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Abstract

To cope with the increasing complexity of embedded and cyber-physical
system design, di!erent system-level design approaches are proposed which
start from abstract models and implement them using design ßows with high
degrees of automation. However, creating models of such systems and also
formulating the mathematical problems arising in these design ßows are them-
selves challenging tasks. A promising approach is the composable construction
of these models and problems from more basic entities. Unfortunately, it is
non-trivial to propose such compositional formulations today because the cur-
rent practice in the electronic design automation domain tends to be on using
imperative languages and frameworks due to legacy and performance-oriented
reasons.

This thesis addresses the system design complexity by Þrst promoting
proper formalisms and frameworks for capturing models and formulating
design-space exploration problems for electronic system-level design in a declar-
ative style; and second, propose realizations based on the industrially accepted
languages and frameworks which hold the interesting properties such as com-
posability and parallelism.

For modeling, ForSyDe, a denotational system-level modeling formalism
for heterogeneous embedded systems is chosen, extended with timed do-
mains to make it more appropriate for capturing cyber-physical systems, and
mapped on top of the IEEE standard system design language SystemC. The
realized modeling framework, called ForSyDe-SystemC, can be used for mod-
eling systems of heterogeneous nature and their composition to form more
sophisticated systems and also conducting parallel and distributed simulation
for boosting the simulation speed. Another extension to ForSyDe, named
wrapper processes, introduces the ability to compose formal ForSyDe models
with legacy IP blocks running in external execution environments to perform
a heterogeneous co-simulation.

In platform-based design ßows, the correct and optimal mapping of an
application model onto a ßexible platform involves solving a hard problem,
named design space exploration. This work proposes Tahmuras, a constraint-
based framework to construct generic design space exploration problems as the
composition of three individual sub-problems: the application, the platform,
and the mapping and scheduling problems. In this way, the model of the
design space exploration problem in Tahmuras is automatically generated
for each combination of application semantics, target platform, and mapping
and scheduling policy simply by composing their respective problems. Using
constraint programming, problems can be modeled in a declarative style, while
they can be solved in a variety of di!erent styles, including imperative solving
heuristics commonly used to solve di"cult problems. E"cient parallel solvers
exists for constraint programming.
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Sammanfattning

Den škande komplexiteten Šr en stor utmaning fšr konstruktionen av
framtida inbyggda system. Fšr att mšta utmaningen utvecklas nu konstruk-
tionsmetoder som har som mŒl att starta frŒn en abstrakt modell och att
generera en implementering genom ett konstruktionsßšde med hšg automa-
tiseringsgrad. DessvŠrre Šr dock skapandet av abstrakta systemmodeller och
formaliseringen av de relaterade matematiska problemen i sig ett mycket ut-
manande problem. Konstruktion genom komposition av basenheter Šr en lo-
vande idŽ, men tyvŠrr Šr det vŠldigt svŒrt att introducera metoden i dagens in-
dustriella konstruktionsßšden pŒ grund av imperativa programmeringssprŒk
och ett gammalt arv i form av existerande kodbas och Šldre konstruktioner.

Avhandlingen adresserar komplexiten inom systemkonstruktion genom att
fšreslŒ passande formalismer fšr att uttrycka modeller i en deklarativ stil och
angripa problemet att hitta en passande implementering. Dessutom visar av-
handlingen hur dessa formalismer kan realiseras i en form som kan anvŠndas i
ett industriellt sammanhang utan att fšrlora formalismens viktiga grundlŠg-
gande egenskaper som komposition och parallelism.

Modelleringen anvŠnder och utškar ForSyDe, en konstruktionsmetod fšr
heterogena inbyggda system. TillŠggen bestŒr av en modelleringsmodell som
kan fŒnga speciÞka egenskaper hos heterogena inbyggda system, samt en im-
plementering av ForSyDe i SystemC, ett industriellt modelleringssprŒk som Šr
standardiserat av IEEE. Den nya utvecklingsmiljšn, ForSyDe-SystemC, kan
anvŠndas fšr att modellera inbyggda system, komponera systemmodeller till
stšrre system, samt mšjliggšr genomfšrandet av parallella och distribuerade
simuleringar med medfšljande hšg simuleringshastighet. Avhandlingen intro-
ducerar ocksŒ ÒwrapperÓ-konceptet i ForSyDe som mšjliggšr integrationen
av existerande modeller och system som en del av en formell ForSyDe-modell
och deras co-simulering. ForSyDe-SystemC har anvŠnts inom EU-projekt av
industriella partner fšr modellering av egna system.

Att hitta en korrekt och e!ektiv implementering av en abstrakt systemmo-
dell Šr mŒlet inom aktiviteten Òdesign space explorationÓ (DSE) som Šr ett
svŒrt problem fšr parametriserbara och ßexibla plattformar. Avhandlingen
presenterar tvŒ generationer av Tahmuras, som Šr baserade pŒ villkorspro-
grammering och har som mŒl att konstruera DSE-problemet som en kompo-
sition av tre olika delproblem: applikation, plattform, och bindning. Ett inte-
grerat DSE-problem kan sedan automatiskt genereras genom en kombination
av dessa delproblem. Olika metoder, frŒn heuristisk till komplett sškning,
kan anvŠndas inom villkorsprogrammering fšr att lšsa DSE-problemet. Fšr
att visa Tahmuras potential har DSE-metoden validerats med hjŠlp av olika
systemapplikationer av skilda tidsegenskaper och olika plattformar.
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Chapter 1

Introduction

1.1 Problem Statement: Design of Complex Systems

The complexity of embedded electronic systems is continuously increasing in terms
of size and heterogeneity. Driven by the market demand, more functionality is
expected to be integrated into each product. To do this, system designers are ex-
pected to exploit the increasing computation, communication, and storage capacity
of the electronic devices enabled by the advances in the manufacturing technolo-
gies [143]. On the other hand, heterogeneity is revealed in the applications when a
single system is composed of functional units of di!erent nature, including control,
signal processing, user interfacing, etc. These units are often designed by di!erent
teams using a variety of incompatible languages and tools. A similar situation is ob-
served in the implementation platforms such as IBM Cell, Qualcomm Snapdragon,
and Nvidia Tegra, where di!erent computation, communication, and storage cores
appear in a single platform. Each of these cores can have di!erent performance
and cost and might support a di!erent programming paradigm and tool set. It is
notable that the new emerging paradigms such as cyber-physical systems (CPSs),
where embedded and physical systems need to be co-designed and co-operate, or In-
ternet of things, where design of systems of systems are of central interest, intensify
the aforementioned challenges.

One of the main objectives of electronic design automation (EDA) is to introduce
tools and design methods to assist the embedded and electronic system designers
with the complexity challenge. Unfortunately, due to the Von Neumann legacy [21],
most of these methods and tools are built on top of imperative paradigms which
are described best using operational semantics. It is well known that imperative
models are in general not straightforward to compose due to the implicit state that
is inherent to them. The lack of composability limits the possibility of applying
divide-and-conquer approaches to manage the complexity problem.

Composability and compositionality are both discussed in the context of com-
posite system design but they are not synonyms. Composability is used when the

3



4 CHAPTER 1. INTRODUCTION

purpose is to construct a more complex entity from simpler components. In this
case, the interest is on having compatible component interfaces and a method to
compose them together. On the other hand, compositionality is used when under-
standing the meaning of an entity is possible by understanding the meaning of its
sub-components and the rules used for composing them together. For example, in
the context of semantics of programming languages, a denotational semantics is
said to be compositional. This is because the semantics of an expression, which is
described using mathematical objects called denotations, are constructed based on
the denotations of its sub-expressions. In short, compositionality is relevant in the
context of system analysis, while composability is a property that is related to the
synthesis of systems.

Before presenting the objectives of this thesis and the methodology used to
achieve them in Sections 1.2 and 1.3, a set of principles are presented which form
the foundation of the tools and methods introduced to manage complex embedded
and CPS design. The emphasis is on the limitations on composability caused by ap-
plying these approaches using imperative modeling paradigms and how declarative
approaches can be used instead.

1.1.1 Managing the Complexity

Kopetz [92, Chapter 2] points out four simpliÞcation strategies which are used to
manage the complexities beyond cognitive resources of humans. These strategies are
abstraction, which is about capturing the relevant aspects and ignoring irrelevant
details of a complex phenomenon;partitioning, which divides a problem scenario
into independent parts that can be considered separately;isolation, considers the
primary cause of an event or a sequence of dependent events when several causes
or a chain of causes are involved in a phenomenon; andsegmentation, in which a
complex behavior is broken-down to smaller parts that can be analyzed one after
each other instead of considering them acting simultaneously.

In the context of this thesis, when referred to complexity, not only the cognitive
complexity for humans is interesting, but also the computational complexity for
computing platforms is concerned. For example, the simulation time of a large
system is part of the complexity problem. In this respect, the following list of
methods are considered in this thesis.

Abstraction

Abstraction prescribes constructingmodels of a system under consideration for per-
forming analysis and design tasks. Jantsch [80] deÞnes a model as Ôa simpliÞcation
of another entity, which can be a physical thing or another model. The model
contains exactly those characteristics and properties of the modeled entity that are
relevant for a given taskÕ. Clearly there is more than a single way to perform such a
simpliÞcation. Each modeling languages and framework introduces a di!erent way
to capture a model of a system. Also, several models of a single system with di!er-
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ent abstraction levels might be constructed during the design ßow. The question is
which kind of abstractions are suitable for specifying a systems, or each individual
part of a system.
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Figure 1.1: Exploring alternatives and taking decisions at different design levels.

on the properties of the final realisation than those taken during later phases [138].
For example, wrongly choosing between concepts like a bus-based architecture or
a switch-based architecture when designing a router for some communication sys-
tem can have more serious consequences in not satisfying the performance or cost
requirements compared to choosing wrong physical dimensions of the system’s out-
put connectors. One reason for the high impact of wrong design decisions made at
higher levels is that a higher reduction in the number of possible resulting designs
is obtained due to these early decisions. Notice also that in case a wrong decision
is made, there may be no feasible designs attainable anymore. Correction of these
design errors is particularly expensive when they occurred early in the design process
and remain undetected until later design phases [131]. This is due to the necessity of
redoing (parts of) the design steps performed after taking the wrong decision.

This thesis concentrates on system-level design, which is an umbrella term for the
earliest design phases. System-level design is concerned with developing the main
concepts for a system and with evaluating whether these concepts will lead to the
satisfaction of all requirements. Structured approaches for performing system-level
design are of utmost importance for tackling the difficulty of making the right deci-
sions during the earliest design phases and hence, for minimising design time.

1.1.2 Exploring Design Alternatives

Each design phase involves developing one or more alternatives for realising cer-
tain functionality. To investigate the feasibility of design alternatives, models can
be used. A model is an approximate or abstract representation of a system, which is

Figure 1.1: An abstract speciÞcation model implies a design space and is reÞned to a
Þnal implementation by adding more details during the design process. (from [149])

A primary goal of a speciÞed system model is to make it easy to understand,
communicate and analyze by the designers, especially in the early stages of the
design. But, to approach the complexity problem more e!ectively, EDA vendors
need to provide automated methods and tools which operate on the models of
the system. These tools might performsimulation, to validate the behavior of the
system models and remove the incorrect designs;analysis tasks such as veriÞcation,
to mathematically prove certain properties of the system models; orsynthesis,
to lower the abstraction-level of the models and lead to the Þnal implementation
(Figure 1.1). Therefore, in addition to be easily understandable, the abstraction of
system models need to be done in such a way that they contain the information
required for the application of such methods.
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Reuse

Even with proper abstraction of systems, designing a system from scratch is not
feasible for most complex systems. Often, designers reuse parts of the systems from
previous designs in new projects. In addition, purchase of intellectual property (IP)
blocks from third party vendors which have specialized expertise in designing spe-
ciÞc components for integration into the system design ßow is a common practice.
Third party and legacy IPs are very often developed in di!erent modeling languages
and hence, with incompatible abstractions. Very often the source code of these IPs
are not available for porting to another modeling framework or language. Thus, a
design methodology needs to integrate external models into its design ßow to be
successfully adopted in practice.

Separation of Concerns

Platform-based design (PBD) [88] emphasizes on separation (or even orthogonal-
ization) of concerns in electronic system design along di!erent axes; in particular
between computation and communication, and between functionality and the archi-
tecture. Computation and communication are best captured with di!erent seman-
tics and performance models and are realized using di!erent classes of components.
As a result, it is better to capture and operate on them separately right from early
design stages. Also, once the functional behavior of a system and its implemen-
tation platform or architecture are separated, each of them could be designed and
validated in isolation more e!ectively. In addition, reuse of the functionality and
the platform in separate projects is possible. There are di!erent opinions on how
to deÞne the terms platform and PBD [65, 136]. In this thesis, we use the deÞ-
nition of a platform as a library of characterized components together with a set
of composition rules. A consequence of this separation is that a separatemapping
stage is required to bind the system functionality to an instance of the target plat-
form (Figure 1.2). The mapping stage typically involves searching a possibly large
design space for a set of optimal solutions with respect to a set of constraints and
objectives. This combinatorial optimization problem is usually called design space
exploration (DSE) and in the general case it is non-trivial to solve. For each combi-
nation of the functional semantics and class of implementation platform, a separate
DSE problem needs to be formulated and solved. The current DSE frameworks
and tools support a single or a set of application semantics or platform types.

Exploiting Parallel Architectures

Looking at the manufacturing technologies, while the increase in the maximum
feasible clock speed of the individual transistors have stopped years ago, we still
observe an increasing number of logics in terms of computation cores on the gen-
eral purpose and embedded platforms. EDA vendors are expected to exploit the
available computation cores not only in the implementation platforms, but also in
the designersÕ machines where their design tools run. Design tasks such as simula-
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Figure 1.2: Following the principle of separation of concerns, system functionality
and the target platform are captured separately while a mapping stage binds the
latter during a mapping and design space exploration stage.

tion, analysis, and synthesis can be time consuming to run and hence, parallel or
distributed execution of them is highly desired.

1.1.2 Declarative Paradigms

Programs are known to be a combination of logic, orwhat to be computed, and
control, or how to compute them. In the extensively used imperative programming
paradigms, the programmer describes the computational steps required to achieve a
desired result. In this way, the program logic is implicitly deÞned while the control is
mostly explicit. Also, the output of a system described in this style not only depends
on its input, but also on the current state of the system. Procedural programming
and also object-oriented programming such as C, C++, and Java are examples
of such an approach. On the contrary, declarative paradigms focus on specifying
the logic rather than control of algorithms. Example of declarative approaches
are functional programming and logic programming. Lifting the argument to the
semantics domain, operational semantics, and specially the structural operational
semantics, focuses on deÞning the meaning of a construct by the execution steps
required to realize it. On the other hand, a denotational semantics deÞnes the
e!ect of executing a construct using pure mathematical functions. Several practical
advantages for declarative programming are noted by Lloyd [99] including cleaner
semantics, productivity, meta-programming, and better support of parallelism.

An interesting question for EDA designers is how declarative paradigms can
be compared to imperative ones when applied to the problem of complex system
design.
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Abstraction and Re-use A complex system is composed of several sub-components,
each naturally expressed using a di!erent abstraction and requiring di!erent meth-
ods and tools to operate on. A natural solution is that a modeling framework
proposes appropriate abstractions for modeling individual components and also a
method to compose them together to form a model of a complex system. The
same arguments can be made for integrating external IP blocks where appropriate
interfaces need to be introduced so that the wrapped IP matches the abstraction of
the rest of the system model. However, if the individual sub-models are captured
in widely-used imperative languages or associated with operational semantics, it is
non-trivial to deÞne the semantics of the composed model. This is due to the fact
that the implicit state of a component a!ects its behavior but it is not visible in
its interface.

Exploiting Parallel Platforms Another area in which declarative speciÞcations
exhibit superiority is in the design of parallel, concurrent, and distributed programs.
For example, in the functional programming paradigm, the pure and side-e!ect-free
functions can be easily composed even when they are running on separate cores.
This is because they always return the same result when invoked with the same
arguments, no matter where and when they are executed. Clearly, the implicit
state of imperative speciÞcation does not allow the designers and tools to easily
exploit the intrinsic parallelism of the problems. Also, the possibility of access to
global variables in the imperative speciÞcations intensiÞes the problem of their safe
parallelization.

Separation of Concerns One of the cases in which the principle of separation of
concerns can be applied is the formulation of DSE problems for mapping a platform-
independent application model to a ßexible target platform. A variety of di!erent
complex algorithms and heuristics are proposed to solve such problems. These so-
lutions are typically tailored to speciÞc application semantics and a restricted set of
target platforms. However, it is desired to be able to select a suitable semantics for
describing the system functionality, a proper target platform which can implement
this functionality and an appropriate binding policy, and then automatically gener-
ate the DSE problem. Constraint programming (CP) can realize such an approach
by capturing these three aspects as constraints in a uniform style which can be
easily composed together as a single combinatorial optimization problem.

Unfortunately, unlike their beneÞts, declarative modeling and programming
paradigms are not mainstream in industry yet and there is more than a single rea-
son for it. The free sequential speedup which was available by each new technology
generation until early 2000s is known to be a historical reason for not considering
declarative programming at least for parallel systems. In general, the considerable
imperative legacy both in terms of education of engineers and also the huge amount
of source codes and models is an important factor. Any new design method and
tool should be able to consider this legacy for successful acceptance in the indus-
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try. Also, the immaturity of the tools for declarative paradigms with respect to for
example performance and debugging facilities was a contributing reason. Fortu-
nately, this problem is addressed to a large extent with the recent growing interest
in declarative paradigms.

1.2 Objectives and Scope

This thesis addresses the problem of composable modeling and design of complex
embedded systems. The semantical basis and modeling techniques are adopted from
declarative paradigms and adopted in industrially-accepted imperative frameworks.
The motivating reason is to beneÞt from the declarative formulation of models and
problems and at the same time to increase the chance of industrial acceptance and
to enable reuse of the legacy models and methods.

The scope of this thesis includes abstract modeling of heterogeneous application
functionality, reusing external IPs in system modeling, and automatic construction
of DSE problems as the composition of application, platform, and binding problems
in a PBD setting. Support for parallel execution and implementation of the system
models and design problems are also secondary objectives.

Concretely speaking, this thesis aims at providing the following two frameworks:

1. A framework for modeling of heterogeneous embedded and cyber-physical
systems (CPSs) which

¥ is abstract and independent of the implementation platform;

¥ has a formal well-deÞned semantics to enable application of automated
analysis and synthesis methods;

¥ supports parallel and distributed simulation and implementation of con-
structed models;

¥ is implemented in industry-accepted modeling and programming lan-
guages;

¥ supports co-simulation with legacy code and foreign IPs; and

¥ can be integrated into di!erent design ßows by exporting the constructed
models in a generic intermediate representation format.

2. A framework for automated construction of DSE problem models for PBD
which

¥ is based on generic models of application, platform, and binding of ap-
plication to the platform components; and

¥ separates the problem logic from its solving method.

These two frameworks can be easily integrated in a coherent design ßow which will
be presented later in Chapter 3.



10 CHAPTER 1. INTRODUCTION

1.3 Methodology

The methodology that this thesis adopts consists of three steps.

1. Identify, extend, and develop appropriate declarative frameworks which en-
able composable construction of the system and design problems in the scope
of the thesis.

2. Provide a path to implement the developed frameworks using the industry-
adopted imperative languages and/or reusing legacy models and methods
developed in this Þeld.

3. Perform proof-of-concept implementations of the mapped frameworks and
validate their usability using case studies.

Table 1.1 summarizes the result of applying the chosen methodology to the two
Þelds of interest deÞned in the scope of the thesis.

Table 1.1: Applying the methodology adopted in this thesis to the deÞned scope.

Methodology System Modeling DSE construction

Developed framework ForSyDe: functional paradigm Tahmuras: constraint programming

Path to implementation Refined semantics Automatic DSE model generation &

separate problem model from solving

Proof-of-concept SystemC MiniZinc, Gecode

1.4 Publications Arising from This Research

This document reports a set of papers published and prepared as a result of per-
forming research on the area of embedded and CPS design. Nine publications are
included in this thesis and seven more are excluded and only mentioned here.

1.4.1 Included Papers

Five conference publications and a book chapter which is an improved version of an-
other conference paper are included in this thesis. All of these papers are published
in the proceedings of well-known conferences in the research Þeld. One techni-
cal report is published internally by KTH which includes interesting results. Two
more papers, including a journal manuscript and a conference paper are submitted
together with the thesis.

The included papers are listed below together with a short summary of their
reported contributions and results. They are also attached to this thesis in Part II.
The notation ÔPaper xÕ which is used throughout this thesis to refer to the included
papers is based on the following list.
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Paper I: S. H. Attarzadeh Niaki and I. Sander. Co-simulation of embed-
ded systems in a heterogeneous MoC-based modeling framework.
In Proceedings of the International Symposium on Industrial Em-
bedded Systems (SIES) , pages 238Ð247, 2011
The Þrst paper extends the ForSyDe formalism with the concept of co-simulation
wrappers. They are used to achieve composition of di!erent languages and
tools by integrating external models with high-level speciÞcation models in
an isolated manner. The paper deÞnes three types of co-simulation wrappers
which are applied to two case studies to evaluate the concept. The author of
this thesis has developed the concepts, performed the implementations and
conducted the experiments for this paper.

Paper II: S. H. Attarzadeh Niaki and I. Sander. Semi-formal reÞnement
of heterogeneous embedded systems by foreign model integration.
In Proceedings of the Forum on SpeciÞcation and Design Languages
(FDL) , pages 1Ð8, 2011
The co-simulation wrappers presented in Paper I are used in this work to
present a reÞnement-by-replacement design ßow. A set of reÞnement opera-
tions are deÞned and used to replace the components of a high-level system
speciÞcation with their implementation models incrementally. The presented
ßow has been used to reÞne an audio equalizer system model onto an FPGA-
based platform. The author of this thesis has developed the concepts, per-
formed the implementations and conducted the experiments for this paper.

Paper III: S. H. Attarzadeh Niaki, M. Jakobsen, T. Sulonen, and I. Sander.
Formal heterogeneous system modeling with SystemC. In Proceed-
ings of the Forum on SpeciÞcation and Design Languages (FDL) ,
pages 160Ð167, Sept 2012
This paper reports the Þrst implementation of the ForSyDe formalism in
SystemC. Mapping of the ForSyDeÕs syntax to SystemC primitives and four
MoCs to an abstract semantics are presented. A preliminary version of a
discrete-event (DE) MoC with modeling limitations is also reported in this
work. This paper also introduces introspection to ForSyDe-SystemC as an
enabling technology to export the speciÞed ForSyDe models to external tools
for further analysis and synthesis. An industrial case study modeled using
the presented embedded domain-speciÞc language (EDSL) is also reported.
The author of this thesis has contributed to developing the concepts behind
ForSyDe-SystemC, performed the library implementations for three of the
four reported MoCs and contributed in conducted the experiments for this
paper.

Paper IV: S. H. Attarzadeh Niaki, G. S. Beserra, N. Andersen, M. Ver-
don, and I. Sander. Heterogeneous system-level modeling for small
and medium enterprises. In Proceedings of the Symposium on Inte-



12 CHAPTER 1. INTRODUCTION

grated Circuits and Systems Design (SBCCI) , pages 1Ð6, Aug 2012
A set of industrial design scenarios and case studies for system-level design of
heterogeneous embedded systems are reported in this paper. The presented
design scenarios were identiÞed as a result of collaboration with our partners
from small and medium enterprises (SMEs) in the SYSMODEL project. The
paper shows the applicability of these design scenarios using two industrial use
cases. The author of this thesis extracted and formulated the design scenarios
from the internal deliverables of the SYSMODEL project and contributed in
developing the reported case studies of this paper.

Paper V: S. H. Attarzadeh Niaki and I. Sander. An automated parallel
simulation ßow for heterogeneous embedded systems. In Proceed-
ings of the Conference on Design, Automation and Test in Europe
(DATE) , pages 27Ð30, San Jose, CA, USA, 2013. EDA Consortium.
ISBN 978-1-4503-2153-2
Paper V introduces special send and receive processes to the ForSyDe formal-
ism which enable parallel and distributed simulation of system models. Based
on that, an automated parallel and distributed simulation ßow is presented.
Starting with a short proÞling of the sequential model, the process network
of the system model is partitioned using a heuristic cost function and appro-
priate send and receive processes are inserted on the boundaries. A Þnal code
generation and compilation stage creates the parallel model which can execute
in a message-passing environment. The ßow is evaluated using the ForSyDe-
SystemC model of an MP3 decoder to conduct the experiments. The author
of this thesis has developed the concepts, performed the implementations and
conducted the experiments for this paper.

Paper VI: S. H. Attarzadeh Niaki, M. Mikulcak, F. Robino, and I. Sander.
A framework for characterizing predictable platform templates. Tech-
nical Report 14:01, KTH, Electronic Systems, 2014
This technical report is the Þrst step towards composable construction of DSE
problems. It proposes a framework for characterizing platforms which exhibit
predictable services to the applications. The semantics of the application is
assumed to be a classic periodic task-graph. Given an application model, a
DSE problem model is generated automatically and solved using a heuristic
branch and bound complete search algorithm. The characterization frame-
work and the generated DSE models are based on the medium-level constraint
speciÞcation language MiniZinc. The ßow is applied to implement a JPEG
encoder model on top of two di!erent predictable platforms and compare the
measured results with the output of the constructed DSE problems. The au-
thor of this thesis has developed the concepts, performed the implementations
and contributed in the experiments for this paper.

Paper VII: S. H. Attarzadeh Niaki, M. Mikulcak, and I. Sander. Auto-
matic generation of virtual prototypes from platform templates. In



1.4. PUBLICATIONS ARISING FROM THIS RESEARCH 13

M.-M. Lou‘rat and T. Maehne, editors, Languages, Design Meth-
ods, and Tools for Electronic System Design , volume 311 of Lecture
Notes in Electrical Engineering . Springer International Publishing,
2015. ISBN 978-3-319-06316-4
The idea presented in Paper VI is extended to support design of mixed-
criticality real-time systems. Following an analytical DSE stage generated by
a characterized platform template, a method is presented to automatically
generate a virtual prototype of the DSE output(s) which comply to the inter-
operability layer of TLM 2.0. The generated prototypes can be reÞned easily
by replacing more accurate simulation models, used as a platform for integra-
tion of non-hard real-time applications, or used as input for simulation-based
DSE in a two-stage design ßow. The presented concepts are evaluated using
a surveillance image processing system. The author of this thesis has de-
veloped the concepts, performed the implementations and contributed in the
experiments for this paper.

Paper VIII: S. H. Attarzadeh Niaki and I. Sander. An extensible mod-
eling methodology for embedded and CPS design. Submitted to the
ACM Trans. Des. Autom. Electron. Syst. , 2014
This journal manuscript is an extension of Paper III but also reviews the
current status of the ForSyDe modeling methodology. The concept of process
constructors is highlighted as the distinguishing feature of ForSyDe and it is
shown how they can be used to extend and/or specialize the modeling capabil-
ities of ForSyDe. Compared to Paper III, a reÞned layer is introduced explic-
itly to enable mapping onto other imperative electronic system-level (ESL)
languages than SystemC. Di!erent aspects of the ForSyDe-SystemC model-
ing library are demonstrated in practice using models of two heterogeneous
systems. The author of this thesis has developed the concepts, performed the
implementations and conducted the experiments for this paper.

Paper IX: S. H. Attarzadeh Niaki and I. Sander. Automatic construc-
tion of models for analytic design space exploration problems. In
Submitted to the Conference on Design, Automation, and Test in
Europe (DATE) , 2015
Compared to Papers VI and VII this paper uses clock constraints to gener-
alize the Tahmuras framework on the semantics of application and services
provided by the platform. Separate models for the application, platform and
binding policy conforming to a meta-model are used as the input while the
DSE problem model is generated automatically. The experiments of this work
show how DSE models can be automatically generated for di!erent combina-
tions of application semantics and target platform templates. The author of
this thesis has developed the concepts, performed the implementations and
conducted the experiments for this paper.
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1.4.2 Excluded Papers

The following contributions to other publications are not included in this thesis.
The reasons for excluding them are either because they are not in the scope of the
research deÞned in this thesis, they are not targeting an academic audience, or the
author is not the main contributor in them.

¥ M. K. Jakobsen, J. Madsen, S. H. Attarzadeh Niaki, I. Sander, and
J. Hansen. System level modelling with open source tools. In Em-
bedded World Conference , 2011
This work is a result of the activities performed in the SYSMODEL project
and targets an industrial audience. It proposes the ForSyDe design method-
ology to support making early design decisions and reduce risks in the design
ßow of heterogeneous embedded systems. An audio calibration device is used
as a case study to show the potential of the presented approach. The author
of this thesis has contributed to the concepts behind this paper.

¥ I. Sander and S. H. Attarzadeh Niaki. Towards a formal soft-
ware synthesis methodology for embedded multiprocessor systems.
In First International Software Technology Exchange Workshop
(STEW) , 2011
This is an early positioning paper regarding formal synthesis of embedded
software to predictable platforms starting from a ForSyDe-compatible speci-
Þcation model using a DSE stage. This work targets industrial audience. The
author of this thesis has contributed to the concepts behind this paper.

¥ G. S. Beserra, S. H. Attarzadeh Niaki, and I. Sander. Integrat-
ing virtual platforms into a heterogeneous MoC-based modeling
framework. In Proceedings of the Forum on SpeciÞcation and De-
sign Languages (FDL) , pages 143Ð150, Sept 2012
This work is done as a collaboration with Gilmar Bessera, a post-doc visit-
ing researcher from University of Brasilia. Based on the ForSyDe-SystemC
library presented in Paper III and the idea of wrapper processes presented in
Paper I, it introduces a method for integrating transaction-level virtual plat-
forms into high-level speciÞcation models. This can be used together with the
reÞnement-by-replacement method presented in Paper II to gradually reÞne
a speciÞcation model down to its implementation. The author of this thesis
has contributed to the concepts and writing of this paper.

¥ S. H. Attarzadeh Niaki, M. Mikulcak, and I. Sander. Rapid virtual
prototyping of real-time systems using predictable platform char-
acterizations. In Proceedings of the Forum on SpeciÞcation Design
Languages (FDL) , pages 1Ð8, Sept 2013
This is the original conference publication which was invited and extended
for a book chapter as Paper VII. It was nominated as a best paper award
candidate.
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¥ F. Herrera, S. H. Attarzadeh Niaki, and I. Sander. Towards a mod-
elling and design framework for mixed-criticality SoCs and systems-
of-systems. In Proceedings of the Conference on Digital System
Design (DSD) , pages 989Ð996, Sept 2013
This work sets the scene for research on the emerging Þeld of mixed-criticality
systems on chip (SoCs) and systems-of-systems. It presents the involved dis-
ciplines, a core ontology for modeling such systems, and the open issues to
be addressed in this Þeld. The author of this thesis has contributed to the
concepts and writing of this paper.

¥ S. H. Attarzadeh Niaki, A. Cevrero, P. Brisk, C. Nicopoulos, F. K.
Gurkaynak, Y. Leblebici, and P. Ienne. Design space exploration
for Þeld programmable compressor trees. In Proceedings of the
Conference on Compilers, Architectures and Synthesis for Embed-
ded Systems (CASES) , CASES Õ08, pages 207Ð216, New York, NY,
USA, 2008. ACM. ISBN 978-1-60558-469-0
The objective of this work is to perform design-space exploration for a new
type of Þne-grained reconÞgurable lattice for e"cient implementation of arith-
metic operations. The contributions done to this work were mainly performed
prior to the start of the authorÕs PhD studies and are out of the scope of this
thesis.

¥ A. Cevrero, P. Athanasopoulos, H. Parandeh-Afshar, A. K. Verma,
H. S. Attarzadeh Niaki, C. Nicopoulos, F. K. Gurkaynak, P. Brisk,
Y. Leblebici, and P. Ienne. Field programmable compressor trees:
Acceleration of multi-input addition on FPGAs. ACM Trans. Re-
conÞgurable Technol. Syst. , 2(2):13:1Ð13:36, June 2009. ISSN 1936-
7406
This work proposes a new reconÞgurable lattice to be integrated into Þne-
grained Þeld programmable logics. The contributions done to this work were
mainly performed prior to the start of the authorÕs PhD studies and are out
of the scope of this thesis.

1.5 Thesis Structure

In Part I, this chapter introduced the general Þeld of the research, the concerning
problems, and the methodology used for addressing them. Chapter 2 serves two
purposes. First, the material related to the scope of this thesis in the literature is
surveyed. Then, preliminary concepts required for understanding the contributions
of this thesis are presented. In Chapter 3 an overview of the contributions of the
included papers is given in a coherent style. Chapter 4 summarizes the thesis and
presents possible future directions.

Part II includes the individual papers listed in Section 1.4.1.





Chapter 2

Background

The objective of this chapter is to provide the reader with necessary background
knowledge and make the contributions easier to grasp.

Section 2.1 presents the related work on the topics addressed in this thesis. Each
related work is introduced in short and then the di!erences to the work at hand
are highlighted.

Sections 2.2Ð2.4 cover the foundational basis of the work at hand. A history
of the ForSyDe methodology together with its formal underpinnings is presented
in Section 2.2. Section 2.3 introduces constraint programming followed by a brief
review of the Clock Constraint SpeciÞcation Language in Section 2.4 which are
necessary for the understanding of the DSE problem construction framework which
is presented in this thesis.

2.1 Related Work

In the survey of related literature, application of composability to two di!erent
areas are considered; Þrst, modeling heterogeneous embedded and CPS design and
second, construction of DSE problem models for system synthesis. With respect to
system modeling, relevant formalisms for system speciÞcation and modeling (Sec-
tion 2.1.2), co-simulation of models running in di!erent environments as the compo-
sition of di!erent tools and languages (Section 2.1.3), and parallel and distributed
simulation as the composition of several sub-simulations (Section 2.1.4) are consid-
ered. Models of DSE problems and generic infrastructures for performing DSE are
surveyed in Section 2.1.5.

2.1.1 Component-based System Design

In the component-based design (CBD) paradigm,components are functionally self-
contained, prefabricated, and validated units with well-deÞnedinterfaces which are
composed together in order to construct a system. Components facilitate reuse

17
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and enable substitutability by each other. An important extension to CBD is
the contractual deÞnition of interfaces. In this case, the interfaces of components
consists of sets of operations with associated preconditions and postconditions plus a
set of invariants on the componentÕs state model. Such contracts are usually deÞned
on the functionality of components in traditional software engineering methods
but in the domain of embedded and CPSs, interfaces also need to include non-
functional properties such as timing aspects. The interface automata [47] captures
the temporal aspects of software components and enables a compatibility check for
composing two components. Usage of CBD in the context of system-level PBD has
been also investigated [30, 137].

Kopetz [92] points out four principles of composability in the context of CBD:

1. independent development of components, enabled by precise deÞnition of com-
ponent interfaces both in the value and time domains;

2. stability of prior services, to ensure that the components provide the same
services which were validated in isolation after the integration into a larger
system;

3. non-interfering interactions, stating that the communication between a sub-
group of functionally related components must not a!ect the communication
activities of other clusters of components; and

4. preservation of component abstraction in case of failures, to facilitate diag-
nosis and replacement of components without being aware of their internals,
e!ectively prohibiting implicit sharing of resources.

Composition of both software components and hardware IP blocks can be de-
Þned. It is also feasible to deÞne composition of clusters of components in di!erent
integration levels [120].

The ForSyDe formalism used in this thesis cannot be categorized exactly as a
type of component-based design because all ForSyDe processes are white boxes.
However, the notion of process constructors (presented in Section 2.2) encapsulates
the communication and synchronization aspects of a process, e!ectively acting as
a process interface. By examining the process constructor from which a ForSyDe
process is build, it is possible to generate the implied contracts which a ForSyDe
model adheres to.

A variation of CBD is when each system component is an independent soft-
ware application. Separate software applications with possibly di!erent real-time
and safety criticalities are developed in isolation and then integrated into a single
system. Composable platforms, formed out of composable resources, provide a solu-
tion by eliminating the interface between the applications. One approach to achieve
this is to run the applications on individual resources resulting to federated architec-
tures, which is a well-known method in avionics and automotive domains. A more
e"cient approach is to allow composable sharing of the resources by separating the
applications in the time domain using techniques such as time-division multiplexing
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(TDM) [2]. In this case applications are executed on virtually independent plat-
forms which do not interfere with each other. CompSOC [66] and TTMPSoC [92]
are examples of multi-processor system on chip (MPSoC) platforms which provide
composable services for running multiple applications. Furthermore, considering a
complete system as a component in the Þeld of designing cyber-physical systems of
systems is an emerging design discipline.

2.1.2 Heterogeneous System Modeling

Broman et al. [38] identify a set of dominating viewpoints, which are stakehold-
ers interests, formalisms, which are the semantical basis of the design tools and
languages, andconcrete tools and languages for CPS design. Derler et al. [50] also
point out a set of challenges arising in modeling such systems together with promis-
ing methods to address them. In line with [56, 138], Hardebolle and Boulanger [71]
provide a survey of heterogeneous modeling techniques in the context of multi-
paradigm modeling. They identify four sources of heterogeneity in the systems
models:

¥ domain referring to the technical domains that a part of application is related
to e.g, control, signal processing, etc., where each domain is best described
using dedicated modeling techniques;

¥ abstraction which is the level of details that the system models are captured
in each stage of the design ßow;

¥ activity corresponds to the design task which is interesting to be performed
on the models in each stage, such as formal veriÞcation, code generation, etc.;
and

¥ view which is related to the aspect from which the models are observed such
as functional or power consumption views.

For each domain, abstraction level, design activity, and view a particular lan-
guage and modeling style might be suitable. As a result, heterogeneous models
can be captured using the same or di!erent languages which might be associated
similar or di!erent underlying semantics. Hardebolle and Boulanger also point out
Þve methods for addressing the heterogeneity problem, namely

¥ translation of models from di!erent languages to a common language;

¥ composition of modeling languages or meta-models aims at deÞning a
new common language which supports the constructs of all of the involved
languages;

¥ composition of models described in di!erent languages in a coherent frame-
work;
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¥ joint use of modeling tools which are appropriate for execution of each of
the models; and

¥ unifying semantics that is ßexible enough to be customized for heteroge-
neous modeling.

This thesis adopts and extends a modeling methodology supported by a for-
malism which is based on composition of heterogeneous models using the theory
of MoCs. It provides means to address the heterogeneity of domains and abstrac-
tion levels. However, by introducing the ßexible concept of process constructors,
heterogeneity of activities can be easily introduced for each case. A reÞned layer
is developed for this framework which has a uniÞed semantics for implementing
di!erent MoCs. In addition, it also supports the joint use of modeling tools using
the concept of wrappers.

The related work on heterogeneous modeling can be organized using two axes:
semantic explicitness and the modeling technique. Various modeling techniques are
proposed and developed by di!erent communities but with the same goal of raising
the abstraction level in system design. Therefore, the following categories are not
orthogonal and some approaches belong to more than a single category.

Semantic Explicitness

Separation of functionality from the implementation is a key ingredient for a system-
level design methodology which enables reuse. Rather than imposing the semantics
of a particular implementation platform such as the Von Neumann machine im-
plicitly, a SLDL should be able to precisely capture the semantics of the system
behavior under consideration independent of a possible target platform.

Some SLDLs implicitly pick an execution kernel with a very expressive mod-
eling capability such as the DE MoC to support modeling a variety of di!erent
systems [53, 76, 107]. The downside is that expressiveness comes at the cost of
limiting the possibility for applying analysis and synthesis methods.

Some other approaches, called ßexible in this thesis, provide the means for the
designer to deÞne the semantics of her model without restricting her to a predeÞned
set of MoCs [121, 3]. This makes the speciÞcation of a speciÞc semantics easier but
application of formal methods is still ad hoc and tool-dependent.

Study of a predeÞned set of MoCs for system-level design of embedded and
CPSs and using them explicitly right from the initial system modeling is promoted
by the Ptolemy project [128] and used also in other languages and frameworks [133,
124, 70].

Modeling Technique

ESL Languages ESL languages and tools focus on extending the available text-
based programming languages and hardware description languages (HDLs) and
their accompanying tool-chain to support system-level design of electronic systems.
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Inspired by an early work on the ANSI C extension SpecC [53], the IEEE stan-
dard language SystemC [76] provides a C++ class library with facilities including
a discrete-event simulation kernel, modules and ports for hierarchy support, and
hardware-oriented data-types to model and simulate electronic systems as a set of
concurrent processes and threads. On its base, SystemC has constructs for register
transfer level (RTL) modeling. It has been extended later with transaction-level
modeling primitives to be able to support early software development on virtual
platforms. The SystemC analog/mixed-signal extension (SystemC-AMS) [5] sup-
ports the timed dataßow (TDF) modeling style to enable modeling of analog and
hybrid models. SystemVerilog [76] is an extension of the Verilog HDL which has
mainly focused on supporting veriÞcation aspects of system-level design. Due to the
choice of a single expressive MoC, ESL languages mainly focus on a single aspect
of system design such as validation and hence, support of various design activities
needed for heterogeneous embedded and CPS design to these languages are only
possible by deÞning speciÞc coding styles and synthesizable subsets.

Support of MoCs has been introduced to ESLs in di!erent ways. In a SystemC-
based approach named SysteMoC [57], dynamic dataßow speciÞcations are captured
in SystemC, where each dataßow actor is modeled as a state machine and distin-
guishes between the functionality state and the actor state machine. By analyzing
the actor state machine, it is possible to detect and exploit the statically analyz-
able portion of the model behavior to improve the simulations and implementation
speed. Applicability of SysteMoC is not studied beyond untimed dataßow MoCs.
Patel and Shukla [124] suggest non-standard kernel extensions to SystemC to boost
the performance of heterogeneous simulations for a limited set of MoCs. HetSC [74]
provides design guidelines and a library of primitives to help the user to express a
set of MoCs on top of the discrete-event kernel of SystemC but follows an informal
approach which does not enforce well-structured models.

Model-Based Design Model-based design (MBD) [117] was promoted by the
control and digital signal processing communities and focuses on capturing the
behavioral aspects of systems as models instead of programs. Simulatable speci-
Þcation models are captured and reÞned throughout the design ßow. Executable
code can then be generated for speciÞc platforms from the developed models. Mat-
lab/Simulink [107] and Labview [114] are successful examples for the domain of con-
trol, signal processing and instrumentation respectively, which were later extended
to cover other application areas. Modelica [110] is an equation-based language used
in modeling physical systems with a standard library that contains a multitude of
components from di!erent domains including mechanical, control, and electronic
systems. A numerical solver is used to simulate the models. Although MBD tools
with equation-based solvers have been applied to di!erent application domains, the
semantics of these tools are often not rich enough for di!erent design activities and
hence, the constructed models are not typically design-ßow neutral and most of the
accompanying analysis and synthesis are ad-hoc, lacking a formal basis. The usage
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of MoCs for embedded and CPS design has been emphasized and studied in the
Ptolemy II project [128] to overcome the challenge of heterogeneous composition of
sub-systems with precise semantics. Ptolemy introduces an actor-oriented modeling
environment for heterogeneous systems where composition of actors belonging to
di!erent MoCs is achieved via hierarchy. A central director, if present, dictates the
semantics of computation and communication in each level of hierarchy. However,
this limits the possibilities for parallel and distributed simulation. Ptolemy already
includes a set of MoCs and libraries of primitive actors but extending the tool using
the Ptolemy API is non-trivial. Additionally, new actors might not be compatible
with the available analysis and synthesis tools.

Model-Driven Engineering 1 Emerged from the Þeld of software engineer-
ing, model-driven engineering (MDE) [87, 140] and model-integrated computing
(MIC) [147] provide means and encourages in having separate domain models in
di!erent domain-speciÞc language (DSL) languages deÞned by meta-models. Each
of these models captures a di!erent aspect of the system and hence is suitable for a
di!erent design activity. Model-to-model (M2M) and model-to-text (M2T) trans-
formations are used to implement design activities or code generation to export
the models to other design tools. Modeling and Analysis of Real-Time Embedded
systems (MARTE) [121] and System Modeling Language (SysML) [122] are proÞles
of the UniÞed Modeling Language (UML) supporting MDE-based development of
embedded systems. MDE is far from common practice in some communities (such
as hardware design), the models are not directly executable, and there is an extra
overhead of keeping the consistency between di!erent models of the same system.
Additionally, most of the MDE standards do not enforce an unambiguous semantics
which is a requirement for well-deÞned and inter-operable models [98].

Dedicated Methods Apart from the solutions extended from the tools and lan-
guages from other Þelds, dedicated modeling techniques have been developed by
the EDA community to address the speciÞc modeling requirements of ESL design.
Rosetta [3] is an interesting attempt to capture di!erent aspects of components
using facets, which belong to various semantic domains. Metropolis [23] and espe-
cially its successor MetroII [45] are platform-based design frameworks in which a
platform-independent system model proposes events during its execution based on
its MoC. These events are tagged by annotators and schedulers to reßect the cost
and scheduling implied by the implementation platform. MetroII also provides basic
support for IP integration and design-space exploration. BIP [25] is a component-
based approach where the components are described using a combination of their
behavior as a transition system, interactions during transitions in behavior, and
priorities among possible interactions. Although this model has limited power for

1The terms model-based design and model-based engineering has been also used as synonyms
of model-driven engineering. However, in this thesis the term MBD is reserved for the modeling
frameworks developed and extended by signal processing and control communities.
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expressing various semantics, support for correct-by-construction design makes it
an interesting approach. Table 2.1 summarizes the reviewed related work in this
Þeld.

Table 2.1: Categorizing system-level design languages and modeling frameworks
based on their semantics explicitness and modeling technique.

Semantic Explicitness

Implicit Flexible Explicit
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ESL languages [53, 76] — [124, 74, 105]

MBD tools [107, 114] — [128]

MDE methods UML [121, 112] [70]

Dedicated methods — [25, 3] [23, 45]

Section 2.2 introduces ForSyDe, which is the modeling methodology used in
the context of this work. The ForSyDe formalism is based on the theory of MoCs
where the semantics of models are captured clearly and explicitly. In addition, the
ForSyDe formalism does not specify a concrete syntax and its abstract semantics
can be mapped to di!erent simulation engines. Hence, although the implementation
of ForSyDe in the ESL design language SystemC is reported in this thesis, it is
realized also using other modeling techniques such as MDE.

2.1.3 Co-simulation

The need for composing models of sub-parts of an electronic system captured in dif-
ferent modeling languages for co-simulation is not a recent problem. Probably the
Þrst application of this technique which gained attention was co-simulating models
of hardware components (such as VHDL) with software (e.g., C code). Depending
on the abstraction level of the software, ranging from gate-level to transaction-level,
a trade-o! is made between the accuracy and simulation performance. Rowson [132]
and Edwards et al. [55] provide comparative surveys on HW/SW co-simulation tech-
niques. Loghi et al. [100] classify the HW/SW co-simulation approaches as homoge-
neous, heterogeneous, and semi-homogeneous. Homogeneous co-simulation frame-
works such as Ptolemy [128] present all components in the same language/frame-
work and can achieve high performance but are only suitable for early design stages.
Heterogeneous co-simulation environments take advantage of dedicated simulators
for hardware and software and can have a higher accuracy compared to homo-
geneous environments. Typically, a co-simulation bus is used to synchronize the
services among the simulators. Finally, semi-homogeneous co-simulation environ-
ments import the software simulator into a SLDL which is also used to model the
hardware elements and raise the abstraction level of the co-simulation bus.

With increasing interest in the networked embedded systems, it is crucial to
add the model of the communication infrastructure in the co-simulation. Fummi et
al. [60] integrate a network simulator together with hardware and software simula-
tors. Also, in the design of hybrid control systems, the continuous-time model of
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a plant needs to be co-simulated together with the discrete behavior of the digital
part, possibly in a separate simulator. The Crescendo tool [58], composes discrete
event models expressed using the Vienna development method and continuous-time
models of the 20-sim framework to achieve such a co-simulation.

The co-simulation approach introduced in Paper I and presented in Section 3.1.5
has similarities with the semi-homogeneous co-simulation approach but takes a more
general view on the co-simulation based on the MoC of the simulator. Thus, it is
not restricted to hardware, software, or network simulators and can integrate any
simulator which has its MoC supported in the base modeling environment.

The High-level Architecture (HLA) is a relevant approach, Þrst deÞned by US
department of defense and later as an IEEE standard, which aims at deÞning a
generic architecture for managing distributed simulations. A run-time infrastruc-
ture (RTI) handles the coordination of communication and synchronization among
the simulators (called federates). HLA follows an object-oriented approach to deÞne
the object models and interfaces between the federates and does not explicitly de-
Þne the semantics of each simulator. The co-simulation approach presented in this
thesis can reuse elements of HLA such as the data models. Recent research activi-
ties [95, 36] investigate using the HLA for distributed simulation of Ptolemy [128]
models. Section 2.1.4 reviews some of the techniques used in parallel and distributed
simulation.

A di!erent approach to co-simulation is UniverCM [51] which proposes a bottom-
up view to system design. The low-level models of di!erent system components
described in various languages are converted to a heterogeneous interchange format
which complies to a uniÞed MoC and then integrated together. A SystemC simula-
tion model is generated from the integrated model to perform the co-simulation of
di!erent components. According to our adopted ontology, this approach is classiÞed
as translation of models rather than joint using of modeling tools. UniverCM can
achieve higher (co-)simulation performance but it assumes that the source code of
all individual components are available which might be invalid in case of third-party
provided IPs.

The Functional Mock-up Interface (FMI) [34] is a recent standard for compos-
ing component models, called Functional Mock-up Units (FMUs), created using
di!erent MBD tools. FMI supports both model exchange, where external mod-
els described as equations are integrated into a simulation environment, and co-
simulation, where models with independent solvers are co-simulated independently
until synchronization and communication points in time. Broman et al. [37] identify
cases with the second version of FMI which can cause non-determinate co-simulation
and propose an extension and simulation algorithm to address this problem. The
co-simulation wrappers presented in this thesis follow the ForSyDe approach to
heterogeneous system modeling and are distinct from equation-based languages
supported by FMI.
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2.1.4 Parallel and Distributed Simulation

As stated earlier, most of the SLDLs in the ESL domain are based on DE simulation
and hence, most of the e!ort for parallel simulation in this Þeld has been devoted to
parallel execution of DE models. Due extensive use of DE simulation in other Þelds,
parallel discrete-event simulation (PDES) has been considered by other communi-
ties also [109, 59]. The authors of [40] present a survey of methods for PDES for
ESL and propose out-of order PDES to enhance the performance of them. Attempts
on accelerating system simulation using massively parallel architectures have been
also performed. In the SCGPSim approach [113], source-to-source transformations
are used to convert a subset of SystemC speciÞcations to a set of parallel threads
which are run on a general purpose graphic processing unit (GPGPU). Unlike the
above approaches, the method reported in Paper V and presented in Section 3.1.4
supports di!erent MoCs of ForSyDe including its distributed discrete-event (DDE)
MoC.

In an actor-oriented simulation environment such as Ptolemy II [128], if the
actors of a MoC are run using separate threads (e.g., Java threads) the model can
take advantage of parallel (but not distributed) machines. Automated distributed
simulation of Ptolemy II models for the synchronous dataßow (SDF) MoC is also
investigated in [43]. The automated parallel and distributed simulation ßow pre-
sented in this thesis takes advantage of a common reÞned layer and the structure
of ForSyDe models to use the same technique for parallelizing models in all MoCs.

2.1.5 Design Space Exploration Models

Most of the proposed system-level DSE frameworks are based on the clear separa-
tion between the functionality and the architecture [89, 22, 88] (Figure 1.2) which
resembles the famous Y-chart of Gajski [61]. Gries [67] provides a good survey of
the tools and methods for DSE in system and micro-architectural levels. Singh et
al. [145] present more recent approaches for mapping applications to multi/many
cores.

A DSE problem, as like other NP-hard combinatorial optimization problems,
can be seen as the composition of aproblem model, which deÞnes the solution space,
and a solving method, used for searching the solution space for desired solutions. In
general, solving a DSE problem involves a method for traversal of the design space
and one for evaluating each design point (also known as performance analysis) to
obtain its associated performance and cost metrics. Tahmuras adopts this view but
also views the problem model as the composition of the application, platform, and
binding sub-problems (Figure 3.12).

In the following, Þrst di!erent approaches for modeling and solving the DSE
problems are surveyed and then a set of generic frameworks for performing DSE
are presented.
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Solving the DSE Problems

Most often, performance evaluation and the design space traversal are performed
during solving in separate steps iteratively. Performance/cost analysis for each
design point might be done either based on fast analytical methods or detailed sim-
ulation models. Examples of analytic methods are schedulability [46], dataßow [146,
Sec.V], or event stream [151, 69] analyses. As for full system simulation, SystemC-
based virtual prototypes (VPs) and transaction-level modeling [64, 76] are the
prominent approaches. Combination of both methods is also performed for a trade-
o! between accuracy and speed or mapping applications with mixed-criticality re-
quirements [111, 83, 73, 86]. Methods for exploring the design space can be cat-
egorized based on the optimization strategy (single or multi-objective) and design
space coverage strategy (search tree, local search, population-based, etc.). In this
thesis, analytical models are used for evaluation of the design points. But, in con-
trast to the above methods, instead of performing the performance/cost evaluation
and the design space coverage as separate steps, they are overlapped in such a way
that the constraints implied by each of them directly propagate to the other one,
e!ectively pruning the search space faster. For example, by Þxing a variable rep-
resenting the frequency of a processing element, the domain of possible values for
the variables representing the execution time of the application tasks running on it
will automatically be pruned and vice versa.

Modeling the DSE Problems

Blickle et al. [33] propose a method where the functionality is captured as a problem
graph which represents a dataßow-oriented task model, the ßexible target platform
as an architecture graph, and possible mappings as edges between the two graphs,
together forming a speciÞcation graph. Cost metrics are annotated to the nodes
and edges of this graph. The DSE problem in this case is shown to be NP-hard and
thus is formulated using evolutionary algorithms for solving. This graph-based DSE
model has served as the basis for development of many other system-level design
ßows. However, it does not support application models with di!erent semantics
and it is not obvious how the architecture graph can be used to represent more
complex cases such as network on chip (NoC)-based platforms where some of the
cost metrics such as communication latency depend on the decisions made during
mapping. In this thesis, a multi-form notion of time is employed to represent
the semantics of application and platform services as set of constraints on logical
clocks. Additionally, instantiation constraints are prescribed to have a more general
representation of the ßexible target platform and its possible valid instances.

A prerequisite for supporting multiple application semantics and target platform
templates in a DSE framework are generic models which are expressive enough to
express each of them and at the same time support e!ective solving methods. Below,
some of the generic application and platform models are mentioned. The focus is
on the methods which support analytical methods for performing the DSE.
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Benveniste et al. [29] restrict the signals of the Lee and Sangiovanni-Vincentelli
(LSV) model [97] to sequences of events and introduce an algebra of tag structures
to compose heterogeneous parallel composition of sub-systems. Heterogeneous tag
structures are related together using tag morphisms. The framework is used to
deploy a synchronous speciÞcation on a loosely synchronous target platform.

The system-level design language Rosetta [91] provides a uniÞed semantic do-
main to deÞne heterogeneous MoCs and their interaction together. Di!erent aspects
of a system are modeled using facets, where each facet inherits its semantics from
a domain and possibly extends it. The semantics of a domain are deÞned in a
declarative style as a set of higher order logic constraints over items such as val-
ues, tags, and events. The RosettaÕs constraint-based semantics could potentially
be used as a self-contained and composable model of the system functionality to
construct a DSE problem. However, in Tahmuras semantic constraints are deÞned
only on logical clocks, which gives a simpler and more coherent structure to the
DSE construction problem.

Logical clocks were Þrst introduced by Lamport for specifying partial order
between events happening in distributed systems and also developing synchroniza-
tion algorithms [94]. Later, it has been successfully used in the synchronous lan-
guages camp and especially the multi-clock languages with a polychronous notion
of time [27]. Similarly, MARTE adopts a multiform model of time and uses a com-
panion language named CCSL to support it [9]. Tahmuras uses the time model
of MARTE and reuses the elements of CCSL for capturing the semantics of the
application and platform services.

UML-based languages [121, 122] provide a rich set of notations for expressing
application models and di!erent platform types but often their semantics are not
formal and clear enough to support analysis methods. For example, MARTE in-
troduces notations to capture application, platform, and binding (called allocation)
of one to the other without specifying a design methodology. Design ßows such as
Koski [84] connect diagrams of UML to other formalisms and perform the DSE.

In event-stream-based methods such as real-time calculus [151] and SymTA/S [69]
a stream of events are passed as a tra"c through a set of resources. Streams are
represented as arrival curves and the time-delay of the execution service that each
resource provides is captured as a service curve. An advantage of this approach is
that the performance analysis problem can be constructed compositionally.

Data ßow models are suitable for expressing streaming applications where causal
dependencies express partial orders between the events. However, special forms of
data ßow models such as SDF and cyclo-static dataßow (CSDF) are equipped with
strong static analysis methods which makes them interesting for DSE. Data ßow
models are used also for modeling the behavior of the platform components where
each application actor is mapped. In this way, each mapping implies altering the
application data ßow graph to include the platform behavior. A comparative survey
of di!erent data ßow models is presented in [146].

Schedulability analysis primarily used for determining whether a given appli-
cation model as a task set which is to be scheduled on a given platform equipped
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with a scheduling algorithm fulÞlls its deadlines [46]. As a result, it is less used to
formulate DSE problems in the sense it is considered in this thesis. However, in
many areas such as control applications, periodic task sets are commonly used as
the model of input application.

Generic DSE frameworks

Several approaches tackle the problem of providing a generic DSE framework for im-
plementing electronic embedded systems. A short list of representative approaches
together with a short description of them is presented below.

SystemCoDesigner [85] has a dynamic data ßow-based front-end to capture the
application functionality. But internally, it uses a similar graph-based model to
formulate the DSE problems. Evaluation of the design points are simulation-based
and the PISA interface (described below) is used to solve the multi-objective opti-
mization problem.

The system-level DSE component of the multimedia-oriented Daedalus design
ßow [118], called Sesame [126], maps application models based on Kahn process
networks (KPNs) on a predeÞned platform with a restricted set of generic com-
ponents. The real-time version of the ßow, DaedalusRT [24], claims a faster DSE
stage based on hard-real-time schedulability analysis of CSDF graphs for multiple
applications.

PeaCE [68] also targets multimedia applications with real-time constraints. It
supports application speciÞcation with two di!erent MoCs, extended SDFs and
extended Þnite-state machine, while for DSE they are converted to a restricted
task model. DSE is performed in a two step iterative style based on a heuristic
which starts from a simple architecture and extends it incrementally optimize the
performance. The platform is Þxed to a bus architecture and its semantics and
composition rules are implicit in the design ßow.

Koski [84] uses UML state-charts, class diagrams, composite structure diagrams,
and sequence diagrams as to specify the application functionality but transforms
them to KPNs for DSE. Similar to the graph-based approach, a composite structure
diagram describes the architecture model. UML tags are used to parameterize
library components but the component semantics (or behavior model as stated in
this work) is not captured and hence is implicit in the mapping heuristics.

Metropolis [136] and its successor metroII [45] aims at providing a generic ap-
proach to PBD design and is the most relevant to the contribution of this thesis.
The Metropolis Meta-model (MMM) has a formal semantics and is powerful enough
to represent models in di!erent MoCs and languages. The meta-model is used to
capture and analyze the system functionality, platform architecture, and mapping
as well as additional constraints based on linear temporal logic (LTL). Structurally,
a functional model consists of processes which communicate together using media
via their ports, while semantically, a set of executions consisting of sets of events
deÞne the system behavior. Annotators annotate events with performance metrics,
schedulers are described by imperative code and perform resource, and constraint
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solvers enforce event scheduling at runtime and are described using declarative ex-
pressions. Metropolis tries to provide a uniÞed framework to represent and exchange
information required for modeling, simulation, architectural exploration and other
analyses and letting the user to plug in the required algorithms suitable for each
domain. Compared to Metropolis, Tahmuras focuses on automatic construction of
analytic DSE problems and hence can beneÞt from a more coherent constraint-base
formalism. Domain speciÞc search algorithms can still be used for e"cient solving
of Tahmuras-constructed problems.

PISA [32] is a population-based optimization infrastructure which separates the
problem-speciÞc part of an optimizer, called variator, from the problem-independent
part, named selector. In each iteration, the variator generates new individuals and
computes their objective functions while the selector chooses a set of new parents
for the variator. In contrast, although CP separates the problem model from the
solving method, it is not based on population-based search. Also, unlike PISA,
Tahmuras provides a mechanism for automatic construction of problem models.

NASA [82] presents a modular infrastructure for system-level DSE of MPSoCs.
It deÞnes interfaces to support integration of di!erent simulators and multiple
search algorithms which can simultaneously co-explore the design space in di!erent
dimensions.

MULTICUBE [144] provides a method and tool for e"cient multi-objective
and automated simulation-based DSE for many-cores with multiple parameters. It
supports integration of multiple simulators with a generic interface. A key feature of
this method is a set of response surface models to analytically speed up simulation.
These analytic models are dynamically trained to predict the behavior of design
points which are not yet simulated.

DOL [150] is also a notable approach which provides a complete tool set to
implement KPNs on a set of generic, but not extensible, component templates. The
application and platform models are given as XML Þles. DOL integrates modular
performance analysis based on event-stream model of real-time calculus in its DSE
loop and uses the PISA interface to perform a population-based DSE.

Kim et al.[90] consider the problem of mapping a task-set onto a heterogeneous
platform including processors equipped with di!erent real-time operating system
(RTOS) scheduling policies.

Constraint-driven DSE

COSI [127] is a relevant approach which targets synthesis of optimized on-chip
communication. Based on a library of Þne-grained platform components and their
composition rules, more complex communication topologies are constructed. The
concept of acommunication structure, which is a set of interconnected components
with associated quantities, is used to capture the communication at di!erent ab-
straction levels including the speciÞcation of the synthesis problem, the platform
instances, and reÞned implementations. COSI provides a generic integer linear
programming (ILP)-based formulation of the communication synthesis optimiza-
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tion problem while a heuristic is proposed for solving NoC synthesis problems.
Compared to COSI, Tahmuras considers the scheduling of the application with dif-
ferent semantics as a part of the DSE problem. In addition, more complex cost and
performance quantities can be captured in Tahmuras thanks to the more generic
constraints provided by a CP tool kit.

Kuchcinski [93] presents a Þnite-domain constraint-based model of the classic
system-level mapping and scheduling and high-level synthesis problems. He ob-
serves that in a DSE problem model there are at least two types of constraints;
the ones rooted in the functional speciÞcation such as the precedence constraints,
and the non-functional constraints such as timing, area, etc. Tahmuras takes a
step further by explicitly separating the constraints derived from the application,
the platform, and the binding problems and proposes a method for automatic con-
struction of the DSE problem.

BonÞetti et al. [35] present a complete approach which uses CP to perform
a throughput-optimum mapping of SDF graphs of practical size onto a multi-core
platform in reasonable time. The important contribution of this work is the demon-
stration of feasibility of using CP to perform a complete search by e!ective pruning
of the search space. The throughput constraint introduced in this work is an exam-
ple of solving methods which could be integrated for e"cient solving of the more
generic DSE models constructed by Tahmuras.

DESERT [115] enables modeling of a design space which used for top-down
implementation of models down to a conÞgurable architecture. The design space
is structured as a so called AND-OR-LEAF tree and symbolic search methods
based on binary decision diagrams (BDDs) are used to (semi-)automatically Þnd
feasible solutions subject to a set of structural constraints. In the MILAN frame-
work [111], the solutions provided by DESERT are fed to a detailed simulation tool
to investigate optimum design points with respect to a set of performance metrics.
DesertFD [54] is a successor of DESERT and employs CP to overcome the prob-
lem of exponential growth of BDDs. A property composition language is provided
to specify constraints on di!erent parameters. In comparison, the design space in
Tahmuras is generated automatically based on the a priori characterization of the
platform template and the application semantics without user intervention. How-
ever e"cient search heuristics are required to solve large problems in reasonable
time.

If the design space is highly constrained and for speciÞc structuring of the design
space, multi-objective evolutionary methods might not be able to e"ciently examine
the interesting design points. To address this, satisÞability-based constraint solvers
have been coupled with evolutionary methods to solve the highly constrained design
spaces more e"ciently [101].
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2.2 The ForSyDe Methodology and Formalism

A considerable part of the contributions of thesis is dedicated to extending the
ForSyDe modeling methodology. Hence, an overview of its current state is pre-
sented in this section to provide a basis for the extensions presented in Chapter 3.
The Formal System D esign (ForSyDe) methodology was originally introduced as a
modeling and reÞnement technique for design of SoCs and embedded systems [133].
A distinguishing feature of ForSyDe with respect to modeling is the concept ofpro-
cess constructors which cleanly separates the computation performed by a process
from its synchronization and communication aspects. ForSyDe encourages captur-
ing the system functionality as an abstract specification model which can be later
reÞned to animplementation model by stepwise application of formally deÞnedde-
sign transformations. A modeling language based on the functional programming
language Haskell was presented as the Þrst realization of the suggested modeling
techniques.

The original work on ForSyDe was based on the synchronous MoC. Later,
its modeling technique has been used to formalize a modeling methodology which
target modeling of heterogeneous embedded systems and SoCs by introducing a set
of generic MoCs [148, 80]. A similar formalism has been implemented on top of the
functional language ML and also captured in a meta-modeling framework [106, 104].
Zhu [156] introduces a continuous time MoC to the methodology. Jakobsen [79]
integrates a new discrete-event MoC to ForSyDe but it is not fully operational in
special cases which is described later in Section 3.1.1.

The Þrst attempt on implementing a similar heterogeneous extensions on top of
an imperative language is reported in [105]. Zhu [156] also reports an implementa-
tion on top of SystemC. None of these attempts introduce a systematic approach to
implement the denotational semantics of ForSyDe on top of imperative languages.
In addition, the models expressed in both of these languages are suitable only for
simulation.

In this thesis, the modeling methodology of ForSyDe is considered for exten-
sion without assuming later stages in any speciÞc design ßow. A new distributed
discrete-event (DDE) MoC is introduced and the capability to co-simulate with ex-
ternal models are added using the concept of wrappers. In addition, a reÞned layer
is introduced to guide the realization of ForSyDe on top of imperative languages.
Parallel and distributed simulation is another feature which is part of the thesis
contribution.

In the following the ForSyDe basis is introduced formally. The focus is on the
abstract syntax and the semantics of ForSyDe while the concrete syntax is deÞned
each modeling language which implements it.

2.2.1 The Abstract Syntax

A system is structured as a concurrent process network consisting of processes and
MoC interfaces (MIs) interconnected by signals. Processes can communicate and
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synchronizeonly by means of signals and therefore there is no global state in the
system. Figure 2.1 gives an example of a system model in ForSyDe.
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Figure 2.1: A ForSyDe model structured as a concurrent process network. Processes
are created using process constructors and communicate and synchronize with each
other using signals. Signalss̄

1

Ðs̄
4

belong to the synchronous MoC whiles̄
5

Ðs̄
7

are
continuous-time signals.

Signals and Events

Signals are ordered sets or sequences ofevents, denoted asÈe
0

, e
1

, · · · Í. In general
the concept of events follow the one deÞned in the LSV framework which states
that events are tuples of tags and values [97]. However, the precise structure and
treatment of events varies in di!erent MoCs. The following four generic ForSyDe
MoCs are introduced in prior work [133, 80, 156] and the tag structure of the events
are presented for them.

Untimed (UT) MoC where only the timing dependency among the events are
captured. Untimed events Ė are values from a value setV (Ė = V ). Ṡ is
the set of all UT signals. Untimed signals can be represented as sequences of
values. Most of the dataßow MoCs, which are suitable for modeling analyzable
streaming applications are special cases of this generic MoC.

Synchronous (SY) MoC can be used for modeling digital hardware or control-
oriented software. Based on the synchrony hypothesis [28], the lifetime of the
systems is divided into instances in which all computation and communica-
tions happen instantly. Synchronous signalsS̄ include events that can take a
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special valueÛ which denotes absence of a value for an event in an instance
and thus, Ē = V fi{Û}. In Figure 2.1, signalss̄

1

to s̄
4

belong to the SY MoC.

Timed (T) MoC is used to capture discrete-step timed systems. Timed signalŝS
convey events of the same structure as the SY events (̂E = Ē) but are usually
associated with more Þne-grained, regularly sampled physical time units (e.g.,
nanoseconds). In addition, timed processes can consume and produce more
than one token in each evaluation cycle. However, absent events need to be
used to delay the output whenever needed to respect the causality rules.

Continuous-time (CT) MoC is suitable for modeling analog components and
physical processes. The CT MoC is a dense time model and the events cannot
be explicitly represented by a data structure. Instead, a CT signals̃ œ S̃ is
modeled as a sequence of sub-signalss̃ = È(Fi, Ii)Í, where each sub-signal is a
tuple of a time interval Ii = [ts

i , te
i ) and a function Fi : Ii æ V from the time

interval to the value domain. The value of s̃ at a speciÞc timet is Fi(t) where
t œ Ii. The sub-signal intervals form a continuous time-range over which the
signal is deÞned. Signals̃s

5

to s̃
7

of Figure 2.1 belong to the CT MoC.

These generic MoCs can be reÞned to more special cases such as the SDF MoC
which is a variant of the UT MoC.

Processes

ForSyDe is based on the functional paradigm. All processes in a system model and
the system model itself are functions from input signals to output signals. Processes
are either leaf or composite processes.Leaf processes, like p

3

in Figure 2.1, are
created usingprocess constructors, a key concept in ForSyDe which will be presented
in detail later. All the signals connected to a leaf processes belong to the same MoC
and hence, leaf processes are associated to a single MoC.

Hierarchy in ForSyDe is enabled bycomposite processes, which are purely syn-
tactical elements. They can be created by process composition, likep

5

, which is
composed ofp

5,1, p
5,2 and p

5,3. Composition is deÞned as a set of equations in [133],
which is similar to a netlist. Later, formal composition operators were introduced
to be able to extend the expressiveness of di!erent MoCs, especially regarding feed-
back semantics [80]. The set of formal composition operators consists of serial and
parallel composition and a feedback operator with least Þxed-point semantics based
on a preÞx or Scott order of signals.

Process Constructors

In ForSyDe, the designer is required to use aprocess constructor to create a basic
leaf process. Formally, a process constructor is a higher-order function that accepts
functions and values as arguments and returns a process, which in turn is a func-
tion on (the history of) input and output signals. From the designerÕs point of view
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a process constructor can also be seen as a formally deÞned template which the
designer chooses from the ForSyDe library, passes side-e!ect-free functions and/or
constant values to it, and obtains a valid process. A process constructor denotes
both the MoC to which a process belongs and the type of the computation per-
formed by the constructed process. For instance, in Figure 2.1,p

1

is created using
the mealySY process constructor. The designer supplies the next-state functiong,
the output-decoding function f , and an initial state w

0

to mealySY and receives a
process with the semantics of a Mealy state machine in the SY MoC. Process con-
structors are analogous to design patterns in software engineering and algorithmic
skeletons in parallel programming [42], which were later extended and formulated as
higher-order functions [44]. ForSyDe process constructors originate from the work
of Reekie [129] on functional dataßow programming. By introducing the concept
of process constructors,

¥ following the principle of separation of concerns, the computational aspect
of a process is separated from its communication and synchronization, giving
more structure to the models;

¥ the requirements for the computation and communication semantics of the
processes are satisÞed by construction;

¥ the designer is liberated from writing boilerplate code2 and can focus on the
pure functional aspect of the processes; and

¥ the formal semantics of the process behavior is embedded in the model based
on the chosen process constructor, which leads to a clear path to application
of analysis and synthesis methods.

Conceptually, there are three generic types of process constructors which are re-
peated in all ForSyDe MoCs; namelymealy, zip, and unzip. A mealy-based process
constructor constructs a single-input, single-output state machine which is generic
enough to model di!erent types of computations in a MoC. Support for more than
a single input/output is introduced by consuming/producing multiple values as tu-
ples. The zip processes are used to merge two signals to a signal of tuples while the
unzip processes perform the opposite operation.

For modeling convenience, and increased analyzability, other process construc-
tors are deÞned based on combination and specialization of the generic process
constructors. For example, a two-input combinational (stateless) processcomb2
can be deÞned by combiningzip with a specialization of mealy where the output
decoding function does not depend on the internal state. Figure 2.2 depicts this

2In software engineering, parts of the code which should be replicated in di�erent places with
minimal modifications is referred as boilerplate code.
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case for the SY MoC wherecomb
2

SY is deÞned as the following.

comb
2

SY = combSY ¶ zipSY

where
combSY (f) = mealySY (_ , f Õ, _ )
f Õ(_ , a) = f(a)

!"#$ %&' ( )*+&'( #,-./&' (

0(
0(�«! 1(

1(

Figure 2.2: Deriving other process constructors from the basic constructors.

As another example, thesource process constructor is a specialization ofmealy,
where the next-state function is independent of the input, e!ectively constructing
a process with only an output. Table 2.2 list a set of commonly used process
constructors in di!erent MoCs.

Table 2.2: A set of common process constructors in ForSyDe.

Name The constructed process

source a process with only an output for generating stimuli
sink a process with only an input for collecting the simulation results
combn a state-less n-input process (also called map and zipwithn in the Haskell version)
delay information collected during elaboration
zipn zips n input signals to a signal of n-tuples
unzipn unzips an input signal of n-tuples to n signals
scan a state machine where the output is the current state
scand a state machine where the output is the current state with an initial delay
mealy a state machine where the output depends on the current input and state
moore a state machine where the output depends on the state

MoC and Domain Interfaces

MoC interfaces (MIs) are special types of processes which are used to connect signals
of more than one MoC with di!erent time structures. For example, in Figure 2.1,
mi2 is a MI between the SY and CT, which means that mi2 has a functionality
similar to a digital-to-analog converter.

Domain interfaces (DIs) are used to connect signals of the same MoC, but with
a di!erent timing relation. For instance, two synchronous sub-systems might be
modeled in the SY MoC, but one has a di!erent logical clock speed compared to
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the other. In such a case, DIs which up/down sample signals from one domain can
be used to connect them to the signals of the other domain.

2.2.2 The Semantics

As stated earlier, the semantics of computation, communication, and synchroniza-
tion of the concurrent processes are described using models of computation. In
ForSyDe, these semantics are formally deÞned in a denotational style.

Properties of ForSyDe Processes

A simple ForSyDe processp œ P , where P is the set of all ForSyDe processes, is
deÞned as a function on signals.

p : S æ S

For a given input signal, a process always produces the same output signal. This
does not restrict the processes to be stateless. In fact, the process can react di!er-
ently to the same event depending on its internal state. But, for the same signal,
including its history, and a possible initial state, the process always produces the
same output signal. This ensures the determinism of the systems under considera-
tion.

All ForSyDe processes have two more important properties which aremono-
tonicity and continuity. Assume that a process has some of the input events from
its input signal available and based on them it can produce output events to its
output signal. Monotonicity means that by receiving more inputs, the process can
only produce more output events without inßuencing the previous ones. In other
words, the monotonicity property ensures that its is safe for a process to produce
partial outputs based on the partially received inputs.

Continuity matters when dealing with inÞnite input and output signals. It is
clearly desired that a process is able to start generating output events without
needing to wait for receiving inÞnite input events. Continuity ensures that inÞnite
output signals can be gradually approximated by Þnite signal preÞxes.

An additional property called sequentiality states that in processes with more
than one input, the inputs cannot be independently processed to generate outputs.
ForSyDe leaf processes with more than one input are sequential. In some cases
were this property is undesired, composite processes can be used to capture the
independences explicitly. For a more detailed discussion on this topic refer to [80,
Section 3.5]

Operations on Signals

Before presenting the precise deÞnition of process constructors, a set of basic oper-
ations on signals is deÞned.
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The operator ü : S ◊ S æ S concatenates two signals together. The function
length : S æ N

0

returns the length of a signal.
In the spirit of functional treatment to list structures, the following four opera-

tions are deÞned. Assumings = Èe
0

, e
1

, . . .Í:

¥ The function take(n, s) returns a signal containing the Þrst n elements of
signal s.

take(n, s) =
!

Èe
0

, . . . , en≠1

Í length(s) Ø n

s otherwise

¥ The function drop(n, s) returns a signal containing all but the Þrst n elements
of signal s.

drop(n, s) =
!

Èen, . . . , elength(n)≠1

Í length(s) Ø n

ÈÍ otherwise

¥ The function head(s) returns the Þrst element of signals.

head(s) =
!

e
0

s ”= ÈÍ
undeÞned otherwise

¥ The function tail(s) returns all but the Þrst elements of signals.

tail(s) = drop(1, s)

If S is the set of all ordered sets (sequences) of signals, the partitioning function
fi : (N

0

æ N
0

) ◊ S æ S, is used to partition a signal into chunks of events which
are consumed or emitted by processes in each cycle. A partitionfi(‹, s) returns
an ordered set of (sub-)signalsÈriÍ; i = 0, 1, . . . which when concatenated together
form s. The function ‹ deÞnes the length of the elements of the partition such
that ‹(i) = length(ÈriÍ) is the length of the ith element. The helper function
parts : (N

0

æ N
0

) ◊ N
0

◊ S æ S is used for deÞning the partitioning function and
is deÞned as

parts(‹, i, s) =
!

ÈÈtake(‹(i), s)ÍÍ ü parts(‹, i + 1, drop(‹(i), s)) length(s) Ø ‹(i)
ÈÍ otherwise

parts recursively constructs a signal whose elements are sub-signals ofs. Now, for
a function on natural numbers ‹ and a signals, the partition fi(‹, s) can be deÞned
as:

fi(‹, s) = parts(‹, 0, s)
Assuming fi(‹, s) = ÈriÍ; i = 0, 1, . . . the reminder rem(fi, ‹, s) is the tail of a
partitioned signal such that

s =

"

#
$

Èri Í=fi(‹,s)

ri

%

& ü rem(fi, ‹, s); s œ S, i œ N
0
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Example 2.1. Consider the untimed processds of Figure 2.3 which takes an
untimed signal s, down-samples it by a factor of two by averaging every two con-
secutive event values, and returns the result as another untimed signalsÕ. In this
case, the input and output signals are partitioned with Þxed sizes and hence,‹ and
‹Õ are constant functions.

Figure 2.3: The down-sampling processds. Input and output signals are partitioned
by ForSyDe processes for consumption and production in each evaluation cycle.

Process Constructors

Process constructors are higher-order functions which can accept functions and/or
values as arguments and produce processes.

Below, a formal description of the mealy process constructor in the untimed
MoCs is given.

mealyUT (“, g, f, w
0

) = p œ PUT

where p(ṡ) = ṡÕ,

f(wi, ȧi) = ȧÕ
i,

g(wi, ȧi) = wi+1

,

fi(‹, ṡ) = ÈȧiÍ, ‹(i) = “(wi),
fi(‹Õ, ṡÕ) = ÈȧÕ

iÍ, ‹Õ(i) = length(f(wi, ȧi)), rem(fi, ‹Õ, ṡÕ) = ÈÍ,
ṡ, ṡÕ, ȧi, ȧÕ

i œ Ṡ, wi œ Ė, i œ N
0

This process constructor accepts a function“ : Ė æ N
0

, a next-state function
g, an output-decoding function f , and an initial state w

0

and returns a Mealy
state machine in the untimed MoC. In the ith evaluation cycle, “(wi) events are
consumed from the input (ȧi) and passed together with the current statewi to f
and g to produce the output partition ȧÕ

i and the next state wi+1

.
The zipUT process constructor zips two input signalsṡa and ṡb to a signal of

tuples ṡÕ while their partitioning is deÞned by the values of a third signal ṡc via
function “a and “b.
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zipUT (“a, “b) = p œ PUT

where p(ṡa, ṡb, ṡc) = ṡÕ,

Èȧi, ḃiÍ = ėÕ
i,

fi(‹a, ṡa) = ÈȧiÍ, ‹a(i) = “a(ċi),
fi(‹b, ṡb) = ÈḃiÍ, ‹b(i) = “b(ċi),
fi(‹c, ṡc) = ÈċiÍ, ‹c(i) = “c(ċi),
fi(‹Õ, ṡÕ) = ÈÈėÕ

iÍÍ, ‹Õ(i) = 1, rem(fi, ‹Õ, ṡÕ) = ÈÍ,
ṡa, ṡb, ṡb, ṡÕ, ȧi, ḃi, ċi œ Ṡ, ė œ Ė, i œ N

0

A simpliÞed version of zipUT has constant partitioning functions and does not
require the third signal. unzipUT does the reverse operation and is deÞned in the
same style.

The mealyUT, zipUT, unzipUT process constructors together with their serial,
parallel, and feedback composition operators deÞne the untimed model of compu-
tation.

Example 2.2. The down-sampling process of Example 2.1 can be deÞned using a
mealyUT process constructor as the following.

ds = mealyUT (“, gds , fds , _ )
where

gds = _ ,

fds(wi, Èa
1

, a
2

Í) = Èa
1

+ a
2

2 Í,

“(wi) = 2

Example 2.3. Consider a simple system which performs a running sum on a down-
sampled input signal (Figure 2.4). Such a system can be deÞned in the net list style

Figure 2.4: Model of a simple system calculating the running sum of a down-
sampled signal.



40 CHAPTER 2. BACKGROUND

as the following.

sys(ṡ
1

) = (ṡ
3

)
where

ṡ
2

= ds(ṡ
1

),
ṡ

3

= rs(ṡ
2

),
ṡ

1

, ṡ
2

, ṡ
3

œ Ṡ

or alternatively using the serial composition operator such as below.

sys = rs ¶ ds

The processds is already deÞned in Example 2.2.rs which performs the running
sum can also be deÞned in the following style.

rs = mealyUT (“rs , grs , frs , 0)
where

grs (wi, ai) = wi + ai,

frs (wi, ai) = Èwi + aiÍ,
“rs (wi) = 1

A similar approach is used to deÞne the process constructors in other MoCs.
A particular case is the timed MoC where di!erent versions of mealyT can be
considered which separate the pure functionality from timing aspect in di!erent
levels. A more strict separation improves analyzability by trading o! expressiveness.
It is easy to express MoCs where only local causal dependencies are su"cient to
be considered but e"cient modeling of systems which depend on the global metric
time can become tricky. This problem is discussed in [80, Section 5.2.2].

This approach to modeling systems has similarities to the dataßow modeling
paradigm. All processes adopt a blocking read interface, decouple the sender and
receiver processes on a signal, and are deterministic. Thus, MoCs such as communi-
cating sequential processes, which have a non-deterministic behavior and DE [154],
which requires access to a global event queue are not directly expressed using this
formalism. However, extensions such as stochastic processes [81] are proposed for
ForSyDe which introduce nondeterminism in a controlled way. Moreover, a con-
tribution of this thesis is introducing a new DDE MoC to the formalism which
is a distributed approach to modeling DE systems in line with the denotational
semantics of ForSyDe.

Composing Domains and MoCs

Domain interfaces were Þrst introduced to connect two synchronous sub-domains
of the SY MoC which have a di!erent clock rate [133]. upDI - and downDI -based
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processes perform this adaptation between two SY signals by inserting/removing
events to/from one side.

Interfacing between di!erent MoCs is tackled using interface processes [80,
Chapter 6]. For each pair of the three generic MoCs presented in this work, an
interface process is deÞned to relate the time structures with each other. Figure 2.5
depicts this relation.

UT 

SY T 
insertS2T 

stripT2S 

intTup 

intTdown 

intSup 

intSdown 

Figure 2.5: Composing di!erent MoCs using interface processes.

The insert-based interface processes add timing information to a more abstract
MoC while the strip-based process remove the additional information from the time
structure of the events of a more detailed MoC. The domain interfacesint*up and
int*down establish a relation between di!erent domains of the same MoC using an
integer number. The downside of this approach is that it is not scalable and for
each new MoC added to the formalism its interfaces to all other MoCs need to be
deÞned.

A more recent work [156] suggests to deÞne MoC interfaces compositionally such
that for example for three arbitrary MoCs A, B, and C

miAæC = miAæB ¶ miBæC

where ¶ is the normal function composition operator. In this way, the MIs used
to connect two MoCs of neighboring time abstractions are directly deÞned. The
semantics of other MIs are deduced by composing already deÞned MIs.

Interconnection of MoCs and domains using MIs and DI can introduce cycles
which might lead to undesired conditions such as deadlock. In the general case, it is
not possible to statically detect such conditions but if the ratio between production
and consumption of tokens in di!erent MoCs and domains is available, analysis
methods can be developed. Figure 2.6 depicts an example of such a scenario where
a cycle involves the SDF, SY, timed, and CT MoCs. Analyzing the timing structure
relations in the MIs and within each MoC reveals that the only value that the
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miSY æSDF can take in order to avoid deadlock and overßow is3. The problem of
deadlock detection in data ßow graphs has been investigated previously [77, 155].

p4 miSY→SDF p3 

SY-MoC 

miT→SY p2 

T/DDE-MoC 

miCT→T p1 

CT-MoC 

p8 miT→CT p7 miSY→T p6 p5 
1 

1 

2 

2 

3 

3 

1 slot – 1 token 10 ns – 1 slot 10 ns – 10 ns 

10 ns – 10 ns 10 ns – 1 slot 1 slot – 3 tokens 
SDF-MoC 

miSDF→SY 

Figure 2.6: Consistency between the token production and consumption rates need
to be ensured when di!erent MIs appear in a cycle.

2.2.3 A Direct Mapping to the Functional Language Haskell

Originally, ForSyDe was realized as a modeling framework on top of the pure func-
tional language Haskell, which exhibits a natural Þt to the ForSyDe semantics.

ForSyDe signals can be seen as streams of events. There are di!erent approaches
to deÞning streams and manipulating them [153]. One way is to deÞne streams in
a recursive style using acons operator and operate on them functionally. A lazy
evaluation mechanism is usually needed to ensure that the streams can be partly
operated on before they are fully produced. Reekie [129] uses Haskell, which is
a pure functional language with lazy evaluation semantics, to implement dataßow
process networks. This demand-driven evaluation of process networks is in fact
a dynamic scheduling mechanism which triggers processes when their output is
needed and ensures the availability of the required inputs for them.

The Þrst implementation of ForSyDe [133] follows the same approach and im-
plements several MoCs directly on top of Haskell, including UT, SY, CT, and a
dynamic dataßow library [96]. This implementation is in fact an EDSL which is
deployed as a library. Being a pure functional language, Haskell enforces one of the
important properties of ForSyDe models by design which is the side-e!ect-freeness
of the functions passed to the process constructors.

A deep-embedded version of ForSyDe-Haskell reßects the structure of the pro-
cess network and the abstract syntax tree of the functions passed to process net-
works. This informations is retrieved using introspection (Section 3.1.2) and used
by di!erent back-ends such as simulation and hardware generation [1].

Example 2.4. The system performing the running sum of an input which is deÞned
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in Example 2.3 is expressed using the shallow-embedded implementation of ForSyDe
in Haskell as the following. Note that the code uses specialized process constructors
mapU and scanU instead of the genericmealyU.

import ForSyDe . Shal low

sys = r s . ds

ds = mapU 2 f
where

f [ a1 , a2 ] = [ ( a1 + a2 ) ‘ div ‘ 2 ]

r s = scanU gamma g 0
where

g w [ a ] = w + a
gamma _ = 1

The System can be tested as:

user@host:~/...$ ghci runningsum.hs
...
[1 of 1] Compiling Main ( runningsum.hs, interpreted )
Ok, modules loaded: Main.
*Main> let si = signal [0, 2, 4, 6, 8, 10]
*Main> sys si
{1,6,15}

2.2.4 Extensions

ForSyDe has evolved from a design methodology based on the SY MoC to support
heterogeneous modeling and di!erent design ßows, keeping its core principles un-
touched. Process constructors are the key elements which are used to extend the
modeling capabilities of ForSyDe further by supporting new features or explicitly
capturing interesting aspects of system models for di!erent design activities.

Three notable extensions to ForSyDe are the support for modeling non-determinism,
run-time adaptivity, and also data parallelism which are brießy reviewed here. As
contributions of this thesis, more extensions to ForSyDe are presented in Chapter 3
including a new DDE MoC, support for parallel and distributed simulation, and
co-simulation wrappers.

Non-determinism

ForSyDe emphasizes on constructing deterministic models for systems design. How-
ever, there are situations were non-determinism is required because of its higher
expressiveness or avoiding over-constraining the initial speciÞcations. Jantsch et
al. [81] mention two uses of modeling non-determinism in system design and a
method to support it in ForSyDe. The purpose of using non-deterministic speci-
Þcations can be eitherdescriptive or constraining. Descriptive non-determinism is



44 CHAPTER 2. BACKGROUND

used when there are uncertainties regarding the functionality or timing of a system
or its surrounding environment. The constraining purpose is related to the exis-
tence of several possible alternative implementations of a system behavior among
which one will be eventually chosen by the design ßow.

In ForSyDe, modeling non-determinism is based on stochastic processes. A
special process‡ (sigma) is introduced which is essentially a pseudo-random number
generator with a speciÞc distribution (e.g., uniform, natural, etc.). For example the
process‡u

<s,r> generates a random number generator with uniform distribution in
range r with the seed s. Based on‡-processes, useful non-deterministic process
constructors can be deÞned.

Example 2.5. The selCombSY process constructor is a non-deterministic version
of the combSY state-less process in the SY MoC which based on the output of a‡
process, applies one of the two functionsf

1

or f
2

to the input.

selCombSY (f
1

, f
2

, r
0

) = p œ PSY

where p(s̄) = p
1

(p
2

(‡u
<r0,[0,1]>, s̄)),

p
1

= mapSY (f),
p

2

= zipS(),
f(‡, ē) = select(‡, f

1

, f
2

)(ē)

The helper higher-order function select returns one of its function arguments de-
pending on the value of its Þrst argument.

select(‡, f, g) =
!

f ‡ = 0
g ‡ = 1

Adaptivity

Software and hardware platforms such as dynamically reconÞgurable FPGAs which
provide the possibility to alter the structure and behavior of a system at runtime
introduce a new dimension in designing electronic systems. Modeling support for
adaptive systems needs to be provided by the SLDLs to be able to validate and
implement them properly.

A catalog of di!erent design patterns for reconÞgurable computing is presented
in [49], among which some are addressing system level concerns. Four general
categories of adaptivity are introduced in the context of ForSyDe [135].

¥ Parameter Adaptivity in which the parameters of a processes are updated
by the values of an extra signal;

¥ Mode Adaptivity where the processes switched among di!erent operating
modes based on the values of an extra signal;
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¥ Function Adaptivity in which the functionality of the process is directly
supplied by an extra signal; and

¥ Interface Adaptivity which is an extension of function adaptivity where
the interface of the process can also change by the extra signal.

The concept of process constructors is extended to construct adaptive processes.
The Þrst two cases are specializations of normal process constructors which distin-
guish the adaptation signal from other inputs for proper treatment in the design
ßow. In order to support function adaptivity, ForSyDe signals need to be extended
such that they can contain functions as token values. This is trivial in languages
where functions are Þrst-class citizens and possible to implement in most of main-
stream languages using library extensions. The last case can be tricky to realize
since it implies a non-static process network and its implementation in ForSyDe
libraries has not been investigated yet.

Data Parallelism

Many signal processing applications perform data parallel operations. Also the
emerging massively-parallel processors such as GPGPUs expose data parallel pro-
gramming models. Thus, support for data-parallelism is becoming more interesting
in the embedded and electronic systems domain.

Owens et al. [123] argue that the stream programming is a suitable model for
programming GPGPUs. ForSyDe signals are streams of tokens, where tokens can
be of a vector type. There are at least two approaches to explicitly capture data-
parallel operations in ForSyDe.

In the Þrst approach data-parallel operations can be implemented using the same
primitives used for capturing task-parallelism. For example, a signal of vectors can
be converted into a vector of signals using anunzipX process3, each signal can be
transformed accordingly and convert the resulting vector of signals back to a signal
of vectors. This situation is depicted in Figure 2.7a. In thef2cc tool [75, 152] such
are patterns are detected in a ForSyDe model, transformed to e"cient data-parallel
kernels, and Þnally implemented using the CUDA API.

Data parallelism can be also supported by introducing process constructors
which explicitly capture typical data-parallel operations. In [123], these opera-
tions are classiÞed asmap, reduce, scatter and gather, scan, filter, sort, and
search. Figure 2.7b shows the equivalent of the previous operation but captured
explicitly using a data-parallel-speciÞc process constructor. An implementation of
ForSyDe can provide such process constructors. The SystemC implementation of
ForSyDe (presented in next chapter) can be instructed to use parallel programming
directives for e"cient simulation of models built using these constructors.

3A process equivalent to a chain of unzips but works on an array rather than nested tuples.
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Figure 2.7: A map data-parallel operation captured using (a) inherent task-level
parallelism of ForSyDe and (b) a dedicated process constructor.

2.3 Constraint Programming

2.3.1 Modeling: Constraint Satisfaction Problems

A constraint satisfaction problem (CSP) [131] is expressed as a set of constraints
which must be satisÞed over a set of variables with given domains.

Formally, a CSP is deÞned as a triple(X, D, C), with X being a set of variables
where eachxi œ X can take values from a domaindi œ D. Each constraint c œ C
involves some variablesxj , xk, . . . œ X and is a subset of possible values that each
variables can take i.e.,c ™ dj ◊ dk ◊ . . . . The helper function var(c) = {xj , xk, . . .}
returns the variables involved in a constraint. A generalization of this problem
adds a (set of) objective function(s) over the variables to formulate a constraint
optimization problem.

For convenience, constraints are usually expressed as expressions containing
variables of interest, such as(x2

1

+ 2x
2

Æ 5) · (x
1

”= x
2

).
An assignment Þxes a value for one or more constraint variables from their

domains. A complete assignment is one which assigns values to all the variables
and if it does not violate any of the constraints, it is also a solution to the CSP.
This simple and structured form of CSPs allows generic and problem-independent
solvers to be introduced for them.

In this thesis CSPs with Þnite-domain variables are considered. Restrictions on
the constraints and variable domains are made to develop more e"cient solvers.
For example, if all the variables have a binary domain, then a boolean satisÞability
problem is obtained.

2.3.2 Solving: Propagation and Search

In CP, propagators implement the constraints by contracting the variable domains.
Propagators Þlter out the values which lead to solutions that are inconsistent with
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the speciÞed constraints. However, constraint propagation is not su"cient to obtain
problem solutions most of the time. Often, several possible values remain in the
variable domains after constraint propagation and searching is required. A very
common approach is the tree-based search which on each node of the tree, selects
a variable and splits its domain into two sub-domains, depending on a branching
strategy, and performs the propagation again. These interleaved combinations of
branching and search is continued to lead to the Þnal result(s).

In constraint optimization problems, after Þnding each solution in the search
tree, an additional constraint is posted dynamically to restrict the future solutions
to be better than the current one with respect to the given objective function.

The above method for solving a problem is said to be complete, which means
that it considers all the possible solutions in the solution space. However, if due
to the problem size and limited computational power, it is infeasible to perform a
complete search, local search heuristics can be employed instead. Multi-objective
optimization has been recently gained attention in the context of CP. Recent
work [41, 139] use large neighborhood search for handling these class of optimization
problems.

This thesis uses MiniZinc and Gecode for modeling and solving CSPs. MiniZ-
inc [116] is a medium-level constraint modeling language which is independent of
any speciÞc solver and can model di!erent classes of constraint problems. MiniZinc
models are translated to the lower language FlatZinc which is then used for inter-
facing to a variety of solver kits while preserving solver speciÞc optimized imple-
mentations of the constraints. Gecode [63] is a constraint development environment
which is deployed as a C++ class library. In addition to constraint modeling and an
interface to MiniZinc (FlatZinc), it comes with a library of constraints and branch
strategies. However, it enables the developers to program their own propagators,
branchers, variables, and search engines.

2.4 The Clock Constraint SpeciÞcation Language

The Clock Constraint SpeciÞcation Language (CCSL) is introduced as a compan-
ion language to the UML proÞle MARTE to be able to deeply embed the timing
semantics of the system speciÞcations [9]. As a result, although CCSL is by it-
self an independent language, it should not be seen as a complete solution to the
system modeling challenge but as a language to express and annotate the timing
and causality aspects of events and actions in other models. CCSL is inßuenced by
the LSV tagged-signal model but instead of deÞning a predeÞned set of MoCs it
provides the means to express di!erent MoCs.

In MARTE, time can be both physical (discrete or continuous) and logical,
which can be a user-speciÞed clock. This thesis only considers discrete-time logical
clocks and the constraints deÞned on them. In addition, the time model of MARTE
is multiform, meaning that several parallel time-lines, modeled by logical clocks,
can progress non-uniformly. This matches the behavior of parallel and distributed
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systems where only a partial causal order exists between the events of a system.
The syntax and semantics of CCSL are formally deÞned in [6].

2.4.1 Clocks and Time Structure

A clock is a totally ordered set of instants. Thus, the normal indexing operator [ ]
is deÞned on them to access their individual instances. The instances of di!erent
clocks are by default independent but can be related together usingclock relations.
If C is a set of clocks and! is a binary relation on the instances ofCs named
precedence, the pair (C, ! ) is called a time structure. ! constraints an instance
to happen before than or at the same time with another one. Three other clock
relations are derived from precedence:coincidence (© " ! fi # ) requires the two
instance to happen at the same time,strict precedence (ª " ! \ ©), and exclusion
(# " ª fi º) which forbids occurrence of two instants in the same step. Figure 2.8
introduces a graphical representation of these relations.

Figure 2.8: A visual notation for representing instant relations [7].

It is more practical to deÞne constraints on the clocks rather than their individ-
ual instants of possibly inÞnite clocks.

One of the instances of each clock is highlighted as thecurrent instance. When
a clock ticks, the succeeding instance in that clock becomes the current instance. A
schedule is a function of the form N æ 2C . For a schedule‡ and an execution step
s œ N, ‡(s) is the set of clocks that tick in s. A clock configuration ‰‡ is again a
function C ◊ N æ N which for a schedule‡ gives the number of times that a clock
c œ C has ticked until step n œ N. More precisely:

‰‡(c, n) =

'
()

(*

0 n = 0 : the initial conÞguration
‰‡(c, n ≠ 1) n > 0, c /œ ‡(n)
‰‡(c, n ≠ 1) + 1 n > 0, c œ ‡(n)

2.4.2 Clock Constraints

A CCSL speciÞcation consists of a set of clocks and the constraints on them. Clock
constraints are eitherclock relations, which are generalization of instant relations on
clocks, andclock expressions, which are used for deÞning new clocks. An informal
presentation of some of the important clock constraints are presented below.
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Clock Relations

Clock relations are either said to be coincidence-based/synchronous/index-independent
or precedence-based/asynchronous/index-dependent. The Þrst three relations be-
low (sub-clocking, exclusion, and equality) are index-independent, while the last
two (strict and non-strict precedence) depend on the current instances of the clocks
and hence, are deÞned in terms of clock conÞgurations.

Sub-clocking c
1

is a sub-clock of c
2

means that each instant of c
1

must be
coincident with an instant of c

2

. c
1

can only tick when c
2

ticks. We can also say
that c

2

is a super-clock ofc
1

.

Figure 2.9: The sub-clocking clock relation.

Exclusion This relation enforces that there should not be any pair of instants
from the two clocks c

1

and c
2

which are coincident. At any execution step of a
given schedule, at most one of these two clocks are allowed to tick.

Equality/Synchrony This relation simply means that all instances of two clocks
are coincident. This relation can be seen as a special case of sub-clocking.

Strict Precedence If c
1

strictly precedes c
2

, it means that for all i œ N, the
ith instant of c

1

strictly precedes the ith instant of c
2

. Equivalently, we can say
that in each execution stepn, if c

1

and c
2

had ticked for the same number of times
‰‡(c

1

, n) = ‰‡(c
2

, n), then c
2

is not allowed to tick in the next step.

Non-strict precedence/Causality This relation is a relaxed version of the pre-
vious constraint which allows synchrony to happen.c

1

precedesc
2

, means that the
ith instant of c

1

precedes theith instant of c
2

. In term of clock conÞgurations,
‰‡(c

1

, n) Ø ‰‡(c
2

, n).

Figure 2.10: The non-strict precedence clock relation.
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Clock Expressions

Clock expressions deÞne an implicit clock which can be assigned to another clock
using the clock equality relation. Clock expressions can also be categorized index-
dependent or index-independent. Some clock expressions deÞne inÞnite clocks while
others die after a number of ticks.

Union The union of two clocks ticks whenever one of the two clocks tick. In other
words it is the slowest super-clock of both clocks.

Intersection Each tick of the intersection of two clocks happens only when both
of them are ticking at the same time. Intersection is the fastest sub-clock of two
clocks.

InÞmum The ith tick of the inÞmum of two clocks c
1

and c
2

coincides with the
ith tick of the earlier of c

1

and c
2

. In other words, it deÞnes the slowest clock that
is faster than both c

1

and c
2

.

Supremum The ith tick of the supremum of two clocks c
1

and c
2

coincides with
the ith tick of the later of c

1

and c
2

. In other words, it deÞnes the fastest clock
that is slower than both c

1

and c
2

.

Strict Sampling Sampling expressions operate on two clocks, a trigger and a
base clock. The resulting clock is a sub-clock of the base clock. This expression
gives a clock where each of its ticks coincides with the tick of the base clock that
immediately comes after a tick of the trigger clock.

Non-strict Sampling A non-strict version of the previous constraint allows the
resulting clock to tick in coincidence with a tick of the base clock that coincides
with a tick of the trigger clock.

Defer This complex expression is a generic form for implying delay constraints.
It involves a base and a trigger clock, and a possibly inÞnite integer sequencens.
The expressionc

1

deferred c
2

for ns acts in the following way: each timec
1

ticks,
the Þrst value n from the beginning of ns is removed (if ns is non-empty) and the
resulting clock is scheduled for a tick in coincidence with thenth tick of c

2

in the
future.

A simpler case is when we have a constant valuen instead of the sequencens
in the constraint in which the instants of c

1

are delayed onc
2

for a Þxed number
of ticks. An even simpler case is whenc

1

and c
2

are the same. This is the simplest
case for delay where e!ectively the Þrstn ticks of the input clock are removed.

A similar constraint filteredBy operates on a single clock and accepts a0/1
string (instead of the integer string ns)as its parameter. The resulting clock ticks
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whenever the input clock ticks and its corresponding entry in the constructed0/1
string is a 1. Regular expressions might be used to construct complex0/1 strings;
for example, by concatenating an initial and a periodic string.

Example 2.6. Assuming a possible run of two clocksc
1

and c
2

, Figure 2.11 shows
the clocks resulting from a set of clock expressions introduced above.

Figure 2.11: Examples of clock expressions for two clocksc
1

and c
2

.

2.4.3 Simulation and Analysis

The simulation semantics of CCSL is formally deÞned based on structural opera-
tional semantics [6]. Each constraint is represented as a (set of) boolean expression
and a (set of) rewriting rules. In each step, a BDDs-based constraint solver gives
the set of clocks that are eligible to tick. Then, based on a givenpolicy, a subset
of these clocks are selected and the rewriting rules are applied to move to the next
step. Di!erent policies to selecting clocks for ticking is proposed including minimal,
maximal, and random. The TimeSquare tool set [48] provides a development kit to
capture and simulate CCSL speciÞcations and connect them to di!erent back-ends.

Gradual reÞnement of CCSL-based speciÞcations for scheduling using CCSL is
studied in [125]. Performing veriÞcation for CCSL speciÞcations is also investigated
by relating the CCSL to other formalisms such as Property SpeciÞcation Language
(PSL) [62] and Esterel language [8].

We adopt CCSL for describing the semantics of applications and platforms but
use a Þnite-domain constraint-based solver to schedule the clocks. This is detailed
later in Section 3.2.





Chapter 3

Contributions

This chapter reviews the contributions of this thesis in the context of composable
modeling for design of embedded and CPSs. The individual contributions of the
supporting papers and the preliminaries of the encompassed topics are structured
and presented to the reader.

The Section 3.1 is dedicated to speciÞcation and behavioral modeling of systems.
The ForSyDe modeling methodology is adapted, extended with a new timed MoC,
and realized using the IEEE standard embedded domain speciÞc language SystemC.
Parallel and distributed simulation plus the concept of wrapper processes, which
enable co-simulation and co-execution with models running in external simulators
and environments are the other contributions of ForSyDe.

Composable modeling of the DSE problems used to map the system function-
ality on a ßexible platform is the topic of the Section 3.2. A framework, named
Tahmuras, is presented to model and characterize the structure and semantics of
the application, the target platform, and a binding of the former to the latter.
Non-functional performance and cost metrics are also addressed.

The clear, and well deÞned interfaces of the two presented contributions make it
possible to integrate them in a coherent design ßow. Once the speciÞcation model
of the functionality of a system is captured and validated in ForSyDe-SystemC, the
model can be exported and transformed to the application format of Tahmuras for
DSE.

3.1 Extending ForSyDe for Composable Modeling

In the context of this thesis, the ForSyDe modeling methodology is adopted, ex-
tended and realized on top of the IEEE standard SystemC SLDL. In order to
enhance the support of modeling CPSs which might have a distributed notion
of time, a new MoC called distributed discrete-event (DDE) is integrated into
ForSyDe. This MoC is more e"cient and ßexible compared to the previous timed
MoC of ForSyDe because it avoids unnecessary production of absent events for syn-

53
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chronizing time between processes. Unlike the DE MoC, which relies on a global
synchronization mechanism and does not Þt the ForSyDe formalism, the new DDE
MoC only relies on local communication and synchronization between processes via
signals and hence, it is more suitable for specifying distributed systems and also
distributed simulation of timed systems.

To ease the implementation of the ForSyDe formalism, which has its roots in
the declarative functional programming paradigm, on top of the industrially ac-
cepted programming and system design languages, which are based on imperative
languages, a reÞned layer of the ForSyDe formalism is proposed. This layer provides
syntactical extensions, semantical reÞnements, and a new feature called introspec-
tion. The syntactical extensions include using ports and composite processes to
support explicit (transparent) hierarchy. A reÞned abstract semantics is used to
express the behavior of processes in di!erent MoCs. Because this abstract seman-
tics is based on a simple loop (and is expressed as a simple state machine), its
imperative implementation is straightforward. Introspection is a reßection-based
mechanism for the reÞned layer which enables the executable ForSyDe models to
export their internal structure as an intermediate representation. In this way, the
constructed models can be fed to external analysis and synthesis tools without the
need to develop a parser front-end.

The abstract syntax and semantics of the reÞned ForSyDe layer is mapped to
the structural primitives and the DE kernel of the IEEE standard SystemC SLDL.
Although SystemC is based on the object-oriented paradigm, the resulting EDSL
has a helper layer which exploits the recent additions to the C++ language to
provide the original functional modeling style to the designer.

Co-simulation wrappers are another extension which support integration of for-
eign and legacy models with ForSyDe in a controlled style. This implies composing
models expressed in di!erent languages together. Each external model, possibly
running in a separate simulator, is wrapped using a ForSyDe process in a MoC
which has the semantics of the external simulation engine. These wrappers are
used in a top-down design ßow which incrementally reÞne a speciÞcation model by
replacing each process with its implementation while keeping the system validate-
able by simulation in each step.

A Þnal contribution to ForSyDe is an automated ßow which enables parallel and
distributed simulation of ForSyDe-SystemC models. After a proÞling stage, a clus-
tering heuristic partitions the process network of a system model and inserts special
processes which communicate the signal tokens in a message passing environment.

Each of these contributions are reported in more detail in this section.

3.1.1 Integrating A Distributed Discrete Event MoC

In Section 2.2 the timed MoC was mentioned as the current approach to model
timed systems in the presented formalism. In this thesis, the DDE MoC is intro-
duced to ForSyDe which is a di!erent approach to modeling systems with discrete
time behavior. The timed (T) MoC can be very ine"cient when the number of
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absent events increase, especially when we have a Þne time granularity, and dom-
inate the simulation time. Reekie [129] proposesHiatons to bundle a number of
consecutive events together which can introduce deadlocks but still the problem of
choosing the right time granularity remains. Jakobsen [79] uses a slightly di!erent
formalization based on applicatives to introduces a DE MoC to ForSyDe. In his
proposed DE MoC, each signal has an initial value and also events are explicitly
tagged with their occurrence time to reduce the overhead of unnecessary absent
events. However, this model does not behave as intended in special cases when for
example, two consecutive events in time appear on one input of azip atom. In
addition, due to blocking read of inputs, his model can easily lead to deadlock even
in situations when it can be avoided.

The new MoC which is introduced to the presented formalism, called DDE,
follows the discrete-event simulation approach where events are explicitly tagged
with the time they occur. In order to avoid unnecessary deadlocks, the null message
protocol (NMP) [109] is included where processes send time-tagged absent events
whenever needed to inform the succeeding processes to proceed their simulation
time. DDE signals Š have events of the formě = (ē, t) œ Ě = Ē ◊ T where e œ Ē
is an absent-extended value to represent null messages andt is the time the event
is associated with. As the timed MoC, processes must respect the causality rules
when producing output events. Two key process constructors of the DDE MoC are
presented below.

The generic mealyDDE process constructor triggers functionsf and g upon
receiving of each input token and passes the current event, either present or absent
(null) together with its time tag and the current state to them. This enables
modeling both pure untimed computations as well as time-dependent behaviors
such as time-outs. A time delay” is added to the input event time to produce the
output event.

mealyDDE(g, f, ”, w
0

) = p œ PDDE ,

where p(š) = šÕ,

f(wi, ǎi) = āÕ
i,

g(wi, ǎi) = wi+1

,

fi(‹, š) = ÈǎiÍ, ‹(i) = 1,

fi(‹Õ, šÕ) = ÈǎÕ
iÍ, ‹Õ(i) = 1,

ǎi = (āi, ti),
ǎÕ

i = (āÕ
i, ti + ”),

š, šÕ, ǎi, ǎÕ
i œ Š, āi, āÕ

i œ S̄, wi œ Ė, i œ N
0

Similar to the proposed specializations for the timed MoC [80], a trade-o! be-
tween analyzability and expressiveness can be made to introduce di!erent versions
of mealyDDE which separate the pure functionality from communication and syn-
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chronization aspects. For example, a strict versionmealySDDE generates an output
absent event for each input absent event and the functionsf and g do not see these
events. A more restricted casemealyUDDE also stripes o! the input time tags be-
fore handling them to the functions, essentially makingf and g pure mathematical
functions.

The second process constructorzipDDE provides the support for handling mul-
tiple inputs and unlike other MoCs, it constructs stateful processes.

zipDDE() = p œ PDDE

where p(ša, šb) = ÈÍ; if ša = ÈÍ or šb = ÈÍ

p(È(ēa, ta)Í ü šÕ
a, È(ēb, tb)Í ü šÕ

b) =

'
()

(*

È(z(ēa, ēb), ta)Í ü šÕ
a ta = tb

È(z(ēa, Û), ta)Í ü šÕ
a ta < tb

È(z(Û, ēb), tb)Í ü šÕ
a ta > tb

z(ē, ēÕ) =
!

Û if ē = Û and ēÕ = Û
(ē, ēÕ) otherwise

ša, šb œ Š, ē, ēÕ, ēa, ēb œ Ē, i œ N
0

It is proved that using the null messages to DDE models prevents unnecessary
deadlocks [109]. Compared to the original DDE model, ForSyDe designers are less
concerned with manipulation of null messages. These messages are produced by
the unzip when needed and they can be completely hidden from the user-provided
functions by introducing customized process constructors in a speciÞc application
domain.

Example 3.1. Figure 3.1 depicts the model of a simpliÞed logger in a network
system. As long as no faults are detected via the feedback loop, a splittersplit
routes the even and odd packets to the packet veriÞerspv

1

and pv
2

respectively.
The result of veriÞcation, either valid V or faulty F , are merged in the output and
also reported back to the splitter. A feedback delay of15 ms is added to prevent
forming a combinational loop. It is easy to observe that without using the NMP,
this system can end up in a deadlock. Assume two consecutive valid even packets
arrive at times 20 ms and 40 ms. First, although the feedback delay ensures the
availability of an event on the Þrst input of split at simulation start, split cannot
route the Þrst packet to pv

1

because it needs to wait for arrival of an event on its
feedback input with a time tag Ø15 ms to ensure causality. This obviously cannot
happen before processing the Þrst packet. Second, assume the splitter routes the
Þrst message andpv

1

veriÞes it by producing a V message at the Þrst input of
the merge unit. However, becausemerge must ensure causality, it cannot advance
its local time to 15 ms and produce any output before observing the time tag of
the next event on its second input. As a result, no events will be produced in the
feedback loop and consequently, the splitter cannot route the next packet, again
leading to a deadlock.
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Figure 3.1: A simpliÞed network logger system with its simulation in the DDE
MoC.

The NMP prevents deadlock by generating dummy events on the unused outputs
of unzip processes in each evaluation cycle. Null events e!ectively propagate the
information about the local simulated time of the individual processes by promising
no further events until the time tag of the generated null message. In the logger
system example, the initial event produced by the feedback delay can be a null
message which is redirected by other processes and the delay element itself until
the local time of split permits the causal routing of the Þrst message. In addition,
together with routing the Þrst packet, the split generates a null event on its second
output which is redirected by pv

2

to the second input of the merge. In this case,
merge can safely generate an output which will appear in the input ofsplit after a
unit time delay, enabling the process of the next packet.

The composite processsplit can for example be deÞned as

split = unzipDDE ¶ sp ¶ zipDDE

where the DDE processsp is modeled as below.

sp = mealyDDE(gsp, fsp, 0, V )
where

gsp(w, ((ā, b̄), t)) =

'
()

(*

F w = F

F w = V, ā = F

V otherwise

fsp(w, ((ā, b̄), t)) =

'
(((()

((((*

Û w = F

Û b̄ = Û
(k

1

, Û) w = V, b̄
2© 0

(Û, k
2

) w = V, b̄
2© 1
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3.1.2 A ReÞned Layer for Mapping to Imperative Languages

While the declarative semantics of the ForSyDe formalism makes it easy to achieve
composable system modeling, it makes it tricky to directly implement it using
imperative industry-standard languages. Moreover, lacking support for features
such as explicit structural hierarchy prevents an easy integration into setups where
complexity management by IP-reuse is of high importance.

This thesis proposes a reÞned layer for ForSyDe with the following features.
¥ It implements the ForSyDe formalism with an imperative modeling style based

on state machines. A common abstract semantics is deÞned to unify the
underlying simulation machinery for di!erent MoC.

¥ It adds support for hierarchy via a set of structural extensions including ports
and composite processes to ease component reuse.

¥ It proposes a reßection mechanism to export the expressed models to an
intermediate format via introspection for further analysis and synthesis.

Structural Extensions

Two new structural elements are introduced to ForSyDe:ports and composite pro-
cesses. Processes which are constructed directly using a process constructor are
called leaf processes and were presented in Section 2.2. Composite processes are
transparent structural groupings of leaf or other composite processes without any
semantical modiÞcation. All processes are connected to input and output signals
by means of ports which are either input or output ports. Ports in the same level of
hierarchy are connected to signals byport-to-signal binding. Ports of a composite
process are bound to ports of processes in the lower level of hierarchy byport-to-
port binding. Figure 3.2 depicts these extensions for a system model similar to the
one presented previously in Figure 2.1.

! "#$! %&'$

! %$

! &$

! ' $

() %$

() &$

! " $

! #$

𝒔𝟒 

𝒔𝟑 

𝒔𝟕  

𝒔𝟓  

𝒔 𝟔 
 

𝒔 𝟐
 

Figure 3.2: The system model of Figure 2.1 with hierarchical extensions. Dashed
lines represent port-to-port and port-to-signal bindings.

Similar to processes, composite MIs (DIs) can be created by composing leaf MIs
(DIs) with other processes, MIs, and DIs. This is useful to deÞne more complex
interfacing between signals in terms of the primitive interfaces. For example, a more
elaborate interface between the CT and SY MoC might limit the output swing and
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quantize the input values. This behavior can be modeled as a composite MI by
combining miSY æCT with two comb processes in the SY MoC (Figure 3.3).

!"#$%&'()* +&SY→CT*,&+&%()*

Figure 3.3: More complex interfaces can be deÞned in a compositional style.

The ReÞned Semantics

In addition to the functional treatment of streams, another commonly used ap-
proach for modeling streaming systems is viewing them as a set of processes in-
terconnected by channels [96]. This view transforms the recursive deÞnition of
processes in the streaming systems into an iterative form.

In the proposed reÞned semantics, ForSyDe signals are bounded FIFO bu!ers
and ForSyDe processes are dataßow processes which iteratively read, execute, and
produce results. The partitioning function fi(‹, s) is transformed into blocking
read/write of a number of tokens identiÞed by the function ‹ : N

0

æ N
0

from an
input/output signal s œ S. In line with Ptolemy II [128], a common abstract seman-
tics is deÞned in the reÞned layer which speciÞes how processes in such a network
in general perform computation and communication. The process constructors of
each ForSyDe MoC can be implemented based on this abstract semantics. As a
result, all ForSyDe MoCs are implemented in a coherent framework and beneÞt
from the facilities provided by an implementation such as reßection and parallel
simulation.

The Abstract Semantics In the reÞned layer, a ForSyDe process consists of
an initialization stage init, plus a possibly inÞnite sequence of the following stages:
input preparation prep, executionapply, and output production prod. One consecu-
tive execution ofprep, apply, and prod is called aniteration. Figure 3.4 demonstrates
this sequence using the hierarchical state machines notation.

init prep apply prod clean

Figure 3.4: A hierarchical state machine-based representation of the reÞned abstract
semantics.

During init, initial memory allocations and variable initializations are per-
formed. In prep, the process prepares the inputs for the functions(s) by reading
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the appropriate number of tokens from the corresponding ports or updating the
inputs from the previous iteration and setting up the location for the results of the
computation. The function(s) provided by the designer are applied to the input
data in the apply stage (if any) to produce the output. The correct number of
tokens are written to the output ports and synchronization with the system kernel
is done in the prod stage.

The iteration loop is terminated when the simulation stops, which can occur
when

¥ the input set is exhausted;
¥ an internal deadlock happens1; or
¥ the user has interrupted it.

In this case, the code for the cleanup stageclean is executed.

Mapping the MoCs onto the Abstract Semantics

The presented abstract semantics can implement di!erent MoCs presented in Sec-
tion 2.2 and other ones formulated by the same means. As an example, implemen-
tation of the multiple-input combinational process constructor combm in previous
MoCs is shown below. For each case, it is su"cient to demonstrate how theinit,
prep, apply, and prod stages are deÞned. Theclear stage is trivial and mainly
deallocates the reserved resources. We use pseudo-code notation in this thesis.

Figure 3.5 shows the implementation of thecombm family of process construc-
tors. As stated in Section 2.2,combm can be formally deÞned as the combination of
zipm and a specialization ofmealy process constructors, but a modeling language
can provide a direct implementation for e"ciency. In each case,In and Out are the
set of input and output ports, respectively.

The SDF MoC Being an untimed MoC, events in the SDF signals are values of
some concrete data type. In thecombmSDF process constructor, su"cient space
for storage of input and output tokens is reserved in theinit stage based on the
consumption/production rates. Partitioning of inputs/outputs is implemented by
blocking read/write of a given number of tokens from each port. The function
application stage happens atomically on the prepared inputs to produce the output
result. Care should be taken to associate su"cient bu!er size to FIFO signals so
that the simulation is not deadlocked. This calculation can be done statically on the
SDF graph, possibly obtained from the model by introspection (introduced later in
this section).

The SY MoC As discussed before, SY events are of an absent-extended data
type. combmSY is very similar to combmSDF, in which all the consumption and
production rates are Þxed to one. In case the designer is sure that the events in a

1In the SystemC implementation, this is done based on deadlock detection semantics of the
SystemC language.
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initSDF :
for all ini œ In do

alloc ci ú sizeof(ini) for ai

end for
alloc cÕ ú sizeof(out œ Out) for aÕ

prepSDF :
for all ini œ In do

ai Ω read ci tokens from ini

end for
applySDF :

aÕ Ω f(a1, · · · , am)
prodSDF :

write cÕ tokens of aÕ to out œ Out

(a)

initSY :
alloc ai, aÕ

prepSY :
for all ini œ In do

ai Ω read one token from ini

end for
applySY :

aÕ Ω f(a1, · · · , am)
prodSY :

write aÕ to out œ Out

(b)
initDDE :

alloc ei : (ai, ti), bi, aÕ

’i : bi Ω default values
’i : ti

c Ω tl Ω 0
prepDDE :

for all i where ti
c = tl do

ei Ω read from ini œ In
ti
c Ω time(ei)

end for
tl Ω min(ti

c), ’i : bi Ω Û
for all i where time(ei) = tl do

bi Ω value(ei)
end for

applyDDE :
if ’i : bi = Û then

aÕ Ω Û
else

aÕ Ω f(b1, · · · , bm)
end if

prodDDE :
write (aÕ, tl) to out œ Out
sync. with the global time at tl

(c)

initCT :
alloc F i, Ii : [ti

b, ti
e), F Õ, I Õ, · · ·

ti
e Ω tl Ω 0

prepCT :
for all ini œ In do

if ti
e = tl then
(F i, Ii) Ω read from ini

end if
end for

applyCT :
tn Ω min(ti

e), i > 0
F Õ = ⁄t.f(F 1(t), · · · , F m(t))
I Õ Ω [tl, tn)
for all Ii = [ti

b, ti
e), i > 0 do

ti
b Ω tn

end for
tl Ω tn

prodCT :
write (F Õ, I Õ) to out œ Out
sync. with the global time at tl

(d)

Figure 3.5: Implementation of the combm process constructors in the (a) SDF, (b)
SY, (c) timed, and (d) CT MoCs using the presented abstract semantics.

system are never absent, she can use the strict version of process constructors such
as scombmSY which similar to the untimed MoCs, require a simpler interface for
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the arguments of the functions passed to the process constructors without absent
extension.

The DDE MoC DDE signals carry events which are tuples of values and time
tags. The values are absent-extended to represent the null messages in the NMP [109].
Following MisraÕs model, there are channel clocksti

c associated with each input,
which are the maximum of the event time-tags observed on that input, and a lo-
cal clock tl which is the time until which the process has simulated and produced
outputs. In each iteration, Þrst the input channel(s) with minimum clock value are
read and the corresponding channel clocks are updated. Then, the data value of
non-null input events with minimum clock value are passed to the supplied func-
tion in the next stage. Finally, the output of the function is tagged with the local
simulated time tl and written to the output. An optional synchronization with a
global time might happen after producing the results.

The CT MoC Since the CT MoC has a dense time model, the signals are not
channels which convey individual events, but rather functions over time. Each
communicated token in a channel, sub-signal, contains a function from time to
the value domain and the interval on which it is deÞned. The CT MoC can be
implemented as a natural extension to the DDE MoC. However, we have exploited
the extra information provided by the ending interval of sub-signal deÞnitions to
eliminate null messages and have a more e"cient implementation. In theprep
stage, the process reads from each input portini only if the previous sub-signal
is exhausted, i.e., the local simulated time is equal to the end of interval for the
read sub-signal (ti

e = tl). A new function for the output sub-signal is created by
applying the supplied function f to the inputs. Note that f operates on the value
domain and not on functions.

Compared to the approaches which sample values a priori, our CT MoC is more
precise, because no information is lost in sampling. Also, it allows for implementa-
tion of ODE solvers with adaptive sampling rates which is more e"cient compared
to the approaches with a Þxed sampling.

Intermediate Representation

In EDSLs which are implemented as a library on top of a host language, part of
the system structure might be constructed at runtime of the host language. For
example, in the elaboration phase of a SystemC model, which happens during run
time of the compiled C++ code but before the start of the SystemC simulation,
it is still possible to modify the structure of the model. Consequently, a static
parser for the host language is not su"cient for reading the structure of the user
programs/models.

If ForSyDe is implemented on top of a language such as C++, due to the size
of the language, developing a full-ßedged front-end is a tedious job. But, if the
executable model is able to examine its own structure, then this information can
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be exported to a proper format for manipulation by external tools. The ability of
an executable model to inspect its own structure is calledintrospection.

In the context of ForSyDe, the interesting information that characterize a model
are:

¥ the structure of the hierarchical process network represented as a directed
nested graph;

¥ how each leaf process is created, including the the process constructor from
which it is built and the parameters passed to it; and

¥ the functions passed to the process constructors.
The last piece of information is already available in the source model and is not
always interesting for the analysis tools. The Þrst two can be embedded into the
model itself as a data structure upon instantiating the model. Upon request, a
traversal algorithm can examine the model hierarchy at run-time and export the
information as an intermediate format.

This thesis proposes a generic intermediate representation, called ForSyDe-
IR, which acts as an interface between modeling and analysis/synthesis tools.
A ForSyDe-IR model is a nested directed graphg œ G represented as a tuple
g = (V, E, P, A, C) of vertexes (or nodes)V , edgesE, and three functions P , A,
and C. The set of graph nodesV = Vl fi Vc fi Vs consists of leaf processesVl,
composite processesVc, and signalsVs. Each g œ G and v œ V is equipped with
a set of unidirectional input I and output O ports. For each leaf processvl œ Vl,
the function P assigns a process constructor while the functionA assigns a list of
process constructor arguments tovl. Also, for each composite processvc œ Vc, the
function C : Vc æ G assigns a nested directed graphgÕ œ G to vc, which corre-
sponds to instantiation of gÕ as vc. It is required that this recursive deÞnition be
Þnite, i.e., there cannot be inÞnite levels of nesting in the graph. Finally, the graph
edgesE ™ (I fi V.O) ◊ (O fi V.I) represent ForSyDe port-to-signal and port-to-port
bindings in the model. The dot notation is used to access the named elements of
each entity.

An XML implementation of ForSyDe-IR, named ForSyDe-XML, is deÞned for
communicating the models between the tools. The document type deÞnition (DTD)
of ForSyDe-XML together with the example system model of Figure 3.2 in this
intermediate representation are presented in Appendix A.

3.1.3 The SystemC-based Implementation

The reÞned layer introduced above is used to realize the ForSyDe formalism in
the IEEE standard SLDL SystemC. SystemC partly addresses the requirements
of the reÞned layer including support for simulating concurrent processes, support
for hierarchy via modules and ports, a library of communication channels, and a
partial support for reßecting the model structure.

There are several ways to map the abstract syntax and semantics of the ForSyDe
formalism to SystemC. Here, the strategy is to

¥ enforces the properties of ForSyDe models as much as possible;
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¥ reuse the standard SystemC execution kernel for implementing the supported
MoCs without extension; and

¥ reuse the structural primitives of SystemC.
This approach improves interoperability between the ForSyDe models and existing
SystemC IPs.

Mapping the Abstract Syntax to SystemC

Leaf and composite processes, MIs, DIs, and also their interconnection via signals
deÞne the structure of a ForSyDe model.

Leaf processes as modules are implemented with a singlesc_process to encap-
sulate the structural information such as port types and number of bound channels
to a port and behavioral information such as the functions invoked in each evalua-
tion cycle in the same element. Signals are implemented using SystemC primitive
channels, which aresc_fifo-based. Process constructors are implemented as C++
template classes. Template meta-programming is a type-safe approach to imple-
ment processes which are polymorphic over their input and output types. In order
to create a ForSyDe process using such a process constructor, the user provides
the functions and values required by the process constructor as class constructor
arguments of the corresponding process constructor class upon instantiating it. In
this way, following the spirit of ForSyDe, the process constructor class implements
all the logic for communication, synchronization, and invocation of functional com-
putations in the library. Table 3.1 summarizes these syntactical mappings.

Table 3.1: Mapping the syntax of the reÞned ForSyDe layer to SystemC elements.

ForSyDe Element SystemC Mapping

process instantiated module
signal SystemC channel (sc_fifo)
process constructor sc_module-derived class
function argument std::function object
value argument value passed to class constructor
polymorphic process and function template class and template function
reflected model structure information collected during elaboration

Mapping the Abstract Semantics to SystemC

All SystemC classes which realize ForSyDe process constructor are derived from a
common parent abstract class which requires them to implement a set of methods
representing di!erent stages of the abstract semantics. Mapping the abstract se-
mantics of each process constructor in di!erent MoCs from the reÞned layer onto
SystemC is trivial. The only notable case is the CT MoC where the newly added
features of the C++11 language,lambda functions are used to create new sub-signal



3.1. EXTENDING FORSYDE FOR COMPOSABLE MODELING 65

functions. Also, a recent C++ standard library addition std::function is used to
pass functions to process constructor classes.

Introspection in SystemC

A survey on di!erent approaches for developing SystemC front-ends is presented
by Marquet et al. [102]. Among them, Quiny [142] is of particular interest since
it takes a fully reßexive approach and overloads all of the language construct to
capture the structure and behavior of the system as a runtime data structure, en-
abling development of self-synthesizing models, but for a limited subset of the host
language. Pinapa and its successor PinaVM [103] take an intermediate approach
by reusing a compiler front-end to have a better support of the host language, run-
ning the elaboration phase of the simulation to capture the dynamically generated
complex architecture of the system, and matching them together to have a full
representation of the system. This requires dependency on continuously evolving
APIs of compilers, making the maintenance of the tool di"cult.

Thanks to the structure introduced to ForSyDe models by process constructors,
it is su"cient to rely on reßection for the process network structure and process
constructor parameters and reuse the pure functions used to express models in
the exported system formats. ForSyDe-SystemC uses this mechanism to automati-
cally export the speciÞed models to ForSyDe-XML. The current SystemC standard
deÞnes an API for module hierarchy traversal [76]. For example, by obtaining a
list of the child objects of a given SystemC object using (get_child_objects()),
each object can be tested using itskind() member function recursively for further
traversal and/or a desired action.

Unfortunately this is not su"cient because to enable a full introspection, ForSyDe
models need to reßect

¥ the full process network graph including all the connections between the pro-
cess ports;

¥ the process constructor from which each process is built from; and
¥ the values and function passed to the process constructors upon instantiation.

The required information is collected by overriding the binding operators of Sys-
temC ports and saving all the required information locally in each SystemC module.
If only pure simulation is desired, it is possible to disable collection of these extra
information to boost the system simulation performance and consume less memory.

Note that the pure functions passed to process constructors do not use any
ForSyDe-speciÞc API and hence, they can be directly included in a generic inter-
mediate representation with minimum interface adaptation.

Figure 3.6 demonstrates the simpliÞed architecture of the SystemC mapping of
the ForSyDe reÞned layer for using a class diagram.
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SystemC

sc_core::sc_fifo_in sc_core::sc_module sc_core::sc_fifo

ForSyDe-SystemC

ForSyDe::introspective_port
 + bound_port:  [0..1]

 # token_type()

ForSyDe::in_port

 # bind()

ForSyDe::SY::in_port

ForSyDe::SY::mealy ForSyDe::SY::zip ForSyDe::SY::unzip

ForSyDe::SY::process

ForSyDe::process
 + arg_vec:  [*]

 # forsyde_kind()
 # init()
 # prep()
 # apply()
 # prod()
 # clean()
 # bind_info()

ForSyDe::SY::signal

ForSyDe::signal

ForSyDe::introspective_channel
 + iport:  [1]
 + oport:  [1]

 # token_type()
 # moc()

Figure 3.6: The ForSyDe process and port classes in the SY MoC, demonstrating
the captured structural information and implementation of the abstract semantics.

Connecting to Other Tools via the Intermediate Representation

Using introspection, ForSyDe-SystemC can be used as an input speciÞcation and
modeling language to di!erent design ßows. Also, due to the fact that ForSyDe
models are structured, it is straightforward to perform code generation from the
ForSyDe intermediate representation and use ForSyDe-SystemC as a simulation
back-end. This is advantageous in design ßows which are based on the theory of
MoCs but have non-executable input speciÞcations. Below a set of ßows which take
advantage of ForSyDe as a front-end or simulation back-end are mentioned.

The ForSyDe-CompSOC design ßow CompSOC [66] is an FPGA-based NoC
platform which can provide predictable and composable services to multiple applica-
tions and supports execution of applications speciÞed with di!erent MoCs. Comp-
SOC is also equipped with a design ßow for CSDF speciÞcations which starting
from non-executable application models can perform DSE and software synthesis.
Lacking an executable front-end makes development of the applications for the de-
signers cumbersome and reveals speciÞcation bugs late in the design ßow. Altinel [4]
presents a ßow which starts from executable speciÞcations of multiple applications
expressed in ForSyDe-SystemC, generates ForSyDe intermediate representation of
the application models via introspection, and adapts them to the input format of
the CompSOC design ßow. In this way, a fully automated and composable design
ßow from executable speciÞcations down to FPGA prototypes for multiple real-time
applications is realized.

The ForSyDe to CUDA C tool The ForSyDe-to-CUDA-C ( f2cc) [75, 152]
targets programming of massively parallel architectures based on the ForSyDe for-
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malism. The functionality of f2cc is described in Section 2.2.4.

Usage in a model-driven engineering context Cometa [52] is an MDE ap-
proach to design of heterogeneous embedded systems. It comes as a MARTE ex-
tension and introduces weaving of application semantics using a library of MoCs to
enhance tool integration. Using model-to-model (M2M) transformations, a Cometa
model is converted to a ForSyDe intermediate representation complying to the
ForSyDe meta-model from which ForSyDe-SystemC code can be generated using
model-to-text (M2T) transformation. This gives the Cometa framework a simula-
tion back-end. Also, transformation of synchronous Cometa speciÞcations to the
input format accepted by a heart-beat-driven NoC design ßow [130] is investigated
for a simple case study.

3.1.4 Parallel and Distributed Simulation

As the complexity of systems increases in term of their size, simulating their models
becomes infeasible using sequential simulation engines. Also, without exploiting the
computational cores of a workstation or the nodes of a high performance computing
cluster performing a sequential simulation is a waste of resources. Some SLDLs
provide support for parallel simulation while others (such as SystemC) lack such a
feature.

Considering ForSyDe processes as tasks in the parallel programming terminol-
ogy, the intrinsic task-level parallelism of ForSyDe makes the expressed models a
good candidate for parallel simulation in a message passing environment. In this
thesis, a mechanism is proposed to perform parallel and distributed simulation for
ForSyDe models no matter if an to what extent the underlying language supports
parallelism. The core idea is to partition the process network and to run each par-
tition on a simulation node which communicates and synchronizes with other nodes
using a message passing protocol.

The formalism is extended with two classes of process constructors namedsender
and receiver. A sender/receiver process in each ForSyDe MoC looks like a sink/-
source in a partitioned process network but sends/receives its input/output tokens
to/from another partition run as a separate instance of the simulation via the com-
munication link of a message passing environment.

Figure 3.7 shows an example of a ForSyDe model which is converted to a dis-
tributed simulation model with two simulation nodes.

Paper V deÞnes these extensions and introduces an automated parallel simula-
tion ßow which parallelizes a sequential simulation instance. The proposed ßow is
depicted in Figure 3.8. Starting from a sequential ForSyDe simulation model (pos-
sibly modeled in ForSyDe-SystemC), the intermediate representation of the system
is generated via introspection. In addition, the simulation model is proÞled for a
small but representative dataset to extract the computational load of each process.
The average communication time per token in the message passing platform is also
measured. These pieces of information are used to formulate a constraint satis-
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Figure 3.7: Conversion of a (a) ForSyDe simulation model to a (b) distributed
simulation model by means of sender and receiver processes.

faction problem which performs the partitioning with the objective to balance the
simulation load and minimize the communication time between the nodes based on
an objective function. The solution to the partitioning problem is used to generate
a set of intermediate representations for the simulation nodes. Simulation code
generation is the Þnal step for creating the distributed simulation model.

Paper V also evaluates this ßow using an MP3 decoder system model. The
objective is to perform parallel simulation on a workstation utilizing 2-4 cores. A
speed-up of 1.7 has been observed for the 2-core simulation for the chosen case
study.

3.1.5 Co-simulation and ReÞnement-By-Replacement

Apart from abstraction, which is a key characteristic of ForSyDe, component-reuse
is one of the main approaches to deal with design of complex systems. In an
industrial setting, many components of a system come as legacy code and purchased
IP blocks which provide an e"cient implementation for parts of a system. Naturally,
such external IPs do not follow the formalism of the ForSyDe system modeling
framework and very often are simulated and executed in a separate simulator or
environment. Examples of such external models are

¥ a system-level model running on the same simulator but with a di!erent
formalism, such as a TLM model in SystemC;

¥ a system-level model running on an external simulator such as Simulink;
¥ a low-level model running in an external simulator, such as an RTL model

running on an HDL simulator or a compiled software running in a cycle-based
simulator;

¥ an implemented model, such as compiled software running on a physical pro-
cessor as hardware in the loop (HIL).

There is a need to compose di!erent simulation engines together with clear seman-
tics to be able to integrate external models into the design ßow right from the
beginning.

In Paper I, a co-simulation architecture and new types of process constructors
are introduced to integrate external models into ForSyDe which is summarized
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Figure 3.8: A parallel simulation ßow for embedded systems starting from formal
executable models. The partitioning problem is formulated as a constraint satis-
faction problem.

below.

The Co-simulation Architecture

Unlike the approaches which view the co-simulation problem as integrating two
simulation engines, such as co-simulation of a hardware and a software simulator
or a discrete-event and a continuous-time simulator, this works is interested in
providing a generic solution for integration of languages and tools with di!erent
semantics.
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Some solutions propose a common interface to all simulators, known asco-
simulation bus, by which all individual simulators are interconnected. An orches-
trator drives the whole simulation and is responsible for performing the commu-
nication and synchronization among the simulators. This scenario is presented in
Figure 3.9.

Sim I Sim II Sim III 

Modeling 
Framework 

Co-simulation Bus 

Figure 3.9: Heterogeneous co-simulation using co-simulation bus with a standard
interface.

The advantage of this approach is that the interface is deÞned and standardized
once and any simulator which implements this interface can be connected to the co-
simulation infrastructure. However, the standard interface of the co-simulation bus
needs to be expressive enough to support the semantics of all di!erent simulators. In
addition, this puts an additional requirement on the simulator vendor to implement
the standard interface which might not happen in all cases. Also, the adaptation
between the inherent semantics of the simulator and the standard interface is hidden
in the simulator and is deÞned in an ad-hoc and informal style.

This thesis proposes using a di!erent approach where a heterogeneous modeling
framework that supports di!erent MoCs takes the role of an orchestrator. Each
simulator communicates with the orchestrator using its own MoC and thus, only
syntactical adaptation is necessary in the interface, if necessary. The semantics
of heterogeneous composition of di!erent MoCs is handled inside the modeling
framework which provides appropriate means for this purpose. In case of ForSyDe,
well deÞned MIs and DIs can be used for interfacing between di!erent MoC and
domains. Figure 3.10 illustrates such a co-simulation.

Wrapper Processes

Co-simulation wrappers are special processes which behave similar to other valid
processes in ForSyDe, but communicate their inputs and outputs and synchronize
with an external model, possibly running on a separate simulator. In this way,
external models can be included in the system model, in an isolated manner.
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Figure 3.10: Heterogeneous co-simulation using a heterogeneous modeling frame-
work.

A wrapper process in the SY MoC is depicted in Figure 3.11. The process con-
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Figure 3.11: A co-simulation wrapper in the synchronous MoC.

structor wrapSYm constructs a wrapper process in the SY MoC. The constructed
process redirects the input events to an external model, possibly running on another
simulator and transfers the simulated outputs as events on its output signal. The
communication channels between the ForSyDe model and the external simulator
can be realized by any means such as TCP queues, Unix pipes, or shared memory;
but must implement the semantics of the corresponding MoC in such a way that
the partitioned subsequencesÈai

jÍ and ÈaÕÍ correspond to the communicated tokens
uj and uÕ. The additional argument to the process constructor � is called the
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simulation function and is a sequence of simulator commands to be issued in each
evaluation cycle to the external simulator, if needed. A model wrapper might be
needed to adapt the external IPÕs interface for communication and synchronization
with ForSyDe.

The wrapSYm process constructor can be deÞned as

wrapSY m(�) = p œ PSY

where p(s
1

, · · · , sm) = (sÕ)
Âi(a1

i , · · · , am
i ) $ aÕ

i, length(aÕ
i) = 1,

fi(‹, sj) = Èaj
i Í, ‹(i) = 1,

fi(‹, sÕ) = ÈaÕ
iÍ, rem(fi, 1, sÕ) = ÈÍ,

uj © Èaj
i Í, uÕ © ÈaÕ

iÍ,
sj , sÕ, ai, aÕ

i œ S, i œ N, 1 Æ j Æ m

The $ operator is read as ÔyieldsÕ. From the ForSyDe point of view, applying
the simulator commands in each evaluation cycle to the inputs yields the simulated
outputs from the external model.

In practice, customized versions of the process constructor presented above are
used for each simulator. In Paper I, three specializations ofwrapSYm are presented:

¥ GDB wrapper which can co-simulate with a software code simulated on
an instruction set simulator (ISS) or co-execute with the processor running
the code as HIL, if the ISS or the hardware platform support GNUÕs remote
debugging facilities [26].

¥ HDL wrapper which can co-simulate with synthesizable RTL code. The
communication is done using Unix pipes and the external model can run on
an HDL simulator which supports Þle IO and simulation engine control (e.g.,
via TCL) such as ModelSim.

¥ Simulink wrapper which can be used to wrap a Simulink model which is
executed with a discrete-time solver. The communication is done using Unix
pipes.

For each case, a model wrapper template is suggested which can potentially be
generated automatically upon using the corresponding process constructor.

Paper I, uses two case studies to demonstrate the potential of the presented
wrappers. An audio equalizer system model from [133] is chosen where a state
machine (performing distortion control) is replaced with its VHDL implementation
running on ModelSim and the audio Þlters of the model are replaced with their
Simulink model. In the second experiment, the encryption and decryption logic of
a transceiver system is replaced with its C implementation. The execution time of
the (co-)simulation is reported in cases where there is a pure ForSyDe model, the
compiled C code running in the Altera Nios II ISS, and the same code running on
a synthesized Nios II on an FPGA as HIL.

Wrappers enable the designer to take a bottom-up approach for constructing
system models. Individual IPs or legacy code blocks are wrapped in their respective
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MoCs and then a co-simulation can be performed. A top-down approach is also
possible which is discussed below.

ReÞnement By Replacement

An abstract ForSyDe model can be reÞned to its implementation by incrementally
replacing each process with its implementation. Thanks to co-simulation wrappers,
after each reÞnement-step, the system can be co-simulated by the same stimuli used
for validating the original speciÞcation.

Based on this idea, Paper II proposes a semi-formalrefinement-by-replacement
design ßow which incrementally reÞnes a speciÞcation to its implementation as-
suming the availability of the implementation of di!erent system components. A
set of partial reÞnement operations are deÞned to be systematically applied for
implementing a model. These operations are listed below.

¥ Replacement: This operation replaces a pure ForSyDe process by a wrapper
process which communicates with an external model.

¥ Merge: Merging two or more replaced processes happen when sharing of
resources is needed. An example is when two functions are mapped onto the
same processor and need to be simulated using the same ISS instance.

¥ Platform Instantiation: This operation reÞnes the implementation and
possibly the simulation engine for a replaced process. For example, an RTL
model might be synthesized to a netlist of target platform elements.

¥ Communication synthesis: This operation is similar to the merge opera-
tion but is applied after platform instantiation and involves introduction of a
communication medium such as a bus between the individual reÞned platform
components.

¥ Extraction: The Þnal operation takes the model out of the ForSyDe world,
removing platform-to-host debugging links, and performing Þnal optimiza-
tions before deployment.

Paper II introduces an example of a workßow to be used to apply the above
operations systematically. This work also reports the implementation of the audio
equalizer system model using the reÞnement-by-replacement design ßow.

3.1.6 Industrial Design Scenarios

The SystemC implementation of ForSyDe was Þrst developed as an open-source
tool in the framework of the ARTEMIS project SYSMODEL. The objective of
SYSMODEL was to provide SMEs with appropriate means to exploit the beneÞts
of system-level modeling into their design practice. Paper IV identiÞes the follow-
ing four design scenarios that SMEs could use for system-level modeling, and in
particular ForSyDe-SystemC, to their own beneÞt.

¥ Automated design ßow: Using the automatically-generated introspection
output of ForSyDe-SystemC, the constructed models can be fed to external
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analysis and synthesis tools which are supported by the MoCs used in the
speciÞcation model.

¥ ReÞnement-by-replacement: This scenario was presented in the previ-
ous section can be used in scenarios where the implementation of the sys-
tem components are available via third party vendors or legacy experience.
Co-simulation wrappers enable incremental reÞnement and validation of the
designs in this scenario.

¥ System upgrade: Many improvements to products come as incremental
updates to designs. Assuming the availability of a product implementation,
this scenario uses system models to perform a feasibility study for newly added
features and improvements. Again, co-simulation wrappers can be used to
construct system models faster using existing implemented components.

¥ Template-based customization: Many companies o!er the possibility to
customize their products according to the speciÞc demands of each individual
customer. In such a scenario, a template system model can be developed
once and used for feasibility study of the requested customizations and to
give early feedback to the marketing departments.

Using two cases studies, Paper IV presents how the above scenarios are applied
by the SYSMODEL partners in practice. The Þrst example is an impulse-radio
ultra wide-band radar transceiver and the second one is a half-duplex UART-based
protocol system.

3.2 A Generic Design Space Exploration Framework for
Platform-Based Design

Based on the needs of each design project, a system engineer needs to choose a
design language to capture the system functionality depending on the semantics
of the applications and its particular domain, a ßexible target platform which im-
plements the functionality of the application with a!ordable cost, and a particular
mapping and scheduling policy based on the extra functional requirements of the
system such as real-time and fault-tolerance. However, the available system-level
DSE tools often Þx the application, platform, and the binding models to special
cases, or in the best case, they support a restricted set of generic models. For
example, a generic DSE framework might support models of simple buses as the
communication medium in the target platform but adding the support for TDM
buses might not be possible without heavily modifying the underlying models used
and the supporting mapping heuristics in the source code of the tool. Following the
principle of separation of concerns, it would be of great advantage and importance
to import separate models for the application, platform, and binding policy into a
framework and have the DSE problem generated automatically instead of manually
developing a mapping and DSE tool for each possible combination of them.

This thesis presents Tahmuras2, a framework which approaches the analytic

2According to the epic poem Shahnameh, Tahmuras is the third king of the world who ÒBy
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Figure 3.12: The TahmurasÕ view on design space exploration problems.

DSE problem models as the composition of the application, platform, and binding
sub-problems (Figure 3.12). Tahmuras uses a DSE meta-model to explicitly capture
models of the application functionality, the ßexible target platform, and the binding
policy models, plus a method and a tool to compose them together to construct and
generate an analytic DSE problem model. The declarative style of its constraint-
based formulation also separates the problem model from the way it is solved,
enabling investigation and/or reuse of di!erent search heuristics or even complete
search methods for the same DSE model.

In the reminder of this chapter, the evolution and the current status of Tahmuras
is presented in two generations. Section 3.2.2 reports the contributions of Papers VI
and VII for the Þrst generation of the framework, which targets generating DSE
problems based on generic models of the target platform templates. Assuming the
classic task graph as the implicit semantics of the application and the execution
services provided by the platform, and a binding model, a DSE problem model can
be generated to map a given input application onto an instance of the platform
automatically. As a side-product of such a framework, a method for automatic
generation of TLM-based VPs of the outputs of the constructed DSE problems is
presented. These VPs use the interoperability layer of TLM 2.0 standard and can be
reÞned with more detailed models of the components for more detailed investigation
of the design points.

As for the second generation of the framework, Section 3.2.3 summarizes the
contributions of Paper IX which generalizes the DSE problem construction by in-
troducing a framework to express generic models of the application, platform and
binding models, together with a method for generation of the DSE models from
them. In the second generation of the framework, various semantics for the system
functionality and execution services of the platforms can be expressed using clock

magic he bound two-thirds of the demons [divs]; the remaining third he crushed with his mace.
The race of divs now became TahmurasÕs slaves, and they taught him the art of writing in thirty
di!erent scripts.Ó [from wikipedia] This is a good example of separation of concerns when dealing
with complex problems!
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constraints. Figure 3.13 depicts the TahmurasÕ approach to construction of DSE
problem models.
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Figure 3.13: The TahmurasÕ approach to construction of DSE problem models.

3.2.1 Composable Formulation of DSE Problems

Tahmuras supports constraint-based formulation of the DSE problem models to
achieve composability. A DSE problem is modeled as a CSP (reviewed in Sec-
tion 2.3) and solved using Þnite domain constraint solver kits.
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In the same style, a DSE problem modelPDSE can be deÞned asPDSE =

Papp ◊ Pplt ◊ Pbnd , wherePapp is the model for the application problem, Pplt for the
platform problem, and Pbnd for the binding problem.

Each of the above three sub-problem models can be automatically generated
from the corresponding application, platform, and binding models. These models
comply to the Tahmuras meta-model presented in Section 3.2.3.

During composition of CSP problems, a consistency check needs to be performed
to assure that all the decision variables, especially the ones used in the problem
interfaces, are deÞned for once and only once by one of the application, platform,
or binding models. For example, the application problem might use a variable
denoting the execution time of a task on a processing element to calculate the
throughput performance metric of the application. Such a variable is naturally
provided as the result of a cost metric calculation of the processing element and is
deÞned in the platform model.

3.2.2 First Generation: Generic Platform Models

The Þrst generation of the Tahmuras framework proposes a method for decom-
posing the platform problem from the rest of a PBD DSE problem model. The
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Figure 3.14: Composable formulation of CSP problems.

semantics of the system functionality and the execution services of the platform are
implicit and assumed to be a task graph where the edges imply data and control
dependencies. Once a target platform template is characterized using the proposed
framework, a DSE problem model can be automatically generated for mapping
task graphs to an instance of it. This method works with best accuracy for pre-
dictable platforms where proper bounds for execution and communication times of
the platform components can be derived.

A Framework for Characterizing Platform Templates

The proposed framework for capturing target platform templates views a platform
as a set of component templates which can be instantiated, composed together,
and tuned to provide the services demanded by the application. The components
are parameterized usingvariables for generality but the valid values for these vari-
ables are restricted by theinstantiation constraints for each component. Based on
the values set for these parameters, a set ofservice functions and cost indicators
characterize the services provided to the application components and their implied
costs.

Component templates A component template captures a conÞgurable compo-
nents available in a platform library and consists of

¥ a set of component variables with Þnite domain (e.g., the frequency of a
processor);

¥ a set of instantiation constraints restricting the set of combination of values
that each component can take;

¥ a set of service functions which a component provide to the mapped applica-
tion elements (e.g., the bandwidth of a communication medium); and

¥ a set of cost indicators implied by the component (e.g., area or memory usage).
Paper VI includes a generic processing element and a conÞgurable TDM bus as
examples of component templates characterized in this way. Each copy of the
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(constraint) variable set of a component template is called anallocation of that
component. An instantiation of a component template is an allocation of it in
which all of its variables are assigned to Þxed values, complying to the corresponding
instantiation constraints.

Platform templates A platform template consists of
¥ a set of component templates, as presented above;
¥ a set of interdependent instantiation constraints which constrains the instan-

tiation of the components and their variable values to exclude the invalid
platform instances (e.g., a bus must have the same number of ports as the
components attached to it); and

¥ a set of aggregate cost functions used to sum up the overall costs of a platform.
Paper VI also presents examples of two FPGA-based platform templates charac-
terized using this framework. A platform template is instantiated when at least
one of its component templates are instantiated, complying to the interdependent
instantiation constraints of the platform.

Generating the DSE problem Assuming a platform template, we call the set
of all variables of its allocated component templates together with their involved
constraints the platform template CSP. The solutions to this CSP are the set of
all valid instantiations of the platform template. Paper VI introduces a method
to composes the CSP of a platform template with other constraints to formulate
a DSE problem model similar to the one presented by Kuchcinski [93]. A design
ßow is proposed which accepts an application task graph, possibly generated au-
tomatically from a ForSyDe model via introspection. Based on a target platform
template which is characterized using the Þrst generation Tahmuras framework, it
automatically generates a DSE problem model that can be solved using a constraint
solving kit (Figure 3.15). The characterized platform templates are captured using
a combination of eXtensible Markup Language (XML) and MiniZinc predicates.
The resulting DSE problem model is also generated in MiniZinc.

Automatic Generation of Virtual Prototypes

Virtual prototypes (VPs) are simulation models of the target platform which are
used for early development of the software when the Þnal hardware is not available
yet. This can e!ectively contract the time-to-market window of a product by reduc-
ing the critical path of a design ßow. Transaction-level modeling (TLM) [64, 76] is
currently the most practiced method for developing VPs. From a system-level point
of view, VPs can also be used for simulation-based DSE when analytical models
are not su"cient. In such a case, it is necessary to be able to generate such VPs
automatically from system-level speciÞcations in order to achieve full automation
in the design ßow.

Often, it is assumed that a library of simulation models (e.g., TLM models)
are available and the VP generation tool instantiates, conÞgures, and interconnects
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Figure 3.15: A design ßow based on the platform characterizations of the Þrst-
generation Tahmuras framework.

them. However, this assumption is invalid in case of newly developed platforms
where their TLM models are not developed yet and the current generic simulation
models might not Þt them.

Paper VII proposes a method for automatic generation of VPs based on the
platform characterizations of the Þrst generation Tahmuras framework. The core
idea is that for each type of generic services that a platform component might pro-
vide to the application, a generic TLM skeleton is introduced which annotates the
timing of each transaction using the corresponding service function of the compo-
nent template. The generated VPs are based on the interoperability layer of the
TLM 2.0 standard. This makes them easy to reÞne with more precise models which
comply to this layer. Two generic service types (and hence, TLM skeletons) are
considered in Paper VII, namely, computation, and communication services.

The concept of virtual processors are adopted to realize generic computation
components. Virtual processors are simulation primitives which are instantiated in
place of components which have a e.g., worst-case execution time (WCET) service
function. Figure 3.16 is a conceptual view of a virtual processor and the possible
software layers involved. Following the semantics of task graphs, a SystemC process
is generated for each mapped task and inter-task communication is realized using
FIFO queues. In this way, the layers below the hardware-dependent software (HdS)
are emulated using the SystemC kernel in the generated VPs.

Similarly, a generic skeleton for communication components is introduced which
is a module with initiator and target tagged simple sockets provided by in conve-
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Figure 3.16: A virtual processor used for in the VP generation for computation
components. The shaded layers are emulated by the SystemC engine.

nient sockets library of TLM 2.0. The worst-case communication time (WCCT)
service function of the corresponding platform component template is used for an-
notating the communication delay that each transport su!ers on the forward path
of each transaction.

Paper VII envisions he integration of the automatic VP generation in a combined
analytical and simulation-based design ßow. This paper also provides a pseudo-code
for automatic generation of a VP based on the task graph of the input application,
the platform instantiations and task mapping as the output of a DSE phase, and
the platform characterization in the Þrst generation Tahmuras framework.

Experiments

Papers VI and VII use a JPEG encoder system example to validate the ideas
of automatic DSE problem model and VP generation. Two di!erent target plat-
forms are characterized and considered in Paper VI. Thepsopc platform [108] is
a modiÞed version of the Altera SOPC platform where its round-robin arbitration
mechanism is replaced by TDM for more predictability. The nocgen platform [119]
is a NoC-based conÞgurable platform which is not designed for predictability but
useful communication bounds for smaller network sizes are proposed for it. Both
of this platforms are characterized using Tahmuras, run through the DSE problem
model construction ßow and the resulting problems are solved using branch and
bound heuristics. The results are reported in Paper VI. The predicted execution
times of the applications by the constructed DSE problems are compared to the
measured values from the FPGA prototypes.

In Paper VII, a slight modiÞcation of the JPEG encoding system for a surveil-
lance system is considered where the two applications need to be placed on a single
platform, one being the JPEG encoding core itself with real-time requirement and
the other one a user control application which switches the input cameras without
real-time guarantees. A dummy task is placed in the input task graph model of
the application which is a place holder for the non-real-time application. After the
DSE and VP generation phase, the dummy task can be used for development and
testing the non-real-time application.
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3.2.3 Second Generation: Generic Semantics

Although the Þrst generation of Tahmuras decomposes the platform logic from
the rest of the DSE problem to support automatic construction of DSE problem
models for various platforms, it still mixes the logic of application semantics and
the binding policy. As a result, the semantics of the application is implicit, which
in this case it is assumed to be a task graph.

The second generation of the framework inherits the constraints on component
instantiation and composition but is extended with the notion of clock constraint
to explicitly capture the semantics of the applications and services provided by
platform components. Clock constraints are deÞned on a new element called logi-
cal clocks and are adopted from the CCSL (reviewed in Section 2.4). The second
generation of Tahmuras provides a meta-model that can be used to capture and
characterize not only di!erent platform templates models, but also application mod-
els with di!erent semantics, and also possibly di!erent binding models. A method
is proposed to generate DSE sub-problems from the corresponding models and com-
pose them automatically in order to achieve a DSE problem model. As before, the
constructed DSE models can be solved using a variety of di!erent heuristics and
solvers.

The Tahmuras Meta-model

Figure 3.17 presents the Tahmuras meta-model. The elements of this meta-model
are:

¥ Decision variables which represent quantities in the design space and are
determined during the DSE (e.g., slot length of a TDM bus).

¥ Logical clocks are CCSL clocks that are subject to scheduling during the
DSE (e.g., Þring times of an actor).

¥ Constraints are either instantiation or clock constraints and restrict the
possible values of the decision variables and valid schedules of the logical
clocks.

¥ Relations which are represented as matrices of decision variables and can be
visualized as directed graphs (e.g., data/control dependencies in a task graph,
mapping of application components to platform components, etc.).

¥ Metrics are similar to service functions and cost indicators in the Þrst gener-
ation Tahmuras. They appear either as application performance or platform
cost metrics and are used for constraining and specifying the objectives of
the DSE optimization problem (e.g., throughput of an application, power
consumption of a platform, etc.).

Concretely speaking, this meta-model is used to capture a DSE model, which in
turn is composed of application, platform, and binding models, each deÞned below.

The Application Model The meta-model deÞnes a generic representation to
capture both the structural and semantical aspects of the application models rele-
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Figure 3.17: The Tahmuras DSE meta-model.

vant to the DSE problem. The presented application model can be generated au-
tomatically from the models developed in a modeling framework such as ForSyDe
(e.g., using the introspection mechanism presented in Section 3.1.2). Syntacti-
cally, the application consists of a Þxed number of components which might be
inter-connected using graph-like binary relations. The semantics of execution and
communication for functional components is described using a set of constraints on
the logical clocks which are associated with each component. An application model
consists of

¥ a set of application components;
¥ a set of binary relations on the components;
¥ a set of application clock constraints; and
¥ a set of application metrics.

Each application component in turn is modeled by
¥ a set of logical clocks;
¥ a set of component clock constraints; and
¥ a set of component metrics.
The implementation of the framework uses an XML format to represent the

models. The constraints expressed in the XML Þles refer to the constraint libraries
provided by the framework (Figure 3.18). Paper IX shown how an application
modeled as as SDF graph can be captured using this format.

The Platform Model Tahmuras also deÞnes a platform meta-model to capture
ßexible target platforms and generate the platform problem from them. The plat-
form models are not restricted only to architectural structure and cost annotations
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but also the semantics of the services they provide to the application. This is nec-
essary to achieve a self-contained representation and avoid implicit coding of the
platform semantics in the binding logic. Syntactically, the platform consists of a
variable number of instantiatable components which might be inter-connected us-
ing graph-like binary relations. Instantiation constraints deÞne the valid platform
instances which can be investigated during DSE. The semantics of execution and
communication services that each clock provides to the application is captured using
a set of constraints on the logical clocks which are associated with each component.
A platform model consists of

¥ a set of platform component templates;
¥ a set of binary relations on the instantiated components;
¥ a set of platform instantiation constraints;
¥ a set of platform clock constraints; and
¥ a set of platform metrics.

Each platform component is also modeled by
¥ a set of variables;
¥ a set of component instantiation constraints;
¥ a set of logical clocks;
¥ a set of component clock constraints; and
¥ a set of component metrics.

The Binding Model In the context of Tahmuras, the binding model is inde-
pendent of the structure and semantics of the application and the ßexible target
platform. The binding model establishes binary relations between the application
and platform components and also schedules the application clocks on top of the
platform clocks. More speciÞcally, a binding model consists of

¥ a set of binary binding relations from application components to the instan-
tiated platform components;

¥ a set of binding constraints on the binding relations; and
¥ a set of binding clock constraints which sample application component clocks

on the clocks of the mapped platform component.
To compose problems generated from arbitrary application, platform and bind-

ing models, they need to agree on standard problem interfaces. Paper IX requires
the application components to either have a start and an end clock (computa-
tional), or a read and a write clock (communicational). Platform components have
an exec clock and a pair of read and write clocks for each of their ports which are
used to schedule the application clocks on them. Also, the binding problem needs
to provide a binary relation between the application components domain and the
platform components co-domain. For each application/platform component pair in
the binding relation, the application clock is sampled on the platform clock. The
union of all application clocks mapped onto a platform clock is a sub-clock that
platform clock. To avoid overlapping tasks, the exclusion constraint is posted on
every pair of clocks mapped to a platform component.
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Figure 3.18: CP modeling facilities provided by the 2nd generation of Tahmuras.

Realization

The current realization of Tahmuras uses MiniZinc and Gecode for modeling and
solving CSPs (Figure 3.18). MiniZinc [116] is a medium-level constraint modeling
language which is solver-independent and can model di!erent classes of constraint
problems. MiniZinc models are translated to the lower language FlatZinc which
is then used for interfacing to a variety of solvers while preserving solver speciÞc
optimized implementations of the constraints. A script accepts the application,
platform and binding models in XML format and generates a MiniZinc model of the
DSE CSP. From there, the Gecode solver is used to solve the generated problems
using given heuristic. Gecode [63] is a constraint development environment which
is deployed as a C++ class library and can be connected to MiniZinc (FlatZinc) as
a back-end. It enables the developers to program their own propagators, branchers,
variables, and search engines.

A CP formulation of the CCSL clocks and constraints imposed on them is
performed and implemented as a library in the constraint programming language
MiniZinc [116] (Figure 3.18). This formulation is presented below together with
a brief description of a representative set of the CCSL constraints is presented in
Paper IX and is summarized below.

Clocks and Time Structure A clock c is modeled as an array of 0/1 decision
variables with the length of the maximum scheduling steps. Aschedule for a CCSL
speciÞcation is a function of the formN æ 2C . For a schedule‡ and an execution
step n œ N, ‡(n) is the set of clocks that tick in n. c[n] denotes if c ticks in a
scheduling stepn. A clock configuration ‰‡ is a function C ◊ N æ N which for a
schedule‡ gives the number of times that a clockc œ C has ticked until step n œ N.
More precisely:

‰‡(c, n) =

'
()

(*

0 n = 0 : the initial conÞguration
‰‡(c, n ≠ 1) n > 0, c /œ ‡(n)
‰‡(c, n ≠ 1) + 1 n > 0, c œ ‡(n)

Clock Relations Clock relation constraints post constraints on two clocks. Syn-
chronous constraints are deÞned point-wise directly in each scheduling step while
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asynchronous constraints are deÞned using the clock conÞguration. For a consistent
schedule‡ the relation (non-strict) precedence is deÞned for instance as

c
1

Precedesc
2

… ’n œ N, ‰‡(c
1

, n) Ø ‰‡(c
2

, n)

Clock Expressions Clock expressions are used to deÞne implicit new clocks. A
newly added feature of the MiniZinc 2.0 language called MiniZinc functions are
used to provide a more natural syntax. For example, assuming an initialsi and
a periodic sp string used to construct an inÞnite 0/1 string as sq = si.(sp)w, the
FilteredBy constraint can be deÞned as following.

cf " c
1

FilteredBy si, sp … ’n œ N, ‰‡(cf , n) = ‰‡(sq, ‰‡(c
1

, n))

Case Studies

Paper IX reports the experiments performed to validate the ideas behind the second
generation of the Tahmuras framework. Two applications expressed in di!erent
MoCs and two di!erent target platforms are captured and composed with each other
using a simple binding policy. The Þrst application is an untimed SDF graph while
the second application is a time-triggered periodic task set. The Þrst platform model
used is a single-core machine (SC) running an RTOS with a preemptive scheduler.
The second platform considered is the TDM multi-processor platform. Using the
simple biding policy, DSE problem models of the three feasible combinations of
the above application and platform models are generated. A simple generic branch
and bound solve heuristic is devised which is automatically generated by the DSE
generation script. The models has been run with the satisfaction objective and
the feasibility of the output results are randomly veriÞed manually to ensure the
correctness of the models. E"cient solving engines and search heuristics can be
considered for a performant and scalable DSE.





Chapter 4

Conclusion

4.1 Summary

Composable construction of the models of 1) the systems and 2) the DSE problems
is the main approach of this thesis to manage the complexity of system design for
embedded and CPSs. The aim is to build on top of the formalisms in declarative
modeling paradigms but realize them in industry-standard SLDLs which are mainly
based on imperative languages. For each of the above areas in the thesis scope, a
modeling framework is proposed and implemented as a prototype.

The ForSyDe modeling framework, which is based on the theory of models of
computation, is adopted and extended to serve the purpose of modeling embedded
and cyber-physical systems. A reÞned layer of the ForSyDe formalism is presented
which extends its syntax and reÞnes its semantics for easier mapping to imperative
languages. This layer also proposes reßecting the internal structure of the sys-
tem models via introspection to an intermediate representation to easily export the
constructed models to external analysis/synthesis tools. The reÞned layer is pro-
jected to the IEEE-standard SLDL SystemC during in this thesis. A key feature of
ForSyDe is the notion of process constructors which is borrowed from higher-order
functions in functional languages. Process constructors make ForSyDe extensible
and customizable for di!erent modeling purposes and design activities. In the
context of this thesis, ForSyDe has been extended with a new DDE MoC which
is appropriate for modeling timed systems without a central time-synchronization
mechanism. The concept of co-simulation wrappers is another contribution of this
thesis. As an extension to ForSyDe, wrappers provide a mechanism to integrate
foreign models (legacy code, etc.) into ForSyDe in an isolated manner. These
wrappers have been used to propose a reÞnement-by-replacement design ßow where
system processes are gradually reÞned using their implementation models, keeping
the system validatable by simulation after each reÞnement step. The Þnal piece of
contribution to ForSyDe is the parallel and distributed simulation of ForSyDe mod-
els. ForSyDe is extended with facilities which can be used to execute a partitioned
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process network in parallel in a message-passing environment. An automated ßow
is proposed to partition a given ForSyDe model to a parallel/distributed model
for e"cient parallel/distributed simulation. The resulting EDSL is available as an
open-source library via the ForSyDe home page [148]. ForSyDe-SystemC has been
tested with several industrial and tutorial case studies and has been/is being used
in three European research projects.

The second part of the thesis is a step towards the goal of automatically con-
structing DSE tools based on composition of the application, platform, and binding
models; each probably provided by a separate party. In this thesis, the focus has
been mainly on automatic construction of DSE problem models while e"cient solv-
ing of the models are left for future work. As a result, the Tahmuras framework
is proposed in this thesis which is based on the constraint programming paradigm.
The framework provides a mechanism for modeling and characterizing the sys-
tem functionality, target platform, and binding models. These separate models
can be used to automatically generate constraint models and composed together
to form a constraint satisfaction problem representing the DSE problem of inter-
est. Experiments with timed and untimed application semantics on di!erent target
platforms are performed. Automatic generation of virtual prototypes is a feature
enabled by using Tahmuras for modeling and characterizing platforms. The gen-
erated models comply to the interoperability layer of TLM 2.0 which makes it
easy to reÞne the generated VPs with more precise component models. A basic
combined analytic/simulation-based design ßow targeting mixed-critical systems is
formulated using this technique.

The ForSyDe(-SystemC) and Tahmuras frameworks validate the objective of
this thesis which is managing the complexity of embedded and CPSs using for-
malisms which enable the designers to construct models of systems and design
problem in a composable style. Declarative formalisms provide a better support for
composable model construction but they can be projected onto industry-standard
imperative languages to increase their acceptance.

4.2 Outlook on Future Directions

The ForSyDe and Tahmuras frameworks can be extended into several interesting
directions. A short list of di!erent possibilities are presented below.

¥ ForSyDe process constructors have been mainly used to capture the execution
semantics of the system models. However, they could be extended for cap-
turing other non-functional properties such as power consumption and safety
patterns already in system-level.

¥ The extensibility of ForSyDe allows integration of di!erent MoCs. However,
ForSyDe so far has focused on static process network structures. This makes
it cumbersome to model adaptive systems such as the ones require interface
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adaptivity or more speciÞcally, dynamic data ßow MoCs such as scenario-
aware data ßow graphs [146].

¥ The Tahmuras framework supports composable construction of DSE problem
models at the moment. This can be extended to achieve composability for
constructing the search heuristics used to solve the models themselves. The
application, platform, and binding models need to be extended in such a way
that in addition to variables and constraints contain hints on e"cient solving
of the generated CPSs such as the variable/value order in branch-and-bound
solving. Recent research in the constraint programming Þeld such as search
combinators [141] are promising for this purpose.

¥ Many ESL design problems are formulated as multi-objective optimization
problems. Population-based methods are the most widely used search (meta-
) heuristics used to solve these problems. Although constraint programming
supports solving multi-objective optimization problems theoretically, this Þeld
has recently gained interest for research. For example, large nearest neigh-
borhood search algorithms [139] are employed to solve multi-objective CP
problems.

¥ ForSyDe and Tahmuras can be integrated into a correct-by-construction system-
level design ßow for software synthesis to predictable MPSoCs under real-
time or mixed-criticality constraints [134]. Starting from a heterogeneous
executable speciÞcation in ForSyDe(-SystemC), validation is done via simu-
lation, and then the intermediate XML representation is generated automat-
ically by introspection. Next, a transformation can be introduced to con-
vert the ForSyDe models to application models which comply to Tahmuras
meta-model. Together with a Tahmuras platform and binding model a DSE
problem model can be generated to Þnd optimal solutions. Platforms which
promise predictable services at design time are good candidates for analytic
DSE.





Bibliography

[1] A. Acosta Gómez. Hardware synthesis in ForSyDe: The design and implementation of a
ForSyDe-to-VHDL Haskell-embedded compiler. Master’s thesis, KTH Royal Institute of
Technology, 2007.

[2] B. Akesson, A. Molnos, A. Hansson, J. Angelo, and K. Goossens. Composability and pre-
dictability for independent application development, verification, and execution. In M. Hüb-
ner and J. Becker, editors, Multiprocessor System-on-Chip , pages 25–56. Springer New York,
2011. ISBN 978-1-4419-6459-5. URL http://dx.doi.org/10.1007/978-1-4419-6460-1_2.

[3] P. Alexander, R. Kamath, and D. Barton. System specification in Rosetta. In Proceedings
of the Conference and Workshopon on Engineering of Computer Based Systems (ECBS) ,
pages 299–307, 2000.

[4] E. Altinel. A design flow for predictable composable systems. Master’s thesis, KTH, School
of Information and Communication Technology (ICT), 2013.

[5] Standard SystemC AMS extensions 2.0 Language Reference Manual, 2013.

[6] C. André. Syntax and semantics of the clock constraint specification language (CCSL).
Rapport de recherche RR-6925, INRIA, 2009. URL http://hal.inria.fr/inria-00384077.

[7] C. André and F. Mallet. Clock constraints in UML/MARTE CCSL. Research Report
RR-6540, INRIA, 2008. URL http://hal.inria.fr/inria-00280941.

[8] C. André and F. Mallet. Specification and verification of time requirements with CCSL and
Esterel. In Proceedings of the Conference on Languages, Compilers, and Tools for Embedded
Systems (LCTES) , LCTES ’09, pages 167–176, New York, NY, USA, 2009. ACM. ISBN
978-1-60558-356-3. URL http://doi.acm.org/10.1145/1542452.1542475.

[9] C. André, F. Mallet, and R. Simone. Modeling time(s). In G. Engels, B. Opdyke, D. C.
Schmidt, and F. Weil, editors, Model Driven Engineering Languages and Systems , volume
4735 of Lecture Notes in Computer Science , pages 559–573. Springer Berlin Heidelberg,
2007. ISBN 978-3-540-75208-0. URL http://dx.doi.org/10.1007/978-3-540-75209-7_38.

[10] S. H. Attarzadeh Niaki, G. S. Beserra, N. Andersen, M. Verdon, and I. Sander. Hetero-
geneous system-level modeling for small and medium enterprises. In Proceedings of the
Symposium on Integrated Circuits and Systems Design (SBCCI) , pages 1–6, Aug 2012.

[11] S. H. Attarzadeh Niaki, A. Cevrero, P. Brisk, C. Nicopoulos, F. K. Gurkaynak, Y. Leblebici,
and P. Ienne. Design space exploration for field programmable compressor trees. In Proceed-
ings of the Conference on Compilers, Architectures and Synthesis for Embedded Systems
(CASES) , CASES ’08, pages 207–216, New York, NY, USA, 2008. ACM. ISBN 978-1-60558-
469-0.

[12] S. H. Attarzadeh Niaki, M. Jakobsen, T. Sulonen, and I. Sander. Formal heterogeneous
system modeling with SystemC. In Proceedings of the Forum on SpeciÞcation and Design
Languages (FDL) , pages 160–167, Sept 2012.

91

http://dx.doi.org/10.1007/978-1-4419-6460-1_2
http://hal.inria.fr/inria-00384077
http://hal.inria.fr/inria-00280941
http://doi.acm.org/10.1145/1542452.1542475
http://dx.doi.org/10.1007/978-3-540-75209-7_38


92 BIBLIOGRAPHY

[13] S. H. Attarzadeh Niaki, M. Mikulcak, F. Robino, and I. Sander. A framework for charac-
terizing predictable platform templates. Technical Report 14:01, KTH, Electronic Systems,
2014.

[14] S. H. Attarzadeh Niaki, M. Mikulcak, and I. Sander. Rapid virtual prototyping of real-
time systems using predictable platform characterizations. In Proceedings of the Forum on
SpeciÞcation Design Languages (FDL) , pages 1–8, Sept 2013.

[15] S. H. Attarzadeh Niaki, M. Mikulcak, and I. Sander. Automatic generation of virtual
prototypes from platform templates. In M.-M. Louërat and T. Maehne, editors, Languages,
Design Methods, and Tools for Electronic System Design , volume 311 of Lecture Notes in
Electrical Engineering . Springer International Publishing, 2015. ISBN 978-3-319-06316-4.

[16] S. H. Attarzadeh Niaki and I. Sander. Co-simulation of embedded systems in a heteroge-
neous MoC-based modeling framework. In Proceedings of the International Symposium on
Industrial Embedded Systems (SIES) , pages 238–247, 2011.

[17] S. H. Attarzadeh Niaki and I. Sander. Semi-formal refinement of heterogeneous embedded
systems by foreign model integration. In Proceedings of the Forum on SpeciÞcation and
Design Languages (FDL) , pages 1–8, 2011.

[18] S. H. Attarzadeh Niaki and I. Sander. An automated parallel simulation flow for hetero-
geneous embedded systems. In Proceedings of the Conference on Design, Automation and
Test in Europe (DATE) , pages 27–30, San Jose, CA, USA, 2013. EDA Consortium. ISBN
978-1-4503-2153-2.

[19] S. H. Attarzadeh Niaki and I. Sander. An extensible modeling methodology for embedded
and CPS design. Submitted to the ACM Trans. Des. Autom. Electron. Syst. , 2014.

[20] S. H. Attarzadeh Niaki and I. Sander. Automatic construction of models for analytic design
space exploration problems. In Submitted to the Conference on Design, Automation, and
Test in Europe (DATE) , 2015.

[21] J. Backus. Can programming be liberated from the Von Neumann style?: A functional style
and its algebra of programs. Commun. ACM , 21(8):613–641, August 1978. ISSN 0001-0782.
URL http://doi.acm.org/10.1145/359576.359579.

[22] F. Balarin, M. Chiodo, P. Giusto, H. Hsieh, A. Jurecska, L. Lavagno, C. Passerone,
A. Sangiovanni-Vincentelli, E. Sentovich, K. Suzuki, and B. Tabbara, editors. Hardware-
software Co-design of Embedded Systems: The POLIS Approach . Kluwer Academic Pub-
lishers, Norwell, MA, USA, 1997. ISBN 0-7923-9936-6.

[23] F. Balarin, Y. Watanabe, H. Hsieh, L. Lavagno, C. Passerone, and A. Sangiovanni-
Vincentelli. Metropolis: An integrated electronic system design environment. Computer , 36
(4):45–52, 2003.

[24] M. Bamakhrama, J. Zhai, H. Nikolov, and T. Stefanov. A methodology for automated
design of hard-real-time embedded streaming systems. In Proceedings of the Conference on
Design, Automation Test in Europe (DATE) , pages 941–946, March 2012.

[25] A. Basu, M. Bozga, and J. Sifakis. Modeling heterogeneous real-time components in BIP.
In Proceedings of the Conference on Software Engineering and Formal Methods(SEFM) ,
pages 3–12, Sept 2006.

[26] L. Benini, D. Bertozzi, D. Bruni, N. Drago, F. Fummi, and M. Poncino. SystemC cosim-
ulation and emulation of multiprocessor SoC designs. IEEE Computer , 36(4):53–59, April
2003. ISSN 0018-9162.

[27] A. Benveniste, P. Caspi, S. Edwards, N. Halbwachs, P. Le Guernic, and R. de Simone. The
synchronous languages 12 years later. Proceedings of the IEEE , 91(1):64–83, Jan 2003. ISSN
0018-9219.

http://doi.acm.org/10.1145/359576.359579


BIBLIOGRAPHY 93

[28] A. Benveniste and G. Berry. The synchronous approach to reactive and real-time systems.
Proceedings of the IEEE , 79(9):1270–1282, September 1991.

[29] A. Benveniste, B. Caillaud, L. P. Carloni, P. Caspi, and A. L. Sangiovanni-Vincentelli.
Composing heterogeneous reactive systems. ACM Trans. Embed. Comput. Syst. , 7(4):43:1–
43:36, August 2008. ISSN 1539-9087. URL http://doi.acm.org/10.1145/1376804.1376811.

[30] A. Benveniste, B. Caillaud, D. Nickovic, R. Passerone, J.-B. Raclet, P. Reinkemeier,
A. Sangiovanni-Vincentelli, W. Damm, T. Henzinger, and K. G. Larsen. Contracts for
System Design. Rapport de recherche RR-8147, INRIA, November 2012. URL http:
//hal.inria.fr/hal-00757488.

[31] G. S. Beserra, S. H. Attarzadeh Niaki, and I. Sander. Integrating virtual platforms into a
heterogeneous MoC-based modeling framework. In Proceedings of the Forum on SpeciÞca-
tion and Design Languages (FDL) , pages 143–150, Sept 2012.

[32] S. Bleuler, M. Laumanns, L. Thiele, and E. Zitzler. PISA — a platform and programming
language independent interface for search algorithms. In C. Fonseca, P. Fleming, E. Zitzler,
L. Thiele, and K. Deb, editors, Evolutionary Multi-Criterion Optimization , volume 2632 of
Lecture Notes in Computer Science , pages 494–508. Springer Berlin Heidelberg, 2003. ISBN
978-3-540-01869-8. URL http://dx.doi.org/10.1007/3-540-36970-8_35.

[33] T. Blickle, J. Teich, and L. Thiele. System-level synthesis using evolutionary algorithms.
Design Automation for Embedded Systems , 3(1):23–58, 1998. ISSN 0929-5585. URL http:
//dx.doi.org/10.1023/A%3A1008899229802.

[34] T. Blochwitz, M. Otter, J. Åkesson, M. Arnold, C. Clauss, H. Elmqvist, M. Friedrich,
A. Junghanns, J. Mauss, D. Neumerkel, H. Olsson, and A. Viel. Functional mockup interface
2.0: The standard for tool independent exchange of simulation models. In 9th International
Modelica Conference , 2012.

[35] A. Bonfietti, M. Lombardi, M. Milano, and L. Benini. Maximum-throughput mapping of
SDFGs on multi-core SoC platforms. Journal of Parallel and Distributed Computing , 73
(10):1337 – 1350, 2013. ISSN 0743-7315. URL http://www.sciencedirect.com/science/
article/pii/S0743731513001093.

[36] A. V. Brito, A. V. Negreiros, C. Roth, O. Sander, and J. Becker. Development and evaluation
of distributed simulation of embedded systems using ptolemy and hla. In Proceedings of the
Symposium on Distributed Simulation and Real Time Applications (DS-RT) , pages 189–
196, Washington, DC, USA, 2013. IEEE Computer Society. ISBN 978-0-7695-5138-8. URL
http://dx.doi.org/10.1109/DS-RT.2013.28.

[37] D. Broman, C. Brooks, L. Greenberg, E. A. Lee, M. Masin, S. Tripakis, and M. Wetter.
Determinate composition of FMUs for co-simulation. In Proceedings of the Conference on
Embedded Software (EMSOFT) , pages 2:1–2:12, Piscataway, NJ, USA, 2013. IEEE Press.
ISBN 978-1-4799-1443-2.

[38] D. Broman, E. A. Lee, S. Tripakis, and M. Törngren. Viewpoints, formalisms, languages,
and tools for cyber-physical systems. In Proceedings of the Workshop on Multi-Paradigm
Modeling , MPM ’12, pages 49–54, New York, NY, USA, 2012. ACM. ISBN 978-1-4503-
1805-1. URL http://doi.acm.org/10.1145/2508443.2508452.

[39] A. Cevrero, P. Athanasopoulos, H. Parandeh-Afshar, A. K. Verma, H. S. Attarzadeh Niaki,
C. Nicopoulos, F. K. Gurkaynak, P. Brisk, Y. Leblebici, and P. Ienne. Field programmable
compressor trees: Acceleration of multi-input addition on FPGAs. ACM Trans. ReconÞg-
urable Technol. Syst. , 2(2):13:1–13:36, June 2009. ISSN 1936-7406.

[40] W. Chen, X. Han, C.-W. Chang, and R. Domer. Advances in parallel discrete event sim-
ulation for electronic system-level design. IEEE Design and Test , 30(1):45–54, Feb 2013.
ISSN 2168-2356.

http://doi.acm.org/10.1145/1376804.1376811
http://hal.inria.fr/hal-00757488
http://hal.inria.fr/hal-00757488
http://dx.doi.org/10.1007/3-540-36970-8_35
http://dx.doi.org/10.1023/A%3A1008899229802
http://dx.doi.org/10.1023/A%3A1008899229802
http://www.sciencedirect.com/science/article/pii/S0743731513001093
http://www.sciencedirect.com/science/article/pii/S0743731513001093
http://dx.doi.org/10.1109/DS-RT.2013.28
http://doi.acm.org/10.1145/2508443.2508452


94 BIBLIOGRAPHY

[41] R. Cipriano, L. Di Gaspero, and A. Dovier. A multi-paradigm tool for large neighborhood
search. In E.-G. Talbi, editor, Hybrid Metaheuristics , volume 434 of Studies in Computa-
tional Intelligence , pages 389–414. Springer Berlin Heidelberg, 2013. ISBN 978-3-642-30670-
9. URL http://dx.doi.org/10.1007/978-3-642-30671-6_15.

[42] M. I. Cole. Algorithmic skeletons: structured management of parallel computation . Pitman
London, 1989.

[43] D. L. Cuadrado, A. P. Ravn, and P. Koch. Automated distributed simulation in Ptolemy
II. In Proceedings of the Conference on Parallel and Distributed Computing and Networks ,
PDCN’07, pages 139–144, Anaheim, CA, USA, 2007. ACTA Press. URL http://dl.acm.
org/citation.cfm?id=1295581.1295604.

[44] J. Darlington, A. Field, P. Harrison, P. Kelly, D. Sharp, Q. Wu, and R. While. Parallel
programming using skeleton functions. In A. Bode, M. Reeve, and G. Wolf, editors, PARLE
Õ93 Parallel Architectures and Languages Europe , volume 694 of Lecture Notes in Computer
Science, pages 146–160. Springer Berlin Heidelberg, 1993. ISBN 978-3-540-56891-9.

[45] A. Davare, D. Densmore, L. Guo, R. Passerone, A. L. Sangiovanni-Vincentelli, A. Simalatsar,
and Q. Zhu. metroII: A design environment for cyber-physical systems. ACM Trans. Embed.
Comput. Syst. , 12(1s):49:1–49:31, March 2013. ISSN 1539-9087. URL http://doi.acm.org/
10.1145/2435227.2435245.

[46] R. I. Davis and A. Burns. A survey of hard real-time scheduling for multiprocessor systems.
ACM Comput. Surv. , 43(4):35:1–35:44, October 2011. ISSN 0360-0300. URL http://doi.
acm.org/10.1145/1978802.1978814.

[47] L. de Alfaro and T. A. Henzinger. Interface automata. In Proceedings of the European
Software Engineering Conference and Symposium on Foundations of Software Engineering ,
ESEC/FSE-9, pages 109–120, New York, NY, USA, 2001. ACM. ISBN 1-58113-390-1. URL
http://doi.acm.org/10.1145/503209.503226.

[48] J. Deantoni and F. Mallet. TimeSquare: Treat your models with logical time. In S. N. Carlo
A. Furia, editor, TOOLS - 50th International Conference on Objects, Models, Components,
Patterns , volume 7304 of Lecture Notes in Computer Science - LNCS , pages 34–41, Prague,
Czech Republic, May 2012. Czech Technical University in Prague, in co-operation with ETH
Zurich, Springer. URL http://hal.inria.fr/hal-00688590.

[49] A. DeHon, J. Adams, M. deLorimier, N. Kapre, Y. Matsuda, H. Naeimi, M. Vanier, and
M. Wrighton. Design patterns for reconfigurable computing. In Proceedings of the IEEE
Symposium on Field-Programmable Custom Computing Machines (FCCM) , pages 13–23,
April 2004.

[50] P. Derler, E. Lee, and A.-S. Vincentelli. Modeling cyber-physical systems. Proceedings of
the IEEE , 100(1):13–28, Jan 2012. ISSN 0018-9219.

[51] L. Di Guglielmo, F. Fummi, G. Pravadelli, F. Stefanni, and S. Vinco. UNIVERCM: The
universal versatile computational model for heterogeneous system integration. IEEE Trans-
actions on Computers , 62(2):225–241, Feb 2013. ISSN 0018-9340.

[52] P. I. Diallo. Model-based engineering for the support of models of computation: The Cometa
approach. ECEASST , 50, 2011.

[53] R. Dömer, A. Gerstlauer, and D. Gajski. SpecC language reference manual, version 2.0,
2002.

[54] B. Eames, S. Neema, and R. Saraswat. DesertFD: a finite-domain constraint based tool
for design space exploration. Design Automation for Embedded Systems , 14(1):43–74, 2010.
ISSN 0929-5585. URL http://dx.doi.org/10.1007/s10617-009-9049-z.

http://dx.doi.org/10.1007/978-3-642-30671-6_15
http://dl.acm.org/citation.cfm?id=1295581.1295604
http://dl.acm.org/citation.cfm?id=1295581.1295604
http://doi.acm.org/10.1145/2435227.2435245
http://doi.acm.org/10.1145/2435227.2435245
http://doi.acm.org/10.1145/1978802.1978814
http://doi.acm.org/10.1145/1978802.1978814
http://doi.acm.org/10.1145/503209.503226
http://hal.inria.fr/hal-00688590
http://dx.doi.org/10.1007/s10617-009-9049-z


BIBLIOGRAPHY 95

[55] S. Edwards, L. Lavagno, E. Lee, and A. Sangiovanni-Vincentelli. Design of embedded
systems: formal models, validation, and synthesis. Proceedings of the IEEE , 85(3):366–390,
Mar 1997. ISSN 0018-9219.

[56] R. Ernst and A. A. Jerraya. Embedded system design with multiple languages: Embedded
tutorial. In Proceedings of the 2000 Asia and South PaciÞc Design Automation Conference ,
ASP-DAC ’00, pages 391–396, New York, NY, USA, 2000. ACM. ISBN 0-7803-5974-7. URL
http://doi.acm.org/10.1145/368434.368701.

[57] J. Falk, C. Haubelt, and J. Teich. E�cient representation and simulation of model-based
designs in SystemC. In Proceedings of the Forum on SpeciÞcation and Design Languages
(FDL) , volume 6, 2006.

[58] J. Fitzgerald, P. G. Larsen, and M. Verhoef, editors. Collaborative Design for Embedded
Systems - Co-modelling and Co-simulation . Springer Berlin Heidelberg, 2014. ISBN 978-3-
642-54117-9. URL http://dx.doi.org/10.1007/978-3-642-54118-6.

[59] R. M. Fujimoto. Parallel discrete event simulation. Commun. ACM , 33(10):30–53, October
1990. ISSN 0001-0782. URL http://doi.acm.org/10.1145/84537.84545.

[60] F. Fummi, M. Poncino, S. Martini, F. Ricciato, G. Perbellini, and M. Turolla. Heterogeneous
co-simulation of networked embedded systems. In Proceedings of the Design, Automation
and Test in Europe Conference and Exhibition (DATE) , volume 3, pages 168–173 Vol.3,
Feb 2004.

[61] D. Gajski and R. Kuhn. Guest editors’ introduction: New VLSI tools. Computer , 16(12):
11–14, Dec 1983. ISSN 0018-9162. URL http://dx.doi.org/10.1109/MC.1983.1654264.

[62] R. Gascon, F. Mallet, and J. DeAntoni. Logical time and temporal logics: Comparing UML
MARTE/CCSL and PSL. In Proceedings of the International Symposium on Temporal
Representation and Reasoning (TIME) , pages 141–148, Sept 2011.

[63] Gecode Team. Gecode: Generic constraint development environment, 2013. Available from
http://www.gecode.org.

[64] F. Ghenassia. Transaction-Level Modeling with SystemC: TLM Concepts and Applications
for Embedded Systems. Springer Publishing Company, Incorporated, 1st edition, 2010. ISBN
1441938753, 9781441938756.

[65] R. Goering. Platform-based design: A choice, not a panacea. EETimes magazine. http:
//www.eetimes.com/document.asp?doc_id=1145138, Nov 2002.

[66] K. Goossens, A. Azevedo, K. Chandrasekar, M. D. Gomony, S. Goossens, M. Koedam,
Y. Li, D. Mirzoyan, A. Molnos, A. B. Nejad, A. Nelson, and S. Sinha. Virtual execution
platforms for mixed-time-criticality systems: The CompSOC architecture and design flow.
SIGBED Rev. , 10(3):23–34, October 2013. ISSN 1551-3688. URL http://doi.acm.org/10.
1145/2544350.2544353.

[67] M. Gries. Methods for evaluating and covering the design space during early design de-
velopment. Integration, the VLSI Journal , 38(2):131 – 183, 2004. ISSN 0167-9260. URL
http://www.sciencedirect.com/science/article/pii/S016792600400032X.

[68] S. Ha, S. Kim, C. Lee, Y. Yi, S. Kwon, and Y.-P. Joo. PeaCE: A hardware-software codesign
environment for multimedia embedded systems. ACM Trans. Des. Autom. Electron. Syst. ,
12(3):24:1–24:25, May 2008. ISSN 1084-4309. URL http://doi.acm.org/10.1145/1255456.
1255461.

[69] A. Hamann, M. Jersak, K. Richter, and R. Ernst. A framework for modular analysis and
exploration of heterogeneous embedded systems. Real-Time Systems , 33(1-3):101–137, 2006.
ISSN 0922-6443. URL http://dx.doi.org/10.1007/s11241-006-6884-x.

http://doi.acm.org/10.1145/368434.368701
http://dx.doi.org/10.1007/978-3-642-54118-6
http://doi.acm.org/10.1145/84537.84545
http://dx.doi.org/10.1109/MC.1983.1654264
http://www.gecode.org
http://www.eetimes.com/document.asp?doc_id=1145138
http://www.eetimes.com/document.asp?doc_id=1145138
http://doi.acm.org/10.1145/2544350.2544353
http://doi.acm.org/10.1145/2544350.2544353
http://www.sciencedirect.com/science/article/pii/S016792600400032X
http://doi.acm.org/10.1145/1255456.1255461
http://doi.acm.org/10.1145/1255456.1255461
http://dx.doi.org/10.1007/s11241-006-6884-x


96 BIBLIOGRAPHY

[70] C. Hardebolle and F. Boulanger. ModHel’X: A component-oriented approach to multi-
formalism modeling. In H. Giese, editor, Models in Software Engineering , volume 5002 of
Lecture Notes in Computer Science , pages 247–258. Springer Berlin Heidelberg, 2008. ISBN
978-3-540-69069-6. URL http://dx.doi.org/10.1007/978-3-540-69073-3_26.

[71] C. Hardebolle and F. Boulanger. Exploring multi-paradigm modeling techniques. SIM-
ULATION , 85(11-12):688–708, 2009. URL http://sim.sagepub.com/content/85/11-12/
688.abstract.

[72] F. Herrera, S. H. Attarzadeh Niaki, and I. Sander. Towards a modelling and design frame-
work for mixed-criticality SoCs and systems-of-systems. In Proceedings of the Conference
on Digital System Design (DSD) , pages 989–996, Sept 2013.

[73] F. Herrera and I. Sander. Combining analytical and simulation-based design space explo-
ration for time-critical systems. In SpeciÞcation Design Languages (FDL), 2013 Forum on ,
pages 1–8, Sept 2013.

[74] F. Herrera and E. Villar. A framework for heterogeneous specification and design of elec-
tronic embedded systems in SystemC. ACM Trans. Des. Autom. Electron. Syst. , 12(3):22:1–
22:31, May 2008. ISSN 1084-4309. URL http://doi.acm.org/10.1145/1255456.1255459.

[75] G. Hjort Blindell, C. Menne, and I. Sander. Synthesizing code for GPGPUs from abstract
formal models. In Proceedings of the Forum on SpeciÞcation and Design Languages (FDL) ,
2014.

[76] IEEE standard for standard SystemC language reference manual. IEEE Std 1666-2011
(Revision of IEEE Std 1666-2005) , pages 1–638, Jan 2012.

[77] K. Iwano and K. Steiglitz. Testing for cycles in infinite graphs with periodic structure. In
Proceedings of the Symposium on Theory of Computing (STOC) , pages 46–55, New York,
NY, USA, 1987. ACM. ISBN 0-89791-221-7. URL http://doi.acm.org/10.1145/28395.
28401.

[78] M. K. Jakobsen, J. Madsen, S. H. Attarzadeh Niaki, I. Sander, and J. Hansen. System level
modelling with open source tools. In Embedded World Conference , 2011.

[79] M. K. Jakobsen. Formal methods for design and simulation of embedded systems . PhD
thesis, Technical University of Denmark, 2013.

[80] A. Jantsch. Modeling Embedded Systems and SoCs: Concurrency and Time in Models of
Computation . Electronics & Electrical. MORGAN KAUFMAN PUBL Incorporated, 2004.
ISBN 9781558609259.

[81] A. Jantsch, I. Sander, and W. Wu. The usage of stochastic processes in embedded sys-
tem specifications. In Proceedings of the International Symposium on Hardware/Software
Codesign, CODES ’01, pages 5–10, New York, NY, USA, 2001. ACM. ISBN 1-58113-364-2.

[82] Z. J. Jia, T. Bautista, A. Núñez, A. D. Pimentel, and M. Thompson. A system-level
infrastructure for multidimensional MP-SoC design space co-exploration. ACM Trans.
Embed. Comput. Syst. , 13(1s):27:1–27:26, December 2013. ISSN 1539-9087. URL http:
//doi.acm.org/10.1145/2536747.2536749.

[83] Z. Jia, A. Núñez, T. Bautista, and A. Pimentel. A two-phase design space exploration
strategy for system-level real-time application mapping onto MPSoC. Microprocessors and
Microsystems , 38(1):9 – 21, 2014. ISSN 0141-9331. URL http://www.sciencedirect.com/
science/article/pii/S0141933113001361.

[84] T. Kangas, P. Kukkala, H. Orsila, E. Salminen, M. Hännikäinen, T. D. Hämäläinen,
J. Riihimäki, and K. Kuusilinna. UML-based multiprocessor SoC design framework.
ACM Trans. Embed. Comput. Syst. , 5(2):281–320, May 2006. ISSN 1539-9087. URL
http://doi.acm.org/10.1145/1151074.1151077.

http://dx.doi.org/10.1007/978-3-540-69073-3_26
http://sim.sagepub.com/content/85/11-12/688.abstract
http://sim.sagepub.com/content/85/11-12/688.abstract
http://doi.acm.org/10.1145/1255456.1255459
http://doi.acm.org/10.1145/28395.28401
http://doi.acm.org/10.1145/28395.28401
http://doi.acm.org/10.1145/2536747.2536749
http://doi.acm.org/10.1145/2536747.2536749
http://www.sciencedirect.com/science/article/pii/S0141933113001361
http://www.sciencedirect.com/science/article/pii/S0141933113001361
http://doi.acm.org/10.1145/1151074.1151077


BIBLIOGRAPHY 97

[85] J. Keinert, M. Streubühr, T. Schlichter, J. Falk, J. Gladigau, C. Haubelt, J. Teich, and
M. Meredith. SystemCoDesigner—an automatic ESL synthesis approach by design space
exploration and behavioral synthesis for streaming applications. ACM Trans. Des. Autom.
Electron. Syst. , 14(1):1:1–1:23, January 2009. ISSN 1084-4309. URL http://doi.acm.org/
10.1145/1455229.1455230.

[86] T. Kempf, G. Ascheid, and R. Leupers. Multiprocessor Systems on Chip: Design Space Ex-
ploration . Springer Publishing Company, Incorporated, 1st edition, 2011. ISBN 1441981527,
9781441981523. URL http://dx.doi.org/10.1007/978-1-4419-8153-0.

[87] S. Kent. Model driven engineering. In M. Butler, L. Petre, and K. Sere, editors, Inte-
grated Formal Methods , volume 2335 of Lecture Notes in Computer Science , pages 286–298.
Springer Berlin Heidelberg, 2002. ISBN 978-3-540-43703-1. URL http://dx.doi.org/10.
1007/3-540-47884-1_16.

[88] K. Keutzer, A. Newton, J. Rabaey, and A. Sangiovanni-Vincentelli. System-level design:
orthogonalization of concerns and platform-based design. IEEE Transactions on Computer-
Aided Design of Integrated Circuits and Systems , 19(12):1523–1543, Dec 2000. ISSN 0278-
0070.

[89] B. Kienhuis, E. Deprettere, K. Vissers, and P. van der Wolf. An approach for quantitative
analysis of application-specific dataflow architectures. In Proceedings of the Conference on
Application-SpeciÞc Systems, Architectures and Processors (ASAP) , pages 338–349, July
1997.

[90] M. Kim, S. Banerjee, N. Dutt, and N. Venkatasubramanian. Design space exploration of
real-time multi-media MPSoCs with heterogeneous scheduling policies. In Proceedings of the
Conference on Hardware/Software Codesign and System Synthesis (CODES+ISSS) , pages
16–21, Oct 2006.

[91] C. Kong and P. Alexander. The Rosetta meta-model framework. In Proceedings of the
Conference and Workshop on the Engineering of Computer-Based Systems , pages 133–140,
April 2003.

[92] H. Kopetz. Real-Time Systems: Design Principles for Distributed Embedded Applica-
tions . Springer Publishing Company, Incorporated, 2nd edition, 2011. ISBN 1441982361,
9781441982360.

[93] K. Kuchcinski. Constraints-driven scheduling and resource assignment. ACM Trans. Des.
Autom. Electron. Syst. , 8(3):355–383, July 2003. ISSN 1084-4309. URL http://doi.acm.
org/10.1145/785411.785416.

[94] L. Lamport. Time, clocks, and the ordering of events in a distributed system. Commun.
ACM , 21(7):558–565, July 1978. ISSN 0001-0782. URL http://doi.acm.org/10.1145/
359545.359563.

[95] G. Lasnier, J. Cardoso, P. Siron, C. Pagetti, and P. Derler. Distributed simulation of
heterogeneous and real-time systems. In Proceedings of the Symposium on Distributed
Simulation and Real Time Applications (DS-RT) , pages 55–62, Oct 2013.

[96] E. Lee and T. Parks. Dataflow process networks. Proceedings of the IEEE , 83(5):773–801,
May 1995. ISSN 0018-9219.

[97] E. Lee and A. Sangiovanni-Vincentelli. A framework for comparing models of computation.
Computer-Aided Design of Integrated Circuits and Systems, IEEE Transactions on , 17(12):
1217–1229, 1998. ISSN 0278-0070.

[98] E. A. Lee. Disciplined heterogeneous modeling. In O. H. D.C. Petriu, N. Rouquette, editor,
Proceedings of the International Conference on Model Driven Engineering, Languages, and
Systems (MODELS) , pages 273–287. LNCS 6395, Springer-Verlag, October 2010.

http://doi.acm.org/10.1145/1455229.1455230
http://doi.acm.org/10.1145/1455229.1455230
http://dx.doi.org/10.1007/978-1-4419-8153-0
http://dx.doi.org/10.1007/3-540-47884-1_16
http://dx.doi.org/10.1007/3-540-47884-1_16
http://doi.acm.org/10.1145/785411.785416
http://doi.acm.org/10.1145/785411.785416
http://doi.acm.org/10.1145/359545.359563
http://doi.acm.org/10.1145/359545.359563


98 BIBLIOGRAPHY

[99] J. W. Lloyd. Practical advantages of declarative programming. In Proceedings of the Joint
Conference on Declarative Programming, GULP-PRODE , volume 94, page 94, 1994.

[100] M. Loghi, T. Margaria, G. Pravadelli, and B. Ste�en. Dynamic and formal verification
of embedded systems: A comparative survey. International Journal of Parallel Pro-
gramming , 33(6):585–611, 2005. ISSN 0885-7458. URL http://dx.doi.org/10.1007/
s10766-005-8911-2.

[101] M. Lukasiewycz, M. Glaß, C. Haubelt, and J. Teich. E�cient symbolic multi-objective
design space exploration. In Proceedings of the Asia and South PaciÞc Design Automation
Conference (ASPDAC) , ASP-DAC ’08, pages 691–696, Los Alamitos, CA, USA, 2008. IEEE
Computer Society Press. ISBN 978-1-4244-1922-7. URL http://dl.acm.org/citation.cfm?
id=1356802.1356969.

[102] K. Marquet, M. Moy, and B. Karkare. A theoretical and experimental review of SystemC
front-ends. In Proceedings of the Forum on SpeciÞcation Design Languages (FDL) , pages
1–6. IET, 2010.

[103] K. Marquet and M. Moy. PinaVM: a SystemC front-end based on an executable interme-
diate representation. In Proceedings of the conference on Embedded software (EMSOFT) ,
EMSOFT ’10, pages 79–88, New York, NY, USA, 2010. ACM. ISBN 978-1-60558-904-6.
URL http://doi.acm.org/10.1145/1879021.1879032.

[104] D. Mathaikutty, H. Patel, S. Shukla, and A. Jantsch. EWD: A metamodeling driven cus-
tomizable multi-MoC system modeling framework. ACM Trans. Des. Autom. Electron.
Syst., 12(3):33:1–33:43, May 2008. ISSN 1084-4309. URL http://doi.acm.org/10.1145/
1255456.1255470.

[105] D. A. Mathaikutty, H. D. Patel, S. K. Shukla, and A. Jantsch. UMoC++: A C++-based
multi-MoC modeling environment. In Applications of SpeciÞcation and Design Languages
for SoCs, pages 115–130. Springer, 2006.

[106] D. Mathaikutty, H. Patel, S. Shukla, and A. Jantsch. SML-Sys: a functional framework with
multiple models of computation for modeling heterogeneous system. Design Automation
for Embedded Systems, 12(1-2):1–30, 2008. ISSN 0929-5585. URL http://dx.doi.org/10.
1007/s10617-008-9012-4.

[107] MathWorks. MATLAB/Simulink. http://www.mathworks.com, 2014.

[108] M. Mikulcak. Development of a predictable hardware architecture template and integration
into an automated system design flow. Master’s thesis, KTH, School of Information and
Communication Technology (ICT), 2013.

[109] J. Misra. Distributed discrete-event simulation. ACM Comput. Surv. , 18(1):39–65, March
1986. ISSN 0360-0300.

[110] Modelica Association. Modelica - a unified object-oriented language for systems modeling -
language specification, version 3.3, 2012.

[111] S. Mohanty, V. K. Prasanna, S. Neema, and J. Davis. Rapid design space exploration
of heterogeneous embedded systems using symbolic search and multi-granular simulation.
In Proceedings of the Joint Conference on Languages, Compilers and Tools for Embedded
Systems: Software and Compilers for Embedded Systems , LCTES/SCOPES ’02, pages 18–
27, New York, NY, USA, 2002. ACM. ISBN 1-58113-527-0. URL http://doi.acm.org/10.
1145/513829.513835.

[112] P.-A. Muller, F. Fleurey, and J.-M. Jézéquel. Weaving executability into object-oriented
meta-languages. In L. Briand and C. Williams, editors, Model Driven Engineering Lan-
guages and Systems, volume 3713 of Lecture Notes in Computer Science , pages 264–278.
Springer Berlin Heidelberg, 2005. ISBN 978-3-540-29010-0. URL http://dx.doi.org/10.
1007/11557432_19.

http://dx.doi.org/10.1007/s10766-005-8911-2
http://dx.doi.org/10.1007/s10766-005-8911-2
http://dl.acm.org/citation.cfm?id=1356802.1356969
http://dl.acm.org/citation.cfm?id=1356802.1356969
http://doi.acm.org/10.1145/1879021.1879032
http://doi.acm.org/10.1145/1255456.1255470
http://doi.acm.org/10.1145/1255456.1255470
http://dx.doi.org/10.1007/s10617-008-9012-4
http://dx.doi.org/10.1007/s10617-008-9012-4
http://www.mathworks.com
http://doi.acm.org/10.1145/513829.513835
http://doi.acm.org/10.1145/513829.513835
http://dx.doi.org/10.1007/11557432_19
http://dx.doi.org/10.1007/11557432_19


BIBLIOGRAPHY 99

[113] M. Nanjundappa, H. Patel, B. Jose, and S. Shukla. SCGPSim: A fast SystemC simulator
on GPUs. In Proceedings of the Asia and South PaciÞc Design Automation Conference
(ASP-DAC) , pages 149–154, Jan 2010.

[114] National Instruments. NI LabVIEW. http://www.ni.com/labview/, 2014.

[115] S. Neema, J. Sztipanovits, G. Karsai, and K. Butts. Constraint-based design-space explo-
ration and model synthesis. In R. Alur and I. Lee, editors, Embedded Software, volume 2855
of Lecture Notes in Computer Science , pages 290–305. Springer Berlin Heidelberg, 2003.
ISBN 978-3-540-20223-3. URL http://dx.doi.org/10.1007/978-3-540-45212-6_19.

[116] N. Nethercote, P. Stuckey, R. Becket, S. Brand, G. Duck, and G. Tack. MiniZinc: To-
wards a standard CP modelling language. In C. Bessière, editor, Principles and Practice
of Constraint Programming Ð CP 2007 , volume 4741 of Lecture Notes in Computer Sci-
ence, pages 529–543. Springer Berlin Heidelberg, 2007. ISBN 978-3-540-74969-1. URL
http://dx.doi.org/10.1007/978-3-540-74970-7_38.

[117] G. Nicolescu and P. J. Mosterman. Model-Based Design for Embedded Systems . CRC Press,
Inc., Boca Raton, FL, USA, 1st edition, 2010. ISBN 1420067842, 9781420067842.

[118] H. Nikolov, T. Stefanov, and E. Deprettere. Systematic and automated multiprocessor
system design, programming, and implementation. IEEE Transactions on Computer-Aided
Design of Integrated Circuits and Systems , 27(3):542–555, March 2008. ISSN 0278-0070.

[119] J. Öberg and F. Robino. A NoC system generator for the sea-of-cores era. In Proceedings
of the FPGAWorld Conference , FPGAWorld ’11, pages 4:1–4:6, New York, NY, USA, 2011.
ACM. ISBN 978-1-4503-1021-5. URL http://doi.acm.org/10.1145/2157871.2157875.

[120] R. Obermaisser and H. Kopetz. GENESYS: An ARTEMIS Cross-Domain Reference Ar-
chitecture for Embedded Systems . Suedwestdeutscher Verlag fuer Hochschulschriften, 2009.
ISBN 9783838110400.

[121] Object Management Group (OMG). UML profile for MARTE: Modeling and analysis of
real-time embedded systems, version 1.1, 2011.

[122] Object Management Group (OMG). Systems modeling language (SysML), version 1.3, 2012.

[123] J. D. Owens, D. Luebke, N. Govindaraju, M. Harris, J. Krüger, A. E. Lefohn, and T. J.
Purcell. A survey of general-purpose computation on graphics hardware. Computer Graphics
Forum , 26(1):80–113, 2007. ISSN 1467-8659.

[124] H. Patel and S. K. Shukla. SystemC kernel extensions for heterogeneous system modeling:
a framework for multi-MoC modeling & simulation . Kluwer Academic Pub, 2004.

[125] M.-A. Peraldi-Frati and J. DeAntoni. Scheduling multi clock real time systems: From
requirements to implementation. In Proceedings of the International Symposium on
Object/Component/Service-Oriented Real-Time Distributed Computing (ISORC) , pages
50–57, March 2011.

[126] A. Pimentel, C. Erbas, and S. Polstra. A systematic approach to exploring embedded
system architectures at multiple abstraction levels. IEEE Transactions on Computers , 55
(2):99–112, Feb 2006. ISSN 0018-9340.

[127] A. Pinto, L. Carloni, and A. Sangiovanni-Vincentelli. A methodology for constraint-driven
synthesis of on-chip communications. IEEE Transactions on Computer-Aided Design of
Integrated Circuits and Systems , 28(3):364–377, March 2009. ISSN 0278-0070.

[128] C. Ptolemaeus, editor. System Design, Modeling, and Simulation using Ptolemy II .
Ptolemy.org, 2014. URL http://ptolemy.org/books/Systems.

[129] H. J. Reekie. Realtime Signal Processing Ð Dataßow, Visual, and Functional Programming .
PhD thesis, University of Technology at Sydney, 1995.

http://www.ni.com/labview/
http://dx.doi.org/10.1007/978-3-540-45212-6_19
http://dx.doi.org/10.1007/978-3-540-74970-7_38
http://doi.acm.org/10.1145/2157871.2157875
http://ptolemy.org/books/Systems


100 BIBLIOGRAPHY

[130] F. Robino and J. Oberg. The HeartBeat model: A platform abstraction enabling fast
prototyping of real-time applications on NoC-based MPSoC on FPGA. In Proceedings of
the Workshop o ReconÞgurable and Communication-Centric Systems-on-Chip (ReCoSoC) ,
pages 1–8, July 2013.

[131] F. Rossi, P. v. Beek, and T. Walsh. Handbook of Constraint Programming . Elsevier Science
Inc., New York, NY, USA, 2006. ISBN 0444527265.

[132] J. Rowson. Hardware/software co-simulation. In Proceedings of the Design Automation
Conference (DAC) , pages 439–440, June 1994.

[133] I. Sander and A. Jantsch. System modeling and transformational design refinement in
ForSyDe. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Sys-
tems, 23(1):17–32, 2004. ISSN 0278-0070.

[134] I. Sander and S. H. Attarzadeh Niaki. Towards a formal software synthesis methodology for
embedded multiprocessor systems. In First International Software Technology Exchange
Workshop (STEW) , 2011.

[135] I. Sander and A. Jantsch. Modelling adaptive systems in ForSyDe. Electronic Notes in
Theoretical Computer Science , 200(2):39 – 54, 2008. ISSN 1571-0661. Proceedings of the
Workshop on Verification of Adaptive Systems (VerAS).

[136] A. Sangiovanni-Vincentelli. Quo Vadis, SLD? reasoning about the trends and challenges of
system level design. Proceedings of the IEEE , 95(3):467–506, March 2007. ISSN 0018-9219.

[137] A. Sangiovanni-Vincentelli, W. Damm, and R. Passerone. Taming Dr. Frankenstein:
Contract-based design for cyber-physical systems. European Journal of Control , 18(3):
217 – 238, 2012. ISSN 0947-3580. URL http://www.sciencedirect.com/science/article/
pii/S0947358012709433.

[138] H. S. Sarjoughian. Model composability. In Proceedings of the 38th Conference on Winter
Simulation , WSC ’06, pages 149–158. Winter Simulation Conference, 2006. ISBN 1-4244-
0501-7. URL http://dl.acm.org/citation.cfm?id=1218112.1218144.

[139] P. Schaus and R. Hartert. Multi-objective large neighborhood search. In C. Schulte, editor,
Principles and Practice of Constraint Programming , volume 8124 of Lecture Notes in Com-
puter Science , pages 611–627. Springer Berlin Heidelberg, 2013. ISBN 978-3-642-40626-3.
URL http://dx.doi.org/10.1007/978-3-642-40627-0_46.

[140] D. C. Schmidt. Guest editor’s introduction: Model-driven engineering. Computer , 39(2):
25–31, 2006. ISSN 0018-9162.

[141] T. Schrijvers, G. Tack, P. Wuille, H. Samulowitz, and P. Stuckey. Search combinators.
Constraints , 18(2):269–305, 2013. ISSN 1383-7133. URL http://dx.doi.org/10.1007/
s10601-012-9137-8.

[142] T. Schubert and W. Nebel. The Quiny SystemC front end: Self-synthesising designs. In
S. Huss, editor, Advances in Design and SpeciÞcation Languages for Embedded Systems ,
pages 93–109. Springer Netherlands, 2007. ISBN 978-1-4020-6147-9. URL http://dx.doi.
org/10.1007/978-1-4020-6149-3_6.

[143] Semiconductor Industry Association et al. International technology roadmap for semicon-
ductors (ITRS). public , 2013. URL http://www.itrs.net/Links/2013ITRS/Home2013.htm.

[144] C. Silvano, W. Fornaciari, G. Palermo, V. Zaccaria, F. Castro, M. Martinez, S. Bocchio,
R. Zafalon, P. Avasare, G. Vanmeerbeeck, C. Ykman-Couvreur, M. Wouters, C. Kavka,
L. Onesti, A. Turco, U. Bondi, G. Mariani, H. Posadas, E. Villar, C. Wu, F. Dongrui,
Z. Hao, and T. Shibin. MULTICUBE: Multi-objective design space exploration of multi-core
architectures. In N. Voros, A. Mukherjee, N. Sklavos, K. Masselos, and M. Huebner, editors,

http://www.sciencedirect.com/science/article/pii/S0947358012709433
http://www.sciencedirect.com/science/article/pii/S0947358012709433
http://dl.acm.org/citation.cfm?id=1218112.1218144
http://dx.doi.org/10.1007/978-3-642-40627-0_46
http://dx.doi.org/10.1007/s10601-012-9137-8
http://dx.doi.org/10.1007/s10601-012-9137-8
http://dx.doi.org/10.1007/978-1-4020-6149-3_6
http://dx.doi.org/10.1007/978-1-4020-6149-3_6
http://www.itrs.net/Links/2013ITRS/Home2013.htm


BIBLIOGRAPHY 101

VLSI 2010 Annual Symposium , volume 105 of Lecture Notes in Electrical Engineering , pages
47–63. Springer Netherlands, 2011. ISBN 978-94-007-1487-8. URL http://dx.doi.org/10.
1007/978-94-007-1488-5_4.

[145] A. K. Singh, M. Shafique, A. Kumar, and J. Henkel. Mapping on multi/many-core systems:
Survey of current and emerging trends. In Proceedings of the Design Automation Conference
(DAC) , DAC ’13, pages 1:1–1:10, New York, NY, USA, 2013. ACM. ISBN 978-1-4503-2071-
9. URL http://doi.acm.org/10.1145/2463209.2488734.

[146] S. Stuijk, M. Geilen, B. Theelen, and T. Basten. Scenario-aware dataflow: Modeling,
analysis and implementation of dynamic applications. In Proceedings of the Conference on
Embedded Computer Systems (SAMOS) , pages 404–411, July 2011.

[147] J. Sztipanovits and G. Karsai. Model-integrated computing. Computer , 30(4):110–111,
1997. ISSN 0018-9162.

[148] The ForSyDe group. The ForSyDe homepage. URL http://forsyde.ict.kth.se/.

[149] B. B. Theelen. Performance modelling for system-level design . Urn:nbn:nl:ui:25-581220,
Technische Universiteit Eindhoven, Eindhoven, 2004. URL http://repository.tue.nl/
581220.

[150] L. Thiele, I. Bacivarov, W. Haid, and K. Huang. Mapping applications to tiled multipro-
cessor embedded systems. In Proceedings of the Conference on Application of Concurrency
to System Design (ACSD) , pages 29–40, July 2007.

[151] L. Thiele, S. Chakraborty, and M. Naedele. Real-time calculus for scheduling hard real-time
systems. In Proceedings of the Symposium on Circuits and Systems (ISCAS) , volume 4,
pages 101–104 vol.4, 2000.

[152] G. Ungureanu. Automatic software synthesis from high-level forsyde models targeting mas-
sively parallel processors. Master’s thesis, KTH, School of Information and Communication
Technology (ICT), 2013.

[153] A. L. Wendelborn and H. Garsden. Exploring the stream data type in sisal and other
languages. In Proceedings of the Working Conference on Architectures and Compilation
Techniques for Fine and Medium Grain Parallelism , PACT ’93, pages 283–294, Amsterdam,
The Netherlands, The Netherlands, 1993. North-Holland Publishing Co. ISBN 0-444-88464-
5. URL http://dl.acm.org/citation.cfm?id=647025.714375.

[154] B. Zeigler. Theory of modelling and simulation . Wiley, New York, 1976.

[155] Y. Zhou and E. A. Lee. A causality interface for deadlock analysis in dataflow. In Proceedings
of the Conference on Embedded Software (EMSOFT) , pages 44–52, New York, NY, USA,
2006. ACM. ISBN 1-59593-542-8. URL http://doi.acm.org/10.1145/1176887.1176895.

[156] J. Zhu, I. Sander, and A. Jantsch. HetMoC: Heterogeneous modelling in SystemC. In
Proceedings of the Forum on SpeciÞcation Design Languages (FDL) , pages 1–6. IET, 2010.

http://dx.doi.org/10.1007/978-94-007-1488-5_4
http://dx.doi.org/10.1007/978-94-007-1488-5_4
http://doi.acm.org/10.1145/2463209.2488734
http://forsyde.ict.kth.se/
http://repository.tue.nl/581220
http://repository.tue.nl/581220
http://dl.acm.org/citation.cfm?id=647025.714375
http://doi.acm.org/10.1145/1176887.1176895




Appendix A

The ForSyDe Intermediate Representation

A.1 The ForSyDe-XML DTD

<!≠≠A ForSyDe p r o c e s s network i s a l i s t o f l e a f p r o c e s s e s and ( i n s t a n t i a t e d )
composite p r o c e s s e s i n t e r c o n n e c t e d us ing s i g n a l s≠≠>

< !ELEMENT process_network ( port | l e a f _ p r o c e s s | composite_process | s i g n a l )+>
< !ATTLIST process_network

name CDATA #REQUIRED>

<!≠≠A l e a f p r o c e s s i s cons t ruc ted from p r e d e f i n e d p r o c e s s c o n s t r u c t o r s which
accept f u n c t i o n s or i n i t i a l va lue s as t h e i r arguments .≠≠>

< !ELEMENT l e a f _ p r o c e s s ( port +, proce s s_cons t ruc to r )>
< !ATTLIST l e a f _ p r o c e s s

name CDATA #REQUIRED>

<!≠≠A composite p r o c e s s i s a l i s t o f p r o c e s s e s and the s i g n a l s used to connect
them t o g e t h e r .≠≠>

< !ELEMENT composite_process ( port �)>
< !ATTLIST composite_process

name CDATA #REQUIRED
component_name CDATA #REQUIRED
>

<!≠≠A u n i d i r e c t i o n a l s i g n a l connects an output port o f a p r o c e s s to an input
port o f another process , be longs to a MoC, and has a data type .≠≠>

< !ELEMENT s i g n a l EMPTY>
< !ATTLIST s i g n a l

name CDATA #REQUIRED
moc ( ut | s d f | sy | t | dde | c t ) " sy "
type CDATA #REQUIRED
source CDATA #REQUIRED
source_port CDATA #REQUIRED
t a r g e t CDATA #REQUIRED
target_port CDATA #REQUIRED

>
<!≠≠A p r o c e s s port i s e i t h e r an input port or an output port , and be longs to a

s p e c i f i c MoC.≠≠>
< !ELEMENT port EMPTY>
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< !ATTLIST port
name CDATA #REQUIRED
moc ( ut | s d f | sy | t | dde | c t ) " sy "
d i r e c t i o n ( in | out ) " in "
type CDATA #IMPLIED
bound_process CDATA #IMPLIED
bound_port CDATA #IMPLIED
>

<!≠≠A p r o c e s s c o n s t r u c t o r i s a s k e l e t o n which captures a s e t o f p r e d e f i n e d
behav ior s .≠≠>

< !ELEMENT proce s s_cons t ruc to r ( argument �)>
< !ATTLIST proce s s_cons t ruc to r

name CDATA #REQUIRED
moc ( ut | s d f | sy | t | dde | c t ) " sy "
>

<!≠≠The argument passed to p r o c e s s c o n s t r u c t o r s ( e i t h e r f u n c t i o n or va lue ) .≠≠>
< !ELEMENT argument EMPTY>
< !ATTLIST argument

name CDATA #REQUIRED
type CDATA #IMPLIED
value CDATA #REQUIRED

>
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