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Abstract

Context. Full-system simulators provide benefits to developers in
terms of a more rapid development cycle; since development may begin
prior to that of next-generation hardware being available. However,
there is a distinct lack of graphics virtualization in industry-grade
virtual platforms, leading to performance issues that may obfuscate
the benefits virtual platforms otherwise have over execution on actual
hardware.
Objectives. This dissertation concerns the implementation of graph-
ics acceleration by the means of paravirtualizing OpenGL ES 2.0 in the
Simics full-system simulator. Furthermore, this study illustrates the
benefits and drawbacks of paravirtualized methodology, in addition
to performance analysis and comparison with the Android emulator;
which likewise utilize paravirtualization to accelerate simulated graph-
ics.
Methods. In this study, we propose a solution for paravirtualized
graphics using Magic Instructions; the implementation of which is
subsequently described. Additionally, three benchmarks are devised
to stress key points in the developed solution; comprising areas such
as inter-system communication latency and bandwidth. Additionally,
the solution is evaluated based on computationally intensive applica-
tions.
Results. For the purpose of this study, elapsed frame times for re-
spective benchmarks are collected and compared with four platforms;
i.e. the hardware accelerated Host machine, the paravirtualized An-
droid emulator, the software rasterized Simics- and the paravirtualized
Simics platforms.
Conclusions. This thesis establishes paravirtualization as a feasible
method to achieve accelerated graphics in virtual platforms. The study
shows graphics acceleration of up to 34 times of that of its software
rasterized counterparts. Furthermore, the study establishes magic in-
structions as the primary bottleneck of communication latency in the
devised solution.

Classification: E.1.1 [Software infrastructure]: Virtual machines;
K.6.4 [Graphics systems and interfaces]: Graphics processors; N.1.0
[Companies]: Intel Corporation;
Keywords: Paravirtualization; Simics;
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Structure and Formatting
This section is presented to give the reader an idea of how the document is struc-
tured and formatted, and what to expect when reading the material presented in
this thesis. Points of interest are summarized in the list below.

• The first occurrence of acronyms are written in full, e.g. GNU (GNU’s Not
Unix!).

• Some acronyms are not expanded, such as CPU. This is due to said acronyms
having become standardized in their usage. As such, the reader is expected
to be familiarized with the acronyms in question. These are still featured
in the List of Acronyms, however.

• The introduction of new terminology is capitalized in its first occurrence,
e.g. Semiconductor.

• The document refrains from using formatting such as italics and bold text
in order to increase the readability of the document.

• Terminology and acronyms are presented in the List of Terms and List of
Acronyms in the back matter of this dissertation.

• Many terms and acronyms used throughout the course of this document are
hyperlinked to said compiled lists.

• Square brackets are used solely for citations.
• For the purposes of discerning complementing text from references, nestled

parentheses are not distinguished using any other formatting.
• Cross-references to body matter divisions (such as chapter, section, or para-

graph) are purposely non-capitalized, as to increase document readability.
• For the sake of visualization, values outside of corresponding standard de-

viation are not presented in graphs unless specified otherwise.

Industry Collaboration
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Accessibility
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Furthermore, the process of releasing the benchmarking source code, under an
open source license, is underway at the Intelr Open Source Center. References
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In the thesis back matter, a unique commit hash is enclosed identifying the
corresponding Git commit and its changes. The Git repository, along with sup-
plementary material produced during the study, may be found at:
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Chapter 1
Introduction

Virtual platforms are becoming an important tool in the software industry in
order to provide cost-effective Time-to-Market (TTM) gains and meet the ever-
shortening product life-cycles [24][37] (see [22] for an overview of the benefits
of full-system simulation). Virtual platforms deliver these TTM-benefits in two
major ways. Virtual platforms enable pre-silicon development, that is; software
development can begin prior to next-generation hardware being available [24].
Furthermore, virtual platforms may provide additional development tools com-
pared to working with actual hardware. For example, some virtual platforms
allow simulated systems, often known as simulation Targets, to be stopped syn-
chronously without affecting Timing or states of the target software [39], and allow
investigation of race conditions and other parallel programming issues [31][21].
Additionally, such platforms may allow intricate inspection of simulated hard-
ware, such as memory, caches, and registers [24]. Some virtual platforms provide
advanced features such as Reverse Execution [21] (the ability to run a simulation
backwards) and Checkpointing [21] (functionality to save- and restore the state
of a simulation). These features are useful for debugging and testing a diverse
range of software; from firmware to end-user applications [21].

There are several techniques to provide fast functional virtual platforms that
are running CPU-bound workloads. Typical methods include Interpretation [33]
(slowest), Just-in-Time (JIT) compilation [2], and Hardware-assisted Virtual-
ization [2][21] (fastest). Virtual platforms using these techniques can typically
achieve a simulation performance in the range of 10-1000 Million Instructions Per
Second (MIPS) [2], but there is recorded performance of up to 5000 MIPS [21].

The GPU has become a vital part in delivering good user experience on many
types of devices ranging from wearable, hand held, and portable units to desk-
top computers. In contrast to CPU-bound workloads, when developing GPU
kernels, seemingly insignificant additions to code may cause significant changes
in performance due to massively parallelized instruction sets (see Performance
Considerations by Kirk and Hwu [17] for an analysis on the volatility of GPU
performance). Since GPUs operate significantly different from CPUs, they pose
unique challenges to designers and developers (see Parallel Programming and
Computational Thinking by Kirk and Hwu [17] for an elaboration on General

1



Chapter 1. Introduction 2

Purpose computing on Graphics Processing Units (GPGPU) methodology). The
increased utilization of GPUs for general purpose workloads has extended the
need for virtualization of such hardware in situations when hardware is busy,
unavailable, not sufficient, or for the purposes of debugging and profiling1. Yet
seemingly few virtual platforms support virtualization of GPUs, despite their
influence on modern computing.

For the purposes of simulation, different solutions follow varying use-cases. For
example, developers interested in benchmarking or driver development for next
generation GPU- or CPUs may require detailed simulators that provide insight
into execution engines and pipelines [31]. Albeit applicable in certain use-cases
and capable of running ’toy’ applications, such platforms are often orders of mag-
nitude too slow to run commercial workloads [24]. Application developers, on
the other hand, do not necessarily care for the internal workings of hardware as
they typically work at a higher abstraction level, for example; utilizing a graphics
Application Programming Interface (API) (such as OpenGL) that, in turn, com-
municate with the device driver. As such, application developers may be more in-
terested in achieving decent simulation performance rather than a timing-accurate
processor model (see [21] for an analysis of compromises in system simulation).
However, due to large differences in-between CPU- and GPU-architecture, sim-
ply delegating commonly GPU-bound workloads to the CPU is rarely feasible in
terms of performance.

Common approaches to achieve better simulation performance includes creat-
ing a functionally accurate model of the GPU (inducing the advantage of being
able to utilize the same software (drivers, libraries, etc.) as the simulated plat-
form), where internal details may be simplified, or using software rasterization
without involving the GPU model. However, these methodologies traditionally
incur heavy performance losses in comparison to GPU hardware acceleration. In
order to achieve better performance, one may offload such kernels to the GPU
of the system on which the simulation runs, often referred to as the simulation
Host. There are a number of way to achieve such acceleration, such as relying on
Peripheral Component Interconnect (PCI) Passthrough and similar technologies
to grant access to the underlying host hardware from within the virtual plat-
form [29] (see [54] for an overview on PCI passthrough), or utilizing a concept
commonly referred to as ’Paravirtualization’ at a higher level of abstraction (e.g.,
the OpenGL library).

Paravirtualization is a relatively new term originally defined as selectively
modifying the virtual architecture to enhance scalability, performance, and sim-
plicity [1]. Effectively, this means modifying the virtual machine to be similar,
but not identical, to host hardware [5]. As such, one may simplify the virtual-

1An example of modern technology developed for said purposes is Microsoft Windows Ad-
vanced Rasterization Platform (WARP) - Microsofts latest addition to the DirectX framework
(see [55]).



Chapter 1. Introduction 3

ization process by neglecting some hardware compatibility [38]. Implementing
GPU simulation by the means of paravirtualization provides the benefits of im-
proved simulation performance, albeit it may entail loosing some of the benefits
a virtual platform can provide. For example, it may be challenging to support
advanced features such as Deterministic Execution, checkpointing, and reverse
execution. Additionally, paravirtualization entails modifying the simulated sys-
tem, since some part of the target machine must be modified to accommodate
the paravirtualized methodology. Yet, aforementioned technique is the preferred
method of Google in the Android SDK when utilizing the QEMU virtual platform
in order to simulate OpenGL ES.

This dissertation comprises an investigation of paravirtualization of OpenGL ES
in the Simics virtual platform. The work presents an implementation of accel-
erated OpenGL ES 2.0 graphics by the means of paravirtualization and using
Magic Instructions as a communications bridge. In addition to this, we present
the development of three benchmarks stressing important attributes of the devised
solution. Using the results collected from the execution of said benchmarks on
a number of platforms, the solution is evaluated. Furthermore, this dissertation
identifies performance bottlenecks obstructing large numbers of paravirtualized
invocations for the purposes of real-time graphics. The results presented in this
thesis show performance improvements of up to 34 times in relation to software
rasterized counterparts.

The remainder of the report presents the objectives and question formulations
adhering to the presented study. Additionally, an introductory chapter on rele-
vant background and preceding work in the area - expanded upon by a succeeding
chapter concerning the Simics full-system simulator - means to bring about many
of the terms and concepts used in the subsequent material. Next, a description of
the devised paravirtualized implementation is presented along with a chapter on
experimental methodology. Furthermore, this thesis features an elaboration on
potential threats to validity before detailing the results collected using the meth-
ods described in prior chapters. The material is then finalized by a speculative
discussion chapter, analyzing the paravirtualized solution in regard to advanced
functionality in the Simics full-system simulator, foregoing the conclusions which
may be established from the compiled material. Finally, the dissertation is con-
cluded by a report on recommended future work in the area.



Chapter 2
Aims, Objectives, and Research Questions

The study presented in this document consists of implementing paravirtualiza-
tion of a graphics API (being OpenGL ES 2.0) in the Simics full-system simulator
developed by Intelr and sold through Intelr’s subsidiary Wind River Systems,
Inc. The solution devised to accelerate OpenGL adheres to that of the Android
emulator, which is elaborated upon in section 3.4. As such, this study concerns in-
vestigating the performance, and the feasibility of extended benefits and advanced
functionality, of paravirtualized graphics in a virtual platform. This entails in-
vestigation, analysis, and development of methods and techniques for efficient
communication and execution in the Simics run-time environment. Furthermore,
the study comprises analysis of the liabilities of paravirtualized technologies in
regards to Simics philosophy (being high-performance determinism and repeata-
bility [2]). Thus, the study does not exclusively concern Simics integration, but
an investigation of paravirtualized libraries in virtual platforms.

For the purpose of this thesis, a paravirtualized solution for graphics accelera-
tion in Simics is developed. Furthermore, to accommodate the analysis of benefits
and drawbacks of paravirtualized graphics, a number of benchmarks are devised to
stress key points in the developed solution; with the goal of locating performance
bottlenecks. The benchmarks are designed to stress latency and bandwidth in
target-to-host communication, in addition to computational intensity brought on
by complex GPU-bound workloads.

Based on the devised solution, in coagency with the benchmarks, this study
comprises an analysis of the performance of paravirtualized graphics compared to
that of traditional software rasterization. The objectives of the dissertation is to
evaluate the feasibility of paravirtualization as an approach to accelerate graphics
in virtual platforms; along with identifying its strengths and weaknesses.

In line with previous work in the area specified in chapter 3, there has been no
indication - in academic writing - of any pre-existing solution of paravirtualized
graphics APIs signifying deterministic behavior; paving the way for supporting
reverse execution graphics. Such functionality could simplify debugging, testing,
and profiling of applications comprising some GPU-bound workload; not limited
to graphics- or GPU utilization in its entirety. Entailed by these research gaps,
the research questions formulated in this chapter are considered to be lacking in

4



Chapter 2. Aims, Objectives, and Research Questions 5

the field.
As such, the study performed for the purposes of this thesis is relevant to

the field of computer science by expanding upon the the knowledge of graphics
acceleration in virtual platforms; in terms of facilitating debugging, testing, and
profiling of software dependent on GPU graphics acceleration. By the means
outlined in chapter 2, this dissertation contributes to the field of computer science
by answering these questions from the perspective of graphics paravirtualization
in the Simics full-system simulator. Accordingly, the key investigatory attributes
and explicit research question formulations, sought to be answered by this thesis,
are presented below.

1: What constitutes a viable implementation of paravirtualized graphics?
2: What are the benefits and disadvantages of paravirtualized graphics?
3: How does paravirtualized graphics performance relate to software rasteriza-

tion?

Furthermore, the study pertains to a number of discussion topics in line with
the solution’s relation to the Simics full-system simulator. These discussion ques-
tions presented below.

1: What inhibits deterministic execution of paravirtualized graphics?
2: What inhibits checkpointing of paravirtualized graphics?
3: What inhibits reverse execution of paravirtualized graphics?



Chapter 3
Background and Related Work

System simulators are abundant and exist in corporate [9], academic [30], and
open-source variations [1]. Such platforms, like Simics, have been used for a
variety of purposes including, but not limited to, thermal control strategies in
multicores [6], networking timing analysis [27], web server performance evalua-
tion [35], and to simulate costly hardware financially unfeasible to researchers [4].
Furthermore, such simulators may also be used to port Operating System (OS)s
to new processors [61].

For the purposes of graphics acceleration, strategies, methodologies and pro-
cedures are numerous. Based off a number of core strategies, such as device
modeling, passthrough technologies, and paravirtualization, there have been nu-
merous attempts at effective GPU virtualization; many of which require modifi-
cation of both target- and host systems (such as the development of specialized
passthrough drivers [19]). One such instance is presented by Hansen in his work
on the Blink display system [14].

Neither are the concepts of advanced simulatory features new to GPU virtu-
alization, as there have are multiple attempts to implement the Dvtglosscheck-
pointrestartCheckpoint / Restart-model in a GPU context, such as the work by
Guo et al. concerning the CUDA framework [13]. Another solution which also
supports the dvtglosscheckpointrestartCheckpoint / Restart-scheme is VMGL, as
presented by Lagar-Cavilla et al., which by the means of paravirtualization ac-
celerates the OpenGL 1.5 framework [19]. The groundwork produced by Lagar-
Cavilla et al. showcases the potential for paravirtualized graphics since the VMGL
framework, for a certain set of benchmarks, attains improvements of roughly two
orders of magnitude in relation to software rasterization.

Current promising projects surrounding GPU virtualization include the Virgil3D-
project [42]. As described at the project homepage1, the project strives to create
a virtual GPU which may subsequently utilize host hardware to accelerate 3D
rendering. The project is currently being maintained, again according to the
project’s GitHub homepage, by Red Hat’s Dave Airlie. Other related works in-
clude modeling GPU devices in the QEMU full-system simulator with software
OpenGL ES rasterization support, as presented by Shen et al. [32].

1www.virgil3d.github.io

6
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At the time of writing, graphics virtualization is no longer limited to the
academic community but is also existent in the industry, as big virtualization
players incorporate various graphics acceleration solutions in their products. One
such example is VMware, Inc. [62].

Pursuant to the aim and objectives specified in chapter 2, this thesis pertain
to the technologies and concepts described in this chapter.

3.1 OpenGL ES
OpenGL ES is an API for 3D-graphics on an assortment of embedded systems,
such as mobile devices or vehicle displays [25]. The OpenGL ES set of APIs is
developed by Khronos, the same consortium responsible for the development of
the OpenGL APIs, which - unlike OpenGL for embedded systems - is intended
for desktop graphics [36]. The OpenGL ES APIs are traditionally derived from
the standard OpenGL APIs, and are thus similar in appearance albeit more
limited [36]. The OpenGL ES specification is intended to adhere to the following
specifications, in relation to the original OpenGL APIs [25]:

• Reduce complexity, but attempt maintain compatibility with OpenGL when
possible.

• Optimize power consumption for embedded devices.
• Incorporate a set of quality specifiers into the OpenGL ES specification.

This includes minimum quality specifiers for image quality into the stan-
dard; accommodating for limited screen sizes in embedded systems.

OpenGL ES 2.0 consists of two Khronos specifications; being the OpenGL ES 2.0
API specification and the OpenGL ES Shading Language Specification [25]. Be-
ing derived from the OpenGL 2.0 specification [36], OpenGL ES 2.0 supports
programmable shaders and is no longer encumbered by the fixed functionality
that characterized earlier versions of the OpenGL and OpenGL ES APIs [25];
making the API a modern contestant amongst a variety of applications on a
range of platforms, such as the Android- and iOS operating systems [36], popular
on modern smartphones. The OpenGL ES 2.0 API was selected for use, for the
purpose of this study, due to its programmable shaders and reduced function set,
in addition to accelerated support for the API in the Android emulator.

3.2 GPU Architecture
GPUs are massively parallel numeric computing processors often used for 3D
graphics acceleration. While CPUs are designed to maximize sequential perfor-
mance, GPUs are designed to maximize Floating-point Operations Per Second
(FLOPS) throughput; originally required for the floating point linear algebra of-
ten needed by 3D graphics. Additionally, the continuous need for faster processing
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units, slowed down by the heat dissipation issues limiting clock frequency since
2003 [17], has driven the utilization of GPUs for general purpose workloads.

Generally, CPUs are designed to optimize the execution of an individual
thread. In order to facilitate sequential performance, the processing pipeline
is designed for low-latency operations; including thorough caching methodologies
and low-latency arithmetic units. This design philosophy is often referred to as
latency-oriented design, since it strives for low-latency operations to accommo-
date high performance of individual threads [17].

Meanwhile, GPUs are designed to maximize the the throughput of a large
number of threads; having less regard for the performance of individual threads.
As such, GPUs do not prioritize caches or other low-latency optimizations like
CPUs, but aim to conceal overhead induced by memory references or arithmetic
by the execution of many threads, which may perform in place during arithmetic-
or memory operations. Such design is often referred to as throughput-oriented
design [17].

The differing design philosophies of CPU and GPU units are so fundamentally
different that they are largely incompatible in terms their workloads, as explained
by Kirk and Hwu [17]. As such, programs that feature few threads, CPUs with
lower operation latencies may perform better than GPUs; whereas a program
with a large number of threads may fully utilize the higher execution throughput
of GPUs [17].

The introduction of a number of CPU-oriented optimizations for simulating
GPU-bound workloads on CPUs has made it possible to simulate such kernels
several times faster than traditional simulation. Although orders of magnitudes
slower, such optimizations may ease the simulation of GPU workloads on CPUs,
as indicative by some studies [26]. However, without hardware-assisted virtual-
ization, the execution of GPU workloads on CPUs quickly becomes unfeasible;
inducing the need of more advanced graphics simulation methodologies.

3.3 Graphics Virtualization
There are a number of ways of virtualizing GPUs in system simulators, a few
of which accommodate for hardware acceleration of GPU kernels. When faced
with tackling the issue of GPU virtualization, there are equally many variables to
consider as there are options; the first of which is the purpose of said virtualiza-
tion. The Simics architectural simulator is by all means a full-system simulator;
meaning, as portrayed in chapter 4, that it may run real-software stacks without
modification. However, Simics is intended to feature low level timing fidelity for
the purposes of high performance, and is - as such - not a cycle-accurate simula-
tor. In this way, and in line with the considerations for GPU virtualization, one
must analyze and balance the purpose of simulation since there is not always a
general best-case. As such, methodologies with varying levels of simulatory accu-
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racy present themselves - from slow low-level instruction set modeling to fast high
level paravirtualization of an assortment of graphics frameworks. Summaries of
these methodologies are presented in this section.

GPU Modeling One may consider developing a full-fletched GPU model; that
is, virtualizing the GPU Instruction Set Architecture (ISA). This methodology
may be appropriate for the purposes of low-level development close to GPU hard-
ware. For example, one might imagine the scenario of driver development for
next-generation GPUs.

However, the development of GPU models, similar to that of common architec-
tural model development for the Simics full-system simulator, incurs a number of
flaws. The first of these flaws encompasses estimated development costs reaching
unsustainable levels, due to GPU hardware often being poorly documented [19] on
the contrary to CPU architectures. Furthermore, the modeling of massively par-
allelized GPU technology on CPUs induce high costs rendering the methodology
less preferable for development requiring high application speed.

PCI Passthrough Furthermore, one ought to examine the benefits of PCI
passthrough; allowing virtual systems first-hand access to host machine devices [54].
The direct contact with host system devices accommodated by methodologies
such as PCI passthrough enable fully-fledged hardware accelerated graphics. Yet
the methodology suffers from several disadvantages, such as requiring dedicated
hardware, causing the host system to lose access to devices during the course of
simulation. In terms of GPU virtualization, this would induce the necessity of
the host machine featuring multiple graphics cards. Additionally, and mayhaps
the biggest flaw of passthrough methodologies, is the requirement of modifying
the simulation target to utilize host hardware; effectively restricting what sys-
tems may be simulated. This restriction encompasses, inter alia, the utilization
of corresponding device drivers to the host system, rendering the methodology
inflexible in terms of GPU virtualization diversity. As such, and in line with a
paravirtualized approach, PCI passthrough requires modification of the target
system - in addition to configuration of the simulation host.

Soft Modeling As an alternative to precise modeling of GPU devices, one
might analyze the feasibility of high-speed software rasterization. Albeit not
up to hardware accelerated speeds, some results indicate an increased feasibility
of high-speed software rasterization in modern graphics frameworks (see [26]),
where traditional software rasterization is accelerated using thread pooling op-
timizations and Single Instruction, Multiple Data (SIMD) technologies [55]; all
for the purposes of optimizing execution for CPU-, rather than GPU-, execution.
As such, one may avoid some of the overhead induced by simulating GPU work-
load on CPUs, which is traditionally not fit for purpose. One might speculate
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that using such technologies in collaboration with hardware-assisted virtualiza-
tion might bring software rasterization up to competitive speeds fit for some
simulatory development purposes, replacing the need for more sophisticated vir-
tualization techniques. However, without native execution speeds or used with
complex GPU workloads, the technique may fall short.

Paravirtualization At a higher level of abstraction, there is the option of
virtualization by paravirtualization. By selectively modifying target systems, one
may modify the inner workings of system attributes and add functionality such
as graphics hardware support. For the purposes of graphics acceleration, such a
system attribute may be a graphics library or a kernel driver.

Often, paravirtualized methodologies incurs the benefits of host hardware ac-
celeration of some graphics framework, and is implemented at a relatively high
abstraction level (see figure 5.2). Inherent from its higher abstraction, paravir-
tualization may be relatively cost-effective to implement in comparison to alter-
natives such as GPU modeling. Additionally, virtualizing at the graphics library
software level circumvents the need for users to re-link or modify the application
they wish accelerated. Furthermore, the serialization of framework invocations
by the means of fast communications channels may accommodate for significant
performance improvements when compared to that of networking solutions (see
section 5.5).

However, despite the possibility for significant performance improvements,
graphics virtualization by the means of paravirtualization is not without inherent
flaws. In particular, a paravirtualized graphics library may be expensive to main-
tain as frameworks evolve and specifications change. Additionally, the means of
paravirtualization requires the target system to be modified; albeit not necessar-
ily being a substantial defect as a paravirtualized framework may still accelerate
unmodified target applications utilizing the library. In this way, paravirtualiza-
tion may be considered to be a decent leveling of the benefits and drawbacks of
the various virtualization methodologies presented in this section.

3.4 QEMU
QEMU2 is an open-source virtual platform described as a full system emulator [7]
and a high-speed functional simulator [32] (see [1] for an overview of QEMU). It
supports simulation of several common system architectures and hardware devices
and can, like Simics, save and restore the state of a simulation [7]. As such,
QEMU may, like Simics, run unmodified target software such as OSs, drivers,
and other applications. The platform is widely used in academia, and is the
subject of several articles and reports cited throughout this document, such as

2’Quick Emulator’.
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the graphics acceleration described by Lagar-Cavilla et al. [19], and the work by
Guo et al. [13]. Additionally, QEMU powers the Android emulator, which helps
mobile developers bring about software for the Android OS.

The Android emulator is described as a virtual mobile device emulator [48].
Included in the Android SDK, it supports virtualization of an assortment of mo-
bile hardware configurations. In the presence of the Android 4.0.3 release, the
Android SDK was updated to make use of hardware-assisted x86 virtualization;
significantly increasing the performance of CPU-bound workloads for x86 sys-
tems [44]. In addition to this, Google implemented hardware support for the
OpenGL ES 1.1- and 2.0 frameworks; granting developers utilizing said frame-
works hardware acceleration of graphics [44]. Google’s solution (see [49]), consists
of a paravirtualized implementation which circumvents the simulation by forward-
ing its OpenGL ES invocations to the host system by using networking sockets
or directly via the simulator program3. As of Android 4.4, the Android emulator
uses QEMU to simulate ARM and x864 devices aiding those wishing to develop
software for mobile units.

3.5 Magic Instructions
Sometimes during system simulation, there may be reasons as to why one would
like to escape the simulation and resume execution in the real world. Such a
scenario would be a debugging breakpoint, to share data in-between target and
host systems, or for any reason modify the simulation state. There are a number
of ways to communicate with the outside world (including the host machine) from
within the simulation, such as by networking means or specially devised kernel
drivers, but few are as instant as the - arguably - legitimately coined ’magic
instruction’.

The magic instruction is a concept used to denote a nop -type instruction,
meaning an instruction that would have no effect if run on the target architecture
(such as xchg ebx, ebx 5 on the x86-architecture), which - when executed on
the simulated hardware in a virtual platform - invokes a callback-method in the
simulation host [21]. An advantage of this methodology is an often negligible
invocation cost, as the context switch is often instant from the perspective of
the target system [28]. Furthermore, being a greatly desirable attribute, magic
instructions require no modification of the target system. Another advantage of
the magic instruction paradigm is that the system invoking such an instruction
may, without complications, run outside of a simulation - as this would simply

3Note, however, that there is no software rasterized solution for running OpenGL ES 2.0 in
the Android emulator.

4By using images devised by Intelr, the Android emulator may run the Android OS on x86
simulated hardware (see section 6.1).

5’Swap contents in registers ebx and ebx ’.
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result in regular nop -behavior. In effect, implementation of magic instructions
requires replacing one- or more instructions in the target instruction set; thereby
making the magic instruction platform-dependent. However, the solution is often
designed to only respond to magic instructions wherein a certain magic number,
sometimes called a ’leaf number’ [28], is present in an arbitrary processor register.

3.6 Virtual Time
In terms of system simulation, time often becomes abstract; since it is not nec-
essarily the same for an observer outside of the simulation as that of an observer
from the inside. The variance in virtual time, as compared to that of real-world
time, is called ’simulation slowdown’ and may reach orders of magnitude faster
than that of real-world time, or likewise orders of magnitude slower.

The concepts of real-world and virtual time are particularly important when
considering performance measurements. When attempting to establish some sort
of measurement in a full-system simulator, such as Simics, one must contemplate
what type of time is relevant to the study being performed. For graphics ac-
celeration of real-time applications, it is likely that the real-world wall clock is
the primary point of reference (see section 7.1 for an elaboration on how time
measurement is performed for the sake of this study). However, there are cases
in which virtual time is worthwhile to profile, such as the performance of virtual
system drivers.



Chapter 4
Simics

Simics is a full-system simulator developed by Intelr and sold through Intelrs
subsidiary Wind River Systems, Inc. Simics was originally developed by the simu-
lation group at the Swedish Institute of Computer Science (SICS)1; the members
of which founded Virtutech2 and commercially launched the product in 1998 [23].

As an architectural simulator, Simics primary client group is software- and
systems developers that produce an assortment of software for complex systems
involving software and hardware interaction [2]. As such, key attributes of Simics
are scalability, repeatability, and high-performance simulation. For these pur-
poses, the simulator utilizes hardware-assisted virtualization, and other perfor-
mance boosting technologies such as Hypersimulation [21]. Simics also features
a number of advanced functionalities, adhering to the deterministic nature of the
simulator, such as checkpointing (see section Checkpointing) and reverse execu-
tion (see section Reverse Execution) [21].

The ability to simulate the entirety of an unmodified software stack has led
to Simics being used to simulate a variety of systems including, but not limited
to, single-processor embedded boards, multiprocessor servers, and heterogeneous
telecom clusters [2]. Current employers of the Simics full-system simulator include
IBM [18], NASA [63][57], and Intelr [34]. Other past and current employers of
the simulator include Sun Microsystems, Inc., Ericsson, and Hewlett-Packard
Company [23], in addition to Cisco Systems, Inc., Freescale Semiconductor, Inc.,
GE Aviation, Honeywell International, Inc., Lockheed Martin, Nortel Networks
Corporation and Northrop Grumman Corporation [56]. Additionally, the simula-
tor has a strong academic tradition; being known to operate in over 300 univer-
sities throughout the world [35].

4.1 Deterministic Execution
’Deterministic execution’ commonly refers to the execution of Deterministic Al-
gorithms; meaning that a certain function, given a definite input, will produce a

1This being the first instance of an academic group running an unmodified OS in an entirely
simulated environment

2Virtutech was acquired by Intelr in 2010 [56].
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decisive output - throughout the process in which the system passes through a dis-
tinct set of states (see [10] for an overview on deterministic and non-deterministic
algorithms). Some sources have voiced concerns over the consequences, in terms of
debugging, of non-deterministic behavior caused by concurrent software [20][16].
Some even go as far as to argue that determinism is a prerequisite for effective
debugging and testing [11][39]. As such, deterministic behavior may be seen as
a valuable attribute in a virtual platform (see [8] for an overview on the value of
determinism in software development).

In Simics, ’deterministic execution’ denotes the entire target system as a de-
terministic algorithm, wherein all instructions are executed in a deterministic
manner on the simulated hardware [2]. This means that the simulated system
(e.g., an OS), presuming the same input, will allocate the same memory space in
virtual memories, receive the same number of interrupts in sequence, and even
inhabit the same registers in virtual CPUs [2] (see [45] for a brief rundown of
deterministic execution in Simics). As such, given an arbitrary number of in-
structions, the simulation state may be recreated indiscriminately down to the
level of the instruction set and corresponding cycles. Thus, throughout this docu-
ment and in relation to the Simics full-system simulator, deterministic execution
refers to the deterministic state transition of a target system; as described in this
section.

4.2 Checkpointing
The state of a computer system may be defined as the entirety of its stored
information, or memory, at a given time [15]. It may be beneficial to store such
states in a ’dvtglosscheckpointrestartCheckpoint / Restart’ scheme, as suggested
by Jiang et al. in regards to CUDA kernels [40]. In this way, developers may
save- and restore the state of a system which can reduce overhead of restarting
computationally heavy applications from scratch [2].

In Simics, ’checkpointing’ refers to the functionality to save the complete state
of a simulation into a portable format. When applied, this format is known as a
Checkpoint. This ability not only saves time in terms of program initialization and
debugging [24], but may also ease testing and collaboration in-between developers
as checkpoints may be distributed and shared [2] (see [47] for an overview on
checkpointing in Simics). As such, throughout this document and in relation to
the Simics full-system simulator, checkpointing denotes this functionality.

4.3 Reverse Execution
’Reverse execution’ provides software developers with the ability to return, often
from portable checkpoints, to previous states of execution [3]. This may be useful
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when debugging, profiling, or testing as difficult-to-reach system states may be
stored and returned to, effectively bypassing program initialization and other
hindrances [24].

In Simics, ’reverse execution’ denotes said ability - spanning the entirety of
the simulated system [21]. As such, simulated systems may be run in reverse;
including virtualized hardware device states, disk contents and CPU registers [2]
(see [46] for an overview on reverse execution in Simics); whilst still maintaining
determinism in the simulated system. As such, throughout this document and
in relation to the Simics full-system simulator, reverse execution refers to the
functionality described in this section.



Chapter 5
Proposed Solution and Implementation

The implementation constitutes the realization of the paravirtualized technol-
ogy described in this document. From the implementation, several concepts and
phrases may be recognized and related to the Android Hardware OpenGL ES
emulation design overview (see [49]). In accordance to the Android emulator,
paravirtualized graphics acceleration is achieved by the means of three overall
components; being the Target System Libraries, the Host System Libraries, and
the communications channel aptly named the Simics Pipe. These components,
along with elaboration on the methodologies accommodating them, are described
in this chapter (see figure 5.2 for an overview of the components and their rela-
tionships).

5.1 OpenGL ABI Generation
For the purposes of ensuring scalability of the solution during development, a set
of scripts automating the generation of library source code is used to compile the
majority of the target- and host system libraries. As such, a large amount of the
OpenGL function definitions encoded and decoded by the components described
in sections 5.2 and 5.3 are produced by this tool. The functionality is implemented
in a set of Python scripts that, from a number of specification/configuration files
detailing function signatures and argument attributes, generate both headers and
source files in C; thus collocating the target OpenGL and EGL Application Binary
Interface (ABI)s, along with the corresponding host decoding libraries. The tool
generates all but the methods that need special treatment (due to state saving)
and may thus generate methods with return values and inout arguments. See
figure 5.1 for an overview of the code generation process.

5.2 Target System Libraries
The target system libraries are compiled from C and C++, and comprise imple-
mentations of the EGL- and OpenGL APIs. Due to the tight coupling in-between
OpenGL and the platform windowing system, the solution must also accelerate

16
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Figure 5.1: Visualization of the ABI code generating process performed to compile
the target- and host system libraries.

the Khronos EGL API - the interface between OpenGL and the underlying plat-
form windowing system (see section 5.4 for an elaboration on the full extent of
EGL interaction). As may be derived from the name, the target system libraries
run on the simulation target system and replace the existing Khronos libraries.

As such, the target systems libraries implement the EGL- and OpenGL ES 2.0
APIs and lures whatever application it is being linked to that it is, in fact, the
expected platform libraries. Given that the target system libraries adheres to the
OpenGL headers defined in the system, the application is naïve in terms of it’s
paravirtualized status. The interplay with the original OpenGL ES headers also
results in the solution adhering to the platform-dependent type definition, flags,
and constants; as originally defined by Khronos. However, instead of communi-
cating with the platform windowing system (in terms of EGL) and the graphics
device (in terms of OpenGL) - and instructing said device in coagency with the
user; the target system libraries rather serialize the given command stream and
forwards it to the simulation host. However, the transmission of the command
stream is not necessarily performed at once, or in the designated order due to
the formation of the OpenGL ES 2.0 framework. This complex of problems in-
volve uncertainties of the proportion of argument data, as size is not necessarily
specified by the user. As such, certain serialization may have to be delayed un-
til further information surrounding the argument dimensions have been relayed
to the OpenGL library. Furthermore, a subset of the OpenGL state need be
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maintained by the target system libraries. These attributes are comprised by,
inter alia, bound vertex- and index element buffers, in addition to properties of
OpenGL vertex attributes. Such states must be kept in the target system li-
braries due to the asynchronous nature of serialization of OpenGL invocations in
the paravirtualized solution.

The serialization described in the above paragraph is thus formatted and en-
coded in accordance to a certain data format, which is kept as minimal as possible
throughout execution. This encoding includes packing variable length data types,
such as 8-bit characters, 16-bit fields, or 64-bit integer values, into fixed length
structures, so that the host system may interpret these values independently of
how corresponding types are defined on that unrelated platform1.

5.3 Host System Libraries
In collaboration with the target system libraries, the host system libraries - run-
ning on the host system - subsequently decodes and interprets the received byte
stream. Said decoding involves unpacking data from fixed length storage into
variable-size types that the OpenGL- and EGL libraries expect. Furthermore,
and again similarly to the target system libraries, due to design inherent in the
OpenGL ES 2.0 framework, the host system libraries need maintain some data;
in particular - vertex attributes. Such data is buffered in the host system libraries
until drawn in a later, and separate, OpenGL invocation2. When the requested
OpenGL invocation has been performed, any return- or in-out values are returned
to the target system using the Simics Pipe (see section 5.5). As with the the tar-
get system libraries, the receiving end of an OpenGL method definitions in the
host system libraries are likewise generated to a large degree. The host system
libraries are written in C and C++.

5.4 Windowing Systems
Due to variations in the creation and maintenance of windows on different plat-
forms (i.e., Fedora 19 and Android), incurred by said platforms utilizing different
interfaces for the purpose, the window to which OpenGL renders is kept on the
simulation host. The problem may be summarized as the dilemma of the target
system libraries having to communicate with the correct window (located in the
simulation host), yet having the target system window reporting successful ini-
tialization. After all, it would be problematic if the OpenGL-utilizing application

1It should be noted, however, that the solution assumes a little endian architecture and
IEEE 754 standard for floating point representation. If the host system would not conform to
these prerequisites, the solution would have to be complemented with additional support.

2A possible optimization would be to cache said data, to avoid the need to transmit unmod-
ified vertices multiple times, despite so being specified by the user.
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would have to be modified in order to be paravirtualized. Effectively, this means
that it would be desirable to maintain the native functionality of the target sys-
tem EGL library. However, in order to swap the backbuffers to which OpenGL
renders (in the window present in the host system), one must use EGL meth-
ods. In this way, the problem comprises a conflict in-between wanting to keep
the functionality of the native EGL library, yet modify a small subset of it. This
issue is overcome by the use of symbol overriding3, which allows the target sys-
tem libraries to overload a function, serialize and forward the invocation to the
host system, locate the next occurrence of the symbol in the symbol table (being
the original native EGL function definition), and invoke the original function.
As such, the target system EGL library does not replace the native target EGL
library, as with the OpenGL library, but rather overloads some of its definition.
This gives the effect of a successfully created window, not having returned any
errors in the window creation and maintenance - yet having the application ac-
tually communicating with a different window (present in the host system). As
such, the target system libraries are effectively performing a man-in-the-middle
attack on the target EGL library.

In order to run the benchmarks described in section 6.2, the target system
libraries need simply overload the eglSwapBuffers function, but the solution
could easily be extended to listen in on requested window dimensions and other
window attributes; effectively circumventing the need to heed any differences in-
between platform-specific windowing systems.

5.5 Simics Pipe
The so named ’Simics Pipe’ constitutes the target-to-host communications chan-
nel in Simics. As such, it is responsible for transferring a serialized command
stream - or byte stream - to- and from the simulation host using magic instruc-
tions. The role of the Simics Pipe is comprised of the allocation and maintenance
of page locked target memory. Furthermore, the Simics Pipe utilizes a magic
instruction to relay the starting address of said memory space to the simulation
host; where the responsibilities of the Simics Pipe end.

There are a numerous methodologies to communicate with the outside world
from inside of the simulation, such as utilizing UNIX sockets or other networking
technologies. However, due to the inherent performance demands brought on by
serialization of real-time graphics invocations, the methodology of magic instruc-
tions were selected for use for the purpose of this study. Magic instructions allow
for fast, in the pretext of the simulation target - almost instant - escape from
the simulation context, and may carry a limited amount of information with it
from inside the simulation out into the real world. However, other - albeit slower,

3Utilizing LD_PRELOAD on the Linux platform.
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methodologies may be fast enough to for use in graphics paravirtualization; the
Android emulator, in addition to magic instructions, supports TCP/IP commu-
nication4.

In order to perform a magic instruction, the Simics Pipe uses GCC Extended
Asm to directly inject __volatile__ -flagged (as to prevent the compiler from
reordering memory accesses during optimization) assembly instructions into C
code, in which - in addition to C++ - the Simics Pipe is written. During said
instruction, one may simply write an arbitrary 64-bit address to any register
fit for the purpose (the number- and size of processor registers being the data-
sharing bottleneck of the magic instruction paradigm). Not being the first time
magic instructions have been used for the purposes of hardware acceleration [21],
the Simics Pipe utilizes such methodology, namely the CPUID x86 instruction,
to carry a lone memory address (being the address of the serialized command
stream) in the target rbx 5 register. The execution of the injected instruction
in a simulated processor, in line with the magic instruction paradigm, invokes a
callback method in the host side of the Simics Pipe; having effectively escaped the
simulation and paused the simulation state. Knowing the occurrence of a magic
instruction with the corresponding leaf number, one may assume the existence
of a target memory address in the simulated target CPU register rbx . Note
that, at this point, the retrieved address is in the format of a target system virtual
address; the destination of which is unknown to the simulation host. As such, this
address need be translated in order to retrieve the package contents said memory
address points to. See section 5.6 for more information on how the address is
interpreted and how the entirety of the intended sequence of bytes is retrieved
from target system primary memory.

5.6 Page Table Traversal
As outlined in section 5.5, target-/host memory sharing in the Simics Pipe is
performed by the means of exposing a target virtual address to the simulation
host. Said virtual address is, understandably so, only valid in the simulated
system and bears no relevance in the real world; outside of the fact that the data
to which the virtual address refers - in the target system - is, in turn, hidden
behind layers of abstraction somewhere in host system memory.

Using Simics to utilize the Memory Management Unit (MMU) of the target
system, one may translate a target virtual address (or ’virtualized virtual ad-
dress’) to a (target) physical device address; to-/from which - again, using Simics
- we may access an arbitrary number of bytes in physical memory. However, due

4It may be of interest to know that the Simics OpenGL ES paravirtualization technology,
during development, was accommodated by a TCP/IP client-/server model.

5Accordingly, if the simulation target should correspond to a 32-bit x86 system, said register
would translate to the ebx register.
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Figure 5.2: Overview of the implementation accomodating paravirtualized graph-
ics in Simics.
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to the complexity induced by circumventing the abstraction of virtual memory,
there is no guarantee that the memory page to which the exposed physical ad-
dress refers has not been swapped out of primary memory. In order to solve this,
using some OSs (e.g., Fedora 196), one may ’lock’ pages in order to prevent them
from being swapped to disk. This is the methodology used to ensure that the
physical memory space, referred to by the virtual address sent to the simulation
host, is still existent in target primary memory when the simulation state has
been paused7. Furthermore, and again induced by the unorthodox circumvention
of the virtual memory paradigm, it is probable that the multiple memory pages
making out particularly large serialized command streams, such as the transmis-
sion of vertex or texture data, are not consecutively aligned in physical memory,
although guaranteed to be continuous blocks in terms of virtual memory. As
such, the physical addresses of memory pages must be continuously retrieved and
translated on a per-page basis; effectively ’traversing’ the virtual memory table
(see figure 5.3). This can be done in a trivial manner by simply iterating the orig-
inal virtual address with the target page size, in our case, 4096 bytes. Naturally,
said process must be performed regardless of data being read or written to-/from
the intended - physical - memory space.

6Using the MAP_LOCKED flag during invocation of the Linux mmap -system call; alterna-
tively using the specific mlock -system call.

7Other methods to achieve this include repeatedly ’polling’ the corresponding memory pages
in the target system before inducing the simulation context switch to the host system.
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Figure 5.3: Memory translation overview. The OpenGL process hands a virtual
memory address, pointing somewhere in the target system primary memory, to
the paravirtualized solution - which inquiries the target system MMU to retrieve
designated bytestream directly from target physical memory.
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Experimental Methodology

From this chapter onward, the term ’experiment’ is used to refer to the exper-
imental methodology put in place to answer the question formulations phrased
in chapter 2. The author would like to emphasize that the terminology is simply
used to denote a method of experimentation to answer, that is verify or refute
the validity of the hypotheses that may be intrinsically derived from-, the re-
search questions outlined in chapter 2. As such, ’experiment’ does not refer to
controlled-, natural-, or field experiment methodologies, or indeed any other spe-
cific method for experimentation unless specified otherwise. The author reserves
the right to use the following terminology interchangeably: study, case study, and
experiment.

As such, the terminology used to describe the experimental methodology pro-
duced for the purpose of this study, henceforth referred to as ’the experiment’,
is not meant to be indicative of the method quality, or in any way indirectly de-
scribe said experimental methodology. Below, the methods used to perform the
experiment are presented.

6.1 Platform Configuration
The experiment devised for the purpose of this dissertation is performed in soft-
ware rasterized- and paravirtualized Simics platforms, respectively. Furthermore,
the experiment profiles the performance of the Android emulator to relate the
devised solution to pre-existing technologies, in addition to execution on the
hardware accelerated host platform as a reference case. The following paragraphs
outline the configuration of these target platforms, in terms of host configuration,
simulated hardware, and the software configuration of the simulated systems.

Host Configuration The system upon which the experiment is performed is an
x86-compatible Haswell Intelr processor configured to run the Fedora 19 Linux
distribution. Said OS was selected for use due to Fedora 19 being the primary
platform used for development of the Simics full-system simulator at the Intelr
offices in Stockholm - at which the solution described in this document has been
developed.

24
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Target Hardware Configuration The Simics hardware configuration utilized
for the purpose of this experiment simulates an Intelr Core™ i7; the same pro-
cessor series to that of the actual hardware of the simulation host system. Fur-
thermore, Simics execution, both the software rasterized and paravirtualized plat-
forms, utilize Kernel-based Virtual Machine (KVM) for the simulation target to
run natively on the host hardware. In order to accommodate for similar accel-
eration in QEMU, Android is configured to run on the Intelr Android x86 sys-
tem image (see [52]), circumventing the need to interpret ARM instructions [60].
Furthermore, the solution also utilize KVM in order to provide similar native
execution on the host hardware1.

Target Software Configuration In line with Fedora 19 being the OS in use
when performing the reference benchmark experiments on the host platform (see
paragraph Host Configuration), it may be of value to have the simulated target
machine configured to run with the same OS. As such, the platform OSs used for
the purpose of this study are as follows:

• Hardware accelerated Fedora 19 host system
• Software rasterized2 Fedora 19 Simics target system
• Paravirtualized Fedora 19 Simics target system
• Paravirtualized Android 4.43 QEMU target system

6.2 Benchmarks
Throughout the course of the pilot study, no existing OpenGL ES 2.0 bench-
mark (featuring cross-platform profiling support for Android and X11 Linux) was
deemed appropriate for for the purposes of this experiment. As such, a number of
benchmarks have been devised on-site for the purposes of stress-testing the par-
avirtualized technology described in this document. The benchmarks, numbering
three in total, are intended to stress suspected bottlenecks in the implementation;
corresponding to a large number of relatively insignificant OpenGL ES invoca-
tions, computationally intensive GPU kernels, and passing of large data such as
textures or models. Since the benchmarks are required to run in both Linux- and
Android platforms, the benchmarking suite utilize Java Native Interface (JNI)
to invoke OpenGL ES from the same C code base independent of platform. Ef-
fectively, this entails having the benchmarks produced using Java, C, and GLSL,
collectively. Furthermore, all benchmarks are configured to run at roughly 16 ms,
which would correspond to roughly 60 Frames Per Second (FPS), when hardware

1Had the solution been running on the Windows OS, the solution would have utilized Intelr
Hardware Accelerated Execution Manager (HAXM) (see [53]) to accommodate for said native
execution [51].

2Using the Mesa OpenGL software rasterization implementation.
3Android KitKat - API level 19.
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Figure 6.1: Chess. Figure 6.2: Julia. Figure 6.3: Phong.

accelerated on the host system. The benchmarks are devised in this way in order
to reflect the expected load of a modern real-time interactive application. As such,
the purpose of developed benchmarks is to be representative of typical scenarios
induced by modern graphics applications whilst utilizing a graphics framework
such as OpenGL. When run during the experiment, each benchmark instance
measures the elapsed time of 1000 frames which makes up the data subsequently
analyzed. Frame captures of the benchmarks are presented in figures 6.1, 6.2,
and 6.3.

Benchmark: Chess The ’Chess’ benchmark is developed for the purposes of
stressing the latency in-between target- and host systems. It is so named because
of the chess-like tileset the graphics kernel produces. The benchmark is designed
to perform a multitude of OpenGL ES 2.0 library invocations per frame; in which
each invocation is relatively lightweight in execution and carry a small amount of
data argument-wise. In the Chess benchmark, this is achieved by rendering a grid
of colored (black or white, in order to adhere to the chess paradigm) rectangles
where each tile is represented by four two-dimensional vertices in screen-space,
in addition to six indices outlining the rectangular shape. Since the vertices
are already transformed into screen-space, the graphics kernel need perform no
additional transformation, adhering to the desired lightweight behavior of each
kernel invocation. Additionally, the tileset vertices and indices are pre-loaded into
OpenGL vertex- and index element buffers, so that a lone buffer identifier may be
carried over in-place of the heavier vertex set load. Each tile is then individually
drawn to the backbuffer, rendering the chess-like appearance of the benchmark.
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Effectively, this means that, for each tile, the benchmark need only bind a vertex-
and an index element buffer, set the corresponding tile color, and lastly invoke
the rendering of said tile.

For each frame rendered, depending on the number of drawn tiles, the solution
will perform a large number of magic instructions. This induces a high utiliza-
tion of the Simics Pipe, which is intended to stress magic instruction overhead
(section 8.2). The repeated invocation of lesser draw calls is representative of
common usage of drawing a multitude of shapes with OpenGL, such as a user
interface. Additionally, the number of tiles being computed is easily modifiable;
rendering the benchmark scalable for the purposes of the experiment described
in this document. As such, said benchmark is considered suitable for the purpose
of representing a large number of graphics invocations using OpenGL ES 2.0.

Benchmark: Julia The ’Julia’ benchmark is developed for the purposes of
stressing computational intensity in software-rasterized and paravirtualized plat-
forms. It is so named due to the kernel calculating the Julia fractal; the tex-
turing and frame-wise seeding of which gives the benchmark it’s distinct look.
The benchmark is designed to perform a lone computationally intensive graph-
ics kernel invocation, which will stress the computational prowess of the profiled
platform. The case is selected for use as the computation of a fractal is trivially
scalable in terms of complexity, by modifying the number of iterations the fractal
algorithm performs, and is thus considered suitable for profiling of computation-
ally intensive graphics kernels.

Benchmark: Phong The ’Phong’ benchmark is developed for the purposes of
stressing the throughput, or bandwidth - if adhering to the networking paradigm,
in-between target- and host systems. The Phong benchmark is comprised of
a rotating model, being the Newell teapot, which is textured and subsequently
shaded by a single point light using the Phong shading model; thus giving the
benchmark it’s name.

The rasterization and shading of a model with a given, large, texture is repre-
sentative of three-dimensional graphics commonly rendered with graphics frame-
works such as OpenGL ES 2.0. As such, said benchmark is suitable for the
purposes of representing the usage of big data (being models, textures, etc.). For
the purposes of stressing the bandwidth of target- and host communication, the
Phong benchmark is easily scalable in terms of resizing the large texture in ques-
tion. Vertices and indices of the model do not utilize OpenGL vertex- and-/or
index element buffers, thus forcing the solution to transmit the data every frame.
Additionally, in order to further stress the throughput of the profiled platform,
texture data is updated every frame.
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Benchmark Key Fig. Halved Fig. Reference Fig. Double Fig.
Chess No. Tiles 60× 60 84× 84 118× 118
Julia No. Iterations 225 450 900
Phong Texture Resolution 1448× 1448 2048× 2048 2896× 2896

Table 6.1: Input data used for benchmark variations for each benchmark.

Benchmark Halved Fig. Reference Fig. Double Fig.
Chess 32400 + 3 63504 + 3 125316 + 3
Julia 16 16 16
Phong 17 17 17

Table 6.2: Number of magic instructions performed per-frame for each benchmark
input data variation.

6.3 Input Data Variation
In order to detect anything but linear potential of scaling in software rasterized-
and paravirtualized Simics platforms, the benchmarks are configured to run in
three separate instances, respectively. These benchmark versions differ in terms
of input data; where said input is a changed variable that could potentially worsen
benchmark performance (e.g., larger texture). The purpose of these ’input data
variations’ is to detect any unexpected results in execution; and thus identify any
performance complexity issues in software rasterized- and paravirtualized Simics
platforms. For consistency, each benchmark variation - of which there are two;
resulting in three unique experiments per benchmark - have been produced to
halve- and subsequently double the corresponding input data. The described
input data, for each benchmark, is presented in table 6.1. Consequently, in table
6.2, the per-frame number of magic instructions induced by these input data
variations are presented, differing only for the Chess benchmark.

Note that for each tile rendered in the Chess benchmark, the solution will
perform 9 magic instructions; entailing a total of 324004, 635045, and 1253166

magic instructions, respectively, in addition to a minor number per-frame.

49× 60× 60 = 32400.
59× 84× 84 = 63504.
69× 118× 118 = 125316.
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Threats to Validity

7.1 Platform Profiling
In the presence of the complexities caused by the occurrence of virtual time,
profiling of elapsed time in virtual platforms sometimes dictate special measures.
This is due to the fact that profiling of elapsed time outside of the simulation -
that is, time in the context of the observer - may be more relevant than profiling
of virtual time. This is often the case if the simulation has outside dependencies
of some sort. Naturally, such is the case in terms of real-time interaction and
rendering - as such application is observed from outside of the simulation.

In a Simics simulation, as described by section 3.6, time increments differently
than in the context of the host machine. As such, in order to appropriately mea-
sure the elapsed time of a benchmark frame, the profiling must take place outside
of the simulation. As expanded upon in section 3.5, there are a number of ways
to escape- and pause the state of a simulation. Mayhaps the most intelligible is
to listen in on activity passing through a target serial port; being a traditional
front-end to the machine. In this way, the simulator is instructed to listen in on,
and set a simulation breakpoint at the occurrence of, a specialized sequence of
bytes being written (via a serial console) to a Universal Asynchronous Reciev-
er/Transmitter (UART) hardware serial port. In Linux, the interface to such a
port may be accessed by any of the /dev/ttyS* file descriptors. This process is
visualized in figure 7.1.

When using serial ports in this manner, one may introduce a profiling cost.
This may be induced by - amongst other possible factors - the file descriptors, to
which data is being written, not immediately sending said byte sequence via the
system UART. In order to improve responsivity in time critical profiling of elapsed
time, we ensure said serial console is flushed to by the means of performing the
system call tcdrain . Furthermore, in order to ensure the accuracy of performed
time profiling, the overhead cost of said method has been measured1. Collected
profiling overhead data is presented in table 7.1.

From the data presented in table 7.1, we may deduce that the profiling over-
head cost may occasionally be volatile. However, with a standard deviation of

1This has been performed by the means of invoking profiling start and stop consecutively.
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Figure 7.1: Overview of the frametime profiling process for a Simics simulation.

Min Max Std Avg
0.62 32.50 1.54 1.56

Table 7.1: Collected results of the profiling overhead cost in milliseconds.
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1.54 ms, slightly below that of the average, such large deviation is to be quite
rare. If not specified otherwise, all results collected from the Simics platforms are
subtracted with the average of this profiling cost; being 1.56 ms. Utilizing said
methodology - when the simulator detects the chosen bit-pattern, it may start- or
stop platform timing. This is the method used to measure the elapsed time of a
frame during any benchmark running inside of a Simics simulation. As such, this
method is used for the software rasterized- and paravirtualized Simics platforms.

Likewise, in a QEMU simulation, consideration must be taken to virtual time.
However, in the QEMU-derived Android emulator, the system clock appears syn-
chronized to that of the simulation host [50][41]. The theory is supported by
findings presented in [58] and has been confirmed with tests profiling elapsed
time before performing any experiments. It is probable that the Android em-
ulator has been implemented in this way to accommodate for audio- and video
playback in simulated Android applications. As such, in order to profile elapsed
wall clock time when performing benchmarks test in the Android emulator, one
may simply measure time elapsed inside of the simulation in accordance to the
system clock. This is the methodology used to profile the QEMU platform.

7.2 Benchmark Variations
As visualized in figure 7.2, the Phong benchmark exhibits erratic variations in
its performance when software rasterized in the Simics platform. From this visu-
alization we may establish that the performance of the Phong benchmark varies
greatly when software rasterized in Simics, independent of the Phong benchmark
texture size.

It is uncertain as to what is causing this behavior. However, there may be
cause to believe that texture mapping a model such as the one in the Phong
benchmark, with a non-mipmapped texture of such a large texel count, may in-
duce severe cache-misses due to the volatile texture mapping. Such a scenario
may occur due to the large texture, in coagency with the frame-wise rotating
model, causing the texture mapping outcome to be likely to differ on a per-frame
basis. In consideration to the sheer size of the textures used for the experiments,
it is likely that such eccentric memory referencing may account for the volatile
performance of the Phong benchmark in the software rasterized Simics platform.
Albeit not necessarily applicable to CPU cache behavior; see [12] for an elabora-
tion on texture mapping and GPU cache methodologies in addition to an analysis
on the performance implications of GPU cache behavior.

In accordance to the erratic benchmark behavior that has been established in
this section, the Phong benchmark results - although having value to this study
in terms of profiling memory bandwidth scalability - are to be considered less
reliable than its more predictable benchmark peers.
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Figure 7.2: Scatterplot portraying frametime variation in milliseconds for the
Phong benchmark. Each entry represents a frametime sample of wherein the
three symbols represent different texture dimensions.



Chapter 8
Results

In this chapter, the results collected from having applied the described experi-
ment methodology onto the devised solution are presented. As such, the results
gathered from execution on the host is presented in figure 8.1, the results com-
piled from execution in the Android emulator presented in figure 8.2, and the
results accumulated from software rasterized- and paravirtualized execution in
Simics are presented in figures 8.3, 8.4, and 8.5. Note that the data compiled
from software rasterized- and paravirtualized Simics platforms include additional
data from having performed the experiment using the input data variations, as
described in section 6.3.

In this chapter, the results are compiled into histograms; visualizing elapsed
time in milliseconds to sample density. As such, the Y axis showcase sample
density; although the axis keys have been removed as they bear little relevance to
the outcomes presented in this material. The histograms each feature 100 bins;
into which a 1000 samples, for each experiment performed, are rounded into. For
the purposes of good visualization methodology, values outside of the standard
deviation1 are not featured in the figures presented in this section. In order to
accommodate for the, however few, samples outside of said limits the figures are
all complemented with key ratio tables (see tables 8.1, 8.2, 8.3, and 8.4).

8.1 Benchmark Results
Based on the reference profiling presented in figure 8.1, we may conclude that
the benchmarks, when hardware accelerated on the host system, perform with
concentrated density; not being much scattered across the graph except a few
irregular extremities in terms of maximum frame times (see table 8.1). This
is supported by the standard deviation presented in said table. Furthermore,
we may conclude that the Phong demo features two distinct peaks in density
distribution - about 1 ms in-between. There may be cause to believe that this is
caused, or partly caused, by frame-wise rotation of the teapot - rotation featured
in the benchmark (see section 6.2) - inducing some fluctuation into its execution

1That is; values above that of the mean+ std and values under that of mean− std.
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Benchmark Elapsed time (milliseconds)
Min Max Std Avg

Chess 11.10 62.02 2.85 12.15
Julia 14.65 117.52 5.96 16.42
Phong 7.61 59.90 3.64 9.41

Table 8.1: Benchmarking results whilst hardware accelerated on the simulation
host system.

Benchmark Elapsed time (milliseconds)
Min Max Std Avg

Chess 20.91 60.30 5.68 30.96
Julia 13.25 88.48 6.22 24.64
Phong 2.16 38.22 4.58 18.13

Table 8.2: Benchmarking results whilst paravirtualized in the QEMU-derived
Android emulator.

(see figure 8.5). However, this behavior is, strangely so, not apparent whilst
paravirtualized in the QEMU derived Android emulator, although this may be
a visual artifact due to the resolution of the graph (see figure 8.2). See section
7.2 for an elaboration on divergence in the Phong benchmark. Additionally, and
in accordance to tables 8.1 and 8.2, one may observe relatively high recorded
maximum frame times in relation to compiled maximum- and average values, yet
featuring - in relation to divergent maximum, relatively low standard deviations.

The remainder of this chapter will present a benchmark-Wise analysis of the
data compiled from executing the experiment on the software rasterized- and
paravirtualized Simics platforms; said platforms being the subject of this study.
For the sake of brevity, these analyses are segmented into paragraphs for each
benchmark. These paragraphs are presented below.

Chess From the data visualized in figure 8.3, we may observe that the Chess
benchmark, when executed in the software rasterized Simics platform, has a rel-
atively broad distribution of its sample density, yet the distribution often seems
evenly distributed around a single point. The right-hand side of the graph, al-
though also showcasing the impaired performance of the corresponding (paravir-
tualized) platform, visualizes a decrease in the distribution of the sample density.
This is supported by the data presented in table 8.4.

Based on the data summarized in table 8.3 (whilst software rasterized in
Simics) and comparing said data to that of table 8.4 (whilst paravirtualized in
Simics), we may observe that the software rasterized solution outperforms it’s
paravirtualized counterpart; not only in the base experiment, but in all of its
input data variations. The only redeeming attributes the paravirtualized solution
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Chess

Julia

8 10 12 14 16 18 20 22

Phong

Figure 8.1: Histogram depicting benchmark elapsed frametimes in milliseconds
and the density distribution of 1000 frames whilst hardware accelerated on the
simulation host. The Y axis thus depict sample density. Its axis keys have been
removed as they bear no relevance to the outcomes presented in this document.
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Chess

Julia

15 20 25 30 35

Phong

Figure 8.2: Histogram depicting benchmark elapsed frametimes in milliseconds
and the density distribution of 1000 frames whilst paravirtualized in QEMU. The
Y axis thus depict sample density. Its axis keys have been removed as they bear
no relevance to the outcomes presented in this document.
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Benchmark Key Elapsed time (milliseconds)
Min Max Std Avg

Chess
60× 60 tiles 76.88 439.27 19.48 114.41
84× 84 tiles 167.36 402.87 9.38 192.08
118× 118 tiles 238.86 701.16 17.63 259.54

Julia
225 iterations 397.82 2183.99 83.45 461.64
450 iterations 744.91 2662.67 62.88 776.41
900 iterations 1338.40 2669.19 113.87 1415.23

Phong
1448× 1448 texels 17.06 926.13 34.26 40.43
2048× 2048 texels 17.83 545.43 21.21 35.04
2896× 2896 texels 28.39 729.39 38.57 66.48

Table 8.3: Benchmarking results whilst software rasterized in the Simics full-
system simulator.

Benchmark Key Elapsed time (milliseconds)
Min Max Std Avg

Chess
60× 60 tiles 185.19 362.23 11.19 201.85
84× 84 tiles 309.08 401.26 15.51 336.83
118× 118 tiles 612.77 719.14 14.12 650.67

Julia
225 iterations 21.89 47.65 3.82 26.56
450 iterations 38.79 101.56 10.01 49.83
900 iterations 34.74 156.35 8.55 41.81

Phong
1448× 1448 texels 15.20 54.19 7.95 23.05
2048× 2048 texels 26.53 125.31 6.38 36.09
2896× 2896 texels 50.35 154.17 9.80 64.38

Table 8.4: Benchmarking results whilst paravirtualized in the Simics full-system
simulator.
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brings to the table, as elaborated upon in the above paragraph, is a decrease in
the standard deviation of the benchmark profiling. When comparing these results
to the uncompromised hardware accelerated counterpart on the host machine (see
figure 8.1), we may observe - albeit considerably less prominent - an adherence
to the single-peak behavior in the distribution of the sample density.

The purpose of the Chess benchmark is to locate any bottlenecks related to
the number of paravirtualized library invocations (see section 6.2), which was
predicted during the pilot study performed for the sake of this experiment. As
such, as presented in section 8.2 in combination with the shaping of the Chess
benchmark as presented in section 6.2, there is cause to believe that the prediction
of a probable bottleneck in the target- to host communication latency has been
confirmed; arguably identifying the weakness of graphics paravirtualization in
the Simics full-system simulator. The conclusions that may be drawn from these
further stresses analysis into what is the root cause for the target- to host latency
for a multitude of paravirtualized method invocations. Results related to this
matter are presented in section 8.2. Indeed, if proceeding from the findings of
section 8.2, magic instruction overhead accounts for the majority of the elapsed
average when paravirtualized in Simics.

Julia In figure 8.4, we may observe double- to triple peak behavior in the dis-
tribution of the sample density; both in software rasterized- and paravirtualized
platforms. Albeit the hardware accelerated host profiling (see figure 8.1) may,
however minor, suggest such a pattern; it is by all means not significant. We may
observe similar behavior in the distribution of the sample density when profiling
the same benchmark whilst paravirtualized in the QEMU-derived Android em-
ulator (see figure 8.2). What causes this behavior is unclear, as frame-to-frame
branching in the fractal algorithm is minor and ought not cause such a variance.

The Julia benchmark is incorporated into the experiment to establish how
the paravirtualized solution performed under computational stress (see section
6.2). Using this benchmark, a performance weakness in the software rasterized
Simics platform has been identified, with frame times well above the two second
mark (see table 8.3); with the corresponding maximum frame time in the par-
avirtualized Simics platform measuring up to to a mere 156.35 ms. With the
Julia benchmark, as visualized in figure 8.4, we have showcased radical perfor-
mance improvements for computationally intensive graphics kernels and - in turn
- identified the capabilities of graphics paravirtualization in the Simics full-system
simulator.

Phong DISCLAIMER: The Phong benchmark signals strange behavior when
software rasterized in Simics, and is thus considered less reliable (see section 7.2).

The Phong benchmark is incorporated into this study for the purposes of an-



Chapter 8. Results 39

95
10

0
10

5
11

0
11

5
12

0
12
5

13
0

60x60

So
ft
w
ar
e

19
0

19
5

20
0

20
5

21
0

P
ar
av

ir
tu
al
iz
ed

18
5

19
0

19
5

20
0

84x84

32
0

32
5

33
0

33
5

34
0

34
5

35
0

24
0

24
5

25
0

25
5

26
0

26
5

27
0

27
5

118x118

63
5

64
0

64
5

65
0

65
5

66
0

66
5

F
ig
ur
e
8.
3:

H
is
to
gr
am

s
de
pi
ct
in
g
be

nc
hm

ar
k
el
ap

se
d

fr
am

et
im

es
in

m
ill
is
ec
on

ds
an

d
th
e
de
ns
ity

di
st
ri
bu

ti
on

of
10

00
fr
am

es
fo
r
th
e
C
he
ss

be
nc
hm

ar
k
ke
y
fig

ur
e
va
ri
at
io
ns

w
hi
ls
t
so
ft
w
ar
e
ra
st
er
iz
ed
-
an

d
pa

ra
vi
rt
ua

liz
ed

in
Si
m
ic
s.

T
he

Y
ax

is
th
us

de
pi
ct

sa
m
pl
e
de
ns
ity

.
It
s
ax

is
ke
ys

ha
ve

be
en

re
m
ov
ed

as
th
ey

be
ar

no
re
le
va
nc
e
to

th
e
ou

tc
om

es
pr
es
en
te
d
in

th
is

do
cu
m
en
t.



Chapter 8. Results 40

40
0

42
0

44
0

46
0

48
0

50
0

52
0

54
0

225

So
ft
w
ar
e

22
23

24
25

26
27

28
29

30
31

P
ar
av

ir
tu
al
iz
ed

74
0

76
0

78
0

80
0

82
0

84
0

450

40
45

50
55

60

13
50

14
00

14
50

15
00

900

34
36

38
40

42
44

46
48

50

F
ig
ur
e
8.
4:

H
is
to
gr
am

s
de
pi
ct
in
g
be

nc
hm

ar
k
el
ap

se
d

fr
am

et
im

es
in

m
ill
is
ec
on

ds
an

d
th
e
de
ns
ity

di
st
ri
bu

ti
on

of
10

00
fr
am

es
fo
r
th
e
Ju

lia
be

nc
hm

ar
k
ke
y
fig

ur
e
va
ri
at
io
ns

w
hi
ls
t
so
ft
w
ar
e
ra
st
er
iz
ed
-a

nd
pa

ra
vi
rt
ua

liz
ed

in
Si
m
ic
s.

T
he

Y
ax

is
th
us

de
pi
ct

sa
m
pl
e
de
ns
ity

.
It
s
ax

is
ke
ys

ha
ve

be
en

re
m
ov
ed

as
th
ey

be
ar

no
re
le
va
nc
e
to

th
e
ou

tc
om

es
pr
es
en
te
d
in

th
is

do
cu
m
en
t.



Chapter 8. Results 41

alyzing the performance of stressed bandwidth in target-to-host communication;
featuring relaying and rendering of a large texture to the simulation host. The
graphs presented in figure 8.5 display erratic distribution of the sample density
in both software rasterized- and paravirtualized Simics platforms. Suspicions as
to why this is the case are presented in section 7.2.

By analyzing the data in presented in tables 8.3 and 8.4, it is clear that the
Phong benchmark, in terms of average frame times, performs only marginally
better or competitively to it’s software rasterized equivalent. However, and may-
haps more interestingly so, executing the benchmark in the paravirtualized Simics
environment results in major improvements in terms of frame time maximum and
standard deviation; software rasterized samples topping in at 926.13 ms where
the corresponding paravirtualized maximum is but 54.19 ms. Furthermore,
one might argue that parts of the distribution align with the double-peak den-
sity distribution showcased by the benchmark when hardware accelerated on the
simulation host (see figure 8.1).

It is unclear what causes the compiled paravirtualized Phong benchmark to
perform only marginally better or competitively to its the software rasterized
counterpart. The effect could be attributed to a bottleneck in the memory page
traversal, as described in section 5.6, signifying a possible weakness in - in addition
to the communication latency as established in paragraph Chess - the memory
bandwidth of the Simics Pipe (see section 5.5).

In line with the recorded competitive average- and minimum frame times
yet major improvements in frame time maximum and standard deviation; one
might also argue that the relatively lightweight benchmark is misrepresentative
in that its software rasterized execution is below that of the overhead induced by
paravirtualization. However, due to the deviances described in section 7.2, this
will not be elaborated upon further for the remainder of this dissertation.

8.2 Magic Instruction Overhead
In Simics, magic instructions incur a context switch when exiting the simula-
tion and beginning execution in the real world. This affects the performance by
forcing the simulation to no longer be executed in native mode; inhibiting the
simulatory performance improvements given by hardware-assisted virtualization.
Additionally, this also entail Simics no longer being able to utilize JIT compi-
lation to speed up execution; having to rely on regular code interpretation. As
such, in great numbers, magic instructions may potentially affect performance.

In line with the effect that this overhead may have on software such as bench-
mark Chess, two tests have been performed to establish the overhead magic in-
structions may induce. These tests have been run in two instances; one in which
each magic instruction invocation is profiled separately using the methodology
described in section 7.1, and another in which batches of magic instruction invo-
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int se rcon = open ( "/dev/ ttyS0 " ,O_RDWR|O_NOCTTY) ;

for (unsigned i =0; i <1000; i++){
wr i t e ( sercon , " s t a r t " , 5 ) ;
t cd ra in ( se rcon ) ;

magic_instruct ion ( ) ;

wr i t e ( sercon , " stop " , 4 ) ;
t cd ra in ( se rcon ) ;

}

Figure 8.6: Profiling of magic instruc-
tions on a per-invocation basis.

for (unsigned i =0; i <1000; i++){
wr i t e ( sercon , " s t a r t " , 5 ) ;
t cd ra in ( se rcon ) ;
for (unsigned j =0; j <1000; j++){

magic_instruct ion ( ) ;
}
wr i t e ( sercon , " stop " , 4 ) ;
t cd ra in ( se rcon ) ;

}

Figure 8.7: Profiling of magic instruc-
tions in batches.

Min Max Std Avg
-0.64 35.73 1.93 0.58

Table 8.5: Profiling results for individual magic instructions. Presented in mil-
liseconds and modified in accordance to the profiling overhead established in
section 7.1.

cations are measured to reduce influence of profiling overhead (see figures 8.6 and
8.7). This is due to profiling overhead, described in section 7.1, having influenced
the original profilation results too greatly. As such, magic instructions has to be
batched in order to be profiled correctly. Below, the results of both of these tests
are presented.

Individual profiling The per-invocation profiling of 1000 magic instructions is
presented in figure 8.8 as a histogram. All samples compiled in said test have been
subtracted with the established average performance, as described in section 7.1.
In line with this modification of the source data, due to the established profiling
average overhead of 1.56 having relatively much influence on the data, the
visualization features only ten histogram bins - in coagency with the approximate
data. As such, any offset values below that of zero are placed in the first bin.
Furthermore, any values outside that of the standard deviation are not visualized
in this figure.

From this data, it is apparent that roughly 45% of profiled samples fall in the
interval of 0-0.5 milliseconds, a relatively high measurement compared to that of
the batch profiling (see paragraph Batch profiling). The figure is complemented
with the analyzed data presented in table 8.5

Batch profiling In order to complement the data presented in paragraph In-
dividual profiling, corresponding measurements for batch magic instruction invo-
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Figure 8.8: Histogram depicting approximative per-invocation profilation and
percentage of density distribution of 1000 magic instructions in milliseconds.

Min Max Std Avg
2.07 16.68 1.31 3.20

Table 8.6: Profiling results for batched magic instructions. Presented in millisec-
onds and modified in accordance to the profiling overhead established in section
7.1.

cations is collected in accordance to the pseudo code presented in table 8.6. In
this way, we wanted to circumvent any obscurities induced by profiling overhead
(see section 7.1).

From the data presented in paragraphs Individual profiling and Batch pro-
filing, we may deduce that the profiling overhead induced when measuring the
elapsed time of individual magic instructions causes misrepresentation in the ac-
tual elapsed time of said magic instructions. This is clear when analyzing the
batch-wise data presented in table 8.6, where the cost of a magic instruction in-
vocation is significantly lower. This may be caused by the system call tcdrain ,
which waits until all output written to the referenced serial console has been trans-
mitted. One may speculate that said system call may be the cause for eccentric
behavior in the profiling.

As such, the per-invocation profiling elaborated upon in paragraph Individual
profiling is rendered less reliable due to the eccentric profiled behavior. From this
we may conclude that the execution of 1000 magic instructions is expected to
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induce an average overhead of roughly 3.20 ms, accounting for profiling errors
as presented in section 7.12. Due to the volatility of the profiling presented in
paragraph Individual profiling, the author will refrain from using these results for
any definite conclusions.

Thus, the established overhead cost for 1000 magic instructions is summarized
in table 8.6.

8.3 Platform Comparison
In the sections above, results have been presented indicating performance gains,
and potential for gains, in Simics platforms by the means of accelerating graphics
using paravirtualization. However, in accordance to figure 8.2 and table 8.2, the
platform on which the these results have been produced also utilizing paravirtu-
alized methodology, there is much potential for improvement. The benchmarks,
when executed in the paravirtualized Android emulator, exhibit better perfor-
mance in each test performed for the purposes of this dissertation; most notably
outperforming the software rasterized Simics platform for the Chess benchmark.
The Chess benchmark, incurring such an overhead when paravirtualized in Sim-
ics (see paragraph Chess) due to overhead induced by magic instructions (see
section 8.2), performs but roughly two times worse than its hardware accelerated
counterpart at 30.96 milliseconds average (see tables 8.2 and 8.1). These results
indicate potential for improvement in the target-to-host communications in Sim-
ics. In fact, considering the large similarities in the paravirtualized methodology
for graphics acceleration these two platforms share, the reference performance of
the QEMU-derived Android emulator may be considered a goal for a potential
productification of paravirtualized graphics in the Simics full-system simulator.

These comparisons suggest that the recorded performance for the benchmarks,
devised for the purpose of this study, is not necessarily representative for paravir-
tualized graphics in general. Furthermore, the comparison to the QEMU-derived
Android emulator indicates that the shaping of the magic instruction-utilizing
Simics Pipe - as established being the bottleneck during execution of the paravir-
tualized Chess benchmark (see section 8.2) - may have potential of improvement
of approximately one order of magnitude (see tables 8.2 and 8.4).

2Note that this may be regarded as an optimum case, since batch execution of magic in-
structions may induce an executional pattern which could lead to improved results. However,
this is just speculation.
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Discussion

For the purposes of productification of a paravirtualized graphics acceleration
solution, as presented in this document, necessary improvements include endian-
ness consideration in the communication in-between target- and host libraries1,
in addition to floating point format considerations2. If paravirtualization were to
be used for accelerating graphics in the Simics full-system simulator, one would
have to support such target- and host architectures as it is not all uncommon that
these platforms differ. After all, clients often wish to simulate other platforms
than those they currently possess.

Another cross-platform issue that comes to mind, when interfering with the
target physical memory from outside simulation, is that is memory page locking.
Such functionality are sometimes limited in operating systems; albeit entirely
controlled by the user in Linux derived systems. Target system platform dif-
ferences such as these may incur performance hindrances in that the amount of
memory that may be locked could be limited; forcing the solution to perform its
bytestream transmission in several instances of magic instructions. Furthermore,
page locking functionality may not be accessible by the user whatsoever, suggest-
ing further studies into how a paravirtualized solution for graphics acceleration
may perform using other methodologies for trans-simulation communication; such
as TCP/IP-networking.

In section 3.3, potentially costly maintenance of updated graphics frameworks
is mentioned as drawback of paravirtualization as a methodology to achieve graph-
ics acceleration. Later, in section 5.1, it is mentioned that the solution described
in this document utilizes software to partly generate paravirtualized graphics
ABIs where possible. In order to streamline the maintenance of a productified
paravirtualized solution, such framework generation could be automated further
by utilizing software such as SWIG or SIL to retrieve function signatures; no longer
requiring developers to describe function headers by the means of configuration
files (as described in section 5.1).

Furthermore, in line with the Simics attributes described in chapter 3, a cer-
tain set of behavior must be attained in order to align with Simics philosophy.

1Assumed to be of little endian order.
2Assumed to be that of IEEE 754.
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Having analyzed the methodology of paravirtualization as a means to achieve
graphics acceleration in the Simics full-system simulator, and making the as-
sumptions presented in paragraphs Deterministic Execution, Checkpointing, and
Reverse Execution, there is no obvious obstacle as to why advanced functionality
such as deterministic execution, checkpointing, or reverse execution could not be
integrated with paravirtualized graphics acceleration; nor is there any reason to
believe that such attributes should severely impair performance of such a solution.
Analyses and recommendations surrounding further study of said attributes, in
terms of graphics acceleration by the means of paravirtualization, are presented
below.

Deterministic Execution Following an API specification such as OpenGL ES,
it naturally follows that there may be implementational differences in-between
vendor drivers. Such variations are commonly insignificant and, although present,
do not affect the end-user. Below, presuming the occurrence of such inconsis-
tencies, a number of scenarios are presented in order to explain how this may
affect the desirable traits of the Simics full-system simulator whilst simulating
OpenGL ES.

In line with driver inconsistencies, there may be cause to believe that rounding
of pixel values may vary dependent on host driver vendor. Typically, such vari-
ations are far from noticeable and would not offset simulation timing. Neither
would this inconsequential execution affect the local deterministic trait during
simulation, as the driver in itself is coherent in its execution. In Simics, de-
terminism and repeatability are key values, meaning that simulation execution
must not differ - independent on the host system. For example, one may pose
the scenario of Simics users, using different driver vendors on their respective
host machines, wishing to share checkpoints in which an application utilizing
OpenGL ES is being executed. In this manner, posing that the execution paths
of said application treads on functionality that is not intricately defined by the
OpenGL ES specification, the output may differ. Note that, presuming the out-
put (usually a buffer to-be presented on-screen) is not calculated upon, this does
not affect the timing of the users’ simulations. As such, this scenario maintains
the determinism and repeatability traits of Simics.

However, if this varying output is calculated upon (a plausible scenario would
be the compression of a graphics output screenshot, such as the ones presented
in section 6.2) the timing of simulation is influenced which may propagate -
effectively causing a state-change in the simulated CPU. In this manner, the
deterministic trait of Simics would be broken, as certain instructions no longer
correspond to their previously timing-accurate cycles.

More often than not, the scenario described in the above paragraph will not be
an issue to deterministic execution in Simics, as the framebuffer usually only acts
as means to present data to the user. In this way, the attribute of deterministic
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execution would not be scathed by integration of paravirtualized graphics in the
Simics full-system simulator presuming the preconditions described above are
not compromised. As such, the incorporation of deterministic execution into the
paravirtualized methodology as described in this document is possible through
the set of assumptions, as described in this paragraph.

Checkpointing The incorporation of dvtglosscheckpointrestartCheckpoint /
Restart schemes in the paravirtualized solution described in chapter 5 would re-
quire an efficient way of saving- and storing the OpenGL state, as present in the
host system. The possibility of incorporating such functionality has, as mentioned
in chapter 3, been studied and performed in the QEMU full-system simulator by
Lagar-Cavilla et al. in their work on VMGL [19]. Such state retrieval, in the
case of OpenGL ES 2.0, may be achieved by the glGet -set of OpenGL library
methods3. Using these methods, one ought be able to retrieve the entirety of the
OpenGL state variables present in the host system (see [59] for more informa-
tion on the glGet -family of methods). Having retrieved these variables, one
might subsequently store the changes in OpenGL states in some data structure;
thus avoiding the need to store the entirety of these states every frame. Had
the subject framework of paravirtualization been earlier versions of OpenGL, it
might have been possible to use the push- and pop-methodology existent in those
frameworks for the solution to know beforehand what states to save. However,
this is just speculation. As such, albeit circumstantial, there ought be no reason
as to why the introduction of checkpoint functionality should pose a problem to
a paravirtualized graphics framework.

Reverse Execution In the solution devised for the purpose of this study, the
paravirtualized solution renders to a window present in the host system (see
chapter 5). Effectively, this means that the framebuffer is present in host memory.
As such, Simics reverse execution functionality would not include said memory
space; leading to the framebuffer presented in in the host system not to display
in reverse in coagency with the reverse executing target system.

For a productification of a paravirtualized graphics framework for the Simics
full-system simulator, it is probable that (unlike an academic study into the
subject) it would be preferable if the would instead be located inside of the
target system. If so would be the case, the framebuffer would be located in
target memory, rendering said framebuffer eligible for reverse execution since such
memory is stored in checkpoints. As such, assuming the graphics framebuffer
being present in target system memory, reverse execution would be supported
natively by Simics, and pose no hindrance to the functionality of reverse execution

3Note that such fit-for-purpose methods may not necessarily be available in other graphics
frameworks, but since this dissertation focuses on OpenGL ES 2.0, such dilemmas will not be
elaborated upon any further.
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to paravirtualized libraries.

9.1 Hardware-assisted Virtualization
For the purposes of the experiment conducted, hardware-assisted virtualization
have been utilized to accelerate performance of x86 instructions. Hardware-
assisted virtualization reduces much of the overhead incurred by simulating hard-
ware similar to that of the simulation host; thus stressing the capabilities of the
paravirtualized acceleration devised for this study.

However, there are times when utilization of hardware-assisted virtualization
is rendered impossible. Such examples include simulating systems other than that
of the host machine, such as ARM architectures, or when a user wishes to set
breakpoints in the software stack. At such times, the simulation is forced to exe-
cute without the benefits of native execution; often slowing down the simulation
by several orders of magnitude. It may be argued that hardware assisted graphics
acceleration may become particularly influential in such situations, as CPU-bound
methodologies, such as software rasterization commonly used in Simics, may incur
large performance issues that does not scale well with interpreted instruction sets.
As such, it may be argued that the full capabilities of paravirtualized graphics ac-
celeration, as compared to software rasterization, is not necessarily demonstrated
in an environment utilizing hardware-assisted virtualization; a scenario lessening
the impact of CPU-bound workloads.



Chapter 10
Conclusion

In chapter 8, we established strengths and weaknesses of paravirtualized graphics
in the Simics full-system simulator; most notably the bottleneck introduced by
the overhead of magic instructions in the Chess benchmark, which - in accor-
dance to the findings presented in section 8.2 - made out the majority of elapsed
frame time. As such, the methodology of creating benchmarks for the purpose
of identifying such bottlenecks has confirmed original suspicions. In this way,
the study has identified performance bottlenecks in great numbers of paravirtu-
alized library functions when utilizing magic instruction technologies. However,
in regard to performance improvements presented in chapter 8, the performed
experiments establishes the competence of magic instructions for fast target-to-
host communications of arbitrary size, including large data, in paravirtualized
real-time graphics.

Furthermore, compiled results have showcased radical improvements for com-
putationally intensive graphics kernels, as demonstrated by the Julia fractal
benchmark, compared to its software rasterized Simics counterpart. As such,
this study has, in addition to identifying the bottleneck induced by software ras-
terization for computationally intensive graphics kernels, accelerated graphics by
up to 34 times; reducing frame time from that of 1415.23 ms to the real-time
feasible count of 41.81 ms. As speculated upon in chapter 8, there is cause to be-
lieve that the paravirtualized solution described in this document may accelerate
the Julia benchmark, as compared with software rasterized Simics, to that of two
orders of magnitude. In this way, based off the results presented in chapter 8, the
experiment has identified the potential of using paravirtualization for the means
of accelerating graphics to that of real-time performance; testimonial to the re-
sults presented by Lagar-Cavilla et al. in their work on using paravirtualization
to accelerate graphics (see [19]).

Additionally, beyond that of accelerated graphics, the results gathered for
the purpose of this study indicates performance improvements in terms of max-
imum frame times (both in Chess and Phong benchmarks); leading to that of
significantly improved standard deviation. In line with stable frame rates being
prerequisites for real-time applications, this further indicates, in coagency with
better frame times as portrayed by the Julia benchmark, the feasibility of uti-
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lizing paravirtualized methodologies for the purposes of accelerating graphics in
virtual platforms.

As to summarize; this thesis has demonstrated performance improvements
by accelerating graphics using paravirtualization. By this addition, the benefits
of graphics virtualization has been identified as performance improvements of
up to 34 times; speculating in possible performance improvements of up to two
orders of magnitude. The bottlenecks the solution devised for the purpose of
this experiment have been identified as magic instruction overhead. As such, a
possible drawback of graphics paravirtualization has been identified as a weakness
to large amounts of framework invocations.

In chapter Discussion, an analysis of the prerequisites of advanced functional-
ity such as deterministic execution, checkpointing, and reverse execution is pre-
sented, along with the conclusion that such integration ought be possible presum-
ing a number of assumptions. Thus, this dissertation claims paravirtualization
as a successful formula for graphics acceleration in virtual platforms; with no
obvious obstacles obstructing future Simics advanced functionality.

As to conclude; for the purposes of this dissertation, a solution for graphics
acceleration has been implemented in the Simics full-system simulator by the
means of paravirtualization (see chapter 5). The end-result is a solution which
may generate libraries imitating the EGL- and OpenGL ES 2.0 libraries. By
the means of preloading, the solution may effectively overload and spy in on an
applications EGL utilization with a target window; without inhibiting said ex-
change - allowing unmodified OpenGL applications to be accelerated from within
the simulation target. Said solution communicates by the means of low-latency
magic instructions, and there is no apparent limit as to how much memory may
be shared1 (see section 5.5). As such, throughout this document, several of the
issues pertaining to graphics acceleration via paravirtualization, including - but
not limited to, target-to-host memory sharing, have been tackled, studied, and
presented.

For the purposes of the experiment performed for the sake of thesis, three
benchmarks have been developed with the distinct purpose of profiling bottle-
necks and potential weaknesses and strengths of graphics acceleration by the
means of paravirtualization in the Simics full-system simulator (see section 6.2).
Said benchmarks have been performed on the host system, the QEMU-derived
Android emulator, and in software rasterized- and paravirtualized Simics plat-
forms. Furthermore, the benchmarks (created specifically to identify issues re-
lated to memory latency, memory bandwidth, and computational complexity in
the paravirtualized solution) have contributed to our understanding of the diffi-
culties facing paravirtualized graphics acceleration.

1In Linux, there is a limit as to how much memory a user-space application may lock.
However, this limit may be set to appropriate limits by the user beforehand, alternatively
running the application as a super-user; circumventing said limit.
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In chapter 8, we have presented an analysis of the results compiled throughout
the performed experiments; along with an investigation into the scalability of
the graphics acceleration for the tested benchmarks; for software rasterized- and
paravirtualized Simics platforms. we have compiled and presented an analysis on
the benefits and drawbacks of paravirtualization as a means to achieve graphics
acceleration in virtual platforms; backed by hard data produced by a number of
benchmarks stressing key points in the solution with the purpose of identifying
both strengths and weaknesses in the discussed methodology. Accordingly, this
dissertation has established the feasibility of using paravirtualization to accelerate
graphics in virtual platforms to that of real-time qualities.

Additionally, the collected results have been compared with another platform
using similar methodologies to accelerate the same graphics framework. Based off
of these results, chapter 8 presents an analysis comparing the two platforms; be-
ing the QEMU-derived Android emulator and the paravirtualized Simics solution.
From this analysis, we have established points of improvement in the paravirtu-
alized solution developed for the Simics simulator. Furthermore, and based on
the performance boasted by the Android emulator’s paravirtualized graphics ac-
celeration when stressed by the Chess benchmark, we have predicted possible
improvements in the Simics Pipe (see section 5.5) communications link of up to
one order of magnitude.

As such, in coagency with the results compiled in chapter 8, collected by the
means presented in chapter 6, and based on the solution portrayed in chapter 5,
pertaining to the idea of real-time graphics in detailed full-system simulators, this
dissertation suggests utilizing high-level paravirtualization to accelerate graphics-,
and as means to overcome accessibility bottlenecks, in virtual platforms.
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Future Work

The solution devised for the purpose of this study may be advanced in a number of
ways in order to support a higher number of platforms, automation in ABI gener-
ation, an array of performance improvements, and general enhancements to make
the paravirtualized solution more flexible during maintenance. Additionally, in
consideration to incorporation of a graphics acceleration solution into the Simics
full-system simulator, the solution ought be improved in terms of cross-platform
capabilities. Below, recommendations for future study are presented.

For the purposes of improved solution performance, the author would recom-
mend investigation into the possibility of command serialization batching; that is,
the functionality to queue framework invocations and send the command stream
to the host system. By batching framework invocations rather than serializing
individual invocations, one might drastically reduce the number of magic instruc-
tions performed during paravirtualization. Considering magic instructions having
been identified as a bottleneck for the solution devised for the purposes of this
study, such an optimization may improve solution performance. However, to ac-
commodate batch-jobs of OpenGL ES 2.0 function invocations, one would have
to ensure that data to which pointer arguments refer is not modified before be-
ing transmitted to the simulation host. Alternatively, the solution could copy all
argument data when invoked; only to transfer said data at a later stage.

In order to strengthen the validity of this thesis, the author would suggest
complementary study into similar conditions where the target solution does not
utilize hardware-assisted virtualization. Without hardware-assisted acceleration
to boost the performance of CPU-bound workloads, the benefits of paravirtualized
methodologies may be emphasized.

For further studies into paravirtualization as a means to accommodate graph-
ics acceleration in virtual platforms, the author would like to suggest comple-
mentary benchmarking of accelerated graphics performance. This is due to the
benchmarks presented for the purpose of this study having effectively been mini-
benchmarks; stressing particular suspected bottlenecks in the solution. In line
with chapter 8 and 10 having concluded paravirtualization as feasible for the
means of graphics acceleration in virtual platforms, the methodology ought be
profiled further with more verbose benchmarks in order to more effectively estab-
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lish the magnitude of performance gains a paravirtualized solution may achieve.
Furthermore, and for the purposes of complementing this dissertation in par-

ticular, the author would like to suggest additional tests stressing target-to-host
communications. Preferably, said tests would stress the communication by other
means than profiling the sampling of a large texture, since such a test may cause
volatile performance in the reference material (being software rasterized Simics),
possibly due to cache misses (see section 7.2). When performing such a test, it
may be of value to profile the overhead induced by the memory table traversal
described in section 5.6.

In addition to the complementary studies suggested in the above paragraphs,
certain advanced functionality may be viable for further study; being API Ex-
tensions and Safety Critical Considerations. The concepts of these scenarios are
presented below.

API Extensions The essence of system simulation is often to simulate a system
other than that of the simulation host. As of such, one could pose the scenario of
a Linux host system simulating a machine running some variation of the Windows
OS. In this case, it is possible that user applications in the simulation utilize the
DirectX framework to render graphics; whereas the host machine only features
the OpenGL libraries.

Earlier this year, Valve Corporation released software capable of converting
DirectX 9.0c-code to that of OpenGL [43]. Albeit limited in its capabilities,
the functionality of translating in-between one, platform-specific, framework to
that of a cross-platform framework may be practical. If such a solution could
be implemented to translate- and execute some target program on-the-fly in a
virtual machine, in which the host system lacks the capability to interpret the
original framework, this may extend the area-of-application for full-system simu-
lation. As such, further studies into the feasibility of similar functionality ought
be considered.

Safety Critical Considerations Paravirtualization of the OpenGL ES 2.0
library induces the need to maintain various OpenGL state variables in target-
and host systems (see chapter 5). The effective overload of a certain framework
opens up the possibility of modifying the behavior of that library in certain ways;
including how methods are invoked, in what order, and pre-/post-hooks of certain
actions.

This ability may be exploited to bend the capabilities of that library to the
needs of a certain user; for example, a safety critical version of a paravirtualized
library. Such a library could, for example, extend the capabilities of the OpenGL
error state, keeping multiple such instances in memory to prevent the state from
being overwritten by the user; effectively making the framework more transpar-
ent. Another extension, and mayhaps a more usable one, could ensure that the
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OpenGL state is consistent with that as requested by the user; for example, dis-
abling any vertex attribute that the user has not explicitly enabled. As such,
further studies into the feasibility of such functionality may be considered.



List of Terms

Checkpointing See section 4.2.

Deterministic Algorithm An algorithm which, given a particular input,
will always produce the same output, with the
underlying machine always passing through
the same sequence of states.

Deterministic Execution See section 4.1.

EGL EGL is an interface between Khronos render-
ing APIs (such as OpenGL, OpenGL ES or
OpenVG) and the underlying native platform
windowing system.

Fedora (operating system) An operating system based on the Linux ker-
nel, developed by the community-supported
Fedora Project and owned by Red Hat.

Full-system simulation Full-system simulation denotes an architec-
ture simulator that simulates an electronic
system at such a level of detail that complete
software stacks from real systems can run on
the simulator without any modification.

Hardware-assisted Virtualization A platform virtualization approach that en-
ables efficient full virtualization using help
from hardware capabilities, primarily from
host processors. Also known as accelerated
virtualization.

Hypersimulation Technologies making a simulated processor
skip through, what would effectively be, idle
time rather than executing nop - type in-
structions cycle by cycle.

56

http://en.wikipedia.org/wiki/Deterministic_algorithm
http://en.wikipedia.org/wiki/EGL_(API)
http://en.wikipedia.org/wiki/Fedora_(operating_system)
http://en.wikipedia.org/wiki/Full_system_simulator


List of Terms 57

IEEE 754 IEEE Standard for Floating-Point Arithmetic
(IEEE 754) is a technical standard for floating-
point computation established in 1985 by the
Institute of Electrical and Electronics Engi-
neers (IEEE).

Khronos Group The Khronos Group is a member-funded in-
dustry consortium focused on the creation of
open standard APIs on a wide variety of plat-
forms.

Magic Instruction See section 3.5.
Memory Page Locking Some OSs may force memory pages not to be

swapped to secondary storage, referred to as
’pinned’, ’locked’, ’fixed’, or ’wired’ memory
pages.

Paravirtualization A virtualization technique that presents a soft-
ware interface to virtual machines that is simi-
lar, but not identical to that of the underlying
hardware.

PCI passthrough PCI passthrough may allow a simulation tar-
get exclusive control of physical PCI devices,
such as GPUs, audio controllers, and USB
controllers.

QEMU A free and open-source hosted hypervisor that
performs hardware virtualization.

Reverse Execution See section 4.3.

Simulation Host A system on which a virtual platform is run.
Simulation Target A simulated system.
Simulation Timing Time intervals when state changes in a simu-

lated system occur.

The Simics full-system simulator See chapter 4.

X Window System A windowing system for bitmap displays, com-
mon on UNIX-like operating systems.
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List of Acronyms

ABI Application Binary Interface.
API Application Programming Interface.

CPU Central Processing Unit.

FLOPS Floating-point Operations Per Second.
FPS Frames Per Second.

GPGPU General Purpose computing on Graphics Pro-
cessing Units.

GPU Graphics Processing Unit.

HAXM Hardware Accelerated Execution Manager.

ISA Instruction Set Architecture.

JIT Just-in-Time.
JNI Java Native Interface.

KVM Kernel-based Virtual Machine.

MIPS Million Instructions Per Second.
MMU Memory Management Unit.

OS Operating System.

PCI Peripheral Component Interconnect.

SICS Swedish Institute of Computer Science.
SIMD Single Instruction, Multiple Data.

TTM Time-to-Market.
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UART Universal Asynchronous Reciever/Transmit-
ter.

WARP Windows Advanced Rasterization Platform.
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