been a shift towards the use of more generic hardware with (several) layers of software on
top [SBCKO3]]. This has opened up for the same level of inherent dynamic capabilities — soft
upgrades, customizations and extensions — as the desktop computer has already enjoyed for
quite some time. Sun [Mic03]] formulates the difference as follows:

The line between [more general-purpose computers and specialized computers] is
defined more by the total memory budget and the physical screen size of the device,
rather than by specific functionality or by a certain type of connectivity.

Thus, resource constraints, usually pertaining to one or more of memory, processing power
and energy consumption, is a defining difference. Implementing the same functionality found
on a desktop computer on a device facing these constraints presents major challenges; yet,
increasingly, this is what users expect.

2.1.2 Challenges of a New Era

Less available memory ultimately means that less functionality can be included. Thus, applica-
tions must be very selective about what is actually included; configurability and customizability
are two important keywords in this regard [Mic03]].

However, there are other challenges besides available resources. A specialized computer must
be robust [NWO1]; it cannot afford to crash, especially if it is mission-critical. Due to its
networkability, a secure environment is necessary so that malicious code or data cannot make
its way into the system.
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Collectively, the demands of these devices stipulate that memory limitations, networking, se-
curity and any other fundamental limitation or requirement must all be factored into the design
from its conception and throughout its lifetime.

2.1.3 Consequences, Solutions and More Consequences

Increased system complexity has lead to larger production efforts, yet development cycles have
decreased; it is a breakneck race to ship new products before the competitor does, at a lower
price. In order to cope with these two factors, increased complexity and faster time-to-market,
object-oriented development methodologies have emerged as a natural solution [SBCKO3J.
Object orientation inherently affords design reuse, and standardization based on interfaces.
Interface-based software built from standardized components facilitates portability, not to men-
tion that it eases the overall management of systems of high complexity.

However, object-oriented implementations bring with them the problem of overly general code,
which may be viewed as a consequence of design reuse. There is a fundamental tradeoff in
this regard, as pointed out by Schultz et al [SBCKO03]]: General code is big, slow and reuseable,
while specialized code is small, fast and less reuseable.

The solution to this has been to design layered middleware architectures with small interfaces
[NWO1]. This enables developers to configure their particular system to a high degree. How-
ever, it is difficult for a standards committee to decide how much functionality to include at each
layer, and whether or not to allow optional features; a consequence of this has been fragmen-
tation [[CDO3], due to some standards’ inability to be adopted to a highly specialized purpose
in the real world. As stated by Corsaro et al [CSKOO2], “[...] there is a growing mismatch
between what is provided by the middleware and what is needed by any particular application.”

2.1.4 The Status of Java

When Java first appeared in 1995, it did in fact target resource-constrained devices [TBS99].
However, it was not embraced by the community due to being too large, slow and unwieldy
[CDO3]. Instead, Java found its niche on more powerful desktop computers in capacity of
delivering dynamic content to Web browsers. Next, when Java performance on the desktop
was improved by orders of magnitude largely due to JIT compilation, Java became a platform
for fullfledged desktop and server applications. In the meantime, the original target group of
resource-constrained devices were starting to become more powerful as well. So, around 1998,
the process of scaling the Java platform down to a low footprint began. In 2000, industry-
concerted standards were published, and this time around reactions were a lot more positive,
although the concerns related to speed, footprint and fragmentation remained. Nevertheless,
since then, the platform has evolved and gained more popularity. Thus, Java may therefore be
said to have “come full circle”.
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The popularity of Java can largely be attributed to its attention to security and networkability;
its platform independence; its ease of use; its well-designed class libraries; and its compliance
with, and contributions to, industry standards.

Comp and Dobbing [CDO3]] offer some predictions for Java in the wireless market:

Java is predicted to be the dominant technology for wireless client devices through
to 2007. 50% or more of the applications running on wireless client devices will
be Java applications. In terms of numbers, it is predicted that there will be 691.6
million Java-enabled phones in the marketplace by 2007 out of a total 727.3 million
handsets (95% of the market).

Java, like other standards-based middleware, has a price in terms of space and time overhead.
Coming up with new techniques to mitigate this overhead will be key to Java’s continued suc-
cess.

2.1.5 Likely Future Directions

As the prices of memory drop over time, cellular phones and other devices of similar physical
size can afford to have more memory; however, they are still far behind the desktop computer.
Furthermore, with new high-speed networks such 2.5G and 3G [DSCS03]] becoming available,
they will need all the memory and processing power they can get in order to support new func-
tionality; it is a well-established fact that the problem size tends to increase at least as fast as
available resources do. Thus, improving performance at low cost will be no less important in
the foreseeable future than it is today.

In the future, as computing becomes even more ubiquitous and miniaturization continues un-
abatedly, it is quite possible that new classes of miniscule devices will emerge that face the
same resource constraints as the so-called constrained devices of today. Thus, many devices
are likely to still be working in kilobytes of RAM rather than megabytes for quite some time.
For instance, Sun’s JavaCard [Micb] technology has long relied on 8- and 16-bit processors,
only a few kilobytes of RAM and a tiny subset of standard Java functionality; however, the
next generation of cards will include 32-bit processors and more memory (hundreds of kilo-
bytes as opposed to tens), making them more comparable to the Java implementations currently
found in cellular phones, and requiring new, efficient Java implementations that put the card’s
resources to optimal use. The JavaCard technology has already enjoyed large-scale commercial
deployment in SIM cards, credit cards and ID cards, to name a few uses.

2.2 The Java Platform

Java is not just a programming language, but an infrastructure for development and deployment
of applications. This section gives an overview of the Java platform. First, the concepts that
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lie behind Java’s ability to be adopted across a wide spectrum of related and unrelated comput-
ers are presented. Next, a Java configuration that addresses the needs of resource-constrained
systems, the Connected, Limited Device Configuration (CLDC), is introduced, followed by an
overview of Sun’s CLDC reference implementation, which is based on the K Virtual Machine
(KVM). Lastly, an overview of the Java Runtime Environment (JRE) is given, and the difficul-
ties of providing a high-performance JRE are highlighted.

2.2.1 Java Editions and Configurability

In order to extend the scope of Java to cover a wide spectrum of computing devices, the Java
platform had to somehow be tailored to the resources and needs of different classes of computer.
The solution has been to split the Java platform into editions. There are currently three major
editions [Mic00]: J2EE (Enterprise Edition), targeting workstations and application servers,
J2SE (Standard Edition), targeting desktop computers and laptops, and finally J2ME (Micro
Edition), targeting resource-constrained systems. Figure on the following page shows the
major editions of the Java platforrrﬂ

Sun [Mic00]] describes the concept of an edition as follows:

Each Java edition defines a set of technology and tools that can be used with a
particular product: Java virtual machines that fit inside a wide range of computing
devices; libraries and APIs specialized for each kind of computing device; and tools
for deployment and device configuration.

One of the intents of the major editions is that they should be rooted in a common platform
core, to ensure a high level of portability and interoperability; beyond the core, extensions are
provided for each edition, so that developers can configure their platform according to their
particular needs. The platform incarnations and their extensions are standardized by the Java
Community Process (JCP).

On the J2ME platform, configurability becomes even more important than on desktop and server
systems, because we simply cannot afford to include excess functionality. At the same time,
functionality cannot be removed in an unscrupulous fashion that severely limits the applicability
of the platform or precludes interoperability. One major concern that must be addressed is that
the libraries defined for J2EE and J2SE require several megabytes of memory, and thus become
unsuitable when memory is limited [Mic0O3]. In order to provide a high level of flexibility, 2ME
defines a platform and its extensions along two axes: Configurations and profiles. Sun [Mic00]
offers the following description of configurations, profiles and their relation:

1JavaCard [Micbl], while based on Java technology, is still a bit different from the major editions in that it does
not implement the Java specifications [LY99, [GISBOO] to the extent that the major editions do, due to particularly
severe resource constraints.
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Figure 2.1: The Java platform is composed of upwards compatible editions, each addressing the needs
of a particular market, or class of computers. Each edition consists of standardized layers
that enable flexible deployment. (From [Mic03]])

A J2ME configuration defines a minimum platform for a horizontal category or
grouping of devices, each with similar requirements on total memory budget and
processing power. [...] A J2ME profile is layered on top of (and thus extends)
a configuration. A profile addresses the specific demands of a certain “vertical”
market segment or device family.

Figure 2.2] on the next page illustrates the J2ME software layer stack. As indicated by the red
bars, there is a tight connection between a configuration and the Java virtual machine (JVM);
in particular, the JVM implements the behaviour that the configuration specifies, regarding Java
programming language and Java virtual machine [LY99] features supported, net-
working and security, and every other aspect covered by the configuration.

2.2.2 Connected, Limited Device Configuration

The Connected, Limited Device Configuration (CLDC) [Mic03] is a J2ME configuration that
targets small connected devices, such as cellular phones and personal digital assistants. It is
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Configuration

Java Virtual Machine

Host Operating System —

Figure 2.2: The J2ME software stack. (From [Mic00])

intended for devices that have only 192-512 KB of working memory (RAM), and a 16- or 32-bit
processor. CLDC’s main goal is to minimize the footprint due to the virtual machine and class
libraries, while still maintaining a high level of portability. The scope of CLDC is restricted
to Java language and virtual machine features, core Java libraries, input/output, networking,
security and internationalization; graphical user interfaces, for example, are not covered. Since
the scope of CLDC is limited, it is generally complemented by profiles; one such profile is the
Mobile Information Device Profile (MIDP). MIDP addresses the limited screen size and battery
power of mobile devices. An example of what a typical layered CLDC/MIDP architecture looks
like is shown in figure [2.3] on the following page.

The heart of CLDC is the K Virtual Machine (KVM). KVM [Sun03]] makes sure that the CLDC
specification is adhered to. Sun offers a public distribution of the CLDC reference implementa-
tion, which contains KVM (with full source code), class libraries and a set of tools for platform
development and customization. The footprint of KVM is made small by using more special-
ized security models than that found on J2EE and J2SE; additionally, a highly conventional
bytecode interpreter is used. Due to the simplicity of the KVM interpreter, it does not give
adequate performance for games and other highly interactive applicatons [Sha02]. However,
the CLDC specification explicitly states that the addition of acceleration techniques, such as
JIT compilation, are not precluded. The difficulty lies in implementing such techniques without
exceeding the CLDC memory budget. In order to get a better understanding of this issue, a look
at how Java applications are executed is necessary.
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Figure 2.3: CLDC/MIDP architecture. (From [[CDO3]|)

2.2.3 The Java Runtime Environment

The purpose of the Java Runtime Environment (JRE) is to insulate code from differences of
processor and operating system [Cora]. The cornerstone of the JRE is the Java Virtual Machine
(JVM). Any platform that has a JVM implementation can run Java applications; it is the JVM
that is the determining factor in Java’s ability to “run anywhere, any time, on any device”
[Mic03]]. Figure 2.4 on the next page shows a high-level view of the JRE.

Applications and libraries are stored in platform-independent class files. A class file is a binary
representation of a Java class, and contains symbolic descriptions of the class’s own methods
and its dependencies on other classes, as well as the bytecode (behavioural specification) of the
methods that the class implements. Each class file is a self-contained entity that can be moved
to any computing device. The JVM is responsible for verifying the integrity of the class files
as they are loaded, ensuring secure execution. Interaction with the underlying operating system
is done exclusively through abstract, native interfaces; in this way, platform-specific details are
hidden from the application.

Two principal ways of executing bytecode exist. One option is to implement the bytecode in-
struction set directly in silicon; examples of this approach are Sun’s PicoJava [OT97, MQOYS]
processors. The other approach is to, at some time, translate bytecode into an equivalent stream
of instructions that an existing (e.g. RISC or CISC) processor understands. The advantage
of executing bytecode in silicon is that there is minimal overhead associated with execution;
no software-aided translation is necessary. Furthermore, a Java processor can provide direct
hardware support for other Java mechanisms, such as garbage collection and synchronization
[RVIT01]. However, the computer industry has already invested decades of time and unfath-
omable amounts of money in building hardware, operating systems and other systems software
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Figure 2.4: The Java virtual machine is effectively an abstraction layer that enables platform-
independent bytecode to be executed on any hardware. (From [Raj02])

that cannot simply be moved to a purely Java-based platform. Thus, due to the cost efficiency
of leveraging existing, mature technology, implementing the JVM as an abstraction layer above
existing hardware is today the most popular alternative [Cora].

As a result of this choice, considerable research has been invested in developing technology
that can provide efficient Java execution without requiring specialized hardware support. The
semantics of the JVM are dictated by a detailed specification [LY99]. However, no particular
implementation is mandated by this specification. While the platform-independent specification
makes it challenging to offer high-performance implementations, it is also key to improving
performance over time without changing the architecture that applications have come to rely
on. The fact that the JVM specification has remained largely unchanged since the first edition
in 1995 (the second, and latest, version was published in 1999, and was of the incremental,
evolutionary kind) is a testament not only to its rigid design, but to the efforts of researchers
that have devised new implementation techniques that, to the world outside the JVM, still result
in behaviour that is consistent with the standard. Using the terminology of Valiant [Val90], the
JVM acts as a bridge between the platform-independent and platform-dependent parts of the
system. Valiant uses the von Neumann model of sequential computation as a prime example of
a successful bridging model of computation, because “high-level languages can be efficiently
compiled on to this model; yet it can be efficiently implemented in hardware” [Val90]. Von
Neumann is certainly a tough act to follow, but Java can’t be accused of not trying.

In Java, many features which in older languages were the responsibilities of the programmer
have become language primitives. This includes memory management (including automatic
garbage collection), synchronization and exception detection. While this makes Java a safer
language that eases the burden of developers, these primitives entail overhead that can affect
the performance of the JVM. Figure 2.1 on the following page shows the average distribution
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Application function Execution time
Allocation and garbage collection | 20%

Thread synchronization 19%
Running native methods 1%
Bytecode interpretation 60%

Table 2.1: Average division of labour in a virtual machine. (From [[D.M98]])

of execution time, as reported in [D.M9§]].

As can be seen, a significant portion of execution time typically goes into bytecode execution
when bytecode is interpreted, as is the case in conventional virtual machines. This makes byte-
code execution the area where efforts are most wisely invested in the pursuit of higher perfor-
mance. The next section considers the principal techniques that aim to improve the performance
of bytecode execution.

2.3 Accelerating Bytecode Execution

This section gives an introduction to techniques for accelerating the execution of bytecode,
focusing in particular on Just-In-Time (JIT) compilation, the acceleration technique that our
system will be based on. First, a motivation for accelerating the performance of bytecode ex-
ecution is given, and the main approaches are discussed. This is followed by a more detailed
presentation of the concepts and mechanisms that underlie JIT compilation in particular. Next,
the evolution of JIT-related techniques is briefly recounted. Finally, the difficulties of adopting
JIT compilation in resource-constrained environments are discussed.

2.3.1 Limitations of Interpretation

In the early days of Java, Java implementations earned a reputation of being slow [[Cora]]. This
can largely be attributed to the fact that first-generation virtual machines achieved bytecode
execution exclusively through interpretation. Bytecode interpretation is a software emulation
of the virtual machine. The interpreter is based on a loop that fetches, decodes and executes
bytecode instructions one at a time. Interpretation is simple to implement and has very low
memory footprint; furthermore, the interpreter itself can be implemented in a portable language
like C, making it possible to transfer the virtual machine to new platforms with minimal effort.
However, due to its inherent execution overhead, interpretation is at least an order of magnitude
slower than direct execution [Mic05, ICO02]. If Java technology is to succeed on a diversity
of platforms, it is important that the JVM provides efficient execution [RVJT01]. There are
techniques that can speed up interpretation, such as in-line threading [GHO3], but in order to
make a major leap in performance, the fundamental execution mechanism must be replaced.
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Thus, in response to this situation, two major techniques emerged: Ahead-Of-Time (AOT)
compilation and JIT compilation. Before we discuss JIT compilation, it is instructive to first
consider the advantages and disadvantages of AOT compilation, a technique that lies at the
opposite end of the spectrum relative to interpretation.

2.3.2 Ahead-Of-Time Compilation

In AOT (also called static or off-line) compilation, a Java application’s class files are compiled
to a platform-dependent binary executable prior to execution (hence the name). The major
advantage of this approach is that the inherent overhead of interpretation is fully eliminated,
allowing Java applications to approach speed comparable to that of applications written in tra-
ditional languages like C and C++ without much runtime overhead (of course, virtual machine
services like garbage collection must still be included). Also, as the application’s class files are
combined into a single compact, chiefly pre-linked image, a lot of the inherent redundancy due
to the self-contained nature of class files is eliminated [D.M9§]]. Furthermore, startup times are
significantly reduced [Mic0O35], due to the elimination of class loading and the fact that machine
code is readily available for execution. Many systems are faced with real-time requirements,
in which fast response times is a must; AOT compilation can be used to address such concerns
[SBCKO3]. Lastly, static compilation techniques are highly mature, allowing AOT compilers to
leverage vast amounts of existing compiler technology.

The primary disadvantage of AOT is that it goes against Java’s mantra of platform indepen-
dence. Unlike bytecode, the compiled application can no longer be transported seamlessly to
other platforms over a network, neither in full nor in part. Furthermore, AOT increases the
footprint of the application due to the compilation of code that might never actually be executed
[PCO7], and because even the most compact machine code is typically two or three times larger
than the equivalent bytecode [RVIT01]. This issue is of particular concern when memory is
limited. AOT compilation does not facilitate Java’s late binding model as readily as interpreta-
tion does, which can limit the system’s dynamic class loading abilities [SBCKO3|]. Finally, the
dynamic nature of Java inhibits an AOT compiler from applying aggressive optimizations that
are effective when compiling older, more static languages [RVIT01].

2.3.3 The Concept of Just-In-Time

JIT compilation can be viewed as a compromise between interpretation and AOT compilation.
The goal of JIT compilation is to maintain the major advantages of interpretation, namely low
footprint, platform independence of Java applications and full support of dynamic language fea-
tures, but at the speed of AOT-compiled applications. The fundamental principle that underlies
modern JIT compilation techniques is locality of reference [D.M98]], which is based on the ob-
servation that an application typically spends most of its time in a small fraction of the code
[AFEGT04]]. A JIT-enabled JVM aims to dynamically locate, compile and execute natively only
the most frequently executed parts of the application — the so-called “hot” regions [SYK™'0I1]]
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— while relying on the interpreter to still handle the less frequently executed parts. Ideally, this
happens in a completely user-transparent way [SchO3]; bytecode is still the only input to the
JVM, which takes care of encapsulating the JIT compilation, making sure that the user-visible
state cannot be distinguished from that achieved through pure interpretation. A leading-edge
JIT-enabled JVM is analogous to a modern microprocessor, such as the Intel Pentium 4; inter-
nally, the microprocessor performs register renaming, branch prediction, speculative execution
and other optimizations, while externally, it presents a state that is consistent with a sequen-
tial execution model. Like a complex dynamic microprocessor, a JIT-enabled JVM must make
good decisions in a miniscule fraction of the time that is available to AOT techniques, in order to
justify the additional implementation complexity and actually achieve performance gains over
simpler implementations.

Figure[2.5] gives a short summary of the differences between conventional (pure) interpretation,
AOT compilation and JIT compilation, showing how JIT compilation strikes a middle ground.

Pure Just-In-Time Ahead-Of-Time
Interpretation Compilation Compilation

Interpretation Interpretation
On-line Compilation
Native Execution | Native Execution

Off-line Compilation

Figure 2.5: A comparison of three bytecode execution techniques.

2.3.4 Approaches to Just-In-Time

Early JIT implementations did not contain a bytecode interpreter [AFG™04]. Instead of relying
on locality of reference, bytecode was compiled unconditionally the first time it was encoun-
tered, usually on a per-method basis. The advantage of this scheme over AOT is that only the
parts of an application that are actually executed are compiled [PC97]]. However, compilation is
no longer an off-line process — instead it is moved to the critical path of execution. As a result,
during application startup or phase shifts the latencies under this scheme can be significant.
Execution of the Java application is effectively halted during compilation. During startup there
may be large parts of the application that need to be compiled, thus causing the combined over-
head due to compilation to become significant; one study referred to by Schilling [Sch03]] found
that 77% of compilation overhead occurs in the initial 10% of program execution. While startup
latencies may be tolerable for long-running server applications, this is not the case for short-
running and highly interactive applications, where user-perceivable pauses can detract from the
experience.
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A related problem when compiling every bytecode when it is first encountered is to decide on
the level of compiler optimization to apply. Spending inordinate amounts of time analyzing and
optimizing a method that will only be executed once and whose contribution to total execution
time is potentially diminishing, is probably not the best choice, and only adds to the problem
of startup latencies. Moreover, this illustrates a fundamental tradeoff in dynamic compilation:
In general, greater code quality comes at the expense of longer compilation times [RVJT 01,
COO02]. The key to the success of JIT compilation is to amortize the cost of compilation over
many subsequent executions of the compiled code.

Plezbert and Cytron [PC97]] presented the continuous compiler, a scheme in which compilation
is overlapped with interpretation and native execution in order to mitigate compilation laten-
cies. The goal of the continuous compiler is to have the native machine code representation
available immediately when it is needed. To achieve this, the system has two threads of con-
trol: One thread executing bytecode (either through interpretation or native execution), and the
other thread compiling bytecode. If a method is not available in its native form when the byte-
code execution thread reaches it, the compiler thread compiles the method while the bytecode
execution thread interprets it. In this way, the latency due to compilation is tolerated because
compilation is overlapped with other work, analogous to how a microprocessor attempts to tol-
erate memory access stalls by doing something else during the wait. The main drawback of the
continuous compiler is that two physical processor cores are needed if the system is to operate
at full potential speed. Once all bytecode has been compiled, the compiler thread will sit idle.

Plezbert and Cytron move on to consider the smart JIT, more generally labeled as selective, dy-
namic compilation [ea03], a solution that is a compromise between unconditional compilation
and the continuous compiler. The goal is to reduce compilation latencies associated with un-
conditional compilation, but without requiring two dedicated threads of control. In this system,
interpretation, compilation and native execution are intertwined in a single thread of control.
Initially, the application is interpreted. Execution is monitored to dynamically determine which
parts are likely to benefit most from compilation. Essentially, the execution profile of the past
is combined with heuristics in order to estimate the application’s likely behaviour in the future;
based on these estimates, a well-informed decision can be made on which parts to compile.

Figure [2.6] on the following page illustrates the principal differences between the three tech-
niques outlined above.

In recent years, even more sophisticated JIT techniques have emerged; Arnold et al [AFGT04]
provide an in-depth survey of these advancements. Newer techniques are not concerned with
“just” finding the hot regions and compiling them; they aim to find such regions in a reliable
way while incurring minimum overhead, and, furthermore, they focus intently on finding the
right set of optimizations that should be applied during compilation of a particular application
region.

Selective optimization [AFG™04] is a technique that uses multiple levels of on-line application
analysis and relies on several compilers, each with different tradeoffs regarding compilation cost
and code quality. The basic idea is to first compile a hot method quickly, with only fair code
quality. The method then continues to be monitored, even when executed natively. If further
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Figure 2.6: A comparison of three JIT compilation techniques. Compilation is shown in grey color
whenever it leads to stalling of bytecode execution. During application startup, uncondi-

tional compilation will cause many execution pauses due to the need to always compile

bytecode before it can be executed. Continuous compilation avoids the stalls completely by

using two threads of control (each running on a dedicated processor), while selective com-
pilation is a compromise that only compiles frequently executed code and interprets the rest.

monitoring reveals that the method can benefit from specific optimizations or higher code qual-
ity in general, the method is recompiled with a higher level of optimization. This process, called
feedback-directed optimization, can continue in an incremental fashion. Such a scheme effec-
tively brings together the advantages of cheap and expensive compilation: Any application can
achieve fast startup times because interpretation coupled with fast code generation is employed
early on, while at the same time long-running applications will benefit from the successive re-
optimization of hot regions. Suganuma et al [SYKT01]] describe such a dynamic optimization
framework where three optimization levels are used. Both this system and the system described
by Arnold et al [AFGT00] use several threads of control to profile and compile methods in an
asynchronous fashion, as a way of minimizing latencies. In order to better appreciate the level
of sophistication of such a system, the framework due to Suganuma et al is shown in figure
on the next page. However, we will not go into further detail on this framework since it is not
intended for resource-constrained platforms.

Another noteworthy development is the merging of AOT and JIT compilation techniques [MicOJ3]].
In such a scheme, system classes, which remain constant for a particular Java release, are
typically compiled ahead-of-time, while the user application classes are loaded dynamically
[Mic03l]; this can significantly reduce startup latencies.
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Figure 2.7: Architecture of an advanced dynamic optimization framework. (From [SYK™01])

2.3.5 Just-In-Time and Resource Constraints

Modern JIT compilation introduces substantial complexity into a virtual machine. The ad-
vancements of new, more sophisticated dynamic compilation techniques that throw additional
memory onto the fire do not improve this situation. The added complexity brings with it a
memory footprint that can be significant when memory is limited. In addition to the extra sta-
tic memory needed to hold the implementation, the JIT compilation system requires dynamic
memory for holding profiling data and bytecode translations. As mentioned earlier, the native
representation of bytecode can be several times that of the original bytecode. Many effective
optimizations, such as code specialization [SYKT01] and loop unrolling, trade space for speed.
Furthermore, there is the possibility of redundancy due to two forms of represention, bytecode
and machine code, being maintained. In tandem with the evolution of JIT compilation tech-
niques, the complexity of other important components of the JVM has increased as well; this
becomes a necessary pursuit when bytecode execution becomes so fast that the bottlenecks in
the system shift, e.g. towards garbage collection. The total increase in footprint may force an
implementation to use a conventional interpreted JVM [RVIT01].

In order to bring JIT technology to constrained environments, the tradeoff between speed and
memory footprint must be addressed at an early stage; this leads us to the realization that dif-
ferent techniques to those used in larger systems are needed to make JIT compilation feasible
[Sha02]]. Sun [Mic0O3]] note that simply porting their existing JIT compilation system, origi-
nally designed with the high-end client and server markets in mind, would result in a memory
footprint far too large.

Additionally, there are other considerations besides speed and footprint. Systems with limited
energy, e.g. those that are battery-driven, should use their power conservatively in order to
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ensure long operation. JIT compilation is known to exhibit poor cache behaviour compared
to interpretation [RajO2, RVIT01]], which directly affects dynamic energy consumption due
to more frequent accesses to main memory [CKV™02]. However, faster execution can bring
energy consumption down, quite simply because the JIT system finishes the job in a shorter
time than an interpreter is capable of [Mic03]].

Several studies and real-world projects have shown that there are good opportunities for imple-
menting JIT compilation without blowing the memory budget. Radhakrishnan et al [RVIT01]]
found that the performance improvement due to advanced logic for selection of the application
regions to compile is 15% at most, which means that it is possible to do without some of this
complexity. Similarly, Schilling [Sch03] found that, when the overhead is taken into account,
simple heuristics based on execution frequency and method length proved to be more effective
than more complicated heuristics. Chen and Olukotun [COO02]] challenged the generally held
notion that small, fast compilers cannot generate code of good quality. Their contributions and
others will be further discussed in the section on related work.

The theory and practice of JIT compilation is not something that is unique to Java. In fact,
the techniques used by Java implementations today are based on earlier techniques for the lan-
guages that inspired Java, such as the SELF language [AFGT04]]. Somewhat ironically, these
techniques were developed at a time when memory was still a concern even on desktop systems;
this has led to a rekindled interest in the “forgotten” memory-conservative JIT compilation tech-
niques of yesteryear, and how they can be mapped onto Java at little extra cost.

2.4 Levels of Granularity

The issue of the level of granularity at which profiling, compilation and mixed-mode execution
occurs in a JIT-enhanced virtual machine is a fundamental decision. Much of such a system
— including the one described in this text — follows logically from, is constrained by, and can
be explained in terms of, the levels of granularity; therefore, this topic deserves a thorough
discussion. The author is not aware of any similar comprehensive, unified treatment of the
subject, which he found a bit odd considering the wealth of interesting aspects and theories that
emerge.

Informally stated, the level of granularity says something about the scope and detail of process-
ing, and, usually, how often such processing occurs. A coarse granularity corresponds to a large
scope. Some of the possible levels of granularity for each of the three aforementioned mech-
anisms — profiling, compilation and mixed-mode execution — are shown in figure [2.8| on the
facing page.

Naturally, there are tradeoffs involved with each possible choice, and these concern both space
and time requirements and implementation complexity of the system. In the sequel, the inherent
granularity-related tradeoffs for each mechanism are highlighted.
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Figure 2.8: Some possible levels of granularity at which JIT-related mechanisms may operate.

24.1 Profiling

Recall that the objective of profiling is to discover the “hot” parts of an application, where com-
pilation followed by anticipated subsequent (re)execution of the resulting native code is likely
to yield the biggest performance gain over straightforward interpretation. Too coarse-grained
profiling means there is an increased likelyhood of compiling program parts that aren’t per-
formance critical, since the decision-making logic for compilation has less precise information
on which to base its decisions on. Too fine-grained profiling, on the other hand, may lead to
excessive space and time overhead related to the collection, representation and processing of
profiling data.

As an example for sampling-based profiling, a coarse-grained profiler might only record the
classes participating in the execution at the time of sampling; a medium-grained profiler would
concentrate on the methods participating; while a fine-grained profiler would consider local
parts of a method, such as the basic block that make up a loop.

24.2 Compilation

Too coarse-grained compilation means that a large amount of memory will be needed to hold
the native code produced by the compiler, especially since bytecode-to-native code expansion
is typically around 2-8 [RVIT01, lea03]]. If the compiler generates intermediate representations
prior to actual code generation, more temporary memory is needed for storing those; for in-
stance, Chen and Olukotun [COO02] note that the bulk of dynamic memory used by their JIT
compiler is for the intermediate representation. This increases the compiler’s peak memory de-
mands, which adversely affects the predictability of its memory usage. Finally, compiling large
amounts of code “atomically” leads to longer compilation times, since the time spent in compi-
lation is linear to the number of bytecodes compiled [PC97]]. In an interactive environment, this
may result in slow startup times and unpredictable, user-perceivable pauses [Sha02, SchO3]].

Too fine-grained compilation may inhibit the possibility of many popular and effective opti-
mizations, such as copy propagation, code motion and intra-method register allocation, since

2A basic block is a sequence of consecutive instructions “in which flow of control enters at the beginning and
leaves at the end without halt or possibility of branching except at the end” [ASUS0].
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only a small window of instructions are considered. This means that, while the resulting native
code can be generated quickly and will be relatively small (since the original bytecode sequence
is small), it might not be of very high quality. However, many optimizations that are standard in
desktop- and server-based JIT compilers are arguably too expensive to be performed with lim-
ited memory and processing power at any rate [CO02, iea03l]. The downside is that poor quality
code contains redundancy and utilizes the underlying hardware resources poorly. Thus, the pos-
sible performance gains over normal interpretation might be severely limited. Furthermore, the
redundancy makes the code bigger than necessary. This increases the likelyhood that the set
of translations corresponding to the entire working set of bytecodes does not fit in software-
managed translation caches nor processor caches. In addition to performance degradation, the
consequent increase in memory traffic is particularly severe for a battery-driven device, since it
drains its power.

2.4.3 Mixed-Mode Execution

Once a unit of bytecodes has been compiled, the resulting native code is ready to be run directly
on the target processor. However, this typically necessitates a preceding context switch from
the interpreter mode to native mode, in order to transfer the interpreter’s state to the format and
locations (registers and stack) expected by the native code [ea05, Sha02]. Similarly, following
execution of the native code, the state of the interpreter must be transformed so the final result
is identical to the state normal interpretation of the bytecodes would produce. The interleaving
of interpretation and native execution is called mixed-mode execution.

Too fine-grained units of bytecode — that is, only very short sequences — means that the context
switches back and forth between interpretation and native execution will be very frequent. This
might compromise the potential speedup. Indeed, one of the reasons why native execution
affords a performance increase over interpretation is that the combined translation of several
successive bytecodes removes the inherent overheads of the fetch-decode-execute loop of the
interpreter. Fine-grained mixed-mode execution demands that the context switches are fast and
simple.

As an example of what an impact fine-grained mixed-mode execution can have on performance
and, consequently, the system implementation, Shaylor [Sha02]] had to expand his compiler to
also handle some of the more complex opcodes (initially handled exclusively by the interpreter),
in order to bring the number of context switches down to an acceptable level.

2.4.4 Combining Levels of Granularity

While choosing the same level of granularity for all three mechanisms may seem the most
intuitive approach, there are other reasonable alternatives. For instance, Plezbert and Cytron
[PCO7] describe a system where profiling is done at the method level, while compilation occurs
at the class level, based on the sum of accumulated execution times of all methods in a class;
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this allows for intra-method compiler optimizations. In Shaylor’s [[Sha02] system, compilation
occurs at the method level, while mixed-mode execution is done at the basic block level.

Some more recent, sophisticated systems even employ multi-level profiling schemes; Arnold et
al [AFG™00] describe a profiling system where a coarse-grained profiling is used to determine
candidates for further fine-grained analysis.

2.5 Related Work

In this section, some existing systems that target JIT compilation in little memory are consid-
ered. We will look especially at the footprint, the levels of granularity, profiling mechanisms,
and compilation strategies employed by these systems, as well as the interaction between inter-
pretation and native execution. The purpose of the discussion is to get an overview of techniques
that may form a solution space when our own architecture is crafted.

First, the term “footprint” deserves a definition. There are two types of footprint that are im-
portant to memory-constrained systems: Static footprint and dynamic footprint. Corsaro et al
[CSKOO2] defines them as follows:

Static footprint [...] is the amount of storage needed to hold an image of the given
application. [It] is a time-invariant measure.

Dynamic footprint [...] represents the amount of memory used by a running in-
stance of the application. [It] is time-dependent.

Dynamic footprint is the sum of the static footprint and additional runtime data. As Corsaro
et al point out, it is essential for memory-constrained systems to have a hard upper bound on
dynamic footprint.

2.5.1 The Small Hybrid JIT

Manjunath and Krishnan [MKOO] describe a small hybrid JIT for embedded systems that com-
bines interpretation with compilation. Based on the rule of thumb that most programs spend
80% of their time in 20% of the code, the authors’ hypothesis is that it is not necessary to com-
pile entire methods to gain execution performance; that is, they bring the principle of locality
of reference down from the application level to the individual method level. The authors argue
that focus should be directed towards those parts of a method that are most frequently executed,
such as loops. Thus, in this system, the basic block, rather than the method, is the unit of profil-
ing and compilation. This is believed to reduce both the memory required to store native code
and the time for compilation, since only a subset of the full method is considered. A prototype
of the JIT showed performance improvements of 5-10% over regular interpretation. The static
footprint due to the compiler is reported to be only 6.7 KB, while nothing is said about the
dynamic footprint.
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The hybrid JIT system starts by interpreting all methods. Once a method has been invoked a
predefined number of times, a bytecode analyzer is run that identifies the basic blocks of the
method and estimates which ones are good candidates for compilation, based on a heuristic
involving size, opcodes used and usage count. The next time the basic block is encountered by
the interpreter, it is compiled and henceforth executed natively.

While no direct reference is made to it, the approach to code generation is selective inlining, first
introduced in [PR98]. Instead of compiling bytecodes in the traditional sense, the “compiler”
simply concatenates the native code that the host compiler generates for each of the case
statements in the interpreter’s main switch statement. This eliminates the overhead of both
the switch and the jump back to the top of the interpreter loop. While not implemented, the
authors suggest that a peephole optimizer may be a simple and effective way of improving the
quality of the resulting code, since the stack-based nature of JVM execution leads to many
redundant loads and stores when bytecode is naively translated to a register-based form.

Overall, the hybrid JIT seems very simple; perhaps oo simple. Performance improvement of
5-10% over regular interpretation is a far cry from the order of magnitude improvement we have
come to expect from JIT compilers. Even though the results are very preliminary, the system
does not appear to be very scalable; it is unclear how further significant performance improve-
ments can be achieved. Since the native code is copied from the host compiler’s implementation
of the interpreter, rather than generated “manually”, one is completely at the mercy of the host
compiler as far as code quality goes. Furthermore, as the authors state, the code is not even
guaranteed to be directly executable, probably due to the idiosynchrasies of the particular host
compiler used and optimization levels specified. Even if peephole optimization is applied, the
resulting code will still be stack-based, which is typically of much lower quality than what a
code generator with a simple concurrent register allocation scheme, such as the one in [ASUS6],
is able to produce. While the small static footprint of the hybrid JIT is impressive, the apparent
inability to refine and improve the system further limits its relevance. In short, the hybrid JIT
actually takes the concept of low-footprint JIT compilation too far: The complexity is quite
simply too low to enable significant performance improvement.

The reason why the hybrid JIT is still interesting is because it is the only system encountered that
performs profiling, compilation and mixed-mode execution exclusively at the basic block level.
The arguments for choosing such a path in a memory-constrained JVM are convincing, and
deserving of further investigations. Thus, the premise is appealing, but the particular approach
taken seems to be a limiting factor for success.

25.2 KIJIT

Shaylor [Sha02], employed at Sun Microsystems and a contributor to recent versions of KVM,
describes a JIT compiler called KJIT, designed with memory constrained low-power devices
in mind. Its foundation is KVM. The compiler is purposely “incomplete”; that is, it can only
compile a subset of the JVM instruction set. The full instruction set is supported by leveraging
the functionality of the existing, complete KVM interpreter. This way, efforts could be directed
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towards compiling those JVM opcodes which are the most performance critical. As a result,
the compiler is relatively small and simple, and its interaction with KVM as a whole is less
complex than a complete JIT would be. Speedups in the range 5.7 to 10.7 were reported, with
a static footprint of 64 KB and additional dynamic footprint of 128 KB. The target processor is
ARM.

KIJIT compiles bytecodes at the method granularity, but can be said to perform mixed-mode
execution at the individual bytecode granularity. The fact that not all JVM opcodes are compiled
implies that control must be able to pass between interpretation and native execution at any time,
not just at method entry or exit. Since the switch between native mode and interpretation mode
can occur quite frequently in this scheme, an efficient switch mechanism was reported to be
crucial for achieving good speedup. To this end, KJIT preprocesses a method’s bytecodes in a
way that effectively removes the evaluation stack, ensuring that no operands are on the stack at
the end of a basic block. This transformation makes the originally stack-based JVM state more
readily transferable to the register-based state of the target processor and vice versa. However,
the resulting bytecode is reported to be 30% bigger than the original [ea03]].

No heuristics are used for deciding when to compile a method; methods are presumably com-
piled as they are first encountered. Debbabi et al [ea03] argue that this scheme seems very
heavyweight and may only be suitable for desktop or server systems. The motivation behind
KIJIT’s choice of no heuristics is the assumption that J2ME applications are very small, compris-
ing only tens of classes, thus heuristics for detecting performance critical parts is presumed to be
less important than in large, long-running server applications comprising hundreds of classes.
Since KJIT actually achieves speedups up to 10.7 over interpretation, Shaylor’s hypothesis may
indeed hold water. By not relying on profiling to guide compilation, KJIT avoids the space and
time overhead due to the collection and processing of profiling data; if it is the case that profiling
is less important for small applications, removing the profiling actually improves performance.
However, it is still a fact that compiling every method results in more native code being gener-
ated, increasing the amount of memory needed to store the code. A quantitative investigation
of the effects of incorporating a selective compilation strategy would be an interesting future
development.

The code management strategy employed by KJIT is to allocate a single static code buffer, and
clear it once it becomes full. This simple scheme is justified by the claim that (re)compilation
can be done quickly, should the method whose code has been discarded ever be executed again.
It also makes it easy to discard aggressive optimizations; if an optimization needs to be invali-
dated at some point, the code buffer is simply cleared. This strategy seems like a good choice
when low complexity is desired: Implement the simplest possible solution, and if it turns out to
not have a negative impact on performance, pursuing more advanced solutions is not necessary.

Experimental results for KJIT are presented that show the speedups using code buffers that
range in size from 128KB down to 8KB. The results indicate that the amount of performance
degradation as buffer size is reduced is heavily dependent on the characteristics (such as work-
ing set size) of the individual Java application. This is a problem, as it yields unpredictable
performance and may require per-application manual tuning in order to achieve good speedup.
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Allocating a static buffer so large that it is assumed to be “big enough” for all current and
future applications would be too wasteful in the general case. On the other hand, too conserva-
tive buffer allocation would lead to heavy thrashing, as the buffer is frequently and repeatedly
cleared, filled and cleared again. This has a severe impact on the memory traffic of the system,
which is something to be conscious of in a low-power environment.

2.5.3 E-Bunny

Debbabi et al [ea0S] describe E-Bunny, a selective dynamic compiler that has been integrated
with KVM. E-Bunny was developed by a group of people at the Concordia University in
Canada. Its intended use is in embedded systems with memory limitations similar to those
targeted by the original KVM. The extra footprint due to the E-Bunny integration does not ex-
ceed 150 KB, roughly evenly divided between static and dynamic memory needs. Experimental
results have shown an overall speedup of 4 over KVM version 1.0.4.

The E-Bunny system implements a highly conventional mixed-mode execution. A method is
fully interpreted until it has been invoked a predefined number of times, at which time the
entire method is compiled to native code and installed in a translation cache. Upon subsequent
invocations the method is executed natively rather than interpreted. Control flows between
interpretation and native method execution as appropriate. If the translation cache becomes full,
an LRU replacement policy is used to decide which method’s native representation to discard.

Concerned with the overheads of sophisticated compilation techniques in an environment scarce
on resources, E-Bunny opts for a simple, lightweight compilation strategy. The E-Bunny com-
piler itself is a single-pass compiler targeting the Intel IA-32 architecture. It generates stack-
based native code that very much resembles the original bytecode sequence. This simple scheme
precludes all but the simplest optimizations.

E-Bunny distinguishes between simple JVM opcodes — those which can directly and compactly
be translated to equivalent native code — and complex opcodes, which have a higher level of
abstraction and whose execution is therefore more involved. Complex opcodes are handled by
generating native code that calls a distinguished helper function (one for each opcode) written
in C. In this way, the entire JVM instruction set is supported without involving the interpreter.
Actually, in E-Bunny this is absolutely necessary, since both compilation and native execution
occurs exclusively at the method level of granularity.

E-Bunny extends the KVM thread context to include a native stack, on which translated methods
store their activation records, in a fashion similar to how the interpreter manipulates its stack.
During the switch between interpretation and native execution, value transfer from one stack to
the other is necessary. Also, since garbage collection can happen during native execution, the
KVM garbage collector was extended to scan the native stack for object references as well.

The current version of E-Bunny compiles every method that is invoked by the top-level (“hot”)
method. This choice is attributed to the complexity of implementing the switch from native
execution back to interpretation. As stated by the authors, this can lead to translation of meth-
ods which are not performance critical. What is not pointed out, however, is that Java libraries
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tend to have strong internal dependencies [Mic03, [TBS99]]. While an effort has been made
to reduce dependencies in the J2ME core libraries, some level of dependency will still result
from the criteria of maintaining upward compatibility with J2SE and J2EE. Also, Java’s object-
oriented nature dictates that writing small, high-level methods that invoke lower-level methods
to do the real work is good practice. In the context of E-Bunny’s compilation scheme, this
means that immediately compiling, recursively, every method that one method invokes can lead
to a potentially huge number of methods being compiled, which in turn can lead to long, un-
predictable compilation times. Furthermore, increased compilation leads to increased memory
traffic (to install the generated native code), which can have a severe impact on cache utiliza-
tion [Raj02, RVJT01] and energy consumption [VKK™01]. Lastly, Schilling’s measurements
[Sch03]] indicate that no “locality of reference” exists between a method and the methods it
invokes; no tests ran faster using this heuristic. Thus, in the worst case, this scheme can defeat
the original intents of the E-Bunny system.

Since E-Bunny compiles entire methods, it will also compile any exception handling code that
is part of the method. If, as in [LYK™00], we assume that exception handlers are rarely executed
compared to code on the normal flow path, translation of exception handlers can be wasteful.
Not only does it add to compilation time, it also increases the size of the native code and hurts
code locality.

No details are given regarding the choice of method counter treshold that is used to determine
when a method should be compiled. The process of determining such a treshold is labeled
in [AFGT04] as being ad hoc and demanding extensive tuning. We may only assume that
the treshold has been selected so as to give the best results for the particular benchmark suite
(CaffeineMark) used to measure speedups due to E-Bunny.

Similarly, a justification for choosing a translation cache size of exactly 64KB, no more and no
less, would also have been of interest. Nothing is said about the size of native code compared
to the original bytecodes.

2.5.4 microJIT

Chen and Olukotun [CO02] describe microJIT, a fast, portable and small JIT compiler that tar-
gets embedded environments. microJIT challenges the notion that a fast compiler will produce
code of inferior quality compared to the code produced by a slow, more complex compiler.
microJIT achieves fast compilation times by reducing the number of major compilation passes;
a standard set of optimizations, both platform-independent and target processor-specific, are
applied as the intermediate representation is generated.

microJIT operates at the method level of granularity. The authors recognize that the interme-
diate representations generated during compilation accounts for the bulk of dynamic memory
needs. To reduce the footprint, the authors suggest a partial compilation scheme, where only
the intermediate representation for one subsection of the method is kept in memory at a time.
The tradeoff is that this scheme precludes some global optimizations.
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microJIT is built on KaffeVM. The static footprint of the compiler is 200 KB, and the dynamic
memory recommended for storing native code is 250 KB. Initially targeting the MIPS IV ISA,
the compiler has later been ported to SPARC and StrongARM. RISC architectures have been
favored over CISC, such as Intel IA-32, so as not to eliminate most possibilities for register
allocation. Compared to the original bytecodes, the size of code generated by microJIT is bigger
by a factor of 3-4 for the benchmarks considered. microJIT’s fast compilation times resulted in
short running applications starting up quickly, and the performance also proved comparable to
that of more heavyweight compilers for many longer running applications.

Selective compilation and the effects of a limited code buffer were outside the scope of the
microJIT study.

While microJIT is lightweight compared to most desktop and server solutions, it seems too
large to fit into the tight memory budget of a CLDC-compliant device. As the authors point
out, CDC is the primary intended platform, which has more memory than CLDC by an order of
magnitude.

2.5.5 Summary

The systems that have been studied have focused on keeping the footprint low and compilation
times fast by implementing simple, counter-based profiling schemes — if any profiling at all
— and lightweight compilation strategies that do not include very sophisticated optimizations.
The dominant level of granularity is the method, although KJIT [Sha02] implemented mixed-
mode execution at a lower level of granularity that allowed a much simpler interaction with
the interpreter. In comparison, the cost in complexity due to E-Bunny’s [ea03] decision to
perform mixed-mode execution at the method level seemed to be unwarranted. The same can be
said regarding KJIT’s choice of a static code buffer that is cleared when full versus E-Bunny’s
LRU scheme. The major indication might be the following: When memory is scarce, don’t
implement a sophisticated solution until a simpler one has first been attempted — it might turn
out to be perfectly adequate. This way, the extra kilobytes saved can go into addressing the real
bottlenecks, which undoubtedly will emerge once empirical data is available.
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Chapter 3

Architecture

This chapter gives a high-level presentation of an architecture that aims to accelerate Java byte-
code execution. The architecture encompasses a selective, on-line compiler and its integration
and interaction with an existing virtual machine, namely Sun’s K Virtual Machine (KVM).
KVM is able to provide a complete Java runtime environment within a total minimum mem-
ory budget of 200 KB of RAM. The goal of this project is to create a lightweight extension to
KVM that accelerates the virtual machine’s performance significantly, without introducing ex-
cessive memory overheads. Specifically, the challenge faced by the architecture is to facilitate
implementations of the acceleration mechanism that does not invalidate the virtual machine’s
applicability in systems facing constraints similar to those addressed by the original KVM. The
acceleration will allow those systems to improve their response times for existing applications,
as well as support new applications with higher performance demands.

There are several ways to improve the performance of a virtual machine, even when memory is
limited. One way is to improve the performance of individual components, such as the garbage
collector [SMBO4], or the implementation of dynamic Java features such as virtual method
invocation. Another approach is to improve the performance of the bytecode interpreter, by
introducing techniques such as inline threading [GHO3]], or by implementing the interpreter
in assembly language. A third approach, which is the one taken here, is to speed up basic
bytecode execution by introducing execution techniques that augment interpretation. Since
interpretation can be an order of magnitude slower than native execution, addressing KVM’s
conventional bytecode interpreter arguably has the greatest potential for achieving speedup,
because executing bytecode is what an interpreter-based virtual machine does 60-80% of the
time, on average [D.M9§&, VMKO2].

The acceleration of KVM is to be achieved by augmenting KVM’s bytecode execution engine
with JIT compilation. Specifically, KVM’s capabilities are extended from pure interpretation
to a scheme where interpretation, selective compilation and native execution are interleaved in
time. The resulting architecture is completely independent of target processor; thus, processor-
specific issues, such as the exact details of context switching and compilation, are not covered
by the architecture. These issues are instead addressed in the next chapter.
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The rest of this chapter is laid out at follows. Section [3.T]introduces the architecture’s top-level
components and interactions. Section[3.2]decides on the fundamental issue of the levels of gran-
ularity at which on-line profiling, compilation and mixed-execution should occur. Section
introduces a new bytecode execution engine that facilitates mixed-mode execution. Following
a high-level presentation, the on-line profiling mechanism and selective compilation logic that
the engine relies on are decomposed. Section [3.4] discusses the general approach to bytecode
compilation, and how to manage the code that the compiler produces, given that little dynamic
memory is available for holding the code. Section concludes the chapter with a discussion
of the importance of introspective profiling capabilities, a mechanism that allows a researcher
or developer to inspect the behaviour of the system and use the information to assess the effec-
tiveness of an implementation and the architecture it is based on.

3.1 Top-Level Components and Interactions

Figure [3.TJon the next page shows the architecture’s top-level components and interactions. The
components are:

Instrumented Interpreter An extended version of the KVM interpreter that facilitates mixed-
mode execution based on on-line profiling and selective compilation.

Target Processor The processor that directly executes the machine code corresponding to
compiled bytecodeﬂ

Compiler Compiles bytecode to machine code upon the interpreter’s request.

Translation Cache Manages the (limited) memory used for holding compiled code. When
this memory becomes full, the translation cache must make room for a new translation by
discarding one or more existing translations.

The system runs in a single thread of control, as in Plezbert and Cytron’s Smart JIT [PC97]
discussed in section 2.3} using several threads, as in more recent systems, would go against
KVM’s green threads implementation, introduce nondeterminism and complicate implemen-
tations derived from the architecture significantly. Thus, on-line profiling of the application
being executed is integrated into the interpreter, guiding the selection of application parts to be
compiled. The compiler translates the selected bytecode to target processor-specific machine
code, which is installed in the software-managed translation cache for subsequent retrieval and
native execution. The responsibility of bytecode execution now becomes divided between the
interpreter and machine code, with the interpreter continuing to interpret the rarely executed
bytecode while the frequently executed bytecode is executed directly in a native form, eliminat-
ing the overhead of interpretation.

I'The interpreter also runs on the target processor, but this is a detail that is not important in a conceptual sense.
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Figure 3.1: The system architecture.

3.2 Chosen Levels of Granularity

Figure 3.1 does not say anything about the levels of granularity at which profiling, compilation
and mixed-mode execution happens. However, this fundamental issue must be resolved next,
since the remainder of the architecture depends on it. The major implications associated with
the choice of level of granularity at each end of the spectrum were discussed in section [2.4]
The primary level of granularity selected for this system is the basic block. As the discussion
below will indicate, the basic block appears to be a level that holds a lot of promise when low
memory footprint is a central concern. Furthermore, the typical granularity level in the most
closely related systems is the method [ea03, [Sha02]]. By choosing a different level, a set of new
and interesting possibilities and challenges emerge. The following subsections highlight these
for each mechanism.

3.2.1 Profiling

Basic blocks are more numerous than methods, putting more stress on the profiling mechanism.
In particular, for a counter-based profiling scheme, profiling overhead is now associated with the
entry of a basic block, rather than the entry of a method. However, the finer granularity means
that high-frequency execution of intra-method sections can be detected. For instance, imagine
a typical method that spends most of its time in a loop; the method consists of a one-time
initialization that sets up the loop, followed by the loop body that enjoys repeated execution,
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possibly followed by some epilogue code. In this case, updating the profiling counter only at
the entry of the method would not give an accurate picture of how much time is actually spent
in the performance-critical part of the method — the loop. Since a loop is composed of basic
blocks, moving profiling to the basic block level catches such situations by design.

3.2.2 Compilation

The ability to compile individual basic blocks, rather than an entire method, means that only the
performance-critical parts of a method need to be compiled. Continuing with the loop example
in the preceding section, only the basic blocks that constitute the “hot” path of the loop body
would be selected for compilation; the prologue and epilogue, on the other hand, are not found
to be executed frequently and thus continue to be interpreted. On a related note, compiling
at the basic block level supports on-demand compilation of exception handlers [LYK™00] by
design.

Compared to a method-based compiler, then, a basic block-based compiler has less input byte-
code to work with, requiring less memory for temporary data structures maintained during
compilation, and less time to perform the compilation. This also means that if a basic block’s
native representation should be replaced in the translation cache (due to limited cache memory),
it can quickly be regenerated at a later time if necessary.

By requiring that a basic block has been interpreted at least once before it is compiled, a lot of
complexity is avoided in compilation — we like to call this principle “Interpret once, compile
anytime”. In particular, when interpretation of a basic block is known to have been performed,
the compiler can be sure that any classes referenced by the basic block’s bytecode have been
initialized. The JVM specification [LY99] dictates that such initialization should not occur
before the class is referenced the first time, and it is very important that an implementation
adheres to these semantics because initializing a class may involve the implicit invocation of
a static class initializer method with arbitrary side effects. By letting the interpreter handle
this complexity, there is no need to generate native code that does the checking and non-trivial
initialization process. The result is more compact code that doesn’t do any redundant work
in this regard. A method-based compiler might be forced to compile such checks, since not
all basic blocks in the method are guaranteed to have been interpreted, and the bytecode in
those blocks may reference one or more classes that have not yet been initialized at the time of
compilation.

The principal drawback of compiling at the basic block level is that it inhibits the possibility
of inter-block optimizations; thus, the potential code quality that can be achieved is limited
compared to that of a method-based compiler. As a consequence, the compilation subsystem
is not very scalable; even if more memory became available to the compiler, it wouldn’t be
able to put it to use, since it doesn’t have the control- and data-flow information necessary to
perform sophisticated optimizations. However, this is a very conscious choice in our system;
memory concerns have higher priority than scalability. As established target systems increase
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their memory budget over time, they can change to a more general-purpose virtual machine,
while this system will hopefully still find its place in new generations of constrained devices.

3.2.3 Mixed-Mode Execution

At the basic block level, the context switch between interpretation and native execution will be
more frequent than mixed-mode execution at the method level. In order to avoid that context
switching eats up the potential acceleration, it must be possible to perform the context switches
very quickly. The architecture can facilitate efficient implementations of the context switch by
having the interpreter and native code share as much state as possible.

3.3 Bytecode Execution Engine

The new execution scheme must be integrated into the heart of KVM, which is its bytecode
interpretation loop; it is precisely here that on-line profiling, selective compilation and mixed-
mode execution will happen.

Figure [3.2] shows the original bytecode execution loop of KVM, configured to only perform
thread rescheduling on basic block boundaries. KVM implements a green threading scheme,
which means that multithreading is achieved strictly through user-level software (no operating
system dependencies) and is completely synchronous; between basic blocks, the system checks
to see if another thread should be swapped in.

Reschedule

Time to
rezchedule?

Interpret
basic block

Figure 3.2: The main loop of the original KVM interpreter.
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Figure [3.3]shows a modified version of KVM'’s bytecode execution loop that facilitates the new
bytecode execution scheme.
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Figure 3.3: The main loop of the JIT-enabled KVM. The new dotted box “intercepts” the original arrow
that went straight to “Interpret basic block” in the original version (see figure [3.2] on the
preceding page).

Basically, decision logic has been inserted to select between native execution and interpretation
on a per-basic block basis. If a basic block is already compiled, it is immediately executed na-
tively; if it is not compiled, profiling is performed, possibly triggering compilation, before the
basic block is interpreted in KVM'’s original fashion. Note that thread rescheduling still hap-
pens between execution of basic blocks, remaining completely unaffected by the new execution
scheme.

The following subsections decompose the contents of the dotted box in figure describing
its internal behaviour in more detail.

3.3.1 On-Line Profiling and Selective Compilation
The purpose of on-line profiling is to monitor the execution of basic blocks, so that the selec-
tive compilation logic can make well-informed decisions on which basic blocks to compile.

Newer virtual machines for client and server systems use very sophisticated selective compi-
lation techniques, such as the Adaptive Optimization System (AOS) in Jalapefio [AFGT00],
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which consists of three subsystems encompassing several threads of control working together
to perform feedback-directed optimization [AFG™04]]; these techniques were discussed in sec-
tion Such advanced schemes are clearly too heavyweight for our architecture; instead,
a traditional, low-overhead technique based on one advocated by Schilling [SchO3]] is used.
Schilling’s results indicated that more advanced profiling schemes did not lead to performance
improvements that justified the additional complexity over simpler schemes, and that the simple
schemes have high relevance when overhead is a concern.

There are two principal profiling schemes to choose from: Sampling-based and counter-based
[AFGT04]]. In sampling-based profiling, bytecode execution is interrupted at regular intervals
and the call stack is sampled to determine the methods in which an application spends most of
its time, the general idea being that methods that run often will often be on the call stack at the
time of sampling. Sampling-based profiling was not considered as a viable alternative because,
in our system, on-line profiling is to occur at the basic block level, and the call stack gives an
image of the execution state at the method level, necessitating additional processing if basic
block locations are to be obtained. Unless sampling occurs extremely frequently (bringing with
it much overhead), sampling-based profiling will give incomplete and too coarse-grained data
to facilitate decent compilation choices at the basic block level.

For counter-based profiling, there are two variants: Counting the number of times a basic block
is entered (executed), which we may call frequency-based, or counting the number of processor
ticks (time) that is spent executing a basic block, which we may call measuring-based. Counting
processor ticks means that processing must be done both at the entry (read the processor clock,
store result) and exit (read the processor clock again, calculate difference, update counter) of
the basic block. Since the basic block is a low level of granularity, profiling will occur relatively
frequently, and the extra overhead of this scheme compared to a frequency-based one might
be significant. Furthermore, it makes more sense to apply such a scheme at the method level,
since it can help detect that a method spends much time executing a loop (even if the method
itself is invoked relatively infrequently, the time spent in the loop will be reflected in the overall
execution time of the method), whereas frequently executed loops are detected by a simple
frequency counter at the basic block level.

Therefore, a frequency-based profiling scheme shall be used, in which a counter is associated
with each basic block. The counter is initially set to some treshold. The treshold might be based
on some heuristic involving e.g. the length of the basic block [SchO3] or the type of instructions
in the block [MKOO], or the treshold might simply be a value that has been determined a priori
[ea03]; this is up to the implementation. In any case, each time the basic block is executed, the
counter is decremented. Compilation is triggered when the counter reaches zero. Such a scheme
affords simple, efficient implementations and is completely deterministic, easing integration
with KVM.

The normal selective compilation logic can be overridden for basic blocks that have somehow
been inferred to be poor candidates for compilation. For instance, if a basic block is very
small (that is, it does very little work), it is possible that the overhead of the mixed-mode con-
text switches associated with the native execution will be greater than the interpreter overhead
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[SchO3]]; in such cases, the system can refrain from compilation — that is, inhibit the compiler —
and let the interpreter continue to handle the basic block in question.

3.3.2 Basic Block Descriptors

Since each basic block is to be profiled and possibly compiled, some way of storing meta-data
for the basic block — that is, data additional to the static bytecodes that compose the basic block
—is needed. Furthermore, since these data will be accessed in the critical loop of the bytecode
execution engine, they must be simple to manipulate. For this purpose, a new data structure
called the basic block descriptor is introduced. This data structure is expected to be key to fast,
space-efficient implementations of the architecture. The intent of the basic block descriptor is
to facilitate the management of the parts of an application being profiled, and those that have
been compiled. To this end, a descriptor contains the following four fields:

Start offset The offset of the basic block’s first instruction within the method’s bytecode array
(never changes).

Counter The number of times left to interpret the block before compilation should be triggered
(decremented each time the block is interpreted).

Native code pointer Pointer to the compiled version of the basic block (if it has been com-
piled).

Inhibit flag Setting this flag instructs the selective compilation logic not to consider the basic
block for compilation, even when its counter reaches zero. The criteria for setting this
flag are implementation-dependent; an implementation might opt to never set it.

Figure [3.4] on page 46| shows a table of basic block descriptors that have been constructed from
a method’s bytecodes.

3.3.3 Algorithmic Description

Algorithm (1| on the facing page describes the new way of executing bytecodes in more detail,
centered around frequency-based profiling and treshold-based selective compilation.

The difference from KVM'’s original interpreter is a set of checks that are performed prior to
the execution of each basic block. In essence, the algorithm “falls through” to interpretation
only when a native version of the basic block is not available; and, when the fall-through has
happened a certain number of times (equal to the treshold for the particular basic block), the
basic block is compiled, in anticipation of many more future executions of the basic block.

The algorithm starts by checking if it’s time to swap in another thread; this step is identical to the
original KVM. Next, the basic block descriptor, which describes the block’s current JIT-related
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Algorithm 1 A complete profiling-guided mixed-mode execution scheme. Ties together per-
basic block profiling, selective compilation, native execution and interpretation.

reschedulePoint: {we go here at beginning of execution of every basic block }
if time to reschedule then
reschedule {makes another thread current}
end if
{the following (nested) if statement is the difference from original KVM interpreter!}
look up basic block descriptor for current Instruction Pointer
if basic block has been compiled then
switch to native execution mode
execute native version of basic block atomically
switch back to interpreter mode {combined effects of native execution should equal those
which interpretation would yield}
goto reschedulePoint {End of basic block, start over from the top}
else
decrement basic block counter
if execution counter reached zero then
if inhibit compilation of basic block then
reset counter {compiler has been instructed not to compile this block}
else
compile basic block
end if
end if
end if
interpretPoint: {If we get here, basic block should be interpreted }
interpret one bytecode
if bytecode was control flow instruction then
goto reschedulePoint { End of basic block, start over from the top}
else
goto interpretPoint {Interpret another bytecode}
end if
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Figure 3.4: The bytecode of a method divided into basic blocks. A table of corresponding basic block
descriptors facilitate JIT execution.

state, is looked up, using the address of the basic block’s first instruction as a unique search key.
If the basic block is found to be compiled, the basic block’s native translation is executed, the
interpreter’s state is updated correspondingly, and we return to the top of the loop again. On
the other hand, if the basic block has not been compiled, then it will be interpreted. However,
before doing so, the frequency-based counter associated with the basic block is decremented. If
the counter just hit zero, the basic block is compiled (unless, for some reason, the compiler has
been inhibited from compiling that particular block). Whether the basic block was compiled or
not, interpretation of the block then begins ﬂ The interpreter interprets one instruction at a time,
in a dedicated loop. Only when a control flow instruction (a conditional or unconditional goto,
or a method invocation) has been interpreted, do we return to the top of the main loop, and the
procedure is repeated.

When execution flows from native execution back to the interpreter, the native code must ensure
that the interpreter’s state is fully up-to-date, so that execution may gracefully proceed. Control
is returned to the interpreter either as a result of successful native execution of a block, or as
a result of an exceptional condition detected by the native code. The process of updating the
interpreter’s state is referred to as a native-to-interpreter context switch, and includes updating
internal KVM registers used to manage execution, and the local variables and operand stack of
the methods that have been affected by native execution. The details of this process are very
implementation-dependent.

2If the basic block was compiled, we might wisely choose to execute it natively right away rather than interpret
it one last time; however, this is assumed to have negligible effects on performance.
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3.4 Compilation and Code Management

Once a basic block has been selected for compilation by the profiling-enabled interpreter, an
entirely separate module is relied upon to perform actual compilation. The compiler takes a
basic block descriptor as input and generates machine code from the basic block’s bytecode.
The location of the resulting code is stored in the basic block descriptor, for quick retrieval the
next time the basic block is executed.

To the rest of the system, the compiler can be regarded as a black box. All that is expected of
the compiler is that it generates native code that, following execution, leaves the virtual machine
in the same state as interpretation of the original basic block would end up in. The compiler is
free to use any number of optimizations as long as the preceding requirement is satisfied.

When a basic block is compiled, the resulting machine code must be stored somewhere. Since
memory is scarce, the machine code for all the basic blocks that are compiled might not alto-
gether fit in memory. It is the job of the translation cache module to manage the memory used
for holding translated basic blocks. Exactly how this is to be done is up to the implementation.

Obviously, the compiler is heavily dependent on the target processor for which it generates
machine code. Indeed, deciding on a target processor will be the fundamental decision when
crafting an implementation.

3.5 Introspective Profiling

After testing the new system against a set of Java applications, the results will tell the hard
facts of performance improvement (or lack thereof) relative to the outside world. However,
whether the results are perceived as good or bad, they don’t give detailed information as to
where research and refinement can (and should) go from there. Specifically, before a problem
can be fixed, it must be understood; and before it can be understood, it must be found.

Thus, in order to get a better understanding of how the new bytecode execution technique is
behaving, an implementation should allow optional monitoring and quantification of JIT-related
events — something we call introspective profiling (to differentiate this type of profiling from the
on-line profiling perfomed by the JIT system itself). The presence of such facilities effectively
transforms the system from a black to a white box, facilitating a deeper understanding of results
observed at the application level. In early stages of development, introspective profiling can
help reveal fundamental weaknesses in an implementation or the architecture itself; in more
mature stages, it can drive the continuous refinement of the system, directing the focus to those
areas that hold the most promise of improvement.

The following is some of the information that may be of interest to a researcher or developer
wanting to further his understanding of JIT-enabled execution:

e How many basic blocks have been compiled and executed natively versus interpreted.
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This quantifies the division of labour between the native execution mechanism and the
interpreter.

e The translation reuse factor [RVJ"01] — how many times the native translation of a basic
block has been executed. The concept of JIT execution is to amortize the compilation
costs over several subsequent executions, so a high reuse factor is strived for.

e The total number of bytecodes compiled, and the average number of bytecodes per com-
piled basic block. This says something about how much actual work is done during native
execution; the more bytecodes per basic block, the better.

e The total size of the generated native code, and the average code expansion (ratio of
native code size to bytecode size). Large code expansion means that more memory will
be needed to hold bytecode translations, or that less translations can be held at one time.

e The number of context switches from interpreter mode to native mode. If the number
of context switches is extremely high, performance will suffer, since a context switch in
itself does not further the execution of an application.

These figures may be used in a number of ways. For instance, an excessive amount of compiled
basic blocks reveals that the treshold for compilation may be set too low, or that the treshold
for compiler inhibition is set too high. The relevant system variables must then be changed, and
the application execution repeated. This gives a new set of performance results and profiling
quantities to be interpreted by the researcher; the process may then have to be repeated again,
and so on. For many parameters, this process is rather ad hoc [AFG™04], and there is no unique
“best combination” across all applications. However, it is a procedure that can be used to find a
“reasonable” parameter vector, that produces decent results overall.

Although crucial to implement, the presence of introspective profiling does not have any ramifi-
cations that require special support from the architecture; an implementation is free to monitor
JIT-related events as it sees fit.

Looking ahead, introspective profiling is the foundation that enables a deeper discussion of the
experimental results that are the topic of chapter 5.
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Chapter 4

Implementation

This chapter describes one possible implementation of the selective compilation framework
presented in the previous chapter. The initial prototype leverages Sun’s K Virtual Machine
(KVM) version 1.1, and targets mixed-mode execution on the PowerPC processor in particular.
Taken together, the material may give the reader a more tangible view of the scope of the
project. However, as the emphasis is on very real solutions rather than abstract ideas, the bulk
of the chapter operates at a rather low level of abstraction. The casual reader may therefore feel
free to skip the more technical material without loss of continuity.

The implementation may be logically partitioned into three parts:

e The profile-guided compilation and mixed-mode execution scheme, which has been inte-
grated with the KVM source code. The modifications effectively transform KVM from
an interpreter-only execution model to a mixed-mode model, where decisions are made
at the basic block-level on whether to interpret a basic block or compile and run it na-
tively. While the changes and additions to the KVM core are not huge in terms of lines
of code, they fall on the critical path of execution. Therefore, simplicity and efficiency of
the selective compilation logic and the mixed-mode context switch is crucial in order to
maintain hope of performance gains over the interpreter-only mode.

e The bytecode-to-native compiler, which has been written from scratch. The compiler
takes a basic block of bytecodes as input and produces a corresponding sequence of na-
tive instructions for some target processor — in the case of the initial prototype, a 32-bit
PowerPC — as output. Measured in lines of code, the compiler clearly represents the
biggest implementation effort.

e Debugging and profiling of the JIT-related mechanisms themselves. Debugging-wise, the
ability to trace basic block computation, compilation and mixed-mode context switching
was implemented. This made it easier to verify that execution proceeded in a sane fashion.
Profiling-wise, the JIT subsystems were instrumented to deliver statistics of their execu-
tion, such as the number of basic blocks profiled, the number of basic blocks compiled,
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the size of the generated native code, the number of context switches, and so on. This
enables the understanding of the actual behaviour that lies behind the raw performance
measures.

The rest of this chapter is laid out as follows. Section [.I] gives an overview of the project
source code, showing how individual source files contribute to the components of the system,
and how the new source code fits into the existing framework on which it is built. Section {.2]
discusses implementation details pertaining to on-line profiling and selective compilation, in-
cluding the process of building basic block descriptor tables and how to represent the contents
of basic block descriptors compactly in memory. Section[d.3|introduces a specific target proces-
sor for which compilation and mixed-mode execution is implemented. Section4.4]concerns the
approach to compilation and code generation. Section [4.5] details how the translation cache
manages bytecode translations produced by the compiler. Section[4.6|discusses the implemen-
tation of introspective profiling facilities. Finally, section 4.7| concludes the chapter with some
information on how the system was tested and debugged.

4.1 Overview of Source Code

This section gives an overview of the project’s source code, which is based on KVM'’s source
distribution. This section considers how KVM is implemented, in terms of source code and
programming conventions; also, the major additions that constitute the implementation of ex-
tensions described in the previous chapter are presented, and their place in the KVM framework
is established.

4.1.1 Source Code Structure

KVM is a very literal encoding of the JVM specification, which is reflected in a source code
that is generally easy to follow. Furthermore, the source code is well-organized and well-
commented; this, combined with the straightforward implementation techniques, makes KVM
a system that is easy to understand, manipulate and extend. KVM therefore afforded the type
of implementation and integration that was required of this project, without the author having
to learn every KVM subsystem intimately.

The KVM source distribution comprises roughly 35,000 lines of C code, organized at the top
level into five directories as shown in table [f.1) on the next page. The bulk of the code is in the
VmCommon directory, which is completely platform-independent.

In an effort to cleanly separate our extensions from the existing system, a new directory called
vmJIT has been added to the source tree structure. This directory contains all the JIT-specific
files. Consequently, apart from some files in the VmCommon directory that had to be edited in
order to bring JIT support into the bytecode execution core, all new code has been collected in
VmJIT, totaling about 5,000 lines.
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Directory | Description

vmCommon | Platform-independent code common to all incarnations of KVM.
VmExtra Additional functionality not available on all platforms, but desired
on many: JAR file reading, basic networking and debugger interface.
vmUnix Code specific to UNIX / Linux port.

VmWin Code specific to Windows port.
vmWinCE | Code specific to Windows CE port.
VmJIT New directory in our solution; contains JIT-related code.

Table 4.1: The top-level structure of the KVM source distribution. VmJIT is a new directory added for
the purpose of encapsulating JIT-related code.

4.1.2 Virtual Machine Components

Figure d.T| on the following page shows an overview of how the KVM source files contribute to
the individual components of the virtual machine, and how these components are related in the
overall system. As can be seen, the new JIT subsystem is directly related to three parts of the
existing system: Bytecode execution, classfile representation and manipulation, and memory
management (allocation, to be specific). The exact nature of these relations will be explained in
the subsequent sections of the chapter.

4.1.3 Compile-Time Flags

KVM uses a set of compile-time flags that control the inclusion of many optional features in the
KVM build. The important flags that had to be familiarized during this particular project are
summarized in table 4.2 on page

The practice of using compile-time flags has been extended to encompass the new JIT features.
Specifically, a flag called ENABLEJIT controls the conditional compilation of JIT support; that
is, the actual integration of the JIT into KVM. By disabling this flag, the result is a JVM identical
to the original KVM. When the flag is enabled, the system is compiled to use the JIT-enhanced
execution mode.

4.1.4 Exception Handling Framework

KVM provides support for C++/Java-like exception handling mechanisms (try, catch and
throw) in the actual virtual machine implementation through a set of macros that use the
standard C library functions for non-local gotos, set jmp () and longjmp (). When an ex-
ception occurs inside the virtual machine (for example, as a result of a failed memory alloca-
tion), it is caught by the innermost dynamically nested t ry—catch statement; the outermost
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Figure 4.1: Overview of the KVM source code, and how the new JIT subsystem code fits into this frame-
work. Note that the figure only shows functional dependencies, which do not necessarily
imply source code changes. For instance, the JIT translation cache relies on the existing
memory management system to allocate storage for native code, but this did not necessitate
any changes to the memory manager — only knowledge of its interface and semantics.

try-catch statement is located in the interpreter core, and turns the exception into an actual
Java application-level exception since the virtual machine couldn’t handle it internally.

The compiler relies on the existing exception handling facilities to ease the detection and han-
dling of compiler-specific exceptional events, such as attempts to add native code to a full
translation cache.

4.2 On-Line Profiling and Selective Compilation

This section looks at the implementation details pertaining to the profiling and selective compi-
lation of basic blocks, required to support the behaviour as prescribed in section[3.3]
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Compile-time flag Description

ROMIZING Compiles and links Java system classes directly

into the KVM binary, which can significantly reduce
JVM startup latencies.

ENABLEFASTBYTECODES Interpreter optimization.

RESCHEDULEATBRANCH Instructs interpreter to only perform thread rescheduling
at control branches, as opposed to every bytecode.
SPLITINFREQUENTBYTECODES | Interpreter optimization.

PADTABLE Interpreter optimization.
LOCALVMREGISTERS Interpreter optimization.
INCLUDEDEBUGCODE Inclusion of debug code (tracing).
ENABLEPROFILING Profiling of the virtual machine.

Table 4.2: Summary of some important compile-time flags that control features of KVM.

4.2.1 Basic Block Descriptor Table Representation

The table of basic block descriptors for the current method needs to be accessed and searched
at the beginning of each iteration of the bytecode execution loop, as implied by algorithm [I]on
page 3] Since it will happen very frequently, it is extremely important that this procedure can
be done quickly. The following subsections details how the implementation achieves fast table
access and lookup.

Ensuring Fast Access

In order to facilitate fast access to the table itself, the table is made part of KVM’s internal data
structure used to represent methods. This choice ensures that the table can be directly accessed
through the method pointer in the current activation record. Storing the table elsewhere would
require some type of lookup to access the table (e.g. keeping the basic block tables in a hash
map where tables are hashed on method name), which would introduce overhead both in space
and time. Simply adding the basic block table to the existing method structure does not have
any consequences for existing code that manipulates the structure, so the goal of fast access
makes this solution the preferred choice.

Ensuring Fast Lookup

In order to facilitate fast lookup and space-efficient storage of the table, the table shall be stored
as a linear array. The lookup procedure can now be implemented as a fast search in logarithmic
time, since the basic blocks are ordered by increasing bytecode offset in the table. Using a
linear array means that the basic blocks of a method must be precomputed before profiling can
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commence, but this is a small one-time cost that will be amortized over many (fast) subsequent
lookups.

An alternative that has been briefly considered is to create individual basic block descriptors
lazily, the first time a basic block is executed. The basic block table could then be represented
as a linked list. The advantage of this method is that no memory is used to hold descriptors for
blocks that are never executed. The list could use a Most Recently Used scheme to keep the
“hot” basic blocks near the head of the list, which would perhaps result in equally fast lookup
times as performing a logarithmic search of a linear array. However, there can be many basic
blocks in a method, and each basic block descriptor is intended to occupy very little memory.
Using a linked list can lead to highly fragmented memory due to the allocation of many tiny
chunks of memory, eventually necessitating expensive compacting garbage collection. Addi-
tionally, there is an overhead of one word associated with each memory allocation in KVM,
which is needed by the memory subsystem to keep track of the memory chunk. Since the de-
scriptors themselves are so small and so many, this overhead would be significant relative to the
actual data that are stored. By allocating all these tiny descriptors in a single contiguous array,
the fixed memory management overhead is amortized over several descriptors, and fragmenta-
tion is mitigated. For these reasons, the linear array solution is the preferred choice.

4.2.2 Lazy Creation of Basic Block Descriptor Tables

Initially, when a method structure is built by the class loader, the method’s table of basic block
descriptors is nil. Only when the instrumented interpreter detects that the method has been in-
voked twice, is the memory required to hold the table allocated and the data structure initialized.
This choice is motivated by the desire to avoid spending valuable time and space on generating
basic blocks meta-data for one-time initialization methods, including static class initializers.

4.2.3 Instrumentation of Method Invocation

In order to support the lazy creation policy for basic block tables, additional processing must
be performed in KVM’s handling of method invocation. There are four ways for a JVM byte-
code program to invoke a method, corresponding to the four bytecodes invokevirtual,
invokespecial, invokestatic and invokeinterface. An important observation
is that the only real difference between these four operations is the underlying algorithm that
determines the actual method to invoke at runtime, based on a symbolic method reference in
the caller class; once the correct method has been determined, the further steps are identical
for all four invocation kinds. KVM exploits this fact by merging the actual invocation process
(pushing a new activation record, and so on) following method lookup. In the context of basic
block discovery, this means that the logic for deciding when to compute the basic blocks of a
method can be put in a single place.

Algorithm [2] on the next page shows how KVM’s joint processing of method invocation has
been instrumented. Specifically, embedded in the processing is a check to see if the method’s
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invoked flag is set. If it is, this means that the method has already been executed at least once.
If, additionally, the basic blocks of the method have not already been computed, then this is
exactly the second time the method is invoked, and the computation is performed. If, on the
other hand, the invoked flag is not set, then it is done so now. That way, the next time the method
is invoked, the aforementioned test will succeed.

Algorithm 2 The algorithm for handling method invocation in KVM’s interpreter, augmented
to compute a method’s basic blocks the second time it is invoked.

... {the following are excerpts from the KVM interpreter’s unmodified opcode handlers }
if opcode is INVOKEVIRTUAL then
do virtual method lookup
goto invokeMethod_generic
else if opcode is INVOKESPECIAL then
do ’special’ method lookup
goto invokeMethod_generic
else if opcode is INVOKESTATIC then
do static method lookup
goto invokeMethod_generic
else if opcode is INVOKEINTERFACE then
do interface method lookup
goto invokeMethod_generic
end if
... {other opcode handlers not shown}
invokeMethod_generic:
{the following if statement has been added }
if invoked flag of method set and basic blocks not computed then
build basic blocks data structure {used in further profiling }
else
set the method’s invoked flag
end if
... {continue with original KVM invocation processing; push frame, pass arguments, etc. }

The invoked flag itself is stored in the existing accessFlags member of the KVM method
structure; luckily, this variable has several unused bits we can use. (The definition of internal
access flags that can represent implementation-specific boolean information beyond the official
JVM access flags is a “trick” used in other parts of KVM also.)

4.2.4 Building the Basic Block Descriptor Table

To find the bytecode offsets of basic blocks in the method, the algorithm by Aho et al [ASUS6]
is used. It only needs a single, fast pass over the bytecodes, where all but the control flow
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instructions are skipped. A temporary bit vector is used to build the set of basic block head-
ers discovered by the algorithm, only requiring number-of-instructions-in-basic-block bits of
dynamic memory (the vector data fits in a single word for most basic blocks). Following the
discovery of basic block offsets, a basic block table of sufficient length is allocated, and the
fields of the basic block descriptors are initialized as follows:

Counter A global, predefined treshold is used to decide on when a basic block should be
compiled. Specifically, the profiling counter is initially set to the compile-time constant
COMPILER_TRESHOLD. This scheme is the simplest to implement, and will be used
until empirical evidence is able to prove its inadequacy, justifying the implementation of
a more sophisticated per-basic block treshold based on some heuristic, such as the length
of the block.

Native Code Pointer Set to the address of the native-to-interpreter context switch code, ensur-
ing a graceful exit to the interpreter even if this code is jumped to before the basic block
has been compiled.

Inhibit Flag Set to 1 only if the number of instructions in the basic block falls below the
compile-time constant INHIBIT_TRESHOLD.

4.2.5 Basic Block Descriptor Representation

Since a method can potentially contain a large number of basic blocks, it is important that their
meta data are represented in a space-efficient manner. To make the basic block descriptors as
compact as possible, a bit packing [NWO1] / bit stealing [BEGO2]] scheme is used. Since a Java
method’s implementation can be maximum 65536 bytes long [LY99], the basic block offset
only requires 16 bits. Furthermore, it is expected that a 16-bit treshold for the execution count
will be sufficient; thus, the offset and execution count can be stored together in one word (32
bits). The native code pointer is currently a direct memory pointer, and so requires one word.
However, by ensuring that the native code is at least halfword-aligned, the least significant bit is
an implicit O; this bit can now be used to store the inhibit flag. Thus, each basic block descriptor
is two words long.

Bringing the total descriptor size down to just one word would indeed be possible by using
techniques analogous to those of Bacon et al’s [BEGO2]] Java object model; specifically by
storing a translation cache index rather than the code pointer itself. However, this would have
to be done at the expense of the maximum allowed method size and execution count treshold,
and might lead to slightly reduced performance due to extra levels of indirection when fetching
the code pointer. Rather than eagerly introducing this scheme, we choose the simple route and
determine later if refinements are indeed necessary.
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4.3 Adopting a Target Processor

The prototype targets a 32-bit PowerPC [IBMO3]. The PowerPC was chosen because it repre-
sents a mature, neutral RISC architecture that implements a sequential execution model, making
it a target that is easy to generate machine code for. For a RISC, the PowerPC has a rather rich
instruction set; this means that a simple first-generation compiler can implement a straightfor-
ward translation of bytecode by mapping JVM instructions to the most general sequence of
PowerPC instructions, while more sophisticated compilers can take advantage of more specific
features of the PowerPC instruction set (such as machine code idioms [[CO02]) to implement
the semantics of bytecode in more optimal (shorter) sequences of machine code instructions.

4.3.1 Register Usage

The first major challenge in adopting the PowerPC processor is to decide on how to manage
its large amount of registers during execution of bytecode translations. The principal PowerPC
registers are shown in figure [4.2]

./_ USER MODEL \\

UIsA
General-Purpose Registers Link Register

GPRO (64/32) LR (64/32)
GPR1 (84/32)

. Count Register

L]

. CTR (64:32)
GPR31 (84/32)

Floating-Peint Registers
FPRO (&4)
FPR1 (&4)
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FPR31 (64) FPSCR (32)

\ /

Figure 4.2: Principal PowerPC registers. (Adopted from [IBMO03]].)

Condition Register
CR (32)

Fleating-Point Status
and Control Register

The usage of PowerPC registers in execution of bytecode translations is shown in table 4.3 on
the next page. It conforms to the register conventions used by the GNU C Compiler (GCC),
which roughly matches the AIX [IBM96]] specification. This ensures fast context switches (by
being aware of exactly which registers must be saved and restored), and the ability to easily
call C functions from native code, a feature which is relied on by the code that implements
the more complex bytecode operations. This seamless interaction between interpretation and
native execution comes at the expense of the project being tied to GCC (something which the

57



PowerPC register

Description

GPRO
GPR1
GPR2
GPR3

GPR4

GPR5
GPR6
GPR7
GPRS8
GPRY
GPR10
GPR27
GPRZ28
GPR29
GPR30
FPRO
FPR1

LR
CR

Scratch register used in calculations.

C stack pointer (managed by host compiler).

Table of Contents (TOC) pointer (managed by host compiler).

Scratch register used in calculations.
Ist word of function return value.
Scratch register used in calculations.
2nd word of function return value.
Scratch register used in calculations.
Scratch register used in calculations.
Scratch register used in calculations.
Scratch register used in calculations.
Scratch register used in calculations.
Scratch register used in calculations.
VM Instruction Pointer (IP).

VM Stack Pointer (SP).

VM Locals Pointer (LP).

VM Frame Pointer (FP).

Scratch register used in calculations
Scratch register used in calculations.
Float function return value.

I'st argument word.
2nd argument word.

3rd argument word.
4th argument word.
Sth argument word.
6th argument word.
7th argument word.
8th argument word.

Ist float argument word.

Target address of indirect branches and function calls.

Used in conditional branching.
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Table 4.3: Usage of PowerPC registers in native execution. The registers not listed are currently unused.

original KVM is not), but since the context switch is so performance-critical when mixed-mode
execution occurs at the basic block level, we feel this choice is well justified.

The fact that the PowerPC has so many registers has been used to map frequently accessed parts
of the execution state statically; specifically, the four KVM registers — IP, FP, SP and LP — are
always kept in the same registers throughout native execution. This implies that, in the context
switch from the interpreter to native code, the KVM registers are moved to native registers.
In the context switch from native code back to the interpreter, the possibly “dirty” contents of
the native registers are written back to their respective KVM registers, ensuring that they are
up-to-date when interpretation continues. The transfer of registers is the only processing done
in the context switch; specifically, it is up to the code for each basic block to ensure that the
frame locals and operand stack are up-to-date in memory before the context switch is initiated.




4.3.2 Inherent Instruction Mapping Capabilities

How effectively the JVM instruction set can be mapped onto a target processor depends on the
instructions that the processor provides. An overview of the categories of PowerPC instructions
is shown in figure

Instruction class | Categories
Arithmetic
Compare
Logical

Rotate and shift

Integer

Arithmetic

Rounding and conversion
Compare

Status and control

Floating-point

Integer

Integer multiple

Load and store Integer byte-reverse
Floating-point

Memory synchronization

Branch relative (un)conditional
Branch absolute (un)conditional

Branch and Branch conditional to Link Register
flow control Branch conditional to Count Register
Trap
System call

Figure 4.3: Overview of PowerPC instruction classes.

All JVM arithmetic and comparison operations that take int, float and double arguments
can be mapped one-to-one to an equivalent PowerPC instruction. Conditional control flow JVM
operations can also be mapped one-to-one. Translation of operations that take 1ong (64-bit)
arguments is more involved, because the targeted PowerPC can only perform 32-bit operations
involving integers (the architecture does define 64-bit extensions, however, these are not yet
in widespread use). Loads and stores of local variables and object fields, where the offset
relative to an activation record or object is a constant known at compile time, can usually be
translated compactly; the PowerPC has a set of load and store instructions that use an immediate
addressing mode, where a 16-bit signed offset can be encoded directly in the instruction word.

The PowerPC lacks instructions that convert from int (long) to float (double). The
only way to achieve this is either through a rather long sequence of instructions (provided in
[IBMOG6]) or by calling a library function. A related problem is that a PowerPC floating-point
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register cannot be moved directly to a general purpose register or vice versa; the register must
be stored to memory, then loaded back from memory into the proper register. These limitations
were a bit disappointing, considering that similar architectures, like the MIPS, provide instruc-
tions that the JVM conversion operations can be mapped directly onto, and where the data path
between floating-point and integer registers is point-to-point.

The PowerPC can perform indirect branching through the Count Register and Link Register.
This procedure is a bit involved because the target address must first be loaded into a general
purpose register, then moved to the Count or Link Register, before a branch can be performed,
requiring at least three PowerPC instructions. Thus, translation of virtual method dispatch, a
frequent operation in Java, is not facilitated in an optimal way.

For the interested reader who wishes to learn the exact mappings of JVM opcodes to PowerPC
instructions, the code listing in section[A.T.2]on page [04) may be perused.

4.4 Compilation

This section describes the strategies used by the compiler to generate native code for a basic
block of bytecodes.

The compiler translates the bytecodes in a single pass, generating code for bytecode instructions
one at a time, without using any intermediate representations. A backpatching scheme is used to
deal with control flow instructions. Each opcode is translated in a very straightforward manner,
by generating code corresponding to a sequence of micro operations which implements the
exact behaviour of the particular opcode. For instance, algorithm [3] shows the sequence of
operations that implement the iadd opcode. Corresponding sequences for other opcodes can
be derived quite easily from the opcode descriptions in the JVM specification [LY99], and by
studying the implementation of the KVM interpreter. No auxiliary data structures, such as
native stacks, are used by compiled code; the compiler generates code that operates on the same
data structures and memory locations as the interpreter.

Algorithm 3 Sequence of micro operations that implement the iadd opcode.

pop second operand from stack
pop first operand from stack
add first and second operand
push result on stack

4.4.1 Lazy Update of VM State

The compiler strives to only update the native registers that cache VM state when it is strictly
necessary. To this end, the compiler keeps track of the values that the VM registers ought
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to have as code is generated, rather than generating code that actually updates the registers.
Specifically, lazy updates are performed as follows:

IP Only updated when the end of a basic block’s translation has been reached, or prior to
checking for an exception, or prior to calling a C function from native code that might
throw an exception.

SP Same as for IP. Additionally, during translation of the block, a relative stack offset is main-
tained, and is encoded in PowerPC instructions that fetch stack words; this implements
pushing and popping behaviour without actually updating the SP register.

FP, LP Only updated in the translation of return opcodes.

4.4.2 Dealing With Exceptions

Exceptions are handled exclusively by the interpreter. However, the native code must still check
for exceptional conditions, and transfer control the interpreter if one is detected.

In order to avoid redundancy and embedded exception handling code in the handling of opcodes
that might throw exceptions (but usually don’t), generic exception handling code is installed in
the translation cache upon virtual machine startup. An opcode handler then merely has to
check for the exceptional condition and conditionally branch to the relevant exception handling
code located elsewhere. The exceptional handling code takes care of flushing the VM state to
memory and actually raising the exception.

4.4.3 Translating Conditional Branches

A conditional branch signifies the end of a basic block. However, exiting back to the interpreter
would be highly inefficient in this case, since the successor basic block can easily be determined
directly by the native code. Indeed, the compiler generates code that performs the conditional
branch and fetches the native code pointer from the successor basic block’s descriptor. The
native code then jumps to this pointer. If the successor basic block has been translated, execution
of the block continues directly. If the block has not been translated, its descriptor’s native code
pointer must have pointed to the native-to-interpreter context switch code, causing the context
switch to be initiated. The net effect is that the native code only exits back to the interpreter
when the successor block has not been translated. This is referred to as chaining basic block
translations.

4.4.4 Translating Complex Opcodes

Compared to a RISC architecture, the JVM instruction set has instructions that operate at vastly
different levels of abstractions; this means that a single bytecode operation often cannot map
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directly to a single RISC CPU instruction [CDO3]]. For instance, whereas the iadd instruction
adds two integers, the new instruction is required to resolve a symbolic class reference, initialize
the corresponding class if it has not already been initialized, and allocate memory for an instance
of the class, which might trigger garbage collection. Furthermore, if the new instruction fails
at any stage, it must throw an appropriate exception. In order to deal with this category of
complex instructions, the compiler generates native code that calls a proper C function to do
the work. Fortunately, most of the required C functions could be leveraged directly from the
original KVM implementation. The native code simply places the arguments to the function in
the proper native registers (according to the GCC calling convention), calls the C function, and
processes the return value. Prior to calling the function, the cached VM registers are flushed to
memory, so that if an exception should occur, the interpreter’s state will be up-to-date when it
starts processing the exception.

4.4.5 Optimizations

A small set of simple optimizations are currently applied; they are all focused at generating
more compact machine code. The optimizations are described below.

Avoiding Invocation of Empty Methods

If the compiler detects an invocation of a method that is known to be empty (i.e., contains only
a return opcode), code for the invocation is not generated. This can be detected at compile
time only when static invocation semantics are used (invokespecial or invokestatic)
or the target method is declared as final. For example, the constructor of the class at the top
of the class hierarchy, Ob ject, is empty, and every constructor of every subclass must call the
Ob ject constructor; eliminating this call will lead to faster object initialization.

Inlining of Getter and Setter Methods

By using simple pattern matching, the compiler detects the invocation of getter (setter) methods
— methods that get (set) an object’s field, and nothing else. The use of such methods is con-
sidered good programming practice in object-oriented programming, since it achieves encapsu-
lation of a class’s implementation through an interface. Inlining these simple methods results
in faster, more compact native code by eliminating the unnecessary (from an implementation
standpoint) method call. Figure 4.4 on the next page shows the premise of this optimization.
Like the elimination of calls to empty methods described above, this optimization is only safe
when the invocation has static semantics or the target method is declared as final.
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Java source Bytecode

int getvVariable () { ALOAD 00

return this.variable; GETFIELD wvariable
1 IRETURN
vold setVariakle (int walue) | ALOAD_ 00
this.variable = wvalue; ILoAD_1

} PUTFIELD variakle
RETURHN

Figure 4.4: Getter and setter methods can be detected by simple pattern matching and are simple to
inline, since the object that the method is invoked on is at the top of the stack at the point of
invocation.

Merging Translation of Common Bytecode Sequences

Some particular sequences of bytecodes occur a lot more frequently than others. O’Donoghue
et al [OLPWO02]] did research on bigrams — pairs of bytecodes, where one bytecode is always
executed after the other. They list the 10 most frequent bigrams over 12 benchmarks. The
most common pair by far was found to be (aload_0, getfield). Applying this knowledge
to translation, the compiler “peeks” at the next bytecode whenever the first in a frequent pair
of bytecodes is encountered (e.g. aload_0), and if it matches the second bigram component
(e.g. get field), the translation of the two bytecodes are merged for better code quality. This
technique is analogous to the simple method inlining described above, in that both techniques
are based on simple pattern matching.

Peephole Optimization

Peephole optimization [ASUS86] is performed on the machine code following normal code gen-
eration. The optimizer considers a small window of instructions, trying to recognize redundant
operations or operations that can be performed more efficiently using different instructions. In
particular, the peephole optimizer looks for unnecessary consecutive loads and stores, and thus
removes a lot of the redundancy due to the way JVM stack opcodes are currently translated.
Peephole optimization is expected to only be a temporary solution, however; it can be elimi-
nated once a more sophisticated translation scheme for stack operations is in place.

4.5 Native Code Management

The translation cache is implemented as a static, “flat” buffer. This decision was motivated
by Shaylor’s work [Sha02], where overall performance did not appear to suffer when using a
similar scheme. A command line switch, —cachesize, can be used to specify the size of the
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translation cache (analogous to how the virtual machine’s heap size can be specified through the
-heapsize switch); 64KB is the default size. When the JIT subsystem is initialized, a buffer
of the specified size is allocated. The translation cache keeps an internal index into this buffer,
which is incremented as the compiler adds instructions to it. Figure [4.5]illustrates this scheme.
When the buffer is full, the internal index is reset, effectively clearing the buffer. Additionally,
the descriptors of basic blocks that have been compiled are updated to reflect the fact that their
translations are no longer valid. Upon subsequent execution of such blocks, profiling will start
over.

SIZEOF TCACHE words

flllﬁlllfll
Bl.nativePtr BZ.nativePtr currentPos

Figure 4.5: The translations of basic blocks are stored in a shared static array of words. An internal
marker (currentPos) is used to record the position in the array where the next instruction
will be stored.

This is the simplest possible code management scheme to implement. If empirical evidence
should suggest that discarding the entire contents of the cache is hopelessly inefficient, the code
management scheme must be revisited; for instance, a Least Recently Used (LRU) replacement
policy could be used, like in E-Bunny [ea0S]]. However, like Shaylor [Sha02]], we hypothesize
that the discarded code can be quickly regenerated if necessary, because compilation of basic
blocks is very fast. In fact, unless the translation cache is so small that the machine code corre-
sponding to the working set of the application won’t fit (which would cause heavy thrashing),
clearing the cache regularly might even be an effective way of getting rid of code that has gone
from “hot” to “cold” over a period of time, or code that shouldn’t have been compiled in the
first place (due to inadequate decision logic). Given that compilation is extremely cheap, any
“hot” basic blocks that are discarded as a side-effect will soon be recompiled at little cost. In
this case, the overall impact on performance should be small, and allows us to choose a smaller
cache size than what would be possible if recompilation were expensive.

4.6 Introspective Profiling

As explained in section the purpose of introspective profiling is to quantify the behav-
iour of the JIT system in order to facilitate a deeper understanding of the interplay between
interpretation, selective compilation and mixed-mode execution. KVM already has a frame-
work for profiling, and by following the conventions of the existing framework, implement-
ing similar capabilities for the new JIT system was straightforward. A compile-time flag,

64



ENABLEPROF ILING, controls the conditional compilation of profiling-related code. Profil-
ing the virtual machine slows down execution slightly, therefore it is convenient to have the
option to statically disable profiling for production builds of the system.

The profiling is implemented as a set of counters that are incremented in response to various
events. Specifically, the counters are:

CompileCounter The total number of basic blocks compiled; incremented each time the com-
piler is invoked.

CompiledBytecodesCounter The total number of bytecode instructions compiled; incremented
each time the compiler translates a single instruction.

CompiledBytecodeSize The total size of bytecode compiled, measured in bytes (used to com-
pute code expansion).

CompiledNativeCodeSize The total size of native code generated, measured in bytes (used to
compute code expansion).

NativeExecCounter The total number of interpreter-to-native context switches; incremented
each time native code is entered.

InhibitCompileCounter The total number of times the compiler has been inhibited from com-
piling a basic block; incremented each time the basic block’s execution count reaches the
treshold for compilation and the basic block’s inhibit flag is set.

TcacheExhaustedCounter The total number of times the translation cache has been cleared
to make room for new translations; incremented each time an attempt is made to add an
instruction to the translation cache when it is full.

After execution has ended, the values of the above counters are written to the JVM’s standard
output (either a console window or a file).

4.7 Testing and Debugging

In order to test and debug the operation of the system, a full-system simulation tool called
Simics [FHH'02]] has been used. The tool simulates a complete embedded target platform
(MontaVista) upon which the virtual machine and compiler can be run. Such a simulated setup
offers many benefits during low-level systems software development, including deterministic
execution and high system visibility.

Debugging-wise, Simics magic breakpoint feature was invaluable. A “magic instruction” is a
special instruction not normally executed by target applications; Simics can be instructed to
halt simulation when such an instruction is encountered. By having the compiler insert magic
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instructions in the code generated for a bytecode operation, the resulting code could quickly be
stepped through and verified in Simics’s integrated debugger.

Finding code generation bugs still proved to be a challenge, though, even for the rather simple
code generation strategy employed by the prototype. There were two causes. First, the virtual
machine executes a tremendous number of bytecodes, and the bug might not do its damage until
far into execution. Second, the bug might not actually manifest — as in ultimately causing an
exception to be thrown, for example — until long after the actual damage has been done. Indeed,
there is no guarantee that the bug will manifest at all. The solution was to painstakingly write
various small Java applications that generated particular (sequences of) bytecode instructions,
so that the full set of instructions could eventually be verified. This was not a very rigid approach
to testing, but no free set of complete virtual machine tests could be found. (Interestingly,
the KVM Makefile contains instructions to run an application called RegressionTest,
presumably used to test the virtual machine, but this application is not included in the public
source distribution.)

Even when the machine code generated for each bytecode instruction was verified to be cor-
rect, understanding the highly dynamic interactions of the system components was a challenge.
The reflective profiling mechanisms capture the application-level behaviour, but during devel-
opment, something more fine-grained was needed to reduce the sense of working in the dark.
The approach taken was to extend the existing tracing facilities of KVM to include the textual
tracing of JIT-related activities. Specifically, the following activities can be traced in debug
builds:

e The discovery of a method’s basic blocks.
e The compilation of basic blocks.

e The mixed-mode context switches.

Combining these traces with the existing KVM trace generators for bytecode interpretation and
method execution gave a very detailed history of the progression of the mixed-mode execution,
and aided the discovery of a few bugs that would otherwise have been very hard to track down.
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Chapter 5

Experimental Results

This chapter presents the results obtained from running a set of Java applications on the initial
prototype of the JIT-enhanced virtual machine. The purpose of this presentation is to show how
the performance compares to the original, interpreter-based KVM, and to provide a discussion
of what can be drawn from these results. We also look at how changing parameters associated
with the JIT subsystem affects performance. In the end, these results serve as the main indicator
of whether the project goal of creating a lightweight acceleration mechanism has been achieved,
and will be used to guide the future work on the system.

The rest of this chapter is laid out as follows. Section [5.1] discusses the approach to selecting
the benchmarks used to evaluate the system, and introduces the selected benchmarks. Section
presents the performance improvements over KVM, starting with the overall improvements,
before offering more detailed presentations and discussions of the results obtained for each
benchmark. In the following three sections, the introspective profiling facilities of the system
are relied upon to further the understanding of the system’s behaviour. First, in section 5.3 the
code expansion due to bytecode being compiled to machine code is considered; code expansion
determines how many bytecode translations can fit in a fixed-size translation cache. Next, sec-
tions[5.4]and[5.5|consider the effects of changing the treshold for triggering compilation and the
size of the translation cache, respectively. Any trends that emerge from changing these parame-
ters are identified and their impact is discussed. Section [5.6| summarizes the memory footprint
of the implementation. Section concludes the chapter with an informal comparison of this
system to a related system, E-Bunny [ea035].

5.1 Benchmarks

The system that has been developed is not a general-purpose Java virtual machine. Rather, it is
intended to operate in particular domains, where the common characteristic is that memory is
scarce. Selecting applications that are representative of such domains is difficult; in particular,
there is a risk of choosing applications that are either too narrow (don’t have relevance for a
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suitable range of embedded systems) or too wide (don’t have relevance for most embedded
systems at all).

Initially, standard benchmarks used on desktop systems were pursued. SPEC JVM98 [(SP] is
a popular commercial benchmark suite that tests many aspects of JVM operation and perfor-
mance. However, SPEC JVM98 requires at least 48MB of memory, which means it has low
relevance for most embedded applications [Per]. Furthermore, SPEC JVMO8 requires that the
full Java client libraries are installed, while we are targeting CLDC, which only includes a few
core libraries. JavaGrande [EPP] is another popular benchmark, but it addresses the perfor-
mance of so called “Grande” applications — applications which have large requirements for any
or all of memory, bandwidth and processing power. Thus, JavaGrande, like SPEC JVM9S,
seems too heavyweight for testing our system.

Instead, a set of lightweight benchmarks have been selected. The main criteria for these bench-
marks have been

e The benchmark must have memory requirements that are realistic in an embedded envi-
ronment, which means a few megabytes, at most. The benchmark should not constantly
allocate objects, because this would cause the garbage collector to run frequently; we
want to isolate the effects of JIT execution as much as possible.

e Simplicity of the benchmark takes presedence over real-world relevance. The results
obtained from a simple application are easier to interpret than those due to a complex
one, and may help reveal fundamental shortcomings of (specific parts of) the architecture
or implementation. Use of real-world applications is considered future work.

e The benchmark must only require the core libraries available in a CLDC configuration;
this effectively excludes all benchmarks which test graphics capabilities or other func-
tionality that falls outside the areas addressed by CLDC.

e The benchmark implementation itself must be relatively small, reflecting the fact that
real-world applications for systems with limited memory must be small.

Three benchmarks fulfilling these criteria comprise the set of applications used during testing.
Each benchmark is briefly presented in the sequel.

CaffeineMark Embedded

From the CaffeineMark homepage [Corcl:

The CaffeineMark is a series of tests that measure the speed of Java programs run-
ning in various hardware and software configurations. CaffeineMark scores roughly
correlate with the number of Java instructions executed per second, and do not de-
pend significantly on the the amount of memory in the system or on the speed of a
computers disk drives or internet connection.
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Name of test | Description

Sieve The classic sieve of eratosthenes finds prime numbers.

Loop The loop test uses sorting and sequence generation as
to measure compiler optimization of loops.

Logic Tests the speed with which the virtual machine executes
decision-making instructions.

Method The Method test executes recursive function calls to
see how well the VM handles method calls.

Float Simulates a 3D rotation of objects around a point.

Table 5.1: The tests included in the CaffeineMark Embedded benchmark.

CaffeineMark is a microbenchmark that exercises core JVM functionality in an isolated fashion
— each test focuses on one category of bytecode instructions. This makes it a very useful bench-
mark especially in early phases of performance evaluation and tuning, since it can help reveal
fundamental bottlenecks. CaffeineMark was also used to test a related system, E-Bunny [eaOJ]].

Table [5.1] gives an overview of the tests that are part of CaffeineMark.

JBYTEmark

JBYTEmark is a Java port of the BYTEmark benchmark, originally written in C. From the
BYTEmark homepage [Mag]:

The BYTEmark benchmark test suite is used to determine how the processor, its
caches and coprocessors influence overall system performance. Its measurements
can indicate problems with the processor subsystem and (since the processor is a
major influence on overall system performance) give us an idea of how well a given
system will perform.

jBYTEmark is a more complex bytemark than CaffeineMark, but the algorithms that are im-
plemented are well-known, facilitating understanding of its implementation and of the JVM
functionality that is affected by it.

Table[5.2] on the following page gives an overview of the tests that are part of jBYTEmark.

SciMark
From the SciMark homepage [PMI]:
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Name of test

Description

Numeric sort

String sort

Bitfield

Emulated floating-point
Fourier coefficients

Assignment algorithm
Huffman compression
IDEA encryption
Neural Net

LU Decomposition

Sorts an array of 32-bit integers.

Sorts an array of strings of arbitrary length.

Executes a variety of bit manipulation functions.

A small software floating-point package.

A numerical analysis routine for calculating

series approximations of waveforms.

A well-known task allocation algorithm.

A well-known text and graphics compression algorithm.
A relatively new block cipher algorithm.

A small but functional back-propagation network simulator.
A robust algorithm for solving linear equations.

Table 5.2: The tests included in the jBY TEmark benchmark.

Name of test

Description

FFT
SOR

LU

Monte Carlo
Sparse matmult

Fast Fourier Transform

Jacobi Successive Over-relaxation
Monte Carlo integration

Sparse matrix multiply

Dense LU matrix factorization

Table 5.3: The tests included in the SciMark benchmark.

SciMark is a composite Java benchmark measuring the performance of numerical
codes occurring in scientific and engineering applications. It consists of five com-
putational kernels [...] chosen to provide an indication of how well the underlying
JVM/JITs perform on applications utilizing these types of algorithms. The prob-
lems sizes are purposely chosen to be small in order to isolate the effects of memory
hierarchy and focus on internal JVM/JIT and CPU issues.

As stated, the problem sizes used in SciMark’s tests are small, which makes the benchmark
relevant for systems with limited memory. Like jJBYTEmark, the tests implement well-known
algorithms, many of which are found in embedded devices, such as the Fast Fourier Transform,
which is often used in signal processing equipment.

Table [5.3] gives an overview of the tests that are part of SciMark.
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5.2 Performance

In this section, the performance improvements over the original KVM are quantified for each of
the three benchmarks under study. The JIT has been configured with a compilation treshold of
1KE| — that is, a basic block is only compiled after 1K interpretations — and a translation cache
of 64KB, which is the standard size used by two highly related systems [ea0s), [Sha0O2]. In-
hibiting compilation of certain basic blocks has been disabled; every basic block whose counter
reaches the treshold is compiled. The original KVM has been configured with all significant
optimizations enabled.

The benchmarks all utilize an absolute score system for their tests, where the higher the score,
the better. In order to make it easier to compare results across benchmarks, the scores have
been normalized relative to the scores achieved with the original KVM. The normalized score,
or speeduﬂ of the JIT relative to KVM can be expressed as

S = Score(JIT)
" Score(KVM)

That is, S = 1 is identical score (no improvement), while S = 2 means the JIT achieved twice
the score of KVM (100% improvement).

5.2.1 Opverall Improvements

Each benchmark consists of several tests, which are scored individually. Figure [5.1] on the
following page shows the average scores relative to KVM for all three benchmarks, which is
the sum of scores for each benchmark divided by the number of tests in that benchmark. Also
shown are the scores of the individual benchmark tests that achieved the highest and lowest
scores relative to KVM, to give an indicator of the range of results within each benchmark.

Overall, the JIT system achieved a speedup of 4.0 for jBYTEmark, 4.7 for CaffeineMark and
7.7 for SciMark. No individual test achieved a score that was lower than that achieved with
KVM; the lowest speedup achieved was 1.4. For one of SciMark’s tests the score was more
than an order of magnitude larger (10.2).

Perrier [Perl] states that sophisticated JIT systems may achieve as much as 30 times the perfor-
mance over an interpreter for CaffeineMark in particular. However, two circumstances make
our results encouraging. First, little time has been invested in tuning the system so far; the fact
that improvements are still relatively high indicates that there was a lot of inherent potential for
performance improvement in the architecture from the start. Second, the initial prototype trans-
lates bytecode in a very naive way, and there are certainly vast opportunities for improvement
in just the compiler implementation without introducing excessive overhead. It would appear

!"The choice of treshold was rather arbitrary, since little effort has been spent on tuning the system yet. Section

considers the effects of changing the treshold.

2Speedup is normally associated with running time, not scores, so we use the term loosely; however, we hope
it is clear from the description what is meant.
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Figure 5.1: Average scores relative to KVM for all three benchmarks.

that the system is off to a good start, and so far it is just that — a start, with still a lot of room for
implementations to grow.

In the sequel, the results from each benchmark will be discussed in further detail.

5.2.2 CaffeineMark

Figure[5.2] shows the scores relative to KVM for CaffeineMark.
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Figure 5.2: Scores relative to KVM for the CaffeineMark Embedded benchmark.

Generally, results are seen to be consistent, with four of six tests in the range 4.9 to 6.2, and only
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one test, Met hod, falling below three. For the Method test, however, which tests how fast the

virtual machine can handle dynamic method invocation, JIT execution only gives a speedup of
1.4.

One possible explanation for the weak result of Met hod is the rather inefficient way in which
native code handles the invokevirtual opcode. Resolving the target method of a virtual
method invocation is a relatively complex procedure, so the compiler generates code that calls
a C function to do the actual work. Thus, this lookup procedure is done every time the method
is invoked. The interpreter, on the other hand, can be configured to use a caching technique to
avoid the costly lookup as often as possible. It appears that this mechanism is fast enough to
“cancel out” most of the overall performance gains resulting from native execution.

Another possible explanation is that the very frequent method invocations in that particular test
cause a very large amount of context switches to take place, resulting in a lot of work being done
that isn’t really useful; more time is spent switching between native execution and interpretation
than actually executing bytecode.

The Float tests performs so well because it consists of a loop with one long basic block that
does all the work, meaning that a long sequence of bytecode is executed natively at a time,
avoiding almost all interaction with the interpreter once the basic block has been compiled.
Since the profiling scheme is inherently sensitive to loops, compilation happens early, so a lot
of opportunity for native execution is captured. Loop benefits from the same behaviour, while
Logic, which is basically a sequence of nested if statements, is so fast due to the chaining
of basic blocks within a method (see section[4.4.5on page [62), again avoiding frequent context
switches back to the interpreter.

5.2.3 jBYTEmark

Figure[5.3] on the next page shows the scores relative to KVM for jBY TEmark.

All except one test, Fourier, achieve a score more than twice that of KVM, and even that test
isn’t far behind, with a speedup of 1.9. Half of the tests surpassed the four mark. Due to time
constraints and the relative complexity of jJBYTEmark compared to CaffeineMark, a further
investigation of the reasons for variations in the results could not be pursued.

5.2.4 SciMark

Figure [5.4] on page [75|shows the scores relative to KVM for SciMark.

SciMark achieves the best results of the three benchmarks considered, with four of five tests
achieving a speedup of seven or more. Even the test with the lowest relative score, Monte
Carlo, achieves a score that is four times that of KVM.
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Figure 5.3: Scores relative to KVM for the jBYTEmark benchmark.

Benchmark | Code expansion
CaffeineMark | 12.3
JBYTEmark | 12.4
SciMark 11.8
Average 12.2

Table 5.4: Code expansion for the set of benchmarks.

5.3 Code Expansion

Code expansion measures the relative size of machine code compared to the size of the origi-
nal bytecode. Table shows the code expansion factors for the benchmarks that have been
studied.

The code expansion factors are relatively high. This was expected, however. In the initial
prototype, fast and simple code generation came at the expense of larger machine code. The
original Java bytecode is a very compact representation due to its stack-based computation
model, where operands are implicit; the average bytecode instruction length has been shown
to be 1.8 bytes [RVJT01]. The target processor, on the other hand, is a RISC architecture with
fixed-length instructions (each four bytes long), and uses a register-based computation model
with explicit operands. The initial prototype compiler’s naive mapping of bytecode to RISC,
without utilizing the register file in an efficient way, is the main reason for the large size of
compiled code. The spatial effects of naive code generation would not have been so severe if
the target were a CISC architecture with variable-length instructions, such as Intel x86, where
many one- and two-byte instructions are available and stack-based computation is supported in
hardware.
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Figure 5.4: Scores relative to KVM for the SciMark benchmark.

Another reason for the increase in code size was due to the unfortunate memory layout of the
Linux process running the virtual machine. Many of the translations for complex bytecodes rely
on calling C functions to do work that would be too involved to implement in machine code (e.g.
virtual machine services for memory allocation or synchronization); also, this practice enables
the JIT to leverage much of the existing KVM framework, sharing the code with the interpreter.
Whereas the translation cache resides in the process’s data segment, the C functions reside in
the code segment. Unfortunately, these were located so far apart in virtual memory that the
distance could not be encoded in a PowerPC relative branch instruction. Thus, the native code
must perform an absolute branch, which requires four instructions rather than one (which not
only increases code size, but affects performance as well).

By introducing some simple register allocation techniques in the compiler, code expansion due
to translation of stack-based computation could be more than halved; this is one of the top
priorities for future work, since bringing down code expansion has synergetic effects for systems
with little memory: Less memory is needed to hold translations, memory traffic is reduced, code
locality is increased and power consumption is reduced (due to both fewer memory accesses and
faster execution).

5.4 Effects of Selective Compilation

A predefined treshold was used to decide how many times a basic block should be interpreted
before compilation of the block should be initiated. In section [5.2] the treshold used was 1K.
Figure [5.5] on the following page shows the results of changing the compilation treshold for
CaffeineMark.

The most noticeable result is due to the Logic test, whose performance drops drastically when
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Figure 5.5: Effects of changing the compilation treshold for CaffeineMark.

the treshold exceeds 8K. This is most likely due to the treshold becoming so large that no code
is compiled at all, losing all ability for speedup. String is the only test whose performance
actually improved when the treshold was increased, but only for a rather small region (512-
2048).

On the whole, for the applications tested, the performance usually degraded as the treshold was
increased, indicating that eager compilation is preferred. This might be because the profiling
scheme itself was not sophisticated enough. However, it might also be because the applications
were all small, meaning that the selective compilation logic simply didn’t have much code to
choose from in the first place, lessening the impact of its decisions. According to Radhakrishnan
et al [RVJIT0I1], selective translation using good heuristics can improve performance, but the
saving is only 10-15 percent at best. The attainable savings appear to be even smaller when the
application being profiled consists of only tens of classes, as argued by Shaylor [Sha02]]. Our
results back up this claim.

When compilation is expensive, selective compilation can help reduce startup latencies and
provide better interactive response [Sha02]. However, our compiler only compiles one basic
block at a time, and it does so very quickly. Thus, invoking the compiler frequently is not as big
a source of latency as it would be if the compilation process were more time-consuming.

The issue of compilation treshold should be revisited once real-world applications are selected
for testing.
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5.5 Effects of Limited Translation Cache

The results presented in section [5.2] were obtained using a 64KB translation cache (machine
code buffer). Translations are added to the cache as basic blocks are compiled one after the
other. When the cache becomes full, it is simply cleared to make room for new translations.
With a large cache size, this event is relatively rare, avoiding much impact on performance due
to “hot” basic blocks having to be recompiled. In order to investigate the impact on performance
when the cache is cleared more frequently, the measurements of section [5.2) were repeated with
gradually smaller translation caches.
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04 \\\\\‘ —— Method
02 -5

32K 24k 16K 8K B Ak 2K T
Size of translation cache (bytes)
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Figure 5.6: Performance of CaffeineMark (relative to using a 64KB translation cache) as the translation
cache is made smaller.

Figure [5.6] shows the resulting slowdown for CaffeineMark. As can be seen, the size of the
translation cache can be reduced from 64KB to 16KB without much impact on performance.
At that point, the difference in working set size (and code expansion, possibly) of each test
begins to take effect. While Float enjoys a rather controlled decline, Logic experiences a
very sharp drop in performance when the translation cache is reduced from 6KB to 4KB. 4KB
is also seen to be the treshold after which St ring’s performance starts to decline. Finally, at
1KB, the remaining three tests — Sieve, Loop and Method — are affected as well.
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It is interesting to note that the performance of the St ring test actually improves (albeit mar-
ginally — almost indiscernible in figure[5.6)) when reducing the size of the translation cache from
64KB to 32KB. This indicates that there are some parts of the application that are compiled that
ideally shouldn’t have been; that is, running these parts natively gives worse performance than
interpretation does. When the translation cache is made smaller, the inefficient translations
are occasionally disposed of, causing the interpreter to execute the relevant bytecode instead
(at least until the next time they are compiled), with better performance. Similar behaviour is
indicated in the results from Shaylor’s system [[Sha02], but in a more marked way.

The ability to use a translation cache as small as 16KB without affecting performance must of
course be seen in relation to CaffeineMark itself. CaffeineMark’s implementation is small; the
combined size of the bytecode for CaffeineMark’s classes is only a couple of kilobytes. Thus,
when code expansion is taken into account, 16KB seems fairly reasonable.

Figure shows the corresponding slowdown for jJBYTEmark. jBYTEmark contains more
elaborate tests than CaffeineMark, resulting in more bytecode to translate. This can explain
why, already at 32KB, some tests begin to slow down, and at 8KB, half the tests experience
performance degradation of 20% or more.
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Figure 5.7: Performance of jBYTEmark (relative to using a 64KB translation cache) as the translation
cache is made smaller.
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Measurements were also made as the size of the translation cache was increased beyond 64KB,
but this did not make any difference for any of the tested applications. In any case, increasing
the size further would defeat the overall purpose of the system, which is to achieve performance
improvement while incurring only a small footprint.

5.6 Memory Footprint

The static footprint of the JIT subsystem is 30KB of PowerPC instructions; the original KVM
is 200KB, which means an increase of 15%.

The additional dynamic footprint is due to two things: The tables of basic block descriptors, and
the translation cache. The basic block descriptors are allocated lazily, and have a very compact
representation; the total contribution due to them has been 1 or 2KB of dynamic memory at most
for the applications tested. The choices made regarding table and descriptor representations in
section 4.2 therefore proved adequate. The translation cache is allocated at JVM startup and has
a default size of 64KB (which can be changed by end users through a command line switch),
although in the practical experiments conducted so far 32KB was found to be sufficient.

Thus, the combined memory footprint due to the acceleration technique does not exceed 100KB.
This keeps the system well within the limits of the CLDC specification [MicO3]], meaning that
the resulting system can be used in environments similar to those targeted by the original KVM,
a major goal from the outset.

5.7 Comparison

E-Bunny [ea05]] was described in section[2.5.3|on page[34} it too uses KVM as its infrastructure.
Figure on the following page compares our system’s speedup for the CaffeineMark bench-
mark to the corresponding speedup achieved by E-Bunny. Although the figures aren’t directly
comparable — for one thing, E-Bunny targets the Intel x86 processor while our prototype targets
the PowerPC — they give an indicator of where some of the future improvement potential lies.

Sieve and Loop achieved significantly higher speedup on this system than on E-Bunny, while
the remaining three tests — Logic, String and Method — achieved higher speedup on E-
Bunny. Overall, E-Bunny’s scores are 6.6% higher than those of our system, largely due to
E-Bunny’s much larger relative score on the Method test. The results are definitely encourag-
ing, however; even though our system is in its infancy, it appears to be competitive with other
solutions.

An explanation of the high score for the Loop test on our system relative to E-Bunny might be
that E-Bunny uses method-level profiling counters; this makes it less sensitive to methods that
execute loops, causing the method containing the loop(s) to be interpreted many times before it
is eventually compiled. Our system, on the other hand, uses basic block-level profiling, which
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Figure 5.8: Relative scores of this system versus E-Bunny for the CaffeineMark benchmark.

quickly catches repeated execution of loops, and results in the switch to a more efficient native
execution occuring much sooner.

Results of the Logic test are particularly interesting. Relative to the other tests, Logic got the
best result on our system when compared to the original KVM, indicating that logic instructions
are handled efficiently. However, E-Bunny achieved a significantly higher relative score (almost
50% above ours), indicating that there is still much potential in this area.

The Method test showed relatively little improvement on our system. It was also the test
with smallest gains on E-Bunny; still, it achieved more than twice the score of KVM. One
explanation for E-Bunny’s faster handling of method invocation is that E-Bunny compiles all
the methods that the top-level compiled method might invoke. This means that there is no
context switch from native execution to interpretation when a compiled method invokes another
method, and, when a method returns, there is no context switch unless the method returned
to is not compiled. Our system, on the other hand, currently has to perform a context switch
both on invocation and return, leading to more work being done at method boundaries, possibly
inhibiting performance gains.

E-Bunny increases the static memory footprint by 45% over the original KVM, while the cor-
responding increase due to our solution is 15%. E-Bunny needs 74KB of dynamic memory
for managing compilation and translation, while ours has a user-adjustable footprint; 32KB has
been shown to be sufficient for the applications tested thus far. When using a 64KB translation
cache, the ratio of speedup to footprint is 1.4% higher for our system than the corresponding
ratio for E-Bunny.

All in all, the comparison shows that the implementation of control flow and method invocation
is something that can favourably be addressed in our system; more than likely, addressing these
two fundamental classes of JVM instructions will have synergetic effects that can lead to boosts
in the score of other tests as well (such as the St ring test).
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Chapter 6

Conclusions and Future Work

In this text, a performance-enhancing bytecode execution scheme suitable for JVMs that operate
in resource-constrained environments was presented. The performance gain was to be achieved
by introducing JIT compilation into the bytecode execution engine of the JVM. The initial pro-
totype, despite the fact that the compiler uses extremely simplistic compilation techniques, and
that little time has yet been invested in tuning the critical system parameters, shows consistently
encouraging results for all benchmarks that have been used to evaluate the system, achieving
peak speedup of 10.2 over the original bytecode interpretation scheme, and an average speedup
of 5.5. This increase in performance comes at a cost of 15% (30KB) increase in the static mem-
ory footprint of the virtual machine, and an adjustable, highly predictable increase in additional
dynamic memory footprint (32KB was sufficient for the applications tested).

Key factors to the success of the system were:

e [everaging an existing virtual machine implementation targeting resource-constrained
environments. This significantly reduced implementation efforts and provided an in-
frastructure where memory concerns were already a key consideration, affording further
space-efficient extensions;

e Compiling only small sections (basic blocks) of a method at a time, requiring little dy-
namic memory and giving fast compilation times;

e Designing small data structures that afford fast manipulation and small space require-
ments even when on-line profiling happens at a fine level of granularity (the basic block);

e Using a single Java execution stack, so that a minimum of processing must be done when
switching between interpretation and native execution, allowing this switch to be done
quickly; this choice also meant that additional complexity associated with managing two
separate stacks did not have to be introduced in the garbage collector and thread subsys-
tems; and
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e Chaining the execution of several successive translations in native mode, so that the
switch between interpretation and native execution need not be done as often.

A novel part of the system presented was to use the basic block as the level of granularity, as
opposed to the method level, which would be a more conventional choice. The results so far
indicate that this is an approach that can indeed be very effective in resource-constrained envi-
ronments; the theories put forth in section [3.2] regarding low, predictable memory footprint and
fast compilation times associated with basic blocks have largely been confirmed by empirical
data. On-line profiling did not result in significant overhead either, even at this fine level of gran-
ularity, and results indicated that the ability to automatically detect loops made the compilation
system more responsive to hot regions. Fine-grained mixed-mode execution performed well de-
spite resulting in far more frequent context switches than method-level mixed-mode execution
would. However, one issue that still needs attention is code expansion, which was found to be
larger than for method-level compilers. This can largely be attributed to the simplistic compiler
of the prototype, but whether or not code expansion can be reduced to a level comparable to
method-level compilation — and whether such a reduction is even critical for further success
— 1s still an open question; there are smaller costs associated with compiling and discarding
code at the basic block level compared to the method level. Implementing a more sophisticated
compiler will be the first step towards resolving this issue.

Overall, the results achieved so far have been very encouraging. Even so, there is still much
work that can be done. The major possible directions are outlined in the next section.

6.1 Future Work

There are two major avenues that may be pursued in the immediate future:

e Performance analysis: Examining the behaviour that underlies the initial prototype’s per-
formance in more detail, in order to understand what the bottlenecks are and direct atten-
tion to those parts.

e Compilation: Improving the quality of code produced by the compiler (without introduc-
ing noticeable overhead).

Interesting tasks within these categories are suggested and outlined in the following sections.

6.1.1 Performance Analysis

Initial performance results show an overall performance improvement over the original KVM
system. However, more detailed analyses that examine the relative time distribution between in-
terpretation, profiling, compilation, mixed-mode context switching and native execution, could
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help focus efforts towards the parts of the system that are likely to give the most performance
gains for the least amount of work and additional complexity. A first step towards this un-
derstanding might be to run the benchmarks under an instrumented interpreter that records the
relative frequencies of each bytecode instruction, or category of instructions; this way, perhaps
interesting correlations with the results presented in section [5.2] can be discovered.

There are still aspects of the system that can be tuned. For instance, the effects of compilation
treshold and inhibiting compilation of small basic blocks should be studied in further detail.

Lastly, testing should be performed using applications that are more representative of real-world
applications. A natural next step would be to use the Richards and DeltaBlue benchmarks [Wol];
Shaylor [Sha02]] used DeltaBlue to benchmark KJIT, so this would allow a comparison to his
system.

6.1.2 Compilation

The compiler that is part of the prototype implementation generates code in the simplest possible
way; as such, it does not utilize the native processor capabilities (such as the register file and
instruction set) in an efficient manner. The compiler also generates many unnecessary load and
store instructions because of the naive way in which JVM stack operations are translated. This
situation can be improved in a number of ways, without introducing much complexity into the
compiler; improving code quality would lead to faster, more compact code, reducing translation
cache memory requirements and improving code locality. Two of the possible improvements to
code generation are outlined below. These were in fact intended for the initial prototype, but
had to be sacrificed due to time constraints; therefore, they are explained in some detail in order
reflect the amount of planning that has been done.

Shadowing the Operand Stack in Registers

The intent of this technique is to keep operand stack words in native registers as long as possible,
rather than writing them back to memory after every operation; in other words, it is a lazy write-
back strategy. The idea is to dedicate a set of /V consecutive native registers to stack shadowing,
and then map operand stack location / to native register /mod/N. With N = 4 registers, the
mappings will be as shown in figure on the next page.

An array of register descriptors must be maintained during code generation to keep track of the
actual state of a register — what stack location’s value it contains, if any. The value only has to
be written back in case of a conflict with another stack location that needs to be brought into
the same register. In addition, all registers must be flushed to memory prior to the switch back
to interpreter mode.

This technique increases the utilization of the processor register file, and eliminates the need for
a subsequent peephole optimizer pass, since quality code is generated straight away. However,
it requires a bit more effort to implement.
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Figure 6.1: Mapping of operand stack locations to native registers. In this example, four native registers
are dedicated to stack shadowing, so every fourth stack location shares native register.

Since register selection is done in a single modulo operation, taking constant time, it is expected
to be a very fast scheme. The only memory overhead due to the technique is the static N words
of memory needed to hold the array of register-to-stack-location mappings.

Caching and Inlining Techniques for Complex Opcodes

The basic idea of this technique is to cache the results of opcodes that perform a relatively
costly dynamic lookup procedure, such as invokevirtual and checkcast. By having the
compiler generate code that inlines the cache validity check, the costly lookup procedure only
needs to be performed when the contents of the cache are found to be invalid. Algorithm[]shows
the general procedure. The KVM interpreter already uses such a technique in the execution
of “quick” versions of some opcodes, and by introducing similar behaviour in the compiler,
performance might improve noticeably.

Algorithm 4 An algorithm that tries to avoid subsequent calls to a costly lookup procedure by
caching the latest result.

if dynamic class of object matches cache then
result is contents of cache

else
result is result of regular (slow) lookup procedure {e.g. lookupVirtualMethod}
update cache {e.g. store the tuple (dynamic class, method)}

end if

... {continue with normal processing using result}

84



Similarly, in the handling of monitorenter and monitorexit, the compiler could inline
the simple cases of acquiring and releasing a monitor, only calling the general handlers when it
is detected that more complex processing must be performed.
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