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Chapter 1
Introduction

G. Nicolescu, I. O’Connor, and C. Piguet

Heterogeneous is an adjective, derived from Greek (“heteros”, ‘other’ and “genos”,
‘kind’), used to describe an object or system that is composed of a number of items
that are different from one another. It is the antonym of homogeneous, which signi-
fies that the constituent parts of a system are of identical type. For example system
heterogeneity in distributed systems refers to the existence, within the system, of
different types of hardware and software, while data heterogeneity, in computing,
refers to a mixing of data from two or more sources, often in two or more formats.

In fact, the term “heterogeneous” has many meanings, which originate to a large
extent from the multiple fields of knowledge of the people that use the term. This
book focuses on heterogeneity in the embedded systems and system on chip field,
such that while we cannot pretend to establish an exhaustive list of the meanings of
the term in this field, we can at least give our point of view.

The first and most obvious meaning is that more than one physical domain is
involved in the functionality of the system. A domain represents a distinct part of
the design space in which system components exist, and defines a set of common
terminology, information on functionality and requirements for valid use. Indeed,
a physical domain is based on the nature of the exchange of energy (i.e. power) used
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in hardware component functionality, and in communication between the compo-
nents. The term “domain” here is synonymous with discipline and stems from the
use of the term in the sense of “field of knowledge”. Some examples of physical
domains are: electrical, mechanical, optical, thermal, hydraulic (using variations in
the power of physical quantities such as charge, force, photon flux, temperature and
volume flow as part of their functionality and/or as means of conveying information
from one component to another).

Another meaning of “heterogeneous” concerns the target technology as the final
fabric onto which all hardware components of the system will be deployed, and on
which all component and system performance metrics ultimately depend. It can be
defined as an association of raw materials (defining a set of material parameters),
tools and process techniques (defining process parameters, including limits to phys-
ical geometries). This association leads to the technological fabrication process and
the use of more than one basic material (silicon, III-V, organic, etc.) for the func-
tional devices, whether by co-integration techniques (planar SoC1 or stacked, i.e.
3D integrated circuits or 3DIC) or bonding (SiP2). When applied to SoC/SiP, it is
implicit that one of the domains is electrical, and that one of the materials is silicon.
From the technological viewpoint, many choices, issues and tradeoffs exist between
the various packaging and integration techniques (above IC, SiP, heterogeneous in-
tegration, bulk, etc.).

While the general benefits of heterogeneous integration appear to be clear, this
evolution represents a strong paradigm shift for the semiconductor industry. Mov-
ing towards diversification as a complement to the scaling trend that has lasted over
40 years is possible because the integration technology (or at least the individual
technological steps) exists to do so. However, the capacity to translate system drivers
into technology requirements (and consequently guidance for investment) to exploit
such diversification is severely lacking. Such a role can only be fulfilled by a rad-
ical shift in design technology to address the new and vast problem of heteroge-
neous system design. However, the design technology must also remain compatible
with standard “More Moore” flows, which are geared towards handling complex-
ity both in terms of detail as device dimensions shrink (silicon complexity) and in
terms of sheer scale of systems as the number of devices in the system grows (sys-
tem complexity). Indeed, the micro-electronics industry, over the years and with its
spectacular and unique evolution, has built its own specific design methods while
focusing mainly on the management of complexity through the establishment of
abstraction levels. Today, the emergence of device heterogeneity requires new ap-
proaches enabling the satisfactory design of heterogeneous embedded systems for
the widespread deployment of such systems.

Other meanings of “heterogeneous” relate to the design process involved be-
fore the object exists physically (specification, synthesis, simulation, verification).
In fact, the term was first commonly used to describe systems based on (digital)
hardware and software, which can be more generally defined as system description

1System on Chip.
2System in Package.
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using more than one level of abstraction—both for hardware and signal description.
This is essentially driven by the need to handle the massive complexity of SoC/SiP
by simplifying assumptions, and which in turn drives many of the requirements for
modeling, design and simulation techniques of non-digital hardware. In fact in addi-
tion to the notion of physical domain, the use of abstract domain types in the design
process is necessary to completely define the sphere of operation of a component.
Multiple abstract domains exist and are either based on the intrinsic nature of the
component functionality and communication, or on the way that this nature is de-
scribed (usually in terms of reducing the description content to a strict minimum as
a means of optimizing simulation time).

Specific branches of heterogeneity can also be identified, concerning the use of
more than one behavioral domain (such as causal, synchronous, discrete, signal-
flow, conservative), all of which find varying degrees of accuracy of data and of
time. Various data domains exist, such as untyped objects or tokens, enumerated
symbols, real values, integer values, logic values. The means of taking time into ac-
count also leads to various time-domains (e.g. continuous-time, discrete-time) and
abstractions (cycle accurate, transaction accurate). While the temporal analysis of
systems is necessary, it is not the only analysis domain where relevant information is
to be found concerning performance metrics of (particularly continuous-time) com-
ponents: analyses include time-domain, frequency-domain, static-domain, modu-
lated time/frequency-domain. Generally, the heterogeneity of abstractions and mod-
els implies a heterogeneity of tools: a set of tools are required for a complete design
flow.

Mastering heterogeneity in embedded systems by design technology is one of
the most important challenges facing the semiconductor industry today and will
be for several years to come. This book, compiled largely from a set of contri-
butions from participants of past editions of the Winter School on Heterogeneous
Embedded Systems Design Technology (FETCH), proposes a necessarily broad and
holistic overview of design techniques used to tackle the various facets of hetero-
geneity in terms of technology and opportunities at the physical level, signal rep-
resentations and different abstraction levels, architectures and components based
on hardware and software, in all the main phases of design (modeling, validation
with multiple models of computation, synthesis and optimization). It concentrates
on the specific issues at the interfaces, and is divided into two main parts. The first
part examines mainly theoretical issues and focuses on the modeling, validation and
design techniques themselves. The second part illustrates the use of these meth-
ods in various design contexts at the forefront of new technology and architectural
developments. The following sections summarize the contributions of each chap-
ter.

1 Methods, Models and Tools

A model is a representation of a complex system and/or its environment. The sys-
tem to be designed is a collection of communicating components that are organized
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through its architecture for a common purpose. The architecture defines the way in
which the components are organized together to form a system. In order for each
component to carry out a useful role within the system, it must be connectible in
some way to other elements. Its functionality is thus defined by the conjunction
of a particular behavior and an interface for communication. The functionality is
manifest through the states of the component, which can evolve over time. The
functionality of the component can be quantified by parameters and performance
metrics.

Modeling is the first step of any design and/or analysis activity related to the
architecture and function of a system. In general, a model is associated with an ab-
straction level and represents the set of properties specific to this level. The model
enables a hierarchical design process where (i) the entire system and its environ-
ment are first represented at an abstract level, and (ii) model transformations refine
this design and add detail as necessary to solve the design problem. The first part
of this book will cover these various necessary phases: starting with the means of
specifying design intent, the use of abstraction levels and refinement strategies are
then described, ending with the two main activities in the design process, simulation
(analysis) and design (synthesis).

1.1 Specifications

The design of embedded systems is not an isolated hardware design activity, and
must take into account higher-level component descriptions, including software.
The highest abstraction level for the description of a system is that used by the
specifications.

In Chap. 2, the authors make the case that a general purpose modeling language
(UML3) can be customized to the specific purpose of modeling electronic sys-
tems. The chapter covers recent advances of the UML language applied to SoC and
hardware-related embedded systems design through several examples of specific
UML profiles relevant to SoC design. Linking UML to existing hardware/software
design languages and simulation environments is a key point to the discussion, and
is illustrated through a concrete example of a UML profile for hardware/software
co-modeling and code generation.

In Chap. 3, the authors show how it is possible to separate the key concerns of
data and control to achieve an executable specification flow. The benefits of this
technology-independent methodology are demonstrated through the validation and
verification of complex systems accommodating a mixture of hardware and soft-
ware, analog and digital, electronic and micromechanics components.

3Unified Modeling Language (http://www.uml.org).

http://www.uml.org
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1.2 Modeling, Abstraction and Reuse

Due to the sustained and exponential growth in complexity in embedded SoC ar-
chitectures, exploration and performance estimation, particularly early in the de-
sign cycle, is becoming an increasingly difficult challenge. With the advent of the
nanotechnology era, billions of transistors are available to form high-performance
systems, and it is impossible to consider the transistor as the building block. It is
widely acknowledged that to solve this problem, a continuum of model abstraction
levels must be established during the course of the design of a system. A model at a
higher abstraction level will hide certain characteristics of the object that it models,
either in terms of performance metrics, or in terms of internal architecture, such that
simulation at higher levels of abstraction can perform early validation of software.
Models can be refined (i.e. made more accurate) by moving down the continuum of
abstraction levels, implying that additional model characteristics must be defined.
Through the selected design methodology (design space exploration, optimization,
trial and error, etc.) performance metrics can be specified and/or architectural vari-
ants defined.

In Chap. 4, the authors propose a general autonomous integrated system model
with functional, technological and structural scalability in mind. The model handles
extensions to the scale of the system in distributed MPSoC systems, as well as to
the dynamic nature of the system in reconfigurable and autonomous computing.
The authors wrap up by considering more long term trends towards multi-agent
bio-inspired approaches.

Chapter 5 covers techniques to achieve the goal of fast hardware/software sys-
tem simulation on MPSoCs4 for design choices and design validations. The authors
argue that native simulation (rather than instruction-set simulation for example) is
a promising solution to simulate software that can be linked to abstract hardware
simulators for both functional and temporal hardware/software system validation.

Chapter 6 presents a high level component based approach for expressing system
reconfigurability in SoC co-design. The authors firstly present a generic model for
reactive control in SoC co-design. This allows the integration of control at different
abstraction levels, in particular at the higher abstraction levels, as well as recon-
figurability features. The work is validated through a case study using the UML
MARTE5 profile for the modeling and analysis of real-time embedded systems.

1.3 Simulation and Validation of Complex Systems

The refinement of models describing complex systems has to be validated, which
is usually realized using simulation. For this it is necessary to define global exe-
cutable models which require a model integration strategy. The strategy is based on

4Multi-Processor System on Chip.
5Modeling and Analysis of Real-Time and Embedded Systems (http://www.omgmarte.com).

http://www.omgmarte.com
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the establishment of interfaces accommodating the various models types. Another
possibility for validation is formal verification. This implies that all the models must
be expressed using a given formalism, such that the set of properties can be verified.

The tradeoffs involved in validation are particularly evident in Chap. 7, which
presents a hybrid platform composed of a simulation tool and a testbed environment
to facilitate the design and improve test accuracy of new wireless protocols. The
complexity of these protocols requires fast and accurate validation methodologies,
and the authors combine the flexibility of simulation-based approaches with the
speed and capability of testing designs in real life settings using testbed platforms.

Chapter 8 examines property-based verification, and its dynamic extension as ap-
plied to large systems that defeat formal verification methods. The authors describe
a verification system in which temporal properties are automatically translated into
synthesizable IPs,6 while resulting monitors and generators are automatically con-
nected to the design under verification.

1.4 Design, Optimization and Synthesis

Methodologies for the design of heterogeneous embedded systems using advanced
technologies are critical to achieve, such that functionality can be reliably guar-
anteed, and such that performance can be optimized to one or more criteria. The
establishment of methodologies is increasingly complex, since it has to cope with
both very high-level system descriptions and low-level aspects related to technology
and variability. Particular issues concern the formalization of global specifications
and their continuous validation during design, hardware/software co-development,
clarifying interaction between multiple concerns and physical domains. Tooling to
support design methodologies also now inevitably at some stage uses numerical op-
timization. For hardware/software heterogeneity, a major challenge is the efficient
mapping of software applications onto parallel hardware resources. This is a non-
trivial problem because of the number of parameters to be considered for character-
izing both the applications and the underlying platform architectures. For physical
domain heterogeneity, the main issue is to build appropriate “divide and conquer”
partitioning strategies while allowing the exploration of tradeoffs spanning several
domains or abstraction levels.

Chapter 9 covers the major low-level issues (dynamic and static power con-
sumption, temperature, technology variations, interconnect, reliability, yield), and
their impact on high-level design, such as the design of multi-supply voltage,
fault-tolerant, redundant or adaptive chip architectures. The authors illustrate their
methodology through three heterogeneous multi-processor based systems: wireless
sensor networks, vision sensors and mobile television.

In Chap. 10, the authors propose a new framework for the mapping of appli-
cations onto a many-core computing platform. This extensible framework allows

6Intellectual Property.
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the exploration of several meta-heuristics, the addition of new objective functions
with any number of architecture and application constraints. Experimental results
demonstrate the relevance of using new meta-heuristics, and the power of the par-
allel framework implementation by significantly increasing the explored solution
space.

The Functional Virtual Prototyping methodology is covered in Chap. 11, where
a virtual prototype is defined as a model composed of multiple abstraction levels
of a multi-domain system. The authors argue that this methodology can enable the
formalization, exchange, and reuse of design knowledge, and that its widespread use
could solve several issues in complex systems design, particularly for collaboration
between multiple and geo-distributed design groups.

Chapter 12 addresses design complexity as related to multi-physics systems with
a methodology based on hierarchical partitioning and multi-level optimization. The
authors show how an optimization problem including cross-domain variables can
be formulated to enable the exploration of trade-offs at an early design stage. The
methodology is put into practice with an experimental framework, and is demon-
strated with the optimization of the fill-factor and response speed in an active pixel
sensor.

2 Design Contexts

From the miniaturization of existing systems (position sensors, labs on chip, etc.)
to the creation of specific integrated functions (memory, RF tuning, energy, etc.),
nanoscale and non-electronic devices are being integrated to create nanoelectronic
and heterogeneous SoC/SiP and 3DICs. This approach will have a significant impact
on several economic sectors and is driven by:

• the need for the miniaturization of existing systems to benefit from technological
advances and improve performance at lower overall cost,

• the potential replacement of specific functions in SoC/SiP with nanoscale or non-
electronic devices (nanoswitches, optical interconnect, magnetic memory, etc.),

• the advent of high-performance user interfaces (virtual surgical operations, games
consoles, etc.),

• the rise of low-power mobile systems (communications and mobile computing)
and wireless sensor networks for the measurement of phenomena inaccessible to
single-sensor systems.

The second part of this book will cover design contexts from two points of view:
firstly, how new technologies impact the design process, and secondly, how novel
distributed autonomous sensor systems can be designed.
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2.1 Designing with Emerging Technologies

New integration and fabrication technologies continually stretch the limits of de-
sign technology. 3D integration, consisting of stacking many chips vertically and
connecting them together using Through Silicon Vias (TSVs) is a promising solu-
tion for heterogeneous systems, providing several benefits in terms of performance
and cost. For example the first 3D processor (the 2008 Rochester Cube7) runs at
1.4 GHz and has abilities that the conventional planar chip cannot reach. However,
the design process faced many difficulties because of the complexity of the design,
such as ensuring synchronized operation of all of the layers and seamless inter-layer
communication. 3D chips also demonstrate significant thermal issues (and conse-
quently higher static power and lower reliability) due to the presence of processing
units with a high power density, which are not homogeneously distributed in the
stack.

The scaling of silicon technology and the integration of novel functional materi-
als are also enabling exploration for alternative concepts for information processing,
storage and communication in computing platforms. Adoption of such new tech-
nologies will only occur if significant improvement in the conventional compute
figure of merit (number of operations per second·Watt·mm3). As well as informa-
tion technology, emerging technologies are also solving issues in biomedical appli-
cations, through the development of efficient low-power interface circuits between
living objects and data gathering.

Chapter 13 analyzes both near-term and long-term technology alternatives for
memory and logic. Scaling of conventional circuits is considered, as well as the
development of novel logic circuits based on carbon nanotubes for reconfigurable
circuits, nanowire crossbar matrices for memory, and graphene nanoribbons. Hy-
brid molecular-CMOS architectures, the most likely first step towards alternative
architectures, are also discussed.

In Chap. 14, a new approach for the thermal control of 3D chips is discussed. The
authors use both grid and non-uniform placement of TSVs as an effective mecha-
nism for thermal balancing and control in 3D chips. A large part of the chapter is
dedicated to the mathematical modeling of the material layers and TSVs, including
a detailed calibration phase based on a real 5-tier 3D chip stack with several heaters
and sensors to study the heat diffusion.

Chapter 15 covers 3D integration solutions for heterogeneous systems, with an
overview of 3D manufacturing technologies and related concerns. An outlook to
some potential applications is given, with particular focus on 3D MPSoC architec-
tures for compute intensive systems.

In Chap. 16, the authors focus on alternative devices capable of switching be-
tween two distinct resistive states for non-volatile memories. In particular, the ma-
terials and their ability to withstand a downscaling of their critical dimensions are
described. Particular attention is also given to the models describing the operation

7V.F. Pavlidis, E.G. Friedman, Three-Dimensional Integrated Circuit Design, Morgan Kaufman,
2009.
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of such memory cells, and their implementation in electrical simulators to evaluate
their robustness at the architectural level.

Chapter 17 presents dedicated circuit techniques and strategies to design and
assemble dense embedded microsystems target towards bioelectrical signal record-
ing applications. Efficient interface circuits to measure the weak bioelectrical signal
from several cells in the cortical tissues are covered, and high-fidelity data-reduction
strategies are demonstrated. Since power issues are predominant in in-vivo applica-
tions, particular attention is paid to on-chip power management schemes based on
automatic biopotential detection, as well as low-power design techniques, ultra-low-
power neural signal processing circuits, and dedicated implementation strategies
enabling high multi-channel neural recording microsystem integration density.

2.2 Designing Smart, Self-powered Radio Systems—Extreme
Heterogeneity

Perhaps the most extreme cases of heterogeneity in embedded systems today are in
the field of sensor networks with wireless communication between nodes. Energy-
autonomy is key to the deployment of such distributed sensor systems, since the
sensor nodes have batteries or energy harvesters and must therefore be designed
to consume very little power. Understanding at an early design stage the impact of
design choices on power is a critical design step. Moreover, the energy harvesting
system itself is a particularly heterogeneous system, including energy harvester, bat-
tery, antenna, sensors and electronic blocks. The main issues for this kind of system
are the energy converter efficiency for small power transfer, the load consumption
(RF,8 sensors) in active and standby mode, and the embedded power management.

The application domains of such complex systems can be found in military, secu-
rity, or high reliability systems such as aerospace and automotive. Meeting the joint
constraints of specific requirements, multiple standards, low volume, high-reliability
and cost mean that reconfigurable or reprogrammable hardware is the favored ap-
proach in this area.

Chapter 18 is focused on the integration of an energy- and data-driven platform
for autonomous systems. The authors describe a global system description and spec-
ification, as well as the principles of three energy-harvesting techniques (mechanical
vibrations, thermal flux, and solar radiation). The use of multiple sources for energy
harvesting is shown to be feasible, when strategies for power management are con-
sidered with a focus on power path optimization.

In Chap. 19, the authors present a power model suited for multiprocessor power
management based on the study of a video decoder application. The execution of
this application on the multiprocessor, and the impact of the memory architecture
on the energy cost, is analyzed in detail, as well as a power strategy suited to video
processing based on the selection of operating points of frequency and voltage.

8Radiofrequency.
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Chapter 20 covers the use of high-performance reconfigurable platforms in
software-defined radio for multi-standard applications. Additional flexibility is ex-
plored through novel techniques of dynamic partial reconfiguration.

In Chap. 21, the authors propose an approach for complete system simulation
and power estimation of wireless sensor networks, ultimately enabling sensor-node
optimization at the architecture level. The authors argue that the accurate estimation
of the power consumption of network nodes, requires both accurate and efficient
modeling of the communication infrastructure and the architecture of the node. To
achieve these goals, the developed simulation framework includes an Instruction Set
Simulator and uses Transaction Level Modeling (TLM) with SystemC as the basis
for simulation.
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Chapter 2
Extending UML for Electronic Systems Design:
A Code Generation Perspective

Yves Vanderperren, Wolfgang Mueller, Da He, Fabian Mischkalla,
and Wim Dehaene

1 Introduction

Larger scale designs, increased mask and design costs, ‘first time right’ require-
ments and shorter product development cycles motivate the application of innova-
tive ‘System on a Chip’ (SoC) methodologies which tackle complex system design
issues.1 There is a noticeable need for design flows towards implementation start-
ing from higher level modeling. The application of the Unified Modeling Language
(UML) in the context of electronic systems has attracted growing interest in the re-
cent years [16, 35], and several experiences from industrial and academic users have
been reported [34, 58].

Following its introduction in 1995, UML has been widely accepted in software
engineering and supported by a considerable number of Computer Aided Software
Engineering (CASE) tools. Although UML has its roots in the software domain, the
Object Management Group (OMG), the organization driving the UML standardiza-
tion effort [44, 45], has turned the UML notation into a general-purpose modeling
language which can be used for various application domains, ranging from busi-
ness process to engineering modeling, mainly for documentation purposes. Besides
the language complexity, the main drawback of such a broad target is the lack of

1While the term ‘SoC’ is commonly understood as the packaging of all the necessary electronic
circuits and parts for a system on a single chip, we consider the term in larger sense here, and
cover electronic systems irrespective of the underlying implementation technology. These systems,
which might be multi-chip, involve several disciplines including specification, architecture explo-
ration, analog and digital hardware design, the development of embedded software which may be
running on top of a real-time operating system (RTOS), verification, etc.
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Fig. 2.1 Positive aspects of UML [62]

sufficient semantics, which constitutes the main obstacle for real engineering appli-
cation. Therefore, application specific customizations of UML (UML profiles), such
as the System Modeling Language (SysML) [38] and the UML Profile for SoC [42],
are of increasing importance. The addition of precise semantics allows for the auto-
matic generation of code skeleton, typically C++ or Java, from UML models.

In the domain of embedded systems, the complexity of embedded software
doubled every 10 months in the last decades. Automotive software, for instance,
may exceed several GBytes [22]. In this domain, complexity is now successfully
managed by model-based development and testing methodologies based on MAT-
LAB/Simulink with highly efficient C code generation. Unfortunately, the situa-
tion is more complex in electronic systems design than in the embedded software
domain, as designers face a combination of various disciplines, the coexistence of
multiple design languages, and several abstraction levels. Furthermore, multiproces-
sor architectures have become commonplace and require languages and tool support
for parallel programming. In this multi-disciplinary context,

UML has great potential to unify hardware and software design flows. The pos-
sibility to bring designers of both domains closer and to improve the communica-
tion between them was recognized as a major advantage, as reported by surveys
conducted during the UML-SoC Workshops at the Design Automation Conference
(DAC) in 2006 (Fig. 2.1) and 2007 [63]. Additionally, UML is also perceived as
a means to manage the increasing complexity of future designs and improve their
specification. UML diagrams are expected to provide a clearer overview compared
to text.

Significant issues remain, however, such as the perceived lack of maturity of tool
support, the possible difficulty of acceptance by designers due to lack of knowledge,
and the existence of different UML extensions applicable to SoC design but which
are not necessarily compatible [62].

A detailed presentation of the UML is beyond the scope of this chapter and we
assume that the reader has a basic knowledge of the language. The focus of this
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chapter is the concrete application of UML to SoC design, and follows the fol-
lowing structure. The next section introduces basic concepts of the UML extension
mechanism, how to define a UML profile. Thereafter, we present some UML pro-
files relevant for UML for SoC and embedded systems design before we introduce
one application in the context of SystemC/C++ co-simulation and -synthesis [27].

2 Extending UML

A stereotype is an extensibility mechanism of UML which allows users to define
modeling elements derived from existing UML classifiers, such as classes and as-
sociations, and to customize these towards individual application domains [45].
Graphically, a stereotype is rendered as a name enclosed by �. . . �. The readabil-
ity and interpretation of models can be highly improved by using a limited number
of well defined stereotypes. Additionally, stereotypes can add precise meanings to
individual elements, enabling automatic code generation.

For instance, stereotypes corresponding to SystemC constructs can be defined,
such as �sc_module�, �sc_clock�, �sc_thread�, �sc_method� etc. The individual
elements of a UML model can then be annotated with these stereotypes to indicate
which SystemC construct they correspond to. The resulting UML model constitutes
a first specification of a SystemC model, which can then be automatically generated.
The stereotypes give to the UML elements the precise semantics from the target
language (SystemC in this case).

As an example, Fig. 2.2 represents a Class Diagram with SystemC-oriented
stereotypes. It corresponds to the simple bus example delivered with SystemC, with
master, slave, and arbiter classes stereotyped as �sc_module� and connected to a
bus. Modules are connected by a directed association with stereotype �connect�.
We introduce this stereotype as an abstraction for a port with associated interface
where the flow points into the direction of the interface. An alternative and more de-
tailed representation of the bus connection is provided by the explicit definition of
the interface via a separate element with stereotype �sc_interface� (Fig. 2.3). Such
examples illustrate how stereotypes add necessary interpretations to UML diagrams.
A clear definition and structure of stereotypes is of utmost importance before apply-
ing UML for effective documentation and efficient code generation.

UML is defined on the basis of a metamodel, i.e., the UML language is itself
described based on a model. This approach makes the language extremely flexi-
ble, since an application specific customization can be easily defined by the exten-
sion of that metamodel trough the definition of stereotypes. In theory, the principle
of an application specific customization of UML through a so-called UML profile
through stereotypes is simple. Considering a specific application domain, all un-
necessary parts of the UML metamodel are stripped in a first step. In a second
step, the resulting metamodel is extended. This mainly means the definition of a
set of additional stereotypes and tagged values, i.e., stereotype attributes. In further
steps, useful graphical icons/symbols, constraints, and semantic outlines are added.
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Fig. 2.2 UML simple bus class diagram

Fig. 2.3 UML arbiter interface

In practice, the first step is often skipped and the additional semantics weak, leaving
room for several interpretations.

Definitions of stereotypes are often given in the form of a table. In most cases,
an additional set of Class Diagrams is given, as depicted for example in Fig. 2.4,
which shows an excerpt from the UML profile for SoC [42], which will be further
discussed in Sect. 3.1. The extended UML metaclass Port is indicated by the key-
word �metaclass�. For its definition, the stereotype SoCPort is specified with the
keyword �stereotype� and linked with an extension relationship (solid line link with
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Fig. 2.4 UML stereotype definition

black head). The two other extensions, SoCClock and SoCReset, are simply spec-
ified with their tagged values as generalizations of SoCPort. After having defined
those extensions, the stereotypes �SoCPort�, �SoCClock�, and �SoCReset� can
be applied in Class Diagrams.

Several UML profiles are available as OMG standards and applicable to elec-
tronic and embedded systems modeling, such as the UML Testing Profile [39], the
UML Profile for Modeling Quality of Service (QoS) and Fault Tolerance Charac-
teristics and Mechanisms [40], the UML Profile for Schedulability, Performance
and Time (SPT) [41], the UML Profile for Systems Engineering (which defines the
SysML language) [38], the UML Profile for SoC [42], and MARTE (Modeling and
Analysis of Real-Time Embedded Systems) [43].

The following sections will focus on the most important ones in the context of
SoC design.

3 UML Extensions Applicable to SoC Design

3.1 UML Profile for SoC

The UML profile for SoC was initiated by CATS, Rational (now part of IBM), and
Fujitsu in 2002. It is available as an OMG standard since August 2006 [42]. It targets
mainly Transaction Level Modeling (TLM) SoC design and defines modeling con-
cepts close to SystemC. Table 2.1 gives a summary of several stereotypes introduced
in the profile and the UML metaclasses they extend.

The SoC profile introduces Structure Diagrams with special symbols for hierar-
chical modules, ports, and interfaces. The icons for ports and interfaces are similar
to those introduced in [23]. Annex A and B of the profile provide more informa-
tion on the equivalence between these constructs and SystemC concepts. Automatic
SystemC code generation from UML models based on the SoC Profile is supported
by tools from CATS [12] and the UML tool vendor ArtisanSW [19].



18 Y. Vanderperren et al.

Table 2.1 Examples of
stereotypes defined in the
UML profile for SoC

SoC model element Stereotype UML metaclass

Module SoCModule Class

Process SoCProcess Operation

Data Data Class

Controller Controller Class

Protocol Interface SoCInterface Interface

Channel SoCChannel Class

Port SoCPort Port/Class

Connector SoCConnector Connector

Clock Port SoCClock Port

Reset Port SoCReset Port

Data Type SoCDataType Dependency

Fig. 2.5 Architecture of SysML

3.2 SysML

SysML is a UML profile which allows modeling systems from a domain neutral
and Systems Engineering (SE) perspective [38]. It is the result of a joint initiative
of OMG and the International Council on Systems Engineering (INCOSE). The fo-
cus of SE is the efficient design of complex systems which include a broad range
of heterogeneous domains, including hardware and software. SysML provides op-
portunities to improve UML-based SoC development processes with the successful
experiences from the SE discipline [59]. Strong similarities exist indeed between
the methods used in the area of SE and complex SoC design, such as the need for
precise requirements management, heterogeneous system specification and simula-
tion, system validation and verification. The architecture of SysML is represented
on Fig. 2.5. The main differences are summarized hereafter:

• Structure: SysML simplifies the UML diagrams used to represent the structural
aspects of a system. It introduces the concept of block, a stereotyped class which
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describes a system as a structure of interconnected parts. A block provides a do-
main neutral modeling element that can be used to represent the structure of any
kind of system, regardless of the nature of its components. In the context of a
SoC, these components can be hardware or software based as well as analog or
digital.

• Behavior: SysML provides several enhancements to Activity Diagrams. In par-
ticular, the control of execution is extended such that running actions can be dis-
abled. In UML, the control is limited to the determination of the moment when
actions start. In SysML a behavior may not stop itself. Instead it can run until it is
terminated externally. For this purpose SysML introduces control operators, i.e.,
behaviors which produce an output controlling the execution of other actions.

• Requirements: One of the major improvements SysML brings to UML is the
support for representing requirements and relating them to the models of a sys-
tem, the actual design and the test procedures. UML does not address how to trace
the requirements of a system from informal specifications down to the individual
design elements and test cases. Requirements are often only traced to UML use
cases but not to the design. Adding design rationale information which captures
the reasons for design decisions made during the creation of development arti-
facts, and linking these to the requirements help analyze the consequences of a
requirement change. SysML introduces for this purpose the Requirement Dia-
gram, and defines several kinds of relationships improving the requirement trace-
ability. The aim is not to replace existing requirements management tools, but to
provide a standard way of linking the requirements to the design and the test suite
within UML and a unified design environment.

• Allocations: The concept of allocation in SysML is a more abstract form of de-
ployment than in UML. It is a relationship established during the design phase
between model elements. An allocation provides the generalized capability to a
source model element to a target model element. For example, it can be used to
link requirements and design elements, to map a behavior into the structure im-
plementing it, or to associate a piece of software with the hardware deploying
it.

SysML presents clear advantages. It simplifies UML in several aspects, as it ac-
tually removes more diagrams than it introduces. Furthermore, SysML can support
the application of Systems Engineering approaches to SoC design. This feature is
particularly important, since the successful construction of complex SoC systems re-
quires a cross-functional team with system design knowledge combined with expe-
rienced SoC design groups from hardware and software domains which are backed
by an integrated tool chain. By encouraging a Systems Engineering perspective and
by providing a common notation for different disciplines, SysML allows facing the
growing complexity of electronic systems and improving communication among the
project members.

However, SysML remains a semi-formal language, like UML. Although SysML
contributes to the applicability of UML to non-software systems, it remains a semi-
formal language since it lacks associated semantics. For instance, SysML blocks
allow unifying the representation of the structure of heterogeneous systems but
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have weak semantics, in particular in terms of behavior. As another example, the
specification of timing aspects is considered out of scope of SysML and must be
provided by another profile. The consequence is a risk of discrepancies between
profiles which have been developed separately. SysML can be customized to model
domain specific applications, and in particular support code generation towards SoC
languages. First signs of interest in this direction are already visible [21, 33, 49, 59,
64].

SysML allows integrating heterogeneous domains in a unified model at a high
abstraction level. In the context of SoC design, the ability to navigate through the
system architecture both horizontally (inside the system at a given abstraction level)
and vertically (through the abstraction levels) is of major importance. The semantic
integrity of the model of a heterogeneous SoC could be ensured if tools supporting
SysML take advantage of the allocation concept in SysML and provide facilities to
navigate through the different abstraction layers into the underlying structure and
functionality of the system. Unfortunately, such tool support is not yet available at
the time of this writing.

3.3 UML Profile for MARTE

The development of the UML profile for MARTE (Modeling and Analysis of Real-
Time and Embedded systems) was initiated by the ProMARTE partners in 2005. The
specification was adopted by OMG in 2007 and has been finalized in 2009 [43]. The
general purpose of MARTE is to define foundations for the modeling and analysis of
real-time embedded systems (RTES) including hardware aspects. MARTE is meant
to replace the UML profile for Schedulability, Performance and Time (SPT) and to
be compatible with the QoS and SysML profile, as conceptual overlaps may exist.

MARTE is a complex profile with various packages in the areas of core elements,
design, and analysis with a strong focus on generic hardware/software component
models and schedulability and performance analysis (Fig. 2.6). The profile is struc-
tured around two directions: the modeling of features of real-time and embedded
systems, and the annotation of the application models in order to support the analy-
sis of the system properties.

The types introduced to model hardware resources are more relevant for multi-
chip board level designs rather than for chip development. The application of
MARTE to SystemC models is not investigated, so that MARTE is complimen-
tary to the UML profile for SoC. MARTE is a broad profile and its relationship to
the RTES domain is similar to the one between UML and the system and software
domain: MARTE paves the way for a family of specification formalisms.

3.4 UML Profile for IP-XACT

IP-XACT was created by the SPIRIT Consortium as an XML-based standard data
format for describing and handling intellectual property that enables automated con-


