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Chapter 1

Introduction

In today’s world, many devices that traditionally operated on purely mechanical or analog
electro-technical principles, are enhanced and extended with small, integrated digital com-
puter systems. These so-called embedded systems either replace or accompany traditional
components as part of the updated design of the device, thereby extending its functionality
or reducing the cost. Examples of such embedded systems are close at hand: modern TVs
contain one or multiple computer systems in order to handle functionality such as decoding
the input signal, performing various image enhancements techniques as well as displaying
and updating live information (e.g., program guide or weather forecast). Cars depend on
embedded systems to do anything from braking to fuel injection and deploying airbags. The
use of embedded systems is however by no means restricted to consumer electronics: in
industrial, medical or defense applications they are equally pervasive. In fact, it is estimated
that embedded systems now outnumber more commonly known computer types (desktop
PCs, game consoles, etc.) by two orders of magnitute. This can partially be explained by
the fact that embedded systems bear the promise to improve existing products (in terms
of functionality, usability, interoperability, etc.) and to enable the development of entirely
new products and devices that were previously inconceivable. Additionally, the fabrication
process technology for embedded computing systems is now at a point where they can be
produced at relatively low prices.

In addition to the increasing demand for embedded systems, there is also a clear trend to-
wards more complex systems that combine different functions into a single device. Consider
for example mobile phones that integrate more and more functions such as (video) camera,
GPS-based navigation and internet browsing capabilities. Moreover, new generations of
these products have to be released in shorter time frames. By recognizing and extrapolat-
ing this trend, the notion of ubiquitous computing has been developed: small, yet powerful
interconnected computer systems that are unobtrusively integrated in our everyday objects
and activities, augmenting our natural cognitive, sensory and communication capabilities.
In face of the excitement of such a prospect (be it positive or negative), one would almost
forget the enormous technical challenges that need to be solved for even the current and next
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10 CHAPTER 1. INTRODUCTION

generation of “common” embedded systems 1. It is clear that improved methodologies and
tools are needed in order to design the next generation of embedded systems that meet the
requirements of the future. In the remainder of this chapter, we describe the background of
the embedded systems field, discuss the motivation of the work presented in this thesis, and
address the main research questions.

1.1 Design constraints and trade-offs

The design and engineering of embedded systems makes for an interesting field of study
because it not only deals with the issues already present in commodity-computer system de-
sign (e.g., functionality, performance), but it deals with additional constraints as well. For
example, the issue of power consumption is of relatively small concern for desktop com-
puter systems. But for a mobile, battery operated embedded system, high power usage can
mean complete design failure and render the device practically useless (e.g. a mobile phone
that discharges within a day). Reliability is often also a concern for embedded systems,
since they may be part of continuously operating devices (set-top boxes, surveillance sys-
tems), or safety-critical systems such as fly-by-wire systems of an airplane. Other design
requirements that are typically associated with embedded systems are cost, physical size,
redundancy and flexibility (the ability to use or reuse the system in multiple applications).
These requirements result in a set of so-called design constraints: a list of requirements
that have to be met by any candidate system design in order to be considered successful.
Even the development time of an embedded system can be considered a design constraint,
since updated or innovative systems have to enter the market before the competition. It is
commonly accepted that design constraints are inherently non-orthogonal: improving the
system according to one constraint may decrease the value of another. For example, per-
formance can be increased by adding additional processing components, which typically
reduces power efficiency and increases cost. Performance and power usage can be improved
by using ASICs instead of programmable processor components, but this in turn reduces the
flexibility of the system and increases design time in case of custom ASICs.

In the field of embedded systems, it has traditionally been the case that a system’s func-
tionality was quite fixed and therefore flexibility was not a major design concern. However,
these days flexibility is a very important design criterium. As embedded systems are becom-
ing increasingly complex, such as mobile communication and media devices that may be
required to run software that was not envisioned at design time, or alternatively, the device
was designed to be adapted and updated during its lifetime. The latter makes sense from a
design perspective, since embedded systems are pervasive in all kinds of applications, and
there may be great cost involved in updating or fixing such systems. Take as an example the
embedded systems in use in the automotive industry: post-production errors may require a
recall of all cars of a specific model in order to fix the problem. The total cost of the recall

1Not to mention the non-technical challenges which include human-computer interaction, privacy, environ-
mental and safety concerns
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can be reduced if the fix is a simple software or firmware upgrade by the brand dealer instead
of an expensive repair that requires replacement parts and labor.

A different concern related to flexibility exists in those consumer product areas where
a system is used for a relatively short time and new devices are released frequently, thus
increasing pressure on the design process. A good example where product lifetime (and
therefore design cycles) are reduced is the mobile consumer electronic market of mobile
phones, media players, navigation systems, etc. The result is that there is too little time to
re-design the system between generations, and therefore, large parts of the design have to
be reusable. In these cases, but the design process itself needs to be flexible in order to be
reused for the next generation of products.

There is no generic solution to the problem of non-orthogonal design constraints, so that
trade-offs have to be considered carefully for each system individually. In traditional design
methodologies, a system designer would often make trade-offs implicitly, guided only by
his expert knowledge and experience (“the art of system design”). As the complexity of
embedded systems increases, there is a trend towards more explicit declaration of design
constraints, which enables methods and tools to (semi-)automatically help the designer to
search for designs that meet the design constraints in the best possible way. The aim of such
methods and tools is always to reduce the complexity of embedded system design, which in
turn should increase quality and reduce design time.

1.2 Current state of technology

Modern embedded systems are built using the wide range of component, process and pack-
aging technologies that are available today. Typically, a system consists of one or multiple
CPUs (e.g., microprocessor, DSP, or ASIC), memory (ROM, RAM, etc.), interconnects, tim-
ing sources and counters as well as external interfaces (USB, Ethernet, UART, etc.). Many
options are typically available for each type of component, each of which has different prop-
erties that will push the design constraints one way or another. For example, using an ASIC
implementation to perform a certain (fixed) functionality generally improves performance
and reduces power consumption as compared to execution on a microprocessor. On the
other hand, the use of an ASIC reduces the flexibility as compared to a microprocessor and
it may increase the cost of a system because of increased packaging cost or intellectual
property (IP) licensing fees. In addition, there exists an entire range of processor options
in between generic microprocessor and ASIC, each with different properties (consider for
example ASIPs or DSPs). Determining which combination of components is suitable for a
particular system is a non-trivial problem.

For many embedded applications a better trade-off in the design criteria can be found by
combining different (heterogeneous) types of cores in system, where each core is optimized
for a particular part of the operation of the whole system. This is the reason that embedded
systems were the earliest mass-produced multi-processor systems, far before the first gen-
eral purpose multi-processor PC systems (IBM Power4, 2001). The embedded system field
was particularly suitable for this development, because initially embedded systems were not
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designed with flexibility in mind and therefore design trade-offs could be fine-tuned to the
limited set of requirements for a particular application. As we mentioned before, this is
completely different for current and future generations of embedded systems.

There are different methods to combine the various components for a heterogeneous
embedded system. In addition to the traditional printed circuit board (PCB), components can
now be joined together as a System-in-Package (SiP), Package-on-Package (PoP), System-
on-Chip (SoC), or using a combination of these techniques. Each technique has different
pros and cons with respect to the manufacturing process, which again results in a system of
trade-offs. For example, a processing/memory combination as a PoP allows a manufacturer
to develop the components separately or, alternatively, to allow some waiting time to buy an
off-the shelf component at a good price point. A System-on-Chip does not have this benefit,
because for a SoC all components are manufactured onto the same silicon die. However,
SoC has the added benefits of increased performance (lower latencies between components),
lower system-assembly cost and may work out cheaper if produced in sufficient volume.

Improvements in lithographic process technologies continually increase the density of
on-chip resources. The result is that many embedded systems now make use of multi-
processor SoC (MPSoC) technology. Indeed, Moore’s law seems to be alive and well, pre-
dicting a doubling of transistors on chip every two years. Next generations of high-end
commodity processors will consist of a few billion of transistors and it is likely this will be
tens of billions in the near future. The result is that the predominant research question in
both the embedded and the commodity processor design fields is now: how to to put these
enormous amounts of available resources to efficient use? There is a general consensus that
there exists an implementation gap, that is: transistors are now so plentiful that traditional
design methods fail to efficiently use them all. In the commodity processor field the (stop-
gap) solution has been to use the resources to replicate existing designs by doubling the
number of cores or by increasing the L2 cache size. However, such a homogeneous solution
does not fit well with the embedded design field which (for the reasons mentioned in the
previous section) looks towards inherently heterogeneous designs.

In recent years, MPSoC system development based on reconfigurable technologies (such
as FPGAs) have received increasing attention from both research and industry. This is not
surprising, as the cost of FPGAs goes down and gate count goes up, driven by the improve-
ment of manufacturing technology. Modern FPGAs consist of hundreds of millions of gates,
which is sufficient to implement complex MPSoC systems consisting of tens or hundreds of
processing components as well as memories and on-chip interconnection networks. FPGA
technology fills a niche in the (embedded) system design market as it has different cost and
performance properties compared to traditional ASIC-based system design. System devel-
opment on FPGA does not need the same time-consuming and expensive fabrication process
as ASICs, making FPGAs an interesting solution for system prototyping, especially in re-
search and low-volume applications. Compared to ASICs, the unit cost of FPGA solutions
is relatively high, and the performance is generally rated to be lower than ASICs [59] for
systems based on similar hardware design. But in some computational domains FPGA tech-
nology seems actually to be catching up; e.g., it has been reported in [108] that the increase



1.3. PLATFORM-BASED DESIGN 13

in peak performance per year is higher for FPGAs than for commodity CPUs. However, the
major point in favor of FPGAs is their flexibility: the logic design of the FPGA system can
be adapted to and optimized for a specific application or workload. We will frequently refer
to and use this technology throughout this thesis.

1.3 Platform-based design

Platform-based design has become one of the major approaches in recent years to overcome
the challenges for embedded system design. A platform is a partial definition of a system
encompassing hardware and software components, interfaces, APIs and (sometimes) a tool
suite with compilers and debugging tools or an integrated development environment (IDE).
On the one hand, the hardware part of a platform (in contrast to a fully custom-designed
system), is defined with flexibility in mind so that it is suitable for a range of applications
or products. Flexibility comes from the inclusion of programmable cores (microprocessor,
DSP) or reconfigurable hardware (FPGA) in the platform. On the other hand, platforms typi-
cally also contain more static architectural features (such as ASICs) which are optimized for
specific applications. In this way, platforms aim to strike a balance by combining flexibility
with application specific optimization, which can ultimately result in systems that meet e.g.
power and performance requirements. The challenge for the designer is to make the remain-
ing design decisions offered by the platform, in order to create the system as a platform
instance for use in a given application.

There are different implementation and fabrication possibilities for platforms: on a sin-
gle IC-die, as a collection of interoperable components, entirely on reconfigurable fabric,
or even as a mix of these. Moreover, platform-based design can have a positive impact on
the economic trade-offs that are inherent to manufacturing. For example, the increasing
non-recurring engineering cost (e.g., mask creation) for custom-built ICs can be mitigated
as multi-purpose platform ICs can achieve larger production volumes. Single-die IC-based
platforms are typically released as a family of platform products, where each type offers dif-
ferent configurations (e.g., different memory size or integrated ASICs to accelerate particular
applications). These platform families can reuse large parts of the platform design, which
reduces design cost. Later on in this thesis we will consider (multi-processor) platforms im-
plemented entirely on the reconfigurable fabric provided by an FPGA. Here, platform based
design takes the form of composing the platform from a pre-defined library of components
which contains both programmable and dedicated hardware cores. As we will see however,
the methods and techniques presented in this thesis are equally applicable to all types of
platforms, irrespective of implementation or manufacturing technology.

Another benefit of platform-based design is that it provides a certain level of standardiza-
tion, which is conductive to the development of the software stack running on the hardware
as well as the development of software tools. In this way, libraries, (real-time) operating sys-
tems, compilers and debugging tools can reach a level of maturity that benefits development
on that platform.

In summary: a platform fixes most technology parameters (and some of the other design
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parameters) and provides a stable development environment that may not be readily available
for custom ICs. However, a platform is only the starting point of a design process, and many
problems still need to be solved. Finally, we consider that the platform itself has to be
designed, which is perhaps the most complex design problem of all, due to the requirement
of having to be useful for many different purposes.

1.4 System-Level Design

In order to manage the increasing complexity of modern embedded systems, designers are
forced to view the system from a higher level of abstraction. System-level design aims to
provide a path from system specification to system implementation in such a way that the
resulting system meets the design requirements and the design effort is efficient in terms of
time and cost. The system level viewpoint considers the system as a modular collection of
software and hardware components, without the need to define every detail of every com-
ponent at the early design stages. In practice this means that the design process is divided
in a number of (more or less) distinct phases that a designer traverses one by one. In each
subsequent phase, the system specification is extended with additional details, so that the
final phase results in a fully specified, implementable system specification.

An example design process that starts at the system level is given in Figure 1.4. The
width of the pyramid shape indicates the relative number of design options in each stage of
the design: the high-level stages have less options, since they omit the lower level details of
the system; the base of the pyramid represents all the possible system implementations. The
design process starts at the top with the high-level system requirements and the platform
specifications.The first design stage includes the pen-and-paper designs and very simple
spreadsheet models which are common design practice to confirm the designer’s initial in-
tuitive solutions and to define initial design space boundaries. It is unfortunately the case
that the next design stage too often is the cycle accurate or RTL model, as they are currently
the most available and best understood models. Particularly the use of RTL-level models
is common, because it is offered by industrial design tools, which are geared towards im-
plementation and debugging and provide very little system-level design support that support
design decisions in the very early stages. This is in fact a manifestation of the aforemen-
tioned implementation gap from the perspective of system design: there exist no mature
methodologies, techniques, and tools to effectively and efficiently convert system-level sys-
tem specifications to RTL specifications. We propose a smoother transition by adding an
intermediate stage consisting of abstract executable models. These models are less detailed,
easy to construct and allow for evaluation (by fast simulation) to support early design deci-
sions (Chapter 3).

Making design decisions in the early design stages is essential to reduce the number of
implementation options and thereby reducing the total design effort. This process is called
design space pruning. In every design phase, a subset from the non-pruned design options
is selected and evaluated. The evaluation is typically performed by means of simulation, or
(at the lower abstraction levels) by making prototype implementations. The feedback from
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Figure 1.1: The system-level design process

the evaluation determines which of the candidates will be used in the next (lower) level of
abstraction in the design process. In Figure 1.4, the set of evaluated design candidates is
represented by the horizontal black line; the triangular shapes show the optional designs (at
subsequent design phases) that can follow from a higher level candidate. Pruning at a higher
level of abstraction has the potential to significantly reduce the design effort. For example,
by selecting a good candidate at the abstract executable model (where evaluation is cheap),
one may prevent multiple expensive re-implementations at the RTL-level.

System-level design is still very much an active area of research, since there are many
unsolved problems in the design path from system-level specification to implementation. In
particular, it is hard to offer a single, generic methodology, and furthermore, the transition
from one level of detail to another typically requires various amounts of manual effort. This
makes it infeasible to provide a fully automatic design process. Nevertheless, there is a clear
need for such a methodology as it could help solve the aforementioned implementation gap
problem. In the next chapter we will introduce the Daedalus system-level design tool flow
that aims to do exactly that.

1.5 Navigating the design space

In order for an embedded system to meet the design criteria, the system designer is faced
with the challenge of making the right design choices at every design stage and for every
aspect of the system. Given the increasing complexity and delivery demands of embedded
systems, it has become infeasible to perform this task by hand. The many design choices
that have to be made at the system level, may include (but are certainly not limited to) the
following:

• the number and type of programmable processors,

• HW/SW partitioning: deciding which tasks to implement in software and which tasks
as fixed ASICs or reconfigurable hardware blocks,
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• mapping of application tasks to architecture resources,

• choice of on-chip interconnect (e.g., bus, direct connection, crossbar, etc.),

• size, type and location of memory components

• et cetera . . .

Indeed many of these design decisions in reality give rise to any number of additional
choices, e.g., embedded soft or hardcore IPs may be parameterizable (or be available in
variants) with different number and type of functional units, pipeline depth, specific ISA
extensions or bus interfaces. Note that design choices can have inter-dependencies and are
not necessarily fully orthogonal. For example, the mapping of application tasks depends on
the number of available processors in the architecture, and the type of processor determines
whether the task runs efficiently (e.g., a task that contains divide operations may not run
efficiently on a processor without integer or floating-point FPU), or whether the processor
can run the task at all (only specific tasks may be mapped to an ASIC).

However, in most cases, the number of possible parameter combinations far outweighs
the dependent or impossible combinations and the design space grows exponentially with
the number of parameters. For the purpose of illustration, let’s assume p parameters, each
with an equal number of c orthogonal, independent number of choices, then the design
space consists of cp possible designs. We can view the design space as a p-dimensional
space where each axis represents one of the parameters. We can map each point in this
parameter space to a point in the objective space (Figure 1.2), where each axis represents the
design criteria in terms of specific objectives (performance, power, etc.). The values of the
objectives have to be obtained with an appropriate evaluation mechanism, which may consist
of some kind of estimation algorithm, a simulator, or measurements on a real (prototype)
system implementation. If the objective space were a given, then a designer could easily
select the candidate design and build a system with the given parameters. However, in real
design problems, the design space is large and complex and the objective space can not be
trivially derived from the parameter space (at least not in reasonable time).
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Figure 1.2: The design space broken down in parameter and objective space
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In practice, the designer will attempt to navigate the design space using a partial under-
standing of the objective space. In many cases, the one design point that is better than all
other design points (the true optimum), may never be found. However, finding a design point
in the known design space that meets the design requirements as best as possible, is often
sufficient. In general, we identify two ways of navigating the design space:

• Design space pruning (discarding unsuitable design points)

• Design space searching (looking for optima in the design space)

Both cases attempt to bring into focus the part of the design space that is of interest to the
designer (containing the optima): either by slashing unsuitable parts of the design space
(pruning) or by design space traversal based on an algorithm that finds incrementally better
design points (searching). Note that these methods are often combined to obtain the best
result. In general we observe that for successful DSE there are two requirements:

• the ability to evaluate a single design point

• the ability to use the evaluation to traverse the design space in search of optima

Both requirements are non-trivial and in practice many trade-offs have to be made. For
example, to obtain the objective values of a single design point with high accuracy, detailed
(and therefore slow) evaluation is necessary. Such evaluation mechanisms are unsuitable
for use in the early design stages, where most of the design options are still undecided and
evaluation feedback should be quick. Note however, that low-level simulations are typically
very useful in later design stages. As we will see later in this thesis, giving up some of the
accuracy in exchange for speed is a useful strategy.

However, faster evaluation speed goes only so far when we consider the exponentially
growing design spaces of real-world design problems. Efficient pruning and searching algo-
rithms are required that make appropriate use of the evaluation mechanism. This is the area
of design space exploration that is currently the least well understood. Various attempts have
been made and, in some particular cases, have been shown to be quite successful, but it is
still an open research question to find generic, scalable methods that work for a wide variety
of design problems.

1.6 Scope and contribution of this thesis

The work in this thesis has been performed in the context of the Daedalus design tool flow.
The tools in Daedalus enable system-level design space exploration and help the designer to
(semi-)automatically traverse the entire design process, including parallelizing applications,
design space exploration (DSE), and finally resulting in a prototype system implementation
(see Chapter 2 for more details). In this thesis we focus on the modeling and simulation part
of the tool flow and its implications for efficient design space exploration. Within Daedalus,
the Sesame tool (Chapter 3) is used for modeling and simulation at the abstract executable
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level in order to provide feedback about design decisions in the early design stages. The
abstract modeling methodology used by Sesame delivers high-performance models that are
require only a small implementation effort compared to traditional, lower level models.

The main contributions of this thesis concern the following topics:

• model calibration and validation: improving and verifying model accuracy

• extending modeling scope: modeling capabilities for different system types

• implementation and analysis of evolutionary search algorithms for DSE

These topics have been selected on the basis of an ideal DSE scenario, where the method-
ology and tools support a designer by offering fast, modular models that can be easily mod-
ified to accurately model many different systems. These models then serve as input for one
or more efficient design space search algorithm that can quickly find optimal design points.
Recognizing the many problems that are still open in this field, we try to approximate the
ideal scenario as much as possible. Therefore, we expand the two requirements for efficient
DSE of the previous section into a classification of what we consider the most important
characteristics on respectively the modeling and exploration side (Figure 1.3).
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Figure 1.3: The two-part taxonomy of concerns for efficient DSE

Naturally we need models that are both as fast and as accurate as possible (or at least
sufficiently so for our purpose). But it is just as important that the early design stages are not
burdened by model implementation effort: modularity and reusability of models is important
in this respect. Lastly, the models need to be able to model a wide range of systems, covering
both old and new technologies.

On the traversal/exploration part, convergence denotes the speed of evaluating a range of
design points, and, more specifically, the rate at which the DSE search algorithm manages
to converge to an optimum. The confidence characteristic denotes how certain we are that
the design points returned by the DSE includes the true optimum, or alternatively, how close
they are to the true optimum. In many search algorithms confidence is obtained by avoiding
local optima and ensuring sufficient design space coverage. Completely analogous with
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effort in the case of evaluating a single design point, the effort (for design space traversal)
should again be minimized. In the latter case effort refers to implementation of the search
method and setting its parameters, as well as setting up, running and evaluating the results of
the exploration experiment. Effort reduction can be accomplished by finding generic search
methods that perform well for a wide range of design spaces; and by automating many of the
exploration steps that would otherwise have to be done manually. In the conclusions of this
thesis (Chapter 9), we return to the above classification and discuss the various contributions
in the context of the ideal DSE scenario.

1.7 Thesis layout

The chapters in this thesis can be roughly divided into three parts:

• Part One: background, design flow and tools (Chapters 1, 2 and 3)

• Part Two: techniques and methods (Chapter 4, 5, 6 and 7)

• Part Three: experiments and case studies (Chapter 8)

The introduction provided the background of the work and puts the work in a global context.
Chapter 2 describes the Daedalus tool flow, which provides the specific context in which

the subsequent chapters of Part Two and Part Three have been performed. The tools section
is continued in Chapter 3 with the modeling and simulation part from the toolflow (Sesame).
Sesame is used for almost all of the experiments in this thesis, either in its basic form, or with
specific adaptations that support a particular technique. Specifically, we describe the various
parts that compose a Sesame model: the model description, the application and architecture
model and the application-to-architecture mapping. Furthermore, we show how to perform
a design space exploration case study using Sesame. The aim of this chapter is to provide
sufficient information about the Daedalus toolflow (and the Sesame tool in particular) to
promote a good understanding of the topics in the remainder of this thesis. Additionally,
we give enough details to serve as a user introduction to Sesame and to recreate any of the
experiments.

The second part of the thesis presents various advanced modeling and simulation tech-
niques. These techniques can aid a designer to traverse the design space by improving
the accuracy of the model, or to capture different systems and behavior that could not be
represented in the standard Sesame model. Each chapter focuses on a specific method or
technique, discusses its benefits, and shows how the Sesame model can be adapted to sup-
port it. Most of these methods and techniques are not restricted for use in Sesame and can
be applied in other modeling and simulation environments as well. Care will be taken to in-
dicate which parts of the techniques and methods are Sesame-specific, and which are more
generally applicable. Each chapter concludes with an experimental section to demonstrate
how the specific method or technique can be applied in a practical case study. Two detailed
and industrially relevant case-studies are given in the last part of the thesis.
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The first chapter of Part Two (Chapter 4) describes techniques to calibrate the perfor-
mance estimation of a model to a specific platform or implementation. Sesame’s high-level
models capture both the behavior of each component in the system as well as the interac-
tion between model components. The description of each component’s behavior (or com-
ponent interaction) is usually maintained separately from its quantitative performance im-
pact. Quantitatively, the performance is described as a list of latency values, which are
typically part of the parameter list of a model component. These parameters influence
greatly Sesame’s ability to evaluate the performance of a modeled system. Chapter 3 gives
an overview of latency parameters used by various standard Sesame components. In Chapter
4, a method will be shown to obtain and refine these model latency parameters.

Chapter 5 deals with multi-application workloads in Sesame. The increasing complexity
of modern embedded systems is partially due to the fact that they need to be able to execute
multiple applications concurrently. There are different ways such multi-application work-
loads can be described and implemented. Naturally, as Sesame is intended for use in the
early design phases (where important design decisions are made), it should be capable of
modeling such workloads. In addition to real workloads, we describe a method to integrate
synthetic application workloads in Sesame. These can be particularly useful for speculative
exploration of a system’s properties as well as supporting simultaneous development of ap-
plication and architecture models by using synthetic workloads to develop the architecture
while the application is still in development.

Chapter 6 demonstrates a technique to model platforms that contain reconfigurable com-
ponents. Reconfigurable components, such as FPGAs, can be integrated into embedded
systems to improve performance and flexibility. Performance is obtained by implement-
ing application-dependent accelerators in logic on the reconfigurable element(s) in order to
speed up execution. The ability to change part of the reconfigurable logic on-the-fly (partial
dynamic reconfigurability) introduces the flexibility to re-use the reconfigurable resources
for different accelerators at runtime. In this chapter it is shown how this feature can be
modeled in an environment (such as Sesame) that does not have native (built-in) support for
it. An additional challenge is that dynamically reconfigurable systems greatly increase the
number of design choices, which results in a more complex design space. Furthermore, some
suggestions and an example are given of how design space exploration can be performed for
these systems. A case study looks at the evaluation of different reconfiguration policies for
an extended processor-coprocessor platform.

Chapter 7 deals with the problem of fully automated design space exploration. Whereas
the topic of design space exploration has been around for many years, automated DSE is
a relatively young field of research. Relatively little is known about the structure of design
spaces and the best algorithms to automatically search them. In this chapter we take a closer
look at the use of evolutionary algorithms in this context (particularly genetic algorithms:
GAs). Such algorithms have been used successfully for combinatorial search problems in
other research domains. Here we consider the benefit of GAs for some of the most challeng-
ing design space parameters available: task mapping. In an attempt to improve the results
we introduce a metric that may provide a handle on the otherwise chaotic organization of the
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mapping subspace. The metric also gives rise to a new implementation of GA primitives.
In the third and final part of the thesis, Chapter 8 reports on several larger case studies.

Firstly we show the results of a validation case study where we validate the Sesame simula-
tion results as compared to measurements on prototype systems from the Daedalus toolflow.
Next, an industrial case study is presented where an image processing application is mapped
onto a tiled architecture. We discuss the modeling and simulation aspects and show the de-
sign space exploration process, which is partially automated. Finally, the thesis concludes
with Chapter 9, where we revisit the contributions of the thesis in light of the requirements
for efficient DSE as summarized in Figure 1.3.
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Chapter 2

Daedalus: design flow

2.1 Introduction

As mentioned in the previous chapter, the complexity of modern embedded systems, which
are increasingly based on heterogeneous MultiProcessor-SoC (MP-SoC) architectures, has
led to the emergence of system-level design. To cope with this design complexity, system-
level design aims at raising the abstraction level of the design process. Key enablers to this
end are, for example, the use of architectural platforms to facilitate re-use of IP compo-
nents and the notion of high-level system modeling and simulation [53]. The latter allows
for capturing the behavior of platform components and their interactions at a high level of
abstraction. As such, these high-level models minimize the modeling effort and are opti-
mized for execution speed, and can therefore be applied during the very early design stages
to perform, for example, architectural Design Space Exploration (DSE). Such early DSE is
of paramount importance as early design choices heavily influence the success or failure of
the final product.

System-level design for MP-SoC based embedded systems typically involves a num-
ber of challenging tasks. For example, applications need to be decomposed into parallel
specifications so that they can be mapped onto an MP-SoC architecture [66]. Subsequently,
applications need to be partitioned into HW and SW parts since MP-SoC architectures often
are heterogeneous in nature. To this end, MP-SoC platform architectures need to be mod-
eled and simulated to study system behavior and to evaluate a variety of different design
options. Once a good candidate architecture has been found, it needs to be synthesized,
which involves the synthesis of its architectural components as well as the mapping of ap-
plications onto the architecture. To accomplish all of these tasks, a range of different tools
and tool-flows is often needed, potentially leaving designers with all kinds of interoperabil-
ity problems. Moreover, there typically remains a large gap (the so-called implementation
gap [69]) between the deployed system-level models and actual implementations of the sys-
tem under study. Currently, there exist no mature methodologies, techniques, and tools to
effectively and efficiently convert system-level system specifications to RTL specifications.

Daedalus’ main objective is to bridge the aforementioned implementation gap for the

23
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design of multimedia MP-SoCs. It does so by providing an integrated and highly-automated
environment for system-level architectural exploration, system-level synthesis, program-
ming and prototyping. In this chapter we will show how the different components fit together
as the pieces of a puzzle, resulting in a system-level design environment that addresses the
entire design trajectory with an unparalleled degree of automation.

The next section provides a birds-eye overview of Daedalus, after which the three sub-
sequent sections present the three core tools that constitute Daedalus in more detail. More
specifically, Section 2.3 explains how multimedia applications are automatically decom-
posed in parallel specifications. Section 2.4 describes how – given the parallel application(s)
– promising candidate architectures can be found using our system-level modeling, simu-
lation and exploration methodology and toolset. In Section 2.5, we explain how selected
candidate architectures can be automatically and rapidly synthesized, programmed and pro-
totyped. Section 2.6 describes in some more detail how the different components of the
tool-flow have been linked together. Finally, Section 2.7 discusses related work. As the
main focus of this thesis concerns design space exploration, the next chapter will take a
closer look at the Sesame simulation and modeling environment, which we already intro-
duce shortly in this chapter (Section 2.4 In Chapter 8 of this thesis a case study demonstrates
the entire Daedalus design flow in action.

2.2 The Daedalus framework

In Figure 2.1, the design flow of the Daedalus framework is depicted. As mentioned before,
Daedalus provides a single environment for rapid system-level architectural exploration,
high-level synthesis, programming and prototyping of multimedia MP-SoC architectures.
Here, a key assumption is that the MP-SoCs are constructed from a library of pre-determined
and pre-verified IP components. These components include a variety of programmable and
dedicated processors, memories and interconnects, thereby allowing the implementation of
a wide range of MP-SoC platforms. The remainder of this section provides a high-level
overview of Daedalus, after which the subsequent sections zoom in on its core components
and how they interact with the rest of the design flow.

Starting from a sequential application specification in C or C++, the KPNgen tool [116]
allows for automatically converting the sequential application into a parallel Kahn Process
Network (KPN) [51] specification. Here, the sequential input specifications are restricted
to so-called static affine nested loop programs, which is an important class of programs in,
e.g., the scientific and multimedia application domains. By means of automated source-level
transformations [94], KPNgen is also capable of producing different input-output equivalent
KPNs, in which for example the degree of parallelism can be varied. Such transformations
enable application-level design space exploration.

The generated or handcrafted KPNs (the latter in the case that, e.g., the input specifica-
tion did not entirely meet the requirements of the KPNgen tool) can subsequently be used
by our Sesame modeling and simulation environment [79] to perform system-level architec-
tural DSE. To this end, Sesame uses (high-level) architecture model components from the
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Figure 2.1: The Daedalus design flow.

IP component library. Sesame allows for quickly evaluating the performance of different
application to architecture mappings, HW/SW partitionings, and target platform architec-
tures. Such DSE should result in a number of promising candidate system designs, of which
their specifications (system-level platform description, application-architecture mapping de-
scription, and application description) act as input to the ESPAM tool [74]. This tool uses
these system-level input specifications, together with RTL versions of the components from
the IP library, to automatically generate synthesizable VHDL that implements the candidate
MP-SoC platform architecture. In addition, it also generates the C/C++ code for those ap-
plication processes that are mapped onto programmable cores. Using commercial synthesis
tools and compilers, this implementation can be readily mapped onto an FPGA for proto-
typing. Such prototyping also allows for calibrating and validating Sesame’s system-level
models, and as a consequence, improving the trustworthiness of these models.

Ultimately, Daedalus aims at traversing an entire design flow – going from a sequen-
tial application to a working MP-SoC prototype in FPGA technology with the application
mapped onto it – in a matter of hours. Evidently, this would offer great potentials for quickly
experimenting with different MP-SoC architectures and exploring design options during the
early stages of design.

In the following sections we describe each of the main components in Daedalus: appli-
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cation parallelization, design space exploration and system-level synthesis.

2.3 Parallelizing applications

Today, traditional imperative languages like C or C++ are still dominant with respect to im-
plementing applications for SoC-based architectures. It is, however, difficult to map these
imperative implementations, with typically a sequential model of computation, onto MP-
SoC architectures that allow for exploiting task-level parallelism in applications. In con-
trast, models of computation that inherently express task-level parallelism in applications
and make communications explicit, such as CSP [43] and Process Networks [51], allow for
easier mapping onto MP-SoC architectures. However, specifying applications using these
models of computation usually requires more implementation effort in comparison to se-
quential imperative solutions.

In Daedalus, we start from a sequential imperative application specification (C/C++)
which is then automatically converted into a Kahn Process Network (KPN) [51] using the
KPNgen tool [116]. This conversion is fast and correct by construction. In the KPN model
of computation, parallel processes communicate with each other via unbounded FIFO chan-
nels. Reading from channels is done in a blocking manner, while writing to channels is
non-blocking. We use KPNs for application specifications because this model of computa-
tion nicely fits the targeted media-processing application domain and is deterministic. The
latter implies that the same application input always results in the same application output,
irrespective of the scheduling of the KPN processes. This provides complete scheduling
freedom when, as will be discussed later on, mapping KPN processes onto MP-SoC archi-
tecture models for quantitative performance analysis and design space exploration.

As mentioned before, KPNgen’s input applications need to be specified as so-called
static affine nested loop programs to allow for automatic parallelization of applications. As a
first step, KPNgen can apply a variety of source-level transformations to these specifications
in order to, for example, increase or decrease the amount of parallelism in the final KPN [94].
Subsequently, the C/C++ code is transformed into single assignment code (SAC), which
resembles the dependence graph (DG) of the original nested loop program. Hereafter, the
SAC is converted to a Polyhedral Reduced Dependency Graph (PRDG) data structure, being
a compact mathematical representation of a DG in terms of polyhedra. Finally, a PRDG
is converted into a KPN by associating a KPN process with each node in the PRDG. The
parallel KPN processes communicate with each other according to the data dependencies
given in the DG.

In Figure 2.2, a Kahn Process Network example is given in which three processes (A, B
and C) are connected using three channels (CH1-3). Figure 2.2(a) shows the XML descrip-
tion of Kahn process B as generated by KPNgen. The XML describes both the topology
of the KPN (i.e., how the processes are connected together, see e.g. lines 20-25) as well
as the communications and computations performed by processes. In our example, process
B executes a function called compute (line 8). The function has one input argument (line
9) and one output argument (line 10). The relation between the function arguments and the
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main()void {

read( p2, in_0, sizeof(myType) );
compute( in_0, out_0 );
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write( p1, out_0, sizeof(myType) );
}

}

void

for
int *isEmpty = port + 1;

// reading is blocked if a FIFO is empty
while
(byte* data)[i] = *port; // read data from a FIFO

( int i=o; i<length; i++ )

}

( *isEmpty ){  }

read( byte *port, void *data, int length )

void write( byte *port, void *data, int length )

for
int *isFull = port + 1;

// writing is blocked if a FIFO is full
while

( int i=o; i<length; i++ )

( *isFull ) {  }
*port = (byte* data)[i]; // write data to a FIFO

}

{

{

}

25

20

}

name = CH2<channel >

<toProcess name = "B" />

<fromProcess />

</channel

name = "A"

. . .

XML specification of a KPNa) b) Program code, generated by ESPAM
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</port

</port

<var name = "out_0"

<var name = "in_0"

/>type = "myType"
<port name = "p1" direction = "out" />

type = "myType" />

</loop
</process_code

</process >

<loop parameter = "N" >index = "k"

<loop_bounds

/>

matrix = "[1,  1,0,!2;"
1,!1,2,!1]"

for ( int k=2; k<=2*N!1; k++ ){

{

{

Figure 2.2: A Kahn Process Network example.

communication ports of the process is given in lines 3 and 6. The function has to be executed
2∗N−2 times as specified by the polytope in lines 12-13. The value of N is between 3 and
384 (lines 14-15).

From the XML specification, Daedalus allows for automatically generating the C/C++
code implementing the behavior of each KPN process. This is done by the ESPAM tool,
which will be discussed later on. Figure 2.2(b) shows, for example, the generated C code
for process B (some variable declarations have been omitted). The code contains the main
behavior of a process, together with the read/write communication primitives. In accordance
with the XML specification in Figure 2.2(a), the function compute – which is derived from
the original sequential application specification – is part of a loop that iterates 2 ∗N − 2
times. For synthesis purposes, Daedalus also allows for generating the code for the read and
write communication primitives, as shown in Figure 2.2(b). Currently, these primitives are
implemented using polling and memory-mapped I/O. Note that the implementation of the
write primitive is blocking since at implementation level FIFO channels are bounded in size.
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Figure 2.3: Sesame’s layered infrastructure.

2.4 Design Space Exploration

Given a (set of) KPN application specification(s) – as for example generated by KPNgen
or devised by hand – and the components in Daedalus’ IP library, the Sesame system-level
simulation framework [79] addresses the problem of finding a suitable and efficient target
MP-SoC platform architecture. Figure 2.3 illustrates Sesame’s layered infrastructure for
the case in which a Motion-JPEG application is studied with a crossbar-based distributed-
memory MP-SoC as target architecture. Sesame deploys separate application and architec-
ture models, where an application model describes the functional behavior of an application
and an architecture model defines architecture resources and captures their performance con-
straints. After explicitly mapping an application model onto an architecture model, they are
co-simulated via trace-driven simulation. This allows for evaluation of the system perfor-
mance of a particular application, mapping, and underlying architecture. Essential in this
methodology is that an application model is independent from architectural specifics and as-
sumptions on hardware/software partitioning. As a result, a single application model can be
used to exercise different hardware/software partitionings and can be mapped onto a range
of architecture models, possibly representing different architecture designs or modeling the
same architecture design at various levels of abstraction.

For application modeling, the computational and communication behavior of the KPN
application specifications are captured using application event traces. The computation and
communication events in these traces typically are coarse grained, such as Execute(DCT) or
Read(channel_id, pixel-block). To generate the application events, the C/C++ code of each
Kahn process is instrumented with annotations that describe the application’s computational
actions. In addition, Sesame provides read and write communication primitives that generate
communication events as a side-effect. So, by executing the KPN model, each process
generates its own trace of application events, representing the workload that is imposed on
the underlying MP-SoC architecture model.

An architecture model simulates the performance consequences of the computation and
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communication events generated by an application model. To this end, each component in
the architecture model is parameterized with performance parameters specifying the laten-
cies of computation events like Execute(DCT), communication transactions, and memory
accesses. This approach allows to quickly assess, e.g., different HW/SW partitionings by
simply experimenting with the latency parameters of processing components in the architec-
ture model: a low computational latency refers to a HW implementation while a high latency
mimics a SW solution.

To bind application tasks to resources in the architecture model, Sesame provides an in-
termediate mapping layer. It controls the mapping of Kahn processes (i.e. their event traces)
onto architecture model components by dispatching application events to the correct archi-
tecture model component. The mapping also includes the mapping of Kahn channels onto
communication resources in the architecture model. The mapping layer has two additional
purposes. First, the event dispatch mechanism in the mapping layer provides a variety of
static and dynamic policies to schedule application tasks (i.e., their event traces) that are
mapped onto shared architecture model components. Second, the mapping layer is also ca-
pable of dynamically transforming application events into (lower-level) architecture events
in order to facilitate flexible refinement of architecture models [79].

The output of system simulations in Sesame provides the designer with performance
estimates of the system(s) under study together with statistical information such as utiliza-
tion of architectural components (idle/busy times), the contention in a system (e.g., network
contention), profiling information (time spent in different executions), critical path analy-
sis, and average bandwidth between architecture components. Such results allow for early
evaluation of different design choices, identifying trends in the systems’ behavior, and can
help in revealing performance bottlenecks early in the design cycle. Here, the exploration
process is also facilitated by the fact that system configurations (bindings, scheduling and
arbitration policies, performance parameters, and so on) are specified using XML descrip-
tions. Hence, different system configurations can be rapidly simulated without remodeling
and/or recompilation.

As a result of the design space exploration with Sesame, a small set of promising MP-
SoC platform instances can be selected for automatic synthesis (see next section). Each
selected platform instance is specified using two XML files. One describing the architectural
platform at the system level, i.e. which IP components are used in the platform and how
they are interconnected. And the other describing how application tasks are mapped onto
the platform components.

2.5 System-level Synthesis

The system-level specifications that result from DSE – describing (the structure of) the ap-
plication and platform architecture as well as the mapping of the former onto the latter – are
given as input to the ESPAM tool for system-level synthesis [74]. To guarantee correctness-
by-construction, ESPAM first runs a consistency check on the provided platform instance.
This includes finding impossible and/or meaningless connections between system-level plat-
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form components as well as parameter values that are out of range. Subsequently, ESPAM
refines the abstract platform model to a parameterized RTL model which is ready for an im-
plementation on a target physical platform. The refined system components are instantiated
by setting their parameters based on the target physical platform features. Finally, ESPAM
generates program (C/C++) code for each programmable processor in the multiprocessor
platform in accordance with the application and mapping specifications. To this end, it uses
the XML specifications generated by KPNgen. In addition, ESPAM also provides the sup-
port for scheduling the code in the case multiple application processes are mapped onto a
single processor in the platform. Currently, this code scheduling is performed statically.

The output of ESPAM, namely an RTL specification of the MP-SoC platform, is a model
that can adequately abstract and exploit the key features of a target physical platform at the
register transfer level. It consists of four parts (as shown in Figure 2.1): 1) a platform
topology description defining in greater detail the structure of the multiprocessor platform;
2) hardware descriptions of IP cores containing predefined and custom IP cores used in
1). These IP cores, which are selected from Daedalus’ IP component library, include pro-
grammable as well as dedicated processors, various memory components (FIFO buffers,
random access memory, etc.), and different interconnects (point-to-point links, shared bus
with various arbitration mechanisms, and a crossbar switch). For programmable processors,
ESPAM currently uses PowerPCs and Microblazes since it targets the Xilinx VirtexII-Pro
family of FPGA technology for prototyping the synthesized MP-SoCs. ESPAM also auto-
matically generates custom IP cores needed as a glue/interface logic between components
in the platform; 3) the program code for processors — as mentioned before, to execute the
software parts of the application on the synthesized multiprocessor platform, and 4) Auxil-
iary information containing files which give tight control on the overall specifications, such
as defining precise timing requirements and prioritizing signal constraints.

With the above descriptions, a commercial synthesizer can convert an RTL specification
to a gate-level specification, thereby generating the target platform gate-level netlist (see
the bottom part of Figure 2.1). At this moment, ESPAM facilitates automated MP-SoC
synthesis and programming using the Xilinx VirtexII-Pro family of FPGAs and therefore
uses the Xilinx Platform Studio (XPS) tool as a back-end to generate the final bit-stream
file that configures the FPGA. However, our framework is general and flexible enough to be
targeted to other physical platform technologies as well.

2.6 The Daedalus Design-flow Infrastructure

As discussed in the previously, the heart of Daedalus consists of the three core tools KPNgen,
Sesame and ESPAM. In addition, Daedalus also features several supporting tools to im-
prove the user-friendliness and deployability of the framework. This section provides a brief
overview of the supporting infrastructure.

In Daedalus, most design information (e.g., structural descriptions of the application, ar-
chitecture, and the mapping of the former onto the latter) as well as experimental results are
described using XML-based descriptions. Daedalus therefore contains the Oracle Berkeley
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Figure 2.4: Daedalus’ customizable work flow.

DB XML relational database management system (RDBMS) to store all information (mod-
els, parameters and results) related to designs and experiments. This RDBMS, together with
its GUI, provide the designer with a powerful tool to e.g., explore and visualize the large
amounts of data generated by Daedalus design space exploration. Moreover, it guarantees
the reproducibility of experiments at all times.

The vision behind the Daedalus software infrastructure is that it should be open for
integration of new tools as well as that it should allow for customization of the design flow.
Therefore, the design flow (or tool flow) in Daedalus is composable and constructed from
’design-flow blocks’. These design-flow blocks, which are illustrated as the dashed boxes in
Figure 2.4, are the tools that take part in the design flow together with their input- and output
descriptions. The latter descriptions, illustrated by the grey boxes in Figure 2.4, provide
information about what input/output data a tool consumes/produces and from/to where it
reads/writes this data. This allows us to describe a design flow as a simple composition
of the design-flow blocks, specified in the workflow description. For example, Figure 2.4
shows a design flow which includes a visualization block to visualize Sesame’s DSE results
and which stores both the DSE and ESPAM’s prototyping results in the RDBMS (using the
so-called ’XML saver’ tool). Evidently, this composability of the design flow allows for
easily adding new design steps to a design flow, or to customize design flows for specific
design domains.

Control and monitoring software utilities have been developed to facilitate the process of
setting up and executing experiments on the FPGA-based prototypes of MP-SoCs generated
by Daedalus. Such utilities are necessary and very useful for: (i) conducting an effective and
efficient design space exploration at implementation level on a narrow design space defined
by Sesame; (ii) measuring real performance and cost numbers used for calibration of the
Daedalus’ high-level architecture models [80]; (iii) preparing real HW/SW demonstrators.
The control and monitoring utilities include a configuration manager, an execution control
panel, and an on-line monitoring console, all supported by a GUI which allows users unfa-
miliar with the FPGA prototyping board to perform experiments with the MP-SoCs.
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2.7 Related Work

Systematic and automated application-to-architecture mapping has been widely studied in
the research community. The closest to our work is the Koski MP-SoC design flow [52] and
the SystemC-based design methodology presented in [40]. Koski provides a single infras-
tructure for modeling of applications, automatic architectural design space exploration, and
automatic system-level synthesis, programming, and prototyping of selected MP-SoCs. The
methodology in [40] supports automated design space exploration, performance evaluation,
and automatic platform based system generation. But unlike Daedalus, [52] and [40] do not
allow for automated parallelization of applications, nor design space exploration at appli-
cation level. Both [52] and [40] require applications to be specified by hand in UML and
SystemC, respectively.

Other examples of related work can be found in [95, 64, 20, 33]. However, these ef-
forts are limited to processor-coprocesor architectures [95], only provide a limited degree of
automation [64, 20], or do not provide an automated step towards RTL [33].

Companies such as Xilinx and Altera provide design tool chains attempting to gener-
ate efficient implementations starting from descriptions higher than (but still related to) the
register transfer level of abstraction. The required input specifications are still so detailed
that designing a single processor system is still error-prone and time consuming, let alone
designing alternative multiprocessor systems. In contrast, Daedalus raises the design to an
even higher level of abstraction allowing the exploration, design, and programming of multi-
processor systems in a short amount of time. For a more detailed discussion of related work
and a classification of system-level design and synthesis tools we refer to [34].

2.8 Conclusion

In this chapter we presented the Daedalus framework that tries to bridge the so-called imple-
mentation gap between system-level platform specifications and the actual physical imple-
mentations of these platforms. To this end, Daedalus focuses on the design of multimedia
MP-SoC platforms. As such, it provides an integrated and highly-automated environment
for system-level architectural exploration, system-level synthesis, programming and pro-
totyping. Such a framework offers remarkable potentials for quickly experimenting with
different MP-SoC architectures and exploring system-level design options during the very
early stages of design. In Chapter 8 we illustrate Daedalus’ design steps and demonstrate its
efficiency using a case study with a Motion-JPEG encoder application.



Chapter 3

Sesame: modeling and simulation

3.1 Introduction

As was shown in the previous chapter, the Sesame tool is used within Daedalus for efficient
system-level modeling and simulation. Most of the topics discussed in the second part of this
thesis (Techniques: Chapters 4, 5 and 6) either use Sesame directly, or with the modifications
proposed in those chapters. In the current chapter we will give an overview of the Sesame
environment to give the reader a general insight into the methodology and scope of Sesame.
Although Sesame is the tool of choice in the context of the Daedalus toolflow, it may be
equally useful in other contexts where system-level modeling and simulation is required.
Therefore, in this chapter, Sesame will be presented as a generic modeling and simulation
tool, but where appropriate, its connection to the Daedalus environment will be discussed.

The structure of this chapter is as follows. In the next section a general overview of
the Sesame environment will be presented. A Sesame model consists of three parts: the
application model, the architecture model and the mapping model: shown in Figure 3.2 as
the top, bottom and middle model layer respectively. The discussion in the next section will
follow the natural order from modeling the functional behavior of the system to modeling
the system platform and hardware aspects with respect to non-functional behavior. Section
3.3 revisits these topics with a focus on the implementation details of different parts of the
model in Sesame. Some modeling examples will be given to make the previously discussed
topics more concrete. The final section discusses issues related to the periphery of Sesame:
methods for efficient specification of the design space (Section 3.4) and interpretation of
simulation results (Section 3.5).

3.2 Overview

One of the main design principles of the Sesame environment is to apply separation of con-
cerns where possible. In this way, complicated problems are decomposed in smaller, easier
to solve sub-problems, which (combined) still represent the original complicated problem.
The most prominent separation of concerns in Sesame is the separation of functionality and

33
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Figure 3.1: Y-chart design methodology

implementation, which is also proposed by the Y-Chart design principle ([54]). Sesame
adheres to this principle by providing separate application and architecture models: the for-
mer captures the functional behavior of the system while the latter captures non-functional
behavior. The non-functional behavior modeled by Sesame principally concerns system per-
formance, but the model can be extended to account for additional objectives such as energy
[81] or cost. The Y-Chart principle is schematically depicted in Figure 3.1 and consists
of three stages: 1) application and architecture model creation, 2) mapping application to
architecture and 3) model evaluation and feedback. The application model describes the
functional behavior of an application in an architecture-independent way and it does not
contain any architectural specifics such as the resource or performance constraints of ar-
chitectural components. To obtain a rough estimate of its performance requirements, the
application model can typically be studied independently from the architecture model us-
ing traditional software analysis tools such as software profilers. However, for the purpose
of more detailed analysis, an architecture model is created that models for example system
performance, power or cost. Sesame uses trace-driven cosimulation where the application
model "drives" the architecture model by providing it with dynamic application information.
A trace consists of events, and each event describes a single atomic action by the applica-
tion model. The information contained in an event is typically a high-level description of a
communication or computation action of the application: detailed functional information is
omitted. For example, a data communication is described by its source, target and data size,
but the actual values of the data are not included because they are not needed in Sesame’s
high-level non-functional architecture models. In the remainder of this section we will dis-
cuss how the three Y-Chart stages are represented in Sesame and give further details of the
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interaction between the application and architecture models. Section 3.3 will give more
details towards the implementation of Sesame.

Figure 3.2: Overview of a Sesame model: the application, architecture and virtual layer

3.2.1 The application model

In Sesame we use Kahn Process Networks (KPN) as the preferred Model of Computation
(MoC) to represent the application. This choice is motivated by the application domain that
is targeted by Daedalus: multimedia and signal processing applications are often data-flow
dominated and can be thought of as streams of data passing through a network of actors
performing computations on individual data items (which may represent, in the example
of an imaging application, pixels, lines, pixel blocks or image frames). A KPN is defined
as a network of concurrently executing processes without access to shared memory, which
communicate exclusively over Kahn channels. Kahn Channels are one-directional FIFO
buffers of unbounded capacity without restrictions on the type of data that can be sent. In
the top section of Figure 3.2, an example is given of a simple KPN with 4 processes and 4
channels. Internally, Kahn processes may be defined in any high-level language as long as
the Kahn semantics are observed.
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The KPN MoC is defined mainly by the semantics that are enforced on the channel
communication. Processes are allowed to read to and write from any channel at any time.
Write operations always succeed, since the channel buffers are of infinite capacity. However,
reading from an empty channel causes a process to stall ("block") until data is written to this
channel. A further condition is that there is no "test" operator to check data availability
and therefore process execution is independent of the state of the channel. There are no
restrictions on what a Kahn process is allowed to do internally, except (as mentioned before)
that it is not a allowed to access memory that is shared with other processes: all inter-process
communication has to occur explicitly over Kahn channels. Similar to the Synchronous Data
Flow MoC (SDF), KPNs fall in the untimed MoC category: there is no concept of time
passing, neither in terms of clock cycles nor in (simulated) time.

The result of the above semantics is that the KPN MoC is deterministic: the order of the
tokens that are communicated over the channels does not depend on the execution order or
execution time of individual processes. Determinism is a highly desirable property for the
kind of models that we are considering: the system model (the combination of application
and architecture) will produce the same output (for given input) regardless of the specific
process scheduling or architectural (timing) characteristics. It also guarantees the validity of
the event traces between the independently executing application and architecture models.
Although determinism guarantees the functional behavior of the system, no assertions can
be made yet about the system’s non-functional behavior. For this purpose we need either
an implementation on a real system or an architectural simulation that captures certain non-
functional behavior.

3.2.2 The architecture model

The architecture model in Sesame (see the bottom of the three layers in Figure 3.2) is re-
sponsible for modeling latencies associated with the physical properties of the system. The
Sesame architecture model is specified using the Pearl discrete event simulation language.
The Pearl language was designed from the ground up to efficiently model multi-processor
heterogeneous computer architectures at a high level of abstraction. On the one hand it
achieves very good runtimes for entire system-level simulations running an application with
a representative input workload. On the other hand, it sports an easy and compact concur-
rent programming style with powerful semantics that enables designers to express complex
interactions between model components with relative ease. This means that complete sys-
tem level models can be defined while the model development time remains modest, which
is especially important in the early stages of development as architectural design decisions
may be taken at the highest level and models may frequently need to be changed to test and
evaluate new designs. The choice of programming language is therefore more than a trivial
choice, since it can directly affect the overall design time of the system. In the following we
discuss some of the main language features of Pearl. In Section 3.3.3, some more details
and a simple model example will be given.

The Pearl programming language is characterized by two main features: 1) an object
oriented approach for defining model components and 2) integrated primitives for commu-



3.2. OVERVIEW 37

nication and synchronization between model components. The functionality and behavior
of model components is specified as a class, similar to a class definition in object oriented
languages such a Java or C++. Also similar to object oriented languages is that each class
has a private namespace for variable and functions in order to avoid variable name clashes.
A light-weight class hierarchy scheme is available to group related classes into a family with
a common superclass. The Pearl syntax will be familiar to C users, but the language has
been designed to include only those features that are necessary for architecture modeling. In
particular this means that there is no support for advanced data structures (other than classes
for model components), no pointer support, and only a limited set of basic data types con-
sisting of integers, floats and strings and one-dimensional arrays of these basic data types.
In rare cases where a programmer needs more advance language features, it is possible to
incorporate C functions which will be linked into the final simulation executable. At simula-
tion time, classes can be instantiated as simulation components (also referred to as modules).
Class instantiation is done automatically by the simulator prior to the start of the actual sim-
ulation according to an XML-based specification which is defined by the user (see Section
3.3.1). Since traditionally the components in a hardware system are fixed, Pearl does not
support instantiation of classes after the initialization of the simulator. This assumption does
not generally hold anymore with the advent of dynamically reconfigurable hardware plat-
forms such as FPGAs. Indeed this topic is addressed in Chapter 6 where we show how Pearl
can still be used to model this emerging type of systems.

The main difference with traditional object-oriented languages, however, is that each
module maintains its own execution context, or thread, so that modules can easily express the
naturally occurring parallelism between components in hardware. Modules can not modify
data items in each other’s address space. Instead, Pearl has Remote Procedure Call (RPC)-
like primitives for communication and synchronization between modules. For example, the
following synchronous function call statement:

calls a method with the name on a module pointed to by with
the given . The Pearl runtime system translates the call to a message which is
sent to the remote module. The calling module will now be halted until the remote module
has completed the function (using a statement, which can optionally be used to
return a value to the calling module). Note that in addition to this synchronous method
call (that halts the calling module), there is also an asynchronous method call (that gives
control immediately back to the caller) using the operator “ ”. For both synchronous and
asynchronous calls, the function will execute in the context of the remote module and at
a time that is specified by the remote module (note the difference with a method call in a
normal Object Oriented language). Therefore, the runtime system will store (completely
transparent to the user) all function calls issued on a certain module in a dedicated message
queue. The remote module is itself in charge of accepting calls to certain functions by issuing
a matching statement:
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The result of the statement is that the remote module takes the function call message
from its queue and executes it in its own thread context. When this function call exits, the
issuing module is unblocked and both modules continue with the next statement in their code
listing. If a module issues a statement before the
has been called, then the module will block until such a call is made.

The final important Pearl statement is used to indicate that a module is busy for a given
number of clock cycles (eg. a processor component is busy executing some computational
kernel or a bus is busy transferring some data):

During the specified amount of the module is suspended and can not perform other
actions such as remote function calls; it will resume after clock cycles have passed.
The simulation runtime will execute without priority and non-preemptively any runnable
module with simulated concurrency. Modules are runnable until they yield by blocking on
remote function calls or with . The Pearl simulation runtime maintains simulation
time using the globally shared clock. Note that a system with multiple clock domains can be
modeled by relative scaling of latencies (small errors introduced by scaling are insignificant
at Sesame’s high level of abstraction). When there are no more runnable modules, then the
discrete-event simulation engine will increment global clock to the earliest resume-time for
a suspended module and resume execution of that module. Valid termination occurs when
either all modules have finished execution, or when all modules are blocking in unmatched
communication primitives: a remote function call primitive without a matching , or
vice versa.

In Pearl, the remote procedure call primitives perform – in a completely transparent way
– relatively complex communication and synchronization transactions between modules.
Furthermore, the compact syntax of the primitives ensures that simulation code in Pearl is
easy to write, which is an essential property for early model development. As we will see
in the example in Section 3.3.3, Pearl code is also easy to read, since the combination of
RPC primitive and function name completely determines the state a module at any given
time. Code modularity (and thereby code reuse) is further promoted by the use of classes
to define simulation components. The set of remotely callable functions in a class acts as
an explicit module interface: a module can be easily be replaced by another module as
long as it implements the same functions. All in all, Pearl is a suitable language for the
creation of simulation models that support design decisions in the early stages of MPSoC
design where models typically have to be created and modified in short time frames. We
shortly refer to the work in [104] where we transferred the functionality of the compact Pearl
communication primitives to the more widely-used and standardized SystemC modeling
language. However, this approach suffered from performance limitations of the reference
SystemC implementation, thus favoring the use of the custom Pearl language within Sesame
to improve model execution speed.
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3.2.3 Mapping

Due to the separation of application and architecture, an explicit interface is needed to con-
nect the two models. Sesame performs trace driven simulation where the events collected in
the untimed application model are streamed to the timed domain of the architecture model.
The events are abstract representations of the actions performed by the application model
and are initially chosen to represent only coarse grain events. At this coarse grain level
of abstraction only channel communication and computation of large kernels or functions
are represented by events. In Sesame, these event traces are not immediately consumed by
the architecture model, but instead they pass through a so-called "virtual layer" (sometimes
called mapping layer). The virtual layer serves multiple functions towards mapping, syn-
chronization and scheduling of events before they are passed on to the architecture model.
The virtual layer exists in the same timed domain as the architecture model and is in fact
part of the same simulation model, however, we treat it here as a separate entity from the ar-
chitecture layer as its functionality is distinct from the architecture model. The virtual layer
is composed of virtual processors and virtual channels that are connected according to the
same topology as the application model (see Figure 3.2). For this reason the virtual layer can
initially be generated automatically (this process will be further explained in Section 3.3.4).
The virtual processors read the event traces that are generated by the application model and
forward them (according to the mapping specification) onto architectural model components
such as processors. Before forwarding events, however, the virtual layer takes care of mod-
eling several important issues with regard to synchronization of the events as well as some
issues that are optional for certain types of models. In the following we will shortly discuss
the different functions of the virtual layer.

Synchronization modeling

According to the Kahn MoC, communication takes place in a world where there is neither
time, nor a limitation on the channel size. Of course, in any practical implementation of a
system this assumption does not hold and (apart from physical wire and switching delays)
the speed of communication is limited by the storage capacity of the transport medium (bus
width, packet size or memory size, etc). This limited capacity may lead to problems when
pairs of producing and consuming nodes are not producing and consuming data at the same
rate. For example consider the case where a receiving node consumes packets slower than
the production rate of packets; eventually the (limited) buffer capacity will fill up and the
producing node will be forced to wait until storage space becomes available. Similarly, a
consuming node may be blocked on an empty channel when the production rate is slower
than the rate of consumption. Within the context of Sesame, the time spent waiting for
empty or completely saturated communication channels is referred to as synchronization
latency and it is modeled by the virtual layer. Note that latencies associated with architecture
specific parameters such as bus width, throughput or latency are modeled in the architecture
model, as will be shown in the next subsection.

The virtual processors and virtual channels can be seen as the real-world representatives
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of the Kahn applications and channels: they do in fact model timing consequences of waiting
for data (when a channel is empty) or waiting for free space (when a channel is full). In the
case of a virtual processor this works a follows: for each communication event (RD or
WR) the virtual processor checks whether the data is available or whether there is sufficient
storage space for a write event to complete. If necessary, the virtual processor will halt until
the respective condition is met. The amount of time the virtual processor is halting is referred
to as a synchronization latency. When the condition is met, only then is the communication
event forwarded to the architecture model to model physical latencies that may be associated
with communicating data over a certain medium (communication network or memories for
example). Note that the synchronization latency indirectly includes architectural latencies
(which are modeled in the architecture layer). For example, when a write is blocked on
a full channel, then the total write synchronization latency includes both waiting for the
initiation of the corresponding read event and the latency modeled by the architecture model
to complete the read (including e.g., bus and memory latencies).

This reveals a second case of separation of concerns in Sesame: synchronization laten-
cies are modeled separately from the hardware communication latencies. This turns out to be
particularly useful when the synchronization behavior of certain tasks needs to be changed,
as we will see in Section 3.3.4.

Deadlock prevention

For completeness, we list the prevention of deadlock as one of the tasks of the virtual layer,
although this is actually a side-effect of the synchronization modeling in the previous chap-
ter. Deadlocks could occur by chance when two dependent application processes are mapped
onto the same processor, depending on the order of the trace events. Such deadlocks need
to be prevented, since a deadlocked model in Sesame satisfies the model termination condi-
tion and thus no useful information can be derived from a deadlocked simulation run. For
example in Figure 3.2, assume process A writes to process B, but the communication buffer
in the virtual layer is full. If the write event from A had already been sent to the architecture
model, then this write event would block processor P0 and deadlock would occur, since the
read event from process B (which would free the required buffer space) has to execute on
P0 too. The synchronization mechanism from the previous section resolves this problem by
delaying forwarding the write event to P0 until sufficient space is available in the buffer.

Model Refinement

An important consideration in Sesame is to support mixed-level modeling and gradual model
refinement. In a typical design case study it may be necessary to model some parts of a
system in more detail, for example because their effects on global system performance can
not be captured accurately by the high-level model. Sesame enables a designer to start with
a high level model and gradually refine certain parts of the model as needed. The resulting
model mixed model contains components specified at different layers of abstraction, but
still runs as a single simulation entity. Moreover, by gradually refining more and more
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Figure 3.3: Virtual processors with refined synchronization behavior

components towards a lower level of abstraction (specifying ever more details about the
system), the model will come closer to a level of specification which is a sufficient starting
point for synthesis using traditional methods. As we explained in the previous chapter,
Daedalus is more geared towards system synthesis based on high-level specifications, but
the refinement to synthesizable specification is still an often used design trajectory.

However, when architecture model components are refined, the level of granularity of
the events produced by the application model may not be sufficient to "drive" the underlying
refined architecture model components. Because of the relatively high abstraction level
of the atomic application events (a sequence of Rd, Wr, Ex-events which is executed in
strict trace order), information about the application model is lost that can be needed for the
refined architecture components, eg: control flow information, event dependencies, etc. An
example is an image processing component that works on frames, but the refined architecture
component works on pixel lines and has only local memory to contain a few pixel lines.
The processing component should now read the frame data using multiple data transfers,
which in turn need multiple synchronization events. Such information was not present in
the original application event trace. One option is to refine the application model together
with the architecture model to generate events containing this additional information, but
this would break the separation of application and architecture.

To resolve this problem (while maintaining the benefits of separate application and ar-
chitecture models), Sesame provides dataflow based trace transformation techniques in the
mapping layer. For this purpose, the Virtual Processors in the mapping layer are extended
with automatically synthesized, modified versions of Synchronous Dataflow (SDF) and Inte-
ger Data Flow (IDF) graphs which act as executable, yet abstract representations of the orig-
inal application processes. The nodes in these data flow graphs represent synchronization
events such as Sr (Signal Room), Sd (Signal Data), Cr (Check Room), Cd (Check Data) or
architectural events such as Ld (Load data) or St (Store data). While synchronization nodes
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are typically connected to each other to express dependencies and available parallelism, Ld
and St nodes directly connect to architectural model components (Figure 3.3). When a Ld or
St nodes fires, events are forwarded to the architecture model, where the latency of the event
is modeled, which in turn completes the firing action of the node. Note that this so-called
token-exchange mechanism between the virtual and architecture layer executes in the timed
Pearl simulation domain, which yields timed dataflow models, resulting (in contrast to pure
SDF-models) in a semi-static scheduling. In order to support more complex refinements, eg.
for Kahn processes containing loops and conditional code within Kahn processes, special
IDF models have been defined.

As an example we use the default synchronization behavior that was explained in the
previous section. It is in fact also a form of trace refinement: the Rd and Wr events have
been refined in a sequence of smaller communication and synchronization events:

Rd : Cd → Ld → Sr
Wr : Cr→ St → Sd

Figure 3.3 shows the SDF corresponding to this refinement for two virtual processors A and
B. Note the dependencies between the synchronization events and the initial token that is
required for the first Cr (check room) event. The token exchange mechanism (consisting of
the refined trace events) with the architecture model is depicted as a line that connects the Ld
and St SDF nodes to model components in the architecture layer. This type of synchroniza-
tion behavior is currently the default for any Virtual Processor in Sesame and further model
refinement is optional.

To conclude, we can say that the combination of SDF and IDF refinement models sup-
port a smooth transition between abstraction levels both for communication (and synchro-
nization) and execution events while keeping the application model unchanged. In this way
refined architecture models can be used that capture intra-task level parallelism, various
communication policies as well as pipelined processor components. For more details and
examples we refer to [78].

Scheduling

As explained previously, virtual processors are the “timed representatives” of application
processes and the application mapping definition determines to which architectural compo-
nent the virtual processors forward trace events. Simultaneous events from different pro-
cesses will compete for resources when they have been mapped onto the same architectural
component (e.g., Processes A and B in Figure 3.2). In the standard non-refined Sesame
system model, virtual processors (after modeling synchronization (Section 3.2.3) directly
forward events to the architectural component. As a result of Pearl’s inter-process commu-
nication semantics based on message passing, simultaneous events will be queued at the pro-
cessor and architectural timing consequences are modeled in a first-come first-serve (FCFS)
manner by the processor component. The FCFS scheduling policy for application events
is a suitable model for systems supporting dynamic scheduling of tasks on the execution
units. This may for example be a processor running an operating system that implements
pre-emptive threads (e.g., POSIX pthreads), user threads (light weight processes), OS-level
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processes or some kind of job scheduling middleware. Note that the particular scheduling
technology or scheduling unit (thread, process, etc.) is irrelevant at the high level of abstrac-
tion of the unrefined Sesame model: we simply assume the resource will schedule a task as
soon as all earlier tasks have been processed.

There are cases, however, where the scheduling behavior of architectural resources dif-
fers significantly. For this purpose, a scheduler model component has been defined that can
be used in the virtual layer to enforce specific user defined scheduling policies. The sched-
uler consults an external policy component to identify when tasks are to be forwarded to
the resource. In this way a wide range of different scheduling policies can be implemented;
examples include fixed predefined (static) schedules, time slicing or priority scheduling.
The only limitation of the scheduler is that it can not split the application events, e.g. in
order to implement a pre-emptive scheduling after an event has already been forwarded to
the architecture. Therefore, application events have to be considered atomic, unless they
have been explicitly refined (Section 3.2.3). The scheduling policies are defined as separate
components to promote reusability and to separate the event scheduling from policy defini-
tions. Schedulers in Sesame will be further discussed in Chapter 5, where they are used, for
example, to model multi-application workloads.

3.3 Implementation Aspects

In the previous sections we showed Sesame’s distinct application and architecture model
layers, their important characteristics and their interaction. In this section we focus more on
the implementation aspects of the models and we again follow the structure of the layers in
a Sesame model: application model, architecture model and finally the one connecting both:
the virtual (or mapping) layer. But first we discuss Sesame’s model description language
called YML (Y-chart modeling language), which is used to describe both the structure (and
topology) of the various models and to specify the initialization values of each component.

3.3.1 Model specification

YML is a specialized dialect of the more commonly known XML (Extensible Markup Lan-
guage). YML has the advantage of being both a machine readable as well as human read-
able format (at least for smaller specifications). Each YML element defines a component or
topological relationship in the model. For example we use elements with tag-names ,

or to describe respectively a component, a group of components or a rela-
tionship between components. XML attributes specify the additional required details for
each type of element. All element types and their optional and obligatory attributes have
been formally defined in a schema (XSD) specification. By using the schema, it is easy to
use existing parsing solutions, which not only simplifies the implementation of the Sesame
tools, but also greatly enhances the possibility to exchange specifications with external tools
which may have been developed by third parties.
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XML is defined as a hierarchical specification language where certain elements (accord-
ing to the relevant schema) may contain other elements, which in turn contain other elements,
etc. This way, what is essentially a tree-like structure is defined, which is very suitable to
describe applications or architectural topologies. In Sesame’s YML, the starting element of
a model is always a element in which all other model components are contained.
As an example, see Figures 3.4 and 3.6, where a very compact application and architecture
model is specified. The attributes of the root-level network specify the URI for the YML
schema definition, a name and the type ( ) of the network to indicate whether this is an
application ( ) or architecture model specification ( ). Additional elements
describe additional information such as the location of the compiled application code (Fig.
3.4 line 8-10, or Fig. 3.6 line 14-15) which will be used respectively by the application
or architecture simulation runtime. In the following we will describe the implementation-
level details of model components at each of the Sesame layers and their specification in the
corresponding YML file.

3.3.2 The application model

<?xml version= encoding= ?>
<network xmlns=

>
<property name= value= />

<node name= class= >
<property name= value= />
<property name= value= />
<property name= value= />
<property name= value= />
<port name= dir= >
<property name= value= />

</port>
<port name= dir= >
<property name= value= />

</port>
</node>
<node name= class= > </node>

<link innode= inport= outnode= outport= />
<link innode= inport= outnode= outport= />

<property name= value= />
<property name= value= />
<property name= value= />

</network>

Figure 3.4: Sample application XML

Figure 3.4 lists part of the YML specification for a MJPEG application that has been
automatically derived from sequential code by the Daedalus PNGen tool. The node elements
represent Kahn processes of the class (as indeed we will see shortly they
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are implemented in C or C++), and a attribute. The elements (line 11 and 14)
indicates that the process contains an in-bound port and an outgoing port. The ports form
the anchor points for Kahn channels which communicate data of the type as specified by the
port (in this case 8x8 pixel macroblocks: ). The property (line 20)
connects the out-port of process with an in-port of process , thus connecting the
Kahn channel between the two processes. Figure 3.5 lists the C++ implementation of the

for <
for <

for <
>

>

Figure 3.5: Sample application process code

process. Its regular structure of affine nested loops and slightly odd variable names is
due to the fact that this code generated by PNGen. In general, a Kahn process can have many
in- and outgoing channels and there is no restriction on the number or ordering of reads and
writes, the number of produced execute events, or the naming conventions for nodes and
ports. Channels are accessible from the process code by means of the ports structure which
is inherited from the (automatically generated) base class .The runtime system
will automatically instantiate and initialize the processes and channels before it proceeds
to execute the process network. The ports connect processes by means of Kahn channels
according the topology defined by the elements in the YML. Input ports and output
ports have, respectively, and functions defined on them, where a read is
blocking if the channel is empty and the write is always non-blocking due to infinite capacity
of the channels.

Note that the process network is a functional application: in the case of the DCT
function operates on real data and the result of the given KPN network is a sequence of
compressed MJPEG images. The DCT function (line 14) is called on the input macroblock
(line 12) and writes the result to the next process which will perform quantization (line 17).
Important to note is the execute statement at line 15 which has the sole purpose of generating
a trace event (which has identifier as specified in the YML (Fig. 3.4 line 25). The port
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and functions generate trace events as a side-effect of their communication
actions, so these do not have to be specified explicitly. The trace events from each process
are captured as an ordered stream of events which is forwarded –first to the components
in the virtual layer– and then to the architecture model, where timing consequences of the
events are modeled.

3.3.3 The architecture model

<?xml version= encoding= ?>
<network xmlns=

>
<node name= class= >
<property name= value= />
<property name= value= />
<property name= value= />
<property name= value= />
<port name= dir= > </port>
<property name= value= >
<network name= class= >
<node name= class= >
<property name= value= />
<property name= value= />
<property name= value= />
<property name= value= />
<port name= dir= > </port>
<port name= dir= > </port>
<port name= dir= > </port>
<link innode= inport= outnode= outport= />

</node>
<port name= dir= > </port>

</network>
</property>

</node>
<node name= class= >
<property name= value= />
<property name= value= />
<property name= value= />
<property name= value= />
<port name= dir= > </port>

</node>

<link innode= inport= outnode= outport= />
<link innode= inport= outnode= outport= />

</network>

Figure 3.6: Architecture YML

In Figure 3.6 we list a part of the YML specification for an architecture description of
a multi-processor system connected to a shared memory. The elements in the YML
specify which simulation components will be instantiated in the Pearl simulation language.
In Figure 3.7 a slightly simplified version of the Pearl code for each of the main components
is given. In the YML specification, the element on line 4 starts the definition of
and subsequent lines list its source code files. The string on line 8 gives the initial-
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ization values with which the variables and in the processor object will be
initialized (Fig. 3.7 line 3-4). The first of these variables is a reference with the name that
points to a object. According to the string (Fig. 3.6), this reference is initialized
to whatever the output port is connected. On line 34 the element specifies that
it connects to an input port on the bus object. Thus, a synchronous or asynchronous Pearl
method call on , means a call to the bus object defined on line 26 of the YML. This is a clear
example that the model topology is specified separately (in the YML file) from the model
behavior (in the Pearl source files). This facilitates model component reuse and makes it
easier to re-run experiments (without re-compilation) by simply changing the parameters in
the YML files. Lines 10-24 in the YML specify a virtual processor template, from which the
components in the virtual layer are constructed (we discuss this further in the next section).

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

1
2
3
4
5
6
7
8
9

10
11
12
13
14

1
2
3
4
5
6
7
8
9

10
11

Figure 3.7: Pearl model component code samples for a simple architecture

We offer the following short description of the model behavior that is expressed by the
Pearl code in Figure 3.7. All components are indefinitely waiting for calls to their methods
(shown in the code listings starting from lines 25, 12 and 9 respectively). Whenever the pro-
cessor component receives a read-event from the application model, a virtual processor from
the mapping layer will call the processor method to model the timing consequences
of the event. The method will pass (line 10) the call to the bus, which models some
transfer latency (which depends on the size of data being communicated before passing the
call to the memory (bus class line 8). The memory will retrieve the data located at
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and the cascade of statements will return the data to the processor. Contention on
the bus component is implicitly modeled: if two (or more) processor components simulta-
neously call methods on the bus, then the bus will first accept one of the calls and the others
are stored in a message queue. The continuous wait-loop (bus class line 11) will process
the queued calls one after the other, and the calling processors will incur a delay, since they
made synchronous calls to the bus. Note that since the Pearl architecture model typically
does not model functional behavior (just the timing consequences of the events mapped onto
the architecture components), the items passed between the components do not need
to contain real values. To model an execute event (a virtual processor calls the
method on the processor), the processor will simply block for an amount of time as was
specified by the array in the YML file (Fig. 3.6 line 8). See Chapter 4 for more information
on how these latency numbers are obtained.

3.3.4 The virtual/mapping modeling layer

<?xml version= encoding= ?>
<mapping xmlns=

>
<mapping side= name= >
<map source= dest= dtmpl= />
<map source= dest= dtmpl= />
<map source= > dest= dtmpl= />

</mapping>
</mapping>

Figure 3.8: Mapping YML

As was discussed before in Section 3.2.3, the virtual layer in Sesame resides between
the application and architecture model layers and provides important functionalities to the
model. Here we focus on the implementation aspects and show how the virtual layer can be
automatically created using the template mapping mechanism. Figure 3.8 shows the YML
file that specifies the (user-defined) application-to-architecture mapping for the example ar-
chitecture in the previous section. The elements construct a context where the

attribute refers to the application and the attribute to the architecture. Subse-
quently, a element maps maps processes and channels to resources in the architecture
model (lines 5-7). Note that the element has an additional attribute which spec-
ifies one of the architectural templates associated with an architectural component.

The automatic procedure to generate the mapping layer will instantiate (for every Kahn
process and channel) an object in the virtual layer corresponding to the template mapping.
This is clarified in Figure 3.9 where the three Sesame modeling layers are shown. Note that
every processor in the architecture model has at least one template associated with it (e.g. in
architecture YML Fig. 3.6 lines 10-24). For each Kahn process, a Virtual processor (in the
virtual layer) is automatically instantiated from the template as specified by the application
mapping. So, although Process B and C are mapped onto the same processor P1, they ac-
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Figure 3.9: Template mapping strategy in Sesame (templates and mapping for Kahn chan-
nels omitted)

tually will be represented by different virtual components (Q and R respectively). Similarly
(although not shown in the figure), Kahn channels map onto virtual channel templates, so
that the virtual layer can be fully automatically derived from the information in the map-
ping and architecture YML files. The template mapping mechanism makes the model more
flexible, since each template may express different behavior at the virtual layer, such as for
example different synchronization behavior or different model refinements (as discussed in
Sections 3.2.3 and 3.2.3).

3.3.5 Graphical user-interface

A GUI has been developed in order to simplify the process of creating application and ar-
chitecture YML specifications and to provide an integrated development environment (IDE)
for use with Sesame. The current GUI is implemented as a plugin to the widely-used Eclipse
IDE: a screenshot is shown in figure 3.10. The middle window panes show the application
model (top) and the architecture model (bottom) as a graph. A model designer can change
the models by selecting a tool from the palette (on the right of the graph) and drawing new
nodes or connections. Pre-defined modeling components can be dragged from a library (just
under the palette) and newly defined components can be stored in the library for later use.
The virtual layer models and the templates from which the virtual layer is built can be edited
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from a separate view (not shown in the figure). On the left side is the project manager (top)
and a window to specify application-to-architecture mapping (bottom). The bottom right
window shows all the properties of the currently selected node or link from the application
or architecture windows. Properties can be edited and new ones can be added. The Eclipse
environment can also be used to call the back-end tools to build and run the model, such as
the automatic virtual layer generator, compilers and the simulator. The application shown is
the MJPEG application, which we have used as an example in the previous sections. The
architecture is a 4-processor crossbar based architecture: the crossbar component is shown
on the right. It connects to 4 processors (note the CPU picture), by means of a bus and a
local storage memory. The two components on the left of each processor are a scheduler and
its scheduling policy object.

3.4 Setting up the Design Space

In the previous sections we have shown how Sesame can be used to evaluate single design
points: systems consisting of an application and an architecture model with a given config-
uration as specified in YML. In order to make design decisions and trade-offs, designers are
typically interested in comparing results between different systems and system configura-
tions. As we have shown before, it is easy to manually modify Sesame models and their
parameters – either directly in YML, or using the graphical editor. However, even a small
amount of manual effort per design point is infeasible for large design spaces with thousands
or millions of design points. A designer is typically interested in a specific part of the design
space as delimited by some boundary parameters such as a the total number of processors
in the system, a finite set of alternative components, the total amount of distributed mem-
ory, etc. In order to provide a direct path from the parameter space to the objective space
(as shown in Figure 1.2 of Chapter 1), we should be able to automatically generate model
specifications for all design points that fall within the part of the design space delimited by
the boundary parameters. In this section we will discuss two methods in Sesame to generate
a set of YML specifications that represents a specific (area of) the design space. Sesame can
then be iteratively run for each specification, thus evaluating all design points. We note that
such techniques are not only useful for exhaustive design space search, but also for other
design space search algorithms such as heuristic search algorithms (which is the topic of
Chapter 7.

The design space generation approaches discussed here are quite generic and similar
approaches have probably been used in the context of other modeling and simulation tools.
Since each tool provides its own methods to enumerate parts of the design space, much time
and effort is unnecessarily spent to create such scripts and programs. Unfortunately, stan-
dardization of even single system-level design point specifications has not yet been realized
yet by the EDA community. And as far as we know, there are no standards at all for speci-
fying a range of design points (or parts of a design space). This is unfortunate, since design
space specification and generation is required in many embedded system design tools, both
commercial as well as research. Lack of such standards hinders the development of new
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Figure 3.10: Eclipse plugin for creating Sesame model specifications
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methods and tools and also makes comparison of existing work more difficult. However, in
recent years, things are slowly changing with e.g. the emergence IP-XACT from the Spirit
Consortium. While different tools typically require a different specification format, a sep-
aration can be made between front-end and back-end specification formats: the front-end
uses the design space parameters to generate abstract representations of design points; the
back-end translates the abstract design point to the required format (in our case YML). This
separation is recognized by IP-XACT in the sense that it is being promoted both not only
as a standard to be used natively by tools, but also as an abstract interchange standard that
needs to be translated to/from proprietary specification formats.

In the remainder of this thesis we will show various case studies where small and large
design spaces are to be evaluated. In the following we show two design point enumeration
methods that are usable with Sesame: the meta-platform approach (which we commonly
use) and the generator-approach (which is still under development). A hybrid approach,
which combines some of the advantages of both methods, was developed in [48].

Meta-platform approach

The first approach towards instantiating a design space is based on the idea of a meta-
platform specification. In such a specification all components and parameters that could
be used by any of the design points are merged into a single system specification. Individual
design points are then defined uniquely by the application-to-architecture mapping specifi-
cation. This is possible since in Sesame it is typically the case that architecture model com-
ponents onto which nothing has been mapped (and therefore are not receiving trace events),
do not influence the simulation results. Consider for example a design space which studies
an architecture which has 1 to 4 processors which can be of 2 different types connected by
point-to-point, crossbar or a bus network. In this case we could instantiate an architecture
specification containing 8 processors (one of each type) and the 3 different interconnects. It
is now relatively easy to generate automatically an exhaustive list of mapping specifications
that map application processes to all possible combinations of processors and application
channels to different interconnects. If, for example, the mapping specification puts all appli-
cation tasks on one processor, then the remaining processor model components will simply
remain inactive. If part of the exhaustively generated mappings constitute invalid design
points, then they can easily be filtered out. The result is that the problem of generating the
design space has been reduced to the simpler problem of generating mapping specifications
and a meta-platform specification.

This approach has a number of drawbacks, the most notable of which is that it scales
badly: even in small exploration case studies the number of components that have to be
included in the meta-platform may be very large. Consider an example where the objective
is to find optimal memory sizes within the range of 2Kb to 64Kb: with a discretization of
2Kb, a system with 4 memories would need to instantiate (32+1)∗4 = 132 memories. The
number of components multiplies further if the same component has additional properties,
eg. if there are memories with different speeds, different number of ports, etc. For real case
studies where exploration may cover many types of components and properties, creating a
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meta-platform becomes infeasible. Another problem is that the meta-platform specification
always puts hard limits on the design space: when another DSE experiment requires a larger
meta-platform, then a new meta-platform has to be designed manually. For example a meta-
platform that contains 4 processors requires manual modification before it can be used in
explorations with up to 8 processors. Therefore, in some cases, it is better to derive the YML
system specification directly from the parameters: we call this the generator-approach.

Generator approach

There are many different ways to implement this approach, but here we sketch one possi-
bility that is currently being considered for implementation with Sesame. In our case we
assume that each design space parameter is linked to an operator that modifies directly the
structure of the YML specification. The operator takes YML as input an produces YML
as output and by putting the operators together in various ways, different design points can
be generated according to the boundary parameters. An example is a processor-operator
which can instantiate a processor with certain properties; more processors are added by it-
eratively calling the operator. Different operators add different components and properties
to the architecture in such a way that a valid YML specification results after all operators
have been applied. Operators may have different input requirements: for example, an oper-
ator that instantiates a bus may be able to operate on an empty input, whereas an operator
that instantiates a fully connected peer-to-peer network requires the processors already to
be instantiated. The order in which the YML operators are specified therefore has to occur
according to a priority value associated with the operator.

Figure 3.11: Instantiating a single design space specification

The advantage compared to the meta-platform approach is that the generator approach
does not suffer from the same problems with respect to scaling. Furthermore, the approach
is extensible: YML operators can be reused between experiments and new ones need to
be defined only for any additional parameters types that need to be explored in the new
experiment. Operators can be implemented as functions that work on a parsed YML tree or
as programs or scripts that take YML files as input and produce YML as output. Thanks
to the fact that XML is widely supported by most major programming languages (either
natively or using libraries), implementing operators is not complicated and requires a fixed,
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one time effort. Three operators are given a pseudo-definition in Figure 3.13. Each definition
lists what requirements need to be present in the input YML, the type of operator (e.g.,
insertion or replacement) and the YML code to be inserted or the pattern to be substituted.
For insertion operators it is specified where the inserted YML will be connected to the input
YML. The example in Figure 3.11 shows how a single design point can be generated. Note
the use of pseudo object-oriented function calls as operators that operate in sequence on an

object. The operator is where the design point can be evaluated using (for
example) the Sesame architecture simulator. Using such operators it is not hard to generate
a design space according to some boundary parameters. Figure 3.12 shows a small loop that
iteratively generates design space specifications consisting of a bus based system with 1 to
20 processors. Naturally, more complex combinations are possible to generate specifications
for a wide variety of design spaces.
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Figure 3.12: Instantiating a range of design space specifications

3.5 Model and design space evaluation

As we have seen in Section 3.3, a completely defined Sesame model consists of application
and architecture YML files as well as source code for the model components. It is then
ready to be run as an application-architecture co-simulation, or the architecture model can
be run stand-alone if the application traces have been generated and stored previously. After
the model has been executed, the Pearl architecture simulator will output a large amount of
statistics that have been collected during simulation time. These statistics provide system-
level as well as detailed component-level information about the performance of the model.
They represent an estimation of the performance of the modeled system with a certain ac-
curacy (depending on the quality of the model). Perhaps the most frequently used statistic
is that of total simulated run-time, which is given as the value of the simulated clock when
the model terminates. For a model without errors or deadlocks, this is equal to the amount
of clock-cycles that the modeled system needs to process all application trace-events. More
detailed information includes for example the utilization of architectural components, which
indicates the ratio of busy and idle times of each component. Another statistic measures
system contention (indicating how many components are waiting for some other component
at the same time). As Sesame uses a transparent message passing mechanism as the ba-



3.5. MODEL AND DESIGN SPACE EVALUATION 55

operator name
requirements primary network
operation type insertion

addition

connection point to primary network
operator name
requirements none
operation type insertion

addition

connection point none
operator name
requirements processor procId or last added
operation type replacement

pattern

replacement freq

Figure 3.13: Definition of YML generator operators
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sis of its (a)synchronous communication primitives, system contention can be measured by
the number of message waiting in a component’s message queue. Other statistics include
profiling information (e.g., time spent in each method of each component), bandwidth in-
formation and critical path analysis (which sequences of remote method calls block other
method calls). By default, the statistics are given as a text file, which can easily overwhelm
the designer. For this purpose a visualization of the statistics has been developed in the work
of [99], that gives a concise summary of all the objective properties of a design point in a
single view.

For real design space exploration case-studies, many design points typically need to be
evaluated. We have discussed in Section 3.4 how to generate larger sets of XML specifi-
cations representing a range of system design candidates. Here we emphasize the problem
of dealing with the large amount of output data that results from such experiments. In the
context of the Daedalus framework, all the statistics of the Sesame simulation models will
be stored in an XML-database. It also saves all input-data, so that it is possible to recre-
ate each design point (the model complete with code and XML specification). Using the
database, well-formed queries can be expressed in an XML query language which reduces
the effort of writing custom scripts to analyze large volumes of simulator output statistics.
In addition, we further exploit the human visual cognitive capacities in aid of design space
exploration. By the same author of [97], another visualization method has been proposed
which is particularly useful for evaluating large, multi-dimensional design spaces. It visu-
alizes the design space as a large tree shape for which the leaves represent different design
points. Different colors and shapes for leaves and nodes summarize important objective in-
formation about the design space (which is taken from the aforementioned XML database).
Various selection and refinement mechanisms are available to the designer to re-shape the
tree to interactively manipulate the visualization and to focus on design points of interest.
Different metrics for visualizing (multi-objective) properties of the design points are also
available (for more information we refer to [98]).

3.6 Conclusion

This chapter focused on the Sesame modeling and simulation tool which we use extensively
throughout the work presented in this thesis. We have shown that Sesame uses a strict separa-
tion of concerns and a relatively high level of modeling abstraction by default. Application
and architecture models are highly modular which facilitates component reuse and which
further reduces the design and development time of a Sesame model. Some examples show
some of the details that are involved in the creation and specification of a Sesame model. A
graphical user interface has been made available to make model composition and specifica-
tion even easier. We have discussed the difficulties of specifying models for multiple design
points and have shown some solutions that can be used in the Sesame context and beyond.
Finally we have discussed the type of information that can be obtained from the standard
Sesame model.



Chapter 4

Model calibration

4.1 Introduction

In the previous chapters we have seen how models are defined in Sesame. The behavior
of the model as a whole is –of course– defined by all its component parts as well as by
the interconnections of the components. The behavior of a model component is in turn
specified by its simulation code and its interactions with other components. Additionally, the
behavior may depend on application input data (such as video input streams), initialization
of random seeds, the initialization of its variables, etc. Sesame helps the model designer
with all modeling aspects, for example by offering separation of concerns, reusable model
components, an easy-to-use simulation language, deterministic model execution, a graphical
model editor, etc. In this way the designer can quickly and easily create functionally correct
models for many different systems and applications. These models can then be quickly and
easily evaluated thanks to good model run time performance and automatically generated
evaluation reports.

However, functional correctness does not by itself mean that the model displays the
correct non-functional behavior as well. Non-functional properties that are important to a
system designer include system performance, power consumption, production cost as well
as physical characteristics such as die size, thermal hot-spots, etc. For example, in Sesame,
we can define a video encoding platform by trivially mapping the application onto an archi-
tecture model for which no realistic properties (eg. processor timings, clock speed, memory
sizes) have been defined. In this case the (application) model will be functionally correct
since it produces a correctly encoded video stream, but performance behavior of the ar-
chitecture model will be unrealistic. Therefore, such a model is likely unusable to predict
non-functional behavior of any realistic system. We say that a model is behaviorally correct
if it is able to represent (with a certain level of accuracy) those non-functional properties that
are of interest to the designer.

To determine the behavioral correctness of a model, one has to consider (among other
things) the following. Firstly there is the domain of (non-functional) behavior that is im-
portant for the designer for example: performance, power, cost, physical characteristics, etc.
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Secondly, the designer may be interested only in the behavior of part of the system, such as
network behavior or contention of processing or memory resources. Sesame supports this
by offering mixed-level modeling where parts of the system that are of particular interest
may be defined at a more detailed level of abstraction than the rest of the model. Choosing
the right level of abstraction is the third main consideration that may influence behavioral
correctness. The latter is particularly important, since it is well known that the level of de-
tail used by a simulation model can have major impact on the run-time performance of the
model.

Figure 4.1: Modeling overview

With the above considerations in mind, the chal-
lenge of system-level design can be summarized as
follows: to create a functionally and behaviorally
correct model that accurately and quickly approxi-
mates the important parts of the system under evalu-
ation.

When a system designer constructs a system-
level model, then this model rarely displays the
correct non-functional behavior from the beginning.
Analogous to the traditional method of software de-
bugging to achieve functional correctness of appli-
cation software, there exists a need to tune the non-
functional behavior of (parts of) the model in order to
achieve behavioral correctness. This process is called
model calibration, and it is one of the most difficult problems involved in creating a good
system-level model (for a conceptual overview see Figure 4.1).

In this chapter we report on three methods to perform calibration of system-level sim-
ulation models, focusing on the performance objective. In Chapter 8 we will show an an
extensive case study using one of these techniques and there the simulation results will be
validated against prototype system implementations in the context of the Daedalus design
flow.

4.2 Model calibration

In Chapter 3 the Sesame modeling methodology was discussed in detail. The workload that
is modeled by the application model is forwarded to the architecture model by means of
event traces. The architecture model consumes these events and models their performance
behavior as a delay (or latency) on the relevant model components. This may be done by
simply associating a latency to that event, but the event may also trigger complex interac-
tions between components. Using special primitives in the simulation language, it is easy
to describe the (possibly complex) interaction between different components in the model.
Moreover, the propagation of latencies as a consequence of component interaction is auto-
matically performed by the simulation language’s runtime system. However, determining
the correct latency value at any place in the model can pose quite a challenge depending
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on the type of model, the type of component and even the particular interest and require-
ments of the designer. In general, correct latency values can be obtained from many sources:
component specification and documentation, instruction set simulators, measurements on
prototypes, and even rough estimations may be sufficient in some cases. It may be necessary
to recalibrate the latency values during the different stages of development of the system
model as more details become known and more design decisions are taken. In the end, only
validation of the model (eg. by comparing the behavior with a (partially) implemented pro-
totype) can provide certainty about the quality of the model. Therefore, calibration does not
supersede, but rather supplements model validation, as a method to make the non-functional
behavior of the model match the behavior of the actual system. Figure 4.2 schematically
details the modeling process and the calibration and validation techniques.

Figure 4.2: The calibration and validation process

For some types of components latencies are relatively easily obtained because their be-
havior is known and predictable. Take for example an on-chip network component, such
as a bus or crossbar: a performance model could assume some latency for setting up a new
connection and subsequently add a certain latency per amount of communicated data. The
latencies for the setup time and transfer rate are part of a component’s specification. Note
once more that these latencies do not need to include any additional latency caused by con-
tention of components (such as a shared bus), since this is will be automatically captured by
the simulation runtime system (e.g. using Pearl’s synchronous method calls: Section 3.2.2).

Another possibility is that the designer is making a model that contains components
which are yet to be developed. For example, the designer needs a component to process
a certain task X, but still does not know whether X should be implemented in software or
hardware. Creating a dedicated hardware component represents a significant development
cost, but may speed-up the overall system performance. Since the designer will not be able to
obtain accurate latencies for X, he could estimate a ball-park value based on his experience.
Using the estimated value he can the use the system-level model to support such design
choices in the very early design stages.

Latencies can be much more difficult to estimate for some other types of components.
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E.g., programmable processor components associate a latency to any application execution
events. In our initial, high-level system models such an execution event typically represents a
large chunk of code. The exact latency to be associated with that event may vary according to
data dependencies, but in our simplest and most abstract models, the latency for an execution
event of a certain type is set to an average value. In this case, the calibration process is
focused on finding usable average values.

In general, the design of MPSoC embedded systems heavily depends on the reuse of ex-
isting components and therefore it is often the case that data sheets, tools, and prototypes are
available for at least parts of the system. Since all system-level models need calibration it is
crucial to have generic and feasible methods to calibrate those models by finding sufficiently
accurate latencies in a structural and easy way. In the next section we will present the off-line
model calibration method, which does just that, by measuring these values using an Instruc-
tion Set Simulator (ISS). We present also the on-line trace calibration method, which is a
form of mixed-level co-simulation which has the potential to provide more accurate latency
values even when latencies are data-dependent.

A possible disadvantage of the off-line and on-line calibration methods is that the cali-
bration is performed for a specific application. Therefore, in the second part of this chapter
a method will be presented that attempts to associate a "signature" to an architecture compo-
nent that describes the architecture component’s capabilities in an application-independent
way. Using this signature, the relevant latencies can be derived automatically within the
component. We will present the results from a small DSE case study.

4.3 Off-line model calibration

In Figure 4.3 a code fragment is shown from the basic processor model component avail-
able in Sesame. The processor component accepts read, write and execute events from the
virtual layer and models processing time of an event as being busy or blocked for a certain
number of cycles (line 19). We focus here on the modeling of execution (EX) events and
in particular those that are mapped onto programmable processor cores. In this very sim-
ple model, a table is used to associate a latency to a particular type of event (line 18). For
non-programmable processor cores that are dedicated to process certain fixed tasks, these
latencies can often simply be taken from their respective documentation. However, for gen-
eral purpose programmable cores the cycle count for certain events may vary depending for
example on input data.

Here, we integrate a lower-level simulator in order to statically (i.e., before system-level
simulation) calibrate the values in an operation latency table according to code-fragment
performance measurements on the ISS. To explain this in more detail, consider Fig. 4.4.
In this example, we assume that model component p2 onto which application process B is
mapped needs to be calibrated using the ISS. This means that the code of Kahn applica-
tion process B is crosscompiled for the ISS (indicated by B’ in Fig. 4.4a). We note that
Figure 4.4a focuses on the application model level, and only abstractly depicts the mapping
and architecture model levels. Also, throughout the remainder of this chapter, we take the
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example of incorporating an ISS into Sesame. However, other types of simulation models
(like RTL models) can also be used with trace calibration.

class

// latency table initialized in yml:

>

>

>

while true

Figure 4.3: Extract of simulation
code for a processor component

The cross-compiled code is further instrumented
such that it measures the performance of the code
fragments that relate to the computational application
events generated by the application process. For ex-
ample, if process B can generate an execute(DCT)
event, then the performance of the code in process B
that is responsible for the DCT calculation is mea-
sured. To this end, we instrument the code at assem-
bly level (currently done manually) to indicate where
to start and stop the timing of code fragments. In the
case of the SimpleScalar ISS, we use its annote in-
struction field for this purpose. To perform the ac-
tual code fragment timings for application process
B, the code of this process is executed both in the
Kahn application model and on the ISS (the cross-
compiled B’). This allows us to keep the application
model to a large extent unaltered, where B’ runs as
a “shadow process” of B to perform code fragment
measurements.

The two executions of B are synchronized by
means of data exchanges implemented by an API us-
ing an underlying IPC mechanism needed to provide
B’ (on the ISS) with the correct application input-
data. These data exchanges, which will be discussed
in detail in the next section, only occur when the Kahn application process taking part in the
calibration (process B in our example) performs communication. For example, when Kahn
process B reads data from its input channel, it forwards the data to process B’ on the ISS,
i.e., process B’ reads and writes its data from/to process B instead of a Kahn channel.

During execution, the ISS keeps track of the code fragment timings. From these mea-
surements, timing averages are then used for calibrating the latency values of the architecture
model component in question: i.e., the average value is used in the latency table of a pro-
cessor model component. Off-line calibration is a relatively efficient mechanism since it
is performed before system-level simulation and basically is a one-time effort. However,
if there is high variability in the demands of computations (i.e., data-dependent computa-
tions) then the measured average timings may be of moderate accuracy. In this case it may
be beneficial to perform calibration of trace events in a dynamic way as shown in the next
section.
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4.4 On-line trace calibration

The on-line trace calibration technique accomplishes mixed-level co-simulation by means
of dynamic calibration of the event traces that are generated by an application model. Rather
than using fixed values in the latency tables of processing components in Sesame’s archi-
tecture models (see Section 2), trace calibration dynamically computes – using lower-level
simulators – the latency values of computational tasks. Subsequently, instead of generat-
ing fixed computational execution events, like Execute(DCT), the Kahn application process
generates Execute(∆) events, where ∆ equals to the actual cycle count taken by, for exam-
ple, a DCT computation (or any other computation in between communications). This is
illustrated in Figure 4.4b, where an instruction set simulator (ISS) is used for calibrating the
trace from application process B.
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Figure 4.4: Incorporating an instruction set simulator using off-line model calibration (a)
and on-line trace calibration (b)

Compared to the original static operation-latency table method , a calibrated trace can
more accurately represent the computational behavior of an architecture component. For
example, in Figure 4.4(b), statistics on pipeline stalls and cache behavior for process B can
be retrieved from the ISS. Also, Sesame’s dataflow-based event refinement methodology
[79] can still be applied to calibrated traces to, e.g., perform communication refinement, i.e.,
refine the Read and Write application events. The system-level effects of this improved accu-
racy can subsequently be measured within Sesame’s architecture performance model which
accounts for the global timing consequences of all (calibrated as well as non-calibrated)
event traces generated by the application model. Efforts to quantify the improved accuracy,
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should however be performed with great care since their outcome heavily depends on the
quality (i.e., accuracy) of the initial abstract performance models.

The increased accuracy comes however at the cost of higher execution times due to the
inclusion of (slow) lower-level simulators. But, as will be demonstrated in the next sec-
tion, these performance overheads due to wrappers (i.e., data and control exchange between
simulation components) and time synchronizations are very small in our trace calibration
technique. This is because time synchronization occurs at the highest level of abstraction,
namely within Sesame’s trace-driven architecture model, and data and control exchanges
via our API only take place at (Kahn) communication points. In some occasions, it is even
possible to eliminate almost all overheads related to trace calibration. For example, if no
architectural exploration is performed on the architecture components that are simulated by
the lower-level simulators, then the (calibrated and non-calibrated) traces could be generated
once, storing them on disk, and can be re-used in the exploration process of the remaining
parts of the system without rerunning the lower-level simulators.

To explain the details behind the trace calibration technique, consider Figure 4.5. This
figure renders the dashed box from Figure 4.4(b) in more detail. The code in the Kahn ap-
plication processes typically consists of alternating periods of communication and computa-
tion, as illustrated by the small code fragment for process B in Figure 4.5. In this fragment,
some data is read from Kahn channel , followed by some computational code (which
may also be discarded, as will be explained later), after which the resulting data is written
to Kahn channel . The two boxes on the right of this code fragment indicate what the
run-time system of the application model executes when it encounters the Kahn read and
write communications. Note that these run-time system actions are automatic and transpar-
ent: the programmer does not need to add or change code. First, the run-time system queries
the ISS via the API, using , to retrieve the current cycle count from the
ISS. As will also be described later on, the ISS provides this cycle information by executing
a matching call. The run-time system then generates an Execute(∆)
application event for the architecture model, where ∆ = ncur−nprev, i.e., ∆ equals to the time
between the previous cycle query and the current one. Hence, the Execute event models the
time that has past since the previous communication. Subsequently, a Read application event
is generated for the architecture model. Hereafter, the actual read from Kahn channel
is performed. Finally, the data that has been read is copied, using , to process B’
running on the ISS.

Figure 4.5 also shows how the ISS side (process B’) is handled. First, it sends the
current cycle count of the ISS to the application model ( ) to service the

query from process B. Then, it reads the data that was sent by pro-
cess B, i.e., the from process B’ matches up with the from process
B. After receiving the data, process B’ executes the computational code shown in grey in
Figure 4.5. This computational code is finished by a communication (a write to ),
which again causes a cycle count query by the run-time system of the application model.
The generated Execute(∆) application event that follows, represents a detailed timing of the
computational code on the ISS. Figure 4.5 also shows that process B’ on the ISS first writes
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Figure 4.5: Interaction between application model and instruction set simulator.

back the resulting data to process B in the application model before the latter forwards this
data to Kahn channel . This allows for discarding the computational code between
the communications in process B in the application model. In that case, only process B’
simulates computational functionality, while process B only communicates data with its
neighboring application tasks. From the above, it should be clear that the
and calls are blocking.

With trace calibration, it is relatively easy to incorporate any external low-level simu-
lator into Sesame’s system-level architecture models. Only three API functions need to be
introduced in the low-level simulator or in the code that runs on it (in the case of an ISS):

, , and . Here, is the
only function that needs a hook into the simulator to retrieve its cycle count. Most simula-
tors provide such a hook, otherwise it can be created by a small modification to the simulator
(as will be briefly explained in the next section). Using the API calls, the code to run on an
ISS simulator (B’) can be trivially derived from the application code (B). Therefore, the total
coding effort to enable trace calibration is small.

Moreover, for trace calibration, the execution of the lower-level simulators is location in-
dependent. That is, it is straightforward and completely transparent to place the lower-level
simulators on different hosts, yielding distributed co-simulation. To this end, the imple-
mentation of the API between application process and lower-level simulator simply features
different communication adaptors (e.g., shared memory or named pipes for local communi-
cation, and sockets for remote communication). As will be shown in the next section, the
distributed co-simulation support considerably improves the scalability of the co-simulations
in the case multiple lower-level simulators are incorporated.

As a side note, we need to mention that a source of inaccuracy, of which a similar
situation is reported in [55], occurs when mapping multiple application tasks to a single
(programmable) architecture component. In this situation, the traces from these application
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tasks would be calibrated by different instances of an ISS. The scheduling of the (calibrated)
application events from the different traces is subsequently performed at Sesame’s mapping
layer. This approach has two major advantages. First, there is no need for running an OS-
scheduler on an ISS since ISSs always execute a single task. Second, the ISS instances,
representing a single processor in the architecture, can be executed in parallel on different
hosts. However, since context-switching is not modeled by the ISSs, the simulated cache
(performance) behavior in this situation may be inaccurate.

4.5 Trace calibration experiments
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Figure 4.6: Modeling a Motion-JPEG application on an MP-SoC architecture.

To demonstrate that the performance overheads of trace calibration are low, we present
a case study with a Motion-JPEG encoder application and a shared-memory MP-SoC ar-
chitecture consisting of five processing elements. Sesame’s application model, architecture
model and mapping for this case study are shown in Figure 4.6. In this experiment, we
have incorporated SimpleScalar’s sim-outorder ISS [5] in Sesame’s high-level model of the
MP-SoC architecture. This required only one small extension of the ISS: a system-call that
retrieves the cycle count, which is needed by . Small C macros imple-
ment the functions , , and and are compiled
together with the application code executing on the ISS.

For the experiments, we have used a small cluster of unloaded Pentium M 1.7GHz (De-
bian) machines connected by 100 Mbit ethernet. In all simulation runs, we have simu-
lated the encoding of 11 CIF frames with a resolution of 128x128 pixels. Table 4.1 shows
the wall-clock times (averaged over several runs) for three different simulation configura-
tions executed on a single host machine: a Sesame-only system-level simulation (without
trace calibration), a trace-calibrated (mixed-level) co-simulation where the DCT applica-



66 CHAPTER 4. MODEL CALIBRATION

Table 4.1: Co-simulation performance.
Sesame DCT on DCT+VLE

only ISS on ISSs
Time (secs) 8.1 157.1 279.6
Kcycles/sec 8,000 414 233

tion process is executed on the ISS (representing P2 in Figure 4.6), and a trace-calibrated
co-simulation where both the DCT and VLE processes are executed on different ISSs (repre-
senting P2 and P3). For each simulation configuration, the number of simulated Kcycles/sec
is also given. Table 4.1 clearly shows the performance drop when incorporating lower-level
simulators in Sesame’s architecture models. The results also show the efficiency of the
Sesame-only simulation (8 Mcycles/sec when simulating a 5 core MP-SoC).
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Figure 4.7: Overhead for one or two ISSs.

To demonstrate that the performance decrease of our mixed-level co-simulations is al-
most entirely due to the lower-level simulators themselves and not due to co-simulation
overheads, Figure 4.7 shows the execution time breakdowns of the two trace-calibrated co-
simulation configurations from Table 4.1. The breakdowns clearly prove that the total exe-
cution times are totally dominated by the ISS execution times. The measured overheads are
respectively 5% (DCT on ISS) and 1% (DCT+VLE on ISSs) of the total execution time. We
suspect that the latter has lower overheads because of the scheduling of the two ISSs that
allows for hiding some of the overheads caused by communications between the DCT/VLE
processes and the ISSs.

By means of distributed co-simulation, the system-level simulation slowdown due to
the incorporation of lower-level simulators can be effectively reduced. To illustrate this,
Table 4.2 presents the performance effect of distributing the ISSs over different hosts. Here,
we use the terms ‘local’ and ‘remote’ to indicate if an ISS is executed on respectively the
same or a different host as Sesame’s application and architecture models. The results show
that distributing the lower-level simulators over multiple hosts is certainly beneficial. For
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example, by placing the ISSs for the DCT and VLE processes on two different hosts (see
Table 4.2), a speedup of 1.86 is achieved in comparison to execution on a single machine (see
Table 4.1). In this case, only 6.5% of the total execution time is due to overheads (including
network overhead).

Table 4.2: Distributed performance.
DCT on DCT on local ISS DCT+VLE on

remote ISS VLE on remote ISS remote ISSs
Time (secs) 144.2 160.6 150.2
Kcycles/sec 452 405 433

We also performed experiments in which less computational intensive application pro-
cesses, like RGB-to-YUV and Quant, are trace-calibrated as well (these results are not shown
in table form). A fully distributed co-simulation with ISSs for the DCT, VLE and RGB-to-
YUV processes takes 158.3 seconds. Adding an ISS for the Quant process to the previous
distributed co-simulation results in a wall-clock time of 165 seconds. These results indicate
that, with distributed co-simulation, trace calibration scales well.

For comparison, [55] lists the performance of similar case studies using their own work,
Seamless CVE and Synopsys System Studio. With respect to the latter two, our co-simulations
are one to two orders of magnitude faster, while for our Sesame-only simulations this is even
three orders. The reported performance of the state-of-the-art technique proposed in [55] ap-
proximates our co-simulation performance, but they have used the ARMulator ISS which is
significantly faster than the SimpleScalar ISS we have used.

To get some indication of the accuracy gains of trace calibration, we have also performed
several simple experiments that compare a fully trace-calibrated model to a partially uncali-
brated model. In this case, the uncalibrated model components have to use estimated latency
values for application events. Statically estimating the performance of code executed on a
particular processor is a well-known problem as it may be hard to deduce the correct number
and types of executed instructions due to data-dependent behavior and to determine the CPI
for the processor. Our experiments show, e.g., that if for one processor (onto which the DCT
is mapped) we know the right number and types of executed instructions but mispredict the
CPI by only 0.07 (where the actual CPI is 0.43) to calculate the latencies for the application
events, then the estimated performance for the whole system is off by 13%. If the mispre-
diction is bigger or if more components are uncalibrated then the system-level accuracy is
reduced even further. For a more extensive validation case study of our calibrated mod-
els compared to an implemented system, we refer to [80]. Moreover, in Chapter 8, another
validation case study will be shown.
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4.6 Signature based model calibration

As we mentioned before, the off-line calibration method in Section 4.3 has a possible dis-
advantage that calibration is dependent on the application, requiring re-iteration of the cali-
bration process to obtain new values for the latency table for each application. In the case of
on-line calibration these values could be obtained automatically, provided that the KPN code
is sufficiently platform independent to cross-compile it without problems for the ISS simu-
lator. In both cases the (calibrated) event traces can be stored when the application workload
has been fixed. The stored traces can subsequently be reused for further architectural design
space exploration, resulting in a model performance improvement for the on-line calibrated
model. This way, any additional effort and model execution time can be considered only a
minor manual effort in the early stages of design for a system that runs a small number of
applications. However, this effort may become a problem for a system targeting wider range
of applications, since the calibration overhead would increase. In those situations it is desir-
able to be able to describe the behavioral (performance) properties of system components in
an application-independent way.

In the following we use a general decomposition of the problem of determining perfor-
mance values (eg. for use in a system-level model) in three sub-problems:

(1) determine workload requirement

(2) determine component capacity

(3) compute performance estimate from (1) and (2)

More specifically, we can say that for a Kahn process k1 and processor p1, the performance
T is defined by a function f :

Tp1 = f (k1, p1) (4.1)

The performance of a certain architectural component naturally depends on both its compu-
tational capacity and the computational requirement of the workload that is mapped onto it.
The aim is then to define a function f that calculates the performance of p1 as a number of
cycles taking as input some workload requirement of k1 and some capacity of p1. We will
refer to k1 and p1 respectively as the application signature and the architecture signature.
In this section we will describe the signature-based calibration method as proposed in [46]
and show a simple case study to demonstrate the usefulness of this approach. Furthermore,
we show that the accuracy of the signature-based method provides good relative (though not
absolute) performance numbers.

4.6.1 Application requirements

To characterize application requirements a description is proposed that captures a Kahn pro-
cess’s computational requirement at a high abstraction level. Towards this end we define
an execution profile as a vector of instruction counts for the individual execution events
generated by a process. In order to keep this so-called application signature architecture
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f2
op1
f1
f2
op2
f1
op1
f1
f1

(a)

Signature index AIS opcode Description
1 Block memory transfers
2 Memory transfers
3 Branches
4 Co-proc. instructions
5 Int. multiplications
6 Simple Int. arithmetic
7 Software interrupts
8 Non-mappable instruction

(b)

ARM instruction AIS opcode
bl 0x81c4;
mov ip, sp;
stmdb sp, fp, ip, lr, pc;!
sub fp , ip , #4;
sub sp , sp , #12;
ldr r2 , [fp , #−16];
ldr r3 , [fp , #−20];
add r2 , r2 , r3;
ldr r3 , [fp , #−24];
rsb r3 , r3 , r2;
str r3 , [fp , #−24];
ldr r2 , [fp , #−16];
ldr r3 , [fp , #−20];
add r2 , r2 , r3;
ldr r3 , [fp , #−24];

· · ·⇒

· · ·⇒
mul r3, r2 , r3;
str r3 , [fp , #−16];
ldr r2 , [fp , #−20];
ldr r3 , [fp , #−16];
mul r3, r2 , r3;
str r3 , [fp , #−24];
ldr r2 , [fp , #−16];
ldr r3 , [fp , #−24];
add r2 , r2 , r3;
ldr r3 , [fp , #−20];
mul r3, r2 , r3;
str r3 , [fp , #−16];
sub sp , fp , #12;
ldmia sp , fp , sp , pc;
mov ip, sp;
stmdb sp, fp , ip , lr , pc;

(c)

Figure 4.8: Table (a) lists the event trace of process k1, Table (b) shows the currently defined
AIS instructions with their index in the vector-based process signatures and Table (c) shows
an execution trace of op1 as obtained by an ARM ISS (left column) and the corresponding
AIS classification (right column).
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independent, we use an abstract instruction set (AIS), see Figure 4.8b. For each type of pro-
cessor that uses the signature based calibration method a mapping has to be provided that
maps its particular instructions to one of the AIS categories. Next we use an instruction set
simulator to generate an execution profile for those parts of the code that are represented
by Sesame’s execute events. As an example Figure 4.8a shows a Kahn process event trace
containing two op1 and one op2 events. Note that here we discard the description for com-
munication events (read and write) for simplicity, more details can be found in [47]. In the
source code we annotate the beginning and end of each of the execute events in a very sim-
ilar way as with the trace calibration technique. This enables the ISS to know the start and
end points to count instructions according to our AIS categories. For the example execution
trace in Figure 4.8a; one of the two op1 executions has the detailed execution profile as listed
in Figure 4.8c. Measurements for each opx results in the following derived signatures:

op1.signature = [7, 17, 8, 0, 2, 31, 2, 0]
op2.signature = [3, 15, 1, 0, 3, 9, 0, 0]
op1.signature = [8, 15, 8, 0, 3, 29, 2, 0]

Note that for the purpose of the example we only consider two execution events, but
in general we would aim to measure as many signatures as possible. Also note that when
an op1 is measured repeatedly, its signature may consist of different AIS instruction counts
because of data-dependencies or pseudo-random behavior.

4.6.2 Processor capacity and performance estimation

Next we will show how to derive the signature p1 that describes the computational capacity
of a processor. Using this signature we will then be able to estimate the number of cycles
required for any workload by defining f from Equation 4.1.

Tp1 = f (k1.signature, p1.signature) (4.2)

While the ISS is executing (and counting instructions of the application signatures), we also
register the increase of simulated clock cycles within the ISS. In this way we not only obtain
the instruction count for each opx, but also the measured latencies for each opx. If there
was an exact linear relationship between a signature and its execution performance, then the
following would hold:




op1.signature
op2.signature
op1.signature



 · p1.signature =




Top1

Top2

Top1



 (4.3)

Of course it is not to be expected that such an exact linear relationship exists, but instead we
approximate a solution p1.signature for the matrix equation using the least squares method.
The vector of application signatures and its measured timings will serve as our benchmark
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(training set) for the approximation. The performance estimation of the processor signature
in the previous example the previous example would for example result in:




7 17 8 0 2 31 2 0
3 15 1 0 3 9 0 0
8 15 8 0 3 29 2 0



 · p1.signature =




185
369
196



 (4.4)

The processor’s signature can be considered vector of 8 weight-factors, where each value
represents the average estimated contribution of each AIS instruction to the total processing
time. Now we can define the function f from Equation (4.2) as the inner product of both
signatures. This allows us to estimate a cycle count for an arbitrary operation opx that was
not in our original training set:

Topx = p1.signatureT ·opx.signature (4.5)

In general, the training set should be made as large as possible, containing opx measurements
from a range of different applications in order to provide a good approximation of the pro-
cessor signature for a particular processor. Also note that the training process may measure
the same operation signature opx with differently measured cycle counts, due to the previ-
ously mentioned data-dependencies or micro-architectural effects on pipelining and caching.
All these effects will therefore be included in the approximation of the processor signature.

4.7 Signature-based calibration experiments

In this section, we present an experiment using a Motion-JPEG (M-JPEG) encoder applica-
tion in which the possibilities of mapping application tasks to architecture components are
explored. We compare the results of an off-line calibrated model with a model using sig-
nature based calibration. The signature-based performance models are calibrated using the
Mediabench benchmark suite [61] as an external training set. Finally we discuss the impact
of the choice for the training set on the exploration results.

To validate our signature-based analytic performance model, we studied the mapping
of a Motion-JPEG (M-JPEG) encoder application onto an MP-SoC architecture. This is
illustrated in Figure 4.9. The target MP-SoC consists of four ARM processors with local
memory, FIFO buffers for streaming data, and a crossbar interconnect. The design space
we considered for this experiment consists of all possible mappings of the M-JPEG tasks
(i.e. processes) on the processors in the MP-SoC platform. Without consideration for any
duplicate mappings caused by the symmetry in the target platform, the size of the design
space can be calculated as: 46 = 4096 (6 tasks onto 4 processors).

Before the M-JPEG application model was mapped on the architecture model, the appli-
cation was compiled using an ARM C++ compiler, and executed within the SimIt-ARM in-
struction set simulator environment [82]. The generated ARM instruction traces were used to
create the application and architecture signatures as described in the previous section. Note
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that determining the application and architecture signatures is one-time (pre-exploration)
effort, and that the resulting execution latencies can be used to explore the full range of
different mapping options. To train our performance model, we first constructed the (appli-
cation) operation signatures for each separate Mediabench program1 using the approach as
discussed in Section 4.6.1. Since the execution time (in terms of simulated cycles) of the

program is quite high, we split up the execution of this program into four chunks,
and generated a separate operation signature for each of these chunks. Figure 4.10 shows
the histogram of the resulting AIS opcode counts for each Mediabench program. This graph
clearly shows that most programs are dominated by instructions, followed by

and instructions respectively.
Similar to Figure 4.10, Figure 4.11 shows the AIS opcode histogram for the application

processes in our target M-JPEG application. Here, we excluded the AIS opcodes with a
zero or insignificant contribution. At first sight, the trends in both Figures 4.10 and 4.11 are
similar, which thus appears to be confirming that Mediabench is a representative training set
for M-JPEG.

As a next step, we determined the processor signatures for our performance model using
the Mediabench operation signatures. Using this Mediabench-trained performance model,
we again performed the DSE experiment with the M-JPEG application. Figure 4.12 shows a
comparison of the DSE results of the Mediabench-trained ("Full Mediabench" in the graph)
and the reference simulation model. The reference model uses “exact” latencies for the var-
ious computational events as directly obtained by ISS measurements (no latencies that were
obtained using our signature-regression model). Again, the graph only shows the perfor-
mance results of unique mappings, and all mapping instances are sorted based on the perfor-
mance order of the mappings from the reference model. Comparing the Mediabench-trained
model ("Full Mediabench") to the reference model, it is clear that there is a significant abso-
lute error between the results of these models (an average error of 29.6%, see Table 4.3). But
the trends between the graphs of the two models still is highly similar. This is especially true

1The , , and benchmarks were excluded due to execution problems on the SimIt-
ARM simulator.
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Figure 4.9: Mapping an M-JPEG application to a crossbar-based MP-SoC architecture.
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for the better-performing mapping instances (lower mapping indices). This again implies
that both models find exactly the same optimal mappings and that the model is quite good
at determining the relative performance of the mappings (which is an important property for
early DSE).

To study the sensitivity of the selected benchmark programs that are used for training,
we performed a number of experiments in which we clustered the Mediabench programs ac-
cording to some measure, after which we trained our performance model with the programs
from such a cluster only. As a first experiment, we applied our performance model that
was trained with all Mediabench programs to the operation signatures from the Mediabench
programs themselves. Then, we clustered only those programs that show a good fit with
the performance model (i.e., removing the outliers). Training the performance model again
with this cluster, gives the results that are tagged with "Outliers removed" in Figure 4.12 and
Table 4.3. The results of this new performance model are slightly better (average error of
24.9%, see Table 4.3) than the model that was trained with all Mediabench programs.

We selected the program size as the second means to cluster our Mediabench training
set. Programs with more than 500 million executed instructions are clustered as "Large
programs", while the remaining programs are clustered as "Small programs". Figure 4.12
again shows the DSE results when training our performance model with one of these clusters.
The cluster with large programs again shows an accuracy improvement, lowering the average
error to 18.6%. Clearly, the cluster with small programs only yields poor results, both in
terms of average error (79.8%) and trend behavior. The latter can even be seen at the lower
mapping indices where some optimal mappings (according to the reference model) are not
considered optimal according to the model trained with small programs only.

Full Outliers Large Small DCT-similar MJPEG-self
Mediabench removed programs programs programs trained

Av. error 29.6% 24.9% 18.6% 79.8% 7.0% 9.2
Std.dev. 3.8 4.4 5.1 2.1 4.5 4.5

Table 4.3: Average error and standard deviation of the various trained models as compared
to the reference model.

Since the DCT process in the M-JPEG encoder is dominant in terms of computational
intensity, our final clustering is based on similarity with the DCT process (in terms of AIS
opcode distribution). We again trained our model with these DCT-similar programs. The
DSE results of this cluster show again considerable improvement with an average error of
only 7%, which is even slightly better than a model that is trained the MJPEG application
itself (last column of 4.3).

4.7.1 Related work

Model calibration is a well-known and widely-used technique in many modeling and simu-
lation domains. In the computer engineering domain, the calibration of performance models
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is mostly applied in cycle-accurate modeling of system components like processor simu-
lators, e.g., [13, 72]. So far, the calibration of high-level performance models that aim at
(early) system-level design space exploration has not been widely addressed yet. The work
in [67] proposes a so-called vertical simulation approach that shows similarities with our
calibration approach. It is unclear, however, whether or not vertical simulation has ever been
realized. In [14], a high-level communication model is discussed which is calibrated using
a cycle-true simulator.

The back annotation technique is closely related to model calibration. In back anno-
tation, performance latencies measured by a low-level simulator are back annotated in a
higher-level model. For example, an un-timed behavioral model could be back annotated
such that it tracks timing information for a specific implementation. So, rather than calibrat-
ing a fixed set of performance model parameters, back annotation adds architecture-specific
timing behavior (usually by means of code instrumentation) to a higher-level model. Back
annotation is a widely-used technique for (high-level) performance modeling of software
[38]. In the context of system-level modeling, various research efforts (e.g., [7, 16, 15])
also refer to back annotation as a technique for adding more detailed timing information to
higher-level models in the case lower-level models are available. But these efforts generally
do not provide much insight of how back annotation is applied during the early stages of de-
sign where lower-level models typically are not abundant. In a way, our calibration methods
can be considered as a form of back annotating the latency tables in Sesame’s architecture
models using results from ISS simulation and/or automated component synthesis.

Related to our on-line calibration technique, much work has been performed in the
field of mixed-level HW/SW co-simulation, mainly from the viewpoint of co-verification.
This has resulted in a multitude of academic and commercial co-simulation frameworks
(e.g., [2, 1, 3, 42, 32, 10]). Such frameworks typically combine behavioral models, ISSs,
bus-functional models or HDL models into a single co-simulation. These mixed-level co-
simulations generally need to solve two important problems: i) making the co-simulation
functionally correct by translating any differences in data and control granularity between
simulation components, and ii) keeping the global timing correct by synchronizing the sim-
ulator components and overcoming differences in timing granularity. The functionality issue
is usually resolved using wrappers, while global timing is typically controlled using either
a parallel discrete-event simulation method [31] or a centralized simulation backbone using
e.g. SystemC [32, 10]. Synchronization between simulation components usually takes place
with the finest timing granularity (i.e. lowest abstraction level) as the greatest common
denominator between components. E.g., system-level co-simulations with cycle-accurate
components are typically synchronized at cycle granularity, causing high performance over-
heads. Besides the performance overheads caused by wrappers and time synchronization,
the IPC mechanisms often used for communication between the co-simulation components
may also severely limit performance [55], especially when synchronizing at cycle granular-
ity.

In the mixed-level co-simulation that results from our on-line (trace-)calibration tech-
nique, we take the opposite direction with respect to maintaining global timing. Instead of
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synchronizing simulation components at the finest timing granularity, it maintains correct
global timing at the highest possible level of abstraction, being the level of Sesame’s ab-
stract architecture model components. As shown in [105], the performance overhead caused
by wrappers and time synchronizations is in that case reduced to a minimum. Our on-line
calibration technique shows some similarities with the trace-driven co-simulation technique
in [55]. However, the latter operates at a lower abstraction level and is applied in a classical
HW/SW co-simulation context.

In particular with respect to the signature-based calibration technique, we note that much
work has been performed in the area of software performance estimation [8], including meth-
ods that use profiling information, typically gathered at the instruction level. For example,
in [9] a static software performance estimation technique is presented which uses profiling
at the instruction level and which includes the modeling of pipeline hazards in the timing
model. In [38], a source-based estimation technique is proposed using the concept of "vir-
tual instructions". These are similar (albeit a bit more low level) to our AIS instructions,
but which are directly generated by a compiler framework. Software performance is then
calculated based on the accumulation of the performance estimates of these virtual instruc-
tions. The idea of convolving application and machine signatures, where the signatures
contain coarse-grained system-level information, has also been applied in the domain of
performance prediction for high-performance computer systems [92].

As In [24], a workload modeling approach based on execution profiles is discussed for
statistical micro-architectural simulation. Because they address micro-architectural simula-
tion, their profiles include much more details (such as pipeline and cache behavior), while
we address the system level at a higher level of abstraction. In [50], the authors suggest to
derive a linear model from a small set of simulations. This method tries to model the per-
formance of a processor at a mesoscopic level. For example, cache behavior and pipeline
characteristics are taken into account. The significance of all cache and pipeline related
parameters is determined by simulation-based linear regression models. This may be com-
parable with the ‘weight’ vector discussed in Section 4.6.2. Another interesting approach
is presented in [93], in which the CPI for in-order architectures is predicted using a Monte
Carlo based model. The Milan framework [70] deploys a design pruning approach using
symbolic (instead of analytic) analysis methods to reduce the design space that needs to be
explored with simulation.

4.8 Conclusion

In this chapter, we have presented an efficient mixed-level co-simulation technique, called
trace calibration, which improves Sesame’s abstract models by poviding more accurate val-
ues for use in the architectural model components’ latency tables. This technique has been
prototyped within our Sesame modeling and simulation framework, which targets efficient
system-level design space exploration of embedded multimedia systems. To evaluate trace
calibration, we have used a Motion-JPEG case study in which we incorporated up to four
external instruction-set simulators into Sesame’s abstract performance models. These ex-
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periments show that trace calibration only requires minor modification of the incorporated
simulators and that performance overheads due to co-simulation are very low. It was also
demonstrated that distributed co-simulation – which is easy and transparent in trace calibra-
tion – allows for effectively reducing the slowdown due to the incorporation of lower-level
simulators.

A disadvantage of the trace calibration method is that it has to be performed anew for
each application. The signature-based calibration technique is aimed at finding a charac-
teristic “signature” that summarizes in an application independent way the computational
capacity of a processor component. Experiments showed that although signature-based per-
formance models accurately represent relative performance behavior, achieving correct ab-
solute performance behavior is more difficult. The latter requires very careful selection of
benchmarks to train the model. This is, however, not a major objection, since in the early
stages of system design, determining relative performance of different design options is of-
ten more important than absolute performance.

In summary, both trace-calibration (on-line and off-line) and signature based calibration
techniques can be effectively used to create system-level performance models with relative
ease. Choosing the right technique for a given design problem depends on the required
speed-accuracy trade-off, the availability of suitable lower-level simulators and the ability to
create good training sets. Encouraged by the results of the on-line trace-calibration method,
we have started work on a co-simulation technique where event trace measurements are
performed on actual hardware, instead of an ISS. The technique is completely analogous
to the on-line trace calibration method, but now the API functions transfer data and cycle
measurements (Section 4.3) directly to a process running on an FPGA prototype platform.
An advantage of this “hardware-in-the-loop” co-simulation is that the measured execution
latencies are 100% accurate, whereas an ISS-simulator often is still an approximation of the
actual target processor. However, our initial results showed that synchronization overhead
is larger than in the case of on-line trace-calibration with ISS, due to the communication
mechanism with the stand-alone FPGA board. Nevertheless, we will report on this method
in future work, since it is likely to provide yet another valuable option for the designer with
respect to the speed-performance trade-off.
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Figure 4.10: Histogram with the various AIS opcode counts of the Mediabench training set.
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Chapter 5

Multi-application modeling

5.1 Introduction

In Chapter 1 we described the many ways in which modern embedded systems are becom-
ing increasingly complex. It can be argued that this trend is driven for the most part by
the increasing requirements of the end-user of the system. Apart from increasing reliabil-
ity, performance and quality requirements, possibly the most challenging requirement is the
integration of many functionalities on the same device. Where previously embedded sys-
tems were dedicated to a single task or a small set of tasks, modern embedded systems need
to support an increasing variety of tasks. A good example is the modern mobile phone,
which in addition to its primary communication function now also supports functions such
as photo and video capturing, music playing, gaming, as well as browsing and office appli-
cations. The latter functions previously belonged to the domain of dedicated devices such
as cameras, mp3 players, or the domain of console or desktop computing. It is a major
challenge to combine all these functionalities together with additional non-functional design
requirements for (mobile) embedded systems, such as power usage, cost and form factor.

So far, Sesame has only supported the mapping of a single application onto an architec-
ture model at the time. But since modern multimedia embedded systems are increasingly
multi-tasking, we need to address the modeling of effects of executing multiple applications
concurrently in our system-level architecture models. In this chapter, we present two multi-
application workload modeling techniques in Sesame. One technique is based on the use
of synthetic application workloads while the second technique deploys only real application
workloads to model concurrent execution of applications. Synthetic application workloads
are particularly useful in the early design stages, since they enable (partially) parallel devel-
opment of the application and architecture model. For example, the architecture model can
already be tested for functional correctness while the application model is still being final-
ized. As will be shown in later sections, another benefit of synthetic workloads is that their
parameters can be easily adapted to test the behavior of the system under specific workload
conditions.

Additionally, in this chapter we will propose some ideas to combine multi-application
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workloads in such a way that they contain dynamic behavior. Dynamic behavior within
application models may exist at two levels: at the level of applications, or within the appli-
cation at the level of processes. We refer to the former as inter-application scenarios and the
latter as intra-application scenarios. Both types of scenarios need to be studied, since they
can have a great impact on the workload which is to be processed by the underlying system
architecture.

This chapter is organized as follows. Section 5.2 presents the two proposed multi-
application workload modeling techniques for Sesame. First a synthetic multi-application
model is introduced, followed by a multi-application model consisting of real applications.
In Chapter 3 we discuss how various features in Sesame help the designer to create multi-
application models with relatively little effort. Subsequent Sections 5.4.1 and 5.4.2 deal
with the modeling and representation of dynamic inter and intra-application workloads in
Sesame. Experiments showing the various techniques presented throughout the chapter are
in Section 5.5. Related work is in Section 5.6 and we conclude the chapter in Section 5.7.

5.2 Multi-application workload modeling

As mentioned before, Sesame has up to now only supported the mapping of a single appli-
cation onto an architecture model at the time. Modern multimedia embedded systems are
however increasingly multi-tasking. Therefore, we need to address the modeling of effects
of executing multiple applications concurrently in our system-level architecture models. To
this end, we propose two multi-application workload modeling techniques. One technique,
which we will discuss first, is based on the use of synthetic application workloads while the
second technique deploys only real application workloads to model concurrent execution of
applications.

5.2.1 Synthetic multi-application workload modeling

Multi-application modeling using synthetic application workloads is illustrated in Figure 5.1.
Note that the FIFO buffers between virtual processors are not depicted in Figure 5.1 for
the sake of simplicity. On the left-hand side, a Sesame system-level model with a single,
primary application is shown. The three processes in this application are mapped onto two
processing cores (P0 and P1) in the underlying architecture. Since processes A and B are
mapped onto the same resource, a scheduler named Local-Scheduler (or L-Scheduler) is
used for scheduling the workloads (i.e., application events) from both processes. However, a
second level of scheduling hierarchy is added by introducing so-called Global-Schedulers (or
G-Schedulers). These global schedulers are basically equivalent to local schedulers in terms
of functionality but instead of intra-application events they schedule application events from
different applications. Evidently, the local and global schedulers can also deploy different
scheduling policies. When, for example, the interleaving of processes inside an application
is statically determined at compile time, the local scheduler can model this by ‘merging’ the
events from the event traces according to this given static schedule. At the same time, the
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global scheduler can schedule application events from different applications in a dynamic
fashion based on, for example, time slices, priorities, or a combination of these two. Here,
we would like to note that although the schedulers support preemptive scheduling, this can
only be done at the granularity of application events. The simulation of a single application
event is atomic and thus cannot be preemted in Sesame. Furthermore, we currently do not
model any overheads caused by the context switching itself (e.g., OS overhead, cache misses,
etc.). This is considered as future work.
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Figure 5.1: Multi-application modeling
using synthetic application workloads.

In synthetic multi-application modeling, the
application events external to the primary ap-
plication (see Figure 5.1) are generated by a
stochastic event generator. Hence, this event
generator mimics the concurrent execution of
one or more application(s) besides the primary
application. Based on a stochastic applica-
tion description, which will be discussed later
on, the application generator generates traces
of EX(ecute), READ and WRITE application
events and issues these event traces to special
virtual processors, indicated by VPS in Fig-
ure 5.1. Multiple instances of these event gener-
ators, each with their own stochastic application
description, can be used to model concurrent ex-
ecution of more than two applications.

The virtual processors (VPS) used for the
trace events from the stochastic event generator are special in the sense that they, unlike nor-
mal virtual processors, are not connected to each other according to the application topology
(see Section 3.2.3 in Chapter 3). Rather than explicitly modeling communication synchro-
nizations, a VPS models synchronization behavior stochastically. To illustrate the interac-
tions between the event generator, a VPS and a global scheduler of a system-level model,
consider Figure 5.2. The figure shows these interactions in the case an "EX(A) , EX(B) ,
READ , WRITE " event sequence is generated by the event generator. At (simulation) time
t0, the EX(A) event is consumed by the VPS. The VPS immediately forwards this event to
the global scheduler it is connected to, and waits for an acknowledgment from the scheduler.
After the EX(A) event has been scheduled for execution on the architectural resource (taking
T(sched) time units) and the actual execution (taking T(A) time units), control is returned
to the VPS by sending it an acknowledgment. Hereafter, the VPS can consume another ap-
plication event again. In the case of the example in Figure 5.2, the VPS now consumes the
EX(B) event which is handled in an identical fashion as the EX(A) event. However, VPS
handles the READ and WRITE events, which are consumed at times t2 and t3 respectively,
in a slightly different way. Instead of directly forwarding these events to the global sched-
uler, like is done with EX events, VPS now first models a synchronization latency. This
latency refers to the time the read and write transactions need to wait for data or room in the
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buffer from/to which is read/written. The synchronization latency, indicated by T(sync) in
Figure 5.2, is a stochastic parameter of VPS, as discussed below.
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Figure 5.2: Interaction between Virtual Processor (VPS) and G(lobal)-Scheduler in synthetic
multi-application modeling.

Table 5.1: Parameters for the synthetic application workload generation.
Stochastic event generator parameter Description

AEx Set of possible Ex(ecute) application events
PExi , with ∑

i∈AEx

PExi = 1 Probabilities of the different events in AEx

rcomp:rcomm Computation to communication ratio
rread :rwrite Read to write ratio

M Set of possible message sizes
PMi , with ∑

i∈M
PMi = 1 Probabilities of the different message sizes

NP Number of communication ports

Pporti , with
NP

∑
i=0

Pporti = 1 Probabilities of the different port usages

VPS parameter Description
SyncRead Mean synchronization latency for reads

σRead Standard deviation of read latencies
SyncWrite Mean synchronization latency for writes

σWrite Standard deviation of write latencies

Table 5.1 lists the parameters used by the stochastic event generator as well as a VPS.
These parameters can be specified both globally – describing the behavior for all traces (for
the event generator) or ports (for a VPS) – and on a per-trace/per-port basis. Descriptions on
a per-trace/per-port basis overrule global descriptions, in the case there is an overlap of both
types of descriptions. The parameter AEx specifies the set of possible EX events that can be
generated. For example, AEx = {DCT,V LE} specifies that EX(DCT) and EX(VLE) events
can be generated. PExi describe the probabilities of the events in AEx.
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The ratio’s rcomp:rcomm and rread:rwrite specify the computation to communication ratio
and read to write ratio, respectively. So, for example, by increasing the rcomp:rcomm ratio, the
application behavior can be made more computationally or communication intensive. The
parameter M specifies the set of possible message sizes that can be used in communications.
In multimedia applications, application data is often communicated in fixed data chunks
(e.g. pixel blocks) from one application phase to the other. PMi specify the probabilities
of the different message sizes. NP denotes the number of communication ports for which
read and write transactions can be generated. Pporti are the probabilities of the different port
usages. Again, all of the above parameters can be specified globally (valid for all event
traces) or on a per-trace basis.

The VPS parameters SyncRead and SyncWrite specify the mean synchronization latency
for read and write transactions, respectively. σRead and σWrite contain the standard deviations
of the two aforementioned means. By default, a VPS uses an Erlang distribution to determine
synchronization latencies. These VPS parameters can again be specified globally (valid for
all communication ports of a VPS) or on a per-port basis.
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Figure 5.3: Multi-application modeling using realistic application workloads.

5.2.2 Realistic multi-application workload modeling

In our second multi-application workload modeling technique, we realistically model the
concurrent execution of multiple applications. That is, multiple Kahn application models
are actually executed concurrently, as shown in Figure 5.3, and produce realistic event traces
that are again scheduled on the underlying architectural resources using the global sched-
ulers. In contrast to synthetic workload modeling, the secondary KPNs use normal virtual
processors in the mapping layer. Hence, synchronization behavior in the parallel applications
is modeled explicitly for all participating KPN applications (i.e., there is no difference be-
tween primary and secondary applications). This implies that, when considering Figure 5.2,
the T(sync) now refers to the actual synchronization times between application processes.
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Moreover, the secondary KPNs also require L-schedulers to ’merge’ (i.e. schedule) event
traces when multiple application tasks are mapped onto a single architecture resource. Nat-
urally, the policies of the L-schedulers can vary between the different KPN applications
taking part in the system simulation. When considering Figure 5.2, we now have T(sched) =
T(L-sched) + T(G-sched) for all participating KPNs.

5.3 Multi-application modeling: a designer’s perspective

In the previous sections (as well as the remainder of this chapter) different modeling tech-
niques are discussed that extend Sesame’s modeling capabilities. In this section we discuss
how these modeling extensions can be implemented in Sesame in such a way that the im-
plementation effort is minimal. As we are targeting models for use in the early stages of
system design, it is important that all techniques can be used in an easy and straightforward
way, in order not to slow down the design process. In this section we will describe some of
the ways our tools can support reduction of the modeling effort for the previously proposed
techniques.

In Chapter 3 the different layers within a Sesame model and their respective role in the
system model were shown in detail. It was described in Section 3.2.3 that the virtual layer
is automatically instantiated before the start of the simulation. This instantiation process
uses templates which are associated with each processing or communication component in
the architecture model. The application mapping (which maps tasks and channels to their
respective targets: processing and communication resources in the architecture layer) has
an additional parameter to specify which template to use for each component in the vir-
tual layer. In this way, different synchronization behaviors can be contained in different
templates and the virtual processors will be automatically instantiated with the right syn-
chronization behavior. Since they implement a special kind of alternative synchronization
behavior, stochastic virtual processors (i.e. VPS in Figure 5.1) are implemented as templates
too. In Figure 5.1, the details of the stochastic event generator are not shown, but it does in
fact consist of multiple (stochastic) processes (just like a regular KPN). Therefore, mapping
stochastic processes is as easy as mapping ordinary processes, with the only addition that the
VPS parameters need to be specified (see Table 5.1. Moreover, when the designer uses the
model specification GUI (Section 3.3.5), the designer can simply drag-and-drop a generic
processor component from the library, which already includes a VPS template.

Secondly, we discuss the process of creating a stochastic application model. In Figure
5.1, the stochastic application event generator is shown without details such as individual
stochastic processes and their channels. Creating the internal topology of the stochastic
application event generator is currently a manual process: using the GUI, the designer can
drag stochastic processes onto the canvas and connect them with channels in any topological
structure. Again, the designer then only needs to fill in specific values for the latency tables
which can be done either globally or on per-port/per-trace basis (Table 5.1). There can be
situations where the designer wants to quickly instantiate a KPN without detailed control
over the topology. For this purpose we envision a new tool for the GUI that instantiates a
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topology according to a few parameters, such as the number of synthetic processes and the
average number of channels per process. Using only a few parameters, various (a)cyclic, low
or fully connected KPN topologies can be instantiated which the designer can further tailor
to need. Instantiation of stochastic virtual processors is again done automatically, using the
template mapping as mentioned before.

The final tool-related issue that we address here concerns the parameters for the stochas-
tic virtual processors (Table 5.1). In particular we propose a way to automatically derive
initial values for the VPS parameters. As observed before in Section 3.2.3, the synchroniza-
tion latencies of virtual processors consist of all kinds of delays. Eg. when a READ event
is blocked this may be due to the fact that the writing process is waiting for some processes
that are occupying shared resources (eg. processors or memories). A possible initial set-
ting for the VPS parameters is to base the mean synchronization latency on the workloads
of all other processes that share the same resource. For example, we could use the average
of all EX event latencies for processes that share the same resource. As an alternative to
the stochastic virtual processor, we propose an auto-tuning stochastic virtual processor that
“learns” an acceptable set of synchronization latencies during a trial-run simulation. Ini-
tially, for each channel connected to the virtual processor an initial synchronization latency
of 0 is used. This value is automatically adjusted at model runtime by counting the workload
and frequency of EX events that share the same resources. For example, the SyncRead value
of a process is auto-tuned to the average workload of the process that writes to that channel.
Note that there are various sources of inaccuracy in the auto-tuning method. For example,
there may be other latencies in the architecture model (other than the EX events) that con-
tribute to the synchronization latency. Despite such inaccuracies, the auto-tuning synthetic
virtual processors provide initial values for the VPS parameters, which can be refined by the
designer.

We conclude that the designer has a range of options available to create a stochastic ap-
plication model in the early stages of design with a relatively small engineering effort. Ad-
ditional effort is necessary only in cases where if the designer wants more detailed control of
the stochastic application’s properties or when the designer wants the stochastic application
to match the behavior of a primary (real) application model. An automatic topology genera-
tor and auto-tuning synthetic virtual processors were introduced as future Sesame extensions
to reduce even further the effort to create synthetic models.

5.4 Dynamic application behavior

In this section we discuss how Sesame’s real and synthetic application models can be adapted
to represent dynamic application behavior. We distinguish two types of dynamic application
behavior: inter-application behavior (between applications) and intra application behavior
(between processes within a single application KPN). A variation of the dynamic inter-
application behavior presented in the first subsection below, has been used in a case study
that considers a partially dynamic reconfigurable architecture (see Section 6.5). Dynamic
intra-application behavior is already available in some of the realistic application models
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that we use in Sesame. However, the synthetic application generator from Section 5.2 does
not explicitly support this. In Section 5.4.2, we propose a method to add dynamic intra-
application behavior to stochastic Sesame models.

5.4.1 Dynamic inter-application behavior

A multi-application model in Sesame consists of two or more disjunct KPNs, which have no
dependencies other than being mapped onto shared resources. Although this is a perfectly
valid Sesame application model, it is unable to capture important dynamic inter-application
behavior that is particularly relevant to modern embedded systems where tasks may enter and
leave the system at any given time. For example: when a mobile-phone user takes a picture,
the camera application tasks will put a temporary additional load on the system’s resources.
In this way, application loads can be generated with a huge dynamic range: an additional
application can for example double the workload on the underlying architecture. These types
of workloads are sometimes called user-scenarios, since the arrival of a new application
is often (but not necessarily) initiated by the user or the environment. We will refer to
them as inter-application scenarios to distinguish them from intra-application scenarios (the
topic of the next section). In the following, we will shortly discuss two methods that allow
the modeling of dynamic inter-application workloads in Sesame. Some of the problems
that need to be solved are 1) KPNs are not naturally suited for modeling dynamic/reactive
behavior at the inter-application level and 2) KPN is an untimed model of computation which
complicates the specification of the arrival time of a sporadic application.
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Figure 5.4: Example of a multi-application workload with dynamic inter-application behav-
ior using a Markov-model orchestrator node.

Here we will assume that each KPN in our multi-application model has one or more
"source" nodes as this is common in our targeted streaming media application domain.
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Source nodes have no initial dependencies on other nodes and are therefore immediately
runnable. An example source node is a node that feeds raw input data into the application
(either from a framebuffer memory, a file, or a raw data stream: camera, or microphone,
etc.). Therefore, the KPN is usually alive for as long as the source node feeds data into the
KPN.

Now, suppose we create a multi-application model in Sesame consisting of two or more
KPNs with source nodes as described above. Sesame’s application simulator will start run-
ning all KPNs concurrently and therefore, by default, we can only model the single scenario
where all applications start running at the same time (though possibly with different priori-
ties as specified in the G-schedulers in the virtual layer. In the first method to model dynamic
multi-application workloads, we remedy this situation by introducing an orchestrator node
as shown in Figure 5.4. The purpose of the orchestrator node is to put an artificial (read)
dependency on each source node such that each of the KPNs can only start according to
a scenario defined by the orchestrator. Note that in this way the orchestrator can not only
introduce applications to the scenario, but also remove them. For example, let us assume
that the second application in Figure 5.4 is a video encoder and that source node S2 (after
the orchestrator dependency READ (Orchestrator) reads out a framebuffer (represented by
the EX(function) event) and passes it as macroblocks to node A. The orchestrator can include
the application in the current scenario by sending a token on its corresponding output con-
trol channel. Vice versa, it can exclude the application by not sending the token. Using the
control tokens, the orchestrator can create those scenarios and scenario transitions that are of
interest to the designer. We propose here to use a Markov chain to represent the transitions
between scenarios where each state represents a scenario (each with its respective control
tokens) and transitions are given by probabilities in the normal way (see Figure 5.4).

One problem with the orchestrator approach described above, is that it is impossible to
define transitions between user-scenarios at certain time intervals. This would be necessary
to implement the behavior where the system reacts to externally timed events such as the
occurrence of interrupts (e.g., a user presses a button on the TV’s remote control after which
teletext is started as a picture-in-picture application on the screen). Since KPNs are an
untimed model of computation, it is not possible to express the behavior "wait n time units
and then start application X". For this purpose, we define a special ‘SLEEP(N)’ application
event, which basically indicates that an application process is not active during a period of N
time units. The SLEEP event is created by a special event annotation in a Kahn process and
it takes n as its only argument. As with all events, it is passed to the virtual layer, where it
is consumed by a virtual processor (it is not passed on later to the architecture model). The
virtual processor exists in the same timed simulation domain as the architecture model, so
that we can implement the desired behavior. In the virtual processor, the SLEEP event causes
the virtual processor to sleep (i.e. block in virtual time) for the specified period. While the
virtual processor is blocked in this way, it will be unable to continue its normal processing
of EX, READ , and WRITE events, thus effectively suspending the application process. Note
that by suspending one process in the KPN of an application, the other processes will soon
stall because of (in)direct unmet dependencies on the suspended process. We can prevent
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suspending the application mid-stream (with unprocessed data before or after the suspended
process) by issuing sleep events only to the source nodes (this situation is shown in Figure
5.5).
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Figure 5.5: Example of a multi-application workload with dynamic inter-application scenar-
ios implemented using the SLEEP application event.

Evidently, the SLEEP events provide the opportunity to freeze the issuing of application
events for a while, which basically mimics sporadic or periodic execution behavior of appli-
cations. The sleep event technique will work transparently for both realistic and stochastic
application workloads alike. Compared to the sleep-event technique, the orchestrator tech-
nique has the advantage that the scenarios and use-cases can be defined in a single location in
the model. These two techniques enable the designer to assess a variety of different scenarios
or use cases [36]. A technique based on the orchestrator approach will be used in Chapter
6 to create a pseudo-dynamic workload for an architecture with dynamic reconfiguration
capabilities.

5.4.2 Dynamic intra-application behavior

The stochastic application workload proposed in Section 5.2 consists of stochastic processes
(and stochastic virtual processors) which use a parameterizable, yet fixed event generation
distribution. In realistic non-trivial applications, it is often the case that the application (and
its separate processes) move through different execution phases. We would like the synthetic
trace event generator to create events according to a unique probability distribution in each
of those phases. We refer to each possible combination of simultaneously occurring process
phases as an intra-application scenario. They differ from user scenarios (or inter-application
scenarios) as they occur at the process (task) level within applications and are typically not
directly related to any action by the user.
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Figure 5.6: Example model and traces for a stochastic application with dynamic intra-
application behavior.

In Sesame, there are multiple ways in which intra-application scenarios can be specified
for the purpose of stochastic modeling. We propose here a solution analogous to the previ-
ously discussed orchestrator process by using a Markov chain to traverse different process
phases. In this case, each stochastic process contains multiple probability tables: one for
each scenario in which it can be involved. Note that if a stochastic process is not part of an
explicit scenario, then it simply uses its default probability table. The Markov model exists
outside of the application graph and each of its states represents a scenario. The node con-
taining the Markov model is connected by control channels to all stochastic processes that
contain multiple probability tables. The granularity with which the Markov model changes
state is to be determined by the designer. For example, if a node is a typical streaming
process containing a Read-Execute-Write loop, then it makes sense to advance the Markov
model at the beginning of the loop.

In Figure 5.6, an example is given where the application can run in two distinct scenarios
(1 and 2). Processes A and C can take part both in scenario 1 and 2; depending on the value
from their respective control channel they use either probability table 1 or 2. The Markov
model lists a high probability for scenario 2, but approximately 10% of the time, the appli-
cation jumps back to scenario 1. Processes S and B have the same behavior in each scenario
and therefore contain only a single (default) table. In order to synchronize the switching be-
tween scenarios, it may be necessary that the Markov model (IMM) is implemented outside
the KPN, not adhering to normal KPN communication rules. Note that an implementation of
the proposed intra-application method has not yet been implemented and remains as future
work.
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Figure 5.7: Estimated execution times of concurrent execution of M-JPEG and producer-
consumer applications. The latter is parameterized in both computation and communication
grain size.

5.5 A preliminary case study

For illustrative purposes, we performed a small experiment using the multi-application work-
load modeling support now available in Sesame. More specifically, we modeled two Kahn
applications that execute concurrently. The first (and primary) application is a Motion-JPEG
(M-JPEG) encoder, and the other one is a synthetic ‘producer-consumer’ application trans-
ferring data from producer to consumer. The M-JPEG application encodes 8 consecutive
128x128 resolution frames, while the producer-consumer application is parameterizable in
both computational and communication load. That is, the producer iteratively models a pa-
rameterizable computing latency after which it sends a parameterizable chunk of data to the
consumer. In our system-level model, both applications are mapped onto a multi-processor
SoC, containing 4 processors with distributed memory and connected through a crossbar
switch. We applied a simple round-robin policy for scheduling tasks from both applications
at the G-schedulers (see Section 5.2.2).

Figure 5.7 shows the estimated system-level execution times (combined for both ap-
plications) when varying the computation and communication grain sizes of the producer-
consumer application. As can be seen from Figure 5.7, the results show a quite predictable
behavior, which helps to gain trust in our multi-application modeling method. That is,
the system performance is only marginally affected for small computation and commu-
nication grains of the producer-consumer application. But after a certain threshold, the
producer-consumer application starts to dominate the system performance (computation-
wise, communication-wise, or both).

As future work, we plan to actually validate multi-application modeling results against
a Daedalus prototype implementation. Note that for a useful validation, we may have to
extend the model to capture latencies associated with the (embedded) operating system that
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schedules the tasks from multiple applications. This would be necessary, for example, if
there is a significant context switching overhead. We also note that the L-schedulers have
been frequently used in single-application workloads to enforce a specific scheduling of
application tasks. For example, in the validation case studies in Chapter 8, the modeled
MPSoC uses a static scheduling of tasks. Therefore, a scheduler is associated with each
processor in order to schedule events according to a fixed, static scheduling policy.

5.6 Related work

The modeling of (parallel) workloads for the purpose of performance analysis is a well-
established research domain, both in terms of realistic and synthetic workload modeling
(see e.g. [56, 28, 91]). A recent focus area is, for example, statistical simulation for micro-
architectural evaluation [23]. In this technique, a stochastic program description, which is a
collection of distributions of important program characteristics derived from execution pro-
files, is used to generate synthetic instruction traces. These synthetic traces are subsequently
used in trace-driven processor and/or memory-hierarchy simulations. This work focuses
on generation of applications at the instruction level, since it is targeted towards execution
on instruction set simulators. Although we target a different domain (system-level multi-
processor models), it is interesting to compare the similarities and differences between the
approaches. The work of [22] is motivated by the need to find workload representations (a
stochastic model) that have smaller storage requirements than instruction traces from actual
applications (since reading large traces slows down simulation time significantly). On the
other hand, our high-level event traces for a single application are fairly small and trace
sizes are only problematic in very special cases (see the work of [111] described below).
Additionally, compared to [22] our work is not focused on finding stochastic models that
accurately represent workloads of actual applications. Instead, our focus is on providing
the designer with tools to generate stochastic workloads for use in the very early design
stages when the final workload of the system may still be (partially) unknown. Where [22]
produces traces with syntactically correct read and write dependencies, the stochastic event
generators presented in this chapter do not. Instead, we include the read/write dependencies
in the stochastic model itself to give the designer maximal flexibility to experiment with
different workload characteristics.

Another area in which synthetic workload modeling has recently received a lot of at-
tention is network workload modeling for network-on-chip simulations [113, 103, 65]. In
[62, 68], multimedia application workloads are described and characterized analytically us-
ing so-called variability characterization curves (VCCs) for system-level performance anal-
ysis of multi-processor systems-on-chip. These VCCs allow for capturing the high degree
of variability in execution requirements that is often present in multimedia applications. A
fair number of research efforts addressed the high-level modeling of a RTOS to be used in
system-level models for early design space exploration [35, 41, 60]. Rather than focusing
on how to model multi-application workloads, these efforts mainly address abstract model-
ing of RTOS functionality, efficient simulation of this functionality, and refinement of these



92 CHAPTER 5. MULTI-APPLICATION MODELING

abstract RTOS models towards the implementation level.
In the work of [77] design space exploration case studies using a modified simulated an-

nealing technique are performed on randomly generated KPN graphs. A closer look at their
KPN generator reveals that it takes only a few simple parameters to create KPNs with ran-
dom topology, communication patterns and execute annotations. These parameters specify
global properties of the KPN: the number of processes, number of communication events,
size of communicated data, execution time and avg. number of channels per process, etc. In
contrast to our stochastic event generator, their approach produces syntactically correct event
traces, but there is very little control on the properties of specific processes and channels. In
this way, some properties that are typical streaming media applications are not captured, eg.
the fact that communication or execution events for a specific process often have a limited
choice respectively for data size or event type. Of course, there may be situations where
the designer does not require those workload properties. Therefore the KPN generator from
[77] is a useful addition to the Sesame toolbox (in fact, we use it in Chapter 8).

The idea to represent transitions between different scenarios or application process phases
as a Markov model is not new (see for example [102]). Markov chains provide a clear and
natural way to model transitions between a finite number of states with (simulated) non-
deterministic behavior. In our approach the Markov model determines the stochastic event
generator’s probability functions: each state corresponds to a different set of probability
functions for certain processes in the KPN. In [102], the Markov model is integrated in an
extended data-flow (SDF) model called Scenario Aware Dataflow (SADF). SADF integrates
special control nodes (detectors) into the application graph, which use control channels to
steer the current scenario to each of the nodes that participate in a certain scenario. In each
firing, the detector determines the new scenario according to one of its integrated Markov
models. This is quite similar to our approach, except that in our case the control channels
"select" the process’ probability table, whereas in their approach it selects a specific token
production and consumption rate. Another difference is that in SADF the state advancement
of the Markov model occurs with every firing of the detector node, whereas in our case it
is user-defined. We note that the SADF models in are more suitable for static analysis, but
are not as expressive as KPN models. Another difference is that the SADF work in [102]
has a focus on approximating realistic application workloads, which in our case is not the
primary concern. For an extensive review of application modeling approaches based on the
integration of finite state machines with dataflow models, we refer to [26].

A very interesting continuation of multi-application modeling performed in the context
of the Sesame simulation environment is in [112, 110]. From this work we borrowed the intra
and inter-application scenario terminology used throughout this chapter. The main contribu-
tion of [111] consists of a method to efficiently identify intra and inter-application scenarios
from a multi-application workload as well as a co-exploration technique based on genetic
algorithms. Scenarios for a certain workload are identified by executing a multi-application
model (may contain both real and stochastic applications) and analyzing the generated event
traces. The scenarios are then stored in a tree-structured database where the leaf nodes con-
sist of all unique trace segments that can be produced by a single process. One level higher



5.7. CONCLUSION 93

in the tree stores a representation of the intra-application scenarios: it lists (for each appli-
cation) combinations of communicating trace segments of individual processes that occur in
the workload. At the root of the tree the inter-application scenarios indicate which of the
applications in the workload were identified to execute simultaneously. By efficient loop-
compression of the trace segments in the leaf nodes, this hierarchical scenario database has
minimum storage requirements and is subsequently used for the co-exploration to identify
solutions (architectural design points/mappings) for the problem space (all possible sce-
narios as stored in the database). The problem to be solved is that evaluating all possible
scenarios for all possible design points is infeasible and that it is very hard to find a smaller
subset of scenarios that represents all scenarios. The proposed co-evolution technique is
shown to produce good results by simultaneously searching for optimal design points and a
representative subset of scenarios.

Note that the work in [111] and the work in this chapter are complementary, but are
geared towards different phases in the design process. Where [111] has a focus on full-
blown design space exploration (when the system’s workload is known), the work in this
chapter is geared towards early model development (when the final workload is typically
unknown). Moreover, the work in [111] does not consider the dynamic inter-application
phase transitions other than those that were present during scenario identification. In order
to create new inter-application scenarios, the orchestrator-technique from this chapter could
be applied.

5.7 Conclusion

In this chapter we have shown the mechanisms and techniques provided by Sesame to model
multi-application workloads. This is required, since multi-application workloads are increas-
ingly becoming standard in modern embedded system design. Furthermore, we have shown
that Sesame has basic support for modeling synthetic in addition to the realistic application
workloads. Initial support is available to model application workloads with dynamic inter-
and intra-application behavior. The case study illustrated that stochastic modeling using
synthetic trace generators is a useful tool to answer various "What if..?" questions about a
system design candidate. For example: what happens to primary application performance if
(after a certain time) an additional task with certain properties enters the system? Further-
more, an important benefit of stochastic application models is that they enable simultaneous
co-development of application and architecture models. For example, the architecture model
can be tested with one or more stochastic application models while the application model is
still under development. This is a realistic case, since significant effort is involved in making
an application model suitable for mapping onto an MPSoC by transforming it (for example)
in a KPN. Such a co-development of application and architecture model can result in a sig-
nificant reduction in the early stages of system design. In order not to increase development
time at these early design stages, we consider it important that the techniques introduced
in this chapter do not penalize the designer with a lot of additional implementation time.
Therefore, we put quite some emphasis on the user-friendliness of the various stochastic



94 CHAPTER 5. MULTI-APPLICATION MODELING

multi-application modeling techniques. We mentioned the possibility to use the library to
contain standard scheduling components, scheduling policies and standard stochastic ap-
plication generator components. Furthermore, the template mapping strategy proved to be
helpful to reduce the effort that is otherwise associated with creating a stochastic application
model. However, we have not yet deployed the techniques from this chapter (in particular
the stochastic application models) in a large scale case study. This remains as future work.



Chapter 6

Modeling dynamically reconfigurable
systems

6.1 Introduction

In recent years, MPSoC system development based on reconfigurable technologies (such
as FPGAs) have received increasing attention from both research and industry. This is not
surprising, as the cost of FPGAs goes down and gate count goes up, driven by the improve-
ment of manufacturing technology. Modern FPGAs consist of hundreds of millions of gates,
which is sufficient to implement complex MPSoC systems consisting of tens or hundreds of
processing components as well as memories and on-chip interconnection networks. A major
point in favor of FPGAs is their flexibility: the logic design of the FPGA system can be
adapted to and optimized for a specific application or workload. Because of the flexibility of
reconfigurable systems, the implementation gap (as described in Chapter 1) becomes even
more apparent. As the amount of configurable resources continues to scale with technology
improvement, tools and methods are needed to support the designer to make efficient use of
those resources. This, as we explained before, is one of the main motivations of the Daedalus
approach to system design (Chapter 2).

However, a newly emerging feature of modern FPGA hardware exacerbates the problem
even further. Partial dynamic reconfiguration is the ability to change the logical configura-
tion of parts of the FPGA at runtime, while other parts are still actively processing. This
feature gives rise to a whole new dimension of performance optimization where tasks can
be off-loaded onto hardware components that are instantiated at runtime. For example, com-
monly executed functions or compute kernels can execute on dedicated logic components
in the FPGA. Also, thinking beyond the traditional processor/co-processor model, one can
imagine the possibilities of an MPSoC on FPGA that can dynamically adjust its configu-
ration according to design requirements and runtime conditions. Such a system could for
example make trade-offs between performance and power by migrating tasks to fewer cores
depending on the power supplied by the environment. Similarly it could allocate extra cores
when dynamic variation in the workload require more processing power. However, from the
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design perspective, this means that in addition to static, design-time optimization problem
we now need to solve the dynamic, run-time optimization of the system as well.

In this chapter we will address the design problems associated with dynamically recon-
figurable systems: in particular the modeling and simulation aspects. We will do so by ex-
tracting important characteristic features common to partial dynamic reconfigurable systems
and consider issues related to modeling these features. In Section 6.2 it will be discussed
how Sesame can be extended to support basic dynamically reconfigurable behavior. These
extensions should be as generic as possible so as to be useful for modeling a wide range
of dynamically reconfigurable systems. Subsequently, by means of an example, we will
apply the extensions to an existing platform (the Molen polymorphic processor), which is
described in Section 6.3. The resulting model is discussed in detail in Section 6.4. In Section
6.5, some of the results of the model will be presented as an illustration of the usefulness of
modeling these kinds of system with Sesame. Finally, Section 6.6 will discuss related work
and conclusions and recommendations for future work are given in Section 6.7.

6.2 Modeling dynamically reconfigurable systems

This section will discuss some of the specifics of modeling dynamically reconfigurable sys-
tems in Sesame. It will be shown in which areas the standard Sesame model (as explained
in Chapter 3) has to be extended. For some extensions, it will prove necessary to make as-
sumptions about the particular reconfigurable system that is to be modeled. However, the
extensions listed in this section are designed to be as generic as possible and, where appro-
priate, design choices will be motivated. In part, this section will serve as an introduction to
the techniques that will be used to create a model for the Molen reconfigurable architecture
(Section 6.4). Additionally, this section aims to provide some practical insight into the pro-
cess of reusing basic Sesame components and adapting the standard Sesame model in order
to model different kinds of systems. Finally, it will be illustrated here (and in the remainder
of this chapter) that Sesame is quite capable of exploring a wide variety of systems.

6.2.1 Dynamic allocation of model components

The reconfigurable fabric of FPGAs can be configured into many different types of logical
components: processors, memories, interconnects, etc. Sesame is able to model MPSoC
systems that are completely implemented on FPGA (such as for example the Daedalus pro-
totype platforms 2), or MPSoC systems that contain on or more FPGA components. They
are in fact not so different from traditional MPSoCs: from the modeling perspective, only the
properties (e.g., performance latencies) of the model components may need to be changed.
However, dynamically reconfigurable systems have the additional property that functional
units may be configured and unconfigured at runtime.

The architectural simulation language in Sesame (Chapter 3) has been developed to
model traditional MPSoC systems, where architectural resources are persistent. This trans-
lates to a practical limitation in the Sesame’s Pearl language: model components (“mod-
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ules”) can only be instantiated once, at the initialization time before the actual start of
the simulation. The model structure consisting of various model components is then static
throughout the simulation runtime. Dynamically creating model components to model the
functional units being configured and retired from the FPGA fabric, is therefore not sup-
ported by the simulation language. This limitation is in fact common in many kinds of com-
puter architecture simulation languages (e.g., SystemC). It would be cumbersome to change
the Pearl simulation language to support dynamic component creation: not only would the
necessary changes pervade through the whole language implementation, but the semantics
of the language would be affected as well, since the communication and synchronization
primitives between dynamically emerging and disappearing model components is not well
defined.

The solution proposed here is base on the fact that, although the set of logical compo-
nents that is configured on the FPGA at any given time can change dynamically, the set
of all possible logic components is finite. The reason for this is that the logic components
themselves are defined (and their bitstreams compiled) at design time1. So without loss of
generality, we can design our model by using statically defined model components for the
dynamically reconfigurable logic components. In Figure 6.1 a heterogeneous system model
is shown consisting of a General Purpose Processor (GPP) and an FPGA with up to n logic
components.

In the work presented here we assume the logic components to be functional units:
e.g., soft-core processors (the FPGA-equivalent of programmable processors) or dedicated
hardware-IP processing blocks (the FPGA-equivalent of ASICs) that perform processing on
certain input data, possibly resulting in output data for other tasks or other side-effects. This
assumption corresponds to a majority of research on dynamically reconfigurable systems,
where the (re)configurable logic components are typically used to accelerate specific func-
tions or kernels. It is however possible to consider dynamically configurable interconnects
or memory components. Although such reconfigurable components are not supported by the
model presented here, similar techniques could be applied to extend it towards this goal.

6.2.2 Resource management

On dynamically reconfigurable FPGAs, each logic component will allocate a certain amount
of FPGA resources when it is configured. The configured logic can then be used for as long
as necessary and may subsequently be removed when the logic component is no longer
needed, thus freeing up the used resources. In our model, the FPGA is represented as a num-
ber of distinct functional units, so we introduce a dedicated model component to maintain
the state of the FPGA: the availability of resources and a list of currently configured func-
tional units. This resource manager (RM in Figure 6.1) is tightly coupled with the functional
units as shown in Figure 6.2 where the nodes indicate the possible states of a functional unit
and the arrows indicate the interaction with the RM. The interaction works as follows. An

1There is a practical limitation to do on-the-fly creation of logic components (bitstream generation): synthesis
and place-and-route are computationally intensive operations and therefore infeasible in the context of embedded
systems.
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Figure 6.1: Overview of a generic Sesame-framework model for dynamically reconfigurable
systems

idle functional unit that wants to execute (because it receives events from the application
model), first needs to be configured. The RM may deny the request (e.g., when no resources
are available), or it can be accepted. Configuring the functional unit (loading the bitstream
on the FPGA) may take some time, after which its state is configured, but still idle. The
functional unit enters the busy state when it starts processing event traces. If the functional
unit has no more events to process, it simply reverts to the idle-and-configured state (task
finished 1). At certain times, the functional unit may be requested to yield its resources to
other functional units, at which point its state changes back to idle/unconfigured (yield re-
sources). The decision when to unconfigure a functional unit may be performed by the RM,
or by an advanced scheduling mechanism as will be explained in the next section.
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Figure 6.2: State diagram for a dynamically configurable functional unit
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There are many different ways to count the resources that are available in FPGAs: FPGA
slices, gates and complex logic blocks (CLBs) are commonly used units of measurement.
However, they are device and manufacturer dependent and moreover, they are not always
homogeneous: e.g., Xilinx FPGAs often consist of both general purpose slices as well as
‘DSP’-slices that contain for example pre-defined multiply-accumulate components for ef-
ficient implementation of DSP-style systems. As we aim to make our high-level model as
generic as possible, we simply denote the resource usage of a functional unit as a percentage
of the total available FPGA resources. If this simple abstraction is unsuitable for certain
systems, then the model can easily be extended to include more refined resource accounting.
This is also true for modeling other resource-related issues such as resource fragmentation
where the physical allocation of resources is taken into account. Synthesis tools typically
allocate resources for a logical component in close physical proximity to optimize signal
propagation and clock frequency. Frequent dynamic reconfiguration may separate the sum
of unused resources in small, unusable chunks in disconnected physical locations of the
FPGA. Again, this is not within the scope of the model presented here, but extensions and
refinements are possible to model these effects.

6.2.3 Mapping strategy

As we described before, one of the design issues with dynamically reconfigurable systems is
to find the most efficient use of the FPGA resources. There are a number of issues to take into
consideration. Firstly, not all processes benefit equally from execution on the FPGA: this
depends both on the type of code as well as the quality of the hardware IP implementation.
Secondly, depending on the application and input-data, some processes may contribute more
to the total application load or prove to be more of an application bottle-neck than other
processes. A general rule of thumb is to execute processes on the FPGA that 1) get the
most benefit from execution on the FPGA (highest ratio between FPGA and GPP execution
times) and 2) represent a large fraction of the application load (e.g., computational kernels
and frequently called functions). However, there may be more such tasks available at any
given time than the FPGA can accommodate for. Therefore it is important to find efficient
strategies to swap out functional units and use them in the most effective way.

A major consideration is the fixed cost associated with every reconfiguration: the time
spent to load a bitstream of a certain functional unit. In some cases this reconfiguration
penalty means that it can be beneficial to keep a functional unit on the FPGA even though
1) it is currently unused and 2) it occupies resources that could be used towards other func-
tional units. This trade-off becomes particularly interesting when an application task can
be executed both by some functional unit on the FPGA and on a programmable processor.
In this case, the system should contain at least one programmable core and one FPGA and
for a certain task X both a software code and a bitstream should be available. Then the
workload generated by task X may execute on either resource, depending on what is more
efficient given the state of the system at that time. Of course, we are also assuming here that
the runtime of the system (be it in hardware, operating system or user-level) supports the
functionality capable of dynamic mapping and decision making. Note that in this work we
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are not promoting one runtime system or mapping strategy over another, but rather we focus
on providing the designer with the necessary tools to support such design decisions. In the
experimental section some optimization strategies for dynamic mapping will be discussed
as an example.

To illustrate the potential effects of different mapping strategies, we present a small ex-
ample in Figure 6.3. Each column represents a time-diagram (time increments in the down-
ward direction), where two non-parallel tasks A and B are executing on a processor/co-
processor architecture. Task B is dependent on input from task A and we consider three
iterations of A-B executions. Task A runs on the reconfigurable co-processor, while task B
can run on either the co-processor or the CPU. In column 1, we assume that the co-processor
has sufficient resources to contain both A and B. Loading the bitstream for A and B only
needs to be done once (the shaded area indicates this configuration time). In column 2, the
FPGA does not have sufficient resources, so that A and B run alternating (each time recon-
figuring the FPGA). The third column shows the same mapping, but with a more efficient
task scheduling. The last column has task B running on the CPU, while A runs on the FPGA.
This figure shows the different trade-offs that may need to be considered by the simulation
model depending on the implementation details of the target architecture. Column 1 has the
shortest execution time, but requires more reconfigurable resources. Columns 2-4 require
the same amount of FPGA area, but 2 performs a lot of reconfigurations, making it slower.
Column 3 reuses the configuration of the functional units, which possibly requires some
storage to store intermediate results of A before being processed by B. Column 4 executes
task B as a software task on the CPU, which may result in extra power consumption if the
CPU does not have fine-grained switching control. Of course an ideal mapping strategy will
consider each of these trade-offs and switch efficiently between strategies depending on the
(design time) system requirements and various run-time conditions of the system. In Section
6.5 we show the results of modeling different heuristic mapping strategies.

In Sesame, the application workload is represented by the events that are passed down
from the application, through the virtual layer, to the architecture model. The virtual proces-
sors in the virtual layer have been linked to architectural components (typically a processor
component) according to the statically defined application mapping. For tasks that have
both a software and a hardware implementation, we extend the virtual processor such that it
is now linked to both the GPP and the functional unit on the FPGA as shown for process B
in Figure 6.1. In Sesame this can be easily accomplished: using the application mapping we
map this kind of task to its corresponding functional unit on FPGA, but in the virtual pro-
cessor template we specify an additional link to the general purpose processor (see Section
3.3.4). When the virtual processor is instantiated by the automatic virtual layer generator,
process B will now have two links (to the FPGA functional unit and to the GPP), so that
it can decide at runtime to which of the resources the events will be forwarded. The final
mapping decision may depend on many system factors, including resource availability and
the current configured/running state (Fig. 6.2) of other tasks. Therefore it is not convenient
that each virtual processor makes the mapping decision locally, but instead a global mapping
decision entity is required. This issue will be discussed in detail in Section 6.4.2.
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Figure 6.3: Effects of different mapping strategies

6.2.4 Event trace clustering
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Figure 6.4: Resource based deadlock

In the basic Sesame model (as explained in Chapter 3), R, W and X events that arrive
in the processor components of the architecture model, may or may not have been explic-
itly scheduled. If there is no scheduler component in the model, then the default behavior
for events from (possibly different) processes will be interleaved, thus implicitly modeling a
pre-emptive process runtime system on the CPU. We call this default behavior of the (virtual)
processors self-schedulable, since it works with all possible application to architecture map-
pings and without using global scheduling information. Self-schedulability is a desirable
property for initial models, which can be easily extended when specific behavior is required.
For dynamically reconfigurable systems we require the self-schedulability condition to hold
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even when the mapping of tasks is to be determined at runtime. In this case, we have to
consider that R,W,X events are no longer modeled by just the simulated time they consume
on the processor, but also by the reconfigurable area that is consumed on the FPGA. Sim-
ply adding one or more reconfigurable units to the basic Sesame model can therefore easily
introduce deadlocks and break the self-schedulability property. For example, assume that a
functional unit for task B is occupying reconfigurable fabric while waiting for data from task
A. However, the functional unit for task A may require the same reconfigurable resources
to produce this data item. Such a situation is shown in Figure 6.4 for a very simple appli-
cation model of three processes with the reconfigurable area requirement as specified. If
we assume process C starts before A, then its Wb event prompts B to configure (after C has
unconfigured). B is then waiting for a write event from A, but since A needs more than the
remaining 70% of area, the Ra event of C will never complete and a deadlock has occurred.
To avoid many such cases of deadlock, while maintaining self-schedulability, we introduce
a mechanism that forces a process to configure its functional unit as late as possible so that
any processes on which it depends get a chance to execute first.
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Figure 6.5: Token channels resolving deadlock

The mechanism that we propose here works by making sure that functional units are
configured only when they are ready to perform some computation (typically after reading
some input data), so that it does not block reconfigurable resources unnecessarily. A token
notification mechanism is introduced that lets a process know when the data is available on
its input channels. These tokens are sent using ordinary Kahn channels which have been
added to the application model; see the dashed arrows in Figure 6.5 for an example based
on the KPN in Figure 6.4. Processes A and B write to the token channel after having written
the actual data for process B. Process B first attempts to read both tokens before it performs
the reads for the actual data. The virtual layer components do not forward the token read
and token write events to the architecture layer. Effectively, token-events only synchronize
the availability of data, but do not initiate configuration of a functional unit as described
in Section 6.2.2. The data is guaranteed to be available after process C (Figure 6.5) has
completed the two token read events. Subsequent read event (Rc) is therefore safe to proceed
and configure the functional unit for process B (if necessary).

Extending the application model with token channels is easy for KPNs with a regular,
data-independent communication pattern. For example, the KPNs used in Daedalus (as
produced by the PNGen tool) typically consist of a loop that first reads some data, then
performs execution and finally writes output data. The PNGen tool could easily be extended
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to output the KPN with the token channels in place. However, KPNs may also have highly
irregular communication patterns as even data-dependent communications are permitted (in
contrast to other types of dataflow models such as SDF). The token channel-mechanism can
be applied to all KPNs, but KPNs with cyclic communication patterns have to be considered
specially. Because of the cyclic communication pattern of those KPNs it is not possible to
guarantee data availability before reads. In these cases deadlock can not be prevented unless
sufficient resources are available to accommodate simultaneously all functional units that
are part of the cycle.

Finally we note that the token channels that we have added to the application model will
be represented by suitable channels in the virtual layer (this is done automatically by the vir-
tual layer generator 3.3.4). The token channels in the application can be added manually, or
could be generated automatically for KPNs derived by PNGen for most application models.
It is also possible (although we did not take this approach here) for the token channels to
exist only in the virtual layer, thus keeping the original application model clean.

6.2.5 Reconfiguration points

Next we address the issue of how and when reconfiguration should take place. Consider
that the functional units in the FPGA are receiving a stream of R,W and EX events from the
virtual layer. What happens if a functional unit is swapped out of the FPGA after it has just
performed some function (EX event), but it has not yet written that data out. This actually
is very much dependent on the actual system that is being modeled: some systems may
save the state of the functional unit (including output data), while others may just re-run the
events that are lost. In our basic model we offer a solution that is based on the simplification
that no functional unit can be swapped out (unconfigured) while it has state. In this case it
means that a functional unit that has read data can not be unconfigured until it has performed
its operation on the data and written the result back into the system. Note that we use this
approach for the remainder of this chapter, but that one of the other behaviors could be
modeled instead.

Mapping decisions will be taken at the level of the virtual layer, however, virtual pro-
cessors can not know when (in the stream of application events), a process is state-less.
Therefore we annotate an application process with a so-called pragma event (named after a
reconfiguration instruction in the Molen ISA). The pragma event is an EX-event that serves
only the purpose to communicate to the virtual and architecture layer when the instruction-
stream from a task reaches a state-less point. Such pragma events therefore do not model any
latency on processor components in the architecture model. Instead, these reconfiguration
points will be utilized by mapping strategy components to determine safe points to change
the mapping or to unconfigure a functional unit.
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Figure 6.6: The Molen Architecture

6.3 The molen reconfigurable platform

In this section some background will be provided for the Molen processor architecture. In
the next section we will use the previously discussed reconfigurable Sesame extensions to
create a model for an existing reconfigurable architecture. The Molen polymorphic proces-
sor ([115][114]) is established on the basis of the tightly coupled co-processor architectural
paradigm. As is typical in these kinds of architectures, there are two main components: the
Core Processor and a Reconfigurable Processor (RP) such as an FPGA. The Core Processor
is a General Purpose Processor (GPP) which provides the flexibility to the system to run
any kind of compiled code. The Reconfigurable Processor (RP) is used to process com-
putationally intensive kernels and functions (if hardware implementations have been made
available), in such a way that the FPGA acts as an accelerator for those functions and kernels.
The final performance of such heterogeneous architectures may depend on many factors: the
application workload, the quality of the hardware IP implementations as well as the details
of the reconfigurable platform itself, including memory organization, methods to hide the
reconfiguration overhead and scheduling and prediction methods. Many of these issues are
still relevant for different applications of the Molen platform as well as for future extensions
to the platform. In the remainder of this section we discuss the basic Molen platform and
some design extensions that are currently being developed, or that are under consideration
by the Molen developers. The Molen platform will serve as an example to show how Sesame
can be applied to support design decisions in the field of reconfigurable architectures.

Figure 6.6 provides a high-level overview of the basic platform of the Molen recon-
figurable architecture. The two main processing components (GPP and RP) communicate
through a shared memory. The RP is subdivided into the ρµ-code unit and one or more Cus-
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tom Configured Units (CCU) (see Figure 6.6). The GPP and RP are connected to an arbiter
[115][114] which controls the co-ordination of the GPP and the RP by directing program
instructions to either of these processors. The code to be mapped onto the RP is annotated
with special pragma directives. When the arbiter receives the pragma annotated instruc-
tions, it initiates the CCU unit, gives data memory control to the RP and drives the GPP into
a wait state. An operation executed by the RP is divided into two distinct phases: set and
execute. In the set phase, the CCU is configured (i.e. a configuration bitstream is loaded
onto the FPGA if it was not still present) and in the execute phase the CCU(s) starts its exe-
cution. When the RP finishes its execution, it acknowledges the arbiter, which releases the
data memory control back to the GPP so that it can resume its normal program execution.

This Molen platform is basically performing sequential execution of a sequential code:
the GPP is halted while code annotated by pragmas is executing on one of the CCUs. There
is one source of parallelism on the RP, which is provided by a prefetch operation which
allows prefetching the bitstream and configuring a CCU on the RP while another CCU is
in the execute phase. This way, the considerable latency of loading bitstreams on the RP
can be hidden by the execution phase of another CCU (provided there are sufficient FPGA
resources to contain both CCUs at the same time). Support for multi-threading on the Molen
and other reconfigurable platforms has been discussed in [119], which mentions that Molen
allows the use of multiple threads on the GPP and a single additional thread on a single CCU
on the RP. A logical extension to this would be to completely unlock the parallel potential of
the RP by enabling multiple CCUs to run different tasks in parallel. In the next section we
consider this feature as a future extension to the current Molen design and build our Sesame
model accordingly. The experimental section (6.5) will use this model to evaluate how the
additional parallelism can be used efficiently by optimizing the allocation and scheduling of
CCUs on the RP.

6.4 Sesame molen model

In this section a Sesame model will be presented for an extended Molen platform. The ex-
tended platform supports the use of multiple, parallel co-processors on the reconfigurable
processor. Towards this end we use the Sesame reconfigurable model extensions as pre-
sented in Section 6.3, but some additional Molen-specific changes are needed to complete
the model. An overview of the Sesame Molen model is given in Figure 6.6, which con-
tains three additional components (indicated by the labels 1, 2 and 3) as compared to the
general model in Figure 6.1. The first additional component is an arbiter component (label
1) that determines whether the GPP and CCU can be used in parallel. The second is the
Runtime Mapping Manager (RMM, label 2), a centralized system component that attempts
to optimize the mapping of tasks that have both a GPP and an RP implementation. And
finally a token channel (label 3) has been added that optionally removes software pipelined
parallelism from the application. In the remainder of this section these additions to the basic
reconfigurable model will discussed in detail.
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Figure 6.7: Sesame model for the Molen platform

6.4.1 Mutual exclusion of GPP and RP

Sesame was traditionally developed to model MPSoC systems that exploit all available par-
allelism: e.g., functional and data parallelism as exposed by the KPN application model, as
well as software pipelining (even lower-level parallelism with refined models, see Section
3.2.3). Modeling concurrent behavior is therefore a default assumption in Sesame models:
processor components are assumed to be able to execute in parallel (provided that dependen-
cies and resource requirements are resolved as explained in Chapter 3). However, platforms
that do not support parallel execution on some of their functional units can still be mod-
eled by explicitly removing parallelism between model components. This is indeed the case
for the particular instance of the Molen platform that we choose to model here, which uses
a traditional processor-coprocessor paradigm between the GPP and the RP and only ex-
ploits parallelism on the various CCUs of the RP. This also serves as an illustration that the
self-scheduling ability (Section 6.2.4) keeps the model error-free even for mutual exclusive
model components (which would otherwise be a common source of deadlock in the model).
In order to model a Molen platform that does allow parallel execution on both GPP and
CCU, it would be sufficient to simply remove the arbiter from the model, or to modify it
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such that it indiscriminately grants locks to everyone.
The arbiter is shown in Figure 6.6 as a component between the GPP and the RP (label

1) with block-arrows indicating a non-trivial interaction with either component. In order to
implement mutual exclusive execution behavior between the GPP and the RP, the arbiter has
been implemented as a locking mechanism with a semaphore. Before a either one of the
main functional units (GPP or RP) can execute a R, W or X event, it first has to request the
lock from the Arbiter. If a component already has a lock, then a subsequent request will
simply grant the lock again. If the lock has been taken by the other component, then the
request will block until the other component releases it. All CCUs on the RP ask for the
lock individually, but a special condition applies in that case: when one CCU has the lock,
then a request from another CCU will also be granted. CCUs also need to release the lock
individually, but the GPP will not be able to obtain the lock until all CCUs have released the
lock. This locking mechanism implements non pre-emptive mutual exclusion of the GPP
and the RP while maintaining concurrency between different CCUs in the RP.

The processor model components (both for GPP and CCU) have been extended so that
they call a function on the arrival of a R, W, or X event. This function
first attempts to acquire the lock and subsequently models the configuration of the CCU on
the RP (only for events sent to the RP and only if the CCU is not configured already). This
function blocks (possibly increasing simulation time) until both locking and configuring
are successful, after which modeling of the event continues as normal. If the locking and
configuring have been done previously, then this function does not model any additional
delay.

6.4.2 Mapping strategies

As mentioned before in Section 6.2.3, the Virtual Processors can forward events to either
GPP or CCU, if a task has both a hardware and a software implementation. Finding the
optimal mapping and scheduling strategy for reconfigurable systems is a known NP-hard
problem ([12]). Successful approximation algorithms need access to run-time system infor-
mation such as the state of system components, the available resources, the state of the other
CCUs, etc. It is possible to let each Virtual Processor make scheduling and mapping deci-
sions in isolation by distributing the global decision-making strategy. However, this means
that not only the state of the system needs to be distributed to all Virtual Processors, but
also synchronization has to be performed for VPs that are making decisions simultaneously.
Therefore, from the modeling perspective, it makes sense to use a centralized model compo-
nent taking care of the mapping decisions for all tasks with multiple mapping options (GPP
or RP). We call this component the Runtime Mapping Manager (RMM), shown with label
2 in Figure 6.6. An additional benefit of a global implementation is modularity: different
RMMs, implementing different mapping strategies can be exchanged and evaluated more
easily.

The large block-arrows in Figure 6.6 indicate that the RMM communicates with both
the Virtual Processors and the Resource Manager (RM). The RMM interacts with the those
model components in the following way. Before Virtual Processors forward events to a



108 CHAPTER 6. MODELING DYNAMICALLY RECONFIGURABLE SYSTEMS

functional unit (but after modeling synchronization latencies, see Section 3.2.3), they query
the RMM to ask what is the new mapping target. The RMM returns a target identifier, which
can be either the GPP or a CCU belonging to that process. The Virtual Processor, which has
connections to both targets simply forwards to the appropriate one. Note that configuration
of a CCU is separated from the mapping procedure and will be performed by the CCU itself
(if necessary) after receiving the first event.

In order to perform a mapping decision, the RMM will sometimes need to query the
current status of the RP, which is maintained by the RM. The RM provides an interface
for the RMM to obtain information on the current status of the RP: the amount of free
resources, the state of various CCUs (Figure 6.2, etc. Information about individual CCUs,
such as resource requirements and execution latency tables (see Section 3.2.2), do not need
to be obtained from the RM, since they are constant throughout the simulation and will be
communicated to the RMM at initialization time. For a discussion of different mapping
strategies we refer to Section 6.5.

In Figure 6.6 the RMM is shown as a component in between the mapping and the virtual
layer. This is to emphasize that in a real system implementation the scheduling and mapping
functionality of the RMM may be provided by hardware, some kind of middleware or even
the operating system or in user space: for our model this distinction is not important.

Lastly we note that ,in our model, the RMM is a non-blocking component: queries to
the RMM and the decision process by the RMM do not consume simulation time. However,
such latencies can be added if needed to model specific systems. The RMM needs to avail-
able (an can not be blocked) at any time in order to be able to accept requests from VPs.
Therefore, such latencies can be computed by the RM, but would have to be modeled by
another (possibly new) component in the model.

6.4.3 Application pipelining

In Figure 6.7, an additional token channel has been added to the application (label 3). It goes
from the application’s sink node (Process D) to the source node (Process A). It guarantees
that Process A can not restart immediately after it has completed one iteration (and written
data to its output channels) of its internal data-streaming loop. Instead, it has to wait until
Process D has finished one iteration and has written to the token channel. In this way the
token channel effectively removes pipeline parallelism from the application. The result is
that the Kahn process networks as used by Sesame (and which can be generated with the
PNGen tool from Daedalus (Chapter 2), fit better with the processor/co-processor model
of Molen. Note that this is simply a design choice, we could remove the channel and the
model still works, although the RMM should now also have to consider starvation, e.g.,
it has to prevent that only source process A gets to run. We note that the only remaining
source of parallelism in the application is task-parallelism, which can be exploited by parallel
execution on different CCUs (e.g., Process B and C in Figure 6.7).
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6.4.4 Component interaction

Finally we demonstrate the interaction between the various Sesame model components for
the Molen model using the time-sequence diagram given in Figure 6.8. We follow the se-
quence of interactions starting from when an application event is forwarded from the virtual
processor to the architecture model layer (note that for R and W events communication syn-
chronization latency has already been modeled, see Section 3.2.3). The virtual processor
always first asks the RMM where to map the event (to GPP or to RU). If the RMM is con-
sidering a mapping decision (typically only after a reconfiguration point, see Section 6.2.5),
then it may request information from the RM (e.g. the amount of free resources). Then
the mapping decision is forwarded back to the VP, which then forwards events accordingly.
Note that for both GPP or CCU execution, the lock has to obtained from the Arbiter (not
shown in the figure) using the function described in Section 6.4.1.
Then finally, the event is forwarded to the GPP or CCU processor component where further
architectural latencies will be modeled.
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Figure 6.8: Interaction between different model components

6.5 Experimental results

The model that was presented in this chapter has been used in various case studies related to
the Molen reconfigurable platform. In the works of [90, 89, 86, 88, 87] different versions of
the model have been demonstrated showing increasingly sophisticated models and modeling
aspects of the Molen system. In [90] the initial Molen model was introduced (a simple
experiment based on this model will be shown below as Selected experiment 1).

In [89] the model is extended and applied to study runtime mapping exploration, where
the Runtime Mapping Manager (RMM) optimizes the mapping at runtime to accommodate
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an application with a dynamically varying workload. In this case we assume that the dy-
namic variation is caused by two or more applications sharing the system, where the main
application is sporadically interrupted by tasks from the auxiliary applications. A two-staged
exploration is proposed where the first stage evaluates each application in isolation and iden-
tifies three task types: hardware, software and pageable tasks (the latter can be mapped both
on the GPP or the RU). The second stage then models the combined application model and
the RMM makes mapping decisions at runtime for all pageable tasks from each of the ap-
plications. The first stage works as a pruning step by assigning some tasks to either HW
or SW, reducing the complexity of the RMM in the second stage. The second stage is iter-
ative: analysis of simulation results may prompt a re-assigning of task types (HW, SW or
pageable), after which the second stage is repeated.

The generic Sesame components that have been developed in order to allow system-level
modeling in Sesame as well as a complete Molen model have been collected in a framework
under the name rSesame. This framework was introduced in [86] and it is shown there that
rSesame fills a gap in a classification of existing frameworks and approaches based on mod-
eling capabilities and evaluation method (abstract system-level simulation). Furthermore,
the rSesame framework is evaluated from a designer’s perspective, facilitating modularity,
component-reuse, modeling flexibility, a high level of abstraction and general ease-of-use.

In [88], the runtime mapping manager is improved by using a range of heuristic strate-
gies in order to improve the spatial and temporal behavior of pageable tasks. The former
determines where to map a task (on GPP or on a CCU), whereas the latter determines when
to configure a CCU, when to run the task on a CCU and when to retire the CCU (as shown
in Figure 6.2). The result of the improved RMM strategies are analyzed by showing in
detail the dynamically changing mapping targets of tasks and a quantitative evaluation of
the different strategies is performed. This work is continued in [87] where a new mapping
heuristic is proposed and compared against the other heuristics. We shortly introduce the
various heuristics and show a sample of the obtained design space exploration results in
Selected experiment 2.

Below we will show here a small selection of results as an example the experiments
supported by rSesame and to provide insight in the kind of modeling results that can be
obtained.

Selected experiment 1

We first show some results that were obtained using the first incarnation of the Molen model.
The application is a MJPEG encoder that has been transformed into a KPN by the PNGen
tool from Daedalus. In this case PNGen has been configured to output a data-parallel version
of MJPEG so that the DCT and Quantizer tasks are divided over four parallel streams. The
architecture model consists of a GPP and up to 8 CCUs and the RMM uses a static mapping
policy (SW or HW mapping is determined at design time).

In the model we use estimated latencies for tasks executing on the GPP and in FPGA
hardware. The latencies are based on observations in the prototype platforms generated by
Daedalus, but we emphasize that they have not been validated and are used for the purpose of
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illustration only. Execution of tasks on the reconfigurable hardware is assumed to be an order
of magnitude faster than GPP execution, but CCUs are modeled to suffer a configuration
overhead which is proportional to the size (FPGA area) of the CCU configuration bitstream.
In Figure 6.9 the simulation results are shown for an experiment where the CCU area is
estimated as 100% of the FPGA area, effectively forcing sequential execution of tasks on the
FPGA. The left table in Figure 6.10 lists the simulation results (one simulation experiment
per row) where in each simulation run, an additional task is marked for HW execution. In
the 1st row all tasks are mapped on GPP; each subsequent row maps the previous HW set
plus the indicated additional task to HW. Simulated runtime is expressed as the number
of simulation cycles for the MJPEG to finish processing the sample input. We see that
significant speedup can be obtained by off-loading DCT processes to the FPGA, but that the
addition of the Quantizer tasks do not lead to significant speedup. The reason is that more
tasks on the FPGA means more reconfiguration overhead, effectively making the FPGA the
new bottleneck in the system.

VideoIn VideoOut

Init

DCT

VLE

Q1 1

DCT Q2 2

DCT Q3 3

DCT Q4 4

Figure 6.9: Task-parallel MJPEG KPN

Therefore, we experiment with smaller
CCU sizes to see how much more speedup
can be obtained. The right table in 6.10
shows the results of reducing CCU area and
their proportionally reduced reconfiguration
delay; the third column shows the number
of required reconfigurations and speedup is
compared to the last row in the left table
(all DCT and Q tasks in HW, the remain-
ing tasks in SW). The small speedup gain
by reducing the CCU area from 95 to 75% is solely caused by the reduction of the recon-
figuration delay (the number of reconfigurations is the same). When the area is 50%, two
CCUs can execute in parallel, showing a larger performance gain, which turns out to be the
maximum possible speedup. Reducing the area to 30% (up to 3 parallel CCUs), does not im-
prove speedup, since system performance is now limited by the application tasks executing
on the GPP.

Finally we note that modeling results will be different depending on the application, any
available parallelism in the application as well as architectural parameters: the number of
CCUs, quality of hardware implementations, reconfiguration technology (and hence recon-
figuration delays), etc. Since these parameters can be captured by this model, we can see
how the model helps exploration of different design options.

Selected experiment 2

As we discussed in Section 6.1, the real benefit of dynamic partial reconfiguration lies in
the possibility to optimize at runtime the functional units that are on the FPGA. In the case
of the Molen platform model, the runtime mapping manager RMM decides whether a task
is mapped onto the GPP or a CCU: the mapping decision can change any time a pragma
event (Section 6.2.5) is sent to the architecture model. Here we will show the results of an
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Exp# HW tasks Cycle Time Speedup
(×106)

1 - 371 1.00
2 prev+DCT1 331 1.12
3 prev+DCT2 292 1.27
4 prev+DCT3 253 1.46
5 prev+DCT4 217 1.70
6 prev+Q1 199 1.86
7 prev+Q2 200 1.85
8 prev+Q3 194 1.90
9 prev+Q4 188 1.96

Area Reconf. Slow Cycle Time Speedup
(%) Delay Reconf (×106)
95 25000 1792 189 1.97
75 18750 1792 176 2.10
50 12500 1536 138 2.70
30 7500 1280 140 2.64
10 2500 1280 138 2.69

Figure 6.10: Results for Selected experiment 1

experiment where a newly proposed strategy (RBH) is compared against several existing
mapping strategies (AMAP and CBH). We shortly describe each of these strategies, but for
the details we refer to [88, 87].

The AMAP (“As Much As Possible”) strategy configures a CCU for any pageable task,
but if the FPGA resources are exhausted, then the task will execute on the GPP. CCUs will be
unconfigured (and FPGA resource released) when a tasks finishes, so hardware configuration
reuse is dependent on the availability of resources. The Cumulative Benefit Heuristic (CBH)
maintains (for each task) a benefit value that represents how much time would be saved if the
task had always been executed on the RP (assuming execution on the RP is faster). When a
mapping decision is made for a task, its benefit value is compared to the benefit of the tasks
already on the RP. If it has a higher benefit value, then a minimal set of the lowest-benefit
tasks is unconfigured from the RP to accommodate the CCU for the new task. Finally,
the newly introduced Resource Based Heuristic (RBH [87]) focuses on efficient re-use of
configured CCUs by avoiding unnecessary configurations. RBH makes mapping decisions
(and selects tasks to unconfigure) based on a dynamically updated list of global and per-
task statistics, the current state of a task, estimated speedup on CCU and its frequency of
occurrence. Each of these heuristics has been implemented as plug-in policies to the RMM.
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Figure 6.11: Multi-application model: MJPEG with auxiliary applications

A modified application model is used as shown in Figure 6.11 where the previously
shown data-parallel MJPEG is combined with applications APP1, APP2 and APP3. The
additional applications become active based on triggers in the VideoIn process (using the
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Hardware Area (Slices)
XC4VFX20 8544
XC4VFX40 18624
XC4VFX60 25280

XC4VFX100 42176
XC4VFX140 63168

Table 6.1: Indication of resources in the Xilinx Virtex4 FX family [4]

dynamic intra-application behavior scheme discussed in 5.4.2) and so represent a (synthetic)
pseudo-dynamic application. In a real application, APPx could represent for example the
extra workload from an intermittent background task or picture-in-picture functionality. The
architecture supports up to 30 CCUs and each task is considered pageable; execution laten-
cies for tasks on the CCUs are estimated by expert knowledge based on the properties of a
Xilinx Virtex 4 FX family of FPGAs. We now consider the performance of each heuristic
for different resource conditions for different Virtex4 FX implementations (see Table 6.1).
The simulation results are shown in Figure 6.12 for each of the heuristics: the bars show the
simulated execution time (left axis), while the lines show the speedup compared to a static
all-to-GPP mapping (right axis).
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Figure 6.12: Simulation results for different mapping heuristics

For the smallest FPGA (FX20) we see that there is very little improvement compared
to the SW mapping since there are simply too few resources available to be used in a sig-
nificant way. Interestingly, the least sophisticated heuristic (AMAP) performs best under
these conditions: apparently AMAP’s greedy approach outperforms the dynamic learning
capacities of the other heuristics. In the larger FPGAs (≥FX40), we see major performance
improvements for all heuristics. However, we can see that speedup does not really improve
much for RBH and AMAP after FX100. For example, in the case of RBH, the performance
improvement between FX40 and FX20 is 69% with 54% area increase, whereas the im-
provement between FX140 and FX100 is only 2% with 33% area increase. The reason is
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that performance becomes increasingly limited by the inherent parallelism in the application
rather than the FPGA resources. For the larger FPGAs, it is hard to distinguish the relative
performance of the heuristics in Figure 6.12, this is more clear in Figure 6.13. The graph
compares heuristic performance of RBH in contrast to CBH and AMAP. It clearly shows
that RBH is better than the other heuristics except in the case of FX20 as noted earlier. For
a more detailed evaluation of the results, including metrics to determine the efficiency of
configuration reuse, we refer to [87].
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Figure 6.13: Relative comparison of different mapping heuristics

6.6 Related work

The technology that is behind the feature of partial dynamic reconfigurability is driven
by advancements in FPGA technology and is supported in one form or another by major
vendors such as Xilinx and Altera. These vendors provide extensive toolsets to support
their hardware platforms and include hardware specification tools, compilers and synthesis
tools. However, there is not much support for high-level system specification or system-
level design space exploration, which is the target of the Daedalus design flow. Such sup-
port is needed, because the traditional DSE problems of HW/SW partitioning, application-
to-architecture mapping, task scheduling and resource allocation are typically even more
complex on dynamically reconfigurable systems. This topic has rapidly gained interest in
(academic) research activities and has resulted in an extensive body of work, of which we
can only reference a small portion here.

First of all we notice the wide variety of optimization algorithms and techniques that
have been applied to the problem of design space exploration for dynamically reconfigurable
systems, e.g.: dynamic programming, branch and bound, integer linear programming, graph
partitioning, simulated annealing, genetic algorithm, ant colony optimization and tabu search
( [84], [18], [19], [63], [49]), etc. However, most of these works take a design time approach
where design candidates are evaluated for fixed system constraints and conditions. As such,
dynamic behavior in the application, architecture or environment is not being considered at
all, or the proposed design candidate is not optimized to deal with such dynamic behavior.
In general it is hard to perform accurate design space exploration at design time for systems
that are capable to dynamically adapt to changing conditions. For dynamically reconfig-
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urable systems that contain both general purpose processing cores as well as (dedicated)
hardware IP blocks, HW/SW partitioning decisions are typically considered together with
task-mapping (the task is either mapped to a GPP or to hardware). Therefore, task mapping
is one of the most important design parameters and one that has to dynamically take into ac-
count system conditions at run-time. Such efforts have been reported in [96, 58, 71, 45, 30].

One possible disadvantage that the previously mentioned works have in common is that
they have been developed for a particular context and solve specific DSE problems. In other
words, they have not been developed for use in a generic modeling and simulation framework
for targeting a wide range of design problems. This typically makes it harder to reuse imple-
mentations of each of the proposed methods and greatly complicates comparisons between
approaches. For example, the CBH heuristic was based on [45] and we previously used the
Interval Based Heuristic ([88]) based on [30]). In each case we had to re-implement and
modify these heuristics. Once such methods (together with many others) have been made
available in a generic framework, then such efforts can be minimized and recurring compar-
ison experiments can be done routinely for each new contribution (e.g. a competing method
or a different DSE problem). Contributions that were performed inside a framework can be
found in [75, 44, 85] and [83]. However, these works again are mostly using the design-
time approach. Exceptions are [118] and [76] where a design time exploration is combined
with runtime management to make a trade-off between fast exploration (at design time) and
accuracy (run-time).

An related work that considers both design-time and run-time optimization of task map-
ping onto partially dynamic reconfigurable architectures is in [11]. Formal definitions of
the mapping problem are given, a run-time mapping optimization based on Boolean satis-
fiability (which makes use of configuration reuse) is proposed and shown to benefit several
media-related applications. Evaluations are performed on a NoC-based platform architec-
ture which has a number of partial reconfiguration slots that is fixed at design time. We note
that we also fix the number of CCUs in our simulation model, although we could choose a
higher number, without reaching the practical limits that are inherent on the actual hardware
(thus enabling speculative modeling).

We conclude that there is still a great need for more research and development into
standardized simulation and modeling infrastructures that operate at the abstract system-
level and support both design time as well as run-time modeling and optimization. The
rSesame framework that was the result of the efforts reported in this chapter is an initial step
in that direction.

6.7 Conclusion

In this chapter we introduced Sesame model components and techniques to model a recently
emerging type of system that uses partially dynamic reconfiguration (typically implemented
using FPGA technology). We have shown that such systems have some different modeling
requirements, for which Sesame can be adapted. A model based on the Molen reconfigurable
platform has been presented, as this was our initial modeling target. However, we empha-
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size that the components and techniques in this chapter can be applied to a wider range of
reconfigurable systems. Moreover, now that these techniques have been developed, model-
ing variants of such systems is relatively easy. The case studies show what kind of results
can be obtained using the Sesame model. The first case study simply evaluated a few simple
architectural parameters, but the second case study showed that more advanced components
can be modeled, which in our case for example, incorporate advanced dynamic mapping
heuristics. The feedback provided by such models allows a designer to evaluate different
design options in the very early stages of system design. This is also the purpose of the pre-
sented Molen model, which is able to model both the current Molen platform architecture,
as well as possible future extensions.

We remark that the Molen platform presented here has not yet been validated against the
real system; instead we used very rough latency estimates for the purpose of demonstration.
A non-validated model can still be useful to a designer, for example to answer speculative
“what-if” design questions that require relative comparison of design candidates. For exam-
ple, a designer may want to know if it is worth to optimize a certain HW implementation of
a task, given that implementing a high quality HW-IP typically represent a significant design
effort. The model may show no significant benefit of the optimization if other bottlenecks
are present in the system. Depending on the result, the designer can decide to forfeit the op-
timization effort, or to spend it on the newly identified bottleneck. Another such speculative
question we saw in the second case study: where the effect of different mapping heuristics
was considered for FPGAs with varying resource constraints. In the end, it depends on the
system designer’s interpretation and requirements whether the measured differences between
the various heuristic methods is significant. In order for the Molen model to produce accu-
rate absolute performance numbers, it should first be calibrated (possibly using techniques
presented in Chapter 4). Then in a second step it needs to be validated against a real Molen
implementation; possibly the calibration step has to be repeated until the required accuracy
is reached. Note that such a validation step is likely to improve both absolute performance
numbers, as well as increase confidence in the model’s ability to compare designs candidates
relative to each other. The validated model can then be used to explore future extensions on
the Molen platform design.



Chapter 7

Support for automatic DSE

7.1 Introduction

In the previous chapters we have demonstrated various tools and techniques to evaluate the
different aspects of system modeling in the context of the Daedalus design flow. In the
introduction (Chapter 1) it was stated that efficient design space exploration requires 1) a
method to evaluate a single design point and, 2) a method to efficiently navigate a design
space. Given that design spaces grow exponentially in the number of parameters, exhaustive
search (evaluating every possible design point) is infeasible. The number of design points
can easily outgrow any practical limit on execution time, given a minimum evaluation time
of a single design point (limited by the evaluation algorithm or simulator). In this chapter
we look at methods to navigate the design space using genetic algorithms (GAs).

A genetic algorithm is a well-known metaheuristic optimization algorithm from the evo-
lutionary algorithm family. Genetic algorithms have previously been used successfully to-
wards solving a wide range of combinatorial problems, such as the bin packing problem
or the graph coloring problem [117, 107, 27, 109] as well as many combinatorial prob-
lems ([39, 6]). Moreover, GAs can be used in their basic (domain-independent) form, or
with custom extensions that incorporate domain-dependent knowledge in order to improve
search performance even further. For these reasons, GAs are a promising solution for the
traversal of the combinatorial exponentially growing design spaces in the field of embedded
system design.

Many attempts in this direction have already been made (these will be discussed in more
detail in section 7.2). Although the authors of these works generally report positive results,
no authoritative literature on this topic exists yet and –as far as we know– adoption of the
methods in commercial tools is currently non-existent.1 There may be several reasons why
this may be the case. First of all there may be practical reasons that restrict the use of
GAs, for example due to the previously mentioned limit on evaluation time, or because it is
difficult to find a suitable “genetic” representation for the design problem. Secondly, it may

1Here we refer explicitly to the use of evolutionary algorithms for the purpose of design space exploration.
For example, evolutionary algorithms have been used successfully in commercial place-and-route tools.
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be the case that the effectiveness of evolutionary heuristic search algorithms simply has not
been sufficiently proven (at least not for generic design problems). Unfortunately, the efforts
in this area have been rather fragmented and there is no consensus over which methods are
best for certain DSE problems, or alternatively, which has the best generic performance for
a wide range of different problems. In any case, further research in this area is required to
enhance and solidify our knowledge and understanding in this area.

In this chapter we report our efforts to mitigate some of the common problems and find
solutions by evaluating both standard, well-known genetic algorithm techniques as well as
some newly developed ones. We present the results of applying genetic algorithm techniques
to a few typical Sesame case studies. The focus is on evaluating and improving the explo-
ration of the application-to-architecture mapping. We consider this to be one of the most
challenging dimensions of the design space, since it is a non-trivial design parameter with
no apparent internal structure and its effects on the design objectives are hard to predict using
for example analytical models. Furthermore, as we will explain in Section 7.3, the mapping
parameter can be viewed as a “meta-parameter” that incorporates a range of other important
design parameters such as the number and type of processors in a system. Although the map-
ping design space exploration parameter is important, it has not received as much attention
as other, more straightforward design parameters (such as strictly architectural parameters
related to component properties: component types, clock-timings and memory and buffer
sizes). Based on some observations about the mapping design (sub-)space, we propose and
evaluate an extension to a standard genetic algorithm search method. As an additional contri-
bution, we propose, motivate and apply a simple, yet rigorous graphical method to compare
different heuristic DSE search methods.

7.2 Related work

The combined DSE search problem that uses simulation or analytical estimation models
(to evaluate individual design points) together with a heuristic search method (to traverse
the design space) is a relatively new area of research. The need to address this problem is
reinforced by the current state-of-the-art of implementation technologies that makes man-
ual system design infeasible (the aforementioned implementation-gap). Heuristic search
methods typically do not guarantee finding global optima in the design space, but they are
nevertheless able to prune the design space: to reduce the design space to a set of design can-
didates that meet certain requirements (or are close to the optimum with respect to certain
objectives). Evolutionary algorithms are already being used in many different areas in the
field of system design, e.g. for place-and-route, netlist generation and for reliability testing
and validation purposes. In the following however, we limit ourselves to applications for the
purpose of system-level design space exploration. Moreover, we focus on those approaches
that 1) make a clear separation between the parameter and objective spaces, 2) use analytical
estimation methods or simulators to evaluate design points and 3) traverse the design space
by means of an evolutionary algorithm or a related method. Works that fall in this cate-
gory still have a striking variety of contexts, application domains and types of architectures.
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Moreover, there is a large disparity in the types of design problems, the design parameters
and objective metrics, design space sizes, evaluation mechanisms and optimization methods.
And finally, many different qualitative evaluation methods are used to evaluate and compare
proposed search methods. In the following we will not give an exhaustive comparison of
related work, but rather emphasize some of the most important differences and similarities.

To our knowledge, the earliest work that meets the previously mentioned criteria is that
of [101]. A method is proposed to optimize the system-level design (although referred to as
synthesis) of a dataflow-based application implemented by an MPSoC architecture. Appli-
cation and architecture are represented as specification graphs, which are tied together with
edges representing expert knowledge indicating the (in)feasibility of mappings. A multi-
objective fitness function (performance and cost) is defined that adds extra penalties to steer
the evolutionary algorithm away from infeasible population individuals. A case study reports
that the proposed method is able to efficiently find pareto-optimal points.

We also refer to earlier work from our research group ([25]), proposing a solution to-
wards solving the design space search problem of mapping Kahn process networks (KPNs)
onto heterogeneous MPSoCs. A mathematical model expresses the three objectives (perfor-
mance, power, cost) of a design point as an analytically solvable non-linear mixed integer
programming problem. This is then used as the fitness function for two elitist evolutionary
algorithms (SPEA2 [120] and NSGA-II [21]). A case study shows that (according to three
newly defined metrics) they perform similarly, but that NSGA-II is preferred due to its less
computationally intensive fitness assignment scheme.

Also closely related to the work presented in this chapter is [77], where a standard simu-
lated annealing algorithm is extended with automatic parameter selection. The design prob-
lem consists of mapping tasks from a synthetically generated KPN network onto a 2-4 pro-
cessor architecture; with typical design spaces consisting of 10s of millions of candidates.
The proposed method is compared against random search, group migration and standard
simulated annealing by looking at the relative quality of results in terms of the objective
space (performance). It shows that for a given class of KPNs, the proposed method finds
better results for the same number of mapping evaluations (if that number is sufficiently
high).

In the work of [37], the design space search problem is described as a Markov Decision
Problem (MDP) and design space traversal is defined as a sequence of movement vectors
between states. Movement vectors change states in parameter space (number of processors,
I/D cache size) and approximate analytically the impact on the objectives (power and per-
formance). A major advantage of this approach is that simulation only needs to be applied
when repeated application of movement vectors exceeds a predefined level of estimation er-
ror. A case study is presented where MJPEG4 and Ogg-Vorbis applications are mapped onto
a 2-8 ARM-processor MPSoC with varying I/D cache sizes. It shows an 80% reduction in
evaluation time compared to tabu search or simulated annealing, or conversely, it finds better
results given the same evaluation time. Note that exploration of explicit task-to-architecture
mappings is not supported, probably because it would be hard to define a sufficiently accu-
rate movement vector for this design space parameter.
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In the work of [29] a method based on Ant Colony Optimization (ACO) is proposed
to optimize mapping and scheduling of an application onto a 4-processor MPSoC platform.
The application is specified as a parallel task graph and mapping concerns both task mapping
and communication mapping. The proposed method is compared against other metaheuristic
algorithms such as simulated annealing, taboo search and genetic algorithms. Case studies
consisting of both synthetic and a JPEG application show that the proposed ACO method
finds better average results and reaches optimal solutions faster (though at the cost of a higher
execution time) compared to the other methods.

While these previous works typically focused on specific DSE methods that were very
much tied to a specific context (simulation tools, architectural platforms or application do-
main), the work in [48] makes a commendable effort to propose a generic infrastructure
for system-level DSE. The NASA framework aims to be modular, extensible, flexible and
reusable. For example: the search method(s), feasibility checker, platform generation, eval-
uation (e.g. a simulator) and fitness functions have been de-coupled as separate parts and use
well-defined interfaces so that substitute components can be used in a plug-and-play fashion.
Components that conform to the interfaces are much easier to compare and code for setting
up and evaluating experiments can be reused. An example of the flexibility and modularity
of the system is illustrated by the framework’s proposed dimension-oriented DSE approach,
where different design dimensions are co-explored using the same or (optionally) different
search algorithms. A further innovation is that instead of using a fixed architectural topology,
NASA constructs the topology from so-called Basic Topology Units (BTUs), which consist
of a network container and a number of element containers. According to a custom user-
specification, these BTU building blocks will be automatically connected and the containers
will be instantiated with components such as buses, bridges and links (network containers)
or processors and memories (element containers). This allows for automatic exploration of
a much wider range architectural topologies than is commonly the case.

To conclude, we will shortly clarify the position of the work presented in this chapter
relative to the mentioned related works. As in the previous chapters, we consider stream-
ing multimedia applications (as in [25, 77, 101, 17]), and more specifically we use Kahn
process networks (as do [25, 77]). Since the focus of this chapter is to study DSE search al-
gorithm behavior rather than optimization of a specific application or platform instance, we
use synthetically generated KPN workloads (using a modified version of the KPN work-
load generator of [77]). This is also the reason why (in contrast to most other works
[17, 101, 37, 25, 48]), we propose a way to compare and evaluate different algorithms
independently of objective space metrics. Design points are evaluated using our Sesame
system-level simulator: [17, 48, 77] also use simulation-based evaluation, whereas other
approaches use analytical methods ([25, 101]) or a mix of both ([37]). Simulation-based
evaluation can typically more accurately determine characteristics of actual design points,
but may be slower than analytical approximations. Although we use the Sesame simulator,
we aim for our methods to be equally applicable to other contexts (possibly using different
simulators) while still being able to provide a useful comparison (e.g. by measuring search
method efficiency in the number of required evaluations instead of time).



7.3. DSE AS A GA SEARCH PROBLEM 121

Our method of choice for searching the design space is a genetic algorithm (like [101,
25, 48]) using a mapping based genetic representation (like [101, 25]). However, we propose
methods to optimize the standard GA using newly developed techniques that (as far as we
know) have not been used previously in the field of system-level DSE (see Section 7.8). Our
methods for optimization are not only relevant since the mapping-based representation is
commonly used (e.g. [25, 101, 48]), but also because they are highly compatible with many
other optimizations (so that different optimizations can be applied simultaneously). The
work in [101] and [17] report that their genetic algorithms manage to find the true optimum
in the design space. In both cases, however, the identification of the true optimum seems
to be given by means of some (not further specified) analytical method. However, it is not
addressed if and how the presence of such an analytical solution influences their respective
evolutionary search algorithms. For example, it is possible that a genetic algorithm is able to
converge more easily if there are true-optimal solutions which are (apparently) not too hard
to derive. We clarify in advance that the search problems from this chapter have been set-up
in such a way that there is no known method to derive the true optimum of the design space,
other than by exhaustive search (which, as we will see, is often infeasible).

7.3 DSE as a GA search problem

In this section we discuss the representation of a DSE problem as a search problem which
is suitable for solving by a GA. GAs operate by searching through the solution space where
each possible solution has an encoding as a string-like representation (often referred to as the
chromosome). A (randomly initialized) population of these chromosomes will be iteratively
modified by performing a fixed sequence of actions that are inspired on their counterparts
from biology: evaluation and selection, crossover and mutation. This sequence of actions is
in fact the only common denominator between GA implementations. There are many differ-
ent implementation options for each step in the GA and choosing the right implementation is
“the art of evolutionary algorithms”, since (unfortunately) it is mostly a matter of designer’s
intuition and trial and error. A fundamental design choice is the genetic representation of
the solution space, because each of the selection, crossover and mutation steps depends on
it. Furthermore, it is known from literature that for some search problems the representation
can influence GA performance. However, from a practical perspective, one typically chooses
a representation that naturally fits the problem at hand, as this simplifies the implementation
of the crossover and mutation operators.

Design point representation

In our case the problem is finding an optimal design candidate in a large space of possi-
ble design candidates that can be evaluated within Sesame. In Chapter 3 we saw that a
design space in Sesame often consists of parameters that are related to the application-to-
architecture mapping. For example, the number processors of a design can be completely
determined by the mapping: processors to which no processes have been mapped can simply



122 CHAPTER 7. SUPPORT FOR AUTOMATIC DSE

be discarded. Similarly, if there is a choice between N different types of processors and a
maximum of M processors, then the meta-platform (as introduced in Section 3.4 simply con-
tains all MxN processors and the mapping determines the final configuration. If a suitable
meta-platform can be found for a given DSE experiment, then the mapping specification pro-
vides a complete representation of a design point. However, creating a meta-platform can be
hard for some architectural parameters, especially if the architectural topology is one of the
design parameters. Furthermore, it doesn’t work with “active” components (which are not
dependent on input) or components that start simulation with an initialization routine, since
these components may affect the simulation even if nothing is mapped onto it. Finally, one
has to consider that the meta-platform specification grows combinatorially with the num-
ber of parameters. This can cause practical problems, considering that even unused model
components have to be stored on disk (before simulation) or in memory (at runtime). How-
ever, as we will see below, a mapping-based representation using a meta-platform enables a
very straightforward GA representation. We will use this representation for the case-studies
throughout this chapter, since they are designed such that they do not suffer from the previ-
ously mentioned disadvantages.
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Figure 7.1: A simple homogeneous crossbar model

For the experiments in this chapter we will use a Sesame model that maps an application
onto a crossbar-based meta-platform (Figure 7.1). A GA search algorithm will be used to
find the best application-to-architecture mapping. Here we discuss the representation of the
mapping as a GA chromosome. Firstly, we assume that there are no functional restrictions
on the processors: all processors can execute all of the tasks (this is generally true for pro-
grammable processors). Secondly, we assume that each pair of processors can communicate
so that there are no topological restrictions. Indeed, the crossbar in the proposed platform
fully connects all processors, so processes can communicate regardless on which processor
they are mapped. The result is that any task can be mapped onto any processor so that we do
not have to make special provisions for infeasible mappings. As we saw in Chapter 3, KPN
communication channels in Sesame are mapped explicitly onto communication structures
in the architecture. However, the crossbar uses a local-write, remote-read paradigm, so that
outgoing application channels are always mapped to the FIFO memory that is associated
with the processor. This means that the channel mapping does not need to be specified,
since it can be trivially derived from the task-mapping. So finally, we can conclude that the
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platform can be completely specified by simply associating application tasks to processors:

Task 1 ⇒ Processor 1
Task 2 ⇒ Processor 2
Task 3 ⇒ Processor 1
. . . . . .
Task n ⇒ Processor k

As a more convenient mapping description, we can use a vector of n processor identifiers,
where the i-th index indicates the mapping target of task i:

{p0, . . . , pi, . . . , pn−1}

Note that this commonly used description is very suitable to serve as the chromosome rep-
resentation (or genotype) for a genetic algorithm. All possible combinations of integers will
result in valid mappings, as long as ∀i : pi < k. This means that implementing crossover and
mutation operators will be relatively easy, since any recombination of such chromosomes
results in a valid specification and the GA can be implemented without special consideration
for “broken” chromosomes or repair mechanisms.

As a subsequent simplification, we will assume a homogeneous architecture where all
processors are the same and a task incurs the same delay on each processor (except for ad-
ditional delays caused by interfering tasks mapped onto the same processor). This condition
also includes that the architecture is symmetrical: other delays from the system that affect
the processor (e.g., network delays due to communication, memory delays, task scheduling
overhead, etc.) should also be the same for each processor. This condition holds for many
homogeneous architectures, for example, a multi-processor system where all processors are
connected to a central bus with a non-prioritizing arbiter or indeed the crossbar system used
in our model. A valid mapping specification is a partitioning of all n processes, where parti-
tions may be empty or contain all n processes. Note that partitions may be empty (processor
not in use) or contain all n processes (a single processor system). A processor that is not
assigned any tasks (having an empty task partition) can be considered idle or non-existent.
Note that many of the techniques presented in this chapter can be quite easily extended to
more heterogeneous systems (this will be discussed as future work in Section 7.10).

Size of the design space

For a maximum of p processors in the platform, there are a total of pn possible mapping
descriptions. We need to be aware however, that multiple mapping specifications can de-
scribe the same mapping. For example, mapping A : {0,1,0,0,2,3} and B : {2,0,2,2,3,1}
denote the same (duplicate) partitioning, and therefore an equivalent mapping on a homo-
geneous platforms. This can be solved by using a normal form notation of mappings, but
here we introduce the mapping distance metric which can distinguish duplicate mappings
and which will prove a useful concept later on. This metric is similar to the Hamming dis-
tance, or edit distance, except that it is independent of the symbols that make up the word.
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We define the mapping distance δ(p,q) as the minimum number of task re-mappings that is
required to transform mapping p in mapping q. For example, δ(A,B) = 0 and δ(A,C) = 4
if C : {0,1,2,3,1,1}. In general we have that for any p and q: δ(p,q) = δ(q, p) and for
duplicate mappings : δ(p,q) = 0. Note that with minor modifications, the distance metric
can also be defined for heterogeneous platforms (where duplicate mappings can still occur
on groups of processors with the same type). A more detailed explanation of the distance
metric is given in Section 7.6.2.

We can quantify the size of the design space as the number of partitionings (see Table
7.2). We can see that the design space is orders of magnitude smaller when we discard
duplicate mappings, which is therefore an important consideration for the search algorithm.
In the following we will show results of experiments where a genetic algorithm has been
applied to our mapping design space using the vector mapping representation. Then we will
give some suggestions on how the mapping distance technique can be used to improve the
search algorithm. From the table we immediately see the exponential growth of the design

n k all descriptors (kn) unique points (∑k
i=1 S(n,k))

5 3 243 41
7 3 > 2K 365
9 4 > 262K > 11K
11 4 > 4M > 175K
13 4 > 67M > 2M
15 4 > 1G > 44M
15 9 > 205T > 1G

Figure 7.2: Number of (unique) design points for given n, k

space: slight increases in the problem size (n or k) show orders of magnitude increase of
the design space. We also observe that the number of unique mappings grows much slower
than the number of chromosome representations (though it still grows exponentially). The
difference between the number of all and unique representations is approximately: k!. In the
next Section we investigate the GA behavior for one of these problems sizes.

7.4 Initial case study

Here we present the results of an initial, small-scale case study where the design space
consists of an 11-process application mapped onto a 4-processor crossbar architecture. We
also introduce a graphical method to quickly and concisely summarize and compare the
results of different GA experiments, followed by a short note on implementation issues. But
first we analyze the design space by exhaustive search.
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Size and shape of the design space

As we can see from Table 7.2, a design space with n = 11 and k = 4 contains more than
4 million (175K unique) design points. We use an algorithm based on Nijenhuis en Wilf
([73], Chapter 11) to generate all unique design points and iteratively evaluate the Sesame
model for each point. The result of this exhaustive search is that we have a complete view of
the relationship between parameter space and objective space. We can pin-point the global
optimum and use it in subsequent experiments to rate the relative quality of the results found
by the GA. The unique design points are shown in Figure 7.3a in the order of Nijenhuis-
generation and in Figure 7.3b as sorted by performance. Note that the same 275K of points
are plotted in both figures, although more of them overlap in the sorted figure. The latter

(a) Order of generation (b) Sorted order

Figure 7.3: Unique mappings of 11-to-4 mapping design space

gives us an idea about the distribution of points in the objective space: most mappings
perform in the middle performance segment, and a minority of mappings has either very
good, or very bad performance. It is the goal of the DSE search algorithm for any given
instance to identify the optimal mapping, or (if it proves impossible to find the optimum),
to find a design point as close as possible to the optimum. In this case the optimal design
point is [0,1,2,1,1,3,0,0,0,3,0], which evaluates to 938460 clock cycles. Note that we
can not make general assumptions about the shape of the design space and the distribution
of high-quality results, which is likely to be different for other architectural platforms and
application workloads.

Evaluation method

When analyzing results of heuristic search algorithms that are based on a random initializa-
tion (eg. the initial population in a Genetic Algorithm), we have to be aware that the result
may be different each time the algorithm is run. In figure 7.4a we show the quality of the
best design point found by 128 runs of our GA (we discuss the specific GA parameters later).
Each result is shown as a percentile of its location in the sorted design space: this gives us
an idea how “close” a design point is relative to the global optimum. In figure 7.4b the same
data is shown as a histogram: although many results are very close to the global optimum
(0-0.1 percentile), closer inspection of the data shows that the global optimum is not found in
any of the experiments. From this we conclude that our sample design space is already quite
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challenging for our GA. One can imagine that for bigger problem sizes, or more elaborate
design spaces with more parameters, the design space search problem becomes even harder.
In any case, it is critical to find search algorithms that show good convergence towards the
optimum (whether they find the global optimum or not).
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Figure 7.4: Results of repeating a GA 128 times

In order to compare different search methods, we propose an evaluation method that is
not based exclusively on the use of metrics in the objective space (in our case the simulated
system runtime). Although objective space metrics are commonly used for this purpose,
they can give a distorted view of the results, since the “landscape” of the design space can
be unpredictable. For example, if we compare two search methods A and B for their per-
formance on the design space in Figure 7.3b, then a difference between the search results
of 250000 units in metric space equals a difference of 20000 design points if measured in
the beginning segment of the sorted design space (closest to the optimum), but up to 110000
points in the middle segment of the design space. In this research we are more interested in
a search method’s convergence behavior, instead of the absolute values of the result. There-
fore, we use a new metric that performs a fair comparison of different search methods (or of
the same search method in different design problems). The metric is most easily represented
as a graph, such as in Figure 7.5 where each line summarizes the results of all repetitions
of one specific search method. The horizontal axis represents the quality of the result as a
percentile towards the optimum (a lower percentile indicates a result closer to the optimum)
and the vertical axis represents the probability of achieving a result with that quality. If one
method is repeated r times, then the graph consists of r discrete dots, but a line is plotted
through for visibility. In the following we will refer to this kind of plot as a Probability-
Quality plot (PQ-plot). Since the x-axis requires the calculation of the result’s percentile
towards the optimum, PQ-pots like this are only possible for design spaces that have pre-
viously been exhaustively evaluated. In Section 7.8 we show a solution to represent larger
design spaces in a similar way.

As an example consider the PQ-plot in Figure 7.5: the middle line shows the results of
a GA with the following parameters: population size 15, 15 iterations, crossover probability
0.9, mutation probability 0.01. It shows that a result within the 0.1 percentile (belonging
to the best 175K

1000 ≈ 175) results can be achieved approximately 28% of the time (which has
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Figure 7.5: PQ-plot for repeated experiments of 2 different types of GA and one random
search

been derived from repeating the method r times). The lowest, smooth line represents the
theoretically derived probabilities of finding results using uniform random search (as will
be discussed below). The top line represents another search method which dominates the
middle line, indicating a better performing search method: it has been found that it has a
higher probability of reaching search results with the indicated quality (or higher). In general
it is desirable that a PQ-line that climbs rapidly to Probability=1, therefore PQ plots show
only the interesting part of the x-axis (typically within 0.1-0.2 percentile). By comparing the
lines for different search algorithms we can get an insight the relative (average) performance
behavior.

An additional advantage of expressing the quality of an experimental result relative to
the optimum is that we can make an easy performance comparison to random search. We
define random search as the method that takes r random samples from the design space and
returns the best result. It serves as a comparative baseline for experiments which can be plot-
ted in a PQ-plot: each proposed algorithm should at least perform better than random search.
We choose r to be equal to the number of evaluations of the other algorithm, so for a GA
this would be population size× number of iterations When comparing different population
sizes, multiple random-baselines will be shown: the plot key then lists the number of eval-
uations in braces to identify which baseline belongs to a particular GA experiment. Instead
of performing an actual random search, we can theoretically derive the random baseline (the
probability of finding a result within C percentile of the optimum with r random samples):

Pfind = 1−
(

1− C
100

)r

Although the PQ-plots give a detailed overview of a search method’s behavior, it does
not specify the statistical significance of the difference between two or more search meth-
ods. In other words: when lines are close together, does the one on top represent a truly
better method, or is it just a side-effect of the non-determinism of the initial random popula-
tion? In order to discriminate these cases we compute for each experiment an approximate
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confidence interval of the mean value of the r repetitions of a single search method. The
confidence interval indicates how certain (as specified by the confidence level) we are that
the real mean (mean and variance of the distribution represented by the r samples are un-
known) lies within the confidence interval. The more the confidence intervals for different
experiments are non-overlapping, the more significant the difference of the mean behavior.
The confidence intervals for the results in Figure 7.5 is given in Figure 7.6 for different con-
fidence levels (the mark in the center of a confidence interval represents the sample mean).

 0.8
 0.85
 0.9

 0.95

 962  964  966  968  970  972  974  976  978  980  982
(x 1000 processor cycles)

Figure 7.6: Confidence intervals for the experiments in Figure 7.5

The boundaries of the interval are computed as follows: mean(x)± t(r−1) sdev(x)√
r , where

t(r− 1) is the upper (1−C)/2 critical value for the t distribution with r− 1 degrees of
freedom. Note that the confidence interval is only approximate, since there is no reason
inherent to the model to assume that the samples will be normally distributed. However, we
have performed several normality-tests on results of repeated GA experiments, showing they
indeed follow the normal distribution quite well 2.

Implementation

The results in this chapter are obtained using a standard genetic algorithm library.In the next
section we look at the DSE results using the unmodified (standard) GA, but in Sections 7.7
and 7.8 we introduce certain additional features and GA operators. Experiments can be done
using “simulator-in-the-loop” (where the fitness function consists of a call to the Sesame
simulation model), or using a database of cached simulation results. A separate program is
available to exhaustively search the design space by generating every (unique) design point,
run it through the simulator and store the result in a local database. In that case the GA
fitness function is simply a lookup in the database of cached simulation results, which is
of course only possible for relatively small design spaces. Considering the large number
of GA-based experiments that has been done for this research, we exploit easily available
parallelism in order to speed up the runtime of experiments. We can use parallelism at two
levels: for evaluating single design points (e.g., in order to create the database exhaustive
results) or for repeating experiments to measure average search-performance results (the
experiments will run in parallel). The program to start and evaluate these DSE experiments

2The various distributions that are inherent to the simulation model (modeling different latencies in all parts
of the model) may indeed accumulate to a normally distributed performance number, perhaps as an effect of
the central limit theorem (CLT). However, we have no way to motivate the occurrence of normality or to prove
applicability of the CLT. Therefore we emphasize that we claim (approximate) normality on the basis of the
observations only.
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will spawn a parameterizable maximum number of parallel processes. Our experiments
showed that maximum speedup can be achieved by setting this parameter to the number of
available cores in the shared memory multi-core system. For example, since most of our
experiments have been run on a 48-core Magny cours AMD machine, we typically repeat
experiments in multiples of 48. We note that the particular type of parallelism exploited here
is “embarrassingly parallel”: linear speedup can be achieved with more resources, such as
for example by using a large compute cluster. In this chapter we do not report on the (wall-
clock) runtime of experiments (for this we refer to Chapter 4), instead we use the required
number or design point evaluations (database lookups or calls to the simulator), which take
a constant amount of time on any given platform. This allows for a more useful metric
of design space search performance by considering separately the issue evaluating a single
design point and the issue of searching through the design space. For example, other DSE
approaches may be better at searching through a design space, but require a longer evaluation
time for a single design point, or vice versa.

7.5 Initial case study - parameters

In this section we perform an initial exploration of the effect of different parameters on the
performance of the standard GA. We compare the results with the theoretical random-search
baseline and with each other. The parameters available in typical GA implementations are:
population size, crossover and mutation rate, selection strategy and selective pressure. Fur-
thermore, we investigate the population diversity throughout the run of the GA. Although the
experiments in this section give us an indication of good GA parameters, we can’t assume
that these will be suitable for all case-studies in general (where design spaces and problem
sizes may be different). When we consider a different design problem, we always perform
sanity-checks to see that (for the given problem) we are still using a good set of GA param-
eters. Here we report our findings for the case study from the previous section. We discuss
the issue of the generic applicability of these findings later in this chapter.

First we consider the population size parameter, which can be regarded as one of the
most influential parameters. Larger populations will typically result in better GA perfor-
mance, since the initial (random) population is more diverse and because the GA has more
internal parallelism, so that more recombinations can occur in the same iteration (thus pos-
sibly converging faster to the optimum). However, larger populations come at the cost of
more evaluations. For the current design space we can simply use pre-computed results
from a complete store in memory, but when using the simulator to evaluate chromosomes,
the GA execution time will increase with larger populations. The extra execution time can
sometimes be mitigated by the fact that the GA converges faster and fewer GA iterations are
required or because a much better optimum is found. Therefore, the best GA is a trade-off
between number of evaluations (depending on population size, number of iterations, popu-
lation diversity) and resulting quality. In Figure 7.7 the P-Q plot is given of 300 repeats of
a GA with different population sizes and constant mutation rate (0.1), crossover probability
(0.9), tournament selection and a uniform crossover strategy. We can see that the largest pop-
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Figure 7.7: P-Q plot for different population sizes

ulation size (80 chromosomes) has a better chance to find results of certain quality. Note that
the figure shows multiple random-search baselines for fair comparison with each of the GAs,
allowing random-search the same number of evaluations (as indicated by the last number in
the plot legend). From the results we conclude that although population size 80 obtains the
best result, a population of 40 is a reasonable performance-execution time trade-off. We take
population size 40 as a basis for comparison in the remainder of this section.

Next we look at the influence of the mutation parameter, the left side of Figure 7.8a
shows the result for population size 40. In both figures we see a trend that a very small
mutation rate does not yield a good performance (mutation 0.01, 0.02), nor does a very high
mutation rate (0.3). The most effective mutation rate seems to be between 0.05 and 0.2. The
existence of an optimal mutation range can be explained by the fact that mutation enables
diversification in the population. This can result in new optimal solutions to be found and
to avoid sticking to local optima in the design space. However, when there’s too much
mutation, the GA becomes more and more like a random search and is unable to converge
towards any optima (local or global). It seems that the mutation rate has an even greater
influence on a GA with a smaller population (compare e.g. the difference between mutation
0.05 and 0.20 in both figures). A reasonable explanation seems that the larger population
has more randomness from its initial population, whereas a smaller population does not. For
now we select mutation rate 0.10 as the basis for our future experiments.

In Figure 7.9 we see performance for different crossover probabilities. A higher crossover
probability indicates that two genes exchange more genetic material once they have been se-
lected to create offspring. We can see that the results are close together for significantly
different crossover rates, suggesting that the crossover rate has little influence on the GA.
Indeed, in the wider GA research field it is a hot topic of debate how important actually is
the crossover step in a GA. There is no general consensus on this topic, but including some
form of crossover seems to be generally beneficial. In the following, we will continue to use
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Figure 7.8: P-Q plot for different mutation rate

the commonly applied 0.9 crossover rate.
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Figure 7.9: P-Q plot for different crossover probabilities

Furthermore, the method that is used to select which chromosomes are candidates for
crossover may affect GA performance: the selection strategy. A selection strategy typically
selects two chromosomes from the population, which the crossover method will then com-
bine into two new chromosomes. Here we consider some of the commonly used selection
strategies: roulette-wheel (selection proportional to the chromosome fitness), tournament
(select fittest chromosome from a small random subset of the population) and random (se-
lect random chromosomes from population). For each selection strategy we consider a few
types of crossover mechanisms: single-point crossover (breaking a chromosome at a ran-
dom point and exchange the end-pieces), two-point crossover (breaking a chromosome at
two points and exchange the middle piece) and uniform crossover (a child chromosome is
built-up as a sequence of genes that may come from any one of the parents). The results
are shown in Figure 7.5. Each graph (7.10a,7.10b,7.10c) shows the result of a particular
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Figure 7.10: P-Q plots for different selection strategies and crossover methods

selection strategy in combination with the three types of crossover. The last graph (7.10d)
compares the best result of each selection type. First of all we observe that the PQ-lines in
each case lie very close together: apparently the choice of crossover method does not in-
fluence GA performance in a significant way. The overlapping confidence intervals confirm
this: only at a low significance level can we distinguish the use of different crossover oper-
ators. For example, in Figure 7.10b, only the single-point crossover has a non-overlapping
confidence interval, but only for confidence levels 0.85 or lower. In Figure 7.10d the best
result for each selection type is plotted, and we see that tournament selection (with two-point
crossover) shows a measurable improvement over roulette and random selection.

One final GA parameter is selective pressure, which can be defined as the preference of
the selection method to choose chromosomes with a better fitness over chromosomes with
worse fitness. A high selective pressure can allow a GA to converge quicker, but can also
mean that the GA is likely to get stuck in local optima. With selective pressure too high, only
successful chromosomes make it into the next population and successful combinations with
lesser chromosomes may be missed. This can also be translated into a diversity problem:
only genetic material from chromosomes with high fitness make it into the new population,
so the diversity of the new population may be low. On the other hand, when selective pres-
sure is too low, a GA will have problems converging to any optimum (thus resembling a
random walk). Finding a good balance between convergence and diversity is considered an
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important issue in the field of evolutionary algorithms. We will revisit this topic later in this
section and throughout this chapter.

In our current experiment we can most easily try out different selective pressures for the
tournament selection method. Selective pressure can be increased by increasing the size of
the random subset of the population (from which the chromosome with highest fitness is
selected) as weak individuals have to compete with more other chromosomes. Vice versa,
selective pressure goes down for a smaller set (note that set-size 1 is equal to random selec-
tion). The results in Figure 7.11 show that varying subset sizes between 2 and 16 has very
little influence on GA performance for the current problem.
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Figure 7.11: P-Q plot for varying selective pressure

Next we take a look at the diversity of the populations during the run of the GA. For
this purpose we measure in every generation of the GA how many of the population indi-
viduals are new (have not appeared in any previous generation). Since the results show a
similar trend in the different experiments discussed so far, we only show the diversity for
the experiment with different mutation rates. The left side of Figure 7.12 shows the number
of new individuals per generation, whereas the right shows the same data cumulatively. The
points shown are averages for 300 repetitions of each GA; the initial population is shown as
generation 0. Not surprisingly, the highest mutation rate (0.20) introduces the most new in-
dividuals per generation. In all cases, the number of new individuals drops quickly even after
the second generation, and the last generations barely introduce more than 1 new individual.
In the right figure the last data point on each graph shows the total number of unique values
throughout the run of the GA. We observe that increasing the mutation rate four-fold (from
0.05 to 0.20), the diversity increases by only 23%. Moreover, we know from our previous
experiments that increasing mutation rate beyond 0.20, has an adverse affect on the quality
of the found optima. Indeed, it is generally known that there is a delicate balance between
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Figure 7.12: Diversity per generation (left) and cumulative (right)

diversity (which can be improved by higher mutation rate) and convergence (which may be
disrupted by a too high mutation rate): a higher mutation rate may prevent the GA from
getting stuck in local optima, but may also prevent convergence towards the best solution.
We revisit this topic in Section 7.7, where we propose a new method of managing population
diversity based on the distance metric.

The diversity analysis of Figure 7.12 suggests a particular performance optimization of
the GA: individuals that occur multiple times do not really need to be evaluated again. By
storing the evaluation result of each individual, the number of calls to the simulator can
be reduced. We have not applied this optimization in our case, but the performance of the
GA could be increased significantly this way. This is particularly true for DSE case studies
that perhaps use a simulator that takes orders of magnitude more time to evaluate a single
design point (e.g., instruction set simulators). As an example, the GA with mutation rate
0.2 calls the simulator 40× 16 = 640 times (including the initial population), out of which
only 173 on average are unique individuals. By using the proposed optimization, a speedup
of approximately 3.6 can be obtained over a non-distributed GA implementation (where
evaluations are performed sequentially).

Finally, we note that the baseline in the PQ plots is based on uniform random search
using the number of design point evaluations as given by the non-optimized number of eval-
uations:

(number of generations+1)×population size

If we would allow random search to evaluate a number of individuals that is equal to the
accumulated number of unique individuals in each of a GA’s populations, then the PQ-plot
of the GA would show even better performance relative to the random search baseline.

7.6 Distance metric

In this section we expand on the topic of the distance metric, which was shortly mentioned
before in Section 7.3. First we discuss some properties of the design space that motivates the
possible usefulness of such a metric. Subsequently, the distance metric will be described in
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detail and possible implementations are discussed. In the remainder of this chapter we will
consider how the standard GA methods can be improved using the distance metric.

7.6.1 Observations on the design space

As we have described previously, our chosen design space focuses on the mapping between
application tasks and architectural resources. The performance of a single design point is
heavily influenced by the (communication) dependencies between nodes in the task-graph
and the dependencies that are introduced by sharing of architectural resources. The Sesame
simulator captures these dependencies in its models and the resulting performance evalu-
ation. A small change in the dependencies can, in theory, result in a completely different
performance result. For example this is the case when we change the mapping of a single
task such that it is added to or removed from the dependency chain that is part of a perfor-
mance bottleneck in that design point. However, intuitively, we think that in general most
small changes will not result in a hugely different performance result. We confirm this hy-
pothesis by checking the correlation of performance results for pairs of design points. First
a random set of design points is created, then we mutate each chromosome in x positions
by randomly choosing the positions and its mutation value. The results are shown in Figure
7.13 for a design problem where an application with 20 nodes is mapped onto a homoge-
neous, symmetrical architecture with 8 processors. Each dot represents a pair of design
points with the performance of the first design point along the x-axis and the performance of
the second along the y-axis. We can see a clear correlation between points that have mutated
in 1 or 2 positions (top graphs), but this relation fades and disappears with changes in 4 or
8 positions (bottom graphs). Apparently, it is indeed true that (on average) small changes in
the design point specification lead to small performance differences. We propose methods to
exploit this correlation by integrating this piece of domain knowledge into our GA methods
in Section 7.8.

7.6.2 Distance metric details

Here we present an implementation of the distance metric as defined in Section 7.3. For
any pair of mappings (A,B), the algorithm will perform stepwise reassignment of tasks in
B such that the result is equivalent to A and that the number of required reassignments is
minimal. The algorithm considers the mapping as a partitioning of a set of task groups:
processes mapped onto the same processor are in the same task group. In each recursive
iteration of the algorithm, a pair of task groups (tgA, tgB) will be selected where tgA is a task
group from mapping A and tgB is a task group from mapping B. Next, certain tasks will be
reassigned such that group tgB becomes the equivalent of task group tgA. In each level of
recursion another pair of task groups will be selected and again reassignment of tasks takes
place. This continues until the task groups in each mapping are equivalent: this means that
mappings A and B are now equivalent. The essence of the algorithm is to find a sequence
of task group pairs such that the accumulated number of reassignments to turn A into B is
minimal.
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Figure 7.13: Correlation between results with mutation in x gene positions

Let map be a function that maps n tasks onto a k-processor system.

map : {0 . . .(n−1)} ,−→ {0 . . .(k−1)}

Let A and B be two mappings where the i-th element in A is denoted as A[i]:

A = [A[0], . . . ,A[n−1]] = [mapA(0), . . .mapA(n−1)]
B = [B[0], . . . ,B[n−1]] = [mapB(0), . . .mapB(n−1)]

Then a task group of a mapping A is defined as a set

tgA,x = {t ∈ {0 . . .n−1} | mapA(t) = x}

Note that when mappings A and B do not map to the same number of processors, then one
of the mappings has some empty task groups (which does not influence the working of the
mapping distance algorithm).

Next we list the three important stages from the recursive algorithm:

Step 1: group selection

Find a task group from each mapping to form a pair:

(tgA,i, tgB, j) (i, j ∈ (0 . . .k−1))

such that:
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1. they share the maximum number of tasks: i, j with max(| tgA,i∩ tgB j
|), and

2. i and j have not been part of a task group pair in a previous iteration of the algorithm

If there are no more task groups that meet the requirements, then B is now equivalent to A
and the algorithm has finished. The accumulated value of the distance counter is returned
as well as the sequence of task group pairs that was used to rewrite B to A (the latter will be
used later to generate a “minimum path” from A to B, see Section 7.8.2. Note that there may
be more than one sequence that transforms A to B with the same number of reassignments,
but finding one such sequence is sufficient for our purpose.

Step 2: recursion

The pair found by the previous step will be used for task reassignment. However, there
may be multiple pairs that have intersections of the same (maximum) size. In this case it is
unknown which pair should be used for reassignment, so there’s no other option than to try
all of those pairs. To this end, a copy B′ of B is created of every pair and the task reassignment
function (see below) is applied. Next, the distance algorithm will be called recursively to
calculate the distance between A and every B′. When the recursion has finished, we select
and return:

• the minimum found distance between A and B′

• the corresponding sequence of task pairs

Reassignment Function

This function takes as input a task group pair (tgA,i, tgB′, j) from mappings A and B′ respec-
tively. The pair will now be used to modify mapping B′ such that tgB′, j includes at least those
tasks that are in tgAi

:

∀y ∈ (0 . . .k−1) : B′[y]
reassign

:= j if A[y] = i and B′[y] /= j

This results in: tgA,i ⊆ tgB′, j. Note that the additional tasks {tgB′, j− tgA,i} (if any) will
be reassigned in a later iteration such that finally tgA,i = tgB′, j. Note that the number of
reassignments may be 0, in which case the distance counter is not increased.

7.6.3 Example

To illustrate the above algorithm, consider the following two mappings A and B for a 6
process application and any 4 processor (homogeneous and symmetrical) architecture.

A : [0,1,2,2,2,3] B : [0,1,1,0,0,0]

In the first iteration of the algorithm we have the following task groups:
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tgA,0 = {0} tgB,0 = {0,3,4,5}
tgA,1 = {1} tgB,1 = {1,2}
tgA,2 = {2,3,4} tgB,2 = {}
tgA,3 = {5} tgB,3 = {}

We find that the pair (tgA,2, tgB,0) has the largest overlap (tasks 3 and 4). Therefore: B′[y] =
0 if A[y] == 2, results in: B′ = [0,1,0,0,0,0]. The distance counter is incremented by 1,
because task 2 was reassigned. In the second iteration the relevant remaining taskgroups
are:

tgA,0 = {0} tgB′,1 = {1,2}
tgA,1 = {1} tgB′,2 = {}
tgA,3 = {5} tgB′,3 = {}

The largest overlap is between the pair (tgA,1, tgB′,1), consisting of task 1 only. No tasks are
reassigned, since B′[1] is already set to 1. Therefore the distance counter is not incremented.
In the third iteration the relevant remaining task groups are:

tgA,0 = {0} tgB′′,2 = {}
tgA,3 = {5} tgB′′,3 = {}

All combinations of task groups from A and B′′ now have the same intersection (the empty
set). At this point we do not know with which pair to proceed, therefore the algorithm is
run recursively for each pair: (tgA,0, tgB′′,2) , (tgA,0, tgB′′,3), (tgA,3, tgB′′,2), (tgA,3, tgB′′,3) . In
this case all 4 recursive branches will find a minimum of 2 additional reassignments. In
general one of the shortest recursive branches is selected. In the following we show only the
first recursive branch, so we reassign according to pair (tgA,0, tgB′′,2): B′′′ = [2,1,0,0,0,0]
and the distance counter is incremented with one, making the total recorded number of
reassignments 2. In the fourth iteration the relevant remaining task groups are:

tgA,3 = 5 tgB′′′,3 = {}

The only possible pair is (tgA,3, tgB′′′,3). We apply the reassignment rule and with one re-
assignment we get: B′′′′ = [2,1,0,0,0,3] . The algorithm is finished and B′′′′ is now an
equivalent mapping to A. The distance counter has reached its final value of 3, which is the
guaranteed minimum number of reassignments required to change mapping B into mapping
A. The sequence of task group pairs used was:

(tgA,2, tgB,0), (tgA,1, tgB′,1), (tgA,0, tgB′′,2), (tgA,3, tgB′′′,3)

In this example, the following sequence would also have found the minimum:

(tgA,2, tgB,0), (tgA,1, tgB′,1), (tgA,3, tgB′′,3), (tgA,0, tgB′′′,2)
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7.6.4 Performance improvement

As mentioned before, the essence of the distance algorithm from the previous section is to
find the sequence of task groups pairs that leads to the minimum number of reassignments.
It exhaustively tries all all permutations of pairs, resulting in an algorithmic worst-case com-
plexity of O(k!n). Using a built-in optimization, it can perform better only when the two
input mappings have overlapping task groups that do not overlap by the same number of
tasks. Although the algorithmic complexity is fine for small k and n, it does not scale well to
large problem sizes. Fortunately, it is possible [100] to reduce the distance metric problem
to an assignment problem, which can be solved in only O(n3) using the Munkres assignment
algorithm [57].

Munkres works on an assignment-cost matrix, e.g., workers (in columns) perform a job
(in rows) for a cost specified in the matrix. The Munkres algorithm then finds the minimal
assignment of jobs to workers such that the total cost is minimized. We can define the
matrix for two mappings A and B as mi j = n− | tgA,i∩ tgB, j | for each task group i from A
and j from B. In this way, mi j represents the cost of transforming task group i to task group
j: the cost is lower when the groups overlap more. Note that mi j is in general not equal to
the required number of reassignments, but rather we choose n (number of tasks) so that all
mi j ≥ 0. The outcome of the Munkres algorithm is a list of pairs of task groups such that the
cost is minimal. By applying the list of pair groups as reassignments to B, we can transform
B into A and obtain the distance value. An example of reassignment according to a list of
task groups is given in Section 7.8.2.

7.7 Initial case study with distance metric

In Section 7.4 we mentioned that the balance between diversity and convergence in a GA is
delicate and that both properties are important for a successful GA. In the previous section
the distance metric was proposed as a way to discriminate equivalent and similar designs.
Here, we propose a few simple methods to incorporate the distance metric into the GA in
order to manage (increase) population diversity in the hope that this will help the GA to
sweep a broader range in the design space. We perform the same evaluation as in Section
7.4 using the same design problem.

We have previously seen that our GA tends to converge towards a very homogeneous
population: in some runs we saw that the final generations hardly introduce any new chromo-
somes. This means that at that point, the GA has converged prematurely to a local optimum,
or it has simply already achieved its best possible result. Here we test what happens when
we artificially introduce more diversity in the population of each GA iteration. For this pur-
pose we analyze in each GA generation, the clustering of elements in terms of the distance
metric. For each individual we calculate the average distance towards the other individuals;
if the average distance is low, then we consider the individual to be very clustered. In the
first of the two methods introduced here, we select a few of the most clustered individuals in
the GA population for replacement by new, randomly initialized individuals. The rationale
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is that the insertion of random genetic material will help the GA to continuously consider al-
ternatives other than the solutions on which it is converging (thus increasing diversity). This
is in many ways similar to the function of the GA mutation operator, except that we target
specific individuals that will be completely replaced, whereas mutation randomly modifies
only small parts of the chromosome (genes). In order not to override completely the natural
convergence of the GA, we first replace only a percentage of population individuals. The
result is shown in the left part of Figure 7.14, the line indicated with replacement 0 is the
normal GA (without any replacements) as a reference. The other lines represent GAs where
5, 10, 20 or 40 percent of most clustered part of the population gets replaced. We see that
none of these GAs is able to perform better than the reference GA, although, up-to 20% can
be replaced without much harm to the GA (40% however clearly reduces GA performance).
The first of the three numbers indicates the cumulative diversity of the population (exclud-
ing initial population). It shows that a higher replacement rate does increase diversity, but
clearly this does not help to improve overall GA performance. In a follow-up experiment
we replace a dynamically changing proportion of the population instead of a statically fixed
percentage. Here we increase the rate of replacement with 1 per generation, e.g., 1 in the
first generation, 2 in the second generation, etc. However, we vary the parameter I, which
indicates how many generations proceed normally before the first replacement starts. So one
replacement occurs in generation I, two replacements in generation I +1, etc. In our exper-
iment we have a maximum of 15 generations, so we choose I = 1,4,9 and inf, where inf
indicates the normal GA (no replacements). The right side of Figure 7.14 shows clearly that
I = 1 gives the worst results . This is perhaps not surprising since I = 1 replaces a number
of individuals in the population equal to the generation number: in the last population of the
GA, all elements will be replaced by random values. Apparently, this interferes too much
with the normal working of the GA. Different values for I seem to do slightly better: the
best result being obtained by I = 9, which starts replacing individuals in the ninth genera-
tion. However the confidence intervals show that the result of I = 9 is not significantly better
than the normal GA (I = inf).
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Figure 7.14: Replacing most clustered elements (static (l) and dynamic (r) proportion)

In a follow-up experiment we replace a dynamically changing proportion of the popula-
tion instead of a statically fixed percentage. Here we increase the rate of replacement with
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1 per generation, e.g., 1 in the first generation, 2 in the second generation, etc. However,
we vary the parameter I, which indicates how many generations proceed normally before
the first replacement starts. So one replacement occurs in generation I, two replacements
in generation I + 1, etc. In our experiment we have a maximum of 15 generations, so we
choose I = 1,4,9 and inf, where inf indicates the normal GA (no replacements). The right
side of Figure 7.14 shows clearly that I = 1 gives the worst results . This is perhaps not sur-
prising since I = 1 replaces a number of individuals in the population equal to the generation
number: in the last population of the GA, all elements will be replaced by random values.
Apparently, this interferes too much with the normal working of the GA. Different values for
I seem to do slightly better: the best result being obtained by I = 9, which starts replacing
individuals in the ninth generation. However the confidence intervals show that the result of
I = 9 is not significantly better than the normal GA (I = inf).

 0.8
 0.85

 0.9
 0.95

 955  960  965  970  975  980  985
(x 1000 processor cycles)

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1
 0  0.02  0.04  0.06  0.08  0.1

0% (106/127/600)

10% (121/186/600)
20% (142/245/600)
40% (232/367/600)

5% (115/158/600)

 0.8
 0.85

 0.9
 0.95

 960  962  964  966  968  970  972  974
(x 1000 processor cycles)

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1
 0  0.02  0.04  0.06  0.08  0.1

I=1 (124/221/600)
I=4 (112/183/600)

I=inf (109/130/600)
I=9 (108/143/600)

Figure 7.15: Replacing least clustered elements (static (l) and dynamic (r) proportion)

Perhaps we have overlooked a possible risk in the proposed strategy: it can be expected
that the most clustered elements are often also the best (fittest) elements in a given pop-
ulation, since the cluster is the convergence “focal point” of the GA. Moreover, these fit
elements are more likely to contain fragments of genetic material that contribute to the final
optimal solution. So by replacing the most clustered elements, we may well be disrupting
the natural GA convergence. Therefore, we now test what happens if we replace the least
clustered elements: the results are shown in Figure 7.15 for both the static and dynamic
replacement schemes. We see that the results for various I are very close to, but generally
worse than the standard GA and that the confidence intervals are mostly overlapping, so we
have to conclude again that the new strategy has no benefit.

Finally, we analyze how much diversity is actually introduced by the different methods
presented in this section. The legend in each of the four plots shows three numbers mea-
suring diversity. The first two numbers measure the average cumulative number of unique
chromosomes (according to the distance metric) in the final generation. This is equiva-
lent to the total number of unique individuals during the run of the GA. The first number
measures diversity after application of the crossover and mutation operators, whereas the
second number measures before. The third number is the product of number of genera-
tions and population size (the random-search baseline is calculated using this number, as we
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saw in Section 7.5). Theoretically, the static method at 20% replacement introduces up-to
15 ∗ (40 ∗ 0.2) = 120 new individuals which is the same as the dynamic method for I = 1:
1 + 2 + . . .+ 15 = 120. For example, in Figure 7.15, comparing the second diversity num-
ber between 0% and 20%, we indeed see (approximately) the expected diversity increase
(127 vs. 245). If we compare the first diversity number for the static and dynamic experi-
ments, then we see that the static method has a higher diversity (142) than the static method
(124). A similar observation can be made for the experiments in Figure 7.14. Apparently
the dynamically increasing rate of replacement has a smaller effect on diversity than the
dynamic method. Moreover, we observe the difference between the first and the second di-
versity number. Many of the new individuals that are inserted at the start of a generation
(the second number) have disappeared by the end of the generation (the first number). The
difference can be explained by the fact that randomly inserted individuals are lost from the
population after selection, crossover and mutation. This suggests that the randomly inserted
individuals are –on average– of insufficient quality to survive to the next generation.

We conclude that the methods presented in this section are able to increase diversity
in the GA populations. However this is clearly shown to have no positive impact on the
overall performance of the GA. In the next section, a different approach proves to be more
successful.

7.8 GA with integrated distance metric

As we have seen in Section 7.7, the methods to control population diversity based on the
distance metric did not contribute to improving GA performance. It is possible that the
problem with those methods was cause by the fact that they were artificially layered on top
of the normal GA operation. After each generation (or similarly: at the beginning of the next
GA generation), the population would be artificially changed. Although this increased over-
all diversity in the populations, there was no measurable and predictable improvement in the
GA performance. Another disadvantage of the proposed GA-extensions was the computa-
tional overhead of computing the average cluster distance in each generation, which required
n2 distance calculations for population size n.Therefore, scalability would be a problem for
larger population sizes. To avoid such problems, we continue the search for generic, scal-
able improvements of the standard GA solutions in this section. However, we now propose
more integrated approaches based on our previous observations about the design space in
the context of the distance metric. This has resulted in the definition of new GA-operators
for crossover and mutation. These new GA-operators attempt to optimize GA performance
either by

• reducing the redundancy present in the chromosome representation

• using a distance metric-based crossover

Combinations of these are also possible and we will show and analyze the experimental
results in a way similar to the previous sections. In this case, however, we scale up the
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reference design problem to a size that is no longer practical for exhaustive evaluation, but
which is more realistic for practical design problems.

7.8.1 Reducing representation redundancy

A chromosome representation of a design point with k processors can be represented in k!
different ways by permutating the k processor labels. This is sometimes referred to as the
“symmetry” of the search space ([100]). Search algorithms may be affected by symmetry
in the search space, and is known to have a negative impact on the performance of genetic
algorithms in some problem domains, such as for example in the case of the graph color-
ing problem ([106]). We investigate whether the same is true for the search spaces of our
design problem. For this purpose we propose a set of genetic operators that enable the GA
to traverse the design space without symmetry. Intuitively, removing the symmetry from
the design space should result in a more efficient search, as it effectively makes the design
space smaller. But it may equally be the case that the GA, which is optimized for combina-
torial problems, searches through the symmetrical subspaces with ease. Therefore, whether
symmetry is a limiting factor on performance is yet to be determined.

We observe that for our chosen chromosome representation, it is easy to convert a set of
chromosomes to equivalent chromosomes with a representation from the same, symmetry
subspace. Note that the Nijhuis-Wilf algorithm (that we used in Section 7.4) to exhaustively
generate all design points) produces all design points in base-symmetry form. Following
the naming convention from Section 7.6.2, it holds for each base-symmetry chromosome
representation A:

A[0] = 0
A[i+1]≤ max(A[0], . . . ,A[i])+1

In the work of [106] the assignment function represented by A is called a Restricted Growth
Function (RGF): from left-to-right (starting with 0), the mapping target is identified using
the lowest possible number. This leads to a simple (order O(N)) re-assignment function to
change a mapping to its unique equivalent in the base-symmetry space. This is shown in
Algorithm 1; base is an array initialized to −1 for all elements, A is the design point to be
re-written.

We now use the baseform function to enforce that subspace boundaries are not crossed
during the normal operation of the GA. The simplest way to implement this is to append the
baseform function to each normal GA operator. So, for example, a normal 2-point crossover
could transform parent chromosomes A and B in child chromosomes A′ and B′. After a
subsequent application of the baseform function to both chromosomes, the result is A′′ and
B′′.
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Algorithm 1 The baseform function
cnt ← 0
base← [−1, . . . ,−1]
for i = 0→ (n−1) do

idx← A[i]
if base[idx] < 0 then

base[idx]← cnt
cnt ← cnt +1

end if
A[i]← base[idx]
i← i+1

end for

before crossover: [0,0,0,0,0,0,1,2]=A
[0,1,1,1,2,2,2,2]=B

after crossover: [0,0,0,0,2,2,2,2]=A′

[0,1,1,1,0,0,1,2]=B′

after baseline: [0,0,0,0,1,1,1,1]=B′′

[0,1,1,1,0,0,1,2]=B′′

The mutation function is similarly appended with the baseform function. With the ex-
tended crossover and mutation operators, all chromosomes in each generated population are
guaranteed to remain in the base-symmetry space. Note that it is possible, but not necessary
to apply the baseform function to the initial random population, since all individuals would
automatically be transformed to baseform notation after the first GA iteration.

7.8.2 A distance-metric based cross-over operator

Our initial motivation to introduce the distance metric was to provide a measure of similarity
between design points. We saw in Section 7.6.2 that the distance metric can relate any two
design points by finding a minimal set of atomic changes transforming design point A into
design point B. While the number of changes can be used to measure similarity, the resulting
set of changes can also be used to provide some much-needed structure in the complex
mapping design space. For this purpose we define a sequence of intermediate design points
that is the result of applying one such minimal set of atomic changes to A (in unspecified
order). The sequence of intermediate design points represents a “path” from A to B:

A,A1,A2, . . . ,An−1,B where n = distance(A,B)

The intermediate design points Ai will share a varying amount of characteristics from both A
and B, since every application of an atomic change helps to transform A into B. We note that
exchanging properties from parent chromosomes is the main purpose of the GA crossover
operator. Therefore, we propose to use the constructed path as the basis for a new type of
crossover operator: the distance-path crossover.
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Next we show how such a path can be constructed and how a crossover operator can
be implemented. We already determined that the distance metric problem is equivalent to
a group assignment problem: and indeed both distance algorithms from Sections 7.6.2 and
7.6.4 can provide us with both the resulting distance as well as (one of) the minimal group
assignments. The minimal group assignments can be used to build the path between A and
B by iteratively applying the re-assignment function (Section 7.6.2) for each group.

For example, the mappings A and B:

A = [0,1,1,0,2,3]
B = [0,1,2,2,1,2]

have a distance 3 with matching groups: (1A,1B), (2A,4B) and (3A,2B) (using the notation
from Section 7.6.3). We rewrite A into B by applying the reassignment function to each of
the group pairs in order:

[0,1,1,0,2,3]=A
(1A,1B): on every i where B[i] = 1 assign 1 to A[i]

i = 4, result: [0,1,1,0,1,3]=A′

(2A,4B): on every i where B[i] = 4 assign 2 to A[i]
no such i

(3A,2B): on every i where B[i] = 2 assign 3 to A[i]
i = 2, result: [0,1,3,0,1,3]=A′′

i = 3, result: [0,1,3,3,1,3]=A′′′

[0,1,2,2,1,2]=B

The path from A to B is given in the right column, note that A′′′ is symmetrical to B. Paths
will be longer when A and B are less similar and when the problem space (and thus the
chromosomes) are longer.

We propose that the new crossover operator creates offspring by simply selecting two
random elements from the path between parents A and B. Special provisions can easily be
made if one objects against the fact that the children may be the same as each other or as one
of their parents. Finally we note that the offspring created by this crossover mechanism only
mixes genetic material from the parents, and that no new or random material is inserted.
In other words, properties from an element C that is not on the path will not occur in the
offspring, since the distance metric is guaranteed to find the minimal path between A and B.

7.8.3 Combination of approaches

The baseform and crossover techniques that were presented in the previous sections can
also be used in combination. In that case we first perform the baseform method after the
modified crossover operator. In the example of the previous section this would mean that if
A′′ was the result of the crossover, then application of the baseform function would convert
it to [0,1,2,0,1,2]. We note that it is possible to delay the baseform function until after the
mutation operator, so that the baseform conversion needs to be performed only once.
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Figure 7.16: Summary of different GA methods

Finally we summarize in Figure 7.16 that the proposed new approaches give rise to 3
new GA methods. These will be evaluated in the next section.

7.8.4 Experiments

A set of experiments has been performed to determine the impact of the two approaches that
were described previously. We look both at the impact of the crossover and baseform exten-
sions separately as well in the combined approach. As the basis for comparison we use a GA
with tournament selection and uniform crossover. To challenge the search algorithm, we use
a different, and (compared to the previous experiments) much larger stochastic application
model consisting of 20 processes. They are mapped onto a homogeneous 8-processor archi-
tecture using a single shared bus for communication. Note that this significantly increases
the design space to approximately 3 ·1013 unique design points.

Part 1

This results in a series of P-Q plots (Figure 7.17 and Figure 7.18) that show the results of
the four types of GA: regular (reference) GA, GA with baseform, GA with new crossover
and finally a GA with baseform and new crossover. In the following we will refer to these
simply as: reference, baseform, crossover and combined GA. In the first experiment (Figure
7.17), we test three different mutation rates (top-to-bottom: 0.15, 0.1 and 0.05) as well as
for two different population sizes (left: 40, right: 80). In all other aspects, the GAs use the
same parameters (e.g., crossover rate 0.9) and they all run for 30 generations.

Note that in contrast to previous P-Q plots, the quality-axis of the top figure is given not
as a relative percentile, but as absolute values in the objective domain (simulated cycles).
This change is necessary as we can not determine the true optimum anymore. The design
space (20 processes onto 8 processors) is now sufficiently large that exhaustive search be-
comes impractical. The P-Q graphs are now effectively cumulative distribution functions of
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Figure 7.17: P-Q plots for GAs with combined extensions
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the experimental data (known as the empirical CDF). They can be interpreted the same as the
previous P-Q plots: dominating lines (towards the top-left) show a better performing GA.
The confidence intervals at the bottom of each graph are the same as before. Also note that
an initial exploration (not reported here) showed that for the new design problem, tourna-
ment selection with uniform crossover works best. Therefore, in the following experiments
we use this as the reference GA (denoted with the label or simply

).
The first subplot (Figure 7.17a) shows that the extended GAs perform better than the

reference GA. The difference between the average result (as indicated by the center of the
confidence interval) of reference GA and the best performing GA (combined method) is
quite large: 2470 vs. 2373 in terms of absolute performance. Moreover, the confidence
intervals between the reference and combined GA are clearly disjoint, confirming the reli-
ability of our observation. As we do not have access to the global optimum of this design
space, it is not possible to quantify exactly the meaning of a reduction of approximately 100
units (cycles) in objective space. However, we can see that the best result that we found in all
experiments is 2331 when using population size 80 (Figure 7.17d), which is approximately
40 units lower than our best average result in Figure 7.17a. So, as a very rough, intuitive
comparison we say that a reduction of 100 is 2.5 times the improvement of doubling the
population size. This is significant, considering that increasing the population size increases
the number of evaluations and thereby the search cost. In relative terms we can compare the
reference and the combined GA in Figure 7.17a: the probability of finding results within the
range 2300-2475 differs around a factor 2 or 3.

In the same figure (7.17a) we see that the results of using only the baseform or only the
path-crossover are also much better than the reference GA. The baseform-only GA seems
to perform slightly worse than using only the path-crossover for mutation rate 0.15 (Fig-
ures 7.17a and 7.17b). The confidence interval plot of 7.17a clearly shows the order in
performance (from high to low): the combined method, path-crossover, baseform and lastly
the reference GA. The experiment with a larger population (Figure 7.17b) shows the same
ordering, although the difference between path-crossover and baseform are less pronounced.

In the experiments with lower mutation rate (7.17c to 7.17f), the difference in perfor-
mance between all GA methods becomes smaller. For mutation rate 0.10 (Figure 7.17c and
7.17d), the performance of the extended GA methods start to become very similar (see the
confidence plots), but there is still a significant difference with the reference GA. Only for
the lowest mutation rate (Figure 7.17e and 7.17f) does the reference GA catch up. For pop-
ulation size 40 the reference GA even performs a little better than the other methods, though
not so for the larger population size of 80 (Figure 7.17f).

So we tentatively conclude that in almost all cases the extended GAs perform better, or
at worst similar, to the reference GA. However, the impact seems to be inversely propor-
tional to the mutation rate: a higher mutation rate means a larger performance difference.
Therefore, a designer can use the baseform and crossover extensions with confidence, as
long as he chooses a sufficiently high mutation rate (≥ 0.10). Moreover, the baseform, path-
crossover and combined methods introduce only a small bit of computational overhead to
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Figure 7.18: P-Q plots for metric-based GA vs. regular GA



150 CHAPTER 7. SUPPORT FOR AUTOMATIC DSE

the standard GA: specifically they are much better scalable than the methods proposed in
Section 7.7. From these experiments we conclude that using a sufficiently high mutation
rate, the proposed GA extensions perform the same, if not better in all cases. For higher
mutation rates or bigger populations, the combined method that combines the baseform and
path-crossover, performs best.

Part 2

In a follow-up experiment we check the impact of selective pressure on the performance of
the GAs. In Figure 7.18 the PQ-plots are shown for a series of experiments where we vary
the pressure (top-to-bottom: low, medium and high) and different mutation rates (left:0.10,
0.15 and 0.20, right:0.01 and 0.05). Population size is 40 in all experiments. Since the
combined method performed consistently well in the last experiment, each plot now only
compares the combined method with the reference GA. If we compare the graphs on the left
with those on the right, we can immediately see that for all different selective pressure rates
the combined GA methods perform significantly worse with a low mutation rate: mutation
rate 0.01 has the worst performance. Mutation rate 0.05 performs better, but still worse for
low pressure (Fig. 7.18b). In the case of medium and high pressure and mutation rate 0.05
(Fig. 7.18d and 7.18f), the combined and reference methods perform practically the same.

The situation in the left figures (with higher mutation rates) is very different; now the
reference GA with mutation rate 0.10 is always one of the best performing methods. There
is a noticeable trend related to the pressure indicating that a higher pressure increases the
difference between the combined method and the reference GA. In all of the three left-
hand graphs with mutation rates ≥ 0.10, the best performing reference GA is the one with
mutation rate 0.10. In case of low pressure (Figure 7.18a), the combined method performs
only slightly better than the reference GA with mutation rate 0.10. However, when we
increase the pressure, then the distance between the two becomes much larger. For example,
in case of medium pressure (Figure 7.18c), the combined method GA with mutation rate
0.15 has an average result of 2376 and the reference GA 2410. And with high pressure
(Figure 7.18e), the combined method performs approximately the same, but the reference
GA performs even worse, thus increasing the difference. A further observation is that when
we increase pressure, the difference between the three extended GAs becomes smaller: for
medium and high pressure, the results for mutation rate 0.10 and 0.15 are overlapping and
the result for mutation rate 0.20 is closing in. The difference between the three reference
GAs, however, seems to be constant from low to high pressure.

We conclude from these experiments that the performance of the combined GA works
best for higher pressure and a mutation rate of 0.10 or 0.15. Where the combined GA
method seems to benefit from higher pressure and mutation rates, the opposite is true for
the reference GA. In fact, the best result with the reference GA is obtained with mutation
rate 0.05 and low pressure (Figure 7.18b). This is in fact the only time that the standard GA
is able to obtain a better average result (for the same pressure) than the combined GA: an
average value of 2372 (Fig. 7.18b versus 2404 for the combined GA (Fig. 7.18a). However,
for the medium and high pressure cases, the combined GA method always results in a better
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average result, for both mutation rate 0.10 and 0.15. These mutation rates are consistent
with the previous set of experiments that also identified 0.10 and 0.15 to be much better
mutation rates for the combined GA than a mutation rate < 0.10. In the experiments of Part
1, we also saw that the extended GA types performed better compared to the reference GA
when the population size was bigger. To verify that this is a consistent trend, we re-do a
sample of the experiments (the ones shown in Figure 7.18c and 7.18d) for a population size
of 80. The results in Figure 7.19 immediately show the increasing difference between the
combined GAs and the reference GAs. In Figure 7.19a, the combined GAs are clustered to
the left, and the confidence intervals show a large gap between the results of even the worst
combined GA (with mutation rate 0.20) and the best reference GA (mutation rate 0.10). In
Figure 7.19b we see the results for lower mutation rates and as we saw before, only the very
low mutation rate of 0.01 performs badly for the combined GA. The combined method with
mutation rate 0.05 (7.19b) already performs similarly to the reference GA (their confidence
intervals overlapping). Moreover, even the best performing reference GA (mutation rate
0.05) only gets an average result of 2363 (7.19b), whereas all of the combined GAs in Fig.
7.19a obtain a better average result. This shows that the combined GA performs the same
or better than the reference GA for a range of mutation rates 0.05-0.20. In comparison, the
reference GA is only working well in the range 0.01-0.05 and even then, its results do not
reach the optima that the combined method GA finds.
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Figure 7.19: P-Q plots for metric-based GA vs. regular GA: population size 80

7.9 Conclusion

In this chapter we have investigated a DSE approach using genetic algorithms as the basis
for automatically traversing the design space. A metric was introduced that can quantify
the similarity between design points. Originally the metric was intended as a method to
control population diversity and to apply it to the GA in order to improve GA performance.
In Section 7.7 we have shown that it is indeed possible to increase population diversity by
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applying a few simple, distance metric-based methods. However, these methods proved
unable to actually increase GA performance. We speculate that they do not work for the
reason that by replacing individuals in the GA population, they interfere too abruptly with
the natural convergence process of the GA.

Therefore, in Section 7.8, we introduced two new metric-based extensions to the GA
that are scalable and fit more naturally to the GA process. The combination of the two
new methods results in a third, combined method, which in the experiments often showed
the best performance. In the presented experimental results, the GAs with the proposed
extensions perform at least as well, but often better than the reference GA. Important is the
finding that we could identify a clear trend to show for which parameters the extended GA
methods performed better. Once more of such trends are identified and verified, a system
designer can more accurately choose a search method to fit his design problem. In particular
we showed that the extended GA methods benefit from high mutation and high selective
pressure. We hypothesize that the higher mutation rate keeps population diversity high (as
we saw in the experiments earlier in this chapter), while the high selective pressure improves
convergence to the optimum result, but more research is required to verify this. Also, we
observed that the extended GA methods work better for larger population sizes. We consider
this to be a desirable property, since for more complex design spaces, population sizes are
usually increased to exploit more parallel search within the GA. Finally, we observed that
the extended GA methods seem to be effective for a wider range of GA parameters than
the regular, reference GA. The former only seemed to perform well for low mutation rates
and low pressure, whereas the extended methods performed better in all other situations.
We are hopeful that such knowledge can reduce the effort that is required to find the right
combination of GA parameters, but more research in this area is required.

7.10 Future work

There are many interesting directions that could be explored as a logical follow-up to the
contributions and case studies presented in this chapter and in general for the field of au-
tomated DSE for system-level design. First of all, it would be worth to see whether the
proposed distance metric can be useful towards exploration of a wider range of system mod-
els and parameters. For example, the distance metric could be extended to heterogeneous
systems by adding extra weight to the metric if a task is mapped onto a different type of pro-
cessor. This metric extension would work the same for homogeneous processor sub-groups,
but increases the distance value for each task mapped onto different types of resources (even
if –according to the task partitioning– it is in the same task-group). Also, we intend to inves-
tigate the performance of the distance metric approach when multiple objectives are taken
into account, for example considering power and cost in addition to system performance. Fu-
ture experiments with the mapping distance metric could scale to even larger design spaces,
e.g., mapping application workloads with hundreds of processors. In order to reduce the
overhead of the simulator as the fitness function in the GA, we could also look for ways to
estimate the performance based on previously evaluated design points and then in the GA we
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inter leaf simulation-based evaluation with estimation. This would introduce the possibility
to trade-off a lower DSE accuracy for higher DSE method execution times.

We could also explore whether a distance-like metric could be useful for design space
dimensions that are not directly mapping-related. Consider for example memory or buffer
size of a particular system component for which a range of (discrete integer) values need to
be explored. The memory size parameter can easily be encoded in the gene, but then we
can ask how to apply the distance metric to it. It may even be possible to apply the distance
metric when the design point is not based on a meta-platform mapping at all, but rather for
example the generator-approach as discussed in Section 3.4. In any case we recommend to
keep in mind that new approaches may work in unexpected ways: in our case the distance
metric was originally developed to manage diversity, but turned out to perform better as a
construct to build a new type of crossover operator.

Also, recent advances in the general field of evolutionary computation may be very suit-
able for application in our DSE domain. We specifically note the class of niching genetic
algorithms that recognizes the problem of having multiple optima of equal interest that re-
side in different segments of the design space. Niching GAs attempt to converge the GA
population simultaneously towards multiple optima, instead of just one as with regular GAs.
Interestingly, niching GAs require a distance metric to be defined on the parameter search
space. The distance metric that was defined in this chapter for measuring similarity between
mapping specifications could be suitable for implementing niching GAs, but further research
is required.

As we have seen in our work, the GA method (although generally efficient) suffers from
the problem of having itself quite a lot of parameters that effect its efficiency in complex
ways. The selection of parameters is often so complex that it sometimes seems that GAs
only replace the original problem by the problem of finding the right GA parameters. An
interesting experiment would be to optimize the choice of parameters for a GA (which is
solving the original problem) by a means of another GA. Such a recursive use of GA opti-
mization would however be highly inefficient for DSE case studies where the computational
bottleneck is by caused by the fitness function (for example if fitness is determined by a
(system-level) simulator). However, it could result in new knowledge about GA parameter
influence. Finally, it could be worth to study methods for automatically selecting the best
GA parameters (such as was done for simulated annealing methods in [77]).

As a final point we emphasize the problem of the large diversity of evaluation and com-
parison methods that are currently being used in the context of research in the area of DSE
for system-level design. There are likely many valuable contributions that improve DSE
in one way or another, but without a common framework or methodology, their individual
merits are only applied to a limited sub-domain of DSE problems. Moreover, this fragmen-
tation in the research field may well hinder future advances, as it is not a big stretch of the
imagination to expect that break-through approaches will come from the combination and
evolution of existing methods. A more collectively orchestrated approach in the research
towards DSE search problems may also provide a solution here. At the core could be a stan-
dardized benchmark of industrially-relevant real and synthetic design problems as an analog
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to application benchmarks that have a longstanding tradition to provide a common perfor-
mance evaluation platform for various computer architectures. It could be worth investing in
the generation of large, pre-computed design spaces (relating parameter to objective values),
so that DSE methods can be tested without the computational overhead of evaluating single
design points (by simulation or otherwise).



Chapter 8

Case studies

8.1 Introduction

In this chapter we present two case studies that show Sesame and Daedalus in action. The
first case study considers a crossbar-based MPSoC platform running a Motion-JPEG appli-
cation. Sesame is deployed to evaluate a wide range of design candidates, some of which
are selected for synthesis resulting in a working prototype on FPGA. The implemented pro-
totype platform instances are subsequently used to validate Sesame’s model accuracy. In the
second case study, an industrially relevant tiled architecture is presented that performs JPEG
compression. It illustrates how the Daedalus/Sesame combination can be effectively used to
design large MPSoC platforms.

8.2 Case study 1: Exploration and validation

Here we present a case study in which we applied Daedalus to explore different imple-
mentation options for a Motion-JPEG (M-JPEG) encoder application mapped onto a het-
erogeneous MP-SoC architecture. The case study illustrates Daedalus’ design steps and
demonstrates its potentials to quickly experiment with different MP-SoC architecture de-
signs during the very early stages of design.

The KPN specification of the M-JPEG application was derived from sequential C code
using the KPNgen tool as described in Section 2.3. A small manual modification (taking no
longer than 30 minutes) to the original M-JPEG code was necessary to meet the KPNgen
input requirements. The resulting Kahn application specification consists of 6 processes, as
shown in the top part of Figure 8.1. Generating the KPN specification is a one-time effort
since the same specification is used for all subsequent implementation and exploration steps.

To study target MP-SoC architecture instances for the M-JPEG application, we selected
a crossbar-based MP-SoC platform with up to 4 processors (MicroBlaze or PowerPC) and
distributed memory. At the bottom part of Figure 8.1, a 4-processor instance of this platform
is depicted. We modeled this platform architecture with the Sesame framework. The pro-
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Figure 8.1: Sesame’s layered infrastructure.

cessor, memory and interconnect components in our architecture model were taken directly
from Daedalus’ high-level model component library. Only the performance parameters spe-
cific to the selected platform architecture needed to be specified, such as the latencies for
computational actions, the latencies for setting up and communicating over the crossbar,
and so on. We determined the values of these performance parameters by a combination of
measurements on an ISS simulator (for the computational latencies on the MicroBlaze and
PowerPC processors) and on the actual hardware itself. Note that this needs to be done only
once for each application, since the values can be reused throughout the exploration pro-
cess. More information about the calibration of our architectural performance models can
be found in Chapter 4. Moreover, the mapping layer in our system-level model is configured
such that it models the static scheduling scheme as facilitated by the ESPAM framework (see
Section 2.5). To this end, for shared architecture components, the mapping layer dynami-
cally groups trace events that originate from the same Kahn process and interleaves these
event groups in the same manner as would be the result of ESPAM’s static scheduling.

In our design space exploration experiments, we selected three degrees of freedom,
namely the number of processors in the platform (1 to 4), the type of processors (MicroBlaze
or PowerPC) and the mapping of application processes onto the processors. For the sake of
simplicity, the network configuration (crossbar switch) as well as the buffer/memory sizes
remained unaltered (although these could also have been included in the exploration). For
this particular case study, we were able to exhaustively explore the resulting design space
– consisting of 10,148 design points – using system-level simulation, where the M-JPEG
application was executed on 8 consecutive 128x128 resolution frames for each design point.
As can be seen in Table 8.2, this design space sweep took 2.5 hours, demonstrating Sesame’s
efficiency. Figure 8.2 shows for three platform instances the relation between mappings and
system performance, where we sorted the different mapping instances on performance. It
clearly illustrates the importance of finding a good mapping since non-optimal mappings on
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Figure 8.2: Performance of mappings on different platforms.

larger MP-SoC platforms may perform worse than a good mapping on smaller MP-SoCs.
To validate our DSE experiments, we selected a number of design points with random

application-to-architecture mappings and synthesized and prototyped them using ESPAM.
The results of these validation experiments are shown in Figure 8.3. Note that a synthesized
platform can only contain up to two PowerPCs due to the Xilinx Virtex-II-Pro FPGA chip
(xc2vp20) that is used for prototyping. For the chosen design points, our abstract system-
level simulations adequately show the correct performance trends, with an average error of
12% and worst-case error of 19%. The inaccuracies in terms of absolute cycle numbers are
mainly caused by the modeling of the PowerPC processors. This because these processors
are connected to the crossbar using a bus that is also used for access to the processor’s local
data and instruction memory. Since we do not explicitly model (contention on) this bus, our
abstract PowerPC performance model is too optimistic.

Naturally, we also used our exploration results to find the best mapping for each platform
instance. The graph on the left-hand side in Figure 8.4 shows the best design points found
by our DSE for purely MicroBlaze based platforms, together with the real measurements
from the prototypes of these design points. Clearly, our abstract performance models quite
accurately reflect the performance behavior of the actual systems. When introducing one
PowerPC in the platform, as depicted on the right-hand side in Figure 8.4, the absolute
errors become larger (due to the inaccuracy of our current high-level PowerPC model, as
explained above) but the correct performance trend is still shown. For MP-SoCs with more
than two processors, this inaccuracy seems to be amortized again.

To give an impression of overall resource utilization of the multiprocessor systems that
are generated by Daedalus’ ESPAM tool, Table 8.1 shows the utilization of FPGA resources
for an MP-SoC containing 4 MicroBlazes. Here, we recognize FPGA resource utilization for
the entire MP-SoC, as well as specific utilization results for the Communication Controllers
(CCs) that glue together the processors with the interconnect and the crossbar interconnect
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Figure 8.3: Validation experiment: simulation results (left) and actual measurements (right).
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Figure 8.4: Best mapping results for MicroBlaze based platforms (left) and platforms with
one PowerPC (right).

itself. As can be seen, the MP-SoC only takes about 40% of the FPGA slices, of which about
5% is used for the communication components. We note that the high BRAM usage reported
in the last column is due to the complexity of the M-JPEG application, which causes each
processor’s local program and data memory to be quite large. We emphasize that the high
BRAM usage is not caused by the implementation of the communication memories (the
FIFO memories to which the Kahn channels are mapped), since they only use a maximum
of 9 BRAMs.

Table 8.1: Resource Utilization for MicroBlaze based system.
#Slices #4-Input LUT #Flip-Flops #BRAMs

4 proc. system 3653 (39%) 4748 (25%) 2357 (12%) 85 (60%)
4 CCs 288 (2%) 468 (2%) 116 (1%) —

4-Port crossbar 397 (3%) 587 (3%) 56 (1%) —
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Table 8.2 shows a breakdown of the execution time for each step in Daedalus’ design
flow in the case that one selected MP-SoC platform instance (a 4-processor MicroBlaze
based architecture) is synthesized and implemented. The processing times were measured
on a 1.8 GHz Pentium 4. Note that some of the steps only need to be performed once (such
as the KPN derivation), after which, for example, the synthesis and physical implementation
stages can be iterated several times to prototype different platform instances. The results
from Table 8.2 demonstrate that the entire design trajectory, from sequential application
specification to MP-SoC prototype executing the parallelized application on top of it, takes
only a matter of hours. Evidently, this allows designers to quickly prototype and assess
different platform instances and implementation choices during the very early design stages.
Also noticeable is the fact that the system-level DSE component (Sesame) still requires a
relatively high amount of manual effort. The manual effort listed in Table 8.2 is mainly
due to the construction of the platform architecture model and the adaptation/construction
of scripts that perform the automatic design space exploration. Not taken into account is
the calibration of model components, which is a one-time effort for every application that is
studied.

Table 8.2: Processing Times (hh:mm:ss).
Tool KPN Syst.level Syst.level to Physical Manual

Derivation DSE RTL conv. Impl. effort
KPNgen 00:00:22 – – – 00:30:00
Sesame – 02:30:00 – – 01:30:00
ESPAM – – 00:00:24 – 00:10:00
XPS tool – – – 02:09:00 –

8.3 Case study 2: a tiled MPSoC architecture

We have initiated a project together with a Dutch SME called Chess B.V. (www.chess.nl),
which involves the design of a still image compression system for very high resolution im-
ages. Chess B.V. is a company that provides image processing solutions for customers that
build industrial process monitoring and medical appliances. With respect to this, the still
image compression systems for different customers have to meet different performance and
cost requirements. Chess needs tool support for very fast exploration and implementation of
alternative systems (e.g., MP-SoCs realizing JPEG or JPEG2000 encoders) whereby trade-
offs can be made between cost, design time, space, performance, etc. in order to offer its
customers several solutions at different prices and let the customers select the most suitable
ones. The Daedalus framework provides such tool support for MP-SoC design. Therefore, it
is used in a project with Chess for design space exploration (DSE) at a high-level of abstrac-
tion by running system simulations and at implementation level by evaluating real system
prototypes. In this section, we report on the project’s initial findings and results obtained by
deploying the Daedalus framework in the early design stage of JPEG-based image compres-
sion MP-SoCs.
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Before describing our DSE experiments, we first would like to point out that the design
space targeted by our implementation-level DSE is currently constrained by:

1) The amount of the available memory. In order to achieve high performance, in our
MP-SoCs we use on-chip memory for processors’ program and data segments, including
buffers for inter-processor data communication. We do not consider using external (off-
chip) memory because of its large latency compared to the on-chip memory. Moreover,
usually there is a limited number of available external memory banks which requires the
external memory to be shared between several processors. This fact significantly limits the
overall MP-SoC performance. We use external memories only for communication with the
environment (source of data and destination of the generated results). An average size FPGA
nowadays has around 200–300KB of on-chip memory distributed on several blocks. In our
experiments, we use a Xilinx VirtexII-6000 FPGA, and therefore, we constrain the total
MP-SoC memory to be up to 288KB, being the amount of on-chip memory of this FPGA.

2) The type of the processing components. The MP-SoCs are built of components from
our library. Our library is under development and currently contains two programmable
processors: PowerPC 405 (IBM) and MicroBlaze (Xilinx). In addition, the library con-
tains several dedicated HW IP cores. However, for the JPEG encoder we can use only one,
i.e., the Discrete Cosine Transform (DCT ) IP. For the considered FPGA, PowerPC proces-
sors can not be used. Therefore, the processing components of the MP-SoCs are limited to
MicroBlaze processors and DCT HW IP cores only.

8.3.1 Simulation-level DSE
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Figure 8.5: The JPEG application KPN

In our experiments, we assume that the image that needs to be compressed is tiled,
and that multiple JPEG encoders can process these tiles in parallel. This is illustrated in
Figure 8.5, which also shows the applied KPN application specification for a JPEG encoder.
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The JPEG KPN for a single tile can again exploit task-level parallelism by pipelining tasks
as well as data-parallelism by performing multiple DCT s and Quantizations in parallel. By
deploying Sesame’s efficient system-level simulations, we explored a substantial number of
different implementations of a single JPEG encoder in the system, as represented by the
KPN in Figure 8.5. To this end, we mapped the KPN to a variety of MP-SoC architectures,
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Figure 8.6: Alternative design instances to process one tile

ranging from a 1-processor system (all KPN processes mapped to a single processor) to a 19-
processor system (every process in a KPN with 8 data-parallel streams mapped to a different
processor). Moreover, in our Sesame-based exploration we also varied the type of processors
in these MP-SoC platforms: KPN tasks can be executed on a MicroBlaze, while for the
DCT , Q(uantization) and V LE tasks we also assessed dedicated HW IP implementations.
Evidently, our simulation-level DSE also explores ‘non-implementable’ design instances.
That is, design instances that cannot be further explored at implementation level since it uses
HW IP components that are not (yet) available in our library of RTL-level IP components.
In Figure 8.6, four (implementable) example design instances are depicted.

Figure 8.7 shows a scatter plot with the performance results of the explored design in-
stances plotted against the expected memory utilization of each design instance once im-
plemented on the targeted FPGA. The memory utilization of the design instances was es-
timated using a simple accumulative model that has been calibrated with numbers from
implementation-level experiments (see the next section). Since the memory utilization of all
design points in Figure 8.7 is below 288KB, they will all fit on the targeted FPGA memory-
wise. But, as will be shown further on, the real system will consist of a combination of
multiple of these (single JPEG encoder) design instances working in parallel, which, of
course, may not necessarily fit on the FPGA. The points in Figure 8.7 can be classified as
three types of design instances: 1) design instances that are ’implementable’ (i.e., do not
use the non-implemented HW IP components for the Q and V LE tasks) but are not part of
the Pareto front, 2) implementable design instances that are part of the Pareto front, and 3)
design instances that are non-implementable (i.e., contain HW IP components for the Q or
V LE tasks). Moreover, the homogeneous design instances (i.e., the platforms only using
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Figure 8.7: DSE for performance/memory utilization trade-offs

MicroBlaze processors) are tagged with circles.
A number of observations can be made from Figure 8.7. The (implementable) Pareto

optimal solutions are all heterogeneous designs, containing one or two DCT HW IP com-
ponents. Two of these Pareto optimal solutions are shown in Figures 8.6(b) and 8.6(d).
Clearly, the (non-implementable) design instance in which the DCT , Q and V LE tasks are
all implemented by a HW IP core is the fastest and most memory efficient. When consid-
ering the homogeneous design points in Figure 8.7, another observation can be made: The
design points with a memory utilization less than 75KB are the designs that exploit task-
level parallelism only. The speed-up due to task-level parallelism levels off at a performance
of around 18 Mcycles/tile. But, when data-parallelism is also exploited, the speed-up levels
off at around 7 Mcycles/tile at the cost of increased memory utilization. Here, we found
that increasing data-parallelism beyond 4 parallel DCT -Q streams (see Figure 8.5) does not
improve performance anymore as the V LE becomes the bottleneck.

As mentioned and as will be illustrated in the next section, the design points in Figure 8.7
are the building blocks for the entire system, in which multiple of these instances, possibly in
a hybrid constellation, are encoding image tiles in parallel. For example, the most optimal,
but (currently) non-implementable, system would consist of multiple JPEG encoders with
HW IPs for the DCT , Q and V LE tasks. The projected performance of this system, consid-
ering the targeted FPGA, equals to an execution time of about 6 Giga cycles to encode an
image with a 1 Gigapixel resolution. For implementable solutions, the Pareto optimal design
instances from Figure 8.7 are obvious candidate building blocks for the MP-SoC.

Figure 8.8 shows the estimated maximum performance – in terms of speed-up over a
single JPEG encoder executed on one MicroBlaze – for different JPEG compression MP-
SoCs realized with a combination of implementable design instances from Figure 8.7. The
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Figure 8.8: Estimated speed-ups.

x-axis indicates the number of processing cores (either MicroBlaze or HW IP) in the MP-
SoC, and the y-axis shows the estimated speed-up for the optimal combination of design
instances for a specific number of cores in the MP-SoC which still adheres to the memory
constraints of the targeted FPGA. Furthermore, a distinction is made between homogeneous
systems (i.e., only MicroBlazes) and heterogeneous systems (i.e., containing DCT HW IP
components). For example, the optimal homogeneous 4-core system is a combination of
four sequential JPEG design instances, i.e. a system containing four MicroBlazes that all
perform a full JPEG on different image tiles in parallel. In the next section, more examples
of, sometimes hybrid, combinations of design instances will be discussed.

Essentially, Figure 8.8 provides a projection of the feasible system performance, given
the constraints of the targeted FPGA. For homogeneous solutions, our simulations predict
that a speed-up of around 10 to 12 is attainable. Our memory utilization model indicates
that scaling the homogeneous system beyond 24 cores is not possible because of the mem-
ory constraints. For heterogeneous systems, on the other hand, our memory model indicates
that the system can be scaled to 30 cores since the HW IP components only use a frac-
tion of the memory used by a MicroBlaze. Here, our predictions show that a speed-up of
around 20 to 22 is feasible. The results from our simulation-level DSE, as displayed in Fig-
ures 8.7 and 8.8, are used in the next section for steering the implementation-level DSE.
These implementation-level experiments will also provide a validation of our simulation-
based predictions.

8.3.2 Implementation-level DSE

Performing DSE at a high-level of abstraction by simulation can not deliver 100% accurate
performance/cost numbers but it can rapidly narrow down the design space to a few promis-
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Figure 8.9: Performance results: homogeneous MP-SoCs.

ing design points. Thus, we perform 100% accurate exploration in the narrowed design space
by generating real MP-SoC prototypes and we measure the actual performance/cost in order
to select the optimal MP-SoC designs given a set of physical implementation constraints.
Below, we present our initial implementation-level DSE results for MP-SoCs implemented
on Xilinx FPGAs.

Due to the aforementioned implementation-level constraints, some of the best design
points found by the simulation-level DSE (see Figure 8.7) could not be implemented, e.g.,
all application tasks to be realized as HW IPs. Therefore, we considered the implementable
design instances depicted in Figure 8.8. From them, we selected only the instances that have
efficiency above 0.8, where

efficiency =
speed−up

number of cores
.

This selection resulted in implementations of homogeneous MP-SoCs with up to 13
MicroBlaze processors and heterogeneous MP-SoCs with up to 24 cores. Evidently, better
performance is delivered by the heterogeneous systems, however, the homogeneous systems
add more flexibility in choosing the right solution, e.g., performance/cost, for a particular
customer.

The implementation results for the homogeneous MP-SoCs are depicted in Figure 8.9.
The x-axis represents the number of MicroBlaze processors in an MP-SoC and the y-axis
depicts the number of clock cycles (in millions) to compress one image consisting of 32 tiles.
Above each bar, we indicated the achieved speed-up of the particular MP-SoC compared to a
single MicroBlaze system (the leftmost bar). At the top of the figure, we present the amount
of memory utilized by each MP-SoC.

As mentioned before, our JPEG encoding MP-SoCs process the input image in tiles.
We started with a single MicroBlaze system (processing all the tiles) and then we increased
the number of processors by selecting the best points found by the simulation-level DSE.
These points exploit data-level parallelism, i.e., several MicroBlazes process different tiles.
This is the most efficient way to increase performance because if we increase the number
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of processors that process independent tiles, then the speed-up increases linearly with the
number of processors. To execute the JPEG application, a single MicroBlaze processor
system requires 40KB of memory. Therefore, we were able to implement systems with up
to 7 processors on the considered FPGA (7x40=280KB), achieving speed-ups (see the first
7 bars in the Figure 8.9) up to 7x.

By exploiting only data-level parallelism, with 7 MicroBlazes processing 7 tiles in par-
allel, we reached the limit of the available memory in our FPGA. Then, the question is
whether there are design points that give even better performance (with more processors)
and still match the resource constraints. We were able to increase the number of processors
to more than 7 by selecting points that exploit both data-level parallelism between tiles and
also task-level parallelism within the tiles. For this purpose, we used the 2-MicroBlaze ar-
chitecture depicted in Figure 8.6(a), where the Vin and all DCT processes (see Figure 8.5)
are executed on the first processor and the remaining processes on the second one. By
exploiting task-level parallelism, reaching linear speed-up is not possible due to data depen-
dencies between the tasks. However, the total memory requirement of the system is reduced
because the application tasks are distributed, and each processor executes a portion of the
initial application. As a result, larger systems can be built, and consequently, larger overall
speed-up can be achieved. For instance, a single-processor system needs 40K to execute the
JPEG encoder, while a two-processor system – exploiting task-level parallelism – needs a
total amount of 50KB for the same application, on average 25KB per processor. Thus, by
exploiting the reduced memory requirement, we were able to increase the number of proces-
sors and to implement systems with up to 11 MicroBlaze processors. The selected points are
actually combinations of a 1-MicroBlaze system per tile and a 2-MicroBlaze system per tile.
The MP-SoCs with 8 to 11 MicroBlazes process 6 tiles in parallel. The achieved speed-ups
are not linear, e.g., 7.4x for an 8-processor MP-SoC and 8.4x for an 11-processor MP-SoC,
but they are higher than the speed-up of the 7-processor system.

In order to implement even larger systems, we exploited data-level parallelism between
the tiles and data- and task-level parallelism within the tiles. We selected and implemented
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points representing 12 and 13 processor systems with total memory requirements that match
our physical constraints. The 12-processor system processes 2 tiles in parallel where each
tile is processed by a 6-MicroBlaze architecture depicted in Figure 8.6(c). This architecture
requires 120KB of memory. The 13-processor MP-SoC utilizes an additional MicroBlaze
processor (additional 40KB), therefore, increasing the number of tiles processed in parallel
to 3. The results are shown at the right part (the two rightmost bars) of Figure 8.9. The
achieved speed-up of 12- and 13-MicroBlaze systems is 9.7x and 10.3x respectively, com-
pared to a 1-MicroBlaze system.

The implementation results for the heterogeneous MP-SoCs are depicted in Figure 8.10.
The notation is the same as in Figure 8.9 with the only difference that the x-axis of Fig-
ure 8.10 indicates how many of the used cores are MicroBlaze processors and how many
DCT HW IPs. By exploiting data- and task-level parallelism, we implemented hetero-
geneous MP-SoCs consisting of up to 24 cores. As a reference number to estimate the
speed-up of each MP-SoC, we again used the number of clock cycles of the 1-MicroBlaze
system (see the leftmost bar in Figure 8.9). We started with a 2-core system consisting of
1 MicroBlaze and 1 DCT IP. Its architecture is depicted in Figure 8.6(b). It exploits task-
level parallelism within a tile, which affects the achieved speed-up. Although the DCT IP
core is very efficient and fast in terms of performance, the overall speed-up is only 1.9x
(see the leftmost bar in Figure 8.10), which actually is in line with Amdahl’s law. Similarly
to the experiments with the homogeneous systems, we continued with points that exploit
data-level parallelism between the tiles, increasing the number of tiles processed in parallel.
The 2-core system requires 36KB of memory, i.e., the DCT IP core reduces the MicroBlaze
memory requirement to 32KB but with an additional 4KB used for communication buffers,
see Figure 8.6(b). Therefore, with 288KB of memory, we were able to implement systems
with up to 8 MicroBlazes and 8 DCT IPs (16 cores, processing 8 tiles in parallel). The
achieved speed-up linearly scales from 1.9x for 2 cores to 15.2x for 16 cores as illustrated in
Figure 8.10.

Like in the previous experiment, with the given constraints larger MP-SoCs can be im-
plemented (and higher speed-ups can be achieved respectively) by exploiting data-level par-
allelism between the tiles and data- and task-level parallelism within the tiles. The most
efficient heterogeneous MP-SoC architecture found by the simulation-level DSE to exploit
data- and task-level parallelism within a tile is depicted in Figure 8.6(d). It consists of 4
MicroBlaze processors and 2 DCT IP cores. The total memory requirement of this system
is 68KB.We selected and implemented the 18-, 20-, 22-, and 24-core systems in Figure 8.8
which actually are combinations of 2-cores per tile (2-CPT ) and 6-cores per tile (6-CPT ) ar-
chitectures (see Figure 8.6(b) and Figure 8.6(d) respectively). The 18-core system consists
of 11 MicroBlazes and 7 DCT IPs. It processes 5 tiles in parallel: 3 tiles are processed by
3 2-CPT architectures and 2 tiles are processed by 2 6-CPT architectures. The speed-up of
this MP-SoC is 15.2x. The 20-core system processes 4 tiles in parallel: 1 tile is processed
by 1 2-CPT architecture and 3 tiles are processed by 3 6-CPT architectures. In total, 13
MicroBlazes and 7 DCT IPs achieve a speed-up of 15.9x. The speed-up of the 22-core sys-
tem is 17.7x. This MP-SoC consists of 14 MicroBlazes and 8 DCT IPs that process 5 tiles
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in parallel: 2 tiles are processed by 2 2-CPT architectures and 3 tiles are processed by 3
6-CPT architectures. The 24-core MP-SoC, consisting of 16 Microblazes and 8 DCT IPs,
processes 4 tiles in parallel utilizing 4 6-CPT architectures. The achieved speed-up by this
system is 19.7x compared to a 1-MicroBlaze system.

8.3.3 Evaluation

All presented DSE experiments and the real implementation of 25 MP-SoCs on FPGA were
performed in a short amount of time, 5 days in total, due to the highly automated Daedalus
design flow. Around 70% of this time was taken by the low-level commercial synthesis and
place-and-route FPGA tools. The obtained results show that the Daedalus high-level MP-
SoC models are capable of accurately predicting the overall system performance, i.e., the
performance error is around 5%. By exploiting the data- and task-level parallelism in the
JPEG application, Daedalus can deliver scalable MP-SoC solutions in terms of performance
and cost. We were able to achieve a performance speed-up of up to 20x compared to a single
processor system. The MP-SoC system performance was limited by the available on-chip
FPGA memory resources and the available IP cores in Daedalus RTL library. To achieve
higher performance speed-up, the RTL library has to be extended with more dedicated HW
IP cores.

8.4 Conclusions

In this chapter we illustrated Daedalus’ design steps and demonstrated its efficiency by
means of two different case-studies. It was shown how the Daedalus framework bridges the
so-called implementation gap between system-level platform specifications and the actual
physical implementations of these platforms. Daedalus’ integrated and highly-automated en-
vironment for system-level architectural exploration, system-level synthesis, programming
and prototyping proves to be highly effective for the design of multimedia MPSoC platforms.
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Chapter 9

Conclusions

In the introduction of this thesis, we sketched some of the problems that currently play a
major role in the design, development and implementation process of modern embedded
systems. Such systems are used for more and more complex tasks, supported by increasing
on-chip resource availability and implementation technologies. While the design of these
systems becomes increasingly complex, there is also increasing demand and pressure to de-
sign such systems in shorter time frames. This in turn requires new design methodologies
and tools to support the design process and offer automatic transitions from high level system
specifications down to prototype system implementations. The research presented in this the-
sis was done in the context of the Daedalus design flow presented in Chapter 2. Daedalus is a
good example of a next-generation design methodology supported by the necessary tools for
each step in the design process. It takes the designer from a sequential application to a fully
implemented FPGA prototype MPSoC system in a matter of hours. The three major tools in
Daedalus take care of application parallelization, design space exploration and system im-
plementation. The underlying methodology relies heavily on a few important methodology
principles that favor the use of high-level system specifications, component-based design and
component reuse, separation of concerns and a high degree of design process automization.

The contributions of this thesis focus on the design space exploration phase of the de-
sign process. This is a crucial phase in the overall design process, since the initial models
that are created in the early stages of the design process can support the designer at the later
stages, where the cost of recovering from wrong design decisions is typically higher due to
the more detailed level of specification at that stage. In order to provide this kind of early
feedback to the designer, the abstract system-level models have to meet a few criteria: in
particular, they have to be sufficiently accurate, fast and relatively easy to construct. These
criteria are often non-orthogonal and trade-offs have to be found in order to support an ef-
ficient and successful design process. In the introduction chapter (Section 1.6), we made a
parallel between these trade-offs and the design criteria of the embedded MPSoC systems
themselves. Indeed, we sketched the criteria for system-level modeling in a system of per-
pendicular axis (repeated here in Figure 9.1) as an analogy of the more common depiction
of multi-dimensional parameter or objective spaces for the properties of the system under

169
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study (an abstract representation of the latter is shown in Figure 1.2). As was discussed
in the introduction, we identified specific criteria for evaluating single design points (indi-
cated by accuracy, speed and effort) and for the traversal of the design space (indicated by
convergence, confidence and effort). Although this list is perhaps not complete, we feel it
captures the most pressing requirements to help to achieve the goal of successfully travers-
ing the design process. In the following we will summarize the various topics addressed in
this thesis according to these criteria and consider how they relate and contribute towards a
design space exploration methodology that is ideally suited to support the process of modern
embedded system design.
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Figure 9.1: The two-part taxonomy of concerns for efficient DSE

9.1 Evaluation of a single design point

The ability to quickly and accurately model a design point are two of the basic requirements
for any system-level modeling and simulation tool. Much work has already been done in this
area in the past few decades. As we have shown, our Sesame tool (using non-refined model
components) adheres to a higher level of modeling abstraction than most other tools. High
abstraction levels can offer fast execution times for simulation, but at the same time makes
it more challenging to maintain sufficient modeling accuracy. Sesame’s models also allow
for quickly setting up models that are sufficiently flexible to model a wide range of systems.
These topics were addressed in Chapter 3, 4, 5, and 6. Below, we summarize their specific
contributions in a bit more detail.

Accuracy

Model accuracy refers to the ability of the simulation model to capture in a realistic way
the properties of a system in one or more evaluation criteria in objective space: e.g., per-
formance, power usage or cost. As was explained in detail in Chapter 3, a Sesame model
associates latencies to application events using a pre-defined (application dependent) latency
table. In Chapter 4 we proposed two techniques that allow a designer to calibrate the model
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by deriving values for the latency table using an accurate, lower level Instruction Set Sim-
ulator (ISS). We proposed both an on-line and an off-line technique where the ISS is used
to accurately measure latencies of the various application events. The off-line technique
measures (average) latencies of application events at design time, which are then used in
the model’s latency tables and can be reused for different architectural design options. Off-
line calibrated models have fast execution times, but recalibration is needed when dynamic
application behavior changes the number or type of trace instructions. On-line calibration
combines Sesame’s high-level models with one or more instances of the ISS at runtime:
measurements on event latencies are now done during model execution. The resulting co-
simulation (Sesame application model + ISS) now measures a latency for each individual
application event, instead of using an average value. This improves modeling accuracy in
the architecture model and has the additional benefit that no recalibration is required for
dynamic behavior in the application.

Moreover, the signature-based method for model calibration is presented (Section 4.6),
which has the additional benefit of doing calibration in an application independent way. On
the basis of a training set of benchmark applications, the performance of a specific type of
processor is captured by a processor signature. On the basis of this processor signature, an
application event (represented by an application signature) can then be assigned a latency
value. Possible sources of inaccuracy for this method lie in the regression model for deriving
the processor signature and the selection of training benchmarks. However, a design space
exploration case study showed that the calibrated model performs good relative comparison
of design points (although the absolute estimation was overestimated).

Finally, the case study in Chapter 8 showed that our simulation models are accurate and
useful for design space exploration by validating our simulation results with measurements
on actual prototype platforms as generated by the Daedalus design flow.

Speed

The speed concern refers to the performance of the evaluation mechanism of a design point.
As various experiments have shown, Sesame’s abstract executable simulation models are
fast: running a typical system-level simulation of a complete MPSoC system in a fraction
of a second. We exploited this performance in Chapter 7 where we integrated the simula-
tor directly as the fitness function of various automatic design space exploration methods
based on genetic algorithms. Faster design point evaluation can benefit design space explo-
ration, since a larger part of the design space can be explored in the same time. However,
higher abstraction levels of modeling can reduce accuracy as was discussed before. What
is interesting in this respect is that Sesame supports the designer in this trade-off by en-
abling gradual model refinement (Section 3.2.3). Moreover, the calibration techniques from
Chapter 4 also support this trade-off. For example, compared to the on-line trace calibration
technique, the off-line technique offers higher simulation speeds but possibly at the cost of
lower accuracy. Performance of the on-line trace calibration method is constrained by the
performance of multiple instances of the lower-level simulators, although we have shown
that there are opportunities to mitigate this problem by parallelization. The signature-based
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calibration technique resides in the middle of the on-line and off-line trace calibration meth-
ods trade-off and thus provides a viable alternative.

Effort

We consider design effort a highly important concern in the system design process as overall
design time is sure to increase when large amounts of effort are needed to create a suitable
model. Sesame’s high level of modeling abstraction is one of the main reasons why models
are easy create: Sesame’s library of standard components is often sufficient to build an ini-
tial model in a few hours (which may subsequently be refined). Also contributing to effort
reduction in Sesame (Chapter 3) is the separation of application and architecture models, the
separation of model specification (in YML) and model behavior (component implementa-
tions), as well as its focus on modularity and component reuse. Moreover, effort is reduced
by providing tool support as much as possible for routine modeling activities: an example
of this is the automatically generated virtual layer, which also proved particularly useful for
the stochastic multi-applications (Section 5.2) and reconfigurable models (Section 6). Addi-
tional tool support was provided for storing, querying and visualizing the results of design
space explorations (6.2.3). The trace calibration and signature-based calibration methods
can also be seen in light of effort-reduction, since they provide a standard way towards a
more accurate or more refined (mixed-level) simulation model.

We explicitly include modeling scope of the tools in the effort concern, since a model-
ing tool that can not be used for wide range of different systems, will always result in an
increased effort. This effort could consist of, for example, structural or superficial modifica-
tion of the tool to make it fit the design problem, or an interoperability effort needed to make
a combination of tools solve the single problem. To avoid such effort to become part of the
design process, a modeling and simulation tool should ideally be capable to model a large
variety of different types of systems. Extending the scope of Sesame’s modeling capabilities
is one of the main contributions of this thesis. In particular, Chapter 5 extended Sesame
with components and mechanisms for multi-application modeling and Chapter 6 for model-
ing partially dynamic reconfigurable systems. Together with multi-application modeling, we
also introduced stochastic workload modeling (Section 5.2), which can provide feedback and
testing capabilities even before the final target application workload has been fully defined
(thus possibly reducing design times). Moreover, Sections 5.4.1 and 5.4.2 discussed some
possibilities to capture the effects of inter and intra-task level dynamic behavior in a Sesame
model. Chapter 6, provided modeling components and techniques to allow Sesame to model
partially dynamic reconfigurable systems. A clear separation was made between the com-
ponents and techniques that are generic and thus reusable in other types of reconfigurable
systems, and those more geared towards the Molen platform used for the case-study.

Finally, we would like to emphasize that many of the modeling methods and techniques
in Chapters 4,5 and 6 are generically applicable, even outside the context of Sesame.
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9.2 Traversing the design space

In this section we look at the different criteria (according to the right part of the taxonomy
represented in Figure 9.1): the efficient traversal of the design space. During the traversal, of
course, we benefit from an optimal trade-off between speed, accuracy and effort for evaluat-
ing a single design point (the left part of the taxonomy). For example, the ability to quickly,
easily and accurately evaluate a single design point helps to accurately evaluate a larger set
of design candidates, thus increasing our chance to find optimal results. For smaller design
problems this may indeed be sufficient, but for large design spaces, the total number of de-
sign points that can be feasibly evaluated may still be a very small fraction of the entire
design space. Therefore, even if the speed, accuracy and effort trade-off is ideal, we still
have to make sure that each evaluation of a design point contributes as much as possible
to the an optimal traversal of the design space. A crucial component towards this goal is
the search algorithm that navigates the design space towards areas of interest by proposing
which design points to evaluate next. Regardless of the specific type of search method that
is used for traversal, we proposed in Chapter 1 that its success (measured as its contribution
towards the ideal DSE scenario) depends on three major concerns: confidence, convergence
and effort. We note that once again these concerns typically can not be considered in iso-
lation, since they are highly interdependent, contradictory and sometimes overlapping. The
state-of-the-art in design space exploration research can be summarized as finding a good
trade-off between these concerns. We will shortly discuss each of these concerns below and
show how they relate to this thesis (mainly Chapter 7).

Confidence

The confidence concern refers to a measure of how certain we are that the results from the
design space traversal are indeed the optimal results that we are looking for. For example, if
the traversal consists of evaluating every design point (exhaustive search), then we can claim
with 100% confidence that we can find the optimal result. However, when exhaustive search
is not possible, then we typically have to resort to heuristic search algorithms that can not
guarantee finding an optimum (but return a best-effort result instead). In some cases we can
relate confidence to coverage: the fraction of the design space that was evaluated. This was
for example the case with the uniform random search that was used as a baseline comparison
in the PQ-plots introduced in Section 7.4. However, more advanced search algorithms (such
as the various GA variants in Chapter 7), not only showed much better performance than
random search, but also clearly showed that higher coverage did not necessarily improve the
results (Section 7.7).

There are no generic and absolute metrics available to quantify confidence, rather we
postulate that it will remain (for the foreseeable future) one of the intangible factors that
constitute the “the art of system design”. In practice, a designer will typically be satisfied
when he can use (with minimal effort, see below) a search algorithm that has previously
shown good results for similar design problems. Confidence is then replaced by an ap-
proximate, experience-based assumption that the algorithm will perform well in general.
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However, complete surveys that match search algorithms to specific categories of design
problems have not been established in the system-design field. Moreover, literature shows
that improvement of search algorithms is always possible for specific problems, thus reduc-
ing confidence that a general solution can provide the best results. For example, it turns out
that simple applications of domain-specific knowledge can quite easily improve search per-
formance. An example in this thesis were the distance-based GA extensions which improved
upon the standard GA (Section 7.8).

Finally, a note on some other facets of confidence that are more concrete, but on a smaller
scale. Firstly, it is generally preferable that a particular search algorithm is stable: repeti-
tions of the algorithm give results within a small, consistent interval (we checked this using
confidence intervals in Chapter 7). In this way, the designer can be assured that even a sin-
gle design space traversal with the algorithm gives the best possible result, thus shortening
exploration time. Secondly, confidence can be improved if a search algorithm has few pa-
rameters that influence its performance, since these would have to be tried by the designer.
In our case studies we saw that this was quite a problem with GAs, but we also saw that pa-
rameter sensitivity seemed to be reduced with the proposed GA extensions. More research
in this area is required. Finally, confidence improves by reducing as much as possible any
discrepancy between the evaluation mechanism (e.g. simulator) and the real system. Within
the Daedalus design flow, there are sufficient calibration and validation opportunities, as we
have shown in Chapter 8. Equally relevant is the model-to-model validation in Chapter 4
where we showed that signature-based models show largely the same relative performance
trend (Figure 4.12) required for design space exploration.

Convergence

Convergence refers to the desirable property of a design space traversal method to locate
the optimum with as few iterations or evaluations as possible. It is an analogous concern
to speed in the left side of the taxonomy, but now referring to the performance of the en-
tire design space traversal. We note that convergence needs to be optimized as a trade-off
between two extremes. Convergence that is too low indicates that the search algorithm is
unable to extract the relevant information from the evaluated design points that could guide
the search to an optimum. Too high convergence typically occurs when the search algorithm
finds such information, but it leads to a local, instead of a global optimum. In both cases no
good quality results can be found and therefore, finding the right balance for convergence is
critical. Depending on the specific search algorithm, there may be parameters that stimulate
a particular convergent behavior. For example, we experimented with the selective pressure
parameter in Chapter 2 and attempted to control convergence by means of population diver-
sity in Section 7.7. Convergence captures one of the essential components of design space
exploration mechanisms and more research in the DSE area will be needed to understand it
better.
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Effort

This concern refers to the engineering effort that goes into a design space exploration case
study. We note that it is similar to the effort concern as was described previously for the
evaluation of a single design point. Indeed, the motivation for this concern is the same: it is
one of the main time consuming activities in the entire DSE process. Yet, even if we consider
the effort concern solved for a single design point, then there are other, related concerns
specific to the process of design space traversal. Although this was not one of the main
topics in this thesis, we did frequently touch upon it, so we provide some conclusions here.
Steps in the design space exploration phase that typically require (manual) effort include: 1)
the definition of a design space exploration experiment (e.g., parameter space boundaries,
and search algorithm parameters), 2) automatic transformation of design points to simulator
input specifications, and 3) methods to run and evaluate the results of the DSE. Points (1)
and (2) were shortly discussed in Section 3.4 and (3) in 3.5. We identified two methods that
are frequently used: the meta-platform specification and the generator-approach. We use the
former extensively in Chapter 7 where we also propose a solution to the negative effects of
an evolutionary algorithm that is inherent in the the symmetry of the mapping-based design
point specification.

Most importantly, we emphasize that much of the engineering effort could (theoretically)
be non-recurring. Instead, we see that creation of the tools required by (1), (2) and (3) is
typically repeated for specific tools or even users, although this burden could be shared by
the whole research community (thus shortening design cycles even further). This would,
however, require a large amount of coordination work to firstly standardize specifications
and methods, for example to define interchangeable, high-level specifications of a design
space (or design problem) and secondly, provide a framework in which exploration methods
and tools can be compared on a set of standardized benchmarks. Such a framework could
be based on a software design where tool-specific back-ends are provided as plug-ins, while
the core functionality is shared. Research and engineering in this particular subdomain of
(embedded) system design is however still in its infancy and the required coordination for
shared frameworks and benchmarks will remain future work.

On the topic of (3) we have seen in Chapters 2 and 3 that within the context of Daedalus,
the results of a design space exploration can be stored in an interchangeable format (XML),
as well as in a database. The database allows for evaluation of a previously evaluated design
space by means of queries expressed in a standardized query language, while the XML
format promotes tool interoperability. The latter has been exploited by the various design
space visualization tools that have been developed for Sesame (see Section 3.5).
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Samenvatting

Moderne embedded systemen moeten vaak verschillende complexe taken uitvoeren, zijn
onderhevig aan een keur van (soms tegenstrijdige) functionele en non-functionele eisen en
moeten bovendien in relatief korte tijd ontworpen kunnen worden. Dit maakt het ontwerp-
proces van zulke systemen zeer ingewikkeld en daarom moet de ontwerper in zijn taak onder-
steund worden door goede software-tools die efficiënte ontwerptechnieken implementeren
en het ontwerpproces zoveel mogelijk automatiseren. Door vroeg in het ontwerpproces te
beginnen met het modelleren en simuleren van het systeem, krijgt men eerder feedback over
de gevolgen van bepaalde ontwerpbeslissingen. Hiermee is in het ontwerpproces veel winst
te behalen, aangezien een juiste beslissing later in het ontwerpproces veel tijd en kosten kan
besparen. Goede modelleringstools en en exploratie-technieken zijn hierbij wel van essen-
tieel belang.

In de introductie van dit proefschrift stellen we een aantal voorwaarden op waaraan
een modelleer- en exploratieomgeving zou moeten voldoen om zo goed mogelijk onders-
teuning te bieden aan het ontwerpproces. We maken een onderscheid tussen het snel en
accuraat modelleren van een enkel systeemontwerp en het vinden van de juiste ontwerp uit
een zoekruimte van alle mogelijke ontwerpen (ook wel Design Space Exploration of DSE
genoemd). Hoofdstuk 3 beschrijft de Sesame tool en laat zien dat een ontwerper in korte
tijd een hoog-niveau simulatie model kan samenstellen door middel van een system-level
model specificatie en herbruikbare simulatie componenten. In Hoofdstuk 2 wordt Sesame
in de context geplaatst van Daedalus: een complete toolflow voor het ontwerpen van multi-
processor system-on-chip (MPSoC) systemen, van applicatie, via design space exploratie
(Sesame) naar een volledig geïmplementeerd en functioneel prototype.

In Hoofdstuk 4 laten we zien hoe de hoog-niveau simulatiemodellen van Sesame kunnen
worden gecalibreerd: drie verschillende methoden worden voorgesteld die de nauwkeurigheid
van het Sesame model verhogen door op efficiënte wijze gedetailleerde performance infor-
matie aan het model toe te voegen. Vervolgens kijken we naar het type systemen dat kan
worden gemodelleerd in Sesame en breiden dat uit met multi-applicatie systemen (Hoofd-
stuk 5) en dynamisch herconfigureerbare systemen (Hoofdstuk 6). In het eerste geval in-
troduceren we een hiërarchisch systeem van schedulers zodat meerdere applicaties volgens
verschillende realistische schedules op het architectuur model kunnen worden afgebeeld.
Ook definiëren we hier een model voor stochastische applicatie modellen die gebruikt kun-
nen worden voor speculatieve DSE. Vervolgens breiden we Sesame uit voor het modelleren

189



voor een opkomend type MPSoC systemen: partially dynamic reconfigurable systems. We
laten zowel de generieke model componenten hiervoor zien, als ook de resultaten van een
volledig model gebaseerd op een realistische case study.

Het voorlaatste deel (Hoofdstuk 7) richt zich op het efficiënt afzoeken van ontwer-
pruimten. We gebruiken hiervoor de bekende metaheuristisch methode van genetische al-
goritmen (GAs), analyseren de resultaten op basis van een stochastisch gegenereerde case-
study en bediscussiëren de voor- en nadelen. Door het gebruik van domein-specifieke kennis
ontwerpen we een nieuwe set van genetische operatoren die het GA efficiënter laten werken.

Tenslotte komen in Hoofdstuk 8 twee grotere case-studies aan bod die laten zien hoe
verschillende van de besproken technieken kunnen worden gebruikt in industrie-relevante
ontwerpproblemen. We doen dit in de context van de Daedalus design flow en in het eerste
geval wordt het volledige ontwerp- en implementatieproces doorlopen voor verschillende
ontwerp-varianten van een multiprocessor MPSoC media systeem. We vergelijken de sim-
ulatieresultaten met metingen aan de verschillende systeemprototypes en komen tot de con-
clusie dat de simulatiemodellen inderdaad goed bruikbaar zijn voor het efficiënt doorzoeken
van ontwerpruimtes. In een volgende case-study laten we het ontwerp zien van een hetero-
geen MPSoC systeem met maximaal 24 cores voor een JPEG compressie applicatie. In de
conclusies komen we terug op de in de introductie gestelde eisen voor het bevorderen van
het ontwerpproces en maken we de balans op.
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