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Abstract
The new development of different types of computation units, such as FPGAs
and multicore CPUs, enables a tremendous improvement in performance of
applications that utilize the dedicated types of computations. For complex ap-
plications this however introduces a new challenge - what is the optimal de-
ployment configuration of their components?

Today the application deployment is based on ad-hoc architectural deci-
sions taken in an early design phase, when many design details are unknown,
and as a consequence they often change in a later phase, increasing so the de-
velopment costs. In addition, the decisions are taken based on a limited num-
ber of requirements, mostly related to runtime properties such as performance,
resource utilization and power consumption, but do not consider many other
aspects related to lifecycle properties, or to the project constraints. This ap-
proach increases the risk that a decision has a negative impact on a runtime or
a lifecycle system property and may lead to the mentioned changes.

This thesis addresses the problem of optimal hardware/software deploy-
ment of an application. The main objective is to define a process in which
the deployment decisions are taken in a systematic way in a later phase of the
design process, and the partition decision process takes into account all arti-
facts on which the decisions have direct impact. These artifacts include the
application’s runtime properties, the properties related to the application life-
cycle, the business goals, and the development project constraints. To achieve
this objective we have a) defined a development process model that addresses
the deployment explicitly in the late design phase, b) designed a metamodel
of component-based applications deployed as hardware or software executable
units, and c) analyzed the suitability of Multiple Criteria Decision Analysis
methods for providing partitioning decisions based on a large number of cri-
teria. In addition we have analysed which properties are affected by the par-
titioning decisions in the Control and Automation domains. The feasibility of
the proposed process is demonstrated throughout an industrial case study.
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Sammanfattning

Partitionering av inbyggda system baserad p̊a multipla kriterier

Den nya utvecklingen av olika typer av beräkningsenheter, som FPGA och
flerkärniga CPU m̈ojliggör en v̈asentlig f̈orbättring i prestanda för till ämpningar
som utnyttjar dessa särskilda typer av beräkningar. Detta innb̈ar emellertid
en ny utmaning: vilken konfiguration̈ar den optimala? Idag̈ar programdel-
ning i mjukvara och h̊ardvara baserad på ad-hoc beslut. Vanligtvis tas dessa
beslut i tidigt designfasen, när många designdetaljer̈ar ok̈anda, och som en
konsekvens ofta förändras i ett senare skede somökar utvecklingskostnaderna.
I till ägg, är de beslut som fattas utifrån ett begr̈ansat antal krav, främst re-
laterade till runtime egenskaper: till exempel prestanda, resursutnyttjande och
energif̈orbrukning, men omfattar inte m̊anga andra aspekter som rör livscykele-
genskaper eller de olika begränsningarna som man har i projektet. Detta beslut
sätt ökar risken f̈or en negativ inverkan p̊a systemets egenskaper. Den här
avhandlingen adresserar problemet om hur man placerar ut hårdvaru- och mjuk-
varufunktionalitet optimalt ur ett applikationsperspektiv. Huvudsyftetär att
definiera en process där besluten om applikationsfördelning (partition) tas p̊a
ett systematiskt s̈att i ett senare skede av designprocessen, där beslutspro-
cessen tar ḧansyn till alla faktorer och artefakter på vilka beslut har direkt
effekt. Dessa artefakter inkluderar applikationens runtime egenskaper, egen-
skaper som r̈or livscykeln, och begr̈ansningar inom uvecklingsprojektet. För
att uppn̊a detta m̊al har vi a) definierat en utvecklingsprocessmodell som tar
upp partitioneringen i en sen designfas, b) utformat en metamodell för kompo-
nentbaserade applikationer som består av b̊ade h̊ardvaru- och mjukvaruk̈orbara
enheter, och c) analyserat möjligheter att anv̈anda en metod med multipla kri-
terier (Multiple Criteria Decision Analysis) för att hantera partitionering. Slut-
ligen har vi analyserat vilka egenskaper somär viktiga för partitionering inom
Styr- och Automation dom̈anen.
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Chapter 1

Introduction

Industrial embedded applications are becoming more and more complex in
terms of features, constraints and utilization scenarios that they have to pro-
vide and support. The advances in hardware technologies with respect to the
heterogeneous platforms (i.e. platforms consisting of different computation re-
sources, e.g. CPUs, FPGA, and GPU) enable improved capabilities and perfor-
mance of such applications, by providing more effective executions of particu-
lar type of computations. For example FPGA enables a high parallelism, while
CPU is more suitable for sequential processing. On another side, an inadequate
deployment may cause higher development costs or lower performance.

During the development - specifically at the design phase - it is of crucial
importance to decide upon the application deployment (also called partition-
ing), i.e. which part of the application is designed and deployed as software
executable units (e.g. compiled C/C++ code, etc.) and which part as hardware
(e.g. synthesized from VHDL).

These architectural decisions (also referred here as partitioning decisions)
have impact on (i) the application performance and quality, (ii) the overall de-
velopment process and (iii) the application/system life-cycle management.

In traditional development processes [1], at an early stage of design phase
a separation into two design flows occur: the hardware and software design
flows. After an initial discussion (between hardware and software teams) which
leads to a number of partitioning decisions, the design is separated into the
hardware and software design flows. Based on these decisions, the software
engineers start designing and implementing the software part while the hard-
ware engineers start with the hardware design and its prototyping. Usually the
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4 Chapter 1. Introduction

software and hardware design and their implementation evolve separately. The
integration of the application occurs before the testing phase.

In this context, the design phase is affected by several side effects such as
hardware (HW) or/and software (SW) development flow interruptions due to
their mutual dependencies, which require redesign and unplanned iterations.
They negatively impact the overall development process in terms of efficiency,
quality and costs, the sustainability, and maintainability of the application du-
ring its lifecycle.

Most of these issues are caused by the fact that the architectural decisions
are not supported by a systematic decision aiding the process and are performed
at an early stage of the design phase, when not enough information is available
[2].

Additionally, only a few factors are taken into account by the engineers
when carrying out the partitioning decisions. They are mostly based on a
few properties related to runtime characteristics (e.g. performance, resource
availability, and power consumption), but do not consider many other aspects.
Due to the increases in complexity of the applications in terms of requirements
and utilization scenarios, it is of crucial importance that the partitioning deci-
sions are taken by considering a wider spectrum of properties. This spectrum
spans from application/system lifecycle properties such as availability, safety,
security, and standard compliances, to business goals and properties related to
project constraints such as available expertise, development lead time/costs,
development of mass products/product line and so forth.

Overall, this makes the partitioning decision process a complex one.

In software engineering it is recognized that better quality, faster time to
market, less risks and lower costs are achievable by enabling software reuse
[3]. This concept well-suits hardware design as well, even though IP-reuse of
hardware is not comparable to the state of reuse in software engineering [4],
and it is valid also for all of the partitioning decisions related to hardware or
software reusable units, which in today’s development processes is not handled
in a systematic way.

Altogether these problems call for new research in partitioning approaches
targeting solutions towards multi decision perspectives. A first step in this di-
rection is a new approach presented here. We define thus theMultiple Criteria-
based Partitioning MethodologyMULTI PAR, by combining Multiple Criteria
Decision Analysis methods, Component- and Model-based techniques, and
which is able to address the mentioned issues and needs. Specifically:
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• it enables a technology-independent design of embedded systems appli-
cations in the early phase of the design, and a late deployment decision
activity in the later design phase.

• it defines a method for a systematic deployment decision process that in-
clude all possible non-functional aspects related to runtime and lifecycle
properties, the business goals, and development project constraints

The main contribution includes:
a) the design of a process, based on a set of activities, integration scena-

rios and artifacts enabling the partitioning, and mechanisms to take into ac-
count several non-functional properties (also referred in this thesis as Extra-
Functional Properties (EFPs)) in the partitioning decisions;

b) the specification of a metamodel suitable for both capturing the hardware
and software aspects of the embedded applications and their related EFPs;

c) the categorization of component EFPs with respect to partitioning for the
Control1and Automation domains;

d) the suitability assessment of MCDA methods for achieving partitioning
solutions.

In order to validate the proposed methodology applicability, we provide a
proof-of-concept on an industrial case study.

1.1 Thesis Outline

The thesis is organized in two parts.

In Part I the research problems, the related research questions and the re-
search approach are described. Also, it gives an overview of scientific contri-
bution of this research work and presents the related work.

Part II includes the research papers: three of them published in conference
proceedings, one in a computer magazine, and one published as a technical
report. A shorter version of the report is submitted to a journal.

The remaining Part I is organized as follows:

1Examples of applications in this domains are: Soft Starters Applications to control accele-
ration and deceleration of three-phase motors for waste management, pumps, compressors, etc.;
Arc Guard Applications to protect electrical equipment and people from dangerous electrical and
eliminate unnecessary production stops; etc.



6 Chapter 1. Introduction

Chapter 2: This chapter presents the research context. Specifically, it di-
scusses the research problem and the related research questions with respect
to the state of the art and practice. It introduces the research methodology
undertaken to perform this research work.

Chapter 3: This chapter presents the included papers in this licentiate thesis
and the main contributions of each paper with respect to the research objective
and research questions.

Chapter 4: In this chapter the related work is presented.

Chapter 5: The last chapter presents the conclusions of the licentiate thesis
and future work towards the PhD degree.



Chapter 2

Research Summary

This chapter discusses the research problem, and presents the main research
objective and the research questions that lead to the research work. It also
provides an overview of the undertaken approach to perform the research work.

2.1 Research Problem

Given the problem description in the Introduction, we stated the following re-
search problem:

• How to define a systematic process to support the hardware/software
partitioning of an application?

• How to include all possible properties and concerns that are affected by
the partitioning in the decision process?

2.2 Research Objective

Based on the formulation of the research problem, the overall objective of this
research work is:

Designing a hardware/software partitioning decision method for component-
based embedded applications based on multiple property requirements and
concerns, with a goal to achieve the optimal hardware/software deployment

7



8 Chapter 2. ResearchSummary

with respect to these properties and concerns.

The overall research objective is realized through:

• performing the partitioning at a late stage of the design phase;

• defining a systematic process to support engineers in carrying out the
partitioning decisions and enabling reuse of existing units;

• providing mechanisms to perform decisions based on many EFPs de-
rived from the application/system requirements as well as the business
goals and project constraints.

2.3 Research Questions

Driven by the overall objective, we formulate the main research questions, as
follows:

• RQ1. What would be a technology-independent process that enables
the application partitioning in a late stage of the design?

• RQ2. How to enable a systematic decision process that supports the
engineers in performing the application partitioning and enables reuse?

• RQ3. How to obtain an optimal and sustainable partitioning solu-
tion(s) which take into account all possible decisions related to systems
requirements, business goals and project constraints that are affected by
the partitioning of the application?

In RQ3, by the wordsustainablewe mean a partitioning solution able to
support/facilitate the application sustainability over the entire lifecycle. Byop-
timal we mean a solution able to trade-off the systems requirements and satisfy
the performance constraints such as execution time, lower power consumption,
etc.

The research questions are driving a long-term research project where the
final outcomes are expected to be provided in the doctoral thesis. However,
with respect to the main objective, in this licentiate thesis we provide a proof-
of-concept of the proposed methodology and show its feasibility through an
industrial case study.
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2.4 Research Approach

In order to answer to the main research questions and reach our objective, we
take an approach that is of an applied nature.

Depending on the different stages of the project, we have applied several
research activities:

a) Research Problem Identificationwhich leads to the

• definition of the key research objective and questions.

b) Analysisconsisting mainly of

• a hardware/software (HW/SW) partitioning methods survey of li-
terature and the current state of practice in industry;

• an analysis of existing partitioning approaches (in literature and in
industry);

• an analysis of Multiple Criteria Decision Analysis (MCDA) me-
thods and related tools.

• an interview: design, realization and analysis of interview to ana-
lyze of HW/SW partitioning impact on EFPs in the Control and
Automation domains.

c) Construction of a new approachwhich includes

• definition and design of the partitioning process flow and related
activities;

• development of HW/SW component-based metamodel supporting
partitioning analysis decisions;

• identification of a MCDA tool chain supporting the partitioning.

d) Validation that includes

• case study: design and semi-automatic implementation of a wind
turbine application which is used to prove the feasibility of MUL-
TIPAR. In particular, we have modelled the wind turbine applica-
tion as a number of interconnected component models (using The
MathWorks Simulink tool)1. We have applied a number ofsuitable

1http://www.mathworks.se/products/simulink/
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Figure 2.1: Research Approach Flow.

MCDA methods to perform the partitioning. Then we have auto-
matically generated C-code and VHDL code (using the MathWorks
Embedded Coder , the Fixed-Point Designer, and HDL Coder tool-
boxes2 ) in order to achieve the deployment of the application into
a Zynq3 device consisting of an FPGA and a multicore CPU.

In performing the research our strategy follows the guidelines proposed by
Shaw in [5], [6]. The research strategy is depicted by Figure 2.1 and described
as follows:

a) Analysis and Identification of the Practical Problem: we have ana-
lyzed and discussed what the practical problem is and the related issues
which are associated to a typical industrial embedded design process.
We reached this through the analysis of the state of the art and practice.
Based on this, we narrowed down the scope and we identified the main
research problem: today partitioning approaches are not designed to ei-
ther enable a late and implementation-independent partitioning or to take
into account EFPs which are derived from runtime and lifecycle require-
ments, business goals and project constraints. Consequently our ultimate
goal is to develop such a method to solve thisproblem.

2http://www.mathworks.se/fpga-design/hardware-software-codesign.html
3http://www.xilinx.com/products/silicon-devices/soc/zynq-7000/index.htm
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b) Definition of the Idealized Problem: We mapped the practical pro-
blem into a research setting context. In this context, we formalized the
problem into a number of key research questions. In order to answer to
the research questions, we carried out further literature studies and in-
vestigation analysis. They were mainly focused on existing partitioning
approaches and MCDA methods.

c) Development of Research Products:The main outcomes of our re-
search were (i) the definition of a MCDA-based partitioning decision
process and the metamodels for enabling the partitioning accounting
both (more details are provided in Section 3.2); (ii) the definition and
implementation of an integration framework for supporting the design
phase and the partitioning process; (iii) a set of guidelines to handle
EFPs in the Control and Automation domains.

d) Definition and design of the Solution to the Idealized and Practical
Problem: We defined, designed and provided a solution, in form of a
new partitioning methodology able of answering to research questions.
We proposed it as solution to the idealized problem. In order to provide
a step forwards to the Solution to the practical problem, we carried out
an interview-survey in the Control and Automation domain.

e) Research Validation: In order to validate the proposed idealized solu-
tion, our strategy was based on questions related to the feasibility of the
proposed methodology:

“Is our approach feasible?”

To answer to this question, we performed a case study which was tar-
geting the deployment of an industrial prototype. Further validation, in
terms of efficiency of the approach is not addressed in this thesis, but is
planned as a part of the further research.





Chapter 3

Contributions and the
Included Publications

This chapter summarizes the research contribution presented in the publica-
tions included in the thesis. Firstly we present the contribution with respect
to the included papers. We discuss here how the contribution of each paper is
related to the research questions. Lately, we provide an overview of the overall
contribution.

3.1 Research Contribution with respect to the In-
cluded Papers

We present our contribution through a set of publications. In this thesis five
peer-to-peer paper are included. For each of them we present the title and
authors, the abstract, the contribution with respect to the research questions
and the individual contribution of the licentiate thesis author.

Paper I

G. Sapienza, I. Crnkovic, and T. Seceleanu.Partitioning decision pro-
cess for embedded hardware and software deployment. In Proceeding of the
IEEE 37th Annual Computer Software and Applications Conference Work-
shops (COMPSACW), 2013.
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14 Chapter 3. Contributions and the IncludedPublications

Abstract- Many types of embedded systems applications are implemented
as a combination of software and hardware. For such systems the mapping of
the application units into hardware and software, i.e. the partitioning process,
is a key phase of the design. Although there exist techniques for partitioning,
the entire process, in particular in relation to different application require-
ments and project constraints, is not properly supported. This leads to several
unplanned iterations, redesigns and interruptions due to uncontrolled depen-
dencies between hardware and software parts. In order to overcome these
problems, we provide a design process that enables the partitioning based on
a multiple criteria decision analysis in a late design phase. We illustrate the
proposed approach and provide a proof-of-concept on an industrial case study
to validate the approach applicability.

Contribution with respect to the research questions- This work addresses
the first research question (RQ1) through the specification of a new methodo-
logy able of systematically partitioning the application in a late stage of the
design phase. Specifically, it enables application technology-independent de-
sign in an early stage of the design phase and pushes the partitioning decisions
for enabling platform-specific design to a late stage. This is mainly achieved
by combining Component- and Model-based techniques in the partitioning ap-
proach. Additionally, it provides a proof of concept on the applicability of
MCDA techniques on partitioning process.

Own Contribution - With respect to the definition of the new partition-
ing methodology, I formed the method which was intensively discussed by all
coauthors. I was also responsible for the detailed definition of the partitioning
decision process, the establishment of the design tool chain and the demonstra-
tion of the process’ viability through the realization of a case study.

Paper II

G. Sapienza, T. Seceleanu, and I. Crnkovic.Modelling for Hardware and
Software Partitioning based on Multiple Properties.In 39th Euromicro Con-
ference Series on Software Engineering and Advanced Applications (SEAA).
IEEE, Sep 2013.

Abstract- In many embedded systems types the separation process for de-
ploying the applications as software and hardware executable units, called
partitioning is crucial. This is due to the fact that partitioning decisions im-
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pact the overall life cycle of the systems. In industry it is common practice
to take partitioning decisions in an early stage of the design, based on hard-
ware and software designers expertise. We propose a new methodology as a
combination of model-based and component-based approaches which enables
late partitioning decisions based on high level system requirements and project
constrains. The final partitioning is decided based on a multi-property analysis
approach.

Contribution with respect to the research questions- Here, we focus on
the formalization of the overall process and in particular on the definition of
a comprehensive system metamodel. We design the process flow and the key
activities to enable the partitioning and a theoretical metamodel of component-
based systems (CBS). This latter allows to specify both hardware and software
components and to capture related EFPs. We extended and adapted some ex-
isting software component models. The extension allows to specify both the
HW and the SW components. CBS uses well-established Component-based-
development technologies which enables effective reuse of components. We
adopted this approach and strengthened it by including a library of reusable
components which have to conform to the metamodel. We illustrated the pro-
cess flow via an industrial case study. This work contributes to the following
research questions: RQ1 and RQ2 by the definition of the partitioning process
flow and the specification of a comprehensive CBS metamodel. Specifically,
with respect to the second research question (RQ2) it provides means to sup-
port the designers before performing the partitioning and facilitate the reuse of
existing hardware and software components.

Own Contribution - I was responsible for the detailed specification and
design of the metamodel and the definition of process flow activities to ena-
ble the partitioning. In addition, I showed the conformability of the proposed
metamodel and the viability of the proposed process flow on an industrial ap-
plication.

Paper III

G. Sapienza, I. Crnkovic, and P. Potena.Architectural Decisions for HW/SW
Partitioning Based on Multiple Extra-Functional Properties.In the 11th Work-
ing IEEE/IFIP Conference on Software Architecture (WICSA 2014).
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Abstract - Growing advances in hardware technologies are enabling si-
gnificant improvements in application performance by the deployment of com-
ponents to dedicated executable units. This is particularly valid for Cyber
Physical Systems in which the applications are partitioned in HW and SW ex-
ecution units. The growing complexity of such systems, and increasing re-
quirements, both project- and product-related, makes the partitioning decision
process complex. Although different approaches to this decision process have
been proposed during recent decades, they lack the ability to provide relevant
decisions based on a larger number of requirements and project/business con-
straints. A sound approach to this problem is taking into account all relevant
requirements and constraints and their relations to the properties of the com-
ponents deployed either as HW or SW units. A typical approach for managing
a large number of criteria is a multicriteria decision analysis. This, in its turn,
requires uniform definitions of component properties and their realization in
respect to their HW/SW deployment. The aim of this paper is twofold: a)
to provide an architectural metamodel of component based applications with
specifications of their properties with respect to their partitioning, and b) to
categorize component properties in relation to HW/SW deployment. The meta-
model enables the transition of system requirements to system and component
properties. The categorization provides support for architectural decisions. It
is demonstrated through a property guideline for the partitioning of the System
Automation and Control domain. The guideline is based on interviews with
practitioners and researchers, the experts in this domain.

Contribution with respect to the research questions- The work provides
an analysis of EFPs with respect to component hardware and software deploy-
ment. We analyzed several standards and existing quality models focused on
EFPs. This results into a categorization of EFPs with respect to the partition-
ing. Based on this categorization, we then carried out an interview-survey with
researchers and industrial senior designers in the area of Automation and Con-
trol domains. The main goal of the interview-survey was to assess the impact
of EFPs with respect to the partitioning decisions. With respect to the second
research question (RQ2) we provide a categorization of component properties
in relation to HW/SW deployment which includes lifecycle properties, runtime
properties and business goals and project constraints-related properties, and a
metamodel for handling the component EFPs.

Own contribution - the modeling of the component-based system and of
the component EFPs, the categorization of partitioning-related properties, the
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design and realization of the interview-survey as well as the analysis of the re-
sults in order to provide the EFPs guideline to engineers working in the System
Automation and Control domains.

Paper IV

G. Sapienza, G. Brestovac, Grgurina and T. Seceleanu.Assessing Multiple
Criteria Decision Analysis Suitability for HW/SW Deployment in Embedded
Systems Design. In the Journal of Systems Architecture: Embedded Software
Design (JSA). Elsevier 2014 (under review).

Abstract - The new advances in hardware technology in the form of het-
erogeneous platforms consisting of different computation units enable deve-
lopment of more sophisticated applications. Running on a heterogeneous plat-
form, an application can better utilize the computation units dedicated to spe-
cific types of algorithms. This, however, increases the complexity of the deploy-
ment decision process. In our case, we analyze the application deployment in
terms of partitioning in hardware and software executable units. Today’s deve-
lopment processes lack the support of systematic methodologies to aid system
architects and developers in carrying out partitioning decisions. To address
the problem of a complex deployment decision process we have proposed a
novel partitioning methodology calledMULTI PAR. MULTI PAR is able to pro-
cess a large number of factors that have an impact on application characte-
ristics based on the applications partitioning into hardware and software. The
method is based on the Multi Criteria Decision Analysis (MCDA) approach.
There exist many MCDA methods; however, not all of them are suitable for the
partitioning. The partitioning-related criteria to be used by MCDA can have
different types of values, precision of specifications, missing values, or even in-
ability to be quantitatively expressed. For this reason it is important to choose
a proper MCDA or a set of MCDA methods to achieve the optimal result. In
this paper we present a survey of MCDA methods and analyze their suitability
for the deployment decisions. In addition, we present an approach on how to
integrate the most suitable MCDA methods into the development process that
includes the deployment decision activity. We illustrate this approach by an
industrial case study.

Contribution with respect to the research questions- The work presents
an investigation on MCDA methods and an analysis of these methods with re-
spect to the requirements on the partitioning. It also provides an assessment
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of MCDAs methods suitability and applicability in multiple EFP-based parti-
tioning. In addition, it provides the design of a process flow for performing the
partitioning using the suitable MCDAs method (or collections of), tool integra-
tion scenarios to combine the proposed process flow (using MCDA method)
into a development process. The integration of the designed process flow is
demonstrated on an industrial prototype and it is based on the EFPs guidelines
obtained in the interview-survey (see paper III). In this work, the overall design
methodology is further developed; consequently it contributes to the answer of
the first research question (RQ1). However, the main contribution of this re-
search work is given with respect to the third research questions (RQ3) since
mechanisms based on MCDA techniques have been proposed which enable the
partitioning by taking into account many EFPs.

Own Contribution - I managed and guided the investigation of the MCDA
methods and related tools. I defined the partitioning requirements on MCDA
methods and tools to perform the analysis and assessment of their suitability for
the MULTI PAR methodology. I performed the analysis of the results. I guided
and partially design the process flow based on MCDA methods. I designed the
tool chain and the integration scenarios, and worked on the realization of the
demonstrator (modeling, design, implementation and sensitivity analysis).

Paper V

T. Seceleanu, and G. Sapienza.A Tool Integration Framework for Sus-
tainable Embedded Development.Computer, 29 Aug. 2013. IEEE computer
Society Digital Library. IEEE Computer Society.

Abstract- Tool integration in the context of embedded systems development
and maintenance is challenging due to such systems lengthy life cycles and
adaptability to process specifications. The iFEST project provides flexibility in
development processes and extends support for long product life cycles.

Contribution with respect to the research questions- This work focused
on providing an answer to the second research question (RQ2). Specifically,
it defines a tool chain which is seamlessly integrated and orchestrated over an
integration platform. This latter allows to guarantee efficiency, systematicity
to the engineers during the development in general and at the design phase. It
was demonstrated through the design of an industrial application.
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Own Contribution- I was responsible for (i) defining the orchestrator spe-
cifications, (ii) the definition of the design, as well as (iii) the partitioning in-
tegration scenarios over the platform, and (iv) the design and realization of the
industrial application to be deployed on a heterogeneous platform.

3.2 Research Contribution Overview

The main contribution of the thesis is here summarized as follows:

The development of a new systematic methodology achieving the deploy-
ment of embedded applications on heterogeneous platforms and enabling par-
titioning decisions which take into account multiple EFPs.

The proposed methodology is able to (i) systematically achieve the de-
ployment of the application on heterogeneous platforms, allowing technology-
independent design in a first stage of the design, and platform-dependent design
in a late stage; (ii) find optimal deployment solutions which take into consi-
deration all possible EFPs (affected by the partitioning) both from an applica-
tion/systems requirements and business goals/project constraints perspectives;
and (iii) facilitate/enable reuse.

Specifically in this thesis we provide the following “Research Products”
(with respect to Section 2.4):

a) The design of the partitioning process flow, i.e. the set of activities and
artifacts enabling the partitioning. (Paper I and Paper II)

b) The specification of a metamodel suitable for both describing HW and
SW components as well as their related EFPs which is used for enabling
the partitioning. (Paper II, Paper III)

c) The categorization of HW and SW component EFPs in respect to the
partitioning and analysis of HW/SW partitioning impact on EFPs for the
Control and Automation domains. (Paper III)

d) The suitability assessment of MCDA methods for achieving the parti-
tioning solutions (or collection of). (Paper IV)

e) A seamless integration of a MCDA methods and tools able of supporting
the proposed partitioning process into the development process. (Paper
IV and Paper V)
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We show the feasibility of MULTI PAR the realization of an industrial pro-
totype within the context of iFEST.1

1iFEST - industrial Framework for Embedded Systems Tools (http://www.artemis-ifest.eu/).
It is an Artemis JU research project which goal was to specify and develop a tool integration
framework for HW/SW co-design of heterogeneous and multi-core embedded systems.



Chapter 4

Background and Related
Work

In this chapter the basic concepts related to our research and the related work
are presented. It is divided into three main sections:

• Hardware/Software Partitioning

• MCDA and its suitability for partitioning

• Component Modelling and EFPs for Embedded Systems

4.1 Hardware/Software Partitioning

In literature, the deployment of an application on a heterogeneous platform as
software or hardware executable units, also referred as partitioning, has been
extensively discussed in the context of the co-design discipline, e.g. [7], [8],
[9], [10], [11], [12]. The partitioning problem is stated as “finding those parts
of the model best implemented in hardware and those best implemented in soft-
ware” [7] and “choosing the software and hardware implementation for each
component of the system specification” [11]. In [13] the hardware/software
partitioning is defined as “the problem of dividing an application’s computa-
tions into a part that executes as sequential instructions on a microprocessor
(the “software”) and a part that runs as parallel circuits on some IC fabric like

21
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an ASIC or FPGA (the “hardware”), in order to reach design goals related to
metrics such as performance, power, size, and cost.

Hardware/software partitioning is considered to be one of the main chal-
lenges when designing embedded applications: “as it has a crucial impact both
on the cost and the overall performance of the resulted product” [14]. It is con-
sidered an NP (non-deterministic polynomial)-hard problem [15]. A rigorous
mathematic formulation and analysis of the partitioning problem is provided
in [16], and a formal definition in form of task graphs, widely used in parti-
tioning representation is presented in [15].

In literature there is a considerable body of knowledge related to the parti-
tioning problem. It has been intensively studied and tackled in the 1990s and
the early years of the 2000s, when basically the co-design emerged as a new
discipline [8]. Over the last two decades, a wide range of approaches have been
proposed in order to automate/support the partitioning using different strate-
gies, for instance dynamic programming [17], heuristic algorithms based on
the tabu search, simulated annealing, genetic algorithm techniques [18], [19]
[20], [21] etc., integer programming [10], multiple objective optimization tech-
niques [22], [23] and etc. An in-depth study of several partitioning approaches
and related issues is provided in [21] and a walk through the highlights of par-
titioning approaches over the last two decades can be found in [8].

However, all of these approaches are mainly oriented towards solutions
satisfying physical performance requirements. They achieve partitioning solu-
tions based on platform-related indicators, as for instance potential speedups,
area, communication overheads, locality and regularity of computations [24].
Two cases are represented by Vulcan or COSYMA, two different frameworks
for co-design in which the partitioning is targeting optimization problems fo-
cusing on design constraints such as timing, resource speed-up, etc. [25]. There
exists few partitioning approaches which optimize combination of EFPs (e.g.
design costs, energy consumptions, performance, etc.) [26], [27] but they are
still limited in the total number of EFPs that they can handle. Additionally,
current partitioning approaches focused only on technical issues and do not ac-
count properties related to the project development and business perspectives
(like resource availability, testing costs, design lead time, legacy, production
costs and so forth), neither the EPFs of interest for the development of em-
bedded industrial application such as safety, reliability, security, sustainability,
maintainability, and field-upgrading.

We have extended the existing approach by focusing on a large number
of criteria for providing partitioning solutions. We also focus on component-
based systems in which the components can be reused.
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4.2 MCDA and Suitability for Partitioning

Multiple Criteria Decision Analysis (MCDA) is sub-discipline of operational
research which objective is to “support the subjective evaluation of a finite
number of decision alternatives under a finite number of performance criteria,
by a single decision maker or by a group” [28]. In [29], MCDA is defined as
“an umbrella term to describe a collection of formal approaches which seek
to take explicit account of multiple criteria in helping individuals or groups
explore decisions that matter”. MCDA is widely applied in several fields such
as medicine [30], forestry [31], economics [32], energy management [33], and
transportation [34] to solve a large and of different nature number of decision
problems [35], [36].

A formal definition of a typical MCDA problem is provided in [37]. In [28]
several MCDA methods which are discussed. In [36],Figueira et al. con-
tributed to the state of the art by the most well-known and comprehensive
survey on MCDA. A key aspect of MCDA methods is that it allows to “take
the multidimensionality of decision problems into account by using multiple
criteria, instead of one common denominator, such as a monetary number in
Cost-Benefit Analysis” [38].

In [36], [39], [40], [41] MCDA problems are roughly divided into two main
classes. The first class includes methods dealing with problems considering a
finite number of possible alternative solutions, referred also as Multiple At-
tribute Decision Making (MADM) [29]. The second class considers problems
dealing with an infinite number of alternative solutions and it is commonly
referred as Multiple Objective Decision Making (MODM) [42], [40]. Since
our research problem deals with a finite number of alternative solutions we fo-
cus on MADM approaches. A comparison highlighting the key differences in
between these classes can be found in [40], [38].

Selecting an appropriate MCDA that best suits the requirements of a deci-
sion-making specific problem is not a trivial task. Over the last decades a large
number of MCDA methods has been proposed, they “differ in the way the idea
of multiple criteria is operationalised” [38], e.g. objective, criteria assessing
and handling, weight computation and preference model, algorithms applied
and so forth. Consequently, depending on the decision-making user context
and problem type-to-solve some methods are more suitable than other me-
thods. Several works have been proposed to assess the appropriateness of the
MCDA methods for solving “decision-making problem at hand”, e.g. [38], [43]
in which different methods are assessed with regards to sustainability issues or
where the methods are assessed for their suitability in solving seismic structural
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retrofitting issues [44]; in [45] few methods are evaluated for their applicabili-
ty in building design. These work in common have that they compare few
methods based on a list of requirements. To reach our aim i.e. - assessing the
suitability of MCDA methods for partitioning - we use these works as starting
point since they provide a set of general and common requirements that are ap-
plicable for our suitability analysis. However, we extended the current state of
the art by assessing several MCDA methods with respect to partitioning-related
requirements which work is not currently available in literature.

In literature, the optimal trade-off decision problem at design and imple-
mentation levels has been tackled in research works such as [46], [47], [48],
[49], [8] (which also include recent overviews on high-level design exploration
on MCDA-related partitioning approaches) and in [48] (where an architectural
framework to enable the design of embedded control software is proposed).
These works are especially focused on applying multi-objective optimization
(MOO) techniques to achieve the optimization of multiple system objectives
or - hybrid approaches - in which the analytical optimization techniques are
combined with the evolutionary optimization techniques to achieve an optimal
trade-off of quality attributes in component based software systems [50]. In
difference to these previous research works, our approach is based on MCDA
techniques which are classified in literature as Multiple Attribute Decision
Making (MADM) [29]. These techniques are more suitable to deal with the
lack of information (uncertainty) as well as with information of different na-
tures (e.g. qualitative, quantitative, distributions and so forth) and incompara-
ble. They also provide means and supports to capture different project stake-
holders’ perspectives and take into account them into the decision process. We
use MCDA techniques by combining them, and our decision criteria are ap-
plied on EFPs which include run-time and lifecycle properties, together with
project constraints and business goals.

4.3 Component Modelling and EFPs for Embed-
ded Systems

There are different approaches in managing functional and EFP, for exam-
ple those developed in the following projects: PROGRESS [51], ACTOR1,
PREDATOR2, and CESAR3 projects.

1http://www.actors-project.eu/
2http://www.predator-project.eu/index.html
3http://www.cesarproject.eu/
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The managing of EFPs in combination with the modelling of the hard-
ware and software component with respect to the EFPs is of key significance
in MULTI PAR. In this approach, hardware and software components specify
functions that are technology-independent and all EFPs are associated with
component variants, where a component variant is an implementation in a par-
ticular technology (implemented either as a HW or a SW executable unit).

In the recent years, many research works have addressed the support and
the management of extra-functional requirements in embedded systems deve-
lopment for hardware or software (e.g., [52], [53], [54], and [55]). In particular,
different methods have been introduced in order to support the ad-hoc features
of an embedded system such as the analysis of timing properties that are typi-
cally computational and time consuming [56], or the management, the preser-
vation and the analysis reuse of EFPs that are also critical tasks [57], [58],
or to model the EFPs by taking into consideration their mutual impacts and
dependencies [59].

Component models have been introduced for supporting embedded sys-
tems development processes (e.g., [60], [61], and [62]), and approaches for
embedded systems adaptation under EFPs constraints have been proposed as
well (see, e.g., [63], [64]).

In literature there exists several component models that are specified by
means of metamodels, for example Palladio [65], Pecos [66], Save CCM [60]
and ProCom [52] which in a similar way define interfaces and EFPs. Speci-
fically, the definition of metamodels able to specify EFPs has been intensely
studied. For instance, in [67] fault tolerance issues have been tackled by using
a metamodel, while in [68] a service-oriented metamodel for distributed em-
bedded real-time systems covers real-time properties of services, like response
time, duration, deadline.

However, during the latest decades hardware and software designs metho-
dologies have become more alike [7], and as highlighted in [69] designers shall
have an unified view of software and hardware, which converges into the con-
current design of hardware/software [7] (for example, the HWSWCO project4

and the co-design framework [70]).
With respect to the current research state of the art, we have extended it

by providing a set of metamodels able to describe embedded component-based
applications from both hardware and software perspectives, as well as capture
systems (from both lifecycle and runtime perspectives) and project/business
related EFPsfeatures.

4http://hwswcodesign.gmv.com/
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Specifically, our approach allows the description of components indepen-
dently from the underlying platform and the management of EFPs with re-
spect to different component variants. Some component models allow different
implementations of components, but these implementations applied the same
technology and have the same EFP types for all variants, though the EFP might
have different values.



Chapter 5

Conclusion and Future Work

This chapter concludes the thesis by discussing the significant aspects of the
proposed approach. The chapter ends by introducing possible directions to-
wards future continuation of the research work.

5.1 Conclusion

The main objective of this thesis is the design of a new systematic approach -
MULTI PAR - to deploy embedded applications on heterogeneous platforms.

With respect to existing approaches, MULTI PAR applies a particular class
of MCDA techniques (called Multiple Attribute Decision Making (MADM))
which allows to take decisions based on a wide spectrum of EFPs and different
stakeholder point of views. In particular, it focuses on those EFPs which di-
rectly are affected by the partitioning. In addition to this, it enables a systematic
partitioning process which is defined by a well-defined number of activities to
sequential follow. In contrast to the state of practice, it is designed to perform
the technology dependent-design in a late stage of the design phase in order to
minimize redesign, unplanned process iteration and flow interruptions.

Besides applying MCDA techniques, a key concept on which MULTI PAR is
based is the adoption of Model- and Component-based techniques. By adopt-
ing these techniques the designed approach facilitates the reuse of existing HW
and SW units.

Motivated by the MULTI PAR approach but of general interest for any par-
titioning process, we carried out an analysis which aim was to identification

27
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of the EFPs which values impact on partitioning. Besides the impact of the
runtime-related EFPs, this analysis also includes the importance of including
of take decisions based on those EFPs which are related to lifecycle aspects,
business goals and project constraints. The analysis results were evaluated
through an interview-survey that we conducted with experts in the Control and
Automation fields.

In addition we have demonstrated the feasibility of MULTI PAR process
through an industrial case.

As part of MULTI PAR but also applicable to any partitioning process, our
work has led to the following research results. First, we provided the definition
of a systematic process flow and a set of well-defined activities to perform the
partitioning. Then, we specified a metamodel able to capturing HW and SW
component aspects and the related EFPs. We also provided a categorization of
the EFPs of interest for the HW/SW deployment. This was achieved by taking
into account different quality models, standards, literature and the current state
of practice in partitioning. In addition to this, we provided an analysis on the
impact of the categorized EFPs on the partitioning decisions in the Control and
Automation domains. Lastly we assessed the suitability of MADM methods
for being applied in partitioning processes based on set of criteria specific for
the partitioning. We also showed how any suitable MADM method could be
integrated in a development process through the MULTI PAR approach.

5.2 Future Work

MULTI PAR takes criteria for a set of EFPs, but does not consider mutual de-
pendencies in between the EFPs and/or in between the HW and SW executable
units. An example of dependencies in between EFPs might be for instance
related to lifecycle EFPs such as safety versus design cost. An example of de-
pendency in between two components could be given by a requirements related
to their deployment. For instance both components shall be deployed as SW
executable units. In respect to this, further research efforts can be oriented on
how to capture, model and handle these kind of dependencies in MULTI PAR.

In addition, we plan to spend future research work on the specialization
of the EFPs list and the impact of these EFPs with respect to the partitioning.
Specifically, we aim to further complement the EFP list by including the EFPs
derived by the analysis of several industry development processes and the EFPs
derived by other standards that have impact on the system architecture as for
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instance the ISO/IEC/IEEE 420101. It is also of interesting to further extend
the conducted EFP analysis in the Control and Automation domains into other
domains (e.g. automotive or telecommunication) in order to compare which
and how EFPs are affected by the partitioning in different domains.

Furthermore, in order to improve the integrability of MULTI PAR into the
development process it can be included in an Integrated Development Envi-
ronment (IDE). Specifically, we plan for the development of an IDE which
includes a set of integrated tools and artifacts to

• handle the components and the library of existing components

• manage the specification of the EFPs

• model and manage the mutual dependencies in between EFPs as well as
in between the components

• implement the MCDA and weighted assigned methods,

in order to facilitate the MULTI PAR process flow and more efficiently achieve
the partitioning solution.

In addition to the above, for showing more evidences that the achieved
results satisfy our claims in terms of feasibility and effectiveness we aim to
validate MULTI PAR in comparison to traditional approaches, according to the
following research questions:“Is the proposed approach more efficient than
traditional ones?, “If so, how we can measure the efficiency?”. Our aim is to
prove these aspects on real industrial application developmentprocesses.

1http://www.iso-architecture.org/42010/
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Abstract

Many types of embedded systems applications are implemented as a combina-
tion of software and hardware. For such systems the mapping of the application
units into hardware and software, i.e. the partitioning process, is a key phase
of the design. Although there exist techniques for partitioning, the entire pro-
cess, in particular in relation to different application requirements and project
constraints, is not properly supported. This leads to several unplanned itera-
tions, redesigns and interruptions due to uncontrolled dependencies between
hardware and software parts. In order to overcome these problems, we provide
a design process that enables the partitioning based on a multiple criteria deci-
sion analysis in a late design phase. We illustrate the proposed approach and
provide a proof-of-concept on an industrial case study to validate the approach
applicability.
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6.1 Introduction

In many embedded systems applications are implemented in hardware and in
software. In this type of applications, a proper mapping on hardware and soft-
ware units is very important, due to reasons such as performance, reliability,
and costs. A suitable mapping poses strong requirements on design methods,
in terms of effectiveness and efficiency.

Today, it is a rather common practice that at early stages the design is split
into separated flows: hardware and software. As a consequence, the partition-
ing decision process - i.e. the process dealing with the decisions upon which
parts of the application have to be designed in hardware and which in software
- is not supported by any well-structured methodology. This leads to a num-
ber of issues (e.g. design flow interruptions, redesigns, undesired iterations,
etc.) which negatively impacts the overall development process, the quality
and lifecycle of the final system. Detailed problem statements related to the
partitioning can be found in [1], [2].

Starting from the 1990s, an intensive research work was performed, fo-
cusing on partitioning techniques which tackled solutions satisfying mainly
low-level performance and resource utilization requirements [3] , and several
partitioning approaches were proposed [4] [5]. During the last years, the im-
portance of a well-defined and effective partitioning decision process is ob-
fuscated by tools and integrated co-design environments (e.g. MathWorks
Simulink [6], Space Codesign Systems SpaceStudio [7]) which well-support
approaches such as trial and error.

The increasing complexity of the applications is also leading to an in-
creased architecture complexity and to a large number of components and com-
munications between them. This has impact on the partition which process be-
comes more intricate, and more difficult to manually obtain good results. In ad-
dition to this, many project constraints, such as cost reduction, short lead time,
have impact on the partition process since different efforts are for different
implementation. Finally the non-functional requirements such as safety, relia-
bility, and run-time resource constraints have impact on the partition decision.
This all makes the partition process complex, dependent on many variables and
this lead to strong needs for an efficient and automated partition process that
provides an acceptable solution in the given conditions.

In this paper we are proposing a new partitioning method that comprises
a complete development process from the requirements management, archi-
tectural design, component modeling, to the decision for their implementation
either as software or hardware components. Our contribution in this paper can
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be summarized as follows. First we present a new systematic partitioning me-
thodology (i) enabling technology-independent design in an early stage of the
design and reusing existing solutions, i.e. functional units implemented either
as software or hardware; (ii) performing the partitioning in a late stage of the
design based on a multiple and even conflicting set of criteria derived by the
overall application requirements, system constraints (such as memory capacity,
or process power), and the project constraints (such as efforts, costs, or time).
Secondly, we establish a tool chain for supporting the methodology. Lastly, to
demonstrate the viability of the approach, we provide a proof-of-concept on an
industrial case study.

The rest of the paper is organized as follows. Section 6.2 defines the main
problem and states the main objective. Section 6.3 presents the new proposed
methodology. Section 6.4 illustrates the industrial case study. Section 6.5
presents the related work, and finally Section 6.6 concludes the paper and dis-
cusses future work.

6.2 Research Problem and Objective

For embedded systems built on heterogeneous platforms (e.g. a platform con-
sisting of diverse computational units, for instance, an Field Programmable
Gate Array (FPGA), microprocessor and graphics processing unit GPU), a
specific activity of the design phase is to decide about the application deploy-
ment. Assuming that an application is implemented by a set of interacting
components, the deployment decision is transformed to a setoff decisions for
each component, whether a component will be implemented as software (e.g.
C/C++ code) or as hardware (e.g. VHDL, etc.).

It is common practice that deployment decisions are taken at an early stage
of the design phase, and that it branches into two separated flows: hardware
and software design flows. Then, they evolve separately until the final integra-
tion during the implementation phase. Figure 6.1 shows a simplified diagram
of a traditional development process. It is not rare that the phases get inter-
leaved and that iterations and/or optimizations are needed. In this scenario,
the design phase is affected by issues such as hardware or software flow inter-
ruptions (due their mutual dependencies), redesigns and unplanned iterations
which negatively impact the overall development process in terms of efficiency,
quality and costs, and the system lifecycle. Although hardware and software
for embedded applications are tightly connected: the (i) hardware design does
not take into account the computational power required by software and the
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capability that the software might offer for enabling hardware optimization
and (ii) software design does not impact the hardware design specifications,
and does not fully exploit the available hardware resources. Beside this, the
separation into software and hardware often occurs without the support of an
accurate and well-structured partitioning decision process. Decisions are not
the results of an accurate tradeoff analysis taking into account the large and
even conflicting number of requirements and project constraints that nowadays
- and even more in the future - are required to develop complex and sustainable
applications.

To overcome these problems, our main research objective is to provide a
methodology for enabling technology-independent design and pushing parti-
tioning decisions to a late stage, see Figure 6.2. Further, the partitioning deci-
sions should be the results of many requirements and constraints, which in our
method is achieved through a Multiple Criteria Decision Analysis (MCDA).

To precisely specify the results we have defined the following research
questions.

• How to properly enable technology-independent design in the earlier
stage of the design phase and perform the partitioning decision process
in a later stage?

• How to enable a systematic and effective process that supports the design
engineers before partitioning?

• How to provide an effective and accurate partitioning decision process
providing optimal and sustainable results which taken into account re-
quirements and project constraints?

6.3 The Partitioning Decision Process

In order to address to the aforementioned questions, we propose and design a
systematic decision process for partitioning the application into hardware and
software. It allows common model-based design first and enables the separa-
tion into hardware-specific design and software-specific design in late stage.

Foundations. Our approach is inspired by Model-Driven Architecture
with Platform-Independent Model (PIM) and Platform-Specific Model (PSM)
stages [8] and supported by Model-based [9] and Component-based approaches
[10]. The latter is a well-known approach in software development but it not
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II. RESEARCH PROBLEM AND OBJECTIVE 
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shows a simplified diagram of a traditional development 
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Figure 6.1: Traditional Development Process (Simplified Overview).

used for development of both hardware and software, so specifically we ex-
tend the approach to hardware components as well. Consequently, we model
the application as set of components. In the PIM stage, the representation of
the components is technology-independent. After the partitioning, which cor-
responds to the PSM stage, they are hardware-specific and software-specific
designed and implemented.

In order to formally provide a definition of application, hardware and soft-
ware components, and their interconnections, we adapt and extend to hardware,
the component definition given in [11]. Thus, the embedded systems can be
seen as a component-based system (CBS) represented by a tern of elements:

CBS = 〈C,B, P 〉

whereC is the set of components representing the application, specifically
they can be hardware or software;B the set of bindings between the compo-
nents;P the platform on which the components are deployed. This latter is
already given as result of project constraints.

TheCBS is derived by application requirements and project constraints.
Figure 6.3 provides a diagram of theCBS.
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Figure 6.2: New Proposed Approach.

By extending the definition provided in [11] to hardware components as
well, a componentC is defined by:

C = {I, P}

• an interface (I) which characterizes the component from a functional
perspective. The interface consists of two parts: required and provided

• a set of properties(P), which specify the a nonfunctional perspective.
These properties also called extra-functional properties (EFP).

An example of component is given by a PI-controller. Its interface is repre-
sented by the required signals (set-point and feedback) and the provided signal
(regulated output). Execution time, accuracy, energy consumption, reliability
are some instances of EFP for this component.

We expect that a component can have different implementations (hardware
or software), which we refer as variants. For each component, the interface
remains the same, but the set of properties (P) or the properties values are
different for each variant. For example, the value of the worst-case execution
time is different between a hardware variant and a software one.
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specific designed and implemented.  
In order to formally provide a definition of application, 

hardware and software components, and their 
interconnections, we adapt and extend to hardware, the 
component definition given in [5]. Thus, the embedded 
systems can be seen as a component-based system (CBS) 
represented by a tern of elements: 

CBS =  C,B,P!
where (C) is the set of components representing the 
application, specifically they can be hardware or software; 
(B) the set of bindings between the components; (P) the 
platform on which the components are deployed. This 
latter is already given as result of project constraints.  
  
The CBS is derived by application requirements and 
project constraints. Figure 3 provides a diagram of the 
CBS. 
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• a set of properties  which specify the a non-
functional perspective. These properties also called 
extra-functional properties (E FP). 

 
A n example of component is given by a PI-controller. Its 
interface is represented by the required signals (set-point 
and feedback ) and the provided signal (regulated output). 
E xecution time, accuracy, energy consumption, reliability 
are some instances of E FP for this component.  

W e expect that a component can have different 
implementations (hardware or software), which we refer as 
variants. For each component, the interface remains the 

same, but the set of properties or the properties values 
are different for each variant. For example, the value of the 
worst-case execution time is different between a hardware 
variant and a software one. 

 In addition to this, the approach 
enables high-level component reuse. In order to achieve 
this, a component library is built. It includes existing 
components and their variants. 

E ach entry (i.e. a component) in the library consists of 
information about the interface and the E FP associated to 
each variant. The properties include characteristics of the 
component themselves, and specifications of the execution 
context, such as the type of platform in which the variant 
runs on. In Figure 4 , an example of entry is highlighted. It 
is a Power R egulator component (C2 ). Its interface 
consists of two required signals and two provided signals. 
It has hardware and software variants, and each variant has 
a number of E FP values associated, as shown in Figure 4 . 

 
H ere, we briefly describe the main activities of 

the designed methodology for enabling a systematic 
partitioning process. A long with the activities, a k ey 
artifact, called partitioning decision table is built. 
Components and their properties are the basic information 
included in this table.  Based on it, partitioning decisions 
are evaluated and tak en. A s a consequence, it is of crucial 
importance to ensure that the table is properly built and 
that it contains all the relevant information needed to 
perform a successful partitioning. A n example of the table 
is provided in Figure 4 . The main activities are listed 
below. 

The application is modeled as a number of 
interconnected components. The modeling is carried 
out based on the application requirements and the 
information available in the library. This latter 
provides, to the designers, a mean to tak e into account 
previous expertise, to give feedback  to the 
requirements engineers in case of requirements 
incompleteness and to speed-up the modeling activities 
by component reuse.  A t the end of this activity, the 
application architecture (i.e. components and bindings) 
is defined. E ach component has an entry in the 
partitioning decision table as shown Figure 4 .  E ach 
component is identified, with respect to the library, as 
existing one (belonging to “ Set A ” ) and non-existing 
one (belonging to “ Set B” ). Set A  and Set B are shown 
in Figure 4 . For existing components E FP information 
are retrieved from the library. For new ones, two 
possible variants are associated: hardware and software 
and the related E FP values are estimated. 

. Based on 
overall application or project constraints a number of 
system decision criteria are identified. These criteria 
address the overall or part of the architecture. For 
instance, we can have criteria derived by a deployment 
constraint: two components have to be deployed as 
software. 
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Figure 6.3: Component-based Systems Diagram. Component Library.

High-level Reuse.In addition to this, the approach enables high-level com-
ponent reuse. In order to achieve this, a component library is built. It includes
existing components and their variants.

Each entry (i.e. a component) in the library consists of information about
the interface and the EFP associated to each variant. The properties include
characteristics of the component themselves, and specifications of the execu-
tion context, such as the type of platform in which the variant runs on. In
Figure 6.4, an example of entry is highlighted. It is a Power Regulator com-
ponent (C2). Its interface consists of two required signals and two provided
signals. It has hardware and software variants, and each variant has a number
of EFP values associated, as shown in Figure 6.4.

Process Activities and Partitioning Decision Table Building. Here, we
briefly describe the main activities of the designed methodology for enabling a
systematic partitioning process. Along with the activities, a key artifact, called
partitioning decision table is built. Components and their properties are the
basic information included in this table. Based on it, partitioning decisions are
evaluated and taken. As a consequence, it is of crucial importance to ensure that
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the table is properly built and that it contains all the relevant information needed
to perform a successful partitioning. An example of the table is provided in
Figure 6.4. The main activities are listed below.

a) Modeling of the application as a set of components.The application
is modeled as a number of interconnected components. The modeling
is carried out based on the application requirements and the information
available in the library. This latter provides, to the designers, a mean
to take into account previous expertise, to give feedback to the require-
ments engineers in case of requirements incompleteness and to speed-up
the modeling activities by component reuse. At the end of this activity,
the application architecture (i.e. components and bindings) is defined.
Each component has an entry in the partitioning decision table as shown
Figure 6.4. Each component is identified, with respect to the library, as
existing one (belonging to Set A) and non-existing one (belonging to Set
B). Set A and Set B are shown in Figure 6.4. For existing components
EFP information are retrieved from the library. For new ones, two pos-
sible variants are associated: hardware and software and the related EFP
values are estimated.

b) Identification of overall application and project constraints to derive
decision criteria. Based on overall application or project constraints a
number of system decision criteria are identified. These criteria address
the overall or part of the architecture. For instance, we can have cri-
teria derived by a deployment constraint: two components have to be
deployed as software.

c) Identification of project- and application-related properties. The
identification of component properties derived from (i) project constraints
and (ii) application constraints is carried out. The identified properties
are respectively added into the partitioning decision table. Examples of
these properties are provided in Figure 6.4. Section B contains the prop-
erties related to project constraints. Section C includes the one related to
application constraints. Subsequently, a value is assigned to each variant.

d) Filtering and Property prioritization. All variants which do not satisfy
application and project constraints are filtered out. The next step is to
assign a priority to the most relevant properties. It is carried out by
assigning weights.
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Figure 4 - Partitioning decision table building. Existing Components (Set A) retrieved from the library. New Components (Set B) 

 The identification of component properties 
derived from (i) project constraints and (ii) application 
constraints is carried out. The identified properties are 
respectively added into the partitioning decision table. 
Examples of these properties are provided in Figure 4. 
Section B contains the properties related to project 
constraints. Section C includes the one related to 
application constraints. Subsequently, a value is 
assigned to each variant. 

 All variants 
which do not satisfy application and project constraints 
are filtered out. The next step is to assign a priority to 
the most relevant properties. It is carried out by 
assigning weights. 

 Performing the 
partitioning of component variants based on (i) the 
criteria defined at point b, (ii) the properties values 
assigned at point c and (iii) the property weights 
decided at point e. The expected outcome is either a 
single partitioning solution or several ones. It is 
achieved by applying MCDA methods for selecting the 
component variants. 

 In case of multiple solutions, further 
decision criteria need to be defined by the design 
engineers. Based on these criteria, suitable MCDA 
methods for ranking the solutions will be applied. 

In case the partitioning process does not converge to any 
feasible solution, the process is reviewed and new 
iterations are performed. 

IV. THE INDUSTRIAL CASE STUDY 

In order to validate the research work, we follow the 
guidelines proposed by Shaw in [7].  We base our 
validation strategy on a question related to the feasibility 
of the proposed overall process: 

For this purpose, we applied the methodology on a real 
industrial application, developed for the Artemisia iFEST 
(industrial Framework for Embedded Systems Tools) 
project [7]. Here, a wind turbine control application is 
designed and deployed as a prototype. A wind turbine 
converts the rotational mechanical energy of the rotor 
blades into electrical energy, which will be distributed 
further via a power network. The core element of our 
application is the controller, which has to dynamically 
regulate the rotor blades’ pitch at different wind profiles 
while maximizing the generation of electrical energy. In 
the project, the application partitioning is carried out 
without the support of a systematic partitioning 
methodology. Partitioning decisions are performed in a 
relative early stage of the design phase. They are mostly 
based on the software and hardware designer expertise and 
they are also not pondered with respect to any project 
constraint.   
Our main idea is to show the viability of our partitioning 
decision process by using the same application. Initial 
steps on this direction were presented in [6]. Here, we 
complement the existing iFEST methodology and tool 
chain with MCDA techniques and tools. The list of the 
main used tools is given as follows. 
• HP – ALM (Hewlett-Packard Application Lifecycle 

management) [1 8 ]: for specifying and analyzing the 
requirements. 
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Figure 6.4: Partitioning decision table building. Existing Components (Set A)
retrieved from the library. New Components (Set B).

e) Component variants selection.Performing the partitioning of compo-
nent variants based on (i) the criteria defined at point b, (ii) the properties
values assigned at point c and (iii) the property weights decided at point
e. The expected outcome is either a single partitioning solution or sev-
eral ones. It is achieved by applying MCDA methods for selecting the
component variants.

f) Solution ranking. In case of multiple solutions, further decision criteria
need to be defined by the design engineers. Based on these criteria,
suitable MCDA methods for ranking the solutions will be applied.

In case the partitioning process does not converge to any feasible solution,
the process is reviewed and new iterations are performed.

6.4 The Industrial Case Study

In order to validate the research work, we follow the guidelines proposed by
Shaw in [12]. We base our validation strategy on a question related to the
feasibility of the proposed overall process:Is this defined process feasible,
viable?
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For this purpose, we applied the methodology on a real industrial applica-
tion, developed for the Artemisia iFEST (industrial Framework for Embedded
Systems Tools) project [13]. Here, a wind turbine control application is de-
signed and deployed as a prototype. A wind turbine converts the rotational
mechanical energy of the rotor blades into electrical energy, which will be dis-
tributed further via a power network. The core element of our application is
the controller, which has to dynamically regulate the rotor blades pitch at dif-
ferent wind profiles while maximizing the generation of electrical energy. In
the project, the application partitioning is carried out without the support of a
systematic partitioning methodology. Partitioning decisions are performed in a
relative early stage of the design phase. They are mostly based on the software
and hardware designer expertise and they are also not pondered with respect to
any project constraint.

Our main idea is to show the viability of our partitioning decision process
by using the same application. Initial steps on this direction were presented
in [14]. Here, we complement the existing iFEST methodology and tool chain
with MCDA techniques and tools. The list of the main used tools is given as
follows.

• HP ALM (Hewlett-Packard Application Lifecycle management) [15]:
for specifying and analyzing the requirements.

• MathWorks Simulink [6]: mostly for the design and implementation (au-
tomatic generation of C-code and VHDL) but also for the verification
and validation of the application.

• System for ANalysis of Alternatives (SANNA) [16]: a spreadsheet-based
tool for solving MCDA problems.

We start by specifying the requirements from a functional and extra-functional
perspective. They are subsequently provided as input for (i) the application
modeling and for the component selection; (ii) the extra-functional properties
identification of the components; (iii) the identification of project and applica-
tion constraint properties.

We continue by modeling the application as a number of interconnected
components. The final architecture is shown in Figure 6.5, through a Simulink
model. Each box represents a component. The core functionalities are modeled
by: the main controller (Main Controller) which directs the overall control; the
pitch regulator (Pitch Regulator) which calculates the pitch angle; and (iii) the
park and brake controller (Park and Brake Controller) which is responsible for
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Figure 5 - Wind Turbine Application and Plant Model – Component Model (Simulink). 

• MathWorks Simulink [19]: mostly for the design and 
implementation (automatic generation of C-code and 
VHDL) but also for the verification and validation of 
the application. 

• System for ANalysis of Alternatives (SANNA) [17]: a 
spreadsheet-based tool for solving MCDA problems.  

 
We start by specifying the requirements from a functional 
and extra-functional perspective. They are subsequently 
provided as input for (i) the application modeling and for 
the component selection; (ii) the extra-functional 
properties identification of the components; (iii) the 
identification of project and application constraint 
properties.  

We continue by modeling the application as a number 
of interconnected components. The final architecture is 
shown in Figure 5, through a Simulink model. Each box 
represents a component. The core functionalities are 
modeled by: the main controller ( ) which 
directs the overall control; the pitch regulator (

) which calculates the pitch angle; and (iii) the 
park and brake controller (   ) 
which is responsible for the park or brake of the turbine. In 
addition to this, it is required to transduce and filter the 
input signals to the main controller ( ), 
and to have a diagnostic system of the turbine (

).  
 Besides taking into account the application requirements, 
the modeling activity is supported by taking into account 
the project constraints and the component library 
information.  Example of project constraint is the platform 
on which to deploy the application, i.e. a combined 
technology solution of FPGA and CPU (belonging to the 

Xilinx Zynq-7000 product family). This implies that each 
component has to be deployed either on the FPGA 
(hardware) or on the CPU (software).  
At the end of this activity, the component interface is 
identified in terms of the required and provided parts for 
each component, as it can be seen in each component 
model in Figure 5 and Figure 6. For instance, the 

component consists of the  and 
 as a required part and of 

and  as provided one. In addition 
to this, all components are classified as existing (Set A) or 
new (Set B) ones with respect to the library, as shown in 
Figure 6. For instance, for the component 
there are two existing software variants in the library, 
while for the  component two new 
virtual variants (hardware and software) are associated and 
inserted as entry in the partitioning decision table. As next 
step, the EFP of interest for the decision partitioning 
process, based on engineer expertise are identified and 
estimated. Few examples are: the execution time, the 
component size, the reliability, etc. In Figure 6, a 
simplified version of the partitioning decision table is 
shown. An example of project–related and application-
related properties is shown as well.  
Subsequently, we perform filtering operations to remove 
the variants which do not satisfy the application or project 
constraints. In Figure 6, just the relevant variants are 
shown. After that, we assign weight values to the 
properties, in order to prioritize these latter. Initially it is 
assumed that all properties are equally important. 
Consequently, the same weight value is assigned to the 
two most important properties that we consider here: the 
execution time and development effort (Figure 6). The 
weight values are normalized. 
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Figure 6.5: Wind Turbine Application and Plant Model Component Model
(Simulink).

the park or brake of the turbine. In addition to this, it is required to transduce
and filter the input signals to the main controller (Input Signal Filter), and to
have a diagnostic system of the turbine (Diagnostic System).

Besides taking into account the application requirements, the modeling ac-
tivity is supported by taking into account the project constraints and the com-
ponent library information. Example of project constraint is the platform on
which to deploy the application, i.e. a combined technology solution of FPGA
and CPU (belonging to the Xilinx Zynq-7000 product family). This implies
that each component has to be deployed either on the FPGA (hardware) or on
the CPU (software).

At the end of this activity, the component interface is identified in terms of
the required and provided parts for each component, as it can be seen in each
component model in Figure 6.5 and Figure 6.6. For instance, theMain Con-
troller component consists of theFiltered TSandFiltered WSas a required part
and ofPitch Brake, Parking BrakeandWind Turbine Stateas provided one. In
addition to this, all components are classified as existing (Set A) or new (Set
B) ones with respect to the library, as shown in Figure 6.6. For instance, for
theMain Controllercomponent there are two existing software variants in the
library, while for theDiagnostic Systemcomponent two new virtual variants
(hardware and software) are associated and inserted as entry in the partitioning
decision table. As next step, the EFP of interest for the decision partitioning
process, based on engineer expertise are identified and estimated. Few exam-
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Figure 6 - Simplified Partitioning Decision Table (left). MCDA-based Partitioning Process. Final Partitioning Solution 

Based on the information available in the table (i.e. 
component variants and properties values) and the 
properties priority, we have used the MCDA-based 
spreadsheet to select the components. Specifically, for 
performing the selection we use the Weighting Sum 
Approach or Model (WSA or WSM) method [17]. This 
method computes a global performance index related to 
each alternative (i.e. component variants) through the 
normalized weighted sum of each criterion. For C1, C2, 
and C3 a variant is selected, as shown by Figure 6, in the 

column. 
The selection is performed based on the value of the 

 parameter 
(Figure 6), which is the performance index associated to 
each alternative computed through the WSA-method. This 
parameter has the same value for both C4 and C5 variants. 
Hence, several feasible partitioning solutions are available. 
In order to decide which solution to adopt, an additional 
decision criterion is defined which is derived by project 
constraints: the maximum acceptable development effort 

for C4 and C5. Based 
on this, we assign new weight values to the properties and 
WSA-based calculations are iterated for C4 and C5. As a 
consequence, new ranking values for C4 and C5 are 
obtained, as shown in Figure 6.  

The final partitioning solution is reached as follows: 
C2, C3, C4 and C5 are deployed as software (on the CPU) 
while C1 as hardware (on the FPGA), as shown in Figure 
6, through the 

column. With respect to the library, C1, C2 
and C3 are reused, even though a virtual variant is taken 
into account for C3. 

For each activity (see Section III), we performed 
analysis and verification.  

In order to validate the design, we simulate the 
application using a model of a plant. This is calibrated 
against the turbine prototype. 

V. RELATED WORK 

Partitioning of application into hardware and software 
is considered to be a NP (non-deterministic polynomial)-
Hard problem [9]. It is an extensively studied topic; 
classical approaches based on heuristic, iterative and 
clustering algorithms are presented and discussed in [10], 
[24],[25]. A sophisticated integer linear programming 
model for joint partitioning and scheduling is presented in 
[11]. Additional approaches like Genetic Algorithm and 
Artificial Neural Network are proposed in [12] and [13]. 
However, such approaches are mainly focused to address 
one specific criteria, e.g., component execution time, 
component power or memory consumption. The approach 
proposed in [14] describes a scheme for achieving 
partitioning results targeting low power consumption and 
short execution time. 

On the other hand, partitioning decisions, today, must 
account for application and project requirements as well as 
constraints, which move the focus of partitioning problem 
into a multi criteria perspective. Examples of work in this 
direction are provided by [15] where a MCDA approach is 
used for ranking different partitioning solutions based on 
trade-off analysis. A partitioning process able of 
supporting application constraints imposed by the reuse of 
existing modules in the automotive industry is presented in 
[16]. However, approaches that generate partitioning 
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Figure 6.6: Simplified Partitioning Decision Table (left). MCDA-based Parti-
tioning Process. Final Partitioning Solution.

ples are: the execution time, the component size, the reliability, etc. In Figure
6.6, a simplified version of the partitioning decision table is shown. An ex-
ample of project-related and application-related properties is shown as well.

Subsequently, we perform filtering operations to remove the variants which
do not satisfy the application or project constraints. In Figure 6.6, just the rel-
evant variants are shown. After that, we assign weight values to the properties,
in order to prioritize these latter. Initially it is assumed that all properties are
equally important. Consequently, the same weight value is assigned to the two
most important properties that we consider here: the execution time and devel-
opment effort (Figure 6.6). The weight values are normalized.

Based on the information available in the table (i.e. component variants and
properties values) and the properties priority, we have used the MCDA-based
spreadsheet to select the components. Specifically, for performing the selection
we use the Weighting Sum Approach or Model (WSA or WSM) method [16].
This method computes a global performance index related to each alternative
(i.e. component variants) through the normalized weighted sum of each cri-
terion. For C1, C2, and C3 a variant is selected, as shown by Figure 6.4, in
the WSA-based SELECTION OF COMPONENTScolumn. The selection is
performed based on the value of theVARIANT RANKING (Normalized Value)
parameter (Figure 6.6), which is the performance index associated to each al-
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ternative computed through the WSA-method. This parameter has the same
value for both C4 and C5 variants. Hence, several feasible partitioning solu-
tions are available. In order to decide which solution to adopt, an additional
decision criterion is defined which is derived by project constraints: the maxi-
mum acceptable development effort(MAX DEVELOPMENT EFFORT)for C4
and C5. Based on this, we assign new weight values to the properties and
WSA-based calculations are iterated for C4 and C5. As a consequence, new
ranking values for C4 and C5 are obtained, as shown in Figure 6.6 .

The final partitioning solution is reached as follows: C2, C3, C4 and C5
are deployed as software (on the CPU) while C1 as hardware (on the FPGA),
as shown in Figure 6.4, through theFINAL MCDA-based PARTITIONING SO-
LUTION column. With respect to the library, C1, C2 and C3 are reused, even
though a virtual variant is taken into account for C3.

For each activity (see Section 6.3), we performed analysis and verification.
In order to validate the design, we simulate the application using a model of a
plant. This is calibrated against the turbine prototype.

6.5 Related Work

Partitioning of application into hardware and software is considered to be a
NP (non-deterministic polynomial) - Hard problem [17]. It is an extensively
studied topic; classical approaches based on heuristic, iterative and clustering
algorithms are presented and discussed in [21], [18], [19]. A sophisticated
integer linear programming model for joint partitioning and scheduling is pre-
sented in [20]. Additional approaches like Genetic Algorithm and Artificial
Neural Network are proposed in [21] and [22]. However, such approaches are
mainly focused to address one specific criteria, e.g., component execution time,
component power or memory consumption. The approach proposed in [23]
describes a scheme for achieving partitioning results targeting low power con-
sumption and short execution time.

On the other hand, partitioning decisions, today, must account for applica-
tion and project requirements as well as constraints, which move the focus of
partitioning problem into a multi criteria perspective. Examples of work in this
direction are provided by [24] where a MCDA approach is used for ranking
different partitioning solutions based on trade-off analysis. A partitioning pro-
cess able of supporting application constraints imposed by the reuse of existing
modules in the automotive industry is presented in [25]. However, approaches
that generate partitioning solutions based on MCDA which takes into account
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both project and application properties are inexistent.

6.6 Conclusions and Future Work

The main outcome of this research work is the design of an overall process
suitable for enabling (i) platform- independent design and reuse, and (ii) a sys-
tematic decision process to partition applications in a late stage of the design
phase. More in details the contribution includes:

• The definition of a component model that suites well both software and
hardware components;

• The formalization of a systematic partitioning decision process, which
in comparison with traditional approaches enables decisions accounting
project and application constraints as well.

• The establishment of a tool chain for supporting the partitioning decision
process, based on a MCDA approach.

In addition, we have shown the feasibility of the process via the development
of an industrial application prototype.

Future Work. From the overall methodology definition, we see the need
for the formalization of a meta-model for enabling an accurate modeling of
hardware and software components. In addition to this, it is also relevant to
perform a systematic review of MCDA-techniques and tools in order to iden-
tify more suitable and versatile ones.
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Abstract

Many types of embedded systems applications are implemented as a combina-
tion of software and hardware. For such systems the mapping of the application
units into hardware and software, i.e. the partitioning process, is a key phase
of the design. Although there exist techniques for partitioning, the entire pro-
cess, in particular in relation to different application requirements and project
constraints, is not properly supported. This leads to several unplanned itera-
tions, redesigns and interruptions due to uncontrolled dependencies between
hardware and software parts. In order to overcome these problems, we provide
a design process that enables the partitioning based on a multiple criteria deci-
sion analysis in a late design phase. We illustrate the proposed approach and
provide a proof-of-concept on an industrial case study to validate the approach
applicability.



7.1 Introduction 61

7.1 Introduction

Many modern embedded systems are implemented as software (SW) and hard-
ware (HW) components, i.e. deployed as SW on CPU platforms and as HW
programmed in Field-Programmable Gate Array (FPGA). The heterogeneous
platform dramatically increases the system performance. However, the increas-
ing complexity of industrial embedded applications constantly challenge de-
signers when making decisions upon the separation into HW and SW for their
deployment. These design decisions are of crucial importance since they im-
pact (i) the application performance and its quality, (ii) the entire development
process, and (iii) system lifecycle management. They require to be taken upon
several criteria which are derived from a number of requirements and project
constraints, which differ, vary and have even conflicting priorities. Like in
other architectural decisions, the partitioning (i.e. the SW/HW separation pro-
cess) requires a trade-off analysis. Over the decades, several techniques and
approaches have been proposed for SW/HW partitioning, but they were mostly
driven by the technological advances in electronics performance [1], [2], [3]
and often tackled the optimisation problem with focus on performance and
costs [4], [2]. In industry, mainly due to time pressure imposed by the time-
to-market and cost optimization, it is a common practice to take partitioning
decisions in an early stage of the design phase and without the support of sys-
tematic approach. They are most likely based just upon HW and SW team
expertise, which often is not synergetically combined [1]. The decisions are
lacking a support obtained by a comprehensive exploration of different options
with respect to requirements and project constraints. Overdesigns, underde-
signs, redesigns, flow interruptions in design and implementation, unplanned
iterations are some of the typical drawbacks generated by this practice [5].

This paper addresses these needs by introducing a new approachMultiple
Criteria-based Partitioning Methodology, we called MULTI PAR.

This approach aims for (i) providing partitioning decision in a late stage of
system design, and (ii) base the partitioning decision on many and diverse cri-
teria. The main contributions in this paper are a) formal definition of a compre-
hensive metamodel able of describing both SW and HW units and b) descrip-
tion of the MULTI PAR process flow which is based on the following strategy:
(i) enabling application technology-independent design in the early stage of
the design phase and pushing the partitioning decisions for enabling platform-
specific design to a late stage, (ii) enabling the application deployment into
SW and HW based on multiple criteria decisions which account for the high
level systems requirements and project constraints, and (iii) making also de-
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cisions based on a reusable set of alternatives, in order to enable design and
implementation reusability.

We illustrate a model conforms to the metamodel and the basic concepts of
MULTI PAR on an industrial case: a simple wind turbine control system. The
rest of the paper is organized as follows: Section 7.2 presents the metamodel.
Section 7.3 defines the MULTI PAR process, Section 7.4 illustrates a case study,
Section 7.5 presents the related work and Section 7.6 concludes the paper and
provides the future directions of this research work.

7.2 The Metamodel for Partitioning

Component models and metamodels.There exists several component mod-
els that are specified by means of metamodels, for example Pecos [6], and Pro-
Com [7] which in a similar way define interfaces and Extra-Functional Prop-
erties (EFPs). Our approach extends these specifications by allowing variable
management of EFPs with respect to different component variants. By allow-
ing a variable set of EFPs for component variants we have made it possible to
reason about very different implementations, like software and hardware, and
we have made it possible to easier compare the exhibited properties with those
that are required.

In order to formally and unambiguously capture the essential domain con-
cepts for components that have to be partitioned into SW or HW and the rel-
evant relationships among them we have developed a metamodel. Figure 7.1
shows a simplified overview of the diagram describing the proposed Component-
based System (CBS) metamodel. It is also used along the following subsec-
tions to explain the key concepts of the metamodel. Each CBS is supposed to
be identified, described and documented as shown in Figure 7.1 by theEntity
Identificationentity.
Component-Based System.The central core is represented by theComponent
BasedSystementity which compliantly to the definition provided in [8]. It is
composed by a platform, a set of both components and connectors.
Platform . ThePlatformentity is meant to abstract the model of an underlay-
ing and already defined platform, on which an application is deployed in form
of SW and HW components. It consists of PlatformComponent and Platform-
Connector entities.

A PlatformComponententity models either a digital or analog HW com-
ponent or a low-level SW component. ThePlatformComponentTypeentity is
used to indicate if the PlatformComponent is an HW or SW. The application
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Figure 7.1: Main view of the CBS Metamodel for enabling software and hard-
ware partitioning.

components are deployed on platform components. This is defined by the se-
mantic relationship between the PlatformComponent and the Component enti-
ties named “to be deployed on”. Examples of hardware platform components
are: CPUs (single and multi-core), FPGAs, RC-analog filters, etc. Examples
of SW platform components may be considered: RTOSs, Drivers, Ethernet
Stacks, etc.

A PlatformConnectorentity serves to model the connections between plat-
form components. It can be HW or SW, as modelled by thePlatformConnec-
torTypeentity. Examples of platform connectors are: CAN bus or Ethernet.
In order to be bound by a connector, platform components have to be able of
playing two different roles: named Target and Source. If a platform component
plays both roles, it can be bound by the same connector. This is, for instance,
an operational amplifier or flip-flop when connected in feedback.

Component. A Componententity is meant to abstract the model of an appli-
cation component. In order to support MULTI PAR, a component consists of an
Interface and one or more Variant entities.

TheInterfaceentity models the functional properties of the component, i.e.
the component interface is divided into the required and provided interfaces.
The component interface is defined through a number of ports. In Figure 7.1, a
port is represented by thePort entity. It is modelled by assuming that it can play
two roles, namedInPort andOutPort, which serves to respectively model the
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required and the provided interfaces. It is also assumed that each component
at least has an input port. A port is also characterized by the mode in which
information is exchanged, for instance synchronously or asynchronously.

TheVariantentity models a deployed component on a platform. Each com-
ponent may have more variants associated with it. Each variant is character-
ized by an implementation technology (i.e. SW or HW), a format (i.e. C-code,
VHDL-code, binary, etc.), and a platform of deployment (i.e. the operating
system, the processor technology, etc.). A variant is specifically defined by the
relationship with the data type associated to each port. Although the interface
is the same, regardless of the component variants, each variant is characterized
by a specific platform-dependent implementation, resulting into a specific port
implementation. This is shown in Figure 7.1 by thePortTypeBindingandPort-
DataTyperelationships. Examples of Port DataType are: Single Analog (e.g.
ADC) Single Digital (e.g. I2C, RS232, etc.), Multiple Digital (e.g. 8/16/32-bit
BUS, etc.), etc. Further, each variant has associated with it a number ofEFP
entities, meant to model the component’s EFPs. An EFP entity is characterized
by: (i) a category e.g. component execution time, component size, component
reliability, etc.; (ii) a subcategory, which might be needed to distinguish EFPs
specific for HW or SW components (e.g. for the component size category, ex-
amples are: the memory footprint for a SW component and the number of gates
for a HW component); (iii) the context under which the property value is set;
(iv) a collection of values for the given property.
Connector. A Connectormodels the binding between the components. The
bindings are realized through the interfaces. Thus, the connector always binds
two ports. These must be an input and an output port respectively, even if
belonging to the same component (e.g. for implementing feedback signals).
If the same component is connected through an input port and output port, it
must be able to play both roles, i.e. the Source and the Target - Figure 7.1. An
output port can be associated to more than one connectors.

7.3 The MultiPar Process

The MULTI PAR process includes a set of activities which lead to the HW/SW
partitioning of the application components. The process adopts a Component-
based Development (CBD) process with emphasis on components’ reuse. The
MULTI PAR process is performed in several iterations of two phases: the first
one building the system architecture with focus on the functional requirements
and the second one considering extra-functional requirements.
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During the process several artifacts are used as input and some new arti-
facts are being created. Alist of application requirementsand alist of project
constraintsare used as input to the analysis, design and architecting activities.
In addition, information about existing components is used, from acomponent
library. The components in the library are compliant to the metamodel defined
in Figure 7.1.

The MULTI PAR process flow described by Figure 7.2, embodies the fol-
lowing activities:
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Figure 7.2: MultiPar Process Flow Diagram.

Application Modelling and Component Selection. The modelling activity
is based on the information provided from the application requirements and
project constraints. By using this information as inputs, the application is mod-
elled as a set of platform-independent components and connectors binding the
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components, compliantly with the metamodel defined in Figure 7.1. If found
in the component library, the defined components will be inserted into a matrix
called Decision Matrix (DM). In this process all available implemented com-
ponent variantsCi will be included. They will have different implementations
and different properties, but the same interface. The architectural design and
components’ identification is a complex process and may require several iter-
ations. For each identified component which do not exist, a new component
entry will be inserted into the DM. This component entry will include the in-
terface specification and two virtual (i.e. yet non-existing) component variants
(a SW one and HW one).
Component Required Properties Identification and Prioritization. After
the architecture design and component identification, the component proper-
ties that fulfill the extrafunctional requirements must be identified. From the
extra-functional requirements and project constraints and by the architectural
analysis two sets of properties of interest for the partitioning decisions - ap-
plication propertiesPiA and project-related propertiesPiP will be identified
and their related values will be defined. These are the required properties of
the identified components. The required properties should be prioritized based
on a trade-off analysis. The priorities will be used as weight factors for the
MCDA. The outcomes of this activity will be saved in the DM. The compo-
nent variantsCi have some properties, i.e. they exhibit some properties. We
define them as exhibited propertiesPiE . The setsPiA andPiP may include
some properties that are not defined in the component variantsCi. The miss-
ing values will be setup in a late stage.
Component Variants Filtering. Many of the component variants do not sat-
isfy the specifications of the required properties. For example, there can be a
required property that a particular component should be deployed on a particu-
lar component platform or an EFP, for example memory usage, is far above the
memory allowed to be used, as specified by the corresponding required prop-
erty. Such variants are not relevant for the application and can be discarded as
a candidate, i.e. they can be removed from the DM. The filtering activity is
performed whenever the values of the exhibited properties are changed.
Defining Exhibited Properties Values. For the components variants which
thePiE do not have the specified values, the values have to be assigned. They
might be measured, simulated or estimated. They will populate the DM (and
possibly the component library for future reuse).
Multiple Criteria-based Component Partitioning. When the exhibited prop-
erties and the required properties are defined as well as the cost function ex-
pressed by the required properties priorities it is possible to search for a (local)
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optimal partitioning solution. Different MCDA techniques can be used in the
solution provision. This activity might converge to a single or several solutions
or no solution can be found. In a case it converges to a single solution the pro-
cess flow is concluded. If several solutions are available, they will be ranked.
If it will not converge new iterations need to be carried out.
Solutions Ranking. This activity is the last one and is supposed to be per-
formed in case several partitioning solutions are available. Based on project
constraints and application requirements, further decision criteria will be de-
fined for enabling MCDA-based ranking.

Figure 7.2 does not include the analysis and verification activities; they are
iteratively performed along to each of the above described activities.

7.4 Wind Turbine: Industrial Case Study

Figure 7.3: Wind Turbine Application (WTA) Model.

To show the conformability of a model from the proposed metamodel and
the feasibility of MULTI PAR in an real industrial application we have developed
a simple wind turbine application (WTA). The main objective of the WTA is
to control the transformation of the rotational mechanical energy of the rotor
blades, caused by the wind, into electrical energy, which will be redistributed
via a power network. The core element of the application is the controller,
which dynamically regulates the rotor blades at different wind profiles while
maximizing the generation of electrical energy and avoiding any damage to the
plant. The application is deployed on an industrial wind turbine prototype.

In this case study we illustrate two simple different deployment scenar-
ios of the same WTA. Both scenarios are driven by different sets of required
properties. They are named respectively:Performance-driven scenarioand
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Effort-driven scenario. The first scenario is originated by the need of sat-
isfying application requirements on components execution time. The second
scenario needs to satisfy properties derived by project constraints such as the
the effort for the technology-dependent design of components, adaptation of
existing components, the testing, etc.

The WTA is characterized by a set of platform project constraints, one of
them specifying a combined technology implementation: CPU and FPGA. A
solution to this comes in the form of the Xilinx ZynQ chip.
The Wind Turbine MultiPar Process Flow. We briefly describe in the fol-
lowing the process flow behind the realization of the use case.
1. WTA Modelling and Component Selection. Based on the WTA require-
ments and project constraints lists, as well as on the information available from
the existing components, the application architecture was defined. It is mod-
elled as a number of interconnected components. The model is conformed
to the proposed metamodel, and it is implemented by using The MathWorks
Simulink. The simplified model is shown by Figure 7.3. The application is de-
composed as follows: theSensorInterface(C1), interfacing the feedback signal
coming from the sensors to the controller, i.e. the turbine speed (TS) and wind
speed (WS) signals; theFilter, filtering the feedback signals (C2), theMain
Controller (C3) orchestrating the overall control of the application; thePitch
Estimator (C4) estimating the desired pitch angle at the rotor blades;Pitch
Regulator(C5) regulating of the pitch angle based on the desired pitch and the
calculated pitch;Park and Brake Controller(C6) setting the pitch command
for steering the rotor blade; andSupervision System(C7) supervisioning the
execution of the overall application. Each component defined by its interface:
input and output port, and ports are bound via connectors. For instance, the C3
interface is defined by theFiltered TS inportand thePitch Reference outport.
Example of connector, is given by thePitch Brake Con, connecting C3 and
C6. Each component has also an entry in the DM, as shown in Figure 7.4.

In order to validate the design of the application, the model has been sim-
ulated, using the plant model (represented in Figure 7.3 by the grey boxes)
which is calibrated against a real wind turbine prototype.

The component library includes a set of variants (i.e. reusable components)
for the components C1, C2, C3 and C4 and they are directly populating the DM
(see Figure 7.4), whereas for new components, in this case C5, C6 and C7 two
virtual variants:HW v andSW v are associated and the related EFPs values
are estimated. In addition, for C4 anHW v (virtual variant) is associated, this
is due to a requirement on performance.
2. Wind Turbine Component Required Properties Identification and Prioritiza-
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Figure 7.4: Wind Turbine Decision Matrix (DM) - simplified overview.

tion. Based on the WTA requirements and project constraints, thePiA andPiP

sets were defined. Examples of identified required properties belonging to the
PiA sets are: (i) Max Execution Time, (ii) Required Accuracy. Whereas, ex-
amples of identified required properties belonging to thePiP set are: Design,
Implementation, Testing, Maintenance Effort, etc. Based on design/project
teams expertise, the related value are assigned. With respect to the prioriti-
zation of the required properties, different weight values are assigned to the
required properties for each scenario.
3. Filtering Component Variants. In the next activities the irrelevant vari-
ants are not taken into account as follows: C1.1, C2.1, C3.2, C4.2 for the
Performance-driven scenario, since they do not satisfy the required proper-
ties with respect to the max execution time, whereas C1.3, C4.4 for theEffort-
driven scenario,since they do not satisfy the project constraints with respect
to the development effort.
4. Defining values of exhibited properties. The exhibited properties which
do not have associated a values are estimated/calculated. The estimation of
the is supported by the application’ simulations on the modelled plant and the
estimations provided by The MathWorks Embedded Coder Toolbox used for
automatic C code generation (e.g. lines of code, execution time for SW vari-
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ants), HDL Coder Toolboxes for automatic VHDL code generation and by the
Xilinx ISE Simulator for execution time. The estimated values are used for
both scenarios. For existing components, some design effort is needed anyway
to get them adapted.
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Performance-driven (right). Wind Turbine Application Architecture (center).

5. Multiple Criteria-based Component Partitioning. Based on the informa-
tion available on (i) the DM; (ii) the criteria derived by overall application
requirements and project constraints; (iii) design/project team expertise; and
by carrying out a visual analysis of the DM the partitioning decisions are taken
as follows: for thePerformance-driven scenario.the Filter, Sensor Interface
and Park and Brake Controller components are deployed as hardware, while
the remaining components as SW. The need of satisfying the execution time
is the main driver of these partitioning decisions. For theEffort-driven sce-
nario, the Filter, Sensor Interface components are deployed as HW, while the
remaining components as SW. The main driver in this case, is the optimiza-
tion of overall design cost of the components. Figure 7.5 shows the selected
variants for both scenarios. The key difference is given by the Park and Brake
Controller component deployment. It is deployed as an HW component in
the Performance-driven scenario and as a SW components in the Effort-driven
scenario.
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7.5 Related Work

Over the last decades several application architectural partitioning approaches
and procedures mostly oriented towards solutions satisfying performance were
proposed, e.g. [9], [10]. Comparisons of the most well-known approaches are
cited in [11]. Over the time the increase in complexity required new partition-
ing approaches, which were focused only on few low-level extra-functional re-
quirements: combination of design costs, energy consumptions, performance
as discussed in [12], but still no scalable for handling a large number of re-
quirements. In difference to these approaches, we provide a wider-spectrum
method able of considering a larger number of requirements and constraints
derived by the application and, here new, by the project. In [13], a general ap-
proach for performing quantitative analysis of architectural designs based on a
well-defined criteria is proposed. The approach enables to quantitatively rate
design architectural alternatives based on performance metrics. In particular,
the so called Y-chart approach is presented and further discussed in [14], which
identifies the three core main elements influencing the choices in finding fea-
sible solutions. It is mainly focused on performance analysis for a given set of
applications, i.e. video-signal processing applications, and further work is left
to different domains.

7.6 Conclusions

In this paper we have presented a method MULTI PAR for a systematic and sus-
tainable decision process for partitioning embedded component-based systems
into HW and SW. We have presented a metamodel suitable for enabling the
partitioning, the method foundation and its process flow.

The novel parts in the method are (i) specification of embedded systems
with components as HW and SW implementations, which required some adap-
tions of the component-based principles, (ii) the model-based process, start-
ing at platform independent level and a offering solution for technology selec-
tion enabling high level component reuse, (iii) inclusion of application require-
ments and project constraints in the partitioning decision process.

For the future work we plan to refine the process, related to the above men-
tioned challenges, and then to improve the particular activities, in particular
choosing the most appropriate MCDA method. Finally our intention is to pro-
vide an integrated tool support and evaluate that in a larger industrial context
(e.g. in a development of wind turbine control systems in a product line), as-
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suming reuse of the existing components during a larger period.
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Abstract

Growing advances in hardware technologies are enabling significant improve-
ments in application performance by the deployment of components to ded-
icated executable units. This is particularly valid for Cyber Physical Sys-
tems in which the applications are partitioned in HW and SW execution units.
The growing complexity of such systems, and increasing requirements, both
project- and product-related, makes the partitioning decision process complex.
Although different approaches to this decision process have been proposed dur-
ing recent decades, they lack the ability to provide relevant decisions based on
a larger number of requirements and project/business constraints. A sound
approach to this problem is taking into account all relevant requirements and
constraints and their relations to the properties of the components deployed
either as HW or SW units. A typical approach for managing a large num-
ber of criteria is a multi-criteria decision analysis. This, in its turn, requires
uniform definitions of component properties and their realization in respect to
their HW/SW deployment. The aim of this paper is twofold: a) to provide an
architectural metamodel of component-based applications with specifications
of their properties with respect to their partitioning, and b) to categorize com-
ponent properties in relation to HW/SW deployment. The metamodel enables
the transition of system requirements to system and component properties. The
categorization provides support for architectural decisions. It is demonstrated
through a property guideline for the partitioning of the System Automation and
Control domain. The guideline is based on interviews with practitioners and
researchers, the experts in this domain.
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8.1 Introduction

In recent years, diverse hardware technologies have enabled a significant im-
provement in software performance. These hardware technologies offer het-
erogeneous platforms consisting of different computational units on which a
particular application utilizes the specific properties of the platform. In addi-
tion to the already-present multicore CPUs, other computational units such as
GPUs (Graphical Process Unit) and FPGA (Field-Programmable Gate Array)
are becoming available for general-purpose software applications. This capa-
bility introduces software into new domains, and enables more sophisticated
applications, but it also poses new challenges for software development. Al-
though the computational units are characterized by particular features (such as
full parallelism, or fast process context switch) it is not always obvious which
parts of a software application should be deployed on which unit. This is espe-
cially true for different types of embedded systems, or cyber-physical systems
(CPSs), which have specific requirements of runtime properties such as perfor-
mance, resource consumption, timing properties, dependability, and lifecycle
properties such as productions costs. In particular, the architectural decision
about HW/SW partitioning, i.e. which application components will be imple-
mented and deployed as software executable units (e.g. the compiled C/C++
source code), and which as hardware executable units (e.g. synthesized from
VHDL), is becoming increasingly challenging. The partitioning decision is a
known problem and there is a considerable body of knowledge related to that
(e.g., [1], [2], [3]). In these approaches, a few factors are typically taken into
consideration for a trade-off partitioning decision: e.g. resource availability
(power, CPU utilization) and performance. However, due to the increased com-
plexity and demands on system and project performance efficiency, partitioning
decisions are related to many requirements, not only to run-time properties, but
also to project constraints (such as available expertise, or development costs),
or to business goals (such as development of mass-products, or product-line,
etc.). This makes the design process quite complex and inaccurate in taking
ad-hoc decisions, or manually processing all requirements. While many such
decisions depend on the architects expertise and gut feeling, it is not guaranteed
that a good (not to say the best) decision can be taken. To be able to come to an
accurate decision, we must take a systematic and, when possible, an automatic
approach to provide the decision.

In our previous work [4] and [5] we proposed a partitioning decision pro-
cess, MULTI PAR, for component-based CPSs based on a) transformation of the
requirements and constraints to Extra-Functional Properties (EFPs) through



78 PaperIII

Software Architecture, and b) Multi-Criteria Decision Analysis (MCDA) of
component EFPs that depends on the component implementation and deploy-
ment (as HW or SW units). MULTI PAR enables the consideration of many
component EFPs identified in the architecting process, and the discovery of a
(semi)optimal deployment architecture in respect to the HW/SW deployment.
This approach is appealing since it takes into consideration many requirements
and many properties that reflect not only run-time aspects but also business
and development project-related aspects. It does, however, introduce a more
complex decision process. To make such a process feasible, two important
questions must be addressed:

1. How to specify different EFPs in a uniform way so that it is possible to
use them in an deployment analysis?

2. Which EFPs depend, and to which extent they depend on the deploy-
ment?

The goal of this paper is twofold: a) to provide a theoretical model of
component-based systems with HW/SW components and their properties, and
b) to categorize component properties in respect to HW/SW deployment. The
first part includes the extension of some existing component models. The ex-
tension is necessary because of the dual nature of component implementations,
namely as HW or SW units. The second part includes an analysis of EFPs
defined in several standards and quality models, in respect to HW/SW de-
ployment, and then a discussion with researchers and industry experts in the
Automation and Control domain, which results in a comprehensive survey of
EPFs and the impact of the partitioning decisions on their values. The con-
crete contribution of this paper is a) a component and EFP model for HW/SW
component-based systems, b) categorization of EFPs in respect to partitioning,
and c) analysis of the impact of HW/SW partitioning on EFPs for the Control
and Automation domain, provided by experts from industry and academia.

The paper is structured as follows. Section 8.2 describes a formal model
of component-based CPSs including EFP specifications. In Section 8.3 , the
paper gives the partitioning quality framework with system architecture meta-
model, together with a categorization of EFPs. Section 8.4 provides an analysis
of EFPs in the System Automation and Control domain, based on an empiri-
cal survey. Related work is described in Section 8.5 and, finally, Section 9.8
concludes the paper.
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8.2 Modeling HW/SW component-based systems

The main idea of MULTI PAR is to automate the HW/SW partitioning decision
based on the properties of components, either implemented as SW or HW.
The MULTI PAR approach uses the Model-Driven Architecture with (i) the
Platform-Independent Model (PIM) stage for initially achieving technology-
independent design and (ii) the Platform-Specific Model (PSM) stage for sub-
sequently enabling HW-specific and SW-specific designs. This implies first the
design of the software architecture, with the identification of components and
the connection between them, and then the design of the deployment view. The
focus of MULTI PAR is the partitioning decision process in the PSM architect-
ing stage.

An equally important approach in MULTI PAR is the reuse of existing com-
ponents, for which we not only have the available implementation, but also
specifications of their EFPs within a particular context (e.g. execution plat-
form, implementation, etc.). A critical part of this kind of approach is breaking
the system requirements down into component requirements, and then select-
ing the most appropriate components, i.e. selecting the components whose
properties provide the best solutions in respect to the requirements.

We extend the component-based development (CBD) technique a well-
known approach in SW development but not used for development of both
HW and SW - to represent HW components as well. We adapt the component-
based system formalism provided in [6] in order to define (i) the system as a
number of components able to represent both SW and HW components, (ii)
the interconnections between the components, and (iii) the platform on which
the components are deployed.

We define a systemS that consists of a platformP and a set of applications
A that includesn applicationsAi, i.e.

S =< P,A > where A = {Ai}, i = 1..k (8.1)

Note that the platform can be distributed, i.e. it can consist of different
and multiple execution units. We consider applications built from new and
existing components, i.e. component-based applications. A component-based
applicationCBA is formally described as a pair of the following elements:

CBA = < C,B > (8.2)

whereC represents the set of components in which the application is decom-
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posed1; B represents the set of bindings interconnecting the components, re-
ferred to as connectors.

A component is meant to be a modular, deployable, reusable and replace-
able self-contained unit of one or more functionalities of the application. It
can be implemented and deployed as HW or SW, i.e. it can either be synthe-
sized into HW blocks or compiled into SW executable machine code. Some
examples of CPS application components are: a PI-regulator, a Robot-axis
controller, a FIR filter, etc.

Each componentC (later deployed as either HW or SW) is characterized
by a number of properties: functional properties, specified by its interfaceI
and extra-functional properties (EFPs):

C =< I, P > (8.3)

Functional properties are expressed as provided interface. In addition a com-
ponent has a required interface that specifies the functions the component is
using. A simple example of the interface with respect to a PI-Controller com-
ponent may be the error signal as required interface and the controlled output
as provided interface. Examples of EFPs are: execution time, memory size,
reliability, etc. For each componentC, which is represented as a model (i.e. a
specification), there can exist more implementations, i.e. component variants.

C = {Ci} : i = 1..n (8.4)

Ci =< I, Pi > , Pi ⊆ P (8.5)

WhereCi is the i-th instance (also called a variant) associated to the component
C andn is the total number of variants for that component. Each variant imple-
ments the same interface, but the EFPs, defined asPi may vary from variant to
variant.

Pi = {Pij} : j = 1..m (8.6)

wherem is a number of specified properties forCi.
Note that this is significantly different to the specification in most compo-

nent models (see in [6]), in which components comply to the same rules, i.e.
to the same interface and the same EFPs. The different implementations of a
component not only provide different values of the same properties, butmay

1If not explicitly specified differently, by “components” we assume “application components”
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also have different properties. This is a direct consequence of their implemen-
tations that can be SW or HW.

Required and Exhibited Properties.The EFPs specified above are the prop-
ertiesexhibitedby the components, i.e. they are immanent parts of the com-
ponent instances. We designate these properties asPiE . These are different
from therequired properties[7]. The required propertiesPiA are the required
values of the component properties which are derived from the application re-
quirements, the project constraints, and the architectural analysis. The appli-
cation requirements typically consider run-time aspects of the application, and
the required propertiesPiA derived from the application requirements define
the values related to the run-time component properties. Examples ofPiA

are component execution time, and memory size that can be allocated by the
component. The project constraints are usually related to the product lifecycle
and business issues, andPiP represents the required properties derived from
these project constraints. For instance,PiP related to the efforts and costs are
the time estimated for components adaptation, design, and testing, or the cost
needed for purchasing Intellectual Properties (IP) components.

For a particular application, not all available component properties are of
interest, but only a subset that includes those properties that are identified from
the application requirements and project constraints. Additionally, a compo-
nent instance may not have all properties specified that are defined as required
properties. In this case the architect/expert has to provide the values of these
properties, either by estimation, by measurement or from historical data. To
achieve correct design partitioning, a set of all the relevant exhibited proper-
tiesPiE must satisfy the required propertiesPiA andPiP for each component
instanceCi.

PiE |= {PiA, PiP } (8.7)

The condition (8.7) is required but it does not necessarily provide an op-
timal solution. Many configurations from different instances can satisfy this
rule. To find an optimal solution, a cost function that includes the weighted
sum of the properties must be defined. There exist different methods to pro-
vide this result, one of which is a Multi-Criteria Decision Analysis (MCDA).
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8.3 The partitioning quality framework

The next steps in our formalization are i) specification of a property metamodel
which is able to encompass the heterogeneity derived by the intrinsically dif-
ferent nature of HW or SW components, and ii) categorization of EFPs with
respect to their sensitivity to the HW/SW partitioning decisions.

8.3.1 Component property metamodel

The property metamodel is a part of the entire component-based system meta-
model, which is based on the definitions from the previous section. Figure
8.1 shows a simplified overview of the component-based system; a completed
metamodel and detailed description can be found in [5]. Note that here, in con-
trast to typical metamodels for software components, different variants of the
same component can have different EFPs. A component variant type is related
to the component implementation: it can be SW, HW, or “virtual”; the “virtual”
type is defined for not yet implemented components.

System

Interface

Component

Extra-FunctionalProperty

Variant

Connector

Platform VariantType

- Type  :VariantTypes

VariantPlatform

- Name  :PlatformsList

Component-based 
Application

«enumeration»
VariantTypes

 HW
 SW
 VIRTUAL

1..*

+ports

1

1

1
1

1

1..*

1

+Variants 1..*

1

+EFPs 1..*

1

1

1

1..*

1

Figure 8.1: Component-based System Metamodel (Simplified Overview).

Figure 8.2 shows an overview of the diagram describing the Component
Extra-Functional Property. The key entities of this metamodel are: theCompo-
nent Extra-Functional Property, theComponentVariantPropertyValueand the
ComponentPropertyCategory.
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ComponentVariantPropertyValue

- PropertyValue
- ValueAccuracy

Extra-FunctionalProperty

«enumeration»
FormatTypes

 Integer
 Float
 String
 Enumerative
 Interval
 Distribution

Metric

- MetricDescription
- Format  :FormatTypes
- Unit  :MetricsUnits

Context

- ObtainedAs  :ObtainedAsTypes
- DevelopmentEnvironment  :DevelpomentEnvironmentLists
- SpecificMeasurabilityConditions

ComponentProperty Category

- PropertyCategory  :ComponentPropertyCategories

«abstract»
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Identification
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- Documentation
- Name
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 PERFORMANCE SUBCATEGORY
 SECURITY SUBCATEGORY

«enumeration»
ComponentPropertyCategories

 LIFECYCLE
 RUNTIME
 PROJECT-RELATED
 BUSINESS-RELATED

«enumeration»
ObtainedAsType
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 MEASURED
 SIMULATED

«enumeration»
MetricsUnits

1..*

1

1

1

Component Property subcategory

1..

1..*+ values

1

1

1

Figure 8.2: Component Extra-Functional Property Metamodel.

Component Extra-Functional Property. The central core is represented by
the component EFP entity which abstracts a component property. It belongs to
a specific category as modeled by the ComponentPropertyCategory and has an
associated set of values related to a specific component variant.
ComponentPropertyCategory. There exist several different categories of
properties. This categorization is used to group similar properties. The cate-
gories are listed through theComponentPropertyCategoriesas shown in Figure
8.2. Each category can also be divided into subcategories. This enables catego-
rizations that follow different standards, or it can be used for grouping complex
properties that are related to a number of other (sub)properties - for example a
performance, or a categorization used in a particular domain to group strongly
related properties, for instance, the COST subcategory can include costs for
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the design, implementation, verification and validation, and maintenance. The
definition of the subcategory refers to the value associated to a specific compo-
nent variant.

ComponentVariantPropertyValue. TheComponentVariantPropertyValueab-
stracts the value associated with the property. Each value has associated (i) a
metric to quantitatively or qualitatively express the value (or set of), and de-
fined through a description, a format (described by theFormatTypeentity), and
(ii) a context which serves to capture the conditions under which the value is
estimated, simulated or measured (as described by theObtainedAsType).

8.3.2 The categorization of partitioning-related properties

The main driving question in this research iswhich are the properties whose
values strongly depend on the partitioning decisions, and which properties are
independent of the partitioning? To answer this question we provide (i) a list
of possible EFPs and their categorization following the metamodel shown in
Figure 8.2, and (ii) an analysis of the EFPs in respect to their dependencies on
the partitioning.

To provide a list of all possible EFPs we use three types of sources a) exist-
ing quality models and standards; b) existing literature related to the partition-
ing decisions; and c) experience from the practice provided by experts in the
field.

• Quality models and standards. Specifically, we exploited the following
standards and quality models.

1. ISO/IEC International Standard Software product Quality Require-
ments and Evaluation (SQuaRE) [8] defined for software qualities,
i.e. an extension of the International Standard ISO/IEC 9126 [9],
which was extensively exploited in the state of the art;

2. Several well-known quality classifications, in particular the Mc-
Call’s quality model [10], the Boehm’s quality model [11], the La-
prie’s dependability tree (attributes) [12];

3. The quality attribute utility tree modified for embedded hardware
platforms (later referred to as HW-ATAM) [13] based on the well-
known Architecture Tradeoff Analysis Method (ATAM-CYC [14]);
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• State Of The Art (SOTA). There is a rich body of knowledge related to
HW/SW partitioning. We have extracted the EFPs addressed in these
works. The details of this work are given in Section 5 (Related Work).

• State Of The Practice (SOPA). We provided a survey carried out within
the iFEST (industrial Framework for Embedded Systems Tools) Artemis
JU research project , with a consortium of more than 20 companies and
universities2 in which discussion was held with the project members
about important EFPs and their relation to the HW/SW partitioning. To
this end, we conducted an empirical study that, in combination with the
survey, included data collection through in-depth interviews with experts
and researchers from both companies involved in the iFEST project, and
companies and universities in Sweden. The details of this study are pre-
sented in Section 4.

We categorized the EFPs in three main categories: i) LifCycle EFPs; ii)
RunTime EFPs; and iii) Project/Business-related EFPs. As presented in [7],
the system lifecycle perspective encompasses those properties which are re-
lated to the system development process and its maintenance, while the run-
time perspective interests those properties whose behavior is visible, applica-
ble, and measurable at run-time. In summary, all identified and of-interest
properties are divided into three categories, namely “LifeCycle”, “RunTime”
and “Project/Business-related”.

The table shown in Figure 8.3 reports the details of our categorization.
The table is structured by category i.e. it is divided into LifeCycle, RunTime
and Project/Business-related. Each category is then divided into subcategories,
which group properties having similar descriptions. This is done in order to
improve understandability of the categorization. However, as in most of the
cases in the table shown in Figure 8.3, this does not preclude a subcategory
from also being a property. In particular, in this table each category is orga-
nized as follows: the first and second columns represent the subcategories and
the group of related properties, respectively. For instance, in the first row of
the LifeCycle category, Usability is a subcategory grouping properties such
as Appropriateness, Recognizability, User error protection, User interface aes-
thetics, Learnability and Training. In addition to the subcategory name, the
sources from which the property is taken are reported. The categorization fol-
lows the classification in the standards and quality models (SQuaRE, ISO9126,
McCall, etc.) as much as possible. Using the example just mentioned above,

2iFEST - http://www.artemis-ifest.eu/
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for the Usability subcategory we have to exploit both the SQuaRE and the Mc-
Calls quality model in order to identify its related properties. For each property
(i.e., related to a given subcategory), its source is also reported in parenthesis.

We can observe that LifeCycle properties are present in the largest quantity.
Short descriptions (titles) of the properties can be found in [15]. Many of those
properties are difficult to measure. The RunTime properties are extensively
studied in research and used in practice, and it is possible to express many of
them quantitatively. The Project-related properties are time- and effort-related
properties, as properties of project-related activities. The Business-related
properties consider types of products (like mass products, product families, and
similar). A relevant observation is that some properties have subcategories in
different categories. For instance, Reliability is a RunTime property, but many
LifeCycle properties have direct impact on the reliability. Such properties are
marked in the table with an “*”.

8.4 Survey of EFPs in the Automation and Con-
trol Domain

The table shown in Figure 8.3 presents a list of possible EFP candidates which
may be important in the partitioning decision process. The influence of parti-
tioning on specific EFP also depends on other factors, for example on particular
architectural solutions, or the overall goals of the application, so it is not pos-
sible to provide a general list valid for any type of application. However, in
specific domains in which there are similar architectural solutions, and similar
non-functional requirements, it is more feasible to provide such a list. We aim
to identify which EFPs are of interest for partitioning in the Automation and
Control domain, which covers a vast range of business domains, such as energy
generation and transportation, industrial plants (chemical, pulp and paper, food
industry), medical instruments, etc.

In order to achieve this goal we conducted an interview-survey involv-
ing several companies working in the Automation and Control domain. We
specifically targeted companies whose products vary from low voltage systems
(e.g. motor controllers, industrial robots) up to systems for controlling electric
power transmission lines. The interview-survey research followed a method
specified in [16]. An overview of data collected is presented here. Complete
documentation of the results can be found in [15].
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Figure 8.3: Tables of LifeCycle Category, RunTime Category,
Project/Business-related Categories.
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8.4.1 Objective

To identify the key partitioning properties for the aforementioned domain, for
each EFP from Figure 8.3 we pose the following questions:

RQ1 Does the partitioning choice (HW or SW) have a direct impact on the
property?

RQ1 To ensure or achieve this property would you prefer to have a solution in
HW or SW or it Does Not Matter?

With these two research questions, we aim to (i) identify the EFPs which have
the most impact on the partitioning decisions (related to RQ1), and (ii) provide
guidance for architects (related to RQ1 and RQ2) by highlighting a default
preference (HW or SW) for the realization of each property.

8.4.2 Survey Design and Process

The interview-survey was carried out among 15 experts. The participants were
selected based on their affiliation and expertise. The participants were selected
from industry (in total five companies and an industrial research center) and
from academia (two universities). All participants had more than five years of
experience as system architects (i.e., experience with both HW and SW design)
and nine of them had been working for more than 15 years in the field. In addi-
tion, we selected the participants according to their prevailing work experience,
with the participants pool balanced as follows: five specialists with prevalent
work experience in HW design, five specialists in SW design, and five spe-
cialists in both HW and SW design. Table 8.1 summarizes the distribution of
the participants with respect to their work experience (i.e. work specialization,
affiliation and years of experience in the field).

The interaction with the participants was organized in two phases: 1) an
introduction to the interview-survey, which was arranged in the form of in-
dividual face-to-face meetings. The purpose of the meetings was to get the
participant familiar with the overall goal of the research, presenting the EFP
categorizations, running through the EFP lists, and finally explaining how to
fill out the questionnaire; and 2) the completion of the questionnaire by the
participants.

The questionnaire consists of three main parts, related to the three main
EFP categories. For each EFP specified in the table in Figure 8.3 the partici-
pants answered RQ1 and RQ2, as shown in Table 8.2. The complete question-
naire is presented in [15].
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Table 8.1: Distribution among theparticipants

No Profession Affiliation Expert Experience

1 System Architect Industry HW 15 years
2 System Architect Industry HW 15 years
3 Senior Developer Industry HW 5 years
4 Principal Industrial Scientist Industry/University HW 15 years
5 Principal Industrial Scientist Industry/University HW 15years

6 Senior System Architect Industry SW 15 years
7 Industrial Scientist Industry/University SW 15 years
8 Researcher Industry/University SW 5 years
9 Professor Industry/University SW 15 years

10 Researcher University SW 5years

11 Senior Product Manager Industry HW/SW 15 years
12 Senior Developer Industry HW/SW 5 years
13 Industrial Scientist Industry/University HW/SW 5 years
14 Senior Researcher University HW/SW 5 years
16 Professor University HW/SW 5years

Table 8.2: Example of questionnaire records for the LifeCycle Category

RQ1. Does the partition choice (SW or HW) have a direct impact on the property?
RQ2. To ensure/achieve this property would you prefer to have a solution in HW or
SW or it does notmatter?

Property Name Property Description RQ1 RQ2

Access Audit The ease with which the component itself and
data can be checked for compliance with stan-
dards or other requirements (McCall).

YES HW

Accountability The degree to which the actions of an entity can
be traced uniquely to the entity (SQuaRE).

YES HW

Structuredness The degree to which a component possesses a
definite pattern of organization of its interde-
pendent parts (Boehm)

YES HW
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8.4.3 Results

The collected data is presented in Figures 8.4, 8.5, 8.6, which summarize
the results related to each category respectively, i.e. LifeCycle (Figure 8.4),
RunTime (Figure 8.5) and Project/Business-related (Figure 8.6 EFPs). Each
figure contains two stacked bar graphs, the one on left showing the RQ1 results
and the one on the right reporting the RQ2 results. The properties in the graphs
are sorted in descending order, according to the impact on a given property
(provided by RQ1), as judged by the participants. For each graph the vertical
axis label reports the properties per category. There are 44 properties for the
LifeCycle category, 31 properties for the RunTime category and 24 for the
Project/Business-related category.

The graphs show percentage distributions of the answers (YES or NO) for
the Partitioning Impact graph, and HW, SW or DNM (Does Not Matter) for
Preference (HW-SW) graph.

8.4.4 Analysis

To start analyzing the results, we introduce two indices:
The Impact Partitioning Factor (IPF), which gives a statistical measure

of the impact that a given property has on the partitioning decisions for the
specific domain. This index is used to analyze the results with respect to RQ1.
It is calculated by the ratio in percentage between the total number of positive
answers and the number of participants. We interpret the IPF according to the
Fleiss Kappa agreement interpretation3, (60-100 % - a substantial or almost
perfect agreement).

Table 8.3: IPFinterpretation
Impact Partitioning Factor Interpr etation
0-40% YES, (60-100% NO) No Impact on Partitioning
40-60% YES, (30-70% NO) Unclear Impact
60-100% YES, (0-40% NO) Clear Impact on Partitioning

ThePreferable Deployment Choice(PDC), which gives a statistical mea-
sure of the deployment preference for each possibility, i.e. HW, SW or DNM
(“Does Not Matter”) with respect to the given property for this specificdomain.

3Fleiss Kappa - http://en.wikipedia.org/wiki/Fleiss’ kappa
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This index is used to analyze the results with respect to RQ2. In this case we
also use the Fleiss Kappa interpretation.
LifeCycle Category. Adaptability, Flexibility, andMantainabilityresult in an
“almost perfect IPF” as it can be observed in Figure 8.4, (above 80%), which
we interpret as a clear impact of the partitioning on these properties. The prop-
erties such asInstallability, Analyzability, Expandibility, Platform Indepen-
dency, Portability, Access control, Augmentability, Integrability, Modifiabil-
ity, andUpgradabilityhave a “substantial IPF” (above 61%), so a substantial
agreement that these properties are clearly affected by the partitioning deci-
sion. Conversely, the propertiesAccountability, Communication Commonality,
Consistency, User Error Protection, Completeness, Data Commonality, Self-
descriptiveness, Simplicity, Training, Understandability, Access Audit, Ma-
turity, Learnability, Legibility, Structuredness, Traceability, Appropriateness,
Appropriateness Recognizability, Usability, Correctness, Human Engineering,
andCommunicativenessbelong to a set of EFPs that are not sensitive to the
partitioning decision. With regards to RQ2 (i.e. a preferable solution) we can
point out that the preferable solutions for the EFPs with a clear partitioning
impact are software implementations.
RunTime Category. In this category thePower Consumptionproperty is the
only one that shows a clear impact of the partitioning on these type of prop-
erties. Nevertheless, properties likeCo-existence, Performance, Efficiency,
Recoverability, Time Behavior, Reliability, and Securityshow a substantial
agreement in the understanding of a clear impact of the partitioning on these
properties. In contrast to the LifeCycle properties, here the hardware solu-
tions prevail to achieve or ensure these properties in an advantageous way. The
propertiesFunctional Correctness, Accessibility, Authenticity, Functional
Appropriateness, Functional Completeness, Operability, Functional Suitabil-
ity, andNon-repudiationare not directly affected by partitioning.
Project/Business-related Category.By looking at the results in Figure 8.6
we can conclude that the partitioning decisions in the vast majority have an
impact on the Business- and Project-related EPFs (that are directly related to
the project constraints and business goals). In the majority, the software so-
lutions prevail. There is large number of properties here which have either an
“almost perfect IPF” (6 EPFs of 24 properties in total, compared to 3 of 44 in
the LifeCycle category and 1 of 31 the RunTime category) or a “substantial
IPF” (10 EFPs of 24). With respect to the “almost perfect IPF”, it is interesting
to note that theMaintenance-relatedproperties (i.e. cost and lead time) have a
clear impact similar to theMaintainability property in the LifeCycle category,
as well as a preference for a SW implementation solution.
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General remarks. General remarks in relation to the current state of the art are
as follows: (i) with respect to the RunTime EFPs, the results show a confirma-
tion of the common properties used in literature, and some new properties (such
as Recoverability); and (ii) with respect to LifeCycle and Project/Business-
related EFPs, it is observed that many new properties are considered important
for the partitioning decision process. In particular, the outcomes confirm our
hypothesis that project and business constraints should be considered in parti-
tioning decisions, which is in general missing in the state of the art and practice
today.

8.4.5 Validity

In this section we address the validity of our empirical study. To this end, we
discuss the following main types of validity threats proposed in [17].

Construct Validity. As common practice, in order to assure a high construct
validity (i.e., a high relation between the theory behind our study and its obser-
vation), we used indirect measures (such as the reported working hours for the
questionnaire review taken as a measure of effort) to conduct all steps of our
work. The steps span from questionnaire preparation through recruitment of
respondents to evaluation of results. Measures have been used in order to, for
example: (1) avoid mono-operation bias by selecting participants with different
backgrounds and work experience (see Section 8.4.2); and (2) assure rigorous
planning of the study with a solid protocol for data collection and analysis.
Additional threats to construct validity are represented by, for example: (1)
the questionnaire structure that facilitates the data collection; (2) the individ-
ual face-to-face meetings, based on a presentation illustrating the key concepts
leading the research, to get the participant familiar with the overall goal of the
study; and (3) the anonymity and confidentiality guaranteed in the processing
of the results to avoid evaluation apprehension.
Internal Validity. As done in [18], we addressed the confounding variables
representing a major potential source of bias in empirical studies “by exclusion
and randomization”. Exclusion concerns the fact that we did not select partici-
pants who were not sufficiently experienced in HW or SW design. On the one
hand, we carefully balanced our pool of participants (see Section 8.4.2) accord-
ing to their prevailing work experience and affiliation. On the other hand, we
have used a random sample of the population in order to avoid the well-known
problem of selection bias [19]. Moreover, we addressed the issue of ambigu-
ously and poorly-worded questions [18] as described in the following points.
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Figure 8.4: LifeCycle Property Graphs. Partitioning Impact (left). HW/SW
Deployment Preference (right).
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Figure 8.5: RunTime Property Graphs. Partitioning Impact (left). HW/SW
Deployment Preference (right)



8.4 Survey of EFPs in the Automation and Control Domain 95

Figure 8.6: Project/Business-related Property Graphs. Partitioning Impact
(left). HW/SW Deployment Preference (right)
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(1) Before being released to the participants the questionnaire was iteratively
reviewed by university and industry experts.
Moreover, our questionnaire was based on well-assessed standards and quality
models (see Section 8.3.2). (2) To let the participants understand the back-
ground and objective of this work, we performed individual face-to-face meet-
ings. In addition, we piloted the respondents’ work in different interactions.
External Validity. This validity deals with the generalization of the results
outside the scope of the study. Based on discussions with the experts, our
assumption is that the results are applicable to the Automation and Control
domain, i.e. to a population having our adopted sampling profile. It was not
the intention of this paper to deal with different application domains, but we
intend to work on this aspect by analyzing possible changes in the results when
domain features are adjusted.
Conclusion Validity. This validity is focused on how sure we can be of draw-
ing correct conclusions about the relation between the treatment and the actual
outcome we observed. We achieved reliable results by piloting the question-
naire in multiple interactions, and by providing the participants with key con-
cepts on the study. We also assured a reliable treatment implementation by
using the same treatment/procedure with all participants (e.g., we distributed
the same questionnaire). We found the right heterogeneity among the respon-
dents (i.e., we carefully defined our pool of participants by not using a very
diverse group of respondents) by selecting the participants from a population
general enough to not reduce the external validity.

8.5 Related Work

The work related to our research can be divided into three categories: (i)par-
titioning and HW/SW co-design; (ii) analysis of EFPs for embedded systems;
and (iii) design space exploration.
Partitioning and HW/SW co-design.During the last few decades, several ap-
proaches have been proposed to application architecture partitioning and pro-
cedures oriented towards solutions which satisfy performance requirements,
e.g. [20], [3]. A wide range of approaches have been proposed in order to
automate/support the hardware/software partitioning activity using different
strategies such as dynamic programming [21], heuristic algorithm based on
the tabu search techniques [22], integer programming [23], and genetic algo-
rithms [24]. A list that categorizes these approaches as well as other approaches
focused on implementation issues, can be found in [3] and [8]. However, all
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these approaches basically provide guidelines to deciding which parts of the
specification should be implemented in software and which in hardware. They
do this by considering platform-related indicators, such as potential speedups,
area, communication overheads, locality and regularity of computations [25].
Usually, they deal with a few EFPs and are focused only on technical issues.
However, some partitioning approaches do exist which optimize the combina-
tion of extra-functional requirements (e.g. design costs, energy consumptions,
performance, etc.) [26], [27], but are still limited in their total number of prop-
erties. In order to provide an answer to (i) the increase in complexity of the
CPSs and (ii) the advances in underlying hardware technologies when it comes
to the architectural partitioning decision, in contrast to existing approaches to
a component-based application we propose a general and systematic methodo-
logy capable of accounting many properties and based on MCDA techniques
which are, to the best of our knowledge, non-existent today.
Analysis of EFPs for embedded systems. In the last few years, several re-
search efforts have been devoted to the definition of methods and tools able
to predict and evaluate the quality of embedded systems (e.g., [28], [29], and
[30]). In particular, different techniques have been introduced to support the
specific features of an embedded system (e.g., the analysis of timing properties
that are typically computational and time consuming [31], or the management,
preservation and analysis reuse of EFPs that are also critical tasks [32], [33]).
Research efforts have been made to support the development and adaptation
of embedded systems. For example, component models have been introduced
to support the development of embedded systems (e.g., [34], [35], and [36]),
and approaches to the adaptation of embedded systems under EFP constraints
have been proposed (see, e.g., [37], [38]). Several approaches have also been
introduced to estimate EFPs for software and hardware implementations (see,
for example [39], [40], [41] for power and energy estimation). The run time
of a hardware implementation on a FPGA, for example in [42] is estimated
by exploiting the simulation and a performance model of the FPGA. In con-
trast, a statistical approach is proposed in [43] to estimate the execution time
of embedded software.

The topic of the definition of metamodels to specify EFPs has been also
studied intensely. For example, in [44] fault tolerance aspects were covered by
using a metamodel, while in [45] a service-oriented metamodel for distributed
embedded real-time systems covers real-time properties of services, like re-
sponse time, duration, and deadline.

Other challenges related to quality analysis are seen in the strict design
constraints (typical, for example, of mission-critical systems [46]) that affect



98 PaperIII

the interaction between hardware and software components. Several papers
have focused on these hardware/software co-verification4 issues (see for exam-
ple [48] and [49]). In the recent decades, digital and software designs method-
ologies have become more alike [2] and, as already foreseen in [50] they re-
quire designers to have a unified view of software and hardware, which con-
verge with the concurrent design of hardware/software [2] (see, for example,
the HWSWCO project5 and the co-design framework in [47]).
Design space exploration: As recalled in [51], design space exploration is
an umbrella activity defined by a set of tasks addressing aspects of represen-
tation, estimation, and exploration algorithms. An overview of design space
exploration techniques, such as those used for System-on-a-Chip architectures
can be found in [24]. Several frameworks and tools have been built for the
efficient multi-objective exploration (e.g., energy/delay tradeoff [52], occupa-
tion of the FPGA, load of the processor, and performance of the application
tradeoff [53]) of the candidate architectures in order to, for example: (i) enable
run-time resource management in the context of multiple applications [52], or;
(ii) simulate the target system and dynamically profile the target applications
by exploiting heuristic algorithms for the reduction of the Pareto set exploration
time [53].

8.6 Conclusions and future work

In this paper, we have (i) presented a theoretical component-based approach to
support the deployment of CPSs (as HW or SW components) into heteroge-
neous platforms based on many EFPs, and (ii) categorized EFPs in relation to
the HW or SW deployment, and analyzed the HW/SW component deployment
impact on these EFPs in the Automation and Control domain.

Specifically, with respect to the state of the art, the novelty of our contribu-
tions can be summarized in the following points. To the best of our knowledge,
this is the first paper that (i) proposes a metamodel thatenables the manage-
ment of both application requirements and project/business constraints for the
CPS application deployment, and (ii) provides a categorization forHW/SW de-
ploymentof EFPs, derived by different quality models, standards, literature and
the current state of practice.

The analysis of the categorization has led to some interesting findings: i)
Although the values of EFPs depend on the application architecture andthe

4It is also called co-simulation in the hardware industry [47].
5http://hwswcodesign.gmv.com/
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runtime context, there are EFPs that are strongly influenced by the partition-
ing decision. In general HW solutions provide better runtime EFPs related to
system performance, while SW solutions provide better characteristics of life-
cycle EFPs, such as modifiability, evolvability, and variability. ii) The project
constraints play important roles in the partitioning decision process which in
general lacks support in existing partitioning approaches.

Our intention with the categorization and partitioning impact analysis is to
provide support to system and software architects in taking architectural de-
ployment decisions. Additional work may be required in the specialization
of the EFP list, and in the partitioning impact on the EFPs. Furthermore, the
findings will be integrated into our MULTI PAR framework in the form of semi-
automatic support.
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Abstract

The new advances in hardware technology in the form of heterogeneous plat-
forms consisting of different computation units enable development of more
sophisticated applications. Running on a heterogeneous platform, an appli-
cation can better utilize the computation units dedicated to specific types of
algorithms. This, however, increases the complexity of the deployment deci-
sion process. In our case, we analyze the application deployment in terms of
partitioning in hardware and software executable units. Today’s development
processes lack the support of systematic methodologies to aid system architects
and developers in carrying out partitioning decisions. To address the problem
of a complex deployment decision process we have proposed a novel parti-
tioning methodology called MULTI PAR. MULTI PAR is able to process a large
number of factors that have an impact on application characteristics based on
the applications partitioning into hardware and software. The method is based
on the Multi Criteria Decision Analysis (MCDA) approach. There exist many
MCDA methods; however, not all of them are suitable for the partitioning.
The partitioning-related criteria to be used by MCDA can have different types
of values, precision of specifications, missing values, or even inability to be
quantitatively expressed. For this reason it is important to choose a proper
MCDA or a set of MCDA methods to achieve the optimal result. In this paper
we present a survey of MCDA methods and analyze their suitability for the
deployment decisions. In addition, we present an approach on how to integrate
the most suitable MCDA methods into the development process that includes
the deployment decision activity. We illustrate this approach by an industrial
case study.
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9.1 Introduction

Recently, the emerging hardware technologies (heterogeneous platforms con-
sisting of different computational units such as FPGA, CPUs and/or GPUs)
open new perspectives for embedding more and more sophisticated function-
alities into industrial applications. If, from one side, this provides a valuable
answer to satisfy the market demands and the needs of launching long-term
competitive products, from the other side it significantly increases the com-
plexity of architecting such applications with respect to their deployment into
hardware (e.g. VHDL) and software (e.g. C code) executable units. In this
context, todays design challenges system architects and developers to deliver
implementation solutions which are the results of architectural decisions de-
rived from several conflicting functional and non-functional (here also referred
to as extra-functional) requirements [1]. The latter include runtime and life cy-
cle requirements as well as project constraints and business goals. As pointed
out by Falessi et al. “the architecture of a system is a set of decisions” [2]
and these decisions have a crucial impact on the overall development process
and product lifecycle. Consequently,“making them wrong”negatively impacts
business market success and product sustainability in decades to come.

A recent and comprehensive survey [3], carried out in the Automation
domain confirmed that, according to the experts, there exists a large number
of extra-functional properties (EFPs) which express both application require-
ments and project/business-related constraints, that have a significant impact
on the deployment decisions. In addition to this, it highlights that EFPs de-
rived by project development/business constraints clearly play a key role in
these decisions.

Over the last two decades, the deployment problem has been widely dis-
cussed and tackled under the umbrella of the co-design asthe partitioning
problem[4] [5] [6]. Several approaches have been proposed, with the most
significant ones presented in [5]. They address the problem from a runtime
behavior perspective, which in concrete terms means to undertake deployment
strategy based just on physical metrics like performance, memory size, power-
consumption, etc. However, to the best of our knowledge, none of the existing
approaches has tackled this problem from a multi-criteria decisions perspec-
tive, which includes at the same time the ability to take into account several-
- possibly conflicting - project/business-related constraints, lifecycle and run-
time EFPs.

Altogether this opens up new research horizons in partitioning approaches
targeting solutions based on multiple decision perspectives. A first step in
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this direction is represented by the introduction of MULTI PAR [7]. M ULTI -
PAR enables the partitioning of the application based on: (i) transformation of
the application requirements and project/business-related constraints into EFPs
through component-based software architecture; (ii) the reuse of existing com-
ponents, and; (iii) applying a MCDA approach.

Existing partitioning approaches apply multi-objective optimization tech-
niques [8] [9] [10] on a limited number of physical metrics. Conversely, MUL-
TIPAR is based on those types of MCDA techniques which: a) consider multi-
actor decision making scenarios where various stakeholders’ points of view
can be, or need to be, taken into account; b) capture aspects of realism [11] and
do not require a strict mathematical abstraction of the problem; c) may operate
with missing, imprecise, uncertain data [11].

In our present study we are interested in finding answers to a couple of
questions, as follows:

1. Which MCDA method (or collection) is suitable for achieving partition-
ing solutions based on multiple non-functional properties?

2. How can MCDA methods be composed into the development process

To achieve this goal, we start by identifying MCDA methods that are avai-
lable today. Then, we define the key requirements of interest for the parti-
tioning. Based on these, we derive“11-suitability criteria” to assess MCDA
methods. We do this by applying the selected methods on an industrial demon-
strator.

9.2 Background

We start here by giving the definition of partitioning and presenting the relevant
work, and then continue with the advantages that a MCDA-based partitioning
approach brings to the process. We also present some basic MCDA principles.

9.2.1 Partitioning and MCDA Suitability Analysis Related
Work

We share here the definition of the partitioning problem stated as “finding those
parts of the model best implemented in hardware and those best implemented
in software” [4]. Hardware/software partitioning is considered to be one of
the main challenges faced when designing embedded applications: “as it has a
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crucial impact both on the cost and on the overall performance of the resulted
product” [12]. However, this is a Non-deterministic Polynomial (NP)-hard
problem [13]. A rigorous mathematic formulation and analysis of the parti-
tioning problem is provided in [14].

There is a considerable body of knowledge related to partitioning and re-
lated issues. It was intensively studied in the 1990s and the early years of the
2000s, when the co-design basically emerged as a new discipline [5]. Over
the decades, a wide range of approaches have been proposed in order to au-
tomate/support the hardware/software partitioning using different strategies,
for instance dynamic programming [15], heuristic algorithms based on the
tabu search, simulated annealing, genetic algorithm techniques [16] [17] [18]
[19] [20] etc., integer programming [21], multiple objective optimization tech-
niques [8] [9], etc. An in-depth study of several partitioning approaches and
related issues is provided in [19] and a walk through of the highlights of par-
titioning approaches over the last two decades is found in [6] [5] [22]. All of
these approaches are mainly oriented towards solutions satisfying physical per-
formance requirements. They provide partitioning solutions whose results are
based on platform-related indicators, like potential speedups, area, communi-
cation overheads, locality and regularity of computations [23]. For instance,
this is the case with approaches such as Vulcan or COSYMA which target op-
timization problems focusing on design constraints such as timing, resource
speed-up and so forth [24].

Even though there exist few partitioning approaches which optimize com-
bination of Extra-Functional Requirements (e.g. design costs, energy con-
sumptions, performance, etc.) [25] [26], they are still limited in the total num-
ber of EFPs they are dealing with. Additionally, current partitioning approaches
only focus on technical issues and do not take into account properties related to
the project development and business perspectives (e.g. legacy, resource avail-
ability, design effort, testing costs, production costs, etc,) or the EFPs of key
importance for embedded industrial application developments such as safety,
reliability, security, maintainability, sustainability, scalability, field upgrade-
ability and so forth.

Unlike with the previous work [27] [28] [29] [5], which includes recent
overviews on high-level design exploration of MCDA-related partitioning ap-
proaches - especially focused on multi-objective optimization techniques - our
approach is focused on MCDA techniques which deal with lack of information
(uncertainty) as well as with information of different nature (e.g. qualitative,
quantitative, distributions and so forth) and with incomparable information.
Another advantage lies in the fact that it provides a means of making decisions
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based on different project stakeholders perspectives. In addition to this, it is
the first approach which brings together project-related constraints and busi-
ness goals (together with lifecycle as well as runtime non-functional require-
ments) [3] into the set of decision criteria. Today, to the best of our knowl-
edge, such partitioning methodology is non-existent. Selecting an appropriate
MCDA that best suits the requirements of a decision-making specific problem
is not a trivial task. Over the last few decades, a large number of MCDA me-
thods has been proposed, they “differ in the way the idea of multiple criteria
is operationalised” [30], e.g. objective, criteria assessing, weight computation
and preference model, algorithms applied, and so forth. Consequently, depend-
ing on the decision-making user context and the problem type to solve, some
methods are more suitable than others.

Several works have been proposed to assess the appropriateness of MCDA
methods for solving the “decision-making problem at hand”, e.g. [30] [31]
in which different methods are assessed with regard to sustainability issues or
where the methods are assessed for their suitability in solving seismic structural
retrofitting issues [32]; in [33] a few methods are evaluated for their applica-
bility in building design. Nevertheless, they focus on highlighting strengths
and weaknesses with respect to a specific class of multi-decision problem and
domain. These works have in common that they compare a few methods based
on a list of requirements.

In order to reach our aim i.e.assessing the suitability of MCDA methods for
partitioning, we use these works as a starting point since they provide a set of
general and common (to all methods) requirements that are applicable for our
suitability analysis. However, we extend the current state of the art by asses-
sing several MCDA methods with respect to partitioning-related requirements
whose work is not currently available in literature.

9.2.2 Multiple Criteria Decision Analysis Basic Concepts

Multiple Criteria Decision Analysis (MCDA) (also referred to as Multiple Cri-
teria Decision Making (MCDM), or Multiple Criteria Decision Aid) is a branch
of Operational Research which “refers to making decisions in the presence of
multiple, usually conflicting, criteria” [34]. MCDA is defined [35] as “an um-
brella term to describe a collection of formal approaches which seek to take
explicit account of multiple criteria in helping individuals or groups explore
decisions that matter”. It is widely applied in many fields like medicine [36],
forestry [37], economics [38], energy management [39], transportation [40],
etc. to solve a vast number of different problems [41] [11].
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In [11] [42] [43] [44] MCDA problems are roughly divided into two main
classes. The first class includes methods dealing with problems considering
a finite number of possible alternative solutions, also referred to as Multiple
Attribute Decision Making (MADM) [35]. The second class considers pro-
blems dealing with an infinite number of alternative solutions and it is usually
referred as Multiple Objective Decision Making (MODM) [45] [43]. Since
our research problem deals with a finite number of alternative solutions, we
focus on MADM approaches. A comparison highlighting the key difference
between these classes can be found in [43] [30]. We present below the main
keywords around the MCDA concept. As there are no global definitions of
these terms [46], authors use them interchangeably.
• Attributes can be defined as the characteristics, qualities or performance
parameters of alternatives [47].
• An alternative represents the item to evaluate according to its attributes to
find the final decision solution (or set of solutions).
• A Criterion [34], is a measure of effectiveness representing the basis for
evaluation.
• Objectives are defined [47] as “reflections of the desires of the decision
maker and they indicate the direction in which the decision maker wants the
organization to work”.
• Goals (or targets) can be understood as “apriori values or levels of aspira-
tion” that can be “either achieved or surpassed or not exceeded” [34].

A formal definition of a typical MCDA problem is provided in [48]. Cri-
teria and alternatives are collected in a table (also referred to here as Deci-
sion Matrix (DMx)). A typical DMx is shown in Figure 9.1 where the set
of alternatives is represented byA = {a1, ..., an}, and the set of criteria by
F = {f1, ..., fk}.

Figure 9.1: A simplified example of MCDA table, commonly referred as De-
cision Matrix.
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The evaluation value of the alternativeai with respect to the j-th criterion
is defined byfj (ai).

Let us analyze those characteristics by considering a simple example of
buying a house. The alternatives areHouse 1,House 2,House 3, and the at-
tributes are the price, overall impression for location, house size and comfort.
The DMx for this example is shown in Figure 9.2.

Figure 9.2: House-Buying Example Decision Matrix.

The main goal of a Decision Maker (DM) is to find the (set of) alternative(s)
which best optimizes/trades-off all the criteria. The solution of a MCDA prob-
lem depends not only on the evaluation of alternative values, but is also mostly
affected by the different criteria weights (i.e. the importance of a specific cri-
teria with respect to other criteria) assigned by different DMs.

In our examples, for instance, the first step is the assignment of the weights
to each criteria (Figure 2) by using an appropriate weighting method. The
weights are normalized. Next, we perform the assignment of the preference
to each criterion, with respect to the so called benefit and cost functions. The
“benefit” and “cost” preferences denote the maximum and minimum values
that are preferred, respectively. For example, the DMs may prefer to buy a
house with the lowest possible price but, at the same time, may prefer the
largest possible house.

The DM has to take into account multiple and conflicting criteria. The
“price” of a house may conflict with the size of the house (“House size”). Ad-
ditionally, the criteria ‘Price” and ‘House size” are measured with different
units (dollars vs. square metres). This is what is usually referred to as solv-
ing decision problems dealing with incommensurable units. Additionally, the
criteria “price” and “house size” are measured with different units terms (dol-
lars vs. square meters). This is what is usually referred as solving decision
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problems dealing withincommensurable units[44] [34] [49]. Criteria might
be ofqualitative or quantitative nature (the price of a house can be numeri-
cally measured while the comfort rating can be subjectively described as high,
medium, low) or they might bedeterministic or probabilistic [49] (the price
of a house can be described using deterministic values while the overall impres-
sion of location could be a random value).Uncertainty also plays a key role
when making decisions. It can be caused by different nature, e.g. as derived
by subjective judgement or by unknown or incomplete (imprecise) infor-
mation [49]. In such a scenario, which also includes the mixing of different
criteria natures, the problems are intrinsically hard to solve.

We mentioned a well-known classification of the most frequent decision-
making problems [11] [50]. It deals mainly with decisions related to the choice,
ranking or classification/sorting of alternatives. As a consequence, MCDA
methods can be grouped as follows:
• Choice methods.The objective of these methods is to aid DMs in selecting
a subset of alternatives under constraints, as restricted as possible. For exam-
ple, using these methods the DM might choose to buy two or more houses,
depending on his budget and size limits. Lets assume that DM has a maxi-
mum budget limit of $ 800,000 and a minimum size limit of 206 m2. Based
on these constraints, thePROMETHEE V1 method (a MCDA method for the
choice problem) has proposedHouse 1 andHouse 3 as the best possible alter-
natives for DM.
• Ranking methods.This class of methods is used to aid DMs in ranking all
of the alternatives from best to worst. For example, using these methods the
DM will get a ranking of all houses and might choose to buy the best-ranked
house. The final output fromPROMETHEEII method (a MCDA method for
ranking problem) isHouse 2,House 1 andHouse 3.
• Classification/Sorting methods.The goal of this class of methods is to aid
DMs in assigning alternatives to a defined class. If the classes can also be or-
dered, then the DMs deal with what are defined as ordered sorting problems.
Using theSMAA-TRI method (a MCDA method for the classification prob-
lem) the houses are placed in two classes suchgoodor bad, i.e. theHouse 1
andHouse 2 could be classified as a good andHouse 3 could be classified as
a bad option.

With respect to the above classification, this research focuses on methods
able to solve either ranking or classification decision problems since they could
both be applied to reach (a) partitioning solution(s). The first type ofmethod

1PROMETHEE I, II and V are part of the PROMETHEE method family. The complete
overview of the family can be found in [11].
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can be used to rank all of the hardware (HW) and software (SW) alternatives;
methods of the second type can classify an alternative either as hardware or
software.

9.3 MULTI PAR: a New MCDA-based Partitioning
Approach

Unlike from existing approaches, MULTI PAR enables the partitioning of com-
ponent-based applications into hardware or software executable units based on
decisions which take into account several, sometimes conflicting, EFPs, and
the reuse of existing components. It applies MCDA techniques in the final
stages of the process to obtain partitioning solutions which are optimized under
multiple EFP-related objectives.

The design process including MULTI PAR adopts a Component-based De-
velopment (CBD) approach as described in [51] where the design is performed
in several iterations of two phases: the first one building the system architec-
ture with a focus on the functional requirements and the second one consider-
ing extra-functional requirements. MULTI PAR defines the following high-level
activities, with a simplified overview in Figure 9.3.

Component Identification. Existing components are identified as potential
candidates from a library of existing implementations (called component vari-
ants). The components in the library are compliant with the metamodel defined
in [7]. For non-existing components, two virtual instances (hardware and soft-
ware) are defined.

EFP Prioritization . The EFPs derived from the application requirements and
business/project-related constraints are identified and prioritized.

Filtering . All candidate variants which exhibited properties which do not sat-
isfy the required properties are filtered out. If, for a given component, no suit-
able existing variant remains, two new virtual instances (hardware and soft-
ware) will be defined and associated with it.

Value Assignment. The missing component property values are defined.

Partitioning . By means of MCDA methods, a solution or set of solutions for
partitioning is provided. In the case of multiple solutions, the most suitable one
is selected. If the MCDA methods will not converge to any solution, part of the
process needs to be iterated, based on engineers’ judgements.
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Figure 9.3: MULTI PAR Process Flow Diagram.

9.4 MCDA Methods - Partitioning Suitability Cri-
teria

We identify here the features of interest that the MCDA methods need to pro-
vide. We start by eliciting key requirements for the partitioning process (the
“Elicitation part”), and then derive the suitability criteria of interest to carry
out the assessment (the “Extraction part”). In support of our work, we explore
the following topics:

• Hardware/Software Partitioning State of the Art. Even though most of the
requirements are collected through the previous MULTI PAR research work [7]
[52], there exists a rich body of knowledge related to partitioning approaches
which has been used to support the elicitation of the requirements (see Section
9.2).

• Current State of Practice and Experiences on partitioning in indus-
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try today. We used the results provided by a recent project survey2 which
gathered the industrial and academic experiences related to the development
and maintenance of hardware/software co-design systems (heterogenous and
multi-core systems) and their relation with respect to the partitioning. We also
analyzed the results of the empirical study on the architectural decisions for
hardware/software partitioning based on multiple EFPs conducted in [3]. This
provides data collected through survey with experts and researchers from both
companies and universities in Sweden.
• MCDA State of the Art . The survey from Figueira at al. [11] and works
such as [30] [31] had a key influence in deriving the criteria for our assessment.

Elicitation Part. In order to reduce the inconsistencies typical of any require-
ments elicitation process, the requirements are iteratively reviewed by prac-
titioners and researchers from industry and university. The requirements are
divided into several hierarchical categories as shown in Figure 9.4. The key el-
ements of the model are the “requirements” and the “relationships”. The latter
indicate the dependencies between different requirements.

The groups are further divided into two levels. The first level exploits the
high level requirements, i.e. a collection of statements which identify the scope
boundaries of the partitioning process:
(i) the general process features (e.g. reliability of the entire process, traceability
of the process artifacts, etc.);
(ii) the handling of the EFPs and the elements to be partitioned (also referred to
in literature using different names such as unit, element, component, function,
etc.);
(iii) the decision handling (which includes the requirements related to the par-
titioning decision of the stakeholders (e.g. the DMs, system architects, etc.)

The second level documents focus on the detailed requirements, i.e. a col-
lection of declarative statements defining what partitioning process-related so-
lutions have to be met.

In Figure 9.4, the group of requirements belonging to the second level that
are directly related to our assessment are highlighted using a gray rectangle.
We briefly present below some examples of such requirements (additional de-
tails can be found in [53]).
•Requirements addressing the general process features:(i) the process shall be
systematic, it has to consist of a well-defined process flow and related activities;
(ii) it has to enable reuse of existing components; (iii) it has to be ableto

2iFEST - http://www.artemis-ifest.eu/
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handle the classification and/or ranking of hardware and software units to be
partitioned; (iv) it shall provide metrics to assess the quality of the overall
partitioning solutions; etc.

Second Level Reqs GroupsFirst Level Reqs Groups

General 
Process 
Features

EFPs 
Handling

Elements to 
be partitioned 
Handling

Decisions 
Handling

Reusability

Scalability

Transparancy

....

Decision Criteria 
Derivation

EFPs Modelling

Prioritization

Filtering

Decisions 
Analysis

Criteria 
Preferences

Element Modelling

Reqs

Reqs 
Assessment-related R

Figure 9.4: Simplified overview of the requirements model for hard-
ware/software partitioning processes.

• Requirements addressing the elements to be partitioned:(i) there exists a
finite number of elements to allocate; (ii) elements have to be mapped either
as software or hardware executable units; (iii) there might exist software or
hardware elements that have to be reused, etc.; (iv) each element might have
several associated EFPs; etc.
• Requirements addressing the handling of extra-functional properties:(i)
there exist a finite number of EFPs; (ii) there is no limit to the number of
EFPs that might be associated with an element; (iii) there exist different types
of EFP-associated values, (e.g. qualitative, quantitative, probabilistic, ranges,
and unknown or incomplete values); (iv) prioritization among EFPs or group
of EFPs shall be allowed; etc.
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• Requirements addressing the decision handling:(i) there might exist several
DMs; (ii) prioritization mechanisms shall be provided in order to handle DMs
and stakeholders’ preferences; etc.

Extraction Part. Based on the mentioned requirements and with the support
of experts from industry and university, we derived 11 MCDA-related criteria
(also referred to within the text as11-suitability criteria) of fundamental im-
portance for the partitioning. We then grouped them into tree classes according
to their priority (see Table 9.1). The criteria and their respective priorities will
be used to conduct the method/tool suitability assessment (see Section 9.5).
Additional details about the criteria are available in [53].

9.5 Assessment of MCDA Suitability for Partition-
ing

We gathered information on the current MCDA methods according to the prob-
lem classification presented in Section 9.2.2. We divide the methods into
ranking and classification classes. During the investigation, we figured out
that some of the methods belonging to a method family (e.g.ELECTREor
PROMETHEE) could be used for solving choice problems too. For complete-
ness, we report those methods as well.

The results are summarized in Figure 9.5. It shows which MCDA methods
we identified for each class. For each method, we were also interested in de-
termining the methods ability to handle uncertainty (U), dependency (D) and
if there exist available tools (T) to implement the method.

The outcome of our search shows that there are 86 methods for solving
ranking problems, and 20 methods for solving classification problems, 14 of
which can handle missing values. Several of the methods have at least one tool
implementing them. In multiple situations (e.g.IDS, SANNA, DEFINITE,
etc.), some tools are implementing a limited number of method functionalities,
or are providing additional functionalities that the method does not expose. No
method is able to handle/model dependencies for both criteria and alternatives.
The ANPmethod comes closest by allowing the construction of criteria net-
works. This latter allows the modeling of interdependencies between criteria.
However, as discussed in [54], the limitations of such an approach make it un-
suitable for being applied in the partitioning decision processes with a large
number of criteria.

Of the 86 methods we identified above, we have selected 37 methods to
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Table 9.1: The11-suitabilitycriteria
High Priority

Qualitative The method shall be able to estimate the solutions basedon
Assessment qualitative information. For instance, a component might have

an EFP (e.g. expert level of confidence) whose valuesmight
expressed as: high, medium, low

Quantitative The method shall be able to estimate the solutions basedon
Assessment quantitativeinformation.
Unknown The method shall be able to estimate the decisions in the caseof
Information missing information. For instance, some legacycomponents

used in a previous product might not have all theassociated
information (i.e. EFP values) of interest and it wouldbe
hard and time consuming to retrievethem.

Scalability The methods shall not be restricted to the use of alimited
number of criteria (derived by EFPs) and alternatives
(i.e. components).

Subjective The methods shall provide means for the DMs to influencethe
Judgment decisions,e.g. by selecting preference functions,setting

thresholds, and soforth.
Dependency The methods shall be able to model and obtainsolutions
Handling which take into account the architectural dependenciesthat

might exist (i) between the components (alternatives) e.g.the
bandwidth, and (ii) between the EFPs (criteria) (e.g. safety,
reliability,and soforth).

Medium Priority
Probability-based the method shall be able to estimate the decisions onEFPs
Assessment which value can be expressed by a probability distribution,

e.g. the time distribution of the service maintenance per year.
Interval The method shall be able to estimate the decisions onEFPs
Information whose values are expressed by intervals/ranges, e.g.the

estimated line of code (LOC) might be expressed withan
interval such as 200-300LOC.

Preference The methods shall allow the elicitation of the preferencesfrom
Elicitation the DMs (e.g. weights and theirprioritization).
Low Priority

Inconsistency The methods shall provide the means to detect inconsistency
Indication between the EFP values. For instance, in the case of anEFP

whose value is greater than its maximum limit, the methodsshould
provide a means to detect this inconsistency.

Decision The methods shall provide the means to trace thedecision
Traceability process in order to facilitate DMs’ sensitivity

analysis or partial re-iterations of the partitioningprocess.
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Figure 9.5: MCDA Methods.
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take into account for our assessment, of which 31 are ranking methods and 6
are classification methods.

In order to verify the fulfillment of the11-suitability criteria defined in
Section 9.4, we studied each method and tested some of them on a down-
sized version of our case study (Section 9.7) by using either spreadsheet-based
implementations or available tools (whenever they implement all method fea-
tures).

The methods belonging to a family (e.g.the ELECTRE family) have
been evaluated per member. Thus, we have considered each method indepen-
dently (e.g.ELECTRE III andELECTRE IV).

9.5.1 Methods Versus the 11-Suitability Criteria

Figure 9.6 shows the results of our investigation, that is, the selected methods
versus the11-suitability criteria. In brief:

• All methods are able to support quantitative data, but few of them can
handle both qualitative and quantitative data (4 ranking methods and 2
classification methods).

• More than 80% of the ranking methods are capable of allowing DMs
preference elicitation (they allow consideration of criteria weights); this
rate is lower (about 30%) for the classification methods.

• The estimation of the decisions based on probabilistic and intervals data
is barely supported by 4 ranking methods, and just one classification
method address these.

• 50% of classification methods provide solutions under uncertainty con-
ditions, while only around 30% of the ranking methods handle the lack
of data.

• Almost all methods allow scalability in terms of criteria and alternatives.
However,AHP[55] [56] [57] [58], (andANP, since based onAHP) have
some limitations when the number of criteria is increasing. For example,
AHPneeds to perform n(n-1)/2 pairwise comparisons; as the number
of criteria increases, it becomes more difficult and time-consuming to
synthesize the weights.

• Indication of inconsistency (types, etc) is observed by a few (3) ranking
methods.
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• For a large number of methods (27 ranking and 6 classification) it is
possible to trace back how the decisions have been carried out.

• The ability to consider the DMs’ judgment is offered by 18 ranking and
2 classification methods.

• Modelling and handling dependencies between the criteria and between
alternatives is not fulfilled by any of the investigated methods.

For the ranking methods, the largest number of criteria is fulfilled by the
Evidential Reasoning [49] [59] method, at 8 out of 11 criteria. For the
classification methods, theSMAA-TRI [60] method covers the highest number
of criteria , at 6.

9.5.2 Suitability Assessment

In order to assess which methods are the most suitable to solve partitioning
problems we applied the Weighed Sum Method (WSM) [61] on the results of
Section 9.5.1 in combination with the SMART method [62] [63].

Applying the method requires assigning a weight to each of the11-suitability
criteria (see the rows “SMART weight” and “Normalized SMART weight ”in
Figure 9.6), respectively. We assign the weights based on thepriority of the
criteria (the “PRIORITY” row in Figure 9.6), and on the feedback received
from the experts in industry and academy.

The results of the WSM method are shown in the “Weighted SUM Score”
column in Figure 9.6. TheEVIDENTIAL REASONINGmethod has the high-
est score, above 0,7. However, there exist seven methods with a score greater
than 0,6 (e.g.PROMETHEE I and II, REGIME, EVAMIX , etc.) There
are no classification methods with a score above 0,6. TheTOMASOmethod is
the least suitable method for partitioning (lowest score 0,27).

9.5.3 Tools

We aim to integrate the selected method(s) into the MULTI PAR approach. Thus,
the next step is to identify what are the available software tools associated with
the methods and which method features are implemented by the tool(s).

Our investigation results in the identification of 22 tools, where 17 imple-
ment ranking methods, 4 implement classification methods and 1 implements
both classes of methods.
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Figure 9.6: MCDA methods versus the11-suitability criteria.
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The mapping between the methods and the tools is provided in Figure 9.7.
Some of the tools implement more than one method, for instance theSANNA
tool (implementing 5 methods) orDECERNS MCDA tool (implementing 6
methods).

We performed an analysis of the tools with respect to the11-suitability
criteria defined in Section 9.4 and three additional criteria related to tool fea-
tures such as the ability to automatically generate a report (Report Genera-
tion); the possibility of visualizing the results through graphs (Graph Visual-
ization); and tools support via manual and/or help (Manual/Help). The results
are shown in Figure 9.8.Visual Promethee Academic, Intelligent Decision
Systems(IDS) andDEFINITE fulfill the largest number of criteria (10/13) for
solving ranking problems, while for classification problems theJSMAA tool
is the most suitable (7/13).

However, we decide d not to evaluate some methods (such asVikor ,
EXPROM1, EXPROM2, PAIRS, QUALIFLEX, STOPROM2, PRAGMAandPRO-
AFTN) with respect to the above-mentioned tool criteria due to the fact that the
associated tools were deprecated (i.e. supported only by, for example, Disk
Operating System (DOS)). In addition to this, by a comparison between Figure
9.6 and Figure 9.8, it can be seen that tools exist in which the fulfilled cri-
teria correspond to the same fulfilled criteria of the methods they implement,
for instance theIDS tool andEvidential Reasoning method. But this
is not trivial for most of the other tools, examples beingVisual Promethee
Academic, or DEFINITE. DEFINITE, for instance, is not able to deal with
missing values either for theREGIMEmethod orEVAMIXmethod.

9.6 Composing the MCDA method inMULTI PAR

According to the results presented in Section 9.5, theEvidential Reaso-
ning(ER) method is the most suitable candidate to support MCDA actions
towards hardware/software partitioning. It fulfills most of the requirements.
Other methods might be applied as well, for instancePROMETHEE I and
II , or REGIME.

Here, we describe how a MCDA method can be integrated into the MUL-
TIPAR approach.
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Figure 9.7: MCDA methods versus tools.
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Figure 9.8: MCDA tool versus the criteria (they also include the11-suitability
criteria).
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9.6.1 MCDA method integration into MULTI PAR

“Partitioning” is a key activity of MULTI PAR (Figure 9.3). We further develop
this activity through the design of a number of sub-activities, as shown in Fig-
ure 9.9. We briefly describe them, as follows.
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Figure 9.9: Multiple Criteria-based Component Partitioning Activity (de-
scribed through the sub-activities and the related process flow).

Decision Matrix Analysis. The process starts by analyzing the DMx in order
to check that, for a given EFP (corresponding to a criterion), the values of the
alternatives are uniformly expressed (e.g. given properties of type integer, we
check that all components’ variant values are expressed by integers), and lie
within the admissible range.
Weight Assignment. We continue by selecting a method for the assignment
of weights to the EFPs. The resulting weights are further assigned and normal-
ized. These sub-activities allow the consideration of the possibly of different
stakeholder points of view, and hence directly influencing the component rank-
ing. In the case that there is no partitioning solution found, the process is
reiterated, possibly requiring a change in the weight values. Some well-known
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methods of assigning weights are described in [63] [62] [64] [65].
Preference Assignment.Here, a preference is assigned to each EFP. For in-
stance, if we consider EFPs such as “Implementation Cost” the DMs might
want this to be as low as possible, but for “Modifiability” they might consider
it a benefit to have this as high as possible.
Solution Ranking based on MCDA Method.The objective of the next group
of sub-activities is to achieve partitioning through the ranking of the component
variants, applying a MCDA method.

The flow starts by creating a hierarchical model of the EFPs. For instance,
for ER, this consists of defining the goal and subsequently sorting and hierar-
chically arranging all EFPs according to this goal. ForPROMETHEE II, , it
is not necessary to define the goal, however the DM needs to sort and hierar-
chically arrange all of the EFPs.

Next, the EFP’ subjective judgements have to be formalized for both the
qualitative and quantitative EFPs. In the case of using theERmethod, at the
end of this sub-activity, each EFP is expressed as a set of “evaluation grades”
(e.g.WORST, POOR, AVERAGE, GOOD, BEST). In the case ofPROMETHEE
II , a preference function has to be associated with each EFP in order to reflect
the perception of the criterion scale by the DM. Several types of preference
functions are proposed in the literature [11] and indications are given on the
way to select appropriate functions for different types of EFPs. Since by using
PROMETHEE II, the preference functions are not able to handle qualitative
values, a set of “evaluation grades” needs to be quantified (e.g.WORSTwill
receive the quantitative value 1,POORvalue 2,AVERAGEvalue 3,GOOD
value 4, andBESTwill receive quantitative value 5).

Subsequently, we perform the assessment of the component variants, for
instance by usingER. Each alternative value (qualitative or quantitative) has to
be mapped with respect to the set of main goal evaluation grades. In the case
of usingPROMETHEE II, the three preference flows (i.e. positive, negative
and net flow values) are computed in order to globally assess each component
variant with respect to all other - see [53] for more details aboutPROMETHEE
II .

Lastly, the ranking of the component variants is performed. Some of the
sub-activities in Figure 9.9 may require iteration. For instance the sub-activities
4.2, 4.3 and 4.4 are reiterated until all components are processed.
Sensitivity analysis.As soon as the component variants are ranked, a sensiti-
vity analysis is carried out in order to assess the impact of missing information,
or to observe how changes in the weight model might affect the decisions, and
so forth.
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9.6.2 MULTI PAR in Integration Scenarios

As mentioned, one of our goals is to integrate our MCDA-based partitioning
approach into the typical embedded systems development process. We provide
here the specifications for the integration into an iFEST-based development
process, as it is meant (among others) to support the hardware/software co-
design of heterogeneous and multi-core embedded systems. In particular, we
extend the work in [66] by the definition of integration scenarios including
MULTI PAR.

The integration is mainly driven by interactions between the tools involved
in the partitioning. They are built upon a set of concepts based on service-
oriented architecture (SoA)-like communication between stakeholders and tools
in different development phases. Here, the development is simplified over
a number of phases, starting with the Requirement and Elicitation Analysis
(R&A) phase, continuing into Design and Implementation (D&I) and ending
with Verification and Validation (V&V). The interactions between the tools and
the actors involved in the process are captured in Figures 9.10 and 9.11

The specifications are given through the description of ascenario. It con-
sists of one or more user stories (US) which describe the principal actors and
the actions performed by them with the support of a tool. It also includes in-
formation about the produced/consumed artifacts related to these actions.

Figure 9.10: Partitioning scenarios for integration into the development pro-
cess.

We briefly describe three key scenarios, as follows:
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1. Application Requirements and Project/Business Constraints into EFPs.
This scenario describes the interactions between a requirement modelling tool
and the engineers working with it and the designers/DMs working to achieve
the application partitioning. Requirement engineers capture all of the extra-
functional requirements and project business constraints with the support of
the stakeholders, and represent them in an EFP requirement model.

2. Architectural Design into Component Variants. This scenario describes
the interaction between the designers using the tools to model the application
architecture and the designers and DMs who work with the MCDA-based par-
titioning tools in order to select the component variants and related EFP values
that will go through the partitioning process.

3. Partitioning Solution. This last scenario describes the interaction occurring
at the D&I phase between the DMs, harwdare/software designers and develop-
ers for providing the partitioning solution and moving towards its implementa-
tion.

Scenario 
ID

Development 
Phase 
Tool A

Tool A Purpose
Development 

Phase 
Tool B

Tool B User Story (US)

2 D & I
Architecture 
Modelling 

Tool

Architectural 
Design into 
Component 

Variants

D & I
MCDA-based 
Partitioning 

Tool

US 2.1 Component Variants Handling. Based on (i) the 
architectural model (i.e. a number of interconnected 
component models) and (ii) the reusable component 
variants (available through the component library), the 
component variants (i.e.alternatives) are identified by 
hw/sw designers and inserted into the DMx which is 
provided by Tool B. 

3 D & I
MCDA-based 
Partitioning 

Tool

Partitioning 
Solution

D & I
Architecture 
Modelling 

Tool

US 3.1 Partitioning Solution Output . As soon as the 
Decision Matrix is completed, i.e. it contains the criteria 
(see US1.1), the criteria preferences and weights (see 
US1.2) and the alternatives (see US 2.1), the partitioning 
solution (or set thereof) is calculated and output by Tool A.
US 3.2 Partitioning Solution Analysis. The solution is 
assessed with respect to uncertainty, preferences, weights 
and so forth by DMs and designers. This is then fed back  
to Tool B in order to proceed toward its further design and 
implementation.

RE&A1

US 1.1 EFPs Insertion. Based on the requirement model 
and the project/business constraints provided by Tools A, 
the EFPs are identified by the stakeholders (including the 
DM) and inserted into the Decision Matrix (DMx) provided 
by Tool B. With support of the developers, the EFPs’ 
values must be inserted into the DMx as well.
US 1.2 Assign Weight Preference and Weights. Based 
on the requirement model and the project/business 
constraints provided by Tools A, for each EFP the 
preference and weight must be assigned by the DMs with 
the support of the remaining stakeholders and they must 
be inserted into the DMx provided by Tool B.

MCDA-based 
Partitioning 

Tool
D & I

Application 
Requirement

s 
Project/Busin

ess 
Constraints 
into EFPs 

Requirement 
Modelling 

Tool

Figure 9.11: Partitioning scenario specifications.
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9.7 Industrial Case Study: A Wind Turbine Ap-
plication

Here, we will apply the results of previous sections to an industrial case study, a
simplified wind turbine controller. Our aim is to show the feasibility of the pro-
posed approach using the selected MCDA method. We start with an overview
of the case study and the application component-based architectural model.
Subsequently, we describe the integration of the MULTI PAR approach into the
development process.

9.7.1 The Case Study Description

The main purpose of a wind turbine is to control the transformation of the me-
chanical energy of the rotor blades into electrical energy, to be distributed via
a power network. The core element of the application is the controller, which
in parallel has to dynamically regulate the rotor blades at different wind pro-
files, maximize the generation of electrical energy, monitor the execution, and
avoid any damage to the plant. Initially, the application was partitioned and
deployed on an industrial prototype without the support of a systematic par-
titioning methodology and based on hardware and software expertise. In this
research work, we apply MULTI PAR to partition the application (as harwdare
or software executable units). The application is then deployed on the Zynq3

heterogeneous platform (FPGA and dual-core CPUs ).
The application partitioning was achieved by using the following tools:

• HP - ALM (Hewlett-Packard Application Lifecycle Management) and
Enterprise Architect (EA) from Sparx Systems. They were used for the elic-
itation and handling of the application requirements and process/business con-
straints in order to capture the EFPs.

• The MathWorks Simulink and related toolboxes. Used to perform the
technology-independent architectural design. They also support the imple-
mentation (via automated code generation, as applicable) and deployment of
the application.

• Intelligent Decision System (IDS) and Visual Promethee Academic.The

3http://www.xilinx.com/products/silicon-devices/soc/zynq-7000/
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IDS4, is used for the implementation of theERmethod andVisual Promethee
Academic5 implements thePROMETHEE IImethod.

These tools are also used during the overall development process for anal-
ysis, verification and validation.

9.7.2 Application Modelling

The application is modelled as a number of interconnected components. Some
will be deployed as hardware on the FPGA and the remainder as software on
the CPUs. The descriptions below help us complete the activities required by
the US.2.1 (Figure 9.11).

Figure 9.12 depicts the high-level architectural model. It conforms to the
metamodel defined in [7]. The main components are: theSensor Interface
connects to the sensors reading turbine and wind speed; theFilter filters the
feedback signals; theMain Controller oversees the overall control of the ap-
plication; thePitch Estimatorestimates the pitch angle at the rotor blades; the
Pitch Regulatorregulates the pitch angle based on the desired pitch and the
calculated pitch; thePark and Brake Controllerssend the commands to steer
the rotor blade. The other components support the activities above.

Figure 9.13 shows a simplified overview of the DMx including the com-
ponents and their variants. We consider here that a library already contains a
number of variants, for most of the components, but not for all of them.

Figure 9.12: Wind Turbine ArchitecturalModel.

4http://www.e-ids.co.uk/
5http://www.promethee-gaia.net/
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9.7.3 Identification of EFPs

To identify the EFPs of interest for the partitioning, we used the empirical
study conducted in [3]. It categorized about 100 EFPs (based on existing qua-
lity models, state of the art and practice) and analyzed the hardware/software
component deployment impact of those EFPs in the Automation and Control
domains. Based on the application requirements, the stakeholder preferences
(such as various costs, lead times, etc.) and the results of the aforementioned
study, and with the support of the system architect (acting as DM), we took
into account 27 EFPs.

Then, we complemented the DMx by inserting the selected EFPs and the
respective values per each component variant. For the existing component vari-
ants, most of the values were taken from the library, and the missing ones were
estimated. For new components, two virtual instances are inserted (each cor-
responding to a possible harwdare or software implementation, respectively)
with estimated values of the EFPs.

However, some of the values could not be estimated or retrieved, leaving
us with a MCDA problem of uncertainty. Figure 9.13 shows the most signifi-
cant criteria (i.e. EFPs) from the values type perspective, that is, enumeration,
boolean, integer, float, intervals, and probabilistic distribution types, as well
as unknown values. For instance: the “Testing Lead Time” EFP type has an
interval data type and the metric expresses the estimated number of weeks;
the ‘Maintainability” EFP’s data type is an enumeration type (NOT MAINTE-
NABLE, VERY DIFFICULT, DIFFICULT, EASY, VERY EASY) which esti-
mates the level of difficulty in maintainining the components for the given
application based on developers’ expertise; the “Reliability” EFPs is defined
through a Gaussian distribution (expressed by mean value and variance) indi-
cating the number of failures over 10 years.

The activities of identifying the EFPs of interest and handling the EFPs’
values are part of the first integration scenario (see US 1.1 in Figure 9.11).

9.7.4 Application Partitioning Using the MCDA Methods

We detail here the completion of the first scenario and the realization of the
third one. We describe the partitioning and go through the process flow de-
scribed in Section 9.6.1.

We start by analyzing the DMx for consistency with respect to the data
type of each criteria, and then we specify the preferences (task performed by
the DM). Subsequently, we assign weights to each EFP (Figure 9.13); they cor-
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Metric W $ $ $
Man/

Week.

Data Type enum boolean enum float distribution float float integer interval enum
Preference Max Max Max Min Min Min Min Min Min Maxg
Normalized 0,04 0,04 0,03 0,05 0,03 0,04 0,04 0,04 0,04 0,03

Componenent
ID

Variant
 ID

Component
Variant
Type

C1.1 HW Easy 1 Yes N(2,2) 180 85 500 [1-2] High 1 1
C1.2 HW Easy 1 0,24 250 100 350 [1-2] Medium 2 3
C1.3 SW Easy 0 0,36 N(5,2) 450 150 700 [0-1] Medium 3 2
C2.1 HW Easy 0 Yes N(2,1) 200 100 300 [2-3] Medium 1 1
C2.2 HW Easy 0 Yes 0,43 N(3,2) 150 150 350 [1-2] Medium 4 3
C2.3 SW 1 N(9,1) 300 120 300 [0-1] Medium 2 2
C2.4 SW Easy 0 Yes 0,45 N(10,2) 300 80 320 [1-2] Medium 3 4
C3.1 HW 1 No 0,78 N(4,3) 5000 250 1600 [5-7] High 2 1
C3.2 HW Difficult 0 No 5500 200 1800 [5-8] High 4 4
C3.3 SW Easy 1 Yes N(25,3) 4500 150 2400 [3-4] Medium 1 2
C3.4 SW Easy 0 No 0,9 N(22,2) 5200 180 2800 [4-5] Medium 3 3
C4.1 HW Difficult 0 Yes 2500 100 800 [2-3] Low 4 3
C4.2 SW Easy 0,43 N(7,2) 2800 80 1000 [2-3] Low 3 4
C4.3 SW 0 Yes N(7,2) 2200 50 600 [1-2] Medium 2 2
C4.4 SW_v Easy 1 Yes 0,44 N(8,1) 2500 50 400 [1-3] Medium 1 1
C5.1 HW Easy 1 0,39 N(5,2) 2000 150 400 [2-3] Medium 3 3
C5.2 HW Easy 0 0,43 1750 120 350 [2-3] Medium 2 2
C5.3 SW Easy 0 Yes 0,47 2000 150 360 [1-2] Medium 1 1
C6.1 HW Easy 0 Yes 0,26 N(5,1) 500 200 300 [2-3] Medium 3 3
C6.2 SW Easy 1 Yes 0,26 N(8,1) 550 150 350 [1-2] Medium 1 1
C6.3 SW Easy 0 0,47 350 150 320 [1-2] Medium 2 2
C7.1 HW_v Difficult No 0,35 N(10,1) 4000 250 2500 [4-5] Medium 1 2
C7.2 SW_v Easy 0 Yes 0,41 N(22,3) 2800 150 1500 [3-4] High 2 1
C8.1 HW_v Easy 1 Yes 0,41 N(7,1) 2200 150 600 [2-3] Medium 2 2
C8.2 SW_v Easy 1 Yes 0,46 N(8,1) 2000 100 500 [2-3] Medium 1 1
C9.1 HW_v Difficult Yes 0,39 N(7,1) 2500 150 600 [2-3] Medium 2 2
C9.2 SW_v Easy 1 Yes 0,41 N(8,1) 2800 150 650 [1-2] Medium 1 1
C10.1 HW_v Difficult 1 Yes 0,32 N(7,1) 2400 150 450 [3-4] Medium 2 2
C10.2 SW_v Easy 1 Yes 0,46 N(10,2) 2000 100 500 [2-3] Medium 1 1
C11.1 HW_v Easy 1 Yes 0,47 N(3,1) 600 50 350 [2-3] Medium 1 2
C11.2 SW_v Easy 1 Yes 0,49 N(5,1) 800 50 400 [2-3] Medium 2 1
C12.1 HW_v Difficult 1 No 1,38 N(10,2) 6000 300 2500 [4-5] Medium 2 1
C12.2 SW_v Easy 1 No 1,84 N(10,2) 6000 300 2800 [2-3] Medium 1 2
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Figure 9.13: Simplified version of the DMx.

respond to the values of the partitioning impact indices obtained from the em-
pirical study [3]. We apply theERmethod (theIDS tool) and thePROMETHEE
II method (theVisual Promethee Academic tool).

Criteria Hierarchical Modelling and Specification . For theERmethod, from
an hierarchical perspective, all of the criteria are equally important, hence
the hierarchy consists of two levels: the high level includes the top criterion
(the “goal”) that we called “Partitioning” (to which the following top criterion
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grades are defined :WORST, POOR, AVERAGE, GOOD, BEST) and the low
level includes all of the 27 EFPs. InPROMETHEE II, there is a single level
for EFPs.

Subjective Judgement Assignment and Component Variants Assessment
of EFPs. Next, with the support of the DM we assess the subjective judgements
of the EFPs and of the component variants. For theERmethod we analyze the
EFPs and the values of the corresponding alternatives with respect to the top
criterion grades. For instance:
• We assess the qualitative criteria according to the elements already avail-
able in the table (e.g.NOT MAINTENABLE, VERY DIFFICULT, DIFFICULT,
EASY, VERY EASY) for the “Maintainability” criterion);
• We assess the quantitative criteria with respect to a scale having as its limits
the lowest and highest alternative values in the DMx for the given criterion;
• We transform the probabilistic distribution criteria into quantitative values
corresponding to their respective probability. For instance, considering a nor-
mal probability distributionN [μ, σ2], with a standard deviation (σ) around the
mean value (μ), the values are computed as follows:

v(i) = (μ + i σ2) i = −floor(
m

2
)..f loor(

m

2
),

wherev is the quantitative value andm is the number of values that we want
to have for the given criterion.

We perform a similar approach for thePROMETHEE IImethod. Since
the method cannot handle them, we map all qualitative values into quantitative
values. For example,{HIGH,MEDIUM,LOW → {3, 2, 1}}.

Component Variants Ranking. We then use both theIDS andVisual Prome-
thee Academic tools for achieving the ranking of the component variants.
This activity is iteratively performed for each component.

Figure 9.13 reports for each component the ranking values (see the “ER
Rank” and “PROMETHEE II Rank” columns). By comparing the results of
the two MCDA methods, more than 50% of the components (7 out of 12) have
different component variants ranking.

In the case of existing components, theER method, suggests a software
implementation for theMain Controller, Pitch Estimator, PI-Controller, Sa-
turation components, and a hardware implementation is preferred for theFil-
ter andSensor Interfacecomponents. In contrast,PROMETHEE IIselects a
hardware variant for theMain Controller.
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For new components, theDiagnostic, and Pitch Regulatorshall be de-
ployed as hardware as ofER, while PROMETHEE IIimplements theSuper-
visioncomponent in hardware only.

Sensitivity analysis. Our aim here is to evaluate the volatility of the variant
ranking, by varying the weights of the EFPs, or their values, respectively.

We consider, for example, theFilter and theSensor Interfacecomponents,
and the Testing Cost criterion for each variant, in theER approach. Figures
9.14 and 9.15 show the results of our analysis, where the variations on ranking
are highlighted.

Variant Ranking at the 
initial Testing Cost 

Criterion
 values ( 73%) 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1

SW 1 SW 1 SW 1 SW 1 SW 1 SW 1 SW 1 SW 1 SW 1 SW 1 SW 1 SW 1

SW 2 HW 2 HW 2 HW 2 HW 2 HW 2 HW 2 HW 2 SW 2 SW 2 SW 2 SW 2

HW 2 SW 2 SW 2 SW 2 SW 2 SW 2 SW 2 SW 2 HW 2 HW 0 HW 1 HW 2

HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1

HW 2 HW 2 HW 2 HW 2 HW 2 HW 2 HW 2 HW 2 HW 2 HW 2 HW 2 HW 2

SW 1 SW 1 SW 2 SW 3 SW 4 SW 5 SW 6 SW 7 SW 8 SW 9 SW 10 SW 11

Weight Variation for the Testing Cost Criteria
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Figure 9.14: Sensitivity analysis - weight variation forFilter andSensor Inter-
face.

Observe that the Testing Cost forSensor Interfacewas not significant in
relation to the total cost (Figure 9.14), so it is expected that other criteria play a
more important role. ForFilter, the Testing Cost is a larger part of the total cost,
hence, at some point (here around 70%) the value of Testing Cost becomes so
significant that the partitioning ranking changes.

In Figure 9.15, the variation of the EFPs value has a significant impact
on the partitioning solutions already at a variation of±10%. This occurs for
all the variants, leading to the conclusion that the partitioning solution is very
sensitive to this EFP value. For most (75%) of theFilter variants, an increase
in the testing cost leads to a software solution.
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Variation Factor 0,1 0,2 0,5 0,9 1 (Initial value) 1,1 2 5 10
Calculated Value 30 60 150 270 300 330 600 1500 3000

HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1
SW 1 SW 1 SW 1 SW 1 SW 1 SW 1 SW 1 SW 1 SW 1
HW 2 HW 2 HW 2 SW 2 SW 2 SW 2 HW 2 HW 2 HW 2
SW 2 SW 2 SW 2 HW 2 HW 2 HW 2 SW 2 SW 2 SW 2

Variation Factor 0,1 0,2 0,5 0,9 1 (Initial value) 1,1 2 5 10
Calculated Value 35 70 175 315 350 385 700 1750 3500

HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1
SW 1 SW 1 SW 1 SW 1 SW 1 SW 1 SW 1 SW 1 SW 1
HW 2 HW 2 HW 2 HW 2 SW 2 SW 2 SW 2 SW 2 SW 2
SW 2 SW 2 SW 2 SW 2 HW 2 HW 2 HW 2 HW 2 HW 2

Variation Factor 0,1 0,2 0,5 0,9 1 (Initial value) 1,1 2 5 10
Calculated Value 30 60 150 270 300 330 600 1500 3000

HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1
SW 1 SW 1 SW 1 SW 1 SW 1 SW 1 SW 1 SW 1 SW 1
HW 2 HW 2 HW 2 SW 2 SW 2 SW 2 HW 2 HW 2 HW 2
SW 2 SW 2 SW 2 HW 2 HW 2 HW 2 SW 2 SW 2 SW 2

Variation Factor 0,1 0,2 0,5 0,9 1 (Initial value) 1,1 2 5 10
Calculated Value 32 64 160 288 320 352 640 1600 3200

HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1 HW 1
SW 1 SW 1 SW 1 SW 1 SW 1 SW 1 SW 1 SW 1 SW 1
SW 2 SW 2 SW 2 SW 2 SW 2 HW 2 HW 2 HW 2 HW 2
HW 2 HW 2 HW 2 HW 2 HW 2 SW 2 SW 2 SW 2 SW 2R
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Figure 9.15: Sensitivity analysis - Testing Cost EFP value variation forFilter.

9.8 Conclusions

In this paper, we presented a suitability analysis on MCDA methods being ap-
plied into MULTI PAR, a novel hardware/software partitioning methodology.
We also showed how MULTI PAR can be integrated into the development pro-
cess. In order to show the feasibility of the approach, we used an industrial
demonstrator.

To the best of our knowledge this is the first study that proposes a suitabi-
lity analysis of MCDA methods to hardware/software partitioning. It provides
a set of guidelines - the11-suitability criteria - which can be used to assess
the suitability of any MCDA in the partitioning decision process. We also de-
scribe an approach to integrate MCDA methods into development processes
for embedded systems, enabling the decision makers to select appropriate im-
plementation technologies.

The study is also one of the first to propose the introduction of an extended
set of parameters into the partitioning process. Thus, the technology selec-
tion is based not only on the “usual” parameters (performance, area, memory,
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power, etc), but also on project (product) specific parameters, such as develo-
pment time, costs, etc.
Future Work . Our results here show that at the moment there are no MCDA
methods able to fulfill all of the11-suitability criteria. As highlighted by ex-
perts in the field, architectural dependencies between components and depen-
dencies between difference EFPs are of key importance in achieving efficient
partitioning solutions which guarantee the sustainability of the system over its
entire lifecycle. As a consequence we see of key importance the orientation of
our future research towards the definition of an approach able to model these
dependencies and integrate it into the entire partitioning process. In addition to
this, based on the comparison between the component variant ranking usingER
andPROMETHEE, where 50% of the components were differently ranked, we
see the need for further investigation. Specifically, we see of key importance
an impact analysis clarifying the effect of the number of fulfilled11-suitability
criteria on the reliability of the partitioning solution.
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Abstract

Tool integration in the context of embedded systems development and mainte-
nance is challenging due to such systems lengthy life cycles and adaptability
to process specifications. The iFEST framework provides flexibility in deve-
lopment processes and extends support for long product life cycles.
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10.1 Introduction

Designing today’s complex and pervasive computing systems is only possible
through the use of specialized tools that support design at a high level of ab-
straction (allowing modeling, separation of concerns, and refinement), perform
certain automated procedures (such as model translations, code generation,
compilation, and synthesis), and prepare data for further downstream opera-
tions (such as requirements collection and analysis, and test case generation).
Even the simplest of devices have electronic or embedded systems supporting
an avalanche of features, constraints, and utilization scenarios.

But how well does the system development process integrate appropriate
tools? In practice, inserting a tool at a later stage of the process is difficult
because it requires knowledge of handling, possible process changes, inter-
action with other up- and downstream tools, and so on. A study connected
with the industrial Framework for Embedded Systems Tools (iFEST; www.
artemis-ifest.eu) project, which was formed to identify and propose solutions
for the tool chain creation, revealed that 74 percent of participating compa-
nies used natural-language- or text-based tools to capture and analyze system
requirements. Some 11 percent of participants, however, used tools such as
Microsoft Word or Excel - despite the fact that these are certainly not specific
requirements-handling tools.

Moreover, what about problems that go beyond adapting to an existing pro-
cess and learning curve? No single tool handles all the necessary steps in sys-
tem development. A tool chain, that is, a set of tools used in sequence, in prin-
ciple, does address subsequent system development steps, but tool border - the
distinction between output and input formats between tools used in a sequence
- remain difficult to cross thus translation between the formats is required. Our
ability to trace a requirement through the development process to whatever ar-
tifact it is translated into or associated with - as required or recommended by a
growing number of standards (ISO 26262, IEC 61508) - is limited.

10.2 Tool Integration Approaches

When a product has been around a long time - 25 years in some domains - it
is not always possible to address faults, updates, and changes in functionality
with the same tools used when the product was first developed. In the iFEST
study, most of the companies revealed using a point-to-point approach to tool
integration, meaning that they do address problems specific to a couple of given
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tools or specific to a given development process flow.
Communication of data, or of information such as traces, across more than

one level or tool in the development chain is difficult and error prone. This in
turn makes system life-cycle activities such as bug fixing, updates, upgrades,
maintenance, and so on, difficult to execute, and could introduce additional
errors.

The pursuit of simpler embedded systems development has been the fo-
cus of recent research and tool product efforts. Major tool providers such as
MathWorks (Matlab Simulink), IBM (Jazz platform), Sparx Systems (Enter-
prise Architect), and others approach development simplification by extending
their respective service portfolios to handle more of the development process
phases. Whenever this portfolio expansion is not possible, private tool-to-tool
links (where tool A provides itself a translation to cross the border to tool B)
are established for subsequent tools in the flow of the development process,
or a manual intervention (where the designer must look for a tool A/tool B
translator, or provide one) is necessary.

Although there are multiple benefits to adopting portfolio expansion so-
lutions, there are costs as well. End users particularly detest vendor lock-in,
which is when, after reaching a critical number of developments based on a
single tool chain, they are forced to continue with the same tools in future
projects, due to an existing body of legacy designs, required compatibility, cost
of tool replacement, and more.

Alternately, open-tool integration (OTI) solutions can ease system develop-
ment by promoting a simpler linkage of tools into versatile and dynamic tool
chains. OTI solutions are characterized by the separation of the tools from the
actual integration mechanisms. Some early approaches in this area mostly fo-
cused on softwaretargeted technologies, such as the jETI platform [1].jETI is
a service-based solution to manage the software development tools increasing
availability, utility, and performance. However, because embedded systems
are built on both hardware and software components, hardware development
should also be addressed.

More recently, OTI solutions rely on model-based characteristics of the
involved tools to approach integration [2]. An example of this is the Model-
Bus solution considered in the Cesar (which stands for cost-efficient methods
and processes for safety relevant embedded systems; www. cesarproject.eu)
project. Modern OTI solutions also introduce the concept of tool adaptors
(TAs) and a serviceoriented architecture (SoA)-like communication between
system participants and tools. TAs, in short, transform various internal tool
models into a common semantic that other tools in the process have access to
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and can use following subsequent adaptations.

10.3 The iFEST Solution

Recent progress toward a tool integration platform, as reports from iFEST sug-
gest, extends the TA and SoA concepts to non-model-based tools. In this fash-
ion, such a platform provides a larger base for tool selection and utilization.
Then it also considers the latest developments in integration specification, such
as the Open Services for Lifecycle Collaboration. OSLC is a set of specifica-
tions “to allow conforming independent software and product life-cycle tools
to integrate their data and workflows in support of end-to-end life-cycle pro-
cesses (http:// open-services.net), and it has also contributed to development
of the framework. iFEST combines the TA and SoA approaches and provides
support for complete (both software and hardware) system development and
sustainability, based on the openness of OSLCfor a more pragmatic solution to
the problems associated with building open tool chains.

The iFEST integration framework provides concepts, technological specifi-
cations, and guidelines that support systematic development and maintenance
of tool chains per organizational needs. Because OSLC does not address is-
sues such as control/operational integration, model transformation, transac-
tions, versioning, and licensing, iFEST specifications bridge this gap. Tools
do not communicate directly with each other, so they might not be aware of the
composition of the platform (as an instantiation of the framework)that is, of the
presence of other tools in the system. All communication is conducted via the
orchestrator, which if the platform is so configured also oversees the access to
a central repository.

Hence, one of the central services shown in Figure 10.1 is orchestration.
The orchestrator, which is usually a toolset, controls the interoperability of the
engineering or other type tool instances within a given platform. It provides
services such as

• tool registration(tool profiles, available tool services, and so on);

• tool subscription(catalogues of active tool services, lists of active sub-
scribers, and the like); and

• notifications, including updates, status, error handling, registration, sub-
scription, and versioning.
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The orchestrator could also offer support for project management, reposi-
tory management, and licensing. Many services would benefit from an addi-
tional automation service. In this way, the orchestrator would not only enable
and monitor the activities within the platform but would also coordinate them,
possibly according to a script like automation plan. The actions would be trig-
gered by events issued by the entitled tools.

Figure 10.1: The iFEST generic platform. Private tool chains and individual
tools coexist, on a virtually connected platform.Services are provided by tools
and their execution is supervised by the orchestrator, which also provides the
basic platform services.

Figure 10.2 shows an iFEST platform in action, as it was used to build a
simple controller for a small wind turbine not a challenging design but exem-
plary of the approach. The development process demonstrates tool replace-
ment where initial requirements entered in IRQA (a requirements definition
and management tool from Visure) were transferred to HP ALM (an applica-
tion life-cycle management tool from Hewlett-Packard)and full and automated
trace extraction between HP ALM and Simulink, all via platform-provided ser-
vices. In addition, private links ensure software artifact compilation, hardware
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block synthesis, and automatic test-case generation and execution. Overall, the
platforms simplicity reduced the number of errors, led to quick bug identifi-
cation and fix, and created a smooth and traceable process flow from require-
ments capture through testing, allowing the specialized designers to focus on
their specific duties and eliminating any need for natural-language information
passing.

Figure 10.2: An iFEST platform instance, as used in the realization of the small
wind turbine design.

Today’s tool integration solutions will likely be adopted by the large ma-
jority of tool vendors. Configuration and adaptation to specific cases will come
via a single entry pointthe orchestrator, for which even simpler solutions must
be forged. Automation is another area that will likewise see further develop-
ments.
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