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Abstract

This thesis discusses the steps taken to build the prototype Eclipse OMR
port to the AArch64 architecture. The AArch64 OMR port is evaluated using
Eclipse OpenJ9 against an AMDG64 counter-part (similar cache size and clock
speed); The results are used to build a baseline for future research and provide
an evaluation framework upon which further enhancements to the platform
can be compared. This thesis also reviews the AArch64 hardware landscape
and its suitability for a development platform. AArch64 is reviewed in terms
of software availability and ease of use. Developing for embedded devices
adds a layer of difficulty to software development that cannot be ignored
and this thesis reviews the usability of modern development tools on the
AArch64 ISA. This thesis offers an experience review on the AArch64 ISA
with modern software as well as the viability of a high-performance runtime

on AArch64.
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Chapter 1

Introduction

The workload demand on cloud infrastructures requires continuous refine-
ment of virtual private server collocation techniques to prevent security
breaches. With the increasing number of vulnerabilities discovered in virtu-
alized environments, requests for physically segregated systems have been
steadily growing. However, adding physical nodes in a data-center increases
energy use and, with the power draw of high-performance computing nodes,
adding a new node to data-center stresses the electrical infrastructure. A
proposed solution is to move services onto low-powered devices with a
reduced instruction set and clock speed, but this only defers the inherent
problem.

Decentralizing services with peer-to-peer computing offers the possibility of
better throughput, redundancy, and resiliency. The proposed technique is

to move the computation closer to the originating point of the data—Edge



Computing. Doing so can prevent sensitive data from ever leaving their
owner, improve security, and reduce the computational load put on cloud
infrastructures. Moving the computation between different Instruction Set
Architectures (ISAs) requires the use of portable languages.

A multitude of ISAs (MIPS [1], RISCV [2], ARM [3]) are the building blocks
of smart and Internet-of-Things (IoT) devices. Adapting user applications
onto these new ISAs requires development, recompilation, and testing of the
relevant software components. Portable languages, such as Java and Python,

can run on any platform supported by its interpreter.

1.1 Problem Statement and Contribution

This research adds basic support for the AArch64 platform to the Eclipse
OMR Runtime toolkit [4] and evaluates its performance using Eclipse
OpenJ9 [5]. This research is responsible for the evaluation and the valida-
tion of a high-performance runtime in a resource-constrained environment.
This thesis evaluates the AArch64 platform landscape and its usability for
development. With ARM devices leading the [oT movement, enabling a
high-performance runtime like OpenJ9 simplifies software development on
the ARM platform. Sharing the server runtime with IoT devices further

simplifies moving computation between the client and the server.



1.1.1 High-Performance OpenJ9 for the IoT Space

While an enterprise-grade language runtime has a reduced target audience,
this thesis ports Eclipse OMR and Eclipse OpenJ9 to AArch64 to show that
a high-performance runtime is suitable for IoT devices. With the increasing
demand for a secure and high-performance language runtime on low-powered
systems, Eclipse OMR is selected since it fulfills the requirements for this
effort. Giving OMR the ability to support an embedded platform adds this
support to any language using the OMR runtime toolkit. Eclipse OpenJ9, a
Java Virtual Machine, leverages OMR for its runtime core and is used for this
thesis due to its robustness and years of development effort behind it. This
thesis reviews the steps taken to create the initial building blocks of OMR
on AArch64. Once completed, Eclipse OpenJ9 is benchmarked to review
initial performance results and be used as a baseline for future research on

improving the Eclipse OMR port to AArch64.

1.1.2 AArch64 Landscape and Suitability

To achieve an AArch64 version of OpenJ9, devices are acquired to evaluate
the tool and help the development phase. This thesis serves both as a per-
formance evaluation of OpenJ9 on Aarch64 and as an experience review of
working with AARch64 as a development platform. Many may follow this
path and this thesis gives guidelines to promote faster development, and

prevents the same errors from being repeated. Four important facets of soft-



ware development are reviewed to evaluate the AArch64 ISA as a developer’s

platform:

Debugging

Building

Performance evaluation

Reproducible builds

1.2 Summary of Thesis

Chapter 2 reviews the necessary knowledge required to understand the work
achieved, benchmarking Java Virtual Machines, and the AArch64 landscape.
Chapter 3 explains the work done on OMR, and the tools created to alle-
viate some pain points of the development cycle. With a minimum viable
interpreted JVM in hand, Chapter 3 benchmarks its performance. The work
completed to obtain a usable AArch64 device for this research is reviewed in
Chapter 4 as well as some of the platform’s drawbacks. Lastly, Chapter 5

lists the future work for consideration on OpenJ9 for AArch64.



Chapter 2

Background

This thesis offers software developers a cross-platform, high-performance run-
time that allows seamless migration of logic between the host and the client.
The following sections provide the necessary background in the areas rele-
vant to the work. First, language runtimes are explained, then, OpenlJ9, the
language runtime selected for this work, is described. Then, the AArch64
ISA and its ecosystem are explored. Finally, the various benchmarks used

for the evaluation of the runtime are explained.

2.1 Interpreted Languages

Using interpreted languages provides the ability to target many instruction
set architectures (ISAs) easily. Unlike compiled languages, interpreted code

is transpiled into a hardware-agnostic assembly-like language called interme-



diate language (IL). The software is then delivered as transpiled code to be
interpreted on the client, and optimized for the target instruction set. Doing
so provides the visible advantage that the software developer need not worry
about the ISA, but only the interpreter and its lower-level API.

The most significant performance gain a language runtime can have is when
hot regions of code can be compiled directly into binary instructions—Just-
in-Time (JIT) compiled [6]—rather than being interpreted. Selectively com-
piling to machine code rather than interpreting improves the performance
of the running software [6]. JIT compiling enables numerous optimizations
like function in-lining, which inserts the function body of the callee into the
caller to reduce the number of function calls and avoid building unnecessary
stack frames [7].

The software responsible for interpreting the code and managing the system
during its execution is the runtime virtual machine. The virtual machine
implements a virtual instruction set. The runtime virtual machine is respon-
sible for memory management, interfacing with the OS and the hardware,
interpreting, JIT compiling, and garbage collection [8]. A long-running sys-
tem requires the reclamation of allocated but unreachable memory, namely
garbage collection, to allow continuous usage. Along with the JIT, garbage
collection increases resource utilization in short bursts [8]. The JIT and the
garbage collector put a strain on systems and lessen the appeal of language
runtimes on resource-constrained devices [9]. Furthermore, many embedded

devices use small instruction sets with a single-core processor (16-bit micro-



controllers), which prevents parallelism from being used in language runtimes.
With the rise of ubiquitous computing, IoT everywhere and smart devices,
more powerful multi-core embedded processors with fully featured operating

systems are now available.

2.2 Eclipse OpenJ9 Java Virtual Machine

Eclipse OpenJ9 [4] and Eclipse OMR [5] are Eclipse projects backed by IBM’s
decades of experience in language runtimes. The Eclipse OpenJ9 and Eclipse
OMR duplet stem from IBM’s effort to open-source their software and extract
generalizable VM pieces into separate tools: OpenJ9 and OMR, respectively.
The OpenJ9 JVM is the layer responsible for interpreting/compiling Java
bytecodes (a transient language between high-level languages and machine
code) into an Intermediate Language internally used by other components
comprising the software [10, 4]. OpenJ9 implements the Java specification
and, by consuming OMR, provides a complete virtual machine with many
advanced features such as a shared class cache, Ahead of Time (AOT) com-
pilation, and code caching.

The OMR toolkit reads an intermediate language and, from a set of instruc-
tions, optimizes and compiles the given code into architecture-specific code.
OMR is also responsible for many of the runtime features of the OpenJ9 and
OMR duplet.

OMR is a C++ library of runtime components that can be selectively used
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Figure 2.1: OMR Runtime Toolkit example infrastructure and components

by other tools to add high-performance garbage collection, Just-in-Time com-
pilation, and other runtime components (Figure 2.1). It is a robust toolkit
under continuous development that allows OMR to be both modern and ma-
ture by relying on the maintainers’ previous experience. OMR is consumed
at compile time via glue components. Moreover, it has platform support
for many architectures, and more are under development. To allow different
platform support, OMR uses build-system variability [11] and compile-time
polymorphism. Build-system variability leverages folder structures to hide
or include a particular part of the source code, thus, varying the build. The
Linux kernel heavily relies on build-system variability and is an excellent ex-
ample of the robustness of the technique. OMR uses build-system variability
and static polymorphism to deliver product variability and keep the binary
code size small.

OMR was developed to allow the rapid development of language runtimes (see
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Figure 2.2: OMR infrastructure and components relation

the Ruby+OMR project [12], and the Lua+OMR project [13]). OMR offers
a toolkit to rapidly develop a JIT for a language, namely JIT-Builder [14,
5]. OMR depends on the instruction set of each target architecture. OMR
directly writes executable code by using the binary encoding of the target
architecture without resorting to any external tool. OMR uses tree evaluators
(Figure 2.2) to translate the Intermediate Language (IL) used for the OMR
compiler to a set of hardware instructions. Hardware threads, locks, and OS
support are added so that the OMR low-level API can interface with its host
system. This thesis limits itself to supporting a Linux kernel-based operating

System.

2.3 Linux Kernel

A kernel is responsible for providing the lowest level of interaction between an
operating system and the hardware used. A kernel provides a low-level API to

allow interaction between the connected devices and the software. The kernel



manages the memory and the tasks of the operating system [15]. For our
work, the Linux kernel is primarily used [16]. Linux was developed by Linus
Torvald almost 30 years ago and is now the most used kernel in the world.
Linux powers almost everything, from a toaster oven to the CERN cluster [17].
The Linux kernel offers a collection of tools to help debug and evaluate the
performance of the kernel, the hardware, and any software running on it.
Developers use tracing tools to obtain performance metrics on the hardware
under test and to identify long-running or heavily used functions (hot regions)
in the code base. Linux perf is the tracing tool of the Linux kernel and gives
access to hardware and software performance counters at the kernel level [18].
This provides insight into the running software’s memory use, cache misses,
CPU cycles, and more. This thesis extensively uses Linux perf to evaluate

the performance and review problems affecting certain hardware.

2.4 ARM and the AArch64 Instruction Set

The target of this research is the resource-constrained variants of the A Arch64
ISA by ARM (Advanced RISC Machine) [3]. The ARM processor powers a
large percentage of IoT and smart devices. The ARM Holdings company is
responsible for designing microprocessor architectures. The ARM architec-
tures, utilizing the RISC (Reduced Instruction Set Computer) model, are
available in 32-bit (AArch32) or 64-bit (AArch64) configurations. ARM it-

self does not produce the processor, but licenses and collects royalties for its

10



architectures [3]. Most of their offerings are multi-core and can support high-
performance computing with complex floating-point operations in hardware.
The 64-bit variant of the ARM platform is fully backward compatible with
its 32-bit variant using the AArch32 instruction set. AArch64 offers 31 64-bit
registers while AArch32 has 13 32-bit registers. AArch64 possesses floating-
point arithmetic units on hardware as a standard. The AArch64 instruction
set has high-performance core offerings with better cache and clock speeds
and can pack tightly enough to fit hundreds of cores on a single CPU die.

All these features place the ARM 64-bit ISA as the best contender to evaluate
an enterprise-grade runtime on an embedded device. The increase in perfor-
mance of this platform [19] and the growing demand for reduced instruction
set devices (Figure 2.3) makes the AArch64 ISA a perfect target for OpenJ9.
While the AArch64 ISA is an excellent candidate for this research, this par-

ticular ISA did not come without hurdles.

2.4.1 ARM Hardware Fragmentation

The ARM licensing model can hinder growth due to the considerable frag-
mentation of the physical System-on-Chip (SoC) implementation. Although
ARM offers many advantages, the number of vendors implementing the ISA
makes the performance widely different for the same core across different
implementations. Vendors tend not to push their changes onto the main
kernel repository for various reasons, and this provides varying performance.

The state of AArch64 as a software development platform is evaluated for its

11
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Figure 2.3: Billions of Devices Sold over Time with Breakdown of Architec-
tures. [19]

suitability, and to gain insight into its slow entry as a mainstream platform.
To do so, the use cases of the AArch64 ISA are divided into three profiles as

per the ARM profiles available.

2.4.1.1 Embedded and Real-Time devices (ARM M-profile and
R-profile)

Embedded controllers use a real-time operating system and have strict timing
constraints. Embedded devices are expected to be always on and have low
memory and compute power, e.g., Internet of Things (IoT) devices or smart
controllers. The ARM has specific processors to serve this market called the
Cortex-M profile for micro-controllers and Cortex-R profile for Real-Time

processors [20]. Examples of competitors are Atmel micro-controllers in Ar-

12



duino devices.

2.4.1.2 Entry-level compute devices (ARM Ab5x-profile, and
big. LITTLE)

Entry level devices include TV-boxes, smart-phones, and entry-level comput-
ers. They use a Linux kernel and have esoteric graphic processors with mostly
closed-source drivers [21]. The Abx profile is aimed at power-oriented devices,
it provides low powered general-purpose cores. The big. LITTLE architecture
uses a high-performance core from the A7Tx profile and a low-powered core
from the A5x profile. The A7x profile is aimed at performance-oriented de-
vices, it provides high-performance cores. Using the big. LITTLE schema
allows both a low power usage and high performance when an appropriate

operating system scheduler is in place.

2.4.1.3 Server class devices (ATx-profile)

Fewer chip providers are active in this spectrum since the demand is still
low. The biggest advantage ARM-based processors offer to the server mar-
ket is its high core count from the ISA’s small footprint. Most notably, two
manufacturers are involved: Qualcomm and Cavium. The server class pro-
cessor offers mainline kernel and developer support, unlike many entry-level

devices.
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2.4.2 Cross Platform Development

As discussed previously, the largest drawback of the ARM processor com-
pared to more mainstream processors is a large number of implementations,
leading to thinly spread kernel developer effort. This can lead to erratic
performance across different vendors, and even across devices from the same
vendor. This issue is further exacerbated by a whole spectrum of untouched
devices: middle-class hardware. Middle-class devices provide both high-
performance cores and high-performance peripherals. Computers used for
modern games are of this segment of hardware. There is a lack of devices
that can achieve the minimum performance, peripheral support, and cost
that mainstream platforms, e.g. AMDG64, offer. The lack of availability leads
to a more challenging time for developers when trying to generate executables
for the target ISA. There are three main methods to generate executables for

the platform:

e using a cross-compiler on a different host than the target architecture;

o using hardware emulation to provide a “native” host compiler within

the emulated environment; and

e using a compiler on a native host.

Native host compilers are preferred when the hardware is available and per-
formant enough, otherwise, cross-compilers are preferred. The biggest issue

with cross-compilers is that they can be temperamental and still require a

14



native host to test the software. Hardware emulation can provide a solution

to both problems by interpreting the native executable for a different host.

2.4.3 QEMU

“QEMU is a generic and open source machine emulator and virtualizer” [22].
QEMU allows the user to emulate an ISA on a different ISA. QEMU offers
two primary levels of emulation (more are available, but irrelevant to our

work):

o full system emulation: emulates the ISA and requires a kernel to be

installed with a root filesystem to do any useful work.

o User-space emulation: does rapid binary translation of a user applica-

tion compiled for a different architecture.

QFEMU is pivotal to creating software for an ISA not yet available or hard to
obtain on good hardware, such as RISC-V or AArch64. Alongside QEMU

user-space, binfmt automatically interprets an executable on the host.

2.4.4 Binfmt

Binfmt is a new addition to the Linux kernel [23]; it reads an executable and
linkable format (ELF) binary and, from the magic number in the header,

automatically hands it off to the right interpreter. This yields extremely

15



flexible and powerful side-effects. When used in conjunction with an emula-
tor, binfmt is capable of running binaries from any platform, without user

interaction.

2.4.5 Docker

Docker [24] is a containerization tool and is, essentially, a chroot with vir-
tualized devices. To understand Docker, a quick introduction to chroot is
necessary. Chroot stands for “change root,” and using the predicate “every-
thing is a file,” in Linux, change root allows us to hide everything above the
specified new root directory. Docker provides the same functionality and al-
lows a prebuilt and reconfigurable root filesystem to populate the chroot and
give the API access to the hardware securely. Docker allows reproducible

environments and packages to build and distribute software to the masses.

2.5 Benchmarking

According to research by Prokopec et al. [25], benchmark suites have played
a crucial role throughout the JVM'’s history. Benchmark suites provide met-
rics that differentiate the effectiveness of various language runtime imple-
mentations and optimizations. This allows us to reveal the implementations

that are worth pursuing. Earlier Java benchmarks include Java Grande [26],

Jolden [27], Ashes [28], SPECjvm®98 [29], and SPECjbb®2000 [30]'. The

ISPECjvm® and SPECjbb® are registered trademarks of Standard Performance Eval-
uation Corporation (SPEC®)

16



SPECjbb®2000 output score is in terms of work completed over a fixed
amount of time, instead of considering the elapsed time for a fixed work-
load [31]. However, Blackburn et al. [31] asserted that it was difficult to an-
alyze performance if variable workloads were considered. The DaCapo suite
(2006) [31] is considered a de facto standard [25] to analyze the performance
based on the object and memory behavior in complex Java applications [25].
On the other hand, the SPECjvm®2008 benchmark suite focuses more on
the core Java features [29]. The SPECjvm®2008 benchmark suite empha-
sizes optimizations based on the JIT compiler [32] instead of object-oriented
abstractions. This allows the benchmark suite to be comparatively smaller
than DaCapo [25]. For similar reasons, Blackburn et al. [31] stated that the
DaCapo benchmarks were more substantial, more complex and richer than
the commonly used SPEC® Java benchmarks. The SciMark benchmarks
evaluate the performance of common scientific and engineering applications.
SciMark heavily relies on matrices and floating-point arithmetic [33]. The

SPECjvm®2008 benchmark itself contains the SciMark benchmark.
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Chapter 3

OpenJ9 Performance

Evaluation on AArch64

This chapter provides a baseline for future research with OpenJ9 on AArch64,
but also sheds light on the performance discrepancies of the implementation
in general. The interpreter is benchmarked separately from the JIT to evalu-
ate both components independently. The AArch64 platform is compared to
a mature platform—AMD64—to validate the effort. The AArch64 TRJIT
evaluated in this thesis is a minimal prototype and only performs local code
optimizations and generation. Many TRJIT performance enhancements have
yet to be implemented for AArch64 such as: tiered method recompilation,

object allocation, write barriers, “checkcast”, and “instanceof”.
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3.1 Design and Implementation

This thesis primarily focuses on the viability of the AArch64 platform for
Eclipse OpenJ9 and Eclipse OMR, and as such, the following sections explain

the work completed as well as the necessary infrastructural components built.

3.1.1 OMR

This work added the necessary directories and stubbed the source files nec-
essary to complete the main code path and the build path for AArch64.
Specific to the AArch64 assembler, compiler and linker flags were added to
the makefiles—ARMVS version 3 with NEON [34] enabled. The project later
moved to CMake to simplify the build system and to add multi-platform
support (Windows, Linux and macOS). The complete range of opcodes and
binary encoding for the AArch64 platform is arranged in a spreadsheet [35]
to auto-generate the three tables—arrays and enums to provide reflective
enumerations—required for OMR. The register map is written to allow the
virtual register mapper to use the hardware registers. Both the portability
library [36]—enabling OMR to interface with the Linux Operating System
(OS)—and the thread library—responsible for threads—are written to com-
plete the low-level API.

The build logic is written to allow OMR to compile the essential infras-
tructure and interface with the hardware. To quickly implement the tree

evaluators described in Section 2.2, function prototypes containing no im-
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plementation body, also called “stubs”, are added to have the minimum
required declaration for the codebase to build. The ISA support is added to
the Continuous Integration (CI) and Development (CD) test farm, namely
Travis [37], to ensure that future changes do not break the ability to build.
CI assures better progressive support for the platform. No sufficient A Arch64
development boards are available and thus, builds have to be cross-compiled
or emulated. In-house tool kits and scripts are used to abstract away the com-
plexity of building a custom toolchain and a root filesystem for the target
architecture.

In this phase, the tree evaluator “stubs” body are filled with their implemen-
tation. To assist in generating Testarossa JIT (TRJIT) Intermediate Lan-
guage (IL) tests, a Domain Specific Language (DSL) called TRIL is used [38].
TRIL tests are developed to individually test (unit-test) each tree evaluator
implemented. Using TRIL to verify correctness, the body of each tree evalu-
ator is filled with its AArch64 implementation. The body of a tree evaluator
combines the desired implementation in assembly using the binary encoding
and the OMR specific function calls. The body uses method calls to the vir-
tual register mapper and the binary encoding created before to generate real
machine code. The binary encoding is later masked by the register mapper

from the infinite virtual register set.
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3.1.2 Opend9

In this section, Openj9 is attached to the prototype OMR to begin the eval-
uation. While a substantial effort was made on porting OpenJ9 to AArch64,
this is outside the purview of this work—it aims to validate an eclipse OMR
on AArch64—and as such, only a quick overview is offered. At this point, the
necessary stubs and makefiles are added, similar to OMR, to build OpenJ9 on
the AArch64 platform. This phase is completed blindly until the JVM works,
which requires major components. Unlike the OMR build phase, OpenJ9
does not consume the AArch64 ISA but consumes the OMR tree evaluators
that have been implemented or stubbed (Figure 3.1). Iteratively, the tree
evaluators are built as the necessity arises, dictated by introducing new test

cases.

3.2 Methodology

With a minimal OpenJ9, benchmarking is done to evaluate the viability of
the prototype. Early results show that the AArch64 platform lends itself to
be a good embedded device for OpenJ9.

Tools are created for the reader to reproduce the results in this thesis. The
JVM benchmarking toolkit [39] is a collection of scripts to allow the reader
to reproduce our tests. The tool locks the CPU speeds at 1.4 GHz to allow
each board to be as close as possible in terms of speed. There is a low-level

monitoring tool for temperatures since some AArch64 devices do not have
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Figure 3.1: OpenJ9 and OMR infrastructure and components relation

any tools for this. The temperature monitoring is vital since the development
board throttles the CPU if critical temperatures are attained. Furthermore,
the tool is responsible for importing all the benchmarks and to automate
the configuration. It uses pyBenchParser [40] to simplify the parsing of logs.
The parse tool uses configuration files to dictate how to parse log files and
generate CSV or JSON tables. It is currently extensively used in the vtr-
verilog-to-routing [41] project and allows us to quickly aggregate our results
by parsing standard log files.

For benchmarking, SPECjvm®2008 Lagom flag is used to make benchmark re-
sults portable across different benchmarks, architectures and VMs [42]. The
Lagom flag changes the benchmarks to run a specific amount of workload; this

allows us to use the total running time as our metric, rather than throughput;
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Table 3.1: AMD64 embedded board specifications.

Architecture AMDG64

Core 4-core Intel X5—Z78350
Max Speed 1.92GHz
Locked Speed 1.44GHz
Cache L1-32KB L2-2MB
Mem 4GB DDR3@1600mhz

Table 3.2: AArch64 embedded board specifications.

Architecture
Core

Max Speed
Locked Speed
Cache

Mem

of this thesis.

ARMV8—AArch64 ARMV8—AArch64
4-core A53 4xA73-2xA53
1.5GHz 2.2Ghz
1.5GHz 1.48Ghz

L1-32KB L2-256KB  L1-32KB L2-1MB (shared)
4GB DDR3@1600mhz 4GB DDR4@3200mhz

this is done to obtain uniformity between all the benchmarks. The DaCapo
benchmark suite is used to compare Java 11.0 performance of OpenJ9 on
AArch64 and AMDG64.

Tables 3.1 and 3.2 provide details of the systems that are used for the rest

Arch Linux with kernel version 5.5 is used on all the development boards.
The version of the JVM that is benchmarked is OpenJDK11 OpenJ9 [43].
The early access release 0.20.0 from AdoptOpenJDK is used to benchmark
the JIT. The commit hash efea76697 from AdoptOpenJDK is used for the
interpreter. The JIT is also evaluated to provide an initial assessment and
substantiate the endeavor’s viability.

The parameters used for running OpenJ9 are:
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—Xms2G —Xmx2G —Xgcpolicy :optthruput \

—Xgcthreads2 —Xgc:excessiveGCratio=95

The optthruput garbage collector utilizes parallel threads for garbage collec-
tions and produces a similar result to UseParallelGC' from HotSpot in Ap-
pendix 1 [45, 44]. 5% of the total time for GC and a throughput goal of
95%, as specified by Xgc:excessiveGCratio=95, is used for both JVMs, as
used by default on OpenJ9. Using GCTimeRatio=19 produces an equiva-
lent proportion given HotSpot utilizes a denominator of 20. Two of the four
available threads are used for both JVMs, as seen with gcthreads2, since the
embedded devices under test freeze under heavy load. Using two out of the
four threads available for the garbage collector results in stable throughput
and performance. The memory limit and initial usage is set to 2 gigabytes,
half the usable memory, for both JVMs, as seen by -Xms2G -Xmz2G (re-
spectively). Most importantly, the JIT is turned off for all our tests using
-Xint.

First the Linux perf executable execution time is compared against a lighter
weight tool, Gnu Time, to assure that it does not cause a slowdown; this
is done because the platform uses a custom kernel. As shown in Fig-
ure 3.2, Linux perf induces, on average, a 0.035% relative slowdown on
the SPECjvm®2008 SciMark subset and DaCapo (Chapter 2) benchmarks
with a standard deviation of 0.35%. Linux perf provides only a marginal

slowdown, and the runtime seems to be unimpeded. Then, the platforms
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are benchmarked using perf. The benchmarks are run only once since they
comprise many iterations of a single benchmark. The total execution time is
recorded since it is of interest to analyze the complete execution time from

the JVM startup to its teardown.

3.3 Results

The SciMark 2.0 Java Sparse matrix multiply (Sparse) and Jacobi Successive
Over-relaxation (SOR) benchmarks in Figure 3.3 produces no notable differ-
ences in execution time between the interpreter and the JIT. The similarities
are attributed to the incomplete nature of the JIT and the lack of performant
floating-point support. The SOR and Sparse benchmarks perform floating-
point computation on a massive grid; vectorized capabilities are essential to
improve performance. Monte-Carlo integration in Figure 3.3 is problematic
for the A73 board. These results are further explored in Section 3.3.0.1.

Surprisingly, in the DaCapo benchmarks shown in Figure 3.4, the A73-based
machine’s performance often matched or performed better than its AMDG64
counterpart. DaCapo benchmarks are memory-bound [46], leading to much
better performance when the memory frequency is higher as in the A73 sys-
tem under test; the same behavior is displayed in the SPECjvm®2008 Sci-
Mark large subset (Figure 3.3), whereas the small subset (Figure 3.3) exer-
cises cache and CPU speed. The SPECjvm®2008 crypto RSA and signverify

(Figure 3.5) benchmarks on the A73 platform with the JIT enabled outper-
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forms the AMDG64 platform; this is attributed to the high-performance cryp-
tographic hardware available on the A73 SoC and the shared cache. Nonethe-
less, the performance of the AMD64 platform, the more mature platform, is
on average better (Figures 3.5 and 3.6); the A73 hardware follows, with the
A53 hardware in last, as expected, since the A53 cores offer lower perfor-
mance. The JIT outperforms the interpreter in Figures 3.5 and 3.6 since JIT
methods are faster once the methods have been executed a number of times
above the JVM threshold (warmup).

Due to the maturity of the OpenJ9 AMD64 implementation and the extensive
JIT support, performance on AArch64 is expected to be lower since the
AArch64 JIT is not yet complete. Using the DaCapo and SPECjvm®2008
benchmarks, the JIT speedup over the interpreter is measured across each
benchmark and platform. On average, the A73 platform achieves a 7.35 times
speedup, close to the 6.63 times speedup of the AMDG64 (Table 3.3). Notably,
most implementations have a large variance in speedup, and as such, the
average is a very loose metric by which to compare each. The average is used
to show that, overall, OpenJ9 for AArch64 performs well within expectations.
The A53 platform displays very poor improvements with the JIT across the
board, and this is attributed to the very low performance of the A53 core.
When the JIT is turned on, the A53 platform slows down dramatically and
displays poorer performance because the JIT itself is taking much of the effort.
While on longer running benchmarks, the JIT may improve performance,

programs on embedded devices can be short-lived, and it is of interest to
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Table 3.3: Average speedup of the JIT over the interpreter for SPECjvm®2008
and DaCapo benchmarks.

Ab53 AT3 AMD64

Average  287% 735% 663%
Std Dev 210.81% 397.30% 580.23%

also account for the JIT effort.

The crypto.aes benchmark shows improved performance on both AArch64 de-
vices (Table 3.4) since they boast dedicated hardware for A ES algorithms and
other cryptographic instructions [47] available with the Linux kernel. The
AArch64 platform on Linux has extensive support for compression, encoding
algorithms, e.g., mpegaudio and compress, due to its shared nature with the
Android market [48]. The very erratic performance of SciMark (Table 3.5)
is attributed to the discrepancy of the memory between the devices and the
incomplete floating-point arithmetic support on OpenJ9 for AArch64; this is
further explored in Section 3.3.0.1. DaCapo (Table 3.6) clearly shows that
better performance is obtained from the AArch64 platform with better JI'T
support. On average, AMDG64 achieved a 10X speedup with the JIT, while
the A73 only manages a 5X speedup (Table 3.3); this is largely due to the
memory-heavy nature of the DaCapo benchmarks with large loads and stores

that could be better improved with vectorized loads.
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Table 3.4: Execution time speedup of the JIT over the interpreter.
A53 AT3 AMDG64 ‘ Average Std Dev

compress 85%  1258% 78% 474% 679%
crypto.aes 230% 1816%  784% | 943%  805%
crypto.rsa 182% 287% 266% 245% 56%
crypto.signverify  71%  1146% 54% 424% 626%
derby 190% 579% 850% 540% 332%
mpegaudio 2%  1363%  348% 594% 680%
serial 75% 557% 521% 385% 269%
sunflow 78% 555% 428% 354% 247%
xml.transform 358% 514%  1204% | 692% 450%
xml.validation 82% 614% 535% 410% 287%
Average 142%  869% 507% 506%

Std Dev 96.44% 491.97% 359.01%

Table 3.5: SPECjvm®2008 SciMark benchmark execution time speedup of
the JIT over the interpreter.

A53 AT3 AMD64 ‘ Average Std Dev
fft.large 176% 422% 460% 353% 155%
fft.small 33% 1174% 194% 467% 617%
lu.large 419% 584%  2540% | 1181% 1180%
lu.small 28% 1139%  317% 495% 576%
sor.large 171% 829% 792% 598% 370%
sor.small 72% 1716%  284% 691% 894%

sparse.large  151% 480%  1191% | 608% 532%
sparse.small ~ 109% 1068%  540% 572% 480%

Average 145% 926 % 790% 620%
Std Dev 125.30% 435.80% 777.17%

33



Table 3.6: DaCapo execution time speedup of the JIT over the interpreter.

Ab3 AT3 AMD64 ‘ Average Std Dev
avrora 358% 381% 588% 442% 127%
fop 241% 318% 497% 352% 131%
h2 469% 568% 2438% | 1158% 1109%
jython 403%  491%  1060% | 651%  357%
luindex 457% 634% 874% 655% 209%
lusearch 412% 505% 961% 626% 294%
lusearch-fix ~ 422% 512% 1133% | 689% 387%
pmd 220% 284% 570% 358% 186%
sunflow 629% 716%  2115% | 1153% 834%
xalan 294% 433% 672% 466% 191%
Average 391% 484%  1091% | 655%
Std Dev 120.72% 135.46% 665.26%

Table 3.7: SPECjvm®2008 startup benchmark execution time speedup of the
JIT over the interpreter.

A53 AT3 AMD64 ‘ Average Std Dev

compress 641% 868% 277% 595% 298%
crypto.aes 959%  1492%  166% 872% 667%
crypto.rsa 209% 227% 335% 257% 68%
crypto.signverify — 407% 522% 310% 413% 106%
fft 488% 924% 288% 567% 325%
lu 578% 886% 268% 578% 309%
mpegaudio 723% 1058% 195% 659% 435%
serial 434% 516% 163% 371% 185%
sor 519% 664% 305% 496% 181%
sparse 399% 576% 231% 402% 173%
sunflow 445% 546% 235% 408% 159%
xml.transform 347% 384% 272% 334% 57%
xml.validation 297% 390% 182% 290% 105%
helloworld 160% 192% 478% 276% 175%
Average 472% 660% 265% 466%

St. Dev. 208.82% 354.09%  82.60%
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3.3.0.1 SciMark C and Java

The SciMark benchmarks are further explored to analyze the problems that
Figure 3.3 displayed. The Monte-Carlo benchmark execution time is much
longer than expected based on the AMDG64 execution time. Interestingly
enough, the A73 and the A53 platform both struggled with the benchmark
even though the A73 is much more performant. The benchmark is executed
from its source and its C equivalent to review if the JVM under test is at fault
or the hardware. The SciMark benchmarks were rewritten [49, 50] to run each
sub-benchmark individually and pass a fixed workload, like SPECjvm®2008
and DaCapo.

Figure 3.7 shows that the VM has issues with the Monte Carlo, SOR, and
Sparse benchmarks—referred to as kernels by the SciMark 2.0 suite. Overall,
Monte Carlo, SOR, and Sparse are expected to run faster on the A73 hard-
ware as shown with the SciMark C implementation in Figure 3.7, yet they
perform poorly; they perform as slowly as their interpreter-only counterpart,
revealing that the code has very few JITed methods.

The OpenJDK11 OpenJ9 AArch64 TRJIT is an initial product in an early ac-
cess release—a minimally viable product (MVP) implementation—but shows
great promise. Much work is yet to be done for OpenJ9 and the TRJIT on the
AArch64 ISA. Further hardware exploitation is to be done before a mature
release and reductions in performance gaps is needed such as in floating-point

arithmetic benchmarks.
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Figure 3.7: SciMark.0 Java vs SciMark.0 C benchmarks for different VM

36



Chapter 4

A Arch64 Usability for Software

Engineering

This chapter explores the usability of the AArch64 platform in a software
development environment and aims to guide future exploration of AArch64
software. While the experimental results show promise, the current state of
the AArch64 software landscape does not lend itself to be a good development
platform. The main features required for a proper development device are
availability, tracing, build speeds, reproducibility, and reliability. With this

in mind, AArch64 poses a few challenges elaborated upon in this chapter.
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4.1 Cross Platform Development

To ship software, a developer must build the source code into executable
code. The executable code, being platform-dependent, requires the compiler
to generate machine code for the target; this makes compiled executables
non-portable. The compiler, itself an executable, must run on the system
used to build the executable; this leads compilers to have three key variables
when they, themselves, are built: build architecture, host architecture, target
architecture. The build architecture is the machine used to build the compiler
itself, and the host is the machine used to build the executable for the target
hardware. When the build machine is not the same as the target machine, a
cross-compiler is used. With this in mind, there are three main methods to

generate executables for a target platform:

e using a cross-compiler built for the host and target hardware.

e using dynamic binary translation to translate the target hardware bi-

nary to the host machine code.

 using native hardware hosts that are equivalent to the target hardware.

The defacto standard to build software is to use a native host. The choices
in systems that are powerful enough to do development are relatively scarce
in the AArch64 landscape. Native hosts provide rapid deployment and ease

of use, with the right set of software and operating systems.
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Resource-constrained devices are not performant enough and, thus, are in-
effective when building large modern software. Cross-compilers solve this
problem by offering a means of using any hardware as a host to target a
specific ISA. Cross-compilers allow for rapid build speeds when the host pro-
vides more performance than the target architecture, but this can also affect

the build’s robustness.

“Real-time developers most often use tools hosted on PCs and
workstations but target their applications to smaller, less capa-
ble computer platforms. This means that they must use cross-
compiler tools, which are often more temperamental than the
more widely used desktop tools. [..] The lack of sophisticated

debugging tools on most small targets complicates testing [51].”

A two-tiered approach, where software is cross-compiled on a host and de-
bugged on the target, is advantageous when the right software is available.
The difficulties associated with cross-compilers [51] can be circumvented us-
ing a native host.

Dynamic binary translation provides a way to interpret native executable
code on a different host [52]. Using dynamic binary translation, binaries can
run on a different host and gain debuggability compared to cross-compiled
software alone. The translator also allows the installation of dependencies
on the host for the target ISA and is more performant than an embedded

device. The cost of dynamic binary translation is steep—more than twice as
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slow on equivalent hardware [52]—but it can still offer better performance
than resource-constrained devices.

To summarize cross-platform development, three major phases are of impor-
tance: building, testing, and benchmarking software. Building software can
be done in 3 different approaches (Figure 4.1a): on a native host, using binary
translation, or using a cross-compiler. Testing software can be done in 2 ways
(Figure 4.1b): on a native host or using binary translation. Benchmarking

software can only be done using a native host (Figure 4.1c).
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4.2 Debugging and Stack Tracing Software

To identify hot regions of code, developers use tracing programs and frequent
snapshots of the call stack to view the amount of time a program is spend-
ing on each function (hot regions). Periodic call-stack snapshots are used to
gain insight into the hot regions of the OpenJ9 codebase during the JVM
runtime. OpenlJ9 is tested with SPECjvm®2008 startup.serial and gathers
statistics with Linux perf, taking periodic snapshots to reveal long-running
or frequently executed functions. The call stack histogram of the software
is represented using flame graphs [53]. Flame graphs display the call stack
on the Y axis and the timeline on the X axis. Using flame graphs, we
can quickly identify long-running functions (hot regions) since they take a
more significant portion of the graph. Comparing Figure 4.2 with Figure 4.3
reveals that the class load time affects the startup of AArch64 when com-
pared to AMDG64. Looking at the execution time of Figure 4.2 against the
original value in Figure 3.6 demonstrates that the Linux perf events cause
a slowdown on the AArch64 platform. Deeper exploration reveals that the
hardware interrupts for the kernel were not compiled for this platform. Ishii
et al. outline the work necessary to achieve better tracing capability on the

AArch64 hardware [54] and improve debuggability of the platform.
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Figure 4.3: Flamegraph representation of the AMD64 OpenlJ9 stack trace
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4.2.1 Benchmarking on AArch64 Embedded Devices

Given that Linux perf is built alongside the kernel [18], forks and patches to
the kernel require Linux perf to be built when the kernel changes. Immature
embedded devices use forks from the Linux kernel while the vendor is trying
to get their patches into the Linux kernel; this means that the kernel must
be compiled from its source using patches and binaries for each device. Fur-
thermore, dynamic tracing capabilities using Kprobes (kernel event probes)
on AArch64 were not introduced until kernel version 4.21—at the time of
writing, the Debian stable release (one of the oldest Linux operating systems

and the most used basis for other Linux distributions) is running 4.19.

4.2.1.1 Compile the Kernel from Development Source

Kprobes are essential to reduce the number of context switches that Linux
perf generates on the system. Kprobes allow buffered CPU code to execute
on a breakpoint event rather than a trap. This code seamlessly executes
at the return of a function, allowing us to avoid performing a system call.
Alongside Kprobes, BPF (Berkley Packet Filter) [55] was set up to leverage
the better tracing capability and improve Linux perf performance. As with
most components associated with AArch64, the tools are all moving targets.
So, to gain the ability to benchmark on low-performance devices, Kprobes
are essential, and the kernel must be built from the source when patches
or changes are required. While we hoped to achieve better stack traces

and improve perf performance we were unable to consume libbpf (BPF) with
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Linux perf, which uses the dynamic tracer ability. Different tracing frontends
were tried with libbpf (e.g., Linux perf) but were unsuccessful, since crashes
or unavailable libraries prevented benchmarking. Many of the performance
tools and development tools often necessary for performance evaluation are

tightly coupled with the kernel and the hardware support.

4.2.1.2 Heat Management On Embedded Devices

Embedded devices often overheat due to improper heat management, and it
is necessary to provide extra means of cooling to assure functionality. While
the device under stress will not display signs of overheating (merely warm to
the touch), the packages (the physical silicon devices) are often poor thermal
conductors; this can often result in misdiagnosed issues. Frequent “lock-ups”
and erratic performance are signs of improper heat management. Heat man-
agement problems start with an under-specified integrated circuit package.
Embedded devices are marketed as low-powered and general-purpose devices,
but the packaging material becomes a problem if used for high-performance
computing. The packaging, often made from an epoxy compound, has worse
thermal conductivity than bare die packaging [56] as in mainstream AMD64
CPUs (Table 4.1) Modern processors are delivered as ball-grid array (BGA)
chip using silver solder balls as contact points as shown in Figure 4.4. To
avoid using a heat sink with the devices (Cu in Table 4.1), a BGA chip dis-

perses heat to the printed circuit board (PCB) using the Cu traces. As seen

in Table 4.1, Cu traces offer equivalent thermal conductivity as Cu on the
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Table 4.1: Integrated Circuit Packaging Material Properties [56].

Component ‘ Material Thermal Cond. (W/mK)
Substrate BT-Cu Laminate N/A
Mold Cap Epoxy Compound 0.8
Die Si 100.0
Die Attach Silver-Epoxy 1.2
Top Metal (Trace) | Cu (20% Cover.) 75.4
Internal Planes Cu 377.0
Substrate Core BT 0.2
Bottom Metal Cu 377.0
Solder Balls Pb-Sn 40.0
Substrate FR4-CU Laminate N/A
Top Metal Cu 377.0

die. The issue arises when the PCB is heat soaked (thermal saturation) from
over-utilizing the CPU. Figure 4.5 shows the CPU temperature bleeding onto
the PCB affecting other components when heated and their characteristics
start to drift when pushed beyond their intended operating temperature. In-
creasing thermal mass on the die using an external heat-sink with forced
airflow (active) is a minimum to alleviate the problem, but, given the traces’

thermal conductivity (Figure 4.4), the PCB also requires active cooling.

4.3 Final Thoughts on AArch64

When looking into purchasing a new development board, the reader must look
for ongoing support from the manufacturer and a vibrant community. There
are numerous boards available at a relatively low price and may sound appeal-

ing, but be warned that without “mainline” Linux kernel support (patches
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Figure 4.4: Integrated Circuit Packaging Thermal Properties [56].

are already applied on the main code base) for them, they could fall out
of, or lack, support. To create a usable build platform, the developer must
prioritize devices with extendable and reliable storage support. The device’s
thermal management must be considered during the requirement and plan-
ning phase of a project, and an exposed die should be chosen to improve

thermals (Table 4.1).

46



Figure 4.5: Thermal image of Rock64Pro while compiling the Linux ker-
nel [57].
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Chapter 5

Conclusion and Future Work

This thesis set out to explore the viability of the AArch64 platform as an
environment for the OMR language runtime. It was shown that the A73 core
provides comparable or better performance than its AMD64 counterpart; the
Ab3 core is a viable alternative to the A73 when power efficiency is critical.
The results provide insight into ARM devices’ performance coupled with a
high-performance runtime. This provides a basis for comparing, evaluating,
and analyzing future implementations. While OMR displays promising re-
sults on AArch64, the architecture and its ecosystem are immature. The dis-
tribution model of ARM ISAs’ explains the rapid growth but also the thinly
spread developer efforts on kernel and software support of AArch64. The
platform usability is further hindered by the lack of middle-class devices that
can perform as a developer platform. Popular AArch64 embedded devices

target the “DIY” market, and as such, they suffer from a lack of professional
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support. Furthermore, the devices often suffer instabilities from improper
thermal management and software maturity. Debugging and performance
evaluation on AArch64 is more challenging than on its AMD64 counterpart,
but the recent influx of the AArch64 ISA will resolve these problems. On
June 22, 2020, Apple announced it would deprecate the usage of AMD64 in
favour of AArch64 on all their Mac computers [58]. On September 13, 2020,
NVIDIA announced it would acquire ARM Holdings “continu[ing] ARM’s
open-licensing model, customer neutrality, and expand ARM’s IP licensing
portfolio with NVIDIA technology” [59]. With large companies using the
ISA, overall adoption and support is expected to increase in the near future.
This thesis has shown that the AArch64 platform lends itself as a viable
platform for the OMR language runtime. While current development work
on the platform can be tedious due to the underdeveloped software landscape,
increased interest of major vendors will improve its usability over time and

push the envelope.

5.1 Future Work

Many unimplemented optimizations are available for OMR, on the A Arch64
platform and are of interest. More support for floating-point in the JIT is
necessary to bring the performance closer to the expected results shown in
Figure 3.7. Future work on OpenJ9 must focus on improving floating support,

adding ARM NEON [34] support, and enabling vectorized floating-point op-
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erations. The ARM Advanced SIMD capabilities are unexploited in the VM,
and vectorized /scalar support can significantly improve performance. The
SOR and Sparse benchmarks are matrix heavy [49], and having vectorized
operations will improve the execution speed of these types of benchmarks.
Exploiting vectorized loads and stores could vastly improve data movement
speeds. One possible avenue that could be of great interest is to exploit the
onboard GPU. GPUs can do vector-heavy benchmarks faster than CPUs,
as shown by Dobravec et al. [60]. Furthermore, the AArch64 ISA offers
cryptographic support, improving OMR performance when used in security-
sensitive applications. Exploiting big. LITTLE architectures can further im-
prove OMR power usage and overall performance. Having OMR aware of
the heterogeneous cores available will be invaluable as it allows prioritizing
program threads to the big cores and the background tasks—garbage collec-
tor threads, busy-wait—to the little cores. For power-constrained devices,
the Thumb32 (T32) instruction set will be of interest. T32 is a compressed
instruction set (heterogeneous 16-bit and 32-bit instructions) available in the
AArch32 state of the ARMv8 ISA. The ARMvS cores in AArch32 (32-bit)
mode “decompress” the T32 instructions on the fly, thus reducing binary
size, cache usage, and improving performance.

With AArch64 expansion in the middle-class device space, given major ven-
dors’ interest, OMR is an excellent platform for performance-driven research

having its baseline now in place.
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Appendix 1

XDocker

XDocker [61] allows the user to seamlessly leverage existing dockerfiles in
their infrastructure for different platforms on any host supported by Docker.
XDocker is short for cross-platform Docker, it allows any to any platform com-
pilation using Docker [24], binfmt [23], and userland QEMU [22]. XDocker
officially supports macOS, Linux, and Windows using Windows subsystem
for Linux (WSL). XDocker specializes the users’ dockerfile in three phases.
The first phase specializes the dockerfile for the host-target platform. The
second phase specializes the dockerfile for the user to keep file permissions
intact. The third phase specializes the dockerfile for the directory such that
the path between the host and the container is the same, allowing seamless
transition. Using a three-phase build grants XDocker the ability to reuse the
base container if it was generated by another user and shares the intermediate
builds; this allows XDocker to boot faster and use less space. XDocker pro-

vides the same advantages as Docker [24]: sandboxing, reproducibility, and
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portability. XDocker improves the cross-platform support of Docker using

QEMU as a user-space emulator (Section 2.4.3).

67



Appendix 2

HotSpot Benchmarks

Other benchmarks were run earlier during experimentation and OpenJ9 on
AArch64 was compared to HotSpot on AArch64. Including HotSpot did not
provide further insight, and, as such, are simply omitted from the main body.

The following results are left here for posterity.

68



= openj9 - x86

mopenj9 - A73
B openj9 - A53
m hotspot - A53

helloworld |
LG T

xml.validation

o I
xml.transform
A
no |

sunflow
sparse

Sor

serial

man |
mpegaudio
man |
man |

SPECjvm2008
startup

monte_carlo

lu

fft

crypto.signverify

crypto.rsa

crypto.aes

compress

.ll"Il'-lll!l!l'-"“"”

1.LE-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Runtime in Miliseconds (Log10)

Figure 5.1: SPECjvm®2008 startup benchmarks execution times using perf
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Figure 5.2: SPECjvm®2008 benchmarks execution times using perf
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Figure 5.3: SPECjvm®2008 SciMark benchmarks execution times using perf
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