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Chapter 1

Introduction

1.1 Motivation

During the last decade embedded systems have pervaded nearly all aspects of our
daily lives. The advancements in digital information technologies and especially in
mobile communications [166] have been a main driver for this development. In fact,
98% of the processorsmanufactured today are used inside embedded systems [44]. The
evolution of the embedded systems has been driven by the improvements in deep sub-
micron technology as predicted byMoore’s law [103]. These technology improvements
have given the system designers the possibility to integrate more and more functional-
ity onto a single chip and thus satisfy the often conflicting requirements, e.g. low power
consumption and high throughput. The current level of integration allows to create a
complete system-on-chip (SoC) including processors and peripherals. The downside
of this development is the huge complexity of modern embedded systems that leads
to a drastic increase in non recurring engineering (NRE) costs [65]. This phenomenon
is also referred to as crisis of complexity [55] and boosted a lot of research in the field
of electronic system level (ESL) design in order to efficiently manage and design such
complex systems.
It can be observed that the way how the desired functionality of an embedded

system is realized has changed over the different generations. There has been a transi-
tion from mostly hardwired functionality with limited usage of software to fully pro-
grammable systems, realizing most of its functionality purely in software. On the

Figure 1.1: Hardware and software design gaps, based on [65]
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2 Chapter 1. Introduction

one hand, this is due to the increased amount of available computing power in em-
bedded systems. On the other hand, realizing the functionality in software increases
the flexibility of an embedded system. Hence, it is possible to reuse the same hard-
ware platform for different applications reducing the NRE costs. Actually, it can be
observed that most of the added value in the consumer market stems from the soft-
ware. Furthermore, embedded software offers companies an easy way to differentiate
themselves from each other by adding new features and extending the functionality
of their embedded systems. As a consequence of this development, the complexity of
embedded software has been constantly growing over the years as pointed out by the
international technology roadmap for semiconductors (ITRS) [65]. From Figure 1.1 it
can be seen that embedded software complexity has already outpaced the HW com-
plexity when comparing lines of code (LoC) written in C and HDL. Even worse, the
software (SW) productivity is increasing much slower than the hardware (HW) pro-
ductivity. This leads to the embedded software gap. This gap is reflected by the fact that
today the number of embedded software developers is much higher than the number
of hardware developers [98]. In order to mitigate the software design gap, improved
software development tools are required.
Traditionally, the development of the embedded software can only start once a first

hardware prototype of the target architecture is ready, leading to a purely sequential
design flow. However, the shrinking time-to-market that can be observed especially in
the consumer market, together with the increasing complexity of embedded systems
requires a hardware/software co-designmethodology in order to cope with the system
complexity and the stringent time requirements of the projects.
Virtual platforms (VP) are executable software models of hardware systems, allow-

ing to simulate the entire system before it is built in real hardware. Thus, they can be
utilized to develop and test embedded software efficiently, long before the complete
system is ready in hardware. Using the VP concept it is possible to practically per-
form hardware/software co-design. Moreover, since VPs are pure software models
of the hardware, they have the advantage that their internal states can be more easily
observed and debugged, compared to a real hardware implementation. Like for all
other types of simulation, the simulation speed of VPs is crucial to use them efficiently.
The key components of a VP are the processor simulators. In today’s VPs mostly in-
struction set simulators (ISS) are employed to simulate the different processor cores
of an embedded system. Thus, the overall simulation speed is mainly determined by
the simulation speed of the processor simulators. With state-of-the-art ISS based sim-
ulation techniques a simulation speed of up to 100–500 MIPS is possible, depending
on the complexity of the simulated processor. However, the current simulation tech-
niques have been pushed to their limits. Going beyond this limit will require a higher
abstraction level, which comes at the price of lower timing accuracy of the simulation.
In general, the simulation speed of a VP is inversely related to the accuracy of the sim-
ulated platform. Especially for hardware designers and timing verification purposes
a completely accurate simulation environment is of utmost importance. However, for
the development of embedded software the accuracy requirements are generally less
stringent. For efficient software development it is more important to find a proper
balance between simulation accuracy and simulation speed. In particular, considering
the growing complexity of the software stack, a sufficiently fast simulation environ-
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ment is of great importance to completely execute and test the software running on the
embedded system. Compared to the traditional and more hardware centric simula-
tions, the simulation requirements for software developers are quite different. Besides
the simulation speed also the possibility to efficiently debug the simulated software
plays an important role. Hence, all kinds of simulation techniques requiring extensive
pre- or post-processing every time the software has changed are not well suited for
debugging. These techniques have been developed for estimating the performance of
a hardware platform for a given and fixed set of software. In the context of software
debugging it is also important to note that the accuracy requirements change during
simulation. For example, in case that the software developer wants to investigate the
reason why a software produces a wrong result at a certain point in time, he first needs
to drive the software into the desired state. During this process the simulation speed is
the primary concern since the problematic software state might only be reached after a
long simulation time. The timing accuracy of the simulation is only of secondary con-
cern as long as the simulation is functionally correct. Once the simulation has reached
the desired state, the developer can start the debugging of the application. During the
debugging process, the simulation accuracy is of primary concern in order to pinpoint
the exact location and the precise reason for the software failure.

This thesis presents a solution to the aforementioned problem of efficient software
simulation. Three different techniques are presented to efficiently simulate VPs ex-
ploiting the particular requirements for embedded software simulation.
A checkpointing technique based on process checkpointing has been developed tak-

ing the specific requirements and characteristics of VPs into account. In particular, the
dependencies between the simulation and the operating system need to be considered
during the checkpointing process. This technique does not improve the simulation
speed itself, but it can be utilized for reducing the time spent simulating by restoring
previously saved states of the entire simulation environment.
To speed up the simulation itself a novel hybrid simulation technique calledHySim

has been developed. This hybrid simulation technique gives the user the possibility
to switch between a fast but inaccurate and a slow but detailed simulation. Hence,
the software developer has the possibility to decide which parts of the application
should be simulated in detail and which parts of the application should be executed
at a high simulation speed. In order to demonstrate the capabilities of this approach
the hybrid simulation framework has been integrated into a commercially available
SystemC based simulation framework. A complex and scalable hardware platform
and its corresponding software stack serve as a case study. Both techniques have been
developed in the context of the European SHAPES project [142].
With the growing complexity of the MPSoCs also the complexity of the intercon-

nect networks is growing and hence their impact on the simulation speed. Therefore a
hybrid network-on-chip (NoC) simulation approach has been developed that offers the
software developer a slow and accurate NoC simulation mode or a fast and less accu-
rate simulation mode. During the fast simulation mode the complete NoC is bypassed
and the timing of the data transfers is estimated by an analytical NoC model based
on queuing theory. A scalable NoC simulation framework has been used in order to
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study the impact on hybrid NoC simulation on the timing accuracy and the simulation
speed.

1.2 Outline of the Thesis

This thesis is organized as follows. Chapter 2 provides the background necessary to
understand the concept of VPs and its impact on the development process of em-
bedded systems. Furthermore, a case study of a VP implementation is presented to
evaluate the presented concepts. Using the example of a virtualized USB connection,
the importance of virtual I/O for VPs is discussed. Afterwards, Chapter 3 presents
the related work in the field of processor simulation as well as a short overview of
the academically and commercially available simulation frameworks. A taxonomy of
the different simulation techniques is given and the advantages and disadvantages of
the different simulation techniques are clearly pointed out. Surveys of publications
specifically related to individual chapters are presented in the corresponding chapters.
The VP developed in the context of the European SHAPES [142] project serves as a
primary driver for the work presented in this thesis. Therefore, Chapter 4 gives an
overview of the hardware platform and the corresponding software toolchain devel-
oped in the course of the SHAPES project. Moreover, the main driver applications of
this project are presented since they are used as primary benchmarks for the simula-
tion techniques presented in this thesis. Chapter 5 presents a checkpointing technique
specifically tailored towards the needs of SystemC based VPs. This technique allows
storing and restoring complete simulations and hence leads to reduction of the time
spent simulating. Chapter 6 presents a novel hybrid processor simulation technique
called HySim, that allows switching at simulation time between an accurate but slow
simulationmode and a fast but inaccurate one. The complete software tool flow as well
as the details about the required instrumentation process are discussed. Furthermore,
the integration of this hybrid simulation technique into a commercially available simu-
lation environment is presented. Chapter 7 presents a hybrid simulation technique that
is specifically tailored to speed up the simulation of interconnects such as networks-on-
chip (NoC). An analytical NoC model based on queuing theory is used to estimate the
contention in the network while bypassing the detailed network simulation. Chapter 8
summarizes the results of this thesis and gives an outlook for future research.



Chapter 2

Introduction to Virtual Platforms

As described in Chapter 1, the amount of software running on SoCs is doubling ev-
ery 10 month. Hence, the software development plays a central role in the design
process of SoCs. The possibility to verify functionality as well as to analyze and to
optimize the performance of the applications intended to run on the SoC is very im-
portant. However, the traditional design flow, as shown in Figure 2.1, does not scale
well with the increased software complexity. Due to the purely sequential design flow,
the software development can only start once a hardware prototype (either FPGA or
silicon) is ready. To a certain extent, it is possible to develop the application directly
on a standard PC. However, this approach neglects any information about the target
system. Therefore, this approach is not suitable for predicting the timing behavior and
the resource consumption of the application on the real hardware. Simulation based
approaches can mitigate this problem.
In general, the term virtual platform (VP) refers to an executable specification of a

hardware system. The software running on the simulated hardware cannot tell the
difference between the VP and the real hardware. Thus, VPs are very well suited for
software development, especially during early design stages when no hardware pro-
totype is at hand. The use of VPs mitigates the dependency between the hardware
development and the software development by simulating the hardware of the SoC
in software. Moreover, the concurrent development of HW and SW allows joint op-
timization of both aspects in order to reach the desired system performance. Hence,
the availability of VPs enable HW/SW co-design. Not only the software development
benefits from the utilization of VPs, but also the overall system design by getting early
feedback on the execution characteristics of the application. This kind of information
allows to improve the design and to minimize the risk of an expensive re-spin during
late design stages.
In the following section the characteristics and advantages of VPs are described

in detail. Afterwards a case study describing a VP for a wireless Internet device is
presented.

Figure 2.1: Traditional SoC design flow

5



6 Chapter 2. Introduction to Virtual Platforms

2.1 Characteristics of Virtual Platforms

It is important to first understand the major use cases for VPs, before describing the
requirements and special characteristics of VPs.
All application areas of VPs have in common that they require a joint design of the

hardware aspects and the software aspects in order to meet the tight design require-
ments. The VP concept is mainly adopted by engineers responsible for system design,
SoC design and low level software development. The different use cases of VPs can be
classified into four principal cases:

• Design space exploration: At the system level VPs can be utilized for fast design
space exploration, system architecture analysis and system optimization.

• Early SW development: VPs enable early software development including per-
formance evaluation, validation and application debugging long before a first
hardware prototype is ready.

• HW development: VPs can simplify the hardware development. Especially, verifi-
cation and debugging of the low-level hardware-software interaction.

• HW/SW partitioning: The high complexity of today’s embedded systems requires
a well balancedHW/SWpartitioning of the system functionality in order tomeet
all design constraints. In particular VPs enable the system designer to sweep
through the large design space to identify a good partitioning solution.

2.1.1 Advantages

As shown in Figure 2.1 the traditional design flow is purely sequential. Thus, the soft-
ware development is only possible after the hardware prototype or the development
board is available. Compared to this flow a VP based approach allows the creation
of a software development environment at a much earlier point in time. Figure 2.2
illustrates the SoC design approach using a VP. The development of the VP itself takes
place during an early design stage in parallel with the hardware design in order to en-
sure the early availability of a software development environment. Making use of the
VP the software developers can start to develop, optimize and integrate the software
intended to run on the SoC. The run-time characteristics obtained by the simulation
can be utilized not only to improve the software, but also to improve the hardware ar-
chitecture. This leads to a joint, iterative optimization of software and hardware until
all system requirements are met. Furthermore, parts of the system validation can also
be moved to earlier design stages.
The different advantages of utilizing VPs for SoC design can be grouped with re-

spect to three different categories: hardware design, software design and system validation.

Hardware design By using simulations at different levels of detail (mixed-level simu-
lation) it is possible to iteratively refine the VP and verify the different building blocks.
For example, a VP can be used to generate stimuli for a detailed RTL-based simulation
of a given hardware block. Hence, it is possible to stepwise refine the accuracy of a VP.
Furthermore, the hardware designer can easily test different hardware/software parti-
tions in order to find the best match. In other words, VPs enable the hardware designer
to perform design space exploration and optimization of the platform architecture.
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Figure 2.2: SoC design flow using a virtual platform

Software design The software developers benefit most from the utilization of VPs.
First of all, the fact that it is possible to run software on the target system without
the need of a hardware prototype is a big advantage. Second, VPs provide a superior
visibility and controllability compared to the real hardware systems. For instance, it
is possible to set breakpoints on every memory element and signal of the entire VP,
including the buses and the peripheral blocks. In real hardware, the visibility of the
internal states is limited. Moreover, it is possible to halt the simulation at any point in
time which is – especially for multi-core systems – not possible is hardware.

System validation The early availability of VPs gives the possibility to start validat-
ing the systemmuch earlier than in the traditional flow. The VP can be used to validate
hardware as well as the software aspects of the design.
For the overall SoC design the use of VPs ensures that the entire design team shares

the same development environment and specification. Hence, all members of the sys-
tem development, the software development, the hardware development and the ver-
ification team see the identical functionality and timing. Due to the fact that VPs are
just software, they can be more easily distributed to design teams or customers rather
than sending hardware prototypes all over the world. Furthermore, fixing bugs or
adding new features can be easily done using VPs without the need for an expensive
development of a new hardware prototype.
In general, the SoC design flow using VP mitigates the dependency of software de-

velopment on hardware which leads to a considerably shortened design cycle. How-
ever, this is achieved by investing additional effort during the early design stages in
creating and maintaining a VP of the system.

2.1.2 Requirements

As described in the previous section VPs offer various advantages during the SoC de-
velopment, e.g. they increase the productivity of the developers by offering an early
SW development environment. Furthermore, they are providing a development plat-



8 Chapter 2. Introduction to Virtual Platforms

Figure 2.3: Relationship between simulation speed and accuracy

form for architectural analysis, joint hardware/software development, and system val-
idation. In order to asses the impact of VPs on the SoC design, it is important to un-
derstand what kind of criteria and requirements need to be satisfied in order to create
a VP with the desired functionality. In this sub-section the requirements to create a VP
are addressed.

2.1.2.1 Performance & Accuracy

The most important aspects of a VP are the performance and accuracy. The perfor-
mance refers to the simulation speed and the accuracy indicates the fidelity of the re-
sults obtained from a VP compared to the hardware implementation. In general, the
user aims at VPs that offer high simulation speed and have a high accuracy at the same
time. However, due to the inverse relation between simulation speed and simulation
accuracy it is not possible to create a VP that fullfills both requirements at the same
time. Depending on the targeted use-case of the VP the developers need to carefully
balance simulation speed and accuracy.
Figure 2.3 depicts the relationship between simulation speed and accuracy for dif-

ferent levels of abstraction. In addition for each abstraction level an example use case
is given. It can be seen that the register transfer level (RTL) provides the highest simu-
lation accuracy but also the slowest simulation speed. Apart from that, an RTL model
becomes only available late in the design process since all hardware details need to
be fixed before. For software developers the simulation speed that can be achieved
by RTL simulators is too low in order to simulate long running applications efficiently.
Usually RTL based simulation is used for system verification during late design stages.
By rising the abstraction level to architecture view (AV) and further to programmer’s

view (PV), the simulation speed increases. Depending on the intended use case, the
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developers can decide which abstraction layer is appropriate. For instance, if the VP
is mainly intended for pre-silicon software development and integration of embedded
software, then the loosely timed programmer’s view offers a good balance between
simulation speed and accuracy. For early application development even an untimed
PV model can be used in order to achieve high simulation speed.

2.1.2.2 Analysis & Debug

Besides the requirements of simulation speed and accuracy of a VP, there are two fur-
ther aspects which are very important. First, the capability of efficiently debugging
and second the possibility of analyzing the application. Compared to the real hard-
ware, debugging and software analysis can be performed much easier on a VP due to
the full visibility of the internal states. The main advantages of debugging and soft-
ware analysis on VPs are presented in the following.
In a traditional design flow, software developers can only develop their software

and analyze its performance after both software and hardware are ready. If it turns out
that the performance of the underlying hardware is not sufficient, a costly and time
consuming re-design of the hardware subsystem is required. The goal of VPs is to fill
this gap and provide the system developer and the software developer with a frame-
work for early performance estimation. For example, during the early design stages
system architects can use VPs to explore different hardware/software partitionings.
Furthermore, VPs offer very powerful software analysis features since virtually all as-
pects of a VP can be instrumented and recorded during simulation. Thus, the software
developer is able to get a detailed analysis of the hardware software interaction that
would be very hard to obtain using a hardware prototype.
Debugging embedded software – especially for low level drivers or firmware –

on real hardware systems is not an easy job for software developers. This is mainly
because of the limited debugging capabilities of real hardware. For example, during
hardware design the developers need to decidewhich internal states will later be acces-
sible via the debug interface. In order to keep the overhead for debugging logic small,
not all internal states might be directly addressable. Moreover, it is a very complex task
to stop a hardware platform at an arbitrary point in time. VPs can support the software
developers by providing good observability, controllability and a deterministic execution
of the simulated hardware. For example, the simulation of a VP can be halted at any
point or at any time and it is possible to investigate all simulated hardware structures.
Together with the fact that the execution is completely deterministic, it is possible to
debug also rare events like an interrupt triggered event or even an interrupt triggered
event interrupting another interrupt.
In the next section a case study is presented showing how VPs can be used for

software development and debugging.

2.2 Case Study: Wireless Internet Device

Awireless Internet device calledChumby has been selected as driver to demonstrate the
capabilities of VPs. The Chumby device is an ambient consumer electronics product
made by Chumby Industries, Inc. [27]. According to their website, “Chumby is a compact
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Component Comment

350 MHz ARM9 Part of the Freescale iMX21 [45]

Crypto processor STMicroelectronics STR711FR0/1 ARM7

64 MB SDRAM

64 MB Flash ROM

320x240 TFT Display with touchscreen

Touchscreen controller

2 Wstereo speakers With headphone socket

Three USB 2.0 ports One internal, two external

USB WiFi adapter Supporting 802.11g

Built-in microphone

3-axis accelerometer

Serial port

Table 2.1: Hardware overview of the Chumby device

wireless fidelity (WiFi) device that displays useful and entertaining information from the web”.
It can be used to display news, play music and show videos, and so forth.
The main reason for selecting this device for the case study is the fact, that Chumby

is designed to be customizable by users. In order to attract users to do so, Chumby
Industries has released specifications of Chumby’s hardware and the source code of
the operating system, the drivers and the applications. Hence, with all this information
available, Chumby is an ideal platform to study the impact of the creation of a VP.

2.2.1 Chumby Device

Before describing the creation process of the VP for the Chumby device, it is important
to understand the hardware platform as well as the software structure used in this
device.

2.2.1.1 Hardware Architecture

The Chumby device is designed as open source hardware, with schematics, printed
circuit board (PCB) layouts and packaging designs available. The key hardware com-
ponents are summarized in Table 2.1.
The Freescale iMX21 SoC forms the basis of the Chumby device. The different com-

ponents of the SoC are shown in Figure 2.4. This SoC contains an ARM926 processor,
an enhanced multimedia accelerator, a standard system I/O, an external connectivity
interface, e.g. a universal serial bus (USB), and so forth.
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Figure 2.4: iMX21 diagram. Components with dashed lines have beenmodeled
inside the VP

2.2.1.2 Software Architecture

The operating system (OS) running on Chumby devices is a modified Linux OS for
embedded systems. In order to guarantee short booting times, a lightweight Linux
kernel is used. As file system the compressed ROM file system (CRAMFS) is utilized,
which is a read-only Linux file system designed for simplicity and space efficiency.
The complete software stack is publicly available as open source with the exception
of the Adobe Flash player, which is only available as binary. Because Flash is closed
source and makes use of low level HW, debugging this part of the software stack is
much more difficult than the rest.

2.2.2 Objectives of the Virtual Platform

The primary objective is to create a VP for this WiFi enabled Internet device Chumby.
This VP should run sufficiently fast to be suitable for interactive software develop-
ment and testing of the hardware dependent software. The detailed objectives will be
described in following.

2.2.2.1 Simulation Performance & Accuracy

The heart of the Chumby device is the iMX21 [45] application processor which offers a
rich set of features. In order to limit the modeling effort and the complexity of the VP
only the parts of the iMX21 that are actually used by the Chumby device are modeled.
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Besides the SoC also some external peripherals, e.g. the touch screen controller (TSC)
and the LCD display, have been modeled.
As discussed in Section 2.1.2 it is important to find a good balance between simu-

lation speed and accuracy for each VP. On the one hand, a sufficiently high simulation
speed of the VP is required for the SW developers to test their applications. Especially
for real time applications, e.g. a video player, the simulation speed is of great impor-
tance. On the other hand, the VP should be accurate enough, so that the simulated
software shows the same behavior as on the real hardware. As a compromise between
accuracy and simulation speed an instruction accurate (IA) processor simulator for the
ARM926 processor has been selected. All the peripheral components are modeled at
a very high abstraction level called programmers view (PV) for the sake of simulation
speed.

2.2.2.2 Running Software on the Virtual Platform

In order to demonstrate that VPs are applicable and reliable for software development,
the device is modeled in such a way that it can run the unmodified software. To in-
teract with the software running on the Chumby device the touch screen needs to be
modeled. In the simulated touch screen, the touch events are mimicked by mouse click
events on the simulated screen. Since Chumby is an Internet device, it is important that
the VP is capable of accessing the Internet. Details about the realization of the Internet
access can be found in Section 2.2.3.

2.2.2.3 Connectivity

The Chumby device provides several routes to access the external world, e.g. the uni-
versal asynchronous receiver/transmitter (UART) and the USB port. One of the UARTs
is configured in a way that a terminal device can be connected to it to monitor the ker-
nel messages. Moreover, this terminal allows controlling the Chumby device after the
booting of the OS is completed. In the context of the case study a terminal is con-
nected to the simulated UART to monitor the boot process. Since the iMX21 does not
provide any WiFi functionality, the Internet connection is realized by a WiFi USB stick
connected to one of the USB ports inside the real device. In order to run the complete
unmodified software stack, a special USB peripheral needs to be modeled inside the
VP bridging between the simulated USB hub and the host machine’s USB hub. Hence,
the VP can communicate with a real WiFi USB stick connected to the host machine.
The details of the USB bridge are presented in the following section.

2.2.3 Virtual Connectivity

With the increasing interconnection of embedded systems with other systems and net-
works, e.g. the Internet, it is important to also offer this possibility while simulating the
embedded system using VPs. In the context of this case study the virtual connectivity
is described using the Chumby USB connection to the WiFi adapter as an example.
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Figure 2.5: USB data flow model

2.2.3.1 USB Stack Architecture

USB provides a communication service between the client software on the host and its
USB function on the device. The three different layers of the USB subsystem and their
entities are shown in Figure 2.5 [165] and are briefly discussed in the following:

• USB Physical Device: A piece of hardware on the end of a USB cable that performs
some useful end user function.

• Client Software: Software that executes on the host, communicating with the USB
device. This client software is typically supplied with the operating system or
provided along with the USB device.

• USB System Software: Software that supports the USB in a particular operating
system. The USB System Software is typically supplied with the operating sys-
tem, independently of particular USB devices or client software.

• USB Host Controller (Host Side Bus Interface): The hardware that allows USB de-
vices to be attached to a host.

The USB Bus Interface Layer provides physical/signaling/packet connectivity be-
tween the host and a USB device. The USB Device Layer provides the possibility to
perform generic USB operations with the USB device. On top of this, the Function
layer provides additional capabilities to the host via an appropriate client software
layer. The Function layer and the USB Device layer perform a logical communication
within their layer while the actual communication is using the USB Bus Interface layer
to accomplish the data transfer.

2.2.3.2 Virtualization of USB

The goal of the virtualized USB is to directly access a USB device attached to the host
machine by the VP. The two key challenges in modeling a virtual USB host are:



14 Chapter 2. Introduction to Virtual Platforms

Figure 2.6: Realization of the virtualized USB connection

1. Implementing a communication mechanism between the VP and real USB de-
vices connected to the host machine.

2. Efficiently modeling the data transfer between the host memory and the VP
memory and emulating the device state.

Before both challenges are addressed it is important to first understandwhich parts
of the USB functionality are provided by the USB hub of the host system. A USB hub
provides an electrical interface between the USB device and the host and is responsible
for the following tasks:

• Power management
• Device connect/disconnect detection
• Connectivity behavior
• Device support for high-, full-, and low-speed
Since parts of the USB functionality are already realized by the USB hub of the

host machine, only a subset of the USB features need to be modeled inside the VP.
For example, the physical communication interface and the power management are
transparent to the software running on the VP and hence do not need to be included.
Other functionalities like the detection of the device connect/disconnect events need to
be modeled inside the VP. By default the host machine has full access rights to the USB
device connected to it. In order to keep the changes on the host side minimal, the user
manually creates the connection between the VP and the USB device via a command
line interface after the device has been connected to the host.
The goal of the virtualized USB is to offer a connection to the USB hardware of

the host system. In order to keep the approach as general as possible, no assumptions
about the type of USB host controller used in the simulation host can be made. This
can lead to a communication scenario in which a USB device configuration is not sup-
ported by the simulated USB host. For example, in case of the Chumby device the USB
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host controller only supports the full- (12Mbps) and the low-speed (1.5Mbps) data
transmission but the WiFi adapter also supports the high-speed (480Mbps) data trans-
mission. During the initialization of the communication the USB controller will select
the fastest data transmission mode commonly available on transmitter and receiver
sides. In case of the Chumby device the USB host controller selects the full-speed data
transmission. However, the situationmight be completely different when a USB device
supporting high-speed transmissions is directly connected to the simulation host. In
this case the USB host available on the host machinewill select the appropriate commu-
nication speed for the USB device. This can lead to the WiFi adapter being connected
to the host via a high-speed connection which is not supported by the simulated USB
host. Since not only the data rate differs in both modes but also the packet size, it is not
possible to directly move data packets between the simulated USB host and the USB
system of the host. This problem can be solved by modifying the system software run-
ning on the VP. However, this modification would violate the goal of simulating the
unmodified software using a VP. Therefore, a USB bridge is introduced to convert the
data packets sent/received by the simulated USB host controller into the data packet
format supported by USB system on the host machine as shown in Figure 2.6. This
USB bridge increases the USB modeling effort, but it makes the VP independent of the
USB hardware available on the simulation host.

2.3 Synopsis

• VPs are available early during the design process and hence allow the concurrent
design of the hardware and the software of a system.

• Due to the fact that VPs are just software models of the hardware they can be
easily distributed to the different software development teams. Furthermore,
they can be easily modified and updated during the course of the development.

• In contrast to real hardware a VP can be halted at any time. Together with the
possibility to access virtually all states of the simulated hardware this makes
VPs a very good environment for debugging hardware dependent software, e.g.
drivers.

• Virtual I/O is of great importance to VPs. Only by offering the possibility to
interact with peripherals and other devices the software stack running on the VP
can be tested in a realistic environment.
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Chapter 3

Related Work

Generally speaking, simulation techniques always trade-off simulation speed versus
simulation accuracy. In particular, the possibilities to increase the simulation perfor-
mance are among others limited by the generality of the selected approach. For small
and well defined application areas it is much simpler to create fast simulators because
domain specific characteristics can be exploited. General approaches make only few
assumptions about the application and hence can not achieve the same level of simula-
tion speed as a specialized simulation technique. Over the past decades, many differ-
ent simulation techniques have emerged, each with its own strengths and weaknesses.
In this chapter the related work in the field of processor simulation techniques is

discussed. First, Section 3.1 classifies the most important simulation techniques and
gives a brief description of each technique. All these techniques form the basis for
the simulation of virtual platforms. In Section 3.2 a brief overview of the most im-
portant simulators and simulation frameworks is given, followed by a survey of the
commercially available virtual platform environments in Section 3.3. As far as pub-
licly available the used simulation techniques are also described.

3.1 Overview of Processor Simulation Techniques

The different processor simulation techniques proposed in literature can be classified
into two major categories: fundamental simulation techniques and composite simulation
techniques. The fundamental simulation techniques form the basis for all types of pro-
cessor simulation, whereas the composite simulation techniques are built upon the
fundamental simulation principles to further improve the accuracy or the simulation
speed. The classification is depicted in Figure 3.1.

3.1.1 Fundamental Simulation Techniques

The fundamental simulation techniques can be further subdivided into two groups:
instruction-set simulation and timing-annotated native execution.

3.1.1.1 Instruction-Set Simulation

Instruction-set simulation (ISS) is widely used in the embedded domain for application
simulation, microarchitecture development and profiling purposes.
Different realizations of the ISS based simulation have been developed over time.

The most general solution is the interpretive simulation. With this technique it is possi-
ble tomodel a wide range of architecture/microarchitecture features. SimpleScalar [21]
is a well known example of such an interpretive simulator. For maximum flexibility

17
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(a) Classification of fundamental simulation techniques

(b) Classification of composite simulation techniques

Figure 3.1: Classification of processor simulation techniques

instruction fetching, decoding and execution are simulated. The drawback of interpre-
tive simulation is the low simulation speed caused by the high overhead at runtime.
Compiled simulation has been developed to alleviate the simulation effort by pre-

decoding instructions. This is based on the observation that during the simulation
the instructions of programs are not subject to change and the results of pre-decoding
are likely to be used multiple times. The pre-decoding can be performed either stat-
ically [22, 182] (i.e. at compile-time) or dynamically [29, 101, 112, 127, 129, 138] (i.e. ,
at runtime). The latter is also known as just-in-time cache compiled (JIT-CC) [112] or
instruction-set compiled simulation (IS-CS) [128], which only pre-decodes instructions
when they are actually used. It not only supports self-referential and self-modifying
code, but also demands less decoding computation. Amulti-processing approach [127]
is proposed to benefit from the increasingly available multi-processor hosts. In this ap-
proach, one processor is used for interpretive simulation, while the other performs
dynamic compilation. Thus, the latency of the dynamic compilation is hidden from
the user.
The highest simulation speed can be typically achieved by binary translation [10,69,

179]. This technique directly translates the target binaries to host executable code. Like
compiled simulation, binary translation can also be further classified into static binary
translation and dynamic binary translation. Static binary translation tries to translate the
complete application into host code. This approach is extremely difficult, since the
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target address of indirect branches might only be known during runtime. Therefore,
dynamic binary translation is much more common. Typically a short sequence of the
application code, e.g. basic block, is translated into a sequence of host instructions.
In order to amortize the translation overhead the translated sequence is cached for
the next execution. The target addresses of branches are modified, so that they are
pointing to addresses of the already translated code sequence in order to achieve high
simulation rates.
To further improve the execution speed optimizations, e.g. inter-basic-block opti-

mizations, are applied [69]. Binary translation is mainly used for instruction accurate
simulations. It is less commonly used for cycle-accurate simulation, due to the high
complexity of implementation and the difficulty of simulating microarchitecture fea-
tures. The implementation complexity and the achievable simulation performance di-
rectly depend on the similarity of the target instruction-set and the host instruction-set.

3.1.1.2 Timing-Annotated Native Execution

Despite the fact that a lot of effort has been put into improving the simulation perfor-
mance of ISS based simulations, the speed of directly executing natively compiled ap-
plications on the host computers is about two to three orders ofmagnitude faster. How-
ever, native execution does not provide any information about the timing of the appli-
cation on the target platform. Hence, to estimate performance information through
native execution, timing information of each basic block or function has to be assessed
and annotated. The timing information can be obtained either through source code anal-
ysis, binary analysis, or profiling.
Karuri et al. [72] proposed the micro-profiler, which lowers the C source code of

an application into an intermediate representation (IR) that features low-level opera-
tions similar to RISC instructions. In order to resemble more closely the application
compiled with the target compiler, the IR is optimized by applying a set of machine-
independent optimizations. A cost function is defined for each IR operation, and the
costs for each basic block are obtained by accumulating the costs of all corresponding
IR statements. An instrumenter inserts extra code for adding up the the estimated costs
at each basic block so that the performance of the entire application can be calculated.
Similar to the micro-profiler approach, [62] also analyzes the timing information

from the optimized IR. Additionally, [62] applies scheduling to the optimized IR to
derive more accurate results. Since the timing information is analyzed directly from
the source code, these approaches are also known as source-level performance estimation.
In contrast to source level performance estimation the approach proposed in [80]

obtains the timing information by decompiling the application binaries to C code. The
generated C code (instead of the original source code) can be compiled natively and
executed on the host computers. This approach resembles closely a compile time bi-
nary translation that is enhanced with timing information. Instead of decompiling the
binary, [18,97,139] analyze or simulate target binaries to obtain the timing information,
and annotate it back to the original C source code or IR. However, mapping the timing
information to the correct location in the source code or in the IR code is a very com-
plex task. Especially compiler optimizations applied to the program can significantly
deteriorate the mapping between source code and the target binary.
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3.1.2 Composite Simulation Techniques

The composite simulation techniques are based upon the previously described funda-
mental simulation techniques and can be roughly divided into four groups: sampling
simulation, trace-driven simulation, co-simulation and hybrid simulation. A comprehen-
sive overview of many composite simulation techniques and benchmarks can be found
in [176].

3.1.2.1 Sampling Simulation

Instead of simulating the complete application, sampling simulation selects only por-
tions of the application’s execution for detailed simulation. These portions are either
selected periodically or analytically.
SMARTS [174] is a periodical sampling microarchitecture simulator. It utilizes

functional simulation to fast-forward the application until the next sampling point is
reached. After a warm-up phase for the simulated caches, a detailed cycle accurate
simulation is performed on these samples. The obtained performance information is
used to extrapolate the performance characteristics of the entire application.
In contrast to SMARTS, Sherwood et al. [143, 144] employ representative (analyti-

cal) sampling for performance estimation. The samples are selected by analyzing the
similarity of execution traces represented by basic block vectors (BBVs). A BBV rep-
resents the execution frequency of all basic blocks in the application. It can be ob-
tained from a functional simulation conducted during the preprocessing phase. These
BBVs are then clustered into a set of phases by applying machine learning techniques.
Henceforth, only one selected representative of each phase needs to be simulated in
detail to estimate the overall application performance. Functional simulation or check-
pointing [153] facilitate the fast forwarding of the simulation to these representative
phases. Recently, sampling simulation has also been introduced in the multi-processor
simulation domain [109, 122]. For the multi-processor sampling simulation the phase
detection becomesmore complex, since the global phases are formed ofmultiple threads
running concurrently. Thus, relating the overall phases to the code fragments executed
by the individual threads is very complex.
Sampling based simulation techniques are a very interesting concept which allows

fast and accurate performance estimation of applications. They are widely used for
microarchitecture design. However, they are not well suited for software develop-
ment because of the lengthy preprocessing required for discovering the phases. For
example, in case of the analytical sampling simulation utilizing checkpointing, the ap-
plication has to be functionally simulated twice during the preprocessing phase. Once,
to discover the representative phases, and then again to create checkpoints before each
phase. This kind of preprocessing is time consuming, and each time the application’s
source code is modified or the compiler’s optimizations are changed the complete pre-
processing needs to be repeated again. Hence, this simulation technique is not suitable
for VP based software development due to high overhead introduced by the prepro-
cessing phase. Furthermore, the user cannot control which part of the application is
simulated in detail and which not. Especially for software debugging this behavior is
problematic.
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3.1.2.2 Trace-driven Simulation

Another commonly used technique is the trace-driven simulation. It is utilized to eval-
uate performance [172], power consumption [164] or memory access behavior [79]
of computer systems. A trace is a sequence of system events, e.g. program counter
changes or memory accesses, generated from simulation using one of the fundamen-
tal simulation techniques (usually functional simulation). After the trace generation,
analysis tools are applied to process the traces in detail and derive the desired informa-
tion. The major problemwith trace-driven simulation is that the generated traces often
become excessively large. In [40] a technique is proposed to generate short synthetic
traces showing the same characteristics as the original traces of applications. For soft-
ware development trace-driven simulations are not broadly adopted due to the fact
that performance information only becomes available after post-processing the trace.
In [82] a functional simulator is used to generate a trace which serves as an input for a
microarchitectural simulation.

3.1.2.3 Co-Simulation

Co-simulation is mainly used in HW/SW co-design for the simulation of the complete
system. Heterogeneous environments [13,177] achieve this by coupling ISS simulators
with hardware description language (HDL) simulators, e.g. VHDL or Verilog simula-
tors. The main problem of this approach is the limited simulation performance due
to synchronization overhead introduced by the coupling of different simulators. In
contrast, homogeneous approaches circumvent the synchronization problem by simu-
lating the software and hardware aspects of the system within a single software envi-
ronment. Besides the purely software based co-simulation approaches, hardware sup-
ported co-simulation approaches [42,171] are also used, in order to achieve higher sim-
ulation speed. The hardware supported co-simulation can be subdivided into two dif-
ferent approaches: The usage of dedicated hardware for efficient HDL simulation [42]
and the utilization of FPGA based hardware for efficient datapath modeling [171].

3.1.2.4 Hybrid Simulation

In general, hybrid simulation combines two or more different simulation techniques
into one simulation environment in order to benefit from the different simulation char-
acteristics, e.g. different levels of accuracy and simulation speed. Hybrid simulation
can be classified into two groups: spatial and temporal hybrid simulation.
Spatial hybrid simulation offers the user the possibility to simulate processors at

different levels of abstraction. During design-time of the simulation the developer de-
cides for every processor instance if an abstract simulation is sufficient or if a detailed
simulation is necessary. During later design stages the user can then consecutively
replace the abstract processor models by specific processor instances. Prominent ex-
amples of spatial hybrid simulation are the virtual processing unit (VPU) from Kempf
et al. [74] and the concept of virtual architecture [68, 178]. Especially for early design
space exploration these approaches have proven to be very helpful by using abstract
processor models in order to simulate the complete system. It is important to note that
VPUs and virtual architectures themselves do not provide spatial hybrid simulation.
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Only in combination with other processor simulation techniques, e.g. ISS based, the
overall simulation platform offers spatial hybrid simulation.
In contrast to spatial hybrid simulation temporal hybrid simulation offers the user

the possibility to switch the simulation technique, i.e. the level of abstraction, during
runtime. Hence, based on the actual needs the user can select the appropriate simula-
tion technique. In [83] a hybrid simulation technique is presented which is capable of
switching between a detailed CA simulator and a simplified simulation model (func-
tional simulation plus cache simulation) in order to speed up the simulation without
sacrificing the accuracy. The first simulation of each basic block is performed with the
CA simulator, whereas the later encounters are performed with the simplified sim-
ulation model. Muttreja et al. propose a hybrid simulation technique [107, 108] for
tackling the performance/energy estimation problem of single processors. In their so-
lution some parts of an application are executed on the native host machine, whereas
the rest runs on an ISS. Since native execution is much faster than the ISS, significant
simulation speed can be achieved if the natively executed parts are the most frequently
executed pieces of code. The performance estimation for the natively executed code re-
quires a training phase to build a function level performance model, and therefore, is
not flexible to easily account for software modifications.
At a first glance, sampling based simulation and hybrid simulation seem to be quite

similar, because both techniques use two different simulation approaches for a fast but
accurate simulation. However, in sampling based simulations the switching point can-
not be defined by the user, whereas in most hybrid simulations the user can directly
control the switching between the simulation modes. Hence, hybrid simulation tech-
niques are more suitable for application debugging and software development, since
they offer the developer the possibility to better control the switching.

3.2 Simulators and Simulation Frameworks

This section presents the most widely used simulation frameworks used in academia
for microarchitecture development as well as for full system simulation. Each frame-
work is briefly described with special focus on the simulation techniques that are em-
ployed. A comprehensive overview on different simulators and simulation technique
used in academia and industry can be found in [157].

Asim – The C++ based, modular simulation framework Asim [41] has been
developed by Intel. It enables the user to describe the processor performance
model by combining a set of simulation modules. In order to reach high sim-
ulation performance the environment uses an event based simulation kernel.
The different tools for managing and debugging the the performancemodels
are combined into the Architect’s Workbench. The configuration of the simu-
lator can be modified either by a GUI-based, interactive tool or manually by
directly editing the configuration files.

COTSon – The COTSon simulation framework [7, 43] is jointly developed
by HPLabs and AMD. It targets cluster based systems composed of hun-
dreds of commodity processors connected by a communication network.
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The COTSon simulation framework is based on the functional directed phi-
losophy, which combines functional emulation and timing models for accu-
rate and sufficiently fast simulation to simulate the complete software stack
including the OS. For functional simulation AMD’s SimNow simulator is uti-
lized. In order to be able to simulate clusters with up to 1000 cores the tra-
ditional cycle by cycle simulation paradigm has been abandoned in favor of
a statistical sampling approach that allows to trade accuracy for speed. The
simulation environment is freely available [1] under the MIT open source li-
cense.

GEMS – In the context of the multifacet project of the Wisconsin University
the general execution-driven multiprocessor simulator GEMS [93] is devel-
oped. GEMS is designed as a modular simulation infrastructure that decou-
ples the functional and the timing aspects of the simulation. Based on this
timing-first simulation approach, the full system simulator Simics [90, 168]
from Virtutech is used for the functional simulation of the system and the
Ruby memory system simulator is used for the detailed timing simulation
of the memory subsystem. To further enhance the timing fidelity for com-
plex processor models Opal [94] is included as detailed processor timing
model. This simulation framework is available under GNU public license
(GPL) [106], however, a license for the commercial Simics simulator is re-
quired.

M5 – The M5 simulator [15] is developed in the context of researching ar-
chitectures for high-speed TCP/IP network I/O. The full system simulation
capabilities provided by the M5 simulator enable the simulation of the com-
plete software stack required for the development of TCP/IP network I/O.
Although initially developed for network research this simulation frame-
work can be utilized for microarchitecture andmemory research. The frame-
work is C++ based and uses Python for the configuration of the simulator.
Due to the strict modular approach it can be easily extended. The M5 simu-
lator is available under an Berkeley-style open source license [160].

PTLSim – The PTLSim simulation [179] framework is a fully cycle accurate
full system simulator for x86-64 processors. It models the microcode of the
processor, the complete cache hierarchy and the memory subsystem. As a
special feature this tool offers the possibility to switch at any time between
the full out-of-order simulation mode and the native x86-64 mode. Since
the host computer is also using the x86-64 instruction set the switching be-
tween both simulation modes can be easily realized. The multi-processor
and multi-thread support is realized using KVM/QEMU [12]. The simula-
tor is available under the GPL [126]. Based on PTLsim the MARSSx86 [92]
simulator provides additional support for multicores, coherent caches and
on-chip communication.
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QEMU – QEMU [12] is an open source machine emulator capable of full
system simulation. By using binary translation a high simulation perfor-
mance is achieved. QEMU solely concentrates on simulation performance
and functional simulation, there is no support for timing models.

SimFlex – The SimFlex project [54, 145] provides a full system simulation
framework called Flexus that builds upon Virtutech’s Simics simulator. Sim-
ilar to the COTSon simulation framework the Flexus framework provides ac-
curate timingmodels of processors, memories and interconnects. The timing
information obtained by those models is used to control the functional sim-
ulation. This approach is combined with the statistical sampling approach
SMARTS [174] to evaluate microarchitectural properties, e.g. cycle per in-
struction (CPI) , with the desired accuracy and confidence.

SimNow – The SimNow [11] instruction level simulator developed by AMD
provides a configurable full system simulation for x86 and x86-64 multi-
processor platforms. In order to achieve a high simulation performance,
binary translation is applied to translate the simulated instructions into a
sequence of host instructions. With this approach a slowdown of only 10×
with respect to the native execution is achieved.

SimOS – The operating system simulation environment SimOS [132] is specif-
ically designed as testbed for the evaluation and the development of oper-
ating systems. The framework provides full system simulation using func-
tional simulation in order to achieve a high simulation performance. Fur-
thermore, it is possible to switch between a functional processor simulator
and a detailed processor simulator for accurate timing analysis. In order
to store the simulation state a checkpoint/restore framework is included in
SimOS.

SimpleScalar – The processor simulator SimpleScalar [21] is widely used in
academia for microarchitecture development due to its configurability and
extendability. It provides different simulation models, ranging from a fast
functional simulation model to a very complex and detailed out-of-order
processor model.

SimSnap – The SimSnap [153] framework employs a combination of applica-
tion level checkpointing (ALC) and native execution to fast-forward the simu-
lation. The application’s source code is instrumented by the Cornell Check-
point Compiler C3 [19,20] in order to save the state of the program at a given
point. In the fast-forwarding mode the compiled application is natively exe-
cuted on the host machine and the checkpointing capability is used to trans-
fer the application’s state into the simulator at a switching point. Currently,
the proposed approach works only if the instruction set architecture (ISA) of
the simulator matches the ISA of the host machine. Ringenberg et al. [130]
suggest to use Intrinsic Checkpointing to store the state of a simulation. In
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contrast to conventional ALC, Intrinsic Checkpointing modifies the applica-
tion binary itself. Hence, this approach is independent of the availability of
the application’s source code.

3.3 Commercial Virtual Platforms

The growing complexity of MPSoC platforms combined with the increasing amount
of software running on such systems has led to a broad set of new development tools.
In this context, the use of VPs for system simulation has gained a lot of attention. As
described in Chapter 2, VPs offer the possibility of pre-silicon software development,
design space exploration and performance characterization. Over the last decade a
new design methodology called electronic system-level (ESL) [9] design has evolved
to cope with the increased design complexity which cannot be handled efficiently at
the RTL level. Several companies have developed electronic design automation (EDA)
tools to support the user throughout the complete design process. This section focuses
on the VPs solutions offered by these companies. Each company and VP product are
briefly presented in the following:

Cadence – The Incisive [23] design environment from Cadence allows the
embedded system designer to model the system architecture using SystemC.
The simulation environment is SystemC based and supports the TLM-2.0
modeling approach. A checkpoint environment based on process check-
pointing is provided to store the complete simulation state. Furthermore,
the C-to-Silicon compiler can be used to generate RTL code from C source
with low effort. This is especially important for the creation of precise power
models that can be incorporated in the system simulation. For the low level
RTL based simulations, it is possible to utilize hardware emulation to in-
crease the simulation performance.

Carbon – The SoC Designer [24] framework from Carbon allows to design,
simulate, debug and analyze VPs. The simulation kernel is based on Sys-
temC and supports the TLM-2.0 modeling approach. In order to ensure a
seamless transition between VP design and RTL design, Carbon Model Studio
offers the possibility to generate fast cycle accurate processor simulators di-
rectly from RTL code. Furthermore, a checkpoint based approach is used to
provide fast but full hardware accurate behavior of the simulated applica-
tion. If the behavior of the simulation has already been simulated in the past
then the results are replayed without the need for detailed simulation. Only
in case of an unknown state a detailed simulation is necessary.

CoWare1 – The Virtual Platform [33] environment from CoWare can be di-
vided into two parts: The Platform Architect for the VP development and the
Virtual PlatformAnalyzer for debugging and analyzing the SW running on the
VP. The complete simulation environment is based on SystemC, using an op-
timized SystemC implementation for fast simulation. The usage of SystemC

1Acquired by Synopsys
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makes it easy to integrate processor simulators into the system simulation
by the means of SystemC wrappers. Especially, the ISS based simulators
generated by the Processor Designer using the LISA language [58, 59] can be
seamlessly plugged into the simulation environment. Furthermore, the sim-
ulation environment provides the possibility to create checkpoints and to
restore the state of a simulation at a later point in time (for more information
about checkpointing refer to Chapter 5). It is possible to script the platform
creation as well as the simulation environment in order to customize the sim-
ulation environment to the needs of the user and to automate tests.

Imperas – The simulation environment from Imperas [64] utilizes a pro-
prietary simulation kernel based on binary translation for high simulation
speed. It provides the possibility to incorporate SystemCmodules by means
of wrapper modules. In 2008 Imperas started the Open Virtual Platforms
(OVP) initiative [117] and made the simulation models available as open
source. These models can be used together with the simulation kernel that
is freely available as binary.

Mentor Graphics – TheVista Architect [96] design environment fromMentor
Graphics allows the SoC designer to model the system architecture of a SoC.
Furthermore, it can be used for debugging and analyzing the created VPs.
In contrast to other VP environments it is possible to define power policies.
Based on these policies, the inner states of a module and the incoming traffic
it is possible to derive an early power estimation. The entire simulation en-
vironment is SystemC based and uses the TLM-2.0 modeling approach. This
design environment can be combined with a high level synthesis approach
called CatapultCwhich can be used to directly generate RTL and TLM based
SystemC models from a C/C++ model. Thus, it possible to iteratively refine
the power model of the VP based on the RTL information.

Synopsys – The integrated virtual platform development environment Inno-
vator [151] from Synopsys is based on SystemC. This environment is used for
the embedded system design to efficiently develop, run and debug VPs. In
conjunction with the DesignWare System Level Library it is possible to quickly
assemble VPs. This library contains a rich set of predefined building blocks,
such as various processormodels, buses, interconnects and peripherals, which
are all TLM-2.0 compliant. All of those building blocks are modeled at differ-
ent levels of abstraction, e.g. loosely timed, approximately timed and cycle
accurate, allowing the developer to choose the correct abstraction level for
his platform.

Tensilica – The Tensilica [158] Xtensa processor is a configurable and exten-
sible application specific instruction set processor (ASIP), that can be tailored
towards the needs of the system developer by configuring various parame-
ters, e.g. cache size, size of the register file. To further customize the pro-
cessor the developer can add user defined extensions that are written in the
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Tensilica instruction extension (TIE) [135] language. With the help of this
instruction set specialization the performance and energy efficiency of the
processor can be greatly improved. The ISS of the Xtensa processor provides
two simulation modes: cycle accurate simulation and a fast functional sim-
ulation called TurboXim [133]. The TurboXim mode is realized by a kind of
binary translation called just-in-time host based code generation. It is possible
to dynamically switch between both simulation modes. This enables the im-
plementation of sampling based simulation approaches for fast but still ac-
curate simulations. Two different system level modeling environments are
provided: XTMP for C based modeling and XTSC for SystemC based mod-
eling. Due to the higher complexity of the XTSC environment the systems
modeled in XTMP usually show higher simulation speed.

VaST1 – Two different tools are provided by VaST [167]: CoMET is used for
the development of a VP andMETeor is used for pre-silicon software devel-
opment. The visualization of the different characteristics and parameters of
the VP is performed by theMetrix tool, which can be easily configured to the
user’s needs. A highly optimized simulation kernel based on a proprietary
technique is used to simulate complete systems at a cycle accurate level. In
order to increase the flexibility it is possible to include SystemC modules
into the simulation. Furthermore, fast processor simulators can be modeled
using the Virtual Processor Model-Transformer (VPM-T) and included into the
system simulation.

VirtuTech2 – The Simics [90,168] simulator from VirtuTech is based on a pro-
prietary simulation kernel which offers high simulation speed but limits the
possibility to include simulationmodels from other vendors. Therefore, Sim-
ics offers a special SystemC bridge to include standard SystemC modules
into the simulation. The simulation environment supports reverse debugging
and simulation checkpointing. In order to maintain a high simulation speed
for complex systems it is possible to distribute the simulation over different
processor cores by exploiting the multi-host simulation capabilities of Sim-
ics. For modeling peripheral components a Device Modeling Language (DML)
is used to simplify the modeling process. The simulation environment pro-
vides a scripting interface to automate and customize the simulation to the
needs of the user. Furthermore, the simulation environment allows injecting
faults into the simulation in a reproducible and systematic way.

Table 3.1 shows a summary of the features offered by the different commercial
VP environments. Although not all of the environments are based on the SystemC
simulation kernel, all of them offer the possibility to incorporate SystemC models for
interoperability reasons.

1Acquired by Synopsys
2Acquired by Intel
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SystemC SystemC Checkpoint/
Company

based support Restore
Miscellaneous Features

Cadence X X Xb C to RTL behavioral synthesis

Carbon X X X Cycle accurate SystemC generation from
RTL code

CoWare VPA X X Xb

Imperas -a X - Open source IP blocks

Mentor Graphics X X - Early power estimation, C to RTL behav-
ioral synthesis

Synopsys Innovator X X -

Tensilica -a X - Switching between cycle accurate and
instruction accurate simulation

VaST -a X -

VirtuTech Simics -a X X Reverse execution, reverse debugging,
multi-host simulation, fault injection

Table 3.1: Overview of commercial virtual platform environments

a Proprietary simulation kernel
bBased on process checkpointing

3.4 Code Instrumentation Frameworks

Code instrumentation plays a central role in the hybrid simulation approach devel-
oped in this thesis (see Chapter 6). Furthermore, code instrumentation is of big im-
portance for characterizing the runtime behavior of an application as described in Sec-
tion 3.1.1. In general, two different approaches can be identified: binary instrumenta-
tion [89, 110] and source level instrumentation. Since the latter approach is used for the
hybrid simulation presented in this thesis, a brief overview of two different source
level instrumentation frameworks is given in the following.

3.4.1 LANCE

LANCE [84] is a software environment for implementing C compilers. It comprises a C
frontend for the generation of the intermediate representation (IR), a C++ based library
to interact with the IR and a compiler backend interface for assembly code generation.
Furthermore it provides a set of standard IR-level code optimizations, e.g. constant
propagation, dead code elimination and common subexpression elimination. The IR
is represented as a set of three address code statements, which leads to an assembly
like, but machine independent code. The distinctive characteristic of LANCE is the
fact, that the IR is represented by a subset of the language C. Hence, it is possible to
directly compile and execute the IR code. This feature makes it very easy to create a
source level instrumenter using LANCE. However, due to limitations in the frontend it
is only possible to process C89 compliant applications with the LANCE environment.

3.4.2 Low Level Virtual Machine

During the last years the low level virtual machine (LLVM) compiler infrastructure [78]
has gained a lot of interest due to the rich set of features it provides. The frontend
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transforms the application source into a RISC like, machine independent IR in single
static assignment (SSA) [105] form. One of the specific characteristics of the LLVM IR
is that it preserves the high level information of the application, e.g. types and data
flow information. Hence, this IR is suitable for performing complex transformations
exploiting the preserved high level information.
LLVM provides support for various input languages, e.g. for C/C++ a gcc-based

frontend is used. Furthermore, it provides lots of different backends for transform-
ing the IR into machine specific assembly code. For the implementation of a source
level instrumenter a special backend is used to generate portable C code from the IR.
A unique feature of LLVM is the availability of a JIT-compiler to directly execute the
IR code without the need for creating a native binary. Compared to other compiler
frameworks it provides a set of powerful optimizations, e.g. link-time optimizations,
run-time optimizations and compile-time profile-driven optimizations. Those opti-
mizations techniques lead to very efficient code.

3.5 Synopsis

• ISS based processor simulation techniques have been pushed to their limits. Higher
simulation speeds can only be achieved using composite simulation techniques.

• Most composite processor simulation techniques have been developed for char-
acterization and performance analysis of microarchitectural decisions. In gen-
eral, these techniques are not well suited for software debugging.

• Based on the observation that software developers do not need the same level
of accuracy during the entire simulation of their application, hybrid simulations
are a good match for pre-silicon software development. In contrast to sampling
based simulations they give the user the possibility to control the switching be-
tween the different simulationmodes. Moreover, no time consuming preprocess-
ing is required.

• Source code instrumentation based approaches are used to model the perfor-
mance characteristics of the target system without sacrificing the simulation per-
formance of the direct host execution.

• Over the last years SystemC has been established as de-facto standard for mod-
eling VPs, due to the good interoperability between different vendors.
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Chapter 4

SHAPES – A Heterogeneous Scalable
Multi-Tile Platform

Since the SHAPES platform serves as the main test platform for the new simulation
techniques developed in this thesis, the different aspects of this platform will be high-
lighted in the following. More specifically the hardware aspects, the software toolchain
and the main driver applications are presented.

Heterogeneous multiprocessor systems-on-chip (MPSoCs) are becoming a viable
alternative to traditional monolithic processor systems for implementing embedded
streaming applications. The challenge is to identify a scalable HW/SW design style
for future CMOS technologies enabling a high gate count [4, 35, 150]. The two major
problems in deep sub-micron technologies are the minimization of wire delay prob-
lems [25, 57] and the management of the ever increasing design complexity. The tiled
architecture [119, 156] approach addresses these problems by using a high number of
simple processing tiles. The simplicity of the individual tiles leads to a minimization
of the wire delay problem. In order to achieve the necessary computing power, a large
quantity of tiles is combined into a computing system. The inter-tile communication is
realized byweaving a distributed routing fabric for on-chip and off-chip packet switch-
ing. Due to the tiled nature this approach is considered to be highly scalable and very
suitable for highly parallel applications.
The goal of the SHAPES (scalableHW/SWplatform for embedded systems) project

[120, 142] is to design a Teraflops board, that can be used as a building block for
Petaflop-class systems. Due to its flexibility and scalability, the SHAPES architecture is
intended to cover the entire range from the commodity market applications (4–8 tiles),
classical signal processing application such as audio/video processing, ultra-sound
and radar (2K tiles) up to the numerically demanding, massively parallel scientific
simulations (32K tiles). Figure 4.1 shows the structure of a SHAPES multi-tile plat-
form. In order to harvest the computing power offered by such a platform not only the
hardware but also the corresponding software toolchain needs to be considered.

4.1 SHAPES Hardware

The main hardware building block of the SHAPES project is a dual-core tile consisting
of a general purpose RISC processor and a VLIWDSP. This tile is called a RISC-DSP tile
(RDT). Figure 4.2 depicts the block diagram of such a tile and its key components. An
ARM926EJ-S serves as general purpose processor for control dominated code, while
a mAgic [121] VLIW processor is used for efficiently executing the signal processing
parts of an application. During the development of the mAgic DSP care was taken that
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Figure 4.1: Multi-tile SHAPES platform

the processor is fully C programmable without losing performance. The DSP architec-
ture is capable of performing 10 floating-point (40 bit precision) operations in parallel.
This high degree of parallelism leads to a peak performance of 1GFlop at a frequency
of 100 MHz (For comparison, the well known processor TMS320C6713B [163] from
Texas Instruments performs 1.8GFlops at 300 MHz). Figure 4.3 shows the structure
of the mAgic floating point DSP.
All components including the on-tile memory and the processing elements are con-

nected using a multi-layer AMBA bus for high throughput. Each RDT tile also pro-
vides a rich set of peripherals that is referred to as peripheral on tile (PoT) block. The
individual peripherals are connected via an AMBA peripheral bus (APB) that in turn
is connected to the multi-layer bus via a bridge.
The most prominent peripherals are: timer, interrupt controller, universal syn-

chronous/asynchronous receiver transmitters (USARTs), serial peripheral interface (SPI)
and peripheral DMA controller (PDC). In order to efficiently map a wide range of ap-
plications to the hardware, a set of different tiles is proposed. All tiles are stripped-
down versions of the RDT tile described above, i.e. it is possible to customize the tiles
based on the characteristics of the application intended to run on a system. Table 4.1
gives an overview of the different tiles and their respective configuration supported by
the SHAPES project.
The RDT tile of the SHAPES project is based on the DIOPSIS MPSoC from At-

mel [8]. However, in contrast to the commercially available DIOPSIS platform the
SHAPES RDT also incorporates the distributed network processor (DNP) for inter-tile
communication. A detailed description of the DNP can be found in Section 4.1.1.
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Figure 4.2: Schematic of the RISC DSP Tile

ARM DSP Periph. Mem.

RISC Tile (RET) X - X X

DSP Tile (DET) - X X X

RISC DSP Tile (RDT) X X X X

Link Tile (LET) - - X -

Memory Tile (MET) - - - X

Table 4.1: Overview of the different tiles supported by SHAPES

In order to satisfy a given performance requirement, it is possible to combine a
large number of tiles into a multi-tile computing system. This multi-tile system is real-
ized by placing several RDT tiles on a single multi-tile chip. Further on, the multi-tile
chips can then be arranged in a 3D mesh topology to build highly scalable computing
systems. In case of a multi-tile chip, a network-on-chip (NoC) is used as on-chip inter-
connect. The individual tiles then use their DNPs to access the NoC for on-chip com-
munication and the DNP’s off-chip ports for off-chip communication. Due to this mod-
ular design it is very simple to customize the computing environment for the needs of
the individual applications. Based upon the application specification and the field of
application the exact number of multi-tile chips and the mixture of tiles can be deter-
mined.

4.1.1 Distributed Network Processor

The inter-tile communication is realized by the distributed network processor (DNP),
which serves as a generalized DMA controller. Thus, the packet processing required
for the inter-tile communication can be offloaded from the computing resources to the
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Figure 4.3: Schematic of the mAgic processor [8]

DNP. The DNP architecture is a packet-based crossbar switch with configurable rout-
ing capabilities that can be integrated into MPSoCs for on-chip and off-chip communi-
cation.
The on-chip inter-tile communication is realized by connecting the DNP to a NoC

using the DNP-network interface (NI). On the left side of Figure 4.1 the inter-tile com-
munication on a multi-tile chip is shown. The on-chip communication is realized by
connecting the DNP’s NI to the Spidergon NoC [31, 32], developed by STMicroelec-
tronics. The Spidergon NoC is based on a regular, scalable point-to-point topology.
Packet based communication is performed using deterministic routing and wormhole
switching [34] for efficiency reasons. It connects an even number of nodes N = 2n
in a bidirectional ring enriched with cross links between opposite nodes. Figure 4.4
shows an example of the Spidergon topology and the corresponding chip layout. Each
node is connected via three unidirectional links: a clockwise link, a counter clockwise
link and an across link. In general, the degree of a node determines the number of
neighboring nodes that a particular node is connected to. High degree nodes reduce
the average path length at the cost of a higher complexity. Spidergon networks – with
a degree of 3 – form a good compromise between a ring and a 2D mesh in terms of
network diameter, average network distance and complexity [17]. Furthermore, due
to its regular nature only a simple HW router is required, resulting in an efficient HW
implementation of the NoC. This is an important characteristic for a NoC, since the
available area for communication on a chip is limited.
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Figure 4.4: Topology of a Spidergon interconnect and chip layout

The off-chip communication is realized via 6 serial off-chip links (+X, -X, +Y, -Y,
+Z, -Z), which form a 3D torus topology with the other multi-tile chips as shown on
the right side of Figure 4.1. Each of the DNPs knows its position in the 3D torus and
thus is able to route the incoming data packets to the destination tile. By using the
DNP, the inter-tile communication has been made explicit, since each tile maintains its
own memory address space. Therefore, also the programming model needs to make
the communication between tiles explicit. Combined with the heterogeneity of a single
tile, the usage of a powerful software toolchain is mandatory in order to fully exploit
the characteristics offered by this kind of hardware. The SHAPES software toolchain
and the realization of the inter-tile communication are presented in Section 4.2.

4.2 SHAPES Software Toolchain

As described earlier, tiled architectures offer a good way for implementing scalable
high-performance platforms. However, the characteristics of tiled architectures im-
pose a set of restrictions and challenges on the software development process. In order
to develop applications that are capable of fully exploiting the potential offered by
tiled architectures, a powerful software toolchain is required. The purpose of such a
toolchain is to minimize the effort of the application developer. At the same time the
system software must be fully aware of the architectural parameters such as intercon-
nect bandwidth, latency, computing capability and availability of memory.
This clearly indicates that the traditional software development flow is not suit-

able for heterogeneous multi-tile DSP architectures. Therefore, a new design flow
is required for this type of architecture. The new flow needs to cope with the high
complexity of the hardware while accommodating the short development time for ap-
plications. This flow is facing two contradicting requirements. On the one hand the
programming environment is expected to relieve the application developer from the
burden to deal with the hardware details, but on the other hand accurate feedback
about the system performance is required in order to control and steer the develop-
ment process. Apart form this, the toolchain must also be suitable for continuous and
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Figure 4.5: Overview of the SHAPES software toolchain and the interaction of
the different components [120]

iterative QoS-aware designs, taking the underlying hardware into account as well as
the application’s structure.
The individual components of the SHAPES toolchain are: the distributed opera-

tion layer, the hardware dependent software, the compiler and the simulation environ-
ment. Figure 4.5 gives an overview of the different components of the toolchain and
illustrates their interaction.
In the following the major components of the toolchain and their interaction are

described.

4.2.1 Distributed Operation Layer

The distributed operation layer (DOL) [53, 61, 161] serves as system level framework
which processes the application specification and acts as a model compiler. The key



4.2. SHAPES Software Toolchain 37

Application

Specification

Performance

Evaluation

Mapping

Optimization

Functional

Simulation

Architecture

Specification

DOL

Detailed

Simulation

(VSP)

controlPerformance

data

Software

Refinement
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elements provided by the DOL environment are a programming model, a communi-
cation interface, a hardware abstraction, a system level performance analysis and a
framework for high level design space exploration. An overview of the DOL frame-
work is depicted in Figure 4.6.
As shown in Figure 4.5 the application specification serves as the main starting

point for the software design flow and captures the functional and non-functional as-
pects of the intended application. The DOL programming model is based on a Kahn
process network (KPN) [71], which allows to explicitly model the application tasks,
their interaction and the available degree of parallelism. Each task is written in con-
ventional C/C++, which has the advantage that state-of-the-art compilers and their
respective optimizations can be applied to the machine code generation. Furthermore,
C/C++ is a well known language with a large amount of legacy software available in
academia and industry. Thus, the transition from sequential C/C++ code to the DOL
programming model can be performed with a moderate porting effort, similar to port-
ing applications to the message passing interface (MPI) [104,115]. Apart from this, the
utilized process network strictly separates communication from computation, thereby
minimizing the effort required to create a newmapping of processes to processors. The
communication is realized via FIFO buffers with blocking read and write operations.
During the mapping phase the most suitable communication channel for each inter-
task communication is selected, based on the communication characteristics available
from the architecture specification, e.g. throughput and latency.
Once the transition from a sequential application into the DOL programmingmodel

is carried out, the DOL framework supports the application developer by automating
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a lot of time consuming steps and providing powerful tools. For example, based on the
DOL application description it is possible to automatically generate a pure functional
simulator. This simulator serves for debugging and testing of the DOL application as
well as for obtaining important mapping parameters at the application level, e.g. the
amount of data transferred on a given communication link.
In order to fully exploit the computing power offered by a tiled multiprocessor ar-

chitecture the mapping of the individual tasks to different processing elements is of
high importance. However, the mapping of the processing elements alone is not suffi-
cient. The mapping of the communication links to the available communication paths
needs to be considered, too. In fact, in order to achieve a good mapping it is important
to perform the processing element mapping and communication mapping at the same
time since they are interdependent. The DOL framework supports the application
mapping by an automatic mapping optimization tool that provides a set of optimized
mapping candidates of how the application can be mapped onto the target platform.
The optimization process can be subdivided into two steps: performance evaluation and
optimization, both steps are iteratively executed.
The performance evaluation can be conducted by simulation as well as formal anal-

ysis. Figure 4.7 depicts the evaluation and optimization cycle. During the design space
evaluation DOL needs to analyze various combinations of tasks running on different
processing elements, communication links realized through different communication
paths and the effects of resource sharing. Therefrom it is obvious that a fast perfor-
mance evaluation is essential to efficiently perform the design space exploration. In a
first high level evaluation, the estimation is performed using a fast and possibly less
accurate analytical performance estimation. This analytical estimation is based on the
Modular Performance Analysis [26, 170] which is based on Real-Time Calculus [162]. Af-
ter the high-level evaluation has determined a number of promising candidates, a low-
level estimation based on simulation is applied in order to obtain more precise perfor-
mance information. This information can also be used to calibrate the parameters of
the analytical model, e.g. determine the runtime of processes on a processing element
and estimate the overhead introduced by context switching. This is important in later
mapping stages where high accuracy is necessary. In Section 4.2.3 the details about
the SHAPES simulator, which is used to obtain detailed performance information, are
presented.
The optimization phase determines a good application mapping based on the in-

formation collected during the evaluation phase. The optimization objectives are fixed
by the designer beforehand. The DOL framework is capable of handling multiple and
possibly conflicting objectives. Furthermore, the optimization needs to incorporate
constraints on the feasibility of mappings, such as fixedmappings for certain processes
or the availability of local memory. The optimization used in DOL is based on evolu-
tionary algorithms [183] and uses the PISA [16] interface. The optimization criteria are
computation time and communication time.
The DOL programing model offers a good starting point to migrate an applica-

tion to the SHAPES platform. Together with the automatic mapping optimization the
DOL framework offers the designer a convenient possibility to find good application to
hardware mappings. However, due to the high level of abstraction it is not possible to
execute a DOL application directly on the SHAPES platform. A hardware dependent
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software layer is required to fill the gap between DOL and hardware. This software
layer and its connection to DOL and the hardware will be presented next.

4.2.2 Hardware Dependent Software

The DOL framework processes the application description and generates a set of map-
pings from the application to the different heterogeneous processing elements. How-
ever, this alone is not sufficient for executing the application on the hardware, because
the low level software controlling the hardware specific features of the platform is
missing. In order to execute the different application tasks on the processing elements,
a complete software stack for each element is required. Due to the heterogeneous na-
ture of the processing elements a specialized and highly optimized version of this soft-
ware needs to be provided for each type of processing element. The software stack can
be roughly divided into the application software and the hardware dependent software
(HdS). The HdS encapsulates the inter-process communication software, the operating
system (OS) and the hardware abstraction layer (HAL). The operating system and the
communication software are responsible for providing the necessary services to the
upper layers as well as to manage and share resources. The services include resource
management and control, scheduling of processes on the different processing elements,
intra-processor communication and inter-processor communication. In fact, each HdS
implementation is closely linked with the underlying processing element. Only by ap-
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Figure 4.8: Application software stack [49]

plying architecture specific optimizations it is possible to provide high performance to
the higher software layers.
Figure 4.8 shows the general structure of a complete software stack running on a

processing element. The top layer is formed by the different application tasks. The
initialization code ensures that all communication channels and tasks are instantiated
and initialized prior to utilization. As described in Section 4.2.1, the DOL programing
model requires that the communication between the different tasks is explicit. This
inter-task communication is mapped to the HdS communication API. Besides the sup-
port for inter-task communication also support for operating systems is provided by
the HdS. Only very simple applications do not require OS support, but for complex
applications, as intended to be run on the SHAPES platform, the OS support plays a
central role. For example, for an efficient application to HW mapping multi-process
support of the OS is essential. The access to the underlying hardware is realized via a
HAL API that provides a uniform access to the various processing elements.
From the description of the HdS structure above, it is evident that developing an

HdS layer is a complex and error prone task. The time spent on developing such a soft-
ware must not be underestimated, since it accounts for a considerable amount of the
entire software development time. Traditionally, this kind of software is provided by
the system vendors, so that the software developers can concentrate on the application
development. However, in case of newly developed hardware the system designer
needs to manually create the HdS layer. In case of the SHAPES platform manually cre-
ating the HdS is not a feasible option. Due to the high number of different processing
elements the effort spent for creating the HdS would be huge.
Instead, an automatic generation approach has been selected [48–50, 124, 125]. Fig-

ure 4.9 gives an overview of the used HdS generation flow. The DOL description and
the mapping serve as input for the HdS generation process. Furthermore, the API pro-
vided by the communication library and the operating system library are also taken
into account while generating the HdS. During HdS generation the abstract commu-
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nication channels specified in DOL are mapped to the corresponding hardware com-
munication links as specified by the mapping information. HdS takes care of selecting
the most appropriate data communication scheme, e.g. DMA transfer or shared mem-
ory, to realize an efficient communication. Moreover, different optimization steps are
performed during the generation to keep the overhead of the HdS layer on the system
performance minimal. For example, memory optimizations [49] are applied to remove
unnecessary data buffers. Finally, the HdS software generation outputs a set of C code
files which can then be compiled and linked with the HdS libraries. For example, for
the mAgic processor the Chess/Checkers tool-suite [155] is used to generate the highly
optimized binary code for the VLIW DSP.

4.2.3 Simulation Environment

SHAPES is a scalable and highly flexible hardware platform that offers the system de-
signer many degrees of freedom. At a high level the design space can be searched in
three dimensions: First, the different characteristics of the basic tiles can be investi-
gated. Second, the number of tiles can be varied to match the applications require-
ments and third, the different communication schemes can be explored. Due to the
high development effort and costs only a hardware prototype of a RDT tile has been
developed in the context of the SHAPES project. For all other types of basic tiles and
especially for multi-tile configurations this project relies solely on simulation of the
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hardware platform. Due to the central role of simulation in this project the key aspects
of the created virtual SHAPES platform (VSP) are presented in the following.

4.2.3.1 Use Cases

Within the scope of SHAPES three main use cases of simulation can be identified.

• Performance Estimation: Using the simulation environment it is possible to collect
detailed performance characteristics for a given application, e.g. context switch-
ing overhead. This information is required by the DOL framework in order to
optimize the application’s mapping.

• Software development: The simulation platform enables the execution of the soft-
ware generated by the SHAPES toolchain. Thus, it is possible to test, debug and
optimize the application for the SHAPES hardware platform. In particular for
this use case the simulation performance is of great importance since application
developers are not willing to wait hours to find out if the application is working
or not.

• Design Space Exploration: With the virtual SHAPES platform it is possible to quickly
evaluate different numbers and combinations of tiles, long before a hardware
prototype is ready. Hence, the simulation helps to identify promising candidates
for a hardware implementation.

The three use cases clearly show the broad field of applications for the VSP inside
the SHAPES project. For the software development the simulation speed is the critical
factor, since software developers need a quick feedback during the edit-compile-debug
development cycle. For the other two use cases the accuracy plays the dominating role
since the information gained by the simulation will be used for design decisions.

4.2.3.2 Simulation Requirements

In general, the simulation speed plays a critical role for the usability of a simulation
environment. This is in particular true for such a complex architecture as the SHAPES
platform. The simulation speed of a platform is mainly determined by the abstraction
level. Classical register transfer level (RTL) simulations provide very detailed infor-
mation about the simulated system. However, the low simulation speed prohibits an
efficient design space exploration and software development. Therefore, the simula-
tion level needs to be at a much higher level than RTL. For the SHAPES platform two
levels of abstraction are considered: cycle accurate (CA) and instruction accurate (IA).
The cycle accurate simulation has the advantage that the microarchitecture of the pro-
cessor is fully simulated, thus leading to a very accurate timing behavior. In contrast,
instruction accurate simulation provides much higher simulation speed by neglecting
the microarchitectural features. Thus, CA simulation provides a higher accuracy while
IA simulation permits shorter development cycles.
For a single tile the virtual SHAPES platform allows both, cycle accurate simulation

or instruction accurate simulation, depending on the requirements of the user. The
multi-tile VSP clearly focuses on a high simulation speed by using only IA simulation.
Apart from the different abstraction levels of the processor simulation also dif-

ferent abstraction levels for the communication links are possible. They range from
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Num. tiles Sim. time [s] Memory [MB] Sim. speed [kHz]

1 762 181 281.9

2 1588 336 135.6

4 3512 646 61.3

8 7613 1280 28.4

Table 4.2: Scaling of simulation time, memory consumption and simulation
speed for the LQCD application

very detailed pin-accurate level to a very abstract functional level without any timing
information or protocol information [77]. In the context of SHAPES, the transaction
level modeling (TLM) [116] provides a good balance between accuracy and complex-
ity. Compared to pin accurate simulation, TLM reduces the number of events that have
to be processed during the simulation by only transmitting the data payload while by-
passing the communication via low-level constructs like SystemC signals. Hence, the
simulation performance can be kept at an acceptable level while scaling up well with
the multi-tile SHAPES platform.

4.2.3.3 Realization of VSP

The virtual SHAPES platform ismodeled using SystemC and for simulation the CoWare
Virtual Platform environment [33] is used. The ARM general purpose processor (GPP)
as well as the DSP are modeled as instruction set simulator (ISS) at an instruction ac-
curate level. The ARM processor model includes a cache model and is taken from
the CoWare IP library, whereas the floating point VLIW DSP is modeled using the ar-
chitecture description language LISA [58]. Building upon the single tile simulator it
is possible to automatically generate a multi-tile simulator using a generation script.
This script uses the number of tiles, their individual types and whether NoC support
is required or not as input parameters and then automatically assembles the multi-tile
simulator.
At the current state the scalability of the simulator is limited by the fact that the

generated SystemC simulator is a 32 bit executable. Therefore, no matter how much
memory is physically present in the simulation host system, the usable address space
for the simulator is restricted to 4GB, which allows the instantiation of 16 tiles at max-
imum. Migrating the entire simulation environment to 64 bit will solve this problem,
though it will require quite some reworking of the different simulation components,
e.g. the existing IP blocks.

4.2.3.4 Characterization of VSP

Performance measurements of the different multi-tile simulators have revealed that
the simulation time grows approximately linear with the number of tiles. Table 4.2
shows the simulation time, the memory consumption and the simulation performance
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Figure 4.10: Intra-tile ARM-ARM communication

for the lattice quantum chromo-dynamics (LQCD) (see Section 4.3) application using
different numbers of tiles 1. The LQCD application has been scaled with the number
of tiles as suggested by Gustafson’s law [52]. The simulation speed of the simulator
is expressed as equivalent frequency to reach the same performance level using the
SHAPES hardware. Measurements show that the simulation performance ranges from
approximately 200 kHz to 519 kHz for a single RDT tile and it ranges from 21 kHz to
28 kHz for an eight tile platform. The high degree of variation in simulation speed on
the same host depending on the simulated software is due to the fact that the ratio
between simulated time and simulation time (wall clock time) is not constant. This
can be explained by the utilization of a discrete event simulation (DES). Depending on
the number of activations of certain hardware blocks the simulation effort varies over
time, e.g. inter-tile communication requires the simulation of the DNP and thus slows
down the entire simulation.
In order to assess the accuracy of the created VSP, different series of measurements

have been performed to compare the timing information predicted by the simulation
with the timings obtained from the hardware prototype. Since only a single tile RDT
hardware prototype is available in the context of SHAPES, it is only possible to di-
rectly evaluate the accuracy of the single tile simulation. Based on this information the
accuracy of the multi-tile simulation can be estimated since it builds upon the single
tile simulation. Figure 4.10 and Figure 4.11 show the intra-tile ARM-ARM and ARM-
DSP transmission of data blocks for instruction accurate and cycle accurate simulation
and the execution on the hardware prototype. In both cases the cycles per data word
are plotted for different block sizes. As expected, the IA simulation shows the higher
deviation from the results of the real hardware than the CA simulation. However,
the deviation between IA and hardware remains mostly constant over the different

1All measurements have been performed on an Intel Core2 Quad Q6700 2.66 GHzwith 16GB of RAM.
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block sizes and thus it is possible to correctly predict the trends with an IA simulation.
The error of the instruction accurate simulation ranges between 49% and 140% for the
ARM-ARM communication and between 0% and 37.5% for the ARM-DSP communi-
cation. In case of a cycle accurate simulation the error ranges between 0% and 7.8%
for the ARM-ARM communication and between 5.2% and 25.0% for the ARM-DSP.
In Table A.1 and Table A.2 of Appendix A the detailed measurement information are
given.
The main reason for this high difference between the cycle accurate and instruc-

tion accurate simulation are the different ARM cache models employed in both sim-
ulation modes. According to the hardware specification the ARM926EJ-S has 16Kb
data cache and 16Kb instruction cache. Furthermore, the processor provides a write
buffer [66] to hide the latency of writing data to the main memory. This write buffer is
not simulated in the instruction accurate simulation, which explains the obtained cycle
numbers. Particularly for applications that initiate a high number of write requests,
e.g. during memory copy, the missing write buffer leads to a pessimistic estimation of
cycles. For other applications the impact of the missing write buffer is much smaller.
For example the timing difference between CA and IA for booting a 2.6.22 Linux ker-
nel on the ARM is only 8.86%. Compared to the IA simulation the more accurate CA
simulation increases the simulation time by a factor of 2.38.

4.3 SHAPES Applications

The motivation of the SHAPES project is to develop a scalable platform which is suit-
able for performance demanding signal processing applications, e.g. audio and video
processing and numerical simulations. This section gives a brief overview of the main
driver applications that are used for testing and optimizing the SHAPES platform.
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4.3.1 Lattice Quantum Chromo-Dynamics

The quantum chromo-dynamics (QCD) [5] is the prevailing theory of strong interac-
tions formulated in terms of quarks and gluons. Because of the high non-linearities of
the strong forces it is hard or even impossible to find a purely analytical solution in
quantum chromo-dynamics. By introducing a discrete space-time lattice [51, 173] it is
possible to numerically solve this problem using Monte Carlo simulations. In order
to obtain significant results the simulation must be repeated many times due to the
statistical nature of the solution. The quality of the simulation depends on the size of
the lattice as well as on the numerical precision of the underlying hardware. The algo-
rithms related to LQCD (Lattice QCD) are considered as one of the most demanding
numerical applications.
This application is a very good test case for the SHAPES platform since the problem

can be easily scaled from a single tile up to several thousand tiles, leading to a larger
lattice. Furthermore, this type of application relies on good floating point support in
order to achieve high performance, which is a characteristic that most of the other
available VLIW DSPs are lacking.

4.3.2 Wave Field Synthesis

The wave field synthesis (WFS) [148] is a spatial audio rendering technique that allows
to create a 3D sound field in an efficient way. It has been invented at the TU Delft in
the Netherlands and has been successfully demonstrated in academia. WFS is based
on the wave theory concept of Huygens, that all points of a wave front serve as indi-
vidual sources for a secondary wave front. This principle can be applied in acoustics
by placing a large number of small loudspeakers closely together. The signal for each
individual loudspeaker is computed by an algorithm based on Kirchhoff-Helmholtz
integrals and Rayleigh’s representation theorem [36]. The superposition of the wave
fields produced by the loudspeakers forms the wave field, which is an accurate rep-
resentation of the original wave field. However, the high computational complexity
hinders a wide application of this technique.
Current realizations of the WFS are based on standard PCs or DSPs. Due to the

high computational complexity these systems are only capable of computing a small
number of sound objects in realtime. The SHAPES platform is an ideal target for this
application, since it offers a high floating point performance and can be easily scaled.
For m sound sources and n loudspeakers m ·n processes are required. Each of them
consists of a simple convolution filter. An overview of the WFS implementation for
SHAPES can be found in [147].

4.3.3 Hilbert-Transformation

Today, ultrasound beam forming is realized by using digital delay lines for dynamic
phase correction. In order to increase the flexibility and quality of the beam forming a
fully software based solution is envisioned. To realize this massively parallel comput-
ing architectures like SHAPES are required to achieve the high data throughput.
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In order to obtain the analytical radio frequency (RF) signal required for software
based beam forming the real valued input vectors produced by the transducer are
transformed by means of the time-domain Hilbert transformation [118] (Equation 4.1).

uRF(k, i) = zRF(k, i) + j
2

π

Hw∑

m=1

zRF(k +m, i)− zRF(k −m, i)

m
,m = 1, 3, 5 . . . Hw (4.1)

zRF(k, i) is a sample of the real valued input signal, uRF(k, i) is a sample of the
analytical RF signal and Hw is the length of the spatial Hilbert transformation win-
dow. In the context of the SHAPES project a highly optimized version of the Hilbert
transformation has been implemented to assess the achievable data throughput and
the scalability of this software approach.

4.4 Synopsis

The SHAPES environment is a representative of the emerging heterogeneous, tiled-
architectures, which can be easily scaled with the application’s size. In order to tame
the complexity of the architecture, a complete toolchain has been developed that hides
as much as practically possible of the complexity from the application developers.
Inside the SHAPES project the simulation of the hardware plays a central role for

performance estimation and early application development. Due to the already high
complexity of a basic RDT tile, efficient simulation techniques are of great importance
for this project. For this reason, the virtual SHAPES platform is an ideal testing en-
vironment to study the impact of the new simulation techniques developed in this
thesis.
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Chapter 5

Checkpointing

The usability of VPs for software developers heavily depends on the simulation speed.
In particular for interactive software components, e.g. GUIs, a simulation speed close
to the speed of the final hardware device is desirable for an efficient development pro-
cess. For the future, more complex MPSoC platforms will be deployed and, hence,
an increased demand for simulation performance is anticipated. The Checkpoint/Re-
store(C/R) technique offers the possibility to reduce the number of simulation runs by
storing the state of the simulation to a file, and to use this checkpoint image to restart
the simulation in exactly the same state at a later point in time. For example, instead of
booting the operating system (OS) every time a new application needs to be executed,
a checkpoint permits to omit the time consuming boot process and to concentrate on
the execution of the application itself. It is important to note that checkpointing does
not speed up the simulation itself but it helps the user to reduce the time spent in
simulation.
For modeling VPs, SystemC [30,116] has been established as the de-facto standard.

It allows to efficiently describe software as well as hardware aspects of VPs. The most
important use cases for the C/R feature in SystemC simulations are listed in the fol-
lowing:

Time saving – By creating a checkpoint image at a certain point, the user
does not need to re-run the entire simulation in order to reach a given state,
but can just re-load the state from disk.
Move around in time – The facility of creating multiple checkpoints at dif-
ferent points in time gives the user the possibility to move around in time.
This feature is intended for debugging critical parts of a simulation without
re-running the entire simulation.
Periodic checkpointing – Periodic checkpointing allows the user to quickly
recover the state shortly before an error has occurred. Hence, the restarted
simulation can be employed to investigate the reason for this error.
Simulation transfer – A developer of a VP can transfer a checkpoint image
to another developer to request help for a specific problem or to demonstrate
a certain behavior of the simulation.

In the context of this thesis a C/R framework taking into account the specific char-
acteristics and needs of SystemC based VPs has been developed. This framework is
based on process checkpointing. In contrast to traditional process checkpointing the spe-
cific requirements of SystemC based VPs are taken into consideration, e.g. the interac-
tion with external components such as debuggers, GUIs, consoles and OS resources.
The details of the process checkpointing itself are not presented here. In order to eval-
uate the impact of the proposed framework on the development and usage of VPs, the
C/R mechanism has been integrated into CoWare Virtual Platform [33]. Throughout

49
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Figure 5.1: Debugging and analyzing a PDA virtual platform

the chapter a personal digital assistant (PDA) platform is used to demonstrate the nec-
essary steps for checkpointing.

The remainder of this chapter is structured as follows: First, in Section 5.1 the PDA
evaluation platform is presented to motivate the need for checkpointing. Then the dif-
ferent requirements for checkpointing are discussed. Next, an overview of the related
work is given in Section 5.2. The detailed description of the proposed checkpoint-
ing framework and the integration of user modules are presented in Section 5.3 and
Section 5.4. Afterwards an analysis of the checkpointing performance is presented in
Section 5.5. In order to assess the impact of checkpointing on complex VPs a case study
is conducted and presented in Section 5.6 using the Virtual SHAPES Platform (for more
details refer to Section 4.2.3). Finally, Section 5.7 summarizes the contribution of this
work and discusses some possible extensions for the future.

5.1 Motivation

This chapter describes how the C/R mechanism can be used to accelerate the typi-
cal edit-compile-debug cycle for software development. The mechanism is explained
in the context of a representative application development task: debug and analyze
how an application on a PDA interacts with the hardware after a touchscreen event
occurred. This task is typical for the kind of problems that developers face when port-
ing an operating system to a new hardware platform. It requires a complete boot of
the guest operating system on top of the VP. Furthermore, the application has to be
initialized before the actual debug task can be started.
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Figure 5.2: Developer time spent in a typical debug session

For the actual debugging task the developer may also have to attach several de-
buggers to the VP. A typical collection of debug tools for the CoWare Virtual Platform
is shown in Figure 5.1. The Virtual Platform Analyzer allows inspecting all details of
the hardware platform, while two data display debuggers (DDD) [180] are utilized for
source level debugging of the application software and of the Linux kernel software.
The emulation of peripherals, e.g. touchscreen and terminal, is in general realized by
modeling those components as separate applications that communicate with the VP
via a specific API. In case of the PDA example the touchscreen and the boot console
are realized as external applications.
Setting up the tools and driving the VP into the desired state for debugging the

given problem can become a quite time consuming task. As shown in Figure 5.2 the
complete setup procedure can take several minutes. It comprises the starting of the
VP and the debugger tools, attaching the debuggers to the platform, setting up break-
points and loading the software images. Next, the VP has to be executed until the
Linux OS is booted. Further user interaction may be required for a Linux user login
and the manual start of applications. This procedure needs to be repeated for each new
debug cycle. The C/R mechanism enables the developer to shorten the setup phase to
several seconds, as shown Figure 5.3. It is possible to create a checkpoint of the VP at
any time, e.g. just at the beginning of the actual debug phase. When a checkpoint is
restored, the VP is restarted in the exact state of the checkpoint creation time. Further-
more, all available debuggers are re-attached to the restored VP. Additionally, all the
external applications for touchscreen and console are also restarted if they are no longer
running. The breakpoint settings in the Virtual Platform Analyzer can be configured
by a Tcl script that is automatically executed after each restoration of a checkpoint.
From this example it becomes clear that debugging complex VPs can benefit from

the checkpointing functionality. However, depending on the specific use case of the
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Figure 5.3: Debug cycle is shortened by checkpointing and restoring a virtual
platform

C/R, different requirements are imposed on the C/R capabilities. The most important
requirements are briefly discussed in the following:

Reliability – Reliability of the C/R functionality is of utmost importance.
The reconstructed simulation is required to be in exactly the same state as
the original simulation was before checkpointing.
Transparency – In the context of C/R transparency means that the check-
pointing feature should be applicable without any modification on the sim-
ulated system. The need for complete transparency of the C/R implementa-
tion is not required for SystemC simulations, because the modification and
re-compilation of the simulation is possible. Nevertheless, in order to mini-
mize the effort for the user, the required adaptation should be as minimal as
possible.
Performance – The different use cases impose different performance require-
ments on the C/R functionality. This includes the speed of checkpointing
and restoring as well as the size of the created checkpoint image. For exam-
ple, in case of periodic checkpointing the time required to checkpoint must
be low in order to keep the impact on the simulation performance small. If
a high number of images need to be stored at the same time, the size of the
checkpoint also matters. In general, performance is more important for the
restoration of a checkpoint than for the creation, because a checkpoint will
be created only once, but is likely to be restored many times.
Support for external applications – Virtual platforms are often connected
to external applications such as GUIs, consoles and debuggers in order to
monitor and interact with the simulation, see Figure 5.1. Therefore, the C/R
functionality must be capable of re-establishing connections to external ap-
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plications in order to ensure seamless usage and debugging of the simula-
tion.
Support for OS Resources – SystemC simulations may contain dependen-
cies to the operating system like open files, I/O streams, shared objects,
shared memory or even GUI resources. These resources must be handled
separately by the C/R implementation as they are not part of the simulation
process itself.

The importance of the different requirements depends on the actual use case and sim-
ulation environment. Due to the connection of external debuggers to processor models
and the frequent utilization of OS resources for logging data, the support of external
applications and OS resources is of high importance for SystemC based VPs. The trans-
parency is ranked only second because VPs can be easily re-compiled.

5.2 Related Work

Checkpointing is commonly used for VHDL and Verilog simulators like Cadence NC-
Sim [23], Mentor GraphicsModelSim [95] and Synopsys VHDL/Verilog Simulator [152].
However, extending the existing solutions to support C/C++ and SystemCmodules is
not trivial due to the way how the internal state is represented in memory. The inter-
nal state of a SystemC module is dependent on global variables, local variables, heap
values, and OS resources such as file handles. All of them heavily depend on external
tools like the compiler and the linker. With respect to checkpointing both compiler and
linker show a kind of black box behavior that cannot be influenced. Hence, extracting
the necessary state information is a very complex task.
Currently, a non-transparent approach is used to overcome the problem by intro-

ducing callback functions. The developers of the C/C++ and SystemC modules need
to take care of saving the state. For example this approach is introduced in the Cadence
Incisive Simulator starting with version 6.2. However, no special support for external
components such as debuggers is provided.
The earliest mentioning of the utilization of checkpointing in a full-system simu-

lator dates back to the mid nineties and is used inside the SimOS simulation environ-
ment [132] to switch between the fast and the detailed simulation mode. The switching
between both simulation modes is realized by transferring the simulation state be-
tween both simulation modes. This kind of simulation state serialization is also used
to realize the checkpointing functionality. The checkpointing capabilities of the IBM
Mambo [141] simulation system are based on the same principles as in the SimOS sim-
ulation system. Closely related to the previously presented checkpointing techniques
is the approach utilized by Virtutech for checkpointing SystemC models [102] which
are simulated together with the Virtutech Simics [90] simulator. In the context of com-
puter architecture simulation the SimFlex [54, 145] environment shows an ambitious
use of checkpointing for full system simulation.
In the Virtutech simulation environment the user needs to manually specify the

data which represents the state of a SystemC module by utilizing a mechanism called
attributes. This kind of model state serialization approach leads to comparatively small
checkpoints that can easily be exchanged between different computers. However, this
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approach is currently limited to SystemC methods. It is not possible to checkpoint
modules that make use of SystemC threads. Therefore, the applicability of this ap-
proach is rather limited, since most VPs rely on SystemC threads for modeling their
behavior. Furthermore, marking all the relevant states in a complex module, e.g. a pro-
cessor simulator, is a time consuming and error prone task that can only be performed
by a developer with expert knowledge of this module.

Process checkpointing is another approach to implement C/R for SystemC simu-
lations. The term process checkpointing describes a technique for storing the complete
state of a process. The created checkpoint image can be used to reconstruct the process
state at a later point in time, even on another machine. The image usually comprises
the processor register set, parts of the process address space like stack, heap and global
data, and the state of allocated operating system resources.
Process checkpointing is mainly used for process migration and fault tolerance and

can be subdivided into two groups: kernel space implementation and user space implemen-
tation. Kernel space implementations such as CRAK [181] and BLCR [39, 67, 136] have
the advantage that they can directly access the state of all OS resources allocated by the
target process. Hence, kernel space checkpoint implementations are capable of deliv-
ering completely transparent checkpointing solutions to the user. However, additional
effort must be spent to create the required kernel modules in order to access all OS
states.
In contrast to kernel space process checkpointing implementations, the user space

implementations usually require that the checkpointed application can be re-compiled.
The most prominent implementations are Condor [87], Libckpt [123] and WinCkp [2,
28, 86]. Condor and Libckpt are both implemented for UNIX whereas WinCkp is a
process checkpoint implementation for Windows NT 4.0.
The evaluation of the existing process checkpointing implementations showed that

there is actually no solution availablewhichwould support the complete set of possible
use cases or applications. Most solutions target one special use case or application
type and support only a certain set of OS resources. Especially the support of inter-
process communications to other user processes, such as external debuggers in the VP
environment, is missing completely in all solutions.
Operating system checkpointing stores the state of the entire OS and all its applica-

tions. The main advantage of this approach is the complete transparency for the simu-
lator developer. No special care needs to be taken for OS resources inside the simulator
and debuggers, since the simulation and the OS are checkpointed together. Operating
system checkpointing has become widely available over the last years especially by
the usage of VMWare [169]. However, the drawbacks of this approach are the pro-
hibitively large checkpoint images and the lack of control of the checkpointing process
by the simulator.

5.3 Virtual Platform Checkpoint Framework

The VP simulation process is a normal C++ executable composed of C++ classes mod-
eling hardware components, linked against the SystemC C++ class library and the Sys-
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Figure 5.4: Checkpoint procedure: Releasing OS resources

temC scheduler. Due to its dependency on external tools like C++ compiler and linker,
which can be seen in this context as black box components, the proposed C/R frame-
work is based on a process checkpointing mechanism [131] (see Section 5.3.1). Thus,
the state of the whole process including stack, heap and global data as well as the con-
tent of all processor registers is saved into a checkpoint image on the file system. A
process restore mechanism is able to reconstruct the simulation process state based on
the content of the checkpoint image at a later point in time. Moreover, the utilization of
process checkpointing simplifies the integration of the C/R framework into a SystemC
based simulation, because no dependencies on the underlying SystemC kernel exist.
Since the process checkpointing mechanism is storing the complete simulation

memory automatically, all C++ variables and objects of the hardware model are au-
tomatically checkpointed without the necessity to adapt the platform source code. The
only exception is the utilization of inter-process communication channels and operat-
ing system resources such as open files, sockets, threads or mutexes, which all form
gateways from the simulation process to the outside environment. Thus, the check-
pointing framework has either to ensure that these resources are re-established dur-
ing restore, or if this is not possible, closed before checkpointing and re-opened after
restoring. For example, the utilization of files is common in SystemCmodules for trac-
ing data or for reading configuration information. Sockets, threads and mutexes are
sometimes used for processor model debugger interfaces.
The central problem of handling OS resources and inter-process communication is

solved by driving the simulation into a safe state where process checkpointing is ap-
plicable. Reaching this state is accomplished by providing a framework that releases
all open OS resources and closes all communication channels before the actual initia-
tion of the process checkpoint and re-establishes them afterwards and after restoring
the checkpoint respectively. The main components involved in this process are the
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Figure 5.5: Checkpoint procedure: re-establishing OS resources

Virtual Platform Session Manager and the C/R engine. The VP session manager is a
separate process that is responsible for controlling the checkpointing procedure. This
process drives the communication between the debugger and GUI tools while they
are detached from the simulation process, or while no simulation process is running
at all. By introducing this background process, it can be assured that the debuggers
are not affected by the checkpointing procedure, since they remain attached to the VP
Session Manager all the time. Third-party debuggers require a plug-in in order to con-
nect to the VP Session Manager. The C/R engine is part of the simulation process and
performs the process checkpointing once all external connections are closed.
The checkpointing procedure is illustrated in Figure 5.4. First, the debuggers and

the GUIs are notified (1). If necessary the GUIs transfer data (2) to the checkpoint
image. Then the debuggers and GUIs are detached from the simulation (3) to permit
the release of sockets, pipes and other interprocess communication resources. In the
next step, the user modules of the simulation will be notified of the checkpointing (4).
After writing their user data (5) to the checkpoint image, the user modules release all
OS resources (6). Now, the simulation process has no external dependencies anymore
and regular process checkpointing can be applied to store the state of the process (7).
Figure 5.5 shows how the simulation is re-connected to the external resources after

the checkpointing process has completed. First, the user modules inside the simulation
are notified (1) that the process checkpointing has been completed. Then each user
module re-establishes its OS resources (2). In the next step the debuggers and GUI are
notified (3) and re-attached to the simulation process (4).
The procedure for re-establishing the OS resources after the restoration of a check-

point is comparable to that after the creation of a checkpoint, see Figure 5.6. First a
new simulation process is created (1). Then the data from the checkpoint image is used
to restore the memory of this process (2). In the subsequent step the user modules are
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Figure 5.6: Restore procedure: Recreation of the simulation process and re-
establishing of the OS resources

notified (3) and retrieve the stored user data from the checkpoint image (4). After load-
ing the data, the OS resources are re-established (5). Next, the debuggers and GUIs are
notified (6). The GUIs retrieve their data from the checkpoint (7). Then the debuggers
and GUIs are re-attached to the simulation (8). Finally, the debugger scripts are re-run
(9) to set all necessary breakpoints.

5.3.1 Process Checkpointing

In this section the details of the employed process checkpointing are discussed on the
basis of a Windows XP virtual memory layout as shown in Figure 5.7. Before the simu-
lation data can be written to a file, the virtual memory space of the simulation process
must be completely identified and decided which part of it needs to be stored. The
first step is to define the part of the virtual memory address space which needs to be
taken into account for checkpoint/restart. The address space is divided in two parts:
The user space, starting at address 0x0000000 and ending at 0x7FFFFFFF and the
kernel space which ranges from 0x80000000 to 0xFFFFFFFF. The kernel space is not
accessible by the user and is excluded from checkpointing. As shown in Figure 5.7, the
user space is flanked on both sides by not accessible and unused memory areas. These
areas define the address frame for the identification process: It starts at 0x0010000
and ends at 0x7FFF0000. The next step is to divide this frame into different memory
regions, where a region is defined as a range of memory pages which share the same
attributes.
The resulting array containing the identified memory regions is used to analyze if

a memory region should be part of the checkpoint or not. This decision depends on
two conditions:
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Figure 5.7: Example of a Windows XP virtual memory layout

1. If a region is never changed during a simulation run, it does not need to be
stored. This is usually the case for regions with read-only protection.

2. Only data belonging to the simulation itself is allowed to be checkpointed. The
infrastructure data must not be touched.

Based on these conditions the different code regions that need to be stored are
identified. Further code size reduction can be achieved by analyzing in detail which
code regions contribute to the process state. This step is very much dependent on the
OS that is used.
Process checkpointing relies on the fact that the memory layout of a process does

not change between runs. However, this assumption is not valid anymore with the
introduction of address space layout randomization ASLR [140]. This feature of the loader
randomizes the memory layout every time an application is loaded in order to com-
plicate buffer overflow induced attacks. This randomization certainly aggravates the
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1 #include <CwrBase/SimBase/CheckpointRestoreObserver.h>

2

3 class MyModule : public nCoWare::nCheckpointRestore::Observer {

4 ...

5 private:

6 virtual std::string handleBeginOfCheckpointing(...) {

7 copyTraceFileToCheckpointDirectory();

8 closeTraceFile();

9 return "";

10 }

11

12 virtual void handleEndOfCheckpointing(...) {

13 reopenTraceFile();

14 }

15

16 virtual void handleEndOfRestore() {

17 copyTraceFileFromCheckpointDirectory();

18 reopenTraceFile();

19 }

20 ...

21 }

Listing 5.1: Adaptation of a user SystemC module: Writing user data into a
checkpoint

process checkpointing. Further research is required to analyze if process checkpoint-
ing in its current form can be utilized together with ASLR. In the context of this thesis
ASLR has been deactivated.

5.4 Integration of User-Defined Modules

As described in the previous section, the framework for handling external communi-
cation channels and OS resources during the checkpoint and restore procedure allows
the integration of user modules, debuggers and GUIs. This section focuses on the inte-
gration of user-defined SystemC modules, which is the most common task for model
designers. For external applications such as GUIs and debuggers an API is provided.
The details of this API are out of the scope of this thesis and are therefore not discussed.
The user-defined modules are notified about checkpoint and restore events by in-

heriting from a special observer object provided by the C/R framework API. This ob-
server object internally connects to the VP session manager. The C++ code example in
Listing 5.1 illustrates how this observer is utilized for a SystemC module that continu-
ously writes trace data into a file. The trace data that was produced before a checkpoint
is created shall further be available when restoring the checkpoint. Therefore, the user
module closes the file during the checkpoint procedure and copies its content into the
checkpoint image. After the checkpoint was created, the file is re-opened. In case a
checkpoint is restored, the module first restores the original content of the trace file by
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1 #include <CwrBase/SimBase/CheckpointBlocker.h>

2

3 void MyModule::readConfiguration(...) {

4 ...

5 { // limit scope of variable config_file

6 nCoWare::nCheckpointRestore::

7 ScopedCheckpointBlocker cp_blocker(

8 "MyModule reading config"

9 );

10 std::ifstream config_file(config_filename);

11 // read configuration

12 ...

13 }

14 // checkpointing is possible again

15 ...

16 }

Listing 5.2: Adaptation of a user SystemC module: Temporarily blocking the
creation of checkpointing while a file is opened

copying it back from the checkpoint image. Then, it re-opens the file to allow further
dumping of data when the restored VP resumes the simulation.
The presented C/R framework does not handle temporary OS resources at all. In-

stead, the creation of a checkpoint is blocked for the short time when such resources
are in use. Either the creation of a checkpoint is delayed until the appropriate resource
is freed, or a message is printed to the GUI to inform the user why the creation of a
checkpoint is not possible at the moment.
Very often files or other OS resources are only used for a short period of time.

Examples for a temporary file access are the reading of configuration information or
loading of a binary image to the memory of a processor. For this kind of temporary OS
resource utilization the C/R framework API provides a simple mechanism that blocks
the creation of checkpoints while the simulation is inside such an unsafe section. This is
achieved by temporarily instantiating a checkpoint blocker object, as illustrated by the
code example in Listing 5.2. As long as the instance of the blocker is active checkpoint-
ing is not possible. The developer can pass a string to the constructor of the blocker
object, which is used to inform the user at runtime, why the creation of checkpoints is
temporarily disabled.

In case that not all OS resources had been released before the process checkpoint
is created, the produced checkpoint image would be corrupted. As a result a restored
simulation based on a corrupted checkpoint would fail when accessing a previously
unreleased OS resource. Usually, a debugger will point the user to the source code
location that uses the incorrectly handled OS resources. However, to ease the devel-
opment of checkpointing enabled platforms the checkpointing environment supports
the model developer by scanning the simulation process for open OS resources imme-
diately before the process checkpoint is created. All open files, sockets and threads are
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reported to the user and the creation of a potentially corrupted checkpoint is aborted.
This feedback helps the user to locate the incompatible code portion and correct it.

5.5 Performance of the Checkpoint/Restore Mechanism

In general, the time required for the creation and restoration of a checkpoint is propor-
tional to the memory size of the simulation process. For example, the PDA platform
shown in Figure 5.1 consists of an ARM926 single core processor model and requires
an overall size of approximately 400MB. Furthermore, the creation time of a check-
point depends on the underlying file system. In case of storing the checkpoint image
on a local disk of a Windows XP host, the checkpoint and restore procedure requires
10 seconds each. In contrast, on a Linux host the caching effects of the file system have
a very positive effect on the creation of checkpoints, so that creating a checkpoint only
takes 2.5 seconds while it is restored after 6 seconds.
Due to the underlying process checkpointing, the checkpoint images have shown

to be quite sensitive to recompilations of the VP. Any change to the simulation ex-
ecutable of the VP invalidates the checkpoint image. Additionally, its portability is
limited. Usually it is possible to restore a checkpoint on a host with identical instal-
lation. But already slight differences in the patch level of the operating system may
prohibit to restore a checkpoint.
Recompilations or other changes of the embedded software which is executed by

the processor models of the VP do not corrupt the checkpoint image. After a check-
point is restored, the VP always contains the original software, e.g. the OS, and behaves
like the checkpointed platform. The user is now able to load the recompiled software
image, e.g. an application, into the processor model and continue the simulation of the
VP.

The comparatively large size of the checkpoints based on process checkpointing
increases the checkpointing time and limits the number of images that can be kept on a
hard disk. For this reason the framework incorporates a stream-based compression uti-
lizing the deflate algorithm [37] to compress the data before writing it to the hard disk.
The deflate algorithm is a combination of the lossless Lempel-Ziv-Storer-Szymanski
algorithm [149] and Huffman coding. This algorithm offers a set of parameters that
enable the user to trade-off the compression rate for compression speed. This feature
is very useful to determine the optimal working point for the compression in the con-
text of checkpointing.
The impact of the compression on the checkpoint time is twofold: First, the compu-

tational overhead introduced by the compression/decompression increases the check-
pointing time. Second, less data needs to be written/read from the hard disk, which
leads to a faster checkpointing. Depending on which effect is dominating the check-
pointing becomes faster or slower. Independent of the checkpointing time, compres-
sion clearly increases the number of checkpoints that can be stored simultaneously on
the hard disk.
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# tiles checkpoint [s] restore [s] image size [MB]

1 3.00 10.20 319

2 5.34 18.30 568

4 12.33 38.80 1094

8 50.00 75.00 2115

Table 5.1: Duration and image size of uncompressed checkpointing for differ-
ent numbers of SHAPES tiles

5.6 Case Study

In this case study the proposed checkpointing framework is applied to a complex VP
in order to study its applicability and impact. As driver the Virtual SHAPES Platform
(VSP) that is presented in Chapter 4 has been used.
Before applying the checkpointing to the VSP, some modifications of the platform

were required. More specific, the creation of log files by the different peripheral mod-
ules needed to be extended to support closing of the OS resources during the check-
pointing. Updating all peripherals and succeeding validation required only two days
for a developer who is already familiar with the SHAPES platform. Two test appli-
cations were used: (1) a Linux kernel (version 2.6.22) boot and (2) a Lattice Quantum
Chromo-Dynamics (LQCD) [51,173] (refer to Section 4.3) simulation from the domain of
theoretical physics, specifically optimized for the SHAPES platform. Booting the Linux
kernel on a single SHAPES tile and mounting the file system requires 68.1s. Check-
pointing this system takes 2.8 seconds and consumes 261MB of disk space. Restoring
the system requires 3.2 seconds. Hence, by using the checkpoint instead of booting the
Linux the desired state can be reached faster by a factor of approximately 20×.
Besides reaching a certain state of an application the user also needs to setup the

debuggers, the different views and the breakpoints. This overhead is not necessary if
the application is checkpointed. Hence, an even better ratio between simulation plus
setup of the environment and restoring can be expected.
Due to its excellent scalability the LQCD application is executed on different num-

bers of SHAPES tiles to evaluate the scalability of the checkpointing in terms of simula-
tion size. Table 5.1 shows the checkpointing time and the uncompressed image size for
different numbers of tiles. The case study is conducted on an Intel Quad Core Q6700
based system with 2.66GHz and 16GB of RAM using Scientific Linux 5.0 as operating
system.
The obtained results show that the checkpoint image size is less than linearly grow-

ing with the number of tiles simulated. The time required for checkpointing is grow-
ing approximately linearly. Caching of the underlying operating system allows fast
creation of checkpoints. However, caching only works if the checkpoint size does not
exceed the disk cache size. In case of the LQCD application, the 8 tiles version requires
4.1× instead of 2× longer than the 4 tile version due to this effect.
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Figure 5.8: Checkpoint/restore time for compressed and uncompressed check-
points

During the development of the SHAPES LQCD application for the 8 tile platform
a bug in the remote DMA driver (RDMA) caused the LQCD to produce wrong results.
Driving the application in detailed simulation mode into the state where this problem
was suspected took 16min 21s. Naturally, this state had to be generated many times
before it was possible to locate the reason for the bug. With checkpointing it takes only
32.1s to store the state of the simulation. Restoring the checkpoint takes around 34 sec-
onds. This clearly shows that debugging of applications running on VPs benefits from
checkpointing.

In order to analyze the implications of compressing/decompressing the check-
points at runtime, the LQCD application running on multiple tiles is used as test case.
Figure 5.8 shows the measured times required for checkpointing and restoring com-
pressed (comp.) and uncompressed checkpoints (uncomp.). The simulation complex-
ity and respectively the checkpoint size has been varied by running the LQCD appli-
cation on one, two, four and eight tiles, leading to uncompressed checkpoints ranging
from 319MB to 2115MB. All experiments have been conducted using a local hard disk
capable of storing data with approximately 42MB/s. Experiments varying the com-
pression rate have revealed that the fastest compression mode shows the best overall
performance. Fast compression is obtained at the cost of a reduced compression ratio.
However, on average the size of the compressed images can be still reduced by a factor
of 10.
The measured results for the checkpoint creation show that the compression over-

head is not fully compensated by the reduced image size. This effect can be explained
by the combination of a fast local hard disk and the caching effects of the underlying



64 Chapter 5. Checkpointing

file system. In case of slow storage media, e.g. laptop hard disk, the picture is com-
pletely different. Here, the compression is capable to reduce the checkpoint size and
the checkpointing time. This is completely different for the checkpoint restore pro-
cess. In this case the compression reduces the restoration time significantly. The reason
for the completely different behavior of checkpointing and restoring is twofold. First,
the read-ahead caching of file system does not improve the loading of the checkpoint-
ing significantly. Hence, reducing the amount of data required to be read from the
hard disk size has a direct impact on the time necessary for restoring a checkpoint.
Moreover, the deflate algorithm belongs to the group of asymmetric compression al-
gorithms, which requires much more time for compression than for decompression.

5.7 Conclusions and Outlook

The presented case study demonstrates that the C/R feature provides a valuable con-
tribution to the software developers’ productivity by shortening their typical edit-
compile-debug cycle. To evaluate the applicability and the impact of this framework
on complex VPs it has been integrated into the CoWare Virtual Platform environment.
Compared to other checkpointing approaches this framework is specifically tuned for
SystemC by supporting the checkpointing of SystemC simulations with debuggers and
GUIs connected. Thus, the full debug scenario around a VP is supported. Complete
transparency has not been enabled by the proposed approach, however the changes to
achieve full compatibility require only minimal effort and usually consist of only a few
lines of C++ code. The checkpointing procedure has been proven to be fast and reli-
able. In order to mitigate the large checkpoint size, the checkpoints can be compressed
at runtime before being stored. On average a compression factor of 10 is reached. De-
pending on the underlying file system and on the speed of the storage medium the
checkpointing time may or may not benefit from the compression. Because of the
asymmetric behavior of the deflate algorithm the checkpoint restore process always
benefits from compression. Due to the utilization of process checkpointing the pre-
sented approach is sensitive to changes of the VP and fails after a recompilation of the
VP. Therefore C/R feature is most useful for an engineer who is developing software
on top of a VP.
Further improvements of the checkpoint size are possible by the implementation

of incremental checkpoints. Only the differences between two subsequent checkpoints
are stored and thus the memory consumption can be further reduced. However, it can
be expected that the restore time will increase due to the fact that several incremental
checkpoint images have to be read to restore the state of the simulation.



Chapter 6

Hybrid Simulation

As discussed in the previous chapters the simulation performance is of high impor-
tance, especially in the context of VPs. For software developers VPs can only be con-
sidered as a viable solution for early software development, if the simulation perfor-
mance is sufficiently high, so that the software development turnaround times are not
significantly affected compared to a real hardware platform. Furthermore, in order to
cope with the growing software complexity faster simulation techniques are required
to ensure the future usability of software development using VPs.

A detailed analysis of VPs used for software development reveals that the major
building block affecting the overall simulation speed is the processor simulation. This
observation triggered a considerable amount of research activities to improve the sim-
ulation performance of ISSs. In Chapter 3 the most prominent simulation approaches
developed over the last years are briefly discussed. Reviewing the different solutions
proposed to tackle the simulation speed problem shows that ISS based simulation tech-
niques have been exhausted to the extreme. Not much speedup can be expected from
this traditional approach in future. Hence, it is necessary that new simulation tech-
niques will replace today’s prevailing ISS based processor simulation. Despite all the
development efforts in the recent years the simulation speed is still very low com-
pared to real hardware. In fact, not only the simulation techniques improved but also
the complexity of the systems being simulated was growing at the same time, partly
compensating the achieved speedups.

In general, the speed of a processor simulation is inversely related to the level of
abstraction, due to the reduced amount of states that needs to be computed. Hence,
the software developers have the possibility to trade-off simulation performance with
accuracy depending on their requirements. For example, debugging a complex appli-
cation requires first to simulate the application until the point in time is reached where
the problem is expected. Then, in a second step the developer will examine the behav-
ior of this code fragment carefully to localize the problem. Clearly, during the first step
the simulation speed is of primary concern, whereas in the second step the emphasis
is on the simulation accuracy.

Based on the observation that the required simulation performance and accuracy
feature a high variability over time, e.g. during application debugging, a hybrid sim-
ulation framework called HySim is proposed. In contrast to most other simulation
techniques, this technique clearly focuses on the requirements of software developers
rather than the hardware centric requirements of system designers. This framework

65
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offers the possibility to switch between an abstract simulation (AS) mode and an ISS
based simulation mode at runtime. The main objectives of the proposed solution are:

Performance – High simulation speed is achieved by native code execution
on the host machine. All applications with platform independent code, e.g.
ANSI C code, can benefit from the native execution and can be simulated
using the abstract simulation technique.

Performance estimation – During the abstract simulation a runtime perfor-
mance estimation is applied to provide the user with approximate perfor-
mance figures of the application without the need for a detailed simulation.
In particular for multi-processor simulation the timing information is impor-
tant to maintain the relative order of tasks on different processors.

Compatibility – It is important to keep the simulation framework as generic
as possible, i.e. all types of programs should be supported by the framework,
without the need for modifying the binary and independent of the presence
of debug information. Additionally, assembly code as well as third party
libraries should be supported to make the framework adaptable to a wide
range of applications.

Transparency – The framework placed on top of an existing ISS should be
transparent to the ISS as well as to the other components of the simulated
system, e.g. peripheral devices, buses and other processor simulators. This
is important especially in the context of system simulation, where the pro-
cessor simulator is only one building block of the entire system.

Retargetability – In order to apply the HySim framework to a wide range of
processor simulations it must be independent of the underlying ISS.

The rest of this chapter is organized as follows. In Section 6.1 the basic concept
of the hybrid simulation is presented before the details of the code instrumentation
are discussed in Section 6.2. Section 6.3 shows how an application can be partioned
to make best use of HySim. Afterwards, Section 6.4 discusses the integration of this
technique into an industrial simulation framework. Next, the integrated performance
estimation framework is presented in Section 6.5. In Section 6.6 experimental results
are presented and discussed. Finally, this chapter is summarized and some futurework
is discussed in Section 6.7.

6.1 Concept of Hybrid Simulation

This section describes the concept of the proposed retargetable, hybrid simulation ap-
proach, which defines a hybrid processor simulation architecture and utilizes an ab-
stract simulation to accelerate the instruction set simulation.
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Figure 6.1: Architecture of the simulation system

6.1.1 Architecture of the Hybrid Processor Simulator

The key idea of the HySim framework is to speed up the overall simulation by di-
rectly executing parts of the application on the host machine. Unlike binary transla-
tion approaches the HySim framework enables the user to decide which parts of the
application are simulated in detail and which parts are simulated at a high abstraction
level.
From the perspective of the ISS the native code execution can be seen as an abstract

simulation which is transparent to all the other components of the simulation system.
Thus, this concept can be easily applied to an ISS without affecting the rest of the sys-
tem simulation. This feature is especially important for large system simulations, since
it allows to improve the simulation performance without having to modify other com-
ponents of the system, such as buses, memories and peripherals. Figure 6.1 shows the
structure of a hybrid processor simulator consisting of a target simulator, i.e. a tradi-
tional ISS simulator, and an abstract simulator (AS). To ensure the seamless switching
between both types of simulation an external control logic is introduced. Due to the
fact that both simulators execute in a mutually exclusive way, no special synchroniza-
tionmechanism is required for data exchange between both simulators. Each simulator
has its own memory to store the state of the application. To ensure the coherence of
both simulators the abstract simulator has the ability to access the memory of the tar-
get simulation 1. Details about the switching and the required instrumentation can be
found in Section 6.1.3.

1 In the following the terms target simulation and ISS based simulation are interchangeable.
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Figure 6.2: HySim software flow concept

6.1.2 Software Flow

In order to utilize the proposed hybrid simulation framework the traditional software
flow needs to be extended as shown in Figure 6.2. Two clearly separated branches
starting from the application source code can be identified. The left branch represents
the standard cross compilation flow which is required to generate the binary for the
target simulation. The right branch shows the tool flow required to generate the ab-
stract simulator. Memory accesses in the application source code are automatically in-
strumented to access the target simulator memory in order to ensure data consistency
during the abstract simulation. Furthermore, for each function in the source code a
function stub is generated to guarantee seamless switching between both simulation
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modes. All generated files are compiled using the available host compiler to produce
a dynamic library containing the abstract simulator. Additionally, the instrumenter
analyzes the application and generates a global control flow graph (GCFG). This GCFG
serves as input to the automatic partitioner, together with a breakpoint specified by
the user. Based on these inputs, the partitioner will segment the application between
the ISS based simulation and the abstract simulation in such a way that the specified
breakpoint is reached as fast as possible. More details on the partitioning algorithm
can be found in Section 6.3. Furthermore, it is also possible for the user to bypass the
partitioner and directly control the hybrid simulation.

6.1.3 Abstract Simulator

The abstract simulator forms the heart of the hybrid simulation by offering high sim-
ulation speed. In the following the details of the AS are presented. Currently, the bi-
nary translation technique reaches up to 500MIPS. However, its application is mainly
limited to RISC like processor architectures. In comparison to the available raw com-
puting performance of today’s PCs even the fastest simulations are one to two orders
of magnitude slower than the native target execution. This gap mainly stems from the
overhead introduced by simulating the target architecture. The simulation of a single
target instruction requires on average between 10–100 host instructions for instruction
accurate simulations. Because of this simulation overhead, a hybrid simulation capable
of switching between an ISS based simulation and native code execution is expected to
achieve even higher simulation rates. Apart from this, the proposed abstract simulator
is independent from the simulated target architecture. Hence, a wide range of proces-
sor types can be equipped with this technique.

As presented in Chapter 3 there exist different hybrid simulation approaches. The
main differentiators between those approaches and the HySim framework are the ap-
plied switching level and the supported type of instruction set architectures (ISAs).
Most hybrid simulators offer the user the possibility to switch between cycle accurate
and instruction accurate simulation, e.g. Tensilica. PTLSim [179] provides the possibil-
ity to switch between a CA simulation and native code execution. However, in case of
PTLSim this switching is greatly simplified by the fact that the ISA of the host and of
the simulation target are identical.
In the domain of processor and microarchitecture development IA simulations are

considered to be abstract since most of the microarchitectural features are not simu-
lated, e.g. pipeline and bypassing. In this domain IA simulations are used as an in-
strument to drive a simulation quickly into a state of interest. This kind of hybrid
simulation is clearly tailored towards the needs of architecture developers. Because in
the light of an efficient software development the switching between CA and IA sim-
ulation is not adequate. For the software development the simulation performance is
of high importance, therefore HySim provides the user with the possibility to switch
between an IA level simulation and native code execution. It is important to note that
hardware developers and software developers have a different notion of functional
simulation. Hardware oriented developers already consider IA level simulations as
functional since the obtained timings are not fully accurate. In contrast, software de-
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velopers refer to functional simulation if no timing information at all can be obtained
from the simulation, e.g. native code execution. For the majority of the applications
and software modules developed, the accuracy of IA simulations is sufficient for the
evaluation of the functionality and for the debugging. In that sense the HySim frame-
work offers software developers the possibility to switch between IA simulation and
functional simulation.
From all hybrid simulation approaches in literature theVirtual Processing Unit (VPU)

proposed by Kempf et al. [73] bears the highest resemblance of modeling a processor
simulator at a very abstract level. However, the VPU technology offers the user the
possibility to perform spatial hybrid simulation by combining ISS based processor sim-
ulationwith VPU based processor simulation, i.e. before simulation the user can decide
for each processor simulator if this instance should be simulated at a high abstraction
level or in detail. In contrast, the HySim framework provides the possibility of tempo-
ral hybrid simulation, i.e. at runtime the user can decide for each processor simulator
whether he would like to perform abstract simulation or IA level simulation.
In general, switching between an ISS based simulation and an abstract simulation

is a very complex and architecture dependent task (see Equation 6.1), since the entire
state of the simulated program must be transferred to the abstract simulator to ensure
a coherent state.

RCPU : All registers describing the CPU state

RPC : Program counter

Rparam : Registers containing the function parameters

Mtext : Text section contains the application code

Mdata : Data section stores all global and static variables in the data
section

Mstack : Stack section stores the local data and function parameters

Mheap : Heap section contains global data that is allocated and deallo-
cated at runtime

ApplicationState = RCPU ×Mtext ×Mdata ×Mstack ×Mheap
︸ ︷︷ ︸

Data

(6.1)

Due to compiler optimizations a one-to-one relation between variables in both sim-
ulators can not be assumed, e.g. some variables might be optimized away and their
respective values are held in registers. In order to establish a mapping between both
simulators additional information is required, for example the debug information in-
cluded in the program could be used. However, relying on debug information has two
weaknesses: First, this limits the approach to processors with toolchains supporting
debug information and applications with debug information available, which might
not be the case for processors under development. Additionally, different debug for-
mats, such as DWARF [159] and STABS, need to be supported to make this approach
retargetable. Second, in case of compiler optimizations the accuracy of the debug in-
formation is greatly diluted, rendering this approach infeasible.
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ApplicationState = RPC ×Rparam ×Mtext ×Mdata ×Mheap
︸ ︷︷ ︸

Global Data

×Mstack (6.2)

The problem of a state transition between both simulators can be greatly simplified
by restricting the switching to function borders (see Equation 6.2). At a function border
the entire state can be described by the program counter (RPC), the function parame-
ters passed via registers (Rparam), the global memory and via the stack (Mstack). Local
variables do not need to be considered since their life range is limited by the begin
and the end of a function. Thus, this approach circumvents the problem of register-to-
variable mapping without the need for debug information. The coherence of the global
variables is guaranteed by maintaining only one single instance of them. The abstract
simulation can directly access the simulation memory of the IA simulation by a set of
API functions (see cross memory access in Figure 6.1).
In the following the details of the instrumentation step necessary for the global

memory accesses are discussed.

6.2 Source Code Instrumentation

This section discusses the required source code instrumentation and its implication
on the different language constructs. The source code instrumentation is necessary to
implement the crossmemory access of the AS.Without the instrumentation it would be
impossible to keep the global variables located in the ISS address space in sync while
running the AS. Apart from this, the details of the switching between both simulation
modes are presented in this section due to its close relation to the application analysis
and instrumentation.

6.2.1 Bidirectional Invocation

In order to switch between both simulation modes during runtime two concepts are
utilized: The transition from ISS based simulation to AS is realized by a forward in-
vocation and the opposite direction is realized by an inverse invocation. The reason for
the two different approaches are the different boundary conditions for both simula-
tion modes. For compatibility reasons no modifications on the application binary are
possible. However, this restriction does not apply to the instrumented program code.
The forward invocation is realized by using the concept of stubbing. For each

source code function the instrumenter automatically generates a function stub (see Fig-
ure 6.4). This stub forms a bridge between both simulation modes and translates the
function calls. While starting the simulation a link between the functions on the ISS
and their corresponding functions on the abstract simulator are created. Based on the
knowledge of the calling conventions of the target compiler it is possible to extract the
function parameters and transfer them to the abstract simulator. The generated stubs
and the associated instrumented functions together form the abstract simulator.
The concept of stubbing cannot be applied for the transition fromAS to ISS because

no modifications on the target binary are allowed. Having the application source code
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Figure 6.3: Invocation of abstract simulation from the ISS based simulation and
vice versa

1 void foo() {

2 // Stub for foo()

3 int Param1;

4 int Return;

5

6 Param1 = GetPARAM_int(1); // Transfer parameter from ISS

7 Return = AS_foo(Param1); // Execute foo() on AS

8 SetRETURNVALUE(Return);

9 }

Listing 6.1: Example of an automatically generated stub running on the AS

at hand, it would be possible to add the stub directly into the source code and recom-
pile the application binary. However, this approach works only if the complete source
code including the different libraries are available. In order not to restrict the hybrid
simulation the concept of inverse stubbing has been selected for the transition from
AS to ISS. This approach does not require any changes on the target binary itself. In
case that a function f() executing on the abstract simulator needs to execute a func-
tion, e.g. printf(), on the ISS, the inverse stub is called first. It transfers the function
parameters into the ISS and monitors the execution of the ISS. Once the execution of
the function finishes, the result value is transferred back to the abstract simulator and
the abstract simulation is continued. The inverse stubs are mainly used to execute C
standard library function calls, e.g. malloc(), inside code running on the AS.
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1 void* LIBC_malloc(size_t size) {

2 // Inverse stub for malloc()

3 long ReturnPC;

4 void* ReturnValue;

5

6 StoreContext(); // Store processor context

7

8 SendArg(0,size); // Transfer argument to ISS

9

10 ReturnPC = Jal(LIB_TP_malloc); // Set PC to address

11 // of function malloc

12 RunUntil(ReturnPC); // Run ISS

13

14 ReturnValue = (void*) GetReturnValue();

15 RestoreContext(); // Restore processor context

16

17 return ReturnValue;

18 }

Listing 6.2: Example of an inverse stub running on the AS

Figure 6.3 depicts the forward and inverse invocation. The stub, the inverse stub
and the instrumented program access the function parameters and the global memory
via an API in order to keep the components independent of the used architecture and
ISS. As an example Listing 6.1 shows a generated stub transferring one function param-
eter from the ISS to the AS and after execution of the function foo() the stub copies
the computed return value back to the ISS. Exemplary, Listing 6.2 shows the inverse
stub for the malloc() function. The inverse stub executes the malloc() function on
the ISS, hence, it will change the ISS context, i.e. PC and registers will be modified.
Therefore, the inverse stub must first store the original context of the ISS in order to
restore the state of the ISS later on. In the next step the argument size is copied to
the ISS. The ISS simulator is executed until the execution returns from the malloc()
function. Next, the return value is copied from the ISS and the previously saved ISS
state is restored. Finally, the obtained result value is returned.

6.2.2 Instrumentation

The instrumenter is the heart of the HySim framework. It ensures that a consistent
state is maintained between both simulation modes. This is achieved by analyzing
the application source code and then instrumenting it. So that the AS can access the
ISS address space in order to keep the global variables consistent in both simulation
modes.
As discussed in Section 6.1, both simulators maintain their own, separate address

space (see Figure 6.1) called the ISS address space and the AS address space. However,
to guarantee a consistent state, it is important that the abstract simulator can access
the ISS address space. A direct access to the ISS address space from the AS is not
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Figure 6.4: Example of the required instrumentation to enable switching be-
tween both simulation modes

Figure 6.5: Resolving the pointer conflict introduced by using the address of a
local variable

possible, because dereferencing a pointer to an ISS memory location does not access
the correct data and might even access an invalid address in the AS address space and
thus cause a segmentation fault. Therefore, the memory access is realized via a set of
helper functions. These functions can access the memory of the ISS and offer the AS
the possibility to directly manipulate the content of the ISS memory.
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The instrumenter takes care of automatic transformation of all memory accesses
into calls to the appropriate helper functions. Most frequently the ISS address space
is accessed via global variables and pointers. In the following, the different language
constructs that need to be handled by the instrumenter are discussed:

Global variables – Global variables and local static variables can be accessed
either by names or via pointers in C [75]. In the first step the instrumenter
declares a unique global pointer for each of these variables and assigns the
pointer to the address of the corresponding variable in the ISS address space.
The address of the global variable in the ISS address space is determined by
reading the memory map (e.g. using objdump) of the target binary. This
link between both address spaces ensures that a value change in one ad-
dress space is also reflected in the other. In the second step the instrumenter
replaces all read/write accesses to these variables by a function call to the
appropriate helper functions.
Figure 6.4 shows how the instrumentation is performed for a simple exam-
ple. On the left side of the figure the original source code and on the right
side the instrumented code is shown. Function foo() returns the value of
the global variable global. Since the value of this variable can not be de-
termined at compile time in general, the instrumenter will create a global
pointer pGlobal and fills it with the address of the variable global in the
ISS address space (1). This is done while loading the abstract simulator. In a
subsequent step the read access to the global variable is replaced by a func-
tion call to the helper function READMEM int() (2).
Using helper functions instead of direct memory access introduces a run-
time overhead to the abstract simulation. Thus, unnecessary instrumenta-
tion needs to be avoided. For example, for global or static variables declared
with the const keyword, an additional copy of the variable is created in the
AS address space. In this case the instrumenter can directly access the local
copy without the need for helper functions.

Local variables – Local variables only reside in the AS local memory, so ac-
cessing them directly is safe. However, accessing the local variables through
pointers introduces ambiguity because during instrumentation time it can
not be determined in which address space the pointer is located. It is even
possible that the address space of the pointer depends on the function call.
For example, the pointer could point to a global or to a local variable. This
problem is solved by copying all local variables that are accessed by pointers,
e.g. local arrays, to the ISS address space. Hence, this ensures that pointers
can only point to elements residing in the ISS address space. Figure 6.5 gives
an example of the described pointer conflict. Depending on the function pa-
rameter input the pointer ptr is pointing to a local variable or to a global
variable. Both variables are residing in different address spaces. This con-
flict cannot be resolved during compile time (1), therefore, the local variable
is copied into the ISS address space using the PUSH() helper function (2).
The PUSH() function puts the data on top of the processor stack and returns
a pointer to this address location to the AS. Using this pointer pLocal in-
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stead of the original local variable local resolves the pointer conflict, since
now pGlobal and pLocal are both pointing to the ISS address space and
both can be accessed using the same helper function. At the end of the func-
tion foo() the local variable is removed from the ISS stack by calling the
POP() function (3).

Aggregated data structures – The specification of the language C does not
define the layouts of aggregated data structures like struct or union, dif-
ferent compilers may produce different memory layouts for aggregated data
structures. Special helper functions are required to translate between the dif-
ferent memory layouts. In the current implementation of the instrumenter
this problem is avoided since the target compilers employed for the case
study have an identical data layout as the host.

Floating point – Floating point computation is complicated to handle by
the instrumenter because it is highly platform dependent, e.g. the rounding
strategy is not defined in the IEEE 754 [63] standard. Hence, by switch-
ing between both simulation modes the precision of the results might be af-
fected. In case that exactly the same precision is required in both simulation
modes, all floating point operations must be instrumented and the required
precision is then emulated on the host. However, this reduces the expected
speed-up of the native code execution and should not be necessary in the
general case.

C Standard Library – In general, there are two possibilities to handle calls
to the C standard library: First, map the function calls to the corresponding
function calls on the host machine. Second, switch back to the detailed sim-
ulation to execute the function call. The latter approach is more complicated
to realize since it requires an inverse stub (see Listing 6.2) for each func-
tion call. However, this approach is the more general solution, because it
also allows to execute functions with side effects. For example, mapping the
function call fabs() to the host machine is not a problem since this function
has no side effects. But for function calls like malloc() this approach is not
feasible, since they have side effects such as reducing the available memory
on the heap. In order to keep the HySim framework as general as possible
all calls to the C standard library are executed on the ISS based simulation at
the cost of a reduced simulation speed.

6.3 Application Partitioning

The HySim framework offers the user two possibilities of partitioning an application:
manual partitioning and automatic partitioning, as depicted in Figure 6.2. The manual
partitioning gives the user the complete freedom to choose which functions will be
executed on the AS and which functions remain on the ISS based simulator. However,
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no sanity checking is performed, the user is responsible to ensure the correctness of the
partitioning.
In case of automatic partitioning, the user only marks a code location with a special

breakpoint called fast-forward breakpoint (FF breakpoint). Based on the GCFG the par-
titioning is then automatically performed in such a way that the marked code location
is reached as fast as possible, i.e. the partitioner tries to execute as many functions as
possible on the AS. Naturally, executing the complete program on the AS would result
in the fastest possible partition to reach the desired code location. However, the trivial
solution is not feasible in general, because not all types of functions can be executed
on the AS without compromising the switching capability. For instance, all functions
contributing to the actual call stack on the ISS must be simulated on the ISS based sim-
ulation, otherwise it is not possible to continue the execution of the application after
switching back from the AS.

6.3.1 Global Control Flow Graph

The global control flow graph GCFG = (N,E) is a directed graph where each node
n ∈ N represents a basic block (BB) and each edge (ni, nj) ∈ E depicts a control flow
transition from BB ni to BB nj . The GCFG can be seen as an extension of the traditional
control flow graph (CFG) [3] which represents the control flow between basic blocks at
function level. The GCFG is obtained by merging all local CFGs together, so that:

N =
K⋃

i=1

NCFGi
(6.3)

E =
[ K⋃

i=1

ECFGi

]

∪ Ecall (6.4)

where Ecall denotes the set of edges from the function call to the entry node of the
callee and K is the number of functions in the application. The GCFG is essential for
program partitioning since it contains all information about the function execution se-
quence.

On the function level the GCFG can be described as a directed graph GCFGfunc =
(M,D):

M = {1, ..., K} (6.5)

D = {(m1,m2)| ∃(n1, n2) ∈ E, n1 ∈ NCFGm1
, n2 ∈ NCFGm2

} (6.6)

where M represents the the set of functions described by the GCFG. An edge
(m1,m2) ∈ D denotes that a functionm1 contains a call to a functionm2.
In Figure 6.6 the GCFG generation is exemplified using a simplified version of the

GCFG. The GCFG comprises eleven CFGs (K = 11), one for each function, and starts
with the main() function. Inside the main() function four function calls can be seen,
each function call points to the CFG of the corresponding function. Hence, the GCFG
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Figure 6.6: Example of a GCFG with a FF breakpoint

provides information about all possible calling sequences of functions and about the
possible call stack for a given function.
In the GCFG each function is associated with a status flag Sm ∈ {P,NP,RNP},m ∈

{1, ..., K}. This flag can indicate three different states: partitionable (P), non-partitionable
(NP) and recursive-non-partitionable (RNP). By default all functions are assumed to be
partitionable. The states NP and RNP both indicate that a function cannot be exe-
cuted on the AS but needs to be executed on the ISS simulator instead. The difference
between NP and RNP is that RNP effects not only the marked function but also all
functions contributing to the call stack of the marked function. Hence, this flag can be
utilized to ensure that the function call stack is not corrupted by switching between
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Status flag Sm Description

P, Partitionable By default all functions are considered to be
partitionable.

NP, Non-Partitionable All incomplete functions, i.e. where only
the function prototype is available, are
marked as NP.

RNP, Recursive-Non-Partitionable Functions containing function pointers, di-
rect stack manipulation or marked by the
FF breakpoint are considered to be RNP.

Table 6.1: Overview of the partitioning flag Sm

the simulation modes. Table 6.1 summarizes the different states possible for the status
flag Sm.
As shown in Figure 6.2 the GCFG generation is part of the analysis and instru-

mentation phase. During the GCFG generation each function of the application is also
analyzed and the flag Sm is set to the corresponding value. In the following, the differ-
ent code features relevant for the GCFG generation are presented and their handling is
described:

Static functions – The visibility of static functions is limited to a com-
pilation unit [75], therefore multiple static functions belonging to different
compilation units may possibly have the same name. In order to resolve this
ambiguity the creation of the GCFG is performed in two steps: First, all CFGs
belonging to one compilation unit are merged together. Static functions are
prefixed with the name of the compilation unit for a non-ambiguous identi-
fication. Second, the resulting compilation units CFGs are merged together
to form the GCFG.

Function pointers – In C it is possible to call functions using function point-
ers. In general it is impossible to determine the possible targets at compile
time. Therefore, a conservative approach is selected and all functions con-
taining function calls via function pointers are marked as RNP.

Direct stack manipulation – The C language also supports a set of functions
that directlymodify the stack and change the control flow such as setjmp()
and longjmp(). Those functions are used for saving the stack context for
non-local gotos. In general it is not possible to capture the control flow intro-
duced by those functions in the GCFG. Therefore, all functions containing
those language constructs are automatically marked as RNP.

Third party libraries – Third party libraries normally only expose the decla-
ration of their functions. Since the function source code is absolutely neces-
sary for the generation of the AS, it is not possible to execute such functions
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on the AS. For each incomplete function, i.e. only the function prototype is
available, a pseudo body is created and marked as NP. This pseudo body is
required to correctly model the GCFG of the application.

6.3.2 Problem Formulation

The goal of the automatic partitioning algorithm is to maximize the number of func-
tions |functionsAS| being executed on the AS, while adhering to a set of boundary
conditions. The problem of automatically partitioning the GCFG graph GCFGfunc can
be formulated as follows:

functionsAS ⊆M (6.7)

under the following constraints:

∀m ∈M : Sm = NP⇒ m /∈ functionsAS (6.8)

∀m ∈M : [ ∃m′ ∈M : Sm′ = RNP ∧ (m, . . . ,m′) ∈ path(D)]⇒ m /∈ functionsAS (6.9)

All function that are marked as NP are excluded from the execution on the AS (Equa-
tion 6.8), as well as all functions that are marked as RNP or have a path to a function
being marked as RNP (Equation 6.9).

path(D) := {(m1, . . . ,mi)| ∀j = 1, . . . , i : mj ∈M

∧∀j = 1, . . . , i− 1 : (mj,mj+1) ∈ D} (6.10)

6.3.3 Automatic GCFG Partitioning

The automatic partitioning of the GCFG is controlled by the user through defining a
fast-forwarding breakpoint at a certain function. An FF breakpoint can be set in any
function independent of the availability of the C source code. The function with the FF
breakpoint is called FF function. The goal of the partitioner is to find a good partition-
ing, considering the fact that not all functions can be executed on the AS. Algorithm 1
shows the partitioning algorithm in pseudo code.
This algorithm uses the graph GCFGfunc and the function status flags S1 . . . SK

as input. Those flags are obtained by analyzing all functions in the graph and sett-
ting the status flag according to Table 6.1. In the first step, the index of all functions
been marked as Sm = NP and Sm = RNP are copied into the sets functionsNP and
functionsRNP respectively. In the subsequent step, all functions marked as RNP are
considered. For those functions, also their ancestors have to be marked as RNP. This is
done by iteratively marking all predecessors of the functions already marked as RNP.
A predecessor m2 of a function m1 marked as RNP is found if there is an edge from a
function m2 being not marked RNP to the function m1. In the last step, all functions
that can be executed on the AS are determined by computing the set difference of the
setM and the union of the functionsNP and functionsRNP set.
The partitioning is exemplified using the GCFG shown in Figure 6.6. Suppose that

f5() performs a function call by using a function pointer. Since a function pointer
points potentially to all functions, this function is marked as Sf5 = RNP. The user sets
a FF breakpoint within f7(), therefore f7() is also marked as Sf7 = RNP in order
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Algorithm 1 Partitioning algorithm

Input: GCFGfunc(M,D), S1 . . . SK

Output: set of functionsAS that can be executed on the AS
1: functionsNP ← ∅
2: for allm ∈M do
3: if Sm = NP then
4: functionsNP ← functionsNP ∪m
5: end if
6: end for
7: functionsRNP ← ∅
8: for allm ∈M do
9: if Sm = RNP then
10: functionsRNP ← functionsRNP ∪m
11: end if
12: end for
13: while ∃ m1 ∈ functionsRNP,m2 ∈ (M \ functionsRNP), (m2,m1) ∈ D do
14: functionsRNP ← functionsRNP ∪m2

15: end while
16: functionsAS ←M \ (functionsNP ∪ functionsRNP)

to maintain the call stack for later simulation on the ISS simulator. The set M con-
tains all functions of the GCFGfunc M ={main(), f1(), f2(), f3(), f4(), f5(),
f6(), f7(), f8(), f9(), f10()}. In this example the set functionsNP is empty:
functionsNP = ∅. Initially two functions have been marked as RNP: functionsRNP =
{f5(), f7()}. After computing all ancestor functions being alive the set is functionsRNP =
{main(), f1(), f3(), f4(), f5(), f7()}. All functions contained in the functionsNP

and functionsRNP sets can not be executed on the AS. The other functions can be ex-
ecuted on the AS, in this example the functions f2(), f6(), f8(), f9() and f10().
Hence, by executing those functions on the AS the function f7() is reached as fast as
possible. Figure 6.7 shows the obtained partitioning.

6.4 Integration into a Commercial Simulation

Framework

The proposed hybrid simulation technique focuses on the simulation of single proces-
sor cores. However, due to the increasing complexity of embedded systems more and
more MPSoC architectures are employed. Hence, the simulation of complete MPSoC
virtual platforms is of great importance for software development during early design
stages. For system simulation SystemC [116] has been established as the de facto stan-
dard for modeling.
Due to the fact that the hybrid simulation technique only requires changes within

a processor simulator, it can be integrated into an existing system simulation environ-
ment withmoderate effort. As shown in Figure 6.1 the abstract simulator is transparent
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Figure 6.7: Example of a partitioned GCFG to reach function f7() as fast as
possible

to other system components outside of the processor simulator. A one time effort needs
to be spent to integrate a framework that supports for cross memory accesses of the AS.
In order to assess the impact of hybrid simulation on complex system simulations

the proposed HySim framework has been integrated into the SystemC based simu-
lation framework from CoWare [33]. Figure 6.8 shows the structure of the realized
integration. The hybrid simulation functionality has been distributed over different
modules in order to separate the processor dependent and independent parts. All pro-
cessor independent parts are combined into the HySim Device, which is responsible for
the switching between both simulation modes, controlling the abstract simulator and
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Figure 6.8: Schematic of the HySim integration into a SystemC simulation en-
vironment

the performance estimation. The HySim Device is compiled into a library that is linked
to the SystemC simulation. The core of the abstract simulation is realized by the instru-
mented application source code and the corresponding generated stubs. The processor
dependent parts are implemented in the Processor Interface module and in the HySim
Adapter. The latter is part of the SystemC processor wrapper and collects informa-
tion about the ISS simulation that is necessary for switching between both simulation
modes. Furthermore, it extends the user interface of the ISS simulation, so that the user
can directly interact and control the HySim framework at runtime. The Processor In-
terface module is responsible for mapping the implementation independent function
primitives used for function parameter and memory access to the corresponding pro-
cessor dependent access functions. In essence, the Processor Interface together with
the HySim Adapter capture the processor and compiler dependent characteristics, e.g.
used calling conventions, name of the stack register and memory addressing. Hence,
for each processor type utilized in the system simulation, a specific Processor Interface
and aHySimAdapter needs to be implemented. While all other parts of HySim remain
unmodified.
The notification that a switching point is reached during simulation is implemented

by setting an ISS breakpoint to the corresponding location in the application code. In
order to minimize the overhead introduced by switching, a lightweight instrumen-
tation framework called instrumentation point (IPT) is employed to notify the HySim
Device. The minimization of the switching overhead is crucial for achieving high
speedups with hybrid simulation.
A comprehensive evaluation of the different factors influencing the achievable sim-

ulation performance of the abstract simulator is given in the next sections.
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Parameters Description Depends on

Csim Average number of host cycles to execute one ISS instr.

Cswitch Average switching overhead in host cycles Simulator

Cmem Average host cycles to access an ISS memory location

Nmem Num. of memory accesses to the ISS mem.

Nfunc Num. of host cycles to execute the function on the host

NISSinstr Num. of ISS cycles to execute the function on the ISS
Application

Rmem Num. of memory accesses per ISS instruction

α Proportionality factor between host and ISS cycles Proc. type

Table 6.2: List of parameters, their symbols and dependencies

6.4.1 Abstract Simulation Performance Considerations

In order to evaluate the overall speedup with hybrid simulation, it is essential to un-
derstand all parameters influencing the simulation speed of the abstract simulation
first. Equation 6.11 calculates the achievable simulation speedup in case that a func-
tion is executed on the AS instead of using an ISS based simulation. The constants Csim,
Cswitch and Cmem denote the average number of host cycles required to execute one ISS
instruction, the switching overhead introduced by the HySim framework and the av-
erage number of host cycles necessary to access the ISS memory respectively. NISSinstr

denotes the number of instructions to execute the function on the ISS, Nfunc denotes
the number of cycles required to execute the function on the host processor and Nmem

denotes the the number of memory accesses to the ISS memory. Table 6.2 summarizes
the different parameters.

Speedup =
Csim ·NISSinstr

Nfunc + Cswitch +Nmem ·Cmem

(6.11)

Assuming that there is a linear relation between Nfunc and NISSinstr (Equation 6.12)
and using the memory ratio Rmem (Equation 6.13) it is possible to obtain an approxi-
mate speedup equation (Equation 6.14). Table 6.3 shows the proportionality factor α
measured for different applications. Typically, the values for α vary over one order of
magnitude (0.33 . . . 3).

Nfunc ≈ α ·NISSinstr (6.12)

Rmem =
Nmem

NISSinstr

(6.13)

Speedup ≈ Csim ·NISSinstr

α ·NISSinstr + Cswitch + Cmem ·Rmem ·NISSinstr

(6.14)

For the virtual SHAPES platformmeasurements have shown that the average switch-
ing overhead is Cswitch = 1953 host cycles independent of the processor type. Table 6.4
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des G721 susan crc mandelbrot

αARM 0.48 0.6 0.33 0.99 0.41

αmAgic 2.14 2.81 -a 1.84 1.9

Table 6.3: Measured proportionality factor α for different applications

aNot possible to execute the benchmark directly on the mAgic due to I/O constraints

ARM [host cycles] mAgic [host cycles]

Cmem 500/81 a 94

Csim 7660 4382

Table 6.4: HySim cost table for the VSP

aMemory access cost using the direct memory interface (DMI)

summarizes the costs for accessing the global memory from the AS via the Processor
Interface and the subjacent SystemC simulation and the costs of simulating one ISS in-
struction. These numbers have been obtained by accessing and averaging the internal
counter registers of the host processor over a large set of measurements.
Figure 6.9 visualizes the speedup prediction (Equation 6.14) depending on the

number of simulated instructions (NISSinstr) for different memory to instruction ratios
Rmem, ranging from 10% to 80%. This figure shows that already comparatively small
functions can benefit from the execution on the abstract simulation. Functions with
more than 200 simulated instructions achieve already high speedups. Moreover, this
figure indicates that the speedup is limited by the number of memory accesses and the
corresponding cost to access the ISS memory (Equation 6.15).

Speedup ≈ Csim

α + Cswitch

NISSinstr
+ Cmem ·Rmem

NISSinstr→∞≈ Csim

α + Cmem ·Rmem

(6.15)

Hence, high speedups can be either achieved by reducing the number of memory
accesses or by reducing the overhead introduced by each memory access. To a certain
extent it is possible to reduce the number of memory accesses itself, however, the ma-
jority of accesses cannot be optimized away because they are necessary to maintain the
simulation context between both simulation modes. Therefore, it is important to min-
imize the cost per memory access by creating a lightweight memory access interface
between AS and ISS.
In case of the SHAPES system simulation framework the cost per memory access

for the ARM processor is very high, about 500 host cycles per access are required, due
to the high number of abstraction layers that encapsulate the ISS memory. The over-
head can be greatly reduced by directly accessing the simulated memory using the
direct memory interface (DMI) [116] . Using the DMI it is possible to bypass the complete
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Figure 6.9: Predicted speedup for the mAgic processor with α = 2.0, Cswitch =

1953, Csim = 4382 and Cmem = 94

encapsulation and to directly dereference memory pointers in the AS. In case of the
ARM processor this reduces the overhead from 500 host cycles to 81 host cycles (cf.
Table 6.4). 81 cycles are in the range of a L3 cache miss on the host computer. Hence,
all the overhead introduced by the abstraction layers can be fully bypassed. Further
improvement is only possible by optimizing the memory layout of the application in
order to reduce the number of cache misses. Figure 6.10a shows the predicted speedup
for the ARM processor withCmem = 500 and Figure 6.10b shows the predicted speedup
using the DMI (Cmem = 81 host cycles) to reduce the memory access overhead. Using
the direct memory access the achievable speedup can be significantly increased. How-
ever, only functions in the range of 1000 simulated instructions can exploit the full
simulation speed.

6.4.2 HySim Performance Considerations

As discussed in Section 6.4.1 the achievable speedup of the AS is mainly determined
by the number of memory accesses and their corresponding overhead. The overall
speedup for the HySim framework can be calculated by Amdahl’s Law [6] as shown
in Equation 6.16.

SpeedupApp =
1

FractionHySim

SpeedupHySim
+ (1− FractionHySim)

(6.16)

The overall speedup reachable by the hybrid simulation approach is determined by
the speedup gained by executing a function on the abstract simulation (Equation 6.14)
and by the fraction of application code that is amenable for the abstract simulation.
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Figure 6.10: Predicted speedup for the ARM processor with α = 0.5, Cswitch =

1953 and Csim = 7660

Unlike other processor simulation approaches, e.g. ISS based, it is hard to estimate
the achievable simulation speed using a hybrid simulation. This is due to the strong
dependency of the overall speedup on the application, i.e. the number of memory ac-
cesses and the fraction of code that can be executed on the abstract simulator. The
measured speedups in Section 6.6 can be used to roughly estimate the impact of the
hybrid simulation technique on the simulation performance.

6.5 Performance Estimation

Using the abstract simulator it is possible to reach a given application state quickly,
but no target dependent information is provided. Among others, information about
the execution time on the target hardware is missing. In case that hybrid simulation
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is used for application debugging the missing timing information is not of great im-
portance. However, in a multiprocessor environment the lack of timing information
might influence the task schedule of the application [70]. Nevertheless, the user can
always obtain the execution time of the application by switching back to an ISS based
simulation. In many cases a quick and rough estimate of the execution time would be
sufficient. For the above mentioned reasons a performance2 estimation framework is
included in the abstract simulator.

For performance estimation several different techniques have been suggested in lit-
erature. Section 3.1.1.2 gives an overview of the different techniques that are all based
on timing annotated native execution. The prevalent technique is to annotate timing
information to the application source code. The timing information can be either ob-
tained by analyzing the application source code, e.g. µ-Profiler [72], or the user needs
to manually specify the required information. For RISC based target architectures this
approach yields good timing estimation results. However, this approach is not well
suited for complex DSP like architectures, because the timing is strongly influenced
by microarchitectural characteristics of the processor, e.g. instruction level parallelism,
special purpose registers, register allocation and predicated instructions. Gao et al.
have proposed a micro-checkpoint based technique called Cross Replay [46] to over-
come this problem in the context of hybrid simulations. The basic idea is to execute a
given function on the AS and to use a lookup table to determine the timing depending
on the executed control path. If there is no entry for a specific control path then the
control path is replayed on a separate ISS to record the timing. Although the proposed
approach yields good estimation results, it is not possible to apply this approach for
the hybrid simulation integrated into a system simulation framework as described in
Section 6.4. For the replaying a micro-checkpoint it is necessary to instantiate a sep-
arate ISS in order not to interfere with the rest of the simulation. Within the system
simulation framework not only a separate instance of the ISS but also instances of all
peripheral memories need to be created, which leads to a very high overhead.
Therefore, a more integration friendly performance estimation framework is ap-

plied based on periodically sampling the ISS execution as shown in Figure 6.11. Instead
of executing all instances of a given function on the abstract simulator, some of the in-
stances are executed on the ISS while the number of simulated cycles are recorded. The
estimator uses the obtained information to produce an estimated value of the timing.
Invoking the detailed simulation directly affects the simulation performance of the hy-
brid simulation, but at the same time it allows the estimator to adapt itself to varying
conditions during runtime. Hence, a good trade-off between simulation performance
and accuracy needs to be found. In the following the statistical properties of sampling
are discussed to analyze the accuracy of the obtained estimations. Furthermore, differ-
ent estimators are presented and their advantages and disadvantages are discussed.

2 In the context of this thesis performance estimation is referring to timing estimation if not stated other-
wise.
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Figure 6.11: Performance estimation using a sampling based approach

6.5.1 Evaluation of Statistical Sampling

The field of statistical inference offers well defined procedures to quantify the quality
of selected samples. The goal of statistical sampling is to estimate a given cumulative
property of a population bymeasuring only a subset of the population [85]. The theory
of sampling is concerned with choosing the minimal sample size that is sufficient to
estimate a given property with the desired accuracy and precision. Furthermore, the
theory does not make any assumption about the distribution of the population. This
is important, because the distribution of the execution times of a given function will
heavily depend on the application and on the selected input parameters. Based on
statistical sampling it is possible to quantify the error margin and the confidence of the
obtained estimate. This approach has been successfully applied in SMARTS [174] to
estimate the average cycles per instruction (CPI). In the following the key equations
are presented for calculation of the minimum sample size.
Table 6.5 gives an overview of the variables and terminology relevant to describe

the sampling process. Simple random sampling selects a sample of n elements randomly
out the population with N elements. For a sufficiently large n (n > 30, central limit
theorem) this sample can be used to estimate the characteristics of the whole popula-
tion. In particular the estimation of the mean µ of the population based on the mean of
the samples µ̂ is of interest. The coefficient of variation v (Equation 6.17) represents the
normalized standard deviation. The probability that the sample reflects the population
well increase with the sample size n and decreases with v.

v =
σ

µ
, v̂ =

σ̂

µ̂
(6.17)
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Population variables Sample variables

N size n size

µmean µ̂mean

σ standard deviation σ̂ standard deviation

v variation coeff. v̂ variation coeff.

(1− α) confidence level

±ǫµ confidence interval
k systematic sampling interval

Table 6.5: Overview of the sampling variables

The confidence into the estimate of the mean µ̂ can be formally described by two
independent terms: the confidence level (1 − α) and the confidence interval ±ǫµ. The
confidence level describes the fraction of measurements that produce µ̂within the con-
fidence interval ±ǫµ. Assuming N ≫ n≫ 1 the confidence interval can be described
by Equation 6.19. Equation 6.18 describes the percentile of the normal distribution.

z = 100
(

1− α

2

)

(6.18)

± ǫµ = ±
(

z
σ√
nµ

)

µ (6.19)

Given the standard deviation σ, the mean µ and the sample size n it is possible to
calculate the confidence interval for a given confidence level or vice versa. For design-
ing a sampling based estimation framework it is important to determine the size of the
sample for a given confidence level and confidence interval. However, the true stan-
dard deviation and mean are rarely available in practice. Therefore n is approximated
by using the estimated standard deviation σ̂ and mean µ̂ as shown in Equation 6.20.

n ≥
(
zσ̂

µ̂ǫ

)2

(6.20)

6.5.2 Evaluation of Sample Based Performance Estimation

In practice random sampling is often approximated by systematic sampling. In this ap-
proach every k-th element is selected such that the sample size is n = N/k. Systematic
sampling works well if the measured property does not show periodic behavior. In
particular, the property should not vary cyclically with the same periodicity as k or
multiples of k.
Sampling based performance estimation is a very efficient method to derive esti-

mates with high fidelity as described in the previous section. Inside SMARTS [174] and
the COTSon [7] framework sampling has been successfully applied for estimating the
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Figure 6.12: Example execution profiles

timing. However, for the HySim framework additional constraints need to be consid-
ered while applying sampling. In order to obtain estimates with good fidelity the size
of the sample needs to be sufficiently large, depending on the variation coefficient.
Measurements have shown that the number of calls to a certain function are usually

in the range of thousands. This limits the sample size that can be maintained without
a large negative impact of the simulation performance. Two example execution pro-
files are shown in Figure 6.12. Figure 6.12a depicts an example trace with a moderate
variation coefficient v = 0.71, whereas Figure 6.12b shows an execution trace with a
very high variation coefficient of v = 6.55. The high variation coefficient and the pe-
riodic nature of the outliers shown in Figure 6.12b lead to an unacceptable estimation
error. For execution traces that show a smaller variation coefficient, e.g. Figure 6.12a,
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the estimation error is sufficiently small. Figure 6.13 shows the estimation error for two
example functions in dependence of the sampling rate k.
In summary, sampling based timing estimation is a powerful methodology for ob-

taining estimates with good fidelity. However, in case of the hybrid simulation frame-
work the accuracy of the estimates is bounded by the limited number of switches,
especially since a good partition would try to minimize the number of switches be-
tween both simulation modes. Furthermore, the measurements taken indicate a high
periodicity of the function execution trace that can significantly dilute the estimation
accuracy. One possibility to improve the estimation quality would be to incorporate
information about the function parameters as suggested in [107].

6.6 Experimental Results

In this section, experimental results are presented. The virtual SHAPES platform is
used as a test platform to evaluate the impact of hybrid simulation. The benchmarking
is conducted on an Intel Quad Core Q6700 based system with 2.66GHz and 16GB of
RAM using Scientific Linux 5.0 as operating system.
As benchmark a set of six different embedded applications was selected, covering

different application domains: encryption (des), audio processing (G721), theoretical
physics (LQCD), compression (Linux decompress), complex dynamics (Mandelbrot set)
and signal processing (hilbert).
In a first experiment, the HySim framework is used to execute the application as

fast as possible by partitioning the maximum of functions to the AS. Clearly, this is not
the typical use case of this framework but it allows estimating the maximum achiev-
able acceleration. The baseline for this measurement is the simulation of the SHAPES
platform utilizing ISS-based processor simulation only. For comparison reasons the
speedup reachable with dynamic binary translation (DBT) is also shown.
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Figure 6.14: Speedup results for the ARM processor

Four different hybrid simulations are used in this experiment. The first config-
uration utilizes the HySim framework to switch between the AS and the ISS based
simulation. The second configuration combines the binary translation with the hybrid
simulation by switching between the AS and the dynamic binary translation (DBT)
mode for the detailed simulation. Configurations three and four are identical to the
configurations one and two respectively except that they make use of the DMI inter-
face to access the global memory. Figure 6.14 shows the speedups achievable with the
different configurations for the ARM processor and Figure 6.15 for the mAgic proces-
sor.
The obtained results indicate that hybrid simulation benefits in most cases from

the combination with the binary translation. In all of these cases the hybrid simula-
tion is bounded by the simulation speed of the ISS-based parts of the simulation (see
Section 6.4.2). Thus, a higher speedup can only be reached if the slow simulation is
accelerated. By applying binary translation to those parts the overall simulation speed
can be increased. Due to the fact that the global memory accesses are very expensive
(∼500 host cycles) on the ARM processor, the utilization of DMI further increases the
simulation speed. However, the gain of this modification greatly varies between the
different applications. For example, the Linux decompress and the G721 application
show a significant speedup using DMI, whereas the LQCD application shows no sig-
nificant improvement. The main reason for this behavior is the memory ratio Rmem

of the different applications. With a memory ratio Rmem = 2% the LQCD application
is not bounded by the global memory accesses and hence does not benefit from the
adoption of the DMI scheme.
Because of the good applicability of binary translation to simple RISC processors

such as the ARM processor the hybrid simulation alone is not capable of outperform-
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Figure 6.15: Speedup results for the mAgic processor

ing the binary translation on the ARM. In contrast to the ARM processor the mAgic
processor benefits much less from the binary translation due to its complex microar-
chitecture. In case of the mAgic the hybrid simulation alone can outperform the binary
translation. Combining hybrid simulation and binary translation leads only to a mod-
erate speedup. Overall, the combination of binary translation and hybrid simulation
achieves speedups ranging from 1.2 to 114 compared to binary translation alone.
A typical use case for the hybrid simulation is to reach a certain state of an appli-

cation as fast as possible in order to debug this state using detailed simulation. For
example, using hybrid simulation the decompress of the Linux kernel takes only 1 sec-
ond instead of 216 seconds for ISS based simulation. The LQCD application requires
a lengthy data preprocessing before the actual computation starts. Using the hybrid
simulation it is possible to reduce the time from 17 seconds to 6 seconds.

6.7 Conclusions

Different hybrid simulation approaches have been developed for simulation, e.g. Ten-
silica enables the user to switch any time between CA and IA simulation and PTLSim
offers the possibility to switch between CA simulation and native code execution for
x86 ISAs. This chapter presents a hybrid simulation framework that leverages the
hybrid simulation concept, so that it is possible to switch between IA simulation and
native code execution independent of the ISA of the target processor. Unlike other sim-
ulation frameworks this framework has been specifically tailored towards the needs of
software developers by providing a fast simulation mode and enabling the user to con-
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trol the switching between both simulation modes. Furthermore, no time consuming
pre- and post-processing is required for this approach.
With the HySim framework it is possible to reach the desired state of an application

quickly and then switch to a slow but detailed simulation. The partitioner takes care of
moving as many functions as possible to the AS for fastest possible execution. Target
dependent code like assembly will be executed on the ISS to ensure correct behavior.
The fact that the ISS is not aware of the AS and does not need to be modified, makes
the HySim framework a versatile instrument which can be employed for a wide range
of ISSs. Moreover, the hybrid simulation has been integrated into a SystemC based
simulation framework commercially available from CoWare to analyze the integration
effort and the impact on the system simulation.
The obtained results show that the concept of hybrid simulation is capable of achiev-

ing high simulation speedups, especially if it is combined with binary translation for
the IA simulation. In case of complex VLIW architectures a high effort is required for
to create suitable binary translation enabled simulation model. For such complex pro-
cessor architectures the hybrid simulation approach offers software developers high
simulation speeds with much less implementation effort.
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Chapter 7

Timing Approximate NoC Simulation

Simulating MPSoC systems with a large number of processing elements requires not
only efficient simulation techniques for the processing elements (cf. Chapter 6), but
also a scalable and efficient network-on-chip (NoC) simulation environment. Simply
ignoring the effects of the NoC during early stages of the design space exploration
might be a solution for small systems running only a single application. However, for
multi-threaded applications and multi-application scenarios neglecting the timing de-
lays introduced by the NoC might completely change the relative task execution order
and thus is not an option, even during early design stages. Hence, it is important to
consider the NoC effects throughout the different design stages of the software devel-
opment.
This chapter introduces a hybrid simulation approach for the NoC of the simulated

system. Conceptually this approach is comparable with the hybrid simulation of the
processing elements discussed in Chapter 6. However, in contrast to the simulation of
processing elements the impact of the NoC simulation on the simulation speed stems
from the high number of generated events and not from the computational complexity
of the interconnect simulation in the discrete event simulation (DES). Therefore, a differ-
ent approach has been selected to cope with this characteristic.

The rest of this chapter is organized as follows. In Section 7.1 the general approach
for the hybrid NoC simulation is presented. Section 7.2 gives a brief overview of re-
latedwork. In Section 7.3 the assumptions and key characteristics of the analytical NoC
model, which is going to drive the abstract NoC simulation, are discussed and the ap-
plied model is presented. In the following the simulation environment including the
simulated hardware and software components are introduced in Section 7.4. The re-
sults based on this simulation environment are presented and evaluated in Section 7.5.
Finally, this chapter is summarized and a short outlook is given in Section 7.6.

7.1 General Approach

The characterization of communication networks is a well established research area
and is of particular interest for the domains of telecommunication, traffic engineering
and computer networks. Simulators are commonly used to assess the key characteris-
tics, throughput and latency, of communication networks with high fidelity. However,
this approach is very time consuming and does not scale well. For this reason analyti-
cal NoC models have been proposed to complement the simulation based approaches.
These models offer fast and reasonably accurate estimations of the NoC characteristics.
Moreover, these approaches scale very well and can be applied to very large commu-
nication networks.

97
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The basic method of delay estimation is to determine the hop-count between the
source and the destination node, while neglecting the latency introduced by contention
at the input buffers of the routers. However, this contention induced latency can have
a significant impact on the overall network performance, especially for medium and
high traffic loads. The goal of the analytical models is to predict this contention delay.
In general, the analytical models can be divided into two groups [111]: probabilistic
models [88] and models based on queuing theory [38, 81]. In the context of the proposed
hybrid NoC simulation an analytical model based on queuing theory is used.
Queuing theory allows modeling the stationary state of communication systems

based on a set of key parameters, e.g. arrival rates λ and service times T . The param-
eters are modeled as random variables (RVs) and approximated by appropriate proba-
bility density functions (PDFs). These PDFs can be obtained by measurement of a real
system or by making educated guesses on the properties of the PDF.
In queuing theory a router – the central component of each communication net-

work – is modeled as a single server and the input buffers are treated as queues. This
type of analytical modeling has proven to yield very good results for the stationary
state of a queuing system. However, queuing theory is not capable of capturing the
transition states in highly time variant systems. In contrast to analytical model driven
approaches, simulation based approaches are able to capture also the transition states
of a communication system at the price of a higher complexity and a lower simulation
speed.
In the domain of VP based system development, the simulation based NoC ap-

proaches are currently dominating because of various reasons. First, VPs have evolved
bottom up, from low level RTL based simulations which simulates the complete HW.
Hence, it is natural to simulate also the NoC part. Second, up to now the complexity
of on-chip communication was pretty much limited to a set of buses.
However, with the emergence of complex MPSoC systems as well as highly scal-

able system, e.g. the SHAPES platform (see Chapter 4), the complexity of the intercon-
nect becomes an important factor for determining the overall simulation speed. Even
though the computational overhead related to the simulation of a NoC transaction is
small, the impact on the overall simulation performance is quite significant due to the
high number of simulation events being generated. For each event the SystemC kernel
needs to be involved which incurs a high overhead for context switching.

In summary, analytical NoCmodels offer a good alternative to quickly characterize
complex NoCs without the need of lengthy simulation runs. However, in contrast to
the simulation based approaches the accuracy of this approach is limited. The key idea
of the hybrid NoC simulation approach is to combine the advantages of analytical NoC
models with the advantages of simulation based approaches. Figure 7.1 presents the
general concept of the proposed hybrid NoC simulation approach. The network simu-
lator consists of two different NoC models, a detailed NoC model based on simulation
and an analytical model of the NoC. The detailed simulation model is used to sample
the parameters necessary to tune the analytical model. Once those parameters have
been determined the hybrid NoC simulator switches to the analytical model. In this
mode, an ideal functional router is used to provide direct point-to-point connections
between the source and the destination nodes bypassing all intermediate communica-
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Figure 7.1: General concept of the hybrid NoC simulation

tion nodes. In order to maintain the timing of the overall system, a delay is introduced
after each source-destination transaction, mimicking the effects of the real NoC. This
delay information is provided by the analytical NoC model. By switching back to the
detailed NoC simulation it is possible to update the parameters of the analytical model
and hence ensure a good quality of the NoC behavior estimation.

7.2 Related Work

With the increasing complexity of MPSoCs the need for scalable on-chip interconnec-
tions is growing. The classical bus-based interconnects only work efficiently for a very
limited number of masters. For larger systems the interconnect quickly becomes the
bottleneck and severely limits the system performance. Benini et al. [14] therefore dis-
cuss the different possibilities of building scalable interconnects. The advantages and
disadvantages of the different approaches as well as the challenges are highlighted. A
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comprehensive overview of the outstanding research problems and challenges of NoC
design can be found in [91].
Using NoCs adds another layer of complexity on top of the MPSoC development.

The efficient utilization of the NoC is a cross layer challenge. Only if the hardware
and the corresponding software stack are tuned together the full potential of the inter-
connect can be exploited. In this context the NoC simulation plays an important role.
Since it offers the developers to perform design space exploration and evaluation of
different NoCs. In the following the most important use cases for NoC simulation are
briefly presented.
Due to the large set of parameters provided by NoCs finding the correct config-

uration of the hardware and of the protocol stack is non-trivial. In [175] an online
configuration simulation framework for large scale networks is proposed using an re-
cursive random search algorithm to determine a good configuration of the different
parameters. In [114] an queuing theory based analytical NoC model is used to predict
potential bottlenecks of the interconnects, e.g. the starvation of different links. This
information is then used by the prediction based flow control in order to improve the
average packet latency of the NoC.
In order to better understand potential performance issues of the on-chip intercon-

nect, traffic modeling is an important step. It allows to use traffic generators to quickly
test a large number of different communication scenarios. Furthermore, the usage of
traffic generators can help to reduce the simulation complexity and hence to increase
the simulation performance. In [146] an empirically derived statistical traffic model is
presented. It uses three parameters – the burstiness, the hop count and the packet in-
jection distribution – to describe the temporal and spatial variations of the NoC traffic.
This model is based on the self-similarity of the NoC traffic. In [137] multi-phase traffic
generation is presented based on automatic phase detection. This approach is based
on the principles developed in the context of sampling simulation and aims to identify
the different phases of the NoC communication. The obtained information can be used
as input for a stochastic traffic generator.
Besides the characterization of NoC traffic, queuing theory basedmodels serve also

as low overhead predictors for modeling contention of shared resources in MPSoCs as
described in [134]. Based on the characteristics of the application memory access pat-
tern synthetic traces are generated which are then used for estimating the contention
of the shared resources. In order to keep the overhead of the predictor low an interval
analysis is applied. The resource contention is back-annotated to the different sources
by using the spreading factor. This factor calculates the fraction of the delay effecting the
different input queues due to contention while accessing the shared resource. For the
Spidergon NoC, which as been specifically developed for MPSoCs, an analytical per-
formance model has been developed in [99] to reduce the need of lengthy simulations
during the design space exploration.

7.3 Analytical NoC Model

In this section the analytical router model applied in the hybrid NoC simulation is
discussed. This analytical router model forms the basic building block for analytically
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Figure 7.2: Analytic view of a router

modeling the entire NoC. This NoC model is based on the work of Ogras et al. [113],
which has been developed for performance analysis of wormhole routing based NoCs
with arbitrary packet size, finite buffers and deterministic routing. Furthermore, this
model does not make any assumptions on the network topology, which makes it a
versatile analytical model for NoCs. It extends the M/G/1 router representation [76]
and assumes a Poisson process at the input of every router. The computation of the
blocking probability due to the finite buffer size and the average queue length is based
on the work of Takagi [154]. The core model for computing the number of packets
waiting at a certain input port of a certain router – which directly delivers also the
waiting time – is in essence the queuing model from Takagi. However, this model only
considers a single router with a finite buffer size. The effects induced by the router
being part of a larger network and the contention effects are nicely modeled in the
contention probability parameter presented in the work from Ogras et al. [113]. These
concurency effects due to the presence of multiple routers have been captured by the
proposed effective service time and introduced in the earlier mentioned analytical model
from Takagi. A detailed description of the analytical model and the effective service
time can be found in Section 7.3.2.
First, the basic assumptions made by the analytical model and the important pa-

rameters are presented, followed by a detailed description of the key aspects of the
analytical router model.

7.3.1 Assumptions and Parameter Description

In the following the assumptions and parameters used for the analytical router model
are presented. A router with buffered inputs and P input-ports and output-ports is
considered, as shown in Figure 7.2. Furthermore, the analytical model assumes worm-
hole control flow using a deterministic routing algorithm.
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In general the packet size S (bytes) is application dependent and can vary over
time. Hence, the packet size S is modeled as a random variable. Hs denotes the service
time for the header flit and BW denotes the bandwidth (bit/s) of a single link between
two routers. The packet service timeT accounts for the traversal of all flits belonging to
one packet through the observed router excluding the the queuing delay. The service
time T can be calculated as follows [113]:

T = Hs +

⌈
S

BW

⌉

(7.1)

Consequently, also the packet service timeT, being dependent on the packet size S,
is modeled as a random variable. The traffic rate xsd denotes the packet rate (packets/s)
being transmitted from a source node at router s to destination node at router d. The
arrival rate of the header flits at router j and input port i is given by λij (packets/s).
Table 7.1 summarizes the all parameters and their dependencies used in the analytical
model.
The model assumes a Poisson distribution of the arrival process of the header flits

for each router. This is a common assumption in many analytical router models and
is known to work well for service times that are correlated with the packet size. How-
ever, Nikitin et al. [111] have shown that for deterministic service times (M/D/1) this
assumption leads to an overly pessimistic prediction of waiting times.

7.3.2 Analytical Router Model

This section focuses on the analytical model of a single router iwith P buffered inputs.
In order to simplify the model a fixed packet size, and hence a fixed service time, are
assumed. The load ρ of the router can be computed by Equation 7.2.

ρ = λ ·T (7.2)

The analytical routermodel is based on theM/G/1/Kmodel from the queuing the-
ory [154]. This model assumes a finite buffer size, maximum K packets can be stored
inside the system. The maximum number of packets K in the system is composed of
the packet currently being processed plus the B packets stored in the input queue.

K = B + 1 (7.3)

πk denotes the probability that k packets are in the router, i.e. in the queue and
currently being processed. The steady state equation for the state transition is given by
Equation 7.4. The pjk denotes the probability that number of packets inside the system
changes from j to k during one service time T .

πk =
K−1∑

j=0

πjpjk, K ≥ 1 (7.4)

The Equation 7.5 computes the probability ak that k packets arrive during the ser-
vice time T for a given average arrival rate λ assuming a Poisson distribution of the
arrival process.
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Symbol Description Depends on

S RV describing the packet size

xsd

Packet transmission rate from source node s to
destination node d

Application

Hs Service time for the header flit

BW Network channel bandwidth

Bij Size of the input buffer at router i, channel j Router

P
Number of input and output queues on a
router, including the one from the local tile

T RV describing the packet service time.

fijl
Forwarding probability from input-port j to
output-port l in router i Application, router

cijl
Contention probability between channel j and l
in router i

λij Arrival rate at router i, channel j

λ̂ijl

Arrival rate for packets flowing from input-port
j to output-port l of router i

Nij

Average number of packets in input buffer j of
router i

Topology, application,
routing

Wij Average waiting time in input queue j of router
i

Lsd Average packet latency on the path from router
s to router d

Table 7.1: List of parameters, symbols and their dependencies

ak = e−λT (λT )
k

k!
, k ≥ 0 (7.5)

Instead of directly computing the probabilities πk using Equation 7.4 a recursive
approach [154] is selected to compute π′

k. Equation 7.6 shows the relation between πk

and π′
k.

πk = π0 · π′

k (7.6)

Equation 7.7 and Equation 7.8 show how to compute π′
k recursively using the prob-

abilities ak.

π′

0 = 1 (7.7)
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π′

k+1 =
1

a0

(

π′

k −
k∑

j=1

π′

jak−j+1 − ak

)

, k ≥ 0 (7.8)

π0 can be directly computed from π′
k as shown in Equation 7.9.

π0 =

(
K−1∑

k=0

π′

k

)−1

, K ≥ 1 (7.9)

Having computed πk and π0 it is possible to calculate the probability Pk that k
packets are present in the system at an arbitrary time, as shown in Equation 7.10. In
contrast to the probability πk (Equation 7.4) the probability Pk indicate the probability
that k packets are in the system while taking the finite buffer size of the system into
account.

Pk =
πk

π0 + ρ
, k = 0 . . . K (7.10)

For evaluating the NoC performance the average number of packets per input
buffer of a router plays a central role. The average number of packets Nij inside the
input queue j of router i can be computed by Equation 7.11.

Nij =
K∑

k=1

kPijk =

∑K−1
k=1 kπk

π0 + ρ
+K

(

1− 1

π0 + ρ

)

(7.11)

Equation 7.11 computes the average number of packets in a system with finite in-
put buffers. However, this model needs to be extended in order to take the multiple
queues of a router into account. Especially, the contention caused by multiple data
packets being routed to the same output port needs to be considered. For this the for-
warding probability fijl and the contention probability cijl proposed by Ogras et al. [113]
are used to extend the analytical router model.
The forwarding probability fijl describes for router i the probability that a packet

coming from the input-port j is going to be forwarded to the output-port l. The for-
warding probabilities of a router i can be expressed as as shown in Equation 7.12 as-
suming a round-robin scheduling in case of contention. For the sake of brevity, the

arrival rates λ̂ijl (cf. Table 7.1) are used to calculate the forwarding probabilities. With
the knowledge about the routing algorithm it is easily possible calculate the arrival

rates λ̂ijl from the arrival rates λij .

fijl =
λ̂ijl

∑P

k=1 λ̂ikl

, 1 ≤ j, l ≤ P (7.12)

Based on the forwarding probability it is possible to compute the contention proba-
bility cijl between channel j and channel l of router i. In Equation 7.13 cijj = 1 accounts
for the fact that a packet has in any case to wait for all the packets in its own input
queue.

cijl =
P∑

k=1

fijkfilk, j 6= l, 1 ≤ j, l ≤ P, cijj = 1, (7.13)
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In order to take the effects due to resource contention into account the effective ser-
vice time Teff is introduced in Equation 7.14. For each router input-port the effective
service time Teff is calculated based on the contention probability cijl of the different
router channels. Although it is assumed that the service time T of the router is con-
stant the effective service time Teff per input channel will vary over time dependent
on the contention in the router. The concept of the effective service time allows to
seamlessly combine the router models of Takagi [154] and Ogras et al. [113] into an
analytical router model suitable for the hybrid NoC simulation.
Based on the effective service time it is possible to compute the effective probabili-

ties aeff,k that k packets are in the system (Equation 7.15).

Teff,ij = Tij

(

1 +
P∑

k=1

cijk

)

, j 6= k (7.14)

aeff,k = e−λTeff
(λTeff)

k

k!
(7.15)

Hence, it is possible to reformulate Equation 7.11 taking the effective service time
into account as shown in Equation 7.16

Neff,ij =
K∑

k=1

kPeff,ijk =

∑K−1
k=1 kπeff,k

πeff,0 + ρ
+K

(

1− 1

πeff,0 + ρ

)

(7.16)

All information required to calculate the average packet queue length Neff,ij can
be derived from the arrival rates λij . Together with the knowledge about the routing
algorithm it is possible to compute the arrival rates for each router directly from the
traffic rates xsd as shown in Equation 7.17.

λij =
∑

∀s

∑

∀d

xsdR(s, d, i, j) (7.17)

The function R returns a 1 in case a packet from router s to router d is sent via
router i and input channel j.

R(s, d, i, j) =
{

1 : is routed via router i and channel j

0 : is not routed via router i and channel j
(7.18)

In order to use this analytical model inside the hybrid NoC simulation approach,
the NoC simulation model only needs to provide the traffic rate xsd, the service time
T respectively the packet size and information about the routing algorithm. All this
information can be easily extracted from the detailed as well as from the fast NoC
simulation.

7.3.3 Analytical NoC Model

With the average number of packets per queue and the arrival rates for every router,
the average waiting timeWij for each router i and input queue j can be computed by
using Little’s theorem [38] as shown in Equation 7.19.

Wij = Neff,ij/λij (7.19)
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Based on the average waiting times per router and input channel it is possible
to compute the average latency Lsd for each source-destination pair (Equation 7.20)
by summing all waiting times of the traversed routers Πs,d. Whereas Ws denotes the
waiting time at the source node and Πs,d denotes the set of routers traversed by the
packet.

Lsd = Ws +
∑

(i,j)∈Πs,d

Wij (7.20)

The average packet latencies for a source-destination pair obtained by Equation 7.20
are used to control the delay added to each packet transaction while running the ab-
stract NoC simulation (see Figure 7.1).
During the fast simulation mode the latency of a complete message passing inter-

face (MPI) data transfer, i.e. a sequence of packets, is approximated by Equation 7.21,
where Npkt denotes the number of packets and Nhops denotes the number of hops as-
sociated with this transaction. The second term of this equation calculates the average
latency per hop assuming that the packets of a transaction are equally distributes over
the different hops. This heuristic approximates the time required to transfer a complete
packet sequence assuming a pipelined behavior of the MPI transaction.

Ltransaction,sd = Lsd + (Npkt − 1)
Lsd

Nhops

(7.21)

7.4 Simulation Environment

In this section the simulation environment that served as a basis for the development
and evaluation of the hybrid NoC simulation is presented. This environment makes
use of a tiled architecture approach and is closely related to the SHAPES platform (see
Chapter 4). However, in contrast to the SHAPES platform this platform is based on the
OSCI SystemC kernel [116] and does not require any third party IP. Having full control
over the source code makes this simulation environment a perfect platform for testing
new simulation techniques.
In order to assess the results of the hybrid NoC simulation presented in Section 7.5,

it is important to understand first the key characteristics of the simulated HW pre-
sented in Section 7.4.1 as well as of the SW stack running on top of it (Section 7.4.2).

7.4.1 Simulated Hardware

The basic structure of the HW architecture is closely related to the SHAPES architec-
ture. Both systems employ the tiled architecture concept in order to obtain an easily
scalable HW platform for massively parallel applications.
A configurable number of processing elements (PEs) are connected in a 2D mesh

network using a packet switched fabric. The different PEs are interconnected by a net-
work processor module. This module provides 4 external links for the communication
with the neighboring PEs and one local link for the communication with the PE. As
routing algorithm deterministic XY routing [100] is applied. An example configura-
tion of the HW with 6 × 6 PEs is shown in Figure 7.3. Depending on the intended
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class AS 

{

public:

  SC_HAS_PROCESS(AS);

  AS(sc_module_name nm) 

  {

    SC_THREAD();

  }

private:

...  

Abstract realization

of a PE

Figure 7.3: Example configuration, 2D-mesh with 6× 6 routers

use case of the simulation system different types of PE simulations can be used. For
instance, for a detailed analysis of the system timing behavior, the PEs are modeled as
a complete subsystem including a CA processor model, a bus and memories. For the
CA processor models, LISA [58, 59] generated processors are used which are the only
components that are not available in source code.
In case that the NoC and the routers are the main focus of the analysis, abstract

processor simulators can be used as PEs. In favor of high simulation speed the ab-
stract processor simulator executes the application directly on the host neglecting all
HW details. In order to roughly model the timing of the application it is possible to
annotate the timing by means of SystemC wait() statements to the application code.
This kind of abstract processor simulators is well suited for stimulating the NoC with
realistic traffic scenarios while at the same time its impact on the simulation speed
is low. Hence, this configuration is well suited for evaluating the characteristic and
scalability of the NoC subsystem using a high number of nodes. It is even possible to
combine different types of PE simulators inside one simulation system, i.e. a few nodes
are simulated in detail whereas the remainder of the nodes use the abstract processor
simulator to generate the NoC stimulus.
In Figure 7.4 the realization of the network processor is shown. It is composed out

of two main components: the bridge module and the router module. The bridge module
is responsible of communicating with the local tile by moving data from the local tile
to the router and back. Furthermore, all control commands (e.g. send request, data
receive) sent by the local tile to the network processor are interpreted inside the bridge
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Figure 7.4: Realization of the network processor module

and the appropriate control signals are then forwarded to the router. The router mod-
ule is responsible of forwarding the incoming packets to their destination according
to the selected routing algorithm. Data packets for the local tile are forwarded to the
bridge module which copies the data to the appropriate memory location of the tile.
Due to the modular design, different components of the network processor can easily
be extended or replaced, e.g. the routing algorithm, without affecting other compo-
nents.
During the analytical simulation of the NoC the router module is deactivated, in-

stead the source bridgemodule will transfer the data directly to the destinationmodule
using the bypass engine. The destination bridge module will annotate the delay of the
transaction according the data estimated by the analytical NoCmodel. Only bypassing
the the NoC results in very a limited simulation speedup since the data transfer from
and to the local tile is becoming the bottle neck. In order to circumvent this problem
a direct memory interface (DMI) has been integrated into the bridge module. This en-
ables the bridge to directly copy the data to the desired memory location bypassing
the complete communication hierarchy of the PE.

7.4.2 Software Stack

In order to exploit the parallelism offered by such a scalable HW platform an appro-
priate programming model and the corresponding SW stack are required. The well
established MPI based programming model [104, 115] has been selected to keep the
porting efforts of the application developers low. This programming model assumes
a separate address space for each process. The inter-process communication is explicit
and needs to be added by the application developer.
Using the MPI programming model has the advantage that the application devel-

oper can run the application directly on the host during the first development steps.
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Figure 7.5: SW Stack running on top of the HW

1 int MPI_Init(int *argc, char ***argv);

2 int MPI_Finalize();

3 int MPI_Abort(MPI_Comm comm, int errorcode);

4 int MPI_Get_processor_name(char *name, int *resultlen);

5 int MPI_Comm_rank(MPI_Comm comm, int *rank);

6 int MPI_Comm_size(MPI_Comm comm, int *size);

7

8 // Blocking communication

9 int MPI_Ssend(void *buf, int count, MPI_Datatype datatype,

10 int dest, int tag, MPI_Comm comm);

11 int MPI_Recv(void *buf, int count, MPI_Datatype, int source,

12 int tag, MPI_Comm comm, MPI_Status *status);

13

14 // Non-blocking communication

15 int MPI_Isend(void *buf, int count, MPI_Datatype datatype,

16 int dest, int tag, MPI_Comm comm,

17 MPI_Request *request);

18 int MPI_Irecv(void *buf, int count, MPI_Datatype datatype,

19 int source,int tag, MPI_Comm comm,

20 MPI_Request *request);

Listing 7.1: Functions supported by the µ-MPI layer

Later, the application can be easily ported to the simulated platform. The translation
of the MPI primitives into control and data primitives for the network processor is
performed by the µ-MPI layer as shown in Figure 7.5.
Currently, the µ-MPI layer supports blocking and non-blockingMPI data transfers.

The non-blocking communication is restricted to at maximum four parallel transac-
tions from four different senders per receiver node. Each sender node supports only
one transaction at a time. These limitations have been introduced for the sake of sim-
plicity of the µ-MPI layer and the reduced memory consumption of the system. List-
ing 7.1 shows the interfaces of all functions supported by the µ-MPI layer.
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Figure 7.6: Screenshot of an 8× 8 FDM heat simulation

7.4.3 Application

In principle, all kinds of applications using blocking MPI data transfers can be ported
to the simulation platform. In the context of this thesis, a 2D heat spread simulation
has been selected as main driver application. This application numerically solves the
partial differential equation for computing the heat spread on a thin 2D plate. The
computation is realized by applying the finite difference method (FDM) for solving the
partial differential equation. This application has been selected because it can be easily
parallelized and shows good scalability with respect to the number of computation
nodes. The parallelized version of the FDM heat computation is based on [60] and
uses MPI primitives for inter-tile communication.
Figure 7.6 shows a screenshot of the heat spread simulation using 8×8 PEs. Each PE

computes the heat spread for a single tile. After each iteration the tile will communicate
with the neighboring tiles to update the boundary conditions for the next iteration. The
master PE controls the simulation process and polls the results from each worker node
after a configurable time interval. The individual results are assembled into one result
picture and are displayed via a simulated display device.
During the start up phase and the result polling phase the inter-tile communica-

tion is purely sequential from/to the master PE to/from the worker PEs. All worker
PEs are blocked until the communication with the master PE is finished. During the
computation phase all worker PEs are communicating with their neighbors in parallel.
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Figure 7.7: Average network latency L̄ for an 8× 8 system with two data trans-
fers in parallel per receiving node

7.5 Experimental Results & Evaluation

In this section, experimental results obtained the above mentioned simulation environ-
ment and the developed analytical NoC model are presented. All experiments have
been conducted on an Intel Quad Core Q6700 based system with 2.66GHz and 16GB
of RAM using Scientific Linux 5.0 as operating system. The NoC system is using a
fixed packet size of 1 kB. Each packets contains 64 bytes of control data and 960 bytes
of payload. A synthetic application that instantiates N/2 communication pairs in a 2D
mesh with N nodes serves as test application. The goal of this application is to gene-
rate a configurable amount of congestion in the NoC in order to evaluate the analytical
NoC model. For flexibility reasons the communications pairs are loaded from a con-
figuration file during the application initialization. This file is generated by a random
number generator. At run-time the communication pairs will exchange a configurable
amount of data using the µ-MPI layer of the simulation environment. Depending on
the number of nodes and the generated communications pairs the congestion of the
different links in the NoC will vary. Furthermore, the number of data packets being
sent over the network can be controlled by varying the amount of data being trans-
ferred for a source-destination pair. In order to further increase the pressure in the
NoC, it is possible to perform up to four data transfers in parallel to a single receiver
node by using the non-blocking data transfers offered by the µ-MPI layer. Hence, the
probability of creating contention in different routers increases significantly.
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Figure 7.8: Average network latency L̄ for an 8×8 system with four data trans-
fers in parallel per receiving node

7.5.1 Average Latency

In the first set of experiments the accuracy of the predicted latency is compared to the
simulation results by plotting the average latency L̄ (µs) versus the average packet injection
rate (pkt/ms). The average latency L̄ is the weighted average of all source destination
latencies Lsd as shown in Equation 7.22.

L̄ =

∑

∀(s,d) Lsd · xsd
∑

∀(s,d) xsd

(7.22)

Since the communication traffic is generated by the test application running on top
of the µ-MPI layer and not directly by a traffic generator connected to the NoC, it is not
easily possible to directly influence the packet injection rate. However, by varying the
computation to communication ratio, the data size being transferred during one MPI
transaction and the number of parallel transactions per receiving node, it is possible to
indirectly control the average packet injection rate of the system.
Figure 7.7 shows the estimated and measured average packet latency L̄ for an 8×8

system with two transactions in parallel per receiving node and Figure 7.8 depicts the
average latency for same simulation system with four parallel transactions per receiv-
ing node. Overall, the analytical NoC model presented in Section 7.3 is capable of
capturing the trends of the average network latency L̄ for different packet injection
rates. However, for high packet injection rates the measured latency shows an unex-
pected behavior that is not well reflected by the estimator. In case of the four parallel
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transactions per receiver node (Figure 7.8), it can be seen that the deep local minima are
also predicted by the estimator. However, the dynamic range of the predicted latency
is much lower than the measured dynamic range. It is important to note, that for low
and medium packet injection rates the analytical NoC model works pretty well. For
high packet injection rate scenarios the analytical NoCmodel is overly optimistic. Fur-
ther analysis of this behavior has shown that there are two reasons for this mismatch
between the analytical NoC model and the simulation. The first effect contributing
to the extremely high average latencies is the burstiness of the communication. The
µ-MPI layer splits the data to be transferred into a sequence of packets of size 1kB.
The high packet injection rates are achieved by a large data size which leads to long
data bursts being transferred between the nodes. This type of communication is likely
to create a lot of contention in the different routers and hence high latencies are the
consequence. Approaches like [76] try to model this kind of bulk transfers in order to
mitigate the estimation error in case of long data transfers. The second reason for this
high deviation between analytical NoC model and simulation is the saturation on the
interface from the destination router into the local tile. The analytical model presented
in Section 7.3 does not consider the local tiles. It assumes that all packets reaching the
destination router can directly flow into the local tile. For low and medium traffic this
assumption is correct. However, in case of a high number of parallel transactions and
long bulk transfers the modeled local tile interface is likely to saturate. Even if only
one local tile saturates, the complete NoC will be affected due to the back pressure of
the halted packets.

7.5.2 Critical Path Latency

Considering the average packet latency L̄ as an indicator for the accuracy is commonly
used in the literature about the queuing systems. However, from application perspec-
tive the absolute NoC timing is not of highest priority, as long as the relative execution
order of the different application tasks remain the same. In order to evaluate this, a
second set of experiments has been conducted. In these experiments, the critical path
of the application has been measured, i.e. the simulated time required to complete the
application. As reference a simple estimator has been used which estimates the la-
tency between a source-destination pair purely based on the number of hops required
to reach the destination. In case of the analytical NoC model, 10% of the application’s
runtime is used to train the estimator before running the entire application. Figure 7.10
depicts the switching between the detailed NoC simulation and the fast simulation
mode. Before using the fast NoC simulation mode there is an initial training phase to
determine the packet rates for the analytical model. Once the analytical NoC model is
trained, the fast NoC simulation mode can be applied. Due to the time variant behav-
ior of many applications it might be necessary to re-train the NoC model from time to
time. In order to measure the fidelity of the NoCmodel the simulation switches in reg-
ular intervals back to the detailed simulation mode for a short period of time. During
this detailed simulation the training parameters such as packet rates and contention
probabilities are compared with the current parameters. In case that the parameters
have changed significantly the simulation will remain in the detailed simulation mode
to re-train the parameters and then switch back to the fast simulation mode. In case
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Figure 7.9: Critical path latency of an 8 × 8 system with two data transfers in
parallel per receiving node

Figure 7.10: Training of the analytical NoC model during runtime

the training parameters are still valid the simulation directly switches back to the fast
simulation mode. Hence, the time spent in detailed simulation mode is minimized.
Figure 7.9 and Figure 7.11 show the relative error of an 8× 8 system for estimating

the critical path of the application for two transactions and respectively four transac-
tions in parallel per receiving node. The simple estimator is underestimating the sim-
ulated time and the error is growing with the transferred data size. With the growing
data size the fraction of time related to congestion in the NoC is becoming more domi-
nant and therefore the fidelity of the simple estimator drops significantly. The error of
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Figure 7.11: Critical path latency of an 8× 8 system with four data transfers in
parallel per receiving node

the simple estimator ranges from−2.7% to−45.22% for two transactions in parallel and
ranges from −5.0% to −57.18% in case of four transactions. In general, the analytical
NoC model shows a better estimation fidelity than the simple estimator, especially for
the cases with high contention. For test cases which only transfer a low amount of data
the analytical NoC model is overly pessimistic. This behavior has been described by
Nikitin et al. [111] and is due to fact, that for fixed service times the assumption that the
input of all routers are Poisson distributed does not hold. Formedium sized data trans-
fers the estimation accuracy yields goods results. But with the increasing data size of
the transfers the accuracy of the analytical NoC model drops significantly. However,
it is always more accurate than the simple reference estimator. The above described
behavior indicates that the approximation used in Equation 7.21 is too optimistic. For
medium sized data transfers the estimation error is compensated by the pessimistic
estimation of Lsd, but for larger transfers (Npkt − 1) Lsd

Nhops
is dominating the estimated

overall latency. Equation 7.21 assumes a pipelined behavior for the packets belonging
to the same MPI transaction. In general, this assumption is correct, however, in the
case of a highly loaded NoC the chances that some packets of a MPI transaction will be
delayed because of other transactions increases significantly. This effect is not reflected
in Equation 7.21 and hence the estimation is too optimistic for large data transactions.
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7.5.3 Simulation Speedup

In a third set of experiments the speedup of the fast NoC simulation mode is being
evaluated and compared to the detailed NoC simulation. In order to study the effect of
the simulation size on the simulation speedup the simulation complexity has been var-
ied from 16 to 256 nodes. For all experiments the nodes are arranged in a 2D mesh as
shown in Figure 7.3. Since this set of experiments focuses on the NoC simulation only,
an abstract processor simulator is used to minimize the time required for simulating
the computational part of the application. All measurements of the time required to
complete the NoC simulation (wall clock time) have been conducted on an Intel i7 920
based system with 2.67GHz and 12GB of RAM using Scientific Linux 5.0 as operat-
ing system. The following parameters have been used for the speedup measurements:
four parallel transactions per receiving node, 8192 bytes being transferred for a single
source-destination pair and iteration. In order to obtain reliable timing results, it is
important to select a sufficiently large problem size. Especially for the small test cases
it is important to select a sufficiently high iteration count in order to get reliable timing
results. For this set of experiments a simulation run consists of 10,000 iterations.
Figure 7.12 summarizes themeasured simulation times for the different numbers of

simulated nodes. The simulation duration has been plotted for three different config-
urations: the detailed simulation, the simple estimator and the analytical NoC model.
As expected, the detailed simulation mode is the slowest simulation type. The simple
estimator yields the best results with speedups ranging from 2.7× to 5.8× compared to
the detailed simulation. The analytical NoC model is slightly slower than the simple
estimator by about 22%, which is due to the increased complexity of the estimator. It is
important to understand that the reduced simulation time obtained by both estimators
is only partly due to the bypassed NoC. The fact that the µ-MPI layer running on top of
the NoC is using spinlocks [56], i.e. active waiting, to poll the status of the routers makes
the complete system very sensitive on the simulated communication time. Hence, the
underestimation of the NoC timing – as shown in the Figures 7.9 and 7.11 – reduces the
time spent polling significantly. Thus, the measured speedup can be partly explained
by the underestimation of the NoC timing. Therefore, a simple and too optimistic esti-
mator will always be faster than an estimator with good estimation accuracy because
less time will be simulated. In conclusion, only if taking the accuracy of the NoC esti-
mator into account it is sensible to compare different NoC simulation speeds. This is
especially true for complex software stacks with non-trivial dependencies between the
software and the NoC.
In order to obtain a fair comparison between the different estimators the simulation

time has been normalized using the detailed simulation as reference. An accuracy fac-
tor is calculated by dividing the critical path latency obtained by the estimators by the
reference critical path latency obtained by the detailed simulation. The simulation time
is then multiplied by this factor in order to normalize the simulation time with respect
to the simulation accuracy. Hence, it is possible to calculate the true speedup caused by
bypassing the NoC. The normalized simulation times are depicted in Figure 7.12 and
show a true speedup ranging from 1.25× to 2.30× for the simple estimator and rang-
ing from 2.34× to 3.18× for the analytical NoC model. Thus, bypassing the NoC while
using an analytical NoC model allows to speed up the simulation by approximately
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Figure 7.12: Simulation time depending on the number of simulated nodes

a factor of 2 − −3×. Compared to the speedups of the hybrid processor simulation
(cf. Chapter 6), the speedups achieved by bypassing the NoC are only moderate. This
can be explained by two different reasons. First, the employed router model has been
optimized for high simulation speed and low complexity during the development. It
has been taken care that only very few context switches into the SystemC kernel are re-
quired. Second, the router model itself is very simple compared to NoC routers used in
industry. Therefore, the time spent inside the router is limited and hence the maximum
speedup as well. More complex router models are expected to show higher speedups
when being bypassed. Furthermore, with 256 nodes the largest test system has only a
moderate size, larger test systems will further increase the fraction of simulation time
spent simulating the NoC.

7.6 Conclusion

The growing importance of complex NoCs for the overall performance of MPSoCs has
a direct influence on the system simulation by adding additional complexity to the
simulation system. In order to mitigate the simulation complexity a hybrid simulation
approach for the NoC simulation has been proposed similar to the hybrid processor
simulation presented in Chapter 6. During the fast simulation mode the NoC is by-
passed and the timing effects of the interconnect – especially the delays due to data
contention – are approximated by an analytical NoC model. This NoC model is based
on queuing theory and combines the finite buffer size model from Takagi with the



118 Chapter 7. Timing Approximate NoC Simulation

router model fromOgras et al. by introducing the effective service time. The concept of
the effective service time allows to summarize all the effects due to resource contention
into a single parameter, leading to a time variant service time which is dependent on
the actual topology, the router and the application. By using the effective service time
the models from Takagi and Ogras et al. can be easily combined into a single analytical
NoC model.
The developed hybrid NoC simulation performs well for low and medium loads

on the NoC. However, for highly loaded NoCs the analytical NoC model underesti-
mated the timing. This is because of saturation effects on the local tiles which are not
considered by the applied NoC model. Furthermore, burst transfers are not well re-
flected by this model and hence this leads to a too optimistic timing estimation for
scenarios with a lot of burst transactions.
A configurable SystemC based simulation environment serves a test platform for

the hybrid NoC simulation. On top of the simulated hardware a lightweight software
stack is running including a µ-MPI layer which serves as an interface between the
application and the routers. Hence, all applications adhering to a subset of the widely
used MP-interface can be directly executed on the test platform. This test environment
allows to investigate the influence of fast but less accurate NoC simulation on complex
software stacks.
The experiments conducted within this thesis demonstrate that speedups between

2× and 3× can be achieved by bypassing the NoC simulation while still considering
the timing effects due to data contention. Furthermore, the experiments have shown
that for complex software applications it is important not only to measure the achieved
speedup but at the same time also to consider the estimation accuracy. Considering
one quantity without the other leads possibly to inaccurate predictions of the applica-
tion behavior. This strong dependency between software and simulated timing stems
from software constructs like spinlocks used for polling the status of certain registers.
Therefore it is essential to normalize all measured simulation times to the reference
simulation before calculating the simulation speedups in order to obtain a fair com-
parison of the different NoC simulation techniques.



Chapter 8

Summary and Outlook

Over the last decade embedded systems have pervaded nearly all aspects of our daily
lives. The main drivers for this development have been the advancements in digital
information technologies and the big improvements in deep submicron technologies.
These technological improvements have offered the system developers the possibility
to integrate complete systems on a chip. However, the downside of this development
is the drastic increase of NRE costs because of the huge complexity of modern embed-
ded systems. Managing the complexity of designing an embedded system poses a lot
of challenges and risks to the developers. This situation has been further aggravated
by the fast growing complexity of embedded software. Already today, the complexity
of embedded software has outpaced the HW complexity when comparing lines of code
(LoC) written in C and HDL, leading to the so-called embedded software gap. In order
to mitigate this gap, new and efficient software design tools are required.

Traditionally, the development of embedded software can only be started once a
first hardware prototype of the system is available. This leads to a purely sequential
design flow that cannot cope with the decreasing time-to-market observed especially
in the consumer market. The increasing complexity of embedded systems combined
with the strong requirements, e.g. short time-to-market and reducedNRE costs, require
a hardware/software co-design methodology. Only by optimizing the hardware and
software simultaneously it is possible to deliver the envisioned functionality while ad-
hering to the various and often contradicting design constraints such as power budget,
computing power, design time and costs.
Virtual platforms (VPs) are executable softwaremodels of hardware systemswhich

allow simulating the complete system long before a hardware prototype is ready. There-
fore, the utilization of VPs offers the system designer the possibility to efficiently de-
velop and test the embedded software long before the hardware is ready. This co-
design approach not only reduces the development time, but it also offers the possi-
bility to feed information obtained during the software development back to the hard-
ware developers. Furthermore, VPs offer superior debugging capabilities compared
to real hardware by being completely deterministic, offering good observability of in-
ternal states and easy distribution among developers. The acceptance of a VP based
methodology clearly depends on the achievable simulation speed. Only if develop-
ers are capable of simulating the complete software stack within a reasonable amount
of time the VP based approach is of interest for software development. In order to
cope with the increasing complexity of embedded systems new and efficient simula-
tion techniques are required.
In the context of this thesis three different techniques exploiting the particular re-

quirements of embedded software simulation are proposed to speed up the simulation
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of VPs.

A checkpointing technique has been developed that takes the specific characteris-
tics and requirements of SystemC-based VPs into account. It is important to note that
the application of checkpointing does not improve the simulation speed itself, but it
reduces the time spent simulating by restoring previously saved states of the whole
simulation environment. The proposed checkpointing framework is based on process
checkpointing since this approach imposes fewer constraints on the SystemC simula-
tion models to be checkpointed than model state serialization. In order to apply process
checkpointing the simulation process needs to be driven into a safe state by removing
all external dependencies, e.g. connections to external debuggers and GUIs. Further-
more, all OS dependent resources such as file handles, sockets and threads need to be
released before checkpointing. This is achieved by providing a set of callback functions
to the user, such that the user defined simulation modules can be extended to support
checkpointing.
Compared to model state serialization based approaches process checkpointing

based approaches lead to significantly larger image sizes since the complete process
state is stored. In order to mitigate this problem a code compression scheme based
on the deflate algorithm has been integrated into the framework and the impact on
the image size and checkpointing time has been studied. Using the SHAPES platform
as case study for the proposed checkpoint/restore framework, checkpoint compres-
sion rates of approximately 10× have been measured. The impact of the compression
on the checkpointing time is twofold: First, the computational overhead introduced
by the compression increases the checkpointing time. Second, less data needs to be
stored, which speeds up checkpointing. For checkpoint restoration the time saving
due to a smaller image size dominates and thus restoring a compressed checkpoint is
significantly faster than restoring an uncompressed checkpoint. However, the over-
head introduced by the compression cannot be fully compensated during the check-
point creation, hence the creation of compressed checkpoints requires more time than
uncompressed checkpoints.

Most simulation techniques have been developed for designing and improvingmi-
croarchitectural features of processors. However, these techniques are suboptimal for
the development of software, because of the completely different requirements on the
simulation techniques. A hybrid simulation approach has been developed in the con-
text of this thesis which takes the particular characteristics of VPs for software develop-
ment into account. In contrast to the hardware-centric microarchitectural design space
exploration, simulation techniques that require lengthy pre- and post-processing are
ill-suited for efficient software debugging.
The proposed hybrid simulation technique offers the embedded software designer

the possibility to combine the characteristics of two different simulation techniques:
ISS-based simulation and native code execution on the host. Using the hybrid simu-
lation it is possible to fast forward the application by using the native code execution.
Once the application has reached the desired state the user can switch back to the tradi-
tional ISS-based simulation for detailed inspection of the application. In particular for
software debugging scenarios this hybrid simulation technique is of high value, since it
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allows the user to quickly reach the faulty state. Different hybrid simulation techniques
have been proposed in literature, however most of them concentrate on switching be-
tween cycle accurate and instruction accurate simulations. Hence, they are mainly
of interest for hardware developers. In order to significantly improve the simulation
performance, the proposed hybrid simulation switches between an instruction accu-
rate simulation mode and native code execution. Compared to other approaches, the
proposed hybrid simulation technique is agnostic about the ISA of the simulated pro-
cessor. In particular, the simulated processor and the host processor do not necessarily
need to have the same instruction set.
In order to analyze the impact of hybrid simulation on VPs, the SHAPES virtual

platform has been used as case study. In the context of this case study the hybrid
simulation has been successfully integrated into the virtual platform simulation en-
vironment commercially available from CoWare. Measurements have shown that the
hybrid simulation technique is capable of speeding up the simulation. In particular, the
combination of binary translation and native code execution reaches very high simula-
tion speeds, with speed-ups ranging from 1.2× to 114× compared to binary translation
alone have been measured. The obtained results indicate that complex processor ar-
chitectures, e.g. VLIW and DSP, greatly benefit from this approach, because binary
translation approaches do not work well for such complex processor architectures due
to the complex mapping of the simulated instruction set to the host instruction set.

The growing complexity of the on-chip interconnect has a direct impact on the
simulation performance. In order to mitigate the NoC simulation complexity a hy-
brid NoC simulation has been developed. This hybrid simulation technique allows to
switch between a detailed NoC simulation and a bypassed NoC simulation. During
the bypass of the NoC an analytical NoC model is used to estimate the timing effects
due to congestion. The developed analytical model is based on queuing theory and
combines the finite buffer model of Takagi with the router model proposed by Ogras et
al. by introducing the concept of effective service time. The effective service time models
the service time seen by each router channel due to routing conflicts inside the router.
A configurable SystemC based simulation environment has been developed in or-

der to study the effects of the hybrid NoC simulation. This simulation platform offers
a configurable 2D mesh network interconnecting a tiled architecture. In order to bet-
ter observe the effects of the hybrid NoC simulation an abstract processor simulator is
used for the simulation of the computational parts on the application. On top of the
simulated hardware a lightweight software stack is running including a µ-MPI layer
which serves as an interface between the application and the routers. Hence, all appli-
cation adhering to the defined subset of the widely used MP-interface can be directly
executed on this test platform.
Experimental results have shown that speedups between 2× and 3× can be achieved

by bypassing the NoC simulation while still considering the timing effects due to data
contention. Furthermore, the experiments have shown that for complex software ap-
plications it is important not only to measure the achieved speedup but at the same
time also to take the estimation accuracy into account. The software behavior shows a
strong dependency to the simulation timing due to certain software constructs, such as
spinlocks. For example, ignoring the NoC contention will lead to an overly optimistic
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NoC estimator and hence the software will spend less time within the spinlocks. In
most cases this modified timing behavior will have no direct impact on the application
correctness since a distributed application should be insensitive to changes of the tim-
ing. However, it is very important to consider this effect in order to do a fair speedup
comparison of different NoC estimators. This can be achieved be normalizing the mea-
sured simulation time with the achieved accuracy of the estimator. The hybrid NoC
simulation offers the software developers the possibility to estimate the effects of the
NoC without the need for a detailed simulation. Especially, during early software de-
velopment phases this is very helpful since it allows for fast software prototyping.

Future research directions in the context of fast and efficient software simulations
are the development of less operating system dependent checkpointing approaches in
order to enable checkpointing for the huge amount of legacy IP available. Furthermore,
the combination of hybrid NoC and hybrid processor simulation is expected to provide
high simulation speeds. Depending of the actual use case the software developer can
select the hybrid NoC simulation, the hybrid processor simulation or a combination
of both techniques if the simulation speed is of highest importance. With the growing
amount of software running on embedded systems combined with the trend of hete-
rogeneous MPSoCs the simulation becomes more and more important for the applica-
tion debugging. Therefore, it can be anticipated that in future not only the simulation
speed but also good debugging support will be of great interest for the software devel-
opers. With the proliferation of complex multicore architectures traditional debugging
will not be feasible any more due to the high system complexity. Future simulation
frameworks will support the developers by collecting and preprocessing information
about the application behavior in order to localize potential software bugs such as race
conditions and process starvation. Moreover, a tighter cooperation between algorithm
development and software development will be required in order realize an efficient
algorithm to system mapping and to localize algorithmic problems early in the soft-
ware development. A first step towards the combination of algorithm debugging with
the traditional software debugging flow has been demonstrated in [47].



Appendix A

SHAPES Measurements

This appendix shows the detailed comparison between the simulated single tile SHAPES
platform and the hardware prototype. In Table A.1 the measurements for the ARM-
ARM intra-tile communication is shown. The benchmark application copies data blocks
of different sizes between two processes mapped on the ARM processor. As expected
the IA simulation shows a higher deviation from the hardware prototype than the CA
simulation. However, IA simulation is capable to predict the trend correctly.

Block size [bytes] IA sim. [s] CA sim. [s] D940 board [s] IA error [%] CA error [%]

4 1409.6 912.0 942.4 49.6 -3.2

8 666.0 423.2 436.8 52.3 -3.1

16 335.0 212.6 224.0 49.6 -5.1

32 169.7 106.0 106.5 59.3 -0.5

64 87.4 53.7 54.1 61.7 -0.7

128 46.4 27.7 28.0 65.7 -1.1

256 25.8 14.9 14.9 73.2 0.0

512 15.6 8.5 8.5 83.5 0.0

1024 10.4 5.3 5.2 100.0 2.0

2048 7.9 3.7 3.6 119.4 2.8

4096 6.6 2.9 2.8 135.7 3.6

8192 6.0 2.5 2.5 140.0 0.0

16384 6.6 3.3 3.3 100.0 0.0

32768 7.8 4.8 5.1 52.9 5.9

65536 7.6 4.7 5.1 49.0 7.8

Table A.1: Timing comparison between the SHAPES hardware and the VSP for
ARM-ARM intra-tile communication

Table A.2 shows the results obtained by transferring data blocks of different size
between the ARM processor and the DSP on the same tile.
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Block size [bytes] IA sim. [s] CA sim. [s] D940 board [s] IA error [%] CA error [%]

8 345.0 325.0 301.0 14.6 7.9

16 177.0 174.0 166.0 6.6 4.8

32 95.0 100.0 95.0 0.0 5.2

64 57.0 65.0 58.0 -1.7 12.0

128 35.0 47.0 41.0 -14.6 14.6

256 25.0 38.0 32.0 -21.8 18.8

512 22.0 33.0 28.0 -21.4 17.9

1024 22.0 31.0 25.0 -12.0 24.0

2048 15.0 30.0 24.0 -37.5 25.0

Table A.2: Timing comparison between the SHAPES hardware and the VSP for
ARM-DSP intra-tile communication



Glossary

Acronyms

APB AMBA Peripheral Bus

AS Abstract Simulation/Simulator

ASIP Application Specific Instruction Set Processor

BBV Basic Block Vector

CA Cycle Accurate

CPI Cycles per Instruction

DBT Dynamic Binary Translation

DES Discrete Event Simulation

DMI Direct Memory Interface

DNP Distributed Network Processor

DOL Distributed Operation Layer

EDA Electronic Design Automation

ESL Electronic System Level

FDM Finite Difference Method

GCFG Global Control Flow Graph

HAL Hardware Abstraction Layer

HdS Hardware dependent Software

HW Hardware

IA Instruction Accurate

IR Intermediate Representation

ISA Instruction Set Architecture

ISS Instruction Set Simulation/Simulator

JIT-CC Just-in-Time Cache Compiled

KPN Kahn Process Network

LoC Lines of Code

MIPS Million Instruction Per Second

MPI Message Passing Interface

MPSoC Multiprocessor Systems on Chip

NI Network Interface

NoC Network-on-Chip

125



126 GLOSSARY

NRE Non Recurring Engineering

PDF Probability Density Function

PE Processing Element

PoT Peripheral on Tile

RDT RISC-DSP Tile

RISC Reduced Instruction Set Processor

SoC System-on-Chip

SSA Single Static Assignment

SW Software

TLM Transaction Level Modeling

VLIW Very Long Instruction Word

VP Virtual Platform

VPU Virtual Processing Unit

VSP Virtual SHAPES Platform



List of Figures

1.1 Hardware and software design gaps, based on [65] . . . . . . . . . . . . . 1

2.1 Traditional SoC design flow . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 SoC design flow using a virtual platform . . . . . . . . . . . . . . . . . . . 7
2.3 Relationship between simulation speed and accuracy . . . . . . . . . . . 8
2.4 iMX21 diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.5 USB data flow model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.6 Realization of the virtualized USB connection . . . . . . . . . . . . . . . . 14

3.1 Classification of processor simulation techniques . . . . . . . . . . . . . . 18

4.1 Multi-tile SHAPES platform . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.2 Schematic of the RISC DSP Tile . . . . . . . . . . . . . . . . . . . . . . . . 33
4.3 Schematic of the mAgic processor . . . . . . . . . . . . . . . . . . . . . . . 34
4.4 Topology of a Spidergon interconnect and chip layout . . . . . . . . . . . 35
4.5 Overview of SHAPES software toolchain . . . . . . . . . . . . . . . . . . 36
4.6 Overview of the DOL framework . . . . . . . . . . . . . . . . . . . . . . . 37
4.7 DOL evaluation, optimization cycle . . . . . . . . . . . . . . . . . . . . . . 39
4.8 Application software stack . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.9 HdS generation flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.10 Intra-tile ARM-ARM communication . . . . . . . . . . . . . . . . . . . . . 44
4.11 Intra-tile ARM-DSP communication . . . . . . . . . . . . . . . . . . . . . 45

5.1 Debugging and analyzing a PDA virtual platform . . . . . . . . . . . . . 50
5.2 Developer time spent in a typical debug session . . . . . . . . . . . . . . 51
5.3 Debug cycle shortened by CR a VP . . . . . . . . . . . . . . . . . . . . . . 52
5.4 Checkpoint procedure: Releasing OS resources . . . . . . . . . . . . . . . 55
5.5 Checkpoint procedure: re-establishing OS resources . . . . . . . . . . . . 56
5.6 Restore procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.7 Example of a Windows XP virtual memory layout . . . . . . . . . . . . . 58
5.8 Checkpoint/restore time for compressed and uncompressed checkpoints 63

6.1 Architecture of the simulation system . . . . . . . . . . . . . . . . . . . . 67
6.2 HySim software flow concept . . . . . . . . . . . . . . . . . . . . . . . . . 68
6.3 Invocation of abstract simulation . . . . . . . . . . . . . . . . . . . . . . . 72
6.4 Example source code instrumentation . . . . . . . . . . . . . . . . . . . . 74
6.5 Resolving the pointer conflict introduced by a local variable . . . . . . . 74

127



128 LIST OF FIGURES

6.6 Example of a GCFG with a FF breakpoint . . . . . . . . . . . . . . . . . . 78
6.7 Example of a partitioned GCFG to reach function f7() as fast as possible 82
6.8 Schematic of the HySim integration . . . . . . . . . . . . . . . . . . . . . . 83
6.9 Predicted speedup for the mAgic processor . . . . . . . . . . . . . . . . . 86
6.10 Predicted speedup for the ARM processor . . . . . . . . . . . . . . . . . . 87
6.11 Performance estimation using a sampling based approach . . . . . . . . 89
6.12 Example execution profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
6.13 Sampling error depending on the sampling rate . . . . . . . . . . . . . . 92
6.14 Speedup results for the ARM processor . . . . . . . . . . . . . . . . . . . 93
6.15 Speedup results for the mAgic processor . . . . . . . . . . . . . . . . . . . 94

7.1 General concept of the hybrid NoC simulation . . . . . . . . . . . . . . . 99
7.2 Analytic view of a router . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
7.3 Example configuration, 2D-mesh with 6× 6 routers . . . . . . . . . . . . 107
7.4 Realization of the network processor module . . . . . . . . . . . . . . . . 108
7.5 SW Stack running on top of the HW . . . . . . . . . . . . . . . . . . . . . 109
7.6 Screenshot of an 8× 8 FDM heat simulation . . . . . . . . . . . . . . . . . 110
7.7 Average latency for an 8× 8 system with two data transfers in parallel . 111
7.8 Average latency for an 8× 8 system with four data transfers in parallel . 112
7.9 Critical path latency of an 8× 8 system with two data transfers in parallel 114
7.10 Training of the analytical NoC model during runtime . . . . . . . . . . . 114
7.11 Critical path latency of an 8× 8 system with four data transfers in parallel115
7.12 Simulation time depending on the number of simulated nodes . . . . . . 117



List of Tables

2.1 Hardware overview of the Chumby device . . . . . . . . . . . . . . . . . 10

3.1 Overview of commercial virtual platform environments . . . . . . . . . . 28

4.1 Overview of the different tiles supported by SHAPES . . . . . . . . . . . 33
4.2 SHAPES simulation time and memory consumption . . . . . . . . . . . . 43

5.1 Duration and image size of uncompressed checkpointing . . . . . . . . . 62

6.1 Overview of the partitioning flag Sm . . . . . . . . . . . . . . . . . . . . . 79
6.2 List of parameters, their symbols and dependencies . . . . . . . . . . . . 84
6.3 Measured proportionality factor α for different applications . . . . . . . 85
6.4 HySim cost table for the VSP . . . . . . . . . . . . . . . . . . . . . . . . . . 85
6.5 Overview of the sampling variables . . . . . . . . . . . . . . . . . . . . . 90

7.1 List of parameters, symbols and their dependencies . . . . . . . . . . . . 103

A.1 SHAPES ARM-ARM intra-tile communication . . . . . . . . . . . . . . . 123
A.2 SHAPES ARM-DSP intra-tile communication . . . . . . . . . . . . . . . . 124

129



130 LIST OF TABLES



Bibliography

[1] COTSon: Infrastructure for full system simulation, 2010. [Online]. Available: http://cotson.
sourceforge.net/

[2] H. Abdel-Shafi, E. Speight, and J. K. Bennett, “Efficient user-level thread migration and check-
pointing on Windows NT clusters,” in Proceedings of the 3rd USENIX Windows NT Symposium,
Seattle, WA, USA, July 1999.

[3] A. V. Aho, M. S. Lam, R. Sethi, and J. D. Ullman, Compilers: Principles, Techniques, and Tools (2nd
Edition). Addison Wesley, August 2006.

[4] A. Allan, D. Edenfeld, J. Joyner, W.H., A. Kahng, M. Rodgers, and Y. Zorian, “2001 technology
roadmap for semiconductors,” IEEE Computer, vol. 35, no. 1, pp. 42–53, January 2002.

[5] G. Altarelli, “A QCD primer,” 2002. http://arxiv.org/abs/hep-ph/0204179v1

[6] G. M. Amdahl, “Validity of the single processor approach to achieving large scale computing ca-
pabilities,” inAFIPS ’67 (Spring): Proceedings of the April 18-20, 1967, spring joint computer conference.
New York, NY, USA: ACM, 1967, pp. 483–485.

[7] E. Argollo, A. Falcón, P. Faraboschi, M. Monchiero, and D. Ortega, “COTSon: infrastructure for
full system simulation,” SIGOPS Operating Systems Review, vol. 43, no. 1, pp. 52–61, January 2009.

[8] ATMEL, “DIOPSIS: Dual Inter Operable Processor in A Single Silicon”. http://www.atmel.com

[9] B. Bailey, G. Martin, and A. Piziali, ESL Design and Verification, W. Wolf, Ed. San Francisco, CA,
USA: Morgan Kaufmann, 2007.

[10] D. Bartholomew, “QEMU: A multihost, multitarget emulator,” Linux Journal, vol. 2006, no. 145,
pp. 3–9, May 2006.

[11] R. Bedicheck, “SimNow: fast platform simulation purely in software,” in Hot Chips 16, August
2004.

[12] F. Bellard, “QEMU, a fast and portable dynamic translator,” in Proceedings of the annual confer-
ence on USENIX Annual Technical Conference (ATEC). Berkeley, CA, USA: USENIX Association,
February 2005, pp. 41–41.

[13] L. Benini, D. Bertozzi, D. Bruni, N. Drago, F. Fummi, and M. Poncino, “SystemC cosimulation
and emulation of multiprocessor SoC designs,” IEEE Transactions on Computers, vol. 36, no. 4, pp.
53–59, April 2003.

[14] L. Benini and G. De Micheli, “Networks on chips: a new SoC paradigm,” IEEE Computer, vol. 35,
no. 1, pp. 70–78, January 2002.

[15] N. L. Binkert, R. G. Dreslinski, L. R. Hsu, K. T. Lim, A. G. Saidi, and S. K. Reinhardt, “The M5
simulator: Modeling networked systems,” IEEE Micro, vol. 26, no. 4, pp. 52–60, July 2006.

[16] S. Bleuler, M. Laumanns, L. Thiele, and E. Zitzler, “PISA - a platform and programming language
independent interface for search algorithms,” in Evolutionary Multi-Criterion Optimization (EMO
2003). Lugar, Portugal: Springer, April 2003, pp. 494–508.

131

http://cotson.sourceforge.net/
http://cotson.sourceforge.net/
http://arxiv.org/abs/hep-ph/0204179v1
http://www.atmel.com


132 BIBLIOGRAPHY

[17] L. Bononi andN. Concer, “Simulation and analysis of network on chip architectures: Ring, Spider-
gon and 2D mesh,” in Proceedings of the Conference on Design, Automation & Test in Europe (DATE),
vol. 2, Munich, Germany, March 2006, pp. 154–159.

[18] A. Bouchhima, P. Gerin, and F. Pétrot, “Automatic instrumentation of embedded software for high
level hardware/software co-simulation,” in Proceedings of the Asia South Pacific Design Automation
Conference (ASPDAC), Yokohama, Japan, January 2009, pp. 546–551.

[19] G. Bronevetsky, D. Marques, K. Pingali, and P. Stodghill, “Automated application-level check-
pointing of MPI programs,” in Proceedings of the Principles and Practice of Parallel Programming
(PPoPP). New York, NY, USA: ACM Press, June 2003, pp. 84–94.

[20] G. Bronevetsky, D. Marques, K. Pingali, and P. Stodghill, “Collective operations in application-
level fault-tolerantMPI,” in Proceedings of the 17th annual International Conference on Supercomputing
(ICS). New York, NY, USA: ACM Press, June 2003, pp. 234–243.

[21] D. C. Burger and T. M. Austin, “The simplescalar tool set, version 2.0,” Tech. Rep. CS-TR-1997-
1342, June 1997.

[22] M. Burtscher and I. Ganusov, “Automatic synthesis of high-speed processor simulators,” in Pro-
ceedings of the International Symposium onMicroarchitecture (MICRO). Washington, DC, USA: IEEE
Computer Society, 2004, pp. 55–66.

[23] Cadence Design Systems, Inc., NC-Sim, San Jose, CA. http://www.cadence.com/

[24] Carbon Design Systems, Inc., Carbon Model Studio, Acton, MA. http://www.
carbondesignsystems.com/

[25] L. Carloni and A. Sangiovanni-Vincentelli, “Coping with latency in SoC design,” IEEE Micro,
vol. 22, no. 5, pp. 24–35, September/October 2002.

[26] S. Chakraborty, S. Künzli, and L. Thiele, “A general framework for analyzing system properties in
platform-based embedded system designs,” in Proceedings of the Conference on Design, Automation
& Test in Europe (DATE), Munich, Germany, March 2003, pp. 190–195.

[27] Chumby Inc., San Diego, CA, USA. http://www.chumby.com

[28] P. E. Chung, W.-J. Lee, Y. Huang, D. Liang, and C.-Y. Wang, “Winckp: A transparent checkpoint-
ing and rollback recovery tool for Windows NT applications,” in Proceedings of the Twenty-Ninth
Annual International Symposium on Fault-Tolerant Computing (FTCS). Washington, DC, USA: IEEE
Computer Society, June 1999, pp. 220–223.

[29] B. Cmelik and D. Keppel, “Shade: A fast instruction-set simulator for execution profiling,” ACM
SIGMETRICS Performance Evaluation Review, vol. 22, no. 1, pp. 128–137, May 1994.

[30] J. Cong, Y. Fan, G. Han, W. Jiang, and Z. Zhang, “Platform-based behavior-level and system-level
synthesis,” in Proceedings of IEEE International SOC Conference, Austin, Texas, USA, September
2006, pp. 199–202.

[31] M. Coppola, M. D. Grammatikakis, R. Locatelli, G. Maruccia, and L. Pieralisi, Design of Cost-
Efficient Interconnect Processing Units: Spidergon STNoC. CRC press, Taylor and Francis group,
2008.

[32] M. Coppola, R. Locatelli, G. Maruccia, L. Pieralisi, and A. Scandurra, “Spidergon: A novel on-chip
communication network,” in Proceedings of the International Symposium on System-on-Chip (SoC),
Tampere, Finland, November 2004, pp. 15–26.

[33] CoWare Inc., CoWare Virtual Platform, San Jose, CA. http://www.coware.com/products/
virtualplatform.php

[34] W. J. Dally and C. L. Seitz, “Deadlock-free message routing in multiprocessor interconnection
networks,” IEEE Transactions on Computers, vol. 36, no. 5, pp. 547–553, May 1987.

[35] W. Dally and S. Lacy, “VLSI architecture: Past, present, and future,” in Advanced Research in VLSI,
1999. Proceedings. 20th Anniversary Conference on, Atlanta, Georgia, USA, March 1999, pp. 232–241.

http://www.cadence.com/
http://www.carbondesignsystems.com/
http://www.carbondesignsystems.com/
http://www.chumby.com
http://www.coware.com/products/virtualplatform.php
http://www.coware.com/products/virtualplatform.php


BIBLIOGRAPHY 133

[36] D. De Vries, “Sound reinforcement by wave field synthesis: Adaptation of the synthesis opera-
tor to the loudspeaker directivity characteristics,” Journal of the Audio Engineering Society (AES),
vol. 44, no. 12, pp. 1120–1131, December 1996.

[37] P. Deutsch, DEFLATE Compressed Data Format Specification version 1.3. United States: RFC Editor,
1996.

[38] B. Dimitri and G. Robert, Data Networks. Englewood Cliffs, NJ, USA: Prentice-Hall, Inc., 1992.

[39] J. Duell, “The design and implementation of Berkeley lab’s Linux checkpoint/restart,” Paper
LBNL-54941, Berkeley, CA, USA, April 2005.

[40] L. Eeckhout, K. de Bosschere, and H. Neefs, “Performance analysis through synthetic trace gen-
eration,” in Proceedings of the IEEE International Symposium on Performance Analysis of Systems and
Software (ISPASS), Austin, Texas, USA, April 2000, pp. 1–6.

[41] J. Emer, P. Ahuja, E. Borch, A. Klauser, C.-K. Luk, S. Manne, S. S. Mukherjee, H. Patil, S. Wallace,
N. Binkert, R. Espasa, and T. Juan, “ASIM: A performance model framework,” IEEE Computer,
vol. 35, no. 2, pp. 68–76, February 2002.

[42] Eve Inc., Zero Bug (Zebu), San Jose, CA. http://www.eve-team.com

[43] A. Falcón, P. Faraboschi, and D. Ortega, “An adaptive synchronization technique for parallel sim-
ulation of networked clusters,” in Proceedings of the IEEE International Symposium on Performance
Analysis of Systems and Software (ISPASS). Washington, DC, USA: IEEE Computer Society, April
2008, pp. 22–31.

[44] J. Fisher, P. Faraboschi, and C. Young, Embedded Computing: A VLIW Approach to Architecture,
Compilers and Tools. San Francisco, CA, USA: Morgan Kaufmann, 2005.

[45] Freescale Inc.,MC94MX21. http://www.freescale.com

[46] L. Gao, K. Karuri, S. Kraemer, R. Leupers, G. Ascheid, and H. Meyr, “Multiprocessor performance
estimation using hybrid simulation,” in Proceedings of the Design Automation Conference (DAC).
New York, NY, USA: ACM, June 2008, pp. 325–330.

[47] B. Geiser, S. Kraemer, J. Weinstock, R. Leupers, and P. Vary, “An integrated algorithm and software
debugging tool for signal processing applications,” in Proceedings of System, Software, SoC and
Silicon Debug Conference (S4D). Sophia Antipolis, France: ECSI, September 2009.
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[125] K. Popovici, X. Guérin, F. Rousseau, P. S. Paolucci, and A. A. Jerraya, “Platform-based software
design flow for heterogeneousMPSoC,”ACMTransactions on Embedded Computing Systems (TECS),
vol. 7, no. 4, pp. 1–23, July 2008.

http://www.open-mpi.org/
http://www.systemc.org/
http://www.ovpworld.org
http://citeseer.ist.psu.edu/plank95libckpt.html


138 BIBLIOGRAPHY

[126] PTLsim, x86-64 cycle accurate processor simulation design infrastructure, 2010. http://www.ptlsim.
org/

[127] W. Qin, J. D’Errico, and X. Zhu, “A multiprocessing approach to accelerate retargetable and
portable dynamic-compiled instruction-set simulation,” in Proceedings of the International Confer-
ence on Hardware/Software Codesign and System Synthesis (CODES+ISSS). Seoul, Korea: ACM
Press, October 2006, pp. 103–198.

[128] M. Reshadi, P. Mishra, and N. Dutt, “Instruction set compiled simulation: A technique for fast
and flexible instruction set simulation,” in Proceedings of the Design Automation Conference (DAC).
New York, NY, USA: ACM Press, June 2003, pp. 758–763.

[129] M. Reshadi, P. Mishra, and N. Dutt, “Hybrid-compiled simulation: An efficient technique for
instruction-set architecture simulation,”ACMTransactions on Embedded Computing Systems (TECS),
vol. 8, no. 3, pp. 1–27, April 2009.

[130] J. Ringenberg, C. Pelosi, D. Oehmke, and T. Mudge, “Intrinsic checkpointing: A methodology
for decreasing simulation time through binary modification,” Performance Analysis of Systems and
Software, pp. 78–88, March 2005.

[131] E. Roman, “A survey of checkpoint/restart implementations,” Lawrence Berkeley National Lab-
oratory, Berkeley, CA, USA, Berkeley Lab Technical Report LBNL-54942, July 2002.

[132] M. Rosenblum and M. Varadarajan, “SimOS: A fast operating system simulation environment,”
Stanford, CA, USA, Tech. Rep. CSL-TR-94-631, July 1994.

[133] C. Rowen and S. Leibson, Engineering the complex SOC : fast, flexible design with configurable proces-
sors. Upper Saddle River, N.J. : Prentice Hall PTR ; London : Pearson Education, 2004.

[134] A. Sahu, M. Balakrishnan, and P. R. Panda, “A generic platform for estimation of multi-threaded
program performance on heterogeneous multiprocessors,” in Proceedings of the Conference on De-
sign, Automation & Test in Europe (DATE). San Jose, CA, USA: EDA Consortium, April 2009, pp.
1018–1023.

[135] H. A. Sanghavi and N. B. Andrews, “TIE: An ADL for designing application-specific instruction
set extensions,” in Processor Description Languages, P. Mishra and N. Dutt, Eds. Burlington: Mor-
gan Kaufmann, 2008, pp. 183–216.

[136] S. Sankaran, J. M. Squyres, B. Barrett, A. Lumsdaine, J. Duell, P. Hargrove, and E. Roman, “The
LAM/MPI checkpoint/restart framework: System-initiated checkpointing,” International Journal
of High Performance Computing Applications, vol. 19, no. 4, pp. 479–493, Winter 2005.

[137] A. Scherrer, A. Fraboulet, and T. Risset, “Automatic phase detection for stochastic on-chip traffic
generation,” in Proceedings of the International Conference on Hardware/Software Codesign and System
Synthesis (CODES+ISSS), Seoul, Korea, October 2006, pp. 88–93.

[138] E. Schnarr and J. R. Larus, “Fast out-of-order processor simulation using memoization,” in Pro-
ceedings of the International Conference on Architectural Support for Programming Languages and Oper-
ating Systems (ASPLOS-VIII). New York, NY, USA: ACM Press, December 1998, pp. 283–294.

[139] J. Schnerr, O. Bringmann, A. Viehl, and W. Rosenstiel, “High-performance timing simulation of
embedded software,” in Proceedings of the Design Automation Conference (DAC), Anaheim, Califor-
nia, June 2008, pp. 290–295.

[140] H. Shacham, M. Page, B. Pfaff, E.-J. Goh, N. Modadugu, and D. Boneh, “On the effectiveness of
address-space randomization,” in Proceedings of the 11th ACM Conference on Computer and Commu-
nications Security (CCS). New York, NY, USA: ACM Press, October 2004, pp. 298–307.

[141] H. Shafi, P. J. Bohrer, J. Phelan, C. A. Rusu, and J. L. Peterson, “Design and validation of a perfor-
mance and power simulator for PowerPC systems,” IBM J. Res. Dev., vol. 47, no. 5-6, pp. 641–651,
September 2003.

[142] SHAPES - Scalable Software Hardware computing Architecture Platform for Embedded Systems.
http://www.shapes-p.org

http://www.ptlsim.org/
http://www.ptlsim.org/
http://www.shapes-p.org


BIBLIOGRAPHY 139

[143] T. Sherwood, E. Perelman, G. Hamerly, S. Sair, and B. Calder, “Discovering and exploiting pro-
gram phases,” IEEE Micro, vol. 23, no. 6, pp. 84–93, December 2003.

[144] T. Sherwood, E. Perelman, G. Hamerly, and B. Calder, “Automatically characterizing large scale
program behavior,” in Proceedings of the 10th international conference on Architectural Support for
Programming Languages and Operating Systems (ASPLOS-X). New York, NY, USA: ACM Press,
October 2002, pp. 45–57.

[145] SimFlex, Fast, Accurate & Flexible Computer Architecture Simulation, 2010. http://parsa.epfl.ch/
simflex/

[146] V. Soteriou, H. Wang, and L. Peh, “A statistical traffic model for on-chip interconnection net-
works,” in Proceedings of the 14th IEEE International Symposium on Modeling, Analysis, and Simula-
tion of Computer and Telecommunication Systems (MASCOTS), September 2006, pp. 104–116.

[147] T. Sporer, M. Beckinger, A. Franck, I. Bacivarov, W. Haid, K. Huang, L. Thiele, P. Paolucci, P. Baz-
zana, P. Vicini, J. Ceng, S. Kraemer, and R. Leupers, “SHAPES - a scalable parallel HW/SW ar-
chitecture applied to wave field synthesis,” in Proceedings of the AES 32nd International Conference,
Hillerød, Copenhagen, Denmark, September 2007, pp. 175–187.

[148] S. Spors, R. Rabenstein, and J. Ahrens, “The theory of wave field synthesis revisited,” in Proceed-
ings of the AES 124th Convention, Amsterdam, Netherlands, May 2008.

[149] J. A. Storer and T. G. Szymanski, “Data compression via textual substitution,” Journal ACM,
vol. 29, no. 4, pp. 928–951, October 1982.

[150] D. Sylvester and K. Keutzer, “Impact of small process geometries onmicroarchitectures in systems
on a chip,” Proceedings of the IEEE, vol. 89, no. 4, pp. 467–489, April 2001.

[151] Synopsys Inc., Innovator, Mountain View, CA. http://www.synopsys.com/Tools/SLD/
VirtualPlatforms/

[152] Synopsys Inc., VHDL and Verilog Simulation Software. http://www.synopsys.com

[153] P. K. Szwed, D. Marques, R. M. Buels, S. A. McKee, and M. Schulz, “SimSnap: Fast-forwarding
via native execution and application-level checkpointing,” in Proceedings on the 8th Workshop on
Interaction between Compilers and Computer Architectures (INTERACT-8). Madrid, Spain: IEEE
Computer Society, February 2004, pp. 65–74. http://simsnap.csl.cornell.edu

[154] H. Takagi, Queuing Analysis, Volume 2: Finite Systems. Amsterdam, The Netherlands: North-
Holland, 1993.

[155] Target Compiler Technologies. http://www.retarget.com

[156] M. B. Taylor, J. Kim, J. Miller, D. Wentzlaff, F. Ghodrat, B. Greenwald, H. Hoffman, P. Johnson,
J.-W. Lee, W. Lee, A. Ma, A. Saraf, M. Seneski, N. Shnidman, V. Strumpen, M. Frank, S. Amaras-
inghe, and A. Agarwal, “The raw microprocessor: A computational fabric for software circuits
and general-purpose programs,” IEEE Micro, vol. 22, no. 2, pp. 25–35, April 2002.

[157] O. Temam and R. Leupers, Eds., Processor and System-on-Chip Simulation. Berlin, Heidelberg:
Springer-Verlag, 2010.

[158] Tensilica, Inc., Santa Clara, CA. http://www.tensilica.com/

[159] The DWARF Debugging Standard. http://dwarfstd.org/

[160] The M5 Simulator System, A modular platform for computer system architecture research, 2010.
http://www.m5sim.org/

[161] L. Thiele, I. Bacivarov, W. Haid, and K. Huang, “Mapping applications to tiled multiprocessor em-
bedded systems,” in Proceedings of the Seventh International Conference on Application of Concurrency
to System Design (ACSD), Bratislava, Slovakia, July 2007, pp. 29–40.

[162] L. Thiele, S. Chakraborty, and M. Naedele, “Real-time calculus for scheduling hard real-time sys-
tems,” in Proceedings of the IEEE International Symposium on Circuits and Systems (ISCAS), vol. 4,
Geneva, Switzerland, May 2000, pp. 101–104.

http://parsa.epfl.ch/simflex/
http://parsa.epfl.ch/simflex/
http://www.synopsys.com/Tools/SLD/VirtualPlatforms/
http://www.synopsys.com/Tools/SLD/VirtualPlatforms/
http://www.synopsys.com
http://simsnap.csl.cornell.edu
http://www.retarget.com
http://www.tensilica.com/
http://dwarfstd.org/
http://www.m5sim.org/


140 BIBLIOGRAPHY

[163] TMS320C67 Texas Instruments. http://www.ti.com/

[164] Tony D. Givargis and Frank Vahid and Jörg Henkel, “Trace-driven system-level power evaluation
of system-on-a-chip peripheral cores,” in Proceedings of the Asia South Pacific Design Automation
Conference (ASPDAC). New York, NY, USA: ACM, January 2001, pp. 306–312.

[165] USB Implementers Forum, Inc., Universal Serial Bus Specification Revision 2.0, 2009. http://www.
usb.org/developers/docs/

[166] C. H. K. van Berkel, “Multi-core for mobile phones,” in Proceedings of the Conference on Design,
Automation & Test in Europe (DATE), Nice, France, April 2009, pp. 1260–1265.

[167] VaST Systems Technology Corporation, Sunnyvale, CA. http://www.vastsystems.com/

[168] VirtuTech Inc., Simics, San Jose, CA. http://www.virtutech.com/whatissimics.html

[169] VMWare Inc., VMWare Server, Palo Alto, CA. http://www.vmware.com/products/server/

[170] E. Wandeler, L. Thiele, M. Verhoef, and P. Lieverse, “System architecture evaluation using mod-
ular performance analysis: A case study,” IEEE Transactions on Evolutionary Computation, vol. 8,
no. 6, pp. 649–667, July 2006.

[171] J. Wawrzynek, D. Patterson, M. Oskin, S.-L. Lu, C. Kozyrakis, J. Hoe, D. Chiou, and K. Asanovic,
“RAMP: Research accelerator for multiple processors,” IEEE Micro, vol. 27, no. 2, pp. 46–57,
March-April 2007.

[172] T. Wild, A. Herkersdorf, and R. Ohlendorf, “Performance evaluation for system-on-chip archi-
tectures using trace-based transaction level simulation,” in Proceedings of the Conference on Design,
Automation & Test in Europe (DATE), vol. 1, Munich, Germany, March 2006, pp. 248–253.

[173] K. G. Wilson, “Confinement of quarks,” Phys. Rev. D, vol. 10, no. 8, pp. 2445–2459, October 1974.

[174] R. Wunderlich, T. Wenisch, B. Falsafi, and J. Hoe, “SMARTS: Accelerating microarchitecture sim-
ulation via rigorous statistical sampling,” in Proceedings of the International Symposium on Computer
Architecture (ISCA), San Diego, California, USA, June 2003, pp. 84–95.

[175] T. Ye, H. T. Kaur, S. Kalyanaraman, and M. Yuksel, “Large-scale network parameter configuration
using an on-line simulation framework,” IEEE/ACM Transactions Networking, vol. 16, no. 4, pp.
777–790, August 2008.

[176] J. J. Yi and D. J. Lilja, “Simulation of computer architectures: Simulators, benchmarks, methodolo-
gies, and recommendations,” IEEE Transactions on Computers, vol. 55, no. 3, pp. 268–280, March
2006.

[177] Y. Yi, D. Kim, and S. Ha, “Fast and accurate cosimulation of MPSoC using trace-driven virtual
synchronization,” IEEE Transactions on Computer-Aided Design, vol. 26, no. 12, pp. 2186–2200, De-
cember 2007.

[178] S. Yoo, I. Bacivarov, A. Bouchhima, Y. Paviot, and A. A. Jerraya, “Building fast and accurate SW
simulation models based on hardware abstraction layer and simulation environment abstraction
layer,” in Proceedings of the Conference on Design, Automation & Test in Europe (DATE). Washington,
DC, USA: IEEE Computer Society, March 2003.

[179] M. T. Yourst, “PTLsim: A cycle accurate full system x86-64 microarchitectural simulator,” Proceed-
ings of the IEEE International Symposium on Performance Analysis of Systems and Software (ISPASS),
vol. 0, pp. 23–34, April 2007.

[180] A. Zeller, “Datenstrukturen visualisieren und animieren mit DDD,” Informatik - Forschung und
Entwicklung, vol. 24, no. 3, pp. 65–75, June 2001. http://www.st.cs.uni-sb.de/publications/
details/zeller-ife-2001/

[181] H. Zhong and J. Nieh, “CRAK: Linux checkpoint/restart as a kernel module,” Department of
Computer Science, Columbia University, Tech. Rep. CUCS-014-01, November 2001.

[182] J. Zhu and D. Gajski, “An ultra-fast instruction set simulator,” IEEE Transactions on Very Large Scale
Integration(VLSI) Systems, vol. 10, no. 3, pp. 363–373, June 2002.

http://www.ti.com/
http://www.usb.org/developers/docs/
http://www.usb.org/developers/docs/
http://www.vastsystems.com/
http://www.virtutech.com/whatissimics.html
http://www.vmware.com/products/server/
http://www.st.cs.uni-sb.de/publications/details/zeller-ife-2001/
http://www.st.cs.uni-sb.de/publications/details/zeller-ife-2001/


BIBLIOGRAPHY 141

[183] E. Zitzler and L. Thiele, “Multiobjective evolutionary algorithms: A comparative case study and
the strength pareto approach,” IEEE Transactions on Evolutionary Computation, vol. 3, no. 4, pp.
257–271, November 1999.



142 BIBLIOGRAPHY







Curriculum Vitae

Name: Stefan Kraemer

Date of birth: July 17th, 1977 Heidelberg, Germany

October 2010 Draeger Safety, AG & Co. KGaA, Luebeck

Aug. 2004 – Aug. 2010 Research Assistant at the department for Software for Sys-

tems on Silicon, Prof. Dr. Rainer Leupers, RWTH Aachen

University

Jul. 2004 Graduation as Dipl.-Ing.

Jan. 2004 – Jul. 2004 Diploma (Master) Thesis at the Institute for Integrated Sig-

nal Processing Systems, RWTH Aachen University, “Inves-

tigations in the Automated Customization of Instruction-

Sets for Application Specific Processors”

Oct. 1998 – Jul. 2004 Study of Electrical Engineering and Information Technol-

ogy with focus on Information and Communication Engi-

neering

June 1997 Abitur

Aug. 1988 – Jun. 1997 Gymnasium Martin Luther Schule in Marburg, Germany

Luebeck, July 2011 14th Stefan Kraemer


	Title
	Contents
	Introduction
	Motivation
	Outline of the Thesis

	Introduction to Virtual Platforms
	Characteristics of Virtual Platforms
	Advantages
	Requirements

	Case Study: Wireless Internet Device
	Chumby Device
	Objectives of the Virtual Platform
	Virtual Connectivity

	Synopsis

	Related Work
	Overview of Processor Simulation Techniques
	Fundamental Simulation Techniques
	Composite Simulation Techniques

	Simulators and Simulation Frameworks
	Commercial Virtual Platforms
	Code Instrumentation Frameworks
	LANCE
	Low Level Virtual Machine

	Synopsis

	SHAPES – A Heterogeneous Scalable Multi-Tile Platform
	SHAPES Hardware
	Distributed Network Processor

	SHAPES Software Toolchain
	Distributed Operation Layer
	Hardware Dependent Software
	Simulation Environment

	SHAPES Applications
	Lattice Quantum Chromo-Dynamics
	Wave Field Synthesis
	Hilbert-Transformation

	Synopsis

	Checkpointing
	Motivation
	Related Work
	Virtual Platform Checkpoint Framework
	Process Checkpointing

	Integration of User-Defined Modules
	Performance of the Checkpoint/Restore Mechanism
	Case Study
	Conclusions and Outlook

	Hybrid Simulation
	Concept of Hybrid Simulation
	Architecture of the Hybrid Processor Simulator
	Software Flow
	Abstract Simulator

	Source Code Instrumentation
	Bidirectional Invocation
	Instrumentation

	Application Partitioning
	Global Control Flow Graph
	Problem Formulation
	Automatic GCFG Partitioning

	Integration into a Commercial Simulation Framework
	Abstract Simulation Performance Considerations
	HySim Performance Considerations

	Performance Estimation
	Evaluation of Statistical Sampling
	Evaluation of Sample Based Performance Estimation

	Experimental Results
	Conclusions

	Timing Approximate NoC Simulation
	General Approach
	Related Work
	Analytical NoC Model
	Assumptions and Parameter Description
	Analytical Router Model
	Analytical NoC Model

	Simulation Environment
	Simulated Hardware
	Software Stack
	Application

	Experimental Results & Evaluation
	Average Latency
	Critical Path Latency
	Simulation Speedup

	Conclusion

	Summary and Outlook
	SHAPES Measurements
	Glossary
	List of Figures
	List of Tables
	Bibliography

